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Perpendicular and in-plane magnetic anisotropy in epitaxial Cu/Ni/Cu/Si„111… ultrathin films
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Epitaxial ultrathin Cu/Ni/Cu films with Ni thickness in the range 1.5–6 nm have been grown by UHV
evaporation on the Si(111)-737 surface.In situ characterization made by low-energy electron diffraction and
Kikuchi electron diffraction revealed that both Ni and Cu films grow epitaxially on Si, with a~111! orientation
and with their~1̄10! axis parallel to the~12̄1! axis of the Si substrate. Magneto-optical Kerr effect measure-
ments performed at room temperature have shown that the preferential direction of magnetization lies in the
film plane for Ni thickness above 3 nm, while it is perpendicular to the film plane for lower thickness. Brillouin
light scattering was then exploited to study the spin-wave dispersion as a function of both the applied magnetic
field and the wave vector direction on the surface plane. In order to interpret the Brillouin data, we have used
a macroscopic model which takes into account both dipolar and exchange interactions, as well as bulk and
interface anisotropy for the~111! plane of a cubic crystal. This enabled us to determine, in addition to the other
magnetic parameters, both the in-plane and the out-of-plane anisotropy constants. The observed dependence of
these constants on the film thickness indicates that the magnetic anisotropy is mainly of magnetoelastic origin.
@S0163-1829~97!07838-7#
tu
g
h
la
a

t
s
n
he
ia
o
an
pe
et
n

te
t

o-
o
iv
m

a
lm
-

t-

he
-
n

tic
atic
der

of
es,
V
e-

si-
ures
the

ast

of
ith
ept

as
s

I. INTRODUCTION

In recent years a great effort has been devoted to the s
of magnetic films and multilayers in which there is a chan
of the preferential orientation of the magnetization from t
commonly observed in-plane direction to that perpendicu
to the film plane. This phenomenon, usually referred to
perpendicular magnetic anisotropy~PMA!, originates from
the competition between the magnetostatic energy and
out-of-plane anisotropy energy. Using this effect, it is po
sible to tailor and synthesize structures in which the mag
tization can be normal or parallel to the film, by varying t
thickness of the magnetic film and choosing an appropr
combination of materials. This is very important for techn
logical applications such us solid-state electronic devices
magnetic recording media. As a consequence, several ex
mental techniques capable of investigating the magn
properties of ultrathin films have been developed. Amo
these, the Brillouin-light-scattering~BLS! technique, based
on the inelastic scattering of photons by thermally exci
spin waves~thermal magnons!, has proved to be the mos
powerful technique for studying spin waves in tw
dimensional systems, with a sensitivity down to the mon
layer scale.1 It has been shown that BLS measurements g
access to the determination of magnetic parameters and
netic anisotropy constants and allow one to obtain inform
tion on the magnetization orientation with respect to the fi
plane.1 All the previous BLS investigations of ultrathin mag
netic structures were mainly concerned with Fe~Refs. 2 and
3! and Co,3,4 while no BLS investigation of magnetic aniso
560163-1829/97/56~17!/11073~11!/$10.00
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ropy in Ni ultrathin films has been reported to date in t
literature.3 This lack of Brillouin data on Ni is probably mo
tivated also by the relatively small Brillouin cross sectio
with respect to other ferromagnetic materials.5 In spite of
this, Ni films are very appealing in the study of magne
anisotropy, because Ni has a relatively small magnetost
energy density~the magnetostatic energy constant is an or
of magnitude lower than that of Fe! which constitutes the
main resistance to perpendicular magnetization.

In this paper we present the results of a BLS analysis
magnetic anisotropy of epitaxial Cu/Ni/Cu heterostructur
for different thicknesses of the Ni layer, deposited by UH
evaporation on a Si~111! substrate. We have chosen to d
posit the Ni magnetic ultrathin films on Si~111! because of
the large literature existing on Cu and Ni metallic depo
tions on such a surface at room temperature which ens
about the quasiperfect pseudomorphic growth along
~111! direction.6 On the other hand, Tonneret al.7 con-
cluded, through x-ray photoelectron diffraction~XPD! mea-
surements, that Cu epitaxy does not occur on Si~100! even at
the early stage of the interface formation, in strong contr
with the results previously reported by Chang.8 In addition,
to best of our knowledge no previous BLS investigations
magnetic anisotropies in ultrathin ferromagnetic films w
~111! orientation have been reported in the literature exc
for the work made by Hillebrandset al. on Co~111! ultrathin
films where no in-plane anisotropy could be observed.9 The
structural and magnetic characterization of our films h
been performed byin situ electron spectroscopy technique
and by theex situmagneto-optical Kerr effect~MOKE!, re-
11 073 © 1997 The American Physical Society
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11 074 56G. GUBBIOTTI et al.
spectively. With this information in hand, the dispersion
the spin-wave frequency with both the strength of the app
magnetic field and the wave vector direction on the surf
plane has been studied by BLS. In order to interpret the B
data, the approaches previously proposed by Stamps
Hillebrands10–12 for the calculation of the spin-wave fre
quency in magnetic ultrathin films have been extended to
case of a cubic film with~111! surface orientation. This en
abled us to analyze the magnetization orientation and to
termine the magnetic parameters of the film, including
in-plane and the out-of-plane magnetic anisotropy consta

The plan of the paper is as follows. Section II is devot
to the description of the specimen preparation and thein situ
structural characterization. In Sec. III, we present the MO
and BLS techniques which provide information about bo
the static and the dynamic properties of the magnetizat
The theoretical models we use for the calculation of the sp
wave frequency measured in BLS spectra as a function of
applied magnetic field and of the wave vector direction
the surface plane are described in Sec. IV. In Sec. V
experimental results are presented and discussed, while
clusions are outlined in the last Sec. VI.

II. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

A. Sample growth conditions

The Ni ultrathin films used in the present experiment w
grown in a UHV chamber operating at Camerino Universi
The pressure during Ni depositions rose from a base valu
2310210 Torr to a few 1029 Torr. The substrate was a
optically polished Si~111! crystal ~p type, 0.1 V cm!
clamped on two rods for direct Joule heating. The atom
cleaning was obtained by a series of successive flashe
1200 °C to get anin situ desorption of the native oxide. T
reach such a temperature a current of 8 A flowing through
the sample was required. The nominal thickness of each
posited layer was monitoredin situ by means of an INFI-
CON quartz microbalance. To obtain the best conditions
epitaxial growth, a Cu buffer layer 3.5 nm thick was depo
ited at room temperature on the clean Si substrate be
every Ni evaporation. This procedure was aimed to relax
in-plane strain which arises from the huge lattice misma
at the interface with the Si substrate and to avoid the form
tion of Ni silicides and/or metallic islands. Successive
layers were evaporated onto the substrate, kept at room
perature, by flowing a current of 13 A in a Ni filament~pu-
rity 99.999%! of 1 mm diameter. Various Ni films of differ-
ent thickness were grown in these conditions and the sam
studied in this work are listed in Table I. In order to preve
Ni layers from oxygen contamination duringex situ mea-
surements, a Cu protective capping layer, 3.5 nm thick,
deposited on top of the Ni film. The growth rate, for both C
and Ni, was about 0.1 nm/s. The coating of Ni films with C
as well as the cleanliness of the Si substrate was contro
by Auger spectroscopy, low-energy electron diffracti
~LEED!, and Kikuchi electron diffraction~KED!, as dis-
cussed below. Further details of the experimental UHV
paratus have been reported elsewhere.13
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B. Atomic and structural surface characterization

Figure 1~a! shows the Auger spectrum taken after t
cleaning procedure of the Si substrate with anL2,3VV ~92
eV! Auger transition. Neither carbon nor oxygen or a
other contaminants were detected within the Auger ato
sensitivity. In this way the degree of cleaning is estimated
be better than 0.5%. Figures 1~b!, 1~c!, and 1~d! show the
typical Auger spectra taken at the different stages of Cu,
and final Cu deposition. Sizable interdiffusion between m
als and silicon or formation of metallic islands can be e
cluded because only the characteristic Auger features of
deposited materials have been observed.

The structural surface characterization made by LE
and KED has revealed that both Cu and Ni films grow e
taxially on Si with ~111! orientation, but their~1̄10! axis is
parallel to the~12̄1! axis of the Si substrate. This 30° rotatio
reduces the huge lattice mismatch~33%! between Cu and S
to approximately 16%. In Fig. 2~a! a LEED image of the
Si~111! substrate, showing the characteristic 737 recon-

FIG. 1. Auger spectra for sample No. 2:~a! Auger signal of
the Si(111)737 surface after cleaning procedure described in
text, ~b! Auger signal of the 3.5-nm-thick Cu buffer layer deposit
onto the Si substrate,~c! Auger signal after the deposition of 2.0 nm
of Ni onto the Cu buffer layer~note the absence of features cha
acteristic of Cu atoms and of alloy formation at the interface!, and
~d! after the deposition of the 3.5-nm-thick Cu overlayer.

TABLE I. Magnetic parameters of the Cu/Ni/Cu/Si~111! hetero-
structures deduced by BLS.

Sample
No.

d
~nm!

Ms

~Oe!
Ks

(erg/cm2)
Kp

(erg/cm2)

1 1.5 48368 0.11660.002
2 2.0 48066 0.17460.002
3 2.5 48068 0.19060.002 0.06060.008
4 3.0 47066 0.21060.002 0.07060.008
5 6.0 47867 0.38060.002 0.15060.008



S

th

ED
f the
al

Cu/
in

llic
ED
as

te.
ly

-
.

uc-
of

gies
arp
his
of

hic

re-
re

tron
ec-
w a
by
he
re-

r to
-

ly
es
of

he
nfi-
nd
res.

ru-
ra-
t
t 5 h
of
ro-
of
eci-
g a

trast
-
ple
ht.

n

56 11 075PERPENDICULAR AND IN-PLANE MAGNETIC . . .
structed pattern, is reported. Figure 2~b! shows the LEED
pattern of the Cu buffer layer 3.5 nm thick grown on the
substrate. The comparison between Figs. 2~a! and 2~b!
clearly reveals the 30° rotation between the Cu layer and

