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Rare-earth orthoferrites are a promising platform for antiferromagnetic spintronics with a rich
variety of terahertz spin and lattice dynamics phenomena. For instance, it has been experimentally
demonstrated that the light-driven optical phonons can coherently manipulate macroscopic magnetic
states via nonlinear magnetophononic effects. Here using TbFeO3 as an example, we reveal the
origin of the mode mixing between the LO and TO phonons, which is important for understanding
of nonlinear phononics. We performed a comprehensive study of the lattice dynamics of TbFeO3

single crystal by polarized infrared and Raman scattering spectroscopic techniques, experimentally
obtained and carefully analyzed the spectra of anisotropic complex dielectric functions in the far-
infrared spectral range. This allowed us to reliably identify the symmetries and parameters of most
infrared- and Raman-active phonons. Next, the experimental studies were supplemented by the
lattice dynamics calculations which allowed us to propose the normal mode assignments. We reveal
that the relation between LO and TO polar phonons is complex and does not strictly follow the
“LO-TO rule” due to the strong mode mixing. We further analyze how displacements of different
ions contribute to phonon modes and reveal that magnetic Fe ions are not involved in Raman-active
phonons, thus shedding a light on a lack of spin phonon coupling for such phonons. The obtained
results establish a solid basis for further in-depth experimental research in the field of the nonlinear
phononics and magnetophononics in rare-earth orthoferrites.

I. INTRODUCTION

Rare-earth orthoferrites RFeO3, where R stands for a
rare-earth cation, are a universe for researchers in the
area of spin physics because of the many exciting mag-
netic [1–14], magnetoelectric [15–20], multiferroic [21]
and other properties observed in them. The orthofer-
rites RFeO3 have been known for over 60 years and
in many ways have already become well characterized
model materials, but nevertheless their potential has not
been fully realised and they are still a universal play-
ground for the modern magnetism [22]. The presence
of the 3d Fe3+ and 4f R3+ magnetic cations in differ-
ent sublattices leads to competition between Fe − Fe,
R − Fe, and R − R exchange interactions and, in turn,
to a complex magnetic phase diagram with a variety of
spin-reorientation transitions [23]. Thus, the control of
macroscopic magnetic states in rare-earth orthoferrites
creates a rich platform for application in high speed data
storage devices [1; 3; 24–30].

It is known that the lattice dynamics is responsible for
important physical properties of crystals such as thermo-
dynamical characteristics, superconductivity, phase tran-
sitions [31]. Moreover, nowadays the resonant driving of
phonons in crystals is a unique route for coherent ma-
nipulation of the lattice and its associated functional
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properties at high rate, which is not available in equi-
librium [32]. Meanwhile, orthoferrites are archetypical
magneto-phononic materials in which it has been experi-
mentally shown for the first time that resonant excitation
of polar phonons using intense infrared light provides a
unique opportunity for coherent control of macroscopic
magnetic states [4; 7; 33]. The lattice dynamics of ortho-
ferrites RFeO3 in the center of the Brillouin zone have
been studied in depth by numerical simulations [33–37]
and Raman spectroscopy [35; 38–51]. In contrast, the
infrared-active phonons in orthoferrites RFeO3 have been
studied in most cases in non-single crystal samples [52–
58] and the studies carried out on single crystal samples
did not concern polarizations along the main crystallo-
graphic axes [7; 59; 60], which makes it almost impossible
to establish the symmetry of the studied polar phonons
using the selection rules for polarization of radiation. To
our knowledge, there is only one recent paper with re-
sults of the polarization-resolved measurements on the
orthoferrite single crystal [61].

In this paper, we present results of systematic study of
the lattice dynamics of orthoferrite TbFeO3 high qual-
ity single crystals employing complementary infrared re-
flectivity and Raman scattering polarized spectroscopic
techniques supported by corresponding ab initio calcu-
lations. The anisotropic complex dielectric function was
accurately extracted from spectroscopic reflectivity mea-
surements at infrared frequencies for the main crystal-
lographic axes of the studied orthoferrite. A rigorous
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FIG. 1. The polarized infrared reflectivity spectra at ambient conditions with the electric field of light E polarized along the
(a) a, (b) b, and (c) c axes of the orthoferrite TbFeO3. The solid black lines are fits based on the generalized oscillator model
of the complex dielectric permittivity ε(ω) = ε1(ω)− iε2(ω) according to Eq. (S1) in SM [62].Spectra of the imaginary part of
the complex dielectric permittivity =[ε(ω)] and the inverse complex dielectric permittivity −=[ε−1(ω)] obtained from the fit of
the reflectivity spectra corresponding of the TO and LO polar phonons with the symmetries (d), (g) B3u, (e), (h) B2u, and (f),
(i) B1u, respectively. Red and blue sticks present the calculated TO and LO frequencies of the polar phonons, respectively.

examination of obtained experimental spectra allowed
us to successfully identify frequencies and symmetries of
most of the infrared- and Raman-active phonons. More-
over, the analysis of the calculated eigendisplacements
allowed us to establish the couplings between LO and
TO phonons which sets the grounds for further exploit-
ing of phononics in this class of crystals. Note that our
research is focused on the room temperature because all
rare-earth orthoferrites except SmFeO3 have the same Γ4

magnetic configuration at ambient conditions [3] which is
important for application in nonlinear phononics and the
conclusions of the paper can be extended to all these or-
thoferrites.

This paper is organized as follows. The samples of
TbFeO3 and an outline of the experimental setups and
computational details for studying the lattice dynamics
are introduced in the Supplemental Material (SM) [62].
Section II presents and discusses the experimental data
on infrared and Raman spectroscopy, supported by first
principles calculations, which allow us to reveal the
strong LO-TO mixing and follow the phonon genesis.
Concluding Remarks are given in Sec. III.

II. RESULTS AND DISCUSSION

Rare-earth orthoferrite TbFeO3 has the orthorhombic
crystal structure with the space group Pbnm [#62, D16

2h,
Pnma with nonconventional coordinate axes orientation,
Pnma(a, b, c) ⇔ Pbnm(b, c, a)] and four formula units
per unit cell Z = 4 [89; 90]. The lattice parameters
measured by the x-ray diffraction at room temperature
are a = 5.33 Å, b = 5.6 Å, and c = 7.65 Å which are

close to the literature data [18]. The unit cell contains 20
ions occupying the Wyckoff positions 4c for Tb3+, 4b for
Fe3+, 4c and 8d for O2–. This orthorhombic structure of
TbFeO3 originates from the distortion of the ideal cubic
perovskite structure with space group Pm3m caused by
the ionic size mismatch [91].

