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Electron-phonon coupling in Ni2¿-doped perovskites: KMgF3 and BaLiF3
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Electron-phonon~e-ph! coupling has been studied in two Ni21-doped fluoride crystals: the classical KMgF3

perovskite and the inverted perovskite BaLiF3 . The purely linear character of the EP coupling is shown
through the comparison of emission or excitation vibronic spectra arising from different electronic levels at low
temperature and the thermal evolution of the spectra. The@NiF6#42 complex is described by using the mo-
lecular orbital formalism, and its covalency is estimated from the parameters of the super hyperfine structure
observed in electron spin resonance measurements. A modified Pryce model is used to simulate the vibronic
band shapes of Ni21 ions in the compounds from their measured phonon density of states and to estimate the
Huang-RhysSparameter. The strength of the crystal field and the strength of thee-ph coupling experienced by
the Ni21 ions is shown to increase with the covalency of the bonding. No effect one-ph coupling has been
observed when the concentration of doping ions has been increased.

DOI: 10.1103/PhysRevB.67.115126 PACS number~s!: 63.20.Kr, 78.20.2e, 76.30.2v
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I. INTRODUCTION

The electron-phonon~e-ph! coupling is the interaction be
tween electronic transitions of optically active impurities a
vibration modes of their host lattice, i.e., phonons, localiz
or resonant modes.1 It is responsible for the wide absorptio
or emission bands of the 3d transition-metal ions and the
for their optical properties when it gives rise to any or we
sidebands in less coupled systems such as 4f elements.

Though it has been extensively studied,2–18 the e-ph cou-
pling is still a matter of debate. For instance, the purely l
ear character ofe-ph coupling is assumed in many discu
sions or simulations6,11 and in the Pryce model5 but it is not
demonstrated when it is generally supposed to contain sim
taneously linear and quadratic effects.15

The Born-Oppenheimer adiabatic approximation allo
decoupling of electronic and nuclear displacements in
treatment of the vibronic states of an impurity, giving rise
two separated Schro¨dinger equations. The electronic ener
eigenvaluesWl(R), arising from the first equation, act as a
effective potential for the motion of the nucleus describ
in the second equation. In the harmonic approximation,
potential can be expanded in a Taylor series around
equilibrium position R0l : Wl(R)5Wl(R0l)1al(R2R0l)
1bl(R2R0l)

2, where al and bl depend on the electroni
state. Thebl parameters are connected to the force const
that appear in the dynamical matrix of the crystal and de
mine the quadratic part of the coupling. Ifbl is assumed to
be independent of the electronic state, the curvature of
parabolas is the same, and we are in the linear coup
approximation. Theal parameter determines the linear ter
of coupling of thel electronic state with the crystal vibratio
and thus the displacement of the parabolas.2

In the framework of the purely linear coupling approx
mation, the atomic force constants are supposed to be in
sitive to the electronic transition undergone by the emitt
centers. The phonon spectrum of the matrix remains u
fected when the electronic states of the doping ions emb
0163-1829/2003/67~11!/115126~8!/$20.00 67 1151
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ded into the crystal are changed. In such an approximat
we neglect the effect produced on the atomic force const
by the variation of the ionic radius of the emitting ion whe
its electronic state changes. The effective ionic radius of
impurity is modified, increased or decreased, in an exc
state, and the neighboring ions in the lattice are pushed
relative to their equilibrium position in the ground state. T
ionic displacement is maximum for the nearest neighbors
the lattice and decreases rapidly with increasing dista
from defect. The deviations are typically several percents
the lattice spacing for nearest neighbors in the case of lo
ized electronic systems such as 3d ions orF centers.5

The phonon densities of states determined in lattice
namical studies19,20 correspond to undoped crystals or
doped crystals with nonexcited electronic defaults. When
optical absorption from the ground state up to excited sta
or the emission between two excited levels are studied,
phonon spectrum involved in the vibronic transition, whi
corresponds to the final electronic level, is that of an exci
electronic state. In the case of an emission down to
ground level, the phonons involved in the vibronic transiti
correspond to the ‘‘nonexcited’’ density of states. So wh
the vibronic spectra associated with the different cases
electronic transitions are compared, the lattice vibrat
spectra associated with different electronic levels are con
ered and the linearity of the electron-phonon coupling can
checked. All these spectra must be recorded at low temp
ture, typically lower than 20 K, in order to avoid a therm
population of the phonon levels in the starting electro
level. Indeed, at higher temperatures, anti-Stokes proce
are allowed by thermal populating in the initial electron
level, inducing a homogeneous broadening of the wh
spectra and smoothing all their features, preventing any c
parison of the phonon frequencies from spectra.

