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and electronic transition energies of CF* in oxide and fluoride octahedral coordination
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In this paper we present the results of an initio model potentiallJ. Chem. Phys89, 5739 (1988]
embedded-cluster calculation of the potential-energy surface parameters of the two lowest electronic states
(°Eq and°T,,) of Cr**-doped MgO, CaO, SrO, and KMgfising the complete-active-space self-consistent-
field [Chem. Phys48, 157 (1980] and the averaged coupled-fair functiof&ICPP [J. Chem. Phys82, 890
(1985] methods. Impurity-ligand equilibrium distances, vibrational frequencies, Jahn-Teller energies, and
energy barriers between compressed and elondaggdstructures of théCrOg)'%~ and (Criy)*~ clusters are
calculated using an embedding method that has been shown to be able to describe the differential effects
brought about on a given cluster by the different host lattices. Vertical transition en@rgtsabsorption and
emission between the two states at the optimized cluster geometries are also calculated, correlating two
different sets of electrons through ACPF calculations. As in an earlier calculatiod®céirgl 4° transition-
metal ions, the Jahn-Teller coupling is shown to be stronger in going from MgO to SrO, within the oxide
family of lattices, being dynamic in all the lattices.

I. INTRODUCTION the study of local geometry and Jahn-Teller parameters on
the ground state of G, AgZ":MO (M =Mg, Ca, Sy,2 high-

In the last years, many efforts have been dedicated to thpressure  effects on the photoluminescence  of
study of localized electronic states around point defects irCr*":K,NaGak,? the bonding between CO and tt&00
solids, and in particular, in transition-metal—doped ionicsurface of the MgO crystaf, local geometries and electronic
crystals, since these materials are good candidates to be tuspectra of \#*-doped fluoroperovskite$skKMgF;, KZnF,,
able lasers.The knowledge of the local geometry around theKCdF;, CsCak) (Refs. 11 and 1R and local geometries and
impurities is of key importance to the study of the local electronic absorption spectrum of KihCak.*!* These
energy spectrum of these materials, which is necessary infostudies have shown the ability of the AIMP embedding
mation in determining their laser potentiality. Direct experi- method to describe the influence of environmental changes
mental measurements on the ground-state local geometrgn the cluster geometry and electronic structure.
such as those of extended x-ray absorption fine structure or In this work we present an AIMP study of the potential-
x-ray absorption near-edge structure techniques, are very dienergy surface parameters of two electronic std
ficult and not exempt of uncertaintiésAs a consequence, ground state anéng excited state of Cr**-doped MgO,
more conventional techniques, such as electron paramagnet@aO, SrO, and KMgklattices, both in th&®,, symmetry and
resonance, acoustic paramagnetic resonghe®), and UV-  in the D,, symmetry originated from théEg®eg and
visible spectroscopy, are used to indirectly obtain local struc®T,,®e, Jahn-Teller coupling> We used the complete-
tural information®=° On the other hand, from the theoretical active-space self-consistent-fitid CASSCH and averaged
point of view, the cluster approximatibmecame an impor- coupled-pair functional (ACPF) methods in order to handle
tant tool, which led in the last years to the formulation of the electronic structure of theCrOg)'° and (CrFy)*~ clus-
embedded-cluster techniques able to give direct qualitativeers embedded, respectively, in AIMP representations of the
and quantitative information about the distortion around theMgO, CaO, and SrO lattices, on one hand, and of the KMgF
impurity in the ground state as well as in excited states of thdattice, on the other hand. We have also calculated the verti-
embedded cluster. These circumstances make clear tlg@l transition energiesboth absorption and emissipibe-
claimed importance of a close collaboration between theotween the’E ground state and thil 4 state, which can be
retical and experimental studiéswhich could provide identified with the 10-Dq parameter used in the crystal field

complementary information on a common problem. theory in O, symmetry'® and between their respectiy,
It is along this line that theab initio model-potential ~distorted electronic state3,,, °B;, and®B,g, °E, .
embedding methodAIMP) has been proposéds a first- The experimental knowledge of théEg and 5ng

