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ABSTRACT
The condensation of two soft modes has been found when studying
the Raman spectra of the solid solution HoFe2.5Ga0.5(BO3)4 in the
temperature range from 7 to 350 K. The first high-temperature soft
mode is associated with the structural phase transition from the R32
phase to the P3121 phase. The second soft mode is related to the
reveal of the phonon-magnon interaction during magnetic ordering
in the crystal. The temperatures of the structural phase transition T1
¼ 266 K and the magnetic phase transition T2 ¼ 28 K are estab-
lished. Experimentally interaction between the structural phase tran-
sition order parameter fluctuations and the magnetic order
parameter fluctuations was found.
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1. Introduction

The HoFe2.5Ga0.5(BO3)4 solid solution belongs to the family of ferroborates with huntite
structures. Most of the rare-earth ferroborates could be attributed to multiferroics [1–3].
In these materials at least two of several order parameters (electric, magnetic, elastic,
etc.) coexist. Besides their coexistence, of utmost importance is a strong coupling
between the two ferroic orders. In multiferroic materials, the coupling interaction
between the different order parameters can produce additional functionalities. The
application of multiferroics will enlarge the functional possibilities of spintronics signifi-
cantly. The rare-earth ferroborates demonstrate a large variety of magnetic, magneto-
electric, magnetodielectric, and structural properties. HoFe3(BO3)4 and HoGa3(BO3)4 are
prominent materials with an excellent perspective in multiferroic applications. The
HoFe3(BO3)4 crystal undergoes the phase transition at Tc � 366 K [4, 5]. Two magnetic
phase transitions are found in the low-temperature region in HoFe3(BO3)4 crystal. The
transition from the paramagnetic to easy-plane antiferromagnetic state occurs at TN ¼
37.4 K. The sharp heat capacity peaks and magnetization jumps are observed below 4.7
K. The HoGa3(BO3)4 crystal exhibits a strong magnetoelectric effect [6]. The substitu-
tion compounds can provide an even wider variety of observed effects.
Currently, researchers actively study the structural and magnetic properties of solid

solutions with other compositions by the Raman spectroscopy [7–10]. The soft modes
and magnetic ordering were observed in all iron-containing systems.
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In the present study, we consider the HoFe2.5Ga0.5(BO3)4 solid solution. Rare-earth
ferroborates are characterized by an internal magnetic field induced by magnetic order-
ing below the temperature of the magnetic phase transition. The magnetic order will
influence the Raman spectra also in absence of an external magnetic field. Low-frequency
Raman spectroscopy is used as a tool in order to capture the soft mode frequency, which
tends toward zero as the critical temperature is approached. Anomalous phonon soften-
ing under heating indicates the special role of phonons in crystal dynamics. Our work
intends to observe such anomalies in Raman spectra connected with magnetic ordering
and structural changes at low temperatures in the HoFe2.5Ga0.5(BO3)4 solid solution.

2. Experiment

Raman scattering spectra of HoFe2.5Ga0.5(BO3)4 has been studied in the temperature
range from 8 K to 350 K. Raman spectra were collected in backscattering geometry,
using a triple monochromator Jobin Yvon T64000 Raman spectrometer operating in
double subtractive mode then detected by a liquid nitrogen-cooled CCD cooled at 140
K. The spectral resolution for the recorded Stokes side Raman spectra was better than
2 cm�1 (this resolution was achieved by using gratings with 1800 grooves mm�1 and
100lm slits). The spectral resolution of low-frequency region when soft mode investi-
gated has been improved to 1.2 cm�1 which attained a low- frequency limit of 10 cm�1

in the present setup. The deformation of the low-frequency spectral edge by an optical
slit, which sometimes smears the true features of the low-frequency spectra, was care-
fully eliminated by rigorous optical alignment. Single-mode argon 514.5 nm of Spectra-
Physics Stabilite 2017Arþ laser of 100mW power (10mW on the sample) was used as
excitation light source.
The low-temperature experiments were carried out using a closed-cycle helium cryo-

