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The magnetic resonance and field dependence of magnetization were studied in a single crystal of
TbFe5(BO3), at temperatures from 2 to 13 K and frequencies from 18 to 142 GHz. Two pairs of lines
with different intensities were found in the EPR spectrum. The found lines can be assigned to two
types of centers: the Tb> " ions which neighbor with the Bi and Mo growth impurities. The initial
splitting of the lowest quasi-doublet of such Tb>" ions by the crystal field and exchange field acting
on the rare-earth ions from the iron sublattices were determined. The amount of these centers was
estimated. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792134]

Introduction

A compound TbFe;(BOs)4 belongs to a family of rare
earth ferroborates, magnetoelectric properties of which are
now being intensively investigated.'™ The study of its crystal
structure has shown that there is a structural phase transition
at 192K with the change of the space group from R32 to
P3,21.7 At the temperature Ty = 40K such a crystal becomes
an easy-axis antiferromagnet. A subsystem of iron ions of the
crystal orders antiferromagnetically. The magnetic moments
of iron ions lie along the trigonal axis ¢.” Terbium ions are in
a paramagnetic state and magnetized by an effective field H.¢
of the iron subsystem. The magnetic moments of terbium ions
also lie along the ¢ axis. If an external magnetic field is
directed along the axis ¢, then the spin-reorientation phase
transition of the first order is observed in the TbFe3;(BOs),
crystal at temperatures below 40 K.

Above the temperature of the structural phase transition
the symmetry of positions of Tb*" ions in terbium ferrobo-
rate is described by a trigonal point group Dj. A crystal field
of this symmetry splits the ground multiplet of Tb>" jon in
this crystal 7F6 (§=3;L=3;J=06) as follows:

7F6 — 3 + 20 4+ 4T75.

Here, I'; and I'; are the non-degenerate representations, and
I'; is the two-fold degenerate representation. Below the tem-
perature of the structural phase transition the symmetry of
positions of Tb>" ions lowers down to C, and the degener-
acy is lifted. This leads to the appearance of 13 singlet levels
in the ground multiplet 'F of Tb*" ion.

Studies of transmission spectra of the crystal TbFe;(BO3),
in the optical range suggests that the ground state of Tb>" ion is
two close singlets—a quasi-doublet which is split by the effec-
tive field of iron.>® The magnitude of this splitting at 2K is
about 32cm ™', According to experimental studies™ the mag-
netic moment of the ground state of Tb>" ion is (8.6 + 0.4) up,
and g-factor is 17.8 = 0.2.

1063-777X/2013/39(2)/5/$32.00

In Refs. 7-9, the satellites around the main lines were
observed in optical spectra. A distance between the satellites
and the main lines varies from 5.8cm™' to 11.5cm™" for dif-
ferent lines. The appearance of the satellites is associated with
ff optical transitions in Tb> " ions, located near defects caused
by growth impurities of Bi and Mo ions, which change crystal-
line and effective fields in the surrounding of Tb*" ions.”'*!!

Electron paramagnetic resonance (EPR) can provide
new information about Tb>" jons located in the vicinity of
growth impurities. In addition, if initial splitting of quasi-
doublets of these ions is much smaller than 32cm™ ", it can
affect the field dependence of magnetization at low tempera-
tures. Therefore the aim of the present work is to study the
influence of impurities on the energy structure of Tb>" jons
by means of magnetic and resonance techniques in a single
crystal of TbFe3(BO3)y.

Experimental procedure

A single crystal of TbFe;(BOs)4 was grown from a flux
based on bismuth trimolibdate Bi,Mo030;,. The crystal size
reached 10-12mm. A single-crystal plate with the area of
1.5 x 1.5mm and the thickness of 0.11 mm was cut out from
the crystal. The trigonal axis ¢ was perpendicular to the plane
of the plate. The field dependence of magnetization was meas-
ured using a SQUID magnetometer MPMS-XL5. The mag-
netic field was directed along the trigonal ¢ axis of the crystal.

