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Effects of bond relaxation on the martensitic transition and optical phonons
in spontaneously ordered GaInP2
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Strong changes of the Raman intensity induced by the martensitic transition in spontaneously ordered
GaInP2 alloys are explained by the triggering of the atom positions between unrelaxed~zinc-blende bond
lengths! and relaxed (CuPtB bond lengths! arrangements. We show that these changes reflect a strong depen-
dence of the optical-phonon properties and Raman selection rules of CuPtB-ordered GaInP2 on bond relaxation.
Using analysis of the experimental spectra available in the literature we demonstrate that the relaxed and
unrelaxed martensitic states can be detected by exciting different crystallographic planes. A strong effect of
antiphase boundaries on the Raman spectra of spontaneously ordered GaInP2 is revealed.
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I. INTRODUCTION

The Ga0.5In0.5P alloy system presents a classic example
spontaneous atomic ordering in semiconductor alloys
was the subject of intense investigations of the influence
the ordering phenomena on structural and optical prope
of semiconductors.1–3 Growth of Ga0.5In0.5P ~hereafter re-
ferred to as GaInP2) by metallo-organic vapor phase epitax
on ~001! GaAs substrates at temperatures near 650°C re
in monolayer superlattice~MSL! alternation along thê111&
zinc-blende cubic diagonals. Of the four possible equival
directions only two directions of the ordering (@ 1̄11# and

@11̄1#, called CuPtB variants! have been observed i
GaInP2. Substrate orientations miscut several degrees
wards the@111#B direction results in a single orientation o
the ordered structure. The films grown under stand
metalorganic vapor phase epitaxy~MOVPE! conditions are
partially ordered, with an ordering parameterh;0.1–0.5,
where h is the fraction of the Ga~In! atoms in the
$111%B-GaP~InP! planes, or expressed equivalently, in t
$111%B-Ga0.5(11h)In0.5(12h)P/Ga0.5(12h)In0.5(11h)P MSL. It
was established that CuPtB ordering in GaInP2 is promoted
by surface reconstruction giving@ 1̄10# oriented surface
dimers, and similar results have been observed for o
III-V alloys, for growth conditions which provided suc
dimer orientations.1,3

In Ref. 4 we reported on the observation of a martens
transition in the epitaxial layers of the single-varia
CuPtB-ordered GaInP2. The martensitic transition is know
in classical metallurgy as a diffusionless type-II phase tra
formation, associated only with rearrangement of latt
sites.5 In the GaInP2 the transition was detected using Ram
spectroscopy and appeared as strong changes of intens
the ordering-induced phonons after thermal treatment of
alloy film. It was shown that depending on the layer thic
ness and thermal treatment history there are at least two
tensitic atomic arrangements~lattice states!, which appear as
two different intensity distributions of the optical phonons
0163-1829/2003/67~20!/205211~10!/$20.00 67 2052
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@2110# diagonal backscattering spectra excited from
growth ~001! plane. Analysis of the Raman intensity using
bond polarizability model showed that these two states
volve a rearrangement of the ordered lattice sites. Howe
the simplified version of the model, which accounts only f
atom displacements of one sublattice, did not allow us
determine the nature of these states. While the origin of
martensitic states was not specified, a strong dependenc
the spectra on layer thickness provides evidence that
driving force for the transition can be misfit strain arisin
from the symmetry difference between the substrate~zinc
blende! and the GaInP2 epitaxial layer~rhombohedral!.

Our earlier observation implies that each CuPtB-ordered
GaInP2 sample can be characterized by its matrensitic st
which can be established from the intensity distribution
the optical phonons in the Raman spectra. However, mos
the experimental Raman data reported to date6–22 do not ac-
count for this intrinsic lattice property of spontaneously o
dered GaInP2 and thus the analysis presented in these pap
which assumes a changing of the symmetry only, is not co
plete. The properties of the optical phonons of the GaIn2
CuPt structure were also studied theoretically using mic
scopic lattice dynamical calculations for shell~unrelaxed4!
and first-principles~relaxed23,24! models. A calculation of the
directional dispersion using a bond charge model was a
reported.25 However, the open question about the origin
the martensitic states creates a level of uncertainty in c
paring these theoretical results with experiment.

Raman studies of the effects of the CuPtB order on the
optical phonons of the GaInP2 have shown that in fully dis-
ordered samples (h;0) there are two intense overlappin
bands at 381 and 360 cm21 related to longitudinal optica
phonons LO1 ~GaP type! and LO2 ~InP type!, respectively,
and a weaker band at 330 cm21 related to a transverse opt
cal phonon TO2 ~InP type!.6,9–11 CuPt-type ordering forh
.0 induces the appearance of a new peak at 351 cm21,
decreases the depth of the ‘‘valley’’ between the LO1 and
LO2 bands at 370 cm21, and sharpens the TO2 band. A new
mode at 351 cm21 was also observed in the IR spectra.26–28
©2003 The American Physical Society11-1
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Careful line-shape analysis reveals fine structure of opti
phonon bands.4,28 Using different scattering geometries, in
volving polished (1̄11) and cleaved~110! planes, a rich se
of data on the polarization properties of the optical phon
bands in spontaneously ordered GaInP2 was obtained.11–13

