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a b s t r a c t

The ferric pseudobrookite is a rare example of uniaxial anisotropic spin-glass insulator, depicting a
multiglass behavior and magnetoelectric coupling. Here, we present Raman spectroscopy results in order
to elucidate the spin-phonon coupling in Fe2TiO5 for the first time. The experimental data are supported
by computational simulations performed in view of density functional theory, which allowed us to assign
the main Raman-active modes. Temperature-dependent phonon behavior exhibited anomalous evolu-
tion around 55 and 80e200 K, which was explained as successive coupling between lattice and spin
configuration arising from spin freezing and short-range magnetic correlation, respectively. Arguments
that the magnetoelectric effect in Fe2TiO5 is mediated by spin-phonon coupling are presented.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Currently, there has been an expressive interest concerning the
use of nanostructured ferric pseudobrookite (Fe2TiO5) for reactions
of artificial photosynthesis, as a photoanode, in view of its adequate
electronic and structural properties [1,2]. Several authors have
argued that this iron titanate may overcome the well-known issues
when narrow semiconductors are employed for separation and
transportation of charge carriers induced by visible-light [1,3].
These problems are related to fast recombination of the photo-
carriers, as a result of the short diffusion path, and poor water
oxidation kinetics in recognized materials, such as WO3, BiVO4, and
ateriales de Madrid, Consejo
E-28049 Madrid, Spain.

ar.br (J.E.F.S. Rodrigues),
Fe2O3 [4]. Other possible uses for this iron titanate include pig-
ments for heat-resistant colorants or industrial paints [5,6], hu-
midity sensor [7], thermoelectricity [8], and as magnetoelectric
material operating close to room condition [9].

The ferric pseudobrookite presents an orthorhombic unit cell
with Ccmm space group at ambient temperature (D17

2h or #63),
which is an interesting example of spin-glass insulator with uni-
axial anisotropy [10,11]. Alternative settings use space groups
Cmcm and Bbmm [12]. There are two glassy freezing transitions
coupled by Dzyaloshinskii-Moriya (DM) interaction: the longitu-
dinal at TLFz 55 K [13], and the transverse at TTFz 9 K [14]. It
means that only short-range magnetic orders occur below freezing
temperatures, although magnetic correlations at short-range can
also persist until ambient conditions. A second glassy state was
observed for the electric dipoles in the temperature interval
100e150 K, with a remnant polarization of 4000 mCm�2 at 10 K in
the absence of magnetic field [9]. These properties create a scenario
containing both electric and magnetic short-range order and, then,
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defining the multiglass configuration in ferric pseudobrookite. It is
also reported the magnetoelectric coupling that opens up oppor-
tunities for exploring this property in disordered magnetic mate-
rials [9,15].

In recent years, Raman spectroscopy became a complementary
tool and important for probing magnetic order at long-range
through the coupling between phonons and spins of the mag-
netic ions [16e19]: the spin-phonon coupling. In the absence of a
structural phase transition of an insulator material, the coupling
signatures take place when both position and linewidth depart
from their expected behavior due to pure anharmonic effects in the
vicinity of the magnetic transitions. Baltensperger and Helman
showed that the phonon position below critical temperaturewill be
dependent on the scalar spin correlation function [20e22]. Until
now, little is known about spin-phonon coupling in systems
depicting short-range magnetic order [23], except few works
reporting coupling between lattice and magnetic short-range
clusters [24e27]. Also, to the best of our knowledge, there are no
investigations on the symmetry assignment of the optical modes in
ferric pseudobrookite.

This work exploited the low temperature Raman spectra in a
spin-glass insulator systemviewing to elucidate the mechanisms of
the magnetoelectric coupling in oxides containing short-range
electric and magnetic order. As a candidate, we employed the
uniaxial anisotropic spin-glass Fe2TiO5 with pseudobrookite crystal
structure obtained by conventional solid-state method. Our Raman
results were combined with X-ray powder diffraction, scanning
electron microscopy, X-ray absorption near edge structure, X-ray
photoelectron spectroscopy, and magnetic susceptibility data to
better characterize the structural, morphological, compositional,
and magnetic properties of the ferric pseudobrookite. This work
may elucidate details on the coupling between magnetic and
electric order in more general magnetoelectric materials [28].

