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Local relaxation around Fe3¿ in fluorides: Influence on electronic properties
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The local relaxation around Fe31 impurities in different fluoride lattices has been explored by means of
density-functional~DF! calculations on clusters including up to third neighbors of Fe31. For the same purpose
the dependence of the isotropic superhyperfine constant,As , on the metal-ligand distance,R, has been studied
for clusters of different size using the self-consistent charge extended Hu¨ckel and multiple-scattering Xa
methods as well. In all casesAs is found to be proportional toR2nsns lying between 6 and 7.5. Using this result
the difference,DRe , between the equilibrium distance for CsCdF3:Fe31 and KMgF3:Fe31 would be equal only
to about 2.3 pm from the electron-nuclear double resonance~ENDOR! data reported for both systems. This
figure, which has to be compared with the valueDR0523 pm corresponding to the perfect host lattice, is
compatible with theRe values derived from total-energy calculations. Although the valueDRe52.3 pm is
much smaller thanDRe5761 pm corresponding to Mn21 in the samelattices, it is shown to be consistent
with the v(A1g) frequency for both kind of impurities. From the present resultsRe changes caused by a
hydrostatic pressure down to 0.05 pm can be detected throughAs variations measured by ENDOR. Moreover
it is pointed out that good information about the actual impurity-ligand distance for transition-metal impurities
in insulators can be obtained from DF calculations on clusters. Finally, the 10Dq value and itsR dependence
are shown to be strongly related to the small 3d-2s(F) hybridization in the antibondingeg* level which also
determinesAs .
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I. INTRODUCTION

The presence of transition-metal~TM! impurities in insu-
lators gives rise to the appearance of interesting propertie
good characterization of the local structure around the im
rity is a prerequisite for gaining a better insight into the m
croscopic origin of such properties. Although for a pu
compound the measurement of interatomic distances ca
carried out through standard x-ray or neutron-diffracti
techniques, such techniques are, however, not useful in
case of diluted impurities.

In order to determine the actual equilibrium distanc
Re , between an impurity and the nearest-neighbor ligan
three different approaches have been used in the last y
~i! the extended x-ray-absorption fine-structure~EXAFS!
technique;1–5 ~ii ! the analysis of electron paramagnetic res
nance~EPR! and optical parameters6–12 sensitive to varia-
tions of the metal-ligand distance,R; ~iii ! realistic quantum-
mechanical calculations on clusters centered around
impurity.13–18

Although the EXAFS technique can be applied to a nu
ber of different kinds of impurities, it often requires impuri
concentrations higher than 1000 ppm. At the same time
uncertainty on the obtainedRe value is higher than61 pm
and thusRe changes induced by thermal expansion effects
hydrostatic pressures smaller than about 5 GPa can hard
detected through such a technique. This situation can, h
PRB 610163-1829/2000/61~10!/6525~10!/$15.00
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ever, be substantially improved looking at some EPR or
tical parameters such as the isotropic superhyperfine~shf!
constant,7,11 As , or the cubic field splitting parameter,8,9,11

10Dq. Also the zero-phonon line energy of crystal-field tra
sitions which are 10Dq dependent has been employed f
this purpose.10

In the realm of TM impurities in insulators a good stru
tural characterization has been accomplished for subs
tional Mn21 impurities in fluoroperovskites. Along this serie
the Mn21-F2 distance was determined through the analy
of experimentalAs and 10Dq parameters7,8 and also by
EXAFS19 in the case of KZnF3:Mn21 and RbCdF3:Mn21.
For each compound of the series these methods lead to
sameRe value within the experimental uncertainties. Usin
the As constant measured by means of the electron-nuc
double resonance~ENDOR! techniqueRe changes down to
0.03 pm can be detected in these systems.7 Although Fe31 is
isoelectronic to Mn21 fewer efforts have been devoted, how
ever, towards achieving a structural characterization of F31

impurities in halides. This partially comes from the usu
absence of luminescence for Fe31 impurities in octahedral
coordination20,21which can act as killers of the luminescen
due to other sources.22 This circumstance prevents the obse
vation of excitation spectra and thus the measuremen
10Dq, in the case of diluted impurities.

Despite this fact the shf interaction has often been
6525 ©2000 The American Physical Society
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tected through EPR for Fe31 in fluoride lattices.23–31 More-
over, precise measurements of the shf tensor have been
ried out by ENDOR in the case ofcubic centersformed in
some Fe31-doped fluoroperovskites.25–29Therefore, it is cru-
cial to investigate whether for Fe31 in fluorides some insigh
about the true distance between a Fe31 impurity and its near-
est neighbors can also be derived from the analysis of
experimental shf tensor. Hartree-Fock calculations on
lated FeF6

32 units performed32 only at R51.90 Å and R
52.00 Å suggested a strongR dependence ofAs .

