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Lattice dynamics of 1I-VI materials using the adiabatic bond-charge model
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We extend the adiabatic bond-charge model, originally developed for group IV semiconductors and IlI-V
compounds, to study phonons in more ionic II-VI compounds with a zinc-blende structure. Phonon spectra,
density of states, and specific heats are calculated for six 1I-VI compounds and compared with both experi-
mental data and the results of other models. We show that the six-parameter bond-charge model gives a good
description of the lattice dynamics of these materials. We also discuss trends in the parameters with respect to
the ionicity and metallicity of these compounds.

I. INTRODUCTION more), some of which have no physical interpretation. Re-
cently, ab initio calculations of phonon spectra have
The adiabatic bond-charge mod&CM) has been quite appeared? but they are are not feasible for studying large
successful in explaining the phonon-dispersion curves o$ystems such as alloys like @dg,_,Te or thick superlat-
group IV elemental semiconductomnd partially ionic 1I-V tices. Therefore it is desirable to have a realistic model with
semiconducting materidlswith a zinc-blende structure. In fewer, physically meaningful, parameters that is easy to ex-
recent years it has been successfully applied to studiend to more complex systems. In this paper we show that
phonons in semiconducting superlattiéédgptical properties  the six-parameter BCM provides a good description of the
of Al,Ga;_,As,’ open semiconductor surfaeand even Phonons and other lattice-dynamical quantities such as elas-
sp?-bonded materials like graphitend fullerene$. Quite  tic constants and specific heat in 1I-VI materials.
recently, a modified version of the bond-charge model has The rest of the paper is organized as follows. In Sec. Il we
been appliedto study the second-order Raman spectra ofProvide a brief overview of the bond-charge motiél.in
AlAs and AISDb. Sec. lll we discuss the results for six 1I-VI compounds and in
In view of the similar dispersion curves of tetrahedrally Sec. IV trends in the parameters are discussed.
connected Ill-V and 1I-VI materials, it is surprising that no
attempt to extend BCM to the latter has appeared in the Il. ADIABATIC BOND-CHARGE MODEL
literature. This may be partly due to the comméhisdicat-
ing that early attempts in this direction were not successful The adiabatic bond-charge mod&CM) for homopolar
because it was fourtithat in the case of II-VI materials the semiconductorsand partially ionic 11l-V compoundsis the
asymmetry of the bond-charge position became too large teimplest empirical lattice-dynamical model that correctly de-
find a stable equilibrium position for the bond charges. Thesécribes the phonon-dispersion curves of covalent crystals. In
conclusions were based on the studies of the valence electréhe BCM the valence electron charge density is represented
charge density using local pseudopotenttalsyhich sug- by massless point particles, the bond char(g€’s), that
gested a nearly complete charge transfer from the cation ttpllow the ionic motion adiabatically. The BCM unit cell
the anion. These calculations actually overestimated the iorgonsists of two ions and four bond charges that are placed
icity of these compounds and produced valence band spectedong the bonds between the ions. In homopolar covalent
in strong disagreement with experimental photoemissiorgrystals the bond charges are placed midway between the
results'® Later, more accurate calculations using nonlocalneighboring atoms while in 11l-V compounds the BC divides
pseudopotentiaté showed better agreement with the experi-the bond length in the ratio of 5:3. This is consistent with
ments and yielded charge densities indicating a strong shiftonlocal pseudopotential calculations for the valence elec-
of the bond maximum rather than complete charge transfetron charge densitjf that indicate that the charge density
In fact, the charge density plots for llI-V and IlI-vI maximum in llI-V compounds shifts toward the group V
compound¥* are nearly identical except that the chargeelement. This shift is even stronger in the case of II-VI com-
maxima in the latter appear to be slightly shifted toward thepounds, reflecting their more ionic character. The BCM pa-
anion, indicating that, despite their greater ionicity, Il-VI rameterp which measures the polarity of the bond is defined
compounds are dominantly covalent in nature. In view ofin terms of the ratio in which the BC position divides the
these results, it is expected that the BCM should give a gootiond length. Ift is the bond length and,=(1+ p)t/2 and
account of the phonons in II-VI materials provided the bondr,=(1—p)t/2 are the two ion-BC distances them=0
charges are placed at physically reasonable places suggestgd/r,=1) for homopolar materials andp=0.25
by the pseudopotential calculations. (r¢/r,=5/3) for Ill-V compounds. In our extension of the
Traditionally, the lattice dynamics of these materials hasBCM to 1I-VI materials we have chosen to upe=1/3 cor-
been done using rigid ion or shell modé¥s®These models responding to the ratia;/r,=2 which is based on the
give good fits to the observed phonon-dispersion curves aesults* of microscopic calculations. This choice will be dis-
the cost of a large number of adjustable parameté@sor  cussed in more detail in Sec. IV.
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The cation and the anion interact with one another andlata and the measured elastic constants. The phonon eigen-
with the bond charges via central potentidis(t), &4(r;), frequencies and eigenvectors are found by diagonalizing the
and ¢,(r,), respectively. The bond charges centered on alynamical matrix* constructed from the BCM equations of
common ion interact via a three-body Keating poterfflal, motion
Vo= B, (X7- X7 +a2)?/8a%, whereX/ is the distance vec-

