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Lattice and spin excitations of YFeO;: A Raman and density functional theory study
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We report a Raman scattering study of YFeO; orthoferrite. Polarized Raman measurements in wide
temperature range and first-principles calculations provided the assignment of the observed phonon modes to
vibrational symmetries and atomic displacements. We did not observe previously reported anomalies in the
behavior of phonon frequencies near the temperature of the antiferromagnetic transition. Temperature behavior
of frequencies and linewidths of most phonons may be described by known expressions for cubic and quartic
anharmonicity, which implies a significant contribution of phonon-phonon interaction. At the same time, several
phonons exhibit asymmetric profiles and anomalies in the behavior of their widths, which indicates an interaction
with a continuum of some excitations. The most striking evidence of this is the observation of the coupling of the
B, phonon at 640 cm™" with the two-magnon continuum, expressed in anomalous phonon self-energies in the
vicinity of Ty. The appearance of a broad continuum of low-frequency excitations when approaching 7y, which
is possibly induced by the damping of spin excitations due to interaction with the lattice, has been revealed.
This interaction can lead to additional contributions to the renormalization of phonon self-energies, formally
described by formulas for anharmonic effects. Phonon scattering induced by defects has been identified. The

temperature behavior of resonant second-order phonon and two-magnon scattering was studied in detail.

DOI: 10.1103/PhysRevB.102.054418

I. INTRODUCTION

The rare-earth orthoferrites, RFeO3; perovskites, have at-
tracted considerable interest due to their rich variety of mag-
netic properties [1-3]. At ambient conditions they have an
orthorhombic Pnma structure (space group 62, Dég). All
members of the family possess a canted antiferromagnetic
structure arising from spin moments of the Fe** cations. The
antiferromagnetic ordering of the iron ions occurs at a Neel
temperature Ty around 640 to 740 K.

In the YFeO; system having one magnetic subsystem,
superexchange magnetic interaction occurs between two Fe*"
ions, which are separated by an O?~ ion. Below the Neel tem-
perature Ty ~ 640 K, the Fe spins order antiferromagnetically
with an easy axis along the a direction of the crystal, with
a small canting (~0.5°) along the orthorhombic b direction.
Weak ferromagnetism along the ¢ direction of the crystal
is caused by two mechanisms: antisymmetric exchange or
Dzyaloshinsky-Moriya (DM) interaction and single-ion mag-
netocrystalline anisotropy.

Recent results suggest the existence of multiferroic prop-
erties in polycrystalline YFeO;3 [4,5]. Work [4] presented
direct experimental evidence for the simultaneous coexistence
of ferroelectricity and weak ferromagnetism in YFeO; at
room temperature. As proposed previously for isostructural
compounds SeCuQO3 and TeCuO; [6], a dielectric anomaly
in a magnetodielectric material can arise due to the spin-
phonon coupling. The paper [5] investigated the reasons for
the anomalous behavior of the dielectric constant found in
the vicinity of Ty for YFeOs polycrystalline samples. Their
studies on the pure YFeOj3 polycrystalline samples discovered
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significant coupling between the spin and lattice degrees of
freedom at and below Ty which correlated to find dielectric
anomalies both in the low temperature and also in the vicinity
of Ty. This conclusion is based, in particular, on the obser-
vation of very significant anomalies in the self-energies of a
number of phonon lines in YFeO3; Raman spectra near Ty.

Numerous studies of the Raman spectra of rare-earth or-
thoferrites have been published [2,5,7-15]. Inelastic scattering
of light by phonons and single- and two-magnon excitations
was studied on single-crystal samples [2,7,8,10,11]. First-
principles calculations of the phonon spectra of rare-earth
orthoferrites were performed for comparison with experi-
ment [11,13-15]. Surprisingly, we did not find a systematic
Raman study of the phonon spectrum of YFeOs performed
on single crystals. The single-crystalline spectra published
in [16,17] are uninformative even in comparison with Raman
studies on polycrystals.

