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Magnetic behavior of thin rare-earth films

V. D. Mello, A. S. Carriço, and N. S. Almeida*
Departamento de Fı´sica Teo´rica e Experimental, Universidade Federal do Rio Grande do Norte, CEP 59.072-970 Natal,

Rio Grande do Norte, Brazil
~Received 27 May 1998!

We consider a thin rare-earth film with thec axis perpendicular to the surface, to study its nonuniform
magnetic structure induced by the lower coordination near the surfaces. The influence of a dc magnetic field,
applied perpendicular to thec axis, on the equilibrium configurations is also investigated. The spin-wave
frequencies, in theq50 limit, are calculated as a function of the strength of the external dc field. We use the
bulk parameters of dysprosium and holmium to obtain the external field dependence of the equilibrium con-
figuration, magnetization, and the lowest spin-wave modes of 30-monolayer-thick films.
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I. INTRODUCTION

The physical properties of ferromagnetic and antifer
magnetic films have been intensively studied for a lo
time.1 The solutions of classical problems involving the ma
netic behavior of these systems can now be found in sev
text books. However, the rapid development of the prepa
tion techniques, which nowadays allow the growth of ve
thin magnetic metallic films of exceptional quality, open
up new areas of interest. In fact, the observation of n
magnetic phenomena such as the giant magnetoresistan
transition metal trilayers,2 and the perpendicular alignmen
of the thin film magnetizations also observed in transitio
metal thin-film trilayers,3,4 among others, revived the intere
in the area of thin-film magnetism. The use of molecul
beam epitaxial~MBE! growth techniques, for example, ha
allowed the fabrication of single-crystal thin films with
well-defined number of atomic planes and allowed the tes
fundamental theories of magnetism. Moreover, the need
prepare materials for several specific purposes has dema
a better understanding of the intrinsic characteristics of th
systems, and motivated a considerable number of researc
to investigate details of their intriguing properties.

However, while ferromagnetic and antiferromagne
films have received great attention and have been well s
ied theoretically and experimentally, the same cannot be
of rare-earth thin films. So far, most of the studies of ge
metrically limited rare-earth systems has been dedicate
multilayered systems and the main goal has been the un
standing of the influence of the substrate or spacer on
thermodynamic behavior of the system.5 The competition be-
tween the magnetic trends of the different layers6,7 in multi-
layered systems has also been studied.

The magnetic properties of rare-earth~RE! superlattices
result from the combined effect of the individual behavior
the constituent RE films and the features introduced by
periodicity of the multilayered structure. Therefore, local
fects like the weaker exchange coupling of the moments n
the surface of a film~due to the lack of coordination! can
easily be masked by the overall behavior of the system.
der the influence of an external dc magnetic field a helim
netic film should display a nonuniform distortion of the h
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lix, with stronger field effects near the surfaces. T
moments in the middle of thick films should display fie
effects as prescribed for the bulk. This fact must be reflec
in the response of the system to an external input. Howe
in a periodic system, like superlattices, the response
contains the periodic character of the geometry artificia
imposed and the surface effects may therefore be hidd
The aim of this paper is to study the influence of the lack
coordination of the magnetic moments localized near the
faces on the magnetic behavior of thin rare-earth films.
avoid unnecessary complexity, we focus our discussion
the physical properties of RE films with thec axis perpen-
dicular to the surface.

In the Sec. II of this paper we discuss the model used
describe the system and we study the equilibrium configu
tion ~field induced magnetic phases! of a rare-earth system
with a finite number of monolayers; Sec. III is devoted to
theoretical study of theq50 spin waves and the relationsh
between their frequencies and the magnetic phases of
system; the conclusions as well as a discussion of sele
features of rare-earth films is presented in Sec. IV.

II. THE EQUILIBRIUM CONFIGURATION

A basic feature of the known magnetic phases of b
rare-earth metals, at any temperature and in presence o
bitrary dc fields, is that the moments in each basal plane
equivalent. Therefore the magnetic structure can be seen
chain of spins, each representing the magnetic moment
lattice site in a basal plane.8 The magnetic phases of a thi
film with the c axis perpendicular to its surfaces can equa
well be represented in this manner since the surfaces b
the symmetry along the direction perpendicular to the ba
plane but introduce no modification in the basic symmetry
the system. Spins in a given plane~parallel to the surface! are
still equivalent.

