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Absitract. The ferromagnetic phase transition in ultra-thin films and surfaces is studied
by the Green function method based upon the Heisenberg model (S > 1) with the
out-of-plane spin orientation of the atoms in the surfaces. A model calculation shows
that the order parameter (sponlaneous magnétization) changes with the atomic planes
in the ferromagnetic films but the Curie temperatures of 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 the fact that the spin is pinned (o some degree at
the surfaces. It is impossible for an ordered surface phase to coexist with a disordered
bulk phase and it is also impossible for a disordered surface phase to coexist with an
ordered bulk phase in homogeneous films 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 [1] 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 flm decreases, its
Curie temperature also decreases while the value obtained by Curie temperature
measurement strongly depends on the conditions of the actual film preparation (ie.
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 films
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 actuai ultra-thin film, in order to interpret the magnetic behaviour
of ultra-thin films. To study the magnetic theory of ferromagnetic filmns, 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 [5], the
spontanecus magnetizations of the atomic planes were assumed to be approximately
equal and the analytical solution of coupling Green functions was obtained, but this
18 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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7998 L-P Shi and W-G Yang

condition in [5] and obtain reasonable resufts 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 films. The expcrimental results could be explained by this model
calcuiation.

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 V, 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 pneV/atom). This is a consequence of the reduced symmetry
of the monolayers which includes the anisotropy as a second-order term. To explain
the magnetic behaviour of uitra-thin films, the spin anisotropy of the surface must
be considered [5]. We assume that the surfaces of n-monolayer (n-ML) films of a
simple cubic crystal are paralle] to (001) planes and perpendicular to the Z axis. The
n-ML film has a finite amount of n atoms or atomic planes in the Z [001] direction
and an infinite amount of N atoms (N ~ o) in both the X [100] and the Y [010]
directions. The spin Hamiltonian contains two parts: the Heisenberg exchange term
and an anisotropic term due to the surfaces. To consider incorporating the spin-orbit
interaction into the local orbit [7], an anisotropic term can be deduced by the method
of second quantization [8]. The spin Hamiltonian is given by

H==3 D JnpnShSh -4 Dy(SH)’
afifa f
where the lattice site f stands for the position vector 7 in the X-Y plane and the
coordinate v in the Z direction: f = (7,v). v marks the atomic planes of the n-ML
films (» = 1,2,3,...,n), « denotes X, Y and Z. For simplicity, the exchange
interaction of only nearest-neighbour coupling (J;, 5, = J) is taken into account. We
assume that the »n-ML films have a symmetrical surface and the spin orientation of the
atoms in the surfaces is out of plane, ie. the surface anisotropic constant (SAC) D,
takes the values Dy = D, =0 (for v = 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 5 > 1, where S denotes the quantum number of the spin operator.

3. Curie temperatore T and spontaneous magnetization o, of each atomic plane

This section examines the relative magnetization o ;at site f, (.“}} =g fS, in which
( ) denotes the statistical average. We introduce the double-time Green function [9)

G, (11 = (St ()| (S;?(z’))“.b*ﬂ(z’)}}zf_w Gy, 1, (w) expl—ieo(i—1')] do
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To take into account the translation invariance along the plane (X, Y), a two-
dimensional Fourier transform is introduced:

1 P .
Groa(@) = 553 D explilds = 52, )]Gy (w, )
h

h, =2mn, [N h, =2mn,/N
where the allowed values of n and n, are 0,+1,%2,...,2N/2 (N — oc); v, and
v, take the values 1,2,3,...,n. G, ,,(w,h) is the energy-momentum coordinate
representation of the Green function Gy (¢ — t'). Because of translation symme-
ty, o, and {(S%)"S; 5F) will depend only on the position v of the atomic plane
involved, so that o, = o, and ((S7)"S; §F) = {(S;)"S; S;}). From the relation
between the correlation function and the Green function, we now get [9]

