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The processes of hole and electron localization in YAIOj5 single crystals were investigated by electron-spin
resonance. It was found that holes created by UV or x-ray irradiation are trapped at regular oxygen ions
forming two types of O~ hole centers corresponding to hole localization at two inequivalent oxygen ions which
are located in Y and Al planes, respectively. The hole can be either autolocalized or additionally stabilized by
a defect in the neighborhood of the oxygen ion such as yttrium vacancy or an impurity ion at Y site. This leads
to a variety of O~ centers which differ both by thermal stability (from about 14 K up to room temperature) and
spectral parameters. Electron-type trapping sites are assigned to Y, antisite ions. After trapping an electron
they become paramagnetic Y/2x+1 centers. They are found in several configurations with thermal stability up to
above 300 K that enables the radiative recombination of freed holes with such localized electrons and the
appearance of thermoluminescence peaks. It is shown that the electron trapped around Y, antisite ion is
additionally stabilized either by an oxygen vacancy or by a defect at Y site. The yttrium antisite ions in the
lattice were directly identified by %Y nuclear magnetic resonance.
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I. INTRODUCTION

A scintillating material is a converter transforming the
energy of photons of ionizing radiation (x or 7y rays) or ac-
celerated particles (protons, electrons, neutrons, « particles,
etc.) into a number of UV/visible photons easily detectable
with a conventional photomultiplier or semiconductor diode.
Wide band-gap insulator materials of high degree of struc-
tural perfection are the most suitable scintillating materials.
They found applications in many fields, e.g., in industrial
defectoscopy, modern medical-imaging methods, security
systems, detectors in high energy, and nuclear physics.! In
particular, Ce-doped Y-Al perovskite (YAlOz, commonly de-
noted as YAP) bulk single crystals have already been recog-
nized a time ago as high figure-of-merit scintillators.> Apart
from the best performing Ce** doped also the Yb**- and
Pr’*-doped YAP single crystals have been studied to develop
faster-than-Ce* scintillating materials.>® However, due to
the high-growth temperatures of YAP single crystals, the ex-
istence of complex cation sublattices and the presence of
cations of equal charge state in various lattice sites, a variety
of point defects can occur. Among them, vacancies and the
so-called antisite defects (i.e., Y at the Al site and vice versa)
as well as their aggregates with other defects and impurities
are of particular importance.”® Anion and cation vacancies
can often create parent sites for electron and hole capture,
respectively,”'2 and such traps can easily degrade both the
light yield and time characteristics of a scintillator. Antisite
defects can induce shallow trap levels in the forbidden gap as
it follows from the theoretical calculations.'>!* The presence
of Ce** at AI** site was proposed to explain the lumines-
cence properties of YAP:Ce.!> The presence of the antisite
defects is an inevitable consequence of the high-growth tem-
perature (about 2000 °C) of the bulk crystals grown from the
melt by Czochralski, Bridgman, or similar methods. It is
worth noting that scintillation decay of YAP crystals shows a
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noticeable presence of slow components originating from de-
layed radiative recombination of electrons and holes at Ce**
centers, most probably caused by their retrapping at shallow
traps during the transport stage.”'®!” Even deeper traps re-
ported in YAP:Ce can be responsible for the induced absorp-
tion phenomena at RT usually referred to as radiation dam-
age resulting in gradual decrease in light yield due to
reabsorption losses. %18

The above brief survey indicates that the intermediate
transport stage of the scintillation mechanism is a substan-
tially critical and yet poorly predictable part of the process
since any kind of trapping levels in the forbidden gap and/or
nonradiative recombination centers can significantly de-
crease the scintillator performance. It should be stressed,
however, that optical characterization (radiation-induced ab-
sorption and thermally stimulated luminescence) clearly
demonstrates the presence of a variety of trapping centers in
variously doped YAP single crystals (see, e.g., Refs. 6, 10,
and 18-20). Nevertheless, their nature in most of the cases
has so far been only partly understood.

Experimental efforts aimed at understanding the nature of
defects in YAP crystals involved thermally stimulated lumi-
nescence (TSL) and electron-spin-resonance (ESR) studies.
Especially, ESR and related magnetic-resonance methods
can provide valuable information on the nature and local
structure of trapping centers/defects. In a pioneering work of
Schirmer et al.,>! ESR after UV or visible irradiation of YAP
evidenced a localization of holes in the form of O~ bound
small polarons. Recently we found up to five different O~
center configurations, three of which were correlated with
TSL peaks observed below room temperature.?>?? Electron-
type traps/defects were also detected in UV irradiated YAP
crystals?® and it was preliminary suggested that they can be
attributed to the charged oxygen vacancy near the antisite
yttrium ion, i.e., F* centers could be created. Therefore, TSL
recombination could occur between holes thermally freed
from O~ centers and electrons trapped at oxygen vacancies.
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Such mechanism takes place in crystals that are pure or
slightly doped by Ce. In a heavily Ce-doped sample the TSL
glow curve is characterized by one or two dominant peaks at
110-150 K, with an athermal tunneling emission at its lower-
temperature side.?*

In this paper we continue to investigate the intrinsic hole
and electron traps in yttrium aluminum perovskite by
electron-spin resonance. In particular, we want to clarify
their local structure, to determine thermal-stability param-
eters, and to clarify their role in the energy transfer and stor-
age processes of YAP scintillator. Some of the preliminary
results related to the defects studied here have been briefly
reported previously.?

