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Calculation of electronic, structural, and vibrational properties in alkali halides
using a density-functional method with localized densities
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A recently developed density-functional method based on localized densities is applied to calculate elec-
tronic, structural, and vibrational properties of 20 alkali halides with elements lithium through cesium and
fluorine through iodine. Properties calculated include dissociation energy, lattice parameter, dielectric constant,
elastic moduli, and phonon frequencies for the high-symmetry points of the Brillouin zone. Results are dis-
cussed and compared with experiment and other calculations.

[. INTRODUCTION Applications of the SCAD method for oxide-based perov-
skite materials have been encouraging and have thrown new

An approach to first-principles studies for ionic solids light on the origins of ferroelectric instabilities in these
based on localized densities has been presented in a recystems:® Most recently, it was applied to calculate polar-
series of papers.® In this method the densities are obtainedization and related properties for one compound selected
by solving one-electron Schdinger's equations, one for from each of the I-VII, II-VI, and llIl-V groups Results
each atomic site, whose potentials are determined variatiorebtained for the selected I-VII compour®laCl) were in
ally from the total energy. A local-density approximafiaa  especially good agreement with experiment.
employed to account for exchange and correlation energy In this work we continue these studies by doing a thor-
and kinetic energy contributions due to overlapping densitie®ugh investigation of the I-Vii(alkali-halide compounds,
are included using the Thomas-Fermi approximation. Thavhich are expected to be most accurately described by
Schralinger's equations are solved using basis functionsSCAD. In particular, we report results for dissociation en-
with radial dependence given by tabulated Slater funcfidns ergy, lattice parameter, elastic moduli, dielectric constant,
and angular dependence given by spherical harmonics. Sin&orn effective charges, optic mode frequencies, and frequen-
the potentials are nonspherical in general, so also are thgies at other high-symmetry points of the Brillouin zone for
resultant atomic/ionic densities. The new densities determinthe 20 compounds lithium through cesium and fluorine
a new set of potentials and the procedure is iterated to selthrough iodine.
consistency. For this reason the method is called self-
consistent atomic deformatiofSCAD). As a result of the
variational formulation of the potentials the SCAD method Il. METHOD
automatically minimizes the total energy in accord with Jan-
ak’s theorent.

The SCAD method can be viewed as an extension of th
Gordon-Kim® model which allows for complete relaxation
of the atomic densities. Several other self-consistent atomic
models have been presentéd!’ The SCAD method
evolved from attempts to extend the work of Edward¥bi. E[n(n]=2 Tolni(r)]+Tn(r)]
is closely related to the approach taken by Ivanov and '

Maksimov*’ and appears to be formally equivalent to that of

Cortona® However, Cortona’s applicatiotfswere limited -2 Tdni(D1+Fn(n)], (1)

to consideration of spherically symmetric charge relaxations. '

Lacks and Gordot! have used a direct energy minimization

technique to obtain impressive results for several oxideswhere the total density is given by a sum over site localized
Their approach accounts for nonspherical ions by incorporatdensities, each expressed as spherical harmonic expansions
ing spherical bonding charges between spherical ions. about the atomic siteR; :

The SCAD method has been described in previous
ublications>™* We proceed here with a brief account. The
otal energy is written
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TABLE |. Calculated and experimentdRef. 20 values for

n(r)=2 ni(r_Ri):,lE n|(ri12(|r_ Ril) Y m(r fﬁi). band gaps in eV. Experimental values are shown in parentheses.
| IL,L,m

@ Li Na K Rb Cs

l’_he Qensities_ associated Wi(tjh each sige)f(and Lhe on—ssit_ed F 115126 103117 50109 6.8 55
inetic energ|es:(q[ni])lare etermined from the occupied 7.50.4 6.77.3 5.17.2) 5773 517.6
solutions of Schrdinger’s equation for the potential formu- B 79 6.67 1 5366 5763 5.96.6
lated variationally from the total energy ' ' A7y 6.6 6.3 26.6
I 5.6 5.15.4) 4.25.5 465.8 4.25.6

