Raman scattering under structural and
magnetic phase transitions in terbium
ferroborate

Cite as: Low Temp. Phys. 40, 171 (2014); https://doi.org/10.1063/1.4865566
Published Online: 03 March 2014

A. V. Peschanskii, A. V. Yeremenko, V. I. Fomin, L. N. Bezmaternykh, and I. A. Gudim

/AN
N

()

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Raman scattering in multiferroic SmFez(BO3),4
Low Temperature Physics 42, 475 (2016); https://doi.org/10.1063/1.4954783

Spin-phonon coupling in antiferromagnetic nickel oxide
Applied Physics Letters 111, 252402 (2017); https://doi.org/10.1063/1.5009598

BaTiOz-based piezoelectrics: Fundamentals, current status, and perspectives
Applied Physics Reviews 4, 041305 (2017); https://doi.org/10.1063/1.4990046

(V)]
9
(")
S
L
al
Q
h
-
e
(©
p
Q
Q
:
-
S
(o]
—

LOW TEMPERATURE TECHNIQUES

OPTICAL CAVITY PHYSICS
MITIGATING THERMAL

& VIBRATIONAL NOISE

30VW 30N3I0S 102

SINIWNHLSNIVNYLNOW

Low Temp. Phys. 40, 171 (2014); https://doi.org/10.1063/1.4865566 40, 171

© 2014 AIP Publishing LLC.



https://images.scitation.org/redirect.spark?MID=176720&plid=1084806&setID=375689&channelID=0&CID=358174&banID=519826882&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6fa38045c0ae70c68d90aeb81e4b15a4d919e89b&location=
https://doi.org/10.1063/1.4865566
https://doi.org/10.1063/1.4865566
https://aip.scitation.org/author/Peschanskii%2C+A+V
https://aip.scitation.org/author/Yeremenko%2C+A+V
https://aip.scitation.org/author/Fomin%2C+V+I
https://aip.scitation.org/author/Bezmaternykh%2C+L+N
https://aip.scitation.org/author/Gudim%2C+I+A
https://doi.org/10.1063/1.4865566
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.4865566
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.4865566&domain=aip.scitation.org&date_stamp=
https://aip.scitation.org/doi/10.1063/1.4954783
https://doi.org/10.1063/1.4954783
https://aip.scitation.org/doi/10.1063/1.5009598
https://doi.org/10.1063/1.5009598
https://aip.scitation.org/doi/10.1063/1.4990046
https://doi.org/10.1063/1.4990046

LOW TEMPERATURE PHYSICS

VOLUME 40, NUMBER 2

@ CrossMark
Eclik o ug

FEBRUARY 2014

Raman scattering under structural and magnetic phase transitions in terbium ferroborate

A. V. Peschanskii,® A. V. Yeremenko, and V. I. Fomin

B. I. Verkin Institute for Low Temperature Physics and Engineering of the National Academy of Sciences of

Ukraine, 47 Lenin Ave., Kharkov 61103, Ukraine
L. N. Bezmaternykh and I. A. Gudim

L. V. Kirenskii Institute of Physics, Siberian Branch of the Russian Academy of Sciences,

Krasnoyarsk 660036, Russia
(Submitted August 12, 2013)
Fiz. Nizk. Temp. 40, 219-229 (February 2014)

The Raman scattering spectrum of single crystal TbFe;(BO5)4 was studied in the frequency range
3-500 cm " at temperatures from 2 to 300 K. It was found that in high- and low-temperature phases
there exist additional phonon lines which were not known before. In the high-temperature phase,
these lines originate from LO-TO splitting of polar phonons. Appearance of the additional lines in
the low temperature phase is due to both a reduction of the crystal symmetry under the phase transi-
tion and an increase of the primitive cell volume. It was established that the frequencies of some
phonon lines in the magneto-ordered phase are shifted towards the high-energy region upon apply-
ing an external magnetic field along the third-order axis. The spectrum of two-magnon Raman scat-
tering was investigated. It was shown that at low temperatures the two-magnon band has a complex
shape that reflects specific features in the density of state of the magnon branches. The magnon
energy at the Brillouin zone boundary was determined. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865566]

