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Ab initio Hartree-Fock Born effective charges of LiH, LiF, LiCl, NaF, and NaCl
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We use the Berry-phase-based theory of macroscopic polarization of dielectric crystals formulated in terms
of Wannier functions, and state-of-the-art Gaussian basis functions, to obtain benelnnaitio Hartree-Fock
values of the Born effective charges of ionic compounds LiH, LiF, LiCl, NaF, and NaCl. We find excellent
agreement with the experimental values for all the compounds except LiCl and NaCl, for which the disagree-
ment with the experiments is close to 10% and 16%, respectively. This may imply the importance of many-
body effects in those systems.

. INTRODUCTION scheme£®?6The other advantage of the HF method is that it

The Born effective chargéalso called transverse or dy- can be systematically improved, both by perturbative as well
namic charggof a crystalline system, defined as the inducedas nonperturbative methods, to account for many-body
polarization due to a unit sublattice displacemkist,a fun-  effects?’ Recently, we have developed a Wannier-function-
damental quantity connecting the electrostatic fields of théasedab initio HF approach to compute the ground-state
lattice to its phononic properties. It contains important infor-properties of crystalline insulatof&2° The approach has
mation not only about the electronic structure and the bondbeen successfully applied to compute the ground-state prop-
ing properties of the system, but also about the coupling oérties of not only three-dimensional crystiis®but also of
its longitudinal- and transverse-optical phonon modes to thene-dimensional periodic insulators such as polym&re
external infrared radiatiofi.® In addition, the Born charges In the present paper we extend our approach to the problem
also find use in first-principles-based construction of effec-of macroscopic polarization of dielectrics, and apply it to
tive Hamiltonians describing phase transitions in ferroelecobtain benchmark HF values for the Born charges of di-
tric materials’® Traditionally, theab initio computations of atomic ionic systems LiH, LiF, LiCl, NaF, and NaCl. Be-
Born charges of dielectrics have been performed eithesides their simplicity, the main criteria behind the choice of
within the density-functional linear-response thedt§,or  these materials for the present paper weeto the best of
the density-functional perturbation thedr{* At a more phe-  our knowledge, no prior benchmark calculations of the Born
nomenological level, the bond-orbital method of Harrisoncharges of these materials exigi) high-quality experimen-
has been very insightfdf. Recently, however, a very elegant tal data has been available for them for a long tihé?
formalism has been proposed by King-Smith andThus by comparing the benchmark HF results such as this
Vanderbilt’® and Restd**® which formulates the general one, to the corresponding experimental values, one can
problem of symmetry-breaking-induced macroscopic polargauge the applicability of the HF method on a wide variety
ization (of which the Born charge is a special casé a  of systems. When we compare the HF values of the Born
crystalline dielectric, in terms of the Berry phase of its wavecharges computed in the present paper, with the experimental
function. This Berry-phase-based approach to macroscopicnes, we find that the agreement is good for LiH, LiF, and
polarization of dielectrics has come to be known as theNaF, where the agreement between the theory and the ex-
“modern theory of polarization’(MTP) in the current phys- periment is always better than 7%. For NaCl and LiCl, how-
ics literature'® The MTP has been used both within the ever, the error is 10% and 16%, respectively, suggesting the
density-functional theory (DFT) based implementa- possibility that the many-body effects may be stronger in

tions2>1317-22 55 well as the wave-function-based these systems.
Hartee-Fock®~2° (HF) formulations, to evaluate a variety of Since, this is the first application of our Wannier-
polarization-related properties. function-based method to the problem of macroscopic polar-

DFT-based calculations of macroscopic polarization propization, we also present the associated computational details.