Inspection of the data given in this paper reveals sev
unusual observations of the Raman activity of the 351-cm21

peak and the TO2 band, which can be connected with diffe
ent martensitic states. Our analysis allows us to assign a
351-cm21 mode to the vibration of the antiphase bounda

In the present paper we analyze the Raman intensit
the GaInP2 CuPt structure for the unrelaxed and relaxed l
tice dynamical models. We used a complete version of
bond polarizability model for the GaInP2 CuPt structure,
which accounts for contributions of both sublattices.29 Com-
parison of the selection rules obtained in this way with
experimental data allows us to connect the martensitic t
sition with relaxation of the bonds in the trigonal terna
GaInP2 CuPt structure. We show that the transition can
described as a process involving lattice switching betw
relaxed~trigonal structure bond lengths! and unrelaxed~zinc-
blende bond lengths! states of ordered domains governed
the symmetry misfit strains. This can be detected by Ram
spectroscopy due to a strong dependence of the phonon p
erties of the GaInP2 CuPt structure on the lattice relaxatio
and due to specific selection rules which allow us to dis
guish the modes of different sublattices. Using the exp
mental data available in the literature we demonstrate
possibility of detecting relaxed and unrelaxed martens
states under excitation by means of different scatter
planes, which gives evidence of mechanical treatme
induced triggering of the martensitic transition. We also
veal the strong effect of antiphase boundaries on the Ra
spectra of the spontaneously ordered GaInP2.

II. THE RAMAN SELECTION RULES FOR OPTICAL
PHONONS OF CuPt-ORDERED GaInP2

A. The effect of lattice relaxation on the optical phonons
in CuPt ordered-GaInP2

In a zinc-blende basis the principal axes of the perfec
ordered CuPtB structure having trigonal C3v

5 space-group

symmetry arez-@111#, y-@112̄#, andx-@11̄0#. Accommoda-
tion of different bond types in the ternary trigonal structu
@Fig. 1~a!# leads to a distortion of the zinc-blende cubic c
along the@111# direction, providing anisotropic lattice mis
match along the@110# and @ 1̄10# directions@Fig. 1~b!#. The
bond-length values obtained from the first-principl
calculations1,2,23,24 reveal frustration of Ga-P and compre
sion of In-P bonds in perfectly ordered GaInP2. This gives a
mismatch of21.5% for the@ 1̄10# direction and11.7% for
the @110# direction. For the unrelaxed structure~zinc-blende
GaP and InP bond lengths! it is reduced down to;0.3%.

Having four basis atoms in the unit cell@inset in Fig.
1~a!#, the GaInP2 CuPt MSL therefore has 12 phono
branches. Nine fundamental zone-center optical modes
polar and active in both the Raman and IR spectra. Usin
zone-folding scheme they can be grouped into three sets
20521
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acoustic set and two optic sets of GaP- and InP-type mo
folded into the zone center from the acoustical and opt
Brillouin zones boundary of the zinc-blende structure. F
ures 2~a–c! present the angular dispersion of the fold
optical-phonon frequencies of GaInP2 CuPt calculated using
the shell model with bulk bond lengths and interatom
potentials4 @Fig. 2~a!# ~unrelaxed model!, the first-principles
~relaxed! model23,24 @Fig. 2~b!#, and the spatial dispersio
along theL direction of bulk zinc-blende GaP~Ref. 30! and
InP ~Ref 31! @Fig. 2~c!#, together with the Raman experimen
tal data from Refs. 4, 13, and 14@in Figs. 2~a! and 2~b!#.

We can see from Figs. 2~a! and 2~b! that neglecting the
type of the mode@inset32 in Fig. 1~a!# as well as the differ-
ence in directional dispersion, two LO modes and one
mode in both models occupy similar frequency regions c
tered at 370, 350, and 330 cm21, respectively. For the sec
ond TO mode the bond relaxation dramatically decreases
frequency ~on 45 cm21) and moves it to the lowest

FIG. 1. ~a! Rhombohedral symmetrical cell of the GaInP2

CuPtB-ordered structure together with GaP- and InP-type mode
placement patterns~inset in the left lower corner!; ~b! arrangement
of atoms in zinc-blende~001! plane~dashed lines show distortion
due to bond relaxation!.

FIG. 2. Directional dispersion of GaInP2 CuPt structure calcu-
lated in unrelaxed~Ref. 4! ~a! and relaxed~Ref. 24! ~b! models;
spatial dispersion of bulk zinc-blende GaP and InP materials~Refs.
30 and 31!~c!. Solid and dashed lines show vibrations of GaP a
InP types, respectively, with dotted lines corresponding to the m
ing region. Circles and triangles denote experimental data for m
Raman peaks and forh;0.5 from Ref. 13 and Refs. 4 and 14
respectively; solid symbols relate to modes observed for disord
samples and vertical lines scale half width of the mode in Ram
spectra. The frequencies of the fine structure of these peaks rev
in Refs. 4 and 28 are not presented.
1-2
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EFFECTS OF BOND RELAXATION ON THE . . . PHYSICAL REVIEW B 67, 205211 ~2003!
frequency position of;315 cm21. Analysis of the phonon
eigenmodes shows a greater difference between the mo
which is the difference in the type~GaP or InP! of LO and
TO mode alternation. In the shell model the frequencies
lower for the InP-type modes@dashed lines in Fig. 2~a!#,
while in the first-principles model the GaP-type ones ha
lower frequencies@solid lines in Fig. 2~b!#. In the first unre-
laxed case the mode frequencies are close to the zone-
frequencies of the bulk materials, i.e., they follow a simp
zone-folding scheme in which material with heavier ato
~InP! has lower vibrational frequencies. In the second
laxed case, the decrease of the GaP-type and increase o
InP-type mode frequencies relative to the bulk values t
place due to frustration and compression of the correspo
ing bonds.