To perform the resonance studies in the frequency range
18-142 GHz, a spectrometer with direct amplification was
used. The polarization of the microwave field was perpendic-
ular to the trigonal axis ¢ of the crystal. The static magnetic
field was created by a superconducting solenoid and applied
along the trigonal axis ¢ to within 0.5 degrees.

Experimental results

Fig. 1 shows the EPR spectrum of the crystal TbFe;(BOs),
in a magnetic field H||c for the frequency v =72.13 GHz at the
temperature 4.2 K. In the figure it is seen that the spectrum has

© 2013 American Institute of Physics
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FIG. 1. The EPR spectrum of the crystal TbFe;(BO3), in a magnetic field
H||c at the frequency v =72.13 GHz at the temperature 4.2 K.

two pairs of absorption lines: low-intensity lines / and /’ and
high-intensity lines 2 and 2’. A step-like feature on the spec-
trum in a magnetic field H =3.6T corresponds to the spin-
flop transition.”

Fig. 2 shows the absorption spectra in a magnetic field at
different temperatures. It is seen that the change in tempera-
ture from 2 to 12.2K does not shift resonance fields of the
absorption lines. However, the change in frequency leads to
their shift in the magnetic field, as illustrated in Fig. 3, which
shows the absorption at frequencies from 42.36 to
77.94 GHz at the temperature 4.2 K. It is seen that a decrease
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FIG. 2. The EPR spectra of the crystal TbFe3(BO3), in a magnetic field H||¢
at the frequency v = 72.13 GHz for the temperatures from 2 to 12.2 K.
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FIG. 3. The EPR spectra of the crystal TbFe3(BO;), in a magnetic field H||c
at the temperature 4.2 K for the frequencies from 42 to 78 GHz.

in frequency results in a convergence of the resonance lines.
At the frequency v =42.36 GHz in the high-intensity pair of
absorption lines the 2 and 2’ lines converge so that they are
almost impossible to resolve, and one broad intensive line is
observed in the spectrum. And at the frequency v =41GHz
instead of the low-intensity lines / and I’ in the EPR spec-
trum there is one broad low-intensity line.

Based on the experimental data, we constructed a
frequency-field dependence v(H) for the four absorption
lines of the EPR spectrum of terbium ferroborate at the tem-
perature T=4.2 K, which is shown in Fig. 4. As seen in Fig.
4, the dependences / and 2 can be described by a linear law:

v(H) = Aix — g121H. (1

Here, A; and A, are the initial splittings, g , are the effective
g-factors, pp is the Bohr magneton. From the slope of the
dependences v(H) the effective g-factors for the lines /
and 2 were determined, and appeared to be the same and
equal to 16. An extrapolation of the dependences v(H) to H=0
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FIG. 4. The frequency-field dependences of the absorption lines of the EPR
spectrum in the crystal TbFe3(BOs), in a magnetic field H||c at the tempera-
ture 4.2 K.

gives the initial splitting for the first line A;=134GHz
(4.5cm™") and for the second one A, =313 GHz (10.5cm™").

From the frequency-field dependence it follows that in a
magnetic field H; =0.5T the lines / and I’ are merged, and
in the higher magnetic field H, = 1.4 T the confluence of the
lines 2 and 2’ takes place. Moreover, this occurs not at zero
frequency. At the frequency 6, =19GHz (0.6 cmfl) the
lines / and I’ are merged; the lines 2 and 2’ are merged at the
frequency 0,=29GHz (=1cm™"). The values of §, and &,
were defined as intervals between zero and a line drawn
through the experimental points of the frequency-field de-
pendence by means of the least squares method.

It has been mentioned above that Tb>" ions, which
neighbor with growth impurities, can manifest themselves
on a field dependence of magnetization of terbium ferrobo-
rate. Therefore, in this study the field dependence of magnet-
ization was measured at 2K in a magnetic field H||c, shown
in Fig. 5. A behavior of the field dependence of magnetiza-
tion in fields up to 3T is clearly nonlinear. Features that
appear on the field dependence of magnetization in the form
of non-linearity are more clearly visible on the field depend-
ence of differential susceptibility, dM/dH, shown in the inset
of Fig. 5. The distinct maxima are observed in fields 0.5T
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FIG. 5. The field dependence of magnetization M(H) of the crystal
TbFe;(BO3)4 at H||c and T=2XK. Inset: the field dependence of differential
magnetic susceptibility dM/dH in the crystal TbFe3;(BO3),.
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and 1.4 T in the differential susceptibility dM/dH. Note that
the values of these fields identical to the fields H, and H», at
which the confluence of the lines is observed in the
frequency-field dependence of the EPR spectra.

