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Layered isotropic magnets are considered, in which the interaction J within a layer is
large compared to the interaction J " between layers. Expressions are obtained in the
low-temperature region T <« J for the specific magnetic moment in a weak field and
for the specific heat for an arbitrary ratio J'/T. In the region T « J’ <« J the magnet
behaves like a three-dimensional system and in the region J’ <« T « J the moment and
specific heat behavior is that characteristic of two-dimensional systems. The analysis
is based on a division of the spin correlations into shortwave and longwave correlations.
The limits of applicability of the spin-wave approximation and the behavior of the cor-

relation functions at large distances are given.

The magnetic properties of two-dimensional or
‘‘almost two-dimensional’’ spin systems have been
under diligent investigation of late (from among the
extensive literature, see, for example, the experimental
paperst™!). Such systems are realized in various
types of metallic compounds characterized by a layered
structure. The metallic ions, which possess magnetic
moment, form in these compounds plane lattices that
are separated by layers of nonmagnetic ions (the num-
ber of which can be quite large, n £ 10). Approximately
20 such compounds are presently known. Colpa[1J has
measured the low-temperature behavior of the specific
heat, Longh et al.l? performed temperature and field
measurements of the magnetic susceptibility, and
Bloembergen and Franse!® determined experimentally
different characteristics of layered spin systems by
measuring the mechanical torque in magnetic phase
transitions. Experiments have shown that these com-
pounds undergo magnetic transitions at temperatures
on the order of 10°K, below which there is magnetic
ordering with an easy-magnetization axis in a plane
made up of the ions of the metal. Depending on the type
of the compound, the sign of the exchange interaction
within a plane or between planes can be arbitrary.

Experiments[ml show that these compounds can be
described with good approximation by the model of an
isotropic Heisenberg magnet, the exchange interactions
of which are essentially different in planes made up of
the ions of the metal (J interaction) as well as between
these planes (J’ interaction). The order of magnitude
of the radio J'/J in these compounds amiounts as a
rule to 1072, so that these compounds can be called
‘‘almost two-dimensional.’’ The anisotropic part of the
interaction energy in these compaunds is exceedingly
smalll*™*),

The smallness of the interaction J' between planes
causes the observed thermodynamic quantities of the
indicated substances, as functions of the temperature
and of the magnetic field, to exhibit a behavior charac-
teristic of two-dimensional systems. Colpa[”, in par-
ticular, observed a linear low-temperature dependence
of the specific heat (unlike the T¥2 law in the three-
dimensional case) and noted that the linear behavior of
the specific heat follows from the spin-wave approxi-
mation (SWA) for a two-dimensional ferromagnet. In
this connection, the question of the applicability of the
SWA to two-dimensional magnets and of the role of the
weak interplanar interaction in the establishment of the
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magnetic order in quasi-two-dimensional systems,
which has heretofore had only purely theoretical signif-
icance, becomes of practical interest.

Let us recall briefly the history of this question. As
is well known, in the two-dimensional case the SWA
leads to a divergence of the fluctuation correction to
the spontaneous moment, meaning a destruction of the
long-range order by the fluctuations (Bloch, Peierls,
Landau). The absence of a spontaneous moment in a
two-dimensional Heisenberg magnet was rigorously
proved by Mermin and Wagnerm. On the other hand,
numerical calculations by Stanley and Kz‘).plan[sJ and by
others, based on high-temperature expansions, point to
the presence of a certain phase transition. This con-
clusion was confirmed by the results of one of us!"™®)
that in a wide class of two-dimensional systems with a
continuous symmetry group, including a system of
Heisenberg spins, the correlations show a power-law
decrease with distance (with an exponent proportional
to T as T — 0) and the sample has an infinite suscepti-
bility at sufficiently low temperatures®. This behavior
differs qualitatively from the high-temperature behav-
ior (exponential decrease of the correlations and finite
susceptibility).

The approach developed in!"® is based on the fact

that the SWA is valid for the considered two-dimen-
sional system at sufficiently small but macroscopic
distances (i.e., large in comparison with the lattice
constant a). Namely, at low temperatures (T <« J), the
dimensions of the region of applicability of the SWA
are determined by the condition (6) (see below) and can
greatly exceed the atomic dimensions. It was shown -
earlier!”! how to obtain the asymptotic correlations at
large distances by making use of this circumstance.
By matching these asymptotic forms with those ob-
tained from the SWA, we can easily calculate all the
thermodynamic characteristics of interest at T <« J.

In the present paper we used the same methods
0f!"®) to analyze almost-two-dimensional isotropic
Heisenberg magnets that can be realized in compounds
with a layered structure of the type indicated above.

