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a b s t r a c t

Raman scattering spectra of Ho1�xNdxFe3(BO3)4 (x¼0, x¼0.22) crystals have been studied within 10–
400 K temperature range. Structural phase transition was found under cooling at 366 K and 203 K
respectively. Considerable modification in Raman spectra of the mixed crystal was found to be induced
by magnetic ordering below Neel temperature. Results are interpreted using empirical simulation of
crystal lattice dynamics and Raman intensities.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years crystals of rare-earth ferroborates (Re Fe3(BO3)4, Re
– rare-earth atom) received much attention. Owing to their high
physical characteristics and chemical stability borates with huntite
structure have long been used as elements of optical and optoelec-
tronic devices, specifically, to sum and multiply laser radiation
frequencies. Besides, they exhibit fairly unusual structural phase
transition between nonpolar trigonal phases (from high-temperature
R32 (Z ¼1) into the low-temperature P3221 (Z ¼ 3)), while two
magnetic ions of different types (3d and 4f) give rise to magnetic order
at low temperatures [1]. Coexistence of structural and magnetic orders
offers the potential of controlling their physical characteristics.

Interaction of structural and magnetic orders should, probably,
have some effect on crystal lattice dynamics and observed in its
vibrational spectrum. This work studies Raman spectra in the
range of structural and magnetic phase transitions in HoFe3(BO3)4
crystal and in (Ho–Nd)Fe3(BO3)4 solid solution.

Fig. 1 [2] shows the structure of high symmetry phase of these
crystals. It is formed by three helicoidal chains of FeO6 octahedra
with common edges linked by flat BO3 triangles of two types with
rare-earth ions in the cavities between them. These chains are the
same in the high symmetry phase while in the low temperature
phase FeO6 octahedra are distorted slightly forming two different

types of the chains (2þ1). Structural phase transition in holmium
ferroborate (unlike its relative crystals [3]) has never been studied
by Raman spectroscopy, and is not observed in neodymium
ferroborate; meanwhile the radii of these rare earth ions are quite
different and such a replacement could be expected to lead to
more marked effects.

2. Samples and Methods

Single crystal samples were grown from Bi2Mo3O12-based
flux melt [4,5]; that reduces replacement of rare-earth ions
by bismuth to minimum. XFA analysis showed that bismuth
content did not exceed 2% in the structure of synthesized samples.
Solid solution was synthesized with a charge containing 25 at%
of neodymium; analysis showed that produced single crystals
correspond to Ho0.78Nd0.22Fe3(BO3)4. Measurements were carried
out on oriented single crystals sizing 1�2 �1 mm3, without
defects or inclusions visible under microscope.

Raman spectra were studied with Horiba Jobin Yvon T64000
spectrometer in back scattering geometry in dispersion subtrac-
tion mode with entrance slit spectral resolution 2 cm�1 (the
resolution was attained by use of 1800 mm�1 diffraction gratings
and 100 μm slits). To study the soft mode near the phase transition
the resolution was improved to 1.2 cm�1.

The scattering spectrum was excited with Arþ laser (wavelength
λ¼514 nm) with 10 mW power on the sample which is equal to laser
radiation density 30W/cm2. The power was chosen to minimize
sample heating with acceptable signal/noise ratio in the spectra.
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However, we still found phase transition temperature vs. exciting
radiation power to shift linearly:ΔT ¼ �ð0:870:1Þ K=mW� P mW.
Therefore, all temperature measurements were extrapolated to zero
excitation power.

Temperature measurements were carried out with closed cycle
ARS CS204-X1.SS helium cryostat in the temperature range 10–
400 K. The temperature was monitored by LakeShore DT-6SD1.4L
silicon diode; temperature stabilization accuracy was better than
0.1 K. Sample was placed into an indium pad open at one side and
fixed to the cold finger of the cryostat. During experiments the
cryostat was vacuumed to 10�6 mbar.

Quantitative analysis was carried out with Lorentz function:

IðωÞ ¼ 2
π

AΓ

4ðω�ω0Þ2þΓ2 ð1Þ

where A,ω0,ω,Γ are the amplitude, position of the line center, wave
number and full width at half maximum (FWHM), respectively.

3. Results and discussion

The room-temperature spectra of HoFe3(BO3)4 for all studied
experimental configurations are presented in Fig. 2. General view
of the spectrum in the high-temperature phase for both crystals

under study is shown in Fig. 3; it was analyzed in detail in [3].
We should note that the lines above 500 cm�1 correspond to
internal modes of BO3 groups [3,6], and in all studied crystals of
this family this part of the spectra virtually coincides. Compared
to the spectrum of the free group [6] these lines are markedly split
and shifted to the higher frequency range, indicating considerable
effect of crystalline environment on them.