tor between iono (o = i 2 and BCi, B, is the force 2 (Ze)® (Ze)®

' 1 Po 2 Mow“u=|R+4 Crlu+|T—2 Crlv,
constant anda? is the equilibrium value ofX{"-X/|. The € €
bond charges centered on a particular ion also interact di- 5 )
rectly with one another through a central potential, 0= T+_2(Ze) ctlu+|s+ (Ze) Celv (5)
¥o(r(?), whererl?) is the distance between the bond e T e ST

charges centered on the catiorr=1) or the anion
(0=2). Finally, the ions and the BC's interact via the Cou- HereM is the mass matrix for the ions ancandyv are the
lomb interaction characterized by a single param&®r  Vectors formed by the displacements of the ions and the
where —Ze is the charge of a BC, and is the dielectric BC's, respectively. The matricé®, T, andS are the dynami-
constant. Each of the ions is presumed to have a chargedl matrices for the short-range ion-ion, ion-BC, and BC-BC
+2Ze so that the net charge in the unit cell is zero. interactions andCr, Cy, and Cg are the corresponding
To reduce the number of parameters it is ass&medcom_omb matrices which are evaluated by Ewald’s meﬁ_"rod.
that o,=yy=0, i=—ys=(B,—By)/8 and (L+p)e) Explicit forms of R, T, andS can be found in the appendixes

+(1-p) $5=0. If we use these constraints on the total Iat-Of Refs. 1 and 3.

tice energy per unit cell
lll. RESULTS AND DISCUSSION

27 2 A2
<I>:4[¢“(t)+¢1(r1)+¢2(r2)]—aM( 6) eT Figure 1 shows the dispersion curves for six II-VI mate-
rials along with the existing neutron-scattering data. Figure 2
+ 1 2 (1) ) shows the corresponding densities of statBS). We
OV Voot ¥a(Tbp) + Yl @ present in Table | the BCM parameters and in Table Il the
along with the equilibrium conditionsg®/dt=0 and calculated and measured elastic constants. In all cases the
d®/p=0, we find* overall agreement with the experimental data is fairly good
72 @2 and is of the same quality as for BCM fits for IlI-V
b= ay——, compound§. For comparison we have also included the dis-
€t persion curves for GaAs and InSb calculated using the pa-

rameters from Ref. 2. For CdTe our six-parameter fit is as

¢1  _day1l-pZ®€ good as the 14-parameter shell-model fit of Rawal 1® and
T, “dp 1+p e 3 the 1l-parameter rigid-ion model fit of Talwar and
Vandevyet:’ All three models show a slight upward bend in
b5 day 1+p 22 €? the TO branch in th€100 direction, which is in contrast
T, Ydpipet (2)  with the results of a recertb initio calculation®®

The three models give very similar predictions for the
The conditions for stable equilibriumg®®/gt*>>0 and  phonon density of states. The principal difference is that the
9?®/9p?>0, further yield shell model does not predict a gap in the DOS between the
Y Y acoustic and optical contributions, while the BCM has a
ﬁ ﬁJr E smaller gap than that seen in the rigid-ion model. This un-
3 3 6 derscores the fact that the BCM is, in many ways, an inter-
mediate model between the shell model and the rigid-ion
128 Zz? model. The shell model takes care of the electronic polariz-
- ﬁa’w € >0 ) ability explicitly by attaching deformable shells to the ions.
The BCM partially accounts for the electronic polarizability
and through the adiabatic motion of the bond charges, while the
, , 5 5 rigid-ion model ignores it completely.
1 42 BitBy 64 dan 27 @ For ZnS and ZnTe our fits are comparable with the 10-
3 3 24 g3 dp® e parameter valence shell-model results of Vagelatbal 18
For ZnTe the BCM predicts a large dispersion in the LO
The Madelung constanty, of the model is defined by writ-  pranch near the zone edge. However, the maximum deviation
ing the Coulomb energy per unit cell aswy (2Z€)?/et. For  from the experimentally measured frequency attheoint is
p=1/3 the values ofay, day/dp, and d’ay/dp* are  only about 7%. For both ZnS and ZnTe the shape of the
found numerically” to be 5.0598, 4.0539, and 17.46, respec-gptical branches in thél10) direction is different from the
tively. In Egs.(3) and(4) the force constants are in units of results of Ref. 18 but is similar to that predict®dy ab
e’lv,, whereu,, is the unit-cell volume. initio calculations. For ZnSe also the agreement with the
With ¢/, ¢1, ¢35, ¥1, W5, Y7, andy, given as above, neutron dat® and the measured elastic constéhts fairly
the six free parameters of the model ag, ¢7, ¢35, By, good.
B,, andZ?/e, which we adjust to fit the neutron-scattering  Mercury compounds, because of their semimetallic na-

