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An unusual temperature-induced spin reorientation transition from I'; (F, Cy, G,)-I'3-I'3(C, Fy, A,) in ortho-
ferrite Smy 5Y( sFeO; is observed in the range 282-312 K through magnetic susceptibility measured on oriented
single crystals. The I';-I"3-I"3 transition is distinctly different from the spin configurations commonly observed
in RFeO; orthoferrites, and we corroborate the finding with results from Raman spectroscopic investigations.
Observation of magnon spectra and the vivid correlation between spin reorientation and changes in By, and B3,
phonon modes unveil strong spin-phonon coupling prevalent in Smg 5 Y sFeOs crystal.
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I. INTRODUCTION

Orthoferrites of the type RFeO3 (R = rare earth) belong to
a family of canted antiferromagnets which crystallize in dis-
torted perovskite structure with Pbnm space group [1]. RFeO3
compounds have generated interest in the last few years due
to their practical applications such as ultrafast spin switching
[2], temperature and field-induced spin reorientation transi-
tions, magnetization reversal [3], and multiferroicity [4]. The
R and Fe magnetic sublattices in RFeO3 give rise to three
types of competitive magnetic interactions, namely, R3*-R37,
R3t-Fe?*, and Fe’T-Fe’*. The Fe**-Fe3* interaction is the
strongest, and is responsible for the noncollinear antiferro-
magnetic (AFM) ordering of Fe spins which lead to high Néel
temperatures Ty ~ 600-700 K [1]. A weak ferromagnetic
(FM) moment results due to the canted AFM ordering of Fe
spins below Ty resulted from Dzyaloshinskii-Moriya interac-
tions. The rare-earth sublattice polarizes in the molecular field
of Fe’* sublattice, and the anisotropic R**-Fe** interaction
induces a spin reorientation (SR) of Fe sublattice leading to
the rotation of the weak FM component from one crystallo-
graphic axis to another. SR transition is initiated by strong 4 f
magnetic anisotropy which depends on the population of 4 f
electrons in different sublevels of the ground-state multiplet
[5]. It is associated with a large orbital magnetic moment and
can vary strongly via thermal occupancy changes in the 4f
orbital levels. Since Fe** has a half-filled 3d shell exhibiting
only a small magnetic single-ion anisotropy, the weak inter-
action between 4 f-3d shells can influence the magnetic easy
axis [6].

Among all possible spin configurations for RFeO; com-
pounds I'3(Cy, F,, A;) spin configuration was considered
inconsistent with strong antiferromagnetic coupling observed
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between nearest Fe neighbors and was not observed in the
orthoferrites [1]. But, recently, I's configuration was observed
in Erg 6Dy, 4FeO3 [7], where doping with Dy alters the bond
and lattice parameters in a manner that renders the AFM
coupling between nearest Fe’* neighbors relatively weak.
The weak AFM coupling between Fe** sublattices helps in
aligning the C-type and A-type AFM components along a
and c axes rather than a strong G type. This results in weak
ferromagnetism along the b axis [7]. The R** sublattice is
AFM ordered at low temperature, 7 < 10 K, due to weak
R**-R* interactions. Spin reorientation transition is observed
in RFeO3; compounds, only when R is magnetic. The spin
reorientation temperature (Tsg) for RFeO3; compounds varies
in the range of 10480 K [1].

Among various members of the RFeOs; family, SmFeO;
is a widely studied compound as it shows excellent device
characteristics such as fast magnetic switching [8] and spin
reorientation transition from I'4(G,, Ay, F7) to I'2(F, Gy, G)
spin configuration at high temperatures (7Tsg; = 450 K and
Tsro = 480 K) [1,9]. It possesses the highest Tgg in the
entire RFeO3 family and is consequently the focus of special
attention in practical applications. Further, SmFeOj; is known
to exhibit spontaneous magnetization reversal below 4 K [9],
which is interpreted as long-range ordering of Sm** spins
where the net magnetic moment is antiparallel to the weak
ferromagnetic moment in the Fe** sublattice [9]. Further,
YFeOj; exhibits G-type antiferromagnetism with 7y = 645 K.
The Fe3* spins are ordered in I'4(G,, A,, F;) configuration and
remain in 'y until low temperature [1] and unlike SmFeOs3,
does not exhibit any temperature-induced SR transition as Y
is nonmagnetic. However, field-driven spin reorientation is
observed at about 4 T [10].

