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Off-center instability in SrCl2:Fe+: Role of unoccupied 4p orbitals
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Recent electron nuclear double resonance experiments on the Fe�II� center in SrCl2 :Fe+ have unambigu-
ously demonstrated that an isolated Fe+ impurity �without any close defect� undergoes a big off-center motion
along �001� type directions. As Fe+ in SrCl2 exhibits a high spin value S=3/2, its ground state in a perfect
cubal symmetry would be 4A2 �eg

4t2g
3 � with no orbital degeneracy, a situation which is thus different than that

for d9 and d4 ions in fluorite-type lattices. Density functional theory �DFT� calculations carried out on clusters
involving up to 51 atoms confirm that the instability of Fe+ is spontaneous. It is found that Fe+ performs a big
excursion of 1.3 Å from the center of the FeCl8

7− cube to a position close to the center of a �001� face. Despite
this huge distortion, the associated well depth is found to be only 0.28 eV, so indicating the subtle origin of the
instability. At a variance with what happens for Jahn-Teller distortions, off-center displacements cannot be
understood by looking only to the half-filled t2g antibonding orbitals, which are related from the beginning to
the modifications of involved wave functions as described by the pseudo-Jahn-Teller theory. The polarization
of the electronic cloud through admixtures of 3d�Fe+� orbitals with deep fully occupied 3p�Cl−� as well as
unoccupied 4p�Fe+� orbitals is found to play a key role, while the electrostatic field of the rest of the lattice acts
against the distortion. Results obtained for different electronic configurations support these conclusions. Wave-
function-based complete active space second-order perturbation theory calculations have also been carried out.
At a variance with the DFT results, such calculations are unable to reproduce the subtle off-center instability.
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I. INTRODUCTION

Very often an impurity, M, entering an insulating AXp
lattice, occupies an on-center position substituting the host
lattice cation A. However, in some special cases, the on-
center position is unstable and the impurity is found to un-
dergo a spontaneous off-center displacement,1–13 which can
involve distances larger than �1 Å. Therefore, off-center in-
stabilities can produce drastic changes of local geometry, and
thus of all properties associated with the impurity. Off-center
impurities have been used as model objects for the investi-
gation of the tunnel movement of atomic particles and quan-
tum diffusion mechanisms in a solid state.13–18 The study of
impurities with an off-center instability is also of interest in
the realm of phase transitions in pure compounds and, in
particular, of those involving the ordering of local dipole
moments. In fact, in a doped cubic lattice, an off-center mo-
tion of the impurity leads to the appearance of a local dipole
moment, a situation that resembles, but partially, that en-
countered in a ferroelectric material.19–22 Off-center displace-
ments of atoms are also found in several molecules of chemi-
cal and biochemical interest as, for example, metal por-
phyrins and hemoproteins.20

Magnetic resonance measurements1–3,5,6,8–12 and density
functional theory �DFT� calculations23,24 have unambigu-
ously demonstrated the existence of off-center instabilities in
some fluorite-type lattices doped with Jahn-Teller d9 and d4

ions. This behavior has been proved experimentally for Cu2+,
Ag2+, Ni+, and Cr2+ ions in SrCl2. However, in the CaF2 host
lattice Cu2+, Ag2+, and Cr2+ remain on center,25,26 while only
the Ni+ impurity is clearly located off center.5,23 In all these

cases, when the instability is taking place, the off-center mo-

1098-0121/2006/73�18�/184122�7� 184122
tion is always found to be along the �100� directions leading
to a local C4v symmetry. This is reasonable, since for a lattice
with a fluorite structure, the smallest Born-Mayer repulsion
from neighbor halide anions is expected when the impurity
M goes along the �100� directions.

Very recently, electron paramagnetic resonance27 �EPR�
and specially electron nuclear double resonance28 �ENDOR�
spectra carried out on the so-called Fe+�II� center in SrCl2
demonstrate that the Fe+ impurity is not at the Sr2+ site but
surrounded by only four Cl− ions of a �001� face �Fig. 1�.
Moreover, such experimental data do not provide any evi-
dence on an associated defect, that could be responsible for
the off-center displacement of Fe+. Therefore, the instability
observed for the Fe+�II� center in SrCl2 appears to have an
intrinsic origin.

