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In  this  topic  review  the  results  of the X-band  electron  paramagnetic  resonance  (EPR)  measurements  of
Mn, Co,  Cr,  Fe  ions  in YAlO3 (YAP)  crystals  and  Fe  ions  in  LiNbO3 (LNO)  crystals  and  of chromium  doped
Bi12GeO20 (BGO)  and  Ca4GdO(BO3)3 single  crystals,  are  presented.  It is well  known  that  the  oxide  crystals
(for  example:YAP,  LNO,  BGO)  are  one  of the  most  widely  used  host  materials  for  different  optoelectronic
applications.  The  nature  of point  defect  of  impurities  and produced  in  the  oxide  crystal  after  irradiation
by  bismuth  ions  and  after  irradiation  by  the 235U ions  with  energy  9.47  MeV/u  and  fluency  5  × 1011 cm−1

is  discussed.  The  latter  is important  for applications  of  these  oxide  crystal  as  laser  materials.
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2 I. Stefaniuk / Opto-Electr

. Introduction

The oxide crystals (for example: YAP, LNO, BGO) are one of the
ost widely used host
materials for different optoelectronic applications. The most

nown use of these crystals are laser materials. In this respect, it is
articularly important to know the nature of defects. It is preferred
or this purpose to produce artificial defects in the above named

aterials and to examine them by so precise method which is Elec-
ron Paramagnetic Resonance (EPR). It is advantageous to briefly
escribe some of the most important oxide crystals for approxima-
ions’ background and formulation of research questions.

Yttrium orthoaluminate crystals (YAlO3 or YAP) are one of
he most important materials for solid-state lasers. Recently,
ome new interesting properties of Mn-doped YAlO3 have been
eported, among them strong photochromic effect [1] and inten-
ive thermally stimulated luminescence (TL) after � −irradiation
2]. Manganese ions in YAlO3:Mn  crystals as a rule are present in

 form of Mn4+ ions in the octahedral coordination (Al3+ positions)
nd Mn2+ ions in the strongly distorted dodecahedral coordination
Y3+ positions) [1,3–6]. Crystals being exposed to a blue-green laser
ight show an intensive bluish-gray coloration caused by Mn5+ ions
reated as a result of the Mn4+ → Mn5+ + e− photoionization pro-
ess [1,3]. In such a way, the Mn4+ ions demonstrate sensitivity
o the visible light exposure. The Mn2+ ions are sensitive to the
onizing radiation such as X- or � −rays, as well as UV radiation
7]. Explanation of this effects is required. Yttrium aluminum per-
vskite YAlO3 crystals doped with rare-earth ions (Nd3+, Tm3+, Er3+)
elong to the most important solid state laser materials [8,9], as
ell as they are also promising materials for scintillators (YAP:Ce)

10], and as substrates for thin films’ epitaxy [11]. Co-doped oxide
rystals are attractive materials for ‘eye safe’ laser operation near
.5 �m and as nonlinear absorbers for passive Q-switching [11,12].
PR and optical spectra, as well as nonlinear absorption proper-
ies of Y3Al5O12:Co, SrLaAlO4:Co, Mg2Al2O4:Co, LaGaO3:Co, and
rLaGa3O7:Co were investigated in Refs. 12–16. The EPR spectra of
arious ions in YAlO3 crystals, e.g. the 3dN ions Cr3+, Ti3+, Mn4+,
n5+ and Fe3+ [3,17–20] and the 4fN ions Er3+, Nd3+ and Ce3+

21–23], were also previously studied [24–28]. An in-depth analysis
f these studies is desirable.

Lithium niobate (LiNbO3) is a ferroelectric material which does
ot occur naturally. Due to its physical and chemical properties
iNbO3 is an important material for many applications [29,30].
iNbO3 crystal is of sustained scientific and technical interest,
ainly due to its desirable ferroelectric, piezoelectric, and photo-

lectric properties [31,32], even for acoustical memory as recently
eported [31]. The most extensive application is the ferroelectric
roperty which mainly origins from the structure distortion in
iNbO3 itself, i.e. the Li+ and Nb5+ cations move away from their
osition in the paraelectric phase [33].

