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Modeling charge self-trapping in wide-gap dielectrics:
Localization problem in local density functionals
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We discuss the adiabatic self-trapping of small polarons within the density-functional theory. In particular,
we carried out plane-wave pseudopotential calculations of the triplet exciton in NaCl and found no energy
minimum corresponding to the self-trapped exciton contrary to the experimental evidence and previous calcu-
lations. To explore the origin of this problem we modeled the self-trapped hole in NaCl using hybrid density
functionals and an embedded-cluster method. Calculations show that the stability of the self-trapped state of
the hole drastically depends on the amount of the exact exchange in the density functional: at less than 30% of
the Hartree-Fock exchange, only delocalized hole is stable, at 50%—both delocalized and self-trapped states
are stable, while further increase of exact exchange results in only the self-trapped state being stable. We argue
that the main contributions to the self-trapping energy such as the kinetic energy of the localizing charge, the
chemical bond formation of the dihalogen quasimolecule, and the lattice polarization, are represented incor-
rectly within the Kohn-Sham based approaches.
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I. INTRODUCTION late even well established models of small radius polarons
have failed unexpectedly. Calculations of the triplet self-
Despite considerable progress in studies of self-trappetfapped exciton in NaCl using plane-wave DFT in the gen-
excitons(STE’9) and polarons, the dynamics of early stageseralized gradient approximatioiGGA) predicted no stable
of self-trapping in specific systems is still poorly understood staté in direct contradiction with the experimental evidehce
The conceptual difficulty primarily lies with the fact that the and previous Hagtree-_Fock calculatiotfsOn the other hand,
quasiparticle in question undergoes a transition between tHfgerebeinosetal” using plane-wave local spin-density
free (delocalizedl state and the localized one. In case of (LSDA) approach predicted the existence of a marginally
small polarons this transition is also associated with a sub$taPlé STE in this system, albeit higher in energy than the
stantial local lattice distortion. Within an adiabatic approxi- "€ €xciton state. Song and co-workers® applied plane-

mation one can describe self-trapping in terms of a potential‘—""”‘ve DFT to the triplet exciton e quartz and similarly

energy surfacéPES connecting free and localized states. found the free exciton state to be more stable than the local-

. ) . L ized one. The delocalized solution has also been found in
Then a microscopic model of self-trapping will involve a

. . . : . LSDA calculations of the hole trapping at the®ldenter in
characterization of this PES, i.e., relevant atomic coordi- 0.3 pacchioniet al** and Leegsgaaret al’5 considered

nates, relative energies of the free and self-trapped states, t = hole trapped at an Al impurity in silica. Both groups

energy barrier(if any) between them, as well as Spectro- oqq|ded that the predicted structure of this defect strongly
scopic properties of free and self-trapped species. _depends on the density functional used in the calculations:
Significant progress has been achieved in understandingca| and GGA functionals predicted only the delocalized
the conditions for polaron and exciton localization and self-hgle to be stable, again in contradiction with the experiment.
trapping, as summarized in recent review&It has been |mportantly, the nonlocal density functionals predict more
suggested by Rashbahat in three-dimensional dielectric |ocalized states for this system.
crystals, the free and self-trapped forms of excitons may co- An apparent bias of DFT calculations towards the delo-
exist, thus implying an energy barrier separating the twacalized electronic states was attributed to the self-interaction
states. The height of this barrier affects the dynamics anérror inherent in the local or semilocal GGA-type approxi-
characteristic time of self-trapping process. However, atommations, which are central to the Kohn-Shégs) method®
istic modeling has only been successful in calculating thdt is unclear, however, to what extent the local approximation
structure and properties of strongly localized systems andffects qualitative results(localized versus delocalized
never in modeling transitions between delocalized and localstate$, and what is the role of other factors in the calcula-
ized states. One should note that the barrier for self-trappingion, such as boundary conditions, basis set completeness,
if it exists, is not likely to exceed a few tenths of an electronand pseudopotential approximation.
volt.? Therefore its experimental verification and theoretical In this paper, we consider a triplet exciton and a hole in
calculation is extremely challenging. the archetypal ionic insulator NaCl. These defects have been
It has been anticipated that further development ofstudied extensively both experimentally and
quantum-mechanical  techniques, especially  densitytheoretically’”'” and thus provide good test systems. Previ-
functional theory(DFT), will allow one to close this gap and ous calculations were carried out mainly in small embedded
achieve predictive modeling of self-trapping or defect in-cluster models using the Hartree-Fock method and therefore
duced trapping process. However, recent attempts to calcuvere unable to treat delocalized states and take full account
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molecular ion[Fig. 1(d)]. There is no experimental evidence
pointing to existence of a barrier for the hole self-trapping in
alkali halides>!® suggesting that the free hole is unstable. In
particular, Lushchilet al'® estimated that the mean free path
of a free hole in NaCl before self-trapping does not exceed
30 ag (a9 is the shortest Na-Cl distance in the perfect lat-
tice). The hole self-trapping energy, which is the difference
between the energies of the fully delocalized and localized
states, is larger than the activation energy for thecenter