principles method able to take into account in an accurat@otential-energy surfaces in these materials is very limited.
manner not only the Madelung potential of an ionic lattice, To our knowledge, APR experiments have been performed in
but also other interactions between the cluster and the suer’":MgO (Ref. 4 and CF":KMgF; (Ref. 5 and far-
rounding lattice: electrostatic deviation from a point-chargeinfrared spectrum® phonon scattering® and thermal
description of the ions and quantum exchange and orthogaonductivity?* studies have been conducted in®CMgO;
nality (or linear independengyinteractions. Recently, the the results have been interpreted by means of a dynamic
AIMP embedding method has been successfully applied tdahn-Teller distortion of the octahedrdrXg) cluster unit
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(X=0, P, due to a strong vibronic coupling with the lattice however, be treated in an approximate wWapllowing the
vibrations??=2* These experimental efforts concentrate onideas of theab initio core model potential methdd,
the determination of parameters of the lowest vibronic states;omplete-ion model potentials representing the true environ-
such as the tunneling parame(@F’), the random strain split- ment Coulomb and exchange potentials can be obtained from
ting (8), and spin-orbit coupling parameted).'® Structural  the group wave functiongb” ®&, . . .) without the use of
parameters related to the Jahn-Teller coupling, such as thany parametrization procedure. This total-ion model poten-
Jahn-Teller energyE;;) or the barrier between elongated tials are built up fromf{i) a local representation of the long-
and compressebD ,;, structureq28) are obtained only in an and short-range Coulomb potentiél) a non-local represen-
indirect way from the experimental measurements, aftetation of the exchange and relativistic potenti@srwin and
makinga priori hypothesis about the nature of the coupling.mass-velocity potentials, if they are chosen to be present
That very often makes the resulting structural parameter§Ref. 28, and(iii) a total-ion projection operator, represent-
strongly dependent on the initial hypothesis and they usualljng the cluster-lattice orthogonality terms. Then, the elec-
span over very wide ranges, thus becoming estimates rath&onic structure of the cluster unit is obtained when it is em-
than definite measuremerffsThe aim of this work is to bedded in a set of such total-ion model potentials, which are
obtain the structural parameters of the materials fedmini-  added to the one-electron isolated cluster Hamiltonian. The
tio computer simulations, which are expected to be reliablembedded-cluster Hamiltonian used in the calculation of the
on the basis of the previous studies on similar syst&ifs.  ESUS+E®S®"Vterms in Eq.(2), which are the relevant ones
In Sec. Il, we present a summary of the method used itior the local structure of the cluster, reads
this work, together with the details of the calculations. Fi- | .
nally, in Sec. Ill we present the result of these calculations Hemp cius™ Hisol clus

and a comparison with the experimental results presently |
available. S < |-Q A exp—afr? )
+2 2 +2
ion M i K M i
Il. METHOD +1
The AIMP method used to perform the embedded-cluster +Z| m:E_l ;) |alm; w)Afap

calculations on the geometries and transition energies of the
defect crystals G :MO (M=Mg, Ca, Sy and CF":KMgF,
has been presented in Ref. 7; here we will only summarize X (blm; u|+ X, BE ) B4 } &)
its main features. ¢

Based on the group function theof@FT) developed by |n Eq. (3), the first term in the right-hand side is the isolated
McWeeney® and Huzinaga and co-workef3the AIMP em-  cjyster Hamiltonian and the following terms represent the
bedding method assumes that a good approximation to thémbedding potential. The second term in the right-hand side
local electronic states associated to the impurity is the folof Eq. (3) is the long-range embedding potential originated

lowing antisymmetric product wave function: by ion u on electroni, whereQ,, is the ionic charge. The
erys St A B third term is the short-range Coulomb model potential origi-
VEV=MA[ QD DE: -], @ nated by the environmental iopn; its parameterdA{ and

af, in an arbitrary number, are calculated by a least-square
fitting to the_ true short-range Coulomb potential,
(Qu=2Z)/r,i+3,(r ), J, being the one-electron Coulomb
operator associated to the many-electron wave function of
ion u, ®,. The fourth term is the exchange model potential
of ion w; it is the spectral representation of the negative of its
true exchange operatd,,, on the subspace defined by the
set of primitive Gaussian functionalm;u) used in the ex-
pansion of its occupied orbital$’. As a consequence, the
ABP coefficients are the elements of the matrix

where®®"s stands for the arbitrary cluster group wave func-
tions (®C%  and ®©F* in this work and
®A @B, ... are theenvironmental group wave functions
(M?" and G in the oxide calculations and & Mg?*, and

F~ in the fluoride calculations in this woyklf these func-
tions are chosen to be strong orthogoftahen the energy of
the whole crystal takes the simple form

ECrYs— Eclus+ Eclus—env+ Egenv. (2)

The basic approximation in the GFT is the neglect of the Al=— (S IKH(S) L, 4)
electron correlation effects between the cluster and the envi-
ronment, while intracluster electron correlation is properlywhereS$* is the overlap matrix in the quoted subspace and
accounted for in the GFT, as well as electrostatic and<* is the matrix ofK , in the same subspace. Finally, the last
guantum-mechanical interactions with the lattiexchange term is the projection operator of iom, originated by the
and orthogonality It is expected that these cluster- restricted variational treatmefft,which is responsible for
environment correlation effects do not play a significant rolepreventing the collapse of the cluster wave function onto the
in the determination of the local properties that are the obenvironmental ionw. B% is —2¢%, wheree£ is the orbital
jective of our interest; if they did, the selection of a largerenergy of the embeddegl¥, and the indexc runs over the
cluster able to include these interactions would become compccupied orbitals. As corresponding to the AIMP main
pulsory. idea?’ the last three terms in E@3) are calculated directly

The plain application of the GFT requires the calculationfrom the ¢£ orbitals, without resorting to any kind of param-
of Coulomb and exchange two-electron integrals between thetrization procedure in terms of a reference, such as those
cluster and the environment group wave functions that carfollowed in pseudopotential theory.



