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First-principles studies of structural, electronic, and dynamical properties of Be chalcogenides
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We have studied structural, electronic, and dynamical properties of Be chalcog@edkBeSe, and BeJe
by employing the plane-wave pseudopotential method within the density functional theory. The calculated
lattice constant and bulk modulus for these compounds are found to be in good agreement with previous
theoretical and experimental results. The electronic band structure is also presented for these materials. In
particular, the calculated electronic valence band structure for BeTe shows very good agreement with an
angle-resolved synchrotron-radiation photoemission spectroscopy data aldd@@héirection. Phonon dis-
persion curves and density of states were calculated by employing a density-functional perturbation theory. It
is found that the dispersion characteristics of the optical branches in these materials are very different from
those of any other II-VI materials. An explanation of these characteristics is forwarded in terms of the large
mass difference between Be and the chalcogens.
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I. INTRODUCTION enological De Launey modé?,based on a reduced number

Il-VI materials are characterized by different degrees off central and angular force constants, has been applied by
covalent, ionic, and metallic bonding and thus offer a wideDoyen-Lang et al** to calculate the phonon dispersion
range of physical properties. For example, these materialgUrves of BeSe and BeTe. First-principles calculations, based
can crystalize with different crystal structuresich as zinc- 0on the frozen-phonon approximation within the pseudopo-
blende and wurtzitg, and can exhibit a wide range of elec- tential method and the density functional scheme, have been
tronic band gapsuch as semimetallic for HgTe and in the reported for the zone-center TO phonon frequency in BeSe
UV range for Zn$. Recently, there has been great interest inand BeTe*#!3The first-principles results for the zone-center
the study of structural and electronic properties of berylliumTO mode, as expected, are in very good agreement with
chalcogenide¢BeS, BeSe, and BeT&° These materials are experimentally determined valués? obtained from Raman
promising semiconductors for light emitting optoelectronicsand infrared spectroscopies.
devices in the blue colour spectrfiwith large direct band The aim of the present work is to investigate structural,
gap. In addition to this, these semiconductors are potentiallglectronic, and dynamical properties of Be-chalcogenide ma-
a good choice for technological applications due to theirterials by employing the plane-wave pseudopotential
hardnesg.Thus, several attempts have been made to invegnethod, density functional theory, and a linear response tech-
tigate the structural, electronic properties of zinc-blendenique. The calculated structural parameters are compared
phases of Be-chalcogenide materials. Few experimental dawith previous theoretical calculations and available experi-
are available for the electronic structures of these materialgental results. In particular, the calculated electronic band
due probably to difficulty in growing single crystals or good structure for BeTe shows very good agreement with experi-
quality epitaxial layer§:2 In particular, the dispersion of the mental resultsfor the top valence bands along theX di-
top valence bands of BeTe along theX direction has been rection. The calculated phonon results are also compared
measured using angle-resolved synchrotron-radiation photavith available experimental and theoretical results. It is
emission spectroscofy.On the theoretical side, a first- pointed out that compared with other zinc-blende semicon-
principles pseudopotential method has been used to investiuctors, the dispersion of the TO and LO branches are rather
gate structural and electronic properties of the zinc-blend@eculiar. An explanation for these peculiarities are forwarded
phase of Be-chalcogenide materi&id’-8 The all-electron in terms of the large mass difference between Be and the
full-potential linear augmented-plane wave method has beeghalcogens.
employed to structural and electronic properties of BeS.

Although considerable progress has been made in theoret-
ical description of the structural and electronic properties of
Be-chalcogenide materials, many of their vibrational proper- We have used a first-principles pseudopotential method
ties are still not well established. An accurate description obased on the density functional theory within the local-
vibrational properties of solids is important, as these play alensity approximation. We employed norm-conserving
significant role in determining various material propertiespseudopotentials to treat the interaction between valence
such as phase transition, electron-phonon interactions, arelectrons and ions. The pseudopotentials were generated by
transport coefficients. Due to the very low mass of Be, latticeadopting the scheme described by Troullier and Ma#ins.
dynamical properties of Be chalcogenides are expected tBor generating the Be pseudopotentials we included the non-
exhibit extraordinary features. Recently, the simple phenomlinear core correction. In dealing with electron-electron inter-
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TABLE |I. Lattice constant,, bulk modulus B, the pressure derivative of bulk moduldsaBd macro-
scopic dielectric constant,, of the zinc-blende phase of BeS, BeSe, and BeTe. The presently calculated
results are compared with other theoretical and experimental data.

