Quantum dynamics of intrinsic

topological magnetic defects

Shigeki Onoda
Condensed Matter Theory Lab., RIKEN

What are topological defects?

3D: Pyrochlore: monopoles
from classical Coulomb gas to quantum liquid
monopole condensates, Higgs transition

2D: Skyrmion Hall effect

1D: dynamic defects of vector chirality

Furukawa-Sato-SO, JPSJ77, 123712 (2008); PRL 105, 257205 (2010)
Furukawa-Sato-SO-Furusaki, Haldane-dimer phase in J1-J2 spin-1/2 chain.
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Topological defects in D(=d+1)-dimensions

. (M) Homotopy group
n(r,t):R" =S" +— M [target (order parameter) space]

SP > M texture (n = D) Associated with a degenerate manifold
of the symmetry broken states

S°'+ M : point defect (n =D -1)
S°? s M : linedefect (n=D-2)
S§P7 s M : surface defect (n =D -3)

STD :a D—dimensional sphere
or a sphere in (/+1) dimensions

Ex. 3d finite-T superconductors

order parameter space: O(2) /7\
)R- M=S \_/

S° = S': no texture

Hedge hogs in 3d

wwgical defects 501

(b)

(a) |

Ex. 3d Heisenberg antiferromagnet

S’ S?: no texture

S §': no point defect
S§°7 5 S': line defect (SC vortex), Z

Cha%kin—Lubensky
Mermin

S$°"+ S point defect (hedge hogs), Z

S°? 1> S?: no line defect

S°7 1+ S': no surface defect

S’ > S?: no surface defect



Skyrmion defects in 2d
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S* > S?: defect texture, Z
S$* '+ S?: no point defect

S > S?: no line defect

Single skyrmions
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Anti-skyrmion defects in 2d
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Collaborators on pyrochlore

Y. Machida, S. Nakatsuji, SO et al., Nature 463, 210 (2010).
SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 094411 (2011).
SO, J. Phys.: Conf. Series 320, 012065 (2011).
L.-J. Chang, SO et al., arXiv:1111.5406.
Theory: S.B. Lee, SO, L. Balents, unpublished.
Y. Tanaka (RIKEN)
L. Balents, S.B. Lee (KITP, UCSB)
Y.-J. Kao (Natl. Taiwan Univ.)
Experiment:
L.-J. Chang (Cheng Kung Univ. in Taiwan)
Y. Su (Julich Centre for Neutron Science)
Y. Yasui (Nagoya Univ),
K. Kakurai (JAEA)
M. R. Lees (Univ. of Warwick)



Magnetic pyrochlore oxides A,B,0-
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Comments:

Assumptions:
(i) A large amplitude of magnetic moments.
(ii) Spins obey the classical statistics.

ﬁls;ng = —Dl,si,,gz:('nr . j,/J)Q. - This is taken to infinity!

T

&y Ho My My (1 - A7) (Ar -1,
R

(r.r’)

gH = —3Jhm. Z jr 'jr’/']2'

(r.r’)

When we have a relatively smaller amplitude of moments and/or a
D,, crystalline electric field, these assumptions do not hold in general.
p Tb,TM,0,, Pr,TM,0,, Yb,TM,O, (TM=Ti, Zr, Sn, Hf, Ir, ...)
0



Compact U(1) gauge theory

Quantum pseudospin-1/2 Hamiltonian
Hermele-Fisher-Balents, PRB 69, 64404

lrf Tx +O' lr?‘y o lrf 7‘)/)]

1. Assume /dn.n. >0, g7l >0.
2. Start from degenerate spin-ice ground states

3. 3rd-order perturbationin gT1 >
HIRing =12/inn. (29TL )13 /(49T ) T2 YhexT:i:
odrd2 T— olri3 T+ o drid T— o Ird5 T+ o ri6 T

olrl+ =(cgdrTxtiocdrTy)/2 2(3), -

pi-flux (g 7L >0)
Magnetic monopoles: well-defined deconfined quasupa(r‘g’()rc*l%s
However, the model might be oversimplified.




