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Photoluminescence and radiationless processes in Mn 2¿-doped
Ca1ÀxSrxF2 fluorites as a function of pressure and temperature.
A structural correlation study

F. Rodrı́gueza) I. Hernández, and M. Moreno
DCITIMAC, Facultad de Ciencias, Universidad de Cantabria, Santander, Spain

R. Alcalá
Departamento de Fı´sica de la Materia Condensada, Universidad de Zaragoza, Spain

~Received 13 May 2003; accepted 29 July 2003!

This work investigates the photoluminescence~PL! properties of Mn21-doped fluorites in CaF2 ,
BaF2 , SrF2 , and in solid solutions Ca12xSrxF2. In particular, we focus on the radiationless
processes leading to the surprising disappearance of the Mn21 PL on passing from CaF2: Mn21 to
SrF2 : Mn21 or BaF2 : Mn21. For this purpose emission, excitation, lifetime, and time-resolved
spectroscopy as a function of pressure and temperature are carried out in these compounds as well
as in the Ca12xSrxF2:Mn21 (x50 – 1) series using pressure spectroscopy. We show that the
quenching of PL in these systems is associated with nonradiative thermal activated processes whose
activation energy and pre-exponential rates strongly depend on the crystal volume irrespective of the
chemical composition of the host crystal. A salient feature of this work deals with the increase of
activation energy induced by pressure, whose variation with the lattice parameter is given by
Ea(eV)51.02– 2.64 (a-5.46), witha(CaF2)55.46 Å. It leads to a PL quantum yield enhancement,
which favors appearance of Mn21 PL even in the non-PL systems SrF2 :Mn21 and BaF2 :Mn21.
Furthermore, the activation energy mainly depends on the crystal volume per molecule irrespective
of the crystal structure or the local symmetry around the impurity. In this way, the relevance of the
fluorite-to-cotunnite phase transition to enhance PL is analyzed. This enhancement is explained in
terms of the large volume reduction at the phase transition, as well as by the presence of
low-symmetry crystal fields attained at the cation site yielding an increase of the radiative transition
rate by the electric-dipole mechanism. ©2003 American Institute of Physics.
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I. INTRODUCTION

The photoluminescence~PL! properties of Mn21-doped
MF2 (M5Ca, Sr, Ba! fluorites have been matter of gre
interest because of their relevance as scintillators, phosp
and, in general, basic systems for the understanding of o
cal materials.1–5 Particularly, these doped crystals are attra
tive since Mn21 occupies the cation site of the fluorite stru
ture with eightfold coordination, i.e., cubal complex MnF8

62

~Refs. 1, 6–10! ~see Fig. 1!. This coordination provides a
crystal-field~CF! at Mn21 which is lower than that attaine
in sixfold octahedral coordination like Mn21-doped AMF3

(A5Rb, K, Cs; M5Mg, Zn, Ca! fluoroperovskites.11 The
CF parameters, 10Dq, are about 0.5 and 1 eV for MnF8

62 and
MnF6

42 , respectively, and, according to the Tanabe–Sug
diagram for d5 ions,12 are responsible for the green and r
PL exhibited by Mn21 in these systems.1,13–16Interestingly,
the Mn21 green-PL in the MnF8

62 center is worthwhile for
studying nonradiative processes in isolated impurities si
multiphonon relaxation phenomena area priori less probable
than in MnF6

42 red-PL systems, given that the number
phonons required to bridge the energy gap between the4T1g

a!Author to whom correspondence should be addressed. Electronic
rodriguf@unican.es
8680021-9606/2003/119(16)/8686/9/$20.00
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excited state and the6A1g ground state of Mn21 in fluorites
is almost twice that in fluoroperovskites. Besides, the4T1g

→6A1gPL placed at 2.53 eV~490 nm! in CaF2 : Mn21, de-
cays with the longest lifetime ever measured among the t
sition metal ions (t5182 ms at 10 K! and its PL quantum
yield is close to 1 (h'1) at room temperature~RT! ~Refs. 1
and 16!. However, the Stokes shift for MnF8

62 is by contrast
significantly bigger than for MnF6

42 thus favoring
multiphonon-relaxation phenomena in fluorites with resp
to perovskites.15,17 The competition between energy gap a
Stokes shift will finally determine conditions for radiation
less phenomena.

