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Reorientation transition of ultrathin ferromagnetic films

A. Hucht* and K. D. Usadel†

Theoretische Tieftemperaturphysik, Gerhard-Mercator-Universita¨t, 47048 Duisburg, Germany
~Received 20 August 1996!

We demonstrate that the reorientation transition from out-of-plane to in-plane magnetization with decreasing
temperature as observed experimentally in Ni films on Cu~001! can be explained on a microscopic basis. Using
a combination of mean-field theory and perturbation theory, we derive an analytic expression for the
temperature-dependent anisotropy. The reduced magnetization in the film surface at finite temperatures plays a
crucial role for this transition as with increasing temperature the influence of the uniaxial anisotropies is
reduced at the surface and is enhanced inside the film.@S0163-1829~97!01918-8#
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The direction of the magnetization of thin ferromagne
films depends on various anisotropic energy contributi
like surface anisotropy fields which often favor a
orientation1 perpendicular to the film, dipole interactio
which favors an in-plane magnetization, and eventually
isotropy fields in the inner layers. As a consequence of th
competing effects, a temperature-driven reorientation tra
tion from an out-of-plane ordered state at low temperatu
to an in-plane ordered state at high temperatures may
observed at appropriate chosen film thicknesses. Experim
tally, this transition has been studied in detail for vario
ultrathin magnetic films.2–4Recently, it was found by Schul
and Baberschke5 that ultrathin Ni films grown on Cu~001!
show an opposite behavior: the magnetization is oriented
plane for low temperatures and perpendicular at high te
peratures.

Phenomenological approaches for explaining the reor
tation transition usually start from the energy~or the free
energy at finite temperatures! which is expanded in terms o
the orientation of the magnetization vector relative to
film introducing temperature-dependent anisotropy coe
cientsKi(T). The temperature dependence of these coe
cients is then studied experimentally~for a recent review see
Ref. 6!.

To better understand the mechanism responsible for
temperature-driven transition, several investigations h
been done in the framework of statistical spin models. T
advantage of this approach is that only a few microsco
parameters enter: besides an exchange interaction the d
interaction and an uniaxial anisotropy in the surface layer
the film. While Moschel and Usadel7 showed that the tem
perature dependence of the reorientation transition is w
described qualitatively within a quantum-mechanical me
field approach, most other authors focused on classical
models. Extended Monte Carlo simulations on monolayer8,9

as well as mean-field calculations of both monolayers10 and
bilayers11 agree in the sense that a temperature-driven re
entation transition is obtained. Nevertheless, there is st
controversy with respect to the order of this transition. Wh
Chui8 measured the expectation value of the component
the total magnetization and obtained a second-order tra
tion for a monolayer we found, using an improved simu
tion algorithm and analyzing the Monte Carlo data with
histogram method, a transition of first order in agreem
550163-1829/97/55~18!/12309~4!/$10.00
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with the mean-field calculations for this system.9 Further-
more, we could show that the order of the transition depe
on the number of layers and on the distribution of t
uniaxial anisotropies.11

In all of these theoretical investigations a temperatu
driven reorientation transition from an out-of-plane state
low temperatures to an in-plane state at high temperatur
found for appropriate sets of parameters, which is due t
competition of a positive surface anisotropy and the dip
interaction. The interesting result for ultrathin Ni films
argued5 to have its origin in a stress-induced uniaxial anis
ropy energy in the inner layers with its easy axis perpendi
lar to the film. This anisotropy is in competition with th
dipole interaction and a negative surface anisotropy. Wh
the thickness-dependent transition could be explained w
these anisotropies,5 the origin of the more interesting
temperature-driven transition is not yet explained on a
croscopic basis. Note that the reversed reorientation rece
found by MacIsaacet al.12 has a different origin as it only
occurs at vanishing exchange interaction. It is the purpos
this paper to show that the dipole interaction together w
uniaxial anisotropies in the film indeed may lead to
temperature-driven second-order reorientation transi
from an in-plane magnetized film at low temperatures to
perpendicular magnetized film at high temperatures.