erties are very efficient, so that, without excessive effort, ondhe Wannier functions, being very similar in character to the
can performab initio computations on complex compounds. molecular orbitals encountered routinely in quantum chem-
Normally, theab initio Born charges computed using the istry, have the added advantage of being intuitive in charac-
DFT-based formulations are within 10% agreement with theer. Indeed, as demonstrated later on, they lead to a pictorial
experiments for simple zinc-blende semiconductorghile  description of the symmetry-breaking processes associated
the disagreement can be worse for more complex systtmswith macroscopic polarization of insulators.
Therefore, it is of interest to systematically explore alterna- The remainder of the paper is organized as follows. In
tive methods for computing the macroscopic polarizationSec. Il we briefly cover the theoretical aspects of the present
properties of crystalline insulators. For ionic systems, the HFpaper. Our numerical results for the Born effective charges
method provides a powerful alternative in that it performsof several ionic crystals are presented in Sec. lll. Finally, the
much better than the local-density approximation basedonclusions are presented in Sec. IV.
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Il. THEORETICAL BACKGROUND ‘
A. Born effective charge T+U+% (235 Kﬁ)+k§/\/27 )\7| YRR fl)
The Born effective charge tensdf; ;(i) associated with =e,|a), (4)
the atoms of théth sublattice, is defined #5
whereT represents the kinetic-energy operatdrmepresents
the interaction of the electrons ¢f with the nuclei of the
;g E:0’ @) whole of the crystal, whilel;, Kz, respectively, represent
the Coulomb and exchange interactions felt by the electrons
where Z; is the charge associated with the nuder the  occupying thedth Wannier function of, due to the rest of
corg) of the sublattice() is the volume of the unit celeis  the electrons of the infinite system. The first three terms of
the electronic charge, ar(®" is the ath Cartesian compo- Eq. (4) constitute the canonical Hartree-Fock operator, while
nent of the electronic part of the macroscopic polarizatiorthe last term is a projection operator that makes the orbitals
induced as a result of the displacement of the sublattice ifocalized inC orthogonal to those localized in the unit cells
the gth Cartesian direction; ;. For smallAu;z, one as- in the immediate neighborhood 6fby means of infinitely
sumes 9P/ ou; 5lg_o=AP/Au;,, and computes the high-shift parameters*’s. These neighborhood unit cells,
change in the polarizationA Pff') following Resta’s whose origins are labeled by lattice vectétg, are collec-
approach’ tively referred to asV. The projection operators along with
the shift parameters play the role of a localizing potential in
AP =P — PO, (2)  the Fock matrix, and once self-consistency has been

WherePg?) andPgl,), respectively, denote the electronic parts.aCh'eved’ the occupied eigenvectors of B).are localized

. N .. ~in C, and are orthogonal to the orbitals 4f—thus making
of the macroscopic polarization of the system for its initial ’ . . ;
(\=0) and final E: Fl)) ctates. Wherg is ayparameter char. them Wannier function&?° As far as the orthogonayl\léy of
- . ; ' . . he orbitals ofC to those contained in unit cells beyondis
?hcetzelgftlizge] tk(];ezdr:3bglrctigrgrrr£ter)r/l—tbcrzgle<{2gtjotrgg?;%rr:?iz;telzn 0f:oncerned, it should be automatic for systems with a band
with the sublattice displacementu;;. For one-electron gap oncel has been chosen to be large enough. As in our

) revious calculations performed on three-dimensional ionic
theories such as the Kohn-Sham theory, or the HF theor)P 831 - . e .
King-Smith and Vanderbilt showed tHat ihsulators?®~3'we included up to third-nearest-neighbor unit

cells in the regionV.
M For computing the Born charges, fir@ﬁ.ﬁ’) is computed
PM=(fe/Q) > | reM(r)adr, (3)  from Eq. (3) using the Wannier functions of the unit cell,
n=1 with all the sublattices of the crystal in their original position
corresponding to the case=0. Next, theith sublattice is

Wannier functions of the unit cell for a given valuexfand ~ displaced in the Cartesian directigh by a small amount

f is the occupation number of Wannier functioh=2, for ~ AUig, and P& is computed in a manner identical to the
the restricted Hartree-Fock thegry King-Smith and  Previous case, except that the Wannier functions used for the

Vanderbilt® also showed that the right-hand side of Eg). ~ PUrpose are recomputed for the transformed lattice. Now that
is proportional to the sum of the Berry phases associate$® can computéPe, [cf. Eq. (2)], we can also compute the
with individual Wannier functiongor bands, thus equating BOrn effective charge tensor by substituting it in EE).

