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Cu2¿ impurities in fluorite-type crystals: Mechanisms favoring an off-center motion
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Magnetic resonance data on Cu21-doped lattices with fluorite structure reveal that the equilibrium geometry
for SrCl2 :Cu21 involves an important off-center displacement of Cu21 along ^001& type directions (Z0

'1.3 Å) while in CaF2 :Cu21 the impurity remains on-center though with a orthorhombic distortion of the
ligand shell. In the case of SrF2 :Cu21 an off-center motion is also observed though the estimated displacement
(Z0'0.8 Å) is substantially smaller than that for SrCl2 :Cu21. A microscopic explanation of these challenging
facts has been attempted through calculations in the density functional theory framework on clusters involving
up to 51 atoms. Total energy calculations using the hybrid nonlocal B3LYP functional on clusters of only 21
atoms are shown to reproduce reasonably main experimental features leading toZ050, 0.3, and 1.1 Å for
Cu21-doped CaF2 , SrF2 , and SrCl2 , respectively. The well depthd50.12 eV obtained for SrF2 :Cu21 is
substantially smaller than that for SrCl2 :Cu21 (d50.29 eV) and is consistent with the incoherent hopping
observed in the former case upon temperature raising leading to an isotropic EPR spectrum. The origin of these
surprising facts is shown to come mainly from a competition between the electrostatic barrier due to the rest of
lattice ions upon the impurity ion and the electronic energy gain from bonding when the coordination number
of the d9 impurity changes from 8 to 4. This simple argument explains that keeping the samed9 ion, an
increase of the host lattice parameter and a decrement of ligand electronegativity favor the occurrence of an
off-center motion. Following these ideas calculations on SrL2 :Mn21 (L5F, Cl! give Z050 in agreement with
available EPR data. At variance with what happens for Jahn–Teller distortions off-center displacements are
shown to be related from the beginning to modifications of involved wavefunctions as described by the pseudo
Jahn–Teller theory.

DOI: 10.1103/PhysRevB.69.174110 PACS number~s!: 61.72.Bb, 71.15.Mb, 71.70.Ej, 71.55.Ht
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INTRODUCTION

The study of the local geometry around an impurity
solids and surfaces is a field that has greatly benefited f
the important development ofab initio calculations in the
last decade.1–8 A very interesting problem in the realm o
impurities concerns the symmetry lowering that can app
when a transition metal cation is introduced as impurity in
high symmetry host lattice. In many cases, the impurity s
stitutes a host lattice cation and remainson-center, though
first neighbors~ligands! can experience a nonsymmetric r
laxation leading to a lowering of local symmetry. This sit
ation is found for instance ford9 ions (Ni1, Cu21, and
Ag21) doped alkali and silver halides, cubic fluoropero
skites, and also some cubic oxides.9–11 A local tetragonal
symmetry is also found ford7 ions doped silver halides an
alkali halides like NaCl which have recently received a gr
deal of attention.12–14 Despite this fact, experimental da
reveal thatanother kindof phenomenon can be observe
placingd9 impurities in lattices which are cubic as well. S
in SrCl2 :Cu21 or SrCl2 :Ag21 electron paramagnetic reso
nance~EPR! experiments15–17clearly reveal the existence o
a big off-center motion alonĝ001& type directions under-
gone by thed9 impurity as depicted in Fig. 1. According t
EPR data the equilibrium position of Cu21 in SrCl2 for the
off-center motion alonĝ001& can be described15 by ~0, 0,
Z0) whereZ0'1.3 Å and~0, 0, 0! depicts the on-center po
sition. This huge displacement means that the coordina
0163-1829/2004/69~17!/174110~8!/$22.50 69 1741
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number of Cu21 changes in practice from eight to four, thu
inducing drastic changes into the associated physi
chemical properties. As salient feature EPR spectra
SrCl2 :Cu21 and SrCl2 :Ag21 exhibit14–17,9 between 4.2 K
and room temperature an angular pattern which isalways
characteristic of astatic C4v symmetry. When SrCl2 is re-
placed by SrF2 , which also displays the fluorite structur
EPR and electron nuclear double resonance~ENDOR!
data18–23 on SrF2 :Cu21 confirm the existence of an off
center displacement withZ0'0.8 Å, substantially smaller
than that for SrCl2 :Cu21. Moreover, when the temperatur
is raised the EPR spectrum of SrF2 :Cu21 changes at abou

FIG. 1. Picture of the off-center motion of Cu21 in a ML2 (M
5Ca21,Sr21;L5F2,Cl2) type lattice, wherea means the lattice
parameter.
©2004 The American Physical Society10-1
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220 K from anisotropic to isotropic, a fact associated w
incoherent hopping among the six equivalent minima co
sponding to aT1u distortion.21,22 Regarding CaF2 :Cu21, the
corresponding EPR data23,19 unambiguously demonstrate
however, that copper ion remains on-center though the a
ciated ligand shell undergoes an orthorhombicD2h distor-
tion. This description of experimental facts related to t
same cation (Cu21) placed in isomorphous lattices alread
stresses that the occurrence of an off-center motion
subtle effect indeed.

