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Cu?* impurities in fluorite-type crystals: Mechanisms favoring an off-center motion
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Magnetic resonance data onCudoped lattices with fluorite structure reveal that the equilibrium geometry
for SrCL:CUW" involves an important off-center displacement of?Cualong (001 type directions Z,
~1.3 A) while in Cak:ClW?" the impurity remains on-center though with a orthorhombic distortion of the
ligand shell. In the case of SfFCU?* an off-center motion is also observed though the estimated displacement
(Zo~0.8 A) is substantially smaller than that for SfGCWP*. 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 leadigg @p 0.3, and 1.1 A for
CUw?"-doped Cak, SrF,, and SrC}, respectively. The well deptd=0.12 eV obtained for SEFC?" is
substantially smaller than that for S,KGCP" (5=0.29 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 d® impurity changes from 8 to 4. This simple argument explains that keeping the d&ioa, 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 dn,SMn?* (L=F, Cl) give Z,=0 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.
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INTRODUCTION number of C&* changes in practice from eight to four, thus
inducing drastic changes into the associated physical-
The study of the local geometry around an impurity inchemical properties. As salient feature EPR spectra of
solids and surfaces is a field that has greatly benefited fror8rCl,:Cu2* and SrCj:Ag?* exhibit*~*"° between 4.2 K
the important development @b initio calculations in the and room temperature an angular pattern whiclaligays
last decadé 8 A very interesting problem in the realm of characteristic of astatic C;, symmetry. When SrGlis re-
impurities concerns the symmetry lowering that can appeaplaced by Srk, which also displays the fluorite structure,
when a transition metal cation is introduced as impurity in aEPR and electron nuclear double resonar@&NDOR)
high symmetry host lattice. In many cases, the impurity subdatd® 2% on Srk:CW?* confirm the existence of an off-
stitutes a host lattice cation and remais-centey though ~ center displacement witfo~0.8 A, substantially smaller
first neighbors(ligand$ can experience a nonsymmetric re- than that for SrGl:Ci**. Moreover, when the temperature
laxation leading to a lowering of local symmetry. This situ- is raised the EPR spectrum of SIEW** changes at about
ation is found for instance fod® ions (Ni*, CU/*, and
Ag?") doped alkali and silver halides, cubic fluoroperov-
skites, and also some cubic oxidesd! A local tetragonal
symmetry is also found fod’ ions doped silver halides and
alkali halides like NaCl which have recently received a great
deal of attentiort?~'# Despite this fact, experimental data
reveal thatanother kindof phenomenon can be observed
placingd® impurities in lattices which are cubic as well. So,
in SrCL:CWw?* or SrChL:Ag?" electron paramagnetic reso-
nance(EPR experiment® =1’ clearly reveal the existence of
a big off-center motion along001) type directions under-
gone by thed® impurity as depicted in Fig. 1. According to
EPR data the equilibrium position of €l in SrCl, for the
off-center motion along001) can be describéd by (0, 0, FIG. 1. Picture of the off-center motion of €lin aML, (M
Z,) whereZy~1.3 A and(0, 0, 0 depicts the on-center po- =ca&*,SP*:L=F,CI") type lattice, wherea means the lattice
sition. This huge displacement means that the coordinatioparameter.
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220 K from anisotropic to isotropic, a fact associated with
incoherent hopping among the six equivalent minima corre-
sponding to &, distortion?!?? Regarding Cajs Cl/**, the
corresponding EPR ddta® unambiguously demonstrate,
however, that copper ion remains on-center though the asso-
ciated ligand shell undergoes an orthorhombig, distor-

tion. This description of experimental facts related to the
same cation (CU') placed in isomorphous lattices already
stresses that the occurrence of an off-center motion is a
subtle effect indeed.

