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The paper presents a flux crystal growth technique, studies of the structural peculiarities and the optical absorption
spectra of double orthoborate TbCr3;(BOs)4 with a huntite structure. The intensities of the phonon modes were
used to determine the ratios of the rhombohedral and monoclinic polytypes for this compound, depending on
the growth conditions. The broadband absorption spectra of the Tb*" ions in TbCrs3(BO;3), single crystals were
studied in the temperature range from room temperature to 3.0 K. From them, the energies of the crystal-field
levels of the Tb*" ion were determined. The temperature dependence of the absorption spectra of the Er’*
probe ion in TbCr;(BOs)4:Er(1%) shows that there are two phase transitions and agrees with their previously
proposed interpretation: at 8.8 K, the chromium subsystem antiferromagnetically orders, and at 5K, a reorientation

of chromium magnetic moments occurs.
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Introduction

Borates have a wide variety of structures and have
proven themselves as functional materials [1-3].  The
diversity of their crystal structures is explained primarily
by the existence of two types of boron coordination
polyhedrons — BOs-triangles and BOgy-tetrahedra prone
to polymerization according to various laws and the for-
mation of superstructural groups. Borates are applied
in optical systems [2,4-7], as well as fire retardants [§],
molecular sieves [9] and solid electrolytes [10]. In terms
of commercial use, borates have the greatest potential for
applications as new optical materials, they are non-linear
optical media for sources of ultraviolet (UV) and deep
UV radiation [2,4-6], birefringent materials [11] and the
active medium of lasers with self-doubling and self-mixing
frequencies [12]. Many borates have non-centrosymmetric
structures, wide spectral windows, good chemical stability,
mechanical strength [2,4-6,13-15]. Crystals of such borates
as KB5Og- 4H,0, LiB3Os, 5-BaB,04, CsB30s, a-BiB3Og,
CsLiBgOj9, KBe;BOsF, and SryBe;B,0; are promis-
ing non-linear optical materials [3,16-22]; Ca3(BO3),,
a—BaB204, BazM(B306)2 (M :Mg and Ca), Ba3Y(B3O6)2
and Ca(BO,);, serve as promising birefringent materials for
light polarization in deep UV range spectrum [23-28]. Bo-
rates YA13 (BO3)4, RMgB501() (R = La, Gd), RCa4O(BO3)3
(R=Y, Gd), LayCaBj¢pO;j9 [29-31], activated by rare-
earth (RE) ions, can be used as active media for lasers.

The double borates containing ions of REE and 3d-metals
in their structure are of considerable interest. This is
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determined by the fact that such compounds can have
interesting magnetic properties due to two magnetic sub-
systems presence [32]. These include an extensive family
of huntite-like borate compounds. It is known that in
rare-carth ferroborates RFe3(BOs3)s (R=Y, La—Yb) the
magnetic subsystem of iron is antiferromagnetically ordered
at temperatures of about 40K, with the formation of
various magnetic structures that depend on the RE ion.
In the paper [33] it was shown that GdFe;(BOs)4 refers
to class of multiferroics of II type. In NdFes;(BO3)s [34]
and SmFe3(BOs)s [35] a large magnetoelectric effect is
observed. Such physical properties make these compounds
promising in terms of possible practical applications.

On the contrary, RE chromium borates RCr3(BOs3)4
(R=La—FEr) are underexplored. It was shown in the
papers [36,37] that RE chromium borates are characterized
by two structural modifications: rhombohedral (space group
(sp.gr.) R32) and monoclinic (sp.gr. C2/c), which in many
cases coexist in one crystal, and their ratio depends on
the RE ion, the concentration of the initial components in
the melt, and the crystal growth conditions [37,38]. Both
crystal structures consist of three types of coordination
polyhedrons: ROg trigonal prisms, CrOg octahedrons, and
BOs; triangles. CrOg octahedrons are interconnected by
edges and form helical chains along C axis; distorted trigonal
prisms of RE element (REE) ions are located between these
chains and are isolated from each other. RE chromium
borates with La [39], Nd [40], Sm [41], Eu [42], Gd [43-45],
Tb [46], Dy [47] are ordered antiferromagnetically with Neel
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temperature Ty in range of temperatures 6.5—10K. There
are few papers on the synthesis of these compounds [37,46].

