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Magnetization reorientation and anisotropy in ultrathin magnetic films
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The temperature dependence of spontaneous magnetization for every monolayer, as well as of various
anisotropies in an ultrathin ferromagnetic film, is investigated by means of the Green-function technique. The
Hamiltonian is based on the Heisenberg model with the surface anisotropy and demagnetization included. A
microscopic theory valid in the whole temperature range is then developed to calculate the energy spectrum,
spontaneous magnetization, and various anisotropies of the film. The transition temperature for the reorienta-
tion transition between perpendicular and in-plane magnetization, as well as the Curie temperature, is calcu-
lated as a function ofL, the number of monolayers in the film. Numerical results forL51 – 8 are presented. It
is shown that our results are able to account for experimental data that are available for ultrathin Fe films.
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I. INTRODUCTION

One of the most interesting discoveries in magnetic
search in recent years is perhaps the reorientation of the m
netization observed in ultrathin magnetic films. A reorien
tion transition ~RT! of the magnetization betwee
perpendicular and in-plane directions was observed at
transition temperatureTR below the Curie temperatureTC in
films of a few monolayers~ML ! of Fe, Co, and Ni on Cu or
Ag substrates. It depends, however, strongly on the mate
as well as on the sample preparation. There are ordina
two types of reorientation when the temperature increa
the transition of the magnetization orientation in Fe film
from a perpendicular direction to an in-plane direction1–9 and
the reorientation in Ni films from an in-plane to perpendic
lar direction10–14 as the film thickness increases. It is al
possible that the magnetization changes from perpendic
to in-plane with increasing temperature but decreasing th
ness of the film.15,16

Theoretically, the reorientation of magnetization in ma
netic films may be qualitatively understood by consideratio
of the competing shape and uniaxial anisotropy in the me
field theory,16–19 the renormalization-group method,20 the
Monte Carlo simulation,21 the spin-wave dispersion,22 and
the stripe domain structures.23 It is also found that the tran
sition is mediated by a strong reduction of the surface m
netization relative to the inner ML.17,18,24More quantitative
calculations carried out by means of various techniques s
as the renormalization-group, mean-field approximation,
Monte Carlo simulation in different regions of temperatu
yield different results.25 Furthermore, the first nonvanishin
magnetic anisotropy is calculated in the random-ph
approximation,26 the anisotropy-flow concept is utilized i
the anisotropic space,27 and the magnetic dipole couplin
and a layer-dependent anisotropy are included in the H
bard model.24 For an ideal face-centered-cubic~fcc! lattice, a
transition to in-plane anisotropy is found in a film of 8 ML.28
PRB 620163-1829/2000/62~21!/14259~9!/$15.00
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In dealing with the reorientation transition, the mean-fie
theory can only provide a qualitative description in a limit
temperature range, and cannot be applied in the lo
temperature limit nor in the neighborhood of the Curie te
perature. In this paper, we develop a microscopic theory
calculate various anisotropies and to investigate phase t
sitions in ultrathin ferromagnetic Fe films with fcc lattic
structures by means of the retarded Green-function te
nique, which is valid in the whole temperature range.
forthcoming paper will be devoted to the treatment of tra
sitions in Ni films.

The Green-function method has been successfully app
to treat ferromagnetism,29–31 antiferromagnetism,32,33 and
ferrimagnetism.34 The Curie temperatureTC , the spontane-
ous magnetizationMs normal to the plane, and the transitio
temperatureTR are calculated in this paper for films consis
ing of L51 – 8 ML. Furthermore, the surface- and shap
anisotropiesKs andKd are expressed in terms of the stat
tical average of spin operators and are calculated as funct
of the temperatureT for variousL values. The model Hamil-
tonian we employ in this work includes the Heisenberg e
change term plus a surface anisotropy term and a dema
tization term. The degree of surface anisotropy is measu
by Ds , and that of the shape anisotropy is described by
magnetic dipole demagnetization.35 Strong dependence o
the perpendicular remanence~PR! on the temperature an
film thickness is found. Conditions for the existence of P
are determined, and agreement with experiments is dem
strated.