- _ , - (i) r
vi=veln(D]+odn(n)]=odm(n)] ;n Vim(*)Yim(). so its dipole moment is independent of the origin. Moreover,
() its value is given uniquelyto within a constant depending
on the particular arrangement of monopoles on the surface
by the sum of the dipole moments of the ions. If the number
N of unit cells in the crystal is large, then we can write

wherer is with respect to an origin at site In the above
expressionsT, is a functional to account for the kinetic en-
ergy due to overlapping densitiehe Thomas-Fermi expres-
sion is used hepe F denotes all nonkinetic(i.e., Ap.=NAp (5)
exchange-correlatiérand electrostatjccontributions to the ¢ ’
total energy andvg(v,) are the functional derivatives of whereAp is the change in the dipole moment of a unit cell in
F(Ty. the bulk, and
The Schrdinger's equations are solved using a basis
composed of tabulated radial Slater-type functiéngmes
the corresponding spherical harmonics. Additiovigl's (up
tol=3) are included for radial functions of the valence elec- ) . o )
trons (negative ionp states. This results in terms up to ~ Wherep; is the dipole moment of thigh ion andV=V./N is
=6 in the spherical harmonic expansion of the densities. wdhe volume per unit cell. i i )
find the density expansion can be truncated-=a#, along If we had attempted to define the dipole moment of a unit
with the potential expansion, with negligible error. Once C€!l by integrating over some region of space with volvhe
convergence is achievetypically in ~ 20 iterations mixing then the del_‘mzlgon ofAp would be ambiguous, as pointed
40% of the new and 60% of the old charge densities. (1) out by Martin=> The ambiguity results from a lack of ac-
is evaluated for the total energy. Long-ranged contribution§°Unting for charge that may flow from one unit-cell volume
to the energy and potentials are determined using Ewal§¥) t0 @nother. The “modern theory of polarizatiof’suc-
techniques for interactions among monopoles, dipoles, angeSSfully deals with this problem by defining change in po-
quadrupoles. The particular methods employed for Compull_anzatlon in terms charge flow. This allows computation of

ing the various properties reported here are discussed as p&t from quantities derived from the Kohn-Sham(Ks)
of Sec. IV below. band-structure approach, in which the charge density is ex-

pressed in terms of functions that are extended throughout
the crystal. An ambiguity in our expression farP would
arise if charge were to be transferred from one ion to an-
The method for computing polarization within the SCAD other; a situation analogous to that discussed by Martin.
model is straightforward* We can adopt the usual definition However, this could only happen if the SCAD energy levels
of polarization, as the dipole moment per unit volume. Inof the valence electrons were not completely occupied. In
general, this quantity is only defined to within a constant;our case the halide statesare completely occupied, and the
because, for a finite crystal, its value will depend on surfacé€xt higher unoccupied levels are well above these in energy
structure. However, thehangein polarization of a crystal is  (Table .
given unambiguously by itshangein dipole moment,

1
Apc/Ve=g; 20 Api, (®)

Ill. POLARIZATION

IV. RESULTS AND DISCUSSION
AP=Ap./V,, 4 ) .
The unoccupied levels of the alkali ions are found to be

wherep¢(V,) is the dipole momentvolume of the crystal  several eV above the highest occupied levelstates of the