Therefore, one of the goals of this work was to study the
polarized Raman spectra of YFeO; and to compare the data
obtained with the first-principles calculation of the phonon
spectrum. Although the temperature behavior of single-
magnon excitations is well studied, the temperature dependen-
cies of the phonon frequencies and linewidths have not been
studied on single crystals. Therefore, we further investigated
this behavior with an emphasis on the Ty neighborhood to
compare single-crystalline data with the anomalous behavior
of self-energy for a number of phonons reported in [5] after
measurements on polycrystalline samples. Besides, we first
traced the temperature evolution of the two-magnon light
scattering spectrum, which was previously observed in YFeO;
at 80 K [8].
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TABLEI. Calculated by DFT 4 U and DFT + U + SO as well as experimental [9] structural data in reduced coordinates of the orthoferrite

YFeOs with Pnma space-group symmetry.

DFT+ U DFT+U + SO Expt. [9]
a b c a b c a b c
5.5743 7.6096 5.2654 5.5715 7.6079 5.2629 5.5916 7.6032 5.2803

Atom Site  Wyckoff pos. X y z X y z X y z
Y Y1 4c 0.0685 0.2500 —0.0190 0.0685 0.2500 —0.0190 0.0688 0.2500 —0.0179
Fe Fel 4b 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000 0.0000 0.0000 0.5000
(0] (0] 4c 0.4588 0.2500 0.1151 0.4587 0.2500 0.1151 0.4600 0.2500 0.1105
(0] 02 8d —0.3033 —0.0583 0.3068 —0.3033 —0.0583 0.3069 —0.3045 —0.0575 0.3075

II. EXPERIMENTAL AND CALCULATION DETAILS

Single crystals of YFeOs; were grown by a floating zone
method associated with an image furnace of URN2-ZM type
operated in a different atmosphere in the Moscow Power En-
gineering Institute by modified Czochralski method with radi-
ation and combined with HF heating [18]. Two single crystals
Nos. 1 and 2 used for measurements were not certified for
chemical composition. Samples were oriented and cut along
the crystallographic planes with ~3 mm x3 mm dimensions.
Polarized Raman measurements in the temperature range of
300 to 850 K were performed in backscattering geometry from
the cleaved chips of these planes using RM1000 Renishaw
microspectrometer equipped with 532-nm solid-state laser
and 633 helium-neon laser. Respective Linkam stage was used
for temperature variation. Very low power (up to 1 mW) was
used to avoid local heating of the sample. A pair of notch
filters with a cutoff at 60 cm™! was used to reject light from
the 633-nm laser line. To get as close to the zero frequency
as possible, with 532-nm excitation we used a set of three
volume Bragg gratings (VBG) to analyze the scattered light.
This made it possible to reach frequencies of 10 cm™! and to
get access to the anti-Stokes spectrum. The resolution of our
Raman spectrometer is estimated to be 2-3 cm ™.

The first-principles calculations were performed in the
framework of the density functional theory (DFT) using the
projector-augmented wave (PAW) method [19] implemented
in the Vienna ab initio simulation package (VASP) [20] with
the exchange-correlation energy described by the general-
ized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) functional [21]. The strong electronic cor-
relations on the d states of Fe ions were taken into account
using the DFT 4+ U method [22] with effective Hubbard cor-
rection parameter Uy = 4 eV [23]. We also performed cal-
culations taking into account a spin-orbit coupling within the
DFT + U +SO method. We used the Monkhorst-Pack k-point
mesh 6 x 4 x 6 division. The volume and the shape of the unit
cell, as well as the ionic coordinates, were fully relaxed. To
obtain the phonon dispersion, the following phonon calcula-
tions were performed by the frozen-phonon method within the
PHONOPY package [24]. For the force constants calculations,
the 2 x 1 x 2 supercell was applied.

YFeOj; is a multiferroic system and it has weak ferromag-
netism due to a small canting of the large moments ordered
antiferromagnetically. The reason for the existence of the
canting is the presence of a spin-orbit coupling [23]. We

have performed full structural optimization using DFT 4 U
and DFT 4 U + SO starting from the experimental lattice
parameters [9]. The obtained lattice constants and atomic
positions shown in Table I are close to the experimental
values [9]. By comparing the results obtained with both
methods we conclude that the differences between the struc-
tural parameters are extremely small, which suggests that the
spin-orbit interaction does not significantly affect the lattice
dynamics. The reason is the extremely small canting angle
of the antiferromagnetic structure as was shown early in the
work [23]. In this regard, we performed further calculations
of the phonon spectra by the DFT + U method. The most
stable [23] AFM-G type magnetic configuration, specified
as the starting one, has been survived during full structural
optimization. The magnitude of the magnetic moment per iron
atom was 4.17 up which is in good agreement with published
data [23].

