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Two-dimensional classical Heisenberg model with easy-plane anisotropy at low temperatures:
Out-of-plane dynamics
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Correlation functions of the two-dimensional classical Heisenberg model with easy-plane anisotropy
are calculated at low temperatures and compared with simulation data. The out-of-plane static correla-
tion function is found to have an exponential decay with a temperature-independent correlation length.
The normalized out-of-plane spin-wave energy is found to have the same temperature dependence as the
square root of the nearest-neighbor in-plane static correlation function.

I. INTRODUCTION

In the last few years, great effort has been dedicated to
experimental and theoretical study of low-dimensional
magnetism. For one-dimensional (1D) magnetic systems,
the combined theoretical and experimental work has been
extremely successful, and nowadays, there is some agree-
ment that most of the important features required for a
thorough understanding of the problem are known.
Two-dimensional (2D) magnetism appears then as a natu-
ral extension of the work done, a good candidate for the
application of tools and models so carefully elaborated
and tested during the 1D analysis. Also 2D magnetic
systems have been thought as ideal vehicles to test results
obtained from other disciplines as, for example, from
quantum field theories. Besides, there is the rare oppor-
tunity to study dynamical aspects intrinsically associated
with two dimensions such as vortex unbinding, instan-
tons, etc. And, last but not least, the exciting discovery
of high-t, superconductivity in 2D antiferromagnets has
attracted a lot of attention to this area. For all these
reasons, the amount of experimental data (and also nu-
merical simulation data) at our disposal is now large
enough to serve as a test or a guide to the methods and
theories used in the 2D analysis. However, in spite of all
effort that has been done, a consistent understanding of
2D magnetism is far from being achieved, and it is impor-
tant to make a complete discussion of the approximations
done in each theoretical method and/or model.

In this paper we consider the two-dimensional classical
easy-plane Heisenberg model

J
H=+3 3 (SISTyy +SIS%y TASISIL,) (1)

where S7, S%, and SZ are the three spin components local-
ized at site r=a (nx,ny ), with n, and n, integers, in the
square lattice with lattice parameter a and 0<A<1. +J
corresponds to antiferromagnetic (+) and ferromagnetic
(—) nearest-neighbor couplings. This model admits vor-
texlike configurations that lead to the well-known
Kosterlitz-Thouless transition! at some critical tempera-
ture T,(A).? Vortex effects becomes important only near
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T.(A) and will not be considered here. It is interesting to
note that while static correlation functions for the XY
model [A=0 in Eq. (1)] have been fully studied (for re-
views, see Refs. 3 and 4), the same is not true for the an-
isotropic model (0 < A <1). From the dynamical point
of view, there have been only few theoretical studies® 10
of dynamic correlation functions below T.. We report
here both “in-plane” and “‘out-of-plane” static correla-
tion functions and the out-of-plane dynamical correlation
function at low temperature for 0 <A < 1.

Our approach uses an expansion of spin operators in
boson operators (for convenience, we have worked mostly
within the quantum-mechanical framework and then the
classical limit will be taken as appropriate). For the stat-
ic calculations, the statistical average has been done by
considering only the lowest-order nontrivial term of the
Hamiltonian’s expansion. The projection-operator tech-
nique was used for the out-of-plane dynamical correlation
function calculation: Through this formalism spin-wave
interaction effects are considered in a rather simple way.
Previously, Villain® proposed a method, the self-
consistent harmonic approximation (SCHA), to address
the same problem, but his approach turned out to be very
difficult to apply. Besides, the method we use here pro-
vides a better agreement with simulation data, and for
these reasons, a critical analysis of the approximations
and details involved in its elaboration deserve attention.

