
Spin and lattice dynamics at the spin-reorientation transitions
in the rare-earth orthoferrite Sm0.55Tb0.45FeO3

R. M. Dubrovin ,1, ∗ A. I. Brulev ,1, 2 N. R. Vovk ,3 I. A. Eliseyev ,1 N. N. Novikova ,4

V. A. Chernyshev ,5 A. N. Smirnov ,1 V. Yu. Davydov ,1 Anhua Wu ,6

Liangbi Su ,6 R. V. Mikhaylovskiy ,3 A. M. Kalashnikova ,1 and R. V. Pisarev 1

1Ioffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
2University of Nizhny Novgorod, 603022 Nizhny Novgorod, Russia

3Department of Physics, Lancaster University, Bailrigg, Lancaster LA1 4YW, United Kingdom
4Institute of Spectroscopy, Russian Academy of Sciences, 108840 Moscow, Troitsk, Russia

5Department of Basic and Applied Physics, Ural Federal University, 620002 Yekaterinburg, Russia
6Shanghai Institute of Ceramics, Chinese Academy of Sciences, 201899 Shanghai, China

(Dated: October 3, 2025)

Linear and non-linear couplings of magnetic and lattice excitations are at the heart of many
fascinating magnetophononic phenomena observed in rare-earth orthoferrites, the distinctive fea-
ture of which is the tendency to spin reorientation transitions. Here we report the results of the
experimental study of the spin and lattice dynamics in the Brillouin zone center of the rare-earth
orthoferrite Sm0.55Tb0.45FeO3 by using polarized infrared reflectivity and Raman scattering spectro-
scopic techniques. The obtained results were supported by the first-principles calculations, which
allowed us to reliably identify the parameters of most infrared- and Raman-active phonons. We

reveal the spin reorientation transitions Γ4(GaFc)
T1←→ Γ24(GacFac)

T2←→ Γ2(GaFc) at T1 ≃ 220K
and T2 ≃ 130K and carefully studied the following evolution of Raman scattering on magnetic
excitations at these transitions. Notably, the intermediate magnetic structure Γ24 displays an ex-
ceptionally broad temperature range ∆T = T1 − T2 ≃ 90K in mixed Sm0.55Tb0.45FeO3 crystal
compared to pure rare-earth orthoferrites. We attribute this broadening of the intermediate phase
to the modification of the magnetocrystalline anisotropy as a result of the inhomogeneous magnetic
structure caused by the random distribution of rare-earth Sm3+ and Tb3+ ions. We found no change
in the parameters of Raman-active B1g phonons or the appearance of new phonons induced by spin
reorientation transitions which have been reported for SmFeO3. We assume that our results provide
a solid basis for experimental and theoretical research within the modern area of magnetophononic
phenomena in rare-earth orthoferrites.

I. INTRODUCTION

Orthoferrites RFeO3, where R stands for a rare-earth
cation, have been known for over 60 years and are at the
forefront of modern magnetism research throughout that
time [1]. They host an astonishing diversity of physi-
cal phenomena such as a weak ferromagnetism due to
the Dzyaloshinskii-Moriya interaction [2, 3], magneto-
electricity [4–6], multiferroicity [7], electromagnons [8, 9],
altermagnetism [10–13], and many others [14]. Orthofer-
rites hold a particular place as a platform for experimen-
tal research in the fields of ultrafast magnetism [15–18],
nonlinear phononics [19], magnonics [20–23] and magne-
tophononics [24, 25]. One of the unique magnetic prop-
erties of the rare-earth orthoferrites is their tendency to
change one of three symmetry allowed magnetic struc-
tures for the iron subsystem labeled by Γ1, Γ2, and Γ4 as
a result of spin reorientation transitions under the mag-
netic interaction between iron Fe3+ and rare-earth R3+

cations [1]. The most common spin reorientation transi-
tion in orthoferrites is between Γ2 and Γ4 magnetic struc-
tures through the intermediate state Γ24 [1, 14, 26].
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Many papers focus on the study of magnetic [27–31]
and lattice [32, 33] dynamics evolution during spin re-
orientation transition in orthoferrites in order to reveal
new effective mechanisms of interaction between iron and
rare-earth cations. In this paper, we report results of
the experimental study on the lattice and magnetic dy-
namics in the Brillouin zone center of a rare-earth or-
thoferrite Sm0.55Tb0.45FeO3 single crystal employing po-
larized Raman scattering and infrared reflectivity spec-
troscopic techniques. The obtained experimental results
were supported by the corresponding first-principles lat-
tice dynamics calculations. Furthermore, we explored
the Raman scattering spectra of magnon modes for all
main polarization configurations in magnetic structures
Γ2 and Γ4 and revealed the temperature evolution of
these modes in the range of spin reorientation transi-
tions. The interest in this mixed compound arises due to
the fact that pure SmFeO3 and TbFeO3 crystals have
a spin-reorientation transition Γ4 ←→ Γ24 ←→ Γ2 be-
tween the most common magnetic structures for orthofer-
rites at very different temperatures, namely above 300K
and below 10K, respectively [1, 34]. As a consequence,
the spin-reorientation transition in mixed orthoferrite
Sm0.55Tb0.45FeO3 may vary in a very broad temperature
range, and, in particular, in the vicinity of the room tem-
perature. This property opens potential possibilities for
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developing temperature-controllable magnetic devices.

II. MATERIALS AND METHODS

A. Samples

The high-quality single crystals of orthoferrite
Sm0.55Tb0.45FeO3 were grown by the four-mirror float-
ing zone technique, as described in detail in Refs. [35].
The XRD oriented single crystals were cut into samples
with a normal of the surface along the three main crys-
tallographic axes and polished to optical surface quality.
The samples have a typical thickness of about 1mm and
a surface size of about 8× 8mm2.

B. Infrared spectroscopy

The infrared reflectivity measurements were carried
out at room temperature with near normal incident light
(the incident light beam was near at 13◦ from the nor-
mal to the sample surface) using a Bruker IFS 66v/S
spectrometer with DTGS (50–450 cm−1) and DLaTGS
(450–5000 cm−1) detectors with a resolution of 4 cm−1,
a number of scans of 128, and a scanning velocity of
2.2 kHz. The linear polarization of light emitted by the
globar source was set by the THz linear thin film polar-
izer along the main crystallographic axes of the crystal
samples. Absolute values of reflectivity were obtained by
normalizing the spectra obtained from the samples by
the reference one from the gold mirror.

