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Paramagnetic Ce3+optical emitters have been studied by means of optically detected magnetic resonance
(ODMR) via Ce3+ spin-dependent emission in cerium-doped garnet crystals which were both gadolinium free
and contain gadolinium in a concentration from the lowest (0.1%) to 100%, i.e., to the superparamagnetic
state. It has been shown that the intensity of photoluminescence excited by circularly polarized light into Ce3+

absorption bands can be used for selective monitoring the population of the Ce3+ ground-state spin sublevels.
Direct evidence of the cross-relaxation effects in garnet crystals containing two electron spin systems, i.e., the
simplest one of Ce3+ ions with the effective spin S = 1

2 and the system of Gd3+ ions with the maximum spin
S = 7

2 , has been demonstrated. Magnetic resonance of Gd3+ has been found by monitoring Ce3+ emission in
cerium-doped garnet crystals with gadolinium concentrations of 0.1 at. %, 4%–8%, and 100%, which implies
the impact of the Gd3+ spin polarization on the optical properties of Ce3+. Strong internal magnetic fields in
superparamagnetic crystals were shown to modify the processes of recombination between UV-radiation-induced
electron and hole centers that lead to the recombination-induced Ce3+ emission. Observation of spikes and
subsequent decay in the cross-relaxation-induced ODMR signals under pulsed microwave excitation is suggested
to be an informative method to investigate transient processes in the many-spin system of Ce3+, Gd3+, and
electron and hole radiation-induced centers.

DOI: 10.1103/PhysRevB.95.224414

I. INTRODUCTION

The 5d-4f transitions of Ce3+ in garnets produce an
emission of quantum efficiency close to unity in a broad band,
extending from 500 to about 650 nm. The system is ideally
suited for luminescence conversion of blue light emitting
diodes (LED) [1,2]. The phosphor absorbs part of the blue
light emitted by a LED and converts the blue light into yellow
emission, which, together with transmitted blue light, yields
white light.

Cerium-doped garnet crystals have a high potential as high-
performance scintillators for numerous applications including
nuclear physics and modern medical imaging methods [3–6].
Ce-doped gadolinium containing garnets have extremely high
photon gain, a high density, and, as a result, a high stopping
power, which is a considerable advantage for their scintillator
applications. The underlying idea is that Gd3+ ions are
involved in the energy transfer to Ce3+ ions.

It was shown that rare-earth-doped crystals are excellent
hardware for quantum information processing in the solid
state. High-fidelity optical initialization, efficient coherent
manipulation, and optical readout of a single-electron spin
of Ce3+ ion in a yttrium aluminum garnet (YAG) crystal have
been demonstrated and a possibility of all-optical addressing
and coherent control of single Ce3+ spin-based quantum
bits has been proven [7–9]. Additional functionality of these
materials is added by their waveguiding properties allowing
for on-chip photonic networks. Strong hyperfine coupling to
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aluminum nuclear spins suggests that cerium electron spins can
be exploited as an interface between photons and long-lived
nuclear spin memory. Recent electron spin echo detected
electron-nuclear double resonance study of cerium-doped
garnet ceramics allowed estimating the hyperfine interactions
with the surrounding Al nuclei [10].

Obviously, progress in applications of cerium-doped gar-
nets depends in many respects on the degree of understanding
of the spectroscopic properties of these crystals and, on this
basis, the development of methods for producing crystals
with desired parameters. One of the most powerful and
direct methods to investigate the properties of materials is
electron paramagnetic resonance (EPR) [11,12], which makes
it possible to determine the chemical and charge states of
an impurity center, its local symmetry, the composition of the
nearest environment, the structure of energy levels, the specific
features of the interaction with the crystal lattice, etc.

EPR spectra of Ce3+ ions located in the regular environment
in YAG:Ce crystals [13] and the family of Ce3+ ions in the
immediate vicinity of which there are permutation defects
[14] were investigated. Defect states in cerium-doped lutetium
garnet (LuAG) crystals Lu3Al5O12 were studied [15] and the
effect of light irradiation on the Ce3+ EPR spectra was found.
EPR studies of Gd3+ in garnets have been performed [16,17],
but the reported spin Hamiltonian parameters for Gd3+ in
YAG differed significantly both in value and even in sign. The
revised spin Hamiltonian parameters for Gd3+ in YAG have
been recently reported [18] as well as the parameters for Gd3+

in LuAG crystals [19]. EPR of gadolinium garnet crystals has
been studied in a large range of temperatures and frequencies
and the shape of the broadened EPR line was analyzed [20].
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For single-spin manipulation, one needs to use optically
detected magnetic resonance (ODMR) techniques that provide
extremely high sensitivity, spatial and spectral resolution.
ODMR [21–25] is based on the dependence of optical
properties on the electron spin polarization of paramagnetic
centers, which are involved in the optical pumping cycle or a
competing spin-dependent nonradiative process.

ODMR of cerium ions Ce3+ in garnets was studied via the
magnetic circular dichroism (MCD) of the absorption [26,27].
Using ODMR, the absorption bands of Ce3+ at 227, 270,
338 nm and at 458.5 nm in YAG:Ce have been definitely
identified [27]. ODMR of a single Ce3+ was recently observed
via photoluminescence (PL) using strong optical pumping into
the Ce3+ zero-phonon line [8,9].

The electron spin polarization can be influenced directly
by microwave-induced resonant transitions between the spin
sublevels at EPR, but also due to cross relaxation [28] of a cen-
ter with another paramagnetic center. Optically detected cross
relaxation has been observed in many different systems both
via MCD [29–31] and via photoluminescence [32,33]. Since
both Ce3+ and Gd3+ are paramagnetic, the spin-dependent
optical properties of garnets containing Ce3+ and Gd3+ can be
influenced by their interaction and cross relaxation.

In preliminarily irradiated gadolinium garnet crystals
Gd3Ga3Al2O12:Ce (0.1% Ce), a giant magnetic field effect
on spin-dependent recombination afterglow has been recently
found and ascribed to huge internal magnetic fields created
by the magnetic moments of the unpaired electrons of
the gadolinium ions and cross relaxation between the spin
sublevels of the gadolinium ions Gd3+ and the levels of
radiation-induced electron or hole centers [34].

In this paper, we report results of a study of Gd3+ emitters in
cerium-doped garnet crystals and in garnet crystals containing
Ce3+ and Gd3+ by means of ODMR via photoluminescence.
Preliminary results of this investigation have been partly
reported in the conference papers [35,36]. In LuAG:Gd crystals
studied [36], 4% to 8% of Lu3+ ions were replaced by Gd3+

ions and the broadening of EPR and ODMR lines and the
absence of reliable spin Hamiltonian parameters of Gd3+ made
the precise analysis of the Gd-Ce cross-relaxation processes
difficult. In this study, three types of gadolinium-containing
garnets have been investigated, i.e., YAG crystals with low
Gd content (0.1 at. %), LuAG crystals with a medium
Gd content (4 at. % and 8 at. %) and gadolinium garnets
with 100% Gd. Observation of Ce3+ ODMR via the PL
intensity under nonresonant circularly polarized excitation
allowed monitoring selectively the population of one of two
Ce3+ ground-state spin sublevels and revealing the Gd-Ce
cross-relaxation effects in a large range of Gd concentrations
in garnet crystals, from crystals with 0.1% Gd, where EPR
lines are very narrow, to gadolinium garnets, in which high
Gd concentration and strong internal magnetic fields result in
a different behavior of spin-dependent processes.