FIG. 2. LEED patterns of each layer of the Cu/Ni/Cu/Si~111!
heterostructure with Ni thickness of 2.0 nm~sample No. 2! taken at
the same energy of the primary electron beam of 56 eV.~a! LEED
image of the Si(111)-737 reconstructed surface,~b! of the Cu
buffer layer,~c! of the Ni layer, and~d! of the Cu overlayer. The
30° rotation between the Si substrate and the Cu buffer layer ca
easily recognized by a comparison of patterns~a! and ~b!.
i

e

Si substrate and loss of surface reconstruction. All the LE
patterns shown in Fig. 2 were taken at the same energy o
primary beam of 56 eV. From LEED images, the typic
sixfold symmetry of the~111! plane for both Cu and Ni
layers can be easily recognized. This means that the
Si~111! interface formation, in which the Cu atoms reside
every hollow site of the 131 unreconstructed Si substrate,14

dictates the epitaxial growth of all the successive meta
layers. However, a semiquantitative estimation of the LE
spots position reveals that the 3.5-nm-thick Cu buffer h
relaxed about 85–90 % of the nominal strain~16%! which
would result from pseudomorphic growth on the Si substra
As for the Ni deposition on Cu, because of their relative
small lattice mismatch~2.6%!, LEED images show that the
growth is pseudomorphic15 and no further rotation was ob
served duringin situ structural characterization. Finally, Fig
2~d! shows that the long-range order of the full heterostr
ture is unaffected by the Cu coating. The LEED patterns
all the deposited layers were also taken at different ener
of the primary electron beam. The reflexes were very sh
and did not change their widths with the beam energy. T
indicates good crystallographic quality and smoothness
the surface of each layer.

The 30° rotation observed between the Si crystallograp
axis and the metallic Cu~and Ni! layers was also confirmed
by Kikuchi patterns as reported in Fig. 3. The KED measu
ments, which allow the investigation of the atomic structu
at and below the surface of a solid,16–18were taken with the
same reverse-view LEED system using an incident elec
beam energy of 3 keV. KED is based on the fact that el
trons backscattered from surfaces in the keV range sho
strong enhancement of intensity along directions defined
atomic rows, because of the forward-scattering effect. T
two-dimensional recording of the backscattered electrons
veals the structure near the surface in a way very simila
XPD in real space.16 KED probes the immediate environ
ment of a particular atomic site~short-range order!, and
therefore the combination of LEED and KED is ideal
suited for the study of epitaxial growth because it provid
insight into both long-range order and short-range order
the atomic structure in growing films. On the basis of t
reported surface structural results, we are particularly co
dent of the continuity, well-defined crystal orientation a
absence of an interdiffusion process in our heterostructu

III. EXPERIMENTAL PROCEDURE: BLS AND MOKE

Brillouin scattering experiments were performed at Pe
gia University, with the specimen in air, at room tempe
ture. Typical acquisition times of 2 h were needed for mos
measurements, but the sampling time increased to abou
for the Ni films with thickness lower than 2.5 nm because
the reduced Brillouin cross section. A beam of monoch
matic light from an Ar1 laser, operating on a single mode
the 514.5-nm line, was focused onto the surface of the sp
men and the backscattered light was analyzed usin
Sandercock-type,1,19,20313 tandem Fabry-Pe´rot interferom-
eter, characterized by a finesse of about 100 and a con
ratio higher than 531010. The magnetic field, ranging be
tween 0.8 and 10 kOe, was applied parallel to the sam
surface and perpendicular to the plane of incidence of lig

be



t
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FIG. 3. ~a! Kikuchi patterns for the Si(111) 737 substrate and~b! for the Cu~111! buffer layer 3.5 nm thick taken for an inciden
electron beam energy of 3 keV. The 30° relative rotation between the Si and Cu is clearly visible.
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The specimen was mounted on a sample holder free to ro
around a vertical axis so that the angle between the s
wave wave vector and the crystallographic axes of
sample could be varied. Because light scattered by magn
is cross-polarized with respect to the incident light, an a
lyzer was placed at the entrance of the interferometer in
der to stop both the elastically scattered light and the li
scattered by phonons. The detector was a SPCM-100
photodiode with a dark count lower than 3 counts/s. To av
saturation of the photon-counting system, a mechanical s
ter at the entrance of the interferometer interrupts the
mary beam intensity during the scan across the elastic p
while a much weaker secondary beam is used to maintain
stabilization of the interferometer.21 In the backscattering in
teraction geometry, used in our experiments, the conse
tion of momentum in the photon-magnon interaction impl
that the spin-wave wave vector parallel to the film surface
linked to the optical wave vectorKi and to the angle of
te
n-
e
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Q
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incidenceb by the equationqi52Kisinb. In our measure-
mentsb545° and thereforeqi51.733105 cm21.

MOKE measurements were performed at University
L’Aquila, at a light incidence angle of 45°. The magnet
field was directed either normal to the sample surface~polar
geometry! or parallel to it~longitudinal geometry!. The field
intensity was varied in the range~2200, 1200! Oe in both
the geometrical configurations to obtain polarization rotat
loops which are directly related to the magnetization loo
Our equipment allowed us to choose any wavelength of
incident light between 0.5 and 2.6mm. However, for our
purpose, we simply selected the wavelength correspond
to the best signal-to-noise ratio, given the characteristics
our experimental setup and the spectral magneto-optica
sponse of the sample. The polarization was detected usi
polarization modulation technique, which relies on a 57-k
commercial photoelastic modulator~PEM-80, Hinds!. This
gives a very high sensitivity, allowing us to detect rotatio
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56 11 077PERPENDICULAR AND IN-PLANE MAGNETIC . . .
down to less than 1023 deg. All measurements were pe
formed with the sample kept in air, at a controlled tempe
ture (300.060.1 K), in order to prevent displacements of t
sample itself or its holder during the measurements and c
sequent misalignment and deviation of the optical beam.