From experimental phonon mode frequencies that h
been presented in the literature, we can see that both mo
give reasonable agreement with the experiment, without
tinguishing the mode type and accounting for the supp
sion of the anisotropy due to the mixed character of the
dering observed experimentally. This is demonstrated
Figs. 3~a–f!, where we show transverse Im(«) and longitu-
dinal Im(21/«) phonon response functions for the order
crystal («o),33 disordered alloy («d),34 and partially ordered
alloy («po).

35 For partially ordered alloy the functions hav
been calculated using the ‘‘h2 rule’’: 36 «po5«oh21«d(1
2h2). One can see clear differences in the intensity dis
bution of LO and TO modes in ordered and disordered cr
tals, arising from different LO/TO mode separations. For
ordered case@Figs. 3~a! and 3~b!#, the low-frequency LO
phonon has the lowest intensity mainly due to its posit
between two close transversal vibrations. This is differ
from the disordered alloy@Figs. 3~c! or 3~d!# in which the
high-frequency TO mode has the lowest intensity due to
positioning between nearby LO modes. Forh;0.5 @Figs.
3~e! and 3~f!#, both models give similar band shapes a

FIG. 3. Response functions Im(«) for TO ~solid curves! and
Im(2«21) for LO ~dashed-dotted curves! modes for perfectly or-
dered~a and b!, disordered alloys~c and d! and partially ordered~e
and f! GaInP2 calculated for relaxed~a and e! and unrelaxed~b and
f! models. Note that~c! and ~d! are identical because disordere
alloys are relaxed.
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qualitatively describe the appearance of an extra mode
tween the TO2 and LO2 bands of the disordered alloy to
gether with a decrease of the valley depth at 370 cm21 be-
tween disordered LO modes. The unrelaxed model a
shows a sharpening of the TO2 band at 330 cm21, while in
the relaxed model the sharpening is masked by a contribu
of the ordered GaP-type TO1o mode ~shoulder at
;320 cm21). With a slight adjustment of the mode fre
quency and damping, both microscopic models can fit the
reflectivity spectra of spontaneously ordered GaInP2 mea-
sured in Ref. 26. However, the microscopic origin of t
ordering-induced contribution is quite different. In the r
laxed model the extra mode at 351 cm21 is related to the
TO2o phonon~InP type!, while in the unrelaxed model it can
be either the LO2o phonon~InP type! or the TO1o phonon
~GaP type!; the depth of the valley at 370 cm21 results from
a contribution of the LO phonon of InP type for the relax
model and of GaP-type for the unrelaxed one. Both GaP
InP modes contribute to the TO2 band in the relaxed mode
while only the InP-type mode contributes in the unrelax
one.

We should mention that the bond charge model also
describe the IR reflectivity spectra of spontaneously orde
GaInP2.25 It predicts extremely low angular anisotrop
(2 –5 cm21) compared with the unrelaxed (5 –10 cm21)
and relaxed (10–20 cm21) microscopic models. However
as the atom arrangement and the phonon eigenmodes
not specified, the relaxation of bonds and the type of
modes~InP or GaP! cannot be distinguished. We will no
consider this model in further discusion.

B. The bond polarizability model Raman selection rules
of CuPt-ordered GaInP2

Compared to using the Im(«) and Im(21/«) functions to
determine the IR properties of the crystal, the Raman
sponse functions contain additional contributions to mo
intensities, which are determined by the symmetry of
lattice and by deformation potential and electro-optic mec
nisms of the interaction of optical vibrations with light.37 The
first of these utilizes the Raman selection rules, which de
mine the relative intensity of a particular mode in differe
configurations. The second one utilizes the so-called Fa
Henry factors38 which determine the relative intensity of th
different modes in a single configuration. Both contributio
can be treated simultaneously using the bond polarizab
model.39–41This model accounts not only for the point sym
metry but also for specific arrangements of atoms in the
tice. We will show that it allows one to distinguish betwee
InP- and GaP-type modes, thus detecting the bond relaxa
in CuPtB . We will neglect the effect of the electro-optic con
tribution ~related to LO phonons! in further consideration.

The bond polarizability model~BPM! of the Raman in-
tensity is based on a transformation of the polarizability te
sor of a single bond to the principal crystal axes, with
summation of the contributions of the nonequivalent bon
If the alloy normal mode is localized in the ordered latti
sites, it will behave in the Raman spectra in a way similar
the normal modes of the perfectly ordered structure. In
1-3
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TABLE I. The Raman selection rules of GaInP2 CuPt structure for geometries studied in the literature
notations of Fig. 4.