. 1 I 1
(5)7 8y 83y = th: ‘/,m (exp(w/kBT) -1
x[G, (w+ic,h) -G, (w-—Iie, h)]) dew 1)

where kp is Boltzmann’s constant and T the absolute temperature.
From the equation of motion and the Tyablikov decoupling approximation for the
Green function [9], we obtain the following coupled equations:

) |
Dby = Po )G, h) = L(SEL(S2)"S7]) @
11

where

P,,=[2J80, (2—cosh, —cosh,)+ JS(o, 1 +0, 1)

+D,,l.5'cr 18,., — So, J

HIR R ¥ LS ¥

J p= %1
Jl’l.ll:{

D =

1

D vy=1orn
0 v =2,3,...,n—1

Tug1 = 0o = 0.

We find from (2) that

{[s%, (52871 Ubs
G!)]I(w’h) = - o - . E 3
2m ; W=y @)
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where w,;, is determined by the characteristic equation as follows:

Wrr — £y Jy
Jy Wy — £y Jy

J

»

I Wik — By I
S whi — £

E, =2J80,(2—cosh, —cosh,)+ JSo, + DSo,

E,=2JS0,(2-cosh,~cosh,)+JS(o,_1+0,,,) (for v =2,...

J” ='J5'(r” Ty = iy El) = Eﬂ.{-l—u (fOI' v=1,...

ng = A:ap(whk)/ H (whk Hth) (See' appcnd!x)
L{#k}

@

yn—1)
,n)

(4a)

Here k and L take the values 1,2,3,...,n. A, (wy;) i the subdeterminant of v

rows and v columns of the tridiagonal form (4).
From (1) and (3) we have [9]

S(S + (S5 = (S = {(S0)™*2) = P {2(S5 (8 - 1)")
+([(S5 - )" = (SH)MS(S +1) - 55 = (82D}

where

_ 1 - 1 Uﬁk
b= (27)? / [,, dh, dhy ; exp(wy, fheT) =1

’Pv = n4l=-r
According to the relation [9]
[Tsz-m=0
[ —2 ]

and equation (5), we obtain [9]

)

©)

So, =[(S-P,)(1+ P)Y* + (1 + S+ PP /(14 P,)*¥! = P21

7

Using (6) and (7), we can calculate the Curie temperature T, and the tempera-
ture dependence of the spontaneous magnetization o, (v = 1,2,3,...,n), as shown
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Figure 3. The curves of the relative magnetization
o, of each atomic plane and the ratio R, =
oufo. as functions of reduced temperature 7+ for
various Df in 3-ML films.
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Figure 2. The curves of relative magnetization o
versus reduced temperature r for various D in
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Figure 4. The curves of the relative magnetization
o, of each atomic plane and the ratio R, =
o,/ as functions of reduced temperature T for
various D'f in 4-mL films.

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

its T, are equal.

From (6) and (7) and the high-temperature approximation [9], we deduce the
spontaneous magnetization o, just below the Curie temperature T,,:

a, = [Fu(l - T/TCI:)}1/2

Te, =[25(S + 1)/ C ([ kg) &
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Figure 5. The curves of the relative magnetization
o, of each atomic plane and the matio Ry, =
au/ o, as functions of reduced temperature T for
various D3 in 5-mL 6lms.

where
1 4 ~~ 6Sa,JU?
C',, = (27)2*/ . dh’rdhygT
_ wenlUsy
D_(21r)2f/ dh, deIGJSV

T, =20(S+1)%/3(45? +45+5C, D,
C = C?'n.+1-y Dza = Dn+1—v

TC = TCu-{-l—u
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Figure 6. The curves of the relative magnetization
o, of each atomic plane and the ratio Ry, =
e./ou as functions of reduced temperature T for
various Dj in 6-ML films.

. ©)

_3)

(rv=1,2,...,n}.

Because wy,, /o, depends on o, /o, (see equation (4) and appendix), the convergent
condition of mtegrals (%) requires that the values of o,/o, are finite and non-zero

oreg, (v =1,2,3,.