IV. CALCULATION OF SPIN-WAVE MODE
FREQUENCIES

In the following we will present the theoretical ap
proaches for calculating the spin-wave frequency in the c
of out-of-plane and in-plane magnetized films. In the fi
section, we will introduce the general equations for the
ergy contribution for the~111! plane and then we will restric
to the study of the transition of the magnetization from out
plane to in plane. In the second section, an analytical exp
sion for the spin-wave frequency is obtained in the limit
ultrathin film, separating the volume and the surface anis
ropy contributions which enter the Landau-Lifshitz equati
of motion and the Rado-Weertman boundary conditions,
spectively.

A. Out-of-plane magnetized samples

In order to calculate the frequency of the spin-wa
modes in our Ni ultrathin films, we apply the theoretic
model previously proposed by Stamps and Hillebrands fo
film of hexagonal symmetry10 to the case of the~111! surface
of a cubic crystal. This model takes into account both b
and surface anisotropy and includes the effects of both d
lar and exchange interactions. The magnetization is assu
to lie at a generic orientation with respect to the film plan
because of the presence of a strong out-of-plane magn
anisotropy. Since the spin waves probed by BLS have wa
length comparable with that of light, i.e., much larger th
the lattice parameters, the medium can be considered
continuum and the discrete nature of the spins can be
glected. The geometry for the spin-wave dispersion calc
tion was chosen with thex axis normal to the film surface
and thez axis along the direction of the external fieldH0 , as
shown in Fig. 4. In order to simplify the expression of t
Landau-Lifshitz equation of motion, a second coordin
system is defined with thez8 axis parallel to the saturatio
magnetization, at an angleu from thez axis. The free energy
density of the system consists of the following terms:~i!
the potential energy densityf p of the magnetizationMs in
the external fieldH0 ,

f p52H0Mscosu cos~f2fH!; ~1!

~ii ! the demagnetizing free energyf d due to finite sample
dimensions,

f d52pMs
2sin2 u; ~2!

~iii ! the volume energy densityf v due to magnetocrystalline
anisotropy,

f v5
K1

3 F122 cos2u1
7

4
cos4u2& cos3u sinu cos~3f!G ,

~3!
-
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where f and fH are the azimuthal angles ofMs and H0
measured with respect to the crystallographic~1̄10! axis in
the film plane andK1 is the first-order volume-anisotrop
constant.@The above expression is directly obtained from t
magnetocrystalline energy of a cubic crystal, introducing
direction cosines of the magnetization in a rotated coordin
system with thez8 axis along the~111! direction.# Finally,
~iv! the free-energy densityf s due to interface anisotropy,22

f inter52Kssin2u2
&

3
Kp cos3u sinu cos~3f!, ~4!

has to be considered, whereKs andKp are the out-of-plane
and the in-plane anisotropy constants, respectively. The
pression for the in-plane anisotropy energy density refle
the in-plane crystallographic symmetry and is valid even
the case when the magnetization is not in the film pla
Given the sign of the first term in Eq.~4!, we follow the
convention according to whichKs.0 means an out-of-plane
orientation for the magnetization while the negative value
Ks means a preferential in-plane orientation. A simplifi
expression for the magnetic free energy density of a cu
crystal with~111! orientation can be obtained when the ma
netic field is applied along the~12̄1! direction, assumingMs
andH0 to be collinear. This assumption is reasonable wh
ever the in-plane anisotropy constantKp is much lower than
the out-of-plane constantKs , as it will be shown in Sec. V
for our Ni films. As a consequence, the dependence on
in-plane azimuthal angle disappears and the magnetic
energy per unit area assumes the following form:

F/s5E dxF2H0Mscosu12pMs
2sin2u

1
K1

3 S 122 cos2u1
7

4
cos4u D G22Kssin2u, ~5!

where the factor of 2 in the last term accounts for the t
interfaces of the magnetic film. Because we are conside

FIG. 4. Coordinate systems used for calculating spin-wave
quencies. The crystal coordinate system (x,y,z) is fixed with re-
spect to the magnetic film, with thex axis normal to the surface an
thez axis along the direction of the applied magnetic fieldH0 . The
static magnetizationMs is assumed to be uniform and lies in thexz
plane. A primed coordinate system is defined such thatMs lies
along thez8 axis. The angle betweenMs and thez axis isu.
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11 078 56G. GUBBIOTTI et al.
magnetic films with thickness lower than the exchange c
relation length~which in the case of Ni is of about 7 nm!, the
magnetization can be assumed to be uniform across the
thickness and therefore independent of thex coordinate. This
makes it possible the definition of a magnetic free energy
unit volume in the form,

F/V5F2H0Mscosu12pMs
2sin2u1

K1

3

3S 122 cos2u1
7

4
cos4u D G22

Ks

d
sin2u. ~6!

In order to find the equilibrium direction of the magnetiz
tion, the minima of the magnetic free energy with respec
the tilt angleu have to be found. One solution is alwaysu
50 while the others can be obtained finding the zeros of
third-order equation

2
7

3
K1cos3u1S 4pMs

21
4

3
K124

Ks

d D cosu1H0Ms50.

~7!

