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Pulsed electron paramagnetic resonance (EPR) and pulsed
electron-nuclear double resonance (ENDOR) techniques have
been applied to study the environment of luminescent Ce> "
ions in garnet based scintillator powders and ceramics. The
presence of aluminum and gallium isotopes with large nuclear
magnetic and quadrupole moments in the nearest neighbor-
hood of the Ce*" ion allows for the use of the hyperfine and

1 Introduction Garnet single crystals and ceramics
doped with cerium are widely used as scintillator materials
that convert high energy radiation into visible or infrared
light [1]. Yttrium aluminum garnet (YAG) doped with
cerium is a key component in light emitting diodes (LEDs)
and lasers [2]. The phosphor absorbs part of the blue light
emitted by an (In,Ga)N LED and converts it into yellow
emission, which together with partly transmitted blue light
yields white light.

Recently coherent properties of rare-earth single-spin
qubits in YAG have been demonstrated [3, 4]. It was
declared that rare-earth-doped crystals are excellent
hardware for quantum storage of optical information.
Combined with the high brightness of Ce®>" emission and
the possibility of creating photonic circuits out of the host
material, this makes cerium spins an interesting option for
integrated quantum photonics.

Ce*" has only one 4f electron and therefore, presents the
simplest example of 5d—4f emission. The ground state 4f'
configuration of Cce’" yields two levels, ’Fs), and ’Fy,
separated by approximately 2000cm ' as a result of
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quadrupole interactions with these ions for determination of
the unpaired electron spatial distribution and the definition of
the electric field gradient at the aluminum and gallium sites.
Pulsed EPR and ENDOR techniques made it possible to study
the coherent properties of the Ce®" spin system in garnet
powders and ceramics, which is important for spin manipula-
tion on Ce>* centers.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

spin—orbit coupling so that one can observe the 5d—4f
emission bands separated into two distinct peaks, especially
at low Ce>* concentrations, lower than a few mole percent.
In the host lattice, 5d orbitals of Ce® " participate in chemical
bonding and thus a strong influence of the surroundings on
5d level splitting and spectral position is observed.
Garnets crystallize in a cubic form and are described by
the formula C3A,D30;,, (which can be commonly written
as C3(A,D);04,), where three different cation sites are
indicated. C is a dodecahedral site, A and D are an
octahedral and a tetrahedral sites, respectively. The site C
can be occupied by Y or Lu (diamagnetic state). In these
materials, sites A and D are occupied by aluminum but can
also be substituted by other elements, for example gallium.
The emission efficiency depends on the position of the
Ce*" ion in the garnet crystal lattice and its environment,
including the presence of defects in its immediate vicinity.
In a number of publications the optical properties of an
yttrium gallium aluminum garnet, Y3(Ga,Al)sO;,, and a
lutetium gallium aluminum garnet, Lu3(Ga,Al);0,,, doped
with Ce>" were investi gated as a function of the Ga/Al ratio,
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aiming at understanding the influence of replacing AI’" by
Ga®>" on the optical properties of these materials. The
literature is not conclusive on the sequence which sites Ga
first replaces Al, either the octahedral or the tetrahedral
sites [5-7]. The two sites have different properties, as we
show in this article where pulsed electron paramagnetic
resonance (EPR) and electron-nuclear double resonance
(ENDOR) techniques are used in diagnosing the cerium
environment in garnet powders and ceramics.

2 Experimental All LU3A15012 and Y3(G3,A1)5012
ceramic samples were prepared at Philips Research
Eindhoven by sintering of oxide raw materials. Based on
X-ray diffraction patterns it was concluded that all samples
consist of a single garnet phase. They were doped with
cerium in concentration 0.2%. The X-band electron spin
echo (ESE) detected EPR spectra were measured by
using the Hahn-echo decay sequence m/2 —7—m, with
/2=16ns and t=180ns. To measure 7, the ESE signal
amplitude was monitored by using the Hahn-echo decay
sequence 71/2 — T — 7, where T was varied from 180 ns up to
2.2 s, ©/2 =16 ns. ENDOR was measured by using Mims
sequence 7/2—t—n/2—T—mn/2—1t—ESE, 7=228ns,
T=19.8 ps, for RF pulse Trr= 18 ps.