The present work is devoted to exploring the local rela
ation around Fe31 impurities in cubic fluorides. For achiev
ing this goal, theoretical calculations of the equilibriu
metal-ligand distance,Re , using clusters ofdifferent sizes
centered around the impurity, have been performed in a
step. Calculations have been carried out in the dens
functional theory~DFT! framework using the Amsterdam
density functional~ADF! code.33,34 Good results on equilib-
rium distances of TM cations in insulating materials ha
recently been obtained using DFT. In the case of Cr31-doped
fluoroelpasolites, the calculatedRe values18 using clusters
including up to third neighbors are coincidental with expe
mental ones within61.5%.

For the present case, K3FeF6 and LiF:Fe31 systems have
first been explored. Although K3FeF6 is in fact a Fe31 com-
pound~Fig. 1!, whereRe is thus well determined, two clos
Fe31 ions lie, however, far apart~the distance between them
being 6.07 Å! anddo not shareany common ligand. In the
present calculations the electrostatic potential,VR , due to the
rest of the latticenot includedin the cluster has been consid
ered. Particular attention has been paid to explore the de
dence of the computedR value on the cluster size and als
thenonflatnessof VR inside the cluster. As recently found fo
Cr31 impurities, theRe values computed using clusters i
cluding third neighbors are found to be in the range of
perimental Fe31-F2 distances35–39 for some representativ
compounds.

In a second step we have tried to correlate the experim
tal value ofAs for FeF6

32 in different cubic lattices with the
actual value ofRe . As is known through Sugano an
Shulman,40 the electronic properties due to asubstitutional
TM impurity, M, in an insulator can be understood to a go
extent considering only theMXn complex~formed with the
nearest anionsX! at theright equilibrium distance. This im-
portant idea means that variations undergone by EPR or
tical parameters due to a complex in a series of host latt

FIG. 1. Picture of the elpasolite K3FeF6 lattice following Ref.
35.
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with the same structure would reflect the change of th
metal-ligand distance along the series. This behavior
proved true for cations such as Mn21, Cr31, Ni21, or Ni1 in
different halide lattices7–11,41or Cr41 in oxides.42

For greater confidence on the reliability of theoretical p
dictions about theR dependence ofAs , multiple-scattering
Xa ~MS-Xa! and self-consistent charge extended Hu¨ckel
~SCCEH! methods have been used together with the A
code. The first two methods give reasonable results for
electronic properties of TM impurities~when computed
around the experimental equilibrium distance!, but not on
total energies, equilibrium distances, or vibrational frequ
cies.

As for the interpretation of experimentalAs values for
Fe31 and Mn21 in some fluoride lattices~collected in Table
I! a point deserves special attention. In the case of Mn21 the
difference between the highest and lowestAs value is equal
to 16 MHz while it is practically half in the case of Fe31.
More precisely, the difference between theAs value
measured25,29by ENDOR in KMgF3:Fe31 and CsCdF3:Fe31

is well established as equal only to 5.2560.08 MHz. For
being sure that such a difference actually reflects a differ
Re value in both systems, theRe value for KMgF3:Fe31 and
RbCdF3:Fe31 has also been calculated by means of the A
code. In a further step we have tried to explain why suc
difference is much smaller than the corresponding fig
(1263 MHz) measured7 by EPR in the case of Mn21.

II. THEORETICAL

Density-functional calculations of this work have be
performed using the ADF code.33,34 Triple zeta basis func-
tions of quality IV, which are implemented in the ADF cod
are employed. For Fe31, electrons up to the 3p shell are kept

TABLE I. Experimental values of the isotropic shf constantAs

~in MHz! corresponding to Fe31 and Mn21 impurities embedded in
different cubic fluoride lattices and an aqueous solution with NH4F.
In all cases the impurities are surrounded by six F2 ions displaying
octahedral symmetry. Values for KMF3Fe31 (M5Zn, Mg) and
ACdF3:Fe31 (A5Rb;Cs) have been measured through ENDO
The rest of the values have been obtained by EPR at room temp
ture. For comparison, theAs value for ACdF3:Fe31 at room tem-
perature isAs565.561.2 MHz ~Ref. 30!. References on experi
mental work on Mn21 in fluorides can be found in Ref. 7. Th
lattice constant,a ~in Å!, of the host lattice is also given.

System a As Ref.

K2NaGaF6:Fe31 8.24 67.361.4 23
Rb2KGaF6:Fe31 8.79 6262.8 24
KMgF3:Fe31 3.988 71.2360.06 25
KZnF3:Fe31 4.054 70.360.3 26
KCdF3:Fe31 4.334 68.161.4 27
RbCdF3:Fe31 4.400 66.160.3 28
CsCdF3:Fe31 4.464 65.9860.02 29
NH4F(aq):Fe31 64.861.5 31
KMgF3:Mn21 3.998 54.362.1 7
CsCdF3:Mn21 4.464 42.660.9 7
CsCaF3:Mn21 4.524 39.660.9 7
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TABLE II. Expression of 2s, 3s, and 4s normalized Kohn–Sham orbitals~in a.u.! corresponding to the
free fluorine atom as a combination of one 1s and three 2s Slater-type orbitals. Note that the nonzero dens
at the nucleus depends only on the contribution associated with the 1s Slater-type orbital. The values of th
Ni coefficients (i 51, . . . ,4) are thefollowing: N1548.08,N250.553,N35605 andN4521.82 .

