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Long-wave phonons in ZnSe-BeSe mixed crystals: Raman scattering and percolation model
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We extend to longitudinal-optic&l O) phonons the percolation model set for the basic understanding of the
atypical transverse-opticglfO) one-bond- two-mode behavior observed by Raman scattering in the Be-Se
spectral range of the random ZgBeSe alloy (0<x=<1), which opens the class of mixed crystals with
contrast in the bond stiffness. The study is supported by contour modeling of the TO and LO Raman line
shapes. This is achieved via application of the Hon and Faust treatment to a version of the modified-random-
element-isodisplacement model generalized to multioscillators. While the TO signal clearly discriminates
between Be-Se vibrations within the hard Be-rich region and the soft Zn-rich one, complexity arises in the LO
symmetry due to vibration coupling via the 1ong-range longitudinal polarization field. In particular this gen-
erates a massive transfer of oscillator strength from the low-frequér@y) (hard, soff-mixed mode to the
high-frequency(LO*) one, which results in an apparent L®ingle-mode behavior. Moreover the contrasts
between the Zn-Se and Be-Se bond lengths and bond stiffness are proposed to force a Verleur and Barker-like
(VB) discrete multimode Raman response from each region. Accordinglyabh® LO" intramode transfers of
oscillator strength superimpose to the O LO* intermode one. This accounts for the spectacular distortions
of the LO" line shape. On the whole, the puzzling LO behavior can be regarded as the result of a cooperative
phenomenon between two discrete assemblies of polar LO phonons, driven by the long-range longitudinal
polarization field. Also, the Verleur and Barker description accounts for subtle unexplained behaviors in the TO
symmetry. More generally it appears to provide a much attractive area for the discussion of the asymmetries of
the TO and LO Raman line shapes in random alloys, as a possible alternative to the much debated spatial
correlation model or to internal/external strain effects.
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I. INTRODUCTION tistical average of A and B nearest neighbors depending
on x.

The vibrational properties in the optical range of the ter- Our view is that the vibrational properties in mixed crys-
nary semiconductor A,B,C mixed crystals have been in- t@ls should not accommodate in principle to a VCA descrip-
vestigated by various techniques over the past 50 years, ad@n. because these are bond-related and thereby local in na-
are well documented both experimentally and theoreticallyluré: Accordingly local insight upon the topology of the

Reviews of earlier experimental and theoretical works in thisUPstituting species would be needed for their basic under-
area can be found in Ref. 1. Although the problem is intrin—Stand'ng' This relates directly to the percolation théory,

sically a complicated one, most of the experimental data reWhICh remains basically unexplored regarding vibrational

lated to long wave(q~0) phonons it in the one-bond properties of mixed crystals. Precisely we have shown in

; . i earlier work~8 that the arriving mixed crystals wittBe, N)
— one-mode behavior as envisaged by the modified-randomp g pstitutional positions, which exhibit a large contrast in

element-isodisplacemerMREI) model from Chang and ihe phond stiffness, are choice systems for the investigation of
Mitra.? Under certain conditions this can also be made %ercolation behaviors regarding bond vibratiosd initio
work for the alloys that exhibit the much less frequent two-ca|culations performed by Bellaiche, Wei, and Zun¢Ref.
bond— one-modebehavior. The latter so-called mixed- 7) have demonstrated that the same holds basically true for
mode behavior reduces thereby to a special case of thgercolation-induced bond-length anomalies. This is because
MREI model? This can be described as a VOAirtual  the percolation effects upon the physical properties of the
crystal approximationmodel since the alloy is viewed as stiff bond seem to be exacerbated in such contrasted
perfectly homogeneous at the local scale. For instance thgystems.

C atoms, from the unperturbed site, are all supposed to Nitrogen does not mix well in semiconductors, i.e., only a
experience the same mechanical forces produced by a stamall fraction can be incorporated in substitutional position.
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For instance in GaAs,N,, which attracts much attention double-branch percolation picture for the twoftlike bonds
due to a giant band-gap reduction at snxdllphase separa- in standard A_,B,C mixed crystals, i.e., with no contrast in
tion occurs from the critical N content 0£2-3%2 The the bond stiffness. This allowed to achieve simple under-
same holds true in the more recent GaR, alloy, with  standing of the much debatted- 0 multiphonon behavior in
similar band-gap propertié8.One presumed reason for the GalnAs, considered as a typical challenging systesmc-
“demixing” of nitrogen in the above alloys is that the spec-cordingly the double-branch percolation picture takes a uni-
tacular bulk modulus of GaN, about four times larger thanversal character, and there is a need of sound investigation,

the I11-V standard, goes with a drastic reduction-e20% in ~ Which comes to the stiff Be-VI bond in the ZnBeVI alloys.
YVhile reasonable understanding of the multiphonon Be-VI

the bond length, which altogether creates dramatic loc o= . X .
bond distortions in the alloy. Accordingly now avaiIableabeh"’“./Ior is achieved in the TO symmetry, the LO behavior
gemains unexplained.

