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Local relaxation around Fe** in fluorides: Influence on electronic properties
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The local relaxation around e impurities in different fluoride lattices has been explored by means of
density-functionalDF) calculations on clusters including up to third neighbors of'Féor the same purpose
the dependence of the isotropic superhyperfine consdanton the metal-ligand distancB, has been studied
for clusters of different size using the self-consistent charge extendedeHand multiple-scattering &
methods as well. In all casés is found to be proportional tB™"sng lying between 6 and 7.5. Using this result
the differenceAR,, between the equilibrium distance for CsGdre*" and KMgFR;:Fe** would be equal only
to about 2.3 pm from the electron-nuclear double reson@BBEOOR) data reported for both systems. This
figure, which has to be compared with the valu®,=23 pm corresponding to the perfect host lattice, is
compatible with theR, values derived from total-energy calculations. Although the valle=2.3 pm is
much smaller tham\R,=7+1 pm corresponding to Mn in the samelattices, it is shown to be consistent
with the o(A,4) frequency for both kind of impurities. From the present resR{schanges caused by a
hydrostatic pressure down to 0.05 pm can be detected thrAyghriations 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, tbe 1/@lue and itsR dependence
are shown to be strongly related to the small 3s(F) hybridization in the antibondinga level which also
determinesAs.

I. INTRODUCTION ever, be substantially improved looking at some EPR or op-
tical parameters such as the isotropic superhypeifshéd
The presence of transition-metd@M) impurities in insu-  constant;'* A, or the cubic field splitting paramet&?;'*
lators gives rise to the appearance of interesting properties. AODq. Also the zero-phonon line energy of crystal-field tran-
good characterization of the local structure around the impusitions which are 1Dq dependent has been employed for
rity is a prerequisite for gaining a better insight into the mi- this purposé?®
croscopic origin of such properties. Although for a pure In the realm of TM impurities in insulators a good struc-
compound the measurement of interatomic distances can heral characterization has been accomplished for substitu-
carried out through standard x-ray or neutron-diffractiontional Mr?* impurities in fluoroperovskites. Along this series
techniques, such techniques are, however, not useful in thfie Mr?"-F~ distance was determined through the analysis
case of diluted impurities. o _ of experimentalA; and 1@q parameters® and also by
In order to dgterml_ne the actual eqU|I|br_|um dls_tance,EXAFSm in the case of KZnEMn?* and RbCdF:Mn2*.
Re, between an impurity and the nearest-neighbor ligandszqr ach compound of the series these methods lead to the
t_hree different appraaches havg bee.n used in the last yearssémeRe value within the experimental uncertainties. Using
(i) the exE%nged x-ray-absorption fine-SUUCWUEEXAFS) 0 p constant measured by means of the electron-nuclear
technique’”® (ii) the a_naly3|s of electr<2)n parg_magnetlc .reso_doublse resonancéENDOR) techniqueR, changes down to
nance(EPR and optical parametéts? sensitive to varia- 0.03 pm can be detected in these systéihough F&" is

tions of the metal-ligand distancB; (iii) realistic quantum- | | . P ff h h
mechanical calculations on clusters centered around th§°€lectronic to Mn"™ fewer efforts have been devoted, how-

impurity 13-18 ever, towards achieving a structural characterization 8f Fe

Although the EXAFS technique can be applied to a numimpurities in halides. This partially comes from the usual
ber of different kinds of impurities, it often requires impurity @bsence of luminescence for ¥eimpurities in octahedral
concentrations higher than 1000 ppm. At the same time theoordinatioi®#*which can act as killers of the luminescence
uncertainty on the obtaine@, value is higher than-1 pm  due to other source$.This circumstance prevents the obser-
and thusk, changes induced by thermal expansion effects ovation of excitation spectra and thus the measurement of
hydrostatic pressures smaller than about 5 GPa can hardly B®Dq, in the case of diluted impurities.
detected through such a technique. This situation can, how- Despite this fact the shf interaction has often been de-
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TABLE |. Experimental values of the isotropic shf constaéqt

3+
Fe (in MHz) corresponding to Fé and Mr?* impurities embedded in
@ F different cubic fluoride lattices and an aqueous solution with,’NH
K In all cases the impurities are surrounded by sixiéns displaying

octahedral symmetry. Values for KMFe’* (M=2Zn, Mg) and
ACdR;:Fe€" (A=Rb;Cs) have been measured through ENDOR.
The rest of the values have been obtained by EPR at room tempera-
ture. For comparison, tha, value for ACdF;:Fe** at room tem-
perature isA;=65.5+1.2 MHz (Ref. 30. References on experi-
mental work on MA" in fluorides can be found in Ref. 7. The
lattice constanta (in A), of the host lattice is also given.

System a A Ref.
FIG. 1. Picture of the elpasolite JReF; lattice following Ref.

