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Raman study of HoFe3(BOs), at simultaneously
high pressure and high temperature: p-T

phase diagram
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Raman spectra of a HoFe;(BO3), crystal chip has been investigated at simultaneously high temperature and high pressure (up
to 7.1 GPa and 560 K). On the basis of Raman analysis, the assignment to one of the two possible crystal phases has been made.
The experimental p-T phase diagram of HoFe;(BO3), was established. An increase in the pressure leads to an increase in the
temperature of transition. The phase boundary equation was obtained. Neither triple points nor a phase with new symmetry
was revealed in the phase diagram. A critical point with the temperature T = 560 K and the pressure p = 2.53 GPa was found.
The nanocrystals with different shapes began to grow on crystal surface after reaching that point. The composition of new
nanocrystals is identical to the composition of initial crystal. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

In recent years, the crystals of rare-earth ferroborates ReFe;(BOs),
(Re - is the rare-earth atom) which belongs to huntite fam-
ily have attracted much attention.!"™ The combination of high
physical characteristics and chemical stability, the borate with
huntite structure have long been used as elements of optical and
optoelectronic devices, specifically to add and multiply the laser
radiation frequencies!™ application for self-frequency doubling
and self-frequency summing lasers!®’); rare-earth huntite crystals
are efficient media for mini-lasers.!®! Ferroborates were reported
to possess multiferroic features, demonstrating the coexistence
of magnetic and ferroelectric order parameters.® Multiferroic
materials showing the coexistence of at least two ferroic orders
((anti)ferroelectric, (anti)ferromagnetic, and (anti)ferroelasticity)
are expected to find potential applications in many devices.
Among aforementioned properties, the coexistence of ferroelec-
tricity and ferromagnetism is highly desired. Besides their coexis-
tence, 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 make possible
to significantly enlarge the functional possibilities of spintron-
ics devices. In addition, HoFe5(BO3), are observed to have rather
unusual structural phase transition between nonpolar phases of
trigonal crystal system (from high-temperature R32 (Z = 1) into
low-temperature P3;21 (Z = 3), and an addition into the struc-
ture of two magnetic ions of different types (3d u 4f) gives rise to
magnetic order at low temperatures.['! Coexistence of structural
and magnetic order parameters can open new opportunities to
control their physical characteristics.

The structure in the R32 phase of these crystals is too identical
as is presented in the works.!""""31 It is formed by two helicoidal
chains of FeOg octahedra with common edges connected by two
types of BO; plane triangles with rare-earth ions in the cavities

between them. These chains are the same in the R32 phase while
in the P3,21 phase, FeOg octahedra are distorted slightly forming
two different types of the chains.['¥]

The symmetry of the phases on the phase diagram after tem-
perature or pressure phase transition depends on location tricrit-
ical point and could be either the same or different.!'>'71 Also,
it is possible that pressure phase transition exists but tempera-
ture phase transition does not occur (negative temperature of
virtual phase transition).['® The study of the phase diagram of the
temperature—pressure is very important for materials with practi-
cal applications. In situ measurements at high p—-T parameters, are
very rare in research works and give unique and important infor-
mation about the actual state of materials at extreme conditions.
The quantity of works devoted to the study of phase diagrams
at high temperatures and high pressure increases from year to
year, reflecting the importance of these investigations. They are
held in a variety of materials: inorganic,!'®-?", organic,!?2?! and
gas hydrates.[242°]

The ferroborates with various rear-earth elements tradition-
ally were studied by Raman spectroscopy.'#?°! The tempera-
ture phase transition in HoFe;(BOs), earlier was investigated
by high-resolution spectroscopy,'?”! IR spectroscopy,!'3 Raman
spectroscopy,!'?! and ab-initio calculations.[?8! However, a struc-
tural phase transition in holmium ferroborate has never been
studied under high hydrostatic pressure. The aim of our work is to
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Figure 1. Raman spectra. Color code: red-phase R32, blue-phase P3;21, olive-phase boundary at 0.65GPa / 400K.

study p—T phase diagram and possibly find a new structural phase
of HoFe3(BOs), single crystal.