This equation gives always a nonphysical solution (cou
.1), while one of the other two solutions corresponds to
minimum of the magnetic free energy. ForK150 the ana-
lytical expression of cosu is equal to that obtained in Ref. 1
for a film with hexagonal symmetry, provided that the prop
anisotropy constants of an hexagonal medium are used.

In presence of a large out of plane anisotropy, Eq.~7!
predicts that the magnetization lies out of plane for zero
plied field, while it begins to rotate in the film plane und
the action of the field. A critical fieldHcrit can be defined so
that forH.Hcrit the magnetization lies in the film plane. Th
expression of this critical field, which follows from Eq.~7!
with cosu51, is the following:

Hcrit5

7
3 K12~4pMs

21 4
3 K124Ks /d!

Ms
. ~8!

Once the direction of the magnetization has been de
mined, the spin-wave frequency can be calculated by us
a standard procedure which relies upon the resolution of
Landau-Lifshitz equation of motion in the magnetizati
frame, imposing both the Maxwell and the Rado-Weertm
boundary conditions at the film interfaces.23 The procedure
we have followed is discussed in great details by Stamps
Hillebrands,10 and the spin-wave frequency is obtained fin
ing the zeros of the boundary-condition determinant
means of an appropriate numerical tool. The only differen
with respect to the expressions published in Ref. 10, wh
are valid for a crystal of hexagonal symmetry, is that t
anisotropy fieldsRx and Ry for a cubic crystal with~111!
orientation have the following expressions:

Rx52
K1

3Ms
@4~2 sin2u21!17~124 sin2u!cos2u#

1
4Ks

dMs
~2 sin2u21!, ~9!
r-
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Ry5
K1

3Ms
@4 cos2u27 cos4u#1

4Ks

dMs
sin2u. ~10!

B. In-plane magnetized samples

We show now that in the ultrathin film approximation
when the magnetization lies along the sample surface
analytical expression for the long-wavelength spin-wave f
quency in the dipolar-exchange regime can be obtained w
out applying any numerical procedure.11 The geometry is the
same reported in Fig. 4: The magnetic film lies in they-z
plane, and the spin-wave propagation wave vector make
angle f with the crystallographic (1̄10) axis in the film
plane. The theoretical model we are using involves
Landau-Lifshitz equation of motion with an effective fie
defined as follows:

Heff5 ẑH01
2A

Ms
¹2M2

1

Ms
“aM

f v1h. ~11!

This expression includes the applied magnetic fieldH0 , the
exchange field whereA is the exchange stiffness constan
the magnetocrystalline anisotropy field, and the fluctuat
field. We assume that the dynamic components of the fie
m andh are proportional to exp@i(vt2qixi)#, whereqi andxi

are the component of the spin-wave wave vector and
vector position parallel to the film plane, respectively. A sy
tem of two linear equations in the components ofm and h
can be obtained resolving the Landau-Lifshitz equation, t
is

2 i
v

g
mx5FH01

2A

Ms
S qi

22
]2

]x2D Gmy2Mshy1¹ay
f V ,

~12!

2 i
v

g
my52FH01

2A

Ms
S qi

22
]2

]x2D Gmx1Mshx2¹ax
f V ,

~13!

with

¹ax
f V5Hamx1Hgmy , ~14!

¹ay
f V5Hgmx1Hbmy , ~15!

whereHa , Hb , andHg are the volume anisotropy fields an
a i , i 5x,y,z, are the direction cosines ofM . The anisotropy
fields can be expressed in terms of the polar coordinateu
and f, which have been already introduced, using the f
lowing relations:24

Ha5
]2

Ms]u2 f V , Hb5
]2

Ms]f2 f V , Hg5
]2

Ms]u]f
f V .

~16!

The analytical expressions for the volume anisotropy fie
for the case of~111! cubic film are reported in Table II
Because we are considering long-wavelength spin wa
~magnetostatic approximation!, the dipolar fieldh can be de-
fined by means of a magnetic potentialc such thath5
2“c. Introducing plane-wave solutions for the magne
potential and magnetization inside the film, in the form
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c5~c1ejx1c2e2jx!eiq ixi, ~17!

m5@ x̂~a1ejx1a2e2jx!1 ŷ~b1ejx1b2e2jx!#eiq ixi,
~18!

and substituting the volume anisotropy fields into Eqs.~12!
and ~13!, these can be written as

S i
v

g
1HgD ~a11a2!1FH01Hb1

2A

Ms
~qi

22j2!G~b1

1b2!1 iqyMs~c11c2!50, ~19!

S i
v

g
2HgD ~b11b2!2FH01Ha1

2A

Ms
~qi

22j2!G~a11a2!

2jMs~c12c2!50, ~20!

wherej is a decay constant which is yet undetermined. T
behavior of the magnetization at the two interfaces of
magnetic film is described by the Rado-Weertman bound
conditions23,24

M3F 1

Ms
“M f inter2

2A

Ms

]M

]n G50U
x56d/2

, ~21!

with f inter the interface anisotropy energy density and]/]n
the partial derivative with respect to the surface normal u
vector. Introducing the anisotropy fieldsHa8 , Hb8 , and
Hg8 , whose expressions are reported in Table II, the ab
expression generates the following equations:

Ha8mx1Hg8my6
2A

Ms

]mx

]x
50, ~22!