4
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ture, deserve a separate discussion. Because of the zero bagdinvoked to explain the degenerate values «gfy and

gap, the energy for electronic transitions from the valencesn found in neutron-scattering experimefisBecause of
band to the conduction band is comparable to the opticalthis controversy we did not use optical phonon frequencies
phonon energy. For HgTe Raman measureniems 90 K near the zone center in our fit for HgTe. It is seen that the
and infrared reflectivity measuremefitsat 77 K vyield agreement with the acoustic- and transverse-optical phonons
w_o~138 cm! whereas infrared spectra 8 K gave’ s good. However, the fit for the LO branch is not of the same
w_ 0~132 cnm™. This difference was attributed to the large quality, although the deviation from the experimental points
number of carriers at higher temperatures. The same reasi@only a few percent. In thél1l) direction the BCM pre-
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FIG. 1. Calculated phonon-dispersion curves for CdTe, ZnS, ZnTe, ZnSe, HgTe, HgSe, GaAs, and InSh. The BCM parameters for GaAs
and InSb were taken from Ref. 3. Empty circles indicate neutron-scattering data taken from REdTA618 (ZnS and ZnTg 23 (ZnSe,
28 (HgSe and HgTg 39 (GaAs, and 40(InSb). For HgTe, the open triangle is a Raman measuremeny gffrom Ref. 25, and the open
squares are infrared measurementwgf and wrg from Ref. 27.
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FIG. 1 (Continued.

dicts that the LO branch will dip downward instead of the ever, some discrepancies remain, particularly in the LO
upward trend observed experimentaflyFor HgSe the branch near the zone edge, where the BCM predicts a large
agreement with the available neutron data on acoustidispersion in almost every material including the IlI-V com-
phononé® and optical measuremeftsand measured elastic pounds. This is most obvious in HgTe and is indicative of the
constant? is very good. Because of the lack of neutron datafailure of the BCM to account for the polarizability of the ion
on optical phonons we cannot comment on the accuracy afore. Because of the associated macroscopic field, the LO
the optical branches. However, it should be mentioned thgphonons are more affected than the other branches. The
the BCM and the 11-parameter rigid-ion modejive similar  calculated* static dielectric functiore(q) for I11-V and 11-VI
behavior for the optical branches. compounds is known to have considerable structure, so in-
To further check the parameters we have calculated theluding a charge form factor should remedy this
specific heat€ for all the six materials using the parameters discrepancy’
given in Table I. The results are shown in Fig. 3 as plots of
logC vs logT along with the experimental data. In every case
good agreement is obtained with the experiments, giving fur-

ther support for the parameters used and the calculated den- _ .
sity of states. Some trends in the parameters presented in Table | are

