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Abstract

Transmittance spectra of TbFeOs single crystals have been studied in the far infrared spectral
range 15 — 120 cm™ in the external magnetic fields up to 9 T and at low temperatures down to
1.5 K. The temperature and magnetic-field dependencies of the antiferromagnetic resonance
(AFMR) modes have been measured below and above the magnetic ordering temperature of Tb

moments 7T, =3.3K. Both the quasi-ferromagnetic and quasi-antiferromagnetic modes of
AFMR demonstrate hardening at 7<7". The quasi-antiferromagnetic mode gains electric-dipole
activity along the c-axis below 7_° and thus behaves as a hybrid, i.e., both electric- and
magnetic-dipole active, mode. In addition to AFMR modes, below T.° we observed appearance
of electromagnon excitation at about 27 cm™, which is electric-dipole active along the c-axis.
The electromagnon is optically active only in a narrow temperature range 2.7 K< T< T,;° at

H=0 and in a narrow range of magnetic fields 2.4 —2.7 T applied along the b-axis at 7=1.5 K.
We argue that this electromagnon appears in magnetic phases, which are compatible with a
spontaneous electric polarization along the b-axis.
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I. INTRODUCTION

TbFeOs has an orthorhombic perovskite structure that belongs to the D)’ ( Pbnm) space

group with four TbFeOs molecules per unit cell [1,2]. The Fe’*~Fe’* exchange interaction leads
to an antiferromagnetic (AFM) ordering of the Fe subsystem at a high transition temperature of

T (Fe) = 650 K [3]. The resulted spin structure is I',(G_F.) where the G-type antiferromagnetic

order along the a orthorhombic axis appears due to a negative symmetric superexchange
interaction and F-type ferromagnetic canting along the ¢ orthorhombic axis - due to an
antisymmetric Fe’'—Fe’” super-exchange (Dzyaloshinskii-Moriya) interaction. At high
temperatures Tb subsystem is paramagnetic and can be polarized along two Ising axes within the
ab plane at the angle a =+36° from a by the Tb-Fe interaction when the antiferromagnetic
vector G of Fe spins leaves the ab plane [4]. This leads to a spin-reorientation transition with the
onset at Tsg;=8.5 K below which Fe spins continuously rotate in the a—c plane so that their

structure changes from I,(G F)) to I',(G_F.) while Tb moments become polarized in the ab
plane according to I',(f.c,) state [5,6]. With further temperature decrease the Tb—Tb interaction

leads to an antiferromagnetic ordering of Tb moments [7]. It was shown [4,8] that this transition

occurs in two stages: at T°=3.3 K Tb moments antiferromagnetically order into intermediate
Iy, (a.g,f.c,) phase which at T, =3.1K causes a reverse spin reorientation transition of Fe

spins I,(G.F.)—I,(GF,) with simultaneous reorientation of Tb spins into purely

antiferromagnetic I'y(a,g,) phase.

It is also known that the external magnetic field H applied along a, b, and ¢ axes results in
an additional spin reorientation (SR) transitions that have been studied at low temperatures using
magnetization methods [9,10,11,12], Mdssbauer spectroscopy [11], neutron diffraction [13],
magnetostriction [14] and sound velocity [8] measurements. Several anomalies have been found

including the two-stage metamagnetic transitions for H|b at T< T.°. The H-T phase diagram

for TbFeOs is not complete yet and this compound continues to reveal its nontrivial magnetic
properties. For example, an unusual magnetic state of the ordered Tb>" spins with a long
incommensurate period of several hundred nm has been recently found in TbFeO; upon
application of an external magnetic field A || ¢ [13].

Spectra of magnetic excitations provide important information about nontrivial rare
earth—iron R*'—Fe’" interaction in RFeO; compounds (R=rare earth) especially if measured in
proximity to the phase transitions that change the spin structure. Magnons in TbFeOs have been
previously studied using inelastic neutrons [15], Raman scattering [16,17] and submillimeter
backward-wave oscillator spectroscopy [18]. Related RFeOs; (R=Yb, Tm, Er, Dy, and Ho)
compounds have been studied using neutron scattering [19], Raman [16,17,20,21], far-IR [22,23]
and submillimeter [18,24] spectroscopies and ultrafast laser pulses [25]. All experiments agree
with the theoretical prediction for existence of two magnon modes, namely quasi-ferromagnetic



(q-FM) and quasi-antiferromagnetic (q-AFM) modes of AFM resonance (AFMR), which appear
in a simplified model of two Fe sublattices with four ions in the orthorhombic primitive cell. The

frequencies of the q-FM and q-AFM modes at g =0 and 7=5 K are reported to be at 11.8 and

