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The equilibrium geometry of Ag0 centers formed at cation sites in KCl has been investigated by means of
total-energy calculations carried out on clusters of different sizes. Two distinct methods have been employed:
First, anab initio wave-function based method on embedded clusters and second, density-functional theory
~DFT! methods on clustersin vacuo involving up to 117 atoms. In theab initio calculations the obtained
equilibrium Ag0-Cl2 distanceRe is 3.70 Å, implying a large outward relaxation of 18%, along with 7%
relaxation for the distance between Ag0 and the first K1 ions in ^100& directions. A very similar result is
reached through DFT with a 39-atom cluster. Both approaches lead to a rather shallow minimum of the
total-energy surface, the associated force constant of theA1g mode is several times smaller than that found for
other impurities in halides. These conclusions are shown to be compatible with available experimental results.
The shallow minimum is not clearly seen in DFT calculations with larger clusters. The unpaired electron
density on silver and Cl ligands has been calculated as function of the metal-ligand distance and has been
compared with values derived from electron-paramagnetic resonance data. The DFT calculations for all cluster
sizes indicate that the experimental hyperfine and superhyperfine constants are compatible whenRe is close to
3.70 Å. The important relation between the electronic stability of a neutral atom inside an ionic lattice and the
local relaxation is established through a simple electrostatic model. As most remarkable features it is shown
that ~i! the cationic Ag0 center is not likely to be formed inside AgCl,~ii ! in the Ag0 center encountered in
SrCl2, the silver atom is probably located at an anion site, and~iii ! the properties of a center-like KCl:Ag0

would experience significant changes under hydrostatic pressures of the order of 6 GPa.
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I. INTRODUCTION

Doped insulating and semiconductor materials are wid
investigated due to the new optical, magnetic, and electr
properties introduced by a given impurity in a crystal lattic
Usually the oxidation state of isolated impurities correspo
to that found for the same element in pure inorganic co
pounds. However, apart from more common impurities l
Tl1 or Ni21, in some crystal lattices it is also possible
stabilize isolated impurities like Tl21 or Ni1, which are not
usual constituents of inorganic compounds.1 Such unstable
impurities are formed inside a given host lattice by the act
of ultraviolet orx irradiation and the subsequent trapping
the released electrons or holes. One can expect that if
released electron is not delocalized in the conduction b
but bound to a Mn1 cation, the formation of the M(n21)1

species involves a significant local lattice relaxation. Know
edge of such a relaxation is certainly a prerequisite for
derstanding all the associated physicochemical prope
due to the unstable M(n21)1 species and, in particular, it
electronic stability.

The determination of the actual equilibrium distanceRe

between the unstable M(n21)1 species and its nearest neig
bors ~ligands! is, however, not a simple task. In fact, asi
from the nonexistence of pure compounds involving
PRB 620163-1829/2000/62~20!/13356~10!/$15.00
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M(n21)1 oxidation state, the extended x-ray-absorption fi
structure ~EXAFS! techniques can hardly be applied fo
solving these problems. The stable Mn1 and the unstable
M(n21)1 species are usually both present in a given sam
and the EXAFS spectrum of both species would app
around the samex-ray absorption energy. Moreover a min
mum impurity concentration lying between 0.1% and 3%
required to detect the EXAFS spectrum of an impurit2

Therefore, the use of theoretical calculations can be v
helpful to clarify theRe value for unstable species. Not on
can one determineRe from the dependence of the total e
ergy on the impurity-ligand distanceR, but also find which
is, among all optical or electron-paramagnetic resona
~EPR! parameters, the most sensitive one to changes oR.
By analyzing the experimental value of that parameter
different lattices, useful information aboutRe and its varia-
tions along a series can be obtained. This procedure has
employed in cases like Tl21 or Ni1 in different insulating
lattices,3,4 as well as for stable impurities like Mn21, Cr31,
Cu21, Ni21, or Fe31.5–11

Among unstable species originated after electron tr
ping, the study of neutral silver atoms at cationic positions
alkali halides is especially attractive. The formation of su
neutral species has been proven by means of EPR
electron-nuclear double resonance techniques,12–16 their
13 356 ©2000 The American Physical Society
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main properties have been reviewed by Nistor, Shoema
and Ursu.17 The experimental hyperfine constantA of
KCl:Ag0 is practically equal to that for the free silver ato
A0 .12,14,16 In particular, A is found to be only about 5%
smaller thanA0 , which is 1718 MHz for the107Ag isotope.

Apart from understanding the conditions for stabilizin
Ag0 in a lattice like KCl, such species display a rich optica
absorption spectrum12,18–21that needs to be explained in d
tail. For instance, the first absorption maximum at 2.92 eV
KC:Ag0 has been assigned to come from the 5s→5p transi-
tion of free Ag0.12,18 Nevertheless photoconductivity me
surements indicate that the nonrelaxed 5p level is placed
within the conduction band of KCl, and hence, it cannot ha
a localized character.12,21 Aside from this band, four more
optical bands are due to Ag0 placed in KCl.19,20 The most
intense of such transitions~appearing at 6.3 eV for KCl:Ag0!
was tentatively assigned to be a ligand to metal charge tr
fer ~CT! transition.22 This assignment is somewhat surpr
ing, as when iso-electronic cations are considered, the en
of CT transitions decreases as far as the nominal charg
creases if the ligand is kept.23 Following this trend a much
higher energy for the charge transfer excitation is expec
for a neutral impurity.