In this work, we report the results of magnetic and
Raman spectroscopic studies on oriented single crystals
of SmysY(sFeOs which unveil a temperature-induced spin
reorientation to I'3(Cy, Fy, A;) magnetic configuration which is
not commonly observed in orthoferrites. Signatures of strong
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FIG. 1. Schematic showing the orientation and polarization di-
rection of incident and scattered light for (a) standard Raman
experiment and (b) polarized Raman experiment on (100)-plane ori-
ented Smy 5Yo5FeO; single crystal.

spin-phonon coupling leading to this transition is evidenced
through Raman spectroscopy.

II. EXPERIMENTAL METHODS

The details of single-crystal preparation of Smy 5Y( sFeO3
and its structural characterization using x-ray diffraction are
given in the Supplemental Material (SM) [11] (see, also,
Refs. [12—15] therein). The cleaved plate L to a axis is
defined as (100) plane and that L to b axis is defined as
(010) plane. Magnetization was measured in the temperature
range of 5—400 K. An external field of 20 Oe was applied for
zero-field (ZF), field-cooling (FC), and field-warming (FW)
protocols. Magnetic measurements were also performed in the
high-temperature range of 400 to 800 K at 50 Oe external
field in both zero-field-cooled (ZFC) and field-cooled warm-
ing (FCW) protocols using physical property measurement
system (PPMS) (Quantum Design). Isothermal magnetization
(MH) up to £70 kOe was measured using Quantum Design
Superconducting Quantum Interference Device (SQUID). Ra-
man spectroscopy data were collected using a Horiba (Labram
HR Evolution) micro Raman spectrometer equipped with
Nd:YAG solid-state four-level laser (532 nm) in 180° back-
scattering geometry in conjunction with a monochromator
(800 mm focal length) and Peltier-cooled CCD detector
(Syncerity CCD, SYC0798-3316). The average acquisition
time for a Raman spectrum was 3 min. Spectral resolution
of 1 ecm™' was achieved with a grating of 1800 groves
mm~'. Raman spectroscopic measurements were carried out
on Smy 5 Y sFeO; single crystal oriented along a and b axes in
ambient condition. The schematic showing the orientation and
polarization of the incident and scattered light on the (100)
plane (plane L to a axis) of SmysY(sFeOs single crystal
in standard Raman experiments is given in Fig. 1(a). The
incident light from the laser source is polarized in a specific
direction in the (100) plane while the scattered light is unpo-
larized. Figure 1(b) shows the orientation for the polarization
studies in back-scattering geometry. Here, the direction of
incident and scattered light was aligned parallel to [100] or
[010] direction of the single-crystal sample using a rotator
and analyzer to choose the polarization of the incident as

H=20 Oe
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FIG. 2. (a) Magnetic moment, M(T'), of Smys5Y(sFeO; single
crystal measured with H = 20 Oe applied along the crystallographic
axes a and b. ZF, FC, FW curves are shown. The cyan highlighted
area marks the SR region where the transitions from I'; to I'; occur
as temperature decreases. (b) Magnetization isotherms measured up
to &£ 70 kOe along a and b axes at 5 K.

well as the scattered light. Temperature-dependent Raman
spectra were measured in a Linkam THMS 600 cryostage
(Linkam Scientific, UK), equipped with a temperature con-
troller (Linkam TMS 94), and a liquid-nitrogen pumping
module (LNP 94) having an accuracy of +0.1 K. The spectra
were recorded using LabSpec 6 software. The Lorentzian
function was used to fit the profile of Raman modes and
Gaussian profile for the two-magnon modes, after appropriate
background subtraction.

III. RESULTS AND DISCUSSIONS

Temperature-dependent magnetic moment of oriented sin-
gle crystals (2 x 2 x 1mm?) was measured in the temperature
range 5400 K in zero-field (ZF), field-cooling (FC), and
field-warming (FW) protocols by applying 20 Oe external
magnetic field. Figure 2(a) shows the temperature dependence
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of ZF, FC, and FW magnetic moment at 20 Oe along a(H || a)
and b (H || b) axes of Smy 5Y( 5FeOs single crystal.

