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Mechanisms for the multistep spin reorientation of ultrathin Fe films on Gd
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Department of Molecular Physics, Moscow State Engineering Physics Institute, 115407, Moscow, Kashirskoe shosse, 31, R
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The multistep spin reorientation transition of ultrathin iron films on bulk gadolinium is described theoreti-
cally. We find that it is necessary to include cubic terms in the magnetic anisotropy energy expansion in order
to explain this phenomenon. Furthermore, the signs of the anisotropy coefficients required to explain the
coexistence of both first- and second-order phase transitions in this spin reorientation transition are obtained.
We can then model this system using either a surface or a bulk driven model, or a combination of both.
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I. INTRODUCTION

Phase transitions are a common phenomenon encoun
in nearly every branch of physics.1 Modeling the driving
forces and the order of the transition often leads to a dee
understanding of the underlying physical processes involv
Magnetism, in particular, is a rich field in this regard due
the vector nature of the order parameter. Integral to this is
concept of magnetic anisotropy, i.e., the difference in ene
for various orientations of the magnetization with respec
a sample. The anisotropy plays a role in every magn
device,2 and applications have allowed, for examp
magneto-optical devices to surpass the diffraction limit
magneto-optical storage devices. These ‘‘super-resoluti
devices rely on a temperature-driven spin-reorientation tr
sition, where the magnetization of a thin film rotates fro
in-plane to perpendicular with increasing temperature.3 An
understanding of these spin reorientation transitions is
important source of knowledge regarding magnetic anis
ropy. This information is invaluable because ab initio calc
lations in even the simplest systems are difficult,4 and it is
currently not feasible to predict, from first principles, th
behavior of complicated alloys and multilayered systems

For the most part, single magnetic films supported
nonmagnetic substrates have been investigated.5,6 In these
systems, the magnetization vector reorients from in the pl
of the film to perpendicular as the temperature changes.
phenomenon can occur either as the temperature increas
decreases. For example, in Fe and Co films the magne
tion rotates into the plane as the temperature ramps up7–9

while in films of Ni grown on Cu it rotates out of th
plane.10,11 All of these spin reorientation transitions a
single step, continuous transitions, and can be unders
using only the linear (K1) and quadratic (K2) terms of the
anisotropy energy expansion for a single magnetic film.
addition, these films are thin enough that the entire film m
netization rotates uniformly across the thickness of the fi

However, devices are generally composed of many dif
ent magnetic layers that can have significantly different m
netic orientations and properties. These properties incl
the Curie temperature, higher order anisotropies, interla
and intralayer exchange, and crystal structure. In orde
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begin understanding these systems, it is necessary to in
tigate the properties of more complicated, magne
multilayer structures.

Recently, we reported experimental evidence of a mu
step spin reorientation transition in a magnetic bilayer s
tem consisting of an ultrathin~1.5 atomic layers! amorphous
film of Fe on a thick, bulklike Gd~0001! film.12 The first step
in this unique spin reorientation transition is a continuo
reversible transition as the temperature increases from an
plane orientation of Fe-rich surface magnetization into
slightly canted, out-of-plane state. The next step occurs
still higher temperature, and is a discontinuous, hyster
transition of the surface magnetization to a nearly perp
dicular, out-of-plane state. Both steps take place in the t
perature interval from 260 to 280 K, i.e., below the Gd Cu
point, TC,Gd5292.5 K. Subsequent magnetic studies us
the polar magneto-optic Kerr effect,13 have shown that the
Gd layers near the interface participate in the spin reorie
tion transition. However, it was not possible to determine
what extent these interfacial layers are perturbed from
data at hand.

The goals of the present work are~1! to reveal the physi-
cal mechanisms underlying these two phase transitions,~2!
to find the area in parameter space~in terms of the magnetic
properties of both films! required for both a first order an
second order phase transition to occur, and~3! to understand
and model the extent to which the Gd interfacial layers p
ticipate in the spin reorientation transition. The approa
used is based on the accepted viewpoint that magnetic
reorientations are physical realizations of phase transition
described by Landau theory.14–16 We take the perpendicula
component of the surface layer vector magnetization as
order parameter and model the behavior of the entire sys
as the temperature changes, taking into account the l
dependent magnetization properties.

