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bstract

Density functional calculations have been performed to obtain the structural and electronic properties as well as elastic constants of cubic SrCl2.
he compound is found to be an insulator with an indirect band gap of 5.18 eV. The band gap initially increases and then decreases as a function of
ressure. Calculated equilibrium properties such as lattice constant, bulk modulus and elastic constants are in good agreement with experimental

tudies. The calculated C44 value agrees well with experiment only when the chlorine atoms are allowed to displace under strain, indicating the
mportance of inner strain relaxation. From the elastic constants theoretical values of the Young’s modulus, shear modulus, Poisson’s ratio, sound
elocities, and Debye temperature of SrCl2 are obtained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

There is a growing interest in the study of alkaline-earth
alides due to their technological importance in the field of
olid state ionics. Crystals with fluorite structure, e.g. CaF2,
rF2, BaF2, SrCl2, and PbF2 exhibit fast-ion conduction at
igh-temperatures [1]. These compounds have ionic conductiv-
ties at temperatures well below the melting temperature which
nds potential application as solid state electrolytes. From the
xperimental side several interesting properties of alkaline-earth
alides such as electronic structure and optical spectra, elastic
onstants, lattice dynamics and high-pressure structural phase
ransitions have been studied [2–9]. From the theoretical point of
iew the electronic structure, structural phase stability, equation
f state, elastic constants, ionic conductivity, and temperature
ependence of elastic parameters have been determined [10–19].
Strontium dichloride has the unique distinction of being
he only divalent metal chloride crystallizing in the cubic
m3m symmetry without an established temperature depen-
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ent phase transition [20]. The smaller alkaline earth calcium
as the orthorhombic Pnnm structure in CaCl2[21]. MgCl2
lso occupies an interesting position in the sequence of crys-
al structure formed by groups II–VII elements with the AB2
toichiometry. Fluorite packing where A-coordination is eight,
s usually preferred if the radius ratio (rA/rB) is greater than
.73 (CaF2 and SrCl2). For smaller ionic radius ratio, the A-
oordination decreases to six and the compounds adopt rutile
r distorted rutile structures (MgF2, CaCl2, CaBr2) first, and
hen layered structures (MgCl2, MgBr2, CaI2) are adopted [22].
arium dichloride crystallizes in the orthorhombic Pnam sym-
etry [23]. The high-pressure structural phase transformation

f BaX2 (X = Cl, Br, I) has been reported by Leger et al.
24,25]. Like all the other fluorite type dihalides, SrCl2 is also
xpected to undergo a high-pressure structural phase transition
o orthorhombic structure [26]. On the other hand, there are no
heoretical studies available explaining the ground state and elas-
ic properties of this compound at ambient conditions. From the
xperimental side, sound velocity measurements on the single
rystal SrCl2 has been carried out by Lauer et al. [27]. Hence, in
he present work we investigate the electronic structure of SrCl2

ith emphasis on the ground state properties and elastic prop-

rties. Section 2 deals with the computational details. Results
re discussed in Section 3. Finally, conclusions are presented in
ection 4.
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. Computational details

.1. The electronic structure method

In this work, we have used the all-electron full-potential lin-
ar muffin-tin orbital (FP-LMTO) method to calculate the total
nergies as well as the basic ground state properties [28]. Here,
he crystal is divided into two regions: non-overlapping muffin-
in spheres surrounding each atom and the interstitial region
etween the spheres. We used a double κ spdf LMTO basis
each radial function within the spheres is matched to a Han-
el function in the interstitial region) for describing the valence
ands. The following basis set Sr(4s, 5s, 4p, 4d), Cl(3s, 3p, 3d)
ere used in the calculations. Within the spheres, the potential is

xpanded in terms of spherical harmonics, while in the intersti-
ial region, it is expanded in terms of plane waves. The exchange
orrelation potential was calculated within the generalized gradi-
nt approximation (GGA) scheme [29]. The charge density and
otential inside the muffin-tin spheres are represented by spher-
cal harmonics up to lmax = 6, while in the interstitial region,
2,050 plane waves with the energies up to 112.56 Ry were
ncluded in the calculation. Total energies were calculated as
function of volume, for a (32, 32, 32) k-mesh and are fitted

o the Birch equation of state [30] to obtain the ground state
roperties.