As the sample is cooled from 400 K, the weak FM mo-
ments of Fe** align along a axis until 312 K; as temperature
decreases below 312 K, the weak FM moment rotates contin-
uously from a to b axis and completely orients along the b
axis at 282 K. This is synonymous with the spin reorientation
transition of Fe3t spins from a to b axis, marking the two
transition temperatures Tsgy = 312 K and 7Tgg; = 282 K.
A weak FM moment of Fe®" persists along the a axis until
Néel temperature (7y = 654 K) as shown in Fig. S3 of the
Supplemental Material (SM) [11] (see, also, Refs. [12—15]
therein). The parent SmFeO3; compound shows spin reorienta-
tion transition from c axis to a axis between Tsg; = 450 K and
Tsro = 480 K [1,9]. Whereas, YFeOs does not show spin re-
orientation but the Fe moment is retained along the ¢ axis from
Ty = 645 K to low temperature [1]. Generally, the rare-earth
subsystem orders magnetically at very low temperature (7T <
10 K) and, above this temperature R** ions are paramagnetic
and are polarized either parallel or antiparallel to the net Fe’*
moments by the R**-Fe’* magnetic interactions. When an-
tiparallel, the net moment begins to decrease gradually which
can be observed around 100 K in the total magnetic moment
along b axis in Fig. 2(a). The Sm** sublattice is polarized
antiparallel to the net Fe>* moments in the molecular field
of Fe** ions. [Here, the total magnetization M = F + (—m),
where F is the magnetization of Fe sublattice and m is magne-
tization of Sm sublattice.] SmFeO; also exhibits this feature
at 140 K [9].

The symmetry analysis of RFeOs; orthoferrites in or-
thorhombic Pbnm space group and for k = (0 0 0) propagation
vector leads to eight possible irreducible representations (IR)
I'; to I'g [1]. The symmetry-allowed spin configurations are
shown in Table I. Among eight spin configurations, I's to
I's are incompatible with the net moment at Fe sites, and
hence not allowed. The remaining four spin configurations
Fl(Axa Gy’ Cz)’ FZ(FX’ C\” GZ)’ F3(Cx’ F;” Az)’ and F4(Gx,
A,, F,) are possible in orthoferrites [1]. A previous report [1]
suggests that I'; configuration is not consistent with strong
AFM coupling between Fe nearest neighbors and hence not
feasible in orthoferrites. However, due to weak ferromagnetic
moment along the b axis, we have assigned a spin config-
uration of I'; in the present case. From the magnetization
measurements along a and b axes, we rationalize that the
magnetic structure transforms from canted antiferromagnetic
with weak ferromagnetism along the a axis, I'2(F;, Gy, G),
to weak ferromagnetic along the b axis, I'3(Cy, F;, A;). The
nonmagnetic nature and a smaller ionic radius of Y3+ (1.019
A)in comparison to Sm** (1.079 A) have arole in introducing
structural distortions and altering the antisymmetric exchange
to drive the spin reorientation process.

Doping Y3* at Sm*" site modifies the cell parameters
(bond angle and bond length) mentioned in Table S1 of the
SM [11] (see, also, Refs. [12—15] therein). Consequently,
the relatively weak AFM coupling between Fe®t sublattices
establishes C-type and A-type AFM components along the
a and c axes in preference to the G-type AFM component
of stronger coupling strength. This marks the evolution of
an unusual spin reorientation transition in Smgs5Y(s5FeOs,
a2 (F, Gy, G;) = Ts(Fy) — T'3(Cy, Fy, A;) as temperature

TABLE I. The possible magnetic structures of RFeO; allowed
for Pbnm symmetry, where G denotes (+ — + —), F (+ + + +),
AH+ — —4),C(H + — —),and O (0000). G, F, C, A, and O
are Bertaut’s notation. x, y, and z denote orientations parallel to the
crystallographic directions a, b, and c.