However, the reported values of the spin-Hamiltonian (SH)
arameters obtained from EPR of Fe3+ in LiNbO3 are not uniform
ecause of different experimental conditions and crystal compo-
ition [34–36]. It is necessary to systematize and complement
revious studies.

Germanosillenite Bi12GeO20 (BGO) as well as Bi12SiO20 (BSO)
rystals have been widely used in photorefractive, photoconduc-
ive, electro-optical and acousto-optical applications including
wo-wave mixing, four-wave mixing, phase conjugation, real-time
olography, optical data storage, optical computing, electro-optical
odulation, thin film optical waveguides [37–40].
Optical and photochromic properties of BGO:Cr crystals were
arly connected with chromium ions located in the Ge4+ tetrahedral
ositions [41,42]. The chromium ions in BGO:Cr can be in Cr4+ and
r5+ state [41,42]. The EPR spectra of Cr ions in BGO crystals were
eview 26 (2018) 81–91

also previously studied [43] and in-depth analysis of these studies
is desirable also.

Rare earth (RE) doped gadolinium calcium oxoborate
Ca4GdO(BO3)3 (GdCOB) crystals attract significant interest of
researchers, since they are promising materials for bi-functional
lasers and non-linear optical transformations [44,45]. Their possi-
ble applications are: colour displays, data storage devices, medical
diagnostic, quantum electronics and optoelectronic materials.
A possibility of effective doping the GdCOB crystal by different
RE ions was  demonstrated in Refs. 46,47. Incorporation of RE
elements leads to an enhancement of the non-linear optical coef-
ficient, improvement of emission efficiency, phase matching and
technological conditions. EPR study of these centres are promising
and important.

The aim of this review paper is to complete characteristics of
impurities presented in selected oxide crystals as indicated by EPR
measurements. For this purpose, the spin Hamiltonian analysis of
EPR spectra has been carried out on the basis of the triclinic (Ci)
site symmetry. Comparison of examined defects in different crys-
tals enable us to find optimal conditions in order to improve the
properties of the laser materials.

2. Crystal structure of invstigated materials

The crystal structure of materials studied by EPR is critical for
in-depth analysis of experimental data. There are also the exact
characteristics required in the first place.

2.1. Yttrium orthoaluminate crystals

The structural data indicate that YAP crystallizes in an
orthorhombically distorted perovskite structure with the lattice
parameters a = 0.518 nm,  b = 0.533 nm,  c = 0.737 nm [4,48,49]. The
space group D16

2h
was  chosen to describe the symmetry of the

unit cell in YAP crystals using the Pbnm group coordinate sys-
tem [48,49]. The structure of YAlO3 can be represented (see Fig. 1)
as a grid of tilted AlO6 octahedra with the Y ions occupying the
empty space between the octahedra. The ionic radii of the cations,
R, are R(Y3+) = 0.097 nm,  R(Al3+) = 0.057 nm,  R(Co3+) = 0.064 nm,
R(Co2+) = 0.078 nm,  R(Nd3+) = 0.099 nm and R(Er3+) = 0.085 nm [50].
The O–Al–O angles in the respective octahedra vary in the range
89.6◦–90.6◦.

Since deviations of the respective angles from 90◦ and the bond-
length distortion are small, the AlO6 octahedra may be considered
to be only slightly distorted. The immediate surrounding of the Y
cations consists of eight oxygen anions, whereas the Y O bond-
lengths in the YO8 dodecahedra differ one from another, e.g. in
the range from 0.2284 to 0.2597 nm for YAP–1% Nd. Hence, the
YO8 dodecahedra are considerably distorted with a bond-length
distortion equal to 0.315 nm [4].

