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Pressure-induced luminescence of cerium-doped gadolinium gallium garnet crystal
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Studies of the spectroscopic properties of Ce* dopant in bulk Gd;GasO;,:Ce crystal under pressure are
presented. In spite of strong intershell 4 f — 5d absorption bands at ambient pressure, the cerium luminescence
in Gd;Gas0y; is entirely quenched even at low temperature. It has been shown that applying pressure allows
for recovery of the 5d — 4 f radiative transitions. Further increase of pressure improves the emission efficiency.
This effect is analyzed in terms of two possible phenomena: (i) by pressure-induced electronic crossover of the
excited 5d energy level of the Ce* with the conduction band bottom of the host crystal, and (ii) by decrease
of electron-lattice coupling with increasing pressure, resulting in reduction of the Stokes shift and nonradiative
transitions between the low vibrational levels of the 5d state and high vibrational levels of the ground 4 f state.
The results of high-pressure absorption and luminescence measurements point out that the ambient-pressure
luminescence quenching is caused by the donor-like charge transfer processes due to the resonant location of
the Ce** 5d electronic levels with respect to the host conduction band. In such a situation, the ionization of
Ce** to Ce** occurs, accompanied by large lattice relaxation, which enables the nonradiative recombination
to the Ce 4 f state. The pressure-induced approach of the conduction-band bottom of the host crystal by the
excited 5d energy level of the Ce’* results in mixing between conduction band states and the 5d state, and the
broadband luminescence from this mixed state is observed at pressures from 30 up to about 60 kbar. Then, for
pressures exceeding 60 kbar, this luminescence is replaced by the classic Ce** 5d — 4 f transitions. Using a
simple anticrossing model and configuration coordinate model in the appropriate pressure range, quantitative
description of the system has been carried out, and the pressure-induced decrease of electron-lattice coupling has

been shown.
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I. INTRODUCTION

Cerium-doped materials are the subject of numerous
studies as solid state laser materials,'” phosphors,3‘8 and
scintillators.”!? Ce®* has the simplest 4 f” configuration (n =
1), and its broadband emission originating from parity-allowed
interconfigurational 4 f°5d' — 4 f154° transitions is also
studied from the point of view of further understanding of
d — f luminescence processes, both experimentally!'~!3 and
theoretically.'+1°

In different host crystals, Ce** ions generally show an
emission in the near-UV-blue spectral range, but in the
presence of strong crystal fields, such as in garnets, visible
emissions up to red color are observed.>'® However, in
some gallium-substituted garnets, like Y3GasO;,:Ce and
Gd3GasOy;:Ce, the luminescence is entirely quenched even at
low temperatures.'’2° This effect has been analyzed in detail
by Hansel et al. in Y3(Al;-,Ga,)501,:Ce (0 < x < 0.75) and
has been ascribed to the presence of strong electron-lattice
coupling and the small splitting of the 5d sublevels in the
garnets with more cubic structure, which increased the proba-
bility of nonradiative transitions from the excited state to high
vibrational levels of the ground state.?? Actually, the structure
of Gd3GasO; garnet (GGQG) is expected to be more cubic than,
for instance, the structure of Y3Als0, (YAG), in which the
cube-like surroundings of dodecahedrally coordinated cations
is highly compressed by a tetragonal distortion.>>! Then
taking into account that, in garnets, rare earth ions substitute
dodecahedral sites with D, point group symmetry,”> where
the excited 5d state splits into five sublevels, and comparing
the values of noncubic crystal field splitting parameter §;,
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defined as the energy difference between the two lowest
sublevels of the 5d level, the higher values of this parameter are
observed in garnets with strong Ce3* photoluminescence (PL;
about 7470 cm™~! in Y3Al50;,:Ce!"!® and about 7200 cm™!
in Gd;Sc,Alz04,:Ce),?® whereas lower values are found in
garnets in which Ce** PL is completely quenched (about
4300 cm~! in Y3Gas0;,:Ce!! and about 5200 cm™! in
Gd3GasOy;y:Ce, this work—see Fig. 1 and the text in the
Sec. IITA).

The quenching of the Ce** luminescence has been observed
also in a number of nongarnet oxide hosts, like La,05:Ce,
La,0,S:Ce, Y,03:Ce, and Luy03:Ce.>* 2% In all these cases,
on the base of optical and photoconductive spectroscopic
measurements, the authors ascribed the effect to the resonant
location of 5d cerium levels with respect to conduction band
(CB) of the host, which occurs when the host band gap
is equal or smaller than 45000 cm~' (about 5.6 eV).”> In
such a situation, the excited electron relaxes to the bottom
of the CB, which is located below the lowest cerium 5d
level. Thus, the electron does not return to this level, but
relaxes in a nonradiative decay processes to the Ce>* ground
state, causing the quenching of the luminescence. Such a
conclusion was confirmed by Shen et al.,”” who obtained the
Ce** luminescence by applying pressure to the nonemitting
Lu,03:Ce system, which induced electronic crossover of the
excited 5d state of the Ce** with the CB edge of Lu,O5.