In connection with this processes, PL changes unexp
edly along the fluorite series. Unlike CaF2 : Mn21, the iso-
lated MnF8

62 complex in isomorphous SrF2 : Mn21 or BaF2 :
Mn21 is not PL either at RT or at any temperature at ambi
pressure, respectively.1,15,17This surprising behavior is note
worthy for investigating nonradiative phenomena on the
sis of structural correlations given that the local structu
around Mn21 is known from EPR and optica
spectroscopy.8,17

The aim of this work is to understand the microscop
origin of the excited-state relaxation phenomena leading
radiationless process in Mn21-doped fluorites and how the
il:
6 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



ry
cal
d
s-
r-

co-
It

-
ize

8687J. Chem. Phys., Vol. 119, No. 16, 22 October 2003 Fluorescence in Mn21-doped Ca12xSrxF2
FIG. 1. Types of crystal structure of MF2 ~M: Mg, Mn,
Ca, Sr, Ba! compounds, and coordination geomet
around the cation in each phase. Values of the criti
pressure in upstroke for the rutile-to-fluorite an
fluorite-to-cotunnite are given in GPa. Structural tran
formations of the systems under study involve impo
tant changes of the cation site geometry. The local
ordination at the cation site is shown at the bottom.
varies from sixfold coordination~rutile! to eightfold
~fluorite! and ninefold noncentrosymmetric~cotunnite!.
Note that the critical pressure for the fluorite-to
cotunnite phase-transition decreases with the cation s
~Refs. 28, 34–36!.
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host crystal affects it. This knowledge is crucial in order
control materials’ PL.7 For this purpose, we study the P
properties along the Ca12xSrxF2: Mn21 series by optical
spectroscopy as a function of pressure and temperature
tention is paid to the variation of the PL intensity,I PL , and
corresponding lifetime,t, with temperature through the com
plete series of PL materials, and as a function of pressur
both PL and non-PL systems. This procedure has show
be an excellent method to elucidate whether the loss of
and the subsequent PL quenching on passing from Ca2:
Mn21 to SrF2 : Mn21 along the Ca12xSrxF2: Mn21 series is
due to the different nature of the host cation~i.e., Ca21 com-
pared to Sr21 or Ba21), or it is simply related to changes o
lattice parameter withx, independent of the substitute
cation.1,15,18–20Besides, it can reveal whether non-PL ma
rials can be transformed into PL simply by reducing the v
ume of the host site. Previous pressure experiments for S2 :
Mn21 and BaF2 : Mn21 demonstrate that the occurrence
PL is mainly related to the crystal volume.21

II. EXPERIMENT

Single crystals of MF2 (M5Ca, Sr, Ba! and solid solu-
tions Ca0.5Sr0.5F2 and Ca0.25Sr0.75F2 doped with MnF2 ~1.0%
or 0.5% mol! were grown by the Bridgman technique
described elsewhere.15,19The presence of isolated Mn21 ions
at the cubal cation site (MnF8

62 complex! was checked by
electron paramagnetic resonance~EPR! ~Refs. 15 and 23!.

PL spectra and lifetime measurements at room pres
were obtained using a ISA Fluoromax-2 fluorometer an
Chromex 500IS monochromator with a Tektronix 2430A o
cilloscope, respectively. For lifetime measurements,
Mn21 was excited with the 407 nm line of a Cohere
I-302-K Krypton laser, which was modulated by a Newpo
35085-3 acousto-optic modulator. Experiments in the 29
750 K range were done on a Leitz 350 heating stage. For
temperatures~10–350 K!, we used a Scientific Instrumen
202 closed-circuit cryostat and an APD-K controller. Hydr
static pressure experiments were performed in a Diam
Anvil Cell ~DAC; High Pressure Diamond Optics, Inc.!. A
mixture ethanol–methanol–water 16:3:1 was used as p
sure transmitter, and the pressure was calibrated through
Ruby PL.24 Single crystals of Mn21-doped fluorites~typical
Downloaded 13 Oct 2003 to 130.206.5.202. Redistribution subject to A
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dimensions: 100380340mm3) were employed in pressur
experiments. PL spectroscopy was accomplished by exc
tion into the4A1g , 4Eg excited state of Mn21 (Oh). Due to
the extremely low PL quantum yield and lifetime of seve
crystals of the seriesh'0; t'0 for SrF2 :Mn21 and
BaF2 :Mn21 at ambient conditions!, we employed a high-
sensitivity PL setup for measuring the PL lifetime and tim
resolved spectroscopy under pressure.21 Moreover, these
Mn21-doped crystals exhibit a weak PL even for high qua
tum yields given that the MnF8

62 CF excitations (6A1g

→4G i) are spin and parity forbidden by the electric-dipo
~ED! mechanism~oscillator strength;1027) ~Refs. 16 and
25! thus leading to very weak absorption peaks and lo
lifetime decays.

III. RESULTS AND DISCUSSION

A. Photoluminescence of the Ca 1ÀxSrxF2 :
Mn2¿ series at ambient conditions

Figure 2~a! depicts the excitation and correspondin
emission~or PL! spectra for the luminescent materials of t
Ca12xSrxF2: Mn21 series at ambient conditions. Excitatio
spectra have been normalized to the same intensity for c
parison purposes. Note that the excitation spectra along
series are very similar and consist of four bands, which
characteristic of Mn21 in a cubal coordination. Within this
cubic symmetry, the band assignment of Fig. 2 is given
terms of electronic transitions from the6A1g ground state to
different excited spin-quartet states4G i . The values of the
Racah parameters, B and C, and the CF parameter 1
obtained by fitting from the excitation spectra of the who
PL series are given in Table I. Note that the CF valu
10Dq50.51 eV, is smaller than for Mn21-doped fluoroper-
ovskites whose value varies from 10Dq51.045 eV in
KMgF3: Mn21 to 10Dq50.854 in CsCaF3 : Mn21 ~Refs. 11,
13, and 14!. The different CFs at the Mn21 sites are associ
ated with the longer local Mn–F distance in the fluorit
(RMn–F52.26 Å for CaF2 : Mn21) ~Refs. 8 and 17! than in
the fluoroperovskites (RMn–F52.07 Å for KMgF3: Mn21