Wavevector Configuration

Mode polarization

LO TOa Y8b

@001#c
Z(XX)Z̄ 3(12

4
9 Dn)2 32

27Dn 0 32
27Dn

Z(YY)Z̄ 3 0 0 0

@110# y8(z8z8) ȳ8 0 4(12Dn)2 0 8
3 (12Dn)2

y8(x8x8) ȳ8 0 1 2 8
3

y8(x8z8) ȳ8 0 0 1 1
3

@ 1̄11# Z(XZ)X 2(12
2
3 Dn)2 1 0 3(12

4
9 Dn)2

Z(YY)X 1 2 0 0
Z(YZ)X 0 0 3 0
Z(XY)X 0 0 0 0

@ 1̄11# z8(x8x8) z̄8 1 2 0 2.7

z8(y8y8) z̄8 1 2 0 0

z8(y8x8) z̄8 0 0 2 0

aRight column corresponds to modes with polarization perpendicular to the~110! mirror plane~ordinary
phonons!.

b@ 1̄10# polarized mode.
cWave vector does not coincide with the principal axes and the polarization of the modes may have a
angle ~extraordinary phonons!. The selection rules for the extraordinary phonons are given by a li
combination of LO and TO contributions.
c
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general case, the alloy normal modes involve the displa
ments of the bonds from both ordered and random ato
arrangements, which can be expressed in terms of coup
of the corresponding modes with selection rules avera
over all arrangements.

For the GaInP2 CuPt structure the BPM tensors can
represented by the structure-~bond arrangement! dependent
part multiplied by the mode displacement part, which is
sum of type-II~triple! bond displacements multiplied by th
corresponding bond polarizability.4 The structure-dependen
part can be expressed as

R̃z5S 21 0 0

0 21 0

0 0 2~12Dn!
D ,

R̃y5S A2 0 0

0 2A2 21

0 21 0
D , R̃x5S 0 A2 21

A2 0 0

21 0 0
D ,

~1a!

R̃Y85
1

A3 S 0 0 0

0 22A2 21

0 21 2A2~12Dn!
D ,

R̃Z85
1

A3 S 23 0 0

0 1 A2

0 A2 2~12Dn!
D , ~1b!
20521
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where zu u@111#, yu u@112̄#, xu u@11̄0#, Yu u@110#, and Zu
u@001#. The tensors in Eq.~1b! are the Raman tensors for TO
(R̃Y8) and LO (R̃Z8) modes for the@001# scattering wave
vector ~see below!.

The tensors in Eq.~1a! have the same nonzero elemen
as those of the zinc-blende structure transformed to the tr
nal basis. They have only one tensor elementRzz

z , which
depends on the phonon eigenvector. This feature rest
possible Raman configurations sensitive to the propertie
the specific phonons. The elementRzz

z can be expressed via
parameterDn , which reflects a trigonal distortion of the Ra
man polarizability of the zinc-blende structure for a giv
moden.4,29 The rest of the elements have numerical valu

The value ofDn can be obtained knowing the eigenve
tors of the phonons and the bond polarizability values:29

Dn5
9

8 F12
a1U1

I 1a2U2
I

a1U1
II1a2U2

IIG . ~2!

In Eq. ~2! U1(2)
I (II) and a1(2) are z components of the dis

placement and the polarizability derivative of the Ga
~InP-! type bond, respectively. In Ref. 42, the ratioa2 /a1
was obtained to be'2.4.

The selection rules for four scattering conditions~geom-
etries! accessible experimentally are listed in Table I. T
arrangement of crystal axis and directions of light propa
tion and polarization for these four geometries are shown
Fig. 4. Three of these geometries involve growth plan
~001! and cleaved planes~110!. These are the backscatterin
geometries from the~001! and ~110! planes having wave-
1-4
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EFFECTS OF BOND RELAXATION ON THE . . . PHYSICAL REVIEW B 67, 205211 ~2003!
vector directions along@001# and@110#, respectively, and the
right-angle scattering geometry from these planes, having
wave vector along@ 1̄11#. The fourth is the backscatterin
geometry from the (1̄11) plane (@ 1̄11# wave vector!, which
can obtained by mechanical polishing of the sample. In
paper we do not consider configurations involving the (11̄0)
cleaved plane because of the limited experimental d
available12. We should point out that the selection rules
Table I are written for the ordering direction@ 1̄11# and basis
axes from Ref. 11

Only the geometries with the~001! and ~110! scattering
planes have configurationsZ(XZ)X, y8(z8z8) ȳ8, Z(XX)Z̄
containing parameterDn . The comparison of the selectio
rules for these configurations with the reference on
Z(YY)X, y8(x8x8) ȳ8, Z(YY)Z̄, which do not depend onDn

and have the same scattering wave vector, allow determ
tion of the contributions of the ordering-induced phonons

As can be seen, the value and sign ofDn determine the
decrease or increase of the Raman intensity in the spe
configuration. For pure GaP~InP! modes one can put U1(2)

I

!U1(2)
II ~mode localization!, thus simplifying this expression

asD1(2)5
9
8 @12a2(1) /a1(2)#. In this localized condition the

trigonal distortion can be described independent of the p

FIG. 4. Arrangement of the crystal axis of@ 1̄11# oriented CuPtB
structure,x8,y8,z8, and directions of light polarizations,X,Y,Z ~a!,
in notations of Ref. 11; schemes of@001# ~upper left!, @110# ~upper

right!, @ 1̄11# ~lower right! backscattering and@ 1̄11# right-angle
scattering~lower left! Raman geometries~b!. In ~b! thick arrows
show direction of light propagation and thin arrows shows phon
polarizations. The selection rules for this arrangement can be
tained using axis transformationsz→z8, x→y8, andy→2x8.
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non displacements, and the ordering-induced changes in
Raman intensity take place due to the difference in the b
polarizabilities of the two constituents. It has a different si
for GaP and InP-type modes, with the limiting valuesD InP