Despite the efforts in explaining mechanisms that govern
the great differences in luminescence efficiency of Ce**-doped
materials,’’° the understanding of this problem is still not
complete. By using pressure, we reduce the ion-ion distances
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FIG. 1. (Color online) Ambient pressure absorption spectra of
pure GGG, GGG:Ce (0.5%), and GGG:Ce (5%) crystals. The spectra
of pure GGG and GGG:Ce (5%) are shifted for clarity along the
vertical axis by +20 cm~! and —20 cm™', respectively. Additionally,
the spectrum of GGG:Ce (5%) is divided by 10. Arrows indicate the
gadolinium absorption lines.

in the compressed material, and in this way—both inducing
changes of energy bands of host crystal and increasing
considerably the crystal field strength experienced by the
dopant ion—the high pressure spectroscopy is very well
suited for studying such systems. High-pressure spectroscopy
was previously used for studying properties of GGG:Mn,**
GGG:Yb,’! and GGG:Nd crystals,> and several others, for
example, lanthanum lutetium gallium garnet (LazLu,Gaz Oy,
LLGG) doped with chromium and neodymium,*® and lithium
niobate (LiNbOj3, LN) doped with Cr** or Yb.%

In this paper, we describe the effect of pressure on the
optical properties of bulk GGG:Ce crystal, which belongs
to the nonemitting materials at ambient pressure. At about
30 kbar, we observe the appearance of Ce’*-related PL
and then the pronounced increase in the PL intensity with
increasing pressure. To analyze this effect, apart from pressure
PL measurements, we performed also the measurements of
absorption under pressure, which allowed for direct determi-
nation of pressure dependence of the Stokes shift. Our results
reveal that the ambient pressure luminescence quenching is
caused by the resonant location of the Ce** 5d electronic levels
in the host conduction band, similar to the case of Lu,O5:Ce.?’
When the Ce3t 5d electronic levels are resonant with the CB,
efficient photoionization of Ce** and electron delocalization
occurs, followed by nonradiative decay of excited electrons
due to strong host lattice relaxation around the Ce** ion. The
pressure-induced crossover of the conduction-band bottom
of the host crystal with the first excited 54 energy level
of the Ce*" ion (denoted further as 5d;) results in strong
mixing of 5d; and CB states and the appearance of the
relatively broad and initially weak luminescence associated
with the radiative recombination of the mixed state at pressures
between 30 and 60 kbar. Because most likely the delocalized
electron remains in the vicinity of ionized Ce** ion due to
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its attractive Coulomb potential, the observed luminescence
can be associated with the formation of Ce-trapped exciton
(CTE), i.e. the bound electron-hole pair with the hole local-
ized on the cerium impurity and the electron on a nearby
lattice site. Such an impurity-trapped luminescence, called
the anomalous luminescence, was observed and analyzed in
Ce3+—doped Cs3LuClg (Ref. 36) and elpasolite Cs,LiYClg and
Cs,LiLuClg crystals,>”® as well as in Yb>*-doped®*' and
Eu’*-doped*!~° crystals.

Finally, at pressures exceeding 60 kbar, when the minimum
of the emitting 5d; state of Ce>* shifts below the conduction
band edge, the conventional highly efficient 4 f°5d — 4 f!
emission of Ce?* is observed. Theoretical analysis of exper-
imental data using the single configuration coordinate model
of the system allowed us to obtain good agreement between
the model and experiment.

The paper is organized as follows: in Sec. II, we describe
the investigated samples and the experimental methods. In
Sec. III, the results of spectroscopic studies of the GGG:Ce
crystal (absorption and luminescence) are reported. In Sec. IV,
we present the quantitative analysis of experimental data based
on the configuration coordinate diagram of the system and
anticrossing model and discuss all obtained results. Finally, a
summary and conclusions are presented in Sec. V.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

Two GGG:Ce samples were grown by the Czochralski
method. The concentration of Ce?* ions in the sample used
for PL measurements was equal to 0.5 at.%, whereas the
concentration of Ce** ions in the sample used for high-
pressure absorption measurements was equal to 5 at.%. The
sample with lower Ce** concentration was grown to avoid the
presence of luminescence lines originating from Ce-Ce pairs.
However, because of a small amount of Ce3* dopant in the
GGG:Ce(0.5%) sample and very low thickness of the sample
that can be loaded into the diamond anvil cell (DAC), the
cerium absorption of this sample was not detectable under
pressure. Therefore, the GGG:Ce(5%) sample was grown
specially for high-pressure absorption measurements.

Trying to obtain the ambient pressure photoluminescence,
we used several available laser lines of the continuous wave
(cw) Coherent Innova 400 Ar-ion laser working in the
wavelength range from deep-UV (275.4 nm), through near-UV
(between 333.6 and 363.8 nm), up to visible (457.9 nm), as
well as the 405-nm line of the GaN semiconductor laser (OEM
laser product). High-pressure PL spectra were measured,
finally, using a 457.9-nm line of the Coherent Innova 400
Ar-ion laser as the main excitation source; however, in several
complementary measurements, three other Ar-laser lines from
the visible spectral region (476.5, 488, and 496.5 nm) have also
been used. The spectra were dispersed by a Horiba Jobin-Yvon
FHR 1000 monochromator. The signal was detected by means
of a liquid nitrogen cooled charge-coupled device (CCD)
camera. The high-pressure measurements were performed
using a low-temperature diamond anvil cell (CryoDAC LT,
easyLab Technologies Ltd). Argon was used as a pressure-
transmitting medium. The DAC was mounted in an Oxford
Optistat CF cryostat equipped with a temperature controller
for low-temperature measurements. The samples, cut and
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polished down to a thickness of 20 um, were loaded into
the cell along with a small ruby crystal. The R,-line ruby
luminescence was used for pressure calibration.*’~* The line
width of ruby luminescence was also used for monitoring
hydrostatic conditions in the DAC.>*"!