Despite that the off-center phenomenon has been detected
in many system&*~?’including those with technological ap-
plications (such as oxygen or nitrogen impurities in silicon
crystal€®), its microscopic origin is often not well under-

stood. Explanations of big displacements founded on model FIG. 2. Cluster of 21 ions QyM;j3", used to simulate the

Hamiltonians involving series expansion of the interactionCW*-dopedML, (M=C&",SP";L=F,CI") lattices.

between active electrons and the distortion mode are in prin-
ciple doubtful. In fact, when the distortions at equilibrium
becomecomparableto interatomic distances, the phenom-  DFT calculations foML,:Cuw?* (M=Ca, Sr;,L=F, C)
enon can hardly be ascribed ¢mly oneterm in the series centers have been carried out on clusters centered at the
expansion. This situation is thus opposite to that normallyCl/?* impurity. All employed clusters exhibit cubic symme-
found for Jahn—TellefJT) distortions where the impurity ion try. Previous results obtained for CaNi* showed* that
remains on-center and ligand displacements are one order e off-center motion is well reproduced by a cluster contain-
magnitude smaller than interatomic distan€s”In a first  ing only 21 atoms. Moreover, calculations carried out for
attempt Lacroix? tried to explain the big off-center displace- clusters involving up to 107 atoms did not improve
ment observed in SrgiM?* (M = Cu, Ag) consideringonly  significantly** the results derived on the 21-atom cluster for
the quadratic JT coupling between the eleCtrOﬁl'Ezg CaR:Ni*. So, most of the calculations in this work have
ground state and th&;, distortion mode. Nevertheless, us- been performed on 21-atom clustéfSg. 2), but relevant
ing this idea it was fourit} that the displacement would oc- results have been verified using 51-ion clusters.
cur along(111 directions, which is thus against experimen-  Calculations have been performed for clusterssacuo
tal findings®>’ because the electrostatic potential due to the rest of the lattice
Very recently the strong off-centéf01) motion under-  on the cluster region is found to be very flat in the employed
gone by Ni" in CaR, (Z,~1.1 A)* has been reasonably clusters. Finite clusters are often used for calculating the
understood through density functional thedBFT) calcula-  properties of impurities in insulators. For this approach to be
tions and the involved analysis on clusters of only 21valid it is required that active electrons are localized in a
34 In fact, the equilibriuniz, value varied by less than region whose size is smaller than that of the employed clus-

COMPUTATIONAL DETAILS

atoms:
10% on passing from a 21-atom cluster to a cluster involvinger. In present cases this condition is fulfilled as antibonding
up to 107 atomé? Bearing in mind this fact, the present electrons coming from @& orbitals of free C&* are found to
work is aimed to explain the quite different off-center motion be essentially localized in the complex formed by?Cand
observed for thesameCWw?* impurity placed in thethree ligands. This strong localization is, however, not always
isomorphoudattices Cak, SrF,, and SrC}. Since the ori- found for insulating host lattices. In particular, when the
gin of such differences is expected to be subtle and the cdiighest occupied electronic level of the impurity is close to
valency of Cd" and Ag" complexes is often the bottom of the conduction band, it favors the existence of
overestimate®®*® using local density approximatidh electronic density outside the complex region. This situation
(LDA) and generalized gradient approximafiblGGA) is encountered, for example, in the cationic®Agenter in
functionals, particular attention has been addressed to resulkCl.°
reached through the hybrid nonlocal Beel3—Lee—Yang— First calculations were carried out using the Vosko—
Parr(B3LYP) functional®®°This functional usually leads to Wilk—Nusair functiondl* for the local LDA, and also the
better agreement with experimental findif§s?® As the GGA in its Becke—Lee—Yang—PafBLYP) form*>2° The
CPU time required for the energy calculation at a given conemployed basis consists of three Slater type orbii@EO9
figuration using the B3LYP functional is about 15 times big- plus a polarization function per atomic orbital as imple-
ger than using LDA, clusters involving a maximum of 51 mented in the Amsterdam density function&@ADF)
ions have only been considered in the present work. program?® It made use of the larger frozen core available in
Although the off-center motion is also driven by the cou-the data base as these orbitals play only a minor role in the
pling between the electronic ground state and local vibrastudied properties. Nevertheless, due to the shallow wells
tions, emphasis is also put through this work in clarifying theinvolved in the calculations and the difficultiés® faced on
qualitative differences with small ligand distortions observedtreating C4" or Ag?* complexes through LDA or GGA, the
for d° or d” ions in octahedral symmetry coming from the JT three-parameter hybrid semiempirical B3LYP functigfal
effect. implemented inGAussiaN 98 has also been used. These
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by*~ xy TABLE I. For the threeML,: C?* (M=Ca, Sr;L=F, C)
th* _“]— systems studied in this work, it is shown the’Ct L~ distances,
gﬂ% _____ e*~ Xz, yz Ry, obtained in the DFT calculatior& DA functional) at the ref-
" ; erence ky)*3(x2)%¥(y2)%"® octahedral configuration. It can be ob-
served the ligand relaxations due to the?Cimpurity with respect
mﬁlﬂ% to theM?" —L~ distanceRy,, in the pureML, lattices.