A4pus2
0&5(0.275N1e28.33r10.022N2re20.74r20.551N3re21.94r20.538N4re23.24r)

A4pus3
0&5(20.065N1e28.33r21.202N2re20.74r10.528N3re21.94r10.029N4re23.24r)

A4pus4
0&5(20.43N1e28.33r10.697N2re20.74r22.515N3re21.94r12.312N4re23.24r)
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frozen so as the 1s electrons of F2. The local-density ap-
proximation ~LDA ! exchange-correlation energy was com
puted according to Vosko, Wilk, and Nusair
parametrization43 of electron-gas data. In the case of gen
alized gradient approximation~GGA! calculations, we opted
for the Becke-Perdew functional,44 which uses Becke’s gra
dient correction to the local expression of the exchange
ergy and Perdew’s gradient correction to the local expres
of the correlation energy.

In the studied clusters only the impurity-ligand distan
has been taken as variable while second and third neigh
are fixed at their host-lattice positions. This approximation
more valid as far as the absolute value of the displacem
u5(Re2R0) undergone by the ligands decreases. HereR0
means the distance corresponding to the perfect host lat

Because of the role played by the isotropic shf constan
the present analysis, let us first briefly discuss its meanin
a traditional molecular orbital~MO! picture. Later, the way
of calculating the shf constantAs by means of the ADF code
is explained in some detail.

The shf constantAs in complexes such as FeF6
32 or

MnF6
42 comes essentially from the two unpaired electrons

theeg* level where the 3d– 2s(F) hybridization is symmetry
allowed.27,45,7In a MO description theueg* ; j & wave function
( j 53z22r 2;x22y2) is briefly written as

ueg* ; j &5Ne$ud; j &2lpsuxps ; j &2lsuxs ; j &%, ~1!

where, for instance,uxs ; j & means a suitable linear
combination of atomic orbitals~LCAO! of the six atomic
2s(F) orbitals. The expression ofAs in terms ofNe andls
parameters is7

As5
1

2S
f sAs

0,

f s5
1

3
~Nels!

2. ~2!

In Eq. ~2!, f s is the spin density transferred onto an atom
2s(F) orbital andAs

0544 964 MHz corresponds to a sing
2s(F) electron. The factor 2S55 for the present cases un
derlines thatonly oneamong the five unpaired electrons c
be on the 2s orbitals of two F2 ions on the OZ axis. For
purposes of comparison, theR dependence of the spin den
sity onto the 2p(F) orbital, f s5(Nelps)2/3, will also be
briefly discussed.

In DFT calculations the right density of the ground state
written in terms of the occupied Kohn–Sham~KS! orbitals
denoted asuf(k)&. These orbitals are, however, the rig
wave functions of theassociatedsystem involvingnoninter-
-

n-
n

rs
s
nt

e.
in
in

n

s

acting electrons.46 In the ADF code the normalized KS or
bital uf(3z22r 2)& is briefly written as

uf~eg* ;3z22r 2!5uf~3d&2uf~2ps!&2us~2s!& . ~3!

As to the 2s admixture,uf(2s)&, using triple zeta basis, it is
expressed as follows:

uf~2s!&5(
i 52

4

ci uf i
0~s!&,

uf i
0~s!&5

1

A12
$2usi

0~5!&12usi
0~6!&2usi

0~1!&2usi
0~2!&

2usi
0~3!&2usi

0~4!&%. ~4!

Hereusi
0( l )& ( i 52,3,4) denote the 2s, 3s, and 4s KS orbit-

als of free F0 atom corresponding to thel-number ligand (l
51,2, . . .,6). Ligand numbers 5 and 6 lie on the OZ axis
the FeF6

32 complex. The expressions of normalizedusi
0( l )&

orbitals are given in Table II. Therefore the values off s and
As in the spin restricted DFT framework are

f s5
1

3 (
i 52

4

ci
2,

As~MHz!5~8p/3!2bbNgNif~2s!&ur 50
2

551504S (
i 52

4

cia i D 2

, ~5!

whereb, bN , andgN are, respectively, the Bohr magneto
the nuclear magneton, and the gyromagnetic ratio of19F.
The valuesa250.275, a3520.065, a4520.43 are taken
from 1s-type Slater orbitals in Table II. One expectsa priori
thatc2 should dominate overc3 andc4 , As being then pro-
portional to f s . This condition is verified by all the calcula
tions shown in this work.

