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Structural and electronic properties of alkaline-earth fluorohalides under pressure
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The electronic band structure of the mixed alkaline-earth fluorohalides—CaFCl, SrFCl, BaFCl, BaFBr, and
BaFI in the PbFCI-type structure—were calculated using the tight-binding linear muffin-tin orbital method
within the local-density approximation. The total energies calculated within the atomic sphere approximation
were used to determine the ground-state properties of these systems. The calculated equilibrium lattice param-
eters,c/a ratio, the bulk modulus, and the pressure-volume relation were found to be in good agreement with
the experimental results. The energy band-gap value at ambient conditions and the pressure dependence of the
band gap for these systems were also obtained. These systems are found to be direct band-gap insulators with
the band gap initially increasing with pressure which decreases upon further compression leading to band-
overlap metallization at high pressur¢S0163-1827)01432-X]

[. INTRODUCTION top of the valence bands arise from the halopestates. The
band-gap values of these mixed halide systems are not avail-
The alkaline-earth fluorohalideSIFX (M=Ca, Sr, Ba, able except for BaFBr, for which it is reported to be 8.3%V.
Eu; X=Cl, Br, |) crystallizing in the PbFCl-type structdre
form an important class of materials, showing interesting
spectroscopic properties with a wide range of technological
applications. These compounds when activated with divalent
impurity, namely, EG" are used as x-ray phosphors for  The alkaline-earth fluorohalides studied here crystallize in
medical imaging via a photostimulated luminescefR8L)  the primitive tetragonal-PbFCl-type structure with two
process:® Also, SrFCI:Sm™ find special applications as a molecules/unit cel(space groufP4/nmm). The coordinates
more sensitive material than the ruby sensor which is curef the atom and the values of the internal paramateaadv
rently used for pressure measurements in diamond-anvidan be found elsewhef&!
cells? The experimental values of lattice parameters, cell vol-
Apart from the PSL process, the structural systematics ofime, and the interplanar distant®¥ for these compounds
these compounds at ambient condithand that of BaFCl  are given in Table I. From the table it can be seen that the
in the extended pressure rafdgeve been studied. Recently lattice parameters and hence the unit cell volume increase
extensive high-pressure x-ray-diffraction studies have beeas the size of the metal atom or the halogen anion increases.
carried out by Sheret al® on MFCI compounds. In their A distinguishing feature in these compounds is thatdfe
studies, structural phase transitions have been observed iatio decreases in going from CaFCl to BaFCl whereas
the BaFCl and BaFBr crystals from the tetragonal to an uniit increases in going from BaFCl to BaFIl. This changing
dentified phase at 210 and 270 kbar, respectively. trend is also reflected in the interplanar distances. NIh&
To the best of our knowledge there are no theoretical ointer planar distance increases from CaFCl to BaFCl,
experimental results explaining the electronic structure of
these compounds. Therefore, for a basic understanding of the tag| E |, Lattice parametersa and c), molecular volume
properties of these compounds a detailed electronic bandy,), and interplanar distances along thexis (Refs. 10 and 1L
structure calculation of the mixed halide systems CaFCl, Sr.
FCI, BaFCl, BaFBr, and BaFl has been performed at the CaFCl  SrFCl  BaFCl  BaFBr BaFI
ambient as well in the high-pressure region. The calculations
were done using the tight-binding linear muffin-tin orbital a
(TB-LMTO) method within the local-density approximation
(LDA).° These compounds can be grouped into those vary\g/ aAs

II. CRYSTAL STRUCTURE AND METHOD
OF CALCULATION

A 3.894 4.126 4.394 4.508 4.654
6.818 6.958 7.225 7.441 7.962
1.751 1.686 1.644 1.651 1.711

103.33  118.5 139.7 151.3 1725

ing with an alkaline-earth metal atom, namely, Ca, Sr, an 0 )

Ba (CaFCl, SrFCI, BaFGland those changing with a halo- q;::zg gl)) 1338 1402 1480 14z 137
gen anion, namely, Cl, Br, andBaFCl, BaFBr, BablL They  pjane M)- 1.095 1.083 1.069 1.185 1.412
are ionic insulators with the excess two electrons of the metabjane )

atom being transferred to the halide anions, which are irpjane )- 1.953 1.989 2127 2,228 2.424

deficit of a single electron. The bottom of the conductionpiane )
bands are formed from the metal atemndd states and the
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TABLE Il. The equilibrium lattice parameteraj, c/a ratio, and bulk modulusK,) of the alkaline-earth fluorohalides.

