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We systematically investigate the detailed dynamics of the phonon and local structure of rare-earth ortho-
ferrites GdFeO; single crystal with temperature and pressure induced structural/magnetic phase transition by
Raman spectroscopy. Phonon evolution related to the motion of octahedra reveals paramagnetic to antiferromag-
netic ordering transition of Fe** ions at Néel temperature Ty .. By quantifying the polarized Raman spectra,
especially the cross-polarized geometry, the lattice dynamics and distortion with local structure rearrangement
during ferromagnetic transition has been also discovered. Particularly, we claim that the depolarization ratio
could be quantified and used to precisely determine ferromagnetic phase transition of GdFeO; and symmetry
evolution simultaneously. Additionally, pressure dependence (up to 25.03 GPa) of collective phonon behavior
indicates that antiphase tilt in FeOg octahedra is more susceptible to the stress field than the in-phase one. The
FeOg octahedra presents better compressible than GdO,, dodecahedra in the GdFeO; lattice with respect to
pressure. This work has discovered the physical mechanism underlying variation of local structural symmetry,
octahedra tilt, and phonon dynamics in GdFeO;, which can be regarded as the basic view for a series of

GdFeOs-type perovskites and more RFeO; system.
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I. INTRODUCTION

Multiferroics attracts the broad scientific attention in ma-
terial research, whose unusual physical properties simulta-
neously exhibit ferroelectric and magnetic ordering. Owing
to the coupling characteristics of ferroelectricity and fer-
romagnetism, it is possible to apply external magnetic or
electric field to control charge and spin in the bound system
[1,2]. As a result, multiferroic matters would be regarded
as potential candidate for creating multifunctional devices
in unique designations, such as magneto-optical devices and
spintronic devices [3-5]. As a typical class of multiferroic
materials, rare-earth orthoferrites (RFeOs3) also witness re-
newed research interest due to their fascinating characteristics
including magnetic modulation by temperature or electric
field [6], spin reorientation [7], and magneto-optical effects
[4].

RFeO; perovskites hold Pnma orthorhombic structure
transferred from the distortions of ideal cubic phase with
space group Pm3m [8]. It also belongs to the canted anti-
ferromagnetic (AFM) state resulting from the Dzyaloshinskii-
Moriya interaction, presenting large antisymmetric exchange
interactions in general [9]. Among the family members of
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RFeO3, GdFeOs; (GdFO) is considered as the prototype of
ABO;3; compounds with orthorhombic distortion. GdFeOs3
possesses three magnetic exchange interactions of Fe**-Fe’T,
Gd**-Gd**, and Fe**-Gd*>* [10]. These interactions con-
tribute to different magnetic properties at various tempera-
tures. Below the Néel temperature 7Ty r, = 670 K, param-
agnetic ordering of GdFO turns to G-type AFM ordering
along the a axis with weak ferromagnetic moment along
the ¢ axis due to the Fe’*-Fe’" interaction. A significant
work from Tokunaga efr al. has discovered the ferroelectric
polarization below AFM ordering of Gd** ions, resulting
from the striction by Fe’*-Gd>* exchange interaction in
GdFO [11]. It allows the ferroelectric polarization and mag-
netization to be controlled by magnetic and electric field in
GdFO compounds. Therefore, the physical characteristics of
a multiferroic material are extremely sensitive to its lattice
structure. Understanding structural properties in the typical
class of GdFO crystal is of fundamental significance on many
perovskites like RFeO3;, RMnO3 and (Mg, Fe)SiO; [12].
Presently, the structure and phase transition of perovskites
can be discovered by many tools. For instance, the structural
evolution and phase transition of LaFeO; has been inves-
tigated by means of x-ray diffraction and powder neutron
diffraction [13,14]. It has been reported on GdFeOs in the
last decades that in order to study the Néel transition of Fe
or Gd ions and focus on the spin-phonon coupling, it must be
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done via °"Fe Mossbauer spectroscopy and Raman scattering
[15,16]. On the other hand, pressure-dependent Raman spec-
tra have been applied to reveal pressure dependence of mean
Fe-O bond lengths in RFeO5 [17]. Bhadram et al. considered
that the Raman wave numbers of some modes would be
sufficient to compare CrOg and RO;, compressibility with
pressure [18]. In other words, Raman spectroscopy has be-
come a versatile technique to study molecule/lattice dynamics
and distortions of perovskites solid solution [19-21]. It is not
only considered to be an effective way to probe structural
transitions in different condensed matter systems across the
transition temperature [22,23], but also can be a powerful
tool to investigate the spin-phonon and spin-lattice coupling
[15,24]. The evolution of lattice structure could be obtained by
analyzing the phonon behaviors and molecular vibrations with
external factors like pressure, temperature, electric or mag-
netic field [17,23,25,26]. Therefore, it is reliable to investigate
the structural behavior and phonon dynamics of GdFeO3; com-
prehensively by temperature and pressure-dependent Raman
spectroscopy. To the best of our knowledge, the polarized
Raman scattering has not been used to explore the Néel
temperature of GdFO by analyzing symmetry variation. In
addition, all conclusions of pressure-dependent Raman spec-
troscopy mentioned above should be taken into consideration
to provide a thorough view for GdFeOs.