Irreps Space group 4b 4c
I Pbnm AG,C. C,
r, Pbn'm’ F.C,G, F.C,
I Pb'nm’ C.FA;, C.F,
Iy Pb'n'm G.A,F, F,
Is Pbn'm’ 0,0,0, G.A,
e Pb'nm 0,0,0, A,
I, Pbn'm 0,0,0, G,
Ig Pbnm' 0,0,0, A.Gy

decreases. The I'; spin configuration was recently observed in
Er¢ 6Dy, 4FeOs; single crystal due to doped environment and
modified lattice parameters [7]. An accurate determination of
second-order anisotropy (K3) and fourth-order anisotropy (K)
constants will help in understanding the competition between
the I'; and I'; phases and how the dynamics of spin reorien-
tation transition changes as a function of temperature. This is
most efficiently accomplished through terahertz spectroscopy
[16], which is not within the scope of this work. Isothermal
magnetization of Smg5Y(sFeO3 as a function of the applied
magnetic field, £70 kQOe, along a and b axes at 5 K, after
cooling from room temperature in zero fields are shown in
Fig. 2(b). The weak ferromagnetic moment is aligned along
the b axis of SmysY( sFeOs crystal at 5 K.

Raman spectroscopy is generally employed to study the
magnetic transition in a sample to understand and correlate the
underlying phenomena. Two strategies are used to investigate
the SR transitions: (1) Tilt of FeOg octahedra is a crucial struc-
tural parameter that regulates the physical properties by tuning
the band structure. Probing the octahedral tilts and rotations
(via associated vibrational modes) using Raman spectroscopy
is a very reliable method to identify SR transitions, which
are mediated through spin-phonon coupling [17-19]. (2) Ra-
man spectroscopy is also an appropriate tool to study the
inelastic scattering of light by single- and two-magnon exci-
tations in single-crystal samples [20-25]. Magnon scattering
can directly inquire about the spin properties of the system
[20,24,25]. The phonon modes associated with the octahe-
dral tilts of Smgs5Ys5FeOs; were probed by standard Raman
spectroscopic measurements, carried out on the single-crystal
samples oriented along a and b axes at ambient conditions
(details given in Sec. II). The Raman spectra recorded for the
(100) plane and (010) plane samples along with the Lorentzian
peak fits are shown in Figs. 3(a) and 3(b), respectively. In
orthorhombic perovskites, lattice dynamical calculations have
assigned 24 Raman active modes: 7A; + 7B, + 5B, + 5B3,
[26]. Between wave numbers 100 and 700 cm ™!, we observed
12 Raman modes in both oriented (100) and (010) crystal
planes. Modes below 200 cm~! are lattice modes character-
ized by motion of Sm/Y atoms. Modes between 200 and 300
cm™! are interpreted as due to FeOg octahedral rotation while
those between 300 and 370 cm™! are related to Sm-O (sharp
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FIG. 3. Raman spectra of Smg5Y,sFeO; at 298 K measured for
(a) (100) plane and (b) (010) plane along with the peak fit.

peak at 325 cm™!) or Y-O vibrations [27]. Those between 370
and 500 cm ™! yield various bending and antistretching modes
of FeOg octahedra [26,28]. The doublet with peaks at 625 and
647 cm™! is assigned to B3, and By, modes for out-of-phase
stretching and in-phase stretching of FeOg octahedra, respec-
tively [17,28,29]. The spectra for both crystal planes have
most of the modes with similar peak positions except for one
additional mode for (100) and (010) planes centered at 354
and 463 cm™!, respectively. However, the intensity ratio of all
peaks varies substantially across the two planes. It is relevant
to note that, for standard Raman spectroscopy, as the incident
light is polarized, it interacts with vibrations only in specific
directions of a single crystal. It manifests in the differences in
the spectra when scattered in different directions, a behavior
commonly observed in single crystals oriented in different
planes [26,28,29].

Temperature-dependent Raman studies of SmgsY( sFeOs
single crystal for (100) and (010) planes were performed in
the temperature range of 80-570 K. The evolution of spectra
is shown in the stack plots of Figs. S5(a) and S5(b) in the
SM [11] (see, also, Refs. [12—15] therein). It is observed that
as the temperature increases, all the modes show a reduction
of intensity. All of the modes are also exhibiting a softening
except for the B;, and B3, modes. The spectra do not reveal
any structural transition which is marked by sudden appear-
ance or disappearance of peaks. This inference is consistent
with the earlier studies on isostructural systems [20,28,29].
The peak positions of various modes of (100) and (010) planes
were plotted against temperature. The temperature-dependent
change in Raman shift of Sm-O stretching A, mode measured
between 80 and 500 K is shown in Figs. 4(a) and 4(b). For a
magnetic material, the temperature-dependent behavior of the
phonon mode of frequency w(7T') is given as [30]

