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Fluorescence decay curves for thé,— °®H,, transition of Sm* ions in lithium fluoroborate glasses for
different lanthanide concentrations have been measured as a function of pressure up to 21 GPa at room
temperature. At ambient conditions, for 0.2 mol % of 8ma single exponential completely describes the
fluorescence decay curve. On the contrary, in the case of 2 mol % f,Sardistinct nonexponential behavior
is observed, indicating that energy transfer processes only occur for higher concentrations in fluoroborate
glasses. With increasing pressure the fluorescence decays show a more pronounced nonexponential behavior,
even for the sample with low concentration, accompanied by a fast decrease of the lifetimes. Cross relaxation
between Smi" ions can explain the energy transfer processes, for which migration does not play a relevant
role. A generalized Yokota-Tanimoto model has been used to explain this behavior. For the first time, the
lifetime and the energy transfer parameter have been obtained and analyzed independently as a function of
pressure. Moreover, their contributions to the luminescence intensity also have been analyzed.

DOI: 10.1103/PhysRevB.66.064207 PACS nuniber78.55—m, 62.50:+p, 78.47+p, 42.70-a

I. INTRODUCTION even produce a complete quenching of the emission of the
lanthanide ions.

Research on glasses doped with lanthanide ions have fo- The Sni* ion is one of the most interesting cases to
cused a great deal in the last 30 years on the design of nemnalyze energy transfer processes since its lowest emitting
optical deviceg, due to their similar optical properties and level *Gg;, has a relatively high quantum efficiency and
easier fabrication compared to crystalline matrices. The inshows different quenching emission channels. The concen-
terest in fluoroborate glasses is due to their high ioniaration quenching of thé'Gg, fluorescence has been ana-
conductivity? the short-range order around network-forming lyzed for different glasses, such as germarfiatmrate®
borons, the “anomalous” dependence of their structure orfluorozincaté! or fluoroborateé?? and crystals® Several cross
the molar fraction of oxide modifiersand the particular role  relaxation processes between Bnions have been invoked
of the fluoride ions in the formation of the three-dimensionalto explain the temporal evolution of this fluorescence.
network"® and in the local structure of the lanthanide ins.  Despite the exhaustive study of the fluorescence of crys-

Two main changes in the optical properties of the lan-tals doped with S (Refs. 14—15and Smi* ions"?as
thanide ions can be induced by applying pressure to the maressure calibrators, only two recent works are devoted to
trix. On one hand, a red shift of the transition between mul-analyze the effects of pressure on the fluorescence &f Sm
tiplets of the 4N ground configuration, associated with a ions in glasses, both focusing on fluoroborate glags&s.
decrease in the lanthanide free-ion atomic parameters, anforeover, very few works were concerned with energy
on the other hand, an increase in the fine Stark splitting ofransfer processes under pressure, i.e., Hayes and
these multiplets, related to the enhancement of the crystaBrickamef® studied the energy transfer between ligands and
field interactions with the # electrons of the lanthanide ion. lanthanides (E%if, Snt*,...) in molecular chelates by ana-
The former can be correlated with an expansion of theyzing their luminescence and, more recently, Wamsley and
4f-electron wave functions with increasing covalency, whileBray** applied the Inokuti and Hirayama moéto describe
the latter is ascribed to a change in the sum of various intetthe energy transfer in &r:Tm3*:YAG (yttrium aluminum
actions such as covalency, overlap or Coulomb interactiongarne} under pressure. However, to our knowledge, this is
between the # electrons and their ligands. These contribu-the first work that studies the energy transfer processes be-
tions can be modulated by changing the distances and bondieen Sm* ions under pressure by analyzing the evolution
angles under pressufé Similarly, from the point of view of  of the fluorescence decays. The decay curves and the emis-
the interaction processes between lanthanide ions, the dimision intensities of théGg, level in fluoroborate glass doped
ishing of the matrix volume changes the distances amonwith 0.2 and 2 mol % of S/ ions has been measured and
ions in the matrix and, hence, plays an important role in theanalyzed as a function of pressure up to 12 and 21 GPa,
energy transfer processes. Actually, decreasing distances cegspectively.
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Il. THEORY TABLE I. Values for the Padapproximant coefficients in Eq.