A first analysis of the isotropic superhyperfine constantAs
in KCl:Ag0 indicated24,25 that Re is significantly larger than
the K1-Cl2 distance of the perfect host latticeR0
53.145 Å. In particular, such analysis suggested that if
Ag1-Cl2 distance in KCl:Ag1 is around 2.8 Å, it become
close to 3.7 Å after electron trapping. A similar conclusi
was obtained in the case of other alkali halides contain
the Ag0 center.25

Up to now no attempts have been undertaken to determ
the properRe value in KCl:Ag0 through total-energy calcu
lations as a function ofR. Self-consistent charge extende
Hückel ~SCCEH! and multiple scattering Xa ~MS-Xa! cal-
culations on KCl:Ag0 at differentR values have been carrie
out in order to explain the experimental optical and E
parameters due to the silver center in KCl.26 These calcula-
tions showed that the experimental spectroscopic param
are better explained assuming a significant outward re
ation around the silver atom.

The proper value of the local relaxation in KCl:Ag0 is
however not definitely settled. After some prelimina
studies27 in which the relaxation was only qualitatively con
sidered, different estimates have been proposed in the lit
ture. From the analysis of experimental quadrupole ten
Holmberg, Unruh, and Friauf16 suggest an outward relax
ation of 10% when K1 is replaced by Ag0. Bucher28 pro-
poses, however, a lower value~4%! assuming that the relax
ation in KCl:Ag0 essentially coincides with that for th
cation vacancy. However, this conclusion is hardly comp
ible with the 14% relaxation calculated by Veliah, Pand
and Marshall29 on KF:Ag0.

The present paper is aimed to determine the proper re
ation around Ag0 in KCl by means of theoretical calculation
on clusters of different size centered at Ag0. For this pur-
pose, we compute the ground-state energy of the cluster
several local relaxations using two distinct methods. One
them is founded on the density-functional theory~DFT!,30–33

and the other on the complete active space self-consis
field followed by complete active space second-order per
r,
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bation theory methodology34,35 implemented in theMOLCAS-

4 package.36 Accurate results on distances have been
tained by both kind of methods.37,38 More approximate
methods like MS-Xa are not useful for this purpose albe
they reproduce reasonably well the electronic properties
the experimentalRe value.3,4 Clusters have been considere
that take into account geometrical relaxation up to the sec
neighbors in thê100& direction. As expected from the theor
of elasticity, the relaxation effects on the first K1 ions in
^100& directions are not negligible for a relaxation of abo
20% of the first shell. More details on the calculations a
given in Sec. II.

To obtain additional information on the equilibrium ge
ometry of KCl:Ag0 attention is also focused on the unpair
spin density on the silver atom (f Ag) as well as the contri-
butions to the unpaired spin density of the 3ps ( f s) and the
3s ( f s) orbitals of chlorine.39 The first density is related to
the hyperfine constantA, while the other two are related t
the superhyperfine tensor of the ground state of the si
center. Thef s density~directly related to the isotropic supe
rhyperfine constantAs! has been shown3,5 to be highly de-
pendent uponR for octahedral transition-metal complexe
involving unpaireds electrons. MicroscopicallyAs is di-
rectly related to the unpaired spin density on a 3s(Cl) orbital
through the expression24

As~MHz!54250 f s . ~1!

The comparison made in Sec. III betweenf s50.88% ~de-
rived from the experimentalAs536.3 MHz! and the calcu-
lated one using different clusters, supports that theRe value
for Ag0 in KCl indeed lies around 3.7 Å. Also the analysis
the hyperfine constantA, sheds an important light on th
conditions for observing an unpaired electron highly loc
ized on the silver atom.

In order to better characterize the ground state of Ag0 in
KCl, the frequency of the symmetric modevA of the AgCl6
complex embedded in the KCl lattice, has also been ca
lated. It turns out that the energy minimum is rather shallo
the associated force constant is about five times smaller
that corresponding to the CrCl6

32 complex.40 This point is
also discussed in detail in Sec. V.

Another important question concerns the formation
Ag0 in other lattices. For instance, in AgCl, the trapped ele
trons do not give rise to Ag0 but to a shallow donor cente
whose nature is still not fully clarified.41–43 A similar situa-
tion is encountered in Na12xAgxCl mixed crystals when the
x fraction is higher than 30%.44 Particular attention is ad
dressed upon the relation between the local relaxation
the stability of a neutral silver atom inside an ionic lattic
Using a simple model, the condition of electronic stability
Ag0 at cationic positions in KCl and in other lattices lik
AgCl or SrCl2 is discussed. In the light of this simple mode
the possible effects on the ground state properties of
KCl:Ag0 system under hydrostatic pressure are also a
lyzed.

II. COMPUTATIONAL INFORMATION

A. ROHF calculations

To determine the relaxation around the Ag0 impurity, we
construct a cluster containing the silver impurity and its fi
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13 358 PRB 62J. A. ARAMBURU et al.
and second neighbors in the^100& direction, i.e., a AgCl6K6

cluster in which all atoms are allowed to relax their positi
as a reaction on the presence of the Ag0 impurity ~Fig. 1!.
These Cl2 and K1 ions will be referred as Cl~1! and K~4!,
respectively, as they correspond to the first and fourth ato
shell around Ag0. Hereafter, the distance between Ag0 and
K~4! will be denoted asR(4). The equilibrium Ag-Cl~1! dis-
tanceRe is determined as the minimum of the restricted op
shell Hartree-Fock~ROHF! potential-energy surface of th
2A1g ground state. Valence electrons are described wit
Gaussian-type basis set, whereas the core electrons are
resented by a Cowan-Griffin effective core potential~ECP!.
These ECP’s reduce the size of the calculation somewhat
moreover account for the scalar relativistic effects, which
expected to be important for Ag. To describe the Ag0 valence
electrons (4p6,4d10,5s1), we apply a @11s,8p,
7d#/(4s,4p,4d) basis set and for the Cl2 and K1 valence
electrons (3s2, 3p6, and 3p6, respectively! we use a@7s,
7p#/(3s,3p) basis set.45,46