In the SCAD model the total charge density is expressed aslaalide ions. Thus, the monopole charges are predicted by
sum over “atomiclike” densitie§Eq. (2)] with monopoles SCAD to be+1 for the alkali ions and-1 for the halide
and dipoles determined self-consistently. For the compoundsens. Transferring charge from the halide ion’s oytdevel
considered here, the monopole charge of each ion remaine the alkali ion’s lowest unoccupied level produces a sharp
+1 or —1, and the dipole moment of each ion is determinedincrease in energy. As is often done in presentations of band-
by SCAD. Our unit cell is defined, as in crystallography, by structure results based on the KS formulation of density-
identifying the space group and Wyckoff positions of thefunctional theory, we compare the energy difference between
ions. Thus the change in dipole moment of the unit cell isthe highest occupied and lowest unoccupied levels with ex-
given straightforwardly in terms of the displacement of theperimentally determined band gaps. There is no fundamental
monopole charges and the change in the dipole moments oéason to expect a good correlation in either case because the
the ions. Moments of charge are determined by integrationsiohenberg-Kohn theorefh makes no statement about the
over all spaceBy assumption, our crystal has no net charge possible significance of one electron energy levels used in
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Elastic moduli and phonon frequencies are derived from
the dependence of total energy as a function of small distor-
tions of the crystal structure. For all but the lithium com-
pounds we were able to choose distortions with displace-
ments of ~0.01 to ~0.1 Bohr for the total-energy
calculations. For the lithium compounds, however, the total-
energy results displayed some noise that could produce large
errors when using smallk(~0.1 Bohp displacements. Fur-
ther examination showed the noise to be somewhat sensitive
to small changes in the radial basis functiéh§Ve do not
have an explanation for this except to suggest that it may be
related to the fact that the Liion does not have a core. For
the other alkali ions, the density which overlaps most
strongly with the negative ions is partially stabilized by or-
thogonalization with its core electrons. In any case, we have
attempted to avoid this problem by including more and larger
distortions for the lithium compounds to compute phonon
frequencies. This is discussed in more detail below. While
this strategy was reasonably successful, we still find signifi-
cantly larger errors for the lithium compounds.

The equilibrium lattice parametefs) and bulk moduli

the determination of the density. In fact, band gaps from KSB) were determined, as described by Mehlal.?” from a
calculations tend to underestimate experimental values bfour parameter Birch equation fitted to 6—8 total-energy val-
about 30% to 50%. As seen in Table |, we find a somewhates in the region of the energy minimum. The quality of the
better correlation with experimental values, although the calfit is illustrated in Fig. 1 where the total energy for RbCl is
culated values are substantially too low for the potassiunplotted as a function of volume for both Btock sal} and
compounds. We would expect a larger band-gap predictioB2 (CsC) structures. The smooth behavior of the total-
from the SCAD method compared to results of band-energy values as a function of volume, illustrated in Fig. 1, is
structure calculations, simply because the width of bands$ypical for all compounds treated, including the lithium ha-
centered about the SCAD energy levels would reduce thédes. Calculated values for lattice paramegerand bulk

band-gap values.

modulusB, derived from the Birch fit, are listed in Table I

TABLE II. Calculated and experimentéRef. 28 values of lattice constarg in A, the high-frequency
dieletric constante,,, Born effective charge*, elastic moduli(bulk modulusB and shear moduliC,;
—Cy,andCyy) in units of 131 dyn/cnf and dissociation enerdy in eV. Experimental values are expressed
in parentheses.

a €. z* B Cy—Cyo Cua D

LiF 3.994.00 2.031.93 1.141.05 9.246.99 3.746.92  6.306.49 10.28.8)
LCl  4.985.08 295279 132124 4.093.34 162294 233267 7.97.)
LiBr  5.34(5.43 3.673.22 147126 3.15263 132203 151209 7.36.5
Lil 5.74(6.00 4.683.80 164136 260192 1.161.45 1.021.4) 6.75.6
NaF  4.64463 1.631.70 1.071.02 562514 827856 3.102.90 8.97.8
NaCl  5.585.64 226225 1.151.12 2542.60 4.004.6) 112133 6.96.6
NaBr  5.965.98  2.672.60 1.171.13 2.072.26 3.343.8) 1.051.07  6.46.0
Nal 6.406.47  3.153.159 1.231.2 1.741.79  2.972.96 0.6710.78  5.85.2
KF 5.215.35 179150 1.211.2) 4.073.5) 6.366.1) 1.731.29 8.67.9
KCl 6.086.29 2.352.10 1.231.16 2.061.97 3.624.29 0.810.66 7.26.7)
KBr  6.37(6.6) 265243 127119 1.831.77 3.143.62 0.630.53 6.76.2
Kl 6.77(7.07  3.042.70  1.321.15 1.541.27 2.743.16 0.420.37) 6.25.4
RbF 552563 1.881.90 127126 3.45293 534542 133094 8.67.9
RbCl  6.396.58 2.362.23 1.241.10 173195 3.293.82 0.65050 7.36.6
RbBr  6.686.89 259241 127115 166160 3.053.39 0560.4) 6.96.1)
Rbl 7.047.34 291263 131129 1.391.31) 2.632.89 034029 6.45.4
CsF 5.896.0) 2.062.189 1.391.28 2.912.67) 457509 1.070.79 8.67.3
CsCl  3.994.11) 2.962.60 1.441.26 2.1141.98 3.682.37 0.3711.09 7.76.6)
CsBr 413429 3.162.70 1.51.19 1.831.9) 322233 041100 7.2