18.5 cm’, respectively, at room temperature and gradually increase to 18 and 23 cm™,

respectively, at 7=5 K [16,17]. In a more precise model, which takes into consideration the R**
spins, the number of magnons in RFeOs should increase up to four. Two additional magnons that
appear due to R*" spins are predicted to have relatively low frequency, which should be less than

5 cm’ at §=0. These modes, which are expected to be the most sensitive to Tb*'—Tb*"

interaction are difficult for optical observation and, unfortunately, are falling far below our
experimental spectral range. Nevertheless, temperature and magnetic field dependencies of the
Fe-related q-FM and q-AFM modes should reflect important details of nontrivial Tb*'—Fe®*
interaction. For example the earlier Raman scattering measurements of TbFeOs already indicated
the stiffening of g-AFM mode due to the strong exchange coupling between the Fe and Tb spins
[16].

While the properties of magnetic excitations in TbFeO3; have been studied in literature at
T > 4.2 K, there are no experimental data for magnons’ behavior below the temperature of Tb

antiferromagnetic ordering 7,°=3.3 K and in the external magnetic fields. This temperature

region in RFeOs orthoferrites is of special interest because the R* ions order according to one of

the I', (;=5-8) irreducible representations, which are not compatible with inversion symmetry

and thus allow for a linear magnetoelectric effect. As a result, one can also expect existence of a
dynamic magnetoelectric effect manifested as an appearance of electric-dipole active magnetic
excitations, i.e. electromagnons. The possibility of entanglement between electric-dipole and
magnetic-dipole oscillations was demonstrated for the first time in theoretical works of V. G.
Bar’yakhtar and I. E. Chupis at the end of 1960’s [26] but it was not before 2006 that
electromagnons were experimentally observed in the THz spectral region of TbMnO; and
GdMnOs; crystals [27]. Since then electromagnons have been observed in many magnetic
compounds, review of which can be found in Refs. [28, 29, 30]. The current interest to
electromagnons is due to their non-trivial optical properties, such as directional dichroism [31,
32] and giant optical activity [33], and promising new functionalities, such as magnetically
controlled directional light switches [34] and control of magnetism on a sub-picosecond time
scale [35]. The main microscopic mechanisms driving electric dipole-activity of magnetic
excitations are considered to be symmetric exchange striction [36], antisymmetric exchange
interaction in the frame of a spin-current model [37] and spin-dependent p—d hybridization [38].
While all these mechanisms originate from those governing magnetically induced ferroelectricity
(39, 40, 41, 42, 43], in a given compound the particular mechanisms driving static and dynamic
magnetoelectric effects do not necessarily coincide. For example, the electromagnon activity in
TbMnO; crystal arises from symmetric exchange striction [36], but the ferroelectric polarization
is due to antisymmetric exchange interaction [40, 44]. For this reason, the emergence of
electromagnons is also possible in non-multiferroic states, when the mechanism driving electric-



dipole activity of magnetic excitations does not produce ferroelectric polarization. This scenario
is realized, for example, in Ba,Mg,Fe;,0;,, where an electromagnon was reported despite the
absence of spontaneous electric polarization in a zero magnetic field [45].

The existence of electromagnons in RFeO; orthoferrites was theoretically predicted back
in 1980 in Ref. [46] and has been recently confirmed for DyFeOs; where, in addition to two
magnetic-dipole-active AFMR modes, two electromagnon modes appear at 20 and 50 cm™ at

temperatures below 7Y = 4.2 K and are electric-dipole-active along the c-axis [22]. The purpose

of this paper is to study magnetic excitations in TbFeOj; single crystal in the vicinity of phase
transitions at temperatures down to 1.5 K and in strong magnetic fields up to 9 T applied along
the three main crystallographic directions: a, b and c¢. We will also compare the low-temperature
magnon and electromagnon spectra between the two related compounds: TbFeOs and recently
studied DyFeOs [22].

