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Dynamics of electron density, spin-phonon coupling, and dielectric properties of SmFeO;
nanoparticles at the spin-reorientation temperature: Role of exchange striction
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Samarium orthoferrite (SmFeQOj3) has been the subject of debate on the existence or nonexistence of ferroelectric
properties. It has a high spin-reorientation transition temperature 7Tsg (480 K). Detailed synchrotron x-ray
diffraction and Raman spectroscopy dielectric investigations in the 300 to 600 K temperature range of SmFeO;
nanoparticles (~65nm) have been performed. Raman spectroscopy established the existence of strong spin-
phonon coupling and magnetostriction in the system. Magnetic measurements showed a spin-reorientation
transition region from 480 to 450 K similar to that of a single crystal. The dielectric constant confirmed a clear
anomaly around Tggr. The signature of unusual relaxor ferroelectric behavior in SmFeO3 nanoparticles from 380
to 480 K was observed in the dielectric properties. The electron density plots obtained using Rietveld refinement
of the synchrotron x-ray diffraction data showed the displacement of the Sm and Fe ions, which can play a key
role in the anomalous behavior at Tsg. The analysis indicated the presence of magnetoelectric coupling due to
the exchange interaction between Sm and Fe spins in SmFeOj; nanoparticles.
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I. INTRODUCTION

Magnetism and ferroelectricity are not usually expected to
gohand in hand [1]. This makes the existence of multiferroicity
in a material challenging. Therefore, there has been great
interest among the scientific community for more than a decade
to understand the fascinating mechanism of the coexistence of
more than one ferroic order in a material [1-4]. Perovskite
rare earth orthoferrites (RFeOsz: where R = lanthanide) are
gaining attention due to their unusual structure, magnetic
anisotropy and physical properties [4-7]. RFeO3 perovskites
are often orthorhombically distorted (Pbnm/Pnma) from the
ideal cubic crystal lattice (Pm-3m) to a lower symmetry. This
structural distortion influences the magnetic ordering and spin
state transitions [8]. The anisotropic nature of rare earth and
Fe moments gives rise to temperature-dependent structural
and magnetic phase transitions. It is also established that
their magnetic properties are sensitive to temperature, besides
magnetic field, and photoinduction [4].

Samarium orthoferrite (SmFeQOj3, or SFO) is a member
of the RFeO; family that has been reported to have ex-
traordinary device applications based on highest spin switch-
ing (Tssw = 278.5K) and high spin-reorientation transition
(Tsr = 480 K) temperatures among the RFeO3 family [9]. The
spin-reorientation temperature Tgg is of great significance in
terms of magnetoelastic devices, where anomalous magnetic,
magnetoelectric, and magnetostriction characteristics near
the spin-reorientation temperature can be used [10,11]. The
spontaneous switching and reorientation of the spins of the Fe
ions is a transition from one weakly ferromagnetic (FM) state
to another, with change of the spin orientation from the c to
the a axis of the rhombic crystal (G, F, to G, F,) [12].
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SFO has an orthorhombic structure (Pnma/D)® space
group) and is composed of four distorted perovskite unit cells,
as shown in Fig. 1. Structural studies using x-ray diffraction
(XRD) in SFO have revealed a weak distortion of FeOgq
octahedra, leading to a buckling angle (Fe-O-Fe) of 147° in
SFO [13].

So far, SFO has been studied mostly for its unusual
magnetic, magnetooptical and electronic properties, in its bulk,
polycrystalline, and single crystal forms, by various groups
[14-19]. In 2011 and 2012, Lee et al. reported the improper
ferroelectricity with a substantial degree of polarization. This
surprising result was based on their experiments on single
crystals of SFO and ab initio calculations [20,21]. They
attributed these observations to reverse Dzyloshinskii-Moriya
(D-M) interaction over exchange interaction. In 2012 Johnson
etal.,based on their analysis of SFO using group theory, argued
against the existence of ferroelectricity due to reverse D-M
interaction and suggested that there is a possibility of exchange
striction between Sm and Fe ions [22]. Following this Lee
et al. reconsidered their findings and attributed the origin of
improper polarization [at the onset of paramagnetic to antifer-
romagnetic (AFM) transition 7y in a nonpolar system (Pnma)]
to an exchange striction (magnetoelasticity) mechanism in
the system. In 2014, Kuo efr al. confirmed by performing
powder and single crystal neutron diffraction, as well as
complementary polarization-dependent soft x-ray absorption
spectroscopy measurements on SFO single crystals, that a
collinear AFM structure (k = 0, G type) is not compatible
with inverse D-M interaction-driven ferroelectricity [23]. They
confirmed (based on the structural data analysis of SFO single
crystals) that there exists a clear sign for magnetoelastic
coupling at the Néel temperature of ~675 K. The dielectric
properties of SFO ceramics were reported by Prasad et al. in
the frequency range of 100 Hz—1 MHz and in the temperature
range from 80 to 300 K [24]. The colossal dielectric constant
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FIG. 1. A unit cell of SFO. Here, the red balls denote the oxygen
atoms (O; and O,), the blue balls represent the Sm atoms, and the
green balls are used for the Fe atoms. The FeOgq octahedra are shaded
in light green to indicate the distortion in the Pnma structure.

was found to be ~10* at room temperature. The response
was similar to that observed for relaxor ferroelectrics [24].
Incidentally, Tokunaga et al. had earlier proposed that in other
rare earth orthoferrite DyFeOs; and GdFeOs; single crystals,
multiferroicity exists due to exchange interaction between rare
earth and Fe spins [25,26].