Introduction

Recently, in connection with the discovery of the magne-
toelectric effect in GdFe;(BOs3)4,'? NdFe;(BOs),,> HoFe;
(BO3),* and SmFe;(BOs),’ compounds, a new class of
materials, rare-earth ferroborates ReFe3;(BO;),, is intensively
studied. Integrated studies of magnetic, magnetoelectric and
magnetoelastic properties of ReFe3;(BO3)4 compounds showed
a significant dependence of these properties on the type of the
rare-earth ion Re.® Most of ReFe;(BO3), compounds exhibit a
structural phase transition (PT) with a reduction in symmetry.
Iron spins in ferroborates are strongly correlated and antiferro-
magnetically ordered below a temperature of ~30-40K. The
complexity of the magnetic interactions in these systems due
to the presence of two different types of magnetic ions (3d-
and 4f-elements) complicates understanding of their magneto-
electric properties. The nature of the relation between the
magnetic and ferroelectric ordering in rare-earth ferroborates
is currently intensively discussed.

Terbium ferroborate TbFe;(BOs); crystallizes in the
space group R32 (z = 1). The main structural motif is the hel-
ical chains directed along the trigonal c-axis and composed
of the connected by an edge FeOg4 octahedra, which include
Fe®" ions. TbFe;(BO;3), undergoes a first-order structural
phase transition at T,=192K.” Spatial symmetry group
change upon the transition R32 (z=1) — P3,21 (z=3)
means that the crystal class 32 remains unchanged, however
there is a “loss” of certain spatial translations.” Volume of
the new hexagonal primitive cell triples. However, more
recent X-ray studies revealed a very weak structural devia-
tions from the space group P3,21 (z=3)atT < Tyin Y, Gd,
and Tb ferroborates.®

Below the Neel temperature 7y = 40K, terbium ferrobo-
rates becomes a uniaxial antiferromagnet (AFM) with the
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spins of Fe®" jons oriented along the trigonal axis. Structural
and magnetic phase transitions are accompanied by a highly
anisotropic thermal expansion as well as by anomalies of
dielectric properties.””

The temperature dependences of the real part of dielec-
tric constants ¢. and ¢, exhibit jumps at 7. Upon lowering
temperature below T, the dependences &.(7) and e&,,(T)
become decreasing functions of temperature. Measurement
at 1 kHz showed that lowering temperature below Ty ~ 39K
leads to an additional slight decrease in &.. Upon lowering
temperature, &,, decreases from ~37.2 to ~34.8 with a jump
of ~1.2 at T;. The dependence ¢,,(T) exhibits a minimum in
the paramagnetic region at approximately 50 K, below which
there is a slight increase with a broad maximum at 20K.’
Measurements of the dielectric constant in the submillimeter
wavelength range (2-16cm™") showed a similar pattern of
changes in ¢. and e O At a frequency of 390 GHz, which is
lower than the frequency of the AFM resonance
(~14.9cm™ ' at 6.6K), the most noticeable jump at Ty is
observed in ¢.(T). However, ¢, only slightly varies with
temperature, lies in the range 14.4 > ¢,, > 12.2, and exhibits
a small jump at the structural transition. No frequency de-
pendence of the permittivity at frequencies from 60 to 480
GHz (2-16cm™ ') has been detected. A big difference in the
values of ¢, over the entire temperature range as well as in
the magnitude of the jump at T as compared with the meas-
urements at 1 kHz should be noted.’

Upon applying a magnetic field H Il ¢, a spin-flop transi-
tion (Hy=35k0e at 4.2K) at which the spins of Fe* fall
into the basal plane ab is observed. This magnetic-field-in-
duced transition is characterized by a large jump in magnet-
ization as well as the appearance of electric polarization and
magnetoelastic deformations.® The magnitude of the electric
polarization jumps AP at His small.

© 2014 AIP Publishing LLC
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The microscopic nature of the magnetoelectric coupling
in rare ferroborates is still being debated. The emergence of
the electric dipole moment is reflected in the spectrum of po-
lar lattice vibrations. The Lyddane-Sachs-Teller relation
couples the dielectric constants ¢, and ¢,, and the frequen-
cies of long-wavelength longitudinal (LO) and transverse
(TO) optical modes: & = éx(wro/ wm)2. The dielectric
constant ¢, is determined by the contribution of polar vibra-
tional modes propagating perpendicular to the c-axis of the
crystal. Studies of the IR reflectance spectrum of crystal
TbFe3(BO3), in the polarization E L ¢ and the frequency
range 200-2000 cm ' have shown that the spectrum contains
both broad intense and sufficiently narrow weak bands.''
However, the spectrum shows no significant change when
the temperature is lowered to 10K. The influence of the
magnetic ordering at Ty =40 K has also not been revealed.