Discussion of the experimental results

The reason for the appearance of the two pairs of
absorption lines in the EPR spectrum of a single crystal
TbFe;(BO3), may be the same as in the case of appearance
of the above-mentioned satellites in the optical spectrum.
The belonging of the found EPR lines to transitions in Tb> "
ions is evident by the effective g-factor which is close to 18.
As already noted, for growing a crystal of terbium ferrborate
the bismuth trimolibdate Bi,Mo30, is used. Apparently, the
presence of Bi and Mo impurities nearby Tb>" ions changes
the crystal field and the effective field of the iron on Tb*"
ions. The presence of growth impurities in terbium ferrobo-
rate results in the appearance on Tb>" ions of initial split-
tings of the quasi-doublets in the crystal field and the
effective field of iron of the magnitude of 4.5cm™' and
10.5cm . In this case, the values of splitting of the quasi-
doublets in the crystal field of these ions are 6; =19 GHz
(~0.6cm™ ") and 8, =29GHz (~1cm ™). Assuming that the
energy spectra of such terbium ions are the same, except for
the initial splitting, we denote the terbium ions with the ini-
tial splitting of 32cm ™' as Tby", and with the splitting of
4.5cm " and 10.5cm ™" as Tb>* and Tb3" respectively.

The splitting of the quasi-doublet of Tb?+ ion in an

field H by the
\/ 5? + g1is (H tHeff)z, which takes into account that for

external magnetic changes value

oppositely directed magnetic moments of Tb>" jons the
fields H.¢ are opposite. Fig. 6(a) shows schematically a
behavior of levels of the quasi-doublet of Tbj* ion with the
initial splitting A; in the case when an external magnetic
field is opposite to the local effective magnetic field of iron.
As the magnetic field increases the levels A and B of the
quasi-doublet Tb?+ are converged to a value ¢, in the mag-
netic field H;. A further increase in the magnetic field leads
to the fact that these levels begin to diverge. In the region of
maximum convergence of the levels, a maximum of differ-
ential magnetic susceptibility dM/dH is observed in the field
H;.In Tbg+ ion with the initial splitting A, there is a larger
than in Tb?+ minimal energy gap J, between the levels A
and B of the quasi-doublet, which is achieved in the higher
magnetic field H, (Fig. 6(b)). In this magnetic field there is
also a maximum on the differential susceptibility dM/dH.
The value of the g-factor of T3 and Tb3" ions is close to
18, and this indicates that the main contribution to wave func-
tions of the levels of their quasi-doublets is made by the states
with M% = =6. As mentioned above, the local symmetry of
Tb; " ion is C,. And for Tb{™ and Tb3" ions, due to the pres-
ence of impurities in their surroundings, the local symmetry
may be even lower. Due to the low local symmetry it can be
assumed that in addition to the states with Mf = 6, the states
with smaller M#% also contribute in wave functions of the
ground and excited levels of the quasi-doublets. If there is such
a mixture of the states with different M]Z , then between these
levels there are possible transitions, for which the selection
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FIG. 6. The energy levels of the lowest quasi-doublet of Tb?+ ion (a) and
Tb;Jr ion (b) in a magnetic field in the crystal TbFe;(BO;)4. The arrows indi-
cate the EPR transitions.

rules AM% = *+1 is valid. Because of this the EPR is experi-
mentally observed in terbium ferroborate.

