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New data on the state of Th®" doping ions in the EuAl3(BO3)4 single crystals have been obtained
by studying the electron paramagnetic resonance spectra within the X band and optical absorption
spectra at 4 K in the visible range. Additionally, the specific heat of these crystals was measured and
analyzed. It has been shown that the Th3t ions substitute the trivalent europium ones and lower
crystal symmetry. In the crystal field, the ground multiplet of Th3" splits in such a way that two
singlets located in close proximity are the lowest energy levels. It has been shown that the temperature
dependence of the linewidth can be described by the exponential function, which is characteristic of the

Aminov-Orbach processes.

topics: EPR spectra, rare-earth, aluminum borates, spin Hamiltonian parameters

1. Introduction

Borates of the formula REMj5(BO3)4, where RE
is a rare-earth ion or yttrium, and M can be Al,
Fe, Ga, or Cr, display a set of features, e.g., signifi-
cant luminescent and non-linear optical properties,
that make them attractive from the viewpoint of
basic research and application. A high concentra-
tion of doping ions is not accompanied by concen-
tration quenching in aluminum borates. The phys-
ical and chemical properties of these crystals make
them promising media for solid-state lasers. Single
crystal aluminum borates provide effective trans-
formation of the frequencies of laser radiation with
an efficiency that exceeds the analogous parame-
ters of the other known media. Crystals of borates
doped by ytterbium were employed to obtain the
laser pulses of femtosecond duration. Laser radia-
tion of the wavelength of 1.5 um, generated by the
erbium-doped crystals of this family, shows small
propagation losses in the atmosphere and found ap-
plication in medicine [1-6].

Interaction between the iron ions in quasi-one-
dimensional chains of REFe3(BO3)s (where RE
means rare-earth elements) results in an antiferro-
magnetic ordering in the 30-37 K range [7]. Weak
spin-spin interaction between the Th3* ions forms
a magnetic ordering in ThAl5(BOs3)4 at the temper-
ature of 0.68 K [8]. Moreover, the magnetoelectric
effect with a very large electric polarization, larger
than in other multiferroics, found in some crystals of
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borates is a very important property of these mate-
rials [9-11]. A series of works is devoted to the study
of EPR spectra in aluminum borates [12-36]. Much
less attention was paid to the crystals with M = Ga
(REGa3(B0Os3)4), which may also demonstrate inter-
esting properties [37-41]. Both the REGas(BO3),
crystals and the thoroughly studied aluminum bo-
rates crystalize in the same structure described by
the space group R32. It is important that the ter-
bium ions in borates have an energy spectrum that
allows using these materials as a basis for solid-state
lasers and scintillators. The luminescence spectra of
the Tbh3* in the visible band can be applied in lu-
minophores.

The present paper reports the results of studies
of the ground state of a trivalent terbium ion incor-
porated into the lattice of EuAl3(BOs3)4 by electron
paramagnetic resonance.

2. Crystal growth and structural analysis

EuAl3(B03)4:0.2%Th?* doped crystal was grown
by the spontaneous solution-melt crystallization
method (for more details, see [12]). The structural
analysis of the sample was done by the X-ray pow-
der diffraction method. The XRD measurements
were carried out using the X’Pert Pro Alphal
MPD (Panalytical) laboratory diffractometer. The
diffraction pattern contained two groups of peaks,
which proved that the investigated sample con-
sisted of two phases, i.e., the main phase being
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Fig. 1. Rietveld refinement result for Th** doped

EuAls(BO3)4. Reflection positions are indicated by
bars below the diffraction curve. The lower set of
bars presents the reflections for the minor mono-
clinic phase.

TABLE I

The atomic positions in the two structures of
EuAl;(B0O3)4:0.2%Th** doped.

