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Elastic constants and electronic structure of beryllium chalcogenides BeS, BeSe, and BeTe
from first-principles calculations

M. Gonzdez-Diaz, P. Rodguez-Hernadez, and A. Muoz
Departamento de Bica Fundamental y Experimental, Universidad de La Laguna, E-38204 La Laguna, Tenerife, Spain
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We use areb initio total energy pseudopotential technique within the local-density aproximation to deter-
mine the full set of first-order elastic constants of BeS, BeSe, and BeTe, which have not been established
experimentally. For BeS we obta®,;,=1.84,C,,=0.75, andC,,=0.99 Mbar. For BeSe and BeTe we obtain
C.1=1.49, 1.11C,,=0.59, 0.43; andC,,=0.81, 0.60 Mbar, respectively. We also calculate the bulk modulus,
the optical phonon frequency Bt and we present a study of the electronic band structure of those compounds.
The calculated bulk moduli agree well with previous experimental and theoretical values.
[S0163-182807)06921-X]

I. INTRODUCTION that our results are just as reliable and can be used to predict
the electronic band structure and the elastic properties for
In view of the increasing need of potentially good semi-BeS, BeSe, and BeTe.
conductors for various electrical and optical devices, group This paper is organized as follows. In the next section we
IV and group I1I-V compounds have been extensively stud-briefly describe the method of calculation. In Sec. Il we
ied. More recently, the study of the II-VI compounds hasPresent our results for the electronic properties and elastic
been carried out with the exception of the three Be com&onstants of BeS, BeSe, and BeTe. Finally, our conclusions
pounds BeS, BeSe, and BeTe, presumably because of th&f€ given in Sec. IV.
toxic nature.
There is presently a great interest in the study of pressure- Il. THE METHOD

induced structural phase transitions in II-.VI c.ompounds, the e apply a first-principles pseudopotential method based
Be compounds among them. However, little is known aboupp, the density functional formalism with the local-density
the ground-state properties of the beryllium chalcogenidesapproximation (LDA).X° The Ceperley-Alder form of the
These three compounds are difficult to handle eXperimenbca|-density approxima’[ion for the exchange Corre|éﬁm
tally. As a result of this, theoretical studies of these com-parametrized by Perdew and Zuntfewvas used. Norm con-
pounds have also been neglected and there are only a few e&rving nonlocal pseudopotentials were constructed using the
them?™ Kerker schemé?® The Brillouin zone integrations were re-
The beryllium compounds BeS, BeSe, and BeTe are poplaced by discrete summations over special sek pbints.
tentially good materials for technological applications. BeSWe use the standarki-points technique of Monkhorst and
is an interesting material with high hardness and BeTe is ®ack™
small gap semiconductor. These materials also are interest- We have calculated the elastic properties by computing
ing for blue-green laser diodes and laser-emitting diddes. the components of the stress tensor for small strains using
For the beryllium chalcogenides, few experimental datdhe method developed by Nielsen and MaffiFor a small
on their electronic structure are knoWwmnd although some Strain, theCy; andCy; elastic constants are derived from the
theoretical calculations are availaBlé their results differ ~harmonic relation<y;= oi/e; and Cy,= o,/€;, Whereo;
considerably. Recent experiments performed by Wetag)®  and e; represent, respectively, the stress and the applied
report some characteristics of the electronic structure of Bé&train. The macroscopic stress in the solid is computed for a
compounds. First-order elastic constants are among the propmall strain by the use of the stress theorémnd the forces
erties not yet established for BeS, BeSe, and BeTe. on the atoms are derived from the Hellman-Feynman
In the present work, we obtain the first-principles elastictheorem'”® For an e, strain (uniaxial strain in the(111)
constants, bulk moduli, frequencies of the TQ(phonon direction there are internal displacements of the sublattices,
mode, and the electronic band structure for BeS, BeSe, andnd the atomic positions in the unit cell are not determined
BeTe. We use the density functional theory within the local-only by symmetry. Kieinmal? defines an internal strain pa-
density approximation. Although this approach fails to de-rameter¢ that describes the displacements of the atoms.
scribe accurately the energy of the excited states, it usualljlielsen and Martitf prescribe two independent calculations
provides a qualitative description of these states. of stress and force which determine three independent quan-
The method of calculation has been developed by Nielsefities, C44, &, and the optical’-phonon frequency-, with
and Martin'® who computed elastic constants for Ge, Si, andone additional consistency check. They derive a final stress-
GaAs using direct calculations of the macroscopic stress angfrain relation
force on the atoms in the solid. With the support of previous 0 P )
successful calculations for related materfafSye believe 04=[Cay— Q" "nor(§ag/4)"Je4=Cyaey,
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TABLE |. The lattice constand,, the elastic constants;; for BeS, the elastic constaf,, the optical
I'-phonon frequency, the bulk modulusB, the shear modulu€, and the internal strain parameter

3 Cu Ci Cus CSA or B Cs 3
A (Mbar) (Mbar) (Mban (Mbarn (THz) (Mbar) (MBar)
Theoretical(Ref. 4  4.773 1.019
Expt. (Ref. 26 4.865
Present calc. 4.745 1.84 0.75 0.99 1.145 18.7 §.11 0.542 0.42
1.16°

3B =(Cyy+2C1,)/3.
bFrom Murnaghan’s equation.