We also calculated the thermodynamic characteristics
of these systems in the low-temperature region, i.e.,
under the conditions

T<J], I<l, a)

but for an arbitrary ratio J'/T.? The behavior of the
system turns out to be ‘‘almost three-dimensional’’ in
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the case T « J’, and ‘‘almost two-dimensional’’ in the
opposite case T »> J'.¥ It is precisely the last case
which calls for a special examination since the usual
SWA is applicable at T <J’. There are also a high-
temperature region and a phase-transition region

(T ~ J). In these regions, however, the SWA does not
hold and they remain outside the scope of our analysis.

In Sec. 1 we summarize in a simpler and more lucid
manner the earlier results[7_°l, including the depend-
ence on the external field, and discuss the question of
the matching of the asymptotic results at large dis-
tances to the asymptotic results of the SWA. This
analysis is generalized in Sec. 2 to include a three-
dimensional layered system and the thermodynamic
characteristics are calculated for an ‘‘almost two-
dimensional’’ isotropic ferromagnet under the condi-
tions (A). Section 3 contains a summary of the results
for systems in which the exchange interactions in the
plane of the layer and between the layers have opposite
signs.

1. SPIN-WAVE APPROXIMATION FOR A TWO-
DIMENSIONAL SYSTEM

The Hamiltonian of an isotropic Heisenberg magnet
is

H= 27 5SS, w
ré

where the summation is over all the points r of the
lattice, which we assume for simplicity to be quadratic
(dimensionality d = 2) or cubic (d = 3); 6 are vectors
joining neighboring lattice points; S, is the spin opera-
tor of the atom at the site r. The spins of all the atoms
are assumed to be of the same magnitude: SZ = S(S + 1),
where S is an integer or a half-integer (in a system of
units where h =1).

In the three-dimensional case at low temperatures,
when

a="T/2a]S* <1 )

(the factor (27)™* has been introduced for convenience;
the symbol for the parameter a is used throughout the
article), the spin-wave approximation (it is legitimate
to use the spin-wave approximation (SWA), wherein the
operators Sy are approximately represented in terms
of Bose operators a% (regarded as small quantities)
using the formulas

S =S8 —ata-, S*=587%iSy= (25)"a*. (3)

In the approximation (3), the Hamiltonian (1) is diagonal-
ized by changing over to the operators aﬁ, which are

the Fourier components of the operators af. The mag-
non energy is equal to JSA(k), where
d

A(k) =1 — ) = 2 (1 —cosk;) = k? -+ O (k?). (4)
< ;

i=1

The condition for the applicability of the initial ap-
proximation (3), and consequently of the SWA, is, as is
sufficiently evident from physical considerations (and
can be proved quite rigorously), the smallness of the
spin deviations

BS =<8 =8 < S8; (S — 8D <« 87,

which reduces to the condition (the integral with respect
to k is taken within the limits of the reciprocal-lattice
cell)

(atas> =j dk)d eik(r-r')/q[eJSA(k)/T _ 1]—1 <S. (5)
n

(2
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In the three-dimensional case, the integral in (5)
converges and as T/J — 0 it is proportional to
{T/J)¥? i.e., in the three-dimensional case the SWA
always holds at low temperatures. In the two-dimen-
sional case, this integral diverges at small k. The
divergence appears on going to the limit of infinite
dimensions (R/a — ©_ where R is the dimension of
the system). Allowance for finite dimensions is ob-
viously equivalent to a cutoff at small k ~ a/R, so that
the SWA is valid in a region whose dimensions satisfy
the inequality

aln(R/a) < 1. (6)

We now call attention to the arbitrariness of the
choice of the direction of the quantization axis in spin
space when the SWA is introduced in accordance with
(3). We associate with the quantization axis a coordi-
nate system characterized by a unit vector n in the
axis direction and by unit vectors es(n) and e y(n)
orthogonal to it. Then the explicit dependence of (3) on
the direction n takes the form

S, ~ (S — ar*ar)n+ 8" (a;*e~(n) + a-e* (n)), (7)

where we have introduced linear combinations of the
vectors

e*(n) = (eo(n) = ieg(n)) / V2,
having the following properties:
(e*(n))*=0,

ne*(n) =0,

e*(n)e¥(n) =1. (8)

Obviously, the SWA Hamiltonian, as well as the cor-
relator (arar ), does not depend on the direction n,
whereas according to (7) such a dependence does arise
in the calculation of various types of mean values. This
is a consequence of the degeneracy of the system with
respect to rotations in spin space, and is eliminated by
specifying external (or boundary) conditions. In fact,
the direction of the quantization axis is determined by
the direction of the spontaneous moment. In the most
general case compatible with the applicability of the
SWA the external conditions call for a random distribu-
tion of the directions of the spontaneous moment, while
the oscillations of the spins about this direction are
small and are described by the SWA formulas®.

We consider now a large two-dimensional system,
the dimensions R of which do not satisfy the SWA ap-
plicability condition (6). Such a system can be arbi-
trarily broken up into physical regions Qi whose
dimensions p satisfy the conditions

p>a, but aln(p/a) <1. )

Inside each region, the SWA is valid but the direction
nj is random. Then the calculation of the mean values
in the large system obviously consists of a determina-
tion of the mean values within each region £j by means
of the SWA formulas (7), followed by averaging over the
random directions nj. The problem thus reduces to a
determination of a compatible distribution of the direc-
tions nj.