II. FIRST STEP—CONTINUOUS PHASE TRANSITION
FROM IN-PLANE TO CANTED

Here we discuss the physical mechanism that gives ris
the continuous, low temperature transition from the in-pla
to canted magnetization state of the Fe-rich surface. T
28-1
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transition is characterized by the appearance of long-ra
order perpendicular to the plane of the film, and is accom
nied by a reversible peak in the susceptibility.12,13 It can
therefore be considered a second-order phase transition i
state with a perpendicular magnetization component. In
der to describe this behavior it is necessary to use
multilayer approach. This is due to the fact that there mus
a non-uniform magnetization profile established~i.e., a do-
main wall! in the interfacial region between the canted s
face magnetization and the in-plane magnetized bulk Gd

The criterion for the onset of the continuous spin reorie
tation phase transition in this type of system was derived
our recent work~Ref. 17!, in terms of the reduced surfac
and subsurface anisotropy constants and the exchange
action in the surface layer. These are defined askS , kB , and
g, respectively@see Ref. 17, Sec. VI, Eqs.~42! and~43!#, and
the general solution to this problem is given in closed fo
for an arbitrarily large number of magnetic layers in the s
face region.

This evolution of the surface magnetization into a can
state can be understood intuitively by considering that
orientation of the surface moment is affected by two facto
the anisotropy energy of the Fe-rich surface~that favors the
perpendicular orientation! and the exchange energy betwe
the Fe-rich surface and the in-plane magnetized bulk Gd.
experimental data imply that at low temperature, the
change interaction between the bulk and the surface is st
ger than the surface anisotropy energy. To understand
continuous reorientation of the surface magnetization fr
in-plane to canted as the temperature increases, one
realize that the bulk magnetization falls off faster than
surface because Gd has a lower Curie temperature than
Fe-rich surface. Therefore, at some point the exchange in
action between surface and bulk becomes weaker than
surface anisotropy, and the surface will begin to cant ou
plane.

In the absence of the second discontinuous step obse
in Ref. 12, this analysis would be sufficient to describe
Fe spin reorientation transition, and would allow us to de
mine the reduced magnetic constants, as discussed in
17. This would result in a simple model that includes on
the linear term in the perpendicular anisotropy and the
change energy between surface and bulk. However, the
pearance of the second step at higher temperature means
while the criterion for the onset of this transition still hold
a more complicated model that includes higher order te
in the anisotropy energy expansion is necessary.

III. SECOND STEP—DISCONTINUOUS PHASE
TRANSITION OF THE SURFACE FROM CANTED TO

PERPENDICULAR

The second step of the reorientation transition is cha
terized by a discontinuous jump of the Fe-rich surface m
netization from canted to perpendicular, and can therefore
classified as a first-order phase transition. This spin reor
tation transition is hysteretic with temperature cycling, a
occurs slightly below the bulk Gd Curie temperature. A
other important aspect of this transition is that as the te
09442
ge
a-

o a
r-
a
e

-

-
n

ter-

-

d
e
:

e
-
n-
he

ust
e
the
r-

he
f

ed
e
r-
ef.

-
p-
hat,

s

c-
-

be
n-
d
-
-

perature is ramped up through the transition, there is a p
nounced maximum in both the perpendicular componen
the electron spin polarization and the polar magneto-o
Kerr effect ~MOKE!.12,13 The observation that this effect i
stronger in the MOKE data shows that it originates in t
interfacial Gd layers, and indicates that they are participat
in spin canting-along with the Fe-rich surface layer.

The fact that there is a discontinuous, hysteretic transit
of the magnetization direction means that the energy of
system must have two minima as a function of the angle
the film magnetization. This requirement can only be met
including up to at least cubic terms in the anisotropy ene
expansion. Just as important, however, is the fact that
values of these anisotropy coefficients and the excha
terms must meet specific requirements in order to obta
coexistence of both first- and second-order phase transit
over the course of the spin reorientation transition. Th
higher-order terms may originate either at the surface o
the bulk. Consideration of these possibilities results in
two models discussed below:~1! a surface driven model
with the higher-order terms originating solely in the Fe ov
layer; and~2! a bulk driven model with the higher orde
terms originating solely in the Gd. We explore both of the
possibilities in Secs. III A and III B. In both models we de
velop a full multilayer approach, where the Fe-rich surface
the first layer and the underlying Gd film is divided in
many different layers. The response of the system in th
two models is calculated for both electron spin polarizat
and MOKE measurements.

A. Surface driven model of the discontinuous transition

This model assumes that the discontinuity of the mag
tization vs. temperature originates from the intrinsic prop
ties of the Fe-rich surface layer. In Sec. III A 1 we illustra
the nature of the discontinuous step within a magnetic
layer approach~i.e., surface and bulk!, and demonstrate tha
it is not possible to describe the multistep spin reorientat
transition without accounting for at least cubic terms in t
anisotropy energy expansion.

