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We present results for the static and dynamic behavior of a one-dimensional classical XY
chain. Equilibrium configurations are produced by an importance-sampling Monte Carlo
method. Static properties are evaluated from these data and a spin-dynamics method is
then used to evaluate time-displaced correlation functions and to calculate the scattering
function S(gq,w). The transverse spin-spin correlation functions decay exponentially for
large times. The longitudinal spin-spin correlation functions show oscillatory behavior,
especially at low temperatures. The longitudinal-scattering function displays spin-wave
peaks, and the transverse-scattering function shows central peaks (relaxational behavior)
which change to fluctuation-broadened spin-wave peaks for large values of gq/k. The
energy-energy correlation function shows diffusive behavior for high temperatures and non-

diffusive behavior for low temperatures.

I. INTRODUCTION

The interest in the properties of one-dimensional
magnetic systems has been great over the years'™’
because their study helps provide understanding of
the more complex theory of higher-dimensional sys-
tems. The first exact solution of a classical one-
dimensional system was given by Ising,! and a solu-
tion of the classical Heisenberg model? showed simi-
lar qualitative behavior. Since the discovery of real
pseudo-one-dimensional magnetic systems® there has
been renewed activity in the field of one-dimensional
magnetic systems. Lurie et al.’ reported simulation
results for the dynamics of the classical Heisenberg
model and Huber® did the same for the classical XY
model at infinite temperature. Landau and Thom-
chick’ reported more detailed spin-dynamic results
for the classical XY model at both finite and infinite
temperature; however, their results were only for re-
latively short times. Nelson and Fisher* obtained an
analytic solution for a similar model for which the
projection of the classical spin vectors onto the XY
plane was fixed but the z component could vary.
(Hence the lengths of the vectors were not fixed.)

In this paper we want to study the dynamics of
the classical XY model by using computer simula-
tion methods. The Hamiltonian is

xH=—J Y (SIS;+SIS)), (1)

)
where the sum (i,j) runs over all nearest-neighbor
pairs, and the S; are three-dimensional classical vec-
tors of unit length. (The restriction to nearest-
neighbor interaction only is not necessary, and the
algorithm can easily be expanded to interactions
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with more neighbors.) In the classical Heisenberg
model the internal energy and the magnetization are
constants of the motion. In contrast, in the XY
model, the magnetization is not a constant of the
motion, and only its z component does not change
with time. We, therefore, expect qualitatively dif-
ferent behavior for the XY model.

We used a standard Monte Carlo algorithm and
an improved spin-dynamics method to study this
model. These methods are described in some detail
in Sec. II of this paper. The results are presented in
Sec. II1, where we also compare our results with ear-
lier work and with analytic results of Nelson and
Fisher.*

II. METHOD

To obtain equilibrium spin configurations we used
an importance-sampling Monte Carlo method.? We
took spin chains with periodic boundary conditions
with N=1000 and also, to test finite-size effects,
with N=2000.

Successive spin configurations are generated by
reorienting each single spin by the probability

p(S;—S;)=exp(—BAE) , )

where AE is the change in energy resulting from the
reorientation of the spin and B=(1/kT). At each
temperature at least 1500 Monte Carlo steps per
spin were performed. The first 500 steps were not
retained, allowing the system to reach equilibrium.
The remaining steps were used to compute averages
of the internal energy, order parameter, and static
spin-spin correlation functions. The specific heat
was determined from the fluctuations.’
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Five different spin states separated by 200 Monte
Carlo steps are used as starting configurations for a
spin-dynamics study. The separation should ensure
that the five spin configurations are statistically in-
dependent from each other. The equation of motion
is derived® from the quantum-mechanical equation

43 _il# S 3)
dt i P 8 I
Evaluating the commutator and performing the
classical limit, the classical equation of motion reads

Here we explicitly take into account only the
nearest-neighbor interaction. Otherwise one has to
replace the + 1 and the —1 by a sum over all neigh-
bor interactions which are included.