II. SAMPLES AND EXPERIMENTAL DETAILS

We investigated cerium-doped Y3Al5O12, Y3Al5O12:Ce,Gd
(0.1% Gd), Lu2.875Gd0.125Al5O12:Ce, Lu2.75Gd0.25Al5O12:Ce,
and Gd3Ga3Al2O12 single crystals. They have been grown
from the melt by vertical directed crystallization [37,38] in an

Ar/H2 atmosphere with the use of molybdenum containers and
seed crystals oriented along the crystallographic axis [001].
The content of Ce in all crystals was ca. 0.1 at. % relative to Y.
We mean the percentage widely used in laser physics, namely,
number of atoms of dopant/number of atoms, which can be
substituted with the dopant, e.g., for YAG:Ce crystals, this will
be the fraction of yttrium (Y3+) ions which have been replaced
with Ce3+ ions. The samples were cut from the regions without
facet growth forms and light-scattering inclusions in the form
of a rectangular parallelepiped about 1 × 2 × 4 mm3 in size.

Photoluminescence (PL) was excited by UV light of a
deuterium arc lamp with appropriate filters in the range of
250 to 400 nm or a semiconductor laser. The PL spectra
were measured at a temperature of 1.8 and 300 K with a
photomultiplier in combination with a grating monochromator
and corrected for the spectral response of the detection system.
EPR experiments were carried out by using a commercial
X-band (9.3-GHz) EPR spectrometer equipped with a helium
gas-flow cryostat providing the temperature control within the
range of 4–300 K.

ODMR spectra were recorded at a temperature of 1.5–
2 K by monitoring the intensity of luminescence excited
with circularly polarized light of a 405-nm laser followed
by a quarter wave plate or by UV light of a deuterium
arc lamp. The excitation light beam was directed along the
magnetic field. The sample was placed in the cylindrical
microwave cavity H011 with optical access for excitation and
emission light. The maximum power of the Q-band (35 GHz)
microwave generator was about 600 mW. In some ODMR
experiments, a quasioptical microwave circuit [39] was used,
which allowed the ODMR measurements at higher frequency
in V-band (72 GHz) and W-band (94 GHz). No modulation of
microwaves was used because of long spin-lattice relaxation
times of the investigated paramagnetic centers.

III. RESULTS AND DISCUSSION

A. ODMR of Ce3+ in YAG:Ce via Ce3+

photoluminescence intensity

Figure 1(a) shows the PL spectrum of a Y3Al5O12:Ce (0.1
at. % Ce) single crystal recorded at a temperature of 1.8 K
under 405-nm excitation. The spectrum presents the Ce3+

emission bands broadened by electron-phonon interaction.
Ce3+ (4f 1) has only one 4f electron and presents the

simplest example of the 5d-4f emission. The energy-level
scheme for the Ce3+ free ion and Ce3+ in a garnet is shown
in the inset in Fig. 1(a). The 4f 1 ground-state and 5d1

excited-state levels are split as a result of the spin-orbit
(SO) coupling and the crystal field. The ground-state 4f 1

configuration yields two levels 2F5/2 and 2F7/2 which are
separated by approximately 2000 cm−1. At low temperatures
and low Ce3+ concentrations, it is possible to observe the
5d → 4f emission bands separated into two distinct peaks
[8,40]. The real energy levels and the relative admixtures of
the wave functions depend on parameters of the crystal field.
For Ce3+ ions in YAG, the energy of the second and the third
Kramers doublets of the 2F5/2 manifold are elevated above
the ground state by 228 and 587 cm−1, respectively, and,
as a result, EPR transitions are observable only between the
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FIG. 1. The photoluminescence spectrum in Y3Al5O12:Ce(0.1%
Ce) single crystal recorded at a temperature of 1.8 K under 405-nm
excitation. The energy levels of free ions and their splitting under
the action of spin-orbit (SO) interaction and crystal field for Ce3+ in
YAG are shown in inset. (b) Magnetic field dependencies of the Ce3+

PL intensity measured in Y3Al5O12:Ce (0.1% Ce) single crystal at
1.8 K in the presence of the 35.1-GHz microwaves. The excitation
light was circularly polarized as marked in the figure. The magnetic
field orientation is close to [100]. Inset shows the Ce3+ ground-state
levels in magnetic field and absorption of circularly polarized light.

components of the lowest doublet, which is only populated
at low temperatures (below 20 K where EPR of Ce3+ can be
detected).

Cerium has only even isotopes with a zero nuclear mag-
netic moment (I = 0). The EPR spectra and their angular
dependencies can be described by the effective spin S = 1

2
and an anisotropic g factor using the spin Hamiltonian of
orthorhombic symmetry in the form

Ĥ = μB
�S · ĝ · �B, (1)

where μB is the Bohr magneton, S is the effective spin (S = 1
2 ),

B is the external magnetic field, and ĝ is the g tensor.
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FIG. 2. Angular dependencies of the 35-GHz ODMR in
Y3Al5O12:Ce(0.1% Ce) recorded with rotation of the sample cor-
responding to ϕ = 24◦ and θ = −5◦–95◦, 10◦ increments. The
ODMR spectra are baseline corrected. Solid lines are the results
of calculations using (1).

In YAG single crystals, rare-earth ions occupy as a rule
dodecahedral sites of the crystal lattice (c sites), thus replacing
the Y3+ ions. In this position, the Y3+ ions are coordinated
by eight oxygen ions with local symmetry D2 and form six
magnetically nonequivalent Ce3+ centers. In this study, the
principal directions of the local magnetic axes have been
chosen in such a way that the x axes are along one of the
crystallographic directions 〈001〉 and the directions of the axes
y and z coincide with the 〈110〉 directions. The corresponding
Euler angles for one of the six centers in the dodecahedral
position are as follows: α = 45◦, β = 90◦, and γ = 180◦.
The orientations of the other five Ce3+ centers can be obtained
by the symmetry operations in the YAG crystal lattice.

