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Ab initio theoretical study of the structure and electronic spectra of Co2¿ in KZnF 3

JoséLuis Pascual
Departamento de Quı´mica Fı́sica Aplicada, C-14 Universidad Auto´noma de Madrid, 28049 Madrid, Spain

~Received 29 October 2002; published 19 March 2003!

In this paper we present the results ofab initio model potential embedded cluster calculations on (CoF6)42

in the lattice of KZnF3 to model theoretically the different electronic spectra~absorption, emission and excited
state absorption spectroscopies! of Co21-doped KZnF3, a transition-metal ion laser system. By the use of the
ab initio model potential method, the main nonrelativistic effects~correlation, embedding effects! as well as
scalar and spin-orbit relativistic effects are included in the calculations, providing a reliable description of the
different spectra. As a first step toward the determination of the spectra, geometries around the impurity as well
as vibrational frequencies are determined for the ground state and a number of electronic excited states. The
spectra themselves present an excellent overall agreement with the experimental findings both for absorption
and emission spectroscopies. Based on this good agreement, we are able to make a revision of the excited state
absorption experiments, concluding that Jahn-Teller effects are important in the interpretation of the spectrum,
and suggesting an assignment for the lower-energy band of this spectrum. The implications of these facts in the
laser capacity of the material are also discussed.

DOI: 10.1103/PhysRevB.67.115112 PACS number~s!: 71.55.2i, 31.15.2p, 78.55.Hx
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I. INTRODUCTION

Transition-metal ions doped into ionic lattices are mate
als of technological interest due to their luminiscent prop
ties, especially as solid-state lasers.1,2 A great variety of dop-
ant ions and host lattices have been explored as candid
and numerous examples of actual working lasers have b
found. Among them, lasers formed when ions with ad3 or d7

electronic structure are doped into ionic lattices are inter
ing for their tunability and their possibilities for high
temperature performance.3–6 Co21 as a dopant in KZnF3 be-
longs to this group and has been demonstrated to
efficiently,7,8 in a range of energies~between 1.70 and
2.10mm) of practical interest.

A good knowledge of the general spectral properties
the materials is necessary for a detailed understanding o
laser properties and an accurate prediction of potential
tems. To this end, experimental studies have been condu
in the past to analyze absorption and emission7,9,10as well as
excited-state absorption~ESA! ~Ref. 9! of Co21:KZnF3. In
particular, the ESA spectrum is a very interesting task, si
a competition between the ESA and emission can exis
these materials, and has been proved to be very detrime
to the laser performance in related systems.11 The experi-
mental results have been analyzed using approximate t
ments, such as the single-configuration coordinate~SCC!.12

The success of this type of study, very useful for studies
temperature-dependent decays, relies on the existence
large amount of very precise experimental information, fro
which the key parameters~vibrational mode energies
Huang-Rhys parameters, etc.! can be obtained free of unce
tainties. This fact is more important in the case of excite
state studies.13

In this context, theoretical studies acquire a special imp
tance. By using high level techniques that include all
relevant interactions, information complementary to the
perimental information can be obtained, so that the anal
of the spectral information can be better performed and
0163-1829/2003/67~11!/115112~11!/$20.00 67 1151
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perimental uncertainties could be solved reliably. Examp
of this kind of theoretical calculation applied to the syste
formed by V21 and Cr31 in fluoroperovskites can be foun
in Refs. 14–17, where assignments of spectral features w
made and schemes proposed to ease the understandi
some controversial points. These studies and some othe
lated demonstrated the ability of the so-calledab initio
model potential~AIMP! method to provide valuable infor
mation on these materials.18

Following this line, in this paper we present an AIM
embedded cluster study of the spectral properties of the l
material Co21:KZnF3. We find some problems in the inte
pretation of the experimental spectra~absorption, emission
ESA! performed previously, and propose assignments co
ent with the experimental information available that shou
have some influence on the lasing activity of the material.
sum up, very different values are reported for the parame
relevant to the interpretation of the spectrum@vibrational en-
ergies, Huang-Rhys factors (S)] depending on the differen
experiments.7,9 Using them, SCC diagrams are construct
and used to interpret the electronic spectra. From this an
sis, the bands in the ESA spectrum are assigned, and
width is explained by strong spin-orbit mixings that we d
not find consistent with our calculations. The SCC diagra
themselves display some features not consistent with liga
field theory intuition. We give reliable values for the differe
spectral parameters, and propose an interpretation of the
spectrum, based on the possibility of different Jahn-Te
effects for the different excited states and on the existenc
multiple-state absorptions in the spectrum.

KZnF3 is a crystal of the fluoroperovskite family. In it, th
Zn21ion is surrounded by six F2anions that form a perfec
octahedron around it. When doped with divalent cations,
dopant ion (Co21 in this case!, substitutes for the Zn21 ion,
in an octahedral environment. The Co21 dopant ion has ad7

electronic structure and, in a fluoride lattice like KZnF3, the
weak-fieldt2g

5 eg
2 configuration is the most stable one, givin

a 4T1g ground state. The transitions from this ground state
©2003 The American Physical Society12-1
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JOSÉLUIS PASCUAL PHYSICAL REVIEW B67, 115112 ~2003!
the first excited states~those lying up to 30 000 cm21 from
the ground state! constitute the objective of this paper.