C. Raman spectroscopy

The polarized Raman spectra were measured using the
Horiba LabRAM HREvo UV-Vis-NIR-Open spectrome-
ter with the 1800 lines/mm grating equipped with a con-
focal microscope and a liquid nitrogen cooled CCD de-
tector. For excitation, a 632.8 nm line of a HeNe laser
(Newport N-LHP 928) was used with a power of 14mW.
The temperature of the samples in the experiment was
varied in the range from 78 to 400K using a Linkam ther-
mal stage. Experiments were performed in the backscat-
tering geometry using a Leica PL FLUOTAR 50× (NA
= 0.55) long working-distance objective lens to focus the
incident beam into a spot of 2µm diameter and to collect
the scattered light. For measurement at ambient condi-
tions, an Olympus MPLN 100× objective was used to
focus the excitation beam into a spot with a diameter of
< 1 µm. To control the sample temperature in the range
from 78 to 400K, a Linkam THMS600 nitrogen cryostat
was used.

D. Lattice dynamics calculations

We have supplemented the obtained experimental re-
sults by the lattice dynamics calculations performed in
the framework of density functional theory (DFT) with
B3LYP hybrid functional [36] implemented on CRYS-
TAL14 package [37]. The quasi-relativistic ECPnMWB
pseudo-potentials for Tb3+ (n = 54) and Sm3+ (n = 51)
were used to describe the core electrons including 4f
shell [38, 39]. To describe the valence electrons of rare-
earth ions, the ECPnMWB-I basis sets were used [38, 40].
All electron basis sets have been used to describe ions
with a contraction scheme of (842111s)-(6311p)-(411d)-
(1f) for Fe, and (6211s)-(411p)-(1d) for O [41]. The
putative ferromagnetic spin configuration was used in
the calculations. The reciprocal space was sampled by
8 × 8 × 8 k-point mesh. The parameters that establish
the accuracy in evaluating the Coulomb and Hartree-
Fock exchange series were set as 8, 8, 8, 8, and 16 [37].
The threshold on the self-consistent field energy was
set to 10−9 Hartree for the geometry optimization and
10−8 Hartree for the frequency calculation. The phonon
spectra of TbFeO3 and SmFeO3 were calculated in har-
monic approximation in the center of the Brillouin zone
by means of numerical second derivatives of the to-
tal energy. The static dielectric tensors, Born effective
charges, and phonon intensities were calculated using
the CPHF/KS approach [42, 43]. It was shown that the
phonon frequencies in rare-earth orthoferrites depend lin-
early on the ionic radius of the R ion [44]. From this,
the phonon frequencies for Sm0.55Tb0.45FeO3 were es-
timated using those for SmFeO3 and TbFeO3 and tak-
ing into account the effective ionic radii of the R ion as
rR = 0.55 rSm(1.079 Å) + 0.45 rTb(1.040 Å) ≃ 1.0615 Å.
The obtained phonon frequencies for SmFeO3, TbFeO3,
and Sm0.55Tb0.45FeO3 are listed in Table V.

III. RESULTS AND DISCUSSIONS

A. Crystal and magnetic structures and phonons

The rare-earth orthoferrite Sm0.55Tb0.45FeO3 has the
orthorhombically distorted perovskite crystal structure
with the centrosymmetric space group Pbnm [No. 62,
D16

2h] and four formula units per unit cell Z = 4 [34].
The Pbnm is an unconventional setting of the Pnma
space group, which is conventionally used for orthofer-
rites [1]. The lattice parameters of Sm0.55Tb0.45FeO3

at room temperature are listed in Table I, in compari-
son with those of SmFeO3 and TbFeO3. The unit cell
contains 20 ions occupying the Wyckoff positions 4c for
Sm3+ and Tb3+, 4b for Fe3+, and 4c and 8d for O2−.
Below the Néel temperature TN (Fe) ≃ 650K the Fe3+

spins arrangement is a canted antiferromagnetic struc-
ture with antiparallel ordering along the a axis (Ga) and
a weak ferromagnetic moment along the c axis (Fc) due
to the Dzyaloshinskii-Moriya interaction, which corre-
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FIG. 1. The crystal and magnetic structures of
Sm0.55Tb0.45FeO3 in the Pbnm setting in the (a) Γ2 and
(b) Γ4 magnetic configurations. (c) The precession of week
ferromagnetic momentM = M1+M2 for quasi-ferromagnetic
(qFM) mode and amplitude oscillation of M for quasi-
antiferromagnetic (qAFM) mode in orthoferrites.

sponds to the Γ4(GaFc) magnetic structure in Bertaut’s
notation. SmFeO3, Sm0.55Tb0.45FeO3 and TbFeO3 ex-
hibit one of the most common spin reorientation tran-
sitions in orthoferrites in which the Fe3+ spins are ro-
tated continuously in the ac plane in the temperature
range from T1 to T2 (T2 < T1 < TN ) from the Γ4(GaFc)
[Fig. 1(b)] to Γ2(GcFa) [Fig. 1(a)] through the inter-
mediate Γ24(GacFac) state [34, 46]. The highest spin
reorientation transition temperatures T1 ≃ 480K and
T2 ≃ 450K are observed in SmFeO3 [32]. Isovalent sub-
stitution in Sm1−xRxFeO3 reduces the transition tem-
peratures T1 and T2 to the required values by varying
the concentration of R3+ ions [14, 34, 35].

The group-theoretical analysis of Pbnm orthoferrites
RFeO3 predicts 60 phonons at the center of the Brillouin

TABLE I. Lattice parameters a, b, and c (in Å), unit
cell volume V (in Å3), static ε0 and high-frequency ε∞
anisotropic dielectric permittivities in SmFeO3, TbFeO3, and
Sm0.55Tb0.45FeO3 obtained from experiments in comparison
with our results of DFT calculations.