\\\ . b1*~ x2_y2
\\eg m’:‘g% e _4}11—3—*..3224-2 Ry (A) Ry (A)
’ [Ht Caky: C#* 2.366 2.290

Free Cu?* Culg* 0, CuLg® C,, SrR,: CwP* 2,511 2.327
SrCh: CP™* 3.021 2.815

FIG. 3. Qualitative description of the splitting of antibonding
d-levels of C&" in ML, (M =Ca,Srl.=F,Cl) lattices. From left to
right the following situations are depictet) free C#* ion, (2) ~ When compared to those for the perfect host lattice, denoted
on-center C&": cubal Cwg  complex in the artificial by R, (Table )), such values show the existence of an in-
(xy)*(x2)*¥(yz)>* reference configuration, an) off-center  wards relaxation quite similar to that encountered in the case
CU™: Cug complex in G, symmetry in the Xy)'(x2*(y2*  of Mn2* impurity***° For instance, from the analysis of the
configuration. experimental superhyperfine constant it was determiigd

_ _ _ =2.26 and 2.30 A for MfA'-doped Cak and Srh,
calculations use the double zeta LANL2DZ basis, which eMyespectively’® Despite that a change of 0.14 A @y in-
ploy Gaussian type orbital$&GTO9 and pseudopotentials t0 gyces differences oR, of only ~0.04 A, significant
simulate the core electrons. In all performed calculations iEhanges on the luminescence efficiency are detétiad
has been verified that the number of electrons occupying thﬁassing from CafEMn2* to SrF,:Mn2*.
mainly 3d antibonding orbitals is equal to nine. When Cé* is allowed to move along €001 direction

Following a previous work energy calculations have and the electronic configuration isy)%3(x2)*3(y2)®2 the
been carried out for both x§)'(x2)*(y2)? and also energy minimum is found to b&,=0 for the three host
(xy)*¥(x2)°%(y2)*" electronic configurationFig. 3. The  |atiices as shown in Fig.(d). It is worth noting, however,
artificial (xy)*¥(x2)*(y2)** configuration gives rise to an  that the energy raising obtained for the sa#ealue in-
electronic density displaying cubic symmetry from which the creases along the series SI@W2*—SrF:Cl*
equilibrium metal-ligand distance keepid, symmetry can  _, caR,:C?*. This increase resembles that displayed by the
be evaluated®**3'Moreover, the comparison of results de- interaction energy of the impurity iofwith a total charge
rived for both electronic configurations can provide us Witth) with the electrostatic potentiaVg, coming from the
some insight into the influence of bonding on the off-centerast of ions as depicted in Fig(B). The total charge on the
motion. So, when the impurity is placed at different (2)0, cation, q,, is smaller than the nominal chardequal to
positions andZ~a/4 there is only one electron in the anti- | 54 for CWw*, with e=proton charge due to covalency
bondingb3 (xy) orbital (Fig. 3) while there are two inthb,  wjth ligands. In fact, as halide ligands have a closed shell
orbital with dominant bonding character. The difference betrycture, covalency leads to a net flow of electronic charge
tween both occupationd},, changes fromB,=1 for the  from ligands to the impurity. In the present case charges
(xy)*(x2)*(y2)*> configuration to B,=3 for the calculated by means of a Mulliken population analysis are
(xy)*(x2)*¥(y2)>" electronic configuration. found to beqy = +1.0e andq,, = +0.7e for SrF,:C*" and

In the calculations performed in,Csymmetry(Fig. 1),  SrCl,:Clw?", respectively, when symmetry around Cuis

apart fromZ the size of squares corresponding to eightcubal. It is worth noting that this charge is found to vanjly
ligands in upper and lower planes as well as their distance to
the origin are also taken as variables. Moreover, some calcu
lations have also been performed without imposingriori 2] ()
any symmetry to the complex formed by impurity and eight s
ligands, thus considering the whole 27 coordinates as vari-ﬁ
ables. In the search of a possible off-center local minimumg' 1
along(001) type directions the initial position of the impurity &

is chosen along th®Z axis of lattice while those of ligands

(b)