II. EXPERIMENTAL CONDITIONS

Single crystals of undoped and weakly Ce-doped Y-Al
perovskites (Ce concentration in the crystals 0.005 at. %)
were grown by the Czochralski technique from 6N Y,O3 and
4N Al,O;3 (undoped), 5N Y,05 and 4N Al,03, and 4N CeO,
(the Ce-doped samples) raw powders in a molybdenum cru-
cible under reducing atmosphere by CRYTUR Ltd. (Turnov,
Czech Republic); see Ref. 25 for more details about the
growth procedure. YAP crystallizes in a slightly distorted
perovskite structure. It is characterized by the space group
D,(Pbnm) with the unit-cell dimensions a=5.180 A, b
=5.330 A, and ¢=7.375 A. The orthorhombic unit cell con-
tains four perovskite pseudocells. The main crystallographic
parameters of YAP can be found, e.g., in Ref. 26 or in Ref.
21.

For ESR measurements, the crystals were oriented, pol-
ished, and cut in the (100), (010), and (001) planes in a
typical shape of about 2X2.5X6 mm?>. The same crystals
were also used in the TSL measurements.?>?” ESR measure-
ments were performed at 9.22 GHz with the standard 3 cm
wavelength of the ESR spectrometer in the temperature
range 10-260 K using an Oxford Instruments cryostat. A
mercury high-pressure arc lamp with optical filters was used
for in situ UV irradiation of the samples. Some of the mea-
surements were performed following in situ x-ray irradiation.
Nuclear magnetic-resonance spectra (NMR) of ®*Y and ?’Al
were measured in a magnetic field B=9.4 T, corresponding
to a Larmor frequency 19.607 and 104.264 MHz for *’Y and
2TAl, respectively. Both single pulse and solid-echo pulse
sequences with phase cycling were used. Due to the long
spin-lattice relaxation time the repetition time between
pulses for yttrium was about 45 min.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In the first subsection we present the ESR characteristics
of the hole traps and the data on their thermal stability. Based
on these studies, the local structure and creation mechanism
of hole centers is considered. In the next subsection we de-
scribe electron centers and, in particular, defects related to
antisite ions. In the final subsection, electron-hole recombi-
nation mechanisms are considered and the role of irradiation-
induced centers in scintillation mechanism in YAP:Ce is dis-
cussed.
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FIG. 1. (Color online) ESR spectra of undoped YAP crystals (a)
before and (b) after x-ray irradiation at 77 K.

A. O™ hole centers
1. Spectroscopic data

ESR spectra of YAP crystals before any irradiation show
the presence of several types of paramagnetic ions, the most
important of which are Mo®* and Ti** (identified in Refs.
28-30) as they are sensitive to the light or x-ray irradiation
of the crystal (Fig. 1). After x-ray irradiation at low tempera-
tures (10-77 K) other intense ESR spectra appear. The inten-
sity of the Mo®* and Ti** spectra increases. The same trans-
formation of the spectra can also be produced by UV (280-
365 nm) light illumination. Therefore, most of the
experiments were performed using the UV irradiation.

The most intense spectra arise at the magnetic field
~325 mT and belong to O~ (2p°) hole centers in accordance
with Ref. 21 and our preliminary study.?? The spectra at the
magnetic fields 360-400 mT, labeled as F1 to F4, were pre-
liminarily assigned by us to the trapped electron centers.??

When an irradiated sample is gradually heated from 10 K
up to RT, at least six types of O~ centers with different tem-
perature stability and spectral parameters can be distin-
guished (Fig. 2). The most stable center survives at room
temperature for several days while the shallowest one is
stable only up to about 14 K. In the following we denote the
hole centers as O; and Oy; with different upper indexes. The
reason of such notation will be understood later. Keeping the
sample at RT in the dark for a long time we can restore the
initial state of the sample before irradiation. All the O~ spec-
tra show the same pronounced hyperfine structure. The ob-
served splitting into 11 lines is clearly due to the interaction
of the electron spin with two equivalent 2TAl nuclei (I=5/2
and 100% abundance). In the YAP lattice only the spins at
the O sites interact with the two adjacent Al nuclei nearly
equivalent. Together with positive g factor shifts, all these
facts indicate that the paramagnetic substance is a hole
trapped at an oxygen ion.

Angular dependencies of O~ resonance lines were mea-
sured in three perpendicular planes, (100), (010), and (001).
Full sets of the spectroscopic parameters determined from
the fits of these angular dependencies are listed in Table I.
Spectral parameters of the Oﬁ center were determined only
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FIG. 2. (Color online) ESR spectra of various O~ centers created
in YAP by UV irradiation at 13 K and followed by heating to a
given temperature. The spectrum of the shallowest O? center (a)
was measured at 13 K with very low MW power, about 1 uW, to
overcome saturation of the ESR signal at low temperature. The
spectra of other centers (b) were measured at 50 K with MW power
of 1 mW. This figure also illustrates transformation of one O~ center
into another.

for two separated directions ((110) and (010)) because of
overlap of its spectral lines with much stronger lines from
the Oﬁ center (Fig. 2). Note that g-tensor parameters of two
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O~ centers observed previously in Ref. 21 are very close to
those of our OF and Of centers.

