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Stokes —anti-Stokes asymmetry in Brillouin scattering from magnons
in thin ferromagnetic films

R. E. Camley
Department of Physics, University of Colorado, Colorado Springs, Colorado, 80907

P. Grunberg and C. M. Mayr
Institut fiir Festkorperforschung, Kernforschungsanlage, 5l 70 Jiilich, West Germany

(Received 9 March 1982)

A large asymmetry is found in the intensity between Stokes peaks and the equivalent
anti-Stokes peaks in scattering from magnons in very thin ferromagnetic films. It is
shown that this asymmetry is due to the contribution of the off-diagonal spin-spin corre-
lation function (S„Sr) to the light scattering intensity. This contribution is only seen
when the wave vector of the light in the ferromagnet is complex, the case for absorptive
materials. The asymmetry is studied both theoretically and experimentally, and good
agreement is found.

INTRODUCTION

For many years it has been known that in light
scattering from magnetic materials there were at
least two sources for an asymmetry in the intensity
of Stokes peaks compared to anti-Stokes peaks.
The first of these is due to thermal population fac-
tors. ' Essentially it is more probable to create a
spin wave (Stokes process} than to destroy one
(anti-Stokes process), because in order to destroy a
spin wave it must first have been thermally excit-
ed. This difference is eventually reflected in a
Stokes —anti-Stokes (S-aS) ratio of exp(fiQlkit T),
where 0 is the frequency of the spin wave, kn is
Boltzmann's constant, and T is the temperature.

The second cause may be understood as fol-
lows. ' The change in the dielectric constant due
to spin fluctuations may be expanded to second or-
der in the spin densities. Thus

5eais( x, t) = QKaprSr( x, t)

+ g GaprsSr( x, t)Ss( x, t ) .
y5

In this equation Sr(x, t) is the yth component of
spin density at position x and time t, and E~p& and

Gait&s are the elements of the linear and quadratic
coupling tensors, respectively. The quadratic terms
may contribute to one-magnon scattering if y or a
is in the direction of the saturation magnetization
M, . In this case, Sr(x, t) or Ss(x, t) may be re-
placed by nS, where n is the number of spins per

unit volume. The scattering from the quadratic
terms may then interfere with that from the linear
terms. For a cubic material with the field along
the [100] direction, there is only one independent
element of the linear and quadratic coupling ten-

sors, K and G, respectively. Then one can show
that on the Stokes side the linear and quadratic
terms interfere destructively, and the scattering in-

tensity is proportional to
~

K —nSG
~

. On the
anti-Stokes side the two terms interfere construc-
tively and the scattering intensity is proportional to
[K+nSG [2.

The two mechanisms above, the thermal popula-
tion effect and the linear-quadratic effect, have one
feature in common. A reversal of the magnetic
field does not alter the S-aS ratio.

Recently in a series of experimental and
theoretical' ' papers involving light scattering
from surface magnons, a large S-aS intensity
difference has been seen which could not be ex-

plained by the above two mechanisms. The origin
of this symmetry is that the eigenvectors of the
created and destroyed waves are not equivalent.
This inequivalence has been viewed primarily as a
localization effect due to the surface. This is illus-
trated in Fig. 1. The surface spin wave propagat-
ing as shown in Fig. 1(a) necessarily has its largest
amplitude near the top surface. A surface spin
wave propagating in the opposite direction will be
localized at the bottom surface. If the geometry of
the light scattering experiment is designed so as to
create the spin wave in Fig. 1(a}, then the spin
wave destroyed will be the one shown in Fig. 1(b).
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FIG. 1. Schematic of surface spin-wave localization
as a function of propagation direction. In (a) the spin
wave is localized near the top, in (b) near the bottom.
A, & is the penetration depth of the incident laser light.
Light scattering from (a) will be greater than from (b).

Because of the different localization of the two
spin waves and the finite penetration depth of the
incident light, then scattering with creation of a
surface magnon at the top will be greater than that
with destruction of a suface magnon at the bottom.
Since a reversal of the applied magnetic field and
sample magnetization will cause a reversal of the
localization of the surface spin waves there will

also be a reversal of the S-aS asymmetry. Owing
to the presence of the surface, bulk waves will also
be modified, and scattering from bulk wa~es may
also show asymmetry due to localization.