Atomic positions
Name
x y z
Eu 0 0 0

Al/Tb | 0.5551+0.0007 0 0

B(1) 0 0 0.5

B(2) | 0.446+0.0002 0 0.5

O(1) |0.8644+0.0006 0 0.5

0(2) | 0.579+0.001 0 0.5

0O(3) |0.4456+0.0006 | 0.1364+0.0006 | 0.5224+0.0008

in the huntite structure (space group R32) [42]
and the minor phase in the NdAl3(BOg3)4 structure
(space group C12/cl) [43]. The crystallographic
structures of these phases were refined by the Ri-
etveld method with the help of the Fullprof.2k
program [44].

The graphical results of the Rietveld refinement
are presented in Fig. 1, and the refined atomic po-
sitions for the main phase (huntite structure) are
given in Table I. The obtained unit-cell param-
eters of the huntite phase are 9.3089 + 0.0001 A
and 7.2686 + 0.0001 A for the a and ¢ axes, re-
spectively. These values are very close to the data
for the EuAl3(BOs), undoped material, reported
earlier in [45]. The content of the second (minor)
phase is about 12 at.%. For that phase, described by
the space group C12/cl, the lattice parameters are
equal to a=7.2254+0.0004 A, b=9.330440.0005 A,
and ¢=11.0857 +0.0006 A and $=103.202 + 0.004°.
The minor phase availability on diffraction pattern
was caused by the inability to select the R32 type
crystals only from the crystal mixture, which was
powdered for XRD measurements. But for EPR and
optical measurements, the R32 type crystals were
selected by checking the purity of EPR spectra.
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3. EPR measurements

The EPR spectrum of terbium ions was measured
at low temperatures within the Q and X bands.
The spectrum is composed of four lines of superfine
structure, as presented in Fig. 2 (EuAl3(BOg3)4).
The angular dependence of the spectra demon-
strated that the same spectrum is registered at any
angle, as in the case of other rare-earth ions in-
corporated by the tested crystals [22, 30-34]. Tons
of Tb3t substitute for Eut at a ratio of 1:500
in the matrix. The ions of Th3* are found in the
nodes of D3 symmetry. The electron configuration
of trivalent terbium is 4f%. In the trigonal field,
the ground multiplet "Fg is split into 6 singlets and
4 doublets.

In the energy spectrum of Th3* in the crystal
field of the borates, two singlets of the lowest en-
ergy are slightly split, and the transitions between
them are allowed. To describe the EPR spectra
theoretically, the spin Hamiltonian was written in
the form [46, 47]

H=gBH,S,+AS.I,+AS,, (1)
where the electron spin is S = 1/2, nuclear spin
is I = 3/2, g is the effective g-factor, 8 is the
Bohr magneton, A is the constant of hyperfine in-
teraction, and A is the parameter that characterizes
splitting of the singlets in zero magnetic field.

The eigenvalues of the spin Hamiltonian (1) for
arbitrary orientation of the magnetic field are

E:i%\/(gﬁH cos(9+Am))2+A2, (2)

where O is an angle between C3 axis and magnetic
field direction, and m takes half-integer values from
the range from +3/2 to —3/2. When the magnetic
field is aligned with Z-axis (C), the transitions take
place if

hy:\/(gﬁHz+Am)2+A2, (3)
where v is the frequency of the applied microwave
field.
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Fig. 2. EPR spectrum of the Tb3' ion in
the EuAl3(BOs)s crystal at two frequencies

f=9.394 GHz and f=34.524 GHz.
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Fig. 3. Dependence of the resonant frequency f of

the transitions between the hyperfine structure lev-
els of the Th®* ion in EuAl3(BO3)4 crystal on the
magnetic field.
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Fig. 4. Two lowest energy levels of the Tb®" ion in
the EuAl3(BOs)4 crystal as a function of the mag-
netic field. Transitions between the levels of the hy-
perfine structure in the Q and X bands are shown.