In Sec. II we present a standard method for obtaining a
diagonal form for the lowest-order nontrivial term of
Hamiltonian (1) and calculate the static correlations. The
main results reported there are the following: (a) The in-
plane static correlation function has the same polynomial
decay as the planar model. However, its amplitude is
smaller because of out-of-plane spin fluctuations. (b) The
out-of-plane static correlation function has an exponen-
tial decay with a temperature-independent correlation
length at low temperatures. The projection-operator
technique is briefly described in Sec. III where we also
give an asymptotic form for the out-of-plane dynamical
correlation function. We argue that the normalized out-
of-plane spin-wave energy cof]( T)/wq has the same tem-
perature dependence as the square root of the nearest-
neighbor in-plane static correlation function.
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II. STATIC CORRELATIONS

By making use of the polar representation for the spin
at siter,

S, =(S[1—(S2/5)%)" 2cosg, ,

S[1—(SZ/8)*1"%sing,, S2) , ?
with {@,,S%} =39, ., Hamiltonian (1) becomes
H=+(J/2)3 {SH1—-(S2/8)?]'"?

ru
X[1—=(S7y, /8712
Xcos(@,— @+ FASISZL ] . (3)
For the antiferromagnet we redefine ¢, according to
pr=gA1—(=1)"""z/2, @)

so that the new angular variable @, refers to fluctuations
about a fundamental state in which the spins are parallel-
ly aligned along some arbitrary direction in the easy
plane. It is convenient to introduce transformation (4)
because, at low temperatures, @, is a smoothly varying
function of r, and then Hamiltonian (1) for the antiferro-
magnetic case can be expanded into the small powers of
(@.—@.+u)% as can be done for the ferromagnetic case.
Henceforth in this section as well as in Sec. III, all results
are valid for both antiferromagnetic and ferromagnetic
couplings. In order to simplify the notation, we shall use
the same symbol ¢, for both cases and adopt the follow-
ing convention: Whenever the = or + symbol appears,
the upper signal refers to antiferromagnetic and the lower
one refers to ferromagnetic coupling. If only one sign ap-
pears, the same formula is valid for both cases.

Carrying out the expansion into powers of (SZ/S)? and
(@r— Pr1u)?, We obtain

H=E,+H,+H, , (5)

where E,= —2NJS? is the energy of the ground state, H,
represents higher-order terms, and H, is the harmonic
Hamiltonian, which, after a Fourier transformation, is
given by

Hy=2J 3 {S*[1—7(qQ)]logp—_q+[11Ay(Q)ISIS% 4} »
q
(6)
where
y(q)=3(cosq, +cosg, ) , (7

and we have taken the lattice parameter a=1, for simpli-
city of notation. By introducing the canonical transfor-
mation (setting #i=1)

/4
__ 1 1+Ay(q) 1
Pa= 572 | 1oyl | PaT-d) @)
S 172 1 ( ) 1/4
Z —; | = __—_u_ -"_
Sa=i13 1tap(g | faT%ma) )
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where a:; and aq are the boson-creation and -annihilation

operators, respectively, H, becomes
=S ogala,+1), (10)
q

where

w0, =4JS {[1—7(@)][1£Ay(q)]}!"2. (11)

We remark here that, for the antiferromagnet, two
dispersion relations symmetrically related to each other
by w,(q)=w,(q,), where qy=(7—g¢,, m—q, ), are expect-
ed. Apparently, then, Eq. (11) fails in giving these two
magnon modes for the antiferromagnet. However, this is
not the case, as can be seen if one calculates the dynami-
cal functlons (@q()l@y) and (S3(2)[SZ). Because of the
(—1)" =™ term in Eq. (4), we shall get o, %

poral evolution of {@y(?)|@,) and w, for (S5(1)[S7).

We can now calculate the static correlations in the har-
monic approximation context. The out-of-plane static
correlation function is obtained from Eq. (9) and is given
by

in the tem-

zf d% cos(k-r) , (12)

SAn=(8587) = 1£Ay(k)

where 7=T/JS? is the reduced temperature. For A=0 it
is easy to see that

7S2/4 for r=0,

SAN= 10 for |r|>0.