As follows from the experimental data, the position of
the absorption lines in a magnetic field is almost not changed
with increasing temperature from 2 to 12.2 K. The reason for
this may be in a weak change in this temperature range of
the effective field of iron, acting on Tb>" ion.” The initial
splitting A; and A, is mainly due to influence of this field, so
the position of energy levels vary also slightly. Thanks to
that the absorption lines do almost not move in the magnetic
field with increasing temperature.

In order to estimate the amount of impurities n; and n,,
we use the field dependence of magnetization. As is known,
at low temperatures the contribution to the magnetization of
terbium ferroborate is mainly made by the subsystem of ter-
bium ions, compared to which the contribution of the iron
subsystem is negligible.* The magnetization of this subsys-
tem, in turn, consists of the magnetization Mty created by
Tbg+ ions, as well as the magnetizations Mry,; and My,
created by Tbi’+ and Tbg+ ions, respectively. Thus, the mag-
netization of terbium ferroborate M(H) can be expressed by
the sum,

M(H)=Mry + Mrp1+Mmpo. 2)

The magnetization of the subsystem of terbium ions
with taking into account the magnetic moments of the two

Bedarev et al.

sublattices, one of which is co-directional with the magnetic
field, and the other is opposite to it, will be determined by

the following equation:>*

Mi(H) =

nigeitity | et il (H + Hegy ;)
4 ' 2kT

+th (geffi.“B(H — Heffi)):|7 3)

2kT

where i =0,1,2; g.¢; is the effective g-factor of the ground
quasi-doublet of terbium ion, up is the Bohr magneton, n;
is the number of terbium ions per one formula unit. As
mentioned above, for the Tb(3,+ ions gerro= 17.8, and for the
Tbi* and Tb3 " ions the effective g-factors gesr; and gefr» are
equal to 16. From g.¢r; and the magnitude of splitting of the
quasi-doublet A, it is easy to calculate H.g; using the for-
mula Herr; = Aj/gesr; g The result is effective exchange
fields acting on the Tby", Tb3", Tb3" ions, which are equal
to Hetro=3.7T, Her1=0.6T and Hegr=14T, respec-
tively. Now knowing H.g; and taking into account Egs. (2)
and (3), one can calculate the field dependence of magnetiza-
tion at 2 K. In the calculations the number of terbium ions,
Tbyt—ng, Tbi™—n, and Tb3™—n, was varied. As seen in
Fig. 5, the calculated dependence (solid line) fits well to the
experimental field dependence of the magnetization. It
should be noted that in this calculation a splitting of the
quasi-doublet for all terbium ions by the crystal field was not
taken into account. The values ng, n; and n, were determined
from the best agreement between the experimental and the
calculated field dependences. This agreement is achieved
when no=0.9949, n; =1.8 x 107>, n,=3.3 x 10> per one
formula unit.

Conclusions

Two pairs of absorption lines, low-intensity and high-
intensity, are observed at the temperatures from 2K to
12.2K and the frequency v =72.13 GHz in the EPR spectra
of the TbFe3(BO3), crystal, measured in a magnetic field
H||c. In the investigated temperature range, the resonance
fields of the absorption lines do not depend on temperature.
A decrease of the frequency leads to a pairwise convergence
of the lines, and instead of two low-intensity and two high-
intensity lines only one line in each pair is observed in the
magnetic fields H; =0.5T and H, = 1.4 T respectively.

The field dependence of magnetization of the crystal
TbFe3(BO3)4, measured at the temperature 2K and Hi|c,
is nonlinear, and in the differential magnetic susceptibility
dM/dH there are two broad maxima in the fields H; =0.5T
and H,=1.4T.

The lines found in the ESR spectrum of terbium ferrobo-
rate may be associated with two types of centers: the Tb>"
ions, in the surrounding of which there are presumably the
bismuth and molybdenum growth impurities. The initial split-
tings of the lowest quasi-doublets of such Tb>" ions were
found to be 6, =0.6cm™', d,=1cm " in the crystal field,
and A;=45cm ! and A,=10.5cm ! in the effective field
of iron. The amount of both types of centers was estimated to
ben;=18x 1073, n,=33x10"3 per one formula unit.

The authors thank V. I. Fomin for fruitful discussions
and important remarks.
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