We recently became aware of a paper by Jensen
Bennemann13 on the same topic. Starting from an expansi
of the free energy in terms of uniaxial anisotropy and dip
interaction and employing then a mean-field approximat
following earlier work14 they calculated numerically the tem
perature of both types of reorientation transitions. In contr
to this calculation we develop in the present paper a fu
self-consistent mean-field theory and analyze the reorie
tion transition within this approach since only within a no
linear theory the canted phase and in particular its width
be analyzed. Additionally, a self-consistent calculation of
quantitiesKi(t) introduced below which are crucial for a
understanding of the nature of the transition is not possi
A linearization of the free energy which is discussed in t
last part of our paper agrees with the results of Ref.
Within such a linearized theory the approximate location
the transition can be obtained as a temperature somew
within the canted phase but it is not possible to calculate
width of this phase. Thus, this calculation is only meaning
12 309 © 1997 The American Physical Society
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12 310 55A. HUCHT AND K. D. USADEL
for a situation where the canted phase occupies a rather s
temperature interval. Note, however, that this width can
quite large, for instance, for strongly varying anisotropy e
ergies or certain parameter configurations11 in which case a
nonlinear approach is necessary.

The calculations are done in the framework of a class
ferromagnetic Heisenberg model consisting ofL two-
dimensional layers on a simple cubic lattice. The Ham
tonian reads

H52
J

2(̂i j &
sW i•sW j2(

i
Dl i

~si
z!21

v

2(i j r i j
23sW i•sW j

23r i j
25~sW i•rW i j !~rW i j •sW j !, ~1!

wheresW i5(si
x ,si

y ,si
z) are spin vectors of unit length at pos

tion rW i5(r i
x ,r i

y ,r i
z) in layer l i and rW i j5rW i2rW j . J is the

nearest-neighbor exchange coupling constant,Dl is the
uniaxial anisotropy which depends on the layer ind
l51•••L, andv5m0m

2/4pa3 is the strength of the long
range dipole interaction on a lattice with lattice constana
(m0 is the magnetic permeability andm is the effective mag-
netic moment of one spin!. All energies and temperatures a
measured in units ofJ (kB51) which is fixed toJ51 in this
paper. Note that only second-order uniaxial anisotropiesDl

enter the Hamiltonian Eq.~1!. In our calculations we will
restrict ourself to the case that all anisotropies are the s
except at one surface, as this scenario is sufficient for
plaining the basic physics of the temperature-driven reor
tation transition. Furthermore we will focus on the case
L54 layers. A systematic investigation of the parameter a
thickness dependence of the reorientation transition an
particular a calculation of the corresponding phase diagr
is under way.15

In the following we assume translational invarian
within the layers and therefore we set^sW i&5mW l if sW i is a spin
in layer l. For the Hamiltonian Eq.~1! a molecular-field
approximation is implemented resulting inL effective one
particle Hamiltonians from which the free-energy function
can be obtained: the mean field in layerl is given by
hW l5(mXlmmW m where Xlm contains both exchang
and dipole interaction. With the order parame
M5(mW 1 , . . . ,mW L) the Hamiltonian in layerl becomes

Hl
MF~M !5hW l•S 12mW l2sWlD2Dl~sl

z !2. ~2!

Integrating this mean-field Hamiltonian over the surface
the unit sphere in each layer yields the free energy per
face element,

F~T,M !52T(
l51

L

ln R dsWle
2Hl

MF
~M !/T. ~3!