35. K,NaGak:Fe** 8.24 67.3-1.4 23

Rb,KGaF;Fe™" 8.79 62-2.8 24
tected through EPR for Bé in fluoride lattice>~3! More-  KMgF,:Fé* 3.988 71.230.06 25
over, precise measurements of the shf tensor have been caznF;:Fe* 4.054 70.30.3 26
ried out by ENDOR in the case aubic centerformed in  KCdF,:Fe** 4.334 68.1-1.4 27
some F&"-doped fluoroperovskiteS-**Therefore, it is cru-  RbCdR:Fé 4.400 66.1-0.3 28
cial to investigate whether for Be in fluorides some insight CsCdR:Fe** 4.464 65.98 0.02 29
about the true distance between & Fenpurity and its near- NH,F(aq):Fe** 64.8-15 31
est neighbors can also be derived from the analysis of thgygr, :mn2* 3.998 54321 7
experimental shf tensor. Hartree-Fock calculations on isopgcgp Mn2t 4.464 42.6-0.9 7
lated FeR  units performed only at R=1.90A andR CsCak:Mn?* 4.524 39.6-0.9 7

=2.00 A suggested a strorigydependence oA.
The present work is devoted to exploring the local relax-
ation around F& impurities in cubic fluorides. For achiev-
ing this goal, theoretical calculations of the equilibrium
metal-ligand distancelR., using clusters offifferent sizes
centered around the impurity, have been performed in a fir
step. Calculations have been carried out in the density-
functional theory(DFT) framework using the Amsterdam
density functional ADF) code®** Good results on equilib-
rium distances of TM cations in insulating materials have

with the same structure would reflect the change of the
metal-ligand distance along the series. This behavior has
roved true for cations such as Kin Cr**, Ni?*, or Ni* in
ifferent halide lattices***or C** in oxides??

For greater confidence on the reliability of theoretical pre-
dictions about ther dependence ofg, multiple-scattering
Xa (MS-Xa) and self-consistent charge extendedckil

. ) (SCCEH methods have been used together with the ADF
recently been obtained using DFT. In the case 6f @foped code. The first two methods give reasonable results for the

e i s o oo s sy JeCoc. propertes of THI mpiesinen compute
g up 9 Pe- around the experimental equilibrium distapcbut not on

mental ones withint1.5%. . s ! ) '
. total energies, equilibrium distances, or vibrational frequen-
For the present caseReFR; and LiF:Fé" systems have cies g q q

) - +
first bde?:n eiplorﬁd. 'Aéthput%h%e'%ll'?r: faqt a;ét COT' As for the interpretation of experiment&ls values for
Egguf. ( Igl" )’hW ere efls us(me d'etermlnt;a . wo (irc])se Fe** and Mrf* in some fluoride lattice¢collected in Table

lons Tie, however, Tar apafthe distance between them I) a point deserves special attention. In the case of'Mhe

being 6.07 A and do not shareany common ligand. In the difference between the highest and lowAstvalue is equal
present calculations the electrostatic potentigl, due to the to 16 MHz while it is practically half in the case of e

rest of the latticenot includedin the cluster has been consid- More precisely, the difference between th&, value
ered. Particular attention has been paid to explore the deperr}ieasure%f'zg by iENDOR in KMgRy:Fé** and CsCdfFe*
dence of the computeR value on the cluster size and also . ' '

thenonflatnes®f V, inside the cluster. As recently found for - well established as equal only to 5:28.08 MHz. For
i . R ' -ently .~ being sure that such a difference actually reflects a different
Cr*" impurities, theR, values computed using clusters in-

. ) . . R, value in both systems, tHe, value for KMgR;:Fe*" and
cluding third n+e|gt1bqrs are fo_uggd to be in the range of ex'RGE)CdE:Fe3+ has ;Iso beenhfglculated by mg';gns of the ADF
ggrrr']msgﬁslzé -F~ distance® ™ for some representative code. In a further step we have tried to explain why such a

P : . . _difference is much smaller than the corresponding figure

In a second step we have tried to correlate the expenmert—12+3 MHz) measuretiby EPR in the case of Mi
tal value ofA for FeR~ in different cubic lattices with the - y '

actual value ofR.. As is known through Sugano and
Shulman® the electronic properties due tosaibstitutional
TM impurity, M, in an insulator can be understood to a good
extent considering only th®X,, complex(formed with the Density-functional calculations of this work have been
nearest anionX) at theright equilibrium distance. This im- performed using the ADF cod* Triple zeta basis func-
portant idea means that variations undergone by EPR or ogions of quality 1V, which are implemented in the ADF code,
tical parameters due to a complex in a series of host latticesre employed. For Bé, electrons up to the@shell are kept

Il. THEORETICAL
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TABLE II. Expression of &, 3s, and 4 normalized Kohn—Sham orbita{® a.u) corresponding to the
free fluorine atom as a combination of ongednd three 2 Slater-type orbitals. Note that the nonzero density
at the nucleus depends only on the contribution associated withsti$¢ater-type orbital. The values of the
N; coefficients (=1, ...,4) are thdollowing: N;=48.08,N,=0.553,N;=605 andN,=21.82.