and RMn–F52.15 Å for CsCaF3 : Mn21) ~Refs. 11, 13, and
14!. The 10Dq reduction by a factor two on passing fro
CaF2 : Mn21 to KMgF3: Mn21 is consistent with a
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Emission and excitation energies, together with the associated Stokes shift, measured by optical spectroscopy along the Ca12xSrxF2 : Mn21 series
for x50, 0.25, 0.50, and 0.75 atT5290 K. The calculated excitation energies are given in parenthesis, together with corresponding Racah paramete
C, and the crystal-field, 10Dq, parameter. The C/B ratio was obtained from the two 10Dq-independent4A1g , 4Eg (G), and4Eg(D) energies, while B and
10Dq derived by fitting using all transition energies. The Trees and Seniority parameters for Mn21 were kept fixed:a58.3 meV (67 cm21) and Q
5216.2 meV (2131 cm21) ~Ref. 13!. The fluorite lattice parameter of each crystal determined from x-ray diffraction is also included~Ref. 15!.

x a ~Å!
Emission

~eV! 4T1g(4G) 4T2g(4G)

4A1g , 4Eg(4G)
~eV! 4T2g(4D) 4Eg(4D) 4T1g(4P)

B ~eV!
(cm21)

C ~eV!
(cm21)

10Dq ~eV!
(cm21)

Stokes shift
(eV)/(cm21)

0 5.46 2.53 2.80 3.09 3.14 3.69 3.91 0.094 0.411 0.514 0.27
~2.83! ~3.09! ~3.16! ~3.61! ~3.70! ~3.82! 760 3310 4150 2200

0.25 5.56 2.48 2.83 3.10 3.15 3.69 3.90 0.095 0.413 0.524 0.35
~2.84! ~3.11! ~3.18! ~3.63! ~3.73! ~3.85! 765 3335 4225 2800

0.50 5.64 2.47 2.84 3.10 3.15 3.70 3.90 0.095 0.413 0.506 0.37
~2.86! ~3.11! ~3.18! ~3.64! ~3.73! ~3.83! 765 3335 4080 3000

0.75 5.74 2.49 2.87 3.11 3.15 3.71 3.90 0.095 0.413 0.468 0.38
~2.89! ~3.12! ~3.18! ~3.65! ~3.73! ~3.81! 765 3335 3775 3100
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RMn–F-dependence of 10Dq on the basis of 10Dq5KRMn–F
25

and considering that 10Dq(Cubal)58/9 10Dq(Octahedral)
~Refs. 19, 26, and 27!. So that

10Dq~CaF2:Mn21!

10Dq~KMgF3 :Mn21!
5

0.51

1.045
50.49

'
8

9 S RMn–F~KMgF3!

RMn–F~CaF2! D 5

5
8

9 S 2.07

2.26D
5

50.57.

The compound series exhibits a unique PL band, which
associated with the same MnF8

62 formed complex. This band
occurs at 2.53 eV~490 nm green-PL! in contrast to the
red-PL of MnF6

42 in the fluoroperovskites~1.45 eV! and is a
consequence of the smaller CF in the fluorites~Table I!. The
fit 10Dq parameter and its variation along the series~Table I!
follow the variation ofRMn–F given elsewhere.27

Aside from this, the Mn21 PL in fluorites is noteworthy.
Although the excitation spectra of Fig. 2 and Table I imp
that the local structures of Mn21 are similar along the series
the PL intensities and lifetimes show a surprising behav
@Fig. 2~b!#. While the PL is similar forx50, 0.25, and 0.5 a
Downloaded 13 Oct 2003 to 130.206.5.202. Redistribution subject to A
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ambient conditions, bothI PL andt decrease by a factor fou
for x50.75 and disappear (I PL'0 and t'0) for SrF2 :
Mn21 and of course for BaF2 : Mn21 ~Refs. 15, 17, and 21!.
t decreases with the strontium fraction from 56 to 16 ms
passing fromx50.5 tox50.75, and the general behavior o
t(x) shows a close correlation withI PL(x). Nevertheless,
such a correlation betweenI PL an t is not shown by the
Stokes shift~Table I!, whose value increases along the seri
Abruptly from x50 to x50.25 and slightly fromx50.25 to
1. An adequate description of the PL behavior requi
temperature-dependence studies, and especially when, a
show later, the nonradiative PL-quenching process is th
mally activated.