1140 JOSELUIS PASCUAL, LUIS SEIJO, AND ZOILA BARANDIARAN 53

The model allows us to represent any degree of latticéng the net charge of the ion they represent, except those
polarization by performing an iterative procedure in whichlocated in the edge, which bear fractional charges according
each group wave function is variationally optimized in theto Evjen’s method’
presence of the rest of the lattice, repeating this step until
self-consistency is achievéd Alternatively, more approxi- B. Defect cluster wave function

mate wave functions can be obtained in only one step: the 14 herform theab initio calculations on the embedded
cluster group wave function is calculated as embedded in ?Cr06)1°‘ and (CrFy)*~ clusters, we have used a basis set

set of frozen environment group wave functions located &l here the linear combination of atomic orbitals expansion is
their crystallographic sites, so excluding any degree oot confined to the first neighbors of the?Ciimpurity (the
polarization: This latter approaclfrozen environment ap-  giandard in cluster calculatiopshut augmented with addi-
proach is the one we have used in this work. _ tional components located at th€l00) cation second-
Next we present the details of the frozen environment,qighnor sites. This approach has been referred to as first-
calc_ulanons performed: environment wave functions and POheighbor-cluster/second-neighbor-basis-&@t/SN) in Ref,
tentials, and defect cluster wave function. 8, and its use has been shown to minimize the errors with
respect to all-electron secondfl00 neighbor cluster
calculation€ To construct the basis set for the embedded
cluster, we have used two different atomic basis sets for the
The embedding model potentials used in this work for thechromium ion: the all-electron (¥41p5d) basis set of
oxide lattices(MgO, CaO, and SrDhave been taken from Wachters®®> augmented with an extrd functior?® and anf
Ref. 8. Nonrelativistic total-ion model potentials have beenpolarization functior?! without and with thef function, and
used for the MgO and CaO lattices, while the Cowan-Griffincontracted as(6211111/421111/311) and (62111111/
model potential produced for the SrO lattice, which include421111/3111/3, respectively. We will refer to these basis
mass-velocity and Darwin relativistic effects from thé'Sr sets as basis set 1 and basis set 2. For the oxygen and the
ions, have been used in the?C1SrO calculations. For the fluorine atoms, we have used tfige]-core ab initio model
Cr**:KMgF; defect system, we have followed a completely potential of Ref. 27a). The corresponding (@5p) valence
parallel approach: the external group wave functighls basis sets were augmented by one diffysdunction for
(1=K™, Mgz+, F~) have been obtained from a self-consistentanion (exponent 0.059 for the O atom and 0.074 fyrfilem
embedded-ion calculatiofSCEI performed at the perfect Ref. 33 and contracted #41/417).
host crystal geometryO t-P 3 a0=3.973 A.%° The SCEI Following the FN/SN approach, Gaussian basis set func-
procedure consists of a set of embedded-ion calculations, oriwns were included for the secor{@l00 cation neighbors.
per crystal component, which are iteratively repeated up td’he basis sets used in these centers are the same as in the
convergence in the orbitals of two successive iterations. Irorresponding calculations for €4 Ag®*:MO, totally con-
the case of the KMgfSCEI calculation, first, a Hartree- tracted ag10/4) for Mg?", (13/7) for C&*, and(9/8) for the
Fock (HF) calculation on K, another one on Mg, and a Cowan-Griffin relativistic St ion. For CF":KMgF; we
third one on F are performed, all of them embedded in ahave used the &f second-neighbofMg?*) 2s and 2
lattice of K", Mg®", and F ions represented by AIMP’s atomic orbitals resulting from the KMgFembedded-Mg
corresponding to free ions, located at perfect lattice experiealculation described above.
mental sites. Then, with the resulting orbitals of these calcu- The embedded 7O-electr<()ﬁr06)1°‘ and(CrFG)“‘ cluster
lations, new AIMP’s are calculated for the complete ions andvave functions and energies corresponding toEEE@elec—
they are used as embedding potentials in new HF calcularonic ground state anang excited state were optimized
tions of K", Mg?*, and F. This step is iterated up to con- along the octahedral totally symmetric stretch coordinate at
vergence. This procedure was suggested by Adawithina  the CASSCF levéf [including the mainly Cr(8) t,, ande,
different method. The generated potentials are stored in datarbitals in the active space; these calculations are referred to
libraries and used in the KMgFembeddechrF6)4‘ abiniio as CAS$4)] in order to obtain the impurity-ligand bond
calculations using the Hamiltonian of E€B). In these cal- length and a;; mode vibrational frequencies. For the
culations we have used the(4333/43, Mg(433/49, and  Cr*":MgO system, this optimization was also performed cor-
F(53/5 basis sets from the compilation of Huzinaasplit  relating these four electrons by means of an AGREf. 17
as (433111/411}), (43111/111}, and (5111/311}, respec- calculation[referred to as ACP@)]. Taking theO,, equilib-
tively (an extrap-type function for anion, taken from Ref. rium geometry and energy as the origin for tetragonal distor-
33, has been added to the fluorine basig. #dt the detailed  tions, we have calculated the Jahn-Teller coupling of®
data referred to in this section are available from the authorand 5ng states with the degeneratg vibrational mode,
upon request. which splits the degeneracy of tﬁEg electronic state into
The embedding model potential used along these calcul@A;, and °B,, states and théT, state into°B,, and °E,
tions includes the contributions from all the ions locatedstates-® by searching for minima in the, , vibrational co-
within a cube whose edge isag for the oxide calculations ordinate of the clustefdistortion that leads td,, struc-
(2a, for the fluoride calculationsand is centered in the € tures. Finally, at the energy minima found in CA8 Oy,
impurity, which substitutes the alkaline-earth cation, in aand D,, geometries, vertical transition energies have been
similar way to that described in Ref. 8. Among them, the 172calculated at three different levels of accuraty) CAS(4)
(92 for KMgF;) nearest neighbors of thé(:r06)1°‘ and level; (2) ACPH4) level, and(3) correlating at the ACPF
(CrFG)“’ cluster are total-ion model potentials and the restevel the four mainly Cr(8) electrond already correlated at
(up to 716 for MO and 482 for KMg§} are point ions bear- the ACPR4) level] and twelve mainly ligand (@) electrons,