N-based systems are excluded for sound experimental inve More precisely, a preliminary quantitative approach was
tigation of percqlatlon effects upon the bond properties. oposed for contour modeling of the Be-Se TO and LO
The mechamcal contrast betyveen the Be- and _Zn-bas aman line shapésAs a rather crude approximation these
compounds is not concerned with the bond-stretching forc ere taken as the simple addition of standard one-bond
constant, as in the N-based systems, but with the bond-, ,ne mode Raman signals from the hard and soft regions,
bending force constant, which relates to the shear modulugejghted by their relative scattering volume, which supposed
C,. This is due to the large amount of covalent bonding in Bethe consideration of separate dielectric functions for the two
chalcogenide$; while the N-based bonds remain highly host regions. The model provided a reasonable understanding
ionic in character. The calculatedC; values in Be of the optical-phonon behavior, but limited to the TO modes.
chalcogenide$ provide Cg estimates around 0.478 and Still, subtle antagonism in the asymmetries of the dominant
0.510 in BeSe and BeTe, respectively, i.e., roughly twice therO lines at the two ends of the percolation range was not
values for ZnS@.277 and ZnT&0.319.13 Accordingly the  discussed. Most of all, the LO symmetry remained highly
mechanical contrast is much smaller in the Be-based alloydisconcerting. Neither the systematic overdamping of the
than in the N-based ones. Moreover the lattice mismatchow-frequency LO mode nor the marked red asymmetry of
falls down to~9%. Altogether this might explain why ran- the high-frequency one could be explained. _
dom Zn_Be(Se, Té mixed crystals of high quality, regard- Le_t us emphasize that the two characters have no equiva-
ing x-ray measurements, can be formed over wide composlgm in the TO symmetry. In particular, the strength balance
tion range<:® In particular, the full range is available with Petween the two TO modes is hightysensitive. Also, the

ZnBeSe, while the Be content is limited 0.5 in znBeTe. nigh-frequency LO mode is located at much higher fre-
This offers much interesting opportunity for detailed investi-quéncy than predicted. At last the monotonous decrease of

; . . . he LO linewidth whenx increases throughout the percola-
gation of percolation effects upon the physical properties O{ion range could not be explained.
the stiff Be-VI bond.

. . . h further the R tudy of
Precisely, we have investigated Raman spectra of th In the present work we push further the Raman study o

. . ) e Be-Se one-bond two-mode behavior in the LO symme-
Zn,Be(Se,Te alloys in a series of well-characterized gy The giscussion is supported by extensive Raman data and

(00 epitaxial layers in recent yeaf$:****Most of the at- ]| contour modeling of the TO and LO Raman line shapes
tention was awarded to the long-wave transverse-opticalia a one-bone-multimode description. A single dielectric
(TO) modes, because these consist of quasi-independent amction is used to describe the hard/soft-composite ZnBeSe
cillators, and thereby carry clear information. Complexity crystal.
arises in the longitudinal-opticaLO) symmetry, due to cou- The paper is organized as follows: The experimental de-
pling via the macroscopic polarization field. tails are given in Sec. Il. A brief outline of the Hon-and-
The same atypical one-bordtwo-mode TO behavior Faust/MREI model generalized to multioscillators that we
could be observed in the vibrational range of the stiffderive for contour modeling of the TO and LO Raman line
Be-VI bond in ZnBeSe and ZnBeTe. This was explained byshapes is given in Sec. lll. Also, the TO double-branch Be-
using a double-branch percolation picture which discrimi-Se picture is detailed in this section, with strong experimen-
nates between vibrations within the randomly formed hardal support, as a basis for the LO discussion. This occupies
Be-rich host region and the soft Zn-rich one. Also, eachSec. IV. Reasonable understanding of the LO line shapes
branch displays both a cluster and a continuum regime, agequires further multimode decomposition of the apparently
cording to the topology of the host region. The “clustersingle-mode signals from the hard and soft regions. Continu-
— continuum” transition occurs at the so-called percolationous decomposition, as qualitatively suggested by Brafman
threshold. From numerical simulations based on random sukland Manort” as well as discrete decomposition, on the
stitution on the cfdZn,Be) sublattice, this is estimated at Verleur and Barker basi$;!° are successively investigated.
Xge-v1=0.19 for the Be-rich region and &t,.,,=0.81 for the In any case the key role of the long-range longitudinal po-
Zn-rich one? Besides simple symmetry considerations indi- larization field as a carrier of coherence in LO multiphonon
cate that the volume of the Be- and Zn-rich regions scale apolar systems is highlighted. At last, we investigate whether
x and 1-x, respectively. Accordingly the strengths of the multimode decomposition may provide any insight upon the
Be-VI modes from the Be- and Zn-rich regions scale ideallydisconcerting Be-Se TO and LO asymmetries. Also, we dis-
as x? and x(1-x), respectively. More detail is given below cuss a possible reason why the multimode description is per-
(refer to Sec. Il B. tinent in the Be-based systems. Conclusions are summarized
Recently we have derived on the above basis a simplifieth Sec. V.
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Il. EXPERIMENT crystal axes, respectively. The first geometty is LO al-

We use a large set q01) Zn,_,Be,Se/GaAs systems lowed and TO forbidden; the situation is reversed in the sec-
covering the whole composition domain. These were growrP"d geometry2). The Dilor XY microprobe setup was used
by using a Riber 2300 molecular-beam epitaxy system consince high spatial resolution was needed for geometry 2. By
sisting of 1ll-V and II-VI separate growth chambers con- using green excitation, i.e., the 514.5 nm line from ai Ar
nected by an ultrahigh-vacuum channel. In a first stage #ser, the samples consist in transpattarge gap/absorbing
~200 nm thick homoepitaxial GaAs buffer layer deposited(Small gap systems so that the spectra recorded with geom-
on a GaAs substrate was grown in the 11l-V chamber. Afterétry 1 bring the response from both the whole of the layer
this, the samples were transferred to the 11-VI chamber. Thé&nd the near-interfacial substrate. In some cases this is also
substrate temperature for 11-VI deposition was fixed in thetrue in geometry 2, due to partial overlapping of thé um
range 300380°C, the higher temperatures being used forin-diameter microprobe on the substrate side. All the spectra
larger Be contents. The elemental sources were 6N-pur&ere recorded under a standard illumination of 10 MW7cm
Zn,Be, and Se ingots. The growth rate was typically ofcorresponding to a typical laser output of 50 mw.

0.5 um/h. The layer thickness lies in the range 0.7—2r.