We have structured the paper as follows: In Sec. II
present a brief overview of the method together with
details of the calculations. We present and discuss the re
on Sec. III, and the conclusions are presented in Sec. IV

II. METHOD AND DETAILS OF THE CALCULATIONS

The optical spectrum of the defect center formed wh
some Co21 ions substitute for some Zn21 ions in the KZnF3
lattice corresponds to transitions localized in the u
(CoF6)42, and is supposed to be governed by bonding in
actions between the impurity Co21 ion and its first
F2neighbors. These interactions can be adequately desc
by applying standard high quality quantum mechanical me
ods to the (CoF6)42 cluster. These have been Complete A
tive Space SCF~CASSCF! ~Ref. 19! and Average Coupled
Pair Functional~ACPF! ~Ref. 20! calculations which include
dynamic electron correlation. We have included relativis
effects in the calculations through the use of t
Wood-Boring21-based effective core potential two
component relativistic Hamiltonian WB-AIMP.18,22 In order
to include simultaneously the effects of electron correlat
and spin-orbit coupling, we have used the spin-free-st
shifted Hamiltonian~sfss!.18,23 The details of the (CoF6)42

cluster calculations are reported in Sec. II B.
The embedding effect due to interactions with the res

the components of the KZnF3 host lattice is also important
We model it by using theab initio model potential embed
ding technique.18,24,25 The details of the embedding mod
potentials are described in Sec. II A. The calculations h
been performed with theMOLCAS-5 package26 and with a
modified version of theCOLUMBUS package.27

A. Embedding potential

The AIMP embedding technique used here is a pract
implementation to the study of local properties of imperfe
solids of the group function theory developed
McWeeny,28 in the context of intermolecular interaction
and Huzinaga,29 in the context of a core/valence partition.
was presented in Refs. 24 and 30 as a technique to per
calculations on perfect, unpolarized ionic lattices, and la
extended25 to allow for calculations with a relaxed and po
larized lattice, represented by a shell-model description.31 Its
application to impurity defects was reviewed in Ref. 18.
practice, the one-electron terms of an isolated cluster ha
tonian are corrected by adding the embedding potential

(
m

@Vm
lr 2Coul~ i !1Vm

sr2Coul~ i !1Vm
exch~ i !1Pm~ i !#, ~1!

where m runs over the crystal ions (K1, Zn21, F2),
Vm

lr 2Coul( i ) stands for the long-range Coulomb potential e
erted by ion m on the i-th electron of the cluster@i.e.,
(mVm

lr 2Coul( i ) is the Madelung potential of the lattice#,
Vm

sr2Coul( i ) stands for the potential that represents the de
tion from point-charge character of the lattice ion~the short-
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range Coulomb potential!, Vm
exch( i ) is the exchange potentia

and Pm( i ) is the orthogonality potential, that prevents th
cluster wave function from collapsing into the lattice ionm.
Only the dynamical cluster/lattice correlation is exclud
from the embedding potential. The detailed form of the
potentials can be found in Refs. 24 and 30, together with
procedure that leads to their calculation from the lattice io
wave functions. In this work, the total-ion potentials ju
described have been taken from Ref. 14. We refer to
paper for details about its obtention.

The whole AIMP embedding potential is built up by ad
ing the AIMP total-ion potentials of all the lattice ions ou
side the cluster to the cluster Hamiltonian. The infinite su
is truncated as follows: We include the AIMP embeddi
potentials of all ions located within a cube of length 3a
centered in the impurity site (a54.054 Å), plus all ions lo-
cated outside this cube but inside the cube of lengtha;
these are point charges bearing the nominal ion charge,
cept those located at the frontier, that bear fractional cha
according to Evjen’s method.32 In this way we can be sure
that the cluster embedding potential provides a good re
sentation of the quantum effects as well as the long-ra
Madelung effects.

As stated above, the AIMP embedding method has b
extended to include the polarization and relaxation of
lattice, represented by shell-model potentials, configuring
so-called AIMP/SM method. This end is achieved by a ser
of iterative calculations of~a! the ground-state potential en
ergy surface of the cluster embedded in a representatio
the lattice and~b! the relaxation and distortion of this em
bedding lattice. To perform the calculations, shell-model
rameters and pair potentials are necessary. In this work
have used the same set of parameters used in Ref. 14.
lattice has been relaxed with respect to the electronic gro
statea4T1g . The calculations performed using this relax
lattice configuration are referred to as AIMP/SM calcu
tions.

B. „CoF6…
4À defect cluster calculations

The calculations on the embedded cluster used a Cow
Griffin relativistic effective core potential both for Co and
ions. For Co, we used a@Mg#-core CG-AIMP taken from
Ref. 33 together with the corresponding (9s5p5d) basis set,
augmented with onep polarization function,34 oned diffuse
function,35 and threef-type functions,36 finally contracted as
@4s4p5d1 f #. For F, we have used a@He#-core CG-AIMP
and the (5s5p) valence basis set of Ref. 33, augmented w
a diffuse p-function for the anion37 and contracted as
@2s3p#. Following Ref. 38 we have used extra orthogon
ization functions for the~100!-second neighbor Zn21 ions,
as done in Ref. 14 on (VF6)42:KZnF3 calculations. These
functions are the (11s8p) basis set used for Zn21on the
Zn21: KZnF3 embedded ion calculations,14 totally con-
tracted as@1s1p#. The total number of basis set functions
138.

We performed relativistic calculations using the spin-fr
and spin-orbit hamiltonians for (CoF6)42 embedded in the
AIMP representation of the KZnF3 lattice described above
2-2
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AB INITIO THEORETICAL STUDY OF THE . . . PHYSICAL REVIEW B 67, 115112 ~2003!
First, we performed complete active space self consis
field ~CASSCF!19 calculations, including seven active ele
trons in the mainly Co21 3d molecular orbitals. In a secon
step, we took the whole CASSCF configuration space a
reference for average coupled pair functional~ACPF! ~Ref.
20! calculations, aimed to include dynamic correlation
fects. These are multireference configuration interacti
singles and doubles calculations with an approximate cor
tion for size-consistency. In these calculations, we corre
the 3d and 3p metal electrons but only a limited subset
F2 ligand 2p electrons, due to computational limitation
These are the electrons that occupy thet2g and eg F22p
molecular orbitals, ten in total. The use of this type of pa
tioning of the ligand orbitals was proposed by Pierloot a
Vanquickenborne,39 and provided very good results for ge
metrical and spectral calculations of transition metal imp
rity ions with low oxidation states.18 The total number of
electrons correlated is 23. The results of these calculat
are presented in the following Tables under the head
‘‘spin-free’’ calculations. We have studied the followin
spin-free states of the cluster~in parenthesis, we refer th
parent free-ion state!: the ground statea4T1g( 4F) and the
excited states4T2g( 4F), 4A2g( 4F), a2Eg( 2G), a2T1g( 2G),
a 2T2g( 2G), b4T1g( 4P), 2A1g( 2G), b2T1g( 2H),
b 2T2g( 2H), c 2T1g( 2H), andb2Eg( 2H). The results of the
ACPF calculations have been corrected to take into acco
the atomic correlation, by computing the free-ion transiti
energies between the different atomic multiplets at the sa
level of theory@i.e., correlating 13 electrons of Co21 (3d,
3p) in ACPF calculations#. The difference between thes
values and the experimental ones is transferred to the clu
calculations. The corrections are 961 cm21 for the 4F

TABLE I. Optimized geometries and vibrational frequencies
the (CoF6)42 cluster. For comparison, R0(Zn2F) in undoped
KZnF3 is 2.027 Å. Distortions with respect to the ground sta
@R02R0(a4T1g), AIMP/SM level# are also included for the differ
ent electronic states. Results corresponding to spin-free calc
tions.