The effective coupling between layers of equivalent sp
is described by the conventional bilinear exchange. In eq
librium, the energy associated to the intraplane exchang
never modified since the moments in a given basal plane
always parallel to each other. Hence, this contribution to
magnetic energy does not need to be taken into accoun
6979 ©1999 The American Physical Society
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the magnetic Hamiltonian. Even the excitations associa
with q50 spin waves, or spin waves propagating along thc
axis, do not modify this picture since the spins in any ba
plane oscillate in phase.

Therefore, we model the rare earth film as a stack
atomic monolayers, infinitely extended in thex-y directions,
which are coupled through exchange interaction with
nearest- and the next-nearest-neighbor monolayers. E
monolayer also feels an anisotropy that is responsible for
helimagnetic or conic behavior of the entire system. We
sume thec axis of the rare-earth material is perpendicular
the surfaces of the film. Therefore thec axis is along thez
direction. In a helimagnetic configuration the magnetic m
ments are in the basal plane (x-y plane! and the direction of
the moments of consecutive monolayers are turned by a
stant angle if the thickness of the film goes to infinite. In
conical configuration the moments have a finite compon
parallel to thec axis while the moment projections in th
basal plane follow a helimagnetic structure. The cone an
is the equilibrium configuration resulting from the compe
tion between the anisotropy and interplane exchange e
gies. A complete discussion of these features can be foun
the papers listed in Ref. 8.

In our model, the spins in the surface region have
same anisotropy as the rest of the system but have a we
exchange coupling due to the lack of coordination. In
equilibrium configuration each spin is aligned with the loc
effective field at any layer.9 Therefore surface effects are n
restricted to the surface layers. A few layers near the sur
are also affected by the lack of surface coordination. T
actual number of layers modified by the surface effects
pends on the way the effective local field relaxes towards
bulk pattern in the middle of the film.

To obtain the equilibrium configuration of the system, w
use the model described above to write the magnetic en
as

E5J1 (
n51

N21

S~n!•S~n11!1J2 (
n51

N22

S~n!•S~n12!

1 (
n51

N

@K2Sz
2~n!1K4Sz

4~n!2gS~n!•Ho#. ~1!

HereJ1 andJ2 are the parameters that describe the excha
interaction between the nearest and next-nearest monola
respectively,S(n) denotes spins in thenth monolayer,K2
andK4 are the parameters that specify the anisotropies of
system,g5gmB , and Ho represents the externally applie
dc field. Notice that surface effects are incorporated in
~1! since the spins near the surfaces have the exchange
ergy reduced by the absence of nearest and/or second-ne
neighbors. As mentioned before, the lack of coordinat
affects directly only the spins of the first two layers near
surfaces (n51, 2, N21, andN) but, as will be seen later
the effect may be felt by spins at monolayers several ato
planes away from the borders of the film.

Since uS(n)u5S is a constant, we can write the com
ponents of S(n) as Sx(n)5Ssin (un) cos (wn), Sy(n)
5Ssin (un) sin (wn), andSx(n)5Scos (un), where the angles
un andwn determine the direction ofS(n) with respect to the
z axis andx axis, respectively. The equilibrium configuratio
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is obtained from the calculation of the anglesun andwn that
minimize the magnetic energy given by Eq.~1!. This proce-
dure is equivalent to looking for values ofun and wn that
make the torque on every spinS(n) equal to zero. Therefore
to find out the equilibrium configuration we shou
obtain the profile $un ,wn ;n51, . . . ,N%, that makes
S(n)@]E/]S(n)#50 for all spins and also has the minimu
energy. For fixed values of the parameters and externa
field, there are several profiles that make the torque on ev
spin equal to zero. The equilibrium configuration is the p
file that gives the lowest energy. We use the numeri
method described in more detail in Ref. 9 to obtain the m
netic structure for films of dysprosium and holmium. At lo
temperatures, these films are described by the following
rameters: S(Dy)55/2, J1(Dy)526.08310215 ergs/ion,
J2(Dy)52.07310215 ergs/ion,K2(Dy)51.33310215 ergs/
ion, K4(Dy)520.13310215 ergs/ion, S(Ho)52, J1(Ho)
527.31310215 ergs/ion, J2(Ho)52.11310215 ergs/ion,
K2(Ho)520.44310215 ergs/ion, K4(Ho)51.24310215

ergs/ion. The anisotropy parameters above are related to
experimental values ofK2

0 , K4
0 , andK6

0 , given in Ref. 10,
by

K2S25
3

2
K2

02
15

4
K4

01
1575

240
K6

0 ~2a!

and

K4S45
35

8
K4

02
4725

240
K6

0 . ~2b!

