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Spontaneous polarization as a Berry phase of the Hartree-Fock wave function:
The case of KNbG
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We have investigated the ferroelectric polarization of the perovskite oxide KN#thin the self-consistent
Hartree-Fock(HF) method, where the crystalline orbitals are expanded over a set of localized functions.
According to the modern theory, macroscopic polarization is a geometric quantum phase: here we show
that—within the HF framework—polarization can be cast as a Berry phase of Slater determinants. We calcu-
late this observable for KNbQin its tetragonal phase. Besides polarization, we investigate several other
properties of the electronic ground state, including the broken-symmetry instability of the tetragonal structure.
We therefore assess the reliability and the predictive power of the HF approach when dealing with this
material, which is a paradigmatic case of intermediate ionic/covalent crj/SG163-18207)03739-9

[. INTRODUCTION we also provide here a comprehensive study of the structural
and electronic properties of KNbQwithin the HF scheme,
We implement here the Berry phase theory of macrodncluding an investigation of the ferroelectric structural in-
scopic polarizatioh? within the ab initio Hartree-Fock HF) stability. Our results will be compared with those previously
scheme for crystalline solids, using the same general frameébtained by several authors within DFT.
work and the same computational techniques as in Ref. 3. The present implementatifhmakes use of theRys-
Previous implementations were mostly performed at the/AL95 code® and has been grafted on it. The HF crystalline
level of density-functional theofy(DFT); there is only one qrbltals are expanded as a linear combination of B_Ioch fL_mc-
published study of macroscopic polarization at the HF levelliOnS, and are evaluated over a regular three-dimensional
dealing with a rather simple crystal, in a computational set-m_eSh in reciprocal space. We show n Sgc. Il how t_o cope
ting quite different from the present ofeDther existing with these two aspects of the numerical implementation.

- ; C e N _In Sec. IV we present several results giving insight into
|mpIementat|ons_, concern qversmpllfled tight b|nd.|ng qu the electronic ground state of KNkyCat the HF level, both
els. The theory itself is available in a comprehensive revie

! : : - Tor the experimental ferroelectric geometiy the tetragonal
paper; whose presentation emphasizes the DFT viewpoint asg and for a parent centrosymmetric geometry. In Sec. V

Though several features of the theory can be easily transl_at e discuss the spontaneous symmetry breaking and the
from DFT t(_) HF by means of a pure change of semanticsge qelectric instabilty, whose theoretical description requires
there is an important conceptual difference: the HF schemgome care in the choice of technical ingredients. In Sec. VI
provides an explicit(single-determinajitmany-body wave e discuss our Berry phase calculations and we compare the
function for the crystalline electrons. This fact allows us tOresulting macroscopic polarization with the available experi-
present the Berry phase theory of polarization in a mor@nental and theoretical data. Tests of numerical stability are
compact and elegant form than in the DFT-oriented literaalso provided. In Sec. VII we draw our main conclusions.
ture, as we are going to show in Sec. Il of this paper.

We have chosen to investigate the spontaneous polariza-
tion of the ferroelectric perovskite KNb this was in fact
the very first material where spontaneous polarization could Quite generally, we are interested in the differeAdein
be theoretically accessed from a quantum-mechanicahacroscopic polarization between two different structures of
viewpoint® Since that pioneering work, several papers—alla crystalline solid. Typically one of the structures is cen-
of them within DFT—have thoroughly investigated featurestrosymmetric, such thakP can be interpreted as the “spon-
related to macroscopic polarization® and other structural taneous polarization” of the low-symmetry structure. In the
and electronic properties of this materfai1°A recent paper Born-Oppenheimer approximation we can separate the elec-
studies the ferroelectric instability within a semiempirical HF tronic and ionic terms, and we focus on the former A,
method®® It is also worth mentioning that KNbhas one of in the following; the classical ionic term is almost trivfal.
the highest values of the spontaneous polarization measurdtle assume that one can continuously transform the crystal
in nature!’ Because of the above reasons, the perovskitérom one structure to the other by switching a paramater
KNbO; constitutes an ideal benchmark for our present HRwhich controls the ionic coordinatesn the electronic
implementation of the modern theory of polarization. Hamiltonian. Since a polarization difference is equivalent to

Besides providing a study of macroscopic polarization,the time integral of an electric current, our viewpoint closely

Il. BERRY PHASE OF SLATER DETERMINANTS
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parallels the way spontaneous polarization is experimentally —

accessed: a typical measurement is in fact performed via po- ~ ¥™MxA 1T |¢(1)‘)(kjl,j2,js)lﬁ(l)‘)(kjl,jz,js)' .

larization reversal, and its raw output is precisely the amount Jl2:)s

of current flowing through the sample while the ions fli Mk YNk .

from one structurge to an?)thé(f. P P XKy iy i) YKy i) ©
Without loss of generality we take to be dimensionless, whereA is the antisymmetrizer, and the electron coordinates

and assuming the values of 0 and 1 for the two structures:are omitted from now on to simplify notations. The determi-

nants of they functions are simply related—through the

plane-wave factors of Eq2)—to determinants of tha's.