One can see that all centers show an orthorhombic sym-
metry. They can be divided into two groups: O; and Oy
Oj-type centers have principal axes that exactly coincide
with crystal axes or are close to them; the principal axes of
Oy-type centers are rotated by approximately 45° relative to
the crystal axes. For each of the Oyp-type defects there are
two equivalent centers differing only by orientation of their
principal axes. These facts indicate that O; and Oy centers
correspond to oxygen ions located in the Y and Al planes,
respectively, as it is schematically shown in Fig. 3. The fig-
ure represents positions of two types of O~ ions in the lattice
together with their g-tensor principal-axis orientations. For
simplicity, all bond angles were set to 90° (for detailed in-
formation on the slightly distorted perovskite structure of
YAP see Ref. 26).

A common feature of all O~ centers is that the axis
of the largest g-tensor component (g;) is oriented along
Al-O-Al-O... chains. In the case of O;-type centers this prin-
cipal axis exactly coincides with the c-crystal direction. The
g3 axis of Oy-type centers is rotated from the AI-O-Al-O...
direction by about 8° with respect to the a or b axis because
of the influence of the rhombic-symmetry distortion of the
perovskite lattice in the ab plane. The deviation of the other
two g-tensor components from the free-electron value 2.0023
is relatively small. Therefore, in our opinion, the hole is lo-

TABLE I. Characteristics of hole traps in YAIO; crystals obtained from the ESR data. Principal axes of
g tensors are given by polar (6) and azimuthal (¢) angles relative to the crystal axes a, b, c. Error margin of
the polar and azimuthal angles is approximately 2°. O; and Oy; correspond to the oxygen ions placed in the
Y and Al planes, respectively. The principal-axis directions are given for two equivalent positions of the
Oy-type centers. All spectral parameters of the Oﬁ center could not be determined because of overlapping of
its spectral lines with much stronger lines from the 0}3] center.

Principal axes

YAl HF interaction Thermal

Center g tensor 0 ¢ (107* ecm™) stability parameters
o) ,:2.0190(3) 90 2 A,:4.77(2) 14 K
2,:2.0048(3) 90 112 A,:4.78(2) E,=0.024£0.004 eV
23:2.0344(3) 0 0 A3:3.83(3) s=(2.0%0.6)x10° 1/s
o 8[110):2:054(2) Not A[110:325(2) 140 K*
8[010:2.035(2)  determined Af0107:3-61(2) E,=(0.40%£0.02) eV
s=(3.0+x1)x 10" 1/s
OF  £,:20147(2) 134,46 318; 42 A,:3.76(2) 185 K*
2,:2.0034(2) 4444 317,223 Ay:4.11(2) E,=049+0.04 eV
€5:2.0414(2) 90: 90 47,133 A3:3.24(2) s=(13+1)x 10" 1/s
o8 €1:2.0164(2) 90 14 A,:4.99(2) 240 K®
g,:2.0045(2) 90 104 A5:5.05(2) E,=048%0.05 eV
€3:2.0311(2) 0 0 A3:4.08(2) s=(1.5=1)X 108 1/s
0 g:2.0028(4) 90 0 A,:4.86(3) 290 K*
g,:2.0143(4) 90 90 A5:5.08(4) (~2-3 h)
23:2.0440(4) 0 0 A3:4.29(3)
o 21:2.0117(4) 132:42 318,42 A,:4.23(4) >300 K?
95:2.0043(4) 42:42 317,223 Ay:423(4)
83:2.0305(4) 90; 90 47; 133 A3:3.60(4)

#Temperature of the thermal stability, see Fig. 4.
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FIG. 3. Idealized fragment of YAP crystal structure (see Ref. 21)
with the models of O;- and Oy-type hole centers. All bond angles
have been taken to be 90°. A perturbing defect is located at an Y site
along the g; axis. A hole can be localized in the neighborhood of
each type of defect either at an O; position or at one of the two
equivalent Oy positions.

calized in all cases in an O 2p_-type orbital in the plane
perpendicular to the Al-O-Al direction. This corresponds to
the o character of O>-AI** bonding in the perovskite
structure.'? It should be noted that while for Oy -type centers
these 2p . orbitals are well fixed relative to the crystal axes,
i.e., their orientation remains the same for different centers,
in case of Oj-type centers the oxygen p, orbitals are more
“mobile” and their rotation with respect to crystal axes in-
creases with the decreasing thermal stability of the center.
Consequently, the principal-axis frame of the shallowest cen-
ter is rotated by 22° around the ¢ axis.