What is an effective model for

Quantum spin ice systems?

i) Prcase

i) Yb case



Superexchange Hamiltonian (Pr)

Local level scheme 2 transfer integrals

DOS/eV
20 —

LDA+U calc.

oo P

4th-order perturbation expansion of transfer integrals

p (d) Projection of the superexchange Hamiltonian
' onto the subspace of local ground doublets
SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 094411 (2011).



Effective quantum psuedospin-1/2 Hamiltonian

(Pr)

Heﬂ=J2\4SZSZ+25SS + S8 +2q( rotor +hc)]

Ising / exchange / double spin-flip ——

Partially lift the degeneracy of the ice manifold
in degenerate perturbation theory, when they are small

- 4 2
s ccrorc RO

There would be a finite region around d=g=0
where the spin ice or U(1) spin liquid is stable.

But, they are large, something different happens.

RIK=N
| SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 094411 (2011).



Effective quantum psuedospin-1/2 Hamiltonian

(Pr)

H,=J i [4stf. + 25(5:5*; +5°S )+ Zq(eiz‘p”'s,fs;’. + h.c.)J
()

; V;fo 1 1 -
nn. = m (7 Y U — A J(B,7: Vops=/Veso)
— wr,r' = O
J. >0 for small Wo/z/Vipfo <0 @, . =273
————— B=v3 (b) q
————— p=‘y/6 \‘ 3
g=0 /
_______ B=—y/6
(5) ------- B==y3 X . '/
N - ‘\‘ 2 /‘ -
\\ 06 \\ " B ’/
NN -7 W18 1,/
ENRY - . \Q‘ ; /-
\\\‘ ,,/ \s\\\ \ /I /’/_-
TN 02t Fr~ NN o5 %
03,02 -0 01 0.2 \‘\0:3" 03 02 -01 01 02 03’

- ' SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 094411 (2011).



Classical mean-field theory

Pr21r207

c.f. Reimers

Instability at finite T.

0.0‘ A A A % A B
9] /o.o/aﬁ 0.04 0.06 0.08 0.10
1
x‘/ - Degeneracy at g=(hhh)
PAF Quq // [111] ‘it
(noncoplanar FQ for g>0)
PF (AFQ) \ (AFQ for q>0) Bragg rod
Q=0 2D Ferroquadrupole order
- 3D order by disorder?
Ising spin lce >~__ - Possible relevance to Yb2Ti207
p ‘ \~\\*
-1 -1/3 0 1
0 B O
e A N.N. spin ice

# N.N. Heisenbera AF



Neutron scattering profile

Powder neutr
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Structures around |q|~0.5 A and 1.5 A"
Consistent with exp. on Pr,Sn,0, (Zhou et al.)

Pinch point singularity should be broadened
because of violation of ice rule

SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 09

A\

S.T. Bramwell and M.J.P. Gingras
Science 294, 1495 (2001)

A

Dipolar spin ice

Numerigal
Simulations

(0.0.)

(0,0,1)




Magnetization curve

Numerical results H [T]
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AlfEN SO-Tanaka, PRL 105, 047201 (2010), PRB 83, 094411 (2011).



Neutron-scattering profile

* Pinch points broadened in the energy-integrated profile
 Magnetic coulomb liquid

Unpolanized intensity for Prat 1.5 K

* For exchange parameters
for Pr,Zr,0,

c.f. classical dipolar spin ice

0.0,
o

Numerigal _
Simulations il

(0,0.1)

(h,h,0)




Is Yb2Ti207 an XY pyrochlore?