In the present paper the absorption spectra of terbium-
chromium borate crystals in the far infrared (IR) region
were obtained. According to these spectra the dependence
of the ratio of polytype modifications with sp.gr. R32
and C2/c on growing conditions was revealed. The
temperatures of magnetic phase transitions in the rhombo-
hedral polytype TbCr3;(BOs3)4 are determined by the erbium
spectroscopic probe method. The paper also presents a
diagram of the Stark energy levels of the Tb** ion in
TbCr3(BOs3)4 in the paramagnetic state.

Experimental part

Growing terbium-chromium borate crystals

Terbium-chromium borate crystals with a size of about
0.5 x0.5%x0.5mm were grown by spontaneous crys-
tallization from a complex solution-melt based on the
data of its stability field in a pseudobinary system
TbCI‘3 (BO3)4—K2M03010 [46]

In growth experiments monitoring and regulation of
temperature in vertical furnaces with a fechral heater
were carried out by Proterm-100 temperature controllers
with Pt/Rh—Pt-thermocouplings (calibration PP10). The
accuracy of the temperature maintenance in the working
zone of the furnace was usually £0.1°C. The solvent
(K2Mo301¢) content varied in the range of 10—60 wt.%.
Initial components of charge TbsO7, Cr,03, B,0O3, KaMoOy4
and MoOs (qualification not below ,chem. pure®) were
placed in platinum crucibles 10 ml and heated up to 1130°C.
Then, for 24h, the melt was kept at this temperature for
homogenization. Then it was cooled at a rate of 1°C/h
to 900°C, after which its temperature rapidly dropped to
300°C. At the end of the growth process the crucible
was removed from the furnace, and the crystals were
removed from the potassium trimolybdate by dissolving it
in concentrated hydrochloric acid.

To study magnetic phase transitions in TbCr3(BOs3)4 the
crystals doped with 1% Er were obtained. The size of such
crystals was up to 0.1 x 0.1 x 0.1 mm. In this experiment
the composition of the initial charge contained 50 wt.%
TbCr3(BO3)4:Er(1%) and 50 wt.% K;Mo304, since at
other ratios of charge and solvent the crystals doped with
erbium were not obtained.

The primary identification of the grown crystals was car-
ried out on an XCalibur S CCD single crystal diffractometer
and a DRON-3M powder diffractometer.

Optical spectroscopy of terbium-chromium borate

Absorption  spectra of unoriented crystals of
terbium-chromium borate in the near-IR range, as well as of
powder material TbCr;(BO3)4:Er(1%) in the near-IR range,
and TbCr3;(BOs3)s in the far- and mid-IR ranges were
recorded on Bruker IFS 125HR Fourier spectrometer. To
obtain the spectra of the powder material the method
of preparing pressed tablets was used. At measurements
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Figure 1. Panoramic phonon absorption spectrum of

TbCr3(BO3)4 at room temperature.

in range of 20—600cm~! the polycrystalline powder

TbCr3(BO3)4 with weight ~ 2mg was ground in corundum
pounder with ~ 50mg of polyethylene; at measurements
in ranges of 400—1700 and 2000—12000 cm~! sample was
prepared in similar way from ~ 5mg TbCr3(BO3)s and
~ 40 mg TbCr3(BO3)4:Er(1%), respectively, and ~ 200 mg
KBr. The mixtures were then placed in a mold and
pressed into a tablet. Absorption spectra in the far-IR range
were obtained at room temperature with a resolution
of 2cm™!; in the mid- and nearIR ranges the spectra
were obtained with a resolution of up to 0.lcm~! and
in the temperature range of 3.0—300K. Low-temperature
measurements were carried out using a Sumitomo SRP-082
closed cycle cryostat. The temperature was monitored by
a Lakeshore 335 controller with a silicon thermal diode,
which makes it possible to measure temperatures in the
range of 1.8—350K with an accuracy of £0.1K.