. . . L (5) for different multipolar interactiongafter Ref. 26.
When the interactions between optically active ions are

negligible, the decay of the fluorescence curves can be fitted ¢ a a, by

to a single exponential and the lifetime can be calculated

straightforwardly. However, when the concentration is large 6 10.866 15.500 8.743
enough the interaction between optically active ions becomes 8 17.072 35.860 13.882
important and energy transfer processes from a doewr 10 24.524 67.909 20.290

cited lanthanide ionto an acceptofnonexcited lanthanide
ion) have to be taken into account. In this situation the fluo-

rescence decay, which is proportional to the probability that avherea,, a,, andb, are the Padepproximant coefficients
donor is still excited after pulsed excitationtat 0, is given  that depend on the multipolar character of the interaction
by (see Table)land

Na B _
|<t>=|(0>exp{ - E] JI exp—tWosROL (@ X=DCpit" % ©®
K=1

whereis the lifetime(including radiative and multiphonon where D is the diffusion coefficient that characterizes the

deexcitations N, is the number of acceptors, aiédyA(Rk) energy transfer processes between donors,

is the energy transfer probability between a donor and an From Eq. (5), assuming a dlp(_)le-_d|pole interactiors (
. =6) the Yokota-Tanimoto expression is reproduced, whereas
acceptor separated by a distariRie.

The situation described by Eq1) allows the donor to the Inokuti-Hirayama expression is obtained when the migra-

decay via intrinsic deexcitatioftharacterized by) and via tion between dono_rs is negligibl®E0).
In the models given by Eq$3) and(5), energy transfer
transfer processes to acceptors. . )
. . X due to cross relaxation processes between (aashown in
If a multipolar interaction between donors and acceptor

: . - %:ig. 1 for Snt* ions are well described, regardless of
is considered, the energy transfer probability can be X hether these processes are assisted or not by phénoms

pressed by resonant and resonant processes, respectivelyually, in
(S energy transfer processes assisted by phonons the value for
Wpa(Ry) = —bA ) theCp, parameter, and hence the transfer probability and the
DALMK S .
Rk Q parameter, are much more lower than those in the resonant

i situation. Moreover, if the distance between optically active
where S=6, 8 or 10 depends on whether the dominantiy,g gecreasédue to an increase in the pressure or in the
mechanism of the interaction is dipole-dipole, dipole-y,hing concentratiorthen one may expect an increase in the
quadrupole or quadrupole-quadrupole, respectively, and g narameter and, as a consequence, faster fluorescence de-
process is characterized by the microscopic paran@igr. cays. ' ’
~ From Eq.(1), and considering a small number of excited 'on the other hand, in the generalized model given by Eq.
ions compared to the total number of active ions, Inokuti anc{5) the energy transfer processes between donors, character-

Hirayam&® obtained ized by the parametdd, are also taken into account. If these
processes are efficient, the energy could migrate among the
I(t):I(O)exp{ _ E_Qts/s} 3) don_ors until a nearby acceptor i_s reached a_nd may result_ in
T ' an increase in the transfer efficiency. Even in samples with

) o only one type of lanthanide ion, playing the roles of donors
whereQ is the energy transfer parameter and is given by  anq acceptors, the cross relaxation and the migration pro-
cesses could compete.
(C19)3s 4) It is worth noting that the Eqg3) and(5) are only valid
pAT for the special case of pulsed excitation and a random distri-

. ) . ) bution of optically active iongdonors and acceptorin the
whereC, is the concentration of acceptors, which practlcallysamme. It is so because there is not enough time during the

coincides with the total concentration of lanthanide ions a”‘iaxciting laser pulséof the typical order of risfor the donors
I'(x) is the gamma function. o to transfer to other iongdonors or acceptoysso they are
Taking into account also the migration procesgensfer  gijj| kept randomly distributed. However, in other experi-
betw;eﬁen donors, as shown in Fig. 1 for Srions), Martin ments the decay curves are obtained once the system has
etal™ obtained a generalization of the Yokota-Tanimoto eached a steady state after a long period of excitation, in-
e.xpressm?-? for the emission intensity versus time for any stead of a pulsed one. Such a situation is given, for example,
kind of multipolar interaction, i.e., if the excitation is carried out using a continuous laser and a
chopper. In the steady state, the probability of finding a do-
nor near an acceptor is less than the probability of finding a
donor with an acceptor farther away, and hence the donors
(5) are not randomly distributed. Thus the temporal evolution of

