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Strong changes of the Raman intensity induced by the martensitic transition in spontaneously ordered
GalnPR, alloys are explained by the triggering of the atom positions between unrelaiedblende bond
lengthg and relaxed (CuRtbond lengthsarrangements. We show that these changes reflect a strong depen-
dence of the optical-phonon properties and Raman selection rules of-Grdetred GalnfPon 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 iGagvealed.
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[. INTRODUCTION [—110] diagonal backscattering spectra excited from the
growth (001 plane. Analysis of the Raman intensity using a
The Ga I, P alloy system presents a classic example ofond polarizability model showed that these two states in-
spontaneous atomic ordering in semiconductor alloys an¥olve a rearrangement of the ordered lattice sites. However,
was the subject of intense investigations of the influence of€ Simplified version of the model, which accounts only for

the ordering phenomena on structural and optical propertie tom d_|splacements of one sublattice, d.'d not a”.O\.N us to
of semiconductord=® Growth of Gadn, <P (hereafter re- etermine the nature of these states. While the origin of the

ferred to as Galnf) by metallo-organic vapor phase epitaxy martensitic states was not specified, a strong dependence of

on (001) GaAs substrates at temperatures near 650°C resulﬁ?fa _spefctra ofn l?ﬁ' ert th|cktness prot\)ndes. (fe_\tnd(tenpe th.a.t the
in monolayer superlatticeMSL) alternation along thé111) riving force for the transition can be misiit strain arising

_— g~ : . rom the symmetry difference between the substi@iac
2|.nc plende cubic d|agona.ls. Of the four po§5|t1e equivalen lendg and the Galnpepitaxial layer(rhombohedral
directions only two directions of the ordering1(11] and

= Our earlier observation implies that each GyBitdered
[111], called CuR$ varianty have been observed in Galnp, sample can be characterized by its matrensitic state,
GalnR,. Substrate orientations miscut several degrees towhich can be established from the intensity distribution of
wards the[111]g direction results in a single orientation of the optical phonons in the Raman spectra. However, most of
the ordered structure. The films grown under standarghe experimental Raman data reported to 4&tedo not ac-
metalorganic vapor phase epitaylOVPE) conditions are  count for this intrinsic lattice property of spontaneously or-
partially ordered, with an ordering parametgr-0.1-0.5,  dered GalnRand thus the analysis presented in these papers;
where 7 is the fraction of the G@n) atoms in the which assumes a changing of the symmetry only, is not com-
{111}5-GaRInP) planes, or expressed equivalently, in theplete. The properties of the optical phonons of the GalnP
{118 5-Gay 501+ 4INo 51— )P/ G& 51— 5)INo 501+ )P MSL. It CuPt structure were also studied theoretically using micro-
was established that CyPordering in Galnp is promoted  scopic lattice dynamical calculations for shélinrelaxed)
by surface reconstruction giving110] oriented surface and first-principlegrelaxed®?% models. A calculation of the
dimers, and similar results have been observed for othedlirectional dispersion using a bond charge model was also
-V alloys, for growth conditions which provided such reportect> However, the open question about the origin of
dimer orientations:® the martensitic states creates a level of uncertainty in com-
In Ref. 4 we reported on the observation of a martensitigparing these theoretical results with experiment.
transition in the epitaxial layers of the single-variant Raman studies of the effects of the CgiRirder on the
CuPt-ordered GalnR The martensitic transition is known optical phonons of the Galgfhave shown that in fully dis-
in classical metallurgy as a diffusionless type-Il phase transerdered samplesz(~0) there are two intense overlapping
formation, associated only with rearrangement of latticebands at 381 and 360 cm related to longitudinal optical
sites® In the GalnB the transition was detected using Ramanphonons LQ (GaP typg and LG, (InP type, respectively,
spectroscopy and appeared as strong changes of intensity afid a weaker band at 330 ctrelated to a transverse opti-
the ordering-induced phonons after thermal treatment of theal phonon TQ (InP type.%°~! CuPt-type ordering for
alloy film. It was shown that depending on the layer thick->0 induces the appearance of a new peak at 351'¢m
ness and thermal treatment history there are at least two madecreases the depth of the “valley” between the,L&nd
tensitic atomic arrangementisttice states which appear as LO, bands at 370 cimt, and sharpens the Tand. A new
two different intensity distributions of the optical phonons in mode at 351 cm! was also observed in the IR spectfa?®
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Careful line-shape analysis reveals fine structure of optical-
phonon band$2® Using different scattering geometries, in-

volving polished (111) and cleaved110) planes, a rich set
of data on the polarization properties of the optical phonon
bands in spontaneously ordered GalniPas obtained! 3
Inspection of the data given in this paper reveals severa___
unusual observations of the Raman activity of the 351-tm
peak and the T@band, which can be connected with differ- -
ent martensitic states. Our analysis allows us to assignane\ | g, } L
351-cn * mode to the vibration of the antiphase boundary. ap.ype  1np-type P1 Ga __amel

