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AbsIneL The kmmagnetic phase transition in ultra-thin films and surfaces is studied 
by the Green function method hased upon he Heisenberg model (S > 1) with the 
out-of-plane spin orientation of the atoms in the surfaces. A model alculation shows 
that the order panmeter (spontaneous magnetiwtion) changes with the atomic planes 
in the ferromagnetic films but the Curie temperatures or the atomic planes are all the 
same; the Curie temperature of ultra-thin films may be higher or lower than the bulk 
Curie temperature which depends on UBe fact that the spin is pinned to same degree at 
the surfaces It is impossible for an ordered surface phase to w a i s t  with a disordered 
bulk phase and it is also impossible for a disordered surface ph.ase lo coexist with an 
ordered bulk phase in homogeneous 6lms or a bulk magnet. 

1. Introduction 

Recent studies have shown that the ferromagnetic phase transition in ultra-thin films 
and surfaces may differ markedly from that in the bulk Experiments [l] have shown 
that in the general case the Curie temperature of ultra-thin films is lower than the 
bulk Curie temperature and, as the thickness of an ultra-thin film decreases, its 
Curie temperature also decreases while the value obtained by Curie temperature 
measurement strongly depends on the conditions of the actual film preparation (i.e. 
the surface situation). In some special cases the Curie temperature of ultra-thin films 
is higher than the bulk Curie temperature; this remarkable phenomenon was observed 
for Gd [2] and Tb [3]. For sufficient enhancement of the interaction between the 
surface spins, an ordered surface phase is expected to coexist with a disordered bulk 
phase [4]. 

In this work we investigate the ferromagnetic phase transition in ultra-thin Nms 
and surfaces based on the Heisenberg model with an out-of-plane spin orientation of 
the atoms in the surfaces. We introduce a pinning spin model to describe the surface 
situation of the actual ultra-thin film, in order to interpret the magnetic behaviour 
of ultra-thin films. To study the magnetic theory of ferromagnetic films, the basic 
difficulty is that loss of translation invariance in one direction prevents decoupling 
of the motion of the spin into translational and relative coordinates. In [SI, the 
spontaneous magnetizations of the atomic planes were assumed to be approximately 
equal and the analytical solution of coupling Green functions was obtained, but this 
is invalid just below the Curie temperature. In this paper, using the numerical 
calculation method of coupling Green equations [6] we remove the approximate 
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condition in [5] and obtain reasonable results for the physics. The expressions for 
the Curie temperature and order parameter (spontaneous magnetization) of atomic 
planes which are parallel to the surface of ultra-thin films have been derived. A 
model calculation shows that the order parameter changes with the position of the 
atomic planes in the ferromagnetic films but the Curie temperatures of the atomic 
planes are equal; the Curie temperature and the order parameter strongly depend 
on the fact that the spin is pinned to some degree at the surfaces and the thickness 
of the ultra-thin Mms. The experimental results could be explained by this model 
calculation. 

2. Pinning spin model 

Gay and Richter [7] calculated the spin anisotropy of monolayers of Fe, Ni, V and 
Co by incorporating the spin-orbit interaction into the self-consistent local-orbital 
method. They found that the easy direction of magnetization is perpendicular to 
the plane of the monolayer for Fe and but in the plane of the monolayer for Ni 
and Co. In terms of energy per atom, the monolayer anisotropies are large. For 
example, the anisotropy of the Fc monolayer (about 0.4 meV/atom) is 100 times the 
anisotropy of bulk Fe. (4 peV/atom). This is a consequence of the reduced symmetry 
of the monolayers which includes the anisotropy as a second-order term. 'Ib explain 
the magnetic behaviour of ultra-thin films, the spin anisotropy of the surface must 
be considered [SI. We assume that the surfaces of n-monolayer (WML) films of a 
simple cubic crystal are parallel to (001) planes and perpendicular to the 2 axis. The 
~ - M L  film has a finite amount of n atoms or atomic planes in the 2 [Ool] direction 
and an infinite amount of N atoms (N i 00) in both the X [lo01 and the Y [OIO] 
directions. The spin Hamiltonian contains two parts: the Heisenberg exchange term 
and an anisotropic term due to the surfaces. 'Ib consider incorporating the spin-orbit 
interaction into the local orbit [I, an anisotropic term can be deduced by the method 
of second quantization [SI. The spin Hamiltonian is given by 