Although the layers were not capped, no surface degradation 1ll. PERCOLATION MODEL FOR MULTIMODE TO

due to contamination or oxidation by atmospheric oxygen AND LO RAMAN LINE SHAPES

was observed, even after months of exposure to air. The
composition of the layers was determined from the lattice
constant measured by high-resolution x-ray diffraction. Alin- Recently we have propos¥dn extension of the Hon and
ear dependence of the lattice constant on the alloy composkaust formalis® to the equations of motion and polariza-
tion was assume(Vegard’s law. The large lattice mismatch tion given by the MREI moded,which is the standard one-
between the Be- and the Zn-based end compounds98%  bond— one-mode description for the long-wave A-C and
gives a typical accuracy of £0.5% in the alloy composition. B-C phonons in A_,B,C zinc blende alloys. Here we use a

Now we summarize briefly the extended characterizatiorsimplified form obtained by neglecting the second-nearest
of our ZnBeSe samples to figure out their crystalline quality.neighbors in the per-atom force estimate, i.e., by taking the
By using a combination of low-temperature photolumines-so-calledK;; terms in the MREI notation equal to zero. We
cence and reflectivity measurements Chauvet, Tournié, antave checked that this simplification has basically no influ-
Faurie® have evidenced a direct-to-indirect band-gap crossence on the final phonon line shapes in our case. Even the
over at the critical Be-content,=0.46. Below this limit the simplified form cannot be generalized easily to multioscilla-
free exciton recombination line shows up strongly, whichtor systems, due to theA,B)-mixed terms. One way is to
indicates high structural quality. However, the photolumines+eformulate via the relative dielectric functian, the <R,§>
cence linewidth increases smoothly by a factds from the  and(R3) spectral densities, according to the standard MREI
dilute (x~0) to thex, limit, which suggests progressive deg- notations, which appear in the development of the Raman
radation of the crystal quality with Be incorporation. The polarization squared. Labels A and B refer to the A-C and
trend is maintained at least up xe- 0.7, i.e., the highest Be B-C oscillators. We obtain the MREI-like LO cross section
incorporation available at that time, as evidenced by furthewith (A,B)-demixed terms:

A. Multimode TO and LO Raman line shapes

smearing out of the reflectivity spectra and broadening of the .
x-ray lines. 1 12 > Kolp
Regarding the interfacial quality we notice that lattice ho™ Im{ 8r[1+2p CprLp] +EpCp4TrZ§ - @

matching between the ZnBe,Se layers and the correspond-
ing 1II-V buffers should occur ak~ 0.03. Above(below) Mintairov et al?* have obtained a similar expression by con-
this limit the epilayers should undergo a tengimmpres-  sidering independent mechanical equations for the A and B
sive) strain from the substrate, at least at the first stages dscillators, i.e., not MREI-like, but the present onestf-
the growth. Measurements of the in-plane and out-of-plangonsistentin that all the constituent parameters are x
lattice constants by high-resolution x-ray diffraction indicatedependent;no additional treatment is needed.
that the ~1 um-thick layers are fully relaxed from In the basic one-boné one-mode behaviop=A,B.
x~0.252! Still, reasonable interfacial quality can be evi- When the A and/or B single modes split into collections of
denced by transmission electron microscopy upcte0.5.  (A’,A”,...), and/or(B’,B",...) multimodes, p extends to
Above this limit Raman measurements performed close téhe relevant number of oscillator§,,, K, L, are defined on
the ZnBeSe/GaAs heterojunction with beveled edges oba per-oscillator basis and refer to the Faust-Henry coefficient
tained by chemical etching indicate that a thin highly disor-of the p mode, to its TO frequency squared, and to the related
dered layer is deposited before the nominal ZBe,Se is  Lorentzian responses, respectivElyZ, relates to the oscil-
grown up to the surfac® However, this near-interfacial thin lator strengthS,, and thereby to théTO-LO), splitting?
disordered layer was shown to bring negligible signal with S, andC, are normalized to the fractioN, of p oscilla-
respect to the dominant response from the upper thick nomiors in the alloy with respect to the corresponding parent
nal alloy, whatever the composition. values. The straightforward relation®sNy=(1-x) and

For each sample unpolarized Raman spectra were resgNg=x are referred below as tHé, conservation laws.
corded by using the conventional and nonstandard back- The LO and TO Raman cross sections are basically ex-
scattering geometries along th@Ol]-growth and[I10]-edge tracted from the same set of MREI force equations written on
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650 quency reveals the fractal nature of the Be-rich bounded
clusters. This is referred as the cluster regime. In the
Be-dilute limit the branch eventually converges on the fre-
quency of the ZnSe:Be local mode. Detail is given
elsewherd® Remarkably the first half of the lower branch
(0<x<0.5 stays below the TO band, delimited by the
ZnSe:Be local mode at-450 cnmt (x~0) and the TQgge
bulk one at ~500 cnm! (x~1). A maximum gap of
~35 cnilis reached in the fractal regime.

The MREI-like x-dependent portion of the upper Be-Se
branch(0<x<xz,.sd, Which corresponds to the continuum
regime for the Zn-rich region, basically fits in the TO band,
0.0 02 04 06 o8 | 10 as would be typically expected in case ofaftbond!® The

x (%Be) same hold_s tr_ue for the_ B_eTTe datéddowever, careful ex-
amination indicates a significant blue departure of the Be-

