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Dynamical Simulation of Spin-Glass and Chiral-Glass Orderings
in Three-Dimensional Heisenberg Spin Glasses
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Spin-glass and chiral-glass orderings in three-dimensional Heisenberg spin glasses are studied with
and without random magnetic anisotropy by dynamical Monte Carlo simulations. In the isotropic
case, clear evidence of a finite-temperature chiral-glass transition is presented. While the spin
autocorrelation exhibits only an interrupted aging, the chirality autocorrelation persists to exhibit a
pronounced aging effect reminiscent of the one observed in the mean-field model. In the anisotropic
case, asymptotic mixing of the spin and the chirality is observed in the off-equilibrium dynamics.
[S0031-9007(98)06365-0]
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Recently, there arose a growing interest both theoretistates is not fully understood. Although experiments
cally and experimentally in the off-equilibrium dynami- have provided strong evidence that spin-glass magnets
cal properties of glassy systems. In particular, agingxhibit an equilibrium phase transition at a finite tem-
phenomena observed in spin glasses [1] have attracted tperature, numerical studies indicated that the standard
attention of researchers [2]. Unlike systems in thermabpin-glass order occurred only at zero temperature in a
equilibrium, relaxation of physical quantities depends nothree-dimensional (3D) Heisenberg spin glass [9-12].
only on the observation time but also on the waiting While weak magnetic anisotropy inherent to real materi-
time 1, i.e., how long one waits at a given state beforeals is often invoked to explain this apparent discrepancy,
the measurements. Recent studies have revealed that tiheemains puzzling that no detectable sign of Heisenberg-
off-equilibrium dynamics in the spin-glass state generallyto-Ising crossover has been observed in experiments,
has two characteristic time regimes [2,3]. One is a shortwhich is usually expected to occur if the observed
time regimeyy < ¢ < t,, (fo is amicroscopic time scale), spin-glass transition is caused by the weak magnetic
called “quasiequilibrium regime,” and the other is a long-anisotropy [9,10].
time regime,t > 1, called “aging regime” or “out-of- In order to solve this apparent puzzle, a chirality
equilibrium regime.” In the quasiequilibrium regime, the mechanism of experimentally observed spin-glass tran-
relaxation is stationary and the fluctuation-dissipation theositions was recently proposed by the author [11], on
rem (FDT) holds. The autocorrelation function attimgs the assumption that an isotropic 3D Heisenberg spin

andr + 1, is expected to behave as glass exhibited a finite-temperatumhiral-glass transi-
c tion without the conventional spin-glass order, in which
Clty,t +1,) = ¢" + a EA (1)  only spin-reflection symmetry was broken while preserv-

ing spin-rotation symmetry. “Chirality” is an Ising-like
where ¢gF4 is the equilibrium Edwards-Anderson (EA) multispin variable representing the sense or the handed-
order parameter. In the aging regime, the relaxatiomess of the noncollinear spin structures. It was argued
becomes nonstationary, FDT is broken, and the autocothat, in real spin-glass magnets, the spin and the chiral-
relation function decays to zero as— o for fixed ¢,,. ity were “mixed” due to the weak magnetic anisotropy,

On the theoretical side, both analytical and numeri-and the chiral-glass transition was then “revealed” via
cal studies of off-equilibrium dynamics of spin glassesanomaly in experimentally accessible quantities. Mean-
have so far been limited ttsing-like models, including while, the theoretical question as to whether there really
the Edwards-Anderson model with short-range interactiomccurs such a finite-temperature chiral-glass transition in
[4-6] or the mean-field models with long-range interac-an isotropic 3D Heisenberg spin glass remains somewhat
tion [3,7,8]. Although these analyses on Ising-like modelsnconclusive [11,12].
succeeded in reproducing some of the features of experi- In view of the absence of an off-equilibrium simulation
mental results, many of the real spin-glass magnets amef Heisenberg spin glasses, and also of the possible
Heisenberg-like in the sense that the magnetic anisotropynportant role played by the chirality, | report in this
is much weaker than the isotropic exchange interactionlLetter the results of extensive dynamical Monte Carlo
Thus, in order to make a direct link between theory andsimulations on isotropic and anisotropic 3D Heisenberg
experiment, it is clearly desirable to study the dynamicakpin glasses, in which the properties of the spin and the
properties oHeisenberg-likespin-glass models. chirality are studied.

Even at the static level, the nature of the experimen- The modelis the classical Heisenberg model on a simple
tally observed spin-glass transition and the spin-glassubic lattice with the nearest-neighbor random Gaussian
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where (---) represents the thermal average and:] ) o , )
FIG. 1. Spin (a) and chirality (b) autocorrelation functions

represents the average over bond disorder. of a 3D isotropic Heisenberg spin glass at a temperature
Monte Carlo simulation is performed based on the stany ;" o5 plotted versus log 1 for various waiting times,, .

dard single spin-flip heat-bath method. Starting fromThe lattice size i. = 16 averaged over 66 samples.
completely random initial configurations, the system is
quenched to a working temperature. A total of about
3 X 10° Monte Carlo steps per spin (MCS) are gen-relaxation becomes slower and the plateaulike behavior
erated in each run. A sample average is taken oveat: ~ 1, becomes more pronounced.
30-120 independent bond realizations. The lattice size In Fig. 2, C; and C, are replotted as a function of
mainly studied isl. = 16 with periodic boundary condi- the scaled timer/z,,. Reflecting its interrupted aging,
tions, while in some cases lattices with= 12 and 24 are the curves ofC; for larger r,, now lie below the ones
also studied. for smallerz,, (subaging. By contrast, the curves af,