Inelastic light scattering spectra of several ReFe;(BOs3),
crystals (Re =Gd, Nd, Tb, Er, and Y) have been studied in a
wide temperature range including a variety of structural and
magnetic phases.'>'* It has been shown that vibrational
excitations with the energies below about 500cm ™' can be
considered as external vibrational modes of the crystal
lattice.

The magnetic subsystem in terbium ferroborate consists
of iron and terbium ions. Strong spin-orbit coupling in ter-
bium ions leads to significant magnetic anisotropy of the
easy-axis type directed along the c-axis of the crystal.
Different interaction mechanisms between the magnetic and
phonon subsystems have been examined. The influence of
magnetoelastic interaction on single-ion magnetic anisotropy
of terbium ions has been considered theoretically in Ref. 15.
However, results of an experimental study of the acoustic
characteristics of TbFe;(BO;), have shown that, apparently,
the coupling with single-ion magnetic anisotropy does not
constitute the main mechanism.'® Another explanation for
the discrepancy between theory and experiment can be that
it is not acoustic but optical vibrations that are coupled to
single-ion anisotropy.'®

The important role of optical vibrational modes follows
from experimental studies of magnetoelastic and magnetodi-
electric coupling in terbium ferroborate.” Measurements of
the dielectric constants and magnetostriction have shown
that the magnetoelectric coupling cannot be explained by the
magnetostriction effect. The coupling occurs as a result of
the frequency shift of certain transverse optical vibrational
modes. A smooth decrease of ¢, in the temperature range T
> T > Ty results from the contributions of all TO modes
propagating in the ab-plane, however the most effective con-
tribution, according to the authors of Ref. 9, is due to
200 cm ™' mode. It has been found that when the temperature
is lowered below Ty, only two low-frequency modes, 200
and 260 cm ', of the vibrational spectrum of TbRe3;(BO3),
experience a noticeable frequency shift.” According to the
authors, a softening of E-mode with frequency wgiro) ~
200 cm ' may be the cause of the anomalous behavior of the
dielectric constant ¢, at T < Ty.

Detailed studies of polar excitations in TbFe;(BO;5)4 can
reveal the nature of the changes in the dielectric properties
under the structural phase transition as well as under the
magnetic ordering. In addition, some aspects related to the
manifestation of the magnetic ordering in the spectra of
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low-energy excitations (in the range which includes
spin-wave frequencies) have not been fully elucidated. This
paper presents the results of the study of Raman scattering in
terbium ferroborate in the frequency range 3—-500cm ' at
temperatures 2—-300 K. The main focus of the study was on
the temperature behavior of the polar E-modes 200 and
260cm ' and the low-energy (5-180cm ') excitation spec-
trum. In the antiferromagnetically ordered state (at 7=15K),
their behavior was studied in magnetic fields up to 30kOe
applied along and perpendicular to the trigonal c-axis of
crystal TbFe;(BO3),.

Samples and measurement techniques

Measurements were carried out on a TbFe;(BO3)4 crys-
tal of good optical quality, grown from a solution-melt based
on bismuth trimolibdate following the procedure described
in Ref. 17. The sample was cut in the shape of a rectangular
parallelepiped, 2.2 x 2.7 x 4.8 mm, with carefully polished
faces. Its edges were aligned parallel to the axes Z Il C5, X Il
Cy,and Y L Z, X. Orientation was performed using the x-ray
method. The sample quality was checked with a polarizing
microscope. Orientation of the C3-axis was maintained with
an accuracy of 1°.

Raman studies were performed in the 90° configuration.
The scattering was excited with a HeNe laser at
A=632.8nm (30 mW) and a solid-state laser at A =532 nm
(35 and 100 mW). The scattered light was analyzed with a
double monochromator Ramanor U-1000 and detected using
a cooled photomultiplier RCA 31034 and a photon counting
circuit. In optical cryostats, the sample was immersed in he-
lium vapor, which allowed both to study temperature
dependences and perform measurements at 5 K in a magnetic
field up to 30 kOe produced by a superconducting solenoid.

Raman scattering spectra are presented in the standard
notation k(ij)g, where k and ¢ are the propagation directions
of the incident and scattered light with the electric vector e
pointing along the i and j directions, respectively. Notations
ZZ, XY, etc. correspond to the specific components of the
scattering tensor.

