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Periodic-density functional theory (DFT) and Hartrdeock calculations have been performed on the alkali
halides for the alkali metals Li, Na, K, and Rb and the halogens F, Cl, Br and I. Calculations were done with
HF-optimized basis sets and DFT-optimized basis sets, at the HF, local DFT (LDFT), and nonlocal DFT
(NLDFT) with the Becke exchange potential and the Perdé¥ang correlation potential. The HF and NLDFT
results are similar for the lattice parameters, in general, by overestimating them. The LDFT method always
underestimates the lattice parameters. As a consequence, the HF and NLDFT methods predict bulk moduli
that are too small and the LDFT method predicts bulk moduli that are too large. The absolute error in the
bulk moduli are larger at the LDFT level than at the other levels. Charge distribution maps have been calculated
and analyzed. The maps clearly show that the main difference between the HF and DFT densities is in the
treatment of exchange and that the nonlocal (gradient) corrections moderate this difference.

1. Introduction a monoelectronic series by using a multipolar analysis of the

- . . charge density. This infinite, monoelectronic series is then
Periodic Hartree-Fock molecular orbital calculatiohs the 9 y

. .__.computed by Ewald technigues. This scheme, originall
past decade have shown that this method can be used to rellabl)eeveﬁ)oped fo¥ periodic Hartre(iFock&lO is now available %or y

Speriodic DFT. The exchangeorrelation functionals generate
exchange-correlation potentials which enter in the KeSham
equations with a complex analytic form. The analytic evaluation
of the matrix elements of the associated operator is a common
approach implemented in programs for molecular calculations
but is too expensive for periodic systefng-or this reason, the
exchange-correlation potential is constructed as a linear com-
bination of contracted Gaussian-type orbitals, which results in
the need for a “second” basis set, as well as the usual atomic
basis set. A suitable choice for this fitting basis set is the so-
calledeven-temperedbasis set, a universal collection of Gauss-
ian functions which are not atom-dependent, as originally
proposed by Baerends and te Vefdé. The alkali halides are

of a wide class of crystalline compounds. However, it has also
been well-established in the solid-state community that density
functional theory (DFT) methods$ provide a good treatment
for many solid-state systems. Recent software developments
(CRYSTAL95) allow us to compute the total energy of periodic
systems at the DFT level in a self-consistent way. The periodic
Kohn—Sham equatiord$ can be solved by using exchange and
correlation functionals including many of the most popular ones
from molecular quantum chemistry. We have performed a
systematic analysis by using both Hartré¢eock and density
functional methods for the alkali halides, to (1) show the effect
of electronic correlation on cohesive properties such as the lattice

egerg%/ (I&Ef).’ eqﬁilibri(ljjm Ia;ttihce c?nstana,x a][\d bulkhmoduli | cubic crystals, and require only s functions. Three basis sets
(Bo): (2) define the order of the refative error for each structura (a set of four, eight and twelve functions for each independent

variable for the different levels of theory when the atomic atom) of this kind are available in CRYSTAL95 without the

numbers of the elemer_1ts Increase and the electronegatlvmesneed for user specification of the even-tempered exponents. For
change; and (3) determine if basis sets developed for molecularOur calculations, we adopted the largest basis set of twelve
DFT calculations are transferable to solid state calculations asg . o0c '+ ensfjre a small error in the fitting of the exchange-
well as ascertaining whether those basis sets developed incorrelation potential for all compounds.
previous periodic HF calculations can be used at the DFT level.

The alkali halides are suitable for this kind of study as: (1) fu rﬁ: tigﬂ;}g’gg\/g?&ﬁe ﬁ]hg'éisc;fAﬁgghaongfcgggla%ggg'@g?g
they are cubic and, for this reason, only one lattice variable :

must be varied in order to calculate the energy dependence Ondone with two of the most popular combinations used in

. I . . molecular DFT calculations. The first, the local DFT (LDFT)
;Jenr:;::;frggreezglvii(l?bggh quality experimental data at low level, used Slater exchange and the Vosko Wilk and Nifsair

fit of the correlation energy of the noninteracting electron gas.
The second, the nonlocal or gradient corrected (NLDFT) level,
used the Becke exchange functiddalnd the PerdewWang
As described previous§/pne of the most important charac- ~ correlation functionat!

teristics of the program CRYSTAL is the way in which Two types of atomic basis sets have been used in this work.
Coulomb interactions enter in the Fock operator. There is no The first is a basis set developed and tuned with CRYSTAL92
cutoff in their evaluation and the only approximation is the in a previous analysis of alkali (Li, Na, and K) fluorides and
transformation of the infinite series of bielectronic integrals into chlorides at the Hartree~ock level and the second is an

