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Photoluminescence and radiationless processes in Mn 2*_doped
Ca,_,Sr,F, fluorites as a function of pressure and temperature.
A structural correlation study
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This work investigates the photoluminesceriBé) properties of MA*-doped fluorites in Caf

BaF,, SrF,, and in solid solutions Ga,SrF,. In particular, we focus on the radiationless
processes leading to the surprising disappearance of té Mh on passing from CaF Mn?" to

Sri: Mn?* or BaR: Mn?*. 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 Ca_,SrF,:Mn?" (x=0-1) 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
E.(eV)=1.02—2.64 -5.46), witha(CaR) =5.46 A. It leads to a PL quantum yield enhancement,
which favors appearance of Mh PL even in the non-PL systems $StMn?* and Bak:Mn?*.
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. Z)03 American Institute of Physics.

[DOI: 10.1063/1.1611874

I. INTRODUCTION excited state and th¥A;, ground state of MA" in fluorites

The photolumi L . ¢ MA*-d q is almost twice that in fluoroperovskites. Besides, ‘tﬁi@g
e photoluminescend®L) properties of MA"-doped _ 55 by placed at 2.53 e¥490 nm in CaRy: Mn2*, de-

.MFZ (M=Ca, Sr, Ba fl_uorltes have bee_n matter of great cays with the longest lifetime ever measured among the tran-
interest because of their relevance as scintillators, phosphors: . — .
: : : sition metal ions =182 ms at 10 K and its PL quantum
and, in general, basic systems for the understanding of optl-ield is close to 1 g~1) at room temperaturéRT) (Refs. 1
cal materials:™ Particularly, these doped crystals are attrac” b )

tive since Mf* occupies the cation site of the fluorite struc- a_nd %6 H?we\é_er, the S;OkeSfSh'ft;/?r M@Fh's by fcontr_ast
ture with eightfold coordination, i.e., cubal complex MnF signi icantly \gger than - for ni—' t us  favoring
(Refs. 1, 61 (see Fig. 1 This coordination provides a multiphonon-relaxation phenomena in fluorites with respect
T : +Ad5,17 i

crystal-field (CF) at Mr2* which is lower than that attained © perovsk-|te§.. The competition between energy gap and
in sixfold octahedral coordination like Mfi-doped AMR Stokes shift will finally determine conditions for radiation-
(A=RDb, K, Cs; M=Mg, Zn, Ca fluoroperovskited! The less phenomena.

CF parameters, 10Dq, are about 0.5 and 1 eV for Nnﬁnd In connection with this processes, PL changes unexpect-
MnF¢ ", respectively, and, according to the Tanabe-Sugangdly along the fluorite series. Unlike CﬁFMI’IZH, the iso-
diagram for @ ions’2 are responsible for the green and redlated Mn~ complex in isomorphous SsEMn?* or BaF:

PL exhibited by MR* in these systems!3-6nterestingly, ~Mn?" is not PL either at RT or at any temperature at ambient
the Mr2* green-PL in the Mnf center is worthwhile for ~ pressure, respectively>*’ This surprising behavior is note-
studying nonradiative processes in isolated impurities sincgorthy for investigating nonradiative phenomena on the ba-
multiphonon relaxation phenomena areriori less probable sis of structural correlations given that the local structure
than in MnE~ red-PL systems, given that the number ofaround M#* is known from EPR and optical
phonons required to bridge the energy gap betweefihg  spectroscop§:!’

The aim of this work is to understand the microscopic

JAuthor to whom correspondence should be addressed. Electronic mai@rig_in_of the eXCited'St.ate relaxation phe;nomena leading to
rodriguf@unican.es radiationless process in Mnh-doped fluorites and how the
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FIG. 1. Types of crystal structure of MFM: Mg, Mn,

Ca, Sr, Ba compounds, and coordination geometry

around the cation in each phase. Values of the critical
pressure in upstroke for the rutile-to-fluorite and

fluorite-to-cotunnite are given in GPa. Structural trans-
formations of the systems under study involve impor-

tant changes of the cation site geometry. The local co-

8.0 GPa ordination at the cation site is shown at the bottom. It
Mng 14.0 GPa varies from sixfold coordinatior(rutile) to eightfold
< StF, -s52GPa —» (fluorite) and ninefold noncentrosymmetricotunnite.