Results and discussion

Figure 1 shows the panoramic phonon absorption spec-
trum of terbium-chromium borate obtained at charge com-
position 50 wt.% TbCrs (BO3)4 and 50 wt.% K,Mo03049, in
the range of 50—1650cm~! at room temperature. Such
spectrum is characteristic for the entire family of borates
with the huntite structure [36,37,46]. In RE chromium
borates two polytype modifications with sp.gr. R32 and
C2/c were detected. It was shown in the paper [48] for
GdCr3;(BO3)4 that the main differences in the absorption
spectra of these modifications are observed in the far-
IR range. Thus, the monoclinic modification, in contrast
to the rhombohedral one, has absorption bands ~ 73,
126, 148, 248, 275c¢cm~!. The same paper describes
a method for determining their number from the ratio
of intensities of phonon modes ~ 73 and ~ 79cm™!
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Table 1. The ratio of rhombohedral and monoclinic polytypes in
TbCr3;(BOs)4 crystals at different borate-to-solvent ratios in charge

Ratio of borate to Ratio of modifications
solvent in the charge with pr.gr. R32 and C2/c
40:60 97:3
50:50 95:5
60:40 70:30
70:30 75:25
80:20 90:10
90:10 60:40

(translational vibrations of the Gd** ion in modifications
with sp.gr. C2/c and R32, respectively). These modes in
TbCr3(BO3)4 correspond to oscillations at frequencies ~ 71
and ~ 81cm~!. According to this method the content of
polytypes in the grown crystals was estimated. The spectra
in the far-IR region are shown in Fig. 2, and the results of
determining the ratio of polytypes — in the Table 1.

From the Table 1 it follows, that at a monotonic
decreasing of the solvent amount and the corresponding
proportional increasing of the crystallized substance fracture
in the solution-melt, the amount of the higher-temperature
phase with sp.gr. C2/c increases [49], which is easily ex-
plained by the crystallization temperature increasing under
these conditions. However, after a certain value the amount
of phase with sp.gr. R32 increases again, and in such
experiments incomplete melting and weak decrystallization
of the initial charge were observed. @ Most likely, in
this case the formation of the monoclinic modification of
TbCr3(BO3)4 occurred from a small amount of solution-
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Figure 2. Absorption spectra of terbium-chromium borate in
far-IR range at different ratios of borate-to-solvent in charge.
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Figure 3.  Absorption spectrum of the Tb*' ion in the

paramagnetic state of TbCr3(BO3)4 crystal at temperature of 10K

melt locally formed in the general volume of the unmelted
charge, while the rhombohedral modification of this borate
was synthesized with a sufficiently long cooling according
to the principle of a solid-phase reaction. A similar
mechanism of phase formation in multicomponent systems
was observed earlier by the authors in the paper [50].

In addition to the phonon spectra, the absorption spectra
were obtained in the range of electronic transitions in
the Tb3* ion. Figure 3 shows the absorption spectrum
of the Tb*" ion in terbium-chromium borate crystals at
temperature of 10K. It consists of relatively narrow lines
corresponding to optical transitions between energy levels
in 4f3-shell of the Tb3* ion. This ion has several multiplets
in the IR region, above 15000 cm~! wide absorption bands
are observed in the spectra, due to Cr3t ions, which
makes it difficult to detect D4 multiplet. Note that for
the crystals under study the number of main lines in
the low-temperature absorption spectra does not exceed
the maximum possible number for one absorbing center,
which together with the similarity to the absorption spectra
of the Tb** ion in terbium ferroborate with the huntite
structure [51] indicates a significant predominance of the
rhombohedral modification over the monoclinic one.

The crystal field, depending on its symmetry, completely
or partially removes the degeneracy of the energy levels
of the free ion with integer spin. For example, crystal
field of symmetry Ds splits the level 'Fs of free ion Tb3*+
into nine sublevels. At low temperatures the excited
levels of the ground multiplet 'F¢ of the terbium ion are
not populated, which makes it possible to determine the
energies of the levels of the excited multiplets in this

Optics and Spectroscopy, 2022, Vol. 130, No. 1
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Table 2. Energy (E) of Stark levels of Tb*" in paramagnetic
TbCI‘3 (BO3)4

E, cm ™! 251,
0; 203; 250 Fs
2183; 2196; 2213; 2240; 2268; 2339; 2402 Fs
3451; 3532; 3576; 3752 R,
4505; 4532; 4549; 4583; 4647 =
5091; 5265; 5373 U=
5635; 5751 =
5981 R