VAm|sd)=(0.273N,e 3% +0.02N,re %7¥ —0.55INzre %4 —0.538\,re 324)
Vamr|sdy=(—0.06Ne 3¥ — 1.20N,re %77+ 0.528\ re 194 +0.02N,re 324)
Vam|sd)=(—0.4N,e 83 +0.69MN,re %74 — 2,518 re 194 +2.31N,re 329)

frozen so as the d electrons of F. The local-density ap- acting electrons?® In the ADF code the normalized KS or-
proximation (LDA) exchange-correlation energy was com-bital [¢(32°—r?)) is briefly written as

puted according to Vosko, Wik, and Nusair's * a2 _ 12\ _ _ _
parametrizatiof? of electron-gas data. In the case of gener- |¢(eg 378 =19 =|¢(3d)=|¢(2p0)) ~|a(25)). ()
alized gradient approximatiofGGA) calculations, we opted As to the Z admixture,| ¢(2s)), using triple zeta basis, it is
for the Becke-Perdew function#l,which uses Becke’s gra- expressed as follows:

dient correction to the local expression of the exchange en- "

ergy and Perdew’s gradient correction to the local expression _ 0

of the correlation energy. |¢(25)>_i:22 Cil 4i(9)),

In the studied clusters only the impurity-ligand distance
has been taken as variable while second and third neighbors 0 1 0 0 0 0
are fixed at their host-lattice positions. This approximation is |97 (S))= \/TZ{lei (5))+2[s7(6))—[s7(1))—[si(2))
more valid as far as the absolute value of the displacement
u=(R.—Rp) undergone by the ligands decreases. Hege _|Sio(3)>_|si0(4)>}' (4)
means the distance corresponding to the perfect host lattice.

Because of the role played by the isotropic shf constant iere|sP(1)) (i=2,3,4) denote the< 3s, and 4 KS orbit-
the present analysis, let us first briefly discuss its meaning ials of free B atom corresponding to thenumber ligand
a traditional molecular orbita]lMO) picture. Later, the way =1,2,...,6). Ligand numbers 5 and 6 lie on the OZ axis of
of calculating the shf constait, by means of the ADF code the Fel%’ complex. The expressions of normalizbﬁ(l)}
is explained in some detail. orbitals are given in Table Il. Therefore the valuesf gind

The shf constantAg in complexes such as F@: or Ay in the spin restricted DFT framework are
MnFé_ comes essentially from the two unpaired electrons in 4
theeé]c level where the 8—2s(F) hybridization is symmetry f :12 c2
allowed?”*>’In a MO description thée} ;j) wave function S 3=

(j=32%—r2,x2—y?) is briefly written as
A(MHz)=(87/3)288nan ¢(29))]2_,

|e§;j>=Ne{|d;j>_)\pa|Xpu;j>_)\s|/\/s;j>}! (1) 4 2
where, for instance,|xs;j) means a suitable linear- —51501( 22 Ciai) '
combination of atomic orbital§LCAQO) of the six atomic
2s(F) orbitals. The expression &, in terms ofN, and\s ~ Whereg, By, andgy are, respectively, the Bohr magneton,
parameters s the nuclear magneton, and the gyromagnetic ratiost
The valuesa,=0.275, az3=—0.065, a,= —0.43 are taken
from 1s-type Slater orbitals in Table II. One expeetgriori
thatc, should dominate over; andc,, Ag being then pro-
portional tofg. This condition is verified by all the calcula-
1 ) tions shown in this work.
fs=3 (Neks)™. v Details about MS-¥ and SCCEH calculations can be
found elsewherd’

In Eqg. (2), fs is the spin density transferred onto an atomic
2s(F) orbital andA%=44 964 MHz corresponds to a single . RESULTS
23(F) electron. The factor 8=5 for the present cases un-
derlines thabnly oneamong the five unpaired electrons can
be on the 2 orbitals of two F ions on the OZ axis. For Values of the computed B&-F~ distance in KFeF; using
purposes of comparison, tliedependence of the spin den- clusters of different size are shown in Table Ill, where e
sity onto the (F) orbital, fU=(Ne)\pU)2/3, will also be value calculated for the FéF complexin vacuois also
briefly discussed. given for comparison. Similar results on the*Fémpurity

In DFT calculations the right density of the ground state isembedded in LiF are displayed in Table IV. In all cases the
written in terms of the occupied Kohn—ShdikS) orbitals R, values derived using both LDA and GGA functionals are
denoted ag¢(k)). These orbitals are, however, the right reported. As it can be seen thaain trendsreached through
wave functions of thessociatedsystem involvingnoninter-  both functionals are the same.

©)

1 0
ASZZ—SfSAS,

A. Equilibrium distances for Fe®* in LiF and K ;FeF;
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TABLE Ill. ADF results for the equilibrium F&-F~ distance, AR B
R. (in A), in different clusters simulating the ;ReR; system and

using both LDA and GGA functionals. In some cases the electro- 1.2¢L 3
static potential due to the rest of the lattiaéd, and the Born— - ]
Mayer interaction betweenFligands and nearestKions, Vgy, —~ 1.0 E
were considered. In the calculations only the position ofigands em 0.80 g B
is allowed to vary, the rest of the ions being kept fixed in the perfect 5 B ]
lattice positions. P 0.60 ]

L) r 1

\./M 3 ]
Cluster Calculation LDA GGA o) 0.40 - 7
FeR2~ In vacuo 2.03 2.10 0.20 .
FeR~ Ve 2.00 2.07 0.0 sooaoonse 2 ]
FeR~ VE+ Vg 1.87 1.84 N S N
FeRKgKa! In vacuo 1.90 1.92 0.0 0.50 1.0 1.5 2.0
FeRKgKs™" Vg 1.90 1.92 r (A)