In Sec. II, we review briefly the Green-function formalis
and outline the calculation procedure. Both the spontane
magnetization of individual monolayers and the Curie te
perature for a film ofL ML are calculated in Sec. III, where
L51 – 8. The various anisotropies are found as a function
T for variousL values in Sec. IV. Relations between the P
stability and anisotropy are also studied here. Moreover,
thickness dependence of the reorientation transition temp
14 259 ©2000 The American Physical Society
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tureTR(L) is determined. Finally, a few remarks are given
Sec. V.

II. THEORY

Consider a magnetic film of fcc lattice with~001! surfaces
perpendicular to thez axis. It hasL ML and each ML con-
tains N3N atomic spins whereN→`. The spatial coordi-
nates~x, y, z! has its origin on the left surface of the film, an
the spin-quantization coordinates is~X, Y, Z! with the quan-
tization axisZ. The two coordinates coincide if the easy a
isotropy is perpendicular to the surface, andZiy, Xiz, Yix if
the easy anisotropy is in-plane. The Hamiltonian is assum
to take the form

H52 1
2 (̂

i j &
Ji j SW i•SW j2(

i
Di~Si

z!21
m2

2V
Nz(

i , j
Si

zSj
z .

~1!

The first term is simply the Heisenberg exchange energy
^ij & indicates that the sum is taken over nearest neighb
only. The second term represents the anisotropic surface
ergy due to the coupling of the crystal field and spin-or
interaction,36 and the parameterDi characterizes the surfac
anisotropy. The last term describes approximately the sh
anisotropy due to the demagnetization energy of unifo
magnetization,35 which is originated from the dipole-dipol
interaction. Although the dipole interaction is generally tw
or three orders of magnitude weaker than the exchange
pling, it may become very important because of its lon
range nature. In particular, it leads to the demagnetiza
factors. For Fe films, we chooseNx5Ny50 for in-plane and
Nz54p for out-of-plane, which is consistent with the a
proximation. We assume in the following, for simplicity
Ji j 5J for the coupling constant between all nearest nei
bors. The volume of the film is denoted byV and m is the
magnetic moment.

To calculate the relative spontaneous magnetizationsn

for an individual ML labeled byn in the film, we start with
the retarded Green function

Gi j ~ t2t8!5^^Si
1~ t !;@Sj

z~ t8!#nSj
2~ t8!&&

52 iu~ t2t8!^Si
1~ t !@Sj

z~ t8!#n

3Sj
2~ t8!2@Sj

z~ t8!#nSj
2~ t8!Si

1~ t !&

5E
2`

`

Gi j ~v!exp@2 iv~ t2t8!#dv, ~2!

wheren52S21 for an arbitrary spinS. We have employed
the spin operatorsSi

1(t) at the sitei and@Sj
z(t8)#nSj

2(t8) at
j, andS65Sx6 iSy. As the translation symmetry is broke
along thez axis, we introduce the two-dimensional Fouri
transform

Gi j ~v!5
1

N2 (
k

gn in j
~k,v!ei k•~ri2rj !, ~3!

whereN2 is the total number of atomic spins in each lay
and theg’s are Green functions expressed in the Bloc
Wannier representation in which the Bloch function is us
in the xy plane and the Wannier function is used in thez
-

d

d
rs
n-

t

pe

u-
-
n

-

r
-
d

direction. n i(n j ) labels the monolayer where the magne
atom i ~j! is located. The three-dimensional wave vector a
position vector are given byk5(k,q) andr5(r,z), respec-
tively, with componentskx52pnx /N andky52pny /N. As
usual, the allowed values ofnx andny are 0,61,...,6N/2.

The time-correlated function for two operatorsA andB at
lattice sitesi andj is defined as the ensemble average of th
product, namely,Fi j (t2t8)5^A(t)B(t8)& and F ji (t82t)
5^B(t8)A(t)&5Fi j (t2t82 ib), whereb51/kBT, andkB is
the Boltzmann constant. They are directly related to the
tarded Green function by the equation

Gi j ~ t2t8!52 iu~ t2t8!bFi j ~ t2t8!2F ji ~ t82t !c. ~4!

The Fourier transform of the correlation function yield
the spectral intensity function J(v) and J8(v)
5e2bvJ(v); that is,

Fi j 5E
2`

`

J~v!e2 iv~ t2t8!dv, ~5a!