Material Reference ag(A) B (Mbar) B’(Mbar) £o
BeS Present 4.81 0.93 3.34 5.46
Theory? 4.82 1.13 3.99
Theony 4.77 1.16
Theory 4.77 1.02
Theory 4.75 1.16 3.22
Experimentdi 4.86
BeSe Present 5.13 0.80 3.56 6.09
Theory 5.04 0.98
Theory 5.04 0.98 3.11
Experimental 5.1% 0.92 6.19
BeTe Present 5.58 0.60 3.72 7.51
Theory 5.53 0.70
Theonf 5.53 0.71 3.38
Experimentd] 5.62 0.67
Experimentdl 7.00

aReference 9.
bReference 7.
‘Reference 5.
dReference 3.
®Reference 24.
fReference 25.
9Reference 13.
hReference 12.

action we employed the Ceperley-Alder form of the ex-stanta, bulk modulusB, the pressure derivative of bulk
change and correlation potentials, as parametrized by PerdewodulusB’, band gap at the zone centgy(I"), macroscopic
and Zunget® The Kohn-Sham single-particle functions were dielectric constant.,, and the zone center optical frequen-
expanded in a basis of plane waves. Self-consistent solutiortges TQT"), and LQT). With 10 speciak-points, the results
of the Kohn-Sham equations were obtained by sampling théor [a(A), B(Mbar), B’, TOI) (cm™), LO(I') (cm™), e,
irreducible part of the Brillouin zone by employing special Eg(F)(eV)] ranged from (4.820, 0.955, 3.222, 557.08,
k-pointsi® Well-converged results were obtained for the lat-646.44, 5.769, 5.59dor E.=20 Ry to(4.816, 0.925, 3.384,
tice constant and bulk modulus of the three chalogenide mase2.14, 648.22, 5.906, 5.37%r E.=50 Ry. Similarly, for
terials with the consideration of the kinetic energy cutoff of E.=40 Ry the results fofa(A), B(Mbar), B’, TO(I') (cm™),

40 Ry, and ten speciak-points. Having obtained self- | o(r) (cm?), e, E,(I)(eV)] ranged from(4.816, 0.931,
consistent solutions of the Kohn-Sham equations, phonog.274, 561.97, 648.33, 5.896, 5'3853” 10 k-points to
dispersion curves were calculated by using the perturbativgy 814, 0.926, 3.338, 562.65, 647.17, 5.458, 5)38%
response computer program described by Baetral!” In - g4 _noints. Thus we conclude that the results are well con-
particular, eight dynamical matrices were calculated for & yerged for the choice 40 Ry and k8points. Converged val-

Xnxn phonong-points mesh within the irreducible part of ;o' ofa. B, B’, ande., for BeS, BeSe, and BeTe are pre-
the Brillouin zone. These matrices were then Fourier-sgnted in Table |I.

interpolated to obtain the phonon dispersion curves and den-
sity of states. Tests with different sets of thgoints mess
indicated that calculated phonon frequencies converged to B. Structural and electronic properties

better than 4 crt for the 4x 4x 4 g-points mesh. The equilibrium lattice parameter has been calculated by

minimizing the crystal total energy calculated for different

Ill. RESULTS values of the lattice constant with the help of Murnaghan’s
AC tost equation of state. The calculated values of the cubic lattice
- onvergence fests constant for BeS, BeSe and BeTe are 4.81, 5.13, and 5.58 A,

Convergence with respect to the kinetic energy cutRff respectively. These values compare quite well with the ex-
and speciak-points was tested against the calculated resultperimentally obtained valu&sof 4.86, 5.14, and 5.63 A, re-
for the various quantities, such as the equilibrium lattice conspectively. The agreement with the available experimental
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TABLE Il. The calculated electronic band gaps for the zinc-