4
% “SrF :Cu?]
- Pl

are fixed at random. This makes it easy to get convergence t T SeChiCu o giCh:cu 0
one of the equivalent local minima. 0 020406081012 0 0204 06 08 1.0 1.2 1.4
Z(A) Z(A)
RESULTS FIG. 4. (a) Profiles of energy for the different systems for
S o . (xy)*¥(y2)*3(zx)®? occupations as calculated in DFT-GGA. The
Values of the equilibrium impurity-ligand distancBy, , curvature of the different curves represents the opposition that the
calculated using the GGA functional for Erdoped Cak,  Iattice presents to the off-center movement of the impuriby.

SrF,, and SrC} in the (xy)®3(x2)%¥(y2)®? electronic con-  Simple model representing the barrier through the potential gener-
figuration keepingOy, symmetry are gathered in Table I. ated by punctual charges located at lattice sites.
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by about 10% on passing from the originZg=1 A.

When the variation of total energy agairgsts calculated
for the (xy)(x2)?(y2)? configuration qualitative variations
with respect to results of Fig.(d are found. In fact, using
the GGA functional, off-center minima are now calculated at
Z,=0.15, 1.0, and 0.4 A for Gii -doped Cak, SrF,, and
SrCl, respectively. Although this result together with that
depicted in Fig. 3 support that the off-center motion can
happen more easily in SrCICW?" or Srk:CW?* than in
Cak:CUW?" some experimental findings'®-*3are, however,
not so well reproduced. For instance,’Cun CaF, remains ) ) )
on-center according to experimental EPR &itawhile the 0 02 04 06 08 1 12 14
observed off-center distortion in SECCW?™ is bigger than Z(A)
that for Sri:Cl?*. We have verified that this situation is not
improved using the procedure suggested by Solosiad 3® FIG. 5. Profile of energy for movement in the studied systems.

and DeetR® for ameliorating LDA or GGA results on Gfi  They presenta minimum &,=0, 0.33, and 1.1 A for Caf; SrF,
complexes. and SrC}, respectively.

Results reached by means of calculations on a 21-atom
cluster with the B3LYP hybrid functional for the  The comparison of results gathered in Fig®) 4nd 5 for
(xy)L(x2)2(y2)? configuration keeping a £ symmetry are  (x¥)*(x2)*¥(y2)>*and (y)*(x2)*(y2)? configurations, re-
displayed in Fig. 5. It can be noted first that such a figurespectively, strongly suggests that chemical bonding plays a
better ~ reproduces the main trends observede€y role for stabilizing the off-center displacement. When the
experimentally}>18-22So, 7,=0 for Cak:Cl?" while the Bo quantity is reduced from 1 tg the residual chemical
off-center distortion Z,=1.10 A) and the associated well bonding is not enough to overcome the electrostatic barrier
depth (6=0.29 eV) calculated for SrgiCl?* are found to created by the rest of ions on the impurity as a whole. As this
be bigger than those for SfFCU?* where it is calculated electrostatic barrier scales with 1 (a=lattice parameter
Z,=0.30 A and$=0.12 eV. Although this result supports this explains qualitatively why the off-center distortion in-
that, according to experiment&?223an incoherent hopping creases along the series GaBuw* —SrR,:CUP*
among the six quasi-equivalent minima can be observed SrChL:CU?*. Moreover, if the lattice parameter is reduced
more easily on SEECW" than on SrGJ:Clw?", the com- by applying an external pressure this simple reasoning sug-
putedZ, values are somewhat smaller than the correspondd€sts a diminution of the off-center distortion. Very recently
ing figures Z,~0.80 A andZ,~1.30 A derived from the Ulanov et al*? performed EPR experiments on SrEw
analysis of the experimental superhyperfine tensor. It iginder hydrostatic pressure finding that a pressiirenly 6
worth stressing, however, that in the case of ,S&&?* the ~ Kbar is able to reduc&, by about 15%.
calculatedZ,, value is found to be extremely sensitive to very ~ Let us now have a look on the behavior of antibonding
small variations of the lattice parametar So, if a is in- b3 (Xy) and e*(xzy2) orbitals arising fromt3, in cubal
creased by only 0.35%, the calculai&glvalue increases by symmetry(Fig. 3. The dependence of their orbital energy
about 25%. againsiz is portrayed in Fig. 6 for SEECU? ™. It can first be