_47TC rl1 3
Q—? A S

1+a,;X+a,X?| (573572

1+byX

(=1 (O)exp[ - ;—Qt%
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the emission intensity must be modified according to thesures up to 21 GPa the sample was inserted in a diamond-
Eisenthal and Siegel expressithi,e., anvil cell. A methanol-ethanol-water mixturd6:3:1) was
used as a hydrostatic transmitting medium, and pressure de-
tl(t’)dt’ termination was performed using the SrFCIBm
0 fluorescencé®
lexp(t): o ) (7)
f [(t")dt’
0 IV. RESULTS AND DISCUSSION
wherel (t') is given by Eq.(5). The absorption and emission spectra of 3$nions in

Finally, for continuous excitation, it is also interesting to lithium fluoroborate glass at ambient conditions have been
analyze the dependence of the emission intensity on the epresented in a previous papéiiccording to the free SAT
ergy transfer efficiency. This intensity is proportional to theion energy level diagraniFig. 1), the luminescence spectra
concentration of excited ior¥*, which can be expressed as originate from transitions between tHs, level and the
a function of the quantum yield of the luminescengley,, 8H; (J=5/2, 7/2, 9/2, 11/2, and 13/2evels. The absence of

i.e.28 emission starting from any other level abol@s, is due to
the high-energy phonons found in fluoroborate glasses. The
* n vibronic spectra of the Eii ion in the same matrix show
N*ocr—, (8) ) ; . ) .
70 two broad phonon side bands associated with vibrational

modes with phonon energies of about 1000 and 1400'¢m
Thus, when the S#1 ions are excited to any level above the
n 1(* 4G5, multiplet, a fast and efficient nonradiative multiphonon
—= f lexg(t)dt (9 relaxation to the*Gsj, multiplet occurs.

Mo T The decay of the'G,— °H-,, fluorescence after switch-
and 7 and 7, represent the donor quantum yield with anding off the excitation has been measured for different con-
without acceptors, respectively. Thus/ 7, becomes unity ~centrations of SAT ions (0.2 and 2 mol % at ambient con-

where the quantum yield of luminescence is definetfBy

0

when energy transfer to acceptors is negligible. ditions as well as under pressure. For the sample with 0.2
mol % of Sn?* ions at ambient pressure a very good fit of
Il EXPERIMENT the decay curve to a single exponential is achieved, as shown

in Fig. 2. The obtained lifetime is 3.0 ms, slightly higher than

The compositior(in mol %) of the glasses studied in the that calculated using the Judd-Ofelt thebrMoreover, an
present work was (56x/2) LiF+(50—x/2) H;BO;  imperceptible temperature dependence of the lifetime be-
+xSm,04, with x=0.1 and 1. Details of the preparation tween room temperature and 2K for the sample with low
method has been given in a previous papefhe fluores- concentratiofft points to an almost unity quantum emission
cence of the SAT ions was excited by the 476 nm line of an efficiency for the*Gs, level and thus to a purely radiative
Ar ion laser and recorded using a 0.85 m double gratinglecay of the excited St ions. The pure radiative decay is
monochromator equipped with a cooled photomultiplier. De-due to the large energy gap of about 7000 ¢iio the lower-
cay curves were obtained using a mechanical chopper with lging °F,/, level (see Fig. 1, preventing an appreciable
multichannel scalar interfaced to a personal computer thanultiphonon relaxation probability. Any nonexponential be-
recorded and averaged the signal. For measurements at présvior of the fluorescence decay from this level can thus be
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FIG. 2. Fluorescence decays in fluoroborate glasses doped wi scence decays in a fluoroborate glass doped with 2 mol % of
0.2 and 2 mol % of S at different pressures at room tempera- St

ture. Lines correspond to the best fits of the experimental results
using the equations indicated in the text. For 2 mol % of Srat
ambient conditions the fits of the decay curve to a dipole-dipole One option that has been discarded in the fitting processes
(S=6) (dotted ling, dipole-quadrupole §=8) (dashed ling and s to fix the value of the lifetimer. This is evident from the
quadrupole-quadrupoleS¢E 10) multipolar(solid line) interactions  fluorescence line narrowing measurements in at Eloped
are included for comparison. fluoroborate glass at ambient conditiéhResults indicate
the existence of a relatively wide distribution of local struc-

related to energy transfer processes, as it is the case for thgres for the lanthanide ion in the glass, for which the fluo-
sample doped with 2 mol% of St already at ambient ride ions play a fundamental role. Each environment is char-
pressurgsee Fig. 2 acterized by different excitation and emission energies and