SmFeO3 TbFeO3 Sm0.55Tb0.45FeO3

Exp.a DFT Exp.b DFT Exp. DFT

a 5.400 5.475 5.365 5.404 5.395 5.443
b 5.584 5.700 5.634 5.684 5.612 5.693
c 7.768 7.820 7.623 7.755 7.688 7.791
V 234.23 244.04 230.39 238.21 232.77 241.42

εa0 — 33.331 21.7 31.886 25.18 32.681
εb0 — 30.96 20.5 29.426 23.58 30.270
εc0 — 30.182 22.6 31.081 24.86 30.587

εa∞ — 5.215 4.81 5.141 5.4 5.182
εb∞ — 5.237 4.82 5.203 5.39 5.222
εc∞ — 5.094 4.79 5.017 5.36 5.059

a Ref. [44].
b Ref. [45].

zone [47]:

Γtotal = B1u(z)⊕B2u(y)⊕B3u(x)︸ ︷︷ ︸
Γacoustic

⊕ 7B1u(z)⊕ 9B2u(y)⊕ 9B3u(x)︸ ︷︷ ︸
ΓIR

⊕ 7Ag(x
2, y2, z2)⊕ 7B1g(xy)⊕ 5B2g(xz)⊕ 5B3g(yz)︸ ︷︷ ︸

ΓRaman

⊕ 8Au(xyz)︸ ︷︷ ︸
Γsilent

,

(1)
among which there are 3 acoustic, 25 infrared-active, 24
Raman-active, and 8 silent modes. The basis functions
are given in parentheses.

B. Infrared-active phonons

The infrared reflectivity spectra measured for the elec-
tric field E of radiation polarized along the a, b, and
c axes of Sm0.55Tb0.45FeO3 at room temperature are
shown by the green lines in Figs. 2(a)–2(c), respectively.
The reflection bands in the spectra correspond to the
B1u, B2u, and B3u phonons, which are active for spe-
cific polarizations according to Eq. (1). These reflectiv-
ity spectra were fitted by using the factorized form of the
complex dielectric permittivity [48]

ε(ω) = ε1(ω)− iε2(ω) = ε∞
∏
j

ω2
jLO − ω2 + iγjLOω

ω2
jTO − ω2 + iγjTOω

,

(2)
where ε∞ is the high-frequency dielectric permittivity,
ωjTO, ωjLO, γjTO and γjLO correspond to TO and LO
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FIG. 2. The infrared reflectivity spectra with the electric field E of radiation polarized along the (a) a, (b) b, and c (c) axes
of the Sm0.55Tb0.45FeO3 at room temperature in the Pbnm setting. The solid black lines are fits using Eq. (3) with a complex
dielectric permittivity ε = ε1 − iε2 from Eq. (2). Spectra of the ℑ[ε(ω)] and −ℑ[ε−1(ω)] from fits which correspond to the
TO and LO infrared-active phonons with (d), (g) B3u, (e), (h) B2u, and (f), (i) B1u symmetries, respectively. Vertical dashed
gray lines denote the experimental frequencies of infrared-active phonons. Color sticks at the bottom of plots represent the
calculated phonon frequencies.

TABLE II. Experimental frequencies ω (cm−1), dampings
γ (cm−1), and dielectric strengths ∆ε of the TO and LO
polar phonons in Sm0.55Tb0.45FeO3 at room temperature in
comparison with the results of DFT calculations presented in
parentheses.

Sym. ωTO γTO ωLO γLO ∆ε

B1u

160.4 (149.4) 18.3 166.9 (152.5) 7.3 7.14 (3.84)
169.1 (160.8) 9.1 191.2 (179.7) 9.4 1.68 (6.39)
274.5 (242.5) 18.2 297 (281.4) 11.7 4.74 (9.30)
304.8 (300.3) 13.8 310 (302.8) 14.3 0.34 (0.52)
347.8 (320.2) 22 484.8 (454.1) 10.2 4.95 (4.75)
495.6 (465.8) 14 498 (480.1) 11.1 0.01 (0.11)
545.5 (510.1) 17.8 647.8 (641.9) 9.8 0.66 (0.60)

B2u

102.3 (106.3) 6.9 103.2 (106.5) 6.4 0.45 (0.13)
188.6 (185.2) 13.3 192.5 (185.7) 9.1 1.56 (0.37)
244.6 (223.7) 17.9 260.6 (254.5) 12.4 5.77 (14.92)
289.2 (282.3) 14.2 295.5 (294.6) 11.6 2.87 (7.49)
308.7 (296.4) 29.1 385.5 (332.7) 6.7 6.29 (1.18)
386.3 (332.7) 6.7 405.4 (399.1) 13 0.04 (0.00)
421.5 (412.7) 13.6 492.6 (487) 11 0.69 (0.64)
— (500.7) — — (521.9) — — (0.26)

522.5 (522.7) 17.1 636.6 (637) 12 0.49 (0.02)

B3u

109.3 (114.9) 10.2 111 (116.3) 7.8 0.95 (1.04)
178.7 (171.7) 18.7 190.8 (176) 6.8 4.55 (3.18)
255.8 (220.9) 19.8 275.3 (274.7) 11.4 7.86 (19.34)
284.4 (278.8) 18.4 326.9 (316.6) 11.8 2.48 (0.73)
— (324.9) — — (331.5) — — (0.27)

352.1 (344.5) 11.7 365.1 (362.7) 7.9 1.05 (0.91)
390.2 (383.1) 17.5 478.3 (480.2) 15.2 2.6 (1.79)
480.9 (483.2) 16.1 527.3 (514.9) 11.8 0.06 (0.05)
550.7 (530.5) 17.5 636.1 (633.8) 10.2 0.25 (0.20)

frequencies (ωj) and dampings (γj) of the jth polar
phonon of the specific symmetry, respectively. Multi-
plication occurs over all polar phonons with the specific
symmetry which are active for this polarization of the in-
cident light. We note that Eq. (2) at ω = 0 converges to
the well-known Lyddane-Sachs-Teller relation [49]. For
normal incidence, the infrared reflectivity R(ω) and com-
plex dielectric function ε(ω) are related to each other via
the Fresnel equation [50]

R(ω) =
∣∣∣√ε(ω)− 1√

ε(ω) + 1

∣∣∣2. (3)

There is a fair agreement between the reflectivity spec-
tra (green lines) and the fits (black lines) from Eqs. (2)
and (3) as can be seen in Figs. 2(a)–2(c). The peaks in
the spectra of the imaginary part of the dielectric per-
mittivity ℑ[ε(ω)] [Figs. 2(d)–2(f)] and the inverse dielec-
tric permittivity ℑ[ε−1(ω)] [Figs. 2(g)–2(i)] correspond to
the frequencies of transverse (TO) and longitudinal (LO)
polar phonons, respectively [51]. The parameters of the
B1u, B2u, and B3u infrared-active phonons derived from
the fits are listed in Table II. The obtained results are
close to those reported in the literature for other ortho-
ferrites [45, 52, 53].
The static dielectric permittivity ε0 = ε∞ +

