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SECTION B SEPT. 18 = . iE
-
P
Difficulties in the Theory of Dislocations = =
B
N. F. MorT = =
E— 70—
H. H. Wills Loboratory, Bristol, England =1 =
=0
My aim in this lecture is to describe some of the difficulties at present encoun- =3 B
tered in the application of the theory of dislocations to the mechanical properties E Z
of solids. I shall assume in the lecture that my audience is familiar with the many E & i
observations!® of slip lines on the surface of metals, and with the explanation of = ==
slip lines given recently by Frank and Read”. I shall however give some evidence E—100—
that the ‘“ sources” postulated by Frank and Read actually exist. The most direct =8 _
evidence I consider is provided by the work of Mitchell and Hedges®, who have = =
—— 110 —
succeeded in photographing dislocations in the interior of silver-halide crystals, the = =
dislocations being made visible by metallic silver which has precipitated along = =
them. = 1 20—
I think, then, that we are on firm ground in developing a theory of the mechani- = —z
cal properties of metals, if we assume that slip has its origin in Frank-Read sour- = syan =
ces, and that they are distributed at random throughout the material in a way E =
that depends on the method of preparation. I think, too, that it is fair to say that = =
dislocations generated by the Frank-Read sources do not normally pass out of the = l‘m_:
crystal, except in ‘‘easy glide”, but pile up against grain boundaries or other =3 =z
barriers (sessile dislocations). Also that work-hardening is mainly due to the 15—
interaction between these retained dislocations, as suggested originally by Taylor® =8 =
and in the more detailed model given by the present author®. S
The main problem, to my mind, is to explain the amount of slip in each slip f_ _;
line. Here the experimental evidence is not entirely consistent. Yamaguchi” was 5—1?{)—5
the first to make a detailed examination of the number and rate of growth of = 5
slip lines on a metal surface. He showed that, as the degree of cold-work increased, E- E
so did the number of slip lines, and that the intensity or amount of slip on each = 180—
line also increased. More recently the electron microscope has been applied to the — =
problem. Heidenreich and Shockley™ and Brown showed that all slip lines had 5—190—5
roughly the same height, 1000—2000 Angstrom Units, that they were formed sud- =2 g
denly, and that the increase of height during deformation of the crystal observed = =
by Yamaguchi was in reality due to the formation and widening of a ¢ cluster” SR
of these elementary lines, each 200—400 Angstron apart. However there are various =— ==
difficulties in accepting this model, and it is certainly not universally valid. One = 90—
curious result, unexplained up to the present, is that if the surface has not been E .-
subjected to mechanical polishing, the slip is finer (more lines of smaller height) E iy =
than wouid otherwise be the case. In hexagonal crystals very large number of E—'m__:
1 = :
o ——
=— 10—
=— 250 —
20—
LA T e e T —— g oA e : _;
_ l 270 —=
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CRYSTAL DISLOCATION SECTION B SEPT. 18 3
fine lines are observed which gradually grow in height as the crystal is deformed. I do not ‘think, then, that we yet’ have a wholly sa‘asfactory explanation of the E-
The same appears to be true of cubic crystals when deformed in creep under con- formation of slip lines. =
stant stress. Moreover the recent work of Wilsdorf and Kuhlmann-Wilsdorf® has Another problem of great interest is that of fracture in metals. Most metals =
shown that fine slip is observed even in cubic metals deformed at room tempe- . in a tensile test show a reduction of area of about fifty per cent prior to fracture. =
rature at normal rates. These workers use electropolished surfaces on aluminium tarts in the middle of the specimen, and spreads to the outside. It =
- e - poiist The crack s pe 5P E
and silver ; and a silica replica to allow examination with the electron microscope. must start at some point whether the internal stress approaches the theoretu:al -
According t0 them, all slip in the pure metals investigated consists of fine slip fracture stress, say ten per cent of the shear modulus. It is difficult to see where ?
lines of from 50—200 Angstrom in height, and the coarse slip observed by other this can be, other than at the ends of slip lines, where it is easy to show that E
authors must, if their results are of general applicability, consist of cluostus of such very high stresses must exist. A piled up group of 1000 dislocation may be shown =
lines. Only in alloys (alpha brass) could they observe slip over 100 Angstrom or to provide a big enough concentration of stress to initiate fracture. But 100 E
more on one plane. would not be enough ; if fine slip is all that occurs, it is difficult to understand =
Now according to the model of Frank and Read it is quite true that some fracture. =
L sc»urces ”* of dislocations will generate dislocations for lower stresses than others. =
But as soon as a source has generated a few dislocations, the stress from these References =
would prevent it from generating any more, and another source would come into E
; : : : 3 i P 5 1. . Re h T , 8, 280 (1929 =—
play. Thus we should expect ‘ fine slip”’, the early formation of a large number 2 ;amagu?LFK.;&?‘:;ncP:S‘p?;S ;:;:.;Ci’h; s 45;133952) search Tokyo (1929) =
E = ¥ ¥ F % 2 = TOWIL, 5 LI & i » Ly pae—=
of steps on the §;urface, new steps grdfﬂuaHy increasing in height, as in hexag_on‘fll 3) Frank, F. C, and Read, W. T., Phys. Rev. 79, 722 (1951) E
_CI:‘yStalS. The distance between them is expected to be /N where L is the “slip 4) Hedges, J. M. and Mitchell, J. W., Phil. Mag. 44, 223 (1953) =
distance ’, and N the number of scurces per unit volume. Taking frequently 5) Taylor, G. I., Proc. Roy. Soc. A 145, 362 (1934) -—
accepted values, L=10"2¢m and N=10"cm"%, this gives 10-6¢m for the distance 6) Mott, N. F., Phil. Mag. 43, 1151 (1952) =
between slip lines. 7) Heidenreich, R.' D. and Shockley, W., J. Applied Phys. 18, 1029 (1947): Report of a Con- e
e sl . : : Strength of Solids, Bristol 1947 (London the Phys. Sec.) =
Whether. ““ coarse slip’’ consists of single steps 2000 Angstrom high, or a clus- foence ofstiy - : Ao =
i “Wilsdorf, D., Natu . 38, 502 (1951); .Acta Metallurgica (in F—
ter of steps as maintained by Wilsdorf, some hypothesis is required to explain it. & Wllmorf’pfé:}nd ELLE el rl Bt s ( it =
One needs some mechanism to explain why a source, once it starts to generate 9y TFisher, J. C., Hart E. W. and Pry, R. H., Phys. Rev. 87, 958 (1952) E
dislocations, should continue to do so rather than handing over the task to others. 10) Mott, N. F. Phil, Mag. 44, (in print) ="
The main hypothesis have been put forward. =
(a) The dynamic hypothesis of Fisher, Hart and Pry» and of the present ;_
author®. These authors suggest that dislocations can move with a speed near to = S
‘the velocity of sound, and that once they are set in motion their momentum allows ==
the source to continue. This hypothesis may well contain elements of truth, but =
there are objections to it. The analysis of Fisher, Hart and Pry® does not reaily ' : g
y_ield enough dislocations to account for coarse slip; there is much doubt as to Dislocation Networks in Crystals é_
whether a dislocations can in fact move fast; and there is evidence that slip lines =
are 'noF always. formed m a short perloc_i of t1m.e. Fertamly, if the dyn'amlc hyl?o- e e Hideji Suzvk =
thesis is adopted, one will have to admit the simultaneous non-dynamic behavior LAY =
. of Frank-Read sources to account for fine slip. A theory of how both may arise The Research Institute for Iron, Steel and Other Metals, E
has been given by the present authori®, Tohoku University, Sendai, Japan' " —
(b) Coarse slip is due to * locking ** of the sources by impurities ; when once ) { ; §_
slip has begun, it continues from the same source because the locking mechanism The hexagonal form of dislocation network was ﬁrs_t predicted in _the lecture =
cannot operate again until the dislocation comes to rest. This hypothesis is per- made by Mott? two years ago. His prediction, following a suggestion by Frank, E—
haps supported by the observation of Wildsdorf in brass quoted above. On the was brought into close-up by the very recent success of J. W. Mitchell® in making =
other land, if it were correct, the pattern of slip lines on polycrystalline metals as dislocation lines visible in a transparent silver bror‘nlde crystal. The theory is still =
well as on single crystals would be very sensitive to purity. In my view, the work- in its infancy, however. The aim of this report is to coz@truct- the 'e}ementarY =
hardening’ and ductility would in that case depend essentially on hardening also, concepts of the dislocation network and to give some critical discussions on the E
and' this does seem to be the case. bases of experimental results performed recently in our laboratory. =
2 3 E
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Some possible origins of dislocation network will be described. Real crystals
are supposed to contain a number of networks of different schemes, though separate
considerations are needed to decide how the domain structure is connected with

capable of sessile reaction with the active one. That means, there will be a
chance forming immobile dislocation segments at a node and it provides a stable
source of slip band.
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.U.Mu, E
2B 50 i_ 10 _;
Ew -
y , 30 —=
: As easily Show?]- the ‘most faﬂdﬁmental network in a face-centred cubic crystal was observed under very small stress at 200°C. E =
is made of three dislocations, of which Biirgers vectors are all in the same plane. : ' ; = =
It forms a hexagonal network in a mechanical equilibrium. If the dislocations of Face-centred cubic metal crystals. have also been found to yield as in tin cry- S —;
the same Burgers vector are all parallel to each other, it is called a regular hexago- stals observed by Chalmers®. If we increased the loads progressively with very = —
nal network. When four dislocations meet at a nod e, two regular polyhedral slow rate (of the grder of 1 gr/mm® per hour), however, they ‘did not show any E o=
networks can be defined. The one is realized in a face-centred cubic crystal an d yield pqint and continued to creep at the steady-state rate of micro-creep decided E =
the other in a body-centred cubic crystal. A mechanical equilibrium, however, is by applied stress so far as we experienced. We may call such treatments stress- = 2
maintained only in the second case. The transposition of dislocations and ;he annealing. Its effect on stress-strain curves of high purity aluminium single cry- E—GU =
transformation from the one scheme to another are Bossible 0. both cases of stals will be described. Those are to be compared with the effect of nuclear radi- ad e
regular hexagonal networks under two definite conditions: the community of the & e proerties of metalo, E—i—
dislocation line and the conservation of its Burgers vector. " If the present idea proposed for dislocation networks is valid, it gives rise to == =
Any dislocation network, which can be realized, must have a sufficiently long N 1 cioomechanisg o, thatiof Heank and Readd.. As reasonnbly §_ 5 _
life time. Thus it necessitates at least a local mechanical equilibrium and the supposed in the case of alloy; pole dislocations will remain at their original posi- = K
driving force for the vacancy diffusion tending to turn its structure must be suf. tions whex & sufficient stress needed for the multiplication is applied. Each dis- = =
ficiently small. From such suppositions we can find the most stable network in a location loop thus formed is expected to be in every parallel slip plane, because Ty i
face-centred cubic crystal in {113} planes. In it a mechanical equilibrium is possi- the Burgers vector of pole dislocation of {113} network has a component equal to Ex e
ble only when two dislocations are edge type, each in two {111} planes neighbour- one atomic distance normal to the operative slip piane. On the other hand, pole S

ing to their vector plane and the rest is screw type in the latter. dislocations in metals are comparatively easy to move and besides, they are both =

—
ol
=
|IIIIIIlI|||IJI!III

annealing process. An interaction between domains will result in some deviation Electron-microscopic observations made by Fujita in our laboratory really
from the regular {113} network. show a very homogeneous distribution of slip bands in «-brass crystals, each of
A recent pt?wer‘fu.i_ experimental method advanced by Mitchell as stated before Wl.udl Aﬁe_e?s tc? .gWT a. S‘hear 11.ea.1r13: ?qu = tlio oty 1&; a.l.?;o pOSS;‘blet}f}-lat o = 130_5
has succeeded in giving a visual evidence to the reality of both plane and polyhe- Elé:m-a 5 toun hm e R bi.e sambe e M & e;’)m}tl::.reé Sl
i i i NeL T r s 5 -4 = 5
dral networks in a silver bromide crystal. Some observations of the surface struc- sweep rif:e;. ?ec t’amsm c;?nh vl ;‘_easc;n; i dn;m et s vamEc eSs ;e 7 ed i 10—
ture of a-brass single crystal revealed by thermal etching will also give somewhat lat pb ,g M]:S c:):a Sekeer o R e e e e = o
useful knowledge for the underlying structures. ateli Mott = =
; . ; i : : ; : —— 150 —
: The m_Otmn of a dislocation node in {113} network necessarily accompanies I? 1.nust pe Sfiesod, tnniherdion i EREs TR Bondenine e of high p ur}ty 5 N =
climb IIlOtl(?I’l of one or more dislocation segments. Then on each dislocation a aluminium single crystals (* easy glide’’) has been found to vary regularly with = =
meber of jogs will be formed. This leads to an alternative mechanism for the Crysta_llographic orientation to tension axifs, which will be discgssed ‘somewhat ;—16[}—;
micro-creep of metal crystals. Most important differences from Cottrell’'s theory® quantitatively on the basis of the present view as well as the orientation depen- — -
are in the order of micro-creep rate and in its dependency on temperature and on S ormealing effect. =1
crystal orientation. A situation will be reached at the steady state of micro-creep, = o
Wherg a chemical potential over cach dislocation line is almost constant. The Reference E :
shearing rate at this stage is found to be of the order 10*Du/kT sez-1, where D means 5—180 =
the diffusion coefficient. A chemical potenti i ; Sa -
calculated under a condition of ener . %)e itlal, !g Sl th? fRrke fcn:ce, canbe D N. F. Mott, Proc. Phys. Soc., B. 61 (1951, 729. = =
e s ; gy balance between the increase of line energy 2) J. M. Hedges and J. W. Mitchell, Phil. Mag., 44 (1953), 223. =190 —
Tl ' e e eF:rease o P(_)tentlal energy 0“_’1118 to slip and climb motion. 3) A. H. Cottrell and M. A. Jaswon, Proc. Roy. Soc., A. 199 (1949), 104. = —=
. .1-e1 rate o m1cr0-cree;[_1 1.11 the steady state T;h%l_S obtained is of the order of 10-8 4) B. Chalmers, Proc. Roy. Soc., A. 156 (1936), 427. = 200_5
sec fm_' coppe'r at 500°C 1¥1 good agreement with our experimental results. Such 5) G. J. Dienes, J. Appl. Phys., 24 (1953), 666. = E
mechanisms will also provide a theory for the micro-creep at the transient stage. 6) F. C. Frank and W. T. Read. Phys. Rev., 79 (1950), 722. = =
- : - 7) F. Seitz, Adv. Phys., 1 (1952), 43. = 210——
It must be of importance tg examine whether the micro-creep of metal cry- 8 N. F. Mott Phil_yMag_ (4; (}1952\ 1152, = =
stals accelerates the vacancy diffusion as the theory predicted or not. R eally, the » s ¥ - =
predicted increase of disorder-order transformation rate in a Cu,Au single cryétal = 20—
2 = :
4 == =
5 = =
E— 30—
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| friction of heavily cold-worked copper single crystals was found quite independent
of temperature from about 0°C down to about —100°C(%). :

s
=

Internal Friction of Metals due to Crystal Imperfections.

(2) When a metal crystal is subjected to a plastic deformation, many atomic
vacancies and interstitials are formed, of which mechanisms of formation were
considered in terms of dislocations by various authors(®-19), For example a moving
jog of screw dislocation leaves behind it either a line of vacancies or a line of

Ryukiti Robert Hasicurt

o
]

‘ Dept. of Metallurg, Facully of Engineering, University of Tokyo-

=3
]

Many kinds of crystal imperfections contribute to the internal friction of metals.

Attention is focused here to the dislocations and the lattice defects produced by
cold-working. :

Internal friction due to dislocations was studied by many authors(*-%). There

interstitials according to the sign. It is possible that some of them will agglomerate.
Thus is considered that a cold-worked metal crystal contains a fairly high density
of many kinds of groups of vacancies and interstitials, .if the temperature is not
too high for them to remain without diffusing out of the crystal. In the following
discussion, pairs of vacancies will be chosen for simplicity to represent groups of

-1
=
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are two kinds of internal frictions when viewed as a function of temperature of vacancies or interstitials which show non-cubic symmetry of stress field(") around -
measurement. The one is temperature dependent internal friction and the other them in a cubic crystal. But it should be kept in mind that various kinds of
is temperature independent one. The former was found and interpreted qualita- groups other than vacancy pairs would contribute to the internal friction under 80
tively in terms of dislocation theory by Nowick(*). The latter was recently found giscussion. : :
in our laboratory(8). If a vacancy pair has a non-cubic symmetrical stress field around it, the 100 —
It was pointed out by the author (), that pairs of vACADciSior BiRrEeEiials rf?orier'ltation of pair axis'will (?ccur: resuﬂlting_ in a.non-elastic_strain, When‘ a _E
pl_'oduced during cold-working would contribute to the internal folCEIbN (o mEtals. v1br{1t10nal e>‘(tema1 stress is apphed., just ga an xmptiiiy atom pair of_ lz.trger size o
The direct experimental evidences for this process were recently found also in our §iniates 1.11 ‘Cu—Zn Chyae on el go]utpn = -J.' Int.e bbb LE
laboratory (%) to vacancy pair is related to the relaxation time + of reorientation and the angular =
; : frequency w of vibratien by the equation 10—
! The aims of this paper are (1) to extend Koehler and Weertman-Koehler’s 20n? =
| theory (*#) to explain temperature dependent and temperature independent internal e T @ :
frlc_tions due to dislocations, (2) to develop the theory of reorientation of vacancy whrre 4y is the relaxation strength. + changes with absolute temperature T, l‘%_;
or interstitial pairs, and (3) to show the experimental evidences for the reorienta. according to the equation E
tion theory. - L - 140 —
| . T=TyeXxp (ERT), . (3 =
(1) According to Weertman and Koehler internal friction ¢ is express by where 7, is a constant, k is Boltzmann’s constant, and & is the activation energy =
' ¢ =const. N/(GN+G;)?, M of reorientation of vacancy pair. -From equations (2) and (3), we obtain a peak 150 —
‘ where N is the length of dislocation line per unit volume of the ol of internal friction when measured as a function Qf temperature. —=
constant which depends sensitively on the particular type of dislocation array (3) An above mentioned peak was found® around room temperatures in a 16 ==
' considered, and G, is a coefficient of restoring force for vibrating dislocations heavily cold-worked single crystal of copper under the vibration of 10 kilocycle g
[ which is caused by impurities or any agency other' than dislocaﬁon g S frequency range. The heights of peaks are different from specimen to specimen. 170 —=
| Now we consider a temperature range where no irreversible phenomenon such as This fact shlcm'r-s that the density of vacancy pairs in a particular specimen is =
annealing takes place to a measurable amount within a length of time considered., different according to the condition of splec'imen. The skirt of peak curve ranges : z
G and N are undoubtedly independent of temperature, while G, depends on temper- about ten degrees of temperature, which is rather narrow. This is not surprising, ?180_5
i ature, begause .t}'ze dislocations break away more ‘often from anchorin g _entities because the peak is buried in the background of internal friction due to dislocations. B~ =
I ?;Zhv;ieﬂéplgltles; vacancies and interstitials at higher temperatures, decreasing The peak disappears when.a specimen is kept at room temperature for a day EIQO__E
; : 0- o : .or s0. As the time of relaxation.at.the temperature of peak is about 10-% sec., a - =
In the case of annealed or slightly cold-worked crystals, where G,>GN, a ‘vacancy pair will make about 10° atomic jumps in a day, resulting in a migration 20—
: predomma‘nt effect of temperature dependent G, results in a temperature dependent of about 10¢-* atomic distances. This may be large enough for a vacancy pair to s
' 1f1;f‘.etr'nal friction. In other words the higher the temperature, the larger the internal migrate to mosaic or grain boundaries to be absorbed there. 210—§
iction. : e = : -
_ ) ¢ 3 : : ; Zener™ suggested to the present author that a peak found by Bordoni®® in =
24 %I;n::};eﬂ-fghe[; I'éa.n;i tm heavily c_o[dworked crystals, G, i's much small_er than cold-worked materials at a t_empe_rature of about 1/2 their Debye cllaracteristic 220_?
: , effect of temperature independent GN predominates. The internal temperature may be due to the vacancy pairs. Here the Debye temperature has z
G =
‘ 7 230 —
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= 30 —
no particular meaning, because the peak temperature depends on the external a number of couples composed almost exclusively of face-centered cubic metals. =1 =
vibral?ional frequency. It is easy to shift the peak temperature about 150°C, if Darken first proposed a purely macroscopic formalism to describe the Kirkendall =3 0 _E
the VIbrf';lt]onaI frequency is changed by a factor of 1000. (Bordoni’s paper was effect. He assumed that each constituent atom in the diffusion couple must be =8 iz
not available for the present author at the time when this abstract was written.) given its own characteristic diffusion coeflicient with the auxilialy condition that if = =
an excess of atoms diffuse into or out of a given volume of the lattice the volume E 50 “E
References expands or contracts in order to preserve the equilibrium atomic density for the =~ =
local composition. Subsequently the writer made the first attempt to interpret the = o — =
1) F. Sei . A. Res: s ¢ : A ) = £
2)) ? Selgzs;;g TP?ocR;dd, JS Apil' lI;hységl‘z,x 100, 170, 470, 538 (1941). Kirkendall effect on an atomic basis, using the vacancy theory. He arrived at a S :
- L » . Roy. Soc. A. 2 d : =E =
3 s Nowiclz Prva Rez 80, 249 (1;‘,;0)_6 5‘19:9)‘_ B 1 3 system of relations more general than Darken’s for he did not assume that the S
e i ; oymposium on Plastic Deformation of Crystalline vacancy current is in equilibrium with the crystal. Bardeen then demonstrated that B e
4 I. S. Koehler, Imperfections in Nearly Perfect Crystalls, 1952, p. 197. Darken’s equations can be derived with the use of vacancy theory if one assumes E— —g
5) J. Weertman and J. S. Koehler, J. Appl. Phys. 24, 624 (1953). that the vacancies are in local equilibrium. Subsequently the writer showed that — 4 —
6) R. R. Hasiguti, T. Hirai and G. Kamoshita, to be published.f his equations contained Bardeen’s solution as a special case. He algo demonstrated = Lt
7) R. R. Hasiguti, J. Phys. Soc, Japan, in press. that exactly the same relations could be derived using the interstitial mechanism, — i =
8) F. Seitz, Supplement to Phil. Mag. 1, 43 (1952). although he expressed preference for the vacancy mechanism. = w =
9) N. F. Mott, Proc. Phys. Soc. B. 6 . . Lt . e = =
10; N. F. Mott PII;{:IC Ma}; Se:C ?B 4‘;64’1 1?5219 (11995521\’ Bardeen and Herring summarized the existing situation in 1950. They expressed = z
TN CR e n D e 7'1’ 2 (1'9 4:7)’_ E27e): the view that one should expect the disl.ocations present in ?I?e crystal to provide ;——100—«—5
12) A. S. Nowick, Phys. Rev. 88, 925 (1952). ample sources and sinks for vacant lattice sites so that equilibrium should be easy — =
13y C. Zener, private communication. to attain. They estimated that a vacancy should have a lifetime of the order of S
14) Bordoni, Ricerca Scientifica, 19, 851 (1949). 10° jumps from source to sink. =3 JE
More recent experimental work shows that porosity develops on the side of the 5—120—%
diffusion couple toward which the vacancy current flows. This indicates that the E E
¥ U vacancies may have considerable difficulty in coming to equilibrium in the regions E =
into which they are pumped in consequence of the concentration gradient. The E— 1 -
experiments of Barnes on the copper-nickel system show, in fact, that as many as =5 =
5 half the vacancies may end in pores. = jig—=
On the Theory of the Kirkendall Effect i o : _ , : i
: There is a possibility that relatively large inclusions, perhaps 1000 atoms dis- = =
Friaderick & tances on an edge, act as much better sinks for vacancies than the dislocation = 5p——
rederic EITZ network. Inclusions of this size would permit pores to form for superconcentrations =3 E
of vacancies of the order of 1% or even less. However, this proposal remains = =
The Kirkendall experiment demonstrates that there may be a net current of highly hypothetical. _ 2_160_5
atoms flowing relative to the crystal lattice in a region where a concentration The writer has demonstrated that in cases where a typical strong Kirkendall E =
gradient exists. Thus diffusion does not occur exclusively by the interchange of effect is observed it would be perfectly possible for the pumping action of the con- = — 1 —
atoms in the Iatty:e. In fact, the most careful experiments carried out on systems centration gradient to produce a superconcentration of vacancies in the neighborhood = =
-such_ as copper-zinc, copper-nickel and silver-gold show that direct interchange of twice the equilibrium value if no ‘easy’ nuclei are present. Such high super- = 180_5
-fnust be nearly negligible in many interesting systems. Presumably, diffusion occurs concentrations could cause vacancies to condense at relatively tiny inclusions, only = =
in the main, in such cases, either as a result of interstitial or vacancy migration. about 10 atomic diameters.in size. If such superconcentrations actually do occur in - :
There is strong evidence, principally of a theoretical nature, to support the view the cases where pores are observed, one would be compelled to conclude that the = 10—
tI.lat the vacancy mechanism prevails. However, it must be admitted that conclu- dislocation network provides exceedingly poor sinks for vacancies and that the — =
sive experimental proof is still lacking. Most phenomena observed to date can be lifetime of vacancies in such metals probably is much longer than the 10° jumps = o0 —
explained with the use of either an interstitial or a vacancy mechanism. estimated by Bardeen and Herring as a reasonable value. = g
_The Kirkendall effect has received the benefit of a great deal of careful ex- The \mrriter has attempted to Su'rvey e.vidence concerning the sup‘erc?ncentration‘s ;_ 210_;
perimental and theoretical work. For example, Smigelskas and Kirkendall. Correa of vacancies that actually are achieved in metals. None of the available experi- E =
da Silva and Mehl, Alexander Balluffi and Kuczynski, Barnes, Buckel and B,lin i ments provide a conclusive answer to the question. There are, however, several = =
Seith and Kottman, have confirmed and amplified the original measurements with experiments, in particular, the observations of Buffington and Cehen-on the increase =
8 9 E E
30—
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POLYMERS

in self-diffusion in alpha-iron during creep, which indicate that the lifetime of
vacancies may be longer than 10% jumps.

It has been suggested that the dislocations
be poor sources or sinks for vacancies because
‘Thus other imperfections take over most of the burden. Actually, Balluffi has
-obser_ved’ porosity during the dezincification of beta brass. This observation, in
addition to those of Buffington and Cohen concerning evidence for long Iifeti,mes
.of vacancies in alpha-iron, suggest that the factors producing superconcentrations
are quite general. In addition, it is not clear why vacancies should be produced

80 profusely in face-centered cubic metals if the geometry of dislocations prevents
them from being absorbed.

in face-centered cubic metals may

The Configuration and Properties of Polymer Molecules
in Dilute Solution :

Paul J. Frory

The closely related problems will be discussed in this paper. One of these:
_pertains to the configuration of a flexible, long chain polymer molecule-and the
-other to the thermodynamic properties of dilute solutions of such molecules. - Both
depend on interactions between segments of ploymer chains. The configuration of
such a molecule in an infinitely dilute solution is modified signiﬁéanﬂy by its
intramolecular interactions; the thermodynamic properties of ‘the dilute polymer
solution depend similarly on the infermolecular interactions between chain S'egments.
belonging to a pair of molecules in proximity in the solution.

-T_he -analogy-between.-the conﬁ_gut‘ation of a polymer chain and the path of a
random flight has long been recognized. The configuration of a real polymer chain
generally departs appreciably from the corresponding random ﬂight, hdwever,- owing
to the finite -volumx_a (i.e., the ““volume effect’’) occupied 'By-'ci chain segment..
Various estimates of the factor & by which an average linear - dimension of the
randomly coiled molecule (e.g., its root-mean-square end-to-end distance 7) exceeds
that which would prevail if this volume were zero have led to discordant results.
Extension of the theory of random flights seemed at first to indicate that « is an
as_\;mptoti_c function of the chain length, or of the molecular weight M. More
‘recent treatments carried out in better approximation have shown on the contrary
that e« should increase slowly with M but without limit.

A more satisfactory solution of the: problem has been obtained by considering

‘the intramolecular interactions to be those of a cloud of chain segments distributed

-about the molecular center of gravity. This density distribution may be approximat-
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SECTION B

ed by a Gaussian function. In the interests of expressing these interactions in a
most general manner which is also uceful in treating the intermolecular interaction
problem, the chemical potential of the solvent in a volume element in which the
volume fraction of polymer chain segments is », may be written

[!_(,1 _MD} :RT(KI _1;;11.)1}22: —RT’\L’IC]. e QI.'"T)'UQE

where +); and x; are entropy and heat of dilution parameters and @ =x T/, -
Higher terms in the concentration are unnecessary and lower terms are absent
since the segments are not independent of one another. By considering the molecule
as a small thermodynamic system, the average linear dilatation ¢ may be shown to
be given by
o’ — o =2C (1 —8/TH M2

where Cy is a constant characteristic of the polymer chain type and M is the
molecular weight. Experimental observations related to the molecular size are thus
satisfactorily described as a function of the chain length (M) and of the thermo-
dynamic interactions. In a poor solvent x; is potitive and the repulsion between
chain segments is reduced. At the characteristic temperature ®, corresponding to
the Boyle point of a real gas, this repulsion vanishes and ideal behavior («=1)
prevails.

Pursuant to the treatment of the intermolecular interactions in a dilute polymer
solution, the potential of average force for a pair of * cloud’’ molecules may be
calculated as a function of the distance of separation of the pair. Then, by a
treatment analogous to that widely used in the treatment of imperfect gases, the
following expression may be derived for the excluded volume # for the pair of
molecules :

u=24n(1—-60/T)@*M}NV)F(X)

where v is the specific volume of the polymer, V; is the molar volume of the solvent,
N is Avogadro’s number, and F(X) is a function of the molecular configuration
and the interaction parameters. The second virial coefficient in the osmotic
expansion : :

alc=Cm(c)[14+Tac+-mmnnn 1

I'y=Nuf2M.

We thus achieve a formulation of the intra- and inter-molecular interaction
problems in terms of the same set of parameters. Experiments bear out the ex-
pected intimate relationship between the two, and they confirm the essential validity
of the approach-described. ' : '

is given by’

The Theory of Visco-Elastic Properties of High Polymers

J. G. KiIRKwWOOD
(The abstrafj:t is not yet received, Aug. 28)
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Statistical Mechanics of Rubber Elasticity

Akira ISTHARA

Depariment of Physics, Faculty of Science, University of Tokvo

The statistical theories of rubber-like elasticity have been developed more or
less connected with the random flight problem. If we adopt for a model of a well-
vulcanized rubber-samples, an ideal network of non-interacting chains, we arrive
at a Gaussian type distribution function for end to end distance of the chains.
By calculating the effect of the deformation of the sample on this distribution
function, we can obtain the stress-strain equation, which reproduces successfully
the main features of the rubber elasticity. However, this equation only fits the
experiments at small elongations and cannot reproduce the upward turning of the
Gaussian theory. This is one of the important failures of the Gaussian theory,
but within the limit of the small elongations, there are still several unsettled
problems and misunderstandings. Amongst these, the problem of the dependence
of the elastic properties of vulcanized rubbers on the degree of crosslinking, seems
to be important. As it is known, there are two expressions for the elastic modulus,
one is characterized by the molecular weight of a chain, whereas the other is
characterized by the molecular weight of a kinetic unit of the chain, and the
difference in the modulus with different magnitudes of vulcanization is, in turn,
characterized by the mean extensibility of chains in the network of the rubber
samples. However, if we assume the number distribution of various kinds of chains,
which have different chain length, is given by a Gaussian function, and take the
mean value of the expression of the latter theory for the modulus, this coincides.
with the modulus of the former theory. Thus from the theoretical point of view,
the problem lies whether the above assumption is legitimate or not, which in turn
must be proved by experiments. Very recently, Flory has made (in 1949) very
interesting experiments on this point. He has observed that the magnitudes of the
force of retraction were close to the prediction of his theory, but the change in
the force with the degree of cross-linking was different, the force being higher than
the theory for low degrees of cross-linking, while the reverse was true at high
degrees. Moreover, the dependence of the tensile strength on the degree of cross-
linking was not simple. On the other hand, Gee’s experiment (in 1947) shows that
the theoretical expression does not completely reproduce the experimental curve of
the stress-strain relation even at small elongation.

Now, in addition to these points, Treloar has found (in 1948) another failure
of the statistical theory, which seems very important: the deviation XVﬁS not only
quantitative but also qualitative. He has found that the Gaussian theories are
totally inadequate to explain his experiment on the two dimensional stretching of
rubber. In this case, let the stresses in the plane of a rubber sheet be £, a;ld N
and perpendicular to the plane be #;, and let the corresponding strains be A;, A, and
A3. The Gaussian theories predict that a plot of #; or 7, against A.2—As2 and A2
—As" respectively should yield a straight line of slope equal to the rigidity of the
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sample. However, Treloar’s experiment shows that the theoretical relation breaks
down and the points fall not on a single straight line but on a series of discrete
linear arrays. In any one of these arrays the force corresponding to one stress is
kept constant whereas the other is varied.

This fact together with the failure of the Gaussian theoty, that it cannot
explain the upward bending of the stress-strain curve (S-shape), has made the
present author to develop a non-Gaussian theory of rubber-elasticity. Different
from the theories which use the result of the random flight problem, let us consider
the orientation distributions of segments or kinetic units referred to the axes con-
necting end to end of chains. The distribution function » (w) of single segment
is the simplest one among the distribution functions. If we use this, and consider
the segments, of which orientations fall in the solid angle between » and w+dw,
to be indistinguishable with each other, we can develop a non-Gaussian theory

‘with no interaction, which not only explains the failure found by Treloar but

reproduces the S-shape as well. However, from the investigation of Wang-Guth
(in 1952), there still remains a small discrepancy between the theoretical and
experimental stress-strain curve. They consider that this may be originated from
the neglection of the interactions of segments in our theories.

Unfortunately, the nature of the interaction of intra- and inter-chains are not
known and that there is no theory which calculates the stress-temperature relation,
especially at low temperatures where the interactions prevail with no doubt. If
we adopt the simplified model in which the interaction of interchain molecules is
neglected and only take account-for the interaction of the neighoring two segments
of the same chain, we can go a little ahead.

Let us introduce the distribution function #,(w,,w,) of two neighboring segments
in the same chain having the orientations of o, and w, respectively. #;(w1,m,) iS
reduced to the distribution function #,(e;) of single chain stated above by integrat-
ing the former over all the values of w,. Both distribution functions #,(w;,w,) and
7 {wy) must of course satisfy the normalizing conditions. The interaction of the
two neighboring kinetic units is considered to be a function between the angles of
these kinetic units. From the condition of the free energy minimum, we can obtain
an integral equation which determines the distribution function #,(w;,w.). If we
designate the square root of the distribution function #;(wy) by g(ew:), the latter
function is shown to satisfy the integral equation of Fredholm’s first kind :

2() =?LJ.H(w1,wz)g(wz) dors,

where )\ is the eigen value and the kernel H(w;,w,) is a symmetrical function of
the orientations ; and w, of the kinetic units. An approximate solution of this
integral equation shows that the stress temperature curve turns upward at a certain
temperature which may be connected with the second order transition of the rubber

samples. With respect to the stress-strain relation, the inclusion of the interaction
energy of the above type does not alter the theoretical form obtained previously,
but in this case the modulus is not a linear function of temperature which is zero
at 0°K.

Apart from the theory of rubber elasticity, some remarks will be given on the
relation to the elasticity of fiberous protein such as keratine.
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Statistical Theory of Chain Polymers

Ei TEraAMOTO

Department of Chemistry, Kyolo University, Kyolo, Japan

In 1951 th{e author and M. Yamamoto developed the statistical mechanical theory
of a Iong chain molecule, especially concerning the volume interferences between
chain elements™# %10 Two different approaches were made to this problem and
led to the same expression of mean square end-to-end distance proportional to AP,
where N is total number of chain’ elements. Although the similar results have
recently been obtained also by R. J. Rubini®, F. Bueche!®, T. B. Grimley™ and
N. Saito*®, there have not yet been any reliable experimental foundation, so it
seems worth while again to try to summarize and partially extend our considera-
tions. Thrrls here we shall give an outline of early developed methods and next
some ‘-conmderations about the classification of chain-like problems in parallel with
the discussion of various investigations carried out by many authors, and lastly
several data of an artificial experiment of square lattice chains will be presented.

Model used here is a * pearl necklace model "’ composed of N beads: These
beads with diameter b are chained one after the other with a constant bond length
@, and are attached numbers 0, 1, 2,..., N from one end to the other. The first
method™ # ' is based on the formal expansion of its partition which is derived in
the same manner as that of imperfect gas theory, namely in the form

N
Q(R,N, T)=3'B(T, R), €]
n=0
where first several terms are given explicitly by
BO(T; R>=‘QB<R! N:J
BT R)= 31 ([ uluR, @), (70)ddi)

CNCETY)

T»-E%»” Jis820(r 0, ) 20(#1g, § — DDy (# 55, N—j)d(GE)AI )

By(T,R)= X3 jﬂl CSfu Pt fm fratFe fis Lo F fed) (2

(N CLFED)

X7, D) Re(7i5, F—1)R0(7 g1y B— )@y ( 715w, N— RYd()d( jHd( k)Y
e jm CFinfutfifut Bl oz DGy —5) Qe ot

CNCEFRLYD
X (120, I =)o (7w, N-D)d()A(Gd( AL .
Sig=e ST ]

Funcg‘.ion Qy(7, ) is the partition function of an ideal random flight chain and is
sufficiently approximated by Gaussian distribution function

9u(7, m) = (4ma®yQna*i3)” exp(—372na®), ©)
14
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for large value of #. Using these expressions, the mean square end-to-end distance
is evaluated and becomes ;

<R'> :j Ré O(R, l\-“)de_,.-"'fJ‘ RPQ(R)AR

wek LI T PRI T b :

— Nl 1+ .E «/N(—(i) +0 ((E) )] )
: . b4

neglecting the higher terms than (a)

Another method® '@ is more intuitive and simple, namely each order overlaps
between beads are excluded separately and successively, using an assumption
“ superposition of corrections.” Here order of overlaps is defined in such a way
that for an overlap of any bead 7 and ¢--s or i—s, We give order s. After such
successive calculations, it follows that

<R*> :Naji[ 1 +J;§ -\-/-}_H—' ( 1‘%) (72 )]

X 2

=N 1+-§-\/ Sv N(:I—}) ] ©
This result is just the same with that obtained previously. According to this result,
the correction term due to the volume interference is proportional to N'? and does
not converge as the number of beads tend to infinite, consequently it would seem
that the expansion form developed in this article is not so profitable as that of
imperfect gas theory, and it is desirable to devise the new method to study this
problem in more closed form.

It seems that. various chain-like problems can be classified into three types, and
these three types of problems must be distinguished from each other from the mathe-
matical point of view. We shall illustrate these types in the following.

(1) Random Flight Type (Markoff Chain) This first class inveclves such pro-
blems, as random walk problem, diffusion problem and statistical mechanical pro-
blem of a chain molecule with zero volume or with the interactions of finite order.
A common characteristic of this type is that mathematically they can be exactly
reduced to the problem of Markoff chain, so that their solutions can he obtained
by solving the diffusion equation, Fokker-Planck equation or eigen value problem
as developed by R. Kubo®? concerning the linear polymer and by E. Montroll® for
lattice chains. Thus for the chain system of this class, the mean square end-to-
end distance proportional to N will be obtained by the central limit theorem of
regular Markoff chain in a sense of Frechet.

(2) Production Type As a representative problem of second class, there is a
quasi random walk problem in which a new addition of a jump is decided depend-
ently on the whole way already passed. In other words, in the first type the present
event depends upon the history of only near past, but in the second type depends
upon the history of the whole past from the beginning. And strictly speaking,
these problems of second type are not Markoff chain but they can be treated ap-
proximatly as Markoff chain as developed by J. J. Hermans, M. S. Klamkin, R.
Rubin and H. Hadwiger®, concerning the excluded volume effect of chain mole-
cules. If one applies the calculation of this second type to the pearl necklace
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POLYMERS

model, one will obtain an answer to the question ; if one attaches the beads succes-

sively one'after the other with a constant bond length, then after the attachment
of all NV beads have finished, what probability distribution of end point does result ?

fﬁmd the_y do not reply‘ to the probability distribution of the shape of chain molecule
in solutions. Accordingly the calculation adopted by these authors seems to be

inappropriate to study the excluded volume efiect of real polymer chain, and in

orFler to study the feature of a chain molecuie in solutions one must adopt the
third type of chain Ilike problem.

(3) Real Chain Type In the first and second type a word * chain” is used
to represent the phenomena emphasizing its successive occurrence, or to represent
the systems which can be reduced mathematically to this chain like phenomena.
On the other hand, statistical thermodynamical problems of a real chain molecule
with the complete interaction (or complete volume interference) can not be reduced
to chain like phenomena or Markoff chain in closed form, so one must calculate
its partition function or the distribution function of the whole system as exactly
as possible, for which several attempts were made in this article and also by R. J.
Rubin'®, T. B. Grimley'®, F. Bueche!®, and N. Saite®®, and led to the similar ex-
pressions of end-to-end distance proportional to N¥e, Lastly we shall give one of
data of an artificial experiment in Fig. 1 in which it will be seen that <R2>/N
calculated with the probability of second type, curve 2, is always smaller than that

of third type, curve 1, and curve 2 has little tendency to converge to a saturated
value.

<R*X/W

1. random
confipuration

P
T

2. randym jump

10 15 &
ﬂ-—b

Fig. 1. Mean square end-to-end distance of two dimensional square chain
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Theory of Liquids

J. E. MAYER

(The abstract will be found on page 41)

The Statistical Mechanical Theory of the Liquid State

John G. KIRKWOOD

Yale University

The statistical mechanical theory of liquids and liquid solutions provides rela-
tions between the thermodynamic functions of the system and the potential of in
termolecular force, which involve distribution functions for sets of » molecules, for
example singlets, pairs, triplets, which form subsets of the total number of molecules
of which the system is composed. The distribution function p® is defined as the
average density of ordered sets n# in the #-dimensional sub-configuration space of
such sets. If the potential of intermolecular force has the form
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LIQUID
Vir= 31 V(R BEs) @

and the potential V(Ry;, &, £;) of the force between the molecular pair ¢7 is assumed
to be a symmetric function of two parameters & and £;, the theories of Kirkwood?,
Born-Green®, and Yvon®, as generalized by Mayer® lead to the following set of
integro-differential equations for the densities p@®.

_EPCR e o Vi ig N J'() Vw €’1‘+13 1..
o, (2 = as\,) 321 |5, PO m fody, (2
B=1/kT

For systems possessing the potential of intermolecular force, Eq. (1), the pair
density p® and the associated radial distribution function g(R), defined by the
relation,

pe® =% ) g® ®

are of special importance. The equation of state and the internal energy of the
system are related to the potential of intermolecular force and the radial distribu-
tion function in the following manner,

v . 2mN i
NET ~ 31}ij ¥ dR 2K
_3 22N [* 5
E/NKT =3 Sk L RV(R)g(R)dR (4)

where p is the pressure, » the molal volume, N is Avogadro’s number, 2 Boltzmann’s
constant and T the thermodynamic temperature.

When the system of integro-differential equations (2) is closed by the superposi-
tion approximation in the space of molecular triplets, the radial distribution func-
tion is found to satisfy the following integral equation,

log g(R)=—BV(R) I—E—Nj {K(R—7r)—K(R+r)}riglr)-1ldr

sV(s)g(s, E)dsdE; K ®)
1t

K{t)= —%’jn J

K(£)=8r (st— z*) gfb)ds, BGY.

it
where the first form of the kernel corresponds to the Kirkwood formulation and
the second form to the Born-Green-Yvon formulation.

The integral equation, Eq. (5), for the radial distribution function has been
solved numerically with the use of I.LB.M. equipment for fluids possessing the Len-
nard-Jones potential of intermolecular force. With the use of the radial distribu-
tion functions so obtained, the equation of state and the thermodynamic functions
of the Lennard-Jones fluid have been calculated and tabulated. Moderately good
agreement with experiment is obtained when the theory is applied to the noble
gases.
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Statistical Mechanics of Surface Tension

Akira HArRASIMA

Tokyo Institute of Technology

In this report a brief review of the development of the theory of surface ten-
sion of pure liquids in Japan will be given and then a simplified method of deriving
the expression for surface tension, together with some detailed discussions of the
assumption of mathematical surface of density discontinuity will be given.

Historical Review : In 1940 we attempted to find an expression for the surface
energy of a liguid in which molecules interact with each other with a potential of
the form

b =po{(7o/7)'2 —=2(7,/7)}. @y

Assuming a quasicrystalline structure we obtained the following expression for the
surface energy 7.
U=2¢y/a*{3.0(ry/a)* —1.08(ry/a?)},

where g is the distance between nearest neighbor molecules. Further, for the rela-
tion between the surface energy and the heat of vaporization @, we obtained

(Q+1/2-RTHIUVH=2.3x 108,

@ in ergs/mol, Uin ergs/em?, "V in cm?®/mol. 2y

This relation could be considered as a version of Stefan’s law.

The theory of surface tension was later attacked by Ono in 1947 on the basis
of the lattice theory. He determined the ratio of the number of the holes to that
of the molecules on each layer parallel to the interface by the condition of minimi-
zation of the free energy and obtained results in good agreement with observed
values.

A Simplified Method ; In 1949 Kirkwood and Buff developed a general theory
of surface tension by calculating the stress transmitted across a strip of unit width,
normal to a Gibbs dividing surface. Attempts to obtain surface tension as Helm-
holtz’s free energy per unit area were made by MacLellan and Harasima. The

19

10

Iunluu-lurrn|uu[|rnn]nn[rnnlnrr|nn]nu|lrH]nn|Hn|n|l|llI-I-I|||ll|l||||||u=l[l||||||||||||||rr|||li|[[[|||||||||1|||[|||1I|||||||||||||||||r|[||1|Fr|||||||||1|||||n||lllr||||||||||ll|||||||I|IJ|||I]]III'III|IIII|IJII|IIII|11II|IJII|If|[||j|[||I]l[lII1||||||l||||||||||I|[|I]|1IIIII|III[[[IIIlII[IE[III|HII|IIII[IIII11III[IIII|IIII|

e

|I|Iillll‘IIII[I||I|IIIIJ|III|III||l[||‘IIllllIII‘i[t[|II|I|IIII|IIII‘IIIIIIIII‘Ilii|IIHll|||||IFJJII]Iiill‘]II]IEIII‘H-II|I[II‘HII|IIII 1l |Illll 0

=
=

]
]

3
[

&

m||'|m]'|'m'|'n||‘ml||1|||i|1|||||||‘||||||||
]IIII||||I||!(!|II|||Illlilll|||||||llll|Il||||||||IIlI|.||||||||-|l|||||||||]Jll|||||||||||||||||||l||||||||II||II|||||[|||||||

&n
o

{er] = ] o =1
= = :
= = o S =

,_.
s
fus]

B = = = = ]
|IIII|III[IIIIIIIII|IIII|IIII|IIII|IIIIi

]
L
(=]

b
b
[

IIII|l[lI‘IIII]TEH‘IIJI[tlII‘IJHIPIII‘iIII|IIII|III]|IH[[IIII|IIII‘IIH|IIII‘II|I|IIII‘IIII|IIIl!IIlI|IIII|IIII|II!I[HII|'Ilii|l||I|IIII‘IIIl]l1II|HII|IIII‘II11|IIH‘IIII|'I1II|IIII|II!I|I‘”T|'I'HI

T
3]
Ll

[T

5
=

27—

|||I|||| ||l|||||||Ill||||||Ii[[l[|||I|I!HIIIII|IIII||III I!I||Illl

2



400

390

380

370

360

350

320 310 300 280 2 250 240 230 220 210 200 190 180 170

IIIliliillIIi]IIIi'IIiilI[MMiMUﬂJMMMﬂMﬂM JJJIlllII‘ll]L[IUIIJIIllIIJIlHII]IILI‘JIIlIlIJllIIII|JHI[IIIIIJJJ_I‘J1]I!II Iill

jnii>]
b

LIQUID

procedure followed by the latter will be given here.