a b diffusion (~0.4 eV in NaC).2° Therefore it is expected that
the description of such a deep state is well within the reach

of the DFT theory.
Fgenice The model and the geometric structure of Yhecenter in
& alkali halides has been first proposed on the basis of the
analysis of the electron spin resonance tftaand later
refined in numerous theoretical calculatidhg3-? The
structure and stability of th&/, center is primarily deter-
H-center mined by the chemical bond formation between the two
halogen ions, assisted by the lattice polarization.
Self-trapped triplet excitons in alkali halides can be
c d formed either directly by excitation in the exciton band or as
a result of a localization of an electron near already self-
FIG. 1. Schematic representations of the perfect rocksalt Structrapped holey, center. It is currently accepted that the STE
ture (a); of the triplet self-trapped excitofb), the closest separated j, z|kali halides consists of a localized hole in the form of
F-H pair (c), and theV center(d) in an alkali halide crystal. The yhe = molecular ion, and an electron localized in its vicin-
atoms marked with stars were constrained during the optimizatiorﬂ[y_ The so-called on-ézenter and off-center configurations of
procedure. triplet STE's are considered in the literatifrén the on-
center configuration th&,~ molecular ion equally occupies
of the electron correlation. We would like to model a transi-yyo nearest anion sitd@s in Fig. 1d)], with the electron
tion from delocalized to self-trapped exciton state and forg|gg symmetrically localized around it and has the;,
this purpose use the plane-wave DFT method. We analyzgoint symmetry group. It is therefore called ¥,{€) con-
the effect of size of a periodic supercell and the related quesiguration. Williams and Sorf§ suggested that in some alkali
tion of spurious multipole interactions in this system andpgjides at least, the on-center configuration of the STE is
conclude that no stable self-trapped state for the exciton or gnstable relative to an off-center displacement ofXhe ion
hole is predicted within the GGA DFT framework, once giong the(110) crystallographic direction towards one of the

these factors are eliminated. To separate the localizatiogyion sites[Fig. 1(b)]. The center of mass of the electron
problem from the effects of periodic boundary conditions omponent in this configuration is localized near the other
(PBC’s) we then consider a hole within the embedded C|U5te(vacan) anion site, thus giving the,, symmetry to the

3 v

approach and find that the nonlocal contribution to the exgTE This model of the triplet STE in alkali halides has been
change interaction is decisive in the description of self, tner developed using effective potential and embedded-

trapped states. clusterab initio Hartree-Fock calculations, as reviewed by

The paper is organized as follows. In the next section Wesong and William€ The STE in NaCl has also been studied
give a brief account of the microscopic models of the self-using ab initio embedded-cluster methods by Puclén

trapped exciton and hole in alkali halides. Next we outliney 7.27 \yho confirmed the existence of the off-center STE
the details of the periodic plane-wave and embedded-clustetnfiguration and demonstrated the importance of the elec-
procedures used. The results of ca_llculat_mns for an excitofon correlation in determining the properties of the STE.
and a hole are presented respectively in Secs. IV and V, Tyiplet STE created by irradiation may subsequently an-
followed by discussion in Sec. V. nihilate (radiatively or nonradiativelyrestoring the perfect
lattice, or decay into a Frenkel pair of lattice defects: an
Il SELE-TRAPPED EXCITON AND HOLE IN ALKALI electron in an anion vacancy:(_centelf and an interstitial
HALIDES: BACKGROUND halogen atom in the form of aXn? molecular ion occupying
one halogen site, thid center{Fig. 1(c)]. The energy barrier
Most of the alkali halides at normal pressure and temperabetween the off-center STE and the closEsH pair has
ture assume the face-centered-cubic strudtbig 1(a)] (ex-  been calculated in alkali chlorides and bromides by Song
cept cesium halides which are simple cybiSelf-trapped et al?® and also recently in KBr by Shluger and Tanimfira.
excitons and holes in these crystals exhibit the features ofhe dissociation barrier for the STE is found to be very low
both molecular and dielectric polaron character. In particular(0.07 eV for NaCl and 0.03 eV for KBF® The activation
the self-trapped holétherwise called &, centej is known  energy for the STE diffusion in NaCl is somewhat largfer,
to be localized on two adjacent halogen ions forming,a ~0.13 eV.