Methods and sample

The spectra in the 180° geometry were recorded on a Horiba
Jobin Yvon T64000 spectrometer equipped with a liquid nitrogen
cooled charge coupled device detection system in subtractive dis-
persion mode. Art ion laser Spectra Physics Stabilite 2017 with
A = 5145 nm and power 5 mW on a sample was used as
an excitation light source. The high-pressure experiments were
carried out using incident laser beam was focused on the sam-
ple by a 50x Olympus LMPlanFl objective lens with a numerical
aperture N.A. = 0.35. The scattered light was collected by the
same objective lens in the backscattering geometry and analyzed
through a polarizer and A-plate. Spectroscopic measurements
were performed in the subtractive dispersion mode to investigate
the low-wavenumber spectra, which attained a low-wavenumber
limit of 8 cm™" in the present setup. The deformation of the
low-wavenumber spectral edge by an optical slit, which some-
times smears the true features of low-wavenumber spectra, was
carefully eliminated by rigorous optical alignment.

The heated high-temperature diamond anvil cell device
(HT-DAC) of membrane Diacell uScope DAC HT(G) type (Easy-
Lab, UK) with diamond lla anvils, electrical resistive heating,
water-cooling casing, and Ar gas blowing was used for Raman
study of processes at simultaneously high p and T. Limitp — —T
parameters in the work volume of the given HT-DAC are equal to
20 GPa and 800 K. The maximal p——T values in the present exper-
iments with HoFe;(BOs)4 were set at 8 GPa and 680 K. A stainless
steel gasket with initial thickness 0.25 mm is used in this DAC.
Holes with a diameter of about 150-200 um were drilled in the
gaskets pre-indented to a thickness about 86 um, for measuring
at pressures up to 15 GPa. The pressure was monitored by the
shift of the Dy —7 F, fluorescence band of Sm?™* ion in a small
SrB,07:Sm2t crystal placed in the vicinity of the sample within the
experimental error of about 0.05 GPa.!?*-3"! The temperature was
monitored using a type K thermocouple in contact with the gas-
ket and diamond anvil. A mixture of methanol-ethanol alcohols

in 4: 1 parts has been used as a hydrostatic pressure transmission
media.

X-ray semi-quantitative analysis of the sample was carried out
on a tabletop scanning electron microscope Hitachi TM-3000 with
detector BRUKER XFlash 430 H. The acceleration voltage was 3 kV.
The signal came from a 0.2 mm diameter circle.

Single crystal samples were grown by flux melt method from
Bi,Mo03012, 1232331 this made the substitution of rare-earth ions
with bismuth minimal; EDX-spectroscopy analysis showed bis-
muth in the structure of synthesized samples to be less than
2%. Measurements were carried out with crystals which did not
contain visible in microscope defects or inclusions. The chips
of HoFes(BOs)4 crystals was used as a sample in high-pressure
experiments.
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Figure 2. All experimental p-T points. Color code: red point-phase R32,
green point-phase P3;21, blue-phase boundary.
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Results and disscusion

The crystal HoFe3(BO3), was investigated by Raman spectroscopy
in a temperature range from 296 to 560 K and simultaneously
under pressure up to 7.1 GPa. We determined the symmetry of
crystal phase from Raman spectra during the experiment.

On the basis of previous work,['? we know changes of the
Raman spectrum of the HoFe;(BOs), crystal at the temperature
of phase transition point. Raman spectra transformation with
quasi-constant pressure and different temperatures presented in
Fig. 1. The phase transition point could be determined by ana-
lyzing the sequence of Raman spectra acquired during changing
temperature of the resistive heater. The first feature is a structural
soft-mode condensation in low-wavenumber region of Raman
spectra sequence of HoFes;(BO3), crystal. The next features are
eliminating lines in the middle wavenumber regions and at high
wavenumber regions, the corresponding vibration of
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Figure 3. p-T phase diagram of HoFe;(BOs), crystal.
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Figure 4. Compare view of initial sample (green) and after experiment
(black) in drilled gasket. White crystal-pressure sensor.

BOs groups. All experiment points according to the assignment
to one of phase is presented in Fig. 2. It should be noticed that
points belong to the phase R32 located lower on pressure scale
whereas phase P3;21 spread far to the right on pressure scale.
During the experiment, we set up some pressure value and suc-
cessively change the only temperature. The pressure between
diamond anvils inside gasket chamber slightly increases because
of liquid media volume expansion with temperature increment.
Obtained Raman spectra for any pair temperature-pressure of the
parameters value could be uniquely assigned to one of three
pressure-temperature groups, namely belongs to the phase R32,
to the phase P3,21, or to the phase boundary. While the spec-
tra measuring data, which does not meet any of the groups
mentioned previously and belongs to the new phase, were
not found.

In our experiment, the temperature was measured by thermo-
couples in contact with the gasket. The sample temperature could

Figure 5. Shapes of newly grown nanocrystals on sample surface after
experiment.

wileyonlinelibrary.com/journal/jrs

Copyright © 2017 John Wiley & Sons, Ltd.