Before we proceed to determine the factors that
govern this distribution, we note that it is expedient to
change over to an equivalent formulation of the problem,
since the use of subdivision into regions §j leads to
difficulties in a formal sense. From the physical point
of view, the representation of correlations in the form
of superpositions of small oscillations of the spins in
regions i near the directions of the average moment
nj on random changes of the directions nj on going to
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neighboring regions corresponds to differentiation be-
tween short-range and long-range correlations. The
dimensions p of the region then correspond to the
demarcation wavelength between the regions of the
long- and short-wave correlations.

This demarcation can be formulated mathematically
in the following fashion. We introduce the random
vector function

(10)

(#(r) and ¢ (r) are angles specifying the direction of
nr in a spherical coordinate system), and define this
function in such a way that its Fourier expansion con-
tains only components with wavelengths > p:

n, = {sin ¥(r)cos ¢(r); sin ¥(r)sin @(r); cos ¥(r)}

ikr/a

(11)

n = nge

|k|<2na/p

By virtue of the definition (11), the function nr is
specified by a finite number R%p? of the parameters
nk. If we consider a system of any R%/p? points ri,
then the values nj = n(rj) at these points form a sys-
tem of parameters that are uniquely (and furthermore
linearly) connected with nk. It will be more convenient
for us to choose nj in place of nkg as the random
parameters determining the function (11), so that a
specification of the random function (11) reduces to a
specification of the joint distribution R%p? of the quan-
tities nj.

Another circumstance which we shall utilize is that
inasmuch as the function (11) contains only long-wave
components, it can be regarded as a continuous and
differentiable function of spatial coordinates r that
vary slowly over distances on the order of a. In partic-
ular, we can write

(12)

where Ypg5 are the components of the expansion of the
increment of ny on going to the neighboring site, and
are regarded as small quantities:

Do X0ty e () +yp e (), nee* (neys) &~y

Vi =27 (8V)8(r) = isin d(r) (8V)e(r)]. (13)

Taking into account the indicated separation into
long- and short-wave variables, the spin operators Sy,
can be represented in the form

S, = (S — a*a;")n, + S"[a, " e (n,) +aet(ny) ], (14)

. . +
where the Fourier expansion of the operators ay now
contains only components with small wavelengths <<p:

(15)

a,t= atera,

|k|>2na/p

After substituting (14) in (1) and taking (12) and (8)
into account, we represent the Hamiltonian as a quad-
ratic form of the quantities )’% (see (13)) and aj g

- af. The crossing terms, which contain the products
of Yrs and ar,5 — ay vanish, since the corresponding
Fourier components are concentrated in different
regions of k-space. As a result, the Hamiltonian breaks
up into a sum of terms corresponding to long- and
short-wave degrees of freedom, averaging over which
can be carried out independently. The long-wave energy
can, in accordance with (13), be written in the form

JS? JS%ed .
Epwin)= "3 D7istie = 5 \\ 37 (V) +sin* 0,1, (16)
ré

The statistical distribution of the random function (11)
is determined by the energy (16) in the form

371 Sov. Phys.-JETP, Vol. 37, No. 2, August 1973

1

dZy{n} = exp[ — E,;‘(n) ] H(dn.-)'

where (dnj) = sin ¢jd¢jd¢@j, and the subscript p em-
phasizes the implicit dependence of the statistical dis-
tribution on the cutoff parameter.

Unlike systems with a commutative symmetry group,
such as the plane XY model or a Bose liquid (see'’ ®)),
the distribution (17) is not Gaussian (owing to the fact
that sin®¢ in front of (V)?® in (16)). It is therefore
difficult to calculate directly the correlation functions
of the quantities ny on the basis of (17). We can, how-
ever, establish the law whereby these correlation func-
tions become transformed when all the distances are
stretched, including the dimensions of the system.

In fact, the functional (16) is invariant against the
similarity transformation r — Ar, ny — n)r (the factor
A2 due to the squares of the gradients is offset by the
factor A% from the volume element). From this and
from the form of (17) it is easy to deduce that the cor-
relation functions ny should not change if the cutoff
parameter p is increased by the same factor A by
which all the dimensions are homogeneously stretched.
For example, the two-point distribution function
Pp(ny, r1; 0z, r2) (the probability density for ny to
assume the values n, and n; at the points r, and r,
respectively) should depend only on the ratios r,/p,
rz/p, and R/p, and analogously for n-point distribution
functions. Therefore the law governing the change of
these distribution functions after a homogeneous
stretching of all the distances (and at fixed p) is
uniquely connected with the law governing their change
after a change of p (and at fixed ri and R). The latter
law can be established from the requirement that the
statistical distribution of the initial quantities Sy be
independent of the auxiliary parameter p with the aid
of which, according to (14), (11), and (15), the sub-
division into short- and long-wave correlations was
introduced. Therefore the change of the statistical dis-
tribution of the quantities (11) as a result of the transi-
tion from p to p’ should be offset by a corresponding
change in the distribution of the quantities (15), so as
to leave the distribution of the physical quantities (14)
unchanged.