In order to obtain accurate estimates of the interato
distances in the cluster, it is essential to account for the sh
range interaction due to Pauli repulsion supplemented
Coulomb and exchange effects brought about by the ch
distributions of the neighboring centers. Here, we inclu
these effects by embedding the cluster in several shells oab
initio embedding model potentials~AIEMP!,47–49 which are
derived for the pure KCl crystal as described in Ref. 4
These potentials are used to represent all remaining atom
a cube running from2a to a ~beinga the lattice paramete
of the pure KCl crystal! extended with the K1 ions at~3/2,
1/2,0! and the Cl2 ions at~3/2,0,0! and~3/2,1/2,1/2!. Follow-
ing the conclusions of Ref. 50, the six AIEMP’s represent
the Cl2 ions at ~3/2,0,0! are provided with a (1s,1p) basis
set to maintain the strong orthogonality between cluster
surroundings. In addition, the long-range electrostatic in
action of the cluster with the rest of the crystal is incorp

FIG. 1. AgCl6K6 cluster model used in ROHF geometry optim
zation calculations. The black sphere represents the Ag0 impurity,
dark gray spheres the K ions, and light spheres model the Cl i
The embedding of the cluster is not depicted.
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rated in the material model by an array of Evjen po
charges to complete a cube of 4a length around the centra
atom.

The accuracy we can expect when predicting the Ag
bond length with the present material model, basis sets,
N-electron wave-function approximation can be assessed
calculating the K1-Cl2 distance for the pure KCl crystal. Fo
this purpose, we construct a KCl6

52 cluster embedded in a
similar environment as the AgCl6K6 cluster mentioned
above. A Hartree-Fock calculation for the1A1g ground state
gives a bond distance of 3.174 Å, which is only 0.029
longer than the experimental distance. A further improv
ment can be obtained by accounting for electron correla
effects and/or improving the basis sets, but these are o
minor changes and do not change the qualitative picture
the Hartree-Fock calculation. The MP2 bond length is 3.1
Å with the present basis sets and after adding an extrap and
d function to the Cl basis, the bond length turns out to
3.168 and 3.135 Å for Hartree-Fock and MP2, respective
Hence, we conclude that Hartree-Fock calculations with
present choice of basis sets, cluster size, and embedding
a very acceptable estimate of the experimental lattice par
eter of pure KCl and hence, calculations are also expecte
give a reasonable estimate of the Ag0-Cl bond length.

B. Density-functional calculations

Most of the calculations of this paper are based on D
and have been performed using the Amsterdam density fu
tional ~ADF! code.31,32 Clusters in vacuo, centered at the
silver atom including up to a total of 117 atoms, have be
used. Only the results of the most relevant clusters cont
ing 39 and 81 atoms~depicted in Fig. 2! are discussed here
The 39-atom cluster AgCl6K12Cl8K6Cl6

22 includes Cl~1!,
K~2!, Cl~3!, K~4!, and Cl~9! atoms and hence has thre
atoms in the ^100& directions. The 81-atom cluste
AgCl6K12Cl8K6Cl24K24

41 involves the six first shells of at
oms around Ag0. Triple zeta basis functions of quality IV
which are implemented in the ADF code, are employed.
Ag, electrons up to the 4p shell are kept frozen while for C
and K electrons up to the 2p and 3p shell, respectively, are
included in the core. The local density approximation~LDA !
exchange-correlation energy is computed according
Vosko, Wilk, and Nusair’s parameterization of electron g
data.51 For the generalized gradient approximation~GGA!
calculations, we opted for the Becke-Perdew function
which uses Becke’s gradient correction52 to the local expres-
sion of the exchange energy and Perdew’s grad
correction53 to the local expression of the correlation energ
The equilibrium distances obtained through LDA and GG
schemes differ by less than 1% for clusters where a m
mum in the total energy is found. Such a difference is qu
comparable to that obtained studying Cr31 impurities in fluo-
roelpasolites through clusters that include up to the th
neighbors of the impurity.33 In the remainder of the paper
we only list the DFT results obtained with the GGA fun
tional of Becke and Perdew.

For the 39-atom cluster where the second and third i
along ^100& directions (K~4! and Cl~9!, respectively! are in-
cluded, two types of calculations have been performed
the first place we keep all the atoms in the cluster fix

s.
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except for the ligands Cl~1!, and secondly, the relaxation o
K~4! ions along^100& directions is also taken into account.

To test the reliability of the DFT calculations, the KC
lattice has been simulated by means of different clusters
tered at a K1 ion. If only the distanceR, to the first Cl2

neighbors is taken as variable the equilibrium distance
found to be 3.19 Å for a cluster involving 27 atoms and 3.
Å when the number of atoms is equal to 81. This indica
that also the DFT based methods reproduce the equilibr
geometry of the host lattice with satisfactory accuracy.

The R dependence off s has not only been explored b
DFT calculations but also by means of MS Xa calculations
on an 81-atom cluster. In this method the election of
atomic sphere radii is crucial to obtain reliable results. T
choice is even more important in this system where v
large relaxations are expected. In agreement with our ex
rience in previous calculations, adequate values of ato
sphere radii were chosen in order to achieve an overlap
tween neighbor spheres of 25%. More details can be foun
Ref. 26.