R0(Co2F)(Å) R02R0(a4T1g)(pm) n̄a1g
(cm21)

Electronic
state AIMP

AIMP/
SM

This
work Estimateda AIMP

AIMP/
SM

a4T1g 2.067 2.080 519 502
4T2g 2.085 2.099 1.9 3.7 534 518
4A2g 2.101 2.115 3.5 7.7 547 530
a2Eg 2.047 2.060 22.0 3.8 498 484
a2T1g 2.068 2.081 0.1 0.2 516 501
a 2T2g 2.067 2.080 0.0 0.3 515 500
b4T1g 2.082 2.096 1.6 3.3 533 516
2A1g 2.084 2.098 1.8 3.7 534 518
b2T1g 2.070 2.083 0.3 0.4 518 503
b 2T2g 2.080 2.093 1.3 4.5 533 515
c 2T1g 2.082 2.095 1.5 2.8 534 518
b2Eg 2.084 2.098 1.8 3.9 534 517

aEstimated using the values of Ref. 9 and our value

n̄a1g
(a4T1g).
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→4P transition, 1242 cm21 for the 4F→ 2G transition and
2383 cm21 for the 4F→ 2H transition.

The calculations equivalent to these ACPF-23 calculati
using the spin-orbit relativistic Hamiltonian are very d
manding. As a simpler alternative, we have used in this w
the spin-free-state-shifted spin-orbit Hamiltonian~sfss!. This
Hamiltonian has been described in detail in Refs. 18 and
and we refer to those papers for a detailed form of the
erators. In a few words, the sfss Hamiltonian results fr
adding, to the many-electron spin-orbit Hamiltonian, a te
that shifts the spin-free states calculated in a small CI sp
~appropriate to describe the spin-orbit coupling, called thP
space! to the positions of the same spin-free states calcula
in a larger CI space~appropriate to describe dynamic corr
lation effects, called theG space!. In this case, theG space is
the ACPF-23 space described above and theP space is de-
fined by the CASSCF reference (3d) plus all the single ex-
citations from the main character Co-3d orbitals to the vir-
tual orbitals. This CI calculations have been fed with orbit
optimized for the4A2g state. The sfss Hamiltonian has be
shown to be a very efficient way to include both correlati
and spin-orbit effects in anab initio calculation when they
can be largely decoupled. Examples can be found
transition-metal elements,23,40,41 lanthanide elements,42 and
actinide elements.43 These calculations are referred in th
Tables as ‘‘spin-orbit’’ calculations.

III. RESULTS AND DISCUSSION

A. Cluster geometries

In Table I we present the results of the geometry optim
zation of the (CoF6)42 cluster in different electronic state
performed at the spin-free ACPF-23 level, both with a p
fect unrelaxed lattice~AIMP! and with a lattice relaxed and
polarized consistently with thea4T1g ground state~AIMP/
SM!. We optimized the Co-F distance of the (CoF6)42 unit
restricted toOh symmetryR0, and calculated the breathin
mode vibrational frequenciesn̄a1g

for a number of low-lying
electronic states of the cluster. The potential energy surfa
calculated at this spin-free level are represented in Fig. 1.
can see that the Co-F distance is, for all states, larger than
Zn-F distance in the perfect lattice, 2.027 Å, consistent w
the slightly larger ionic radius of Co21 compared to Zn21.44

The effect of lattice relaxation is an enhancement of the d
tortion with respect to the perfect lattice situation i.e., t
equilibrium distances determined at the AIMP/SM level a
larger than the AIMP ones, by 0.013–0.014 Å for all th
states. This enhancement represents a 25–30 % of the d
tion at the AIMP level for most of the electronic states stu
ied here, in line with other, similar, systems studi
before.14,25,45On the other hand, the bond distance offsets
the different excited states with respect to the ground s
are not significantly affected by lattice relaxation, as can
seen in Table I.

Focusing on the AIMP/SM results, we can see that
equilibrium distances for the different states are grouped
pending on the different occupation of the mainlyeg andt2g
3d metal orbitals in the leading configurations of each sta

f

,
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JOSÉLUIS PASCUAL PHYSICAL REVIEW B67, 115112 ~2003!
The ground statea4T1g and thea2T1g , a2T2g , and b2T1g

excited states, all corresponding to at2g
5 eg

2 configuration,
have a similar equilibrium distance. The states belonging
the t2g

4 eg
3 configuration~4T2g , b4T1g , 2A1g , b 2T2g , c 2T1g ,

andb2Eg) also have a similar distance, larger than the c
responding to thet2g

5 eg
2 configuration, due to the larger oc

cupation of the nonbondingeg orbitals. Similarly, the4A2g

state (t2g
3 eg

4 configuration! has an even larger Co-F distanc
Only thea2Eg state (t2g

6 eg
1 configuration! has a smaller equi

librium distance than the ground state, due to the total oc
pation of thet2g orbitals. It is worth noting here that, in spit
of the highly correlated wave function used, the~strong-
field! configuration remains an adequate label for the sta

To our knowledge, no direct measurement of these e
librium distances exists for this material. However, the ve
good agreement with existing experimental findings obtai
by AIMP calculations in similar systems gives credit to o
calculated distortions. Indirect estimations of the differen
between the equilibrium distance of the different excit
states and the ground state can be done using the value
the Huang-Rhys coupling factors (Se) obtained, using the
single-configuration coordinate model, for the different e
cited states from absorption spectroscopy.9 Instead ofSe ,
only the productSen̄ is available from Ref. 9. It is worth
noting that these numbers, obtained from the position
broad bands in the absorption spectrum should have r
tively large uncertainties. The vibrational energy of thea1g
mode is not known, and a number of different vibration
energies are determined from the spectra but they are
assigned to actual vibrational modes. In these circumstan

FIG. 1. Potential energy curves of the ground and lowest exc
states of the (CoF6)42 cluster as a function of the Co-F distance
the a1g vibrational mode. The results correspond to spin-fr
AIMP/SM calculations.
11511
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a different value (223 cm21, the weighted average energy o
the phonon density of states of KZnF3) is used for the deter-
mination of Se . Using it, a value of 2.6 is obtained for th
a4T1g→ 4T2g absorption transition.9 As a comparison, a
value of 4 is given for this factor in Ref. 7, estimated fro
relative intensity of the zero-phonon transition and the p
non sideband.