The group-theoretical analysis of Pbnm orthoferrites
RFeO3 predicts 60 phonons at the center of the Brillouin
zone [86]:

Γtotal = B1u ⊕B2u ⊕B3u︸ ︷︷ ︸
Γacoustic

⊕ 7Ag ⊕ 7B1g ⊕ 5B2g ⊕ 5B3g︸ ︷︷ ︸
ΓRaman

⊕

⊕ 7B1u ⊕ 9B2u ⊕ 9B3u︸ ︷︷ ︸
ΓIR

⊕ 8Au︸︷︷︸
Γsilent

,

(1)

among which there are 3 acoustic, 24 Raman-active,
25 infrared-active (polar) and 8 silent non-degenerate
modes. We note that silent modes active neither in Ra-
man nor in infrared spectra can be observed in Hyper-
Raman experiments. Table I lists the characters for all
modes.

A comprehensive description of TbFeO3 single crystal
samples and an outline of the experimental setups and
computational details for studying the lattice dynamics
and features of its analysis are given in the Supplemental
Material [62].

A. Infrared spectroscopy

The reflectivity spectra of the orthoferrite TbFeO3

measured at ambient conditions for the polarization of
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TABLE I. Character table of irreducible representations of theD2h(mmm) point group in the Pbnm coordinate axes orientation.

D2h E C2(x) C2(y) C2(z) i σ(xy) σ(yz) σ(xz) functions
Ag +1 +1 +1 +1 +1 +1 +1 +1 x2, y2, z2

B1g +1 −1 −1 +1 +1 +1 −1 −1 Rz, xy
B2g +1 −1 +1 −1 +1 −1 −1 +1 Ry, xz
B3g +1 +1 −1 −1 +1 −1 +1 −1 Rx, yz
Au +1 +1 +1 +1 −1 −1 −1 −1 xyz
B1u +1 −1 −1 +1 −1 −1 +1 +1 z, x2z, y2z, z3

B2u +1 −1 +1 −1 −1 +1 +1 −1 y, yx2, y3, yz2

B3u +1 +1 −1 −1 −1 +1 −1 +1 x, x3, xz2, xy2

TABLE II. Experimental frequencies ω (cm−1), dampings γ
(cm−1), and dielectric strengths ∆ε of the TO and LO polar
phonons in TbFeO3 at room temperature in comparison with
the results of DFT calculations presented in parentheses.

Sym. ωTO γTO ωLO γLO ∆ε

B3u

109.7 (112.4) 12.5 111 (112.8) 11 0.64 (0.31)
179.1 (166.7) 13.6 191.2 (175.6) 6.4 4.17 (4.83)
256.2 (230.3) 19.2 277.5 (266.9) 9.3 7.51 (12.83)
286.6 (274.7) 14 330.8 (314.1) 12.3 2.17 (1.48)

— (322.5) — — (323) — — (0.02)
355.6 (341.4) 12.5 372 (361.1) 6.54 1.03 (1.26)
396.8 (390.7) 12.3 490.8 (490.9) 11.3 2.05 (2.41)
493.4 (495) 11.5 532.9 (507.3) 12.4 0.04 (0.04)
553.7 (521.5) 17.2 635.7 (610.8) 11.3 0.19 (0.22)

B2u

101.3 (101.3) 7.4 102.3 (101.8) 8 0.46 (0.28)
191.2 (182.3) 17.3 193.8 (182.4) 14.1 0.91 (0.005)
245 (226.2) 11 262.8 (249.8) 8.7 5.18 (9.44)
294 (286.5) 11.9 297.5 (287.5) 11.9 1.38 (1.21)

314.8 (294.6) 16.8 410.2 (396.3) 9.2 6.74 (8.54)
374 (329.6) 15 373.6 (329.6) 14.8 0.03 (-0.0002)

427.5 (416.8) 11.6 501.3 (480.4) 9.28 0.69 (0.96)
— (491.8) — — (513.3) — — (0.25)
526 (514.4) 16.1 640.9 (614.6) 14.6 0.37 (0.03)

B1u

158.7 (149.4) 15.2 166 (153.1) 8.7 6.43 (6.64)
168.7 (155.7) 8.3 190.8 (174.3) 9 1.53 (3.2)
273.6 (243.7) 13.5 294.4 (284.6) 12.1 3.73 (8.33)
306.1 (297.2) 16.1 312.6 (297.3) 13.2 0.49 (0.003)
353.4 (332.2) 24.6 486.5 (442.4) 8.1 4.52 (5.23)
498.2 (459.3) 7.7 501.3 (472.8) 7.8 0.02 (0.22)
542 (491.4) 18.1 645.6 (600.3) 10.6 0.56 (0.51)

the electric field of light E parallel to the a, b and c axes
are shown by the green lines in Figs. 1(a)–1(c). Accord-
ing to the group-theoretical analysis [86], polar phonons
with B3u, B2u, and B1u symmetries are active for electric
field polarizations along the a, b, and c axes, respectively.
The reflection bands observed in the spectra allow us to
readily identify 7 out of 7 B1u, 8 out of 9 B2u, and 8
out of 9 B3u polar phonons symmetry-allowed for corre-
sponding polarization.

There is a fair agreement between experimental spectra
(green lines) and fits obtained using Eqs. (S1) and (S2)
in SM [62] (black lines) seen for all studied polariza-
tions in Figs. 1(a)–1(c). The spectra of the =[ε(ω)] and
=[ε−1(ω)] corresponding to the fits are shown by red

TABLE III. Experimental lattice parameters a, b and c
(Å) obtained by the x-ray diffraction, values of the static ε0
and high frequency ε∞ anisotropic dielectric permittivities in
TbFeO3 at room temperature in comparison with the results
of DFT calculations.