F ji 5E
2`

`

J8~v!e2 iv~ t2t8!dv. ~5b!

Making use of Eqs.~4! and ~5!, we can write the Fourier
component ofGi j (t2t8) as

Gi j ~E!5
1

2p E
2`

`

Gi j ~ t2t8!ei ~E1 i«!~ t2t8!d~ t2t8!

5
1

2p i E2`

`

d~ t2t8!ei ~E1 i«!~ t2t8!

3E
2`

`

dv J~v!~ebv21!e2 iv~ t2t8!

5
1

2p E
2`

`

J~v!~ebv21!
dv

E2v1 i«
. ~6!

The correlation functionFi j can now be expressed i
terms of the retarded Green function by considering the
ference

Gi j ~v1 i«!2Gi j ~v2 i«!

5
1

2p E
2`

`

~ebE21!J~E!

3S 1

v2E1 i«
2

1

v2E2 i« DdE. ~7!

If we recall the operator relation

lim
«→01

1

x6 i«
→P

1

x
7 ipd~x!, ~8!

then the integration can easily be evaluated, and Eq.~7! be-
comes
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~ebv21!J~v!5 i @Gi j ~v1 i«!2Gi j ~v2 i«!#

5
i

N2 (
k

@gn in j
~k,v1 i«!

2gn in j
~k,v2 i«!#ei k•~ri2rj !, ~9!

where we have made use of Eq.~3! in the last step. Inserting
the spectral functionJ(v) from Eq. ~9! in ~5b!, we find the
correlation function

F ji ~ t82t !5^@Sj
z~ t8!#nSj

2~ t8!Si
1~ t !&

5
i

N2 (
k
E

2`

` dv

ev/kBT21

3@gn in j
~k,v1 i«!

2gn in j
~k,v2 i«!#ei k•~ri2rj !2 iv~ t2t8!.

~10!

Because of the translation symmetry in the atomic pla
^(Sj

z)nSj
2Si

1& depends only onn wheren51,2,...,L labels the
monolayers in the film. Settingt85t in Eq. ~10!, we finally
obtain

^~Sj
z!nSj

2Si
1&5

i

N2 (
k
E

2`

` dv

ev/kBT21

3@gn in j
~k,v1 i«!2gn in j

~k,v2 i«!#.

~11!

The problem is therefore reduced to find the retarded Gr
function.

III. SPONTANEOUS MAGNETIZATION AND THE CURIE
TEMPERATURE

We consider the case of perpendicular easy axis. The
semble average of spins in an ML is then given by^Si

z&
5sn i

S due to the translation invariance in thexy plane. The
equation of motion for the Fourier components of the
tarded Green function takes the form

v^^Si
1 ;~Sj

z!nSj
2&&v

5
1

2p
^@Si

1 ,~Sj
z!nSj

2#&d i j

1(
i 8

Jii 8$^^Si 8
z Si

1 ;~Sj
z!nSj

2&&v

2^^Si
zSi 8

1 ;~Sj
z!nSj

2&&v%

1(
i 8

Di 8^^~Si
1Si 8

z
1Si 8

z Si
1!;~Sj

z!nSj
2&&vd i i 8

2
m2

V
Nz(

i 8
^^Si 8

z Si
1 ;~Sj

z!nSj
2&&v , ~12!
e,

n

n-

-

where the subscriptv indicates the Fourier component of th
quantity. To obtain the Green function for practical calcu
tions, we first apply the usual Tyablikov decouplin
procedure:29

^^Si 8
z Si

1 ;~Sj
z!nSj

2&&v5^Si 8
z &^^Si

1 ;~Sj
z!nSj

2&&v . ~13a!

The anisotropy term withi 5 i 8 is decoupled by assuming

^^~Si
1Si 8

z
1Si 8

z Si
1!;~Sj

z!nSj
2&&v5G i^Si

z&^^Si
1 ;~Sj

z!nSj
2&&v ,

~13b!

G i5^3~Si
z!22S~S11!&/^Si

z&2, ~13c!

and the higher-order terms are cut off. Thus Eq.~12! be-
comes

vgn1n2
~v,k!5

1

2p
^@Sn1

1 ,~Sn2

z !nSn2

2 #&dn1n2

1(
n3

JS$sn3
gn1n2

~k,v!