In a magnetic field at a temperature of 1.8 K, the intensity
of the total PL of Y3Al5O12:Ce crystals was found to increase
or decrease depending on the sign of circular polarization of
the excitation light, i.e., σ+ or σ−, respectively, as shown
in Fig. 1(b). Without the microwaves, these dependencies
were in agreement with the Boltzmann populations of the
Ce3+ ground-state levels. Application of 35-GHz microwaves
resulted in appearance of anisotropic resonance signals, which
corresponded to EPR in the ground state of Ce3+. This was
proven by measuring their angular variations shown in Fig. 2,
where the 35-GHz ODMR spectra recorded in the YAG:Ce
single crystal with rotation of the sample corresponding to
ϕ = 24◦ and θ = −5◦–95◦, 10◦ increments, are displayed.
In these spectra the baseline is subtracted. The parameters of
the g tensor that have been obtained from the experimental
orientation dependencies of the ODMR line positions: gx =
2.74 ± 0.05, gy = 1.87 ± 0.05, and gz = 0.91 ± 0.05 co-
incide with the data reported in [13,14] where EPR of Ce3+

was studied. Full lines in Fig. 2(a) are the result of calculations,
which were performed with a special computer program
developed by Grachev [41].
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FIG. 3. (a) Photoluminescence (a) and EPR (b) spectra of the samples under study: Y3Al5O12:Ce,Gd (0.1% Gd), Lu2.875Gd0.125Al5O12:Ce,
Lu2.75Gd0.25Al5O12:Ce, and Gd3Ga3Al2O12:Ce. The Ce concentration was about 0.1% in all samples. Dashed line in (a) shows the PL spectrum
in Y3Al5O12:Ce for comparison. PL was excited with a 405-nm laser and the spectra were recorded at 1.8 K. The 9.3-GHz EPR spectra in (b)
were recorded at RT with the crystal orientation close to [110].

It is known that Ce3+ ions in garnet crystals exhibit
strong magnetic circular dichroism (MCD) in absorption [27].
MCD monitors the spin polarization of the Ce3+ ground
state due to the spin selection rules, which lead to different
absorption of right- and left-polarized light σ+and σ−. The
spin polarization is normally determined by the Boltzmann
population distribution and increases in magnetic field. EPR
transitions tend to equalize populations of the levels in
resonance and can therefore be detected as a decrease of the
MCD absolute value.

Recently, ODMR of a single Ce3+ ion in YAG crystals was
recorded via the intensity of photoluminescence [8,9]. To force
the creation of a nonequilibrium population of spin sublevels
in the ground state of cerium ions resonant circularly polarized
optical excitation into the zero-phonon line of Ce3+was used,
which resulted in efficient pumping of the ion into 4f 1 spin-up
state and a reduction of the intensity of the phonon-assisted
Ce3+emission excited from the spin-down state.

In our experiments, circularly polarized excitation of Ce3+

luminescence was performed into the phonon broadened
absorption band and no optical pumping effects were observed.
This allowed monitoring separately the populations of the
Ce3+ ground state MS = + 1

2 or − 1
2 spin sublevels due to

selective excitation from one or another level. Figure 1(b)
(inset) shows the energy levels of the Ce3+ ground state in
magnetic field and absorption of circularly polarized light.
In magnetic field at low temperature, the lowest MS = − 1

2
(spin-down) level is preferentially populated due to Boltzmann
population distribution. As a result, the intensity of lumines-
cence increases in magnetic field when it is excited by σ+
polarized light and decreases under σ− excitation. Saturation

of EPR transitions results in a decrease of population of
the lowest MS = − 1

2 (spin-down) level and an increase of
population of the MS = + 1

2 (spin-up) level and can be detected
via the intensity of Ce3+ luminescence excited by σ+ or σ−
polarized light, respectively, as shown in Fig. 1(b). Thus, the
version of the ODMR techniques used in this study can be
called MCD in photoluminescence excitation. It can be used
for a study of cross-relaxation effects in crystals that contain
other paramagnetic centers in addition to Ce3+.

B. ODMR in cerium-doped garnet crystals containing two spin
systems, i.e., Ce3+ (S = 1

2 ) and Gd3+ (S = 7
2 )

1. Photoluminescence and EPR characterization of the samples

Three types of garnet crystals codoped with cerium
and gadolinium have been studied in this work, i.e.,
Y3Al5O12:Ce,Gd crystals with low Gd content (below 0.1
at. %), (Lu,Gd)3Al5O12:Ce with medium Gd content (4 at. %
and 8 at. %) and gadolinium garnet Gd3Ga3Al2O12:Ce with
100% Gd. PL and EPR spectra of the samples under study
are shown in Figs. 3(a) and 3(b), respectively. PL spectra
were measured at 1.8 K under 405-nm excitation. Only Ce3+

emission was observed in all samples. EPR spectra presented
in Fig. 3(b) were measured at room temperature. They belong
to Gd3+.

The gadolinium trivalent ion Gd3+ has a half-filled elec-
tronic shell with a 4f 7 configuration. The ground 8S7/2

multiplet is characterized by an absence of orbital momen-
tum (L = 0) and the spin momentum value of S = 7

2 . The
eightfold-degenerate level of a free trivalent gadolinium ion
being placed in the axial crystal field is split into four Kramers
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doublets. For small concentrations of Gd3+ ions in garnets
their EPR spectra can be described by a spin Hamiltonian

Ĥ = gμB(BS) + 1/3
(
b0

2O
0
2 + b2

2O
2
2

) + 1/60
(
b0

4O
0
4

+ b2
4O

2
4 + b4

4O
4
4

)
, (2)

where Om
n are Stevens operators [42] and m can be 0, 2, and 4.

Similar to Ce3+, Gd3+ ions substitute for the Y3+ ions
in YAG and Lu3+ in LuAG and occupy dodecahedral sites
(c sites). There are six magnetically nonequivalent Gd3+

positions in the garnet crystal, therefore, for an arbitrary crystal
orientation a superposition of six spectra is to be observed.
For low concentrations of isolated Gd3+ ions in nonmagnetic
crystals (e.g., garnet host crystals), the EPR spectrum consists
of seven fine-structure lines for each of six magnetically
nonequivalent centers. They result from both intradoublet and
interdoublet transitions (MS = − 7

2 ↔ − 5
2 ; − 5

2 ↔ − 3
2 ; − 3

2 ↔
− 1

2 ; − 1
2 ↔ + 1

2 ; + 1
2 ↔ + 3

2 ; + 3
2 ↔ + 5

2 ; + 5
2 ↔ + 7

2 ) in the ap-
proximation of the strong magnetic fields.

In our calculations, we used the following parameters of the
spin Hamiltonian (2) for Gd3+ YAG [18]: g = 1.991,b0

2 =
2275.3 MHz, b2

2 = 717.9 MHz, b0
4 = −130 MHz, b2

4 =
16.9 MHz, b4

4 = 591.4 MHz. They describe well the EPR
spectrum of Gd3+ in YAG containing 0.1% of Gd, which is
shown in the upper part of Fig. 3(b) for the crystal orientation
close to [110]. For Gd3+ in LuAG theses parameters are
[19] g = 1.991, b0

2 = 1750 MHz, b2
2 = 865 MHz, b0

4 =
−137 MHz, b2

4 = 14 MHz, b4
4 = 645 MHz.