III. RESULTS AND DISCUSSION

A. First-order phonon Raman spectra of YFeO;

First of all, we present the results of group-theoretical anal-
ysis of vibrational spectra of YFeOj3 to determine the number
and symmetry of modes, which are expected to contribute to
Raman scattering spectra. YFeOs structure is characterized by
Pnma space group and there are 20 atoms in the unit cell. The
following optical modes should be presented in the I" point in
this structure:

T = 7A, + 5Bi, + TBaog+ 5Bsg + 9B1, + 7By, + 9B3,+ 84,
ey

24 of them are Raman active. The phonon spectrum calculated
using a finite displacement method is shown in Fig. 1. It can
be seen from Fig. 1 that there are no imaginary phonon modes,
which indicates its dynamic stability. The low-frequency
branches of the phonon spectra are the acoustic phonon modes
below 5 THz (170 cm™!) which mainly contributed by heavy
Y atoms with slight contributions from Fe and O. The middle
frequency range from 5 (170) to 12 (400) THz (cm™!) is
formed by the optical branches with a mixed character of
Fe-O modes. The optical modes of the high-frequency range
are predominantly formed due to vibrations of oxygen atoms
since they are the lightest in this compound.
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FIG. 1. Calculated phonon dispersion of YFeOs;.

Figure 2 shows polarized Raman spectra YFeOs measured
at T = 300 K on different planes of a single crystal No. 1.
In spectra, we observed all the expected 24 modes. As can
be seen from Fig. 2, some vibrations of B symmetries have
very low intensities. Also, sometimes they have frequencies
close to intense vibrations of A, symmetry, which makes it
difficult to observe them. Thus, almost identical frequencies
were found for the vibrations of Ag, Big, and B3, symmetries
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FIG. 2. Raman spectra of YFeOs, measured in different polariza-
tion geometries with 532-nm excitation at 300 K. The peaks marked
by asterisks are polarization leakages of strong A, and B, lines.

near 428 cm~!, as well as for the vibrations of Ag and

B,, symmetries near 498 cm~!. Bearing in mind such close
proximity of vibration frequencies of various symmetries,
we believe that a correct analysis of the phonon spectrum
is possible only when using polarization measurements on
single crystals. The measurements performed on polycrys-
tals [5,9,12,15], as a rule, find a number of the most in-
tense Ag and By, lines and cannot resolve closely located
lines of other symmetries. Attempts to decompose unpolar-
ized spectra into overlapping lines, obviously, cannot give
reliable results regarding the temperature behavior of the
phonon spectrum. The frequencies of the observed in YFeO3
phonon lines are presented in Table II together with the data
obtained by the frozen-phonon calculations. The performed
calculation shows a good agreement with the experimental
frequencies.

Numerous Raman studies of rare-earth orthoferrites [5,9—
15] reported observation of rather intense lines at ~630 cm™!.
They are observed mainly in polarized geometry, which in-
dicates its A, symmetry. However, as shown in the previous
ab initio calculation for SmFeO;3 [11], and in our calculation
for YFeOs, only B modes should be presented in this region
of the spectrum. The authors of previous Raman studies
suggested that the appearance of this line is caused either by a
violation of the selection rules for the wave vector due to the
presence of defects in the sample or by second-order Raman
scattering. Raman spectra of two investigated YFeOs crystals
are presented in Fig. 3. As can be seen, the frequencies and
widths of the phonon lines of the two samples practically coin-
cide, however, the strong 630-cm™! line is observed in sample
No. 2 (in XZ, B,, geometry with much less intensity) and is
absent in the spectrum of sample No. 1. This convincingly
confirms the hypothesis of the defective origin of this line
which will be discussed further in Sec. III C. The absence of
a broadening of phonon lines may be due to the presence of
defects in the iron sublattice, whose vibrations are inactive
in the Raman spectrum. The absence of 630-cm™! line in
the spectrum of sample No. 1 makes it possible to observe
weak B,, and B3, lines in this spectral region. Nevertheless,
it can be seen that weak extra lines, possibly of a defective
nature, are also observed at other frequencies of the spectra
near 580 cm~!.