'X = - L 2 J , l f .  Sy, - $ D ,  (Si)' 
n l l l l  f 

where the lattice site f stands for the position vector j in the X-Y plane and the 
coordinate U in the 2 direction: f = ( j ,  U). v marks the atomic planes of the ~ - M L  
films (U = 1,2,3,. . . , n,); a denotes X, Y and 2. For simplicity, the exchange 
interaction of only nearest-neighbour coupling (J, , ,> = J) is taken into account. We 
assume that the ~ - M L  Mms have a symmetrical surface and the spin orientation of the 
atoms in the surfaces is out of plane, i.e. the surface anisotropic constant (SAC) D, 
takes the values D, = D ,  = 0 (for U = 2 , 3 , .  , . , n - 1) and D ,  = D ,  = D > 0, 
which measures the fact that the spin is perpendicularly pinned to some degree at 
the surface. In order that this Hamiltonian may give the surface anisotropic term, it 
is necessary that S 2 1, where S denotes the quantum number of the spin operator. 

3. Curie kemperature T, and spontaneous magnetization U,, of each atomic plane 

This section examines the relative magnetization a, at site f, ( S j )  = u,S, in which 
( ) denotes the statistical average. We introduce the double-time Green function [9] 
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'Ib take into account the translation invariance along the plane (X, Y), a two- 
dimensional Fourier transform is introduced: 

h,  = 2xn, /N h ,  = 2 x n y / N  

where the allowed values of n, and ng are 0 ,&1,&2, .  . . , & N / 2  ( N  - 00); ul and 
u2 take the values 1,2,3,. . . , n. G ( w ,  h )  is the energy-momentum coordinate 
representation of the Green function GfLf2(t - if) .  Because of translation symme- 
try, U, and ((S;)nSiSF) will depend only on the position U of the atomic plane 
involved, so that U - U,, and ((S;)7ASFSF) = ((S;)"S;S$). From the relation 
between the correlation function and the Green function, we now get [9] f .- 

x [ C , , , , ( w f i ~ , h - C ;  ,,,, ( w - i c , h ) ]  (1) 

where kB k~Boltzmann's constant and T the absolute temperature. 

Green function [9], we obtain the following coupled equations: 
From the equation of motion and the Tyablikov decoupling approximation for the 

where 

Pv,p = [ 2 J S u , , ( 2 - c o s h , - c o s h , ) + J S ( u , , + ,  +uv , - , )  

+ Dz,, S~z , , l~ , , l p  - su,,,J,,, 

D u1 = 1 or n 
u i = 2 , 3  ,..., n - 1  

Un+] = uo = 0 .  

We find from (2) that 
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where w , , ~  is determined by the characteristic equation as follows: 
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W h b  - El Jl 

JZ W / r k  - E2 J 2  

J,. W h k  - E,, J v  

J 2  U,,, - E2 J 2  
Jl w h k  - El 

E, = 2 JSul(2 - cosh, - cosh,)  + JSa, + D S u ,  

E,, = 2 J S u , , ( 2 - ~ o s h , - c o s h ~ ) + J S ( o , ~ ~ + u , + ~ )  

J,, = JSa, ,  01, = 0 n t l - s  E,, = Ent1-u (for U = 1, ..., n) 
(for u = 2  ,..., n - I )  

Here ,k and L take the values 1,2,3,. . . ,n. A ,,,, (LO,,,) k the subdeterminant of U 
rows and U columns of the tridiagonal form (4). 

From (1) and (3) we have [91 

S(S+  I)((St)") - ( ( S y l )  - ((S,:)"+?) = P,,{2(s:(st - 1)") 
+([(s,:-l)'~--1S:)nlIS(S+1)-S;;-(St)21)} (5) 

where 

P" = P,,t1-, 

According to the relation [9] 

l - I ( s : - r ) = o  
r=-8 

and equation (5), we obtain [9] 

Using (6) and (7), we can calculate the Curie temperature T,,, and the tempera- 
ture dependence of the spontaneous magnetization uv (v = 1,2,3,. . . , n), as shown 
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Figure 1. The NNeS of relative magnetization a 
-us reduced temperature r for various D i  in 

Figure 2. n e  N N ~ S  of relative magnetization a 
versus reduced temperature T for various Di in 

I-ML "s. 2-ML films. 
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Figure 3. The CUNQ of the relative magnetization 
av of each atomic plane and the ratio R,, = 
ap/a, as funclions of reduced temperature r for 
various D j  in 3-ML films. 

Figure 4 ?lie curves of the relative magnetization 
ay of each atomic plane and the ratio R,, = 
a#c f ou as functions of reduced temperature r for 
various Dj in 4-ML films. 

in figures 1-6. For inequivalent atomic planes of n-ML films its 02, are different but 
its T,, are equal. 