2. Experimental methods

2.1. Synthesis and (micro)structural characterization

Polycrystalline Fe2TiO5 was synthesized by conventional solid-
state reaction method, in which starting powders of Fe2O3 (99.5%,
purchased from Sigma-Aldrich) and TiO2 (99.5%, purchased from
Sigma-Aldrich) were stoichiometrically weighted and mixed for
24 h with zirconia balls and isopropyl alcohol in nylon jar. The dry
oxidemixtures were then double-calcined in air by two-steps at: (i)
1273 K for 4 h and (ii) 1373 K for 4 h. Final samples were further
ground into fine powders. The phase purity and crystalline struc-
ture were probed by X-ray powder diffraction using a Rigaku
diffractometer with Cu-Ka radiation (40 kV, 30mA) in 2q interval
10�e140� (step size ¼ 0.02�, step time ¼ 10 s) and graphite
monochromator. The diffraction pattern was compared with Card
No. 88380 available at Inorganic Crystal Structure Database (ICSD,
FIZ Karlsruhe and NIST). The Rietveld refinement was performed by
using FullProf [29] program, in which the scale factor, offset, back-
ground, unit cell, Cagglioti parameters, atomic positions, isotropic
atomic displacements, and occupation factors were adjusted. The
formation of ferric pseudobrookite was confirmed without trace of
Fe2O3 or TiO2 as secondary phase. Morphological analysis was
carried out in a Field emission scanning electron microscopy (FEG-
SEM, model SIGMA, ZEISS), equipped with an energy dispersive X-
ray spectrometer, showing some nearly cubic particles with average
size of 0.8 mm. Details are available in Supporting Information.

2.2. Surface chemistry and X-ray absorption

For the surface investigations, X-ray photoelectron spectroscopy
(XPS) at ambient temperature was performed in an Omicron-Sci-
enta spectrometer, equipped with a monochromatic Al Ka X-rays.
Surface charging was eliminated with an electron flood gun. The
pass energy of the analyzer was held at 50 eV for both the survey
and high resolution analysis. XPS spectra analysis was conducted
with the CasaXPS software. The resulting spectra were corrected in
energy with the C 1s peak (at 284.8 eV). Peak decomposition was
achieved by using a Shirley baseline and applying Lorentzian and
Gaussian functions curves with an asymmetric Voigt parameter.
Local atomic structural studies were performed by X-ray absorption
spectroscopy (XAS) measurements at the XAFS2 beamline of the
Brazilian Synchrotron Light Laboratory (LNLSeCNPEM, Campinas,
Brazil). Measurements were performed using the Si(111) mono-
chromator and three ionizing chambers were used for determining
the photon flux before and after the sample and before and after a
metal foil used as standard for energy calibration. Spectra analysis
was conducted with the IFEFFIT library using the GUI Athena soft-
ware [30].

2.3. Magnetic characterization

Magnetic properties by means of ZFC-FC magnetization vs.
temperature curves (ZFC¼ Zero Field Cooled and FC ¼ Field
Cooled), in a DC field of 1 kOe, and AC susceptibility thermal spectra
at 100 Hz, 500 Hz, 1 kHz, 5 kHz, and 10 kHz, with 10 Oe of AC field,
were obtained in a commercial physical property measurement
system (PPMS) by Quantum Design. The sample was placed in a
residual vacuum of He atmosphere (pressure of 10�5 Torr), in the
temperature range from 5 up to 300 K, collecting data at intervals of
~1 K.

2.4. Raman spectroscopy

Spin-phonon coupling was probed by taking Raman spectros-
copy data, which were recorded in a HR800 Evolution spectrometer
from Horiba Jobin-Yvon, equipped with a Peltier-cooled CCD de-
tector, 600 and 1800 grmm�1 diffraction gratings and Olympus
microscope (50�objective LD, NA¼ 0.35). As an excitation source,
a helium-neon laser operating at 633 nm was used in quasi-
backscattering geometry. At the sample's surface, the laser power
was kept below of ~0.4mW in order to avoid local overheating. A
helium closed cycle cryostat with a temperature controller Lake-
Shore 330 was used for the low temperature measurements (from
15 up to 275± 0.5 K) in high vacuum (10�6mbar). The high tem-
perature measurements (from 350 up to 500± 1 K) were per-
formed with the sample inside a Linkan TS1500 micro-furnace. All
the spectra were further corrected by the Bose-Einstein thermal
factor prior to the fitting procedures by the Lorentzian functions
[31], being it conducted within the PeakFit software.