Despite that the off-center phenomenon has been dete
in many systems,24–27including those with technological ap
plications ~such as oxygen or nitrogen impurities in silico
crystals25!, its microscopic origin is often not well unde
stood. Explanations of big displacements founded on mo
Hamiltonians involving series expansion of the interact
between active electrons and the distortion mode are in p
ciple doubtful. In fact, when the distortions at equilibriu
becomecomparableto interatomic distances, the phenom
enon can hardly be ascribed toonly oneterm in the series
expansion. This situation is thus opposite to that norma
found for Jahn–Teller~JT! distortions where the impurity ion
remains on-center and ligand displacements are one ord
magnitude smaller than interatomic distances.28–31 In a first
attempt Lacroix32 tried to explain the big off-center displace
ment observed in SrCl2 :M21 (M5Cu, Ag! consideringonly
the quadratic JT coupling between the electronic2T2g
ground state and theT1u distortion mode. Nevertheless, u
ing this idea it was found32 that the displacement would oc
cur along^111& directions, which is thus against experime
tal findings.15,17

Very recently the strong off-center^001& motion under-
gone by Ni1 in CaF2 (Z0'1.1 Å)33 has been reasonabl
understood through density functional theory~DFT! calcula-
tions and the involved analysis on clusters of only
atoms.34 In fact, the equilibriumZ0 value varied by less than
10% on passing from a 21-atom cluster to a cluster involv
up to 107 atoms.34 Bearing in mind this fact, the presen
work is aimed to explain the quite different off-center moti
observed for thesameCu21 impurity placed in thethree
isomorphouslattices CaF2 , SrF2 , and SrCl2 . Since the ori-
gin of such differences is expected to be subtle and the
valency of Cu21 and Ag21 complexes is often
overestimated35,36 using local density approximation37

~LDA ! and generalized gradient approximation37 ~GGA!
functionals, particular attention has been addressed to re
reached through the hybrid nonlocal Becke–3–Lee–Yang–
Parr~B3LYP! functional.38,39This functional usually leads to
better agreement with experimental findings.40–43 As the
CPU time required for the energy calculation at a given c
figuration using the B3LYP functional is about 15 times b
ger than using LDA, clusters involving a maximum of 5
ions have only been considered in the present work.

Although the off-center motion is also driven by the co
pling between the electronic ground state and local vib
tions, emphasis is also put through this work in clarifying t
qualitative differences with small ligand distortions observ
for d9 or d7 ions in octahedral symmetry coming from the J
effect.
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COMPUTATIONAL DETAILS

DFT calculations forML2 :Cu21 (M5Ca, Sr;L5F, Cl!
centers have been carried out on clusters centered a
Cu21 impurity. All employed clusters exhibit cubic symme
try. Previous results obtained for CaF2 :Ni1 showed34 that
the off-center motion is well reproduced by a cluster conta
ing only 21 atoms. Moreover, calculations carried out f
clusters involving up to 107 atoms did not improv
significantly34 the results derived on the 21-atom cluster f
CaF2 :Ni1. So, most of the calculations in this work hav
been performed on 21-atom clusters~Fig. 2!, but relevant
results have been verified using 51-ion clusters.

Calculations have been performed for clustersin vacuo
because the electrostatic potential due to the rest of the la
on the cluster region is found to be very flat in the employ
clusters. Finite clusters are often used for calculating
properties of impurities in insulators. For this approach to
valid it is required that active electrons are localized in
region whose size is smaller than that of the employed c
ter. In present cases this condition is fulfilled as antibond
electrons coming from 3d orbitals of free Cu21 are found to
be essentially localized in the complex formed by Cu21 and
ligands. This strong localization is, however, not alwa
found for insulating host lattices. In particular, when t
highest occupied electronic level of the impurity is close
the bottom of the conduction band, it favors the existence
electronic density outside the complex region. This situat
is encountered, for example, in the cationic Ag0 center in
KCl.6