Hodges et al. 2002
Mossbauer and muon spin relaxation spectroscopies:
Local Yb ions =2 Jz=1/2 doublet

7 )
0)p = —ac|J. = 7o) + Y01). = —50)

a ~ 0.388, / =~ 0.889, and v =~ 0.242

Blotte et al. 1969
15t-order phase transition at T ~ 0.24 K (specific heat)



Evidence of the 1st—order phase

transition at ~0.24 K
(Kramers case of Yb2Ti207)

Yasui et al. JPSJ (2003 [ —
. , . l . ( ) ~ Yb,Ti,07 HI[110]
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Effective model for Yb pyrochlore

Yb3* 13 4f-electorns or a single 4f-hole

Crystal-field ground-state Kramers doublet:

7 1 D
lo)yp = —aal|J, = 50) + BlJ, = 50) +yol|J, = -50)

Superexchange interaction must be seriously included!
(a) hlz cosO=-1/3 (b)

U 0 1hl hlo hpo hlz Oh1hl
L hohth,
y hihoh, by hoh,2he i ht hOh}
: J p hfz hpo hlo P

Yb3* 0% Yb3*

SO, arXiv: 1101.1230



Enhanced quantum fluctuations

in otherwise classical spin ice
(Kramers case of Yb3+)

1

my = gjupdy = SHB [gL (rr + 67Yr) H g||r“fizr]/ Hodges et al.

A
HEI

nn.
~dun. Y [[d'565 ot (0767 + 635%)

~4.2 ~1.8

(r.r ]

2(e”* 6767 + he)

(6:. 5'-’ - ﬁr'r’) + (6-.'- - ﬁr'r’) 6.’2.,)

1 (B0 1) (30-) (30 2) (3 1)

2616 + hel)

Xy plane ,[ I
fon/Vp o

niry
120°rotation depending

(Slater-Koster parameters)

ys.: Conf. Series 320, 012065 ©n the bond



RPA calculation (Gingras group)

Dipole-dipole interactions originating from
i) the magnetic dipolar interaction
ii) the nearest-neighbor Heisenberg exchange interaction

Fitting with diffuse elastic neutron scattering

Thompson et al.

Estimated values of coupling constants

(h,0,0)

c.f. Spin-wave at high field
J ~0064K T, ~0.04K

|| [ a
g - _1 g - -1 Experi t
g ~0.73 g ~03 R
g?~-0.14 gl ~-0.3 : L
K K A
p. g ~ _2'42 g ~ _0.8 C 0 05 (li-k.k,llif 2 25
AlEEN Thompson et al. Ross-Savary-Gaulin-Gardner-Balents

Discrepancy



New results from polarized neutron

and RPA

NSF 0.3 K {(Expenment)

Total 0.3 K (Experiment)

4 T 4 T T 5 4 T T 5
- - 4 3 4
El £ 3
3 33 3 3
-~ = 2a
- 2= o =
a remnant of = S 1
pinch-point singularity ’
-1
(h,h,0) fr.).w] (h,1,0) [r.lu] (,,0) [r.w.)
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c.f. classical dipolar spinice 3 ' —7 1 et S0 3 it 100
3 3 w3 %
. —_ 2 40 — — 2
oNumerlcaI = = LU 60
. o ) .y 200 =~ 40
Simulations 3 1 20 2 " 2 1 "
~ 0 «@ 0 o 0 : __ 0
c: 0 1 2 3 0 1 2 3 0 1 2 3
S {h,,0) [r.).u ) {h,,0) [r.1u] {h 12,0 [r.lu )

Anisotropic nature around (111) grows
with decreasing T!

s . Indication of Coulomb phase
M R e T Figure 2 L.-J. Chang / S. ONnc




Evidence of first-order ferromagnetic transition

Polarized neutron-scattering intensity and neutron-spin
flipping ratio showing thermal hysteresis
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Phase diagram and the hypothetical
hetic structure

Magnetic Coulomb liquid

Yb,Ti;0; ((Ho/Dy).Ti.C;