No Ce3+ EPR can be observed at room temperature,
and only EPR spectra of Gd3+ are visible in Fig. 3(b).
It is to be noted that due to the high concentration of
gadolinium in the two LuAG samples (4% and 8%) the
EPR spectra are characterized by broadened EPR lines.
This broadening increases with the increase in the Gd
content.

In Gd garnets Gd3Ga3Al2O12 (Gd 100%) a very wide EPR
line is observed and the crystal-field splitting (fine structure)
manifests itself in the wide wings of the line. The shape of
the EPR line in gadolinium garnets at room temperature is
explained using the Kubo-Toyabe model with the linewidth
expected from the dipolar interactions [42]. It was shown [20]
that at low temperature the line broadens with the increased
magnetization and the linewidth is due to a wide distribution
of local static fields.

2. ODMR in cerium-doped YAG with small concentration
of gadolinium (0.1%)

Figure 4(a) presents the magnetic field dependencies of
the Ce3+ PL intensity measured at a temperature of 1.8 K
in YAG:Ce,Gd (0.1 at. % Gd). PL was excited by 405-nm
circularly polarized light. Thick and thin lines correspond to
different levels of the microwave power: 50 and 0.05 mW,
respectively. Without the microwaves these dependencies are
in agreement with the Boltzmann populations of the Ce3+

ground-state levels. Under the action of the microwave field
ODMR signals of Ce3+ appear together with additional
anisotropic ODMR lines, which can be ascribed to Gd3+. The
ODMR amplitudes increase with the increasing microwave
power as shown in Fig. 4(a), and their dependencies on the
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FIG. 4. (a) Magnetic field dependencies of the Ce3+ PL intensity
in Y3Al5O12:Ce,Gd (0.1% Gd) crystal measured at 1.8 K in the
presence of the 35.1-GHz microwave field. 405-nm excitation light
was circularly polarized (σ+ or σ−) as marked in the figure. Thick and
thin lines correspond to different levels of the microwave power: 50
and 0.05 mW, respectively. The crystal orientation is close to [110]‖B.
The magnetic field range where EPR of Gd3+ is expected is marked at
the bottom. (b) Comparison of the baseline-corrected ODMR spectra
recorded in Y3Al5O12:Ce, Gd (0.1%) crystal via the Ce3+ PL intensity
under σ− excitation and the EPR spectrum recorded under the same
conditions by monitoring the microwave power reflected from the
cavity. Points at the bottom show the calculated positions of the
allowed EPR transitions for Gd3+ at 35.1 GHz. The crystal orientation
determined from the Ce3+ ODMR line positions corresponds to
θ = 90◦, ϕ = 35◦. T = 1.8 K. ν = 35.1 GHz. ODMR signals of
Ce3+ are marked. Additional ODMR lines belong to Gd3+.

detection wavelength coincide with the PL spectra, i.e., the
Ce3+ emission.

The baseline-corrected 35-GHz ODMR spectrum recorded
by monitoring the PL intensity in YAG:Ce,Gd (0.1%) is shown
in Fig. 4(b) together with the EPR spectrum measured on
the same ODMR spectrometer by monitoring the microwave
power reflected from the cavity. The sample orientation was
determined from the Ce3+ ODMR spectrum and corresponded
to θ = 90◦, ϕ = 35◦. These spectra were recorded at a
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FIG. 5. Magnetic field dependencies of the Ce3+ PL intensity
in Y3Al5O12:Ce,Gd (0.1% Ce and 0.1% Gd) crystal measured at
1.8 K under 405-nm σ+ excitation in the presence of the 71.6-GHz
microwave field. Inset shows a part of the ODMR spectrum in
enlarged scale. The crystal orientation is close to θ = 40◦, ϕ = 35◦.

microwave power of 5 mW with a slower field sweep and
the sample orientation was slightly different from that of the
spectra in Fig. 4(a). It is to be noted that in our ODMR
spectrometer, the microwave frequency was fixed at 35.1 GHz
and the sample was in the microwave cavity with an unloaded
Q factor of about 3000. Therefore, the shape of the EPR signal
is distorted by the dispersion signal.

One can see that in addition to the Ce3+ ODMR lines
marked in Fig. 4(b) a number of ODMR signals that surely
belong to the ground state of Gd3+ ions are observed. Gd3+

ions occupy the dodecahedral sites (c sites) and substitute for
Y3+ ions in the crystal lattice. Calculations using (2) show
that the 35-GHz EPR spectra of Gd3+ in YAG corresponding
to the allowed 	M = 1 transitions should be observed in
the magnetic field range of 0.88 to 1.68 T. In the ODMR
spectra, however, only part of these EPR lines can be seen
while a number of strong ODMR signals corresponding to the
forbidden 	M = 2,3, etc., transitions are detected in the low
field range.

The magnetic field dependence of the Ce3+ PL intensity
in Y3Al5O12:Ce,Gd (0.1% Gd) crystal measured at 1.8 K
under 405-nm σ+ excitation in the presence of the V-band
(71.6 GHz) microwaves is shown in Fig. 5. Ce3+ ODMR lines
and a number of forbidden transitions of Gd3+ shifted to higher
field range are observed. Similar spectra, i.e., Ce3+ ODMR
lines and forbidden transitions of Gd3+, were observed in the
W-band (94 GHz) ODMR. It should be noted that an increase
in the microwave frequency may be useful to separate the Ce3+

and Gd3+ ODMR signals.
ODMR signals of Gd3+ recorded via Ce3+ luminescence

are anisotropic and very sensitive to the crystal orientation and
the microwave frequency. They can appear and disappear and
even change sign with the rotation of the sample by a few
degrees and variation of the microwave frequency as shown in
Fig. 6.

In the sample under study, two different spin systems exist,
i.e., Ce3+ and Gd3+. Figure 7 shows a simplified scheme
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FIG. 6. A part of the baseline-corrected ODMR spectra recorded
in Y3Al5O12:Ce, Gd (0.1%) single crystal via the Ce3+ PL intensity
under σ− excitation at different orientations close to [110]‖B(a) and
different microwave frequencies in the Q-band (b). 0 in (a) roughly
corresponds to [110]‖B. The sample orientation in (b) is close to that
marked as 10o in (a).

of the cross-relaxation coupling between these two systems,
i.e., S = 7

2 magnetic sublevels of Gd3+ and S = 1
2 magnetic

sublevels of Ce3+. EPR transitions between a pair of the Gd3+

sublevels (MS = − 7
2 ,− 5

2 ,− 3
2 ,− 1

2 , 1
2 , 3

2 , 5
2 , 7

2 ) can affect the
electron spin polarization of Ce3+ if at the magnetic field
corresponding to EPR of Gd3+ the energy separation between
any pair of the Gd3+ levels with 	MS = 1 (	MS = 2,3 . . .

for forbidden transitions) is close (within the EPR line width)
to that between the Ce3+ levels MS = ± 1

2 for one of six
magnetically nonequivalent Ce3+ centers. If this is the case,
the populations of the Gd3+ spin system can be transferred to
the Zeeman levels of the Ce3+ centers due to cross relaxation,
and change the cerium emission intensity.