(13)
For 0 <A <1, by numerically solving the integral in (12),
we can see that S%(r) has an exponential decay!! with a
temperature-independent correlation length. This ex-
ponential decay has been found by Kawabata and
Bishop®!2 through Monte Carlo simulation for all tem-
peratures (T =T, as well as T < T,). Their data also sug-
gest a temperature-independent correlation length at low
temperatures. For large distances a good fitting for the
numerical results is

Sz(l') __..n_*+n e-'/g
S (w1t 4 for r>>1, 14
sqo) TP vi o7 s

where A4 and & are fitting parameters whose A depen-
dence is shown in Fig. 1. For A=~1 we can evaluate the
integral in (12) and then obtain

, —r/&
%z(wtl)n"ﬂyég(hh)m%
for r>&, and A=1, (15)
where
1 oa
4= _1——)»] (16)

& 4 is also plotted in Fig. 1, where we can see that it com-
pares very well with & in the A— 1 limit.

It is straightforward to calculate the out-of-plane sus-
ceptibility B~ 'k,= 3, 1S%r)|. From Eq. (9) we get
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FIG. 1. Fitting parameters A4 (solid curve) and 1/£ (dashed
curve) of S%r)/S*0) for 0<A<1 and, for comparison with
1/€, the inverse correlation length 1/£, (dot-dashed curve) of
S*r)/S*%0) for A=1 as a function of the anisotropy A. Note
that, for A >0.70, 1/§ is very close to 1/§ 4.

1
TN

Therefore we see that there is a temperature-independent
susceptibility = associated with the temperature-
independent correlation length of the out-of-plane corre-
lation.

For calculating the in-plane static correlation function,
we use the fact that ¢, and S? are, in the static case, un-
coupled variables and that the out-of-plane fluctuations
are exponentially decreasing in r with a temperature-
independent correlation length, to obtain

(17)

S"(r)=(S3SF)+(S§S)
=(F 1) S1—((S5/8)7)]
X {cos(@,—@y)) » (18)

at first order in temperature. The term ((S3/S)?) is
given by Eq. (12). It describes a decrease in the in-plane
correlation due to out-of-plane fluctuations. The term
(cos(@,—¢@y)) can be obtained by calculating the func-
tional integral of exp(—pBH,) over ¢, and SZ as has been
done by Wegner!® and Berezinskii.'* Because of strong
fluctuation effects, it falls off as a power law, and a first-
order expansion in temperature fails in describing its
long-distance behavior. Alternatively, this result can be
obtained from the boson canonical representation of ¢,
[Eq. (8)]. In the harmonic approximation, the average of
a certain number of operators ¢, product decomposes
into a sum of all products of average of separate pair of
operators { @,¢, ) (Wick’s theorem). Thus we obtain
> (g, —@p)*")
(cos(p,—@g)) = n§=:0 BT E—

=exp({ @o@p,) —{(@})) . (19)
From Eq. (8) we get
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<¢o¢)r>—<¢%>=—%g(r) , (20)
where
1 1—cos(k-r)
= d%k . 21
s=" J I— (k) 1)

This integral can be carried out.!> For the special case
n, =n,=n, we have a particularly simple result:
221

S 2 kT

(22)

An excellent approximation for g (r), in the general case,
is

g(r)%iln — | forr>>1, (23)
i ro
where
¢’ ~02 (24)
ro=—==0.2,
o 22

where y is Euler’s constant. This is a good approxima-
tion even for r* 1. Then the in-plane static correlation
function becomes

/27
n_+

SO =(F 1™ S 1— (537570 ] |2 (25)

