Spin waves and magnetic anisotropy in ultrathin (111)-oriented cubic films
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The dispersions of dipolar (Damon-Eshbach modes) and exchange dominated spin waves are calculated for
in-plane magnetized thin and ultrathin cubic films with (111) crystal orientation and the results are
compared with those obtained for the other principal planes. The properties of these magnetic excitations
are examined from the point of view of Brillouin light scattering experiments. Attention is paid to study the
spin-wave frequency variation as a function of the magnetization direction in the film plane for different
film thicknesses. Interface anisotropies and the bulk magnetocrystalline anisotropy are considered in the
calculation. A quantitative comparison between an analytical expression obtained in the limit of small film
thickness and wave vector and the full numerical calculation is given.

1. Introduction

The study of spin waves in magnetic films with
cubic symmetry has shown to be very useful for determining
magnetic anisotropy constants. Most of previous studies,
however, have only considered (100) and (110) oriented
films*®, For the (111) orientation spin-wave frequency
calculations have not been presented so far probably due to
the more complicated algebra involved and due to the lack
of experimental data. Recently an appreciable directional in-
plane dependence of the spin-wave frequency has been
observed by Ferromagnetic Resonance (FMR) in thin Fe
(111) films and Fe(111)/Cu(111) multilayers’ as well as by
Brillouin Light Scattering™ (BLS) in ultrathin Ni films.
This latter technique, which is based on the inelastic
scattering of photons by thermally excited spin waves
(thermal magnons), has proved to be a very powerful tool
for investigating magnetic properties in magnetic films and
multilayers through the detection of spin waves with non-
zero wave vector. From BLS measurements of the spin-
wave frequencies as a function of the direction and
magnitude of the in-plane wave vector, ¢;,, and the

direction and strength of the externally applied field, the
determination of magnetic parameters such as the in-plane
anisotropy constants can be attained. The capability of BLS
to determine the interface anisotropy constants is
particularly relevant for the (111)-plane of a cubic crystal.
This is because torque measurements, like BLS, are aways
more sensitive to high order anisotropies, like the 6-fold in
the (111) orientation, than static methods which yield at the
best a very weak directional dependence of the free energy
on the (111) plane since, for an in-plane magnetized film,
the first order magnetocrystalline anisotropy gives an
isotropic contribution™.

The aim of this paper is to fill the gap existing in
the literature concerning the characteristics of the spin-wave
spectrum of thin and ultrathin magnetic films with (111)
orientation. The very new experimental results obtained by
BLS'", which show an appreciable in-plane directional
dependence of the spin-wave frequency on the Ni (111)

plane, and the necessity to interpret them in terms of the
anisotropy constants have motivated the theoretical study we
are presenting in the following paragraphs. The spin-wave
frequency is calculated in the dipole-exchange regime
assuming an in-plane magnetized Ni film and including
both interface and bulk anisotropy. This permits usto obtain
the frequency dispersion as a function of both the film
thickness and the propagation direction on the surface
plane.

2. The calculation procedure

In order to calculate the spin-wave frequency in the
case of an in-plane magnetized (111)-oriented cubic film,
we make reference to a continuum model previously
developed by one of us for (100) and (110)-oriented films
and we are using the same type of nomenclature.® The
geometry is defined such that the x axis is norma to the
film interfaces at x=0 (upper interface) and x=-L (lower
interface), while the applied field is taken along the z axis.
The film is considered to be infinite in the plane and the
spin-wave propagation is assumed to be perpendicular to the
applied field with a wave vector g, defined by the light
scattering geometry. The calculation relies upon resolving
the equation of motion (linearized Landau-Lifshitz torque
equation and the magnetostatic Maxwell equations) in the
magnetic layer with appropriate boundary conditions.
Inclusion of terms resulting from exchange interaction
yields six solutions for the dynamic components of the
fields, which are classified according to the wave vector
component perpendicular to the layer (q,j, i=1,2...6)."
From the magnetic and Rado-Weertman boundary
conditions at the film interfaces, a system of 8 linear
homogeneous equations in the fluctuating fields inside (hy; )

and outside the layer (h$;and h5,) is obtained. The

problem of finding solutions for the propagating spin waves
is therefore reduced to finding the zeros of the 8 8
boundary condition determinant. A computer program has
been written to search for the frequencies that correspond to
the roots of this determinant. Although this is a standard
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and well established procedure, it should be noted that the
calculations are alittle bit more complicated when the (111)
crystal orientation is considered, because of the additional
contributions in the secular equation given by the
magnetocrystalline and interface anisotropy fields Hy and

Hg' (see below), which are zero in the (100) and (110)

orientations.