The measurements have been performed for a set
of frequencies. Specific features of the used spec-
trometer did not allow for varying the frequency in
a wide range. We used one frequency from the X
band. A possibility was found to vary the frequency
within the Q band to some extent and to perform
the measurements at four frequencies. To evaluate
the parameters, the registered frequency and the
magnetic field were substituted into (3), and the
fitting procedure was carried out.

In Fig. 3, the dependence of the resonance fre-
quencies of the transitions between the levels of the
hyperfine structure of Th3* in EuAl3(BO3), is pre-
sented as a function of the magnetic field parallel to
the C5 axis.

The spin Hamiltonian parameters and the fre-

quencies of the transitions corresponding to the zero
field are listed in Table II.
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Fig. 5. Dependence of Tb3" ion line width on tem-

perature in the EuAl3(BOs)4 crystals.

TABLE II

The values of parameters g, A, A, v1 and vy for
EuAl3(B03)4:0.2%Th>T.

Parameter Value
g 17.064 £+ 0.019
A [GHz] 7.333 £0.016
A [GHz] 6.231 + 0.012
v1 [GHz| 7.967
vs |GHz| 11.879

When analyzing the spectrum of Tbh3t in
EuAl3(BO3)4, it can be noted that only three of
four absorption lines were registered in the low-
frequency part of the spectrum. This fact is at-
tributed to the casual coincidence of two transitions
that are presented in Fig. 4, namely, for m = —3/2
and m = +1/2. In such case, (3) can be approxi-
mated as hv = VA% + A2,

Rare-earth ions that are characterized by a 4f
valent shell are strongly coupled to lattice oscilla-
tions [48]. As a result, the time of spin-lattice re-
laxation is short, and EPR spectra can be regis-
tered at low temperatures only. The temperature
dependence of the linewidth to evaluate the spin-
lattice relaxation time and to determine the relax-
ation mechanisms. The temperature dependence of
the linewidth was measured for the external mag-
netic field parallel to the C5 axis. The linewidth
was determined as the distance between the extreme
derivatives of the absorption line. Spin-phonon con-
tribution to the linewidth was calculated by sub-
traction of the temperature-independent compo-
nent, i.e., of the linewidth at helium temperature,
from the total linewidth determined.

The temperature dependence of the linewidth for
the crystal is presented in Fig. 5. This dependence
is well described by the exponential function

262>' n

AH,,(T) =12+ 1.4 x 10° exp (— 7
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ied crystals is of the order of 0p ~ 378 K. Thus, 202
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tiplet can contribute to the spin-lattice relaxation wave number [cm]
that determines the temperature dependence of the
linewidth. Fig. 6. Optical absorption spectra of the

Th3":EuAlz(BO3)4 crystal at low temperature.
4. Optical absorption and specific heat

Optical absorption measurements were per-  also different, which results in different splitting of
formed in a temperature range from 3.5 to 300 K energy levels. The complete splitting of the multi-
using the cryostat with the ITC4 programmed tem-  plets into individual levels was not achieved due to
perature controller (Au/Fe-chromel thermocouple).  the small size of the studied samples.

The spectra were analyzed with a Zeiss model SPM2 The specific heat measurements have been car-
grating monochromator (setting to a spectral band-  rjed out using the heat capacity option of the physi-
width of 2 cm™1!), in which a cooled photomultiplier ¢4l property measurement system (PPMS) made by
is used as the detector. The SRS 250 boxcar integra- Quantum Design, in which the relaxation method of

tor has averaged the resulting signal. A continuous  specific heat measurement is used. The sample was
flow helium cryostat (Oxford, model CF 1104) was mounted on a sapphire plate using a possibly small
used for low-temperature measurements. amount of the vacuum grease “Apiezon N” necessary