In Fig. 7, two examples of possible cross-relaxation
processes are shown for a certain orientation of the crystal
in the magnetic field, i.e., cross relaxation between a pair of
Ce3+ levels and a pair of Gd3+ levels that are involved in Gd3+

EPR (1) and cross relaxation between a pair of Ce3+ levels
and a pair of Gd3+ levels that are not directly involved in Gd3+

EPR (2). Since saturation of EPR transitions between any pair
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FIG. 7. A simplified scheme showing the energy levels and EPR
transitions of Gd3+ and Ce3+ and two examples of Gd-Ce cross-
relaxation transitions that change the Ce3+ spin polarization at EPR
of Gd3+.

of Gd levels changes populations of all other levels it should
change the Ce3+ spin polarization and affect the Ce3+ emission
intensity.

The cross-relaxation conditions require that the energy
splitting between a pair of the Gd3+ levels is close to that of a
Ce3+ center and a finite overlap between their EPR lines exists.
In a garnet crystal, there are six magnetically nonequivalent
Gd3+ centers and six magnetically nonequivalent Ce3+ centers.
In YAG:Ce,Gd (0.1 %) all EPR lines are narrow and cross
relaxation appears in a narrow range of magnetic fields that can
be outside the range of Gd3+ EPR. Therefore, only some of the
possible Gd3+ EPR transitions can change the population of the
Ce3+ ground-state levels and affect the Ce3+ PL intensity. The
probability to observe Gd3+ ODMR due to cross relaxation
is higher for forbidden Gd3+ EPR transitions since these take
place in low magnetic fields (shaded arrows in Fig. 7) where
the difference in the energy splitting of Gd3+ and Ce3+ levels
is smaller.

An example of the ODMR spectrum in which the Gd3+

ODMR signals have different signs is given in Fig. 8 where
the calculated energy levels for Ce3+ and Gd3+ centers are
also displayed. Both allowed and forbidden 35-GHz EPR
transitions are observed. The sample orientation determined
from the positions of the Ce3+ ODMR lines (θ = 75◦, ϕ =
18◦) was used for calculation of the energy levels for each of
six Gd and Ce centers and for determining the cross-relaxation
conditions. Only four Gd3+ lines are definitely seen in the
range of allowed EPR transitions and they have different signs.
They correspond to the calculated positions of EPR transitions
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FIG. 8. Calculated energy levels and 35.1-GHz EPR transitions
for one of six Gd3+ centers and one of six Ce3+ centers. ν = 35.1 GHz,
T = 1.8 K. Cross-relaxation transitions are marked by wide gray
lines.

for one of six Gd3+ centers described by Euler angles α =
45◦, β = 90◦, γ = 180◦. Calculations show that for these
centers cross relaxation is possible with one of the Ce3+ centers
described by Euler angles α = 135◦, β = 90◦, γ = 180◦. It
was found that at magnetic fields corresponding to the four
observed ODMR lines of Gd3+ cross relaxation may exist
between the energy levels shown in Fig. 8 by thick gray lines.

Different signs of the ODMR signals can be explained by
the schemes (A) and (B) in Fig. 9 where a central part of the
ODMR spectrum of Fig. 8 recorded via the Ce3+ PL intensity
under σ− excitation, i.e., excitation from the |+ 1

2 〉 level, is
shown in enlarged scale. Positive signals correspond to an
increase of the population, which can be caused by saturation
of Ce3+ EPR or by cross relaxation with Gd3+. The signs of the
Ce3+ and Gd3+ ODMR signals are the same when the Gd EPR
decreases the population difference between the Gd3+ levels
− 3

2 ↔ − 1
2 that are at cross resonance with the Ce3+ levels

(A). The sign may be opposite if the Gd3+ EPR transition and
cross-relaxation transitions occur between adjacent pairs of
the Gd levels, i.e., − 1

2 ↔ 1
2 and − 1

2 ↔ − 3
2 (B).

For cross relaxation to appear it is necessary that there
were an interaction between the two spin systems. Normally,
this is a dipole-dipole interaction. Therefore, cross-relaxation
effects are stronger in the samples with higher concentration
of paramagnetic centers in which a sufficiently strong spin-
spin interaction exists. It was shown [30] that measurements
of cross relaxation can be used to estimate the intercenter
separation. Cross relaxation between S = 7

2 and 1
2 spin systems

has been studied in BaFBr:Eu phosphors (see [30,43] and
references therein) where cross relaxation between Eu2+ and
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FIG. 9. Part of the ODMR spectrum of Y3Al5O12:Ce, Gd (0.1%)
shown in Fig. 8 and the energy-level schemes illustrating the Gd-
Ce cross relaxation (CRR) resulting in different signs of the Gd3+

ODMR.

color centers was detected via MCD in optical absorption. In
contrast to the Gd-Ce cross relaxation under study, the S = 1

2
spin system in irradiated BaFBr:Eu crystals (F -centers) had an
isotropic g factor. The anomalous behavior of the S = 7

2 spin
system in BaFBr:Eu was explained by the assumption that the
spin-lattice relaxations within the Eu2+ energy levels operate
faster for forbidden 	MS = ±2 transitions than for allowed
transitions [44].

3. ODMR in (Lu,Gd)3Al5O12:Ce crystals with medium
concentration of Gd: (4% and 8%)

ODMR of Gd3+ was also found by monitoring Ce3+ PL
in (Lu,Gd)3Al5O12:Ce crystals with medium concentration of
Gd (4% and 8%). The Ce3+ concentration was about 0.1% as
in all other samples under study.

Angular variations of the baseline-corrected ODMR spectra
measured via Ce3+ luminescence in (Lu,Gd)3Al5O12:Ce (8%
of Gd) crystals in the same way as in YAG:Ce with low Gd
content are shown in Fig. 10 together with the calculated
angular dependencies of the Gd3+ EPR lines. Calculations
were performed with Grachev’s program [41] using spin
Hamiltonian (2) with the EPR parameters for Ce3+ in LuAG
listed in Sec. III B1. The ODMR lines are broadened due to
high Gd concentration and the range of magnetic fields where
cross-relaxation conditions can be fulfilled widens very much.
The calculated dependencies for allowed EPR transitions are
in good agreement with the central part of ODMR spectra.

In Fig. 11, ODMR spectra of Lu2.875Gd0.125Al5O12:Ce
and Lu2.75Gd0.25Al5O12:Ce crystals, measured at the crystal
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FIG. 10. Angular variations of the baseline-corrected 35.1-
GHz ODMR spectra recorded via Ce3+ luminescence intensity in
Lu2.75Gd0.25Al5O12:Ce crystals. The 405-nm excitation light was σ−

polarized, the rotation plane was close to (110). Points show the result
of calculations of the Gd3+ EPR line positions. The ODMR lines in
the high field range can be tentatively attributed to Gd-Gd pairs.

orientation close to B‖[110] are compared with the ODMR
spectrum of Y3Al5O12:Ce,Gd with low Gd content (0.1% Gd)
shown at the bottom and gadolinium garnet Gd3Ga3Al2O12:Ce
shown at the top.