Exp DFT
a 5.33 5.49
b 5.6 5.81
c 7.65 7.92
εa0 21.7 29.2
εb0 20.5 30.1
εc0 22.6 26.4
εa∞ 4.81 5.83
εb∞ 4.82 5.97
εc∞ 4.79 5.70

and blue lines in Figs. 1(d)–1(f) and 1(g)–1(i), respec-
tively. The frequencies and dampings of polar phonons
for studied orthoferrite TbFeO3 derived from the fits of
the reflectivity spectra are listed in Table II. It is worth
noting that there is the generalized Lowndes condition∑
j(γjLO−γjTO) > 0 that must be satisfied to keep pos-

itive =[ε(ω)] for insulator crystals [81; 92; 93]. As follows
from Table II, this condition is somewhat violated in our
case of the best fits, but nevertheless no significant value
of =[ε(ω)] < 0 is observed as can be seen in Figs. 1(d)–
1(i).

The contribution from each jth polar phonon of a spe-
cific symmetry to the anisotropic static dielectric permit-
tivity ε0 = ε∞ +

∑
j ∆εj is determined by its dielectric

strength [94]

∆εj =
ε∞
ω2
jTO

∏
k

ω2
kLO − ω2

jTO∏
k 6=j

ω2
kTO − ω2

jTO

. (2)

The TO and LO frequencies of polar phonons from the
fits were used to obtain the values of dielectric strengths
∆ε by using Eq. (2) which are listed in Table II. The
values of the anisotropic static ε0 and high frequency ε∞
dielectric permittivities obtained from the reflectivity fit
using Eq. (S1) in SM [62] are listed in Table III. This
value of static dielectric permittivity ε0 for TbFeO3 is in
fair agreement with data reported in literature for several
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orthoferrites [95; 96].
It should be noted that the analysis of the experimen-

tal results using Eq. (S1) in SM [62] does not allow one
to associate a given LO frequency with a TO frequency
of the polar phonon with a specific symmetry. Moreover,
Eq. (2) gives the same result for any relation between TO
and LO frequencies of the polar phonons. However, there
is the so-called “TO-LO rule” stating that for the each
main crystallographic axis, the sequence of polar phonons
is such that a TO frequency is always followed exactly by
the corresponding LO frequency with an ascending fre-
quency ωLO > ωTO, and LO-TO splitting is positive [97].
Thus, applying this rule, the LO frequency can be as-
signed to the TO frequency of the polar phonon with a
specific symmetry, which gives reliable results for many
crystals. Besides, often the LO and TO frequencies are
grouped according to similarity in strength and width
of the peaks in spectra of =[ε(ω)] and =[ε−1(ω)] [98].
However, none of these empirical rules are canonical in
general and the lattice dynamical calculations are an effi-
cient way to identify LO-TO phonon pairs based on solid
physical arguments.

B. Raman spectroscopy

The lattice dynamics at the Brillouin zone center in
crystals is studied further by analysis of optical phonons
which are active in Raman scattering. The experimen-
tal Raman spectra of the rare-earth orthoferrite TbFeO3

in different polarizations measured at ambient conditions
are presented in Fig. 2. The difference of the values of the
diagonal elements of the Raman tensor (S3) in SM [62]
leads to unequal intensities of the fully symmetric Ag
phonons for various parallel polarizations. The obtained
Raman spectra have been carefully analysed, and 7 out
of 7 expected Ag phonons, 6 out of 7 for B1g, 4 out of 5
for B2g, and 5 out of 5 for B3g modes were reliably identi-
fied as shown by dashed lines in Fig. 2. The frequencies,
intensities and full widths at half maximum (FWHM) of
the identified phonons were extracted by fitting of the ob-
tained Raman spectra by a sum of Voigt profiles [99] and
listed in Table IV. Small leaks of phonons in forbidden
polarizations were observed due to almost unavoidable
depolarization effect in the optical elements and slight
misalignment of the polarization of light with respect to
the crystal axes. It is worth noting that the intensities
of the Ag modes are significantly higher than for the Bg
phonons, as shown in Fig. 2. The calculated frequencies
of the Raman-active phonons in rare-earth orthoferrite
TbFeO3 are in fair agreement with experimental as listed
in Table IV. Besides, there is a fair agreement between
the phonon frequencies obtained in our experiment and
the ones from Refs. [39; 41], as can be seen in Table IV.

To reveal the symmetry of the weak and overlapping
lines we performed angle-resolved Raman measurements
for both parallel (ei ‖ es) and crossed (ei ⊥ es) po-
larizations. The experimental angular-dependent spec-

TABLE IV. Frequencies (cm−1) and full widths at half maxi-
mum (FWHM, cm−1) of the Raman-active Ag, B1g, B2g, and
B3g phonons for TbFeO3 at ambient conditions in comparison
with results of DFT calculations and the experimental data
from Refs. [39; 41].

Experiment DFT Experiment

Sym. Freq. FWHM Freq.a Freq.b Freq.c Freq.d

Ag

111 3.3 108.1 111.8 112.5 109
139.7 6.5 130.5 131.8 143.9 140
257.9 14 253.2 253.1 261.9 273
331.6 7.4 319.2 330 334.5 329
407.8 9.9 388.1 402.4 410.9 —
415.4 25.3 404.5 408.8 420.1 406
487.2 10.8 471.6 487.6 490.1 480

B1g

109.8 5.6 106.5 109.6 107.7 —
159.1 6.8 155.6 157.8 160.1 139
296.6 14 297.2 293.9 302.7 —
359 9.9 338.8 351.7 — 329

483.6 9.4 464.6 483.1 485.6 479
— — 520.1 529.3 535.8 —

639.6 — 608.3 641.1 — —

B2g

128.1 6.2 118.2 122.6 — —
321.5 12.2 297.8 314.3 — —
428.1 20.2 382.1 412.4 433.3 418
466.8 — 446.9 463.7 468.8 —

— — 629.8 667.8 — —

B3g

149.1 5.2 132.8 140.9 — 159
252.4 17.7 235.6 239.8 251.9 249
356.2 10.8 339.8 347.8 359.2 354
426 20.7 393.2 409.6 427.7 426

629.3 69.1 581.8 622.8 — —

a VASP
b CRYSTAL14
c Ref. [41].
d Ref. [39].

tral intensity maps are shown in Fig. S1 in SM [62].As
expected, the phonon lines exhibit strong anisotropy of
Raman scattering. Note that the experimental intensity
maps are in a fair agreement with results of the corre-
sponding DFT calculations as can be seen in Figs. S1
and S2 in SM [62].

