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High-pressure luminescence study of E&f in lithium borate glass
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The effect of hydrostatic pressure on the emission spectra and fluorescence lifetimé&lahEm borate
glass has been measured up to 32.6 GPa at room tempei@iyrand up to 25.2 GPa at 15 K. Crystal-field
parameters obtained for the Stark splitting of fiifg level reveal that the crystal-field perturbations experi-
enced by the #(EL?*) electrons change significantly with pressure. Decays of the emission frotD gHevel
measured under pressure fit a single exponential both at room temperature and 15 K. Both at RT and 15 K, the
lifetimes decrease with increasing pressure. However, the lifetime changes-#p&a only marginally, then
decreases strongly from5 to ~15 GPa and from~15 GPa only very slowly. This nonuniform pressure-
induced variation of the lifetime is unexpected and can be attributed to pressure-induced structural changes.
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I. INTRODUCTION ions to derive detailed information on the local field, as well
as on ion-ion and ion-host interaction process&n the

Lanthanide-doped glasses are the subject of intense cuother hand, high pressure techniques have been used to vary
rent research because of the advantage of using them as dpe local bonding environment, whereby the application of
tical devices in glass lasers, fiber lasers, up-conversion lghigh pressure changes the interatomic bond lengths and bond
sers, optical amplifiers, and other applicatiénB1 these angles, and therefore also the local field at the*Bon
devices, excitations and the emissions are due to transitiorsites*?~14In contrast to the common practice of preparing a
among 4 electronic states of trivalent lanthanide ions, whichvariety of new glass compositions to alter the local field, a
are highly sensitive to the symmetry and structure of thesingle selected composition is sufficient to tune the local
local environment. Therefore, the luminescence propertiedjeld through the application of pressure.
such as spectral shapes and quantum efficiencies of elec- Though the pressure tuning of local fields in a selected
tronic states, are host dependent, and their understanding ret*-doped glass has some advantage over preparing a large
quires first hand information on relations between luminesnumber of samples with different local fields, so far only a
cence properties and glass structure. limited number of high pressure studies have been reported

Among lanthanides, the Bi(4f%) ion is one of the best on EZ* glasses?1* This seems to be due mainly to experi-
choices with which to analyze the interaction of the ion with mental difficulties involved in the use of pressure céllia-
the local field because of its simple electronic structure withmond anvil systemsand appropriate pressure medium, pres-
a nondegeneratéF, ground state and intense luminescencesure sensors, gaskets, etc., and in general also by the size of
from the excited®D,, state to lower’F multiplets?-8 Further-  the sample, which should be in the range of onlya8. All
more, the’F ground-state multiplet is well separatéabout  these constraints limit the collection of sufficient lumines-
12 000 cm?) from the nexD, excited multiplet which sim-  cence data for further analysis.
plifies local (crysta) field analysi€ within the Stark level In the present work, a detailed study of the luminescence
splittings of the ’F multiplet states by assuming pure properties of E&f-doped lithium borate glasses under pres-
Russell-Saunders couplifg-95%). The transition intensity sures up to~32.6 GPa at room temperature and up to
ratios of °Dy— ’F, to °Dy— ‘F; and °Dy— 'F, to °D,  ~25.2 GPaat 15 K has been undertaken. Crystal-field analy-
— ’F; determine the Judd-Ofelt parametérs, (), and(),,  sSis was used to evaluate the changes in the local structure
respectively. Thes€) parameters are related to short-rangearound the E¥ ions under pressure.
(covaleny and long-range(bulk) properties of the local
field 2312 Energy level analysis through crystal-field theory,
combined with an intensity analysis through Judd-Ofelt
formalism?1011 are used to determine the symmetry and The E#*-doped lithium borate glass with a composition
strength of the local field and to estimate its interactions withof 49.5 Li,CO;+49.5 H,BO5;+1.0 EyO5 (in mol%) (hereaf-
the f electrons. This information is essential for correlatingter referred to as LBEylwas prepared by a melt quenching
the luminescence properties with glass composition, antechnique. The starting materials were reagent grade. The
plays a significant role in the design of glass compositionsnixed material, after thoroughly crushing in an agate mortar,
for specific applications. was placed into a porcelain crucible and melted in an electric