Details about MS-Xa and SCCEH calculations can b
found elsewhere.47

III. RESULTS

A. Equilibrium distances for Fe3¿ in LiF and K 3FeF6

Values of the computed Fe31-F2 distance in K3FeF6 using
clusters of different size are shown in Table III, where theRe

value calculated for the FeF6
32 complex in vacuo is also

given for comparison. Similar results on the Fe31 impurity
embedded in LiF are displayed in Table IV. In all cases
Re values derived using both LDA and GGA functionals a
reported. As it can be seen themain trendsreached through
both functionals are the same.
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The equilibrium distance computed for the FeF6
32 unit

alone is not far from experimental values measured forpure
compounds containing such a complex. It can be see
Table IV that, for compounds such as K2NaFeF6 or
FeF3, Re is close to 1.92 Å while the older measurement35

for K3FeF6 gave Re51.85 Å. For the FeF6
32 complex in

vacuo the computedRe value is equal toRe52.02 Å using
the LDA functional while a slightly higher value (Re
52.10 Å) is obtained through the nonlocal GGA function

When the complex is allowed to feelonly the electrostatic
potential due to the rest of the lattice,VR

el , the equilibrium
distance is reduced. This reduction is more important
LiF:Fe31 than for K3FeF6. These results can qualitatively b
understood looking at the form of the electrostatic ener
UR

el52eVR
el , displayed in Fig. 2. In the case of K3FeF6, UR

el

at the ligand position is 0.3 eV higher than at the Fe31 posi-
tion which implies a force on ligandstowardsthe central ion.
In the case of LiF:Fe31 the latter figure becomes equal to 1
eV, thus inducing a stronger reduction ofRe than for the
FeF6

32 complex subjected to the electrostatic potential of
K3FeF6 lattice.

The behavior ofUR
el displayed in Fig. 2 can easily b

understood in lattices where ligands occupy a centrosymm
ric position. In general the total electrostatic potential,VT

el ,
due to all other ions around a lattice point in the perfect h

TABLE III. ADF results for the equilibrium Fe31-F2 distance,
Re ~in Å!, in different clusters simulating the K3FeF6 system and
using both LDA and GGA functionals. In some cases the elec
static potential due to the rest of the lattice,VR

el , and the Born–
Mayer interaction between F2 ligands and nearest K1 ions, VBM ,
were considered. In the calculations only the position of F2 ligands
is allowed to vary, the rest of the ions being kept fixed in the perf
lattice positions.

Cluster Calculation LDA GGA

FeF6
32 In vacuo 2.03 2.10

FeF6
32 VR

el 2.00 2.07
FeF6

32 VR
el1VBM 1.87 1.84

FeF6K8K6
111 In vacuo 1.90 1.92

FeF6K8K6
111 VR

el 1.90 1.92

TABLE IV. Calculated impurity ligand equilibrium distances
Re ~in Å!, for LiF:Fe31 using clusters of different size. In som
cases the influence ofVR

el andVBM is also shown. Only the situation
corresponding to a remote charge compensation, not affecting
local Oh symmetry, has been computed. In the calculation, only
position of the ligands is allowed to vary, the rest of the ions be
kept fixed. As done in Table II, theRe values derived through both
LDA and GGA functionals are given.

Cluster Calculation LDA GGA

FeF6
32 In vacuo 2.03 2.10

FeF6
32 VR

el 1.93 1.97
FeF6

32 VR
el1VBM 1.89 1.93

FeF6Li12F8
11 In vacuo 1.95 2.00

FeF6Li12F8
11 VR

el 1.94 1.99
FeF6Li12F8Li6

71 VR
el 1.93 1.95
in

.

r

,

e

t-

t

lattice, can be written asVT
el5VC

el1VR
el . HereVC

el denotes the
contribution due to the other ionsin the M*Xn complex cor-
responding to the host lattice.M* is thus the host-lattice
cation. If the ligand is in a centrosymmetric position, th
]VR

el/]RL52]VC
el/]RL , whereRL means the ligand position

vector. Therefore, for a LiF lattice in the vicinity of th
ligand at (R0,0,0), ]UR

el/]X50.66e2/R0
2, where R0 is the

Li1-F2 distance. This simple formula leads to a value clo
to 2 eV/Å in agreement with Fig. 2. This procedure, whi
cannot be applied to an elpasolite lattice, indicates t
]UR

el/]X is negative at a ligand position for a cubic pero
skite such asKMgF3.

Going beyond the description of a FeF6
32 complex feeling

only the electrostatic potential of the rest of the lattice t
full interaction between the six F2 ions of the FeF6

32 com-
plex and further neighbors has also been incorporated. In
first step, the interaction with second neighbors, modeled
means of empirical Born-Mayer potentials (VBM) has been
included. Such an interaction, as expected, leads to a s
diminution of Re for both systems. It is worth noting tha
after the inclusion ofVR andVBM , Re is slightly smaller for
K3FeF6 than for LiF:Fe31

Trying to improve the reliability of the present resul
ADF calculations on bigger clusters have been carried ou
a second step. The results, collected in Tables III and
indicate ~i! the bestRe value reached through the prese
calculations for K3FeF6 lies in the 1.90–1.92 Å range;~ii !
despite the differences between the K3FeF6 and LiF lattices,
the final Fe31-F2 distance in LiF turns out to beonly about
0.03 Å higher than in the former case. Moreover, this res
indicates the existence of an inwards relaxation of abou
pm accompanying the substitution of Li1 by Fe31 in LiF.
Although this trend is according to the ionic radius of Fe31

and Li1, there is no supplementary evidence of it. Addition
experimental information about the local relaxation exists
Fe31-doped fluoroperovskites which is analyzed in Se
III B and III C.