Let us begin with the fully isotropic casd) = 0. for varioust, cross at about/t, ~ 1, and atr > t,,
The spin and chirality autocorrelation functions at a lowthe data for larger,, lie abovethe ones for smaller,,
temperaturd’/J = 0.05 are shown in Fig. 1 as a function (superagingy. Such superaging behavior @, means
of . For largert,,, the curves of the spin autocorrelation that the aging in chirality is more enhanced than the one
function C; come on top of each other in the long- expected from the naive'r,, scaling. Note that, although
time regime, indicating that the stationary relaxation isthe chirality is an Ising-like variable from symmetry, the
recovered and aging is interrupted. This behavior hasbserved superaging behavior is in contrast to the aging
been expected because the 3D Heisenberg spin glasshishavior of the 3D EA model which was found to satisfy
believed to have no standard spin-glass order [9—12h good:/t, scaling in the aging regime [5]. It should
Similar interrupted aging was observed in the 2D Isingalso be noticed that the plateaulike behavior observed
spin glass which did not have an equilibrium spin-glasshere has been hardly noticeable in simulations of the
order [5]. By contrast, the chiral autocorrelation function3D EA model. Rather, the behavior af, observed
C, shows an entirely different behavior: Following the here is reminiscent of the one observed in the mean-field
initial decay, it exhibits a clear plateau at about- 1,  model such as the Sherrington-Kirkpatrick (SK) model
and then drops sharply for > 1. It also shows an [7,8]. This correspondence might suggest that an effective
eminent aging effect, namely, as one waits longer, thénteraction between the chiralities is long ranged.
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Rl PV T LRI, iy er I order parameter of the chirality of a 3D isotropic Heisenberg
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spin glass. The data are averaged over 30—120 samples. Inset
exhibits the log-log plot of thet dependence of the chiral
autocorrelation function in the quasiequilibrium regime for
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0.04 } D=0 y L =16,T/J = 0.05, and?t,, = 3 X 10°.
T/J=0.05
0.03 L=16 1 . .
3 - but is close to the value of the mean-field mogek 1.
0.02 | \\;\\ ] This suggests that the universality class of the chiral-
. glass transition of the 3D Heisenberg spin glass might be
0.01 | M different from that of the standard 3D Ising spin glass.
log 10 (t/t w) According to the chirality mechanism, the criticality of
° 3 - I o ] > s  real spin-glass transitions should be the same as that of

o the chiral-glass transition of an isotropic Heisenberg spin
F'G' 2. The same data as in Fig. 1, but plotted versug; 555 5o long as the magnitude of random anisotropy is
0g,o(¢/tw). . . .
not too strong. If one tentatively accepts this scenario, the
present result opens up a new interesting possibility that
) ) ) o the universality class of many of real spin-glass transitions
While the plateaulike behavior observed i, is  might differ from that of the standard Ising spin glass,
already suggestive of a nonzesbiral Edwards-Anderson contrary to common belief.
order parametergég > 0, more quantitative analysis  |n the presence of weak anisotropy> 0, the chirality
similar to the one recently done by Pargti al. for the  scenario predicts at the static level that the transition
4D Ising spin glass [6] is performed to extragts from  pehavior of chirality remains essentially the same as
the data OtX in the quasiequilibrium regime. Finiteness in the isotropic case, whereas the spin is mixed into
of ¢g&& is also visible in a log-log plot ofC, versust  the chirality, asymptotically showing the same transition
as shown in the inset of Fig. 3, where the data showehavior as the chirality [11]. In order to see whether
a clear upward curvature. | extragEg by fitting the  such “spin-chirality mixing” occurs in the off-equilibrium
data ofC, for 7, = 3 X 10° to the power-law form of dynamics, further dynamical simulations are performed
Eq. (1) in the time rangd0 = ¢ = 3000. The obtained for the models with random anisotropi&/J = 0.01 ~
gcg, plotted as a function of temperature in Fig. 3, 1. While chirality exhibits essentially the same dynamical
clearly indicates the occurrence of a finite-temperaturdehavior as in the isotropic case (not shown here),
chiral-glass transition &cg/J = 0.157 = 0.01 with the  the behavior of spin at > r,, changed significantly in
associated order-parameter expon@gic = 1.1 = 0.1.  the presence of anisotropy. As an example, the spin
The size dependence turns out to be rather small, althouglutocorrelation in the case of weak anisotrapyJ =
the mean values ofé5 tend to slightly increase around 0.01 is shown in Fig. 4. Even for such small anisotropy,
Tcg with increasingL. Since both finite-size and finite- spin is found to shovguperagingoehavior asymptotically
1,, effects tend to underestimatg€q, one may regard the at 7 > 1, similar to that of the chirality in the fully
present result as rather strong evidence of the occurrendsotropic case, demonstrating the chirality-spin mixing.
of a finite-temperature chiral-glass transition. Experimentally, thermoremanent magnetization (TRM)
The associated exponemicg ~ 1.1 is considerably or zero-field-cooled (ZFC) magnetization is found to show
larger than the value of the 3D EA modgl~ 0.5 [10], an approximater/r, scaling in the aging regime, with
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FIG. 5. Zero-field-cooled magnetization of an anisotropic 3D
Heisenberg spin glass with/J = 0.05 plotted versus log r.
The field isH/J = 0.05 and the temperature iE/J = 0.05.
The lattice size id. = 16 averaged over 80 samples.

FIG. 4. Spin autocorrelation function of the weakly
anisotropic 3D Heisenberg spin glass with'J = 0.01 plotted
versus log,(¢/7,). The lattice size i = 16 averaged over
60 samples and the temperaturd’i&/ = 0.05.
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