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Pressure dependence of electron-phonon coupling in Ce3¿-doped Gd3Sc2Al3O12 garnet crystals
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Spectroscopic properties of Ce31 in Gd3Sc2Al3O12 have been investigated by high-pressure luminescence
and absorption spectroscopy up to 200 kbar. The emission and absorption bands originating from 5d↔4 f
transitions were observed to shift to red with pressure at a rate of27.9 cm21/kbar and215.2 cm21/kbar,
respectively. A large difference in the pressure-induced shifts indicates a large decrease in the electron-lattice
coupling strength. Using the standard crystal-field approach and configurational coordinate model, quantitative
descriptions of the effect of pressure on the energy, band shape, and electron-phonon coupling have been
conducted. We have found that the local compression of a@CeO8#132 complex in Gd3Sc2Al3O12:Ce31 is about
two times smaller than that of bulk material. We have also estimated the local Gru¨neisen parameter for
Gd3Sc2Al3O12:Ce31 system to be about 2.66.
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I. INTRODUCTION

Garnet crystals doped with rare-earth ions such as Nd31,
Er31, Ce31 are extensively investigated and have fou
many applications in areas such as solid state lasers,1 optical
communications, scintillation,2–4 medical procedures, imag
ing, displays, flow cytometry, holography, and remo
sensing.5–7 In particular, since Ce31 is a dopant that has
lower 5d state from which it can emit from the near ultr
violet to the visible, it produces new applications such
tunable solid-state lasers over a wide spectral range.

It is known that Ce31 ions in the garnet host occup
dodecahedral sites. The 4f ground electronic configuration
splits, due to the spin-orbit interaction, into two states (2F5/2
and 2F7/2) with a splitting energy of about 2000 cm21. The
emitting state of Ce31 is the lowest orbital componen
@5d(1)# of the excited 5d electronic configuration. Since th
electron-lattice interaction is much stronger in the 5d excited
state than that in the 4f ground state a tenfold degeneracy
the 5d excited state is removed partially by crystal field
whereas the influence of the crystal field on the 4f states is
negligible. The energy of the 5d(1) emitting state of Ce31 in
crystal is diminished relative to its free-ion state by amo
called as the depression energy (Edepr),

3 given by

Edepr52Ecr1Ecen, ~1!

whereEcen is the 5d centroid shift, measuring the redshi
for the 5d barycenter relative to the free-ion state due to
nephelauxetic effect associated with the surrounding liga
andEcr is the energy of crystal field. In a cubic crystal-fie
environment, the crystal-field energy is simply given
Ecr5(16/3)Dq, whereDq is the crystal-field strength. Sinc
Ce31 in the garnet lattice is at a distorted dodecahedral s
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described by a point groupD2, the 5d(1) state is further
split and the simple cubic approximation cannot be us
more reasonably to describe the crystal-field effects suc
splittings. However, at our present point, the cubic cryst
field approximation is still used reasonably to describe
pressure-induced change inEcr and leads toEcr}Q25 ~be-
causeDq}Q25), whereQ is the configurational coordinat
that is proportional to the average distance between C31

and O22 in the lattice.8 The 5d centroid shiftEcen is propor-
tional to Q26 according to the ligand polarization model9

Figure 1~a! schematically shows the energetic structure
the 5d state of Ce31.

The next important effect that strongly modifies the en
getic structure of the 5d excited state is the electron-lattic
interaction that can be described by the configurational co
dinate model in many material systems@Fig. 1~b!#.10 The
energy of the 5d(1) emitting state is additionally lowered b
an amount ofS\v, where\v is the average energy of loca
phonon modes around Ce31 andS is the Huang-Rhys factor

In a successful scintillating application of Ce31-doped
materials, a process of energy transfer from band-band e
tations to 4f→5d excitations is a governing factor in usefu
scintillators. This process becomes efficient only if t
5d(1) emitting state of Ce31 is energetically well separate
from the band edges to avoid the occurrence of nonradia
processes in the emitting state via a back transfer to the
lattice. It is known that when the 5d(1) emitting state is
resonant with the conduction band of the host lattice, it c
be depopulated due to conversion of the excitation ene
into mobile charges.11 This reduces the luminescence ef
ciency of Ce31. Since the energetical location of the 5d(1)
emitting state of Ce31 relative to the band edge of the lattic
is considerably influenced by crystal fields and electro
phonon interactions with neighboring ions, a quantitative u
©2004 The American Physical Society01-1
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derstanding of those interactions in Ce31 systems is essentia
for improving the efficiency in Ce31-related scintillators.