Group-theoretical analysis of the vibrational excitation
in TbFe3(BO3),

Group-theoretical analysis of the vibrational excitations
in rare-earth ferroborates has been presented in Ref. 12. The
number and symmetry of the lattice vibrations in different
structural phases are given below.

Structure R32 (D})

The primitive cell contains one formula unit. The lattice
vibrations are described by I'yjp, = 74| + 13A, + 20E sym-
metry types, out of which I'y. = A, + E are the acoustic
ones. A;- and doubly degenerated E-modes are active in
Raman scattering. Nonzero components of the scattering ten-
sor in the above configuration have the form: A;: XX, YY,
and ZZ; E(x): XX, YY, YZ, and ZY; E(y): XY, YX, XZ, and
7X.'® The polarization vector of E-phonons (shown in brack-
ets) lies in the ab-plane with the wave vector k in the
XY-plane for TO 4 LO phonons and along the Z-axis for TO
phonons. The frequency range of 3-500cm ™' contains 34,
+ 8A, + 11E optical modes."?
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Structure P3,21 (D%)

It is assumed that the structural distortions found in Ref.
8 are small and the primitive cell of the low-temperature
structure contains three formula units. The lattice vibrations
include T'yipy = 27A1 + 32A;, + 5S9E optical modes, out of
which 15A; 4 20A, 4 35E are expected to be present in the
frequency range under study.

A;- and E-modes are active in Raman scattering in both
the high- and low-temperature phases.'®

Experimental results

Fig. 1 shows the polarized Raman spectra in the region
of the external vibrational modes at room temperature
excited at 2=632.8nm. In this experimental geometry, the
spectrum with a ZZ-component of the scattering tensor is
observed. Since the spectra with XX- and YY-components

300 K

|
g YXNX
&
g
E

Y(X2)X

Y(ZY)X " | ‘

| |
50 100 150 200 250 300 350 400 45
Raman shift, cm™!

FIG. 1. Raman spectra with different polarizations in the region of external

vibrational modes of single crystal TbFe;(BO3), at 300 K. The excitation

line Aexe = 632.8 nm (30 mW). The spectral resolution is 1.8 cm L.
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contain both A;- and E-modes, this allows to uniquely iden-
tify A;-modes. As follows from the group-theoretical analy-
sis, 3A;-nonpolar modes are observed (Fig. 1). A greater
number of lines than expected in this range were observed in
the spectra with off-diagonal components of the scattering
tensor (E-modes). This is due to the splitting of the E-modes
into TO and LO components, which are simultaneously
observed in the spectra in the present scattering geometry.

In order to separate TO and LO components, different
sample arrangements were used in which phonons propagate
at an angle 0 =45° to the third-order axis, but only either LO
or TO component in the spectra is observed. As an example,
Fig. 2 shows the Raman spectra at room temperature with
YY- and in three geometries with XY-components of the scat-
tering tensor. A solid-state laser with A=1532nm was uti-
lized for these measurements. The spectra were similar (in
terms of the number of lines, their width and intensity ratio)
to those obtained at A=632.8 nm. The spectral resolution
deteriorates when a laser at 4 =532 nm is used, however this
is not essential for the room temperature spectra since the
half-width of the observed lines exceeds the instrumental
function. Moreover, the quality of the spectra increases and,
when the spectra are decomposed into a sum of Lorentzians,
the accuracy of determination of the line parameters
improves. As already noted, in the spectra with 0 =90°, both
TO and LO components were observed. The lines of those

300K

Intensity, arb. units

Y(XY)Z
k=(0,1,1)

| | | | | | |
100 150 200 250 300 350 400 450
Raman shift, cm™!

|
0 50

FIG. 2. Raman spectra of single crystal TbFe;(BO3), observed in various
geometries with YY-and XY-components of the scattering tensor at 300 K;
Jexe =532 nm (35 mW). The spectral resolution is 3.0 em L
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TABLE 1. Energy (incm ') of the vibrational modes observed in single crystal TbFe;(BO3), at 300K in comparison with literature data. The energy at 2K is

shown in brackets.