EE@/ \/ V blende phase of BeS, BeSe, and BeTe, and their comparison with
10 / \ //— other theoretical and experimental data.
8| / Q‘
% Z—_K\ %\ Material Reference Direcat I') Indirect (I'=X)
? 23 ™ BeS Present 5.39 2.83
2] S Theon? 5.51 2.75
G ::KZ/Y/\d\/{ Theory 5.39 2.81
8] Theory 4.17
-10-] Theory 5.50 2.84
e L BeSe Present 4.50 2.43
-16 Theon? 4.72 2.39
r k x r L x W L Theory 3.61
T Bese ] BeTe Present 3.57 1.80
EEY/\///‘ \\/\/\/ \\/_\// Theory 3.68 1.80
10— d P Expt® 1.45 2.89
o i %\> £X>Q Expt! 4.53
< :E/\\/ /\/ aReference 7.
? 0] :Re}‘erence 5.
g -2+ S Reference 1.
- 4—§Z/Y’/\>< dReference 9.
67 ®Reference 24.
_;sz 'Reference 8.
=12 /_

band gap along th&-X direction, with the minimum of the
conduction band lying at th¥ point. The direct and indirect

" £ ’ - v - band gap results are listed in Table II. Of the three materials,
] BeTe BeTe exhibits the smallest values of the direct and indirect
12 T band gaps. For BeTe the calculated direct and indirect band
10 i&% \/x\/ gap results of 3.57 and 1.80 eV, respectively, are much
aiﬁ \/‘ smaller than the experimental values of 4.53 and 2.88 eV,
%‘ 2:2\ 4 /Q respectively. Such reduction in calculated band gaps, within
= 2 ] T~y the local density approximation, is well understd8and it
%" 0] is expected that a quasiparticle calculation will bring in rea-
sl j:§7ftx\/ sonable agreement between theory and experiment.
PE —— e The calculated results for BeTe show very good agree-
-8 ment with experimental results for the top valence bands
-107 along thel’-X direction. We point out that the experimental
ji: e results for BeTe show a significant amount of spin-orbit in-
16 teraction at the zone center. Our calculations do not include
r K x r L x  w L this interaction, and consequently we cannot compare our

theoretical results with experiment near the zone center.

FIG. 1. Calculated electronic band structures of Be chalco-

genides. The obtained valence band dispersion for BeTe along the

[10Q] direction are compared with experimental measurements ) ) )
(Ref. 3. The theory does not include spin-orbit interaction, and thus ~ The calculated phonon dispersion curves and the density

comparison between the calculated and experimental dispersiddf states curves are presented in Fig. 2. Our calculated results
curves should not be made near the zone center. are compared with available theoretical and experimental re-
sults in Table IIl. A few trends can be established across BeS,
and theoretical results f& andB' is also good. In additon BeSe, and BeTe. Denotinfge and M¢, as beryllium and
to these parameters, we have presented the optical dielect§®alcogen masses, respectively, we find that the width of the
constants of these materials in this table. The calculated ogcoustic frequency range varies as W, and the optical-
tical dielectric constant results of 6951) for BeSéBeTe  acoustic gap varies ad —yVMge/My), in accordance with
compare well with experimental values &10).1213 the results obtained for a diatomic linear chain of atoms,
Figure 1 displays our calculated electronic band structureSimilarly, the width of the optical frequency range should be
for BeS, BeSe, and BeTe along the high-symmetry direcexpected to vary ag/1+Mpg/Mg,—1). However, as the be-
tions. All these materials are characterized by an indirectyllium atom is very much lighter than the chalcogen atoms,

C. Phonon dispersion curves and density of states
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Bes the dispersion of the longitudinal opticdlO) and transverse
wof\,j’// L \’w\\/\/ optical (TO) branches in these materials.
Bl i LTS (i) Along the symmetry directiod™-X the longitudinal
3 © optical (LO) branch is almost flat for BeS, but shows a
§“°°’ wl 3 gradually increasing amount afpward dispersion as we
gs«»— ¢ 1hdbd move across BeS BeSe— BeTe. Along thel’-L symmetry
. SN ﬁ/\ direction, the LO branch shows a downward, flat, and up-
| | ward dispersion for BeS, BeSe, and BeTe, respectively.
7 ™ Along theI'-K symmetry direction, the dispersion of the LO
o branch is rather unique, something not observed for other
r £ Tor o m ot pos lI-V or 11-VI semiconductors.
T s (i) The LO and TO branches are clearly separated in all
w0 ] T materials. The separation between the optical and acoustic
e mj\g’;/ A A \/ regions increases across BeTe, BeSe, and BeS.
§, T\_,‘/‘T\ (i) The LO and TO branches do not cross, and atthe
el ' ™ symmetry point the LO phonon frequency is significantly
%;«._ higher than the TO phonon frequency for all the three
R " s materials.
> AN }/>< The third point above requires further discussion and a
100 1 I\ possible explanation. There are in general two factors which
o : ki may control the relative positions of the LO and TO frequen-
r kX oot v Dos cies in materials with the zinc-blende and rock salt struc-
T BeTe tures: ionicity and mass ratio. We first remark that the ionic-
wl T T~ ity of Be chalcogenides is comparable to IlI-V compounds,
) A\/m /TL<\§ rather than other II-VI compounds. This is illustrated from a
SRl %o * comparison of the pseudocharge density plot along the
- cation-anion bond for ZnSe, BeTe, and GaAs presented in
E Fig. 3. Disregarding the 8 peak in the charge density in
wmy L 1 ZnSe? it is clearly seen that, beyond the midpoint in the
. = ;>< bond length and toward the anion, the charge density peak in
SR EA BeTe is closer to the peak in GaAa typical IlI-V com-
o  x e — DOS pound rather than the peak in ZnSa typical II-VI com-