The total and partial densities of phonon states obtained
within DFT 4+ U for YFeOs; is shown in Fig. 4. As can be
seen, the peak frequency at 630 cm™! coincides with the
frequency of the high-frequency narrow peak in the density of
phonon states. This also suggests its connection with defect-
induced Raman scattering reflecting the density of phonon
states.

In order to study the proposed effects of spin-phonon inter-
action in YFeOj3 [5] in details, the Raman spectra were mea-
sured between 300 and 850 K. The frequencies and linewidths
of most phonon lines were obtained by peak fitting to a Voigt
function, which is a Lorentzian folded with a Gaussian that
accounts for the spectrometer bandwidth. With increasing
temperature, the frequencies of almost all lines in the spectra
decrease, and their widths increase (Fig. 5). Such behavior
may come from anharmonic effects. An account of the cubic
and quartic anharmonicities leads to well-known expressions
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TABLE II. Calculated and experimentally found at 300-K frequencies (in cm~!) of Raman active modes for YFeO; with respect to the
polarization geometry in which they are observed. Corresponding irreducible representations are also shown.

Frequency (cm™!)

Experiment
XX YY 77 XY XZ YZ
No. Symmetry Theory A,y A, A, B, By, Bs,
1 A, 147 151 151 151
2 A, 175 180.5 180.5
3 A, 272 276 276 276
4 A, 330 340 340 340
5 A, 414 419 419
6 A, 428 428 428 428
7 A, 493 498 498 498
8 Bg 173 163.5
9 Bg 258 328.5
10 Big 354 428
11 Big 424 474
12 Big 592 660
13 Byg 144 147.5
14 Bg 212 216.5
15 Bg 309 3125
16 Byg 359 363
17 Bog 487 497
18 Bg 537 532
19 Bog 615 641
20 Bsg 160 184
21 B;g 315 266
22 Big 416 361
23 B;g 462 428
24 Bsg 636 624
for the phonon frequency shift and linewidth [25,26]:
I(T) =To + C[1 + 2n(w/2)]
Awgn(T) = Adherm + A[l + 211((1)/2)] 2
) +DI[1 + 3n(w/3) + 3n"(w/3)], 3)
+ B[l + 3n(w/3) + 3n~(w/3)], 2)
T
A®therm = ®o |:exp<—y/ a(T/)dT/> — l]. 4)
0
532 nm 300K FLXX-A, The bare linewidth Ty includes contributions from differ-
- ent defects, A and B are fitting parameters related to the
3 Total _
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5
E - #2 XZ-Bzg b
n
8 4
g i
1 1 #1 XX-Alg i
200 400 600

FIG. 3. Raman spectra measured from YFeO; crystals Nos. 1
and 2 in XX polarization geometry at 300 K. XZ spectrum of crystal

No. 2 is also shown.
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FIG. 4. Calculated total and partial densities of states of YFeOs.
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FIG. 5. Temperature dependencies of the frequency (filled circles) and full width at half-maximum (empty circles) of the number A,
and B,, modes. Solid lines are linear fits of frequency and fits of linewidth by expressions and (3). Dashed lines show anharmonic width
dependence using cubic term only (phonons 180 and 216 cm~!) and thermal expansion contribution to phonon frequency (340 and 498 cm ™).

Dotted-dashed lines are the guide to the eye.

third-order coefficients in the expansion of the lattice potential
in normal coordinates, C and D are fitting parameters related
to the fourth-order coefficients, n is Bose-Einstein factor.

For most phonons, smooth dependencies of frequencies
and linewidths are observed in the entire studied temperature
range. So, we did not observe the reported in [5] anomalies in
the temperature dependencies of frequencies for sufficiently
localized phonons at 150, 180, 340, and 498 cm~!. Unfor-
tunately, the data on thermal expansion coefficient «(7") are
known only for the a direction of the YFeO;3 crystal [27].
Since both the frequencies of the phonon spectrum and the ex-
pansion for this axis are close in the case of the structural ana-
log of YCrOj3 [28,29], we used the available data for YCrO3
and the calculated bulk modulus [30] to estimate the contribu-
tion of thermal expansion to the frequency shift. Estimates of
this contribution and the total contribution (thermal expansion
+ cubic anharmonicity) are shown for two A, phonons at 340
and 498 cm~! in Fig. 5. The obtained dependencies are almost
linear and describe experimental ones well. For other phonons
in Fig. 5, the frequency behavior is also well described by
a linear dependence, which implies the sufficiency of cubic
anharmonicity combined with the contribution of thermal
expansion to fit the phonon energies. Nevertheless, the correct
description of the behavior of phonon energies in YFeO;
requires knowledge of both thermal expansion and the effect
of pressure on the phonon spectrum.