2. Computationals Details
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ensemble of basis sets derived from molecular DFT calculations, TABLE 1: Equilibrium Lattice Parameters ( a, in
the polarized doublé&-basis set DZVP® Starting from the latter g??th?_in;ft)r SQEF%LélIE ('\I/Iﬂ(l):(;ull_lg%% lgrﬁpﬁig)é _ﬁ:fg\'/le'l"'sa“des
set, .a.full optimization of the exponents .and contraction v, oc'in Parentheses are Percéntage Errots '
coefficients was then performed, for each cation, at the level of

the isolated ion. This optimization was necessary because the structural parameters

outermost exponents are too diffuse and not suitable for periodic F Cl Br I
palculgltions Whgre . they are a source of severe numerical | g exp 4.01 511 5.46 5.05
instability. The “ionic” optimizations ensure a better compro- HF 4,02 ¢-0.0) 5.27¢-3.1) 5.67(4-3.2) 6.22(-4.5)

mise between the accuracy of the description of ionic properties NLDFT 4.11+2.2) 5.21¢-2.0) 5.56(-1.8) 6.07(-2.0)
and the “well-mannered” size of the exponent of the outermost ~ LDFT 3-%3(_2-2) 4.99¢-2.3) 5-;2(—2-6) 5-;862-9)
shells. We used the original DZVP basis sets for all of the Boexp 69, 354 26. 18.

. Lo HF 76.7¢-9.7 31.1¢12.1) 24.8¢5.7 20.1¢-6.9
anions because the exponents of the outermost primitive GTO NLDET 61.6(@11.23) 33_0€6.8)) 26_5&).8;) 21.5&14.)4)

are already very diffuse and the “ionic” optimization would LDFT 86.8(+24.2) 46.14-30.2) 39.1¢-48.7) 31.8{-69.1)
increase that characteristic leading to numerical instabflities Na a,exp  4.61 5.60 5.93 6.41

for the periodic calculations. We did refine the outermost HF 4.62(+0.2) 5.78(-3.2) 6.16(-3.9) 6.73(+5.0)
exponents using the bulk structure. Any remaining error in the NLDFT 4.75(+3.0) 5.75(2.6) 6.10¢2.9) 6.59(-2.8)

DZVP basis sets would be reduced or eliminated by a IE_BODEIp 541"542(_2'0) 22"(;8(_2'1) 23'20(_2'2) 1?:538(_2'0)

subsequent refinement of the most diffuse exponents of the  Hf 50.9¢-0.5) 23.7¢10.9) 18.0(20.3) 14.6(18.4)
anions and cations in the actual crystalline environment. The NLDFT 39.3(-23.5) 22.9¢13.9) 17.6(22.1) 12.6(29.6)
exponents and contraction coefficients of the new basis sets are  LDFT  61.3(+19.3) 35.2(-32.2) 29.3(+29.6) 22.8(-27.4)

; ; ; K ex 5.31 6.25 6.54 6.99
given as Supportlng_lnformatlon. . o . ﬁﬁ: P 5.49(-3.4) 6.57¢-5.1) 6.94¢-6.1)) 7.48(-7.0)
All of the calculations, both basis set optimizations in the NLDFT 557(+4.9) 6.55(-4.8) 6.884-5.2) 7.37¢-5.4)
crystals and equilibrium structure determinations, were per- LDFT 5.26(-0.9) 6.18¢-1.1) 6.49¢0.8) 6.93(-0.9)
formed by using tight tolerance parameters for the Coulomb Boexp 34.2 19.7 14.8 12.7
and exchange series evaluations: ~®@or the overlap and HF 29.9¢-12.6) 15.7¢-20.3) 12.6¢17.1) 10.3¢-18.9)

penetration threshold for Coulomb integrals and for the overlap E'ﬁE'T:T ig'ig%% %ﬁ%ﬁ?gg ié'gggg'gg 122((;3623'2;
threshold for exchange integrals, and-1@nd 104 for the ’ ' ‘ ‘ ' ' ' '
pseudo-overlap criterion requiring two different truncation  *Basis sets for Fand CI" anions and L, Na", and K" cations
thresholds for the two sums over the translation vectors which developed previoust§ at the Hartree-Fock level. A modified DZVP

. - asis set (see text text and Supporting Information) was adopted for
appear in the exchange contribution to the total energy (exchang r~and r.(Lattices parameter at Fé)lpz K ta?ken from ref E)SBqu modﬁli

Se_rles)‘? Self-conslstency, in terms of the total energy of the at 4.2 K taken from ref 32 Bulk moduli at 4.2 K taken from ref 33.
unit cell, was defined as a change of less than’Itartrees d Bulk moduli at 4.2 K taken from ref 34 Bulk moduli at 4.2 K taken
(2.721 x 1075 eV) between the last two SCF cycles. The from ref 35.7 Bulk moduli at 4.2 K taken from ref 36.Bulk moduli
shrinking factor for the Monkhorkt net was set equal to 8  at 4.2 K taken from ref 38! Bulk moduli at 4.2 K taken from ref 39
giving 29 k points in the reciprocal space. We also used a (average value at room temperature).