In the present paper we analyze the Raman intensity of
the GalnR CuPt structure for the unrelaxed and relaxed lat- FIG. 1. (@ Rhombohedral symmetrical cell of the GapnP
tice dynamical models. We used a complete version of th€uPg-ordered structure together with GaP- and InP-type mode dis-
bond polarizability model for the GalgPCuPt structure, placement pattern@nset in the left lower corngy (b) arrangement
which accounts for contributions of both sublattié®€om-  Of atoms in zinc-blend€001) plane (dashed lines show distortion
parison of the selection rules obtained in this way with thedue to bond relaxation

experimental data allows us to connect the martensitic tran- ) )
sition with relaxation of the bonds in the trigonal ternary @coustic set and two optic sets of GaP- and InP-type modes,

GalnR, CuPt structure. We show that the transition can pdolded into the zone center from the acoustical and optical
described as a process involving lattice switching betweef@rillouin zones boundary of the zinc-blende structure. Fig-
relaxed(trigonal structure bond lengthand unrelaxedzinc- ~ Urés 2a—0 present the angular dispersion of the folded
blende bond lengthsstates of ordered domains governed by©Ptical-phonon frequencies of GalnRuPt calculated using

the symmetry misfit strains. This can be detected by Ramaf'® Shell model with bulk bond lengths and interatomic

spectroscopy due to a strong dependence of the phonon pro?c-’te”tialé [Fig. 2@)] (unrelaxed modg) the first-principles
erties of the GalnPCuPt structure on the lattice relaxation, (relaxed modef®#* [Fig. 2Ab)], and the spatial dispersion

and due to specific selection rules which allow us to distin-2/0ng theL direction of bulk zinc-blende GafRef. 30 and
guish the modes of different sublattices. Using the experi!nP (Ref 31 [Fig. 2(c)], together with the Raman experimen-
mental data available in the literature we demonstrate thi®! data from Refs. 4, 13, and 1 Figs. 2a) and 2b)].
possibility of detecting relaxed and unrelaxed martensitic e can see from Figs.(@ and 2b) that neglecting the
states under excitation by means of different scatteringyPe of the modeinsef? in Fig. 1(a)] as well as the differ-
planes, which gives evidence of mechanical treatmentSNce in directional dispersion, two LO modes and one TO
induced triggering of the martensitic transition. We also re-mede in both models occupy similar frequency regions cen-

veal the strong effect of antiphase boundaries on the Ramdgred at 370, 350, and 330 6'%1, respectively. For the sec-
spectra of the spontaneously ordered GalnP ond TO mode the bond relaxation dramatically decreases the

frequency (on 45 cm!) and moves it to the lowest-

L*=

Il. THE RAMAN SELECTION RULES FOR OPTICAL 400 400
PHONONS OF CuPt-ORDERED GalnP, — a — e
A. The effect of lattice relaxation on the optical phonons § o M R \‘\4:\ 9 LQ(GaP) %0
in CuPt ordered-GalnP, g E(TO) } — f SEW) L To@ap)
. . o © 360 A a0 —="2 1360
In a zinc-blende basis the principal axes of the perfectly & o PR U F o AR
ordered CuRf structure having trigonal T space-group = s [A 2 ==-{e00) e . _ Lognp) 340
symmetry arez-[111], y-[112], andx-[110]. Accommoda- % 9.--===$:::?2‘I§’ A AT T
tion of different bond types in the ternary trigonal structure & 320 [ET) (o) teo T0) ot 320
[Fig. 1(a)] leads to a distortion of the zinc-blende cubic cell 49 4 _‘,,xiu"'
along the[111] direction, providing anisotropic lattice mis- 3005 2 0 - T o
match along th¢110] and[110] directions[Fig. 1(b)]. The angle ¢ (rad)

bond-length values obtained from the first-principles
calculation$??3?*reveal frustration of Ga-P and compres- _
lated in unrelaxedRef. 4 (a) and relaxedRef. 24 (b) models;

sion of In-P bonds in perfectly ordered GajnHhis gives a . X )
spatial dispersion of bulk zinc-blende GaP and InP matetidss.

mismatch _Of_ 1_'5% for the[ 110] direction andﬂ_L 1.7% for 30 and 3)(c). Solid and dashed lines show vibrations of GaP and
the[110] direction. For the unrelaxed structuf@nc-blende  |p ynes, respectively, with dotted lines corresponding to the mix-
GaP and InP bond lengthk is reduced down to-0.3%. ing region. Circles and triangles denote experimental data for main
Having four basis atoms in the unit cdihset in Fig.  Raman peaks and fop~0.5 from Ref. 13 and Refs. 4 and 14,

1(@)], the GalnRB CuPt MSL therefore has 12 phonon respectively; solid symbols relate to modes observed for disordered
branches. Nine fundamental zone-center optical modes akamples and vertical lines scale half width of the mode in Raman
polar and active in both the Raman and IR spectra. Using 8pectra. The frequencies of the fine structure of these peaks revealed
zone-folding scheme they can be grouped into three sets: an Refs. 4 and 28 are not presented.