ion from the optical spectra. Thus, the energy levels of
the excited multiplets Tb3* were obtained from the low-
temperature absorption spectra, and three energy levels of
the main multiplet were determined from the temperature
dependence of the absorption spectra (Fig. 4,a, Table 2).
Note that some spectral lines have an asymmetric shape,
for example, all lines of ’F, multiplet of the Tb3* ion in
TbCr3(BO3)4:Er(1%). At low temperatures the contour of
such lines turns into a main line and a satellite (Fig. 4,5).
Such satellites are shifted to the high-frequency side from
the main line by 8—35cm™!. Similar satellites were encoun-
tered earlier in TbFes;(BO3)4 [S1], where their appearance
was associated with optical f —f -transitions in the Tb>* ions
near lattice defects, which were impurities of molybdenum
and bismuth. These impurities entered the crystal structure
from the solvent during crystal growth. The larger number
of satellites in TbCr3(BO3)4:Er(1%) is explained by the fact
that during its growth potassium trimolybdate was used as
solvent, in which MoOs is not bonded to Bi,O3 [52], and the
erbium impurity is also important (because TbCr3(BOs3)4
has fewer such satellites).

The study of magnetic phase transitions in TbCr3(BO3)4
was carried out using the erbium spectroscopic probe
method. Rare-earth spectroscopic probing is most often
used to solve structural chemistry problems to determine
the nearest environment of the coordination center [53]. In
M.N. Popova’s group the same method (using Er** ion as a
probe) was used to study magnetic phase transitions and de-
termine magnetic structures. With its help such compounds
as RzCUzOS, RzBaCuOS, RzBaNiOS, RF63(BO3)4 (R :Y,
La—Lu) were studied [54-62]. On Fig. 5,a the absorption
spectrum of paramagnetic TbCr3(BO3)4:Er(1%) in region
of transition *l1s;» — *l13/2 in the Er3* ion is shown. In
crystal field with symmetry below cubic the energy levels
of free ion with an odd number of electrons (which is the
Er’* ion) split into Kramers doublets in accordance with
the formula (2J + 1)/2, where J is total angular moment
of electrons. Thus, in terbium-chromium borate, where the
Er** ion occupies a position with D3 symmetry, 8 Stark
sublevels for the main multiplet s s2 and 7 for the multiplet
41132 are formed.

In the absence of the magnetic field the Kramers doublets
remain doubly degenerate, and this degeneracy cannot

Optics and Spectroscopy, 2022, Vol. 130, No. 1

be removed by any perturbation other than the magnetic
field. The appearance of a magnetic field, external or
internal (arising during the magnetic ordering of the crystal),
removes the Kramers degeneracy, and the corresponding
spectral line is split into maximum four components (see
the diagram in Fig. 5,c¢). The described splitting of spectral
lines is an indicator of magnetic ordering in the system.

In the case of terbium-chromium borate, the magnetic
phase transitions occur at temperatures below 10K. Fig-
ure 5,b shows that four lines out of seven transitions
#115/2 — #1352 in the Er** ion in TbCr;(BO;)4:Er(1%) at
low temperatures split into two components. Figure 6,a
shows the line IA belonging to the spectral transition
*14s/2 — 41352 in the Er’* ion. This line is a doublet,
and the doublet structure is also observed at temperatures
well above the phase transitions. It appears that the
doublet is associated with the presence of the monoclinic
modification C2/c. The relative intensities of the doublet
lines do not provide direct information on the relative
number of rhombohedral and monoclinic modifications,
since the strengths of the transition oscillators can differ
significantly.

Figure 6, b—d shows the temperature dependences of the
position of the center of masses, the half-width, and the
intensity of the doublet line IA. All graphs have two features.
At a temperature T; = 8.8 K, which was compared on the
basis of magnetic measurements with the antiferromagnetic
ordering of the chromium subsystem in TbCr3(BOs3)4 [46],
a narrowing of the spectral line occurs (which leads to the
peak intensity increasing), while no additional splitting is
observed. A similar behavior was observed, for example,
in the paper [63], where a sharp narrowing of the spec-
tral lines Sm>* in the RE francisite CuzSm(SeOs),0,Cl
occurred at the temperature of magnetic ordering of copper
in the absence of these lines splitting. It appears that in
these cases the magnetic structure arising in the subsystem
of d-ions due to exchange interaction is such that the
f —d-exchange (usually highly anisotropic) is small. It is
f —d-exchange that determines the splitting of the spectral
lines of RE ion in magnetically ordered crystal containing
d- and f (RE)-ions. In paramagnetic phase the magnetic
moments of d-ions fluctuate in magnitude and direction,
which leads to fluctuating splitting of Kramers doublets
of RE ions, and, as a result, to widening of the spectral
lines [62]. This widening is removed by magnetic ordering
of the crystal.

