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Nonequivalence of chemical and hydrostatic pressures:A1g and Eg frequencies
and Stokes shift of Mn2¿-doped perovskites
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The frequency ofA1g andEg modes of MnF6
42 in cubicABF3 ~A: K; B: Mg, Zn andA: Rb, Cs;B: Cd, Ca!

perovskites has been derived through density functional calculations on MnF6A8B6
161 clusters which repro-

duce the experimental impurity-ligand distanceRe . Both frequencies are found to experience a drastic decre-
ment on passing from KMgF3 :Mn21 ~\vA5556 cm21, \vE5456 cm21! to CsCdF3 :Mn21 ~\vA

5317 cm21, \vE5239 cm21! despite the fact thatRe increasesonly by 5%, leading toeffectiveGrüneisen
constants~calledgA

c andgE
c ! around 3.0 along the series. This figure is 60% higher than the usual Gru¨neisen

constantgA calculated for agiven systemlike KMgF3 :Mn21 or KZnF3 :Mn21 when hydrostatic pressure is
applied. For supporting this relevant result the value ofgA for CrF6

32 in a fluoroelpasolite has been calculated
as well. The obtained valuegA52.1 is close to the experimental one (gA51.9) derived in K2NaGaF6 :Cr31 by
combined optical and Raman measurements. As a salient feature, the increase of the Stokes shift whenRe

increases observed along theABF3 :Mn21 series is now well explained through the bigger variations ofA1g

and Eg frequencies induced by the chemical pressure in comparison to those coming from an hydrostatic
pressure on a given system. The difference betweengA

c and gA is discussed through a simple model that
emphasizes the role played by the coupling of the MnF6

42 complex to the lattice. The influence of chemical
and hydrostatic pressures upon the luminescence efficiency is also briefly discussed. Attention is addressed to
the method of calculating impurity-associated Gru¨neisen constants using clusters. Recent results on Cr31 in
several cubic chloroelpasolites that support the present conclusions are briefly discussed as well.

DOI: 10.1103/PhysRevB.65.064441 PACS number~s!: 75.30.2m, 71.55.2i, 78.55.2m, 63.20.Pw
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I. INTRODUCTION

The presence of a transition-metal~TM! impurity in an
insulating material leads to the appearance of physicoche
cal properties which are absent in the pure host lattice
may be useful for applied devices such as solid-state las
storage phosphors, etc. Despite a doped material being
tainly more complex than a pure one, it was first pointed
by Sugano and Shulman1 that theelectronic propertiesdue to
an impurity in aninsulating lattice can be understood to
good extentonly on the basis of theMLN complex formed
by the impurityM and theN nearest anions.2 This relevant
conclusion means that, in thermodynamic equilibrium, a p
electronic parameterPel related to the impurity~like the en-
ergy of an optical transition or theg factor! depends, in a
good first approximation, only on the equilibrium impurity
ligand distanceRe as well as on the temperatureT. This idea
is correct provided~i! the active electrons of the complex a
localized inside theMLN complex and~ii ! the electrostatic
potentialVR , due to the rest of the lattice upon the acti
electrons, is essentially flat inside the complex region. B
conditions are fulfilled for divalent and trivalent TM impur
ties placed substitutionally in cubic insulating lattice3

When the TM impurity is located in sites of lower symmetr
it is, however, necessary to include the effects ofVR for a
proper understanding of the center.4

If apart from temperature a parameterPel only depends on
Re , DPel variations can thus be obtained using either a
drostatic pressure or a change of the host lattice~chemical
0163-1829/2002/65~6!/064441~9!/$20.00 65 0644
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pressure! producing thesamevariationDRe in the impurity-
ligand distance. The equivalence between a hydrostatic a
chemical pressure has been demonstrated experimental
far as electronic properties are concerned. For instance
dependence of 10Dq uponRe has been measured experime
tally either by means of a hydrostatic pressure on a gi
doped lattice or through different host lattices containing
same MLN complex.5–11

Writing

10Dq5KRe
2n , ~1!

it turns out thatsimilar values of the exponentn are derived
throughboth procedures.

As regards the local vibrations associated with a giv
impurity, they cannot, however, be understoodonly in terms
of the MLN complex. For instance, in as mode of vibration
the ligands doalso interact with the first host lattice cation
~placed along the metal-ligand directions! whose nature is
only modified when the host lattice changes. Therefore
effects of the chemical pressure on aMLN complex are not
necessarily equivalent to those arising from the hydrost
pressure on a given doped compound when the vibrat
associated with an impurity are concerned. This idea can
be of importance in the case of parameters~such as the
Stokes shift or the Huang-Rhys factors! depending on the
coupling between an excited electronic state and the lo
vibrations.12–17 Along this line the effects of both kind o
pressures upon the luminescence quenching also deser
investigation.