o(T) = wo + (Aw)au + (Aw)anh + (A@)ren + (Aw)gpn, (1)

where (Aw)p is the shift in phonon frequency due to
change in unit-cell parameters, (Aw).n 1S the contribution
from intrinsic anharmonicity at constant volume, (A®)ien
is the contribution from electronic state renormalization
near the spin-ordering temperature (neglected for low car-
rier concentration), and (Aw)s.ph, is the spin-phonon coupling
contribution by lattice vibration-induced modification of the
exchange integral. Ideally, temperature-dependence phonon
mode frequency w(T') should follow the anharmonic relation
[Egs. (S1) and (S2) of SM [11] (see, also, Refs. [12-15]
therein)], resulting in a linear increase in the high-temperature
regime, with decrease in temperature. For SmgsY(sFeOs
sample, most of the modes exhibit deviations from the linear
trend near two temperatures: 315 and 115 K. Expected linear
behavior of hardening up to 115 K with a subtle slope change
near 315 K is seen for A, mode at 325 cm ™! with the reducing
temperature. Beyond 115 K, the Raman shift has an opposite
behavior and softens as temperature decreases, until 80 K.
This observation is similar in both oriented (100) and (010)
crystal planes. In addition to the Sm-O stretching mode, peak
position of various modes such as the B, mode corresponding
to the R** ion motion at 162 cm~! and Ag modes around 258
cm™~! [in (010) plane], 355 cm™! [in (100) plane], 405 cm™!
[in (100) and (010) planes], and 480 cm™~! [in (100) and (010)
plane] show slope changes at 315 K [Figs. S6 and S7 of SM
[11] (see, also, Refs. [12—-15] therein)]. Most of these peaks
exhibit the anomaly near 115 K. According to Eq. (1), these
deviations from the linear behavior are attributed to the com-
bined effect of other two components [(A®)ar + (Aw)s-ph]
which are quasiharmonic effects and the spin-phonon cou-
pling [19]. Further, explicit changes are observed in the peaks
associated with the octahedral tilt, namely, B3, and B, modes.
Temperature dependence in the Raman shift of By, and B3,
modes (both planes) deviates from anharmonic dependence at
two temperature points as evidenced by the anomalies; a small
slope change at 115 K and a second sharp change between
310 and 320 K [Figs. 4(c) and 4(d)]. In the (100) plane, both
B¢ and B3z modes show hardening (opposite to the expected
softening) with the increase of temperature from 115 to 315 K,
after which the modes begin to soften linearly until 500 K.
Interestingly, both B,, and B3, modes manifest opposite trends
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FIG. 4. Temperature dependence of Raman shift of A, mode for (100) plane and (b) (010) plane. Temperature dependence of Raman shift
of the phonon modes Bs, and B, for (c) (100) and (d) (010) planes. Solid blue lines are guide to the eye. Dashed blue vertical lines represent
deviations from a linear slope for temperature dependence of Raman shift.

in the (010) plane. As expected, there is softening of both
modes in the temperature range between 115 and 315 K, but
this is followed by hardening until 500 K. In consonance with
the magnetic studies, the anomalies in various Raman modes
around 315 K are found to be the signature of SR transition,
marking the Tgsgy value. Nevertheless, it is significant to note
that the B,, and B3, modes behave differently across the two
different planes, during the temperature variation, while most
of the other modes show a very similar trend along both axes.
Here, the deviation in Raman shift during SR transition is
unprecedentedly stronger than commonly observed changes,
and shows a clear distinction across different planes, indicat-
ing the clear anisotropic nature in the changes of the magnetic
moments during the transition. Anomalies in the peak position
in the vicinity of SR transitions have been reported previ-
ously in Raman studies of magnetic materials [17—-19]. The
origin of such anomalies was explained by Chaturvedi et al.
[19] by performing temperature-dependent x-ray diffraction
(XRD) in SmFeOs;. They observed nonlinear changes in the
lattice parameters near Tgg. Changes in lattice parameters and
volume were also reflected in the Raman shift of the material
[18,19]. Similar trends in the peak position of various modes
of Smy 5Y(sFeO3; suggest nonlinearity in lattice parameters
due to exchange striction driven spin coupling. The anomaly
in the peak shift of most Raman modes near 115 K is a signa-
ture of the antiparallel ordering of samarium in the exchange