Because of this polynomial decay, the in-plane suscep-
tibility, B~ 'k, = 3, 1S"'(r)|, diverges at low temperatures
(up to 7T.). In order to compare our results with simula-
tion data, we introduce here the short-range order (SRO)
defined as the square root of the nearest-neighbor in-
plane static correlation function, i.e. [S"(r=1)/5%]"2
This quantity is specially interesting because, as we shall
see in the following section, it is related to the tempera-
ture dependence of the spin-wave energy. In Fig. 2 we
present our calculations at first order in temperature for
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FIG. 2. SRO, defined as [S”(r =1)/S%]'/?, given as a func-
tion of the reduced temperature T/JS? for the ferromagnet.
The marks correspond to numerical simulation results (Ref. 16),
and the lines are our first-order calculations: A=0 (O, solid
curve), A=0.6 (O, dashed curve), and A=0.9 (V dot-dashed
curve).
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the ferromagnet and compare them with the results of
Shirakura, Matsubara, and Inawashiro,'® which have
been obtained by means of numerical simulations based
on Langevin equations. As we expected, the spin-wave
theory is successful in describing the short-distance be-
havior at low temperatures. In fact, there is a good
agreement up to T =T, /2. For higher temperatures vor-
tex effects become important and must be included in or-
der to make an improved description.

III. OUT-OF-PLANE DYNAMICS

In studying the dynamics of a system, the quantity we
are interested in calculating is the normalized two-spin
relaxation function

- -1
R(1)=(S5(ISFI(SISg) ", (26)

where the inner product between two operators 4 and B
is defined by

1 8 _
(AIB)=EfO(e"HAe MBTyay . 27

For a classical system, the inner product is an ordinary
thermal average, such as (S3(1)|S3)=(S§(1)S% ).
The well-known formalism of Mori'” leads us to

i
z—(})/[z +3%2)]

Rg(z)= (28)
where R §(z) is the Laplace transform of Rg(1), (wé)“ is

the second moment, and 2g(z) is the memory function
defined as

(w2)*=(LSgILSE)(S5ISgH 1, (29)
33z)=—(QL*S§|(z —QLQ)"'|QL’S])
X(LSglsg) . (30)

Here L is the Liouville operator and Q is the projection
operator, which projects on nonsecular variables. Q is
defined by Q =1— P, where

_ ISg)(sgl  ILSg)I(LS]I 31)
(sglsgy  (LSgILSS)
We have, further,
QL’S;=L*S;—(al)SS , (32)

which can be obtained using Eq. (31) and the identity
(AlLIBY=(1/B){[4",B]) . (33)

Concerning out-of-plane dynamics, it is cumbersome
but straightforward to show, with help of Egs. (32) and
(33), that Za(t)fx T?. This should be expected because
easy-plane systems exhibit a very narrow peak associated
with the out-of-plane dynamical correlation function,’
and the width of this peak, from analysis of Eq. (28), is
expected to be just proportional to the imaginary part of
2i(w). In fact, a perturbative quantum calculation'®
shows that a finite width of the magnon peak of the z
component of the spectral function appears only at a
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two-loop level. Therefore, as far as a first order in the
temperature calculation is concerned, Eg(t)=0, and from
Eq. (28), the following low-temperature asymptotical
form of the normalized spectral function is obtained:

Ri(0)=(1/m)[8(0+({wg)?)'"?)
+8(0—({0))'H)] . (34)

Evidently, through this form we cannot say much
about the linewidth, except that it is expected to be very
narrow. But we can obtain, at first order in temperature,
the out-of-plane spin-wave energy as

O T)=({}))'2 . 35)

Here ‘“‘out-of-plane spin-wave energy” refers to the ener-
gy (or frequency) where the peak of the z component of
the spectral function occurs. Using the identity (33),
(@} )* can be put in a more convenient form:

2Q2r1 —
(a)§>2=-————u—“ STU=y(Q)] g =) (36)
(s2]82)

In order to evaluate this expression, we shall make use of
the static correlations obtained in Sec. II through the
harmonic approximation. This approximation, for
S"(r=1), was discussed there. For (S;|S%) we argue
that, since the out-of-plane static correlation function is a
“pulse-shaped” function of r, an improved calculation of
this correlation at large distances should have a small
effect in the reciprocal space at low temperatures. Then,
with this approximation, we obtain

oy T)=wg|S"(r=1)/5%'"?, (37)

where the last term is given in Sec. II. Therefore the nor-
malized out-of-plane spin-wave energy mfl( T) /oy is just
equal to SRO and, consequently, does not depend on q at
low temperatures. In Fig. 3 we compare our calculation
of wi(T) for the antiferromagnet with the molecular-
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FIG. 3. Energy of the out-of-plane spin wave wy(T) as a func-
tion of q=(q,q) for the antiferromagnet with A=0. The marks
correspond to numerical simulation results (Ref. 19), and the
lines are our first-order calculations: 7=0 (solid curve),
T =0.3JS? (X, dashed curve), and T =0.5JS? (O, dot-dashed
curve).