FIG. 2. Plot of the electrostatic energyy, for an electron in

The equilibrium distance computed for the BeFunit  the FeB™ cluster due to the electrostatic potential of the rest of the
alone is not far from experimental values measurecpfoe  lattice as a function of the distanag,between the electron and the
compounds containing such a complex. It can be seen iifon nucleus. In the figure thedependence dfi is shown for two
Table IV that, for compounds such as,MaFek or different host lattices when the electron is moved alob@0 di-
FeR, R.is close to 1.92 A while the older measureménts rections. The value dfl; at the iron position is equal te 30.5 eV
for KsFeRy gave R,=1.85A. For the Feg: complex in for LiF and to —14.8 eV for the elpasolite icek.
vacuothe computedR, value is equal tdR,=2.02 A using
the LDA functional while a slightly higher valueRg
=2.10A) is obtained through the nonlocal GGA functional.

lattice, can be written ag%'=V&+ Ve . HereVe denotes the
contribution due to the other iornis the M* X, complex cor-
When th lex is all d 10 feehlvthe ol . “responding to the host latticé* is thus the host-lattice
en the complex is allowed to _eee|yt e electrostalic  ation, I the ligand is in a centrosymmetric position, then
potential due to the rest of the latticéy, the equilibrium ﬁV‘EJ/&RL: —&V(e:'/o"RL whereR, means the ligand position
distance is reduced. This reduction is more important fOkector. Therefore, for a LiF lattice in the vicinity of the
LiF:Fe3* than for KFeRs. These results can qualitatively be ligand at R,,0,0) ﬂUS/&X=0.66e2/R2 whereR, is the
understood looking at the form of the electrostatic energy, i+_r- gistance. This simple formula leads to a value close

Ug= __eVe" displayed in Fig. 2. In the case ogReF, U?el to 2 eV/A in agreement with Fig. 2. This procedure, which
at the ligand position is 0.3 eV higher than at thétﬁqs" cannot be applied to an elpasolite lattice, indicates that
tion which implies a force on ligandswardsthe central ion. aug'/ax is negative at a ligand position for a cubic perov-
In the case of LiF:F& the latter figure becomes equal to 1.2 skite such ax MgF.

eV, thus inducing a stronger reduction Bf than for the

- ¢ : ) Going beyond the description of a I%Tcomplex feeling
FeR complex subjected to the electrostatic potential of theyy the electrostatic potential of the rest of the lattice the
KsFek lattice. o o _ full interaction between the six Fions of the Feg com-

The behavior ofUg displayed in Fig. 2 can easily be ey and further neighbors has also been incorporated. In the
understood in lattices where ligands occupy a centrosymmet;t step, the interaction with second neighbors, modeled by

ric position. In general the total electrostatic potent\'ﬁ',, means of empirical Born-Mayer potential¥gy,) has been
due to all other ions around a lattice point in the perfect hosfhcluded. Such an interaction, as expected, leads to a slight
diminution of R, for both systems. It is worth noting that
TABLE V. Calculated impurity ligand equilibrium distances, sfter the inclusion oW andVgy,, R, is slightly smaller for
R. (in A), for LiF:Fe*" using clusters of different size. In some KsFeR; than for LiF:Fé+
cases the influence Mﬁ' andVgy, is also shown. Only the situation 3 }

. . ; Trying to improve the reliability of the present results
corresponding to a remote charge compensation, not affecting th/EDF calculations on bigger clusters have been carried out in
local Q, symmetry, has been computed. In the calculation, only the

position of the ligands is allowed to vary, the rest of the ions beingf'Jl second step. The results, collected in Tables Il and 1V,

kept fixed. As done in Table Il, thB, values derived through both |nc:|ca|\te_(|) thfe beEtRe l\_/alu_e rﬁaczegdo tqr%uzgg the pr_e_:sent
LDA and GGA functionals are given. calculations for KFeFs lies in the 1.90-1. rangeii)

despite the differences between thgFKR; and LiF lattices,

Cluster Calculation LDA GGA the final FE*-F~ distance in LiF turns out to benly about
0.03 A higher than in the former case. Moreover, this result
FeR~ In vacuo 2.03 2.10 indicates the existence of an inwards relaxation of about 8
FeR~ Ve 1.93 1.97 pm accompanying the substitution of Lby Fe'* in LiF.
FeR~ VE+ Vg 1.89 1.93 Although this trend is according to the ionic radius ofFe
FeRLiqFg " In vacuo 1.95 2.00 and Li*, there is no supplementary evidence of it. Additional
FeRalLiFg Ve 1.94 1.99 experimental information about the local relaxation exists for
FeRsLiFalif” Ve 1.93 1.95 Fe**-doped fluoroperovskites which is analyzed in Secs.