FIG. 2. The 39- and the 81-atom cluster models used in the D
calculations. The black sphere represents the Ag0 impurity, dark
gray spheres the K ions, and light spheres depict the Cl ions.
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III. GROUND-STATE GEOMETRY

A. ROHF calculations

In this section we first discuss the results reached wit
the ROHF methodology for an embedded AgCl6K6 cluster
where the unpaired electron is confined. In the2A1g ground
state, the unpaired electron is located in the antibondinga1g*
orbital arising from the 5s atomic orbital of free Ag0.

A first estimate of the relaxation of the Cl2 ions around
the Ag0 impurity is obtained using a AgCl6 cluster embedded
in a similar way as described in Sec. II A. For this smal
cluster, the 6 K~4! ions are included as AIEMP’s with a
(1s,1p) basis. In this case we only relax the first shell of C2

ions around the impurity and keep all other ions fixed at
lattice positions for the pure KCl crystal. The optimize
Hartree-Fock Ag0-Cl distance for the2A1g ground state is
3.42 Å, which is already 9% larger than the interatomic sp
ing of the KCl crystal. Although this relaxation is significan
one can expect that the actualRe value would be still larger
than 3.42 Å once the K~4! ions are allowed to relax thei
positions. From the theory of the elasticityRe

(4) should be
larger than 6.36 Å if the ligand relaxation is 9%.

Therefore, we optimize in a second step not only t
Ag0-Cl~1! distance, but also the Cl~1!-K~4! distance. For this
purpose we construct an AgCl6K6 cluster in which the six
K~4! are now allowed to relax their position as a reaction
the outward movement of the Cl~1! neighbors because of th
presence of Ag0. Figure 3 depicts the dependence of the to
energy with the Ag-Cl~1! distance comparing the cases
which the K~4! ions are placed at the ideal lattice positio
and when the K~4! ions are at their optimized positions. It ca
be seen that when the six K~4! ions are allowed to relax,Re

becomes equal to 3.71 Å and, at the same time,Re
(4)

56.70 Å for Ag-K~4! distance. By contrast, if K~4! ions are
fixed at the host lattice positions,Re53.42 Å. These num-
bers mean~i! a total outward relaxation of almost 18% com
pared to the pure KCl crystal for the first Cl shell, and~ii ! a
significant relaxation of 6.5% for the first K1 ions along
^100& directions. It is worth noting that the relaxation of la

T

FIG. 3. Results obtained in ROHF calculations for theR ~in Å!
dependence of the energy~in eV! of the AgCl6K6 cluster when K~4!

ions fixed at host lattice positions~solid line! and when the six K~4!

ions are allowed to relax~dashed line!. Energies are shifted by
28180 eV.
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13 360 PRB 62J. A. ARAMBURU et al.
ter ions is comparable though somewhat larger than the 4
derived fromu5Re2R050.57 Å and the theory of the elas
ticity. The latter theoretical model can however be cons
ered only as a crude approximation for the present probl

Another salient feature emerging from Fig. 3, conce
the force constant of theA1g modekA , where only the dis-
placement of the six Cl2 ligands is involved. In fact, the
resulting force constant is found to bekA50.14 a.u., which is
five timessmaller than the corresponding one derived fo
CrCl6

32 unit.40 This force constant, whichindicatesthat the
energy minimum is rather shallow, corresponds to a vib
tional frequency\vA of 130 cm21.

Let us now focus on the contribution of thea1g* orbital to
the unpaired electron density. Within the linear combinat
of atomic orbitals framework theua1g* & molecular orbital is
written as

ua1g* &5N$u5s&2lpsuxps ;Cl&2lsuxs ;Cl&2ufoth&%. ~2!

Here,u5s& refers to the Ag-5s atomic orbital,uxps& anduxs&
mean symmetry adapted combinations of 3ps and 3s orbit-
als of the six Cl ligands, whileufoth& describes the contribu
tion coming from further atoms.26 Neglecting in a first ap-
proximation the contribution ofufoth& in Eq. ~2!, it must be
verified

N2$11lps
2 1ls

222~lpsSps1lsSs!%51, ~3!

whereSps5^5suxps& andSs5^5suxs& are group overlap in-
tegrals. Condition~3! allows N2.1 when Sps'0.3 or
higher. Due to the delocalization depicted in Eq.~2!, the
fraction of the electronic charge on the silver, calledqAg , is
usually smaller than unity. Within the Mulliken approxima
tion we have

qAg5 f Ag2N2~lpsSps1lsSs!, ~4!

wheref Ag5N2 means the unpaired spin density on silver a
thus is equal toqAg only if overlap effects are ignored. In thi
framework the unpaired spin densities on 3ps and 3s orbit-
als of chlorine,f s and f s , respectively, are24,25

f s5~Nlps!2/6,

f s5~Nls!
2/6. ~5!

At the equilibrium geometry the ROHF calculations lead
f Ag585%, while the total charge on ligands is about 14
and the charge lying on further atoms is found to be sma
than 2%. This high localization of the electronic charge
the Ag0 atom at the equilibrium distance turns out to be
reasonable agreement with the ratio between the experim
tal hyperfine constants of the107Ag isotope for the KCl:Ag0

system (A51638 MHz) and the free-atomic isotope (A0
51718 MHz).12,14,16,17The small reduction undergone byA
with respect toA0 can be ascribed to the fraction of th
electronic charge lyingout of the silver because in a firs
approximationA5 f AgA0 .