2.2. Lithium niobate

At room temperature, the space group in the ferroelectric
phase is R3c with the hexagonal unit cell of aH = 0.515 nm and
cH = 1.386 nm (Fig. 2). Below Tc (=1145 ◦C) the C3 symmetry is char-
acterized by a displacement of the cations (Li+ and Nb5+) along the
crystallographic c-axis [51,52].

Due to the displacement of the cations, both ions reside in
oxygen octahedra with small distortion. The stacking order of the

octahedral sites along the c-axis becomes Li, Nb, structural vacancy
(Vs), Li, Nb, Vs and so on. In the paraelectric phase, the point
group of the material is C3V [51,52]. The oxygen layers are equally
spaced along the c-axis. For the Li+, Nb5+ and Fe3+ ions, the electro-
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Fig. 1. The unit cell of YAlO3 crystal and orientations 

egativities are 0.95, 1.7 and 1.8 and the ionic radii are 0.068, 0.069
nd 0.064 nm,  respectively.

.3. Germanosillenite

In the germanosillenite (Bi12GeO20) structure presented in Fig. 3
sp. gr. I23, lattice parameter a = 10.145 Å). The GeO4 tetrahedra
ccupy the cube centre and vertices (the Ge–O distance is 1.717 Å)
nd BiO5 polyhedra are located in the gaps between tetrahedra (the

verage Bi–O distance is 2.357 Å) [53]. The octahedron of oxygens
round the Bi is strongly distorted.

Bismuth germinate, Bi4Ge3O12, is a cubic crystal (space group
4) of the eulytine-type structure, with four formula units per unit
 sample for measurement.(YAP structure of the [27]).

cell (Fig. 4) The Bi3+ site is coordinated by a distorted octahedron
of six oxygen ions.

Each Ge ion is surrounded by four equivalent O ions to form
(GeO4)4− tetrahedra. The optical and photochromic properties of
BGO:Cr crystals were due to the chromium ions located in the Ge4+

tetrahedral positions and may  occur both in Cr4+ and Cr5+ states
[54].

2.4. Gadolinium calcium oxoborate
Gadolinium calcium oxoborate GdCOB crystal is biaxial what
means that the optical axis (XY,Z) is not in coincidence with the
crystallographic axis (a, b, c) [55,56].
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Fig. 2. The unit cell of Lithium niobate crystal.

Fig. 3. The unit cell of Germanosillenite Bi12GeO20 crystal.

Fig. 5. Crystal struct
Fig. 4. The unit cell of Bismuth germinate, Bi4Ge3O12crystal.

GdCOB crystallizes in the monoclinic noncentrosymetric struc-
ture with two  molecules per unit cell and space group symmetry
Cm.  The values of the unit cell constants are a = 0.8078 nm,
b = 1.5981 nm,  c = 0.35519 nm,  and � = 101.26◦ [57]. GdCOB is
isostructural to the calcium fluoroborate Ca5(BO3)3F [58].

There are two non-equivalent positions for Ca2+ ion that occupy
distorted octahedral sites. The crystal structure consists of BO3 tri-
angles and one oxygen ion O (1) which is free from boron. The two
kinds of boron site, B(1) and B(2), with threefold coordination have
a place. The planar borate unit lies approximately parallel to the
(001) plane. The Gd3+ ions are located in the crystallographic mirror
plane (Fig. 5). The environment of Gd3+ ion is a distorted octahe-
dron with Cs site symmetry. Four oxygen ions are shared with the
BO3 groups. The existence of a probable disorder between calcium
and gadolinium atoms in the two octahedral positions is expected
[59,60].