Hg8mx1Hb8my6
2A

Ms

]my

]x
50, ~23!

where the plus sign is for the surface atx5d/2 and the minus
sign is for the surface atx52d/2. If plane-wave solutions
for the magnetization components are introduced and
Rado-Weertman boundary conditions are properly co
bined, the following expressions can be obtained:

2A

Ms
j~a11a2!52Ha8~a11a2!coth~jd/2!

2Hg8~b11b2!coth~jd/2!, ~24!

2A

Ms
j~b11b2!52Hg8~a11a2!coth~jd/2!

2Hb8~b11b2!coth~jd/2!. ~25!

TABLE II. Anisotropy volume and interface fields for in-plan
magnetized~111!-oriented cubic film.

Ha Hb Hg Ha8 Hb8 Hg8

2
K1

M
0

&K1

M
sin~3f! 2

2Ks

M
0

&Kp

M
sin~3f!
e
e
ry

it

e

e
-

These relations can be expanded in powers of coth(jd/2) up
to the first order term injd/2 and the magnetization compo
nents equations assume the form

S i
v

g
1Hg1

2

d
Hg8D ~a11a2!1FH01Hb1

2A

Ms
qi

2

1
2

d
Hb8G~b11b2!1 iqgMs~c11c2!50, ~26!

2FH01Ha1
2A

Ms
qi

21
2

d
Ha8G~a11a2!1S i

v

g
2Hg

2
2

d
Hg8D ~b11b2!2jMs~c12c2!50. ~27!

The decay constantj can be eliminated considering the ele
tromagnetic boundary conditions for the normal compone
of b5hd14pm and the tangential components ofh at the
film surfaces (x56d/2). If “•b̄50 is also taken into ac-
count, the following expressions to first order injd/2 are
obtained:

j~c12c2!54pS a11a2

11qid/2D , ~28!

qy~c11c2!54p
qy

2d

2qi
2 S b11b2

11qid/2D . ~29!

Substituting these two relations into the equations of moti
one obtains the following equations which are independ
of j and of the magnetic potential:

S i
v

g
1Hg1

2

d
Hg8D ~a11a2!1FH01Hb1

2A

Ms
qi

2

1
2

d
Hb81

4pMsqy
2d

2qi

1

11qid/2G~b11b2!50,

~30!

FH01Ha1
2A

Ms
qi

21
2

d
Ha814pMs

1

11qid/2G~a11a2!

2S i
v

g
2Hg2

2

d
Hg8D ~b11b2!50. ~31!

The spin-wave frequency of the long-wavelength mode, w
qid!1, is then obtained imposing the determinant of t
coefficients of the above equations to vanish:

v

g
5F S H01Ha1

2

d
Ha81

2A

Ms
qi

214pMs~12qid/2! D
3S H01Hb1

2

d
Hb81

2A

Ms
qi

212pMsqidD
2S Hg1

2

d
Hg8D 2G1/2

. ~32!

This equation shows that using the exchange boundary
dition method the interface anisotropy fields are conver
into volume anisotropy fields weighed by the ratio 2/d.25
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V. RESULTS AND DISCUSSIONS

The magnetic characterization of the Cu/Ni/Cu/Si~111!
heterostructures has been first performed byex situMOKE
analysis. Measurements in both longitudinal and polar c
figurations enabled us to gain information about the equi
rium direction of the magnetization in zero applied field. W
verified that loops at different wavelength did not have d
ferent shapes, but they only implied a different proportion
ity constant between Kerr rotation and magnetization, as
pected from the wavelength dependence of the optical
magneto-optical coefficients. Therefore, wavelength w
chosen for each sample in order to optimize the signal
noise ratio. Representative MOKE loops obtained in b
longitudinal and polar geometry are shown in Figs. 5~a!–
5~e!. The M -H loops corresponding to the 6.0- and 3.0-n
thick films, Figs. 5~a! and 5~b!, are similar in shape, excep
for a difference in the coercive field observed in longitudin
geometry which is estimated to be 13565 and 6565 Oe,
respectively. The remanence of the loops taken with
magnetic field applied in plane is relatively large, which
characteristic of easy axisM -H loops, whereas the loop
taken with the field normal to the films exhibit a linear b
havior and an insignificant remanence. This indicates that
magnetization easy axis lies in the film plane, in agreem
with the expected in-plane alignment of the magnetization

FIG. 5. Longitudinal~left side! and polar~right side! MOKE
loops for the Cu/Ni/Cu/Si~111! heterostructures with differen
thicknessd of the Ni film. In the longitudinal configuration the
magnetic field is applied along the 121̄ direction.
-
-