the change in the macroscopic polarization of the solid with 1he Wannier functions obtained by solving E¢) are

the change in the Berry phase of its wave function during th&anonical Hartree-Fock solutions for the unit aglland thus
corresponding adiabatic transformation. In addition, Résta Will satisfy the spatial symmetries of the unit cell. In appear-
demonstrated thaAP,, computed via Eqs(2) and (3) is  ance they look identical to the molecular orbitals encoun-

invariant under the choice of Wannier functions, even thougfi€red in any quantum-chemical calculation on a finite system,
the individual P3)'s are not. Computation of the Wannier 25 Was discussed in our earlier wdikTherefore, by com-

functions for different values ok is discussed in the next paring the spatial.appearances of the Wannier functions for
section. the most symmetric casa €0) to the broken symmetry one

(A=1), we can obtain a pictorial representation of the po-
larization process.

P

ZE (1) =2+ (Qe)

where {¢(r),n=1,... M} represent theM occupied

B. Wannier functions

In principle, any approach that can yield Wannier fucn-
tions of a crystal corresponding to its Bloch orbitals can be
used to compute its Born charge tensor. However, in the In this section we present the results of our calculations of
present paper we have applied a framework, recently devethe Born effective charges for LiH, LiF, LiCl, NaF, and
oped by us, which directly yields the restricted Hartree-FockNaCl. Because of the cubic nature of the underlying Bravais
(RHF) Wannier functions of a crystalline insulator employ- lattices, the Born charge tensor for these systems has only
ing a linear combination of atomic orbitalsLCAO)  one independent component. In all the cases, we assumed the
approact®2°In our previous work we showed that one can corresponding experimental fcc crystal structure, with the an-
obtainM RHF Wannier functions{|a), «=1M} occupied ion at (0,0,0) position and the cation a@t/2,0,0) positiona
by 2M electrons localized in the reference unit c€éllboy  being the lattice constant. The lattice constants used in the
solving the equatiorf&2° calculations were the theoretical ones, obtained by minimiz-

IIl. RESULTS AND DISCUSSION
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TABLE I. Born effective charges of different ionic crystals ob- TABLE II. The contribution of individual Wannier functions to
tained in this work, as compared to the experimental values. the Born effective charge of the alkali halides when the arifon
sublattice with nuclear chargg, . was translated, holding the cat-
Born effective charge Percentage error ion (C) sublatticés) fixed. Nominal ionicity of the anion is given in
This work Experiment [Z*(theory)—Z* (exp)] 100 parentheses right below its Born effective charge.
Crystal Z* (theory)  Z* (exp Z* (exp)

Born effective charge

Wannier Nominal

H a
:::E éggg 0'93%2504 _ig function  charge LiF LiCl NaF NacCl
LiCl 1.036 1.23% —15.6 1s (C) 0.000 0.001 0.002 0.000 0.000
NaF 0.956 1.02% -6.6 2s (C) 0.000 —-0.007 —0.001
NaCl 0.985 1.099 —10.4 2p (C) 0.000 -0.216 0.002

- - — 1s (A) —2.000 —-2.000 -—-2.000 -2.000 -—2.000
#Obtained from experimental values of the Szigeti chatge and 25 (A) —2000 -2.061 -—2002 -—1.830 —2.001

H H H H H *
the high-frequency dielectric cc_)nstaa;, using the relatior? 2p (A) —6.000 -5938 —5998 —5903 —5.999
=[(e,+2)/3]Z5 (Ref. 37. ExperimentalZ; and €., were reported

e 3s(A)  —2.000 ~2.107 —2.081
PObtained from the experimental values &f and e., reported in 3p(A)  —6.000 —5.931 —5.905
Ref. 39. Zoie 9.000 17.000  9.000  17.000
Total —0.998 -—-1.036 —0.956 —0.985
ing the total energy per unit cell at the Hartree-Fock level. (—1.000) (~1.000) (-1.000) (-1.000)