3. Computational methods

The computational simulations were performed according to
the periodic density functional theory (DFT) with WC1LYP hybrid
functional [32] implemented on CRYSTAL17 program [33]. The
choice of this functional was due to the better results on the elec-
tronic and structural parameters. Iron, titanium, and oxygen cen-
ters were described by 86-411d41G [34], 8-6411(31d)g [35], and 8-
411(1d)G all-electron basis sets, respectively. The calculations were
conducted with truncation criteria for the Coulomb and exchange
series controlled by a set of five thresholds (10�8, 10�8, 10�8, 10�8,
and 10�16), and shrinking factors set to 8 for Pack-Monkhorst and
Gilat net. The convergence was achieved by setting in 2 the dif-
ference between the number of a and b electrons of the first five
Self-Consistent Field (SCF) cycles. The initial atomic positions and



Fig. 1. (a) X-ray powder diffraction (XRPD) data for Fe2TiO5 pseudobrookite. The red
open circles indicate the experimental data, the black line the refined data, the blue
line the difference between experimental and refined data, and the green markers the
Bragg positions. (b) Schematic representation of the pseudobrookite crystal structure
with the VESTA software. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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lattice parameters were set according to the ICSD Card No. 24134.
All the Raman modes were calculated by means of numerical sec-
ond derivatives of the total energy. The Raman intensities were
calculated by the CPHF/KS scheme [36,37].

4. Results and discussion

From X-ray data and Rietveld refinement in Fig. 1(a), it was
confirmed that the as-synthesized ferric pseudobrookite belongs to
Table 1
Structural parameters of the Fe2TiO5 pseudobrookite at room temperature obtained in th

Atom Wyckoff site x y

Fe1/Ti1 4c 0.1875(1) 0.25000
Fe2/Ti2 8f 0.13582(7) 0.56402(7
O1 4c 0.7581(6) 0.25000
O2 8f 0.0477(3) 0.1164(3)
O3 8f 0.3116(3) 0.0717(3)
Unit cell parameters Cagglioti parameters
a (Å) 9.7882(1) U 0.0413(2)
b (Å) 9.9770(2) V �0.0373(
c (Å) 3.72993(5) W 0.03618(7
V (Å3) 364.25(1) Shape 0.4161(6)
r (g.cm�3) 4.371
the orthorhombic Bbmm space group (D17
2h or #63) with four for-

mulas per unit cell (Z ¼ 4). The refined parameters including lattice
constants, atomic positions, occupancies, and atomic displace-
ments are summarized in Table 1. At this point, it is worth discus-
sing some crystal structure details on the Fe2TiO5. A debate in
literature was started after the earlier results of Linus Pauling
concerning the orthorhombic phase of ferric pseudobrookite [38]. A
first structural solutionwas reported byWyckoff, which considered
a fully ordered structure with Fe3þ at 8f (M8f) and Ti4þ at 4c (M4c)
sites, within the D17

2h space group. These two sites are represented in
Fig. 1(b), which depicts a network of M8f and M4c octahedra. More
careful analyses have shown that both nonequivalent sites are
shared by Fe3þ and Ti4þ cations (partial occupancy) with a slightly
preferential tendency of iron (titanium) at 4c (8f) positions [5,12].

Indeed, from the refinement, the iron ions occupy ~75% of 4c
sites, while these ions are in ~62% of 8f positions. It means that our
pseudobrookite is different from fully disordered structure, in
which iron ions are in ~67% and ~67% of 4c and 8f sites, respectively.
This assumption is also confirmed by the occurrence of (112)
reflection peak at 2qx 31.3� [12]. Table 2 displays the most
representative interatomic distances and angles. It is clear that the
8f sites show a strong distortion when compared to 4c ones. The
bond distance data also provided information on the iron and ti-
tanium valence states by means of Bond Valence Sum (BVS), con-
firming the presence of Fe3þ and Ti4þ cations. As reported by
Atzmony et al., the spin-glass behavior in ferric pseudobrookite is a
direct consequence of the cation distribution on 8f and 4c sites,
leading to a random spin canting and, consequently, the spin-glass
freezing [39].