On the other hand, using the values of Table III of Ref.

our calculated value forn̄a1g
(502 cm21, see below! and the

formulas quoted by Al-Abdallaet al.,46 we arrived to the
estimated distortions shown in Table I, to be compared w
our calculated distortions, also shown in the table. We
see that the estimated distortions are very large, a fact
reflects the crude approximations used to obtain the par
eters from the experimental information. We will refer lat
to the quality of our calculated bond distance offsets.

Using the value of 223 cm21 as the enabling frequency
we obtained even larger values for the distortions with
spect to the ground state. However, these results are ap
ently used to build the energy-level diagram for distortio
with respect to thea1g vibrational mode for Co21:KZnF3.9

This diagram was used in Ref. 9 to interpret the spec
scopic results. Moreover, from the SCC analysis, only
magnitude of the distortions can be obtained but not its s
In Ref. 9,all the distortions are taken to be positive~i.e., the
equilibrium distance is larger for the state in question th
for the ground state!, in contrast with our calculation of a
negative distortion for thea2Eg(t2g

6 eg
1) state. As stated

above, the sign of our calculated distortion is consistent w
the change in configuration between the two states. A
consequence, we believe that the distortions used to build
SCC diagram are, in view of our calculation, too large, a
the sign is erroneous for thea2Eg(t2g

6 eg
1) state, so that grea

caution should be taken when using it to interpret the diff
ent electronic spectra.

In Fig. 2 we present the energy curves analogous to
ones in Table I and Fig. 1, but calculated at the spin-o
level. From Fig. 2 we can see that the equilibrium distan
are very close to the ones obtained for the related spin-
levels, the difference always being less than 0.005 Å. Th
in the following, we will calculate the different spectra at th
spin-free bond distances found for the different electro
states.

The vibrational energies for thea1g mode are also in-
cluded in Table I. We can see that these vibrational ener
are grouped in the same way as the bond distances, relat
the leading electronic configuration. The lattice relaxati
slightly decreases the values, the final numbers be
502 cm21 for the a4T1g ground state. Spin-orbit coupling
does not affect these numbers. Again, experimental res
are lacking for these vibrational energies, to our knowled
As cited above, an analysis of the absorption and emiss
spectra of Co21:KZnF3

9 gives rise to a number of differen
phonon energies, but they are not assigned to any vibrati
mode, so comparison is not possible. Vibrational modes w
frequencies around 500 cm21 are detected in the reflectanc
spectra of KCoF3 (518 cm21) and KZnF3(500 cm21).47

d
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Nondegenerate electronic states in cubic environments
Jahn-Teller~JT! unstable, and the coupling with nontotal
symmetric vibrational modes removes their degeneracy.
this effect can be important for the interpretation of the el
tronic spectra~especially, the ESA spectrum! we have reop-
timized the geometry of the cluster in the different quar
states involved (a4T1g , 4T2g , b4T1g). Taking theOh equi-
librium geometry and the embedded-cluster energy as
origin, we have calculated the Jahn-Teller coupling of
different electronic states with the doubly degenerateeg vi-
brational mode of the (CoF6)42 cluster (T^ e coupling!. We
have searched for minima with respect to theeg,u normal
coordinate, that leads to tetragonal (D4h symmetry!
compressed/elongated geometries48 ~neglecting the coupling
with triply degeneratet2g modes49!. The minimization has
been performed at the spin-free level~ACPF-23! with the
relaxed lattice configuration described above. The result
the calculations are shown in Table II. In this table w
present the optimized geometries and theeg,u vibrational fre-
quency (n̄eg,u

) for both the compressed and elongated str
tures together with the Jahn-Teller stabilization ene
(EJT), the EJT / n̄eg,u

ratio for the most stable state~this last
number is a measure of the strong/weak linear
coupling48!, and the ration̄eg,u

/u2bu ~where 2b is the energy
difference between the elongated and compressed struct!
which is a measure of static/dynamic behavior in the limit
strong JT coupling.

The results show quite different JT couplings for the th
states. Thea4T1g ground state shows a very small distortio
totally negligible in terms of energy, with just an 82cm21

stabilization. The4T2g state has a weak linear coupling, th

FIG. 2. Potential energy curves of the ground and lowest exc
states of the (CoF6)42 cluster as a function of the Co-F distance
the a1g vibrational mode. The results correspond to spin-or
AIMP/SM calculations.
11511
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singly degenerate4B2g being the most stable state, in a
elongated structure. The Jahn-Teller stabilization ene
(EJT) for this state is 120 cm21. The Jahn-Teller effect can
be characterized as dynamic in this case. Theb4T1g state, on
the other side, exhibits a fairly strong coupling, giving rise
a static Jahn-Teller effect (n̄eg,u