A more severe test of the validity of a lattice-dynamical Immediately obvious. One notices that as one goes from
model is to check the eigenvectors against the experiment@f©UP IV elements to I1l-V compounds to II-VI compounds
results. Following the convention of Refs. 31 and 32 well® parameters involving BC's change uniformly. For group
give, in Table IIl, the eigenvectors for the six I1-VI materials |V €léments the bond charge is situated midway along the
at theX andL points of the Brillouin zone. As no informa- 20nd and the ion-BC and BC-ion-BC force constants are
tion is available from experiments or froab initio calcula-  €dual for the two ions. However, in 1ll-V compounds the BC
tions, we cannot comment on the correctness of these ved&hifts toward the anion which results in higher values for
tors. However, we note that in four out of six materials, it is #2/3 andB; than ¢1/3 andB,, respectively. This trend con-
the lighter ion which vibrates in the higher-frequency modetinues as we move to Il-VI compounds in which the BC is
(LO) at theX point. For ZnSe and CdTe, the BCM gives the €Ven closer to the anion. This pattern in the values of these
opposite result and predicts that the heavier ion moves in thearameters can be traced to the equations linkigand
LO mode. This result, though counterintuitive, is not impos- 3 to ay andday /dp. It should be noted that the values for
sible since the ionic masses in these materials arey andday /dp for 1I-VI compounds are higher than those
comparabl& and differences in intrasublattice forces canfor IlI-V compounds. Apart from these obvious features,
lead to this result. A similar pattern is obained in the case othere are no other discernible trends in the parameters with
l1-V materials where the BCM predicts that at thepoint ~ respect to the ionicity or the bond length. However, it is seen
the heavier ion moves in the LO mode in GaAs and InSbthat the ion-bond parametegs /3 and¢5/3 are considerably
which in the case of GaAs, the only relevant material whosdower for mercury compounds than for other materials. This
eigenvectors have been studied experimentaliy,contrary  is reasonable in view of the semimetallic nature of these
to the experimental results. For materials like AlAs, GaSbmaterials and the fact that these parameters represent off-
InAs, and InP, in which the mass difference is substantial, theliagonal contributions to the dielectric function.

BCM predictions agree witlb initio calculations’ The effect of ionicity on the phonon-dispersion curves can

We have thus demonstrated that the six-parameter BCNMe investigated by studying the isoelectronic sequence of
provides a good description of the phonons and other latticematerials in which the bond lengths and the average mass in
dynamical quantities such as elastic constants and speciftbe unit cell are almost same. Two such sequences are Ge-
heat for II-VI compounds with zinc-blende coordination. The GaAs-ZnSe andxSn-InSb-CdTe. Increased ionicity results
overall agreement with the neutron data is very good. Howin a general lowering of all frequencies and elastic constants

IV. TRENDS IN PARAMETERS
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FIG. 2. Phonon density of states for II-VI compounds calculated using the root sampling method. The fine structure on the curves is an
artifact of the numerical method.

and a lifting of the LO-TO degeneracy at thepoint and the We should also comment on the choice of the equilibrium
LO-LA degeneracy at th& point. A glance at the BCM positions of the bond charges. In principlg, should be
parameters for these materials shows that the only pattern igeated as the seventh adjustable parameter of the model.
a decrease in the magnitude of the bond ch@rged, in the  However, we decided to use the physically reasonable value
case of Ge-GaAs-ZnSe, a decreaseap{ff3 with increased of 1/3 for p. This corresponds to dividing the bond length in
ionicity. For the other sequence;i/3 is almost same for a ratio 2:1 and is consistent with the pseudopotential calcu-
a-Sn and InSb but it is smaller for CdTe. A cross comparisoriations of the valence electron charge dentitowever, we

of the corresponding materials in the two sequences showsere also able to find values for the six parameters which
that moving down the periodic table, with its concomitantstill satisfied the stability condition€3) and (4) and which
increase in metallicity, yields an increase in the ion-ion in-gave satisfactory fits fop as high as 0.55. The parameters
teraction ¢{;/3, while the parameters involving the bond that varied most withp were the ion-BC force constants;

I
charges decrease. increasingp led to a larger¢,/3 and a smallew]/3. The
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TABLE |. BCM parameters for group IV elements, 1lI-V and

10
II-VI compounds. Force constants are in uniteéfv, , wherev , is
the unit-cell volume.
10'
dlI3  PII3 PhI3 By B, Z%le Z°
= o o CdTe
Si? 6.21 6.47 6.47 860 860 0.1800 1.47 fg oy e
Ge? 6.61 5.71 571 840 840 0.1620 1.61 % :ézgebelowm(simh)
@-Sn® 743 559 559 7.80 7.800 0.163 1.98 L v ZnSo above 25 K (iwin ot al)
O> xZnle
AlAs ® 580 227 1548 579 854 0.1800 1.21 10
GaP® 6.04 24 1791 520 100 0.2030 1.36
GaAs® 6.16 236 16.05 536 8.24 0.1870 1.43
GasSk® 6.77 237 1310 628 7.08 0.1600 1.52 10° 2 - = oo
InPP 7.16 295 21.62 343 837 0.2490 1.55 T
InAs P 731 264 17.86 399 7.30 0.2100 1.60
InShP 747 233 1409 456 624 01720 1.64 FIG. 3. logC vs log T plots for the calculated and measured
' ' ' ' ' ' ' specific heats of several 1I-VI materials. The experimental data are
taken from Refs. 41-44.
ZnS 574 0.79 29.90 0.83 1540 0.2130 1.05
ZnSe 5.01 1.19 2282 121 1565 0.1790 1.03
ZnTe 551 1.06  22.93 1.07 17.00 01800 1.05 4,0 The theoretical predictions of the six-parameter BCM
CdTe 685 077 2334 039 1544 01830 115 54 i, good agreement with the available neutron data and
HgSe 532 015 1401 035 1750 0.1095 0.91 e experimentally measured elastic constants and specific
HgTe 6.46 0.081 13.46 1.08 15.60 0.1062