The local atomic feature of the as-synthesized ferric pseudo-
brookite was investigated by XANES technique. The Ti K-edge
XANES spectrum in Fig. 2(a) displays awell-resolved pre-edge peak
at 4971 eV that is attributed to Ti dipolar electronic transition (1s
⟶ 3d). This pre-edge peak also means that the Ti4þ cations are
present on the structure of the pseudobrookite. The shape of this
pre-edge peak is different compared with TiO2 (anatase or rutile
phases) [40], but very similar to that previously reported for
Fe2TiO5 [40]. For the Fe K-edge XANES spectrum in Fig. 2(b), the
pre-edge peak located at 7114 eV can be associated with Fe3þ cat-
ions from the Fe2TiO5 stoichiometry.

The chemical surface composition of the as-synthesized ferric
pseudobrookite was probed by XPS technique. The XPS Ti 2p
spectrum in Fig. 2(c) depicts two photoelectron peaks centered at
binding energies of 458.4 (Ti 2p3/2) and 464.2 eV (Ti 2p1/2), which
are ascribed to the presence of the Ti4þ cations in the Fe2TiO5
system. The Fe 2p spectrum in Fig. 2(d) shows the occurrence of
two peaks located at 711.1 and 724.8 eV, which are associated with
Fe 2p3/2 and Fe 2p1/2 photoemissions, respectively. A satellite peak
is clearly visible at 718.9 eV, which attested the presence of Fe3þ

ions [41]. Both XANES and XPS results are in good agreement with
e Rietveld refinement (Space group: Bbmm or #63).

z Uiso (Å2) Occupancy

0.00000 0.0029(2) 0.76(2)/0.24(2)
) 0.00000 0.003(1) 0.624(9)/0.376(9)

0.00000 0.0053(7) 1.000
0.00000 0.0037(5) 1.000
0.00000 0.0026(4) 1.000
Reliability factors
Rp (%) 11.60

2) Rwp (%) 15.10
) Rexp (%) 10.78

RBragg (%) 4.430
c2 1.970



Table 2
Interatomic distances and angles obtained in the Rietveld refinement of the XRPD pattern. Bond Valence Sum (BVS) for iron and titanium is also provided.

M4c ≡ (Fe1,Ti1) M8f ≡ (Fe2,Ti2)

Bond Distance (Å) Bond Distance (Å)

M4c‒O1 (�2) 1.989(2) M8f‒O1 (�1) 2.126(3)
M4c‒O2 (�2) 1.911(3) M8f‒O2 (�1) 1.871(3)
M4c‒O3 (�2) 2.154(3) M8f‒O2 (�1) 1.996(3)

M8f‒O3 (�2) 1.9362(8)
M8f‒O3 (�1) 2.190(3)

〈M4c‒O〉 2.018 〈M8f‒O〉 2.009
BVS (Fe1) 3.09(1) BVS (Fe2) 3.19(1)
BVS (Ti1) 3.60(1) BVS (Ti2) 3.71(1)

O‒M4c‒O angles O‒M8f‒O angles

Angle (�) Angle (�)

O1‒M4c‒O2 (�4) 104.4(2) O1‒M8f‒O2 (�1) 103.0(3)
O1‒M4c‒O3 (�4) 78.8(1). O1‒M8f‒O2 (�1) 176.4(3)
O2‒M4c‒O3 (�2) 80.1(2) O1‒M8f‒O3 (�2) 80.5(1)
O2‒M4c‒O3 (�2) 168.6(3) O1‒M8f‒O3 (�1) 99.0(2)

O2‒M8f‒O3 (�1) 77.4(2)
O2‒M8f‒O3 (�2) 98.7(2)
O2‒M8f‒O3 (�2) 104.1 (2)
O2‒M8f‒O3 (�1) 158.0(3)

M4c‒O‒M8f angles

Angle (�)

M4c‒O1‒M8f (�4) 99.8(1)
M4c‒O2‒M8f (�1) 108.6(1)
M4c‒O2‒M8f (�1) 152.0(1)
M4c‒O3‒M8f (�1) 93.9(1)
M4c‒O3‒M8f (�2) 100.52(9)

Fig. 2. (a) Ti K-edge XANES spectrum, (b) Fe K-edge XANES spectrum, (c) Ti 2p XPS spectrum, and (d) Fe 2p XPS spectrum for the as-prepared ferric pseudobrookite. Both techniques
showed the occurrence of iron and titanium cations with valence states of 3 þ and 4þ, respectively. In (c), the dotted lines (red and green) are the fitted data and Shirley-type
baseline function, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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X-ray data in view of the BVS summation, indicating that the solid-
state reaction was successful to synthesize ferric pseudobrookite.

