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Anisotropy of phonon modes in spontaneously ordered GaInP2
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The anisotropy associated with angular variation of the phonon wave vectorq with respect to the ordering
axis z8 of a spontaneously ordered GaInP2 with order parameterh>0.46 is studied by carefully performing
micro-Raman measurements in scattering geometries whereq is either parallel or perpendicular toz8. The LO
mode at ;380 cm21 and the TO mode at;330 cm21 exhibit distinct phonon frequency shifts of
21.2 cm21 and12.1 cm21, respectively, as the anglef betweenq andz8 varies from 0° to 90°. This small
angular dispersion is explained on the basis of the bond-stiffening along the ordering axis with increasing order
parameterh, providing strong evidence for a smallA1-E splitting in comparison to the large LO-TO splitting
for these modes. In addition, an even larger angular dispersion,12.5 cm21, for the vibrational mode at
;354 cm21 is observed. Two additional phonon modes, which have previously been labeled asmissingto
account for all nine Raman-active optical modes, are observed and experimentally identified withE(x) and
E(y) tensors.
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Spontaneous CuPtB-type long-range ordering in GaInP2

has been a subject of intense study in recent years.1 Depend-
ing on the growth conditions, Ga0.52In0.48P ~written hereafter
as GaInP2 for simplicity!, grown lattice-matched to a~001!
GaAs substrate by organometallic vapor phase epitaxy~OM-
VPE!, can exhibit ordering of the cations on the group-

sublattice along@ 1̄11# or @11̄1#, which are the two@111#B

directions. The ordered alloys consist of monolayer super
tices of Ga11hIn12hP2 /Ga12hIn11hP2 along the@111#B di-
rections with the order parameterh ranging from 0 to 1.
When the ordering is single variant, i.e., the ordering occ
along only one of the two@111#B directions throughout the
sample, this structure has trigonal symmetry with po
groupC3v , while the random alloy of GaInP2 has the cubic
zinc-blende structure with point group Td .

The ~001! backscattering Raman spectrum of the rand
alloy GaInP2 consists of three major features:2–10 a GaP-like
longitudinal optical~LO! phonon peak at;380 cm21, an
InP-like LO phonon peak at;362 cm21, and a transverse
optical~TO! phonon band at;330 cm21. Since high-quality
ordered GaInP2 samples became available major effects
ordering on the~001! backscattering Raman spectrum ha
been reported:7–10 three extra peaks at;60, ;205, and
;354 cm21 appear in the Raman spectra of highly order
samples and the GaP-like LO phonon peak blue-shifts w
increasing ordering by;1 cm21; The extra peaks are ofte
interpreted in terms of theC3v symmetry of the ordered
alloy.7–9 More recently, Cheonget al.11 compared the result
of micro-Raman scattering experiments in three different
ometries with the phonon wave vectorq either parallel or
perpendicular to the ordering axis and obtained the first
finitive phonon mode assignments for the extra Raman
tures originating from the spontaneous ordering effect.

Unlike crystals having the cubic zinc-blende structu
with point groupTd , phonon modes in a uniaxial crysta
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exhibit anisotropy associated with the angular variation
the phonon wave vectorq with respect to the uniaxis. Mos
experimental studies have focused on wurtzite-structure c
tals with theC6v point group symmetry.12 Hence, spontane
ously ordered GaInP2 provides a unique opportunity to stud
the angular dispersion of polar-vibrational modes in uniax
crystals withC3v point group symmetry. In spite of its im
portance, however, the anisotropy associated with the an
lar variation of the phonon wave vectorq with respect to the
ordering axis has not received adequate experimental a
tion. At the zone center of the perfectly CuPt-order
uniaxial crystal, a point group analysis yields nine Rama
active optical modes, i.e., 3A1(z)13E(x,y). One of the
E(x,y) modes has remained undiscovered until this work.
this paper, we report evidence of angular dispersions of
phonon modes at ;330 cm21, ;354 cm21, and
;380 cm21, obtained by careful micro-Raman-scatterin
experiments in two different geometries withq either parallel
or perpendicular to the ordering axis, and in addition,
report the discovery of themissing E(x,y) mode.