Under pressure, all decay curves clearly show nonexpdine profiles and also by a particular lifetime. Thus, since
nential features, including the samples with the lower conunder pressure a change in the local structure is expected,
centration of only 0.2 mol % of SAi ions. In order to de- one cannot assume one and the same value for the lifetime at
termine the mechanisms of the energy transfer involved, thgifferent pressures.
decays of theGg, fluorescence in the fluoroborate glass  The lifetime of the*Gsy, level and the transfer parameter
doped with 2 mol % of Sf" ions under pressure have been Q obtained from the fitting process for the 2 mol % sample
fitted according to Eq(7) by using the generalized Yokota- under pressure are given in Fig. 3. It is worth noting that the
Tanimoto model given by Ed5). From these fits the values |ifetime obtained for the sample with 2 mol % at ambient
for the 7, D, andQ parameters were obtained considerig conditions is rather close to the value obtained for the sample
=6, 8, and 10. Best fits of the experimental decays are obwith the low concentratiofabout 3 mj for which no trans-
tained forS= 10 without taking into account migration pro- fer processes occur. This shows that the theoretical model
cesses[p=0), as shown in Fig. 2. If migration processes applied here can correctly grasp the energy transfer situation
are also included, the root-mean-square deviation clearly inin the case of the sample with higher concentration.
creases. As already mentioned, also for the 0.2 mol% doped

We thus conclude that in this case the dominant interacsample the decay curves become nonexponential when the
tion for the cross relaxation of th&Gs, level is quadrupole- pressure is increased. These decay curves are well fitted to
quadrupole for the whole range of pressures with a negligibl€q. (7), using the generalized Yokota-Tanimoto model given
influence due to the migration processes. As an example, thgy Eq.(5) and considering= 10 andD = 0. From these fits,
fits for the dipole-dipole $=6) and dipole-quadrupoleS( the lifetime = and the transfer parameté have been ob-
=8) interactions for the 2 mol % sample at ambient condi-tained. On one hand, in the pressure range of up to 12 GPa
tions also have been included in Fig. 2. The best fit correthe lifetime r shows a decrease that is similar to that found
sponds toS=10 with a root-mean-square deviation betterfor the 2 mol% doped samplesee Fig. 3. On the other
than those obtained fo8=6 and S=8, respectively. The hand, since for the 0.2 mol% sample a negligible energy
most important channels for these cross relaxation processe&snsfer except at very high pressures is expected, the values
in different glasses at ambient conditions are shown in Fig. lobtained for the transfer parame®@®rfrom the fits are not
Identical results have been obtained at ambient conditions bgonclusive at low pressures and the only reliable values are
Mahato, Rai, and R& for oxyfluoroborate glasses, by obtained at high pressures. As an example, for the decay
Chang and Powel! for CaWQ, crystals, and by Ozawafor  curve obtained at 12 GPa values of 2.3 ms for the lifetime
powdered phosphor. In contrast to this result, in other glassend 2.8 §%1° for the Q parameter have been determined
also dipole-dipole and dipole-quadrupole interactions havérom the fit. In this range of pressures, the lifetime is similar
been proposed: ! to that obtained for the 2 mol ¥see Fig. 3 whereas the&Q
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parameter is about an order of magnitude lower than thabbservation could be explained by the increase of the effec-
obtained for the 2 mol % sample in similar conditions. Thetive concentration of lanthanide ions with the reduction of
latter result exactly fits to what could be expected of thethe matrix volume under pressure, the change in the transi-
linear dependence @ on the Sm* concentration according tion probabilities and the variation of the overlap integral of
to Eq. (4). the normalized line-shape functions of the donor emission