2sn1
ei k•~rn3

2rn1
!gn3n2

~k,v!%

1Dn1
Gn1

Ssn1
gn1n2

~k,v!

2
m2

V
Nz(

n3

Ssn3
gn1n2

~k,v!, ~14!

where, as noted previously, the demagnetization factorsNz
54p. The magnetic moment is given bym52.2mB , with
the Bohr magnetonmB .

In order to compare our results with experimental data
Fe films, we apply Eq.~14! to fcc lattices. Every site in an
fcc lattice has 12 nearest neighbors, four in-plane and fou
each of the neighboring planes. When this is explicitly tak
into account, Eq.~14! becomes

(
n8

~vdnn82Pnn8!gn8n1
~k,v!5

dnn1

2p
^@Sn

1 ,~Sn
z!nSn

2#&,

~15a!

where we have defined

Pnn85$4JSsnb12cos~kx/2!cos~ky/2!c14JS~sn111sn21!

1DnGnSsn24pmMs%dnn822SsnJnn8b cos~kx/2!

1cos~ky/2!c. ~15b!

Recall that the relative spontaneous magnetizationsn is the
same for any ML withn51,...,L, while the spontaneous
magnetization isMs5m( i^Si

z&/V, where V52N2Lv with
the primitive volumev5a3/4 and the lattice constanta. Ex-
pressed in terms of the saturated magnetizationMs(0)
5ms/v, we haveMs5Ms(0)(nsn /L. The anisotropyDn

5Ds for the surface ML,n51, L andDn5D for the inner
layersn52,...,L21.

It can be shown by direct substitution that the gene
solution to Eq.~15a! is

gnn~k,v!5
1

2p
^@Sn

1 ,~Sn
z!nSn

2#& (
a51

L
UnaUan

v2vka
, ~16!

whereU is the solution to the corresponding homogeneo
equation
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(
m

~vkadnm2Pnm!Uma50, ~17!

provided thatvka andUma are independent of the ML. It is
noted thatU has the following properties:

(
a

Un1aUn2a5dn1n2
, ~18a!
no
(
n

UnaUna85daa8 . ~18b!

For a film ofL ML, Eq. ~17! represents a set ofL coupled
linear algebraic equations. The eigenvalues are given by
secular equation
Uvka2E1 J1

J2 vka2E2 J2

¯ ¯ ¯

Jn vka2En Jv

¯ ¯ ¯

J2 vka2E2 J2

J1 vka2E1

U50. ~19!
e-
d,
f

er

rs,
FIG. 1. Relative spontaneous magnetization of individual mo
layers versus the reduced temperature forDs51.1 meV. ~a! L54
and ~b! L57.
The tridiagonal determinant indicates the reflection symm
try of the film with respect to its central ML as is expecte
or En5EL112n andsn5sL112n . The energy eigenvalue o
an interior ML is

En54JSsn@12cos~kx/2!cos~ky/2!#

1DGnSsn14JS~sn111sn21!24pmMs ,

n52,...,L21, ~20a!

Jn52JSsn@cos~kx/2!1cos~ky/2!#, n51,2,...,L.
~20b!

The surface energy is, however, given by

E154JSs1@12cos~kx/2!cos~ky/2!#14JSs2

1DsG1Ss124pmMs . ~20c!

The explicit calculation can be carried out layer by lay
for a film of given thicknessL. It can be shown35 from Eqs.
~11! and ~16! that

^~Sn
z!nSn

2Sn
1&5

1

N2 (
k,a

Una
2

exp~vka /kBT!21
^@Sn

1 ,~Sn
z!nSn

2#&.

~21!

Then it follows, after some algebra with the spin operato
from Eq. ~21! that

S~S11!^~Sn
z!n&2^~Sn

z!n11&2^~Sn
z!n12&

5Rn$2^Sn
z~Sn

z21!n&1^@~Sn
z21!n2~Sn

z!n#

3@S~S11!2Sn
z2~Sn

z!2#&%, ~22a!

where we have defined

-
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Rn5
1

~2p!2 E E dkx dky (
a51

L Una
2

evka /kBT21
. ~22b!