In other respects, the strength of thee-ph coupling for 3d
ions has been assumed to vary with the concentration
active ions by some authors,7–9 when other authors hav
shown that the coupling remained unaffected by the conc
©2003 The American Physical Society26-1
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tration value without any pair effect.13 This last question has
also been treated in the case of 4f n→4 f n transitions of the
lanthanides even though their electronic configurations o
a very different situation.10,14 It has also been found that, i
the case of Cr31-doped oxide host lattices, thee-ph coupling
can be dependent on the covalency of the host lattice.12

The aim of this paper is to give an experimental a
somewhat different insight into the nature of the coupling:
linearity, the concentration dependence of its strength,
the effect of the covalency of the host crystal. In this fram
work, Ni21-doped perovskites KMgF3 and BaLiF3 have
been studied.

In the cubic perovskites KMgF3 and BaLiF3 , the Ni21

ions occupy the Mg21 site at the center of the fluorine octa
hedron in KMgF3 and substitute for Li1 ions in the inverted
BaLiF3 perovskite.11,21A charge compensation mechanism
then induced in BaLiF3 . But as observed by electron sp
resonance~ESR! the next-nearest neighbors are not involv
in this mechanism, and the local symmetry of the Ni21 site
remains cubic in KMgF3 and BaLiF3 .11,21 Time-resolved
spectroscopy has been used on Ni21-doped compounds with
out any indication of a time-dependent effect. One uniq
spectrum has been attributed to Ni21 ions in the different
samples.

The energy-level structure ofdn and f n ions in crystals
can be explained, to a large extent, by crystal-field the
This theory is based on the hypothesis that a magnetic io
a crystal site ‘‘feels’’ the influence of the ligand ions as
electric field that has the symmetry of the site. In this h
pothesis, no overlapping of the wave functions of the m
netic ion and of the ligands is allowed and the bonding
considered to be of pure ionic type.22 However, the observa
tion of a transferred hyperfine structure in the ESR spect
for such ions reflects the mixing of the orbitals of the i
with those of the ligands, i.e., the covalent character of
bonding in fluoride perovskites.

Some spectral parameters, such as Racah’sB and C and
the spin-orbit interaction, are expected to be smaller in
solids than in the free ions due to covalency reduction.22 The
stronger overlap between the wave functions of the m
and the ligands must also give rise to a stronger coup
between electronic transitions of the metal and vibratio
involving at least the ligands.12 For these reasons, we firs
measure the covalent character of the chemical bondin
the studied crystals.

II. EXPERIMENT

A KMgF3 single crystal doped with 1 mol % of KNiF3
was grown using Bridgman method.11,23 BaLiF3 single crys-
tals were grown by the Czochralski technique24,25doped with
0.5 or 6 mol % of Ni ions in the melt. The real concentrati
was determined by the inductively coupled plasma~ICP!
analytical technique to be, respectively, 0.2% and 1.65%
Li substituted in the crystal.24

The emission measurements were achieved after ex
tion by the 457.9-nm line of an argon-ion laser Innova
~Coherent! used in the light regulation mode. The detec
was a Hamamatsu R928 photomultiplier placed at the
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slit of a Coderg double-monochromator spectrometer. T
mean resolution was 3 cm21. A He closed-cycle Leybold
cryogenerator was used to obtain low-temperature meas
ments down to 10 K.

The excitation spectra were recorded using a dye la
~Coumarine 460! excited by 8-ns pulses of a frequenc
tripled Nd-doped yttrium aluminum garnet~Nd:YAG! laser.
The spectral resolution was better than 4 cm21. Lifetimes
were measured with the R928 photomultiplier after exci
tion by the dye laser.

III. ESTIMATION OF THE COVALENCY OF THE †NiF6‡
4À

COMPLEX

The ground state of Ni21 is the orbital singlet3A2 (t2g
6 eg

2)
with a spinS51. In this case, twoeg electrons give rise to a
non-negligible overlap with the neighboring fluorine ions
the octahedron. The monoelectronic Hamiltonian cor
sponding to the interaction between thek electron and the
nuclear spin of thea fluorine may be written

H~sk ,Ia!5gebegNbNH 8p

3
d~r ka!sk•Ia2

sk•Ia

r ka
3

1
3~sk•r ka!~ Ia•r ka!

r ka
5 J .