These determinants are useful in order to arrive at a very

compact expression fakPg. We introduce a special nota-
Furthermore we assume that the crystal remains an instion for them:

lator for all values of\ (i.e., the HF gap does not clgsend L

that the macroscopic field vanishes along the transformation. N _ N N N \

This latter fact ensures that the Fock operator of the system | @M (k))= \/ﬁlu& (ku(k) .. .ug,z)(k)Ug,z)(k)L

is lattice periodic at any, and that the HF crystalline orbit- 7)

als have the Bloch form:

1
APy=Py(1)— Py(0)= fo dr PLO). @

where theu’s are the periodic factors of th#2 lowest crys-
{p(sk)(r'k):eik~ru(s)\)(r’k)’ 2) talline orbitals, Eq(2). The main formula of the Berry phase
theory, due to King-Smith and Vanderbilgan then be cast
where theu’s are cell-periodic functions af. We assume the as
¢'s and theu’s normalized to one over the crystal cell. It is

furthermore convenient to choose the phases in such a way B [ O D

that 4M(r,k) is a periodic function ok in the reciprocal APg=— (277)3f k(@™ (k) [V @™(k))

lattice: apart from that, the phases of the Bloch functions at

differentk points are unrelated and completely arbitrary. Our —(®O(k)|V @ O(k))], (8)

phase choice implies for the's: where the integral is taken over the unit reciprocal cell.

) — Gt (N) Most of the expressions reported so far P, were
ust(rk+G)=e us™(r,k), ©) given in terms of the individuall orbitals’? Within the HF
whereG is a translational reciprocal lattice vector. scheme, they are all equivalent to ), first proposed in
Atomic Hartree units are adopted throughout. The FockRef. 5. The equivalence proof is rather simple, upon expan-
operator is therefore sion of (k) back in terms of the orbitals. This will also

be clear from the discretized version of E§), discussed in
FO_ 1V2 o) the next section. Among other merits, the expression of Eq.
Y TV, (4) (8) provides the link between the HF theory of polarization
presented here, and the one for correlated wave functions,
where the periodic potential isonlocal and depends ok,  due to Ortz and Martin?:
both in its bare(electron-ion and self-consisteniCoulomb

and exchangeerms. Taking advantage of translational sym- . NUMERICAL IMPLEMENTATION
metry, this operator is usually diagonalized dneector at a _ o
time. Supposing there areelectrons per cell, only the low- A. Discretization

estn/2 HF orbitals are relevant for electronic ground-state |n the present implementation we discretize the
properties of a closed shell insulator. In any practical implereciprocal-cell integral of Eq(8) with a finite sum over a
mentation the Fock operator is diagonalized over a discretghree-dimensional mesh similar to that used in the self-
k-point set: in the framework of the HF method, this heuris-consistent electronic structure calculation, E5). We start

tic approach has some significance as a matter of principlgerforming a linear change of variables:

Suppose in fact we use a uniform mesh wiMi=N;N,N;

points along the primitivéS; reciprocal lattice vectors: k={1G1+ {262+ {3G3. 9
i i is The component oAP, along sayG; is then, from Eq.
Kiyizis™ N, Gt N, G2, G 5 (3,

[ ]
wherej;=0, ... N;—1. A moment of reflection shows that ~ G3-APe=— 5J d§1d§2d§3[<‘b(1)(§)ﬁ¢(l)(§)>
the approach is completely equivalent to studyindiréte 3
system ofN cells with periodic boundary conditions. At vari- ) d )
ance with DFT, the HF method provides the electronic —{®7(9 (9_§3CD D)1 (10
ground state as an explicit many-body wave function—in the
form of a single Slater determinant—for the large system oftnd the integral is performed over the unit cube in the
nN electrons. We may write this wave functioh in the  variable, whoseN mesh points arj ; ;.. A straightfor-
form of an antisymmetrized product bf small determinants ward discretization would provide each of the two integrals
of sizen, i.e., in Eqg. (10) in the form:
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J 1 M L _
J déldéde3<<I>(”(§)‘(?—§3<Dm(§)> pM(r k)= T/ §=‘, (k)é}l éRig, (r—s,—R)),
(15
) ) . L .

