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First-principles studies of ground-state and dynamical properties of MgS, MgSe, and MgTe
in the rocksalt, zinc blende, wurtzite, and nickel arsenide phases
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An ab initio pseudopotential method is used to investigate the structural and electronic properties of MgS,
MgSe, and MgTe in the rocksalt, zinc blende, wurtzite, and nickel arsenide phases. It is found that rocksalt is
the most stable phase for MgS and MgSe, while nickel arsenide is the most stable phase for MgTe. Differences
in the density of states for the upper valence bands and lower conduction bands between these competing
phases are pointed out. The lattice dynamics of these semiconductors has been studied by employing a linear
response approach based on the density functional theory. Differences in the phonon spectra and density of
states both in the acoustic and optical ranges between the competing phases are investigated. The calculated
zone-center phonon modes for the rocksalt and zinc blende phases of MgS are in good agreement with

experimental observations.
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I. INTRODUCTION

In recent years Mg chalcogenides have attracted both sci-
entific and technological interest. There are several reasons
for studying these semiconductors. Due to their large band
gaps and low dielectric constants, they can be used in blue-
and ultraviolet-wavelength optics and high-temperature
electronics.!~* Moreover, these semiconductors are also a po-
tentially very good choice for protective coatings due to their
hardness, high melting point, high thermal conductivity, and
large bulk modulus. These semiconductors are known to ex-
ist in four crystalline phases: rocksalt, zinc blende, wurtzite,
and nickel arsenide. It is therefore important to accurately
determine the structural, electronic, vibrational, and thermal
properties in order to assess the relative importance of these
four phases.

The lattice constants of the rocksalt (RS) and zinc blende
(ZB) MgS, MgSe, and MgTe have been measured by several
experimental groups.’~’ For the wurtzite (WZ) and nickel
arsenide (NiAs) phases, all three independent structural pa-
rameters (c, a, and the internal cell parameter u) have been
obtained experimentally.>-' On the theoretical side, the
ground-state and electronic properties have been determined
as follows: all four phases of MgSe and MgTe by Camp et
al;'' the RS and NiAs phases of the three materials by
Chakrabarti;'> the RS, ZB, and WZ phases of MgS and
MgSe by Rached et al.;'3 and the RS and ZB phases of all
three materials by Drief et al.'* The effect of a quasiparticle
calculation on the band gaps of the ZB phase of MgSe and
MgTe was discussed by Fleszar.!> The energy difference be-
tween the ZB and WZ polytypes of MgTe was carefully de-
termined by Yeh et al.'®

Despite much work on the structural and electronic prop-
erties of these semiconductors, the dynamical properties of
the four phases are relatively poorly known in the literature.
A wide variety of physical properties of solids depend on
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their phonon properties, such as specific heats, thermal ex-
pansion, heat conduction, and electron-phonon interaction.
Phonon dispersion curves are typically obtained by the
neutron-scattering technique. However, due to difficulty in
preparing large group II-VI single crystals, this technique has
not yet been successfully applied. In addition to this tech-
nique, Raman and infrared spectroscopies can be used to
study phonon modes in semiconductors. Measurements of
zone-center phonon modes, using the Raman spectroscopy
technique,'”!® in the zinc blende phase of MgS and MgSe
have been presented. Infrared spectroscopy'® has been used
to determine the zone-center phonons of rocksalt MgS. How-
ever, phonons have not yet been measured experimentally for
any phase of MgTe. Few theoretical works are available for
phonons in these semiconductors. A first-principles method,
within the density functional theory,'” has been used to ob-
tain the zone-center frequencies of the zinc blende MgS. In
addition to this theoretical work, these zone-center phonon
modes have been calculated using a three-body force
potential.”*® However, phonon dispersion curves for any
phases of these semiconductors have not been studied by
using any theoretical methods.

Thus it is clear that there are no reports from a single
research group, theoretical or experimental, on a comparative
study of any property for the four phases of the three mate-
rials. Such a study seems important, especially in view of the
energy closeness of some of the phases. For example, the
available density functional results by Yeh et al.'® suggest
that there is only a difference of 1 meV/(per atom) between
the ZB and WZ phases of MgTe, an energy difference which
lies at the edge of the present day theoretical accuracy limit.
The following question, then, is pertinent: can we point out
any significant differences in the electronic or vibrational
properties, if any two phases of a given Mg chalcogenide
that cannot be separated on grounds of the total energy dif-
ference?

In an attempt to resolve some of the above uncertainties,
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we have in this paper undertaken a systematic ab initio the-
oretical study of the ground state, electronic band structure,
and phonon dispersion relations of the four phases of the
three Mg chalcogenides. To investigate the structural and
electronic properties, we performed ab initio pseudopotential
calculations within the local density approximation of the
density functional theory. These results are used to further
calculate the phonon spectra by employing a linear response
technique based on the density functional perturbation
theory. An attempt is made to extract meaningful trends in
such properties across the Mg chalcogenides.