10 458

dynamics results of Volkel et al.!® at two values of tem-
perature, namely, 7=0.3 and 0.5. We see that there is an
excellent agreement at 7=0.3 for all values of q. It is in-
teresting to note that even at a temperature as high as
7=0.5, our first-order calculation presents only a small
deviation from the simulation data.

In conclusion, we observe that Eq. (34) is valid for all
g, and then we expect well-defined spin-wave peaks in the
z component of the spectral function for any transferred
momentum. We also remark that spin-wave theory, as
presented here, does not describe as successfully in-plane
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dynamics, at least quantitatively, because, since in this
case the long-distance behavior is a determinant factor,
an improved calculation of the static correlations is re-
quired.

ACKNOWLEDGMENTS

This work was partially supported by Conselho Na-
cional de Desenvolvimento Cientifico e Tecnolégico
(CNPg-Brazil) and Financiadora de Estudos e Projetos
(FINEP-Brazil).

13. M. Kosterlitz and D. J. Thouless, J. Phys. C 6, 1181 (1973).

2An estimate for T,(A) is given in C. Kawabata and A. R.
Bishop, Solid State Commun. 60, 169 (1986).

3B. 1. Halperin, in Proceedings of Kyoto Summer Institute
1979— Physics of Low-Dimensional Systems, edited by Y.
Nagaoka and S. Hikami (Publications Office, Progress of
Theoretical Physics, Kyoto, 1979), p. 53.

4D. R. Nelson, in Phase Transitions and Critical Phenomena,
edited by C. Domb and J. L. Lebowitz (Academic, London,
1983), Vol. 7, p. 1.

SH. J. Mikeska, Solid State Commun. 13, 73 (1973).

6J. Villain, J. Phys. C 6, L97 (1973).

73. Villain, J. Phys. (Paris) 35, 27 (1974).

8D. R. Nelson and D. S. Fisher, Phys. Rev. B 16, 4945 (1977).

9F. Weling, A. Griffin, and M. Carrington, Phys. Rev. B 28,
5296 (1983).

I0R, C6té and A. Griffin, Phys. Rev. B 34, 6240 (1986).

1A formal justification for exponential decay is given by J.

Bricmont, J. L. Lebowitz, and C. E. Pfister, in Studies in Sta-
tistical Mechanics—the Wonderful World of Stochastics—a
Tribute to Elliot Montroll, edited by M. F. Shlesinger and G.
H. Weiss (Elsevier, New York, 1985).

12C. Kawabata and A. R. Bishop, Solid State Commun. 42, 595
(1982).

13F. J. Wegner, Z. Phys. 206, 465 (1967).

14y L. Berenzinskii, Zh. Eksp. Teor. Fiz. 59, 907 (1970) [Sov.
Phys.—JETP 32, 493 (1971)].

I5F. Spitzer, Principles of Random Walk (Van Nostrand, Prince-
ton, 1964).

16T, Shirakura, F. Matsubara, and S. Inawashiro, J. Phys. Soc.
Jpn. §9, 2285 (1990).

17H. Mori, Prog. Theor. Phys. 33, 423 (1965).

135, L. Menezes, M. E. Gouvéa, and A. S. T. Pires, Z. Phys. B
32, 375 (1991).

19A. R. Volkel, G. M. Wysin, A. R. Bishop, and F. G. Mertens,
Phys. Rev. B 44, 10066 (1991).