The Wannier functions used in the approach were obs=
tained by performing all-electron HF calculations using aa|| these reasons give us confidence as to the correctness of
computer program developed by us recefitlyn order to our results.
evaluate the centers of the Wannier functions needed for From Table | it is obvious that the theoretical Born effec-

computing the polarization properties, we added a small sultive charges obtained for LiH and the alkali halides are quite
routine to the existing module. The program is implementeclose to their nominal ionicities. This is in perfect agreement
within an LCAO approach, employing Gaussian lobe-typewith the intuitive picture of these systems being highly ionic
functions?® Lobe-type functions simulate the Cartesfgand  in nature. As far as the comparison of the HF results with the
higher angular momentum orbitals located on a given atomiexperimental results is concerned, it is very good for LiH,
site, as linear combinations eftype functions slightly dis- LiF, and NaF. However, for NaCl and LiCl, the disagree-
placed from the sit&? Because of this reason, it is possible ment is more than 10%. Similar differences with respect to
that in our approach we obtain somewhat different numericathe experiments were also observed by Yaschegtkal 2*
values of the Wannier function centers, as compared to th&sho computed the HF Born charge of MgO to be 1.808,
ones computed by equivalent genuine Cartesian-basis funerhile the experimental value for that compound is in the
tions as implemented, e.g., in theysTAL95 program?® For  range 1.96—2.02" One possible reason for the discrepancy
these calculations we used the lobe representation of thgetween the theoretical and the experimental values of the
state-of-the-art contracted Gaussian-basis sets developed Byrn charges could be the missing many-body effects. A
Dovesi and co-worker&44 For LiH, the details of the basis qualitative discussion of these many-body effects was given
set can be obtained in Ref. 43, while for the alkali halidesby Harrison, in the context of his “ion-softening theor>’
they are available in Ref. 44. Using these basis sets we hat/hen, e.g., the anionic sublattice of an alkali halide is trans-
studied NaCl(Ref. 30 earlier at the Hartree-Fock level; lated, the bulk of the contribution to the Born charge—
therefore, optimized lattice constants were already availablerhich, for the HF case, we call the mean-field
for them. However, for the remaining systems, we performedontribution—is due to the electron transfer along the direc-
fresh Hartree-Fock calculations to obtain the optimized lattion of the movement of the anion, and is associated with
tice constants. The theoretical lattice constant finally used imopmost occupiecp-type Wannier function, as is obvious
these calculations were 4.106(&iH), 4.018 A(LiF), 4.633  from Fig. 2. However, according to Harris8hpecause of
A (Nap), 5.262 A(LiCl), and 5.785 A(NaCl). These are in the many-body effects, we can have a singletual) exci-
close agreement with the values 4.102(&iH),*® 4.02 A tation from the topp-type occupied Wannier functiofthe
(LiF)* 4.63 A (NaP,** 5.28 (LiCl),** and 5.80 A(NaCl  bonding orbital into the first unoccupied Wannier function
(Ref. 44 reported by Dovesi and co-workers. (the antibonding orbital on the nearest-neighbor cations,
The computed Born effective charges are presented ithereby, modifying the Born charge. This virtual charge fluc-
Table I. These results were obtained by translating the sultuation, in effect, introduces some covalency into the system
lattices of a given crystal by the amouAu=0.0la in the  as compared to the mean-field HF results. In its simple pa-
(100 direction. However, in order to ensure the stability of rametrized form, the ion-softening theory of Harrison pre-
the results, several calculations were performed with differdicts a uniform value ofZ* =1.16, for the alkali halide®
ent directions and magnitudes &u, and no significant This value ofZ*, although reasonable, is clearly at variance
changes in the results were observed. It was also verified byith the experimental results that show a clear variation in
explicit calculations that the sum total of all the effective the Z* values of different alkali halides. Therefore, it is of
charges corresponding to the different atoms of a unit celinterest to borrow the essence of the many-body effects in-
was always zero, in agreement with its electrical neutralitycorporated in the ion-softening theory, and apply it to these
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FIG. 1. Wannier functions cor-
responding to the 4 core orbital
of CI” in NaCl for the unde-
formed lattice(solid ling), and the
deformed lattice (dashed ling
plotted along the(100) direction.
The deformed lattice was obtained
. by translating the ClI sublattice by
0.01a in the (100 direction.

- Clearly, as expected, thesWan-
nier function translates rigidly
with the sublattice.