In contrast to frequency behavior, the behavior of the
linewidth cannot be described by only one cubic term, shown
for the phonon at 180 and 216 cm~!. A quartic anharmonic-
ity [third term in (3)] addition is necessary to describe the
temperature dependence of the linewidths of most phonons.
However, it is interesting that clear Fano interference profiles

were observed for A, lines at 275 and 498 cm~! (Fig. 6). In
this case, the phonon line shape should be described by the
asymmetric Breit-Wigner-Fano (BWF) profile expression [31]

+ 2
I(w) = n,o(a))Tez—(i] +2 : (5)
g2
6=a) a)OFV R(a))’ ©)
2
_ VIT/T: + VIR@) o
mVp(w)
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FIG. 6. Line shapes of A, phonon near 275 cm™! fitted by expres-
sion (5) at two temperatures. Inset shows temperature dependence
asymmetry parameter 1/g.
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where wy and R(w) are a bare (uncoupled) mode frequency
and the Hilbert transform of continuum density of states
po(w). T, and T, are scattering amplitudes for continuum and
phonon. Continuum-phonon interaction with matrix element
V determines the phonon width I' = 2[Ty + 7V 2p(w)] Ty
is the phonon width in absence of interaction). This inter-
action also shifts the phonon energy to w = wy + V’R(w).
Observed 275- and 498-cm™! line profiles clearly indicate
the interaction of both phonons with a certain continuum
of excitations, which can lead to additional contributions to
the phonon self-energies, in addition to anharmonic ones.
As one can see, the asymmetry parameter 1/q decreases up
to Ty and then saturation occurs for both A, lines (Fig. 6).
However, the temperature behavior of width of both lines
is well described by formula (3) (Fig. 5). Unfortunately, the
sums over wave vectors of the three phonons involved in the
quartic anharmonicity process are mathematically intractable,
and the expressions given in [26] are difficult to evaluate
explicitly. Asymmetric line profiles were also observed for
modes at 312 and 640 cm ™.

A number of phonons of B symmetries show a more
complex temperature behavior of their widths (Fig. 5). Due to
the low intensity of these lines and the overlap with other lines
of the spectrum, their frequencies and widths are extracted
with large errors. However, Fig. 5 shows that the linewidths of
phonons at 184, 312, and 640 cm~! demonstrate a saturation
tendency and even peak structure at temperatures at 7 > Ty.
Small humps are visible in the dependencies of the linewidth
near 600 K for phonons at 147, 151, 181, and 216 cm™!
associated with Y atom motions. Interestingly, the B3, mode
at 184 cm~! does not change its energy in the studied tem-
perature range. Taking into account the small but negative
contribution of thermal expansion, the frequency of this mode
increases anomalously with increasing temperature, which
raises the question of the nature of the broadening of this line.
The out-of-phase motion of Y atom in x-z and y directions
and similar displacements of O(2) atoms are characteristic for
this vibration. The By, vibration at 312 cm™! produces the
strong bending of the Fe-O(2) planes in the a direction, while
the By, phonon at 640 cm~! produces stretching of Fe-O(2)
bonds in these planes. Such distortions should substantially
modulate the exchange interaction and can determine strong
spin-phonon coupling, as will be shown below.

B. Two-magnon and spin-induced Raman scattering in YFeO;

Koshizuka [8] suggested that the broad peak observed in
YFeOj3 spectrum near 970 cm~! at 80 K is due to two-magnon
scattering, when excitations of magnon pairs with ¢ and —¢q
contribute to the spectrum. This peak has a significant inten-
sity with parallel polarizations of the incident and scattered
light YY and cross polarizations XZ and at room temperature
it has a maximum near 920 cm~! (Fig. 9). Such a peak should
reflect the density of magnon states with the dominant con-
tribution of short-wave magnons and provides information on
the exchange interaction. Since the zone-boundary magnons
are located near 65 meV (525 cm™!) [32,33], a doubled value
gives the estimated frequency of two-magnon scattering of
1050 cm~!. Magnon interactions may be the reason that the
observed peak energy of 970 cm™! is slightly lower.