The first term corresponds to a contact term and the last o
to a dipolar interaction. On the basis of the molecular orbit
of the octahedral complex@NiF6#42: uC&5$Di(k)%, where
Di(k) are the antibonding molecular orbitals occupied by
unpaired electrons26,27 the superhyperfine~shf! Hamiltonian
is H̃shf(a)5^CuHshf(a)uC&5S•Aa

•Ia ~Ref. 28! with sk
5S/2S and Hshf(a)5SkH(sk•Ia). In axial symmetry, with
six equivalenta fluorine ions, the superhyperfine interactio
spin Hamiltonian is

H̃shf5 (
a51

6

@AiSZI Z
a1A'~SXI X

a1SYI Y
a!#,

where Ai5Aiso12Ap and A'5Aiso2Ap , are the compo-
nents of the shf tensor in axial symmetry.29

The experimental results are often expressed in term
the fractionf of unpaired electron spin transferred to an or
or a F2 ligand. Ford orbitals that are occupied these fra
tions aref s , f p , f s .30

The isotropic contributionAiso is due to the contact inter
action between thes orbitals of fluorine and theds (eg)
electrons of nickel and is equal toAiso>As57600f s .29 The
anisotropic term, which is related to the dipolar interacti
between the spins of the unpaired electrons of the nickel
the nuclear spin of the fluorine, is equal toAp5Ad1(As

2Ap). Here, Ad is the classical dipolar interaction,Ad
5(24.8/R3)31024 cm21 ~R is the Ni-F distance in
angstroms!.29 Also, As is the shf interaction due to the tran
fer from eg symmetryd orbitals of nickel to 2ps orbital of
fluorine. Theeg electrons transfer to 2ps and experience the
nuclear spin; they also participate to the covalent bondi
As51074.3f s/5S.29 Finally, Ap is the same interaction with
6-2



h
b

va
ur

nd
To
el
he

ld

eir
is
tru

t

n
ed

e

b

e

r
he
m-

he
cal

to

nd
he

he
nic

ult
ec-
th

m.
the

m.
ob-
e of

res

lly
the
la:

-

ELECTRON-PHONON COUPLING IN Ni21-DOPED . . . PHYSICAL REVIEW B67, 115126 ~2003!
t2g orbitals. This transfer is impossible in the case of t
Ni21 ion due to the presence of six electrons on these or
als, and thenAp50.

Then we use the following formulas to estimate the co
lency from the parameters of the superhyperfine struct
Ai573.131024 cm21 and A'524.231024 cm21 for the
transitionDMS51 at g52.235 in Ni21-doped BaLiF3 :11,21

AS5
Ai12A'

3
,

Ap5
Ai2A'

3
, Ad5

24.8

R3 1024, As5Ap2Ad ,

f s5
As

7600
, f s5

5As

1074.3
,

where thef s relation is from Ref. 29.
We compare these results with the correction of the La´

factor g from the value for the free electron, i.e., 2.0023.
calculate this correction, we use the value of crystal-fi
parameter 10Dq measured by optical absorption and t
value ofg measured by ESR. We haveg5ge28k2l/10Dq
with lNi52315 cm21. We obtain thek normalization factor,
which is equal to 1 without any transfer:31

k252
~g2ge!

8l
10Dq.

In Table I, we report the values of the crystal-fie
strengthDq, the transferred spin densityf s , and thek factor
for Ni21 ions in various fluoride perovskites versus th
metal-F distance which is a good estimate of the Ni-F d
tance. Three compounds have the classical perovskite s
ture (CsCdF3 , KZnF3 , KMgF3), while BaLiF3 has the in-
verted structure, as previously mentioned. The strongesf s

transfer, about 6%, is calculated for BaLiF3 . This value is
consistent with thek factor obtained, the farthest from 1 i
this case. This strongest covalent character must be relat
the inverted structure of BaLiF3 . The Ni21 ion is located at
the center of a fluorine octahedron whose size is almost id
tical in KZnF3 , BaLiF3 , and KMgF3. The main difference
lies in the second-nearest neighbors: highly polariza
(1.6931024 cm3) divalent barium for BaLiF3 and weakly
polarizable (131024 cm3) monovalent potassium in th
case of KMgF3 and KZnF3 .