N

0

p Pseudospin structure ~ Magnetic structure
' Nearly collinear ferromagnet

A M//[100]
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Quantum pseudospin-1/2 Hamiltonian
(PRL105, 047201; arXiv:1011.4981, arXiv:1101.1230)

H=/inn Y (rrl )tnnéEBgNl odrlzolrl Tz+gTl (o drfx
odrl Tx+odrTyaldrl Ty )+glg {(c IrT-niryT )(o IrT T-
niryrl )—(o drT-ndrrl )(o drT T-nidrrl )HglTk {olrlz
(o drT T-nidrrl )+(o drT-ndrrl )odrl 1z}]

1. Assume /dn.n. >0, g7l >0.
2. Start from degenerate spin-ice ground states 6X2 ways

3. 3rd-order perturbationin gTL > 1,-s

ogdrd2 T—oldri3 T+ ogdrdd T— gdrd5 T+ gdri6 T

2 (3), -
o lrf+ =(a drfx+io irty)/2 3
(Hermele-Fisher-Balents, PRB 69, 64404) 2 (3), +s
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Rotor representation of Pauli

odrdiTz=2(nirdi —1/2)

odriiT+ =clriiTx+ioclriiTy /2 =eT+igp Irii
Constraint of hard-core bosons : 724747 =0,1
Commutation relation:

[ drdi ndrljT J=iddrii,vijT T
(Hermele-Fisher-Balents, PRB 69, 64404)
Electromagnetic charge (monopole) / fields
QIR+ =divE=1)=013#(n IRt tali —1/2)
ElRI+ tali =tali lali| (nlRI+ tali —1/2)
or £ IR Rt F+2ali =+ (n IR+ +ali —1/2)

AIRIE R+ +2ali =+ @ IR+ +ali
Kl+ : +, - FCC sublattice of the diamond lattice



Compact U(1) gauge theory

coupled to charged bosons

S{Z =7 E b Ne = £1[a € A(B)]
: — 'lat~a
Si = dlead, @, =

Qo = (divE)q TP, =1

[Aaba Eab] =1 .
Monopolar spinons
[q)aa Qa] =,
J —Ir r
Harn = 5 302 1o 0 #ane, Brone 5 e 51 Fone
r r
U(1) spin liquid Tos Hr
with deconfined spinons +T Z Z(v;f”’@l@l@rﬂreu Prinee,Spr +nre, Sy tmee, + 1-C)
p r pFv
1||1'.u +J:2 ) Y Sirineen (Vi BiPrine, ST i, + huc.) + const..
I§H11

r p#Fv



From U(1) QSL to 222

YL 7N
quartic spinon hopping  ¢/®/®,, . P, .,

N

Q) Which one is energetically favored ?

no ordering

XY 0 ordering on XY

o I RN PR s
NV ordering on XY
ML G s




J:i::i:/']zz
FM - XY magnet

U(l) QSL is much
more stable!

s e
-4.13 spinice (8




» Effective quantum pseudospin-1/2 model for Pr,Yb,TM, 0,

* AF/F anisotropic superexchange interaction

- Emergent U(1) spin liquid

— Quantum phase transitions from U(1) spin liquid to others
— Higgs transitions of monopolar spinons

Consistent with * Magnetization curve
* Neutron scattering profile

— Already observed in Yb2Ti207
B Possible Z(2) spin-liquid phase ??? Require further studies
* Monopole-monopole pair condensates = charge-2 Higgs phase
(but not a monopole-antimonopole pair)



Thanks to

For a work on skyrmion Hal | effect: Kim-SO, arXiv:1012.0631v2
K.S.Kim (APCTP)

O. Tchernyshyov (JHU), H. Kohno (Osaka U), M. Mostovoy(U.
Groningen)
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Skyrmion motion




Skyrmions: chiral spin states

Skyrme (1961, 1962) originally aimed at 7;(SU(N))=2Z e \NSSIiaaas
ce g NSNS~ PANNNNANN T 2SS