shrinking factor equal to 8 for the Gildt'® net and 8 plane

waves were used for the expansion of the eigenvadues These results can be explained by simple arguments derived
from correlation effects. As the number of electrons in the

3. Results and Discussion asymmetric unit of the unit cell increases, the correlation effects
become more important. It is well-known that the lack of pair
Lattice Constants. The equilibrium lattice constar and correlations in the HartreeFock approach causes an overes-

the bulk modulusB, for all halides of Li, Na and K, are given  timate of the lattice constants (equivalent to chemical bond
in Table 1 with a basis set developed previously for periodic |engths) in the periodic system. This provides a qualitative
HF calculation&” for the cations and anions (FCI"). Sucha  explanation as to why the error @, is always positive and
basis is not available for the bromides and iodides, so the jncreases when the atomic number of the cations or anions (or
optimized DZVP basis set was used for these ions. The poih) increase. The authors of the previous systematic study
calculation ofa, andB, requires that the dependencelbdn ¢ ol halided? (for fluorides and chlorides of Li, Na, and

the urlntdc;all \:jc_)fI;Jme\{[ IS 'I(now';'fo Fo:jtms reasollE m?st t_)et K) interpreted the dramatic increase of the error from fluoride
sampled for diterent values an € couples of POINIS 4, onioride in terms of a combination of different effects (one

(E,V) interpolated by a suitable fitting function. We used the . - . . ;
rimitive E(V) function obtained by integration of the Bireh mtratomlc,. another |r.1ter.atom|c) of electron correlatlpn as
[l\)/IurnaghaﬁO equation-of-state foP(V) whereP is the pressure follows. First, the periodic array creates an electrostatic field
In this expression foE(V), the equilibrium lattice constant (the around the anions, which reduces their size. This effect is
stronger for F than for CI because the latter is more diffuse

equilibrium volume is a function odi, only) and bulk modulus . o
enter as adjustable parameters in the fitting. The HarFeek as a consequence of the less effective nuclear attraction in the

calculations show the following: (1) A progressive increase of |arger anion. The ionic radii forl, Br—, CI”, and F are 2.20,

the relative error in the evaluation af from Li to K, keeping 1.96,1.81,and 1.33 A,_respectlvéll_y.Thus, the largest change
the anion constant. A similar trend is found when the anion is in the shrinking effect is found going from™Fand CI" and is
changed from Fto I~ keeping the cation constant. (2) For a less pronounced as one goes down the periodic table. Second,
particular cation, the error increases dramatically fromt¢=  the dispersion forces (which are intimately connected with
Cl-, especially for lithium and sodium (0% for LiF and 3.1% €lectronic correlation) are proportional to the polarizability of
for LiCl, 0.2% for NaF and 3.2% for NaCl). The incrementin the ions which increases fronTFo I=. The cations would be

the error then becomes more regular going from the chloride to affected by these two phenomena although one would expect
the iodide. (3) The relative error ia, increases slowly from smaller changes as there are no formal valence electrons on the
LiF to NaF, but jumps to 3.4% for KF. cations.
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80 TABLE 3: Equilibrium Lattice Parameters ( a,, in
Lich) Na(D) angstroms) and Bulk Moduli (B, in GPa) for Alkali Halides
70 o at the HF, NLDFT, and LDFT Levels. Values in

Parentheses are Percentage Errors (see Table?l)

structural parameters

F Cl Br |
Li a,exp 4.01 5.11 5.46 5.95
HF 4.02(+0.0) 5.27(3.1) b5.63(-3.1) 6.31(6.1)

NLDFT 4.12(-2.7) 5.22(-2.2) 5.50840.7) 6.29¢-5.7)
LDFT  3.86(-3.7) 5.01¢2.0) 5.27(3.5) 5.96¢0.1)
Biexp  69.9 35.4 26.3 18.8

HF 76.7¢-9.7) 32.069.6) 27.5¢-4.6) 18.1¢3.7)
NLDFT 63.9(-8.6) 32.4(-8.5) 31.1¢-18.2) 18.94-0.5)
LDFT 71.4(4-2.2) 45.5(28.5) 40.3¢53.2) 25.94-37.8)

|Relative Error {Lattice Constant)}

Na a,exp  4.61 5.60 5.93 6.41
HF 4.62(+0.2) 5.78¢03.2) 6.15(-3.7) 6.70(-4.5)
Km Rb(D NLDFT 4.73(+2.6) 5.75¢-2.7) 6.08(-2.5) 6.59¢-2.8)
LDFT  4.50(2.4) 5.48(2.1) 5.74¢3.2) 6.29¢1.9)
60 Boexp 51.2 26.6 22.8 17.¢