Cl Na

035108-2



MODELING CHARGE SELF-TRAPPING IN WIDE-GR . .. PHYSICAL REVIEW B 67, 035108 (2003

TABLE I. The supercells used in the exciton calculations, specified by the number of atoms, Cartesian
translation vectorsggiven in units of the shortest Na-Cl distangg), and the number of irreduciblepoints
used in the calculations. The last column shows the value of the optimized lattice cagstanthe ground
and excited states.

Atoms Translation vectorsag) No k points ag A
(relaxed (Ref. 29 s=0 s=1
2 110,101,011 35 2.845

32 (26) (400,040,222 4 2.83 2.87
64 (48 (400,040,004 4 2.84 2.85
108 (28) (330,303,066 3 2.83 2.84
144 (46) (600,060,004 1 2.84 2.84

At the outset of this work we perceived the plane-wave As shall be seen below, the calculated PES for the exciton
periodic Kohn-Sham based DFT methods to be adequate faelf-trapping does not display a minimum for the STE. Fur-
treating both delocalized and localized states and appliethermore, the shape of PES strongly varies with the size of
them to study the adiabatic potential for self-trapping of trip-the supercell. In order to separate the effects of the boundary
let exciton in NaCl. The results presented below highlight theconditions and density functionals, we considered the forma-
limited applicability of the existing functionals to the local- tion of theV| center in NaCl as described in the next section.
ization problem.

B. Embedded-cluster calculations

. CALCULATION PROCEDURE In this method, a crystal is represented by a large finite
nanocluster, that is divided into several regions. Spherical
region | at the center of the nano-cluster includes a quantum-
In order to model the triplet exciton self-trapping we con- mechanically treated clust¢QC) surrounded by interface
sider the adiabatic coordinate corresponding to a displacgons and a region of classical shell-model i6hhe remain-
mentA of one chlorine ion(hereafter designated as*¢l ing part of the nanocluster is represented by classical nonpo-
along the(110 crystalline axis with all other surrounding |arizable ions. All quantum-mechanical, interface and classi-
atoms® relaxed at each position of the *CI The displace- cal ions (both cores and shellsn region | are allowed to
ment A is measured in units of 1/8 of the plane diagonalrelax simultaneously in the course of geometry optimization.
(agV2). By virtue of construction, the specified adiabatic lons outside region | remain fixed and provide an accurate
coordinate connects the free exciton state=(0) [Fig. 1(a)] electrostatic potential within region I. This approach allows
with the STE configurationX~4-5) [Fig. 1(b)], and the one to take into account the defect-induced lattice polariza-
closestF-H pair separated by one lattice anidx;-8) [Fig.  tion of a crystal region containing a few hundred atoms. An
1(c)]. The considered potential-energy surfdB&S allows  account of lattice polarization outside region | can be ex-
for both on- and off-center forms of STE as well as for thetended to infinity using a polarizable continuum model and
transient one-center excitons proposed by Shluger anthe Mott-Littleton approach® In this approximation the po-
Tanimura® However, it should be emphasized, that an exisarization energy is proportional to the square of the excess
tence of the potential-energy barrier along this coordinateharge in the lattice. In the case of tkig center, the charge
does not rule out a possibility of alternative self-trappingis constant, so the Mott-Littleton contribution cancels out in
paths with still lower energy barriers. any energy differences. Therefore this term was neglected in
The PES along the coordinatewas calculated using the the current calculations.
plane-wave density-functional approach implemented in the The described scheme is implemented in theess
vasp code® with the GGA density functional due to Perdew code3¢*” which provides an interface between theussIAN
and Wang' and the ultrasoft pseudopotentifiss supplied packagé® for calculation of the electronic structure of the
by Kresse and Hafnéf The self-consistent triplet excited QC and a code providing the shell-model representation of
state was modeled by constraining the total spin of the systhe rest of the crystal. The total energy and the electronic
tem toS=1, so as to obtain the lowest energy state of giverstructure of the QC is calculated by solving standard Hartree-
multiplicity. Fock or Kohn-Sham equations which include the matrix el-
To study the effect of the supercell size, the exciton PES®ments of the electrostatic potential due to all classical point
was calculated in unit cells containing 32, 64, 108, and 144harges in regions | and || computed on the basis functions
ions. The details of the supercells are given in Table | to-of the cluster. Further details for the total-energy evaluation
gether with the sets df points used and number of atoms in this approach are given elsewhéfe.
explicitly relaxed. At each position of €lthe specified ions A cubic nanocluster containing 8000 (2Q0X 20) ions
were relaxed, so that the maximum force acting on any indiwas used in these calculations. Spherical region | of radius
vidual atom did not exceed 0.04 eVfAMost of the calcu- 11.5 A included 300 classical ions and a stoichiometric QC
lations were performed with an energy cutoff of 285 eV.  comprising 22 iongFig. 2).

