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Zero-phonon transitions and the Stokes shift of Mn +-doped perovskites:
Dependence on the metal-ligand distance
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This work reports the excitation and luminescence spectra at T=9 K of the Mn +-doped RbCdF3,
RbCaF3, and CsCaF3 fluoroperovskites. A Mn + concentration down to 400 ppm has been detected.
The present data together with those available for KMgF3.Mn'+, KZnF3.Mn'+, KMnF3, and RbMnF3,
allow us to explore the variations of the zero-phonon line (ZPL) and the Stokes shift [associated with the
Mn + luminescent T,t(G)~ A, (sS) transition] along the whole series of cubic fluoroperovskites doped
with Mn + in order to investigate their dependence with the Mn-F distance, R. The experimental varia-

tion of the ZPL energy measured in the 206—215 pm range is EzpL = —21 305+187R (pm). This strong
dependence of ZPL upon R allows one to measure Mn-F distances along the series of fluoroperovskites

a

with accuracies of better than 0.001 A, thus improving by more than one order of magnitude the extend-
0

ed x-ray-absorption 6ne structure resolution. Furthermore, this sensitivity is extended down to 10 A
when we analyze the variations 5R induced by pressure in a giUen system. As regards EE„the present
results on Mn +-doped fluoroperovskites demonstrate an increase of the Stokes shift when R increases.
This behavior is explained to be related to a Gruneisen constant y(a «) corresponding to the symmetric
mode of the complex. The value of the constant is greater than 1.9, in agreement with calculations on di-

valent transition-metal complexes like MnF6 and VF6 . The importance of the present results for the
observation of luminescence through the full series of Mn'+-doped fluoroperovskites is also discussed.

I. INTRODUCTION

To know the correct dependence of optical parameters
upon the metal-ligand distance R is a fundamental task in
the realm of transition-metal impurities in insulators.
For instance, the knowledge of such a dependence en-
ables one to detect variations 5R with a resolution which
can certainly be better than the best one achieved
through extended x-ray-absorption fine-structure
(EXAFS) experiments: +1 picometers (pm). Studies car-
ried out on the absorption maxima for impurities like
Mn +, ' Cr +, or Ni + (Ref. 9) in octahedral sym-
metry have shown that 5R values of the order of 0.1 pm
can be detected through the changes experienced by
crystal-field transitions strongly dependent upon 10Dq.
Also, in the case of 1 impurities with D4„symmetry,
changes of impurity-ligand distances around 0.1 pm can
be well detected through the maxima of charge-transfer
bands. ' '" In spite of these results little attention has
been paid to the R dependence of the sharp zero-phonon
lines (Z PL) which are often detected in the low-
temperature emission or absorption spectra of transition-
metal impurities. Preliminary results reported in Ref. 12
point out, however, that for crystal-field transitions
strongly dependent upon 10Dq, variations of the metal-
ligand distance, 5R, down to 0.01 pm could be detected
through the corresponding changes experienced by
ZPL'8.

Another point related to the preceding one which also
deserves investigation concerns the actual dependence
upon R displayed by the Stokes shift hE, . In fact, it par-
tially determines whether luminescence will or will not be

favored by the application of external pressure.
The present work is focused on the R dependence

displayed by both Ezpt and b,E, in the octahedral
MnF6 complexes formed in fluoroperovskite lattices
doped with Mn +.

The series of Mn +-doped cubic fluoroperovskites has
been chosen for this work since the true Mn +-F dis-

tance was determined previously by means of three in-
dependent methods, and thus such systems are among the
few where a proper structural characterization around
the impurity has been achieved. The Mn +-F distance
in that series was first established through the analysis of
the experimental isotropic superhyperfine constant A„'
and subsequently from the experimental position of the

A &g(S)~ T& (G) band maximum. ' In the case of
RbCdF3 and KZnF3, R was also measured through
EXAFS. '

In this paper we report the excitation and lumines-
cence spectra at T =9 K for RbCdF3. Mn +,
RbCaF3.Mn +, and CsCaF3.Mn +. Special care was paid
in detecting the ZPL's due to the low Mn + concentra-
tions of these crystals. These spectra together with those
available for KMgF3.Mn +, KZnF3..Mn2+ is, 16

RbMnF3, ' and KMnF3, ' complete the whole series of
fluoroperovskites and allow us to establish important
correlations between the optical properties and the loca1
structure of the MnF6 complex.