.,n) simultaneously approach zero at the Curie temperature

T, Le. the Curie tcmperaturcs Te, of atomic planes in n-ML films are equal:

Tc—Tcl—Tn OFC—CV(V—_., yeeey

,nf2or (n+41)/2). (10)

To satisfy the condition (10) the Curie temperature Ty, and the ratio of o, to o,

(vr=2,3,.
shown in figures 7 and &

.,n) have been determined simultaneously by the use of (8) and (9), as

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 — oo) the Curie temperature T, is given by

Top = [28(S + 1)/ CH I/ kg)

(11)
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Figure 8. The [»/J-dependence of the reduced Curie temperature 7¢ for various
thicknesses . in n-ML films,

where J is an exchange integral, kp 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 o, and the Curie temperature, we let S =1 and
design the first computer program as follows. Because o, =1 (v =1,...,n)at 0K
if the increment in temperature ¢ and the initial values ¢, = 1 (v = 1,...,n) are
substituted into (4), (6) and (7), the final values of o, = ¢ ,(¢) at the temperature ¢
are given by iterative solution. Similarly, if the increment in temperature 2¢ and the
initial values o, = o,(f) (v = 1,...,n) are substituted into (4), (6) and (7), the
final values of o, = o,(21) at the temperature 2¢ are given by iterative solution. We
repeat the calculation at the temperatures 3t,4t,... step by step in the above way
until o, =0 (v = 1,2,...,n) at the Curie temperature. The relative magnetization
o, of each atomic plane and the ratio R, as functions of the reduced temperature
T and the reduced Curie temperature 7 are illustrated schematically in figures 1-6,
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where Dj = D/J, r = T[Tqy, 7¢ = TcfTgy and Ry, =0, /0,.

The second program to determine the Curic temperature is as follows, We substi-
tute the initial values of ¢, /o) (v =2,3,...,n)and o, /0, = (0,/0,)/ (0, /)
into equation (9). By iterative solution, we obtain the final values of o, /o, and
the corresponding value of C',, which satisfy the condition (10). From equation (8)
the Curie temperature is determined. 7, R, and Ry, versus 0/J for 5-ML films
are calculated from (8), (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 . with respect to D/J for various thicknesses of the n-ML film is
illustrated schematically in figure 8; we sce that the Curie temperature of a 1-ML film
(n = 1) is lower than that of 2-ML or more films (n > 2} with an identical value of
27, The resuits are easy to see from the dimensional effects. The exchange interac-
tion of atoms for three-dimensional magnets is more than that for two-dimensional
magnets owing o 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 Dj > 0.5) and the
other is weak surface anisotropy (roughly Dj < 0.5). In the case of weak surface
anisotropy, as the thickness of the n-ML films is decreased, the Curic tcmperature
decreases and the Curic temperature of n-ML films is lower than that of the bulk
magnet, which agrees with the experimental results reported in [1]. In the case of
strong surface anisotropy, as the thickness 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 experi-
mental results reported in [2, 3]. Experiments [1] have shown that there are quite a
few discrepancies in the vajues 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 D7 (or the SAC) on the actual film preparation, different
experimental results have been obtained for the same system [1].

The temperaturc dependences of o, for various D/J for 1-Mi, 2-ML, 3-ML,
4-ML, 5-ML and 6-ML films are shown in figures 1, 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 Curic
temperatures of atomic planes are all the same. In this paper we have discussed the
special case when the SaCs on both surfaces are equal (D, = D,). It has been shown
in figures 2-6 that the order parameters of incquivalent 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 plapes and for the
case of strong surface anisotropy the order 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 Dj > 5), the order parameter of the surface atomic plane
are very different from those of the other atomic planes; their differences 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 n-ML 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
Curje temperature depending on whether the ratio D/J of the SAC to the exchange
integral is less or more than Djc (for the sC lattice Djc =~ 0.5, for the BCC lattice
Djc ~ 2 and for the FcC lattice Djc ~ 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
Forthe case n =1 (v and k= 1)
wy = By
Ul =1.
Forthe case n =2 (v and &£ = 1,2; o, = oy},
wpy = By +J; wyy = By — J)
Ul =Uf, = 5.