A. Periodic DFT calculations
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FIG. 2. lllustration of the embedded-cluster model used in the LW
V\-center calculatiorfonly region 1 is shown The quantum cluster
is shown enlarged. The small white balls represent the sodium in- - ’ .
A —
terface atoms. _
b — &
0 7 . I . ! .
In our scheme, the charge density in QC interacts with the 0 2 4 6 5 8
classical atoms only electrostatically, which results in artifi- Displacement A [110] (a,2 ™)

cial polarization by the classical cations nearest to the*QC.

To avoid this, an interface region between the QC and clas- FIG. 3. The potential-energy surface for the triplet exciton as
sical ions in region | was introduced. In the present model idescribed in the text. The energies are plotted with respect to the
includes 20 Na ions represented by effective coreenergies of the triplet state of a perfect latti@ero coordinate
pseudopotential®’ and a singlestype basis functionsee A~5 corresponds to the expected minimum for the SHQg.

Fig. 2. Therefore all QC anions are fully coordinated by 1(0)], A=8 corresponds to the next nearest-neigtodt pair [Fig.
either quantum or interface ions. For the quantum cluster we(©]-

have used an all electron Gaussian-type atomic Hasjsi- _ ) ) _ )

mized for the NaCl crystal8—511 G for Na and 86—311 G lattice constant in the triplet excited state in smaller super-

for Cl). cells. ,
The shell-model ions in region | interact via pair poten- Next, we calculate the potential-energy surface for the

tials due to Catlowet al.*2 which were slightly modified to triPlet exciton by displacing a selected*Clon along the
represent more accurately the static dielectric constant110 crystallographic axis and relaxing all the surrounding
Modified potentials give a static equilibrium Na-Cl distance @oms at each Clposition[Figs. 1a)—(c)]. The PES for the
of 2.79 A and fairly well reproduce the elastic, dielectric, andtriPlet state calculated in different supercells is shown in Fig.
phonon properties of the perfect NaCl crystal. 3. Ad_dmonal information on th_e lattice relaxatlon_ and spin
The embedded-cluster calculations were carried out using€nsity changes along the "Ctlisplacement coordinate can
three different density functionals: the Hartree-Fock, Beckd*® found on our web_pad@.lt is seen that the obtained PES
hybrid three paramete(B3), and so-called half-and-half Varies S|gn|f|cantly with the size and sh_ape of the supe(cell,
functionals(BH&H).%3 The latter two incorporate 20% and I Wh|ch it was caIcuIated. In all calculations the free exciton
50% of the Hartree-Fock exchange, respecti¢@iyhe hy- configuration is pregilcted to be the lowest energy state, as
brid exchange functionals were used in conjunction with the€ported preV|ou§I§/. The off-center STE configuration cor-
Lee, Yang, and Parr correlation functior(al’P).* respondg approximately taﬁ(_~ 5). This state is predicted to
Consistency of the interactions between the classical anBe marginally stable only in the smallest gsupercell used
quantum regions was tested by calculating an ideal QC enfidentical to the one used by Perebeirtsal”). We also
bedded into an ideal classical lattice. The optimized Na-cPbserve that the energy difference between the free exciton
distances inside the QC and those at the cluster bounda d the expected self-trapped state increases with the size of

differ from the Na-Cl distances in the rest of the nanoclustefne supercell. o
by approximately 1% and 3.5%, respectively. We have singled out most probable causes of the signifi-

cant dependence of the calculated PES on the size and shape
of different supercells(i) defect volume changsii) spuri-
ous electrostatic interaction between the superdgilspasis
set completeness, affid) pseudopotential approximation. In
Exciton self-trapping is associated with a strong latticethe rest of this section we discuss these aspects.
relaxation. It has been suggested that this relaxation is asso- To mimic the effect of the volume change associated with
ciated with the significant volume chan@feTo account for the self-trapping, we optimized the volume of the 144-ion
this effect, we optimized the lattice constant of the supercellsupercell at each point of the adiabatic surface. The equilib-
in both the ground and excited triplet states using\he>  rium lattice constantg has increased only slightly: from
code. The results are presented in Table . The calculate?.840 A for a perfect latticeA=0) to 2.848 A at the ex-
ground-state equilibrium lattice constamt,=2.84 A is pected STE stateA=5). The total energy of the STE has
~2% larger than the experimental value, extrapolated to ®owered by~0.1 eV and the energy minimum for the STE
K, of 2.79 A. We also observe a slight increase of the perfectlid not exist.