B. DFT calculations

We now turn to the results obtained through clustersin
vacuowithin the DFT framework. As expected, no equilib
rium distance is found for the simplest AgCl6

62 cluster. Ac-
%

-
.

s

a

-

n

d

r
n

n-

cepting the Born-Mayer description, the stability of a com
plex requires that the involved electrostatic energy
negative. For an ionicMX6 complex~whereX means a ha-
lide ion! that condition is fulfilled provided the charge of th
central ion is at least equal to 2. When the cluster size
creases the total energy can, however, exhibit some min
In the case of the simple 27-ion cluster AgCl6K12Cl8

22,
where only the metal ligand distance is taken as varia
while the other ions are kept at their host lattice positio
the total energy shows a minimum at 3.67 Å. In this clust
however, the six K~4! ions are not considered, and the rese
blance with the ROHF result is fortuitous.

A more realistic description of the KCl:Ag0 system is ob-
tained by the 39-ion cluster where up to the third neighb
of Ag0 along ^100& directions are included. As shown i
Table I the equilibrium distances are quite comparable
those reached through ROHF calculations. In fact, we ob
Re53.36 Å when only the Cl~1! ligands are relaxed, wherea
Re increases to 3.66 Å when the Cl~1!-K~4! distance is also
optimized. In this caseRe

(4) is 6.70 Å. These findings are in
good agreement with the ROHF results and also with
conclusions derived from first analysis of EPR and electr
nuclear double resonance~ENDOR! data.24–26 Figure 4 de-
picts the calculated ground-state energy as a function oR
taking R(4)56.70 Å. Around the minimum atRe53.66 Å a
force constant of 0.15 a.u. is computed which implies\vA
5137 cm21. This value is thus again very close to the figu
previously derived from ROHF methodology.

TABLE I. Values ~in Å! of the equilibrium Ag-Cl~1!, Re , and
Ag-K~4!, Re

(4) , distances obtained by means of two different DF
calculations on the 39-ions cluster. In the first calculation only
Cl~1! ions are allowed to relax while the rest of the ions are fixed
the equilibrium distances corresponding to the perfect KCl latti
In the second calculation both Cl~1! and K~4! ions are allowed to
relax.

Calculation Re Re
(4)

K~4! fixed 3.36 6.29
K~4! relaxed 3.66 6.70

FIG. 4. R ~in Å! dependence of the energy~in eV! of the 39-
atom cluster obtained in DFT calculations.Re

(4) is 6.70 Å.
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The unpaired spin densities derived from DFT calcu
tions of the 39-atom cluster ground state are displayed
Table II for 2.70 Å,R,4.00 Å. It turns out that for this
cluster thea1g* charge on the silver atomqAg is higher than
60% only if R.3.25 Å. WhenR is around or below 3 Å,qAg
is practically negligible. In this regime the unpaired electr
is delocalized on the surface of the cluster and silver beha
as an Ag1 ion. It is worth noting that forR.3.40 Å the f s
spin density decreases significantly upon increasingR. In the
same region,f s is found however to be much lessR depen-
dent. This behavior is in essence the same encountere
octahedral 3d transition-metal complexes with halides3,5 or
oxygen54 as ligands. An explanation of these observation
given in Ref. 55. Bearing in mind the strongR dependence o
the f s spin density, the values reported in Table II can n
be compared with thef s value of 0.88% derived from the
experimentalAs value. Such a comparison tells us thatf s
50.88% is scarcely compatible withRe around 3.30 Å,
whereas the agreement with calculated values in the ne
borhood ofR53.70 Å is certainly good.

A relevant point of the present analysis concerns the se
ration between the highest occupied and lowest unoccu
orbital of the cluster, and here referred to asDc . This sepa-
ration models in a simple way the distance of the grou
state of Ag0 center to the bottom of the conduction band
the KCl lattice. For the present clusterDc59000 cm21 at R
53.25 Å while Dc increases significantly to 20 000 cm21

whenR becomes equal to 3.80 Å withR(4) always equal to
6.70 Å. As expected the degree of localization of the u
paired electron increases significantly asDc increases.

Figure 5 and Table III display the DFT results corr
sponding to the 81-ion cluster. In this case a clear and d
minimum is found atR52.88 Å as shown in Fig. 4. Such
minimum can reasonably be ascribed to an excitonlike s

TABLE II. R ~in Å! dependence of some properties obtain
through DFT calculations in the 39-atom cluster. The K~4! ions are
relaxed to 6.70 Å while the rest of the atoms are placed in ideal K
lattice positions.f Ag , f s, andf s represent the contribution~in %! to
the spin density of the Ag-5s, the Cl(1)-3s, and the Cl(1)-3ps

orbitals, respectively.qAg is the percentage of charge on Ag atom
the a1g* orbital.

R qAg f Ag f s f s

2.70 0 9 1.62 0.02
2.80 0 8 2.05 0.02
2.90 3 11 2.51 0.19
3.00 17 20 2.89 0.62
3.10 34 37 3.05 1.26
3.20 51 60 2.95 1.97
3.30 68 85 2.62 2.63
3.40 80 108 2.16 3.14
3.50 89 125 1.68 3.44
3.60 93 135 1.25 3.55
3.66 93 136 1.01 3.50
3.70 93 137 0.90 3.47
3.80 88 130 0.63 3.21
3.90 81 120 0.42 2.88
4.00 74 108 0.27 2.57
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consisting of an unpaired electron lying on the cluster s
face and an Ag1 ion at the center. The electron-hole intera
tion, which does not exist for the real Ag1 impurity, gives
rise to an artificial stabilization, masking the minimum in th
E(R) curve corresponding to the Ag0 impurity. This artifact
is not observed in the 39-ion cluster since the surface of
cluster is much smaller and hence the kinetic energy of
unpaired electron lying on the cluster surface would be m
higher. In fact the unpaired electron density on the silv
atom is zero atR52.90 Å and smaller than 10% forR
,3.10 Å as shown in Table III. This fact has to be relat
with the largeqK values at small distances. From the beha
ior of impurities like Mn21, Ni21, or Fe31 in different
lattices,5,10,11 one expectsa priori that Re for KCl:Ag1 is
somewhat larger than 2.77 Å~corresponding to AgCl! and
smaller thanR053.145 Å of the pure KCl lattice.

