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Spin and chirality autocorrelation functions of a Heisenberg spin-glass model
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We study the spin and the chirality autocorrelation functiGggt) andC,(t) of the =J Heisenberg model
in three dimensions to examine the chirality mechanism of the spin-¢B&sphase transition proposed by
Kawamura, which says that it is not the spins but the chiralities of the spins that are ordered in Heisenberg SG
systems. Using a dynamical simulation method that removes the drift of the system, we show that an apparent
difference in the dynamics between the spin and chirality comes from the drift and suggest that the spins and
the chiralities are ordered simultaneously.
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It has been believed that the spin-glaS&) phase is re- large systems, some of the dynamical simulation data inevi-
alized in three dimension(8D) for the Ising modét?but not  tably suffer from this effect. The spin autocorrelation func-
for the XY and Heisenberg modeis® Thus, the SG phases tion Cg(t) diminishes by this drift, whereas the chirality au-
observed in experiments were suggested to be realized duetcorrelation C,(t) does not, because the chiralities are
magnetic anisotropies® However, it remains puzzling that invariant under global rotation of the system. Thus, the dif-
no sign of Heisenberg-Ising crossover has been detectddrence in the behavior betweddg(t) and C,(t) might
experimentally®*°which is expected if the observed finite come from this drift.
temperature phase transition is due to a weak magnetic an- In this paper, we show that, in theJ Heisenberg model,
isotropy. Recently, Hukushima and Kawamura have prothe apparent difference betwedls(t) and C,(t) comes
posed a chirality mechanism to solve the puZzié? They  from the drift of the system. We propose a dynamical simu-
considered the chirality described by neighboring thredation method that removes the drift of the system. Using the
spins. It has either positive or negative value, just like themethod, we first show thatg(t) exhibits properties quite
Ising spin. Kawamurd~*3 claimed that, in the 3DXY and  similar to those ofC,(t). Then, applying the same off-
Heisenberg SG models, a chiral-gld&G) phase transition equilibrium Monte Carlo simulation method that was used
occurs at a finite temperatufieg# 0, but the SG phase is by Kawamura® we estimate values of the Edward-Anderson
absent. He argued that, in real SG magnets, the spin and tleeder parameters of the spin and the chirality and find that
chirality are mixed due to a weak magnetic anisotropy, andoth have finite values at low temperatures and vanish at
the CG transition is revealed as anomalies in experimentallgimost the same temperatureof-0.18]. Thus, we suggest
accessible quantities. According to this interpretation, the SGhat the spins and the chiralities are ordered simultaneously.
phase transition never occurs in Heisenberg-like systems, We start with the=J Heisenberg model on a simple cubic
and what was observed in experiments is nothing but the C@ttice of LXL X (L+1) (=N) with skew boundary condi-
phase transition. This mechanism is quite interesting, betions along twol directions and a periodic boundary condi-
cause it calls for reconsideration of the SG phase transitiotion along the [+1) direction. The Hamiltonian is de-

from both theoretical and experimental points of view. scribed by
However, there are some basic problems in the basis of
the chirality mechanism. One is tfie=0 stiffness exponent
of the chiralitiesé. and that of the spings. Kawamura® H= _% 4SS, @)

estimatedd->0 and #s<0 in the 3D XY and Heisenberg

SG models, having used a conventional defect energwhereS is the Heisenberg spin ¢&|=1 and(ij) runs over
method®>>1® However, recent studies threw some doubt onall nearest-neighbor pairs. The exchange interactimmd
that method itselt’~2° Another problem is the dynamics of J;; takes either+J or —J with the same probability of 1/2.
the system. Kawamutdand Hukushima and Kawamdfa We consider the dynamical properties of the system cal-
calculated the chirality autocorrelation functi@,(t) and  culating the spin autocorrelation function. In order to con-
the spin autocorrelation functidbg(t) of 3D Heisenberg SG sider these properties of an infinitely large system, we re-
models with and without a weak anisotropy They found move the effect of the drift applying the uniform rotation to
that, even foD=0, C,(t) exhibits a pronounced aging ef- the system so that

fect rggniniscent of the one observed in the mean-field

model{~ while Cg(t) exhibits a similar aging effect only

whenD # 0. However, when one considers dynamical prop- S= 2,: [RIOS(t+ty) = S(ty)]? @
erties of the Heisenberg model with=0, one should pay

special attention to the thermal drift of the system, i.e., thdbecomes minimum, wherB(t) is the rotation matrix, and
global rotation of the syste&f.Although this drift does not {Si(t,)} and{S(t+t,,)} are the spin configurations at times
affect the static spin correlations and becomes negligible i, andt+t,,, respectively. We can successively determine
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FIG. 1. The spin autocorrelation functions of the ferromagnetic = 10! . . . . .
Heisenberg model in 3D plotted usfor a waiting timet, =2 1 ®) .
x10* at temperatures around the Curie temperatureTgfJ 8
~1.45. The solid and open symbols are data from the fixed and the 7
drifting systems, respectively. The arrows indicate the equilibrium
values of the square of the magnetizati¢m/N)2).

y(t+ty)

R(t), becausd(t) =E att=0 and it changes step by step as
t goes by, wher& is the unit matrix® Hereafter, we call the <& 4
system described b5 (t)} the drifting system and that by

{S(t+1t,)=R(t)S(t+t,)} the fixed system. The spin auto- 3

correlation functionCq(t,, ,t +t,,) of the fixed system is de-
fined as

1 ~ ~ 10° 1(|)1 1(|)2 1(|)3 1:)“ 1(|)5
Coltw t+tw) = 2 [(S(t+ St O t

FIG. 2. The autocorrelation functions @) the spinCg and(b)
where(---) and[---] mean the thermal average and thethe chirality C, of the =J Heisenberg model plotted wsfor dif-

bond distribution average, respectively. The chirality autoterent waiting timet,,. The data are averaged over 32 samples of
correlation function is also defined as the lattice sizd_ = 15.