As we observe six different centers, among which the
shallowest could be created even by self-trapping mechanism
and other ones have to be stabilized by defects of different
origin, high similarity of their g-factor sequence indicates
that the largest axial component of the crystal field is pro-
duced by AI-O-AL... chains as in the undistorted perovskite
lattice. For the 2p, ground state the g factors can be de-
scribed by the following expressions previously introduced
for the O; molecule in alkali halides,?! which has the same
P ground state:

A
g1=g,cos ﬁ—l<5>(cos J+1-sin9), (1a)

A
g»=g, cos ﬂ—l<5>(cos 9—1+sin ), (1b)

g3=g,+2lsin ¥ (1c)

with sin 9=N\/2E and g,=2.0023. Here D is the distance to
the highest p, orbital in the hole representation, E is the
splitting of the twofold-degenerate p . orbital, and / is a cor-
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rection to the O~ orbital angular momentum. A is an effective
spin-orbit coupling constant of the O~ ion. Its value in a
crystal is usually smaller than that of free ion because of
covalency. Taking /=1 as for the free O~ ion and A
~-150 cm™' (see, e.g., Ref. 32), one can determine, for
example, for the 0}3 center the following splitting of 2p or-
bitals: D=25 000 cm™' and E=5200 cm™'. Note that the ac-
curacy of the determination of the crystal-field splittings un-
doubtedly depends on the values of / and N which both could
be somewhat reduced by the covalence effects. However,
even allowing some uncertainty in the / and N\ values, the
calculated energy splitting seems quite reasonable and are in
a good agreement with those obtained for similar O~ centers
in the other perovskite BaTiO5.3> The model with the 2p .
ground state is also in good agreement with electronic-
structure calculations for perovskites, where the O 2p . states
dominate the upper part of the valence band'® and therefore,
an electron can easily leave the p . orbital. On the other hand,
the model with a p, ground state used in Ref. 21 leads to
an unrealistically high rhombicity of the center, D
~15800 cm™! and E~10900 cm™'?!

Additional information about the structure of O~ centers
can be obtained from the hyperfine (HF) splitting of the
spectra. As mentioned above, O~ spectra have the same pro-
nounced HF structure originating from the interaction of a
hole with two nearly equivalent >’Al nuclei. The HF interac-
tion is stronger for the Oj-type centers because of a shorter
0-Al distance along the ¢ axis (d[O-Al]=1.901 A). For an
oxygen ion in the Al plane the shortest O-Al distance is
larger (d[Oy-Al]=1.911 A). Consequently, the HF constant
for the Oy site is about 20% smaller. Furthermore, the HF
structure suggests that the perturbing defect is surely located
at the Y site because two Al ions in the vicinity of O™ remain
at their lattice positions for all the centers. We shall discuss
the possible origin of these defects in the next paragraphs.

2. Thermal stability of O~ centers

An important characteristics of any charge trap in a scin-
tillating material is its energy depth because the charge car-
riers thermally freed from traps can directly contribute to the
delayed radiative recombination processes. In order to obtain
quantitative characteristics of the thermal stability of the O~
centers we used the method of isochronal annealing. After
irradiation at low temperature (about 10 K), the sample was
heated to a given temperature T,,, held at that temperature
for three minutes, and then quickly cooled (with a rate of
about 4 K/s) to 50 K (in the case of the O{* center to 12 K),
where the ESR spectrum was measured. The three-minute
interval was found as the best compromise to ensure good
thermalization of the sample and sufficient reproducibility in
the measured ESR signal intensities. The obtained signal am-
plitudes are depicted in Fig. 4. It can be seen that the shallow
O}, Of} and Of centers appear simultaneously after irradia-
tion at 10 K. As a result of heating these spectra vanish in
turn and other spectra appear; i.e., the hole centers are gradu-
ally transforming one into another.

In order to get a deeper insight into kinetics of the trapped
holes and their contribution to TSL, we performed a calcu-
lation of the thermal-ionization energy and the frequency
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FIG. 4. Dependence of O~ ESR intensities on the temperature of
isochronal annealing.

factor using the data of the time decay of ESR intensity
measured at constant temperatures. These parameters can be
usually obtained from the ionization probability expressed in
the form of the Arrhenius law,

P(T) =N_Sv X exp(— E/kT). (2)

Here N, is an effective density of states in the valence band,
v and S are the hole thermal velocity and cross section of its
capture, respectively, and E stands for the thermal-ionization
energy. The same expression (2) is usually used in the analy-
sis of TSL data. The value of P as a function of temperature
can be obtained from the measurements of the time decay
7(T)=1/P(T) of O~ concentration after turning off the irra-
diation. As an example, such data are presented in Fig. 5 for
one of the centers. One can see that the concentration decay
of localized holes approximately obeys the exponential time
dependence. Such dependence characterizes a simple first-
order kinetic process. The slope of logarithm of the ioniza-
tion probability as a function of the inverse temperature
gives the thermal-ionization energy (see the inset of Fig. 5)

0.30 ——r—T 7T

0.25 - E=0.48 eV
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FIG. 5. (Color online) Time decay of the O~ ESR intensity
measured at various temperatures. The inset shows the temperature
dependence of the thermal-ionization probability of the O? center.
Solid lines in both graphs are numerical fits to the data (see the
text).
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and the frequency factor s=N_.Sv can be calculated as well.
The ionization energies and frequency factors were deter-
mined for the four shallowest hole centers (see Table I). The
other hole centers have larger ionization energies and the
decay time of their ESR intensity is long even at room tem-
perature. For example, the Oﬁ center shows a decay time of
about 3-5 days. Therefore, the ionization energies of these
deep centers could not be determined by ESR method. Now
we shall discuss the origin of O~ hole centers in YAP and
possible types of perturbing defects.