3 Results and discussion The EPR spectra of Ce®"
ions can be described by a simple spin Hamiltonian taking
into account the Zeeman interaction for a paramagnetic
center with the effective spin S=1/2 and an anisotropic
g-factor that greatly depends on the composition of the
garnet crystal (C-Y, Lu, rare-earth element; A and D — Al
or Ga). EPR allows us to get detailed information about
the g-factors, but generally it is not possible to obtain
information about the hyperfine interactions with the
surrounding magnetic nuclei, as well as to explore the
quadrupole interactions. ENDOR is the method of
choice for these purposes.

Figure 1 shows the X-band (9.4 GHz) ESE detected
EPR signal of Ce®" ions in LusAls01,:Ce (0.2% Ce)
ceramics. An asymmetric EPR line shape is due to the fact
that the number of spin packets contributing to the spectrum
is much larger in the xy-plane than along the z-axis. This
line shape can be simulated, assuming a large number of
paramagnetic centers with random orientation with respect
to the static magnetic field. For a given magnetic field
strength By, all spins fulfilling the resonance condition
By =hv/[g(0)g], that is all spins for which By makes an
angle 6 with the z-axis, contribute to the spectrum and are
considered to form a spin packet. The extreme positions of
the spectrum are obtained by inserting g, g,, and g, into the
resonance condition. It should be noted that for g,, g, > g.,
one obtains By(gx.gy) < Bo(g,) due to the inverse propor-
tionality of g and By. Simulation of continuous wave (cw)
EPR spectra in powder samples can be done relatively
easily since the signal intensity is proportional to the number
of centers in the selected volume. In this study, EPR spectra
were detected using two-pulse spin echo at a fixed delay
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Figure 1 ESE detected EPR (a) and ENDOR (b) signals of ce?t
ions in LuzAlsO;,:Ce ceramic sample. The inset in (b) shows a
sketch of the nearest environment of the Ce®" jon with aluminum
atoms in two positions A and D; the distances between the Ce** jon
and aluminum atoms in the nearest octahedral and tetrahedral
positions are 3.33 and 2.98 A, respectively.

time 7 between the pulses. In this case, variations of 7 result
in modulation effects, which are caused by surrounding
nuclei and will be discussed below. The modulation period
is close to the period of nuclear precession that depends on
the magnetic field strength, so the measured ESE signal
can fall at different points of the modulation curve
corresponding to its maximum, minimum, or in between.
This complicates very much analysis of the shape of ESE-
detected EPR spectra. In addition, such a simulation is
challenging since the relaxation times depend on the
orientation of a center in magnetic field and the magnetic
field magnitude. In Fig. 1(a) we have marked by bars the
positions of lines with g-factor principal values for Ce* " in
Lu;Al50,, single crystals measured in Ref. [8]: g, =2.614,
gy=1.865, g.=0.961. It is evident that these positions do
not always correspond to the ESE detected EPR spectra.
The ENDOR spectra were measured at magnetic fields
marked in Fig. 1(a) as B1, B2, and B3: B1=708.0mT,
B2 =649.9mT, and B3 =371.5mT. Figure 1(b) shows the
groups of lines arranged symmetrically with respect to the
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27Al nuclear Zeeman frequencies v(*’Al) indicated by
arrows. These groups are related to the hyperfine (HF) and
quadrupole interactions with the neighboring aluminum
atoms. To analyze the Ce>™ EPR and ENDOR spectra the
following spin Hamiltonian with § = 1/2 has been used:

I:I:MBE'§'§+Z(§'Ai'Ti+Z'i’i'Z—gNMNE'E)7

(1)

where S is the electron spin operator, I is the nuclear spin
operator for the i- nucleus of aluminum (gallium), which are
summed over the aluminum (gallium) nuclei that interact
with the electron. The g-tensor reflects the symmetry around
the Ce " ion. The first term describes the electron Zeeman
interaction, the following terms in Eq. (1) describe the HF,
quadrupole, and nuclear Zeeman interactions with ligand
ions, respectively (cerium has only even isotopes '*°Ce,
192Ce with nuclear spin / = 0). Here gy is the g-factor of the
aluminum (gallium) nucleus, and pug and py are the Bohr
magneton and nuclear magneton, respectively.