pound. Moreover, from an inspection of a wide range of
FIG. 2. Calculated phonon dispersions and density of states fozinc-blende and rock-salt materials, it is clear that there is no

Be chalcogenides. direct relationship between the ratie(TO)/w(LO) and

ionicity?? (cf. Table 1V). We thus conclude that the relative
Mge< Mg, the width of the optical frequency range can befrequencies of the LO and TO modes are more strongly in-
expected to vary agMg./ M, These trends are clearly veri- fluenced by the mass ratio between the cation and anion.
fied from the results of our calculatioiisf. Table Ill). Apart Table IV lists the ratio of the TO and LO frequencies at
from these obvious trends with regards to the acoustic anthe X point, taken from literature, for a few V-1V, llI-V,
optical phonon frequencies, there are three peculiarities if-VI, and I-VII materials. It is clearly seen that at the

TABLE lIl. Phonon frequenciegin cmi™Y) calculated at the high-symmetry poirdts X, andL, for BeS, BeSe, and BeTe. The results are
compared with available experimental and theoretical results.

Material Reference TQ@) LO(I') TA(X) LA(X) TO(X) LO(X) TA(L) LA(L) TO(L) LO(L)

BeS Present 562 647 237 364 507 652 161 362 543 607
BeSe Present 498 556 139 218 451 601 99 216 485 556

Ramarit 501 579

Theory? 496 576

Theor)P 501 579 101 252 528 496 72 177 517 538
BeTe Present 468 495 97 159 425 540 69 158 455 504

Theory 477

Ramafi 461 502

Theor)P 461 502 80 140 477 468 67 74 473 481

aReference 13.
bReference 11.
‘Reference 12.
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TABLE IV. Ratio of TO and LO phonon frequencies at the zone
i . Znse J edgeX for a selected number of IV-1V, llI-V, 1I-VI, and I-VIl ma-

oa i - gges terials. Also listed are the Phillips ionicityRef. 21 of the materials
T i ] and the mass ratio of the basis atoms.

3 ol t i Mass ratio
2 H (cation/aniomn
E ‘-,| i Material or (anion/cation Phillips ionicity wx(TO)/wx(LO)
g i Si 1.0 0.0 1.13
° Y e, 1 Ge 1.0 0.0 1.14
o1 K N 1 Gaas 1.07 0.31 1.05
- Sy, {  Insb 1.06 0.32 113
N L 1 L 5 ZnSe 1.21 0.63 1.44
0 0.25 0.5 0.75 1
) o GaSb 1.74 0.26 1.04
Distance along cation-anion bond
CuBr 1.25 0.73 1.05
FIG. 3. Pseudocharge density for GaAs, ZnSe, and BeTe, plotalN 1.93 0.45 0.72
ted along the bond from the cation site to the anion site. cul 20 0.69 0.86
point the frequency ratia(TO)/w(LO) is larger (smallejp éni 222 ?)227 %;Z
than unity for the mass ratigeither cation/anion or anion/ ,a ’ ' '
cation smaller(largen than 2.(The mass ratio of 2 is not a Sic 233 0.18 0.98
very strong criterion, as the TO/LO frequency ratioxats ~ BeS 3.56 0.29 0.78
slightly smaller than unity for ZnTe for which the mass ratio InP 3.71 0.42 0.97
is 1.95) From this table it can also be seen that for the samealSb 4.51 0.36 0.66
mass ratio, even a large difference between the ionicity faceaN 4.98 0.50 0.58
tor does not alter this observation. In Be chalcogenides, thg,y 8.20 0.58 0.63
mass of the catioriBe) is extraordinarily smaller than the BeSe 8.76 0.26 0.75
mass of the anioS, Se, or Tg making the LO mode aX 14.16 0.17 0.79