TbFe;(BOs)4, present study, 300K (2 K)

TbFeg(BO3)4, Ref. 12 GdFC3(BO3)4, Ref. 12

Ay Ero Ero Epo (0=45°%)

Ay (0=45°)

Ay E Ero

89.5

197.6

180.6 (182.4)
308.2 (310.4)
476.0 (474.5)

84.2(89.1) 93.6 (97.0)
159.9 (158.5)
197.1(199.0)  198.3(199.8)
230.4 (235.0)

269.4 (274.0)
273.5(278.1)  289.0 (291.3)
3154 (318.4)  330.4 (332.1)
350.7(349.3)  355.8 (351.5)
394.2 (403.5)

445.0 (450.3)

489.0 (492.0)

329.4
353.4

60.5
205.4
258.5
277.2

301

372.6
470.0

93
159
198
230
270
287
330
355
392
444
480

93
160
198
232
270
287
330
357
391
443
488

4

spectra which had a small TO-LO splitting (regions ~200
and ~350cm™ ') were described as a sum of two lines.
During the processing, the parameters of the TO-component
line taken from the spectra corresponding only to TO were
fixed, while the parameters of the line corresponding to LO
component were varied. Results of such treatment, the
energies of the observed vibrational modes, are shown in
Table 1. It also shows literature data for TbFe5(BOs), and
isostructural GdFe;(BOs), crystals.12 As seen from Table 1,
3A| + 11E vibrational modes expected in this range were
observed. The splitting of several lines into TO and LO com-
ponents has similar values to that observed for the crystal
GdFe5(BO;),."2

In addition to these 3A; + 11E vibrational modes, at
0 =45° in the spectra corresponding to the LO components,
there were observed several weak lines indicated by arrows
in Fig. 2. Their frequencies are shown in Table 1 at 0 =45°.
They are assigned to polar A, modes, which are forbidden by
selection rules in inelastic scattering at 0 =0° and 0=90°.
Possibility to observe inactive A, polar excitations at 0 = 45°
due to their interaction with active E-modes has been dem-
onstrated for a-quartz.'**°

Fig. 3 shows polarized Raman spectra of the TbFe;
(BO3),4 crystal in the region of external vibrational modes in
the low-temperature phase at 2K. As can be seen from a
comparison with Fig. 1, a large number of additional lines
and a broad band at ~74cm ' are observed in the spectra.
Frequency measured at 2K for the main 3A; + 11F vibra-
tional modes inherited from the high-temperature phase are
shown in Table 1 in parentheses. Frequencies of most of
them exhibit a jump into the high-frequency region under
the structural phase transition, however some modes are
shifted to lower frequencies (A;: 476.0 cm L E: 1599 cem !,
TO and LO components in the 350cm™" region). In our
experiment, a large number of additional lines were observed
(Table 2). The additional lines arising from the structural
phase transition were not analyzed for being TO and LO
components since it was not the purpose of the present study.
The energy of the vibrational modes corresponding to these
additional lines are shown in Table 2 in comparison with lit-
erature data for TbFe3(BOs3)4 and GdFe;(BO3), crystals.12

The majority of the phonon lines did not experience
(within the measurement accuracy) any frequency shifts

2K

Intensity, arb. units

¥

Y(X2)X

Y(ZV)X

| | | | | | | | |
50 100 150 200 250 300 350 400 450
Raman shift, cm™!

FIG. 3. Raman spectra with different polarizations observed in the region of
external vibrational modes of single crystal TbFe;(BOs)y at 2K; Aeye
=632.8nm (30 mW). The spectral resolution is 1.8 cm L
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TABLE 2. Energy (incm ") of the additional vibrational modes observed in
the low-temperature phase of single crystal TbFe;(BO3),4 at 2K in compari-
son with literature data.

TbFe3(BOs)4, present study TbFe3(BO3),, Ref. 12 GdFe;(BOs3)4, Ref. 12

Al E A1 E A] E
55.1 - 54 - 53 101
146.2 114.5 - - 144 114
203.3 169.5 - 169 203 167
233.4 191.4 232 - 233 -
248.0 195.7 247 - 244 -
265.1 208.1 265 207 263 206
369.2 255.9 368 256 368 254
278.4 - 278 - 276
283.6 - 282 - 281
306.0 - 306 - 305
307.5 - - - -
3124 - 311 - 310
338.6 - 337 - 337
368.5 - - - -
375.1 - 375 - 374
396.1 - - - -
398.9 - 398 - 395
470.0 - 473 - 472

Intensity, arb. units
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LK Zxnx
90