Let us consider a system of N molecules enclosed in a cubic vessel of edge
length @ and let the system consist of a liquid film which is stretched parallel to
the x—y plane, the other parts (above and under the film) of the vessel being
filled with the vapor of the liquid. The free energy F is given by

3

where r; is the position vector of the i-th molecule and & is the potential energy
of the system which we assume to be of the form d =31 ¢;;.
>3

1 )
eXp(~FRT) =~ @ kT i )wer'J'. ¥ J exp(—/ET) Tdr;
it =1

Now we shift one of the planes, perpendicular to the x-axis, outward by a
length a&, and simultaneously shift one, perpendicular to the z-axis, inward by a
length @&, this being conducted under isothermal conditions. By a procedure similar
to that adopted by Born and Green in deriving the equation of state, we can
calculate the increase in free energy per unit area,

i ijjd¢12 (¥ —215*) [Ry3+ p®(21, Ryz)d2; Aoy &

This expression can be transformed into the following form :
"'/:J.(ﬁ}v —pr)dz ,

where,

Pw(2) =kTp®(z;) — é jjj‘ dﬂurl _;%5?2_ ;l_s pPB(E, Ri)dE
S Bl 1z 12

1 dry %15 (6)
L 10 X12%
“. s dRy; Ry Ry PR Ran) J

The result coincides with that of Kirkwood and Buff which was derived by cal-
culating the stresses. It made the calculations much simpler that we considered a

thin film of liquid instead of assuming the liquid to occupy the lower part of the
vessel as done by MacLellan.

pr (20) =kTp™(z;) —

Assumption of Mathematical Surface of Density Discontinuity : The pressure

Py must be independent of z;, and this can easily be justified by the well-known
integral equation

I
w5 ([ S 2 poocay, . @

Now, the quuld-vapor interface is often assumed to be a mathematical surface
of density discontinuity. In that case, as was derived by Fowler, we have

T [ 5, d :
o Sradl }?4 5 _ gty o+
=2 J.n i PH(RYIR (8
But if we calculate Py and Pr, we obtain on this supposition

i 2, an(® psdd ;
PN—P0+3 Pa j. R ng(_R)dR

-2

T e sjw dp. an|” do
3p ) iR Z(R)dR+mzpa _WR‘, dji_g(R)dR’ (9)

20
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br =bo+ 2 pa " r R 9E g(RIGR
e
GpSP‘ r i) g(R)AR+5 zlpfp-j R=@ g(RYdR . (10)
-“l =

Calculated values of Py and Pp for liquid argon will be shown by a figure. Px—FP,

is 200 atm. at z,=0, and attains its maximum value 660 atm. at z;=—0. 74

Quantum Theory of Transport Processes

J. de Boer

(The abstract will be found on page 45)

Quantum-Statistical Theory of Transport Phenomena

Syt ONo

Institute of Applied Science, Facully of Engineering, Kyushu University

About twenty years ago Uehling and Uhlenbeck established the fundamental
equation for quantum theory of transport in gases, by physical argument which
would seem to be plausible. In spite of rather obscure points left in the derivation
given by Uehling and Uhlenbeck, the subsequent theories on transport in quantum
fluids have been based on this equation.

" On the other hand, several years ago, Kirkwood succeeded in analytical deriva-
tion of the classical Boltzmann equation from the Liouville equation, by using the
time-averaging procedure and the postulate of molecular chaos at the initial time.
And Mori and I derived analytically the Uehling-Uhlenbeck equation from the
Irving-Zwanzig equation in the similar manner. This method is essentially based
on the time-averaging procedure and the postulate of random a priori phases, which
would correspond to the postulate of molecular chaos in Kirkwood’s theory. But
their derivation of the fundamental eguation is not completely rigorous, because
the assumption of random a priori phases destroys the dependence of the inital
distribution on coordinates.

In order to avoid the above-mentioned difficulties it seems to be necessary to
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TRANSPORT PHENOMENA

use an orthonormal set other than the set of plane waves. And, then, the
Wigner distribution function becomes inadequate in such cases. To obtain suitable
description for systems in which the density distribution is not uniform we shall
generalize the Wigner distribution function by means of the quantized density matrix
and the integral transformation which is not the Fourier transformation. Such
generalized phase-space distribution function was used by Mori in analytical deriva-

tion of the Bloch equation in the theory of metallic conductivity from the quantum
mechanical Liouville equation.

Let us consider a system composed of N identical Bose or Fermi particles. Let
x; be the coordinates of the #-th particle and g~ be the set of the coodinates of
all particles of the system. A complete orthonormal set of symmetrized or anti-
symmetrized functions of the set of the coordinates of N particles i3 given by

Wi nge o (@) =40 [y (201) -y (20w ], 5

where W, (x) is a function belonging to a complete orthonormal set of single-particle
functions, and #, is the number of particles in the state represented by ¥,(x). If
we introduce annihilation operator , and creation operator a,*, both acting upon
Wiiugeo- (@¥), the quantized wave function of the system may be written as
V) =3 a4 (x). (2)

According to Husimi and Nisiyama’s method the reduced density matrix in the
‘x-representation for n(<N) particles is given by

PEP(X1y «ey X5 X5 oo X' ) =trACE [P0l e W (36y) -l (e )] s (3)

p being the density operator of the system. And we shall define the following
function :

EM0xs, vty X Bry -ees B3 1)

(n} L ) : i
:j‘n.J’(pm“Lxl—%‘]:)...qgkn-!-(xﬂ—%t) p\n)(xl._bél. 1 ey Ko _%n X xl.l_!él_ U xn“l“%ﬂ : i)

X P (xl "‘Ig ) s (Pk-rz-(xva +E§i)dy1 i '-dyﬂ . (4-)

Then, we have immediately the relations,

33 - Te THRNEVIED SRR WV oI (5)

kL kg
and

j"'jdx!"‘dxng{n)(xls ey X ; }21, reey kva 3 i}=nk1ﬂk2-'-ﬂkn & (6)

And, therefore, we may regard g™ (xi,--, xu; Ri-- B : 1) defined by (4) as a
generalization of the phase-space distribution function.

If we choose the plane waves, k-3Fexp(—p-x/ifi), as the complete orthonormal
set, (4) becomes

E(xy, -, X3 Dty P 1)

&)
=k's"j'"jf”"“"“%(m(xz—%l, —--,xn—%’-‘-'m%—%l-, ---,xn—F%‘-; i) D
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where p.y=3) pa. This function is identical with the Wigner distribution func-
i
tion apart from the normalization factor.

From the Schrédinger equation for the quantized wave function, we obtain
the equation of motion for the generalized phase-space distribution function of a
single particle. This equation serves the present theory as the fundamental equa-
tion, and agrees with the Irving-Zwanzig equation if we adopt the plane waves as
the orthonormal functions. In order to take into account non-uniformity of the
phase-space distribution function with respect to the coordinates, we divide the
space into a number of cells. And we shall denote coordinate vectors of the center
of cubes by X, whose components assume integral multiples of @, ¢® being the
cell volume.

Then, one may define the characteristic function such that

if x belongs to the interior points of the cell whose

1,
EX, x) :[ center is X.

l 0, otherwise
Then we can employ the complete orthonormal set of the following functions:
_xe
(]J(X, 7 o) x.) =a% _M—E(Xr x), (8)
where y

k being a set of positive or negative integers or zero.

To this case we cannot apply the ordinary method of perturbation theory,
because @ given by (8) is not eigenfunction of any unperturbed Hamiltonian. But
we may develop the theory in the same way as in the time-dependent perturbation
theory. As a result it is concluded that the Uehling-Uhlenbeck equation may be
derived from the generalized Liouville equation in equation in quantum mechanics
in the case where the cell length, @, is sufficiently large as compared with the
range of intermolecular forces. And, furthermore, the variation of the distrbution
function in the momentum space is assumed to be not so rapid as in condensed
Bose-Einstein gas in this derivation.

Finally, the transport equation in phonon gases is derived by the same method.
Let us denote the coordinate and the momentum of the oscillator corresponding to
a normal mode of vibration k, j by #:,; and py,;, respectively. Then these varia-
bles are assumed to satisfy the following quantum conditions :

Ky Dprjr — P35 = LN B0, (10)
where j indicates the direction of the polarization.

Inttoducing the operators a;; and a;* defined as

/ ?I- H
- ol o N . 5 == (T
Bes=N gy IR

Prs =\f iﬂgmw (s —ars),

we may define a function ;(X) by
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y inkX
V(X)) =G a; e (12)
&
where Ga is the period concerning the Born-v,

= Kdrman periodicity condition and
X indicate the coordinates of a lattice point, 4

I.f we regard (12) as a quantized wave function in the ordinary gas, the reduced
dens:thy matrix of an assembly of phonons is obtained, where the dens,ity matrix in
the N-respresentation may correspond to the density matrix represented by the
set of quantum numbers of normal oscillators. Thus using (4) to define the phase-

space distribution function of phonon, we obtain the fundamental equation for the
kinetic theory of phonon gases.

Statistical Mechanics of Irreversible Phenomena

Tsunenobu Yamamoro

Chemistry Depariment, Faculty of Science, Kyoto Universily

Some contributions recently made in this country to the

’ 1 statistical mechanical
theory of irreversible processes are reviewed. q

Suppose an isolated dynamical system wit
dom, of which the representative point in the
Z=1......N. Its classical motion is given by Li

h a Jarge number of degrees of free.
phase space is denoted by X={Xx;},
ouville’s equation :

OF(X.t) & @ :
= 21 ég{[ﬁ{X)F{fX,f)}, (@)
U(X)=dX,jdt, (2)

where F(X, ¢) is the distribution function of a Gibbsian ensemble.

Now let us follow the motion of this ensemble through measurement with less
than the greatest admissible accuracy (Yamamoto, 1952, 1953).
arbitrarily choose a set of independent phase functions A4,(X)
whose values {@;} are now adopted as independent variables to specify the state of
our system and to describe its motion. We denote by 31, the (N—#)-manifold
Ai(X) =a; and by d3 the element of (N—h)-measure within the manifold. We

can find the distribution function Sfla,t) of our ensemble in g-sace from that in
the phase space :

That is, we
...... A (X)), k<N,

flat)=0(a)<F(X.t)>a (3)
S BK ) ; a3
(X, 1) > Q(a')f GF(X,?.‘) VAl 4

where Q(a) is the limit of the volume of a thin shell g,< 4, (X) <ai+da; divided by
da, and d3)/|vA| is the N-measure within 2% (Grad, 1952 ; Ono, 1953a).
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In order to find the secular motion of f(a,{) we introduce the ‘ macroscopic = E
time derivative” 29%/9f : = . Z
TR _ L (fa, 14— f (@ 1)), ®) =
at T = =
where + is a macroscopically small but microscopically large time interval. Using 2— 30 —E
(1), (2) and (3) in (5), one obtains E- =
A £ e
G o 0 —{<w. L 58 L ol = :
at " iioa, e >0 Sog 2T @1} flat -
L) A = l—
MR E T ,T'\ £ ,j B = o
+3 2 (Eulam) fla)) | ©) =
where =— 80 —
V(X)) =dA:(X)/dt, . (7) i— —
r rs : SE,
gmga,ﬂ:l] dsj ds' < V(X V(X -s) > (8) =— %0 —
Tk 0 0 s =i
and <...... >, denotes the phase average over 3),. In the above derivation the %_100_§
following conditions are necessary : =3 -
(A) The fluctuation of A(X) is very small. %—110—%
2, 1" . = z
(B) F (X, t)z—-jffs F({X,{+s) can be approximated by = =
2 g ey =
: e L —
FI(X, ) =f(A(X), D) /QA(X)). = 2
In addition, if the following condition is also satisfied : = qn_g
(C) Enla, ) has a plateau value £;(@) independent of T, ;_ __:
then (5) becomes the Fokker-Planck equation already obtained by M.S. Green g_ l‘*“_i
(1952) : SR
S EL) o u.{-(’ i e Qic ‘l’aﬂa'} ‘a,i % 150—%
o =S | — {<Heret g S - Eu@0@] fat) =i
& =
+30 2 (Bl f (@) ] 9) = e
i a; b= 7
= 1 . = z
Eu :'2‘ {Eula)+-En(a)} (10) ;_1?0.._§
If one remembers the fact that the usual method of measurement for large: = _é
systems is gross, it is reasonable to postulate that the observed value of A;(X) isv_ ;—18{)—E
given by the time average: g s
A(X)= | ds 4. (1 it
TJo o =
On the basis of this postulate one can justify the condition (A)—in this case E—"QOG—E
Ay (X)’s are shown to be approximately one-valued integrals of motion in M.S. =8 =
Green’s sense (1952) and may be called gross variables—and the idea of * macro- g_ _g
scopic time derivative’ can naturally be introduced. Furthermore the condition £ 210 :
(B) is reduced to a ¢ generalized ergodic theorem ™ which, the author believes, = =
will substantially be equivalent to the condition (C). =— o0 —
2 =
30—
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=
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l| For the purpose of deriving Qreen’s equation (9) the postulate (11) may not However Mori’s approximation does not only hold in equilibrium, but also in e R
| alway;s be necessary. S. Ono (1953a) has really shown that, if one choose as more general states—local equilibrium. Furthermore it can be reinterpreted as = =
A(X)’s tI_1e coordinates and momenta of a molecule—they cannot be considered as assuming an equal a priori probability in every ¥';. Utilizing this fact S. Ono =— 40 —

aRoss var lﬁbles“—fis’weﬂ as the total energy and the total momentum of the whole (1953b) has elegantly reformulated Mori’s theory. Under the above assumption it - =

system, Eisenschits’ Fokker-Planck equation (1951, 1952) can straightforwardly be is no longer necessary to follow the motion of F(X, {) itself, but that of the ¢ coarse- E g

-obtained. grained distribution function”” F'(X,{) . The results given by Ono are as follows: E_ _:

s In the abqve formulation_ we have succeeded to derive from the deterministic FI(X, £ =jdXF’(X,i)S(_X, 13X, 1D, (17) E ¢ -

_ aw of mechanics the stochastic law which describes the secular motion of large . =

: system. . It is ho‘weve'r not yet .clear how and when the deterministic law turns where =
stochastic. To jchls point H. Mori (1953a, b) has made a remarkable contribution. _ 1 E 70 —

_ El‘rom (3) and Liouville’s theorem he has found a formal expression for the transi- S(X,¢; X’,i’)Z[Q/a,) <3(a’—A(Xv-z)?m] P b (18) = —

! tion probability T'(a,?; a',¢') in a-space : > ey ] e EI.
ay) is the ** coarse-grained transition probability > in H. B. Callen’s sense (1947). If E =

f(“?’t’):J‘Z FX, ) — A_Zjdaj 3(!‘1'5){)—@’)}7()(,2’)_--@—2— one transforms the both sides of (17) into a-space by making use of (3), Mori's S

_ @ v Fa ivA| results again occur, at it should be. Thus one sees the Markoffian character is s
‘ =jdﬂf(ﬂ,i)'f(ﬂ,i;a’,z’), (12) due to the coarse-graining procedure successively operated on F(X,?) in each 3. E =
In the course of deriving (8), as was already stated. F(X,{), not F(X,{) itself, E ..

: “where must be approximated by F'(X,7). This may be supposed as an alternative state- 'g_mo'_g
| Tla,t;a', 1) =A< AKX ) —aYW(XIAX) ; £) >0 (13) ment for Ono’s assumption of equal & prior: probability. Sl
' :and =t —
' : - = =
‘ W(X}'[A(X’) 3 i)zi" (X, i),f_;“(A(X), f) (14) References g E
is t.he conditional probability finding the system in the phase X when A(X) =a. §_m_§

. As is easily verified, T'(a,1; o/, t') given by (13) has all the properties necessary Callen, H. B. 1947 Thesis, M. I. T. = =
‘ for transition probability, in particular the Smoluchowski equation holds without Eisenschitz, R. 1951 Nature 167, 216; 1952 Proc. Roy. Soc. A215, 26. =80 —
| -any approximation : Grad, H. 1952 Comm. Pure & Appl. Math. 5, 455. =K 32
Green, M. S. 1952 J. Chem. Phys. 20, 1281. = :

T(a,t;a',t) :jda”’f(a, Ll et i R (15) Mori, H. 1953 a Prog. Theor. Phys. 9, 470; 1953 b Busseiron Kenkyu 61, 80. E=ldle

| 1 Ono, S. 1953 a Busseiron Kenkyu 61, 51; 1953 b Monthly Report of Statistical-Mechanics Group, == =5
'Thus the projected motion of our system into a-space is clearly seen to be a con- Kyushu University, June, 17. SERT

tinuous stochastic process. This noticeable fact is due solely to the law of mechanics Yamamoto, T. 1952 Busseiron Kenkyu 57, 65; 1953 Prog. Theor. Phys. 10, 1L e

i‘ that the natural motion in the phase space is generated by a one-parameter linear = =
.group of unitary transformation. —— 160 —

. Nc‘;w from the definition (13) the condition for the motion to become Markoffian §_ __

18 obvious: when and only when the conditional probability W(X/A(X): {) is in- E—l'mmE

.Flependent of 7, the motion of f(a,7) becomes Markoffian. In order to study an ' =

interesting example of such cases Mori has approximated W by its equilibrium = 80—

‘value 1/Q2(a). Then the Kolmogoroff equation corresponding to (I5) is given by Some Recent Applications of Thermodynamics of S

i o*Tay, 1y; a, 1) 2 { - 1 ? . E 2
; S dnmpid) s o fE e S : Irreversible Processes E—190—
ot :Z 8(%[ ’°>“+Q-(a) ? 2a, [ (“)Q(“)]}T(a“’ it ) =

7 S : = z

+2 o @ T (@b a, i)}], (16) I. PRIGOGINE E 00—

4 - — =

‘provided that one assumes, as before, the conditions (A) and (C), but not (B) (The abstract is not yet received, Aug. 28) = =

which is now replaced by the steadiness of the conditional probability. Using the =210 —

-same approximation in (12) the secular motion of f(a,?) can also be found in an = =

analogous way, the result being seen to agree with (9). E—220—E
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| | in finding the identity E— —i
i i - 3 . PLALS o g E =
5 Statistical and Formal Theories of Thermal Fluctuations =T — XO:kT(_g;: _%ﬁ_ ) = il
. - i i = ==
‘ Hidetosi TAKAHASI where the bars denote averages over a canonical ensemble, If we notice that i—so —
(| ' #({+7) which is a function of p({++) 'and g(f+7) is after all a function of p({) =8 2
' Depariment of Physics, Facully of Science, University of Tokyo and q(¢), and denote it as 7, we obtain E— 80 =
i ; - : ! (W——R}(Xe—_X;g-j_:kT(--S;‘_-— %z; ) (5) E_ =iz
: The purpose of this paper is to obtain as general a formula as possible for the ; i ; : E 3 i
! thermal fluctuation that is subject to experimental verification, rather than to derive If the average over a canonical ensemble can be identified with the value really = :
' formal equations. Therefore we shall purposely avoid the use of such restrictive observed in experiment, equation (5) will become (). S
| iasumdptlons zlij I\garkhoff pl‘ocissgs, and hence the Fokker-Planck equ.ations. This This proof seems to be quite satisfactory, since it is based on a widely ac- = & _;
ol m:}i] % po-sﬁmi : v ; iy e @ ft e method of ensemble averages, that is, we operate cepted atomistic principle. Nevertheless, there are a number of limitations. First, B =3
| o the correla IOltl‘t: unct}?n of the fqrm Xi(Du(i4+7), .Where. X; and et t_WO- it is a classical theory. A quantum-mechanical counterpart of the theory could be F— a0 —
‘ ! n}acroscgp;c q“atl_l J_JeS,t}W lose ﬂ}lctluatlons we are dealing with. This func?:on worked out if a definite expression of averages in an ensemble were given. Un- = =
: gi}\1 es lﬁl 1111011:':1121 ion enl}re yl : gqli)lva elnt to the golutmn of Fokker-Planck equation, fortuantely, the instrument available nowadays in quantum theory seems to be = o z
when the la .er‘ is at all valid, but the former is more general. insufficient for this purpose. : — z
The result is as follows: _ — o
| A i The second point concerns the doubt raised by Casimir as to the legitimacy of S
| (Xi(i)—X;)(%(i+r)~z¥)-——le§xt---‘I’:M(T)} (1 the identification of derivatives in the right hand side of (5) with the observable = z
[ e Et S ' . ] after-effect function, which is really concerned with an absurdly large deviations. = i
‘ b | e‘f‘e “’E"‘-T-}aﬂz ¢ right hand side is the after-effect function defined by the linear This necessitates some further investigation. These limitations seem to justify my =10 —
i LeAtial Of 2 fnd vy appending the following proofs, which are, however, of less fundamental value, = —
= {2 . i v : = T
l H(i')—u:j T u(E— 1) (Al (2 This time we shall show the transformed -equation (3), assuming that the Sgpti
| ] i original Nyquist formula is known. _ == 2
| where x; is one of the external parameters for the system, to which is associated i : — =
the generalized force X;. It will also be expressed in terms of the frequency Let the equations between x's and X's be Shai
spectrum as 1 by o O ; — =5
24 Xi= g 2 X (6) E -
X (o do = 212 _ : : E—150—
Xi*(@)u(w)do=—=kT fi(o)do 3 neglecting fluctuation. Nyquist formula gives CI.
where u=3fix; and bl indic i Lo i L ' = =
_ ; u 4‘;_f x. black letters indicate the Fourier transforms of the correspond- [ d.w=£ R Tade, | =lde 2 KTV i @ =— 160 —
ing time functions. - 7 7 : =8 =
. : for the fluctuation of x, and x, in the absence of external forces. Now suppose 5 2
If % is put equal to X,, another generalized force, a i i : : : 2 s : Pp = 1o —s
o obtam 4 : & A » and Zy is the impedance, we apply a restoring force X,=—cx, on the coordinate x,. The fluctuation of x; = i E
and x, will change due to the change in the admittances. If we mark the new = E
X (@) Xelw)do= L RT(Zu* + Zug)do @) values by primes, we have for x,’ =100
gy 1 i — 2 Y., = =
which is the extension of Nyquist’s formula for thermal noises, which corresponds ] ]xljlzdw':_;-{kT(Y“‘ﬁ;}s"ﬁim') do @ E e =
to =k, L : i SER
| Alternatively, we can suppose this change as caused by the fluctuating force on =8 o
, The formula (1) or (3) will be proved in several ways. Let us begin with the %;, and then we have E 00—
5 most straightforward one, which is based on a'direct application of Boltzmann’s B : > Vislies, . 2 = 200_2
| distribution law. xl’izdm:ixt— 1 Y;;'z; x;;. . (9 =5 =
I Consider a dynamical system of many degrees of freedom with the coordinates Comparison of (8) with (9) will lead to (4). = 20
| : = i ‘ i : \ - =
: i“ q’i:;f ‘;; ?éda?m;emi. p;"c')'l?‘v: anccll dtfpendéng fal:so on external parameters xy,... This proof, being purely phenomenological, will be of unrestricted generality, = =
* s ¥ 1unctior P's and ¢'s and of x's, and you will find no difficulty as compared with the first one, without no question as to classical or quantum. 5_?‘20_5
28 = =
2 E—230—
—— 24—
| S
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A = =
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| 'I;hls is therefore considered as a sufficient guarantee for the correciness of (2) or fluctuations into this thermodynamics on the basis of a principle, which was also = =
‘ @) proposed by Onsager. The statistical theory thus obtained is found to be essentially = i &
The third proof is somewhat restricted in so far as it assumes a finite number the same as that developed by Kirkwood, Green:and others. We shall give the E :

' of macroscopic parameters x; satisfying the equations method of Onsager in a somewhat generalized form. = =
3 ; —— 50 —
| - Xa=2 Myt (Fu+ga) % +Hoaxy) (10) 1. Thermodvnamics of irreversible processes. =
' Some of x's may be external parameters, and others internal ones, to which the Let us consider a thermodynamic system, each macroscopic state of w]:uch is E i
. corresponding forces X; will be zero. The three tensors My 7 and ¢y are sym- specified by a set of varirbles o= (ay,----- ,y) and has an entropy S(e). Then the it
. metric, while the gyroscopic term g, which is usually caused by a magnetic field, rate of entropy production will be given in the form = .
[ is anti-symmetric. : E ., _°
- | - (), 3RS ) =
We assume the Nyquist formula for pure < viscosity »’ e : ' i = =

Fel 5 9 where A, denotes the affinity associated with e, 7;° the temperature of the part S

‘“*vadﬂ’=?kﬂ'wdm (1D of the system, to which «, belongs, and V; the rate of change of a; due to the E _:

and show the general formula (4). Put o effects of the environment of that part, which vanishes at complete equilibrium. In = :

| Zo = i i e i . e ;Zfa 1::i}cl:;elrsmodynarnics of irreversible processes we assume the phenomenological linear g 90 ":
| for brevity, and let the inverted form of (10) be TR day = :
: g Vi (a)+LL::AJUX) (2) E— =
T £ X; : - & = . : — —_

"| il D E e, where L;; are the kinetic coeflicients. Onsager proved the reciprocity theorem — 2
j i Er— 110 —

| ; sl 9 Gi=TPLi;;=Gy &) E_ i
' xs*xkdw=-&-}x;kV22me 7Y (12) {for a simplest case), which has been generalized by Casimir and others. In = :
Then we have general the coefficients Gy; may contain their symmetric and antisymmetric partb, £

. ST+ 2 Y =B G;#» and Gy®. Then (1) may be written in the form ;— —

from which we obtain (dS) Ala) ( ) () =430 —

3 22(7{-_}4“2,”0) Yﬂ: Y?U*: Yk-* érr_ i Tﬁ dt irr E— —_

and its complex conjugate ](13) where 5—140—-:

2N~ Ja") YV Yo=Y, l (dfx{ ) Eéﬁ_ﬁi LCH (a)__ig_(.}'l_ (5) E _

Adding these together and we have G ey it i = =

=150 —

SnYuYst= %.(_ Vot F (14) 2. The melhod of Onsager for introducing Jluctualions. é_ =

Putbing (14 in (12 . Onsager found that the linear relations (2) could be derived from the variation E i

g (14) in (12), we at once obtain the dual form of (4). principle, the principle of the least dissipation of energy, E _

I(a, (X\E(ds) — ®(a, &) =maximum, (6) 5—1"0—-

di drn E i

where the variation should be taken with respect to a=dw/dt, a being fixed, and ‘g“ -

<> denotes the dissipation func‘tion (devided by temperature) AR —

. da:;,) dats )\ = =

- . . S AN N G-l 7 = =

Thermal Fluctuations in Linear Dissipative Systems _ S >‘( % ( m-( d e ire - =190 —

y Notlcmg the fact that the prmc1p1e (6) is a generalization of that of Boltzmann in i_ =

Natsuki HASHITSUME statistical mechanics, Onsager further proceeded, and proposed as a statistical = ot —

: : o interpretation of (6) the transition probability from a state a’ to a state a"=a’+ = =

Ochanomizu University, Tokyo = —

da during a small time A = =

AL i = —En—

V(e t; ", i d) =N(@', dyexpy, j 1(at, o) dt} 8) = z

The thermodynamics of irreversible processes was recently built up by Prigogine A i ) ( ) 2k =5 =

and others, using the reciprocal relations of Onsager. We can formally insert small N being the normalization factor. If we assume the stochastic process concerned g0

30 31 e

= 20—

20—

=950 —

260 —=

A ! ; 280 —=

lII|IIH|IJJ[|IIII




400

390

380

370

360

350

340 3
l[llIIJHIIIIIIIJIIII|IIJ!

[

|||--|

20 310 300 200 280 270 260 250 220 210 190 130
1

]I JJJJJL[LUJJJ_UJJJILL‘JJJJJJMLJJJ_LIJJ_LMJIII‘lIII]IIII‘IIIIlIIII

IIIII[JIJIIH[HIJIIIll|IIJI|[]II‘!IJI‘IJII|IIIJ|IIII|JJJI|IIII]H[I|I

IRREVERSIBLE PROCESSES
to be Markoffian, (8) gives for a finite time interval 2" —¢#’
Vi el ) = jNexp( Jw (@, @) dtj-d(paths), 9)

where the integration should be taken over all possible paths () that satisfy the
condition e (') =«’ and « (") =a”. E denotes the Boltzmann constant, ie., the
parameter closely connected with the order of magnitude of the fluctuations. If
we would remove fluctuations, we should, formally, make it negligibly small. Then
the transition probability (8) would vanish for all values of o except the one
that is determined by the condition

n 1 rt+at b
I (e, “):"E:iL I, o) dl

dat
—"E(G(’)‘llu{——fvﬁ-bLuﬂzl} {ﬁ“*‘ Vit ST LAl
2o J
+a term independent of dx/al

=maximum. (10)
That is to say, only the path determined by the phenomenological relation (2)
would have a non-zero transition probability.
3. Generalized Fokker-Planck and Langevin equalions.

We obtain from the transition probability (8) or (9) the Fokker-Planck equation,
which is essentially the same as that derived by Green and others,

oW
=S (Vi Lt W+L 5, DuW) |, )
where the generalized diffusion coefficient D is deﬁned by
D,;j = kG“(SJ. (12)

This seems to serve for a theoretical justification of the validity of (8).
It will be more intuitive to make use of the Langevin equations, which are
obtained by adding fluctuating terms to the phenomenological relations (2):
dﬂ:i " =
“dT: Vt“"EI‘G iAJ+D'-£ (£)- (13)
The statistical property of % is determmed by the transition probability (8) under
the usual assumptions :

<Fi(t) >4=0, 14
j._ <3:; (i) ?‘f_{(£+s) >wds=2DU.- (15)

4. An example. Thermal noise in melals.

'The thermal noise arises from the fluctuation in electronic distribution f(x,p; 7).
We wish to determine this fluctuation. According to the free electron model, each
local electron gas has a heat-reservoir formed by a crystal lattice of temperature
T'(x) and a mass-reservoir of Fermi-sea with chemical potential u(x) which determine
essentially the state of the gas. Since these local gases are quasi-independent of
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each other, we may apply our general theory._ The generalized affinity associated
with the state variable f(x,p) is found to be

Ale )= af( {U(x) T(x)S(x) —p(x) N(x)}
ST S __fxp)
=u(x) e.(p)k’f‘(x) log 1= Ffix.0)
where
1
fﬂ (x:P}E (-[?)
exp‘:{‘;}T )

On the other hand, according to the Lorentz theory of metals, the function 7
should satisfy the equation of Boltzmann :
2 s I s
o

o g
e lp. B
where the mean free time + is assumed to be a f-unction of &€ and T'(x) only.

+e (E+ e §
ot lm ox m e
Comparing (18) with the linear relations (2), we obtain the diffusion coeflicient

T (x) of] :
{ e 8 C Sy 5.9 f._
D(x,p;x',p") = 7S { ae} (x—x")8(p~p') 19
Thus the Langevin equation becomes
8.0 2 P 2.1 ____f_“__ 5
{aﬂ'm‘ == (E+ ><H) Sl +:(x, p), (20)
where
< (x, p) >r=0, (21)
r < (x, ) Foes (', p') >1ds=2D(x, p; x". p). (22)

The solution corresponding to that of Lorentz is given by
olog T
~ 23 _{‘ ({j’_) ] ot 1 _..)l " £ ’ p ]
e - & {(‘E T/ Ton o @)

which gives the electronic flow and the electronic energy flow :
e ) a
(Q)—(Kg K) alog T |+( ) e
I._ P ax
and the statistical properties of their fluctuating parts:

_ <Julx) >;=0,  (Du>,=0, (25)
jm ds(<3ﬁ,i () Jees,5(x") =7 < Je,a(x) 'Qs-.ts,j (x') >I)
-0 <02,4(%) ees,s (X)) =1 L8, () Qiseg (x) >r
K K,
mzleT(KI )5 3(.\: xlYe. =% vo2n : (25_?

where
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dp

g v9%dp 1 9 ¢
Ky= Smjrr(e:“)é 2%, (y=1,2,3 @n

of
Ii we assume the white spectrum
< (X, P)Tevs(x', 0') > =2D(x, pix', p') 8(5), (28)
we obtain the well-known Nyquist formula, and if we assume the spectrum of the
type
e-13l7
2r ’

<8 (X, ) Tuvs(x's ') >7=2D(x, p; x', p') (29)

we obtain the result of Bakker-Heller theory.

Theoretical Treatment of the Quantum Properties
of Condensed Systems

J. de Bogr

(The abstract will be found on page 48)

Statistical Mechanics of Condensation

K. Husimr

(The abstract will be found on page 50)

On the Theory of Cooperative Phenomena

SHIGETOSHT KATSURA

Depariment of Applied Science, Tohoku University

Statistical treatment of the Ising model is a common problem through fer-
romagnetic lattice, alloy, imperfect gas and liquid (lattice gas). In the general
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case under arbitrary magnetic field and three-dimensional lattice, it is remained to
obtain a solution in a closed form. Meanwhile, on the theory of condensation by
cluster integrals, it is doubtful whether the smallest real positive singularity of

£0. -
the analytic function continued from the power series >!&2%, would give the point
fa=1
of condensation or not.V

We consider the square lattice (cube lattice) which has a small number (m, n
or I, m, n) of lattice point on each side (edge). The partition function of such
system can be obtained in a closed form as a binary function of temperature and
external field. We represent the nearest neighbour interaction by J, spin magnetic
moment by u, external magnetic field by H, and H=J2kT, I=pHRT, B=e*%,
a=e'.

The partition function of such system E(a,8) are as follows:

(Bx3)E=8"%at+a *)+93 5(aT+a 1)+ (188 3+188 1) (a5 +a~5)

C 4+ (6873+36814368+683)(as+a?,+ (4587 1+368+458%) (a+a ™)
(BX3XE =B (8- ~18) +188 P (l6+a~18)+ (98 14+ 36817+1083 " 15) (at -+ ™)
Fevenien (3148945768 " 1427543 ~5 44648 3478308 1 +92168
+10782/35+6480854-361837+14583°+936/311 4-102515)

10[ c/Nk =y
0.9
— Wakefield
0.8f — 3x3x 2 TRV ; R T I
L m=0
0.7 - ruwjl}s;fd&itxq*llhun
o6} 2x2%2 b m=%2 A
0.5¢ - m=z4
041 P b : :
F m=%8k
03t e i, O S
m=28
Axxcﬁ’cHDUYLn e Ll
5 w0 TSR
m=*12] e Ay
Q. m==%14] irin :
Mm==%16| = : : ) iy
. : AL m=%18] ; o . L
0.2 a4 06 08 108 -3 -20 -0 D 0 = 30

. Fig. 2 Distribution of energy eigenvalues.
‘Fig. 1 “  The ordinate represents the coefficient of
ama-», The abscissa represents s.
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E— 30 —
The results of free energy, energy and specific heat are compared with the The cluster integrals 5,(N) can be calculated by = i
results of Onsager and Wakefield. In two dimensional I 1 = y = =
attice the specific heat St A = 40 —
has a maximum nearly at ,8=0.42 when a=1, and that of the three dimensional TR ?'2}‘_‘,100513«'9%(1\") = :
lattice lies nearly at 8=0.57~0.58. These values of @ ma - = . =
e y be considered as an : Mgt f 1 ot which 1 it ci = E
approximation of the Curie point. That of the threedimensional lattice i some. there GW(N). is the argument of the zeros of ng___hg-)ﬂ(N Jec*® which lie on the 1-11.111 circle 50—
what lower than the value of Wakefield (0. 641) and Oguchi (0.62~0.66), and is in the complex a-plane. The calculated behaviour of #(N) (as a function of I) E
nearly equal to the value of the plane triangular lattice (0.577). : is not a monotonous function but shows an irregular behaviour near I~N, as sup- = o
Bheleostipiitit e L posed by the author and Fujita®. The irregular part is due to the second maximum = z
" in Z(a,B) regarded as a function of n shows a distribu- ; ; I T gt o E— =
tion of energy eigenvalues. We see this function can be weil approximated by i theain sl sloutation ok I;a;_zlbg (et SRR e e il E
Gaussian dlSt_“buthn- . change at a~1 while 1jp= Lfb;(cv‘)agz is extended beyond «>1 and shows the =3 _
e The relation to the case of imperfect gas is given by Rushbrooke, Yang and state of supelsdturatlon The singularity of the latter is considered to be given E_ - o
: by the zero of EQ,,’a”ﬂ:L Q. (Nya®, which does not lie on the unit circle. E_ L
E = anva ) cpin — oy N QNS . o N 32N & = é
1 e ng EQ" a¥BFE(or ¥ GuTE) Thus' we see that the vol- 1\ ! E— %0 —
i 2 o . 1 i = o
where 2, is the configurational partition function and Zuas i5 a grand partition e depefldency of cluster in- ! TR B &
_ funr:tlon, z is a fugacity. @,(8,N)a®=P,(«a,8, ’Feg:_'als plays a 'dommant r(ljle : =
-0 _ XN) is a probability of finding a system which in the condensation. The point : E.
' contains n particles in N sites under given 8 of condensation Zcond. is the : E -
and a. This probability regarded as a function point where the gaseous phase ; } E
| of n, has two maxima in the low temperature and the condensed phase reach i - -
3 region and merge into one in high temperature equilibrium in the grdnd can- ] =
g=0z | region. We see in low temperature region onical ensemble.  Zeona, agrees : gt = =
i to the irregular point z* of the ! 1 E e
iy limit function lim 3'7&(N)2 ! E 7
3=03 J_ . i=l 50, = =
L _ Sl when N-seo. It is doutful but e R g o = E i
of no importance whether the 2 e P ikl
&=04 [ ! : | smallest real positive singularity " Fig. 5  1l/v versus e. (3x3) == =
I ! TN, | [ ' 2; of the analytic function = nQuatn & —— 150 —
> lim 7 b,(N)z* agrees to z* or A e e (@ = dhit)e™ = =
é=1 i = Quat® e = z
not. The limting process in i E
1‘\7-—_ : Al i 12 physics always requires the S Tn'a?® i i E— =
2 3 4 5 [+] 7 8 19 1 ]i,,-' uniform convergence. [3) ‘:;- é—'- andlﬁllb; U\TJ (};ﬂﬁ_ﬂ;}l”)r_ n\cz:l\, al :Fl?{)—:'
= nfa.an £ Tt E ;
The - author wishes to ex- el = =
press his hearty thanks to Mr. H. Fujita and many who discussed on this problem. = a0
Fig3 Pn(183x3x2) Fig.2 9 fbe (3x3) References Tl
1 Pu(a,8,N)2 3P Nyehihen et 1) S.Katsura and H. Fujita, Jour. Chem. Phys., 19 (1951) 799; Prog. Theor. Phys. § (1951) 498. = Zm__é
. A~y %ﬂ"f‘"s, by =1. g é
Therefore 1/v= (321 Qua™/3Q,a%") is a one-vaiued monotonous increasing ‘function E z
of a. And it changes from vy 10 »; suddenly near a~1 and does not contain the o E A
unstable state. The Supersaturation is interpreted by the inhibition to the second 3 E
maximum of Pn(a;S,N) :—220—5
36 37 =
—— 230 —
= 10—
=—250—
260 —
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!- and that of the (0)-system is defined to be

s T {(Nobf® (T) ™
On the Theory of Condensation oV (Nv,T) =m%>;0(§Im"_N 3 m, ! i
| e : + ™ =St Ty
| Kazuyosi IKEpA Now we write® L (No, T) __% Lo +JE o
. b ~ =) {Npb/" (N, T) 3™
I FPhysics Department, Faculty of Science, Kyusyw University where Tin= ;H; _{ =t g, ! i % 10
N T oy Ly
= LN 2 g Nuvb; (NU, Jr}}ME

. : : and o {(Nwbl (N ULV VI Pl ] G :
| By a rigorous mathematical method we argue about the connection between i I{{ o e e

the phase transitions and the singular

oints and itici
i ‘ ! criticize the Mayer theory of

=~ ! [=1=1*(N) +1.
Here, in each T 'y, m;=1 for at least one E‘lme of # such that Mo =iiey

=

v

SRR )
Similarly we write inf”(l\m,T):ETi="'+§jl s

DEFINITION 1. For the system of interacting particles, = \ - Tt “tivel
where T and Ty correspond to T~ and T}~ respectiveiy.

i 1s U=3u(ry;) where u(r) >—oo for 720 and u(7) =0 for

' real cluster integrals [in a cubic vessel with vol

| dependence is exactly taken into consideration,
tegrals $,® (T, and in addition the one-boundary,
cluster integrals p,® T, 5™ (x,9,T)

whose potential energy
r=7,>0, we define the 0 d for any
ume V] b*(V,T), whose olime LEMMA 5. For any value of T such that »®(T) >0 for every [, and for any

and the non-boundary cluster in- assigned value of v,

two-boundary and three-boundary 0, for every N except at most a finite

(i) T#x>0 for each ¢ and hence %“‘ Tiv>

| e il and b (x,y,,2,T) respectively, for B ber of N.

| LEMMA 1. If I-2r/V'<1, then we have (i) lim T_’l\f (iﬂ ?TJ’,N—II}};‘%Q%) =0

| 'Z)+{VT)—-I5(DJ(T)|{@ L 1/3 g

| : @l t | =O(LT) 8lry/ V8, by LEMMAS 3 and 4.

! where ®(/,T) is finite for every finite 7. [Proof] g @ (T >0 f ry 1 and Um {0 (7))} = EP(T) =1/24(T) <oo-
| COROLLARY. LEMMA 6. Let 5> (T)>0 for every T ;

|||||||n[1||||||u‘||||||1||||||||||||]1u||||||‘||||1n|l[||||1m|‘|<|||‘|u||||||||m[n|'|'|'|'1'1|'|'|'|||]11||‘||||l||||‘|11t|||ui

lim 5* (V,T) =6, (T). {
| LEM. s if )=
MAS 2 and 3 E:I‘e obtained from LEMMA 1, but are omitted here. gcﬁ;el I:aztv ; E-ea)l ;?siit;\fe‘ root of the equation >J./v

DEFINITION 2.  §(,T) = max 0(I'T)

D(T) (2,(T))}~* and hence z(v,T)<z2:(T), where z(v.T)
1 (T)zl=1, ie. we have

=1 2 -
I=i=i Gl : lim L 1n 00 (No, T) =@ (0, T) = 3106 (T) (2@, 1)) ~n2@,T), =
where 00T =0, D)) bv™(T)| (=1, 2,....) £l | " ' =
adi S e . im Lins1 7@ =0® 7). E
| Lo I;E;\glvii;‘thlflthe r‘ifhu.s of convergence of the power series S 5O(T) 2 is then we have E{f; i %'4 Tix=0® 1)
€ lower limit of the sequence {| L (T)M32, is not zero, then we [Proof] using LEMMA 4.

can find a function I*(N) of N(=1, 2,.. | ' d
| o R The theorem on the equality and inequality of the thermodynamic functions o

1° I*(N) assumes a positive integral value for every N. the real system and the (0)-system :—

T T =

??3 ’(I‘h(N) -2?'0:,’(3\31“3;1”) =1 for all N except at most a finite number of N. THEOREM. For any value of T such that b®(T)>0 for every [ and any

: ere exists a constant a@0<rx<1) such that I*(N)g(*(N), T) 8z (NY313) < i B ot o s that v (T

or all V except at most a finite number of N. = _ : ; I .
The necessary and sufficient condition that limy.. -Nln 2% (No,T) =w* (v,

--+-) which satisfies the following five con-

4° There exists a constant K(>0) such that ] 1]
= n Nj# < - , 350
52 E_m {0 (*(N),T) /NY3} =0. /P (N) =K for all N. should exist and o*(#,T) =0® (v,T]) is thai o ;
fitpeas : lim su (InS Tie—In3Tix) =
. 2EFH_\HTION 3. For any given T and v, we take any one of the functions R, Moon i }
which satisfy the five conditions above-mentioned, and we denote it by J* (N). when the set E,=E{positive integers N; 3 T x>0} is an infinite set, and ,
DEFINITION 4. The confi urati - s . i .
s g lonal part of the partition function of the real In{l+ (E;‘ T (; Tiv)yl=0(N) for NCE,
: 1 ST - BTy . =, : ; : :
2x (Nv,T) :F_J‘V . e T d{N}: Z{] (g_“ lmezN)ﬁﬂ%*'_(Nv,T} 1 when the set E(_)—.:E{posmve integers N ; Y Tj,zrio} is an infinite set
G ey my=0 =1 =1 p, L W2

[II] When Eu, is an infinite set, we have
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[_
il

1_

lim sup o (InS'7 fx_ 2 ol g 1 =~ e
NELC+Ds N._>£ N (#n % Tjw—In zﬂ} T,x)= JvIe}ETr),f}vEg_IV'(ln %} Tiwv—In L: Tﬁ(?}v)
o 1 = i
= i +
= iy I D Tt 3 T).

[III] Th 3 i iti i
[III] e necessary and sufficient condition that Ilmqu%ln 2% (Nv,T) =wt(z,T)

should exist a + © T = S
nd eot(2,T) >o ) (v, T) 1s that al T;-N>Z Tix>0 for every N except

at most a finite num f i ' e T
‘ ber of N and Iimy.., A3 Tir—In 3 7y =2, should
exist and 2;>0. : 4
[iv] The necessary and fﬁ i it] i ! '

ary sulicient condition that limy... N—ln Ly (No,T) =o*(0,T)
should exist and w*(1,T)<o®@,T) is that —31 Fiy< 157

, : 2 Lo v < sx<0 for every N
except at most a finite number of N and limy.., . .111{_13+(§-1 ;J-TN"{Z ﬁ_:ﬂ_)‘ S
should exist and »,<0. N g e e A

[Proof] Notice the identity
1 ; 1
h"_i'lil t 7. —_— =g ]- . = g
N R (A f),T) N In Z{} T;af\""""TV‘In{l-f- {2-; TJ:N.II{S‘IJ Tz’l,j\-")}

and the similar identity for the (0)=system, and use LEMMAS 5 and 8.

COROLLAY. For any value of T such that p®

: (T) >0 for every I and any
value of » stich that vu (1),

a sufficient condition that limlv_m--—%-—ln Qv {Nv,T)

=wt(»,T) should exist and «* (0, 7) =0 (,T) is th o
1) =a v, s e r
a finite number of : ( )3 at, for every N except at most

. 0=/ (No, T) <B(T) provided that [<N.
[Proof] by [I] and [II] of the theorem. ' ;

In the condensation theory by Born, F
(0)-system is treated. But in reality we
?‘eal sys?em that .is the system for which volume dependence of the cluster integrals
1s exactly taken into consideration. Using our theorems we argue about the con-

d.ens‘ation ;.)henmr.xencn .of the real system and the analytical properties*® of the
singular points with which the condensation is connected.

uchs, Kahn, Uhlenbeck and Mayer the
should treat not the (0)-system but the

References

*) A similar technique was used in a theor i
1} : v of condensing systems:
Kenkyu 52, 21 (1952). 7 i
K. Ikeda Busseiron Kenkyu 57, 77 (1952).

. lkeda Busseiron
$*)
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SECTION B SEPT. 22

Equation of State Calculations by Fast Computing Machines

M. N. and A. W. ROSENBLUTH
(The abstract will be found on page 129)

Theoretical Treatments of Liquids

Joseph E. MAYER
Universily of Chicago, U. 8. A.

{Received on Aug. 28)

In the description of a thermodynamic system, either in complete equilibrium,
or also in some state of flux near local equilibrium, it is often convenient to regard
‘the usual thermodynamic potentials such as free energy, or pressure, as the zero’th
member of a set of a function depending on the coordinates of # molecules each ;
the specification of the set for all values of » constituting a complete description
of an ensemble of which the system is a member. '

For instance, define a « distribution function,” F,(x®™), of the coordinates, x,
of # molecules as being proportional to the probability density of finding # molecules
at the position xt. If the system consists of several kinds of molecules we must
extend the stipulation to what kinds of molecules are at the various coordinate
positions, but for the sake of simplicity we shall restrict ourselves to systems of
one chemical component. The coordinate x* may include internal degrees of
freedom as well as the 3u coordinates of the centers of mass, or may even include:
momenta components. For our example, however, we shall discuss only the case
that x™ has 3n cartesian components. The normalization of F, is conveniently so
chosen that its average value in infinite space is unity,

lim V—WJ[ V‘“H‘j-- -LF_n (x99) dx“”]': il

If the system is in complete equilibrium its state will be determined by two
intensive thermodynamic parameters which we could choose as temperature, T, and
number density, p=N/V, or T and. chemical potential u. It is often convenient to
substitute for u the activity, z=exp (u—uo) /BT With g, so chosen that lim p—0 [2/p]
=il

Now the «natural ” thermodynamic potential for a system of fixed T and z is
the negative pressure volume product, —PV. However if we define functions,.

i

20 10
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DELAYED PAPERS
W, (z, T, x™) as
Wa(2,Tox™) = —kT In F, (2,T,x™), (1)
then the set, — PV, —kT'In p+Wi(2, T, xV), Wa(z, T, x®), Wi, -eeer , Wiz, T, x™),
can be regarded as a set of functions of which P is only the zero’th member, which
describe the condition of the system in increasing detail as the set is extended to
‘higher and higher n-values.

