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Our NMR experiments confirm the above con-
clusion. After a sample is quenched the NMR fre-
quencies show time dependencies divided into the
same two domains. Moreover, as shown in Fig. 2,
we observe strikingly different coexistence curves
and critical isochores in our quenched and non-
quenched experiments. In the nonquenched exper-
iment long waiting times (over twelve hours) oc-
cur before any measurement is made near T,.
This insures that the xenon sample has come to
equilibrium with the gravitational field. In the
quenched experiment all measurements are made
after a relatively short time, about 20-30 min
following the quench. This time must be long
enough to insure equilibrium between the liquid
and vapor phases but short enough to insure mini-
mal effects from gravitational gradients. As
shown in Fig. 2 the quenching technique elimi-
nates both the excess line broadening and the
anomaly ot two apparently separate signals (high-
density gas near bottom of sample and low-den-
sity vapor near top ot sample) which occurs well
above T, in our nonquenched experiments as a
result of the warped (sigmoid) gravitational den-
sity profile.
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Light Scattering from Bulk and Surface Spin Waves in EuO

P. Grunberg and F. Metawe
Institut filr Festhorperforschung der Kernforschungsanlage Julich, D 5270 Jillich, Federal R-epublic of Germany

(Received 22 August 1977)

%e present results of light-scattering experiments on thermal acoustic spin waves in

EuO. The Brillouin spectra show two peaks which can be shifted by an external magnetic

field. One of these is identified as due to a modified bulk spin wave of the material. The

other one, by its anomalous behavior on reversal of the magnetic field or change of the

scattering geometry, reveals itself as a spin wave propagating along the surface of the

crystal.

Recently it has been shown that light scattering
from thermal acoustic magnons in suitable sys-
tems can yield extremely large cross sections. '

It thus seems quite encouraging to apply this
technique to the observation of surface m3.gnons.
This problem has recently been treated theoreti-

cally by Cottam. 2

Up to now, surface spin waves have only been
observed by microwaves' and their dispersion
been tested up to wave vectors of a few hundred
inverse centimeters. The wave vectors which
can be investigated by inelastic scattering of vi-
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FIG. 1. Backscattering geometry. Because of re-
fraction the wave vectors inside the crystal are some-
what inclined to the optical axis outside but in the plane
of incident and reflected ray. The vector n denotes
the normal on the sample plane.

sible light typically range between 10' and 10'
em '. Here we would like to report on a light-
scattering experiment from the fcc ferromagnet
EuO. In addition to the usual scattering from a
bulk spin wave we observe scattering which is
identified as due to a surface spin wave. To our
knowledge this is the first time that there is clear
experimental evidence for light scattering from
surface spin waves.

The best candidates for the observation of sur-
face spin waves in a light-scattering experiment,
of course, are those systems where the scatter-
ing intensity is strong. It is the squares of the
magneto-optic constants which determines the
light-scattering intensity from spin waves. 4 The
europium chalcogenides (EuX, with X=O, S, Se,
or Te) are among the systems showing the strong-
est known magneto-optic effects. ' At the same
time, for EuO the penetration depth for green la-
ser light (Ar+, 5145 A) is -1200 A, reducing to
-400 A the depth which significantly contributes
to the scattered light. This also favors the ob-
servation of scattering from surface spin waves
because in cases of large penetration depth such
scattering will be swamped by that from the bulk
spin wave. Special care thus had to be taken with
respect to the preparation of the surfaces. Best
results were obtained by cleaving and subsequent
thermal polishing. Good spectra can also be ob-
tained from freshly cleaved surfaces although the
amount of elastically scattered light is also quite
high in this case.

The experiments were performed on a Tropel

three-pass Fabry-Perot interferometer. Depend-
ing on the frequency shift of the inelastic scatter-
ing, which in this case is a function of B„we
chose free spectral ranges between 150 and 30
GHz. Also, in most cases, an observed frequen-
cy shift was measured with at least two different
etalon distances. For cleaved surfaces a five-
pass interferometer described elsewhere' had to
be used. The scattering geometry is shown in
Fig. 1. Here and in the following A,. and A, are
the wave vectors for incident and scattered light;
q denotes the magnon wave vector where the su-
perscripts S and AS stand for Stokes and anti-
Stokes, respectively. Thin platelets parallel to
the (100) planes were used. The magnetic field
B, is parallel to a, [100) direction lying in the
sample plane and perpendicular to the plane de-
fined by incident and reflected beams. Since the
reflected laser beam must be kept out of the aper-
ture of the instrument, the sample is tilted by an
angle y out of the direction perpendicular to the
optical axis. The minimum value for y amounts
to approximately 5'. The Curie point of EuO is T~
=69 K and so the samples had to be cooled. Mag-
netic fields were applied by a superconducting
coil contained in the same cryostat. The analyzer
direction for the polarization of the scattered
light is always set perpendicular to the polariza-
tion of the incident light.

