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The electron momentum density, the electronic band structure, and the structural properties of SrS are presented
in this paper. The isotropic Compton profile, anisotropies in the directional Compton profiles, the electronic
band structure and density of states are calculated using the ab initio periodic linear combination of atomic
orbitals method with the CRYSTALO6 code. Structural parameters of SrS — lattice constants and bulk moduli
in the B1 and B2 phases — are computed together with the transition pressure. The computed parameters are
well in agreement with earlier investigations. To compare the calculated isotropic Compton profile, measure-
ment on polycrystalline SrS is performed using 5Ci-2*! Am Compton spectrometer. Additionally, charge transfer
is studied by means of the Compton profiles computed from the ionic model. The nature of bonding in the
isovalent SrS and SrO compounds is compared on the basis of equal-valence-electron-density profiles and the
bonding in SrS is found to be more covalent than in SrO.
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1. INTRODUCTION

Strontium sulfide (SrS), a II-VI compound, has
been studied experimentally as well as theoretically [1—
16] owing to technological applications in luminescent,
magneto-optical, and infrared-sensitive devices [2, 15].
Under normal conditions, it crystallizes in the rock-salt
(B1) structure and shows a structural phase transition
to the cesium chloride (B2) structure under pressure. A
number of investigations on SrS are devoted to studying
the phase transition, optical and electronic properties,
etc. (see, e.g., [1-16]).

The Compton profile, J(p.), is an important ob-
servable to characterize the momentum density distri-
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bution of electrons in solids [17,18]. The J(p.) is de-
fined as

J(p:) = / /p(pz,py,pz)dpzdpy, (1)

where p(pg,py,p-) is the electron momentum density
in solids [17]. It gives the projection of the electron
momentum density along the scattering vector direc-
tion (z-axis). It is one of the few observables that can
be both calculated and directly measured. It enables
unfolding Fermi surface calipers in metals and related
systems, nature of bonding, bond length and charge
transfer in compounds and alloys [17,18]. Despite ex-
tensive investigations, neither theoretical nor experi-
mental attempt has been made to explore the electron
momentum density and thereby the Compton profile in

SrS.
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In this work, therefore, a systematic theoretical and
experimental Compton profile study of SrS is carried
out. The ionic model is applied to examine the charge
transfer in SrS by means of Compton profiles. Other
electronic properties — the electronic band structure
and density of states — are also presented. Moreover,
the structural properties such as equilibrium lattice
constants and bulk moduli are computed for the B1 and
B2 phases together with the transition pressure for the
B1—B2 structural transition. All theoretical calcula-
tions are performed using the periodic linear combina-
tion of the atomic orbitals (LCAQ) method implement-
ing the CRYSTALO6 code. To compare the calculated
Compton profile, a measurement on the polycrystalline
sample of SrS has been done with a 5Ci-Compton spec-
trometer based on the 24 Am radioisotope.

The paper is organized as follows. In Sec. 2, a brief
description of the experiment is given. The computa-
tional details are presented in Sec. 3. In Sec. 4, we
present and discuss the results, and conclusions are
given in Sec. 5.

2. EXPERIMENTAL DETAILS

The Compton profile measurement on a polycrys-
talline sample of SrS was carried out using a 5Ci-24' Am
gamma-ray spectrometer. The spectrometer offers a
modest resolution (Gaussian, full width at half max-
imum) around 0.6 a.u. The salient features of the
experimental setup are available elsewhere [19]. In
the present measurement, the incident gamma rays of
59.54 keV were scattered at an angle 166° £ 3.0° by
the sample (pellet of 18 mm diameter, 3.2 mm thick-
ness, and 1.627 gm/cm? effective density). The scat-
tered radiation was recorded using an HPGe detector
(Canberra model, GL0110S) and associated electron-
ics to collect 45000 counts at the Compton peak. To
achieve the true Compton profile, the raw data were
corrected for several systematic corrections such as the
background, instrumental resolution, sample absorp-
tion, scattering cross section and multiple scattering,
etc. [20,21]. Finally, the corrected profile was nor-
malized on the corresponding free atom [22] area, i.e.,
24.049 electrons within the momentum range 0-7 a.u.
The 1s electrons of Sr were neglected since they do not
contribute to the experimental Compton profile within
0-7 a.u. in the current setup.

