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The optical-absorption spectrum of a cationic’4gom in a KCI crystal has been studied theoretically by
means of a series of cluster models of increasing size. Excitation energies have been determined by means of
a multiconfigurational self-consistent field procedure followed by a second-order perturbation correlation treat-
ment. Moreover results obtained within the density-functional framework are also reported. The calculations
confirm the assignment of bands | and IV to transitions of the Aglectron into delocalized states with
mainly K-4s,4p character. Bands Il and Ill have been assigned to internal transitions on the Ag atom, which
correspond to the atomic Agddto Ag-5s transition. We also determine the lowest charge tran&fdr)
excitation energy and confirm the assignment of band VI to such a transition. The study of the variation of the
CT excitation energy with the Ag-Cl distanéegives additional support to a large displacement of the Cl ions
due to the presence of the Agnpurity. Moreover, from the present results, it is predicted that on passing to
NaCl:A¢ the CT onset would be out of the optical range while tise5p transition would undergo a redshift
of 0.3 eV. These conclusions, which underline the different character of involved orbitals, are consistent with
experimental findings. The existence of a CT transition in the optical range for an atom inside an ionic host is
explained by a simple model, which also accounts for the differences with the more conthsyst8ms. The
present study sheds also some light onRheéependence of the?-sp transitions due ts? ions like TI".

. INTRODUCTION KBr:Ag®. Based on this shift, this band was tentatively as-
signed to a Cl—Ag° charge-transfer transitichMoreover,
A wide variety of defects and impurities can be formed gn absorption peak appears in the optical spectrum at an
inside insulating lattices like alkali halides. For inStanceenergy well below the lowest atomi(55_>5p transition.
metal impurities are formed by adding metal halides as AgX, The whole optical absorption spectrum of KCI®ig the
CuX, and TIX to an alkali halide. The positively charged yjg|et-ultraviolet (V-UV) region3-® shows six peaks and for
metals (Ag, Cu’, etc) can occupy alkali cation positions fie of them an assignment has been proposed by Mdténo.
with a typical concentration of one metal cation over 200—paaks | and VI, the most intense ones, do not depend on the
10000 alkali ions. Thereafter, other defects can be created %mperature. The intensity of the rest of the bands varies

X |rraQ|at|on, which causes the fo'r mat!on of free positive and1inearly with the temperature denoting that these bands are
negative charge camiers. The iradiated electrons can b onon assisted. Based on these considerations, the first

trapped either in halide vacancies to fofrandF’ centers, . " .
or creating neutral metal centers in cationic positions. On th(?and at 2.92 eV was assigned t@g_}tlu transition com-

other hand, the holes can be trapped by the anions originat?9 from the Ag atomic §—5p transition. The antibonding
ing the so calledvy centers, and also by the cations giving 21g |€vel was estimated to lie about 2.6-2.9 eV below the
paramagnetic centefég?*, Cli?t).1 bottom of the conduction band, and therefore, it was con-

The formation of neutral atoms like Agig®,CW°,TI° as  cluded that the, level lies within the conduction band. The
impurities occupying cationic positions in ionic lattices, is second and third bands at 4.11 and 4.73 eV were assigned to
less common, but has been proved to exist through electron'b?;‘ —>a’{g andt’ﬁg—>a’{g transitions, respectively. These tran-
paramagnetic resonance and electron-nuclear doubktions are not electric dipole allowed, in agreement with the
resonancé.In the case of A§in KCI, the hyperfine constant small intensity observed for these bands. Band(4¥ 5.35
is only about 5% smaller than the corresponding free silveeV) was related to the silver atomic transitiord45s
atom valué showing that the electronic configuration of sil- —4d*%s!, and finally, the intense band VI at 6.30 eV was
ver is 4d1%s.! Nevertheless, the system cannot be describeihterpreted as the first charge-transt@T) band and as-
in terms of a free Ag atom. For instance the optical-signed by Moreno to alu—>a*l‘g transition.
absorption spectrum of KCI:Agshows the presence of an  The latter conclusion is a little surprising, as when iso-
intense band at 6.3 eV while it appears at 5.7 eV forelectronic cations are considered, the energy of CT transi-

0163-1829/2000/620)/1336610)/$15.00 PRB 62 13 366 ©2000 The American Physical Society


https://core.ac.uk/display/16201347?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PRB 62 NEUTRAL ATOMS IN IONIC LATTICES: EXCITED. .. 13 367