TABLE I. Values of crystal-field strengthDq, transferred spin
density f s , andk factor for Ni21 ions in various fluoride perovs
kites versus their metal-F distance.

CsCdF3
~Ref. 32!

KZnF3

~Refs. 27, 33!
BaLiF3

~Ref. 21!
KMgF3

~Ref. 34!

Metal-F ~Å! 2.281 2.026 2.000 1.987
Dq Ni21 ~cm21! 610 736 840 780

f s ~%! 4.66 4.48 6.14 4.76
k 0.93 0.915 0.881 0.937
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The crystal-field strength is also stronger,18%, in
BaLiF3 compared to KMgF3, which has the most simila
metal-fluorine distance. This result is consistent with t
point-charge model calculations, which give a stronger a
plitude ~9%! of the electrostatic potential at the center of t
inverted perovskite than in a normal perovskite of identi
lattice parameter, taking into account the contribution up
the third-nearest neighbors.35

IV. OPTICAL MEASUREMENTS

A. Linearity of the coupling in Ni 2¿:KMgF 3

Fig. 1 shows the green emission spectrum of Ni21-doped
KMgF3 obtained at 21 K after excitation at 21 837 cm21

~457.9 nm!. This vibronic emission lies between 18 500 a
20 900 cm21 and is associated with the emission from t
1T2 level down to the3A2 ground level of Ni21. The purely
electronic transition is spin forbidden but allowed by t
magnetic dipolar mechanism. The nature of the vibro
sideband can differ from the zero-phonon line~ZPL! due to
phonon-induced symmetry modification of the defa
site.36,37 In the same figure, the associated excitation sp
trum, 3A2→1T2 , is given. It has been recorded at 18 K wi
the emission fixed at 20 404 cm21, which corresponds to the
position of the most intense line of the emission spectru
The intensity of the dye laser is nearly independent of
wavelength between 21 000 and 22 500 cm21 and is then
assumed to negligibly affect the shape of the spectru
These two spectra never overlap and then no ZPL was
served. A unique ZPL was expected, due to the existenc
only one spin-orbit component for both the1T2 and 3A2
levels. Using symmetry considerations between the featu
of the two spectra, the position of the1T2 electronic level is
estimated at the median position 20 852.5 cm21. A dashed
line, plotted in Fig. 1, represents this ZPL position.

In Fig. 2, the excitation spectrum is folded symmetrica
around the position of the estimated ZPL to compare
shape of the two spectra according to the following formu

FIG. 1. 1T2→3A2 emission spectrum of Ni21-doped KMgF3 ~1
mol %! obtained at 21 K under 457.9 nm excitation~solid line!.
Associated excitation spectrum of Ni21-doped KMgF3 , 3A2→1T2

recorded at 18 K with the emission fixed at 20 404 cm21 marked by
an arrow~dotted line!. Dashed line indicates the ZPL position.
6-3
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xfolded5xZPL2(x2xZPL)52xZPL2x, wherex is the abscissa
of the excitation spectrum,xfolded its abscissa after the sym
metry operation, andxZPL520 852.5 cm21. After this sym-
metry transformation, the excitation spectrum appears
markably similar to the emission spectrum with only min
variations in the relative intensities of the lines. The ma
features are peaking at the same energy shift from the
position. The phonon spectra associated with the1T2 excited
state and3A2 ground state are then very similar, indicating
mainly lineare-ph coupling. The strength of thee-ph cou-
pling is also rather identical in the emission and absorpt
between these two levels, as shown by their great simila
The same observations have been made with Ni21-doped
BaLiF3 .

The main interest of the1T2→3A2 transition is the exis-
tence of only one spin-orbit component in the two involv
electronic states. In such a case, a clear electronic pro
involving only one initial and one final electronic level tak
place in absorption as well as in emission. In many ot
cases of electronic transitions, the vibronic spectrum can
sult from the superposition of the phonon spectra associ
with the different spin-orbit sublevels. The vibronic spectru
could be different despite identical phonons due to a differ
spin-orbit splitting in the two electronic states. For instan
the 3T2 level splits into four components under the spin-or
interaction. They are labeledA2 , T2 , T1 , andE.

