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The quantum fluctuations of a three-layer Heisenberg model with six sublattices are studied by the retarded

Green’s function method and the spin-wave theory. The effects of anisotropy on the quantum fluctuations at zero

temperature are discussed. The results show that the interlayer anisotropy plays an important role in balancing the

quantum competitions.
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1. Introduction

Much interest has focused on the layered mate-
rials, because their magnetic properties are greatly
different from those of their bulk counterparts. A
multi-sublattice model consisting of different sites in a
unit cell, was purposed to describe the magnetic prop-
erties of rare-earth transition — metal intermetallics
compounds.' 3! As is well known, the quantum fluc-
tuations have been found to be important for physical
properties of different materials, for instance, ferro-
magnetic nanoparticles, layers/multilayers, large sin-
gle crystals, etc. The quantum fluctuations are so im-
portant in the magnetic systems with anisotropy that
they affect seriously the magnetic properties of the
ferromagnets (ferrimagnets) at low and zero tempera-
tures and they can also change the ground-state spin
structures.*=7 In our previous work, the magnetic
properties of the double-layer Heisenberg model with
four sublattices have been investigated in detail.[¥] In
the present work, we study a three-layer Heisenberg
model with six sublattices on a square lattice. It is un-
derstood that the circumstance in six-sublattice sys-
tem is much more complicated than that in the three-
or four-sublattice one. Emphasis will be put on the
effects of the anisotropy constants on the quantum

fluctuations by employing retard Green’s functions in
the framework of the liner spin wave approximation.

A schematic diagram of the three-layer Heisen-
berg model with six sublattices is illustrated in
Fig. 1.9 The lattices of sites are the interpenetrating
six sublattices A, B, C, D, E and F that are distributed
among these sites. The spin values of six sublattices
are S1, Sa, S3, S4, S5 and Sg, respectively.

Fig. 1. The schematic diagram of the six-sublattice model.

The Hamiltonian is expressed as follows:
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where the summation runs over all the nearest-
) J2 (DQ) and J3
(D3) are the exchange integrals (anisotropy) in the

neighbour spin pairs only; J; (D;

first layer, the second layer and the third layer, re-
spectively; J,1 (D.1) is the interlayer exchange inte-
gral (anisotropy) between the first layer and the sec-
ond layer; J,2 (D.2) is the interlayer exchange integral
(anisotropy) between the second layer and the third
layer. There are N sites on each sublattice, and a

total of 6N sites for the system.

The rest of the present paper is organized as fol-
lows. In Section 2, the Hamiltonian and calculation
procedure are presented. The calculation results and
discussion are given in Section 3. Finally, the sum-

mary is presented in Section 4.
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2. Theory

Using the following Holstein—Primakoff transform

and the spin-wave approximation:
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and introducing the spin-wave operators ak(ak) bk(bT)7 ck(ck) dk(d ), ek(ez) and fk(fli) of the six-sublattice
A, B, C, D, E and F, we rewrite Hamiltonian (1) as follows: [
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where
Vi = 2(cos kya + cos kya), (4)
pir = cosk,ctisink,c, (5)
Py = cosk,d +isink,d (6)

with a, ¢ and d being the lattice constants.
Using the method of Refs. [8] and [9], we obtain
the equation of the Green’s function

The matrix elements in the six-order matrix M are
M;; = (i,j = 1-6). N;; = (i,j = 1-6) is the unit
matrix, where Ni; = 1, Noo = —1, N33 =1, Ny = 1,
N55 = —1, Ngg = 1. w; correspond to six branches of
the spin-wave spectrum, equaling the number of sub-
lattices.

By employing the spectral theorem, the magneti-
zations per site (the unit is taken to be gugp, a nor-
malized unit) of sublattices at zero temperature are

1 correspondingly as follows:
G(k ——[M; N; . 7
(k,w) = et (D ))[ 16x6[Nijloxe (7)
i Mu .
M, = / / [ (s) (WG)} dk,dky, (i =1,3,4,6), (8)
WAB wep
M4 ,
Mj _ S + = // { Jj W5 ”(wﬁ)]dkmdky, (j:2,5), (9)
WAB wep
\
where wap = 19[ (w5 — wi), and wep = ﬁ (wo — ws)- tuation AM of the sublattice B is stronger than that of
I#5 1#6 A in the first layer. It can be explained as the fact that

The quantum fluctuations of the six-sublattice

magnetizations at zero-temperature are defined as

AM = S - 1(])7 7’(.7) = 1737476(275) (10)