510.66 andDGaP521.58 assuminga2/a1'2.4.42 Partial
character of the ordering, i.e., mixing of the mode types, c
be accounted for by a ‘‘h2 rule,36’’ i.e., U1(2)

I 5(1
2h2)U1(2)

II , which leads to D InP510.125 and DGaP

520.14.
In Table II we present the ratio of the Raman intensity

Z(XZ)X, y8(z8z8) ȳ8, Z(XX)Z̄ configurations to the refer
ence ones calculated for these two conditions. We can
from Table II the dramatic effect of the localization com
pared with the mode mixing, which can lead to nearly
order of magnitude change of the Raman intensity. Due
the conditiona InP.aGaP there is an increase of the GaP
type mode and decrease of the InP-type mode intensity
to the ordering. We should also mention the distinct select

rules for theY8 mode for @001# backscattering and@ 1̄11#
right-angle scattering geometries; it is activated only in

ordering-sensitive configurationsZ(XX)Z̄ andZ(XZ)X. For
the @001# geometry this mode has TO polarization.

For theZ(XX)Z̄ configuration both LO and TO phonon
are ordering sensitive. ForDn;0 the Raman intensity in this
configuration coincides with the reference one and thus
difference in their intensity can be directly related to t
contribution of the ordering-induced phonons. We sho
stress thatonly the vibrations of the ordered atomic arrang

ment give a contribution to the difference between Z(XX)Z̄
and Z(YY)Z̄ spectra. This is a very important fact making
these configurations very useful for identifying the orderin
induced phonons. The difference, which we called$110% an-
isotropy, is always positive (I XX@I YY) for TO phonons and
for LO phonons of GaP type. For LO phonons of InP type
is negative. Thus the modes originating from the vibratio
of different sublattices can be distinguished in the differen
spectra. According to lattice dynamical analysis discuss
the bond relaxation shifts the InP-type LO phonon fro
;345 to;370 cm21. This must produce negative$110% an-
isotropy in the region of the LO1 and LO2 bands. In the
unrelaxed state the negative anisotropy must appear be
the LO2 and near the TO2 band.

n
b-
TABLE II. Ordering-induced contributions in the Raman intensity of partially ordered GaInP2 for mixed
and localized modes.

Wave vector Configuration Mode polarizationa

LO TO Y8

GaP InP GaP InP GaP InP

@001# (XX)/(YY) 1.1~3! 0.9~0.5! ` ` ` `

@110# (z8z8)/(x8x8) 1.7~9! 1~0.2! 1.3~7! 0.8~0.1!

@ 1̄11# (XZ)/(YY) 2.4~8! 1.7~0.6! 0.5b 0.5b ` `

aValues for the localized modes are given in brackets.
bDoes not depend onDn .
1-5
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A. M. MINTAIROV, J. L. MERZ, AND A. S. VLASOV PHYSICAL REVIEW B 67, 205211 ~2003!
For the@110# and @ 1̄11# wave-vector geometries, the de
termination of the ordering-induced contributions is not
transparent as the ratio of the mode intensity in the order
sensitive and reference configurations, forDn50 is not equal
to unity ~4:1 for @110# and 2:1 for@ 1̄11# wave vectors!.

Below we will compare the experimental Raman intens
data in the different scattering geometries reported in Refs
11, and 13 with the predictions of the BPM model, allowi
us to determine the bond-relaxation origin of the martens
transition in spontaneously ordered GaInP2. This also reveals
the contribution of the antiphase boundaries in the Ram
spectra of these alloys.

III. PROPERTIES OF THE OPTICAL-PHONONS
OF SPONTANEOUSLY ORDERED GaInP2

A. Martensitic states in the Raman spectra of spontaneously
ordered GaInP2

1. Spectra for the wave vector [001]

The martensitic transition in the$110% anisotropy induced
by CuPtB ordering in GaInP2 is shown in Figs. 5~a! and 5~b!.
There we present difference betweenZ(XX)Z̄ andZ(YY)Z̄
spectra of a highly ordered (h;0.5) 3-mm-thick sample4

before@Fig. 5~a!# and after@Fig. 5~b!# rapid cooling. In this
figure we also show difference spectra of a low orderedh
;0.1) sample, which was not thermally treated@Fig. 5~c!#.