Figure 3 shows the red emission spectrum of Ni21-doped
KMgF3 obtained at 15 K under excitation at 21 837 cm21.
This vibronic spectrum is associated with the emission fr
the 1T2 state down to the3T2 excited state of Ni21. The
purely electronic transition is spin forbidden but allowed
the magnetic dipolar mechanism. Two ZPL’s calledA andB
and peaking, respectively, at 13 999 and 14 164 cm21 have
been observed as previously mentioned.36 By using the po-
sition of the 1T2 level previously determined at 20 852
cm21 and the position of the ZPL’sA andB, we can deduce
that the two lowest spin-orbit componentsE and T1 of the
3T2 level are lying at 6688 and 6853 cm21, respectively. No
ZPL due to the remainingT2 andA2 spin-orbit components

FIG. 2. Emission~solid line! and excitation~dotted line! spectra
of the 3A2↔1T2 transition of Ni21-doped KMgF3 presented in Fig.
1. The excitation spectrum has been folded symmetrically aro
the position of the calculated ZPL~dashed line!.
11512
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of 3T2 appears on the spectrum. The observation of the
spin-forbidden ZPL’s in the1T2→3T2 emission when it was
not observed in the1T2→3A2 transition should be attributed
to the splitting due to spin-orbit coupling affecting the3T2
level but not the1T2 and 3A2 levels.

In Fig. 3, a simulation of the1T2→3T2 red emission as-
sociated with the two ZPL’sA and B is superimposed, as
dotted line, with the profile of the1T2→3A2 green emission
duplicated by the following formula:

I R~v!5gAI G~v2DvA!1gBI G~v2DvB!,

where I G(v) is the profile of the green emission,I R(v) is
the red emission,DvA andDvB are the energy gap betwee
the spin-orbit components of the3T2 level and the3A2 level,
and DAB is the energy difference between the two ZPL’sA
and B. The relative intensities associated with theA and B
ZPL’s, gA52gB , have been chosen to get the best agreem
between the intensity of the most intense phonon repli
lying at 13 526 and 13 961 cm21 of the two spectra,I R and
I G . The two ZPL’sA and B could not be calculated due t
the lack of ZPL’s in the 1T2→3A2 emission spectrum
Whereas the calculation does not give a complete accoun
all the features, the general shape, the main and strong
tures, for instance, at 13 526 and 13 691 cm21, and the global
width are correctly reproduced. The rather good agreem
in the transposition of the profile from one emission to o
another corroborates the purely lineare-ph coupling previ-
ously observed for the vibronic transitions of Ni21 in
KMgF3. Indeed, the phonon spectrum involved in the1T2
→3T2 emission is associated with the final3T2 level instead
of the 3A2 level in the green emission. Moreover, this sim
lation of the red vibronic emission indicates that the stren
of thee-ph coupling involved in the green and red emissio
is rather similar.

This same1T2→3T2 emission in Ni21-doped KMgF3 has
been recorded with a spectral resolution better than 2 cm21

versus the temperature from 10 to 200 K@Fig. 4~a!#. The

d

FIG. 3. 1T2→3T2 emission spectrum of Ni21-doped KMgF3
obtained at 15 K under 21 837 cm21 excitation ~solid line!. The
zero-phonon lines are labeledA and B. Simulation of the 1T2

→3T2 emission associated with the two ZPLA and B calculated
with the band shape of the1T2→3A2 emission~dotted line!.
6-4
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entire vibronic band appears at the same central pos
when the temperature is increased despite a thermal br
ening. The value of the first moment of the vibronic spe
trum was calculated in order to give a quantitative estim
of the thermally induced shift.38 At 10 K, M1em513 920
620 cm21 and at 200 K,M1em514 040620 cm21. The
thermal shift, 120 cm21, is mainly induced by the growth o
the anti-Stokes component appearing on the high-energy
of the ZPL when the temperature is increased. This ther
shift does not reflect any shift of the overall spectrum
observed in Fig. 4~a!. The two ZPL’s labeledA andB are not
shifted when the temperature is increased from 10 to 80 K
magnification of the spectral zone around the ZPL labeleA
is given in Fig. 4~b!. For temperatures higher than 80 K, th
ZPL’s are homogeneously broadened and difficult to loc
with high precision. With quadratice-ph coupling, the ther-
mal shift of the ZPL and the thermal broadening of the Z
are of the same order of magnitude.15 Also according to
Marco de Lucas, Rodriguez, and Moreno,38 quadratice-ph
coupling induces a thermal shift of the emission and exc
tion spectra. When we observe the thermal broadening of
ZPL and vibronic sideband, no thermal shift is observ
These thermal observations are still in agreement with
previous statements concerning the pure linearity of thee-ph
coupling.