FIG. 1. �Color online� Picture of the off-center motion of Fe+ in

the SrCl2 lattice.
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It is worth noting that, although the expected ground state
of Fe+ in cubal symmetry is 4A2g �eg

4t2g
3 � �Fig. 2�, however,

available EPR spectra27 are fitted using an effective spin S�
=1/2. This seemingly puzzling situation can be understood
considering that EPR measurements are carried out27 at the
equilibrium geometry �Fig. 1� displaying a local C4v symme-
try. Under C4v symmetry, a zero-field splitting term is al-
lowed, which produces the separation of the two �3/2 ; ±1/2�
and �3/2 ; ±3/2� Kramers doublets. When the distortion is
strong enough, the energy of an EPR transition like �3/2;
1 /2�→ �3/2 ;3 /2� can be higher than the microwave photon
energy, and thus, it cannot be observed. Therefore, in this
case, only the �3/2; −1/2�→ �3/2 ;1 /2� transition can be well
detected under an applied magnetic field, H. Bearing in mind
that �3/2 ;−1/2 �SX �3/2 ;1 /2�=�, it turns out that when H is
perpendicular to the principal axis of the distortion, then
g�� =2g�, where g� is the actual gyromagnetic factor corre-
sponding to a S=3/2 ground state. Thus, the measured
value27 g�� =5.2 for the Fe+�II� center in SrCl2, supports a
ground state with S=3/2 rather than with S=1/2. A similar
situation has been encountered for Fe3+ ions in strong tetrag-
onal or orthorhombic fields.29

The strong off-center motion observed for an isolated Fe+

ion in SrCl2 is, in principle, a little surprising because there
is not any orbital degeneracy in the 4A2g �eg

4t2g
3 � ground state.

Therefore, this situation is opposite to that for d9 or d4 ions
where the ground state in cubal symmetry 	2T2g �eg

4t2g
5 � and

5T2g �eg
2t2g

2 �, respectively
 does exhibit such a degeneracy.
The present work is addressed to gain better insight into this
problem paying particular attention to the mechanisms re-
sponsible for the off-center instability in SrCl2 :Fe+. For this
reason, the implications of this research are not only of in-
terest for understanding the behavior of impurities in insula-
tors, but also of interest in the realm of ferroelectric and
incipient ferroelectric materials.20–22

For achieving this goal, ab initio total energy calculations
of the ground state in the DFT framework have been per-
formed. For exploring the existence of a spontaneous off-
center instability at T=0 K, the ground-state energy, E�Z�,
has been computed placing the Fe+ impurity at different
�0,0 ,Z� positions and for different electronic configurations.
Recently, this kind of calculation has been a big help for

FIG. 2. �Color online� Level scheme of the mainly 3d, 4s, and
4p orbitals of Fe for the SrCl2 :Fe+ center for the cubal reference
�Oh� and C4v geometries.
clarifying the origin of the off-center instability observed for
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some systems involving a d9 ion in a lattice with a fluorite
structure.23,24 As in the present work emphasis is put on the
role of different orbitals on the off-center instability, self-
consistent charge-extended Hückel �SCCEH� calculations
have also been carried out. In these simpler calculations, it
becomes possible to easily suppress a given orbital from the
basis set, and thus, to study its influence on the final result.
This procedure has been applied to explain the origin of the
sensitivity shown by the cubic field splitting parameter,
10Dq, to changes of the metal-ligand distance.30

For the sake of completeness, highly correlated wave-
function-based complete active space second-order perturba-
tion theory �CASPT2� calculations have also been carried
out for the present system. This allows us to compare their
results with those obtained through the DFT approach toward
a challenging problem, which is very subtle indeed.

II. COMPUTATIONAL DETAILS

DFT calculations for the SrCl2 :Fe+ center have been car-
ried out on clusters centered at the Fe+ impurity. Previous
results23,24 obtained for Ni+- and Cu2+-doped MF2 �M
=Ca,Sr� and SrCl2 showed that the off-center motion is well
reproduced by a cluster containing only 21 atoms �Fig. 3�,
because the active 3d electrons are localized in the region
formed by the impurity and ligands. Moreover, calculations
carried out for clusters involving up to 51 atoms did not
significantly improve the results derived on the 21-atom
cluster for SrCl2 :Fe+. Calculations have been performed for
clusters in vacuo as the electrostatic potential due to the rest
of the lattice on the cluster region is found to be very flat in
these systems.

