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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 df, the number of monolayers in the film. Numerical resultslfer1—8 are presented. It
is shown that our results are able to account for experimental data that are available for ultrathin Fe films.

[. INTRODUCTION In dealing with the reorientation transition, the mean-field
theory can only provide a qualitative description in a limited
One of the most interesting discoveries in magnetic retemperature range, and cannot be applied in the low-
search in recent years is perhaps the reorientation of the magemperature limit nor in the neighborhood of the Curie tem-
netization observed in ultrathin magnetic films. A reorienta-perature. In this paper, we develop a microscopic theory to
tion transition (RT) of the magnetization between calculate various anisotropies and to investigate phase tran-
perpendicular and in-plane directions was observed at thsitions in ultrathin ferromagnetic Fe films with fcc lattice
transition temperaturég below the Curie temperatui: in structures by means of the retarded Green-function tech-
films of a few monolayergML ) of Fe, Co, and Ni on Cu or nique, which is valid in the whole temperature range. A
Ag substrates. It depends, however, strongly on the materiaferthcoming paper will be devoted to the treatment of tran-
as well as on the sample preparation. There are ordinarilgitions in Ni films.
two types of reorientation when the temperature increases: The Green-function method has been successfully applied
the transition of the magnetization orientation in Fe filmsto treat ferromagnetisi?, ! antiferromagnetism?3® and
from a perpendicular direction to an in-plane directioctand  ferrimagnetisn?® The Curie temperatur., the spontane-
the reorientation in Ni films from an in-plane to perpendicu-ous magnetizatioM ¢ normal to the plane, and the transition
lar directiort®~** as the film thickness increases. It is alsotemperaturély are calculated in this paper for films consist-
possible that the magnetization changes from perpendiculang of L=1-8 ML. Furthermore, the surface- and shape-
to in-plane with increasing temperature but decreasing thickanisotropieK andK,4 are expressed in terms of the statis-
ness of the filmt>1° tical average of spin operators and are calculated as functions
Theoretically, the reorientation of magnetization in mag-of the temperaturd for variousL values. The model Hamil-
netic films may be qualitatively understood by considerationgonian we employ in this work includes the Heisenberg ex-
of the competing shape and uniaxial anisotropy in the meanchange term plus a surface anisotropy term and a demagne-
field theory®~1° the renormalization-group methd%,the tization term. The degree of surface anisotropy is measured
Monte Carlo simulatiod! the spin-wave dispersidif,and by D, and that of the shape anisotropy is described by the
the stripe domain structurédlt is also found that the tran- magnetic dipole demagnetizatidh.Strong dependence of
sition is mediated by a strong reduction of the surface magthe perpendicular remanen¢ER) on the temperature and
netization relative to the inner Mt.*82*More quantitative  film thickness is found. Conditions for the existence of PR
calculations carried out by means of various techniques suctire determined, and agreement with experiments is demon-
as the renormalization-group, mean-field approximation, andtrated.
Monte Carlo simulation in different regions of temperature In Sec. Il, we review briefly the Green-function formalism
yield different result$® Furthermore, the first nonvanishing and outline the calculation procedure. Both the spontaneous
magnetic anisotropy is calculated in the random-phasenagnetization of individual monolayers and the Curie tem-
approximatiorf® the anisotropy-flow concept is utilized in perature for a film ol ML are calculated in Sec. lll, where
the anisotropic spac€, and the magnetic dipole coupling L=1-8. The various anisotropies are found as a function of
and a layer-dependent anisotropy are included in the HubfF for variousL values in Sec. IV. Relations between the PR
bard modeP* For an ideal face-centered-culfcc) lattice, a  stability and anisotropy are also studied here. Moreover, the
transition to in-plane anisotropy is found in a film of 8 ME..  thickness dependence of the reorientation transition tempera-
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ture Tg(L) is determined. Finally, a few remarks are given in direction. »;(v;) labels the monolayer where the magnetic