B. Concentration dependence on thee-ph coupling
in Ni2¿:BaLiF 3

Figures 5~a! and 5~b! report the green emission spectru
associated with the1T2→3A2 transition at 15 K in
Ni21-doped BaLiF3 for two different Ni21 concentrations,
0.5 and 6 mol %, in the melt corresponding, respectively
0.2% and 1.65% of Li atoms substituted in the crystal.
first, in contrast with Ni21-doped KMgF3, the spin-
forbidden ZP transition is observed for this transition
BaLiF3 . When no Ba21 or Li1 vacancies have been ob

FIG. 4. ~a! 1T2→3T2 emission spectrum of Ni21-doped KMgF3
vs temperature.~b! Magnification of the section around the ZP
labeled A of the 1T2→3T2 emission spectrum of Ni21-doped
KMgF3 versus the temperature.
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served in the next-nearest neighbors of Ni21 ions through the
transferred hyperfine spectrum caused by an octahedro
six perfectly equivalent F2 ions, the weak distortion of the
crystal field due to a long-distance charge compensation
observed as theDMS52 ESR transition atg54.47 should
allow the zero-phonon transition.11,21 AT 21 K, in
Ni21-doped KMgF3, the lifetime of the1T2 level is equal to
275620ms. At 18 K, in BaLiF3 doped with 0.5% Ni21 in
the melt, this same level reveals a lifetime of 80620ms. The
shortening of the lifetime should also be considered w
respect to the weak symmetry distortion in Ni21-doped
BaLiF3 .

The profile of the spectrum is conserved when the hi
energy features@Fig. 5~b!# are affected by the concentratio
change. The different lines peaking between 20980
21471.8 cm21 ~ZPL! have been deconvoluted by Gaussi
shapes in order to estimate their width~Dv!, area, and fre-
quency~v!. The results are given in Table II. In the high
doped crystal, a similar shift~dv! of the ZPL and vibronic
lines towards the lower energy, about 8 cm21, is observed.
The relative shift between the ZPL and the vibronic replic
is conserved, proving that the phonon frequencies rem
unaffected by the concentration variation. In this same cr
tal, which contains the higher doping amount, all the lin
are broadened from120% to1115% but their areas remai
weakly affected, less than 15%. Indeed, the high concen
tion induces an inhomogeneous broadening of the electr
level and then of the ZPL, inducing the broadening of all t
phonon replicas lying near the ZPL. Indeed, the replic
lying in the limit of 600 cm21 from the ZPL, the phonon
cutoff frequency of the crystal, are mainly associated w
one-phonon processes and remain narrow enough to ex
the inhomogeneous broadening. Above this limit, the emit
photons result from the interaction with two or mo
phonons. In the multiphonon process, the features are ho
geneously broadened with respect to one-phonon proce
and consequently not resolved, and the inhomogene

FIG. 5. ~a! Emission spectra of the1T2→3A2 transition ob-
tained under 21 837 cm21 excitation at 15 K, for Ni21-doped
BaLiF3 : solid line, 0.5% of Ni21; dotted line, 6% of Ni21. ~b!
Magnification of the high-energy section of the spectra. Ni21-doped
BaLiF3 , 0.5% ~solid line! and 6%~dotted line!.
6-5
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TABLE II. Width, shift between the two concentrations, area, and frequency corresponding to the d
volution by Gaussian shapes of the different lines in the1T2→3A2 emission at 15 K in Ni21-doped BaLiF3
for two different Ni21 contents, 0.5% and 6%.

v ~cm21!
61 cm21

0.5 mol % 21 471.8
ZPL

21 395.5 21 358 21 332 21 210.2 21 027.2 21 98

6 mol % 21 463.6
ZPL

21 387.2 21 350.7 21 324.7 21 204 21 019 20 97

dv ~cm21! 8.2 8.3 7.3 7.3 6.2 8.2 6.0

Dv ~cm21! 0.5 mol % 7.5 28.5 19.4 11.2 18 15.6 21.3
60.5 cm21 6 mol % 16.2 31.8 23.2 18 26.7 21.3 25.5