At the temperature T, = 5K, the narrowing of line 1A
is replaced by widening. In the paper [46] the phase
transition observed at T, = 5K was presumably interpreted
as spin-reorientational. Our data do not contradict this
interpretation: the observed widening of the IA line can be
associated with increased splitting of the Kramers doublets
of the Er’* ion with change in the orientation of the
magnetic moments of the Cr’* ions. In explicit form
splitting is seen on the lines IB, ID, IE, IF of the transition
*4s;2 — 41352 in the Er’t ion. As the temperature
decreases, these lines behave in the same way. As an
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Figure 6. Absorption line IA of transition 4 152 — 4 13/2 in the Er’*

its half-width (b), positions of center of masses (c), intensities (d).

example, Fig. 7 shows the absorption line IB, as well as the
temperature dependences of its position and the magnitude
of its splitting. It can be seen that the contour of the line
does not change until 5K, after which the line splits into
two components.

The observed spectral dependences can be explained as
follows. Since no splittings were found for the spectral
lines at T;, we can conclude that in the temperature
range from T; to T, the energy levels of the ground and
excited multiplets do not split. Since below T, the spectral
lines either widen or have two components whose relative
intensities do not change with temperature decreasing, this
can be attributed to a specific splitting scheme in which
zero splitting is observed for the ground doublet (in this
case, two of the four components coincide during magnetic
ordering). Thus, the observed line splittings correspond to
the splittings of the energy levels of the excited multiplet.
For lines IB of the transition *l 52 — *l13)2 in the Er** ion
the splitting at 3.0K is 2.1 ¢cm~!, for line ID — 5.7cm™!,
for line IE — 4.9 cm™!, for line IF — 6.7cm™".

The splitting of Kramers doublets in the middle field
approximation is given by formula

Ag = \/Z(gkiBi)z,

where gy are i-th (i =X, Yy, z) components of g-factors,
B; is magnetic field acting on k-th Kramers doublet. It can
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ion in TbCr3(BO3)4Er(1%) (a) and temperature dependencies of

be assumed that in the temperature range of Ty > T > T,
the anisotropic gyi-factor has close to zero i-component
along the magnetic field B;, and at temperature below T, it
already has a non-zero value. Since RE chromium borates
are understudied at present, then additional studies are
required to determine the nature of the transition T,.

By comparison with ferroborate  TbFe;(BO;)a,
terbium-chromium borate is ordered antiferromagnetically
at more low temperature (8.8K wversus 41K), has
smaller values of splittings Ag and Ay for transition
*115/2 — #1132 in the Er** ion — 2.1ecm ™! at 3.0K versus
50cm~! at 45K and Ocm™! at 3.0K versus 1.9c¢cm™!
at 45K, respectively [61]. This fact indicates a lower
effective magnetic field in TbCr;(BOs3)s as compared
to TbFe; (BO3)4.

Conclusion

The paper presents studies of growing condi-
tions, structural features, and optical characteristics of
terbium-chromium borate with the huntite structure. By
the ratio of the intensities of the phonon modes ~ 71 and
~ 81 cm™! the content of polytype modifications with sp. gr.
R32 and C2/c was estimated for further improvement of
the growth method of TbCr;(BO3)4 crystals and to obtain
single-phase compounds. The energies of the Stark levels
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Figure 7. Low temperature absorption spectra of TbCr;(BO;3)4:Er(1%) into region of spectral line IB of transition 15 2 — 113 /2 in the
Er*" ion in TbCr;(BOs)4:Er(1%) (a) and temperature dependencies of its splitting (b) and positions (c).

of this ion in the modification with pr.gr. R32 were deter-
mined from the temperature dependent absorption spectra
of terbium-chromium borate in the range of electronic
transitions in the Tb3* ion. The temperature dependence
of the absorption spectra of TbCr;(BO3)4:Er(1%) in the
region of the transition *lys, — 41132 in Er’t probe
ion confirmed the presence of two magnetic transitions
in terbium-chromium borate previously established from
magnetic measurements [46]. The spectroscopic data agree
with the interpretation of phase transitions proposed in
the paper [46]: at T; = 8.8K the chromium subsystem
in TbCr3(BO3)4 is antiferromagnetically ordered, while at
T, = 5K the magnetic moments of chromium are reori-
ented.
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