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Magnetic-Field Induced Ordered Phase:
Bose-Einstein Condensation of Magnons
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Magnetic-Field induced Magnetic structure
Néel order under magnetic field

[A. Oosawa et al., JPCM 11 (1999) 265.] [H. Tanaka et al., JPSJ 70 (2001) 939.]
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Pressure Induced Ordered Phase: Pure Higgs Mode
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[Goto et al., JPSJ 75 (2006) 064703.] [Goto et al., JPSJ 75 (2006) 064703.]

Results under high pressures will be available on poster P12.
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Dispersion Relation: Experiments and Theory
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[Experiments: N. Cabadini et al., Phys. Rev. B 63 (2004) 172414. ]
[Calculation: M. Matsumoto et al., PRB 69 (2004) 054423.]
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Fluctuation of Magnetic Moments
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Magnon Excitations under Magnetic Field

3 -15
-2
o |
ks
11 5
3 g
£ v 3
5 [
2L H=0T £
£ 3
B z
) ‘@
Iﬁ .w‘ E,
£
2l o
- —— - — e ____________
< - -
1 L
H=14T
0 BT 0-
-05 0 05

Momentum transfer (0 g, 0} (r.L.u.)

HIT]
Inelastic neutron Calculation using
scattering in TICuCl, bond-operator theory

[Ch. Rilegg et al., Nature 423 (2003) 62.] [M. Matsumoto et al., PRB 69 (2004) 054423.]
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Magnon Excitations under High Pressure
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scattering in TICuCl,

[Ch. Rilegg et al., PRL 100 (2008)
205701 ]

Results under high pressures will be available on poster P12.
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Latest Topic: Finite-Temperature Effects
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Results under high pressures will be
available on poster P12.
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Merchant et al., Nature Physics
10 (2014) 373-379.
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Ramn Scattering (RS):

« Inelastic light scattering;

* Detection of phonon modes at the chemical I" point;
* High resolution;

Symmetry sensitive;

« Small amount of sample;

* Multi-extreme condition; ... and

« Detection of the Higgs mode
at the magnetic I" Point !
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Polarization Characteristics
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Result in TICuCI under Magnetic Field
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H. Kuroe et al., Phys. Rev. B 77 (2008) 134420.
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Result In TICuCI under Magnetic Field
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Summary of Experimental Results:

O We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

O 15t Order magnetic RS never appears below H, or below p_;
O Raman intensity is proportional to M, 4,

O Energy of the P1 peak is well described by the energy of the Higgs
mode;

We should understand these facts theoretically to clarify the fact that

Magnetic RS detects the Higgs mode.
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Second-order magnetic RS: Optically Induced Spin Exchange

Electronic Electronic Excited State
Excited State  Qptically Induced S2'=35-1

S,4=S Double Spin Flipping

Q; ‘
I H (6)]

S,4= S +1 Total SZ S,v=S-1

525 Clactronic Conserved Electronic 7=
Ground State Ground State

P. A. Fleury and R. Loudon, Phys. Rev. 166 (1968) 514.
Effective Raman operator R=YF(E, i, JE. 7,5, S,
i ]
S S=1/2 Spin at site |

SI

f.;  Unit vector connecting sites I, |

E.eo) Polarization of incident (scattered) light
F

.i Amplitude factor
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Summary of Experimental Results:

V1 We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

O 15t Order magnetic RS never appears below H, or below p_;

O Raman intensity is proportional to M, 4,

O Energy of the P1 peak is the same as that of the Higgs mode;

We should understand these facts theoretically to clarify the fact that

Magnetic RS detects the Higgs mode.
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Summary of Experimental Results:

¥1 We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

1 15t order magnetic RS never appears below H, or below p,;
O Raman intensity is proportional to M, 4,

O Energy of the P1 peak is the same as that of the Higgs mode;

We should understand these facts theoretically to clarify the fact that

Magnetic RS detects the Higgs mode.