IV. EXCITON SELF-TRAPPING IN NaCl
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As can be seen ifFig. 1(b)], the charge distribution in
off-center STE is associated with a substantial dipole mo-
ment. The strong dependence of the PES on the superce
size suggests that a significant contribution to the total en-—~
ergy may arise from the interaction between periodic multi- o 3

0.2
poles persisting even for comparatively large supercells. Theg: a~432ions —_
detailed evaluation of the correction energy within the PBC _ 6-0 144 ions _| 03 %
is tedious and extends beyond the scope of this paper. Tig g
give a qualitative estimation of this energy let us assume tha'g g

. . ; . . : 04 2
the configurational coordinate of interest, is associated g o

with a change of an electrical dipole momd¥tA), but not
with a higher multipoles. Then, the total energy obtained
within the PBC will contain the spurious interaction energy /A
between the periodically repeated dipoles:

(%}
—

o

o
B

1_

Epgc(A)=E(A)+Eqgip(A). D

Let us consider now the case whe(\) is a nonmonotonic
function and has a maximum at some valeA,. Then
the energyEqip(A) may also have an extremum at this point.
If we shall further assume that the function of interE¢i)

is almost constant in the interval arouAd, then the curva-
ture of theEpg(A) may become qualitativaly different from
that of the sought energg(A).

To quantify the dipole-dipole interaction energy, a dipolepercells in PBC. Nevertheless, we believe that further refine-
moment of the supercell needs to be evaluated: ment of the calculations will not affect the main
conclusion—no stable state for the STE is predicted by the
GGA DFT approach.

The reasons for the absence of a STE energy minimum in
. ) the local DFT approximation are not obvious. Several factors
where the integral is taken over the volume of the supercelkoy|d result in the bias towards the delocalized solution.
1, andp(r) is a charge densitjincluding both electrons and These include, for example, the choice of energy cutoff and
atomic cores Given the value of the dipole momeR{A),  k-point sampling. To check these issues, we compared calcu-
the energyEqi, can be evaluated using a point dipole ap-|ations with cutoff energies of 220 and 285 eV and observed
proximation utilized in Makov-Payne formdfaand general-  ng significant difference in the STE relaxation. Tkeoint
ized by Kantorovicf for noncubic supercells. sampling is likely to affect more the energies of delocalized

However, a calculation o within the PBC is problem-  states. In fact we do observe a slight increase of the free
atic, since the dipole defined by E@) is not invariant with  exciton energy with the number of irreducitieoints. This
respect to supercell's origif. Therefore we consider the fol- reduces the energy difference between the free and the self-
lowing simplified model. Assuming that the dipole momentapped exciton, though the minimum for the STE still does
of a free exciton in the perfect lattice, and that of a separateflot appear. Another uncontrolled factor in the calculation is
H-F pair, is zero, we approximate the dipole functiB)  the pseudopotential approximation for core electrons. In par-
by a GaussianP(A)=Psreexp—[(A—Asrd¥207], with @ ticular, we employed a large core £22s2p®) pseudopoten-
maximum at the expected STE configuratidrs¢e~4). We  tjal for sodium atoms. Hence the polarization of cations was
chosePgre=4e A and o=1, which roughly corresponds to virtually neglected in our calculations. To examine the role
the +/— unit charges separated lag\2 in NaCl. The di-  of cation polarization, we carried out the STE calculations
pole moment of the STE is unlikely to exceed this value. Thewith the helium core pseudopotential for Na atoms for se-
model dipole functiorP(A) and the correspondig dipole in- lected configurations in the 64 atoms supercell. This also did
teraction energiegi,(A) for the supercells of 32 and 144 not affect our qualitative conclusions—no energy minimum
ions, are shown in Fig. 4. We observe that the dipole interwas obtained for the STE.
action energy is negative, strongly nonmonotonic, and sig- Our analysis suggests that the problem of localization lies
nificantly larger in absolute values for the smaller supercellnot with the technical details of the calculations but rather
Therefore, ifEy;, is sufficiently large Epgc (1) may exhibit  more fundamentally with the approximations involved in the
a local minimum at the STE configuration while the cor- GGA density functional. In particular, essentially uncon-
rected energye(A) will not. We suggest, that the marginal trolled self-interaction error in the local density approxima-
local minimum for the STE obtained in our 32 ions supercelltion is the most likely cause. However, a detailed character-
(Fig. 3 is precisely of this origin. The result obtained in the ization of the involved energy terms is difficult for the
larger unit cell is closer to the GGA DFT accuracy limit.  exciton, which comprises two strongly interacting spins with

We should note that the unscreened point dipole mM8del the energies near the top of the valence band and the bottom
used here overestimates electrostatic interaction between sof the conduction band, respectively. It must be emphasized

Displacement A [110] (a,2™")

FIG. 4. The model electric dipole moment as a function of the
adiabatic coordinaté (solid line and lefty axis), and the corre-
sponding energieE;, (dashed lines and right axis) for two dif-
ferent unit cells.