We have performed micro-Raman measurements on
eral ordered GaInP2 samples with order parameterh>0.46,
and the results for a typical sample presented in this pa
were reproducible.13 We choose the two cleavage directio
of the samples asX5@11̄0# andY5@110#, and the growth
direction asZ5@001#.14 Since the sample is single varian
the principal axes of the crystal symmetry can be defined
the ordering axisz85@ 1̄11# and two axes perpendicular to i
y85Y5@110# and x85@11̄2#. The Raman spectra wer
measured, using the 7352-Å line from a tunable Ti:sapph
laser as the excitation source, in two geometries: backsca
ing on the~110! surface and right-angle scattering betwe
the Z̄ and X̄ directions. In order to maintain consistency
the Raman shift of all spectra excited with the same incid
photon energy and to minimize the spectral uncertainty,the
©2001 The American Physical Society05-1
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TABLE I. The C3v Raman scattering efficiency calculated with Eqs.~1! and ~2! for the scattering

geometries employed in this work. We use Porto’s notation wherek̂i(êi ,ês) k̂s refers to the scattering con

figuration in whichk̂i and k̂s are the propagation directions of the incident and scattered photons andêi and

ês are the polarization directions of the incident and scattered photons, respectively.u is the angle between
the z8 direction and the direction normal to the growth surface.

A1 Ex8 Ey8

Z̄(X,Z)X̄ (a2b)2sin2u cos2u @c(sinu cosu)1d(cos2u2sin2u)#2 0

Z̄(Y,Y)X̄ a2 c2 0

y8(z8,z8) ȳ8 b2 0 0

y8(x8,x8) ȳ a2 c2 0

y8(x8,z8) ȳ8, y8(z8,x8) ȳ8 0 d2 0
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spectrometer was not moved throughout the entire se
measurements whose data were to be directly compa.
Furthermore, we recorded the excitation laser line in all
Raman spectra to ensure that each spectrum was pro
calibrated. It is important to emphasize that the uncerta
in the Raman shift of our spectrum is estimated to
;0.32 cm21.15

In the C3v symmetry, the three Raman scattering tens
A1 , Ex8 , andEy8 that represent vibrations alongz8, x8, and
y8, respectively, can be written as12

S a 0 0

0 a 0

0 0 b
D , S c 0 d

0 2c 0

d 0 0
D , S 0 2c 0

2c 0 d

0 d 0
D .

~1!

The Raman scattering efficiency can be written as

S}uêiRêsu2 ~2!

whereêi andês are the unit vectors along the polarizations
incident and scattered light, respectively, andR is the tensor
for a particular mode. The values ofuêiRêsu2 for the scatter-
ing geometries employed in this work are summarized
Table I.

In the backscattering geometry on the~110! cleaved sur-
face, the phonon wave vectorq is along they8 direction and
perpendicular to the ordering axis; theEy8 tensor represent
longitudinal modes and the transverse modes are represe
by Ex8 andA1 tensors. According to Table I, only transver
modes are allowed in any of the four polarization configu
tions. Furthermore, it is important to note that only t
A1(TO) mode is allowed iny8(z8,z8) ȳ8 configuration
whereasEx8(TO) is the only allowed mode iny8(z8,x8) ȳ8
configuration. Hence, any difference in the TO phonon
ergy between the two polarization configurations is due
the ordering-induced anisotropy (A1-E splitting! of the
GaInP2 crystal. Two Raman spectra withy8(z8,z8) ȳ8 and
y8(z8,x8) ȳ8 are displayed in Fig. 1; theA1(TO) phonon en-
ergy is observed at 330.1 cm21, ;2.1 cm21 higher than
that of Ex8(TO). It is known that the bonds along the orde
ing axis gets stiffer as the order parameter increases.10 Since
23520
of
d
r
rly

ty
e

s

f

n

ted

-

-
o

A1(TO) represents a vibration along the ordering axis a
Ex8(TO) represents a vibration perpendicular to it, o
would expect that the phonon frequency forA1(TO) is
higher than that forEx8(TO). The distinct difference in the
TO phonon energy between the two Raman spectra prov
clear evidence of a small anisotropy induced by spontane