As the temperature decreases both crystals exhibit structural
phase transition manifesting in several new lines emerging with
lattice symmetry change. In HoFe3(BO3)4 transition is observed
at 366 K, which is somewhat lower than Tc¼420 K, observed by
authors of [1] and is probably related to different synthesis
methods. In Ho0.78Nd0.22Fe3(BO3)4 transition is shifted to 200 K.
In analogy with crystals of other rare-earth ferroborates below the
structural transition the soft phonon mode recovers (Fig. 4);
however, the solid solution as opposed to the pure crystal does
not exhibit hysteresis phenomena (or the hysteresis value is not
more than 0.1 K), and condensation of the soft mode is attended
by considerable damping anomaly – the latter might be due to
numerous structural defects.

Below Neel temperature (TN¼38 K) both crystals are also
observed to recover the soft modes (Fig. 4), earlier [3] this was
explained by magnon scattering. Close temperatures of magnetic
transitions and the recovery patterns of magnon soft modes in
pure and mixed crystals indicate that their magnetic ordering
is not related to the rare-earth subsystem and is determined by
exchange interactions in Fe–O–Fe chains. In contrast to pure
HoFe3(BO3)4 crystal the mixed crystal below Neel temperature
is also having marker rearrangement in the high-frequency spec-
trum. Most evident is the bending internal modes of BO3 groups

Fig. 1. Structure of high-symmetry phase of (Ho–Nd)Fe3(BO3)4 crystals.

Fig. 2. (Color online) Polarized Raman spectra in the P3221 phase of HoFe3(BO3)4 at T¼296 K.

Fig. 3. General view of single crystal b(ac)b polarized spectra at R32 phase:
(a) Raman spectrum of Ho0.78Nd0.22Fe3(BO3)4, T¼296 K; (b) HoFe3(BO3)4, T¼380 K.
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about 600–650 cm�1. Here emerge new lines whose intensity
rapidly increases with decrease of temperature and becomes
higher than that of neighboring lines (Fig. 5). Linear extrapolation
of intensity vs. temperature to zero of the most intensive among
these lines is in good agreement with Neel temperature – this
undoubtedly is indicative of the determining role of magnetic
ordering in the mechanism of their emergence.

Two-magnon scattering in the crystals of this family is observed
in the range of 60–100 cm�1 and there is no reason to assume that
partial substitution of the rare-earth ion can considerably increase
this frequency, because it is determined by exchange interactions in
Fe–O–Fe chains, and the rare-earth subsystems do not markedly
affect it. The most probable cause of this peak is the magnetoelastic
interactions. It was assumed that below TNmagnetoelastic interaction
reduces the symmetry of crystal structure, and this can activate
additional lines in the Raman spectrum [7]. However, the spectra of
several pure Re Fe3(BO3)4 (Re¼Y, Nd, Pr) crystals [3] did not exhibit
this effect, as the distortions of the structure caused by the weak
magnetoelastic interaction seem to be too small to be recorded by
Raman spectroscopy. In our case these structural changes are some-
what bigger than in the pure crystals because the solid solution was
formed by rare-earth elements with essentially different ion radii
(0.983 Å – Nd, 0.90 Å – Ho). Relatively small number of Nd increases

the lattice parameters sufficiently for the O and B ions in Ho
environment to have more freedom. The magnetoelastic interactions
largely affect the shifts of oxygen ions immediately bonded with iron
ions: O1, O2, O5 O6 [2] (see denotations in Fig. 1), and belonging to
BO3 groups. Lattice dynamics and Raman intensities of HoFe3(BO3)4
crystal were empirically simulated [8] with lattice parameters of pure
crystal structure and solid solutions; results of this simulation are
given in Table 1.

Within our model – rigid ion model – a crystal is considered
to consist of isolated spherical ions with ionic charges Zi, and the
potential function is presented as a sum of non-Coulomb and
electrostatic contributions:

URIM ¼Uþ1
2
∑
i;j

ZiZj

rij

Within this model only pair-wise interactions are considered.
They are described by any analytical function ϕðjRi;jjÞ of inter-
atomic distance rij ¼ xi�xj. The corresponding potential function is
expressed as U ¼ ∑

io j
ϕðrijÞ. The corresponding contributions to all

the quantities can be easily expressed through two parameters
and ϕ″¼ A and B¼ϕ′=r (so-called longitudinal and transversal
force constants).