Before transition the ordering-induced anisotropy is po
tive for the TO2 band at 330 cm21 and the 351-cm21 peak

FIG. 5. Z(XX)Z̄/Z(YY)Z̄ difference spectra~@001# backscatter-
ing geometry! of 3-mm-thick spontaneously ordered GaInP2 layers:
~a! and ~b! show highly ordered sample (h;0.5) before and after
rapid cooling, respectively;~c! shows low ordered sample (h
;0.1). Dashed line in~b! shows zero level~background! for the

351-cm21 peak inZ(XX)Z̄ configuration~Ref. 4!.
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and negative for the 360–380 cm21 region (LO2 and LO1

bands and the ‘‘valley depth’’!. This is exactly what is ex-
pected for the CuPtB bond relaxation of the ordered GaInP2.
The valley depth thus can be assigned as the order
induced LO2o phonon ~InP type! strongly mixed with the
LO1 and LO2 modes of mostly disordered atomic arrang
ment. Such mixing produces the InP-type behavior of th
modes. The anisotropy of the TO2 band arises from the con
tributions of TO1o and LO1o phonons~of GaP type!. The
peak 351 cm21 is activated only in the ordering-sensitiv
configuration and can be unambiguously assigned to

@ 1̄10# polarized mode. This coincides well with its interpr
tation as the TO2o phonon~InP type! for the relaxed model.
However, our analysis presented below does not allow
assignment of this peak as originating from the CuPtB-type
order. Instead it can be attributed to an antiphase bound
We can assume that the actual TO2o mode is shifted to lower
frequencies and is buried inside the TO2 band. Its shift to-
ward the LO2 band is not supported by the absence of
positive anisotropy at higher frequencies, however.

After the transition@Fig. 5~b!#, the $110% anisotropy for
the LO1 and LO2 band becomes positive in th
360–380 cm21 region. This reflects the GaP-type charac
of these modes. In contrast the anisotropy of the TO2 band
reveals negative values, thus reflecting the InP-type
mode contribution. This is what is expected for the unrelax
model.43 The 351-cm21 peak conserves the positive aniso
ropy but becomes nearly two times weaker.4

We observed the reverse situation in a thin GaInP2 layer
~thickness 0.3mm) with h;0.54 in which the initial state of
the sample showed the unrelaxed type of$110% anisotropy
similar to Fig. 5~b!, while after cooling it became the relaxe
type as shown in Fig. 5~a!.44

We observed that the initial states of these samples ca
restored after annealing.

The $110% anisotropy of the low ordered sample@Fig.
5~c!# clearly demonstrates the unrelaxed-type behavior w
the negative contribution for the TO2 band~LO InP type!.

Summarizing our observations for the@001# backscatter-
ing geometry we can conclude that the martensitic transi
occurs due to a switching of the ordered domains betw
relaxed and unrelaxed states and that the main driving fo
of the transition is the bond relaxation from ‘‘zinc blende’’ t
‘‘trigonal’’ atom positions. The trigonal relaxation become
favorable with increasing ordering parameter and layer thi
ness, which is governed by the symmetry misfit strain. Th
in our thin sample the initial state is the unrelaxed state w
the $110% anisotropic misfit strain below;0.3% as was dis-
cussed above. Rapid cooling of this sample causes a ma
sitic transition to the relaxed state, which has several tim
higher mismatch. In our thick sample symmetry misfit stra
is relaxed and the initial and the martensitic states are
versed.

We should point out that the switching between the latt
states can be associated with the generation of the IR ra
tion, and it may therefore be possible to create strong lat
instability in GaInP2 and generate infrared light using th
martensitic transition.
1-6
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TABLE III. Comparison of relative intensities of the TO2 Raman band of spontaneously ordered GaIn2

(h;0.5) and the BPM selection rules for@ 1̄11# wave-vector configurations.

Geometry Configuration Selection rules Relative intensity Modes contribu

TO LO ~Ref. 11!

@ 1̄11# Z(XZ)X 1 2(12
2
3 Dn)2 0.7 TO'

Right-angle Z(YY)X 2 1 2 TO'

Scattering Z(YZ)X 3 0 3 TO'

Z(XY)X 0 0 !0.1

@ 1̄11# z8(x8x8)z8 2 1 3 TO'1LO1Y8

Backscattering z8(y8y8)z8 2 1 2.4 TO'1LO
z8(y8x8)z8 2 0 2 TO'
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Our results show that one can distinguish between
unrelaxed and relaxed states in the Raman spectra by
magnitude of the InP-type LO or GaP-type mode contrib
tion to the TO2 band and by the intensity of the 351-cm21

peak. Several unusual observations of the Raman activit
the TO2 band and 351-cm21 peak in different scattering
geometries11–13can be interpreted in terms of the martensi
states. These observations also give evidence that not
thermal treatment but also a mechanical treatment ari
from polishing or cleaving the sample can stimulate the m
tensitic transition.

2. Spectra for the wave vector†1̄11‡

Table III presents a comparison of the selection rules w
experimental data for the TO2 band for@ 1̄11# backscattering
and right-angle scattering geometries from Ref.11. We can
see that for the right-angle scattering geometry, involv
~001! growth and~110! cleaved planes, the experimental
observed intensity distribution of~XZ!, ~YY !, and~YZ! con-
figurations~0.7, 2, and 3, respectively! agrees well with the
TO mode character and manifests the relaxed state of
sample, which is consistent with the results for the@001#
backscattering geometry. In contrast, for the backscatte
geometry, in which the (11̄1) plane was prepared by me
chanical polishing, the higher intensity of the TO2 band in
the diagonal configurations is a direct indication of the L
mode contribution and manifests the unrelaxed state of
sample. This gives evidence that the martensitic transi
20521
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can be induced by mechanical polishing. It is also quite
usual that for this highly ordered sample the 351-cm21 peak
is absent in the spectra. On the other hand, there is an ev
experimental intensity asymmetry of the TO2 band in the
diagonal configurations (I x8x8.I y8y8), which indicates the
contribution of the@ 1̄10# polarizedY8 mode~tensor 1b!. As
the 351-cm21 peak also has@ 1̄10# polarization,45 we can
assume that due to a relaxation suppression the frequenc
the corresponding mode shifted;30 cm21 to lower frequen-
cies leading to a disappearance of the 351-cm21 peak. This is
not surprising in view of the strong CuPtB bond-relaxation-
induced frequency shifts predicted by a first-principl
model. Such a shift can explain decrease by a factor of 2
the intensity of the 351-cm21 peak in @001# backscattering
spectra in Fig. 5~b!. The fact that this peak does not disa
pear after transition indicates coexistence of relaxed and
relaxed states of the sample in Fig. 5~b!.

