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First-principles calculations of the self-trapped exciton in crystalline NacCl
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The atomic and electronic structure of the lowest triplet state of the off-ceGtgrdymmetry self-trapped
exciton in crystalline NaCl is calculated using the local-spin-den&i§DA) approximation. In addition, the
Franck-Condon broadening of the luminescence peak and;fhe bs, absorption peak are calculated and
compared to experiment. LSDA accurately predicts transition energies if the initial and final states are both
localized or delocalized, but 1 eV discrepancies with experiment occur if one state is localized and the other is
delocalized.

Unlike a molecule, an extended system such as a solid camn the properties of the local minimum solution for the off-
support both spatially localized and delocalized single-center STE, which provides a test of the ability of density-
particle states and excitations. Physical properties such danctional methods to treat the strong coupling of electronic
luminescence can differ dramatically depending on whichand lattice degrees of freedom, and calculate the spectral
type of state occurs. Deciding theoretically whether a localproperties of excited states.
ized or delocalized solution exists is a challenging problem.  To solve the LSDA equations we use a plane wave pseu-
Here we examine NaCl, a classic examiplhere electronic  dopotential methdd~1° with a spin-dependent exchange-
excitations self-localize by coupling to the lattice, creatingcorrelation potentidf and full structural relaxation in a su-
local lattice distortions. Because the degree of localizatiompercell approach. For most calculations, we used a 32-atom
will affect the Coulomb energies, approaches that incomsupercell with translation vecto(&,0,0, (0,2,0, and(1,1,7),
pletely cancel the self-interaction contribution to the ex-giving a nearest-neighbor distance between STE’s of 9.4 A,
change energye.g., the local-density approximatippome- and used four specid points in the irreducible wedge for
times fail to predict the actual localized solution. the Brillouin zone integrations. Tests varying the number of

The ground state of alkali halides with one electron re-k points and supercell size suggest that these parameters are
moved is theV center? the resulting hole does not delo- adequaté’ One of the nearest Cl atoms and two nearest Na
calize at the top of the valence band, but ratfeymmetri- atoms are most displaced while the rest of the atoms includ-
cally) attracts two CI ions into a tightly bound molecuft>  ing nearest neighbors out of plane move by a much smaller
effectively becoming a GI' molecular ion. The local sym- amount. Some calculated structural parameters for the STE
metry of this atomic configuration iB,,. An excess elec- are given in Table I.
tron in bulk NaCl forms a large mobilérohlich) polaron® The calculated atomic displacements from the ideal NaCl
but in the presence of a self-trapped hole forms a self-trappestructure for the off-center STE are shown in Fig. 1. Dhg
exciton (STE). It has been suggestethat the self-trapped hole state in the triplet STE is localized on the, Clmol-
exciton state breaks symmetry and sits off-center V@igl)  ecule[Fig. 1(@)], with nearly equal weight on the two ClI
symmetry. ions. The last spin-up electrora{;) is mostly localized on

Although there have been many theoretical studi€of  the (1/2,1/2,0 vacant halogen sitgFig. 1(b)], as in the case
the self-trapped exciton ang center problems, no density- of the F center. The formation of the €I “molecule” in
functional calculations have been reported. In this report wehe STE is mainly due to the shift of a single CI. This asym-
report local-spin-density approximatiéhSDA) calculations  metric shift can be rationalized by noting that the Madelung
of the STE andv center. The advantage of LSDA calcula- gnergy(with canonical charges of 1 for Na and Cl of the
tlons_ is that they prowde one of the S|mp[§st tools capable OE)Zh configuration is about 0.17 eV higher than @g, one,
providing a realistic model of this competition. In both Cases; o . the ionic Madelung terms that favor the rocksalt struc-

our LSDA calculations give undistorted, delocalized SOlu-re in the first place favor keeping one of the Cl ions on a
tions with lower energy than the self-trapped solution, con-

trary to experiment. For th¥y center, no metastable local
minimum trapped solution was found; however, for theu-
tral) STE we find locallymetastablesolutions, with the on-
center STE 0.14 eV higher in energy than the off-center ST
solution, which in turn is higher by 0.20 eV than a free

TABLE I. The equilibrium CI-CI distance ¢, displacements
of the nearest Na iond, in A, for the STE. Present results are
E:ompared to the Hartree-Fo€kIP2) theory (Ref. 10.