The reflection symmetry requires thatRn5RL112n . Utiliz-
ing the relation35 Pm52s

s (Sn
z2m)50, we find from Eq.~22!

the relative spontaneous magnetization for the ML labelen

^Si
z&5Ssn5

~S2Rn!~11Rn!2S111~11S1Rn!Rn
2S11

~11Rn!2S112Rn
2S11 .

~23!

Through Eq.~22b!, we can calculate from Eq.~23! the tem-
perature dependence of the relative spontaneous magne
tion sn(T) as well as the Curie temperatureTC(L) for a
given film.

For bulk fcc ferromagnets, the Curie temperature is

TC~bulk!5
4S~S11!

C

J

kB
,

with C51.344 66. In the following numerical computatio
we fix the coupling constantJ514.483 meV by setting
TC(bulk)51000 K for bulk fcc iron. Other relevant param
eters for fcc iron films areS51, m52.2mB , a53.60 Å, and
Ms(0)51749 G.

The relative spontaneous magnetizationsn(T) is calcu-
lated for each ML in films of various thickness. In Fig. 1, w
plot sn versus the reduced temperature for a film of~a! L
54, ~b! L57 andDs51.1 meV. It is seen that, for a fixe
-

l-
-

p
t-

o
an
iza-

temperature, the relative spontaneous magnetization o
ML increases from the surface to interior. For example,s1
,s2,s3,s4 in Fig. 1~b!. On the other hand,sn decreases
with increasing temperature for a given monolayer. T
strong reduction of the surface magnetization as compare
the inner layers has been observed and identified as the
gin of the reorientation transition in the past.17,18,24Our cal-
culation actually shows that there are two types of ph
transition. For the film withL54,sn decreases to zero as th
temperature increases toTC , the system transforms from fer
romagnetism to paramagnetism. For the film withL57,sn

decreases monotonically asT increases, but suddenly van
ishes at a transition temperatureTR at which the magnetiza
tion changes its direction from perpendicular to in plan
This is because the energy gap at the bottom of spin-w
spectrum becomes zero. We shall come back to this poin
the next section.

IV. TEMPERATURE-DEPENDENT ANISOTROPY AND
THE TRANSITION TEMPERATURE

To study the perpendicular anisotropy in magnetic film
it is more convenient to choose the~XYZ! coordinates withZ
axis parallel to the spontaneous magnetization. The an
betweenZ- andz-axis is denoted byu. The spatial coordinate
x, y, andz axes represent the crystal plane orientation@100#,
@010#, and@001#, respectively. In theXYZ frame, the Hamil-
tonian is obtained from Eq.~1! by a transformation35 and the
result takes the form
H52 1
2 (̂

i j &
Ji j @Si

ZSj
Z1 1

2 ~Si
1Sj

21Si
2Sj

1!#

2(
i

Di H cos2 u~Si
Z!21 1

4 sin2 u@~Si
1!21~Si

2!2#

1
1

2
sinu cosu@Si

Z~Si
11Si

2!1~Si
11Si

2!Si
Z#1 1

4 sin2 u~Si
1Si

21Si
2Si

1!J
1

m2

2V
Nz(

i j
@cos2 uSi

ZSj
Z1 1

2 sinu cosu~Si
ZSj

11Si
ZSj

21Si
1Sj

Z1Si
2Sj

Z!

1 1
4 sin2 u~Si

1Sj
11Si

1Sj
21Si

2Sj
11Si

2Sj
2!#, ~24!
en-
m-

m-
za-
where, as usual,S65SX6 iSY. The free energy of the sys
tem can be written as

F5Fex1Fk1Fd52kBT ln$tr@exp~2H/kBT!#%,
~25a!

whereFex is the exchange energy,Fk represents the crysta
line anisotropy energy, andFd stands for the demagnetiza
tion or shape anisotropy energy.

We now proceed to calculate the uniaxial anisotro
Ku(T), the surface anisotropyKs(T), and the shape aniso
ropy Kd(T) as functions ofT and L. As is shown in the
following, there exists a PR in films of a sizable range
thickness. We shall also show that for the reorientation tr
y

f
-

sition between states in which the magnetization is perp
dicular and parallel to the film surface, the transition te
peratureTR depends strongly onDs .