The integration of Eq. (4) was performed by using
the formula'”

St +A)=S,(t —A)+25,(nA

F LS (OA OB -+, (5)

d ox 2 QY where A is the time interval of the integration. This
—S*= _JSXS? Sy , 4 g
dt Si ISASEe 480 (4a) formula can be derived easily from a simple Taylor
d 2 o x expansion up to fourth order. The error is of the or-
—SY=JSA(S; ’ , 4b outs . :
dt SP=ISI ST 4S80 (4b) der A.> To obtain S we must differentiate Eq. (4)
d 2 X <y y (o x twice with respect to time. From each of the five
dt Si=JISHST 1 +87- 1) =878 +5i- 0] time integrations per temperature time-displaced
(4¢) correlation functions are extracted:
|
7

(E;(0)E;(8))= ];,I > [S5(0)S7, 1(0)+S7(0)S7, (O[S ()S7, (D +SF)SE (D], (6a)

i
<s,-(0)s,.+,(t)>l=% S [SFOISE, (0 +SHOISY, (0] , (6b)

i

(/018 4,(0) == S SHOISE, (1),

i

Using a time increment A=0.005J ~! we integrated
out to time t =30J ~!. Longer times could be inves-
tigated by using smaller time increments (to increase
the accuracy) and more time steps. Carrying out the
time integration and calculating the correlation
functions takes about 38 min on a Control Data
Corp. CYBER 170/730 for a 1000-spin chain.

The energy and the z component of the order
parameter are constants of motion, so we can take
these quantities as rough indicators of the quality of
the dynamical data. To check these we have printed
both quantities up to five significant digits. We can-
not see any variation with time up to time
t=30J"'. To find out about the influence of the
length of the time increment A we integrated single
configurations with different increments. Using, for
example, A=0.02J ~! out to time ¢t =120J ~! we see
the first variation in the fifth digit of the energy at
time t =100J ~!. From that viewpoint the data look
very good. But there is another check for quality of
the data: The time-displaced energy-energy correla-
tion function (6a). Regarding this quantity we can
say that with A=0.02J ~! the time integration starts
to become poor around ¢t=12J"1. At times
t=30J"1, A=0.005J ! is the best compromise be-
tween the accuracy of the integration and the run-
ning time of the program. In addition, in a few

(6¢)

[

cases we checked the length change of the spin vec-
tors during the time integration. For A=0.005J ~!
the average length change was found to be smaller
than 0.02% during a run. Our tests indicate that
the integration routine works extremely well and
that one can neglect the errors from the numerical
time integration compared with the errors resulting
from the use of a small number of starting configu-
rations.

The last step in the computer program performs a
double Fourier transform of the spin-spin correla-
tion functions. To reduce cutoff effects we intro-
duced a Gaussian spatial and temporal resolution
function.!"'? We first performed the space Fourier
transform by

(S(—4¢,08(g,1))
= cosgr{S;(0)S; . (t))x

2
I
Ar
The sum over r runs typically over 100 neighbors.
The cutoff parameter Ar was chosen to be 0.03.

After this we determined the time Fourier transform
by

X exp (k=LI). D
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Sk(g,0)= f: coswt <S(—q,0),5(q,t) )k

2
£
<

> dt (8)

X exp

(k=L]|) .

This integration was performed numerically and the
time cutoff parameter At was chosen differently to
find the best value. If At is too small we get large
oscillations in the scattering function, if it is too
large all structure is smeared out. We obtained best
results with At =0.1J 1.

III. RESULTS

A. Static properties

The static data for the classical XY chain show a
nonsingular behavior at all temperatures. Figure 1
shows the temperature dependence of the internal
energy and of the specific heat. For small tempera-
tures (T <0.1J /k) the internal energy is proportion-
al to T. This agrees with the asymptotic T—0 form
given by Joyce."® In contrast to the behavior for the
Heisenberg chain the internal energy increases above
the T—0 asymptote as 7T increases. This leads to a
broad Schottky-type maximum in the specific heat.

Figure 2 shows the results of the transverse sus-
ceptibility. Joyce!® predicted that X T should be pro-
portional to T~! for T—0. To see this we have
plotted XT against the temperature. For tempera-
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FIG. 1. Temperature dependence of the internal energy
E /J and the specific heat C/R. The circles are data from
the Monte Carlo calculation. The diamonds in the
specific-heat data are obtained from a numerical differen-
tiation of the internal energy data. The solid lines are ex-
act results for the classical Heisenberg chain (Ref. 2).
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FIG. 2. Temperature dependence of the transverse sus-
ceptibility XT. The circles are from the Monte Carlo cal-
culation. The dashed line is the asymptotic form given by
Joyce (Ref. 13). The solid line is the Curie.law.

ture T <0.1J /k we found this asymptotic behavior.
In the temperature range between 0.1J/k and
0.2J /k (where the specific heat shows a maximum)
XT starts to deviate from the asymptotic behavior
and decreases by 1 order of magnitude. For tem-
peratures between 0.3J/k and 5.0J/k, XT ap-
proaches the Curie law. For T >5.0J/k the trans-
verse susceptibility obeys the Curie law.