Calculations have also been performed on a 21-atom clugoticed that the separation betwegh(xy) and e* (xzy2)
ter for Srk:CW" without imposing any symmetry to the

Energy (eV)

SrCly: Cu?* |

[T .
LTI LA

CuFy~ complex, thus taking the 27 coordinates of this com- 0.6
plex as variables. The minimum found far=5.80 A corre-
sponds to an off-center displacement wiitf=0.30 A. 0.5
For being sure that main facts embodied in Fig. 5 are not %‘ 0.4
significantly dependent on the cluster size calculations for T ™
the (xy)1(x2)?(yz)? configuration keeping £ symmetry 2 03
for a 51-atom cluster have also been performed using the %
B3LYP functional. For Srf:Clw?" the obtained value is 5 0.2
again Z,=0.30 A while for SrC}:CU?* the value Z, £ o4
=0.90 A is a bit smaller thad,=1.10 A derived through a °c -
21-atom cluster. It is worth noting that for SECCW?" the 0
big off-center motion undergone by the impurity is found to
be accompanied by a 3% reduction of the size corresponding -0'10 o2 04 o0& o8 1
to the square described by the four ligands of the upper plane ZA)

in Fig. 1. This result obtained in the present calculations is

thus consistent with expectations founded on Pauling ttles  FIG. 6. Variation of thes(b}) ande(e*) one-electron energies
relating the cation-anion separation to the coordination numen the Z coordinate for SpECU?". Results correspond to the
ber. (xy)*(x2)?(y2)? configuration in the LDA.
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orbitals is not linearin Z as it was already fourid for Ho(r,00=H,+V(r,0). 3)

Cak,:Ni*. This situation is thus quite different to that found o o

for d® or d” ions in cubic lattices with sixfold coordination Then the HamiltonianH s, characteristic of the reference

where the Jahn-Teller effect takes pl&&&' Figure 6 system(before the vibronic effegtcan simply be written as

clearly demonstrates the existence of stronger antibonding

effects onb3 (xy) than pne*_(xz;yz) although the separation Href(r’Q):He(r’Q)_{_(l/Z)E KV(QIZ)2+'” . (@

between both levels is higher than 0.25 eV only whén v,k

o o e ot Q10! . symmetized rarmal cordinate coresponding
o . . . to the y irreducible representation arkd, is the correspond-

stabilizing the off-center distortion. This means that the elecing force constant. This reference system can be approxi-

tronic density lying in the middle region between the impu- db . "t ion with an electronic confiquration

rity and upper ligands plays an important role in the occur-mate y an impunty . Y 9

rence of an off-center displacement. In fact a truigid where orbital degeneracy is suppressed.If G denotes an

cation(in the sense that its electronic cloud is frogamould operator of the symmetry group, then

not overcome the electrostatic barrier depicted in Fip).4 H(Gr,0)=H(r,0). (5)

These ideas are thus related to the general view on the e e

pseudo Jahn—TellePJT) effect given by Bersukéf who  When the impurity in its right ground statefter the vibronic

demonstrates that when chemical bonding is not modifie@ffect is considered it is assumed that the corresponding

off-center motions cannot be produced. adiabatic HamiltonianH,;,, can be described by

OFF-CENTER MOTION VERSUS JAHN —TELLER Huio=Hrer V(r.Q) ©

DISTORTION where inV(r,Q) bothr and the distortion coordinat&€3 are
taken as variables. When the action of group operators on
both r and Q variables is taken into account symmetry is
preserved if

lons with d®, d’, or d* configurations placed in cubic
lattices with sixfold coordination exhibit JT distortiof$?At
variance with what is usually observed for off-center insta-
bilities, the displacements of ions in JT distortions are —
smaller than interatomic distanc®3! For instance, the V(Gr.eQ=V(r.Q). 0
equatorial and axial metal-ligand distances in NaCtRare  In the case ofi® or d” ions in sixfold coordination coupled
shifted by about 0.08 and 0.16 A, respectively, with regard tdo the localE; mode the coordinates of the JT distortion are
the octahedral situatiol:*' This relevant point allows one to the even Q (~3z2—r?) and Q, (~x?—y?) coordinates
explain a great number of facts in the realm of JT distortiongvhich thus involve only ligand displacements. If only linear
consideringonly the linear terms emerging from the expan-terms inQ, and Q. are important, the(r,Q) can be ap-

sion of the electron-vibratiofor vibronic potential?®-3! proximated by
In order to clarify the important differences between JT
and off-center instabilities, we will consider the vibronic V(r,Q)=V(r,00+{Vy(r)Qy+V,(rQ.}, ®

coupling mechanism following the formalism of Bersuker.