The ambient-pressure absorption spectra were measured
with a Cary 5000 UV-Vis-NIR spectrophotometer. The high-
pressure absorption measurements were performed in the
DAC using a double gasket as the sample chamber. The
sample covering the smaller hole into the rear thin gasket
was illuminated via an optical fiber coupled to an Ocean
Optics DH2000 Deuterium Tungsten Source. The spectra of
transmitted light were measured with the use of a Horiba Jobin-
Yvon FHR 1000 monochromator in the same configuration as
in the case of measuring of emission spectra. Absorbance of
the sample was determined using a standard formula, i.e. as a
logarithm of the relative intensity of light transmitted by DAC
with an empty gasket and DAC loaded with the sample.

III. EXPERIMENTAL RESULTS

A. Absorption spectra of pure GGG, GGG:Ce(0.5%), and
GGG:Ce(5%) crystals at ambient pressure

The ambient pressure room-temperature (RT) absorption
spectra of pure GGG, GGG:Ce(0.5%), and GGG:Ce(5%)
crystals are presented in Fig. 1. Additionally, the absorption
spectra of GGG:Ce(0.5%) and GGG:Ce(5%) samples
measured at 10 K are presented for comparison. The
measurement of pure GGG allowed for determination of
the energy gap of the host crystal, which occurred to be
equal to 5.57 eV at 10 K and 5.33 eV at RT, revealing slight
temperature energy gap shrinkage.

There are visible two absorption bands originating from
4115d° — 4 954" transitions of the Ce3* ions, denoted as
5d, and 5d,. In the distorted cubic site occupied by Ce3*
ions (D, point group symmetry), 4 f ground electronic con-
figuration splits into two states *Fs,, and *F,,. This splitting
in garnets is in the range of 2000 cm~',° and in absorption,
the transitions from the ground 2F /2 state are observed. The
excited 5d configuration is split in this symmetry into five
sublevels: lower doublet and higher triplet.!! The results
show that the energies of 2R 2 — 5d; and 2R 12— 5d,
transitions, peaked at about 426 nm (23 500 cm™') and 348 nm
(28700 cm™!), respectively, are smaller than the band-gap
energy of the host crystal; whereas the energies of higher-lying
5d3, 5d4, and 5ds levels are greater than the band-gap energy
of the host crystal; so they are not visible in the absorption
spectra. However, the measured spectra do not allow us to
resolve unambiguously, whether the 5d; and 5d, states are
located in the energy gap or are resonant with the conduction
band of the host, as the transitions from the Ce3* ground
state 2Fs ,2 to the CB states are much less probable than the
intraconfigurational *Fs, — 5d transitions of Ce** ion.

The extent of the tetragonal distortion from perfect cubic
structure is described by the total crystal field splitting
parameter, defined as the energy difference between the highest
and the lowest level of the split 5d state.''”> However, in
many compounds, similar to the case of GGG, the higher
sublevels are not visible; therefore, the distortion is often
described by the crystal field splitting §; parameter, defined
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as the energy difference between the two lowest sublevels of
the 54 state.® This parameter can be determined for GGG:Ce
directly from the measured absorption spectra: it is equal to
(5200 £ 200) cm~! and does not depend on cerium concent-
ration. This relatively small value as compared to other
garnets' 1823 indicates low distortion of Ce** surrounding
from cubic symmetry in GGG.

B. Pressure dependence of the luminescence of Ce’* ions
in GGG crystal at low temperature

Despite the observed strong absorption of Ce** in GGG,
no luminescence was observed either under direct continuous
wave (cw) excitation into cerium absorption bands [with six
available Ar-ion laser lines between 333.6 and 363.8 nm,
or the 405-nm line of GaN semiconductor laser (OEM laser
product)], or through exciting the gadolinium with the 275.4-
nm line of an argon ion laser.

After the application of pressure to this nonemitting system,
at about 30 kbar, weak broad luminescence in the spectral range
between 10400 cm™! (960 nm) and 20400 cm™! (490 nm)
appeared, under the excitation with a457.9-nm line of an argon
ion laser. Further increasing the pressure caused pronounced
increase in PL intensity, accompanied by the initial decrease
of the width of the emission band at the pressures from 30 kbar
up to 60 kbar. This last effect will be discussed in more detail
in Sec. III D.