In the following we distinguish between volume
and interface anisotropy contributions. The former contains
the magnetocrystalline anisotropy which originates from the
coupling of the magnetization to the crystallographic
symmetry, while the latter is due to the lack of translational
symmetry along the film normal. These anisotropy fields
shift the magnetic excitation frequency. We point out that in
this paper we only consider cubic anisotropy, while the
possible presence of non-cubic terms, such as uniaxial in-
plane anisotropy of magnetoelastic origin, is not taken into
account.

For cubic crystals and referring to a carthesian coordinate
system aligned with the principa crystallographic axes, the
free energy associated with the volume anisotropy, Egni, iS
defined as

Eani = Kl(a ay +a2a2 +a§a§) (1)

where the a; , i=X, y, z, are the direction cosines of the
magnetization relative to the crystallographic axes and K; is
the first non-vanishing order magnetocrystalline anisotropy
constant in a cubic system. If spherica coordinates are
introduced, the explicit forms for E,,; relative to the three
principal crystal orientations are: -2

magnetization direction in the film plane, is measured with
respect to the crystallographic (001) axis of the layer plane
for the (100) and the (110) orientations while for the (111)

orientation it is measured with respect to the (110) axis. g
isthe polar angle.

Concerning the interface free energy, Ejqer , it can
be expressed in lowest symmetry consistent with the
symmetry of the respective surface plane as:

(100)

Einter = - ks COS?ql +k, sin*q cos?f sin?f (5)
(110)

Einer =- ks 05?0 +k, Sin”q cos? f 6)
(111)

Einer = - k,COS’q - K %sn:*q cosgcog 3 ) ()

In Egs. 5-7, ks is the out-of-plane anisotropy constant while
kp is the first non-vanishing term of the in-plane interface
anisotropy. For ks>0 the surface normal is an easy axis, for
ks <0 the film plane is an easy plane of interface anisotropy.
Please note that egs. 5-7 are similarly defined as the
projection of the bulk anisotropies on the respective surface
plane. The above expressions of the in-plane interface free
energy are not unique, in the sense that one can also use
other formulations, provided that the crystal in-plane
symmetry is correctly taken into account. We would like to
emphasize that the expressions for the interface free energy
(Egs. 5-7) need to describe the dependence on the polar
angle q correctly, since due to the precession of the

(100) 5 4 2.4 moments an out-of-plane component in the dynamic
Eani = K1§052 q sin?q +sin*q cos’f sin fa ) magnetization exists which interacts with the out-of-plane
(110) anisotropy field components H, and Hy, (see below).
Kii 4 4 & 4 5 . The volume (Ha, Hp and Hy) and interface (Ha:, Hy
Eani =T$C°5 q +sin’q gs‘” f +sin (2f)5 and Hy) anisotropy fields for an in-plane magnetized film
(g =90°) can be easily obtained from Egs. 2-7 applying the
+sin2( )% &0t - Esmzf i 3) following fo;mulasg: )
: T
H, =———E ;i Hy = — E; (8)
(111) . . a Mﬂqz ani a Mﬂqz inter
= Kt =costq +—sin? 2 2
Eanl Kl} 3CC)S q +45n q Hb = ﬂ—z Eani Hb, = ﬂ—z Einter (9)
- ——sin“qcosy co(¥ )y 2 5
3 b _ T __ T .
i ; ; Hg - Eani Hg' - Einter (10)
The azimuthal angle f , which defines the M1qfif MTqTif
Hb’ Hq
(100) ; %(k +2k, cos? f sin f) zl'\‘/lp_(l- 8cos? f sinzf) 0
(110) - %(k +k, cos f) —2:\(/") (25in2f - 1) °
(112) 2 0 Kp
Yy - —428n &
M s M V2sin(3)

Table I. First non-vanishing interface anisotropy fields for in-plane magnetized (100)-, (110)- and (111)-oriented crystal.
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where M is the saturation magnetization. The first non-
vanishing interface anisotropy fields for the principal planes
of acubic crystal are reported in Table .