Results presented in the next section have been obtained
by means of the Amsterdam density functional �ADF�
program31 using the Vosko-Wilk-Nusair exchange-correla-
tion functional32 for the local density approximation �LDA�.
Similar results were obtained using the generalized gradient
approximation �GGA� in its Becke-Lee-Yang-Parr �BLYP�
form.33 The employed basis sets consists of three Slater-type

FIG. 3. Cluster of 21 ions FeCl8Sr12
15+, used to simulate the

SrCl2 :Fe+ center.
orbitals �STOs� plus a polarization function per atomic or-
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bital as implemented in the ADF program. Use was made of
the larger frozen core available in the database as these or-
bitals play only a minor role in the studied properties. As a
salient feature, calculations have also been performed on
other electronic configurations different from a1�3z2

−r2�2b1�x2−y2�2e�xz ,yz�2b2�xy�1 corresponding to the
ground state in C4v symmetry. This kind of calculation where
the seven valence electrons from Fe+ are placed in a different
way, provide relevant information on the mechanisms re-
sponsible for the instability. For carrying out these processes,
each orbital obtained in the calculations is easily identified
by its symmetry label, energy, as well as through the usual
population analysis. It is worth noting that in the usual Kohn-
Sham �KS� DFT calculations, the electronic density is repre-
sented by only one Slater determinant �constructed with an
orbitals solution of the one-electron KS equations�,34 and
thus, the corresponding wave function describes a state that
is orbitally singlet. This means that the 4B1 state of the
a1�3z2−r2�2b1�x2−y2�2e�xz ,yz�2b2�xy�1 configuration �in C4v
symmetry� can easily be calculated through the DFT. A more
complex process is required for calculating general multiplet
states in the framework of the DFT.35–37

In order to be sure about the obtained LDA and GGA
results, some calculations were also carried out using the
three parameter hybrid semiempirical B3LYP functional38

implemented in the GAUSSIAN 98 package.39 These calcula-
tions use the double zeta LANL2DZ basis, which employ
Gaussian-type orbitals �GTOs� and pseudopotentials to simu-
late the core electrons. The obtained results for the ground
state are similar to the corresponding LDA and GGA values,
while it was not possible to converge the calculations for
other configurations.

As pointed out in the Introduction, CASPT2 calculations
on the SrCl2 :Fe+ system have also been performed. CASPT2
is an accurate ab initio wave-function-based method-
ology40–42 that has been successfully employed in the study
of different solid-state problems.43 It includes most of the
electronic correlation effects combining two strategies. In the
first step, an important part of the correlation is treated in a
variational way by constructing an accurate wave function
where all possible Slater determinants corresponding to a
chosen active space are included. An active space containing
seven electrons distributed in all possible ways over the five
3d orbitals of Fe was considered. Moreover, some calcula-
tions have also been performed including the 4s and 4p or-
bitals of Fe in the active space. In the second step, the re-
maining �mostly dynamical� electron correlation effects are
included by the many-body second-order perturbation theory
in which all valence electrons are correlated. Because of the
high computational cost of this kind of calculations it was
not possible to include, in the active space, the electrons
lying in bonding orbitals.

Some semiempirical SCCEH calculations have also been
performed in order to study the effect of the removal of some
orbitals from the basis set on the off-center instability. More
details about this method can be found in Ref. 44.

III. RESULTS AND DISCUSSION

In the first step, the ground state of Fe+ in SrCl2 in an

on-center cubal position has been calculated. DFT calcula-
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tions confirm that the energy of the 4A2g �eg
4t2g

3 � state is lower
than the corresponding energy for a S=1/2 configuration.
Moreover, it is also found in the DFT calculations that the
ground state has S=3/2 even if Fe+ is placed at �0,0 ,Z� and
Z�a /4 �Fig. 1�, while the lowest excited state with S=1/2
is lying about 1 eV above the ground state. The ground state
corresponds to a a1�3z2−r2�2 b1�x2−y2�2 e�xz ,yz�2 b2�xy�1

configuration, the b2�xy� level lying �1 eV above e�xz ,yz�,
which is very close to b1�x2−y2� and a1�3z2−r2� orbitals. It
is worth noting that in the 4A2g ground state, only the un-
paired electron residing on the b2�xy� orbital is responsible
for the isotropic superhyperfine constant experimentally well
detected.27,28 Indeed, the overlap of an xz wave function of
free Fe+ with 3s wave functions of four top Cl− ligands in
Fig. 1 is rigorously zero when Z=a /4. By contrast, the
b2�xy� level would be empty if the ground state has S=1/2.