FIG. 2. Directional dispersion of GalgRCuPt structure calcu-
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qualitatively describe the appearance of an extra mode be-
tween the TQ and LO, bands of the disordered alloy to-
gether with a decrease of the valley depth at 370 tie-
tween disordered LO modes. The unrelaxed model also
shows a sharpening of the F®and at 330 cm?, while in

the relaxed model the sharpening is masked by a contribution
of the ordered GaP-type T@ mode (shoulder at
~320 cm ). With a slight adjustment of the mode fre-
quency and damping, both microscopic models can fit the IR

reflectivity spectra of spontaneously ordered Galmiea-
sured in Ref. 26. However, the microscopic origin of the
i ordering-induced contribution is quite different. In the re-
i laxed model the extra mode at 351 chis related to the
A NN TO,, phonon(InP type, while in the unrelaxed model it can

- ‘ be either the LG, phonon(InP type or the TQ, phonon
(GaP typg; the depth of the valley at 370 cm results from

a contribution of the LO phonon of InP type for the relaxed
model and of GaP-type for the unrelaxed one. Both GaP and

dered(a and b, disordered alloysc and d and partially orderede InP_ modes contribute to the 'EO)and_ in the _relaxed model
and f) GalnR calculated for relaxe¢a and ¢ and unrelaxedb and while only the InP-type mode contributes in the unrelaxed

f) models. Note thatc) and (d) are identical because disordered ©MN€- ,
alloys are relaxed. We should mention that the bond charge model also can

describe the IR reflectivity spectra of spontaneously ordered
frequency position of-315 cn ®. Analysis of the phonon GalnR.?® It predicts extremely low angular anisotropy
eigenmodes shows a greater difference between the mode(&,—5 cm 1) compared with the unrelaxed (5-10 cthy
which is the difference in the typ&aP or InP of LO and  and relaxed (10-20 cit) microscopic models. However,
TO mode alternation. In the shell model the frequencies ar@s the atom arrangement and the phonon eigenmodes were
lower for the InP-type modefdashed lines in Fig. (@],  not specified, the relaxation of bonds and the type of the
while in the first-principles model the GaP-type ones havenodes(InP or GaR cannot be distinguished. We will not
lower frequenciegsolid lines in Fig. 2b)]. In the first unre-  consider this model in further discusion.
laxed case the mode frequencies are close to the zone-edge
frequencies of the bulk materials, i.e., they follow a simple
zone-folding scheme in which material with heavier atoms
(InP) has lower vibrational frequencies. In the second re-
laxed case, the decrease of the GaP-type and increase of theCompared to using the Imaj and Im(— 1/¢) functions to
InP-type mode frequencies relative to the bulk values takeletermine the IR properties of the crystal, the Raman re-
place due to frustration and compression of the correspondponse functions contain additional contributions to mode
ing bonds. intensities, which are determined by the symmetry of the
From experimental phonon mode frequencies that havéattice and by deformation potential and electro-optic mecha-
been presented in the literature, we can see that both modeisms of the interaction of optical vibrations with lightThe
give reasonable agreement with the experiment, without disfirst of these utilizes the Raman selection rules, which deter-
tinguishing the mode type and accounting for the suppresmine the relative intensity of a particular mode in different
sion of the anisotropy due to the mixed character of the oreonfigurations. The second one utilizes the so-called Faust-
dering observed experimentally. This is demonstrated irHenry factor8® which determine the relative intensity of the
Figs. 3a—f), where we show transverse lg)(and longitu-  different modes in a single configuration. Both contributions
dinal Im(—1/¢) phonon response functions for the orderedcan be treated simultaneously using the bond polarizability
crystal e,),% disordered alloy £4),%* and partially ordered model**~*' This model accounts not only for the point sym-
alloy (spo).35 For partially ordered alloy the functions have metry but also for specific arrangements of atoms in the lat-
"3 g 0=eom?+eg(l  tice. We will show that it allows one to distinguish between

Im(g) and Im(-1/¢) functions
-
O

300 350 400 300 350 400
Frequency (cm™) Frequency (cm™)

FIG. 3. Response functions @) for TO (solid curve$ and
Im(—e 1) for LO (dashed-dotted curvesnodes for perfectly or-

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

been calculated using thez? rule”:
—7%). One can see clear differences in the intensity distridnP- and GaP-type modes, thus detecting the bond relaxation
bution of LO and TO modes in ordered and disordered crysin CuPt . We will neglect the effect of the electro-optic con-
tals, arising from different LO/TO mode separations. For thetribution (related to LO phononsn further consideration.
ordered caséFigs. 3a and 3b)], the low-frequency LO The bond polarizability mode|lBPM) of the Raman in-
phonon has the lowest intensity mainly due to its positiontensity is based on a transformation of the polarizability ten-
between two close transversal vibrations. This is differensor of a single bond to the principal crystal axes, with a
from the disordered alloyFigs. 3c) or 3(d)] in which the  summation of the contributions of the nonequivalent bonds.
high-frequency TO mode has the lowest intensity due to itdf the alloy normal mode is localized in the ordered lattice
positioning between nearby LO modes. Fpr-0.5 [Figs.  sites, it will behave in the Raman spectra in a way similar to
3(e) and 3f)], both models give similar band shapes andthe normal modes of the perfectly ordered structure. In the
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TABLE |. The Raman selection rules of GalnBuPt structure for geometries studied in the literature in
notations of Fig. 4.