A. Embedding model potentials
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TABLE I. Energy surface parameters for*CrMgO. TABLE II. Energy surface parameters for tAE, ground state
of Cr?*, using basis set 1 at CA® level. ry is the distance be-
CAS (4) ACPF (4) tween the alkaline-earth and the anion in the undistorted lattice.
Basis set 1 Basis set 2 Basis set 1 Basis set 2
Oy, structure E, state MgO cao ST0 KMgf

re (Cr-0) (A) 2.170 2.169 2.170 2.169 ro (A) 2.106 2.405 2.580 1.987

Va,, (cm ™) 650 650 650 650 Oy, structure E state

282 (cm™Y -5 -5 -10 -10 re (CrX) (A) 2.170 2.350 2,513 2.062

ElongatedD 4y, structure,5Blg state Vayg (em™) 650 500 440 600

I (Cr-0) (A)  2.220 2.220 2.222 2222 283 (cmY —S 20 75 >

leq (Cr-O) Ay 2144 2.143 2.144 2.143 ElongatedD 44, structure,‘r’Blg state

Ejr (em™b 480 485 495 510 Fax (Cr-X) (A) 2.220 2.437 2.619 2.101

ve, , (cm™) 520 515 520 515 Feq (Cr-X) (R) 2.144 2.306 2.460 2.043

Compresse 4, structure,’A, 4 state Eyr (cm™h 480 605 565 365

I (Cr-0) (A)  2.119 2.117 2.119 2.116 ve , cm™ 520 345 280 540

req(Cr-0) (A) 2195 2.195 2.196 2.193 Eprlve , 0.92

Eyrem™Y 475 480 485 500 ve, ,112B] 104

;egl ,em™) 510 505 510 510 ’ Compressed 4, structure °A, 4 state

%3~ (compressedt E(elongatedl Fax (Cr-X) (A) 2.119 2.255 2.386 2.023
Feq (Cr-X) (R) 2.195 2.397 2.577 2.082
Eyr(cm™) 475 625 640 370

belonging to thea,q, €4, andt,, irreducible representations 3, (cm™) 510 320 235 530

[ACPH216) level calculation$ This latter calculation, which EJQT“};e 1.95 272 0.70

is the one with the highest quality in this paper, correspondge /|29'[§| 16 3.13 106

to the application of the proposal of Pierloot and —2

Vanquickenborné® 228=E(compressed- E (elongated

strength and the dynamic behavior within tgvibrational
modes(see below, this change does not bring significant
A. Local geometries and Jahn-Teller parameters variations. Therefore, we can conclude that, in this case, the