FIG. 2. Plot of the electrostatic energy,UR , for an electron in
the FeF6

32 cluster due to the electrostatic potential of the rest of
lattice as a function of the distance,r, between the electron and th
iron nucleus. In the figure ther dependence ofUR is shown for two
different host lattices when the electron is moved along^100& di-
rections. The value ofUR at the iron position is equal to230.5 eV
for LiF and to214.8 eV for the elpasolite K3FeF6.
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It is worth noting that the experimentalRe value, mea-
sured for a number of pure compounds involving the FeF6

32

complex~Table V!, lies in the 1.90–1.95 Å range. The on
exception to this behavior comes from the data36 on the
K3FeF6 elapsolite measured in the fifties. In a subsequ
study it was found48,49 that the crystal structure of K3FeF6
exhibits a slight distortion from cubic symmetry, the avera
Re value being equal to 1.90 Å. Therefore, theRe values
calculated in Tables III and IV by means of the biggest cl
ters are comparable to experimental figures collected
Table V. Such a comparison also indicates that the e
involved in the calculatedRe values would be around
61.5%. This result is thus similar to that recently obtain
for Cr31 in fluoroelpasolites.18

In order to have a supplementary checking about the r
ability of the present ADF calculations the total energy a
function of R has been computed for the 21-ato
FeF6K8K6

111 cluster. From it a value\v(A1g)5590 cm21

has been derived from the symmetric mode of the FeF6
32 unit

~Fig. 3!. It is worth noting that the experimental\v(A1g)
value for MF6

32 complexes~whereM is a trivalent 3d ion!
lies50 between 500 and 600 cm21. More precisely, for the
Rb2KFeF6 compound51 \v(A1g) is equal to 530 cm21 while
a value \v(A1g)5538 cm21 has been reported52 for
(NH4!3FeF6.

B. Dependence of the isotropic superhyperfine constantAs

on R

As pointed out in Sec. II the transferred spin density,f s ,
is directly related to the isotropic shf constant,As , which for
Fe31 in fluorides lies around 67 MHz~Table I!. In Fig. 4 the
R dependence off s calculated using different methods fo
the simple FeF6

32 unit is shown. All methods lead tof s val-
ues in the range 1.2–1.6 % forR51.9 Å, as well as to a
strong R dependence off s . In fact, setting aroundRe
51.91 Å theR dependence off s as

f s5KR2ns, ~6!

all the calculatedns values are close to 6.5. In Figs. 5 and
the results forf s and f s reached in the case of a 21-ato
cluster simulating Fe31 in K3FeF6 are shown. Again, all cal-
culations lead to a strong sensitivity off s to R variations, the
exponentns lying between 6 and 7.5. It is worth noting
however, that in this case, the MS-Xa and SCCEF values o

TABLE V. Representative values of the experimental avera
Fe312F2 distance,Re ~in Å!, measured for some pure compoun
containing perfect or distorted FeF6

32 units. Additional data can be
found in Ref. 36.

Compound Re Ref.

FeF3 1.922 36
K2NaFeF6 1.910 39
HgFeF5.2H2O 1.941 37
K2FeF5 1.937 38
KFeF4 1.916 36
K3FeF6 1.850 35
Cs2NaFeF6 1.922 36
t

e

-
in
or

li-
a

f s obtained atR51.9 Å are closer to the experimental on
than the figures derived from ADF calculations. As to theAs
parameter itself the present calculations lead to values w
are somewhat higher than experimental ones. For insta
restricted ADF calculations carried out on a FeF6K8K6

111

cluster give As5125.5 MHz at R51.91 Å, while As
5111.6 MHz atR51.95 Å. This result thus stresses that

FIG. 3. Ground-state energy as a function of the Fe31-F2 dis-
tance~R! calculated for the FeF6K8K6

111 cluster by means of the
ADF method and the LDA functional. Here,Re means the equilib-
rium distance at zero pressure which is found to be equal to 1.9
The value of the computed frequencyv(A1g) is equal to 590 cm21.
The zero of energy is taken at the equilibrium position. Only t
ligand position is considered as variable.

FIG. 4. Dependence of the transferred spin density,f S ~in %! on
the metal-ligand distance,R, calculated on a simple FeF6

32 cluster
by different methods. LDA and GGA mean local-density and ge
eralized gradient approximation, respectively, while SR~SNR! de-
notes a spin restricted~spin unrestricted! calculation. In MSXa and
SCCEH calculations a Watson sphere has been used while i
ADF calculations the FeF6

32 unit is subjected to the influence of th
electrostatic potential of a LiF lattice. Note that therelative varia-
tions found by these calculations are very similar.
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calculation which reproduces quite well the experimentalRe
value is, however, unable to reproduce exactlyfine detailsof
the ground-state density such asf s. As found for other TM
cations,f s is much higher thanf s but is nearly independen
on the metal-ligand distance,R. So settingf s in the vicinity
of R51.91 Å as

f s5CR2ns, ~7!