1B and Il C.
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TABLE V. Representative values of the experimental average 2.0 [T T T T T T T T T T T T
Fe*—F distanceR, (in A), measured for some pure compounds I
containing perfect or distorted FéFunits. Additional data can be i i
found in Ref. 36. 1.5 7
Compound Re Ref. :;
FeFR, 1.922 36 2 no
K,NaFef 1.910 39 - i ]
HgFeR.2H,0 1.941 37 ® 0,50 1
K,FeR 1.937 38 5 [
KFeF, 1.916 36 [ ]
KsFeRs 1.850 35 0.0 ]
CsNaFek 1.922 36 I 1
.0.50 P OUNTS T ITTTT  T [NYTOYT  SSH [NYTY S S I ST S S
-3 -2 -1 0 1 2 3
It is worth noting that the experiment®, value, mea-
sured for a number of pure compounds involving the FeF R-R_ (pm)

complex(Table V), lies in the 1.90-1.95 A range. The only
exception to this behavior comes from the datan the
KsFeR elapsolite measured in the fifties. In a subsequen
study it was fountf*° that the crystal structure of keR;

exhibits a slight distortion from cubic symmetry, the averagery . vaue of the computed frequeneyA,) is equal to 590 cm’.

R, value b_eing equal to 1.90 A. Therefore, tﬁ%_ values The zero of energy is taken at the equilibrium position. Only the
calculated in Tables Il and IV by means of the biggest clus-jgand position is considered as variable.

ters are comparable to experimental figures collected in

_Table V. _Such a comparison also indicates that the eITOf obtained aR=1.9 A are closer to the experimental ones
involved in the calculatedR, values would be around han the figures derived from ADF calculations. As to e
i1-5%+- This result is thus 85|m|Iar to that recently obtainedyarameter itself the present calculations lead to values which
for Cr** in fluoroelpasolites’ are somewhat higher than experimental ones. For instance,

In order to have a supplementary checking about the relizociricted ADFE calculations carried out on a EléEKél+

ability of the present ADF calculations the total energy as & |uster give A,=1255MHz at R=1.91A, while A
s . . l S

function 11?f R has been computed for the Zl'ffom =111.6 MHz atR=1.95A. This result thus stresses that a
FeRKgKs " cluster. From it a valugi w(A;g) =590 cm

has been derived from the symmetric mode of theFefmit
(Fig. 3). It is worth noting that the experimentélw(A,y) —&— SCCEH

FIG. 3. Ground-state energy as a function of thé'Fe~ dis-
ance (R) calculated for the FQJKSKé1+ cluster by means of the
DF method and the LDA functional. Her&, means the equilib-
rium distance at zero pressure which is found to be equal to 1.90 A.

3- : : : 20T T T T — e - MSXa SR
value forMFg~ complexeswhereM is a trivalent 31 ion) [ a - —e-- MSXu SNR
lies®® between 500 and 600 crh More precisely, for the F s~ --a- - ADFLDA SR
Rb,KFeF; compound* hw(Alf,) is equal to 530 cm' while 1.8 F e A A R
a value hiw(A;)=538cm has been reportéd for i - -¥-- ADF GGA SNR
(NH4)3FeF6. 1.6 B ‘\__ ]

B ~. i
§ FTe
B. Dependence of the isotropic superhyperfine constamf ~ 14 BRSO ]
onR b - N —.
S S \‘:'_'*v-. .. i
As pointed out in Sec. Il the transferred spin density, 1.2 R RIS ~-a ]
is directly related to the isotropic shf constaft, which for i RERS . “~"~':~;\_____ 1
Fe** in fluorides lies around 67 MH¢Table ). In Fig. 4 the 1.0 ~.. T3 N
R dependence of calculated using different methods for L Tl
the simple Fef unit is shown. All methods lead th, val- o gt Ll ]
ues in the range 1.2-1.6% f&®=1.9A, as well as to a 1.84 1.6 1.88 1.90 1.82 1.94 1.96
strong R dependence offs. In fact, setting aroundr, R(A)

=1.91 A theR dependence of as
FIG. 4. Dependence of the transferred spin den§iyin %) on
fs=KR™", (6) the metal-ligand distanc&, calculated on a simple FéF cluster
. by different methods. LDA and GGA mean local-density and gen-

all the calculatedg values are clo_se to 6.5. In Figs. 5 and 6 rgjized gradient approximation, respectively, while GRIR) de-
the results forfs and f,, reached in the case of a 21-atom potes a spin restricte@pin unrestrictedcalculation. In MSXx and
cluster simulating F& in K;FeR; are shown. Again, all cal- SCCEH calculations a Watson sphere has been used while in all
culations lead to a strong sensitivity fif to R variations, the  ADF calculations the FeF unit is subjected to the influence of the
exponentng lying between 6 and 7.5. It is worth noting, electrostatic potential of a LiF lattice. Note that tredative varia-
however, that in this case, the MSaand SCCEF values of tions found by these calculations are very similar.
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& SCCEH all then,, values derived from Fig. 6 are comprised between
2.0 T _—_C;*_:M&ggﬁR - 1.3 and—1.3 obtained in ADF and MS- calculations, re-
Coa., --a8--ADFLDASR | ] spectively.
1.8 A ADFaoA SR | ] This remarkable difference between the sensitivity dis-
C o ] played by f, and f; to changes ofR has recently been
1.6 explained:”*3In essence, in a simple MO framewokk not
- only depends on the square of the group overlap integral
—~ 1.4l S,=(d:ilxps:i), but also on{E(3d)-E(2p)} 2, where
§ [ E(3d)-E(2p) means an average metal to ligand charge-
w10 transfer excitation. Upon increasirig the increase experi-
C enced by the overlap integr8&, is compensated by the in-
1.0 crease undergone by tlig3d) energy. This behavior leads
r to an increase of charge-transfer excitations wReis re-
0.8 duced, as has recently been discuséeBly contrast, theR
[ i dependence offg is essentially that followed byS§
PS5 SOVERSF T N VAU NV MUTEM R, =|(d;]j|xs:])|? The latter fact comes from the great differ-
1.84 1.86 1.88 1.90 1.92 1.94 1.96  enceE(2p)-E(2s)=23eV for free F ion making that the
R (A) relative variations undergone by the(3d)-E(2s) quantity

due toR changes are negligible. Further discussion on this
FIG. 5. Dependence of the transferred spin densigyin %) on  relevant point can be found in Ref. 51.