FIG. 1. Raman spectra measured iny8(z8,z8) ȳ8 ~solid line! and

y8(z8,x8) ȳ8 ~dotted solid line! polarization configurations, excited
with the 7352-Å line from a tunable Ti:sapphire laser. T

y8(z8,x8) ȳ8 spectrum is enlarged by a factor of 4 to facilitate t
comparison of the TO phonon signatures. Angular dispersion of
TO modes is illustrated in the inset, where the two circular d
indicate the TO modes experimentally observed at 328.0 cm21 and
330.1 cm21, the error bars (; 0.32 cm21) are slightly smaller
than the size of these dots. The continuous angular variatio
indicated with a simple guideline~Ref. 12! representing
A330.12sin2f1328.02cos2f.
5-2
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ordering in the GaInP2 crystal. It is interesting to notice tha
the A1(TO) phonon signature observed in they8(z8,z8) ȳ8
geometry is slightly broader than that forEx8(TO) in
y8(z8,x8) ȳ8 by ;1.5 cm21. As the anglef between the
phonon wave vectorq and the ordering axis (z8) changes
from 0° to 90°, theA1(TO) frequency shows a continuou
variation from the degenerate value (328.0 cm21) to the
maximally split value (330.1 cm21) while the Ex8(TO)
mode does not exhibit any change, which is illustrated in
inset of Fig. 1. Due to the use of a 603 microscope objec-
tive, the phonon wave vector is not purely perpendicular
the ordering axis but contains a small contribution fromf

less than 90° in oury8(z8,z8) ȳ8 Raman measurements, lea
ing to the slightly broader Raman signature fory8(z8,z8) ȳ8
configuration.

In the y8(x8,x8) ȳ8 geometry, bothA1(TO) andEx8(TO)
are allowed with Raman efficienciesa2 andc2, respectively,
making the TO phonon signature in this scattering geom
a superposition of the two TO modes. As shown in Fig.
the peak position of the TO phonon signature iny8(x8,x8) ȳ8
is observed at the Raman shift smaller than that
y8(z8,z8) ȳ8 by ;1.3 cm21,16 which is another confirmation
of the anisotropy of the TO modes manifested in Fig.
Although LO phonon Raman scattering is forbidden in t
~110! backscattering geometry, small signatures of the
modes around;360 cm21 and ;380 cm21 are observed

FIG. 2. Raman spectra measured iny8(z8,z8) ȳ8 ~solid line! and

y8(x8,x8) ȳ8 ~dotted solid line! polarization configurations, excite

with a Ti:sapphire laser tuned at 7352 Å. They8(z8,z8) ȳ8 spectrum
is enlarged by a factor of 2 to facilitate the comparison of the
phonon signatures. The spectral uncertainty in the Raman sh
;0.32 cm21.
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and can be partly due to the geometry of the micro-Ram
optics employed in this study as discussed earlier. Howe
there is a clear directionality; the forbidden modes are d
tinctly stronger for they8(x8,x8) ȳ8 configuration than for
the y8(z8,z8) ȳ8, and the so-called 354 cm21 mode labeled
with an asterisk exhibits a striking difference in its selecti
rule from the LO phonon signature around;380 cm21.
Since the excitation energy,;1.69 eV, is not far from the
fundamental band gap of the sample,;1.80 eV, at room
temperature this indicates that the Fro¨hlich interaction is in-
volved, making these forbidden modes partia
observable.17 In addition to the forbidden LO phonon signa
tures, a shoulderlike feature identified with an arrow, wh
is absent in y8(z8,z8) ȳ8 configuration, is observed a
;310 cm21 in they8(x8,x8) ȳ8 configuration. A point group
analysis for a crystal ofC3v symmetry yields nine Raman
active modes, i.e., 3A1(z)13$E(x)1E(y)%, at the zone cen-
ter of the perfectly CuPt-ordered GaInP2. To the best of our
knowledge, only seven Raman modes18 have been experi-
mentally identified although there have been some theo
cal predictions regarding themissing modes.19,20 Since these
‘‘missing modes’’ originate from the zone boundary T
phonon (L point! of a random GaInP2 alloy and become
Raman-active due to Brillouin zone folding induced by spo
taneous ordering, one would expect that their freque