FIG. 5. Dependence of the transferred spin density,f S ~in %! on
the metal-ligand distance,R, calculated on a FeF6K8K6

111 cluster
simulating a Fe31 ion in the K3FeF6 lattice. The electrostatic poten
tial due to the rest of ions in the K3FeF6 lattice has been taken int
account. The meaning of symbols is the same as that in Fig. 4
calculations lead to a strong dependence off S uponR.

FIG. 6. Dependence of the transferred spin density,f s ~in %! on
the metal-ligand distance,R, calculated on a FeF6K8K6

111 cluster
simulating a Fe31 ion in the K3FeF6 lattice. The electrostatic poten
tial due to the rest of ions in the K3FeF6 lattice has been taken int
account. The meaning of symbols is the same as that in Fig. 4
the calculations indicate that in a first approximationf s is indepen-
dent ofR.
all thens values derived from Fig. 6 are comprised betwe
1.3 and21.3 obtained in ADF and MS-Xa calculations, re-
spectively.

This remarkable difference between the sensitivity d
played by f s and f s to changes ofR has recently been
explained.47,53 In essence, in a simple MO frameworkf s not
only depends on the square of the group overlap inte
Ss5^d; j uxps ; j &, but also on $E(3d)-E(2p)%22, where
E(3d)-E(2p) means an average metal to ligand charg
transfer excitation. Upon increasingR the increase experi
enced by the overlap integralSs is compensated by the in
crease undergone by theE(3d) energy. This behavior lead
to an increase of charge-transfer excitations whenR is re-
duced, as has recently been discussed.18 By contrast, theR
dependence off s is essentially that followed bySs

2

5u^d; j uxs ; j &u2. The latter fact comes from the great diffe
enceE(2p)-E(2s)523 eV for free F2 ion making that the
relative variations undergone by theE(3d)-E(2s) quantity
due toR changes are negligible. Further discussion on t
relevant point can be found in Ref. 51.

When the properties associated with an impurity are c
culated by means of finite clusters the results can oscil
with the cluster size. This fact was already noticed by Me
mer and Watkins.54 In the present case quantities such asf s

or Ne
2 depend only slightly upon the cluster size. It has be

verified that in a SCCEH calculation on passing from
7-atom TM cluster to an 81-atom onef s andNe

2 experience
variations of about 20 and 2 %, respectively. By contrast,
calculated values off s are more dependent on cluster si
mainly because of the smallness of this parameter~Figs. 4
and 5!. In fact, when the cluster involves a total of 21 or 8
atoms, the electronic density in theeg* orbital lying outside
the FeF6

32 unit is found to be only around 3%. However, th
figure is quite comparable to the total density on 2s(F)
ligand orbitals.

Despite the differences of thef s value, obtained at a given
distance, Figs. 4 and 5 reveal thatall exponentsns calculated
by different methods and on clusters of different size a
rathersimilar, lying between 6 and 7.5. This result thus d
support the use ofAs for measuringRe variationsinduced by
hydrostatic pressures on a given system containing Fe6

32

units. At the same time it can also be employed for explor
theRe variationsundergone by FeF6

32 units placed in a series
of similar lattices.

C. Equilibrium distance values for Fe3¿ doped
fluoroperovskites

Assuming the results of the Sec. III B, anAs variation of
64 MHz around a central value of 67 MHz should be a
cribed toRe changes lying about between22 and12 pm.
Therefore, in a first view, theAs values collected in Table
would indicate that the correspondingRe values lie in a
range of about 5 pm. This conclusion is thus compatible w
results of Table V and Sec. III A.

To proceed further in the analysis let us now consid
only the case of cubic Fe31 centers formed in fluoroperovs
kites whereAs has accurately been measured by ENDOR.
these similar lattices As goes25,26,28,29 from 71.23
60.06 MHz for KMgF3:Fe31 to 65.9860.02 MHz for
CsCdF3:Fe31. The corresponding variationDAs55.25

ll

ll
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TABLE VI. Values of the equilibrium Fe31-F2 distance,Re , obtained for Fe31 doped ANF3 ~A
5K, Rb, Cs;N5Mg, Zn, Cd! fluoroperovskites from total-energy calculations on FeF6A8N6

171 clusters. Cal-
culations have been performed using the ADF code, the local-density approximation~LDA ! and including the
Madelung potential due to the rest of the lattice. The results are compared to those derived from the a
of the experimental isotropic superhyperfine constant,As , using Eqs.~2! and ~6! andassuming n56 and a
valueRe5193.3 pm for KMgF3:Fe31. The values ofAs taken from Table I are included.R0 values are also
included for comparison.

Host lattice R0 ~pm! As ~MHz!
Re ~pm!

~from As!
Re ~pm!

~from total energy!

KMgF3 1.987 71.2360.06 193.3 193.3
KZnF3 2.027 70.360.3 193.760.2 196.6
RbCdF3 2.200 66.160.3 195.660.2 197.4
CsCdF3 2.232 65.9860.02 195.6560.03 198.6
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60.08 MHz would be ascribed to an increaseDRe52.4 pm
assumingns56. For more confidence concerning this inte
pretation, the Re value has also been calculated f
Fe31-dopedANF3(A5K, Rb, Cs;N5Mg, Zn, Cd) fluoroper-
ovskites by means of total-energy calculations
FeF6A8N6

171 clusters. The comparison betweenRe values de-
rived from these calculations and from the analysis of exp
mentalAs values is given on Table VI.