II. METHOD OF CALCULATION

We used the plane-wave pseudopotential approach within
the framework of density functional theory. The ab initio
norm-conserving pseudopotentials were generated using the
method of Troullier and Martins.?! The electron-electron in-
teraction was considered within the local density approxima-
tion (LDA) of the density functional theory, with the corre-
lation scheme of Ceperley and Alder.??> The electronic wave
functions were expanded in a basis set of plane waves, up to
a kinetic energy cutoff of 50 Ry for all the considered wide-
gap semiconductors. For the k-point sampling, we use 56,
56, 60, and 75 special points in the irreducible wedge of the
Brillouin zone of the rocksalt, zinc blende, wurtzite, and
nickel arsenide structures, respectively. For all the consid-
ered phases, the Kohn-Sham equations were solved using an
iterative conjugate gradient scheme to find the total energy.
These considerations allow total energies of competing
phases to be compared within an accuracy of at least
2 meV/atom.

Having obtained self-consistent solutions of Kohn-Sham
equations, the lattice-dynamical properties were calculated
within the framework of the self-consistent density func-
tional perturbation theory.?>?* In order to obtain full phonon
spectrum we evaluated 16 dynamical matrices on a 6 X6
X 6 grid in q space for the rocksalt and zinc blende phases,
24 matrices (on a 4 X4 X 4 grid) for the wurtzite phase, and
21 matrices (on a 4X4X4 grid) for the nickel arsenide
phase. These dynamical matrices were Fourier transformed
to obtain the phonon dispersion curves and density of states.
We estimate that the convergence of phonon frequencies is
within 3 cm™! for the chosen kinetic energy cutoff and the
special k points. All the calculations have been performed by
using the code PWSCF.?

III. RESULTS

A. Structural properties

The equilibrium lattice parameters (viz., the cubic lattice
constant a for the RS and ZB structures and the hexagonal
lattice constant a, ratio ¢/a, and internal parameter u for the
WZ and NiAs structures) were determined by fitting the cal-
culated total energy results as functions of the reduced
atomic volume (V/V,) using the Murnaghan equation of
state.”® For the hexagonal close-packed phases we minimized
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FIG. 1. Calculated total energies as a function of the fractional
volume (V/V,). V, is the equilibrium volume of the ground-state
phase. For MgS and MgSe, the ground-state phase is the rocksalt
structure while the nickel arsenide structure is the ground-state
phase for MgTe.

the total energy with respect to ¢/a and u for a chosen unit
cell volume V=\3a’c/2. The total energy results are shown
in Fig. 1 and Table 1. In agreement with experimental®’-*® and
previous theoretical!l13142930 works, we find that the
ground-state phase of MgS and MgSe is the RS structure.
Also, in agreement with experimental'® and previous
theoretical'"1>1430 calculations, we find that the NiAs phase
is the ground-state structure for MgTe. It is interesting to
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TABLE 1. Comparison of total energy differences (meV/atom) for MgS, MgSe, and MgTe in the rocksalt
(RS), zinc blende (ZB), wurtzite (WZ), and nickel arsenide (NiAs) phases. The ground-state energy is set to
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Zero.
MgS MgSe MgTe
Present Ref. 12 Present Ref. 12 Present Ref. 12 Ref. 16
RS 0.0 0.0 0.0 0.0 16 22 13.7
7B 90 46 13 15
WZ 82 41 12 14
NiAs 29 68 9 14 0.0 0.0 0.0

note that MnTe (Ref. 31) has also an atomic arrangement in
the NiAs structure. The similarity of the ground state phase
of MgTe and MnTe can be related to Te atoms.

Our structural results for all the considered phases of
MgS, MgSe, and MgTe are listed in Tables II and III. From
these tables, it has been found that the values of B and B’ for
the WZ structure are similar to their corresponding values for
the ZB structure. The reason for this similarity is that these
structures have similar tetrahedral bonds up to the second
neighbors, rendering the energy differences between these
two structures very small (see also Table I). It should be
mentioned that in the WZ structure, the straight bond in the
[001] direction is slightly longer than other three (slanted)
bonds. The calculated values of macroscopic dielectric tensor
€., and the Born effective charge ZP for this structure are
presented along and perpendicular to the ¢ axis in Table III.
Although the structural similarity between NiAs and RS
structures is not as close as that between the ZB and WZ
phases, these structures can be related to each other. The
similarity between these structures is that each cation has the
same octahedral environment for both phases. As a result of
this similarity, the dielectric constants and effective charges
for both structures are very close to each other, as seen in
Tables II and III.