According to previous works on the off-center instability
of d9 impurities,23,24 the geometry optimization of the 21-
atom cluster has been performed following a two-step pro-
cedure. In the first step, the equilibrium impurity-ligand dis-
tance for Fe+ in SrCl2, RML, has been calculated imposing a
cubal geometry. As expected, the obtained value RML
=2.92 Å is a little higher than RML=2.82 Å derived24 for the
divalent Cu2+ impurity in the same lattice. In the second step,
the d7 impurity has been allowed to move along the 	001

direction, relaxing the top and bottom ligands at the same
time. A plot of the ground-state total energy calculated at
different �0,0 ,Z� points, E�Z�, of SrCl2 :Fe+ is reported in
Fig. 4. In that figure, the calculated Coulomb barrier,
qeVC�Z�, for moving a nondeformable Fe+ ion with a total
charge qe �e=proton charge� along the 	001
 direction, is
also shown. In this calculation, a value of q= +0.66 corre-
sponding to the initial on-center position was used. As re-
cently pointed out,23,24 this Coulomb barrier acts against an
off-center motion that occurs only through the deformation
of the electronic density, and thus, it produces changes of
bonding.

It is worth noting in Fig. 4 that the calculated derivative of
E�Z� at Z=0 is null. This result comes from the lack of linear

2 4 3

FIG. 4. �Color online� Solid line: Ground-state DFT total en-
ergy, E�Z�, of SrCl2 :Fe+ calculated for different values of the Z
coordinate. Dashed line: Simple model representing the barrier,
qeVC�Z�, for moving a nondeformable Fe+ ion with the total charge
qe through the potential, VC�Z�, generated by point charges located
at lattice sites.
vibronic coupling between the T2g �egt2g� ground state in the
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cubal symmetry and the t1u vibrational mode. In fact, within
the vibronic theory,20 the behavior around the initial high-
symmetry geometry can be explored through the Hamil-
tonian, H, briefly expressed as

H = H0 + V���r�Q��. �1�

Here, H0 represents the Hamiltonian describing the elec-
tronic states when the Fe+ nucleus is at the center of the cube
formed by the ligands. The second term depicts the linear
vibronic interaction involving general distortion coordinates
designated by Q��, where � is the corresponding irreducible
representation, their rows being denoted by �. Let us denote
by ��n;j

0 � the wave functions corresponding to the ground
�n=0� and excited states �n�1� of the unperturbed Hamil-
tonian, H0, where the index j reflects the possible degen-
eracy. In the present case, H0 is invariant under the inversion
center operation, and so we obtain ��0

0 �V�� ��0
0�=0 for �

=T1u and �=X ,Y ,Z.
Thus, this situation is quite different from the situation

found in the E � e Jahn-Teller problem20 where the equilib-
rium geometry and the Jahn-Teller energy �but not the barrier
among equivalent minima� is determined only by the matrix
element ��0;�

0 �V�,��r� ��0;�
0 �=−��0;�

0 �V�,��r� ��0;�
0 � ��=Eg ;

��3z2−r2 ,��x2−y2� involving the frozen wave functions
��0;�

0 � and ��0;�
0 �.

For this reason, the behavior of E�Z� around Z=0 can
only be explained by the admixture of the odd excited states
of H0 into the ground states due to vibronic coupling with the
t1u mode. The bonding between Fe+ and close anions is in-
evitably modified �rebonding effects� by this admixture, even
at the beginning of the distortion. Associated with this ad-
mixture there is a second-order correction to the ground-state
energy, �E0, given by

�E0 = − 
n

���0
0�VTin,Z�r���n

0��2

En − E0
Z2 = −

1

2
KvZ2. �2�

This pseudo-Jahn-Teller mechanism produces a softening of
the ground-state force constant, which, thus, is in competi-
tion with the positive force constant20

K0 = ��0
0�

�2H0

�Z2 ��0
0� �3�

involving only the ground-state frozen wave function ��0
0�.