Further, the experimental angular dependences of
phonon intensity were extracted (see colored open cir-
cles in Fig. S3 in SM [62]. To verify the phonon sym-
metry, the obtained angular dependences were fitted us-
ing Eqs. (S4) and (S3) as shown by colored solid lines in
Fig. S3 in SM [62]. It should be noted that 3 parallel and
3 crossed angular dependences are fitted at once using a
single Raman tensor. A satisfactory agreement between
the experimental data and fit lines is observed as seen in
Fig. S3 in SM [62]. Ag modes have the highest intensity
along the main crystal axes in the parallel configuration
and at 45◦ to them in the crossed one. For Bg modes, in
contrast, the highest intensity is along the main crystal
axes in the crossed geometry and at 45◦ in the parallel
one. Thus, this approach allowed us to reliably deter-
mine the symmetry of the Raman-active phonons with
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FIG. 2. Polarized Raman spectra of the Ag, B3g, B2g, and B1g phonons at ambient conditions for orthoferrites TbFeO3,
respectively. The polarization configuration are given in Porto’s notation as described in the text. Purple sticks in the bottom
of each plot present the calculated phonon frequencies.

weak corresponding spectral lines. Figure S4 shows an-
gular dependences of phonon intensity derived from DFT
calculations and a fair agreement with the experiment
can be observed (see Fig. S3 in SM [62]).

Along with polarized Raman spectra [see Figs. 3(a)-
3(c)], we also have calculated the joint density of vi-
brational states (JDOS) projected onto ionic contribu-
tions for the Raman-active phonons. Figs. 3(e)-3(h) show
that Tb and O ions are equally involved in the vibra-
tions corresponding to the low-frequency modes. With
increasing frequency, due to the large mass of the rare-
earth atoms, the role of Tb ions in the phonon displace-
ments uniformly decreases and for the oscillation above
480 cm−1 take almost no part. It should be noted that
according to the calculations, the Fe ions remain fixed
for all Raman-active phonons. This is due to the fact
that, based on symmetry considerations, the Tb (4c) and
O (4c and 8d) ions are active for the both gerade and
ungerade Ag ⊕B1g ⊕B2g ⊕B3g ⊕Au⊕B1u⊕B2u⊕B3u

modes while Fe (4b) ions are active only for ungerade
Au ⊕ B1u ⊕ B2u ⊕ B3u modes [86]. It follows that for
Raman-active modes the involvement of Fe ions is for-
bidden by symmetry and they can only contribute to po-
lar phonons as shown in Fig. 4. Apparently, the absence
of spin-phonon coupling for Raman-active modes at the
magnetic ordering of Fe ions observed in rare-earth or-
thoferrites is related to this fact [49].

C. Lattice dynamics calculations

The common approach of lattice dynamics study
within DFT is based on calculations of the dynami-
cal matrix D followed by solving the general eigenvalue

problem [100]. Taking into account only short-range in-
teraction [analytical (A) contribution] to the dynami-

cal matrix Dαβ
ij = DA,αβ

ij at the Γ point of the Bril-
louin zone, where α and β are the direction indices, i
and j are atomic indices, the solution of the eigenstate
equation D|ξTO

m 〉 = ω2
TO,m|ξTO

m 〉 gives eigenvector ξTO
m

and frequency ωTO,m of the mth TO phonon. To ac-
count for the long-range macroscopic electric field which
is induced by collective atomic displacements, the non-
analytical (NA) contribution to the dynamical matrix

Dαβ
ij = DA,αβ

ij +DNA,αβ
ij is necessary, which in the vicinity

of the Γ point takes the form [100; 101]

DNA,αβ
ij =

1√
MiMj

4πe2

Ω

[q · Zi]α[q · Zj ]β
q · ε∞ · q

∣∣∣∣
q→0

, (3)

where Mi is the mass of the ith ion, e is the elemen-
tary charge, Ω is the volume of the unit cell, Zi is the
Born effective charge tensor, q is the wave vector, and
ε∞ is the high-frequency dielectric permittivity tensor.
Then the eigenvector ξLO

m and frequency ωLO,m of the
mth LO phonon can be obtained by solving the equation
D|ξLO

m 〉 = ω2
LO,m|ξLO

m 〉. It is worth noting that the calcu-
lations of the TO and LO modes involve the diagonaliza-
tion of different dynamical matrices D = DA and D =
DA+DNA, respectively. Thus, in general the eigenvectors
ξLO and ξTO for polar phonons are not necessarily equal.

Moreover, the NA term DNA,αβ
ij is non-diagonal and of-

ten causes a strong mixing of different modes caused by
the Coulomb interaction, i.e. several TO modes may con-
tribute to a single LO mode [98; 102]. Note that the NA
contribution affects only polar phonons, whereas the fre-
quencies and eigenvectors of non-polar phonons remain
unchanged in the vicinity of the Γ point.
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FIG. 3. Calculated polarized Raman spectra and joint density of vibrational states (JDOS) projected onto ionic contributions
of (a,e) Ag, (b,f) B3g, (c,g) B2g, and (d,h) B1g phonons for TbFeO3, respectively. The polarization configuration are given in
Porto’s notation as described in the text. Purple sticks in the bottom of each plot present the calculated phonon frequencies.

FIG. 4. Calculated joint density of vibrational states
(JDOS) of the Fe ions projected onto the polar Au, B1u,
B2u, B3u modes and the total phonon spectrum for TbFeO3.
Color sticks in the bottom of each plot present the calculated
phonon frequencies.