First calculations were carried out using the Vosko
Wilk–Nusair functional44 for the local LDA, and also the
GGA in its Becke–Lee–Yang–Parr~BLYP! form.45,39 The
employed basis consists of three Slater type orbitals~STOs!
plus a polarization function per atomic orbital as impl
mented in the Amsterdam density functional~ADF!
program.46 It made use of the larger frozen core available
the data base as these orbitals play only a minor role in
studied properties. Nevertheless, due to the shallow w
involved in the calculations and the difficulties35,36 faced on
treating Cu21 or Ag21 complexes through LDA or GGA, the
three-parameter hybrid semiempirical B3LYP functional38,39

implemented inGAUSSIAN 9847 has also been used. Thes

FIG. 2. Cluster of 21 ions CuL8M12
161 , used to simulate the

Cu21-dopedML2 (M5Ca21,Sr21;L5F2,Cl2) lattices.
0-2
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calculations use the double zeta LANL2DZ basis, which e
ploy Gaussian type orbitals~GTOs! and pseudopotentials t
simulate the core electrons. In all performed calculation
has been verified that the number of electrons occupying
mainly 3d antibonding orbitals is equal to nine.

Following a previous work34 energy calculations hav
been carried out for both (xy)1(xz)2(yz)2 and also
(xy)5/3(xz)5/3(yz)5/3 electronic configurations~Fig. 3!. The
artificial (xy)5/3(xz)5/3(yz)5/3 configuration gives rise to an
electronic density displaying cubic symmetry from which t
equilibrium metal-ligand distance keepingOh symmetry can
be evaluated.34,14,31Moreover, the comparison of results d
rived for both electronic configurations can provide us w
some insight into the influence of bonding on the off-cen
motion. So, when the impurity is placed at different (0,0,Z)
positions andZ'a/4 there is only one electron in the ant
bondingb2* (xy) orbital ~Fig. 3! while there are two in theb2

orbital with dominant bonding character. The difference b
tween both occupations,Bo , changes fromBo51 for the
(xy)1(xz)2(yz)2 configuration to Bo5 1

3 for the
(xy)5/3(xz)5/3(yz)5/3 electronic configuration.

In the calculations performed in C4v symmetry~Fig. 1!,
apart from Z the size of squares corresponding to eig
ligands in upper and lower planes as well as their distanc
the origin are also taken as variables. Moreover, some ca
lations have also been performed without imposinga priori
any symmetry to the complex formed by impurity and eig
ligands, thus considering the whole 27 coordinates as v
ables. In the search of a possible off-center local minim
along^001& type directions the initial position of the impurit
is chosen along theOZ axis of lattice while those of ligand
are fixed at random. This makes it easy to get convergenc
one of the equivalent local minima.

RESULTS

Values of the equilibrium impurity-ligand distance,RM ,
calculated using the GGA functional for Cu21-doped CaF2 ,
SrF2 , and SrCl2 in the (xy)5/3(xz)5/3(yz)5/3 electronic con-
figuration keepingOh symmetry are gathered in Table

FIG. 3. Qualitative description of the splitting of antibondin
d-levels of Cu21 in ML2 (M5Ca,Sr;L5F,Cl) lattices. From left to
right the following situations are depicted:~1! free Cu21 ion, ~2!
on-center Cu21: cubal CuL8

62 complex in the artificial
(xy)5/3(xz)5/3(yz)5/3 reference configuration, and~3! off-center
Cu21: CuL8

62 complex in C4v symmetry in the (xy)1(xz)2(yz)2

configuration.
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When compared to those for the perfect host lattice, deno
by RH ~Table I!, such values show the existence of an
wards relaxation quite similar to that encountered in the c
of Mn21 impurity.48,49 For instance, from the analysis of th
experimental superhyperfine constant it was determinedRM
52.26 and 2.30 Å for Mn21-doped CaF2 and SrF2 ,
respectively.48 Despite that a change of 0.14 Å onRH in-
duces differences onRM of only ;0.04 Å, significant
changes on the luminescence efficiency are detected50 on
passing from CaF2:Mn21 to SrF2 :Mn21.