Fig. 3 depicts the DC and AC magnetization behavior as a func-
tion of temperature in the interval between 5 and 100 K. For
completeness, we confirmed reported results [9,10,42] on the
magnetic properties of Fe2TiO5 pseudobrookite, mainly focusing on
the spin-glass phenomena. In the ZFC curve with 1 kOe of applied
field, a cDC-peak at 55 K should be ascribed to the longitudinal
freezing transition (TLF), while a second broad maximum located at
9 K is a signature of the transverse freezing transition (TTF). The first
signature of the spin-glass character of Fe2TiO5 pseudobrookite
comes from the bifurcation of ZFC-FC curves below TLF, which is
related to the irreversible feature depicted by spin-glass materials.
The second signature may be seen through the AC susceptibility
data in a field of 10 Oe. Particularly, both c0

AC- and c00
AC-peaks at TLF

are frequency-dependent and shifting for increased frequency, as
shown in details of Fig. 3. Our results are in good agreement with
other magnetic investigations performed on the single crystal and
powder forms of ferric pseudobrookite, confirming its spin-glass
character and the partial occupancy of 8f and 4c crystallographic
sites.

Based on the site distribution in Guo et al. [12], the number and
symmetry of optical phonons at the Brillouin zone-center (G-point)
was calculated by taking the irreducible representation of D2h
factor group, as summed up in last column of Table 3. The phonons
with infrared and Raman responses are foreseen as 18 IR-active
Fig. 3. Temperature dependence of the magnetic susceptibility (c) thermal spectra for
the Fe2TiO5 pseudobrookite. Top-row: DC magnetization (ZFC and FC) as a function of
temperature. Bottom-row: AC susceptibility thermal spectra at some representative
frequencies, namely 100Hz, 1 kHz, and 10 kHz.
(GIR¼ 7B1u 4 4B2u 4 7B3u) and 24 Raman-active (GRaman¼ 8Ag

4 5B1g 4 8B2g 4 3B3g) modes. Here, g and u subscripts represent
the parity under the inversion symmetry, which sets the mutual
exclusion rule of states in centrosymmetric crystal structures.
Raman spectra at 15 K were acquired in ferric pseudobrookite, as
summarized in Fig. 4. Since one should expect 24 Raman modes in
the first-order spectra, it was carried out a carefully spectral
decomposition by Lorentzian functions. It can be seen that only 21
bands are defined to be clearly identified through the fitting anal-
ysis. It is also important to highlight that no signals of anatase
(143 cm�1) [43], rutile (442 and 609 cm�1) [44,45], or hematite
(1310 cm�1) [46] phases were found, corroborating that our ferric
pseudobrookite samples are free of spurious phases. Also, the dis-
tribution of main Ramanmodes in Fig. 4 is in accordancewith other
reported results [47,48].

In literature, to our knowledge, there are no papers devoted to
assign the vibrational modes of ferric pseudobrookite. However,
Bersani et al. reported the Raman spectrum of natural pseudo-
brookites in order to be employed as a reference [47]. Wang et al.
extracted the ferric pseudobrookite Raman spectra in yellow zones
of marbled sigillata, arguing that this phase was stabilized by par-
tial cationic disorder due to the Al and/or Mg substitutions into the
crystal structure [48]. Based on the force constant calculations for
the anatase and brookite phases, they attributed the bands at
200e220 cm�1 (Peaks No 5 and 6, in Fig. 4), in Raman spectra of
Fe2TiO5, to the bending-type motions, while that one at 660 cm�1

(Peak No 17, in Fig. 4) to the stretching-type vibrations. Such modes
are sensitive to the disorder effect allowing its monitoring through
line broadening.