3. Local structure and creation mechanism

Generally, in perovskite lattice an O~ hole center can be
created either by self-trapping mechanism or the hole can be
trapped at an oxygen ion located near to a defect. The shal-
lowest Of\ center can arise due to self-trapping mechanism.
This assumption can only partly be supported by the mea-
sured ESR data because both unperturbed and perturbed O
sites have the same orthorhombic local symmetry. However,
the fact that the principal-axis frame of the Of center is
turned around the ¢ axis by the angle of 22° with respect to
the a axis suggests that the trapped hole is not too strongly
coupled to the Y site where a defect could be located. Fur-
thermore, the intensity of the O{\ spectrum is even higher in
the undoped crystal, which was grown from Y,03 oxide of
higher 6N purity, with respect to Ce 0.005 at. % doped YAP,
where the concentration of accidental impurities must be
much higher due to the use of SN purity Y,0O5 oxide. Hence
the hole self-trapping in the case of OIA center is highly prob-
able.

In the case of a defect at the Y site (Ay) the hole can be
trapped at any of the 12 oxygen ions in the neighborhood.
There are four O;-type ions and eight Op-type ions. How-
ever, due to different Y-O distances the trapped hole will
relax to the most energetically preferable position which
should correspond to the shortest Ay-O distance. Therefore
only one of the Ay-Oj configuration or two equivalent Ay-Oy;
configurations will be realized for each of the Ay defect as
we observe in the experiment (Table I and Fig. 3).

The three shallowest O~ centers appear simultaneously
with approximately the same ratio of concentrations in two
crystals of different purity. Therefore, Oy, Of and O are
rather related to intrinsic defects such as Y vacancies and Aly
antisite ions the concentration of which is expected to be
high due to the high-growth temperature and slightly yttrium
deficient melt.2> On the other hand, the intensity of OlC and
Oﬁ spectra is about 1 order-of-magnitude lower in the un-
doped sample of higher purity, clearly indicating the
impurity-related origin of these O~ centers.

B. Electron centers

As pointed out above, after x-ray or UV (280-365 nm)
irradiation of YAP at T<<77 K several ESR spectra appear at
magnetic fields corresponding to g-factor values less than
g,=2.0023 (Fig. 1). This finding suggests that all these spec-
tra belong to the electron-type intrinsic or impurity-related
paramagnetic defects. The spectra disappear after the crystal
is kept at room temperature for 3—10 days. To identify the
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FIG. 6. (Color online) Angular dependencies of resonance fields for electron-type centers in YAP crystal measured at 7=20 K. Symbols
and solid lines are measured and calculated resonance fields, respectively.

origin of the observed defects we carried out measurements
of angular dependencies of their resonance lines at three
crystallographic planes: (001), (100), and (010). The results
are shown in Fig. 6. The spectrum with resonances at lowest
magnetic fields has already been assigned to the Ti** ion.?
Remaining lines belong to four different centers, denoted F1
to F4, each of them has four magnetically inequivalent posi-
tions in the lattice as it follows from the splitting of the
resonance lines when the magnetic-field tilts from the cubic
(100) directions. The g-factor values suggest that all centers
are created by nd' ions. The idea is also supported by the
short times of their spin-lattice relaxation that allows observ-
ing resonances only at 7<<30-50 K. Two of the centers
show small (~0.3-0.5 mT) additional splitting of the reso-
nance lines which originates from the interaction of an elec-
tron with a single Al nucleus. The simulation of this HF
structure is shown in Fig. 7.

The resonance fields were described by the spin Hamil-
tonian H=uzBgS with spin S=1/2 and g factors and their
principal-axis directions presented in Table II. The g-tensor

%
v !
\! 27
Al, 1=5/2

390 395 400
B (mT)

FIG. 7. (Color online) Simulation of the 2’ Al HF structure of the
F1 center at £ (B,b)=10°. The upper part of the figure represents
the comparison of the measured spectrum (points) with the simu-
lated one (solid line) taking the Gaussian line shape for the HF lines
with the linewidth 0.68 mT and HF splitting 4.8 X 10™* c¢cm™!. The
decomposition of the 2"Al HF structure into six individual lines
together with their sum is shown at the bottom of the figure too.

components are typical for an electron trapped at an nd'
electronic shell. All four centers have approximately axial
symmetry along the g5 principal direction. For the F1 center
the axial axis is oriented close to the direction of O;-Al-O;
chains. Such a significant axial distortion in the perovskite
lattice is usually produced by an oxygen vacancy (V). For
the F2 center the axial axis lies in the plane of Al ions.
Consequently, the axial distortion for the F2 center can be
produced by an oxygen vacancy in the Oy position. The pro-
posed models of F1 and F2 centers are schematically de-
picted in Fig. 8. Both centers contain the antisite yttrium ion
(Y;zﬁ) near the oxygen vacancy. It is assumed that an elec-
tron, primarily trapped by the oxygen vacancy, is mainly
localized at this neighboring Y ,; ion. The model of the cen-
ters is supported by both the g factors (1.66—1.90) typical for

TABLE II. Spectral characteristics of electron traps in YAIO;
crystals obtained from the ESR data. Principal-axis directions of g
tensors are given by polar (6) and azimuthal (¢) angles relative to
a,b,c-crystal axes and presented for one of four equivalent centers.
Error margin of the polar and azimuthal angles is approximately 2°.
Vor and Vg correspond to the oxygen vacancy placed in the Y and
Al plane, respectively.

