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Two-phonon processes have been used to study the crystalline structure of two mixed-crystal sys-

tems. The two-phonon spectra of Gal, A1~As show coupled optical zone-edge phonons, which are
GaAs-like, A1As-like, and also combinations of GaAs-bke and A1As-like zone-edge phonons. The
latter combination is not observed in GaPl, As„ the other Inixed-crystal system studied here,

whcrc thc lincwldth of thc GaP"like Raman mode lnclcascs and thc RaI11an intensity rapidly de-

creases with increasing As content, We explain these results qualitatively by assuming a random

distribution of Ga and Al atoms in Gal Al„As crystals, and a distortion of the lattice structure as

well as a departure from a random distribution of atoms in Gapl, As„.

I. INTRODUCTIGN

The vibrational properties of mixed crystals have been
intensively studied in the past 15 years. Most of the at-
tention has been devoted to the description and to the
understanding of the properties of phonons at the zone
center of the virtual crystal [zone-center phonons
(ZCP's)j. Less effort has been spent studying two-
phonon spectra, where the density of states favors near
zone-edge phonons (ZEP's) firstly, because the experimen-
tal second-order Raman scattering (RS) spectrum is usual-

ly more difficult to obtain than the first-order one and

secondly, because the second-order RS is a higher-order
process in the Hamiltonian, and thus more difficult to
treat theoretically. ZEP's in an ABl „C lattice have
short-wavelength displacements which should be sensitive
to such structural details as whether the 8 and C atoms
are distributed randomly or in the form of clusters. In a
mixed crystal, two types of vibrational features are often
observed: (1) zone-center Raman or infrared-active modes
obcylIlg thc sclcctton Illlcs Rlld k coIlscrvatloll of tllc
"average" structure and (2) disorder-induced Raman spec-
tra due to a breakdown of the k conservation.

Recently there has been a renewed interest in the study
of the crystalline structure of mixed crystals. From the
photoluminescence of GRP& „As„ it has been inferred
that local fiuctuations in the composition of the alloys are
sufficiently strong to produce a peak due to excitons
trapped by fhc fluctuation in the random potential. No
such peak has been seen in Ga& „Al„As. This trend is in
accordance wl'tll thc infrared IcflcctIVIty study oil fhc
latter system which shows the existence of two structure-
less restrahlen bands only. '

From x-ray data we know that mixed crystals behave
like virtual crystals to the extent that the lattice mean

spacing follows Vcgard s law. But lt has bccn shown re-
cently, using extended x-ray-absorption fine-structure
(EXAFS) techniques, that in solid solutions of
Ga& „In As, the virtual-crystal approximation does not
hold on an atomic scale, and that the Ga-As and In-As
nearest-neighbor distances do not vary appreciably with
the concentration. The next-nearest-neighbor distance
shows a broadened single distribution for the cation sub-
lattlcc~ pcakcd at thc RvcI'aged lattice dlstRIlcc~ Rnd a bl-
modal distribution for the anions. "

Mixed GRPI „As„was one of the first mixed-crystal
systems in which the ZCP Rnd ZEP vibrational properties
have bccIl studlcd. It has bccn shown to cxhlblt a
two-mode behavior both for the ZCP's and ZEP's and a
model for this, based on the randomness of the P(As) loca-
tion has been proposed, " and a model based on the ex-
istence of P(As) clusters was worked out to take into ac-
count the observed weak extra structure in the reflectivity
spectrum. " The ZCP vibrational properties of
Gal „Al„AS have been studied ' this system shows a
two-mode behavior at q=O. No weak extra structure has
been observed in the restrahlen bands of Gal „A1~AS.

In this paper we use RS by two-phonon processes to
study the crystalline structure of mixed crystals. The pho-
non density of states is high close to the edge of the zone,
and usually the two-phonon Raman spectrum consists of
contributions from scvcl.al zone-edge I'cglons. Slncc thc
phase of each ZEP wave changes rapidly from unit cell to
unit cell, such phonons should be sensitive both to disor-
der and to correlation on the scale of a lattice constant.
Two sets of mixed cl'ystRls will bc studied: GRPI «As~
and Ga& „AI,As, which have different ZEP properties.
These different ZEP properties we attribute to structural
differences.
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II. EXPERIMENTAL RESULTS

RS from mixed GaPi As„was performed at room
temperature on layers grown by liquid-phase epitaxy on a
substrate, which was either GaP for GaP-rich mixed crys-
tals or GaAs for the GaAs-rich ones. The 4880-A laser
wavelength was usually chosen because it is completely
absorbed in the (1—3)-pm-thick epitaxial layer. For
x &0.46 the crystals have indirect band gapa. ' In the
indirect-gap range phonon replicas were observed for
x=0.2 and A, =4880 A.2o These (see discussion of Fig. 2)
can be avoided by using bulk samples and the 6471-A
krypton-laser line. GaP and GaAs were rendered amor-
phous by a high implantation dose (10' Sb ions/cm at
room temperature) and then studied using the 4880-A
laser line.