MnF, 3.7GPa

1.7 GPa Note that the critical pressure for the fluorite-to-
cotunnite phase-transition decreases with the cation size

BaF,
& m ﬂ (Refs. 28, 34—3p

host crystal affects it. This knowledge is crucial in order todimensions: 108 80x 40 um®) were employed in pressure
control materials’ PL. For this purpose, we study the PL experiments. PL spectroscopy was accomplished by excita-
properties along the Ga,SiF,: Mn?" series by optical tion into the*A,4, “E4 excited state of MA" (Oy). Due to
spectroscopy as a function of pressure and temperature. Afhe extremely low PL quantum yield and lifetime of several
tention is paid to the variation of the PL intensity, , and  crystals of the seriesy=0; r~0 for SrF:Mn?" and
corresponding lifetimer, with temperature through the com- BaF,:Mn?* at ambient conditions we employed a high-
plete series of PL materials, and as a function of pressure igensitivity PL setup for measuring the PL lifetime and time-
both PL and non-PL systems. This procedure has shown tgsolved spectroscopy under pressz&re\ﬂoreover, these
be an excellent method to elucidate whether the loss of PiMn?"-doped crystals exhibit a weak PL even for high quan-
and the subsequent PL quenching on passing fronp CaFtum vyields given that the MrfF CF excitations {A;q
Mn?* to SrR,: Mn®** along the Ca_,SKF,: Mn** seriesis 4T} are spin and parity forbidden by the electric-dipole
due to the different nature of the host cati@e., C&" com- (ED) mechanism(oscillator strength~10~") (Refs. 16 and

pared to St* or B&"), or it is simply related to changes of 25) thus leading to very weak absorption peaks and long
lattice parameter withx, independent of the substituted |ifetime decays.

cation!1>18-20Besijdes, it can reveal whether non-PL mate-

rials can be transformed into PL simply by reducing the vol-

ume of the host site. Previous pressure experiments for. SrF [l RESULTS AND DISCUSSION

Mn?" and Baf: Mn?" demonstrate that the occurrence of o- photoluminescence of the Ca  ;_,SrF,:
PL is mainly related to the crystal volume. MnZ2* series at ambient conditions

Figure 2a) depicts the excitation and corresponding
emission(or PL) spectra for the luminescent materials of the

Single crystals of ME (M=Ca, Sr, Baand solid solu- Ca,_,SrF,: Mn?" series at ambient conditions. Excitation
tions Ca sSIy s> and Ca»sS1 74> doped with Mnk (1.0%  spectra have been normalized to the same intensity for com-
or 0.5% mo} were grown by the Bridgman technique as parison purposes. Note that the excitation spectra along the
described elsewher&!°The presence of isolated Mhions  series are very similar and consist of four bands, which are
at the cubal cation site (Mr@F compleX was checked by characteristic of Mfi" in a cubal coordination. Within this
electron paramagnetic resonan&®R (Refs. 15 and 283 cubic symmetry, the band assignment of Fig. 2 is given in

PL spectra and lifetime measurements at room pressufterms of electronic transitions from tﬁé\lg ground state to
were obtained using a ISA Fluoromax-2 fluorometer and alifferent excited spin-quartet statéE;. The values of the
Chromex 5001S monochromator with a Tektronix 2430A os-Racah parameters, B and C, and the CF parameter 10Dq
cilloscope, respectively. For lifetime measurements, thebtained by fitting from the excitation spectra of the whole
Mn?* was excited with the 407 nm line of a Coherent PL series are given in Table I. Note that the CF value,
1-302-K Krypton laser, which was modulated by a Newport10Dg=0.51 eV, is smaller than for Mri -doped fluoroper-
35085-3 acousto-optic modulator. Experiments in the 290-ovskites whose value varies from 1084.045eV in
750 K range were done on a Leitz 350 heating stage. For lolMgF3: Mn?" to 10Dg=0.854 in CsCaf: Mn?* (Refs. 11,
temperature$10—350 K, we used a Scientific Instruments 13, and 14 The different CFs at the M sites are associ-
202 closed-circuit cryostat and an APD-K controller. Hydro-ated with the longer local Mn—F distance in the fluorites
static pressure experiments were performed in a Diamon@Ry,,_r=2.26 A for Cak: Mn?") (Refs. 8 and 1¥than in
Anvil Cell (DAC; High Pressure Diamond Optics, IncA  the fluoroperovskites Ry,_r=2.07 A for KMgF;: Mn?*
mixture ethanol-methanol-water 16:3:1 was used as presnd Ry,,_r=2.15 A for CsCak: Mn?") (Refs. 11, 13, and
sure transmitter, and the pressure was calibrated through tHel). The 10Dq reduction by a factor two on passing from
Ruby PL?* Single crystals of MA"-doped fluoritedtypical ~ CaF,: Mn?" to KMgFs: Mn?" is consistent with a

Il. EXPERIMENT
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TABLE |. Emission and excitation energies, together with the associated Stokes shift, measured by optical spectroscopy alontiie Chin?* series

for x=0, 0.25, 0.50, and 0.75 at=290 K. The calculated excitation energies are given in parenthesis, together with corresponding Racah parameters, B and
C, and the crystal-field, 10Dq, parameter. The C/B ratio was obtained from the two 10Dq-indep”(it\rgerﬁEg (G), and“Eg(D) energies, while B and

10Dq derived by fitting using all transition energies. The Trees and Seniority parameters for wame kept fixed:a=8.3 meV (67 cm?') and Q
=—-16.2meV (131 cni'l) (Ref. 13. The fluorite lattice parameter of each crystal determined from x-ray diffraction is also ino|Re&d15.