In this work, the Raman spectrum of ferric pseudobrookite was
calculated by means of density functional theory method. The
accordance between experimental and theoretical data was
partially reached in view of the mode position, as shown in Fig. S2
of Supporting Information. Since we have employed an ordered
primitive unit cell, i.e. without partial site occupation, for calcula-
tions, one can conclude that our synthesized Fe2TiO5 has some
degree of cationic disorder, as confirmed by Rietveld refinement in
Table 1. This assumption is in accordance with the work of He et al.
on the lattice dynamics in pseudobrookite-type MgTi2O5 [49]. The
authors optimized a fully ordered pseudobrookite to extract its
optical modes, which showed a good agreement with experimental
data. The main reason for that was the high degree of cationic order
achieved after annealing process. Even so, the main bands in Fig. 4
are tentatively assigned in Table 4. Fig. 5 displays the atomic
displacement patterns for some selected Raman active modes in
Fe2TiO5 pseudobrookite. The low wavenumber modes below
200 cm�1 are mainly related to displacements of M4c and oxygens
anions in M4ce(O)4 units, as described by the primitive unit cell for
the phonon calculation. The intermediate modes at 250‒400 cm�1

mainly concern movements arising from M8f and M4c sites, which
include polar displacements, stretching, and bending of Oe(M8f)2
and M4ce(O)4 units. Besides, out-of-plane plane oxygen bending in
M4ce(O)4 units has energy near 661 cm�1 (calc. 651 cm�1), while
the Ag mode at 787 cm�1 (calc. 809 cm�1) represents symmetric
oxygen stretching. In the partially disordered state, these modes
involve iron ions, being also affected by changes in M8feO and
M4ceO bond lengths. The complete set of the vibrational patterns
for all the Ag, B1g, B2g, and B3g symmetries can be found in Sup-
porting Information.

Spin-phonon coupling was probed by following the trend of the
Raman modes near critical temperature at 55 K, corresponding to
the longitudinal freezing transition (TLF), and also for temperatures
well above TLF, in which the Fe2TiO5 pseudobrookite depicts
magnetoelectric coupling. Fig. 6 exhibits the temperature-
dependent Raman spectra of Fe2TiO5 pseudobrookite in the



Table 3
Nuclear site group analysis for the ferric pseudobrookite (Fe2TiO5) with orthorhombic unit cell belonging to the Ccmm space group.

Atom Site Symmetry Irreducible Representation

Fe1/Ti1 4c C2vx (2mm) Ag 4 B1g 4 B2g 4 B1u 4 B2u 4 B3u

Fe2/Ti2 8f CSxz (.m.) 2Ag 4 B1g 4 2B2g 4 B3g 4 Au 4 2B1u 4 B2u 4 2B3u

O1 4c C2vx (2mm) Ag 4 B1g 4 B2g 4 B1u 4 B2u 4 B3u

O2 8f CSxz (.m.) 2Ag 4 B1g 4 2B2g 4 B3g 4 Au 4 2B1u 4 B2u 4 2B3u

O3 8f CSxz (.m.) 2Ag 4 B1g 4 2B2g 4 B3g 4 Au 4 2B1u 4 B2u 4 2B3u

Total 8Ag 4 5B1g 4 8B2g 4 3B3g 4 3Au 4 8B1u 4 5B2u 4 8B3u

Acoustic B1u 4 B2u 4 B3u

Silent 3Au

Infrared 7B1u 4 4B2u 4 7B3u

Raman 8Ag 4 5B1g 4 8B2g 4 3B3g

Fig. 4. Raman spectrum recorded at 15 K in ferric pseudobrookite and its spectral decomposition process, where black and dotted red lines are the experimental and fitted data,
respectively. Blue lines represent Lorentzian profile functions. Both position U and width G of each mode is listed in Table S2 of Supporting Information. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Assignment of the main Raman-active modes observed at 15 K in ferric pseudobrookite (Fe2TiO5).

Expt. at 15 K DFT Symmetry Main atomic motion

144 (# 2) 144 B1g M4c and oxygens out-of-plane displacement in M4ce(O)4
199 (# 5) 211 Ag M4c and oxygens in-plane displacement in M4ce(O)4
222 (# 6) 263 B1g M8f and oxygen out-of-plane motion in Oe(M8f)2 / M4c polar motion in M4ce(O)4
327 (# 9) 364 Ag Symmetric stretching of Oe(M8f)2 / In-plane oxygen bending of M4ce(O)4
661 (#17) 651 B1g Out-of-plane plane oxygen bending of M4ce(O)4
787 (#20) 809 Ag Symmetric oxygen stretching of M4ce(O)4
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temperature interval 15e500 K. These spectra do not show signals
of any structural phase transition close to the critical temperature,
since the distribution of modes was maintained under temperature
scanning. In the Balkanski description of the temperature-induced
anharmonicity effects on the phonon position (U, in unit of cm�1)
[50], it can be expected a low temperature plateau followed by a
negative linear decrease at high temperatures. The full mathe-
matical expression for such a physical effect is given by the equa-
tion below:

UðTÞ¼Uð0Þ þ C
�
1þ 2

ex � 1

�
þ D

"
1þ 3

ey � 1
þ 3

ðey � 1Þ2
#
; (1)

where x¼ hcU(0)/2kBT and y¼ hcU(0)/3kBT; U(0), C and D (in units
of cm�1) are fitted parameters; h, c, kB, and T maintain their usual
meaning. Such a description includes both three- and four-phonon
process for the perturbation analysis of the vibrational Hamiltonian
[50].