3. COMPUTATIONAL DETAILS

3.1. DFT-LCAO method

The structural and electronic properties of SrS were
computed using the ab initio LCAO method embod-

ied in the CRYSTAL code [23]. In this method, the
crystalline orbitals ;(r,k) are linear combination of
Bloch functions ¢, (r, k) defined in terms of local func-
tions ¢, (r), normally referred as atomic orbitals. The
Gaussian basis sets were taken for Sr and S [24].
The exchange and correlation are treated under the
generalized gradient approximation. The correlation
functional proposed by Perdew, Burke, and Ernzerhof
(PBE) [25], which has been one of the reasonably suc-
cessful correlation functionals [26-28], is used, while
exchange is considered by applying Becke’s ansatz [29].
The self-consistent calculations were performed consid-
ering 145k points in the irreducible Brillouin zone with
tight tolerances and the self-consistency was achieved
within 10 cycles.

3.2. Ionic model

The ionic-model-based theoretical Compton pro-
files of SrS for various charge transfer configurations
were determined by using the free atom profiles [22]
of Sr and S. The valence profiles for various Srt#S—2
(0.0 <z < 2.0) configurations were derived by transfer-
ring x electron from the 5s shell of Sr to the 3p shell of
S, and then these profiles were added to the core contri-
butions to obtain the total ionic profiles. All these ionic
profiles were then appropriately normalized to compare
with the experimental data.

4. RESULTS AND DISCUSSION

In the present study, we have computed directional
and spherically averaged Compton profiles of SrS. In
practice, calculations are not directly compared with
the experimental data. Rather, these are convoluted
by the residual instrumental function or a Gaussian
function to include resolution effects, and thereafter
the convoluted data are used for comparison. Gene-
rally, the convolution smears the calculated Compton
profiles. The experimental and unconvoluted spheri-
cally averaged theoretical (DFT-LCAQ) Compton pro-
files of SrS are given in Table 1. The ionic profiles
based on the charge transfer configurations Srt?S—¢
with 0.0 < z < 2.0 in step of 0.5 are also given in the
table. These data may be useful for comparison with
experiment and calculations that may appear in future.

Study of anisotropies facilitates examining the di-
rectional features in the electron momentum density.
The anisotropies in Compton profiles are therefore de-
rived from the directional Compton profiles computed
along the [100], [110], and [111] principal crystallo-
graphic directions. The [100]-{110], [100]-[111], and
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Table 1.

The experimental and unconvoluted theoretical Compton profiles of polycrystalline SrS. Experimental errors

(o) are also shown at a few points. All profiles are normalized to 24.049 electrons within the range 0 to +7 a.u.

J(p:), e/a.u.
Tonic
P DFT-PBE =05 =1 z=15 r =20 Experiment
0.00 12.067 14.403 13.649 12.896 12.142 11.965 + 0.034
0.10 12.040 13.892 13.208 12.704 12.110 11.935
0.20 11.853 12.690 12.435 12.179 11.923 11.759
0.30 11.425 11.390 11.414 11.439 11.463 11.431
0.40 11.071 10.565 10.724 10.884 11.043 10.992
0.50 10.479 9.795 9.984 10.173 10.362 10.487
0.60 9.776 9.078 9.250 9.423 9.595 9.927
0.70 8.995 8.358 8.501 8.643 8.786 9.299
0.80 8.171 7.649 7.763 7.876 7.990 8.618
1.00 6.587 6.355 6.424 6.493 6.563 7.273 4+ 0.026
1.20 5.384 5.337 5.379 5.420 5.462 6.069
1.40 4581 4.590 4614 4.638 4.662 5.044
1.60 4.046 4.060 4.073 4.087 4.100 4.307
1.80 3.681 3.684 3.691 3.698 3.706 3.766
2.00 3.415 3.410 3.414 3.418 3.422 3.392 + 0.017
3.00 2.533 2.533 2.534 2.536 2.537 2.304 + 0.013
4.00 1.816 1.815 1.816 1.818 1.819 1.647 +0.011
5.00 1.266 1.265 1.266 1.267 1.268 1.206 + 0.009
6.00 0.901 0.902 0.902 0.903 0.904 0.915 + 0.008
7.00 0.660 0.661 0.662 0.662 0.662 0.686 = 0.007