Typical spectra are shown in Fig. 2. There
are two peaks, 3d, and M„which both sihft with
changes of the magnetic field. Scattering from
any kind of phonons, surface or bulk, can there-
fore be excluded. 1Vl, shows the usual Stokes-
anti-Stokes anomaly typical for magnons. ' The
Stokes-anti-Stokes intensity ratio reverses on
reversal of the polarization directions of incident
and scattered light. It is not affected by a rever-
sal of Bo M2 which is always observed at high-
er frequencies, also shows an anomaly but of dif-
ferent kind. First, we were never able to ob-
serve it as both Stokes and anti-Stokes at the
same time. It comes either Stokes or anti-Stokes
depending on the direction of B, or the way the
sample is being tilted. There is no marked influ-
ence by the polarization directions as for 34y.
The effect of changing the sense of the inclination
of the sample is also shown in Fig. 2. For the
wave-vector diagrams of Fig. 2 the experimental
situation of Fig. 1 has to be viewed from above,
parallel to the direction of B,. If, for example,
in one experiment 34, is observed on the Stokes
side then, on tilting the sample to the other side
with respect to the optical axis-, it comes anti-
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FIG. 2. Brillouin spectra from EuO at 45 K. The
magnon wave vector q, is constructed by considering
the components of k; and k, to be parallel to the sur-
face.
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FIG. 3. Frequencies of peaks M& and M2 of Fig, 2
as a function of external field at different tempera-
tures. Solid line: bulk magnon from Eq. (1) where
B,„=+250 G.

Stokes. The same happens when the sense of B, is reversed.
In the configuration used here the frequency of the normal or bulk spin waves is given by

& =(rl2~)[(B -B +Dq')(B -B +Dq'+4rrM )]'~',

where p/2m= 0.28 &&10' G ' sec '. For the crystal
anisotropy field we have at 45 K (30 K) B = 100
G (240 G) for the [100] direction. ' The satura-
tion magnetization 4nM, has already reached its
maximum value of 24 kG at T= 0, within a few
percent. For Euo the exchange term Dq' is of
the order of 6 G and is neglected in the following.
Figure 3 shows the experimental results. The
points below the solid line, which displays v

from Eq. (1), correspond to M„ the points above
correspond to M, . Because of its polarization-
dependent Stokes-anti-Stokes anomaly, which is
a general phenomenon, ' we ascribe My to a modi-
fied bulk magnon. It has to be regarded as modi-
fied because the frequencies deviate considerably
from Eq. (1).

Since the scattered light is observed only fran
a 400-A thin layer on the surface M„obviously
is also influenced by the surface. The experimen-
tal points for M, taken at 45 and 30 K do not show
any strong temperature dependence within experi-

! mental error. Additional measurements at 20
and 10 K with B,= 3 kG clearly show that M, shifts
to lower frequencies when the temperature is de-
creased. This shift is too strong to be due to an
increase of B~ in Eq. (1). We think that, again,
this is due to an influence by the surface.

Most intriguing is the Stokes-anti-Stokes re-
versal of M, when B, is reversed or when the
sample is tilted to the other side as is shown in
Fig. 2. A rotation about 180' around the optical
axis brings the experimental situation as shown
in the upper part of Fig. 2 into the situation dis-
played in the lower part. A reversal of the mag-
netic field does the same, so that both operations
are equivalent. In the pure backscattering con-
figuration the optical axis is an axis of high sym-
metry. This is true in particular if the [100] ax-
is of the crystal is parallel to B, as in the experi-
ment described here. A rotation of 180 around
this axis therefore leads to the same experimen-
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v, = (y/2 m) [B,+ (4 mM, /2) ]. (2)

For EuO this yields a minimum frequency of
v, = 34 GHz for B,=0, which is even higher than
the observed low-field values of 1Vi,. Hence, if
at all, Eq. (2) is only applicable with modifica-
tions to the present case. These could, for ex-
ample, lie in the presence of magnetic surface

tal situation regardless of the size of the angle y.
The backscattering configuration thus yields a
contradiction with respect to the strange behavior
of M, . Let us assume therefore that M, stems
from a spin wave which propagates along the sur-
face of the crystal, This would reconcile the ex-
perimental findings with symmetry considerations.

. Because of the surface, the symmetry is just low-
ered in such a way that the equivalence of the
Stokes and anti-Stokes wave vector is lifted. This
can easily be seen by considering a right- (or
left-) handed coordinate system where two axes
are given by B, and a vector normal to the sur-
face. Depending on whether B, is up or down, the
third axis becomes identical with the Stokes or
anti-Stokes wave vector. The existence of non-
reciprocal modes in microwave guides' thus sug-
gests that the M, peak is due to a surface wave
which is only able to propagate in one direction
given by the third axis but not in the opposite.