3. Spectra for the wave vector [110]

Analysis of the intensities of the TO2 band (I TO2
) and

351-cm21 peak (I Y8) in x8z8, x8x8, andz8z8 configuration
from Refs. 11 and 13, summarized in Table IV, allows us
demonstrate the existence of the differently relaxed state
the @110# backscattering geometry, which involves the~110!
cleaved plane. In Ref. 11 forI TO2

:I Y8;7 the intensity ratio

I x8z8 :I x8x8 :I z8z8 is 1:2:3, while in Ref. 13 forI TO2
:I Y8;17 it

is 1:8:4. As can be seen from the selection rules presente
TABLE IV. The BMP selection rules and relative Raman intensities of the TO2 band of GaInP2 (h;0.5) for @110# wave-vector scattering
configurations.

Configuration TO2 band
Experiment

~Ref. 11! (I TO2
:I Y8;7)

Experiment
~Ref. 13! (I TO2

:I Y8;17)

Relative Modes Relative Modes
TOi TO' intensity contribution intensity contribution

y8(z8z8) ȳ8 4(12Dn)2 0 3 TOi 4 TOi

y8(x8x8) ȳ8 1 2 2 TO'1TOi 8 TO'1TOi

y8(x8z8) ȳ8 0 1 1 TO' 1 TO'
1-7
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Table IV, both of the ratios strongly differ from the rati
1:3:4 expected forDn;0 and for isotropic contribution o
the modes polarized along (TOi) and perpendicular to the
(TO') ordering direction. The intensity ratio 1:2:3 observ
in Ref. 11 implies a very small contribution of the TOi ~ex-
traordinary! modes (I TOix8x8@I TO'x8x8) and their GaP-type
character (Dn,0 for I TOiz8z8. I TOix8x8). This indicates the
relaxed state. In contrast the ratio 1:8:4 implies dominanc
the contribution of the TOi extraordinary modes (I TOix8x8
@I TO'x8x8) and their InP-type character (1.Dn.0.5 for
I TOiz8z8.I TOix8x8). This indicates the unrelaxed state a
correlates with a much smaller (; 1

17 ) relative intensity of
the 351-cm21 mode. These results give evidence on the p
sibility of triggering the martensitic transition by the clea
ing procedure.

It should be noted that the strong asymmetry of the Ti
and TO' contributions~difference in vibrational amplitudes!
is not predicted by the lattice dynamical calculations a
demonstrates a very complicated behavior of the pho
modes in the spontaneously ordered GaInP2, which can be
associated with the antiphase boundaries~APB’s!. Due to its
nature ~boundary between domains! the APB’s determine
boundary conditions for vibrational modes of the order
domains. We can assume that the APB’s can produce p
shifts of atom vibrational amplitudes in the adjacent d
mains, leading to constructive/destructive interference effe
in the intensity of the corresponding modes.

B. The antiphase boundaries in the Raman spectra
of spontaneously ordered GaInP2

The existence of the antiphase boundaries in spont
ously ordered GaInP2 is well documented by a large set o
transmission electron microscopy ~TEM!
measurements.46–51. In dark-field @110# cross-section TEM
images taken using ordering-induced diffraction spots,
APB’s appear as~1–40!-nm-wide dark contrast lines sepa
rating bright contrast ordered domains having sizes 5–
nm. The dark contrast appears due to destructive interfere
between the diffracted beams from the adjacent doma
which confirm the fact that the lines originate from th
APB’s rather than from a disordered material. The APB
generally propagate from the substrate/epilayer interfac
the top surface at an angle to the~001! plane, and occupy up
to ;10% of the total area. The structural diagram of
atomically sharp antiphase domain boundary for the@ 1̄11#
variant GaInP2 presented in Fig. 6 shows that it consists

@ 1̄10# and@ 1̄11# interfaces. The@ 1̄10# interface can be con
sidered as a thin layer of a@11̄1# variant and the@ 1̄11#

interface consists of a@ 1̄11# InP ~GaP! bilayer. According to
the TEM images taken with atomic resolution, the APB’s a
usually not so sharp and occupy several monolayers.46–48

This is schematically shown in Fig. 6 as intermixing of
and Ga atom sites which leads to the formation of@ 1̄10# InP
and GaP chains inside the APB.

As the APB’s occupy a relatively large amount of epilay
volume they must have a strong effect on the optical prop
ties of spontaneously ordered GaInP2. Indeed, they appeare
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in low-temperature photoluminescence as ultranarrow sh
lines, which reflect strong, quantum-dot-like confinement
an exciton at APB’s.51,52 In vibrational spectra the APB ca
be associated with the 351-cm21 peak.