N, ~ . <‘D (Ql i2.3) ( (Q1,12,J3)> whereL is the infinite number of cells in the crystal and the

e a coefficients are provided by the diagonalization routine at

a givenk, with an arbitrary phase choice. A typical overlap

N N2 11121 matrix element is therefore

XUOM(G o leM(G 50 —1] @D (UM Olug (k)

M
This naive expression cannot be used as such, since the _ D
eigenfunctions are obtained by numerical diagonalization,
and their phase at differeiit points is chosen essentially at
random by the diagonalization routine. A different discreti- KR —iAKeT
zation algorithm must be used, in order to make such phase XlZl e '(goﬂ(r—sM)|e |9°u’(r_sw_Rl)>'
arbitrariness harmless: the solution, explained, e.g., in Ref. 2,

A
()\)*(k)afu/)y( I)
pop'=1

is to replace (16)
whereAk=k’ —k. The integral on the right-hand side of Eq.
—i[(@M(E i, PN, 1))~ 1] (16) does not depend dnor k', but only on their difference

N N Ak. As thek-point mesh is regular arld is contiguous td,
—ImIn(@M(g PN i, 5.+1)), (12 Ak can assume only the three valudk,, Ak,, and Aks,

where
where Eqg. (3) must be enforced in expressing
®M(g j,n,) through®M(g ;o). In other words, only Ak =G /Ny,
N5 independent diagonalization must be performed over a Ak,=G,/Ny, (17)
given line,not N;+ 1. The discretized integral then reads Aks=G3/N3

i d Besides thex coefficients, the basic ingredients of Eq.
—IJ d§1d§2d§3< ‘I’(A)(qu’(x)(§)> (16) are therefore the matrix elements of suitable plane
3 waves over the localized basis. TRg summation is trun-
cated when the overlap between the(r—s,) and the
= N1N2Im '”Jllj_zlls (NG, i) PN, 1, 550))- ¢,./(r—s,—Ry) functions is smaller tﬁn a gili/en threshold
T. WhenT 10 % is used, the summation is fully converged.
(13 With this value of T, and with the basis set described in
Table I[case(b) of Table II], about 4x 10° integrals have to
We are left with the problem of evaluating the overlap be calculated. The algorithm adopted for their evaluation is
between two Slater determinants, each built of an orthonorpresented in the Appendix.
mal set of periodic spin orbitals, but where the two sets over-
lap. According to a well known theorem, the overlap be- IV. ELECTRONIC STRUCTURE
tween the two determinants equals the determinant of the
overlap matrix between the two sets of spin orbitals. The The electronic properties of KNbOhave been thor-
latter is the square of the determinant of the overlap m&rix oughly investigated in the literature within DE¥;*but no

between the doubly occupied space orbitals: previous analysis exists at tlad initio HF level. A detailed
study of the calculated HF properties of this material is there-
<<1>(”(§)|<1><“(§’))=detzs(”(g ) fore in order as a preliminary work before dealing with mac-

roscopic polarization. As a first step we have optimized an

all-electron basis set. Then we have switched to a pseudopo-
S(SAS),(Q’{ )=(uM(Q|ud (). (14)  tential framework, using Hay-Wadt small core
pseudopotentiafé for K and Nb (and all electrons for
oxygertd), optimizing the basis set again, and checking that
all ground-state properties—polarization included, as dis-

The HF crystalline orbitals used in the previous expres-cussed in Sec. VI—remain stable. All of the results reported

sions have been obtained from to&ysTAL95 code'® in in this section refer to the pseudopotential basis set described
linear combination of atomic orbitald CAO) form: more in Table I.
precisely they are expanded over a set of contracted Gauss- We have considered two structures, corresponding to
ian functions ¢,(r), centered at sitess,, where \=0 and\=1, both illustrated in Fig. 1, and which share
n=1,... M is a basis label in the primitive cell. R, isa the same tetragonal unit cell. We have chosen the structural
generic lattice translation, the occupied crystalline HF orbit-parameters measurédt 270 °C:a=3.997 A, ancc=4.063
als take the form A. The =0 structure is centrosymmetric, and is the same

B. Expansion over a localized basis
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TABLE I. Exponents and coefficients of the contracted Gaussian basis set adopted in the present study for
Nb and K, in conjunction with small core pseudopotenti@ef. 22. The coefficients multiply individually
normalized Gaussian type orbitdiSTQO’s).