Sec. V. atomi (j) is located. The three-dimensional wave vector and
position vector are given bly=(«,q) andr=(p,z), respec-
Il. THEORY tively, with components,=2mn, /N andx,=2mn,/N. As
. o i . usual, the allowed values of, andny are 0+ 1,... = N/2.
Consider a magnetic film of fcc lattice witB01) surfaces The time-correlated function for two operatgksandB at

perpendicular to the axis. It hasL ML and each ML con-  |attice sites andj is defined as the ensemble average of their
tains N XN atomic spins wheré&N—c. The spatial coordi- produyct, namely,F;; (t—t')=(A(t)B(t')) and F;(t'—t)
nates(x, y, 2 has its origin on the left surface of the film, and =(B(t")A(t))=F;(t—t'—iB), whereg=1/kgT, andkg is
the spin-quantization coordinates(is, Y, 2 with the quan-  the Boltzmann constant. They are directly related to the re-
tization axisZ. The two coordinates coincide if the easy an-targed Green function by the equation
isotropy is perpendicular to the surface, &y, Xlz, Ylx if
the easy anisotropy is in-plane. The Hamiltonian is assumed Y i M (TN EL (4]
o take the form Gjj(t—t")=—ig(t—t")|Fj(t—t")—F;i(t'"—t). (4

.. w? The Fourier transform of the correlation function yields
H=-3> J;S-§—> Di(SH+ NNZZ S'S. the spectral intensity function J(w) and J'(w)

(i) ' b n =e F°)(w); that is,

The first term is simply the Heisenberg exchange energy and o ‘ ,
(ij) indicates that the sum is taken over nearest neighbors Fi,:f J(w)e " dw, (5a)
only. The second term represents the anisotropic surface en- o
ergy due to the coupling of the crystal field and spin-orbit
interaction®® and the parametdd; characterizes the surface [
anisotropy. The last term describes approximately the shape Fii= f
anisotropy due to the demagnetization energy of uniform
interaction. Although the dipole interaction is generally two component ofG;(t—t') as
or three orders of magnitude weaker than the exchange cou-
pling, it may become very important because of its long- 1 (=
range nature. In particular, it leads to the demagnetization Gij(E):_f Gij(t—t’)ei(E“a)“*“)d(t—t’)
factors. For Fe films, we choo$g,=N, =0 for in-plane and 27 )
N,=47 for out-of-plane, which is consistent with the ap- 1 (=
proximation. We assume in the following, for simplicity, :__f d(t—t")e'Erie)t-t)
Ji;=J for the coupling constant between all nearest neigh- 2ml ) -
bors. The volume of the film is denoted by and w is the "
magnetic moment. xf do J(w)(eP*—1)e  ot-t)

To calculate the relative spontaneous magnetizatign —
for an individual ML labeled by in the film, we start with

J (w)e 1@t=tgy, (5h)

—o0

. 1 (= do
the retarded Green function N Bo_qy_—
2 f_wJ(w)(e 1) E-w+ie’ ©)
Gij(t—t) = (S ();[STt)]"S; (1))
e/t 2011\ 10 The correlation functionFj; can now be expressed in
Hot=t')(S (OS] terms of the retarded Green function by considering the dif-
XS (1) =[S[(tH1"S] (1S (1) ference
=f Gjlwexd —iw(t—t)]do, (2 Gij(otie)=Gjj(w—ie)
e L e
wheren=2S—1 for an arbitrary spirt. We have employed o fﬁw(eBE_ 1)J(E)
the spin operator§;' (t) at the sitel and[sz(t’)]”Sj_(t’) at
j, andS*=S'+iSY. As the translation symmetry is broken 1 1
along thez axis, we introduce the two-dimensional Fourier X w—E+ie w—E—ie dE. @
transform
1 If we recall the operator relation
Gij(0)= 2 2 Gy, (s @)e P70, 3 .
. ) o lim ———P-Fimd(x), (8)
whereN? is the total number of atomic spins in each layer eotX—le X

and theg's are Green functions expressed in the Bloch-
Wannier representation in which the Bloch function is usedhen the integration can easily be evaluated, and(Bope-
in the xy plane and the Wannier function is used in the comes
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(P~ 1)J(0)=i[Gjj(w+ie)—Gjj(w—ie)]
=%§ [0, (rw+ie)
(9)