The 351-cm21 peak in earlier studies was interpreted
terms of the lattice dynamics of the perfectly ordered str
ture and was assigned to either a TO~Refs. 4, 10, and 14! or
an LO mode of CuPtB GaInP2 structure.9,11,12,14Its interpre-
tation as a TO mode was based on its@ 1̄10# polarization for
the@001# backscattering geometry as described above,4 while
its interpretation as an LO mode was based mainly on
fact that this peak was unresolved in the LO forbidden@110#
geometry in earlier studies.11,12 Recent analysis of the activ
ity of this peak in the@ 1̄11# right-angle and@110# back-
scattering configurations also shows its@ 1̄10# polarization,
i.e., its Y8 mode origin.45 This directly follows from the
dominance of the 351-cm21 peak in Z(XZ)X and
y8(x8x8)y8 configurations for the@ 1̄11# right-angle and
@110# back scattering geometries, respectively~Table I!.
Comparison of the experimental data11,13 with the selection
rules for the@110# geometry presented in Table V shows t
InP-type character of this mode. Indeed, experimentally

FIG. 6. Atom arrangement of an atomically sharp antipha

boundary~APB! in the @ 1̄11# variant CuPtB GaInP2. Gray, black,
and open circles denote Ga, In, and P atoms, respectively. Sm
symbols correspond to a next-lower-lying layer; dashed lines

APB atoms creating the@11̄1# variant; dashed oval outlines th

@ 1̄10# InP chain which forms by interchanging of Ga and In ato
positions linked by arrow~boundary diffusing!.

TABLE V. The BPM selection rules and relative Raman inte
sities of the 351-cm21 peak of GaInP2 (h;0.5) for @110# wave-
vector scattering configurations.

Configuration 351-cm21 peak

Y8
Experiment
~Ref. 11!

Experiment
~Ref. 13!

y8(z8z8)y8 8
3 (12Dn)2 ;0.3 ,0.1

y8(x8x8)y8 8
3 1 1

y8(x8z8)y8 1
3 ;0.1 ,0.1

aWe present here an estimation of the intensity of the group
overlapping peaks centered at;360 cm21.45
1-8
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served suppression of this mode in the (z8z8) configuration
agrees well with the selection rules for theY8 mode, under
the condition 1.Dn.0. This condition can be satisfied on
for the InP-type modes. The very low relative (z8z8) inten-
sity (;0.3 and.0.1) indicates its strong localization (U2

I

50) ~Table II!.
As the direction of the@ 1̄10# polarization does not coin

cide with the crystal axis of the CuPtB structure, the activa-
tion of the Y8 mode in the@ 1̄11# and @110# wave-vector
geometries cannot be related to the CuPtB order. The@ 1̄10#
polarization gives evidence of the APB origin of th
351-cm21 peak. Independence of the polarization on t
wave vector shows the strongly localized nature of this
bration. We can assume that theY8 mode corresponds to th
vibrations of@ 1̄10# InP chains formed inside the diffuse AP
~Fig. 6!. In the martensitic transition the frequency of th
APB mode switches between 351-cm21 ~relaxed state! and
330-cm21 ~unrelaxed state! leading to a correlation betwee
intensities of the 351-cm21 peak and the TO2 band.

IV. CONCLUSIONS

In conclusion we have shown that the martensitic tran
tion in epitaxial layers of spontaneously ordered GaIn2
originates from the relaxation of bonds in the CuPtB atomic
arrangement. This is revealed in the Raman spectra due
strong effect of the bond relaxation on the phonon proper
of CuPtB-ordered GaInP2, and due to specific selection rule
of this structure which allow one to distinguish the modes
different sublattices. This was demonstrated in two wa
first, by comparison of the shell-model lattice dynamical c
s

d

m

,

l-

i-

T.

ho

O

,
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culations ~using zinc-blende bond lengths and interatom
potentials! from our previous study4 and by the first-
principles lattice dynamical calculations from Ref. 24. Se
ond, it was demonstrated by using the bond polarizabi
model of CuPt GaInP2 described in Refs. 4 and 29. We use
the Raman selection rules obtained in the bond polarizab
model to analyze the experimental intensity of optic
phonon bands in spontaneously ordered GaInP2 for ~001!
growth4 and from~110! cleaved and (1̄11) polished11–13ex-
citation planes. Our analysis shows that thermal treatm
induced changes~martensitic transition! of the $110% diago-
nal anisotropy of LO1, LO2, TO2 phonons and the
351-cm21 mode observed in Ref. 4 are driven by the bo
relaxation and symmetry misfit strains. The evidence that
martensitic transition and lattice relaxation in GaInP2 can be
induced by mechanical treatment is found from the analy
of the intensities of the 351-cm21 peak and TO2 band for
excitation using cleaved and polished planes. Our anal
allows us to assign the 351-cm21 mode to the vibration of
the @110# InP chains of an antiphase boundary, and allows
to show that in the martensitic transition the frequency
this mode switches between 351-cm21 ~relaxed state! and
330 cm21 ~unrelaxed state!. We demonstrate extremely hig
sensitivity of Raman spectroscopy to changes of atomic
rangement due to the martensitic transition in semicondu
alloys.
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