When Cu21 is allowed to move along â001& direction
and the electronic configuration is (xy)5/3(xz)5/3(yz)5/3, the
energy minimum is found to beZ050 for the three host
lattices as shown in Fig. 4~a!. It is worth noting, however,
that the energy raising obtained for the sameZ value in-
creases along the series SrCl2 :Cu21→SrF2 :Cu21

→CaF2:Cu21. This increase resembles that displayed by
interaction energy of the impurity ion~with a total charge
qM) with the electrostatic potential,VR , coming from the
rest of ions as depicted in Fig. 4~b!. The total charge on the
cation, qM , is smaller than the nominal charge~equal to
12e for Cu21, with e5proton charge! due to covalency
with ligands. In fact, as halide ligands have a closed sh
structure, covalency leads to a net flow of electronic cha
from ligands to the impurity. In the present case charg
calculated by means of a Mulliken population analysis
found to beqM511.0e andqM510.7e for SrF2 :Cu21 and
SrCl2 :Cu21, respectively, when symmetry around Cu21 is
cubal. It is worth noting that this charge is found to varyonly

TABLE I. For the threeML2 : Cu21 (M5Ca, Sr;L5F, Cl!
systems studied in this work, it is shown the Cu212L2 distances,
RM , obtained in the DFT calculations~LDA functional! at the ref-
erence (xy)5/3(xz)5/3(yz)5/3 octahedral configuration. It can be ob
served the ligand relaxations due to the Cu21 impurity with respect
to theM212L2 distance,RH , in the pureML2 lattices.

RH ~Å! RM ~Å!

CaF2 : Cu21 2.366 2.290
SrF2 : Cu21 2.511 2.327
SrCl2 : Cu21 3.021 2.815

FIG. 4. ~a! Profiles of energy for the different systems fo
(xy)5/3(yz)5/3(zx)5/3 occupations as calculated in DFT-GGA. Th
curvature of the different curves represents the opposition that
lattice presents to the off-center movement of the impurity.~b!
Simple model representing the barrier through the potential ge
ated by punctual charges located at lattice sites.
0-3
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GARCÍA FERNÁNDEZ, ARAMBURU, BARRIUSO, AND MORENO PHYSICAL REVIEW B69, 174110 ~2004!
by about 10% on passing from the origin toZ051 Å.
When the variation of total energy againstZ is calculated

for the (xy)1(xz)2(yz)2 configuration qualitative variation
with respect to results of Fig. 4~a! are found. In fact, using
the GGA functional, off-center minima are now calculated
Z050.15, 1.0, and 0.4 Å for Cu21-doped CaF2 , SrF2 , and
SrCl2 , respectively. Although this result together with th
depicted in Fig. 3 support that the off-center motion c
happen more easily in SrCl2 :Cu21 or SrF2 :Cu21 than in
CaF2 :Cu21 some experimental findings15,18–23are, however,
not so well reproduced. For instance, Cu21 in CaF2 remains
on-center according to experimental EPR data20,23 while the
observed off-center distortion in SrCl2 :Cu21 is bigger than
that for SrF2 :Cu21. We have verified that this situation is no
improved using the procedure suggested by Solomonet al.35

and Deeth36 for ameliorating LDA or GGA results on Cu21

complexes.
Results reached by means of calculations on a 21-a

cluster with the B3LYP hybrid functional for the
(xy)1(xz)2(yz)2 configuration keeping a C4v symmetry are
displayed in Fig. 5. It can be noted first that such a fig
better reproduces the main trends observ
experimentally.15,18–23So, Z050 for CaF2 :Cu21 while the
off-center distortion (Z051.10 Å) and the associated we
depth (d50.29 eV) calculated for SrCl2 :Cu21 are found to
be bigger than those for SrF2 :Cu21 where it is calculated
Z050.30 Å andd50.12 eV. Although this result support
that, according to experiments,15,22,23an incoherent hopping
among the six quasi-equivalent minima can be obser
more easily on SrF2 :Cu21 than on SrCl2 :Cu21, the com-
putedZ0 values are somewhat smaller than the correspo
ing figures Z0'0.80 Å andZ0'1.30 Å derived from the
analysis of the experimental superhyperfine tensor. It
worth stressing, however, that in the case of SrF2 :Cu21 the
calculatedZ0 value is found to be extremely sensitive to ve
small variations of the lattice parametera. So, if a is in-
creased by only 0.35%, the calculatedZ0 value increases by
about 25%.

Calculations have also been performed on a 21-atom c
ter for SrF2 :Cu21 without imposing any symmetry to th
CuF8

62 complex, thus taking the 27 coordinates of this co
plex as variables. The minimum found fora55.80 Å corre-
sponds to an off-center displacement withZ050.30 Å.