_gViVj(K’w_is)]eik.(piipj)a

where we have made use of Eg) in the last step. Inserting
the spectral functiod(w) from Eg. (9) in (5b), we find the
correlation function

Fji(t’ —t)=<[5-Z(t')]”87(t’)5.+(t))

NZE j —wrkBT—l
X[gvi,,j(lc,w-l-is)

_gvivj(K.w—is)]ei"'(Pi—Pj)—iw(t—t’)_

(10

Because of the translation symmetry in the atomic plane,

((SH"s S") depends only om wherev=1,2,...| labels the
monolayers in the film. Setting =t in Eq. (10), we finally
obtain

((SH"s;s") = EJ —wrkBT—l

X[gViVj(K,w-f-is)—g,,i,,j(l(,w—is)].
(11
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where the subscripb indicates the Fourier component of the
quantity. To obtain the Green function for practical calcula-
tions, we first apply the usual Tyablikov decoupling
proceduré®

((S/S7H(8)"S N =(SN(ST(S)"S ) (139
The anisotropy term with=i" is decoupled by assuming

(S S +5.5):(SH"S N W=TiSHS :(SH"S, N
(13b

=(3(S)?-S(S+1))/(S))?, (139

and the higher-order terms are cut off. Thus EtR) be-
comes

wgvlvz(a) K) _<[S ])51/11/2

+ 2 380,,9,,,,(k0)
V3

— leel K~(p,,3*pyl>gV3V2( K )}
+ D VlF Vlso-]/lg V1V2( K! w)

2

- VN% S, 00,16, 0), (14)
where, as noted previously, the demagnetization fadtyrs
=44. The magnetic moment is given hy=2.2ug, with

the Bohr magnetomg .

In order to compare our results with experimental data for
Fe films, we apply Eq(14) to fcc lattices. Every site in an
fcc lattice has 12 nearest neighbors, four in-plane and four in
each of the neighboring planes. When this is explicitly taken

The problem is therefore reduced to find the retarded Greejnto account, Eq(14) becomes

function.

IIl. SPONTANEOUS MAGNETIZATION AND THE CURIE
TEMPERATURE

1
VV’)gV’Vl(K!w): 2

> (08,,—P
’ (159

We consider the case of perpendicular easy axis. The eH\_/here we have defined

semble average of spins in an ML is then given (8f)
=aviS due to the translation invariance in tkg plane. The

equation of motion for the Fourier components of the re-

tarded Green function takes the form
o((S":(S)"S N
1 + Z\NQ—
=5 ([S.($)"S D4
+2 3 (SIS (S ),
— (SIS :(SH"S) )t

+E Di(((S"S/ +S,S):(S)"S ) ubiir

NS (SIS SIS N, (12

P, ={4JS0,|1—cog k,/2)cod ky/2) |+ 4IS(T 41+ 0, 1)
+D,I',So,—47uMd}é,, —2S0,Jd,,| coS ky/2)
+cog ky/2)]. (15b)

Recall that the relative spontaneous magnetizadigrs the
same for any ML withv=1,...., while the spontaneous
magnetization isM¢=u=;(S7)/V, where V=2N2Lv with
the primitive volumev =a%/4 and the lattice constaat Ex-
pressed in terms of the saturated magnetizatidg(O)
=uslv, we haveM¢=M(0)2,0,/L. The anisotropyD,
=Dy for the surface ML,y=1, L andD,=D for the inner
layersv=2,...L —1.