The results of the optical absorption measure-  to assure good thermal contact between the sample
ments of the EuAl;(BO4)3 single crystal doped with and the calorimetric sapphire plate. The grease con-
0.2% mole Th>* at low temperature are shown  tribution to the measured specific heat was esti-
in Fig. 6. Four main groups of absorption peaks, i.e., mated and subtracted. The estimated uncertainty
5Dy, ®Ds, 5Lyg, and Dy, were found in the range of the determined specific heat values was ~ 2%.
of wavelengths studied. These groups are centered  The specific heat was measured every 0.5 K in the
at about 21700, 25500, 26300, and 26800 cm™',  low-temperature range, i.e., below 20 K, approxi-
respectively. They correspond to the transitions be- mately every 1 K in the range from 20 to 100 K,
tween the energy levels of Th®" ions in the crystal.  every 2 K for temperatures from 100 to 200 K, and
The positions of the multiples for optical spectra in each 5 K for the range from 200 to 300 K. The stud-
EuAl3(BO3)4:Th*" are very similar to the positions  ies were done from 2 to 300 K for both crystals in
of the multiplets in the crystal TbAl3(BOs)y [49]. zero magnetic field B.

The consistency of the positions of the multiplets The measured temperature dependence of the
can be explained by the different surroundings of specific heat of Th3t:EuAl3(BO3)s is presented
the Th3* jons. Terbium ions in the studied mate-  in Fig.7. In order to analyze the experimental de-
rial occur as an impurity and do not occupy all po-  pendence theoretically, we assumed that the phonon
sitions of the rare-earth in this material. Therefore, Speciﬁc heat, which is the main contribution to the

the values of the parameters of the crystal field are specific heat of the compounds studied, is given by

_kBNA 3np T\? [oo/T x4 e® 2o 0; 2 exp(%)
Con(T) = =5 1—aT<0D)/O dx(er—1)2+zn’ T (

where kg is the Boltzmann’s constant, fp is the optical branches that can be treated within the Ein-
Debye temperature, np denotes the number of the stein model, 6; is the energies of particular Einstein
phonon modes that can be considered within the branches (expressed in temperature units), and n;
Debye model, n, is the number of nondispersive denotes the number of optical modes assigned to
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Fig. 7. Specific heat of the Tb*":EuAl;(BO3)4
single crystal. The black line presents the total spe-
cific heat (experimental data), measured in B = 0
with standard calorimeter, and the line presents the
estimated Cpy contribution.

the 4-th branch. In the procedure of fitting (5)
to the experimental data, the energies of optical
phonons were determined. The best fit was achieved
for Einstein branches of optical phonons of the fit-
ted energies 105, 212, 277, 354, 437, 498, 592, 666,
and 700 K. As the result of fitting, the follow-
ing parameter values were obtained: v = 0.000034,
Op ~ 378 K, 6p ~ (385 + 10) K, and np = 8. The
theoretical dependence Cp,(T") determined this way
is plotted in Fig. 7 with the solid line.

In the result of fitting (4) to the low-temperature
part of the experimental data only, the Debye tem-
peratures 0p = 378 K was determined. Estima-
tion of the Debye temperature is a valuable result
because the Debye temperature is the important
parameter, entering expressions describing various
physical properties, e.g., the expression describing
temperature-dependent line broadening for radia-
tive transitions, related to the electron-phonon cou-

pling.
5. Conclusion

The structural analysis of the EuAl;(BOs3)4 sam-
ple doped by 0.2% of Th3T ions has been per-
formed using the XRD technique, which showed
that the huntite type structure is the main crys-
tallographic phase of the studied crystal. As follows
from the angular dependences of the EPR spectrum
measured, the doping trivalent terbium ions substi-
tute the trivalent europium ions in the lattice. The
measurements performed at different frequencies al-
lowed us to evaluate the energy distance between
the two singlets of the ground state of Th3*, the g-
factors, and the parameters of hyperfine splitting,
as well as to calculate the magnetic field depen-
dence of the energy levels. It has been demonstrated
that the temperature dependence of the linewidth
can be described by the exponential function, which
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is characteristic of the Aminov—Orbach processes.
Moreover, the optical absorption and the Debye
temperature of the Th:EuAl3(BOs)4 crystal were
studied.
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