Mode polarization

Wavevector Configuration LO TO? N
[001]° Z(XX)Z 3(1-§4,)? 374, 0 A,
z(YV)Z 3 0 0 0
[110] y'(2'2)y’ 0 4(1-4,)? 0 §(1-4,)
Y (x'x")y’ 0 1 2 5
y' (x'2)y’ 0 0 1 3
[111) Z(X2)X 2(1-34,) 1 0 3(1-354,)°
Z(YY)X 1 2 0 0
Z(Y2)X 0 0 3 0
Z(XY)X 0 0 0 0
[111] Z/(x'x")Z’ 1 2 0 2.7
Z'(y'y)z' 1 2 0 0
Z’(y’x’)? 0 0 2 0

aRight column corresponds to modes with polarization perpendicular tq1tt@ mirror plane (ordinary
phonons.

b[110] polarized mode.

“Wave vector does not coincide with the principal axes and the polarization of the modes may have arbitrary
angle (extraordinary phonons The selection rules for the extraordinary phonons are given by a linear
combination of LO and TO contributions.

general case, the alloy normal modes involve the displac_q,vherez| I[111], y| |[112], x| |[110], Y| |[110], and Z]|
ments of the bonds from both ordered and random atomig 001]. The tensors in Eq1b) are the Raman tensors for TO

arrangements, which can be expressed in terms of couplin Y’) and LO (ﬁz/) modes for thef001] scattering wave
of the corresponding modes with selection rules average ector (see below

over all arrangements. ;
The tensors in Eq(la) have the same nonzero elements
For thte len:{, CutPt s:[trug)téjrz the BPM t;r:jsors ((:jan tbeas those of the zinc-blende structure transformed to the trigo-
represented Dy the Structuresond arrangemenuependent = o ,,qjq. They have only one tensor elemBAf, which
part multiplied by the mode displacement part, which is a , . .
. i S depends on the phonon eigenvector. This feature restricts
sum of type-ll(triple) bond displacements multiplied by the

corresponding bond polarizabilifyThe structure-dependent FhOSS'bleiE amhann anﬂgﬁrat'f?ﬁ ngznsnr:vg 0 ;hf pro;()je\:?es of
part can be expressed as e specific phonons. The ele can be expressed via a

parameten\ ,, which reflects a trigonal distortion of the Ra-
-1 0 0 man polarizability of the zinc-blende structure for a given
- moder.*?° The rest of the elements have numerical values.

Re=| 0 -1 0 ' The value ofA, can be obtained knowing the eigenvec-
0 0 21-A) tors of the phonons and the bond polarizability valties:
V2 0 0 0 V2 -1 A 9 _alUll-I—azUIZ @
R=| 0 —y2 -1|, R=[ 2 0 0], V8|7 aUl+a,Ul|
0o -1 0 -1 0 0
(18 In Eq. (2) UY(3) and ay ;) are z components of the dis-
placement and the polarizability derivative of the GaP-
0 0 0 (InP-) type bond, respectively. In Ref. 42, the ratg/«,
~y 1 was obtained to be=2.4.
Y _ T _ _
R™ = 0 212 1 ' The selection rules for four scattering conditidiggom-
0 -1 2\/5(1—AV) etrie9 accessible experimentally are listed in Table I. The
arrangement of crystal axis and directions of light propaga-
-3 0 0 tion and polarization for these four geometries are shown in
~ 1 0 1 2 Fig. 4. Three of these geometries involve growth planes
R _ﬁ ' (1b) (001) and cleaved plangd.10). These are the backscattering
0 \/E 2(1-A)) geometries from thé001) and (110 planes having wave-
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TO; 4LO TO) 10 |
0, & LO

Z[001]
[001] [110] | ¢>
-
(AT X[170] 2] 1o, T0n
T A1)

FIG. 4. Arrangement of the crystal axis[df11] oriented CuR{
structurex’,y’,z’, and directions of light polarizationX,Y,Z (a),
in notations of Ref. 11; schemes [@01] (upper lef}, [110] (upper
right), [111] (lower righY backscattering an@i111] right-angle
scattering(lower leff) Raman geometrieg). In (b) thick arrows
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non displacements, and the ordering-induced changes in the
Raman intensity take place due to the difference in the bond
polarizabilities of the two constituents. It has a different sign
for GaP and InP-type modes, with the limiting valukg p
=+0.66 andAg,p= — 1.58 assumingy,/a;~2.4.* Partial
character of the ordering, i.e., mixing of the mode types, can
be accounted for by a #? rule’ ie., Uj,=(1
—7°)Uj(z, which leads to App=+0.125 and Ag,p
=-0.14.

In Table 1l we present the ratio of the Raman intensity of
Z(XZ2)X, y'(z'2")y’, Z(XX)Z configurations to the refer-
ence ones calculated for these two conditions. We can see
from Table Il the dramatic effect of the localization com-
pared with the mode mixing, which can lead to nearly an
order of magnitude change of the Raman intensity. Due to

show direction of light propagation and thin arrows shows phononthe conditiona,,p> agyp there is an increase of the GaP-

polarizations. The selection rules for this arrangement can be ob[

tained using axis transformatioms-z’, x—y’, andy— —x’.

vector directions alonf001] and[110], respectively, and the
right-angle scatterirg geometry from these planes, having the

wave vector alondg111]. The fourth is the backscattering

geometry from the (11) plane [111] wave vectoy, which

can obtained by mechanical polishing of the sample. In this

paper we do not consider configurations involving tﬁ&(()l

cleaved plane because of the limited experimental dat
availablé?. We should point out that the selection rules in

Table | are written for the ordering directipn11] and basis

axes from Ref. 11

Only the geometries with thé@01) and (110 scattering

planes have configuratiord(X2)X, y'(z'z')y’, Z(XX)Z

containing parameted ,. The comparison of the selection
rules for these configurations with the reference ones

Z(YY)X, y' (X'x")y’, Z(YY)Z, which do not depend of,

ype mode and decrease of the InP-type mode intensity due
to the ordering. We should also mention the distinct selection

rules for theY’ mode for[001] backscattering anfi111]
right-angle scattering geometries; it is activated only in the

ordering-sensitive configuratio®{XX)Z andZ(XZ)X. For
the[001] geometry this mode has TO polarization.