II. EXPERINIENTAI

The single crystals of RbCdF3..Mn +, CsCaF3..Mn +,
and RbCaF3..Mn + used in this work have already been
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employed elsewhere. ' The real Mn + concentrations
are 2500, 5500, and 400 ppm, respectively.

Excitation spectra were obtained with a Jobin Yvon
JY-3D fluorimeter equipped with photon-counting tech-
niques. Luminescence spectra were obtained by means of
a Jobin Yvon HR-320 monochromator employing the
chopped light of a Spectra Physics model 2020-03 Ar
laser as excitation source. For detecting the extremely
low-intensity spectra around the ZPL's (spectral resolu-
tion b, A, =6 A), each point of the luminescence spectrum
was detected during 10 cycles of 100 ms after excitation
(delay time= 5 ms) for RbCdF3. Mn + and CsCaF3.Mn +.
In the more diluted RbCaF3. Mn + (400 ppm), the aver-

age was increased to 40 cycles (pumping power 500 mW).
For lifetime measurements, the luminescence signal was
digitized by means of a Tektronix 2430A scope.

Temperature variations were achieved by a Scientific
Instruments DE-202 closed-circuit cryostat allowing tem-
perature stabilities within 0.1 K and an accuracy of 0.5
K, with an APD-K temperature controller.

III. RESULTS AND DISCUSSION

Figure 1 shows the T=9 K luminescence spectra to-
gether with the T,s(G) excitation band of
RbCaF3.Mn +, RbCdF3. Mn +, and CsCaF3.Mn +. In
all cases, the bands are asymmetric but their shapes are
quite similar in emission and excitation. A vibronic fine
structure is observed around the origins of these bands.
In the better resolved emission spectrum, shown in Fig. 2,
the presence of ZPL's of magnetic dipole origin is
noteworthy. The structure following these ZPL's has
been assigned to electron-phonon couplings of the lattice
modes, according to their energy separation and the in-
elastic neutron and infrared data available for these crys-
tals. A similar situation has also been observed for
KMgF3.Mn + and KZnF3. Mn +. ' The intense LOz(I')
component located about 300 cm ' below the ZPL (Fig.
2) is associated with an electric dipole transition upon
which the phonon sideband is built. This is supported by
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FIG. 1. Excitation and luminescence spectra at T=9 K of
CsCaF3..Mn, RbCaF3..Mn +, and RbCdF3-. Mn +. The posi-
tion of the zero-phonon line (ZPL) is indicated in each case.
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FIG. 2. Luminescence spectra at T =9 K of CsCaF3.Mn2+,

RbCaF3.Mn +, and RbCdF3. Mn + around the origin of the
emission bands. The vibrational structure following the ZPL
has been assigned to lattice phonons at the Brillouin edge and at
I. Vertical lines correspond to the labeled phonon energies
from the ZPL. Phonon data were taken from inelastic neutron
measurements (Refs. 44 and 45) and ir spectroscopy (Ref. 46) for
CsCaF3.Mn + and RbCaF3.Mn +. A tentative assignment for
RbCdF3. Mnz+ is gi

the thermal dependence of the radiative lifetime which
follows hyperbolic tangent functions, ~( T)
=rotanh(%co„ /2k' T ) characteristic of electric dipole
transitions assisted by odd-parity phonons. The effective
%co„values of 260, 265, and 290 cm ' for
CsCaF3.Mn +, RbCdF3. Mn +, and RbCaF3.Mn +, '

respectively, derived by fitting the experimental r(r)
values to that equation, are very similar to those mea-
sured spectroscopically.