Therefore, most of the recent research was devoted tfurnace at 950°C for about 30 min. The melt was poured
preparing a variety of glass compositions doped witi*Eu onto a stainless steel plate at RT and pressed with another

II. EXPERIMENT
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FIG. 1. Normalized emission spectra of LBEul glass at 300 K

and 15 K at ambient pressure. FIG. 2. Normalized emission spectra of LBEu1l glass at different

pressures at 300 K.

similar stainless steel plate. This sample was then annealed &lﬁced by the symmetry selection rules for the point symme-

gﬁ?;gsfgéss h and this procedure resulted in good transpart—ry at the Ed* site in the crystal. Although the term “crystal”

The 465.8 nm line of an Arlaser was used as excitation has been used here, these effects are not confined to crystals
) . . nly. Any surrounding that breaks the spherical symmetry of
source. The emission spectra were recorded with a doub

monochromator equipped with a photomultiplier. The reso—%e free ion can lead to a s_hift a_nd splitting of the energy
lution of the double monochromator depends or'1 the Wavel_evels. Thus, the above considerations also apply to mat_erlals
length and the slit widths. In the present study, the typicaFUCh as glasses, where a Iong-(ange order_ dpes_ not exist.
resolution was between 5.c‘|’nand 10cmt. As e(,:ial min- . In the present aljaIyS|s, considering U}mlx!ng mterac-

: ) i| cd - ASP tion as a perturbation over the crystal-field interaction, the
iature diamond anvil celt (DAC) was used to generate pres- tpree Stark components of tAE, are described by

sures up to 35 GPa also at low temperatures. A piece o

LBEul glass was placed together with a ruby pressure sensor

into a 80um diameter hole of a stainless st¢fICONEL Her= B2oCi + B CH + CF), 2
X750) gasket of 20Qum thickness. A mixture of methano-

l:ethanol:water(16:3:1) was used as a pressure transmittingwhereB,, andB,, are the real parts of the CF parameters in
medium. This gasket with the sample and pressure transmitq. (1).

ting fluid was then compressed by the parallel faces of the The crystal-field strength paramets) has been used to
two opposed diamonds of the DAC. The pressure and theimplify the description of the CF parameters due to its in-
hydrostatic conditions experienced by the sample were detegtependence from the specific crystal structure. Npecon-

mined by the shift and broadening of the ruRylines®For  sidering only the second-rank CF parameters, has been de-
measurements at 15 K, the cell was cooled in a heliumermined using the following relatich?°

closed-cycle cryostat. A mechanical chopper in connection
with a multichannel scalar allowed for lifetime measure-
ments in the range from 2s to 2s. x

IIl. CRYSTAL-FIELD ANALYSIS 3l

harge
X
X
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Methods of crystal-field(CF) parametrization for lan-
thanide energy levels in general and for®Ein particular
can be found in the literatufe:’”~*°Here, only the basic the-
oretical expressions for the present calculations are recallec
The CF potential Her, acting on the ERf ions is conve-
niently expressed in the Wybourne’s notafidhby

Her= 2 BiCH(0), (1) _ .
Kk, A

negative ¢
X

Formal
>

where theBj are crystal-field parameters and t ) are o 4 &8 2 6 20 2 B 2 3
tensor operators. THgk are treated as adjustable parameters, Pressure (G Pa)

; )
whereas the matrix elementsﬁik can be calculated exactly. FIG. 3. Formal negative charge on ligands vs pressure at 300 K
The number of parameters fotcr in Eq. (1) is greatly re-  in cubic EyO; (A) and LBEu1(X).
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FIG. 4. Crystal-field strengths vs pressure for the LBEul glass FIG. 6. Lifetime variation under pressure for the LBEu1l glass at
at 300 K and 15 K. 300 and 15 K.