For being sure that main facts embodied in Fig. 5 are
significantly dependent on the cluster size calculations
the (xy)1(xz)2(yz)2 configuration keeping C4v symmetry
for a 51-atom cluster have also been performed using
B3LYP functional. For SrF2 :Cu21 the obtained value is
again Z050.30 Å while for SrCl2 :Cu21 the value Z0
50.90 Å is a bit smaller thanZ051.10 Å derived through a
21-atom cluster. It is worth noting that for SrCl2 :Cu21 the
big off-center motion undergone by the impurity is found
be accompanied by a 3% reduction of the size correspon
to the square described by the four ligands of the upper p
in Fig. 1. This result obtained in the present calculations
thus consistent with expectations founded on Pauling rul51

relating the cation-anion separation to the coordination nu
ber.
17411
t

n

m

e
d

d

d-

is

s-

-

t
r

e

ng
ne
s

-

The comparison of results gathered in Figs. 4~a! and 5 for
(xy)5/3(xz)5/3(yz)5/3 and (xy)1(xz)2(yz)2 configurations, re-
spectively, strongly suggests that chemical bonding play
key role for stabilizing the off-center displacement. When t
B0 quantity is reduced from 1 to13 the residual chemica
bonding is not enough to overcome the electrostatic bar
created by the rest of ions on the impurity as a whole. As t
electrostatic barrier scales witha21 (a5 lattice parameter!
this explains qualitatively why the off-center distortion in
creases along the series CaF2 :Cu21→SrF2 :Cu21

→SrCl2 :Cu21. Moreover, if the lattice parameter is reduce
by applying an external pressure this simple reasoning s
gests a diminution of the off-center distortion. Very recen
Ulanov et al.22 performed EPR experiments on SrF2 :Cu21

under hydrostatic pressure finding that a pressureof only 6
Kbar is able to reduceZ0 by about 15%.

Let us now have a look on the behavior of antibondi
b2* (xy) and e* (xz;yz) orbitals arising fromt2g* in cubal
symmetry~Fig. 3!. The dependence of their orbital energ
againstZ is portrayed in Fig. 6 for SrF2 :Cu21. It can first be
noticed that the separation betweenb2* (xy) and e* (xz;yz)

FIG. 5. Profile of energy forZ movement in the studied system
They present a minimum atZ050, 0.33, and 1.1 Å for CaF2 , SrF2 ,
and SrCl2 , respectively.

FIG. 6. Variation of the«(b2* ) and«(e* ) one-electron energies
on the Z coordinate for SrF2 :Cu21. Results correspond to th
(xy)1(xz)2(yz)2 configuration in the LDA.
0-4
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Cu21 IMPURITIES IN FLUORITE-TYPE CRYSTALS: . . . PHYSICAL REVIEW B 69, 174110 ~2004!
orbitals is not linear in Z as it was already found34 for
CaF2 :Ni1. This situation is thus quite different to that foun
for d9 or d7 ions in cubic lattices with sixfold coordinatio
where the Jahn–Teller effect takes place.28–31 Figure 6
clearly demonstrates the existence of stronger antibon
effects onb2* (xy) than one* (xz;yz) although the separatio
between both levels is higher than 0.25 eV only whenZ
.0.55 Å. The existence of two electrons in theb2 level with
dominant bonding character is thus an important source
stabilizing the off-center distortion. This means that the el
tronic density lying in the middle region between the imp
rity and upper ligands plays an important role in the occ
rence of an off-center displacement. In fact a trulyrigid
cation~in the sense that its electronic cloud is frozen! would
not overcome the electrostatic barrier depicted in Fig. 4~b!.
These ideas are thus related to the general view on
pseudo Jahn–Teller~PJT! effect given by Bersuker29 who
demonstrates that when chemical bonding is not modi
off-center motions cannot be produced.

OFF-CENTER MOTION VERSUS JAHN –TELLER
DISTORTION

Ions with d9, d7, or d4 configurations placed in cubi
lattices with sixfold coordination exhibit JT distortions.9,12At
variance with what is usually observed for off-center ins
bilities, the displacements of ions in JT distortions a
smaller than interatomic distances.28–31 For instance, the
equatorial and axial metal-ligand distances in NaCl:Rh21 are
shifted by about 0.08 and 0.16 Å, respectively, with regard
the octahedral situation.14,31This relevant point allows one to
explain a great number of facts in the realm of JT distortio
consideringonly the linear terms emerging from the expa
sion of the electron-vibration~or vibronic! potential.28–31

In order to clarify the important differences between
and off-center instabilities, we will consider the vibron
coupling mechanism following the formalism of Bersuker29

He starts dividing the total Hamiltonian into three parts

H5Hr1HQ1V~r ,Q!, ~1!

whereHr is the electronic part~including the kinetic energy
of the electrons and the interelectron interaction!, HQ is the
kinetic energy of the nuclei andV(r ,Q) is the vibronic po-
tential ~including the internuclei repulsion!. Here r and Q
denote the entire set of coordinates of the electrons and
clei, respectively. This vibronic operator can be expanded
a series of small displacements of the nuclei around the p
Qk50 chosen as the origin:

V~r ,Q!5V~r ,0!1(
k

~]V/]Qk!Qk

1~1/2!(
k,l

~]2V/]Qk]Ql !QkQl1¯ . ~2!