For theZ(XX)Z configuration both LO and TO phonons
are ordering sensitive. Far,~0 the Raman intensity in this
configuration coincides with the reference one and thus any
@ifference in their intensity can be directly related to the
contribution of the ordering-induced phonons. We should
stress thabnly the vibrations of the ordered atomic arrange-
ment give a contribution to the difference betwedixX)Z
and Z(YY)Z spectra This is a very important fact making
these configurations very useful for identifying the ordering-
induced phonons. The difference, which we cal{&#i0; an-
isotropy, is always positivel (x>1yy) for TO phonons and
for LO phonons of GaP type. For LO phonons of InP type it

and have the same scattering wave vector, allow determings negative. Thus the modes originating from the vibrations
tion of the contributions of the ordering-induced phonons. of different sublattices can be distinguished in the difference

As can be seen, the value and signfof determine the

spectra. According to lattice dynamical analysis discussed,

decrease or increase of the Raman intensity in the specifite bond relaxation shifts the InP-type LO phonon from

configuration. For pure GamP) modes one can put '1l<12)

~345 to~370 cm 1. This must produce negatié10 an-

<U'l'(2) (mode localization thus simplifying this expression isotropy in the region of the LQand LG, bands. In the
asA1(2)=%[1—a2(1)/a1(2)]. In this localized condition the unrelaxed state the negative anisotropy must appear below
trigonal distortion can be described independent of the phathe LO, and near the T@band.

TABLE II. Ordering-induced contributions in the Raman intensity of partially ordered GebrRmixed

and localized modes.

Wave vector Configuration Mode polarizatfon
LO TO Y’
GaP InP GaP InP GaP InP
[001] (XX)/(YY) 1.13) 0.900.5 © o o ©
[110] (Z'2")I(x'x") 1.709) 1(0.2 1.3(7) 0.800.1)
[111] (X2)/(YY) 2.48) 1.7(0.6) 0.8 0.8 ® %

3alues for the localized modes are given in brackets.

Does not depend on, .
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I T A ] and negative for the 360—380 crhregion (LO, and LO
500 bands and the “valley depth” This is exactly what is ex-
0 [ pected for the CuRtbond relaxation of the ordered GalnP
A The valley depth thus can be assigned as the ordering-
@ -500 induced LQ, phonon(InP type strongly mixed with the
@' [ LO; and LO, modes of mostly disordered atomic arrange-
s I ment. Such mixing produces the InP-type behavior of these
$ 500 modes. The anisotropy of the F®and arises from the con-
S ol tributions of TQ, and LO,, phonons(of GaP type. The
o° I ] peak 351 cm?! is activated only in the ordering-sensitive
—.; -500 [m~0.5 "after cooling" ) configuration and can be unambiguously assigned to the
% . . . . [110] polarized mode. This coincides well with its interpre-
e 1 tation as the TQ, phonon(InP type for the relaxed model.
500 I However, our analysis presented below does not allow the
0 assignment of this peak as originating from the Geiiype
I 1 order. Instead it can be attributed to an antiphase boundary.
-500 ._n~0.1 "as grown” i We can assume that the actual ;yj@ode is shifted to lower
N L L - frequencies and is buried inside the JJ@and. Its shift to-
300 320 340 360 380 400 ward the LQ band is not supported by the absence of the
Raman shift (cm™) positive anisotropy at higher frequencies, however.

After the transition[Fig. 5b)], the {110 anisotropy for
FIG. 5. Z(XX)Z/Z(Y Y)Z difference spectr§001] backscatter- the LO, and LO, band becomes positive in the
ing geometry of 3-um-thick spontaneously ordered GajriByers: ~ 360—380 cm® region. This reflects the GaP-type character
(@) and (b) show highly ordered samplen(~0.5) before and after of these modes. In contrast the anisotropy of the, Band
rapid cooling, respectively{c) shows low ordered samplep( reveals negative values, thus reflecting the InP-type LO
~0.1). Dashed line inlb) shows zero levelbackground for the  mode contribution. This is what is expected for the unrelaxed
351-cm ! peak inZ(XX)Z configuration(Ref. 4. model®® The 351-cm?® peak conserves the positive anisot-
ropy but becomes nearly two times weaker.