From an inspection of the results in Table I, we make
three observations. First, the energy difference between
ground state and the next energy phase decreases across the
anionic sequence S-Se-Te. Second, for all three materials, the
energy difference between the ZB and WZ phases is very
small: 1, 5, and 8 meV/(per atom) for MgTe, MgSe, and
MgS, respectively. Third, all four crystal phases of MgTe
equilibrate within a small energy difference of 16 meV/(per
atom). The special case of MgTe was highlighted earlier by
Yeh et al.,'® who using a linearized augmented-plane-wave
method, obtained results very similar to what is reported in
this work. As the energy difference of 1 meV/(per atom) be-
tween the ZB and WZ phases for MgTe, obtained both in this
work as well in Ref. 16, is within the present day computa-
tional accuracy limit, an examination of other properties is
required to find any fingerprints of these two crystal phases.
This will be attempted in the next two sections.

B. Electronic properties

The electronic band structures and density of states of the
Mg chalcogenides, calculated within the LDA, for the RS,

TABLE II. Calculated structural parameters of MgS, MgSe, and
MgTe in the RS and ZB structures. The obtained results are also
compared with previous experimental and theoretical results.

II-VI (structure) a(A) B (Mbar) B’ £ 7B
MgS (RS) 5.18 0.81 415 566 235
Theory® 5.14 0.92 4.44

Theory® 5.14 0.82 398 581
Experimental® 5.19

MgSe (RS) 5.46 0.65 390 6.83 248
Theory?® 5.40 0.74 3.52

Theory® 5.40 0.68 415 6.85
Experimental? 5.46

MgTe (RS) 5.90 0.51 435 920 276
Theory® 5.92 0.54 4.04

Theory® 5.86 0.52 410 9.6
Experimental’ 6.02

MgS (ZB) 5.64 0.60 406 424 191
Theory* 5.61 0.60 3.89

Theory® 5.61 0.61 406 450
Experimental® 5.66

MgSe (ZB) 5.92 0.49 375 487 191
Theory® 5.89 0.54 4.27

Theory® 5.88 0.50 402 5.16
Experimental® 5.89

MgTe (ZB) 6.39 0.38 379 572 193
Theory® 6.44 0.38 3.96

Theory® 6.38 0.38 389  6.09
Experimental! 6.36

fReference 36.
gReference 7.
hReference 5.
iReference 6.

4Reference 13.
PReference 14.
‘Reference 27.
dReference 28.
“Reference 11.
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TABLE III. Calculated structural parameters of MgS, MgSe, and MgTe in the WZ and NiAs structures. The obtained results are also

compared with previous experimental and theoretical results.

- VI (structure) a (A) c (A) B (Mbar) B’ u g () g(0) Zli ZF
MgS (WZ) 3.996 6.492 0.63 4.18 0.3777 4.20 431 1.89 1.97
Theory? 3.945 6.443 0.57 4.10
Theory® 3.969 6.487 0.64 2.96
Experimental® 3.972 6.443
MgSe (WZ) 4.196 6.825 0.50 3.78 0.3770 4.82 4.94 1.88 1.97
Theory? 4.237 6.836 0.50 3.94 0.3785
Theory? 4.165 6.799 0.52 4.31
Experimental® 4.145 6.723
MgTe (WZ) 4.531 7.381 0.38 4.04 0.3762 5.67 5.78 1.89 1.98
Theory? 4.530 7.405 0.43 3.82 0.3751
Theory" 4.503 7.355 0.42 431
Experimental® 4.540 7.386
Experimental® 4.548 7.394
MgS (NiAs) 3.605 6.092 0.82 4.15 0.25 5.59 5.63 222 2.28
Theory' 3.598 5.995
MgSe (NiAs) 3.819 6.367 0.67 4.15 0.25 6.78 6.79 2.34 2.39
Theory? 3.866 6.471 0.65 4.11
Theory' 3.809 6.248 0.63 3.96
MgTe (NiAs) 4.158 6.768 0.53 4.28 0.25 9.16 9.35 2.57 2.60
Theory? 4.183 6.841 0.58 3.89
Theory'! 4.127 6.723 0.48 3.47

4.029 6.563 0.61 4.13

4Reference 29.
PReference 13.
‘Reference 36.
dReference 11.
®Reference 9.