As regards the formation of thelocalizedAg0 center, no
other clear minimum is found in Fig. 5 but a kind of platea
is observed forR around 3.60 Å. Despite this fact it is wort
noting that the analysis of the unpaired charge density gi
in Table III again supports the formation of an unpaired el
tron trapped at the silver atom for distances larger th
;3.50 Å. In fact, for the 81-atom cluster the electron
charge on silver is higher than 50% only whenR.3.5 Å. In
particular,qAg is close to 80% whenR is around 3.70 Å. As
shown in Table III this conclusion is weakly dependent
the R(4) value fixed in the series. For instance the obtain
qAg value atR53.60 Å and the unrelaxedR(4) of 6.29 Å is
only 10% higher than that derived at the same metal-liga
distance andR(4)56.70 Å.

Therefore, it can be said that ADF calculations on t
cluster in vacuodo not reproduce clearly the shallow min
mum of theE(R) curve associated with the Ag0 center sta-
bility, but at the same time they are consistent with the
calization of the unpaired electron on silver forR.3.6 Å.
The failure of ADF calculations on a 81-atoms clusterin
vacuofor well reproducing the shallow minimum, can refle
facts such as the existence of surface levels introduced
ficially in the clusterin vacuo calculations or a worse de
scription of the conduction-band states of KCl compared
that of ground state. Along this line it has recently be

l

FIG. 5. R ~in Å! dependence of the energy~in eV! of the 81-
atom cluster obtained in DFT calculations.Re

(4) is 6.70 Å.
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TABLE III. R ~in Å! dependence of some properties obtained through DFT calculations in two different 81-atom clusters: un
lattice where all atoms~except Cl~1!) are placed in ideal KCl lattice positions and relaxed lattice where the K~4! ions are relaxed to 6.70 Å
f Ag , f s , andf s represent the contribution~in %! to the spin density of the Ag-5s, the Cl~1!-3s, and the Cl(1)-3ps orbitals, respectively.qAg

andqK are the percentages of electronic charge on Ag atom and K~conduction band! atoms corresponding to thea1g* orbital.

R

qAg qK f Ag f s f s

Unrelaxed Relaxed Unrelaxed Relaxed Unrelaxed Relaxed Unrelaxed Relaxed Unrelaxed Re

2.70 0 0 100 100 0 0 0.14 0.07 0.00 0.00
2.80 0 0 100 100 0 0 0.18 0.07 0.00 0.00
2.90 0 0 100 100 1 0 0.26 0.09 0.02 0.00
3.00 1 0 99 100 2 1 0.44 0.18 0.15 0.03
3.10 7 2 92 97 8 2 0.85 0.34 0.72 0.18
3.20 18 9 77 89 18 9 1.25 0.68 1.71 0.80
3.30 32 21 60 74 33 21 1.44 1.01 2.69 1.76
3.40 46 35 44 57 49 37 1.45 1.18 3.53 2.68
3.50 60 50 29 37 67 55 1.32 1.21 4.18 3.45
3.60 71 64 17 25 83 74 1.08 1.13 4.61 4.04
3.70 78 75 10 16 93 89 0.79 0.94 4.85 4.43
3.80 82 84 5 13 99 98 0.53 0.84 4.97 4.60
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pointed out38 that fine details of the electronic structure
impurities cannot be easily obtained by means of den
functional calculations on clusters. We have verified tha
the present case ADF calculations are not improved by
troducing the electrostatic potential due to the rest of
lattice ions lying outside the cluster, taken as point charg
A possible way for improving this situation would be the u
of supercells with periodic boundary conditions.

The results obtained for thef s and f s densities are quite
comparable to those reached for the smaller 39-atom clu
Again f s is found to be very sensitive toR variations and the
comparison with thef s50.88% value~derived from the ex-
perimentalAs) strongly suggests thatRe should be close to
3.7 Å. For this distance also the unpaired spin density on
f Ag , is in good agreement with the value of 95% deriv
from experiment.

Calculations performed on bigger clusters or using
simpler MS-Xa method lead to the same conclusions. F
instance, in DFT calculations on a 117-atom cluster, the
havior displayed byqAg and f s as function ofR is found to
be similar to that for the 81-atom cluster. The shallow mi
mum associated with the stabilization of Ag0 is again not
perfectly defined in the curve of the total energy versusR. In
the case of MS-Xa calculations on an 81-atom cluster th
extractedR dependence off s is found to be very similar to
that derived through DFT. For instance, in MS-Xa calcula-
tions, f s50.93% andf s53.07% atR53.70 Å, while atR
53.50 Å, f s becomes twice as large as that computed at
former distance. This result stresses that electronic prope
~such as the superhyperfine tensor or the optical transiti!
and its dependence onR are reasonably reproduced by
simple method like MS-Xa. Unfortunately, the total-energ
dependence onR is not accurately reproduced mainly due
the involved muffin-tin approximation of the potential.56

In connection with the discussion above, it is worth me
tioning the very recent DFT calculations carried out on P2O5
containing an interstitial silver atom.57 In conclusion, the
presence of silver leads also to remarkable changes of
positions of bridging and nonbridging oxygens in the u
ty
n
-
e
s.

er.
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r
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cell, although the distortion of PO4 tetrahedra is relatively
small. In this case however the total charge on silver at
equilibrium geometry is equal to10.6e reflecting the cova-
lent character of the bond between P and O in P2O5.