For the[110] and[111] wave-vector geometries, the de- h'WIS obs%rved the_rﬁversg ;n_uauﬁ_n tlwn r? thm_(?@llﬂ?/erf
termination of the ordering-induced contributions is not so(t ickness 0.3um) with »~0.5"in which the initial state o

transparent as the ratio of the mode intensity in the ordering'® Sample showed the unrelaxed type{bi0 anisotropy

sensitive and reference configurations, =0 is not equal similar to Fig. §b), while after cooling it became the relaxed

L . — type as shown in Fig.(5).**
to unity (4:1 fof [110] and 2:1 for[llll] wave vector}; . We observed that the initial states of these samples can be
Below we will compare the experimental Raman intensity .iored after annealing
data in the different scattering geometries reported in Refs. 4, 1,4 (110 anisotropy.of the low ordered sampl€ig.

11, and 13 W.ith the predictions of the BPM mode, a"OW"TQ 5(c)] clearly demonstrates the unrelaxed-type behavior with
us to determine the bond-relaxation origin of the martensitigy, . negative contribution for the Tand(LO InP type.
transition in spontaneously ordered GalnPhis also reveals Summarizing our observations for the01] backscatter-

the contribution of the antiphase boundaries in the Ramagy geometry we can conclude that the martensitic transition

spectra of these alloys. occurs due to a switching of the ordered domains between
relaxed and unrelaxed states and that the main driving force
IIl. PROPERTIES OF THE OPTICAL-PHONONS of the transition is the bond relaxation from “zinc blende” to
OF SPONTANEOUSLY ORDERED GalnP, “trigonal” atom positions. The trigonal relaxation becomes
favorable with increasing ordering parameter and layer thick-
A. Martensitic states in the Raman spectra of spontaneously  ness, which is governed by the symmetry misfit strain. Thus
ordered GalnP, in our thin sample the initial state is the unrelaxed state with
the {110 anisotropic misfit strain below-0.3% as was dis-
- o i ) cussed above. Rapid cooling of this sample causes a marten-
The martensitic transition in thg 10 anisotropy induced  sitic transition to the relaxed state, which has several times
by CuPg ordering in GalnRis shown in Figs. @) and &b).  higher mismatch. In our thick sample symmetry misfit strain
There we present difference betwegtXX)Z andZ(YY)Z is relaxed and the initial and the martensitic states are re-
spectra of a highly orderedn~0.5) 3um-thick samplé  versed.
before[Fig. 5(a)] and after[Fig. 5b)] rapid cooling. In this We should point out that the switching between the lattice
figure we also show difference spectra of a low ordergd ( states can be associated with the generation of the IR radia-
~0.1) sample, which was not thermally treafétdg. 5(c)]. tion, and it may therefore be possible to create strong lattice
Before transition the ordering-induced anisotropy is posi-nstability in GalnB and generate infrared light using the
tive for the TG, band at 330 cm! and the 351-cm® peak  martensitic transition.

1. Spectra for the wave vector [001]
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TABLE lll. Comparison of relative intensities of the T&aman band of spontaneously ordered GalnP
(n~0.5) and the BPM selection rules fpt11] wave-vector configurations.

Geometry Configuration Selection rules Relative intensity Modes contributed
TO LO (Ref. 12
[111] Z(X2)X 1 2(1-3A,)? 0.7 TO,
Right-angle Z(YY)X 2 1 2 TO
Scattering Z(Y2)X 3 0 3 TO,
Z(XY)X 0 0 <0.1
[111] z'(x'x")z’ 2 1 3 TO +LO+Y’
Backscattering z'(y'y")z' 2 1 2.4 TQ +LO
zZ'(y'x")z' 2 0 2 TO

Our results show that one can distinguish between thean be induced by mechanical polishing. It is also quite un-
unrelaxed and relaxed states in the Raman spectra by thesual that for this highly ordered sample the 351-¢meak
magnitude of the InP-type LO or GaP-type mode contribudis absent in the spectra. On the other hand, there is an evident
tion to the TQ band and by the intensity of the 351-cfh  experimental intensity asymmetry of the T®and in the
peak. Several unusual observations of the Raman activity afiagonal configurationsl{,.>1,,), which indicates the
the TG, band and 351-cm' peak in different scattering - contribution of the 110] polarizedY’ mode(tensor 1h. As
geometrie§3can be m_terpreted in terms of the martensmcEe 351-ci! peak also ha$110] polarization’s we can
thermal reatmen, Ut aloo a mechanical treatment arisinEsuMe that due to a relaxation suppression the frequency of
from polishing or cleaving the sample can stimulate the marﬁ?e corre_sponding.mode shiftedB0 o™~ to lower frquen-
tensitic transition cies leading to a disappearance of the 351-teak. This is

' not surprising in view of the strong CuyPbond-relaxation-
_ induced frequency shifts predicted by a first-principles
2. Spectra for the wave vectqrl11] model. Such a shift can explain decrease by a factor of 2 of

Table 11l presents a comparison of the selection rules wittthe intensity of the 351-cm' peak in[001] backscattering
experimental data for the Tband for[ 111] backscattering SPectra in Fig. ). The fact that this peak does not disap-
and right-angle scattering geometries from Befwe can P€ar after transition |nd|cates_coe_X|stence of relaxed and un-
see that for the right-angle scattering geometry, involving'élaxed states of the sample in Fighp
(00D growth and(110) cleaved planes, the experimentally
observed intensity distribution ¢KZ), (YY), and(YZ) con- 3. Spectra for the wave vector [110]
figurations(0.7, 2, and 3, respectivelyagrees well with the . . .
TO mode character and manifests the relaxed state of the Analyfls of the |n.tensmes of the Tband QT_Oz) a_nd
sample, which is consistent with the results for fie@1  351-cm ™ peak (y:) in x'z', x’x’, andz’z’ configuration

backscattering geometry. In contrast, for the backscatteringom Refs. 11 and 13, summarized in Table IV, allows us to
geometry, in which the (11) plane was prepared by me- emonstrate the existence of the differently relaxed states in