It can be shown by direct substitution that the general
solution to Eq.(153 is

L
1 u,U
_ + Z\Ne— va™~ av
gVV(KYw)_ 27T<[SV i(Sv) SV ])D;l w— 1

Ko

(16)

whereU is the solution to the corresponding homogeneous
equation
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> (04080 — P10V L0=0, 17 > U, U =8ar - (18b)
o v
provided thatw ., andU ,, are independent of the ML. It is

noted thatl has the following properties: For a film of L ML, Eq. (17) represents a set &f coupled

linear algebraic equations. The eigenvalues are given by the

; leaU Vza:‘svlvzv (18@ secular equation
W~ E1 Ji
Jz W~ Ez I
JV Wyea™ EV ‘]v =0. (19)

The tridiagonal determinant indicates the reflection symme-
try of the film with respect to its central ML as is expected,
orE,=E, ., ,ando,=o_,1_,. The energy eigenvalue of
08 | an interior ML is

E,=4JSo,[1—cod k/2)coq k,/2) ]
+DI',So,+43S 0,11+ 0, 1) —4muMg,

o
o

<
IS

v=2,.L—1, (208

Relative Magnetization

J,=23S0,[CO8 K,/2) +COS K, /2)], v=1.2,..L.
(20b)

02

The surface energy is, however, given by

0.00 0.10 0.20 0.30 0.40 0.50

Reduced Temperature T/T (bulk) El =4] SO'l[ 1— COS( KX/Z) COS{ Ky/Z)] +4] 50-2

1.00

+DI1So—47uMq. (200

The explicit calculation can be carried out layer by layer
for a film of given thickness.. It can be showi? from Egs.
(11) and(16) that

4
©
@

o
©
o

Z - Qt 1 UIZ/OZ + Z —
((S)"S,8))= 2 2 explo TkeT =1 S0 (SD"S. ).
(21)

o
©
b

Relative Magnetization

Then it follows, after some algebra with the spin operators,
from Eq.(21) that

0.92

. : ‘ S(S+1){(S)M)—((SH™ H=((S)""?)
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Reduced Temperature T/T(bulk) _ RV{Z(Si( Si_ 1)n> + <[(Si_ 1)n_ (Si)n]

0.90

FIG. 1. Relative spontaneous magnetization of individual mono- X[S(S+1)— Sf,— (Si)2]>}, (229
layers versus the reduced temperatureDQe=1.1 meV. (a) L=4
and(b) L=7. where we have defined
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emperature, the relative spontaneous magnetization of an
1 L 2 temperat the relat pont gnetizat f

va . . .
”:(ZT)ZI f dK,(dea:1 Py (22b) ML increases from the surface to interior. For exampte,

<0,<03<0,4 in Fig. 1(b). On the other handr, decreases
The reflection symmetry requires th@t =R, ,;_,. Utiliz- with increasipg temperature for a giyen_ monolayer. The
ing the relatiof® I15,_ _ (S%—m) =0, we find from Eq(22)  Strong reduction of the surface magnetization as compared to
the relative spontaneous magnetization for the ML labeled the inner layers has been observed and identified as the ori-
gin of the reorientation transition in the paét®2*Our cal-
(S-R,)(1+R,)?5" 4+ (1+S+R,)R25*"? culation actually shows that there are two types of phase
(S)=So,= (1+R)STI_RSTI : transition. For the film with. =4, o, decreases to zero as the
Y v (23) temperature increases g, the system transforms from fer-
romagnetism to paramagnetism. For the film wlith 7, o,
Through Eq.(22b), we can calculate from Eq23) the tem-  gecreases monotonically dsincreases, but suddenly van-
perature dependence of the relative spontaneous magnetizghes at a transition temperattifg at which the magnetiza-
tion o,(T) as well as the Curie temperatulie(L) for @  tion changes its direction from perpendicular to in plane.
given film. _ ) This is because the energy gap at the bottom of spin-wave
For bulk fcc ferromagnets, the Curie temperature is  spectrum becomes zero. We shall come back to this point in
45(S+1) J the next section.

