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harmful to the applicability of this method to
cases involving mosaic crystals, since mosaic
crystals are composed of many tiny perfect crys-
tal blocks. Strong primary or secondary reflec-
tions are still suitable for phase determinations
from mosaic crystals. Application of this method
has recently been applied to the monoclinic crys-
tal of Cs,,Ga,Se,,. The determination of this
structure has been attempted by the ordinary di-
rect method, for example, the MULTAN program,'?
but without success. By use of the present
method, fourteen phase angles were obtained
from fourteen triplet phase relations via Eq. (1).
By treating these phase angles as the starting
phases for the program MULTAN74 , we were able
to determine the relative positions of Cs, Ga,
and Se inthe unit cell. This is the first applica-
tion of multiple diffraction to crystal-structure
determination. For more complicated, for ex-
ample, noncentrosymmetric crystals, Eq. (1)
will still be valid. However, S; for random
phases, between 0° and 360°, will be more com-
plicated and more difficult to handle than the cen-
trosymmetric cases.
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Anomalous Behavior of Surface Acoustic Waves in Cu/Nb Superlattices
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Brillouin-scattering. measurements show an anomalous dip in the elastic constants of
Nb/Cu superlattices for superlattice wavelengths of < 100 A. This dip is correlated
with changes in the electrical resistivity of the samples giving the first evidence that
electronic effects are responsible for phonon softening in these materials.

PACS numbers: 62.20.Dc, 68.25.+j, 78.35.+c

The production of crystallographically coherent
layered structures of two different materials has
led to the development of a whole new class of
materials called superlattices. The components
can be either metals or semiconductors and the
superlattices are grown by either thermal evapo-
ration or sputtering. These materials have very
interesting properties which can be different from
those of either of the constituents. The general
interest in these new materials has been moti-
vated both by the potential for discovery of new
and as yet unknown physical properties, as well
as by possible applications in such diverse fields
as x-ray and neutron-beam monochromators,
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lasers, and microwave electronics. However,
since these structures are produced in the form
of thin films many conventional techniques (e.g.,
ultrasonics and neutron scattering) are not readily
applicable to their study.

In the present work we have made the first
light-scattering measurements of the elastic
properties of metallic superlattices. The results
show a remarkable anomaly in the velocity of
surface acoustic waves as a function of layer
thickness in Nb/Cu layered ultrathin coherent
structures (LUCS). This anomaly is correlated
with changes in the temperature coefficient of
resistivity of the material. At the thickness at
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which the coefficient of resistivity changes from
positive (“metallic”) to negative (“nonmetallic”)
behavior the acoustic velocity shows an anomalous
dip. This is interpreted as evidence for phonon
softening due to changes in the electronic prop-
erties of the superlattice.

In 1978 Sandercock® first showed the feasibility
of observing thermally excited surface phonons
by means of light scattering. Most investigations
to date have dealt with the problem of elucidating
the interaction mechanism between the light and
the phonons as well as an explanation of other
broad spectral features which are observed. The
tremendous power of the technique is in studying
thin films which, because of the small sample
volume, are difficult to study by conventional
methods. So far it has only been used in a few
instances.?™®

The samples used in the present work? were Nb
and Cu LUCS of total thickness approximately 1
um on sapphire substrates with individual layers
varying in thickness from 5 Ato1l pum, For all
the results presented here, the Nb and Cu layers
were of equal thickness with the modulation wave
length A being twice an individual layer thickness.
The experiments were carried out at room tem-
perature on a five-pass Fabry-Perot interferom-
eter with use of ~200 mW of 5145-A radiation
from a single-moded argon laser. We verified
that up to powers of 500 mW no difference was
observed in the position of the Brillouin peaks
and hence we conclude that local heating does not
play a significant role in our experiments. The
scattering geometry is described in Fig. 1 of
Ref. 1; we kept 0;- 6, fixed at 38° (; and 6, in-
cident and scattered angles, respectively) and
varied 0; between 60° and 80°. The incident light
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FIG. 1. Brillouin spectrum of a sample with A =20 &
and 0; = 70°. The free spectral range is 15 GHz. The
time per channel is 0.47 sec and a 9-point smoothing
has been performed.