30 |
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systems within a rigorouab initio formalism, to test its ap- Table I). However, this is an instructive example of the
plicability. Indeed, this is what we intend to explore in a nonuniqueness of the individual Wannier functions. But, as
future paper. should be the case, the total Born charge of fluorine in NaF is
In Table Il we give the detailed contributions of various free of this ambiguity associated with the individual Wannier
Wannier functions to the Born effective charges of the alkalifunctions, in that it has a normal value 6f0.956.
halides, when the anionic sublattice is translated. It is clear It is also instructive to examine the polarization process
from the table that the low-lying corelike orbitals basically pictorially, as depicted by Wannier functions. We shall do so
translate rigidly along with the nuclei. Nonrigid translation is for the specific case of NaCl. Thesland 3 Wannier func-
seen mainly for thens and np Wannier functions of the tions, localized on the Cl site of the unit cell, are plotted
anion, wheren defines the top of the valence band. In par-along the(100 direction, in Figs. 1 and 2, respectively, both
ticular, ns orbital gains some effective charge at the expensdefore and after the translation of the CI sublattice. As dis-
of then porbital. The case of NaF is an exception to this rulecussed earlier, on intuitive grounds we would expect the
where the Na B Wannier function makes a significant con- highly localized 5 Wannier function, which is the deepest-
tribution to the effective charge—(0.216). However, this lying core orbital, to move rigidly with the nucleus. On the
contribution is due to an accidental near degeneracy of thether extreme, we would expect the 3Vannier function,
sodium 2 Wannier function with the 8 Wannier function  which forms the top of the valence band, to show significant
of fluorine, which leads to their mixture when the HF equa-nonrigid behavior, because of its relatively delocalized char-
tions[cf. Eq.(4)] are solved. Because of this reason, some ofacter. This is indeed what we observe in Figs. 1 and 2, re-
the Born effective charge associated with the \®annier  spectively. Owing to the perfectly cubically symmetric crys-
function of F is transferred to thep2function of Na(cf. tal field that the CI site sees in the undeformed lattice, one

FIG. 2. Wannier functions cor-
responding to one of the@va-
lence orbitals of ClI in NaCl be-
fore (solid line) and after(dashed
line) the CI sublattice translation.
The rest of the information is the
same as in the caption of Fig. 1.
Unlike the core orbital, the va-
lence Wannier function translates
with significant nonrigid charac-
ter, and shows signatures of bro-
ken symmetry.

-6 -4 -2 0 2 4 6
r (atomic units)
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would expect the correspondingp3Vannier function to ex- periments was more than 10%. One of the reasons behind
hibit perfect antisymmetry about its center. Once the Cl subthis disagreement could be that the many-body effects in
lattice is moved along thé€l00) direction, the crystal sym- these systems are significant. Although there have been gen-
metry is reduced, and one would expect to see the signaturesalizations of the theory of macroscopic polarization to in-
of the broken symmetry in the@Wannier function of Cl.  clude many-body effect€, their implementation is not as
Both these phenomena are clearly visible in Fig. 2, wherestraightforward as the single-particle theory. Recently, we
for the undeformed lattice the 3p Wannier function is per-have generalized our Wannier-function-based approach to in-
fectly antisymmetric about its center, while for the deformedclude many-body effects by systematically enlarging the
case, it is no longer so, and it shows clear signs of inducethany-particle ground-state wave function by considering
polarization due to broken symmetry. virtual excitations from the space of the occupied Wannier
functions to that of the virtual onés.The approach was
demonstrated by computing the correlation contributions to

. . the total energy per unit cell of bulk Liff In a future paper,
In conclusion, we have applied the Berry-phase-basegye intend to generalize our approach to compute the influ-

theory of macroscopic polarization, developed by King-ence of many-body effects on macroscopic polarization
Smith and Vanderbilt} to obtain the benchmark values for properties as well.

the Born effective charges of several ionic compounds at the
Hartree-Fock level. In the present paper, we have utilized the
Wannier functions as the single-particle orbitals, and demon-
strated that they lead to a pictorial description of the polar-
ization process. As far as our results are concerned, they are | am thankful to Professor R. Resta for clarifying the
in good agreement with the experiments for all the systemsvaluation of the experimental value of the Born effective
except LiCl and NaCl, where the disagreement with the excharge of MgO reported in an earlier wotiRef. 3.

IV. CONCLUSIONS
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