∑
j ∆εj

is determined by the infrared-active phonons via their
dielectric strengths [54]

∆εj =
ε∞
ω2
jTO

∏
k

ω2
kLO − ω2

jTO∏
k ̸=j

ω2
kTO − ω2

jTO

. (4)

The dielectric strengths ∆ε evaluated using Eq. (4)
are listed in Table II. The anisotropic static ε0 and
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high frequency ε∞ dielectric permittivities obtained from
fits are given in Figs. 2(a)–2(c). This value of ε0 for
Sm0.55Tb0.45FeO3 is in fair agreement with the data re-
ported in the literature on several orthoferrites [8, 52, 55].

C. Raman-active phonons

The intensity of the light scattered by a Raman-active
phonon is determined by the following relation [56]

I ∝ |esRei|2, (5)

where R is the Raman tensor, es and ei are the unit
vectors of the polarization for the incident and scattered
light in the crystal axes coordinate system, respectively.
The Raman tensors of Raman-active phonons for Pbnm
orthoferrites are defined as [47, 57]

RAg
=

a1 0 0
0 a2 0
0 0 a3

 , RB1g
=

 0 a4 0
a4 0 0
0 0 0

 ,

RB2g =

 0 0 a5
0 0 0
a5 0 0

 , RB3g
=

0 0 0
0 0 a6
0 a6 0

 ,

(6)

where a1–a6 are Raman tensor elements. Thus, Raman-
active phonons of a given symmetry can be selectively
distinguished by using specific polarization configura-
tions of incident and scattered light with respect to the
main crystallographic axes of the crystal. The polariza-
tion configuration is usually given in Porto’s notation, ac-
cording to which a set of four symbols is used, ki(eies)ks,
where ki and ks are the directions of the propagation of
the incident and scattered light (for the backscattering
geometry these directions are opposite ki = ks) [58]. Ac-
cording to Eqs. (6) and (5), the Ag phonons are active
for the parallel polarization settings ei ∥ es whereas B1g,
B2g and B3g phonons are distinguishable in the crossed
configurations ei ⊥ es.

Figure 3 shows the Raman polarized spectra of
Sm0.55Tb0.45FeO3 at ambient conditions. These spectra
were analyzed and Ag, B1g, B2g, and B3g Raman-active
phonons were reliably identified in parallel and crossed
polarizations, respectively. The small leakage of phonons
in forbidden polarizations was observed presumably due
to the slight misalignment of the polarization of light
with respect to the crystal axes in the samples and the
almost unavoidable depolarization effect in the optical
elements. The frequencies, full widths at half maximum
(FWHMs), and intensities of the Raman-active phonons
were extracted by fitting the Raman spectra with a sum
of Voigt profiles implemented in fityk software [59] with-
out Bose correction. These results are listed in Table III.
The frequencies of the Raman-active phonons are close
to those for other orthoferrites [28–30, 45].

The observed strong asymmetric line with a frequency
≃ 630 cm−1 appearing in parallel polarizations only was

TABLE III. Frequencies (cm−1), full widths at half max-
imum (FWHM, cm−1), and maximal intensity (counts/s)
of the Raman-active Ag, B1g, B2g, and B3g phonons for
Sm0.55Tb0.45FeO3 at ambient conditions. The calculated
phonon frequencies are given in parentheses.

Sym. Freq. FWHM Intensity

Ag

108.7 (111) 2.9 35.4
139.9 (133.1) 6.1 74.3
245.5 (245.9) 21.2 31.1
322.8 (324.1) 9.1 47.9
392.1 (389.3) 12.6 14.9
416.7 (405.1) 27.7 9.3
476.2 (478.9) 13.2 46.9

B1g

109.1 (109.9) 3.4 7.5
156.9 (157) 4.5 49.5
277.9 (281.4) 20.4 2.9
— (349.6) — —

471.2 (473.3) 9.6 9.4
— (521.9) — —
— (640.4) — —

B2g

132.3 (127.3) 5.6 2.1
320.8 (314.6) 12.9 1.1
427.5 (409.9) 18.4 8.5
459.5 (458) 9.4 3.2
— (669.1) — —

B3g

155.4 (147.5) 5.6 1.6
241.8 (233) 8.1 3.7
351.9 (344.6) 5.6 5.8
424.6 (405.6) 11.9 2.5
— (621.9) — —

previously reported in SmFeO3 [33, 44, 60, 61] and other
orthoferrites [44, 60, 62–67]. According to Refs. [44, 67],
the frequency and polarization selection rules of this line
seem to be independent on the R ions in orthoferrites, in-
cluding Y. Moreover, the calculated frequencies of the Ag

phonons are lower than this excitation [44, 45, 63]. This
allows us to assume that this line is not an Ag Raman-
active phonon, but it is related to the chemical defects
in the lattice. However, it is worth noting that intensity
and spectra depend on the R ion and this dependence is
reproduced for different orthoferrite crystals of the same
composition. While this line exhibits low intensity in
TbFeO3 [30, 44, 45], its intensity is markedly greater in
SmFeO3 [44] and in Sm0.55Tb0.45FeO3.

D. Magnons

There are four Fe3+ ions in the orthoferrite unit cell,
which gives two doubly degenerate magnon branches
called acoustic and exchange. The Dzyaloshinskii-Moriya
interaction leads to a net magnetic moment due to
a small spin canting (≃ 8.5mrad) and splitting of the
magnon branches [1]. The acoustic branch is split on
the quasi-ferromagnetic (qFM, ≃ 10 cm−1) and quasi-
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FIG. 3. The polarized Raman scattering spectra of the (a) Ag, (b) B3g, (c) B2g, and (d) B1g phonons for Sm0.55Tb0.45FeO3 at
ambient conditions. The polarization configurations are given in Porto’s notation as described in the text in the Pbnm setting.
The solid gray lines are fits of the phonons active in the corresponding polarization configuration as described in the text. The
frequencies of these phonons are denoted by the vertical dashed lines. Purple sticks at the bottom of each plot represent the
calculated phonon frequencies.

antiferromagnetic (qAFM, ≃ 20 cm−1) magnon modes.
These modes can be represented as the precession of
the ferromagnetic vector M = MA + MB for qFM [see
Fig. 1(c)], and antiferromagnetic vector L = MA −MB

for qAFM [see Fig. 1(d)] magnon modes, where MA and
MB are magnetizations of the oppositely directed sub-
lattices. The exchange magnon branch (≃ 450 cm−1) is
also split by the Dzyaloshinskii-Moriya interaction, but
it interacts extremely weakly with light, but appears in
inelastic neutron scattering experiments [27]. However,
the splitting of acoustic and exchange magnon branches
cannot be resolved in neutron experiments.