In this work, we systematically investigated and summa-
rized the phonon and lattice dynamic of GdFeOs single crystal
probed by temperature and pressure-dependent Raman spectra
of both the unpolarized and polarized scattering geometries.
The temperature dependence of depolarization ratio could
give the Néel temperature exactly by following the change
of structural symmetry. The Fe-O bond lengths related to
in-phase and antiphase tilt mode shorten at different rate with
pressure. The compressibility of FeOg and GdO;, polyhe-
dra was also analyzed. We provide a multiperspective and
comprehensive physical study on magnetic phase transition,
phonon, and lattice dynamics in the bound system of GdFO
single crystal under various external fields. The present re-
sults could strengthen the understanding on the structure and
multiferroic characteristics for more GdFO-based perovskite
systems and structure evolution manipulated by temperature
and pressure.

II. MATERIALS AND METHODS

The GdFeO; single crystal was synthesized by conven-
tional solid-state reaction method [27]. The raw materials
consist of Gd, 03 and Fe,O3 powders with 99.9% purity. At
first, Gd, O3 was dried at 900 °C for 12 h to get rid of adsorbed
water and CO,. The mixture of Gd,O3 and Fe,O3 of ratio
1:1 was heated and grinded at 1150 °C for several days.
Then, the sample was reground and pressed into two rods
with 6-mm diameter under pressure. The rods were sintered
at 1400 °C for 24 h in air. The crystal was grown by the feed
and seed rods with a rotational speed of 25 rpm. Finally, the
obtained single crystal was mechanically polished to erase the
surface overlayer artifacts for Raman spectra measurements.
Some parts of GdFO crystal were crushed into a powder for
pressure-dependent experiments.
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FIG. 1. (a) The front view and (b) 3D view of orthorhombic
perovskite structure of GdFeO; with Pnma symmetry. (c) Schematics
of Fe** spins structure for G-type antiferromagnetic ordering at Néel
temperature.