tions decreases as far as the nominal charge increases if the The optical transitions of KCl:AYhave also been calcu-
ligand is kepf® Moreover, at first sight the conclusion ap- lated using density-functional theotFT) methods on clus-
pears to be hardly compatible with experimental findings orters of different size. Some results obtained through the
divalent 3 impurities in LiX (X=CI;Br) lattices!®!In par-  MS-Xa method are also reported. It will be shown that these
ticular, the energy of the first CT transition due to &M methods quantitatively reproduce the main features of the
impurity in LiCl is described(for the casen=2) by the optical-absorption spectrum due to KCI:Ag'he weaker de-
following empirical law: pendiglce of the computational effort on the size of the
_ + system™ makes DFT certainly interesting to study large sys-
Ecr(eV)=C—1(M7) D tgms that are not routinely )allccessible %o handlg wi?h trgdi—
derived by Simonetti and McClurg. In this expression, tional quantum chemical techniques. Recent developments in
I(M™) refers to the ionization potential of the free'Mon  time-dependent DFT(Refs. 22 and 28 may cause this
andC is an empirical “constant” whose value was found to method to become an attractive alternative to study optical
be 22.4 eV. If we accept that the same law is valid for'&®M properties.
impurity with n#2 then one would exped r~20eV for The paper is organized as follows: In the next section we
KCI:Ag® having in mind that (Ag™) =1.2 eV1? Despite this  give information about the basis sets, cluster models, embed-
big discrepancy, previous self-consistent charge extendeding schemes, and the computational methods applied in the
Huckel (SCCEH and multiple scattering % (MS-Xa) cal-  study of the excited states. In Sec. lll, we first calibrate the
culations on KCI:A§, supporte® that the intense band at ab initio methods applying them to the free silver atom,
6.3 eV can be indeed compatible with a CT assignmentthereafter we discuss excitation energies and character of the
These calculations also showed that the main contribution téinal states for each separate band observed in the optical-
the t¥, level is of K-4s,4p character, which supports the absorption spectrum of KCI:Ag In addition, the variation of
assignment of this level to lie within the conduction band.the excitation energies with the Ag-Cl distance is discussed
Moreover, they indicate that bands Il and Il can both arisein this section. Section Il is concluded with a brief discus-
from 4d1°a’1‘g—4d9(a’1‘g)2transitions though the experimen- sion of the results reached in the DFT framework on
tal energy difference between both peaks62 e\ can KCI:Ag®. In Sec. IV we focus on the comparison with other
hardly be assigned to the D@ separation betweeef, (4d) systems. In particqlar from thl@ dependence of calculated
andt%,(4d) one electron orbitals. excitations the optical transition energies for NaCFrege
To gain a better insight into the rich optical absorption&Stimated. Finally, we list the conclusions.
spectrum of KCI:A§, it is necessary to reproduce the main
experimental features through more powerful and reliable [l. COMPUTATIONAL INFORMATION

theoretical methods. To achieve this goal the knowledge of We study the ground and excited states related to the op-

the ground-state equilibrium geometry is crucial as it fu”yfical transitions mentioned in the introduction in order to

determines the energy of peaks observed in the Opt'caéxtractab initio estimates of excitation energies and to gain

absorption spectrum. This important prerequisite has bee sight into the character of these states. For this purpose, we

solved I & previous paper by means of total—energy CaICUIaépply a series of cluster models of increasing size. The fol-
tions and the analysis of experimental superhyperfine tensolr

By both procedures the equilibrium metal-ligand distaRge owing six cluster models are studigsee Figs. (a)-1(f) ]

is found to be equal to 3.7 A, a result which concurs with ﬁgg:ﬂ(
early estimationd>~® Moreover it is found that this 18% 9~'6" 12

. . . . 'AgC|6K12K6,
relaxation of ligands is accompanied by an 8% outwards

. . K . . 'AgC|6K12CI8,
relaxation of first K ions along(100 directions.

Having in mind this relevant information, the present pa- *AGCleK1,CleKe,
’ 'Agc|6K12C|8K2C|8K8,

per is devoted to explain the optical absorption spectrum of
KCI:Ag® by means of reliable methods that include electronwhere shells of ions around the impurity are progressively
correlation in all electronic states. For this goal we first at-added in all three directions except for the largest cluster, for
tempt anab initio theoretical study where transition energies which the 2 K’ ions in the fourth shell, the 8 Clin the fifth,

are computed at the equilibrium geometry of the ground staténd the 8 K in the sixth shell are only added in one of the
(as derived in Ref. 16 To establish the character of the directions giving rise to a noncubic clustesee Fig. 1f)].
transitions observed in the optical-absorption spectrum, w&he Ad’ valence electrons (@4d'%s') are described with
design various cluster models of increasing size. Excitatio (11s,8p,7d)/[4s,4p,4d] basis set, while for the Cland
energies are computed by constructing highly correlatedK* valence electrons @, 3p°, and 3°, respectively we
wave functions based on the multiconfigurational self-use a (,7p)/[3s,3p] basis set. The core electrons of these
consistent field procedure/second-order perturbation correla@toms are represented by Cowan-Griffin relativistic effective
tion treatmenf{CASSCF/CASPTR methodology’*8imple-  core potentials(ECP which include scalar relativistic
mented in thevoLcas-4 package'® Furthermore, we analyze effects?* For the largest cluster we reduce the basis set of the
the dependence of the transition energies with the Ag-Cl dis8 potassium ions in the outermost shell[ts,2p] to make
tance in order to show the importance of an accurate detethe calculations feasible.

mination of the relaxation of the lattice around the®Am- To account for the short-range repulsion of the rest of the
purity. This analysis gives additional support for the largelattice, all six clusters are surrounded d&ly initio embedding
outward relaxation of the Cl atoms estimated in previousmnodel potential:a(AIEMP).25'26 The atoms contained in a
studies-3-16:20 cube of length 2 (beinga the lattice parameter of the KClI
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FIG. 1. Cluster models of Agmpurity in KCI at the optimized geometry. Only the atoms explicitly treated are included in the figures.
The black sphere represents the®Ampurity, the dark gray spheres refer to K ions, and light gray spheres to Cl ions. &tonf the
following clusters are shown:(@ AgCls, (b) AgClgKis (c) AgQCIgKKe (d) AgCIgK,,Clg, () AgClgKClgKg, and (f)
AgCIeK 1,ClgK ¢ClgKs.

crystal, 6.293 A centered in the impurity plus the atoms the long-range electrostatic interaction is included in the
located at thg3/2,0,0, (3/2,1/2,0, and(3/2,1/2,1/2 unique  model by an array of Evjen point charges to complete a cube
lattice positions are described as AIEMP’s. These model poef 8a around the A§impurity. Although all clusters but the
tentials have been optimized to represent the &d CI’ largest one exhibit®,, symmetry, we only exploit th®,,

ions in the pure KCI crystal as described in Ref. 27. Finally,point-group symmetry.
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TABLE |. Experimental and theoretical transition energies, (iffEeV), of the Ag atom. The CASSCF
wave functions are constructed with an active space that includes 12 orbitals—thé48)Agbitals, 5 Ag
(d"), Ag(5s), and Ag5d—and 11 electrons. CASPT2 correlates the 4d, and 5, electrons. TE average
means the weighted average of the spin-orbit splitted components ébttamd 2P states.