The qFM and qAFM magnon modes in orthoferrites
are clearly visible in Raman scattering [28, 30, 62, 68],
pump-probe [17, 69] and THz [1, 8, 9, 52, 55] experiments.
The Raman tensors for qFM and qAFM magnon modes
for orthoferrites in the Pbnm setting are given for low-
temperature Γ2 magnetic structure [70]

RΓ2

qFM(Bg) =

 0 b1 b2
b3 0 0
b4 0 0

 ,

RΓ2

qAFM(Ag) =

b5 0 0
0 b6 b7
0 b8 b9

 ,

(7)

and for high-temperature Γ4 magnetic structure [28, 70,

71]

RΓ4

qFM(Bg) =

 0 0 c1
0 0 c2
c3 c4 0

 ,

RΓ4

qAFM(Ag) =

c5 c6 0
c7 c8 0
0 0 c9

 ,

(8)

where b1–b9 and c1–c9 are Raman tensor elements.

The Raman scattering spectra in the range from -20 to
20 cm−1 for all parallel and crossed polarization configu-
rations along main crystal axes for the Γ2 at T = 78K
(left panels with blue shaded area) and Γ4 at 293K
(right panels with red shaded area) magnetic structures
in Sm0.55Tb0.45FeO3 are shown in Fig. 4. It is clearly
seen anti-Stokes and Stokes lines of the two excitations
with frequencies≃ ±7 cm−1 and≃ ±18 cm−1 in the high-
temperature Γ4 phase and only one line at ≃ ±7 in the
low-temperature Γ2 magnetic structure. The highest Ra-
man scattering intensities for the ≃ ±7 cm−1 mode are
observed in the a(bc)a [a(cb)a] for the Γ4 and in the c(ab)c
[c(ba)c] polarization configurations for the Γ2 magnetic
structure. The excitation with a frequency ≃ ±18 cm−1

clearly seen in the Γ4 magnetic structure has the highest
Raman scattering intensity in the c(ab)c [c(ba)c] polariza-
tion configuration, while we could not reliably detect it in
the Γ2 phase. Therefore, the selection rules from the Ra-
man tensors (7) and (8) and typical values of frequencies
allow us to assign these excitations to qFM (≃ ±7 cm−1)
and qAFM (≃ ±18 cm−1) magnon modes.
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FIG. 4. The polarized Raman scattering spectra of the quasi-ferromagnetic (qFM, ≃ ±7 cm−1) and quasi-antiferromagnetic
(qAFM, ≃ ±18 cm−1) modes in Sm0.55Tb0.45FeO3 in Γ2 (blue shaded area, T = 78K) and Γ4 (red shaded area, T = 293K)
magnetic structures. The polarization configurations are given in Porto’s notation as described in the text in the Pbnm setting.
The intensity of some spectra is multiplied by a factor denoted by the “×” sign to highlight the weaker excitations.

FIG. 5. The temperature color map of the polarized Raman
scattering spectra of quasi-ferromagnetic (qFM, ≃ ±7 cm−1)
and quasi-antiferromagnetic (qAFM, ≃ ±18 cm−1) modes in
Sm0.55Tb0.45FeO3 in the a(bc)a (left panel) and c(ab)c (right
panel) polarization configurations which are given in Porto’s
notation as described in the text in the Pbnm setting. The
Γ4, Γ24 and Γ2 magnetic structures separated by the white
dashed lines. The intensity is given on a log scale.

E. Spin reorientation transition

Next, we measured the temperature dependence of the
Raman scattering spectra from 400 to 78K in the a(cb)a
and c(ba)c polarization configurations. It is clearly seen
that in the a(bc)a polarization configuration (left panel

in Fig. 5) the qFM magnon mode is active at tempera-
tures above ≃ 130K, whereas above and below ≃ 130K
we could not observe any evidence of the qAFM magnon
mode. On the contrary, in the c(ba)c polarization con-
figuration (right panel in Fig. 5) the qAFM magnon
mode has been detected at temperatures above ≃ 130K,
and below ≃ 220K the qFM mode becomes active.
This allows us to conclude that the spin reorientation

transitions Γ4(GaFc)
T1←→ Γ24(GacFac)

T2←→ Γ2(GaFc)
with T1 ≃ 220K and T2 ≃ 130K is realized in the
Sm0.55Tb0.45FeO3.

We note that according to the literature, the Raman
scattering from the qAFM magnon mode has not been
detected in the Γ2 magnetic structure in other orthofer-
rites, e.g. in ErFeO3 [28, 29, 68], SmFeO3 [68], TmFeO3

and TbFeO3 [30, 62]. However, the qAFM magnon mode
is clearly seen in the Γ2 magnetic structure in the mag-
netodipole absorption [9]. On the other hand, for the
Γ1 magnetic structure, which is present at low temper-
atures in DyFeO3, the qAFM magnon mode has been
revealed in the Raman scattering [68] and the THz ex-
periments [8, 72].