60

under the transition to a magnetically ordered state. Ero-
modes with frequencies 199 and 256cm ™' were an excep-
tion, as shown in Fig. 4. Below T they shifted to lower fre-
quencies. Similar behavior has been observed previously for
an E;p-mode with frequency 199 cm ' (Ref. 9) and associ-
ated with the specific behavior of ¢, below Ty. We checked
the response of the “anomalous” lines to an external mag-
netic field directed along and perpendicular to the
third-order axis. Fig. 5 shows the behavior of a Raman spec-
trum region upon application of a magnetic field along the
third-order axis. In order to detect a weak spectrum in a
cryostat with a solenoid, a high-power (100 mW) solid-state
laser (532 nm) was employed. As can be seen in Fig. 5, the
“anomalous” lines at 199 and 256cm™ ' and a line at
208 cm ™', which has no apparent anomalies in the tempera-
ture behavior, shift to the high-frequency region upon appli-
cation of an external magnetic field along the c-axis. There
were no shift of these and other spectral lines observed in a
magnetic field perpendicular to the c-axis.

Upon transition into a magnetically ordered state, in the
low-frequency region, a broad band with energy of
~74cm™"' was observed in Raman spectra with XZ- and
ZY-components of the scattering tensor (Fig. 3). The spectra
obtained in XZ- and YZ-polarizations and in different experi-
mental scattering geometries exhibited identical shape and
intensity of the band. The shape of this band and its tempera-
ture evolution are shown in Fig. 6. As can be seen, with
increasing temperature the shape of this band changes and,
at temperatures above Ty up to room temperature, it is
observed as a wing of the Rayleigh line (Fig. 6).

It should be noted that at low temperatures, there is an
energy peak at 64cm™ ' within this band indicated by an
arrow in Fig. 6. The half-width of this peak is comparable
with those of phonon lines. The inset in Fig. 6 shows frag-
ments of the spectrum in this region obtained at low temper-
atures at different orientations of the sample, i.e., at 6 =45°

45 }

35

30

10 ?

190 200 210 220 230 240 250 260 270 280
Raman shift, cm™!

FIG. 4. Temperature behavior of the Raman spectra of single crystal
TbFe;(BOs3), in the scattering geometry Z(XY)X; Zexe = 632.8 nm (30 mW).
The spectral resolution is 1.8 cm ™.

and 90°. As can be seen, the shape of the spectrum in the
region of two-magnon scattering does not change. The pres-
ence of this peak in the geometry 0 =90° indicates that the
peak is not due to the “leakage” of A,-mode, which may
occur in this frequency range (Table 1). In addition, based on
the temperature behavior of the spectrum (Fig. 6), this peak
cannot be a phonon line, such as an additional E-mode, since
all additional phonon lines are maintained up to the tempera-
ture of the structural phase transition. To check whether this
peak is related to electron scattering on a Tb>" ion (primary
or impurity one located near growth defects®'), measure-
ments of these spectra were carried out in an external mag-
netic field parallel and perpendicular to the third-order axis.
As was shown by these measurements, neither the shape
of the band assigned to two-magnon scattering nor the fre-
quency position of the phonon lines in this range did change
upon application of a field in either of the directions. Fig. 7
shows, as an example, the scattering spectra obtained upon
application of a field along the third-order axis.
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H|Z X(YX)Z

Intensity, arb. units

1 1 1 1

1 | 1 1
230 250 270 290
Raman shift, cm™!

1 1
190 210

FIG. 5. Behavior of the Raman spectra of single crystal TbFe3(BO3), in an
external magnetic field applied along the third-order axis in the scattering
geometry X(YX)Z; Aexe=2532nm (100 mW). The spectral resolution is
40cm™ .

Discussion

It is well-known that long-range electrostatic interaction
in piezoelectric crystals leads to a splitting of polar £E-modes
into transverse TO and longitudinal LO modes.'®?"?
Selecting an appropriate direction of the wave vector k and
polarization of the incident and scattered radiation allows to
observe light scattering on the (LO-TO) components of the
E-modes. When a phonon propagates in the basal plane at an
angle of 45° to X and Y (Fig. 1), LO and TO components are
observed in the light scattering spectrum.

Separation of oscillations is only valid for the most sym-
metric directions of k. Upon changing the direction of k vec-
tor, an oscillation might change from transverse to
longitudinal and vice versa. When the direction of phonon
propagation does not coincide with the optical axis, the rela-
tive degree of influence of long-range electrostatic and short-

Peschanskii et al.