The PL spectra of Ce** in GGG at T = 10 K as a function of
hydrostatic pressure, in the pressure range up to about 194 kbar,
are shown in Fig. 2. The spectra consist of two overlapping
broad bands, corresponding to two transitions from the lowest
sublevel of the excited 5d state to the *F;, (lower energy band,
peak labeled as #1) and °Fs /2 (higher energy band, peak labeled
as #2) sublevels of the 4 f ground state. The broad appearance
of these bands is a consequence of strong coupling of the
excited 5d state to the surrounding lattice.'>2%°%34 The strong
sharp emission features round 14 000 cm ™! are due to the ruby
pressure calibrant used in the experiment, which is located in
a DAC chamber next to the sample, and its luminescence is so
strong that it is unavoidable in such an experiment.

The PL spectra have been deconvoluted into two Gaussian
bands, and in this way, the pressure dependence of the spectral
positions of the two components as well as their intensities
have been obtained. The results are presented in Fig. 3.
The spectral positions of the GGG:Ce luminescence lines
depend nonmonotonically on pressure. The energies of the
peaks initially increase, and after reaching maxima at about
60—65 kbar, they decrease with increasing pressure. This
behavior is unusual, as with increasing pressure, we rather
expect the decrease of transition energies due to the increase
in the 5d state splitting and as a result decrease of the energy of
the lowest 5d; sublevel. =8 In comparison with the 5d state,
the pressure shift of the 4 f state energies can be neglected, as
the inner-shell 4 f* electrons are well shielded from the lattice
by the 5s and 5p electrons; and therefore, their energies are
not significantly affected by the pressure induced crystal field
changes,?!>%-61 ag it is in the case of the much less-screened
outer 5d state.

The PL intensity of the GGG:Ce increases strongly with
increasing pressure up to about 100 kbar, and for pressure
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FIG. 2. (Color online) The pressure dependence of the PL spectra
of Ce’* in GGG crystal. The emission features round 14 000 cm™!
are due to the ruby pressure calibrant used in the experiment. Arrows
indicate transitions from the lowest sublevel of the 5d state to the
(1) %Fy> and (2) ?Fs, sublevels of the 4 f ground state. An example
of fitted curves is presented on the spectrum at the pressure of
66 kbar.

exceeding 120 kbar, gradual decrease in PL intensity is
observed. We attribute this effect to a red shift of the 54,
excitation band of Ce3™, causing the reduction in excitation
efficiency and decrease of PL intensity. Indeed, the change
of excitation to longer wavelengths with increasing pressure
allowed for intensity recovery, which is shown in Fig. 4.
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FIG. 3. (Color online) The pressure dependence of the PL peak
energies and integrated PL peak intensities of GGG:Ce crystal. The
solid line represents the best fit of the model to the experimental data
(see the description in Sec. IV B).
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FIG. 4. (Color online) The pressure dependence of the total PL
intensity excited with different argon laser lines. Changes in the
excitation efficiency reflect pressure red shift of the excited 5d, level.
Lines connecting the measurement points are only guides for eyes.

C. Pressure dependence of the absorption spectra of Ce’* ions
in GGG crystal at room temperature

The absorption spectra of GGG:Ce have been measured
in the pressure range from O up to 105 kbar. As it has been
already mentioned in Sec. II, because of a small amount of
Ce’* dopant and a very low thickness of the sample that
can be loaded into the DAC, the cerium absorption was not
detectable in the GGG:Ce(0.5%) sample. For this reason, the
high-pressure absorption measurements have been performed
on the GGG:Ce(5%) sample. Comparing the ambient-pressure
absorption spectra of both samples (see Fig. 1), which differ
only in the values of absorption coefficients and have the
same energy positions of the absorption lines originating from
4£15d° — 4 954" Ce** transitions as well as the line widths,
we assume that results obtained for these samples can be used
for generalized analysis of the pressure behavior of cerium
dopant in GGG.

The pressure dependence of the absorption spectra of
Ce®* ions in GGG measured at RT is presented in Fig. 5.
Unlike in the case of luminescence, both absorption lines
show the noticeable continuous decrease of peak energies with
increasing pressure. Up to the highest measured pressure, the
two lowest absorption lines of 2F /2 — 5d, transitions of the
Ce’* ions are visible.

From the measured absorption spectra, we can determine
both the pressure dependence of absorption energies and
the pressure dependence of the §; parameter, which allows
us to monitor the pressure changes of the distortion of
the Ce* ion surrounding from perfect cubic structure. The
absorption peak energies of Ce** ions in GGG and the
crystal field splitting parameter §; as a function of pressure
are presented in Fig. 6. If we approximate the pressure
dependence of absorption peak energies and the §; parameter
by linear fits, we obtain the pressure coefficients as slopes of
these fits equal to (—2141) cm™~! /kbar for the 2F5/2 — 5d,
transition, (—20+1) cm' /kbar for the *Fs, — 5d, transition,
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FIG. 5. (Color online) The pressure dependence of the absorption
spectra of Ce** in GGG crystal.

and (1.240.9) cm™!/kbar for the crystal field splitting §;
parameter, respectively. This last result indicates that the
distortion of the Ce** ion surrounding from perfect cubic
structure increases with pressure; however, this increase is
very small.
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FIG. 6. (Color online) The pressure dependence of the absorption
peak energies and the crystal field splitting §; of Ce** in GGG crystal.
The solid line represents the best fit of the model to the experimental
data of the *Fs), <> 5d, absorption in the region of applicability of
the SCC model (see the description in Sec. IV A). The dashed line
represents the linear fit to the pressure dependence of the crystal field
splitting §;.
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FIG. 7. (Color online) (a) The pressure dependence of absorption
(squares) and emission (circles) FWHM for the 2F; 2 <> 5d, transi-
tion. Here, PL was measured at 10 K, absorption was measured at
RT. The FWHM of ambient-pressure absorption measured on bulk
GGG:Ce sample at 10 K and RT is marked by an open star and
a triangle, respectively. (b) The pressure dependence of emission
FWHM of the ruby R, line used as a pressure sensor at absorption
(squares, RT) and PL (circles, 10 K) measurements in DAC.