P=Q*1J' IIrp(r)de’r, 2
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ey

at this point that holes in alkali halides do self-trap in the
form of V| centers, while the electrons do not. Hence the
hole self-trapping is also fundamental in the exciton localiza-
tion. At the same time, self-trapping of the hole is a simpler
problem in that it involves localization of a single spin. How-

ever, being charged, a hole presents some difficulty for
studying within the PBC. In particular, we obtained no self-
trapping of the hole within plane-wave DFT. Therefore we
resorted to modeling the hole within the embedded cluster £ &--4aB3LYP
method, that has the following advantagés:the atomic- ® 05| ®-—mBH&H
type basis set ensures no bias towards the delocalized state @ ¢ Hartree-Fock
(i) the lattice polarization effects paramount for charged po-

lar systems are fully accounted fdiij ) the use of the atomic oz as |
basis sets allows the straightforward application of a number S ™ Cl

o

Energy (eV)
I

-0

0

of local and nonlocal density functionals, so that the proper- §
ties of various functionals can be studied. 2
N(Z“N

V. HOLE TRAPPING IN NACL 387

Cl,” distance (;OA)

The calculations of the hol@ total charge of the system
is equal to+1) were performed within the embedded-cluster £ 5 The adiabatic surface for thé, center (top panel,
model discussed in Sec. Il &ig. 2). We calculated the total  ca|culated with various density functionals. At each gives Glis-
energy of the system as a function of the distance betweegnce, all other atoms in the system were relaxed to the minimum-
the two Cl ions equally displaced along th&10) axis to-  energy geometry. Zero energy corresponds to the perfect crystal
wards each other from their respective perfect lattice sitesonfiguration(the extended hoje The middle panel shows the de-
[see Fig. 1d)]. All other ions in region | were relaxed simul- pendence of the Mulliken spin population on thg Cmolecule as
taneously to their equilibrium positions for each CI-Cl sepa-a function of the same adiabatic coordinate. The bottom panel
ration. shows the relaxation of the pair of Na atoms adjacent to\the

The potential-energy surfaces calculated with differentcenter.
density functionals are depicted in Fig. 5. The zero energy in
the top panel corresponds to the singly ionized perfect lattice VI. DISCUSSION
calculated within each method. We observe that the shape of Our results highlight severe problems with applying KS

PES qualitatively depends on the amount of the Hartreen =1 methods to the self-trapping problem. The LSDA and

Fock exchange included in the density functional. Thégsa gensity functionals yield solutions biased towards the
B3LYP functional predicts one global minimum correspond-ya|ocalized states to such an extent that no stable self-

ing to a free hole, the BH&H functional predicts two minima trapped state is predicted for either a hole or an exciton,
separated by a marginal barrier, while the Hartree—FocI&Ontrary to experimental evidence.

method gives a single energy minimum corresponding to the | o4 {15 emphasize that the degree of localization of a po-
seli-trapped h°|e\(.k centej (top panel of Fig. 5 Further- laron is closely linked to the properties of the single-particle
more, the energy difference between the free and self-trappeg,e trym for the problem. For instance, spin density of the
states ranges between0.2 eV for B3LYP and 1.5 eV for , center is represented almost entirely by the single-particle

the HF. f . . . . .
. . o . . density of the last occupied orbital in a majority spin,
Different functionals also predict distinctly different spin <(r'). The degree of localization af(r') is related to its

localization. The analysis of the Mulliken spin population on energy,e., or more precisely, to the energy split of thg

the CL~ molecule(middle panel in Fig. breveals that the from the corresponding band edge. In the KS methqds
extent of spin localization increases faster with decreasingeﬁned o

Cl,™ distance when the amount of exact exchange is larger.

