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Nonlocality of Kohn-Sham Exchange-Correlation Fields in Dielectrics
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The theory of the macroscopic field appearing in the Kohn-Sham exchange-correlation potential for
dielectric materials, as introduced by Gonze, Ghosez, and Godby [Phys. Rew 8,694 (1997)],
is reexamined. It is shown that this Kohn-Sham field cannot be determined from a knowledge of
the local state of the material (local crystal potential, electric field, and polarization) alone. Instead,
it has an intrinsically nonlocal dependence on the global electrostatic configuration. For example, it
vanishes in simple transverse configurations of a polarized dielectric, but not in longitudinal ones.
[S0031-9007(97)04433-5]

PACS numbers: 71.15.Mb, 71.10.—w, 77.22.Ej

Ever since it became clear that electric polarization iof effective fieldE.; = € + &« Or, equivalently, by the
indeed a well-defined bulk quantity in an insulating crys-choice of electric polarizatioP.¢, in the same small
tal [1-4], the status of this electric polarization in theregion of the corresponding fictitious KS system. Based
Kohn-Sham (KS) density-functional theory (DFT) [5,6] on Refs. [2,8], one might assume that the correct choice
has become a topic of considerable interest [2,7—12would be the one that makes the polarization correct,
(Throughout this Letter, | refer to thexactversion of P = P; while in a naive approach one would make the
KS-DFT in which the true KS exchange-correlation (XC) choiceé.s; = &, at least for the casé = 0. Here, | show
functional is presumed known.) In Ref. [2] it was arguedthat neither of the above choices is generally correct
that the polarization of a crystalline insulator should belnstead, the correct choice is inherently nonlocal, and
given exactly by KS-DFT, on the basis that charge densidepends upon the electrostatic configuration of the entire
ties are given exactly, and that any errors in polarizatiorsystem. For example, for configurations in whiPlir)
would show up as errors in charge densities at surfaces @ essentially longitudinal, the correct choicePig: = P;
interfaces. Gonze, Ghosez, and Godby (GGG) [7,8] thebut if essentially transverse, théh. = 0; and for more
pointed out that in order for the KS-DFT polarization to complicated geometries, neither simple choice is correct.
be correct, the KS XC potential would need to have a lin-This ultra-non-locality of the XC potential appears to be
ear spatial variation (i.e., an “XC electric fields. would  an inherent complicating feature of the exact KS-DFT
have to be present). They formulated a new version ofheory.

KS-DFT appropriate for crystalline insulators, in whichthe | begin by establishing some notation and reviewing
densityn(r) andthe electronic polarizatio are shown some basic results of Refs. [7,8,12]. Consider a periodic
to be uniquely related to the periodic part of the potentiainsulating crystal with fixed lattice vectors specifying the
V(r) and the electric fieldE. This extended Hohenberg- unit cell, and an external electron potential consisting
Kohn (HK) [5] principle then allows the XC energy to be of a periodic and a linear par¥/(r) = V(r) — e - r.
expressed as a functionalmfr) andP, instead of just(r) A tilde, as onV, will be used to indicate a quantity
alone. Recently, Martin and Ortiz [12] have reformulatedhaving the periodicity of the unit cell, artlis a uniform
and extended this analysis. While agreeing with many o€lectric field. As long a< is not too large, one can
the conclusions of GGG, they nevertheless appear to exvith very good precision identify a physical (although,
press some doubts about the GGG interpretation of the X@&trictly, metastable) state of the system, having periodic
field, preferring instead to focus on the HK and KS descrip-density, that is connected to tlfe= 0 ground state by
tions for thechangein polarization connected toghange  slow adiabatic switching of [12—14]. Lettingn be this

in field. periodic density, we can then search for ttmminteracting

In this Letter, | present an analysis that clarifies theKS system for which the effective potential has #&ne
role of the XC field in the exact KS theory. | start by linear part (same field) but periodic partvgfs. These
deducing the behavior of the XC potential for severalrelations are those of the conventional KS theory applied
sirrl1plle c(;)r;figlurat!ons of a fIir_1ite sample 0;;p0ntaneou?lxhaively to the periodic system, and can be summarized as
polarized dielectric material in vacuum. ese examples YooV I £, [UKS
illustrate misleading aspects of certain arguments given by . I {n. &} NI {Vetr, € (1)
the previous Refs. [2,8,12]. Briefly, it is now understood(here “I” and “NI” indicate “interacting” and “noninter-
[7,8,12] that the local periodic charge density in someacting,” respectively). Alternatively, one can identify the
small region of the sample can be generated by any of alectronic polarizationP of the true interacting system
continuous family of KS potentials labeled by the choiceand search for the noninteracting system that correctly
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reproduces both andP; that is, partially depolarizes the sample. Thus, the electronic
V.6 = {7 P} o {‘N/SEG,feff}- (2)  Polarization at pointA in Fig. 1(a) will be somewhat
I NI reduced fromP®. In the configuration of Fig. 1(b), this