The spin-spin correlation function should decay
exponentially with distance.*'* Figure 3 shows in
the upper part of the spin-spin correlation function
for T=0.2J. Wegner'* also calculated that the in-
verse correlation length « is given by

K=" 9)
To obtain results for the inverse correlation length
we fitted an exponential to the spin-spin correlation
function as shown in Fig. 3(a). The results for « are
given in Fig. 3(b). For temperatures T <0.2J /k we
found the temperature dependence given by Eq. (9).
Again the deviations start around the temperature
where the maximum of the specific heat occurs.

B. Dynamic behavior

Figure 4 shows the reduced time-dependent
energy-energy correlation function. For high tem-
peratures the correlations decay as ¢ ~!/2 for J¢ > 1.0
indicating diffusive behavior. The diffusion con-
stant shows a slow temperature dependence. This is
in agreement with the findings of Landau and
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FIG. 3. (a) r dependence of the spin-spin correlation
function for temperature T =0.2J, T =0.25J, and
T =0.3J (from top to bottom). Different symbols show
data from different simulations. The solid lines show best
fits. (b) Temperature dependence of the inverse correla-
tion length. The circles are the data from the simulations.
The solid line is the result given by Wegner (Ref. 14). The
error is of the order of the symbol size, except for the
point for the lowest temperature. That error is larger, but
we cannot give an estimate for it.

Thomchick.’

The situation is quite different for low tempera-
tures. As an example, in Fig. 4 we show the results
for T=0.2J/k. The best fit to this curve is a ¢t ~¢
behavior with a between 0.8 and 0.9. There are no-
ticeable differences in the data for different runs. In
addition, the diffusion constant shows a stronger
temperature dependence. (Lurie et al.® did not find
a t~1/2 behavior in their results for a classical
Heisenberg chain either.)

Nelson and Fisher* gave an expression for the
transverse spin-spin correlation function in their
pseudo-XY chain:
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FIG. 4. Time dependence of the energy-energy correla-

tion function. The symbols denote: (A) T =co,

N=1000, 5 runs, A=0.005"; (@) T =0, N=2000, 1

run, A=0.02J"% (0) kT=0.5J, N=1000, 5 runs,

A=0.017"%; (W) kT=0.2J, N=1000, 5 runs,

A=0.01J"% (O) kT =0.2J, N=2000, 1 run, A=0.057 ",

The solid lines have slope —%, the dashed line is a best
fit.

S, (r,t)=exp —12(—( |r—ct|+|r+c|)],

(10)

where k is the inverse correlation length and c is the
spin-wave velocity.

The correlation function S,(7,t) reflects for =0
the spatial exponential decay we discussed in Sec.
IITA. For times t <r/c the correlation function
remains constant and then for times ¢ >r/c it de-
cays exponentially. Figure 5(a) shows a comparison
between the analytic function S, (r,¢) and our results
from the spin-dynamics calculation. We only show
data for Jt < 14 so that the short-time small-7 results
can be clearly resolved. The parameter « is taken

FIG. 5. Transverse spin-spin correlation function
(8;(1)S;4+,(0)),. The symbols denote: () r=0, (@) r=1,
(0) r=3, (A) r=5, (O) r=7, and (W) r=9. The solid
lines are calculated from Eq. (10). The temperature is
kT =0.2J.
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FIG. 6. Longitudinal spin-spin correlation function
(Si(1)S; 4+,(0) )|, The symbols denote (0) r=0, () r=1,
(@) r=3, (M) r=5, and (A) r=7. For clarity the zero
line is shifted 0.1 for the different cases. The temperature
is kT =0.2J. The small arrows show predicted propaga-
tion times ¢t =r /c.

from the static data, and the spin-wave velocity c is
taken from the initial slope of the dispersion relation
which we will show in Fig. 8. The spin-dynamics
picture of Nelson and Fisher* is in good agreement
with our data. The constant behavior of S,(7,t) is
understandable since a spin wave needs time to trav-
el from spin i to spin i +7. During this time the
correlation cannot decay.