HF 50.9¢-0.5) 23.5(11.6) 18.8¢16.8) 17.7¢1.1)
NLDFT 43.6(-15.2) 22.9¢13.9) 19.2¢15.0) 14.0{21.8)
LDFT 65.6(+27.4) 35.1¢32.0) 35.8(-58.4) 22.2¢-24.0)
K a,exp 531 6.25 6.54 6.99
HF 5.49(-3.4) 6.57(-5.1) 6.93¢-6.0) 7.46(-6.7)
NLDFT 5.56(+4.7) 6.54(+4.6) 6.86(-4.9) 7.14(-2.1)
LDFT  5.24(1.3) 6.18¢1.1) 6.47¢1.1) 6.76(3.3)
Boexp 34.2 19.7 14.8' 12.7
HF 29.9¢12.6) 16.1¢18.3) 12.8¢15.8) 11.0¢13.4)
NLDFT 25.1(-26.6) 15.0¢23.9) 11.3¢25.7) 9.9¢22.0))
LDFT  42.0(4-22.8) 26.7¢-33.5) 21.2¢-3.95) 20.4¢-60.6)
oo Rb a, exp 5.59 6.53 6.82 7.26
F a Br IF cl Br I HF 5.65¢-1.1) 6.89¢-5.5) 7.27(-6.6) 7.69¢5.9)

. : : : NLDFT 5.64(+0.9) 6.82(-4.4) 7.12(+4.4) 7.53(3.7)
Figure 1. Absolute values of the relative errors, for each cation, in
the lattice constant evaluation, as a function of the anions. The three LDFT 5.35(-4.3) 6.42(17) 6.82(-2.1) 7.07(¢2.6)

X B,exp 30.19 18.7 16.00 13.
sets of data are (a) HF (circles), (b) NLDFT (squares), and (c) LDFT HE 34.7¢+15.3) 14.4¢23.0) 8.8(-45.0) 10.9¢16.8)

|Relative Error (Lattice Constant)]
»
o

20

(black diamonds). The LDFT values are actually negative. NLDFT 31.9(+4.0) 135(27.8) 105(34.4) 6.9(47.3)
TABLE 2: lonic Character for the Alkali Halides LDFT  50.5¢+67.8) 25.1¢34.2) 20.9(30.6) 19.%45.5)
E al Br | a All calculations are carried out with DZ\*Pbasis sets adapted
(see text) for periodic calculations and given as Supporting Information.
Li 89.4 69.2 62.1 50.5 Lattices parameter at 4.4 K taken from ref 8Bulk moduli at 4.2 K
Na 90.1 70.9 63.9 525 taken from ref 33¢ Bulk moduli at 4.2 taken from ref 32.Bulk moduli
K 91.9 74.5 67.8 56.8 at 4.2 K taken from ref 346 Bulk moduli at 4.2 K taken from ref 35.

f Bulk moduli at 4.2 K taken from ref 36.Bulk moduli at 4.2 K taken

The DFT calculations of the equilibrium lattice constants from ref 37." Bulk moduli at 4.2 K taken from ref 38.Bulk moduli
exhibit different behavior. At the NLDFT level, the relative at 4.2 K taken from ref 39 (average value at room temperature).
errors (Aa%) are mainly controlled by the cations. For the Li
compoundsAa% is around 2.0% for all halides from F to I.  are almost the same for the chlorides, bromides, and iodides.
The sodium and potassium halides show similar trends with The NLDFT and LDFT plots do not exhibit big changes from
the relative errors fluctuating around 3% and 5%, respectively. fluorides to iodides, if rubidium fluoride is excluded. The plot
In all compoundsg, is overestimated. The values fay at the of the errors obtained at the NLDFT level is almost the same
local level are always smaller than the experimental values, butas the HF curve shifted to lower values (in particular for the
they do not show any particular regular trends. The percentagesodium and potassium halides).
error increases in lithium compounds, from fluoride2(2%) Sodium chloride has been one of the most investigated
to iodide (—2.9%), and fluctuates around an average value for structures by first-principles solid-state methods over the past
the sodium 2.0%) and potassium—0.9%) halides. The  two decades. Much of this work was done at the LDA (LDFT)
average error is reduced in going from Li to K. level with plane-waves basis se¥?” instead of the Gaussian

Figure 1 shows, for each cation, the absolute valuaAaPo type basis sets, used in the present work. Table 4 reports results
as a function of the anions. The plots were generated usingfrom these studies, and also those where the correlation effects
the relative errors of Table 1 for Li, Na, and K (original were computed posterioriby using the HF electron density
CRYSTAL basis sets), whereas the rubidium data are from with different correlation functionals. The full-potential aug-
Table 3 (DZVP basis set). The four plots summarize the mented-planewave (FLAPW) method, with the Hedin
observations made during the analysis of Tables 1 and 3. TheLundquist correlation functionaf predicts a lattice constant that
HF results are generally the best for the most ionic crystals, theis larger than HF and our NLDFT result and as a consequence
fluorides. For the remaining halides, the LDFT method is the overestimateBy. The other methods show a value of the lattice
best and the errors are approximately constant for the LDFT constant close (the difference is betweed.06 and—0.01 A)
and NLDFT methods except for RbF. In general, the NLDFT to our LDFT value. The bulk modulus results with the plane
errors fall between the LDFT and HF relative errors. Figure 2 wave basis sets are in better agreement with experiment as
shows the same behavior 8fa,%, now as a function of the  compared to our LDFT value. A systematic study of the alkali
cations. The “shape” and relative positions of the three curves halide€® based on an approximate LDA formalism, exhibits
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Figure 2. Absolute values of the relative errors, for each anion, in the
lattice constant evaluation, as a function of the cations. The three sets 0.0 , ‘
of data are (a) HF (circles), (b) NLDFT (squares), and (c) LDFT (black 70.0 0 20 30 4.0 50
diamonds). The LDFT values are actually negative. Lattice constant relative error