. . \ . . : the [110] backscattering geometry, which involves 1140
chanical polishing, the higher intensity of the J®and in e . . .
the diagonal configurations is a direct indication of the LOCIe"’Wed plane. In Ref. 11 fdfo,: Iy, ~7 the intensity ratio

mode contribution and manifests the unrelaxed state of thbcz' :1xrxr {272 is 1:2:3, while in Ref. 13 fotyo 1y ~17 it
sample. This gives evidence that the martensitic transitiois 1:8:4. As can be seen from the selection rules presented in

TABLE IV. The BMP selection rules and relative Raman intensities of the G@nd of GalnR ( ~0.5) for[110] wave-vector scattering
configurations.

Configuration TQ band
Experiment Experiment
(Ref. 19 (I70,:1y1~7) (Ref. 13 (I70,:ly~17)
Relative Modes Relative Modes
TO| TOL intensity contribution intensity contribution
y'(2'2')y’ 4(1-A)° 0 3 TQ 4 TQ
y'(x/x’)_’ 1 2 2 TQL+TOH 8 TOL‘FTOH
Yy (x'2')y’ 0 1 1 TQ 1 TO,
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Table 1V, both of the ratios strongly differ from the ratio - N N N N

1:3:4 expected for\,~0 and for isotropic contribution of Y d \’/ g \,/ 4 \( A Y
the modes polarized along (T©Oand perpendicular to the Q/Y\VY\Q/\?/\Q/\?/\Q/
_(T%)]c olrfe_ringlg_ direction. TheI:ntensi_%/ ratio 1f:2r:]3 c])_lgerved }4/\9/\4/\/9(\«,,/\”/ Ny e w
in Ref. 11 implies a very small contribution of the T(@x- A e A = e - :
traordinary modes (rox x'>11o1xx’) @and their GaP-type C<>/ A LB \Q/\’/
character 4 ,<<0 for l1g,/»> ltgxxs)- This indicates the | \?/ Y \9/ h

relaxed state. In contrast the ratio 1:8:4 implies dominance 01(\Q/Y\<f\( \Q/

the contribution of the TQextraordinary modes! ¢gjyrx: \?/\‘i/\?/\i'/\(\"/
>l1oxx) and their InP-type character $1IA ,>0.5 for Q/\Q/\Cf\q/[\Q/ \’/'\9/
l10)2722>7ojx'x’)- This indicates the unrelaxed state and P A A -
correlates with a much smaller(%) relative intensity of R
the 351-cm® mode. These results give evidence on the pos-
sibility of triggering the martensitic transition by the cleav-  FIG. 6. Atom arrangement of an atomically sharp antiphase
ing procedure. boundary(APB) in the [111] variant CuP§ GalnR. Gray, black,

It should be noted that the strong asymmetry of the TO and open circles denote Ga, In, and P atoms, respectively. Smaller
and TQ contributions(difference in vibrational amplitude¢s  symbols correspond to a next-lower-lying layer; dashed lines link

is not predicted by the lattice dynamical calculations andapg atoms creating thg111] variant; dashed oval outlines the

demons_trates a very complicated behavior 9f the phono['1_10] InP chain which forms by interchanging of Ga and In atom
modes in the spontaneously ordered Gajnihich can be  ositions linked by arrowboundary diffusing

associated with the antiphase bounda(#&BB’s). Due to its
nature (boundary between domainshe APB’s determine
boundary conditions for vibrational modes of the ordere
domains. We can assume that the APB’s can produce pha
shifts of atom vibrational amplitudes in the adjacent do-
mains, leading to constructive/destructive interference effect
in the intensity of the corresponding modes.

e0
oS

_

-

[i10]

v 7

N (1111
®

din low-temperature photoluminescence as ultranarrow sharp
gges, which reflect strong, quantum-dot-like confinement of
an exciton at APB’$}2n vibrational spectra the APB can
be associated with the 351-crhpeak.

The 351-cm?® peak in earlier studies was interpreted in
terms of the lattice dynamics of the perfectly ordered struc-
ture and was assigned to either a TRefs. 4, 10, and 14or
B. The antiphase boundaries in the Raman spectra an LO mode of CuRtGalnp, structure’124ts interpre-

of spontaneously ordered GalnB tation as a TO mode was based on[it4.0] polarization for

The existence of the antiphase boundaries in spontandde[001] backscattering geometry as described afowbile
ously ordered GalnPis well documented by a large set of its interpretation as an LO mode was based mainly on the
transmission electron microscopy  (TEM) fact that this peak was u_nrelséolved in the LO forbid@ih0]
measurement$-5! In dark-field [110] cross-section TEM geometry in earlier studied:" Recent analysis of the activ-
images taken using ordering-induced diffraction spots, thdty of this peak in the[111] right-angle and[110] back-
APB's appear a$1-40-nm-wide dark contrast lines sepa- scattering configurations also shows [itsl0] polarization,
rating bright contrast ordered domains having sizes 5-50Qe., its Y’ mode origin*® This directly follows from the
nm. The dark contrast appears due to destructive interfereng®minance of the 351-cht peak in Z(XZ)X and
between the diffracted beams from the adjacent doma|n§/,(x,x,)y, configurations for the[111] right-angle and

which confirm the fact that the lines originate from the [110] back scatterin : ;