This is the approach of GGG [7,8]. Unless dictated byjs avoided by placing infinitely thin sheets of additional
symmetry, as for a centrosymmetric crystal in zero field external charger oy = ipt(gt) on the left and right faces,
there is no reason to expeé€ty = £, any more than respectively, precisely canceling the depolarization field
we expect some particular Fourier component/gf to  [18]. Thus, the macroscopic electric field vanishes at
match that ofV. Thus, the “exchange-correlation field” point B, and the electronic polarization at this point
defined asé,. = &+ — € is generally nonzero. (It is is justP = PO%. Finally, Fig. 1(c) shows a different
understood thaf,. is not a true electric field, since it acts configuration in which the internal fields also vanish. This
only on the electrons.) In either case, Eq. (1) or (2), ittime the sample is comprised of four domains in which
has to be supposed that the noninteracting system is al¢be displacements of the Ti nuclei are aloag) with
an insulator [15], and that the fieklor & acting on this é = +%, —9, —%, and +3 in the top, right, bottom,
noninteracting insulator is again small enough so that @and left domains, respectively. Clearly the solution is
metastable state is well defined [14]. &(r) = 0, as can be checked as follows. &lir) = 0 then
Either procedure, Eq. (1) or (2), is perfectly sensibleP(r) = P 2(r), and thusP, = Pi,, + P is perfectly
in the absence of knowledge of the global electrostati¢iniform, within each domain. Then clearly - Py, = 0
configuration, but we now have to investigate whetheinside each domai - 7 vanishes on all surfaces, and
and how it might apply to the case of a more realisticAPy - 2 vanishes on all domain boundaries (which lie
nonuniform configuration of a dielectric material. The at45° angles). There being no macroscopic charges, the
focus here will be on finite samples embedded in vacuungonsistency of = 0 is proven. Thus, the local conditions
(in the absence of external fields). Consider, for exampleat point B of Fig. 1(b) and point C of Fig. 1(c) are
the three geometries sketched in Fig. 1; we consider firdtlentical: £ = 0 andP = P©%.
the electrostatic configuration of the physical (interacting) Of course it must be assumed that the samples in
system for each case. Figure 1(a) shows a cubic sampfég. 1 are sufficiently large that macroscopic fields can
of a spontaneously polarized material. For definitenesje defined. So, when we speak of “poit’ we really
let us take this material to be BaTjOn the cubic refer to a region, large compared to atomic dimensions
perovskite structure with the atomic coordinates frozerbut small compared to sample dimensions, in which a
as follows: the unit cell is ideal cubic, the Ba nuclei lie periodicV and field€ can be identified. But note, also,
at the cube corners, the O nuclei lie on the cube facéhat for a macroscopic sample having the configuration of
centers, and the Ti nuclei are displaced by a constarftig. 1(a), the electrostatic potential difference between the
distance 8; = 0.05 A along & from the cube centers. left and right faces may greatly exceed the band gap, so
This material retains a gap of several eV and has #hat in principle the ground state would become metallic.
spontaneous (zero-field) polarizatimﬁ - p,, +P©® However, in Fhe context of dielectric theory one is again
with both component®;., (nuclear plus core) ang©  much more interested in the metastable [14] insulating
(valence electronic) lying along % [16]. The geometry State obtained by starting from a configuration without
of Fig. 1(a) is such that the surface discontinuities inMacroscopic electric fields, such as that of Fig. 1(b), and
P..(r) give rise to macroscopic surface charges on thdhen adiabatically restoring the fields. Throughout this

left and right faces [17], generating an electric field thatLetter it will always be assumed that both the physical and
the fictitious KS systems are in such metastable states [19].

Let us now deduce what must be the behavioVQf(r)

(@) (b) () for each of the configurations of Fig. 1. The dot labeled
it dind BN el i dind Y “A”in Fig. 2 represents the values of the physical electric
RO dididind I indindindindinding MU RN NindindZdin field £ and polarizationP of the interacting system of
IGaaN G N vy Fig. 1(a) at pointA. These determine the densily at
et R et I Loy point A, which must be reproduced by the fictitious KS
> 2 2> 3 2> > L B e b T « <« N . . .
IO Y O & AR system at poinfA. The dashed curve indicates the locus
<; _('5 of values(&.sr, Perr) Of the KS system that are consistent

0 0 with each other and with this given. The choice of

FIG. 1. Sample geometries of a spontaneously polarizedd- (1) corresponds to point’ (insisting thatéey = €),
material. Details are given in text. (a) Cubic sample withwhile that of Eq. (2) corresponds to poiat’ (insisting
spontaneous polarization alongt, partially reduced by de- thatP.; = P). Any point on the dashed curve generates

polarization fields arising from surface charges. (b) Slabe correct periodic density &; and so is a candidate for
geometry in which surface charg®s, - 7 are precisely can- the state of the KS t At
celed by appropriately chosen external planar chatges. (c) e state of the system Al
Geometry composed of four domains in such a way that NOw comes the crucial point of the argument. In order

V-P=0. to decide which point on this curve should be selected, it
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P simple choice .t = € or Py = P). For example, for

’ pointA of Fig. 1(a), the correct choice of KS system might
correspond to any of the points on the dashed curve of
Fig. 2. To identify the correct point, an analysis of the
following type would need to be carried through. Assum-
ing that the physicaf(r) andP(r) are known, (i) at each
point in space, obtain from Eq. (1) or (2), and also ob-
tain the dielectric relatio®.s; = P;(Eqr) for a noninter-
acting system constrained to have fixeds &, is varied
(e.g., the dashed or dotted curve in Fig. 2). (ii) Taking first

£=0 Exe = 0 (i.e., & = €) everywhere, compute the macro-
FIG. 2. A, B, andC indicate the local states of the physical scopic charge density errén(r) = V - [Per(r) — P(r)].