Csl 433456  3.633.00 156111 171144 232194 0500.82 6.85.5
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FIG. 4. Calculated vs experimentéRef. 28 values for disso-
ciation energy D, in eV, for the alkali halides:
O-Li; A-Na; ¢ -K; [0-Rb; and*-Cs.

FIG. 2. Calculated vs experimentdef. 28 lattice parameters,
in angstroms, for the alkali halide§-Li; A-Na; < -K; O-Rb; and
*-Cs.

along with experimental values. The calculated lattice patarger discrepancies occur for the lithium and cesium com-
rameters are compared with experimental values in Fig. Zsounds.

The calculated values tend to underestimat®y a few per- The dissociation energ® is the difference between the
cent. This amount of error is similar, although somewhatotal energy calculated for the equilibrium lattice parameter
larger, than expected from KS band-structure methods. Sheahd that obtained for isolated atoms. The values, listed in
moduli, C,,— Cy, and C44, were determined from the qua- Table Il are plotted in Fig. 4. The calculated values system-
dratic dependence of total energy on volume conservingtically overestimat® by about 10 to 15%. This is typical
shear strains, as discussed by Mehlal?’ A nearly qua- for KS based calculations as wél.

dratic behavior was observed for the change in total energy We compute the dielectric susceptibility from the polar-
for strains up to~10%. Computed values for the elastic ization induced by an electric field. If the electric field is

moduli are compared with experimental values in Fig. 3.chosen to be in the direction with magnitudeE,, then we
While the agreement is reasonably good, we note that the
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FIG. 3. Calculated vs experiment@Ref. 28 elastic moduli
(bulk modulus,C,;—C;, andC,y), in 0.1 Mbar, for the alkali ha-
lides: O-Li; A-Na; ¢ -K; [0-Rb; and*-Cs.

FIG. 5. Calculated vs experimentéRef. 28 high-frequency
dielectric constants for the alkali halides=-Li; A-Na; ¢ -K; O-Rb;
and*-Cs.
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TABLE lll. Calculated and experimentéRef. 28 I~ and X mode frequencie&l/cm) of alkali halides.
Experimental values are expressed inside the parentheses.

I, r, X3 X3 Xg Xs
LiF 708(667) 337315 281(336) 505462 259241 320347
LiCl 440(436) 173220 110170 268273 132126 168236)
LiBr 371(357) 137(183 43(105 1900220 7979) 141(194)
Lil 330(294 132141 77(79) 146(157) 42(50) 140(144)
NaF 436431 237252 254(253 301(293 146(145) 255256)
NacCl 270269 160(171) 148140 1820189 86(84) 167(177)
NaBr 208208 128133 89(90) 143139 55(56) 133134
Nal 181180 1200124 57(55) 127(142) 36(41) 122(130
KF 351(340 183202 174162 218201 96(87) 193182
KCl 217(217) 129149 107(111) 145(161) 5962 135(155)
KBr 167(168 102120 70(72) 115138 39(39) 107(127)
KI 143(142) 91(107) 42(51) 101112 23(3)) 95(108)
RbF 293285 147(162) 109107 177(182) 62(58) 156(168)
RbCl 176174 107(126) 73(76) 125134 40(42) 114(127)
RbBr 130130 83(93 5958) 92(99) 34(33) 86(95)
Rbl 107108 71(80) 38(43) 77(82) 20(22) 74(80)
CsF 256241 111(133 81(72) 126(174) 46(48) 115145
r, r, X7 X3 Xa Xs
CsCl 153162 63(103 149151) 52(84) 87(97) 27(43
CsBr 110112 48(79) 97(97) 32(65) 82(79) 28(45)
Csl 9285) 46(63) 71(66) 31(42 75(74) 34(48)