Experiment Theory
State TE TE State CASSCF CASPT2
Configuration average
4d%05p!? 2P 3.66 3.74 2p 3.68 3.79
2P, 3.78
4d°5s? Dgpy 3.75 3.97 D 431 4.00
2Dy, 4.30

Excitation energies are estimated as vertical transition81S-Xa  calculations  for the 8l-atom  cluster,
from the optimized ground-state geometry. This geometryAgCIgK 1,ClgKsClLK,,**, are also given there.
has been determined from a restricted open-shell Hartree-
Fock calculation for a AgGKg cluster embedded in Ill. RESULTS AND DISCUSSION
AIEMP’s and point charges. Because of the large outward
relaxation, both the Ag-Cl and CI-K distances along the three
axes have been relaxed. The resulting Ag-Cl distance is Before attempting the study of the optical spectra of the
3.707 A, i.e., an outward relaxation of about 20% comparinggilver impurity in KCI, we calculate the transition energies
to the ideal KCI structure. The optimized CI-K distance isfor a free silver atom to calibrate the computational ap-
2.995 A, which is On'y 5% smaller than the ideal CI-K dis- proaCh. The Ag atom is described with the ECP and basis set

tance in the KCI crystal. Further details concerning the gementioned before in the computational information.
ometry relaxation can be found in Ref. 16. The rest of theCASSCF wave functions for the ground- and lowest-excited

atoms of the clusters, the AIEMP's, and the point charges arétat_es are construcited by distributing 11 electrons over 12
fixed at the lattice positions of the KCI crystal. orbitals (Ag-4d, 4d”, 5s, and ). CASPT2 accounts for

Multireference wave functions for the states considered®Maning electron  correlation. Table 1 lists the

are constructed in a CASSCF calculation with an activeCASSCFlcl'SSF_{T2 e>§citatic.>n energizes of tﬁ@ (coming
om a 4d-5p- configuration and “D (arising from a

. . . . . I
space conta!nlng 11 electrons dlsmblfltEd in all po§3|ble Way%d%sz configuration excited states with respect to tH&
over 11 orbitals. For all states, we include the five Ab-4 (4d1%5s1) ground state. A direct comparison with experi-
orbitals and a correlating set of five virtual orbitals, usuallymental excitation energiies cannot be made because of the
referred to as Agd’. As has been shown before, this en- large spin-orbit splitting present in the silver atdth12 eV

sures a correct treatment of the large dynamical electron cofy, ihe 2p state and 0.55 eV for théD). Therefore, results

relation effects in the Tl\/d' shell, whereas a pgrturbational are compared with a weighted average of the spin-orbit split-
treatment tends to overestimate these correlation efféctS. (oq components of théD and 2P states. Table | shows that
Note that this is especially important for transitions in which o,y CASPT2 excitation energies are within 0.05 eV of these
thg number ;)fd-electrzons changes. ;or the ground statgyeighted averages. This indicates that, except for spin-orbit
(@A), the “Eg, the “T5g, and theb®A,q states, associ- effects, the computational approa¢BCP, basis set and
ated to bands Il, Ill, and 1V, respectively, we add an orbitalcASSCF/CASPT2 methodis well calibrated and can be
of a;, symmetry. For the twd'Ty, states related to bands | ysed in the system of interest, KCl:AgNote that CASPT2
and VI, the eleventh orbital is df, symmetry. Remaining, |owers the excitation energy for tHe state, while a small
mostly dynamical, electron correlation effects are includedncrease is observed for theP state. The CASSCF wave
by second-order perturbation theory, CASPTZ, in which allynctions already include the major part of the electron cor-
valence electrons are correlated. In this perturbational treaju|ation effects caused by the Agd4lectrons, and hence the
ment the CASSCF wave function is taken as a zeroth-ordegapijization of the?D state is caused by the differential
wave function. The character of the open shell orbital of thesjectron correlation effects of thesSelectrons treated by
excited states is studied by Mulliken population analysiscASpT2. The slight destabilization of the transition to the

(MPA). Although it is well known that it has its limitations, 2p gtate must be ascribed to slightly larger electron correla-
this analysis gives a reasonable qualitative insight into thg,n effects in the § than in the % orbital.

character of the orbitals.

DFT calculations have been performed with the Amster- .
dam density functional code®® using the local density ap- B. CASSCHCASPT2 approach to the optical spectrum
proximation exchange-correlation functional. Triple zeta ba- of KCIAg
sis sets(quality 1V) are employed to describe the valence KCI presents a face-centered-cubic structure where each
electrons, whereas the core electrons are kept frozen. Resuits is surrounded by six nearest neighbors in a local octahe-
are reported for the 39-atom cluster, AgC],ClgKeClg?™ dral symmetry. The A§impurity substitutes a K ion and
described in the previous papér.The details of the the crystal field splits the Ag-d orbitals into two sets of

A. Free silver atom
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TABLE Il. CASSCF and CASPT2 excitation energi@s eV) relative to theZAlg ground state for different cluster models using a Ag-Cl
distance of 3.707 A and a CI-K distance of 2.995 A.