field of Fe, as evidenced by the magnetization measurement.
Similar observations are reported by Weber et al. in SmFeO;
single crystal [31], where they attributed the anomalies to the
suppression of magnetic moment. High-temperature studies
have revealed a change of slope due to the substantial drop
in intensity of B3, and B, modes in (100) and (010) planes,
respectively, at 505 K. These are highlighted in Fig. S9 of
SM [11] (see, also, Refs. [12—15] therein). From the magnetic
studies, it is clear that the changes near this temperature do not
have a magnetic origin. The origin of these changes are also
discussed in the SM [11] (see, also, Refs. [12—15] therein).
Changes in spin-phonon coupling due to external param-
eters affect the lifetime of the phonons and are identified
through Raman linewidth analysis. In a crystalline material,
Raman linewidth is inversely proportional to the lifetime of
phonon modes. The effect of temperature on full-width at half-
maxima (FWHM) of B,, and B3, modes of SmqsYgs5FeO3
crystal in (100) and (010) planes are illustrated in Fig. 5.
According to the anharmonic relation describing the temper-
ature dependence of linewidth [Eq. (S2) in SM [11] (see,
also, Refs. [12—15] therein)], the linewidth is expected to
decrease with decreasing temperature in high-temperature
regime. Deviation from this behavior is observed in the case of
FWHM of B3, and B,, modes for both (100) and (010) planes.
Figures 5(a) and 5(c) show the change in FWHM of B3, and
B,, modes, respectively, along the a axis. FWHM value of B3,
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mode increases with decreasing temperature until SR transi-
tion (315 K). Below 315 K, it decreases linearly until 80 K as
expected. Whereas FWHM of B,, mode decreases as expected
until the SR transition, below which there is a plateau in the
temperature range of 315-115 K. In case of B3z and B,, modes
along the b axis [Figs. 5(b) and 5(d)], the trend in change
of FWHM with temperature is different. Here, B3, mode
is almost stagnant below the SR transition, where the By,
mode shows the opposite behavior. These changes indicate
the noncollective rotation of Fe ion spins due to the compe-
tition of the two magnetic structures, leading to a change in
spin-phonon coupling and phonon lifetime. The changes in
FWHM help us to understand that the anomalies in Raman
shift is in fact indicative of the SR transition via spin-phonon
coupling and negate the possibility of structural transition or
magnetostriction. FWHM does not show a change of trend
near 115 K, but only marginal changes in the slope, which
is almost insignificant with the error bar. These changes could
also be the result of variations in spin-phonon coupling during
the change of Sm** magnetic moment.

There have been numerous studies on rare-earth ortho-
ferrites (polycrystalline samples or single crystals that have
grown in a specific direction) that cite spin reorientation tran-
sitions corroborated by the slope change in Raman shift and
FWHM of various modes [18,28]. Our study is focused on
specific Raman modes with off-diagonal components of polar-
izability (B3, and By,) that can interact with the canted AFM
spin in the Smy 5 Y sFeO3 through spin-phonon coupling. The
contrasting behaviors in the temperature dependence of both
Raman shift and FWHM in the B3, and B,, modes across the
two planes having axes parallel to the spin direction is remark-
able. To understand how the spin-phonon coupling causes
structural changes in magnetic materials, Mochizuki et al. [32]
have proposed a theoretical model. They have analyzed the

