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The big off-center displacement alot@01) directions observed for Niin CaF, is explored through density
functional theory(DFT) calculations on a NigCa}Z* cluster, placing the Ni ion at different (0,&) points.
For supporting the results additional calculations on clusters with a total of 51, 99, and 107 atoms have also
been carried out. In a first step calculations have been performed foxih&(x2)*3(yz)>® configuration
where the thregy,xz andyzantibonding crystal-field levelglegenerated in cubal geometare forced to have
the same electronic occupancy. While the energy minimum for this configuration gEHif* appears ar
=0, it is found, however, ar,=1.07 A when the unpaired electron is fully located on theorbital trans-
forming like xy. The z, values obtained for clusters with 5¥,=1.13 A), 99 @,=1.17 A) and 107 %,
=1.17 A) atoms outline the small dependence of the phenomenon on cluster size. This big off-center motion,
which concurs with electron paramagnetic resonance data, is shown to arise mainly from a delicate balance
between an electrostatic barrier, avoiding the impurity displacement and the energy gained through bonding on
passing from eightfold to fourfold coordination. Following this analysis an increase of the lattice parameter and
a diminution of ligand electronegativity both favor the off-center motiord®fions in lattices with fluorite
structure. First DFT calculations by means of a 21-atom cluster lead in fact to an off-center motiorf for Ag
and C@#" in SrCl, while both ions would be on center in CaFthese results being in agreement with
experimental findings. At variance with the normal situation for on-cendein®urities the energy minimum
for the crystal-field excited state corresponding toxlgesx?—y? transition is found az=0, thus involving a
huge displacement with respect to the ground state. To our knowledge this DFT study is the first one on
off-centerd® ions in Cak-type lattices. The present results stress that the phenomenon though subtle can be

understood with a modest computational effort.
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Attractive phenomena can appear in a cubic insulatinglisplacement of the impurity ion alon¢lO0 directions,
lattice when the host cation is replaced by a Jahn-Tellefeading to the creation of a local dipole moment and to a
impurity'= M. In lattices like NaCl or MgO displaying oc- change of eightfold to fourfold coordination. This kind of
tahedral coordination Jahn-Teller impurities like “Cu  attractive phenomenon has been observed, for instahde,

Ag?*, Ni*, or RI** are found to remaimn center Never-
theless, the angular pattern of the low-temperature electron
paramagnetic resonan¢EPR spectra reflects in some sys-
tems a local tetragonal symmetry and in others a cubic one,
while an isotropic spectrum can be reached by raising the
temperaturé-® These different behaviors have been ac-
counted for through a parametrized model Hamiltonian in-
volving a linear coupling between the orbitally degenerate
Ey (—Xx?—y?%3z2%—r?) state and thé&E; mode of theM Xq

unit (X=anion) and taking into account the key role played
by random strainsunavoidably present in any real crystal.
The vibrational E; mode involving ligands is
characterizeti® by the Q, (transforming like 2>—r?) and

Q. (~x?—y?) normal coordinates. Thinear approxima-
tion is only meaningful provided the adiabatic minimum
characterized byQ,=QY and Q,=0 verifies Q{<Ry, ,
where Ry, denotes the average metal-ligand distance. This
condition is usually fulfilled byd® andd’ ions in octahedral
coordinationt™*

In the case of some crystals with fluorite structure doped FIG. 1. Picture of the off-center motion in a Gaype lattice
with d° ions a quite different phenomenon has bseme-  wherea means the lattice parameter. The local aXe¥, andZ are
timesobserved by means of EPR and electron nuclear doubla&lso indicated. The dark sphere representsdhdon. If the d®
resonancd ENDOR).>~1! As shown in Fig. 1, experimental impurity is on center and no relaxation of eight ligands occurs,
data are consistent with the existence of a huge off-centeRy =v3a/4.

0163-1829/2003/62)/0201014)/$20.00 67 020101-1

©2003 The American Physical Society



ARAMBURU, GARCIA FERNANDEZ, BARRIUSO, AND MORENO

for Cl?", Ag®", and Ni" in SrCl, but only® for Ni* in
CaF,. The anglep depicted in Fig. 1 is found to be around
10° for these systems. If the equilibrium position of e
ion is at (0,0z0), thenzyp~1A for CaR:Ni*, which is
about 80% of the/4 quantity(wherea=5.45 A is the Cak
lattice parametey and thus the local symmetry B,, . For
CW¥" and Agd" in SrCh, z, would be around 1.4 A.