/u2bu is almost equal to

unity!, the distortion being a compression in this case.EJT is
545 cm21 in this case. The vibrational frequencyn̄eg,u

is, for

the three states, of some 400 cm21.
To our knowledge, there are no experimental measu

ments of these distortions in any of the states. From a st
of the Ham quenching of the spin-orbit levels in the4T2g
state in the related system Co21: KMgF3, a value of around
500 cm21 for EJT is suggested for this state.49 We expect the
values ofEJT for this state to be similar in both hosts, KZnF3
and KMgF3 ~see Ref. 15!. Although the Jahn-Teller effect is
considered as dynamic in both studies~in our study, the cou-
pling is weak; in the experimental study, the coupling
stronger, but the ratio between the vibrational frequency
the energy barrier agrees with a dynamical behavior!, our
calculated value is much smaller than experimentally s
gested. Such discrepancies are usual in the determinatio
these parameters~see, for example, Refs. 11 and 15! as well
as between different experimental estimations, due to the
proximations used in the fittings. As a matter of fact, t
value suggested forEJT in Ref. 49 is obtained from a crystal
field calculation of the splitting of the spin-orbit levels of th
4T2g state against the parameter 3EJT / n̄eg,u

. From it, the

optimum value ofEJT / n̄eg,u
is obtained. In this case, the be

fit takes place in the zone of a small slope of the curv

d

t

TABLE II. Equilibrium tetragonal geometries and Jahn-Tell
T^ e coupling parameters for thea4T1g , 4T2g , and b4T1g elec-
tronic states.

a4T1g
4T2g b4T1g

Octahedral structure
R0 ~Co-F! ~Å! 2.080 2.099 2.096

n̄a1g
(cm21) 502 518 516

ElongatedD4h structure 4A2g
4B2g

4Eg

Rax ~Co-F! ~Å! 2.090 2.129 2.127
Req ~Co-F! ~Å! 2.075 2.083 2.081

n̄eg,u
(cm21) 402 399 419

EJT (cm21) 8 120

EJT / n̄eg,u
0.02 0.30

2b(cm21) 8 93

n̄eg,u
/u2bu 50.3 4.3

CompressedD4h structure 4Eg
4Eg

4A2g

Rax ~Co-F! ~Å! 2.075 2.083 2.035
Req ~Co-F! ~Å! 2.083 2.107 2.127

n̄eg,u
(cm21) 395 396 420

EJT (cm21) 545

EJT / n̄eg,u
1.30

2b (cm21) 415

n̄eg,u
/u2bu 1.0
2-5
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leading to a large uncertainty in the determination
EJT / n̄eg,u

. The value of the splittings is itself very depende
on the parameters used in the crystal-field calculation, e
cially the spin-orbit coupling constantz, and different values
for it were reported in different sources.9,49 We believe that
the close agreement found in similar systems46 between ex-
perimental and calculatedeg,u distortions gives credit to the
ones calculated in this work, and to theEJT values obtained,
closely related to them.

Some qualitative information can be extracted from
comparison of our studied system with the relat
V21-doped KMgF3.11,50 V21 has an atomicd3 structure, so
their states as an impurity can be related to the holes in
d7 structure of Co21. This way, the JT coupling in theb4T1g

state of V21 (t2geg
2) in KMgF3 is found to be inconsequen

tial for the spectrum, as it is found by us in the relateda4T1g

state (t2g
5 eg

2), due to the single occupation of bothe orbitals.
The distortion in the4T2g and a4T1g states in V21, both
coming from the samet2g

2 eg configuration, is estimated to b
of opposite sign ~i.e., one is elongated, the othe
compressed!,11 as we calculate for the4T2g andb4T1g states
of Co21. However, in Ref. 11, the coupling is supposed to
the same for both4T2g and a4T1g of V21 ~i.e., the same
values forEJT), but we find quite different values ofEJT for
both states. Finally, it should be pointed out that no exp
mental determination of theeg,u vibrational frequency exis
for Co21:KZnF3. In Ref. 49, for Co21: KMgF3, values of
2002300 cm21 for it are used without further explanation
In reflectance spectra,47 modes with adequate symmetry a
found at 449 cm21 (KCoF3) and 424 cm21 (KZnF3). We
have not determined the geometrical parameters for the
structures at the spin-orbit level.

B. Electronic transitions

The results of the minimum-to-minimum transition ene
gies between the different states at the spin-free and s
orbit levels, both with a relaxed lattice, are shown in Ta
III. Zero-phonon transitions should be very close in ener
as vibrational frequencies are very similar for the differe
electronic states studied here. Together with our calcula
values, we present the experimentally observed and
mated positions,9 obtained from absorption and emissio
spectra. Other spectra have been found in the literature7,10

from which these zero-phonon energies have been de
mined. The results do not differ from those cited in Ref. 9;
fact, the different lines was assigned in Ref. 10 by a dir
comparison with those of Ref. 9. The comparison of o
calculated values with the experimental ones is satisfact
the differences being very small for the first transitions a
around 1000 cm21 for the transitions to theb4T1g andb2T1g
states. It should be pointed out that these later values
only estimated in the experiment,9 because only band
maxima are seen in absorption. These differences are in
with those obtained in previous calculations of low oxidati
state transition-metal impurities in solids,18 and their origin
may lie in the insufficient treatment of the dynamic electr
correlation. The ordering of the states is the same obse
in the experimental spectrum. However, we should no
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that the4A2g lies below thea2Eg state~see Fig. 2!, opposite
to the crystal-field calculation quoted in Ref. 9. This res
may be related to the above mentioned disagreement in
a2Eg state offset. From the experimental spectra it is n
possible to determine the relative position of these t
states. In absorption spectrum, only a small shoulder star
around 12 500 cm21 ~at 300 K! can be seen,9 attributed to
thea4T1g→ 4A2g absorption, but its exact position cannot b
determined. In the absorption spectrum of Ref. 7, obtain
after electron irradiation of the material, a band, visible
though not very intense, can be seen starting aro
11 000 cm21 ~a maximum around 12 000 cm21) and it is not
assigned by the authors. We think that these bands co
spond to thea4T1g→ 4A2g transition, and that it should be
flanked on its high energy side by thea4T1g→a2Eg transi-
tion.

The spin-orbit splitting calculated by us results to
around 10% larger than the experimentally determined
the ground state. It is also larger for the4T2g state, although
for this state the Ham effect51 should reduce the spin-orb
splitting, and we do not consider this effect in our calcu
tions @incidentally, the splitting calculated by us for this sta
agrees almost quantitatively with the one calculated in R

TABLE III. Minimum-to-minimum transitions between differen
electronic states. All numbers in cm21.