Different from the expected, some interesting phenomena can
be seen through the temperature dependence of the phonon po-
sition of the main bands at 199 (Ag), 222 (B1g), and 661 (B1g) cm�1,
as depicted in Fig. 7(aec). The phonons in ferric pseudobrookite do
not follow the universal trend described by the Balkanski theory.
Instead, they presented anomalies in two temperature intervals:
15e60 and 80e200 K. As earlier mentioned, the first region covers
the longitudinal glassy freezing temperature related to the spin-
glass behavior, while the second one includes the glassy trend for
the electric dipoles. As argued by Sharma et al. [9], the electric
polarization at 150 K (i.e. well above TLF) and its dependence on
applied magnetic field are evidences for the magnetoelectric
coupling in Fe2TiO5. The origin of this property arises from the
short-range magnetic correlations, which were first detected in
neutron diffraction experiments performed by Atzmony et al. [10].

In the absence of a structural phase transition, the unit cell
volume variation induced by temperature change is not enough to
account the phonon anomalies, which induced the deviation from
the pure anharmonic contribution. Previous investigations based
on neutron diffraction, elastic, and specific heat measurements
were not able to detect any anomalous trend near critical



Fig. 5. Schematic representation of the main Raman modes listed in Table 4. Brown,
gray, and red spheres in sketch of atomic motion represent iron (at M8f sites), titanium
(atM4c sites) and oxygen atoms, respectively. The box represents the primitive unit cell
employed for the phonon calculation. The vibrational patterns were interpreted in
terms of theM4ce(O)4 and Oe(M8f)2 units. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Temperature-dependent Raman spectra of Fe2TiO5 between 15 and 500 K.
There is no evidence for structural phase transition in this temperature interval, since
the band distribution was kept the same for all the experiment.
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temperature [10]. Then, we may ascribe such anomalies to
magnetostriction or to spin-phonon coupling-induced phonon
renormalization. Based on Fig. 7(d and e), which shows the tem-
perature dependence of the linewidth (G, in units of cm�1), the
former attribution should be ruled out here, because the widths are
not sensitive to magnetostriction effects [51,52] and, then, they
should follow the Balkanski model [50] (at low T, linewidth ap-
proaches to a constant and, at high T, it increases monotonically).
Instead, it can be noticed a cusp near to TLF z 55 K in temperature-
dependent linewidth, besides a broad minimum in the interval
from 80 to 200 K. We should also discard possible electron-phonon
coupling and its role in linewidth variation, once ferric pseudo-
brookites are highly insulators at low temperature [9,15].

In this way, the anomalies observed in phonon position and
linewidth are strong evidences for the spin-phonon coupling in
Fe2TiO5. In particular, such a coupling occurs between lattice and
spin configuration below TLF (i.e. spin-glass-like freezing), which
denotes the possibility of characterizing spin-glass behavior using
inelastic light scattering spectroscopy. Above TLF, instead, the
coupling is modulated by phonons and short-range magnetic cor-
relations, which may persist until ambient temperature [53].
Indeed, Sharma et al. [9] confirmed the correlation between real
part of dielectric constant (ε) of pseudobrookite and scalar spin
correlation function hSi,Sji, as described by the phenomenological
model by Katsufuji and Takagi [54]:

ε ¼ ε0
�
1þ a

�
Si,Sj

��
; (2)

where S is the spin operator. The above result elucidates that the
magnetoelectric effect in Fe2TiO5 well above TLF is related to the
spin-phonon interaction. More precisely, the magnetic correlations
at short-range induces electric polarization variations, which affect
the phonon position and, therefore, the dielectric constant [55].