stat ARS CS204-X1.SS, controlled by LakeShore 340 temperature controller. The tem-
perature was monitored by a calibrated silicon diode LakeShore DT- 670SD1.4L.
Indium foil was used as a thermal interface. Measurements were taken inside the cryo-
stat under pressure of 10�6 mBar. The above instrumentation allows to vary the sample
cooling rate from 0.1 K/min up to 0.7 K/min with 0.1 K/min intervals.
The experiments were carried out in the dynamic regime by varying the sample tem-

perature and it was identical to the measurement procedure at our past work [11]. The
rates of temperature variation ranged were 0.7 K/min. The uncertainty of the measured
temperature for a given rate can be estimated as a difference between adjacent measure-
ments. The overall time for taking a single spectrum was within 30 s. The spectra were
acquired with temperature steps of 0.7 K.
Experimental Raman spectra have been processed quantitatively using conventional

damped harmonic oscillator (DHO) functions [12, 13]:

I xð Þ ¼ F x, Tð Þ �
X
i

2Aix2
0icix

ðx2
0i � x2Þ2 þ 4c2ix2

where x—current wavenumber, A, x0 and c denote the intensity, harmonic wavenum-
ber of the band center and full width at half maximum, respectively. The temperature
factor F (x, T) is calculated by
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F x, Tð Þ ¼ n xð Þ þ 1
n xð Þ

Stokes
Anti� Stokes

�

n xð Þ ¼ exp
�hx
kBT

� �
� 1

� ��1

with the Raman signal interplay between the Stokes and anti-Stokes parts near 0 cm�1

uniquely obtained according to the temperature. �h, kB is the reduced Planck constant
and the Boltzmann constant respectively. The present Raman setup observes only the
Stokes component. We used seven DHO functions for spectral fitting in the range
of 10–300 cm�1.
The samples under study were optically transparent, greenish single crystals with a

size of about 3mm and did not contain differently colored defects or inclusions visible
under a microscope. The crystals were grown by the flux melt method and it is similar
as described in previous works [9, 14].

3. Results and discussion

The HoFe3(BO3)4 crystal belongs to space group R32 in the high-temperature phase.
Under cooling, the crystal undergoes a structural phase transition, reducing the sym-
metry to P3121. The number of Raman active modes is 26 for the high-temperature
phase and 86 for the low-temperature phase. The symmetry analysis of the vibrational
modes of the R32 structure of HoFe3(BO3)4 is presented in Table 1. The one of the
P3121 structure is presented in Table 2.
The Raman spectra of HoFe2.5Ga0.5(BO3)4 solid solution should have some differences

from the Raman spectra of HoFe3(BO3)4, but we can expect a splitting of the E sym-
metry modes and the appearance of new modes under the sample cooling. The tem-
perature spectra were obtained in parallel and crossed polarizers. The Raman signal
maps are presented in Figure 1.
The maps clearly show that the sample is well oriented since the number of lines is

different. The structural phase transition is visible from the figure. The appearance of
new lines and a soft mode restoring below 270 K point to the structural phase

Table 1. Wyckoff positions and irreducible representations (C-point phonon modes) for HoFe3(BO3)4
(Space group: R32, No. 155).
Atom space group: R32 (No. 155) Point group: D3 Wyckoff position C-point phonon modes

Ho 3a A2 þ E
Fe 9d A1 þ 2A2 þ 3E
O 9e A1 þ 2A2 þ 3E
O 9e A1 þ 2A2 þ 3E
O 18f 3A1 þ 3A2 þ 6E
B 3b A2 þ E
B 9e A1 þ 2A2 þ 3E
Modes classifications
CRaman¼7A1 þ 19E CIR ¼ 12A2 þ 19E Cac ¼ A2 þ E CMehanical¼ 7A1 þ 13A2 þ 20E
Raman tensor