TABLE Il. The lattice constanay, the elastic constants;; for BeSe, the elastic consta@ﬂ4, the optical
I'-phonon frequencyr, the bulk modulusB, the shear modulu€, and the internal strain parametér

Qp Cu Cp Cus 024 wr B Cs 3
A) (Mbar)  (Mbar) (Mbar) (Mban (THz) (Mbar) (MBar)

Expt. (Ref. 26 5.139

Expt. (Ref. 27 5.137 0.92
Present calc. 5.037 1.49 0.59 0.81 0.93 16.4 .89 0.45 0.43
0.98°

aB: (C11+ 2C12)/3 .
From Murnaghan’s equation.

TABLE llI. The lattice constanay, the elastic constant;; for BeTe, the elastic consta@f,, the optical
I'-phonon frequencyr, the bulk modulusB, the shear modulu€,, and the internal strain parameter

dp Cu Cp Cua C24 wyp B Cs ¢
A) (Mbar)  (Mbar) (Mbar) (Mbar) (THz) (Mbar (MBar)

Expt. (Ref. 26 5.625

Expt. (Ref. 27 5.617 0.67
Present calc. 5.531 1.11 0.43 0.60 0.71 14.8 #.66 0.34 0.44
0.70°

B=(Cy,+2C,)/3.
From Murnaghan’s equation.

TABLE IV. Summary of important features of band structure of BeS.

Minimum gaps(eV)
Indirect Direct Valence dEg/dp
bandwidth(eV)  (meV/GPa

Theoretical(Ref. )  4.17 [5—X9)

Theoretical(Ref. 2 6.10 (atK)

Theoretical(Ref. 4  2.816 [{5— Xj) 5.397 35— 1'% -21.7
Present calc. 2.75 15— X)) 551 [95—T%9) 14.07 —-16.62
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TABLE V. Summary of the important features of the band structure of BeSe.

Minimum gaps(eV)
Indirect Direct Valence dEg/dp
bandwidth(eV) (meV/GPa

Theoretical(Ref. )  3.61 [}s—X%)
Theoretical(Ref. 2 4.73 (atK)
Present calc. 2.39 [{s—XY9) 472 [s—T1%s) 14.16 —20.43

whereC), is the elastic constant in the absence of internaBeTe, respectivelycompare quite well with the values ob-
displacementsy is the reduced mass, is the equilibrium tained by fitting with Murnaghan’s equation of state and with

lattice constant, an€l is the cell volume. previous theoretical results for Be&.019 Mbaj (Ref. 4
and eégerimental values for BeSe and B€U®2 and 0.67
ll. RESULTS Mbar).

A. Elastic constants
B. Band structure
We have performed convergence tests of the total energy

and stress at different plane-wave cutoffs and sets of special 1€ important features of the band structufesin band

k points for the integration over the Brillouin zof&Follow- ~ 9aPS, valence bandwidths, pressure coefficjefus BesS,

ing the work of Dacostat al,'® we study the isotropic pres- B€S€, and BeTe are given in Tables IV, V, and VI. Com-
sure as a function of the energy cutoff. From these results wBarison with experiments is difficult because there are few
conclude that for BeSe and BeTe at least a plane-wave cutofXperimental data available. A self-consistent orthogonalized
of 30 Ry is needed+800 plane waves while for BeS we plane wave methdthas_ yielded an indirect gap Atfor BeS
must increase the cutoff up to 90 Ry due to the hard potentigtnd BeSe, and an indirect gap for BeTe fréhalongA. A

of the sulphur atom £2640 plane wavés The integration composite wave vari'ation'al version of_the augme_nteq plane
over the Brillouin zone for the undistorted lattice is madeWave method in conjunction with the linear combination of

with a set of ten specid points. For the lower symmetry atomic orbitals interpolation schemeeported direct gaps for

strained lattices, there are 20 and 30 special points for straifd€S and BeSe a€, and a direct gap for BeTe froiil along

applied in the(100) and (111) directions, respectively. The .. Recent first-principles self-consistent local-density calcu-
equilibrium lattice constantsa,=4.745 A for BeS lations of the main band gap for BeS reported an indirect gap