The Al„Gai „As samples were grown by molecular
beam epitaxy on a GaAs substrate. For A1As-rich materi-
al the epitaxial layer was covered with a very thin film of
GaAs to prevent the deterioration of the mixed crystals.
Different laser wavelengths were used in order to avoid
resonances. Studies on GaAs (Ref. 21) and Gai „Al„As
(Ref. 22) have lead to a model that has the conduction
bands at I and X crossing for x -=0.4. For larger concen-
tration x, the conduction-band minima are at X, whereas
the valence-band maximum remains at the I point.

GaP

A. GaP) „As„

Figure 1 shows the Ram an spectra of mixed
GaP~ „As~ crystals excited by the 4880-A laser line. For
all concentrations a two-mode behavior of the ZCP's is
observed with two sets of oscillators, one corresponding to
GaP and one to GaAs. Combinations of optical ZEP's
give Raman peaks in the high-frequency range of the
spectrum that can be seen in the frequency range
650 &u & 850 cm '. These are GaP-like and GaAs-like in
the frequency ranges 600&co & 800 cm ' and 500 &

~ &600 cm, respectively. In the concentration range
0& 1 —x &0.65 the intensity and the width of the GaP-
like two-phonon peaks can be conveniently measured
without too much error.

In ofdcf to compare both the intensity and thc linc
shape of different samples, a backscattering technique has
been used: The impinging laser light arrives perpendicular
to the crystal and is reflected from a small mirror at the
center of the collecting Raman system. For unanalyzed
collected light, the Raman efficiency in this case is not
dependent on the polarization of the laser with respect to
the crystal, and scattering intensities from different sam-

ples can be compared. The two-phonon intensity was
normalized to the zone center GaP LQ intensity multi-

plied by 1—x to take into account the expected depen-
dence of the intensity on the GaP concentration. If the
GaP two-phonon intensity were pmportional to (1—x),
this normalized spectrum would be independent of x. Fig-
ure 2 shows this normalized GaP two-phonon Raman
spectra of GaPi „As„ for different As concentrations, in
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FIG. 1. Room-temperature backscattering Raman spectrum

of GaP~ „As„mixed crystals. The laser wavelength is 4880 A.
The scattered light is not analyzed. The crystal plane is perpen-

dicular to the [100) axis.
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FIG. 2. Room-temperature Raman spectra of Gapl „As,
for different As concentrations. The intensity is normalized to
the intensity of the GaP LQq mode multiplied by 1—x. The
laser wavelength is 4880 A; the collected light is not analyzed.
The crystal plane is perpendicular to the [100]axis.
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FIG. 4. Concentration depeI1dence of the normalized second-
order Raman intensity of the peaks at 718 and 783 cm
(I I+I 12 representation).

700 800
RAMAN SH)FT (cm-')

FIG. 3. I.ine shapes of GaPI „As„spectra for different As
concentrations. The spectra are normalized to the same max-
imum intensity. The zone-center replicas have been subtracted.

the frequency range 650—800 cm '. In pure GaP the
peaks at 720 and 783 cID have I «+I «2 syIDHlctrJJ, thc
structure between these two main peaks has I'15 symmetry
Rlld ls tlllls also infrared Rctlvc. Ill addltlon to tllc stall-
dard two-phonon Raman spectra, the 2LOI. peak is clearly
seen for x=0.2. This peak has not been used in the com-
parison of intensities that follows. When the phosphorus
concentration decreases in the crystal, the intensity of the
GaP ZEP drops very rapidly and the peaks broaden, For
concentrations higher than =25% the peak structure can
no longer be singled out and the GaP two-phonon RS
spectrum is reduced to a broad and weak band in the fre-
quency range 650 & RI (800 cm '. There was no peak ob-
served in the (630—670)-cm ' range that would be the
analog of peak C from Gal «Al„AS (see below).