It is interesting to observe that the ZPL energy is very
sensitive to the host lattice. As the equilibrium Mn-F
distance for the MnF6 complex embedded in a fluoro-
perovskite depends on the host lattice, it can reasonably
be thought that the variation undergone by the ZPL in
Fig. 2 actually reflects changes of the Mn-F distance.
Previous results' on KMgF3.Mn +

(Ezpt = 17 222 cm ')
and on KZnF3. Mn +

(Ezpt =17509 cm ') support this
idea.

Aside from EzpL, the values of the A&g(S)~ T,s(G)
excitation maximum (simply denoted as E,„) and of the
peak energy corresponding to the emission band (simply
written as E, ) for the series of cubic fluoroperovskites
are collected in Fig. 3 and Table I. Due to the rich vibra-
tional structure shown by the luminescence spectra of
KMgF3.Mn + and KZnF3..Mn + at low temperature, '

the E, values correspond to the center of the structured
band maximum. This means that the accuracy of E, for
these crystals is about twice the accuracy estimated for
the whole series: AE, =+50 cm '. The low-
temperature value of the Mn +-F distance R for each
one of the fluoroperovskites doped with Mn + actually
corresponds to the room-temperature value minus 0.7
pm. Such a reduction takes into account the change in R
from 300 to 9 K, and has been taken as the average value
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TABLE I. Peak energies (E,„and E, ) and Mn-F distance (R) at T=300 and 9 K for the whole
perovskite series. At T=9 K, ZPL energies for Mn'+-doped perovskites and the pure exciton lines

(E, ) for RbMnF3 (Ref. 17) and KMnF, (Ref. 18) are also included. The values of E,„and E, for
RbMnF3 and KMnF3 are taken from Ref. 47. Energies are given in cm ' and distances in pm. Peak-
energy errors, bE, and hE,„,are about +50 crn ', except for KMgF3.Mn + and KZnF3..Mn +, where
hE, =+100 crn '. AEzp„=+1 cm '. For the Mn-F distance, hR =+0.3 pm in the doped
perovskites.

System
T=300 K

E,„
T=9 K

E,„ Ezpr
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KZnF:Mn2+
KMnF3
RbMnF3
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RbCaF3.Mn'+

CsCaF3.Mn +

207.0
208.0
209.5
212.0
213.0
213.2
215.5

18 160
18 530
18 900
19 300
19 510
19 560
19 880

16955
17 100

17 950
17 920
18 350

206.3
207.3
208.7
211.4
212.3
212.5
214.8

18 040
18 320
18 800
19 210
19 310
19 290
19690

16 600
16 870

17 560
17 610
18 190

17 222
17 509
17 883
18 221
18 360
18 428
18 935

(~) 20

o 19E

C4

1S—

z

17

16
20S 210 212

R (pm)

214

(b) 20

E
V

m 19

18

z

17

207

O E = — 18790 + 172 R
em

]

209 211 213
R {pm)

FIG. 3 Variation of the excitation and luminescence band
Inaxima, E,„and E, , at T=300 K (a) and T =9 K (b) with the
Mn-F distance R. The variation of the ZPL energy is given in
the T=9 K plot. R values at 9 K correspond to the room-
temperature values minus 0.7 pm (see text). Straight lines are
the least-squares linear fittings. Data taken from Table I.

of the Mn-F distance variations measured in RbMnF3
(0.6 pm), and KMnF3 (0.8 pm),

' as well as of the di-
valent cation-fluorine distance in pure crystals such as
KZnF3 (0.6 pm), RbCdF3 (0.7 pm), CsCaF3 (0.8 pm),
and RbCaF3 (0.8 pm). Although we are not able to
know the precise Mn-F distance in the doped crystals,

given that the thermal expansion around the Mn + may
not be necessarily that of the perfect lattice, the accuracy
of these estimations is better than +0.3 pm, provided
that the local thermal expansion of the MnF6 complex
was either twice or half the perfect lattice value.