In the case of an ensemble of systems each consisting of single crystals with
the same fixed orientation of axes and phase of the positions of the lattice sites
Wi(2, T, x) is triply petriodic in space and describes the crystal lattice, as well as
-the average distribution of atoms around the lattice sites. In this case Wa(z, T, x®)
is approximately Wy(z, T, x,) +Wi(2, T, x,) when x®=ux,, x,, the difference giving
‘the correlation in the vibration of two atoms on different sites.

and the first significant member of the series, besides —kT Inp, is the function W,
-of the coordinates of a pair of particles. This function, or more directly F,—exp
(—W./kT), which depend only on the distance ¢ between the two molecules, can
‘be obtained experimentally from an X-ray diffraction study of the fluid.

|
|
‘ In the case of a fluid (glass, liquid or gas) the function W, is identically zero

It is easy to prove theoretically that, for a classical system, these functions,
| W.(z, T, x) have the significance of a potential of average force, That is, if in
| the fluid -» molecules are at the coordinate position x@, then the average force,
! . el T,x™) along any coordinate x; of one of the molecules, averaged over the
‘ positions of all other molecules in the fluid of activity z, and temperature T, is

Ja, (2, T,x™) = oW, (2,T,x™) [0%. @)
In the limit of zero activity, when no other than the » particles will be present, it
follows that for a classical system
im [ W, (2, Tox) = U (™),
Eod
W, becomes the direct potential energy, U, of the # molecules.

©)

There is no similar simple significance to the meaning of W, for a quantum
‘mechanical system.

The normalization of F, as having average unit value in infinite space fixes
‘the zero of W, for a fluid by its value when all molecules are at infinite distance
from each other.

It is commonly assumed that for a fluid,
Wﬂ- {Z:T!x(ﬂ'\) = 5_3 Z W2 (Z,T, (xbxj} ) L]

s>l y (4}
an assumption sometimes called “superposition” or the «Kirkwood assumption.”
Unfortunately there is little or no direct evidence for or against its validity. It is
not correct for an ensemble of crystals of random orientation and phase, for which
W, is also identically zero.

These functions, or the equivalent distribution functions, F,, related to W, by

%

Fq. (1), usually play a predominant role in liquid theories. They may be defined
for the equilibrium ensemble, or for an ensemble in some .steady state of flux, and
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SECTION B

may be defined as functions of momentum as well as coordinate space.

In most theoretical work the Canonical Ensemble of systems of fixed V¥, T, and
number of particles N, or of the Grand Canonical Ensemble of systems of fixed
Vv, T, and chemical potential p or activity z is used. It is usually easy to convert
any particular method from one formulation into the other, but in my opinion the
Grand Canonical Ensemble usually leads to an easier formulation. The fundamental
equation relating the distribution functions, F,(2s, T, x) of one activity, z,, to
those, Fw(z, T, x**) of another activity is

eFTIT (pyf2) (23, T> )

oL (z‘.—zl)NJ‘j’ J'p1
_ pPiv kTS ARer
Sl taasl (-

where P; and p, are pressure and number density at z; and P,, p, at z,. The par-
ticular case z;=0, P;=0, (pi/2)) =1 with F,(z, T, x™)=exp [—U,(x")/kT], 18 that
usually considered.

P ,
) Fut (20, T 0,509 de™, 5)

The methods employed by various authors can usuaily be classified as belong-
ing into either of 3 general categories:
1) The development as a power series of 4z.

2) The method of integral equations.

3) The cell method or free volume method.

1) Equation (5) gives the exponent of P, and W, as a power series of z,—z;.
If one uses the fact that Fx of z;, appearing on the right is equal to the product

of F’s for all N particles at large distances for all pairs, and in general to F,; F
Fp3eeooees S'=N, when the different subsets », are distant from each other, the

integrals on the right can be written as products of integrals.

The numerical coefficients occurring are such that the logarithm of the sum is
a smmple power series in z;—z;, so that P,—P, and W,(z, T) —Wa(z;, T) are given
by the series. The coefficients of 4z® are simple integrals over the coordinates of
# molecules.

Since it is a series development this fails if z, and z; are two activities separat-
ed by a phase transition at the same temperature. One may, therefore, not use
this method for a liquid with z;=0. One may, however, derive certain useful rela-
tions in terms of the distribution functions of the liquid, especially for solutions
©of several chemical components. '

2) The method of integrai equations makes use of (5) by carrying out some
operation on the exponents occurring in both sides of the equation, for instance
differentiation with respect to one of the coordinates of one of the particles occurr-
ing in the set {n} on the left. The operation nust be such that it multiplies the
terms on the right by a sum of terms f,,(x™) depending on the coordinates of a
small number, m, of molecules, Grouping the similar terms for all values of N in
which they occur, and integration over all molecules nof occurring in the set {m}
the sum over N leads to distribution functions of the activity z, on the right hand
side. One thus obtains a set of integral equations with combinations of the distri-
bution functions at z, as kernels, and the results, .. (2, T, x™), of the operation
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| DELAYED PAPERS SECTION B SR
|| — =
f at z; under the integrand. The functions Y (22, Ty ) obtained by the same o =

operation at z, occur on the left, = 40 —

: antum Theory of Trans Phenomen = :

One may choose either z, or 2, as zero. In the former case the kernels are Qu T y POLt vineng = ==

unknown, but related to the also unknown Yrm(2s, T) by some defined non-linear =— 50 —

relationship. In the latter case the kernels are known. J. de BoEr == b

Comparison of the two cases show that the kernels at z; and z, are related in Instituut voor Theoretische Physica, Universiteit van Amsterdam, Nederland E Bl —:

; the same manner that the kernel and reciprocal kernel are related in a simple | W AT =5 S
I Fredholm integral equation. (Received on Aug. 28, = =
, —

! This method has been used numerically by Kirkwood. Unfortunately, although I £ 41 ! ; h . : : = —~
; completely rigorous in its general formulation, it is necessary to terminate the series i o(l;]eﬁt o .Ieciture }S to. sum}lna;lrlse ‘t £ e Ubt'flmed 11}Tthe d(.luand.lm = 20 .-
of equations obtained by something like the superposition principle, in order to th.eory il ‘t & PR Uil L ENaMEL O OL e s LeansDont LoeﬂiCIen’Es. ‘he ERreRIOn = z

| actually make use of the set to find solutions. will be IlmIT{ed to the case o_f‘ gases undgar normal pressure, this being the only = =
i o B or h case for which exact theoretical calculations have at present been made. As much E g0 —=
' ) e cell method is that most frequently used to find approximate equations of the considerations are formally the same in classical and in quantum theory, = =
gf State;{ dOI'igiH:ICHY 11‘1101’ e intuitive than formal in its derivation, the method can we will start with summarising the classical treatment of Chapman and Enskog. -

¢ regarded as a formal use of the principle that a real system at equilibrium 3 5 —— 100—

always adjusts its distribution to give the minimum value of the appropriate ther- L T{w classical theory of the transport phenomena is based on the Boltzmann =8 =S

modynamic potential. g ton: E 0=

: If the distribution functions at zero activity, z,=0, are assumed to be of such a i—kl s =j'(ff1—f’ ') 2m g bdb (1) ;— —
i form that no two molecules can be in the same cell of a lattice of contiguous 1R E—-lza—E
| cells, then the integrals of Eq. (5) become more tractable. In the particular case ! SR S : = :
that the distribution within a cell is independent of the position of molecules, or ?rhere f =/ ‘15 th.e‘ i del‘{&:‘,’y m‘ kTN The d?fnratron 9l ¢heiequaton = iE

| even occupancy, of neighboring cells, the integration is trivial. The entropy, which is based on the « collision-hypothesis ** ( Stosszahl-Ansatz "), that ffHe2nbd = 30—
! depends only on the distribution; the energy, and the pressure can be computed. dp dp, is the number of collisions per unit volume and time specified by the XS
P;ny Darameters in thet EISSIIII:IECI distribution can then be adjus_te_d to give minimum momenta p and p; and t.he collision parameter b, g being the relative velocity. ST -

t 1ermod§rnaln1c potept:al. erkv_voud has sh‘own.- that the original Lennard-Jones This limits the applicability of the results to dilute gases for which only bimolecu- =8 .

Devonshire formulation was equivalent to this with some additional approximation lar collisions are of importance (i.e. #5°<1; o is the diameter of the molecules.) = Z

in the solution of the minimization. : [ : : : : =150 —

- 2 . 3 The solution of the integral equation requires the introduction of the classical S

fost early computations depended on the assumption of an equal number of angle of deflection leculz collisi hich is gi by : E =

: : x (b, g) for a two molecule collision, which is given by : = =

cells and molecules. Permitting a new patameter of the ratio of cells to molecules 2 Emoiar

always improves the result by giving a lower, and hence more nearly correct ther- T e drjr* F@) _b L det) @a, b) =

modynamic potential, providing the original calculation did not introduce approxi- rm v 1—F(7) 7" mg* = 170—

mate compensations for errors, New parameters describing correlations between in terms of which one defines the cross-section : = _=

cell occupancy in neighboring cells, or even between positions -in neighboring cells, = TR

can be introduced by use of the order-disorder methods. At a cost of considerble 09 (g) =j {(1—cos%y) 2zbdb ®) =il

labor one might expect the method to become reasonably good numerically. - . ; 4\ S= -

In terms of this cross-section, which is a function, of the relative velocity g one E 10—

; defines an average cross-section S -
PR(T) j ety e dy @ = 00—

0 — =

— e where 42=mg?/4kT. The transport coefficients can immediately expressed in these = iE

average cross-sections : = 20—

Dy 3 (wmkT)'2 2 N 5 (wmkT)'z 5 6 5_ H;

ll 3 £ e P i P e e ( H ) =230 —

58 P&}j (T) 3 0 .8 PE(T) = oz
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DELAYED PAPERS SECTION B =~ . E
This expression of Chapman and Enskog is, except for a correction of minor im- : : 1 = =
portance, an exact expression for the density independent part of the viscosity and RN ) fou Lemperaiures (where: kﬁ'g_) = 40—
heat conductivity coefficients, x and A, but it should be reminded, that the deriva- All calculations based on the Lennard-Jones potential require the numerical S
tion is based on thg assumption, that the relative change of the macroscopic iocal evaluation of the phase shifts from the wave equation for the relative motion of E . =
quantities temperature, mean velocity and density over the range of one ‘free two molecuies. Calculations have been carried out by de Boer (1943) for ‘He (up A
path'h‘ is small cpmpared to unity, which excludes the application at very low to 3 °K), by de Boer and Cohen (1951) for *He (up to 5 °K) and by Mivako (1942) = —=
densities, where the transport coefficients become density dependent. for H, and D, (at 15 and 20 oK)'_ ;_ 60 _
1a) Numerical calculations: Calculations, based on the Lennard-Jones potential 1' == —=
for the molecular interaction: @(#)=4&[(o/r)?®— (¢/r)%], where & and ¢ are two 2b) Relatively high temperalures (Where E>- ) =
constants of the dimension of an energy (the depth of the potential field) and a i = :
length (the distance where the potential is zero), which vary from substance to Extension of the numerical method to higher temperatures seems inpracticable = e
substance, have been carried out by Kihara and Kotani (1942) and independently because of the large number of phase shifts which is required. Therefore de Boer =— 80 —
by de Boer and van Kranendonk (1948) and by Hirschielder, Bird and Spotz (1949) and Bird (1951) used the results of the application of the W. K. B. method for the z_ B
for a large range of temperatures. {:alculatian of the ph'lﬂses After transforming the result using the substitutions S -
2) The quantum theory of the transporiphenomena, has to be based on the quantum k= mgf h and I(7+1) = ——mbg; h one obtaines the following expressions : %— —%
theoretical version of the Boltzmann equation, which according to Uehling and G - | = :
6, ’}: 'T{bi =4 I bs, \'\9 = 100 —

Uhlenbeck (1933) differs only in two respect from the classical analogue : 7 (b, &) =51 (b, g) +7'( i‘) ) =3 [
A) The classical scattering differential cross-section 2 » db should be replaced by (b, g) = ‘(félﬂ b, g), Qb g -_——3?-+-—1— j. [W1—Fr) —1]dr (9a) SET
: . : . o i L= 2 b Pon = 110 =

the quantum-mechanical analogut?:_ o (g, X)2mx sin X dX, which accounts for the = iz
diffraction effects resulting from the quantum-mechanical treatment of the two | 7 2 . ( F'"F' — (F"/F")* Sagy = z
molecule collision. The well-known expression of the differential cross-section in 7i(d, g) =-f-u-t_gj?P' 0,9, Vg =7 bj i dr (9B} =10 —
the phase shifts »;(%), characterising the asymptotic behaviour of the wave func- = =
tion of relative motion, is: where F(r) is the function defined already in (2b). E. =
: 1 Introduction of (9) in the cross-section (8) and making a systematic transfor- 'i— ——

a (g ) = | DRI (eu 1) Py(cos X) | (7) mation of difference and summations into differential quotients and integrals then = —

R gives: SN

where the state of the two molecule system is now characterized by the wave QD (g) =4 —rjwsinsi’x bdb+ E 150—?
number k=1/, mg/k (instead of g) and the angular momentum quantum number I % 0 2 ' =8 _:
instead of & 12 (o< : - = >
( )- | + "T:” QJ‘ [X—?F-{~W"+b%’+ é bﬂx”]sm X%Jr...terms in fit... (10a) ——160 —
B) The collision hypothesis has to be modified by replacing every fby: fF(1+hf), | G SR
f' being the distribution function in the final state. This accounts for the influence | Q® (g) =2xjmsin2x bdb+ 5_170_5
of the statistics but, as has been shown by Uehling and Uhlenback these terms ' -~ -
give rise only to density dependent terms in the transport coeflicients. As we are m’e !‘ X+ B - [_ & «Xu bg)sm 9% _ 2 5in2’X }l’f +..terms in Kit... (10h) = :
interested at present only in the density indendent part, these factors (1+7%f") will m“s 2 ;i i
be disregarded here. i ? : ] = =
e ¥ ! : 4 : where X.(b, g) =2d(b2) /db is exactly the classical angle of deflection, equ (2a). One =

_ Introduction of the differential cross-section (7), multiplied by 2zsinX dX, thus obtains a systematic series expansion in powers of A*/mkT of which the first - R E
instead of the classical expression, 2zb db, in equ. (3) for the cross-section, leads to term independent of & is exactly the classical expression for the cross-gection (3). S
] Because of the fact, that in the temperature region, where the present series — 200 —

QO (k) :%?Z(H_ 1) sin® (;.y —71) (8a) -de}felopment applies, t.he attractive forces do not contribute to the transE)ort coef- i_ _i

k ficients, the cross-sections have been evaluated by de Boer and Bird (1953) for a S

repulsive field alone: @ (7) =4&0/r** numerically. Substitution of the result in = !

Q® (k) = E (I+1) ((+2) $in2 (1,4 5 — ;) (8b) (4) t_o_obtain the average'cross-section and finally in (5) to give the transport = ‘ iE

2043 coefficients has the following result: = 20—
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DELAYED PAPERS
Dy =Dy 612553 | 14-0.00597 A *2/T*3 5 4. .terms in A *!...| (11a)
po=plclassd[1—0.01025 A *2/T*3/6 . terms in A*...| (11b)

where A*=hlov/mé and TH=FkT/c.

2¢. Comparison with experiment.

The experimental data with which the quantum mechanical calculation can
be compared are rather scarce. At very low temperatures there seems to be a
satisfactory agreement with data on the viscosity as well as on the heat conduc-
tivity of gaseous *He. At high temperatures however, there is not much experi-
mental evidence, which is accurate enough to test the small deviations, which are
calculated above by the W.K.B. method.

Summarising, it may be concluded, that as far as the density independent

part of the viscosity and heat conductivity is concerned, the quantum-theoretical

. treatment differs only from the classical treatment in the method of calculating

the cross-section as a function of the relative velocity of a pair of molecules, a

conclusion, which follows also from the recent considerations of Mori and Ono

(1952). The experimental evidence, if available, is in agreement with the theoreti-
cal results,

Quantum Properties of the Condensed State.

J. de Bogr

Instituut voor Theovetische Physica, Universiteil van Amsterdam, Nederland.

(Received on Aug. 28)

The quantum-theoretical treatment of a condensed system of interacting mole-
cules meets with so much mathematical difficulties, that at present .only a few
methods of approximation are available, none of which gives a really accurate
description of the condensed state.

1) Non interacting molecules (Ideal gas)

For a system of non interacting molecules the quantummechanical treatment
can be given for @/l temperatures and densities. The theory includes the exchange
effects, due to the symmetrisation of the wavefunctions. These exchange effects,
which occur at such high densities and low temperatures, that »\3 becomes of the
order of magnitude of unity and larger, (m\3=1, where AN=h/(2amkT) P~the De
Broglie wavelength and n=N/V=the number density). In particular for the
symmetrical case there occurs the phenomenon of the Bose Einstein condensation
at such high densities and low temperatures that z2=2.615.

48
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- 2) Interacting molecules (Real gases)

a) It is tempting to try whether the real system of interacting molecules
cannot be treated by perturbation theory using the ideal gas as a first approximation.
The actual interaction, in particular the repulsive field between the molecules is
so large however, that so far this methed has not been succesfull in obtaining
quantitative results.

b) An accurate treatment is possible by developing the properties of the
condensed state in a power series of powers of the density. This treatment includes
the ordinary quantal diffraction effects in the mbolecular interaction, occurring at
such low temperatures, that A = o (where A is the De Broglie wavelength and o
is the diameter of the molecules) and also the exchange effects: The exchange
effects, which in the case of the ideal gas are the only causé for the remarkable
deviations from classical behaviour, are overshadowed however in the present case
of real gases by the effect of the large repulsive field. Quantitative calculations,
on the basis of the Lennard Jones potential field for the intermolecular interaction
have been made for He for the terms in the series proportional to the density for
very low temperatures (where A = o) as well as for relatively high temperatures
(where A <2o). Here satisfactory agreement with the experimental data exists.
The present method however only converges when ne®< 1, which makes this
treatment unsatisfactory at the highly condensed or liquid state where ngd~1.

¢y An approximate treatment at high densities, where no®~1, is the quantum
mechanical version of the cell-method, originated by Lennard-Jones, in which every
molecule is supposed to move in a cell formed by the repulsive potential field of
the surrounding molecules. Already in the classical theory this is a suitable ap-
proximation only at high densities and low temperatures and only for those pro-
perties, which are insensitive for the entropy of disorder, which is not properly
accounted for in this model. Quantitative calculations show, that the model ac-
counts in first approximation for the quantum properties of the condensed state.
However the model, being a one particle model does not account for any exchange
effects. This is not a serious objection, because there are experimental indications,
that most of the quantum deviations from the classical behaviour are not influenced
very much by the exchange effects. It is possible however, to generalise the cell
method so as to take into account the exchange effects also.
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; DELAYED PAPERS ) 30 —=
small ones. If we make use of Mayer’'s asymptotic estithation br~®7F, it turns out =

to be irrelevant to decide how many large clusters there are, and ‘one may suppose : =

only one cluster by, present. After this discrimination we can apply the usual 0 —

5 Statistical Mechanics of C_ondensation method of searching for the maximum term in £». If. s
Il o Irf _:
I Kodi I"].USIN{T 1fﬂ<1fi"}s:2.€b£Zs!, 50 z
Z:=b1, th i - . . , ‘ 1’ —

Bipninen i Pies Oe Uy when Z;=b0"1, then there is no differen_c.‘e;__from the ace':Epted part of Mayer’s theory =

: ; and here we have a gaseous phase. On the contrary, if 80 —

Received on Aug. 28 1Yo>1/ =

' v>1/vs, 5

Although the theory of gaseous condensation has been essentially achieved by y - i :

J. E. Mayer in orthodox statistical mechanics, it cannot be denied that there are the large cluster comes in and we have the relations W=

some ambiguous points in his arguments. One of tl?e defects in his theory 1.135 in log @y ~N 3 vbiZs — NInZs e

. the neglect of volume-dependence of the cluster integrals, which results in the B i i : i ek 4 ' o E— 80 =
| vanishing extension of the liquid phase. This, however, seems not to invalidate the +-Demng the fugacity o t e con eﬁSWg system and constant. = =
| theory in its essential point so far as we confine ourselves to the immediate neigh- Ikeda’s argument certainly puts one step forward, but as it appears to me, it E o B
bourhood of beginning condensation, since the volume of the gas enclosure may be contains one weak point in clear-cut separation between ‘‘large” and *‘small”’ E

i imagined as large as we please compared with liquid droplets. A second point of clusters. There may be contributions from clusters of intermediate size. - i E
' i y rith inz at: i z -ic evalua- ; nE : Emo—:
i zl’lﬂicuity'foncernﬁ “lﬂ:.aﬂ 1a ppa:x;ltly IF Jdeqluate tIr; atmentl o -tl}lle asyrlnl?t(;‘rm g‘ah}: Mr. Ikeda also prepared a very rigorous proof for the validity of replacing k= E
(;j’n)o t‘ie cc;n 1%111‘6 .1F:naz pdh i IOE unc_‘r.lonidt_' we plot the molecular density b (V,T) by bilco,T). On the usual assumption of hard core repulsion and finite E =

3} ora] ri ; = o 55 L s : v & . % = o

¢ Against the fugdciiy o, Hisn Wepnery teiation short range (7] of molecular interaction, he first establishes the inequality =—1l0—

[y —=ST1f, 72 3 = -

Yo=23bZ 1, bV, T | _80G. Drn E. o

3 ) ) : : I In b_{ooT_') _ “--(1__7“.) Vs = =

is a result of that asymptotics, and one must be careful in drawing conclusions from ! el =120 —

the relation, in order not to step out beyond the validity of the relation. We may where b (oo, T) are supposed all positive and = 5

i in iener}z;l ex;;:,ct that 1;;1'1; i'n(trea:SeS ‘without bound just beyond a critical value (Zs) 2rlf V<1, 8lrf (I, T)[VIF=<a<1 Ag[)_;
? of Z, where, however, the relation itself ceases to have a meaning,. and @'s are certain finite quantities connected with the bzhaviour of b’s near the E
There has been a considerable controversy with respect to whether the condensa- boundary of the gas enclosure. He further introduces a certain *(N), which should 1f10—5

tion occurs just at the singular point of the gaseous phase function or the latter serve to discriminate between large and small [, the cluster size. [¥(N) should =

can be analytically continued to the region of supersaturation without encountering increase more rapidly than /nN, but more slowly than N'2. After these and other z

w_ith a singular point. If we adhere to the older view points and want to describe preparatory considerations, he proceeds to treat the configurational partition function 150 —

| the condensation phenomenon as a two phase equilibrium between the branches of a 2y expressed in terms of volume-dependent cluster integrals b (Nw, T) in comparison ==
| van der Waals loop, then we are apt to accept the second possibility. In this respect with the ideal one 24° where all #’s are replaced by their limiting value bi(c0, T). 160 —
Mr. Katsura, Tohoku University, strongly supports the second point of view on the The terms in @y are classified according to whether it contains large clusters (I>7%) )

basis of his rather extended numerical computations on a Iattice gas model consist- or not: z

ing of finite, in fact very small, number of atoms. But it may depend on the D =ls b s 1?0—5

_ inadequacy of inference from the small number case to the infinite number case. y o 2 = i
e Ry’ =0ns"+Oxz°. E 5 z

Mr. Tkeda of Kyusyu i.vae’l'SIty_ el nphgiidrenii Mayer S_difﬁ(flﬂty in the It is first shown that the small cluster part 2xs is positive and may be replaced by E :

| manner Dingle has done in his criticism oxf London’s theory of Einstein-Bose con- the small cluster part £xs° of the ideal system: i
i densation. Consider the Ursell-Mayer expansion - 100 —
L 5 N by) ™ lim = (Infxs—InLxs") =0. _:
li Ov=2) H-(—— 3 J\E.ILN{ WS ws") -
| ity = N . . i ; 200 —
E of the configurational partition function. JIkeda suggests to discriminate ‘‘large’ Then it is rigorously proved that for the ideal system and for #>wvs the small cluster :
: clusters (I=L~N) from *‘small” clusters (I€N) : part only accounts for the entire partition function =
N=Ni+No=3 =3 L. 1 1 s Al

i i i _ lim ~ 12y ° =1im < in@x° (Nv, T)[Ew® (v, T) ] :

| Large clusters are expected to exist only in small numbars, although the atoms in N-rza Koo ; : e = =
| them may make up a large number Nz, and these should be treated separately from Mr. Ikeda’s main theorem reads as follows: The necessary and sufficient condition E—omn—
| i = 5
: 50 ET = z
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is given by the following: if the set of natural numbers N for \which Lxz>0 is E
infinite, then 50—
; 1 TIME TABLE - =
Iim Supz_\f (lﬂnQJv,g—In.QNS} =0, 'z_ 0 e
for S
if the set of numbers N for which 2yz<0 is infini . == s
g o e SECTION @ =
= el
m(1+5™) =0 E " E
NS i 3 = e
: T 18th (Fri.) 9.co—12.00 a.m, Molecules z =
A sufficient condition for the validity of the theorem is . o g
0<h(Nv, T)<b (o0, T), for I<AN. (r) M. Kotain : 20 m = L
The theorem has the following physical bearing: Since the ideal : (2) P. O. Lowdin : 30 m E o
been proved to exhibit alytical si i 2 | SRS s e (3) J. C. Slater : SO = -
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HESKUT AR AT Vo il e e i L %0 =— 30—
.! (T. Muto and M. Watanabe) ... . 89 i— "‘2
' (K. Tomita and S. Koide) % 83 _ = 10—
DIELECTRICS Recent Simplifications in the Molecular-Orbital Theory E .
' — Sept. 22 (Tues.) Morning— of Calculating Energy Levels - =
H. Frohlich .. ... SN = 60 —
| C‘ ol S e Per-Olov LOwDIN =
J. Yamashita ... : Sl
K8 by 86 ] Institute of Mechanics and Mathematical Physics, S
Y. Talat. s % SEE: University of Uppsala, Uppsala, Sweden. E— _E
(H. Kawamura) e 91 In the ASP-MO-LCAQO method of treating the electronic structure of molecules 80 —=
: and crystals, there isa characteristic difficulty connected with the fact that the energy i_ ==
COLOUR CENTRES expression contains a large number of atomic two-, three-, and four-center integrals.V E o -
' ' In the polyatomic case, the difficulty is twofold, since the number of terms is so = =
— Sept. £ . : ’ e =E =
Pl. 22 (Tues.) Afternoon — enormous that, even if the numerical values of all the occurring integrals would be = E
ety ORISR e e LD 92 explicitly known, it is practically almost hopeless to get the energy by summing E— 10—
Y. Uchida and M. Ueta " Rl 93‘ “term by term . S
T. Inui, Y. Uemura and Y. Toyozawa Ay 97 In order to solve this problem, we would here like to propose another ap- el
(T. Nagamiya, T. Kojima, Z. Ka - . proach: we will try to derive formulas for the molecular integrals of such a type = =
s A i na 3 3 = 2
mori and T. Moriya) 99 as will permit the summations in the energy expression to be conveniently factoriz- =l
i LIQUID HELIUM ed and sometimes carried out analytically in a closed form. In this way, we will = £
obtain new expressions for the energy levels as sums$ of only certain basic coulomb g i =
‘ — Sept. 23 (Wednes.) Morning— integrals, multiplied by matrix elements describing the bonding, the overlapping, and =
L. Onsager ... .. : the asymmetry of the atomic orbitals involved. = =
! LG orrerae LSl s e The unrelativistic Hamiltonian operator for a molecular or crystal system with g_lm :
. S. Nakajima iiades - “fixed”” nuclei is of the form Enllile
‘ R. B. Foynmian Nt SR ' Hypy=W+3Hi+ 3 Ga, ) =160 —
g il 4 105 ' - =
I (T. Nishiyama) 108 where W is the nuclear repulsion energy, H:; is the operator for the kinetic and 5_160_5
I (K. Kamiya) ) 3 potential energy of the electron 7 in the field of the nuclei, and Gu=e€*[2r« repre- = =
' 0 Husiah e we " e Grut R sents the electronic repulsion energy. For the sake of simplicity, let us consider a =B =
' G e non-degenerate state, where each molecular orbital is occupied by two electrons hav- = —{—
! N ing antiparallel spins. Approximating the total wave function by a single Slater = %=
SUPERCONDUCTIVITY determinant of the occupied MSO, we obtain for the energy? 5_180_5
— Sept. 23 (We, 5 _ 1 Y = :
2 &8 (Wednes) A fternoon:— E=W+SRy (i) H v) +3 ( RouRow— 5 RauRox ) (e | Gl o)), @) e =

: 2

H. Frohlich e E¥ bt E—190—
il Y. Kitano ... g ‘ where (u!H|v) and (ux|G|»A) are the conventional matrix elements of the given E =
Nt ot 5 e S e B = (ordinary or eventually hybridized) atomic orbitals ¢y, Py, etec. with respect to th_e E_ s
. ey 0 Lot oo oS TSR (2 operators H; and Gu, respectively. R is further the bonding-overlapping matrix, =R
(Y. Kitano) . S, T =5 =
die. ve snio e . o L0 defined by = :
| (H: Ichimura).. ... .. - s TR R=4"11Q47", (3) s A
(S. Nakajima) ser | Sl ool N v (431 (e M o where 4 is the overlapping matrix® constituted by the elements =
‘ (H. DA ATION e e, P A 124 : : = — 20—
' (S Hayakawa) _ _ i T8 Buy=8,+ szjqudr, _ 4) E. =
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MOLECULES

and Q is the charge-order and bond-order matrix® characteristic for the state under
consideration.

The direct evaluation of the four-dimensional sum in the electronic repulsion
energy in (2) is a formidable task, and, in order to avoid it, we will develop the
AO’s ¢, and ¢x in the complete orthonormalized systems (Pur) and () of AQ’s
associated with the same nuclei as the given AO’s Du and b, respecth;eln;r' :

‘Pv:%‘f’wﬁgm f,b.\zzf};bk,dm (5)
The expansion coefficients are here just the overlap integrals®.

B ! Substitution of (5)
into the expressions for the matrix elements of H; and G will render the formulas®
(| H|v) =§‘ (| H | ') Ay,

} (6)

conveniently

(pre |G| pA) =H;Z‘/. (pre | G| /&) duryders,

“fhiffh are of such a form as will permit the summations in (2) to bz
simplified. After introducing the new rectangular matrix :

QM’P' 5 %d#'mRm - =07

we obtain in this way
- 3. i s =S ety :
E=W+ %Qwu (| | ') i o (QWMQ‘,K_ -Q_QN,‘Q‘;H) (e |G| pw'x’) (8)

F_pr tTh:a square part of Q, which corresponds to the given AQ’s, we have simply
Q-_—,A POA" (=0, if 4 and Q commutes). On the other hand, we note that the higher
AQ’s ¢y are in general essential in (8), since they preserve the three-and four—bodY
,qharacter of the energy (2}, which is of direct physical importance in many cases.
For the alkali halide crystals, for instance, it has besen shown that the many-body
character of the cohesive energy (corresponding to
integrals) gives a reasonable explanation of the
relations for the elastic constants.®

the occurrence of many-center
actual - deviations from the Cauchy

The expression (8) is really useful only if the higher overlap and coulomb in-
tfegmls occurring are tabulated in advance in the literature. For practical applica-
tions, we have therefore also developed a modified form, where merely the given AQ’s

are involved. Let us try to approximate the given charge density ¢upy, by an ex-
pression of the form '

; 1
b (L, (1) =5 WM (1) (1) + Moy, (1) by (1) )
The total charge of the distribution is preserved if

1
b 2_ (Mppnv +Muv) :A,u.v= o Smr, (10)
ax"ld thi; indij.fid.ual values of the two coefficients in (9) should further be chosen to
.g:ve‘_a description of the *‘ center of gravity ’’ etc. of the distribution as correct as
poss.d.?le. By using (9), we obtain the approximate formula®

; : 1 :

(pee| G| wA) = 1 { M¥, M (e | G | pure) + MV MM er (uh | G| ) 1
i i I : gt o {]-1)
+ M Mo (i | G | i) F M M (WA | G| 2A) ),
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which is a generalization of previous formulas by Sklar® and Mulliken”. For angular
dependent AO’s formula (11) may be further improved by introducing additional
terms which make it invariant with respect to the axes of quan*_gizati(m of the atoms
involved. The form of (11} is analogous to. {(6), but the use of the multiplicators
M has apparently strongly increased the convergency, since -tests of (11) on two-
center integrals by using Kotani’s tables!® for hydrogen-like functions have shown
a surprisingly high accuracy (95-1009%) .
Let us further introduce the new square matrices

Uy =2 1M u Ry, Vin= ;ﬁ: M puRug MY, = Vi (12)
o

Here U is usually unsymmetric, U,.3 Uy, and satisfies the relation };Upgz%‘QW By
spbstituting (11) into (2), we obtain finally for the energy

4 1 -
E= W3R H ) + SH{Unslo— - Ol VieRo) } (a1 Gl ), (19
(15 i

where the four-dimensional sum in the electronic repulsion energy has now been
transformed into a two-dimensional sum containing only the simplest coulomb in-
tegrals. We note that also part of the second sum may be treated analogously.

Comparison with some previous results on aromatic molecules, ionic crystals,
and alkali metals has shown that the numerical accuracy of formula (13) is remark-
ably good. In the w—-electron approximation for treating conjugated compounds, this
formula gives also a deeper understanding of some results recently intuitively
obtained by Parr!® by using a ‘‘ rigid-sphere "’ model.

Further applications of formula (13) are now in progress.
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MOLECULES

Work on Molecular Theory in the Solid State
and Molecular Theory Group, M.LT.

J. C. SrATER

~ The primary interest of this group is in solid-state theory, and our melecular
work is aimed primarily at problems which can throw light on solid-state theory.
First, we may mention the study of oxygen by Meckler, using configuration inter-
action methods. Our interest there was to study the correlation effect in = mag-
netic problem. A single determinantal function using molecular orbitals gives an
energy for a non-magnetic state which lies above the energy of the magnetic stzite,
either in O, or a ferromagnetic solid, at infinite internuclear distance. This is wrong,
arising because the single determinantal function allows electrons of opposite spin to
be close together, a difficulty which is removed by considering the interaction of a
sufficient number of configurations. Meckler used 9 configurations for his triplet
state, 12 for his singlet, and got good results.

Next we have studied the number of configurations required to give a similar
treatment of other molecules, since we wish to know how impoertant such configura-
tion interactions are. In methane we should require 104 configurations to get com-
parable results, in water 18. We want particularly to study the question as to how
much the various covalent bonds interact with each other in a complicated molecule :
how important are the configurations with 0, 1, 3, or 4 electrons in a covalent bond, as
compared to those with just 2 electrons in each bond ? Mf only those with 2 elec-
trons per bond were important, this would result in a large decrease in the number
of configurations required: in methane from 104 to 22, in water from 18 to 12.
Koster and Schweinler are studying the question by making a very careful configur-
ation interaction study of water, using the 18 required configurations; they will
find how important the 12 configurations with 2 electrons per bond are in comparison
with the 6 which have different numbers of electrons.

If a complete configuration interaction is carried out, it is not necessary to get
good molecular orbitals, but if only an incomplete problem is carried through, good
molecular orbitals are essential. The determination of molecular orbitals, by
Roothaan’s method, has been very tedious. Consequently Meckler and Kaplan are
looking into a method of carrying out the solution of the self-consistent LCAO method
on the Whirlwind digital computer at M.L.T. They propose to use this method to
study the ammonia molecule by a molecular orbital method.

Several other molecular studies are in progress, all aimed as these are toward
an understanding of general methods of solving molecular and solid-state problems,
rather than toward molecules of special chemical interest.
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Methods of Approximation in the Theory of

Electronic Structure of Molecules

Masao Korant
Department of Physics, University of Tokyo.

(Abstract will be found on page 128)

Intermolecular Charge-Transfer Forces

R. MULLIKEN

(Abstract is not yet received, Aug. 28)

A New Approach to the Theory of Solids

C. A. CouLsonN

{Abstract will be found on page 130)

The Cohesive Energies of Alkali Metals
J. H. Van VLECK

Hurvard University

The standard method of computing the cohesive energies of alkali metals is one
developed by Wigner and Seitz. The energy per conduction electron may be divided
into three parts (a) the energy of an electron in the ground state (b) the promo-
tional or “Fermi” energy which arises because the exclusion principle restricts the
number of electrons to a state (c) numerous corrections, notably correlation, inter-
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g ion, etc. Th se 5 + : — =
l E:rﬂgauiirllng? and (b}.’I R T it o 'I In many ways the calculation of the Fermi energy is trickier and more difficult E— 4 _:
I than that of the ground state. Brooks found with his new formulas that some of = =
In the Wigner-Seitz procedure, the ground energy (a) is determined by specify- the original calculations of Kuhn of the Fermi energy were rather inaccurate and as = =
ing that the radial derivative of the wave function vanish at the boundary of the a result was able to improve considerably the agreement with experiment. The =90 —
upit cell. The wave functions originally employed by Wigner and Seitz were obtained question arises whether the Imai method can also be used to calculate the Fermi E —=
by numerical integration of the wave equation appropriate to a Hartree or Prokofjew energy. This question has been investigated by Kambe at Harvard, The computa- = o
field. However, in the region where the boundary condition is applied, the force tions involve some subtleties not encountered in the calculations of the ground state = :
field is almost perfectly hydrogenic, and the wave functions are confluent hypergeo- because it is necessary to work with # wave-functions which in most cases have no = i
metric functions. The one consequential parameter is that which determines the turning points at the relevant range for energy values. Kambe finds that with the E— 70—
I{lixing I:atio‘ of the t'wo linearly independent solutions of the hydrogenic wave equa- Imai method the calculated Fermi energy can apparently be computed considerably E— —i
tion, which is conditioned by what happens to the electron when it penetrates into more accurately than in Kuhn’s original work, but perhaps not as precisely as with SR
the non-hydrogenic region of the atom. The idea occurred to the writer that this the formulas of Brooks. = z
parameter could be determined by using the empirical quantum defects, thereby 4 =3 E
avoiding the labor and uncertainty involved in constructing wave functions for the With the most refined forms of the various methods bas'ed'on quant_um defects E— 00 —
non-hydrogenic portions of the force field. which we have described, the calculated depsities and binding energies for the = =
r : : various alkali metals agree with expsriment much better than in the case of the = =
The detailed working-out of this idea was essayed by Kuhn. He first utilized earlier work of Wigner, Seitz, and others who employed explicit non-hydrogenic wave 5—100—5
W}R}t may be called the function-matching method. He found that there was g functions. In fact, the agreement is, if anything, better than one has any right to Sl
ISkion of values of, the radius 7 relative to a given nucleus such that the field is expect in view of the many corrections (¢) which have to be applied, especially as SRR
sensibly hydrogenic and such that at the same time the logarithmic derivative is a regards the correlation energy. The observed and calculated cohesive energies are = -
fairly continuous function of the energy. By extrapolation of the values obtained as follows: = -
from the observed spectroscopic quantum defects of the free atom, Kuhn determined i Na B Rb Cs 5_120_5
this logarithmic derivative as a function of the energy over the range needed in Obs. 36.5 26.0 292.6 18.9 18.8 Kz calfmol == T
computing cohesive energies, By the matching of logarithmic derivatives, the ap- Calc. 2.7 26.5 22.2 20.8 19.7 E—mp—
propriate linear combination of confluent hypergeometric functions could be estimated. The compressibilities can also be calculated fairly well, but this is a more difficult S
The computation of these functions themselves is not too easy a task numerically, assignment, as it requires computation of the second derivative of the energy with E__ 4 2
and Kuhn found that the best way of computing these functions was as a series in respect to the distance. e :
the energy parameter. This procedure for calculating confluent hypergeometric e~ =
functions is an amplification of one previously used by Wannigr and Jastrow. The E— 50—
coefficients in this development are expressible essentially in terms of Bessel func- — —
tions in their dependence on the radius, and hence are not too difficult to calculate E—lfio—E
once the appropriate expansions have been developad, E :
The conventional W.K.B. method of approximating wave functions does not have ’ : : E—1?0—E
sufficient refinement to permit the calculation of cohesive binding energies. How- Qualitative Theory of the Cohesion in Metals = =
ever, after Kuhn had completed his calculations by the function-matching method, =3 -
an important improvement of the W.K.B.-Langer method was developed by a Japanese E. P, WIGNER ;—180—;
physicist, Imai. The great advantage of the Imai formulas is that they provide — =z
quite good representations of the wave functions near the turning points, where the Professor Van Vleck told us of a way to describe the difference between the gmlgg_:
conventional W.K.B. method fails. Kuhn found that with Imai’s method he could electronic energy in the free atom and in the crystal. This energy difference mani- g_ E
avoid the labor of the function-matching method in determining the energy of the fests itself as the cohesive energy. It conmsists of four parts. The first part, A, S :
ground state, and could obtain substantially as good agreement with expariment, could be called the boundary condition correction. It is the lowering of the energy 5—200_5
of the crystal electron due to the fact that the normal derivative of the wave func- =5 =
Kuhn's work has recently been extended by Brooks. He developed a formula tion vanishes at the cell boundary while it is, at the same distance, negative in the = 210_5
expressing the proper linear combination of the two confluent hypergeometric func- atom. Professor Van Vleck told us about an accurate method to calculate this = :
tions in terms of the quantum defect. The formula itself is amazingly simple, but’ energy difference. It is easy to see that E, is always negative and =5 =
the underlying theory is fairly intricate, and perhaps somewhat lacking in rigor. a 72 (1 =220 —
This procedure makes the calculation of the energy of the ground state quite easy’ E; 42’;?3-"1# grads 1,de=%]'2— gradu||2dS (1) = ==
once tables of confluent hypergeometric. functions are available. Sk ; ; I S
53 where 1) is the atomic wave function and the integration is over the cell boundary. Tl
% =— 40—
E— 250 —
260 ——=
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METALS

The above expression gives, at the same time, an approximate value for E.

The second part in the energy difference is the Fermi energy K, i.e. the ki-
netic energy of the motion of free electrons. The third part is the exchange energy
E.. The last part E: contains a number of correction terms, all due to the inter-
action of electrons which, on the whole, compensate E.. We have seen that a cal-
culation of the four terms has been successfully carried out for the alkali metals
and gave dquite accurate values for the lattice constant and the cohesive energy.
The latter turns out to be, essentially, equal to |E,+E;|. The E, is negative and
provides the binding which is, however, much diminished by the positive E.

One is tempted to extend these considerations to other metals. The total cohe-
sive energy is much larger for these, and a less accurate calculation of E» and Er
may therefore be expected to provide already some insight into the 'problem. The
phenomenon of several allotropic modifications with only little different cohesive
energies further strengthens the impression that the details of the structure do not
affect the cohesive energy critically. On the other hand, this same phenomenon
shows that yielding a good value for the cohesive energy should not be considered
as proof that the underlying structure is correct.

There is a complicating factor in the consideration of solids formed by atoms
with several valence electrons which does not appear in the case of alkalis: the
interaction of the valence electrons already takes place in the free atom. ‘This inter-
action leads, furthermore, to statistical correlations between the positions of the
valence electrons which manifest themselves also in the configuration’s leading to
several terms of the atom. (This complication did not yet occur in the work of
Herring and Hill.) These correlations are undoubtedly preserved to some degree
also in the crystal but they are difficult to reproduce analytically(and this could be
done, so far, only very incompletely. For this reason one may just as well use the
approximation E.+FEi=0, i.e. take only E, and E; into account.

This was done recently by F. Stern in the case of Fe. He found that the Fermi
energy is very much smaller than it would be for free electrons. The reason here-
for is partly that the energy bands of the d electrons are degenerate and can accom-
modate 6 and 4 electrons, respectively, instead of the 2 electrons of s bands. In
addition, the bands are much narrower than the s bands. The increased cchesive
energy of iron is principally the result of this decrease of the Fermi energy.

One can arrive on the basis of these calculations to the following interpretation
of the variations of the cohesive energy. The boundary correction increases as one
goes along the series s, P, d, because the value of the expression (1) increases along
this series. Furthermore, one obtains the largest boundary correction only in the
case of s electrons by choosing the wave vector 2=0; for » and d electrons the
lowest state lies at the boundary of the Brillouin zone. This follows from earlier
calculations of various authors and also from the way the wave functions at the
various lattice points piece together most naturally to give a large wvalue to (1).
This fitting together can be done less perfectly for p and f than for s and d electrons.

The width of the band decreases along the series s, p, d. This results princi-
pally from the degeneracy of the p and d bands but also from the fact that, in the
case of the s band; all the surface of the Brillouin zone lies high, in the case of the
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d band in particular, only relatively small parts of the band.

It follows that the cohesive energy is smallest if the valence eélectron js an §
glectron and the binding due to the second s electron should be very small indeed.
It is likely, therefore, and this again follows also from earlier calculations, that a
large part of the cohesive energy of the earth alkalies is due to p and d electrons.
It is in agreement with this picture that the cohesive energy increases much more
from the s to the s* configuration if the next electron is a d electron than if it is a
p electron.

The cohesive energy is larger in the p zone but because of the relatively large
Fermi energy decreases rather fast as one fills up the zone. Furthermore, there is
no unfilled level close to the p level in the way in which a » or d level is close to
the s level. As a result, the cohesive energy of the metallic lattice decreases rapidly
as one approaches the end of the p zone. The phenomenon of decreasing cohesive
energy is much less pronounced in the d zone and is manifest only at the end of it
where the small high region of the zone has to be filled. The fluctuations of the
cohesive energy toward the middle of the d zones appear to be connected with
statistical correlations of the valence electrons in the atom which cannot be quite
duplicated in the lattice.

Diamagnetism of Metals
L. ONSAGER

(Abstract is not yet received, Aug. 28)

Band Structure of Semi-Metals

Akira MoRriTA

Physics Institute, Faculty of Science, Tohoku University

We use the word ‘‘semi-metals’”” for the cases where the number of valence
electrons present is just sufficient to fill the first zone, and some of the energy levels
of the second zone lie lower than the highest levels of the first zone, or the energy
gap between the first zone and the second zone is small.

The crystal structure of semi-metals has rather low crystal symmetry. Further-
more, even if the crystals are constituted of one kind of atom, they are constructed
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degenerate. (a) correspends to large interatomic distance, and in this case, the
crystal becomes to be metallic. (b) and (c) correspond to small interatomic distance,
and in these cases, the crystal becomes to be semi-metallic. The energy width of
the forbidden zone is given, in the case (b), by

e looeod

fl i by two or more sub-lattices with the same structure and there is no any primitive
translation of the lattice which put the one of them on the other. These properties
have close relations to the band structure of semi-metals. On account of them, the
energy bands become to be divided into two groups which slightly overlap each

lIII|JIlI

other, or are separated by a narrow gap from each other. And the lower group is . 4 (vst+vp) — (Bp—Es) s
almost or completely filled and the upper one is almost or completely empty. In and is given, in the case (c), by 8vs, where E: and E, are the energy of separated i
order to make the circumstance clear, it is convenient to use the tight-binding atomic $- and p-orbitals in the crystal respectively, and 7s and 7, are the resonance 60 —
approximation.=5. energy of them between nearest neighbour sites. The results cbtained recently by -
In the tight-binding approximation, the energy E(K) is given as the root of the i by osing orthoggnallzed plarie yave carzpipends t0 the careidl, —=
secular equation _ In the case of bismuth structure, the first zone is, as shown in Fig. 2, a slightly —
| His, trar— Edi, 1002 | =0, (1) deformed truncated octahedron with a three-fold rotational symmetrical axis (OA in S s
where the figure). Calculation by tight-binding approximation shows that energy contours =
o m}:J@m«. o i characteristic to bismuth Strut::ture appear at points A, B, C and D in the figure. ” _
The energy contour at the point A has the form :
A I"a/='[§05a*f,0(fn/d” E4(K) =Eq- L (1 a2+ ceak?) E
By 4 2 Ta . e e L e X1 1 =
] gy R e 100 —
H is the one-electron Hamiltonian of the crystal and @i is the Bloch function, con- and the others have the form =
structed by the normalized i-orbital of an atom, concerning sub-lattice a. Here we ' 72 110—E
discuss the energy E(K) of the crystals with diamond structure and bismuth struc- Ec(K) =Ec+ 2m (o2 ke *+an B2+ o' ') :
ture. =
In the case of diamond structure, which is constructed by two f.c.c. sub-lattices where a].—_L??z (y1—2)2, 120—
' and the first Brillouin zone containg one level per atom, the results obtained from 6T n o
(1) are shown by solid curves in Fig. 1 for K= (K., 0, o) schematically. In the i L2l (y1-+-2y2) 2 130 2

figures, dotted curves show the energy bands obtained by neglecting combinations L BED kR s

: ay’=ax 1" 4/Te, a'=cal 4T, 40
{ I =4 (1—ry2) — @' +dv') |,
Po=|4(y1—ry2) =21 | =14, 150
E < E-, \

71,2, 71" and 9 are quantities concerning
resonance energies of p-orbital between near-
est neighbour sites and & is small numbear

,_,_.
[=1]
=

. o dependent of crystal structure, for example 170
: g £€=0,0548 for bismuth. &4(K) corresponds Fig. 2.
E to the energy contour which H. Jones” introduced to explain magnetic behaviours of 150 —=
o bismuth at room temperature. &:(K) corresponds to the ones which Blackman,? 2
Schoenberg?® and others introduced to explain de Haas-vom Alphen effect of bismuth. z
If we assume |[v2|/yv1=4/11, our results reproduce experimental results fairly good. 190 —
This value is adopted by considering the pature of v1 and 7a. =
0 ) g T 200—
| £ a T Reference S
i WAVE VECTOR K 1) P. R. Waliace: Phys. Rev. T1, 622 (1947). 20—
: (b) (c) 2) A. Morita: Science Repts. Tohoku Univ, 33, 92 (1949), 33, 144 (1949). —=
Fig. 1. 3) K. Ariyama and S, Mase: Buseiron Kenkyu, 33, 109 (1950) in Japanese. - =
i between different orbitals. For example the curves (1’) and (2') corresponds to 4y C. A. Colson and R. Tayler: Proc. Phys. Soc. 65, 815 (1953}, 65, 834 (1953).