Area ~65%! 0.5 mol % 30 987 22 350 9577 6702 8129 7356 14 77
~arb. units! 6 mol % 30 721 20 450 8293 6196 9104 7243 13 94
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broadening cannot be appreciated. However, it is clear
the general shape remains unaffected by a variation in
strength of thee-ph coupling. The intensity of thee-ph cou-
pling, mainly represented by the energy extent of the sh
and the intensity of the phonon replicas relatively to the
tensity of the ZPL, is exactly the same in the weakly a
strongly doped BaLiF3 crystals @Fig. 5~a!#. The excitation
spectrum associated with this emission is also kept cons
with only a weak inhomogeneous broadening observed in
highly doped crystal.

Some previous studies on Ni21-doped fluoride
compounds7–9 concluded that the strength of thee-ph cou-
pling varied with the impurity concentration. But, in the
studies, the determination of the Huang-Rhys coupling fac
S was not direct because it was determined through the
havior of the nonradiative transition rates (WNR) by lifetime
measurements versus concentration. Many other proce
excludingSvariations, can also induce such a change inWNR
values10 and thus shorten the lifetime. So the
conclusions7–9 resulted from misinterpretations. So, we c
unambiguously conclude thate-ph coupling is not affected
by the concentration of impurities in the crystal in the case
Ni21-doped fluoride perovskites.

C. Calculation of the vibronic band shape and estimation
of the Huang-Rhys parameter

A vibronic spectrum arises from transition betwe
coupled electronic and vibrational states. Originating in
dipole radiation, the emitted intensity is

I ~v!5
64p4v4

3c3 G~v!, ~1!

where the band shape is given by

G~v!5(
i , f

Wli ,m f

5(
i , f

Z^wmu2e(
a

rauw l&Z2z^xm f~R!ux l i ~R!& z2, ~2!

we sum on all the final vibrational states averaged on all
initial vibrational states; the electronic statesl and m are
11512
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fixed following the Franck-Condon principle.4 Most of the
details of the vibronic transitions can be described in
framework of a simple theory using the adiabatic, harmon
and Condon approximations.

The case of strong coupling has been described initia
in the case of theF-center absorption, by a simplified Huang
Rhys model, assuming that all the lattice modes have
same frequency. In this approximation, with a coupli
strength equal toS, an r-phonon process is weighte
by the Poisson distributionPr5(Sr /r !)e2S, resulting in a
Pekarian curve at low temperatures. This first model is u
ful as an indication of how the spectrum becomes spr
out in the case of strong coupling between the electro
transition and a particular vibration mode, but is too simp
fied to account for all the features in the general case. Pry5

has developed a method for determining the spectral sh
function under the less restrictive conditions of a linear co
pling with an arbitrary phonon spectrum. The effective la
tice Hamiltonians of the two electronic states differ b
linear terms only. The vibronic spectrum is the sup
position of contributions in which 0,1,...,r ,... phonons are
involved:

G~v!5e2S(
r 50

`
Sr

r !
Br~v!. ~3!

An r-phonon process has a shapeBr(v) with *Br(v)dv
51; B0(v)5d(v2n) is the zero-phonon line, and th
r-phonon shape,Br(v), is the r th convolution, Br(v)
5*Br 21(v8)B1(v1r 2v8)dv8, of the one-phonon shap
B1(v). Whatever this one-phonon shape may be, wher
increases ther th convolution becomes smoother and tends
a Gaussian curve. It is the reason why a simple and feat
less Pekarian curve simulates well the vibronic band sha
in the case of stronge-ph coupling.

In a perfect crystal, only the phonons of the center
the Brillouin zone can couple with the optical transitions d
to the wave-vector conservation rule in one-phonon p
cesses. Actually, the optically active default breaks the tra
lation symmetry and allows coupling of the phonons of t
entire zone with the electronic states. The shape of the o
phonon replica then closely reflects the shape of the m
density r~v!.3 More accurately, we should define the on
6-6
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phonon shapeB1(v) as being proportional toS(v)r(v).
However, as we are not able to estimate the Huang-R
factor as a function of the frequency of the lattice modes,
define a unique coupling factorS for the whole vibration
spectrum.