FIG. 1. Two-branches picture for ZgBe,Se in the Be-Se re- Se data from the curve abowe~0.5. In particular, from
gion. Superscripts and h refer to uncoupled Be-Se vibrations X=0.67 the TO mode energies are above the bulk gE&)
within the soft and hard regions, respectively. The thick and thinmode at 501 ciit. The trend is emphasized in the fractal
lines refer to the TO and uncoupled LO modes, respectively. Theegime, where the blue shift takes the value~e30 cni?
dotted lines refer to the coupled CQand LO" modes. The TO  from our only sample in this Be range, i.e., ZBe; o;Se.
(plain symbol$ and LO (open symbolsdata are shown, for com- |n the Zn-dilute limit the upper branch is expected to con-
parison. Examples of the corresponding phonon line shapes close {erge on the bulk TQ.q.frequency:®
the anticrossing region is shown in the inset. The LO curves were |n summary the upper and lower Be-Se branches appear
translated along the vertical axis, for more clarity.and w are g undergo quasisymmetrical excursions out of the TO band
condensed notations for Raman intensity and wave number. in their fractal regime, so that the double branch, tied at the

two ends of the TO band, takes a quasisymmetrical overall S
a per-oscillator basis. Only, for the TO mode the Coulombshape, schematically.
term related to the ionic character of the bonding is omitted
in the force assessment. In Eq) this results in a simplifi-
cation of the first term, while the second term remains unaf-
fected. It is not necessary to enter the detail since more sim- By writing that the dielectric function of the alloy turns
plification occurs by considering the Maxwell’s equations.equal to zero at each frequeney from the whole set of LO
Basically the first term in Eq(l) clearly plays a major role multimodes,S, reformulates as explicit function of the col-
for LO modes, as these corresponde{e=0. In contrast it  lection of observedTO-LO), splittings according to
turns negligible for TO modes which correspond #p ) 5
=(qc/ w)? where q is the magnitude of the phonon wave S=e (wp = Kp)H (o~ Kp) )
vector, becausg> \K,/c in backscattering geometries. Ac- TKp mep(Km = Kp)

cordingly for our usédg reduces to the imaginary part of the . _ .
second term in Eq(l). N, directly follows from_ the Vegard-hk_e connection between
S, and the corresponding parent oscillator strength.
_ We have calculated thdl, values viaS, from the ob-
B. Percolation model for TO modes served TO and LO frequencies in our Be-Se spectra. How-
Before entering the LO discussion we need a firm TOever, theN-conservation laws could not be fulfilled, at any
basis for the stiff Be-Se bond. Our schematic view of a quaalloy composition, in spite of the large flexibility for the
sisymmetrical double branch with S-shape, only briefly outlocation of the overdamped low-frequency LO mode, which

lined in a previous work® is here directly confronted with typically spreads over more than 100 ¢mThe same holds
the Be-Se data. true for the Be-Te data. This is attributed to strong distortion

The lower and uppe&,’% frequency branches refer to of the Be-VI LO multi mode line shapes, with concomitant
vibrations within the hard Be-rich region and the soft Zn-richimpact upon the reliability of the LO frequencies. In the
one, respectively. Accordingly in the following the corre- following we investigate the nature of this distortion.
sponding TO modes and the related parameters are labeled
ands, respectively. The two branches are fairly described by
the thick lines in Fig. 1. Regarding the strength aspect, we
have already mentioned thiit,(x) =x?* and Ng(x) =x(1 -Xx). We show in Fig. 2 the representative TO and LO spectra

The lower branch has characteristics very similar to thefrom the Zn_.BeSe/GaAs system at=0.42. The signal
Be-Te counterpart in ZnBeT&.Whenx decreases there is from the GaAs substrate emerges around 280'cim TO
first a MREI-like x-dependent portiofiXge se<<Xx=<1) which  symmetry it consists of the narrow FQs mode at
is referred as the continuum regime, according to the topol268 cnil. Two broad contributions are observed in LO sym-
ogy of the Be-rich region. AX<Xge.gc the fixed TO fre- metry. One is a LGP mode located around the TO fre-

5504

500 +

Wavenumber (cm -1)

450

400

C. Evidence for LO distortion

IV. LO SYMMETRY
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Good agreement is obtained in the TO symmetry; no ad-

DALA . . . :
L 1 justable parameter is needed but the linewidth. We have
[ lpAaLA 2 checked that the same holds true throughout the whole com-
X Zn _Be Se .. .
+TO 0.58 042 position range, provided the blue departure from the upper

Zn-Se

branch is taken into account at largéx=0.5). Incidentally
similar agreement was obtained with our former quantitative
" approacH, where the soft and hard host regions were treated
Be-Se separately. This is because TO modes consist of quasi-
independent oscillators. We notice that the agreement is
rather poor in the Zn-Se range. This is due to the strong Fano
interference between the discrete Q. mode and the
DALA continua.

The overall agreement is also good in LO symmetry, but
we observe thatiii) the Be-Se high-frequency LO mode
emerges at much higher frequency than predicted, which is
referred below as the LO blue shift. We have checked that
this is true mostly within the percolation range, i.e., the LO
blue shift vanishes in théBe,Zn)-dilute limits. The same
200 300 400 500 600 behavior is observed in ZnBeTe.

Wavenumber (cm-1) In the_ foI_I_c_Jwing we investigate successively the LO dis-
tortions (i)—(iii ).

Raman intensity (arb. u.)

FIG. 2. Raw LO(1) and TO(2) Raman spectra obtained with
the Zn_,Be,Se/GaAs system corresponding xe¢0.42 by using
backscattering geometries along tf391]-growth and[110]-edge
axes, as indicated. The corresponding three-oscill@n+Se, (Be- Coupling between the individual LO modes from the hard
Se", (Be-Se°] curves obtained via Eq1) are superimposed after and soft regions via their macroscopic polarization figld
inte_nsity rgnormalization. _The TO curves are translated along thgecomes allowed by taking a single dielectric function for
vertical axis, for more clarity. the hard-soft composite alloy, while this was forbidden with

our former approach.E coupling appears to be enough to
quency, resulting from coupling between the LO mode andhccount for the puzzling overdamping of the low-frequency
the plasmon excitatioiP) in a near-interfacial dense hole LO feature at any (compare the experimental and theoret-
gas induced by Zn exposition of GaAs prior to deposition.ical LO curves in Fig. 2 Accordingly the low- and high-
The other is the uncoupled Lxs mode at 292 ciit from  frequency LO features have (hard, soff-mixed character,
the deep substrate. Extensive detail is given elsewtere.  and thereby cannot be labeled with superscripends, as

The Zn-Se domain is located at lower frequency, i.e.the TO modes. In the following they are simply referred as
~225 cml.  Disorder-activated longitudinal acoustical LO™ and LO', respectively.