[110]-[111] anisotropies are plotted in Fig. 1. In or-
der to expect magnitude of experimental anisotropy,
the three plotted DFT-LCAOQO anisotropies are derived
from the convoluted directional Compton profiles. The
anisotropies in the Compton profiles remain within
~ 2 a.u. Thereafter, a major contribution comes
from the core electrons that have identical contribu-
tions in all directions, and hence the anisotropies van-
ish. The figure shows that the [110]-[111] anisotropy
has the smallest magnitude in the entire range. The
anisotropies [100]-[110] and [100]-[111] show a similar
trend at all momenta. The maximum anisotropy can be
seen between the [100] and [111] directions. It indicates
a larger role of the [100] direction compared to the other
two with regard to the momentum density distribution
in SrS. Consequently, specific features — extremes in
anisotropies — are anticipated at 27 /a = 0.55, 1.1 a.u.
The extremes in anisotropies related to the [100] direc-

tion can be clearly seen at these positions in Fig. 1. As
expected, these features appear at a lower momentum
in the [110]-[111] anisotropy. Moreover, the positive
nature of all these anisotropies around p, = 0 indicates
larger occupied states along the [100] direction with
low momentum. To quantify these directional features,
the directional Compton profile measurements on SrS
would be valuable.

We next compare the Compton profile calculations
with our own measurement. First, we compare Comp-
ton profiles computed from various ionic arrangements.
The difference (convoluted ionic-experiment) profiles
are shown in Fig. 2. A similar approach was used to
estimate the charge transfer in other compounds [30-
32]. It is clear from the figure that the effect of
variation of the charge on Sr and S is visible only
up to 1.5 a.u. All ionic arrangements show an iden-
tical trend in the high-momentum region. To esti-
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Fig.1. Directional anisotropies AJ(p.) in SrS for Fig.3. Difference between the convoluted theoretical

the direction pairs [100]-[110], [100]-[111], and [110]-
[111]. All anisotropies are obtained from convoluted
DFT-LCAO Compton profiles
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Fig.2. Difference between convoluted ionic Comp-

ton profiles and the experimental Compton profile of

SrS. Experimental errors (o) are also shown at some
points

mate the charge transfer, we have computed y? and
observed that the Srt2:0S=2:0 configuration gives the
best agreement with the measurement. Therefore, the
ionic model suggests transfer of 2.0 electrons from Sr
to S. Second, we compare the Compton profile com-
puted from the DFT-LCAO method. The difference
profiles AJ = Jtheor(p.) — Je*P(p.) derived from the
convoluted DFT-LCAO method and the best agreed

