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Anisotropy of phonon modes in spontaneously ordered Galnp
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The anisotropy associated with angular variation of the phonon wave vgetiih respect to the ordering
axisZ' of a spontaneously ordered GajnWwith order parameter,=0.46 is studied by carefully performing
micro-Raman measurements in scattering geometries vehisreither parallel or perpendicular #. The LO
mode at~380 cm ! and the TO mode at~330 cm! exhibit distinct phonon frequency shifts of
—1.2 cmtand+2.1 cm' !, respectively, as the anglg betweeng andz’ 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
parametery, providing strong evidence for a smal-E splitting in comparison to the large LO-TO splitting
for these modes. In addition, an even larger angular dispersiéh5 cm %, for the vibrational mode at
~354 cm ! is observed. Two additional phonon modes, which have previously been labetei$sisgto
account for all nine Raman-active optical modes, are observed and experimentally identifide( xyitand
E(y) tensors.
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Spontaneous Cuptype long-range ordering in GalpP exhibit anisotropy associated with the angular variation of
has been a subject of intense study in recent yeBepend-  the phonon wave vectar with respect to the uniaxis. Most
ing on the growth conditions, GaJng 4P (written hereafter experimental studies have focused on wurtzite-structure crys-
as GalnR for simplicity), grown lattice-matched to €001)  tals with theCg, point group symmetry? Hence, spontane-
GaAs substrate by organometallic vapor phase epi@¥-  ously ordered GalnPprovides a unique opportunity to study
VPE), can exhibit ordering of the cations on the group-IIl the angular dispersion of polar-vibrational modes in uniaxial

sublattice along111] or [111], which are the twd111];  Crystals withCs, point group symmetry. In spite of its im-
directions. The ordered alloys consist of monolayer superlafP0rtance, however, the anisotropy associated with the angu-
tices of Ga. ,In, ,P,/Ga_,In;,,P, along the[ 111]5 di- lar variation of the phonon wave vectqmwith respect to the
rections Withﬂthe 7(])rder pargmetgf ranging from 0 to 1 ordering axis has not received adequate experimental atten-

When the ordering is single variant, i.e., the ordering occurg'o.n' .At the zone center of the p(_arfegtly CL_IPt-ordered
along only one of the tw§111]s directions throughout the uniaxial crystal, a point group analysis yields nine Raman-

sample. this structure has trigonal svmmetry with 0.mactive optical modes, i.e.,AB(z)+3E(x,y). One of the
pie, this structu '9 y y with pol E(x,y) modes has remained undiscovered until this work. In
groupCs,, , while the random alloy of GalnFhas the cubic

| i . this paper, we report evidence of angular dispersions of the

zinc-blende structure with point grougy T phonon modes at ~330cm!, ~354cm? and
The (001) backscattering Raman spectrum of the random_ 380 cm'!, obtained by careful micro-Raman-scattering

alloy GainR consists of three major featurés:’a GaP-like  eyperiments in two different geometries wifeither parallel
longitudinal optical(LO) phonon peak at-380 cmi*, an o perpendicular to the ordering axis, and in addition, we
InP-like LO phonon peak at-362 cni'l, and a transverse report the discovery of theissing Ex,y) mode.
optical (TO) phonon band at-330 cnt *. Since high-quality We have performed micro-Raman measurements on sev-
ordered Galnp samples became available major effects oferal ordered GalnPsamples with order parameter=0.46,
ordering on the(l(gol) backscattering Raman spectrum haveang the results for a typical sample presented in this paper
be§5n4 rep_olrtea:‘ th_re(:hexéra peaks 3?60} EZgF agd dwere reproduciblé® We choose the two cleavage directions
~ cm - appear in the Raman spectra of highly ordere —r1a¢ _
samples and the GaP-like LO phonon peak blue-shifts witlgifrg:taios: r;]gzle:s[%%l] .Eils(?icaen?h\; sgln%gé ?Q dSi;r;](Teg\rlg\;\i/:;m

i i i —1.
increasing ordering by-1 cm=; The extra peaks are often . principal axes of the crystal symmetry can be defined as