D. Pressure dependence of the spectral bandwidth of Ce3*+
absorption and photoluminescence in GGG crystal

Before applying a single configuration coordinate (SCC)
model for description of the observed phenomena, we have
to analyze the spectral bandwidth of both absorption and
photoluminescence lines corresponding to the transition
between the same electronic states, i.e. to the 2F5/2 <~ 5d,
transition. In this way, we can check the range of applicability
of this model, according to which the mirror symmetry
between absorption and emission line shapes is expected, as
the electron-phonon coupling is assumed to be the same in
the ground and excited states.5%3

Figure 7(a) presents comparison of the pressure dependence
of absorption and emission full width at half maximum
(FWHM) for the *F3 /2 <> 5d| transition. The important aspect,
which should be taken into account, is the fact that all PL spec-
tra were measured at 10 K, whereas high-pressure absorption
spectra were measured at RT, which contributes to additional
increase of absorption bandwidth. The difference between
low- and room-temperature absorption spectra can be taken
into account by comparing the respective ambient-pressure ab-
sorption measured on the bulk GGG:Ce sample. The ambient-
pressure FWHM of 2F; 12 — 5d, transition at 10 and 295 K is
marked in the graph by an open star and a triangle, respectively.

Additionally, in the case of high-pressure measurements in
DAC, the FWHM analysis is not straightforward because of
possibility of occurrence of nonhydrostaticity effects, which
can contribute to the increase in the spectral bandwidth. These
effects can be controlled by monitoring the pressure changes of
the line width of ruby luminescence, used as a pressure sensor
inside the DAC.>*! The pressure dependence of emission
FWHM of the ruby R; line collected at absorption (squares,
RT) and PL (circles, 10 K) measurements in DAC is presented
in Fig. 7(b).
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Taking into account all the above-mentioned effects, it can
be seen that absorption bandwidths at pressures from O to
60 kbar are comparable to PL bandwidths at pressures from
60 to 170 kbar. The abrupt increase in absorption FWHM
above 60 kbar is not clear. One of the possible reasons of this
effect can be some problem with hydrostaticity in the DAC,
connected with the extremely sophisticated double-gasket
measuring technique. In spite of the stable FWHM of the
ruby R; line in this range of pressure, it could happen that the
compressed gasket started to exert some kind of axial stress on
the sample, which is much larger than the ruby ball. However,
because the abrupt increase in absorption FWHM occurred
at the characteristic pressure of 60 kbar, the unambiguous
explanation of this strange result needs additional study.

The FWHM of the emission band is determined from the
deconvolution of two Gaussian bands (such a procedure is
justified in the case of strong electron-lattice coupling),’>%?
corresponding to the transitions from the 5d; excited state
to the 2F7/2 and 2F5/2 sublevels of the 4f ground state
(see Fig. 2). Additionally, the emission spectra are affected
by ruby luminescence; so the results can be burdened by
quite large error; however, they still can provide useful
information concerning trends in pressure changes of emission
bandwidth. Thus, in the pressure range of 30—-60 kbar, when
the luminescence appears and its intensity grows rapidly,
the luminescence line is visibly broader than the respective
absorption. At about 60 kbar, the FWHM reaches its minimum
and remains approximately constant up to over 160 kbar. The
increase in FWHM at 174 kbar is clearly correlated with the
increase in FWHM of the R, line pointing to the emergence
of nonhydrostaticity inside the DAC. Actually, taking into
account a small but continuous increase in the R; line
FWHM with increasing pressures during PL. measurements,
we cannot exclude that the luminescence FWHM would even
decrease if we would be able to maintain strictly hydrostatic Z
conditions.

The exceptionally broad photoluminescence between 30
and 60 kbar can be explained by the formation of the
anomalous state being a mix between the states from the
bottom of the GGG conduction band and the cerium 5d state.
This mixing is a result of a special energetic position of
the 5d state relative to the CB bottom, which changes with
pressure. The possible arrangement of the involved energetic
relationships is presented in Fig. 8. In the case of CTE
formation, the initial energetic position of the anomalous state
should be located below the bottom of the CB by an amount
close to the binding energy of the electron to Ce**, i.e. by
about 0.5-0.7 eV.*® As on the basis of our results we cannot
determine this value and its pressure changes with respect
to the CB bottom, we put the energy level of this state just
at the CB bottom for simplicity, and this does not influence
the further conclusions. Additionally, there are no available
data on band-gap pressure coefficients of any garnets, but as
GGG belongs to direct band-gap materials®* and high-pressure
studies of other direct band-gap materials have shown that
pressure increases the direct gap, we assumed in the scheme
the positive pressure coefficient of GGG.