, . . ; g geometries, respectivéliable .
APB’s rather than from a disordered material. The APB SComparison of the experimental dHt& with the selection
fules for the[110] geometry presented in Table V shows the

the top surface at an angle to %@91) plane, and occupy Up |\p_tyne character of this mode. Indeed, experimentally ob-

to ~10% of the total area. The structural diagram of an

ato.mlctagy ISharp ant”?hgs.e g_omglnhboun(tiﬁlr)t/ _Ior [the.l]t f TABLE V. The BPM selection rules and relative Raman inten-
varian aﬂB pr.esen edinrg. 6s _OWS at 1t ConSISES Ol gjies of the 351-cmt peak of Galnp (~0.5) for [110] wave-
[110] and[lll] interfaces. Thé 110] interface can be con- vector scattering configurations.

sidered as a thin layer of blTl] variant and the[Tll]

interface consists of E111] InP (GaP bilayer. According to ~ Configuration 351-cm’ peak .

the TEM images taken with atomic resolution, the APB's are Experiment  Experiment
usually not so sharp and occupy several monolaffer®. Y’ (Ref. 17 (Ref. 13
This is schematically shown in Fig. 6 as interrlixing of In y'(2'2')y’ g(1-4,)2 ~03 <01
and Ga atom sites which leads to the formatiof 0] InP v (x’x’)y’ g 1 1

and GaP chains inside the APB. v (x'Z)y’ L ~01 <01

As the APB's occupy a relatively large amount of epilayer
volume they must have a strong effect on the optical properdwe present here an estimation of the intensity of the group of
ties of spontaneously ordered Gajnfhdeed, they appeared overlapping peaks centered-aB360 cni t.4°
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served suppression of this mode in tteZ) configuration culations (using zinc-blende bond lengths and interatomic
agrees well with the selection rules for thé mode, under potentialg from our previous study and by the first-
the condition A ,>0. This condition can be satisfied only principles lattice dynamical calculations from Ref. 24. Sec-
for the InP-type modes. The very low relative’'¢’) inten-  ond, it was demonstrated by using the bond polarizability
sity (~0.3 and>0.1) indicates its strong IocaIizatiorUL model of CuPt Galnpdescribed in Refs. 4 and 29. We used
=0) (Table I the Raman selection rules obtained in the bond polarizability

As the direction of thé 110] polarization does not coin- M0del to analyze the experimental intensity of optical-
cide with the crystal axis of the CuPstructure, the activa- Phonon bands in spontaneously ordered Galfd? (001)

tion of the Y’ mode in the[111] and [110] wave-vector growtf and from(110) cleaved and (11) polished'~**ex-

. - citation planes. Our analysis shows that thermal treatment-
geometries cannot be related to the Guétder. The[ 110] : b L —
polarization gives evidence of the APB origin of the induced changeémartensitic transitionof the {110 diago

1 N nal anisotropy of L®, LO,, TO, phonons and the
351-cn ™ peak. Independence of the polarization on th.e351-cm*1 mode observed in Ref. 4 are driven by the bond

\é)vraa\:i% r\]/e\(/:\;gr;go:éssjg}ee Stthrg?gflé :ggggzsgrrgitugﬁ dosf tg"tshg"relaxation and symmetry misfit strains. The evidence that the
' P martensitic transition and lattice relaxation in Gajrdan be

vibrations off 110] InP chains formed inside the diffuse APB jhquced by mechanical treatment is found from the analysis
(Fig. 6. In the. martensitic transition the frequency of the 5f the intensities of the 351-cit peak and T@ band for
APB mode switches between 351-Cin(relaxed stateand  excitation using cleaved and polished planes. Our analysis
330-cm* (unrelaxed staeleading to a correlation between ajjows us to assign the 351-crh mode to the vibration of
intensities of the 351-cm" peak and the TPband. the[110] InP chains of an antiphase boundary, and allows us
to show that in the martensitic transition the frequency of
IV. CONCLUSIONS this mode switches between 351-chn(relaxed stateand

_l .
In conclusion we have shown that the martensitic transi—330 cm * (unrelaxed stae We demonstrate extremely high

tion in epitaxial layers of spontaneously ordered GalnP sensitivity of Raman spectrosqqpy to qhanges of gtom|c ar-
. . : . rangement due to the martensitic transition in semiconductor
originates from the relaxation of bonds in the GyuBtomic

arrangement. This is revealed in the Raman spectra due toaéloys.
strong effect of the bond relaxation on the phonon properties

of CuPg-ordered Galng, and due to specific selection rules

of this structure which allow one to distinguish the modes of The authors wish to thank the W. M. Keck Foundation
different sublattices. This was demonstrated in two waysand the DARPA/ONR Grant No. N00014-01-1-0658 for
first, by comparison of the shell-model lattice dynamical cal-support.
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