7B, WZ, and NiAs structures are presented in Figs. 2-5 re-
spectively. Numerical values of the band gaps at various
symmetry points are given in Tables IV and V. While the ZB
and WZ phases are characterized with a direct band gap, the
RS and NiAs phases are characterized with an indirect band
gap. The magnitude of the direct band gap (at zone center) is
slightly smaller for the ZB phase than for the WZ phase. The
indirect band gap (along I'-X) for the RS phase is slightly
smaller than the indirect band gap (along I'-K) for the NiAs
phase. For all the three Mg chalcogenides the lowest band
occurs for the RS phase. In general, our band gap results
from calculations along various symmetry directions are in
agreement with available previous works along fewer sym-
metry directions. Experimental results of the band gap are
available for the ZB phase and are listed in Table IV. The

fReference 37.
gReference 6.

hReference 10.
iReference 12.

well-known band gap reduction of our LDA band gap result
for the ZB phase, compared to experimental measurements,
is approximately 30% for all three chalcogenides. It is ex-
pected that quasiparticle calculations would bring the band
gap values in close agreement with the experimental results.
Quasiparticle calculations'>3? indicate that for semiconduc-
tors with s and p valence electrons the change in the band
gap is almost a constant at least at the principal symmetry
points in the Brillouin zone. Thus we expect that good agree-
ment between theoretically and experimentally measured
band gaps can be easily established by making an adequate
shift of the presently calculated band gap results. Table IV
indicates that an upward shift of approximately 1.2 eV
would bring the presently obtained LDA band gaps near the
experimentally determined values for the ZB phase.
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FIG. 2. Calculated electronic band structures and total density of
states for Mg chalcogenides in the rocksalt structure.

We can observe a few trends in the electronic density of
states. For each of the Mg chalcogenides the valence band
widths of the ZB and WZ structures are slightly smaller than
the valence band width of the RS and NiAs structures. The
valence band for the RS and ZB structures with two atoms
per unit cell is characterized with a sharp s peak, a sharp sp
peak, and a broad p peak. The valence bands of the WZ and
NiAs structures with four atoms per unit cell show broad-
ened and structured s, sp, and p bands.

C. Dynamical properties

We will discuss characteristic details of the phonon dis-
persion curves for each of the phases in separate subsections.

1. Rocksalt phase

Figure 6 shows the dispersion curves and density of states
for Mg chalcogenides in the RS phase. These phonon disper-
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FIG. 3. Calculated electronic band structures and total density of
states for Mg chalcogenides in the zinc blende structure.

sion curves show one important feature of ionic crystals—
namely, that the longitudinal optic (LO) and transverse optic
(TO) phonon modes are split at the zone center. For MgS our
calculated results for the TO and LO modes at the zone cen-
ter are 241 cm™' and 397 cm™!, respectively. These values
compare very well with experimentally measured value!® of
245 cm™! (TO) and 390 cm™' (LO), respectively. Our calcu-
lated value of the zone-center LO-TO splitting is 156 cm™,
121 ecm™!, and 96 cm™' for MgS, MgSe, and MgTe, respec-
tively. The LO phonon branch shows a large amount of dis-
persion along the [100] and [110] directions for all three RS
semiconductors (see Fig. 6). This behavior can be related to
the atomic arrangement and atomic bondings in the RS struc-
ture. Similar observations have been made in the lattice dy-
namics of Pb chalcogenides.** The LO phonon mode of the
NaCl crystal also shows a large amount of dispersion along
these symmetry directions.>* Due to only a small mass dif-
ference between Mg and S atoms, there is no clear gap be-
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FIG. 4. Calculated electronic band structures and total density of
states for Mg chalcogenides in the wurtzite structure.

tween the acoustic and optic branches for the RS MgS. This
observation can also be seen in the phonon density of states
for this semiconductor. Moreover, the frequency localization
of longitudinal acoustic (LA) phonon branch along the [111]
direction for this semiconductor is different from that of the
RS MgSe and MgTe. For large-q wave vectors along this
symmetry direction the LA phonon branch lies higher in en-
ergy than the TO phonon branch for the RS MgS. This kind
of behavior has been observed in the phonon spectra of the
NaCl crystal.>* At the L points the frequencies are 177 cm™!
transverse acoustic (TA), 207 cm™! (TO), 293 cm™! (LA),
and 364 cm™! (LO). Figure 7 presents a schematic illustra-
tion of the eigendisplacements of the TA, LA, TO, and LO
phonon modes for this semiconductor at the L point. Because
of the mass difference between Mg and S atoms, the acoustic
and optical phonon modes are characterized by the motion of
S and Mg atoms, respectively.
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FIG. 5. Calculated electronic band structures and total density of
states for Mg chalcogenides in the nickel arsenide structure.

For the RS MgSe and MgTe, there is a clear optical-
acoustic band gap in the phonon dispersion curves due to a
larger cation/anion mass ratio. The TO phonon branch in
these semiconductors shows a smaller extent of dispersion
than the corresponding phonon branch in the RS MgS. These
changes are manifested in a sharp peak in the phonon density
of states of the RS MgSe and MgTe.

2. Zinc blende phase

The phonon dispersion curves and density of states of
MgS, MgSe, and MgTe in the ZB phase are plotted in Fig. 8.
For this structure, we have calculated the zone-center TO
(LO) phonon modes with frequencies 341 cm™' (429 cm™)
for MgS, 274 cm™' (337 cm™!) for MgSe, and 243 cm™!
(288 cm™!) for MgTe. The calculated TO (LO) frequencies
for MgS and MgSe are in good agreement with the experi-
mental values of 327 %6 cm™' (4255 1 cm™!) for MgS (Ref.