With increasing pressure, the lifetime decreases almogind acceptor absorption f@&= 10.*° As already pointed out,
linearly. Such a decrease could be explained either by afxperimental evidences for the latter effect have been found
increase in the multiphonon deexcitation probabilities or byin the increase of the full width at half maximum of the
an increase in the electronic transition probabilities. The latemission line profiles with pressure in this matfix.
ter effect could be explained by stronger crystal fields as a In order to analyze the contribution of the variation in
result of changes in the S local structure under pressure. Matrix volume with pressure in the effective $mconcen-

As a consequence, a stronger mixing of opposite parity contration, and hence in the transfer parame@erthe equation
figurations with the 45 configuration due to the odd crystal- Of state of Murnaghdt at constant temperature has been
field Hamiltonian and an increase in the transition probabili-used as a well-defined expression that easily relates volume
ties may occur. Such a behavior has been observed in trd pressure in a solid,

case of SM" and other lanthanide ions in crystdfs.

On the other hand, Lochhead and Bthselated the de- _
crease in the lifetime and in the overall fluorescence intensity v_0 -
of the EG* °D, level in Na silicate glasses with pressure to . . .
an enhancement of the electron-phonon coupling, and hen e_reVO IS the vqume,Bg IS the bulk moduluginverse of
in the nonradiative deexcitation. However, according to |Rthe isothermic comprgSS|b|I|ty modulus), both at a.refer-
and Raman studies in different crystals and glasses und&nC€ Pressurgo, andBy=(dBo/dp),-p,. Usually,po is set
pressure, the energies of the vibrational modes do not showta the ambient pressure value and a value of around 4 can be
unique behavior. Depending on the matrix, the energies esed forB;. B, may range from 40 to 400 GPa depending
ther increase, decrease, or the modes may eveon the matrix under consideration. From the values obtained
disappea?*~3® Moreover, the measurement of the vibronic by Kumar and Veeraidfi for the Young’s modulus and the
spectra under pressure, which could give information aboulPoisson’s ratio in lanthanide-doped lithium fluoroborate
the 4f electron-phonon coupling, are rather difficult to per- glasses, and taking into account the isotropic character of the
form and, to our knowledge, they have not yet been perglass, it has been possible to extrapolate a value for the bulk
formed in glasses. In those cases where the maximum enemodulus around 68 GPa for the $mdoped fluoroborate
gies of the vibrational modes increased, the change was nglass. For this value dB, and for the pressures applied in
large enough to induce a drastic variation in the multiphonorthe present work, the volume of the matrix may decrease by
relaxation probabilities. Therefore, it seems unlikely thatnot more than 20%. Such a decrease can cause a variation in
a drastic change in the multiphonon relaxation can behe Sni* concentration and the proportional transfer param-
made responsible for the observed lifetime decrease showeter Q [see Eq.(4)] by a factor of about 1.25. Thus, the
in Fig. 3. change in the matrix volume alone is clearly insufficient to

If it is assumed that the decrease in the lifetime is not duexplain the large variation of the transfer paramepeob-
to an enhancement of the multiphonon relaxation, an inserved herdésee Fig. 3. Therefore, changes in the transition
crease in the electronic transition probability must be responprobabilities and/or the overlap integral must be also taken
sible. As discussed, such an increase could be explained ligto account in order to explain the behavior of the transfer
enhanced configuration interactions, which in turn can bgarameteiQ.
caused by stronger crystal fields. Indeed, the emission spec- The competition of the two effects, radiative deexcitation
tra of the Sm* ions in lithium fluoroborate glasses under and the energy transfer, gives rise to a decrease it@g
pressure give some evidence for the increasing crystal fieldfuorescence intensity by a factor of 4 when pressure is in-
The spectra have been measured previously by Jayasankaeased from ambient conditions to 21 GFa. 4). A simi-
etal?! In particular, they observed a red shif-—5 lar behavior has been reported also by Souza-Fthal 22 in
cm YGPa and a broadening~2.6 cm Y/GP3 of the fluo-  lead fluoroborate glasses.
rescence lines under pressure up to 9 GPa. The former effect According to Eq.(8), the luminescence intensity, propor-
is due to an increase in the covalency in the®Sdigand  tional to the concentration of excited iof, depends on
bonds as they are shortened by compression, whereas thee lifetime and the luminescence quantum yield. Using Eq.
latter effect is due to the fluctuation of the local fields, ac-(9) and taking into account a linear dependence of the life-
companied by the formation of strong crystal-field environ-time = and the energy transfer paramef@according to Fig.
ments for the SAT" ions as a consequence of the increasing3, the pressure dependence of the luminescence quantum
distortion of the glass network with the pressure, that moduyield shown in Fig. 4 has been obtained. From Figs. 3 and 4
late the bond angles and lengtfisTherefore, it is possible it is obvious that both the luminescence quantum yield and
that the configuration interactions also increase under preshe lifetime 7 decrease by about a factor of 2 from ambient
sure, which could explain a decreasing lifetime. conditions to 21 GPa. Combining these results, @y pre-