Figure 3. Relative errors in the bulk moduli evaluation, as a function

TABLE 4: DFT Lattice Energies (LE, in kJ/mol), Lattice of the lattice constant relative error. The three sets of data are (a) HF

ggr?]stﬁgtsLit(lenrz;B?esgomS) and Bulk Moduli (in GPa) of NaCl (circles), (b) NLDFT (squares), and (c) LDFT (diamonds).

method functional LE a Bo the distribution of the relative erroAB,% as a function of
PS-PW Wigner 552 31.2 Aa,%. Both HF and NLDFT methods exhibit a roughly linear
FLAPWe Hedin—Lundquist 7835 6.64 30.4 trend with the error inB, becoming more negative asa,%
LAPW¢ Wigner _ 5.54 287 increases. The LDFT results show a general increase in the
it (H:ggler:’TeLylchlj(?eurlSt 6106 as 3 ermorinABg% scattered around the interpolation curve\as%
ASA -+ E9 Hedin-Lundquist " 549 330 increases. Most of the error By is concentrated in the region
LCAO-HE 7442 580 228 of Aa,% between—1% and—3%. The values 0B, for the
LCAO-HF + P91 Perdew(91)p posteriori 787.3 5.54 30.1 alkali compounds, at the three levels of theory, are reported in

Present Work Table 1. The HF (except for LiF and Lil) and NLDFT (except

LCAO-HF 817.1 5.78 23.7 for Lil) methods underestimate the valueRy, and HF seems
LCAO-LDFT Vosko—Nusai-Wilk ~ 806.1 5.75 22.9 to be more accurate for sodium and potassium halides, whereas
LCAO-NLDFT  Perdew-Wang 885.4 548 352  NLDFT is more accurate for the lithium halides. By using local
exptl 786 560 26.6

functionals for both correlation and exchange, the bulk modulus

3 PW = plane wave. FLAPW= full-potential linearized augmented  is always overestimated by 2@30%.
plane wave. ASA+ E = atomic sphere approximation plus total energy, ~ There is very little correlation between the relative error of
within the linear muffin-tin orbital (LMTO) formalism. NUM= fully B, with respect to the ionic character (Table 2) of the solids.
g;"’;ng'Ca' method. P9E Perdew correlation functiondRef 26.° Ref The ionic character is obtained as a function of the electrone-

.9Ref 23.¢Ref 23.TRef 11.9 Ref 27." Ref 5. - . . . .

gativity difference (EN) of the ions by using Pauling’s elec-

good agreement with experiment, for both the lattice constants tronegativitie® and a polynomial fit (ninth degree) of ionic
and bulk moduli for the halides of Li, Na, K, Rb, and Cs. In character vs the Pauling EN valu€sThe rubidium compounds
this approach, the charge density and the total energy arehave essentially the same values as the related potassium
obtained without evaluating the Bloch states. compounds. The sequence of data indicates that th& ldond

Bulk Moduli. The bulk modulusB, can be expressed in becomes more covalent for each cation as the size (atomic
terms of the inverse of the equilibrium volume and of the number) of the anion increases. For a particular anion, as the
curvature of E(V). Despite the dependence on the second atomic number of the cation increases, the bond is more ionic.
derivative ofE with respect tov, B, should increase when the  The latter effect is less important than the former and can be
equilibrium volume of the unit cell decreases. As a consequenceneglected.
the overestimation (underestimation) af (of V) induces a The lattice constants and the bulk moduli calculated at the
negative (positive) error in the evaluation®f Figure 3 shows different levels of theory with the DFT (DZVP) basis sets on
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both cations and anions, are reported in Table 3. The resultsTABLE 5: Mulliken Analysis (Net Charges and Bond

for the halides of Li, Na, and K follow, in general, the same Populations) for the Alkali Halides, at the Different Levels
: T P e . of Theory (for a Particular Crystal the HF, NLDFT, and

trend; as obtalngd by using the periodic HF basis sets. For Lil LDFT Results Are the First, Second and Third Row,

the different basis sets give different relgtlve errorsa(or'l"he Respectively). All Data are in Electrons