B. Variation with temperature

1. Photoluminescence and lifetime in CaF 2 : Mn 2¿

Figure 3 shows PL lifetime measurements for CaF2 :
Mn21 at temperatures from 10 to 750 K. This figure sho
that the PL strongly depends on the temperature and the
quenching takes place above 600 K. The analysis oft(T)
indicates that there are several distinguishable contribut
to the thermal evolution of the6A1g→4T1g de-excitation
al

r
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FIG. 2. ~a! Variation of the emission
~photoluminescence! ~thick line! and
excitation~thin line! spectra along the
Ca12xSrxF2 : Mn21 series (x50, 0.25,
0.50, 0.75, and 1! at room tempera-
ture. Bands are assigned to cryst
field transition within the Mn21 cubal
coordination (Oh symmetry! accord-
ing to the Tanabe–Sugano diagram fo
d5 ions ~Table I!. ~b!Variation of pho-
toluminescence lifetimet(x) along
the Ca12xSrxF2 : Mn21 series. The
photoluminescence time dependen
follows a single exponential behavio
and the lifetime was obtained by fit
ting the decay curveI PL(t) to the ex-
pressionI PL(t)5I PL(0) e2t/t. The in-
set shows the variation of the emissio
spectrum along the series under th
same excitation conditions. The inte
grated intensity obtained from the P
spectra follows the same behavio
with x than the lifetimet(x).
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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process andt21(T). These can be described by two radiati
and one nonradiative term through the equation:1,20

t215t rad
21~T!1tnon-rad

21 ~T!

5t0
211tED

21Coth
\vu

2kT
1wNR~T!. ~1!

The two radiative terms represent~1! the temperature-
independent transition rate, including contributions from
magnetic-dipole~MD! as well as ED components due
noncentrosymmetric static distortions, and~2! the ED
vibration-assisted mechanism, wheretED

21 is the ED rate from
zero-point vibrations andvu is the vibrational frequency
This term enables PL de-excitation through the ED mec
nism in isolated centrosymmetric transition–me
complexes.27 The third nonradiative term contains the ra
for radiationless processes.1,15,20 In the present systems, th
nonradiative rates are well described by an Arrhenius-t
law wNR5p exp(2Ea /kT), whereEa is the activation energy
and p is the associated rate. Equation~1! implies that all
these systems experience radiationless de-excitation upo
creasing temperature.I PL(T) is related to this mechanism
throught rad

21(T) and the PL quantum-yield,h, as

I PL~T!}t rad
21h5t rad

21
t rad

21

t rad
211p•e2 Ea /kT , ~2!

wheret rad
21 is proportional to the integrated band intensity

the 6A1g→4T1g band in the optical absorption spectrum.
The long lifetime measured at low temperatu

t(10 K)5186 ms,1,15,20 is consistent with the doubly spi
and parity forbiddances of the6A1g↔4T1g transition and
characteristic of isolated Mn21 impurities.16,25–27

Similar thermal behaviors of the PL are also observ
for the Ca12xSrxF2: Mn21 series, although the paramete
involved in Eq.~2! vary with x, i.e., the strontium content.

2. Photoluminescence quenching along the fluorite
Ca1ÀxSr xF2 : Mn 2¿ series

The PL along the series can be accounted for on
basis of findings in CaF2 : Mn21. Figure 4~a! depicts the
I PL(T) curves and the correspondingt21(T) curves in a
wide temperature range around the quenching tempera
PL quenching occurs at a different temperature for each c
tal, as found previously.15 Nevertheless, in this work, we
report precise measurements ofI PL(T) and t~T! around the
PL quenching and interpret them in terms of Eqs.~1! and~2!.
We have previously shown19,20 that the decrease ofI PL(T)
follows Eq. ~2!. In fact, the ln@@IPL

max/IPL(T)#21# is linear
with 1/T thus providing the values ofEa directly. The so
determined values are given in Table II and Fig. 5~a!. The
proposed de-excitation mechanism is also confirmed by
variation of t21(T), whose experimental data and corr
sponding fits to Eq.~1! are given in Fig. 4~b!. In contrast to
I PL(T), t21(T) not only provides the activation energy in
volved in the nonradiative process but also on the
excitation rate,p. We obtain similarEa values either from
I PL(T) or t21(T), thus providing model consistency~Table
II !. From the data analysis we conclude thatEa varies lin-
early with the strontium content along the series asEa(x)
Downloaded 13 Oct 2003 to 130.206.5.202. Redistribution subject to A
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51.017– 0.930x. Or analogously,Ea is linearly related to
the lattice parameter,a, taking into account the linear depen
dence ofa and x as a(x)50.35x15.46 ~Ref. 15! So that
Ea(a)51.017– 2.641@a25.46# ~in eV and Å units forEa

anda, respectively!. A salient feature of the present work
the strong dependence of the pre-exponential factor,p,
with either x or a. This parameter varies exponential
along the series according to Fig. 5~b! as: p(x)56.5
•109 exp(29.9x), or p(a)56.5•109 exp@228.1(a25.46)#.
These results indicate that PL properties and quench
along the fluorite series can be explained on the basis of
~1! with parametersEa andp depending on eitherx or a.