Raman characterizations were carried out on a Jobin-Yvon
LabRAM HR Evolution micro-Raman spectrometer with a
spectral resolution of 1 cm™'. Temperature dependent ex-
periments from 80 to 700 K were performed by a Linkam
THMSE 600 heating/cooling stage with a heating/cooling
rate of 10 K/min and a temperature accuracy of £0.1 K. A
He-Ne laser with the wavelength of 632.8 nm was used as
the excitation. The laser beam was focused through a 50x
microscope with a working distance of 18 mm. All Raman
spectra were eliminated with respect to the contribution of
Bose-Einstein temperature factor. Polarized scattering mea-
surements were performed with the aid of polarizers, which
were placed in the excitation and detection path to define
the paralleled-polarized (VV) and the crossed-polarized (VH)
scattering geometries. Pressure-dependent Raman scattering
measurements were recorded up to 25.03 GPa at room tem-
perature. The powder of GdFO crystal was manually grinded
and loaded into a tungsten gasket of 100 um diameter in the
diamond anvil cell (DAC) with diamond culets of 300 um
diameter. Silicone oil was used as the pressure-transmitting
medium. Although the experimental data would be affected
by the slow solidification of silicone oil, the sample in the
DAC was in the state of hydrostatic pressure within the present
range of stress field. The pressure was calibrated by the
ruby luminescence method [28]. All spectra were reduced by
n(w, T)+1 to eliminate the contribution of the Bose-Einstein
temperature factor from the measured scattering intensity. The
Bose-Einstein temperature factor is described as n(w, T) =
1/[exp (hw/kT) — 1], where #, w, k, and T are the reduced
Planck constant, phonon frequency, Boltzmann constant, and
temperature, respectively. To quantify the phonon dynamics,
Lorentzian-shaped deconvolution of the spectra were used
according to the damped harmonic oscillator model.

III. RESULTS AND DISCUSSION

The single crystal GdFeOs; crystallizes in the orthorhom-
bic structure with centrosymmetric space group Pnma, as
shown in Figs. 1(a) and 1(b). The GdFO lattice structure
consists of the corner-sharing FeOg cation-centered octahedra
with Gd** ions occupying the space of three-dimensional
skeletons of octahedra. The octahedra tilt system cannot
only be described as a~bTa~ in Glazer’s notation [29], but
also be set as rotations by angles 6, ¢, and ¢ around the
[101]pc, [010],c, and [111],c axes, respectively [30]. The spin
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FIG. 2. Temperature dependence of unpolarized Raman spectra
of GdFeOj; and the corresponding Lorentzian fitting.

structure of the Gy A, F; type in Bertaut’s notation for the
Fe sites is also presented in Fig. 1(c). Gy, Ay, and F; is the
spin components along the a, b, ¢ axis of the orthorhombic
unit cell with the NaCl-type, the layer-type antiferromagnetic
and ferromagnetic-type configurations [31], respectively. The
exchange striction, which is resulted from the eight nearest-
neighbour Fe ions, would be offset in this G-type structure
[32].

GdFeO; has several magnetic transitions like paramag-
netic to weak ferromagnetic transition of Fe** ions (Néel
transition ( 7'y r.)), spin-reorientation transition of Fe* ions
(T sgr.re) and AFM ordering of Gd** ions below 2.5 K,
respectively. These magnetic transitions belong to second-
order transition, exhibiting weak thermal hysteresis [33].
The Gd ions in GdFeO; are in the paramagnetic state
within the temperature range of 80-700 K. In order to ex-
plore the evolution of phonons with the temperature, Ra-
man spectral measurements are carried out, as shown in
Fig. 2. According to group theory, GdFO has 24 Raman
active modes, 28 infrared modes and 8 inactive modes given
by the irreducible representation at the center of the Bril-
louin zone [24,34]: T' = 7A, + TB1g + 5By, + 5B3, + 8A1, +
8By, + 10B,, + 10B3,. The Lorentzian-shaped deconvolution
of the spectra by the damped harmonic oscillator model is
fitted and presented to specify the phonon frequency and
its thermal evolution. As the temperature increases, almost
all the modes are found to shift towards a lower frequency
range, becoming broadly consistent with thermal expansion.
Some modes of weak-intensity peak are even disappearing at
higher temperatures. With increasing the temperature, how-
ever, the peaks are mostly broadening and merging with the
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FIG. 3. The thermal evolution of phonon frequency for various
vibrational modes and the red solid lines are the fitting curves based
on the anharmonic model.

background signals. The number of phonons and phonon
frequency have an intimate relationship to lattice symmetry
and atomic distances.