It is well known that each normal (TO) mode corre-
sponds to a single irreducible representation of the point
group of the crystal, whereas all other possible modes
can be represented as linear combinations of these ir-
reducible representations [31]. That is, the eigenvec-
tors of normal modes satisfy the orthonormal conditions
〈ξTO
m |ξTO

n 〉 = δmn, where δmn is the Kronecker delta, and
form a basis. Thus, it is reasonable to expand the eigen-
vector of the mth LO mode to a linear combination of
the normal modes

|ξLO
m 〉 =

∑
n

Cmn|ξTO
n 〉. (4)

Note that non-zero expansion coefficients Cmn 6= 0 can
give only polar modes with the same polarization (basis
function). The contribution from the acoustic mode is
usually negligible, so only the polar TO modes are taken
into account in the decomposition from Eq. (4). Thereby,
it is useful to analyze the overlap matrix which represents
the degree of correlation between the mth LO and nth TO
eigenvectors of polar phonons with a specific symmetry
according to the expression [101; 103]

Cmn = 〈ξLO
m |ξTO

n 〉, (5)

where 〈. . .〉 denotes scalar product. When the “TO-LO
rule” is strictly satisfied for all polar phonons, the C ma-
trix takes a form in which the elements on the main di-
agonal are many fold larger than the others. For ideal
crystals where eigenvectors for TO and LO modes are
equal |ξTO〉 = |ξLO〉 the overlap matrix C is the identity
matrix with ones on the main diagonal and zeros else-
where. In real crystals, mode mixing caused by Coulomb
interaction is expressed in the form that for some LO
modes the relevant elements of the overlap matrix C are
essentially non-zero for several TO modes [101; 104; 105].

To gain insight into the phonon landscape of the ortho-
ferrite TbFeO3, we performed the first principles calcula-
tions of the lattice dynamics in the vicinity of the Γ point
of the Brillouin zone. The calculated lattice parameters
a, b, and c, static ε0 and high frequency ε∞ anisotropic
dielectric permittivities in comparison to experimental
values are listed in Table III. The Born effective charge
tensors Z of ions in TbFeO3 are listed in Table V. The
LO modes were obtained with the NA term [Eq. (3)]
taken into account in the calculations. The computed
frequencies ωTO and ωLO and dielectric strengths ∆ε of
the polar phonons are listed in parentheses in Table II.
It is worth noting that there is a fair agreement between
the calculation and experimental results. Moreover, the
obtained frequencies of the Raman-active phonons are
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TABLE V. Calculated Born effective charge tensors Z of the ions in TbFeO3.

Tb (4c) Fe (4b) O (4c) O (8d)4.02 0.29 0
0.2 3.98 0
0 0 3.6

  4.02 0.39 0.48
−0.19 4.25 −0.12
−0.32 −0.2 4.03

 −2.55 −0.32 0
−0.46 −2.12 0

0 0 −3.32

 −2.75 −0.53 −0.08
−0.57 −3.05 −0.17
−0.04 −0.2 −2.16



TABLE VI. Calculated frequencies ωTO, ωLO, ω̃LO (cm−1)
and oscillator strengths S (cm−2) of the polar B3u, B2u, and
B1u phonons for TbFeO3.

Sym. ωTO ωLO ω̃LO S

B3u

112.4 112.8 115.3 4.3 103

166.7 175.6 225.3 1.4 105

230.3 266.9 412.1 6.8 105

274.7 314.1 307.6 1.1 105

322.5 323 323.1 2.2 103

341.4 361.1 376.5 1.5 105

390.7 490.9 464.6 3.6 105

495 507.3 496.8 1.1 104

521.5 610.8 531.3 6.1 105

B2u

101.3 101.8 103.7 3 103

182.3 182.4 182.4 2 102

226.2 249.8 368.6 5.1 105

286.5 287.5 315.5 1.1 105

294.6 396.3 465.6 7.7 105

329.6 329.6 329.6 25
416.8 480.4 450.4 1.7 105

491.8 513.3 502.6 6.3 104

514.4 614.6 515.6 7.7 103

B1u

149.4 153.1 217.1 1.5 105

155.7 174.3 192.9 6.4 104

243.7 284.6 377.0 4.7 105

297.2 297.3 297.3 3.5 102

332.2 442.4 455.0 5.6 105

459.3 472.8 467.6 4.3 103

491.4 600.3 512.1 1.2 105

in good agreement with experimental data presented in
Refs. [39; 41] as can be seen in Table IV.

To establish the relationship between the TO and LO
modes, we calculated the overlap matrices C which rep-
resent the correlations between their eigenvectors using
Eq. (5). The resulting overlap matrices C for B3u, B2u,
and B1u polar phonons are presented as a bar chart in
Fig. 5. Here, the green background highlights the main
diagonal of the overlap matrix C where the “TO-LO rule”
should be satisfied. In other words, if this rule is met,
the bar in the green background must be many times
greater then those in the red background. Fig. 5 clearly
shows that the “TO-LO rule” is strictly fulfilled only for
a few LO modes with frequencies 113 cm−1, 176 cm−1,
323 cm−1 for B3u, 102 cm−1, 182 cm−1, 288 cm−1 for
B2u, and 297 cm−1 for B1u. For other LO modes (e.g.
491 cm−1, 507 cm−1 for B3u, and 480 cm−1 for B2u) the
relevant TO modes identified from the correlation analy-
sis have a higher frequency so that ωTO > ωLO, thereby

breaking the “TO-LO rule”.

The highest frequency LO modes (611 cm−1 for B3u,
615 cm−1 for B2u, and 600 cm−1 for B1u,) largely cor-
respond to the several lower-frequency TO modes due
to the mixing described above as seen in Fig. 5. Per-
haps this pronounced mixing manifests itself in the non-
linear magneto-phononic effects observed for the highest
frequency LO modes in orthoferrites. Thus, the reso-
nance mid-infrared pumping of these LO modes causes
coherent spin and lattice dynamics at the frequencies of
the quasi-antiferromagnetic resonance (25 cm−1) and Ag
modes (112 cm−1 and 162 cm−1) in rare-earth orthofer-
rite ErFeO3 [7; 33; 39]. The counter intuitive result here
is that the direct excitation of LO modes by a transverse
electromagnetic wave in bulk material should be forbid-
den because ε2(ωLO) = 0 assuming that γLO = 0 [106].
Furthermore, the mechanism of nonlinear coupling be-
tween the high-frequency polar LO modes and Raman-
active Ag modes was not disclosed in Ref. [7]. It is
worth noting that the Raman-active Ag modes and po-
lar phonons have the same symmetry away from the Γ
point and thereby can directly interact with each other
in the Brillouin zone, as discussed below. It is worth
noting that LO modes in crystals have attracted spe-
cial attention due to recently observed strongly enhanced
light-matter interaction in the phononic epsilon-near-zero
regime ε2(ωLO) = 0 which allows to switch the spin and
polarization order parameters [107–109].