One can see that aside from the main spectrum of Gd3+

additional ODMR lines in magnetic fields higher than 1.6 T are
present. Calculations show that they cannot belong to single
Gd3+ ions. The relative amplitudes of these lines increase
in LuAG crystals with twice as high Gd content (8%) as
compared to LuAG crystals containing 4% Gd. These signals
have been tentatively ascribed to Gd-Gd pairs. They were
not observed in the crystals with 0.1% Gd concentration.
Recently, EPR of Ce3+ pair centers in YAlO3:Ce scintillator
crystals has been reported [45]. Aside from the single-ion Ce3+

spectrum, measurements have revealed many satellite lines
which belong to the Ce3+-Ce3+ pair centers. The spin-spin
coupling constants were in the range from 0.1 up to 0.65 cm−1

depending on the distance between Ce ions and their position.
For such a high Gd content as 4% and 8% in our LuAG

crystals, formation of Gd complexes including several Gd3+

ions coupled by spin-spin interaction starting from Gd3+-Gd3+

pair centers is expected. For a Gd-Gd pair centers the EPR
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FIG. 11. The baseline-corrected 35.1-GHz ODMR spectra
recorded via Ce3+ luminescence intensity in (Lu,Gd)3Al5O12:Ce
crystals with 4 at. % and 8 at. % of Gd relative to Lu. For
comparison, the ODMR spectra of cerium-doped YAG:Gd (0.1% Gd)
and gadolinium garnet (Gd3Ga3Al2O12) crystals are shown at the
bottom and at the top of the figure, respectively. The 405-nm
excitation light was σ− polarized, the crystal orientation was close to
B ‖[110].

transitions can be described by the spin Hamiltonian

Ĥ = ĤGd1 + ĤGd2 + �S1
↔
J �S2, (3)

where ĤGd1 and ĤGd2 are spin Hamiltonians (2) of both Gd3+

ions of a pair and
↔
J is the spin-spin interaction tensor including

the contribution from both the dipole-dipole and exchange
interactions.

Even for magnetically equivalent Gd ions, for which g

and fine-structure tensors have the same principal axes as the
spin-spin interaction tensor, calculations are difficult. For pairs
that interact as magnetically nonequivalent ions, small off-
diagonal terms in the spin Hamiltonian (3) are expected, which
complicates calculations even more. From the positions of the
additional lines in the ODMR spectra shown in Fig. 11 the
spin-spin interaction value for Gd3+-Gd3+ pairs can be roughly
estimated as being of the order of 1 cm−1, which is close to the
spin-spin interaction parameters of Ce-Ce pairs in YAlO3:Ce
[45].

4. ODMR and cross-relaxation effects in gadolinium garnet
crystals Gd3 Ga3 Al2 O12:Ce (100% Gd)

The next step is an investigation of Ce-doped garnet crystals
Gd3Ga3Al2O12 with 100% of gadolinium. A distinctive feature
of Gd garnets is the presence of giant internal magnetic fields
which occur near the Gd3+ ions and are caused by the magnetic

moments of the unpaired electrons of the Gd3+ half-filled
4f shell [46,47]. An important physical task is to study
how strong internal magnetic fields modify spin-dependent
processes.

The curve at the top of Fig. 11 shows the baseline-corrected
35.1-GHz ODMR spectrum recorded in a Ce-doped gadolin-
ium garnet crystal Gd3Ga3Al2O12 by monitoring the Ce3+

emission intensity under σ−-polarized 405-nm excitation, i.e.,
in the same way as the ODMR spectra in the garnet crystals
with a small and medium Gd content shown in the same figure.
A very wide unresolved ODMR line is observed. It should
be emphasized that at any point within the magnetic field
range where the ODMR spectrum is observed, the resonance
absorption of the microwave power occurs due to EPR between
spin sublevels of the gadolinium ions. It was shown [20] that at
low temperature, the EPR line in a gadolinium garnet broadens
due to increased magnetization and a wide distribution of local
static fields.

Curves 1 and 2 in Fig. 12(a) show the magnetic field
dependencies of the Ce3+ PL intensity measured with the
35-GHz microwave field switched on and off with a frequency
of 0.1 Hz during the field sweep in Gd3Ga3Al2O12:Ce crystal
for two different situations: (i) PL was excited by 405-nm
σ−-polarized light (curve 1) and (ii) PL was excited by UV
light of a deuterium arc lamp (curve 2). The sweep rate was
10 mT/s. The PL excitation conditions in the first case are
similar to the ODMR measurements in the garnet crystals
with low and medium Gd content described in the previous
sections. Under σ−-polarized excitation the Ce3+ PL intensity
increases when the resonant microwaves are applied and the
PL variations follow the chopped microwaves. The transient
behavior of the PL response to the applied microwaves is
very different in the case of UV excitation. The inset in
Fig. 12(a) shows a different shape of the PL response to the
modulated microwave field for these two cases in enlarged
scale. Very strong spikes corresponding to an increase in the
PL intensity appear at the moments when the microwave field is
switched off. The spike amplitude increases if the time interval
when the microwaves are off becomes longer as shown at the
bottom of the inset. The amplitude of the PL response to the
applied microwaves is the ODMR signal of Gd3+ and its field
dependence is similar to the ODMR spectrum shown in Fig. 11
(line at the top).

The observed difference for the cases of 405-nm and UV
excitation can be explained by the fact that under 405-nm
σ−-polarized excitation into the absorption band of Ce3+ ions
the PL intensity monitors the population of the |+ 1

2 〉 spin
sublevel of Ce3+ and the microwave-induced variations of the
PL intensity reflect variations of the Gd spin polarization due
to the Gd-Ce cross relaxation similar to what was considered
in the previous sections for the low and middle gadolinium
concentration.