.2. The elastic constants

A cubic system has three independent elastic constants C11,
12 and C44. The bulk modulus B of this system can be expressed
s a linear combination of C11 and C12. The condition for elastic
tability is that B, C11– C12, and C44 are positive [31]. The
lastic constants can be obtained by calculating the total energy
s a function of volume conserving strains that break the cubic
ymmetry. For calculating C11 and C12, we apply the tetragonal
train [32,33] that transforms the lattice vectors as

′ = εR, (1)

here R and R′ are the old and new lattice vectors, respectively,
nd ε is the strain tensor expressed in terms of the tetragonal
eformation parameter δ as

tet =

⎛
⎜⎜⎜⎝

1 + δ 0 0

0 1 + δ 0

0 0
1

(1 + δ)2

⎞
⎟⎟⎟⎠ . (2)

urthermore, the connection between the increase in total energy
er unit cell volume, U, and the distortion, δ, is given by

(δ) = 6C′δ2 + O(δ3), (3)

here C′ is the tetragonal shear constant, which is also given by

′ 1
= 2 (C11 − C12). (4)

y calculating C′ and the bulk modulus

= 1
3 (C11 + 2C12) (5)

w
t
d
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rom the Birch equation of state, the C11 and C12 parameters
an be extracted.

Similarly, the following volume conserving monoclinic strain
34] is applied to calculate C44:

mon =

⎛
⎜⎜⎜⎜⎜⎝

1
δ

2
0

δ

2
1 0

0 0
4

(4 − δ2)

⎞
⎟⎟⎟⎟⎟⎠ (6)

n this case, the strain energy density is even in the strain param-
ter and given by

(δ) = 1
2C44δ

2 + O(δ4) (7)

The strain energy density is the increase of the energy density
f a distorted system, which is propotional to the corresponding
hange in total energy. The accuracy of the total energy differ-
nces needed for calculating the elastic constants is of the order
f microRydberg, and one needs a highly accurate computa-
ional method, like the FPLMTO, to obtain a good agreement
ith experimental data.
C11, C12, and C44 comprise the complete set of elastic con-

tants for a cubic system, and the shear modulus G, Young’s
odulus E, and the poisson’s ratio ν can be derived using the

ollowing standard relations:

= 1
5 (3C44 + C11 − C12), (8)

= 9BG

3B + G
, (9)

= 1

2

(
1 − E

3B

)
(10)

.3. The Debye temperature

Once we have calculated the Young’s modulus E, bulk
odulus B, and shear modulus G, we may obtain the Debye tem-

erature, which is an important fundamental parameter closely
elated to many physical properties such as specific heat and
elting temperature. At low temperatures the vibrational exci-

ations arise solely from acoustic vibrations. Hence, at low
emperatures the Debye temperature calculated from elastic
onstants is the same as that determined from specific heat mea-
urements. One of the standard methods to calculate the Debye
emperature, ΘD, is from elastic constants data, since ΘD may be
btained from the average sound velocity, vm by the following
elation [35]:

D = h
[

3
(

NAρ
)]1/3

vm, (11)

k 4π M

here h is Planck’s constant, k the Boltzmann’s constant, NA
he Avagadro’s number, M the molecular weight, and ρ is the
ensity. The average wave velocity is approximately given as
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Table 3
Calculated longtitudinal, shear, and average wave velocity (vl,vs, andvm, respec-
tively) in 103 m/s and the Debye temperature ΘD in kelvin, from the average
elastic wave velocity for SrCl2

vl (103 m/s) vs (103 m/s) vm (103 m/s) ΘD (K)