iIndeed, the asymptotic form of the mean values
(ayaf), with allowance for the fact that a < p < R,
can be represented in the form

= aSln———r, <ara =1+aSln—0r—
{a,*ac™>, uSlna(?.:w.)"’ ,  facar 1 aSlna(Zna)‘/é . (18)
For the asymptotics of the correlators at remote
points (|r — r'| » p) we obtain
{a*a.">—~0 and |r—r'| >p. (19)

When the cutoff parameter is changed from p to p',
the correlators (18) change by an amount aS In(p'/p).
This change can be represented as a result of a shift
of the Bose operators af by classical (commuting)
random quantities 6ay, the mean values of which are
equal to zero and whose second moment is equal to

{bdatda,~> =aS1n’p" [ p).

On the other hand, it is easily seen that the result of
the transformation af — af + éaf in (14) is offset by

the transformation

B, 0, + y.tem (n,) + dyme* (n.), (20)
+ *aq-1/2 . + crs
where 6Yy = —6ayS % i.e., 67y are random quantities
V. L. Berezinskii and A. Ya. Blank 3n



with zero mean values and with second moments in the
form

{&yetdye> = a(lnp —Inp’). (21)

Formulas (20) and (21) yield the law governing the
variation of the random quantities (11) with changing
parameter p. This law can be compared with the law
governing the variation of a random unit vector n; that
executes Brownian motion over a unit sphere (see,
e.g.,“‘”), The latter law can be represented in the form

Nisar = 0, + Syate™ (n) + Syae (n), (22)

+ ps .
where 6t are random quantities with zero mean
values and with a second moment

{(OyartOya—) = DAL,

where D is the diffusion coefficient. Comparing (22)
with (20) and (21), we see that the change of the random
quantity nr with changing p can be regarded as
Brownian motion over a sphere, where the role of the
time is played by the quantity t = —-lnp, and the role of
the diffusion coefficient is played by the parameter a.
As a result, the change in the distribution function of
the quantity ny is described by a Fokker-Planck equa-
tion for rotational Brownian motion!'*| where the role
of the time is played by t = —1n p.

For n-point distribution functions pertaining to re-
mote points ri we obtain by virtue of (20) a similar
equation, in the right-hand side of which is contained
the sum of operators

- 1 2 b 1 &
— L= — | sin ¢ —) + ———
sin ¥, 00; (sm 00‘) sin*®; dg? 23)
for all the points rj (i =1,2,...,n). Further, since

the n-point distribution functions, as indicated, depend
only on the ratios ri/p and R/p, the operator pa/dp
as applied to them can be replaced by the Euler opera-

tor
d d
—+R—.
Z "o RoR
Thus, the equation for the distribution function is

(Ro—;'i‘il'r%)l)(--"“’vr""' 2__21(E‘Zf)P(...,nl,ri,...).
= on =t (24)

The quantity p no longer enters explicitly in this
equation. The dependence on p should generally drop
out in the calculation of the mean values of (14) as a
result of averaging over the short-wave operators (15).
As seen from (18), the last averaging is equivalent to
replacement of p by p, = a(2ma)”2 We can therefore
omit the operators a% from (14) in the calculation of
long-range correlations, assuming that p = p,, i.e., we
can put

S, =8Sn., (In—rl>a). (25)

Of direct interest are in fact not the many-point
distribution functions but the mean values of the
products of the quantities (25), pertaining to the remote
points rj, which are calculated with the aid of these
distribution functions. We can write down the law of
variation of these mean values under similarity trans-
formations not in the infinitesimal form (as in (24)), bu.
in finite form. To this end it is necessary to consider
the mean products of the quantities Ylimi(ni), where
nj =nrj and Ym(nj) = Yy (¥4, @) are spherical har-
monics. Using the fact that Y;m(nj) are the eigenfunc-
tion of the operators (23) with eigenvalues /i(/j + 1),
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we can easily obtain from (24) the law for the transfor-
mation of n-point mean values:

Fim (M) Vi (e ) ae = A=Y o () ...

.
u=721i(z..+1).

Tt

Ylnm" (nr“) Vg,

(26)

We note that we shall henceforth consider only one-
and two-point mean values, and only of products in
which not more than one component of Sr; pertains to
each point. Therefore in the examples considered below
we haven =1 or 2, and all /j =1.

We consider, for example, the two-point correlation
functions { S8’ ) at large distances in a system of
infinite dimensions (R = =), If it is recognized that
{SpSy’ ) should depend only on r = |r — r’ |, then we
can obtain from (26)

(S:S> = S*nm,> = C(a)r—=.