The question arising at this stage is whether the varia
of Ea along the series is due to the different chemical nat
of the host cation either Ca21 or Sr21 ~or Ba21) or it is
directly related to the host crystal size, i.e., the lattice para
eter. To determine which, we performed pressure exp
ments for selected compounds of the series.

FIG. 3. Variation of the PL lifetime with temperature,t(T), in CaF2 :
Mn21. The solid line represents the least-square fit to Eq.~1!. The figure
illustrates the three different contributions to the variation oft(T) in terms
of their associated transition rates:t21(T)5t rad

21(T)1tnon-rad
21 (T), where the

radiative rate is given byt rad
21(T)5t0

211tED
21Coth(\vu/2kT) while the non-

radiative rate istnon-rad
21 (T)5wNR(T)5p•exp(2Ea /kT). The fit parameters

are: t0
2152.2 s21, tED

2153.3 s21, \vu520 meV, p58.431010 s21, and
Ea51.010 eV.

TABLE II. Fit parametersEa(x) andp(x) derived from variations of the PL
intensity with temperature through the Ln@@ I PL

MAX /I PL(T)#21# vs 1/T plot
~Refs. 19 and 20! and from variations of the lifetime with temperatur
through thet21(T) vs T plot in Ca12xSrxF2 : Mn21 for x50, 0.25, 0.5, and
0.75 @Fig. 4~b!#.

Strontium
content

x

PL intensity
Activation energy

Ea ~eV!

PL lifetime

Pre-exponential factor
p (s21)

Activation energy
Ea ~eV!

0 1.08~10! 4 (2)3109 1.01 ~10!
0.25 0.69~10! 1.4 (7)3109 0.83 ~10!
0.5 0.40~10! 2.1(1.0)3107 0.69 ~10!
0.75 0.30~10! 4 (2)3106 0.34 ~10!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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C. Pressure spectroscopy in Mn 2¿-doped
Ca1ÀxSrxF2 . Structural correlations

1. Highly efficient materials

Figure 6 reports the pressure experiments on the m
efficient of these PL materials. The PL lifetime is the app
priate parameter for the present study since it can be dire
related to the microscopic model through Eq.~1!.

Figures 6 and 7 show the variation of the PL spectra
corresponding lifetimes as a function of pressure in Ca2 :
Mn21 and Ca0.5Sr0.5F2 : Mn21. These systems are interestin
sinceh'1 at ambient conditions, i.e.,wNR'0, according to
their respectivep and Ea values and Eq.~2!. The PL spec-
trum of CaF2 : Mn21 does not vary significantly with pres
sure. As Fig. 6~b! shows, the transition energy slightly shif
to lower energy from 2.53 eV at ambient conditions to 2.
eV at 4.3 GPa. However,t(P) increases from 86 ms at am
bient pressure to 96 ms at 5 GPa. The increase of\vu with
P cannot explain the observed variation in terms only of
Coth(\vu/2kT) factor. This term is estimated to account f
not more than 50% of such variation if we assume that

FIG. 4. ~a! Variation of the integrated PL intensity with the temperatu
I PL(T), along the Ca12xSrxF2 : Mn21 series. Note that the PL quenchin
takes place upon heating at a different temperature for each compound
higher the strontium contentx, the lower the quenching temperature. T
decay of I PL(T) of each compound follows an Arrhenius-type behavi
characteristic of nonradiative de-excitation processes. The analysis o
I PL(T) quenching~Refs. 19 and 20! provides the activation energies,Ea @see
text and Fig. 5~a!#. ~b! Variation of the reciprocal lifetime with temperature
t21(T), in the Ca12xSrxF2 : Mn21 series. Lines represent fits of the expe
mental data to Eq.~1!. The variations are consistent with the de-excitati
rates described by Eq.~1!, andI PL(T) data of~a!. The fits oft21(T) to Eq.
~1! provide the activation energies,Ea(x), but also the pre-exponential fac
tors, p(x), involved in the Arrhenius law governing the radiationless p
cess. Table II collects the parametersEa(x) andp(x).
Downloaded 13 Oct 2003 to 130.206.5.202. Redistribution subject to A
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Grüneisen parameter associated with the enabling mod
similar tog51.34 corresponding to the Ramana1g mode for
CaF2 ~Ref. 28!. This assumption likely provides an overes
mation of the pressure-variation of\vu since, in general,g
for stretching modes is usually greater than for bend
modes.29 Actually, the observed increase oft(P) can be ex-
plained taking into account an additional contribution as
ciated with an enhancement of the vibration-assisted
transition rate,tED

21, by the reduction ofRMn–F with P.20 In
fact, a shortening of the Mn–F distance will increase t
F2-to-Mn21 charge-transfer~CT! energy leading to a reduc
tion of the 4T1g PL state mixing with odd-parity CT states
which are responsible for the ED enabling mechani
through vibrational assistance.