Searching to explore these attractive questions, the va
tion of the A1g and Eg frequencies associated with th
©2002 The American Physical Society41-1
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MnF6
42 complex in cubicABF3 ~B5divalent element! fluo-

roperovskites is derived in the present work through den
functional theory~DFT! calculations on clusters centered
Mn21. Results for KBF3:Mn21 ~B: Mg, Zn! and
ABF3:Mn21 ~A: Rb, Cs;B: Cd, Ca! are reported. For com
parison purposes the effects of a hydrostatic pressure on
systems KMgF3:Mn21 and KZnF3 :Mn21 are also explored

The ensemble ofcubic fluoroperovskites doped with
Mn21 can be considered asmodel systems18–20 where the
impurity-ligand distance has been determined throughthree
independentmethods.2,22,6 Moreover, recent DFT calcula
tions on 21-atom clusters23 lead to values of the equilibrium
impurity-ligand distanceRe which are coincident, within ex-
perimental uncertainties, with those derived from elect
paramagnetic resonance~EPR!,22 optical,6 and extended
x-ray absorption fine structure~EXAFS!21 data at ambient
pressure.

Experimental information on vibration modes coupled
the first excited state of MnF6

42 in fluoroperovskites come
from the low-temperature optical spectra.24 For instance, in
KMgF3:Mn21 a mode of 570 cm21 frequency has been re
vealed in the high-resolution emission spectrum. Althou
that frequency is close to that of the LO3 mode of the pure
lattice, that mode has been associated25 with a local or reso-
nant mode because its value is shifted to 540 cm21 in the
absorption spectrum.

The substitution of a host lattice by another one~chemical
pressure on the complex! leads to variations of bothv i ( i
5A,E) and Re parameters~termed asDcv i and DcRe , re-
spectively!, and thus it allows one to define aneffective
Grüneisen parameterg i

c through the expression

3g i
c5

Dcv i

DcRe

Re

v i
. ~2!

Comparison of thiseffective constantg i
c with the actual

Grüneisen parameterg i corresponding toa given doped
compound can thus be used for describing in a simple w
the differences between chemical and hydrostatic pressu

Particular attention is paid through this work to the var
tion of the Stokes shift (ES) associated with the4T1→6A1
luminescent transition of MnF6

42 along the fluoroperovskite
series that has been studied experimentally.19 Such experi-
mental results show thatES increases as far as the actu
value ofRe increases along the series. Moreover, an anal
of such results indicates that the average value ofg i

c ( i
5A,E) along the series can be around 3 indeed. This fig
is higher than theusual values ofg i measured for a given
compound. In this sense theaverageḡ value derived from
thermal expansion data26,27 for pure KZnF3 and CsCaF3 is
equal to 1.1. Moreover, the Gru¨neisen parameters associat
with the localA1g and Eg modes of K2NaGaF6:Cr31 have
been derived through combined optical and Raman meas
ments under pressure.28 The obtained results~gA51.85 and
gE52.1! point out that even in the case of the stretchi
modes the Gru¨neisen parameters are clearly smaller than
Therefore, for supporting the study carried out on MnF6

42 in
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fluoroperovskites, the Gru¨neisen constantgA for CrF6
32 in

the elpasolite lattice K3CrF6 has been calculated in th
present work as well.

II. THEORETICAL

The properties due to Mn21-doped fluoroperovskites hav
been calculated by means of finite clusters. As the bound
condition, the surface atoms of the cluster are fixed at th
experimental host lattice positions. This procedure provide
reasonable insight into the properties associated with anim-
purity provided ~i! the active electrons are localized in
small region compared to the cluster size and~ii ! impurity-
induced local relaxations are important only in a doma
whose size is again smaller than that of the cluster. For
present work MnF6A8B6

161 clusters~Fig. 1! have been used
As previously discussed,23 this cluster reasonably fulfills the
two conditions for the six fluoroperovskites. In particula
less than 5% of the charge associated with unpaired elect
is found to reside outside the MnF6

42 complex
Calculations of the ground-state energy for different v

ues of the metal-ligand distanceR have been carried ou
using the Amsterdam density functional~ADF! code29 and
the generalized gradient approximation~GGA! by means of
the Becke-Perdew functional.30,31 The effects of the electro
static potential due to the rest of the ions not included in
MnF6A8M6

161 cluster have been considered in all the calc
lations. The basis set of the best quality in the ADF code
been employed. More details can be found elsewhere.23

It has recently been shown that using MnF6A8B6
161 clus-

ters the obtainedRe values for the series of Mn21-doped
fluoroperovskites coincide, within the experimental unc
tainties, with those derived from the analysis of the expe
mental isotropic superhyperfine constantAs , the 10Dq pa-
rameter, and available EXAFS results.23 For calculating the
local A1g and Eg frequencies through the MnF6A8B6

161

cluster, it has been assumed, in a first approximation,
only the ligand displacements are involved in the cor
sponding normal coordinates. This assumption is quite r
sonable in the case of elpasolite lattices~whereA1g andEg

FIG. 1. Cluster of 21 atoms used in the ADF calculation
ABF3 :Mn21 systems.
1-2
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modes of the complex are also13 lattice modes atk50!, but
can only be taken as a first step in the case of perovskite
description ofA1g andEg modes is given in Ref. 32.