A 5 5 for the formal negative charge on the ligands directly bonded

N, = E[(Bzo) +2(Byy)°]. (3 to the EG* ion2-22The crystal-field strength versus pressure
at RT and 15 K is shown in Fig. 4. Only the Stark level
splittings of the®D,— ’F, transition are considered for the
CF analysis since the splittings of other transitiai®,
—'F,_g are not completely resolved. Typical decay curves

Figure 1 presents the emission spectra of the LBEu1 glasgbtained for different pressures at RT are shown in Fig. 5.
measured at RT and 15 K at ambient pressure. Figure Zhe variation of lifetime as a function of pressure both at RT
shows parts of these emission spectra as a function of pregnd 15 K is shown in Fig. 6. Table | summarizes the results
sure. The®Dy— ’Fs and °D,— ‘Fg transitions are not obtained for different pressures at RT and 15 K for the
shown, as they are very weak and therefore not used in theBEul glass.
analysis with pressure variations. The spectra shown in
Figs. 1 and 2 are normalized to th@,— ’F, transition. The
emission spectra corresponding te°Do— 'F;  (J
=0,1,2,3,4,5,ptransitions in Figs. 1 and 2 are very simi-  Optical absorption and the Judd-Ofelt analysis of the
lar and comparable to those obtained for otherLBEul glass has been reported in a previous paptere,
Eu®*:glasses:® Figure 3 shows the variation with pressure we present a detailed study of luminescence characteristics

IV. RESULTS

V. DISCUSSION
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TABLE I. Energies, crystal-field and strength paramet&g, B,, and N,) (cm™), and lifetimes for the LBEU1 glass under pressyag.
At RT. (b) At 15 K.

(@

Pressure Lifetime
(GP3a *Do— "Fo Fy Fy Fy B2o B2 N, (us)
0 17269 275.2 384.9 505.0 600 239 1092 2093
1.8 17263.6 279.7 387.9 509.8 605 236 1096 2083
2.2 17262.4 279.2 388.6 510.9 609 239 1104 2079
2.8 17258.6 281.1 391.9 514.2 612 242 1112 2079
4.7 17254.8 285.7 394.3 522.0 629 239 1132 2082
7.1 17248.8 283.2 398.0 533.1 667 253 1200 2046
7.7 17255.9 286.7 404.4 546.8 701 262 1257 1965
8.4 17249.9 281.7 404.0 545.3 705 272 1273 1948
8.9 17254.2 2741 397.4 548.3 739 274 1323 1879
11.6 17256.4 267.0 412.9 568.0 802 328 1469 1771
13.6 17254.4 272.3 410.3 576.7 828 311 1487 1705
14.8 17255.8 2725 417.9 586.0 852 330 1540 1708
17.3 17245.8 250.1 411.8 587.5 909 366 1659 1685
18.2 17249.4 256.5 414.9 599.6 938 361 1693 1681
195 17251.4 256.0 422.2 602.0 938 380 1714 1665
21.9 17238.7 233.1 406.7 604.6 1015 396 1838 1647
26.0 17236.9 255.3 439.3 648.3 1100 431 1994 1627
32.6 17232.1 196.3 400.6 627.7 1198 471 2173 1575

(b)
Pressure N, Lifetime
(GPa (us)
0 1086 2142
5.4 1029 2161
5.9 1015 2158
10.0 1141 2117
11.6 1231 2039
16.0 1396 1801
22.1 1594 1758
25.2 1623 —