Figure 6 shows the longitudinal spin-spin correla-
tion function s|(r,2). Especially at low temperatures
we see pronounced oscillations. These oscillations
can still be seen in the data for Jt < 14 but cannot be
resolved in the figure using legible symbols. Even
for T = o we can see remnants of these oscillations
in our results. We can see essentially the same spin-
wave velocity in these. The small arrows indicate
the times ¢t =r /c for the different values of ». This
shows that in both polarizations the spin waves pro-
pagate with the same velocity. The ¢t components of
spins are uncorrelated for times ¢t <r/c. After this
time, when the spin wave has traveled the distance »

hw
J
FIG. 7. Transverse scattering function S,(g,@). The
bar indicates the width of the resolution function.

they become correlated. The correlation function
shows the damped oscillations of the longitudinal
spin component.

The expression (10) for the transverse spin-spin
correlation function can be Fourier transformed.
The result is*

Sigo)=—
¢ )

- —q

[

K24

(11)

where k and c are the inverse correlation length and
the spin-wave velocity, respectively.

The scattering function S,(g,®) has poles at the
complex frequencies

o +(g)=zcq +ic . (12)

According to Nelson and Fisher* the frequencies w
should obey dynamic scaling

w+(q)=¢"Q +(q/K) (13)
with

z=1, Qi(x)=c ¢1+£ . (14)

To test these relations we have plotted the scattering
function S,(g,) in Fig. 7.

We see more or less the qualitative behavior of
Eq. (11). The central peak for =0 is strongly pro-
nounced. For higher ¢ values it is difficult to see
the spin-wave peaks. They are broadened by the
fluctuations and in the same way their intensity is
decreased. Nevertheless, we were able to determine
the position of the spin-wave peaks. The two peaks
seen for g=0 and w > 0 are artificial effects due to

0o /2 T
qa
FIG. 8. Dispersion relation w(q) for kT =0.2J (0) and
kT =0.5J (Q). The straight lines are “best fits” through
the points with ga <7/2. The dashed line shows an esti-
mate for T = oo. :
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FIG. 9. Longitudinal scattering function S)(q,0) for
the same ¢ values as in Fig. 7. The bar indicates the
width of the resolution function.

limitations in the computer simulation. They are
very small compared with the height of peak at g=0
and 0o=0 [S (g =0,0=0)=25.7]. The effects do
not result from a poor spin-dynamics routine but
rather from the finite number of starting configura-
tions (for chains of finite length) we have chosen for
the spin-dynamics simulation. When we average
only over three different runs, we see some results
with much more pronounced spurious peaks, and
others without any. To eliminate these effects we
should simulate longer chains, and average over
more different runs. (However, such a procedure re-
quires much more computer time and hence would
be much more expensive.)

Figure 8 shows a test of the dynamic scaling rela-
tion. We have taken the positions of the spin-wave
peaks from the scattering function. For qa < /2
the dynamics scaling relation is fulfilled quite well,
but for ga > /2 there are large deviations from that
linear relation. (The spin-wave velocity in the ana-
lytic expression of Fig. 5 is taken from the linear re-
gion of this dynamic scaling relation.)

Figure 9 shows the longitudinal component of the

scattering function S||(g,@). For g=0 we see a nar-
row line at ®=0 (the width is totally due to the
width of resolution function). For g0 we see
slightly broadened spin-wave peaks with a width in-
dependent of g. The position of these spin-wave
peaks is within the statistical error the same as in
the transverse scattering law. This reflects the same
spin-wave velocity in both polarizations.

IV. CONCLUSION

For the classical XY chain we find static behavior
which shows pronounced short-range-order effects.
This is expressed mainly in a broad Schottky-type
maximum in the specific heat around T =0.25J and
a large change in the susceptibility at the same tem-
perature. The dynamic data reflect very nice spin-
wave behavior for both polarizations. The results
for the transverse components are in very good
agreement with predictions by Nelson and Fisher.*
Only the dynamic scaling relation for ga > 7/2 does
not hold. We also found that the spin-wave disper-
sion relation is the same for both polarizations, in-
cluding the deviation from the linear dynamic scal-
ing relation for ga > /2.

Our results also indicate that substantial improve-
ment in the accuracy and resolution of the scattering
function can be obtained only if the time integration
is extended to much longer times. This requires an
improved algorithm, or smaller time interval, which
produces extremely accurate values for the time-
displaced correlation functions.
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