In the self-consistent solution of Kohn-Sham equation33

the initial potential used in then step,Vn
i , leads to a final

potentialVn
f once such equations are solved. The initial p

tential Vn11
i employed in then11 step is taken as

Vn11
i 5~12«!Vn

i 1«Vn
f , ~3!

where the mixing coefficient« is usually taken equal to 0.2
In the calculations on KBF3:Mn21 ~B: Mg, Zn! and
ACdF3:Mn21 ~A: Rb, Cs! the convergence was perfect an
reached for an error parameter of the ADF code equa
1026. Problems were found however, to achieve a pro
convergence in the case ofACaF3:Mn21 ~A: Rb, Cs! sys-
tems. In these two systems convergence was obtained u
an error parameter bigger than 3031026 and « lying be-
tween 0.06 and 0.35. Moreover, forR,Re convergence was
reached only whenRe2R,8 pm. This situation could be
related to the presence of ana1 ‘‘ghost orbital’’ lying in the
antibonding 3d orbital region of Mn21 as pointed out by
other workers.34,35 In view of these facts the present analys
is based mainly on results obtained for the KBF3:Mn21 ~B:
Mg, Zn! and ACdF3:Mn21 ~A: Rb; Cs! systems. The main
trend emerging from these results is, however, followed
those coming from calcium perovskites as indicated late

For the whole analyzed systems, we have verified that
fitting of the E(R) curve by polynomials of different degre
leads essentially to thesamevalues of second and third de
rivatives atR5Re . HereR is the fluoride coordinate alon
the ^100& directions.

The volume dependence of a vibrational frequencyv i of
a given system is quantified through the associated G¨n-
eisen parameterg i . For an octahedral molecule the volum
is just determined by the metal-ligand distanceRe , and then
g i is defined by the relation

g i5
]Lv i

]LV
5

1

3

]Lv i

]LRe
. ~4!

Thus the Gru¨neisen parameterg i plays a key role for under
standing the effects of an hydrostatic pressure uponv i . At-
tention has to be paid, however, to the calculation ofg i ( i
5A,E) for MnF6

42 embedded in a lattice. To get an insig
into g i ( i 5A,E) by means of calculations on a cluster, o
has to determine the changes experienced byRe and thev i
( i 5A,E) when the cluster size is modified, but its geome
is frozen. In the cluster depicted in Fig. 1 the size is co
trolled by the distanceRS between the impurity and sixB21

ions lying in ^100& directions. In the perfect host lattice a
zero pressure,RS is equal to the perovskite lattice parame
a. When the cluster size is changed, for a givenRS value the
position of the 14 ‘‘surface’’ ions of the cluster is taken to
that corresponding to a perovskite lattice witha5RS .
Through this approximation, the ground state energyE of the
cluster depends only on theR and RS variables. From the
E(R,RS) function the equilibrium metal-ligand distanceRe
or the vA frequency can be derived foreach valueof the
06444
A

-

to
r

ing

y

e

-

r

cluster size. Ata given RS value, termedRS
e , the equilibrium

Re distance is just determined by the condition

S ]E~R,RS5RS
e!

]R D
R5Re

50 ~5!

and then the force constantkA and frequencyvA , corre-
spondingto a given equilibrium distanceRe , are just given
by

kA56MLvA
25F]2E~R;RS5RS

e!

]R2 G
R5Re

~6!

whereML means the mass of one of six ligand ions. On
the value ofvA for different Re distances is known,gA is
easily derived. At zero pressure,RS

e is taken equal to the
experimental value in the perfect host lattice. For the pres
systems this assumption is reasonable as the relaxation o
ligand shell is smaller than 4.5% and, as discussed in R
23, an estimation based on the theory of elasticity leads
relative variation of the third neighbors distance smaller th
0.7%.