Niobium Potassium
Coeff. Coeff.
Shell exp. s(d) p exp. s(d) p
sp 3.5654 0.2637 -0.2001 7.5060 -0.0209 -0.0495
2.7049 -0.7566 0.1230 2.3710 -0.4292 0.0266
0.7705 1.1452 1.3226
sp 0.2328 1 1 0.9130 1 1
sp 0.3092 1 1
d 21.3176 -0.0138 0.4340 1
1.2386 2.8724
0.4222 4.3807
d 0.2060 1

which was called “ideal” in Ref. 6. Thev.=1 structure is tween the formal charge+5) and the Nb net charge
the ferroelectric experimental one, where the atoms are dig-+ 3.23) are allocated in theddorbitals (1.04 and 0.7R] in
placed off center. We keep the origin fixed on Nb, and thee, andt,4 orbitals, respectively By considering the ideal
remaining displacements are thénin units of c: —0.023 ionic state as a reference, the most important modification is
(K), —0.040(0)), and—0.042(0,), where “O," refersto  a back donation from oxygep to Nb d levels. As Nbd
top and bottom oxygen ions and ‘0 refers to the four orbitals are quite diffuséthe exponent of the most diffuse
oxygen ions in the basal plane of the octahedron. function is 0.206 bohr?), an important overlap takes place
The electronic structure of this material has been somebetween O @ and Nb 4l (ey) orbitals, which favors back
what discussed in the past; it is now well assessed thatonation. The Nb-O population is large and positive (0.14
KNbOj3 is rather far from the extreme ionic limit, and is |e| for each Nb-O couplg indicating that this bond has large
instead an intermediate ionic/covalent compodifitEurther  covalent components. The Nb-K, K-O, and O-O bond popu-
insight is provided—quite naturally within the present lation, on the contrary, are negligibly sméale recall that
LCAO approach—Dby the Mulliken population analysis data:covalent and ionic bonds are characterized by large and very
as usual, such analysis is not exempt from ambiguities, but émall or null bond populations, respectively; short range re-
is very useful in order to investigate the overall bondingpulsions give rise to small negative tepmshe population of
features. The net Mulliken charges for the=0 (A=1) the d polarization functions on oxygen in KNbQis ex-
structure are+0.99 (+0.99), +3.23 (+3.26), —1.39 tremely small (0.02¢e|); these functions, however, play a
(—1.42), and—1.42 (—1.42) for K, Nb, Q, and Q,, re-  fundamental role in the ferroelectric instabilitsee next sec-
spectively. These data show first of all that the ferroelectricion).
distortion has an irrelevant effect on thstatig ionic For comparison purposes, we quote the Mulliken popula-
charges. Inspection of the figures show that the K atom ision data of another perovskite compound, KA The net
completely ionized, while the ionicity of both Nb and O is charges aret1.00 (K), +1.97 (Ni), —0.96 (F); the Ni-F
considerably weaker than the formal charge state of thesond population(the equivalent of Nb-O in the present
ions (+5 and—2, respectively The two Nbsp shells(see  study), as well as the K-F and F-F ones, are smaller, in
Table ) contain about eight electrons (7.97), i.e., those re-absolute value, than 0.0lle|]. These figures characterize
quired to fill the 4 and 4 orbitals. The § orbital is then KNiF; as much closer to the ideal ionic situation than
empty. The 1.77 electrons resulting from the difference beKNbOj: it is worth noting that KNiF; is not ferroelectric.

TABLE II. Basis set effect on the ferroelectric instability and on the calculated value of the spontaneous
polarizationAP. AE is the energy difference between the=1 and thex =0 structuresAE is calculated
with the shrinking factordN;=N,=N3;=8, andAP with N;=N,=2, N3=4.

AE AP
Case Basis set (mHa’/cel) (Cm™?
(@ all electrons —3.138 0.3418
(b) pseudo —3.504 0.3419
(c) as(b) but nod on K —3.357 0.3376
(d) as(b) but 1d shell on Nb —1.602 0.3416
(e) as(b) but nod on O +2.037 0.3376

() as(b) plus(c), (d), (e) modif. +2.116 0.3340
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FIG. 1. Tetragonal structure of KNbO The large black circle
in the cube center represents Nb, the small black ones in the corners
represent K, and white circles represent O. Internal displacements
(indicated by arrows, and magnified by a factgrtlansform the
ideal structure into the experimental one at 270 °C. Top and bottom
O ions will be called @, while the four O ions in the basal plane of
the octahedron will be called Q@ The shaded plane is the one
chosen below for displaying the electronic density.

The features emerging from the Mulliken analysis are i _
confirmed by the electronic total charge density maps, shown FIG: 2. Contour plot of the crystallingpseudo charge density
in Fig. 2 as contour plots in thel10) plane(this is the same " the (110 plane, which passes through K, Nb, anddloms(see
plane which is shown as shaded in Fig. Both densities, Fig. 2). To.p panel: tet_ragional centrosymmetkie 0 §tructure, bot-
referring to the undistortecd\(=0) and distorted X =1) ge- tom panel. fgrroelec_tnﬁ—l strl_Jcture. The separatlon_ bet_ween two

. . . - .__contiguous isodensity curves is 0.01 e/bbfthe function is trun-
ometries, are quite different from a superposition of sphencaiateol in the core redi