The substitution of a N21 cation in the perfectANF3 lat-
tice by an impurity leads to a change of the distance with
F2 which is reflected by the displacementu5(Re2R0).
From the results collected in Table VI it is found thatu/R0

523% for KMgF3:Fe31 while it is equal about210% for
ACdF3:Fe31 (A5Rb,Cs). As in the present calculations
Re , no relaxation has been allowed to second and th
neighbors the right metal-ligand distances should besmaller
than the calculated ones, especially forACdF3:Fe31 (A
5Rb;Cs) involving a higheruu/R0u value. Having in mind
this fact and accepting an error of61% on theRe values
coming from total-energy calculations, the two sets of figu
in Table VI can certainly be compatible. To achieve a be
value ofRe for the whole series of fluoroperovskites dop
with Fe31 calculations on bigger clusters, allowing the rela
ation of further ions in̂ 100& directions are required. Work
along this line is in progress.

From the present analysisRe increases aroundDRe
52.4 pm on passing from KMgF3:Fe31 to CsCdF3:Fe31

while DRe5761 pm when Mn21 is involved. The interac-
tion of ligands of a complex such as FeF6

32 or MnF6
42 with

further neighbors of the host lattice is responsible for
modifications ofRe when a host lattice is replaced by a
other one with a similar structure. On going fro
KMgF3:Fe31 to CsCdF3:Fe31 such an interaction leads to
variation of the chemical pressure on the MF6 complex (M
5Mn21, Fe31) which, in a first approximation, can be take
as independent of the nature of central cation.

Compared to\v(A1g)5540 cm21 found for FeF6
32, the

value55 for MnF6
42 is clearly smaller@\v(A1g)'400 cm21#

following the diminution of the nominal charge associat
with the central cation.50 From this simple argument it ca
thus be expected that on passing from KMgF3:Mn21 to
CsCdF3:Mn21 the DRe value will be about twice that corre
sponding to the Fe31 impurity.
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The strongR dependence ofAs is also partially reflected
looking at the variations ofAs with temperature. For in-
stance, As564.261.1 MHz for CsCdF3:Fe31 at room
temperature.30 The diminution of 261 MHz when compared
to the ENDOR value~Table I! is consistent with therma
expansion effects. It is worthwhile to remark, however, th
apart from this contribution to (]As /]T)P there is also the
so-called explicit contribution given by (]As /]T)V which is
not easy to evaluatea priori.56,57

D. Dependence of 10Dq on the spin densityf s

Despite the smallness off s , it has been demonstrated fo
CrF6

32 and MnF6
42 units that the 10Dq value as well as itsR

dependence are strongly related to such a spin density.
showing the importance played by the small 3d-2s(F) hy-
bridization in the present case MSXa and SCCEH calcula-
tions suppressing the 2s(F) orbitals from the basis set hav
also been carried out. Representative results are displaye
Table VII. In a normal calculation the obtained 10Dq values
at R5190 pm are comparable to the experimental o
(10Dq'13 300 cm21).58 Moreover, writing in the vicinity
of R5190 pm

10Dq5AR2n ~8!

the exponentn is found to be equal to 4.6 and 3.5 from
SCCEH and MSXa calculations, respectively. This value in
dicates that 10Dq would also be a useful parameter for me
suring variations of the metal-ligand distance for Fe31 in
fluorides such as it has been done8,9,41,59in the case of Mn21,
Ni21, or Cr31. Unfortunately little is known about optica
excitations of Fe31 impurities in cubic fluorides.

When the 2s(F) orbitals are removed from the basis s
f s is only slightly modified while the value of 10Dq de-
creases and itsR dependence is substantially modified. Th
behavior ~similar to that previously found for CrF6

32 and
MnF6

42 units! stresses that theR dependence of 10Dq for
FeF6

32 is again related to that of the small transferred s
densityf s . This fact explains the microscopic origin of theR
dependence of 10Dq pointing out the existence of a conne
tion between an optical parameter such as 10Dq and an EPR
parameter such asAs . Why the suppression of the sma
3d-2s(F) hybridization leads to the dramatic changes d
played in Table VII is explained in detail in Ref. 53.
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IV. FINAL REMARKS

The present results demonstrate that variations of the
tance between the Fe31 impurity and F2 ligands can be well
measured through experimentalAs and 10Dq parameters.
These changes can be produced either by a hydrostatic
sure, by the substitution of the host lattice by another o
with the same structure and also by a structural phase t
sition of the matrix.60,24

Despite the metal-ligand distance for the perfect CsC3
lattice ~equal toa/2! is 23 pm higher than that correspondin
to KMgF3 such a difference becomesonly about 2.5 pm
when Fe31 impurities replace the divalent host lattice cati
according to the present interpretation ofAs data. This con-
clusion is also compatible with theRe value derived from the
present total-energy calculations. First analysis by Ru
et al. ~Ref. 6! of the zero-field splitting parameter,b4

0, using
the empirical superposition model, suggested a similar co
clusion. These authors assumed, however, a valueRe
51.99 pm forKMgF3:Fe31 which is about 5 pm higher tha
that expected from the present work.