Fro" (6) and (7) and the high-temperature approximation [9], we deduce the 
spontaneous magnetization o,, just below the Curie temperature Tcv: 
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mure 5. ?he N N ~ S  of the relative magnetizalion 
cy of each atomic plane and the ratio U," = 
op/cru as fundions of reduced temperature T for 
various D j  in 5-ML films. 

Figure 6. nie curve$ of the relative magnetization 
ov of each atomic piane 2nd the ratio U,, = 
o p / r p  as functions of mduced temperature r for 
various D j  in ~ - M L  films. 

where 

r,, = 20(S + 1)'/3(4S2 -t 4s + 5C,D, - 3) 

Cw =Cn+i-. Du = Dn+x-v Tc,=Tc,,+l-" ( v = 1 , 2  ,..., n). 
Because whk/ov depends on op/ov (see equation (4) and appendix), the convergent 
condition of integrals (9) requires that the values of o,,/a, are finite and non-zero 
or crv (U = 1 , 2 , 3 , .  . . , n) simultaneously approach zero at the Curie temperature 
T,, i.e. the Curie temperatures T,. of atomic planes in R-ML films are equal: 

T,=T,,=T,,or C 1 = C , , ( v = 2 , 3  ,..., n / z o r ( n + 1 ) / 2 ) .  (10) 
'RI satisfy the condition (10) the Curie temperature T, and the ratio of ol to oy 

(Y = 2 , 3 , .  . , , n) have been determined simultaneously by the use of (8)  and (9), as 
shown in figures 7 and 8 

When the above-discussed different methods for determining the Curie tempera- 
ture are compared, their results are consistent, as shown in figures 1-8. 

4. Numerical calculation 

For the bulk magnet of a single cubic lattice (corresponding to the n-ML films with 
n -+ m) the Curie temperature TCb is given by 

TCb = [2S(S+ 1)/C](.J/kB) (11) 
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Figure 8. ?lie D f 3-dependence of the reduced Curie tempenture rc for various 
thicknesses n in 11-w.  films. 

where J is an exchange integral, kB is Boltzmann’s constant and C is a constant 
(equal to 1.516386). 

Using a computer to perform the numerical calculation of the temperature depen- 
dence of the relative magnetization uz, and the Curie temperature, we let S = 1 and 
design the first computer program as follows. Because U” = 1 (v = 1,. . . , n )  at 0 K, 
if the increment in temperature t and the initial values U” = 1 (v = 1,. . , , n) are 
substituted into (4), (6) and (7), the final values of uu = o,(t) at the temperature t 
are given by iterative solution. Similarly, if the increment in temperature 3t and the 
initial values U” = uu( t )  (v = 1,. . . , n)  are substituted into (4), (6) and (7), the 
final values of U { ,  = o,,(2t) at the temperature 2t are given by iterative solution. We 
repeat the calculation at the temperatures 3 t , 4 t , .  . . step by step in the above way 
until U” = 0 (U = 1 , 3 , .  . . , n )  at the Curie temperature. The relative magnetization 
uu of each atomic plane and the ratio R,,, as functions of the reduced temperature 
T and the reduced Curie temperature T~ are illustrated schematically in figures 16, 
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where Dj = D/J, T = T/T,,, rC = Tc/Tc, and R,, = u,,/u,,. 
The second program to determine the Curie temperature is as follows. We substi- 

tute the initial values of u , / u l  (Y = 2,3,. . . , n) and uu/ug = ( u u / u l ) / ( u , ~ / u l )  
into equation (9). By iterative solution, we obtain the f i a l  values of u,,/ul and 
the corresponding value of C,, which satisfy the condition (10). From equation (8) 
the Curie temperature is determined. T ~ ,  R,, and 4, versus D /  J for 5-ML films 
are calculated from (S), (9) and (10); these curves are illustrated in figure 7 and are 
consistent with the results calculated from (6) and (7), shown in figure 5. 