to lie well above the TO mode. We thus hypothesize that thgeTe
condition wy(LO) > wx(TO) will be satisfied for any zinc-
blende or rocksalt material with mass ratieither cation/ results presented in the works by Wagner al!® and
anion or anion/cation larger than approximately 2.0. It Doyen-Lang!! However, the dispersion of the LO and TO
should be remarked that diamo(@) and BN are the excep- branches obtained in the theoretical works by Doyen-Leing
tions to our hypothesis. Although the mass ratio of the basigl. and by Wagneet all3 are hugely different from the pre-
atoms is much smaller than 2 for both materids for C  dictions made in the present first-principles work. It should
and 1.55 for BN, the frequencywy(LO) is higher than be pointed out that the phonon dispersion curves for BeSe
wx(TO). This out-of-trend behavior is most probably due toand BeTe calculated by Doyen-Largal!! are based on the
the combined effects of short bond length and strong localapplication of the simple force constant model due to De
ization of electronic charge close to the basis atoms in diakauney. On the other hand, Wagredral 1® employed a linear
mond and close to N in BN. chain model to sketch the phonon dispersion branches in
Our calculated values of the zone-center LO and TO freBeTe. While the force constant parameters in their theoreti-
guencies compare very well with the Raman scattering meazal works have been fitted to reproduce the spectroscopic
surements reported by Wagnet al,'® and the theoretical measurements for the zone-center LO and TO modes, the

3=20% (0.0 1.00.0)

z

.

FIG. 4. Schematic illustration
of the eigen displacements of LA,
TO, and LO phonon modes for
BeSe at theX point.

v=218 lkm v=451 l/em v=601 ljem
LA (x) TO (x) TO (x)
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simple lattice dynamical models employed are clearly inadscheme, based on the application of the plane-wave pseudo-
equate to reproduce the correct dispersions of the LO and T@otential method, density functional theory, and a linear re-
branches. In particular, the crossing of the LO and TOsponse technique. The calculated static properties, viz. equi-
branches in the works by Doyen-Laergal! and Wagneet |ibrium lattice constanta, bulk modulusB, and pressure
al.'3 suggests that the lattice dynamics of BeSe follows thejerivative of bulk modulu®’ are in agreement with previ-
trend for ZnSe. Our work, on the other hand, suggests thajys theoretical and available experimental results. Our study
the IatticeT dynamics of BeSe follows. the trend in ZnS, NOtyjelds an indirect band gap with the minimum of the conduc-
ZnSe. This can be understood by noting that the mass diffefion hand at thex point for all three compounds. In particu-
ences between two ions is much larger in BeSe and ZnS thag, the calculated electronic structure for BeTe shows very
inZnSe. _ ood agreement with experimental results for the top valence
The atomic dlsplacement pa“ems fr_om our calcula_tlor!s agands along thé&'-X direction. The dispersion of the LO and
the zor_1e-edge point X are shown in Fig. 4.‘ The IongltudlnaLI.O branches in these materials are found to be different from
acoustigLA) mode corresponds to the motion of the heawermany studied 1-VI. 11-VI, -V, and IV-IV materials. In these

atom(s, Se, or Tg while the LO and TO modes resuilt from aterials the TO branch in general lies below the LO branch.

the motion of the Be atom in all the three materials. Thesi-n cular. d he h diff b B
results are in general true for the vibrational eigenvectors i n particular, due to the huge mas; liference between Be
and the chalcogens, at the Brillouin zone ed¢ehe fre-

all Il-v semiconductors in the zinc-blende phase. S P
quency of the TO mode is significantly lower than the fre-
quency of the LO mode. We have hypothesized that the con-
dition wy(LO)> wy(TO) will be satisfied for materials with
In this paper, we have investigated the structural, electhe zinc-blende or rocksalt structure with the mass ratio
tronic and dynamical properties of the beryllium compoundgeither cation/anion or anion/catipriarger than approxi-
BeS, BeSe, and BeTe by employing a first-principlesmately 2.

IV. SUMMARY
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