State AgCi AQClKi, AgCIKiKs  AgClIgKClg  AgCIK1,ClKs  AgCleK1,ClgK,ClgKsg Exp.
2T, CASSCF  3.77 3.61 3.60 3.52 3.53 3.44 2.92
CASPT2  3.82 3.64 3.65 3.54 3.56 (band )
2E, CASSCF  4.72 4.75 4.74 4.74 474 4.74 411
CASPT2 422 4.18 4.15 4.15 413 (band 1)
2T CASSCF  4.78 4.80 4.80 4.79 4.79 4.80 4.73
CASPT2  4.29 4.25 4.22 4.22 4.20 (band 11)
b’A;,;,  CASSCF 1347 7.58 5.95 5.59 5.35
CASPT2  13.48 7.52 5.75 (band V)
2T, CASSCF  12.37 8.13 8.12 8.13 6.29
(e3)) CASPT2  10.71 6.46 6.38 (band V)

orbitals ofeg(d,2y2,ds,22) andt,g(d,,,dy,,d,,) symme- bhitals of the K ions located at thé1/2,1/2,0 and(1/2,0,1/2
try. In this section we study the five assigned bands observegositions are more populated than those at(h/2,1/2 in
in the spectrum using the cluster models and computationalgreement with the;,(x) symmetry of the open shell or-
approach commented before. Table Il summarizes the exchital. Therefore, we extend the Aggl,,Clg cluster with the
tation energies of the different bands obtained with the six K* jons at the(+1,0,0 positions and all Cl and K" near-
different clusters. In order to analyze the optical spectrum Oést neighbors in the samg p|ane_ This |arge cluster is re-
the Ad impurity in KCI we study and interpret each band ferred to as AgGK 1,ClgK,ClgKg [see Fig. 1f)] and per-
separately. forming ab initio calculations with such a cluster is at the
limit of present day computational resources. For this reason,
1. Band | at 2.92 eV only CASSCF calculations has been performed. However,
The band appearing at 2.92 eV has been assigned to @\SPT2 hardly affects the excitation energies; as can be
transition, which in the free Ag atom corresponds S€€N in Table Il, the effect is never larger t.han.0.05 eV. With
the largest cluster we find a further delocalization of the open
hell orbital over the K ions in the second, fourth, and sixth
hell surrounding the impurity and a further decrease of the
excitation energy to 3.44 eV, slowly approaching the experi-
mental value of 2.92 eV. The contribution of the Axger-

a"1cg‘>t’lku
to a 55— 5p transition. The entry in Table Il for théT,
state shows the variation of the excitation energies on goin
from the smallest cluster, Agglto the larger ones. The
excitation energy of theZAlgeleu transition decreases
with increasing the cluster size. This reduction is accompa; _ .
nied by a delocalization of the open shell orbital in the eX_bltal to the open shell orbital further decreases to approxi-
cited state for the larger clusters. Indeed, this orbital has pately 55%. i )

strong Ag-5 character for the smallest Ag{tluster and In summary, the fmgl state connected to ﬂmig_’ Ty
extends over the K ions as the size of the cluster increaselfansition is as delocalized as the size of the cluster allows,
The inclusion of the 12 K surrounding the basic Agelus- hence, to have a correct description and an accurate excita-
ter already leads to a significant delocalization; the gg- 10N €nergy of this state, much larger cluster models are
character of the open shell orbital of the excited state dropgeeded. Nevertheless, our calculations confirm the delocal-

to 77% and the excitation energy decreases about 0.2 e\ ed character of this state as a transition into the conduction

: : . P d of predominantl-4s and 4p character as proposed
Adding six K in the(1,0,0 directions to the AgGK, clus- an ! 13.20 . ;
ter, does not significantly affect the excitation energy and thé’y Cabna;eft al: h IThe delqcah_zed character of th% fmalh
character of the open shell orbital. Instead, inclusion of thetate exp ans the c_)\'/verfexcnatlon energy compared to t €
next shell of 8 Cl ions causes a stabilization of 0.1 eV anocorrespondmg transition in the free atom. The effect of spin-

the open shell orbital now has an important contributionOrbit coupling on the_ transitipn energy is estimated to_ be
(~31%) of the K-4s,4p orbitals. The fact that this delocal- very small. Spin-orbit coupling splits the corresponding

ization does not occur in the AggRl,, cluster indicates that zt(C)PAI\C Otransmon hby Oll 'eV('see Tabled)I£ bbUt for Itlhe b
the Cl ions surrounding the K need to be included explicitly ™" g" system, the splitting Is expected to be smaller be-

in the cluster and that the description of these ions with bar&ause of the delocalized character of &, state.

AIEMP’_s introduces a too strong rep_ulsion that prevents the 2 Bands Il and IIl at 4.10 and 4.73 eV
population of the K-4 and 4p orbitals in the AgCIK, clus- ) ]
ter. Bands Il and Il in the absorption spectrum have been