Spin free Spin orbit

State Energy State Energy Experimenta

a4T1g 0 G6g 0 0
G8g 395 293
G8g8 1045 940
G7g 1170

4T2g 5800 G6g 6420 6595
G8g 6490 6603
G8g8 6580 6675
G7g 6810

4A2g 11680 G8g 12485
a2Eg 12645 G8g 13375
a2T1g 17550 G8g 17940

G6g 18585
a 2T2g 17885 G8g 18690

G7g 19075
b4T1g 19215 G8g 19680 ~18700!

G7g 19680
G8g8 19725
G6g 20280 ~19750!

b2T1g 21435 G6g 22260 ~21350!
G6g 22335

2A1g 21845 G6g 23150
b 2T2g 24350 G7g 24865

G8g 25460
c 2T1g 25755 G6g 26310

G8g 26475
b2Eg 26885 G8g 27890

aValues measured or estimated~in parentheses!, taken from Ref. 9.
2-6
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49 using crystal-field theory at a zero Jahn-Teller coupli
for the related system Co21: KMgF3 ~see Fig. 6 in Ref. 49!.
This quantitative agreement should be mainly fortuitou#.
The Jahn-Teller coupling is insignificant in thea4T1g ground
state, so no Ham quenching is expected. For theb4T1g ex-
cited state, on the other side, the Jahn-Teller effect is
dicted to be rather static and the Ham effect should not t
be present. In fact, for this state we predict a smaller splitt
than that experimentally estimated, although experime
data are not as reliable in this case as for the other band

The good agreement of the calculated spectrum with
experimental one gives credit to our determined bond
tance offsets of the different electronic states. We have m
a further check by calculating the band shape of an emis
band. This band shape is essentially controlled by thea1g
vibrational mode offset and frequency and, provided the
ter is of good quality, a good reproduction of the band sh
would validate the former. To calculate this band shape,
have used the semiclassical time dependent approac
Heller.52,53 In Fig. 3 we present the band shape of the em
sion from theG8g8 ( 4T2g) state to theG6g(a4T1g) state, cal-
culated using the values of the offset obtained by us~0.019
Å, thin solid line! and those derived from the values of Re
9 ~0.037 Å, thin dashed line!, both usingn̄a1g

5502 cm21

~see Table I!. For comparison, we have plotted also the e
perimental profile of the emission, taken directly from Fig
of Ref. 9, shifted in energy. We have scaled the calcula
band shape so that the intensity of the second peak~around
6100 cm21) coincides in the three lines. From the figure w
can see that the overall agreement of the band shape c
lated using our bond-distance offset with the experimen
data is very satisfactory, taking into account the complex
of the emission band@with several different electronic ori
gins; for example, at around 5600 cm21, our calculated band
seems to be overlapped with the origin of theG8g8 ( 4T2g)
→G8g8 (a4T1g) emission#. On the other hand, the shape of t
emission band calculated with the offset derived from
values of Ref. 9 is in complete disagreement with the exp
mental band. In our opinion, the results contained in Fig
validate the bond-distance offsets calculated in this work

We will comment now on the excited state absorpti
spectrum. This ESA spectrum has been measured,9 between
28 500 and 6900 cm21, after exciting the sample o
Co21:KZnF3 into theb4T1g excited state using a laser at 53
nm (18 800 cm21). As can be seen in Fig. 10 of Ref. 9, th
spectrum consists of two broad bands, one with the m
mum at 8000 cm21, and the second one peaking
12 350 cm21. This second band has a shoulder clearly in
cating that this band is composed of two different bands,
second of them with the maximum at around 13 350 cm21.
Both bands are supposed to be related to transitions from
first excited quartet state,4T2g . Using the SCC mode
~whose reliability we commented above! and the fact that
only transitions between states of the same spin should h
a reasonable intensity, the two broad~excited-state! absorp-
tions are assigned9 to the 4T2g→ 4A2g and 4T2g→b4T1g
transitions, respectively. Based on the main electronic c
figuration of each state (t2g

4 eg
3 for 4T2g andb4T1g , t2g

3 eg
4 for
11511
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4A2g), the bands are predicted to be broad and narrow,
spectively. In view of these results, the second band is
assigned solely to the4T2g→b4T1g transition. Two hypoth-
esis are discussed to explain the width of this second ba
~1! a strong JT effect in any of the two states involved or~2!
a ‘‘tunneling effect’’ between theb4T1g , a2T1g , anda 2T2g
states.9 By making an analysis of the JT coupling based
the work by Payneet al.11 on V21: KMgF3, and using a
value ofEJT of 500 cm21,49 the authors concluded that th
first reason can not explain the position and width of t
band. The two bands were assigned then to the4T2g
→ 4A2g transition ~around 8000 cm21) and to the 4T2g
→b4T1g transition ~around 13 350 cm21), broadened by
spin-orbit mixing with thea2T1g anda 2T2g states. In view
of our calculations, we do not agree with these assignme
at least partially.

The ESA spectrum, calculated as the vertical transitio
from the minimum of the4T2g electronic state energy curv
~or from theG6g spin-orbit component, in the spin-orbit ca
culations!, is shown in Table IV. Starting with the secon
band, we indeed see from this table that the4T2g→b4T1g
transition is located around 13 400 cm21, and is split by
spin-orbit interaction by some 600 cm21. Transitions to the
a2T1g and a 2T2g states are calculated at 11 870 a
12 220 cm21, respectively. However, the very strong spi
orbit mixing necessary to explain the experimental peak
around 12 350 cm21 cannot be explained from our calcula
tions, as the contribution of the spin-freeb4T1g state to the
wave function of the different spin-orbit components
a2T1g anda 2T2g states is almost negligible~less than 0.5%
in all cases!. It is also difficult to explain the fact that it is the
peak at lower energy (12 350 cm21) the one that carries the
more intensity, being spin forbidden~to first order at least!.
Taking these facts into account, we have decided to try
validate the first hypothesis~i.e., the Jahn-Teller coupling! as
being responsible for the bandwidth. To this end, we ha
calculated the vertical electronic transitions from the mi

FIG. 3. Intensity profile of the emission band from th
G8g8 ( 4T2g) state to theG6g(a4T1g) state. Thin solid line: presen
calculation. Thin dashed line: calculation with offset estimated
ing results from Ref. 9. Thick line: experimental emission spectru
taken from Fig. 5 of Ref. 9~shifted in energy!.
2-7
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mum of the elongated D4h structure~4B2g state!, resulting
from the T^ e coupling of the4T2g state~see Table II!, to
the different electronic states. The results of these calc
tions, both at the spin-free and spin-orbit levels, are p
sented in Table V.~Note that, at the spin-orbit level, all th
states inD4h symmetry belong theG6g andG7g irreps of the
double group, being nondegenerate!.