To better understand the temperature behavior of
magnetic excitations across spin reorientation transi-
tions, we fit the Raman scattering spectra from Fig. 5
using the procedure described earlier. The results are
shown in Figs. 6(a)– 6(g). The frequency of the qFM
magnon mode shows a soft mode behavior and has two
minima at temperatures T1 ≃ 220K and T2 ≃ 130K
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FIG. 6. The temperature dependences of (a, b) frequency, (c,
d) intensity and (e, f) full widths at half maximum (FWHM)
of the anti-Stokes (AS, closed circles) and Stokes (S, open
circles) Raman scattering lines in the a(bc)a and c(ba)c po-
larization configurations of the qFM and qAFM magnon ex-
citations, respectively. The blue, green, and red shaded areas
correspond to the Γ2 (T < 130K), Γ24 (130K < T < 220K),
and Γ4 (T > 220K) magnetic configurations, respectively. In-
tensities were not Bose corrected.

as can be seen in Fig. 6(a). Moreover, the ωqFM at T1

and T2 has non-zero values, which is related to a magne-
toelastic gap in the magnon spectrum (≃ 6 cm−1) due to
the magnetoelastic interaction of the quasi-ferromagnetic
mode with acoustic phonon [73]. This soft mode behav-
ior of the qFM magnon mode frequency was previously
observed in Raman scattering on other orthoferrites with

the Γ4(GaFc)
T1←→ Γ24(GacFac)

T2←→ Γ2(GcFa) transition,
e.g. in ErFeO3 [29], TmFeO3 [30, 62]. At that, the qAFM
mode is not a soft mode and its frequency increases at
cooling in the Γ4 magnetic structure and remains almost
constant after the transition to the Γ24 magnetic struc-
ture, as shown for the c(ba)c polarization configuration
in Fig. 6(b).

It should be emphasized that the temperature range
∆T = T1 − T2 ≃ 90K in which the intermediate
magnetic structure Γ24 is realized is unusually wide in
Sm0.55Tb0.45FeO3 compared to other rare-earth orthofer-

rites with Γ4(GaFc)
T1←→ Γ24(GacFac)

T2←→ Γ2(GcFa) tran-
sitions [14], as can be seen for some crystals in Table IV.
Next, we will try to understand what causes such a wide

TABLE IV. Temperatures T1 and T2 (in K) of the spin re-

orientation transitions Γ4
T1←→ Γ24

T2←→ Γ2 and temperature
ranges ∆T = T1 − T2 in which the intermediate magnetic
structure Γ24 is realized for the earth-rare orthoferrites.

T1 T2 ∆T = T1 − T2

TbFeO3
a 9 8 1

TmFeO3
b 94 84 10

ErFeO3
c 103 90 13

Sm0.7Er0.3FeO3
d 330 310 20

NdFeO3
e 170 107 63

PrFeO3
e 10 6.5 3.5

Sm0.4Er0.6FeO3
f 210 175 35

Sm0.7Tb0.3FeO3
g 330 310 20

SmFeO3
h 360 330 30

Sm0.55Tb0.45FeO3
i 220 130 90

Sm0.5Tb0.5FeO3
j 250 150 100

a Refs. [9, 55, 74, 75].
b Ref. [30].
c Ref. [68].
d Ref. [76].
e Ref. [77].
f Ref. [78].
g Ref. [35].
h Ref. [32].
i This work.
j Ref. [26].

temperature range ∆T in Sm0.55Tb0.45FeO3. The fre-
quencies of magnon modes in orthoferrites are described
by the following expressions [79]

ωqFM =
γ

m0

√
Hex Hac, ωqAFM =

γ

m0

√
Hex Hab, (9)

where γ is the gyromagnetic ratio, m0 is the magneti-
zation of the Fe3+ sublattices, and Hex is the exchange
field. According to Ref. [79], the effective anisotropy field
Hac and Hab have the form

Hac(T ) =


Keff

ac (T ), T > T1,

2

√
−
Keff

ac (T )

K2

[
1 +

Keff
ac (T )

K2

]
, T2 < T < T1,

Keff
ca (T ) = −2K2 −Keff

ac (T ), T2 > T,

(10)
and

Hab(T ) =


K0

ab, T > T1,

K0
ab +

[
1 +

Keff
ac (T )

K2

]
(K ′′

2 +K2), T2 < T < T1,

K0
ab +K ′′

2 +K2, T2 > T,

(11)
which includes the anisotropy function

Keff
ac (T ) = K0

ac −
(∆0

ex)
2

(T̃ − λ̃f)2
(2 T̃ − λ̃f),

Keff
ca (T ) = −2K2 −Keff

ac (T ),

(12)
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and crystallographic anisotropy constants K0
ac, K

0
ab, K2,

K ′′
2 . Here, ∆0

ex is the exchange parameter, ∆cf is the

crystal field splitting, ∆R(T ) =
√
∆2

ex(T ) + ∆2
cf is the

energy splitting parameter, T̃ = ∆R / tanh (∆R /T ) is

the reduced temperature, and λ̃f is the parameter, which
represents f–f exchange interaction.
The temperature dependence of the magnon mode fre-

quencies ωqFM(T ) and ωqAFM(T ) in Sm0.55Tb0.45FeO3

can be fairly described using the parameters K0
ac =

0.326K, K2 = 0.128K, ∆cf = 67K, and ∆0
ex = 5.55K.

These parameters lie within the range predicted by the-
ory, as detailed in Ref. [80], and are in good agreement
with the Refs. [79, 81, 82], where similar parameters
for other orthoferrites have been reported. Since here
we deal with the orthoferrite with the mixed rare-earth
dopants, these parameters are understood as “effective”
and mostly refer to the Sm3+ ions, for which ∆cf is much
larger than for Tb3+.

To understand further the origin of the spin reorienta-
tion transition temperature range (i.e. interval between
T1 and T2), let us assume a high-temperature approx-
imation valid for T1,2 ≫ 10K, so that the parameters
responsible for the low-temperature f–f exchange can
be neglected. The spin reorientation transition is caused
by the zero crossing of the effective anisotropy functions
at temperatures T1 and T2. Then Eq. (12) for the ef-
fective anisotropies at the phase transition temperatures
from Ref. [79] will take the following form:

Keff
ac (T1) = Kac − 2 (∆0

ex)
2 tanh (∆cf/T1)

∆cf
= 0,

Keff
ca (T2) = −2Kac −Kac + 2 (∆0

ex)
2 tanh (∆cf/T1)

∆cf
= 0

(13)
By solving them with respect to T1 and T2, one can ob-
tain the following solutions:

T1 =
∆cf

arctanh
[K0

ac ∆cf

2 (∆0
ex)

2

] ,
T2 =

∆cf

arctanh
[ (2K2 +K0

ac)∆cf

2 (∆0
ex)

2

] . (14)

It turns out to be convenient to analyze the ratio be-
tween T1 and T2 which has the following form:

T1

T2
=

arctanh
[K0

ac ∆cf

2 (∆0
ex)