Nanoparticles of SFO have also been reported. It has been
shown that nanoparticles of SFO (particle size 150-300 nm)
exhibit weak ferromagnetism due to canted AFM ordering
and are semiconducting in nature [27,28]. Although structure
and properties are closely related, to our knowledge there
are no reports on the correlation between observed exchange
striction driven ferroelectric relaxor-like feature of SFO and
the dynamics of structural parameters, spin-phonon coupling,
and dielectric properties near Tsg. Thus, many investigations
that revolve around Ty of the single crystals and nanoparticles
of SFO do not address Tsg and its impact or signature on
the structural and dielectric parameters. The present paper
is intended to investigate the effect of the spin-reorientation
transition on the structural parameters, spin-phonon coupling,
and dielectric properties of SFO. We observed a strong
possibility of magnetoelectric coupling (MEC).

We have obtained XRD data at room temperature, as
well as at various temperatures of interest, using synchrotron
radiation. The lattice parameters obtained from such data
are more promising than laboratory source data in terms
of precision (~0.001 A). We used field-emission scanning
electron microscopy (FESEM), energy dispersive analysis of
x-rays (EDAX), high-temperature (300-645 K) synchrotron
XRD, high-temperature (300-690 K) Raman spectroscopy
techniques to characterize the nanoparticles and studied the
dielectric properties (10 kHz-1 MHz) as a function of
temperature (350-520 K). The high-temperature ranges are
limited by the instrumentation used. We observed evidence
of spin reorientation in structural and dielectric parameters
at a spin-reorientation temperature 7gg of ~480K. We also
observed that below Tsg the dielectric data shows ferroelectric
relaxor-like behavior and above Tsg it vanishes. These studies
indicate the contribution of exchange striction between Sm
and Fe ions in SFO nanoparticles near Tsg.
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II. EXPERIMENTAL DETAILS
A. Synthesis

SFO nanoparticles were synthesized using a similar soft
chemical route combined with post-synthesis annealing, as
reported earlier [29-32]. Briefly, it involves a reaction of stoi-
chiometric amounts of Sm(NOj3);.5H,0 and Fe(NO3);.9H,0
in the presence of tartaric acid at 7 = 573 K. The precipitate
was then heated in an oven at a temperature of 423 K. Samples
were annealed at 773 K for 2 h. The annealed powder was
washed in Milli-Q water and ethanol several times before
complete drying.

B. Characterization

Scanning electron microscopy (SEM) images were
recorded using a Zeiss Ultra Plus FESEM at a 3-kV operating
voltage. For FESEM imaging, the samples were dispersed
in ethanol, drop-cast on a silicon wafer, and dried under
vacuum. EDAX is also obtained during FESEM. The elemental
compositions of samarium and iron were determined by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES) on a Spectro Arcos spectrometer. 0.1 g powder
sample was dissolved in 10 mL of aqua regia solution, and this
solution was used for ICP-AES analysis.

Synchrotron XRD measurements at room temperature and
high temperature were carried out with x-ray beam of E =
13.544keV (A =0.9154A) at BL-18B (Indian beamline),
Photon Factory, KEK, Tsukuba, Japan. Energy of the x-ray
beam was set by a Si (111) double crystal monochromator
referenced against a Si standard (640b National Institute of
Standards and Technology [NIST]). The diffraction patterns
were recorded in a Bragg—Brentano geometry with a di-
vergence slit (~300 um), an antiscattering slit (~350 um),
and a receiving slit (~300 um). For the high-temperature
measurements, the samples were loaded in a domed hot stage
(DHS) 1100 heat cell (Anton Paar, Austria) covered with a
dome-shaped, graphite x-ray window. Powder samples were
placed on top of an aluminum nitride (AIN) ceramic base plate.
Rietveld refinement of the XRD data was done using FullProf
Suite. The high-temperature Raman spectra were recorded
using Jobin Yvon HORIBA LabRAM HR visible micro Raman
system, employing a He-Ne laser operating at 632.8 nm as the
source in the backscattering geometry. The laser was focused
to a spot of ~2 um, and a 50x objective lens was used for
the collection of the scattered light. The samples were used
in the pellet form for Raman measurements. The scattered
light was analyzed using a single stage spectrograph charge-
coupled device (CCD) detector. High-temperature magnetic
measurements were performed between room temperature and
800 K using the oven attachment of the vibrating sample
magnetometer (VSM) Physical Property Measurement System
(PPMS) by Quantum Design Inc., San Diego, USA. In the
oven option of the PPMS, the heater and the thermocouple
were imprinted directly on the sample holder. The actual
sample temperature, therefore, could be accurate only up to
~20 K. The samples were loaded at room temperature under
a nominal zero field, and the measurements were carried out
while heating the samples under an applied magnetic field
of 1 kOe. Dielectric measurements were carried out using an
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FIG. 2. (a) FESEM micrograph of SFO nanoparticles, (b) EDAX
spectrum of SFO nanoparticles, and (c) Rietveld refined synchrotron
XRD patterns of SFO nanoparticles at various temperatures of
interest.
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Alpha-A high-performance frequency analyzer (Novocontrol
Technologies).