5. Discussion 

The variation in T~ with respect to D / J  for various thicknesses of the n-ML film is 
illustrated schematically in figure 8; we see that the Curie temperature of a I-ML film 
(n = 1) is lower than that of 2-ML or more films (11 2 2) with an identical value of 
Dj.  The results are easy to see from the dimensional effects. The exchange interac- 
tion of atoms for threedimensional magnets is more than that for two-dimensional 
magnets owing to a decrease in the number of nearest-neighbour atoms. From fig- 
ure 8, we find that the surface anisotropy may be divided into two cases according 
to the value of Dj: one is strong surface anisotropy (roughly D j  > 0.5) and the 
other is weak surface anisotropy (roughly D j  < 0.5). In the case of weak surface 
anisotropy, as the thickness of the n - M L  films is decreased, the Curie temperature 
decreases and the Curie temperature of TL-ML films is lower than that of the bulk 
magnet, which agrees with the experimental results reported in [l]. In the case of 
strong surface anisotropy, as the thiclcnes of films of 2-ML or more is decreased, the 
Curie temperature rises and the Curie temperature of films of 2-ML or more is higher 
than that of the bulk magnet; by employing this theory we may interpret the expcri- 
mental results reported in [2, 31. Ewperiments [ I ]  have shown that there are quite a 
few discrepancies in the values of Curie temperature measurement. We introduce the 
SAC to describe the surface situation of the film and suppose that the SAC is extremely 
sensitive to the lattice geometry, the type of substrate and coating layers, absorbates, 
lattice imperfections, and the stress and strain due to the growth conditions. Because 
of the strong dependence of D j  (or the SAC) on the actual fdm preparation, different 
experimental results have heen obtained for the same system [l] .  

The temperature dependences of U,, for various D / J  for 1 - M L ,  2-ML, 3-ML, 
4-ML, 5-ML and 6-ML films are shown in figures I, 2, 3, 4, 5 and 6, respectively. 
Generally, it has been proved that the order parameter changes with the position of 
the atomic planes, which are parallel to the surfaces of the n.-ML films, but the Curie 
temperatures Of atomic plancs are all the same. In this paper we have discussed the 
special case when the SACS on both surfaces are equal ( D l  = D,,). It has been shown 
in figures 2-6 that the order parameters of incquident atomic planes are different. 
These figures show that for the case of weak surface anisotropy the order parameter 
of the surface atomic plane is less than those of the other atomic planes and for the 
case of strong surface anisotropy the orcler parameter of the surface atomic plane 
is more than those of the other atomic planes. For the case of very strong surface 
anisotropy (for example D j  > 5), the order parameter of the surface atomic plane 
are very different from those of the other atomic planes; their differcnces are roughly 
an order or Several orders of magnitude just below the Curie temperature and this 
phenomenon becomes more marked as the thickness of the ~ - M L  films or the value 
of D / J  increases. 
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6. Conclusion 

The variation in the Curie temperature with respect to the thickness and SAC of ultra- 
thin films has been demonstrated. The dependence of the Curie temperature on the 
thickness of ultra-thin films results from the surface anisotropy existing in these films. 
The Curie temperature of films of 2-ML or more is lower or higher than the bulk 
Curie temperature depending on whether the ratio D / J  of the SAC to the exchange 
integral is less or more than D j c  (for the sc lattice D j c  N 0.5, for the BCC lattice 
Djc  E 2 and for the FCC lattice Djc Y 5). A model calculation shows that it is 
impossible for an ordered surface phase to coexist with a disordered bulk phase and 
that it is also impossible for a disordered surface phase to coexist with an ordered 
bulk phase in homogeneous films or bulk magnet. 
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Appendix 

For the case n = 1 (v and k = I )  

%I = E ,  
= 1. 

For the case n = 2 (Y and k = 1,2 ;  n2 = v,), 

whz = E,  - J, w k l  = E1 + J I  

ti:, = u,z, = 3. 
For the case n = 3 (V and k = 1,2 ,3 ;  n1 = 03), 

w h l  = El 

U:, = f 
= 0 

wII2 = ;(A + B )  wh3 = $( A - B )  

U12 ’ - - 1 t ( E ,  - E, ) /B]  

1J;z = $[I - (E1 - E z ) / B ]  

UT3 = $[l-  ( E ,  - E , ) / B ]  

U;3 = $[I + ( E l  - E 2 ) / B ]  
where 

A = E,  + E2 B = [ ( E ,  - E,)’ + 8J ,J2]”2 .  

For the case n = 4 (Y and k = 1 , 2 , 3 , 4 ;  U, = U,; o2 = v ~ ) ,  

w h l  = $(A+E)  wh2 = ; ( A - E )  wir3 = $ ( B + F )  wk4 = $ ( B - F )  

U ; ~ = J I J Z / E ( E - D )  U:,= J l J Z / E ( E t D )  U : , = J , J , / F ( F - C )  

U , Z , = J , J , / F ( F + C )  

= i ( l -  C / F )  

L‘Z 21 - I  - a(’ - D / E )  U& = $(I + D I E )  

U& = +(I t C I F )  
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