UV irradiation of the Ce-doped garnets is known to create
radiation centers, whose spin-dependent recombination is the
reason of the long-lasting afterglow. Under UV excitation,
Ce3+ emission is excited both directly into UV absorption
bands of Ce3+ (270 and 338 nm) and due to the energy
transfer from recombination of radiation-induced electron
and hole centers to cerium ions resulting in Ce3+ emission.
To understand the PL behavior under the action of the
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FIG. 12. (a) Magnetic field dependencies of the Ce3+ PL intensity
in Gd3Ga3Al2O12:Ce crystal as a function of magnetic field measured
with the 35-GHz microwave field switched on and off with a
frequency of 0.1 Hz during the field sweep for two different situations:
PL was excited by 405-nm σ−-polarized light (curve 1) and (ii) PL
was excited by UV light of a deuterium arc lamp (curve 2). The sweep
rate was 10 mT/s. Inset shows different shape of the PL response
to the modulated microwave field for these two cases in enlarged
scale. Strong spikes are observed at the moment of switching off the
microwaves and their amplitude increases with time intervals when
the microwaves are on. (b) A series of magnetic field dependencies
of the afterglow emission intensity measured at 520 nm and 1.8 K
in the same sample 10 min after UV irradiation. The magnetic field
was swept from zero to a certain value and then reduced fast to
a lower value as shown in the inset. In every second scan a sharp
increase in the afterglow intensity appeared at the magnetic field
value which corresponded to the maximum field in the previous scan.
The sweep rate was 20 mT/s. (c) The field dependency of UV-excited
PL in Gd3Ga3Al2O12:Ce recorded with additional near-IR (805-nm)
photostimulation switched on and off with a frequency of 0.2 Hz
during the field scan. The sweep rate was 10 mT/s. T = 1.8 K.

microwaves presented by curves 1 and 2 in Fig. 12(a), let
us consider first the effects that have been previously observed
via tunneling afterglow in UV-irradiated gadolinium garnets
without application of the microwave field and without optical
excitation in the process of measurement [34].

Figure 12(b) shows a series of the magnetic field dependen-
cies of the afterglow intensity in Gd3Ga3Al2O12:Ce crystals
measured at a temperature of 1.8 K ca. 10 min. after UV
irradiation. In these measurements, the magnetic field was
swept from zero to a certain value and then reduced fast to
a lower value as shown in the inset in the bottom of the
figure [34]. In every second scan, a sharp increase in the
afterglow intensity appeared at the magnetic field value which
corresponded to the maximum field in the previous scan.

Afterglow of preliminarily irradiated crystals is caused by
recombination of trapped electrons and holes, i.e., electron
and hole centers created by irradiation, and can last for a
long time after irradiation. It is known that the efficiency of
recombination of electron-hole pairs depends on the relative
orientation of the spins of the recombination partners. Thus,
the intensity of the recombination process is determined
by the degree of spin polarization of the electron Pe and
hole Ph centers in accordance with the known formula
I = I0(1 − PePh), where I0 is the afterglow intensity in zero
magnetic field, which is slowly reduced with time according
to a hyperbolic law, Pe and Ph are electron spin polarizations
of the electron and hole centers. Recombination is allowed
when the spins of the electron and hole centers are oriented in
the opposite directions, and is prohibited when they are lined
up in the same direction. ODMR via tunneling recombination
afterglow is based on this principle: at magnetic resonance
of one of the recombining partners, the spin flip triggers an
increase in the afterglow intensity [24].

We are interested only in the physical mechanism of the
action of the magnetic field and the resonant microwave radi-
ation on the recombination efficiency, i.e., on the reorientation
of the spin of one of the recombining partners. Assume that
initially the spins of the potentially recombining partners are
mutually aligned so that their magnetic moments are oriented
in the same direction along the local magnetic field at their
positions. Recombination for them is forbidden. All other
electron-hole pairs with opposite spins recombine during UV
exposure or immediately after turning off the UV light, so only
pairs with the same orientation of the spins remain. To allow
their recombination, it is necessary to reorient the spin of one
of the partners, that is, to induce either EPR transitions for
an electron or hole center or to induce the cross relaxation of
Gd3+ with one of the potentially recombining partners.

A simplified scheme illustrating Ce3+ excitation via the
energy transfer from recombining e-h pairs and the effect of
cross relaxation between Gd3+ and S = 1

2 spin systems of
electron and hole centers is shown in Fig. 13. For example, the
two middle levels (MS = − 1

2 and + 1
2 ) of Gd3+ are coupled

to the electron center, therefore, only the spin occupancy of
these two Gd3+ levels is important for the cross relaxation.
The change in the occupancy of these two Gd3+ spin levels is
transferred to the Zeeman levels of the electron or hole center
by cross relaxation. It should be noted that the population of
the MS = − 1

2 and + 1
2 spin levels of Gd3+ is also influenced

indirectly by relaxation within the Gd3+ S = 7
2 spin system,

that is, by EPR transitions between other Gd3+ levels. In a
superparamagnetic material, the EPR spectrum in the form of
a number of Gd3+ lines passes into a continuous broad EPR
signal and there are resonant EPR transitions for Gd3+ ions at
any magnetic field within this broad line.
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Saturation of Gd EPR transitions, i.e., equalization of pop-
ulations of the Gd3+ spin sublevels, apparently suppresses the
cross-relaxation-induced spin flips. As a result, accumulation
of electron-hole pairs with parallel spins happens. The origin of
the transient spikes in ODMR measurements with microwaves
chopping can be readily explained since, in the presence of
microwaves, a large population builds up in the electron-hole
pairs, for which recombination is forbidden. As soon as the
microwave field is switched off, the population of Gd3+ spin
sublevels is redistributed via energy transfer to the lattice
with the spin-lattice relaxation time T1Gd and tends to the
Boltzmann distribution. The cross relaxation will be switched
on for the spin levels of one of the recombining partners for
which the separation between the spin sublevels coincides with
the corresponding separation between the Gd3+ spin sublevels.
The spin orientation of one of the recombining partners will
change and the excess recombination energy will be dumped
into the emitting states of Ce3+. A large and sudden increase
in emission occurs, followed by a slow decrease to the new
equilibrium value.

Summarizing, we can distinguish two physical processes
underlying the spin-dependent phenomena in cerium-doped
gadolinium garnet crystals, which affect the luminescence of
Ce3+ ions. The first one is detection of the Gd3+ EPR via Ce3+

emission upon excitation of the EPR transitions between spin
sublevels of Gd3+ ions, followed by cross relaxation with Ce3+

ions, which results in variation of populations of the Ce3+ spin
sublevels. The nature of the processes occurring in this case
is the same for garnet crystals with a low concentration of
Gd3+ (0.1% of the Gd3+ ions replacing nonparamagnetic ions
Y3+ or Lu3+ in YAG and LuAG, respectively), with a medium
concentration of Gd3+ ions (4%–8%) and the highest possible
concentration of Gd3+ ions (100%). In all cases, the excitation
of Ce3+ PL was performed by circularly polarized light within
the Ce3+absorption bands in the range of 400–420 nm.

The result is that the ODMR spectrum repeats the EPR
spectrum of the Gd3+ ions. For a low Gd concentration this is

a set of narrow lines, and not all possible EPR transitions
are observed in the ODMR spectrum. For a medium Gd
concentration, the ODMR lines are broadened, and more EPR
transitions of Gd3+ can be seen in the ODMR spectrum. The
ODMR signals, which can be ascribed to the complexes of
Gd3+ ions, appear. For the maximum Gd concentration, a
broad structureless line is observed, which is explained by
strong internal magnetic fields on the gadolinium ions, caused
by adjacent magnetic ions. It is to be noted that under the
action of UV light, direct excitation of luminescence in the
Ce3+ absorption bands is also possible and, consequently, there
exist all the effects of the cross-relaxation ODMR and above.