For the case n = 3 (v and k = 1,2,3; 0, = ay),
wyy = E wiy = 3(A+ B) wys = 5(A~ B)
Ulz‘i:% [1‘(31_5'2)/51_
U221=0 17222=';'{1—(51_E2)/B] Uzga_ 31+ (B, — E,)/ B]

-3

Uh =301+ (B~ By)/Bl  Uh=4
where
A=E + E, B =[(E, - E,;)* +8J,J,]*>.

For the case n =4 (v and k= 1,2,3,4; 0, = 0, 0, = 03),
Why = %(A'F E) Whe = %(A"E) iz ™ %(B'FF) Whe = %(B—F)
Uh=J10/E(E-D)  Uh=J4J/EE+D) Uj=J0/F(F-C)
Uly=J,Jo/F(F +C) Ui = ;(1- D/E) U= 3(14+ D/E)
U =4(1-C/F) U =11+ C/F)

— i
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where

A=E + E,—-J, B=E + E, +J, C=E -E,—-J,
D=E ~E,+J, E=[(Ez“E2+J2)2+4J1J2]1/2
F=[(E-E,- Jp)? + 4 lellz-

For the case n = 5 (v and k = 1,2,3,4,5; 0, = o5; 0y = 0,) ffom equation
(4) factorization, we obtain the characteristic equations

{wpg — E1)(°—’hk - Ey) -2 J,=0 (Al)
(whp — Ewpy — Eo)(wpy — B3) — Sy Ja(wpy — B3) — 205 J5(wy — Ep) = 0.
(A2)

After determining wy,, and w,, from equation (Al) and wyj, wy, and wyy from
2

equation (A2), we can simplify /7, as follows:
wyy = (B + By + Q)/2 wy = (B + E; - @)/2 wyg = Rcos(8/3) —a
wyy = Recos[(0+ 27} /3] —a wys = Reos[(6—27)/3] - a
where
Q =[(B, - B,)* +4J, 1)/ a=—~(E + E, + E3)/3
b= E{(E, + E;)+ E,E;— J,(J; + 2J3) c= By (J\J,— E\E))+2E,J,J,
U=—cf2—ala®-b/2) P =b{3-a" V = (|U? 4+ P32
(because U2 + P® < Q) 6 = tan~}(V/U) R =2(U? 4+ vHl/e
U = (wpy — Ep)/2(wyy — wis) Ufy = (wpy = £3)/2(wpy — wiy)
Ut = [{wia — Eo)(was — Ea) = 2J3 3] /2(wjs — wia) (Whs — wis)
Uy = [(wha = Ey)(wha — Es) = 203131/ 2(wpg — wis}(whg = Wis)
U125 = [(wys = E)(wys — B3) — 20503}/ 2(wps — waah(wis — wia)
Ud = (wpy — B)/2{wyy — wia) U = (wpa — B )/ 2{wpg = wyy)
Uy = (wys = By N wpg — B5)/2{wys — wia)(whs — wps)
Uls = (wpg — E){wps ~ E3) [ 2(wpy — wi3)(why — whs)
Uy = (wis = £1)(wis — B5) [2(wps — wpg)(whs —wha) U =0 U3, =0
Uy = [(whs — Bt ) wig = By) = J1 o]/ (wyg — wigHwig — wis)
Uy = [(wig — By wpa— Ez) = J1Jo]/(wig — wps){wpy — wys)
Ul = [(wns = Ey)(whs = Ep) = JyJa}/(wps = wia) (Wi — wia)-
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For the case n = 6 (v and &k = 1,2,3,4,5,8; 0, = 045 0y = 0y, 03 = Ty),
from equation (4} factorization, we obtain the characteristic equations