A1 ¼
a 0 0
0 a 0
0 0 b

2
4

3
5 EðxÞ ¼

c 0 0
0 �c d
0 d 0

2
4

3
5 EðyÞ ¼

0 �c �d
�c 0 0
�d 0 0

2
4

3
5
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transition. The soft mode connected with magnetic ordering is visible in the parallel
polarization at temperatures lower than 30 K.
Three anomalies are seen clearly in Figure 2. The appearance of the new hard mode

(90 cm�1) below the temperature of the structural phase transition corresponds to the
selection rules. The structural soft mode condensation from 7 cm�1 at 266 K to 65 cm�1

at 8 K have been observed. The restoration of the soft mode connected with magnetic
ordering have been observed below 30 K. Two soft modes were also observed earlier in
NdxHo1–xFe3(BO3)4 solid solutions [14]. Their presence was associated with the coexist-
ence of magnetic and structural order parameters.
We fitted this part of the spectrum using damped harmonic oscillator functions. The

temperature dependence of reduced squared soft mode wavenumber x2
s � x2 � c2 is

Table 2. Wyckoff positions and irreducible representations (C-point phonon modes) for HoFe3(BO3)4
(Space group: P3121, No. 152).
Atom space group: P3121 (No. 152) Point group: D3 Wyckoff position C-point phonon modes

Ho 3a A1 þ 2A2 þ 3E
Fe 6c 3A1 þ 3A2 þ 6E
Fe 3a A1 þ 2A2 þ 3E
O 6c 3A1 þ 3A2 þ 6E
O 6c 3A1 þ 3A2 þ 6E
O 6c 3A1 þ 3A2 þ 6E
O 6c 3A1 þ 3A2 þ 6E
O 6c 3A1 þ 3A2 þ 6E
O 3b A1 þ 2A2 þ 3E
O 3b A1 þ 2A2 þ 3E
B 3b A1 þ 2A2 þ 3E
B 6c 3A1 þ 3A2 þ 6E
B 3b A1 þ 2A2 þ 3E
Modes classifications
CRaman¼27A1 þ 59E CIR ¼ 32A2 þ 59E Cac ¼ A2 þ E CMehanical¼ 27A1 þ 33A2 þ 60E
Raman tensor

A1 ¼
a 0 0
0 a 0
0 0 b

2
4

3
5 EðxÞ ¼

c 0 0
0 �c d
0 d 0

2
4

3
5 EðyÞ ¼

0 �c �d
�c 0 0
�d 0 0

2
4

3
5

Figure 1. The Raman signal maps in the low-wavenumber part of the spectra in parallel and crossing
polarizations.
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typical for soft modes at the second order phase transition (Figure 3). However, we see
an anomaly in the behavior of the soft mode below 50 K (top right corner in Figure 3).
We attribute such change of the soft mode peak position below 50 K to the magnetoe-
lastic interaction. It is the clear manifestation of the interaction between structural and
the magnetic order parameters fluctuations. The estimated temperature of the structural
phase transition is 266 K (T1 ¼ 266 K).
The temperature dependence of the squared wavenumber of the soft mode of mag-

netic ordering is presented in Figure 4. A linear approximation yields a Neel tempera-
ture at 28 K (T2 ¼ 28 K).

Figure 2. The mode positions dependence from the temperature in the low-wavenumber region.

Figure 3. The reduced squared wavenumber of the structural soft mode vs. temperature.

20 A. KRYLOV ET AL.



4. Conclusions

As a result of these investigations, we can conclude that the crystal HoFe2.5Ga0.5(BO3)4
undergoes a structural phase transition from the R32 phase to the P3121 phase at T1 ¼
266 K and that this transition is accompanied by a soft mode restoration. Another
anomaly with a soft mode exists at T2 ¼ 28 K and corresponds to magnetic ordering.
The main changes in the spectra are observed in the low-wavenumber region (up to

100 cm�1) where the mode related to magnetic ordering appears. A clear manifestation
of the interaction between structural and magnetic order parameter fluctuations has
been found.
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