Applying pressure to the GGG:Ce system, we observe
different types of processes in three pressure regions in the
dependence on the location of the first excited 5d; energy
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(a) (b)
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py= 30 kbar po = 60 kbar
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FIG. 8. (Color online) The scheme of pressure-induced changes
of energy levels of the Ce** ion, the conduction band bottom of the
GGG crystal, and the mix of the cerium 5d, state with CB states. The
pressure boundaries p; and p, separate the pressure ranges, in which
(a) complete luminescence quenching, (b) anomalous luminescence
of the mixed state, and (c) Ce** intraconfigurational 5d; — 4 f
luminescence is observed. See the text for more detail.

level of Ce** with respect to the conduction band bottom of
the GGG host:

(1) at pressures below 30 kbar, when the emitting 5d; state
of Ce** is resonant with the CB, the complete quenching of
radiative emission is observed due to the efficient delocaliza-
tion of excited electrons and large lattice relaxation around Ce
impurity, facilitating effective nonradiative decay through host
lattice processes;

(2) at pressures between 30 and 60 kbar, when approaching
the energy level crossing, the 5d; state of Ce** ion is mixed
with the states of the CB bottom, which results in appearance
of broad and initially weak emission due to the still active
nonradiative processes;

(3) at pressures exceeding 60 kbar, when the emitting 5d,
state of Ce3* is well below the bottom of the CB, typical highly
efficient 4 f°5d — 4 f! emission of Ce>* is observed.

All types of these processes were reported and discussed
by many authors in different host crystals doped with
Ce3+,23:27:283665 and in more detail in ionic crystals doped
with Yb?* and Eu?* ions,* but they were never observed
in one crystal subjected to different pressure conditions only.
Howeyver, it has been demonstrated that, in Eu2+-doped flu-
orides, high pressure can transform anomalous luminescence
into the conventional 4 f05d — 4 f7 emission.*>*

The above analysis shows that the SCC model, assuming
the same electron-lattice coupling in the ground and excited
states (i.e. one average energy of local phonon modes around
Ce3*), can be applied to the highest-pressure region only.

E. Pressure dependence of the Stokes shift between absorption
and emission of Ce** ions in GGG crystal

The pressure measurements of luminescence and absorp-
tion spectra of Ce** dopant in GGG crystal enabled us to
determine the pressure dependence of the absorption-emission
Stokes shift (Ag), defined as the difference between absorption
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FIG. 9. (Color online) The pressure dependence of the Stokes
shift (Ag) of the 2F5/2 < 5d, transition of Ce** in GGG crystal. The
solid line represents the best fit of the model to the experimentally
determined Stokes shift dependence of the 2Fs /2 <> 5d| transition, in
the region of applicability of the SCC model (see the description in
Sec. IV A).

and emission maximum energies. The pressure dependence of
the Stokes shift for the observed transition is shown in Fig. 9.

At pressures between 30 and 60 kbar, where the anomalous
emission occurs, a large Stokes shift is observed, which is
also one of the fingerprints of such luminescence,?”-3:4042 a5
a result of the strong lattice relaxation involved in the pho-
toionization process. It decreases significantly with increasing
pressure, which can be associated with the gradual replacement
of anomalous luminescence by 5d; — 2R /2 transition.

At pressures above 60 kbar, the Stokes shift can be
expressed using Huang—Rhys factor S, and hw—average
energy of local phonon modes around Ce3*:%?

AS:EAbS—EpLZ(ZS—l)'ha). (1)

The larger Stokes shift (larger Huang—Rhys factor)
indicates a stronger electron-lattice coupling and more
effective nonradiative transitions via the crossover between
the low-vibrational levels of the excited 54 state and
high-vibrational levels of the ground 4 f state.?° It is clearly
visible in Fig. 9 that, also in this pressure range, Ag still
decreases with increasing pressure; however, this decrease
is much weaker than at pressures below 60 kbar. Similar
effect of pressure-induced reduction in the electron-lattice
coupling has been described theoretically by Grinberg et al.
for a hole-trapped exciton*® and observed by Grinberg et al.
in Ce**-doped Gd3;Sc,Al;0;, garnet crystal.>®

IV. THEORETICAL ANALYSIS OF EXPERIMENTAL DATA

A. Theoretical analysis of the data based on the configuration
coordinate diagram of the system for pressures >60 kbar

For the analysis of the pressure behavior of absorption,
luminescence, and resulting Stokes shift, we use a sin-
gle configuration coordinate model for pressures exceeding
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5d,
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2
F5/2

——
AQ @

FIG. 10. Configurational coordinate diagram in the harmonic
approximation for p > 60 kbar, when the CB minimum is shifted
over the 5d; emitting energy level. Two parabolas labeled *Fs, and
5d, represent the ground and excited Ce3* states, and the parabola
labeled Ce** + e corresponds to the Ce** ion and electron in CB.
Harmonic oscillators at the same frequency w are assumed for both
Ce3t states. Here, Eans and Epp indicated by arrows correspond to
the peaks of absorption and emission, respectively.