Emission ‘Arg, “Eg(*G) B (eV) C(eV) 10Dq(eV) Stokes shift
x a) (ev) Ti("G)  “T(*G) (ev) (‘D) “Eg('D)  “‘Ty(*P) (em™) (em™h)  (em™)  (eV)/(ecmh)
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) 370 (382 760 3310 4150 2200
0.25 556 2.48 2.83 3.10 3.15 3.69 3.90 0.095 0.413 0.524 0.35
(2.84 (3.1 (3.19 (3.63 373 (389 765 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
(2.8 (3.1 (3.189 (3.64 373 (383 765 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 (3.8) 765 3335 3775 3100

Rwn_~dependence of 10Dq on the basis of 16E¢R,,> - ambient conditions, boths, and r decrease by a factor four
and considering that 10Dg(CubalB/9 10Dq(Octahedral) for x=0.75 and disappearl 4 ~0 and r=0) for SrFk:

(Refs. 19, 26, and 37 So that Mn?* and of course for Baf Mn?* (Refs. 15, 17, and 21
N2t 7 decreases with the strontium fraction from 56 to 16 ms on
1ODqCa5.Mn 23 = 0.51 =0.49 passing fromx=0.5 tox=0.75, and the general behavior of
10Dq KMgF3:Mn“")  1.045 7(x) shows a close correlation withy (x). Nevertheless,
8 [ Ryn_(KMgF3)\® 8(2.07\5 such a correlation betweel, an 7 is not shown by the
~ §<m =§(72;) Stokes shiff Table I), whose value increases along the series:

Abruptly from x=0 to x=0.25 and slightly fromx=0.25 to
=0.57. 1. An adequate description of the PL behavior requires

The compound series exhibits a unique PL band, which L%emperature-dependence studies, and especially when, as we

associated with the same M§iFformed complex. This band rsnh;)l:/v ;ittei)\:é:gg nonradiative PL-quenching process is ther-
occurs at 2.53 eM490 nm green-PLin contrast to the y ‘
red-PL of MnE~ in the fluoroperovskite§l.45 eV} and is a
consequence of the smaller CF in the fluorit€able ). The
fit 10Dq parameter and its variation along the sefieble )
follow the variation ofRy,_r given elsewheré’ Figure 3 shows PL lifetime measurements for €aF
Aside from this, the MA" PL in fluorites is noteworthy. Mn?* at temperatures from 10 to 750 K. This figure shows
Although the excitation spectra of Fig. 2 and Table | imply that the PL strongly depends on the temperature and thermal
that the local structures of Mf are similar along the series, quenching takes place above 600 K. The analysis(di)
the PL intensities and lifetimes show a surprising behavioindicates that there are several distinguishable contributions
[Fig. 2(b)]. While the PL is similar fox=0, 0.25, and 0.5 at to the thermal evolution of théA,,—*T;, de-excitation

B. Variation with temperature
1. Photoluminescence and lifetime in CaF ,: Mn?*

T(® 4T (D) ‘E(D) FIG. 2. (3) Variation of the emission
¢ ¢ (b) (photoluminescenge(thick line) and
excitation(thin line) spectra along the

4Tlg(4G) j“Alg,“Es("G) J "Tlg(‘P) fin ne) sp
y y y Ca,_,SrF,: Mn“" series k=0, 0.25,

T ' — T ] 100 P T Ty e 0.50, 0.75, and Jlat room tempera-
ture. Bands are assigned to crystal
field transition within the MA™ cubal

80 |

coordination Oy symmetry accord-
ing to the Tanabe—Sugano diagram for
d® ions (Table |). (b)Variation of pho-
toluminescence lifetimer(x) along
the Ca_,SLF,: Mn?" series. The
photoluminescence time dependence
or follows a single exponential behavior
and the lifetime was obtained by fit-
T=2%0K ting the decay curvép (t) to the ex-

»
n
S

PL Intensity

PL Lifetime (ms)

20r ] pressionl p (t)=1p.(0) e ¥". The in-
x=0’75$\ set shows the variation of the emission
x=1 spectrum along the series under the
or Ll 1 same excitation conditions. The inte-

PR IR E P I R SRS RS S SR ' ' ' ' ' fara A1 )

2 25 3 35 4 O 02 04 06 08 1 12 14 grated intensity obtained from the PL
) ’ ' S'tmm'ium F.raction, X' ’ spectra follows the same behavior
Photon Energy (eV) with x than the lifetimer(x).
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process and~ (T). These can be described by two radiative 50— T T T T T ]
and one nonradiative term through the equatiéh: [ i /Ww ]
- - - 200 le 1
T 1:Trac]1-(T)+Tno]f1—rac{T) — [
£ [ ]
PR o, o 150[ oy ]
=To +TEDC0th_2kT+WNR(T)- (2) E i A ]
g L ]
The two radiative terms represeiil) the temperature- E 100; ]
independent transition rate, including contributions from thed i
magnetic-dipole(MD) as well as ED components due to S0t ]
noncentrosymmetric static distortions, ar@ the ED ]
vibration-assisted mechanism, whetg is the ED rate from 0, '1(')0' '2(')0' '3(')0' '4(')0' '5(')0' 600
zero-point vibrations ando, is the vibrational frequency.
This term enables PL de-excitation through the ED mecha- Temperature (K)