This big off-center displacement involves a coupling with
a T4, mode that thercannotgive rise to any linear coupling
with the electronic ground staf,y (~xy,xz,yz). In a first
attempt LacroiX® tried to ascribe the big off-center displace-
ment consideringonly the quadratic Jahn-Teller coupling
thoughz, is comparableto interatomic distances. When the
parameters of that model were estimafatiwas found that
the displacement would occur aloq@11) directions. The

present phenomenon was also related to a pseudo Jahn-Teller

effect? By means of this idea it is however not easypre-
dict that the off-center motion occr$for Cak,:Ni™, while
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FIG. 2. Picture of the cluster used in the present calculations.

for Ag?*- or Cl*"-doped Cak the d? ion is found to be on distanceR),_is varied, keeping the cubic symmetry. In a
center>*1%Moreover, this experimental evidence stressessecond step the same electronic configuration is kept, but the
that the occurrence of the off-center displacement can hardl§’ ion is allowed to move along thé001) direction. Total
be related to the size of thd® cation? energy is then calculated for different values of gmoordi-

Theoretical calculations on this kind of systems could behate. In alast step the unpaired electron is fully located in the
of help for clarifying the origin of the off-center motion. antibondingb, (~xy) orbital [(xy)*(x2)*(y2)* configura-
Particularly important is to determine whether such a bigtion] and the total energy is calculated at different (8,0,
displacement is spontaneous or might be driven by anothdoints. In this process relaxation of top and bottom ligands is
defect. Results on the model system ¢ * carried outin ~ @lwaystaken into account. Calculations have been carried
the framework of density functional theoDFT) are re- Out using different exchange-correlation functionals: the
ported in this work. Recent DFT calculations on the Jahn-Vosko-Wilk-Nusair one for the local density approximation
Teller system NaCl:RH have provided a reasonable expla- (LDA), the Becke-Lee-Yang-Parr one for the generalized
nation of its geometrical and electronic properfies. gradient approximationi (GGA), and also through the
Moreover, as DFT allows one to deal with fractional elec-B3LYP hybrid functionaf In the calculations electrons up
tronic occupancy? it is simple to analyze the influence of to the 3 shell of Ni and C4* are kept frozen and so are
orbital degeneracy on the ground-state enérfgtal energy  the 1s electrons of F ions*®
calculations are employed in the present work as they repre- The energy minimum for the cubal NjEaj}" cluster in
sent an advantage on model Hamiltonians based in seriéBe (xy)*3(x2)*¥(yz)>® configuration is found atRy
expansion:® This is particularly true for systems like the =2.48 A inthe LDA, implying a 5% outwards relaxation. In
present ones where the distortion parameter at equilibriunthis process the 12 second neighbors are fixed at their posi-
Z,, can becomparableto interatomic distances of the host tions in the Cak lattice. The total charge on Ngy, is
lattice and thus phenomena can hardly be associated onfgund to beqy =0.63, outlining a small covalency. The
with a given term of the series. R =2.48 A value is quite reasonable fomzonovalen3d

The system CaENi" has first been studied through a ion in cubal coordination. A test calculation performed on the
NiFgCal;" cluster(Fig. 2). This approximation is reasonable CaRCa;;" cluster leads t®y, =2.35 A, practically coinci-
as the active 8 electrons are localized in the region formed dent with the experimental value for the perfect Géfttice.