-
l-
x-
d
s
-

h

-

l

e

e
nt
t

sufficiently large film thickness, due to the magnetostatic
ergy. The situation changes dramatically when the film thi
ness is decreased below 3.0 nm, as shown by Figs. 5~c! and
5~d! for the 2.5- and 2.0-nm-thick Ni films. A large hyste
esis is now exhibited by the polarM -H loops, indicating that
the orientation of the magnetization easy axis is perpend
lar to the film plane. However, although the 2.5-nm film
characterized by a polar cycle well saturated and a long
dinal cycle almost linear within the experimental errors, t
2.0-nm film shows a polar cycle not completely saturated
200 Oe and characterized by a reduced remanence, while
longitudinal loop has a slight hysteresis. The data relative
the 1.5-nm-thick Ni film are affected by a large amount
noise caused by the smallM -O signal and need a mor
accurate interpretation. First of all, we notice that both po
and longitudinal cycles appear to be linear in the range
field shown in Fig. 5~e!, i.e., up to 200 Oe. However, pola
measurements performed with an applied magnetic field
to 3300 Oe give evidence of a hysteresis, corresponding
coercive field greater than 100 Oe. This behavior of the 1
nm-thick film, together with the above-noted reduction of t
remanence in the 2.0-nm-thick film with respect to the 2
nm-thick film, can be attributed to the progressive appe
ance, on reducing the film thickness, of a multidomain str
ture with the magnetization pointing into and out of the fil
plane, as already observed in ultrathin Cu/Ni/Cu/Si~001!
films by Bochiet al., using magnetic force microscopy.26 In
particular, it was shown that the multidomain structure co
be removed approaching a single-domain state, only exp
ing the sample to magnetic fields as large as several k
The vanishing of the remanence in the low-field loop for t
1.5-nm-thick film, Fig. 5~e!, indicates that the up and dow
domains cover comparable surface areas, a situation whi
typical of film thicknesses close to the critical value belo
which the magnetization switches from the perpendicula
the in-plane orientation. Such a transition was actually
served in previous studies of Cu/Ni/Cu~111! sandwiches as
the Ni thickness was reduced below the critical value
about 1.3–1.4 nm.27,28

Concerning the BLS measurements, we first investiga
the dispersion of the spin-wave frequency as a function
the magnetic field applied parallel to the film plane. A re
resentative sequence of spectra from the thicker Ni fi
~sample No. 5! is shown in Fig. 6. Due to the low ratio
between the film thickness and the magnon wavelength, o
the peak corresponding to the Damon-Eshbach~DE! surface
mode is present in the spectra, since bulk standing modes
at higher frequencies, not accessible in our experiment.
peak exhibits a marked Stokes–anti-Stokes asymme
which is typical of magnons in thin ferromagnetic films
absorptive materials.29 The experimental data relative to th
frequency dispersion of the DE peak vs the applied fi
have been fitted to the curves calculated by the theory
scribed in Sec. IV A, taking the saturation magnetizationMs
and the out-of-plane anisotropy constantKs as fit parameters
The Ni bulk anisotropy constant, the exchange stiffness c
stant, and the gyromagnetic ratio were kept fixed at the v
ues given in the literature~K1525.13104 erg/cm3, A
57.2531027 erg/cm, g51.9173107 Hz/Oe!.30,20,31 The
obtained results are shown in Table I, while the best
curves are reported in Fig. 7 together with the experimen



ne
i

s.
te
as
an
e
i

,
2.

e
,
n
a

Fe
e

e
e
er
ss
n
te

et
a
.
e

-
ut-
nal

er
at

ud-
of

ce
e,
all
pin
of

er-
in
bit
se
cts

pin-
the

in-
e
py

t-fit
e
the
ag-
the

of

he
n

fre-
-
.0
etic
a

cy

56 11 081PERPENDICULAR AND IN-PLANE MAGNETIC . . .
points for all the specimens analyzed. The values obtai
for the saturation magnetization are in good agreement w
those already measured in thick Ni films by other author32

We notice that for the two thicker samples the calcula
spin-wave frequency monotonously increases with a qu
linear dependence on the applied field, reflecting an in-pl
orientation of the magnetization. For the three thinn
samples, the frequency curves present a characteristic m
mum at the critical fieldHcrit whose value is about 220
1100, and 100 Oe, for samples with thicknesses of 1.5,
and 2.5 nm, respectively. As the applied fieldH0 is increased
from zero, the magnetization begins to rotate until it is forc
in the film plane forH05Hcrit ; for higher magnetic fields
the magnetization lies in the film plane and this results i
quasilinear increase of the spin-wave frequency. This beh
ior is qualitatively similar to that observed in the past in
films and indicates that the film is perpendicularly magn
tized in zero applied field,2 consistently with the MOKE re-
sults. Unfortunately, we could not reveal the spin wave n
ther in proximity ofHcrit where its frequency falls below th
range accessible by our apparatus nor in the limit of z
applied field, because of the vanishing Brillouin cro
section.33 In order to clarify the analysis of the magnetizatio
orientation, we used the values of the magnetic parame
obtained from the fitting procedure to calculate the magn
free energy of the system, as a function of the external
plied field. The results of such calculation, for sample Nos
and 1, are shown in Fig. 8. It can be seen that in the cas

FIG. 6. Brillouin spectra from sample No. 4 as a function of t
magnetic field applied along the 121̄ direction in the range betwee
1.6 and 9.9 kOe. The angle of incidence of light is 45°.
d
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the thicker sample~No. 5!, the magnetic free energy for in
plane magnetization is lower than that corresponding to o
of-plane magnetization, whatever the value of the exter
applied field. On the other hand, for the thinner sample~No.
1!, the out-of-plane magnetization orientation has a low
energy only for applied fields lower than 220 Oe, while
higher fields the in-plane magnetized state is preferred.