The next entry in Table Il (AgGK1,ClgK¢) shows again ~ assigned teg —aj, andt;;—aj, transitions, respectively.
that incorporation of six K in thg1,0,0 directions to the SCCEH and MS-X calculations performed by Cabria
AgCleK 1,Clg cluster does not change the general image oft al.*?° showed that thee} and t3, orbitals involved in
the transition unless the surrounding Gbns are explicitly ~ such transitions, have almost pure Ag-éharacter while the
included in the cluster. However, this leads to a cluster ofaj, orbital can be considered as a Ag-brbital.
unmanageable size if the cluster is extended in all three di- As for the previous band, Table Il shows the excitation
rections. From the previous clusters, we observe that the oenergies of théAlgezEg and 2A1g*>2T2g transitions at the
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CASSCF(11/11) and CASPT2 level. In the first place, we over the cluster. The highly delocalized character means that
observe that the excitations energies at a given level of cakhis orbital belongs to the conduction band of the crystal.
culation hardly change with increasing cluster size. This il-Hence, it is not appropriate to relate the open shell orbital in
lustrates that the excitations are rather local and MPA showthe final state to a $like atomic orbital. Spin-orbit effects
that the excited state open shell orbital indeed has a strongr this transition are not important since only unpaired elec-
Ag-4d character. It is well known that transitions involving trons ofs character are involved.

d electrons in transition-metal compounds are very localized

and can be accurately described with relative small cluster 4. Band VI at 6.3 eV

models**~*" As in the free Ag atom, CASPT2 lowers the  Band VI is the last band observed in the optical-

CASSCF excitation energies, but does not affect theyhsorption spectrum and carries large intensity. It has been
Eg-“T2g splitting. Moreover, the effect of the dynamical assigned to a charge transf@T) transition from a,,Cl-3p
electron correlation on the excitation energies does nofpiial to aa’, orbital with strong Ag-5 charactef:** At
change from cluster to cluster; a constant lowering-@.5 st sight, the appearance of local CT transitions at such low
eVis observed. 2 5 _ energies might be surprising because the Ag impurity
Second, the splitting between th&, and “Tyq states is  changes from a neutral state to a negatively charged state,
very small, only 0.07 eV, whereas the experimental separggpereas a positively charged oxidation state is more com-
tion between bands Il and Il is 0.62 eV. The difference 1o for silver.
between experiment and the calculated value must be as- gycitation energies of this transition obtained for different

cribed to the lack of spin-orbit coupling effects in our calcu- o ;sters are reported in Table[Bee entry?T,,(CT)]. As for
lations. However, these effects can readily be estimated frony,, previous band, only the cluster models, which introduce

the free atom because of the very localized character of thge,y effects, are taken into account. In all clusters the open
transitions. Table | shows &Dy;-*Ds, separation of 0.55 gpell of the excited statéT,,, has a strong CI-g character
eV, which is aolmost identical to the splitting of bands Il a_nd and thezAlg—>2T1u transition is ascribed to a local charge-
Il for KCI:Ag ™. Therefore, we conclude that the separationyansfer transition. The excitation energy for the smallest
bet.ween band_s Il and Il is mainly due t.o spin-orbit effects | ;ster is very high, larger than 10 eV. Obviously, such a
while crystal-field effects are much less important. To prop-gma)| cluster cannot account for an excitation in which a hole
erly describe the final states of bands Il and Ill, calculationgs tormed on the edge of the cluster. The ions in the direct
that explicitly include spin-orbit coupling are indispensable. ¢, sier environment are described with model potentials that
Nevertheless, our ca_lgulatlpns c_orroborate the 5_133|gnment ab not allow these ions to respond to the changes in the
these bands to transitions in vyhlch'an eIeptron is transferregharge distribution between Ag and CI. This artifact seems to
from the Ag-4d shell to an orbital with mainly Ag-Schar- e |argely removed in the next cluster that includes the 12 K
acter. ions surrounding the Cl ions; the excitation energy experi-
ences an important lowering of about 4 eV. The fact that the
excitation energy does not change anymore for the larger
The calculated excitation energy connected toah@;;,  clusters considered shows that the polarization of the lattice
—>b2Alg transition, which in an isolated atom corresponds toin response to the CT transition is not as long ranged as for
a 5s— 6s transition, rapidly reduces as the size of the clustelionization processes. Two reasons can be given to rationalize
increasegsee Table . The excitation energy decreases al-this observation. In the first place, the transfer of an electron
most 6 eV on going from the smallest AgGiluster to the from the ligandp shell to the Ag-5 orbital is accompanied
next one with the 12 K next neighbors included. Transition by a redistribution of the density in the closed-shell orbitals.
energies for the AgGK,K¢ cluster have not been calculated This causes the hole created on the ligands to be effectively
since the calculations for the previous three bands clearlgcreened and therefore the net transfer of charge is smaller
indicate that inclusion of the six Kin the(1,0,0 directions than one. For the transition studied here, the net transfer
does not significantly influence the excitation energies. Thestimated by MPA is-0.5 electrons. The second reason for
same holds for the AggK5ClgKg cluster, which gives simi- the rather short-ranged character of the lattice relaxation can
lar results as the AggK,.Clg cluster model. For the latter be found in the fact that electron reorganization occurs
cluster, excitation energies are about 2 eV smaller than fowithin a local region. This means that the atoms located fur-
the AgCEK 4, cluster and 0.4 eV larger than the one obtainedther away from the impurity do not experience large changes
for the largest cluster studied, Ag®l;,ClgK,ClgKg. This  in the Coulomb potential due to a local CT transition.
indicates that the excitation energy seems to rapidly con- Note that the effect of CASPT2 is much larger than for
verge with the cluster size and tends to the experimentainy of the other states considered. The large stabilization of
value of 5.35 eV. the CT state by CASPT2 has been observed before by Ge-
Again, for the largest cluster, no CASPT2 estimate can béeijns et al3 in the study of the local charge transfer pro-
given because of the very large computational demands afesses in NiO. Two effects contribute to the differential elec-
such a calculation. However, the results of the other clusterson correlation. The first one is caused by the differentAg-
indicate that electron correlation tends to lower the CASSCFRnd Cl occupations in the ground and excited state, which
value by a small amount, and therefore, we expect thatends to stabilize the state with highgoccupation, as has
CASPT2 will lower the CASSCF excitation energy for the been shown by Souss al. in the study of the copper halide
largest cluster, 5.59 eV, approaching the experimental valumolecules’® The second effect is the recuperation of the or-
even more. Concerning the nature of the open shell orbital ibital relaxation effectd®*°~4?|n the CASSCF wave function
the excited state, MPA shows that this orbital extends albf the 2T, ,(CT) state, an electron is removed from a molecu-