role of spin-phonon coupling in RMnO3 which has helped
to interpret the phase transitions in several magnetic mate-
rials including orthoferrites [19]. According to this model,
with temperature the Fe’*-Fe**, Y3*-Fe’*, and Sm**-Fe’*
interactions favor the displacement of Sm** and Y3* ions
in Smg ;Y sFeOs3, to minimize the distortion of FeOg octa-
hedra. It is interesting to note that the A, mode (325 cm™h)
corresponding to Sm-O vibration shows only a slight slope
change [Figs. 4(a) and 4(b)]. Also, the mode corresponding
to R3* ion motion follows the linear trend between 115 and
500 K in both FWHM and Raman shift, with a slope change at
315 K [Figs. S7(a)-S7(d) of SM [11] (see, also, Refs. [12—15]
therein)]. The relatively small changes in modes involving
the R3* ion, compared to the octahedral modes indicate the
cause-effect nature of Sm displacement and resulting changes
in FeOg octahedra. The trilinear coupling of Fe** and Sm**
spins and the octahedral tilt systems modifies the Fe-O-Sm
coupling path inducing changes in magnetic moments [31].
The R ion displacement leads to significant polar lattice dis-
tortion resulting in a relatively large polarization and change
in magnetic spin direction around the observed transition
temperature of 315 K. We infer from the Raman data that
the displacements retain the strength of B,, and B3, modes
along a and b axes, respectively, until the SR transition. Af-
terwards, the displacement occurs in the opposite direction,
indicating the clear involvement of exchange striction in the
SR transition. It is also inferred that the spin-phonon coupling
reduces the phonon lifetime of By, mode substantially in the
(100) plane and that of B3, mode in the (010) plane with an
accompanying sharp increase in FWHM of these modes in
the corresponding axes. In contrast, the clear change of trend
in FWHM and peak position near 115 K for the modes below
400 cm~! is a distinct sign of changes in Sm 3 sublattice due
to the alignment of Sm spins.

Some previous studies have focused on Raman spec-
troscopy of magnon scattering in which magnon peaks were
used to interpret the spin properties and SR transitions
[20,24,25]. This technique was barely applied for ferroic sam-
ples due to the weak intensity of magnon scattering compared
to that of phonon scattering. This problem has been addressed
by selecting the appropriate polarization configuration to en-
hance the intensity of the magnon modes. The polarized
Raman spectra and the two-magnon mode across different po-
larization configurations are shown in Fig. 6. The two-magnon
mode was observed with promising intensity in the cross po-
larizations %(y, z)x and ¥(z, x)y centered at 950 cm~!. This is
in agreement with the previously reported results of isostruc-
tural systems [20,23,25]. Magnon peaks with high intensity in
crossed polarization were earlier reported in similar samples
having large Raman cross section of magnon scattering in
specific configurations [25]. A sudden decline in the intensity
of magnon peaks at specific polarization is known to be a
signature of the SR transition [20,25]. This is apparent from
the stack plots in Figs. 7(a) and 7(c). By analogy, we tag the
sharp fall in two-magnon scattering intensity to SR transition
starting at 280 K in both the cross-polarization configurations.
The integrated area under the two-magnon curves was plotted
against temperature as shown in Figs. 7(b) and 7(d). A sharp
decrease in the intensity is visible between 270 and 350 K.
From the polarization-dependent studies, it has shown that the
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FIG. 6. Polarized Raman spectra of Smy5Y5FeOs single crystal at 295 K from 100 to 1050 cm ™" in different polarization configurations

enhancing the two-magnon modes.

two-magnon peak is highly anisotropic and obtained only in
specific configurations [Fig. 6(b)]. The changes in the direc-
tion of the magnetic symmetry greatly influence the intensity

of the magnon mode as shown in previous studies [25]. The in-
tensity is drastically reduced until 350 K and remains constant
thereafter. The stack plot of 2M mode in normal Raman at

)

(@) 373K (b) me 5
~ 308K | —~ %H'E% % G o0
S ettt S| S o
\(_UI/ AT AP v i L 273 @, %%'I 900 u
ARATT Y AT Ty Aobl 150 225 300
=4 ‘ 223K = e
E P L n‘v... E %
LA 100K % #%
",l. L AN |\"’r‘.' ‘ a1 2 %E §%§§
910 980 1050 200 300 400 500
Raman shift (cm-1) T (K)
(c) 373K (d) = 960p ,
g —_ ﬂ{ 2920
CY; 3: %%% 5900
= (U 5 5
% :; § 150 227'(K) 300
g Z
c At 2
- on LAY P W E

90 960

1020

Raman shift (cm-1)

200 300 400 500

T(K)