(interacting) system at corresponding points of Fig. 1; solid Iine('") Find a macroscoplc_fleldxc (_r) suqh that, W_hen actmg
is the dielectric relation for the physical materia’ and ¢’ On the system of nonlinear dielectric materials specified

indicate states of the Kohn-Sham system having the correddy dielectric responseg;, it induces precisely a canceling
density and field, Eq. (1)4” and B” indicate KS states having charge density-8n(r).

the correct density and polarization, Eq. (2). Dashed and dotted The above is rarely a simple procedure in practice,

curves indicate the KS dielectric relations defined under th o - . :
constraint that the periodic density match that of the physica(T)Ut it illustrates the conditions under which a fiefd.

system at, or B andC, respectively. Is needed. In Figs. 1(a) and 1(b), one finds # 0,
so the XC field must be present; while for Fig. 1(c),
én = 0 and soé&,. = 0. In fact, it is evident that for a
is necessary to inspect the configuration of the system  purelylongitudinal configuration such as Fig. 1(b), Eqg.(2)
whole This is illustrated by the geometries of Figs. 1(b) applies and the KS field. fails to matché; while for
and 1(c), for each of which the correct choice is easilya purelytransverseconfiguration as in Fig. 1(c), Eq. (1)
deduced. As remarked above, in both cases the physicapplies and instead the KS polarizatiBg; fails to match
system is locally the same (point labeleBlC" in Fig. 2).  P. It is easy to see that infrared-active longitudinal and
For the geometry of Fig. 1(b), the translational symmetrytransverse phonons in a polar insulator behave in a way
[18] along$ andZ ensures that botR andP. lie along  analogous to Figs. 1(b) and 1(c), respectively.
X. But in either the physical (interacting) or the KS A few comments may be in order. (i) According to
systems, the value dP is necessarily related [2] to the the theory of Refs. [1-4], the polarizatidh is actually
presence of a macroscopic electronic surface chBrge only a well-defined moduleR /), whereR is a lattice
fi; and since this electronic charge must be given correctlyector and() is the cell volume. For the purposes of
in the KS theory, it is safe to conclude thBt;y = P.  the arguments given here, we assume that the polarization
Thus, for every point in the interior of Fig. 1(b), the differences [e.g., between domains in Fig. 1(c)] are sulffi-
state of the KS system is given ¥’ in Fig. 2. On ciently small that there is no difficulty in choosing the cor-
the other hand, in Fig. 1(c) both the physical and KSrect branch of. (ii) When constructing the KS potential
electric fields must vanish everywhere. Heuristically, thisfor the configurations of Fig. 1, attention would also have
is suggested by the invariance Bfs(r) under fourfold to be given to the microscopic details of the choice of
rotation. More precisely, we can check that a consistenV,.(r) at surfaces and interfaces. For example, at a sur-
solution is obtained when, for every point in the interior face, a naive choice df,.(r) (e.g., exactly periodic plus
of Fig. 1(c), the state of the KS system is given®Yyin  linear up to some surface plane) will give rise to errors
Fig. 2. In this case the polarizatiangiven incorrectly by  n(r) with respect to the exact interacting surface system.
the KS theonat every interior point. Nevertheless, since However, the macroscopic average &&(r) must van-
V - Py = 0 everywhere, such an error is still consistentish exactly if the underlying bulk polarization is correct
with the KS system having exactly the correct). [2]; thus, onlylocal modifications toVy.(r) at the surface
The example of Figs. 1(b) and 1(c) demonstrates that will be needed to induce the needed correctiofin(r).
knowledge of the local state of the physical interactingindeed, the modifications t¥,.(r) must remain local to
system (i.e., a knowledge of the material, andéobr the surface, since otherwise errors would be introduced
equivalently ofP) is inherently insufficiento determine in the charge density elsewhere. Thus, conclusions about
the corresponding local state of the KS system. Thus, &,. in the interior of the sample will not be affected. (iii)
field & exists at pointB, but not at pointC, in spite of In all of the arguments given here, the lattice coordinates
the fact that the local states of the physical systemB at have remained clamped. A realistic theory of dielectric
andC are identical. materials would of course have to take into account the
In general, the correct correspondence to the KS sydattice relaxation effects.
tem must be determined by an analysis of the electrostatic In summary, it has been shown that the exact KS poten-
configuration as a whole, and need not reduce to eithdial has an ultra-non-local dependence upon the electronic
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