III. RESULTS AND DISCUSSION

A. FESEM and XRD

The FESEM micrographs shown in Fig. 2(a) indicate that
the synthesized SFO sample has a particle size of ~65nm.
Figure 2(b) shows the EDAX spectrum of the sample, which
gives the atomic composition as Sm (15.54%), Fe (15.54%),
and O (68.93%). The ICP-AES analysis yielded a Sm:Fe ratio
of 0.988, which is in agreement with the EDAX analysis.
Rietveld refined room temperature and high-temperature pow-
der XRD patterns of the sample recorded using synchrotron ra-
diation are shown in Fig. 2(c). The diffraction lines are indexed
based on the JCPDS Card No 00-039-1490, which confirms
the orthorhombic (Pnma) symmetry of the synthesized sample
over the investigated temperature range.

Unlike other rare earth orthoferrites, SFO is AFM at room
temperature. Below 7Ty of ~680K, the compound exhibits
weak ferromagnetism only above room temperature [9]. In
the temperature range 457-465 K, there is a second-order
phase transition of the spin orientation in the Pnma bc plane.
The crystal becomes pure AFM at T < 457K, with spins
arranged along the [001] direction [33]. The structure of SFO
comprises of network of corner-sharing FeOg octahedra and
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is a rotationally distorted perovskite with Glazer’s notation
(a”bTa™) [34]. It is derived from the simple perovskite
structure by two consequent rotations of FeOg octahedra: (1)
around the [010] direction of the cubic perovskite sublattice
and (2) around the [101] direction of the cubic perovskite
sublattice [34].

Rietveld analysis of the synchrotron XRD data yielded
accurate lattice parameters and atomic positions, which were
used to define structural parameters. The effect of temperature
on these is summarized in Fig. 3. Figure 3(a) shows lattice
constants as a function of temperature.

It is observed that lattice constants a, b, and ¢ and unit cell
volume V increase with temperature due to lattice expansion.
Figure 3(b) illustrates the variation of lattice distortion factors
with temperature, while Fig. 3(c) shows average Fe-Ol1-Fe
angle and tilt angle on the right y axis and orthorhombic strain
on the left y axis as a function of temperature. Figure 3(d)
shows the change in average Sm-O and average Fe-O bond
lengths with temperature.

As shown in Fig. 3(a), the lattice parameters and volume
(plotted as V!/3) increase as we increase the temperature. The
value of these structural parameters increases almost linearly,
but there is a small shift from linearity at Tsg of ~480K. The
same behavior is observed in Fig. 3(b) for lattice distortion
factors b/c and a/c plotted as a function of temperature.

Figure 3(c) shows the average tilt angle of FeOg octahedra ¢
and orthorhombic strain s as a function of temperature. These
quantities are calculated as follows [35]:

2(a — ¢)

Spontaneous orthorhombic strain: S(ppma) = —(a o (D

} 180° — (Fe-O-Fe)
Average tilt angle: ¢ = 2)

2

Itis seen that the strain decreases as we increase the temper-
ature. This indicates that the system is shifting toward higher
symmetry. Here again, we see a slight deviation from linearity
at Tsg of ~480 K in the curve. The average tilt angle ¢ of FeOg
octahedra initially decreases with increasing temperature,
until it reaches ~480K, and then increases with increasing
temperature as the temperature approaches Néel temperature.
Figure 3(d) shows the evolution of average cation-anion
bond lengths with temperature. Both average bond lengths
(Sm-0),yg and (Fe-0),y, decrease from 300 to 480 K, and then
they increase. It is observed here that the change in (Sm-O),ye
is greater than the change in (Fe-O),,, bond lengths. This
is because the average (Fe-O2) bond length does not vary
much. While in the SmO;, dodecahedron, the averages of
the (Sm-O1) and (Sm-O2) bond lengths change significantly.
The cation-anion bond lengths and the cation-cation bond
lengths are shown in Table I. In addition, the bond lengths
in the FeOg octahedron and SmO;, dodecahedron at 300 K are
shown in Fig. 4 for understanding of the respective lengths for
Sm-O/Fe-O bond. All these changes in structural parameters in
SFO nanoparticles around 7sg of ~480K are pointing toward
a clear signature of magnetic spin-reorientation transition.
Table I also shows the bond lengths between Sm-Sm and
Sm-Fe. For these cation-cation bond lengths, it is observed
that their value increases with temperature and there is no
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FIG. 3. (a) Lattice constants as a function of temperature, (b) variation of lattice distortion factors with temperature, (c) average tilt angle
and orthorhombic strain as a function of temperature, and (d) change in average Sm-O and average Fe-O bond lengths with temperature.

anomaly with respect to spin-reorientation temperature. This
indicates that Sm-O and Fe-O interactions play a significant
role in reordering of spins of ~480 K.

TABLE I. Bond lengths between atoms of SFO nanoparticles
obtained by Rietveld refinement of the synchrotron XRD data at
various temperatures.