nism in isolated centrosymmetric transition—metal

fcomp:;a_xe_é IThe third no;gg'?t'vﬁ term contains the rﬁte Mn2*. The solid line represents the least-square fit to @y. The figure

or ra |.at|_on €ss processes. n t. e present SyStem§’ the illustrates the three different contributions to the variationr@f) in terms

nonradiative rates are well described by an Arrhenius-typ@ their associated transition rates:}(T) = 7,,(T) + 7%, ,.{T), where the

law wygr=p exp(—E,/KkT), whereE, is the activation energy radiative rate is given by, j(T) = 75 '+ 7z Coth(h @ /2kT) while the non-

and p is the associated rate. Equati¢h) implies that all radiatiyf rate iffln'oln.@JlT)=Wn1Rl(T)=p-6Xp(—Ea/kT)- The fit parameters

these systems experience radiationless de-excitation upon i€ 7o =225, 7e5=335", fiw,=20 meV, p=8.4x10°s", and
. . . ; E,=1.010eV.

creasing temperaturép (T) is related to this mechanism

throughrfaé(T) and the PL quantum-yieldy, as

FIG. 3. Variation of the PL lifetime with temperature(T), in Cak:

T_l

_1 —1 rad
LpL(T) % Thad 7= Trad =T~ EL7KT 2 o
Trad TP € =1.017-0.93%. Or analogouslyE, is linearly related to

wherer,,} is proportional to the integrated band intensity of the lattice parametea, taking into account the linear depen-
the °A,;—*T,, band in the optical absorption spectrum. ~ dence ofa andx asa(x) =0.35x+5.46 (Ref. 13 So that
The long lifetime measured at low temperature,Ea(2)=1.017-2.641a—5.46] (in eV and A units forE,
7(10 K)=186 ms}'>?%js consistent with the doubly spin anda, respectively. A salient feature of the present work is
and parity forbiddances of thBA;;—*T,, transition and the strong dependence of the pre-exponential faqgbor,
characteristic of isolated M impurities¢:2°-27 with either x or a. This parameter varies exponentially
Similar thermal behaviors of the PL are also observedalong the series according to Fig.(bp as: p(x)=6.5
for the Ca_,SKF,: Mn?" series, although the parameters - 10° exp(—9.9%), or p(a)=6.5-10° exd —28.1@a—5.46)].
involved in Eq.(2) vary with x, i.e., the strontium content. These results indicate that PL properties and quenching
along the fluorite series can be explained on the basis of Eq.
2. Photoluminescence quenching along the fluorite (1) with parameter€, andp depending on eithex or a.
Cay_,SryF,: Mn** series The question arising at this stage is whether the variation

The PL along the series can be accounted for on th€f Ea along the series is due to the different chemical nature
basis of findings in CaE Mn2*. Figure 4a) depicts the Of the host cation either €& or SP* (or B&™) or it is
Ip(T) curves and the Correspondingfl(T) curves in a directly related to the host crystal size, i.e., the lattice param-
wide temperature range around the quenching temperatureter. To determine which, we performed pressure experi-
PL quenching occurs at a different temperature for each crygnents for selected compounds of the series.
tal, as found previousl? Nevertheless, in this work, we
report precise measurementslgf(T) and «(T) around the
PL quenching and interpret them in terms of Eds.and(2).

; 20
We have prewously showft®” that the decrease OEL(T) TABLE II. Fit parameter€,(x) andp(x) derived from variations of the PL

follows Eq. (2). In fact, the W[Ig™1p(T)]—1] is linear intensity with temperature through the [Lh¥"*/15 (T)]—1] vs 1T plot
with 1/T thus providing the values dE, directly. The so (Refs. 19 and 20and from variations of the lifetime with temperature

determined values are given in Table Il and Figa)5The  through ther }(T) vsT plotin Ca_,SrF,: Mn®" for x=0, 0.25, 0.5, and
proposed de-excitation mechanism is also confirmed by th@75LFig. 4b)}

variation of 7~ *(T), whose experimental data and corre- PL lifetime

sponding fits to Eq(1) are given in Fig. ). In contrast to Stcrgr?tt(iel;T Acg\ll_ait?éin;rilt()e/rgy Pre-exponential factor Activation energy
I (T), 7~ X(T) not only provides the activation energy in- )