3. EPR spectra: experimental details and results

3.1. General
The crystals investigated were grown in the Military University
of Technology and in the Institute of Physics, Polish Academy of
Sciences by the Czochralski technique using platinum crucible.

ure of GdCOB.
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dependences reveals the existence of two  different types of Co2+

complexes, labelled � and �, both with an effective spin S = 1/2.
The �-complex spectra exhibit a visible strong hyperfine structure.
ig. 6. EPR spectra of Fe3+ and Cr3+ ions in the as-grown crystals 1 and the H2 anne

Some samples of the YAP as-grown crystals were annealed in
2 + H2 atmosphere (1100 and 1500 K) and in air (1400 K), as well
s were irradiated with g-quanta from a 60Co source up to 106 Gy
bsorbed doses and with continuous and pulsed Ar+-laser light
l = 351 nm)  of 1 W power.

One sample was irradiated by 235U ions with energy 9.47
eV/u (the total particle’s energy was 2225 MeV) and fluency

 × 1011cm−2 at room temperature, without control of temperature
nd without cooling (Institute for Heavy Ion Research at Darm-
tadt). Because BGO:Cr crystal exhibit strong photochromic effect,
ur sample was protected during irradiation by Al foil (thickness
f 5 �m).  This foil reduces of the particles’ energy to 2120 MeV.
rradiation by bismuth ions with energy 11.4 MeV/u (MeV per
ucleon) and a fluence 5.1011 cm−2 at room temperature. A detailed
escription of the methodology of measurement is presented in
efs. 25–28.

EPR spectra in a wide range of temperatures from 5 K to 300 K
sing an EPR X-band spectrometer (Bruker multifrequency and
ultiresonance FT-EPR ELEXSYS E580) were investigated. The

ngular dependences of EPR spectra were studied using a one-
egree goniometer. Quantitative analysis of EPR spectra has been
arried out using the program EMR  NMR  [61] assuming spin Hamil-
onian for a triclinic site symmetry. In this paper an extension of the
omputer program Superposition Model-Monte Carlo (SPM-MC)
62,63] designed for modelling of the spectroscopic and struc-
ural properties of transition ions at low symmetry sites in crystals
as used. The predicted the zero-field splitting (ZFS) parameters

btained based on an SPM confirm correlation between the ZFS
arameters obtained from experimental EMR  spectra and struc-
ural data. The estimation of the spin-lattice relaxation time T1 can
e madeusing the conventional theory of the EPR line broadening.

Analysis of EMR  spectra was performed using spin Hamiltonian
SH) suitable for transition ions [64]. For arbitrary low (triclinic)
ymmetry SH [65,66] is best expressed in terms of the extended
tevens operators (ESO) Oq

k
[67,68]:

Hs = �BB · g · S +
∑

Bq
k
Oq

k
(SX, SY , SZ )

= �BB · g · S + �fkbk
qOk

q (1)

where g represent the Zeeman electronic tensor, B is the exter-
al magnetic field, Si are the spin operators, and Bq

k
(bq

k
) are the

ero-field splitting parameters (ZFSPs). The ‘scaling’ factors fk in
q. (1) are most commonly defined as [65,66]: f2 = 1/3; f4 = 1/60;
6 = 1/1260. For proper relations between the conventional ZFSPs
nd Bq

k
(bq

k
) in Eq. (1), see [65,66,69]. For Cr3+ (S = 3/2) ions only the

FSPs with k = 2 are required, whereas for Fe3+ (S = 5/2) ions − with
 = 2 and 4.
rystals 2. Lines corresponding to Cr3+ and Fe3+ ions are marked by arrows [24].

A superposition model [69–72] represents the ZFSPs as linear
combinations of products of the intrinsic parameters (b̄

k
), depend-

ing on the kind of ligands and their distances from the central
ion, and the coordination factors (Kq

k
), depending on the angular

positions of ligands.
Full listing of the Kq

k
factors obtained using transformation prop-

erties of ESOs for arbitrary symmetry and k = 2, 4, and 6 may  be
found in Ref. 72. SPM calculations for the 2nd-rank ZFSPs may  be
carried out in two ways as described for Cr3+ and Fe3+ ions in YAP
in [62,63].