2

]
arctanh

[ (2K2 +K0
ac)∆cf

2 (∆0
ex)

2

] . (15)

From this ratio, it can be seen that by setting cu-
bic anisotropy K2 to zero, the ratio will be equal to
1, corresponding to the scenario with only one second-
order phase transition occurring at T1. In the course of

Γ4
T1←→ Γ24

T2←→ Γ2 spin reorientation transitions, which

FIG. 7. (a) The temperature dependences over the spin
reorientation transitions interval for the effective anisotropy
functions Keff

ca (T ) and Keff
ac (T ) which determine the tempera-

tures of the transitions Γ4
T1←→ Γ24

T2←→ Γ2. The change ±10%
in the anisotropies leads to a change in T1 ≃ 193 − 232K
and T2 ≃ 121− 145K. (b) Temperatures of spin reorientation
transitions T1 and T2 and temperature ranges ∆T = T1 − T2

of the intermediate magnetic structure Γ24 as functions of the
magnetic anisotropy.

manifest themselves as two second-order phase transi-
tions, at T1 and T2 and is observed in most of the ortho-
ferrites, the value of K2 must be positive [83]. For our
parameters, the value of this ratio is ∆T ≃ 0.4967. By
varying parameters included in Eq. (15) individually by
+10% while keeping the others constant, we obtain that
for Kac = 0.358K, the ratio changes to ∆T ≃ 0.509; for
K2 = 0.1408K it becomes ∆T ≃ 0.467; for ∆cf = 73.6K
we evaluated a value ∆T ≃ 0.479; and for ∆0

ex = 6.1K
it has taken on a value ∆T ≃ 0.519. Thus, the change
in the anisotropy constant K2 has a stronger effect on
the spin reorientation transition temperature range ∆T
than corresponding changes in Kac, ∆cf and ∆0

ex, even
though they are all of the same order. Therefore, it can
be concluded that the existence of the spin reorientation
transition is primarily defined by the cubic anisotropy
K2. The temperature interval is mostly determined by
the balancing of values of the cubic anisotropy K2 and
crystallographic anisotropy Kac as well as their ratio to
the crystal field ∆cf and exchange interaction parameter
∆0

ex. The doping of SmFeO3 with Tb3+ ions dilutes the
concentration of Sm ions and introduces defects into the
magnetic texture, which in turn modifies the values of
effective anisotropy parameters.

Figure 7(a) shows the temperature dependences of the
effective anisotropies Keff

ca (T ) and Keff
ac (T ) according to

Eq. (12) when only anisotropy parameters K2 and K0
ac

are varied by ±10%. The crossing of the zero by Keff
ac (T )

andKeff
ca (T ) occurs at the transition temperatures T1 and

T2. It can be seen that a decrease in anisotropies leads
to a lowering in these temperatures. Moreover, the tem-
perature T1 changes with a change in anisotropy more
strongly than T2, which in turn leads to an increase in
the temperature range ∆T , as shown in Fig. 7(b). Thus,
in the mixed sample the value of the effective anisotropy
is different from the pure orthoferrites due to the ran-
dom distribution of the Sm3+ and Tb3+ ions, making
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the magnetic structure defected, which may explain the
broad temperature interval of the spin reorientation.

The intensities for the anti-Stokes and Stokes lines of
the qFM mode have close temperature behavior as can
be seen in Fig. 6(c). It depends weakly on the tempera-
ture for a(bc)a polarization configuration in the Γ4 mag-
netic structure, and at the transition to the intermediate
Γ24 magnetic structure, the intensity begins to decrease
sharply to extremely low values at cooling. In the c(ab)c
the intensity of the qFM mode begins to rapidly increase
at cooling in the Γ24 magnetic structure, but at the tran-
sition in the Γ2 magnetic structure, the trend changes
and it gradually decreases. At that, the FWHM of the
qFM mode is about 0.5 cm−1 and weakly dependent on
the temperature for both polarization configurations [see
Fig. 6(e)].

As already stated, the qAFM mode does not appear in
any polarization configurations in the Γ2 magnetic struc-
ture. It is clearly seen in Fig. 4, the intensity of the
Stokes Raman line is greater than the anti-Stokes one
of the qAFM mode in the c(ba)c polarization configu-
ration in the Γ4 magnetic structure. These intensities
are essentially unchanged in the Γ4 magnetic structure,
whereas in the Γ24 magnetic structure at cooling they
sharply decrease to almost very low values as shown in
Fig. 6(d). The FWHM decreases at cooling and does

not change significantly at Γ4(Ga, Fc)
T1←→ Γ24(Gac, Fac)

magnetic transition after which it rises, which is prob-
ably due to the difficulty of determining the FWHM of
lines with low intensities.

Since the temperature dependences of the Raman scat-
tering of magnetic excitations were measured in the range
from -180 to 180 cm−1, this allowed us to trace the be-
havior of two B1g phonons (≃ 110 cm−1 and ≃ 157 cm−1)
which are active in the c(ab)c polarization configuration
[see Figs. 3(d), 8(a) and Table III]. The Stokes lines
in Raman scattering spectra of these phonons were fit-
ted using the procedure described earlier which allowed
us to derive the temperature dependences of the fre-
quency, intensity and FWHM as shown in Fig. 8(b)–
8(g), respectively. All of them have a typical behavior
for Raman-active phonons, with the frequency increasing
and the intensity and FWHM decreasing. Moreover, it
is clearly seen that the parameters of these B1g Raman-
active phonons do not show any noticeable change at
the temperatures T1 ≃ 220K and T2 ≃ 130K which al-
lows us to conclude that this phonon is not susceptible

to the Γ4(Ga, Fc)
T1←→ Γ24(Gac, Fac)

T2←→ Γ2(Ga, Fc) spin
reorientation transitions. This conclusion is further sup-
ported by the fact that the involvement of Fe ions in
Raman-active phonons is forbidden by symmetry [45].
The absence of any evidences of spin-phonon coupling
for Raman-active phonons at the antiferromagnetic or-
dering of Fe ions below TN has been observed previously
in rare-earth orthoferrites [32]. Moreover, the lattice pa-
rameters of orthoferrites also show no clear change at
TN [84]. However, it was reported in Ref. [33] that slight

FIG. 8. (a) The temperature color map of the polarized Ra-
man spectra for the c(ab)c polarization configuration in the
range that involves low-frequency B1g phonons. The inten-
sity is given on a log scale. The temperature dependences of
(b, c) frequency, (d, e) intensity and (f, g) full widths at half
maximum (FWHM) of the Stokes Raman scattering lines of
the two low-frequency B1g phonon from panel (a). The blue,
green, and red shaded areas correspond to the Γ2 (T < 130K),
Γ24 (130K < T < 220K), and Γ4 (T > 220K) magnetic con-
figurations, respectively. Intensities were not Bose corrected.

changes in the frequency of some Raman-active phonons
at the spin-spin reorientation transitions were detected
in polycrystalline SmFeO3 samples.