Present 4.30 2.25 2.52 170
Experimentala avererage 4.30 2.25 2.52 173
Experimentalb(1 0 0) 4.79 1.78 2.02 –
Experimentalb(1 1 1) 3.93 2.58 2.83 –

R

c
p
[
t
v
t
f
e
g
w
b

o
l
e
i
t

82 V. Kanchana et al. / Journal of Allo

35]:

m =
[

1

3

(
2

v3
s

+ 1

v3
l

)]−(1/3)

(12)

here vl and vs are the compressional and shear wave velocities,
espectively, which are obtained from Navier’s equation [37]:

l =
√

(B + (4/3)G)

ρ
, vs =

√
G

ρ
, (13)

. Results

.1. Structural and elastic properties

The calculated ground state properties such as equilib-
ium lattice constant and the elastic constants are tabulated
n Tables 1 and 2, where they are compared with the avail-
ble experimental results [27]. The calculated lattice constant
verestimates the experimental (RT value) by 0.8%, while the
ocal density approximation (LDA) calculation of Ref. [42] is
.5% too low, a behavior typical for the accuracy of LDA and
GA. The calculated bulk modulus at the theoretical equilibrium
olume is in excellent agreement with the experimental value,
owever when evaluating the bulk modulus at the experimental
olume, the theoretical value is 15% too large.

For the elastic constants, tabulated in Table 2, one observes
xcellent agreement with the experimental values. The calcu-
ated C11 is 5% lower than the experimental value. For C12 two

xperimental values are derived (providing an estimate of exper-
mental uncertainty), and the C12 value calculated in the present
ork is 13 and 20% larger than these, respectively. For the mon-
clinic strain, applied for the calculation of C44 (Eq. (6)), the

able 1
alculated GGA values of lattice constant, a, expressed in Angstrom, bulk
odulus, B0, in gigaPascal for SrCl2, compared with experiment

a B0(V th
0 ) B0(V exp

0 )

resent 7.032 35.3 39.5
xperimental 6.9744a 34.3b

ther theory 6.80c –

he bulk modulus has been calculated both at the experimental and theoretical
quilibrium volume (B0(V exp

0 ) and B0(V th
0 ), respectively.)

a Room temperature value from Ref. [22].
b From elastic constants of Ref. [27].
c LAPW calculations using LDA of Ref. [42].

able 2
alculated elastic constants, shear modulus G, Young’s modulus E, all expressed

n gigaPascal, and Poisson’s ratio ν for SrCl2

C11 C12 C44 G E ν

resent 66.9 19.6 9.9 (21.7) 15.4 40.3 0.310
xperimentala 70.2 16.4, 17.3 9.72 16.6 42.9 0.292

or C44 the value obtained without relaxation of chlorine positions is given in
arentheses (see text for discussion). Results from the present study refer to the
alculated equilibrium volume.
a Data at 195 K, from Ref. [27].
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esults from the present study refer to the calculated equilibrium volume.
a Averaged data at 195 K (Eq. (14)), from Ref. [27].
b Directional sound velocities at 195 K, from Ref. [27].

rystal symmetry allows for additional optimization of the anion
ositions, which constitutes an important effect in ionic fluorites
15,43]. For SrCl2, the calculated C44 is approximately twice
oo large when chlorine relaxation is not allowed for, while the
alue calculated including relaxations agrees within 2% with
he experimental value. We mention as one point of caution the
act that the calculated values pertain to 0 K temperature, while
xperiments are performed at T = 195 K. Finite temperature
enerally tends to reduce the elastic constants. Consequently,
e would expect the experimental values at low temperature to
e somewhat larger than the values quoted in Table 2.