When changes of the Fe31-F2 distance induced by an
applied pressure are followed throughAs , the resolution
would be about60.5 pm using EPR measurements or60.05
pm if the ENDOR technique were employed. These figu
are to be compared with the EXAFS resolution which is61
pm in the best case.1–5

The calculatedRe values for Fe31-doped fluorides indi-
cate that accurate DFT calculations on clusters includ
only up to third neighbors appear as a useful tool for kno
ing theactual impurity-ligand distance in insulating host la
tices. The same conclusion was reached in the study of C31

and Tl21 impurities in halide lattices.18,17,61It is worth noting
that the electron trapping by a speciesT can depend strongly
upon the local relaxation in the ground state of theT center
formedafter the electron capture. This happens, for instan
for @MC5~NO!#22 species62 ~M5Os, Ru! in AgCl or for the
Ag1 impurity in KCl.63 In the latter case the electronic st
bility of the Ag0 center is found to require63 a local outward
relaxation higher than 8%. The analysis of the experime
As value suggests an outward relaxation close to 17%.

It is worthwhile to remark that not all the parameters a

TABLE VII. Calculated values of the crystal-field consta
10Dq ~in cm21! and spin-density parameters,f s and f s ~in %!,
obtained through MS-Xa ~first row! and SCCEH~second row!
methods for the FeF6

32 cluster at different metal-ligand distances,R
~in pm!. The values of the exponentn corresponding to the fit of the
parameters to the expressionCR2n (C5constant) are also given.

Normal Calculation Calculation without 2s(F)
R 10Dq fs f s 10Dq fs f s

185 16 370 1.74 7.87 10 043 10.6
18 715 2.06 6.19 3080 7.64

190 14 730 1.39 8.40 9714 10.8
16 560 1.74 6.44 3600 7.90

195 13 630 1.13 8.87 9305 10.9
14 730 1.47 6.70 4014 8.16

n 3.48 8.20 22.27 1.44 20.49
4.55 6.41 21.50 25.04 20.21
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equally reproduced by agiven calculation. In the present
caseRe values derived from theR dependence of the tota
energy are equal to the experimental ones within61.5%. By
contrast, the experimentalAs value atR5191 pm is not so
well reproduced by the calculations. Despite this fact,
calculations lead practically to the same value of thens ex-
ponent, thus supporting thatAs variations can be used fo
measuring changes of the distance due to an applied pres
or a host-lattice change.

The knowledge of the true Fe31-F2 distance is also rel-
evant for determining theR dependence of other spectro
scopic parameters. This is especially important in the cas
EPR parameters such asb4

0, which can only be measure
when Fe31 enters a diamagnetic host lattice as adiluted
impurity.64–66 From experimental data onb4

0 for Fe31 in
fluoroperovskites it appears6,64 that b4

0 does not depend only
on R such as it occurs forAs . Additional experimental work
is, however, necessary for being sure on this conclusion

Despite experimentalAs values corresponding to octahe
dral FeF6

32 units ~Table I! being all very close, a differen
situation comes out when the tetragonal FeOF5

42 center67,68is
considered. For instance, ENDOR data for that center65 in
KMgF3 give As530.860.25 MHz for the axial F2 ion, while
for equatorial ones,As is essentially coincidental with the
value for the FeF6

32 center~Table I!. Compared to figures
gathered in Table I, the valueAs531 MHz, suggests that the
distance between Fe31 and the axial F2 ion is higher than
195 pm. The present study cannot, however, be directly
plied to this center as the substitution of F2 by oxygen
should lead to an important change of the electronic str
ture. Work along this direction is in progress.

The experimental results collected in Table V and tho
reached by means of DFT calculations indicate thatRe for
KMgF3:Fe31 would be about 3 pm higher than for Fe31 in
fluoroelpasolite lattices. This conclusion is, however, n
clear regarding theAs values of Table I and suggests that t
value of the K factor in formula~6! changes slightly on pass
ing from a type of lattice to another one. Microscopically th
could reflect the different form of the electrostatic potenti
VR

el , due to the rest of the lattice in elpasolite and perovsk
lattices. Preliminary results support this view.

The use ofAs for measuringR variations could also be
applied to other Fe31 centers and also to other TM impuritie
with unpaireds electrons. For instanceAs has been mea
sured in the case of tetrahedral FeCl4

12 species formed inside
NaCl or AgCl lattices.69 In the case of II-VI semiconductor
shf interaction has been detected for ZnSe doped with
impurities.70

Work along these lines is planned for the near future.
Note added in proof. Recent ADF calculations on cluster

of 21 atoms around the Mn21 impurity @J. Phys.: Condens
Matter 11, L525 ~1999!# reproduce theRe values of
Mn21-doped fluoroperovskites derived from experimentalAs
and 10Dq parameters.
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