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Abstract. A transverse Ising film, for 3 = 1/2, with a body-centred cubic structure and
two (001) surfaces is studied by means of the effective-field theory with correlations. The
layer magnetizations and average magnetization of the film as functions of temperature
and transverse field are calculated numerically and some interesting results are obtained.

1. Introduction

Using the technique of molecular-beam expitaxy, high-quality thin films can be fabri-
cated. Of these, magnetic films are very important from both the theoretical stand-
point and the experimental standpoint [1, 2] and can be studied as models of the
magnetic size effect [3] and quasi-two-dimensional system. The magnetic and phase
transition properties of semi-infinite Ising systems have been investigated for many
years. The surface magnetism of these systems is very interesting [4-9]. When the
surface exchange parameter J, is larger than a critical value J,., the system becomes
ordered on the surface before it is ordered in the bulk, and the critical temperature
of the surface is higher than that of the bulk. For a film composed of a few atomic
layers, one cannot differentiate between the critical temperatures of the surface and
the internal layers, and the film possesses a unified critical temperature [10-12]. For a
film in which there are a great number of atomic layers paraliel to the surfaces, in the
central region of the film the magnetism is similar to that of the bulk, and in this case
the film may be considered as a semi-infinite system. Recently the critical properties
of ordinary and transverse Ising films were caiculated and discussed [10-12], but the
magnetization properties of a ransverse Ising film were not investigated. In addition,
in previous work on Ising films and semi-infinite Ising systems, the lattice structures
used are almost simple cubic. In this paper, we use the effective-field theory with
correlations [4, 13] to investigate the temperature and transverse field dependences
of the magnetizations, including the average and sublattice (layer) magnetizations, of
a wansverse Ising film with s = } and a body-centred cubic (BCC) lattice.

2, Theory

We consider a transverse Ising film, for s = 3, with BCC lattice structure and (001)
surfaces as shown in figure 1. The Hamiltonian of the film can be written as

H=_%ZJ,.J.355;-QIZS§-QSZS,¢ (1)
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where S° and $* are components of spin-i operators, and Q; and (g represent
transverse fields in the internal and surface layers, respectively; the symbols 3~; ;
and 3, s express the sums over the internal and surface lattice points; J;; is an
exchange interaction between spins at nearest-neighbour sites i and j, and J;; is
Js between spins on the surface layer and its nearest-neighbour layer, otherwise J.
There is no interaction between spins on the same layer parallel to the surfaces.
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Figure 1. Section of the film with the BoC lattice:
-~ y - N2 O, @, different lattice points in the BCC lattice; i is
- ——=—— -1 the layer index; Js and J are interaction parame-
el S W s W s - — ters.

According to the effective-field theory with correlations, the layer magnetizations
of the film are given by

oy = 2(S}) = {[cosh(J;D) + o Sinh(J12D)]4fs(“’)ix=n

o; = 2{S}) = [cosh(J;;_; D) + o;_, sinh(J;;_, D)]*
x {COSh(Ji£+1D) + 04 Sinh(J£i+1D)}fl(x)ix=0 (2)

on = 2{S%) = [cosh(Jyn_1D) + o1 sinh (Iyn 1 D) fs(#) om0
where we use N to represent the number of atomic layers paralie! to the surfaces;

(5%),(S%), .+ {SF)5-. ., {S%) are the layer magnetizations; D = 8 /8« is a differ-
ential operator and exp(aD)f(z) = f(x + a); f(z) is defined by

fi(z) = [2/(40 + =)'/"] tanh[B/4(40F + <M)'/7). ©)
In (3), 8 = 1/kyT, where kg is the Boltzmann constant and T denotes the absolute

temperature.

Let us assume that the two surfaces are identical; therefore J,o = Jyp_ = Jg
and

Ty =ON1T2 = ON-19T3 = Toas- - - @)

In order to calculate equations (2) numerically, it is necessary that equations (2)
be expanded; thus we obtain

a1 = Aoy + Aol + Agol + Ayal
0y = Byog + B,0% + Byos + Byot + 0,Cy + Cyoy03 + Co0,0% + Cyoy05
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+ 04"10':? + Du‘-‘"f + D1012°'3 + D2“12‘7§+ Ds"'i?‘-'"g + 1:’4'3712‘734 ()