where the vibronic coupling consta r) andV(r) de-
He starts dividing the total Hamiltonian into three parts ping () (1)

pend only on electron coordinates and transform @kgand
Q. , respectively. If ligand displacements are small indeed
and thusV(r,Q) can be well approximated b§), then the
effects of vibronic coupling can reasonably be derived

H=H,+Ho+V(r,Q), 1)

whereH, is the electronic partincluding the kinetic energy 0 0 . 8_31
of the electrons and the interelectron interackidtig is the through the<¢a|v7(r)|d’l3> matrix elements?”>! where y

_ 0 _ 2__v2 y2__\,2
kinetic energy of the nuclei and(r,Q) is the vibronic po- — ¢ & and ¢, (a,f=3z"—r%x"—y?) stand for the two
tential (including the internuclei repulsionHerer and Q  Orbitals of the electronic doubleh octahedral symmetry
denote the entire set of coordinates of the electrons and nifeference systeln ¢, being the corresponding energies.

clei, respectively. This vibronic operator can be expanded ifVhen this process is carried out the effects@fconsidering

a series of small displacements of the nuclei around the poirffn!y the basis of the el_z%r_%gic doublet can be represented by
Q,=0 chosen as the origin: the effective Hamiltoni

Heff:VJT(UHQ9+Ust)I (9)
WhereVJT=(¢gzz_rz|ve(r)|¢gzz_r2> is the JT vibronic cou-
pling constant, and
(122 (PVIIQWQQAQ+ - () 10 0 1

| o 3 vl o o

V(r,Q)=V(r,0)+§k: (VI13Qy) Qy

- . : N . : 0 1
Within the adiabatic approximation, the electronic Hamil-

tonian where nuclei are frozen at equilibrium positions andThus if the equilibrium geometry corresponds to an elon-
only electronic coordinates, are variables is gated or compressed octahedfdescribed, for instance, by
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QSzO and Q?,:c), then there is a splitting of the initial >|5Ry|. The change of the electrostatic potential experi-

degeneracy following the center of the gravity theotem enced by a valence electron due to the cation displacement
can be approximated by

_p2t 2=
Aggpz 2+ Agye 2=0, (11 V(X Y, Z) = — Fa(X,Y,2) 8Ry .1 (14)
where where fo(x,y,2)~€%(qy +1)/r* and qy denotes the total
Az 2= —CVyr. (12) charge on the impurity. Therefore, thougfy is smaller than

the nominal chargef(X,Y,z) is expected to be positive for

Therefore, Eq(11) tells us that a JT distortion can be ener- cations and even neutral impurities. ) )
getically favorable when the two orbitals of the electronic  FOr an off-center motion alon@01) the Interaction term
doublet are not equally populated ®, symmetry. More- — {a(X,y,2)Zz leads to an admixture of thie; (xy) orbital
over, the JT constant/,y, is determined by thanperturbed ~ With those with a dominant ligand character belongingjo
Wavefunctions,¢g, corresponding to octahedral symmetry. In fact thez coordinate transforms liké, in .C‘!v symmetry.
In other words, changes on chemical bonding induced by %Iobally the effect of—fx(x,y.z)Zz, polarizing the elec-

. : . onic cloud of the CLu§~ complex, can be viewed as the
cQogn:;tr(])trtlon are of secondary importance as regards the ‘]admixture of the ground state with charge transfer states

PR L characterized byb,— b3 (xy) excitations thus reflecting a
This situation is, however, fully modified when an off- ; . . . -
center motion induced by aodd '%/ mode occurs. If the PJT vibronic coupllné. *This way the polarization of the
displacement of the metal impuri%; from the orig.in is de- electronic cloud which happens at the beginning of the off-

' ; center motion can be regarded as a precursor of strong re-
scribed by thesRy vector (X, Y, ZCartesian components bonding effects taking place at the equilibrium (@), po-

. . . 1 . . . ) . . 3
then alinear vibronic operatorV¥), involving X, Y, andZ  tion. From the present analysis such a polarization is char-

and the electronic coordinates, y, z, which is invariant in - acteristic of the CuS~ complex as a whole rather than of the
the cubic group, can have the form copper ion.