By imposing cyclic boundary conditions on a film con
taining complete helices we have reproduced the main
sults of bulk materials. For low dc fields applied parallel
the basal plane, the magnetization increases linearly with
strength of the magnetic field, reflecting weak distortions
the helix. The distortions in the helical pattern become lar
as the strength of the external field is increased. By furt
increasing the external field strength one reaches a fi
where a first-order transition to the fan phase occurs. In
fan phase the directions of the equilibrium positions of t
moments oscillate around the direction of the applied fie
The amplitude of these oscillations gradually decreases
the external field is increased, until saturation is reach
These results are reported in a number of revi
articles.10–12

We have studied surface and field effects for films
various thicknesses. As could be expected, we found the
tortions imposed on the helix by the combined action of
low surface coordination and the applied field are stron
near the surface region. In the absence of external field,
two layers of spins near the surfaces are directly affected
the drop in coordination and the rest of the film is on
indirectly affected by the surface effects. We have fou
that, in very thin films~12 layers, for example!, practically
all the layers are affected by the surface induced distortio
On the other hand, in thick films~a few hundreds of planes!
only a minor fraction of the film~near the surfaces! is af-
fected and, similar to what is found in the unbounded R
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materials, the magnetic pattern is mainly determined by
intrinsic competition between first- and second-neighbor
change.

The effect of an applied field on the magnetic structure
thin RE films is by no means obvious. The spins near
surfaces are softer and consequently respond more eas
the external dc field. One might then think that the fie
should induce stronger alignment of moments near both
faces. However, the magnetization pattern is controlled
the surface effects and also by the twist imposed in the c
tral part of the film. The field induces unequal surface
gions. The restriction of equivalent surface regions, as m
be expected at first glance, leads to higher energy.

In Fig. 1 we display the turn angles of the spins in t
layers of a 30-monolayers-thick ('170 Å ) Holmium film
in the absence of field~dots! and when a dc fieldHo52 T is
applied perpendicular toc axis and parallel tox direction
~triangles!. In this picture, we can see that, in the absence
external field, the helix is deformed only in the two mon
layers near the surfaces. On the other hand, in the pres
of an applied field ofHo52 T, only a small fraction of spins
near the middle of the film, preserves the helix character
this case near one of the surfaces, a fan phase is prod
with an amplitude aroundp/6, while near the other surface
few spins are aligned with the applied field. Upon furth
increase of the applied field~results not shown here! the fan
phase covers the whole film.

The field induced nonsymmetrical modification of th
magnetic pattern reported here is analogous to what has
reported for other systems of current interest. This is
case, for instance, of the low field surface induced instab
of the antiferromagnetic phase of antiferromagne
multilayers13 with finite number of layers.

The analysis of the energy of the system, as a function
the applied dc field, shows that the system has two ph
transitions in this field interval, which correspond to differe
kinds of distortion of the helical projection in the basal plan
These phase transitions can be seen in Fig. 2 where we
play the x ~full lines! and y ~dot lines! components of the
magnetization as a function of the dc field, applied paralle
the x direction. In Fig. 2 the jumps in the magnetizatio

FIG. 1. Turn angles of an holmium film, 30-monolayers thick,
the absence of field~dots! and when a dc field of 2 T is applied
parallel to thex direction ~triangles!.
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reflect major changes in spin arrangements near the surfa
From Ho50 to Ho50.75 T the helix deforms continuousl
as the field is increased. The first magnetization jump refle
the onset of a large amplitude (p/3) fan phase at one surfac
~involving ten spins!, which gradually aligns with the field
The second magnetization jump, atHo51.5 T, results from a
sudden reduction of the amplitude of the oscillations, d
creasing to nearlyp/6.

III. SPIN WAVES

The magnetic behavior of the system can also
studied through the analysis of its spin waves. Once
equilibrium configuration is known, for a given value o
the applied dc field, the frequencies of theq50 spin
waves can be found from the equations of motio
@dS(n)/dt#52S(n)3(2@]E/]S(n)#. Following the
standard procedure, we write

S~n!5So~n!1s~n,t ! ~3a!

and

2
]E

]S~n!
5Heff

o 1h~n,t !, ~3b!