C kg’ IV. TEMPERATURE-DEPENDENT ANISOTROPY AND
THE TRANSITION TEMPERATURE

Te(bulk)=

with C=1.34466. In the following numerical computation,
we fix the coupling constan=14.483meV by setting To study the perpendicular anisotropy in magnetic films,
Tc(bulk)=1000K for bulk fcc iron. Other relevant param- it is more convenient to choose tf%Y2) coordinates witlZ
eters for fcc iron films ar&=1, u=2.2ug, a=3.60A, and  axis parallel to the spontaneous magnetization. The angle
M4(0)=1749G. betweerZ- andz-axis is denoted by. The spatial coordinate
The relative spontaneous magnetizatiof(T) is calcu- X, y, andz axes represent the crystal plane orientafib®0],
lated for each ML in films of various thickness. In Fig. 1, we [010], and[001], respectively. In theXYZframe, the Hamil-
plot o, versus the reduced temperature for a fim@fL  tonian is obtained from Ed1) by a transformatio? and the
=4, (b) L=7 andDs,=1.1meV. It is seen that, for a fixed result takes the form

H=-43 J[S'S/+3(S"s; +57S))]
(ij)
— > Dijcog 6(SH)2+ 4 sir? 0[(S1)?+(S)?]

+ %sinacosﬂ[slz(8i++$‘)+($++S|‘)S|Z]+% sif (S'S +S°S")

2

+ g—v N,>, [co€ 6S7S/+3 singcosd(S'S] + 7S, +S'S/+S S
ij

+3siP0(S'S +S'S +S 'S +S )1 (24)

where, as usuas™=S*+iS". The free energy of the sys- sition between states in which the magnetization is perpen-

tem can be written as dicular and parallel to the film surface, the transition tem-
peratureTr depends strongly obg.
F=Fext FrtFg=—kgTIn{trlexp( —H/kgT) ]}, In terms of the uniaxial anisotropy, the free enefgys

(258  given by

whereF,, is the exchange energl, represents the crystal-
line anisotropy energy, anfly stands for the demagnetiza- FIV=Fo/V+K;sir 0+K,sirt 6+ (25b)
tion or shape anisotropy energy.

We now proceed to calculate the uniaxial anisotropyThe anisotropy coefficients depend in general on the tem-
Ku(T), the surface anisotrop(T), and the shape anisot- perature and the film thickness. The direction of magnetiza-
ropy K4(T) as functions ofT and L. As is shown in the tion is determined by the sign df,. It is in plane if K,
following, there exists a PR in films of a sizable range of <0 and out of plane iK,>0. Let us defineK,(T)=K, in
thickness. We shall also show that for the reorientation tranEq. (25b), then we have
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1 oF B 1 JF
V J(sif6)  V d(cod )

1 JoH
—HlkgT —HIkgT
_s“r(?(co g)e }/tr(e )

Ku(T)=

—vtl'

1 aH
~ V\a(cod 9)
=K(T)—Kgy(T), (264

2N, D,
KM=v-23

[3((S)?)—S(S+1)]

N2
= VE Dvrv<S§>2

N2 N2 L-1
——— Z\2 Z\ 2
v, 2, DSt 5 2 DI(S))

2D m,

(26b)

2
Kd(T):27T<M2 <Sf>/ Lv) =2m[My(T)1?,
(260
where we have defined the film thickneds=La/2. It is
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2D,
K{(0)=—7§S-1]. (29)

When the temperature approachigs from below, o,—0
andR,—«, and Eq.(23) becomes
3(2S+3)(25-1)

2 3
sasin) OO

(30

3
3R, 0,=(S+1)— 50

Inserting Eq.(30) into Eq. (28), we find

2D¢| 3S(S+3)(S—3)
KS(T)z?— W(fﬁomi)} (32

The shape anisotropy is given by E860), where the spon-
taneous magnetization is related to the absolute saturated
magnetization by