1.03 heats. Some minor discrepancies in the LO branch near the
aparameters from Ref. 1 zone edge are believed to be due to the incomplete descrip-
bparameters from Ref. 3' tion of the electronic polarizability of the ions. These devia-

‘e, for HgSe from Ref. 35, for HgTe from Ref. 27 and for the rest tions are larger, though St!” only a few p_ercent, in the case of
of the materials from Ref. 36. HgTe as expected from. its semimetallic natur_e and conse-
quently stronger screening effects. In conclusion, we have
found that the six-parameter adiabatic bond-charge model

:\}/rgflng;%ep%aemaeé(e)fst?fohgEgggsgr'vggts%wn;gccelress'oI ovides a satisfactory description of the lattice dynamics of
Y ' P y 9 trahedrally connected 1l-VI compounds. The agreement

agreement W.'th the ngutron—scatterlng data. However, th ith the experimental data is of the same quality as for IlI-V
agreement with the optical phonons slightly worseneg as 8ompounds

!ncrea_se_d. These re_?“'_ts h'ghl'ght the arbitrariness involve We have also discussed some broad trends seen in the
in defining the equilibrium position for the bond charges.
Our choice ofp=1/3, which coincides roughly with the po-
sition predicted by the pseudopotential calculatithstill
gave the best overall agreement with the experimental r

TABLE lIl. Eigenvectors for six 1I-VI compounds & and L
erints of the Brillouin zone. For the two degenerate transverse
modes, only the magnitudes of the cationic and anionic components

sults. are given.
V. SUMMARY AND CONCLUSION ZnS ZnSe ZnTe CdTe HgSe HgTe
We have applied the adiabatic bond-charge model to stud§io(catiofX) 0.0 0.0 1.0 0.0 0.0 0.0
phonons in six 1I-VI compounds with a zinc-blende struc- e o(aniofX) 1.0 1.0 0.0 1.0 1.0 1.0
e alcatiorfX) 1.0 1.0 0.0 1.0 1.0 1.0
TABLE II. Theoretical and measured valug@s paranthesggor e alaniorfX) 0.0 0.0 1.0 0.0 0.0 0.0
the elastic constants in units of a@iyn/cn?. ero(catioX) 0.260 0.636 0.815 0.611 0.252 0.400
erol@anioX) 0.965 0.771 0.580 0.792 0.967 0.916
Cn Ci2 Caq ema(catiorX) 0.876 0.826 0.812 0.823 0.834 0.824
Znsa 10.907 (10.46 6.498 (653  4.678 (4.61) ena(aniorfX) 0.483 0.564 0584 0.567 0.552 0.566
Znse® 8.996 (8.59 5.064 (5.0  4.056 (4.09
ZnTe? 7.138 (7.13 4233(4.07 3122 (3.12 e o(catior]lL) —0.06 —0.493 0.936 —0.533 —0.125 —0.239
cdTe? 5.675 (5.3 4.073 (3.69 2.047 (1.994 e o(aniorfL) 0.998 0.870 —0.351 0.846 0.992 0.971
HgSe® 6.218 (622  4.647 (464  2.262(2.27 eia(catiorlL) 0.992 0.905 0.591 0.871 0.952 0.933
HgTe® 5.631(5.63) 3.785(3.66  2.123(2.123 ea(@niorl) 0121 0425 0.807 0491 0.305 0.361
ero(catiorfL) 0.344 0.706 0.855 0.674 0.284 0.446
3Measured values from Ref. 37. ero(anioLl) 0.939 0.708 0.519 0.738 0.959 0.895
PMeasured values from Ref. 24. emna(catioriL) 0.800 0.771 0.764 0.775 0.799 0.787
‘Measured values from Ref. 30. em(aniofl) 0.599 0.637 0.611 0.632 0.601 0.615

dMeasured values from Ref. 38.
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