electron-hole pair. Even with this discrepancy in the tota/SONMIgUration rore(MP2) AndMP2)
energy, the atomic positions for the STE solutisee Table STED,, 2.73(2.654 0.35(0.383
I) are reasonable and agree well with Hartree-Fock secongTEC,, 2.59(2.525 0.51(0.489

order Mdler-PlessetMP2) perturbation theory® We focus
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FIG. 1. The dotted contours
show the total valence charge den-
sity in the STE. The solid con-
tours show|¥|? for the trapped
(@) hole and (b) electron. The
open(filled) squares represent dis-
placed(idea) positions of the Na
atoms; filled circles represent un-
displaced Cl atoms. The lowest
contours are 0.04 for the total
charge, 0.01(0.002 for the hole
(electron state, with increments
of 0.05, 0.01 and 0.008(a.u.) 3,
respectively.
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lattice site; in addition, the extra electron in the STd&m-  tively describe the luminescence, a ground-state potential
pared to theVy centej can lower its energy by this distor- curve was calculated for the configuration coordinatelt
tion. was assumed that all atoms move back to the perfect crystal
To obtain vibrational properties of the off-center STE, wepositions proportionally to their distortions in the STE solu-
made finite displacements from the equilibrium geometrytion. The result is shown in Fig. 3, along with a quadratic fit
The Cl~ stretching modawg, =242 cni'! is smaller than  k,«?/2 with one adjustable parametey. The effective one-
the experimental Raman frequency 361 ¢m® From the  dimensional Schidinger equation fol («) describes a har-
force matrix associated with the Ll stretching mode, we monic oscillator with frequency,= vk, /I =109 cnmi . The

found that only the two neighboring Na ions &t,{,0) and moment of inertial :zMnaﬁﬁ was chosen so thdta?/2

(1,%,0) couple significantly. Unlike H center calculatiolis, edquals the kinetic energy of the atoms V\/jth maks, when
coupling to the Na atoms yields only a small shift in the they move from the initial displacemen&R, .
frequency of the GI" mode to wg,=234cni . Since the The same type of the potential energy curve was calcu-
LSDA places the STE too high in energy, it is not too sur-lated for the STE. The quadratic fit works only in the close
prising that the curvature of the STE local minimum is un-vicinity of the excitonmetastableminimum. The resulting
derestimated, frequency isw, =123 cm *. The experimentat temperature

Figure 2 shows the computed density of stae®S) of  T=11 K justifies a zero temperature approximatitme STE
the perfect NaCl and the inverse participation rdtiBR
=(a3/8)f|W(r)|*d%] for states of majority and minority 4
spin for the off-center STE(The IPR is a measure of the
localization of a state.The localized holébs, and electron
a4 states lie in a gap of about 6 eV between the conduction
and valence bands of the perfect crystal, where as usual the
LSDA underestimates the gap. Rather than using the single-
particle eigenvalues, we obtain estimates of the excitation
energies as the difference between total energies of different
electronic configurations. To calculate the energy to create a
free-electron—hole paithe gap energy we occupy spin up
states with one extra electron, while spin down states have
one empty state. The energy difference between the two so-
lutions (6.44 e\) for the same atomic positions should cor-
respond to the free electron-hole pé@xperimental value
7.96 eV(Ref. 20]. g

In the distorted STE solution, the energy of the electron- v empty
hole pair recombination was found by comparing energies of . L u / L
the STE solution with the energy of NaCl having the same 0_15 -10 5 0 5 10
atomic displacements as that of the STE. This energy of 4.25 E

[ - (eV)
eV is roughly the same as the energy difference betveggn
andbg, states given by the DOS, and compares to a value of F|G. 2. (a) Density of stategstates/eV spin formula unitof
3.35 eV obtained from a luminescence experifieatt 11 K. pure NaCl crystal, where the two spin orientations are equivalent.
The distorted NacCl, with a lattice distortion energy of 2.5 eV |PR of triplet STE for(b) spin-up andc) spin-down electrons. The
relative to the ideal NaCl positions, is in a highly excited state labeledb, is empty and the sta, is occupied in the STE.
vibrational state. Thus, significant Franck-Condon effects inthe D, representations;, and a;; became indistinguishable
the spectral properties of the STE are expected. To qualitaboth A;) in the trueC,, symmetry of the off-center state.
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FIG. 3. Potential curves fai@) pure NaCl, self-trapped exciton FIG. 4. Optical conductivity of self-trapped exciton in NaCl
in the (b) ground state, andc) electronically excited statéat;  normalized per volume of a single excitag/2. (a) o4(w), EL to
—Dbay,). The coordinater measures the magnitude of the displace- o molecular axis in the-y plane;o,(w), E along thez direction;

ment, such thatt=0 anda=1 correspond to the undisplaced NacCl - _ o
. ' : : and o3(w), E along the CJ- molecule.(b) average conductivity
crystal and the relaxed STE atomic configurations, respectively. . .
compared with experimeriRef. 23.