Due to the in-plane rotational invariance of Eq.~2! we can
setml

x50 and thus the free energy in Eq.~3! depends on the
2L componentsml

y andml
z of M and is stationary with re-

spect to variations of these quantities. This variation is d
in two steps: First we minimize the free energy Eq.~3! with
the constraint that the azimuth angleq of the total magneti-
all
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zationmW 5L21(lmW l is fixed, and expand the resulting con
strained free energy in powers of cos(q) to give the angle-
dependent free energy

F~t,q!5F0~t!2K2~t!cos2~q!2K4~t!cos4~q!2•••,
~4!

with the reduced temperaturet5T/TC (TC is the Curie tem-
perature of the film! and temperature-dependent expans
coefficientsKi(t). These quantities are usually introduce
phenomenologically. However in our approach we can c
culate these coefficientsKi(t) from the microscopic param
eters of the system. The equilibrium free energy is then
tained as the minimum of Eq.~4! with respect toq.

In this notation, the two reorientation transition tempe
turest r

z , wheremz→0, andt r
y , wheremy→0, are given by

the conditions

05K2~t r
z!, ~5a!

05K2~t r
y!12K4~t r

y!. ~5b!

Figure 1 shows the temperature dependence of the com
nents of the total magnetizationmW (t) and the anisotropy
coefficientsK2(t) andK4(t) for a situation where one of the
layers~the surface layer! has a positive uniaxial anisotropy
D1.0, and the others are set toDl.150.K6(t) and higher-
order terms are nearly two magnitudes smaller thanK2(t)
and therefore are not depicted. This is the situation enco
tered, for instance, in ultrathin Fe films. The ground-st
magnetization of the system is perpendicular to the film.
creasing the temperature, the magnetization switches
tinuously from the perpendicular direction at a temperat
t r
y to the in-plane direction att r

z .
For Ni films on Cu~001! there is a positive uniaxial vol-

ume anisotropy in the inner layers favoring perpendicu
orientation, and eventually a negative anisotropy on
surface.5 In competition to these energies is the dipole int

FIG. 1. Magnetization components and anisotropy energies
an Fe-type system withL54 layers. J51, D1 /J51431023,
Dl.150, v/J53831025. The parameters are based on iron.



e
f
nt
e
lk
-
a

ti
u-
se
nd

se
a

ic
e
ul
tio

e
th

ti

n
er

ive

il-

-
ive

e
t a
c-
ive
n.

ce
or-
e.
ri-
an

,

he
di-

e
the

re
or

n

55 12 311REORIENTATION TRANSITION OF ULTRATHIN . . .
action which always favors in-plane magnetization. Figur
shows the temperature dependence of the components o
total magnetization vector and the anisotropy coefficie
Ki(t) for a Ni-type system withL54 layers. The exchang
interactionJ is estimated from the Curie temperature of bu
nickel, the dipole constantv is calculated from the ground
state magnetic moment and the lattice constant, and the
isotropy energies are taken from the experiment.5 For these
parameters with increasing temperature the magnetiza
starts to cant at a temperaturet r

z and reaches the perpendic
lar state att r

y as observed experimentally in Ni films. The
results were obtained numerically by solving the correspo
ing mean-field equations.

In order to understand both the normal and the rever
reorientation transition we additionally applied a perturb
tion theory to the mean-field Hamiltonian Eq.~2! considering
v and Dl as small perturbations of the pure isotrop
Heisenberg Hamiltonian which is justified in view of th
smallness of these parameters. We will only give the res
of these calculations in this paper, the complete deriva
will be reported in detail in a forthcoming paper.15

The total anisotropyK(t) of the system is defined as th
difference of the free energies of the in-plane state and
out-of-plane state

K~t!5F~t,p/2!2F~t,0!5K2~t!1K4~t!1•••. ~6!

When we neglect the narrow canted phase, the reorienta
temperaturet r is given by the conditionK(t r)50. If the
first derivative ]tK(t r),0, we have a normal transitio
from out-of-plane to in-plane magnetization direction, oth
wise the transition is reversed.

In the framework of a perturbation theory we can der
an analytical expression forK(t) involving the absolute
value of the layer magnetizationsml(t) and the fluctuations

FIG. 2. Magnetization components and anisotropy energies f
Ni-type system with L54 layers. J51, D1 /J523.531023,
Dl.1 /J51.531023, v/J5531025. The parameters are based o
nickel.
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transversal to the magnetization directionql(t)5
^(sl

')2&(t), both calculated with the unperturbed Ham
tonian:

K~t!5Kq~t!1Km~t!5 (
l51

L

Dl@123ql~t!#

2
3v

4 (
l,l851

L

ml~t!F ul2l8uml8~t!. ~7!