Bond between Bond length (A)

atoms 300 K 480 K 527 K 645 K
(Sm1)-(Sml) 3.958(3) 3.964(4) 3.964(4) 3.964(4)
(Sm1)-(Sml) 3.804(3) 3.808(4) 3.815(4) 3.824(4)
(Sm1)-(Sm1l) 3.899(4) 3.905(4) 3.909(4) 3.913(4)
(Sm1)-(Fel) 3.372(2) 3.377(3) 3.378(3) 3.38(3)
(Sm1)-(Fel) 3.282(2) 3.286(3) 3.291(3) 3.298(3)
(Sm1)-(Fel) 3.649(14)  3.652(14)  3.654(13) 3.653(14)
(Sm1)-(Fel) 3.141(13)  3.147(13)  3.15(14) 3.158(13)
(Sm1)-(01) 2.295(16)  2.309(17) 2.299(17) 2.297(17)
(Sm1)-(01) 3.174(16)  3.139(17)  3.157(17)  3.163(17)
(Sm1)-(01) 3.293(17) 3.201(17)  3.21(17) 3.201(17)
(Sm1)-(01) 2.402(17)  2.489(17) 2.488(17) 2.5(17)
(Sm1)-(02) 2.32(12) 2.321(11)  2.341(11)  2.33(12)
(Sm1)-(02) 2.586(12)  2.609(11)  2.576(11)  2.59(12)
(Sm1)-(02) 2.7(12) 2.687(11)  2.72(12) 2.723(12)
(Sm1)-(02) 3.49(12) 3.493(11)  3.478(11)  3.49(12)
(Sm1)-(02) 2.7(12) 2.687(11)  2.72(12) 2.723(12)
(Sm1)-(02) 3.49(12) 3.493(11) 3.478(11) 3.49(12)
(Sm1)-(02) 2.32(12) 2.321(11)  2.341(11)  2.33(12)
(Sm1)-(02) 2.586(12)  2.609(11)  2.576(11)  2.59(12)
(Fel)-(O1) 1.994(4) 1.986(4) 1.991(4) 1.994(4)
(Fel)-(02) 2.026(11)  2.029(11)  2.027(11)  2.044(11)
(Fel)-(02) 2.015(11) 2.016(11)  2.014(11)  2.009(11)

The symmetry of orthorhombic RFeOs3, does not allow
piezoelectricity, where Fe’* has no positional degree of
freedom. However, magnetostriction is allowed in such com-
pounds, regardless of symmetry [36]. Therefore, magnetoe-
lastic coupling can be the root cause of nonlinearity of
lattice parameters observed for SFO around 7sg. Nonlinear
expansion across the spin-reorientation transition may evolve
from temperature-induced spin excitations or canting in the
vicinity of Tgg. Electrons with opposite spin will be subjected
to stronger exchange-mediated Pauli repulsion, which would
account for both the lattice expansion and the nonlinear
anomalies observed at Tsg for SFO [36].

For RFeOs-type perovskites, the Pnma structure maximizes
coulombic attractive forces and minimizes ion—ion repulsion
due to either increasing rare earth ionic radius or thermal
expansion of the lattice [37]. As the unit cell volume of
the Pnma expands upon heating, the Sm** approaches the
centrosymmetric position. This indicates a gradual reduction

FIG. 4. Bond lengths in the SmO;, dodecahedron and FeOg
octahedron at 300 K.
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Column 1 Column 2 Column 3

y/b

FIG. 5. The ED plots for SFO nanoparticles at room temperature (300 K), spin-reorientation temperature (480 K), and below Néel
temperature (645 K) for the yz plane, x intercept = 0.5, in column 1; the xz plane, x intercept = 0, in column 2; and the xz plane, y intercept =
0.25, in column 3. The slice of the structure for the corresponding plane is shown in the top row of the figure for the one-to-one correspondence

for anion and cations of the SFO system.

of the repulsive forces between ions with increasing tem-
perature, eventually favoring higher symmetry over Pnma
structure.

Furthermore, the electron density (ED) maps of SFO
nanoparticles are obtained from the refined XRD data. For

different planes of interest, appropriate intercepts have been
obtained by Rietveld refinement of the synchrotron XRD
data and are shown in Fig. 5 for room temperature (300 K),
spin-reorientation temperature (7Tsg = 480 K), and below Néel
temperature (645 K) values.
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The ED maps play significant role in understanding the
interactions at the atomic level. The ED p(x,y,z) is obtained
from the reverse Fourier transform of the structure factors
obtained from the Rietveld refinement, given as [38]

Fhkl A 6{72ni(hx+ky+lz)}

plx.y.2) =Y v 3)
hkl

where p(x,y,z) is the electron scattering density; Fjy; is the
structure factor; %, k, and [ are the Miller indices; and V is the
volume of the unit cell.

Column 1 of Fig. 5 illustrates the sections of the ED in the
yz plane taken at an x intercept of 0.5 for temperatures 300
to 645 K (top to bottom). Similarly, columns 2 and 3 show
the ED on the xz plane taken at a y intercept of 0 and 0.25,
respectively, for temperatures 300 to 645 K (top to bottom).
At the top of each column, the corresponding section of the
unit cell (for 300 K) is shown.