5) M. Shibuya: the lecture read on May 1, 1953 at the annual Meeting of Phys. Soc. of

(Pt @) and (qopxa—Qmeb} respectively. The energy bands (3) and (4) are doubly
Japan at Osaka,
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On Diamagnetism of Metals
R. PEIERLS

(Abstract is not yet received, Aug. 28)

Configuration Interaction and Ferromagnetism

J. C. SLATER

The energy band theory of ferromagnetism, depending on a single determinantal
wave function, is not adequate at large internuclear distances, because it does not
take account of correlation. In the magnetized state the exclusion principlé keeps
electrons of the same sign apart, while in the non-magnetized state, where we have
many pairs of electrons with opposite spins, the exclusion principle does not operate
to keep them apart, with the result that they are often found on the same atom,
and the energy which we find for the unmagnetized state lies above that for the
magnetized state, on account of the existence of positive and negative ions. This
would suggest a finite decrease of epnergy on magnetization even at infinite inter-
nuclear distance, which is clearly incorrect. The discrepancy can be removed by
combining various configurations, thus leading to a wave function taking proper
account of correlation. Such correlation calculations are well known in molecular
problems ; the best known one is on hydrogen as solved by the molecular orbital
method, and a similar calculation for oxygen has recently been made by Meckler.
We might fear that since correlation exactly cancels the exchange effect at large
internuclear distances, the same thing might happen at smaller distances too, invali-
dating the energy band theory of ferromagnetism, but the results on oxygen show
that this is not the case.

The writer, Statz, and Koster, have tried to apply configuration interaction in
a case of crystalline ferromagnetism, to see if we can investigate the correctness of
the energy band method in this case. We have taken the simple case of a filled
band (like the 3d band in a transition group element) lacking only two electrons.
We then ask whether the lowest state of the system corresponds to the spins of the
two holes being parallel (ferromagnetic case) or antiparallel (non-magnetic case)
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Fortunately this problem, being essentially a two-body problem, is simple enough to
solve rather completely. We find that if the band is non-degenerate (for instance, a
pand formed from s orbitals), the non-magnetic state always lies lower; but if it is
degenerate (for instance, the 3d band, formed from the 5-fold degenerate atomic
orbitals), we can well have a ferromagnetic ground state. The energy difference
between magnetic and non-magnetic states vanishes as it should at infinite inter-
nuclear distance; also, as in the elementary energy band theory, the ferromagnetic
effect vanishes if the atoms are too close together, or the energy bands too broad.

The mechanism of ferromagnetism, from this study, is an intra-molecular one.
With a degenerate band, it is possible for the two holes to be simultaneously on the
same atom, in different atomic orbitals, with the same spin. By Hund’s rule, the
energy is lower if their spins are parallel than if they are anti-parallel. They retain
their spin as they travel away from each other and normally they are found in dis-
tant parts of the crystal, where their spins do not affect each other. The model
shows us how correlation comes in. At infinite internuclear distance, electrostatics
makes it impossible for the two holes to be found on the same atom in the ground
state, so that the energy difference between ferromagnetic and non-magnetic states
disappears. At ordinary internuclear distance, however, they can often be found on
the same atom, and ferromagnetism arises much as in the simple energy band theory.

Band Theory of Antiferromagnetism

Takeo MATSUBARA

Department of Physics, Hokkaido University, Sapporo
and

Toshic YogoTA

The Institute of Statistical Mathematics, Tokyo

A collective electron theory of antiferromagnetism is developed along the line
suggested by Slater.l This theory may be applicable to Cr and Mn which have been
experimentally proved to have antiferromagnetic superstructures.?

We consider a crystal lattice composed of N atoms each having one s electron.
Let To(r) be the Hartree potential for an electron moving in this lattice, and &(x)
and #(x, ) be the energy band and the Bloch function respectively. « is the wave
vector of the electron. We introduce the Wannier function defined by

]- i ) \
(r—R)=—=2e*Fulk, 1), 1)
¢' ! / \/ N le' ( ’ (
R being the positional vector of an atomic nucleus. As was pointed out by Slater,®
the Hartree-Fock potential for an electron may be different for different direction of
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ELECTRON THEORY OF INTRINSIC MAGNETIZATION

the spin in virtue of Pauli principle, which makes two electrons with parallel spins
keep apart from each other. Then if the crystal lattice can be divided into two
inter-penetrating sublattices, I and II, we may suppose Hartree-Fock potentials Uy (r)
and U- (r) which make + and — spin electrons move preferably on I and II sublattices
respectively. In the absence of external field, it can be assumed further that
U.(r)=U;(r+a), where @ is a primitive translation vector of the lattice. Since
Ua_-(r.‘) have a periodicity twice as large as that of U (1), the energy band of electrons
moving in these potential U (r) will be split into two bands as in Fig. 1 (b)., In
the reduced zone scheme, these two bands are given by

1 o e
E(k) = o HELle) +&2 (k) oo/ {81 (1) —E2 (i) ), (2)
where
-d=j¢>* () [Us(r) —U_ (1)1 ¢ (1) dr, (3)

and €1(«) and E2(k) represent respectively each of two different branches of &(x)
regarded as a two-valued function of the reduced wave voctor g (Fig. 1).
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Fig. 1. Energy as a function of g, in (a) potential U(ry;

(b) potential Tx(r).
In @eriving (2), we have made an approximation to neglect the overlapping between
two different Wannier functions ¢ (¥—R) and G(r—R’) (R+R’). 1f we denote the
lower energy band given by (2) as Es () and the higher one as E.(k), the cor-
responding eigenfunctions for the +spin are obtained zs

Vs lre, ) =008 Oalri (i, ) +sin Ooprs (ie, 1), } (4
)

T salre, ) =sin O (i, 1) —cos Ooba(k, 1),

Y (i, 1) = 2 !
=2 =

where Y
N sa fﬁ-&}Tl ica

e*F1 (r—Ry),
(5)

Yale, 1) =/ 2 =

5 i
N Elxif‘.léé_fltice e (}r} (rmRH) !
I

i
T e (B
foey E1(k) —E2(x) ° (6)

For the —spin, the energy band are the same as (2)

i : : and the eigenfunctions are
obtained by interchanging v (x, ¥) and V2(r, ) in (4). When all the electrons of -+
66

and

180

170

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

|]IIH‘IIIlllHleII[|I1II|IIII|IIII|IIIiiIIIL‘IIIIIIIII

IIII|IIII|III!|II|I‘IIIIiIIII‘II£I|||II|lIII|IIII[IIIJJIIII‘IilltllII‘IHI|IIII‘IIII|I!II[IIIIiEIII

-lll||ln[rlH]llll||||||llll|1llr|llI!Illlllllll|lllllllrl[llll[lrlllllll|lllllllll]iln||||||l|||||J||||||||||r||||1|[r|||||II[|||II|IIII|HI[|IIII|II|||||l[|ll11'lIII|I||||||||||l|l||||l[l||1IIIII|IIIIE[IIIlHHr[III]!III|1III[IIII11III|I1IE|IIII|

e

=
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and — spins fill the lower bands, we get a state having antiferromagnetic superstruc-
ture. The width of the energy gap between the lower and higher bands is given by
4, which can be determined as a function of temperature in the following way. In
our approximation, the probability of finding out a + spin electron on one of I-sub-
Jattice points will be given by

2 cos? 6, _ sin?f. }
AZR{? —{eﬂi—i—ﬁ}ﬂ'a(lﬂ_]_l ‘{-eoﬁ'—i—ﬁﬂil{x],.l_]_ (7a)
and that on one of IT-sublattice points by
2 sin? . cos? f, }
B:;\;r;{gwq-slf?a(:)_i_l ePBE 001 ] (7b)

where 3=1/&T and « is a constant determined from the condition

N 1 1 ,
72-=E]I—m+,sg @] Tomear oo 1) (8)

x € s L] e BERLR +1
Therefore, if we denote the ‘intra-atomic’ exchange integral by 7, and the °inter-
atomic’ exchange integral between nearest neighbors by 7, then the mean exchange
energy of a 4+ spin electron on ope of I—sublattice points is given by

Ah+zBh 9)
and that on one of II-sublattice points by
BIU":"ZAII, {10)

where z is the number of nearest neighbors to an atom, The difference (9)—(10) is
just equal to 4 because of the definition (3). Thus we have,

4= (A—B) (Ih—zh)

2(Hh—zh) { 1 ac }
= N 'EK} cos 26, OB L] T patBE 0 L) (11)
It is not difficult to show that if
J=(h—zah) >0 (12)

4 determined from (11) is finite at 0°K and it decreases with increasing tempera-
ture until the antiferromagnetic superstructure breakes down at a critical tempera-
ture, above which the splitting of the energy band disappears. Accordingly (12) is
the necessary condition for antiferromagnetism to occur, but not a sufficient cendi-
tion, because for a sufficiently narrow band the ferromagnetic state is proved to have
lower energy than the antiferromagnetic state at 0°K. The theory above presented
will be easily extended to the case of the degenerate d bands.

An interesting result concerning the mean magnetic moment of atom will be
brought abeout by our theory. From our point of view, electrons of both spins can
migrate on the I-sublattice points as well as on the II-sublattice points, though there
exists a slight difference in electron’s preference for stay on each of two sublattice
points, and therefore both sping cancel with each other on each lattice point, leav-
ing but a small fractional net moment per atom. In fact, we can easily see that the
mean magnetic moment per electron p is given by

a=m~&m=§m, (13)

where po is the Bohr magneton. Rasing upen the formula (13), we can show that
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ANTIFERRO- AND FERRIMAGNETISM

the larger is the width of the energy band the smaller wlpo becomes, and that w/ue
is always smaller than unity and decreases with increasing temperature. In this
way the fractiopal magnetic moment observed in the experiments of neutron diffrac-
tion on Cr and Mn® may be interpreted by our theory.

The magnetic properties calculated from our model are also of some interest.
Above the critical temperature we have nothing but an ordinary paramagnetic metal,
whereas below the critical temperature our model gives rise to a parallel susceptibili-
ty X, which decreases to zero with decreasing temperature and a perpendicular sus-
ceptibility X. which is nearly constant.

References :

1) J. C. Slater, Phys. Rev. 82, 533 (1951).
2) C, G. Shull and M. K. Wilkinson, Rev. Mod. Phys. 25, 100 (1953).
3) I. C. Slater, Phys. Rev. 81, 335 (1951).

A Prepared Discussion

J. H. Van ViECK

(The title is not known, Aug. 28)

Ferrimagnetism

L. NEEL

(Abstract is not yet received, Aug. 28)

Antiferromagnetism of CuCls - 2H>0
Takeo NAGAMIYA

Depariment of Physics, Osaka University

When Néel published his theory of antiferromagnetism in 1936, he assumed in
his computation an anisotropy enmergy of uniaxial symmetry and derived the suscep-

68

150 140 130 120 110 160 an 80 70 60 50 40 30 20 10

IIE[JJ.JJ\IJI|II]illl‘IIII|IIII‘|III|LIII}IEII|Illl‘IIII|IIII‘IIIIlIIII‘II-II|IIII

| U_LL|_L|_IJJJ_IJ_IJ_1III‘IIII|IIII

IHI|IIII&||L|.1JIJ_II

SECTION C SEPT. 21

tibility as a function of applied field strength and the orientation of the applied field
with respect te that symmetry axis. A striking result he obtained is that, when
field is applied along the direction of easy magnetization (that is, parallel to that
symmetry axis) and exceeds a certain critical value g, the' antipz?ra?lel system of
gpins turns from that direction to the one perpendicular to it. ThlS‘ is bgcause th.e
difference of the free energies —1/2{X.—X,)H? due to the applied field H p?rpendr
cular and parallel to the spin direction is negative and overcomes the anisotropy
energy for higher field strengths. Néel confined this computation to absolute zero.

the

In 1041 van Vleck? formulated the Weiss-type theory of antiferromagnetism and
derived the parallel and perpendicular susceptibilities for an arbitrary temperature,
but he did not explicitly take into account the anisotropy energy. In 1951® 1 intro-
duced it explicitly into theory and discussed the susceptibilities and also the reso-
nance phenomenon for an oscillating external magnetic field. In the same year, Yosida®
extended my theory and treated the anisotropy of the susceptibility of MnF: as well
as Néel's flopping of spins at an arbitrary temperature. Meanwhile we became very
much interested in the report of the experiment on CuCl»2H:0 done at Leiden, and
Yosida® (1952) worked out a theory applicable to this substance. This case is a bit
different from other cases in that the magnetic ions Cu®* carry a spin of magnitude
1/2 and that the crystal possesses an orthorhombic symmetry. The anisotropy energy
for spins of magnitude greater than 1/2 and a crystal of tetragonal or hexagonal
symmetry may be assumed in the form —DS:2, but this is merely a constant' for
spin 1/2. He tcok according to van Vieck® (1937) the interaction between spins !

and m as

_2;39?3 E_: Sz Smm"l‘ Cém (2 St S:-ire.s"_S?.uSmx = SE!,I'Sm’J) ot Dim (SWS-’F-': = SE%" S"’”'?} v
iy U .
-+ Efm (Siszy"I" Sw Sma,) -+ f“{m f Slzsmx—]" Sz:u_sm:} = G!-m- (SEysz + SI:Smy} 3 fl)

where Jin, Cim, Dim, Eim, Fom, Gim are coupling constants which depend on the vec-
torial distance between I and s If this expression is averaged over the orientations
of the spin m and summed over the lattice sites m surrounding I, we have an aniso-
tropic Weiss-type Hamiltonian for the spin / of the form
AeSaT <Be™ > +aySyt <S5y~ > +a:S:t <S>
4 0aSet <SSt > F Syt < Syt > S LS >, (2)

where S+ cutside < > stands for S; and < > means the thermal average. The
indices & and — mean the two sublattices of the antiferromagnetic arrangement of
Spins.

Another complicacy in CuCl:2H:20 is that the g-factor for each spin is a tensor.
Paramagnetic resonance measurement by Itoh? at room temperature provides us data
for that. Taking all these into account, Yosida computed the susceptibility and also
the resonance frequency of this salt. In particular, his computation of the resonance
frequency could explain the majority of Ubbink’s® observations.

In the mean time, Gorter” (1952) published a paper in which he stressed the
importance of the anisotropy of the Weiss-field factor, that is, the unequalness of
@z, ay, a: (and also of ¢z, ¢y, €z in (2), as well as the anisotropic charact:ar of the
spin moment, that is, the tensor character of £. The latter has actually been neg-
lected in Yosida’s computation below the Curie point. However, I can show that

these two theories are equivalent if the notations used in Yosida's puaper
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ANTIFERRO- AND FERRIMAGNETISM

M*, M- (magnetization vectors of the 4 and — sublattices) and H (applied
static field)

are read as
TM“B <8t>, Nun<S~> (us: Bohr magneton, N: number of spins per cm?® and
M defined by
H,' = (g./2) He = (2u/2) Hy, H/'= (g:/2) H., 3
and X, and X. are related with the observed susceptibility by
Xy f?;'g,c) Zszrz 4)
(Xaz: both the applied field and the spin direction are parallel to ),
2 (2;’5,’};} 2= {2,-"ng 2X (5)
(Xoa: applied field parallel to » and spin direction parallel to a, Xw: a
and b interchanged).
The a~qxis is Fhe casiest direction of the spins and 5 is the intermediate axis in
(}‘uCleHzO. By the way, it will be remarked that the experimental datal® do not
fit in very well to the second equality of (5), especially when the temperature is
close to the Curie point.

Egs. (4) and (5) are easy to see, but other things become clear only when we
construct the equation of motion with the Hamiltonian (2) :

IhSE=[S%, (2)], (6)
which can be written as

SE=St x HE,pe, (v=2ps/T1) {0
Here H<%; is the sum of H' and the anisotropic Weiss molecular field for a
+ or — spin with a scalar g equal to 2.

fictive

Gorter confined himself to absolute zero, but he has derived a

very interesting
result.

This is that, when the external field is in the ac-plane, there exists a hyper-
bola, with H. and H. as coordinate axes, of such a property that, if the field is
inside it, the spin axis is in the neighbourhood of the g-axis, but if the field comes
outside it, the spin axis turns and comes to coincide with the b-axis. We can derive
this critical hyperbola for an arbitrary temperature in a very simple way as follows.
We shall denote the direction cosines of the spin axis as «, &, v and those of the
applied field as an, Br, yr. In order to find the equilibrium direction of the spin
axis, we construct the free energy:

1
o X H2(oog+ BBH—}"}"YA’T} 3

o ant |
—'g XY H?[1— (CYCKH—FB.@H—I—"Y'}’H) 2] -F-Kt,@z—f—&'ys, (8)

where K and K- are the anisotropy constants which are in a certa

; , in relation with
a’s and ¢’s of (2).

The equilibrium direction can be found by looking for the

%ninimul.n of this free energy under a supplementary condition a?+82+%2=1. This
is a typical e.Igenvalue problem, and the result for the critical hyperbola is

H” _ H 1

2k 2K k) XXy ¥
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SECTION C

Now, the resonance frequency can be obtained by solving (7) in the neighbour-
hood of the equilibrium position. The major part of this has been done by Yosida,
but I have found an additional result that the resonance occurs for a certain range
of temperature at the critical field strength. At the critical field, the spin system
turns in the ab-plane, and there is an orientation at which resonance takes place.
All the main features of Ubbink’s experiment can be explained in this way. Details
of the comparison between theory and experiment will be reported in the conference,
together with cur another additional little calculation of the change of the Curie
point with the strength of the applied field.
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Problems of Anisotropy energy of Antiferromagnetics

and of Ferrites

Kei Yosipa

Department of Physics, Osaka University

Sources of the anisotropy energy of antiferromagnetic substances can be con-
sidered to consist of the following three parts. The first part is the anisotropy of
the crystalline electric field around magnetic ions, the second is the magnetic dipole
interaction between magnetic ions and the third is the anisotropic exchange interac-
tion between them. Which is the most predominant among these three sources
depends not only upon the species of the magnetic ions and the crystal structure
but also upon the superstructure due to the spin orientation. For instance, Keffer®
has shown that in MnFz with a crystal structure of a rutile type, the anisotropy
energy is mainly reigned over by the magnetic dipole interaction which makes the
direction of spins parallel to the c-axis. However, in the case of Mn0:® which has
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ANTIFERRO- AND FERRIMAGNETISM

the same crystal structure as MnF2 this interaction makes the spins point in the
plane perpendicular to the c-axis on account of the difference in the magnetic super-
structure. Moreover, in CoFz with the same structure, the measurements of the
anisotropy of the susceptibility by Stout and Matarrese® seem to suggest that the
anisotropy of the crystalline field makes a considerable contribution. On the other
i hand, Van Vleck and Kittel® have recently pointed out that the anisotropic exchange
| interaction which is considered to be a main origin of the anisotropy energy of the ferro-
magnetic metals would become important also in the antiferromagnetic substances.
Such circumstances would be the case for the anisotropy energy of the ferrites.

We shall here report the results calculated about the anisotropy energy of
! ' CuCl:2H20 on which the systematic experiments have been made by Gorter and his
collaborators, and the results of the theoretical work made by Kotani on the aniso-
tropy of the ferrites, especially the anisotropy of the g-factor.

a) The origin of the anisotropy energy in CuCl2H-0.

Since the crystal structure of CuCl:2H:0 is orthorhombie, its anisotropy energy
may be expressed by the following forr}x:

Jan. = 5132+ k22, (1)

where 8 and vy are the direction cosines of the common axis of 4+ and — spins with
respect to the a- and b-axes. From the experimental results of the antiferromagnetic
resonance absorption studies on CuCl:2H:20 by Gorter and his collaborators® can be
deduced the values of x1 and x2 per one Cu2* ion as follows:

1=0.8x10"%cm"!, x2=2.6x10"2cm"L (2)

In this substance the anisotropy energy from the anisotropy of the crystalline field
does not appear because the magnitude of the spin of a Cu?* jon is equal to Y2. The
anisotropy constants ari'sing from the magnetic dipole interaction can be calculated
by the Ewald-Kornfeld method as Keffer? has done for MnFz. Basing on the sSuper-
structure inferred by Poulis and Hardeman® from the analysis of the proton reso-
nance abgorption experiments, and assuming the isotropic g-value equal to 2, we
obtain the following results:
k1=—0.027 x10~2em~1, x2=2.91%10"2cm"1, (3)
As seen from the comparison of these results with (2), x2 is of the same order of
magnitude as the experimental value but 1 is too small and opposite in sign and
) so the remaining anisotropy or that from the anisotropic exchange interaction would
play an important role in the anisotropy in the ab-plane.

. A free Cu** ion is in 2D state but in the crystal the five-fold degeneracy of 2D
, is lifted by the crystalline field and the Cu?* ion in this substance is considered to
be in its lowest energy state which is still doubly degenerate due to its spin. The

. perturbation energy consisting of the L-S coupling and the exchange interaction

: gives rise to, in the third order approximation, the following anisotropic exchange

| interaction between two Cu?* ions which are in these lowest states:

Vet A9 o (0 2 By Pt 1 23 e D s r

32 E,— Ey) 2.0 b P+ Dy 1e [ 112 2) S1282:—Bl1al1y (510509 5155220 ¥ (4)

cyelic
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SECTION C SEPT. 21

where Jio is the exchange integral between two Cu®* ions one being in the ground
state and the other in the excited state corresponding to the higher energy I?y
E—FE, X\ is the coefficient of the L-S coupling and ls, liy,... mean the matrix
element of the orbital angular momentum between the excited state and the grélmd
state. The anisotropic exchange interaction expressed by (4) does not essentially
differ from that derived by Van Vleck®.

1t would be difficult to calculate precisely the part of the anisotropy energy
arising from (4). Therefore, for only an order estimation, we assume a Cu?* ion
to be subjected by the crystalline field which has an orthorhombic symmetry whose
principal axes lie in the direction joining a Cu?* ion and its nearest Cl- ion, t.he
direction of the b-axis and that perpendicular to them (this direction nearly coin-
cides with the direction joining a Cu?* ion and its next nearest Cl- ion), and
estimate the values of the energy differences E;—E, from the experimental g-value
at room temperature obtained by Itoh and his collaborators.” Then we obtain the
following values of x«1 and xz:

w1=—0.027x10"2cm™?, x2=2.91x10"2¢m™t. (5)

The sum of (5) and (4) has the same order of magnitude as the experimental
values. Thus it may be concluded that in CuCl:2H:0, the anisotropy in the ab-plane
arises mainly from the anisotropic exchange interaction and that in the ac-plane
mainly from the magnetic dipole interaction.

B) A contribution of the orbital angular momentum to the magnetization of the
ferrites.

Since the studies made by Néel®, it has been considered that in the ferrites
FesOs - MO (M=Mn, Fe, Co, Ni, Cu) having a so-called inverse spinel structure, a
half of Fe?* jons are situated on the 8f site and the other half of them and M3*
jons are on the 16c site, and the spins of the 16c site point antiferromagnetically in
the opposite direction to those of the 8f site, and therefore the spontanecus magneti=
zation of ferrites arises from the magnetization of M?* ions which is the difference
between the magnetization of the 16¢ site and that of the 8f site. According to the
measurements by the several anthors®, the magnitude of the magnetization co.r-
responds to the value arising from only spins for Mn-ferrite but for Fe-, Co-, ‘Nl",
Cu-ferrites it is a little larger than that value. This is because in these ferrites,
the orbital angular momentum of an M?2?* which is in a non-S state makes more oOr
less contribution to its magnetization, as has been pointed out by Néel”.

Kotani has applied a general method developed by himself to this problem of
treating a contribution of the orbital moment to the magnetization of ferrites. He
has first made a reasonable assumption that the most important axchange interaction
in ferrites is that between an M2* ion and its next nearest Fe’* ion situated on the
8f site because its nearest magnetic ions exist along the perpendicular direction with
respect to the position of an intermediary 02- ion. Then we have only to take into
consideration the system including an M2* jon and its next nearest six Fe?* ions which
have no orbital moment. At sufficiently low temperatures we can consider the spins
of Fe’* ions to align in the easy direction and so our seven ion problem would be
reduced to one ion problem. Thus we can discuss the magnetic moment of ferrites
by solving the Hamiltonian of one M?2* ion consisting of the crystalline field, the
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ANTIFERRO- AND FERRIMAGNETISM

L-S coupling, and the exchange interactions with six Fed+ ions. As the simplest

case, the value of the g-factor of Cu-ferrite has been calculated.
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Resonance Absorption Experiments in Ferrites

Tosihiko OxaMURA

Research Institute for Scientific Measurements, Tohoku University, Sendai, Japan

Using four microwave frequencies from 9,450 Mefsec to 47,000 Mecfsec at room
temperature and at the temperature of liquid nitrogen, the microwave resonance in
Ni ferrite and Mn ferrite was observed with polycrystalline spherical specimens, and
it was found that the frequency and temperature dependence of the apparent g factor
could be explained in relation to the internal field in the material,

Many spherical specimens whose diameters varied from about 3mun to 0.2mm
were polished from sintered blocks, and after studying the size effect on the g factor

at each frequency, the resonance fields H, were determined by extrapolating to zero
diameter.

The results obtained at room temperature are shown in Table I. The £ factor
at each frequency, designated by g* in the table, was calculated by Kittel’s formula

v='}"“/27r Hc, (1)

where v*=g*¢/2mec. The g factor obtained was found to depend on the frequency,
that is, it approached the value of g%=2 at shorter wave length.

Table I. g* factor at room temperature calculated by Kittel’s formula v=~%2m H,.

Material oy N o
oo EN - H, (versteds) '
NiOFe,0; 9,450 o 2.43
18,400 5,030 2.22
23,500 7,660 219
47,000 15,870 2.12
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E— 30—
MnOFe.0; 5,450 3,120 2,16 = =
18,400 6,320 2.08 =3 -
23,600 8,180 2.05 ;— 40 ~—;
47,000 16,620 2.02 e uf
As the spectrosplitting factor is a materially constant factor, it should have the = S0 =
same value at any frequency. = =
To eliminate the frequency dependence of the apparent g factor, it may easily be = 60 T
seen from the data in the table that the relation between frequency and the reso- S =
pnance field should be formulated =— 70—
v="(2z (H.+H) (2) ;_ e
where y=ge/2mc. The most probable values of H; were found from the resonance =B
data to be 507 Oe for Ni ferrite and 278 Oe for Mn ferrite. Substituting these E E
values in Eq. (2), we obtained the g values for both ferrites as shown in Table II. E =
Table II. g factor calculated by r=y 2% (H,+H,). _f__ _i
. Freguency ) z— 100 —;
Material y (Mefsec) e i_ _;
NiOF836:{ 9,450 2.05 i_ 110 _;
18,400 2.04 == JE
23,500 2.06 = E
47,000 2.05 =—120—
I\JnOFEgO;; 9,450 1.99 ;— -—-E
18,400 1.99 S
23,500 1.98 = -
47,000 1.99 E- =
S SVl . E— 40—
These g values are independent of the frequency and agree satisfactorily with E -
one another within experimental errors. E i =
= U ——C
The same -experiments were further made at the temperature of liquid nitrogen, E .-
and the apparent g factor at lower temperature was found to be greater than that = s z
obtained at room temperature. But by using the Eq. (2}, the temperature depend- = :
ence of the apparent g factor is reduced to the temperature change of . The =3 =
results are listed in Table III, where H; of both ferrites were found to be 601 Oe =170 —
for Ni ferrite and 504 Oe for Mn ferrite. = e=
Table III. Resonance data at the temperature of liquid nitrogen. E 180_;
Frequency Resonance g* calculated £ cag;u!ated i—- 190 —
Material S Field by i = =z
v (Melsec) H, (02) p=y*27 H, H(HE,’:EI;{; é =
N e
NiOFe: 05 9,450 2,640 2.56 2.08 |E =
18,400 5,780 2.27 2.06 E- =
47,000 15,620 2115 2.06 =—210—
MnOFe.0y 9,450 2,750 2.45 2.07 = =
18,400 6,100 2.15 1.99 = =
23,500 7,950 2.11 1.99 S
47,000 16,390 2,05 1.9 — =
< i § E =
—— 230 ——
75 o
—— 240 —
=— 250 —
260—=
: SR R T R LA = : —g
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As illustrated in the table, the g factor was found to be independent of both
frequency and temperature. In the table the results obtained at longest wave length
show seme discrepancy in comparison with the results obtained at shorter wave
length: they seem to be due to the unsaturated magnetization at low temperature
which resulted from the increased magnetic anisotropy.

11 Though still lacking in theoretical background, the present experiment shows
| that the Eq. (2) should be used in the determination of the true g value of ferrite.

. Lastly, eliminating the frequency shift and the size effect, the half line widths
| of absorption lines of nickel and manganese ferrites, and the g values in nickel-zinc
and manganese-zine binary ferrites were also determined.

A Prepared Discussion

T. NAGATA

(The title is not known, Aug. 28).

, The Temperature Dependency of Susceptibilities of Ferrites
on the Basis of the Theory of Ferrimagnetism

| ‘ Hiroshi WATANABE

Research Institute for Iron, Steel and Other Metals, Tohoku Universily

As a test case for the theory of ferrimagnetism developed by Néel, the tempera-

ture dependency of magnetization of various mixed ferrites has been analysed on the

_ basis of that theory, and qualitative agreement between theory and experiment was

' found, assuming appropriate parameter values included in the theory. A similar

‘ analysis of the magnetization vs. composition was also made by Néel himself at

| . almost the same time as the author has done, and the major part of the results of

his analysis was naturally in accord with the author’s. Some points, however, were
at variance with ours:

1) Néel's analysis started from the data of susceptibilities above the Curie point

of various mixed ferrites (Ni—Zn ferrites), and gave increasing values of interaction

‘ constants # and «| (8/—16¢, and 8/—8f interactions, resp'ectively) with increasing
Zn content. If one extrapolates these values to the composition of Zn-ferrite, he

76

J.IJ.IJ.[LU.‘.J_I_IL|.J_l.|_|..|.|_|..|I_IIIEI[III!IIIII‘IIII|IIII}IIIJJ]IlllII|l|IIII‘IIII!IIII‘Iili|LIII|lIII|Iill[lII!IIIII‘IIHE[III‘il-ll|IIII1IIII|IIII[III]|[III

||J||||||l||||||11|[|1JJ||||||||||||||1Iu|||||||||H||1J|r|||1![||||||||||||||||r|||||1r|||||I||||||I1[[[|II|III![IIJI1]III|IIII[II|Ji||||||||[|l|l||

o

SECTION C SEPT. 21

will find that they are fairly large (#:>600, |a'>6). As an Iinterpretation of these
parameter values, Néel assumed that a strong superexchange coupling existed between
the ions in the &f position with the type Fe-Zn-Fe. On account of the minor frac-
tion of the Fe ions in that position present, this assumption is very doubtful.

2} 1If one analyses Serres’ data of the susceptibilities of Zn-ferrite following
Néel's procedure of evaluation of the interaction parameters, he finds that the ex-
perimental points do not fit with Néel's theoretical curve. This suggests that Néel’s
analysis is not adequate for the explanation of the data.

The author, on the other hand, has assumed that the values of & were nearly
constant, say —C.4, over the whole range of the compositions of the mixed ferrites.
‘The theoretical curves of the spontaneous magnetizations and the Curie points are
not so much affected by the & values: the results would bz essentially the same if
we used Néel's large values. The results of the calculated X (susceptibilities) vs.
temperature curve is indeed affected by them, and is therefore in disaccordance with
experimental curve, giving lower X values than experiment. However, the inclina-
tion of the 1/X—T curve is in rough agreement with experiment. The author be-
lieves that these facts are probably caused by the following two effects:

1) Contamination by Fe?* jons. The ferrous ions will be introduced by the
high temperature heat treatment of the sample or might have been included in the
raw material (¢—Te:0s). This will have an effect of raising the Curie temperature
as well as the X values near the Curie temperature, and hence of increasing the
inclination of the 1/X—T curve.

2) . Znferrite is not a completely normal ferrite. The parameter M (which is

the measure of the number of Fe** ions migrated into the 8f-position) is not zero,.

‘but is equal to some small finite value. The increase of A results in increase of the
high temperature susceptibilities and hence in decrease of the inclination of the 1/y
—T" curve.

So the observed 1/X—T curve of Zn-ferrite may be interpreted as the combined
result of the two effects just mentioned. The same effects will, of course, affect
the 1/X—T curve of ferrites of other compositions.

Magnetic Relaxation in Solids

N. BLOEMBERGEN

The interations and the establishment of thermal equilibrium in electronic and
nuclear spin systems are discussed. The history of theory and experiment is out-
lined briefly. The early non-resonant absorption and dispersion experiments of Gorter
determine spin-lattice and spin-spin relaxation times, which can now also be obtained
from resonance experiments. The complete theoretical interpretation of the relaxa-
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MAGNETIC RESONANCE ABSORPTION AND RELAXATION

tion times in paramagnetic salts is impeded by the crystalline field and exchange
interactions. If the spin levels are unequally spaced, more than one characteristic
time is necessary to describe the relaxation.

The nuclear spin systems are simpler as the magnetic dipolar interaction is the
only important one. As far as the nuclear spin-lattice relaxation time is concerned,
three classes of solids can be distinguished : metals, solids with internal moticn, and
crystals in which lattice vibrations constitute the only type of thermal motion. In
the latter, relaxation occurs either by spin diffusion to paramagnetic impurities or
by quadrupole interaction, The anisotropy of the relaxation and the contact between
two systems of different spins is discussed. The concept of spin temperature, and
in particular the pegative spin temperature, is analyzed. Non-resonant experiments
with nuclear spin systems may provide an interesting and better check on the
theories of spin-spin relaxation than the experiments with paramagnetic salts. The
simultanecus flip-flop of electron and nuclear spins in a metal is the basis for a
method proposed by Overhauser to achieve nuclear polarizaticn.

Tinally the spin system with a large exchange interaction is discussed. The
equivalence of the random modulation of the dipolar interaction by exchange and by
thermal motion is stressed. Experimental evidence is given that the exchange in-
teraction acts as a thermal reservoir for the spins which have absorbed magnetic
energy. Thus the absorbed quanta in a magnetic resonance experiment are first
transformed into exchange energy before they are dissipated to the lattice. Although
somewhat similar relations seem to hold below the Curie point, many problems in
ferromagnetic relaxation have not yet been solved. A 'phenomenological description
of the damping in ferromagnetic materials can be given, which includes shape-de-
pendent effects. Certainly a distinction must be made between the ‘‘ magnetic part *
and the ‘“ exchange part” of the spin gystem. The first spin system consists of the
spin waves of zero wave number, the second system with a much larger heat ca-
pacity contains all other spin waves. Imperfections may ploy an impertant role in
establishing thermal contact between these two systems. Characteristic experimental
times are of the order of 10~%sec. The transition to paramagnetic relaxation with
exchange above the Curie point is continuous.

Broadening in Nuclear Magnetic Resonance Absorption

Ryogo KuBo and Kazuhisa TomiTa
Physics Department, Upiversity of Tokyo, and Physics Department, Kyoto University
The purpose of this paper is to develope the quantum-mechanical Fourier-integral

method for computing line contours of resonance absorption and to apply it to the
discussion of nuclear magnetic resonance absorption.

As several authors have already noticed, the intensity distribution of resonance
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SECTION C

absorption is related to the auto-correlation <M (f+7)M(f) > of the dipole moment

M, which represents the interaction of the system with the radiation field. The
dipole moment operator M () in the Heisenbarg representation develops in course of
time following the equation of motion characterized by the Hamiltonian H=Hy+ I,
where the unperturbed Hamiltonian Hy is assumed such that will give sharp reso-
nance lines if the natural broadening is neglected and the perturbation H’ is supposed
to be mainly responsible for the observed broadening. The explict sclution of the
time-dependence of M (), with the initial condition M(0) =M, is conveniently ex-
pressed as

M) =M L MDA RS 4
where
M,® = g—iHe Vg Het

& 1 fa=1
Mck"’=J a‘dhj it j it (- [MLO, H (1)1, Y (£2) )~ [EF (2]
i} 0 0

with
H () =~ o H g,

We assume the canonical distribution for the initial distribution of the system,
so that the average inthe definition of auto-correlation is the guantum-mechanical
average with the density matrix ¢~#7/Tre~#¥. Computing the traces, Tr{e PHM. %M},
we obtain the characteristic function of the intensity distribution, which is an ex-
pansion in powers of the coupling parameter invelved in the perturbation. A com-
plete calculation is usually impossible, but we can obtain useful informations about
the line shape even if we terminate the series at a certain stage. Thus, for example,
from the second order spproximation, we can guess an approximate characteristic
function valid in the second order of the coupling parameter, which can be trans-
formed into the required intensity distribution. The nature of this procedure is
similar to that of the method employed by P. W. Anderson and P. R. Weiss for the
exchange narrowing in paramagnetic resonance, although mathematical forms are
different.

As an illustrative example, we apply the method to the dipolar broadening of
the nuclear magnetic resonance absorption, in which the narrowing is due to the
motion of nuclei. Since we confine ourselves to the second order of the dipolar
coupling constant, the extreme case of rigid lattice corresponds to a Gaussian form
of intensity distribution. It is seen that, when the narrowing mechanism is In act,
the intensity distribution is always of Cauchy’s type (damped oscillator type) around
the center of the absorption line, but falls off more rapidly in the wings. This is very
much similar to the case of exchange narrowing discussed by Anderson and Weiss.
In the case of strong narrowing, the exact expression for the breadth of the Cauchy
distribution, which is 1/7: by usual terminology, is easily given in terms of the
correlation functions of nuclear coordinates. The final results are almost equivalent
to those given by Bloembergen, Purcell and Pound, but there are some minor correc-
tions. One can remove, in this form of the theory, some of the ambiguities in the
former theories and also see the general features of the narrowing, either by dif-
fusion process or by molecular rotation.

In particular, we propose a typical function to describe the diffusion narrowing;
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MAGNETIC RESONANCE ABSORPTION AND RELAXATION

f(m) £ e—}‘z i —(—_:-)-n N _W_+nh‘,)

moyro Bl (vEnfy) 2 (wfoy) ¥
where @, stands for the breadth in the limit of rigid lattice, and Y=ayT0, To being

the relaxation time. This function goes to be Gaussian as y—co and to be of Cauchy’s
type for very small 7.

Other applications of the theory, especially those to the narrowing due to mole-
cular rotation, will also be discussed.

Resonance Absorption Experiments of Paramagnetic Salts
Hiroo KuMAGAT

Institute of Sciemce and Technology, University of Tokyo

(1) Frequency Dependence of Resonance Line Shapes by Two Dissimilar Cu*+
Ions Under Exchange Coupling

Line shapes of paramagnetic resonance absorption are determined by dipolar and
exchange coupling between magnetic ions, and they depend upon the frequency of
microwaves used in the resonance absorption. When we have two dissimilar jons in
unit cell, for instance CuSOs5H:0 or CuK:Cli-2H:0, the crystalline fields of two
kinds of ions are different, and their g-tensors have different orientations. Then, in
general direction of applied static magnetic field, we can expect two absorption lines
corresponding to two different g-values, g1 and ge. But, in some cases, these two
lines unify to one by the effect of exchange coupling, the g-value of the unified line
being about the mean of g1 and g:. In this case, we can expect remarkable frequency
dependence of line shapes. The unification of two lines may occur when

A= |g—g | BH

where 2] is the exchange energy, 8 the Bohr magneton and H the applied magnetic
field. When we use higher frequency of microwave, the magnetic field at resonance
increases and finally |g1—g2 BH becomes comparable with or larger than 2J. In this
case, the unified two lines are separated to original ones. These sorts of separation
of absorption lines in CuSOs5H20 has been already observed at A=0.8 cm by Bagguley
and Griffiths?.

We have observed resonance lines in CuK:Cle2H:O at wave lengths of 6.5, 3.2,
1.6, 1.1, 0.78 and 0.54cm. From the results of X-ray analysis of this salt, it is ex-
pected that g1 and g» are most separated when the static magnetic field is normal to
(110) pl_ane. Two Tesonance lines in this direction unify to one when we use wave
lengths longer than 1.1cm, though the half widths of resonance lines get broader
with decreasing wave length. At A=078 cm, the resonance line seems to be com-
posed of two lines, and we can observe clearly two lines at A=0.54 cm.
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When we assume that 2J=|g1—g:| BH at A=0.78cm, and substitute the values
of g1 and g2 obtained by two peaks at A=0.54cm, we have 2J=0.09 cm~1.

g1 and gz coincide in the c-axis, in which direction, the resonance lines are
sharpest, and the widths in this direction “ decrease” when the wave length is
reduced. The possibility of this phenomena was pointed out by Anderson and Weiss?
and is called ““10/3 effect” by them, as the widths at sufficiently long wave length
will be about 10/3 times larger than that at sufficiently short wave length. The
width observed in our experiment at longest wave length is three or four times of
that at shortest wave length.

(2) » Anomalous Resonance Absorption of Cu** Ion in Copper Acetate and Copper
Propionate

Bleaney® and we®® have observed anomalous absorption of Cu** in copper
acetate, in which two Cu** ions (each S=1/2) are strongly coupled by exchange
coupling to form an equivalent spin of S=1. We have recently observed similar
anomaly in copper propionate.

(3) Paramagnetic Relaxation Time of Cu**.

We have observed line widths of resonance lines of diluted salts of Cu** ions
((Cu-+Mg) (NH,)2(SO4)2:6H20, (Cu+Zn)S0u#7H:0) from room temperature to 100°K.
The relaxation time deduced from these data are plotted against T. Most of observed
points scatter about a curve T2, whereas the data of Cu** by Bagguley and
Griffiths® lie on a curve @71, Results of Van Vieck’s caleulation® of Cr**+ and
Ti*** are compatible with our data. But we must take into account that the crystal
lattice contracts at lower temperature and, in some cases, the crystalline field changes
with temperature.
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MAGNETIC RESONANCE ABSORPTION AND RELAXATION

On the Spin-Lattice Relaxation in the Nuclear
Magnetic Absorption in Solids

T. Muto and M. WATANAEE
Institute of Science and Technology, Univ. of Tokyo

—Attempt to search for any possible mechanism for spin-lattice relaxation
in solids which have no trace of the residua! paramagnetic fons involved—

According to Bloembergen, the paramagnetic impurities involved artificially or
naturally within the crystal are supposed to play a decisive role in the nuclear spin-
lattice relaxation phenomena. Although Bloembergen’s idea is really ingenious one,
still the following questions seem to remain unsettled so far.

(1) Whether all the crystals artificially purified as possible invelve always the
amount of residual paramagnetic impurity sufficiently responsible for the experimental
data of spin-lattice relaxation time or not ?

(2) How long is the spin-lattice relaxation time of the ideally purified crystal?
The question seems to me very important both theoretically or experimentally in
view of Bloembergen’s idea bzing unable to bs completely settled at present.

With the above questions in mind, we have attempted to search for any possible
mechanism for spin-lattice relaxation except for Waller's oneg, and proposed a few
years ago a new mechanism which is the second or third order effect due to the
dipolar interaction between electronic and nuclear spins (8H.y) and to the electronic
interaction with lattice vibrations (8H.z), bzing taken to become a quite natural
extension of the same phenomena in metals.

As in the mentioned relaxation in metal and in the similar phenomena of the
optical dispersion in insulator (electronic transitions participate in the virtual process
only), we have adopted, for simplicity, *“ one electron approximation ™ for working
out the above mentioned transition process, allowing for the Fermi’s factor of electron
distribution over the energy bands, as usual in the theory of electronic conduction.

Stimulated by Bloembergen through his correspondence to us, we have endeav-
oured to improve our former theory on the basis of many electron problem. The
Slater’s determinantal wave functions and the corresponding energies of both ground
and excited states of the electronic system can ba computed approximately along a
similar way to the method of Roothaan in the molecular structure. Once the elec-
tronic wave functions have been set up in Slater’s sence, the following computation
of the transition matrix components are quita straightforward according to the pre-
vious mechanism mentioned above. The detailed computation, however, shows that
!:he non-vanishing matrix components of 8H,y are always connected with the vanish-
ing ones of 8H,; and vice versa, which results into the vanishing transition pro-
bability, quite different from the previous results of one electron approximation.

In view of the above situation, we are, instead of 6H;, forced to take into
82
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consideration the # dependent part of the spin-orbit interaction of crystal electrons, §_
namely, =
e [ X grad; ;"_}_és‘ _hs A I §_
SHu=s (I R R g 1} e E
Al lr— R P | #73—R B =
together with 8K,y for the eifective interactions responsible for the spin-lattice rela- ;—
xation. The derived transition probability for the “‘ direct process’, Wi, becomes =
of the following form for the case of polyerystal. =
9 zZ¥2 @ 1 (QuxH)®  expluyHET) 2 &
= 27T~ 1="". 2 RAR i R DU o N L B . L) f}z. =
e P L T TN T QunHIRT) —1 VB A+A =
[ B 0D SN e, g BRI (OBR USE e E
1 '48'“;;5_21(4153) T35\am J 1 31)[ 3517 ﬁEs) '315(4&)—] ? E

A—j AR/ drRpfrdr, A’:j (dRuldr-Ryfr+2R,Ri/r—3R,R:[72) dr.

A Q -

4E, and 4E; represent the mean energy distances of the excited singlet and triplet
bands from the ground state and the remaining quantities have the same meaning

as in the previous paper.

The above result becomes considerably small although Waller's theory gives still
far smaller value for We and, moreover, is understood to give a lower limit for Wa
and an upper limit for the relaxation time, since both contributions from the excita-
tion levels lying just below the continuum of the excited band and from the Raman
process have not been involved in the above transition probability. If the ratio of
the relaxation times for the direct and Raman processes, computed by the previous
method of one electron approximation, were supposed to be still valid in cur case of
many electron treatment, the relaxation times of the Raman process might be
estimated to become 10°~107 times of that of the direct one (T=10°K).

As seen in the above mentioned discussions, we are unablé to reach a final con-
clusion as yet, and the nuclear spin-lattice relaxation in solids is still an open problem
unless the Raman process and the contribution of the excitation levels to the direct
process dre actually worked out; which computations are now in progress.