A similar procedure to that followed for MnF6
42 in fluo-

roperovskites has been used for calculatinggA in the case of
CrF6

32 in the K3CrF6 elpasolite lattice where two clos
complexes do not share any common ligand. According t
previous work,36 calculations are carried out on
CrF6K8K6

111 cluster centered at the chromium ion.
It is worth noting that a different~and, in general, incor-

rect! value ofgA is obtained when the surface atoms are k
fixed at a distanceRf ~which can correspond to the perfe
host lattice! from the central cation and only the ligands a
allowed to follow an external pressure.37,36The constant cal-
culated by thisartificial procedure will be hereafter denote
by gA( f ). The difference betweengA( f ) and gA is dis-
cussed in Sec. III D.

III. RESULTS AND DISCUSSION

A. Vibrational frequencies for MnF 6
4À in perovskites

The R dependence of the ground-state energy,E(R), ob-
tained for the MnF6K8Mg6

161 cluster in KMgF3 and the
MnF6Cs8Cd6

161 cluster in CsCdF3 are both portrayed in Fig
2. It can be noticed that the curvature around the minimum
Re52.057 Å for the former system is much higher than th
corresponding to the latter one whose minimum appear
Re52.156 Å.

The values of calculatedvA and vE frequencies for
KBF3:Mn21 ~B: Mg, Zn! and ACdF3:Mn21 ~A: Rb, Cs!
together with the corresponding equilibrium distances
displayed in Table I. For comparison purposes theRe values
derived22 from the experimental isotropic superhyperfin
constantAs are also shown. As previously pointed out,23 the
calculatedRe values by means of 21-atom clusters agr
with those derived from the analysis of experimental d
within experimental uncertainties.

The reported values in Table I indicate that the repla
ment of a fluoroperovskite lattice by another one leads
1-3
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M. T. BARRIUSO, M. MORENO, AND J. A. ARAMBURU PHYSICAL REVIEW B65 064441
remarkable changes ofvA andvE frequencies. For instance
Re for CsCdF3 :Mn21 is found to be only 5% higher tha
that for KMgF3:Mn21, while the associatedvA frequency is
calculated to be 43% smaller. A similar variation is found f
the Jahn-Teller frequencyvE . Systems for whichRe
.2.12 Å are found to possessvA and vE values much
smaller than those corresponding to KBF3:Mn21

(B:Mg, Zn). This trend is not altered by the results
RbCaF3 :Mn21 (Re52.125 Å) and CsCaF3 :Mn21 (Re
52.155 Å) obtained, however, under worse technical con
tions. In both cases\vA would lie in the 310–350 cm21

domain.
Comparing the results displayed in Table I f

CsCdF3 :Mn21 and KMgF3:Mn21 gA
c 53.2 and gE

c 52.85
values are derived. This result already points out that
effective Grüneisen parametersgA

c andgE
c can attain values

very close to 3 indeed.
The calculated variation ofvA along the series o

ABF3:Mn21 systems is certainly bigger than that expe
enced by the LO3 frequency of the corresponding ho
lattice.27 For instance, the LO3 frequency for KMgF3 and

FIG. 2. Calculated ground-state energy for KMgF3 :Mn21 and
CsCdF3 :Mn21 for different values of the Mn21-F2 distanceR.
Note that the origin of theR coordinate corresponding t
CsCdF3 :Mn21 is shifted by 0.10 Å with respect to that fo
KMgF3 :Mn21.
06444
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CsCaF3 is equal to 551 and 449 cm21, respectively, which
means a variation ofonly 18%.

For the studied systems in Table I the frequencyvA of the
symmetric mode is found to be bigger than that of the Ja
Teller mode, which also exhibits a stretching charac
Qualitatively, this trend can simply be understood looking
the vibrations in aML6molecule assuming two-body centr
forces.38,39 Let us consider theQe (;x22y2) coordinate of
the Eg mode. The two adjacent ligands placed initially
(Re,0,0) and (0,Re,0) are moved to (Re1d,0,0) and (0,Re
2d,0), respectively. Thus the distance between both ion
kept in first order if udu!Re at variance with what happen
for the A1g mode. Therefore, there is no contribution tovE
from this ligand-ligand force constant.

Vibrations associated with the impurity are revealed24 in
high-resolution luminescence spectra of KMgF3:Mn21 and
KZnF3 :Mn21. In both cases a clear replica of a mode who
frequency is 570 cm21 for KMgF3:Mn21 can be observed
In view of the results of Table I, that mode could be ascrib
in a first approximation to the symmetric vibration of F2

ligands. On passing from KMgF3:Mn21 to KZnF3 :Mn21

the experimental frequency of such a mode experience
30-cm21 redshift which is smaller than that calculated
Table I. It is worth noting that the increase inRe ~termed
DRe! on going from KMgF3:Mn21 to KZnF3 :Mn21 is cal-
culated to be equal to 3 pm. This figure is consistent withRe
values derived the experimentalAs provided theexperimen-
tal uncertaintiesare taken into account. IfDRe is actually
closer to 1 pm, one would expect a redshift for\vA around
30 cm21 when KMgF3 is replaced by KZnF3 .