In particular, the Hartree-Fock calculations predict the spin 1

almost fully localized on GI” at a mere 0.05-A displace- es= (sl — §V2+ verf(N|¥s), ()]
ment of two Cl ions from their respective lattice sites. The

B3LYP functional, on the contrary, predicts very gradual spinwhere

localization with the decrease of the CI-Cl distance. The vari-

ance in localization of spin in different functionals also af-

fects the lattice relaxation. The bottom panel in Fig. 5 shows Ueff(r):U(r)+j | |
the distance between the two relaxed Na ions adjacent to the

Cl,~ molecule as a function of the £l distance. It is seen Here, v(r) represents the external potential of the atomic
that weak spin localization predicted in the B3LYP func- cores, the second term is the classical electrostatic potential
tional causes much smaller cation relaxation than that obdue to electrons of densityp(r) (including the self-
tained in the Hartree-Fock method. interaction, andv,.(r) is a local exchange-correlation po-

plr ) dr’ +v,(1). @)
r—r
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- - - the sum of the ground-state energies of the isolated negative

&—e Hartree—-Fock chlorine ion and the neutral chlorine atbrithe implication
=--a g;‘g‘("FE-YP of this drawback for the self-trapping is clear—the energy
A —A

gain associated with a decrease of the interionic distance in
the CI, from ~4 A (as in a perfect lattigeto theV\-center
equilibrium configuration 3 A), is substantially underes-
timated by the DFT and overestimated by the UHF method.

Incorrect dissociation behavior of radical ions in DFT was
reported by Bally and Sastr§.The subsequent comprehen-
sive analysis of thél,™ molecular ion by Zhang and Yamg
revealed that the self-interaction error in local density func-
1 tional for such systems becomes uncontrollably large. It can
be demonstrated that the self-interaction error, associated
with the single-particle states, is positive and increases with
their localization. Therefore self-interaction, being mini-
6 mized during self-consistency, will also lead to the less lo-

Cl,” distance (A) calized single-particle states.
(ii) The polarization properties of a many electron system

FIG. 6. The dissociation curve for the Gl molecular ion cal- i the density functional theory are related to the exchange-

culated using various density functiondlByis=E(Cl )+Ecol.  correlation kern@P K (1,1 ') = 62E,./on(r)on(r'). The ex-
All the local basis calculations are done using the G86-311 Gauss- . )
. ) 1 . act exchange correlation kernel is shown to possess the so-
ian basis set! In the plane-wave GGA calculations the energy cut-

off 285.3 eV is used. _called u_ItranonIocaIity property, i.e., the diagongl element of
its Fourier transforniK (qg,q) possesses@(1/q-) divergence

tential, where the self-interaction energy is partially can-at small wave numberns However, as demonstrated in Refs.
celled. How do the terms in EqQ3) contribute to self- 52 and 53, both LDA and GGA lead t,(rr ') which does
trapping? One of the main factors facilitating self-trapping isnot have the require@(1/9°) divergence. One of the impli-
lattice polarization. In alkali halide crystals, the secqadd  cations of the nondivergent exchange-correlation kernel in
perhaps dominahtnegative term is the energy gain due to KS DFT is that the macroscopic polarizability of the system
the formation of thes bond (localized doubly occupied or- (calculated as a KS polarizabiljtgepends on the number of
bital) in the X,™ molecular ion K=F, CI, Br, I). The factors electrons and on the occupancy of the KS bands. That is, a
favoring self-trapping are partially counterbalanced by an incalculated KS polarizability of the dielectric will be gener-
crease in the kinetic energy of localizing electrons. The latterlly different in a singlet and triplet state, and for a system
results in a splitting of corresponding single-particle levelswith or without the holgboth systems are technically metal-
from the edge of the valence band. First, we note that anlic). Thus the reliability of polarization contribution in KS
perturbation in the external potentiar) alone cannot cause DFT for the triplet or charged systems is also essentially
self-trapping, since it does not depend on the number of eleatncontrolled.
trons or their state, and self-trapping does not occur in a (iii) As mentioned earlier, the largely single-particle char-
neutral crystal in its ground state. This is in contrast to po-acter of the self-trapping problem implies that the total spin
laron localization by defects, where thér) contribution to  density may be represented by a single-particle density of
localization is dominant. Therefore the critical localization just one orbital. It is known, however, that KS orbitals do not
terms for self-trapping are contained in the Hartfetec-  necessarily carry this physical meaning. In particular, by vir-
tronic polarization and exchange-correlatiofibond forma- tue of construction, the KS formalism yields the single-
tion) terms. particle eigenstates which minimize the kinetic enefgg

An accurate calculation of these contributions presents aalculated on single-particle orbitaf€ Thus the kinetic en-
serious problem for the KS DFT, for the following reasons: ergy contribution is always underestimated, leading gener-