3. Band IV at 5.35 eV



13372 C. SOUSAet al. PRB 62

TABLE Ill. CASPT2 excitation energiegin eV) relative to thezA1q ground state as function of the
Ag’-Cl distanceR (in A), for the AgCkK,Clg cluster. The Ag-K distance is 6.70 A.

R

State 3.146 3.427 3.707 3.800
Tu 2.71 3.27 3.54 3.58
’Eq 4.70 4.35 4.15 4.12
Tog 4.91 4.46 4.22 417
b?A4 2.61 4.39 5.75 6.10
2T(CT) 7.40 7.25 6.38 6.10

lar orbital that is a linear combination of two CI atomic or- states decreases with the distance, which explains the trend
bitals. This implies that only part of the orbital relaxation dueof the transition energies for these two states towards the
to the removal of an electron is included in this wave func-atomic value. On the other hand, the explanation of the
tion. CASPT2 has the complete orbital relaxation includedvariation for the®T,,(CT) state is less obvious. This behav-
up to first order and this causes a further stabilization of théor has been previously observed for many octahedral TM
charge-transfer state. compounds and has been rationalized by a more pronounced
The calculated excitation energy for the CT state is condestabilization of the one-electron levels associated with the
verged with the cluster size. We observe that this transition isnetal than those associated with the ligand when the metal-
genuinely local and can be accurately described with a rathdigand distance decreas&s"
small cluster. The excitation energy is computed to be 6.4 The dependence of the CT transition energy with the dis-
eV, which compares very well with the experimental transi-tance gives us an additional way to approximately estimate
tion energy of band VI, 6.3 eV. Spin-orbit effects are rela-the Ag-Cl distance. The other bands are less suitable for such
tively unimportant as the open shell orbital in the excitedan analysis since they are either delocalized or lack the effect
state is highly localized on the CI atom. The atomic spin-of spin-orbit coupling. Table Il shows that the calculated CT
orbit splitting for Cl is only 0.1 eV, and hence, it is not transition energy only coincides with the experimental value
expected that théT,,(CT) state is significantly affected by when the outward relaxation of the Cl ions surrounding the
spin-orbit coupling effects. silver impurity is of the order of 20%, in excellent agreement

with previous work!3-1°
5. Influence of the A§-Cl distance on the excitation energies

It is well known that various spectroscopic properties
strongly depend on the metal-ligand distance in transition-
metal compounds. By studying the dependence of the exci- Representative DFT and MSeXresults on optical transi-
tation energies on the local geometry around th8 ifgpu-  tions due to KCI:A§ are summarized in Table IV. It can be
rity, further insight into the electronic structure of the seen that the main experimental features are also qualita-
KCI:Ag® system can be obtained. This dependence is espdvely reproduced by DFT and MS-Xcalculations, although
cially relevant for the present case, since the size of the outhe agreement with experiment is not as good as for the
ward relaxation of the Cl ions due to the presence of the AgCASSCF/CASPT2 method. It is worth noting that in the
atom is not definitely settled. The excitation energies of thePresent case, DFT results lead to an underestimation of 2.2
transitions discussed before are calculated at four differergV of the CT energy. The results collected in Table IV have
Ag-Cl distances using a cluster that accurately describes tHeeen derived maintaining all ioriexcept the CI ligands at
electronic states involved in the transitions, namely, thehe equilibrium positions for the perfect KCI lattice. It is
AgClgK 1,Clg model. Beside the optimized distance, we con-worth noting that the energies of optical transitions are little
sider distances of 3.146 A corresponding to the K-Cl dis-dependent on the positions of these ions. For instance, the
tance in the pure crystal, a distance of 3.427 A, which is thenergy of the charge-transfer transition experiences a varia-
minimum of the potential-energy surface varying only thetion less than 1% when the first'Kions along(100 direc-
Ag-Cl distance, and finally, we also apply a Ag-Cl distancetions are placed at the equilibrium geometry found for the
of 3.8 A, slightly larger than the optimized value. In all theseAg® center.
cases the 6K ions at the axis neighboring the Cl ions are  In principle two allowed CT transitions can be observed
placed at their optimized position as described in the comin the spectrum of &' ion in an octahedral site: First, a
putational information. transition in which an electron is transferred fromt,g( )

Table 11, which lists the CASPT2 results, shows that theorbital with dominant ligandgs,. character, and second, from
excitation energies of the delocalized statéd,( and aty,(o) orbital, mainly built fromp, ligand orbitals. It has
b?A,,) increase with the Ag-Cl distance. This is not surpris-been showf?*° that for transitions like the twd,—aj,
ing as the delocalization, which causes a stabilization of théransitions of KCI:Ad the oscillator strength directly de-
excited state, is facilitated at smaller distances. The tendengyends on the amount of admixture in the ligand orbital. For
for the localized statef?Ey, ?Tyy, and 2Ty, (CT)] is the ~ KCI:Ag® the present DFT calculations indicate that the
opposite; with increasing distance the excitation energies diadmixture for the so-calleg ,(o) orbital is about nine times
minishes. The effect of the ligand field on tﬁEg and 2ng bigger than fort,,(#). This situation is quite different to

C. DFT approach to the optical spectrum of KCI:Ag°
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TABLE IV. LDA and MS-X« transition energiesin eV) at two different Ag-Cl distances. LDA calcu-
lations are performed with a 39-atoms cluster whereas M3esults are reported for a 81-ions cluster. The
results shown have been calculated placing all i@xsept CI' ligandg at the equilibrium positions corre-
sponding to the perfect KClI lattice.