Anomalous behavior and phonon softening or hardening close
and below the magnetic ordering temperature are well docu-
mented phenomena in insulators with long-range magnetic order
[22,56,57]. Such processes can be understood as a variation in ex-
change integral Jij due to lattice vibration, which involves the
relative displacements uak of the pure lattice against the sublattice
with magnetic ions [20,21]. In this sense, the energy of the mag-
netic sublattice can be evaluated for the nearest-neighbors, as
follows:

Hm z �
X
i;j> i

Jij
�
Si,Sj

�
; (3)

such that the summation covers the first-neighbors ions j around
the ith iron ion. Considering the modulation of the exchange in-
tegral by ath Raman phonon, the calculation of the phonon energy
should include the spin term, which accounts the shift in phonon
position [56], i.e.

DUsp�ph ¼ 1
2maUa

X
k

bua
kDsbua

k ; (4)

in which ma is the reduced mass, Ua denotes the ath phonon fre-
quency, and Ds is the dynamic spin tensor, which has second de-
rivatives of the exchange integral. Then, the development of Eq (4)



Fig. 7. Temperature dependence of the phonon position (top-row) (aec) and linewidth (bottom-row) (def) of more representative Raman active modes of ferric pseudobrookite
(Fe2TiO5). Dotted red lines represent the anharmonic contribution to the phonon position in view of the Balkanski theory. Abbreviation: LF¼ longitudinal freezing and
EGS¼ electric-glass state. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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will lead to the following equation: DUsp�ph ¼ lhSi,Sji, where l is
the spin-phonon coupling coefficient, which may be different for
each mode, taking positive or negative values. Better description of
such a coefficient is done in view of the microscopy theory [21,58].

Based on the model earlier described, we may consider two
temperature regimes for the spin-phonon coupling, once it were
clearly observed two softening behavior at T( TLF (LF, longitudinal
freezing) and at 80( T( 200 K (EGS, electric-glass state). Since the
atomic motion uak in each Raman active mode (e.g. stretching and
bending vibrations) is not modified at both temperature intervals,
we may consider that the reasons for different shift DUsp�ph values
observed in Fig. 7(aec) comes from modifications in both spin-
phonon coupling coefficient and scalar spin correlation function.
Indeed, l value not only depends on mass and phonon frequency,
but also on the exchange integral and its derivatives. At the same
time, the spin correlation function will be sensitive to variations in
the spin-spin interaction [11], since it is averaged over the spin
system and opposite sublattice [20]. Both facts may explain two
softening in our Raman data, representing successive spin-phonon
couplings due to spin freezing and short-range magnetic correla-
tion, respectively. The above results elucidates that the spin-
phonon coupling plays a role in magnetoelectric property, which
was attributed to the short-range magnetic correlations, well above
TLF, in view of the Katsufuji and Takagi model in Eq (2).

In literature, some recent papers have shown the capabilities of
the Raman spectroscopy for detecting the magnetic order at short-
range in oxide materials. Barbosa and Paschoal reported phonon
softening above ambient temperature in partially ordered
La2NiMnO6 perovskite, which was attributed to short-range in-
teractions from ferromagnetic clusters of Ni3þ/Mn3þ embedded in a
paramagnetic ordered lattice containing Ni2þ and Mn4þ cations
[24]. Chakraborty et al. detected anomalous phonon behavior
near to critical temperature in spin-glass Y0.7Tb0.3MnO3 perovskite
[25], confirming that the spin-phonon coupling should occur
even in materials with local magnetic ordering. Milosavljevi�c
et al. observed a strong spin-lattice interaction related to short-
range magnetic correlations in CrSiTe3 trichalcogenide [27]. These
results are not so surprising because Raman technique is a recog-
nized tool employed to detect local disorder [59e63] and, then, the
modulation in exchange integral by Raman active phonons will be
also seen in systems containing only short-range magnetic order.
Therefore, future studies are now encouraged to theoretically
describe the spin-phonon interactions in magnetically short-range
ordered compounds, as the case of Fe2TiO5 pseudobrookite.

5. Conclusion

In summary, we investigated the temperature-dependent
Raman spectra of the ferric pseudobrookite between 15 and
500 K. No spectral variation induced by structural phase transition
was detected during the temperature scanning. Our results eluci-
dated that the anomalous phonon behaviors are strong evidences
for the coupling between lattice and spin configuration arising from
spin freezing (T( TLF, the longitudinal freezing transition temper-
ature) and short-range magnetic correlation well above TLF. It
means that the Raman scattering is able to probe spin-coupling
effect in insulators with short-range magnetic order.
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