Principal-axis directions

HF splitting

Center g factors 0 ® (107* em™)
Fl:  g,=1.6910(4) 82 21 21
Yi-Vor =16559(4) 92 11 A=48(2)

¢:=1.8247(3) 8 189

F2:  g,=1.7848(4) 126 107 ZTAL

Yii-Vou $:=1.7339(4) 38 87 A=35

g3=1.9016(4) 100 10

F3 g1=1.7713(3) 37 199 Unresolved
2,=1.7576(3) 73 313
g3=1.8988(3) 58 54

F4 g1=1.7833(4) 124 25 Unresolved
2,=1.7597(4) 92 116
2:=1.9015(4) 34 29
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FIG. 8. (Color online) Fragment of YAP crystal structure with
the models of YiT—VO electron centers.

the Y?* 4d' electron configuration (see, e.g., Refs. 33 and
34) as well as the HF interaction of an electron with only one
27 Al nucleus since the second Al ion in the Al-V-Al chain is
replaced by the yttrium antisite ion. Due to shorter V-Al
distance, 2’Al HF interaction, as in the case of O~ centers, is
stronger for the oxygen-vacancy sites in the Y planes
(4.8-10™* cm™!) with respect to those in the Al planes (3.5
X107 ¢cm™!). HF interaction of an electron with the %Y
isotope (/=1/2, natural abundance 100%) should also pro-
duce a HF splitting. Such splitting was not resolved in the
spectrum presumably due to the small value of the Y
nuclear magnetic moment (5.3 times smaller than that of
2TAl) and partial delocalization of the electron density over
the center. The Fermi-contact interaction at the *Y nuclei
can also be partly compensated by the contribution of ex-
change polarization with an opposite sign. However, the
overall reason for small Y HF interaction is not completely
clear. As mentioned in Sec. I, both oxygen vacancies and
antisite ions are the most probable defects in YAP crystals.
Our ¥Y NMR measurements in fact revealed about 2.5% of
Y ions in antisite positions (see Sec. III C). F1 and F2 defects
can be thus described as Y4-V, complexes.

We should note that the ionic radius of Y3* at the Al
position (1.04 A) is markedly larger than that of AI**
(0.675 A). However, the presence of an oxygen vacancy
near the Y, ion can reduce the ionic radius of Y3* to the
value comparable to the ionic radius of AI** in the regular
octahedron due to lowering of the coordination number. The
oxygen vacancy also provides more space for location of Y
at the octahedral site allowing, in particular, to shift the Y ion
toward the oxygen vacancy.

The measured g factors of the electron centers can be
easily described by assuming the ground-state wave func-
tions of T,(xy) type. The expressions for g values of this
ground state are completely similar to those previously used
in description of the Ti** spectra in YAP,*

g1=2-2N6, +\¥28 = N\22685+ 2\ 8D,

22=2-2N 8 - NY28 + Y285+ 2\ 8\D,
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1
g3=2-8\D- 50\/51 +N/&)?+ 2\ D%. (3)

Here 8, and &, are the energy splitting of the |zx) and |zy)
states of the ,, orbital triplet, D is the energy distance to the
upper |x?—y?) state, and A=300 cm™! is the effective spin-
orbit coupling constant of the Y>* ion.>® The calculations, for
instance, provide the following energy separations: &)
=1680 cm™, 6=1900 cm™!, and D=19 000 cm™! for the
F1 center. Even taking into account some uncertainty of the
\ value (it can be, for example, reduced more from the free-
ion value), the energy separations seem completely reason-
able for the 4d" ion in the perovskite lattice.

Alternatively we can consider an e,(d;.2_,2)-type ground
state for F1/F2 centers. This electronic structure was pre-
dicted, for instance, for the single-charged oxygen vacancy
in perovskites BaTiO; and PbTiO; from ab initio
calculations.*® For the e,(ds2_,2) ground state, the crystal-
field theory predicts that the g factor measured along the
axial distortion has to be close to the g,=2.0023. In prin-
ciple, taking into account a mixing of |x?—y?) orbital to the
ground state by orthorhombic components of the crystal
field,” a covalence contribution from the neighboring shell
of yttrium cations’® and second-order corrections (&g
~\?/D?), one could justify the large deviation of the largest
g factor g3=1.8247 and 1.9016 of the F1 and F2 centers from
g.,=2.0023 value. However, in this case, the fitting param-
eters seem to be too unrealistic. Therefore we prefer to
model the centers having the ground-state wave functions of
T,(xy) type which adequately (in natural way) describes the
experimental g factors. In such a case the unpaired electron
resides primarily on the Y?* ion and the oxygen vacancy can
be filled even with two electrons. Such scenario is realized,
for instance, for Ti**-V,, centers in BaTiO5.*° Obviously, a
ground state of an oxygen-vacancy-related center is sensitive
to the lattice structure and type of transition-metal ion. Cal-
culation in the point-ion crystal-field approximation shows*’
that transition-metal ion—oxygen-vacancy-type defect may
have d,,, d,,,, or d ground state depending on the actual
lattice structure, the type of nd' ion as well as both the sign
and value of this nd' ion displacement (see, e.g., Fig. 3 of
Ref. 40). Therefore, it seems that the problem of the elec-
tronic structure of the oxygen-vacancy-related defects in per-
ovskites is still not completely resolved and needs more in-
vestigation. It can be further addressed also by accurate ab
initio calculations.