The coefficient C(a ) is determined from the condition
of matching with the asymptotic correlation function
for r > a, calculated in the SWA. It is equal to

S%*1 - 2aln (r/po)), and the results of the matching
can be written in the form

(8.8 zS’(Zna)“(i) , r=lr—rl>a. 27)
r
As a second interesting example, let us find the
total moment for a system of finite dimensions R >> a,
For the mean value {( S%) we obtain from (26) (f(r/R)
is a certain function)

(S = S<nedn = R=*f(r | R). 27)

Integrating this expression and determining the con-
stant in the obtained expression from the condition of
matching with the SWA, we obtain for the total moment
of the system

M(R)= j<s,z>i:=(2na)m (ﬁ) (28)
a a

Thus, even an ideal two-dimensional magnet (were it to

exist) would have a macroscopic magnetic moment at

finite dimensions. This does not contradict the theorem

of Mermin and Wagner (see[“), since the specific

moment

m(R) =M(R) /| R* ~ R~
tends to zeroas R — =,

Relations (26) enable us also to consider the behavior
of the system in weak fields. We shall discuss this in
greater detail since, as will be shown below, weak in-
teraction between layers in a layered system can be
accounted for in similar fashion.

In a magnetic field there is added to the Hamiltonian
(1) a term that assumes, in terms of the formula (14),
the form

oH :2 hS, = E {(S —a,*a,")n, + S* (a;*e™ (n,) +a,e*(n,) ) }h, (29)

where h is the magnetic field in the corresponding
units. It would be a rather complicated matter to take
into account in (29) terms containing the Bose operators
ar. We, however, have in mind the case of a magnetic
field that is weak in comparison with the exchange
energy J. In this case, the main term in (29) is the sum

dr
S h=3S|—nh, 30
Y= [Son (30)
which depends only on the long-wave variables, and
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allowance for terms with the operators a? lead to in-
essential corrections, the character of which will be
indicated below.

It is easy to see the changes resulting from the ad-
dition of the term (30) to the energy (16). To maintain
invariance it is now necessary to perform, in addition
to the transformation r — Ar and R — AR, also the
transformation |h| — |h|/A% Accordingly, a term
—2ha/6h is added to the Euler operator in the left-hand
side of (24), and the correlation functions acquire an
additional dependence on the argument hr? T, where r
is an arbitrary quantity with the dimension of length.
Thus, the expressions for the total moment of a system
of finite dimensions R and for the pair correlation
function as R — < take the form

M(R)=Rz‘“f1(h—l;z), (8oS,> :r‘“‘fg.(-fg—z-), (31)

where f, . are certain functions (that depend also on a).

These functions can be determined by matching with
the asymptotic forms of the SWA, but we confine our-
selves to a determination, at h # 0, of the specific
spontaneous moment, defined as the limit

. M(R)
m = lim

lim = 88, (32)

or m*= lim

lr—r'|> oo

It turns out that the very existence of the limits (32),
together with the form of the functional dependences
(31), makes it possible to determine the dependence of
the moment on the field. Indeed, since the transforma-
tion R — AR with arbitrary A > 0 does not change the
limit (32), we obtain for the dependence the functional
equation

m(h) = A=*m(\R),
whence
m(h) = h**C(J, T). (33)

The proportionality coefficient C(J, T) is determined
by matching with the SWA in the region a In|h/T| <« 1.
In this region, (33) takes the form

m(k) = (Cot+ aCi+ .. )b =Co(1 + Yo lnh) + C. +...
On the other hand, the SWA yields

~S

;o=
=S8 - ~~
m (k) 2IS Jexp(k’+hS/T)vi

kdk o hS
(1+—ln——) .
2 T

Comparing these expressions, we obtain

m(h) = S(Sh | T)"". (34)

We note that expression (34) pertains to an infinite
system and corresponds to asymptotics of the functions
fyand f, in (31) for (h/J)(R/a)?>> 1. If the dimensions
of the system R/a are of the same order as (h/J)"?,
then it is necessary to know the functions f; and £, at
all values of the argument. Expressions (31) are ob-
tained by matching with the asymptotic forms of SWA,
and take the form

(8:8,>n, » = m* (k) exp{aK.(r¥R )},
Spn = m(h)exp{aQa(r. r/ YR ] 1)},

where m(h) is given by (34), K¢(x) is a Macdonald
function, and QR(r, r'/k) is the regular part of the
Green’s function of the Helmholtz operator A + kg for
the considered region with dimension R. At R/a

z< (h/J)"? these expressions go over into (27) and
27').