Together with the decreases of the Raman intensity, a
broadening of the Raman peaks takes place. In Fig. 3, the
line shape of the GaP second-order line is shown as a
function of As concentration. All of the graphs are nor-
malized to the same maximum intensity. The LO& over-
tone 1Ms bccn subtfactcd. V&cn thc As impurity concen-
tration is as small as 8%, the spectrum is already appreci-
ably bfoactcncd, and &Ilcn thc As conccntfation fcachcs
=30% only a single broad two-phonon band remains.

The intensities of the I I peaks at 720 and 783 cm ' are
plotted in Fig. 4; they are normalized to the intensity for
x =0. The intensity of these peaks decreases about 2 or-
ders of magnitude when the phosphorus content decreases
from 100% to 65%.

TIlcsc results suggest tllat cvcn at low conccntfatlons»
the As atoms prevent the propagation of GRP vibrations;
oI', in otllcx' %'ofds, thc Gap t%'0-pIlonon correlation length

is strongly reduced by the presence of As impurities. The
nonpolarized two-phonon spectrum is a good picture of
the phonon density of states at half the Raman frequency.
Our experimental results suggest that when the cofrclati. on
length is reduced by the disorder, the GaP density of
states is broadened by the introduction of As impurities in
a way similar to that of amorphous GaP

If one assumes that in an amorphous solid the vibra-
tional modes can be pictured as nearly localized and that
t4c clgcnvector envelope IDay bc represented by a planc-
wave factor times a spatial damping factor exp( —r/A),
wllcrc A ls thc correlation lcllgtll fol' pllollolls, tllcfl tllc
Raman intensity is

I(m)= y Cb(1/RI)[n(co+i)]gb(67),

wlMrc gb(N) ls 'tllc pllonoll dcllslty of states, n (6)) ls tllc
Bose-Einstein distribution function, and Cb is the cou-
phng constant of the b band. The reduced Raman intensi-
ty which can be compared to the phonon density of states
0

III(co)=~(~1.—RI) [n(~)+1] 'l(~),

where col„ is the laser frequency. The GaP phonon density
of states has been calculated using various models, 7 and
its agl ccIDent %9th thc RSHlaIl overtone spectrum ' ls
very good. An empirical broadening factor can be extract-
ecl froIIl the comparison between the experimental amor-
phous spectrum and the broadened crystalline density of
states.

Figure 5 shows the reduced Raman spectrum of GRP
rendered amorphous by heavy ion implantation (dotted-
dasllcd linc)~ togcthcl' with thc 'two-pllolloll spcctlllm at
frequency r0 j2 (dashed line) Rnd a calculated spectrum
(SOHd line). The calculated spectrum was obtained from
the two-phonon spectrum by widening each of the
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FIG. 5. Reduced Raman spectrum of GaP rendered amor-
phous by Sb ion implantation as a function of co, together with
the measured two-phonon spectrum at 2N, along with fit ob-
tained from the two-phonon spectrum broadened by a
frequency-independent factor.

B. Graj „Al„As

Figure 7 shows the room-temperature RS of GaAs,
A1As, and some Al„oa~ „As crystals. The mixed crys-
tals have a two-mode behavior for. the ZCP's. For every
concentration we have two sets of normal modes of vibra-
tion: TOt and LOt, which are GaAs-like, and TOz and
I 02, wh1ch arc AlAs-like. In thc backscattcring geoIDctry
LOt and LOz are allowed when the incident and scattered
polarizations are parallel to the [110]axis; the TO modes
are always forbidden. The 5154-A Laser line has been
used.

In order to have a more detailed examination of the vi-
brational properties of ZEP's, we shall examine a frequen-
cy range 400&r0& 800 cm ' for different samples. Fig-
ure 8 shows the two-phonon RS of different mixed crys-
tals together with the spectra of GaAs and A1As. The
two-phonon spectra of GaAs and AlAs materials are in
accordance with the published results. GaAs exhibits two

density-of-states peaks by a constant factor of 3.8 and
plotting the resultant spectrum. The fit has been chosen
to be the best on the high-frequency side of the spectrum,
because on the low-frequency side acoustical phonons
should contribute to the amorphous band. Our experi-
mental data agree with previously published ones.

