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U Oogogn...

e O DMOO ferromagnetic model below T

— Overlap function between two valleys

¢'2 = ¢?' = —m(T)
¢!t = ¢22 = +m(T)

— Overlap between an equilibrium state
at T'and T+ 0T

State 2
q=tm(T)m(T + 6T),

+m varying smoothly with T

e Temperature Chaos
The equilibrium states at different temperatures are TOTALLY DIFFERENT.
— The overlap ¢ is ZERO
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Disordered Systems

o DDDDDDDDDDDDDDP(q)zzaﬁé(q—qo‘ﬁ)
o0 0000000 — droplet picture, Mean-field picture and more...
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— No Chaos

1 Free energy

______ NO LEVEL CROSSING
ST A state dominatioin the partition

-
-

-
-
- -
- - -
- = - -

_______ function at 7" ALSO dominates it

/ at T + 0T

Temperature

' Free energy \\/\/\/
o Temperature chaos as

level crossings

— Chaotic case

Temperature
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K. Hukushima
Experiment: Memory and Chaos Effects in Spin Glasses

K. Jonason, et al : Phys. Rev. Lett. 81, 3243 (1998).
J. Hammann, et al : J.Phys.Soc.Jpn. 69 (2000)Suppl. A, 206-211.

8
. c g.° ; ti ; t3
e rejuvenationl] [] el s :
D000 Ty0oooooooooooog | R | 2 : i
Odddooododdoooodooog o i T GmeatizK (mn)
| LG e gl
Odobdoodouooodoooododn ' °I'1£_‘; """" e OV
| / |
oooooooooD—-0O000000 § fpt i gy T o 0nta s
0 400

800
age (min)
e memory (] []

OO00ooooooo7iyggooobond lig. 7. CdCr1.7In0.3S4 spin glass (T, = 16.7K): effect of a neg-
0000000000 nn ative temperature cycling 12K— > 10K— > 12K on the time

dependence of x'' (f=0.01Hz). The inset shows the relaxation
measured during t3 plotted in continuation of the initial relax-
ation during ¢; (the solid line is a relaxation at 0.727, without
temperature cycling).
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Experiment: Memory and Chaos Effects in Spin Glasses

K. Jonason, et al : Phys. Rev. Lett. 81, 3243 (1998).
J. Hammann, et al : J.Phys.Soc.Jpn. 69 (2000)Suppl. A, 206-211.
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FIG. 1. Qut-of-phase susceptibility y" of the CdCr;4Ing:Sy
spin glass. The solid line is measured upon heating the
sample at a constant rate of 0.1 K/min (reference curve). Open
diamonds: the measurement is done during cooling at this same
rate, except that the cooling procedure has been stopped at 12 K
during 7 h to allow for aging. Cooling then resumes down to
5 K: ¥" is not influenced and goes back to the reference curve
(chaos). Solid circles: after this cooling procedure, the data is
taken while reheating at the previous constant rate, exhibiting
memory of the aging stage at 12 K.
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“Chaotic Nature of the Spin-Glass Phase”

A. J. Bray and M. A. Moore: Phys. Rev. Lett. 568, 57 (1987).
D. S. Fisher and D. A. Huse: Phys. Rev. B 38, 386 (1988).

>
L

Free-energy difference at T’

AF(T) = AE -~ TAS ~YL?
. stiffness exponent

T: T dependent stiffness constant
Change the temperature to 1"+ 6T

AF(T+0T) ~ AE— (T+6T)AS
~ YL — §TAS.

Entropy difference of the droplet surface
AS ~ +L%/2. d.: fractal dimension

if ds/2 > 0, AF(T +6T) ~ YL + 6T L%/2 can CHANGE the sign.

1
— The equilibrium state should change on a length scale L(6T") ~ 6T ds/2-9.
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Chaos exponent ( and Stiffness Exponent ¢

Chaos exponent: ( =d;/2—0 >0=— CHAOS ............. Lyapunov exponent

Stiffness exponent 0:

e mean-field picture (mean-field model): 6 = 0.

e short-ranged SG model in three dimensions: 6 ~ 0.2.

ds/2>(d—1)/2 — | Temperature Chaos likely occurs in SG systems.

Temperature
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Sensitivity of the Spin Glass order parameter
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— Original Hamiltonial : H;[o]
— Perturbed Hamiltonial

Hs|r| = Hy[r] + P|7]
— total Hamiltonial

Hlo, 7] = 61 (Hilo] + Ha|7])

o 110100 MO
— oo gg
Plr| = (B2/61 — 1)H;|T]
- ggoogg :
P[T]:pzfﬂ'@’
— oo oogn

Pr] = D215 JiTiT;

o [|[I0IML[

(0:5Ti) %

r(P) =
Voo (rerh2,

_P=0,H, = H,
—r(P=0)=1.