S e e gion at 0.1 e/bdhr
densities; in order to enhance the deviation from the ionic
model, the differences between the crystalline charge and the
superposition of the spherical charges of free ions are plottesee, e.g., Fig. @) in Ref. 9.
in Fig. 3. The figures confirm, first of all, that K atoms inthe  The total and projected density of stai@0S) provide
crystal are totally ionized, and virtually identical to free"K  additional information on the electronic structure. The high-
ions. Nb and Qions, as expected, are much different from est occupied bands shown in Fig. 5 derive mostly frompO 2
their free shape, and display a conspicuous partly covalertomic orbitals and the lowest empty bands from Nbot-
bond, whose character is furthermore affected by the ferrobitals. The highest valence DOS presents two main peaks,
electric distortion; a build up of charge takes place in theand Nb 41 AOs contribute mostly to the lowest shoulder;
Nb-O-Nb direction, whereas in the nonbonding directions a@hese qualitative features are very similar to those discussed
depletion of charge is observdih the large area between in Refs. 6 and 11. We notice nonetheless that the previous
vertical zero lines the difference function is negative investigations relied on a somewhat arbitrary partition of the

The HF band structures for both=0 andA=1 geom- crystal cell into atomic spheres plus(large interstitial re-
etries are given in Fig. 4, and can be compared with thegyion, whereas the present analysis naturally exploits the
corresponding DFT ones available in the literatit€The  local-basis expansion. The overall valence DOS structure is
I'-X and I'-Z dispersions would be identical in the cubic also in qualitative agreement with the PES spectttifine
structure: the asymmetry in the left panel is therefore a finey andt,4 contributions to the Nidl DOS is shown in Fig. 6.
gerprint of the tetrahedral macroscopic strain. On top of thisFor simplicity reasons we have maintained the cubic symme-
the low symmetry ferroelectric distortion induces splittingstry symbols; in fact, although the degeneracies betwaen
and shifts in some of the highest valence bafight pane), andd,2_,2 in 4, and betweenl,, (ord,,) andd,, in t,4 are
which indeed are important to the mechanism ofresolved in the tetragonal geometry, contributions to the
ferroelectricity’ As expected the HF gafabout 8.4 eV) is DOS from functions belonging to the same group are ex-
much larger than experiment (3.3 eV), while the DFT onetremely similar to each other. The usual bonding-antibonding
(1.3 eV) is much smaller. The analog holds for the overallsplitting appears for botre, and t,, orbitals, which is
bandwidth; the general appearance of the HF bands is hovsharper for the former as they are directed towards the oxy-
ever quite similar to the DFT ones, and the ferroelectric disgen atoms. The occupieg orbitals are much deeper in en-
tortion induces band splittings of comparable magnitudeergy than the,4 ones, because of the stabilizing interaction
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f 9 with oxygen orbitals. Finally, Fig. 7 shows the contribution
\ of the two kinds of oxygen atoms to the undistorted and

S distorted structures; the most evident feature is the stabiliza-
tion of O, with respect to Q in passing from tha =0 to the
N=1 geometry, as a consequence of the reduced NG
tance and increased covalent interaction with Nb.

V. FERROELECTRIC INSTABILITY

In Table Il the energy differencAE between thex=0
and thex =1 structures is reported, for several choices of the
< basis set. All results were generated using pseudopoten-

s tial basis set for K and Nljsee Table), and an all-electron

! d basis set for oxygeft (i) computational condition defined

: as standard in therysTAL95 manual® (iii) shrinking fac-

i tors N;=N,=N3;=8 in the SCF process. This choice pro-
L vides well converged values of total energy and density ma-
~. trix in all cases.

The most conspicuous message of Table Il is that, in or-
der for the ferroelectric instability to occud, polarization
functions have to be added to oxygen atoms. These basis
functions allow the oxygen atom to develop a quadrupolar
deformation, which is, in turn, the driving mechanism for the
off center displacement of the Nb atom. As a matter of fact,
early model approaches to the ferroelectric instability indeed
emphasized—many years ago—the role of anisotropic oxy-
e gen polarizability?” The last column of Table l(better dis-

/ cussed in the forthcoming sectioshows that, somewhat
surprisingly, the samd polarization functions have little ef-
FIG. 3. Differences between the crystalline charge densities o¥eCt on the calculated value of the spontaneous polarization.