3.2. Yttrium orthoaluminate crystals

Analysis of EPR spectra enables assignment of specific lines to
various paramagnetic centres as follows. The two distinct groups
of EPR lines observed in YAP:Fe,Cr crystals were identified as due
to Fe3+ and Cr3+ ions (see Fig. 6) [24].

A decrease in the line intensity for Fe3+ ions and a simultane-
ous increase for Cr3+ ions is observed in the annealed crystals. The
changes of the Fe3+ and Cr3+ line intensity indicate that

recharging processes Fe3+ + e − → Fe2+ and Cr4+ + e − → Cr3+

occur in the reduced crystals [24]. EPR spectra of Co2+ ions in YAP
are only observed at temperatures below 30 K. Such EPR spec-
trum is presented in Fig. 7. Analysis of the experimental angular
Fig. 7. EPR spectra of Co2+ ions in YAP:Co crystals at 12 K.
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Fig. 8. EPR spectra of Mn2+ ions in YAP:Mn crystals at room temperature. Sel

Table 1
Principal values (PVs) of the matrices g & D in the laboratory xyz axis system for
Fe3+, Cr3+ Co2+ (�), Co2+(�), Er3+ and Nd3+ complexes in YAP crystals. The Ai and Di

values are in units of (10−4 cm−1).

Fe3+ Cr3+ Co2+ (˛) Co2+ (ˇ) Er3+ Nd3+

gx 2.180 2.029 5.42(1) 6.67(1) 8.925(4) 2.799(4)
gy 2.065 2.012 5.02(1) 3.70(1) 8.038(3) 2.539(3)
gz 1.479 1.921 1.13(1) 1.81(1) 2.896(2) 1.713(2)
Dx 512.1 324.3 – – – –
Dy -41.0 -26.0 – – – –
Dz -471.0 -298.0 – – – –
Ax – – 288(1) 178(1) 312(10) 273(10)
Ay – – 164(1) 84(1) 311(10) 228(10)
Az – – 82(1) −8.7(5) 230(10) 215(10)
Reference [27] [27,62] [26] [26] [26] [25]

Table 2
The positions of the oxygen ligands (i = 1 ÷ 6) in the MO6 octahedra in the polar
coordinates.

Ligand’s number i: 1 2 3 4 5 6

AlO6 [18] Ri [nm] 0.1901 0.1901 0.1910 0.1910 0.1921 0.1921
�i [◦] 14.2 165.8 80.2 99.8 80.2 99.8
�i [◦] 196.7 16.7 56.0 236.0 324.4 144.4

FeO6 Ri [nm] 0.243 0.256 0.239 0.26 0.235 0.266
�i [◦] 87.51 92.47 85.61 92.15 2.664 175.5
�i [◦] 2.646 181.6 91.69 267.8 -1.949 181.3

CrO6 Ri [nm] 0.2010 0.1967 0.2041 0.2033 0.2088 0.2162
◦

F
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Selected EPR spectra of investigated LNO:Fe sample are pre-
�i [ ] 16.3 86.5 88.1 101.2 175.6 100.1
�i [◦] 205.1 57.2 331.7 241.6 22.0 154.1

our sets of lines due to the transitions between the lowest Kramers
oublet levels with Ms  = ±1/2 were observed.

The analysis of the angular dependences of the �-type spectra
nd the crystallographic data suggests that the Co(�) ions occupy
wo equivalent positions in the unit cell. Hence, the � complex can
e tentatively attributed to Co2+ ions located at the Y3+ sites with
s local site symmetry. Analysis of the EPR spectra and the fittings
ill be performed assuming the local site symmetry Ci in case of

he Co2+ (�) complex, as well as the Co2+ (�) complex in case of Cs

nd Er3+, Nd3+ ions as will be shown below (see also Refs. 25,26,27).
Analysis of EPR spectra in YAP:Mn crystals (Fig. 8) enables to

ssign specific lines to various paramagnetic centres as follows. Two
istinct groups of EPR lines observed (see Fig. 8) were identified as
ue to Fe3+ and Cr3+ ions. Thus, the angular variations of EPR spectra
or Fe3+ and Cr3+ ions are similar to those presented in our earlier
aper [27].