J. Raman Spectrosc. 2017, 48, 1406-1410



p-T phase diagram of HoFe3(BO3),

Journal of

RAMAN
SPECTROSCOPY

Table 1. Compare composition of initial crystal and growth niddle

Initial crystal Niddle
El AN  Series Norm. C [wt.%] Atom.Cl[at.%)] El AN Series Norm. C [wt.%]  Atom. C[at.%]
Fe 26 K-series 36.26 19.68 Fe 26 K-series 31.90 15.66
Ho 67 L-series 28.02 515 Ho 67 L-series 27.36 4,55
0} K-series 27.47 5205 O K-series 28.59 48.99
B 5 K-series 8.25 2312 B 5 K-series 12.15 30.80
Total: 100.00 100.00 Total: 100.00 100.00

be different from the values measured by the thermocouple. It is
generally assumed that the pressure and temperature shifts are
independent, such that the measured wavelength shift at a given
p-T point is the simple sum of the two contributions.[223134351 We
performed experiments with two pressure sensors for calibrating
thermocouple readings. We used small SrB;0,:Sm?™ crystal as a
pressure sensor that does not depend on the temperature and
the ruby chip as a sensor reading which depends on the pres-
sure and the temperature. Thus, knowing the shift of the ruby
luminescence band, consisting of independent contributions of
temperature and pressure and using the reading of the second
sensor as a pressure data, we calculated the temperature inside
the pressure chamber. Comparing the thermocouple data and the
calculated ones, we got a calibration curve.

The experimental p-T phase diagram of the compound under
investigation with applying temperature correction is depicted
in Fig. 3. An increase in the pressure leads to an increase in the
temperatures of transition, and the dependencies T(p) of the
boundary between the R32 phase and low-temperature P3;21
phase could be described adequately with the equation of the
type T(p) = a + bp + cp?, where a = 3637 £ 21K b =
52.7 £ 5.1K-GPa™',and ¢ = 10.4 & 2.2 K-GPa—2. Therefore, under
pressure, the temperature ranges of the P3;21 phases increase. No
triple points were revealed in the phase diagram.

During research of the phase boundary between two phases,
the critical point has been detected. After reaching a critical point
with the parameters T= 560 K and the pressure P=2.53 GPa, the
spectrum intensity drastically decreased. This transformation was
irreversible: Raman spectrum intensity was not restored even
when the pressure and temperature were decreased to ambient
values. The same behavior could be applied to the crystal’s color
and transparency. Thus, at this point, the experiment was fin-
ished. The sample color and transparency radically changed after
reaching the critical point (Fig. 4). The sample surface was stud-
ied by the electron microscopy after removing the sample from
high-pressure DAC. The new different shapes crystals grown on
the surface. The pyramids, needle crystals, natural faceting crys-
tals were found (Fig. 5). To study the surface of the sample more
carefully, the investigation was carried out with a scanning elec-
tron microscope S-5500 in the Center of the common use of
Krasnoyarsk Scientific Center Siberian Branch of Russian Academy
of Sciences. We made the two assumptions. The first assumption
is the possibility of the phase transition. The second assumption is
that the change of the temperature and pressure caused recrystal-
lization on the sample surface. To test these assumptions, etching
the surface with argon was performed to obtain a sample sur-
face without newly formed crystals and a re-examination by the
Raman spectroscopy. Further investigation by the Raman spec-
troscopy showed that there was no change in the crystal’s original
phase. The studies on the microscope Hitachi TM-3000 are pre-
sented in the Table 1. We performed EDX-spectroscopy analysis

of the needles and initial crystal. Table 1 shows the comparison of
the compositions initial samples and a new needle. The main con-
clusion is that composition of initial crystal and newly grown one
are the same.

Conclusions

On the basis of Raman study of HoFe;(BO;), crystal has been
compressed in the alcohol medium at simultaneously high
pressure and temperature (up to 7.1 GPa and 560 K). The
pressure-temperature phase diagram has been obtained for
the first time for ferroborate crystal with rare-earth element
atoms based on analyzing Raman spectra. The phase boundary
equation was obtained. The critical point with parameters tem-
perature T=570 K and pressure P=2.5 GPa was discovered. Reach-
ing pressure-temperature point with this parameters initiate the
growth process of the new nanostructures on the initial crystal
surface. It has been found that nanostructures could be different
shapes such as rectangular pyramids, needle, and some others.
On the basis of EDX-spectroscopy analysis, we conclude that the
chemical composition of this new nanocrystals is the same as the
composition of the initial crystal.
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