for this LBEuU1 glass under pressure. As seen from Fig. 1, théredshify and the widths of the transitions become broader as
emission spectra of LBEul at RT and 15 K consistSj pressure increases. It is interesting to note that g
—'F; (J=0,1,2,3,4,5,p transitions. The temperature —7F, transition is more strongly affected under pressure
shifts are too small to be noticed in these spectra, and ththan the other transitions shown in Fig. 2. All three Stark
Stark levels are better resolved at lower temperatures, as semvels of the®D,— 'F, transition are resolved under pres-
for ’F; and partially for’F,. The well-resolved splitting of sure. The magnitude and resolution of the splitting increases
the °Dy— F; transition into three components suggests thaunder pressure.
the EG* ions in the LBEu1 glass occupy low symmetry sites  As seen from Table | and Fig. 2, at moderate pressures up
(orthorhombic(C,,,D,, and D), monoclinic (C,C, and  to 7.1 GPa, as well as at the higher pressures from 21.9 to
Cap), or triclinic [C; and Ci(Sy)]). The Stark level splitting 32.6 GPa, théD,— 'F transition shifts moderately towards
for the other levels of theéDy— ‘F,_g transitions are not lower energies; however, for intermediate pressures in the
fully resolved. The®Dy— ‘F5 and °Dy— 'Fg emissions are range from 7.7 to 19.5 GPa, the shift is very weak. This
comparatively very weak, similar to the situation in otherobservation, along with spectral broadening of tP2,
Eut*:glasses® — "F, transition and the increase in the crystal-field strength,
Figure 2 shows the emission spectrafdp— 'Fo_stran-  can be explained by the creation of high-field®Esites un-
sitions at pressures of 0, 8.4, 14.8, and 32.6 GPa, respeder pressure related to higher formal negative charges on
tively. As seen from Fig. 2, the levels shift to a lower energythe ligands.
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The sum of the formal negative chardeg on the ligands  slightly longer lifetimes. One of the reasons for the decrease
directly bonded to E¥f ion can be related to the energy)  in lifetime with pressure is due to the decrease in thé*Eu

of the 5Dy— 7F,, transition?! —-Eu* distance which plays an important role in quenching
. 5 mechanisms.
v(em ™) =17273+2.28-0.761" (atT=296 K). (4) The knowledge on the effect of pressure on lifetimes of

- : - L . Af-4f transitions is limited®-34 Jovanic and his grodp28
With this relation and the measured transition energlesr‘eported lifetimes for théDy— 7F, transition of the St

the changes in the formal negative charges on the oxygen

\ i ion in SrFCI?® SrB,0,,2” and SrFC{ Bry 528 In all these
sites can be evaluated. The quadratic equatpwas solved studies, it is found that the lifetime decreases with a pressure
by using the values of (column 2 of Table ) for each

. ; of up to about 10 GPa. Shen and Bfagbserved an expo-
pressure. The negative root of the solution of B was  entia| decrease in lifetimes for tH®, and °D; level of

taken as the possible value for the negative formal charge. Agrc|: sne+ (M=Sr and Casystems under pressure, up to
shown in Fig. 3, the 79% increase in the value of the formabg Gpa, hoth at RT and 20 K. The lifetime for tP@, level
negative charge on the neighboring oxygens in this pressuigs Ei3+:Y,0, increases up to 1.7 GPa and then decreases
range can be related to the expansinaphelauxetic effegt  very quickly up to 4 GPa, followed by a practically constant
of the f orbitals of Ed*. This expansion decreases the elec-value up to 10 GP& Webster and Drickamét studied the
tronegativity of EG* and causes an increase in the covalencylifetimes of the®D; , 5 states in E&':La,0,S. The lifetime

of the Eu-O bonds, as evidenced by the redshift of the tranfor D, remained more or less constant and the lifetime for
sitions °Dy— "Fo_4 under pressure in Fig. 2. Chest al?> 5D, increased from 0—2 GPa and remained constant above
noticed a 26% increase in this formal charge between ambi2 GPa, while the lifetime foPD5 could be measured above
ent pressure and 5.4 GPa in the case of cubigOgland 7 GPa and was found to increase up to 11 GPa. It was found
related their results also to an expansionfadrbitals. For that the lifetime for the’D, level of E**:YVO, increases
comparison, Fig. 3 includes both the data for the LBEulwith pressure up to 11 GPA.In the case of the*Fs;,
glass and for cubic EXD;. — 4y, transition of Nd* in Nd,Y (10PsO14, the lifetime de-