Theory Expt.
R=3.60 A R=3.70A

Transition MS-Xa LDA MS-X a LDA

a’{gﬂt’{u (Ag-5p) 3.47 3.89 3.62 4.00 2.92
eg—>a1‘g 4.09 3.26 4.24 3.08 4.11
t’z*gﬂafg 4.16 3.17 4.29 2.99 4.73
tlu(w)—>a*1‘g 5.54 4.04 5.43 3.90

tlu(o')*)aj_‘g 5.88 4.19 5.83 4.04 6.29

that found for CuG™, TIC¢*~, or CrR3~ units embedded ~ Assuming that the metal cation W becomes NI+

in insulating lattice$>~*’ Such a difference can be ascribed after the CT process, the work required to carry an electron
to the relative closeness of thepSorbital of A¢® in the  from the cation to the zero energy level can be approximated
present case, which tends to destroy the significamthy- by

bridization in thet,, orbitals found for CuGf~, TICIs*", or _

CrE units® . G ¢ W(M)=1(M""D*) —U (M) = Ug(M). 3)

_ The results collected in Table v indi(_:ate that the separay, this expression (M) =6zxe?/R and | (MM~ D) is the

tion between the two CT transitions is around 0.25 eV

P PE . ionization potential of free M~1* jon. Equation(3) does
which is comparable to the experimental bandwittiDe- b d 3

however not consider all important facts in a CT process
) ; i . . Xbecause(i) antibonding electrons spend some time on the
perimentally arises essentially from thg,(o) —ayg transi-  jigands andii) once a hole is created on the ligands, there is
tion, because of the small oscillator strength of th7) a3 flow of electronic charge from the metal to the ligands
—ajq CT transition. through the closed-shell orbitals. These effects lead to an

Within the DFT framework the electronic relaxation in effective work W(M) that is higher than that described by
the 2T,,(o) excited state has also been analyzed. When thgq. 3).

ground-state Kohn-Sham orbitals are used, the CT energy is |f all this kind of contributions toE are considered
found to be 0.9 eV higher than when relaxed orbitals arghrough an additional term denoted 6 ,Ecr can be de-
employed. At the same time the total charge on central iojyyced by subtracting Eq2) and Eq.(3):
decreases by Osdonce the electron density is allowed to
relax. The resulting net charge transfer is equal to €.35 Ecr=E(X)+Q—-U,— (MM~ D+), 4
This result is similar to that reached through initio calcu- ) ) R
lations (Sec. 1lIB) and indicates that electronic relaxation With Q=U¢(X) +U(M). If the complex is mainly ionic in
effects for the 2T, (o) excited CT state of KCl:A§are itS ground state one would expect that>0. To derive Eg.
smaller than those for open shetl 3ons#*49-51 (4) it has been assumed tHag(M) =Ug(X). This condition
is well fulfilled for substitutional impurities in cubic lattices
IV. COMPARISON WITH 3 d AND OTHER S! SYSTEMS (see Refs. 52-54 for further discussiokiVhen expression
(4) is compared to EqJ) it turns out that the empirical term
Though the present calculations strongly support the ex€ is equal toE(X) +Q—U, . For divalent impurities in LiCl
istence of a CT transition in the optical range for KCI%g R~2.5 A; E(Cl)=3.6 eV, andQ~27 eV. The compari-
is also necessary to understand why the widely used empirson with C=22.4 eV derived from experiments indicates
cal law[Eq. (1)] reported by Simonetti and McClureis no  thatU, is indeed positive and equal te8 eV. However, it is
longer valid for the present case. The main origin for such amportant to note that this analysis also shows that the term
discrepancy can be well accounted for through a simpleC in Eq. (1) cannot be considered as a constant when the
model. Let us consider a highly ionic MXspecies nature of the impurity is changed. On passing from divalent
(X=halide) embedded in an insulating lattice. The work re-3d ions to Ad’ not only change® significantly, but also the
quired for extracting an electron from a ligand level andz,, involved in U,(X). Putting nowR=3.7 A andzy,=0 in
placing it at the zero energy level can be approximated by Eqs.(2)0—(4) it turns out thatQ becomes equal to 10 eV for
_ _ KCI:Ag®” and henceC is much smaller than 22.4 eV. With
WIX)=E(X)+Ue(X) = Ur(X), @ this reducedC, the existence of a CT transition in the optical
where U (X) = (€%/R)[zy,— 3.3z«] reflects the electrostatic range can now reasonably be understood.
interaction of an electron on a ligand with all other ions of  As previously pointed oi#*°the termd Q/dR appears to
the complex,Ur(X) accounts for the interaction with the be a main factor controlling the dependence of a CT tran-
rest of the ions in the lattice arll(X) means the electron sition. In the present casdQ/dR~—2.8 eV/A, which is
affinity of free X atom.zy, andzy are the formal charges of comparable to thelEct/dR values derived from Table IIl.
the metal and the ligand, arRithe M-X distance. From this value, it is now possible to estimafg. for
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NaCl:Ad’. AssumingR,=3.37A, as previously report€d, V. CONCLUSIONS
the energy of the first allowed CT transition in NaCl%g
predicted to be 7.2 eV, i.e., a blueshift of 0.9 eV with respect.
to what is measured in KCI:Ag Therefore the first allowed : L .