A more accurate analysis, which takes into account
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terms with operators a? in (29), can be carried out by
the methods developed earlier'™® and lead to a replace-
ment of the exact invariance against the transformations
h — h/A% by an approximate one relative to h — h/x¢™,
As a result of this refinement, first, the exponent a/2
in (34) is replaced by o/(2 - a) = a/2 + O(a), and
second, the expression (34) itself now turns out to be
the principal term of an asymptotic expansion whose
succeeding terms are of the order of O(hl'*a 2). Since
we confine ourselves to the low-temperature region

@ «< 1, these corrections are immaterial.

2. LAYERED PARAMAGNET IN LOW-
TEMPERATURE REGION

We consider now a three-dimensional layered sys-
tem of isotropic spins with predominant interaction J
in the plane of the layer and weak interaction J' be-
tween layers. The Hamiltonian of such a system, which
includes the interaction with the magnetic field, can be
written in the form

H = Z {JsrvSer -+ J,Srbsrvﬂ} + Z hsrv,

rov r

(35)

where the previous symbols r and 6 are retained to
indicate the positions of the sites in the plane, while
the integer index v numbers different planes of the
lattice. The interactions J and J' are assumed to be
ferromagnetic (J > 0, J" > 0).

The spontaneous moments of a system with the
Hamiltonian (35) is obviously oriented in arbitrary
fashion relative to the plane of the layers. In a real
system, of course, there is always anisotropy. For
example, in the experiments of!' ™! the spontaneous
moment, as a rule, was oriented in the plane of the
layer. In our case, however, this circumstance is not
of principal significance, and to avoid cumbersome
expressions we did not include the anisotropy in the
Hamiltonian (35). The anisotropy can be accounted for
in a manner perfectly equivalent to the allowance for
the magnetic field, and the corresponding formulas can
be easily written out.

We consider the thermodynamics of such a system
under the conditions

(36)

and for an arbitrary ratio of the quantities T and J’.
Obviously, the behavior of the system will be different,
depending on the ratio J'/T. Indeed by virtue of the
condition T <« J, a strong correlation takes place, in
the entire considered region, between the directions of
the spins in one plane. If T <« J', the interaction J'
turns out to be sufficiently strong to establish a corre-
lation also between spins pertaining to different planes,
so that the spins in the entire system will oscillate
relative to the general direction of the spontaneous
moment with small amplitudes. In other words, the
three-dimensional situation is realized at T <« J'. To
the contrary, in the case T > J’, the spin directions in
the neighboring planes are almost uncorrelated with one
another, and the system should behave like a set of in-
dependent two-dimensional subsystems. Thus, with
increasing ratio T/J’, the character of the thermody-
namic behavior of the system should change from
three-dimensional to two-dimensional.

T<J, I'x]

It follows from the foregoing that the usual three-
dimensional SWA holds when T <« J’. It turns out, how-
ever, that the SWA holds in a larger temperature
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region, which includes both the region T ~ J' and the
region where

T>J, but aln(’S/T) < 1. (37)

In fact, let us consider the region of applicability of the
SWA, using the criterion (5). The expression for the
specific moment of the considered system in the region
of applicability of the SWA takes the form

B _I (9,[)2j

Here k is the projection of the dimensionless wave
vector on the plane of the layer, « is the wave-vector
component in the perpendicular direction, the quantity
A(k) is given by expression (4), and A(«k) = 2(1

- cos k). The integration in (38) is over the reciprocal-
lattice cell.

[exp{—(JA(k)+J Ax)+ h)S} - 1] (38)

Expression (38) can be simplified in the usual
fashion, by using the smallness of the ratlo T/J (we
make a change of variables k = (T/JS)"?k , then
ING'Y )~ k'? and the limits of integration w1th respect
to k' extend to infinity). No such simplification can be
made when it comes to integration with respect to «,
since the parameter is assumed to be arbitrary. After
integrating with respect to k' we obtain

(1+75—1n(1—9XP[__A( )__ ))

(we recall that a = T/27JS?).

(39)

The integral in (39) is the fluctuation contribution to
the spontaneous moment. This integral diverges as
J’— 0 and h— 0. The asymptotic form of (39) at
J'/T «1 and /T « 1is

hy? a2
Al I 4 .
z) =) 1}

m a Sr.,, h ,

s +—2-ln{—T[J +ot ((] +
According to (5), the condition for the validity of the
SWA is smallness of the fluctuation increment of the
moment, which leads at h = 0 to the condition (37).

(40)

On the other hand, the specific moment at J’ <« J
and h «< J can be determined from renormalization-
invariance considerations similar to those used in the
preceding section for the two-dimensional system.
Namely, at J° « J the interaction J’ can be taken into
account in analogy with the allowance for the interac-
tion with the weak magnetic field at the end of Sec. 1.
In view of this analogy, we shall not repeat the corre-
sponding arguments in detail, and present only their
brief scheme and the results.