+ Eyo? + E 0¥0} 4+ E,080i + E;olel + E 0’0} + Fyo!
+ Fyotoy + Fyojol + Fyolof + Fyoto}

o; =4G (0, + 0yp1) + 2G,(307_, + 80;_y0,4, + 3“:‘2+1)
+ 4G3(°’?—1 + 6“52—1°'£+1 + 60;‘-10';24.1 4 0'?4-1)
+ G4(f’f_1 + 16“.'3-101‘4-1 + 3603—1"?4-1 + 160’;-1‘7?-;-1 + °'?+1)
+ 4G5(°‘?—1°’i+1 +60{_10ip + 60 0l + 0_y041)
+2Gy(30f_ 108y, + 80]_ 108y, + 300y,
+4G, (o} 08 + ol 10t + Ggol_ioly,

where A, and B, (A=1,2,3and 4),and C,, D, E, and F,(1 =0, 1, 2, 3 and
4), respectively, are given by

A, = C} cosh**(J3D) sinh*(JsD) f()| oo
B, = C} cosh*(JD) cosh* *(JD)sinh*(JD) fi()], -0
C), = 4C} cosh®(J3D) cosh* > (JD) sinh(J5D) sinh* (I D) (=)0

©)

D, = C} cosh®(JgD)sinh*(JsD) cosh*™*(JID) sinh*(JD) fi(2)), =0
E, = 4C} cosh(JgD)sinh®(JsD) cosh* *(JD) sinh*(JD) fi(2)|. -0
Fy = C} sinh*(JsD) cosh* *(JD) sinh*(JD) fi()]..=q
with

CP = 41/(4 = X)IN! )
and G, (A = 1-8) is written as

Gy, = cosh® *(JID)sinh*(JD) fi(2)|pz0- ®)

In the numerical calculation, we should note the symmetry of the film and thus
the amount of the calculation can be decreased greatly.

For a given transverse field, as T — T (T is the critical temperature), the layer
magnetization o; /2(¢ = 1,2,3,..., N) approaches zero. Considering o; as a small
value, we expand equations (5) and neglect the non-linear terms; then the critical
temperature of the system is determined by

where T, obeys equation (9) through A,, €y, B, and G,.

1 A 0 0
0 4G, 1 4G,
0 0 4G, 1
S =0 ©)
1 4G, 0 0
4G, 1 4G, 0
0o B 1 G
0 0 A, 1
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3. Numerical results

Solving equations (5) numerically, we can obtain the layer magnetizations and average
magnetization of the film as functions of temperature or transverse field, and solving
equation (9) we can determine the critical temperature in a given transverse field.
Because the magnetization behaviours of a transverse Ising film have not been studied
in the past as far as we know, and in addition the transverse field dependence of
the magnetization of transverse Ising systems was considered only rarely, we give
mainly the temperature and transverse ficld dependences of the magnetizations, and
use Qg = Q; = Q for simplicity. Because of the symmetry of the film, we give
only N/2 layer magnetizations as functions of temperature and transverse field in
the corresponding figures.

3.1. Temperature dependences of the magnetizations

After selecting a value of the transverse field, one can obtain the layer magnetizations
from equations (5) as functions of temperature, and then the average magnetization
of the film is determined by

1 N
ﬁ':ﬁzgcri. (10)

1.0 -
Ky T4 KyTsd

Figure 2. Average magnetization as a function of the temperature for (@) Js/J = 0.1
and (») J3/J = 2.0: broken curves, transverse ficld 12/J = 0.0; full curves, transverse
field ©2/J = 1.0. N represents the number of the layers in the film.

First we consider the average magnetization 7m; it is shown in figure 2 for N =
4, 8 and 12, for two transverse fields Q@ = 0.0 and 1.0. Figure 2{(g) shows how
the magnetization changes with temperature for Jg/J = 0.1. The broken curves
correspond to ©Q/J = 1.0 and the full curves to &2/J = 0.0, For /J = 0.0 and
T/J = 0.0, the magnetizations of the film with NV = 4, 8 and 12 are % (saturation
magnetization m,) but, for Q/J = 1.0 and T/J = 0.0, the magnetization decreases
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and, the thinner the film, the smaller the magnetization. For N = 4, ™ < im,.
Comparing the broken curves with the full curves, one can note that the transverse
field changes greatly the shapes of the magnetization curves and decreases the critical
temperatures. The critical temperatures for £2/J = 0.0 and N = 4, 8 and 12 are
0.785, 1.558 and 1.705, respectively, and those for /J = 1.0 and N =4, 8 and 12
are 0.637, 1.497 and 1.667, respectively. Figure 2(b) corresponds to Jg/J = 2.0 and
the other parameters are as in figure 2(q). Comparing the broken curves with the full
curves in this figure, one can see that the transverse field (©2/J = 1.0) decreases
the magnetizations slightly, for T/J = 0.0, from their saturation values m, = 1,
and also the critical temperatures; the shapes of two curves for 2/J = 1.0 and 0.0,
for a given N, are similar. The critical temperatures for Q/J = 0.0, and N = 4,
8 and 12 are 2.146, 1.970 and 1.930, respectively, and those for /J = 1.0 and
N =4, 8 and 12 are 2.101, 1.920 and 1.881, respectively. As opposed to figure 2(r),
figure 2(b) shows that, the thinner the film, the larger the magnetization, when the
other parameters are unchanged.