D. LO-TO mixing

To disclose how mixing of the polar TO phonons af-
fects the LO modes and enables excitation of the latter by
electromagnetic wave, we considered the effect of mode
dynamical charges on the spectra of the complex dielec-
tric permittivity ε(ω) in rare-earth orthoferrite TbFeO3.
Note that the highest frequency LO modes of different
symmetries correspond to the major peaks in the spectra
of the imaginary part of the inverse dielectric permittiv-
ity −=[ε−1(ω)] as shown in Figs. 1(g)–1(i). Furthermore,
these LO modes have the clear correlation with most TO
phonons as can be seen in Fig. 5. Thus, it is convenient
to analyze the relationship of the highest frequency LO
modes of different symmetries with the TO modes of the
same symmetry. For this, we consider the complex di-
electric functions induced by some TO modes according
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FIG. 5. The overlap matrices C which represent correlations between eigenvectors of LO and TO polar phonons with B3u (left
panel), B2u (center panel), and B1u (right panel) symmetry according to the DFT calculations at the Γ point of the Brillouin
zone in TbFeO3. The values of the LO phonon frequencies are given. The green background corresponds to the area where the
“TO-LO rule” should be satisfied.

FIG. 6. Calculated spectra of the real and imaginary parts of the dielectric permittivity ε(ω) of the (a), (d) B3u, (b), (e) B2u

and (c), (f) B1u polar phonons with the highest mode dynamical charges, respectively. The frequencies of the considered polar
TO phonon are given.
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to the classical Lorentz oscillator model [82; 100]

ε(ω) = ε∞ +
∑
j

Sj
ω2
jTO − ω2 + iγjTOω

, (6)

where Sj is the oscillator strength (or mode dynamical
charge) of the jth polar TO phonon determined by equa-
tion

Sj,α =

∑
i,β

1√
Mi

ξi,jβZ
∗
i,αβ

2

, (7)

where Z∗i is the Born effective charge of ith atom, respec-
tively and ξi,j is the ith component of dynamical matrix
jth eigenvector, and the other parameters have the same
meaning as in Eq. (S1) in SM [62]. It is worth nothing
that this classical model [Eq. (6)] can be reduced to the
factorized form of the dielectric permittivity [Eq. (S1) in
SM [62]] under the assumption of equality of the damp-
ings γjLO = γjTO. The calculated oscillator strengths
S, phonon frequencies ωTO and high frequency dielectric
permittivity ε∞ are listed in Tables VI and III, respec-
tively.

We now consider the model with a single polar mode,
which means that the remaining phonon modes of the
same symmetry are excluded from the analysis. In this
model the eigenvectors of TO and LO modes at the Γ
point of the Brillouin zone are identical, |ξLO〉 = |ξTO〉.
Then the following relationship for phonon frequencies
holds [100; 104]

ω̃2
mLO = ω2

mTO +
4π

Ω

q · Sm · q
q · ε∞ · q

∣∣∣∣
q→0

, (8)

where ω̃mLO is the frequency of the LO phonon within
single polar mode model. The evaluated ω̃mLO values
compared to results of calculations using “real” dynam-
ical matrix with non-analytical term included in Eq. (3)
are listed in Table VI. From discrepancy of ωmLO and
ω̃mLO one readily sees that, in real crystal the LO phonon
states correspond to the set of TO polar vibrational
modes.

In order to establish the influence of polar TO phonon
on LO vibrational states one can simulate the spectrum
of −=[ε−1(ω)], which reveals, as mentioned above, the
peculiarities at frequencies of LO phonons. The spec-
trum is simulated using partial summation in Eq. (6) and
plotted in Fig. 7. As an initial approximation, the spec-
trum was simulated using single polar model (top curves
in Fig. 7) by taking into account only TO modes with
highest values of oscillator strength S, namely 230 cm−1

for B3u, 295 cm−1 for B2u, and 332 and 244 cm−1 for B1u

(Table VI). These modes give the most significant impact
among all other modes in spectra =[ε(ω)] and−=[ε−1(ω)]
(see Fig. 6). Then, by including additional modes in the
sum of Eq. (6) the spectrum evolution can by clearly seen
as the gradual increasing intensity and frequency of the
highest frequency band in the spectra as seen in Fig.7.

This effect stems from the fact that individual oscilla-
tors modifying the complex dielectric permittivity signif-
icantly beyond their resonance TO frequency. Moreover,
upon exclusion of TO phonons with the highest oscillator
strength, the major high frequency band vanishes as can
be seen in Fig. 7 (bottom row). It worth noting that these
TO phonons have also the strongest correlation with the
highest frequency LO modes (see Fig. 5). Thus, using
the highest frequency LO modes as an example, we have
demonstrated that the correlation between the LO and
TO modes is due to the mixing of harmonic (uncoupled)
TO phonons, which reproduces the results obtained using
overlap matrix technique shown in Fig. 5.

Obtained results can be summarized as a multimode
model with polar modes taking role of dynamical charges
with an exciting long range electric field, strength of
which is proportional to the dynamical charges of polar
phonons. Then the frequency, modulation and strength
of the field determine the LO states. This explains the
complex nature of LO modes in the real crystals with
several polar mode vibrational states. It is interesting
to note that, in a similar way, on the example of two
harmonic oscillators, it is possible to show a breaking of
the “TO-LO” rule. By analyzing the spectrum of the
imaginary part of the inverse dielectric permittivity it
can be seen that the mode mixing between one phonon
with a high mode dynamical charge and a strong LO-TO
spitting and another phonon with a small mode dynam-
ical charge and a weak LO-TO splitting inside the first
one leads to the frequency inversion ωLO < ωTO of later
phonon [98]. Furthermore, this effect is only caused by
the mode mixing because both phonons have dynamic
charges of the same sign.