(DALA) bands at theX and L zone edges, referred as  Basically E coupling generates a massive 1L.OLO"
DALA and DALA,, bring parasitical Raman contributions transfer of oscillator strength. This is responsible for a spec-
in this region. This generates a strong Fano interference wittacular increase in the Raman efficiency of L@ode to the
the discrete T@, semode, as evidenced by the characteristicdetriment of the LO mode, which results in quasiextinction
antiresonance at-200 cnm. The LOy,.s. mode, located at of the LO" mode at anyx. Also the LO" mode is repelled
higher energy, i.e~250 cn1?, is spared. towards the T® frequency, while in contrast the 'Gnode

Mostly on account of the small mass of Be, the Be-Seis blue shifted. The full frequency variations versuef the
bonds vibrate at much higher frequency, i.e., in the rangarOs" modes(thick lines, the uncoupled L&' modes(ob-
400-600 crit. At intermediatex the two Be-Se TO lines tained by using individual dielectric functions, dotted lines
have similar intensities, and are quasisymmetrical. In conand the coupled LOand LO" modes(obtained by using a
trast (i) the low-frequency LO mode is weak and over- single dielectric function for the whole set of oscillators, thin
damped, andii) the high-frequency one exhibits a marked lines) are displayed in the body of Fig. 1. At low Be content
red asymmetry. The overall LO line shape remains basicallfhe LO" mode ish-like while the LO" mode iss-like; the
unchanged throughout the whole composition range, whilgituation is reversed at large Be content. A typical coupling-
the TO counterpart is extremekydependent. The same holds induced anticrossing behavior is observedxat0.7. De-
true in ZnBeTe. tailed insight upon the whole set of phonon lines shapes in

An additional LO anomaly arises by comparing the ex-this critical x range is shown in the insert of Fig. 1. As a
perimental TO and LO curves to the corresponding linedecisive improvement with our former approadhe fre-
shapes calculated via E@l) by using a single dielectric quency variation versusof the LO" mode is explained in a
function for the three-oscillator systefiZn-Se, (Be-Se3, self-consistent way, i.e., no external parameter is needed.

A. LO™ overdamping

(Be-S@M, on the frequencyK) and strength{N,) basis de- What emerges is that the CQbverdamping is intrinsic.
tailed in Sec. Ill B. The additional parameters needed for thé'his rules out former explanation according to which the
calculations are reported elsewhéte. LO™ overdamping in multiphonon systems would be fortui-
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tuous, i.e., the result of a mathematical singularity in theloys. Similar multimode descriptions are used for the soft
prefactor of the loss term in the LO multimode crossand hard regions, by symmetry.

section?* One key consequence is that the raw LO frequen- Our view is thatE coupling should remain the key con-
cies taken from multimode Raman spectra in general areept for the basic understanding of the above one-bond
highly unreliable folN, estimate via Eq(2), especially close — multimode descriptions in LO symmetry. Indeed, the pio-
to the anticrossing region, which basically explains theneer’'s works from FrohlicR/-3! related to dipolar waves in
troubles put forward in Sec. Il C. biological materials, and Farid,related to plasmon excita-

E coupling eventually appears as the key concept for théions in metals and semiconductors, have shown that the
basic understanding of the one-bendwo-mode percolation macroscopic longitudinal Coulomb field acts as a carrier of
behavior in the LO symmetry. This is because the elementargoherence in multiwave polar systems. This key issue, much
LO modes are necessarily close, which favors strong couehallenging for the SCM approach in polar alloys, remains
pling. SimilarE coupling was mentioned in the literature, but unexplored for phonons.
only between LO modes related to the A-C and B-C bonds
in A;_B,C alloys??° This is pertinent when the optical 1.LO* blue shift
bands from the parent compounds do significantly overlap, '

which remains rather exceptional. The result is an apparent Byafman and Manor consider that due to inherent fluctua-
two-bond—one-mode behavior, currently referred as thetjons in the alloy composition at the atomic scale, LO modes
mixed-mode behavior. Typical II-VI examples are fom all alloys A_,B,C, even those considered as homoge-
ZnSe_Te, and C¢Zn,,S%. A recent Ill-V example is peous at the macroscopic scale, have to be decomposed into
GayAlLN.? collections ofg~ 0 elementary modes with slightly different
frequencies. Moreover as LO modes currently exhibit asym-
metry on the red side, they assume some interaction among
the elementary modes which transfers oscillator strength

Even though the LOexperimental line emerges at much from the less to the more ionic end in the series. This corre-
higher frequency than predicted, the frequency domains frorsponds to the largest TO-LO splitting, and thereby in most
the experimental and theoretical L@ines do coincide, so cases to the higher-frequency mode. Brafman and Manor
that the apparent blue shift of the E@ine [distortion (iii )] clearly pointed out that the polar modes only are concerned
goes with the marked red asymmefdistortion (ii)]. Latter  with this process, i.e., the LO modes, but the nature of the
naive observation strongly suggests that the distortid@ns interaction was unassigned, so that their approach remained
and (iii ) have the same origin, corresponding to a recentragualitative only.
tion of the experimental line towards the upper end of the We propose that the transfer of oscillator strength is
frequency domain that the 'Omode covers. This can be driven by the macroscopic polarization field that carry the
regarded as the result of an intramode “transfer” of oscillatopolar LO modes. Accordingly quantitative insight upon the
strength, which would basically mirror the LO-LO" inter-  Brafman and Manor’s hypothesis can be directly derived by
mode transfer discussed above. using Eq.(1). For instance we consider the representative

Actual intramode transfer supposes internal multimodevalue of 0.5 in Zp_,Be,Se. For a clear overview of the mul-
description. The surprisingly large width at half maximum of timode series we start from the TO description, which corre-
the BeSe-like TO modes at mastvalues, typically around sponds to noninteracting elementary modes.