VIO(rX,Y,2)= = faA(xy,2){Xx+Yy+Zz}, (13 FINAL REMARKS

wheref(x,y,2) is a function that belongs to the, repre- Ab initio calculations on clusters of only 21 atoms have
sentation inOy,. This linear operator can play a significant heen shown to reproduce reasonably a delicate phenomenon
role for describing théirst stepsof the off-center motion and  jnhyolving an energy gain around 0.1 eV. Moreover, they are
in particular whenZ<a/4 if the impurity goes alond001)  of great help for gaining a better insight into the origin of the
directions. Let us now consider the three orbitd:l% (u off-center motion.

=XY,XzYyz) which are degenerated in cubal symmetry. By Present results strongly support that the off-center dis-
symmetry it is obvious that alq¢2|z| #°) matrix elements placement in Sr,:CW?* (L=F, Cl) is an spontaneous phe-
(m,v=xy,xz,yz) are zero so there igot any splitingof = nomenon afT=0 K not driven by any neighbor defect. A
three orbitals caused byl3) which is linear in Z. This  similar situation was already fourftfor CaR:Ni*. The ab-
simple argument stresses thatenwhen Z<al/4 the elec- sence of another defect close to tieimpurity concurs with
tronic energy gain favoring the off-center motion comes necavailable EPR data!®%%?%n SiL,:Cl?* (L=F, Cl) as
essarily from changes on wavefunctions induced by the inwell as with the more accurate ENDOR data perforffie
teraction described byl3). This modification leads to an SrF,:Cl/?* and alsd® on Cak:Ni*.

energy gain which depends @f, as it can be observed in In agreement with a first vietfl there is always an elec-
Fig. 5. Therefore, modifications in the chemical bonding ap+rostatic barrier against the motion ofigid impurity ion. As
pear to play a key role even for describing the first steps ofhis barrier scales witta~! and depends on the ion charge
the off-center instability. This point was not considered in athis fact qualitatively explains whyZ,=0 for CaF,:Ct?*
previous work* The change of wavefunctions induced by while Z, increases on passing to StEW and specially to
V) when Z<a/4 makes tha{z)#0. In other words, the SrCl:CLP*. From this reasoning it can reasonably be ex-
electronic cloud of the Ctﬁ: complex L=F,Cl) is polar- pected an off-center motion for BaFCl?*. EPR results on
ized by the action of the-fa(x,y,z)Zz interaction upon bott***® BaF,:Cw*" and Bak:Ag”" clearly demonstrate
electrons which can be viewed as coming from an externathe existence of off-center displacements ald@gl) type
electric field whose magnitude is proportional ZoAt the  directions. Moreover, this simple argument favors the
end of the off-center motion described by Fig. 1 it is knownobservatiof of an off-center motion in CafENi™ due to the
that bonding occurs essentially with ligands placed in thdower nominal charge of Ni in comparison with that of
upper plane. It seems thus reasonable dh#te beginningf  Cuw?*. This fact also stresses that in fluorite-type lattices a
the displacement whefi<a/4 there is an electronic energy small ionic radius does not mean at all an advantage on other
gain by transferring electronic density from the lovzer0 biggerd ions for experiencing an off-center motich.