The second peak centered at 3.58 eV is #hg—bg,
initial state is the vibrational ground stateSince the lumi-  transition for the spin-down electrgsee Fig. 2c)]. The en-
nescence peak position corresponds to the vibrational levelrgy difference between the ground state and electronically
n~170 of the electronic ground state, quasiclassical wavexcited exciton state with the same atomic configuration
functions were used in the numerical integral evaluation. ThQurnS out to be the same as the e|genva|ue d|fferend:glpf
sequence of vibrational sidebands should be replaced by gnda,, states of the ground STE. The excited exciton will
sequence of convolved densities of phonon states). We  lower its energy by moving atoms back to the undistorted
approximate this by a Gau55|anD(w)—>exp(— ®’l  positions of perfect NaCl. To apply the Franck-Condon prin-
2y?)/\2my with the widthy=43 cmi * chosen such that the ciple, we repeat the same type of calculations for the excited
first three moments coincide with the experimetftahonon  exciton as we did for NaCl and the ground state SFig.
DOS. This gives a luminescence width of 0.43 eV, while the3). When two Cl atoms move away from each other, ahg
experimental width is 0.63 eV. empty state merges with the valence Qb ®and, which

The optical response(w) of the long-lived triplet STE  makes it very difficult to choose which state to depopulate
also has been measurét* The diagonal part of the optical during the iterations. Instead we used the results for the
conductivity tensor is ground-state STE to obtain the energy of the electronically
excited state by adding eigenvalue differenge—\,, be-
tween two states for which dipole matrix element
[{11]p3|12)[? is the largest. Results are shown on Fig. 3 along
> Z (Fie— f1 0| (K| p o/l K2 with a quadratic fit =116 cni’'), which works for the
moQ 21" K entire range of the parameter The § function of Eq.(1)

) B corresponding to the,,— bs, transition was replaced by a
X 3(hw=Eyict B, (@) sequence of convolve% Gaussian peaks.
R The transition energy(3.58 eV} between the two
wheref ; is the occupancy of the statkk). The spin state localized statesa, g — b, [see Fig. 2c)] agrees well with
index is included in the band inddx Integration over the the experimental peak at 3.8 eV. But when initial and
zone has been performed usingkR@oints in the irreducible final states have different degrees of localization, errors
zone. In Fig. 4a), absolute optical conductivity curves are of 1 eV in the luminescencd SDA, 4.25 eV; expt?! 3.35
shown for the three polarization§,||(l,— 1,0), (0,0,9, and €V) and in the optical excitation of the bound electron
(1,1,0 (parallel to the GI~ molecular axiz Figure 4b)  into the conduction bandLSDA, 0.95 eV; expt’ 1.95,
shows the average conductivity(w)=3;0i(w)/3, which is ~ 2.13, and 2.00 eV for three different field polarizatipns
Compared with experimeﬁf;z‘l rescaled so that the total OCCuUr. A pOSSibIe explanation for this error is that in LSDA
weights under the both curves are the same. the incomplete cancellation of the large repulsive self-

The first peak in Fig. @) is centered at 0.95 eV; the interaction energy/drdr'n;(r)n;(r’)/|[r—r'| of a local-
splitting between the peaks for the three different polarizaized state nj=|¥,;|?>, and the corresponding exchange
tions is not resolved in the calculations. Most of the weightterm may destabilize a localized solution in favor of a delo-
in these peaks comes from transitions of the last localizedalized one. Corrections such as self-interaction corrections
spin-upa, 4 electron into empty conduction-band delocalized(SIC) or LDA+U (U is the onsite Coulomb repulsith
stateq see Fig. 2)]. may reduce the error; in SIC, shifts in the energy of a

me’N

o (w)=
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statei on the orde?® of fd3rnf"3(F) are expected. If the transitions between the localized and delocalized states, dis-
degrees of localization of the two states are similar, howevercrepancies of order 1 eV with experiment arise. Although the
then the LSDA transition energies are reasonable. LSDA can capture many features of the STE states, when a
In summary, we have presented LSDA calculations forlocalized solution competes with a delocalized solution, the
the STE in NaCl, including the coupling between the latticeincomplete cancellation of the self-interaction may destabi-
and electronic states. The off-center STE is found to be moréze the localized solution. Given the usefulness of the LSDA
stable than the on-center STE, but both are metastable cormethod for unraveling complex materials, it is important to
pared to free electron-hole pairs. Both luminescence and opest and develop approaches that can treat localized and de-
tical conductivity, including vibrational Franck-Condon ef- |ocalized states on the same footing.
fects, were also calculated. The hole state in the off-center
STE is found to be rather evenly split between the two ClI
atoms, but the electron state is localized to the vacant site left We thank M. L. Cohen, G. W. Fernando, P. M. Johnson,
by the shifted Cl ion. The density-functional description of S. G. Louie, and W. E. Pickett for discussions. This work
electronic transitions between localized states, such as theas supported in part by NSF Grant No. DMR-9725037 and

a;g—bg, absorption peak, agree well with experiment. Forby DOE Grant No. DE-AC-02-98CH10886.
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