T,K Z(XDH)X
2K
)((
(XZ))gk u\,
10K 260X M
4IO SIO IIZO 16IO
Raman shift, cm™!

. 00
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£
8 *
2 45
=}
3
g

35

30

21

18

15

10 f

| | 1 | | | | |

20 40 60 80 100 120 140 160
Raman shift, cm™!

FIG. 6. Temperature behavior of the Raman spectra of single crystal
TbFe;(BO3), in the region of two-magnon scattering in the scattering geom-
etry Z(X2)X; Jexc =632.8nm (30 mW). The spectral resolution is 4.0 em™ L
Plasma lines of the HeNe laser are marked with (¥).

range forces should be considered.”*** Studies of the scatter-
ing spectra on E-oscillations propagating at an angle 0 ~ 45°
to the optical axis (Fig. 2) have shown that it is not possible
to establish unambiguously, as in the case of a-quartz,'®*°
which forces prevail. When k is varied from O to 90°, there
are two distinct types of behavior. The frequency of the
mixed phonon E-mode varies depending on the angle 0
between the k vector and the crystal c-axis and is determined
by the expression: w? = (1)%<T0)C0S20 + a)‘zﬂw)sinzﬂ. For the
low-energy E-mode at 0=45° a mixed component at
89.5cm™' was observed (Table 1), the frequency of which
followed the above expression. For this mode, the case
where the force constants for displacements parallel and per-
pendicular to the c-axis are significantly different is realized.
Another case where the electrostatic forces dominate over
the short-range ones was observed for the angular
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FIG. 7. Behavior of the Raman spectra of single crystal TbFe3(BO3), in an
external magnetic field applied along the third-order axis in the scattering
geometry X(ZX)Z; Aexe=2532nm (100 mW). The spectral resolution is
40cm™.

dependence of the frequencies of the component pair
wgro)=315.4 cm ! and wgo)=330.4 cm. The component
Wgro)=3154 cm ™' remains transverse for any angle 0
while maintaining the frequency. In the spectra correspond-
ing to the LO components, two lines at 301.4 and
3294cm™ ! (at 0=45°) with mixed A,- and E-symmetry
were observed (Table 1, Fig. 2).

A large value of splitting can be expected only for the
most intensive polar modes since for a single oscillator
a)zo — a)%o = w%oS /&, wWhere S is the oscillator strength of
the dipole transition. In the frequency range studied in the
present paper, the following E-modes exhibited the maximal
strength:  wgro)=83.7 cm !, Wgroy=273.5 cm™ ', and
Wgroy=3154 cm ', The splitting of the remaining modes
was small. The splitting of the “anomalous” line at 199 cm ™
at room temperature did not exceed 1.2cm™ ' and was even
less at low temperatures. Thus, the contribution of this mode
to the behavior of ¢, as compared to other E-modes is
expected to be small.
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As follows from the above group-theoretical analysis,
new optical vibrational modes 12A; + 124, + 24F are
expected to appear in the studied energy range at T < T due
to the lowering of symmetry and increasing the volume of
the primitive cell. In the low-temperature phase, two
non-equivalent positions of the iron ions appear in the unit
cell and one of the chains shifts along the c-axis with respect
to the other two chains, while the unit cell volume is tripled.
The phase transition results in a reduction of the local sym-
metry of the Tb**-ion down to C,. As can be seen from
Table 2, at low temperatures a number of additional lines
appear due to the lowering of symmetry and cell volume
increase.

The temperature behavior of the “anomalous” phonons
(Fig. 4) is indicative of spin-phonon coupling. This is further
confirmed by their behavior in an external magnetic field H
Il ¢ (Fig. 5). Upon increasing the field, a high-frequency shift
and broadening are observed for the lines 199, 208 and
256cm ™', Two mechanisms of spin-phonon coupling are
considered: static and dynamic.