The experimentalt21(P) data can be accounted for b
including a pressure-dependent ratetED

21(P)5tED
21(0)2a P

in Eq. ~1! wherea is a positive value and the minus sign
related to the pressure induced reduction of the transi
probability. Thet(P) curve shown in Fig. 6~b! for CaF2 :

he

heFIG. 5. Variation of the~a! activation energy,Ea(x), and ~b! logarithm of
the preexponential factor, Lnp(x), with the strontium fraction,x, along the
Ca12xSrxF2 : Mn21 series. An analogous variation as a function of the l
tice parameter,Ea(a) and Ln p(a). The transformation takes into accoun
the linear relation betweena andx through the expression given in the ins
~Ref. 15!. Squares and circles represent data fromI PL(T) and t21(T), re-
spectively ~see text!. The straight dotted lines correspond to linear lea
square fits. The activation energyEa is found to follow equationEa51.02
20.93x, i.e., Ea51.02– 2.64 (a25.46) and the pre-exponential facto
p(x)56.5 109e29.9 x or, equivalently,p(a)56.5 109e228.1 (a-5.46).
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. ~a! Variation of the PL spectrum with pressur
for CaF2 : Mn21 at room temperature. The straight lin
is a guide for the eye.~b! Variation of the PL energy
with pressure~top! and corresponding lifetime with
pressure~bottom!. The solid line represents the fit o
experimental data to the expressiont21(P)5t0

21

1(tED
21(0)2a P)Coth@\vu(P)/2kT# . The fit param-

eters are t0
2152.6 s21, tED

21(0)53.5 s21, a
50.16 s21 GPa21 and \vu(P)52010.45 P ~units in
meV and GPa, respectively!. In this system the nonra-
diative transition rate iswNR'0 in the whole pressure
range~see text!.
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Mn21 was fit to Eq.~1! with a50.16 s21 GPa21. This value
is consistent with the proposed model taking into account
variation of the CT states with the local distance as obtai
from MS–Xa calculations performed on the MnF6

42

complex.30–32

A pressure-induced enhancement oft(P) takes place
also in the compound Ca0.5Sr0.5F2 : Mn21. Nevertheless, the
main feature of the variation oft(P) in this system is the
fluorite-to-cotunnite structural phase-transition~Fig. 1!.
Apart from Raman, phase-transition is evidenced by
through the abrupt variation of botht ~from 56 to 13 ms! and
the abrupt redshift of 0.11 eV atP55.2 GPa in upstroke. A
similar but opposite variation is observed at 2.2 GPa
downstroke, thus indicating a pressure hysteresis of 3.0 G
Interestingly, the lifetime decrease in the cotunnite phas
not associated with an increase of radiationless phenom
given that I PL does increase with pressure along with th
phase. The loss of inversion center in the ninefold coo
nated MnF9

72 in the cotunnite phase can explain this featu
Therefore, we associate the decrease oft(P) at phase-
Downloaded 13 Oct 2003 to 130.206.5.202. Redistribution subject to A
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transition with the presence of noncentrosymmetric CF at
Ca21 or Sr21 sites in the cotunnite phase, which enables
ED mechanism.

2. Low efficiency materials: Pressure-induced
photoluminescence

Figure 8~a! shows the variationt(P) in the weakest PL
crystal of the series: Ca0.25Sr0.75F2 : Mn21. A remarkable fea-
ture is the surprising PL enhancement experienced by
crystal upon pressure.t(P) changes from 16 to 50 ms in th
range 0–4 GPa range, reaching the PL properties attaine
Ca0.5Sr0.5F2 : Mn21 at ambient conditions. The behavior o
t(P) in this pressure range can be accounted for on the b
of Eq. ~1! by replacingEa(P) by the correspondingEa(a)
through the Murnaghan equation of state~EOS!:29

V5V0S 11
B8

B0
PD 21/B8

. ~3!
e

o
e-

e-
FIG. 7. ~a! Variation of the PL spectrum with pressur
for Ca0.5Sr0.5F2: Mn21 at room temperature.~b! Evo-
lution of the PL energy~top! and corresponding lifetime
~bottom! with pressure. The abrupt jump ofE(P) and
t(P) observed atP55 GPa in upstroke corresponds t
the occurrence of the fluorite-to-cotunnite phas
transition. The reverse behavior is observed atP
52 GPa in downstroke thus indicating a phas
transition hysteresis ofDP53 GPa. Lines are guides
for the eye and show the pressure runs.
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The line of Fig. 8~b! has been obtained from that EOS usi
V055.46 Å3, B0573.4 GPa, andB855 ~Refs. 22, 28, and
33!. The fair agreement between calculated and experime
t(P) confirms the volume dependence ofEa irrespective of
the composition of the host crystal. Therefore, we conclu
that the variation of Mn21 PL along the series must be a
cribed to the change of volume provided by replacing Ca21

for Sr21.
t(P) decreases from 60 to 14 ms just above 4 G

However, this decrease is not accompanied by a loss of
indeed I PL(P) increases above 4 GPa. AsideI PL(P) and
t(P), the PL change is also evidenced by an abrupt reds
of the PL band by20.16 eV as it is shown in Fig. 8~b!.
Analogously to findings in Ca0.5Sr0.5F2 : Mn21, this PL be-
havior is associated with the fluorite-to-cotunnite pha
transition at 4.0 GPa in upstroke for the present system.