The second energy derivative is

Vij ¼ Uij�ZiCijZj

where

Cαβij ¼ ZiZj

r3ij
3
rαij r

β
ij

r2ij
�δαβ

0
@

1
A;

Uαβ
ij ¼ ðA�BÞ

rαij r
β
ij

r2ij
þδαβB:

The electrostatic contribution was calculated by the Ewald
method [9]. Uij was calculated by frame Born–Karman model
(BKM) [10]. Two parameters of BKM are different for different
pairs of ions (Table 2).

Lattice vibration calculation consists in evaluation and diagonali-
zation of the dynamic matrix

Dαβ
ij ¼ 1ffiffiffiffiffiffiffiffiffiffiffi

mimj
p Vαβ

ij -∑
j
Dijhjn ¼ λnhjn

Fig. 5. (Color online) Intensity of lines vs. temperature in Ho0.78Nd0.22Fe3(BO3)4. (a) Spectrum transformation; (b) relative intensity of I611/I631 lines with temperature.

Fig. 4. Soft phonon mode recovery below structural transition in HoFe3(BO3)4
crystal. (a) Hard mode; (b) structural soft mode; (c) magnon soft mode.
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where λn – eigenvalues (ωn ¼
ffiffiffiffiffi
λn

p
the phonon frequencies) and hjn –

eigenvectors.
Raman scattering intensity is

ζn ¼∑ɛ1i ein

where mass-weighted eigenvectors:

ein ¼
1ffiffiffiffiffiffi
mi

p hin

atomic derivatives of the dielectric constant:

ɛ1i ¼ dɛ1

dxi

Table 1 presents vibration frequencies in the range 490–
560 cm�1, corresponding mostly to oxygen ions in BO3 groups
(the second column presents ions with the greatest shift during
these vibrations). Then lattice dynamics of the same crystal was
simulated – now with solid solution parameters and respective
shift of ions O1, O2, O5 and O6. From the table it is apparent that
the shift of oxygens to positions corresponding to the solid
solution changes (several times) intensity of the Raman lines,
while their frequencies remain practically invariable.

We assume that below Neel temperature in solid solution
Ho1�xNdxFe3(BO3)4 due to increasing cell parameters the magne-
toelastic interactions shift the oxygen ions more than in pure
HoFe3(BO3)4; this results in new additional lines in the Raman
spectra and rapid growth of their intensity with magnetic
ordering.

So, the authors were the first to observe considerable mod-
ification of Raman spectrum on lattice vibrations during magnetic
ordering in Ho1�xNdxFe3(BO3)4 solid solution based on rare-earth
ferroborate crystals.
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Table 1
Frequencies ω (cm�1) and relative intensities I of Raman lines in the range 490–560 cm�1, corresponding to internal vibrations of BO3 groups calculated for the structure of
pure HoFe3(BO3)4 crystal and with oxygen ions shifted towards positions in the solid solution structure.

Mode Vibrating ionsa Displaced ions

O2 O2, O5 O2, O5, O1 O1, O6 O2, O5, O1, O6

ω I ω I ω I ω I ω I ω I

A1 O3,O4,O7 496.0 1.7 495.6 1.6 496.4 1.7 496.6 1.7 499.3 2.0 499.1 2.1
A1 O5 541.1 1.3 540.7 1.6 545.5 1.7 545.5 1.7 543.2 0.7 541.6 0.6
A1 O2,O7 555.9 2.3 554.7 2.2 557.0 2.1 557.0 2.1 561.7 1.5 562.3 1.5
E O5 520.9 46.9 521.2 42.4 521.5 36.2 521.4 35.0 522.5 19.1 521.4 15.9
E O4, O6, O7 524.9 13.5 522.5 19.2 526.3 12.0 527.5 12.7 527.3 19.2 526.3 25.8
E O1 535.2 4.1 535.4 4.3 536.7 1.8 536.8 1.7 531.1 17.7 529.6 18.8
E O1, O2 541.7 10.4 540.3 14.9 542.4 10.6 543.2 13.0 547.0 3.2 547.9 2.1
E O2 551.3 11.9 550.6 12.8 552.3 12.8 553.1 10.5 557.2 10.5 558.1 9.9

a Given are the atoms with maximum contribution into eigenvector.

Table 2
Parameters of BKM for different pairs of ions.

Ion Ion A (10�18j/Å) B (10�18j/Å)

Ho B 340.17 0.40
Ho Fe 250.17 0.383
Ho O 350.17 0.40
B Fe 350.17 0.40
B O 288.17 0.27
Fe Fe 250.17 0.383
Fe O 380.17 0.40
O O 275.17 0.39
B B 250.17 0.34
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