The second physical process is realized under UV exci-
tation. The electron and hole centers formed as a result of
UV irradiation can recombine and transfer the recombination
energy to Ce3+ ions, which leads to the luminescence of these
ions. The mechanisms of energy transfer from the recombining
partners to Ce3+ ions are well known (see, for example, [3]),
and are therefore not discussed in this paper. The presence of
local magnetic fields caused by Gd3+ ions leads to significant
changes in the processes of recombination of electron-hole
pairs, and especially these effects are manifested in the
structures with the maximum concentration of gadolinium
ions, i.e., gadolinium garnets. These effects are manifested
in a wide range of magnetic fields, which is close to the
range of the EPR signals observed in gadolinium garnets.
It should be emphasized that any electron-hole pair that is
created by ionizing (UV) radiation in a gadolinium garnet is
in the magnetic fields generated by gadolinium ions.

The energy stored after UV irradiation can also be released
by infrared (IR) photostimulation. Such a photostimulation
can change both the spatial distribution of the trapped
electron and holes and their spin orientation and enhance their
recombination. Figure 12(c) shows the PL response in Ce3+ PL
in Gd3Ga3Al2O12:Ce on the additional IR 805-nm illumination
that was switched on and off during the field sweep.

The microwave-induced variations of the Ce3+ PL intensity
(ODMR) and the effect of IR photostimulation as far as the
magnetic field enhancement of the afterglow intensity are
observed in a very large field range, which can be explained
by high magnetization at low temperature in the gadolinium
garnet crystals and a distribution of internal magnetic fields.
The fact that all these effects depend on magnetic field means
that radiation-induced defects involved are paramagnetic.

Observation of spikes in cross-relaxation-induced ODMR
signals under pulsed microwave excitation can be suggested
as a method to investigate transient processes in the multispin
system including Ce3+, Gd3+ and electron and hole recom-
bining partners. As was discussed above, in contrast to the
case of simply optical excitation into the absorption bands
of Ce3+ ions, when only two spin systems, i.e., Ce3+ and
Gd3+ ions, interact, in the case of UV excitation, electron and
hole centers that also possess spin moments are additionally
formed. As a result, there are complex processes of energy
transfer between different spin systems, characterized by
different rate parameters, that is, with different transition
probabilities between spin states.

The static and dynamic behavior of the spin systems and,
thus, ODMR effects, can be described by a system of rate
equations which consists of a differential equation system.
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The transition rates between the spin levels are characterized
by the spin-lattice relaxation time for each spin center, the EPR
transition probability, the cross-relaxation time, the transition
rate for the energy transfer from electron-hole recombination
to an excited state of the Ce3+ emitters. Cross relaxation is
especially efficient if the cross-relaxation time TCR is of the
order of an electron (hole) center spin-lattice relaxation time
T1e (T1h) or smaller. The influence of the cross relaxation
on the recombination of the UV radiation-induced electron
and hole centers is increased by a short relaxation time T1Gd

within the Gd3+ spin system compared with the electron (hole)
spin-lattice relaxation time T1e (T1h). It is more favorable
for the transfer of the Gd3+ EPR effect by cross relaxation
if the relaxation rate of the Gd3+ spin system is small
in comparison with the EPR transition rate. As a result,
EPR transitions within the Gd3+ system move this system
far away from the thermal equilibrium and thus the spin
occupancy of the levels is influenced greatly by the EPR
transition.

An important result obtained at this stage is a fast (on the
order of milliseconds) rise time of the spike signal followed
by a slow relaxation. On the basis of this observation, it can
be concluded that the processes leading to the appearance of
the Gd3+ ODMR signal are fairly fast and the characteristic
times, namely, the EPR transition time TMW when the resonant
microwaves are switched on, the Gd3+ spin-lattice relaxation
time T1Gd, the cross-relaxation time TCR, the electron-hole
recombination time τeh, and the time of the recombination
energy transfer to the system of cerium ions τexc are in the
range of 0.1 s or shorter. A relatively slow relaxation of the
ODMR signal on the order of a few seconds after turning off
the microwave power and the appearance of a spike seem to be
due to spin-lattice relaxation in the system of electron and hole
color centers for their transition to a new spin state under the
action of optical excitation and spin-dependent recombination
in new local magnetic fields. Pulsed EPR and ODMR studies
are planned, which could help to obtain the whole set of
characteristic times.

IV. CONCLUSIONS

An increase or decrease of the Ce3+ photoluminescence
intensity in magnetic field has been found in cerium-doped
single crystals at liquid-helium temperature depending on

the sign of circular polarization of the excitation light.
The circularly polarized excitation allows monitoring the
population of one of the two Ce3+ ground-state spin sublevels
via the PL intensity and to detect their variations due to both
EPR of Ce3+ and cross relaxation of Ce3+ with Gd3+.

Cross-relaxation effects have been studied in three types of
gadolinium-containing garnets, i.e., YAG crystals with low Gd
content (below 0.1 at. %), LuAG crystals with a medium Gd
content (4 at. % and 8 at. %) and gadolinium garnets with 100%
Gd. It was found that EPR in the ground state of Gd3+ ions
changes the luminescence intensity of Ce3+. The observation
of the EPR spectra of Gd3+ ions by monitoring of the
Ce3+ luminescence in Y3Al5O12, Y3Al5O12:Ce,Gd (0.1% Gd),
Lu2.75Gd0.25Al5O12 and Lu2.875Gd0.125Al5O12 single crystals
doped with cerium have demonstrated the impact of the spin
state of gadolinium ions on the optical properties of cerium.

In the ODMR spectra of LuAG crystals with a medium
Gd content (Lu2.75Gd0.25Al5O12 and Lu2.875Gd0.125Al5O12)
additional lines have been found, which can be ascribed to
Gd3+-Gd3+ pairs. The spin-spin interaction can be roughly
estimated as being of the order of 0.1 cm−1.

Strong internal magnetic fields and the cross-relaxation
effects in superparamagnetic Gd3Ga3Al2O12:Ce crystals result
in different transient behavior of Ce3+ photoluminescence
under chopped microwaves when excited by visible and UV
light, which is due to different Ce3+ excitation mechanisms,
i.e., direct excitation in the absorption bands of Ce3+ and
cerium excitation due to recombination of radiation-induced
paramagnetic electron and hole centers followed by energy
transfer to Ce3+.

Our experiments demonstrate the possibility of controlling
the properties of fluorescent emitters based on Ce3+ ions by
changing the magnetic spin state of the adjacent magnetic ion.
It may be especially important to control the single-photon
sources based on cerium and other rare-earth elements in
garnets. As a result, single Ce3+ ions can be selected in the
immediate vicinity of which there is a single magnetic ion
(e.g., Gd3+).
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