In order to assess the effects of the basis set and the difAS(4) level, without the inclusion off functions on the
ferent levels of calculation in the geometry parameters, wdmPUrity ion basis set, is accurate enough for the calculation
present in Table | the results of the calculations on the’f 9eometries and Jahn-Teller parameters. .
ground and excited states ofCriMgO performed with the In Table 1l we present the results of a calculzaltlon of the
basis sets 1 and 2 and at the GASand ACPF4) levels. grrgfr]d-state#Jahn—TeII(aCr%+_ parameters  of “'Qvigo,

First of all, we can see in Tabll a comparison between C :Ca0, Cf:SrO, and Cr":KMgFs, at the CA$4) level
the results using basis set 1 and basis set 2 for the calculatiifd USing basis set 1. Together with the parameters already

of the Oy, equilibrium Cr-O distancer() anday vibrational ~ described, we present the ratiBg/v,_ , and Ve, ,/12B] for
frequencies ¢, ) and the calculation of the Jahn-Teller the most stabl® ,, structure. These parameters are useful to

parameterd® Jahn-Teller energietE,), defined as the dif- understand the dynamics of the systemThe ratio
ference between the energies of g, andO,, equilibrium EJT/vegﬁ is a quanntatlv_e measure of the linear Jahn-Teller
configurations for each tetragonal distortieg,, vibrational ~ coupling strength. IE;r/ve <1, the coupling is weak and,
frequencies Qeg’g), calculated using the second derivative of jf EJT/Zeg 1 the coupling is strong. Between those limits,

the potential-energy surface in thiz,, minimum with re-  one should talk about intermediate coupling. On the other
spect to thee, , vibrational coordinate, and axiét,,) and  hand, the ratio/eg ,/12B| is useful, within the strong linear

equatorial (ro) Cr-O distances, together with the barrier .o 5jing scheme, to identify dynamical and statistical behav-
height between the Jahn-Teller minim@p), calculated as o, According to Bersukel? when thee, vibrational energy
the difference between the energies of the compressed and mych higher than the barrier between equivalent minima
elongated structures@=E(compressed-E(elongategl We F];eg 9/|2,8|>1) the dynamics of the system idrae internal

see that the results are very similar for both basis sets, wit tation between the three equivalent tetragonal minima. for
deviations always smaller than 0.002 A in the distances anf . d rag L
Intermediate values the system perforhisdered rotations

10 cm ! in the energies, for the elongatédB,, ground o >
statg and compresse(?A1g ground stateD 4, strugctures. Petween the rmmma and, ﬁ?g,a”zmgl’ there arepuisat-

Also in Table | we present the result of the AQRFcal-  ing or tunneling deformationsFor very low values of
culation of the same properties, again with basis sets 1 and 2e, ,/|2, we reach the limit of the static Jahn-Teller effect.
We see that the distances and vibrational frequencies are thie Table 1ll, we present the reported structural parameters
same as in the CAS) calculations. The difference is larger derived from experimental measurements, together with the
for the Jahn-Teller energies, which increase at the A@PF values calculated in this work. A direct comparison between
level by an amount of up to 7%. For the linear couplingthem is not simple, since the experimental measurements are

IIl. RESULTS AND DISCUSSION
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TABLE Ill. Experimentally estimated and calculated Jahn—Teller parameters.

Reference System ;eg,g (em™  Ejpm? |28 (cm™Y EJTIFegIg ;eg,6/|2’8|

22 CP*:MgO 490 1400° 775 2.85 0.63

23 CI2+ZMgO 300-406 1180-665 3.93-1.66

5 Cr2+:MgO 300-4006 76-587 3.95-0.68
This work Cl2+:MgO 520 480 5 0.92 104

5 CI2+:KMgF3 300-406 1500-850 120-750 5.00-2.13 2.5-0.53
This work  CR*:KMgFs 530 365 5 0.69 106

30ptical longitudinal mode frequency in Mg®.
PAccepted as approximate value, without further comments.
‘Hypothetical values.

directly related to properties of the lowest vibronic states thaand the elongated distortions are essentially equally stable,
depend mainly on parameters such as the random strain splaithough the values of 2 could be affectedhopefully not

ting (9), the tunneling parametdBIl’), and spin-orbit cou- largely) by the inclusion of lattice polarization and a higher
pling parameterD) or their ratios® whereas they are more degree of correlatiof®

loosely related to the values of the Jahn-Teller enekgy, Experimentally, both Gf:MgO (Refs. 22 and 2Band

and thee local mode vibrational frequenciegyﬁ, which are, Cr®":KMgF; (Ref. 5 have been described as strongly

on the other hand, direct results of our calculations. As &oupled to their respective lattice vibrations, showing a dy-
matter of fact, stable results of the structural parameters af@amic behavior. The coupling has been reported to be stron-
very difficult to obtain from available experiments, since 9er in CF":KMgF; than in Cf*:MgO (Ref. 5 based on the
they are very sensitive to the approximations leading to th@ssumption of strong linear coupling. The calculated values
equations used for the analysis. As an example, parametel@ Ejr/ve , (Table 1) do not support this assumption and
for Cr?":KMgF5 have been derived from APR measurementssuggest considering an intermediate Jahn-Teller coupling of
(see Table I, under the assumption of strong Jahn-Tellersimilar size in both materials. This situation is very similar to
coupling, as a function of the; mode vibrational frequency. that found in C@":MgO, whereab initio calculation§ sug-