205201-6
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TABLE IV. The calculated electronic band gaps (in eV) for the RS and ZB phases of Mg chalcogenides
and their comparison with other theoretical and experimental results.

Material Direct Direct Direct Indirect Indirect
(structure) Reference (at T) (at X) (at L) Ir-x) (I'-L)
MgS (RS) This work 3.52 4.33 4.70 2.56 4.27
Tight binding® 3.60 4.60 5.50 2.70 4.7
Ab initio® 221
Ab initio® 2.69
MgSe (RS) This work 2.50 3.44 4.10 1.62 3.65
Tight binding® 2.50 3.50 4.70 1.5 3.90
Ab initio® 1.95
MgTe (RS) This work 2.20 227 3.46 0.38 3.07
Ab initio® 0.41
MgS (ZB) This work 3.10 4.82 5.18 3.59 4.76
Tight binding® 3.70
Ab initio® 3.42 3.64 5.03
Ab initio® 3.37
Experiment® 4.50
MgSe (ZB) This work 2.40 4.45 441 3.16 3.97
Tight binding® 3.30
Tight binding? 2.82 3.27
Ab initio® 2.82
Ab initio® 2.47 3.11 4.03
Experiment® 3.60
MgTe (ZB) This work 2.27 3.96 3.56 2.61 3.10
AD initio® 2.61
Ab initio® 2.29 2.38 2.99
Experiment" 3.47

4Reference 38.
PReference 14.
‘Reference 39.
dReference 40.

17) and 237 cm™! (340 cm™") for MgSe (Ref. 18). Our cal-
culated TO (LO) frequencies for MgS also compare very
well with previous ab initio results of 336 cm™' (428 cm™)
(Ref. 17) and a three-body force potential results of
319 cm™ (414 cm™') (Ref. 20).

In contrast to the RS MgS, the optical-acoustic band gap
does exist for the ZB phase of this semiconductor (see Figs.
6 and 8). In particular, the frequency difference between TO
and LA phonon modes is found to be 54 cm™' at X and
66 cm™! at L for the ZB MgS. We believe that the main
source of the difference for the optical-acoustic gap between
the RS and ZB phases is the tetrahedral bonds in the latter
structure. A second difference in the phonon spectrum be-

“Reference 41.
fReference 15.
gReference 5.

hReference 42.

tween these two structures is the dispersion behavior of TO
phonon branch along the main high-symmetry directions
([100] and [111]). This branch is nearly flat for the ZB phase.
Thus, there is a clear development of the TO peak in the
density of states for the ZB MgS, MgSe, and MgTe.

3. Wurtzite phase

Complete phonon branches and phonon density of states
are plotted for the WZ MgS, MgSe, and MgTe in Fig. 9. Due
to four atoms per unit cell in the WZ structure, there are 12
vibrational modes for any q point (see Fig. 9). However,
there are only eight distinct phonon branches along the I'-A
(A) symmetry direction, due to the degeneracy of four lon-
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TABLE V. The calculated electronic band gaps (in eV) for the WZ and NiAs phases of Mg chalcogenides

and their comparison with other theoretical results.

Material Direct Direct Direct Indirect Indirect Indirect

(structure) Reference (at ') (at K) (at M) (I'-K) (I'-M) (I'-L)

MgS (WZ) This work 3.15 6.04 5.05 4.58 4.59 4.36
Ab initio* 3.50

MgSe (WZ) This work 2.44 5.61 4.45 4.11 3.96 3.78
Ab initio? 2.61

MgTe (WZ) This work 2.31 4.83 3.52 3.32 3.00 3.04

MgS (NiAs) This work 3.40 5.38 4.36 3.05 3.76 3.69

MgSe (NiAs) This work 2.34 4.39 3.75 2.12 3.22 3.00

MgTe (NiAs) This work 1.90 297 2.65 0.63 2.09 1.98
Ab initio® 2.35 0.81 2.41 2.05

4Reference 13.
PReference 11.