According to Fig. 3, the behavior of the transfer param-dicts a decrease in the luminescence intensity by a factor of 4
eter Q with pressure is contrary to that of the lifetime. This in the pressure range studied. A good agreement between the

B(’) -1/Bg
) , (10

1+(p_Po)B_O
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0.12 T T - T 3.0 tration. A generalized Yokota-Tanimoto model is used in or-
der to analyze the transfer dynamics. The best fits are ob-
tained forS=10 andD =0 for both concentrations of St

ions and for all pressures. Thus, a quadrupole-quadrupole
interaction for the cross relaxation of tH&/, level can be
determined as the dominant mechanism, while migration was
shown to play a negligible role in the transfer processes for
fluoroborate glasses.

From the analysis of the luminescence decays, the behav-
ior of the lifetime and the transfer parameter are obtained
0.04- independently as a function of pressure. As for the result,
. : L - L 0.0 both parameters showed a strong variation by a factordf
0 10 20 up to 21 GPa. The decrease in the lifetime with an increasing

Pressure (GPa) pressure could be explained by an increase in the electronic
transition probabilities as a consequence of stronger crystal
fields felt by the SM" ions. On the other hand, the increase

corresponds to the dependence obtained from(&qwhereas the ?n the energy transfer effiCie”CY’ which produc_es a decreas_e

dashed line is the luminescence quantum yield obtained from E(N the luminescence quantum yield, can be atgnbuted to vari-

). ous contributions: an effective increase in the*Smoncen-
tration, changes in the transition probabilities, and changes in

calculated and experimental results is shown in Fig. 4, wherd1€ liné profiles of the involved transitions.
the luminescence intensity versus pressure calculated from 't has been shown that the decrease in lifetime as well as

Eq. (8) completely coincides with the normalized experimen—the dgcrease fou_nd in the quantum yield can.quantitati_vely
tal results. explain the experimentally observed decrease in the lumines-

cence intensity under pressure.

0.10

< 0.08

nm

0.06

Intensity (arb.units)

FIG. 4. Luminescence intensitill) versus pressure obtained in
a fluoroborate glass doped with 2 mol % of $m The solid line

V. CONCLUSIONS ACKNOWLEDGMENTS

At ambient conditions, energy transfer processes are ob- A part of this work has been carried out under an Indo-
served for a concentration of 2 mol% %mions in fluo-  German collaboration research projg@Grants Nos. INT/
roborate glasses, while they are negligible for a concentraFRG/R16)/98 and INI-014-99 and a Spanish research
tion of 0.2 mol %. Pressure induces energy transfer process@soject from Ministerio de Ciencia y Tecnol@yiMAT2001-
between the SAT ions also for the sample with low concen- 3363.

1Rare Earth Doped Fibre Lasers and Amplifieedited by M. J.  *3M. Malinowski, B. Jacquier, G. Boulon, and W. Wolinski, J. Lu-
Digonnet(Dekker, New York, 1998 min. 39, 301 (1988.
2T. J. Minami, J. Non-Cryst. Solid&3, 273(1985. 14y, R. Shen, T. Gregorian, Th. Tster, O. Schulte, and W. B.
3D. L. Griscom, inBorate Glasses: Structure, Properties and Ap- Holzapfel, High Press. Re8, 144(1990.
plications edited by L. D. Pye, V. D. Frechette, and N. J. Kreidl '°B. Lorenz, Y. R. Shen, and W. B. Holzapfel, High Press. Rés.

(Plenum, New York, 1978 Vol. 12, p. 11. 91 (1994.

4D. P. Button, R. P. Tandon, H. L. Tuller, and D. R. Uhimann, J.8Y. R. Shen and K. L. Bray, Phys. Rev. 38, 11 944(1998.
Non-Cryst. Solids49, 129(1982. 1N. J. Hess and D. Schiferl, J. Appl. Phy&l, 2082(1992.