When K0	Kv, the instability comes out, and the curvature
of E�Q�� at Q�=0 becomes negative.

The plot of the calculated E�Z� values for SrCl2 :Fe+ �Fig.
4� clearly shows that the curvature 	�2E�Z� /�Z2
Z=0 at the
origin is certainly negative. Thus, this fact is consistent with
the existence of a spontaneous intrinsic off-center instability
for a substitutional Fe+ ion in the SrCl2 lattice. The minimum
of the E�Z� curve is found at Z0=1.31 Å implying a big
displacement of Fe+ from the on-center position. This distor-
tion is not sufficiently big for Fe+ to reach the plane formed
by the four top Cl− ions in Fig. 1 located at Zp=1.74 Å.
Thus, the existence of a big off-center displacement in
SrCl :Fe+ is in agreement with the recent EPR �Ref. 27� and
2
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ENDOR �Ref. 28� data from which a value Z0=1.65 Å has
been estimated.

Calculations using the CASPT2 methodology have also
been carried out. While DFT calculations are able to repro-
duce the off-center motion in SrCl2 :Fe+, the much more
computationally expensive attempts using the CASPT2
method have all been unsuccessful. Relevant conclusions
about this surprising fact will be shown in Sec. IV.

Here, it should be noted that although the big excursion of
Fe+ in SrCl2 leads to important changes of many observable
properties, the energy difference between the on-center and
the off-center position is only 0.28 eV according to the DFT
results displayed in Fig. 4. This small energy is gained
through the destruction of four of the eight bonds that the
impurity has at Z=0 to create four stronger ones. As this
energy is gained through the rebonding involving the whole
46 valence orbitals of the FeCl8

7− complex, this simple fact
stresses the subtle origin of the off-center mechanism.

Searching to gain better insight on this issue, the orbital
energy is portrayed �Fig. 5� as a function of Z for some
relevant valence levels of the FeCl8

7− complex. In addition to
ligand levels, the evolution of antibonding t2g levels that are
partly filled is also depicted in Fig. 5. Under a C4v symmetry,
there is a splitting between e�xz ,yz� and b2�xy� levels emerg-
ing from the antibonding t2g in Oh �Fig. 2�. In Fig. 5, the Z
dependence of unoccupied e�4px, 4py� orbitals arising from
the 4p shell of free Fe+ is also plotted. It can be expected that
when Fe+ moves significantly upward bonding is established
mainly with the e and b2 orbitals of the top ligands, while the
ionic negative charge of the bottom ligands increases by
0.02e, as well reflected in the orbital energies variation of
Fig. 5. It can be noted in Fig. 5 that for Z
0.5 Å, the mainly
top and bottom orbitals are separated. The former orbitals
have a smaller energy than the latter ones as a result of being
in the neighborhood of the positive Fe+ ion. Moreover, as
could be anticipated, bonding effects appear to be more im-
portant on the top ligands than on the bottom ones. The
energy variation of antibonding e�xz ,yz� and b2�xy� levels
along the Z coordinate �Fig. 5� also reflects the influence of
VC�Z� upon the energy of such levels. It should be noted that
VC�Z� acts against the motion of the positive iron ion as a
whole but favors an energy decrease of mainly 3d levels.

Together with the bonding-antibonding mechanism of oc-

FIG. 5. �Color online� Energy profiles obtained from DFT cal-
culations for the relevant orbitals of SrCl2 :Fe+.
cupied e and b2 levels, attention should be paid to the behav-
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ior displayed by the unoccupied e�4px ,4py� orbitals in Fig. 5.
It can first be noted that the energy of such unoccupied or-
bitals increases following the distortion parameter Z. More-
over, this fact is accompanied by the energy decrease of
other partly or fully occupied e levels lying below. To ex-
plore the importance of unoccupied 4p orbitals in the off-
center motion of Fe+ in SrCl2, SCCEH calculations have also
been performed. In addition to normal SCCEH calculations,
results have also been derived removing the 4p orbitals from
the basis set �Fig. 6�. It can first be noted that normal SC-
CEH calculations are able to reproduce �albeit qualitatively�
the main features of the off-center instability observed for
SrCl2 :Fe+. By contrast, when the 4p orbitals are removed
from the basis set, 	�2E�Z� /�Z2
Z=0 is found to be positive
and the on-center position to be stable. We have verified that
if the 4s orbital of Fe+ is suppressed from the basis set, the
off-center instability is still encountered in SCCEH calcula-
tions. This result is not surprising, because linear vibronic
coupling between 3d and 4s levels of Fe+ via the t1u mode is
forbidden due to parity restrictions. This simple reasoning
can shed light on the different role played by the 4s and 4p
orbitals of Fe+ with regard to the off-center instability.