Fig. 2, and the corresponding superpositions of spherical free-ion The role of oxygerd orbitals is a!SO ewde_nt frqm Fig. 8,
densities(K *, NbS*, 02~) obtained with the same basis set as yvhere the total energy versus Nb displacenientinits ofc)

used for the bulk. The separation between two contiguous isoderS reported for basis seth) and (e) of Table Il. The mini-
sity curves is 0.008 e/bohrThe function is truncated in the core Mum at 0.05 is about 3.7 mhartree deep and disappears when
region at 0.04 e/bofir Continuous, dashed, and dot-dashed linesd orbitals on oxygen are removed. A similar but less intense
indicate positive, negative, and zero values, respectively. stabilization effect is due to the external diffudeshell on
Nb [case(b) and(d) in Table I].
The actual calculated depth of the broken-symmetry mini-

0.40 \ 0.40

0.00 0.00
[ 2
£ £
[} [0]
< <
> -0.40 72 > -o.4o§<
= %% =3
[} (7}
& —— S \
-0.80 -0.80
I
120 — -1.20
X r z A M X r z A M

FIG. 4. Energy bands of KNbQin the tetragonal centrosymmetric=0 structure(left pane), and in the corresponding ferroelectric
A =1 structure(right pane]. The maximum of energy in the valence-band occur;atarting from the bottom, the three groups of valence
bands derive mostly from Os2K 3p, and O 2 atomic states, respectively. The zero of energy is arbitrary.
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K 3p

O2s

Nb 4d

Density of States (arb. units)
Density of States (arb. units)

-1.2 -0.9 -0.6 -0.3 0.0 0.3 -0.6 -0.5 -0.4 -0.3
Energy (hartree) Energy (hartree)

FIG. 5. Valence(negative energigsand conduction density of FIG. 7. Apical(O,) and equatoria{O,) oxygen contribution to
states(DOS) at the (\=1) distorted experimental geometry, re- the valence DOS. The upper and lower curves refer to the tetragonal
ferred to as an arbitrary energy zero. We show the total Dso8d undistorted £ =0) and distorted X=1) geometries, respectively.
line), and also a partial DOS, where the projection over the Nb 4
orbitals is subtracted from the total DQ8ashed ling are continuouslyand adiabaticallydisplaced from the top-

panel geometry to the bottom one. Such integrated current is
mum has been discussed by some authors within DFT. Thigvaluated as a Berry phase of the Slater determinant. Con-
depth is very sensitive to the volume at which the Ca'CU'atiOftrary to a Widespread belief—shared by many textbooks—
is performed, and none of the existing calculations is prethere is no hope of recovering the value MP, from the
cisely comparable to ours. However, the figures reported ilectronic charge density itself. This latter quantity in fact
Ref. 12 indicate a depth of a few mRy when the experimenpnly depends on the modulus of the wave function, where
tal cell volume is usedas it is done hepe this compares the relevant phase information is irretrievably deleted.

quite well to our finding of 3.7 mhartree. Spontaneous polarizatioP is a vector aligned to the
internal atomic displacements; with reference to Fig. 1, it is
VI. MACROSCOPIC POLARIZATION vertical and directed from bottom to top. Sin&® horizon-

tal components resulted to be numerically equal to zero in all

As emphasized in the modern theory of polarizatiand  of our calculations, from now on we indicate the spontane-
throughout this work, AP, is by definition the electronic

current which flows through the crystal during the ferroelec-
tric distortion. With reference to Fig. 2, we need to access the
macroscopic current traversing the crystal cell while the ions

-0.400 .
o
[=3
o
+
[
o
2 E -0.410 .
s ?g z
| e 2]
] Ll
Q
© -0.420 1
w
k<]
P
3
C
[9]
o -0.430 : ‘ ‘
0.00 0.02 0.04 0.06 0.08
Nb displacement
‘ FIG. 8. Total energy versy®01] displacement of NKin units
06 0.3 0.0 0.3 of the c lattice parametgy starting from the\ =0 tetragonal struc-
Energy (hartree) ture; K and O are kept fixed in their original=0 position. Open

and full circles refer to basis sets with and withalbrbitals on
FIG. 6. Nb 4 contribution to the total DOS. The full line is the oxygen[casegb) and(e) in Table II]. The energy difference at zero
d,2+d,2_2 contribution; the dashed line refers to the otlleor- Nb displacement is 0.015 hartree, and is due to the additional varia-
bitals. tional freedom provided by functions on oxygen.
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TABLE Ill. Dependence of spontaneous polarizationdp N,, and N3, the shrinking factors for the
reciprocal lattice vector&,, G,, andGg, respectivelyAP% is the percentage difference in each set with
respect to the most accurate result.