3D nonlinear continuum field theory describing | iiff_?"fﬁ%‘i??f RSN S
: : N e RS

nuclear particles as localized states m,(SU12)=Z s N A
* Liquid-crystal blue phases Wright-Mermin (1989) SEEIITUUTIINRN LPIIIIIIINN
* Quantum-Hall ferromagnet Les = aA(n(r)) - 9n(r) + o/ (Vn(r))* + gpupn(r) - B
Sondhi-Karlhede-Kivelson-Rezayi (1993) -3 / d*r' V(r —r')g(r)q(r') , ()

Garnet film

» Skyrme crystal in 2DEG
Brey-Fertig-Cote-MacDonald (1996)
e Cold atom (ferromagnetic spin-1/2 BEC ~ -
condensate of #’Rb)  Khawaja-Stoof (2001)
* Noncentrosymmetric ferromagnets B
(MnSi, etc): Rossler-Bogdanov-Pfleiderer (2006:

f=Am*» (3in)* + nA(Vm)* Hfp(m)
i

Setil*M(rray, Science(’93)

-

> .‘;..1. o 9 v
TELEEEAR B
veeeeowee

ctic bubble domain pa n sho! ocati
hexagonal lattice. The Hh m gnetic b bbl

¢ ener yTl bbbl lf -fold sites tdl t

n-fold sites expand. This patter:

Im of ¢ omp sitiof (YGdTm) (FeGa)sOr2 g

appro; oximately IS;m gl rystal substrate l‘g d l

et in the (111) t\ It s produc: dby l ng the fi fl
e par: amaznc “lc ina ll norma; lf eld (H ~ rsted). [M.§

dCA Mur y Sci 262 558(1993)]

p Dzyaloshinskii-Moriya interaction is cruaal.
' DM vectors rotates depending on the bond direction 9Multip/e(3)-q spiral
Microscopy: stereograph of spins on Fe, ;Co, :Si and FeGe Tokura Rosch 2010



“Zoo” of Hall effects

Applied electric field £,

Y

Charge/spin current J: ' =0 'E

y

/
W

Anomalous/spin Hall effect -
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Single skyrmion transport in the bulk?

Double-exchange ferromagnet with the Rashba-spn-orbit coupling

N.N. L L
H=- [cjh(Sr,Sr.)cr. +JS, -Sr.] S: localized spins
(r.r’)

h(S.,S.) = ﬁj(i)[tr,r, + e, -(r-r')x6+J,0,,S, -&}}r.(ﬁr.)

— >  Continuum model

Applied electric field > (0,,V)—=(9,,V)+ie(4,,A)

Non-collinear spin configuration of localized spins
YAIIIXNNY - .
N — (3,,V) +ie(4,,A) +i(a,,a)
BERTs | R

) s hase carture
p I Ef n
A simple single-skyrmion case: a = 3 Of course, coupled to current

_ e
e A +|r-E|r-g| "’ (Spin-transfer torque)




First, assume that localized spins are fixed

- Spin-polarized ferromagnetic Rashba model
-2 Intrinsic and extrinsic anomalous Hall effects

SO-Sugimoto-Nagaosa (PRL 2006)
o Kovalev-Tserkovnyak-Sinova (PRB 2009)
Nagaosa-Sinova-SO-MacDonald-Ong (RMP 2010)
B /\ /

‘ESF=25

Eo(p)

‘tSF=1

(@) e
0.50
_ 0.40 :E 14
= 0.30 —
“‘3 020 o~
2 0.10 ,g,
© 0.00 lz'
2 0.1 9

" ' 0.01 44—
p. ) 000 10 100
2

¥4 Berry-phase contribution that survives in insulators o./le’/(2nh)]
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- : oH
po ihS = —i& x T :: > Arndhei 1= _Ld2r ( (S&T )

Now let’s allow spin dynamics!

Still assume a reasonably long lifetime for the
skyrmion configuration

Stationary but nonequilibrium problem!