IV. A FURTHER INSIGHT INTO Ag 0 CENTERS

A. Electronic stability of the Ag0 center in KCl

From all the preceding results it is clear that the trapp
of the unpaired electron at the silver is favored by the lo
outward lattice relaxation around Ag0. This conclusion con-
curs with a previous study based on SCCEH and MS-a
calculations where it was pointed out that forR,3.4 Å the
unpaired electron cannot be trapped at silver.26 The origin of
this relevant fact can be explained by means of the follow
simple electrostatic model. Let us assume that the unpa
electron is highly localized on silver giving rise to an atom
Ag0 species inside KCl. DefiningI ~Ag0! as the ionization
potential of free silver atom, the energy separationDc be-
tween the bottom of the KCl conduction band~whose energy
is 2x! and the2A1g ground state of the silver center can b
approximated by

Dc5I ~Ag0!2e$VM2Vrel%2x, ~6!

with VM the Madelung potential at a cation site of the perfe
host lattice andVrel describes the corrections toVM due to
the local relaxation around the silver atom. If only the liga
relaxation is taken into account,Vrel is given by:

Vrel56eH 1

R0
2

1

Re
J . ~7!

The contribution toVrel of other neighbor ions can be calcu
lated in a similar way. For the present case,I ~Ag0!
57.57 eV, eVM58 eV, and x50.5 eV.57 Therefore from
Eq. ~6! it comes out thatDc521 eV if no local relaxation is
taken into account. Considering theRe and Re

(4) values de-
rived in Sec. III A, it is a simple matter to derive thateVrel is
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3.2 eV for the present case. Introducing these effects in
~6!, Dc becomes equal to 2.2 eV and hence the2A1g ground
state of the silver center lies below the bottom of the c
duction band of KCl. In such a case the electron trapping
a localized center is stable with respect to the electro
structure of the host lattice. Notice that the value ofDc
52.2 eV, derived from the present model, is not far from t
experimental one (Dc52.6 eV) measured throug
photoconductivity.21

B. The origin of the force constantkA in KCl:Ag 0

In this section we focus attention on the origin of the lar
outward relaxation and the existence of a shallow minim
in the E(R) curve. As has already been pointed out in S
III B, for an isolated AgCl6

62 complex, theE(R) curve has a
repulsive profile. However, when such a complex is emb
ded in a crystalline lattice like KCl the ions close to th
complex act as a kind of wall against the dissociation. In f
the dissociative tendency of the AgCl6

62 unit is balanced by
the repulsive interaction between Cl~1! ligands and close ions
like the K~4! placed at~100! positions. Therefore the forc
constantkA at the equilibrium geometry is expected to
comparable to that calculated from a Born-Mayer repuls
potentialUBM between a pair of Cl2 and K1 ions at a dis-
tance of 3 Å multiplied by six. Writing UBM as
l exp(2R14/r)—whereR14 is the distance between a ligan
and the next K1 ion—and using the standard values59 for l
and r of 78.5 and 0.62 a.u., it is found thatkA equals 0.13
a.u. and\vA5124 cm21. These values are remarkably clo
to those derived in Sec. III A from ROHF calculations. Th
simple analysis illustrates the different behavior of t
present system compared to that encountered for some
transition-metal impurities. For instance, theA1g force con-
stant of the CrF6

32 complex placed in fluorides can basical
be understood through the force constant between Cr31 and
F2 reflecting that the interaction between ligands and furt
neighbors in the host lattice plays a minor role.33 A similar
situation is found for Cr41 and Fe61 in oxides.54

From the present results on the stretchingA1g mode, one
can reasonably expect that the local frequencies of
KCl:Ag0 center are relatively soft and lie below;130 cm21.
This idea is indirectly confirmed by the temperature dep
dence of the intensity of a phonon assisted optical transit
From such experimental data20 the frequency of aT1u mode
is found to be equal to 80 cm21. Another support to this
conclusion comes from the temperature dependence of
hyperfine constantA, which shows a linear decrease in th
77–300 K temperature range.15,17 In fact, as the mechanism
involving a phonon of frequencyV includes the factor
coth(\V/2KT) the observed temperature dependence oA
requires thatV be smaller than;110 cm21.

Other evidence, though indirect, about the proper value
vA , comes from the analysis of the experimental bandwi
of the charge-transfer transition of the KCl-Ag0 center. A
detailed study of excited states due to KCl:Ag0 is carried out
in a next paper.

C. The stability of the localized Ag0 center in other lattices

From the present paper on KCl:Ag0 center and the esti
mations of the local relaxation derived from the experimen
q.
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As value, one can also try to understand the formation o
localized center in other alkali halides. The experimentalAs
constant in NaCl:Ag0 ~66.3 MHz! and LiCl:Ag0 ~79.5
MHz!12,14,16 leads to f s51.56% for the former andf s
51.86% for the latter. As previously noticed25 these data
indicate thatRe decreases substantially along the host latti
series KCl-NaCl-LiCl.Re has been estimated to be;3.37 Å
for NaCl:Ag0 and ;3.27 Å for LiCl:Ag0 implying a ligand
outward relaxation of about 20% and 27% for the first a
second system, respectively.25 Assuming a 7%~9%! relax-
ation of the first Na1 (Li1! ions along^100& directions, and
taking x50.5 eV,Dc equals 2.2 eV~3.1 eV! for NaCl:Ag0

(LiCl:Ag0! using the model described in Sec. IV A. Th
valuex50.5 eV has been taken from experimental measu
ments both for KCl and NaCl whereas for LiCl the value
x is not yet definitely settled.58 Therefore the increase o
ligand relaxation along the KCl-NaCl-LiCl series compe
sates the corresponding increase of the madelung pote
and the ground state of the silver center remains below
bottom of the conduction band.