To reveal an unambiguous way in association of the
LO modes with the TO ones we performed the lattice
dynamical calculations of TbFeO3 with and without the
NA term along the high-symmetry path of the Brillouin
zone represented in Fig. 9(b). The obtained dispersion
curves of phonons are shown in Fig. 8(a). It is clearly
seen that taking the NA term into account alters the dis-
persion curves of some phonons originating from the Γ
point of the Brillouin zone only. These dispersion curves
at the Γ point correspond to phonons with the symmetry
B3u, Ag for Γ–X, B2u, Ag for Γ–Y, and B1u, Ag for Γ–Z
paths, as shown in Figs. 8(b)–8(d). Note that, there is an
anti-crossings between the modes of the same symmetry,
present in both cases, with and without NA term. Fur-
thermore, for most dispersion curves of phonons with the
same symmetry the inclusion of the NA term changes the
dispersion close to the Γ point, while this effect vanishes
at the edge of Brillouin zone because of the long range
character of the Coulomb interaction. Thus, analysing
these dispersion curves merged at the boundary of the
Brillouin zone, one can reliably associate most of the LO
and TO modes to each other also at the Γ point. The
challenging case arises when dispersion curves (calculated
with and without the NA term) that have different sym-
metries at the Γ point, e.g. B3u and Ag, merge at the
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FIG. 7. Spectra of the imaginary part of the inverse dielectric permittivity −=[ε−1(ω)] with contributions from the (a) B3u,
(b) B2u, and (c) B1u polar LO phonons obtained from results of the DFT calculation for orthoferrite TbFeO3 using Eq. (6). The
effect of strong mixing of polar TO phonons with high dynamical charges on the highest frequency LO mode which corresponds
to the major peak is shown. The frequencies of the considered polar TO phonon are given.

FIG. 8. (a) Full phonon dispersion curves along the Γ–Z–T–Y–S–R–U–X–Γ–Y high-symmetry path of the Brillouin zone
for orthoferrite TbFeO3 according to the lattice dynamics calculations with and without the NA term. Dispersion curves for
phonons with the same symmetry along the (a) Γ–X, (b) Γ–Y, and (c) Γ–Z paths calculated with and without the NA term.
A gray frame marks the conditions for the negative LO-TO splitting. Color bars on the left side of the panel (a) present the
calculated phonon frequencies at the Γ point.
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boundary of the Brillouin zone.
Through this elaborate analysis of the phonon disper-

sion curves, it was revealed that, despite the complex
form of the correlation matrix C (see Fig. 5), the “LO-
TO” rule is not fulfilled for only two polar phonons in
TbFeO3. Specifically, the B2u mode with a calculated
TO frequency ωSTO = 294.6 cm−1 has the LO frequency
ωSLO = 396.3 cm−1. This LO mode with strong (S) LO-
TO splitting leapfrogs the B2u mode with a frequency
329.6 cm−1 and very weak (W) LO-TO splitting as shown
in Fig. 8(c). In this case, the mode mixing leads to per-
mutation of the TO and LO frequencies and a negative
LO-TO splitting ωWLO < ωWTO occurs according to the the-
ory from Ref. [98]. Moreover, since the phonon dispersion
curves of the same symmetry do not cross, the existence
of a polar phonon with a negative LO-TO splitting in or-
thoferrites requires the presence of at least one Ag mode
with frequency between ωSTO < ωAg < ωSLO as shown in
grey frame in Fig. 8(c). It is worth noting that the neg-
ative LO-TO splitting of this phonon is also observed in
our experimental results in Fig. 1(b). The assignment
of the calculated frequencies of the TO and LO modes
allowed us to connect the TO and LO modes obtained
in the experiment as listed in Table II. Therefore, the
presented analysis of the calculated phonon dispersion
curves allowed us to consistently and unambiguously as-
sociate TO and LO modes with each other in experimen-
tal spectra for TbFeO3.

E. Phonon genesis

In order to complete analysis of the phonon states,
we established a genetic relationship between phonons in
the orthorhombic and parent cubic phases using group
theory. It is known that several paths from parent cu-
bic Pm3m to orthorhombic Pbnm phase for perovskites
are possible [86; 111]. Among them a sequence of two

transformations Pm3m
1st←→ I4/mcm

2nd←−→ Pbnm with
the first and second order phase transitions was exper-
imentally confirmed in the perovskite [112]. However,
the first order transition considerably obstructs a joint
analysis of the lattice dynamics in related phases and re-
vealing the connection between phonons because the lat-
tice parameters and therefore phonon frequencies change
abruptly breaking the connection between modes in dif-

ferent phases. On the other hand, the Pm3m
2nd←−→

P4/mbm
2nd←−→ Pbnm path is symmetry-allowed and we

use this path in our analysis as it allows us to establish
a relation between phonons in different phases [86; 113].
It is worth noting that the tetragonal P4/mbm structure
is realized in perovskite crystals [114; 115].

The unit cell of TbFeO3 cubic phase (Pm3m [#221,
O1
h], Z = 1) contains only 5 atoms occupying the Wyckoff

positions 1b for Tb, 2a for Fe, and 3d for O as illustrated
in Fig. 9(a). The optimized lattice parameter is equal
to a = 3.92 Å. The group-theoretical analysis of Pm3m

orthoferrites RFeO3 predicts 5 phonons in the center of
the Brillouin zone [86]

Γtotal = T1u︸︷︷︸
Γacoustic

⊕ 3T1u︸︷︷︸
ΓIR

⊕ T2u︸︷︷︸
Γsilent

,
(9)

The calculation of phonon dispersion reveals a number of
imaginary branches, due to the fact that the cubic phase
of TbFeO3 is unstable, as shown in Fig. 10(a). The lowest
imaginary branch is the one with T1u irreducible repre-
sentation in the center of the Brillouin zone and M+

4 , R+
4

and X+
5 at the M, R, X points of Brillouin zone respec-

tively [see Fig. 9(d)]. The distortions of the structure by
displacements of atoms along eigenvectors of the imagi-
nary modes reduce the crystal space symmetry and yield
a number of phases with tetragonal and orthorhombic
symmetries. The most preferable phase P4/mbm was
obtained as a phase with the lowest total energy among
all possible structures. The structure was obtained by
atomic distortion along the normal coordinate of phonon
with M+

4 irreducible representation at M point of the
Brillouin zone. Distortions at the boundary points of the
Brillouin zone lead to zone folding, and therefore increas-
ing the volume of the unit cell twice. The transformation
matrix of the structural transition P1:

P1 =

1 −1 0
1 1 0
0 0 1

∣∣∣∣∣∣
0
0
0

 (10)

where right column denotes the translation vector. The
correlation diagram for parent – subgroup irreducible
representations is plotted in Fig. 11. It can be clearly
seen that the phonon states from the centre of Brillouin
zone as well as from the Brillouin zone boundary points
X, R, M compose the vibrational states of the tetragonal
phase due to Brillouin zone folding.