In the observed domain of distances (206&R &215
pm), it can be noticed first that the three parameters
E,„(R),E, (R), and EzpL(R) increase when R increases,
displaying a linear behavior (Fig. 3). The behavior of E,„
has been explained as follows. Within a ligand-field
scheme and linear electron-phonon coupling, it can be
written

E,„=E,„+fico„tanh(fico„ /2k' T) .

In a first approximation E,„=68+5C—10Dq, where 8,
C, and 10Dq are the effective Racah parameters and the
cubic field splitting, respectively.

The second term of Eq. (1), which is about 10 2 times
smaller than the first one, takes into account the
phonon-assisted electric dipole character of the sideband
seen in Fig. 1. We only consider one odd mode according
to the analysis of r(T) and the luminescence spectra.
Theoretically ' and experimentally' it has been
demonstrated that B and C for MnF6 are practically
independent of R while 10Dq=KR ". A value n =4.7
has been obtained experimentally for MnF6

The increase of E„on going from KMgF3.Mn + to
CsCaF3:Mn + has thus to be related to the progressive
decrement of 10Dq, which in turn is induced by the host
crystal involving a progressively larger lattice parameter.
In fact, the room-temperature (RT) lattice parameter
varies progressively from a =398.6 pm for KMgF3 to
a =452.4 pm for CsCaF3.

A conspicuous feature emerging from Fig. 3 is the
different s1ope displayed by the three experimental curves
E,„(R), E, (R), and EzpL(R) in the 206 &R &215 pm
domain. More precisely, BE,„/BR =188 crn '/pm and
BE, /BR = 172 cm '/pm, while BEzpL /BR = 187
cm /pm at T=9 K. A similar situation has been en-
countered looking at E,„(R) and E, (R ) but measured at
room temperature (Fig. 3).

These results have important consequences for octahe-
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dral MnF6 complexes formed in different crystals:
(1) The local Mn-F distance can be derived by measur-

ing the excitation, the emission, or the ZPL, energy. Ac-
curacies better than 1 pm are obtained through broad-
bands while they are improved by one order of magnitude
if the ZPL is observed (Fig. 3). This procedure is particu-
larly important for systems where only the emission or
the excitation band can be detected. This is usually
found in extremely diluted systems or in concentrated
materials where luminescence can be extrinsic or even ab-
sent due to the presence of excitation killers. The R
values derived for the NH4MnF3 perovskite at RT
through the first excitation band [E( T, = 19 460
cm '), and for MnFi at 4.2 K by means of the pure ex-
citon line (Ei =18420 cm '), are 212.9 and 212.3 pm,
respectively. These values compare well with their
respective distances, R =212.8 and 212.0 pm, determined
by x-ray diffraction ' and dilatometry. ' The latter
value is just the average of 209.7 and 213.2 pm corre-
sponding to the two short and four long Mn-F distances
of the nearly MnF6 octahedron in MnFi.

(2) The dependence of EzpL on R shown in Figs. 2 and
3 allows one to measure changes of the impurity-ligand
distance in a given crystal down to 0.01 pm, provided that
variations of the ZPL of about 10 cm ' can be well
detected. The sensitivity of this ZPL can be compared
with that corresponding to the ruby R lines which are
normally employed as probes in experiments under hy-
drostatic pressure. Using the bulk modulus B=700
kbar for RbMnFi, then BEzpt/BP= —16 cm '/kbar
for MnF6, which is 20 times higher than the variation
in ruby, dEa /dP = —0.753 cm '/kbar.

(3) The plots of Fig. 3 reveal that the Stokes shift b,E,
increases as far as R increases. Theoretically the value of
this separation can be written as

b.E, =E,„E, =2fico—„tanh(fico„/2k' T)+b Eo, (2)

with bE, =2+;S;fico;. Here bE, is the Stokes shift for
an allowed transition and S; is the Huang-Rhys factor
reflecting the linear electron-phonon coupling between an
electronic excited state I, and a vibrational mode I;
whose angular frequency is just co;. Vibrational modes
leading to nonzero values of the corresponding Huang-
Rhys factor S; follow the rule I, XI, D I;. Thus, in the
case of Oi, transition-metal complexes, aside from the to-
tally syinmetric a, mode, other modes of the complex
can give rise to linear coupling provided the excited state
is degenerate.