HF and NLDFT calculations of the lattice constant with the

DZVP basis sets are larger than the HF-derived basis sets, but L K
the LDFT value is now in better agreement with experiment, _anion  method ~ qM)  qMX) gM)  qM—X)
As a consequence, the bulk modulus is underestimated by a F HF +0.862 —0.003 +1.007 —0.018
significant amount at the first two levels of theory and only a NLDFT ~ +0.453  +0.009  +0.982  —0.006
small error is found at the LDFT level{0.8%) with this basis LDFT ~ +0.312  —-0.003  +0.979 ~ —0.007
. Cl HF +0.944  +0.005 +1.006 —0.013
set. The analysis adka,% trends show that for RbF, the errors NLDFT +0873 +0015 +0983 —0.006
differ from those found for the other rubidium halides. For the LDFT 40840 +0.016 +0.970 —0.005
NLDFT results, we expected an overestimation of around 4%, Br HF +0.932 —-0.014 +1.007 —0.013
yet the error is less than 1% and at the HF level the error is NLDFT ~ +0.824  +0.003  +0.988  —0.006
considerably smaller for RbF than the 3.5% and 5.5% errors ERT o TDaee 10002 10979 o008
found for KF and RbCI at the same level of theory. A careful NLDET 40816 40024 +0991 —0.002
comparison of Tables 1 and 3 shows other differences between LDFT +0.786 +0.026 +0.980 —0.001
the two results for the two types of basis sets. For LiCl and
LiBr, the HF error is 3.1% for both basis sets, but the LDFT Na Rb
and NLDFT values ofAa,% for LiBr differ from the errors anion  method q(M) q(M-X) q(M) q(M—X)
found by using the periodic HF basis sets. In particular, the HE 11011  -0019 +1.020 —0.044
NLDFT level gives a smaller errot;0.7% with the DZVP basis NLDET +0.784 +0.013 +0937 —0.018
set as compared t$2.0% with the HF basis set. The LDFT LDFT +0.717 +0.016 +0.925 —0.018
error is more negative with the DFT-derived basis sets as Cl HF +0.973  —0.004 +0.960  —0.006
compared to the HF-derived basis sets. Although the NLDFT ’C“[;E?T ig-g?z ig-ggg ig-ggg 18-882
error ina, for LiF exhibits little dependence on basis sets, the HE 40951 -0.001 +0978 —0012
DZVP basis set gives a larger negative percentage error at the NLDFT +0.859 +0.008 40921 +0.001
LDFT level as compared to the HF-derived basis set. LDFT +0.785  +0.016 +0.908 +0.003
For the sodium compounds, the relative errors for the lattice HEDFT ig-g?i 18-883 ig-gg; ;g-ggg
constant are slightly improved by using the DZVP basis set, LDFT 10.812 40017 40897 +0011

except for NaBr at the LDFT level. For the potassium
compounds, Kl displays, at the LDFT and NLDFT levels, the
same behavior found for RbF. The error at the NLDFT/DZVP
level is smaller than at the NLDFT/HF-basis level and the
opposite is found at the LDFT level.

As found in Table 1, the relative deviations in the bulk
modulus are, in general, a function®,%, becaus®, depends
on the volume. However, there are change@B,% which
cannot be easily rationalized in this way. For example, the
positive error ing, at the HF and NLDFT levels for RbF does
not lead to an underestimation d, but rather to an
overestimation.

reduction of the net charge is predicted. We note that the largest
difference between the DFT and HF methods for the charges
are for lattice constants less than 5.0 A.

The increase of the charge can be interpreted as the increase
of the ionic character of the compound because the electrons
are more depleted from the cation and more concentrated on
the anion. The Mulliken analysis indicates that the fluorides
of Li and Na are more covalent than the chlorides, and the
covalent character is stronger for DFT (LDFT in particular) than
for the HF method. This is not consistent with the ionic
character scale given in Table 2 which predicts a very strong

Mulliken Charges. Table 5 reports the net Mulliken charge ionic behavior for the fluorides of these two cations. However,
on the cationd(M)] (the anion charged(X)] is just the negative if we compare LiCl with LiBr and NaCl with NaBr we find, in
of the cation charge) and the bond populations along the shortestoth cases, a reduction in the charge at all levels of theory which
distance for catiofranion [ q(M—X) ]. The Hartree-Fock can be interpreted as an increase in the covalent character of
calculations, for all crystals, predict more ionic character than the solid. These variations of the net charge give a picture of
do the DFT calculations. The net charge on the ions at the HF the ionic character more complex than would be given by a

level is always closer to the ideal chargesidf and—1 than
the DFT charges. The difference between the HF and G{M™)

simple ionic model based on the values in Table 2, and in
general, the DFT results follow the path shown by the HF

andq(X) values tends to decrease as the atomic number of thecalculations.
anion and/or the cation increases, which also corresponds to an The bond populatio(M—X) is usually positive, andj(X —