a,="5.037 A for BeSe, and,=5.531 A for BeTe were de- (I'—=X) “Here, we obtain indirect gap$'¢-X) for the three
termined by fitting the total energy with the empirical Mur- €Ompounds. Experimental resdliteport that BeTe is an in-

naghan’s equation of staf®. direct semico_nductor with a gap o_f about 2.8 eV at room
To obtain the elastic constants and phonon frequenci{fMPerature, in good agreement with our results.
wp for BeS, we use strains af, = +0.0003 along th¢100) The present calculations for BeS give an indirect gap

direction to computeC,; and C,,. To determinewy, Cyy, (I'is—X7) of 275 eV and a direct gad'{s—I'7y) of 5.51
and ¢ we use small displacements= +0.0002 along the €V, veA{y close to the value _obtqlned by Van Camp and Van
(111 direction and strains,=+ 0.0003 along the(111) Doren. The valence bandV\{ld_th is equal t_o 14.07 eV and we
direction. For BeSe and BeTe, we use= =0.003 along the  find that the pressure coefficierd&,/dP) is —16.62 meV/
(100 direction,u= +0.000% along the(111) direction, and GPa_. Th|§ pressure coefﬂugnt agrees well with the value
€,=+ 0.003 along thé111) direction. The calculated values ©Ptained in previous caIcuIanﬁs.- . .
for the elastic constants and phonon frequencies are predic- Our study yields for BeSe an indirect gapjg— Xj) of
tions. In Tables I, II, and IIl we present our results for BeS,2-39 eV and a direct gad'{s—I'js) of 4.72 eV, while for
BeSe, and BeTe, respectively. BeTe we have an indirect gaf'{s— X§) of 1.80 eV and a
The bulk modulus is defined @&=(C,;+2C;,)/3 and direct gap ['}s—1'{s) of 3.68 eV. The indirect gap for BeTe
the shear modulus a8,=(C1;—C45)/2. The bulk moduli is the smallest one we have found in the three beryllium
obtained(1.11, 0.89, and 0.65 Mbar for BeS, BeSe, andcompounds we have analyzed here. The corresponding va-

TABLE VI. Summary of the important features of the band structure of BeTe.

Minimum Gaps(eV)
Indirect Direct Valence dE4/dp
bandwidth(eV) (meV/GPa

ExperimentalRef. 5 2.8 (alongT'-X)

Theoretical(Ref. 1) 2.89 (alongT'-X)
Theoretical(Ref. 2 1.49 (alongI'-K)
Theoretical(Ref. 26 2.89 95— X)) 1.45 95— T%9)

Present calc. 1.80 55— X3) 3.68 35— T 12.63 —24.06
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20 IV. CONCLUSIONS

Energy (eV)

FIG. 1. Electronic band structure of BeTe calculated with a 30

Ry cutoff and a lattice constaa=5.531 A.

BeTe We have obtained highly converged total energies, forces,
and stresses in BeS, BeSe, and BeTe to arrive at the first-
™~ mode, and the electronic structure of these materials. For all
\ \ the calculations we have used thb initio self-consistent
E—— 4
] density approximatioiLDA) with a plane-wave basis. Be-
cause all our calculations agd initio with no parametriza-
_/_< tion, our results should be as accurate as those from previous
104 the elastic properties of BeS, BeSe, and BeTe. Our bulk
| moduli for BeSe and BeTe, obtained using the elastic con-
The calculated band structures yield for the BeS an indi-
—20 rect gap (js—Xj) of 275 eV and a direct gap
(I's—XJ) of 2.39 eV and a direct gag {-—TI'$s) of 4.72
eV are obtained, and for BeTe the calculated indirect gap
lence bandwidths for these two compounds are 14.16 ang-68 ev. _The_: indire(_:t gaps of the thfee Be comp_ounds de-
12.63 eV, respectively. We obtain for the pressure coefficreéase with increasing pressure as in most semiconductors
we present our calculated electronic band structure for BeT&resent calculations compare well with other theoretical val-
The indirect gap for all the three compounds decrease¥€s:

order elastic constants, frequencies of the 'D@honon
pseudopotential method in the framework of the local-
0 A \
7 calculations, and can be considered as reliable predictions for
stants agree quite well with the experimental values.
L r X UK r (I's—T59) of 551 eV. For BeSe an indirect gap
(T's—X3) is 1.80 eV, while the direct gapl'(z—1I'5s) is
cients the values- 20.43 and—24.06 meV/GPa. In Fig. 1, and insulators. The pressure coefficients obtained in the
with increasing pressure as indicated in the corresponding

tables. It is known that LDA calculations usually underesti- ACKNOWLEDGMENT
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