by Ni* and ligands® Moreover, the impurity-ligand distance

The variation of the total energ§(z), when Ni", in the

for Mn2*- and Fé*-doped cubic fluoroperovskites has beensame ky)®3(x2)*3(yz)%? configuration, is moved along
well reproducetf*® using a 21-atom cluster. We have also (001) is depicted in Fig. @). According to this figure, ob-
verified that the electrostatic potentlk, due to lattice ions tained in the LDA, the energy minimum for this electronic
outside the clustefobtained through the procedure of Ref. configuration iszo= 0, implying that if orbital degeneracy is
19), is very flat indeed. SeVx is found to change by less excluded, NI wants to be on center. It is interesting to com-
than 0.01 eV in the &z<1.3 A domain. Calculations made pare theE(z) curve with the potential energyyVy(z) ex-
using the Amsterdam density function@®iDF) cod€® have  perienced by thempurity with total chargeqy , coming
been carried out for two different electronic configurations infrom the electrostatic potentiad,(z) due to therest of the
order to clarify the role played by orbital degeneracy. In aionsin the lattice at a (0,@) point. Takingqg,,=0.63, the
first step calculations have been performed for thecomparison made in Fig.(® points out that the increase of
(xy)®3(x2)%3(y 2) > configuration where the threg/,xz and  E(2) is certainly related to the Coulomb barrier against the
yz antibonding crystal-field levels are forced to have theoff-center motion of the® ion.

same electronic occupancy. In this step the impurity-ligand Results reached when the unpaired electron is fully lo-
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FIG. 3. (a) Solid line: E(z) curve for the ky)>3(x2)%3(yz)>3 , ,
configuration for N in CaF,. Dashed line: dependence of the '2'50 0.5 1 1.5
potential energygy Vw(2z), on thez coordinate.(b) E(z) curves z(A)

for the ground statéunpaired electron in they orbital) of Ni* in R )

CaF, and for a crystal-field statevhere the unpaired electron isin /G- 4. Dependence of’ ande one-(lelectrzon Energies on tae
the x2—y? orbital. All the E(z) curves have been calculated c0ordinate. Results correspond to thyX'(x2)*(y2)” ground state
though the LDA. configuration in the LDA.

) ) ) o creases, this decrement is more pronounced foe than for
cated in theb, (~xy) orbitals are displayed in Fig.8). In 6y, orbital. As the influence of th&/y(z) potential on

comparison to results collected in FigaBdrastic changes ok electrons lying mainly on Niis similar, such a differ-
can 1 be2 not2|ced. i The_ energy minimum for  the gnce reflects higher antibonding effectslpn(~xy) than on
(xy)"(x2)*(y2)” configuration is found to oceur not & ¢ (_y7y7) orbitals. In particular, bonding a=a/4 for
=0, bqt atzo=1.07 A, implying avgluep=10 . The latter , (~xy) has a full o character. Calling As'(2)
value is thu; comparable to that inferred .from EPR Qata:si(z)_si(o) (i=e,b,), thenAsi(2) can be approximated
Moreover, Fig. 8) stresses the lack of barrier for reaching by
the off-center position fronz=0. Therefore this result sup-
ports that the off-center situation can be reackpdntane-
ously once the Ni™ ion, introduced as impurity in CaF
traps an additional electron released by x-ray irradiation. N
evidence of a defect in the neighborhood of thé Nenter in
CaR, has been obtained from ENDOR experiméhiBhe
calculated well depth in Fig. 3 is close to 0.2 eV, which is .
consistent with the observation at room temperature of EPI£Otal energyAE, can be approximated by
spectra, associated with the*l_\léenter"? At z5=1.07 Alitis AE(2)~quVm(2)— 72(2). )
found g, =0.43, while the distance between Niand the
four closest F ions,R(Ni-F), is equal to 2.02 A. This value, This expression reflects that they)(x2)?(yz)? configura-
implying a 5% outwards relaxation, is not far from previoustion is not a closed shell. According to E(Q), it is now
estimations® In comparison t&Ry, =2.47 A [corresponding  possible to understand qualitatively that, fo€a/4, AE(z)
to the (y)¥3(x2)%}(y2)%® configuratio the value is negative, as shown in Fig(l8, provided2(z)>0. Anti-
R(Ni-F)=2.02 A reflects qualitatively the transition from bonding effects do reflect the overlap between a metal wave
eightfold to fourfold coordination. Thenain factsdisplayed ~ function like |xy) and the corresponding ligand wave func-
by Fig. 3 are not modified substantially when other function-tion. As shown in Fig. 5, thép(1)) orbital is found to form
als or bigger clusters are employed. So using agNg,!"" an angle® =50° with the(110 direction whenz=0, while
cluster, a valug,=0.97 A is obtained in the GGA, while a ®=0° whenz=a/4. Therefore th&xy|p,(1)) overlap in-
similar value is found through the B3LYP functional. LDA creases substantially whendoes, and thumg(z) can be
and GGA calculations on a bigger Ni€a,,F,,Ca;°" cluster positive, although bonds with four bottom Fons (Fig. 1)
both lead tozy=1.13 A, which is only 5% higher than that are progressively broken. The increaséxf|p,(1)) is also
reached through the 21-atom cluster. When the number dfelped by the associated diminution of distance betweén Ni
cluster atoms rises from 51 to 98, is found to increase only and four top ligands depicted in Fig. 1. A simple extended
by 3%, while clusters with 99 and 107 atoms both lead toHuckel calculation supports this view.
zo=1.17 A. According to the present analysis, the off-center displace-
Some hints for understanding the origin of results dis-ment observed for son@ ions in lattices with fluorite struc-
played in Fig. 3 can be obtained looking at theependence ture can be understood as a delicate balance between a Cou-
of the one-electron energied and £® associated with the lombian barrier avoiding the motion and the energy gained
antibondingb, (~xy) ande (~xzyz) orbitals, respectively through bonding on passing from eightfold to fourfold coor-
(Fig. 4). Though bothe®(z) ande°(z) decrease whemin-  dination. It is worth noting(Fig. 3) that the increase under-