As seen in Fig. 6 the width [full width at half max-
imum (FWHM)] of the phonon density of states, obtained
from the Raman two-phonon spectrum, increases roughly
linearly with inceasing arsenic content. For As concentra-
tions higher than about 30%, the GaP density of states is
so broadened and structureless that it compares with the
Raman spectrum of amorphous GaP.
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FIG. 6. Vhdth of the density-of-states peak obtained from
GaP-like second-order Raman spectra of GaP~ As„, as a func-
tion of the As content. The width of the peak from a sample of
GaP rendered amorphous by ion implantation is 65 cm
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FIG. 7. Raman spectra of GaAs, AlAs, and mixed

Ga& „Al,As. The laser excitation wavelength is 5154 A. The
crystal plane is perpendicular to the [100] axis. The incoming

light polarization vector is parallel to the [110]axis and the out-

going polarization is either parallel (solid linc) or perpendicular

[110]to this axis (dashed line).
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main peaks: 2TO(X,E) at 503 cm ' and 2TO(L) at 532
cm '. ' The A1As two-phonon band extends from 670 to
800 cm ' with a well-defined 2TOx peak at 691 cm

As long as the aluminum content is small (x (30%) the
two-phonon spectrum is very much like that of GaAs, the
peaks tending to blur with increasing x. The intensity of
the two-phonon spectrum normalized to that of LO„
remains roughly constant. When x =36.5% the two-
phonon RS is composed of four bands: the A band,
420&m&480 cm '; the 8 band, 480&m&560 cm '; the
C band, 560 & co & 670 cm '; and the D band,
670 &m & 800 cm '. The 8 band is GaAs-like but
without the structure seen ln the pure materIal. The D
band is A1As-like, but the sharp 2TO(X,E) peak has
disappeared. In addition to these two bands, which are
found in any two-mode behavior mixed crystals, two addi-
tional bands are seen. The one labeled as C between the
GaAs-like and the AlAs-like two-phonon bands is clearly
due to combinations of GaAs plus A1As optical ZEP's.
Prior to publication of this paper such a combination
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FIG. 8. Two-phonon Raman spectra of GaAs, AlAs, and
mixed Ga] „Al„As. Laser wavelgnth is 5154 A. The polariza-
tion vector of the incident hght is parallel to the [100] axis and
the scattered light is either parallel (solid line) or perpendicular
([010])to this axis (dashed hne).

band had not been seen in any nonresonant two-mode
behavior mixed crystal. The A band, which does not ap-
pear in GaAs, is due to combinations of acoustical and
optical phonons of GaAs and AlAs. The intensity of the
8 band, normalized to the LO~ one, does not vary with x,
contrary to what has been observed for GaPI „As„.

For x =60% the spectrum is similar to that of
Gap IIAlp 27AS with the four bands clearly defined. In or-
der to make sure that we were not under resonant condi-
tions, we used other laser wavelengths and we obtained the
same results.

III. DISCUSSION

Because the wave vector of the light kp is very small on
the scale of a reciprocal-lattice vector the phonon wave

vectors q, q
' obey either q = —q '=0 or q —q

'= 0. The
first process is usually weak, because the phonon density
of states is small at the center of the Brillouin zone. Two
ZEP's of a well-defined wave vector can combine only if
the condition q= —q' is fulfilled. How stringent this
condition is remains to be understood.

GaP, GaAs, and AlAs have the zinc-blende structure.
As sccll 111 Table I tile lat'tice coilstRIlts Rnd tllc folcc co11-

stants of GaAs and A1As are very similar, but they are

quite different for GaP and GaAs.
Discussions of all the previous published data have been

made by assuming that the atoms are randomly distribut-
ed on the Ga-Al sublattice. Evidence for this includes the
absence of structure in the infrared reflectivity spectra'
and absence of excitons bound to fluctuations of the
periodic potential. On the other hand, such features are
present in the infrared and the photoluminescence spectra
of GRPI „As„and have been explained by assuming devi-

ations from a randomly distributed material.
If we assume that the Ga-Al disorder in Gai, A1„As is

completely random, the correlation range for the disorder
is only a nearest-neighbor distance. The mechanical effect
of the disorder is due primarily to the Ga-Al atom mass
difference, since the force-constant change and bond-angle
variations are small. Now consider the driven response of
the lattice to a ZEP, for example, LO(X). Alternate Ga-
Al planes normal to [100] will be driven with a m phase
shift, but the fluctuations in the masses on those planes
will make it impossible for the As atoms on adjacent
planes to remain at rest as they would for an LO(X) mode
111 GRAs ol A1As. BccRusc of this, bccRusc of tllc csscI1-