In column 1, we observe that as we move from 300 to
480 K, the ED near Fe atoms decreases (dark blue circles to
lighter blue circles). Furthermore, the ED of Fe atoms increases
slightly as we approach 645 K (blue circles). Then, at 300 K,
the angle Fe-O1-Fe is at a minimum (149.65°), while at 480 K
it increases (152.12°) and then at 645 K it again decreases
slightly (151.53°). These observed changes can be explained
as follows. At room temperature, the Fe** spins are oriented
in the a direction; therefore, the corresponding maxima of ED
of the Fe sublattice would be highlighted through the bc plane
at x = 0.5. The decrease in ED of the Fe sublattice at 480 K
can be attributed to the spin-reorientation transition of the FM
vector of the Fe sublattice from an a direction to a ¢ direction.
[T2(G,, Fy) to T4(Gy, F;)]. At Tsg, the spins order parallel to
the ¢ direction. Hence, the ED through the bc plane gives a less
intense view of the ED of the Fe sublattice. At 645 K (below
Tx = 680K), SFO becomes a canted antiferromagnet with an
FM vector from the Fe sublattice along the ¢ axis, which gives a
slight increase in the ED of the Fe sublattice. It is also observed
that the ED between Sm and Fe atoms increases as we increase
the temperature. This indicates the change in atomic positions
of Sm and Fe atoms due to magnetic ordering and the spin
reconfiguration of the Fe sublattice.

The sections in column 2 are taken such that the ED in the
equatorial plane of the FeOg octahedra is evident. Here, there
are three main observations. First, in this plane, the Fe-O2
bonds are visible and appear to form a rhombus composed of
the Fe atom at the center and O, atoms at the vertices (see the
black-dotted rhombus drawn to guide the eye in Fig. 5). The
O, atoms connected along one diagonal are moving closer to
the Fe atom at the center of the octahedra. Simultaneously, the
O, atoms connected along the other diagonal are moving away
from the Fe atom. As the temperature is increased to 480 K,
the equatorial plane of the FeOg octahedra appears to change
shape from a rhombus of almost equal diagonal lengths to a
rhombus of unequal diagonal lengths.

Second, it is observed that the ED of Fe atoms is decreasing
significantly at 480 K and decreases slightly again at 645 K
(darker, bigger blue circle to smaller blue circles) with
temperature. This indicates that the Fe atom is moving down in
the b direction. At the same time, the low ED area (red) turns
into a higher ED area (yellow) between any two octahedra.

PHYSICAL REVIEW B 93, 174117 (2016)

This indicates that at 480 K, the distance from the O, atom of
adjacent octahedra decreases. This also affirms the significant
decrease of the calculated tilt angle at 480 K shown in Fig. 3(c).

The sections in column 3 depict the ED of the Sm sublattice
with Fe/O1 ions. First, on increasing temperature above room
temperature, the ED of the Sm ions or sublattice decreases
at 480 K and then slightly increases at 645 K (bigger blue
circle at 300 K to smaller blue circles at 480 K to slightly
bigger blue circles at 645 K). Second, the ED of Fe/O1 ions
decreases with temperature (green to yellow triangles). These
two observations suggest that the distance between Sm-Fe and
Sm-Sm ions is increasing. The Sm ion is being displaced from
its position and is moving toward centrosymmetric position
during the spin reorientation. This changes the dynamics of
Sm-Fe ion interaction.

On the basis of overall analysis of the ED maps of SFO
nanoparticles, it can be deduced that at 7sg, a nonlinear change
in lattice parameters is observed. This can be attributed to the
presence of exchange striction driven magnetoelasticity in the
system. Furthermore, to relate and understand the effect of spin
orientation on phonons and to explore the possibility of spin-
phonon coupling in SFO nanoparticles, we have investigated
the temperature-dependent Raman spectra of the sample.

B. Raman Spectroscopy

The changes in lattice distortion and magnetic structure are
expected to be reflected in the change of phonon parameters
near magnetic ordering temperature [39]. SFO crystallizes in
an orthorhombically distorted perovskite Pnma, which is dif-
ferent from the ideal cubic perovskite Pm-3m structure. This
orthorhombic Pnma structure is obtained by an antiphase tilt of
the adjacent FeOg octahedra. The tilting of the FeOg octahedra
gives rise to a distortion of the SmO,, dodecahedra. In the
Pnma structure, antiparallel A-cation displacements are per-
mitted by symmetry [6,39]. The tilt, octahedra distortion, and
A-cation displacement break the cubic symmetry and activate
Raman modes [39]. According to group theory, the orthorhom-
bic Pnma structure with four formula units per unit cell
give rise to 24 Raman-active modes (I'kaman = 7Ag + 5B, +
1By +5B3,) [35].

Figure 6(a) shows the Raman spectra of SFO nanoparticles
in the spectral range 100—700cm™" from room temperature
to 690 K (beyond Néel temperature). Mode assignments
have been done based on [34,40-42]. The phonon modes in
SFO can be attributed to different symmetry operations: (1)
those below 200cm™! are related to lattice modes involving
Sm atom vibrations and (2) the modes in the region above
200cm™! consist of various modes involving vibrations of
the Sm atom and oxygen. To be specific, (1) the A,(1) mode
is related to the antisymmetric stretching vibrations of FeOg
octahedra; (2) Bi,4(3), A,(2) are octahedral rotations around
the crystallographic y axis and Big(4), Ag(4) are rotations
around the x axis (Pnma setting); (3) the singlet A,(7) in SFO
is related to Sm-O vibrations; and (4) B3, (3) arises due to
bending of FeOg octahedra.