2
. (32

L
Kd(T)=2w{MS(O)El o, /L

We are now in a position to determine the transition tem-
perature at which the perpendicular magnetization changes to
in plane. This is achieved by considering the stability condi-
tions for the PR. When the uniaxial anisotropy vanishes, the
surface anisotropy and demagnetizatishape anisotropy
energies balance. Thus we have the condiKQ(Tg)=0 to

noted that the statistical mean of spin operators are alreadietermine the transition temperaturg at which the RT be-

evaluated in Eq926). Since the quantization axis Baxis,

it is clear that{S*)=(S")=0 and(S")=0. In the derivation

tween the perpendicula&Tg) and in-plane T>Tg) ori-
entations of the magnetization takes place. From the decou-

of Eq. (26b), we have also made use of the relationP!iNg procedure introduced in Eqgl3a—(130, it can be

((S)?)=S(S+1)—(1+2R,)(S?), which follows directly

from Eq. (229 by settingn=0. The anisotropyK in Eq.

(269 has been split into two parts for convenience, the sur

face anisotropy
NZ d
_~ 4 7\2
Ks=%7 3,2, DilS)
and the volume anisotropy

2L-1
K,=v 2 D.I(S))?
Vv v=2

for interior ML. In the case of Fe films, we assume that
=D, =Dy for surfaces and,=0 for interior ML. Thus
K,(T)=0 and we have, in what follows,

2
K(T)=5Ks(T). @7)

shown that the condition fd,(Tg) =0 is equivalent to that

for the zero energy gap at the bottom of the spin-wave
_spectrurn”.7 If Ky(T)>0, the surface anisotropy is stronger
than the shape anisotropy and a finite PR results. In general,
Ku(T) depends uporDg, L, T, and M¢(0). As long as
K4(0)>0, we find from Eqs(26a), (27), (29), and(32) the
relation

2D(S—1/2)/L—27uM(0)>0, (33

which may then be regarded as the condition for a finite PR
at absolute zero. EquatidB3) implies that a strongdb, a
smallerL, or a smalletM¢(0) favors the existence of PR.

The temperature dependence of anisotropies is calculated
for magnetic Fe films of 1-8 ML with the parameteas
=3.60A and M((0)=1749G. Our calculation indicates
once more two types of transitions, similar to the magnetiza-
tion. For L<4, all the anisotropies are at their maximum
value at absolute zero and decrease with increasing tempera-
ture until the magnetization vanishes. Eventually, they be-

In general, the interior anisotropy does not vanish. An excome zero at the Curie temperature. The results feé and
ample is Ni films, for which the reorientation transition will D =1.1 meV are shown in Fig.(d). This is the transition
be treated Separate:fzf- from ferromagnetism to paramagnetism. Eor 5, the reori-

For a ferromagnetic fcc Fe film, the surface anisotropy isggfg&o_? trar]rsr']ti'sonisfr?lmsrire;&%n?r'fu;?gr tOQJ';‘ Fr:anwirfﬁetiglace
C . .

given by anisotropies are plotted versus the reduced temperature for
D, , L=7 andDs=1.1meV.
KoM=z [S(S+ 1)-3(1+2R)(SD]. (28 It is important to note that the curves in Figb2do not

mean thak, K4, andKg stop to exist beyond g until T.