60 kbar, where this model is applicable.5>%3 The configura-
tional coordinate diagram is schematically shown in Fig. 10.
Within this model, we consider two main reasons of pressure-
induced decrease of the Stokes shift (see Fig. 9): (i) the
decrease of the energy of the 5d, electronic state, and (ii) the
pressure changes of the electron-lattice coupling. Taking into
account theoretical dependence of single d electron energy
levels on a crystal field strength®?-% as well as the published
results of pressure dependencies of 4 f"~'5d' — 4 f" tran-
sitions of different RE ions>>77%% and our experimental
data (Fig. 6), it is reasonable to assume the linear pressure
dependence of the energy of 5d, electronic state, i.e.:

Esq, (p) = Es54,(0) + ksq - p, (2)

where Esg4 (0) and Esg (p) are the energies of the minimum of
the 5d, electronic state at ambient pressure and the pressure p,
respectively, and ks, is the pressure derivative of the 5d; state,
which is negative, as the increasing crystal field causes the red
shift of this emitting lowest state of the split 5d manifold.6%66-6
For determination of the type of pressure dependence of the
configurational coordinate, we use the relation:%>%

S(p) - hw = IMo* - [AQ(p)T%, 3)

and resulting directly from this relation dependence:

28 -h
AQ([))=,/%, @)

where S(p) is the pressure-dependent Huang—Rhys factor, M
is an effective ionic mass, AQ(p) the lateral displacement
of the ground and excited state parabolas along configu-
rational coordinate axis (see Fig. 10), and w the average
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FIG. 11. (Color online) The pressure dependencies of the Huang—
Rhys factor (S) of the 2Fs /2 <> 5d, transition of Ce** in GGG crystal,
assuming effective phonon energy equal to 350 cm™' (circles) and
the square root of the Huang—Rhys factor (squares), proportional to
the configurational coordinate (see the text). The linear fit (solid line)
to the data is also shown in the graph. The ambient pressure value of
the Huang-Rhys factor, determined as [A Q(0)]?, i.e. as the square of
the zero point of the configurational coordinate from the linear fit, is
marked by the filled circle.

vibrational frequency, assumed to be pressure independent.
This assumption is in general not true, as phonon frequencies
normally increase slightly with pressure. There is a lack of
data concerning pressure coefficients of phonon energies in
GGG, but in other RE garnets, these values are in the range
of 0.05-0.56 cm™! /kbar,’%7? and they are small enough to
allow such approximation, which considerably simplifies our
analysis.

In order to establish the type of the pressure dependence
of the configurational coordinate, we need to determine the
pressure dependence of the Huang—Rhys factor, which in turn
can be obtained using the measured pressure dependence of
the Stokes shift from Eq. (1), assuming any reasonable value
of the effective phonon energy. We have chosen for such a
value the energy of the strongest phonon mode in the Raman
spectrum of GGG, equal to about 350 cm~!,7? additionally
taking into account the known relation between a Pekarian-
shaped bandwidth of the emission and the effective phonon
energy and the Huang—Rhys factor:?

FWHM = 2.36 - fiw - v/S. 5)

According to the discussion of the FWHM of absorption
and emission bands from Sec. III D, the results can be burdened
by quite large error; however, they still can be used as an
indicator of the reasonability of our assumption.

Figure 11 presents the pressure dependence of the Huang—
Rhys factor (S) of the ?Fs, <> 5d, transition of Ce*" in GGG
crystal determined from the experimental results of pressure
dependence of the Stokes shift (Fig. 9), assuming effective
phonon energy equal to 350 cm™!. The obtained values of S
decrease from about 5.7 at the pressure of 66 kbar, to about
4.7 at the pressure of 104 kbar.
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Figure 11 also shows the pressure dependence of the square
root of the Huang—Rhys factor, which according to Eq. (4)
is proportional to the configurational coordinate. The results
show that the pressure dependence of the configurational
coordinate in this pressure range can be described by the linear
fit well, which is in the form:

[25(0) - 1
AQ(p) =AQO0) +kag-p= %Jrkmm- (©6)

Using such a linear pressure dependence of the config-
urational coordinate and the linear pressure dependence of
the energy of the 5d; electronic state [Eq. (2)], we obtained
binomial pressure dependencies of the absorption, emission,
and the resulting Stokes shift for the 2F /2 <> 5d transition:

Eaps(P) = Eaps(0) + kaps - p + Ky - 27 (7a)
EpL(p) = EpL(0) + kpr - p + kpp - P2, (7b)
As(p) = As(0) + kas - p + kg - 7, (7c)

Then we performed fits to the experimental data for p >
60 kbar. The best fits were parameterized by:

(1) ambient pressure value of absorption energy Eaps(0),
assumed to be equal to (23 500 £ 200) cm~! according to the
results of our measurements,

(2) phonon energy fizo, assumed to be equal to (350 £
20) cm~!,

(3) ambient pressure value of the Huang—Rhys factor S(0),
the adjustable parameter,

(4) linear pressure coefficient of the energy of the 5d; state
ksq [Eq. (2)], the adjustable parameter,

(5) linear pressure coefficient of the configurational coordi-
nate kg [Eq. (6)], the adjustable parameter.