In this paper, we present the results of our hig
pressure emission and absorption investigation
Gd3Sc2Al3O12:Ce31 (GSAG:Ce31) up to 200 kbar. The re-
sults are discussed and compared with a prior high-pres
luminescence study in Y3Al5O12:Ce31 (YAG:Ce31)
system.12 The major purpose of our present study is to a
lyze the influence of pressure on electron-lattice interacti
in the 5d(1) excited state and to generalize a model t
describes the interaction of the 5d states of Ce31 with garnet
host lattices.

II. EXPERIMENTS AND RESULTS

Garnet crystals were grown by the Czochralski meth
The GSAG:Ce31 samples contained Ce31 concentrations of
0.33, 1, and 3.3%.

High pressure was applied to the sample using a Mer
Bassett-type diamond anvil cell. A silicone~dimethylosilox-
ane! fluid was used as a pressure-transmitting medium
remained quasihydrostatic in our present pressure ran13

The standard ruby fluorescence technique was used for p
sure determination. The Ce31 luminescence was excited wit
a 488.0 nm argon laser line. The absorption spectra w
measured with an optical microscope equipped with
charge-coupled device~CCD! camera.

All the observed luminescence spectra were corrected

FIG. 1. A simplified energy diagram~a! and a configurationa
coordinate diagram~b! for Ce31 in a host lattice.
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the instrumental response and presented in a line shape
sus energy form in which the spectral line shape~L! as a
function of energy (\V) L(\V)}I (\V)@\V#23. In the
same approach, the absorption spectra are represente
L(\V)}I (\V)@\V#21. The advantage of such a represe
tation is that the energy of Frank-Condon transitions can
directly derived from the maxima of the absorption a
emission spectra.

Some typical room-temperature luminescence and abs
tion spectra of GSAG:Ce31 at various pressures are show
in Fig. 2. The absorption and emission bands both shift
lower energy with pressure. The emission spectra have b
deconvoluted into two Gaussian bands, which correspon
two transitions from the 5d(1) excited state to the lowe
2F5/2 and 2F7/2 states. We observed an increase in t
5d(1)→2F7/2 emission intensity with increasing pressure.
similar effect of pressure is also observed in the study
YAG:Ce31.12 In addition, the relative contribution from th
5d(1)→2F7/2 transition to the total emission in GSAG:Ce31

was smaller than that in YAG:Ce31. Although these effects
are experimentally evident, their origin is unclear and th
need further detailed investigations. One possible reason
them is due to a pressure-induced change in the relative t
sition probability of the two emission transitions.

The peak energies and bandwidths of the absorption
emission bands as a function of pressure are presente
Figs. 3~a! and 3~b!. From Fig. 3~a!, we note that the peak
energies of the two emission bands vary linearly with pr
sure. The shift rates are collected in Table I. The spin-or
split 2F5/2–

2F7/2 energy (D) of Ce31 in GSAG at ambient
pressure is about 2090 cm21 and exhibited a decrease at
rate of about20.8 cm21/kbar. Similarly, a decrease inD
was also observed for the YAG:Ce31 system.12 This is due
to a pressure-induced reduction of the spin-orbit coupl
within the 4f electronic configuration. The effect of dimin
ishing of the spin-orbit coupling was also observed and
ported for Pr31-doped materials.14 In terms of the pressure
dependence of the emission bandwidths, GSAG:Ce31 exhib-
ited a decrease, whereas YAG:Ce31 exhibited an increase.12

More interestingly, we observed a larger shift in the a
sorption band than that in the two emission bands with pr

FIG. 2. Typical room-temperature absorption and emission sp
tra of GSAG:Ce31 at several pressures. Dashed curves repre
the fitted Gaussian functions for the 5d(1)→2F5/2 and 5d(1)
→2F7/2 emission bands.
1-2
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sure @Fig. 3~a!#. This implies that the energetic separati
between the absorption and emission band peaks is di
ished upon pressurization. Within the configurational coor
nate model@Fig. 1~b!#, this separation can be given in
simple form:

FIG. 3. Emission and absorption peak energies~a! and band-
widths ~b! as a function of pressure. Solid and dashed lines re
sent data for linear least-squares fits. In~a! the experimental error
bars are not shown because their values are smaller than the s
the symbols.
20510
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Eabs5Eem12S\v. ~2!

Thus, using Eq.~2! we can directly find a pressure-induce
reduction in the electron-lattice coupling and the coupli
energy~or the lattice relaxation energy! shifts with pressure
at a rate of d(S\v)/dP51/2@dEabs/dP2dEem/dP#5
23.5 cm21/kbar for the 5d(1)↔2F5/2 transition.