The two other centers, F3 and F4, are also nearly axially
distorted. No HF splitting is visible for these centers. There-
fore their origin is not that clear as in the case of the F1 and
F2 centers described above. However, the similarity of g
factors and comparable thermal stability of all four defects
suggest that the F3 and F4 centers also contain Y ,; antisite
ion which has trapped an electron. For these centers the
trapped electron can be additionally stabilized by a nearby
impurity in the yttrium lattice site or by an Aly antisite ion.'*
Such an Y?* ion will have similar spectral characteristics to
those of the Ti** ion,?® except the g-factor values which are
smaller for Y?* due to its larger spin-orbit coupling constant.
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One can see from Fig. 6 and Table II that this indeed takes
place for the F3 and F4 centers.

Possible candidates for the photoinduced electronic cen-
ters in YAP could be Sc?*(3d'), Zr’*(4d'), La**(5d"),
Hf3*(5d"), or even V*(3d'), Nb**(4d"), and Ta**(5d") ions.
However all these ions have large nuclear magnetic moments
that would result in a characteristic HF splitting of ESR lines
unlike the results of the experiment. In addition, all these
ions will create deep, at room temperature very stable, para-
magnetic centers such as Ti** (Ref. 29) or Cr’* (Ref. 41) as
their local electronic level has to be situated in the middle of
the forbidden gap. Independent chemical analysis of the
crystal producer indicates that concentration of all these ions
is well below 1 ppm. Therefore, taking into account all above
presented arguments, the described electronic-type defects in
YAP are assigned by us to Y ,; antisite ions which trapped an
electron under irradiation. Nevertheless, the Y HF splitting
in the spectra was not resolved. An electron trapped by an
Y a; ion can be additionally stabilized either by an oxygen
vacancy, creating Yf{{— Vo centers, or by a defect at the Y site.

C. Evidence about antisite ions from NMR

Recently the antisite defects and related traps in YAIO;
and LuAlO; were theoretically considered using density-
functional theory calculations.'* These ab initio calculations
have shown that (i) single antisites in which either an Al ion
is placed at the Y(Lu) site or an Y(Lu) ion is placed at the Al
site both have low energy with respect to the antisite pair
[interchange of neighboring Y(Lu) and Al atoms]; (ii) defects
containing Al ion at the Y(Lu) site produce electron traps at
0.4-0.8 eV below the conduction-band edge while Y(Lu)
ions on the Al site probably do not. Our results are in good
agreement with the first prediction as we did not find any
indication on the presence of the Y ,;-Aly antisite pairs. On
the other hand, the electron traps revealed by us include Y,
single antisites. It should also be noted that we do not ob-
serve ESR spectra which could be assigned to Aly electron
traps. Such an antisite ion after trapping an electron becomes
a paramagnetic A1§+(3s‘) center. Its spectrum has to be easily
visible as the center possesses an electron spin 1/2 and a
strong 2’Al HF structure is expected too.

In order to clarify the situation with antisite ions in YAP
crystals we performed %Y and >’Al NMR measurements. It
is well known that NMR provides unique approach to quan-
tify the site occupancy in crystalline, amorphous, or liquid
materials.*> The NMR signal in a properly designed experi-
ment is directly proportional to the concentration of atoms in
a given structural environment. %Y is a highly suitable iso-
tope as it possesses nuclear spin 1/2. However, due to its
small gyromagnetic ratio and long spin-lattice relaxation
time (up to 45-60 min) the NMR signal intensity is usually
very weak. Nevertheless, accumulation of the signal for 60 h
provided a well-resolved ¥Y NMR signal from Y antisite
positions (Fig. 9). The relative concentration of Y antisite
ions was determined as (2.5 +0.2)%. This is the first direct
evidence about the existence of Y antisite ions in YAP single
crystals. >’Al NMR measurements were also performed. Yet,
due to the high nuclear spin of the *’Al isotope (I=5/2) to
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Y NMR in YAP
v,=19.607 MHz, T=296 K

Y, (~2.5%)
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FIG. 9. ¥Y NMR spectrum in YAP measured at B II [110] and
T=296 K. Two strong lines correspond to resonances from regular
Y ions while two other weak lines correspond to Y in antisite
positions.

interpret the measured spectra is not as easy as in the case of
the Y isotope. Therefore, at the present stage the NMR data
can neither prove nor disprove the existence of Aly antisites
in YAP.