30 cnil, supports latter assumption. The question then is to The ultimate description for slightfluctuations is to con-
identify the nature of the predicted multimode behavior.  sider acontinuous >domain centered on the nominaValue,

One possible multimode decompositianpriori, which  so that a continuous collection of frequencies is required for
moreover is currently used to account for the LO-related regroper analysis of the phonon line shape. In our first attempt
asymmetries in multinary alloys, is that offered by the muchto mimic frequency continuity, each of theands compo-
debated’ spatial correlation mode{SCM).2® Accordingly  nent is arbitrarily discretized intm=8 elementary modes,
the overall LO line shape would result from the simple ad-equally spaced, covering a narrow frequency range of
dition of copropagating disorder-induced elementary LO~10 cnil. A standard width at half maximum ef1 cnitis
contributions withq deviating slightly from the nominatj  typically taken for each elementary mode. This is for ke
~0 value. However, such approach basically supposes nomspect.
interference between long-range LO modes with close fre- As a crude approximation the elementary modes from a
guencies. This view is in contradiction with the existence ofgiven series, i.e.h or s, are attributed the same starting os-
coupling effects between polar LO modes, which werecillator strength, although they correspond to diffenenl-
shown above to be decisive for the basic understanding afes. Besides a Gaussian-like intensity profile centered on the
the Be-Se one-bond two-mode LO behavior. Moreover the nominalx value is taken, to indicate that the larger the fluc-
SCM fails to account for opposite shiftlue) and asymmetry tuations in the composition, the more improbable they are. In
(red) of a phonon line. the end the weighting factors have to fulfill thg conserva-

The simplest alternative to SCM is to consider copropation relations. This is for thé\, aspect. The sharing of the
gation ofquasi-ideal g~ 0 elementary modes. In the follow- overall BeSe-like oscillator strength and Faust-Henry coeffi-
ing we discuss successively the approaches from Brafmacient among the elementary modes in each series is accord-
and Manot’ and from Verleur and Bark&1%in ternary al-  ingly derived.

B. LO™ distortions
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~a- T x=05| [-b- ~| x=0.5 that this does not stay in some technical improvement of the
5 model. In particular, increase in the density of elementary
| Lo+ - i Lo+ modes for a better approach of continuity in theand h

FoL series does not modify the=8 picture.

Our view is that the LO red asymmetry indicates partial
rather than full intramode transfer of oscillator strength. First
partial condensation might arise from screening offreu-
pling, for some reason. A convenient way to simulate such
screening is to introduce by imagination a dense carrier gas
in the alloy. The result is to build up a coupled mode be-
tween the related plasmon oscillation and the LO mul-
tiphonon system. Large plasmon damping is considered,
typically holelike, because this is tt#ne quanoncondition
. . . ————— to generate a smooth evolution of the I[Ofrequency from
400 450 500 550 400 450 500 550 the LO to the TO end references when the carrier density

Wavenumber (cm-) Wavenumber (cm!) increases, which ideally mirrors progressive screening of the
LO-like macroscopic polarization fief.Latter behavior ac-
tually comes from the simulatiofmot shown), but there is no
intermediary stage of a LOred asymmetry. As a matter of
fact a blue asymmetry is rather observed when theR.O-
mode enters the optical band. In the following the carrier of
coherenceE itself is no more questioned.

Raman intensity (arb. u.)

FIG. 3. Be-Se TO(bottom) and LO (top) multimode curves
simulated via Eq(1) in Zny sBey sSe. Eight equally-spaced elemen-
tary modes are considered for theand s series, with different
spacings of 1 cit (a) and 3 cm? (b). The corresponding three-
mode[Zn-Se,(Be-Sa", (Be-Sa% simulations obtained via Eq1l)
are shown(dotted lines, for reference purpose. The LO curves are The prerequisite condition for effective coupling between
translated along the vertical axis, for more clarity. The three-moreiw

: . 0 excitations, whatever the nature, is close energy do-

TO curves are superimposed to the multimode ones after proper ains. Basicallv. the closer the eneraies. the stronaer the
intensity renormalization. The LO curves can be directly comparecm INS. icatly, X g T 9 .

coupling. Accordingly partial condensation in our multi-

to the corresponding TO curves. A normalizing factor, indicated s X
within brackets, must be taken into account for the LO multimode\’v"’we_S SySt,em may lie in the fa,Ct that tbea”‘?' h series,
curves. consist ofdiscreterather thancontinuouscollections of el-
ementary modes. We show in Figb3the TO (bottom) and
LO (top) multimode line shapesgplain lineg obtained via
g. (1) by takingn=8 equally-spaced elementary modes in
he s andh series, as in Fig.(&), but with a spacing enlarged

The resulting TO curve is shown at the bottom of Fig.
3(a). This was obtained after generalization of the standar

h
three-mode [Zn-Se, (Be-S¢", (Be-S¢°] Hon-and-Faust/ by 3. Due to the reduced mode density thandh series

.MREI treatment to the fi_nite collection Qﬁnﬂ') oscillators, eventually turn discrete in character. The three mode TO and
i.e., after(2n+1) extension of thep summation in the TO | 5 |ine shapes are addedotted lines, for reference pur-
version of Eq.(1). The multimode and singlemode descrip- pose. On top of the persistent blue shift of the *Lie,

tions are basically equivalent due to noninterference betweefyhich now is very clear, a marked '@ed asymmetry even-
the elementary modes. The latter simply turns out to be thﬁjally shows up, as expected.

envelope of the formegrefer to the plain and dotted curves With the discrete multimode picture the full set of LO
after proper intensity renormalization. The corresponding LOynomalies is eventually accounted for. For a given width at
multimode line shape obtained via H@) is shown atthe top  pajf maximum of the T®S modes our simulations indicate
of Fig. 3@ (plain ling). The three-mode curve is superim- yh4; the lower then value, the larger the red asymmetry of
posed(dotted ling after proper intensity renormalization, for he | ot |ine. Thereforen is a crucial parameter. One key
comparison. question is what is the pertinentvalue to use?