A multi-layer approach is then applied~Sec. III A 2!, and
solved numerically to find the computer simulated magn
zation profile in the Gd film. We find that the simulate
MOKE and surface magnetization data match well with t
experimental data.

1. Surface driven model—bilayer approach using surface
anisotropy vs bulk exchange

In the surface driven model, the thermodynamic poten
of the Fe/Gd system may be written as a series expansio
the magnetization angle, cos2 u, (u5u12p):

FS5K1,S ,MS
2 cos2 u1K2,SMS

4 cos4 u

1K3,SMS
6 cos6 u1JSBMSMB cosu. ~1!

Here, the coefficientsKn,S are the surface anisotropy con
stants andJSB is the exchange interaction between the s
face and the bulk magnetizations,MS andMB , respectively.
This is depicted in Fig. 1~a!. Note that the figure is drawn to
8-2
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show that the Fe is antiferromagnetically aligned to the b
~i.e., JSB,0), as occurs in the actual system. This does
change the energy minimization of the system, but it is i
portant later for calculating the MOKE signal.

To illustrate the full multi-step spin reorientation wit
temperature we introduce the parameterm
[MB(T)/MB(0), thereduced magnetic moment of the bu
Gd. Thedecreasein m from one to zero corresponds to a
increase in temperature from zero to the Gd Curie poi
TC,Gd[TCB . NormalizingFS with the positive, temperature
independent coefficient2JSBMSMB(0) gives the formula
for the reduced thermodynamic potentialw:

w5
FS

2JSBMSMB~0!

5a cos2 u1b cos4 u1g cos6 u2m cosu. ~2!

The minimization ofw with respect to the angleu gives the
following solutions: the in-plane state (u50), the perpen-
dicular state (u5p/2) and the canted state (0,u,p/2)
with u determined by

m52a cosu14b cos3 u16g cos5 u. ~3!

To obtain a double well of the anisotropy energy with
global minimum at cos2 u50 and a local minimum at som
intermediate angle between zero andp/2, one must investi-
gate Eq.~3! for all different signs of the reduced anisotrop
constantsa, b, and g. We find that the case withaÞ0, b
5g50 cannot give rise to a first-order transition. On t
other hand, it can be shown that the casea.0 andb,0,
g50, gives rise to a first-order transition formÞ0 only if
the additional requirement 1/&,2a/2b,) is satisfied;
otherwise the transition is second order. The plot ofm(cosu)
is presented in Fig. 2. Arrows show the cooling and heat

FIG. 1. Diagrams of the two approximations used for model
the behavior of the Fe/Gd magnetic multilayer system. Panel~a!
shows the magnetic bilayer approach, and panel~b! shows the
multilayer approach, where the Gd is allowed to break up into d
crete magnetic layers. This simulates the formation of a dom
wall in the Gd layers between the canted FeGd surface layer an
in-plane magnetized Gd bulk.
09442
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cycles and confine the area of the maximal hysteresis lo
This loop simulates the magnetization angle jumping up d
continuously atm1 as the sample is heated, and back down
m2 during cooling. For a computer simulation, however, w
will observe the jumplike behavior at some intermedia
magnetization, denoted in Fig. 2 asmeq. This is because the
simulation will always find the lowest energy equilibrium
angle rather than the intermediate metastable ones.

However, the problem with this solution is that the r
quirements for the continuous transition, as described in S
II and Ref. 17, cannot be met for this range of paramete
Therefore, in the absence of a cubic term in the energy
pansion (K3S ,g50), it is possible to obtaineithera first- or
second-order transitionbut not both. Consideration of canted
states in an arbitrarily large number of atomic Gd layers d
not change this result because at each layer the same co
erations apply.

With further analysis, it can be shown that only the ca
a.0, b,0, and g.0 allows for both first- and second
order steps in the spin reorientation transition. The plot om
vs cosu ~solid line! for this case is presented in Fig. 3, whe

-
in
he

FIG. 2. Evolution of the surface Fe-Gd magnetization orien
tion (cosu) with reduced Gd magnetization,m, using only linear,
K1 , and quadratic,K2 , anisotropy constants.