o X . tion spectrum of a Agimpurity in a KCI lattice. We have
CT transition in NaCl:A§ would not be located in the more constructed CASSCF wave functions for ground and excited
accessible optical range but in the vacuum UV region. A 9

similar conclusion is obtained from the DFT results of TabIeStates involved in the transitions and remaining dynamical
IV though in this cas@lEcr/dR~—1.5 eV/A. Further ex- electron correlation has been accounted for by second-order

perimental work is necessary to check this relevant predicPerturbation theory by means of CASPT2. This approach,
tion. together with the basis sets and ECP’s applied, have been

Experimentally the Ag-5—5p transition in NaCl:AJis ~ Proven to bg adequate to giye accurate estimates of the tran-
found within the optical range the corresponding energy beSition energies of the free silver atom.
ing equal to 2.65 eV?.When compared to KCl:AYthe red- Five bands in the optical spectrum of the %A¢Cl system
shift undergone by that transition can reasonably be achave been studied in detail and characterized. The first band
counted for by the results contained in Tables Il and IV.corresponds to a transition to a delocalized state with mainly
These results indicate that the Ag-55p transition experi- K-4s,4p character. In our cluster calculations the final state
ences a redshift wheR decreases, a behavior that is just theis as delocalized as the size of the cluster allows and the
opposite to that found for a CT transition. Takidde/dR  excitation energy slowly approaches the experimental value
~0.9eV/A for this transition from Table IIl, one expects a of 2.92 eV as the cluster size increases. Band IV shows a
value of approximately 2.60 eV for NaCl:Ag similar delocalized character and convergence of the excita-

Finally, we discuss the Ag%— 6s transition appearing at tion energy towards the experimental value of 5.35 eV.
5.16 eV in NaCl:A§ (Refs. 2 and Band thus suffering a Therefore, states of KCl:Agcoming from 5 and 6 states
redshift of 0.19 eV with respect to KCl:Ag Although for  of free Ad’ are in fact resonant states. Bands Il and Il have
transitions fromaj, to higher one-electron levels, the results been confirmed to arise from transitions localized on the Ag
gathered in Table Il predict a redshift wh&tdecreases, itis atom in which an electron is excited from the Agk4o the
also derivedd E(5s-6s)/dR~3.5eV/A, implying a redshift Ag-5s orbital. Spin-orbit coupling have been found to be
close to 1 eV. This discrepancy indicates that in order teessential in order to explain the right splitting between the
describe the?A, 4 excited state larger clusters are needed. two bands; crystal-field effects are of minor importance.

The present results can also be compared with recent ex- The origin of the small band called and peaked at 5.6
perimental data and MS-calculations on the §" ion TI>* €V is not clarified through the present paper. Despite the
in different alkali halide4’ It turns out that wherR de-  5S—6p transition of free silver atom placed at 6.0 &this
creases, the CT transitions undergo a blueshift whereas tt&&@n hardly be the origin of band as its intensity is tempera-
TlI-6s—6p transition experiences a redshift. This generalture dependentThis fact strongly suggests that band V is a
trend has to be related to the different character of the inparity forbidden transition as it happens for bands II, I, and

volved one electron orbitals inys® impurities (=5 for |V-3. _ . _ .
Ag®, ny=6 for TI**) placed in insulating lattices. In a CT Finally, we have confirmed the previous tentative assign-

transition, the electron jumps from a localized orbital on li-ment of Morend of band VI to a local CT transition. The
gands to an orbital with mainlyy,s' character, which is calculated transition energy of 6.4 eV is converged with the
localized to a reasonable extent on the central ion. WRen Cluster size and in good agreement with the absorption band
decreases the increase of electrostatic repulsion on an ele@pserved at 6.3 eV. From the dependence of the CT excita-
tron placed iraj, increases the energy of this level and thustion €nergy with the distance, we have given additional sup-
favors the increase of the CT transition energy. By contrast?0't to the outward displacement of 20% of the Cl ions sur-

thet?, orbital with mainlyny,p character is much less local- rounding the A§ impurity, as proposed in previous
ized on the central ion thaaf,. Therefore the increase of studies™ P and in the preceding papEtA model has been

electrostatic repulsion for decreasifyis stronger onaj proposed to explain the surprisingly low energy of the CT

X . . transition. In spite of the very simple nature, the model
* ’

thgn Ont.lu ' .Wh'Ch explalns the observeq redsh!ﬁ. Although serves to understand trends in excitation energies in a variety
this qualitative trend is followed by both impurities, the sen-

g . . . of impurities in ionic insulators.
sitivity to R changes is of course different in both cases. For

instance, for thelu(()')ﬂafg transition of TICK*", MS-Xa
calculation§’ lead todEc;/dR=7.9eV/A. The significant
increase ofdEcr/dR on passing from KCl:Agto TICIg*
can be understood by the fact that for €I R, has been We thank Dr. Ria Broer of the University of Groningen
estimated to be 2.8 A and the nominal charge 6f it not  for stimulating discussions. The work has been financed by
zero butzy,=2. Spanish “Ministerio de Educacioy Ciencia” under CICyT
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perimental facts coming frore? ions in insulating lattices. computer time was provided by the “Center de Supercom-
For instance the energy af,,s>—nysp optical transitions putaciode Catalunya,” ¢-CESCA, through a research grant
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