The spin-glass phase is
CHAOTIC,

if

lim lim »(P) < 1.

p—0 N —o0
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Numerical Examinations
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FIG. 5. Chaos with magnetic field in the 44 LS Ising spin Lt Al

glass at T'=1.5. Magnetic field values range from A =U.1 up to
h =1. The number of samples is approximately 100 for all lat-
tice sizes, Typical error bars in this case are of the size of the
symbols.

FIG. 6. A scaling plot of ry; with random perturbation, case
(1), at T=1.4 in the spin-glass phase. The perturbation lies in the
range 0.05—0.4. The chaos exponent is {=1.2.
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o UOODOOUOOOOOOODODO:
Sales-Yoshino, RPE65, 066131 (2002), (cond-mat/0203371)

000000000 000O000-2002/09/13 9



K. Hukushima

Against Temperature Chaos...

e |. Kondor, J. Phys. A 22, L163 (1989)

On chaos 1 spin glass
zero-th loop order — one loop : |. Kondor and A. Végsd, J. Phys. A 26 L641 (1993).

e A. Billoire and E. Marinari, J. Phys. A 33, L265 (2000),
FEvidences Against Temperature Chaos wn Mean Field and Realistic Spin
Glasses

e T. Rizzo, J. Phys. A 34, 5531 (2001),
Against Choas in Temperature in Mean-Field Spin Glass Models.

e R. Mulet, A. Pagnani, and G. Parisi, Phys. Rev. B 63, 184438 (2001),
Against temperature chaos in naive Thouless-Anderson-Palmer equations

e A. Billoire and E. Marinari, cond-mat/0202473,
Overlap Among States at Different Temperatures in the SK Model.
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Our strategy: Eigenmode Analysis of susceptibility matrix
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Xij = ahi@th({hi}) = B(5:5;)

h=0

h=0
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The first eigenvector of a sample with N = 647

000000000 oooOoOoOO0O-2002/09/13 12



K. Hukushima

Jogoboboboooboboooddddonn

4d £+ J Ising EA Model using the dual trick method
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4d £+ J Ising EA Model using the dual trick method
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fig. 7. CdCr1.7In0.354 spin glass (Ty = 16.7K): effect of a neg-

ative temperature cycling 12K— > 10K— > 12K on the time
dependence of x/' (f=0.01Hz). The inset shows the relaxation
measured during t3 plotted in continuation of the initial relax-
ation during ¢; (the solid line is a relaxation at 0.727, without
temperature cycling).

J. Hammann, et al :
J.Phys.Soc.Jpn. 69 (2000)Suppl. A, 206-211
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cumulative memory effect

e MC simulations O rejuvenationd OO0O000O0OO0O0OOO0OO0O0O
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@ e cumulative memory effect:

01 e (Komori-Yoshino-Takayama,
* : J. Phys. Soc. Jpn. 66 Suppl. A (2000)355)

- 000000000 onooosed

Sl N | o | 0000000000
3><Eo.22 . _
02 F tu=256 \.‘%&é i 4F I
0.18 | tEh=824 ".--‘.-é%ﬁ:&"%ﬁ‘&:ﬁ“ b (a) T,=0.8
o N
']6 1(I)O ll 10(|)00 — o
i = s
. . 2 ”ﬁ T,=06
Kmori-Yoshino-Takayama : =
J.Phys.Soc.Jpn. 69 (2000)Suppl. A, 228- ad
237 . ... oooog k
- bopooboonbboh T

- MCOOOOOOOOoOooo Lt

-0000000O00 ODoOoOoOoOO-2002/09/13 17



K. Hukushima

Jogoobobooobobooddd

e 00O OUOOO LOOSGUHOO e dOOO0OO0Ot ,0000000SGOMO

Joobooboguog ¢ Joogd L

\ 4

»
P

>

Effective time 00 7,000 ;0000

oobobobod20b0bbibtuudd
oogogod

length scale

>

00000000000 LHoDOOod
OO00000000 L(ooooaoo

time scale

Tl
> T2

-000000000 DOoOOoOoOg-2002/09/13

18



K. Hukushima

cumulative—chaos crossover
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e Overlap Length Loy, = ((ST)_l/C Twin experimets:

Jonsson-Yoshino-Nordblad, PRL89,(2002)097201.
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our MC Results

Takayama-Hukushima;cond-mat/0205276
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Summary
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