The vibration modes associated with the displacement of
rare earth ions are mainly located below 200 cm~! involving
Ag(2), Bg(5) and Ag(5), whereas phonon modes between
200 and 400 cm~! are dominated by oxygen octahedral tilt
modes including Bi4(3), B2g(7), Ag(7), and Ag(4). The modes
within 450-500 cm ! are from the oxygen octahedral bending
vibrations, while the mode at 625 cm™! is related to in-phase
stretching (breathing) vibration of FeOg octahedra. Figure 3
illustrates the evolution of phonon frequency as a function
of temperature for some typical vibrational modes. It can
be found that the magnitude of frequency shifts is different
for various modes. While B,,(5) modes shows a shift about
5 cm™~!, the modes of Ag(7) exhibits a larger shift of about
16 cm™ . It indicated that the mode related to FeOg octahedra
rotation are more sensitive to temperature than the mode dom-
inated by Gd** ions. The evolution of the phonon frequency
(w) and full width at half maximum (I") with the temper-
ature can be also described by the anharmonic model pro-
posed by Balkanski [35]. The equation I'(T) = A[1 + =*] +
B[1 + e‘i_l + ﬁ] takes into account of fitting the fre-
quency variation with temperature, where x = hiwy/2kpT,y =
hwo/3ksT, wy, A and B are adjustable parameters. Most
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FIG. 4. (a) The VV-mode and VH-mode Raman spectra for GdFeO; at room temperature. (b) Temperature dependence of polarized Raman
scattering in VV geometry. (c) The thermal evolution of phonon frequency in the VV and VH geometry for various phonon modes of A,4(2),

B1y(5), Ag(5), and Ay(7), respectively.

vibrational modes can be fitted well, as shown in Fig. 3, except
for the mode of By,(1). The frequency of the vibrational mode
around 625 cm~! moves first to higher frequency, and then to
lower frequency as the temperature rises. It can be suggested
that this anomalous phonon behavior may be attributed to
a two-phonon mode or the impurities of crystal [36,37]. At
the same time, the mode of By,(3) at 254 cm~! and Ag4)
at 399 cm~! present abnormal phenomena that the phonon
frequency shifts to a higher range as temperature increases
from 660 to 670 K. The B4(3) and A,(4) modes represents
the octahedra rotations around the [010],. (in-phase) and
the [101],. (antiphase) axes. In the description of Landau
theory, octahedra rotation is the order parameter for the phase
transtion from cubic phase with high symmetry [24]. Thus,
the B1¢(3) and Ay(4) modes corresponding to Qoio}, and
Q[IOI]W respectively, are the order parameters of Pnma struc-
ture for GdFeOs-type perovskites. The anomalous phenomena
of phonon frequency shift corresponding to the change of
scattering peak are typically considered as one of the criteria
to evaluate the change of crystal structure. It is well known
that the phase transition of lattice structure is likely to bring
abnormal changes in phonon frequency of vibrational modes.
As we know, RFeO3; compounds undergo a structural transfor-
mation of orthorhombic—rhombohedral-cubic at much higher
temperatures, as compared to magnetic transition. Hence, we
conclude that the temperature point of the abrupt change
in phonon frequency is the Néel temperature of magnetic
transition for Fe ions. Due to exchange striction, magnetic
ions would displace, which further leads to the lattice expand
or contract along the direction of interaction resulting in the
coupling of phonon and spin [38,39]. In particular, the sudden
change of the phonon behavior is resulted from the strong
exchange striction around the magnetic transitions.

The polarized Raman scattering is regarded as a reliable
technique to determine anisotropy and symmetry of lattice
[40,41]. It also allows the phonon modes to assign vibrational
symmetries and atomic displacements. As shown in Fig. 4(a),
the scattering light is polarized by polaroids and collected by
backscattering geometry. Raman spectra in the VV and VH
geometries have been plotted in Fig. 4(a) for comparison.
The peaks at 50-200 cm~! related to motions of Gd** ions