The first term in the right side of Eq. (2) appears in
transitions whose associated sideband involves the pho-
non assistance by an odd mode, as happens for the
A,g(S)~ T, (G) transition of MnF6 . Such a contri-

bution is equal to 2fico„at low temperatures and reduces
by 50% when T=300 K. The odd-parity phonon assis-
tance has been shown to be the main intensity mechanism
for Mn +-doped fluoroperovskites. The vibrational
structure of the luminescence band. together with the
temperature dependence of the radiative lifetime confirm
this behavior. The effective odd frequencies measured
along the whole series range from %co„=220 cm ' for

KMgF3:Mn + (Ref. 15) to fico„=290 cm ' for
RbCaF3.Mn +. In particular, for RbCdF3. Mn +, the
Stokes shift measured at 9 K is equal to 1750 cm ' and
so 2iiico„/bE, =30%, taking fico„=265 cm '. Therefore,
even at 9 K, hE, is clearly dominated by hE, . At room
temperature, hE, becomes equal to 1560 cm ' and thus
smaller than the corresponding value measured at 9 K, in
agreement with Eq. (2).

Measurements performed at RT on the pseudo-
perovskite series KMgC13, KCaC13, RbCdC13, RbCaC13,
CsCaCli, RbSrCli, and CsSrC13, doped with Mn +, likely
indicate that the Stokes shift b,E, increases with the
molecular cell volume. Although we have still not
made a precise correlation between that volume and the
real Mn-Cl distance of the MnC16 complex, the varia-
tion of 10Dq along this series confirms this behavior. A
full analysis of both the local structure and the Stokes
shift in these systems is now under way.

Having in mind the preceding analysis, the increase of
hE, when R increases, observed experimentally at RT
and also at 9 K in fluorides, should be thus ascribed to an
increase of b,E, when R increases. An interpretation of
this significant conclusion can be made through the re-
cent microscopic analysis upon the bE, (a, ) contribu-
tion to hE, . It has been shown that the Huang-Rhys
factor S(ais) associated with the symmetric air mode in-
creases significantly when R increases. At the same time
it has been pointed out that b,E, (a i ), given by

b.E,(a&s)=2S(air)fico(a& ), (3)

bE, (a i ) ~ Ri', with p =6y(a i ) —2(n +1) . (4)

Taking n =4.7 for MnF64, an increase of bE, (ai )

upon increasing R can be expected provided y(a i ) & 1.9.
Although no experimental measurements on y(a, ) for
the MnF6 complex have been reported to our
knowledge, a value y(a, s)=2.3 is derived from the
theoretical potential curve obtained by Luana et al. i for
the isolated MnF6 unit. Also, a value y(a, )=2.9 is
obtained from the theoretical results on the VF6 corn-
plex, where a divalent cation is involved as well. Writ-
ing hE, ~R~, the experimental AE, values measured at
RT lead to p =5.3. Therefore, assuming the same depen-
dence for bE, (a,g ), the value p =5.3 would be compati-
ble with y(a, ) =2.8, which is not an unreasonable figure
for MnF6 . Despite this simple picture for explaining
the enhancement of the Stokes shift with R due to the a,g
mode, it must be stressed that the eg mode also makes an
important contribution to EE„after the results of Refs.
15 and 17.