For analysis and fitting, the sets of lines that correspond to a
pecific magnetically inequivalent position out of four for each ion-
omplex were selected. This selection was made on the basis of a
omparison of the present spectra with those in Refs. 19,73 which
llowed for two  choices of lines in a given plane. Subsequently, the-

retical simulations of the lines have been done using the program
MR NMR  version 6.51 [61] in order to verify correctness of our
elections.
ected lines corresponding to Mn2+ and Fe3+ ions are marked by arrows.

Four sets of lines were observed for each type of ions, which
occupy four equivalent (crystallographically) but magnetically
inequivalent positions in the YAP unit cell, which consists of four
aluminium-oxygen pseudo-cells each with a different orientation
with respect to the crystallographic axes. The next group of EPR
spectra is assigned to a manganese ion. Four sets of lines of 150–600
mT were observed for Mn4+ ions, which occupy four crystallograph-
ically equivalent but magnetically inequivalent positions in the YAP
unit cell.

The next group of EPR lines of 250–400 mT  is assigned to the
Mn2+ ion also and takes two crystallographically equivalent but
magnetically inequivalent positions in the YAP unit cell. Principal
values (PVs) of the matrices g and D in the laboratory xyz axis sys-
tem for Fe3+, Cr3+ Co2+ (�), Co2+(�), Er3+ and Nd3+ complexes in YAP
crystals (with different dopand) are presented in Table 1.

The EPR spectra of YAP crystals, nominally pure and doped with
Co2+ ions, as well as their analysis confirm the existence of para-
magnetic Cr3+ and Fe3+ centres which occupy four magnetically
inequivalent aluminum positions in the unit cell with the octahe-
dral coordination exhibiting triclinic site symmetry. For Fe3+ ions
the fourth-rank ZFSPs were also obtained and presented in our
paper [27].

Using the ZFS parameters and the pertinent conversion relations
derived by authors of Refs. 27,70 the program SPM-MC computes
feasible positions of the oxygen ligands in a given unit cell volume
that yield the SPM-predicted ZFSPs consistent with the experimen-
tal ZFSPs.

Numerical calculations and analysis were carried out for the
FeO6 and CrO6 in YAlO3 complexes. During calculations the angles
�i and �i were varied in the range of several degrees from the start-
ing values reported for the undistorted AlO6 octahedron, whereas
the minimum distances Ri were computed from the ionic radii. The
averaged values (�i, �i; Ri) obtained from the program SPM-MC are
listed in Table 2 together with the crystallographic data for the AlO6
octahedron in pure crystal.

Therefore, the SPM analysis enables prediction of the most prob-
able model of distortions around Fe3+ and Cr3+ ions in YAlO3. The
predicted small radial distortions of the Fe(Al)O6 complex correlate
well with the size of the ionic radii of the dopant ions [62,63].

In summary, in the investigated YAP crystals were detected:
in nominally pure YAP crystals – unintentional impurities of Cr3+

and Fe3+

in the YAP: Co crystal – cobalt (Co2+) and unintentional impuri-
ties Cr3+, Fe3+, Er3+ and Nd3+

in the YAP:Mn crystal–manganese (Mn2+,Mn4+) and uninten-
tional impurities of Cr3+ and Fe3+

3.3. Lithium niobate
sented in Fig. 9. For LNO:Fe sample after irradiations by bismuth
ions the angular dependence in room temperature was obtained.
Analysis of EPR spectra for LNO:Fe sample was performed using
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Fig. 9. Selected EPR spectra of LNO:Fe sample.
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Fig. 10. Temperature de

tandard spin Hamiltonians suitable for low spins at arbitrary low
triclinic) symmetry [Eq. (1)]. Temperature dependence (Fig. 10)
as performed for after and before irradiation of LNO:Fe sample.