It is known that rare earth ions are significantly in-
volved in the vibration of the lowest frequency Raman-
active phonon in orthoferrites [45]. The magnetism of
iron induces a non-spontaneous polarization of the rare
earth ion spins which is manifested in the shift of phonon
frequencies and the appearance of new phonon lines as
a result of possible symmetry lowering [1, 32]. A fur-
ther important result of our experimental study is the
absence of any evidence of new B1g phonon lines in the
temperature color map in Fig. 8(a) and no apparent devi-
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ation of parameters of the lowest frequency B1g phonons
from anharmonic behavior, as can be seen in Figs. 8(b)–
8(g). This strongly indicates that the rare earth ions
in Sm0.55Tb0.45FeO3 do not experience non-spontaneous
polarization under the action of the iron sublattice at the
specified temperature range.

IV. CONCLUDING REMARKS

In summary, we have scrutinized the lattice and mag-
netic dynamics at the center of the Brillouin zone of
the rare-earth orthoferrite Sm0.55Tb0.45FeO3 single crys-
tal by the polarized spectroscopic infrared and Raman
scattering technique. The obtained experimental re-
sults on the lattice dynamics were supported by the
first-principles calculations, which allowed us to reliably
identify the parameters of most infrared- and Raman-
active phonons. Further, we explored the Raman scat-
tering spectra of the quasi-ferromagnetic mode and quasi-
antiferromagnetic mode in all main polarization configu-
rations at temperatures 78K and 293K which correspond
to the Γ2 and Γ4 magnetic structures in this compound,
respectively.

Then, we studied the temperature dependence from
78K to 400K of the spectra in which the Ra-
man scattering of the quasi-ferromagnetic and quasi-
antiferromagnetic modes is most intense in the Γ2 and
Γ4 magnetic structures. As a result, it was found that a

sequence of spin reorientation transitions Γ4
T1←→ Γ24

T2←→
Γ2 is observed at the temperatures T1 ≃ 220K and
T2 ≃ 130K in the Sm0.55Tb0.45FeO3. At that, the
quasi-ferromagnetic mode is a soft mode the frequency
of which does not go to zero due to magnetoelastic inter-
action. The theoretical analysis demonstrates that the
temperature range of the intermediate magnetic phase
Γ24 is primarily controlled by the magnetocrystalline
anisotropy. The random distribution of rare-earth Sm3+

and Tm3+ ions introduces defects into the magnetic lat-
tice of Sm0.55Tb0.45FeO3 compared to pure orthofer-
rites. This alters to a change in the magnetocrystalline
anisotropy, resulting in an increased temperature range

∆T = T1 − T2 ≃ 90K for the Γ24 phase. We have not
found any clear evidence for Raman scattering of the
quasi-antiferromagnetic mode in the Γ2 magnetic struc-
ture. Furthermore, we have revealed that the two lowest
frequency B1g Raman-active phonons do not show any
obvious changes at both spin-reorientation transitions,
which we attribute to the fact that the involvement of
the Fe ions in the Raman-active phonons is forbidden by
symmetry. We believe that our findings will stimulate
further experimental research into the booming field of
nonlinear phononic, magnetophononic and spin-related
effects in the rare-earth orthoferrites [17, 18, 21–25, 85].
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TABLE V. Calculated frequencies (cm−1) of the phonons at the Brillouin zone center in rare-earth orthoferrites TbFeO3,
SmFeO3, and Sm0.55Tb0.45FeO3. The procedure for estimating the phonon frequencies for Sm0.55Tb0.45FeO3 using those for
TbFeO3 and SmFeO3 is described in detail in the main text.

Sym. TbFeO3 SmFeO3 Sm0.55Tb0.45FeO3 Sym.
TbFeO3 SmFeO3 Sm0.55Tb0.45FeO3

TO LO TO LO TO LO

Ag

111.8 110.3 111

B1u

146.3 152 151.9 152.9 149.4 152.5
131.8 134.2 133.1 158.1 177.6 163.1 181.4 160.8 179.7
253.1 240 245.9 241.3 283 243 280 242.2 281.4
330 319.3 324.1 302.6 303.7 298.4 302.1 300.3 302.8
402.4 378.6 389.3 326.2 455.1 315.3 453.3 320.2 454.1
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B1g

109.6 110.2 109.9

B2u

104.4 104.7 107.8 108 106.3 106.5
157.8 156.4 157 185.9 186.7 184.6 184.8 185.2 185.7
293.9 271.2 281.4 224.5 256.3 223 253 223.7 254.5
351.7 347.9 349.6 288.8 295.6 277 293.7 282.3 294.6
483.1 465.3 473.3 297.7 336.7 295.3 329.5 296.4 332.7
529.3 515.8 521.9 336.7 401.4 329.5 397.3 332.7 399.1
641.1 639.8 640.4 417.2 494.5 409 480.8 412.7 487

B2g

122.6 131.1 127.3 506.6 527.3 495.9 517.5 500.7 521.9
314.3 314.8 314.6 528.5 642.7 517.9 632.3 522.7 637

412.4 407.8 409.9

B3u

114.7 116.1 115.1 116.4 114.9 116.3
463.7 453.4 458 171.5 176 171.8 176 171.7 176
667.8 670.2 669.1 221.8 275.9 220.1 273.8 220.9 274.7

B3g

140.9 152.9 147.5 280.7 318.7 277.2 314.8 278.8 316.6
239.8 227.4 233 328.4 334 322.1 329.4 324.9 331.5
347.8 342 344.6 347.3 369.4 342.2 357.2 344.5 362.7
409.6 402.3 405.6 392.2 492 375.6 470.6 383.1 480.2
622.8 621.1 621.9 495.7 519.9 473 510.9 483.2 514.9
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