If one investigates very thin samples ( (15 nm),
the localization of the surface spin waves disap-
pears because the penetration depth A,, (A,, = I/Q{{,

where Q~{ is the wave vector of the surface wave
parallel to the surface) of the surface spin wave be-
comes much larger than the thickness of the film.
One might expect the S-aS ratio to approach unity
since the localization mechanism no longer holds.
Surprisingly, however, this is not the case. A large
S-aS intensity difference remains. This difference
is not due to thermal factors because the spin wave
energies are small compared to k~T. The differ-
ence is also not due to the linear-quadratic effect
because reversal of the applied field essentially rev-
erses the S-aS ratio.

In this paper, we therefore investigate experi-
mentally and theoretically the origin and behavior
of the S-aS intensity ratio in very thin ferromag-
netic films. %e find that the asymmetry is due to
the contribution of the off-diagonal spin-spin
correlation function (S„S&) to the light scattering
intensity. Thus it is a function of the rotation and
ellipticity of the spin precession We .will show on
the basis of a symmetry argument that the Fourier
transform of this correlation function changes sign
when contributing to the intensity on the Stokes
and anti-Stokes side. The theoretical predictions
for the S-aS intensity ratio made on this basis are
shown to be in good agreement with experimental
results obtained from thin films of Fe, Ni, and
Nip sFep 2 (Permalloy).

THEORY

The basic formalism used here for light scatter-
ing from a semi-infinite ferromagnet and a fer-
romagnetic thin film was developed in Refs.
10—12. Here we consider the case of very thin

Z, Bp
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FIG. 2. Geometry considered in this paper. The incident light, with wave vector k, strikes the surface at an angle
0 with respect to the surface normal. The scattered light, with wave vector k, is backscattered in the direction of the
incident beam. Also shown is the sense of rotation for magnons propagating from (a) left to right and (b) right to left
and (c) the rotation of the electric field vector in the medium.
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films and reduce the previously derived equations
to a simpler form so that the origin of the S-as
asymmetry is easily understood.

The geometry is illustrated in Fig. 2. The xz
plane defines the top surface. The applied field
is parallel to the z axis. The incident light has

~0
wave vector k and frequency coo, while the scat-
tered light has wave vector k' and frequency co, .
We briefly review here some results and notations

S~J(x;x', t t—'}=(S;(x,t)SJ(x', t')) . (2)

Since the system has translational invariance paral-
lel to the surface, we may write S;J(x,x ', t t—') in
terms of its Fourier transform

from the earlier work. Eventually the light scatter-
ing cross section is related to the spin-spin correla-
tion function. We write

dN
S; (x,x ';t t')= —J S~.(q~~, co,y,y)exp[iq~~(x~~ —xj~) —iso(t —t')],

where x~~ is the projection of x on the plane parallel to the surface. The diagonal elements S;;(q~~,co,y,y)
have the following physical interpretation. Imagine a thin slab of thickness dy, with surfaces parallel to the
surface of the film. Then S~(q~~, co,y,y) is a measure of the square of the amplitude to find a spin fluctua-
tion, in the x direction, located at distance y from the surface, with a wave vector q~~

and frequency co.

These functions were studied in detail in Refs. 10 and 12.
From Ref. 10 one may relate the intensity of the scattered light to the Fourier transform of the spin-spin

correlation function. We find

I(k, k', Q) = I dy dy'exp(ibk~ ibk jy')—
X [ r S„(Q~~,Q,y,y')+ r„„S«(Q~~, Q,y,y')+ r„„S (Q~~, Q,yy')+ r S (Q~ ~, Q,y,y')] .

(4)

In the above expression Q~~ is the wave vector of
the spin wave created or destroyed in the light
scattering experiment. Thus

~o ~s
k

Similarly

=No —N (6)

S;,(Q~~, Q,y,y'). We can rela«S;, (Q~~, +Q,y,y') «
SJ(Q~~, —Q,y,y') through the following symmetry
argument. Time reversal is not a good symmetry
operator for our system. However, time reversal
followed by reflection through the y =L/2 plane is
a symmetry operation. As an example we consider
the correlation function

Thus for a Stokes process Q is positive; for an
anti-Stokes process 0 is negative. The terms

r~r, r~„r,r„„are related to factors of the light
scattering geometry, such as the angles that the in-
cident and scattered light make with the surface
normal, the polarizations, and the penetration
depth of the incident laser light. Expressions for
these terms may be found in Refs. 10 and 11. Fi-
nally,

Eked
——kq+k j,

where kq and kz are the components of k and k'
perpendicular to the surface in the material

From Eq. (4) we see that the intensity difference
between the Stokes and anti-Stokes sides results
from the change of +Q to —Q in the functions

(SA(x, t)S/(K ',0)) . (8)

Application of time reversal changes the sign of t
to —t, and because S is an axial vector S„and S~
also change sign. We then have

(S„(x,—t)S (x ', 0) ) . (9)

—( S(xi', Ly, —t) S(xji, L—y', 0)) .