D. Electron-hole recombination mechanisms and the
role of irradiation-induced defects in scintillation
mechanism in YAP:Ce

In our previous papers we provided qualitative correlation
between ESR intensity of O~ centers and TSL peaks in un-
doped YAP crystals (see, e.g., Fig. 6 of Ref. 23). TSL emis-
sion spectra of undoped YAP (Ref. 22) suggest that the re-
combination of thermally liberated holes takes place at
intrinsic defects which are assumed to be electron-type F/F*
centers created by electrons trapped at oxygen vacancies near
Y antisite ion. Present ESR data provide further support for
this assumption. Hole recombination at Y%} ions including
the Y/zﬁ- Vo centers is directly visible from the measured tem-
perature dependence of their concentration under pulsed
heating of the irradiated crystal as shown in Fig. 10. One can
see that thermal disintegration of each hole center, i.e., di-
minishing of its ESR intensity, is accompanied by the de-
crease in the Y4! center’s related ESR intensity which proves
recombination of liberated holes with electrons localized at
these centers.

As mentioned in Sec. I, a critical requirement for any fast
scintillator is the fast delivery of electrons and holes from the
conduction and valence bands, respectively, toward the emis-
sion centers, i.e., Ce* in the case of YAP:Ce. It is generally
accepted that Ce** is an efficient hole trap in YAP host.
Therefore migrating holes must be first trapped at Ce** ions.
Subsequent recombination with electrons from the conduc-
tion band then provides the desired fast scintillation light.
Retrapping of electrons in relatively deep Yf;{ centers can
give rise to induced absorption phenomena, i.e., radiation
damage of the material'® since at room temperature these
centers can survive for several days. As these localized elec-
trons are lost for prompt radiative recombination at Ce cen-
ters some light-yield reduction can also be expected. The
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FIG. 10. (Color online) Correlation between ESR intensity of
electron Yﬁ centers (empty squares) and thermal destruction of
different O~ hole centers (solid circles) showing recombination of
liberated holes at Y4} centers.

described hole traps compete with the Ce* centers to capture
a hole. Though the YAP lattice provides several possibilities
for the creation of intrinsic or impurity-related hole traps, the
relatively high concentration of Ce** in practical YAP:Ce
scintillator material (about 0.5 at. % of Ce in the crystal)
ensures its success in the competition for hole capture with
all the defect-based hole traps. This is supported by the fact
that in heavily Ce-doped YAP the O~ concentration is
strongly diminished. However, contribution to slower scintil-
lation decay components may appear from the shallowest
hole trap as it arises most probably by the self-trapping
mechanism. Fortunately, the thermal stability of the self-
trapped hole in YAP lattice is even smaller than in the very
efficient Lu,SiOs:Ce scintillator.** Therefore probably no
significant delay in radiative recombination at Ce®* centers
should be expected due to this YAP-lattice property.

IV. CONCLUSIONS

Trapping phenomena and the nature of trapping sites in
pure and slightly Ce-doped YAP crystals were investigated
by the ESR method. In addition to two already known O~
hole centers?! four other O~ centers were identified and stud-
ied. These centers are created by trapping holes from the
valence band by oxygen anions under UV or x-ray irradia-
tion at low temperature. The centers differ by their thermal
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stability and spectral parameters. With increasing tempera-
ture they are progressively transforming one into another.
Our analysis has shown that the shallowest O~ hole center
(thermal activation energy E,=0.024 €eV) is most probably
created by a self-trapping mechanism. Three other O~ cen-
ters, denoted as Oﬁ, Of‘, and Oﬁ, are stabilized by intrinsic
defects such as Y vacancies and possibly Aly antisite ions,
which stabilize a hole at a nearby oxygen ion. The thermal
stability of these centers is described by activation energies
of 0.40, 0.49, and 0.48 eV, respectively. The two deepest hole
centers, OF and OF, are stable even at room temperatures for
a few days. The holes are stabilized here by an impurity ion
at the Y site. The thermally induced decay of the four shal-
lowest O~ centers is accompanied by well-resolved TSL
peaks below room temperature. This means that when a hole
is liberated from an O~ center, it is either captured at a
deeper hole trap or it migrates until a localized electron is
met. The resulting electron-hole pair radiatively recombines
which gives rise to a TSL glow peak.

Electronic-type trapping sites are assigned to the yttrium
antisite ions which become paramagnetic Y4} centers after
trapping an electron. They are found in four structurally dif-
ferent configurations with a thermal stability around or
higher than 300 K that enables the radiative recombination of
thermally liberated holes with such localized electrons. In
two of the centers, F1 and F2, the trapped electron is addi-
tionally stabilized by an oxygen vacancy. These centers can
be described as Y-V, and YAi-Voy complexes, where Oy
and Oy correspond to the oxygen ions in the Y and Al planes,
respectively. Two other centers are created by yttrium antisite
ions nearby a defect at Y site.

Yttrium antisite positions in YAP lattice were directly
identified by *’Y nuclear magnetic-resonance measurements.
On the other hand, our work did not confirm the existence of
Al%(+ paramagnetic centers associated with Aly antisite ions
the existence of which is also considered in the literature.
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