The present results emphasize the important role played
by the 4p orbitals of monovalent 3d ions regarding the off-

FIG. 6. �Color online� Solid line: Ground-state total energy,
E�Z�, of SrCl2 :Fe+ obtained in a normal SCCEH calculation for
different values of the Z coordinate. Dashed line: Ground-state total
energy, E�Z�, of SrCl2 :Fe+ obtained in a normal for a SCEEH cal-
culation where the 4p�Fe� orbital has been removed from the basis
set.

TABLE I. Depth of the energy wells and equilibr
DFT calculations for different C4v electronic configu
ing cubal �Oh� configurations are also shown.

C4v electronic configuration

a1�z2�2b1�x2−y2�2e�xz ,yz�2b2�xy�1 / �GS�
a1�z2�7/5b1�x2−y2�7/5e�xz ,yz�14/5b2�xy�7/5

a1�z2�2b1�x2−y2�2e�xz ,yz�1b2�xy�2

a1�z2�1b1�x2−y2�0e�xz ,yz�4b2�xy�2

a1�z2�2b1�x2−y2�2e�xz ,yz�3b2�xy�0

a1�z2�2b1�x2−y2�1e�xz ,yz�4b2�xy�0

a1�z2�2b1�x2−y2�0e�xz ,yz�4b2�xy�1

a1�z2�2b1�x2−y2�1e�xz ,yz�3b2�xy�1
184122
center instabilities in fluorite-type lattices. It is worth noting
that this mechanism has not been considered in previous
studies,23,24 and its relevance likely decreases on passing
from monovalent to divalent ions. In fact, in the latter cases,
the separation between the 3d and 4p levels lies above
10 eV, being equal to 15 eV for free Cu2+.45 The importance
of the hybridization between the 3dyz and 4py orbitals is
pictured in Fig. 7. The main result of such hybridization is
that the electronic density moves from the lower part to the
upper parts. Through this mechanism, the bonding with top
ligands is favored, while bottom ligands are progressively
disconnected.

Relevant information on the two rebonding �or pseudo-
Jahn-Teller� mechanisms contributing to the off-center dis-
tortion of Fe+ in SrCl2 can be obtained by means of DFT
calculations performed for different electronic configurations
�Table I�. Following previous works on d9 impurities,23,24 in
the first step, calculations have been made for the artificial
�3z2−r2�7/5�x2−y2�7/5xz7/5yz7/5xy7/5 configuration with the
seven electrons equally distributed into the five 3d orbitals. It
can be observed in Table I that, in contrast to the results for
d9 impurities, the off-center distortion is not quenched for
this average configuration, although the well depth is smaller
than for the actual ground state. In the second step, the in-
fluence of the xy occupation, but keeping the eg

4t2g
3 ground-

state configuration �in cubal symmetry�, has been explored.
As shown in Table I the Fe+ impurity remains on center
when the xy orbital is fully occupied 	�3z2−r2�2�x2

−y2�2xz0.5yz0.5xy2 configuration
, while the off-center excur-
sion is very reinforced when the xy level is empty. These
results already show evidence for the crucial role of the xy
orbital in the off-center motion of Fe+. It is worth noting that
on passing from the �3z2−r2�2�x2−y2�2xz0.5yz0.5xy2 to the
�3z2−r2�1�x2−y2�0xz2yz2xy2 configuration 	where both xy

FIG. 7. �Color online� Qualitative picture describing the hybrid-
ization between 3dyz and 4py orbitals of Fe.