gitudinal and four transverse modes. Moreover, only four
phonon modes are found at the A point due to two doubly
degenerate longitudinal modes and two fourfold-degenerate
transverse modes. Also note that the second and third
branches along the I'-A direction repel each other as they
approach each other in frequency. This is known as the an-
ticrossing effect between two states of the same symmetry.>
We have observed six phonon branches along the high sym-
metry directions A-H, H-L, and L-A. Along the least symme-
try directions I'-K and I"-M, the 12 phonon branches are in
general nondegenerate. The highest optical phonon mode for
these semiconductors shows a reasonable amount of disper-
sion along these least symmetry directions. The calculated
width of the dispersion of this phonon branch is found to be
90 cm™' (88 cm™), 53cm™ (31 cm™), and 34 cm™!
(17 ecm™") for MgS, MgSe, and MgTe along the I'-K (I'-M)
symmetry direction. These results clearly indicate that the
highest optical branch in MgTe shows less dispersion than its

counterpart for MgS and MgSe. The influence of the large
mass difference between Te and Mg atoms is reflected in the
fact that this phonon branch is characterized by the vibra-
tions of Mg atoms in the isotropic field of intratetrahedral
forces. Thus, this phonon branch in MgTe shows smaller
dispersion compared to the corresponding branch in MgS
and MgSe. The flatness of the highest phonon modes for
MgSe and MgTe along the L-A symmetry direction creates
sharp peaks with frequencies of 310 cm™' and 280 cm™' in
the phonon density of states. However, this peak has not
been observed in the phonon density of states of MgS due to
the relatively large dispersion of the highest optical branch
along all the symmetry directions. Along the A-H and L-A
directions, the first and second phonon branches above the
gap regions display small dispersions. Due to this, there are
clear peaks in the density of states with frequencies of
335 cm™! for MgS, 265 cm™' for MgSe, and 230 cm™! for
MgTe. Below the gap region, we have observed two clear

TABLE VI. The calculated zone center frequencies (cm™!) for WZ and NiAs MgS, MgSe, and MgTe.

Mg chalcogenides

(structure) E} B A,(TO) E,(TO) E; Bl A,(LO) E,(LO)
MgS(WZ) 89 259 324 344 326 338 403 443
MgSe(WZ) 53 163 266 276 271 294 332 336
MgTe(WZ) 36 117 239 244 238 265 286 288
MgS (NiAs) 182 212 260 415 271 293 404 408
MgSe(NiAs) 127 164 196 370 170 215 304 314
MgTe(NiAs) 96 121 162 309 152 189 245 266
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FIG. 6. Ab initio phonon dispersions and density of states for
MgS, MgSe, and MgTe in the rocksalt structure. Experimental data
(solid diamonds) for MgS are taken from Ref. 19.

peaks for these semiconductors. The higher-frequency one
can be linked to the flatness of the third phonon branch along
the H-L direction while the lower-frequency one is due to
acoustic phonon modes.

For the WZ structure with Cg, point group symmetry,
group theory predicts the following zone-center optical
modes: 2A;+2B;+2E,+2E,. The A and E; optic modes are
both Raman and infrared active, and the E, mode is only
Raman active, while the B; mode is silent. Furthermore, the
A, and E| phonon modes split into LO and TO components
due to the macroscopic electric field associated with the
atomic displacements of the longitudinal optical phonons.
The calculated zone-center phonon frequencies for WZ MgS,
MgSe, and MgTe are given in Table VI. In general, the fre-
quency of the E;(LO) mode for the WZ structure is quite
close to the LO mode frequency for the ZB structure.

The variations of the frequencies of A;(TO) and A(LO)
phonon modes against the square root of the inverse reduced

PHYSICAL REVIEW B 73, 205201 (2006)
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V=293 (1/em) Vo =364 (1/cm)
FIG. 7. Eigenvectors representations of TA, LA, TO, and LO
phonon modes for the rocksalt MgS at the L point.

mass of the cation and anion are illustrated in Fig. 10.
Clearly these phonon modes show a nearly linear increase
with the inverse reduced mass along the sequence MgTe-
MgSe-MgS, indicating a very similar effective force constant
for these materials. Such a variation has also been observed
for the E,(TO) and E;(LO) phonon modes of these semicon-
ductors. As a result of the anisotropic nature of the WZ struc-
ture, these modes have an angular dependence. Figure 11
displays the angular dispersion of the zone-center phonon
frequencies of WZ Mg chalcogenides. As can be seen from
this figure, the zone-center LO and TO frequencies show
angular dispersion with respect to the ¢ axis. For all the
considered Mg chalcogenides, the A;(LO) and E,(TO) pho-
non modes turn into E,(LO) and A;(TO) phonon modes
when 6 goes from 0 to 90°. However, for values of 6 inter-
mediate between 0 and 90° the modes are mixed and do not
acquire pure LO or TO character or A; or E; symmetry. The
width E;(LO)-A,(LO) [E,(TO)-A,(TO)] is found to be
40 cm™ [20cm™!], 40cm™ [10cm™], and 2.0 cm™!
[5.0 cm™!] for MgS, MgSe, and MgTe, respectively. Com-
pared to their ZB structures, these values are very small. This
comparison shows that the anisotropy due to the long-range
electrostatic forces is much smaller for the WZ phase of
these semiconductors. The crystal anisotropy factor
[w(E(TO))-w(A(TO))]/ w(E;(TO)) is calculated to be
0.056, 0.037, and 0.023 for MgS, MgSe, and MgTe, respec-
tively. From these results, one can say that MgS is more
anisotropic than MgSe and MgTe. However, the zone-center
B% and E% optical phonon modes do not show any appre-
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FIG. 8. Calculated phonon dispersion curves and phonon den-
sity of states for Mg chalcogenides in the zinc blende phase. Solid
diamonds are experimental data from Ref. 17 for MgS and Ref. 18
for MgSe.