FIG. 3. The evolution of the surface Fe-Gd layer magnetizat
orientation (cosu) with reduced Gd magnetization,m, using linear,
K1 , quadratic,K2 , and cubic,K3 , anisotropy constants.
8-3
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m5m0 and m5meq correspond to the second and the fir
order equilibrium steps, respectively. Arrows show the co
ing and heating cycles and define the boundary of the m
mal hysteresis loop. The spin reorientation is essenti
multistepped, with the second-order transition preceding
first-order one only if the requirementm0[2a14b16g
.meq is satisfied. Therefore, within the surface driv
model, the description of the multistep spin reorientat
transition is possible only ifK1S.0, K2S,0, andK3S.0
and they satisfy further stringent conditions for their relat
magnitudes.18

2. Surface driven model-multilayer approach and simulation

In order to describe the MOKE data, it is necessary
account for the deviation of the subsurface Gd atomic lay
from the in-plane direction. Therefore, within the first mod
the thermodynamic potential of the system is given by

F5K1SMS
2 cos2 u11K2SMS

4 cos4 u11K3SMS
6 cos6 u1

2J12MSMB cos~u12u2!1 (
n52

`

@2Jn,n11

3cos~un2un11!1K1B cos2 un#MB
2. ~4!

HereJ12,0 is the exchange interaction between the s
face and subsurface atomic layers,Jn,n11 (n.1) is the
Gd-Gd interlayer exchange interaction,K1B is the Gd layer
anisotropy constant,K1B,0, and theun are the orientation
angles for surface (n51) and bulk atomic layers (n
52,3,....), as shown in Fig. 1~b!. The minimization of Eq.
~4! results in a dependence of the anglesun on the layer
index and temperature via the temperature dependence o
Gd magnetization,MGd[MB . The surface magnetization
MS , was assumed to be temperature independent in the
perature interval 270–290 K.

Equation~4! was solved using an iterative computer pr
gram to find the minimum energy for any given combinati
of anisotropy and exchange parameters. With this prog
we confirmed that the results of the bilayer approach d
cussed in Sec. III A 1 hold for the multi-layer approach. W
were then able to simulate the temperature dependenc
both the SPSEES and MOKE signals. These results are
sented in Fig. 4.

For the SPSEES signal, we plot the magnetization dir
tion of the topmost surface layer. The MOKE signal, on t
other hand, is simulated by summing the contributions
each layer with an exponentially decreasing contribution a
function of depth. This simulation incorporates the fact th
Fe and Gd give opposite rotations of light. These contri
tions therefore add because the Fe and Gd are antiferrom
netically coupled. We find that the best fit to the data occ
when the exponential attenuation constant is comparabl
the depth of the magnetization profile. This is consistent w
the fact that the domain wall width and the exponential
tenuation of light in Gd are of similar magnitude.
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B. Bulk driven model of the discontinuous phase transition

In this section we take the opposite approach to Sec. II
and assume that the discontinuous transition is driven o
by higher order anisotropies that exist in the Gd bulk. W
first describe the physical mechanism within a simplified
layer approach, Sec. III B 1, and then extend to a f
multilayer approach to simulate the experimental data in S
III B 2.

1. Bulk driven model—bilayer approach using surface
anisotropy vs bulk exchange and anisotropy

The bulk driven model assumes that the discontinu
transition originates from the intrinsic properties of the G
interfacial layers. Due to the predominant role of the sha
anisotropy, the well-known second-order spin reorientat
of the bulk Gd~Refs. 19 and 20! is suppressed due to th
shape anisotropy of the samples.21 The in-plane anisotropy
energy of Gd therefore decreases to zero at the Curie poin
Gd. On the other hand, the perpendicular Fe-Gd surface
isotropy energy is almost constant because it’s magnetiza
does not change significantly in this range. This change
the balance between these two energies leads to a trans
into the perpendicular state of the surface as the tempera
is ramped up. To describe the first-order step, it is neces
to assume that the dependence of the Gd subsurface an
ropy energy is a non-monotonic function with a local min
mum. The Gd anisotropy energy is expanded in cos2 u, and
the total energy is given by the equation

F52JSBMSMB cos~u!1KSMS
2 cos2 u1K1BMB

2 cos2 u

1K2BMB
4 cos4 u1K3BMB

6 cos6 u. ~5!

The analysis of various cases corresponding to all poss
signs of the bulk anisotropy constantsK1B , K2B , andK3B in
Eq. ~5! is similar to that for the first model. We find that th
multi-step spin reorientation with both first- and secon
order steps is possible only in the case whereKS , K3BÞ0,

FIG. 4. Simulation of the surface driven model for the two-st
spin reorientation transition of Fe/Gd.
8-4
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K1B,0, K2B.0, andK3B,0, with restrictions on their rela
tive magnitudes analogous to those described in Sec. III

2. Bulk driven model—multilayer approach and simulation

In order to describe the MOKE data, again we consi
the deviation of the magnetization from the in-plane orien
tion in each Gd atomic layer. Within this second model t
thermodynamic potential is given by

F52J12MSMB cos~u12u2!1K1SMS
2 cos2 u1

1 (
n52

`

@2Jn,n11MB
2 cos~un2un11!1K1BMB

2 cos2 un

1K2BMB
4 cos4 un1K3BMB

6 cos6 un#. ~6!