are highly sensitive to the polarized orientation. The intensity
of peak at 160 cm~! corresponding to Gd** rotation under
the VH geometry is much stronger than that under the VV
configuration. The phonon mode of A,(4) is only active with
VV scattering, while the B,,(7) mode is only active with
VH scattering pattern. For comparison, the vibration modes
related to FeOg otchaheral of By,(1), Ag(3), A4(7) are all active
with different intensity in two kinds of polarized geometries.
Temperature dependent Raman scattering including the VV
and VH patterns have been performed from 80 to 700 K.
Figure 4(b) shows temperature-dependent VV Raman scat-
tering spectra, exhibiting similar behaviors with unpolarized
ones as increasing the temperature. All peaks shift to higher
frequency and become broadened with temperature. Some
temperature dependences of phonon frequency in the VV and
VH geometry are selected in Fig. 4(c). There are abnormal
phenomena of frequency shift around 670 K solely recorded
by the VH-mode Raman scattering, whereas it cannot be
observed in the VV mode. It would be explained by the
fact, which we observe that the GdFeO; crystal is anisotropic
and/or has inhomogeneity in the local structural distortions.

Our previous study has clearly reported that the intensity
of polarized Raman scattering could figure out the phonon
characteristics and further reflecting lattice change [41]. The
value of peak intensity could be given by

2730v*

, lextut
s—(@prpep) = —F—
c

Ol/]()
C4 F'F?0»

I x

ey

where [, ¢, w is the radiant energy, velocity of light in vacuum,
and the phonon frequency, respectively, F represents x, y, Or Z
axis, er is defined as the electric field of incident light along
the F axis, the incident energy is given by Iy ée% and
apF is the polarizability used to describe the polarization. The
intensity of polarized Raman scattering is proportional to the
polarizability, which becomes an important criterion to eval-
uate the symmetry and anisotropy of molecules. Figure 5(a)
summarizes the thermal evolution of the normalized inten-
sity of A4(2), B2,(5), Ag(7), Bye(1) modes at the temperature
range of 500-700 K. The polarized peak intensity gradually
weakens within the temperature range, and only an obvious
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FIG. 5. Temperature dependence of (a) the normalized intensity
and (b) depolarization ratio of polarized scattering for A,(2), B1,(5),
Ay(7), and By, (1) modes, respectively.

anomaly in frequency shift occurs around 670 K. It indicates
that GdFeO3 has a magnetic phase transition at 670 K.

Apart from two basic parameters of the phonon frequency
and intensity of Raman scattering, the depolarization ratio (po;)
is the third important parameter to distinguish the thermal-
induced lattice structural evolution and phase transition of
GdFO. The value of p; is given by

by _ 3

= =, 2
Iyy 45 + 482 @

i
where & is the average of polarizability along three pri-
mary crystallographic axes, and 8% presents the degree of
anisotropy [42,43]. The depolarization ratio, regarded as a
key parameter, represents the degree of anisotropy with its
difference and indicates the symmetry evolution. Figure 5(b)
plots the temperature-dependent depolarization ratio p;(7T)
of vibrational modes of Ag(2), Byg(5), Ag(7), and Bye(1).
The value of depolarization ratio for Ag(2) and Ag(7) modes
becomes stable with the temperature, where only a sudden
drop occurs at 670-680 K. Local structure rearrangement of
GdFO, which may result from the exchange striction, was
discovered across Ty p. [14,15]. This is the signature of
a second order magnetic phase transition, where exchange
striction would induce concomitant changes in bond lengths
and atomic positions. A tiny local distortion in the positions
of atoms has already resulted in the sudden change of sym-
metry. In other words, the crystalline structure can change
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FIG. 6. Pressure dependence of Raman spectra observed at room
temperature within the pressure range of 0.11-25.03 GPa.

continuously or discontinuously, but the symmetry change can
only be abrupt. Hence, it reasonably corresponds to the abrupt
changes during the process of the magnetic phase transition,
which is generally expected to be second order. As for the
By,(1) mode, the depolarization ratio has no value when the
temperature is higher than 670 K. The molecular geometry
could be judged by the value of depolarization ratio. If p;(T)
(less than 0.75) approaches to 0, it illustrates a better symme-
try of vibration configuration. The p;(T") value of B»,(5) mode
is generally lower than that of A,(2) mode, representing the
higher symmetric geometry of molecular vibrational configu-
ration. The ratio is close to zero resulting from the spherical
symmetry due to the anisotropic degree 8> = 0. The behavior
of polarized Raman scattering is more obvious than that of
the unpolarized one. Therefore, the analysis of temperature
dependent polarized intensity and depolarization ratio reveals
the thermal-induced lattice symmetry of GdFO during the
magnetic transition.