(wpg — By (wpp — Exlwpy — By) — Iy dy(wyy, ~ E3) = Jydy(wyy — Ey)

+ Jy[{wpp = B ) (wip = E,) — J:-}z} =0 (A3)
(Wi — E)(wpi — Bo)(wyy, — Ea) = JyJp(wyy — By) = Jydy(wyy — E))
= Ja[(wpp — Ex N wpp — £2) — 4 ] = 0. (Ad)

After determining w;,, w;, and wy; from equation (A3) and wy,, wyy and wye
from equation {Ad), we can simplify U2, as follows:

Why = R, cos(8,/3) - a, wyy = R, cos[(8;, +27)/3] — e,
whs = Ry cos|(8; = 27)/3] = a4y wya= Ry cos(63/3) — ay
wys = Rycos[(8,+27) /3] ~a, wie = Rycos[{0,—27) /3] - a,

where

ay = —(E; + E; + E3 — J3)/3

by = Ei(Ey+ E3) + By By — Jy(J; + J3) — J3( ) + E)

¢, = Ey(J}J, - E\E)+ E\J,Jy;+ (B E,— J Jy)J5

Uy = —e;/2 —ay(af ~ b, /2)

P =b;/3 - a} Vi = (U} + P12 (because U? + Pf < 0)

8, =tan" (V,/U,) R, =2(U} + V)¢

a,=—(E + E, + Es+ J3)/3

by = Ey(Ey + Eg) + E3E3 — Jo(Jy + J3) + J3(Ey + By)

ey = Ey(yJy — B By) + E1J2J3.— (E\Ey — JyJ;) Jy

Uy = =3 /2 — ay(ad ~ b,/2)

Py=b,/3-a}  Vo=(U}+ PD'?  (because U + Ff < 0)

8, = tan™'(V,/U,) Ry = 2(Uf + V)H°

Ut = [(wiy = By)(wnn = By + J5) = S5l 2(wpy — wpy)(wyy — wis)

Ul = (s = Ba) (i = By + Js) = Iy J3] /2(0n = wpg )y = i)

Uts = [(whs — Ep)(wps — B + J3) = JoJd5]/2(wy5 — wps Hwag = wia)

Ula = [(wng — Ep)(wpa — B3 — Jy) — JpJ5)/2(wpg — wpsHwyy — wie)

Ufs = [(wys Ey ) (wys — Ey = J3) — J2J3]/2(w,‘5 - whs)(whs —~ Wye)
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Ufs = [(whe = E2)(wpg — B3 — J3) = JJ51/2(wy — wyg) (Wi — wis)
U3 = (wyy = Ey)(wyy = By + J3)/2(wyy — wpa)(why — was)
Uy = (wyg — By Ywyo — By + J3) /2wy — wig)wpp — wyy)
Uss = (wig ~ £y M(wig = B + J3)/2(wpg —wyy ) (wps — wyg)
Uiy = (wig — E1N(wpy — B3 — J3)/2(wpa — wasH(whq — wie)
Uss = (was — £y wps — B3 — J3)/2(wys — whe){wis — way)
Uls = (wye — By Hwpe — By — J3) /2wy — wig)(Whg = Whs)
Ud = [(wn = Ey)wyy — By) = J1 Do}/ 2wy — wpo)(Why — Wha)
Ul = [(who — E1)(wpz — Ep) = Jy ol /2(wis — W)@y — wia)
Uy = [(wpg = E1)(wps = ) — Jy I}/ 2(wy5 — wiy ) (wyg — wya)
U§4 = [wpy — E))(wpa = Bp) — J1J5]/2(wpg — wpg}(wha — Whe)
U:?s = [(whs =~ By ){wys = Bg) — J1 T3] /2(whs —wie)(whs — Wiyl

U326 = {(whe — By )(wpe = By) = J1 Jp]/2(wpe — wiad(whe — Wis )
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