The following theoretical results are a refinement
of those reported in Refs. 1 and 8. We do not want to
describe each step of the calculation and therefore the reader
is invited to inspect the equations listed in the Appendix.
When the anisotropy fields Hy and Hg: are taken into

account, the secular equation becomes a sixth order
polynomial equation in the wave vector component
perpendicular to the layers q, rather than a bicubic

equation in qf, as used in Ref. 1. Concerning the linear

system of eight homogeneous equations, four of them are
given by the Rado-Weertman boundary conditions applied
at the film interfaces which have to be modified if the (111)
crystal orientation is considered, while the remaining four
homogeneous equations of the linear system, obtained from

the continuity of the parallel component of the field h and

the normal component of h +4pm at the film interfaces,
remain unchanged. We notice that if the values of ks and kg
are not equal on the two film interfaces, the anisotropy
fields entering in Rado-Weertman boundary conditions are
different for the two film interfaces (x= 0 and x= -L). As
shown in Ref. 1, different values of the interface
anisotropies on either side of the film result in different spin
wave frequencies for the Damon-Eshbach mode and the
exchange modes for q,; and -q;;. Therefore in a BLS

experiment the spin wave frequencies obtained from the
Stokes and the anti-Stokes part of the spectrum may differ
in their absolute values. This can be utilized for the separate
determination of the interface anisotropy constants of each
interface.

3. Comparison between numerical and
analytical calculations

In the previous section, we have presented the
theoretical model we use for the numerical calculation of
the spin-waves frequency which are typically observed in a
Brillouin light scattering experiment. We note that, when
dealing with ultrathin magnetic films where only the
Damon-Eshbach spin-wave mode can be detected, the
complexity of the numerical calculation can be overcome by
use of a more straighforward analytical procedure.
Following the approach proposed by Stamps and
Hillebrands™, one can treat the magnetization as uniform
across the magnetic film and if the product of the film
thickness L and the wave vector (;, is small compared to
unity, the frequency of the Damon-Eshbach mode for an in-
plane magnetized sample can be expressed as':

2 4

ks =&H, +H +£H +§ 7+ 4 Mf(l LZ)Q'
ggb —g o T Ha ™ Ha qu// p L/ p

@ 2 2A .2 0
¢Ho + Hp +—Hp: +—q/2/ + 2pMfq,, L sin‘a+
e L Ms 2

- +2p,9% (1)

The parameter f is the demagnetization factor of ultrathin
films, which for n>1 is approximatively f=1-0.2338/n with n
the number of monolayers™. Since the magnetization is
uniform across the film, the interface torques from the
interface anisotropies are converted into volume torques
acting on the total film magnetization and the interface
anisotropy fields are converted into effective volume
anisotropy fields weighed by 2/L, with the factor of two
counting the two interfaces of the film. Rado™ and
Gradmann et al.’® give estimates for the range of validity of
this assumption. Eg. 11 contains both the volume and the
interface anisotropy fields and it can be easily applied to
Brillouin scattering experiments. We note that the term

§Hg +%Hg.§ gives a non-vanishing contribution only for

a(111)-oriented crystal.

We would now like to discuss the limit of
applications of Eq. 11 by means of a comparison to data
obtained by using the full numerical procedure. To this
respect, Fig. 1 shows the results obtained with the two
approaches for the calculation of the spin-wave frequency of
(111) oriented Ni films with thicknesses of 60 A (upper two
lines) and 30 A (lower two lines), respectively. Unless
otherwise indicated we use the following magnetic
parameters taken from a fit to the experimental data of a
(111)-oriented 60 A Ni thick film™:

g =1917" 107 Hz/Oe, A=07310"° erg/cm,
4pM =6.03 kOe . The value of the applied field is always of
H=1kOe, the magnitude of the in-plane wave vector is

qp =173 10°cm ! and the values of the anisotropy

15

15 20 25 30 35 40
Applied field (kOe)

Spin-wave frequency (GHz)

=
o

FIG. 1 Magnetic field dependence of the Damon-Eshbach mode frequency for
two (111)-oriented, 60 A and 30 A thick Ni films. The continuous lines are
calculated using Eq. 11 while the dashed lines are calculated by means of the
numerical procedure described in the text. For the thicker Ni film
ky=0.15 erg/cm?® and ks=0.375 erg/cm?, while for the thinner k,=0.07 erg/em®
and ke=0.21 erg/cm?. For both Ni film K1=-5.1" 10* erg/cm?®.
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constants is reported in the caption of Fig.1. For both films
the condition g,/ L <<1 is verified. The agreement between

the analytical (continuous line) and the numerical (dashed
line) calculations is, however, better for the thinner Ni film,
q,L=0052, where the data are amost superimposed,

than for the thicker film, g, L=0104, where an

appreciable frequency difference, which exceeds the
Brillouin experimental resolution, is observed. The observed
discrepancy of the curves is mainly caused by the
approximations made when the terms containing the
product g,L are expanded in power series to the first order
in the argument g,,L.*° Using the approximative equation 11
for fitting the experimental data using the anisotropy
constant ks as fit parameter, one would yield a value of ks
which is 7% greater than the value obtained by fitting the
data using the full numerical procedure. Caution must
therefore be exercised when using the analytical approach,
even for very low film thicknesses.