Recently, hydrostatic pressure has been gradually taken
into considerations to study critical phenomena. It would
permit the change of the interatomic distances so that pressure
gives rise to the interactions to a greater extent than other
external factor like temperature. As for the phonon and lattice
behavior of GdFeO5; under stress field, we also carried out
pressure-dependent Raman scattering measurements at room
temperature up to 25.03 GPa. Figure 6 presents the evolution
of Raman spectra with pressure to probe the lattice distortions.
The unit cell is compressed resulting from increasing the
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pressure. This situation would lead to the variation of the
FeOg octahedral tilt at respective pressure, which contributes
to significant changes in the Raman spectra. Therefore, all the
phonon modes shift to the higher frequencies and become
broader owing to shorter bond and volume reduction due
to increasing the pressure. The intensity of phonon modes
weakens and some peaks disappear eventually burying in
the background signals as presented in Fig. 6. Note that it
has been reported that the RFeOs; compounds has a first-
order isostructural insulator-to-metal phase transition beyond
40 GPa [17]. In the available pressure range, GdFeO; lattice
does not present structural transformation.

The frequency of phonon modes [B1,(3) and Ag(4)] were
plotted as a function of pressure to exhibit more details of
frequency shift with pressure in Fig. 7(a). As previously
mentioned, the Bj,(3) and A,(4) modes corresponding to in-
phase and antiphase tilt are assigned to the FeOg octahedral
rotations, which are major order parameters related to the
lowering symmetry [8]. The phonon frequency of these modes
shifts to higher frequency about 30 cm™!. Compared to tem-
perature dependence of frequency, pressure has the greater
effect on phonon variations. As shown in Fig. 7(a), the in-
phase [B1,(3)] and antiphase [A,(4)] tilt behaviors disappear
when the pressure reaches over 20 GPa. It indicates that
the local symmetry presents some variations owing to the
structural adjustment to accommodate the external pressure.
Figures 7(c) and 7(d) exhibit the three-dimensional view of
two vibrational modes. In orthorhombic perovskites, the in-
phase and antiphase tilts along the [010],. and [101],, direc-
tions of pseudo-cubic would transform on the basis of the M;“
and R} irreducible representations of the Pm3m space group,
respectively [29,44]. Raman scattering was utilized to explore

the pressure-induced tilt angles and octahedra distortions. The
frequency (w) of in-phase and antiphase tilt modes follows a
linear correlation with the mean length of Fe-O bond ((Fe-O))
and FeOQg tilt angle (0) [17,45], which could be given as
follows:

w = (a{Fe — O) + b)09, 3)

where the fitting parameters ¢ = —42.3cm ™! /A deg and b =
109.1 cm~!/deg, respectively [44]. Furthermore, the relation-
ship between the pressure and wave number of the tilt mode
is expressed by

99 tatbire— 0y P2 +aoe) (LY. @y
ap ¢ ¢ apr "¢ A
As ‘d]—‘l‘; is the slope of the function of pressure-dependent
wave numbers and other parameters were referred
[44,45], we obtained L9 = —0.0046 £ 0.0001,

—0.0026 & 0.0002 A/deg for in-phase and antiphase tilt,
respectively. The bond lengths for both tilt modes reduce
under pressure. These obtained values of % illustrate
that the mean bond length of in-phase tilt decreases at a
larger rate than that of antiphase tilt as the pressure increases.
The bond lengths could reflect the degree of octahedral
distortion, which demonstrates the mechanism of pressure
accommodation.