increase in the lattice constant. For LiF the NLDFT charge is

X) is negligible except for the lithium halides LiCl, LiBr, and

only one-half the HF value and the difference is even bigger Lil which exhibit negative values along theXX distance; the

for LDFT. This deviation drops te<0.1 e for the other three
lithium halides. An analogous trend is found for the sodium

size of this effect is always larger with the HF method. The
maximum value of this negative population is found for LiBr

compounds; the difference between the HF and NLDFT net (—0.077e,—0.040e, and-0.035e for HF, NLDFT and LDFT,

charges is<0.23 e for NaF (0.29 for the HF/LDFT comparison)
but on the order of 0.1 e for NaCl, NaBr, and Nal. As in the
discussion ofAa%, we find again a remarkable difference in
the description of fluorides of a particular cation with respect
to the others halides. The net charge of licreases from the
fluoride to the chloride, but for Ng g(M) decreases, for K
there are no relevant changes, and forfRbas for Na, a

respectively). From Fto Br~, it is the increase of the size of
the anion that induces the increase of the repulsion (the
population becomes more negative), but this feature cannot
explain the drop ofq(X—X) for the most diffuse anion.
However, the iodide is also the most polarizable anion, and for
this reason Li tends to drive the anion charge more efficiently
along the direction L+X, as shown byg(Li—1) values.
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Figure 4. Differential maps of [001] plane of LiF. Isoline curves are  Figure 5. Maps of [001] plane of Rbl. See Figure 4 caption.
separated by 0.0007 e/béhfa) DFT with HF exchange and Perdew

Wang correlation minus HF density, (b) DFT with Becke exchange /. S . . "
and PerdewWang correlation minus HF density, (c) DFT with HF (Figure 4a), the density in the inner region of'Lincreases

exchange and Volskewilk —Nusair correlation minus HF density, (d) ~ With respect to the HF density just as found in the LDFT plots,

DFT with Slater exchange and VolskVilk —Nusair correlation minus ~ but there is a depletion of density around the anion. Clearly
HF density. the main difference between the HF and DFT densities is due

Density Maps. The total density of the crystal at different t© the treatment of exchange.
levels of theory can be used not only to obtain more information ~ The sections of the differential densities of Rbl (the largest
about the properties of the crystals, but also to analyze any ions studied) are shown in Figure 5 and the main feature is the
differences between the different computational methods that shrinking of the density around the iodides, induced by the
were used. The total density, along a particular crystallographic €lectrostatic field created by the cationSp{on),, .. How-
plane, gives a relatively small amount of information. The €Ver, in this case the charge on"Rappears to be depleted.
function obtained as the difference of the total density of the The nonlocal and the local functionals (differential maps b and
crystal and the density of the array of noninteracting ions is d in Figure 5) slightly reduce the small polarization onaind
more interesting because it displays how covalent a particular increase the shrinking of the density around both the ions. This
bond is. The section a|0ng the p|ane [001] of the difference effect is much smaller when exact eXChange and either correla-
between the total HF densityys) and densities calculated at tion functional is used (differential maps a and c of Figure 5).

various DFT levels are given in Figures 4 and 5, for LiF and It is useful to note that for Rbl, which has the |argest unit cell
Rbl. Figure 4a and b show, for LiF, the NLDFT density treated in this study, the density differences between the various

obtained by using exact (HF) exchange and the Perd&ang methods are the smallest that we have observed, consistent with
correlation functionaiinusthe HF density Apnis—HF = ppw-8 the least interactions between the cations and anions (The
— pup) (@), and the “true” NLDFT density obtained when various plots for Lil and RbF are given as Supporting Informa-
Perdew-Wang correlation and Becke exchange functionals are tion).

used in the KohaSham equationsninus the HF density The density plots clearly show that it is the treatment of the
(ApnL—nF = ppw— — purF) (b). Figure 4c and d ar&pipa —Hr exchange which differentiates the periodic HF and the periodic
= pvwN—HF — PHF (€) andAppa—HFE = pvwn—s — prr (d), where DFT calculations. The analysis of the (001) differential density
pvwn—s represents the total DFT density obtained by using the maps for other alkali halides (for Lil and RbF, see Supporting
Volsko—Wilk —Nusair correlation and Slater exchange func- Information) show that the effect is most pronounced when the
tionals andovwn—Hr is the density when the local exchange is lattice constant is smallest with large transfer of electron density
replaced by the exact HF exchange. Examination of the plot from the anion to the cation. The gradient corrections to the
PHE — pﬁg (not shown) indicates that, with respect to a pure functionals moderate this transfer of electron density, making
ionic representation of the crystal, the HF calculation for the the system more ionic. Increasing the interatomic distances (and
periodic system tends to add density on the cations and depletechanging the polarizability of the anion), dramatically reduces
the anions, i.e., it introduces covalency and reduces the the difference between full DFT and HF as found for Lil. The
difference in the positive and negative charges. Figure 4d showstwo rubidium halides show similar trends to the two lithium
that the LDFT method, with respect to Hartreeock, reduces halides but the differences are not as pronounced, i.e., there is
the ionicity just as expected from the Mulliken populations. The less differentiation between the fluoride and the iodide for
cations display additional positive (solid lines) isolines around rubidium. Finally we note that the gradient correlation correc-
the Lit sites and additional negative (dashed lines) isolines tions do little to change the HF results.