In terms of the uniaxial anisotropy, the free energyF is
given by

F/V5F0 /V1K2 sin2 u1K4 sin4 u1¯ . ~25b!

The anisotropy coefficients depend in general on the te
perature and the film thickness. The direction of magneti
tion is determined by the sign ofK2 . It is in plane if K2
,0 and out of plane ifK2.0. Let us defineKu(T)5K2 in
Eq. ~25b!, then we have
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Ku~T!5
1

V

]F

]~sin2 u!
52

1

V

]F

]~cos2 u!

52
1

V
trF ]H

]~cos2 u!
e2H/kBTG Y tr~e2H/kBT!

52
1

V K ]H

]~cos2 u!L
5K~T!2Kd~T!, ~26a!

K~T!5
2N2

V (
n

Dn

2
@3^~Sn

Z!2&2S~S11!#

5
N2

V (
n

DnGn^Sn
Z&2

5
N2

V (
n51,L

DnGn^Sn
Z&21

N2

V (
n52

L21

DnGn^Sn
Z&2

5
2Ks~T!

d
1Kv~T!, ~26b!

Kd~T!52pS m(
n

^Sn
Z&Y Lv D 2

52p@Ms~T!#2,

~26c!

where we have defined the film thicknessd5La/2. It is
noted that the statistical mean of spin operators are alre
evaluated in Eqs.~26!. Since the quantization axis isZ axis,
it is clear that̂ Si

X&5^Si
Y&50 and^Si

6&50. In the derivation
of Eq. ~26b!, we have also made use of the relati
^(Si

Z)2&5S(S11)2(112Rn)^Si
Z&, which follows directly

from Eq. ~22a! by settingn50. The anisotropyK in Eq.
~26a! has been split into two parts for convenience, the s
face anisotropy

Ks5
N2

V

d

2 (
n51,L

DnGn^Sn
Z&2

and the volume anisotropy

Kv5
N2

V (
n52

L21

DnGn^Sn
Z&2

for interior ML. In the case of Fe films, we assume thatD1
5DL5Ds for surfaces andDn50 for interior ML. Thus
Kv(T)50 and we have, in what follows,

K~T!5
2

d
Ks~T!. ~27!

In general, the interior anisotropy does not vanish. An
ample is Ni films, for which the reorientation transition w
be treated separately.37

For a ferromagnetic fcc Fe film, the surface anisotropy
given by

Ks~T!5
2Ds

a2 @S~S11!2 3
2 ~112R1!^S1

Z&#. ~28!

At absolute zero,s151 andR150, we have
dy

r-

-

s

Ks~0!5
2Ds

a2 S@S2 1
2 #. ~29!

When the temperature approachesTC from below, sn→0
andRn→`, and Eq.~23! becomes

3Rnsn5~S11!2
3

2
sn2

3~2S13!~2S21!

20~S11!
sn

21O~sn
3!.

~30!

Inserting Eq.~30! into Eq. ~28!, we find

Ks~T!5
2Ds

a2 F3S~S1 3
2 !~S2 1

2 !

5~S11!
s1

21O~s1
3!G . ~31!

The shape anisotropy is given by Eq.~26c!, where the spon-
taneous magnetization is related to the absolute satur
magnetization by

Kd~T!52pFMs~0! (
n51

L

sn /LG2

. ~32!

We are now in a position to determine the transition te
perature at which the perpendicular magnetization change
in plane. This is achieved by considering the stability con
tions for the PR. When the uniaxial anisotropy vanishes,
surface anisotropy and demagnetization~shape anisotropy!
energies balance. Thus we have the conditionKu(TR)50 to
determine the transition temperatureTR at which the RT be-
tween the perpendicular (T,TR) and in-plane (T.TR) ori-
entations of the magnetization takes place. From the dec
pling procedure introduced in Eqs.~13a!–~13c!, it can be
shown that the condition forKu(TR)50 is equivalent to that
for the zero energy gap at the bottom of the spin-wa
spectrum.37 If Ku(T).0, the surface anisotropy is strong
than the shape anisotropy and a finite PR results. In gen
Ku(T) depends uponDs , L, T, and Ms(0). As long as
Ku(0).0, we find from Eqs.~26a!, ~27!, ~29!, and~32! the
relation

2Ds~S21/2!/L22pmMs~0!.0, ~33!

which may then be regarded as the condition for a finite
at absolute zero. Equation~33! implies that a strongerDs , a
smallerL, or a smallerMs(0) favors the existence of PR.