region to the uppee>0 region thus makingz)>0. This According to present conclusions the substitution of Cu
requires that thé ,(x,y,z) function defined in(13) be posi- in SiL, (L=F,Cl) by another 8 cation with thesame nomi-
tive. Let us now consider an electron placed in the middlenal chargebut inducing a diminution of covalency does not
region between the impurity and ligands and a small disfavor an off-center displacement. In fact, a more ionic com-
placement Ry, (|oRy|<a/4) of central cation so|r| plex means an increase gf, and a bigger separation be-
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tween antibonding and bonding levels. A fingerprint of cova-ground state broken by the electrostatic potential of the rest
lency induced by a given ion is the optical of the lattice upon thel® complex. As it has recently been
electronegativity® x, which in turn is related to the onset of showr? this potential plays a relevant role on the equilib-
charge-transfer excitations of a given compt®xc® Among  rium geometry displayed by the complex. It is worth noting,
the divalent 3 ions C#" exhibits the highest value of the however, that the quasi JT effect can equally be well fitted
optical electronegativifif (y=2.4) while that for MR has  within the general PJT formalisi1:?° There is some confu-
been derived to 38 substantially smaller x=1.4). This sion in the literature as to meaning of the PJT effect. So,
strong diminution ofy reflects that the charge transfer onsetPantelideset al. argued® that the PJT effect occurs when
is found”*88%t ~3.2 eV for CuC{~ while®"*8itis found at  quasi degenerate antibonding levels are partially occupied,
~7 eV for MnCé‘ . For checking the present ideas calcula-this effect being qualitatively different from rebonding. This
tions on St,:Mn2* (L=F,Cl) using a 21-atom cluster and Standpoint thus restrict.s the PJT effect to the so-called que_tsi
the B3LYP functional have also been undertaken. From therdT effect previously discussed. From the present analysis,
it is obtainedZ,=0 for both systems being thus in perfect Which_concurs with the view by Bersukérand DeLeo
agreement with available EPR dafa. et al,®® a PJT effect leading to an off-center motion with

The use of the Xy)*3(x2)%3(yz)%? reference configura- rebonding requires the existence in f_irst steps _of a co_upling
tion with fractional electronic occupan®y**3tis shown to between the ground state and an excited one via the vibronic
provide us with some insight into the key role played byinteraction described by/(r,Q)—V(r,0). Thus, an off-
bonding into the off-center stabilization. From the presentcenter displacement can also occur for systems involving at-
analysis the existence of orbital degeneracy in the groun@ms like Ad or CW whose 5 or 4s level is not
state is shown not to play a key role as far as off-centeflegeneraté’:°® Even off-center motions could also happen
displacements are concerned. This result is thus against whi@f Systems involving alosed sheliion like Cu®. In this
is found for JT distortions and means that an off-center discase the vibronic admixture with excited states coming from
p|acement can equa”y be produced in the caskiohs with 3d%s and 3j94p Configurations could be a driving force for
an orbital singlet as ground state. It is worth noting that thethe off-center instability. It is worth noting that the onset of
existence of an off-center displacement has recently beedd'®—3d%4s and 31'°—3d%p excitations appeaf only at
reporte§®2 for SrChL:Fe". The ground state of this about 4 and 7 eV for NaF:Cu In agreement with the
monovalenfon in cubal symmetry i€A,. Theoretical work ~Ppresent view resulf§*"on KL:Cu" (L=CI,Br) and the an-
on this system is now in progress. ionic Ag® centef®®® in KCI support the existence of off-

The deformation of the electronic cloud in first steps hascenter motions in these systems. Moreover, from optical ab-
been pointed out to be the precursor of strong rebondingorption spectra on NaBr:Cuit has been concludédthat
effects taking place at the equilibrium (ZQ) position for ~ hydrostatic pressures up to only 6 Kbar favor a transition
the studied systems. This polarization arising from the vi-from the initial off-center situation to an on-center one.
bronic coupling mixes at the beginning the ground state with First experimental EPR data under pres&uren
an excited charge transfer state of equal symmetry an admi®r=:CUW** and the analysis carried out in the present work
ture which is the footprint of a linear PJT effé@Thus the  both support that the equilibriumzZ, coordinate in
strong rebonding effects which occur at the equilibriumSrR:Cl?* is extremely sensitive to the application of hy-
(0,0Z,) position are in fact connected with a linear PJT drostatic pressures. This interesting issue deserves a further
effect in the first steps of the process. study as well. Work in this direction is nhow underway.

It is worthwhile to remark that the present PJT effect is
qualitatively different from aquasiJT situation encountered
for d° ions placed in tetragonal lattices with sixfold
coordinatior® In this case the impurity remains on-cefiter ~ This work has been supported by the Spanish Ministerio
and ligand distortions are much smaller than interatomiade Ciencia y Technologi under Project No. BFM2002-
distance$? The only difference with a typical JT situation 01730. One of ugP.G-F) has been supported by the same
comes from the absence of strict orbital degeneracy in thestitution with a grant.
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