interpreted in terms of th&€;, symmetry of the ordered the orderi e’ =111 and t dicular to it:
alloy.”~° More recently, Cheongt al ! compared the results € Ordering axiz =[111] and two axes perpendicular to it

of micro-Raman scattering experiments in three different gey' =Y=[110] and x’=[112]. The Raman spectra were
ometries with the phonon wave vectqreither parallel or Measured, using the 7352-A line from a tunable Ti:sapphire
perpendicular to the ordering axis and obtained the first delaser as the excitation source, in two geometries: backscatter-
finitive phonon mode assignments for the extra Raman fedhd on the(110 surface and right-angle scattering between
tures originating from the spontaneous ordering effect. the Z and X directions. In order to maintain consistency in
Unlike crystals having the cubic zinc-blende structurethe Raman shift of all spectra excited with the same incident
with point group T4, phonon modes in a uniaxial crystal photon energy and to minimize the spectral uncertaithtg,
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TABLE I. The C5, Raman scattering efficiency calculated with E¢b. and (2) for the scattering
geometries employed in this work. We use Porto’s notation wkek ,e.)k refers to the scattering con-
figuration in WhichRi and RS are the propagation directions of the incident and scattered photoré; and

és are the polarization directions of the incident and scattered photons, respediii®lihe angle between
the z' direction and the direction normal to the growth surface.

A E,. E,
Z(X,2)X (a—b)?sirgcoge [c(sin @cosé)+d(coSh—sirte) ] 0
Z(Y,Y)X a® c? 0
y'(z.2)y’ b? 0 0
y'(x' . X)y a® c? 0
y' (2, y'(Z XY 0 ¢ 0

spectrometer was not moved throughout the entire set ok,(TO) represents a vibration along the ordering axis and
measurements whose data were to be directly compareg,,(TO) represents a vibration perpendicular to it, one
Furthermore, we recorded the excitation laser line in all oufyould expect that the phonon frequency fa;(TO) is
Raman spectra to ensure that each spectrum was propefljgher than that foE, (TO). The distinct difference in the
calibrated. It is |mp0rtant to emphaSIZe that the uncertalntyro phonon energy between the two Raman Spectra provides
in the RaT?Q shift of our spectrum is estimated to beclear evidence of a small anisotropy induced by spontaneous
~0.32 cm *.

In the C3, symmetry, the three Raman scattering tensors A B A B L L S
A1, Ex, andE,, that represent vibrations alorzg, x’, and

g

y’, respectively, can be written s 33;5_
a 0o c 0 d 0 -c 0 "‘"”\mg
0 ao|l] [0 -co|] |[-c o d i /E
328 o
0 0 b d 0 O 0o d £.m0) H
(1) Er&Ey.(TO) 326
The Raman scattering efficiency can be written as ®
Sx|e;Rey|” 2

wheree, ande; are the unit vectors along the polarizations of
incident and scattered light, respectively, &ds the tensor

for a particular mode. The values (& Re/? for the scatter-
ing geometries employed in this work are summarized in
Table I. -
In the backscattering geometry on ttil0) cleaved sur-
face, the phonon wave vectqris along they’ direction and
perpendicular to the ordering axis; thg, tensor represents
longitudinal modes and the transverse modes are represented

Raman Signal Intensity
1

320

340

360 380

rmrll B
by E,, andA; tensors. According to Table I, only transverse 300
modes are allowed in any of the four polarization configura- Raman Shift (cm™)
tions. Furthermore, it is important to note that only the .
A;(TO) mode is allowed iny’(z’,z’)y’ configuration FIG. 1. Raman spectra measuredyifz’,z")y’ (solid line) and