The results of the best fits of this model to the experimental
data are presented as solid lines in Figs. 6 and 9. These fits
have been obtained for S(0) = 7.4 + 0.2, and ksy = (—17 &+
2) cm™! /kbar. The value of the ambient-pressure Huang—Rhys
factor obtained from the fit agrees very well with the value of
S(0) = 7.5 marked in Fig. 9, determined as [AQO)]?, ie.
as the square of the zero point of linear fit to the pressure
dependence of configurational coordinate A Q.

The resulting values of the emission, absorption, and the
Stokes shift energies and their pressure dependencies are as
follows:

(1) ambient pressure absorption energy Eaps(0), equal to
(23500 £ 200) cm™'; the pressure coefficients of absorption
energy kaps &~ — 22 cm~! /kbar, k' ps = 0.01 cm™! /kbar?,

(2) presumable ambient pressure emission energy Epr(0)
(although not observed due to non-radiative quenching), equal
to (18 700 £ 400) cm™'; the pressure coefficients of emission
energy kp, &~ —12 cm~! /kbar, kj; = —0.01 cm~! /kbar?,

(3) ambient pressure value of the Stokes shift Ag(0) equal
to (4800 £ 200) cm™!; the pressure coefficients of the Stokes
shift kas &~ —10 cm™! /kbar, k¢ = 0.02 cm™' /kbar?.

The obtained agreement between fits and experimental data
is very good, and adjusted parameter values are reasonable,
which confirms the correctness of our model. This result
also shows the relatively high ambient pressure Stokes shift
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and Huang—Rhys factor, i.e. strong electron-phonon coupling,
which enable nonradiative deexcitation of the 5d state.

B. Analysis of the PL energy pressure dependence based on the
mixing between the states from the bottom of the GGG
conduction band and the Ce3t 54, state

The pressure dependence of luminescence energy can be
modeled taking into account the mixing of the 54, and CB
states, which is expressed quantum mechanically as a super-
position of respective wave functions. The degree of mixing
depends on the energy separation and the coupling strength
between the states. Because of the negative pressure coefficient
of the 5d; energy level and positive pressure coefficient of the
CB bottom, the energy difference between the 5d; energy level
and CB bottom changes with pressure: at ambient pressure, it
is positive; then with increasing pressure, decreases to zero
causing increase in mixing of states; and afterwards becomes
negative (see Fig. 8). Such a situation leads to anticrossing
quantum effect.”* The electronic transitions occur from the
lowest mixed state, where the admixture of CB states is
the largest at low pressure and decreases with increasing
pressure at the expense of the 5d; state. The observed
luminescence energy is then equal to:’*

EpL(p) = Esq,(0) + 3[plksq + kcp) — AE(0)
— VIAEQ©) + plksa + kep)2 +4V2],  (8)

where kcg is the linear pressure coefficient of the CB bottom
energy, AE(0) the energy separation between the minimum
of the unmixed 5d; energy level and CB bottom, and V the
coupling energy between the states.

Using for ks; the value —17 cm~! /kbar obtained from
previous fits and for Esg, (0) the value 20900 cm™!, equal to
Eaps(0) — S(0O)ho (see Fig. 10), we have fitted this model to
the experimental pressure dependence of photoluminescence.
The best fit, presented as a solid line in Fig. 3, has been
obtained for kcg = (90 £ 10) em™! /kbar, AE(0) = (3200 +
300) cm™!, and V = (2000 £ 200) cm~', which appear
to be reasonable values, consistent with the other obtained
parameters describing the GGG:Ce system.
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V. SUMMARY AND CONCLUSIONS

The study of influence of hydrostatic pressure on the optical
properties of Ce impurity in bulk Gd3;GasO;, garnet has
been presented. Application of pressure to the nonemitting
GGG:Ce crystal resulted in the emergence of the luminescence
at about 30 kbar and subsequent pronounced increase in
the luminescence intensity with increasing pressure. Detailed
discussion of the observed effects, taking into account the
radiative emission connected with the mixing between the
5d; and CB states at pressures from 30 to 60 kbar and
Ce*T4£95d — 4f' emission at pressures above 60 kbar
have been presented. A thorough analysis of the pressure
behavior of the Ce’* absorption and luminescence above
60 kbar, based on a single configuration coordinate model
allowed for determining the values of important spectroscopic
parameters characterizing the GGG:Ce*t system and their
pressure dependencies.

Our results show that the ambient pressure absence of Ce**
luminescence is caused by the resonant location of the 5d; state
in the conduction band of the GGG host crystal when efficient
delocalization of excited electron occurs. This process is
accompanied by strong host lattice relaxation around the Ce**+
impurity, which facilitates effective nonradiative decay of the
excited electron to the 4 f state of Ce. The pressure-induced
approach of the CB edge of GGG by the excited 5d energy level
of the Ce?* increases mixing of band states with the 5d; state,
which is revealed by the appearance of radiative emission from
this mixed state observed at pressures between 30 and 60 kbar.
Then for pressures exceeding 60 kbar, this luminescence is
replaced by the pure interconfigurational 5d — 4 f transitions
of Ce*" ions. An additional very important factor influencing
the luminescence efficiency is the strength of electron-
lattice coupling, which is shown to decrease with increasing
pressure.
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