TABLE IV. Calculated and experimentéRef. 28 frequencies for high-symmetry zone-boundary modes
of alkali halides(1/cm). Experimental values are expressed inside the parentheses.

Ly Ly Ly Ly A W, Wi Wi
LIF 415336 172200 583567 233294 278273 372357 326315 379472
LICl 225210 86(115 378483 159241 147(152 245283 175168 187236
LiBr  134(131)  47(68) 348409 158200  85(94) 228247 103100 146210
Lil 94(87) 3439 310354 165168  63(58) 217210 5463 136147
NaF  33%329 196208 311310 173172 239233 208212 216223 274292
NaCl 180176 111118 214228 130140 132136 152160 122120 174195
NaBr 106104  67(69) 206190 125125  82(89) 141173 7878 139151
Nal 75770  51(51) 189178 122114  60(66) 134145 52500 125136
KF 292291) 177189 208208 114(126) 209229 142132 145145 205216
KCl 158169 99118 152149 95102 117128 111115  87(89 140159
KBr 98(101)  64(76) 1501570 9494  76(83 106113  60(57) 111150
KI 70(68)  46(54) 139131 9097  5557) 100123  37(37)  98(106)
RbF  271247) 165165 131(125  70(73) 193201 8980)  92(89) 167(179
RbCl 148146 98111 9699 6168 113130 7178) 5857 119139
RbBr 9591) 6575 98100 6368 7581 7277 51(48) 89(95)
Rbl 6865 4854 9187  61(60)  54(60) 67(69  32(37) 76(82)
CsF 249232 147145 9792  47(52 174203 6553 6863 123169
M5 M3 Mg Mg Re R,
CsCl 2961) 12399 63900 102122 101(125 64(66)
CsBr 1629) 2154  53(61) 7490  70(83) 59(63)

Csl 1738) 25(39) 37(49 62(76) 50(55) 54(59)




11 430 MEI, BOYER, MEHL, OSSOWSKI, AND STOKES PRB 61

Frequencies (cm-1) that the induced polarization has a linear dependence on dis-
800 ' ' ' ' ' ' T placement in this range.
We use the “frozen phonon” method to determine pho-
700 ¢ . non frequencies. Changes in energy for distortions consistent
with the phonons’ symmetrids are calculated with the
600 e i SCAD method, and these values are used to determine the
quadratic coffecients and frequencies. For all but the Li com-
500 r s 1 pounds we used frozen modes with0.1 Bohr amplitude
o & displacements to determind the frequencies. Values for the
$ 400 ° 7 1 - i - i
= - Li compounds were determined by least-squares fit to several
o energies with displacements in the range 0.1 to 0.6 Bohr.
300 1 Results for the high-symmetry points in the Brillouin zone,
I', X, L, andW for the B1 structure andl, X, R, andM for the
200 1 B2 structure, are shown in Tables Il and IV. The frequencies
w at I' are split into longitudinal- and transverse-optical
100 ] branches by the electric field associated with long-
wavelength longitudinal modes. In our case the splitting is
0 : ; ; : : ; : given by
0 100 200 300 400 500 600 700 800
SCAD wz :wz +47Te2(z*)2 (7)
FIG. 6. Calculated vs experimentéRef. 2§ phonon frequen- Lo 710 Ve u '
cies as listed in Tables Ill and IMO-Li; A-Na; < -K; O-Rb; and
*-Cs. wheree is the electronic charge and is the reduced mass.