Within the adiabatic approximation, the electronic Ham
tonian where nuclei are frozen at equilibrium positions a
only electronic coordinates,r , are variables is
17411
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He~r ,0!5Hr1V~r ,0!. ~3!

Then the Hamiltonian,H ref , characteristic of the referenc
system~before the vibronic effect! can simply be written as

H ref~r ,Q!5He~r ,Q!1~1/2!(
g,k

Kg~Qk
g!21¯ , ~4!

whereQk
g is a symmetrized normal coordinate correspond

to theg irreducible representation andKg is the correspond-
ing force constant. This reference system can be appr
mated by an impurity ion with an electronic configuratio
where orbital degeneracy is suppressed.14,31 If G denotes an
operator of the symmetry group, then

He~Gr ,0!5He~r ,0!. ~5!

When the impurity in its right ground state~after the vibronic
effect! is considered it is assumed that the correspond
adiabatic Hamiltonian,Hvib , can be described by

Hvib5H ref1V~r ,Q! ~6!

where inV(r ,Q) both r and the distortion coordinatesQ are
taken as variables. When the action of group operators
both r and Q variables is taken into account symmetry
preserved if

V~Gr ,GQ!5V~r ,Q!. ~7!

In the case ofd9 or d7 ions in sixfold coordination coupled
to the localEg mode the coordinates of the JT distortion a
the even Qu (;3z22r 2) and Q« (;x22y2) coordinates
which thus involve only ligand displacements. If only line
terms inQu andQ« are important, thenV(r ,Q) can be ap-
proximated by

V~r ,Q!5V~r ,0!1$Vu~r !Qu1V«~r !Q«%, ~8!

where the vibronic coupling constantsVu(r ) and V«(r ) de-
pend only on electron coordinates and transform likeQu and
Q« , respectively. If ligand displacements are small inde
and thusV(r ,Q) can be well approximated by~8!, then the
effects of vibronic coupling can reasonably be deriv
through the^fa

0 uVg(r )ufb
0& matrix elements,28–31 where g

5u, «, and fa
0 (a,b53z22r 2,x22y2) stand for the two

orbitals of the electronic doubletin octahedral symmetry
~reference system!, «a being the corresponding energie
When this process is carried out the effects of~6! considering
only the basis of the electronic doublet can be represente
the effective Hamiltonian28–30

Heff5VJT~UuQu1U«Q«!, ~9!

whereVJT5^f3z22r 2
0 uVu(r )uf3z22r 2

0 & is the JT vibronic cou-
pling constant, and

Uu5S 21 0

0 1D , U«5S 0 1

1 0D . ~10!

Thus if the equilibrium geometry corresponds to an elo
gated or compressed octahedron~described, for instance, b
0-5
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Q«
050 and Qu

05c), then there is a splitting of the initia
degeneracy following the center of the gravity theorem52

D«3z22r 21D«x22y250, ~11!

where

D«3z22r 252cVJT. ~12!

Therefore, Eq.~11! tells us that a JT distortion can be ene
getically favorable when the two orbitals of the electron
doublet are not equally populated inOh symmetry. More-
over, the JT constant,VJT, is determined by theunperturbed
wavefunctions,fa

0, corresponding to octahedral symmet
In other words, changes on chemical bonding induced b
Qu distortion are of secondary importance as regards the
constant.

This situation is, however, fully modified when an of
center motion induced by anodd T1u mode occurs. If the
displacement of the metal impurity from the origin is d
scribed by thedRM vector ~X, Y, ZCartesian components!,
then alinear vibronic operator,V(1), involving X, Y, andZ
and the electronic coordinates,x, y, z, which is invariant in
the cubic group, can have the form

V~1!~r ;X,Y,Z!52 f A~x,y,z!$Xx1Yy1Zz%, ~13!

where f A(x,y,z) is a function that belongs to theA1g repre-
sentation inOh . This linear operator can play a significa
role for describing thefirst stepsof the off-center motion and
in particular whenZ!a/4 if the impurity goes alonĝ001&
directions. Let us now consider the three orbitalsfm