Figure 6(b) shows the phonon frequency of modes By,4(5),
Bi4(3), Big(4), and Ag(7) as a function of temperature. It
is observed that with increase in temperature, the phonon
frequencies decrease up to Tsg (480 K); after a slight increase,
they further decrease until 7y (680 K). This can be attributed
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FIG. 6. (a) Raman spectra of SFO nanoparticles at various temperatures of interest; (b) Raman shift of modes B,(5), B14(3), B14(4), and
A,(3) plotted as a function of temperature; and (c) the full-width at half-maximum (FWHM) of modes B,(5), B1,(3), Bi,(4), and A,(3) plotted

as a function of temperature.

to anharmonic effect and spin-phonon coupling [41]. The
hardening of the modes around 7sg (480 K) and Ty (680 K)
can be attributed to magnetostriction or lattice change [41,43].

In magnetic materials, the change in frequency (w) of a
phonon with temperature 7 is given by [43]

Aa(T) = (Aw)y + (Aw)yyn + (A®)e + (Aa))s—ph 4)

where

(Aw)ay 1s the lattice expansion or contraction due to
magnetostriction or anharmonicity effects.

(Aw)ann is the intrinsic anharmonic contribution—the
anharmonic frequency shift at constant volume.

(Aw)yen 18 the effect of renormalization of the electronic
states near the spin ordering temperature.
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(Aw)spn is the spin-phonon contribution caused by the
modulation of the exchange integral by lattice vibrations. Out
of these four contributing factors, the third term (Aw);e, can
be neglected if the carrier concentration is low.

The decrease in phonon frequencies is observed with
increasing temperature up to Ty, along with an anomaly around
Tsr, as shown in Fig. 6(b). This is attributed to the anharmonic
effect [41]. Anharmonic frequency is given by the following
relation:

W = wg — C(1+2/(efF = 1)) (5)

where wy and C are adjustable parameters.

It is observed that phonon mode Bj,(3) deviates from the
above relation (5) below Tsg and disappears after Tsg. This
could be attributed to combined contribution of quasiharmonic
effects and the spin-phonon coupling ((Aw),p + (A@)jy)-
The frequency and corresponding linewidth of mode A, (7),
which are derived from motion of Sm-O vibrations, show very
small change with temperature. This suggests the existence of
magnetostriction in the system.

The Raman linewidths are unaffected by a change in lattice
volume caused by magnetostriction [41]. Hence, the relation
of linewidth and temperature (compared to frequency and
temperature) is more appropriate to confirm the existence of
spin-phonon coupling in the system. Figure 6(c) shows the
linewidth of modes By,(5), Bi4(3), Big(4), and Ag(7) as a
function of temperature. It is observed from Fig. 6(c) that the
linewidths increase with temperature until 7Tsg (480 K) and that
after a slight increase (anomaly), they further decrease until
Tx (680 K). Similar behavior is reported by Bhadram et al.
for the rare earth orthochromites of magnetic R ions like Sm
and Gd [41]. For nonmagnetic ions, this effect was found to
be negligible. This indicates that these anomalies around Tsg
and Ty are due to spin-phonon coupling.

Various structural changes observed in the detailed XRD
analysis, which are a change in average tilt angle of octahedra
with temperature, changes in Fe-O and Sm-O bond lengths,
and displacement of Sm ion within the dodecahedron around
Tsr, support the existence of spin-phonon coupling in SFO
nanoparticles. The A, (7) mode shows a very small change
in phonon frequency and an almost negligible change in
phonon linewidths, which indicate the simultaneous presence
of magnetostriction in the system.

Recently, Mochizuki et al. proposed a theoretical model
establishing the crucial role of the spin-phonon coupling by
considering RMnOj3, which is relevant to all multiferroic
materials [44]. On correlating our system with the proposed
model, it can be said that distorted intra- and interplane Fe-Fe
and Sm-Fe interactions exist in SFO below Tsg and that this
favors the displacement of Sm to minimize the distortion.
In SFO, we observe strong spin-phonon coupling, unlike
RMnO3 due to weak FM Sm-Fe interactions, which cause the
displacement of the magnetic Sm** ion. This displacement of
Sm is confirmed by the Rietveld refinement and ED maps. It
leads to the anomalous relaxor-like behavior of the system and
can be explained by the exchange striction model shown in
Fig. 7 [45]. The figure shows the dependence of the exchange
striction on the atomic displacements. This displacement, in
turn, drives appreciable polar lattice distortion, producing
a relatively large polarization P. The exchange interaction
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Fe Sm Fe Sm
@ ® o O -
P
é ‘ P

FIG. 7. Model depicting the mechanism of exchange striction
responsible for ferroelectric-like behavior in SFO. Since the Sm ions
order only at low temperature (~4 K), their moments are shown as
randomly oriented. The Fe ions are AFM coupled below a 7y of
~680K (not to scale).

is mediated between the Sm 4 f moment and the Fe 3d
moment.

C. Magnetic and Dielectric Measurements

In SFO, the Fe sublattice orders at Ty = 670 K with a weak
canted FM moment along the ¢ axis. At a spin-reorientation
temperature Tsg of ~480K, the Fe sublattice reorients from
the ¢ axis to the a axis [9]. At lower temperatures (below TgR),
the interactions between the Sm and the Fe ions dominate [9].
We performed x-7 measurements on SFO nanoparticles, and
the corresponding results are presented in Fig. 8. We observe
that the susceptibility increases drastically below Ty = 670K,
corresponding to the paramagnetic to AFM ordering of the
Fe sublattice. The Néel temperature for SFO nanoparticles is
comparable with that of single crystals [9,20,23].