No direct measurements have been carried out in the
of the Jahn-Teller frequencyvE . The calculated\vE values
in Table I exhibit, however, a trend which is certainly com
parable to the estimations reported12,24 for KMgF3:Mn21

~Re5207 pm, \vE5390 cm21! and RbMnF3 ~Re
5212 pm,\vE5280 cm21!.

B. Grüneisen constantgA for KBF 3 :Mn 2¿
„B:Mg, Zn … and

K3CrF6

Changes of theA1g frequency ofa given KBF3:Mn21

system (B:Mg, Zn) produced by a modification of the equ
librium distance have also been studied. The main res
collected in Fig. 3 indicate thatdvA /dRe is negative and
thus gA is positive. This situation is usually found fo
stretching modes of molecules and crystals.40–42 Acoustic
bending modes in silicon lead, however, to negative val
es
TABLE I. A1g andEg vibration frequencies for Mn21-doped fluoroperovskites. The equilibrium distanc
obtained from ADF calculations and from the experimentalAs value are also included.

Lattice Lattice parameter~Å!

Equilibrium distanceRe ~Å! Frequencies~cm21!

From ADF calc. From expt.As A1g modevA Eg modevE

KMgF3 3.973 2.057 2.07 556 456
KZnF3 4.054 2.086 2.08 454 387
RbCdF3 4.400 2.127 2.12 353 285
CsCdF3 4.464 2.156 2.14 317 239
1-4
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of the Grüneisen constant,41,42 which is in turn responsible
for the negative thermal expansion coefficient below 150

As a salient feature, it can be noticed that for the sa
DRe value the variationD\vA obtained for a given com
pound doped with Mn21 under hydrostatic pressure is ce
tainly smaller than through the replacement of the host
tice. More precisely, the Gru¨neisen constantgA is found to
be practically equal to 1.8 for both KMgF3:Mn21 and
KZnF3 :Mn21 systems. It is worth noting that using the sam
procedure as for KMgF3:Mn21 and KZnF3 :Mn21 the Grün-
eisen constantgA for CrF6

32 in the K3CrF6 elpasolite has
also been calculated. The obtained valuegA52.1 is close to
the experimental one (gA51.9) derived by Dolanet al.28 in
K2NaGaF6:Cr31. It is worthwhile to remark that ifgA is
derived from the calculated potential curve for the clus
with the six surface ionsfixedat the lattice positions at zer
pressure, then it is found thatgA( f )51.1. Why thegA value
obtained through a reasonable calculation is higher t
gA( f ) is analyzed in Sec. III. D.

In the present calculations on KMgF3:Mn21 or
KZnF3 :Mn21, it is found that when the cluster size
changed by a quantityDRs , then the relative variation un
dergone by the metal-ligand distance is given byDRe /Re
5b(DRs /Rs), where b50.87. This figure means tha
ligands follow the motion of outer ions rather closely. In t
case of the K3CrF6 elpasolite,b is found to be 0.4, sugges
ing that the local compressibility of CrF6

32 is bigger than
that of the whole lattice. A similar situation has been foun43

in MgO:Cr31.

C. Stokes shift for Mn2¿-doped fluoroperovskites

The luminescence due to MnF6
42 complexes in fluorides

comes only44,12,6 from the first excited state4T1g . The cor-

FIG. 3. Variation of\vA along the series of cubic fluoroperov
kites doped with Mn21. Calculated hydrostatic pressure effect
\vA for KBF3 :Mn21 (B5Mg,Zn) systems is also showed fo
comparison.
06444
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responding Stokes shiftEs strongly depends upon thev i ( i
5A,E) frequencies.14,15 Therefore, one can expect that th
big difference betweengA and gA

c obtained through the
present calculations plays an important role for explain
the variation of Es measured through the series of cub
fluoroperovskites doped with Mn21. As shown in Fig. 4, the
experimental Stokes shift19 increases as far asRe increases in
the fluoroperovskites series.

Theoretically, the Stokes shift ford5 or d3 ions placed in
lattices like elpasolites or perovskites can simply
written13,15 as

ES5ES~A!1ES~E! ~7!

whereEs(A) andEs(E) denote the contribution arising from
the coupling of the first electronic excited state with the sy
metric and the Jahn-Teller mode, respectively. The exp
sion of Es( i ) ( i 5A,E) in terms of the corresponding cou
pling constant, Vi , and the v i ( i 5A,E) frequency is
formally the same for both modes:45,12,15

ES~ i !5
Vi

2

MLv i
2 52Si\v i , ~8!

whereSi is the associated Huang-Rhys factor. As toVi for
the 4T1g state of MnF6

42, it has been shown15,14 that its
dependence onRe around 212 pm can be described by

Vi5CiRe
2ni. ~9!