A second point concerns the electronic stability of a h
pothetic cationic Ag0 center in AgCl. AsR052.77 Å is simi-
lar to the corresponding distance in NaCl, it can tentativ
be assumed that the local lattice relaxation is the same
both lattices. The main difference between alkali chlorid
and AgCl appears, however, in the position of the bottom
the conduction band,x being equal to 3.25 eV for AgCl.60

Using the simple model described in Sec. IV A, we findDc
520.5 eV suggesting that a localized Ag0 center is not
likely to be formed inside the more covalent AgCl lattic
Experimental results carried out on Na12xAgxCl mixed
crystals27 reveal that such a center is formed only when thx
fraction is smaller than 30%.

The present arguments are also helpful to clarify the
tual position of silver atoms inside the SrCl2 lattice, which
possess the fluorite structure. Although the formation of
Ag0 center in SrCl2 is well established by means of EPR,61,62

the associated superhyperfine structure is not fully resolv
Therefore the precise location of Ag0 in the SrCl2 lattice cell
is not definitely settled. In first experiments61 it was noted
that the superhyperfine structure is better observed when
magnetic fieldH is parallel to^111& directions than forH
parallel to thê 100& direction. According to this fact, it was
proposed that Ag0 in SrCl2 substitutes a Cl2 ion. In a subse-
quent work, Sekhar and Bill62 concluded however that a be
ter agreement with EPR spectra is obtained assuming
silver replaces Sr21. Accepting the last possibility,eVM
515.6 eV, and from experimental photoemission and opt
data,63,64 x has been estimated to lie between 0 and 1 e
Therefore,Dc'28 eV in the absence of relaxation. Bearin
in mind that in the series of alkali chlorideseVrel is estimated
to be smaller than 6 eV, the formation of Ag0 at a cationic
site in SrCl2 appears to be highly unlikely. This conclusion
also supported by the experimental hyperfine constant of
Ag0 center in SrCl2, which for the 107Ag isotope is A
51153 MHz.62 In fact that figure is significantly smalle
than theA values measured for the cationic Ag0 center in
alkali halides14,17 and involves a reduction factor of 67%
with respect to the hyperfine constant of thefree Ag0 atom.
By contrast it is much closer toA(107Ag)51256 MHz
reported17 for an Ag0 atom formed at an anion site in KCl. A
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variance with what happens for a cationic Ag0 center, the 5s
electron of an anionic Ag0 center experiences anattractive
Madelung potential due to the rest of ions in the lattice. Th
favors a location of the 5s level closer to the valence band o
KCl, a fact that can be responsible for the increase of t
delocalization. A more detailed investigation is however ne
essary for explaining the main properties of the anionic A0

center.

V. FINAL REMARKS AND CONCLUSIONS

At the equilibrium geometry of the KCl:Ag0 center, the
present calculations stress that the unpaired electron is es
tially localized on silver~;85%! and to a less extent on the
ligands~;14%! in reasonable agreement with EPR data. T
results embodied in Sec. III indicate that the properties of t
cationic Ag0 center in KCl change significantly if the metal
ligand distance is reduced. A decrement ofR leads to a dimi-
nution of Dc and thus ofqAg and A, favoring progressively
the delocalization of the unpaired electron. From Eq.~6!, it is
easily derived thatDc becomes zero forR'3.35 Å. Assum-
ing the bulk modulus of KCl, this distance can be reach
applying a hydrostatic pressure around 6 GPa.

The present results can also shed some light on othes1

species~like Cu0 or Cd1) formed inside ionic lattices. For
instance in the case of NaCl:Cu0, Re was estimated to be
16% higher thanR0.25 An analysis similar to that of Sec.
IV C indicates that the ground state is located below the b
tom of the conduction band of NaCl.

As shown through this paper the knowledge of the actu
equilibrium geometry for KCl:Ag0 is certainly more difficult
to obtain than for some transition-metal complexes wi
strong bonding between the central cation and ligands.
instance in the case of Fe61 in oxides, the FeO4

42 complexin
vacuoreproduces54 the experimentalRe value with an error
of only 3%. Moreover in this complexin vacuo the force
constant between the central cation and the ligandskA is
s
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en-
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e
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l

or

found to be equal to 1.5 a.u. and thus only 10% smaller t
the experimental one. The present results underline how
that even in a difficult case like the KCl:Ag0 cluster, calcu-
lations with less than 100 atoms explain to a good extent
main experimental features of the ground state.

The trapping of an unpaired electron in the conduct
band of an ionic material by an Ag1 ion has been shown to
be closely related to a huge local relaxation around silv
Neglecting this relaxation the unpaired electron would
above the bottom of the conduction band, as seems to
likely when AgCl is the host lattice. The geometrical rela
ation around a substitutional atom placed in an ionic latt
has been explored through total-energy calculations of c
ters centered at the impurity. The use of two different me
ods, and the comparison between the calculatedf s depen-
dence onR and the f s value of 0.88% derived from EPR
spectra of KCl:Ag0 center, strongly supports thatRe is cer-
tainly close to 3.7 Å.

Once the equilibrium geometry in KCl:Ag0 appears to be
well established and the ground-state properties reason
understood, it is fully necessary to explore whether the r
optical spectrum12,19,20,17can also be accounted for throug
the present methods. An investigation of this kind is of
terest to gain a better insight into the optical properties du
s1 and s2 ions.17,65 Work along this line is shown in a fol-
lowing paper.
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