was TM polarized and no analyzer was used in
the scattered beam. A spectrum from a sample
with good surface quality is shown in Fig. 1. The
free spectral range is 15 GHz, 6;="70°, and A of
the sample is 20 A. For each sample we meas-
ured at least two points on the w vs kK dispersion
curve in order to obtain the velocity (vg). The
measured velocities are shown in Fig. 2 as a
function of the modulation wavelength A. For all
the results presented here the error bars are
estimates based on the number of data points
taken for each sample, surface quality, and re-
producibility at various points on the surface.
Possible systematic errors could cause an over-
all shift in the ordinate by as much as 5%. The
dots and crosses represent two different sets of
samples grown 18 months apart.

In order to interpret the results of Fig. 2, the
reader is referred to Farnell® for a review of the
properties of surface waves. In the region where
A <<}, where X is the wavelength of the phonons
probed in our experiments (3000 A<x<4300 f&), the
films can be considered to be homogeneous and
to possess cylindrical symmetry around the film
normal. In a reference frame with z perpendicu-
lar to the film plane, the nonzero components of
the elastic moduli tensor are C,,, C,;, C,,, C
C,,, and Cg=73(C,, - C,,). The velocity of the
surface wave is given by®

UR:B(CM/p)l/Z, (1)

where p is the density and §8is a function of C,,,
C,s, and C;,. Although for materials of symme-
try other than isotropic no analytic expression
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FIG. 2. Surface wave velocity of Nb/Cu superlattices
as a function of modulation wavelength. The dots and
crosses are values obtained on two series of samples
grown 18 months apart. The arrow indicates the ex-
pected velocity for films with a modulation =< 100 A.
The errors in the values of A are less than 5%.
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exists for B, numerical calculations® for surface
phonons in the basal plane of hexagonal crystals
performed by us and in Ref. 8 yield 0.86 <8
<0.98. This insensitivity of Bto changes in
elastic constants other than C,, that cover various
orders of magnitude makes us feel that it is very
reasonable to assume that the changes in vy arise
mainly from changes in C,,.

The problem of the elastic moduli of a structure
composed of layers of isotropic materials has
been solved by Rytov.® For the particular case
of A<<A, and equal layer thicknesses, we have
generalized these results to the case where the
individual layers have hexagonal symmetry with
their sixfold axes coinciding with the axis of the
film. For C,, we obtain

2C,,(Cu)C,, (Nb)
C,(Cu) + C,,(Nb)’

C,s(Nb/Cu) = (2)
where C,,(Cu) and C,, (Nb) are the elastic con-
stants for Cu and Nb layers, respectively., With
use of the fact that the densities of Cu (8.93 g/cm3)
and Nb (8.60 g/cm?3) are similar and under the
assumption that the appropriate B’s are not very
different, then Eqs. (1) and (2) lead to

20 Z(Cu)v g (Nb)
v (Cu) + vg(Nb)’

v(Nb/Cu) =~ (3)
It is known that Cu grows along a [111] axis in
our films; the average velocity in this plane is®
vx(Cu)=1.75X10° cm/sec. The Nb layers grow
along [110]; our calculated average velocity for
such a film of pure Nb is vz(Nb)=1.95x10° cm/
sec. These values and Eq. (3) yield vz(Nb/Cu)
=1.84x10° em/sec, which is shown by the arrow
on the right-hand side of Fig. 2. According to the
theory of Ref. 9 one would expect to observe this
velocity in all films for which A<<X. We expect
deviations for A 21000 A because in these cases
the phonons do not average over many layers so
that the upper layer will be dominant in deter-
mining the velocity of the surface wave.* For
A 2500 A the constituent of the upper layer could
be inferred from the color of the surface. We
were only able to obtain spectra in samples which
exhibited a typical Nb-like color. For thicknesses
<500 A the constituent of the uppermost layer can
no longer be determined by visual inspection;
consequently we do not know if it is Nb or Cu.
However, in this case the surface wave averages
over several layers so that the identity of the
topmost constituent is unimportant. As can be
seen, for A in the range 100-1000 A we find
reasonable agreement between experiment and
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the calculated v,(Nb/Cu); for A>1000 A, the
observed value matches the calculated vz(Nb).
However, between 100 and 12.5 A a pronounced
dip in vy is observed which according to Eq. (1),
we interpret as a drop of ~35% in C,,. We should
note that with data on only one sample with A<12
;X, it is not certain at the present time if the sub-
sequent drop in vy at A=10 A is a real effect.
Some of our preliminary results of Brillouin
scattering from Nb/Ti samples also appear to
show a decrease of vy below A =15 A.