But this frequency is experimentally unknown and a value ofgested the use of an intermediate coupling scheme to inter-
300-400 cm? is assumed for it. Based on this supposition,pret the experimental results, rather than the strong-coupling

values of?eg 9/|2ﬂ| ranging from 2.5 to 0.53 are obtained scheme previously used. The calculated values for

(i.e., from hindered rotation to a rather static dynarics Veg,9/|25| point towards a very dynamic Jahn-Teller behav-
while the behavior is experimentally known to be dynamic. ior (actually, a completely free rotatipin both C#*:MgO
Our results forE;; and 28 are, anyway, very different from and CF":KMgF;. On the other hand, the random strain ef-
the experimental estimates, especially the barrier heightsects, not considered in these calculations, are known to re-
which are very low. The lack of lattice distortion beyond the sult in a slight enhancement of the static behavior of the
Cr?* first neighbors and the inclusion of higher degrees ofJahn-Teller dynamics, facilitating the localization on one of
electron correlation in our calculations may affect thesethe three equivalent minima of the potential surfatas a
results® but unless these effects were unexpectedly large, theonsequence, we should regard our results as tending to pro
resulting Jahn-Teller dynamics will be very similar. The in-vide an image a little too dynamic for the Jahn-Teller
clusion of dipole polarization of the lattice on similar coupling®
system&-3 showed that the results of these effects are very Our results also suggest a dynamic behavior fét @aO
small on the distances and vibrational frequencies. The exand Cf":SrO, although it is less dynamic in going from
planation of the differences between our results and the exMgO to SrO(the behavior can be said to be a free rotation
perimental estimates may reside in the inadequacy of théor MgO and CaO and a hindered rotation for $réllow-
strong linear coupling approximation to explain the experi-ing the trends of the host effects found in the study of Jahn-
ments, since according to our results it would rather be affeller parameters of & and 4d° ions (Cl?" and Ag™") in
intermediate coupling, which is more difficult to handle.  the same host crystalsComparing to those results, we see
From Table Il we can see that the most stablg, con-  that the coupling strength is similar for €rand Céd" in
figuration resulting from our calculations is a compressedhese oxide lattices, while the behavior is much more dy-
octahedron for all the systems except fofTMgO. How-  namic for C#' than for Cé¢". The lack of experimental work
ever, the absolute values of the barrigt @&e very small, so on CF*:CaO and Cf":SrO does not allow a comparison
that the nature of the most stabil®,, structure is not as with the theoretical trends found in this work.
relevant as what kind of dynamics is induced by the e In summary, our results suggest that the use of the strong
Jahn-Teller coupling in these systeM$Experimentally, this  linear coupling approximation for the interpretation of the
distortion has been proposed to be a compression for botaxperiments in CGf:MgO and Cf":KMgF; is unjustified.
Cr**:MgO (Refs. 20 and 2pand CF":KMgF; (Ref. 5 after ~ We believe that more experimental work is needed, inter-
fitting the lowest vibronic levels, but other experimental preted on the basis of an intermediate coupling.
analyses leading to different distortions have been shown to In Table IV, we present the Jahn-Teller parameters calcu-
be possiblé®?*Our results suggest that both the compressedated for the coupling of théT,, excited state with the,
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TABLE IV. Energy surface parameters for tiE, excited state calculation of the vertical transitions presented in Tables V

of Cr**, using basis set 1 at CA® level. and VI for C#* in the CaO, SrO, and KMgfattices. It is
worth noticing that other theoretical calculations of the ab-
MgO CaO Sro KMghk sorption spectrum of théCrFy)*~ cluster exist in the litera-

ture, performed with a simpler representation of the lattice

O,, structure °T,, state L
h STUCIUIE," 29 than that used in this wor®:*!

crX) (A 2.184 2.364 2.525 2.081 : o .

r;e( (rcm)_i) ) 660 510 445 620 Looking at the transitions for the different systems, we