The layered three-dimensional system with Hamil-
tonian (35) is analyzed in the following manner. We
separate the long-wave degrees of freedom from the
short-wave ones by introducing a cutoff parameter p
and expressing the operators Sy, in terms of the
random function npyy and the operators aru by means
of formulas analogous to (14), (11), and (15). The sta-
tistical distribution of ny,, in analogy with (17), is
determined by the energy of the long-wave fluctuations,
which is equal to

E; win}= ZJ‘

[V (r,v))2+sin® 0 (r, v) (Vep(r, v))?]
(41)
+7J'S*n, ny .y + Shn,,},
where, in accord with the statements made in the end

of the preceding section, we have discarded terms cion-
taining the products of J' and h hy the operators ar,vy-
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The statistical distribution determined by the energy
(41) is invariant agamst the transformations r — Ar,
R— AR, p — 2pJ’, J'A"%, and h — hx"%, On the other
hand, the dependence of the statistical distribution on
the parameter p satisfies as before the Fokker-Planck
equation with respect to t = —In p. By virtue of this, we
obtain for the n-point distribution functions of the quan-
tities nj = n(rj, vi) equations of the type (24), in the
right-hand side of which there are added to the Euler
operator the terms

27" —0 + 2k 9

_( oT’ a—h)

For the mean values of the products of the quantities
Y/m(ni) we obtain the transformation law (26), to the

left-hand side of which it is necessary to add besides
the transformation

j

R~ AR

De oy, = Dy,
also J° = J'A"%and h — hA2
From this we obtain for the per-unit moment

Mew=<Sidp = S<n,> = R~*f(a,r/R, hR*, J'R?). (42)

In the limit as R — = we obtain in analogy with (33) the
representation

m=lim ¢S, >z =

R-»o0

(J)**C(a T,7'/h),

where C(a, T, J'/h) is determined (accurate to first
order in a )by matching with the SWA result (40).
Ultimately we get for J', h «< J:

inr1=5(8) e o (44 -]

At J' =0 this expression goes over into (34), and h = 0
it determines the specific spontaneous moment of an
almost-two-dimensional magnet:

a/2

(43)

a/2

m(])-—S\1—71n—)(1)“”~S(ST ) . (44)

We calculate now the specific heat of an almost-two-
dimensional magnet. Since the average energy E and
accordingly the specific heat 'c = dE/dt are determined
by short-range correlations®, the calculation of the
average energy by the SWA formulas yields the correct
result (this is valid in general for all mean values that
depend only on the short-range correlations). Thus,
taking into account the smallness of the ratio J /3, we
can represent the average energy, in analogy with (38),
in the form

4nJS J. j

In the region T <« J’,
the integral of (45) by small &, A(k) =~ k%
takes the asymptotic form

tCL) T

E= S TS (46)

ydy

o——JT—S—A(u). (45)
an important role is played in
and (45)

where ¢(x) is the Zeta functlon The specific heat in
this region behaves like TV 2 as is typical of a three-
dimensional magnet.

In the region T > J', the lower limit y,in (45) can
be set equal to zero, and the energy turns out to be

E = nT? | 24]S. (47)

The specific heat in the region J' << T <« J varies
linearly with the temperature, i.e., it has potentially a
two-dimensional character.
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3. LAYERED SYSTEMS WITH ANTIFERROMAG-
NETIC INTERACTIONS

In conclusion, we present a brief summary of the
formulas for the thermodynamic characteristics of
layered systems in the presence of antiferromagnetic
interaction inside the layer or between layers. The
formulas that follows do not include the anisotropy
energy, since we are dealing with the case of tempera-
tures T > Egp. In addition, for the sake of concreteness
we have written out the formulas only for the case of
nearest-neighbor interaction both within the layer and
between layers.

The calculations for the cases J <0 or J' <0 are
similar to those given above and will be omitted. Ac-
count must be taken, however, of the additional circum-
stance connected with the fact that zero-point spin
oscillations in the ground state exist in the antiferro-
magnetic case. This calls for a certain modification of
the reasoning advanced above (we retall that the prob-
lem of determining the ground-state wave function in an
antiferromagnet has not yet been solved). In fact, how-
ever, all our arguments are based only on the form of
the energy of the longwave fluctuations, which is similar
to (16). (The vector ny denotes the direction of the
spins in one of the sublattices, and then the spin direc-
tion in the other sublattice is —nr.) The only difference
is that the exchange energy J is replaced by the effec-
tive energy Jeff = ¥J, where ¥ =1 - O(zS™')(z is the
number of nearest neighbors) is a certain factor deter-
mined by the (unknown) wave function of the ground
state; the same factor expresses the decrease of the
magnetization of the sublattices and of the suscepti-
bility at T = 0, which is connected with the zero-point
oscillations. In accordance with the foregoing, in the
case of antiferromagnetic interaction, the exponent «
is replaced by

’

a T
o =—

v 2myJS?

We present now formulas for different cases.