Intensity (a.u.)

0 L 1 L 1 L 1 L 1 L 1
200 400 600 800 1000

633 nm XZ - B
2g

Raman shift (cm-l)

FIG. 7. Temperature evolution of two-magnon spectra of YFeO;
crystal. Excitation wavelength 633 nm.

We studied the previously unexplored temperature behav-
ior of two-magnon scattering in YFeOs. Figure 7 demon-
strates the broadening and softening of the two-magnon peak
to 700 cm~! ata temperature of 650 K, after which its inten-
sity is almost unobservable. The temperature dependence of
the peak intensity is shown in Fig. 8 together with the spectra
of two single-magnon modes at 11 and 18 cm~! in the crystal
under study. The temperature dependence of their frequencies
is similar to that measured in [8]. It should be noted that the
intensity of the two-magnon peak tends to zero at T > Ty,
although in other antiferromagnets it has a noticeable value
in the paramagnetic phase. The same evolution of both the
two-magnon peak and the broad low-frequency continuum
is observed for the polarized YY geometry (By,). The
disappearance of the two-magnon peak is accompanied by the
growth of the continuum of excitations in the low-frequency
region of the spectrum, and this growth continues to the
temperature ~7y and then ceases. A similar situation was
previously observed in the parent antiferromagnetic composi-
tions of high-temperature superconductors. The two-magnon
peak at 2600 cm~! in RBaCuO substantially decreased in
intensity, softened and broadened, and a broad background
appeared in the low-frequency region of the spectrum [34,35].
One explanation for this behavior involves the damping of
magnetic excitations due to the strong spin-lattice interaction.
In this case, it is logical to assume that this interaction can
contribute to the phonon self-energies since in YFeOs the
phonon and magnon frequencies overlap. This is confirmed
by the behavior of the self-energy of B,, phonon at 640
cm~!. With increasing temperature, the two-magnon con-
tinuum of the same symmetry passes through this phonon,
which leads to an increase in its damping and a softening
of the frequency. A similar effect of the coupling of the
phonon and two-magnon excitations was previously observed
in Cd208207 [36]

In the spin systems, quasielastic scattering has been fre-
quently reported in Raman scattering measurements [37].
Usually, its origin is explained in terms of spin-energy
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FIG. 8. Temperature dependence of two-magnon peak intensity.
Insets show Raman spectra of two ¢ = 0 one-magnon modes of
YFeOj; crystal at room temperature.

fluctuations. This mechanism was proposed to explain crit-
ical scattering in various antiferromagnets and was used to
describe quasielastic scattering in both three-dimensional and
low-dimensional materials. It has been shown [38,39] that
fluctuations in the total magnetic energy in a magnetic insu-
lator can scatter light, leading to a peak at zero frequency.
Its width is determined by the spin-lattice relaxation time,
and the integrated intensity is proportional to the magnetic
contribution to the heat capacity. Magnetic specific heat in
YFeOs started to increase at 7 > 300 K as shown in [27]. The
mechanism describing such a contribution to the scattering
cross section of the quasielasic continuum also determines
two-magnon light scattering, i.e., it is associated with scatter-
ing by pairs of spin fluctuations. An increase in the intensity
of a broad continuum of low-frequency excitations, obviously,
may be the reason for asymmetry of a number of phonon lines
due to its interaction with phonons.

Therefore, it can be assumed that the additional contribu-
tion of spin-phonon effects to the width of phonon lines is
the reason for the impossibility of describing the anharmonic
contributions by one cubic term in (3) and this scenario should
be theoretically analyzed for each mode.

Raman shift (cm™)

FIG. 9. Raman spectra of two YFeO; crystals measured with
different excitation wavelengths at 300 K.

C. Defect-induced and second-order phonon Raman
scattering in YFeO3;

In previous Raman studies of YFeOj3, not only an extra fea-
ture at 630 cm~! was observed, but also another intense line
at a doubled frequency near 1300 cm™'. Both lines are most
intense in polarized geometry (A, symmetry), but they are also
observed with noticeable intensity for B, symmetry (Figs. 3
and 9, where all intensities are normalized to the intensity of
the allowed phonon lines). A change in the excitation energy
of the spectra leads to a significant decrease in the intensity
of 1300-cm~! line for 633-nm excitation, while the intensity
of 630-cm ™! line does not change, which clearly indicates the
resonance nature of the 1300-cm™! line.