The HF interaction parameters can be described in terms
of the isotropic part a, and anisotropic parts b and &', which
are related to the principal HF tensor coordinates (xyz):
Aw=a—b+b,A,=a—-b—b,A,,=a+2b. The diago-
nal matrix elements of the nuclear quadrupole interaction in
the principal coordinates are Py,=—q+¢', Pyy=q—¢,
P..=2gq. Here, b’ and ¢’ denote the deviation from the axial
symmetry that we neglect in this analysis (' =0, ¢’ =0). In
case of the axial symmetry the term in Eq. (1), which
describes the quadrupole interaction of the aluminum or
gallium nuclei, can be written as Ho = P[L>—1/3I(I + 1)],
here P =3/2P,,=3q [9].

The isotropic component of the HF interaction reflects
the spin density of the s-electron wave function at the site
of the nucleus and the anisotropic component reflects the
spin density of the p-electron wave function. For the para-
magnetic center with § = 1/2 the related ENDOR transition
frequencies for interaction with the i-nucleus of aluminum
(gallium) [9]

1
vi = 1/h|gymunBo % = [a; + bi(3cos’6 — 1))

2 (2)
+ 3mqq;(3cos*0 — 1),

where By is the magnetic field corresponding to the EPR
resonance conditions. Each nucleus gives rise to ENDOR
transitions symmetrically placed around its nuclear Zeeman
frequency vz = l/h(gnpnBo) in the high magnetic field
approximation. The “+” and “—" signs in the equation
denote the ENDOR lines for Ms=+1/2 and Mg=—1/2,
respectively.

For the nuclear spin 7> 1/2 (Al, Ga) the quadrupole
interaction of the nucleus with an electric field gradient must
be taken into account by g; = (eQ)/[41(2] — 1)]V_(r;). Here
Qo is the electric quadrupole moment of Al (Ga) in multiples
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of lel x 1072*cm?, V_.(r;) is the electrical field gradient, and
mg=[m;+ (m;+1)]/2 is the average value of the nuclear
quantum states m; between which the nuclear transition
takes place. For 2’ Al the nuclear spin is I = 5/2, giving five
mg-values: £2, +1, and 0. Thus, the quintet in Fig. 1(b) is
due to the quadrupole interaction of 2’ Al. Natural abundance
of ?’Al is 100%, the nuclear g-factor gy = 1.4566, and the
electric quadrupole moment Q =0.15 (Appendix A in [9]).

To the best of our knowledge, the values of the HF and
quadrupole interactions with aluminum nuclei were not
known prior to this work since these interactions are not
resolved by EPR.

The value of the isotropic HF interaction (A = 0.68 MHz)
allows for estimating the spin density of the s-electron on
the aluminum nuclei. The wave function for the unpaired
electron can be approximated by a linear combination of
atomic orbitals centered on the aluminum atoms near the
Ce’ " ion as ¢ =ays, + BYrp, o’ + B>=1. One can only
make some assumptions about the anisotropic part of the
interaction. Assuming sp’-hybridization, which is the most
realistic in this case, 25% of the spin density is on the
s-orbital, and with 75% of the spin density on the p-orbital.
In this case, the total spin density is about four times larger
than the measured value for the unpaired s-electron, that is
about 0.1% of that for free Al atom. We used data from
Ref. [10], where the isotropic HF interaction constant for
3s wave function of free Al atom is ~3911 MHz and the
anisotropic HF interaction constant for 3p wave function is
about 20 times smaller.