Dependence of Paramagnetic Resonance on Frequency
and Crystalline Anisotropy
Kazuhisa ToMmITA and Shoichiro KoInE

Depariment of Physics, Faculty of Science, Universily of Kyoto
Department of Physics, Faculty of General Culinre, University of Tokyo

The dependence of the line shape on resonance frequency in CuKeCle2H:0 will
be discussed by K. Tomita taking the fourth moment into account.
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| Under the assumption that there is no change in line shape the dependence of _ R 3 =il =

line width on the crystalline anisotropy in copper ammonium Tutton salt will be Ye VEl e ke = iy —=

discussed by S. Koide using tensor g-factor and the second moment. . <tk : . = =

i < where € is the static dielectric constant (e=electronic charge). = -z

The problem as presented here is essentially one of field theory. The field in E— 50—

! ik question has a single frequency w/2z independent of the wave length, a fact which — s

: greatly simplifies the solution. If the interaction parameter « satisfies a <1, then = ey

‘ , perturbation theory can be applied® to calculate the lowest energy level En, = z
;‘ ‘ = —ctlio 4) = .
: Electrons in Dielectrics Fer many InfltE‘.rialS o is ]ﬂrger than unity. Th.uS for N:].Cl e.g., a~6 if the ;_ _g
! | electronic mass is used for the value of m. To deal with this case a new method E B
H. FROHLICH was developed by Gurari®, and independently by Lee, Low and Pines® (cf. also®). - 80 =

' ; This method is closely related to Tomonaga’s” method of intermediate coupling. ol
Department of Theoretical Physics, Unizersity of Livenpool, England For the ground state the result (4) is found to hold, even outside the range of validi- = g —

‘ ty of perturbation theory. The wave functions used in this method differ, how- =8 LE
The energy levels of an electron moving in a periodic potential field have the ever, considerably from those of perturbation theory if e>1. E= =

well known band structure as first shown by F. Bloch?. In applying this result to = 100 —

3 ; W T s i : sult of -urbati o1y 3 = U ecta- = ;

! electrons in solids the assumption is usually made that the interaction of an electron Another result Olt I_)ermrbdtmfn thsory fht{ﬁdsc,l‘hfowe; e;’ ffcn o::‘];vl el:al ?leoexi ::hle = o=

. . 3 I i 7e] arisati : | ] anc [rom th ctron 1s : (= £

with the other electrons can be described in terms of a periodic field of force. In .o '\«'llll.e ththe Do '1;1 'mlo = ds lupc. l:n hc;r ee.f ;;E,H I E dev'afes Sotn i t. Boue = i

! metals, or in the filled bands of insulators, it has not been possible, as yet, to justify i a,S lilt Lhiait }01' a, ] ‘.15 s;;la elfz:;roz Wf;_ - lsm-:/'l o 'Ol.‘l{' AT Ia s‘phere of ,1-adius =8 B

this hypothesis. For single electrons in the conduction band of insulators, however, ;wr, j: A 1/ z‘i’ mu‘i‘; il e,d et oldriqat‘:gl wi 1.1‘1 itu s s hiote cevetin = z

: . . T ArTries i arigati it o 4 sl - B

there is little doubt that the assumption holds as long as the atems of the lattice ._ff&. ; it e;: .‘ond i o e“’l b fl%]riepeffe v Imasls of & poliran s fornd to E

are considered as fixed rigidly to the lattice points. On this assumption slow elec- 134‘gﬂen SCIRERES o St L s s PR e

trons in the conduction band can be considered as free provided the electronic mass e : = 130 —

|| is replaced by an effective mass m. The main purpose of the present discussion is m*=m{l+af6) (3) = =
to find the influence of the displacement of atoms fro ir respecti £ i : = :

n e influen isp nt of ¢ fr m'thelr .reepec,twe lattice points it differs Litle from w for a=6. = 0

on the motion of an electron. Such a displacement arises either through thermal = :

vibration or through the interaction with the electron. The former essentially leads In the case of very strong coupling, i.e. very large « another approach can be S

to a scattering of the electron while the latter can be expressed in terms of a change made essentially due to Landau® and Pekar”. In this approach the dynamic proper- = 150—

of the effective mass. ties of the lattice are neglected. On this assumption a polarisation of the lattice =8 -

: X ’ y ; due to the electron. exists which can be maintained in a self consistent way. It = =
. The interaction between the lattice displacements and an electron is particularly leads to an energy FE—160—
11 | strong in the case of ionic crystals, and the present discussion is restricted to the o5 == =t
; following simple model: The crystal is described® by its polarization P considered Er=—— e (6) 5_170 5

11 as a superposition of the optical polarisation P (due to displacement of bound elec- , 256 = =
trons of the lattice) and the infra-red polarisation Fi-. The latter has a single re- Both results, (4) and (6) can be derived by variational methods, but (6) involves = _g

sonance frequency w/27 in the infra-red. For sufficiently slow electrons the optical the additional assumption that the kinetic energy of the lattice is negligible. Clear- = 180—

polarisation can always be considered as inequilibrium, described by a high frequency Iy (4) is certain to be the more reliable result so long as | B > E;, i.e. a<10. Values &g —=

dielectric constant €=. Also Pir can be regarded as a continuous function in space of a>10" would either require extremely small values of the frequency o (corresond- = 00—

(and time). The whole system consisting of the lattice and a single electron is then ing to wave lengths of the order of 10~lcm.) or large effective electron mass m (as =3 E

described by a Hamiltonian distinct from the polaron mass m*) at least of the order of ten electron masses. In S o =

H=Ha+ H;+ Hins as) this case equation (5) for m* will also be invalid, and a larger ratio m*/m should = :

consisting of the contributions of the electron (Ha) the lattice field (H;) and the in- be expected. : S IE

teraction (Hp). By introducing fie as unit of energy, and The above considerations hold essentially for the ground state of the system A

1u= (iome) 9 and for excited states less than 7w above it. Higher energy states lead to the pos- =" 7=

(= Unierig @ sibility of “free’ quanta of the lattice. In equilibrium, at any temperature T dif- E— 00—

as unit of length, a reduced, dimensionless Hamiltonian Hfliw can be introduced ' ferent from zero, the number of free quanta is also different front zero and propor- = =

which contains a single parameter «, ; tional to the volume. The energy of the system is then very much higher than fio. =i 930_5

84 85 E- =

ézm—i

250 —

20—

20—

ItI|III

280 —=



400

390

350

340

|||||||||||ll||||||||||rr||||1]||rr||||1I|||r|||1||!ll|||||IIII||‘|I!iIIIlJ|I!II|III1

330

320 310 300 290 280 270 260 250 240 230 220 210 200 190

. ||_l_|:|IIII[III||IHI|III||IIl|!IIII|IIII[IIII|IIII‘I|II|Illl‘IIII|IIIIll|II‘II!I‘IIII|HII‘III]|IIII

DIELECTRICS

One should expect, however, that the system can then be considered as com-
posed of a polaron and of free quanta, provided that their density is very low, and
that k7</iw. In this case the mean free path, or the relaxation time r of a polaron
required in the calculation of electric conductivity can bz obtained in the usual

manner. If perturbation theory holds, then®
Tzﬁ) (gelT 1) 7)
2

Here the factor (3) should probably be removed for reasons indicated at the end
of reference®*,

The case a@>1 where perturbation theory does not hold has bzen considered by
T . h . . . .
Low and Pines!V, and leads to a very similar result. The case in which AT>Tie
creates difficulties, however, which have not vet been cvercome.
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The calculation, due to Zienau'® contains a numerical error by a factor 2J3 which has
been corrected by C. Herring (private communication).

The Quantum Theory of Dielectrics

Jiro YamasHITA

Institute of Science and Technology, University of Tokyo

The dielectric properties of matters are usually describad by the Clausius-
Mosotti equation. Surely it holds very well for gases at moderate pressure, but
with liquids or ionic crystals there are noticeable deviations from it. In the case of
liquids the origin of the deviation is mainly ascribed to the fluctuations in the ar-
Tangement of molecular dipoles in it. Using the statistical mechanics Kirkwood and
others have succeeded in deriving the formulas which give a good agreement with
experiments. In the case of ionic crystals the above mentioned effect is supposed-to
be negligible. In solids, on the other hand, each constituent ion overlaps appreciabl-
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SECTION C

ly with its nearest neighbouring ions, then, a8 pointed out by Mott and others, the
assumption of the point dipole is by no means a good approximation. As well
known, the overlap of the electronic charge brings about the exchange interaction
between ions, these circumstances lead us necessarily to use the quantum mechani-
cal procedures.

In guantum mechanical computation of the dielectric constant it is convenient
to use the relation batween the dielectric constant « (in static field) or #o {in high
frequency field) and the energy change of the total system 4FE under the influence
of a homogenious external field F; 4dE=—1/2XF? and k—1=47NX. The energy change
JE consists of two parts; 4F and 4E., where 4L, is the energy change of the con-
stituent ions in free state, 4E1 is the change of the inter-ionic energy, which con-
sists of the electrostatic energy and the exchange energy and S5- energy between
ions, under the influence of the external field. In order to compute the energy
change 4E by the Heitler-London approximation we shall here make use of the
method of Slater-Kirkwood and adopt the method of Landshoff-Léwdin for evaluating
the exchange integrals among the non-orthogenal wave functions. In the following
we shall compute the dielectric constant of LiF and MgO, in which case the per-
turbed wave function for 2p-electron of a negative ion is assumed as follows:

() =nafro (#) (L+Arcos ),
where o (#7) is the unperturbsd wave function and A is the variational parameter.

The deformation of the positive ion is neglected. Under these assumptions the
energy change is expressed as follows:

- oL BAN s s ow g & SR
AE=—pF— 9 3 P2+ AN— P F 5 3 P
+C1VZ‘FE?,;N Z')-.upe"}‘Bx)\.,

where p. (=2¢x) is the electric dipole due to ion displacement, 2. (=47%e)) is that
due to the charge deformation of a negative ion. The second term means the mu-
tual interaction energy of the dipoles p., the sixth term that of p., the eighth term
that between p. and p., the third term means the change of the kinetic energy of
a negative ion. Besides these it contains further three terms Cx%, Bxx and AAZ,
which are caused by the change of the degree of charge-overlap due to the dis-
placement or deformation of ions. Cx? is the usual repulsive potential in ionic
crystals, and when the repulsive force is assumed to ba effective only among the
nearest neighbouring ions, C is given by 12¢/G: (3, compressibility; a, inter-ionic
distance). Tt must be noticed that the linear terms of x and A are canceled out by
symmetry, but the terin Bx\ is not canceled out. The parameters ¥ and A are to
be determined so as to minimize the energy change of the total system. In the case
of high frequency field is to be assumed as zero. After elementary but rather
laborious numerical calculations of A and B and using the observed value for C we
have chtained the values of the dielectric constant as follows: xe for LiF=2.83, that
The observed valuss are 1.92, 2.95 and 9.3 re-
spectively. Alsc we have found out that the energy contribution from the Lorentz
energies —4xNp26 and —4nNp«p./3 is almost canceled out by that from AA? and
Bxxn. Thus we find that the deviation from the Clausius-Mosotti equation is caused
mainly by the above reasons.
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DIELECTRICS

As for the ionic crystal its dielectric constant has been considered to be nearly
independent of temperature, The precise observation, however, has shown that the
dielectric copstant of the alkali-halide crystals increases actually with increasing
temperature. Now, in order to work the effect of temperature upon the dielectrie
constant we must determine the wave functions so as to minimize the change of the
total free energy in each temperature. The censtants A, B and C depend upon tem-
perature through the change of inter-ionic distance. When inter-ionic distance in-
creases, the values of the constants bacome smaller, whose effect is usually larger
than that of the decresse of the density. After some computations the temperature
change of the dielectric constant of NaCl (dk/xdT) bacomes 2.2x10-%, while the
chserved value is 3.75x 104,

From the theoretical consideration above it may be right for us to suppose that
the energy change due to the electric field is well expressed by the quadratic form
of two quantities p. and p. with three constants A, B and C. As it is a rather
laborious task to determine these constants for each material theoretically, the more
conventional method may be to determine them phenomenologically with experi-
mental values of ko, « and 8. Then we shall have a energy formula for each dielectrics
containing no arbitrary constant. According to these procedures we have found
that the Lorentz energy —4zNpsp./3 is almost completely canceled out by the term
Bx)x in NaCl crystals. Next using the above formula let us compute the ‘‘ Rest-
strahlen-frequenz ”’ of NaCl and compare it with the observed value. The computed
value of the frequency of the transverse wave (e is 3.08x10¥sec.”!, while the
observed value is about 3.0x10¥sec.”! The good agreement may suggest the cor-
rectness of our procedures. Also the frequency of the longitudinal wave (e is
computed as 4.79x108sec.”?, with which the value of (wiw:)? becomes 2.42, which
is again nearly equal to the observed value (w/xo) =2.49.

As for the static dielectric constant & of MgO the above procedure has not suc-

ceeded in obtaining reasonable values for B and C. Then we have used another

. method, that is, we have determined these constants by using the three observed

! quantities xo, # and e instead of 8. Then we have found out that so determined

! C value is about twice larger than that determined from the compressibility. This

IR interesting fact may suggest that the nature of oxide crystals is in general not so
i simple as that of alkali-halide crystals.

‘ Finally we further notice that from the above quadratic formula we can easily

derive many useful formulas as written down in the book of Frahlich.

Polarization Field in Ionic Crystals

K. S. KRISHNAN

— —————— e

(Abstract is not yet received, Aug. 28)

IIIIl!'IIIIIIII|iIFI‘HII[IIII|IIII|IlII|IIII'JIHI‘IIIIIIIII‘il[[||HI|IIIJ]IlII‘IIII|IIII‘IIIIIIII]|I[II|IIII‘IIII|II|I‘IIIllllll‘II-II[IIII‘IHI|IIII\HII|IHI

m|||||r|||r||||1|Ir||||||H||1||||||||||1[|||||||||||||||||||1||r||l|||r|||||||||||||ll‘ll|1!|||||1||||||Il|1]II|IIII|IHI||III|r|||lllll|1||||l||||

[}

SECTION C SEPT. 22

Ferroelectricity and Antiferroelectricity

Yutaka TAKAGI

Tokyo Insiitute of Technology

We congider a flat plate of an ionic crystal with electrodes on its both faces.
“The crystal may be decomposed into a suitable set of sublattices 7, 7,--ete. Let the
charge and electronic dipole moment of an ion which belongs to the 7-th sublattice
be denoted by e: and P: respectively, and the mean displacement of the #-th ions be
denoted by z:.

The free energy F of the system can be expressed as a sum of the following
four terms: (1) the electrostatic energy U, of all the mutual interactions among
the ions with charges and moments at displaced positions and the surface charges
distributed cn the electrodes, (2) the work V necessary to polarize the ions.

=3= 2y

T v 2
where 1/v; is the number per unit volume of the é-th ions, and «; is a certain con-
-stant proportional to the rigidity of the electron cloud of the ions, (3) the mechani-
cal energy W necessary to set up lattice strains on account of the relative displace-
ments among the sublattices, namely
W=3"\i; (21— 25) >+ puas (2:—25) 1],
(e

where the constants A's and p’s can be given by the knowledge of ‘the interaction
.energy of the ion pairs, and (4} the free energy Z due to thermal oscillation of the
loms,
kT b
2= lopi=y
J.Z-,"r, i g BT
‘The ions are oscillating about thé mean positions which are displaced from the
lattice points, and the frequencies are functions of the relative displacements,

Any increase in the free energy of the total system must be equsal to the work
done from the outside. Hence, if it were assumed that p’s and 2’s are independent
©of each other, we get.

oFjepi=E aD,’aj)s
oFjszi=E oD/oz
"}/:Pz=E+§ (1/&ows) (Prte;(2zi—2:) Y, (1)
o> 2Ny (2e—25) + 4y (2i—25) 20 (R Tws) (9 log viz{ozd) ] )
7 Jai i
(2)
=efE —'rZJ}’ (1/&ow5){ps+e;(25—21) 1l —Pzzj" (1/&ows) e4fis, j

where fi;, the coefficient of the local field, is to be calculated from the undisplaced
lattice.

Eq. (1) shows that the electronic moment induced on the é-ion is proportional

89

=

=

IIII|IIII‘IIII|IIIE‘lIII|I|I-i'|lIII|'I|11|TITI['I'I'IT‘IlII|lIll‘lIIIlllll‘LIII|I'ﬂ'l'lTFI'I'|HII[EIII‘IIlltIIlI|IIlI‘IIIIlIIII‘IIII|III!

IlII|IJII|lIII|IIII

ﬂ[lIII|IIII‘IIII|IJII|I|II|IIII[IIII|IIII‘IIIJJIIII‘IIIIiIIIJ|I||I|I]II_"|IIIIIIII‘III![IIII‘HII|IIII

=

—
Ll

]
L]

L¥e]
=]

fe
&

{3}
L=l

o
[}

=1

e}

=

=]
L]

o}

2

= =
B =
= =

—

1

—

o

o
fa=]

2

S

o]
[=3]
=

3
&

5

2
o

5]
=
=

B3
=
o

g
a3
(==}

]
wd
=2

B
=]

Sl
&

)

[RRR] ||||||||lil||||Il||Jl||||

IlJJiII||||III][III|IIIIIIIII|IIIkIIIII|Jl|||||||ir||||||||||||J|II|||Ili|||||i]|ll||II||||I|I||||-|||||||||||I|||I|||||||||1|-|||||||||||||||||||||||||||||||||||||||||||||l)|i|||||||II||||||I|I||IIII|I|II|11![[IIII|]J]E

o]
fax]
fa]

Illlllll

==

ItI|III

280 —=



[”"I““[”“]““|'”'qul.”'[”I.l.r”[””r.”'“II]I”llun|IIHl"“[””l“II]”IlllIII|”“I””]““|IIIIII“’[II”1””|””|”“|IIIIII“I|I”[|””|“|I|IIHIHII|””|””|”IIlnlI|““|””|“|I|‘IIIIHII]””|””|“|I|”“[“III“”IHHII”I|I”I[”Illl”[]“lllll”]”II|II“E””l“”|IIIII[I“|””|””[”II]]”[|IIIIIIIII|””|lI“|””|J“I|”|||””|l|”|””|””[”“|””|

400 390 380 370 360 350 340 330 320 310 300 200 280 270 260 250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100

90 80 70 60 0 30 20
| II||_|II|J|I!JJJ_IJI.I.IJI1IIII|III_IILI_I_IlIJ_ULJJ_lIH.[J‘JlllllIII|IIIJ|IEII‘IIII|IIII‘IIII|IIIJ‘IIEI|IIII[IIII|IIII‘IIII|IIII‘II-II|IIII‘IIII|III

| I]JJI__l_I_J||||I||III||IIIIIIIII|IIII[IIII||1II|IlII|JIlIIlIIIIIIIIlIIII|IIII‘IIIIIIIIILIUIIIIlllIIIIIlII‘HIIIEIII]IIll|IIJI‘tIIIlIIlIl]ill|I-I_|J|I_II}|H]I|I|||I|_|_l|‘|||l|l| I‘ 111 IIII_|

DIELECTRICS

to the strength of the local field at the displaced site.)’’” The left hand side of Eq.
(2) is the restoring force due to W and Z, while the right hand side is the driving
force due to electrostatic origins U and E.D, It must be noted that the term due
to the i-th lattice itself drops from the summations in the right hand side; the
driving force is therefore not the same as the local field even if the last term,
| moment multiplied by the field gradient, were neglected. But in such simple
crystals as alkalihalides the right hand sides of Eqs. (1) and (2) turn out to agree
on account of the conditions fii=/f==712 and e1+e:=0.

Solving these fundamental equations, we can in principle calculate all the dielec-
tric properties of the given system. To start with, for the sake of simplicity, we
have investigated an ionic crystal of the CsCl type.

Main features of the results obtained are as follows: (1) if both kinds of ions
are poorly polarizable, the crystal turns out to be of normal properties; (2) if, on
the other hand, one kind of ions happens to be highly polarizable, the other kind of
ions becomes spontaneously displaced in an antiferroeletric Zs configuration® at suf-
ficiently low temperatures; (3) if the derivative &v/dz is positive, the above dis-
placement decreases with increasing temperature and disappear at a certain critical
point; and (4) if both kinds of ions are highly polarizable, one kind becomes dis-
placed in antiparallel Zs configuration while the other kind in an antiparallel Y7 con-
figuration.®

Thus a CsCl type crystal never becomss ferroelectric, so long as f: is assumed
to be entirely determined through the local field F; as shown in Eq. (1). The situa-
tion bzcomes greatly modified, however, if we assume that some part of p depends
directly upon the lattice strains regardless of the intensity of the local field. The
conditions for the appearance of ferroelectricity have hzen investigated.

Whether such an effect of short range nature is indispensable to explain the
ferroelectricity of barium titanate or not® is now being investigated. The results
will be reported at the conference.
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On the Electric Conduction of Dielectrics under
Strong Electric Field

Hazimu KawAMURA

Faculty of Science & Engineering, Osaka City Universify.

Free electrons in a dielectric under a strong electric field are multiplied due to
the ionizations by collisions, and finally destroy the lattice of the dielectric, .2 if the
number of electrons becomes so large. We can take into account two typical cases
of the electron multiplication. The first case is that the resistivity of the dielectric
is so high and the crystal structure is so perfect that the chance for the collisions
between electrons, for the electron-hole recombinations and for the trappings of
electrons are very few. In this case an electron which is put into the dielectric at
the cathode is multipliad to bz exp (d/A) at the anode, where d is the thickness of
the dielectric while A the mean range for generating a secondary electron. Becauge
such electron avalanche is extremely localized (<10-%cm?®), the dielectric can be
destroyed by the energy dissipation due to the drift of the avalanche. On the other
hand if the situations are reversed compared to the first case, the avalanche cannot
grow up independent of the other electrons, but the electrons are multiplied as the
whole intimately coupling one another. Frohlich® has described this situation in
terms of the rise of electron temperature.

Experimentally, the two typical cases are distinguished either by the behaviors
at the dielectric breakdown or by the prebreakdown current. For the former case
the breakdown strength decreases as the temperature is lowered because of the in-
creased mean free path of the electrons. This is the case for almost all the crystal-
line dielectrics at the temperatures lower than the room temperature. On the other
hand, the amorphous dislectrics such as glass or plastics show a reversed change of
dielectric strength v.s. temperature, which fact is explained by Frolich® under the
assumption that the interactions between electrons themselves are more dominant
than those between electrons and phonons. If the disruption occurs by a single
avalanche, the phenomena must have extremely large statistical fluctuations. We
have observed™® that the statistical time lag of the breakdown of mica is as large
as 1073 sec. at 10 percent overvoltage, though the formative time lag is as small as
10~%sec., and therefore the disruption occurs only after repeated applications of the
voltage pulses of several hundredths of a micresecond.’® This is contrasted to the
case of glass where the disruption is brought about by a single voltage pulse of
10-2~10"7sec. The large electron avalanches which grow up freely from the hin-
drances due to the trappings, recombinations or collisions between the electrons will
constitute an extremely noisy current at the prebreakdown region. For mica, we
have measured® the size of the electron avalanche just before the disruption frem
the noise pulse and found that it is sufficient to cause the breakdown. The noise pulse
was observed also by Suita'® and his collaborators for KCI and sulphur. It has also
been observed that the increased number of electrons hinder the growth of avalanche.
Thus it is expected that in the case of glass, where the picture of electron tempera-
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COLOUR CENTRES

ture is applicable, the prebreakdown current ought to be fairly noiseless. Acfording
to the experiment by Haworth and Bozorth®, however, there is an evidence that
this is not the case.

In conclusion we expect the appearance of a reasonable treatment on the inter-

actions between electrons and between electrons and holes, while in the experiment

' the separation of the fluctuation inherent to the phenomena from the experimental
errors is a difficulty that must be overcome.
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Theory of Color Centers in the Alkali Halides
Frederick Serrz

The extensive experiments on the coloration of the alkali halides which has been
carried out since 1946 make it possible to advance our understanding another step.
None of this experimental work makes it seem necessary to introduce any radical
changes in viewpoint concerning the nature of the F-center or of centers derived
from F-centers by ceagulation. The model of the F-center proposed by de Boer has
withstood the test of time and remains an anchor-point,

Important new information on V-centers has become available. It now seems
highly likely that the Vi-center is the counterpart, or antimorph, of the F-center.
The Vi, V5- and Vi-bands are probably associated with coagulates of vacancies and
holes analogous to the R- and M-bands. It is suggested that the Vi-center consists
of two positive-ion vacancies and a single hole, being therefore negatively charged.
This charge will account for its great stability under conditions in which free elec-
trons are produced in the lattice.

Although we still do not possess all the critical experimental information on the
factors which determine the darkepability of the alkali halides when exposed to X-
rays, it seems possible to approach somewhat nearer to the solution of this problem.
Most important for this aspect of the subject are the experiments which demonstrate
that the halogen ions next to halogen-ion vacancies and F-centers possess character-
istic absorption bands (the «- and B-bands). The writer has proposed that the
extensive darkening which can be induced at temperatures at and below liguid
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nitrogen temperature, involves the production of vacancies from jogs at dislocations
by thermal ‘spikes’ which occur at the dislocations when excitons or electron-hole
pairs die near them. F-centers are formed when the halogen-ion vacancies ‘evaporat-
ed’ from dislocations in this way capture electrons either by trapping free electrons
or decomposing excitons which wander near by. Vi-centers are formed in a similar
way when positive-ion vacancies capture free holes.

It is possible that the great sensitivity of the darkening process to traces of
impurities, particularly the halides of divalent metals which enhance darkenability,
rests on secondary processes, such as the ability of the positive-ion vacancies asso-
ciated with divalent ions to help transport negative-ion vacancies away from the
region where they are produced.

Crystals darkened at helium-like temperature are, on the whole, much like those
darkened at nitrogen temperatures. There is strong evidence, however, that the F-
type and V-type imperfections are very densely packed in localized regions, attaining
concentrations near 10?! centers per cc. Such regions should cluster mainly about
the surfaces swept out by the dislocations which climb as vacancies evaporate.

Recent Experiments on Colour Centres

Yoichi UcHipA and Masayasu UrTa

Department of Physics, University of Kyoto

§1. On the two electron-surplus centres in the ultra violet region

An electron-surplus centre made its appearance strongly when electronic currents
were passed through NaCl crystals from a pointed cathode at 450°C or below. In
our laboratory this was called the K-centre. Irradiation of K-centre with K-light
excites Iuminescence simultaneously with photo-current.

In the electric field K-centres drift toward the anode. By continuing the irradia- _

tion at room temperature its absorption coefficient gradually decreases, and Frcentres
are formed (~10%/cc). After complete transformation of K (principally into F), if
the crystal is warmed up to 400°C, the K-band recovers its initial absorption coeffi-
cient.

At room temperature the density of negative ion vacancy will be very small,
therefore it may be considered that negative ion vavancies are produced through the
destruction of K-centres.

These results are well explained assuming that the structure of K consists of a
negative ion vacancy and an F-centre, i.e., F2*, but to a conclusive determination
more experiments must be carried out, because of the fact that Fa* centre is already
assigned to Ri1 or K2 band by Seitz.

Another electron-surplus centre, called K, was found automatically accompanied
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COLOUR CENTRES

with the K-centre. These two centres (K and K’) are transferred into each other
optically.

§2. On the M-cenire

The structure of the M-centre consisting of a pair of positive and negative ion
vacancies and an F-centre as proposed by Seitz had been accepted experimentally by
our method of bleaching with polarized lights.

M-centres were generated in KCI crystal from additively coloured F-centres by
irradiation of F-light. Then they were bleached with the polarized light, its electric
vector being orientated along [011] direction of the crystal. At different stages of
bleaching, absorption curves of M were measured with each of two lights polarized
mutually perpendicular.

Measurements showed that M-centres have several orientations in seme of which
they are destroyed by the [011] light and others are not. Then if we adopt the
above meodel having the symmetry of Ce., after = sufficiently long irradiation with
one of the two polarized lights, the density of surviving M-centres, which are to be
in turn destroyed with the other polarized light, must be 1/6 of -the initial value.
That prediction was verified in this experiment.

Thus our results, in concert with the calculation of energy levels by Inui,
Uemura and Toyozawa, strongly support Seitz’s model.

§3. On the V-centre

Hitherto, most of the investigations on V-centres of alkali halides have been

carried out on the samples coloured by X-ray irradiation. In such cases, since the
V-centres are inevitably accompanied by the F-centre, causing the thermal instabilities
of both centres, the interpretation of experimental facts becomes considerably difficult.
Recently we have studied the thermally stable V-centres produced either by heating
KI and Nal in iodine vapour or by pushing the positive holes into the crystal from
a pointed anode (see below). In Fig. 1, the full curve shows the V-absorption of
KI coloured in iodine vapour. Measurements were carried out at room temperature.
,Mollwo’s data, the broken line, i§ also shown for comparison. There are some evi-
dences that the discrepancies appearing between these two curves can be attributed
to some impurities in the case of Mollwo. The full curve of Fig. 1 may be resolved
into three bands I, II, and III, absorption maxima and half breadths of which are
shown in the following table:

The following facts were found

= Half Breadth (1) The heights of Band I and II
Bal g;'; ?:40 0'2 ;2 are proportional to the pressure of
Band II 298 4:16 0.70 iodine vapour. (2) Band I and II
Band T  ~260 477 ~0.50 show a nearly constant ratio (~0.5)

in their maximum absorption co-
efficients, independent of the crystal
temperature and the iodine wvapour
pressure at which the V-centres

Band TII does not appear in the case of point
anode colouring and it is rather obscure to at-
tribute it to V-centres.
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were produced. (3) This constancy in ratio is maintained during the course of the
thermal bleaching. All these facts suggest that both bands issue from a single kind
of centre. (4) By irradiation of a near ultra violet light, Band I and II are bleached
as shown in Fig. 2. However, when they vanish completely, a stable broad band
ranging from near u.v. to the long wave length side of the fundamental absorption
band appears. So in this case, the constant ratio between Band I and II is not
maintained. (5) After this broad band appears in its fullness, if the crystal is heated
up to 250°C, it disappears and Band I and II recover their original shapes to a great
extent.

Similar facts were also found in Nal crystals (Fig. 3).

It is generally accepted that the V-centres are electron-deficient and the positive
holes generated in the crystal might play an important role. A strong support to
this speculation has been given by our experiment in which the V-centres were
pushed into the KI crystal at an elevated temperature from a pointed anode, just as
F-centres were from a pointed cathode. Considering the nature and mechanism of the
formation of V-centres, it may be concluded that positive holes can be Injécted into
alkkali halide crystals.

ICAL DENSITY
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Fig. 1. Absorption curves of KI crystal containing excess iodine.
A: colouring at 530°C in iodine vapour of ~1.3 atm. pressure,
B: after Mollwo,
C: original blank KI crystal.

Correcting the curve A by the curve C, it can be resolved
into three bell-shaped component bands designated as I, II,
and III.
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Fig. 2.

Light bleaching of addi-
tively coloured V-centre
in KI irradiated by 310-
and 365-m. light from
Hg-arc at room tempera-
ture.
A: initial state,
B: after the irrad, of
4 hrs.,
C: after the further
irrad. of 6 hrs.,
D: after the further
irrad, of 10 hrs.,
E: original blank crys-
tal.
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Fig. 3. Absorption curve of Nal crystal containing excess iodine.
A: colouring at 530°C in iodine vapour of ~3.5 atm. pressure,
B: original blank Nal crystal,

The scale of the optical density is arbitrary, and can not
be common for two curves.

Al i
350 400

150 140 130 120 110 100 80 80

70 &0 50 40 30 20 10
J_||_|_I|JII.EJ_IJ_LI1UJI.lll.IJJJIIJII.IJJ"JIH‘_JLUJMULUlllMLﬂJJLMLLLdMLUMLMJLMLMJJ.I‘IIIIllllI‘II-II|IIII‘IIII|II1!|HII‘IL[I

SECTION C SEPT. 22

The Electronic Structure of Color Centers

Teturo Inui, Yasutada UeMURA* and Yutaka Tovozawa

Depariment of Applied Physics, Faculty of Engineering, University of Tokyo

The main purpose of this report is to give a survey of theoretical work on color
centers carried out recently in Japan. Neither a historical survey nor a systematic
discussion will be given of many important topics?; we will rather speak mainly
about the ‘‘electronic structure” of color centers. The problems of thermal and
photo-chemical processes will also be touched briefly.

‘ ]

In discussing color centers, which are *‘ combined systems’’ consisting of trapped
electrons (or holes) and trapping centers (any types of ion vacancies in the crystal
lattice) , we encounter two important effects. The first is the polarization caused
by the vacancies in the crystal lattice and by the introduction of trapped particles
around them. The second is the effect of the surrounding field.

£

The polarization is made up of an “‘electronic polarization’ due to the redis-
tribution of charge clouds plus a *‘ displacement polarization’ due to the relative dis-
placements of positive and negative ions. Usually the motion of the crystal electrons
that causes the electronic polarization is far more rapid than that of the trapped
electrons. On the other hand, the displacement of ions which gives rise to the dis-
placement polarization takes place much more slowly. Because of this it is usually
assumed that the electronic polarization contributes only to electrostatic shielding
effect and the displacement polarization may be treated as the result of the average
charge distribution of the electrons.

It is desirable to test to what extent the above intuitive treatment is wvalid.
Starting from quantum mechanical and electrodynamical fundamentals, we have dis-
cussed this problem.? The formulation suggested by Mott and Gurney results if
one applies the *‘ pseudo-adiabatic > approximation for the combined systems of addi-
tive and crystal electrons. On the other hand, if one assumes the “ Hartree ™' ap-
pmxiuﬁltion for the same combined system an alternative formulation is obtained.
This second formulation has been applied to various kinds of thermal and optical
processes using the dielectric continuum model.?

There is also, however, experimental evidence that the electronic structure is
not strongly influenced by the polarization effect in certain cases, but rather depends
on lattitce properties. For example, though there is no simple relation between the
wave length of maximum absorption of F bands and the dielectric constant of the
bulk crystals, Mollwo and Ivey have found a simple empirical relationship between
the peak wave length and the interionic distance.® Nagamiya has interpreted this
in a simple way using classical quantum theory.®

We have calculated the electronic energy states of F, M and V centers of several
alkali halides using the so-called LCAO-MO method instead of the usual treatment

* Now at Mazda Laboratory (Tokyo-Shibaura Electric Company), Kawasaki.
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COLOUR CENTRES

which assumes the color center is a simple attractive center in a dielectric con-
tinuum.»®? The result obtained in the case of F-centers provides a means for ex-
plaining the Mollwo-Ivey rule. As for the M-center in LiCl the NaCl, we have
calculated the wave lengths of the A—B transitions, employing the L-shape model
of Seitz.® The results are in good agreement with cbservations.® Ueta’s experi-
ment on the bleaching effect of M-centers by polarized light seems provides evidence
for the proposed model.”

Very recently, a powerful micro wave tecnique has been applied to the study of
electronic structure of color centers by Kittel and collaborators.1® They analyze
very carefully the width of the electron spin resonance absorption line associated
with F-centers in colored crystals of alkali halides and suggest that the width of the
resonance line is not caused by interactions between the F-centers but by the interac-
tions of F-center electrons with their immediate environment in the F-centers. They
further show that the LCAO-MO model gives a natural explanation of the shape
while the ordinary centinuum model fails.

Let us now consider two electronic processes briefly, abgorption of light and
thermal ionization. In crystals these processes are strongly coupled with the vibra-
tion of the lattice and therefore we must treat them as many phonons processes.
The shape of Fbands and its temperature dependence have been explained semi-
empirically by us and later by Nagamiya using the Frank-Condon principle, invoking
the thermal expansion of the lattice. )56

Some time ago, Muto proposed a general method to treat light absorption quan-
tum mechanically and Huang and Rhys then succeeded in calculating suitably the
probability of light-absorption coupled with many phonons.’”> More recently, Kubo
and Lax developed a general method for treating the same problem in which they
used the method of moments derived from generating functions.’® Kubo has also

discussed the thermal ionization of the trapped electron from the same point of
view .13

Finally we would like to mention Kojima’s suggestionl¥ concerning the photo-
chemical processes observed by Petroff.’® He concluded that there are probably no
paired vacancies in the virgin crystals prepared by Petroff and inferred from the
appearance of the new bands such as A, B etc. that there are close relations between
the crystal dislocations and the corresponding centers.
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Application of the Wigner-Seitz Method to the F-Centre

T. Nacamiya, T. Komma, Z. KaNAMoRr: and T. MORivA

Department of Physies, Osaka University

The electronic wave functions and the energy levels of an F-center in NaCl are
calculated by use of the cellular method. The whole crystal is divided into cells
such that the ratio of the volumes of Na* and Cl- polyhedra is eqial to the ratio
of the cube of the respsctive ionic radii. In each cell the Schridinger equation is
solved numerically and the obtained wave functions are joined at the cell boundaries.

The potential function in each cell is taken as

] 2
v=-22 %( = ;—U (R=095d)>  in the (000) vacancy,
r ol 2 2
v=+—2 4 (1- }1, +  (Na* potential) in the (100) Na* cell,
0

S 1 0 e : il
V=— 4 Vs JT«/fd(]'_Ka)_‘—(CI potential) in the (110) Cl- cell,

etc.,

where d is the lattice constant and Ko is the optical dielectric constant of NaCl. The
first terms, +ae?/d, are the Madelung potential, the second and third terms the
potential due to the vacancy neglecting the displacement of the ions. They are
assumed to be constant in each cell in order to make it easy to solve the equations.
The remaining terms enclosed in parenthesis are the Hartree-Fock potential of the

Na* or CI” ions, in which the exchange potential is included in the Slater’s free
electron approximation.®

The following sets of spherical harmonics are used to construct the ground state
wave function :

s and g functions in the (000) vacancy,

s and p functions in the {100) Nat cell,

s, P, d and @ functions in the (110} CI- cell,
s, P and d functions in the (200) Cl- cell,

s and # functions in the (111) Nat cell.
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The wave functions for different cells are joined so as to be continuous together
with their normal derivatives at the center of

the boundary plane between (000) cell and (100; cell,
,, (100) cell and (200) cell,
’ (000) cell and (110) cell,

and continuous at the center of

the boundary plane between (100) cell and (110) cell,
e (110) cell and (200) cell,
i (110) cell and (111) cell.
The continuity requirements of the normal and the tangential derivatives at the last
three points are approximately satisfied in the meaning of the least square method
by using only two undetermined coefficients. Among two remaining coefficients, the
one is determined by the normalization, the other coefficients and the eigenvalue are
determined by the condition that the wave function vanishes at the infinity along the
[100] and [110] directions. Beyond the (200) or (110) cell, only s and p functions
are used in each cell to join along the (100) and (110) directions.

Our result shows that the wave function localizes to a considerable extent at the
ions near the vacancy and is rather flat in the vacancy unlike the Tibbs’ calcula-
tion. ‘This result may be compared with that obtained by Kittel® from the mag-
netic resonance experiment.
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Some Recent Data on Liquid Helium

C. J. GORTER

Kamerlingh Onnes Laboratorium der Rijksuniversileit te Leiden, Netherland

Some data on liquid helium recently obtained in Leiden will
be reviewed and discussed.

Measurements of the viscosity of helium I at different pressures, carried out by
Tjerkstra have confirmed that the A-transformation announces itself a few tenths of
a degree above the A-point by a dip in the viscosity. At higher temperatures and
low constant density the viscosity increases while at densities above 0. 17 it decreases
as a function of temperature. By suitable adjustment of the temperature dependence
of the radius of the hard spheres in Enskog’s theory these data can' be described
satisfactorily.

The adsorption of helium on a surface at pressures slightly below the saturated
vapour pressure is a controversial subject during some time already. Early Leiden
observations about adsorption on a glass surface and certain observations on powders
could be interpreted as indications of the adsorption of thick layers comparable to
the well-known Rellin-Simon film; this would seem to be corroborated by high heat
transport along surfaces even considerably below the saturated vapour pressure.
On the other hand it was not clear why those phenomena disapper at precisely the
A-temperature of the bulk liquid. Repetition by Tjerksira of the experiments on
the glass surface mentioned did not confirm the early interpretation and recent in-
vestigations carried out in Oxford and Chicago also appear to exclude anomalously
high adsorptions. The increase in adsorption, setting in well above 909 of the
saturated vapour pressure, may lead in a natural way to the Rollin-Simon film at
pressures which differ by 1074 or less from the saturated vapour pressure if one
accepts the existence of a negative term in the surface energy which is inversely
proportional to the square of the layer thickness. Superfluid transport of helium
atoms may give the film an unusual stability below the A-temperature.

The phenomena of liquid helium between 1.1°K and the A-point are commonly
described by the two fluid model of Tisza and Landax and there is no difference of
opinion about the equations of motion of the fluids as long as the velocities are
small. In the description of the heat transport and flow phenomena in capillaries
and not too narrow slits, the assumption of a mutual friction between the fluids,
proportional to a power higher than one of the relative velocity, is quite successful.
However, the data collected by Winkel show that in slits of the order of a few
microns this description breaks down, the coefficient of mutual function apparently
growing at the expense of the viscosity of the normal fluid. It is not yet clear
whether introduction of critical velocities, in analogy to Mendelssohn’s critical
velocity in the film, is required to describe the many complicated data. In connec-
tion with certain anomalies occurring in apparatus of much larger dimensions too,
it may be mentioned that the condition, 80 often proposed by theoreticians, that the
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rotation of the superfluid velocity should be zerc has not yet -been used in the
quantitative discussion of the data.

In the two fluid model the so-called diffusion force drives the fluids in opposite
directions as soon as there is a gradient of the relative concentration x of the
normal fluid. The magnitude of this force determines the fountain effect and the
mechano-caloric effect, which according to De Groot are interconnected by the laws
of irreversible thel’mddynami cs.

H. London proposed for the fountain effect dp/dT=pS, where S is the specific
entropy and p the density and for the mechano-caloric effect @*=ST7, while certain
Japanese and Netherlands thermodynamicians prefer to replace S in these expressions
by x(8S/ax)r. Whilst the latter formulation cannot easily be proved or disproved
since (25/ax)r cannot bz measured directly, it may bes stated that the experimental
data available above 1.1°K are in reasonable agreement with H. London’s formulae.
Below 1.4°K the fountain effect is a few percent higher than expected while above
1.7°K the rather uncertain fountain effects are considerably lower. Kapitza’s data
on the mechano-caloric effect, on the other hand, are generally about 109 higher
than is expected from H. London’s formula.

Quite recently Bofs has carried out an investigation on the fountain effect below
1°K. The integrated fountain effect was measured keeping one side of a powder
packed tube at a constant temperature of about 1.1°K while the other side was in
contact with a paramagnetic powder which slowly warmed up from about 0.2°K.
Up to 0.5°K no decrease of the integral fountain effect was observed, though H.
London’s formula predicted a decrease of 1.3cm. With increasing temperature f.
London’s formula was approached when the cold side was about 1.0°K. Taking the
experimental accuracy of a few millimeters helium pressure into account the results
were identical for various tubes if only the powder was packed tightly. Specific
heat data of Kramers indicate that below 0.5°K the only surviving excitations are
the phonons and the sound pressure due to them is the only, fountain effect for
which H. London’s formula can be rigourously derived. It seems mysterious why
just in this case no fountain effect is observed.

Feebly damped heat waves have only been observed in liquid helium TI and the
picture in which the two fluids oscillate with respect to each other, in such a way
that one has kinetic energy and Inertia effects without net mass motions, satis-
factorily describes this second sound. From the accurate measurements of the
second sound velocity one may conclude that when T varies x is approximately pro-
portional to the entropy S, a conclusion which at the higher temperatures is con-
firmed by direct determination of x by Andronikashvili’s method.

Landan suggested in 1941 the normal fuid to consist of two kinds of excitation
which he called phonons and rotons and he expected that below 1°K the rotons
would ‘Tapidly die out. On the basis of this picture he predicted the second sound
velocity to rise below 1°K from a relatively low value to Vifa/3 where V: denotes
the velocity of normal sound. Though early investigations seemed to confirm this
prediction, recent researches carried out in different Iaboratories lead to other
results.

Using the pulse technique and tubes of different lengths Kramers has found that
at temperatures below 0.2°/K the front of the heat pulse travels with the velocity
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V: of normal sound. This indicates that at those temperatures the phonon mean = E
free path is at least several centimeters though it is not evident which are the = =
frequencies associated with those phonons. At somewhat higher temperatures the = A i
front is less well defined, its velocity becoming smaller and dependent on the length E =
of the tube; there is then some analogy with any heat conductor into which a heat e my
pulse is introduced. At about 0.8°K the well known phenomena of second sound = =
appear, though the damping is considerable. This high damping has disappearsd at = 0 3
1.1°K. TIt- seems appropriate to reserve the term second sound for the waves = =
travelling at the higher temperatures where long free paths of the phonons have = i
not vet led to strong damping or even have changed the whole character of the 2
phenomenon. = =
Taconis and his group are carrying out observations on dilute solutions of *He S _:
in ‘He, which we shall not discuss in any detail. In general the dynamical and =3 =
thermodynamical behaviour of these solutions seems to be in agreement with the = =
hypothesis that the 3He atoms join the normal fluid. The results do not all agree = 90 =
with those obtained elsewhere. The statement made by Taconis and Beenakker that Sl
the line giving the concentration of *He in the vapour as a function of T has a = =
knick at the M-point may be corroborated by a general thermodynamical argument. =8 s
Experiments in this field are greatly complicated by concentration gradients and = =
extra temperature jumps at walls set up by even small heat currents and by filter- 5—110—5
ing action of the Rollin-Simon film creeping out of the mixture. — =
E—120—
E. 2
G =—150—
4 ' ; ) E—lio—
Review of the Recent Works in Japan on the Two Fluid =
Theory of Liquid Helium SE
Sadac NAKAJIMA =
—— 160 —
Physical Institute, Nagoya University. = JE
% . . ) E— 170 —
Since 1949, we have developed the two fluid theory to cbtain a consistent = =
description of various experimentul facts on the dynamic properties of liquid helium =3 i3
II. The theory has been formulated mainly by Usui and applied to various phe- =— 180 —
nomena by many authors. Some of our recent studies will ba reported here. = -
1° By applying the general method of thermedynamics of irreversible processes, i—l%—i
Usui formulated the two fluid theory, including the relaxation of the reaction between ST
the normal and superfluid components. In order to estimate the relaxation time, he 5_20n_5
derived the expressions for the Kapitza heat resistance in bulk liquid and dispersion =N -
and attenuation of first and second sounds. Unfortunately the lack of the detailed — =
data prevents us from drawing a definite conclusion about the relaxation time, though Al
he obtained a value~10-6 sec. from the data on the attenuation of second sound. He = e
found also that the effects of the viscosity and thermal conduction are additive in = oon—
&2, § being the thickness of the boundary layer in which the Kapitza heat resistance =8 N
exists. = =
E—230—
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2° The two fluid theory was applied by Kasuya to the surface flow. He found
that the damping of the oscillation of the surface film is caused by the temperature
difference between the inside and outside of the vessel, which is due to the Kapitza
heat resistance existing in bulk liquid. He concluded thus that the surface flow is,
in itself, perfectly frictionless, if the velocity does not exceed a critical value.

Above a certain critical velocity, he assumed that the superfluid is subject to
the frictional forces exerted by the boundary wall as well as by the normal fluid:

f-: —A{)spn (Us—ﬂw) 85— (BS}'Id) p.qﬂsa,

_ W
A=0 if |zf§a—'f)sl < e, B=0 if :'U,q| <, }

where d is the thickness of the surface film (or the width of the slit). He suc-
ceeded in explaining the saturation of the surface flow rate, and also various phe-
nomena connected with the mass flow through slits, in particular, the experiment of
Bower and Mendelssohn®?. The first term of (1) is the well'known friction in-
troduced by Gorter and Mellink® and the second is suggested by Hung et al.®
(without the critical velocity). The origin of the critical velocity and mutual
friction is, however, not clear.

For the slit narrower than 1u, Inoue assumed the slip of the normal fluid at
the boundary wall:
dﬂn Bpup B
i _ LI e ! -1
e v 10° g=lemd sec™l,
by which he could account for the observed heat flow without assuming any anomal=
ous value® of viscosity 7,. He also introduced the mutual friction proportional
(ve—vs). Though this can be expected from the general formalism, its existence is
rather doubtful as pointed out by Takahashi et al.

3° Second sound below 1°K was discussed by Usui from the phenomenolog'ical
points of view, and by Kasuya, Shimizu, Morita, and Nakajima from the kinetic
theory of the phonon gas. All of them assumed the local equilibrium of the phonon
system. The recent experiment, however, indicates that the mean free path of a
phonon increases so rapidly below 0.6°K that we can hardly assume the local equili-
brium. Shimizu has shown that the observed shape of the received heat pulse can
be explained by regarding the phonon system as a rarefied gas of Knudsen type.

4° The two fluid theory was first app}i::‘.d by Koide and Usui® to the He3-+Het
mixtures. They accounted for the observed increase of the second sound velocity
and decrease of the thermal Rayleigh disc torque on the two assumptions: i) the
Gibbs free energy is given by the model of de Boer and Gorter® and ii}) the He?
component follows the barycentric motion.

Recently Mikura has shown that the second sound in the mixture can also be
explained on the assumptions: i’) the free energy is given by the model of Daunt
and Heer” and ii’) the He® component moves with the normal component of He?,
The second assumption agrees with the observed fact in the stationary heat flow of
the mixture. '

. As for the formulation of the two fluid theory of the mixture, Usui has
criticized the theory of Mazur and Prigogine® : their assumption on the thermostatic
relation of the free energy can not bz satisfied by the observed values of various
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auantities. Avoiding this difficulty, Nakajima has reformulated the theory by apply-
ing the fundamental Gibbs relation only to the barycentric motion. On the basis of
it, Kasuya has criticized previous works. In particular, he pointed out that the
theory of Mikura fails to explain the observed decrease of the Rayleigh disc torque
and that, in order to improve this point, we necessitate a new model of the free
energy which is intermediary between the above-mentioned two models with respect
to the mixing entropy.
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Atomic Theory of Liquid Helium

R. P. FEYNMAN
Cali fornia Instifute of Technology, U.S.A.

Liquid helium II is studied from first principles. We show
how the central features of the two fluid model arise.

In previous work! the A-transition was interpreted as the Bose-Einstein condensa-
tion of a non-ideal gas. We are concerned here with lower temperatures. The
ground state wave function and the types of excited states available at low tem-
peratures are studied.

The wave function @, of the ground state is visualized qualitatively. The
helium atoms are nearly hard spheres. The wave function is everywhere real and
positive and is symmetric for interchange of the atoms. It is described by giving
the amplitude for various configurations of the atoms. If atoms are in contact or
overlapping the function vanighes, and it is largest when they are well separated
from one another. Thus the atoms tend to stay apart and to produce a kind -of
local structure similar in density distribution to that of a classical liquid.