On the other hand, the relative compressibility of the BOg
octahedra and AO,, dodecahedra plays an important role in
understanding the structural stability with pressure increasing.
In order to find out the structural evolution of GdFeOs, we
focus on the slope of pressure dependent frequency of every
observed mode. According to a regular rule about the pressure
dependence of phase sequence based on bond-valence concept
[12], the ratio of compressibility (M4/Mpg) of AO;, and
BOg less or more than unity would allow us to determine
the perovskite to become more distorted or less with the
external pressure increasing. In terms of GdFeO;, the case
of Ms/Mp > 1 points out that the FeOg octahedra are
more compressible than GdO,, dodecahedra and GdFO would
transfer to higher symmetry phase with increasing the pres-
sure [46]. However, many of 3:3 perovskites do not follow
this regular rule. For example, previous reports pointed out
that RFeO3; and RCrOs; with smaller R ions turn to more
distorted structures with the pressure [17,18]. Here, all the
measured frequency of each phonon could be fitted according
to a linear-related function with respect to pressure, following
Aw(P) = A x P, where parameter A is first-order pressure
coefficient. The value of each pressure coefficient for phonon
mode was given in Fig. 7(b). Particularly, B,(1) mode, rep-
resenting the antistretching vibration of FeOg octahedra, has
the largest value of pressure coefficient. It may be attributed
to high sensitivity to the changes in Fe-O bond lengths inside
octahedra for the frequency of the B,,(1) mode. The in-phase
and antiphase tilt modes [B4(3) and Ag(4)] have a similar
value of pressure coefficient. On the contrary, the value of
pressure coefficient for GdO; sites corresponding to the Ag(7)
mode is smaller than the ones for most modes related to
octahedra like B1g(3), Ag(3) and By,(1). The compressions at
A and B sites are anisotropic owing to the presence of bonds
with different length in orthorhombic ABO; [47]. Hence, the
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frequencies of By,(1) and A,(7) modes, which rely on the
average Fe-O and Gd-O bond lengths, would be sufficient
to compare the related FeOg and GdO |, compressibility with
pressure qualitatively. As a result, these values also indicate
that the GdO,, dodecahedra are less compressible than FeOg
sites with pressure.

The radius of R** ions can adjust the octahedral distor-
tion continuously in orthorhombic perovskites. It has been
reported that the octahedral distortion of these orthoferrites
with larger size of R3* suppressed with increasing the pressure
experimentally and theoretically, while the rare-earth cations
smaller than Gd** have the opposite pressure-dependent be-
haviors [17,48]. We believe that the rule of relative polyhedral
compressibility is suitable for GdFeOs and these orthoferrites
with rare-earth ions larger than Gd3t, but may not be suitable
for orthoferrites with rare-earth ions smaller than Gd>*.

IV. CONCLUSION AND OUTLOOK

This work systematically demonstrates the temperature
and pressure dependence of ferromagnetic ordering, lattice
and phonon behaviors on GdFeOs; single crystal through un-
polarized and polarized Raman spectroscopy. The Néel tem-
perature of Fe>* ions has been observed around 670 K under
the thermal field. Particularly, it is proven that the polarized
scattering performs higher sensitivity than the unpolarized one
to detect the local symmetry and anisotropy of lattice induced
by magnetic transition. Thus, we reveal that the magnetic
ordering transition at 670 K is accompanied with the local
structure and symmetry change by quantifying temperature
dependent depolarization ratio. The concept of depolarization
ratio could be applied into studying magnetic transition of
RFeO3; compounds.

Moreover, pressure dependence of phonon evolution in-
dicates that the octahedral tilt behavior plays the key role
in local structure of GdFeO; lattice. Especially, we indicate
that the mean bond length of in-phase tilt decreases at a
larger rate than that of antiphase tilt with pressure. The
external pressure makes a greater effect on the compressibility
of FeOg octahedra than that of GdO,, dodecahedra, which
is supported by comparing the frequencies shift of Bj,(1)
and A,(7) modes. This work provides a solid and thorough
investigation on probing the ferromagnetic ordering, lattice,
and phonon dynamics of GdFeOs-type perovskites. And the
present methods and results based on Raman scattering tech-
nique are of fundamental importance for dissecting the struc-
ture property and ferromagnetism tuned by various physical
fields on GdFeOs-type perovskites and more RFeOs solid
solutions.
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