The quadrupole splitting depends on the orientation of
the magnetic field relative to the direction of the electric-
field gradient. The magnitude of this splitting between the
neighboring lines varies from P for the perpendicular
orientation of the magnetic field to 2P for the parallel
orientation, passing through zero at an angle of about 55°.
Furthermore, we must consider the complex combination of
the HF and quadrupole interactions, which also depend on
orientation. The most probable orientation of the center in a
powder or ceramic sample is the perpendicular orientation
since the number of centers contributing to the spectrum is
much larger in the perpendicular plane than along the
parallel axis, and therefore the splitting between the most
intense neighboring lines will be considered as P, the HF
interaction being considered as isotropic. Of course, to
obtain more accurate information about the parameters of
the spin Hamiltonian (1) one should use single crystals and
study the orientation dependence of EPR and ENDOR
spectra, which is an extremely time-consuming work. The
advantage of powder and ceramic samples is the fact that the
nature itself produces an average over all orientations and
highlights the main parameters of the EPR and ENDOR
spectra.

The above statements are only valid for powder spectra
of centers with an isotropic g-factor. In our description, we
proceed from the fact that in each case we choose not the
entire spectrum, but only a part of it with a limited range of
the g-factor variations. That is, in each case we deal with a
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quasi-isotropic behavior of g-factor. We plan to expand the
range of research facilities (more magnetic field points in
ESE-detected EPR spectra, more samples including single
crystals) and make more detailed calculations. It should
be mentioned that ENDOR signals were not observed in the
cw EPR experiments.

Resolved nuclear quadrupole splitting allows for the
direct determination of the electric field gradient at the
nuclear position. Usually two sources of the electric field
gradient V_(r;)) are considered: intrinsic electric-field
gradients in different crystal lattice positions, which are
due to the crystal structure of a garnet, and the unpaired
charge density in the np orbital (3p-orbital of the *’Al ion).
From the anisotropic part of the HF interaction, the
magnitude of the latter was estimated to be very small,
thus we can estimate the contribution of the garnet electric
field gradient. The quadrupole splitting, caused by ’Al
nuclei surrounding the Ce®" jon, is P220.34 MHz, and the
electric field gradient V,(Al)=1.25 x 10*' V/m?.

In Fig. 1(b) there are at least two types of ENDOR
spectra for aluminum, differing in magnitude of the
quadrupole interaction. It is known that aluminum can
occupy two positions in the garnet crystal lattice
(C53A,D501,), an octahedral position (a) and a tetrahedral
one (d). Since the electric field gradients can be different in
these positions, the quadrupole splitting for *’Al nuclei
should be different. We assume that the large and small
splitting match the aluminum ions occupying one of the two
possible positions. To identify the position, it is necessary
to know the electric field gradients at various positions
in aluminum garnet and for this purpose, the NMR data
or theoretical calculations can be used. Calculated and
measured values of the electric field gradient at aluminum
sites in various garnets are presented in [11]. It was shown
that the electric field gradient in a tetrahedral position (d) is
several times greater that in an octahedral site (a). Thus, we
can assume that the spectra with a large quadrupole splitting
are consistent with HF interaction with Al ions occupying
a tetrahedral positions (d), whereas spectra with small
quadrupole splitting belong to Al in octahedral position (a).
As aresult the ENDOR data can be used in mixed garnets for
studying the replacement process.

Figure 2 shows ESE detected EPR (a) and ENDOR (b)
signals of Ce*" ions in a Y3Ga,Al;0,,:Ce ceramic sample.
The magnetic fields B1 =655.0mT and B2=3352mT
correspond to the values at which ENDOR measurements
were performed. The positions of the line with the g-factor
principal values measured for Y;GasO,,:Ce single crystals
(g:=2.00, g,=1.63, g, = 0.85 [12]) are shown in Fig. 2(a)
by bars. The inset in (b) presents the central part of the
ENDOR spectrum for B1 = 655.0 mT in enlarged scale. The
central part of the ENDOR spectrum of Lu3zAlsO,:Ce for
B2 =649.9 mT from Fig. 1(b) is shown by dashed line for
comparison. The arrows mark the 2’ Al Zeeman frequency.
It can be seen that the splitting between the neighboring
lines is practically the same and is approximately equal to
0.05 MHz.
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Figure 2 (a) ESE detected EPR signal of Ce*" ions in a
Y3Ga,Al301,:Ce ceramic sample. (b) ESE detected ENDOR
signal of Ce>" ions in Y3GayAl;0,:Ce ceramic sample. The inset
shows the enlarged central part of the ENDOR spectra for B1, the
central part of the ENDOR spectrum of Lu3AlsOp,:Ce for
B=6499mT from Fig. 1(b) is shown by dashed line for
comparison.