III. DISCUSSION

In analyzing the peak energies of the emission and
sorption bands and the lattice relaxation energy, we h
used the configurational coordinate model and a harmo
approximation for the lattice potentials in the ground st
(g, here corresponding to2F5/2 of Ce31) and the excited
state@e, here corresponding to 5d(1) of Ce31] @Fig. 1~b!# to
predict their energies@Eg(Q) andEe(Q)]

Eg,e~Q!5Eg,e
0 1 1

2 kg,e~Q2Q0!21Vg,e~Q2Q0!, ~3!

where Eg
0 and Ee

0 are the pure electronic energies of th
ground and excited states, respectively. Their differenceEe

0

2Eg
0 is equal to the difference between the2F5/2 state and

the 5d1 (2D) state of the free Ce31 ion additionally dimin-
ished byEdepr given by Eq.~1!. kg and ke are the force
constants for the ground and excited states, respectivelyVg
and Ve are the electron-lattice coupling constants for t
ground and excited states, respectively.Q0 is a reference
constant representing an initial value of the configuratio
coordinate.

In the crystal-field approach, the coupling constants (Vg
andVe) are expressed as

Vg,e5 K wg,eU dUcr~Q!

dQ Uwg,eL '
d

dQ
^wg,euUcr~Q!uwg,e&,

~4!

where Ucr(Q) is the crystal-field potential that is built b
O22 ligands surrounding Ce31. we and wg are the electron
wave functions for the excited and ground states, resp
tively. When we assume that the force constants for
ground and excited states are the same (ke5kg5k) and that
the wave functions (we andwg) are independent ofQ within
the adiabatic approximation, the crystal-field potential mat
elements in Eq.~4! can be written bŷ wg,euUcr(Q)uwg,e&
5Cg,e /Qn, whereCg,e are the coefficients depending on th

e-

of
calculated
e

TABLE I. Experimental data for the peak energies and pressure shifts of absorption and emission bands and values for the
parameters for Ce31 in GSAG and YAG.n55 was used for the calculations. Data included for YAG:Ce31 have been obtained under th
assumption that the pressure shift for the absorption band is the same as that for the emission bands.

Edepr Eem dEem/dp Eabs dEabs/dp B0

(cm21) (cm21) (cm21/kbar) (cm21) (cm21/kbar) ~kbar! KQ gKR

GSAG 27000 173406100 28.360.5 223206100 215.260.7 1916~Ref. 16! 0.6560.1 2.6660.4
152506100 27.560.5

YAG 27570 191006100 212.560.7 217506100 212.560.7 1870~Ref. 15! 0.5160.1 1.0260.3
175606100 211.860.7
1-3
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states andn is the nth term in the crystal-field potentials
Thus, in general, the coupling constantsVg,e in Eq. ~4! have
a simple form:

Vg,e52n
Cg,e

Qn11
. ~5!

In the point-charge model for the cubic crystal-field p
tential, only then55 term is a nonzero contribution from
ligands. Since the 4f electron in Ce31 is very well shielded
by its outer 5s25p valence electrons, the electron-lattice co
pling in the 2F7/2 and 2F5/2 states is negligible with respec
to the 5d electron that undergoes the strong influence fr
the oxygen ligands and we can thus useVg50 to obtain
S\v5Ve

2/2k.
To describe the variations of the absorption band p

energy (Eabs), the emission band energy (Eem), and the lat-
tice relaxation energy (S\v) with pressure, we take into
account configurational coordinates as a function of press
Derivatives with respect to pressure can be writtendP
5(dP/da)(da/dQ)dQ5(23B0 /a)(da/dQ)dQ, whereB0

is the bulk modulus of the host material anda5A3 y. Herey
is the cell volume. Further taking into account the cryst
field potential@Ucr(Q)# and the centroid shift@Ecen in Eq.
~1!# as functions ofQ2n and Q2n8, based on the point
charge model, respectively, we obtain

dEabs

dP
5

KQ

3B0
@nEcr2n8Ecen# ~6!

and

KQ5
dQ

Q Y da

a
. ~7!

Actually, KQ is a microscopic parameter that measure
pressure-induced change in the local environment of C31

relative to the host lattice.KQ51, KQ,1, or KQ.1 imply
that the local compression is equal to, smaller than, or gre
than the bulk compression, respectively. Using Eq.~6!, we
can obtainKQ when dEabs/dP is observed experimentally
For calculations we have assumed that@2Ecr
1(n8/n)Ecen#'@2Ecr1Ecen#5Edepr . It is valid when n
5n8. Actually sincen55 and n856 n8/n is greater than
unity an absolute value of2Ecr1n8/nEcen is greater than
Edepr . The error of approximation we have used depends
the ratio Ecen/Ecr . If it is of the order of unity~but it is
probably smaller! the estimatedKQ is smaller by about 10%
than it should be. In our opinion 10% is the accuracy
estimation of KQ . We have found KQ50.65 for
GSAG:Ce31 andKQ50.51 for YAG:Ce31 ~Table I!, which
imply that the local compression is smaller than the b
compression. Garcia-Revillaet al.17 have also reportedKQ
,1 for Ti-doped Al2O3.