The relevance of the cotunnite phase to enhance
properties in the title materials was previously pointed ou21

The occurrence of this high-pressure phase is responsibl
the appearance of Mn21 PL aboveP57.5 GPa in BaF2 :
Mn21 which is not PL at ambient pressure.21 If this phase-
transition did not occur the critical pressure required to
duce Mn21 PL within the fluorite phase of BaF2 is estimated
to beP530 GPa according to Eq.~1! and the structural cor
relations established in Fig. 5~b! and Table I. As we will see
later, this pressure in BaF2 roughly corresponds to a critica
lattice parameter,ac55.75 Å, i.e., a relative volume reduc
tion of DV/V 5222%. In conclusion, Mn21 PL in the fluo-
rite phase in BaF2 : Mn21 is possible whenever the host cry
tal fulfills the conditiona,ac . Accordingly, the main reason
for pressure-induced PL in the cotunnite phase in Ba2 :
Mn21 at moderate pressure is the important volume red
tion of 10% attained at the first-order phase-transition aP
51.7 GPa~Fig. 1!.

Interestingly, the non-PL SrF2 : Mn21 at ambient pres-
sure becomes PL in the fluorite phase aboveP53.8 GPa in
upstroke.21 Above this pressure the conditiona(P),ac for
the occurrence of the Mn21 PL truly holds. Like BaF2 :
Mn21, PL enhances upon phase-transition to the cotun
phase atP54.0 GPa. Interestingly, Mn21 PL persists in the
high-pressure cotunnite phase in downstroke due to the
phase-transition hysteresis. However, PL disappears be
the phase-transition pressure in the recovered fluorite p
at P51.7 GPa. A complete account of this PL phenomen
was reported elsewhere.21,34

A salient feature is that the PL propertiesI PL(T,P) and
t(T,P) along the series as a function of temperature a
pressure can be accounted for on the basis of Eq.~1! by
renormalizing the Sr content,x, or the pressure,P, to the
lattice parameter,a. Figure 9 displays the calculatedt(a)
curve together with the experimental data obtained along
series at ambient pressure and from pressure spectrosc

It is worth noting the adequacy of Eq.~1! to explain the
PL properties of the present systems not only in the fluo
phase but also in the cotunnite phase. The calculatedt(a)
curves are referred to a distinct abscissa axis for each ph
The lattice parameter in the cotunnite phase (Pnma) ~Ref.
18! was derived from the corresponding orthorhombic p
rameters,a, b, andc, using:acot5(abc/2)1/3 ~Refs. 28 and
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34!. The curves were calculated from Eq.~1! using the same
nonradiative rate term,wNR, for both phases but changin
the radiative rate:t0

2152.6 s21 and tED
2153.5– 0.16P ~in

s21 and GPa units! for the fluorite phase, andt0
21

577.5 s21 (t0
21@tED

21) for the cotunnite phase. As we sug
gested above, the increase oft rad

21 in the cotunnite phase~i.e.,
reduction oft rad) is due to odd-parity components of the C
in the ninefold coordination geometry attained at the cat
site in the cotunnite phase~Fig. 1!. The increase of the ED
transition probability thus reducest(P) but increases
I PL(P). This model explains why the decrease oft(P) ob-
served in Ca0.25Sr0.75F2 : Mn21 above 4 GPa is associate
with an increase ofI PL(P), in contrast to findings along the
series at ambient conditions. In the former case PL chan
are related to noncentrosymmetric CF at the cotunnite ph
that mainly affects the ED radiative rate. In the latter situ
tion, PL changes are governed by nonradiative proces
which mainly rely on the host crystal volume, but keepi
the cubal symmetry at the cation site. Therefore, either

FIG. 8. ~a! Variation of the PL lifetime with pressure in Ca0.25Sr0.75F2 :
Mn21 at room temperature. The abrupt jump ofDt540 ms at P
54.0 GPa corresponds to the fluorite-to-cotunnite phase-transition.
solid line in the fluorite phase corresponds to calculatedt(P) values from
Eq. ~1! using parametersEa(P) andp(P) given in Fig. 5 by renormalizing
lattice parameter values to pressure through the Murnaghan’s equatio
state given in Eq.~3! with B0573.4 GPa andB855 ~Refs. 22, 28, and 33!.
Although t decreases at 4.0 GPa,I PL(P) increases at and above this pre
sure.~b! PL spectrum of Ca0.25Sr0.75F2 : Mn21 taken above and below the
critical pressure,P54.0 GPa. Note the abrupt redshift of20.16 eV expe-
rienced by the PL band on passing from the fluorite to the cotunnite ph
The PL spectrum of CaF2 : Mn21 at ambient conditions is included fo
comparison purposes.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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increase or a decrease oft(P) is always accompanied by
proportional change ofI PL(P), i.e., quantum yield,h(P).