the metal-ligand distanceR, calculated on a FeRgKg™" cluster When the properties associated with an impurity are cal-
simulating a F&" ion in the KsFeF lattice. The electrostatic poten- culated by means of finite clusters the results can oscillate
tial due to the rest of ions in thejkeF; lattice has been taken into \ith the cluster size. This fact was already noticed by Mess-
account_. The meaning of symbols is the same as that in Fig. 4. Alher and Watking? In the present case quantities suchf gs
calculations lead to a strong dependencépéiponR. or N2 depend only slightly upon the cluster size. It has been

verified that in a SCCEH calculation on passing from a
calculation which reproduces quite well the experimeRtal  7.atom TM cluster to an 81-atom orie and N2 experience
value is, however, unable to reproduce exafitie detailsof  yariations of about 20 and 2 %, respectively. By contrast, the
the ground-state density such fs As found for other TM  cajculated values of; are more dependent on cluster size
cations,f, is much higher tharis but is nearly independent mainly because of the smallness of this paraméeys. 4
on the metal-ligand distanc® So settingf,, in the vicinity  and 5. In fact, when the cluster involves a total of 21 or 81
of R=1.91A as atoms, the electronic density in tie§ orbital lying outside

the FeB~ unit is found to be only around 3%. However, this

— —n
fo=CR™, ™ figure is quite comparable to the total density os(R)
ligand orbitals.
—=—SCCEH Despite the differences of tHg value, obtained at a given
_fﬁgi §§R distance, Figs. 4 and 5 reveal tladit exponentsg calculated
16.0 ————————..s-- ADFLDA SR by diffe_re_nt met_hods and on clusters of d_ifferent size are
i —-ADFGGA SR | 1 rathersimilar, lying between 6 and 7.5. This result thus do
I ~v- ADF GGA SNR| | support the use & for measuringR, variationsinduced by
140 P = hydrostatic pressures on a given system containingi FeF
[ AT T ] units. At the same time it can also be employed for exploring
i 1 the R, variationsundergone by FeF units placed in a series
s 120 ] of similar lattices.
> *
Lo C. Equilibrium distance values for Fe* doped
0.0 T fluoroperovskites
- —a Assuming the results of the Sec. Il B, &g variation of
s.0L B it Rl SR +4 MHz around a central value of 67 MHz should be as-
L | ‘ | | | cribed toR, changes lying about between2 and +2 pm.

Therefore, in a first view, thé, values collected in Table |
would indicate that the correspondirig, values lie in a
range of about 5 pm. This conclusion is thus compatible with
FIG. 6. Dependence of the transferred spin densjtyin %) on results of Table V and Sec. A . .
the metal-ligand distance?, calculated on a FeRgK:!" cluster To proceed further in the analysis let us now consider
simulating a F&" ion in the KsFeR lattice. The electrostatic poten- ONly the case of cubic P& centers formed in fluoroperovs-
tial due to the rest of ions in the,ReF; lattice has been taken into Kites whereAg has accurately been measured by ENDOR. In
account. The meaning of symbols is the same as that in Fig. 4. Athese ~similar lattices A, goes$>?°?8%9 from 71.23
the calculations indicate that in a first approximatfgnis indepen-  +0.06 MHz for KMghR,:Fe’* to 65.98-0.02MHz for
dent ofR. CsCdR:Fe". The corresponding variatiorAA,=5.25

1.84 1.86 1.88 1.90 1.92 1.94 1.96
R (A)
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TABLE VI. Values of the equilibrium F&-F~ distance,R,, obtained for F& doped ANF; (A

=K, Rb, Cs;N=Mg, Zn, Cd fluoroperovskites from total-energy calculations on fefg
culations have been performed using the ADF code,

17 clusters. Cal-

the local-density approxirtiddian and including the

Madelung potential due to the rest of the lattice. The results are compared to those derived from the analysis
of the experimental isotropic superhyperfine constAgt, using Eqs(2) and (6) andassuming =6 and a

valueR,=193.3 pm for KMgR:Fe*". The values of\,

included for comparison.

taken from Table | are include®®, values are also

Re (pm) Re (pm)
Host lattice Ry (pm) A (MHz) (from Ag) (from total energy
KMgF; 1.987 71.230.06 193.3 193.3
KZnF; 2.027 70.20.3 193.70.2 196.6
RbCdR 2.200 66.1-0.3 195.6-0.2 197.4
CsCdR 2.232 65.980.02 195.65-0.03 198.6

+0.08 MHz would be ascribed to an increas®.=2.4 pm

The strongR dependence oA is also partially reflected

assumingng= 6. For more confidence concerning this inter-l00king at the variations ofAs with temperature. For in-

pretation, the R, value has also been calculated for
Fe**-dopedANF;(A=K, Rb, CsN=Mg, Zn, Cd) fluoroper-

stance, A;=64.2-1.1MHz for CsCdg:Fe** at room

temperaturé® The diminution of 2= 1 MHz when compared

ovskites by means of total-energy calculations onto the ENDOR valueg(Table )) is consistent with thermal

FeRAgN:'" clusters. The comparison betweRpvalues de-
rived from these calculations and from the analysis of exper
mentalAg values is given on Table VI.