ciable angular dispersion with respect to the ¢ axis. One long
and three short bond lengths surrounding each atom in the
WZ phase affect the frequency difference between the
E,(LO) and A;(LO) phonon modes. This effect can be stud-
ied by increasing the internal geometrical parameter u from
its ideal value of 0.375. The dependence of the A;(LO) and
E,(LO) phonon modes on the internal parameter u of the WZ
structure is illustrated in Fig. 12. When the internal param-
eter u is increased from its ideal value of 0.375, one long
bond along the ¢ axis is also increased. This change in the
long bond makes the effective force constant weaker for the
A(LO) mode, the longitudinal optical phonon mode along
the ¢ axis. Thus, the frequency of this phonon mode de-
creases when the internal parameter u increases from its ideal
value of 0.375. On the other hand, the E,(LO) phonon mode
lies at higher frequency as the internal parameter u increases
further from its ideal value of 0.375.
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FIG. 11. Angular dependence of the zone-center phonon modes in the wurtzite structure of MgS, MgSe, and MgTe, with 6 as the angle
between the ¢ axis and q— 0. The mode symmetries A, Ey, By, and E, are also indicated.

It is interesting to compare and contrast the phonon spec-
trum for the WZ phase with that for the ZB phase. For both
structures each atom of one kind is tetrahedrally surrounded
by atoms of other chemical species. With reference to the
middle to a straight bond along the [111] direction, one struc-
ture can be obtained by locally rotating the other by 60°.
However, in contrast to the ZB structure, the WZ structure
has two structural degrees of freedom: the internal parameter
u and the axial ratio c¢/a. The extent of the Brillouin zone in
the WZ phase along the [111] direction is only half of that in
the ZB phase. Thus, the lower and upper B; phonon modes
in the WZ structure can be identified with the LA and LO
phonon modes of the ZB structure at the L symmetry point.
In addition to this, the frequencies of E; and E% phonon
modes are very close to those of TA and TO phonon modes
at the L point in the ZB structure. For example, the corre-
sponding frequencies for the ZB MgSe are found to be
52 cm™! and 271 cm™! which compare very well with the E;
and E% frequencies of 53 cm~! and 271 cm™!. Moreover, the

MgS
434 340-

zone-center TO and LO frequencies of the ZB structure can
be related to A; and E; phonon modes by using wy
=[w(E,(TO))+w(A,(TO))]/2.0 and  wy=[w(E,(LO))
+w(A;(LO))]/2.0. From these relations, the zone-center TO
(LO) phonon modes are determined to be 334 cm™
(423 cm™!) for MgS, 271 cm™ (334 cm™') for MgSe, and
241 ecm™' (287 cm™!) for MgTe. These values are in good
agreement with the calculated ZB phase TO (LO) phonon
modes of 341 cm™' (429 cm™), 274 cm™ (337 cm™!), and
243 cm™! (288 cm™!) for MgS, MgSe, and MgTe, respec-
tively.

4. Nickel arsenide phase

As can be seen from Fig. 13, there are 12, 8, and 6 pho-
non modes along the I'-K (or I'-M), I'-A, and A-H (H-L and
L-A) symmetry directions as found in the WZ structure.
Quite different from the WZ phase of MgS and MgSe, there
is not a clear gap in the phonon spectrum and density of
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FIG. 12. The effect of the internal parameter u on the A;(LO) and E;(LO) phonon modes in the wurtzite phase of MgS, MgSe, and

MgTe.
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FIG. 13. Calculated phonon dispersion curves and phonon den-
sity of states for Mg chalcogenides in the nickel arsenide phase.

states for the NiAs phase of these semiconductors. The gap
in the NiAs phonon spectrum of MgTe is also smaller than
the corresponding gap in the phonon spectrum of its WZ
phase. This difference can be related to different atomic
bondings in these structures. For this structure, we will use
the same mode labeling as for the WZ structure. Thus, zone-
center phonon modes for the NiAs phase of Mg chalco-
genides are presented in Table VI according to their A, B,
and E characters.

When considering the four structural phases for the three
Mg chalcogenides, the highest phonon-mode frequency is
found to be similar (and higher) for the WZ and ZB phases
and similar (and slightly lower) for the NiAs and RS phases.