The minimization ofF in Eq. ~6! results in the dependenc
of anglesun on the layer index and on temperature via t
temperature dependence ofMGd[MB , with MS temperature
independent.

Again, an iterative computer simulation of the magnetiz
tion profile and resulting temperature dependent surface
MOKE data were calculated in the same manner as S
III A. The results are presented in Fig. 5.

IV. DISCUSSION

The multi-step spin reorientation discussed here for
Fe/Gd system has not been observed in any other thin film
multi-layered system. We find that the explanation of the fi
order transition necessitates a nonlinear dependence o
anisotropy energy on the magnetization orientation. In ad
tion, the parameter space available for the coexistenc
both a first- and second-order phase transition in this sys
is limited.

In both models, it is necessary to have a surface that
vors perpendicular magnetization, i.e.,K1S.0. This effect is

FIG. 5. Simulation of the bulk driven model for the two-ste
spin reorientation transition of Fe/Gd.
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to be expected because, according to experimental data a
able, both Fe-Gd~Ref. 22! and pure Fe~Refs. 7–9! films
exhibit a magnetic anisotropy that favors a magnetizat
perpendicular to the plane of the film.

For the surface driven model, however,K2S andK3S have
never been experimentally determined.2 Existence of these
terms is not necessarily expected because the long-rang
der of the Gd~0001! surface was reported to be broken by t
deposition of the Fe over layer.12 However, the sixth-order
symmetry,C6v , in the first few subsurface Gd layers mig
affect the surface magnetic anisotropy energy as well as
local structural symmetry seen by the individual Fe atom
This effect could, therefore, contribute a cubic term to t
Fe-Gd anisotropy energy expression.

For the bulk driven model, on the other hand, values
K1B andK2B have been reported from experiments on bu
Gd.19,20At low temperature, the sign ofK1B agrees with our
model, while in the vicinity of the Gd Curie point it wa
reported to become slightly positive. Due to the negat
contribution of the shape anisotropy of the Gd film substra
however,K1B is not expected to change sign in this expe
ment. On the other hand, the values forK3B reported in the
literature are positive and small. In-depth analysis of the d
available brings us to the conclusion thatK3B is, in fact, not
well established even for bulk Gd samples. Also, it is like
that the anisotropy constants of the Gd layers in the surf
region are affected by the Fe overlayer, and therefore di
from the bulk values.

The comparison of our MOKE and surface magnetizat
computer simulations, presented in Figs. 4 and 5, shows
they are very similar. Both models demonstrate the two-s
spin reorientation; the first step is a second-order transi
from the in-plane state to a canted, out-of-plane state, and
next step is a first-order transition from the canted state
nearly perpendicular state. The bump in the simula
MOKE signal just above the first order step matches wel
shape and magnitude with experimental data. This supp
the conclusion made in Ref. 13, and shows that the Gd
terfacial layers take part in the formation of a canted m
netic structure. The main difference between Figs. 4 and
rather subtle, in that the change in the surfacez-component
on the first-order step is larger within the first model.

Such uncertainty in the models for describing a spin
orientation transition in exchange coupled magnetic mu
layers is not unique. Because most experiments register
the fact that a transition occurs, rather than directly mea
ing the anisotropy in each layer, it is often impossible
identify which layer is driving it. The exchange coupled la
ers in the super-resolution magneto-optical devices ar
good example.23 These devices are based on rare-earth
transition metals with competing in-plane and perpendicu
anisotropy. Two possible mechanisms were found for t
spin reorientation transition. The first mechanism is an intr
sic spin reorientation in the GdFeCo layer, and the secon
the exchange coupling force between the perpendicul
magnetized TbFeCo and the in-plane GdFeCo films. Th
mechanisms are can be explained using only linear term
the anisotropy and standard spin reorientation models.
8-5
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In contrast, our analysis of the order of the transitions
the Fe/Gd system demonstrates that this spin reorientatio
fundamentally different. This is because it relies on a non
earity in the anisotropy at or near the surface. The data av
able related to the first two anisotropy constantsK1 andK2 ,
for Fe, Gd, and Fe-Gd films required by each model app
to be of the appropriate sign, but a careful measuremen
their magnitudes is needed to compare to simulations. H
ever, the most important insight into the mechanism driv
this two-step transition would be a experimental determi
tion of the sign and magnitude of the cubic anisotropy c
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stantK3 in the bulk and at the interface for Gd and Fe-G
thin films.
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