0 (m
5xy,xz,yz) which are degenerated in cubal symmetry.
symmetry it is obvious that all̂fm

0 uzufn
0& matrix elements

(m,n5xy,xz,yz) are zero so there isnot any splittingof
three orbitals caused by~13! which is linear in Z. This
simple argument stresses thatevenwhen Z!a/4 the elec-
tronic energy gain favoring the off-center motion comes n
essarily from changes on wavefunctions induced by the
teraction described by~13!. This modification leads to an
energy gain which depends onZ2, as it can be observed i
Fig. 5. Therefore, modifications in the chemical bonding a
pear to play a key role even for describing the first steps
the off-center instability. This point was not considered in
previous work.34 The change of wavefunctions induced b
V(1) when Z!a/4 makes that̂ z&Þ0. In other words, the
electronic cloud of the CuL8

62 complex (L5F,Cl) is polar-
ized by the action of the2 f A(x,y,z)Zz interaction upon
electrons which can be viewed as coming from an exte
electric field whose magnitude is proportional toZ. At the
end of the off-center motion described by Fig. 1 it is know
that bonding occurs essentially with ligands placed in
upper plane. It seems thus reasonable thatat the beginningof
the displacement whenZ!a/4 there is an electronic energ
gain by transferring electronic density from the lowerz,0
region to the upperz.0 region thus makinĝz&.0. This
requires that thef A(x,y,z) function defined in~13! be posi-
tive. Let us now consider an electron placed in the mid
region between the impurity and ligands and a small d
placement dRM (udRMu!a/4) of central cation sour u
17411
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@udRMu. The change of the electrostatic potential expe
enced by a valence electron due to the cation displacem
can be approximated by

V~1!~r ;X,Y,Z!52 f A~x,y,z!dRM .r , ~14!

where f A(x,y,z)'e2(qM11)/r 3 and qM denotes the tota
charge on the impurity. Therefore, thoughqM is smaller than
the nominal charge,f A(x,y,z) is expected to be positive fo
cations and even neutral impurities.

For an off-center motion alonĝ001& the interaction term
2 f A(x,y,z)Zz leads to an admixture of theb2* (xy) orbital
with those with a dominant ligand character belonging tob2 .
In fact thez coordinate transforms likeA1 in C4v symmetry.
Globally the effect of2 f A(x,y,z)Zz, polarizing the elec-
tronic cloud of the CuL8

62 complex, can be viewed as th
admixture of the ground state with charge transfer sta
characterized byb2→b2* (xy) excitations thus reflecting a
PJT vibronic coupling.29,53 This way the polarization of the
electronic cloud which happens at the beginning of the o
center motion can be regarded as a precursor of strong
bonding effects taking place at the equilibrium (0,0,Z0) po-
sition. From the present analysis such a polarization is c
acteristic of the CuL8

62 complex as a whole rather than of th
copper ion.

FINAL REMARKS

Ab initio calculations on clusters of only 21 atoms ha
been shown to reproduce reasonably a delicate phenom
involving an energy gain around 0.1 eV. Moreover, they a
of great help for gaining a better insight into the origin of t
off-center motion.

Present results strongly support that the off-center d
placement in SrL2 :Cu21 (L5F, Cl! is an spontaneous phe
nomenon atT50 K not driven by any neighbor defect. A
similar situation was already found34 for CaF2 :Ni1. The ab-
sence of another defect close to thed9 impurity concurs with
available EPR data15,18,19,21,22on SrL2 :Cu21 (L5F, Cl! as
well as with the more accurate ENDOR data performed20 on
SrF2 :Cu21 and also33 on CaF2 :Ni1.

In agreement with a first view34 there is always an elec
trostatic barrier against the motion of arigid impurity ion. As
this barrier scales witha21 and depends on the ion charg
this fact qualitatively explains whyZ050 for CaF2 :Cu21

while Z0 increases on passing to SrF2 :Cu21 and specially to
SrCl2 :Cu21. From this reasoning it can reasonably be e
pected an off-center motion for BaF2 :Cu21. EPR results on
both54,55 BaF2 :Cu21 and BaF2 :Ag21 clearly demonstrate
the existence of off-center displacements along^001& type
directions. Moreover, this simple argument favors t
observation33 of an off-center motion in CaF2 :Ni1 due to the
lower nominal charge of Ni1 in comparison with that of
Cu21. This fact also stresses that in fluorite-type lattices
small ionic radius does not mean at all an advantage on o
biggerd ions for experiencing an off-center motion.34