FIG. 4. Calculated Stokes shift values for two differentg values,
1.8 ~B line! and 3~C line!, respectively. ExperimentalES values for
different host lattices are also shown for comparison.l: KMgF3 .
m: KZnF3 . .: RbCdF3 . j: RbCaF3 . d: CsCaF3 .
1-5
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The exponentsnA andnE are found to be very similar15 for
MnF6

42 as well as for CrF6
32. Moreover,nA5n11, where

the exponentn reflects the dependence of 10Dq upon Re
through Eq.~1!. Microscopically, the strong dependence
10Dq uponRe in complexes like MnF6

42 has been shown to
be related to the 3d-2s(F) hybridization in the antibonding
eg (;x22y2,3z22r 2) orbital.46,47

On these bases, theRe dependence ofEs found
experimentally19 has to be related to the variations of fr
quencies along the series and also to theRe dependence o
the coupling constantsVA andVE . Calculated values ofEs
as a function ofRe by means of Eqs.~6!–~8! are also in-
cluded in Fig. 4. According to the analysis performed in R
15, the employed values ofVA and VE for KMgF3:Mn21

(Re5206 pm) are VA595 cm21/pm and VE
575 cm21/pm. As to the exponentsnA andnE involved in
theRe dependence ofEs , the valuesnA56 andnE55.5 are
used.15 The frequencies for KMgF3:Mn21 are taken equal to
\vA5550 cm21 and\vE5450 cm21. For simulating their
variation along the fluoroperovskite series, it has first be
assumed thatgA

c andgE
c are equal to the Gru¨neisen constan

gA51.8 calculated for KBF3:Mn21 (B:Mg, Zn) systems. It
can be seen in Fig. 4 that the calculated values ofEs derived
from the latter assumption fail to reproduce the trend exp
mentally observed.19 In fact, the derivedEs values, obtained
assuminggA

c >gE
c 51.8, do not give rise to a significant in

crease of the Stokes shift whenRe increases, but rather to
slow decrement. As shown also in Fig. 4, this big discre
ancy is, however, overcome by puttinggA

c >gE
c 53, as de-

rived from the present calculations in Sec. III A. This re
evant result can easily be rationalized through Eqs.~7! and
~8!, implying that a contribution likeEs(A) should be pro-
portional toRe

pA where the exponentpA is given by

pA56gA
c 22nA ~10!

if the host lattice chemical pressure is modified, while

pA56gA22nA ~11!

when a hydrostatic pressure is applied on a given compo
Therefore, if nA>6 and gA51.8, then pA521.2, which
means that an applied hydrostatic pressure on a system
KMgF3:Mn21 would lead to aslow increaseof Es(A). By
contrast, when the chemical pressure along the fluoroper
kite series is varied it turns out that the calculated valuegA

c

53 leads topA>6 and thus to an important increase ofEs
whenR increases. This agreement can thus be viewed a
experimental proof, though indirect, of the conclusions
Secs. III A and III B. Therefore, for MnF6

42 in fluoroperovs-
kite lattices, the changes inA1g and Eg frequencies due to
the chemical pressure appear to be bigger indeed than t
coming from an hydrostatic pressure on a given compou

The results gathered in Fig. 4 also predict that the Sto
shift of a system like KMgF3:Mn21 would be little affected
by an applied hydrostatic pressure. Further experime
work is desirable to explore this prediction.
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D. Difference betweengA
c , gA , and gA„f …: Insight through

a simple model

The main differences between the three quantitiesgA
c ,

gA , andgA( f ) discussed in this work can be rationalized
means of a simple unidimensional model described in Fig
In it, the atom at the origin representing the impurity
joined by an anharmonic spring to the ligandL, which in turn
is joined to the surface atom by a different spring. The p
tential energy of the system including an external force a
ing on the surface atom is simply written as

E5
1

2
k~xL2xM2R0!21

1

2
k8~xS2xL2R08!21FxS

2
1

6
g~xL2xM2R0!32

1

6
g8~xS2xL2R08!3. ~12!

HerexL andxS mean the position of the ligand and surfa
atom, respectively, while the position of the impurity atom
fixed at xM50. The constantsk and g ~k8 and g8! are in-
volved in the harmonic and anharmonic terms of the fi
~second! spring, whileR0 and R08 are the equilibrium posi-
tions associated with the two isolated springs. For each va
of the forceF, the equilibriumxL

e and xS
e values are deter-

mined in a first approximation by the conditions

k8~xS
e2xL

e2R08!1F'0, ~13!

k~xL
e2R0!2k8~xS

e2xL
e2R08!'0. ~14!