CaFCl SrFCI BaFCl BaFBr BaFlI
Expt? TB-LMTO Expt.b TB-LMTO Expt.b TB-LMTO Expt2 TB-LMTO Expt? TB-LMTO
aA) 3.894 3.886 4,129 4,118 4.391 4,392 4,508 4,509 4.654 4.662
c/a 1.749 1.742 1.687 1.68 1.646 1.65 1.651 1.652 1.711 1.718
Ko 97¢f 718 616 609 626 516 446 477 412

(kban

8Reference 10.
bReference 11.
‘Reference 8.

whereas it decreases from BaFCl to BaFl. Similarly, thehence the electronic properties among the two group of com-
M-Y interplanar distance decreases from CaFCl to BaFCpounds.

and it increases in going from BaFCI to BaFI. Also the dif- The electronic band structure of each of the compounds in
ference in the electronegativitiegh{— ¢) (Ref. 12 as a  the primitive tetragonal unit cell were calculated by means of
function of cell volume varies little from CaFCl to BaFCl the TB-LMTO method within the atomic sphere approxima-
(values of 2.0, 2.0, 2)1but then decreases in a more pro-tion. The details of the calculations can be found
nounced way from BaFCl to BakP.1, 1.9, and 1)6 These elsewheré>*For each of the compounds, the following ba-
changing trends may lead to differences in the bonding andis orbitals were used as valence states:
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FIG. 1. Pressure-volume curve f@) CaFCL,(b) SrFCI, (c) BaFCl, (d) BaFBr, and(e) BaFI. (Experimental data points are from Ref.
8).
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CaFCl; Ca: 4°3p%3d° F:

SIFCl; Sr: %7,4p®4d% F
BaFCl; Ba: 6°25p°5d% F
BaFBr; Ba: &?25p°5d% F:
BaFl; Ba: 625p°5d% F

2s2,2p%3d% Cl:  3s?,3p°,3d°,
2s?,2p5,3d% Cl: 3s2,3p°,3d°,
2s2,2p°,3d°% Cl:  3s%,3p°3d°,
3s%,2p5,3d% Br:  4s?4p°,4d°,
3s%,2p%,3d°% I: 5s?5p°,5d°.

In the case of BaFBr and BaFl, since the lattice constants aré/V,: In these calculations the internal parameterandv
large compared to BaFCl, the lowest-lying valence state, i.ewere both kept constant. The calculated total energies as a
F-2s state is well below the other states and hence is kept ifunction of reduced volume were fitted to Birch equation of

the core.

Ill. RESULTS AND DISCUSSIONS

state to obtain the equilibrium properties. The calculated
equilibrium properties are summarized in Table Il where
they are compared with the experimental values. The calcu-
lated values of lattice parameters and bulk modulus are

For each of these compounds, the total energies were caound to be in good agreement with the experimental results.
culated both as a function afa ratio and reduced volume The deviation in the case of lattice parameter is only 0.4%
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FIG. 2. Band structure of BaFQ#) at equilibrium volume and
(b) at metallization volume.

and the error in the bulk modulus ranges from 8% to 26%.
Also in Figs. Xa)—1(c) the calculatedP-V curve has been
compared with the experimental data points which show
good agreement. These calculations show that the total-
energy calculations based on density-functional theory
within the frame work of the LDA is sufficiently accurate in
predicting the ground properties for which it is designed.

The self-consistent scalar relativistic band structure for
these compounds were obtained at ambient conditions. Also,
to study the effect of pressure on the band gap the band
structures were calculated in the high-pressure region. Figure
2(a) shows the band-structure plot for BaFCl at equilibrium
volume. The lowest-lying band arises from the &<ates,
which is very small indicating negligible overlap with the
neighboring states. Above this are the bands arising from the
semicore like Ba-p states. Well above these are the bands
arising from the CI-3 state. The upper valence bands which
lie above these bands are due to the @lahd F-3 states
and the top of the valence bands occur at khpoint. The
conduction bands arise from the metal atom Bhahd 6
states with the bottom occurring Etpoint making the com-
pound to be a direct band-gap insulator. Since the x-ray pho-
toemission spectroscopy or the photoemission spectra are not
available for these materials, it is not possible to compare the
band structure. The overall band profiles for other com-
pounds studied here are similar to that of BaFCl with the
band gap occurring betwedn points. However, the band-
widths are different depending upon the size of the atoms
and the interplanar distances.