Basically LO" and LO" intramode transfers of oscillator ¢ the best of our knowledge the only discrete multimode
strength superimpose to the LG LO™ intermode transfer, gescription available in the literature is that offered by

as expected, with the result that the oscillator strength carriegerieur and Barkel3 19 They propose that, at each composi-
by each elementary mode is fully channeled into a singlgjon the entire lattice of A,B,C zincblende alloys is built
giant oscillation separated from the rest of the series by gy from five basic units corresponding to the possible first-
blue energy gap. Such condensation in a dense spectrum gkiqhhor atomic arrangements around the unperturbed C site.
polar states is in accordance with the general behavior prg e fix our attention to a single bond, say A-C for instance,
dicted by FanG? One key point is that+the additional intra- \ierleur and Barker expect that the strength of this bond, and
mode transfer eventually generates a’LiDe slightly blue herepy the frequency of the related vibration, will depend on
shifted with respect to the corresponding single-mode predice gther three ions associated with the same C ion. There-
tion. Accordingly multimode decomposition of theands  ore in a first approximation there are four possible fixed
signals is enough to account for the LOlue shift. frequencies for the A-C bond in the alloy. Let us label these
wg'?c where superscript=1—4refers to the number of A ions
at the corners of the C-centered tetrahedrons. A more sophis-
The Brafman and Manor-like description fails to generateticated approach is to consider thaﬂfc is determined not
the marked red asymmetry of the L@ne. We have checked only byi, but also by the surrounding tetrahedrons. Thereby

2. LO™* red asymmetry
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each of thew c frequency turnsx dependent. Besides the
proportionsf; of the different unitsi present in the alloy
depend, of course, on the average composiiand also on
a so-called clustering parametgr This varies from 0 to 1,
corresponding to random substitution and maximum amount '

of clustering of like substituting species around the unper- A

turbed site, respectively. Verleur and Barker provide the Be

f; (x,8) abacuse&®1® eé

Verleur and Barker use the above multimode model in 7n Lo* n Zn
order to explain several subtile spectrally well-
distinguishable features in their infrared spectra of partially
segregated GaAsfRef. 18 and CdSS¢Ref. 19 alloys. Still
nothing opposes in principle to its use for the discussion of | . . . . . . . .
the Raman spectra fromndomalloys also, which we inves- 350 400 450 500 550 600
tigate now. Only, the clustering paramej@rhas just to be (a) Wavenumber (cm™)
taken equal to zero in this case. Strong experimental support
arises by considering that the TO phonon features in the data
are unusually broad, even though each of these apparently
consists of a single mode. This is not a forbidding character ;-‘ [
since the envelope of the Verleur and Barker-like multimode
TO Raman signal exhibits a single maximum wheno0, at
any x. Examples are given below.

In the following we propose Verleur and Barker-like TO
and LO multimode simulations in the randonis
=0) Zn,_,BeSe alloys at three representative compositions
within the percolation regime, i.ex~0.25, ~0.50, and
~0.75. As usual we start from the TO description, for refer-
ence purpose.

Direct estimate of tha)(') <(x) via ab initio calculations is 350 . 400 . 450 . 500 550 . 600
unrealistic at this stage, due to the complexity in the alloy ) Wavenumber (cm-1)
description. As a very crude approximation we take arbi-
trarily the same constant spacidgy between two consecu-
tive elementary TO modes in tlseandh series, and these are
centered on the observed FOfrequencies. The general
MREI trend is that the Be-Se TO modes are blue shifted
whenx increases. Accordingly the frequencies of the elemen-
tary Be-Se TO modes correspondingitol—4 Beatoms at
the corners of the Se-centered units are ranked from the
lower to the higher value in the TOh ands series, at any.

This is for the frequencyK ) aspect. Regarding the strength
(N,) aspect, the overall balance betweenlitands series is
fixed by Ny(x)=x? and Ng(x)=x(1-x), as in the three-
oscillator [Zn-Se, (Be-SeS, (Be-Se" description. The rela-

tive strength of the elementary TO modes within each series 350~ 400 =~ 450 500 550 600
is then given byf;(x,0). (© Wavenumber (cm-1)

The resulting collections of elementary TO modes ob-
tained via the TO version of E@1) are shown at the top of
Fig. 4. A very small phonon damping is taken for more clar-
ity. This is larger for thes than for theh region, to account

Raman intensity (arb. u.)
.}3 '
N 3
E) 74

Raman intensity (arb.

Raman intensity (arb. u.)

FIG. 4. Raw LO(1) and TO(2) Raman spectra in the Be-Se
region of Zn_,BeSe atx=0.24(a), 0.50(b), and 0.70(c). The TO

for the nonideal T®/TOS strength balance at=0.5+#1). curves are _translated along the ver_tlcal axis, for more clarlty_. _The
corresponding Verleur and Barker-like multimode decompositions

The LO multlmode line shapes derived via K@) on the (thin lines, obtained via Eq(1), are superimposed after proper
above TO basis are superimposed to the data at the bottom ety renormalization. The starting T@eries is marked with
Fig. 4 (plain ling). In each case the three-mod&n-Se,  giars, for more clarity. Each elementary TO mode is assigned the
(Be-Se°, (Be-Sg"] simulations are addegiotted ling after  ge.se vibration within a specific Se-centered tetrahedron unit. The
proper intensity renormalization, for reference purpose. Faitiominant units are schematically indicated. The curves calculated
agreement is obtained between the experimental curves amd a three-oscilatdizn-Se,(Be-Sa", (Be-Sé9] basis(dotted liney

the multimode simulations, in spite of the shortcomings ofare added, for reference purpose. In garthe TG mode is cleared
the model. No adjustable parameter is needed. Basically thieom the TG contribution for clear insight upon the line shajep