The static mechanism is due to magnetoelastic coupling.
According to neutron diffraction studies, the transition to the
antiferromagnetic state causes a change in the lattice param-
eters of TbFe3(BOs),:” a decrease in a, a non-monotonous
increase in ¢ and a decrease in the cell volume V. The analy-
sis of the exchange interaction pathways indicates’ that the
magnetic interaction of each Fe-spin with the neighboring
helical chains is determined by 8 ferromagnetic and 8
antiferromagnetic superexchange pathways with similar
lengths but different configurations. It is assumed that the
interchain interaction should be transmitted mainly through
Fe—O-O-Fe, while the Fe—-O-Tb-O-Fe superexchange is
less important. Even slight changes in the interatomic distan-
ces can lead to changes in the values of the indirect exchange
interaction between iron ions. However, no significant
changes in the lengths and bond angles at temperatures of 2,
30 and 40 K, which may play a role in changing the magnetic
interactions, has been detected.’

An increase in force constants upon decreasing the cell
volume V should lead to an increase in the vibrational mode
frequency. Such a change at T < Ty has been previously
observed in the behavior of a “soft” symmetric A;-mode.'?
The dependence of the magnetostrictive changes in the lat-
tice parameters a, ¢ and cell volume V on the magnetic field
applied along the c-axis is small in comparison with the
temperature-induced variation of V in the case H < Hsf.g
High-frequency shift of the phonon lines in a magnetic field
cannot be explained by a small magnetostrictive change in
the lattice volume.

In the case of the dynamic mechanism of spin-phonon
coupling, there occurs a strong modulation of the exchange
coupling constant by certain normal vibrational modes of the
lattice. Phonon E-modes involving vibrations of oxygen ions
in the basal ab-plane modulate ferromagnetic and antiferro-
magnetic exchange coupling through the changes in Fe-O
lengths and Fe—O-O-Fe angles. The frequency shift of the
phonon mode with changing temperature is determined by
the spin-correlation function: w = wg + A(S:S;), where w is
the renormalized phonon frequency, wy is the frequency in
the absence of spin-phonon coupling, and 4 is the coupling
constant.”>** The sign of the spin-dependent force constants
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of the modulating lattice mode depends on the strength of
the ferromagnetic and antiferromagnetic exchange interac-
tions and determines the positive or negative frequency shift
of the mode. Thus, the experimentally observed opposite
sign of the dependences of the frequency on temperature
and external field may be associated with the dynamic
mechanism.

In the studies of scattering spectra in rare ferroborates
(Re=Y, Er, Tb, Gd, and Nb), a broad band at ~70 cm ! is
commonly observed below the magnetic ordering tempera-
ture. This band has been assigned to the two-magnon scatter-
ing with generation of a pair of magnons with wave vectors
k and —k.'? In contrast to the present results, in Ref. 12 a
“leakage” of the soft mode A; forbidden in the polarizations
XZ and YZ has been observed, which did not allow to recon-
struct the contour of the two-magnon scattering. In the
present experiment, the leakage of forbidden modes was
minimized. Furthermore, both the temperature and field
dependences of the two-magnon scattering band indicate
that the contributions phonon and electron scattering are not
observed there. Thus, the complex shape of the two-magnon
scattering band apparently reflects the features of the density
of magnon states, dispersion of the magnon branches, and
magnon-magnon interaction. Taking into account the tight-
ening of the high-energy tail of the two-magnon band even
at low temperatures and the contribution to the shape of
the two-magnon scattering by the phonon lineshape wg o)
—=89.1cm ™', the magnon energy at the Brillouin zone

boundary can be estimated as E,, ~ 50cm ™.

Conclusion

On the basis of the conducted temperature studies of
Raman scattering in terbium ferroborates, the following con-
clusions can be drawn. In the high-temperature structural
phase, 3A| + 11E vibrational modes expected in the studied
frequency range were observed. The additional phonon lines
in the scattering spectrum, found in this study and previously
unknown in literature, are related to the observation of LO
and TO components of polar phonons. The presence of addi-
tional lines in the spectrum of the low-temperature phase is a
consequence of the lowering of the crystal symmetry under
the structural phase transition and increase in the volume of
the primitive cell. The frequency shift of several phonon
lines observed upon decreasing temperature below Ty indi-
cates spin-phonon coupling. Upon application of an external
magnetic field along the third-order axis, a shift to the
high-energy region was observed for a number of phonons,
therefore confirming the presence of such a coupling. The
study of the two-magnon scattering spectrum showed that
the complex shape of the band at low temperature is deter-
mined by the magnon dispersion branches, specific features
of the density of states, and magnon-magnon interaction.
The magnon energy at the Brillouin zone boundary was esti-
mated as E,, ~ 50 cm L
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