In general, the crystal-field analysis is carried out by ascreases with pressure of up to 9 GRPahe lifetime of the
suming (orthorhombig¢ C,,-point symmetry for the local emission from the isolatetD, multiplet of TB** in Gd,0,S
structure around the Etions in these glassés®? The  was found to be uneffected under pressure up to 5 8Pa.
second-rank even CF paramet&sp andB,, are calculated, The decay time for théGs,, level of Sn¥*:lithium fluo-
therefore, by diagonalizing the complete Hamiltonid@ee  roborate glass exhibits strong decreased with increased pres-
ion and crystal fielgl using C,, symmetry, also taking into sure for different concentrations of Sivions at RT, as well
accountJ mixing. From the 11 SLJ multiplets, a total of as at 20 K2%3*Lochhead and Brdy reported the lifetime for
69 JM, states are used in the basis set for the CF calculahe 5D level of Et*:sodium disilicate glass, which is more
tions. During the fitting of these energy levels, all 19 free-ionappropriate to compare with our present work. The lifetimes
parameter§F24%,¢, a, B,y, T#34678M024 andP?49 are  reported for E&":sodium disilicate glass increase from
fixed to the values for Eti:LaCl; (Ref. 23, and only the 0.0—-4.0 GPa and then decrease up to 21 GPa at #7TKe
second-rank CF parameters are optimized. The fitting proformer trend of increasing lifetimes in the initial pressure
cess minimizes the root mean square deviation between thrange was explained as due to possible local structural rear-
experimental and calculateF, Stark energy level® The  rangements towards centrosymmetry and decreased admix-
effect of pressure on the second-rank CF paramétgth J  ture of opposite-paritg states. However, in the present case,
mixing) and on the CF strength parametdy [Eq. (3)] is  the marginal variations in lifetimes up to 5.0 GPa suggest
shown in Table | and in Fig. 4 for the LBEul glass. Obvi- that negligible changes occur in symmetry and admixture of
ously, the CF strengtN, shows an almost cubic dependencestates. After 4 and 5 GPa in Eusodium disilicate and
on pressure at RT. At 15 Ky, first decreases up to5 GPa, Eu**:lithium borate glasses, respectively, the lifetimes de-
then increases up t6-22 GPa, and finally approaches satu-creases with pressure as a common feature.
ration. In order to explain theoretically the variation of lifetimes