At absolute zerog;=1 andR;=0, we have They simply indicate that we have only considered the nor-
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4.0 T T T T 500.0
* data from Ref. 2
* data from Ref. 8
//; o—_—_o Di1.2 2:\/
—— K (10" erg/om® 4000 45;?;‘ o - D;H) mex
o 30 — K, (107 ergécm) 1 //' o——o D=0.84 meV
.‘é’_ — K, (erglem’) ///;/
3 300.0 [ }5
2 < /’
< 50 - 1
@ 2 3 7
3 [ J
8 200.0 | )/ \\
g / R
N \\
10 100.0 |- // R \\
K \\)
\ \\
b \
0.0 ‘ ‘ S
0.0 L L L 0.0 2.0 4.0 8.0 8.0 10.0
0.00 0.10 0.20 0.30 0.40 0.50 Thickness(ML)
Reduced Temperature T/T(bulk) . . i
FIG. 3. Curie temperatur@. (solid symbol$ and transition
3.00 ‘ : ‘ : ‘ temperaturd g (open symbolsversus the film thickness for various
+— K (10’ erglom’) D, values. Experimental data fdiz are taken from Refs. 2 and 8.
—= K, (10" erg/em’)
— K, (erglcmz)
interesting to observe that there exists a critical thickhgss
ool . .
2 oo ] in a film of L monolayers and..=6, 7.14, 7.86, and 8.57
% corresponding to the above folxg values, respectively. It
ﬁ should be remarked that we are not able to deal with films
2 with a fraction of monolayers in the present theory. For a
- e e fixed Dy, we find thatTg increases with decreasirlg as
= 100 . expected. Figure 3 illustrates that the experimental data can
be accounted for by assuming a valuenf between 1 and
®) 1.2 meV, depending on experimental conditions. Finally, it is
also interesting to mention thdlz and T curves form the
boundary of a region in th&L plane in which the perpen-
%00 002 0.04 006 008 010 o1z dicularly magnetized state of the film is stable. In other
Reduced Temperature T/Te(oul words, a finite PR may be observed within a certain range of
FIG. 2. Temperature dependence of various anisotropies fotemperature and thickness in a ferromagnetic film of speci-
D,=1.1meV.(a) L=4 and(b) L=7. fied Dg andM4(0).

mal component of magnetization in the above calculation.
The anisotropies are computed from E@) up to the tran- V. DISCUSSION

sition temperaturdg. In other words, we are qssumin_g that By means of the Green-function technique, we have cal-
the perpendpular component of magnetization vanishes & lated from the Hamiltoniarfl) the temperature depen-
Tr and the in-plane component shows up at the same teMyapce of perpendicular magnetizatiop(T) for every ML in
perature. Thls_ is not exactly the case in ex_perlments_ Whergl ferromagnetic fcc Fe film consisting &f ML. Various
the canted-spin phase has been observed, i.e., there is a Vejyisyropies are also obtained from this microscopic theory,
small' temperature range aroufig, in which both 'the PE™ " but only the surface and shape anisotropfesand K4 are
pendicular and in-plane components are Snvams?ﬁ’r?g. necessary for the Fe film. The Curie temperature determined
WhenDs is smaller than a critical valuBs, the sponta-  y magnetization and the transition temperature obtained
neous magnetization of the surfaces is smaller than that iy, anisotropy are then calculated as a functiorLdir
interior monolayers, namelyr;, o, <o, where l<v<L.  gayeral values of the anisotropic coupliBg. It is particu-
Further,o; and o decrease more rapidly tham, for all |41y interesting to point out that the phase transitions are of
1<w<L when the temperature increases. It is seen from th@itrerent nature for films with.<4 andL >4. Our study of
figure thatk (T) drops faster thalq(T) and eventually they - spontaneous magnetization and anisotropies both indicate
meet atTg, where allo’s drop to zero abruptly. Thus the that the ferromagnetism to paramagnetism transition occurs

condition for reorientation transition is at Tc whenL <4, and reorientation transition appearsTat
whenL>4.
Ku(Tr)=K(Tr) —Kgy(Tr)=0. (34) It is difficult to make quantitative comparison with the

data, which depend sensitively on the sample preparation

The transition temperature, as well as the Curie tempergsrocedures in different experiments. However, our results