Previously reported studies of the elastic prop-
erties of heterostructures'®!! removed from the
substrate claimed that the biaxial modulus Y of
Cu/Ni and Au/Ni increases by a factor of ~8 for
A =18 A. The decreases we observe are some-
what surprising in view of these reported in-
creases of Y in similar types of heterostructures.
However, we note that in the reference frame
used here Y is given by

Y= (C11+sz)—2C132/C33 (4)

and hence no direct contradiction with a decrease
in C,, is present. In addition, earlier measure-
ments on Cu/Ni heterostructures have failed to
observe an enhancement of the elastic constants
in samples that were not removed from the sub-
strate.'? Because of the arguments given pre-
viously, we feel that it is unlikely that any
changes in C;;, which might lead to an increase
of a factor of 8 in ¥, could be responsible for
changes in B large enough to account for the ob-
served decrease in vg.

The question that remains now is to explain the
observed decrease in C,, of the sample and hence,
through Eq. (2), the decrease in C,, of Cu and/or
Nb which is induced by the layering. [Note that
C,, is defined in the reference frame of the film
and not in the crystallographic reference frame.
As such C,, will be an average of the elastic
moduli governing the propagation of transverse
modes in a (111) plane of Cu or a (110) plane of
Nb.] The dip in the elastic constants might arise
from either structural changes (such as a sudden
decrease in grain size) which would alter the
phonon spectrum or changes in the electronic
structure of the material at A =21 A, Down to
A =20 A no unusual behavior is observed in the
6-20 x-ray diffraction from our layered materials
(we should stress that this kind of x-ray meas-
urements is only sensitive to structure perpen-
dicular to the layers). Below this thickness the
x-ray peaks broaden, implying that the material
is becoming more disordered. It is therefore



VOLUME 48, NUMBER 3

PHYSICAL REVIEW LETTERS

18 JANUARY 1982

hard to explain both a decrease in v; and a sub-
sequent increase due to structural changes as A
is decreased.

A more likely explanation is the electronic con-
tribution to the elastic moduli. One possible
mechanism is analogous to that proposed by
Keyes'? to account for effects due to free carriers
in seminconductors. In a nutshell, his argument
is as follows: When a phonon modulates the band
structure of a material lifting certain degenera-
cies, it allows a redistribution of the electrons
or holes. This redistribution reduces the free
energy and thus effectively lowers the elastic
constant. Considering that degeneracies in the
band structure and a high density of states (which
allows substantial rearrangement of the electrons)
are most likely to occur at the boundary or at
the center of the Brillouin zone, we would expect
a large contribution only if the Fermi energy lies
close to one of these regions of the Brillouin
zone. A very simple argument shows that the
Fermi energy will be folded to the zone center
when

Ky=n2m/d, (5)

where K is the Fermi wave vector, # an integer,
and d the layer thickness. With the value K;=1.36
A"l for Cu, the lowest three solutions for d are
4.6, 9.2, and 13.8 and hence one could expect
minima in the elastic constants at A=9.2, 18.4,
27.6,...A. This is to be compared with the ex-
perimentally observed dip at A=21 A and per-
haps one at ~10 10&._ At larger values of A one
would expect the effect to be masked by inhomo-
geneities in the layer thickness. It is obvious
that a complete check of this simple argument is
not possible without a full band-structure calcu-
lation for the layered structure.