The decay of emission from th®, level has been mea- versus pressure, different authors proposed and verified dif-
sured both as a function of pressure and temperature. THerent models to get a satisfactory agreement between theory
465.8 nm line of an Af laser was used to excite t®, and experimental lifetimes under presstfé®33353as re-
level. A fast, nonradiative decay populates the emitfiBg  viewed in detail recentl$? All these studies indicate that, in
level. For RT, the decay of the measured emission intensity isome cases, lifetimes continuously decrease or increase with
shown in Fig. 5 for four pressures. All the decay curves argressuré—30:32-3%nd in some other cases discontinuities can
single exponential, indicating the absence of additional enbe noticed as, for instance, when lifetime increases at initial
ergy transfer processes also under pressure. On the otheressures and decreases when the pressure is increased
hand, the fluorescence decay for th€s, emission of further!213 Therefore, pressure-induced changes in inter-
Sm**lithium fluoroborate glass shows a pronounced nonexatomic bond lengths and bond angles are either continuous or
ponential behavior with increasing pressure due to energgiscontinuous, as reflected from the pressure-induced varia-
transfer processes, even for samples with a low concentraions in lifetimes and crystal-field parameters and strengths.
tion, accompanied by a fast decrease of the lifetitniéhe As seen from Fig. 6, the variation of the lifetime with
simple exponential decay in the present case at low temperaressure shows three different regions with different slopes.
tures is observed also at room temperature, however, withAt RT, the slopes per GPa are 0.002, 0.05, and 0.007 for the
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pressure ranges of 0-5, 7-13, and 15-32 GPa, respectivelyith increasing pressure above5 GPa due to enhanced
The trend of lifetimes at 15 K is very similar to RT. electron-phonon coupling with local vibrations, consistent
The pressure and temperature dependencies of the lifevith the expectation that the shortening of Eu-O bonds
times can be understood by considering a simple nibftml  should increase the coupling to local vibrations. The abrupt
the EG* ion with two excited energy levels. At RT, the ob- change between 7 and 13 GPa can be related to a structural
served lifetimer consists of an intrinsic lifetimer, and a  change®®2*®which can cause either enhanced interactions be-
contribution from the mixing with the higher energy level tween ground and excited configurations or stronger induced
having a shorter lifetimer, vibrational interactions in :?e hos7t.
_ _ _ The spectral shape of th®,— 'F transition is found to
7= (1) (797 expl— AE/KT), ®)  broaden inhomogeneously with pressure, which suggests that
where AE is the energy difference between the two energyPressure induces a broader range of site distribution for the
levels, k is the Boltzmann constant, arilis the absolute EU’* ions in the glass. This observation may need further
temperature. studies in wider ranges of pressure and also with respect to
At RT due to thermalization, theD, level is also popu- hysteresis effects.
lated, but at 15 K, the effect of thermalization is negligible.
This slight difference increases with increasing pressure, due
to a decreasing energy difference betwedy, and °D, The present study of the luminescence characteristics of
levels!4 It is found that the difference in lifetimes between EU** ions in lithium fluoroborate glass under pressure shows
the two temperatures increases from ambient pressumew features: The shifts and the broadening of thg
(50 us) to high pressure€l125 us), as shown in Fig. 6. — 'F, transition indicate that the crystal-field strength in-
These effects of high pressure on the lifetimas well as ~ creases due to charge transfer to the ligands and the creation
on the crystal-field strength, for the LBEu1 glass, exhibit of high-field E* sites under pressure. The 79% increase in
nonlinear behavior. The values feandN, change barely up the value of the formal negative charge on the neighboring
to ~5 GPa and vary differently under pressuredecreases Oxygen under pressure is attributed to the expansiofi of
very rapidly from~5 to ~12 GPa and much more slowly at orbitals of Ed*, which causes an increase in the ionicity of
higher pressures up to at least 32.6 GPa. AtlRTincreases Eu-O bonds. The decay curves 9, — 'F, remain single
in the whole pressure range from5 GPa to 32.6 GPa. The exponential even under pressure, indicating the absence of
trends ofr andN, at 15 K are obviously similar to the trends additional energy transfer processes. The decreas®gn
at RT, as shown in Figs. 6 and 4. The correlation of a delifetimes with pressure results from the decrease in the dis-
crease inr with an increase itN, under pressure is similar to tance between Et+Eu** ions; however, the temperature de-
the previously observed variation in different hosts at ambipendence of lifetimes under pressure is related to the thermal
ent pressuré237 Similar variations at RT and 15 K indicate population of the®D; level. Under pressure, a decreasing
that nonradiative decay frorfD, is very small. Pressure- trend inTand an increase iN, is noticed. Similar variations
induced structural changes in LBEul glass, from ambienef 7andN, at RT and 15 K indicate that nonradiative decay
pressure to-5 GPa, appear to be monotonous, as evidenceffom 5D0 is very small. The continuous decrease in lifetimes
by smooth nonlinear changes in batrandN,,. both at RT and 15 K, above5 GPa, can be explained by an
According to Avouriset al,38 increases in the homoge- increase in nonradiative decay due to enhanced electron-
neous linewidth, along with increases in the crystal-fieldphonon coupling with the local vibrations.
strength, can result from increases in the electron-phonon
coupling at the higher field sites. This observation is sup- ACKNOWLEDGMENTS
ported by the variation of the present lifetime data under This work has been carried out under the Indo-German
pressure. As seen from Fig. 5, both at RT and 15 K, aboveollaborative research projectGrants No. INT/FRG/
~5 GPa the lifetimes decreases continuously. This observa?(16)/98 and No. INI-01-014-99, respectivglgupported by
tion can be explained by an increase in nonradiative deca@ST, New Delhi, India and DLR, Bonn, Germany.
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