ture calculated above for an fcc Fe film, is presented alongresented in Fig. 3 can qualitatively account for various mea-
with experimental dafe in Fig. 3 as a function ok for the  surements. The PR stability region of 1.5—5.9 ML for 100-K
anisotropy coupling®>s=0.84, 1.0, 1.1, and 1.2 meV. Solid growth reported in the study of the range of growth condi-
symbols represent: and open symbols represef. Itis  tions that support PRRef. 1) may be described by assuming
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D,=0.84meV. The reorientation observed in Fe/Ti0) a matter of fact, the temperature dependence of the second-
films of 5-6.5 ML in the temperature range of 300—150 K order anisotropy calculated from the Hubbard model predicts
(Ref. 2 suggests that the anisotropic couplilg=1meV. both the reorientation transitions, the Fe type from out of
The transition is attributed to the temperature dependence ¢#ane to in plane and the Ni type from in plane to out of
the surface uniaxial anisotropy in Ref. 2. The ultrathin fccplane?* A similar conclusion is also obtained in a mean-field
Fe/Cu001) films are found to be ferromagnetic withc treatment’ in which another in-plane reorientation of mag-
=230K for 1 ML, and 390 K for films of 3 and 5 ME.The ~ netization may be found.
trend of variation is in agreement with our results in Fig. 3.  In addition to the two types of in-plane and out-of-plane
The PR has also been observed below a critical thickness #fansitions with increasing temperature and film thickness, a
about 5-6 ML for fcc Fe/C{100), Fe/Cy110), and bcc special transition in which the magnetization switches from
Fe(110/Cu(111) films. The critical thickness can be slightly Perpendicular to in-plane direction with increasing tempera-
shifted for different samples by subtle changes in substratiire but decreasing thickness is also found experimentally
perfection. For example, a deposition of homoepitaxial CLand theoretically® The microscopic theory developed in this
film in the case of Fe/Q@00) can extend.. to ~7 ML, and, ~ Paper is capable to handle all in-plane and out-of-plane tran-
according to Fig. 3, a finite PR can exist in a film of 7 ML Sitions by adjusting the anisotropy parametBrs. By as-
for 1<Ds<1.1meV. The termination of the vertical ferro- sumingD,=0 for interior ML, our results presented here are
magnetic phase in Ref. 8 may be explained by assumini! good agreement with the experimental data for Fe type.
1.1<Dg¢<1.2meV. Since the volume anisotropy favors the out-of-plane orienta-
In addition to the experiments mentioned above, it hadion of the magnetization, it is expected that the Ni-type tran-
also been discovered that magnetic films may exhibit venypition can also be accounted by a nonvanisting
different properties under different procedures of sample Finally, we recall that the canted-spin structures are ob-
preparatior?. In their study of the interplay between magnetic served in both FéRefs. 2, 5, and7and Ni(Refs. 11 and 38
and structural stabilities, Bader and co-workers have foundllms. Thus the reorientation transition may involve such
that clean Fe/O@00) films at room temperature are ferro- canted-spin phases. Additionally, it is also interesting to
magnetic with a perpendicu|ar easy axis ifs 2—4 ML, and point out that the reorientation transition is in general not
become antiferromagnetic with ferromagnetic surfaces whefiecessarily confined to a single plane normal to the
L is 6-11 ML. However, it remains ferromagnetic and un-surfacet**® Although we have not touched this subject so
dergoes a spin-reorientation transition to in-plane-&tML far, we believe that the microscopic theory developed here is
if the film is grown below 200 K and annealed to room capable to handle both the perpendicular and in-plane com-
temperature. The phenomena may be related to the variatid¥Pnents of magnetization in our study of Ni films. Work
of coupling constand for intra-plane and interplane nearest along these lines is being undertaken and will be reported
neighbors in different monolayers. Studies of this subject arglsewhere’
being carried out and will be reported in the future.
_ Aside from the reorientation. phgnomena observeq in_Fe ACKNOWLEDGMENT
films, an unusual change of direction of the magnetization
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