Another indication which points to a surface ef-
fect for M, is the fact that by an increase in the
angle y in Fig. 1 the ratio of the intensities of
M, and M, changes in favor of M, : The intensity
of M, decreases quite considerably and that of M,
increases. At small angles (y ~7 ) M, was not
observable. At y=65, M, is almost as strong
as M, on the strong side. When the angle y is
changed, the measured frequencies stay constant
within experimental error for both M, and M, .
Since different angles y produce different wave-
vector components of the incident and scattered
light para1lel to the surface, this means that
there is no observable dispersion for the surface
wave.

It might appear somewhat surprising that the
surface wave has a higher frequency than that of
the bulk. In other cases, as for phonons and plas-
mons, a lowering of the frequency is found. One
should consider, however, that a surface spin
wave sees the static magnetization of the bulk and
an analog to this is absent for surface phonons
and plasmons. In fact it has been shown' that in
the magnetostatic limit the frequency of a surface
spin wave in the present geometry is given by

reconstruction which means that a different type
of magnetic order can exist at the surface. An
additional spin-wave branch going to finite fre-
quencies as q -0 can appear. ' It is unlikely that
a light-scattering experiment is well suited to
reveal deviations of the magnetic order in detail.
We think, however, that at least we have an indi-
cation that the net in-plane magnetization close
to the surface of the sample is reduced. Canting
of the spins with respect to each other or jointly
into the direction normal to the sample plane
could be responsible for this. In this case the
4wM, term in Eq. (1) is reduced, which could
explain the frequency downshift for M, . Tne cant-
ing then obviously becomes stronger at lower
temperatures. From our experiments we have
another indication that this happens. The above-
described Stokes-anti-Stokes anomaly for 18, is
only possible if both longitudinal and transverse
magneto-optic effects are present in the scatter-
ing mechanism. ' For a spin wave propagating pa-
rallel to the magnetization, i.e., for the present
case of magnetization normal to the surface, the
scattering mechanism in the backscattering ge-
ometry is purely transverse and there should be
no Stokes-anti-Stokes anomaly. This exactly
what is observed for M, at low enough tempera-
tures (10 K).

To conclude, there is experimental evidence
that, in addition to a modified bulk spin wave, a
surface spin wave has been observed in the (100)
pIanes of EuO. Its frequency lies considerably
above the frequencies of corresponding bulk spin
waves. More detailed measurements are current-
ly under way.
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The evolution of the electronic structure of disordered Te and Qe films upon thermal
annealing and/or laser irradiation has been traced with use of the newly developed double-
beam photoemission technique, In particular, it is shown that, contrary to what occurs
in Te films, the onset of short-range crystalline ordering appears abruptly and uniformily
within the Ge films, but over a much too short range to avoid R randomization before
emission of the electrons.

The field of disordered solids is generally rec-
ognized as a puzzling one. However, among the
positive information collected so far, atomic dis-
tribution studies have shown that crystalline
short-range order is more or less present in dis-
ordered films. In parallel, photoemission has in-
dicated that the structure of the crystalline va-
lence-band density of states (DOS) would seem
generally to be much less affected by the absence
of long-range order in the disordered films than
the conduction-band DOS.

Upon thermal annealing, as the atomic configu-
ration evolves towards the crystal with increas-
ing temperature, the electronic structure of the
films, as seen by photoemission, resembles
more and more that of the crystal. However, be-
cause of the 1.imited resolution of photoemission,
it was never possible to identify clearly any inter-I

mediate phase in that evolution. It was the pur-
pose of the present work to investigate such order-
ing mechanisms developing in disordered semi-
conducting films (namely Ge and Te) upon ther-
mal annealing and/or laser irradiation. It has
been shown recently' that the possibility exists to
modulate the photoemission current of a solid by
using a flash-excited dye-laser (secondary) beam
focused onto the sample together with the con-
tinuous uv (primary) beam. This double-beam
photoemission technique (DBP) has proved to pro-
vide extremely precise information on the elec-
tronic structure of crystals.

Following arguments developed earlier, ' DBP
may be regarded as a two-step optical process
via real intermediate conduction states. In the
case of a crystal, the resulting DBP electron dis-
tributions can be expressed by

&(E, hv„„hv~) =QtP(E, k) ~(M„o (k)) ~'5(E„(k)+hv~-Eo (k))

X[~(M«(k)) ~'5tEc (k)+hv„, -Eo (k))5(E-Eo (k))

+ ~(Myo (k)) j'6(Ey(k)+hv„„-Eo (k))6(E-Eo (k))],

where V and C label electron-state energy levels in the valence and conduction bands, respectively,
P(E, k) is the usual escape function of excited electrons, and M denotes the various matrix elements
involved, arith the summation running over the vrhole BriQouin zone.

The first term on the right-hand side of Eq. (1) describes the pulsed laser excitation of valence elec-
trons into conduction states, followed by the uv excitation of these once-excited electrons into higher
conduction states (process 1, in Ref. 1); the second term represents the uv excitation of valence elec-
trons the density of which has been modulated through laser excitation (process 2, in Ref. 1). In the
absence of periodicity, k conservation does not hold and Eq. (1) may be reduced to two distributions
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