4. Results and discussion

In Fig. 2 we plot the calculated spin-wave
frequencies for Ni (100)-, (110)- and (111)- oriented films
as afunction of the film thickness. In addition to the surface
Damon-Eshbach (DE) mode, a large number of bulk
standing modes, characterized by their typica 1/L?
behaviour, are visible. While the bulk modes have almost
the same thickness dependence, thus being insensitive to the
crystal orientation, differences in the DE spin-wave
frequency can be observed when the film thickness is
reduced below 200 A. In this condition, interface anisotropy
greatly influences the spin-wave frequency giving rise to an
appreciable difference between the principa crystal
orientations. These frequency differences are due to the fact

100

80
60
40

20}

111)d00) H=1 kOe |

0 200 400 600 800
Ni film thickness (&)

Spin-wave frequency (GHz)

0

FIG.2 Spin-wave frequency as a function of the layer thickness for a single-
crystal Ni (100)-, (continuous line), (110)-, (dashed line), and (111)-, (dotted
line), orientated layer. All the curves are calculated with the full numerical
procedure described in the text, taking f=0 and assuming the out-of-plane
anisotropy constants at the two film interfaces to be equal: k<=0.375 erg/cm?.

that, although the anisotropy constants used to calculate the
curves of Fig. 2 are the same for the three crysta
orientations, they enter in different ways in the expression
for the interface anisotropy fields (see Table 1). In
particular, it is well known that the large increase of the
frequency of the DE mode, which takes place for Ni film
thicknesses lower that 60 A, is typical of this interface-
anisotropy-dominated mode®. Another interesting aspect of
the spin waves dispersion curves is the mode repulsion at
the branch crossing where the surface and the bulk spin
waves interact interchanging their mode character.

We now analyse in more detail the spin-wave
frequency dispersion as the magnetization direction is
varied in the film plane. The main differences between
cubic films with different crystallographic orientations will
be discussed and information will be gained about the best
conditions for determining interface anisotropy constants.
For the simulations which follow, the applied field is of
1kOe and we have always kept fixed the volume anisotropy

constant to the value!” K, =-51" 10*erg/cm® and the out-

of-plane anisotropy constant to kg =0.375 erg/ cm? . Fig. 3

shows the spin-wave dispersion of the Damon-Eshbach
mode as a function of the angle f for the principal planes of
a 200 A thick Ni film. All the curves are calculated by
means of the full numerical procedure described in Sect. 2,
with the in-plane interface anisotropy constant k, set to
zero. Therefore the directional dependence of the spin-wave
frequency is only caused by the magnetocrystalline bulk
anisotropy in the simulations. Maxima in the spin-wave
frequencies indicate easy directions of the magnetization.
For the (111)-oriented film, the frequency shows a six-fold
periodicity which reflects the in-plane layer symmetry and
the amplitude of the frequency oscillation is greatly reduced
with respect to those relating to the (100)- and the (110)-
oriented films. For these last two orientations, the four-fold
and two-fould angular periodicity result from the symmetry
of the bulk anisotropy fields, respectively.® Our calculations

125

=
N
o

Spin-wave frequency (GHz)

0 30 60 90 120 150 180

f(°)