-1
volved in the nonradiative process but also on the de- Fs (V) P Fa (&Y)
excitation ratep. We obtain similarE, values either from 0 1.0810 4(2)x10° 1.01(10
| p(T) or 7~1(T), thus providing model consistenc¢yable 00'255 g'igig 21'14(573;;11%97 8'2388
II). From the data analysis we conclude tEgt varies lin- 0.75 0'.30210) '4(2')><106 0.34(10)

early with the strontium content along the seriesEgéx)
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(a) ’::\ ey ass st (a) Lattice parameter, a A)
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2L o =075 1 S L5 — = T T —
_g R ‘. \ 4. .x=0 1 ) F PUPTP
a ® ] L <
é:‘ v"’ 0: -l A ] _ LT-]:“ i 55‘75 4=546+035x
L S0l |
s 3 \ . ] g2 0 T -
[ ] s =
E .’. % LR [sa} [ N “ e S VR R TR TR
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5 [ WV g "}* '
o % \_“ . 5 oost T ]
E L L L \ ' I k’l N g ' + \-'~~
= 0 100 200 300 400 500 600 700 s %;
Temperature (K) <
(b) 00 Lo e
’ 0 0.2 04 0.6 0.8 1
Strontiun fraction, x
T (b)
ot 3 Lattice parameter, a A)
g ] 30 .5'.46. . .5'.53’. |5.|60| .5‘,67. .5‘.74. _ 581
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FIG. 4. (a) Variation of the integrated PL intensity with the temperature, I
Ip(T), along the Ca ,SKF,: Mn?" series. Note that the PL quenching 10 L L L L L
takes place upon heating at a different temperature for each compound. Th 0 0.2 04 0.6 0.8 1

higher the strontium content, the lower the quenching temperature. The
decay oflp (T) of each compound follows an Arrhenius-type behavior,
characteristic of nonradiative de-excitation processes. The analysis of the|g. 5. variation of the(a) activation energyE,(x), and (b) logarithm of
Ip(T) quenchingRefs. 19 and 20provides the activation energiés, [see  the preexponential factor, Lp(x), with the strontium fractionx, along the
texlt and Fig. 8a)]. (b) Varlatlonzof the reciprocal lifetime with temperature, Ca_SKF,: Mn?* series. An analogous variation as a function of the lat-
, . ) o . ) ;

7 (T), in the Cq_,Sr,F,: Mn™" series. Lines represent fits of the experi- (ice parameterE,(a) and Lnp(a). The transformation takes into account
mental data to Eq(1). The variations are consistent with ﬂj‘f de-excitation yhe jinear relation betweem andx through the expression given in the inset
rates described by E¢L), and|p (T) data of(@). The fits of7~(T) t0 EQ.  (Ref 15, Squares and circles represent data figp{T) and 7~ X(T), re-

(1) provide the activation energie§,(x), but also the pre-exponential fac-  gpectively (see text The straight dotted lines correspond to linear least-
tors, p(x), involved in the Arrhenius law governing the radiationless pro- square fits. The activation energy, is found to follow equatiorE, = 1.02
cess. Table Il collects the paramet&ig(x) andp(x). —0.93x, i.e., E,=1.02-2.644—5.46) and the pre-exponential factor:

p(x)=6.510e~%°*or, equivalentlyp(a)=6.5 1Fe 281 @-546),

Strontium fraction, x

C. Pressure spectroscopy in Mn  2*-doped
Ca,_,Sr,F,. Structural correlations o ) ) ) )
Gruneisen parameter associated with the enabling mode is

similar to y=1.34 corresponding to the Ramag, mode for
Figure 6 reports the pressure experiments on the mostaF, (Ref. 28. This assumption likely provides an overesti-
efficient of these PL materials. The PL lifetime is the appro-mation of the pressure-variation #w, since, in generaly
priate parameter for the present study since it can be directlfor stretching modes is usually greater than for bending
related to the microscopic model through E#). modes?® Actually, the observed increase ofP) can be ex-
Figures 6 and 7 show the variation of the PL spectra angblained taking into account an additional contribution asso-
corresponding lifetimes as a function of pressure in £aF ciated with an enhancement of the vibration-assisted ED
Mn?" and Cg Sy &F»: Mn?". These systems are interesting transition rate,rz3, by the reduction oRy,_¢ with P.2% In
since~1 at ambient conditions, i.ewyg~0, according to fact, a shortening of the Mn—F distance will increase the
their respectivep andE, values and Eq(2). The PL spec- F -to-Mn?* charge-transfefCT) energy leading to a reduc-
trum of Cak: Mn?* does not vary significantly with pres- tion of the“Tlg PL state mixing with odd-parity CT states,
sure. As Fig. @) shows, the transition energy slightly shifts which are responsible for the ED enabling mechanism
to lower energy from 2.53 eV at ambient conditions to 2.52through vibrational assistance.
eV at 4.3 GPa. However,(P) increases from 86 ms at am- The experimentat~1(P) data can be accounted for by
bient pressure to 96 ms at 5 GPa. The increasiaqf with including a pressure-dependent ra@(P): rng(O)—a P
P cannot explain the observed variation in terms only of then Eq. (1) wherea is a positive value and the minus sign is
Coth(fh w,/2KT) factor. This term is estimated to account for related to the pressure induced reduction of the transition
not more than 50% of such variation if we assume that therobability. The 7(P) curve shown in Fig. @) for CaF:

1. Highly efficient materials
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(a) RN E A PR R BT EEERT RS P (b)
3 27 ¢ upsoke ]
% FIG. 6. () Variation of the PL spectrum with pressure
] = 25¢ H\#—ﬁ“ 1 for CaF,: Mn?* at room temperature. The straight line
o is a guide for the eye(b) Variation of the PL energy
2 A F ] with pressure(top) and corresponding lifetime with
% 1 & 23 ks ) ) ) ) pressure(bottom. The solid line represents the fit of
é 110 p—r : : : : experimental data to the expression *(P)=r,*
B —_ F 3 +(TEDl(O)*a P)Coth A w,(P)/2kT]. The fit param-
~ 4 1 g 100f E eters are 7,'=2.6s! 75(0)=35s! o«
: b 2 E =0.16 s GPa ! and Zw,(P)=20+0.45 P (units in
1.2 GPa I g wf / E meV and GPa, respectivelyin this system the nonra-
[ 1] @ E E diative transition rate isvyg=~0 in the whole pressure
3 80 £ E range(see texk
2 | ]
1 ] 70 1 1 1 i { 1

22 2.4 2.6 2.8

Photon Energy (eV) Pressure (GPa)

Mn?* was fit to Eq.(1) with «=0.16 s 1 GPa *. This value transition with the presence of noncentrosymmetric CF at the

is consistent with the proposed model taking into account th&&* or Slzf sites in the cotunnite phase, which enables the
variation of the CT states with the local distance as obtaine@D mechanism.
from MS—Xa calculations performed on the MEF

complex30-32

A pressure-induced enhancement «P) takes place | o efficiency materials: Pressure-induced
also in the compound GaSr, sF»: Mn?*. Nevertheless, the photoluminescence
main feature of the variation of(P) in this system is the
fluorite-to-cotunnite structural phase-transitioffFig. 1). Figure 8a) shows the variatiorr(P) in the weakest PL
Apart from Raman, phase-transition is evidenced by PLCrystal of the series: GasSro 74: Mn?". Aremarkable fea-
through the abrupt variation of both(from 56 to 13 mgand ~ ture is the surprising PL enhancement experienced by this
the abrupt redshift of 0.11 eV &=5.2 GPa in upstroke. A Crystal upon pressure(P) changes from 16 to 50 ms in the
similar but opposite variation is observed at 2.2 GPa infange 0—4 GPa range, reaching the PL properties attained in
downstroke, thus indicating a pressure hysteresis of 3.0 GP&a5ShsF2: Mn?* at ambient conditions. The behavior of
Interestingly, the lifetime decrease in the cotunnite phase i§(P) in this pressure range can be accounted for on the basis
not associated with an increase of radiationless phenomer®d Ed- (1) by replacingE,(P) by the corresponding.(a)
given thatlp, does increase with pressure along with thisthrough the Murnaghan equation of stéfDS):>°
phase. The loss of inversion center in the ninefold coordi-
nated Mn%‘ in the cotunnite phase can explain this feature. V=V,

’ -1/B’
- 1+—P) . 3)
Therefore, we associate the decreaser@P) at phase- Bo

(a) IEERY RERAP ALY RERZE Lo R ERELLY RELEN LRSRS B (b)
—_ 2.6 . . - -
> Fm3m W upstroke
\q._)/ £ 3 GPa ® downstroke
Zy 25k \
e
) E
_L“’ 24 F FIG. 7. (a) Variation of the PL spectrum with pressure
S 2 for Cay Sty sF»: Mn?" at room temperatureb) Evo-
2 3 55 lution of the PL energytop) and corresponding lifetime
% A TR (bottom) with pressure. The abrupt jump &{P) and
= 7(P) observed aP=5 GPa in upstroke corresponds to
: . sol the occurrence of the fluorite-to-cotunnite phase-
A~ é’ transition. The reverse behavior is observed Rat
5 =2 GPa in downstroke thus indicating a phase-
E st transition hysteresis oAP=3 GPa. Lines are guides
;a} for the eye and show the pressure runs.
5 o20f
=
A& of
0 | i Phtée coe)gisle’x'xce
2 2.2 2.4 2.6 0 2 4 6 8
Photon Energy (eV) Pressure (GPa)
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The line of Fig. 8b) has been obtained from that EOS using S L
Vy=5.46 A%, B;=73.4 GPa, an®’' =5 (Refs. 22, 28, and 60 [
33). The fair agreement between calculated and experimental
7(P) confirms the volume dependencemf irrespective of

the composition of the host crystal. Therefore, we conclude 40 £
that the variation of Mf* PL along the series must be as- g ]
cribed to the change of volume provided by replacingCa 0 b 3

for SP*.