whereSo(n) and s(n,t) denote the equilibrium and the os
cillation of the spins of the nth monolayer, respectively. Heff

o

is 2@]E/]S(n)# calculated in the equilibrium, andh(n,t)
represents the time dependent part of the effective field
troduced bys(n,t). Then, we linearize the equations of m
tion with respect tos(n,t) and h(n,t) and assume a harmoni
dependence for all dynamical quantities@s(n,t)5s(n) exp
(2iVt)#. Thus the coupled equations of motion can be w
ten in the matrix form:

FIG. 2. Field dependence of thex ~full lines! andy ~dot lines!
components of the magnetization of the holmium film with
monolayers. The magnetization is shown in unit of the satura
magnetization.
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where the 3N column vector is constructed with the thre
components of theN vectors that denote the oscillation of th

spins andMi , j are the elements of the 3N33N matrix MJ

constructed from the 3N linearized equations of motio
which depends onun and fn ~angles that give the equilib
rium configuration!. The computation of the matrix elemen
Mi , j is straightforward but the final expressions are qu
long and we do not show here. The frequencies of the s

waves are the imaginary part of the eigenvalues ofMJ . Each

eigenvector ofMJ , associated with a given frequency, d
scribes the characteristics of the oscillation in that frequen

In Fig. 3 we show the frequencies of the two lowest fr
quency spin waves in a dysprosium film, 30-monolay
thick, for different values of the dc magnetic field applie
parallel to thex direction. For the lowest frequency mod
there is a linear dependence of the frequency on the stre
of the magnetic field. Moreover, the eigenvector associa
with this mode shows that it corresponds all spins oscillat
in phase and with the same amplitude. So we can say
this mode is similar to the acoustic modes observed in m
tilayered systems. The second lowest frequency mode h
different character. In this mode the film is divided in tw

FIG. 3. Dispersion relation of the two lowest frequency mod
of the q50 spin waves in a 30-monolayers-thick dysprosium fil
,

e
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parts oscillating with opposite phases. A spin near the ce
of the film, with zero amplitude of oscillation, separates t
two parts. When the strength of the dc field is increased,
nonoscillating spin is displaced in the direction of the s
face.

In Fig. 4 we display several modes of the holmium fil
described earlier. In this picture, in addition to theHo depen-
dence of the low-frequency modes, one can observe tha
q50 spin waves also give information about the phase tr
sitions of the film. In Fig. 2 we showed that the magnetiz
tion is discontinuous at fields where the system has a ph
transition. In Fig. 4 we can see that these phase transit
are also characterized by discontinuity in the dispersion
lation of the spin waves.

IV. FINAL REMARKS

The diversity of the magnetic behavior of bulk rare-ea
materials attracted a great deal of attention in the past. T
happened mainly due the rich variety of magnetic phase
these materials and the intriguing effects produced by
magnetic fields.8,12 More recently, nonsymmetrical modifica
tion induced by externally applied magnetic field on fin
transition-metal multilayered systems, with even number
magnetic layers, was reported13 and motivated several au
thors to investigate this unusual characteristic. We have d
onstrated here that RE films may have not only the regu
bulk RE behavior but also surface features rather simila
antiferromagnetic multilayers. The common feature is
modification in the magnetic equilibrium profile which re
sults from soft spins near the surfaces. In antiferromagn
multilayers composed of thin transition-metal films13 each
layer corresponds to a thin transition-metal film which can
represented by a single spin variable. In the RE film ea
magnetic layer corresponds to an atomic plane.

One of the greatest motivations for the study of new m
netic systems is the high demand for new materials to
specific technological applications. To meet this goal
magnetic system has to be well characterized in order to h
a reliable value. In this paper we studied the physical beh
ior of RE thin films and directed our calculation to obta
quantities that can be used to characterize them. Am

s
.

FIG. 4. Dispersion relation of several modes of theq50 spin
waves in a 30-monolayers-thick holmium film.
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other techniques the magnetic optical Kerr effect can be u
to ‘‘see’’ the magnetic phases of the system. Furthermore
measurement of the frequencies of the excitations of the
tem may also give relevant information about the magn
phases.

In our numerical calculation, we have used parame
that describe bulk RE materials. The symmetry break,
posed by the surfaces of the films, may modify the intrin
physical properties of the system and, as a conseque
modify the parameters that describe them. However, we
not expect qualitative changes of the physical behavior
F
l

d
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e
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ported here. In fact, despite the simple model used to
scribe RE films, we expect that the prediction that these fi
have modes with acoustical and optical character~so far not
observed in magnetic films! can be experimentally invest
gated. We are sure that an experimental study of RE
films would reveal the unknown features of these system
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