As a second step of our BLS investigation, we have st
ied the frequency dispersion of the spin wave as a function
the direction of the magnon wave vector on the surfa
plane. The applied field is kept fixed at a value of 4000 O
which gives assurance of an in-plane magnetization for
the specimens. In Fig. 9 the frequency of the surface s
wave in samples Nos. 3, 4, and 5 is plotted as a function
the anglef between the applied field direction and the~1̄10!
axis ~for the thinner samples, Nos. 1 and 2, we did not p
form this kind of analysis because of the very low Brillou
cross section!. It can be seen that all the sets of data exhi
a clear oscillating behavior with sixfold periodicity, becau
of the presence of an appreciable anisotropy which refle
the crystallographic symmetry of the Ni~111! plane. In order
to reproduce the observed angular dependence of the s
wave frequency, we used the analytical expression for
spin-wave frequency contained in Eq.~32!. In this respect,
we notice that the amplitude of the oscillation of the sp
wave frequency with the anglef essentially depends on th
term Hg8 , which contains the in-plane surface anisotro
constantKp , while the influence of the bulk termHg , con-
taining the first-order Ni bulk constantK1 , is negligible. The
solid line curves of Fig. 9 have been obtained by a bes
procedure, assumingKp as a variable parameter, with th
other magnetic constants fixed at the values found in
previous analysis of the spin-wave dispersion with the m
netic field. The numerical values we have obtained for
in-plane anisotropy constant are shown in the last column
Table I.

FIG. 7. Magnetic field dependence of the surface mode
quency for Cu/Ni/Cu/Si~111! heterostructures with different thick
ness of the Ni layer. The spin-wave frequency for the Ni films 6
and 3.0 nm thick monotonously increases with the applied magn
field, while for the thinner Ni films the frequency dispersion has
characteristic minimum at a critical fieldHcrit . The inset shows a
magnification of the characteristic dip in the spin-wave frequen
for samples Nos. 1 and 3.
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11 082 56G. GUBBIOTTI et al.
FIG. 8. Magnetic free energy density as a function of the
plied field for sample No. 5~a! and sample No. 1~b! calculated
using the theory described in Sec. IV A. For the thicker sample~No.
5!, the equilibrium direction of the magnetization is in the fil
plane for any values of the applied field. Instead, for sample No
the out-of-plane orientation corresponds to the equilibrium confi
ration of the system for applied fields below about 220 Oe, while
higher fields the magnetization is forced into the film plane.

FIG. 9. Spin-wave mode frequencies are plotted for samp
Nos. 5, 4, and 3. The magnetic field of 4.0 kOe was applied
different orientations in the plane of the film and the frequencies
plotted against the angle between the applied field and the 11̄0 axis.
Typical error bars are shown on the left for each data set.
As a general comment on the results obtained, we no
that for all the specimens investigated the values obtained
Ks are positive. This indicates that the interface anisotro
energy always tends to align the magnetization out of
film plane, i.e., along the~111! crystallographic axis, which
is an easy axis for bulk Ni. In addition, the values of bothKs
and Kp , far from being constant, increase with the fil
thickness in an almost linear way, as seen in Table I. T
can be also seen in Fig. 10 where the ratiosKs /d andKp /d,
which enter the expressions of the spin-wave frequency,
seen to be almost independent of the film thicknessd. This
suggests that the physical origin of magnetic anisotropy
our system is mainly magnetoelastic, i.e., induced by
strain arising from the pseudomorphic growth of Ni on C
As a fact, in the pseudomorphic growth regime the strain
be considered as independent of thickness and hence ma
toelastic anisotropy contributions appear as volume,
thickness-independent, contributions. However, the value
Ks /d for the three thinner specimens are slightly larger th
those relative to the two thicker films and this is sufficient
change the magnetization orientation from in plane to ou
plane, as observed directly by MOKE measurements. In p
ticular sample No. 2 has the highest value ofKs /d and this
reflects in the highest value ofHcrit .

VI. CONCLUSIONS

We have successfully grown epitaxial Ni~111! ultrathin
films of different thickness on Si~111! substrates with Cu
buffer and capping layers. The static magnetic properties
these films have been investigated by use of MOKE. T
analysis has shown that the magnetization lies in the fi
plane for films 3 and 6 nm thick, while it switches along th
normal to the film for lower thickness. The dynamic ma
netic properties were then studied by a detailed BLS inv
tigation of the frequency dispersion of the surface spin wa
as a function of the applied magnetic field, which enabled
to determine the out-of-plane magnetic anisotropy const
The interpretation of BLS data was accomplished usin
macroscopic model which takes into account both dipo
and exchange interactions, as well as bulk and interface
isotropy for the~111! plane of a cubic crystal. In a secon

-

1,
-
t

s
t

re

FIG. 10. Thickness dependence of the out-of-plane (Ks) and
in-plane (Kp) magnetic anisotropy constants divided by the Ni fil
thickness (d).
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step of our BLS investigation, we measured the spin-w
frequency as a function of the wave vector direction on
surface plane. This analysis gave evidence of a rather ma
dependence of the frequency on the wave vector direct
with a sixfold periodicity, and enabled us to determine t
in-plane anisotropy constant. To this respect, we stress
the~111! plane is unique among the principal planes of cu
crystals because the variation of the magnetocrystalline b
anisotropy is greatly reduced if compared to other planes
a consequence, a precise evaluation of the in-plane inter
anisotropy constant is directly attained from the analysis
the spin-wave frequency. The observed dependence of
the in-plane and the out-of-plane anisotropy constants on
ic
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film thickness indicates that the magnetic anisotropy
mainly of magnetoelastic origin, due to the pseudomorp
growth of Ni on the Cu buffer layer.
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