Ae'(2)~—e(a)Vy(2)+ 75(2), )

where 7;,(z) reflects the increase or decrement of antibond-
9ng effects and ¢')2 means the electron fraction residing on
the metal. For small distortionsz€a/4) the center of the
gravity theorer? can be applied and the variation of the
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using a 21-atom cluster give the energy minimum for the
(xy)1(x2)?(y2)? configuration atzy=0. EPR studies of
these system!3'4reveal that A§*- and Cd*-doped Cak
remain on center indeed, although the ligand sphere is dis-
torted from a cubal arrangement.

The present reasoning also suggests that an increase of the
host lattice constard and a decrement of ligand electrone-
gativity (which in turn favors an increase of covalehtpth
help the existence of off-center displacements for divalent
cations. First calculations by means of a 21-atom cluster
have also been carried out for €4 and A¢ " -doped SrCJ
where a=6.97 A. The off-center situation is found to be
clearly more stable than the on-center one for the
(xy)(x2)?(y2)? configuration, a fact which concurs also
with available experimental dafd:®

Interesting phenomena can also appear for excited states
of systems where a big off-center displacement is taking
place in its ground state. For instance, &) curve asso-
ciated with the excited state corresponding to the crystal-
field transitionxy— x?—y? [Fig. 3b)] shows the minimum
. . at z=0. This situation markedly differs from that found for
gone byqyVy(2) on passing fronz=0 toz=1Ais equal g pstitutional impurities where equilibrium metal-ligand dis-
only to 0.2 eV, while in the smaller 1Az<13A range it ances for two different crystal-field states are usually
amqunts t_o Q.5 eV. This important increase .of the eleCtrO'coinciden’cg within 5%. A situation like that in Fig. (&)
static barrier in the 1 A'z<1.3 A range is against the loca- \yo|d favor a broadening of absorption bands. Up to now no
tion of thed® ion atz=a/4, and thus it allows one to under- crystal-field excitations for CaENi* or SrCh:A2* (A
stand whyzy<a/4 and aD,, square-planar situation is not =Cu,Ag) have been reported.

- o : 2+
reached. Following this view, systems like Gak™" (A The present results appear as encouraging for gaining a
=Cu,Ag) involving adivalentimpurity are, in principle, 1ess  petter insight about off-center motions of ions in insulating

+ i - . .
favorable than the present case where a monovalenidti  materials using a moderate computational effort. Further
is involved. In fact, in these cases covalency is moderatgyqrk along this direction is now under way.

while the Coulomb barrier is expected to be higher for a
nominally divalent cation than for a monovalent one. First This work has been supported by the Spanish Ministerio
calculations carried out on CafA?* (A=Cu,Ag) systems de Ciencia y Tecnologiunder Project No. BFM2002-01730.

FIG. 5. Pictorial description of they and the|p,,(1)) orbitals in
cubic coordination.
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