As stated above, the hypothesis of JT coupling as resp
sible for the width of this band was ruled out by the auth
in Ref. 9 by following the analysis of Payne.11 In it, the JT
coupling was considered to be of the same magnitude in b
states,4T2g andb4T1g . However, we can see in Table II tha
the coupling is much larger for theb4T1g state than for the
4T2g state (EJT 545 vs 120 cm21, respectively!. Due to this
fact, we find, inD4h symmetry~spin-free!, two transitions,
one to the4Eg(b4T1g) state, at 13 405 cm21, approximately
the same energy as the original4T2g→b4T1g transition in
Oh symmetry, and a second one to the4A2g(b4T1g) state at
14 210 cm21, both broadened by spin-orbit interaction. W
believe that this splitting is the origin of the two maxim
seen in the experimental spectrum. The existence of a
so-called ‘‘tunneling effect’’ with the doublets is not rule
out by the calculations, but it is not necessary in order
explain the double band seen in the experimental spectr
The positions of the bands are calculated with an error
around 1000 cm21 at the spin-free level and aroun
7002800 cm21 at the spin-orbit level, in line with the erro
found in the calculation of the position of theb4T1g state.

We now focus on the band at 8000 cm21. As stated
above, this band is assigned to the4T2g→ 4A2g transition9

using the SCC analysis. Looking at Table V, this transition
calculated by us at around 6300 cm21. Taking into account
the good agreement found with the experiment for the res

TABLE IV. Vertical excited state absorptions from the minimu
of the 4T2g state,Oh symmetry. All numbers in cm21.

Spin free Spin orbit

State Energy State Energy

4T2g 0 G6g 0
G8g 70
G8g8 160
G7g 390

4A2g 6000 G8g 6185
a2Eg 7440 G8g 7550
a2T1g 11870 G8g 11645

G6g 12275
a 2T2g 12220 G8g 12395

G7g 12790
b4T1g 13415 G8g 13260

G7g 13265
G8g8 13315
G6g 13870

b2T1g 15740 G6g 15858
G8g 15990

2A1g 16040 G6g 16760
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the electronic transitions, this difference~around
1700 cm21) seems to be too large to be reasonable. Thus,
believe that the transition seen in the ESA spectrum
8000 cm21 does not correspond the4T2g→ 4A2g transition.
This transition should be seen in the spectrum, in any c
as it corresponds to a spin-allowed transition, with a reas
able intensity. However, according to our calculations,
band should be centered around 6300 cm21, outside the
range of the experimental data shown in Ref.
(14 30027100 cm21). As this would be the only spin-
allowed transition from the4T2g state present in this energ
region, we suppose that the band has a different origin t
the 4T2g state. We should remember that the pumping in
experiment was performed into the upper-lyingb4T1g state.
A nonradiative decay follows this pumping according to R
9, ending in the4T2g state, from which the~excited-state!
absorption takes place. But we think that transitions fro
intermediate states can also be possible, giving rise
multiple-excited-state absorptions, as described previous16

Thus we proposed an assignment of the band in question
due to the transition from the4A2g state to the upperb4T1g
state. To validate this assignment, we have calculated
excited state absorption spectrum from the minimum of
4A2g (t2g

3 eg
4 main configuration!, as vertical transitions to the

TABLE V. Vertical excited state absorptions from the minimu
of the 4T2g state,D4h symmetry. All numbers in cm21.

Spin-free Spin orbit

Oh D4h Energy D4h Energy

4T2g
4B2g 0 G6g 0
4Eg 370 G7g 100

G6g 270
G6g 355
G7g 440
G7g 660

4A2g
4B1g 6265 G6g 6360

G7g 6360
a2Eg

2A1g 7330 G6g 7360
2B1g 8085 G7g 8110

a2T1g
2Eg 11915 G6g 11715

2A2g 12310 G7g 11815
G6g 12480

a 2T2g
2B2g 12445 G7g 12540
2Eg 12600 G7g 12745

G6g 12845
b4T1g

4Eg 13405 G7g 13165
4A2g 14210 G7g 13195

G6g 13235
G6g 13460
G7g 13970
G6g 14290

b2T1g
2A2g 15910 G7g 15960
2Eg 15980 G6g 15980

G6g 16260
2A1g

2A1g 16305 G6g 16920
2-8
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rest of the states. The results of these calculations, at
spin-free and spin-orbit levels, can be seen in Table VI.

Taking into account the spin rules, only the4A2g
→b4T1g absorption is expected to be detected in the sp
trum. This transition is calculated at 7700 cm21, broadened
by spin-orbit coupling. This energy matches very well t
experimentally found transition; thus, we assigned the b
at lower energy in the ESA spectrum to the4A2g→b4T1g
electronic transition. This assignment rests upon the assu
tion of a certain stability of4A2g , that makes it possible to
measure the absorption from it. The population of this st
during the experiment comes from the nonradiative deca
the sample pumped at resonance with thea4T1g→b4T1g ab-
sorption (18 800 cm21). The possibility of a certain popula
tion of the 4A2g state after this decay depends on the de
rates from this state to the states that lie close or below
(a2Eg , 4T2g , anda4T1g), both radiative and nonradiative
The larger these decay rates, the smaller population of
state. Radiative decay rates are related to the absorption
section of the transition. From the~ground-state! absorption
spectrum, we can see that the cross section of thea4T1g
→ 4A2g absorption is small, as the transition implies a tw
electron change in the state configuration. Thus the radia
decay rate to the ground state from the4A2g state should be

TABLE VI. Vertical emission and excited state absorption fro
the 4A2g state. All numbers in cm21.