Upon approaching the spin-reorientation temperature 7sg
of ~480K, a decrease in the susceptibility is observed in

— T T - T T T T — ]
0.08 Tere = 480K

‘T(D B _

- I ¢ FW
g 0.04 | ¢ FC
> rZ(CBZFX) 1ﬂ4(C5><Fz)

g T, =670 K

o 002} 3 .
< /

000 C 1 " 1 | N 1 L 1 s -
300 400 500 600 700 800

Temperature (K)

FIG. 8. Temperature dependence of susceptibility measured for
FC and FW protocols for SFO nanoparticles showing spin reorienta-
tion from I'2(G,, F,) to T'4(G,, F;), corresponding to temperatures of
450 and 480 K, respectively.
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FIG. 9. (a) Real permittivity vs temperature across the spin reorientation transition, showing the anomaly at Tsr and a relaxor-like behavior
(frequency-dependent maxima in real permittivity) below the Tsg. (b) A clear discontinuity in the slope across Tsg = 483 K. Inset in (b) shows
relaxation times obtained from the peak frequency (across ~450 K) following VFT behavior, with finite freezing temperature 7, = 309 K and

activation energy £, = 158 meV.

the field-warmed (FW) and field-cooled (FC) curves for
SFO nanoparticles, shown in Fig. 8. In the spin-reorientation
region, both curves show a decrease in susceptibility, which
corresponds to second-order phase transition from I'»(G., Fy)
to ['4(G,, Fy), in turn corresponding to temperatures of 450
and 480 K, respectively. This region of spin-reorientation
transition observed for SFO nanoparticles is in accordance
with previous studies on SFO single crystals [9,20,46]. In order
to understand the dielectric behavior of SFO nanoparticles
around the spin-reorientation region and the effect of exchange
striction associated to the region, as seen in the previous
sections, we performed the dielectric measurements on SFO
nanoparticles.

The origin of the dielectric constant is generally attributed
to dipolar, interfacial, electronic, and ionic polarization.
Increase of the dielectric constant at lower frequency and
its dependency on temperature are usually due to interfacial
polarization, while the behavior of the dielectric constant at
higher frequencies and its dependency on temperature are
attributed to electronic and ionic polarization [8]. Hence,
the signatures of spin-phonon coupling and the impact of
exchange striction driven magnetostriction can be reflected in
the dielectric properties of the material. Figure 9(a) shows real
permittivity vs temperature across the spin state transition, with
amild anomaly at Tsg and a relaxor-like behavior (frequency-
dependent maxima in real permittivity) below the Tsg.

As seen from the ¢/ (T) plots at several frequencies
[Fig. 9(a)], absence of a sharp feature at a fixed temperature
(independent of frequency) rules out thermodynamic phase
transition anew near Tsg. However, there exists a slope-break
anomaly in the data at exactly Tsg = 483 K for each fre-
quency. This is made quantitatively precise in the right panel
[Fig. 9(b)], where de’/dT below and above Tsg are plotted
at two typical radio frequencies. Finite discontinuities of the

Tsjli slopes signify a subtle but sudden change of electrical
character, brought about by the spin reorientation. Moreover,
emergence of medium-range dipolar correlations manifests as
dispersive w,(T') maxima in the dielectric constant below Tsg.
The kinetics of this diffusive feature spanning some 50 K
thermal window (400—450 K) is found to follow the Vogel-
Fulcher-Tamman (VFT) behavior [Fig. 9(b) inset]; indicating
divergence of the characteristic timescale ©(7T') ~ 1/ f,(T) at
finite 7y = 309 K (right-panel inset). The VFT dependence of
relaxation time is given by [47-49]

E,
T —T,

where E, is the activation of energy of the relaxation process,
T is the relaxation time, and 7y is the freezing temperature
for dipolar dynamics. This shows the vitreous character
of the dipolar correlations, reflecting their medium-range
length scale imposed by the microstructure of the present
nanosynthesized compound. From the VFT fit, we also find
the thermal activation energy E, = 158 meV and the approach
frequency fy of ~0.6 THz {~7~!(T — 00)} for the correlated
dipolar dynamics. Noticing that no such diffusive or dispersive
feature exists above Tsg, we infer that the lower-T , relaxor-like
electrical organization is consequent to the prominent MEC
realized in the spin-reconfigured state. Peculiar signatures in
g/ (T) concur with the particulate features observed earlier in
the structural and vibrational data [Figs. 3(c), 3(d); Bi,(4),
Bi,(3) in Fig. 6(b); and Ag(7), Bi4(3) in Fig. 6(c)]. This
is compelling for a crucial role of the tilt angles (Fe-O1-Fe
and @), bond lengths (Sm-O and Fe-O), FeO¢ bending and
rotation, and Sm-O vibration in manifesting MEC effects
below TSR-

The smaller dielectric constant values obtained for our
nanosynthesized specimen vis-a-vis large magnitudes reported

T =Ty exp ( (6)
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FIG. 10. Loss tangent (tand) as a function of temperature in the
range 350 to 550 K for various frequencies. Inset shows imaginary
permittivity (¢”) as a function of frequency recorded at various
temperatures. Estimated extrinsic contributions to the measured data
(tabulated in the inset) are under 6% at the relevant frequencies
illustrating the anomaly at Tsg [Fig. 9(b)] and below [Fig. 9(a)].