y’(z’,x’)?’ (dotted solid ling polarization configurations, excited

configuration. Hence, any difference in the TO phonon er]yvith the_7352-A line from a tunable Ti:sapphire laser. The
ergy between the two polarization configurations is due to/'(z',X')y’ spectrum is enlarged by a factor of 4 to facilitate the
the ordering-induced anisotropyA{-E splitting) of the comparlson_of_the TO ph(_)non S|.gnatures. Angulardlsp(_ersmn of the
NS TO modes is illustrated in the inset, where the two circular dots
Galnk, cr_ystal. Two Raman spectra wi'(z',z")y" and indicate the TO modes experimentally observed at 328.0 *aand
y'(z',x")y" are displayed in Fig. 1; tha;(TO) phonon en-  330.1 cni’!, the error bars £ 0.32 cm?) are slightly smaller
ergy is observed at 330.1 crh ~2.1 cmi'! higher than than the size of these dots. The continuous angular variation is
that of E,,(TO). It is known that the bonds along the order- indicated with a simple guideline(Ref. 12 representing
ing axis gets stiffer as the order parameter increds8mce  /330. Psir?p+328.Gcode.

whereasE, (TO) is the only allowed mode iy’ (z’,x')y’
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FIG. 2. Raman spectra measured/ifz’,z’)y’ (solid line) and
y'(x',x")y" (dotted solid ling polarization configurations, excited
with a Ti:sapphire laser tuned at 7352 A. Tyéz’,z')y’ spectrum
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FIG. 3. Raman spectra measuredyi’r(x’,x’)7’ (dotted solid

line) andZ(X,Z)X (solid line) scattering geometries, excited with a
Ti:sapphire laser tuned at 7352 A. Angular dispersions of the two

is enlarged by a factor of 2 to facilitate the comparison of the TOphonon modes are illustrated in the inset, where circular and square

phonon signatures. The spectral uncertainty in the Raman shift
~0.32 cmt.

ordering in the Galnpcrystal. It is interesting to notice that

the A;(TO) phonon signature observed in th&(z',z')y’
geometry is slightly broader than that fdg, (TO) in
y'(z',x")y’ by ~1.5 cm !, As the angle¢ between the
phonon wave vectoq and the ordering axisz() changes
from 0° to 90°, theA,(TO) frequency shows a continuous
variation from the degenerate value (328.0¢nto the
maximally split value (330.1 cm') while the E, (TO)
mode does not exhibit any change, which is illustrated in th
inset of Fig. 1. Due to the use of a 8Omicroscope objec-

jdots represent the experimentally observed modes, using
\380.6sifp+381.8cosp for the upper curve and
\354.Zsirf¢p+351.7cos¢ for the lower one. The error bars
(~0.32 cmr'1) are slightly smaller than the size of these dots.

and can be partly due to the geometry of the micro-Raman
optics employed in this study as discussed earlier. However,
there is a clear directionality; the forbidden modes are dis-
tinctly stronger for they’(x’,x")y’ configuration than for

they’(z’,z')y’, and the so-called 354 cm mode labeled
with an asterisk exhibits a striking difference in its selection

éule from the LO phonon signature around380 cm *.

Since the excitation energy; 1.69 eV, is not far from the

tive, the phonon wave vector is not purely perpendicular tofundamental band gap of the sampte1.80 eV, at room

the ordering axis but contains a small contribution frgm
less than 90° in ouwy’(z',z')y’ Raman measurements, lead-

ing to the slightly broader Raman signature yd{z',z")y’
configuration.

In they’(x’,x")y’ geometry, bothA;(TO) andE,,(TO)
are allowed with Raman efficiencieg andc?, respectively,
making the TO phonon signature in this scattering geometr
a superposition of the two TO modes. As shown in Fig. 2

the peak position of the TO phonon signature/figx’,x")y’

temperature this indicates that the HRlioh interaction is in-
volved, making these forbidden modes partially
observablé’ In addition to the forbidden LO phonon signa-
tures, a shoulderlike feature identified with an arrow, which

is absent in y’(z’,z’)?’ c_onfiguration, is observed at
~310 cm tin they’(x’,x")y’ configuration. A point group
analysis for a crystal o€;, symmetry yields nine Raman-

Hetive modes, i.e.,B,(z) + 3{E(x)+E(y)}, at the zone cen-
ter of the perfectly CuPt-ordered GalnFro the best of our

knowledge, only seven Raman motiehave been experi-

is observed at the Raman shift smaller than that inmentally identified although there have been some theoreti-