surround the anion. If the self-consistent calculations are Lattice Energies. The lattice energiesH) calculated with
performed with the local correlation functional and exact (HF) the DZVP basis sets for the alkali halides studied in this work
exchange (Figure 4c), the result (in comparison with the HF) is are given in Table 6. Th&_ are computed as the difference

a concentration of the electron density in the core region of the between the total energy per formula umitnusthe sum of the
ions, but the difference is much smaller than if the Slater total energies of the isolated anion and cation, evaluated at the
exchange is used. The NLDFT plots (Figure 4a and b) show same level of theory with respect to the periodic calculations.
the same features as seen in the LDFT difference density plotsThe HF and NLDFT methods underestimate the lattice energies
but the differences from the HF plots are smaller. If HF whereas the LDFT method overestimates them. This is
exchange and the nonlocal correlation functional are used consistent with the well-known trend for LDFT to give
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TABLE 6: Experimental 4° and Calculated Lattice Energies (kJ/mol), for the Alkali Halides at Hartree—Fock (HF), LDFT, and
NLDFT Levels with the Optimized DZVP Basis Sets. Values in Parentheses Are Percentage Errors

lattice energies

F cl Br [
Li exptl 1036 835 807 757
HF 1023.6(1.2) 817.1¢2.1) 790.5(-2.0) 701.7¢7.3)
NLDFT 1011.9¢2.3) 806.1(3.6) 795.1¢1.5) 642.3¢15.2)
LDFT 1106.2(-6.8) 885.4{-6.0) 882.7¢-9.4) 746.2¢-1.4)
Na exptl 923 786 747 704
HF 939.5¢-1.8) 754.5¢4.0) 740.5¢0.9) 658.3(-6.5)
NLDFT 905.5(-1.9) 737.9¢6.1) 738.6(1.1) 602.7¢-14.4)
LDFT 980.1(+6.1) 822.3¢-4.6) 826.1{-10.6) 698.8(-0.7)
K exptl 821 715 682 649
HF 805.2(-1.9) 666.5(6.8) 662.2(2.9) 592.6(-8.7)
NLDFT 785.0(-4.4) 647.9(-9.4) 665.7¢2.4) 579.1¢-10.8)
LDFT 867.8(+5.7) 730.6¢-2.2) 749.0¢-9.8) 667.6¢-2.9)
Rb exptl 785 689 660 630
HF 682.5(-13.1) 637.5¢7.5) 638.2(-3.3) 563.8(10.5)
NLDFT 679.9(¢-13.4) 618.2(-10.3) 640.1{-3.0) 518.7¢17.7)
LDFT 804.04-2.4) 716.9¢-3.9) 738.6¢-11.8) 624.2¢0.9)
overbinding. Despite the linear correlation betweenAlag% to improved agreement with experiment. The difference density
and the lattice energies errors found at the HF Fé\elr the maps clearly show that it is the different treatment of exchange

Li, Na, and K fluorides and chlorides, our results do not show which differentiates the HF and DFT results. The treatment of
any particular trend as a function of the size of the anion or the correlation does little to change the density maps of these very
cation. However, the HF and NLDFT evaluations are, in some ionic systems. The gradient corrections at the DFT level do
way, correlated; for a particular cation, when the size of the lead to smaller density differences with respect to the HF
anion increases both the methods show the same behavior. Idensity.

the HF error increases (decreases), the NLDFT increases

(decreases), but the size of the fluctuation can be quite different. Acknowledgment. This research was supported by the U.S.
For the potassium halides, for example, the HF error for the Department of Energy under Contract DE-AC06-76RLO 1830
KF lattice energy is-1.9%, but—4.4% for NLDFT. The error (the Environmental Management Sciences Program). The Pacific
increases for KCI{6.8% and—9.4% at the HF and NLDFT  Northwest National Laboratory is operated by Battelle Memorial

level, respectively) then decreases for KB2(9% and—2.4%); Institute.
NLDFT gives a larger underestimatior-15.2%) for Kl as
compared to the HF error 0f7.3%. The LDFT method Supporting Information Available: Explanation of the use

exhibits a different behavior but its errors can be correlated with of DFT basis sets, tables of DZVP basis sets for cations, and
the HF and NLDFTAE, %. The compounds which have smaller maps of the [001] plane for Lil and RbF (7 pages). Ordering
(larger) underestimation @& at the HF and NLDFT level, show information is given on any current masthead page.

larger (smaller) overestimation at LDFT level. We note that
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