The temperature dependence of anisotropies is calcul
for magnetic Fe films of 1–8 ML with the parametersa
53.60 Å and Ms(0)51749 G. Our calculation indicate
once more two types of transitions, similar to the magneti
tion. For L<4, all the anisotropies are at their maximu
value at absolute zero and decrease with increasing temp
ture until the magnetization vanishes. Eventually, they
come zero at the Curie temperature. The results forL54 and
Ds51.1 meV are shown in Fig. 2~a!. This is the transition
from ferromagnetism to paramagnetism. ForL>5, the reori-
entation transition from perpendicular to in plane takes pl
below TC . This is illustrated in Fig. 2~b! in which the
anisotropies are plotted versus the reduced temperature
L57 andDs51.1 meV.

It is important to note that the curves in Fig. 2~b! do not
mean thatK, Kd , andKs stop to exist beyondTR until TC .
They simply indicate that we have only considered the n
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mal component of magnetization in the above calculati
The anisotropies are computed from Eqs.~26! up to the tran-
sition temperatureTR . In other words, we are assuming th
the perpendicular component of magnetization vanishe
TR and the in-plane component shows up at the same t
perature. This is not exactly the case in experiments wh
the canted-spin phase has been observed, i.e., there is a
small temperature range aroundTR , in which both the per-
pendicular and in-plane components are nonvanishing.2,5,7

WhenDs is smaller than a critical valueDs
c , the sponta-

neous magnetization of the surfaces is smaller than tha
interior monolayers, namely,s1 , sL,sn , where 1,n,L.
Further,s1 and sL decrease more rapidly thansn for all
1,n,L when the temperature increases. It is seen from
figure thatK(T) drops faster thanKd(T) and eventually they
meet atTR , where alls’s drop to zero abruptly. Thus th
condition for reorientation transition is

Ku~TR!5K~TR!2Kd~TR!50. ~34!

The transition temperature, as well as the Curie temp
ture calculated above for an fcc Fe film, is presented al
with experimental data2,8 in Fig. 3 as a function ofL for the
anisotropy couplingDs50.84, 1.0, 1.1, and 1.2 meV. Soli
symbols representTC and open symbols representTR . It is

FIG. 2. Temperature dependence of various anisotropies
Ds51.1 meV. ~a! L54 and~b! L57.
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interesting to observe that there exists a critical thicknessLc
in a film of L monolayers andLc56, 7.14, 7.86, and 8.57
corresponding to the above fourDs values, respectively. It
should be remarked that we are not able to deal with fil
with a fraction of monolayers in the present theory. Fo
fixed Ds , we find thatTR increases with decreasingL as
expected. Figure 3 illustrates that the experimental data
be accounted for by assuming a value ofDs between 1 and
1.2 meV, depending on experimental conditions. Finally, i
also interesting to mention thatTR and TC curves form the
boundary of a region in theTL plane in which the perpen
dicularly magnetized state of the film is stable. In oth
words, a finite PR may be observed within a certain range
temperature and thickness in a ferromagnetic film of spe
fied Ds andMs(0).

V. DISCUSSION

By means of the Green-function technique, we have c
culated from the Hamiltonian~1! the temperature depen
dence of perpendicular magnetizationsn(T) for every ML in
a ferromagnetic fcc Fe film consisting ofL ML. Various
anisotropies are also obtained from this microscopic theo
but only the surface and shape anisotropiesKs and Kd are
necessary for the Fe film. The Curie temperature determi
by magnetization and the transition temperature obtai
from anisotropy are then calculated as a function ofL for
several values of the anisotropic couplingDs . It is particu-
larly interesting to point out that the phase transitions are
different nature for films withL<4 andL.4. Our study of
spontaneous magnetization and anisotropies both indi
that the ferromagnetism to paramagnetism transition occ
at TC whenL<4, and reorientation transition appears atTR
whenL.4.