862

(DFT-LCAO and best agreed ionic) and the experimen-
tal Compton profiles of SrS. Experimental errors (+0)
are also shown at some points

ionic arrangement with the experiment (Sr+2-0S72:0)
are plotted in Fig. 3. The figure reveals that the dif-
ference curves derived from both schemes show differ-
ences in the low-momentum region 0.0 < p, < 2.0. It
may be due to the inclusion of solid state effects in the
DFT-LCAO method because this is a highly sensitive
region where valence electrons contribute largely to the
electron momentum density. The maximum differences
shown by the DFT-LCAO and ionic model with the
experimental J(0) value are about 3.76 % and 4.52%
respectively. The overall agreement, examined on the
basis of x2, is shown by the DFT-LCAO model with
the measurement. Beyond 2.0 a.u., difference curves
derived from both schemes overlap each other. This
is well expected because the contribution of core elec-
trons, which are less affected by solid formation, dom-
inates in this region. In the high-momentum region
3-7 a.u., the differences are beyond the experimental
error. This is probably due to the pellet nonuniform
thickness, which gives rise to a nonuniform absorption
correction. Because this correction is isotropic in na-
ture, it naturally cancels when anisotropies are mea-
sured.

We now examine the nature of bonding in isostruc-
tural and isovalent SrS and SrO compounds. For this,
we compute equal valence electron density (EVED)
profiles on the p./pr scale, where pp is the Fermi mo-
mentum, from the experimental and theoretical Comp-
ton profiles of valence electrons of SrS and SrO. The
experimental valence profiles are deduced by subtract-
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Fig.4. The EVED profiles of SrS and SrO. The left

and right panels respectively show the EVED profiles

derived from the experimental and convoluted theoret-
ical (DFT-LCAO) valence profiles

ing the convoluted core from total experimental pro-
files. These valence electron profiles are normalized to
4.0 electrons and multiplied by the corresponding Fermi
momentum (pp = 0.862, 1.006 a.u. for SrS and SrO re-
spectively). The EVED profile scheme provides a way
to understand the nature of bonding in isostructural
and isovalent compounds [33,34]. The experimental
EVED profiles of the two compounds are plotted in the
left panel of Fig. 4. For SrO, data is taken from our
own earlier measurement [35]. In the right panel, we
show the EVED profiles derived from the DFT-LCAO
scheme for the two compounds. It is clear from the
figure that the EVED profile of SrS is higher than that
of SrO at lower values of p./pp. This indicates the
larger covalent and smaller ionic character of SrS com-
pared to SrO. This is well supported by Fig. 3, where
the complete ionic model deviates from the experiment
more than the DFT-LCAO scheme does. The less ionic
character of SrS compared to SrO is well supported by
the ionicity factors f; proposed by Phillips [36].

The electronic band structure and density of states
(DOS) for the B1 phase of SrS are plotted in Fig. 5.
In Table 2, we give our energy bandgaps, calculated at
the principal symmetry points, along with the experi-
mental and theoretical data available in the literature.
It is clear from Table 2 that the present PBE-GGA
electronic band gaps are in good agreement with ex-
periment. From the calculated DOS for SrS, as shown
in Fig. 5, we find that below and above the Fermi level,

863

E, eV
15 y T

10

———— e
B i
-

f

X WK

—10

==

—15 L L

W L r 100 200 300 400

DOS, arb. units

Fig.5. Energy band structure of the B1 phase of SrS
AE, eV

-8.0

—8.5

-9.0

-9.5
B2

—10.0 B1

—10.5

35

50 55 60 65 70

75
v, A?

40 45

Fig.6. First-principle E(V') curves for B1 and B2 struc-

tures of SrS obtained from DFT-LCAO calculations.

The scattered points show calculated energies and the

solid lines show the fitted F(V') curves according to
the Birch-Murnaghan equation of state

the electronic states of sulphur dominate the density of
states.