We assume that this splitting is the quadrupole splitting
for aluminum occupying an octahedral position (a) with a
smaller electric field gradient. Thus, P ~ 0.05 MHz and the
electric field gradient V_,(Al) ~ 1.8 x 10?° V/m?. To explain
the presence of a larger number of lines than one can expect
for the HF interaction only, we assume that there is an
interaction with different HF constants A~0, 0.35,
0.65MHz due to a combination of several local environ-
ments. Naturally, the HF and quadrupole interactions with
each type of aluminum atoms can be different, as it is indeed
observed in the experiment. There are several possible
configurations of the Ce>* ion nearest environment, so in
the experiment we observe an average picture. The HF
interaction with Al neighbors is suggested to be transferred
through the oxygen ligands that surround cerium and
aluminum.

In contrast to aluminum, no structure has been resolved
for gallium nuclei. There are two isotopes of gallium: *°Ga,
1=3/2, 60.1%, gn=1.3444, 0=0.168 and "'Ga, I=3/2,
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Figure 3 Decay process of the transverse magnetization of
Lu3Als0;,:Ce ceramics. Visible oscillations are caused by the
Larmor precession of the magnetic moments of the surrounding
nuclei.

39.9%, gn=1.7082, 0 =0.106 (Appendix A in [9]). The
values of the gallium quadrupole moments are close to that
for 2’Al, so one can suppose comparable values of the
quadrupole splitting. However, the HF interaction for Ga
i2s70topes will be at least several times larger as compared to
Al

The table from [10] shows that the isotropic %Ga central-
atom HF interaction constant for 4s-electron is 12,210 MHz
(15,515MHz for "'Ga), more than three times larger
compared to that for 27Al. Therefore, this will lead to a
substantial broadening of the lines by averaging of the powder
spectra, which in turn causes the lack of a resolved structure.

Coherent spin properties of the rare-earth Ce>" emitters
in garnet powder and ceramic have been demonstrated
in this work. To measure 7, the ESE signal amplitude
was monitored by using the Hahn-echo decay sequence
/2 —t—m, and 7 was varied from 180ns up to 2.2 us,
/2= 16ns. Figure 3 shows the decay process of the
transverse magnetization of Lu;Als0;,:Ce ceramics. Visi-
ble oscillations are caused by the Larmor precession of
the magnetic moments of the surrounding nuclei. These
measurements can be used as an indicator of the presence of
a number of nuclei. The HF interaction with aluminum
nuclear spins combined with the high brightness of Ce®"
emission can be exploited as an interface between photons
and long-lived nuclear spin memory [3, 4].

There is a relaxation process with 7, =1.5pus. The
estimated 7; value is of the order of 20 ws at 10 K.

4 Summary In conclusion, EPR and ENDOR techni-
ques were applied to measure hyperfine and quadrupole
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interactions for Ce>" in garnet based scintillator powders
and ceramics for assessment of the unpaired electron spatial
distribution and definition of the electric field gradient at
aluminum and gallium sites. The Ce*" g-factor anisotropy
can be used in ENDOR experiment for diagnostic of the
cerium environment in mixed garnet ceramics, to distin-
guish between aluminum and gallium in the nearest
neighborhood of Ce. First results were obtained on the
quadrupole interaction for aluminum nuclei in garnet
ceramics, and octahedral and tetrahedral Al positions
were separated. Pulsed EPR and ENDOR techniques
enable determining the coherence of the Ce®"spin system.
We are planning to expand the range of research facilities
(more magnetic field points in ESE-detected EPR spectra,
more samples including single crystals) and make more
detailed calculations. In this report we would like only to
show that pulsed ESE-ENDOR methods open up wide
opportunities for the research and diagnosis of disordered
garnet crystal systems.
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