1y R. P. Feynman, Phys. Rev. 90 1116 (1953)..
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An increase of mean density over a large volume Tepresents an energy increase
because of the rise of zero-point energy occasioned by the decrease of free volume,
Long wave sound can therefore be carried by the liquid, and there are density fluc-
tuations corresponding to the zero-point oscillations of this sound field.

Keeping the mean separations of the atoms fixed, and the mean density fixed
there are still configurations which differ from one another, but just in the sensé
that one can be “‘ stirred’’ into the other. Since the structure is fairly open in the
liguid, there is no effective barrier to such stirrings, and the lowest state corres-
ponds to equal amplitude for all such configurations.

: What are the cI‘laracter and energy of the lowest excited states of the system?
First, there are excitations of the long compressional waves, phonons of energy iKC
for wave number K, where C is the sound velocity. The specific heat variation as

T3 (below 0.7°K) shows there are no other states of low energy. Why this is so is
seen as follows.

The wave function must not be altered by any change which simply interchanges
the atoms. Yet the excited state must be orthogonal to the ground state. Starting
at any configuration A, and supposing the amplitude to be positive, one must find a
new configuration B to which we can assign a negative amplitude, and which differs
from the old configuration A by just a stirring of the atoms without change of
mean density (to omit phonon states). It is clear that every such configuration is
close to the original one, albeit with some stoms interchanged. So it is hard to find
a configuration to give a negative amplitude which is sufficiently far (in configura-
tion space) from the original one of positive amplitude to result in a low gradient

of amplitude and thus a low energy. The lowest state will have B differ as much
as possible from A.

Configuration B is furthest from A if all of the atoms in B are between the sites
occupied in A. The transition from positive amplitude for A to equal negative
amplitude for B is as smooth as possible if the amplitude for other intermediate
configurations is simply proportional to the number of atoms on A sites minus the
number on B sites. Density fluctuations and overlapping atoms must be avoided
just_ as in the ground state. It is therefore deduced that the wave function of the
excited states will, to a good approximation, be of the form

V=2 f({R)p (1)
where @ is the ground state function and f(R) is +1 if R is at an A site and —1
if at a B site, and the sum is taken over all the atoms, coordinates R

Other chains of reasoning starting from other viewpoints concur in the conclu-
sion that (1) is a good approximation to the wave function with f(R) some function
with variations predominately of wave length equal to the atomic spacing.

Knowing that (1) is the form of the function, we turn to a mathematical argu-
ment to obtain a detailed evaluation of the best choices for F(R) and the energies
to which they belong. We shall compute the fraction

E= <o, B> [ <o, > @

in terms of f/ and find the /s which make it stationary. Measuring energies above
E,, the ground state energy, the hamiltonian is
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H=— (i[2m) 22+ V—Eo (3)
From (1) and (8), using Hp=0, we find
Hyjr=— (1{2m) Z: (ppf (Ry) +2Fip-Fif (Ry))
Substituting into (2), noting that ¢ is real and that 2¢F@=pg? and integrating by
parts, one gets

E=efom) (2{apir R0 v Ry am9) (25, RIS RI YY) @)

The integral d¥V is over all configurations of all the atoms. In the denominator we
can first integrate @® over all variables except 7, /. This gives a result proportional
to the correlation function p (R;i—R;) for the ground state (that is, p(R—R’) is the
probability per unit volume of finding an atom at R’ if one is known to be at R).
Similarly the numerator is integrated first over all variables but R;, giving the chance
to find an: atom at R:, which is constant. Thus (4) reduces to

B= o) [pr* ®)-rr R R [[p R—RV 7 RS R PRER
This is stationary if f satisfies
— Gem)pf (R) =E[p R—R)f(R) R

which has the solution f(R) =exp(iK-R) with energy

Ex=12K2/2mS (K) (5)
where S(K) is the liquid form factor for He at absolute zero, the fourier transform
of the correlation function;

S(K) = j‘p (R)exp (K- R)d*R.

The function S(K) can be obtained directly from X-ray or neutron scattering
experiments. The behaviour for small K can be obtained theoretically from its rela-
tion to the zero point density fluctuations of the sound field. One gets S(K) =iK/2mC,
so that Ex=7%KC, the energy of a phonon. This must check, because the form (1)
for low K is also exactly the form of the wave function for the first excited state
of the sound field.

For very high K, S(K) approaches 1 because p(R) contains a delta function at
the origin. For intermediate K, S(K) rises to a maximum and falls away, with
perhaps other subsidiary oscillations, as a result of the local order occasioned by the
tendency of the atoms to stay apart. This maximum makes a ring in the x-ray
scattering corresponding to a value of K of order 2z/a.

Therefore, Ex rises first linearly with K, but then falls to a minimum and rises
again. The states available at low temperatures are therefore either phonons, or
else excitations near the minimum of the curve (where it has the parabolic form
4+ (72/2p) (K—Ko)?. Landau has shown that this is just the kind of an energy curve
which will qualitatively and quantitatively describe the properties of helium II. The
kinetic aspects of the two fluid model are also readily understood starting from this
point.
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On the Theory of Sound Waves Applied to
Energy Spectra of Helium II

Toshiyuki NISHIYAMA

Department of Physics, Osaka University

When one aims to get the statistical properties of Helium II at very low tem-
peratures, one meets with mathematical difficulties in solving the eigenvalue problem
of many boson assembly. We apply. the theory of sound waves devised by Bloch and
Tomonaga®” to the many boson problem and examine if this theory bears to obtain
energy spectra of interacting Bose particles in the scheme of second quantization.

By expressing the Hamiltonian in terms of the density operator and the velocity
-operator »(k) one obtains the eigenfrequency of phonons and the energy of the
ground state,® which are shifted due to effect of unharmonic terms.

Up to third order terms the total Hamiltonian reads

1 1 _
H=HO+H'+'2‘_G(U) NZ—— Go.c'\'——m‘l}fez (1)

_mN M o0(k)? -
= S o(B)o(— ngj i p(Bp(— ), D)

e

H =5 5 o@o(=Dpl—k)—je =3 G-Do®p(—Dol-F), @
where v(k) =ik®(—E)/m, [p(k), ®(1)]=7i%bu, (4)
(k) = k| ;:?:'2 j—iﬁ(kq . G(E)Z%j‘@(x)exp(—-ka}dx, (5)

and G(x) is the interaction energy. Introducing the creation opemtm b“{ﬂ} and
annihilation operator b(k) the second order terms becoms

: _ 1
=13l olB) [5* @88+, (6)

where wo (k) is called * phonon energy *’. Regarding the unharmonic terms as pertur-
‘bation energy one gets the energy shift of phonons:

' (R) = | k| (BmC?*2p—1%k | k| [8Bmp—o(|]3) 27, (7)
by evaluating the second order perturbation energy :
o : . s
4B=—-{ | © j_mfr (#)dt | > ®)
and the ground state energy becomes
1, e 1k L (12K@ 72Kyt ;
[P St ) S e [
2 2 GO 2 Gty 2;rr( 6m  48mp ) ©)

1
=EJG (x)dx, K: cut-off number L: length of one dimensional box ”’
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These unharmonic terms show effects of the individual particle motion since they
come from the Hamiltonian of free particles. If the excitation energy is very small
the phonon excitation is the unique one, however as the excitation energy becomes
larger the individual particle motion becomes predominant. In spite of dealing with
the unharmonic term directly we wish to give a model-like interpretation of effects
af the random particle motion giving rise to the energy shift of phonon.

We assume that excited particles are distributed in two regions of the momentum
space. TFor simplicity we restrict ourselves to the one dimensional case. One of
them has two boundaries ik==+7%Ky, Ko>>0 and the other has four boundaries fik=7
(=K+8), K>8>0. If the propagation number K is sufficiently larger than K, and
J is a small quantity, the total Hamiltonian splits into three parts as follows:

H=Hy+H + H,, (10)
H3=Kg+é ST G k) o) pe(— ), a1
H=3G (k) pu (k) p(—) (12)
- | = o |
—K——b H: —K-i—S —Ky Hy Ko K-8 H. K48

where K; is the kinetic energy of the high energy shell and H, is that of the lower
energy region which is expressed by the phonon energy (2) with sufficient accuracy.

ps(k) appearing in the interaction energy H is given by wave functions a* and a
as follows:

=S (% )a(B+%), _ (13)

£

where the summation with respect to K’ is restricted at the neighborhood of X.
Since [Ho, Hil=[H, p:]=[p, H:]=0, the problem is reduced to the interaction of pho-
nons with particles. By virtue of a canonical transformation of the form

2o Jl—B)p (k) Ja(h)). (14)

[p, Ul=—aps, (15)

U=exp([ £ p (010 (8)

[os, Ul=ap,

m=-[ () +2 g

+H( el (kJ}2+i—fc(k;2]m]“%jfawa}, (16)
“"}=1"23“*5(""]3')“(5+',k-), : (17)

one can successively rewrite the kinetic energy K in terms of . the density operator
ps(k) and the current operator Js(k). As for the energy shell the excitation energy

. (RN 1
1S approximately given by ‘ﬁK]:(:n) +£— G(Ie}:| which has the same form with

" Hence the problem is reduced to the interaction between this
bhonon and that of the lower energy part. We find the normal frequencies of the

form
s cm=f{CHRt @] 1"

_J/k; ]:(”f )}2 an
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LIQUID HELIUM
where « is the number of excited particles.

We shall make some discussions on the relationship of the results (7) and (18/
to Landaw’s energy spectrum of Helium II. Kamiya has obtained more or less.
similar results with ours making use of some renormalization processes.
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A Quagtum Theory of Boson Assemblies
Renormalization Method

Kenji KaMIYA

Yamaguchi Woman College, Yamaguchi

Résumé: The author will show a suggestion of the general applicability
of the renormalization process which is familiar to the theory of the
elementary particle, to the many-body problem. The reduced Hamiltonian
includes the results obtained by Prof. Tomonaga and Nishiyama who both
have treated the problem from the viewpoint of Bloch’s theory of sound
wave. Applying this method to one dimensional case, we shall conclude
that all bosons are not perfectly degenerate to the zero-state of momentum
space in the ground state under the influence of the mutual interaction.

1 The Renormalized Hamiltonian of Boson Assemblies

The Hamiltonian of boson assemblies is described as

PSR s SR e (1-1)
a % 2 7

We transform the above Hamiltonian with an unitary matrix U=expiS[fi. S is de-

termined by
3 afa.E,, Sl=ih {H"’y;w}%}_ M, Ho Mo}
q

Hop =31 {A (k) 001+ B(k) prp-i},  [ps, O]~ =ihur (1-2)

where My, is the projection operator belonging to the proper value Ho" of %‘,ag*aqu-

and both A(k) and B(k) are to be determined by the renormalization process.

The transformed Hamiltonian becomes

; Gk
H = []—1H{]=E aq:'?aqEq_l'%: {A (k} @kﬂ—k‘{‘B{kj Pkp—k}"}‘&z_ ] ?(‘ ) PP =%

170

|"I'|'“'llIIllllllIllll|IlllIIJIIIIIIK||IIll!lrllllII]IIII|IIHII!IT|IJIIIIIII|IIIII[III|1'III|IIJI|III||III1|I!I||1!!I[l||l|lll||‘||l|l||‘||'||||"'||'|"Illf'['Il'['lII|""[I"'|”II]""|I'IIIIIII||JIIIIIII|IIl[|1III|IIII]IIEI[IIII|III||||]|I[|||||||||||J|[II|1![|II|IIII[IIII|IIII|JIIF[H||I||l||||Ji|||||l”“i[|||||”||||||[|||]1|”||]||[||||||

160 150 140 130 120 110 100 a0 20 70 60 50 40 0 20 10 0
II|IIJ.I||||| IIIJ‘JI_[ILJL'UJJJ.UJJJ_IILILIIIhltl‘IIIIII|||‘i|it|ll|l|lIII|IIII‘IlllllIII‘]EH|II1I|IIII|IIII ||Il|IIII‘Iilli[lII‘Il-II|IIII1IlII|IIII‘lIII|HII_
SECTION C SEPT. 23 ;
5 G(0) —3] Mo 3 (A () 001+ BE) pips} Mus =
L - ="
St ipyen T, Un—ga) i3
+7¢Z=Ji( ) {n!+ (n+1)! } W =
Gk : e
n=[2" 0o, S| tn=in,SL, Ai=IHuO, S fini=lfi, SI. =
©1=[3) Muy HnMny, SI-_ ges1=1gs, SI. (1-3) =
In the Hamiltopian (1.3), we perf__qrm such renormalization as ;_
> ag"aoEy— 2] My 33 {A () 00+ B(E) pep i} Miny =
—33 (—ih) ~z0] (n+1) 1= — (1-4) E.
where 8 is a constant. ;_
Inserting (1-4) in (1-3), we obtain the renormalized Hamiltenian H,' of (1-3) 5
G(k) po e ol E -
= Hp0 -5 —— it Lk - P 24 A 4 —
B/ =Hat 435" o= 6 O +3] (- {24 L) e ) 2
‘Then, let H; denote the renormalized original Hamiltonian which we obtain by re- =
normalization of (1-1) with (1-4) =
P G’ “po E
H.=UH,/U ls%}[A(k} O+ {B(kJ 4 2—} p;._p_},;]—[—z G (0) +B] =
HIVo+31 1) "o ] (1:6) =
e eI Ml 4 : =
Vr—rgl (—E?LJ”{(W+1J!_?3!J s Fl'—EV;',- SJ— HH-—[F.Q, S]— (1'6 } g_
‘Explaining the above Hamiltonian (1-6), the first term will represent the sound wave =
and the third term is probably due to anharmonicity. =
2 One Dimensional Case i ;_
We define g—
pe=prt+ pr” =§ aq*—r.'.jgdq-;.f-jz"'l_zul ™ =kl Can)2 (2.1) E
i /et —
When all bosons are almost degenerate to the so-called zero-state in the momentum =
space where their momentum vanishes, we can obtain approximately the following =
relation on bosens, =
[pet, pt]l- =Ny (B) 8, —r [pr™, pr=]l-=N_(B) 8. -x» [ps, p’t]-=0 (2:2) §_
where we put 2
}\'T‘P (k) ZQ% (ﬁq—ﬁ'fz_?&;-}.}”’g) y N- (k,} =§ (?3.'1—!'}2—?314-';_) g
= G =
#1; is the number of bosons occupied by the g-th state. =
In this simple case, we can determine @ in the explicit form. §_
— i ; =
0-c= " or*[Nw () +p:”[N-()) @3) =
Then we obtain —E-_
IJT:J?U:%: TPA (B)Y{1/Ny (B) —1/N_ ()} {ox* -1t [Ny (k) —pe~p-r~[N_ (£)} {2-4) i
11 =

=3 (5] = ad (A =l
= = = =) & =1 = I
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where we have assumed e

Bk) +52A (B) [Ny (B) N- (k) =0 (24)
We neglect the higher order terms of (1-6) and {1-4) so that

Ho=Hpo+ T (1,0, 81 4+ 5 EH o, (2900 ) (2:5)
10 L 0= S M s B M=~ (2:6)

Using (2-6), (2-4), we can determine A(k), B(k) and B as
AW =52 By =— 1B polam N, N8, B=S1l (2:7)

The explicit form of H, of (2-5) will be shown in the example.
3 Ground State of Boson Assemblies

We shall apply the obtained results in section 2 to the case, in which all bosons
are nearly degenerate to the zero-state in the momentum space and only & bosons
are in a qi-th state, i.e. m=po—a; #p=a; #1,=0 except q=0 and q1, where a<po.

From (2-5), the Hamiltonian of the system becomes
= 1 3 1 ki) S £l
Hm—k?%gll{b (k}b(!z}+2}ii<ao(kJ g 2 eyt Ll Ol gl L e /8
e l] i, Hadl aﬁﬂk%ug{l—l—b* (“'k) b ('_k) —b* (k) b [k)}
{62 06 (6) + 5 } ™ () + ey
. 5 for =0
+.
2 [<F<2 o1 1 ah2lp? (146 (—k) b (—k) —b* (R)D(R) }
{b (%) b (&) + }’T“"l = 16m (po—a)3q1 (q1+k)
for <0
G(0) . W2 ;
where
2R 12
d ak? wo (k) po 21282
e o BE
o (k) = (k‘}+ (pu—{.\f} {Ql (k) (po—at) * mPwo (k}}

Now we compare the ground emergy Fj (@) of the above case (3:1) with the
ground energy Ev of the case, in which all bosons are perfectly degenerate:to the
zero-state, i.e. A= 0
We have

2%h2k2

ol o (k) m hik ;
Ep(0t) —Eo~ : _| B
=t “16p0M2 ~2 (01" w‘i‘( on[ {Ql (k) mwu’k)}__ fh(fllik):l S
Concerning wo(k), we use such approximation as
1f2
@~ {2 GO} =clr 33)
which is resonable in the limit [k|<"— T =i

fice 167
Egl(a)—Enf‘:gz?:z?rAr{(logB 4}qu2m—r (10g3 4— —)fuq; } (3-4)
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where Np is the number of bosons per unit length.
From (3-4), we can show easily that

E,la) —Ey=<0 (3-5)
in the limit 'q| = 1 ralue of (B, (a)—FEy) becomes
minimum at 1q1|={¥mc

: 0.73 m2C?
<E<h_ {(Ij _‘Eo>rnin—~ =y 16k Ns

For Helium, its numerical value is —1x10"¥% aerg. From (3:6), we conclude that
all bosons are not perfectly degenerate to the zero-state of momentum space in the
ground state of boson assemblies of which the particles interact mutually.

Uncertainty Relations and Ground States
of Liquid Helium
Koji Husmv
Department of Physics, Osaka University

(Abstract is not yet received, Aug. 28)

Remarks on the Theory of Superconductivity

H. FrROHLICH
Department of Theoretical Physics, University of Liverpool, England

The electron theory of metals in its conventional form is based on the hypothesis
that in an idealised lattice (with ions rigidly fixed to lattice points) the electrons
can be considered as moving independently of each other, (free electron hypothesis).
The whole interaction of an electron with all the others is then described in terms
of a periodic potential only. On the basis of this hypothesis, F. Bloch® has shown
that the displacement of ions from their lattice points leads to an additional interac-
tion with the electrons which can be described in terms of absorption or emission
of vibrational quanta. Some time ago it occurred to me® that this represents one
aspect of a field theory in which the electrons are the sources of the field describ-
ing the lattice displacements. In another aspect this field must lead to an interac-
tion energy between electrons. The calculation of this interaction energy involves
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SUPERCONDUCTIVITY

very great difficulties which have not been overcome as yet®. Very strong reasons
can be given, however, to support the assumption that it is this interaction which
is responsible for superconductivity.

To show this consider the Hamiltonian
H=Hy+ Hr+ Hiur (1)
in which H; and H; are the Hamiltonians of the electrons and the lattice field
respectively and Hine refers to the interaction between the two ; the latter has matrix
elements corresponding to emission and absorption of field quanta connected with
the corresponding electronic transitions. To discuss the order of magnitude of the
energies involved, assume one free electron per atom and let £~1 e-volt be of the
order of magnitude of the Fermi energy of the electrons. Further let o’/K~10-2—
108 be the ratio of the velocity of sound (in the absence of Hu) to the average
velocity of a free electron. Then per atom, & o'/K gives the order of the zero point
vibrational energy, due to Hy. The main part of the interaction energy is rather
uninteresting. It can be estimated by assuming that the electrons follow the lattice
vibrations adiabatically, leading to a magnitude —F'¢¢’/K per atom where F is a
numerical constant. It has been pointed out by Wentzel® that F' <1 is required to
keep the lattice stable. This part of the interaction can also be treated in terms of
a canonical transformation® which essentially leads to a renormalization of the
velocity of sound to a value which must be equated to the measured one. This
transformation takes account of the interaction of the bulk of the electrons with the
vibrational field. Transitions in which energy is very nearly conserved cannot be
treated, however, in this way. After carrying out canonical transformation, there-
fore, a Hamiltonian results which still contains an interaction term which, however,
is restricted so as to lead only to transitions in which energy is nearly conserved,
_ l.e. involving electrons in a narrow region near the Fermi surface only. It is this
term which is of principal interest here, The difficulty of treating it is largely due

to the high degeneracy of the system of very many electrons interacting through the
vibrational field.

Certain features of this interaction can, however, be considered without having
a complete solution. Assume - as is likely —~that the remaining interaction matrix
elements referring to emission or absorption of a quantum with frequency » con-
serve energy within a range less than hv. Then in the absence of free quanta a
distribution of IV electrons in which all the NV lowest levels are occupied does not
give rise to any contribution to the remainig interaction. An electron removed
from this contribution to higher energries will, however, make a contribution which
can be calculated easily on the assumption that other electrons do not get involved
except through the Pauli principle. The energy gained in this way must be com-
pared with the increase in zero order electronic energy. It is found then that the
original di_stribution is unstable if a certain parameter F is larger than unity; also
F=F'o'/o- where F'<1 has been introduced above, and ¢’fo=1/(1—F') >1 is the ratio
of the velocities of sound before and after taking account of the interaction with
the bulk of the electrons. The value of the paramster F can be obtained semi-
t::mpirically from the ordinary resistivity pr at a high temperature T at which pr/T
18 temperature independent— together with the empirical value & of the velocity of
sound. It is found then that for nearly all normal metals ‘F <1 whereas for most
superconductors F>1. The order of magnitude of the energy { which can be gained
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in the case F>1 by assuming at T=0 (in zere order) an electron distribution dif-
ferent from the Fermi distribution can be estimated to be about {~ (F—1)¢ a2/ K? per
atom. Thus ¢ is seen to be about ofK (~102—107%) times smaller than the main
part of the interaction energy and hence should have only a very weak influence on
the velocity of sound.

The hypothesis that F>1 defines a superconductor not only leads to a division
of metals into normal and superconductive metals, in fair agreement with the ex-
perimental evidence, but it also has led to the prediction of the isotope effect®.
From the above, ¢ should be (per atom) the energy difference between the normal
and the superconductive state of a metal. This energy is of a reasonable order of
magnitude. Moreover it is inversely proportional to the isotopic mass M a relation
which has bzen confirmed experimentally®. This isotope effect, proving ih;xt Locl/M,
is a very large effect; several orders of magnitude less would be expected from the
influence of the isotopic mass on other types of interaction. It seems, therefore,
that the isotops effect represents a most direct confirmation for the hypothesis
advanced above.

Bardeen? starting from a knowledge of the isotope effect has also advanced the
above hypothesis and has arrived at a similar criterion for superconductivity.

As mentioned before, a satisfactory detailed treatment of the electrons interact-
ing through the vibrational field is still outstanding, and it has, therefore, not been
possible to deal theoretically with the questions of electromagnetic and thermal
properties. From a study of various methods I have come to the conclusion ?hat
any treatment related to methods of perturbation theory would have to go practical-
ly to infinite order. Also I think that if in the correct solution, say for the Igmund_
state, the interaction parameter is put equal to zero, the result would not be des-
cribable in terms of a singe electron distribution (in momentum space) but rather
in terms of a superposition of many distributions. I feel, therefore, that it is pro-
fitable to look for new representations already in the case of the free electron gas.
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On the Phase Transition of the Electron-Lattice
Vibration System

Yoshiharu Krrano

Department of Physics, Naniwa University, Osaka

: I.n Frohlich’s theory? of the superconductivity, it has been shown that a peculiar
fIIStI'lbll:tiOﬂ with a shell has a lower energy than the usual Fermi bﬁe v:rhen tII;e
1ft|te1'actlon constant between electrons and lattice vibrations exceeds a ce,rtain value
E)l}Ch a distribution with single or multiple shells has been considered as identicai
with the superconducting state. However, the appropriateness of thié identification

s questionable. In some cases, the distribution may undergo a deformation gradual-

ly with the rise of the temperature and lose its characteristic shell' structure ap-

fr'oac_hing to the usual one. In this case, we cannot expect the occurrence of the
I'dnS;‘f)‘.lOIl between the superconducting and the normal state Recently, Zimmer

. 3 . i 3
mann® discussed the thermodynamical properties of the electron-lattice vibration

system somewhat in details, but he did not clarify the mechanism of the transition

thus the identification did not become an object of discussion. The aim of the

present work is to study the phase transition of i
: : n of the system in some detai
result of this work, it has been concluded th .

at a) the transition does not o
unless the distribution with & i il
o ith odd number of shells is most stable at absolute zero,

the transi'tion is of the first kind, and ¢) the dependence of the trasition tempera-
ture on the isotopic mass M is not expressed as proportional to M~Y?, With regards
to t_hese results, it may be difficult to attribute the phase transition (;f the elecgtrbn—
lattice vibration system to tHat between the superconducting and the nofmal state.

Now the distribution function is determined as a solution of the following equa-

tions :
af s V [(8F
SR o 3;2‘; Wik, &) frdl,
ey ' )
e, o
&R =L(T) .~
¢ T
s b e d
er & (x) £1=th =x _k{.,.?{.[‘,, (%,9) /() ;y HE (x)}—é; x] =0, 1)

where Fréhlich’s notations are used. At very high temperatures the above equation

(1;) (_:311 be treat'ed approximately as a linear integral equation, which has only one
20 _utmn for a given inter:—;l.ction ‘mnstant. While, below a certain temperature there
Sﬁ:ziegtiﬂ;lerally tgree solutions, if the interaction is strong enough. This circum-
e ‘SOI’neW at similar to that in Weijss’ theory of the ferromagnetis ‘
:ﬁz Ei{lli?;li)s nfrc')mtw?ich j;he magnt?tization can be obtained has threegsoltltirg:;s :;ilu‘:
i . p?ra ure. "lhe weak interaction in the present problem corresponds to
Strong applied field in the problem of magnetism, and there exists only one
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solution in both cases. If the free energy for one of the three distributions is the
Jowest below a certain temperature, while that for another is the lowest above that
temperature, we may be able to infer a phase transition at that temperature. Thus
we see that it is essential for the occurence of the phase transition that (1’) has
more than one solution.

At absolute zero the integral equation (1°) can be reduced to the following form:

=g for oo ="2{(0 0P LW xR0 (>0, :
f(:c}=__(1J’ for o(x)=0 (¥<0).

From (2) the distributions at 0°K can be easily obtained By simple numerical calcula-
tions, and further also the energies for these distributions. Fig.1shows the energy
ps. interaction constant curves, taking the energy for the Fermi distribution as
standard.

E [24/enf 672-Net 1™

Curves I and II represent the
energies for the distribution func-

Qo tions with none or even number
@ and odd number of shells respec-

02 tively, and curve III is the same
as curve 1I with reference to the

parity of the number of shells.

i As for the curves at higher tem-
peratures, II and III will be

f0r deformed and displaced to the
right, leaving I alone. Suppose

081 D that the interaction constant lies
A in one of the ranges B, D, ......,

-1.0 S [ then the distribution II which is
e L.0 20 30 (4]2')?1: refer to the curve II is most

stable at absolute zero, while with
increasing temperature the distri-
bution will change from type II into type I which is only one allowed tol exist at
high temperatures. On the contrary, when the interaction constant lies in one of
the ranges A, C, ......, the distribution of type 1 is most stable at absolute zero .as
well as at very high temperatures. Accordingly, the distribution may change its
form gradually through the temperature range without any abrupt cha;llge,_ and the
phase transition will not occur in this case. Thus, we see that the criterion for tl}e
occurence of the transition is not that the interaction constant exceeds a certain
ﬁralue, but that the distribution with odd number of shells is most stable at absolute
Zero.

We shall pext consider the case in which the transition occurs at very low
temperature. In this case, the free energies for each distributions are given as

follows :

Fig, 1

Fi(T) =E (0) = T%, } {3)
Fu(T) =Eu (0) —yuT?,
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h, Ll (G 1 ¥ s Huctors = 0 —

where yi= L (X: roots of @i(x) =0) » tical mechanics to gain an explanation as to the phase transitions in superconduc . = iE

AR After the Frohlich’s first paper appeared Ichimura replaced the interaction between = o =

. is the temperature coefficient of the specific heat. From (3) the transition tempera- electrons he assumed by the electron-lattice interaction. He assumed the condition = :
ture 7. and the latent heat L can be obtained. We have for second order transition, but instead, it seems rather likely that the phase trans- - e

' E 0V — Etoy ition of first order will be more natural in his treatment. He has also stressed that = 50 —

| Te=qf- I(,),}"—‘EH-@} ) coulomb interaction is of the same order of magnitude as the Fréhlich’s interaction E E
Lo ) = =

' L=2[E:(0) j_;l ) and must not be negrected. S,
= sl = 0)]. ’ : = =

S 1 4 e ! Heisenberg’s theory of superconductivity published several years ago attributed = =

intemmt{?e i i dlffere,-_nce Ei(0) —Eu(0) is evidently not proportional to the the phenomena entirely to the coulomb interaction between electrons. We are rather =

effet‘tc I'C;f Datrjlmetel : Wh{eh has M as a factor, the M* law of the isotope sceptical about his argument. But neverthless it is undoubtedly the next step to = :

t will not hold. Even in other cases, we shall arrive at the same conclusions. take the coulomb interaction into consideration. In spite of the simplicity of the = =

functional form of the interaction computation seems more difficult for the coulomb Ea—

Ref ; interaction rather than the Frohlich’s term, because there is no clear cut between E =

eference the term giving rise to the cohesive energy and the excess term with which the EE— s

1) H. Fréhlich: Phys. Rev. 79 (1950) 845. : electrons interact each other. E :

2) W. Zim TG ik _ z . . E i

mermann: Z. Physik, 132 (1952) 1. A possible model for superconductors will be given. This model is made so as E ot

to fit the use of statistical mechanics. It will be shown this model includes bot_h - :

the electron interaction among themselves and the coupling with lattice phonons. in = =

T e T e T e a simple mannper, and that it gives the phase transition, transition temperature being =—110—

about 1°K. A criterion for the occurence of superconductivity will be given. In = —f

superconducting material there is, in this model, a energy gap for electronic levels, f—lZD—E

superconducting state being stable in the sense that a finite energy is needed for an = :

' : : i- d the majority of the = T

On the Theor sl electron to be extracted from beneath the Fermi-surface, an ; = :

Y of Superconductlwty states under this gap is characterized by electronic supercurrent. Thus supercurrent E—la\'] :

M. Toba and perfect diamagnetism or the London’s two fundamental equations will be derived = =

| s from the model. =140 —

okyo Universi 7 ; . A ; : = :

. i U a e We shall make some postulates for the model with regard to the mechanism of e <
sems i interactions. E_igh

. It has seemed very difficult to get an explanation of the phenomenon of super- § isti i h =

| conductivity in terms of the theory of electrons in metals. Since, however, the réle Since the free electrons obey Fermi statistics, they fill approximately a Bhneis S

| of the interaction between electrons and lattice waves was clarified and énlph‘isized in momentum space, whose radius is determined by the density of the electrons. 160 —
| ‘ by Frohlich, it has become hopeful to overcome the difficulties. In our coﬁntry Momentum space is the aggregate of the quantum states for the entirely free elec- E =
‘ many researchers are devoting themselves to extend and to complete the calculation trons. It is therefore convenient to express the interactions In terms of the elef:tron. = _
1 concerning the electron-lattice interaction. Among these we may cite Kitz;no Y occupying a state and the vacancy or the hole, that is to say the state which is not LE 7 :
! who computed the interaction more precisely and found that there may happen 11,1any occupied by an electron. = B
. shells above the Fermi-surface. He also took the effect of magnetic field into ac- 18—

; "cg‘unt and is going on to the problem of the phase transitions in supercondu.ctore;. 3 v

'( ECtUT‘_:?)- Nakajima, S., Nakano, F., Kitano, Y. and Hayakawa, S. examined the ST RNEL S S

Interaction more closely using the renormalization method and achieved nearly the s s = E

same results as Frohlich himself published last vear. = =

! ishiyam: : =— 200 —
N ishiyama, T. two years ago extended the treatment, by Tomonaga, S., of many = =

Fermion-system to three dimentional case. He aimed to include the static interaction E :

;etwgfzn electrons. This was the problem enunciated by Wentzel, G. Recently e

Iak_ajlma, S. made efforts to renormalize the Hamiltonian including both electron- = =

. lattice and electron-electron interactions. S
_ On the other hand Ichimura, H. has long been attacking the problem by statis- 3 E
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A Comment on Frohlich’s Theory
—On the Divergence in the Perturbational Calculation—
Yoshiharu KiTano

Depariment of Physics, Naniwa University, Osaka

Recently Fréhlich? has pointed that the difficulty of the divergence in the
calculation of the interactions between electrons and lattice vibrations can be
avoided, by leaving the intermediate states almost degenerating to the initial state,
We shall here atempt to show that a straightforward calculation which is regardless
of the above difficulty gives a reasonable result, contrary to the exﬁectation,

For simplicity we shall take a system whose Hamiltonian is given by

H=Hy+ Hi+H,
Ho=321 (PPt 22Q*Q:) + (*p+ 0'2¢%q),
H_[ =Eg Ci (Qs”@*PQ{Q*J > (1)
o= (0’—w'?) g%q.

By the] canonical transformation

b o . Cf oo P
U=eP=expliZu s~ -5 {P/q +P/*q*—Qup —Q/*p'*}], @
the above Hamiltonian passes into the following form :
H=Hy'+Ho' -+ Hs' ++ Hy + -+ » 3
Hy =3 (PYEP + »szQimQ() + @'*p - w’2qg*q’),
Fe i C:Cy P . ;
B =y Shs gaoyn (@S +Q0Qs),
> I ds A !
Hy' = —3 EEJ {‘sz_(U;gJ'E'}Zas Ci(Q¢ +Qvq™), (3}
il o S E CiCy -
il 8 {Zkﬁkg;(l)’ 2_} 2 (R2—a'2) (;3;'2.—(»’@ Q70 gt
e C2 : CiCy .
T 8 [2_# (ka_(o;gjg}zi:ig_xg_(;zz {Qi TQJ""‘E'Q!’-IQJ,*) 3
where @2 is chosen so as to satisfy the equation
£ C2
0’ —w?=3 E{z—-‘w-’z_ : (4)

It should be noticed that none of the solutions obtained from (4) is equal to
and there appears no term where denominator vanishes in the present

calculations. If we take 7 proper w'?, the summation 3 il

120

0F_g2 Ay be replaced
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SECTION C SEPT. 23
F, :
by the principal value of the integral Jmﬂ dj (232, without excluding any
term. However, as pointed out by Fréhlich, the expansion (3) does not converge,

Cy? y ;
owing to terms as > ;- (- e go far as the terms with small denominator are

PRE—w'2)2
not excluded. Here, it will be shown that the energy correction calculated by the
purterbational method from (3) does converge. TFor instance, the energy of the

ground state is obtained as

E=Eot Bet Bt oo, )
E=2 21+,
c2
Er= o d—a) ’ (5)
B cCp St
YT T 40,0, (84 2)) (22 —w?) (82—a'?) °

Though the contribution from the diagonal part of Hy to E: is extremely large, it
is compensated by that from the nondiagonal part of Hy. Perhaps, the same may
fit to the higher order correction. Also in the problem of the electron-lattice
wvibration system we may arrive at the similar conclusion. By a rough estimation
we get

5 2

o (3)

from which it can be seen that E; is sufficiently small to be neglected.

References

1) H. Frohlich: Proc. Roy. Soc, A 215 (1952), 26l.

Statistical Mechanics of Electron-Lattice System

Hiroshi ICHIMURA

Prysics Departinent, Tokyo Institute of Technology

Basing on Prof. Frohlich's idea for the interaction of electrons and lattice
-phonons, we have calculated the free energy of the system of conduction electrons
by a method which has been proposed by the author. In this model the Hamiltonian

«can be written as
H=3 mé&e+2) Njfio,+T'IN
) - - 3 2 18
N=—{ %} %} v q (bearsq*ar—betar-g*ar), I'= (_3_ }_\;a PL”CDP) }
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SUPERCONDUCTIVITY

where ¢, k are the wave number vectors; a, a* (for electron) b, 5* (for phoron) are
the operators which usually appesar in the number representation ; N, is the number
of the atoms in the lattice of volume V; co is the velocity of sound; F=c2[3Mco?uo
as in Frohlich’s paper; po=h?(3N8=V) B2m (N: the number of electrons in V,m
is the -effective mass). With this Hamiltonian we can define the grand partition
function Z for our system as

: b
IN,p-BH g e

iT; }! R’,‘T
where A is the absolute activity for the electron and A=exp(Bu) (x is the chemical
potential) ; Az is that of the phonon and is taken to be equal to 1 afterwards. Sp
means to take the trace of the operator in the bracket and if we use the number
representation it is equivalent to the muitiple summation

1 1 e e

Ny=d Ng=0
Using the expansion technique invented by Prof. Feynman, we can calculate Z in
the expanded form in powers of I' and obtain

Z=1T (1+xe~Fw) IT (1N seFn) "L exp [ (< Ar> + <A2>) +0(7) ]\
q

Z=5p(A\¥en @)

Ty=J ng=0

ri<A>=B3> { ; == : e }
ANt argl—e P B2—R—gyql—eProd 7* i
. i (
M<hs>= BZL (K— ) 2= Sl
e Py , _2mco 280 poF
fk_l—]—he'ﬁek’ SRR B= 3Na
We can determine A from the equation
) Ae Pk
=2 — LN, — (2 2 4)
N — ~log Z= El—lﬁw‘ﬁﬁk 7\. {F <Ar1>+T2<Ar>) (4)

Assuming the second term in the left is small, we get

M ?f (xT) 2_ 2 . D
A= 1e Ertle), E=guhay

(r2<A>)

&1 becomes approximately
poel (oo of T
E= (G 1)

The term £: has special characters and we can proceed as follows.
the equation for &2 as

72 N
). e ool

If we rewrite

EmE0rE, E9=—2uwF(%) Q ©

(€ is a constant of order 1), we have

E=G(E) =G +GoE> - (near £=0) )

Eq. (7) have solutions £=0 and another one £=:0, if we stop with £2. From these
results we can calculate the free energy ¢ of the electrons as
3 —:2 (;cT’J
e = 07
(Jb”" 5 o 4 E 1 Ez
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where @1, @2, 2. and I are the numerical constants. ¢s cerresponds to non-zero £.
With these two equations we can discuss the transition between two branches. If

2
(1 2m)vF>1, ¢y branch is more
This transition is the first

the interaction parameter F satisfies the relation -

stable at low temperatures and transition point appe'lr'a.
order phase change.

A Note on the Electron-Phonon Interaction

Sadao NAKAJIMA

Physical Institute, Nagoya Universily

The self-consistent field method was first applied by Bardeen to the theory -of
conductivity and then by Toya to that of lattice vibrations. As we shall see, the
theory of these authors can be compactly formulated in terms of the renormalization
theory. Qur method seems somewhat more general, since we do not necessitate the
adiabatic treatment, and will be useful to elucidate the basis of Frohlich’s theory of
superconductivity.

The hamiltonian of the system consisting of electrons and ions i$ given by

,H-—J'l}r {x) (._-- 172)1#\ (%) dx {x)pfx)

5[

fx—
Jr(x) : the quantized electren wave (Wlthout spin), p(x) =" (x) wfx) : the density
operator, V: the Coulomb potential between electrons 'md ions, =the Kkinetic

energy of ions+the Coulomb repulsion between ions.

dxdx’ + J. ) Vi(e, X)dx+Hi. (1)

The ordinary Bloch function #: satisfies

okl oo ()
-—-2F’+V(xX°}+j| T

Where X° represents the equilibrium configuration of ions and is the diagonal

part of p(x). In the case of monovalent metals, 2 (x) =izl (x) =¢%= sa that po may
be regarded as independent of the electron configuration.

dx’ )ﬂk (%) =Exatr (%),

We make the usual expansion A (x) =>laem(x). Expanding also the potentials
into the powers of (X—XY and 1r1trodl.1c1ng the suitable normal coordinates g and
P, we have

{2)

where @2, is the fictitious normal frequency, which we would have if ions were

: 1 2
HZE Ekafﬁ*a’“""'z (m P&l‘z"}";[i -Qjczqsz) +E mip—an+2 KL: P —x 0%y

123

160 150 140 130 120 110 10 9% 8 70 60 50 40 3% 20 10
i |
SECTION C SEPT. 23
b=t E=gpr (o) (5) {5 a—ar1-2 () (1)

'FFIT|'TTTJ'I'H'IT] I [I'I'T'I'T [TTFI PTI'ITITIWITI'I’I Tl []|"_ ®

111 PTIT‘TI IT]T IT["[] T | [

TTH | [T ‘I Il | [ III'WTTFTWP’ITFPTH[T I

IIlllll‘ﬂlllTIH[IIIIlIIII‘IIII|IIII‘IIII|IlIIlJIII|‘IIII|IIII|!I||‘I||I[I’III‘IIII[IIlI‘IIH|IH'I[EIII|IIII|IIII|IIII

0

=y (5] e T (A7) —t
[ =] (= o ey =
IIII|III||IIIiilIII|IIIIIIIII|III]Jiill|I|IIIIIII||III1]I[I|IIIIIII|||Il||‘|||||

-1
[}

T

— — — — =
e & L = o=
= =l ) =] S 2

|||||nr|||||||II|I|||||Il'||||||||||lll ||III||||

|]Inr|

5 5 =
& ; )

(|||]|||||| ||||||||n||||;|||l||l|||

sl
el
o]

200

]
o
=

il
42}
L]

JlII|I|||

el
[=1]
=

IIJtlIIII

b
—-I
o

]iII|IIII

o]
oo
[



I i s

400 390 380 370 360

350

340

[

330

[~

320 310 300 290 280 270 260 250 240 230 220 210 200 190

IIIi|lI!I‘II]I|IIII‘IIII|IIII}IIIIIIIII‘IIJlj!IEJIIII|IIII‘IIlIlIIII‘IIII|IIII‘HH'IIII‘IJII[IIIJL_[IIJ||II|IItI||J_UJ.LII_I_|!III‘IIII|[lJJ.‘JJIJJ.I-.LLIL_IJ_IJ_II[I.‘J_I_

SUPERCONDUCTIVITY

vibrating in the fixed charge density po, Vi’ the Fourier transform of (2V'/2X"), and
the last term the Coulomb repulsion between the non-diagoral parts of p(x). Ac-
cording to the renormalization theory, the hamiltonian (2) is rewritten as

H=3&Ga*ar+ 3] (2—;4 b2+ % coxzqﬁ) +3 ViPpo e

2
'1"2 F?z P—mpx+2 (V;:x_" V‘m} PG+ ;‘ E (‘_(_)'{2_.(!,“2} q-czy (3)

f

where o, is the observed frequency and V,» the observed interaction matrix element
between electrons and phonons. We make the canonical transformation to eliminate
the third term of (3) and, in the transformed hamiltonian, cancel out the terms
having the forms of the electron-phonon interaction and of the phonon self-energy.
This condition determines the values of V.# and o.. Up to the second order of V2,
we have

pr (?3&:—?%—_,() v
Ermx—Ex R, (4)
_____ - ( h ) (VEVE+ VeV
AL T 2Moeo, Epx—Ex+ N,
These results agree with those obtained by Bardeen and Toya if we neglect o, in
the energy denominators. Our renormalized frequency does not agree with Frohlich’s
value, because he did not make the correction for estimating doubly the Coulomb
interaction between electrons by the self-consistent field method.

4
VKF = VNS__ .!‘;2_ Zi

(ﬂ_?—x_m) v

On the Renormalization Calculation of the Interaction
between Electrons and Lattice Waves

Huzio NAkANO
Osaka University

The Hamiltonian of the system of electrons and lattice waves in the metal can
be expressed,

H:HU+HI+H2,
72 ; g ‘, 1
H":Q;_; lel 2aa T zk,' Wk (bk*bm”i" E) 7

Hi=a(v)>) B ataadet+a aends™)

Ky

2E—wi ,, . "
=31 =5 0 (0 bt b+ b+ b i)
The meaning of the notation is the following.
«(v) : the coupling constant, a function of the sound velocity, .
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30 —
2(k), o(k) : the virtual and actual angular frequency of the sound with the =8 -
wave number k, and therefore wi=2mvk. The renormalization calculdtion once = =
carried out by us? can be detected in the viewpoint of the scattering matrix in the E 0 TE
field theory. We can discuss the problem of the transitions among the stationary = ==
states of Hy by H: by making use of the so-called scattering matrix, viz., E— 50—
5 = =
U, (8) q-mj drHi () eI (7), ="
0 =60 —
U (#) =1+z‘ﬁj drHy () e UL (7)), = =
r { e £
— 70 —
where Hi () =exp(iHyr) Hy exp (—iHor) , E =
and v is the adiabatic factor. Then the transformation matrix used in I is con- E 2
structed from the above matrices, as follows, %E_ - =
L : _ E =
U= lim [T (0) + U~ (0)] (2) E— 9% —
prise b= =
The limiting process v—0 is justified by the condition that the perturbing potential S
H, become extremely small before and after the scattering. In the present problem, = 10—
however, as electrons moves in the metal always interacting with the lattice =8 ..
phonons, this condition is not fulfilled, and v cannot be made tend to zero. If the = 00—
adiabatic factor is assumed (k) for the collision process with the phonon %, the E :
transformation matrix bacomes E =
U=exp(S), \ ?m_i
S=at(p) S AL i (rc,_k} —— (eer” Drt AT Qe reb™) i = 1ad —E
k@K, k)2t (k)2 ; (3) = T3
h2 7i2 = =
=y 2— — 2—Tawr = =
@lr, k) o (et k) om freor, 5—1-10—E
which reduces to (2) with vanishing v (k). =B E
— 150 —
The Hamiltonian transposed by means of this matrix is = o
H =exp(S) Hexp(—S), =
=Hy+HY + Hy +Hy' 4 SHIN-
in the ascending powers cf a(v). The same treatment may be done as in I in regard i—l“ _5
to the terms H:', and then the final form of H’ is effectively = ! =
H'~Hy+ Hua, =
H=)" 51020413 on(betber =) =
gy 2 M ST R SR S
o), & . : s
: ; Cla ¢+ Fear—2a A Ftear, ’ — =
-} 2 Zolk) (a_ et Cew o +F 1). = =
v (&)* e, ; . —— 200 —
H —If’=-‘.’1 3 T _ it e "{ax .“] a,;b- axéax blw . — -
nd 1 (i»‘,r §:()D(x, k)z-i-'}((k)2 +E et + ki J' ;_-_ _;
In order that this might be the principal of H’, the adiabatic factor (k) should 10—
fulfill the condition, |2s*—w?| <y (k)2<p(x, k), except in the very small regions of S
which is also the condition that the collision terms in Hs" with the same form as = oo —
Hy" might be ignored in comparison with Hy’. The collision term FH,; gives no in- = _=
fluence on the distribution of thermal equilibrium. If the external electric field = =
—20——=
125 = =
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disturbs this distribution, Ha. decides the collision of electrons with phonons, and
the usual theory of electric resistance can be developad. The character of this
calculation is almost the same as that of Frohlich’s.”
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A Remark on Electron-Phonon Interactions

S. HAYARAWA

Department of Physics, Osaka City University

Concerning the interpretation of the superconducting state, it is of essential im-
portance to realize that both electron and phonon do not exist independently but in-
teract with each other everywhere in a crystal, as pui_nted out by a numbzar of
authors in terms of the renormalization of phonon velocity. The eigen function of
the electron-phonon system in an equilibrium state is not of the free Hamiltonian
but of the Hamiltonian involving the self-energy, H.. When an electric field is ap-
plied, the eigen function @ is so modified as to describe the momentum flow

A= (1-E(E—H.)Z) 0, ] (1
where E(x) =P(1/x) —iz8(x) and Z is a complex diagonal matrix. This wave may
further bz distorted due to the interaction as

F=AO+E(E—-H.)HY (2)
with H=H.+H (total Hamiltonian). ¥ expresses a decaying state as @ does, so
that :

(E—H)7= (E—H.—Z)®
Hence the outgoing part of ¥ involves a part £(E—H.)Z@® and a non-diagonal part
that describes the scattering of electrons as

U=AD+E(E—H.) (Z+U) 0= (1+E(E—H.)U) @. (3)

This is nothing but the formalism proposed by Arnous!

Introducing the self-energy FH;

H.=Hy—H;, H=II-1H, 4
where Ho and Hi are free and interaction Hamiltonians respectively, we have
Z=H;+D(HE(E-H.)U), (ba)
U=ND (Hi+ (Hi+H)E(E—H.)U). (5b)

Here we have made use of that Hi has no diagonal part.
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SECTION C

Z is decomposed into level ghift and level width as

i

B
Z=4+ 2—1’ 2

4 should be taken to vanish. In the lowest order perturbation theory,
U=ND(H:), 4=H,+HP(E—H.)H.
‘This is what has been worked out by a number of authors.