FIG. 3. Raman spectra measured iny8(x8,x8) ȳ8 ~dotted solid

line! andZ̄(X,Z)X̄ ~solid line! scattering geometries, excited with
Ti:sapphire laser tuned at 7352 Å. Angular dispersions of the
phonon modes are illustrated in the inset, where circular and sq
dots represent the experimentally observed modes, u
A380.62sin2f1381.82cos2f for the upper curve and
A354.22sin2f1351.72cos2f for the lower one. The error bar
(;0.32 cm21) are slightly smaller than the size of these dots.
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should be slightly lower than that of the TO mode
;330 cm21, which evolves from the zone center TO phon
(G-point! of a random GaInP2 alloy.19,20Therefore, we iden-
tify the mode observed at;310 cm21 in Fig. 2 with the
‘‘missing modes’’ represented by theEx8 andEy8 tensors.21

In order to probe phonons whose wave vectorq are along
the ordering axis we have employed a right-angle scatte
geometry where the incident light is in theZ̄ direction and
the scattered in theX̄ direction. For a sample grown on a 6
misoriented substrate, the angle betweenz8 and Z is 48.7°.
Therefore, in this geometry it is a good approximation
assume thatq is parallel toz8 and the A1 tensor represent
longitudinal modes and the Ex8 and Ey8 tensors transvers
modes. The Raman spectrum measured inZ̄(X,Z)X̄ configu-
ration, where bothA1 and Ex8 modes are allowed, is dis
played and compared to that measured in they8(x8,x8) ȳ8
configuration in Fig. 3. The anisotropy of the LO phon
mode at;380 cm21 is clearly evidenced by its unmistak
able21.2 cm21 phonon frequency shift as it changes from
A1(LO) mode in theZ̄(X,Z)X̄ configuration to anEy8(LO)
mode in the y8(x8,x8) ȳ8 configuration. The frequency
change of the LO mode at;380 cm21 can be understood in
terms of stiffening of the bond along the ordering axis
discussed earlier in the case of TO mode at;330 cm21. In
surprising contrast, the phonon mode at;354 cm21, whose
origin can be traced to the folding of LO phonon dispersio
exhibits an even larger shift in the opposite directio
12.5 cm21, as the anglef betweenq and the ordering axis
changes from 0° to 90°. The angular dispersions for the
phonon modes were further confirmed by measuring Ram
spectrum inX(y8,y8)X̄ scattering configuration wheref
'45° and the corresponding Raman frequencies are i
fe
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cated with circular dots aroundf'45° in the inset of Fig. 3.
It should be pointed out, however, that the currently ava
able theoretical studies19,20 do not provide satisfactory ac
counts for our experimental data on the anisotropy of
;354 cm21 mode. It appears that further theoretical inve
tigation is necessary in order to explain our experimen
result for the angular dispersion of the vibrational mode
;354 cm21.

In conclusion, we have studied the anisotropy associa
with the angular variation of the phonon wave vectorq with
respect to the ordering axisz8 of a spontaneously ordere
GaInP2 by carefully performing micro-Raman measureme
in scattering geometries whereq is either parallel or perpen
dicular toz8. We found that the LO mode at;380 cm21 and
the TO mode at;330 cm21 exhibit a distinct phonon fre-
quency change of21.2 cm21 and12.1 cm21, respectively,
as the anglef betweenq andz8 varies from 0° to 90°. This
small angular dispersion is explained on the basis of
bond-stiffening along the ordering axis with increasing ord
parameterh, providing strong evidence for a smallA1-E
splitting compared to a large LO-TO splitting for thes
modes. In addition, we observed an even larger angular
persion,12.5 cm21, for the phonon mode at;354 cm21,
giving strong motivation for further theoretical investigatio
Finally, we experimentally identified two additional mode
that have been labeled asmissingin order to account for all
nine Raman-active optical modes, i.e., 3A1(z)13$E(x)
1E(y)%.
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