The constantsFd contain the effective dipole interaction be
tween the layers and can be calculated numerically to g
F059.0336,F1520.65493, andFd.15O(e22p(d21)).

At the critical temperatureK(t) vanishes and henc
K(t) must be curved in order to have another zero a
temperaturet r,1. Furthermore, a positive curvature is ne
essary for a normal reorientation transition, while a negat
curvature ofK(t) is necessary for a reversed reorientatio
Hence we will focus on the second derivatives of Eq.~7! and
start with the dipole partKm(t). It turns out that
]t
2Km(t).0 for all film thicknesses and temperatures sin

v is positive and the main contribution of the sum is prop
tional to (lml

2(t) which always has a negative curvatur
Thus the dipole interaction always favors the normal reo
entation and can never lead to a reversed transition in
exchange-dominated system.

Now we will examineKq(t). First note thatql(0)50
and ql(1)51/3 in the unperturbated case. ForL51 and
L52 we haveql(t)5t/3 in the mean-field approximation
and thenKq(t)5(lDl(12t), i.e., the second derivative
vanishes in this case. Consequently in systems withL<2
layers we only find normal reorientation transitions from t
out-of-plane direction at low temperatures to an in-plane
rection at higher temperatures.

This is not the case forL.2 layers since then, due to th
reduced surface magnetization at finite temperatures,
transversal fluctuations in the surface layersqs(t) are en-

FIG. 3. Total anisotropyK(t) and its two partsKq(t) and
Km(t) from Eq.~7! for a Ni-type system. The model parameters a
the same as in Fig. 2.
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12 312 55A. HUCHT AND K. D. USADEL
hanced@qs(t)>t/3, ]t
2qs(t),0#. Combined with a negative

surface anisotropyDs this may lead to a negative curvatu
of Kq(t). Furthermore, the transversal fluctuations in the
ner layers are reduced by this effect@qb(t)<t/3,
]t
2qb(t).0# and, when combined with a positive uniaxi
anisotropy in the inner layers enhance the negative curva
of Kq(t).

In Fig. 3K(t) is depicted together with the two compe
ing partsKq(t) andKm(t) from Eq.~7! for the same param
eters as in Fig. 2. A transition is obtained with increas
temperature becauseKq(t) tends slower to zero tha
Km(t).

In summary we have shown that the temperature-dri
reorientation transitions seen in ultrathin ferromagnetic fil
are well described within a mean-field approximation
second-order uniaxial anisotropies and the dipole interac
are included in the Hamiltonian. In particular we can rela
the unusual transition seen in Ni films to a microsco
model in which a positive uniaxial anisotropy energy
present in the inner layers. Additionally we can calculate
parametersKi(T) usually introduced phenomenological
from microscopic parameters of the system.

TheL54 layer film considered serves as a simple syst
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showing the Ni-type transition, while the Fe-type transiti
is already observed in monolayers if the parameters are
justed properly. This has a rather interesting physical orig
For systems withL51 or L52 layers the unperturbed sys
tem is homogeneous as every lattice site has the same
ronment. It turns out that in this case only a reorientat
transition from out-of-plane to in-plane can occur, provid
the exchange interaction is large with respect to the unia
anisotropies and the dipole interaction. When the film thic
nessL.2, the magnetization is not homogeneous throu
the film as the surface layers have a reduced magnetizatio
finite temperatures. This leads to an enhancement of
transversal fluctuations at the surface and to a reductio
these fluctuations in the inner of the film. Hence the infl
ence of the uniaxial anisotropies is reduced at the surface
enhanced inside the film favoring a spin orientation para
to the easy axis of the inner layer. This effect may lead t
temperature-driven reorientation transition of the type o
served in nickel.
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