FIG. 3 Spin-wave frequencies for the principal planes of a cubic crystd as a
function of the angle f for an applied magnetic field of 1.0 kOe. The in-plane
anisotropy is set to zero on both film interfaces.
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indicate that the experimental determination of the in-plane
anisotropy constants from the spin-wave frequency
dispersion is very difficult for thick (111)-Ni films since the
frequency dispersion with the in-plane angle is comparable
with or lower than the typical Brillouin scattering resolution
(@.3 GHz). This type of measurements becomes more
feasible in the case of ultrathin films since the interface
anisotropy constant kp, converted into an effective volume
anisotropy field, yields a large contribution to the angular
dispersion of the spin-wave frequency. To illustrate this
aspect the calculated angular dispersion of the spin-wave
frequency for a (111)-oriented 200 A thick Ni film is
compared in Fig. 4 with that of Ni films of lower
thicknesses (100 A and 50 A). The curves are calculated
assuming the interface anisotropy constants

k, =015 erg/cm2 and kg =0.375 erg/cm2

The peak-to-peak frequency amplitude, which essentially
depends on ky, increases from about 0.2 GHz, for the thick
films, to approximatively 1.4 GHz, for the a 50 A thick Ni
film. This is within the range of sensitivity of atypical BLS
experiment. Results of the anaysis of the directional
variation of spin-wave frequency of 25 A, 30 A and 60 A
thick Ni films are reported elsewhere'®

5. Conclusions

We have studied the dispersion of dipolar (Damon-
Eshbach modes) and exchange dominated spin waves for in-
plane magnetized thin and ultrathin cubic films with (111)
crystal orientation. A quantitative comparison between the
results of the complete numerical approach and those of a
simplified analytical expression valid in the ultrathin-film
limit has shown that even for a Ni film as thin as 60 A a
suitable correction of the out-of-plane anisotropy constant kg
has to be made in order to achieve an acceptable consistency
of the data. The results obtained for the (111) orientation
have been compared with those relative to the other
principal planes of a cubic crystal. It has been shown that

13.0
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H=1 kOe
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o

60 90 120 150 180
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FIG. 4 Spin-wave frequencies for (111)-oriented cubic crystal as a function of
theanglef for film thickness of 200 A, 100 A and 50 A.

while the frequency variation versus the angle f in thick
films is rather small, this variation increases in ultrathin
films because of the greater contribution given by the in-
plane anisotropy energy which is converted into an effective
volume anisotropy. We believe that the results presented in
this paper will stimulate further BLS investigations of
magnetic anisotropy on the (111)-plane of ultrathin films
and multilayers.
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Appendix

Referring to the equations contained in Ref. 1 as Eq. (1.n)
where n indicates the equation number, we list the
refinements of those expressions which enters in the spin
wave frequency calculation for a cubic crystal with (111)
orientations:

(1.13)

aaw o] é A ou
Mhy + e - Hy2m, - SH+Hp +2-2¢2Yn, =0,
YTEg T Ty X § b T 9 g™y
(1.14)

<

Mh+H+H +2 gn

8 g—+H —my =0,

(1.16)
AEani.
day
(1.17)
dEani

day

=Hamy + Hgm,,

=Hgmy +Hpmy,

The secular equation assumes the following form:
(1.22)

S u
gg—z +HS - HaHb(quz - 4pM|Hya5 + Ha0F - 2Hgq,ay =0
It can be converted into a polynomial eguation:

g

A agy =0

i=0
with coefficients:

M 4 &M 62
ag = q/G, +ﬂ(2H +Hg +Hp +4pM)q,, tons

20U

§H+Hb)H+H +4pM) - Hg - 8Aq? - é——tq,,+

Hy Jaf - (H + Ha Jo24,
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2
&M 0
i &M
ap }3q +2q//%—a(2H+H +Hp +4pM) %ﬂg
: ) , w2t
@H +Hb)(H +Hy +4pM) - H2 - 8pAG2 - —2%

XN/

M € dy adw ol
(126) Uj =— &Hy - —C— + Hy=(,
Da dxi €9 20
MEé q, aw ou
(L27) v =—@H, -+ - Hy=g,
Dg "ay €g 2

where D=HyHy - HS - é and A is the exchange
9%

stiffhess constant.
The Rado-Weertman boundary conditions calculated at the

two film surfaces become:
6

(137) & [(MHa - 2y Jui + MHg-vi] hg =0,
i=1
$
(137) a[(MHa +2Aigy; Ju; + MH u]hx,e'qx' =0,
i=1
6
2 & o\
(138) a éMHg'ui +(MHbv - 2A'Qxi )Vi hXi =0,
i=1

6 .
(138) § [MHg-ui +(MH,, +2Aiqxi)vi] heel®it =0,

i=1
All the quantities which appear in the previous equations
reduce to those reported in Ref. 1 when Hy =0 and

H . =0.
g

In the original paper there was a misprint in eg. 34 whose
correct formiis:

d d
“iayidy he “9/% h)‘?zeq// n=0,.

6
(1.34) & (1+4py Jnge
i=1
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