According to present conclusions the substitution of Cu21

in SrL2 (L5F,Cl! by another 3d cation with thesame nomi-
nal chargebut inducing a diminution of covalency does n
favor an off-center displacement. In fact, a more ionic co
plex means an increase ofqM and a bigger separation be
0-6
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tween antibonding and bonding levels. A fingerprint of cov
lency induced by a given ion is the optic
electronegativity,56 x, which in turn is related to the onset o
charge-transfer excitations of a given complex.56–58 Among
the divalent 3d ions Cu21 exhibits the highest value of th
optical electronegativity56 (x52.4) while that for Mn21 has
been derived to be59 substantially smaller (x51.4). This
strong diminution ofx reflects that the charge transfer ons
is found57,58,60at ;3.2 eV for CuCl6

42 while57,58it is found at
;7 eV for MnCl6

42 . For checking the present ideas calcu
tions on SrL2 :Mn21 (L5F,Cl! using a 21-atom cluster an
the B3LYP functional have also been undertaken. From th
it is obtainedZ050 for both systems being thus in perfe
agreement with available EPR data.16

The use of the (xy)5/3(xz)5/3(yz)5/3 reference configura
tion with fractional electronic occupancy34,14,31 is shown to
provide us with some insight into the key role played
bonding into the off-center stabilization. From the pres
analysis the existence of orbital degeneracy in the gro
state is shown not to play a key role as far as off-cen
displacements are concerned. This result is thus against
is found for JT distortions and means that an off-center d
placement can equally be produced in the case ofd ions with
an orbital singlet as ground state. It is worth noting that
existence of an off-center displacement has recently b
reported61,62 for SrCl2 :Fe1. The ground state of this
monovalention in cubal symmetry is4A2 . Theoretical work
on this system is now in progress.

The deformation of the electronic cloud in first steps h
been pointed out to be the precursor of strong rebond
effects taking place at the equilibrium (0,0,Z0) position for
the studied systems. This polarization arising from the
bronic coupling mixes at the beginning the ground state w
an excited charge transfer state of equal symmetry an ad
ture which is the footprint of a linear PJT effect.29,53Thus the
strong rebonding effects which occur at the equilibriu
(0,0,Z0) position are in fact connected with a linear P
effect in the first steps of the process.

It is worthwhile to remark that the present PJT effect
qualitatively different from aquasiJT situation encountere
for d9 ions placed in tetragonal lattices with sixfo
coordination.63 In this case the impurity remains on-cente63

and ligand distortions are much smaller than interatom
distances.64 The only difference with a typical JT situatio
comes from the absence of strict orbital degeneracy in
ys

es

v.
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ground state broken by the electrostatic potential of the
of the lattice upon thed9 complex. As it has recently bee
shown64 this potential plays a relevant role on the equili
rium geometry displayed by the complex. It is worth notin
however, that the quasi JT effect can equally be well fit
within the general PJT formalism.28,29 There is some confu-
sion in the literature as to meaning of the PJT effect.
Pantelideset al. argued65 that the PJT effect occurs whe
quasi degenerate antibonding levels are partially occup
this effect being qualitatively different from rebonding. Th
standpoint thus restricts the PJT effect to the so-called q
JT effect previously discussed. From the present analy
which concurs with the view by Bersuker29 and DeLeo
et al.,66 a PJT effect leading to an off-center motion wi
rebonding requires the existence in first steps of a coup
between the ground state and an excited one via the vibr
interaction described byV(r ,Q)2V(r ,0). Thus, an off-
center displacement can also occur for systems involving
oms like Ag0 or Cu0 whose 5s or 4s level is not
degenerate.67,68 Even off-center motions could also happe
for systems involving aclosed shellion like Cu1. In this
case the vibronic admixture with excited states coming fr
3d94s and 3d94p configurations could be a driving force fo
the off-center instability. It is worth noting that the onset
3d10→3d94s and 3d10→3d94p excitations appear27 only at
about 4 and 7 eV for NaF:Cu1. In agreement with the
present view results26,27 on KL:Cu1 (L5Cl,Br! and the an-
ionic Ag0 center69,68 in KCl support the existence of off
center motions in these systems. Moreover, from optical
sorption spectra on NaBr:Cu1 it has been concluded70 that
hydrostatic pressures up to only 6 Kbar favor a transit
from the initial off-center situation to an on-center one.

First experimental EPR data under pressure22 on
SrF2 :Cu21 and the analysis carried out in the present wo
both support that the equilibriumZ0 coordinate in
SrF2 :Cu21 is extremely sensitive to the application of h
drostatic pressures. This interesting issue deserves a fu
study as well. Work in this direction is now underway.
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