value of the off-center distortion, Z0, obtained from
ns, including the ground state �GS�. The correspond-

onfiguration Energy �eV� Z0 �Å�

eg
4t2g

3 0.28 1.31

eg
14/5t2g

21/5 0.16 1.13

eg
4t2g

3 0 0

eg
1t2g

6 0.07 0.97

eg
4t2g

3 1.30 1.59

eg
3t2g

4 1.73 1.56

eg
2t2g

5 1.01 1.57

eg
3t2g

4 0.62 1.48
ium
ratio

Oh c
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and e�xz ,yz� levels are fully occupied
, a small off-center
instability is recovered. Thus, result shows that an increase in
the population of e�xz ,yz� levels favors the off-center motion
indeed. Calculations carried out for other electronic configu-
rations in Table I do support that the off-center instability is
favored by decreasing the xy population and increasing the
population of e�xz ,yz� levels. In particular, the biggest effect
is found for the �3z2−r2�2�x2−y2�1xz2yz2xy0 configuration
such as displayed in Table I.

IV. FINAL REMARKS

From the present analysis, the off-center motion is driven
by vibronic coupling with excited states that decrease the
ground-state energy when Z increases. Therefore, this
pseudo-Jahn-Teller interaction can take place even if the
ground state is not degenerate. Thus, this result is quite dif-
ferent from the result found in the Jahn-Teller effect where
the existence of electronic degeneracy implies that the geom-
etry associated with adiabatic minima is necessarily dis-
torted. In the present case, this statement is no longer true as
the existence of a spontaneous instability at T=0 K requires
that 	�2E�Z� /�Z2
Z=0	0.

The results of this work show the importance of DFT
calculations for gaining a better insight into the off-center
phenomenon. Such calculations allow us to explore the big
off-center motion in SrCl2 :Fe+ in a wide range of the distor-
tion parameter, Z, and thus when the perturbative expansion
used in vibronic models is no longer applicable. On the other
hand, the use of calculations for different electronic configu-
rations has been shown to convey crucial information on
orbitals mainly involved in the pseudo-Jahn-Teller instability
and the associated rebonding effects.

As previously indicated, the off-center phenomenon ob-
served in SrCl2 :Fe+ cannot be reproduced through expensive
CASPT2 calculations. In this kind of calculations the 3d, 4s,
and 4p levels coming from Fe+ are included in the active
space, while the rest of the valence electrons are correlated
through a many-body second-order perturbation method.

+
Similar CASPT2 calculations performed in the CaF2:Ni
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center were also unable to reproduce the experimentally
observed5 off-center distortion. It is worth noting that the
inclusion of all bonding orbitals in the active space would
dramatically increase the cost of the calculations. Therefore,
the subtle instability in some fluorite-type lattices doped with
d9 and d4 ions is actually a challenge for wave-function-
based calculations. This remarkable difference between DFT
and CASPT2 calculations may reflect, that in the latter
method, the ligand levels are not treated on the same footing
as the mainly 3d, 4s, and 4p levels from the impurity. How-
ever, such levels are deeply involved in the rebonding pro-
cess that plays a key role in the off-center phenomenon. It is
worth noting that rebonding has been shown to play a minor
role in the case of the E � e Jahn-Teller effect. Nevertheless,
some sizable influence of pseudo-Jahn-Teller interactions on
the barrier among equivalent minima has recently been
demonstrated.46

It was pointed out23,24 early that in fluorite-type lattices,
the Coulomb barrier qeVC�Z� increases when the lattice pa-
rameter decreases, and when a monovalent 3d ion is replaced
by an other divalent one. According to this qualitative idea,
there is an off-center instability in CaF2:Ni+ but not in
CaF2:Cu2+ and CaF2:Ag2+. The present results strongly sug-
gest that the vibronic admixture with unoccupied 4p orbitals
can also help the existence of an off-center motion in
CaF2:Ni+ well observed through EPR and ENDOR measure-
ments.5

In conclusion, the present work stresses the usefulness of
DFT calculations on relatively small clusters for gaining a
better insight into the local instabilities around an impurity.
In this domain, a surprising instability has been observed47,48

in BaF2:Mn2+ where the cube formed by fluorine ligands
undergoes a slight Oh→Td distortion below about 45 K. Fur-
ther work along this subtle issue is now under way.
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