The frequencies for all modes are compared with experimen-
add the termE,r\4m/3 to U(li)o(r) for each ion in the unit tal valuesin Fig. 6. We see the agreement is excellent for the

cell. This procedure gives the same susceptibility as that oghost part, with significantly larger discrepancies for the

. L . I lithium compounds.
tained when the field is applied to a slab pgrpendlculal, o Many of E[)he alkali halides transform from the B1 to the
or if a periodic long-wavelength field in the direction is g5 girycture under hydrostatic pressure. The transition pres-
applied to supercell with the same period, as long as thg ;e P, is determined from the Gibb's energie€E

qhange in polarization is divide_d b_y thetal macroscqpic .+ PV) for the two structures. Our calculated transition pres-
field. For example, the change in dipole moment for i0ns ing req’ are compared with experimental values and previous
the interior of a slab results not only from the external field

Lo nal €%, calculationd! based on rigid-ion Gordon-Kim potentials in
but also from the macroscopic field due to changes in dipoleg a1 v/, The calculation of transition pressures is very de-

at the surfaces. In addition, phonon-dispersion curves Calc%anding for total-energy methods. Both energy differences

lated by the frozen phonon using SCAD energies have beeg \ojume differences must be highly accurate to achieve
shown to join smoothly to the longitudinal optic mode at

o b . accurate transition pressures. For example, an error in the
zero wave vectof. We useE,~0.001(Ht. atomic unit$ to  onerqy difference between the two structures of one part in

determine the susceptibility and have verified the response B07 of the total energy can give an errorfL0 kbar inP
.

”T‘ear fpr fields up to this value. T_he computed values fo_rWe find the SCAD results give a lower energy for B1 struc-
dielectric constant are compared with experimental values i e for ] the alkali halides. This is correct for all but the

Fig. 5. We see the comparison is quite good with a tendencbsCL CsBr, and Csl compounds. In the worst case, CsCl is
for SCAD values to be too large by 10% on average. found to have lower energy in the B1 structure by
Calculation of Born effective charge tensats using the  0,0037 Ht. This is a small improvement over the spherical
SCAD method has been discussed by Bogeal:" For an jon result (0.0048) obtained by CortoHfaHe investigated
alkali halide there is just one value to determine becdlfse the possibility that treating the heaviés) ions relativisti-
is diagonal with equal diagonal elements, add=Z%  cally might improve this result, but it did not. Contrary to the
=—Z* . Its value is the rigid-ion charge needed to producesituation found for CsCl, our results for the Na and K com-
the actual polarization resulting from the displacement of arpounds would indicate the B2 energies are predicted to be
ion. We use displacements of0.1 Bohr and have verified too low compared to the B1 energies. The source of these

TABLE V. Transition pressures in kbar for B1 to B2 structure transitions as calculated by SCAD, by
preveous calculations based on rigid-ion Gordon-Kim potentiés. 31 (square bracketsnd from experi-
ment(Ref. 32 (in parenthesgs

Li Na K Rb Cs
F >20(>200](>100) >20(>200](>200) 10675](>100) 8461](>100) 96
cl >20([ >200](>100) 158[46] (300 38[12] (20) 26[4] (5) 20(<0)
Br > 200 96](>100) 11930](>100) 31[7] (19) 19[0] (5) 16(<0)

| >20q — 27](>100) 43 —7](>100) 13[—10] (19) 7[-9] (4) 6(<0)
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errors surely results from the use of the Thomas-Fermi apand Department of the Army Grant Nos. DAAG 55-9801-
proximation for overlap kinetic energy. Nevertheless, the0273 and DAAG 55-99-1-0106. W. N. Mei is grateful to
SCAD results forP, show a marked improvement over pre- the American Society for Engineering Education for Summer
vious rigid-ion results! Visiting Faculty support while at NRL and to colleagues
at the Center for Computational Science at NRL for their
hospitality. Authors from NRL are supported by the US Of-
fice of Naval Research. We are grateful to Professor J. R.
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