A second explanation can also be proposed by
noting that at the thickness at which the elastic
constant shows the dip, the temperature coeffi-
cient of electrical resistivity (which is roughly
independent of temperature between 50 K and
room temperature) changes sign.'* This change
in sign is related to progressive localization!® !¢
and Coulomb correlation!®!” effects as a function
of layer thickness. The opening up of a Coulomb
correlation gap at the Fermi energy would be
reflected by an anomalous behavior in the elastic
constants. This explanation is qualitatively simi-
lar to that used to explain anomalous changes in
the lattice parameters of binary alloys where
energy gaps open up at the Fermi surface as it
touches the Brillouin zone.'®

In conclusion, the acoustic velocity of Nb/Cu
metallic superlattices shows an anomalous dip as
a function of layer thickness. It is suggested that
this effect may be due to the removal of degener-
acies by the new periodicity imposed by the super-
lattice or by progressive localization effects as a
function of layer thickness. However, irrespec-
tive of the possible explanations based on struc-
tural or electronic origin, we emphasize the
correlation between the transport properties and
the elastic constants both of which show anoma-
lies at A =20 A.
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Alloy Clustering in Ga;_, Al,As Compound Semiconductors Grown by Molecular Beam Epitaxy
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Direct evidence of alloy clustering in the Ga,., Al, As alloy system is presented. Clus-
tering is observed orly on the nonpolar surface of GaAs. An exchange reaction model is
proposed to account for the existence of a surface-orientation—dependent miscibility gap

for this alloy system.

PACS numbers: 68.20.+t, 68.45.-v, 68.55.+b, 73.40.Lq

Alloy clustering in compound semiconductors
has recently been suggested to explain the photo-
luminescence features of GaAs-Ga,.,Al As
multi-quantum-well lasers grown by metal-or-
ganic vapor deposition,' The coexistence of two
solid phases with different compositions neces-
sary for defining clustering is very surprising
for this alloy system since thermodynamic cal-
culations? do not indicate a miscibility gap. How-
ever, computed phase diagrams only deal with
thermodynamic properties of the bulk crystal.

In the case of solid solutions formed by epitaxy
at a vacuum-crystal surface, it might be ex-
pected that different thermodynamic equilibria
exist for each different crystal surface and that
these equilibria will differ with environment. The
details of surface thermodynamics are not well
enough understood to compute a “surface phase
diagram” which takes into account the effects of
surface reconstruction, the possibility of ex-
change reactions, and surface diffusion kinetics.
However, crystal growth techniques such as
molecular beam epitaxy (MBE)? offer the possi-
bility of measuring experimentally some features
of the surface phase diagram under controlled
conditions. In this Letter we report the first
evidence of a surface-orientation— dependent
phase diagram for the Ga,., Al As alloy system
grown by MBE, A miscibility gap is reported and
the structure and composition inthe solid solution
suggest the existence of a spinodal reaction.

Ga,.,Al_As (0.15 <x < 0.5) expitaxial layers

have been deposited by MBE>* at a temperature
T, =600°C, under growth conditions that would
be As stabilized for a (100) growth. The GaAs
substrate orientation was (110) for some deposi-
tions and for others +2° vicinally oriented from
[110] with tilt axis parallel to the [110] direction.
These vicinally oriented substrates contain sur-
face steps with ledges parallel to [110] which are
terminated either by Ga or As bonds. Typical
growth rates are 1 um/h. The substrate prepara-
tion prior to the MBE deposition consisted of a
standard bromine methanol etching and heating
in UHV at a temperature of 650°C to remove the
remaining oxide. The surface reconstruction of
the (110) surface observed by reflection high-
energy electron diffraction was (1 X1). It has
been established by ultraviolet photospectroscopy®
and theoretical calculations® that surface relaxa-
tion of the outer layer takes place in such a way
that the As moves out by 0.2 A and the Ga moves
in by 0.45 A. The total displacement is 0.65 A
for atoms on the surface, but it is expected to be
more important at the steps for the vicinally
oriented (110) surface.

In addition, Ga,.,Al,As depositions on (100)-
oriented GaAs substrates were performed. For
these (100)-oriented substrates and films the re-
constructed surface was C(2 X 8). Ga,., Al As
films were also deposited on (110) GaAs sub-
strates by liquid-phase epitaxy (LPE)? using the
standard graphite crucible process. The growth
rate for these films was =10 um/h and the growth
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