V: the steady velocity of the skyrmion core
E=Vt (0,,a)=(0,-V-V,a, -V -a)

V can have the E-linear term!

Coupled self-consistent equations:

transport equations for electrons and skyrmions

semi-classical EQM of spins

5S

Skyrmion number  Skyrmion core coordinates



Another approach: U(1) gauge theory

Integrate out the fermions around the skyrmion configuration
Expansion of the Lagrangian in fluctuations of Berry phases da=a—alSkyrmion
lgnore spinon flucutations

Lesr=Lp+ Ly + Lcs,
Ly = 1 ( da; A; ) (O'aslarl +X88( 62) Usclarl +Xac( 32) ) PT ( (50,3- ) ’

aacla'rl + Xsc( —-8? ) accla7'| +XCC( 32) Aj
x—-X x—-—X x—-X
CCS =1 88( ) “,,Aéana 5(1,\ +1 ac( ) #u,\éa %) AA +1 cc( ) “,,,\A#a,,A,\,
27 27
(S = M)t + pact )(o ol + o0l )+pza (ZL“J Cee —a”o”+—‘L)
pT _ 2 ool
ij 6:’_1’ + 3,-3]-/(—3 ) (5= M)t + paoh)” + m2L4(pac.)?
. . . . =g (5 = M)oll + pacll) (7 Lousoee —0”0”+—)+P'° (*L*0u0ee — otiot)
Consider a stationary motion of skyrmion o (5= M)t + puct) + wL(puc?
Ilgnore relative change of spin configurations In particular,
67- B— aT - v" * 8,-, 60.»7- E— 607' - V,- * 68.1-
—0 Insulator
v:c -
,K Skyrmi locit H H _ T
0 yrmion velocity § 1 ocHoH _ Zse

_ - E
A Y wL? (S —M)ol + pach



Dissipationless current

* In the thermdynamic limit, a single skyrmion can not affect the bulk
transport. Nevertheless, thanks to the Berry phase of the spin-polarized
Rashba model, there appears the intrinsic anomalous Hall effect and the
associated skyrmion Hall current.

In a particular limit of the Dirac-fermion case
i.e., a case of 2D quantized anomalous Hall effect in insulators

(Haldane 1988)
e.g., a surface state of a 3DTI under magnetic field (S. C. Zhang ...)

8=8p+ /dam{t,l_) iD — mii - i")zl) + i(ema.,AA)Z}.

Serr = Si +/'d3 2 2I(a za,,)zol + e,,u,\A dpay
; Chern-Simons term

+ IoewAtua + = e,w,\A Oy Ax + o 2(os,uu,\é‘ Ay) ) Edge currents

2

p :
) o._—0,0 =E:VJ_E Vx/E

XX

AlkN i oC O'H X Skyrmion number



Relation to Tatara-Kohno theory for

the motion of magnetic vortex
in a ferromagnetic nanodisk

Shibata-Nakatani-Tatara-Kohno-Ohtani 2006
The LLG equation &
G=eZﬁSJ

x
M « M P e xan)
— = XHug+—MX ——-v.,- VM
at oM et M, \01 ; oc skyrmion number

Magnetic vortex

Landau-Gilbert damping (Not topological, extrinsic)

amise Jds= 0.7 x 10"A fm?®
ag=0.04

(k) M,

E-' ",: N :': ) T A n
: o 4.:111.:1‘.!.:'.-5..4.!;:! ‘:’}-\'-fn{'ﬁ_"-\-'ﬁvm.ﬁmuw.
R ;: Ee :.. -_.' v v

A A s

o0k , t(ns)
20 40 6D 100
ﬁ c.f. Dynamically induced skyrmion current
WA Topological effect is not included here.! Mostovoy-Nomura-Nagaosa



e Skyrmion Hall effect

 We have shown that it appears in relativistic
insulators with spin-orbit coupling.

e Skrymion current produces a Hall voltage
drop.