23/6/2014 @ YITP ) B K 31

Haruhiko KUROE ¥ ¥ ¥ SOPHIA UNIVERSITY

Singlet-triplet mixing under magnetic field

M. Matsumoto et al., PRB 69 (2004) 054423.
In ordered phase (H, <H < H,)

a;=us;+vife'? it +ge@ it ), E ‘ (b)

bi.=u(ft;, +gt;_)—ve s,

bio="tin- |
]
b, _=ft;_—gt;,. 0 Hc HE H
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Writing effective Raman operator using s; and tia

Interdimer part
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Writing the singlet-triplet mixing in the k space  Masumotwetal,
PRL 89, 077203 (2002),
Sy b, b Ll |8 =Us, +vftk+Q+ + V0t o

PRB 69, 054423 (2004).

a,, by, bko’ D, b, = ft_—gt_ The magnetic
I" point
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Writing effective Raman operator with the basis of b, b,

S ) d)z(__s s Y j
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15t order magnetic RS Is observed inthe " | T @]
second-order Raman process: o1 '
1. above H_;

2. atthe I point;

3. with the intensity proportional to M,,?

6 L
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2|

0, 2r, 2m) (O, O, 2m) (O, 0, 0)(r, O, 0)(O, 0, 2r)
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Summary of Experimental Results:

¥1 We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

1 15t order magnetic RS never appears below H, or below p,;
¥ Raman intensity is proportional to M, 4,

O Energy of the P1 peak is the same as that of the Higgs mode;

We should understand these facts theoretically to clarify the fact that

Magnetic RS detects the Higgs mode.



Yukawa Institute for Theoretical Physics,
Kyoto University
Higgs Modes in Condensed Matter and Quantum Gases

il

)
2014-06-23— 2014-06-25

Diagonalization to calculate scattering intensity

23/6/2014 @ YITP
Haruhiko KUROE

LEERS 35

SOPHIA UNIVERSITY

foaeh

|£ d

ﬁw |
o

Matsumoto et al.,
PRL 89, 077203 (2002),

a, =us, +Vft o, +vot o PRB 69, 054423 (2004).
b, =-Vso +Uft,, +ugt,_ Sk’tk+ tko tk— _ _
b, = ft, —gt, - ] Bogoliubov Transformation
b =1 d, bk+ ’ bko , bk_ oLy VP U O O
l < O(‘_I: _ ul:—— UIZ— VI_:— VI:—+ bk+
T o 1 et ] Vi Vil uieou, | b
Qs O Oy O}l ) (v v Ll
For Higgs and Goldstone Modes,| __3——————————— R
i Ton —
& 2 e one-magnon 1 =)
T . — — * — — — _T g Eg-(Q) g
by, +h], = (uQ+ —VQ+) og +(uQ+ —VQ+)OLQ > 0 2
: 5 1 @ _— | =
+ + + + + +1 ]
+(uQ+ —VQ+) g +(uQ+ —VQ+)OLQ U‘—] E..(Q) U‘—]
Zero "z 4 6 8 10

Magnetic Field (T)




Yukawa Institute for Theoretical Physics, .-.-T’E": W
. 23/6/2014 @ YITP £ P‘%I |- ﬂ' j( :’J:ﬁ
iggs Modes in Condens latter and Quantum Gases = CA
0000000 23— 2014-06-25 n H '.,}"r- 2 3 6
L Haruhiko KUROE & %5 copria UNIVERSITY

Summary of Experimental Results:

¥1 We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

1 15t order magnetic RS never appears below H, or below p,;
¥ Raman intensity is proportional to M, 4,

V1 Energy of the P1 peak is the same as that of the Higgs mode;

We should understand these facts theoretically to clarify the fact that

Magnetic RS detects the Higgs mode.
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Summary of Experimental Results and Theoretical Consideration:

¥1 We observe strong magnetic RS when the incident light is polarized
along the direction of strong interdimer interaction;

A 15t Order magnetic RS never appears below H, or below p;
¥ Raman intensity is proportional to M, 4,

V1 Energy of the P1 peak is the same as that of the Higgs mode;

We conclude that

Magnetic RS detects the Higgs mode.