In order to obtain the transition amplitude, we have only to take the coefficient

of A® in ¥. Then the transition probability is given by

12
B AR [<b|Ula>12

BRI

dr,

where subscript @ indicates the quantities in the initial state.
twoa (E) dE22m 33| <b| Ula> 12 8 (Ey— Ex) =T,
"t
References

1) E. Arnous and S. Zienau, Helv. Phys. Acta 24 (1951), 24.
E. Arnous and K. Bleuler, ibid, 25 (1952), 581,

For vanishing I,

SEPT. 23

(6)

(7)

8

(9)

T

[n=] B 5]
B2 [ =
= = =
||||I|III|||r|||||

8
||||i.|ll|||||]i||

127

o]
oy
=

IIII|lrIIIII]”IIIIIIIIHIIIIJHIJJIIIIIIIHIIIIIIIIIHIIIII]IIIII!IIIIIIIIIIIIIIIIIIIIII'I-IIIIIIIIIIIIIIIIIIIlIIlIIIII1IiIIIIIIIII]EHTH]HIEIIIIIIII!IILIIIII![IIIIIIIIIIIIJIIlIllIlI[tIlIIIIIIIIIIIII

| e o o o i L
f]

IIII![II||I||I!HI| |

||||'|m

S
=y
fa=]

TN—

]iII|IIII

E—280——



U i ) S I e e T [

400 390 380 370 360

350 340 330 320

Y I B e

310 300 290 280 270 260 250 240 230 220 210 200 190 180

11 IH]|IHI|JIJI|_|I_|_I||].L|J_U|I|JIII[IIIIlIIII’IIIIliliillIIIIIIH|IIII|!III‘IIII|II|IJ.II_J_I_[II_II

DELAYED PAPERS

Methods of Approximation in the Theory of Electronic
Structure of Molecules

Masao KoTANI
Department of Physics, Univeristy of Tokyo

(Received on Aug. 28)

1. Results of calculations of configuration interaction in simple molecles LiH,
Li,, CH, CH,, C,H, (= electrons only taken into account explicitly) etc. will be
reported, which have been carried out by the author’s co-workers in Univ. of
Tokyo, Univ. of Kyoto and Tokyo Inst. of Technology. On the basis of these and
related results, discussions will be given (1) on the comparison of HL and MO
methods, (2) on the possibility of simple approximations, (3) on the degree of
importance of ionic structures, (4) on the structure of the triple bond, etc.

2. The applicability of the VB method has been considerably extended by the
introduction of hybridized orbitals, and usually the choice of orbitals is made so as
to minimize the interatomic energy. However, the interatomic or promotional
energy is very important, so that the actual situation is a compromise between
these two. In this respect the relative importance of s?p?, sp? and p* configurations
of the carbon atom in molecules is a very interesting problem. Semi-emprirical
calculations have been made for the cases of CH; and CH,, the results of which
suggest that lower atomic states contribute to the valence state much more than
is anticipated from the so-called sp* (trigonal) and sp? (tetrahedral) hybridization.
The non-planar pyramidal configurations of CH, have also been studied, and the
choice of the best set of hybridized orbitals is determined in dependence on the
vertex angle of the pyramid. The examination of this problem by taking non-
orthogonality duly into account seems to be very desirable.

3. The quantum theory of molecules has made a remarkable progress, es-
pecially through systematic use of MO method. Still, we could hardly say that
that ihe quantum theory of molecules has reached as satisfactory stage. For
instance, one of the basic facts of the molecular-structure, that each “bond ” in
a molecule has its proper “individuality ” and is fairly independent of the others
in the same molecule, appears rather puzzling to the theory. Prof. Stater’s recent
approach to this problem is very important from this point of view. The VB type
theory used with the neglection of non-orthogonality looks rather suitable to
formulate this individuality of bonds, but is open to serious objection. However,
in the history of the theory of molecules we have so many instances of “good”
results, which prove to be unsound in the next stage of approximation, and hence
whose agreement with observation is regarded as more or less fortuitous. This
situation seems to suggest that the «crude ” theory is not always really so crude
and sometimes at least partial justification might he possible by proceeding to
still higher approximations. Along this line of thought, a quite tentative trial will
be discussed to avoid the higher order permutation difficulty by deforming the
wave-functions of bonding orbitals.
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Equation of State by Fast Computing Machines

Arianna RosENBLUTH and Marshall ROSENBLUTH

Los Alamos Scientific Laboratory, N.M., U.S.A4.
(Received on Aug. 31)

The development of electoronic computing machines capable of performing a
thousand multiplications per second has made it feasible to solve many statistical
mechanical problems numerically by the Monte Carlo method.

In order to calculate the properties of a substance by the Monte Cario method
we consider it to be composed of many identical cells, each containing several
hundred moilecules. We then confine our attention to one of these cells. First,
the molecules are assigned arbitrary initial positions in the cell. They are then
moved successively according to the following prescription: A molecule is moved
a random distance in a random direction. If the move leads to a decrease in the
energy of the system the move is allowed. If it leads to an increase in energy of
the system it is allowed with a probability exp(-AE/ET). It can easily be shownt®
that this prescription leads to a sampling of points in the configuration space of
the system with a relative probability exp(-E/ET). Thus by averaging any desired
property of the system over the configurations reached one obtains its canonical
average. In practice it seems sufficient in most cases to move each molecule about
one hundred times in order to reach equilibrium, and obtain good statistical accuracy.

The system of two-diménsional molecules with Lennard-Jones intermolecular
potential has been calculated and the qualitative features of the liquid-gas phase
transition were observed. However, large fluctuations in the neighborhood of the
transition region made accurate quantitative results difficult to obtain.

The system of two-dimensional rigid spheres was studied and is discussed in
reference (1). :

In the case of three-dimensional rigid spheres an equation of state has been
obtained which is believed to be accurate to about 5% at all densities. It agrees
at low densities with the virial expansion, while at high densities (greater than
one-half the close-packed density) it is in fair agreement with the free-volume
equation of state® and gives considerably higher pressures than the superposition
theory of Kirkwood and Born-Green®.

The radial distribution function at high densities is of a crystalline nature,
showing the various layers of neighbors smeared out around their lattice positions.
At low densities one obtains a smoothly oscillating radial distribution function of

() N. Metropolis, A. Rosenbluth, M. Rosenbluth, A. Teller and E. Teller, J. Chem. Phys.,

21, 1087, 1953.
(2) "W. W. Wood, J. Chem. Phys., 20, 1334, (1852).
(3) J. Kirkwood, E. Maun, and B. Alder, J. Chem. Phys., 18, 1040, (1950).
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the type observed in liquids. The transition between these types of distribution
function occurs at about two-thirds the close packed density. The equation of
state does not indicate a phase transition, but a transition involving a small change
of density, or a higher order transition, could easily have been smeared out.

The Monte Carlo method appears of wide applicability in calculating the
equilibrium properties of substances obeying classical statistics. Further, by follow-
ing the detailed molecular motions it should be possible to study non-equilibrium
phenomena. The authors are now working on an extension of the method o as
to treat Bose-Einstein substances at absolute zero.

The authors would like to point out that the possible application of ‘computing
machines to statistical mechanical problems has long been considered by many
persons, and would like in particular to acknowledge their debt to Professor
Edward Teller whose collaboration in the inception and carrying out of this work
has been essential. We would also like to thank the Los Alamos MANIAC Group
for their kind cooperation.

A New Approach to the Theory of Electrons in Solids

C. A. CouLson

Matkematical Institute, Oxford Universily, England
(Received on Aug. 31)

The most familiar method for treating the electrons in a solid is the tight-
binding approximation due to Bloch, and developed by Mott and others. This is
essentially the same as the molecular-orbital treatment in molecules. It regards
the solid as composed of a large number of atoms arranged in a regular lattice.
But, although this is the account which is natural to a physicist, it is not the ac-
count which is natural to a chemist. For the chemist is interested in bonds, and
he thinks of a solid as an aggregate of bonds. Bonds have characteristic bond
properties, such as length, polarity, force constant, etc., and for this reason Paul-
ing has developed a theory starting with bonds, and allowing resonance.

It is possible to combine these two approaches in a variant of the tight-binding
approximation. Studies with molecules, both of saturated type (e.g. the paraffins)
and unsaturated type (e.g. the aromatic molecules such as benzene) have shown
that a molecular-orbital may be constructed from bond orbitals, and not, as usual,
from atomic orbitals. These bond orbitals are directly related to the chemist’s
bond. A similar approach is possible for solids, and has been commenced.

This new method yields the N(E) curve for the distribution of energy levels as
a function of the energy E; and it also givcs the bond orders, and hence the inter-
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atomic distances. It may be used both for valence solids, such as diamond, and
for metals. It is related to the method of equivalent orbitals introduced by Lennard-
Jones and to the localised Wannier functions developed in the U.S. A.

It is interesting to notice that in many cases, e.g. a single graphite layer, the
predicted shape of the N(E) curve is identical with that obtained by the older_
tight-binding approximation. But in some others, e.g. the simple cubic, it somewhat
generalises the older distribution function.

It should be possible to introduce varying amounts of hybridisation; but the
work here is not yet complete. When it is, a link with Pauling’s scheme should
be obtained.

At this stage it does not seem likely that the method will be directly useful
for the absolute calculation of binding energies.
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Appendix

Researches in Japan
on

Chemical Physics

This is a list of main papers
on chemical physics in Japan.
Brief introductions are also
given, since some of the papers
have been written in Japanecse

and hence their cuwrrency is

limited.
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Crystal Plasticity and Dislocation

Ryukiti Robert HASIGUTI

Dept. of Metallurgy, Faculty of Engineering, University of Tokyo

The early stage of researches on crystal plasticity in Japan goes back to 1928,
when late Yamaguchi (1928, 1929) published the world-known pioneering works on
slip bands of aluminum single crystals. Japanese researchers, however, had been
rather indifferent to the problems of crystal plasticity until 1941. Stimulated by
the review paper on disldcation theory by Seilz and Read (1941), Japanese in-
vestigators began to be interested in this subject. But the outbreak of the World
War II (1941) prevented the undertaking of extensive fundamental researches,
although not a few papers of metallurgical importance were published during the
War.

The real first step towards active researches was taken when the War was
ended (1945). In early postwar period, the researches were chiefly conducted by
three groups, i.e. Sendai, Tokyo and Kyoto groups. At present, however, more
than a hundred investigators, including solid state physicists and physical metal-
lurgists, are actively engaged in the researches.

Now a brief summary of some of the recent papers will be given here. The
readers are also referred to the appended list of papers published since January
1951 and works read before various conferences since January last year.

(1) Theory of Dislocation. Purely theoretical works are rather scarce, re-
flecting the infancy of this branch of science in this country. But it should not
be overlooked that H. Suzuki published excellent works on the interaction between
solute atoms and extended dislocation (H. Suzuki, 1952) and on a detailed con-
sideration of dislocation networks (H. Suzuki, 1953). Ookawa (1953) explained the
fine structure of slip bands considering dislocation loops crossing screw dislocations.
Hasiguti and Doyama (1953) made some calculations on dislocations from the point
of view of clasticity.

(2) Deformation of Single Crystals. It is not easy to summarize in a few
lines the researches on the deformation of single crystals, because so many papers
have been published on the subject. The readers are referred to the appended
bibliography. But attention is called to the beautiful works by Nishimura and
Takamura (1951, 1952, 1953) on the study of slip bands by means of electron
microscope and X-ray. The present writer would like to point out that late Yama-
guchi’s tradition is still alive in this field. - '

(3) Recovery and Recrystallization. This is one of the favorite items of
Japanese investigators. A vast number of papers of metallurgical importance have
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CRYSTAL PLASTICITY AND DISLOCATION

beez.l published, which are not included in the appended list, Kanzaki (1951), Kan-
zaki and Tani (195_1) and Teni and Kanzaki (1953) made some experiments of
recovery and explained it in terms of dislocation theory.

(4) Grain Boundary and Sub-boundary. H. Suzuki (1951) made an interesting

study of boundary migration induced by temperature gradient.

(5) Microp!asticity. T. Suzuki and Yamamoto (1952, 1953) and 7T'. Suzuki (1953)
made an extensive research on microplasticity and related it to atomic diffusion.

(6) Internal Friction and Anelasticity. Hasiguti and Hirai (1951) found a
maximum of internal friction of copper single crystals measured as a function of
cold working. Tani and Oosawa (read, 1951) also obtained the same results.
According to Takahashi (1952), a zinc single crystal shows an interesting non-
elastic behavior when it is under vibration, Kunitomi (1952, 1953) and Kunitony
and his co-workers (1952, 1953) made extensive anelastic measurements of recovery
precipitation and diffusion. ’

(7) Bubble Raft Model. Dynamical behaviors of grain boundaries of bubble
raft model crystals were observed by Fukushima and Ookawea (1953).

The following list of papers and works is by no means a complete one. The
writer is responsible for the selection of them.

Abbreviations

Journal of the Physical Society of Japan. {In English)

Journal of the Japan Institute of Metals. (In Japanese with English abstract unless
otherwise noted)

Journal of Applied Physics, Japan. {In Japanese)

Read before the Divisional Conference of Crystal Plasticity of the Physical Society
of Japan.

C. M.: Read before Conference of the Japan Institute of Metals,

iR Read before the Conference of the Society of Applied Physics, Japan.
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Introduction

Seitz, F. & Read, T. A. 1941, J. Appl. Phys. 12, 100, 170, 470, 538.
Yamaguchi, K. 1928, Sci. Pap. Inst. Phys. Chem. Res. Tokyo, 8, 289.
Yamaguchi, K. 1929, Sci. Pap. Inst. Phys. Chem. Res. Tokyo, 11, 223.

1. Theory of Dislocation

Hasiguti, R. R. & Doyama, M. 1952, C. M. Nov., Core energy.

Hasiguti, R. R. & Doyama, M, 1953, D. C. P. May, Core energy.

Hasiguti, R. R. & Doyama, M. 1953, D. C. P. May, Polygonization.

I-Iasigt_lti, R. R. & Doyama, M. 1953, D. C. P. May, Half dislocation.

Hasiguti, R. R. & Doyama, M. 1953, D. C. P. May, Sessile dislocation.

Hirone, T. & Adachi, K. 1951, Sci. Rep. Res. Inst. Tohoku Uuiv. 3, 454, Electrical properties, (In
English).

Nakamura, T. 1953, Divisional Conf. Phys. Soc. April, Domain wall of Rochelle salt and screw
dislocation. ]

Ookawa, A. 1953, D. C. P. May, Dislocation loop crossing screw dislocation.
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Polymers

Shoten Oxa

Kobayashi Institute of Physical Research, Tokyo

I. Statistical Mechaniecs of Chain Molecules
and Rubber Elasticity

Since 1940, various attempts in this field have been made by Oka (1942), Sakai
(1943), Kubo (1947) and Ochi (1947). Kubo proposed a method of eigenvalue pro-
blems. Afterwards, ¥. and K. Suzuki (1947, 1949) carried out the similar investiga-
tions, taking account of the interaction between adjacent elements, and Isihara
(1951, 1952) calculated the distribution of segments of linear polymer about its
center of gravity and also the probable distribution under the shear force of laminar
flow. The excluded volume effect was studied by Teramoto and Yamamoto (1951,
1952), leading to the result that the correction to the mean square of end-to-end
distance is proportional to N¥? (N: the number of elements), and Saité (1953)
confirmed this result by the method of coupling paramenter. And now this feature
of the volume effect is being tested with square-lattice-chains by the stochastic
experiments using cards by Teraemoto and others.

As for the theory of rubber elasticity, Sakai put forward a pioneering work in
Japan in 1043, criticizing Kuhn's original theory. Kubo (1943) also developed a
theory based on his general theory of linear polymers. Sakai and Isihara (1946,
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1 | 1948) extended the ipvestigation to the elasticity of chain network systems and to tigated the similar problem. Current theories on the concentration dependence of z— —i
i the effect of crystallization. Recently, taking into account of the non-Gaussian the viscosity were criticized by Saitd (1952) and the diversity of the results obtained Sl

i l character and the non-linear connectivity of the network, Isihara (1952) developed hitherto was elucidated. =8 _Z

i d succeeded i laining an e i 7. : ; : : : = =

; g ?m ars _m‘ S exper1m§ntal sromaly pevedid Py j:mzmy The visco-elastic behaviors of polymer solutions and solids have been studied, E oy =
Theory of wool-like elasticity based on the molecular structure of keratin was also Sinbe about 1049 il By the ars A Eiiids 7 5 ook = z

I presented by Sakai and extended by Miyake (1950, 1951). Hayasi (1951) investigated Aot et e el e iy e — ==
AR : Ll i 4 dynamic loss (Tokila, Hidesima, Tohara) and of ultrasonics (Furuiti, Kancko, Ooi = =

I | the effect of crystallization on the rubber elasticity. Saté (1952) developed a theory : : : ! SEE

i | 6 the elasticity -of lguid ik - and others). New methods of the measurements of dynamic properties of polymer = E
| ; v solids have been devised by Kawai (1951—). Theoretical contributions, concerning = o=
11 | the change of loss factor with elongation, to the study of visccelasticity were given E 70—
| II. Theories of Thermodynamical Properties of Solutions by Miyake (1952). The rheological behaviors accompanied by thermal stress were =g _§

‘: - discussed by Takizawa (1952). = % z
..1‘ As early as 1944 Huzisiro gave a thermodynamical theory of polymer solutions = =

i | using lattice model, and later Oosawa (1947) and Oyama (1947) extended and refin- Ve @ e I = E
ed it considerably. Theories of gas-like model of polymer molecule solutions were = Charged BntEEola Bel v =

i ' " developed by Isihare (1950, 1951), following the theories of McMillan-Mayer-Zimm, ik s i : SR
‘ ! yielding rigorous expressions for the second osmotic coefficients of solutions of ovaloids F.or polyelectrolytes OG‘?““’“ and 7, mai (191) succeeded in gi ving exact solutions E 00—
, | _ and of dumbbell molecules; they were applied by Isiharae and Toda (1951 to pearl- of Pmsson-B_oltzmonn equations, suggesting the stl"ong condensation of counter-ions ”:_—1 —
! | | necklace molecules, and by Isihare and Kihara (1951, 1952) to anisotropic colloidal in the vicinity of macro-ions, which is rigid-spherical, rod-like or coiled, in solutions = T
| solutions to explain the appearance of anisotropic phase in tobacco mosaic virus with and without salts, Theorenca_l investigation of mechano-chemical systems E— 10—
i _ or bentonite solutions. Ichimura (1952) and Yaemamoto (1952) made new attempts were. also‘ made by Asakura (1953), in parallel with the experimental work by No- = -2
N | to take account of interactions between polymer molecules, and Kurata and Walari guchi (1953). B e =
| ’ : = ; ! —120—

1| ‘ . (1952) presented an improved lattice-model theory applicable to dilute solutions of For the polydisperse polar polymers the relaxation time distribution and the E E
1 flexible chains with sufficient accuracy. The equation of state of surface films and loss factor are calculated by Oke and Nakada (1950) , according to the theory of = =
i | the surface tension were discussed, using a lattice-model by Saité (1950) and by Kirkwood and Fuoss. Kataoka (1953) also extended this theory to the case involy- E R

| : Kurata (1952), and a nature of coacervation, especially the stabilization of coacer- ing hindered internal rotation. Miyake (1951) investigated theoretically the change = =

. ! ‘ vates of the intermediate size by salt ions, was studied by Ovsawa (1951, 1953)." in dielectric constant of solid polymers with water content. Experimental attacks = 40—

il | Angular distribution of intensity of light scattered by solutions of particles on the molecular state of water‘in solid polymers were carried out with dielectric B 3

i | with various shape was calculated by Saifé and ITkeda (1951, 1952). A relation constant measurements by Kawai and Kurosaki (1951) and with measurements of SRR
between osmometry and turbidimetry in multicomponent systems, and the turbidity infra-red spectra by Kawai and Tuboi (1951). S

of electrolytic solutions were studied by Shoogenji and Okajima (1953). In parallel = =

it | with these theoretical investigations, experiments were carried out by photographical SO E—lao—:

‘ (Shoogenji and Okajima, 1951), visual (Inagaki, 1951), and photoelectrical (YVamada, = =2

try. ; ' : 2SI D = 170—=

! Ll eans ol il preme Besides the researches mentioned above following investigations were also e ey
carried out recently in Japan. = =

L. Viscosity and Viscoelasticity i) The theory of cylindrical viscometer, in which a consideration was taken T

. ) TR _ on the feature of viscoelastic materials, was accomplished by Oka and Takami Em =

] Many efforts have.been done for the investigation of the non-Newtonian Cha?“ (1952, 1953). Hotta (1952) also investigated the method of analysis of viscosity” =— 100 —

| acter of polymer solutions. The effect of the Brownian motions on the intrinsic bicakirements . £ =
H viscosity was considered and the calculation for ellipsoids and other models were per- " e ! rhs Y . ) = =
formed by Saito- ‘His theory was reconsidered from thermodynamical point of view 1) Theor‘etlcal researches on colloids were initiated by Oke (1940) in this =200 —

il | (Saité and Sugila (1952)), and moreover was confirmed by experiments on virus country, and in recent years statistical mechanics of charged colloidal systems was =5 ==
| (Wada (1952)). Theories on the concentrated solutions were presented by Yama- discussed by ITkeda (1952). . E oS
| | moto (1952) and Mizuiani (1951, 1952) taking into account of the network structure fif) Crystallization and second order transition phenomena of high polymers as E =
| of polymer solution. rate processes were investigated by Saka: (1946), Isihara (1946, 1948, 1953), Kiku- 55—990—5
| The inter-relation between the theories of Debye-Bueche and that of Kirkwood- chi (1947) and Ookawa (1951). |§_ -
[. Riseman was shown by Isihara and Toda (1952). Recently Amemiya (1953) inves- iv) Several methods of approximate solution of non-linear diffusion equation E - z
o o T
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were developed, one of which was successfully applied to high-polymeric systems
(Yamada (1950), Fujita et. al. (1951, 1952)).

v) Theoretical studies on biophysics were also carried out by several au!:hors.
Thermodynamical analysis of the biochemical reaction concerning the synthesis and
the destruction was studied by Sugita (1949). He introduced an idea of the ‘meta-
bolic turnover of the negative entropy. Electronic state in proteins was investigated
by Qomori (1951), and interaction between long conjugated - double bond systems
was discussed by Oshida (1953).

vi) There remain many interesting researches not mentioned above in f:he
intermediate field between physics and technology of high polymers, among which
may be included, for example, the research on spinnability of high polymer solu-
tions by Inagaki and Yamamoto (1953).
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STATISTICAL MECHANICS OF LIQUID A. HARASIMA E =
| E—30—
Teramoto, E. 1951, Statistical mechanics of a chain molecule, I1I. General theory, 2. Busseiron by the method of assuming some models, and they were not strictly correct from = g =
; Kenkyu 39, 18. the statistical mechanical point of view. But some relations were obtained by these — z
{ | Teramoto, E. 1951, Statistical mechanics of a chain molecule, IV. (A note on previous paper elementary theories. Among the relations obtained the following may be mentioned: =— 40—
{1 IIT.) Busseiron Kenkyu 41, 14. a) Relation between the change of volume and the heat of fusion of metals at the En =
Teramoto, E. 1951, The excluded volume effect of a chain molecule. Busseiron Kenkyu 42, 24 . P ! 3 : - = =
I : : ” S elti : A : 5 c ; 2 E— 50—
!' Teramoto, E. & Ité, Y. On the configuration of a lattice chain. Oosaka meeting of Phys. Soc. b e pOllTltS 1 L_IV’ B QQ’!L (Harasimg 1938) where AV is the change of volume = =
Jap., May 1953. at the melting point, § the heat of fusion and L is the heeltfﬁ of sublimation. b) 55 =
Tokita, N. & Kawai, H. 1951, Young’s modulus and internal friction of polyvinylalcohol. J. Phys. Formula for heat conductivity of liquids: K =3-1>(10_3—1;;%:T3'C31;"CH1 deg (Usida = — 0
Soc. Jap. 6, 367. 1 3 , bl Sofp e S . St =i =
Watari, T. & Kurata, M. 1952, Method of approximation in polymer statistics, 1. Lattice model l 19‘;9) » where K is the heat conductivity, M the molecular weight and ¥’ is the molar = . :
approximation of rigid polymer solutions. Busseiron Kenkyu 48, 37, W = 2 =
Yamada, N. 1953, The effect of electric field on the light scattering in polyvinyl chloride. Qosaka Attempts to improve the well-known papers by Lennard-Jones and Devonshire = =
. . m;eti;g. ng ?h}'_s. Slo‘c. %apl.éslg[a]j; 19:;3{.:1 ok o ' el concerning the liquid state and the phenomenon of melting were made by Prof. i— &0 —;
e el LR e e e el S Ochiai 1942 and Prof. Toda 1941 who was then one of many distinguished pupils SN
perature on the rate of heating of polyvinyl alcohol. Oosaka meeting of Phys. F e b = 5
Soc. Jap., May 1953. _ Oof rrot. wat. : E 00 —
Yamamoto, M., Matsuda, H. & Teramoto, E. 1951, Statistical mechanics of a chain molecule, IT. Soon after the end of the World War IT Prof. Toda 1947 published two books, =8 .-
Busseiron Kenkyu 39, 14. one with the title « Theory of the Structure of Liquids” and the other with the title = =
Yamamoto, M. 1951, The excluded volume effect of a chain molecule, II. Busseiron Kenkyu « Theory of Liquid ”. The manuscripts for these books had been prepared by Prof. =— 00—
44, 36. e ) o e Toda as early as 1944, but the publication had been delayed owing to the war = A
Yamamoto, Mk& ITBrT.?OtIOS, E. 1952, Statistical mechanics of a chain molecule, . Busseiron circumstances. It m ay be noted that such books as concerning the theory of liquid E 10—
enkyu 47, 18. ) -3 e X i é : - = z
Yamamoto, M. 1952, On dilute solutions of chain molecules. Busseiron Kenkyvu 53, 55. were published in this country in the period of confusion after the war. = =
Yamamoto, M. & Inagaki, H. 1952 A system involving net-structure, I. A theory of non-Newtonian Researches in the field of the theory of liquid were not completely suspended 90—
flow originating in net-work formation of chain polymer in solutions. Busseiron by the war. Some progress was made in the theory of surface energy and =3 3
Kenkyu 55, 25. _ _ _ A J surface tension. Attempts to improve the theories of Prof. Margenaz 1931, Drs. E. =
Yamamoto, M. 1953, Rheology of a_system' mvolwI}g net-structure, I.I. Stram-st‘ress_-hme relation of Kassel and Muskat 1932 were made by Harasima 1940. Assuming quasicrystalline E_lao_

polymer net-wark with chain-breaking and reformation. Busseiron Kenkyu 59, 1. structure he calculated the surface energies of some simple liquids and obtained E

Yamamoto, M. 1953, Rheogy of a system involving net-structure, III. Stress-strain-time relation i : : i £l =

: ; : results which were in good agreement with the observed ones. Further the rela- = Al—
in the integral form. Busseiron Kenkyu 60, 38. tion et th ; ) N e i T e Th £ =
Yamamoto, M. 1953, Rheology of high polymer network. Oosaka meeting of Phys. Scc. Jap., cen the suriace energy and the heat or vaporization was derived. i = =z
: . result was = 2
May 1953. ¢ —— 150 —
. - Y 3 3 /. — -
Yomosa, S. 1953, Production of order in photosynthesis. Busseiron Kenkuy 59, 122. Q +_1 RT Q: Heat of vaporization in ergs/mol. = LE
2 —2.3%108 U: Surface energy in ergs/cm® = =
gy V: Molar volume in cm ——160—
which could be considered as a version of Stefan’s law. =8 o
The theory was Jater improved by Prof. Ono 1947 on the basis of the lattice i—l?(}—i
theory. He determined the hole-molecule ratio on each layer parallel to the inter- = ait
face by the condition of minimization of the free energy. = 180—5
Statistical Mechanics of Liquid On the other hand considerable improvements in the lattice theory of liguid S
. were achieved in the papers of Prof. Ono 1947 and Prof. Toda 1947. They introduced = 190 =
Akira HARASIMA the free volume notion in the theory of Profs. Cernushi and Eyring and assumeéed S =
that the free volume for each molecule depends on the hole-molecule ratio in a =3 T
Tokyo Institute of Technology comparatively simple way. Thus they could obtain good agreement with experi- =
' ment in the calculation of the equation of state and the properties at the critical == ==
| Researches in the field of the theory of liquid began, in Japan, in the Jlatter temperatures of many liquids. =— 10—
‘ part of nineteen-thirties after the theories by Prof. Kizkwood (Statistical Mechanics In the theory of atomic distribution function of liquid some calculations were == =
of Fluid Mixtures) 1935 and Prof. Eyring (Hole Theory of Liquid) 1936, and Profs. made by Harasima 1943 on the basis of free volume theory and temperature depen- ‘5—92{)—5
Lennard- Jones and Devonshire (Free-volume Theory of Liquid) 1937, 1938 appeared. dence of the first peak of the radial distribuition function was derived and compared :§ =
In earlier papers which were published in this country liquids were treated mainly with experiments on liquid mercury by Drs. Boyd and Wakeham 1939. It was shown E =
' =230 ——=
146 147 E .-
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‘ that the height of the first peak of the funetion Rg(R) is proportional to the square Oi, T., 1951 B. K. 44, 52, Compressibility of Liquids and Solutions. =8 =
i root of the absolute temperature. An attempt to solve the integral equation of Ono, 8., 1951, Prog. Theor. Phys. 6, 447 Solutions of Electrolytes andh N(.Jn—Electrolytes. £ z
' Prof. Kirkwood was made by Prof. Ono 1948 who assumed that the radial distribu- Ookawa, A., 1952, J. Phys. Soc. Japan 7, 543 Crystalline Theory of Liquid. E— 40 —
tion function g(R,£) for any value of the coupling parameter £ is proportional to Sato, T. and Ono, S., 1951, J. Phys. Soc. Japan 6, 410. = =
the value g(R) for full coupling and solved by numerical calculations. Shimokawa, J., 1052, B. K. 57, 101 B. E. T. Theory. =— 50 —
= oo Shimeoji, M., 1951, B. K. 32, 14 Surface Tension of Binary System. = =
As is well known, the statistical mechanical basis of the free volume theory of Tamura, M., Kurata, M., H. Kotani, 1952, B. K. 57, 1 Surface Tension of Solutions. = ==
liquid was established by Prof. Kirkwood 1950 and recent investigations by Prof. Tamura, M., Kurata, M., Murakami, A., Ono, S., 1951, B. K. 34, 51 Gibbs’ Adsorption at the = 5 —
Prigogine et al 1942, 1948 are of great importance. Moreover the work by Profs. Surface of Liquid Mixtures. =M -
Mayer and Careri 1952 has made a great contribution by showing how to secure E =
self consistency in the theory. Now attempts to introduce correlations of the E"_._ i
. positions of molecules which are in neighboring cells are being made by Harasima == —— i oy E =
M' and some attempts to improve the statistical mechanical theory of surface tension E g —
1l are being made by Harasima and by Drs. Teramoto and Segawa. = -
i = =
, ‘ ; E
r | References Statistical Mechanics of Transport Phenomena and E
(i L] 3 = =
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Yamamoto’s derivation of the equation is applicable not only to the case of gross

S. Yomosa (1953) presented some consideration on the biological processes from.
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STATISTICAL MECHANICS OF TRANSPORT PHENOMENA S. ONO e ——
ire =30 —
norn_lal set of functlon.s instead of a set of plane waves. And he (1953) tried to classical statistical mechanincs. Having introduced the after-effect function for a = =
obtain a quantal Il:lOdlﬁCﬂFiOn of Kirkwood’s generalized Fokker-Planck equation, phase-function responding to a unit change of an external parameter, he obtained = z
and shF)wed that Eisenschitz’s derivation of the quantal Fokker-Planck equation is the formula giving the cross-correlation function for the phase-function and the = g
hotiquite correct. generalized force associated with external parameter. And he also generalized ;— =
H. Sato (1953) derived the transport equation for phonons in crystal lattices, Onsager’s reciprocity relation to a system with after effect. i
'f)y means of an adequate averaging procedure, but he did not use the time-averag- Hashitsume (1952) generalized the Fokker-Planck equation and Langevin equation 2= -—;
ing process of any kind. M. Toda (1953) presented a method for treating transport to systems such that treated by the phenomenological thermodynamics of irreversi- E*_ a0 —=
phenomena, by considering the change in the distribution as the diffusion process ble processes, based on the transition probability for two states occuring at different E. -
in the momentum space. | times proposed by Onsager. His results are in complete agreement with those E E
obtained By Yamamoto, Ono and Mori on the basis of the statistical mechanics. B
2. BStatistical Mechanics of Irreversible Processes of an isolated system. Hashitsume applied this theory to the problem of the = —=
N. Hashitsume (1950) derived the equation of entropy Hanpie e Brownian motion in a colloidal particle_ and 9btahed the resultg coinciding .with. ;_ 0 _;
and a free electron gas i & e ; the usual one. For the problem of one dimensional heat-conduction, he obtained,. =8 B
gas in metals (1951), by adopting Boltzmann’s H-function as ' ; : 3 i i ’ = =
the definition of entropy. Then he obtained the expression for the rate of irrever. h howej.rer, the St e o L e =i —
sible production of entropy in agreement with that given by Tolman and Fine and H. Sato (1952) obtained the expression for the transition probability in open e o
others” from purely phenomenological consideration. And he (1951) extended the system in equilibrium, based on the assumption that the stochastic processes under = =
above method to the gaseous mixture of reacting molecules. Recently 7. Murakami consideration are all Markoffian. Tl
(1953) proposed far simpler method for the same problem, and obta":ned the lin-ear = i
phenomenological coefficients in the galvano-magnetic phenomena, by using Gans's 4. Phenomenological Thermodynamics of Irreversible Processes i—ll[)—i
solution for the free-electron theory. Having made use of Gibbs’s canonical In 1950, M. Sugita published a monograph entitled « Thermodynamics of Tran- = =
ensemb_le in classical .statistical mechanics, M. Shimoji (1951) obtained the same sient Phenomena,” which covers the fields of the kinetics of phase-transition and = 0
expressions that furnished by the phenomenological thermodynamics of irreversible thermodynamic processes in living systems as well as such field of the irreversible: = :
processes for the case of the chemical reactions. thermodynamics as developed in de Groot’s book. He (1950, 1953) gave the further E = iE
T. Yamamolo (1952) obtained successfully M. S. Green’s Fokker-Planck equation consid.erati_on on the Zrpication ot ghe thermodynami(:s' ot tr'ansient ph SHomens e g_lbu_é
for the gross variables directly from the Liouville equation, without the assu - the biological processes. And he and N: Saito (1952) glvesth_ated the §1ﬂu31on of = =
that the grossly observable variables are represented by a Markoff random process, ideal gases, sedimentation of dilute colloidal solution, dielectric anc.imah(—;s of polar =— 40—
while this assumption of Markoff process is essential in M. S. Green’s theory of solutions, and intrinsic viscosity of non-spherical macro-molecules from ﬂ_le‘ abc_)\re- = —=
time-dependent phenomena. Yamamolo believed, however, that this equation is stand-point of view. And they obtained the relation between th? e dispation = 150—;
confined to the change in gross variables, but it is suggested by Ono (1953) that or entropy production and the probability current of molecules in dilute systems. __

variables bu‘t also to the one of the microvariables such as the positional coordi- thermodynamical and statistical-mechanical stand-points. But there are some =
| nates‘ of a single molecules, and that Kirkwood’s method of derivation of the ge- persons who have some objections to his conclusion. ==
neralized Fokker-Planck equation is essentially equivalent to Yamamoto’s method = 1
1 of derivation of Green’s equation. And Mor; (1953) obtained the expressions for : : -
Il the so-called transition probabilities from the formal solution of the Liouville equa- List of Recent Works in Japan =
| tion, proved that these transition probabilities obey Smolouchowski’s equation, and _ =
obtained the equation formerly obtained by Green and Yamamoto., And he also Hashitsume, N.; 1950, On the rate of irreversible production of entropy in the theory of gas = -
derived the generalized Langevin equation for the mechanical variables of rather . kinetics (in Japanese), Busseiron Ktarﬂ(yu 29, 1. 1 e ; ;—]Qﬁ—f
I ‘I general types. Ono (1953) proposed an alternative method for deriving Smolou- e i 19517 Tjhe i )0 : B]'mal\ pm?;’;f;l ?,i ?EIOPY P e - =
; chowski’s equation, using the coarse- A S Ty = gases (in Japanese), Busseiron a4, 1o. = =
| This methodq simplifies th{f e Oi:fszgr‘amt(?d transition probabilities _Of Callen. Hashitsume, N.; 1951, The rate of local production of entropy due to steady electric current =— 00—
| ‘ p erivation of M. S. Green’s equation. (in Japanese), Busseiron Kenkyu 35, 93. = o
| I| = Hashitsume, N.; 1952, On the rate of irreversible production of entropy, Prog. Theor. Phys, = %
3. Statistical Theory of Thermal Fluctuations 7, 295. Rl
1 In_ 1942, H. Takahasi extended Nyquist’s formula on the thermal noise in e ;\;.511952, ratitionl hsony of Wneuristes il e ) Fent Thenn Bhydetey = E
electrical circuits to a multipole. 523 . D : =090 —
of thermal fluctuation in = A_Ild he (1952) I‘E'.C‘ently developed a general theory Hashitsume, N.; 1953, On the reciprocal relation in continuous systems (in Japanese), Busseiron = z
i mal fluctuation in a system in.thermal equilibrium on the basis of Gibbs's Kenkyu 61, 1 = =
| i = E
150 i =30 —
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General Theories in Statistical Mechanics

Morikazu Topa

Department of Physics, Facully of Science, Tokyo Universily of Education

.

In the field of statistical mechanics there were few workers before 1940. Among
these, Prof. Husimi, K.» of the Osaka Univ. worked out the elaborate paper on
the properties of the density matrix of canonical assemblies (1940;, which is still
having its proper reputation. Prof. Harasima, A.», now in the Tokyo Institute of
Technology, contributed very much to the theory of liquids from its early stages
(1939). He had a small circle for the study of the statistical mechanics, especially
of liquids. Among the members of the circle were Dr. Oka, S., one of the noted
researchers of high-polymers, Prof. Nagamiyae, T.2 (Osaka Univ.) and Dr. Oshida
(Kobayashi Institute of Science). These promoted the application of statistical
mechanics, guided the voung workers and drew down to our country the present
prosperity in the research works on the atomic theory of the prorerties of matter
in bulk or more shortly of what is called «Busseiron” in Japanese. It is quite
true that workers in this field are in some connections with the these pioneers,
directly or indirectly. Professors in the Tokyo University, Yamanouchi, T., Kolani,
M., Ozhiai, K., Sakai, T., and Muto, Y., guided and encouraged all of these
workers with helpful suggestions and comments,

We should like to cite some important papers concerning the general theory
in statistical mechanics which, partly due to the ill conditions during the war, have
not been known so widely to foreign countries. Some of the papers were written
in Japanese and had not been published in current languages. We have here an
example of the evil influence of drawing curtains between countries.

Prof. Takahashi, H.* in 1942 showed that one dimensional system can have no
phase transition at all. The proof was one of the most beautiful use of the grand
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GENERAL THEORIES IN STATISTICAL MECHANICS

partition function. Prof. Toda, M.» proved the validity of the wirial theorem in
quantum mechanics as well as in quantum statistical mechanics with applications.
Prof. Kubo, R.® invented the matrix method for the order-disorder problem, which
was quite equal to but preceded the famous paper of Kramers and Wannier.
Prof. Takagi Y.© developed a theory of order-disorder seeking for a kind of the self-
consistent solution for the probability of atomic arrangements. It was shown that

his method lead to nearly the same results to the Bethe's method, but was very
convenient for practical applications. ' '

Nowadays we have several hundreds workers who are skilled in statistical
mechanics and are engaged in the research problems concerning the atomic theories
of the properties of matter in bulk. Remembering that the famous texts in these
fields had been scarecely published before 1948, we can safely say that the theore-
tical physicists in our country have done so much in these fields, and we believe
that it is not accidental that their contributions are increasing with years.

Following is a list of papers published in these several yvears in the field of
the general methods in statistical mechanics, mainly the papers concerning the
problems of order-disorder and of condensation.
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Kamiya, K. Oomori, K. 1951, Buss. 40, 104 Projection Operator and Ohservation

Kanoo, K. Naya, S. 1951, Buss. 39, 4 Kagome Lattice

Kanoo, K. 1952, Buss. 48, 78 Eigenvalue Problem of Crystal Statistics !
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Takemura, T. 1951, Buss, 43, 43 Quantum Statistics of Condensed Systems
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Kikuchi, R. 1951 Phys. Rev. 81, 988 Cooperative Phenomena E—
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LIQUID HELIUM

Liquid Helium

Sadao NARAJIMA

Physical Institute, Nagoya University

A theoretical work of Nagamiya on the zero-point motion in solid helium ap-
peared early in 1939, although there was no helium liquifier in Japan until 1952 and
our experimental researches on very low temperature phenomena have just started.
Soon after the war, Negamiya wrote a concise book on liquid helium, which was
a critical review of previous works and was very stimulative for younger theoretists.
Many important theoretical contributions have followed it in spite of deficience in
the experimental side, and the theory of liquid helium is now one of the most
actively investigated subjects in Japan.

After the war, we first took up the two fluid theory to accomplish a consistent
phenomenological description of various facts, on which the molecular theory should
be constructed. In 1949, Nakajima, Tomita, and Usui formulated the two fluid
theory by means of the thermodynamic method. Extension and generalization were
done mainly by Usxi and we now have the theory in a completed form, in which
the recent powerful method of thermodynamics of irreversible processes is fully
utilized. The theory has been applied to the analyses of various phenomena
(second sound, dispersion and attenuation of sounds, thermal Rayleigh discs, heat
transfer, surface flows, isotopic mixtures) by many authors (see the list of papers).

On the basis of and in parallel with these phenomonological works, the molecuiar
theoretical considerations have been developed. In 1949, Toda proposed a model,
in which the statistical correlation between atoms is taken into account by assuming
a sort of molecular formation. This model was also applied to the isotopic mixture
of He’_He! by Toda and Isihara. Harasima treated the isotopic mixture by con-
sidering it as a mixture of the modified Bose gas and the Fermi gas. The orthodox
method of quantum statistics has been developed by Matsubara, who applied the
Hartree-Fock approximation to the Bose condensation of the interacting assembly.
He also succeeded in formulating the Bose condensation of the ideal gas in the
same form with Mayer’s theory of ordinary condensation ; generalizing it to the
interacting boson assembly, he tried to replace Toda’s ‘ molecule’ by the more
resonable concept of cluster, which is formed by helium atoms on account of the
statistical correlation.

As for theroetical approach to the solid, the earlier work of Nagamiya on the
zero-point energy was extended by Murayama and Ueda. Kubo has proposed a holz
theory of quantum liquid ; he supposed liquid helium as a sort of solid, in which
¢ plastic * flows occur on account of the quantum mechanical resonance effect, but
not of thermal agitation.

There are a few works on the transport phenomena, though they are rather
preliminary ones. The gas kinetic theories of the ideal Bose gas and of the phonen
gas have been discussed by several authors.
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S. NAKAJIMA

It should also be mentioned that quantum hydrodynamics is one of our main
subjects. Nishiyama has developed quantum hydrodynamics on the basis of second
quantization formalism not only to justify Landau’s rather crude theory, but also
to establish a new method of approach to the quantum mechanical many body
problems. On the other hand, Ife formulated the variation principle of classical

hydrodynamics by the Clebsch transformation in 1951 and has recently quantized
it.

List of Papers

Note: B. K. is the abreviation for Busseiron-Kenkyu (Japanese Journal of Chemical Physics)

I. Two Fluid Theory

Harasima,A. 1951, B. K. 37, 63 (Hamilton’s principle for the equations of motion of He II)

Harasima, A. 1951, B. K. 44,44 (Thermostatics of He?— He! mixtures)

Horie, C. 1952, B. K, 55, 36 (Generalization of Gorter’s equatirn of motion)
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Inoue, T. 1952, B. K. 51, 15 (Heat transfer through slits)

Kasuya, T. 1953, B. K. 59, 50 (Surface flow)

Kasuya, T. 1953, B. K. 59, 62 (Critical velocity and friction)

Kato, Y., Mikoshiba, M., Mitsuma, T. & Takahashi, K. 1953, B. K. 59, 31 (Mutual friction
proportional to the relative velocity)
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thermal Reyleigh disc)

Kondoh, A., Nakajima, S. & Shimizu, M. 1951, Prog. Theor. Phys. 6,7 939 (Pressure effect on
the second sound velocity)
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Mikura, Z. 1953, B. K. 59, 13 (Pressure effect on the second sound velocity)
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Sato, H. 1951, B. K. 35, 15 (Anomalous absorption of sound in He I)

Sugihara, K. 1952, B. K. 50, 46 (Absorption of sound in He II)

Usui, T. 1951, B. K. 44, 119 (He II near 0°K)

Usui, T. Koide, S. 1951, B. K. 45, 30 (Two fluid theoretical description of He II)

Usui, T. & Koide, S. 1951 Prog. Theor. Phys. 6, 506 (The effect of He ingredient on the wave
propagation) :

Usui, T. 1951, Prog. Theor. Phys. 6, 480 (Pressure equation of the two fluid theory)
Usui, T. 1951, Physica 17, 694 (On the thermodynamic eguation of motion)

Usui, T. 1952, B. K. 49, 1 (Thermodynamics of He’—He* mixtures)

Usui, T. 1952, B. K. 54, 45 (Thermodynamics of He II)

Usui, T. 1952, B. K. 57, 63 (Critique on the theory of Prigogine and Mazur)

II. Statistical Mechanics

Harasima, A. 1951, J. Phys. Soc. Japan 6, 271 (On the Lambda point of He? — Het! mixtures)

Matsubara, T. 1951, Prog. Theor. Phys. 6, 714 (Quantum statistical theory)

Morita, M. & Honda, N, 1951, B. K. 35, 124 (Bose-Einstein condensation—Hartree approximation)

Nakajima, S. 1953, B. K. 62, 168 (Kinetic theory of the phonon gas)

Toda, M. 1951, Prog. Theor. Phys. 6, 458 (Molecular theory of liquid helium)

Toda, M. & Isihara, S. 1951, Prog. Theor. Phys. 6, 480 (On the liquid He® and its ‘mixture
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RESEARCH WORKS ON THE ELECTRONIC THEORY OF SOLIDS : T. NAGAMIYA .
III. Quanium Hydrodynamics Kitano Y., and Komatsu K. (1951) Buseiron Kenkyu 36, 41 (in Japanese) Theory of the Electronic E
Tto, H. 1951, B. K. 37, 63; 1953 Prog. Theor. Phys. 9, 117 (Variational principle in hydro- Conductivity of Graphite _ E—QO
dynamics) Komatsu K., and Nagamiya T. (1951) Jour. Phys. Soc. Jap. 6, 438 Theory of Specific Heat of =
Nishiyama, T. 1951, B. K. 44, 21 (Specific heat of the boson assembly and second sound of Graphite Ex
A He IT) ) Muto T. and Ovama S. (1950) Prog. Theor. Phys. 5, 833 Theory of the Temperature Effect of = 5
Nishiyama, T. 1952, Prog. Theor. Phys. 8, 655; 1953 ibid. 9, 245 (Quantum theory of boson : ' Electronic Energy Bands (I) i =
assembilies) Muto T. and Oyama S. (1951) Prog. Theor. Phys. 6, 61 Theory of the Temperature Effect of =
Electronic Energy Bands (1T} =— 60
Morita A. (194%a) Sci. Rep. Tohoku Uni. 33, 93 Electronic_Structure of Diamond Lattice Type g_
e === | Crystals . E
Morita A, (1949 b) Sci. Rap. Tohoku Uni. 33, 144 The Electronic Structure of Bismuth Crystal e = 10
Morita A. and Horie C. (1952) Sci. Rep. Tohoku Uni. 36, 259 Electronic Structure of Ba0 g‘“
Crystals = m
Research Works on the Electronic Theot'y Shinohara S. and Toya T. (1952) Buseiron Kenkyu 55, 1 (in Japanese) Electronic Structure of E
2 i Alloys : =
O-f S{)hds mn Japan Toda M. (19533} Jour. Phys. Soc. Jap. 8, 339 Diffusion on the Fermi Surface and the Conduc- g—- ]
tivity of Metals _ —
Jiro YAMASHITA ‘Toya T. {1952) Buseiron Kenkyu. 59, 179 (in.Japanese) Theory of the Electronic Conductivity g_wo
. of Monovalent Metals =
Instititte of Science and Technology, University of Tokyo Toya T. (1953} Buseiron Kenkyu 64, 1 (in Japanecse) Theory of the Electronic Conductivity of E—
Transition Metals E—no
: : Yamaka E. and Sugita T. (1953) Phys. Rev. 90, 992 Energy Band Structure in Silicon =
As is well known, the electronic theory of solids has a history of about twenty- . Crystal : : =
five years since the famous work of Bloch and its development covers at present a Yamashita J. and Kojima M. (1952a) Jour. Phys. Soc. Jap. 7, 261 On the Electronic States of E—120
very wide range of the field. In our country, too, various kinds of the research the Doubly-Charged Negative Ions of Oxygen in Oxide Crystals =3
works concerning this field have been published. Their subject matters, however, Yamashita J. (1952 b) Jour. Phys. Soc. Jap. 7, 284 Quantum Mechanical Computation of the = :
seem to be taken up in rather divergent ways and have never been concentrated : Lattice Energy and the Lattice Constant of LiF Crystals W
on some specified problems in that field. As a matter of course, it is hard at Yamashita J. and Watanabe M. (1952 ¢) Jour. Phys. Soc. Jap, 7, 334 On the Conductivity of

Non-Polar Crystals in Strong Electrostatic Field

present to find where the stress is especially placed in our research works. >
Yokota N. (1953) Buseiron Kenkyu 64, 148 (in Japanese) On the Polaron State
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Roughly speaking, however, they may be classified into two main tendencies ; Umeda K. and Yamamoto T. (1951) Jour. Sci. Hokkaido Uni, 4, 65 Note on the Convergence
the study of the electronic structure of solids and that of the interaction between ' ot the Broll Method

electrons and lattice vibrations. In the former, the main subjects worked out so
far are as follows; the electronic structure of silicon (Morifa, 1949 a), and bismuth
(Morita, 1949 b) by the method of the tightly bound approximation, of silicon by
the method of Lage-Bethe’s cell method (Yamaka and Sugita, 1953), the cohesive
energy of LiF crystals by Heitler-London approximation (Yamashite and Kofime
1952), and electronic state of O~ ions in MgO crystals (Yamashila, 1952) and so
on. In the latter, the following works have been done ; the improved treatments of \
the electrical conductivity of alkali-metals and transition metals (Toye, 1953 a, b), Antiferromagnetism and Ferrimagnetism
the theory of the mobility of electrons of semiconductors in strong electrostatic :
field (Yamashite and Watanabe, 1952), the temperature effect of electronic energy
bands in crystals (Mute and Oyama 1950, 1951) and so on. Further it must be _
noticed that the above research works are not isolated, but are connected to the Department of Physics, Faculty of Science, Osaka University
study of the behaviour of electrons in dielectrics, the electronic structure of colour
centres in alkali-halide crystals or the theory of the super-conductivity.

