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Magnetic ordering temperature, initial splitting and effective g-factor of the ground quasi-doublet
of a Tb*" ion were determined by investigating the heat capacity and ESR in a TbAl;(BO5), single
crystal. The parameters of the magnetic interaction were calculated. © 2015 AIP Publishing LLC.
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1. Introduction

Trigonal rare-earth aluminum borates RAI3(BO3)4 (R is
the rare-earth element) exhibit well-pronounced fluorescent
and nonlinear optical properties which enable application of
these materials for designing efficient mini-lasers as well as
other electro-optical devices of new generation.! Moreover,
the giant magnetoelectric effect has been recently discovered
in these materials.”™

No magnetic ordering has been observed in aluminum
borates, possibly due to the fact that the studies of the mag-
netic properties of these compounds have been carried out at
temperatures above 2K.> Typically, a magnetic ordering in
rare-earth compounds occurs at rather low temperatures
(about 1K).® Specific features and diversity of the magnetic
properties of these compounds are determined by the pecu-
liarities of the electronic structure of the rare-earth ions and
the crystal fields of the ligands.®

In aluminum borate TbAl3(BO3)4, the symmetry of the
positions of Tb>" jons is described by the trigonal point
group D3.” The crystal field of this symmetry splits the "Fj
ground multiplet of a Tb®>" ion into 5 singlets and 4
doublets.

The study of the transmission spectra of a TbAl;(BOs3),
crystal in the optical range suggests that the ground state of a
Tb*" jon constitutes of two closely located singlet levels, a
quasidoublet.” The energy interval between the ground qua-
sidoublet and the first excited state is about 200cm ™'
Terbium ions possess a significant magnetic moment, so it is
expected that the dipole-dipole interaction plays a decisive
role in the magnetic ordering. In terbium aluminum borate,
both ferromagnetic and antiferromagnetic ordering are possi-
ble. Knowing the magnetic ordering temperature 7. and
the initial quasidoublet splitting A, we can determine the
molecular field constant Ay in the case of ferromagnetic
ordering and the effective field constants for the intra-
sublattice 1,; = A and inter-sublattice 1,, interactions in the
case of antiferromagnetic ordering.®’

1063-777X/2015/41(7)/3/$32.00

In the present work, a study of the specific heat and the
ESR was carried out with aim to determine the magnetic
interaction parameters in a TbAl3(BOs3), crystal.

2. Experimental technique

For resonance measurements, a single-crystal plate of
1.5 x 1.5mm, 1 mm thick was cut. Specific heat measure-
ments were carried out on a sample of a smaller volume:
1.5 x 1.5mm, 0.1 mm thick. The trigonal ¢ axis was perpen-
dicular to the plane of the plates.

Specific heat was measured by the relaxation method
using a Physical Property Measurement System (PPMS,
Quantum Design).

For resonance measurements in the frequency range of
18-142 GHz, a direct amplification spectrometer was used.
The polarization of the microwave field was perpendicular to
the trigonal axis of the crystal. The dc magnetic field was
produced by a superconducting solenoid and applied along
the ¢ axis with an accuracy of 0.5°.

3. Experimental results

Fig. 1 shows the temperature dependence of the spe-
cific heat of TbAI;(BOj),. It is seen that at T, = 0.68
there is a feature in the temperature dependence of the
specific heat, which is characteristic of a phase transition
of the second kind. This feature can be attributed to a
phase transition to a magnetically ordered state. As the
temperature is lowered below 0.3 K, an increase in heat
capacity, apparently due to the nuclear contribution, is
observed.

Knowing the magnetic ordering temperature, the initial
splitting of the quasidoublet and the g-factor of a Tb>" ion
can be determined by the ESR technique in the paramag-
netic region. The experimental temperature of 4.2K was
selected since a line broadening due to spin-lattice relaxa-
tion processes occurs at higher temperatures. At lower tem-
peratures, there is a critical region preceding the magnetic

© 2015 AIP Publishing LLC
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FIG. 1. Temperature dependence of the specific heat of a TbAl3(BOj3),
single crystal at H = 0.

ordering temperature, where an ESR line broadening occurs
as well.

In our experiment, the electron spin resonance of a T
ion in a TbAIl3(BO3), crystal may be due to the transitions
between the components of the lowest quasidoublet since the
distance to the next excited level is about 200 cm ™ ". Thus,
the ESR spectrum of a Tb>" ion should consist of a single
line.

Fig. 2 shows, as an example, the ESR spectra of a
TbAl;(BO3), crystal in a magnetic field H || ¢ at different
frequencies at a temperature of 4.2 K. As is seen in the spec-
tra, there is no absorption at a frequency of 26.01 GHz, while
at a frequency of 29.04 GHz an absorption line is observed.
Increasing the frequency to 73.12 GHz and then to 104.8
GHz leads to a shift of the absorption line into the region of
higher magnetic fields.

b3+

4. Discussion

Based on the obtained experimental data, we plotted
the frequency-field dependence v(H) of the absorption
lines in the ESR spectrum of terbium alumoborate at
T=4.2K, which is shown in Fig. 3. Let us determine the
initial splitting A and the effective g-factor of the line. The
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FIG. 2. ESR spectrum of a TbAl;(BOs), crystal in a magnetic field H || ¢ at
different frequencies and a temperature of 4.2 K.
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FIG. 3. Frequency-field dependence of the absorption lines of the ESR
spectrum of a TbAl3(BO;),4 crystal in a magnetic field H || ¢ at a tempera-
ture of 4.2K. The experimental data are shown with solid circles, the
extrapolation is shown as a dashed line, and the solid line represents the
frequency-field dependence for the reference signal of diphenylpicrylhy-
drazyl (DPPH).

experimental dependence v(H) is well described by the

expression
v(H) =y A* + gepg?H?, (1

with the initial splitting A ~ (27.8 = 1.5) GHz (=(0.91 £ 0.05)
cm ") and the effective g-factor ~ 16.1.