D. Analysis of differences between the ZB and WZ phases
of MgTe

It was stated earlier that we cannot confidently differenti-
ate between the relative stabilities of the ZB and WZ phases
of MgTe. From Tables IV and V it is clear that MgTe is a

PHYSICAL REVIEW B 73, 205201 (2006)

direct band gap material in both the ZB and WZ phases, with
very similar valence band width, ionicity gap, and funda-
mental band gap. These two phases cannot be identified on
the basis of the electronic (and optical) band gap. However,
the two phases can be differentiated on the basis of the elec-
tronic density of states: from Figs. 3 and 4 it can be seen that,
compared to the ZB phase, there is a richer structure in the
entire valence band region of the WZ phase.

Furthermore, it is clear from Figs. 8 and 9 that the ZB and
WZ phases of MgTe are characterized by similar acoustic
phonon bandwidth, acoustic-optical band gap, and the band-
width of the optical phonon branches (upper optical branches
in the case of WZ). Thus these features do not differentiate
between the two phases. However, while there is a gap of
10 cm™ in the optical range for the ZB phase, no clear gap
exists in the upper optical range for the WZ phase. Such an
amount of gap is measurable experimentally and thus should
be considered as a fingerprint of the ZB phase of MgTe.
Thus, while the total energy analysis does not help differen-
tiate the ZB and WZ polytypes of MgTe, we have identified
measurable differences in the electronic density of states as
well as in the phonon density of states for the two phases.

Finally, the LDA phonon results presented above do not
change by more than 8% when a generalized gradient
approximation*®? is employed. We have compared our LDA
and GGA phonon results for the RS and ZB phases of Mg
chalcogenides at the zone edges of X and L in Table VII.
Such changes are within typical experimental error margins.
Thus, it is fair to say that the LDA results are of as good a
quality as the GGA results are.

IV. SUMMARY

We have presented well converged ab initio studies of the
ground-state, electronic, and vibrational properties of Mg
chalcogenides crystallizing in rocksalt, zinc blende, wurtzite,
and nickel arsenide structures by employing a first-principles
scheme, based on the application of the plane-wave pseudo-
potential method within the density functional scheme and a
linear response scheme. Some trends in these properties have
been established.

Our results for total energy calculations indicate that the
rocksalt structure is the most stable phase for MgS and
MgSe, while the ground-state phase for MgTe is found for
the nickel arsenide structure. The electronic band structure
results for the zinc blende and wurtzite phases of these semi-
conductors are very similar to each other due to similar tet-
rahedral bonds in these structures, while the results for the
rocksalt and nickel arsenide phases are similar to each other
due to similar octahedral bonds in these structures. The pho-
non dispersion curves and density of states for the three ma-
terials in the four phases have been calculated and discussed
in detail. Although the zinc blende and rocksalt structures
have the same number of atoms per unit cell, due to differ-
ences in atomic coordination numbers, there are clear differ-
ences in the phonon density of states. Similarly, despite the
same number of atoms per unit cell, due to different coordi-
nation numbers, the phonon densities of states for the wurtz-
ite and nickel arsenide phases are quite different. In general
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TABLE VII. Comparison of LDA and GGA (in parentheses) phonon results for RS and ZB phases of Mg
chalcogenides at the zone edges of X and L. Frequencies are given in cm™!. We note that our GGA lattice
constants for the RS and ZB phases are typically 1.5%—2% higher than the corresponding LDA values.

Structure/symmetry

point Material TA LA TO LO

RS/X MgS 119 (129) 179 (187) 271 (258) 308 (295)
MgSe 72 (79) 112 (117) 200 (194) 221 (212)
MgTe 37 (47) 66 (75) 162 (166) 176 (178)

RS/L MgS 177 (174) 293 (288) 207 (195) 364 (354)
MgSe 96 (98) 169 (166) 189 (180) 328 (320)
MgTe 56 (65) 120 (120) 172 (167) 282 (278)

ZB/X MgS 116 (124) 285 (274) 339 (315) 345 (330)
MgSe 75 (79) 168 (161) 266 (250) 317 (304)
MgTe 51 (56) 121 (118) 231 (223) 285 (276)

ZB/L MgS 79 (83) 273 (269) 340 (317) 344 (326)
MgSe 52 (54) 164 (160) 272 (256) 303 (291)
MgTe 37 (39) 117 (116) 239 (230) 271 (264)

the gap in the density of states for the nickel arsenide phase
is smaller than that for the wurtzite phase. Thus the present
work clearly points out that the lattice dynamics of a crystal
is governed by atomic masses as well as atomic coordination
number.

The relative stabilities of the polytypic ZB and WZ phases
of MgTe cannot be confidently established from total energy
calculations alone. Although these two phases cannot be dif-
ferentiated on the basis of the electronic (and optical) band
gap, these can be differentiated on the basis of details of the

electronic density of states. These two phases of MgTe can
also be differentiated from an examination of the phonon
density of states in the optical range.
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