116

y’(z’,z’)y’ by ~1.3 cm -,~® which is another confirmation

of the anisotropy of the TO modes manifested in Fig. 1.

cal predictions regarding thaissing mode¥’?° Since these
“missing modes” originate from the zone boundary TO

Although LO phonon Raman scattering is forbidden in thisphonon ( point) of a random Galnp alloy and become
(110 backscattering geometry, small signatures of the LORaman-active due to Brillouin zone folding induced by spon-

modes around~360 cn* and ~380 cmr ! are observed

taneous ordering, one would expect that their frequency
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should be slightly lower than that of the TO mode atcated with circular dots around~45° in the inset of Fig. 3.
~330 cm 1, which evolves from the zone center TO phononlt should be pointed out, however, that the currently avail-
(I'-poiny) of a random Galnpalloy.'*?°Therefore, we iden- able theoretical studié$® do not provide satisfactory ac-
tify the mode observed at-310 cni'* in Fig. 2 with the  counts for our experimental data on the anisotropy of the
“missing modes” represented by tt&, andE,, tensors?' 354 cm * mode. It appears that further theoretical inves-

In order to probe phonons whose wave vedt@re along tigation is necessary in order to explain our experimental
the ordering axis we have employed a right-angle scatteringesylt for the angular dispersion of the vibrational mode at
geometry where the incident light is in tedirection and ~354 cm L.

the scattered in th¥ direction. For a sample grown on a 6°  In conclusion, we have studied the anisotropy associated
misoriented substrate, the angle betweemandZ is 48.7°.  with the angular variation of the phonon wave veajorith
Therefore, in this geometry it is a good approximation torespect to the ordering axg of a spontaneously ordered
assume thag is parallel toz’ and the A tensor represents GalnPR, by carefully performing micro-Raman measurements
longitudinal modes and the,Eand E; tensors transverse in scattering geometries wheegis either parallel or perpen-
modes. The Raman spectrum measurezi(i,Z) X configu-  dicular toz'. We found that the LO mode at380 cni ! and
ration, where bothA; and E,, modes are allowed, is dis- the TO mode at-330 cm ! exhibit a distinct phonon fre-
played and compared to that measured in yhex',x")y’ quency change of 1.2 cmi ! andf2.1 cm 1, respectively,
configuration in Fig. 3. The anisotropy of the LO phonon as the anglep betweeng andz’ varies from 0° to 90°. This
mode at~380 cm ! is clearly evidenced by its unmistak- small angular dispersion is explained on the basis of the
able—1.2 cm ! phonon frequency shift as it changes from abond-stiffening along the ordering axis with increasing order
A,(LO) mode in theZ(X,Z)X configuration to arE,(LO) ~ Parametery, providing strong evidence for a smai;-E
mode in the y’(x’,x’)7 configuration. The frequency splitting compgred to a large LO-TO splitting for these_
change of the LO mode a¢380 cni® can be understood in modes. In addition, we observed an even larger angular dis-
i =1 -1
terms of stiffening of the bond along the ordering axis a ¢r5|on,+2.5 cm =, for the phonon mode_ at~354 cm -,
discussed earlier in the case of TO mode-@30 cmi L. In  9Ving strong motivation for further theoretical investigation.

surprising contrast, the phonon mode-a854 ci !, whose Finally, we experimentally identified two additional modes

origin can be traced to the folding of LO phonon dispersion,that have been labeled asissingin order to account for all

exhibits an even larger shift in the opposite direction,Trl]Ee( )F;aman-actlve optical modes, i.e.A:$2) +3{E()
+2.5 cm 1, as the anglep betweenqg and the ordering axis Y-

changes from 0° to 90°. The angular dispersions for the two \we thank S. Smith for experimental assistance. This work
phonon modes were further confirmed by measuring Rama@as supported by the Office of Scientdaterial Science

spectrum inX(y’,y’)X scattering configuration where Division) of the Department of Energy under Contract No.
~45° and the corresponding Raman frequencies are indBDE-AC36-99G010337.
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