Let us discuss the obtained results in the framework of
the molecular field theory for a singlet ordered magnet.®
This will, in particular, allow us to estimate the magnitude
of the ion-ion magnetic interaction in terbium aluminum
borate. In the molecular-field approximation in the absence
of an external magnetic field, the equation for the specific
heat of the magnetic subsystem of a singlet two-sublattice
antiferromagnet has the form (for a singlet ferromagnet, the
following equation has the same form but with 4,, = 0 and
the antiferromagnetic order parameter / replaced with the
ferromagnetic order parameter m):

(&1 a>
0%a a o T
C—Tﬁtanhﬁ—%m, 2)
where a = [(A/2)? + (gritg)* (a1 — 212)2]"/? and [ is the
antiferromagnetic order parameter (antiferromagnetic vec-
tor). The Boltzmann constant is set equal to unity kg = 1
(i.e., in what follows, all the energy values are expressed
in degrees Kelvin). At temperatures above the critical
temperature T > T., | = 0 and thus, the specific heat is
determined by the equation C = A?/4T?cosh?(A/2T).
Therefore, the heat capacity of the non-interacting effec-
tive spins of terbium ions should exhibit a maximum in the
temperature dependence, associated with the Schottky
anomaly. On the other hand, for T < T, the order parame-
ter is found by solving the self-consistency equation
tanh(a/T) = a/(ggff,uB)z(i“ — Z12). From the solution of
the self-consistency equation, it follows that, in particular,
T. = (A/2)arctanh[A/(gerr1t5)* (11 — A12)].  Below  the
ordering temperature, the expression for the specific heat
of the magnetic subsystem has the form
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The specific heat contains contributions from the
Schottky anomaly and the peak (peculiarity) in the tempera-
ture dependence, associated with magnetic ordering. When
T — T, from high temperatures, the heat capacity of the mag-
netic subsystem is equal to C = A?/4T%cosh?(A/2T,). At
low temperatures, the expression for the specific heat has the
form

A? 2T > A
C= ',) tanh ( — (B
4T2cosh2(A/2T,) Atanh(A/T..) {(fo) an <T> +f 0]

Here, it is taken into consideration that the solution
of the self-consistency equation for the order parameter
[ has the form [cosh®*(A/2T.) = f(1 — T/T.), and the index
0 denotes that f’ and f” are taken at T=0. It can be seen that
the molecular field theory for an ordered singlet magnet,
oddly enough, qualitatively correctly describes the behavior
of the low-temperature heat capacity of terbium aluminum
borate (see Fig. 1). Typically, the molecular field theory
does not predict correctly the low-temperature behavior of
the heat capacity in the magnetically ordered phase. In such
a phase, the major contribution to the magnetic specific heat
is due to the spin waves (C~ T for a ferromagnet and
C ~T? for an antiferromagnet). However, in the case of ter-
bium aluminum borate, the spin waves appear to have a gap
in the spectrum, and therefore, their contribution to the heat
capacity is exponentially small. Knowing the size of the gap
determined from the ESR data, A =~ 0.9 ecm '~ 13 K, it can
be estimated that the heat capacity maximum corresponding
to the Schottky anomaly should be observed at T~ 0.4 K.
The “tail” of this anomaly was indeed registered in the pre-
transition region of the temperature dependence of the spe-
cific heat (see Fig. 1). On the other hand, using the values of
A, the effective g-factor and the magnetic ordering tempera-
ture 7., we can determine the magnitude of the effective
interaction between the magnetic moments of terbium ions:

M1 — A = A/Z(geffu3)2tanh(A/2Tc)

(in the case of ferromagnetic ordering, we assume A;, =0).
Substituting in the equation A~13K, g=16.1, up
=0.335K/T, and T.=0.68 K, we obtain the values of
(J11 — /12) and Ay = g equal to 0.03 T*/K.

In conclusion, the study of low-temperature behavior of
the specific heat allowed us to determine the magnetic order-
ing temperature of the rare-earth subsystem of TbAl3(BO3)y,
while the ESR experiments provided the initial splitting A
and the effective g-factor of the lowest quasidoublet of a
Tb*" ion. It was shown that the molecular field theory
describes quite well the low-temperature behavior of the spe-
cific heat of terbium aluminum borate. The low temperature
of the magnetic ordering and, therefore, a low magnitude of
the effective magnetic interparticle interaction leads to the
assumption about the dipole-dipole nature of magnetic
ordering in this compound (the estimates of the magnetic
dipole interaction between the terbium ions are in order-of-
magnitude agreement with the above estimate for the effec-
tive interparticle magnetic interaction).

However, the currently available data are insufficient to
determine the nature of the magnetic ordering (ferromag-
netic or antiferromagnetic) in terbium aluminum borate.
This requires measurements of the magnetic characteristics
of the crystal below the ordering temperature.
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