The temperature dependence of the magnetization of every layer in the film, for
N = 12 and different transverse fields 2/J = 0.0 and 1.0, is shown in figure 3,
Figures 3(a)-3(d) correspond 0 Q/J = 0.0 and J3/J = 2.0, Q/J = 0.0 and
Jg/J =01, Q/J = 1.0 and Jg/J = 2.0, and /J = 1.0 and Jg/J = 0.1,
respectively. From figures 3(a) and 3(b), we see that the next outermost layer has
a more special magnetization, and its magnetization is the largest for a finite tem-
perature and Jg/J = 2.0. Comparing figure 3(a) with figure 3(c), we see that
the transverse field {2 /J = 1.0) influences slightly the layer magnetizations. From
figures 3(b) and 3(d) with Jg/J = 0.1, one sees that the magnetizations of the
outermost three layers are clearly different from those of the other layers and vary
greatly from each other. In figure 3(b), as the temperature is increased, the magne-
tization of the surface layer decreases rapidly and that of the next outermost layer,
for T /2 < T < T, shows an approximately linear decrease. In figure 3(d), the
transverse field (©2/J = 1.0) influences greatly the magnetizations of the outermost
two layers, and in particular the surface layer; its magnetization is only small even
for T/J = 0.0. In figure 3, the common characteristics are that the magnetization
of the next outermost layer is always larger than that of the surface layer at a finite
temperature and for any transverse ficld; the magnetizations of the internal layers,
except those of the outermost three layers, have similar functions of temperature.

3.2. Transverse field dependence of layer magnetizations

Solving equations (5) numerically, we can also obtain the layer magnetizations as
functions of the transverse field; magnetization-transverse field relations of this kind
were rarely considered in the past. In this paper, we assume the film to be composed
of 12 atomic layers parallel to the surfaces as an example to understand the transverse
field dependences of layer magnetizations.

For T = 0.0, figures 4(a) and 4(b) show the transverse ficld dependences of the
layer magnetizations for Jg/J = 2.0 and Jg/J = 0.1, respectively. The critical
transverse field (Q2./J) is 3.62 for Jg/J = 2.0, and 3.21 for Jg/J = 0.1.

Figure 4(a) shows that the magnetization of the next outermost layer is obviously
different from those of the other layers, while the magnetization of the surface layer
is similar to that of the third layer. For Jg/J = 0.1, figure 4(b) shows that, as the
transverse field is increased, the magnetization of the surface layer decreases rapidly
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Figure 3. Layer magnetizations, for N = 12, as functions of the temperature: (@)
Q/F=0.0, J5/J =20 ) Q/J=0.0, F5/J =01 c) /S =10, Jgfd =
2.0; (@) QfJ = 1.0, Js/J = 0.1, (57} represents the magnetization of the ith layer,
and i is the layer index. Because of the symmetry of the fiim, i =1, 2, 3, 4, 9 and 6.

and that of the next outermost layer decreases almost linearly over a larger temper-
ature region. For a temperature given by kg T'/J = 1.0, the layer magnetizations as
functions of transverse field are displayed in figures 4(c) and 4(d). Js/J = 2.0 in
figure 4(c) and Jg/J = 0.1 in figure 4(¢). Comparing figure 4(c) with figure 4(d), we
see that increasing temperature more obviously decreases the layer magnetizations of
the film with the smaller value of Jg/J, and in particular the magnetizations of the
outermost two layers. At the temperature given in figures 4(c) and 4(d), the critical
transverse field ./J = 3.47 for Jg/J = 2.0, and Q./J = 2.96 for J5/J = 0.1.

Comparing figure 4 with figure 3, we find that the magnetization—transverse field
curves and the corresponding magnetization-temperature curves have some similar
features.
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Figure 4. lLayer magnetizations, for N = 12, as functions of the transverse field. (a)
kpT/F =00, 5 /T =2.0; (b) kgT/J = 0.0, J5/J =0.1; () kgT/J = 1.0,
Jg/J=2.0; (d) kg T/J = 1.0, Jg/J = 0.1. i is the layer mdex.

4. Summary

in summary, using the effective-field theory with correlations, we have studied the
magnetizations of the trapsverse Ising film with BCC structure and s = 1. For a few
sets of the selected parameters we have calculated numerically the average and layer
magnetizations as functions of the temperature and transverse field and found that
the magnetization of the next outermost layer is always larger than that of the surface
layer for T # 0 and the magnetization—transverse field curves and the corresponding
magnetization—temperature curves have some very similar features.
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