Since we have now performed a symmetry
transformation the correlation function in (8) must
be equivalent to the correlation function in (10}.
When we write (8) and (10) in their Fourier expan-

We then reflect through the y =L/2 plane. This
changes y to L —y, and because S is an axial vector
S„changes to —S„but S~ is unchanged. We ob-
tain
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sions as done in Eq. (3) and equate Fourier coeffi-
cients, we obtain

Sz»(Q~~~ +Q,y,y') =—Sz»(Q~ ~,
—Q,L y—,L —y') .

S~.(Q)),Q) =SJ(Q)(,Q,y =y'=0) . (15)

The equation for the intensity may then be written

I= IB I'r»»s»»(Q)[»)+r S (Q[[»)

+2Re[r»„s»z(Q~~, Q)],
where

L
B= I dy exp(i hk jy ),

and we have used

(16)

(17)

S~(Qii, Q) =S», (Qii, Q), (18)

which may be derived from the definitions in Ref.
10.

We see from Eqs. (11)—(14) that when Q
changes from positive to negative the diagonal ele-
ments S~ and Sz& remain unchanged, but the off-
diagonal elements S» change sign. Thus if S~ has
a positive contribution to the intensity on the
Stokes (+Q) side, then S„„will have a negative

By a similar argument one can show

»z(Q([ + yy')= »z(Q~~,
—Q L —y L —y'»

(12)

s (Q~~, +Q,y,y ) = ~s (Q~~,
—Q,I, y, L —y), —

(13)

S»»(Q)[ +Q,y,y') = +S»»(Q)) Q L y L y )

(14)

We see in the diagonal functions S~ and S»» a
common feature: Reversing the frequency is
equivalent to turning the film upside down. For
example, if we examine the spin fluctuations with
positive frequency near the top surface (y =y'=0),
this is equivalent to examining spin fluctuations
with negative frequency but at the bottom surface
(y =y'=L). In thicker samples where the surface
spin wave is localized near the top or bottom sur-
face, this provides the asymmetry between the S-aS
intensities as discussed in the Introduction.

Here we are interested in very thin samples. In
this case the function SJ(Q~~, Q,y,y'), evaluated in
the region of the surface wave, is nearly constant
across the thickness of the film, and we may
neglect variations in y and y'. Thus we set

contribution on the anti-Stokes ( —Q) side. This is
the origin of the asymmetry.

The asymmetry in the S-aS ratio that one sees in
scattering from surface spin waves in thicker sam-
ples occurs because of the unusual properties of the
long-wavelength surface spin wave, i.e., that the
spin wave is localized at the top or bottom surface
depending on the direction of propagation. This
feature is due explicitly to the dipole-dipole in-
teraction and the existence of the surface. The
mechanism considered here, in contrast, is a gen-
eral feature of magnetic systems. From the sym-
metry argument we see that this result does not de-

pend on the nature of the coupling between spins.
Also, the existence of the surface is not necessary
Scattering from bulk waves will also show this
asymmetry if the spin deviations are symmetric
about they =L/2 plane.

We note the following properties. The factors
r and r~ are real and positive; r» is complex.
The correlation functions S~ and S„» are also real
and positive, but the off-diagonal correlation func-
tion S» is purely imaginary and, as we have seen,
may be positive or negative. That S» is imaginary
simply reflects the fact that Sz and S» are 90' out
of phase. Since the final intensity must be purely
real, the off-diagonal correlation function S»„only
contributes to the intensity when r» has an ima-
ginary part. From the definitions of r»„ in Refs.
10 and 11 one can see that r~„ is complex only
when the wave vector of the incident light in the
ferromagnet is complex. This is the case when
there is strong absorption of the light. This ex-
plains why S-aS asymmetries that cannot be ex-
plained by some other mechanism have not been
seen earlier. Most previous work has been on light
scattering from nearly transparent materials. Only
recently, with the investigation of light scattering
from ferromagnetic metals, have the measured ab-
sorption values been large. And in many of these
investigations a large S-aS asymmetry has been
seen.