The experimental emission band shape is calculated
using the relationships~1! and ~3! for BaLiF3 ~Fig. 6!. The
normalized one-phonon density of states is obtained in
lattice dynamics calculations using a rigid ion model.19,20

The two-phonon shape is the convolution of the one-pho
shape on itself. Forr>3, the band shape is a Gaussian cu
of width s0Ar , wheres0 is the half width at half maximum
of the Gaussian curve, which would be equivalent to o
phonon processes centered aroundr v̄, wherev̄ is the aver-
age frequency of the phonon spectrum. In the practical c
we first calculate the two-phonon band shape by s
convolution of the one-phonon density of states, and we t
simulate the curve by using a Gaussian shape of w
s0&.11 In case of intermediate coupling (S!10) corre-
sponding to Ni21 ions, the summation is limited tor 510 in
formula ~3!.

This model allows the simulation of the contribution ar
ing from all phonons of the matrix measured by neutr
scattering in the entire first Brillouin zone19,20 and not only
the optical modes measured in the center of the Brillo
zone by Raman and Brillouin spectroscopies. However
does not allow one to account for some of the sharpest
tures that are due to coupling with normal modes associ
with the NiF6 octahedron. To account for these features,
should define an additional density of states consisting o
discrete frequency spectrum of the normal modes. T
strength of the coupling with these molecular modes sho
be different from the coupling with the phonons of the cry
tal. In the case of Cr31-doped KMgF3, they give rise to the
strongest and sharpest features of the spectrum25 even though
they participate finally for several percent only to the area
the vibronic band that arises mostly from the phonons of
crystal. These normal modes give rise to the strongest re
cas when they are lying above the phonon cutoff freque

FIG. 6. Contribution of the different orders of the phono
assisted processes to the vibronic band for a coupling factoS
53.4 and the phonon density of states of BaLiF3 : one phonon in
the solid line, two phonons in the dotted line, and the summatio
three- to ten-phonon-assisted processes in the dashed line.
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of the lattice; they are said to be localized because th
energy cannot propagate in the lattice. Lying in a gap of
density of states, they are known as gap modes,1 which are
less strongly coupled than the localized modes because
can transfer their energy to the lattice. The weakest repl
arise from resonant normal modes that are lying in the sa
frequency region as many phonons.

The strength of thee-ph coupling, expressed by the valu
of the Huang-Rhys coupling factorS, has been determined i
Ni21-doped BaLiF3 and KMgF3 through simulation of the
vibronic band shape using the modified Pryce model pre
ously described and the phonon density of states of e
crystal.19,20 Figure 7 illustrates the rather good agreeme
between experimental and simulated band shape, for
stance, with Ni21-doped BaLiF3 . We have compared the
values obtained for the1T2→3A2 emission at low tempera
ture: for Ni21-doped BaLiF3 , S53.4 ~Fig. 7!; for
Ni21-doped KMgF3, S52.5; with the estimation of the co
valency of the @NiF6#42 complex in these two crystals
6.14% and 4.76% for thef s transfer in BaLiF3 and KMgF3,
respectively. As previously mentioned by Vink an
Meijerink,12 the e-ph coupling is found to increase with th
covalency of the host lattice. Due to the Jahn-Teller effe
Mn21-doped samples seem to behave in the opposite wa17

An identical value of the Huang-Rhys parameter found
the two Ni21 concentrations in BaLiF3 confirms the lack of
influence of the concentration on the coupling.

V. CONCLUSION

A purely linear character of thee-ph coupling has been
seen in these Ni21-doped fluoride perovskites through th
similarity of different emission and excitation vibronic ban
shapes, reflecting the phonon frequency spectrum assoc
with different electronic states. Also, no thermally induc
shift of the ZPL or sideband has confirmed this purely line
character.

No concentration dependence of the strength ofe-ph cou-
pling has been observed in the optical spectra of the stu
Ni21-doped compounds. An inhomogeneous broaden

f

FIG. 7. 1T2→3A2 emission spectrum of Ni21-doped BaLiF3
~0.5%! at 10 K. Solid line: experiment at 10 K; dotted line: calc
lated spectrum withS53.4.
6-7
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was, however, clearly observed and should be partially
sponsible for the variations in the lifetime measurements
ported in other works. The increase of the covalent chara
of the host lattice surrounding the Ni21 ion induces an in-
crease of the strength of thee-ph coupling.
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