As regards the R dependence of the latter contribution
to b,E, [called bE, (e )], the Huang-Rhys factor S(es)

can also increase upon increasing the metal-ligand dis-
tance R, depending on the actual value of the Gruneisen
constant y(a, ), which is defined as —3y =(Bingo/BlnR ).
In fact, it has been demonstrated that the dependence of
b,E, (a,s ) upon R, which involves the corresponding
dependences displayed by both 10Dq and iiico(a, s ), can be
written as



2764 M. C. MARCO de LUCAS, F. RODRIGUEZ, AND M. MORENO 50

has been obtained experimentally for KMgF3..Mn +,
KZnF3..Mn +, ' and RbMnF3, ' through the reduction
of the spin-orbit splitting by the Ham effect. The in-
crease of S(e ) observed experimentally along the series
KMgF3..Mn (1.35), KZnF&. Mn + (1.5), and RbMnF&
(1.6}justifies the increase of Is,E, with R when coupling to
the Jahn-Teller eg mode is also considered. Recent
theoretical calculations on the Jahn-Teller coupling in
the T, (G) state of MnF6 support this conclusion as
they predict an R dependence of EE,(e } very similar to
that displayed by b,E,(a, ).

The R dependence of the Stokes shift hE, can have a
significant effect on the existence of luminescence through
the whole series of cubic fluoroperovskites doped with
Mn +. In fact, following the Dexter-Klick criterion,
the luminescence is favored by decreasing the parameter
Ao, defined through the equation 2Ao=b, E, /E, „. In the
case of F centers in ionic solids, the luminescence is ob-
served experimentally when Ao~0. 25. For the present
case the increase of b,E, upon increasing R compensates
the corresponding increase of E,„giving rise to near in-
dependence of A from R along the whole series of fluoro-
perovskites. More precisely, approximating Ao by A
where A =hE, /2E, „,measured at RT, it is found that A

goes from 0.033 for KMgFs:Mn + (Ref. 1) to 0.038 for
CsCaF3..Mn +.

IV. VIDUAL RKMARKS

The present results offer a good example of the depen-
dence of EzpL and hE, upon R for a transition-metal im-

purity. As regards the ZPI., it has been shown that the
experimental value BEzpi /BR =+187 cm '/pm found
for MnF6 opens the possibility not only for measuring
metal-ligand distances but also for detecting R variations
smaller than 10 A provided we can detect ZPI. shifts
of 10 cm '. The experimental value BEzp„/BR =187
cm '/pm that in terms of pressure implies
BEzp„/BP= —16 cm '/kbar is somewhat higher than
the value BEzpi/BP= —9.5 cm '/kbar previously de-

rived by Solomon and McClure from uniaxial stress ex-

periments on RbMnF3. ' Though no experimental data
on MnF6 in fluorides under hydrostatic pressure have
been reported, measurements yield a value
BE,„/BP = —26 cm '/kbar for MnC12, —30 cm '/kbar
for MnBr2, and —19.2 cm '/kbar for ZnS:Mn +. '

The present work demonstrates experimentally that the
Stokes shift associated with Mn + impurities in fluoro-
perovskites increases as long as R increases. This trend
could, however, be different for other impurities. In fact,
having in mind that the values of the exponent n for
several transition-metal complexes appear to be not far
from 5, a small decrement of the Griineisen constant
y(a, s ), leading to y(a, ) ~ 1.9, would change the sign of
this variation.

In the case of V +-doped chlorides, the analysis of
experimental results obtained by Galli, Hauser, and
Giidel, indicates that p in Eq. (4) is clearly positive.
This fact can be related to the value y(a, s ) =2.9 calculat-
ed by Winter and Pitzer for VF6 . By contrast, for
CrF6 in elpasolite lattices, the analysis carried out in
Ref. 6 leads to y(a&s ) values lying between 1.3 and 1.8,
thus favoring a negative value for the exponent p. Recent
theoretical works also support a value of y(a, )=1.
This circumstance can thus explain the slight increase
undergone by the Stokes shift on passing from
K2NaScF6. Cr + to K2NaGaF6:Cr +. In fact, as
E,„=15600 cm ' for the former system is slightly small-
er than E,„=16000cm ' for the latter one, this would
imply that R is higher for the first system given that the
32~ T2 transition energy gives directly 10Dq. Despite

this first analysis, it is clear that more experimental data
on the Stokes shift of CrF6 in different lattices are
necessary before reaching a definite conclusion on the R
dependence of hE, . Further work along this line is now
in progress.
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