Temperature dependence of the EPR line of the peak-to-peak
Bpp) line widths were also measured. From these measurement
he values of the broadening (�B) of the EPR line width can be
etermined.

.4. Germanosillenite
EPR spectra were measured for a non-irradiated sample, as well
s for an irradiated sample (before and after annealing in air) in the
emperature range of 140–370 K.
nce for LNO:Fe crystals.

After measurements, the heating in air (time of heating was
20 min  and temperature – 500 K) were performed by using an LHT
04/16 NABERTHERM furnace with a C42 controller. The EPR of
investigated BGO:Cr samples are presented in Fig. 11.

For samples BGO-1 and BGO-2 temperature dependence of the
geff factor was determined (Table 3). Changes in geff were observed
after treatment, namely, for sample BGO-2 annealed after irradia-
tion the change in the temperature dependence was stronger than
for sample BGO-1 irradiated only.

After BGO:Cr irradiation, the fine structure of EPR spectra of

chromium ions disappears. Irradiation of BGO:Cr crystals by ura-
nium ions leads to the change of the structure of EPR spectra.
Annealing of the irradiated sample leads to the changes of the line
positions and creation of a new line in a higher magnetic field –
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Fig. 11. EPR spectra of BGO-0- BGO:Cr crystal before uranium ions irradiation; BGO-1- BGO:Cr crystal after uranium ions irradiation; BGO-2– Sample BGO-1 after heating in
air.

Fig. 12. Angular dependence of the EPR spectra of GdCOB cryst

Table 3
The spin Hamiltonian parameters determined from EPR spectra for the BGO crystals.

Principal values Center-I Center-II Center-III

gxj 2.318 5.258 0.997
gyj 2.142 4.911 0.965

gzj 2.085 4.721 0.907
References [43] [43] This work
al after irradiation by bismuth ions in room temperature.

center III, as it is shown in Fig. 11 and above presented analyses
confirms.

3.5. Gadolinium calcium oxoborate
Measurements of the angular dependences of the EPR spectra
were performed in three planes perpendicular to the crystallo-
graphic axes a, b and c. The selected EPR spectra are presented in
Figs. 12 and 13.
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Fig. 13. EPR spectra of GdCOB crystal after and before irradiation by bismuth ions
in room temperature.

Table 4
The spin Hamiltonian parameters determined from EPR spectra for the Gd3+ com-
plexes in GdCOB crystals.

Principal values as grown
Ca4GdO(BO3)3

as grown Ca4GdO(BO3)3 after
irradiation

gxj 2.806(5) 2.687(9)
gyj 1.857(5) 2.193(9)
g 1.361(7) 1.048(10)

f
t

p

4

m
t

T

inequivalent aluminum positions in the unit cell with the octahe-
dral coordination exhibiting triclinic site symmetry.

F
A

T
T

zj

The spin Hamiltonian parameters determined from EPR spectra
or the Gd3+ complexes in GdCOB crystals after and before irradia-
ion are presented in Table 4.

As a result of the irradiation by bismuth ions of GdCOB crystal
aramagnetic centre has a smaller distortion of g tensor.

. Spin–lattice relaxation time

The estimation of the spin–lattice relaxation time T1 can be
ade with the conventional method of line broadening [63] using

he expression [15]:
1
−1 = 2.8 × 1010�g�B (2)

ig. 14. Temperature dependence of the spin-lattice relaxation time T1 for Fe3+ ions
 = 12 × 1010 s−1, and � = 208 cm−1.

able 5
he spin-lattice relaxation time T1.