FIG. 7. (a) Temperature-dependent (100-373 K) polarized Raman showing two-magnon modes in X(y, z)x configuration. (b) Temperature
dependence of the integrated area under the two-magnon curve and inset shows temperature dependence of peak position of two-magnon mode
in X(y, z)x configuration. (c) Temperature dependent (100-373 K) polarized Raman spectra of two-magnon mode in ¥(z, x)y configuration.
(d) Temperature dependence of the integrated area under the two-magnon curve and inset shows temperature dependence of peak position of
two-magnon mode in j(z, x)y configuration. Red solid line in insets of (b) and (d) is the guide to eye showing the nonlinear trend.
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various temperatures is shown in Fig. S10(a) of SM [11] (see,
also, Refs. [12—15] therein) for comparison. Without specific
polarization, the intensity of the magnon mode is much lower
than that in the polarization study. However, the peaks could
be fitted until higher temperatures (450 K), after which the
Gaussian profile is lost in the background [the two-magnon
peaks have very low intensity and were practically absent in
the normal Raman spectra of (010) plane, thus, it was not pos-
sible to study the evolution with temperature]. The integrated
intensity of two-magnon peaks from normal Raman scatter-
ing measurements was also plotted against temperature and
shown in the Fig. S10(b) of SM [11] (see, also, Refs. [12—15]
therein). When compared with the integrated intensity plots
of two-magnon modes from polarization studies, the intensity
of the peak from normal Raman spectra shows only a gradual
decrease. The reduction in intensity occurs in the range from
250 K until 450 K, where the Gaussian features disappears.
While the result of the normal Raman is more consistent
with previous studies [25], the polarization studies indicate the
transition more clearly. It is also evident from this comparison
that the anisotropic nature of the two-magnon peak is one
of the major reasons for the dramatic drop of intensity in
polarization studies. Inset of Figs. 7(b) and 7(d) illustrate the
temperature dependence of two-magnon peak position until
310 K. Further, the two-magnon mode softens in a nonlinear
manner with a sharp drop from Tgg; (at 275 K) as temperature
is increased. The softening of magnon modes associated with
the SR transition was also reported previously [20,21].

The transition temperatures deduced from Raman study
do not limit to a specific range in most cases except
those for the two-magnon modes. This is at variance with
the values derived from magnetization studies where the
start and the end of the SR transition range is clearly
defined. It is important to realize that Raman shift is
not a direct reflection of the magnetic changes, but the
interaction of these changes with the vibrations in the
system. Hence, in the case of Raman measurement, with
the lowering temperature, various anomalies are observed
at the beginning of SR transition. Beyond this temperature,
the spin-phonon coupling associated with SR transition does
not undergo a major change, hence, we do not see any change
in Raman data at 282 K. Additionally, Chaturvedi ef al. has
reported a change in the linearity of the lattice parameters
and Raman shift in the upper limit of SR transition, when
plotted against temperature, for isostructural system SmFeQO3

[19]. Considering the similarities in structure and properties,
it is logical to assume the same in the case of Smy 5Y sFeOs3.
Further, the two-magnon modes which are not associated with
the structural changes, also show marked changes in both the
upper and lower limits of the SR transition. This is evident in
the intensity and peak position plots in Figs. 7(b) and 7(d).
There is a slight mismatch between the transition temperature
obtained in the Raman spectroscopic study and that from
magnetization measurement. This is due to the dependence
of SR transitions on the applied magnetic field in the case of
magnetization measurement but remains independent for the
temperature-dependent Raman method.

IV. CONCLUSIONS

In summary, this study reveals an unusual temperature-
induced spin reorientation transition from I, to '3 spin
configuration near room temperature, in the interval of 282—
312 K. The weak ferromagnetic moment of Fe’* remains
along the a axis until Néel temperature (7y = 654 K). Our
studies reveal the potential of Smy 5Y(sFeO3; system to be a
vital material in spintronic devices due to room-temperature
spin reorientation transition. The striking changes associ-
ated with the Raman modes in temperature-dependent Raman
studies confirm the reorientation of spin lattice structure,
specifically, the weak ferromagnetic component reorient-
ing from b to a axis. Additionally, magnon-spectral peaks
observed in polarized Raman investigations reaffirm the reori-
entation of spin configuration and the anisotropy associated
with the transition. Temperature-dependent Raman data re-
veal the involvement of strong spin-phonon coupling via
exchange striction in driving the unusual SR transition in
Smy 5Y¢ sFeOs single crystal.
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