Interestingly, these results clearly point out that the
quenching of Mn21 and the variation ofEa along the series
are not directly associated with the different chemical nat
of Ca, Sr, and Ba, but related to the crystal volume per m
ecule. Consequently,I PL(T,P,x) andt(T,P,x) are well de-
scribed as a function of eitherT or P or x through Eq.~1! by
renormalizing pressure data and series results to volu
I PL(T,V) andt(T,V). Moreover, the radiationless rate is d
scribed by thermal activated processes with pre-p
exponential factor and activation energy depending only
the crystal volume using thesame parametersin both
phases. This noteworthy result suggests that the nonradi
processes rely on the specific volume irrespective of the lo
structure around the Mn21 impurity. It turns out that nonra-
diative multiphonon relaxation can be strongly reduced
the high-pressure phase due to the important volume re
tion. This tricky procedure of reducingEa together with the
high phase-transition-hysteresis of these systems can in
provide new ways for obtaining more efficient PL materia

IV. CONCLUSIONS AND FINAL REMARKS

We have found a linear variation of the activation ener
responsible for the nonradiative process and an expone
behavior of the pre-exponential rate with the specific v
ume. Thus, nonradiative multiphonon relaxation is enhan
and consequently PL quenched with increasing the host
ume. This situation can be reversed by pressure, which m

FIG. 9. Variation of the PL lifetime with the lattice parameter,t(a), mea-
sured as a function of the strontium fraction,x, along the Ca12xSrxF2 :
Mn21 and BaF2 : Mn21 and from pressure spectroscopy at room tempe
ture in both the fluorite and cotunnite phases. Lifetime datat(a) are repre-
sented as a function of the lattice parameter for the fluorite and cotun
phases. In the fluorite phaset(a) has been obtained through the line
dependence ofa with x for the series~diamonds!, and through the corre-
sponding EOS@Eq. ~3!# in the hydrostatic pressure experiments~circles!.
The squares represent the lifetime data in the cotunnite phase. The
referred to the abscissa,acot , representing the effective lattice parameter

the cotunnite phase, defined as:acot5V1/35(
1
2a•b•c)1/3 wherea, b, andc

are the orthorhombic lattice parameters. Solid lines have been calcu
through Eq.~1! using parameters obtained from intensity and lifetime m
surements performed along the series as a function of the temperature
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fies Ea and induces a phase-transition to the cotunnite ph
with an important volume reduction (Vcotunnite/mol;0.9
Vfluorite/mol) ~Refs. 28, 34, and 35!.

We have shown that PL efficiency along the series a
function of pressure and temperature is mainly related
changes of the nonradiative rate throughp andEa irrespec-
tive of the fluorite or cotunnite phase. We describe the as
ciated nonradiative transition rate through an unique exp
sion for all these systems in both phases. The increase of
i.e., increase ofEa and decrease ofp, is due to the reduction
of the cation host size either along the series or in the co
nite phase in comparison to the fluorite phase. Therefore,
PL decrease by increasing volume is interpreted as
MnF8

62 unit has more space to distort in the excited sta
thus leading to a higher Huang–Rhys factor along the ser
as it is revealed by the increase of the Stokes Shift on p
ing from CaF2 to SrF2 or BaF2 . The reduction of the elec
tronic transition rate,p, is likely associated with an effective
reduction of the electronic interaction responsible for t
nonradiative 4T1g→6A1g relaxation. The increase of th
Jahn–Teller effect in the excited state with increasing v
ume can probably account for this effect~Ham effect!. Work
along this line is currently in progress.

According to correlations established between the a
vation energy,Ea , and the crystal volume,V ~and subse-
quently the lattice parameter,a) along the Ca12xSrxF2:
Mn21 series, the structural requirement to induce Mn21 PL
in difluorides irrespective of the host crystal structure is
crystal volume smaller than 29 cm3 mol21. Therefore, we
could induce PL by applying pressure whatever the latt
parameter decreases below the critical value,acrit55.75 Å.

The pressure-induced phase-transition has revealed
cotunnite phase as an efficient structure for PL to occur. T
phase-transition also affects the radiative ED transition r
tED

21 , because of the low-symmetry CF at the impurity si
The volume reduction involved in the fluorite-to-cotunni
phase-transition favors PL recovering even in non-PL ma
rials like SrF2 : Mn21 and BaF2 : Mn21. This phase-
transition and particularly the stabilization of the cotunn
phase at ambient conditions can be an attractive way of
proving Mn21 PL. The search of materials with large hyste
esis offers alternative strategy of this phase at ambient p
sure, thus providing new ways for improving PL materials
the basis of high-pressure transformations.
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