The force constantkA associated with such an equilibrium
position is given by

kA5S ]2E

]xL
2 D xL5x

L
e

xS5x
S
e

5k1k82S g1g8
k

k8D ~xL
e2R0!. ~15!

Therefore the changeDkA experienced by the force consta
kA whenxL

e is varied is just given by

DkA52S g1g8
k

k8DDxL
e . ~16!

In the calculation ofgA( f ) the only variable isxL and the
forceF has to be applied on the atomL in order to modifyxL

e

while the atomS is kept fixed at the perfect host lattic
position termedxS

h . In such a case Eq.~13! is not valid and
the involved variation ofkA termedDkA( f ) is simply given
by

FIG. 5. Simple model representing three atoms~M, impurity
metal atom:L, ligand atom; andS, ‘‘surface atom’’! connected by
two springs with parameters~see text! k,g andk8,g8, respectively.
xi ( i 5M ,L,S) represents the position of atomi.
1-6
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DkA~ f !52~g2g8!DxL
e . ~17!

This fact stresses that ifDxL
e.0, then the anharmonic energ

of the first spring decreases while that of the second
increases. Comparison between Eqs.~16! and ~17! clearly
shows that for the sameDxL

e variation DkA( f ),DkA pro-
vided g8 is not negligible.

Let us now focus on the variation undergone bykA ~called
DckA! when the host lattice is modified. As a first approx
mation, we can assume that relaxation effects are impor
only for the ligand shell, while the surface atom remains
its host lattice positionxS

h . In this case the value of

kA5S ]2E

]xL
2 D xL5x

L
e

xS5x
S
h

for each lattice is also given by Eq.~14!. Therefore, if the
host lattice is changed, then

DckA5Dck82gDcH S 11
g8

g

k

k8D ~xL
e2R0!J , ~18!

which means thateven in the harmonic approximationthe
replacement of a host lattice by another one can lead
variations of the force constantkA as k8 is modified. If the
complex ~simbolized by atomsM and L! is, however, only
weakly coupled to the rest of the lattice and thusk8!k, it is
possible that, for the sameDxL

e , DckA is comparable toDkA

defined in Eq.~16!. This would occur whenDck8,gDxL
e

assuming thatg8k/(gk8) can be taken as a constant.
simple analysis of experimental Mn21-F2 distances in fluo-
roperovskites through Eq.~14! leads, however, tok8/k
'0.5, pointing out the existence of a significant coupli
between the complex and the lattice for the present case
the case of alkali halides or perovskites,k8 decreases26,27

when the lattice parametera increases. AsxL
e also increases

following a, it turns out that the two contributions in Eq.~18!
have the same sign and thusDckA.DkA .

E. Quenching of the luminescence in Mn2¿-doped fluorides

The influence of chemical or hydrostatic pressures u
the luminescence efficiency deserves some discussion. S
the first work by Dexteret al.,48 it is known that the lumi-
nescence quenching is partially governed by theL parameter
defined by

L5
Es

2EG
, ~19!

whereEG means the energy difference between the emitt
first excited state and the ground one. In the case of Mn21 in
an octahedral fieldEG is given in a first approximation by

EG510B16C210Dq, ~20!

whereB andC are the usual Racah parameters.
An increase ofL favors the lack of luminescence.48,49The

critical value Lc where luminescence disappears depen
however, on the electronic structure of the excited state
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the case of Mn21-doped fluorite lattices50,51 where the first
excited state has a long lifetime the critical value isLc
50.07, while for F centers52 Lc50.25. In the case of
Mn21-doped fluoroperovskites whenRe increases bothEs
andEG increase, leading to a small increase ofL along the
series. More precisely,19,50 L50.033 for KMgF3:Mn21,
while L50.039 for RbCdF3 :Mn21. Therefore, in these sys
tems, an increase of the chemical pressure leads to a s
decrement ofL favoring the existence of luminescenc
through the whole series as theL variation isonly of 15%.

According to the present results, the effects of a hyd
static pressure uponL would also be different to those com
ing from chemical pressures. For instance, considering
results onEs gathered in Fig. 3, anincreaseof L up to L
'0.05 can be expected for KMgF3:Mn21 when the applied
pressure makesDRe /Re5210%. Although this figure is
higher thanL50.033 measured at ambient pressure, it
however, smaller thanLe50.07 as derived50 from the results
on Mn21-doped SrF2 and BaF2 , and thus luminescenc
would be in principle not fully quenched. Further experime
tal work about this matter is desirable.