The optimized lattice parameters of the tetragonal
phase of TbFeO3 (P4/mbm [#127, D5

4h], Z = 2) are

a = b = 5.49 Å, and c = 3.85 Å, therefore the phase is
more compact with respect to the cubic one as shown
in Fig. 9(b). The tetragonal unit cell contains 10 atoms
occupying the Wyckoff positions 2c for Tb, 2a for Fe, 2b
and 4g for O. The group-theoretical analysis of P4/mbm
orthoferrites RFeO3 predicts 12 non-degenerate and 9
double-degenerate phonons in the center of the Brillouin
zone which decompose by irreducible representations ac-
cording to equation [86]:

Γtotal = Eu ⊕A2u︸ ︷︷ ︸
Γacoustic

⊕Ag ⊕B1g ⊕B2g ⊕ Eg︸ ︷︷ ︸
ΓRaman

⊕ 7Eu ⊕ 3A2u︸ ︷︷ ︸
ΓIR

⊕ 2A1u + 2B1u +A2g︸ ︷︷ ︸
Γsilent

,

(11)

There are several imaginary branches in the calculated
phonon dispersion but this number is reduced as com-
pared to the cubic phase as one might expect as shown
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FIG. 9. Crystal structure of the rare-earth orthoferrite TbFeO3 in the (a) cubic Pm3m, (b) tetragonal P4/mbm, and
(c) orthorhombic Pbnm phases. Distortions of the ideal cubic perovskite structure are shown by dashed lines. First Brillouin
zone of (d) cubic, (e) tetragonal, and (f) orthorhombic lattice indicating high-symmetry points and paths used in the lattice
dynamics simulations. The ka, kb, and kc are the primitive reciprocal lattice vectors. Picture was prepared using the VESTA
software [110].

in Fig. 10(b). By repeating the stable phase search tech-
nique as described above the most stable orthorhombic
phase Pbnm is established with the transformation ma-
trix as follows:

P2 =

1 0 0
0 2 0
0 0 1

∣∣∣∣∣∣
0
0

1/2

 (12)

The tetragonal to orthorhombic phase transition is in-
duced by condensation of Z+

5 phonon at the boundary of
Brillouin zone (Z point), therefore the structural modifi-
cation is accompanied by doubling of the unit cell. Ac-
cording to the correlation diagram in Fig. 11 the vibra-

tional states of TbFeO3 in orthorhombic phase are ge-
netically bounded with phonons at the Γ and Z points of
Brillouin zone of the tetragonal phase.

The full sequence of structural transformations from
the cubic parent phase to orthorhombic one includes dou-
bling of the Brillouin zone twice which leads to a fourfold
increasing of a number of vibrational modes. The Bril-
louin zone zone folding is usually accompanied by the
phonon states mixing, and the correlation diagram in
the case of TbFeO3 is rather sophisticated due to phonon
branches interaction, which reduces the direct connection
of vibrational states in parent and orthorhombic phases.



13

FIG. 10. Full phonon dispersion curves calculated for the
(a) cubic Pm3m and (b) tetragonal P4/mbm phases of the
rare-earth orthoferrite TbFeO3.

FIG. 11. Correlation diagram between the space group rep-
resentations for parent cubic Pm3m and orthorhombic Pbnm
(Pnma) phase via intermediate tetragonal P4/mbm one.

The latter explains the multimode influence of TO modes
on LO ones as shown in Fig. 5.

III. CONCLUDING REMARKS

In summary, we have studied the polar optical phonons
at the center of the Brillouin zone by the polarized in-
frared reflectivity technique in the rare-earth orthoferrite
TbFeO3 single crystal. The spectra of the anisotropic

complex dielectric permittivity were extracted from the
analysis of the experimental results. The overwhelming
majority of predicted TO and LO polar modes were reli-
ably detected according to the polarization selection rules
and their parameters were determined. To assign the ob-
served TO and LO modes to each other, we supported the
experimental study by the DFT calculation of the lattice
dynamics. The obtained frequencies of optical phonons
are in fair agreement with the experimental results. We
found that according to the correlation analysis between
calculated LO and TO mode eigenvectors most LO modes
correspond to more than one TO mode in the center of
the Brillouin zone due to a strong mode mixing caused by
the Coulomb interaction. However, the Coulomb inter-
action does not affect the phonons at the Brillouin zone
boundaries due to its long-range character.

Next, we have analysed the dispersion curves of polar
phonons throughout the Brillouin zone calculated both
with and without the Coulomb interaction. This al-
lowed us to establish explicit one-to-one relation between
LO and TO polar modes at the center of the Brillouin
zone despite the complex correlations of their eigenvec-
tors. Furthermore, we found a polar phonon with a nega-
tive LO-TO splitting and extended to the Brillouin zone
its previously reported general conditions of existence.
Additionally, we completed analysis of lattice dynamics
in TbFeO3 by measuring angular resolved polarized Ra-
man scattering from Raman-active phonons. Using DFT
analysis giving a good agreement with the experimen-
tal data, we identify which ionic motions contribute to
both infrared- and Raman-active phonons. In partic-
ular, we show that Fe3+ ion almost do not contribute
to Raman-active phonons, which may account for ap-
parent absences of spin-phonon effect on frequencies of
these phonons reported in literature. We believe that
our results will stimulate further research of the nonlin-
ear phononic and magneto-phononic effects in rare-earth
orthoferrites RFeO3 since they explicitly show a degree of
mixing between different phonon modes [4; 7; 24–26; 33].
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