A. Antiferromagnetic interaction with a layer
(J<o0)

In a weak magnetic field, the distribution of the mag-
netization in directions perpendicular and parallel to
the magnetic field are expressed by the formula

(SEY = Sm’ (= 1)'005-%', (Sl =yh, (48)
where the upper sign pertains to the case J' > 0 and

the lower to J' < 0 (and similarly for formula (49)
below); Q = {1, 1} is the wave vector of the ferromag-
netic structure in the plane of the layer (cos Q-r/a

= +1, depending on the sublattice), m’ is the sublattice
magnetization, and xh is the induced moment (see
formula (51) below).

The magnon spectrum near the minima at k = 0 and
at k =+Q is given by

EY® —[22(JSk)*+ 4z 177] |718* (4 F cos x) + h2]™,

E® =[1—(h/221718)*]"[22 (JSk)? + 4z|J] |J’18*(1 — cos x) "

(the numbers of neighbors for a quadratic lattice is
z = 4).

The spontaneous magnetization of the sublattices in
the ‘‘two-dimensional’’ region T > |J’ | is (cf. (43))

375 Sov. Phys.-JETP, Vol. 37, No. 2, August 1973

M) o (50)

m’=yS( T

The susceptibility x = aM/ah in a constant field at
an arbitrary ratio |J'|/T in the region (37) where the
SWA is applicable is

x=2z\|(—]|{1+ﬁ_z;—:ln[1—exp(—i—[2ll'l |J|(1$cosu)]"‘)]}.
(51)

In particular, at T <« |J’| (three-dimensional situation)

52)

Y (T
L (1 6 SZIII”rI!’P")'
At T > |J’' | we obtain by matching with the asymptotic
form of (50)

oy sy e 53
x= 2z|J|( T ) : (53)
The average energy is given by
_ 2T ¢ dx ¢ 2%dx
a7l ol Ry
-a D(x) (54)

®(x) = S[2| 7| 7] (1 —cos ») 1"/ T.

The asymptotic forms of (54) are

.‘l'[2 T . 1/,
T L if TS
15 1 \Y2 Q3
E- 22 2| T[S (three-dimensional situation)
= 4T3 . 2 Ve (55
o if T @0 )"s )

(two-dimensional situation)

With increasing T/|J’|, the behavior of the specific
heat changes from the usual ~T°® dependence of the
three-dimensional antiferromagnet to the ~T? depend-
ence of the two-dimensional case.

B. Ferromagnetic interaction within the layer
(4>0)

Inasmuch as a layered ferromagnet (3" > 0) was
considered at the end of the preceding section, we
present here formulas for the case J' < 0. The distri-
bution of the magnetic moment in a weak external field

h « 2z|J'| is given by
(SFy> =8m' (—1)",

(8L = Syh. (56)

At h > 2z|J’| the system becomes ferromagnetic.

The energy spectrum near k = 0 is determined by
the expression
h? ‘a
Epp=[7SK* +217|S(1 — cos ) 1" [JSIc“r 20715 (1 + cos ) — -mcosu] .
(57)

The spontaneous magnetization of the layers m’ in
the ‘‘two-dimensional’’ region T > |J’| is given by the
same formula (49), where ¥ = 1. The susceptibility is
expressed by the integral

1 T fdx kdk A\
LA { + 20 jﬁmsx j exp(A,A-)"—1 (I '
T s (58)
A=k~ T (1£cosx).
At |J'| » T (three-dimensional situation) we obtain
1 1 T \?
- (=% 9
X= 571 (1 9Gn( J’S) ) (59)
and at |J'| <« T (two-dimensional situation)
1 T
= + .
=271 (1 4n|J'|S) (60)
The average energy is given by
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(AL A-
23'(]S I J. exp (A A )’ : (61)
In the three-d1mens1onal situation (T « IJ 1)
1 T
vV (62)

and in the two-dimensional (T >> |J'|) the energy ob-
viously coincides with expression (47).

USimilar results for a Bose liquid were obtained earlier by Kane and
Kadanoff ['°] and by Lasher [!!], and also by Wegner [!2] for a planar
magnet (XY model).

DAs J'/) > 0, the Curie point of a layered magnet tends to a phase-transi-
tion point in a two-dimensional magnet, the existence of which follows
from the results of the earlier papers [7"°]. The temperature of the
latter is of the order of J, so that under conditions (A) we are always
below the Curie point of the layered magnet, regardless of the ratio
JIT.

3We note the obvious analogy with the thermal properties, considered
by I. M. Lifshitz, of nonmagnetic layered structures [13].

“More accurately, for spins located far from the boundaries (at distances
> a), the specification of arbitrary boundary conditions reduces
effectively to specification of a certain probability distribution P(n) for
the directions n of the moment, as can be seen from formulas (A.1)-
(A.6)of [7].

S)The average energy is the mean value of the Hamiltonian (35), which
depends only on the correlations of the neighboring spins. The direction
n drops out in general from this mean value, as becomes obvious if the
products of the neighboring spins is rewritten in the form

SSers = S(S+1) —*/2(Sr40—8;)2
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