7(P) decreases from 60 to 14 ms just above 4 GPa.
However, this decrease is not accompanied by a loss of PL; ok
indeed I p (P) increases above 4 GPa. Asidg (P) and N — L
7(P), the PL change is also evidenced by an abrupt redshift 0 2 4 6 8
of the PL band by—0.16 eV as it is shown in Fig.(B). (2) Pressure (GPa)

Analogously to findings in GaSrty F»: Mn2*, this PL be- —— — ——
havior is associated with the fluorite-to-cotunnite phase- AE=016eV
transition at 4.0 GPa in upstroke for the present system. Cay 558ty 75F,: Mn?*

The relevance of the cotunnite phase to enhance PL
properties in the title materials was previously pointed?ut.
The occurrence of this high-pressure phase is responsible for
the appearance of Mii PL aboveP=7.5 GPa in Bak:
Mn?* which is not PL at ambient pressufelf this phase-
transition did not occur the critical pressure required to in-
duce Mrf™ PL within the fluorite phase of BaHs estimated
to be P=30 GPa according to Eql) and the structural cor- L
relations established in Fig(l® and Table I. As we will see 1.8 2 22 24 2.6 2.8
later, this pressure in BaFoughly corresponds to a critical (b) Photon Energy (¢V)
lattice parametera,=5.75 A, i.e., a relative volume reduc-
tion of AV/V =—22%. In conclusion, M#"™ PL in the fluo- FIG. 8. (a) Variation of the PL lifetime with pressure in €&Sr 74>:
rite phase in Baf: Mn?* is possible whenever the host crys- Mn°" at room temperature. The abrupt jump dfr=40ms at P

. " . . =4.0 GPa corresponds to the fluorite-to-cotunnite phase-transition. The
tal fulfills the conditiona< ac- Accordlngly, the main reason solid line in the fluorite phase corresponds to calculat@él) values from
for pressure-induced PL in the cotunnite phase in BaF Egq. (1) using parameterg,(P) andp(P) given in Fig. 5 by renormalizing
Mn2* at moderate pressure is the important volume reduclattice parameter values to pressure through the Murnaghan’s equation of

tion of 10% attained at the first-order phase-transitiofPat State given in Eq(3) with Bo=73.4 GPa an®’ =5 (Refs. 22, 28, and 33
Although 7 decreases at 4.0 GPlg, (P) increases at and above this pres-

=17 GPa(Flg. D. . sure.(b) PL spectrum of CgySky 74> Mn2* taken above and below the

Interestingly, the non-PL SgF Mn?* at ambient pres- gitical pressureP=4.0 GPa. Note the abrupt redshift 6f0.16 eV expe-
sure becomes PL in the fluorite phase ab&w3.8 GPa in  rienced by the PL band on passing from the fluorite to the cotunnite phase.
upstroke2.1 Above this pressure the conditia(P)<a, for The PL_ spectrum of CgF Mn2?* at ambient conditions is included for
the occurrence of the M PL truly holds. Like Bak: comparison prpases.

Mn2*, PL enhances upon phase-transition to the cotunnite

phase aP=4.0 GPa. Interestingly, Mi' PL persists in the

high-pressure cotunnite phase in downstroke due to the hig4). The curves were calculated from Ed) using the same
phase-transition hysteresis. However, PL disappears belomonradiative rate termwyg, for both phases but changing
the phase-transition pressure in the recovered fluorite phaske radiative raterr, *=2.6 s * and rz2=3.5-0.16P (in

at P=1.7 GPa. A complete account of this PL phenomenons ! and GPa units for the fluorite phase, andrgl
was reported elsewhef&34 =775s* (75*>23) for the cotunnite phase. As we sug-

A salient feature is that the PL propertigg(T,P) and  gested above, the increase@';j1 in the cotunnite phasg.e.,
7(T,P) along the series as a function of temperature andeduction ofr,,g is due to odd-parity components of the CF
pressure can be accounted for on the basis of (Egby in the ninefold coordination geometry attained at the cation
renormalizing the Sr contenk, or the pressureP, to the site in the cotunnite phadéig. 1). The increase of the ED
lattice parametera. Figure 9 displays the calculated(a) transition probability thus reduces(P) but increases
curve together with the experimental data obtained along this (P). This model explains why the decreaserP) ob-
series at ambient pressure and from pressure spectroscopyerved in Cg,sSty-4: Mn?" above 4 GPa is associated

It is worth noting the adequacy of E¢L) to explain the  with an increase ofp (P), in contrast to findings along the
PL properties of the present systems not only in the fluoriteseries at ambient conditions. In the former case PL changes
phase but also in the cotunnite phase. The calculaedl  are related to noncentrosymmetric CF at the cotunnite phase
curves are referred to a distinct abscissa axis for each phagbat mainly affects the ED radiative rate. In the latter situa-
The lattice parameter in the cotunnite phaBafng (Ref. tion, PL changes are governed by nonradiative processes,
18) was derived from the corresponding orthorhombic pa-which mainly rely on the host crystal volume, but keeping
rametersa, b, andc, using:a.,=(abd2)'® (Refs. 28 and the cubal symmetry at the cation site. Therefore, either an

PL Lifetime (ms)

< CaF,: Mn?"