N, N, N N=N;N,N; AP (Cm™?) AP%
2 2 2 8 0.3248 +6.58
2 2 4 16 0.3419 +1.65
2 2 8 32 0.3463 +0.39
2 2 16 64 0.3474 +0.08
2 2 32 128 0.3476
2 2 2 8 0.3248 —2.43
4 4 2 32 0.3172 —-0.03
8 8 2 128 0.3171
4 4 8 128 0.3385

ous polarization value only through its modula®. The  second order correction becomes important only for the un-
result obtained at the experimental distorted geometry iphysical valuex>1.5.
AP=0.34 Cm 2 (see last entry in Table Il which is very
close to the experimental value (0.37 Cinsee Refs. 28, 29,
and 10 and to previous theoretical results based on LDA
methods (0.35, 0.33, and 0.40 Cfras reported in Refs. 6, We have presented a thorough analysis of the electronic
10, and 8, respectively ground-state properties of KNbQOwithin the ab initio HF

Our result was generated using the same computation@Pproach. The most important message emerging from the
conditions (i)—(iii ) given in the previous sectiotmore se- Present study is that for this intermediate ionic-covalent
vere conditions do not alter the final result taP), and a compound the HF approach is very accurate, and basically
128 k-point mesh N;=N,=4:N;=8) in the numerical ©noys the same predictive power as DFT. The latter ap-
evaluation of the integral in Eq8). The convergence gip ~ Proach, according to many published works, is well known

as a function of the number &fpoints used to evaluate such to be ext_remely accurate in o!escrlblng the electronic proper-
ties of this benchmark material.

an integral is documented in Table Ill. In the plane orthogo- .

nal to the polarization direction, shrinking factokg =N AS quoted n Seq. |, the HF approach was qsed s far only
.. . ' 2 once in dealing with macroscopic polarization. The case

=4 are sufflglent 0 proylde_ valges very close to the Con_'study was ZnO, a simplénonferroelectri oxide® Despite

verged one; in the polarlgatlon c_hrec_tlon the convergence "F]aving a mixed ionic-covalent character, Zapparentlybe-

slower, and at leadti;=8 is required in order to reduce the nayes like a trivial “rigid-ion” material as far as polarization

error to below 1%.

The effect of various variational basis sets AP are 0.8
summarized in Table Il. In a preliminary calculation, an all- s
electron basis set was used, consisting of 22, 32, and 18 s
AO'’s for K, Nb, and O, respectively, grouped irs14 sp, 1 i
d (K),1s,4sp,3d (Nb)and 1s, 3sp, 1d (O) shells. The 06 s 1
most diffuses p functions were optimized individually in the s
bulk; this basis set is of very high quality, but also quite y
expensive; an equivalent pseudopotential basis set was then
optimized for K and Nb, which is reported in Table I,
whereas for oxygen the all-electron basis set was maintained.
The comparison of first and second lines of Table Il shows
that the pseudopotential basis set reproduces quite accurately
the all-electron data foh P; alsoAE is reproduced to within
10%. The other entries in the table show the® is very
stable with respect to simplifications of the basis set, such as
the removal ofd orbitals on K and O, or the reduction of the 0.0 % . .
basis for the Nb & electrons from twal shells(3-1 G con- 0.0 1.0 2.0
traction to a singled shell (3 G contraction M

As a final point, we investigated the linearity of sponta- G, 9. Spontaneous polarizatiarP as a function of the mag-
neous polarization as a function of the ferroelectric distormjtude x of the ferroelectric distortionh=1 corresponds to the
tion; AP was evaluated in the interval<OA<2.5 and the experimental geometry of the ferroelectric structure at 270 °C. The
results are shown in Fig. 9. It turns out thAP remains  dashed straight line was obtained interpolatingAtievalues in the
approximately linear also for relatively high distortions; a interval 0<\<1.25.

VIl. DISCUSSION AND CONCLUSIONS

AP (Cm™)
(o]
™~

02 - B
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is concerned. The subtle reasons for this are thoroughly disFhe study of the polarization induced by individual sublat-
cussed in Ref. 5, where it is also found that the DFT and HEice displacements, and in particular its nonlinearity within
approaches provide similar and accurate values when the pbiF, is cleary beyond the scope of the present paper and will
larization induced by sublattice displacements is addressee addressed in a subsequent study.

However—as clearly stated in the conclusions of Ref. 5—

such scheme independence was possitily expected for ACKNOWLEDGMENTS

other, more complex, materials. .
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pﬁasg is ilrz1 vlery good ag?relemlent Withgthe experimentI an HRX-CT93-0155, by the ltalian MURS#0% and ltalian
with the existing DFT calculations as wél'° This is not at NR. R.R. acknowledges support by ONR Grant No.

all a trivial finding. In fact, we presently understdrfd the N00014-96-1-0689.
large value of the polarization in this material as due to a
strong interaction of the highest occupied stdtesstly oxy- APPENDIX

gen %) with the lowest unoccupied ondmostly Nb 4). The atomic orbital§AO’s) %(r)E‘le(r) are normalized