Takeo NAGAMIYA

The investigation of magnetic properties of matter in Japan has a very early
origin. - In the later years of the last century j. A. Ewing visited Japan and stayed

List of P: ;
R e at the University of Tokyo. He and his pupils H. Nagaoke and K. Honda carried

5]
Ba
=

Kanazawa H., Koide S., and Noguchi T. '(1953) Prog. Theor. Phys. 9, 288 On the Lattice out a number of pioneer experiments of ferromagnetism. Thus, as early as 1888,
Vibration and the Effective Mass of Conduction Electrons Nagaoka made an experiment of the magnetostriction in Ni wire, measuring the
: 230
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ANTIFERROMAGNETISM AND FERRIMAGNETISM

intensity of magnetization as a function of torsion. Later works by himself and
his collaborator Honda on the magnetostriction in Fe, Ni, Co, Fe-Ni alloys con-
stituted the earliest precise measurements of that sort we ever had. Subsequent
numerous works by Honda and his pupils in the earlier half of this century are
widely known. Among them are S. Kaya’s precise measurements of the magnetiza-
tion curves for the single crystals of Fe, Ni, Co, which you may find in any fext-
book of ferromagnetism.

In last decade, it seems that a keen interest has been generally directed to
the magnetic properties of ferrites and other compounds, especially with the develop-
ment of high frequency technic and of neutron diffraction technic. In this region,
investigations in Japan are not inactive.

We shall first describe the theoretical development of antiferromagnetism in
Japan. A number of more or less interesting papers, published or unpublished,
appeared on this subject during and just after the war, of which we shall mention
the names of the authors only: S. Mivahara, Y. Takagi, T. Nagamiya, S. Nakajima
and M. Shimizu. When a paramagnetic resonance experiment by Trounson and
others with Cr,0; appeared in Phys. Rev. (1950), Nakajima and Shimizu tried to
explain its results by combining Kittel's theory of ferromagnetic resonance and
Van Vleck’s theory of the susceptibility of antiferromagnetics which is based on
the approximation of Weiss molecular field, but this trial failed. Then Nagamiya
(1951) took the anisotropy energy explicitly into the theory, as it was already done
by Néel in 1936, and computed expression for the susceptibility as well as resonance
formula. This constitutes the earliest general theory of antiferromagnetic resonance.
In ths same year and in the following early years, Yosida extended this theory to
the case of spins of a finite magnitude (because Nagamiya confined himself to the
classical spin), and applied his theory to MnF, and CuCl-2H,0. As regards the
latter substance, experiments of particular interst have been carried out at Leiden
under Prof. Gorter, and Gorter himself worked out in 1952 an apparently more
general theory of the antiferromagnetism of this substance for the special case of
absolute zero. Nagamiya has now shown, however, that Gorter’s theory and the
subsequent extention of it by Ubbink to the resonance problem are equivalent to
his and Yosida’s theory as regards formalism, and could explain all the main
features of Ubbink’s resonance experiment to a good approximation not only for
absolute zero but also for elevated temperature. Other problems of CuCl,.2H,0,
such as the theory of the change of Néel point with the strength of applied field
and quantum theory of computing numerical values of the anisotropy constants,
have just been done by Yosida and his collaborators (1953).

Spin wave theory of antiferromagnetism and other approximational methods
higher than the approximation of Weiss field have been developed by R. Kubo and
T. Nakamura. Kubo (1952-53) extended Anderson’s (1951-52) spin-wave treatment
to a higher approximation and to an arbitrary temperature. His method of employ-
ing a variational principle (1953, Rev. Mod. Phys.), which in some sense is a Hartree-
Fock method, may be estimated as an interesting mathematical technic. Nakamura
(1952) calculated the resonance frequency for an electromagnetic field by spin-wave
method and obtained a result which agreed with Nagamiya’s for absolute zero and
for the field parallel to the easy axis of the spin system. Shoji (1951), treated a
one-dimensional antiferromagnetic system of spins of 1/2 by a method somewhat
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T. NAGAMIYA

similar to that of spin-wave and calculated the ground energy level and the parti-
tion function. Other methods have been developed by Kubo and his collaborators
(1951-53) and Nakamwura (1953), but have not been very successful.

A band theoretical treatment of antiferromagnetizm has also been developed by
T. Matsubara (1952-53) along the line of the idea put forward by Slater (1951).
Super-exchange has been discussed, too, by M. Shimize (1953).

A very brief survey of the experimental and theoretical investigations of the
magnetic properties of ferrites and other compounds in Japan will now be given.

A research group at Tohoku University under Prof. Honda was working before
the war with magnetite, pyrrhotite, and CrS, measuring their magnetization, electri-
cal conductivity, Hall effect, thermal properties and X-ray patterns, with both
natural and synthetic materials. T. Okamura, T. Hirone and S. Miyahara were
mainly responsible for these experiments. Miyahara (1939-40) and later Hirome
and Mivahara (1942-43) developed a theory of the ferromagnetism of these substa-
nces under an assumption that these substances might be a semi-conductor of
Wilson type with exchange interaction between electrons. After the war, microwave
technic was introduced into Japan, and a great number of ferrites have been
investigated by the resonance method, by T. Okamura and Y. Torizuka, and by
T. Hirone, H. Watanabe, and N. Tsuya during the past few years. Néel’s theory
of ferrimagnetism has been highly appreciated in this country, and a number of
measurements of this phenomenon have been done by Watanabe, the group under
Okamura, S. Iida (Tokyo), E. Uchida and H. Kondo (Osaka), I. Suginra (Nagoya),
Y. Takagi and F. Sawaguchi (Tokyo), H. Takagi (Kyoto), etc. At present, an
association of research groups of ferrites and other compounds has been formed
and is managed by Prof. Kaya of Tokyo University. This includes theoretical
groups and, at the same time, is in contact with those who are interested in practi-
cal applications.

Of special interest might be the properties of pyrrhotite and magnetite. A
number of measurements have been done with pyrrhotite by Miyahara (1940 and
onward), Hirone, Watanabe, and Tsuya (1950), S. Nagasaki (1950, specific heat),
R. Ueda (1951, lattice constant and- specific heat), ¥. Torizuka (1952, resonance,
but no definite result yet). A theory has been published by Yoside (1951), and
also by Tsuyz (1951), as an extention of Néels theory of ferrimagnetism, which
though inconsistent with Bertaut’s (1952, France) superstructure determination of
Fe;S;, might contain something true. Yosida (1951, Physica) extended his theory

to hematite and others.

Magnetite has also been studied from various sides. A theory of double-peak
resonance observed by Bickford (U.S.A.) at low temperatures has been published
by Nagamiva (1953).

Before concluding this short survey, we might refer briefly to T. Nagata’s very
interesting investigations of the self-reversal of themoremanent magnetism of
igneous rocks. This means that some rocks have a permanent magnetization
reversed to the direction of the earth’s magnetic field. ' This gave an impetus to
Néel for this interpretation of this phenomenon. He has shown (1953) among
others that the rocks contained two kinds of magnetic substances with different
Curie temperature, giving thus a support to Néels theory,
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Busseiron-kenkyu, 61,

Research Works on the Magnetic Resonance
Absorption in Japan

Toshinosuke MuTO

Institu’e of Science and Technology, University of Tokyo

The world-wide developments of the new field of research on the magnetic
resonance absorption and microwave spectroscopy have aroused much concern
among Japanese physicists just after the war, and stimulated by the important
and hopeful aspects of such new development, the research works in that field
have been started with fresh activities by Japanese researchers both experimental
and theoretical despite of the severe situations of the various kinds of shortage in
both research materials and living conditions. Now, the contributions in the
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RESEARCH WORKS ON THE MAGNETIC RESONANCE

mentioned field, published or unpublished, have been accumulated to a considerable
amount in such short interval. Moreover, the subjects of the research works
performed so far cover a wide range of the field, i.e., nuclear-para-and ferro-
magnetic resonance absorption of the wvarious kinds of substances in liquid and
solid states, as seen in the accompanying list. Unfortunately in Japan the low
temperature instruments to produce liquid helium are not available at present
except for the Institute for the Studies of Metals, Tohoku University. Such
Pnfavourable situation seems to hinder for all the magnetic resonance experiments
in our country to be extended to the most interesting region of extremely low
temperatures. The brief outline of the present situation of the main laboratories
and the research problems persued therein shall be described here. .

Okamura’s Lab, of Tohoku University.

Ferromagnetic resonance absorption in the various kinds of ferrites at high
and low temperatures,

Tsuya’s Lab. of Tohoku University,
Mechanism of spin-lattice relaxation in the ferromagnetic resonance.

Kotani’s Lab. of Tokyo University,
I h.eory of spin-spin relaxation in the paramagnetic ions within the crystalline
solids.

Muto’s Lab. of Tokyo University,

Theory. of the nuclear-spin lattice relaxation in the crystalline solids and the
dynamical aspects of the behaviour of proton in the hydrogen bond.

Kumagaya’s Lab. of Tokyo Universily,

Paramagnetic resonance absorption of some metallic ions within the crystalline
paramagnetic salts.

Kakiuchi’s Lab. of Tokyo University,

Structure-determination by nuclear magnetic resonance method of some
hydrogen containing compounds in liquid and solid states and the structure
of hydrogen bonds.

Murakawa’s Lab. of Tokyo University,

Experimental measurements of both nuclear spins and electric quadrupole
moments of the various kinds of nuclei by means of the nuclear resonance
absorption.

Ariyama's Lab. of Nagoya University,

Ferromagnetic resonance absorption and its relaxation.

Nagamiya's Lab. of Osaka Universily,

Theory of the antiferromagnetic resonance absorption and the related prob-
lems.

Ito’s Lab. of Osaka University,

Structural analysis of the organic crystals by both nuclear and para-magnetic
resonance absorptions.

Tomila’s Lab. of Kyoto Universily,

Theoretical studies of the states of hoth solid methane and hydrogen by

means of nuclear magnetic resonance absorption.
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Kanda’s Lab. of Kobe Universily,
Chemical shift in the nuclear resonance absorption.

In addition to the above mentioned laboratories, a Ilot of young and active
physicists in the other Universities and Institutes have been working with the
common problems in the magnetic resonance absorption.
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Researches on Colour Centres in Japan

o
o

Dep. of Physics, Faculty of Science, University of Tokyo

=
=

This is a brief survey of research works in Japan on the colouring of alkali-
halides and related subjects in the field of semi-conductors. It was after the war
that our physicists started intensive studies in this field, although there had been
several contributions before that time.
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During the war, extensive experimental works were carried out on the thermo-
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30) Okamura, T., Fujimura, T., Date, M. Phys. Rev. 85, 1041 (L). Dielectric constant and 1946, and 1948, Nishibori, Kawamura and Hirano 1941, Sayama and Asami 1944, :tt_lgg
permeability of various ferrites in the microwave region. Sayama 1947) and on luminescent materials by Makishima (Makishima 1944). In =
31) Okamura, T., Kojima, Y., Torizuka, Y. Phys. Rev. 85, 693 (L). Temperature depen- 1944, Nagamiye made an attempt to calculate the activation energies of electrons — -
- |~ 3 T & * - 'n * - a = 0
d‘en(,e of the line half-width of ferromagnetic resonance in single crystals of trapped at vacancies in BaO and SrO (Nagamiya 1944) and Kubo presented a =
g zimumangansse ferite. theory on the coupling of electronic motions and the polarization of ionic lattice =
&) Gkamum; 'F'ftKOJlma’ Y. FPhys. Rev. 86, 1040 (L). Ferromagnetic resonance in copper (Kubo 1948, 1949a and 1949h). Theoretical calculations were given by Muio and =120 —
EITILE. ' & g . = &
! ashi : : ic t -electricity of semi- = =
33) Okamura, T. Phys. Rev. 88, 1425 (L). g-Factor of ferrite, Y“?g(wma i the extonial Showe elerl.:zi:g st dnd Se et y = :
34) Tomita, K. Prog. Theor. Phys. 8, 138 (L). The state of solid methane as inferred from fonsmaters iy Soa i Bite L9y : = 10—
nuclear magnetic resonance. Immediately after the war, Uchide started experimental studies on coloured = =
35) Okamura, T., Kojima, Y., Torizuka, Y. Sci. Rep. Res. Inst. Tohoku Univ. A 4, 72. alkali-halides, and he found with his collaborators a new band, the «K-band ' by = =
Ferromagnetic resonance in the single ¢ : : el e Ao i : - =140 —
36) o s el S“‘ge_tl’}’stals_of some ferrites, I. his designation, in NaCl and KC! (Uchida, Ueda and Nakai 1949, and 1951, Ueda = :
SBe Daptea 1T o R R 5 & Date, M. Sci. Rep. Res. Inst. Tohoku Univ. A 4, 191. 1950). They studied the transformations KF, the luminescence and the photo- Sl
a5 Pt cmle o bepme bl ol vanions feniics I3 U Gileonave tepion, conduction due to this K-centre. Uchida has also examined in detail the structure =— 150 —
37 ‘Tsuya, N. Prog. Theor. Phys. 7, 263 (L). Microwave resonance in ferrimagnetic substance. : : ; T T : 2 v int ti S 2
38) Yoshida, K. Prog. Theor. Phy 495 ¢ ; . ; of absorption band between F and M (Uchida and Yagi 1953). A very interesting —— —=
. o 5 iys. 7, 425 (L}. Theory of the antiferromagnetic resonance : 3 he bleachi of = =
absorption in CuCly-2H,0 experiment has recently been done by one of his group, Ueda, on the bleaching = 60—
: 2 ; ! - L = =
39) Watanabe, H., Tsuya, N., Takahashi, T. Sci. Rep. Res. Inst. Tohoku Univ. A 3, 62. M-band using polarized light to prove the structu_rgl symmetry o_»__ the model pro- E - =
Magnetization and microwave resonance absorption of the solid solutions of posed by Seitz (Ueda 1951, 1952). The F-absorption in KCI-KBr mixture has been. =
magnetic ferrites and cadmium ferrite. observed by Kondo and Matsumoto (Kondo and Matsumoto 1953). They showed ShAa
1953 that the peak of the absorption shifts linearly with concentration ratio. Yokoia —— ==
40) Hayashi, L, Ono, K. Jour. Phys. Soc. of Japan. 8, 270 (L). Fine and hyperfine structure reported his observation of the colouring phenomena in quartz and fused *quartlz' E—10—
of paramagnetic resonance spectra in several diluted manganese salts. (Yokota 1952a, 1952b). Absorption spectrum of Cu,0O has been observed by Hayashi E =
41) Ttoh, T., Kusaka, R., Yamagata, R., Kirivama, R., Ibamoto, H. Jour. Chem. Phys. 21, and Katsui (Hayashi and Katsui, 1950 and 1952). There are other experiments E—]QO—E
190 (L. Erratum: Nuclear magnetic resonance experiment on a four-proton such as the abnormal dispersion and the dielectric breakdown in alkali-halides E
; system in a single crystal of K,HgCl,-H,0 (Okada 1949, Kondo and Suita 1950, Okazaki and Suita 1951, Suita 1951, Yamanaka e %2
42) Kondo, A., Takahashi, T. Lecture note of symposium held in May {in Japanese) Fer- and Suita 1951). =
romagnetic spin-lattice relaxation at very low temperature. i o — =
43) Tsuya, N. Lecture note of symposium held in May (in Japanese) A mechanism of Theoretical activities were very much excited after the war. Quite a number o -
_ spin-lattice relaxation in ferromagnetic substance. of works have appeared in hope to calculate energy levels of various types of colour 0
44) Tomita, K. Phys. Rev. 89, 429. States of solid methane as inferred from unclear magnetic centres, and, if possible, to decide theoretically between various models. The = =
S HIANLC, molecular orbital method, first used by Mufo for F-centre (Muto 1949a, 1949h), has 5_220_5
been extensively applied to quantitative calculations of various centres by Inui = z
and his collaborators (Inui and Uemura 1949, 1950a, Inui, Uemura and Toyosawa = -
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1951, 1952). Although, at the present stage, exact calculations seem almost im-
possible, especially because of the effect of ionic displacement, they could obtain
many valuable results. Nagamiya and Kojima have been trying to apply the
Wigner-Seitz method to the electronic state localized at imperfections. Some
others tried to give rough estimations of relative magnitudes of excitation energies
using, for instance, the continuum model like that of Tibbs, or the self-consistent
method proposed by Kwbo (Kubo 1948), which is very much the same as Simpson
discussed. (Nagamiya and Tatsuma 1951, Shimizu and Shogenji 1951, Shimizu
1951). [Inui and others recently criticized this method and tried some generalizatioris
(Toyosawa, Inui and Uemura 1951). The effect of ionic displacement on the
electronic states was discussed dynamically by Kuwbo and Morila (Kubo 1949c,
Morita 1950). Recently Yokoie applied a variational method to polaron states
(which was independently done also by Lee, Low and Pines) and discussed the
possibility of self-trapping of conduction electrons. (Yokota, T. 1953). The concept
of polaron states was extended by Toyosawa to conduction electrons moving under
the influence of polarizable core electrons (Toyosawa 1953).

The broadening and shift, that is the temperature effect of the shape, of the
F-band was discussed by Mufo and by Imui and Uemura (Muto 1949a, Inui and
Uemura 1949, 1950b). An interpretation of Mollwo’s relation was given by Nagami ya
using a very simple model. He also discussed the nature of the V-centres (Naga-
miya 1950a, 1950b. 1952a and 1952b). Toyosawa has recently pointed out that the
degeneracy of p-state would be of some importance for the broadening of F-band.

Theoretical works were also done on some electronic processes related to coloured
crystals. Muto extended his former theory of external photoeffect to coloured
crystals, for which the external photoeffect had been observed by Asmus (Muto
1947b). Kojima discussed photochemical reactions in alkali-halides (Kojima 1952).
Kubo gave a simple theory of multiphonon process involved in thermal ionization
-of trapped electrons (Kubo 1952). Kubo and Takano have also discussed the pro-

bability of the production of excitons by impacting particles (Kubo and Takano
1951).
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Phys. Soc.

Superconduction

Kanetaka Arivama

Institule of Theorelical Physics, Nagoya University

Theoretical studies of superconduction in Japan were commenced alike as those
of liquid helium precedingly experimental researches, which have just now started
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K. ARIYAMA

with the helium liquifier, that has been equipped in Tohoku University in 1952.
Earliest theoretical works are those of Mikura (1940) and of Ariyema (1941), the
former raising an objection against the generally accepted opinion of perfect dia-
magnetism and the latter being a supplement to Welker’s proposal of exchange
magnetic interaction. Besides they both wrote concise review articles on supercon-.
duction respectively. After the war just as interest of younger theoretists in the
theory of superconduction was charged up, appeared papers of Hersenberg and of
Fro hlich, and moreover Tomonaga’s Fermion theory. Comparatively many notable
theoretical works followed hereafter, and theory of superconduction is now one of
the most exciting subjects in Japan.

Theoretical works after the war in Japan may be classified roughly as follows :
(I) Phenomenological theory, (II) Statistical mechanical theory, (III) Electron-
phonon interaction theory, and (IV) Miscellanea.

Of these (III) is the most actively investigated. Starting with criticism of
Frihlich’s theory, particularly concerning lattice vibration frequency, applications
of adiabatic theorem, Bohm-Pines transformation and Tomonaga’s self-consistent
subtraction method by Kitano, Nakano, Nakajima and Havakawa have clarified the
situation of Frohlich’s theory. Expectation of reconstruction of Fréhlich’s theory
by introducing Coulomb interaction energy has been disputed by Nishiygma. Im-
provements of the theory, involving temperature effect or magnetic effect, or rather
assuming Hamiltonian from more general point of view are now in progress.

It should be mentioned that Kifano has shown that in spite of imcompleteness
of treatment, Macke’s calculations give correct correlation energies and correlation
functions of electron gases, and further that Mase has pointed out that pressure
effect of transition temperature is favourable for Heisenberg-Koppe theory, but
fairly possibly not for Frohlich’s theory in its present form.

List of Papers

Note: B.K. is the abbreviation for Busseiron-Kenkyu (in Japanese)

Pre-war
Mikura, Z. 1940 Proc. Phys.-Math. Soc. Japan 22, #33; 1942 ibid. 24, 899.
Ariyama, K, 1941 Sc. Pap. 1. P. C. R. 39, 148; 1942 ZS. f. Phys. 119, 174.

I.  Phenomenological Theory y
Nakano, H. 1950 B. K. 28, 14 (Phenomenological theory and variation principle).
Nakano, H. 1950 B. K. 30, 10 (Energy momentum tensor)

II.  Statistical Mechanical Theory
Ichimura, H. 1949 J. Phys. Soc. Japan 4, 265 (Statistical mechanical treatment of conduction:
electron).
Ichimura, H. 1951 Phys. Rev. 84, 375 (Statistical thermodynamics).
Ichimura, H. 1952 J. Phys. Soc. Japan 7, 233 (Statistical thermodynamics).

III. Electron-Phonon Interaction Theory
Kitano, Y. & Nakano, H, 1952 B. K. 53, 67 (Electron-phonon interaction)
Nakajima, S., Ogawa, S. & Yamada, E. 1952 B. K. 57, 32 (Lattice vibration)
Nishiyama, T. 1951 Prog. Theor. Phys. 6, 897 (Interaction of the lattice vibrations with the:
conduction electrons) .
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DOMAIN THEORY AND PROCESS OF MAGNETIZATION

Kanazawa, H., Koide, S. & Noguchi, T. 1953 B. K. 58, 17 (Lattice vibration and effective
mass of electrons).

Mikoshiba, N. 1953 B. K. 62, 106 (Electron-phonon interaction and low temperature specific
heat of non-superconducting metals).

IV. Miscellanea ‘
Nishivama, T. 1951 B. K. 34, 83 (Correlation function of many electrens).
Kitano, Y. 1951 B. K. 46, 33 (Mutual interactions of electron gas).

I Mase, 5. 1952 B. K. 53, 10 (Pressure effect of transition temperature).

! Mase, S. 1952 B. K. 53, 16 (Thermoelectromotive force)

Domain Theory and Process of Magnetization of
Ferromagnet

Tokutaro HirRONE

The Research Institute of Iron, Steel and Other Meiais, Tohoku University

i The researches in this field were commenced by Nagaoka and Honda fifty years
| ago in this country. The results of researches will be classified conveniently into
following three sub-groups, domain structure, magnetization process and accompany-
ing phenomena with magnetization.

In 1946, Kaya made a discussion on the influence of the ‘stray field** due to
the free magnetism of domain boundary in ferromagnet. After Williams and
Shockley established their method of observation of the domain boundary pattern,
; both Yamamolo and Sugiura made observations of domain patterns of various
0 ferromagnetic substances by the said method, making discussions on their domain
: structure and crystallographic symmetry. Chikazuini made an observation of the
changes of ‘“maze pattern’ due to electrolytic polishing of the surface ot ferro-
magnet and concluded that the maze pattern will be a sort of closure domains
produced by the mechanical polishing. Tafsumoto is now making a precise de-
termination of domain structures of iron-silicon crystals by the same method.
On the other hand Murckawa, Okamura-Hirone-Miyahara, and Sawadiz@OGn08
made their observations respectively of the Barkhausen jump in the course of
magnetization on various kinds of ferromagnet and determined the wvslocity of
domain boundary displacement. After, Mufo’s calculation of spin reversal pro-
bability in ferromagnet, Kafayama proposed a formuia of the displacement velocity
of domain houndary by calculating the probability of spin reversal at domain
boundaries. Hirone, Walanabe and their collaborators proposed a pipe domain model
. of the stressed perminvar wire based on their observation of the Barkhausen jump
of the same ferromagnet.

The research on magnetization process began from Honda-Masumoto-Kaya's, and
especially Kaya’s investigation on the behavior of ferromagnetic single crystal.
Kaya’s formula of the domain distribution at the remanent point of demagnetiza-
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T. HIRONE

tion was the basis for the recent investigation by Takaki on the magnetic behavior
of iron-silicon single crystal. Kaya and his collaborators made a series of researches
on the origin of high permeability of Niy,Fe (Permalloy). His results have been
developed by Chikazumi,® Iida,"” Salo® and others, the former proposing an idea

of « directional order » formation of Ni-Fe alloys. J[ida made a phenomenological

survey of ferromagnetic anisotropy energy with a special reference to the high per-
meability problem of field-cooled ferromagnet. Recently Miyaharae discussed the
influence on the permeability due to the anisotropic form of the precipitated particles
in field-cooled ferromagnet. Safo@® also made elaborate investigation on the ferro-
magnetic behavior of the various kinds of superlattice alloys.

Those researches of magnetization process provoked inventions of various kinds

.of magnetic materials mainly by physicists in this country. For example, Permanent
Magnet by Honda-Masumoto-Shirakawa, by Mishima and by Takei, high permeable

alloy by Nishina and by Masumoto, Magnetostrictive Alloy by Masumoto etc. |

Kalavaema® made an evaluation of the strained ferromagnetic lattice and re-
produced theoretically Takaki’s result of measurement on the temperature change
of magnetostriction of the crystals of iron. After Masiyama’s elaborated works on
magnétostriction on the polycrystals of various kinds of ferromagnetic alloys,
Tatsumolo made a measurement of magnetostriction of silicon-iron crystals. Funa-
togawa™ completed his measurement of magneto-thermoelectric effect of iron and
nickel crystals and, on the basis of his result, he made a discussion with the elec-
tronic structure of these metals. In connection with Shirakawa's rezearch on the
change of resistance due to magnetization of various ferromagnet and Yamamolo’s
investigation on so-called AE effect, some domain-theoretical discussions are made
by these authors. Kimura is now studying the inverse Wiedeman effect with a
special reference to the domain structure of ferromagnet. Lastly Tomono@:e»
developed Snoek’s idea of magnetic after-effect and basing on it he is now making
an observation on the retardation of magnetization in steels of low carbon contents.
On ths other hand Taoka found a long period variation of magnetization in ordered
Ni;:Mn. Maeda®®@a5¢2 proposed a theory of magnetic after-effect by assuming
a simple model of domain boundary displacement, the results agreeing with his results
.of observation of the magnetic after-effect in the irreversible course of magnetiza-
tion of the ferromagnet.

List of Papers

1) N. Asanuma ‘and S. Miyahara, J. Fac. Sci. Hokkaido Univ., 4 (1951), 147. (Coersive
force) .

2) S. Chikazumi, Phys. Rev., 85 (1952), 918 L (High permeability}.

.3y Z. Funatogawa, J. Phys. Soc. Japan 6 (1951), 256 (Magneto-thermoelectric effect).

-4) T. Fukuroi and K. Yasuhara. Sci. Rep. R. I. T. U. 3 (1951), 687. {Magnetic properties of
nickel). :

5) Y. Gondo and Z. Funatogawa, J. Phys. Soc. Japan 7 (1952), 141 and 389 {Magneto-
resistance) .

6) Y. Hori, J. Phys. Soc. Japan, 6 (1951), 530. (Permeability).

7y T. Hirone and N. Kunitomi, J. Phys. Soc. Japan 7 (1952), 364. (Internal friction of fieldcooled

ferromagnet).

173

[}

Ay [ —
= =1 = =

o
(-]

IIII|HII‘IIII|IIII‘III_I|IIII‘IIIIlIIII‘IIIIIIIIII

— = = = e o0 -] o en
Lo [} = = .
2, = = = = = (=] = =

=
=

—_
o
]

IIII|Illl[illl|]]1!|I||Illlli‘llII|IIII|IIII|i1|l‘IIII|III[|IlII|IHlllllI|IIII‘IiIIlIIII‘IIIIIIIH‘IIIII]II[

5] ] b s g —t — =
wd 3 [ = [t o0 =1 [=1]
fai} [ () ] o] = o (=)

=

HJJIIIII||III1[!I[ IIIIIIrII|IIIIIIIII|||lr||l||||||||J||I|||II|!||I|||||||I|||irrl||||.|||I|||I||||I||I||||r|||||I|||||||||l1|(l|||||||||||||||]1|||||||||||||||rI||||II}|||||III||IIII1I.III||IIIIIIII||IlliI[Ir|IIIIIIIII||IIIIIII||IIIIIIIII|lIII‘IIII|

T|'IIH‘IIII|IIII‘IIII|HEI‘IIIIITTII‘IIII|IIII‘IIIJ][III‘IllllllIJI[III|IIII‘IIII|IIII‘IH[[IIII

20—

IIlI||II[

e —



400

390

EIES

350

|”..|r’”|”.l[l”I|III’I”‘II“”[I”I]”“|””|”“|IIIII””|””|”Ir|II”Irr”|”I1F[”I|lI“}IIII|IIII|”II|[|”iII”|‘II‘|””|”II|II”|IIIII””II”'[IIIIIII“[”IIII“I|II”|”“|“II|II”I“”|”lr|IIIlllllllllll[””l”ll|||“[ll”|II|I|J|“[”II|I“I|”![[”II 1||r|||||||[||]1m[||1|||H||IIIIIIIII|l|[[|Illilllll|IIII[IIII[IIII|

340 330 320 310 300 290 280 270 260} 250 240 230 220 210 200 190 180
Qi bl libelibndddi bbb bbb g
MOLECULES -

8y T. Hirone, L. Watanabe, T. Iwata and K. Tkeda J. Phys. Soc. Japan 7 (1952), 593. (Pipe
domain model).

gy .S, Iida, J. Phys. Soc. Japan 7 (1952}, 373 {Superlattice of NizFe).

10) N. Kunitomi, J. Phys. Soc. Japan 7 (1952), 578 (Internal friction of ferromagnet).

11) N. Kunitomi, J. Phys. Soc. Japan, 7 (1952), 584 (Internal friction of Ni,Fe).

12) T. Katayama, Sci. Rep. RITU. A3 (1951), 341. (Magnetostrictcon of Iron).

13) 'S. Maeda, J. Phys. Soc. Japan 6 (1951), 60 (Magnetic-after effect).

14) S. Maeda, ditto 6 (1951), 494, (Magnetic after-effect).

15) S. Maeda, ditto 7 (1952), 369. (Magnetic after-effect).

16). H. Masumoto and H. Saito, Sci. Rep. R. I. T. U. A3 (1951), 523 (Fe-Al alloy).

17) H. Masumoto, Y. Shirakawa and T. Ohara, Sci. Rep. R. L. T. U. A4 (1952), 273 (Fe-
Ni-Cr). !

18) H. Masumoto and H. Saito, ditto Ad (1952), 246 (Co-Fe-Cr).

19y H. Masumoto, H. Saito and T. Kobayashi, ditto A4 (1952), 256 (Co-Fe-V).

20)  H. Masumoto, H. Saito, ditte A4 (1952), 321 (Fe-Al).

21) . H. Masumoto and H. Saito, ditto A4 (1952), 338 (Fe-Al).

22y S. Maeda, ditto A4 (1952), 376 (Magnetic after-effect).

23) S. matsumae, Sci. Rep. Tohoku Univ., 35 (1951}, 41 (Some phenomena in weak magnetic
field:.

24y M. Osawa and I. Sugiura, J. Phys. Soc. Japan 6 (1951), 530. (Field-cooled permalloy).

25) H. Sato and H. Yamamoto, J, Phys. Soc. Japan 6 (1951), 65. (Fe-Al, Fe-Si).

26) H, Sawada J. Phys. Soc. Japan, 7 (1952}, 564 (Barkhausen effect).

27) H. Sawada, ditto 7 (1952), 571. (Barkhausen effect).

28y H. Sawada, ditto 7 (1952), 575. (Barkhausen effect).

297 Y. Tomono, J. Phys. Soc. Japan 7 (1952), 174 (Magnetic after effect).

30) Y. Tomono, ditto 7 (1952), 180. (Magnetic after effect).

31) M. Yamamoto, and T. Iwata, Phys. Rev. 81 (1951), 887 L. (Domain pattern).

32) M. Yamamoto, Sci. Rep. R. I. T. U. A4 (1952), 14 (Ni-Co).

Molecules

Masao KoTANI

Department of Physics, Universily of Tokyo.

The electronic structure of simple molecules have been studied by M. Kolani
G. Araki, K. Niiva, K. Tomita, E. Ishiguro and their collaborators. The molecules
studied so far include LiH, Li,, CH, CH, CH,, C,H,, C,, O, F,, and the comparison
of various methods of approximation (MO, VB, LCAOSCEF,.--), configuration in-
teraction, competition between intra-atomic and interatomic energies, etc. have
been discussed on some of these molecules. G. Araki and I. Osida studied z-
electron systems; absorption spectra of cartenoids, intermolecular force between
long molecules with conjugated double bonds, reactivity of aromatic molecules,
solvent effect of absorption spectra etc. have been their main subjects of interest.
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As the basis of these calculations a large number of so-called «molecular inte-
grals” are required and the project of tabulation of those integrals have been
continued since 1938 by M. Kolani, A. Amemiya, recently collaborated by E. Iskhi-
guro and others. G. Araki’s group has also published several tables of molecular
integrals.

. Electromagetic properties (polarizability, diamagnetic susceptibility, chemical
shift of proton resonarnce, etc.) of the hydrogen molecule have been studied with
the use of the variational method by E. Ishiguro, T. Arai and 5. Koide.

M. Mizushima studied various problems of molecules, including life-time of
metastable states of benzene, pressure broadening of spectral lines, the hfs in the
rotational spectra of XYZ; type molecules, etc. K. Takavanagi has been interested
in collision between molecules, and applied thé results to the theory of dispersion
of supersonic in the hydrogen gas. Y.Kakiuchi proved the existence of the
oxonium ion Hy;Ot with the use of nuclear resonance absorption, and determined
the shape of this ion. In the microwave region K. Shimoda measured the mi-
crowave spectrum of methylamine molecule, while S. Kojima measured and analysed
the spectrum of bromoform. K. Tomita discussed the state of methane and hydro-
gen molecules in the solide state, utilizing the recent data of nuclear resonance
absorption. All these authors belong to a research group of molecular structure,
and this group is publishing its “ Progress Report” semi-annually.

Besides members of this group, S. Nagekura, K. Nukazawa and other members
of chemistry departments, have made series of investigations on 7-electron systems.
“The internal rotation of molecules is the subject in which Prof. S. MMizushima and
his co-workers have been particularly interested, and the work done in his labora-
tory will be summarized .in his recent treatise « Internal Rotation ”.

List of Papers

§ 1. Theory of Electronic Structure of Simple Molecules

1y K. Nukasawa: On the Contribution of the Mutual Perturbation of the Localized Molecular
Orbitals to the Charge Distribution. Jour. Phys. Soc. Japan 8, (L) 132.

2) K. Nukasawa: On the exchange terms in the HLSP theory of an n-electron molecule. Jour.
Chem. Phys. 20 (1952y 1883.

3) Y. Oshika: Self-consistent Molecular Orbital. Research Reports of the Faculty of Engi-
neering, Nagoya University.

4y Kazuo Niira and Kiyoshi Oohata: The Electronic Energies of the CH, Radical. Jour. Phys.
Soc. Japan 7 (1952) 61. ;

5) T. Itoh, K. Ohno and M. Kotani: On the Valency Theory of the Methyl Radical. Jour.
Phys. Soc. Japan 8 (1953) 41. \

6) T. Nakamura, K. Ohno, M. Kotani and K. Hijikata: Interaction of m-electron in the
Acetylene Molecule. Prog. Theor. Phys. 8 (1953) 378.

7) W. Watari: Electronic States of F,- and O,molecules. Prog. Theor. Phys. 8 (1953) 524.

8) G. Araki, Tutihasi S..and W, Watari; Electronic States of C,-molecule I, II, III. Prog.
Theor. Phys. 6 (1951) 135, 945, 961.

9) M. Mizushima: Tentative Discussions on the Electronic Structure of Benzene by the two-
Electron Approximation. Busseiron-kenkyu 37 {1951) 142 (in Japanese).

10y K. Niira: Influence of ¢-electrons on the lower excited eclectromic levels of Benzene.
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Jour. Chem. Phys. 20 (1952) 1498 L.
Jour. Phys. Soc Japan 8 (1953) in press.

11) Yoshimasa Aoki: Numerical Tables of Overlap Integrals for 3s 3p Hybrid A. O. Jour.
Phys. Soc. Japan, 7 (1952), 451.

12y T. Murai and Araki-G: Calculation of Heteronuclear Molecular [nteg::r_als Prog. Theor.
Phys. 8 (1952), 615.

13) K. Oohata: On three centre integrals I. Busseiron-kenkyu 50, (1952}, 38.

14) Jiro Higuchi: The Electronic States of the BH and CH radicals. Bull. Chem. Soc. Japan
26 (1953) 1.

§ 2. m-Election System

1) I Oshida: Electron Theory of Organic Dye Molecules. Research Reports of the Faculty
of Engineering, Nagoya University 4 (1951) No. 1 p. 67 (in Japanese).

2) Y. Oshika: Refined Free Electron Theory of w-electron Systems. Busseiron-kenkyu 29 (1950)
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6) G. Araki and T. Murai: Molecular Structure and Absorption Spectra of Carotenoids. Prog.
Theor. Phys. 8 (1952)
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17

20

I‘IIII|I]HIIU111UI

|nn--l-mlm-lml|-!--Im|]m-|m|||m[m||m||||lllnrr[HH]mr||lll]m|||mll:lllmr||||||||||||||||:|rllnrlllmlmllm'|---'|r"'I--H|HI-Irm]un|m||mr||m|u||]mr’r||1lm||1|||[|1||||||r|m|r|r|1]|r||‘|J||f[r|||||rr|1|||Ir||||||||||m[rlIll1lrr|||1||IIIIlllll[II|I|IH|]|IIIlIHIlJIH|IIH|!IIl|IIII[IIII!lHI|

=

[¥%) o) —
& = = =]

IIIII|||| II|IIIIIIH||IIII‘IIII|III||IIIIIIIII|I|J]iIIII|IIIIIIII||IIil[lllI||IIIIIII|||||IIIIII|IIII‘IIII|

o
o

T]TTII‘IIII|I]II‘IIII|IIII‘III_I|IIII‘IIIIlIIII‘II!r|IIIJ|

Ill‘
[= 1]
] 3 =

=l
=

100 —

—
=
[}

120 —

III!JII

lao—=

50—

—
[=3]
o}

=10

by et
S =
| ||||||| |

||||||11r |

o
=
=

g
poa}
o

||]r(l|

]
B2
=

3
=

>

II.IIIIIII|I||I|IIII|III||IIII|II|I||III

IT[H’II[IIII|IIII|IIIIlIIII‘IIII|IIII\IIIJ‘HII‘IIII1III]‘IIII|IIIIPTIT|’ITII mT['HUWWI'ITWWFTWFTWﬁW
ko]

]
2
=

)

]
=
L]

270

||||H||Il|||l|||||||

T
!
]



370

360

360 340

330

320 310 300 280 270 260 250 230 220 210 200 190

MOLECULES

5) Yoshinobu Kakiuchi, Hisao Shono, Hachiro Komatsu and Kunihiko Kigoshi: Proton Magne-
tic Resonance Absorption in Hydrogen Perchlorate Monohydrate and the Structure
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10) I. Hayashi and K. Ohno: Fine and Hyperfine Structure of Paramagnetic Resonance Spectra
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11) K. Kambe, S. Koide and T. Usui: Theory of Some Magnetic Properties of Cobalt Tutton
Salts. Prog. Theor. Phys. 7 (1952}, 15
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13) T. Muto and M. Watanabe: Theory of the Nuclear Magnetic Relaxation in Crystalline
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1) T. Nagamiya and T. Kishi: Note on the Intermolecular Force between Hydrogen Molecules
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2) L. Oshida and Y. Oshika: Interaction between m-electron System and Hydrogen-bond system.
Busseiron-kenkyu 46 (1952) 95 (in Japanese)

'8) Daijiro Yamamoto and Ryojiro Iwaki: Relations between dye phosphors and hydrogen
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662 L _

4) 1. Oshida: Interaction between Long Conjugated Double Bond Systems in Short Distances
I, II Bulletin of the Kobayashi Institute of Physical Research 1 (1951) 240, 2
(1952) 175 j

5) Taro Kihara and Saburo Koba: Crystal Structures and Infermolecular Forces of Rare
Gases. Jour. Phys. Soc. of Japan, 7 (1052) 348

6) HMideo Murakami: Molecular Compounds of the Quinhydrone Type, Scientific Papers from
the Osaka University (1951) 18

§ 7. Phenomena reiated fo Intermolecular Force

1) K. Takayanagi: On the Inelastic Collision between Molecules, I. IT Prog. Theor. Phys. 8
(1952) 111, 497

2) T. Horie and M. Otsuka; Productions of Excited OH Radicals from water Molecules on
Electron Impact. Busseiron-kenkyu 42 (1951) 48

3) T. Horie, T. Nagura and Y. Honda: The Abnormal Rotation in the Collison H,0 Molecule

; with Electron. Scientific Papers from the Osaka University (19513, 7

4) \1asatdka Mizushima: Theory of Pressure Broadening and its Application to Microwave
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RECENT STUDIES. OF DIELECTRICS IN JAPAN Y. TAKAGI %
another example of antiferroelectric crystals.
‘ 4 e In 1946 Nagasawa discovered that WO, behaves like a ferroelectric. The detailed i0
Recent Studies of Dielectrics in Japan investigations were at once commenced by Saewada, Ueda, Hirakawa and others
i yielding ample results which may be of value for future theories. Sawada fouqd
Yutaka Taxracrt numerous transition points distributed over wide temperature range from low to = a0
very high temperatures, —20°, 330°, 740°, 910° and 1230°C, and Ueda determined the: =g
Tokyo Institute of Technology crystal structure which is different from that reported by Braekken. ST
As early as 1941, Miyake conclusively demonstrated by means of x-ray measure- = -~
Stimulated by Slater’s brilliant theory on the phase transition in KH,PO, (J. ments that Rochelle salt crystal must split into tiny domains. Then several efforts. =
Chem. Phys. 9 (1941) 16), numerous papers have appeared concerning the same were paid to get more concrete knowledge about the details of the domain patterns. =T
material. Takahasi, paying attention to the existence of the chains of hydrogen Kojima and Kato have detected the Barkhausen effect at the steep portion of the: E =
bonds, each penetrating the crystal with a definite sense and being free from source hysteresis loop. At last Miisui and Furuichi succeeded to observe through the :'!:— A
or sink in the interior of the crystal, could prove that the perfect flatness of the polarization microscope very beautiful domain patterns of sliced Rochelle sait crys- Sl
free energy curve at the Curie point is not an accidental result due to approximate tals and KH,PO, crystals (Figs. 1 and 2 after Mitsui and Furuichi). They also suc- =
nature of the treatment but a rigorous conclusion to be derived from the model ceeded to follow the movement of the domain boundaries under the influence of E.
conceived. Takagi reformulated Slater’s combinatory formula and made it easy to = E
investigate more general cases in which some of the restrictions imposed upon the 5_10'9_5
configurations of the hydrogen bonds around PO,-groups or on bonding lines were = —
loosened or entirely given up. Nagamiya and Yomosa took into acount the effect , =—110—
of crystal strain and of local field ; they arrived at a satisfactory theory to explain = -
quantitatively nearly all the experimental properties observed by Mason (Phys. g__m_g
Rev. 69 (1946) 173). '. = :
In January 1944, a little later than Wainer and Salomon, but of course indepen- I = > E
dently, Ogawa came to notice the high dielectric constant of ceramic BaTiO;, and . E_l'm_f
found the A-type peak at a temperature near 120°C. This discovery has attracted | E- =
much attention of the physicists in this field. Soon, Miyake and Ueda confirmed . 2_1‘1-0 f
that the material has a perowskite structure, which is cubic about the Curie point == s
while slightly tetragonal below it. Exhaustive experimental researches of barium ' Fig 1. Domain Structure of- Big % Doﬁjﬁhﬁa(}s SR = 150 —=
titanate itself and the related materials of similar structure such as SrTi0y, PbTiO,, | ) e e . i - ’ :
PbZrO;, etc. as well as various solid solutions composed of them were carried out | ap L,)hed field. They d.evelopecl - thu?ory CoBLIRaR S e boun_darles b ofhus ccl)u_ld =3 I
by Hori and Waku, Sawada, Ueda, Shirane and others. Takahasi pro posed 4 theory; | estimate the amount 01: energy associated with these boundaries. Yet, the qr1g1n. = 60—
in which he attributed the origin of ferroelectricity of BaTiO; to the Lorentz field ' of the low freq.uency‘ dispersmn‘ at about 10 cyc.les o seon o by Kawaz‘and = =
exerted on Ti ions which is considerably enhanced by the oxigen ions in the same | Mafuiake'r?mamg still une?c;'ﬂamed. Sawaguchi proposed a Inew theory and attrlbuif~ E - :
line with them ; this idea was the same as was developed independently by Slater ed the origin of ferro:_electn-:lty tf) the breakdown of balanc:(? between_twho ?1}t1- = =
(Phys. Rev., 78 (1950) 748). Besides, he pointed out another possibility that in parallel rows of polarized cells. The model T'nay be_called a kind of fwjme!ec.érzczi?:. = =
some crystals there may be also an antiparallel arrangement of dipoles, and thus T‘he theory seems to be prosperous b_ecause 1!: explains a rath'er complllcated b}(:hlrii- =—180—
inspired a notion of antiferroelectricity into the mind of experimental physicists. viour, shown by the. crystal when it contains some part of ammonium Rochslle - =
Through accumulation of several date essentially conflicting with well established sait E—100—
characteristics of typical ferroelectric crystals, Sawaguchi, Shirane and Takagi were As for the quantum mechanical treatment of the normal dielectrics such as = =
lead to the conclusion that PbZrO; must be an example of the antiferroelectric alkali halides, Yamashita and Kurosawa tried with notable success to settle down = =
crystals, though it seems as if it were ferroelectric because of its high peak value : the dispute concerning the effect of overlapping upon the local field coefficients. e
of the dielectric constant. Sawaguchi examined the crystal structure of the materi- They succeeded to get a consistent theory to explain numerous properties known = —
al and proved that it really consists of the ions displaced in antiparallel directions for these materials. E i
e e e L L iiler U eibelendibieel LD G =
model containing rotatable polar molecules. The structure of NH,H,PO, suggested I' asli’r(.i};e il thd:r?d? s ‘:«ie ;atizrda:wfet\?; f;z;};; aiflm(iﬁar n;:; eEpZEIeaI(l}y 5_220_:
by Nagamiya after his elaborate theoretical analysis of the experimental data was | Ez nz:teg.mong st i g_ 3 ?
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RECENT STUDIES OF DIELECTRICS IN JAPAN

The dipole moments of polar molecules have been actively investigated mainly
by chemists; the most eminent contributions have come from Mizushima and his
collaborators.

. List of the Recent Researches on Dielestrics in Japan
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