Mn4+ ions in YAP Er3+ ions in YAP Nd3+ ions in YAP 

� [cm−1] 70 154 86 

A*1010[s−1] 12 22 266 

References [28] [26] [25] 
eview 26 (2018) 81–91 89

In the temperature range 120–240 K the relaxation time T1 is
governed by the Orbach process [15,64]:

T1
−1 = A

(
exp

(
ı

kBT

)
− 1

)−1

(3)

where � represents the energy splitting between the ground
Gd3+ state and the first excited state, whereas A is the constant
characteristics of the Orbach process (in s−1).

Temperature dependence of the EPR line intensities and that
of the peak-to-peak line widths were also measured. From these
measurements, the values of the broadening (�B) of the EPR lines,
i.e., the spin-phonon part of the EPR line width, can be determined.

Fig. 14 presents the experimental temperature dependence of
T1 for the Fe3+ ion in LNO and a theoretical curve fitted using Eq.
(3).

The spin-lattice relaxation time T1 for all studied crystals is pre-
sented in Table 5. A T9 Raman process dependence of T1

−1 was  not
observed because of the dominance of the exponential term. The
parameter � [cm−1] obtained by fitting the temperature depen-
dence of T1

−1 represents the energy splitting between the ground
doublet (whose paramagnetic resonance we observe) and the first
excited state.

5. Conclusions

The above presented results of EPR studies of laser crystals, as
well as deep-analyses of these results using the spin Hamiltonian
examination of EPR spectra have been carried out on the basis of
the triclinic (Ci) site symmetry allowing to draw some important
conclusions.

The Co2+(�) and Co2+ (�) ions are identified as occupying the
Al3+ and Y3+ positions, respectively, in the unit YAP crystal cell.

The EPR spectra of YAP crystals, nominally pure and doped with
Co2+ ions, as well as their analysis confirm the existence of para-
magnetic Cr3+ and Fe3+ centres, which occupy four magnetically
The principal values of the tensors g, D and A, as well as the
orientation of their principal axes are also determined w.r.t. the

 in LNO crystal; the solid line represents an exponential fit using Eq. (2) with

Fe3+ ions in LNO B-center BGO-1 B-center BGO-2 C-center BGO-2

208 175 195 65
12 27 45 85

This work This work This work This work
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rystallographic axis system. Comparison of the directions of the
ocal magnetic axes with the bond directions in the crystal structure
hows a good agreement. Preliminary superposition model analysis
ields the most probable models of distortions around the impu-
ity Cr3+ and Fe3+ ions occupying the aluminum positions, which
ndicate small radial distortions of the Al-octahedra. This finding
orrelates well with the size of the ionic radii of the dopant ions.

The EPR spectra of YAP crystals doped with Mn4+ ions, as well as
heir analysis confirm the existence of paramagnetic Mn4+ centers
hich occupy four magnetically inequivalent aluminum positions

n the unit cell with the octahedral coordination exhibiting triclinic
ite symmetry and Mn2+ centres which occupy two magnetically
nequivalent yttrium positions in the unit cell

The calculated spin-lattice relaxation times T1 for Fe3+ ions in
he LNO and B-center in BGO crystals have similar values.

The complicated structure of the EPR spectra of the LNO:Fe
ndicates the presence of various paramagnetic centres after irra-
iations.

After irradiation of BGO:Cr, the fine structure of EPR spectra of
hromium ions disappears. Irradiation of BGO:Cr crystals by ura-
ium ions leads to the change of the structure of EPR spectra. The
nnealing of the irradiated sample leads to the changes of the line
ositions and creation of a new line in higher magnetic field.

For all of the irradiated by bismuth or uranium ions crystals radi-
tion defects were observed, what does not generate point defects
n the nearest neighbourhood of the paramagnetic ion. The best evi-
ence is GdCOB crystal where the decrease in octahedral distortion

n the environment of Gd3+ ion is observed.
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