PL Intensity
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Lattice parameter, a (A) fiesE, and induces a phase-transition to the cotunnite phase
6 59 58 57 56 55 54 53 52 with an important volume reduction C¥ynnie/ MOI~0.9
T T LU T

[ Xz‘ OH R P S Viuorie/ mol) (Refs. 28, 34, and .35 .

100 £ VoV v oV . We have shown that PL efficiency along the series as a
= P Ca SrF,: M Fluorite ] function of pressure and temperature is mainly related to
g 5 . Fmimy ] changes of the nonradiative rate throygland E, irrespec-

E 50 [ [n e Hydostatic Pressure Cotunnite tive of the fluorite or cotunnite phase. We describe the asso-
o F Chemical Pressure S(‘;,“:;j;j ] ciated nonradiative transition rate through an unique expres-
= g ] sion for all these systems in both phases. The increase of PL,
= ; Jz ] i.e., increase oE, and decrease df, is due to the reduction
0O t—— Pfi . . . . . .

'\ - SIF, 1 - ] of the cation host size either along the series or in the cotun-

FBaF, —— —— CGaS ] nite phase in comparison to the fluorite phase. Therefore, the

6 59 58 57 56 55 54 53 52 PL decrease by increasing volume is interpreted as the

a A MnF§~ unit has more space to distort in the excited state,

cot

thus leading to a higher Huang—Rhys factor along the series,
FIG. 9. Variation of the PL lifetime with the lattice parametefa), mea-  as it is revealed by the increase of the Stokes Shift on pass-
sured as a function of the strontium fraction, along the Ca ,SrF;: ing from Cak to SrF, or Bak,. The reduction of the elec-
Mn®* and Baf: Mn”" and from pressure spectroscopy at room tempera-yqnic transition ratep, is likely associated with an effective

ture in both the fluorite and cotunnite phases. Lifetime dét) are repre- ducti f th | . . ible f h
sented as a function of the lattice parameter for the fluorite and cotunnité® uction of the electronic interaction responsible for the

phases. In the fluorite phasg€a) has been obtained through the linear nOﬂradiatiV94T1g—>6Alg relaxation. The increase of the
dependence o with x for the seriegdiamonds, and through the corre-  Jahn—Teller effect in the excited state with increasing vol-

sponding EOJEq. (3)] in the hydrostatic pressure experimeiiticles. ume can probably account for this efféetam effect. Work
The squares represent the lifetime data in the cotunnite phase. They ar

referred to the abscissa,, representing the effective lattice parameter in zﬁong this I_me IS Cu”e”“Y in progres_s. .
the cotunnite phase, defined as,=V"3=(3a-b-c)"3 wherea, b, andc According to correlations established between the acti-

are the orthorhombic lattice parameters. Solid lines have been calculated@tion energy,E,, and the crystal volumey (and subse-
through Eq«(1) using parameters obtained from intensity and lifetime mea-quently the lattice parameteg) along the Ca_,SrF,:
surements performed along the series as a function of the temperature  \jn2+ series, the structural requirement to induce2MiPL

in difluorides irrespective of the host crystal structure is a

crystal volume smaller than 29 émol~!. Therefore, we
increase or a decrease ofP) is always accompanied by a could induce PL by applying pressure whatever the lattice
proportional change dfp (P), i.e., quantum yieldz(P). parameter decreases below the critical vahg,=5.75 A.

Interestingly, these results clearly point out that the PL  The pressure-induced phase-transition has revealed the

quenching of MR™ and the variation of, along the series cotunnite phase as an efficient structure for PL to occur. The
are not directly associated with the different chemical naturgphase-transition also affects the radiative ED transition rate,
of Ca, Sr, and Ba, but related to the crystal volume per molrz3, because of the low-symmetry CF at the impurity site.
ecule. Consequentlyp (T,P,x) and 7(T,P,x) are well de- The volume reduction involved in the fluorite-to-cotunnite
scribed as a function of eithd@ror P or x through Eq(1) by  phase-transition favors PL recovering even in non-PL mate-
renormalizing pressure data and series results to volumeials like SrR: Mn?" and Bak: Mn?*. This phase-
Ip(T,V) and7(T,V). Moreover, the radiationless rate is de- transition and particularly the stabilization of the cotunnite
scribed by thermal activated processes with pre-prephase at ambient conditions can be an attractive way of im-
exponential factor and activation energy depending only oproving Mr?* PL. The search of materials with large hyster-
the crystal volume using theame parametersn both  esis offers alternative strategy of this phase at ambient pres-
phases. This noteworthy result suggests that the nonradiatiwire, thus providing new ways for improving PL materials on
processes rely on the specific volume irrespective of the locahe basis of high-pressure transformations.
structure around the MiA impurity. It turns out that nonra-
diative multiphonon relaxation can be strongly reduced inACKNOWLEDGMENTS
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