3. Results and discussion

In the following discussion, we shall take J, = 1
as unit and treat other parameters as being relative
to Js, the lattice constants a = ¢ = 1.0, d = 1.2¢,
S1=53=54=5¢=1.0,5 =5 =05, J; =038,
Js = =12, D; = 0.1, Dy = 0.2, D3 = —0.3,
J,1 = 0.3, and J,», = —0.5. The parameters men-
tioned above are different from those in Ref. [9], in
which sublattices have different values of the spins:
S1 =53 =84 =5 =0.5, and So = S5 = 1.0 with-
out considering the interlayer anisotropies (D.; and
D,5 = 0). The effects of the interlayer anisotropy D,
on the quantum fluctuation of spins for the three-layer
system with six-sublattice system at zero-temperature
are plotted in Figs. 2(a) and 2(b), where the D,s is
fixed as D,o = —0.8, -0.2; D, and D5 are the inter-
layer anisotropies between sublattices A and C, sub-
lattices C and E, respectively; D,; is positive while
D, is negative. As marked in the figures, these curves
actually belong to the sublattices A, B, C, D, E and F,
respectively. In Figs. 2(a) and 2(b), the quantum fluc-

a stronger zero-point quantum fluctuation is achieved
because the value of the spin-1/2 in the sublattice B
is smaller than that of spin-1 in the sublattice A if the
rest of the parameters are the same. Likewise, F is
smaller than E in the second layer. With the increase
of anisotropy D1, the quantum fluctuations of sub-
lattices C and D decrease monotonically and change
slightly, due to the interaction between sublattices C
and D that are in ferromagnetic exchange coupling.
Because of the enhancement of the anisotropy D, be-
tween the sublattices A and C, curves A and B drop
off monotonically and obviously. There is a crossover
between curves A(B) and E(F') which is affected by
the interlayer anisotropies D,; and D,;. The posi-
tion of the crossover shifts toward weaker region of the
anisotropy D,; when the value of D,s increases from
—0.8 to —0.2. Comparing Figs. 2(a) and 2(b) shows
that the region of the anisotropy D, is narrow for the
case of | D3| = 0.2, where the quantum fluctuation of
the sublattice A(B) is stronger than that of the sub-
lattice E(F). Note that the quantum fluctuations in
the sublattices C and D are lower than those in the
sublattices A(E) and B(F). It can be understood that
the quantum fluctuation in a layer with ferrimagnetic
interaction is affected more strongly than that in a

ferromagnetic layer.
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Fig. 2. D_; dependences of the quantum fluctuation of spins at zero-temperature with S; = S3 = Sy = Sg = 1.0,
So =S5 =0.5,J1 = —0.8, J3 = —1.2, D1 = —0.1, D3 = 0.2, D3 = —0.3, J;1 = 0.3, J;2 = —0.5, and D 2 = —0.8
(a), and —0.2 (b).

In order to better understand the influence of the anisotropy on quantum fluctuation, we plot the quantum
fluctuations in the three-dimensional parameter space (AM, D,1, D,s) at zero-temperature in Figs. 3(a)-3(f)

for the three-layer system with six-sublattice system.
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Fig. 3. Three-dimensional quantum fluctuations of spins at zero-temperature with S1 = S3 = S4 = Sg = 1.0,
So =S5 =0.5,J1 = —0.8, J3 = —-1.2, D1 = —0.1, Do = 0.2, D3 = —0.3, Jy1 = —J;3 =0.3, Joo = —J,qy = —0.5
for the sublattices (a) A, (b) B, (c) C, (d) D, (e) E, and (f) F.
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Figures 3(a) and 3(b) show the anisotropies D,
and D5 dependences of quantum fluctuations AM;
and AMs for the two sublattices on the first layer,
respectively. The anisotropies D,; and D,s have the
same contributions to AM; for the sublattice A and
AM, for the sublattice B. But the former is weaker
than the later (AMs > AM;). The anisotropies D4
and D, dependences of the quantum fluctuations
AMs and AM, for the two sublattices C and D on
the second layer are plotted in Figs. 3(c) and 3(d).
As shown in the figures, there exists AM3 > AMy,
owing to the fact that the interlayer ferrimagnetic ex-
change integral is stronger between sublattices C and
E than that between sublattices D and B. The D,
and the D, dependence of the quantum fluctuations
AM;5 and AMjg are illustrated in Figs. 3(e) and 3(f)
for the two sublattices E and F on the third layer.
Note that the quantum fluctuation A M5 changes more
obviously than AMjg. This indicates that the inter-
layer ferrimagnetic exchange integral strongly affects
the quantum fluctuations of the system.

4. Summary

By employing the linear spin-wave method and
the retarded Green’s function technique, we have in-
vestigated the quantum fluctuations at zero tempera-
ture for a six-sublattice three-layer Heisenberg system,
which affect strongly the physical properties of sys-
tem at zero and low temperatures. Numerical results
show that the quantum fluctuations of the sublat-
tices in the ferrimagnetic interaction are affected more
strongly than that of the sublattices in the ferromag-
netic layer for any values of the interlayer anisotropies.
The interlayer anisotropy plays an important role in
the quantum fluctuations of the system. As the inter-
layer anisotropy D,; (or D,s) increases, the quantum
fluctuations of the sublattices A and B (E and F) de-
crease obviously, while the quantum fluctuations of
the sublattices C, D, E and F (A, B, C and D) de-
crease slightly for the fixed D,2 (D,1). We have also
discussed the position of the crossover between the
quantum fluctuation curves which is affected strongly
by the interlayer anisotropy
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