LO™ overdamping as well as the blue shift and red asymmeeurve.
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try of LO* the line are simultaneously reproduced. range because, there, the transfer of oscillator strength takes
The units corresponding to=1,2 andi=3,4 should be place between several Verleur and Barker units with similar
equally dominant ak~0.25 and 0.75, respectively. Accord- proportion in the alloy. It disappears in the dilute limits be-
ingly the TG*" modes should exhibit antagonist asymmetriescause, there, a single Verleur and Barker unit attracts most of
at the two ends of the percolation regime, i.e., bluelike at the available oscillator strength.
~0.24 and redlike at~0.70. For clear insight upon the TO
profile atx=0.24, we clear the dominastine by subtracting
the h signal, modeled as a symmetrical Lorentzian. The re-
sulting s line actually exhibits a blue asymmetfop spec-
trum in Fig. 4a)], as expected. The trend is emphasized

when a blue-asymmetrical Lorentzian is taken for contourh Ir;)th!s Wodrk we e(;mch fOlr“:r percchlIatlon;pasEg E’lcture flpr
modeling of theh mode. Also, a marked red asymmetry is 1€ Pasic understanding of the much puzzling aman fine

obvious for the much dominant TQnode atx=0.70[top  SNaPes in Zn,BeSe, which opens the class of mixed crys-
spectrum in Fig. &)]. tals with contrasted bond stiffness. This is important for fu-

The antagonist sharing of the oscillator strength betweef"® Use of this one-bond two-mode representation in the

the elementary TO modes at the two ends of the percolatioﬁalse of .current mixe‘?' crystals, i.e., WhiCh do not exhibit
range has decisive impact also on the*Libe shape. Basi- contrast in the bond stiffness. The study is supported by con-

cally the transfer of oscillator strength in LO symmetry ap_tour modeling of the TO and LO modes. This is achieved via

pears to be all the more efficient that the oscillator strength i pplication of the Hon and Faust treatment to a _versior) of the
carried by the higher-frequency modes in the TO series. Ac: IREI m(.)dell generalized to _mult|oscnlators. Asingle Q|elec-
cordingly the linewidth of the LOline reduces whew in- tric function is used to describe the hard/soft composite crys-

creases, in accordance with the data. The linewidth is atsal'c lina b he LO mod ia thei |
large as~40 cni! at x=0.24, reduces to-30 cni?® at x oupling between the LO modes via their common lon-

=0.5, and falls down te~20 cnit at x=0.70. The full evo- gitudinal macrogcopic poIqriza_tioE is found 10 generate
lution is given elsewher.Incidentally alloy disorder and numerous puzzling anomalies in the LO symmetry. Two LO
local strain effects are maxima at-0.5, due to the closest components are gctually observed, as in the TO symmetry,
intermixing of the hardlike and softlike regiofignd thereby but these have mixethard,soff (_:haracter. Al IO.W Be c_ontent
fail to explain the above atypical LO behavior. the low-frequency LO m_ode IS more hardiike _wh|l_e th_e
high-frequency LO one is more softlike; the situation is
reversed at the other end of the composition range, which
corresponds to a typical anticrossing behavior at intermediate
One key question remains, i.e., why the different localx. Most of all E coupling generates a massive 1.0 LO*
configurations around the Be-Se bonds in the Verleur anéhtermode transfer of oscillator strength. This is responsible
Barker units give rise to different Raman peaks, correspondfor the surprising quasiextinction of the C@node at any.
ing to as many disorder-inducegd-0 TO modes? We are not Further understanding of the LO line shapes arises by con-
aware that such so-called phonon localization in ternangidering that the contrasts between the Be-Se and Zn-Se
semiconductor alloys was mentioned before. bond lengths and bond stiffness force a Verleur and Barker-
According to Anderson’s criterion, phonon localization in like discrete multimode response from each region. Accord-
the Raman spectra is due to disorder-induged frequency ingly LO™ and LO" intramode transfers of oscillator strength
fluctuations larger than the(q) dispersion of the related superimpose to the LO-LO" intermode transfer. This
phonon modé? Recentab initio calculationd® show that the  eventually accounts for the blue shift and marked red asym-
TO modes in bulk BeSe have non-negligible dispersion. Acmetry of the LO line. On top of that the multimode descrip-
cordingly Be-Se phonon localization would suppose ex-ion is much helpful for the discussion of both the monoto-
tremely large fluctuations in the Be-Se frequency. This isnous decrease of the 'Qinewidth whenx increases, and
evidenced in our spectra by the unusually large linewidth ofalso the subtil antagonism in the asymmetries of the TO line
the Be-Se TO lines at significant substitution rate. The probshapes at the two ends of the percolation range.
lem then is to determine which mechanism is responsible for More generally the puzzling LO behavior can be regarded
such large frequency fluctuations. as the result of a cooperative phenomenon driven by the
Our present view is that the mismatch between the Belong-range longitudinal polarization fielel This generalizes
Se and Zn-Se bond lengths causes strong local bond distaie discrete assemblies of phonons in mixed crystals the key
tions. Due to the contrast in the Be-Se and Zn-Se bondrole of E as a carrier of coherence in multiwave polar sys-
bending force constants, we suggest that the final distortiotems. Also, what emerges is that the Verleur and Barker dis-
of a Be-Se bond is strongly dependent on the neighboringrete multimode decomposition provides a much attractive
bonds and thereby varies much from one Verleur and Barkeairea for the discussion of the asymmetries of the TO and LO
unit to another, with concomitant impact upon the phononRaman line shapes in random alloys in general, which is an
frequency. issue under current interest, as a possible alternative to the
The effect of the Verleur and Barker description in the LOmuch debated spatial correlation model or to internal/
symmetry, i.e., the LOblue shift, is large in the percolation external strain effects.

V. CONCLUSION

C. Phonon localization
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