One would naively expect that such mixing effects arey, 5ne ang are linear combinations of Gaussian type orbitals
strongly affected by the energy position of the reIevantgGTo,s) Yoim(F)
nim -

bands. Given that the HF energy gap is very much large

than the DFT one, a very similar value of the calculated

polarization could not be taken for granted beforehand. The o1 =2 CrYnim(r)- (A1)

reasons for the substantial equivalence of the two schemes n

are difficult to assess: this would require a thorough compari-

son of the wave function@nd notably of theiphase within

an identical basis set. At present, we may only conjecture

that the unscreened exchange might enhance the interaction

between the occupied states with the lowest unoccupieghere

ones, which are energetically distant within HF; conversely

within DFT the gap is smaller but the exchange is effectively

screened. NI"(an) = (
The overall equivalence of HF and DFT when dealing

with the spontaneous polarization of KNR@s therefore an

important and gratifying find. This fact, in addition to the

findings of Ref. 5, supports the idea that the two schemes

provide a physical description of about the same quality foris a normalization factorX{"(r) is a real solid spherical har-

The GTO'’s are defined as

Yatm(1) =N () X(r)e~ i, (A2)

(2_5m0)(|_|m|)!>1/2

(I+]ml)!

(ap)'2?(21+1)
(2l+ 1)

1/2( 2an|> 3/4 (A3)

materials having a mixed ionic-covalent character. monic, which can be expressed as
Among several other properties investigated in the present
work, a very important one is the ferroelectric instability, for (t+utv=I)
which our results are once more in overall agreement with X"(r)= E D"(t,u,v)x'y"z, (A4)
DFT ones. The energy gain of the broken-symmetry distor- tue

tion is very tiny, and the mechanism can be easily disrupted are  the coefficientsD™(t,u,v) are easily generated
by playing with the technical ingredients. In R&fa certain through recursion relatiorf&®

fake potential was added to t_he Hamiltonian: this mqqifica- By using Eq.(A1), (A2), and (A4), the integral which

::qon suppresses at the same time the struqturql msta_bn!dy appears on the right-hand side of E#j6) can be written as
e large value of the spontaneous polarization. Within the

present localized-basis calculation, we are able to Suppress;, (r—s )le 14" g (r—s, —R,))

the structural instability by simply removing from the basis " * " K’ "

set some important functions: namedlyorbitals centered on

oxygen atoms. But, somewhat surprisingly, this same re- 22, CoiCort NI () NPT ()
moval does not affect the calculated polarization at all. mh
Finally, we wish to discuss the issue of the linearity of the (trutv=1) (t'+u'+o'=1") ,
calculated polarization as a function of the magnitude of the X > > D{"(t,u,v)D,",’ (t',u',v")
ferroelectric distortion. In agreement with Ref. 6, we find an tuw t'u'o’
extremely good linearity: this is a nontrivial fact, given that < lolel (A5)
xlylzs

ferroelectricity is essentially a nonlinear phenomenon. Very

recently, Wanget al® have investigated the linearity issue wherel, can be cast aghe notation has been simplified as
in much detail within DFT and have found rather importantfollows: s,=s,; $,=s,/+R; aj=ay; aj=ay)
nonlinearities. They do not consider our case of a tetragonal

“collective” displacement (where the whole ferroelectric ¢ v

distortion is scale while they address the polarization in- 'x:j dx (X=S1,0) (X~ S2)

duced byindividual sublattice displacements. The linearity/

nonlinearity issue remains an interesting and intriguing one. X @~ (X =510° g~ aj (X202 g = 1 8kKiyX, (AB)
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By using the Gaussian product theordhand after some
algebraic manipulation, the integrall, reduces to

t ot ’
. t
IX: e_wij(Slx_52x)2e_|Akixth 2 ( ) ( )
A=oi=o \n/\ I

n+l
, , n+I
X(_l)H—t —n—IStl;nStZX—I 2 ( )hg-%—l—m
m=0 m
2 .
X f dx xMe~ @iiX @ 1Ak, (A7)
where
aiaj a’i51+ C(JSZ
ajj=aiT aj, jj ai+a'j, a+a; (A8)

SERGIO DALL'OLIO, ROBERTO DOVESI, AND RAFFAELE RESTA

The integral in Eq.(A7) is related to theH, Hermite
polynomials®® so that finally one gets

|

aT 1/2 ) )
_) e* wij(S]_X*SZX) e*AkiX/4aije*|Akixhx

t ! ’
t)/t , o
XHEOIEO(n (I)(_l)H—t —n—Istlantzx |
n+l m
LS n+l T Ak
=y m | 2 ﬁ/z m 2ailjlz

(A9)

Substitution of Eq.(A9), and similar expressions fd,
andl,, into Eq.(A5) provides the expression adopted for the
evaluation of the general integrél.
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