It is difficult to make quantitative comparison with th
data, which depend sensitively on the sample prepara
procedures in different experiments. However, our res
presented in Fig. 3 can qualitatively account for various m
surements. The PR stability region of 1.5–5.9 ML for 100
growth reported in the study of the range of growth con
tions that support PR~Ref. 1! may be described by assumin

or

FIG. 3. Curie temperatureTC ~solid symbols! and transition
temperatureTR ~open symbols! versus the film thickness for variou
Ds values. Experimental data forTR are taken from Refs. 2 and 8
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Ds50.84 meV. The reorientation observed in Fe/Cu~100!
films of 5–6.5 ML in the temperature range of 300–150
~Ref. 2! suggests that the anisotropic couplingDs51 meV.
The transition is attributed to the temperature dependenc
the surface uniaxial anisotropy in Ref. 2. The ultrathin f
Fe/Cu~001! films are found to be ferromagnetic withTC
5230 K for 1 ML, and 390 K for films of 3 and 5 ML.3 The
trend of variation is in agreement with our results in Fig.
The PR has also been observed below a critical thicknes
about 5–6 ML for fcc Fe/Cu~100!, Fe/Cu~110!, and bcc
Fe~110!/Cu~111! films.4 The critical thickness can be slightl
shifted for different samples by subtle changes in subst
perfection. For example, a deposition of homoepitaxial
film in the case of Fe/Cu~100! can extendLc to ;7 ML, and,
according to Fig. 3, a finite PR can exist in a film of 7 M
for 1,Ds,1.1 meV. The termination of the vertical ferro
magnetic phase in Ref. 8 may be explained by assum
1.1,Ds,1.2 meV.

In addition to the experiments mentioned above, it h
also been discovered that magnetic films may exhibit v
different properties under different procedures of sam
preparation.9 In their study of the interplay between magne
and structural stabilities, Bader and co-workers have fo
that clean Fe/Cu~100! films at room temperature are ferro
magnetic with a perpendicular easy axis ifL is 2–4 ML, and
become antiferromagnetic with ferromagnetic surfaces w
L is 6–11 ML. However, it remains ferromagnetic and u
dergoes a spin-reorientation transition to in-plane at;6 ML
if the film is grown below 200 K and annealed to roo
temperature. The phenomena may be related to the varia
of coupling constantJ for intra-plane and interplane neare
neighbors in different monolayers. Studies of this subject
being carried out and will be reported in the future.

Aside from the reorientation phenomena observed in
films, an unusual change of direction of the magnetizat
from in plane to perpendicular with increasing temperat
and film thickness has also been observed in ultrathin
films grown on Cu.10–14This is, however, not surprising. A
.
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a matter of fact, the temperature dependence of the sec
order anisotropy calculated from the Hubbard model pred
both the reorientation transitions, the Fe type from out
plane to in plane and the Ni type from in plane to out
plane.24 A similar conclusion is also obtained in a mean-fie
treatment,17 in which another in-plane reorientation of ma
netization may be found.

In addition to the two types of in-plane and out-of-pla
transitions with increasing temperature and film thickness
special transition in which the magnetization switches fro
perpendicular to in-plane direction with increasing tempe
ture but decreasing thickness is also found experimenta15

and theoretically.16 The microscopic theory developed in th
paper is capable to handle all in-plane and out-of-plane tr
sitions by adjusting the anisotropy parametersDn . By as-
sumingDn50 for interior ML, our results presented here a
in good agreement with the experimental data for Fe ty
Since the volume anisotropy favors the out-of-plane orien
tion of the magnetization, it is expected that the Ni-type tra
sition can also be accounted by a nonvanishingDn .

Finally, we recall that the canted-spin structures are
served in both Fe~Refs. 2, 5, and 7! and Ni~Refs. 11 and 38!
films. Thus the reorientation transition may involve su
canted-spin phases. Additionally, it is also interesting
point out that the reorientation transition is in general n
necessarily confined to a single plane normal to
surface.11,38 Although we have not touched this subject
far, we believe that the microscopic theory developed her
capable to handle both the perpendicular and in-plane c
ponents of magnetization in our study of Ni films. Wo
along these lines is being undertaken and will be repor
elsewhere.37
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