The authors [40] observed the appearance of the
630-cm ™! line upon doping of pure LaFeO3 with an admixture
of chromium, which is unequivocal evidence of its defective
origin. They proposed that the peak at doubled frequency
near 1310 cm™! is caused by Frohlich interaction activated
two-phonon scattering of the 630-cm~! IR LO mode. Our
calculations of the phonon spectrum show that the highest
frequencies of IR active vibrations do not exceed 550 cm™ !,
while very flat dispersion curves, including Raman active B
modes, are located just in the region of 630 cm™! causing
a large peak in the density of phonon states (Fig. 4). We
believe that, possibly, as in the case of LaFeOs3, the presence
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of defects at the site of iron atoms is the reason for the
violation of the selection rules for the wave vector and the
appearance of phonon excitations with large wave vectors in
the Brillouin zone (possibly near the points X, S, and Y)
in the observed spectrum. Obviously, the 1300-cm~! peak is
caused by second-order scattering, in which phonons with B
symmetries with large and oppositely directed wave vectors
participate. The selection rules for such scattering in YFeO3
show that the overtones of the Bj,, Bsg, and Bs, vibrations
should be active in A, symmetry spectra. It is precisely in
the polarized geometry of the incident and scattered light that
the line at 1300 cm™! is most intense. By, (XZ) symmetry,
in which it is also observed, is allowed for the combination
transitions B1,*B3,.

Often the intensity of defect-induced lines is enhanced
by the presence of double resonances because the double-
resonance condition can be fulfilled more easily if the sample
contains defects which relax the quasimomentum conserva-
tion and allow nonzero-phonon wave vectors to contribute
to the Raman process. Alternatively, double resonances are
observable in two-phonon Raman scattering, where momen-
tum is conserved through phonons of equal but opposite wave
vector. The Raman one-phonon and two-phonon scattering
spectra in YFeOs3 are very similar to spectra in graphite and
graphene, where the forbidden phonon with a large wave
vector ¢ is also observed in defective samples along with
its intense overtone, which is present in a pure sample in
the absence of its single-phonon counterpart. The significant
intensity of the two-phonon line in graphite is explained by
double resonance [41]. This means that energy and momen-
tum conservation are satisfied in all elementary steps of the
Raman process. In YFeOs, the peak at 1300 cm ™! also has a
resonance character, which suggests the important role of dou-
ble resonance in the appearance of this spectral feature. The
appearance of lower-frequency phonons in the two-phonon
spectrum (Fig. 9) of defective sample No. 2 for the exciting
wavelength of 633 nm may indicate that a different phonon
is selected by the double-resonance condition. Of course,
a detailed understanding of the possibility of double reso-
nances in YFeOj3 requires a more extended study of resonance
conditions. The calculation of the electronic spectrum shows
the presence of weakly dispersed bands separated by energy
gap of about 2-2.5 eV, which can provide such resonance
scattering. The band structure obtained from the calculations
is shown in Fig. 10. Other much less intense two-phonon
features are observed in spectra near 1160-1200 cm~!, per-
haps they are overtones of the mentioned defect features

near 580 cm ™.
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FIG. 10. Calculated electronic band structure of YFeO;. Solid
blue and dashed red curves correspond to different spins.

IV. CONCLUSIONS

Temperature studies of lattice and spin excitations were
carried out in YFeO; single crystal using Raman spec-
troscopy. The monotonic behavior of phonon frequencies was
observed for almost all Raman active phonons without the
previously reported sharp anomalies near 7y attributed to
spin-phonon effects [5]. A satisfactory fit of the temperature
dependencies of the phonon self-energies can be obtained
by taking anharmonic contributions into account. However, a
number of modes show a more complex temperature behavior,
especially for the phonon width. The temperature evolution
of the two-magnon peak leads to the appearance of a broad
spin-induced continuum in the low-frequency region, which,
possibly, determines the renormalization of the phonon self-
energies and the observed interference effects. Defect-induced
Raman scattering from short-wave phonons, the overtones of
which exhibit anomalous intensities in the Raman spectrum
due to strong resonance near the excitation energy of about
2.3 eV, has been identified.
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