Figure Zb) shows the band structure for BaFCI at metal-
lization volume. The effect of compression on the band gap

TABLE lll. Fundamental band gapH;), metallization volume
(Vm), and pressureR;,,) of the alkaline-earth fluorohalides.

CaFcCl SrFCI BaFCl BaFBr BaFI

Eq (eV) 6.47 8.22 7.07 6.11 5.10
Vin/Vy 0.604 0.677 0.790 0.701 0.677
P, (kbap 1096 541 209 402 435
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is found to be the same for these compounds. Upon compres- IV. CONCLUSIONS
sion, initially the direct band gap &tincreases. This is simi-
lar to that observed in the case of MdRef. 13 and other The structural and electronic properties of the mixed

IV semiconductors®>*" Upon further compression, the alkaline-earth fluorohalides CaFCl, SrFCI, BaFCl, BaFBr,
band gap decreases, leading to band-overlap metallization ghd BaFI in the teragonal PbFCl-type structure have been
very high pressures. calculated using the TB-LMTO method. From the total-

The calculated values of the band gap at ambient condignergy calculations the ground-state properties were calcu-
tions, the metallization volumes, and pressures are given ifyted. The calculated equilibrium lattice constari@ ratio,
Table Ill. Except for BaFBr, the experimental values of band, 4 the bulk modulus are found to be in good agreement
gap are not available for comparison. The calculated value\;‘;/i,[h the experimental results. The calculatBeV curves

of band gap are found to vary from 5 to 8 eV. These value . :
are typical of other alkaline-earth halid¥s'° For BaFBr, the Sslosi(;tzhow a very good agreement with the experimental data

reported value of band gap is 8.3 8The calculated value is .
6.1 eV which is 26% less than the experimental value. This The band structures for these compounds were obtained at

order of error arises due to the use of LDA which underes_ambient as well in the high-pressure region. The overall band

timates the zero pressure band gap by 3050 %. This errdyofiles are fgund to be the same, with the direct band gap
may also be reflected in the metallization pressure and voltl -I') occurring between the-like valence bands of the
ume. halogen anions andd-like conduction bands of the metal
From the same table it can also be seen that except f(ﬁ,tqm: The calculated value of band gap for BaFBris 6.1 eV.
CaFCl, the band-gap value decreases with increasing size ¢S 1S 26% less than the experimental value of 8.3 eV. As
the metal atom or the halogen anion, which is similar to theSid earlier this order of error arises due to the usage of
trend observed in our earlier calculations on alkaline-eartt+DA. For these compounds the calculated values of band-
chalcogenide®®!* The low value of band gap for CaFCl 9ap range from 5 to 8 eV. This is within the range found for
may be due to the fact thatd3xcited states of elemental Ca the other alkaline-earth halides. Upon compression, initially,
are very low in energ§® This has been confirmed by several the band gap df increases with pressure which is similar to
band-structure calculatioRs22 These calculations show that that observed in the case of MgO and II-IV binary semicon-
the electron states of Ca are highly susceptible to modificaductors. Upon further compression the band gap decreases
tions by a crystal potential, which leads to nontrival conseJeading to band-overlap metallization at high pressures. For
quences in the physical properties of Ca compounds. Evelese compounds, thesg, to our knowledge, are the first ever
though the band-gap value is very low for CaFCl, the de_ban_d—st'r_ucture calculat_lons reported. B(_acause of Fhe non-
creasing trend in metallization volume and pressure are re’;_wallg;\bnlty of the experimental or theoretical results it is not
produced in BaFCl, SrFCI, and BaFCl, i.e., as the size opPossible to compare the calculated band-structure results.
metal atom(Ca, Sr, Baincreases, the metallization pressure
and volume decreases. But a reverse trend is observed, in
going from BaFClI to BaFl, i.e., as the size of the halogen ACKNOWLEDGMENTS
anion increases, the metallization volume and pressure in-
creases. As said earlier the different trend observed in the The authors wish to thank Dr. K. Govidarajan and Dr.
c/a value and interplanar distances in going from BaFCl toMD. Yousuf, IGCAR, Kalpakkam for the valuable discus-
BaFl may be a reason for this. sions.
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