The sound velocities and Debye temperature of SrCl2 were
btained from the calculated elastic constants of Table 2, as out-
ined in Section 2. The results are listed in Table 3 together with
xperimental results from Ref. [27]. A substantial anisotropy
s found for the sound velocities in the experiment, which the
heory of Section 2.3 does not take into account. Therefore,
e have chosen to compare our calculated sound velocities

nd Debye temperatures with those obtained from experimental
alues averaged like:

av = 3

7
v(1 0 0) + 4

7
v(1 1 1), (14)

or both the longitudinal and tranversal sound velocities. This
eads to a very fine agreement, with a calculated Debye temper-
ture of ΘD = 170 K, while the experimental value (obtained
n a similar fashion from (11) and (14)) is 173 K, the devia-
ion mainly stemming from the slightly different equilibrium
olumes in theory and experiment.

.2. Electronic structure

Though there are many experimental studies available regard-
ng the rare-earth doping and ionic conductivity for SrCl2, very
ew studies directly address the electronic structure. The Cl K

absorption and emission as well as L2,3 absorption was used
y Sugiura [38] to investigate the valence bands and conduc-
ion bands of SrCl2, and a fundamental band gap of 7.5 eV was
etermined. The charge density profile of SrCl2 was studied
xperimentally [36] and theoretically [41], the latter using the

artree–Fock method. Furthermore, as already mentioned, the
DA total energy was reported in Ref. [42] for the determination
f the equilbrium volume. Hence, we study the electronic struc-
ure of SrCl2, displaying in Fig. 1 the band structure along main
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Fig. 3. The fundamental gap of SrCl2 (in eV) as function of compression. Vol-
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ig. 1. Band structure of SrCl2 at the theoretical lattice constant (GGA). The
nergy is set to zero at the valence band top.

ymmetry lines of the fcc Brillouin zone, and in Fig. 2 the den-
ity of states. This compound is found to be a large gap insulator,
ith an indirect band gap of 5.18 eV. This is substantially lower

han the 7.5 eV found experimentally [38], but in accord with
he general underestimation of gaps by the Kohn–Sham eigen-
alues of GGA and LDA [39,40]. The top of the valence band is
ound at the X point, while the bottom of the conduction bands
s situated at the 
point. The direct gap at 
 is 5.54 eV, while
he direct gap at X is only marginally higher, 5.55 eV. From the
ensity of states one observes that the valence bands are predom-
nantly Cl p-like with a total width of 2.75 eV. The deep-lying
l s-states in this compound are not shown (their GGA position

s at ∼ 12.7 eV below the valence band maximum). The states
n the conduction band are dominated by the d-like states of
trontium, with some hybridization with Sr s.

The variation of the band gap of SrCl2 with compression
s shown in Fig. 3. As observed in many insulators, the band
ap initially increases with pressure and subsequently decreases

pon compression. From the figure, this behavior is seen to orig-
nate from the crossing of levels at the conduction band between
he 
 and X points. At large volumes, the conduction edge at
he 
 point is the lowest, while with compression the X edge

ig. 2. Density of electronic states of SrCl2 at the theoretical lattice constant
GGA). The energy is set to zero at the valence band top. The total density of
tates is shown with a full line, while projected density of states for Sr is given
ith a dotted line, and for Cl with a dashed line.
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[

me is given relative to the theoretical equilibrium volume. The conduction band
inimum at 
 is shown with diamonds and a dashed line to guide the eye, while

he minimum at X is shown with asterisks and full line.

oves below. The valence band maximum is always at the X
oint. The crossing occurs at V/V0 = 0.92, where the gap has
ncreased by 0.3 eV compared to the equilibrium value. At com-
ressions larger than this threshold SrCl2 is found to be a direct
ap insulator, the gap being located at the X point of the Brillouin
one boundary.

. Conclusions

Electronic structure calculations were reported for the first
ime for the compound SrCl2, which is found to be a wide band
ap insulator with an indirect gap of 5.18 eV. The equilibrium
attice constant, bulk modulus and elastic constants were eval-
ated from the GGA total energy and found to agree quite well
ith experimental information.
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