The substitution of a R cation in the perfecANF; lat-

expansion effects. It is worthwhile to remark, however, that

i_apart from this contribution todAg/dT)p there is also the

so-called explicit contribution given bypfAg/dT)y, which is
not easy to evaluate priori.>®’

tice by an impurity leads to a change of the distance with the

F~ which is reflected by the displacement (R.—Ry).
From the results collected in Table VI it is found thaRR,
=—3% for KMgF;:F€** while it is equal about-10% for
ACdR;:Fe®* (A=Rb,Cs). As in the present calculations of

D. Dependence of 1Dq on the spin densityf

Despite the smallness &f, it has been demonstrated for
CrFe~ and MnF™ units that the 1Dq value as well as it
dependence are strongly related to such a spin density. For

Re., no relaxation has been allowed to second and thiréshowing the importance played by the smadl-3s(F) hy-

neighbors the right metal-ligand distances shouldinaller
than the calculated ones, especially fACdR;:Fe' (A
=Rb;Cs) involving a highetu/R,| value. Having in mind
this fact and accepting an error df1% on theR, values

bridization in the present case M@&xand SCCEH calcula-

tions suppressing thesgF) orbitals from the basis set have
also been carried out. Representative results are displayed in
Table VII. In a normal calculation the obtained1§ values

coming from total-energy calculations, the two sets of figurett R=190pm are comparable to the experimental one

in Table VI can certainly be compatible. To achieve a bette(10Dd~13300cm

1).58 Moreover, writing in the vicinity

value of R, for the whole series of fluoroperovskites doped©’ R=190pm

with Fe*" calculations on bigger clusters, allowing the relax-

ation of further ions in(100 directions are required. Work
along this line is in progress.

From the present analysiR. increases around\R,
=2.4pm on passing from KMgfFe*® to CsCdk:Fe**
while AR,=7+1 pm when MA" is involved. The interac-
tion of ligands of a complex such as FeFor MnF~ with

10Dg=AR " (8)

the exponent is found to be equal to 4.6 and 3.5 from
SCCEH and MSX calculations, respectively. This value in-
dicates that 1Dq would also be a useful parameter for mea-
suring variations of the metal-ligand distance for’Fen
fluorides such as it has been d&Ré'>%n the case of Mf",

further neighbors of the host lattice is responsible for theNi**, or CP*. Unfortunately little is known about optical

modifications ofR, when a host lattice is replaced by an-
other one with a similar structure. On going from
KMgF5:Fe" to CsCdR:Fe*" such an interaction leads to a
variation of the chemical pressure on the Mfomplex (M
=Mn?*, F€") which, in a first approximation, can be taken
as independent of the nature of central cation.

Compared tdfi w(A;4) =540 cm ! found for FeB™, the
value”® for MnFg~ is clearly smallef# w(A;5)~400 cni ]

excitations of F&" impuritiesin cubic fluorides.

When the 3(F) orbitals are removed from the basis set
fs is only slightly modified while the value of T de-
creases and itR dependence is substantially modified. This
behavior (similar to that previously found for C@F and
MnF‘g‘ unity) stresses that thR dependence of I0q for
Fng‘ is again related to that of the small transferred spin
densityfg. This fact explains the microscopic origin of tRe

following the diminution of the nominal charge associateddependence of IDqg pointing out the existence of a connec-

with the central catior® From this simple argument it can
thus be expected that on passing from KMd#fn?* to
CsCdR:Mn?" the AR, value will be about twice that corre-
sponding to the F& impurity.

tion between an optical parameter such a®d@nd an EPR
parameter such a8,. Why the suppression of the small
3d-2s(F) hybridization leads to the dramatic changes dis-
played in Table VII is explained in detail in Ref. 53.
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TABLE VII. Calculated values of the crystal-field constant equally reproduced by aiven calculation In the present
10Dqg (in cm™) and spin-density parameterf, and f,, (in %),  caseR, values derived from th&® dependence of the total
obtained through MSke (first row) and SCCEH(second row  energy are equal to the experimental ones withih5%. By
methods for the FeF cluster at different metal-ligand distanc&, contrast, the experimentdlg value atR=191 pm is not so
(in pm). The values of the exponentcorresponding to the fit of the  well reproduced by the calculations. Despite this fact, all
parameters to the expressi@R™ " (C=constant) are also given.  calculations lead practically to the same value of neex-
ponent, thus supporting that variations can be used for

Normal Calculation Calculation withoutsgF) measuring changes of the distance due to an applied pressure
R 10Dq fs f, 10Dq fs f, or a host-lattice change.
The knowledge of the true B&-F~ distance is also rel-
185 16370 174 7.87 10043 1068 oyant for determining thé&k dependence of other spectro-
18715 206  6.19 3080 7.64  scopic parameters. This is especially important in the case of
190 14730 139 840 9714 10.83 EPR parameters such &8, which can only be measured
16560  1.74 6.44 3600 7.90 when Fé' enters a diamagnetic host lattice asdituted
195 13630 113 887 9305 10.96 impurity.5*~®® From experimental data ohJ for Fe** in
14730 147  6.70 4014 8.16 fluoroperovskites it appedr¥* thatb does not depend only
n 3.48 820 -227 144 _0a49 ON R such as it occurs folg. A(_jditional experjmental wprk
455 641 —150 _504 o021 S however, necessary for being sure on this conclusion.