5D. E. Turcotte, W. M. Risen, Jr., and E. |. Kamitsos, Solid State'®H. Yusa, T. Yagi, and H. Arachi, J. Appl. Phy®5, 1463(1994).
Commun.51, 313(1984. 193, Liu and Y. K. Vohra, J. Appl. Phyg9, 7978(1996.

V. Lavin, P. Babu, C. K. Jayasankar, |. R. Martiand V. D.  2°Y. lida, S. Sakaguchi, T. Tsugoshi, and M. Ohashi, Appl. Spec-
Rodrguez, J. Chem. Phy415 10 935(2007). trosc.53, 1623(1999.

7Q. Wang and A. Bulou, Solid State Commug4, 309 (1995. 2lc. K. Jayasankar, P. Babu, Th. §ter, and W. B. Holzapfel, J.

8C. Bungenstock, Th. Tster, and W. B. Holzapfel, Phys. Rev. B Lumin. 91, 33 (2000.
62, 7945(2000. 22A. G. Souza Filho, P. T. C. Freire, I. Guedes, F. E. A. Melo, J.

R. Reisfeld, A. Bornstein, and L. Boehm, J. Solid State Chien. Mendes Filho, M. C. C. Custho, R. Lebullenger, and A. C.
14 (1975. Hernandes, J. Mater. Sci. Left9, 135 (2000.

107, Zhang, X. Jiang, Z. Li, P. Wu, and S. Xu, J. Lum#D, 657  2°A. V. Hayes and H. G. Drickamer, J. Chem. Phy8, 114(1982.
(1988. 24p. R. Wamsley and K. L. Bray, J. Lumi63, 31 (1995.

v, D. Rodrguez, I. R. Martn, R. Alcalg and R. Cases, J. Lumin. 2°M. Inokuti and F. Hirayama, J. Chem. Phyk8, 1978(1965.
54, 231(1992. 2|, R. Marfin, V. D. Rodfguez, U. R. Rodguez-Mendoza, V.

12K, K. Mahato, D. K. Rai, and S. B. Rai, Solid State Commun.  Lavin, E. Montoya, and D. Jaque, J. Chem. Phi&l, 1191
108 671(1998. (1999.

064207-6



PRESSURE-INDUCED ENERGY TRANSFER PROCESSE . PHYSICAL REVIEW B 66, 064207 (2002

2TM. Yokota and O. Tanimoto, J. Phys. Soc. J@8, 779 (1967). 353, H. Nguyen, M. B. Kruger, and R. Jeanloz, Phys. Re¥®

28K. B. Eisenthal and S. Siegel, J. Chem. Phys. 652 (1964). 3734(1994).

29B. DiBartolo, inEnergy Transfer Processes in Condensed Matter *6S. K. Sharma, T. F. Cooney, and S. Y. Wang, J. Non-Cryst. Solids
Vol. 114 of NATO Advanced Study Institut8eries B: Physics 179, 125(1994.
edited by Baldassare DiBartol(Plenum Press, New York, 37D, Christofilos, G. A. Kourouklis, and S. Ves, J. Phys. Chem.
1984, p. 103. Solids56, 1125(1995.

30H. Chang and R. C. Powell, Phys. Rev. L&, 734 (1975. 383, Aasland, T. Grande, A. Grzechnik, and P. F. McMillan, J. Non-

31L. Ozawa, J. Electrochem. Sot26, 106 (1979. Cryst. Solids195, 180 (1996.

32K. B. Keating and H. G. Drickamer, J. Chem. Phy&l, 143  *N. Soga, K. Hirao, M. Yoshimoto, and H. Yamamoto, J. Appl.
(1961). Phys.63, 4451(1988.

33M. J. Lochhead and K. L. Bray, Phys. Rev.5, 15 763(1995.  “°D. L. Dexter, J. Chem. Phy&1, 836(1953.
34G. H. Wolf, D. J. Durben, and P. F. McMillan, J. Chem. PH8&.  “'F. D. Murnaghan, Proc. Natl. Acad. Sci. U.S.30, 697 (1944).
2280(1990. 42, R. Kumar and N. Veeraiah, J. Mater. Sci. LT, 475(1999.

064207-7