219 ElongatedD .. structure 5B, state can see that the variation of the transition eneligy— T,
f(CrX0 A) g2 208 an 2408 % » 83 094  Which can be identified as the 10Dg parameter, with the dif-
rax (CrX) (A) 2'173 2'342 2'496 2'075 ferent systems, is the one that we should expect: the shorter
Eeq (cm™Y) 1'00 155 17'0 46 the distance, the larger 10Dg. The value of the transitions is
=T A 520 240 70 550 smaller for CF":SrO[r (Cr-0)=2.513 A] than for CF":MgO
;eg,f/;_ 019 0.46 0.63 0.07 [r(Cr-0)=2.170 A, with an intermediate value for

I ey ) ' ) ) Cr’*:CcaO. The quantitative dependence of 10Dq

(°Eg—°T5g) with the Cr-O distancer (Cr-O), in the MgO,
I . CaO, SrO series is such that, if represented by the usual
vibrational mode(T®e Jahn-Teller coupling As deduced | ’ —n
from the E;r/v,  values, the Jahn-Teller coupling can be crystal field theory(CFT) (Ref. 19 formula 10DG=cRy =,
J AT g : _ . a value ofn very close to 5 is found when the calculated
described as weak in all cases, in contrast with the results ipagylts forr (Cr-O) are used5.0 in CAS4), 4.9 in ACPRA4),
the °E4 ground state. The most stakile, distortion is an  and 5.7 in ACPEL6)]. However, if the host M-O distances
elongated octahedron for all the systems. The host effecire ysed instead, a value close to 5 is obtained from the pair
within the oxide family is again the same as in the groundcaO-Sro, but for the pair MgO-CaO the resulhis3.0. It is
states of the C', Ci#", and Ad”" impurities: more staticity only when the local distortion induced by the impurity is
is induced from MgO to CaO and SrO. No experimentaltagken into accountoutwards in MgO and inwards in CaO
measurements have been reported, to our knowledge, abogat theR,,-" dependence of 10Dq becomes close to the
the nature of the Jahn-Teller effect in this excited state.  simple CFT prediction. This result has been observed as well
in the V2" impurity in the fluoroperovskite series KMgF
B. Transition energies KZnF;, KCdF;, and CsCaf;** where the experimental and
, ) . computed 10Dq is well correlated to the calculated V-F dis-
_In Table V' we present the vertical absorption and emiSyance rather than to the host distance. Finally, the value of
sion energies, calculated from the equilibrium geometry °f10Dq is greater for G:MgO than for C#":KMgF, al-

the clusters in th©;, symmetry, for the’E, ground state and  hough the distance is similésee Table I, due to the larger
5ng first excited state. We have performed the caIcuIatlorbharge of the & ions with respect to the Fions.

+. ; ; ;
on CF":MgO with the two basis sets commented above, in”" | "Taple VI we can see the absorption energies from the

order to estimate the effect of the additionfofunctions 10 4t stable Jahn-Teller distort&,, structure to both states
the transition-metal ion basis set on the transition eNnergie¢oming from the tetragonal distortion of th&,, (O, sym-
As can be seen in Table V, the variation due to the inclusio 5 5r 15 J
of f functions is always lower than 100 ¢rh both in ab- ‘etry state, Ey and "By,  for the four systems under
) , e ) DO study. Since the distortion is a compression along the tetrag-
sorption and in emission. This effect is similar to that found ;41" axis. the ground state becon?és,, and the first ex-
by Pierloot and Vanquickenborne for transitions within a .; L 9 i+
CrR™ cluster’® Accordingly, we used basis set 1 for the cited state is of symmetryEg, except for the C¥':MgO -
6 ' system, which undergoes an elongation. The ground state in
. N o that case is of symme'fr?B1g and the corresponding first
TABLE V. Vertical transition energietcm ) in Oy symmetry.  excited state iSB,,. Since the nature of the most stable
distortion is uncertain, due to the small value of the #a-
CAS4)  ACPR4)  ACPH16) rameter, we have included absorption from bégtongated
and compressédstructures for Gr:MgO. We can see that

Absorption®Ey— Ty, DI ! T can
MgO the tran_simqn energies are similar for _both situatigesme
Basis set 1 10365 10690 11430 250 cm higher in the comp_res_s_ed dlstqrtborso _that _the
Basis set 2 10275 10630 11515  Spectrum does not chan_ge significantly if the distortion re-
Cao 7035 7310 7545 sulted to be a compression als_o foFCMgO. In Table VI
S0 4975 5105 4945 we can also see that the |nclu5|_onfcﬂunct|ons on.the chro-
mium ion basis set does not bring any substantial change on
KMgFs . 8?)75 5 9125 9475 these transitions either. On the other hand, the transition en-
Emission®Eq—"Tog ergies calculated at the ACRES) level in theD 4, symmetry
MgO ) are 350—1400 ci' larger than in thed, symmetry. In the
Basissetl 10100 10420 11150 oxide lattices, the effect of thB,, distortion is larger from
Basisset2 10010 10365 11235 MgO to SrO, in agreement with the calculated strength of the
Ca0o 6890 7155 7345 Jahn-Teller coupling. We report, also in Table VI, the vertical
SrO 4895 5110 4825 emission energies from the minimum of thB,, state,
KMgF; 8415 8660 8985 corresponding to an elongated octahedron, to*%g, and

5B1g states for all the systems. Again, we find differences
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TABLE VI. Vertical transition energie§cm™2) in Dy, symmetry.