Despite experimentahg values corresponding to octahe-
dral FeB™ units (Table ) being all very close, a different
IV. FINAL REMARKS situation comes out when the tetragonal F§Ogentef”is
ﬁc{onsidered. For instance, ENDOR data for that céntier
. . X MgF; give A;=30.8+ 0.25 MHz for the axial F ion, while
tance between the Feimpurity and F ligands can be well for equatorial onesA is essentially coincidental with the

measured through experimentdl and 1@Mq parameters. .
These changes can be produced either by a hydrostatic pre\g’}Iue for the Feg— center (Table ). Compared to figures

sure, by the substitution of the host lattice by another on fathered in Table I;%téhe value,= 3.1 MHZ.' sugge;sts that the
with the same structure and also by a structural phase tra listance between and the axial F ion is hlghe_r than
sition of the matrix8°24 95 pm. The present study cannot_, hpwever, be directly ap-
Despite the metal-ligand distance for the perfect C%Cdelr:edléol thc|js center as the Sﬁbsmu“c}n hOf Flby oxygen
lattice (equal toa/2) is 23 pm higher than that corresponding tsur(;u Woerali altgnarlr:irgpd?rr;i?izﬁ izr;ge rC:) treise ectronic struc-
to KMgF; such a difference becomemly about 2.5 pm T.h ong al i I t% g T b.l V and th
when Fé" impurities replace the divalent host lattice cation he de>éper|men a fresl;_rs C(l) elce. n. g. € llgnlf ose
according to the present interpretation/Ayf data. This con- Leac Fe'Fezr mear;;s b tcz cu atrl]qns mtr:cat? q‘% or
clusion is also compatible with tHe, value derived from the | 9 3|' lYEVOU| i ca _(FE pm Ilg' ert ar;] orrein t
present total-energy calculations. First analysis by Rubig uoroeipasolite. attices. IS conclusion IS, however, no
et al. (Ref. § of the zero-field splitting parametes®, using clear regarding thés yalues of Table | and Slﬁ'ggeStS that the
he empirical superposition model, suggested a similar Con_yalue of the K factor " formuld6) changes _sllghtly on pass-
tl : h h ,d h ing from a type of lattice to another one. Microscopically this
c_usmn. These aut_ Oéi assumed, however, a vdkge could reflect the different form of the electrostatic potential,
= 1.99 pm forKMgF,:Fe™ which is about 5 pm higher than VS, due to the rest of the lattice in elpasolite and perovskite

that expected from the present work, lattices. Preliminary results support this view
When changes of the BeF~ distance induced by an ' y >upport this '
The use ofAg for measuringR variations could also be

applied pressure are follqwed throughy, the resolution applied to other F& centers and also to other TM impurities
would be aboutt0.5 pm using EPR measurementstdd.05 : : :
with unpairedo electrons. For instancAg has been mea-

if the ENDOR techni loyed. Th fi . . -
22 Ito bg comparede\?vitrr:"tqu: : é\/)?::gn:gs%{ii on Wi?fhtzgureséured in the case of tetrahedral FECépecies formed inside

om in the best cask NaCl or AgCl lattice€® In the case of 1I-VI semiconductors
The calculatedR. values for F&*-doped fluorides indi- shf interaction has been detected for ZnSe doped with TM
e

cate that accurate DFT calculations on clusters includin(jrnr\)/vr't'kes'I th i is ol d for th fut
only up to third neighbors appear as a useful tool for know- N otr %3”% these |ﬂn?es IS f:gge Iorl t'e near ul urte.
ing theactualimpurity-ligand distance in insulating host lat- ot added in prooirecen calcuiations on clusters

tices. The same conclusion was reached in the study Bf Cr of 21 atoms around the Mn impurity [J. Phys.: Condens.
and TE* impurities in halide lattice&>'"6t is worth noting ~ Mafter 11, L525 (1999] reproduce theR. values of

2 . . .
that the electron trapping by a specsan depend strongly Mn4"-doped fluoroperovskites derived from experime#tal

upon the local relaxation in the ground state of Theenter and 1@q parameters.

formedafter the electron capture. This happens, for instance,

for [MC5(NO)]?~ specie® (M=0s, Ry in AgCl or for the ACKNOWLEDGMENTS

Ag" impurity in KCL.%% In the latter case the electronic sta-  Kind information on iron compounds by Professor J. L.

bility of the AgC center is found to requif@a local outward  Fourquet(University of Le Man$ and Professor A. Tressaud

relaxation higher than 8%. The analysis of the experimentalUniversity of Bordeaux is acknowledged. This work has
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