Emission ESA

Electronic state Spin free Spin orbit Spin free Spin orb

a4T1g G6g 11165 11975
G8g 11585
G8g8 10930
G7g 10800

4T2g G6g 5755 5940
G8g 5870
G8g8 5785
G7g 5550

4A2g G8g 0 0 0 0
a2Eg G8g 2170 2095
a2T1g G8g 6340 5940

G6g 6555
a 2T2g G8g 6710 6690

G7g 7090
b4T1g G8g 7700 7360

G7g 7370
G8g8 7435
G6g 7975

b2T1g G6g 10195 9995
G6g 10225

2A1g G6g 10295 10960
b 2T2g G7g 12885 12590

G8g 13200
c 2T1g G6g 14245 13990

G8g 14160
b2Eg G8g 15335 15555
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very small. The transition to the4T2g state is a one-electron
transition, so it should be relatively intense, similar in inte
sity to the other spin-allowed transitions. The radiative dec
rate should then be similar to that of the4T2g→a4T1g emis-
sion. Nonradiative decay rates are given by

wNR}uM u2g~V!, ~2!

whereM is the matrix element, between the two states
volved, of the operator that connects them andg(V) is the
density of vibronic states in the final states.54 In a first, crude,
approximation, this latter factor can be expressed as

g~r !5e2SSr /r !, ~3!

whereS is the Huang-Rhys parameter andr is the number of
phonons emitted in the transition, so thatrn is the energy
difference between the states~wheren is the frequency of
the accepting vibrational mode!. For the transition to the
a2Eg , no operator connects both states~4A2g and a2Eg) at
least to first order, as the transition involves a three-elect
jump. The ~nonradiative! decay rate should be negligibl
then. For the transition to the ground statea4T1g , again the
fact that the transition is a two-electron change makes
electronic factor very small. Moreover, if we consider t
a1g vibrational mode as the accepting one, whose freque
we calculate as 502 cm21 ~see Table I!, r is around 24 for
this transition. The nonradiative decay rate to thea4T1g state
should be negligible too. For the transition to the4T2g state,
the spin orbit connects the two states. The value ofuM u
should be of the same order of magnitude of the value fo
for the 4T2g→a4T1g emission, also connected by spin-orb
coupling. From the values of Table I we can estimate
value ofS for the 4A2g→ 4T2g transition~0.22! and for the
4T2g→a4T1g transition~0.31!. We see thatS is also similar
for both transitions.r is around 11 for both transitions, so th
vibronic factor should be very similar in both cases. As t
nonradiative decay rates to the other states are negligible
conclude that the total decay rates for the4A2g and 4T2g
states should be of the same order of magnitude. As the4T2g
state is clearly populated in the pumping process, we th
that it is not unreasonable to have some population on
4A2g state too, so that the ESA can be detected with it
initial state.

If this population process takes place, together with
ESA, emission should be detected from the4A2g state. How-
ever, to our knowledge, no luminiscence has been reporte
the literature from the4A2g state. In Table VI, we present th
calculated emission energies from the minimum of the4A2g
state to both4T2g and a4T1g states. As stated above, th
transition to thea4T1g ground state implies a two-electro
jump, so its intensity should be very small. On the oth
hand, the emission to the4T2g state should have an appre
ciable intensity. Following Table VI, we see that the emiss
energy, around 5755 cm21, overlaps the range of the intens
4T2g→a4T1g emission. The4A2g→ 4T2g transition can be
hidden then by the other emission.

These assignments can have some influence in the ex
nation of the optical properties of the material. In fact, t
4T2g→a4T1g transition in this material has been chara
2-9
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JOSÉLUIS PASCUAL PHYSICAL REVIEW B67, 115112 ~2003!
terized as a tunable laser.7–9 The tuning range goes from
around 5800 cm21 to around 4600 cm21, although the zero-
phonon transition is located around 6600 cm21. The laser
performance of this Co21:KZnF3 material is worse than in
other related materials like Co21:MgF2.7,9 These facts can
be related to the presence of the previously undete
4T2g→ 4A2g ESA, that should be located aroun
6,300 cm21 and then compete with the laser emission.

On the other hand, the presence of more than one m
stable excited state~both 4T2g and 4A2g) makes the materia
a good candidate to show upconversion luminiscence. In
fect, the 4A2g state could probably be populated by ES
from the 4T2g state, in a typical situation of GSA/ESA up
conversion mechanism. However, the upconverted lumi
cence should be difficult to detect, because, as comme
above, the 4A2g→a4T1g emission goes through a two
electron jump. Nor should be visible any luminiscence fro
the closely lyinga2Eg state, as the nonradiative decay
the4A2g to it should not proceed. Further experimental inve
tigations about these properties could throw some light
the question.

IV. CONCLUSIONS

In this work, we have performedab initio calculations on
the geometric structure and electronic spectra of Co21 impu-
rities hosted in KZnF3. We have obtained equilibrium geom
etries and vibrational frequencies for the totally symme
a1g mode for a number of electronic states, also taking i
account the Jahn-Teller coupling with theeg modes in some
of them. From the minima of the energy curves, we ha
obtained values for the different transition energies, b
minimum-to-minimum and vertical transitions. The agre
ment found with available experimental data is very go
.
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and allows us to perform new assignments of the ESA ban
where the experimental data were misinterpreted before
sum up, we find that the band found in the ESA spectrum
around 8000 cm21 should be assigned to the4A2g→b4T1g
transition, since the4A2g state can be populated after th
pumping process and~excited-state! absorption should be ex
pected from it. This band was previously assigned to
4T2g→ 4A2g absorption, but we find this transition to occu
at a smaller energy, around 6300 cm21, overlapping the laser
emission (4T2g→a4T1g). On the second hand, the broa
band found at around 12 500 cm21 corresponds to the4T2g
→b4T1g absorption, and shows two maxima that are cons
tent with transitions to the two states in which a strong Ja
Teller effect splits theb4T1g state~4Eg and 4A2g , in D4h
symmetry!.

The calculations reported in this work clearly show th
valuable information that complements the experiment
be extracted using high-quality computational methods.
pecially in cases where experimental spectral parame
~such as vibrational frequencies, bond-distances offsets,!
are not available with high precision, quantum-mechani
calculations may be a very useful source of information.
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