for the bulk ceramics [20,23,50] are complemented by the con-
sistently small losses, as shown in Fig. 9. However, the kinetics
behavior is less delineable than that in the dielectric constant.
Here, the low-valued and broadly humped feature at the lower
temperature regime is distinguishable from the monotonic rise
above, with a crossover around 7sg. The smaller permittivity
is always closer to the intrinsic values, since the extrinsic
contributions from intergrain, binder, and/or electrode-surface
layers all tend to enhance both the dielectric constant and
the losses. These thermally activated high-conductivity-driven
extraneous responses due to local free charges dominate at
low frequencies (less than kilohertz) and high temperatures
[51-53]. Being from uncorrelated degrees of freedom, they
feature purely Arrhenic kinetics that is impervious to any
intragranular physical processes and transitions. For example,
an electrical phase change or dipolar vitrification/short-range
correlation can imprint its signature only in the intrinsic
response. This is amply confirmed by the frequency-dependent
imaginary permittivity ¢”(w) in the inset of Fig. 10. Here, the
extrinsic regime is marked by a high static conductivity (¢” =
00/€0w ~ w~!, straight lines), which extends up to higher
frequencies at higher temperatures. Over the frequencies
selected for the plots in Fig. 9, the ratio of the measured to
extrinsic contribution (¢” /e, Fig. 10 (inset)) increases from
20|10 kuz to 900|; mu,, spread over some 40 K temperature
window; corresponding to a decreasing extrinsic contribution
from 5% at 10 kHz/403 K to 0.1% at 1 MHz/443 K. The
same amounts to decreasing from 5.5%)| 1o kuz to 1.1%| My at
exactly Tsg. Hence, both the electrical vitreousity (relaxor-like
behavior) over 400—440 K [inset of Fig. 9(b)] and the slope
discontinuity at Tsg in the 7-dependent dielectric constant
[Fig. 9(b)] witnessed in the present data are essentially the
allied intrinsic signatures of the spin-reorientation transition.
The origin of the relaxor-like state in SFO nanoparticles
below Tsgr can be attributed to significant displacement of the
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Sm ion within the lattice and Fe-Sm interaction giving rise
to the exchange—striction (magnetoelastic) mechanism [21].
The onset of para- to ferroelectric transition around the AFM
ordering temperature (7Ty = 670K) and a nonzero value of
spontaneous polarization existing between Ty and Tsg (670
and 480 K) has been reported using density functional theory
(DFT) and in single crystal of SFO by Lee ef al. [20]. While
contrasting our dielectric measurements with those reported by
Kuo et al. (with the electric field along the b axis and the Pbnm
setting on a single crystal of SFO [23]), it is noted that (1) in the
single crystal study, no anomaly was reported around 7Tsg or Ty
and (2) no observation of relaxor ferroelectricity in dielectric
properties of a single crystal of SFO has been reported.

The relaxor-like behavior below Tgsg is induced by the
canted AFM ordering in SFO nanoparticles. As discussed
in the introduction, the mechanism proposed behind this
observation is striction through the exchange interaction
between Sm and Fe spins, which is reported for a single
crystal of SFO at Ty, on the basis of theory and magnetic
measurements [20,21,23]. This is also observed for other rare
earth orthoferrite single crystals and bulk materials around Ty
[45]. In the case of SFO nanoparticles in the present paper,
the evidence of exchange striction between Sm and Fe ions
is clearly and significantly observed at and below 7Tsg. This
aspect has not been previously explored or observed.

IV. CONCLUSIONS

SFO nanoparticles (~65nm) have been synthesized us-
ing a sol-gel route. Temperature-dependent XRD, Raman
spectroscopy, and dielectric measurements around the spin-
reorientation transition temperature viz. 480 K have been
performed. Upon extensive analysis of synchrotron XRD and
Raman spectroscopy data, an anomaly around 7sg is observed.
The signature of unusual relaxor ferroelectric-like behavior
in SFO nanoparticles around 7sr also has been found. The
ED plots obtained using refinement of XRD data clearly
support the observed changes. The origin of polarizability
around Tgg can be attributed to significant displacement of
the Sm ion within the lattice and the Fe-Sm interaction giving
rise to an exchange striction (magnetoelastic) mechanism,
which is contributing to the short-range relaxor ferroelectric-
like behavior observed in SFO nanoparticles. Although the
behavior and mechanism observed are agreeable with reports
of single crystal and bulk, the direct and clear signatures
observed here for SFO nanoparticles at Tsg have not been
reported or studied for single crystal and bulk material. These
findings are significant in understanding the structural changes
taking place around spin-reorientation temperature (7sg) and
below Néel temperature (7y), where SFO is AFM and shows
a signature of improper ferroelectricity. Spin-reorientation
transition above room temperature is useful for application in
switching devices. Also, the contribution of this phenomenon
of the change in structural parameters and presence of strong
spin-phonon coupling, can be helpful in understanding the
possibility of the existence of ferroelectricity and unusual di-
electric behaviour in SFO nanoparticles. It would be interesting
to study the dependence of Tsg on particle size in a nanoregime.
The findings presented in this paper are interesting, because
spin-reorientation transition above room temperature is useful

174117-10



DYNAMICS OF ELECTRON DENSITY, SPIN-PHONON ...

for application in switching devices, and the contribution of
this phenomenon in a change in structural parameters, as
well as the presence of strong spin-phonon coupling, can be
helpful in understanding the possibility of the existence of
ferroelectricity in the SFO nanoparticles.
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