To determine the structural parameters, the total
energies are calculated for rocksalt (B1) and cesium
chloride (B2) phases of SrS at different volumes around
the equilibrium primitive cell volume V. The plots
of calculated total energies versus volume for SrS in
both structures are given in Fig. 6. The fitted E(V)
curves accoding to Birch—-Murnaghan equations of state
(EOS) [28,37] are represented by solid lines in the fig-
ure. It shows that the energy of the lowest point of
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Table 2.  Band gaps (V) for the B1 phase SrS
r-r XX L-L r-x I'-L
Present work 4.004 3.438 6.087 3.016 5.214
Experimental [8] 5.387 - - 4.32 -
Other FP-LAPW [9] — — 6.357 2.536 —
Calculations
LDA [10] 3.65 — — 2.10 —
GGA-PBE [10] 3.80 — — 2.15 —
GGA(WC) [10] 3.60 — — 2.30 —
[11] 3.51 — — — —
GGA [4] 3.88 3.06 6.60 2.60 5.46
[13] — — — 2.30 —
[14] — — 7.017 2.326 —
FP-LAPW [5] 3.74 2.90 6.38 2.45 5.36
LMTO-LDA [6] 3.58 2.85 7.39 2.56 6.12
[14] — — — 3.70 —
HF [15] 6.83 8.88 10.03 7.50 8.52
LAPW-LDA [16] 3.51 2.78 5.0 2.30 2.58
Table 3.  The lattice constants ag, bulk moduli By, and their pressure derivatives B for SrS in the B1 and B2 structures
together with the B1-to-B2 transition pressure P;
Present work Experimental Other calculations
ap, A 6.074 6.024 [1] 6.05 [2], 6.035 [3], 6.024 [4], 6.076 [5], 5.774 [6]
By, GPa 50.5 58 [1] 48 [3], 53.9 [4], 47 [5], 62 [6]
Bl Bj 3.9553 3.96 [3], 4.66 [4], 4.19 [5]
Py, GPa 18.77 18 [1] 17.7 2], 18 [5], 17.1 [6], 17.5 [7]
a, £ 3.65 3.61 [1] 3.65 [2], 3.655 [3], 3.646 [4], 3.68 [5], 3.481 [6]
By, GPa 73.284 50.71 [2], 51 [3], 50.6 [4], 50 [5], 67.3 [6]
B2 Bj 4.6 3.99 [2], 4.38 [3], 4.50 [4], 3.88 [5]

the B1 structure is below that of the B2 structure.
We have computed the equilibrium lattice constant ay,
the bulk modulus By, and its pressure derivatives By
for B1 and B2 phases of SrS by fitting the Birch—
Murnaghan EOS [37]; the results are summarized in
Table 3. Our results obtained for both structures of
SrS are in very good agreement with the experimen-
tal and earlier theoretical data. The structural phase
stability and pressure-induced transitions from the B1
to the B2 structure are studied by performing the en-
thalpy (H = E + PV) calculations. Variation of en-
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thalpy with pressure is shown in Fig. 7 for the two
phases, which clearly shows that SrS transforms from
the B1 to the B2 phase at 18.77 GPa. The transition
pressures P; predicted by our calculation is in good
agreement with the experimental data and other theo-
retical calculations listed in Table 3.

5. CONCLUSIONS

In this paper, calculations of isotropic and direc-
tional Compton profiles, the electronic band structure,
the density of states together with the lattice constant
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Fig.7. Enthalpy calculated from the DFT-LCAO

method for B1 and B2 structures of SrS. The inset
shows the difference between the two data

and bulk modulus of SrS are reported using the
ab initio LCAO method. The computed anisotropies,
especially related to the [100] direction, very well
reflect directional features of the momentum density
distribution. The spherically averaged Compton profile
is in good agreement with the first-ever measurement
on SrS. The simple ionic calculation, which suggests
transfer of 2.0 electrons from the valence s state of Sr to
the p state of the S atom, shows poor agreement with
experiment compared with the DFT-LCAO scheme.
On the basis of EVED profiles, it is found that the
bonding in SrS is less ionic or more covalent than in
SrO. The first-principle total energy calculations for
the B1 and B2 phases are performed to compute the
lattice constant and the bulk modulus. The results are
in very good agreement with earlier investigations and
suggest the structural phase transition from B1 to B2
at 18.77 GPa.
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