(i) First, let us consider the formation of the ™~ quasi-  ally to the least localized set of orbitals for a given density.
molecule. For that purpose we calculate the dissociatiodnother delocalizing factor is the self-interaction error in the
curve for the free GI" molecular ion using different density Hartree term, which is only partially cancelled in the local
functionals and theaussian-98 packagé® We shall use as approximations to the exchange-correlation potentials. Ap-
a reference the energy curve obtained by the coupled clust@arently, a positive self-interaction grows uncontrollably as
method with double substitutiof€CD). In Fig. 6, we ob- the state becomes more and more localized. Therefore any
serve that both the unrestricted Hartree-Fock and all studieself-consistent procedure minimizing the total energy, also
DFT functionals do not predict the correct dissociation be-minimizes self-interaction by delocalizing the orbitals. It
havior for this open shell ion. Moreover, local as well asshould be noted that the effects of minimization of the ki-
hybrid density functionalgbut not the Hartree-Fock methpd netic energy and self-interaction in KS method have the
violate the energy variational principle in that the predictedsame effect and cannot be separated, since any form of non-
dissociation curves asymptotically tend to energies signififocal self-interaction correction leads to the single-particle
cantly lower than the corresponding dissociation lihi¢.,  equations distinct from those of KS.

e—o CCD J
v—% GGA - plane wave
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Conceivably the depth of the self-trapping potential intial is provided mainly by the electron-electron term. These
polar dielectrics is unlikely to exceed 1 eV. It seems that thénclude self-trapping phenomena, Jahn-Teller systems, low
spurious delocalizing contributions inherent in the KSdimensional systemge.g., Peierls instabilily and systems
method always outgrow the localizing potential, so the selfwith weak impurity perturbations. A ligby no means com-
trapped state cannot be predicted in this approach. plete o_f prpblematic DFT qalculations where an {artif.iciall

This problem is partially resolved by use of hybrid den- delocalization was .reported includes: the hoI_e Io_callzat|on in
sity functionals. We have demonstrated for the holes that th&-aQ doped with Li and Na and tt#e center in LiF as re-
self-trapped solution gradually becomes energetically mor@0rted by Dovesietal;™ dimerization in Gy, carbon

54 H 14,15,55
stable as the amount of the exact exchange is increaset’dS; the structure of the Al defect inv quartz, ex-

However, the conventional hybrid functionals, such asciton self-trappping in presence of thermal disortigthe

B3LYP, failed to predict a stabl¥ center, let alone its lo- Phase diagram of crystalline Rtelated to a localization of
calization energy. This raises the question of parametrizatiofityP€ atomic orbitals

strategies for semiempirical functionals, which are not clear ©On the other hand, the use of the Hartree-Fock based
in the context of self-trapping. approaches is also limited since neglecting electron correla-

Our calculations also highlighted another important methlion favors localized statéd.0One should also note that fre-

odological issue related to the calculations of the PES foflUently used approaches based on tight-binding methods do

polar systems within the periodic boundary conditions. Theot fully account for the electron kinetic energy, and thus are

artificial multipole electrostatic interactions between Super_also intrinsically biased towards localized solutions. As seen

cells may drastically affect the shape of the PES, if the leadffo™ these arguments, the DFT approach in KS formalism is

ing multipoles of the charge density vary along the choseriinable to reliably resolve between localized and delocalized

adiabatic coordinate. The dipole-dipole interaction in theSituations in systems where both types of states are possible.
A more adequate many-electron theory for the self-trapping

triplet exciton modelled in a small supercell resulted in the .
appearance of the energy minimum for the STE configurapmblem must go peyond the KS methods. I_Z)lfferen.t forms of
the density functionals free of the self-interaction error

tion reported by Perebeina al® Interestingly, the authors .
of Ref. 9 reported that no stable configuration could be founghould be examined.
for the V| center. These results can be understood by recall-
ing that in theV,-center calculations the leading term in the
electrostatic interaction between the supercells is the The authors gratefully acknowledge funding by the Lever-
monopole-monopole one. This term does not vary with thenulme Trust and NATO Grant No. CRG.974075. Calcula-
adiabatic coordinate and therefore does not affect the shap®ns have been performed on the CRAY T3E supercomputer
of the PES. facility provided by the Materials Chemistry Consortium,

Although artificial delocalization in KS based DFT theory UK, and on the Bentham computer at the HiPerSpace Center
can be expected, it is difficult to asseaspriori when a  at the University College London. J.L.G. is grateful to A.
specific functional will fail in practical calculations. We sug- Sokol for many stimulating discussions, and to E. Kotomin,
gest that the problem with the localized states in the KSE. Heifets, L. Kantorovich, G. Pacchioni, C. Bird, and V.
method will occur in all cases where the localization poten-Perebeinos for their comments on the manuscript.
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