IV. FINAL REMARKS

Variations of theA1g and Eg frequencies of MnF6
42

along the series of cubicABF3 perovskites are calculated t
be much bigger than those coming from a hydrostatic pr
sure applied on a given system like KMgF3:Mn21 and those
corresponding to the LO3 frequency of the host lattice.27

These results allow one to understand the experimenta
crease of the Stokes shift associated with the MnF6

42 unit
when the host lattice parametera increases19 and also the
nature of vibrations observed24 in the high-resolution optica
spectra on KBF3:Mn21 (B:Mg, Zn). According to the
present findings, such vibrational modes have a domin
local character similar to that found for Cr31 in
elpasolites.13–15 It was early pointed out by Sturge53 that vi-
brational modes involved in progressions seen in opt
spectra of transition-metal impurities exhibit a local
quasilocal character. The conclusions reached in this w
thus support that view. The distinct role played by local a
host lattice modes is also well seen in experiments54 on the
nonradiative decay in Mg2SiO4 :Cr41. In a first step such a
decay is found to involve the excitation of local modes. Th
energy islater transferred to the vibrational modes of ho
lattice.

Despite the present study accounting for the main tre
displayed by optical spectra ofABF3:Mn21 systems, the in-
fluence of cluster size and the addition of further shells55–57

to the description ofA1g andEg modes deserve a suppleme
tary investigation.

The present findings can also be useful for understand
the Stokes shift~and its dependence on hydrostatic or chem
cal pressures! of other 3d impurities in high-symmetry lat-
tices where the impurity is sixfold coordinated.58,59 Recent
experimental data on Cr31 in several cubic
chloroelpasolites60 reveal that the Jahn-Teller energyEJT in
the 4T2 first excited state decreases whenRe does. AsEJT is
just equal45,12,13,15to SE\vE , such a variation is thus quali
1-7
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tatively similar to that derived forcubic fluoroperovskites
doped with Mn21.

The relevance of knowing theRe dependence of param
eters likeEs or Si ( i 5A,E) in order to explain the pressure
induced variations of optical properties has recently b
pointed out.61 According to the analysis carried out in Se
III C, one would expect14,15 that SA and SE would decrease
when a hydrostatic pressure is applied provided pres
does not favor a distortion of the initial geometry.
Cs2NaScCl6 :Cr31 where CrCl6

32 remains cubic under pres
sure,SA andSE are recently found62 to experience a decre
ment when pressure increases. By contrast,
Mg2SiO4 :Cr41 the average Huang-Rhys factor of the em
sion band is found to increase63 when pressure goes from t
9 to 12 GPa. This increase has been ascribed63 to the appear-
ance of bigger distortions on the CrO4

42 unit induced by the
hydrostatic pressure.

Usually, when twopure compounds contain isoelectron
complexes with the same ligand, vibrational frequencies
crease with the metal oxidation state.64 Nevertheless, thevA
frequency derived for KMgF3:Mn21 is quite comparable to
that for compounds62,47 involving FeF6

32 units. It is worth
noting, however, that whenRe is closer to the sum of ionic
radii of F2 and Mn21 ~212 pm!, then \vA is certainly
smaller and close to;400 cm21 as estimated12 for RbMnF3.
This comparison stresses once more the relevant effects
chemical pressures can produce upon the properties o
m

,

o-

G

n

us
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impurity. The comparison between the experimental28 and
calculatedgA for CrF6

32 in elpasolites supports the use
simple clusters for deriving reasonable values of Gru¨neisen
constants in the case of impurities in insulating lattic
When the Gru¨neisen constant of theA1 mode is computed
from the potential energy curve calculated with all ions fix
except the ligands, then the obtained value could, howe
be significantly smaller than the right one. It is worth notin
that using Eqs.~16! and~17! a ratiogA( f )/gA close to 0.5 is
obtained even ifg8!g providedg8/g'k8/k holds. This idea
can thus explain in a simple way the results discussed in S
III B and also the value ofgA50.91 reported in Ref. 35 for
CrF6

32 in K2NaGaF6:Cr31, which can be compared to th
experimental value28 gA51.9.

From the present results it can be expected that in syst
containing impurities like Cu21, Ag21, or Rh21 where the
Jahn-Teller coupling can occur in theground state65 chemi-
cal and hydrostatic pressures can also lead to different s
ations. Work along this line is now under way.
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16M. A. Buñuel, R. Alcala, and R. Cases, J. Chem. Phys.109, 2294

~1998!.
.

u

-

17M. Marsman, J. Andriessen, and C. W. E. van Eijk, Phys. Rev
61, 1 ~2000!.

18J. J. Rousseau, A. Leble, and J. C. Fayet, J. Phys.~Paris! 39, 1215
~1978!.

19M. Marco de Lucas, F. Rodrı´guez, and M. Moreno, Phys. Rev. B
50, 2760~1994!.

20F. Lahoz, P. J. Alonso, R. Alcala, T. Pawlik, and J. M. Spaeth
Phys.: Condens. Matter7, 8637~1995!.
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