CAS(4) ACPFR4) ACPFH16)
Absorption®B;4— °B,g, °E4, elongated octahedron
MgO
Basis set 1 10880, 11545 11205, 11885 11895, 12920
Basis set 2 10790, 11455 11155, 11840 12040, 13050
Absorption®A;,—°E, °B,g, compressed octahedron
MgO?
Basis set 1 11075, 11765 11400, 12110 12170, 13265
Basis set 2 10985, 11680 11350, 12065 12310, 13390
CaO 7930, 8945 8205, 9240 8665, 10755
SrO 5875, 6995 6095, 7235 6515, 8445
KMgF, 9495, 9885 9750, 10150 10090, 10685
Emission®A,, °B;4— By, elongated octahedron
MgO
Basis set 1 9475, 10325 9780, 10645 10445, 11375
Basis set 2 9385, 10235 9720, 10595 10570, 11510
CaO 6010, 7170 6255, 7440 6565, 7850
SrO 3990, 5160 4185, 5375 4790, 6110
KMgF3 8110, 8565 8350, 8810 8640, 9130

4ncluded only for comparisolsee text

with the emission irD,, symmetry increasing from MgO to Cr?":KMgF,. This fact could be responsible for the wide
SrO, within the oxides series, ranging from 100 to 1100range of Jahn-Teller parameters proposed in the literature
cm . assuming strong linear Jahn-Teller coupling in order to inter-

To our knowledge, there are no experimental reportsret the experimental measurements. The different host ef-
about thed-d spectrum of C¥" in any of the host lattices fects found in the ground and excited states of th&' @n-
studied here. There are some experiments of optical spectrgyrity in oxide family MgO, CaO, SrO is the same found for
which present bands that have been asfg%[“ed% i@rluo-  the ground states of the €uand A¢* impurities: the Jahn-
ride com4?[?ounds, such as Gif# ©KCrF3,** N&,CrF,,™ Teller coupling is greater in going from MgO to SrO. On the
NaCrf;,™ and NHCrF;.™ All of them reported wide bands  ower hang, in a given host, the Jahn-Teller coupling is simi-
at about 11 000 and 14 000 ¢t assigned to transitions lar for both C#* and C@*, but the behavior is more dy-
from the ground state of the €r ion, which is supposed namic for Cf* than for CG’*.

to be the’By, state in these lattices, to_the states coming e have also calculated the vertical absorption and emis-
from the octahedrafT,, state (B, and Eq states The  gion energies between tHE, ground state and the 10Dq
splitting of t_hese tranS|t|on§about 3000 cm”) is larger than stg excited state in the®, aﬁdDAh geometries for all four
thaElfound in our calculations of €r:KMgF, '(abo'ut 600 systems. These energies show the expected trend with re-
cm ), due to the fact that the Jahn-Teller distortion of thegnect 1o the Cr-O distance. The correction brought about by
chromium site in these crystals is much larger than the ONghe D, distortion in the spectra is of about 350—1400¢m

calculated in this work: the size of it growing towards SrO in the oxide series, con-
sistent with the stronger Jahn-Teller coupling found. The
IV. CONCLUSIONS splitting of the absorption transitions to th&, and *By,

] o excited states for G¥:KMgF; is smaller than that experi-
In this paper, we present the results ofadminitio model-  mentally found in some fluoride crystals, as a consequence
potential embedded-cluster calculation on the Jahn-Teller ersf the small Jahn-Teller distortion found in this work.
ergy surfaces of theE, ground state andT,, excited state Finally, the CA%4) level, without the inclusion of func-
of CP*:MgO, Cr*:CaO, CF":SrO, and Ct:KMgFs, tions on the impurity ion basis set, is accurate enough for the

coupled to thee, cluster vibrations. TheéE, state is splitand  calculation of geometries and Jahn-Teller structural param-
the ground state results to be an elongated octahedron fggrs.

Cr**:MgO (ground statéBlg) and a compressed octahedron

gor Cr*:Ca0, CF":SrO, and C¥:KMgF; (ground state

A1), although the results show essentially the same stability

for both distorted structures in €rMgO and Cf*:KMgF,. ACKNOWLEDGMENTS
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