tially zero correlation length for disorder, and because of
the staggering of the tetrahedral bonds, we expect that this
mode will have a doubly peaked spectral density and that
a given GaAs bond (or an A1As bond) will participate in
vibrations at both the GaAs-like and the A1As-like ZEP
frequency. The two-phonon spectrum induced by a
second-order polarizability derivative on bonds that link
Ga-Al planes with As planes will then have three peaks
corresponding to the two overtones and the one combina-
tion.

The nonfulfillment of the momentum conservation in
mixed GaP& ~As„should account for the nonappearance
of cross coupled GaP-like and GaAs-like ZEP. The
broadening and the decrease in the GaP two-phonon in-
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TABLE I. Material parameters (these values are taken from Refs. 10 and 4).

GaP
0

Lattice constant (A)
Nearest-neighbor central-force constant (dyn/cm)

5.6419
17.81~10'

tensity with increasing As concentration can be accounted
for by at least two assumptions which do not exclude each
other. We could have local clustering of P or As atoms
around Ga atoms and/or we could have a local distortion
of the lattice due to tetrahedral bond-angle variations that
necessarily follow from lattice mismatch. The second as-
sumption is in accordance with the recent EXAFS experi-
ments. These two assumptions are not contradictory,
and it seems likely that some departure from a purely ran-
dom system, as well as distortions of the lattice occur in
crystals such as GaPi „As„. As pointed out earlier, the
appearance of cross coupled two-phonon peaks in
Ga& „Al„As mixed crystals, and the constant two-phonon
intensity with increasing x, are typical features of these
mixed crystals where good lattice matching exists. It
should be noted using thermodynamic arguments that
Gai Al„As is less likely to have excess free energy than
GaPi „As„and therefore less likely to form clusters.

In order to understand the broadening and the decrease
of the two-phonon peak intensities of GaPi „As„, we as-
sume that phosphorus and arsenic atoms are not com-
pletely randomly distributed. Some areas in the crystal
are more GaP or GaAs rich than the average crystal. In
each GaP-rich area, GaP-like phonons are generated
which decay exponentially in the GaAs-rich area.

The intensity I of the two-phonon RS at frequency shift
co is proportional to the qth spatial Fourier transform of
the correlation function of the second-order fluctuation in
the dielectric constnat 5' e(r t):

I~ J (5e' '(r ', t')5e' '(r+r ', t+r')}, ,

Xe' q ' ' ""d'r dt

then obtain

I~A
Thus the intensity should be proportional to the correla-
tion volume for second-order fluctuations.

When the arsenic concentration in GaPi „As„reaches
x=0.30, the two-phonon linewidth is that of amorphous
GaP at twice the Raman frequency. The correlation
length for amorphous GaP is about 20 A, which is the ex-
tent of A for a two-phonon mode with x=0.30. The Ra-
man intensity of crystalline GaP is about 2 orders of mag-
nitude higher than in GaPO 7Aso &, an order-of-magnitude
estimate for the correlation length of GaP ZEP's should
then extend to =90 A.

The perturbations in the random distribution of atoms
are small in size, and the crystal remains roughly periodic.
The correlation length of the zone-center normal mode of
vibrations TO~ and LO~ extends above 1000 A. This ex-
plains why ZCP are less sensitive to fluctuations in the
random distribution of atoms, although these phonons can
be used to monitor damage on the scale of 1000 A such as
produced by poor polishing or poor crystalline quality.

IV. CONCLUSIONS

Two types of behavior have been observed for the ZEP's
of Ga, „Al„As and GaP, „As„mixed crystals.
Ga~ „Al„As ZEP's show combinations between the GaAs
and the A1As branches which is not the case for
GaPi, As . In the latter case, the width of the overtone
peaks increases rapidly with x, and the intensity decreases
rapidly. 'These results have been interpreted by assuming
that in Gai Al„As the atoms are randomly distributed,
which is not the case for mixed GaP& „As„materials.

Here q is the wave-vector transfer. In random media one
often assumes that the spatial part of the correlation func-
tion takes the form

(5e' '(r ', t')5e' '(r+r ', t+t')), e

For a correlation length A short compared with 2m/q, we
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