We illustrate the physical difference between the
spin waves with +Q and —Q in Fig. 2. Q~~ is
directed along the +x axis. An individual spin al-
ways, regardless of direction of propagation
precesses clockwise about the magnetic field. One
can then see that for propagation from left to right
(+Q) the spatial arrangement of a spin wave must
be as illustrated in Fig. 2(a). For propagation from
right to left ( —Q) the spatial arrangement is illus-
trated in Fig. 2(b). These two arrangements are
not equivalent in that the sense of precession as
one moves from left to right is opposite. This
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difference between the wave with +0 and —0
can result in an asymmetric S-aS ratio through the
interaction with the light. Consider an incident
light wave polarized parallel to the plane of in-
cidence. If the medium is absorptive so the wave
vector of the light beam in the medium is complex,
the polarization of the light will precess in the ma-
terial. Such a precession is schematically illustrat-
ed in Fig. 2(c). When the sense of precession of
the incident beam matches that of the spin wave,
the scattering is greater.

RESULTS AND DISCUSSION

Here we present both experimental and theoreti-
cal results in studying the S-aS asymmetry in thin
ferromagnetic films. Three materials were
studied —Fe, Ni, and Permalloy. All three materi-
als absorb light strongly (hence the wave vector for
the light in the solid is complex), and all three ma-
terials show a large S-aS intensity asymmetry
which cannot be explained by thermal effects,
linear-quadratic interference, or localization of the
surface wave.

In all the theoretical calculations presented here
we have assumed that the surface spins are un-
pinned and have used only the linear terms in the
spin density in the expansion of the dielectric con-

stant. In Figs. 3(a) and 3(b), we present the experi-
mental scattering spectra of the three materials
under consideration. The plane of incidence is per-
pendicular to the surface and to the applied field.
The incident light is polarized in the plane of in-
cidence. Qii is directed along the +x axis. In Fig.
3(b) the magnetic field has been reversed with
respect to Fig. 3(a). Figure 3(c) shows the theoreti-
cal calculation for the same geometry as Fig. 3(a).

In all three cases we find a large S-aS asym-
metry which essentially reverses upon reversal of
the magnetic field. This is true in particular for
Fe, where the linear-quadratic mechanism can thus
be neglected within experimental error. For Per-
malloy, and even more so for Ni, reversing the ap-
plied field does not exactly reverse the S-aS ratio.
This is an indication that some linear-quadratic ef-
fect also plays a role here.

In Fig. 4(a) we plot the S-aS ratio as a function
of applied field for Fe. We see here that as the
field increases, the S-aS ratio also increases. The
reason for this is that as the field increases, the
spin deviations become more nearly circularly po-
larized and the contributions from the off-diagonal
correlation functions become less important. In
Fig. 4(b) we plot the S-aS intensity ratio of Fe as a
function of the angle 0 that the scattered light
makes with the surface normal. The applied field
is 0.1 T. We see here a strong dependence of the
S-aS intensity ratio as a function of incident angle.
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FIG. 3. Comparison of experimental, (a) and (b), and theoretical (c) results for light scattering from thin films of dif-
ferent materials. Thickness L is 10 nm, 0=45', and the incident light is polarized parallel to the plane of incidence.
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FIG. 4. (a) S-aS ratio as a function of the applied
field for light scattering from 10-nm Fe film. 8=45'.
(b) S-aS ratio as a function of angle 8 for light scatter-
ing from 10-nm Fe film. Applied field is 0.1 T.

periment in Figs. 4(a) and 4(b) the qualitative
behavior of the S-as intensity ratio as a function of
field and angle 8 has very good agreement. The
small quantitative differences are probably caused

by the large collection angle in the experiment, and
that quadratic coupling has been neglected in the
theoretical calculations.

In the above study we have seen that the S-aS
asyinmetry in the light scattering from surface
waves in thin ferromagnetic films can be explained

by the contribution of the off-diagonal correlation
function (S,Sy ). As we noted previously, the
same mechanism will also result in an asymmetry
in scattering from bulk waves. This in fact has
been seen before ' ' but was not explicitly recog-
nized. As we have seen, the S-aS asymmetry
found here is strongly angle dependent, and the
angle-dependent asymmetry seen previously in the
earlier studies is also due to the contribution of the
correlation function (S~S& ) .
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