In a similar approach discussed above, the pressure
pendence of the electron-lattice coupling energy (S\v) is
given by
20510
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dS\v

dP
5S\vF 2

Ve

dVe

dP
2

1

k

dk

dPG
5

S\v

3B0
@2~n11!KQ26gKR#, ~8!

where g is the Grüneisen parameter and has a followin
connection with the force constant

1

k

dk

da
5

2

v

dv

da
52

6g

a
~9!

and

KR5
dR

R Y da

a
. ~10!

KR is analogous toKQ and another microscopic paramet
that is, in fact, a relative measure of the influence of press
on local vibration modes in the vicinity of@CeO8#132 defect
centers with respect to the influence of pressure on the la
modes. Since Ce31 as a defect center substitutionally occ
pies a Gd31 site, KR like KQ also has three different case
KR,1, KR51, andKR.1. Morenoet al.18 and Marco de
Lucaset al.19 have studied the dependence of zero-phon
line energy and stokes shift on ion-ligand distance in per
skites and proposed a similar relation like Eq.~8! for describ-
ing changes of electron-lattice coupling.KR concerns the
compression of the interionic distance~R! between Ce31 and
its nearest neighboring oxygen ions as well as its ne
nearest neighboring cations such as Al31 in YAG and Al31

and/or Sc31 in GSAG. Thus,KR unlike KQ is probably close
to unity.

We definegKR asg loc that can be considered as the loc
Grüneisen parameter of Ce31. When the electron-lattice cou
pling energy (S\v) is obtained experimentally, using Eq.~8!
we can computeg loc . Values for g loc of Ce31 in
GSAG:Ce31 and YAG:Ce31 were obtained and are include
in Table I. We found the local Gru¨neisen parameterg loc
52.66 for GSAG:Ce31 and 1.12 for YAG:Ce31. The bulk
Grüneisen parameters for garnets are reported to be betw
1 and 2.20 The local and bulk Gru¨neisen parameters are ve
similar in both the host lattices.

The electron-lattice coupling in GSAG:Ce31 was ob-
served to be weakened considerably due to compression
its coupling energy decreases at a rate of23.5 cm21/kbar.
Pressure-induced narrowing of the emission bands obse
in GSAG:Ce31 @Figs. 2 and 3~b!# gave a consistency. How
ever, the emission bandwidths of YAG:Ce31 were observed
to increase with pressure12 and this implies that the electron
lattice coupling may have an opposite pressure behavior.
interesting to note that the electron-lattice coupling ene
(S\v) in GSAG:Ce31 at ambient pressure is almost a
twice as that in YAG:Ce31. According to Eq.~8!, a smaller
S\v should have a weaker pressure dependence. GSAG
a larger cell parameter~1.243 nm! than YAG ~1.200 nm!.21,22

The pressure-induced reduction in the electron-lattice c
pling energy in the larger GSAG lattice is stronger than t
in the smaller YAG lattice. If such a relation between t
1-4
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electron-lattice coupling and the cell parameter holds va
@2(n11)KQ26gKR#,0 works for a class of materials, i
our present case, garnets.

In our present work, we have considered an effective lo
vibrational mode that can be described by the single confi
rational coordinate model. This corresponds to thea1 sym-
metry breathing mode. Another vibrational mode that can
active in the electron-lattice interaction taking place in t
5d(1) emitting state in a cubic or nearly cubic field is
two-dimensionale mode leading to Jahn-Teller effects v
e3E. When theE state of 5d split by a local lower symme-
try than the cubic, an evident energy minimum occurs in
two-dimensional configurational space. In this case, one
always consider the cross-section area in which the energ
described still by Eq.~3!. The consideration of thee mode
instead of thea1 mode included in the analysis of th
electron-lattice coupling actually has no influence on the s
ond term in Eq.~8!. S\v for the e mode is now called the
Jahn-Teller stabilization energy and Eq.~5! is still valid for
dealing with the coupling constantV, but n is 3 rather than
5.23 When n53 is used, the local Gru¨neisen parameter i
smaller by 15% in GSAG:Ce31 and 30% in YAG:Ce31.
Assuming that 30% is the accuracy of our calculations
J.

-

e

ct
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Jahn-Teller contributions are considered within the errors
our estimation for the local Gru¨neisen parameter.

IV. CONCLUSIONS

We have performed high-pressure absorption and lu
nescence studies in Ce31-doped GSAG and observed
strong pressure-induced reduction in the electron-lattice c
pling. In the context of the single configurational coordina
model and the conventional crystal-field model, a quant
tive analysis of pressure-induced redshifts in the peak e
gies of absorption and emission bands has resulted in
information about the local compression modulus and lo
Grüneisen parameter. Our present simple model can be
eralized and applied, in principle, to other material syste
that occupy electronic interconfigurational transitions.
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