Cylty t+ty)= % IZ [(Xi(tHtwWxi(tw)], (4 (MCS) the autocorrelation functions are measured up to
" about 2< 10° MCS. A sample average is taken over about 32
wherey; , is the chirality at théth site and in theuth direc-  independent bond distributions. The results ©Of(t,, .t
tion defined bYXiM:3+éH'(3X37éH) with &,(#=x,y,2) +t,) andC,(t, ,t+t,) for differentt,, are presented in Fig.

. . . . . 2 as functions ot. It is seen thaCg(t,,,t+t,) exhibits an
being a unit lattice vector along the axis. Note again that s(tw w)

- L . . . aging effect quite similar to that o€ (t,,,t+ty), implying
thedctu'ra“%x‘#r:s llr}t\/arla?t undelzrche ?lOb?I splnfr(k))tattrl]otnh, that the spin and the chirality possess similar dynamical
an en the chirality autocorrelation tunctions or bo e roperties. To examine this point in more detail, we plot in

drifting and fixed systems are completely the same and d = : _ : _
. . ) g. 3 the ratioT(t, ,t+t,)=C, /Cs for a fixedt,,=10° at
scribed by Eq.(4). Before applying this method to the different temperatures. At all the temperaturéét,, ,t+t,,)

present model, we test it in the 3D ferromagnetic HeisenbergI :
g . owly decreases dgyoes by, revealing th& 5 decays more
model. The results are shown in Fig. 1. It is found that the X ; :
- This result suggests that, if the ordering of

spin autocorrelation function of the fixed system with a IargeSIOWIy thanC

T the chiralities is realized, the same is true for the spins.
ty approaches the equilibrium value of the square of the Next, we estimate values of the Edward-Anderson order
order parameter,(M/N)?), with M being the total magneti- arame,ters of the spin and the chiralifyg andgeg, apply-
zation, whereas that of the drifting system rapidly decay ng the method proposed by Pariet 5.24 angehsed by

with increasingt. This result indicates that the effect of the Kawamura® That is, these values are extracted by fitting the

drift can be removed properly by the present method. _ ]
We perform the same simulation that was done bydata ofCs andC, for t,,=3x 10° to the power-law form of

Kawamur&® using the standard single-spin-flip heat-bath

Monte Carlo(MC) method. That is, starting with a random A

initial spin configuration, the system is quenched to a work- Calty, t+1,)~qeat —, (5)
ing temperature, and after waiting, MC steps per spin As
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FIG. 3. The ratio of the chirality to the spin autocorrelation
functionsT(t,,,t+1t,)=C, /Cg of the +J Heisenberg model plot-
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FIG. 4. Temperature dependences of the Edwards-Anderson or-

ted vst. The data are averaged over 32 samples of the latticgler parameters of the spin and the chirality; andgcg, of the =J

sizeL=15.

(6)

AX
C)((tW vt+tw)~qCG+ tT:
X

in the two time ranges of 30t<3000 and 56t<5000,
whereAs, A, \s, and\, are constants. The obtainedg

and qcg are plotted as functions of temperature in Fig. 4.

Heisenberg model. Open and solid symbols indicate those extracted
in the time ranges of 39t<3000 and 5&t=<5000, respectively.

The data are averaged over 32—200 samples. Lines are guides to the
eye.

phase transition asg~0.18]. This view is compatible with
our recent studies of the stiffness of the system, which sug-
gest that, contrary to previous studi€s!! the stiffness ex-
ponent fg of the spin has the positive value 6£~0.8 at

Both quantities have positive, nonvanishing values at lowy— g (Ref. 20 and changes its sign @t-0.19).2° Thus we

temperatures and seem to vanish at almost the same tempey,

ture of T~0.18).%°
transitions of the spin and the chirality existlat 0 and they
occur at the same temperature.

Rink that the SG phase will be realized at finite temperatures

This result also suggests that the phas€gyen when the anisotropy is absent. However, further studies

are necessary to establish the finite-temperature SG
transition®’

In summary, we have revealed that the apparent difference
in the dynamical property between the spin and the chirality The authors would like to thank Professor K. Sasaki, Dr.
comes from the drift of the system. The off-equilibrium T. Nakamura, Professor S. Miyake, and Professor H.

Monte Carlo simulation suggests the occurrence of the SGakayama for their valuable discussions.
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2Since ggg and gcg should be positive or 0, the extrapolation that the SG susceptibilitysg exhibits a divergent singularity at

function of Eq.(5) becomes meaningless fo=0.19 for gcg T~0.18]. However, it was reported that the spin Binder param-
and T=0.2Q) for gqgg. This fact implys thatT5<0.19) and eterggg (and also the chirality Binder parameiggs) exhibits
T5e<0.20J. strange temperature dependen@®sf. 14. Further studies are
265, Endoh, F. Matsubara, and T. Shirakura, J. Phys. Soc.70pn. necessary to make clear the relationship between the phase tran-
1543(2007). sition and the behaviors of these Binder parameters.

2"We have also studied properties in the equilibrium state and found
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