II. EXPERIMENT

The bulk crystals of TbFeO3; were grown by the floating zone technique in the form of long rods.
The lattice parameters and orientation of the measured single crystals were determined at room
temperature using X-ray diffraction. The following lattice parameters were found: a=0.53287
nm, b=0.55994 nm, ¢=0.76397 nm. Samples were cut and mechanically polished in a form of
platelets oriented along the orthorhombic a, b, and ¢ directions. The in-plane areas were about 6
x 6 mm”. The sample thickness of about 0.3 mm was chosen for transmission measurements. To
reduce the interference fringes in optical spectra, the opposite sides of the samples were wedged
at an angle of about 5 deg. The far-infrared optical experiments were carried out at the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory, at the U4IR beamline
using a Bruker 166v IR spectrometer coupled to an optical Oxford SM4000 superconducting
magnet and a LHe-pumped (~1.6 K) bolometer. Transmittance spectra were measured with a
spectral resolution of 0.3 cm ' in the spectral range between 15 and 120 cm™' at temperatures
1.5-50 K and in external magnetic fields up to 9 T applied in the Faraday configuration, so that
the directions of the external magnetic field and the light propagation coincided, while the

—

electric € and magnetic /1 fields of light were always perpendicular to the external magnetic
field. In the text below we will use the notation of transmission geometry where a sub-index of
the electric or magnetic fields of light will indicate its direction with respect to crystallographic

axes. For example, e/, configuration means here that electric field of light € is along the a-

axis, magnetic field of light h s along the b-axis, and the direction of light propagation and
external magnetic field (if any) are both along the missing third index: the c-axis. The raw data
of transmittance spectra were normalized to transmission through an empty aperture with a size
equal to that of the sample. For samples with strong thickness interference fringes we normalized
the transmitted intensity to that measured at high temperature or high magnetic fields, where no
magnons were present.



ITI. EXPERIMENTAL RESULTS

In this Section we will discuss temperature and magnetic field dependencies of transmittance
spectra of TbFeO; in the far-infrared spectral range in several complementary experimental
configurations. Spectra of magnons were interpreted by means of selection rules for magnetic
dipole excitation of g-FM and q-AFM modes in a Pbnm structure of orthoferrites [18,47], which
are summarized in Table I. We will commence with the temperature behavior of the magnons at
H=0 and proceed with their magnetic field dependencies for direction of magnetic field along

three crystallographic axes: a, b, and c. At temperatures above 7'’ =3.3 K, we observed the g-
AFM and gq-FM modes in configurations according to selection rules shown in Table 1. At lower
temperatures 7<Ty", the ordering of Tb moments changes the selection rules of Table I so that

the g-FM and q-AFM modes can be observed simultaneously in some configurations.
3.1 Magnon spectra at zero magnetic field.

Figure 1 shows temperature dependence of transmittance spectra in the e s, configuration for the
temperature range between 2.2 and 25 K. Above Tsg;=8.5 K, when Fe spins are in I', state, one
absorption line, which is excited by 4||a is observed at ~17.5 cm™. According to the selection

rules from Table I, we attribute this line to the g-FM mode, which is in good agreement with the
Raman data in Ref. [17].

At T." <T < T, , Fe spins rotate from the I', configuration to T',. In the T', phase the g-FM

mode can be excited by /4||(b,c) and thus cannot be observed in Fig. 1 in this temperature range.
Instead, the g-AFM mode becomes active for /||a and appears at ~22 cm™ in Fig. 1. We note that
intensity of the q-FM mode gradually decreases as the temperature approaches 7Tsr; from the
above.

Magnetic ordering of Tb moments below 7" leads to hardening of q-FM and q-AFM
modes [see Fig. 1(c)]. Also both AFMR modes are now observed simultaneously in the e A,
configuration below 7y,". In a two sublattice model the AFMR modes are always observed in the

complementary configurations (see Table I). Thus magnetic ordering of Tb moments changes the
selection rules described in Table I. In addition to the AFMR modes a new broader spectral line

appears at ~27cm’ in a narrow temperature range 3.1K <7 <3.3K = T.". This range
correlates with the intermediate I'y, phase of Tb moments in the sequence of the Tb magnetic

ordering phases [4]. In this case, the temperature of 3.1 K, at which the line at 27 cm™ vanishes
from the spectra, corresponds to transition temperature 7sgo when Tb moments reorient from

[y (a.g,f.c,) phase into a purely AFM TI'i(a,g ) phase, while Fe spins reorient from the I,

phase back to the high temperature I', one.



Figure 2 shows temperature dependence of AFMR modes’ spectra measured in the ey,
configuration. At 7" < T <4 K Fe spins are in the I, phase and, thus, the g-AFM mode is 4||a
active and is observed in Fig. 2 at 23 cm™, similar to what was shown in Fig. 1. Below 73",

however, only the g-FM mode is observed in the eyh, configuration (Fig. 2) that is in contrast to
the e.h, configuration (Fig. 1), where both AFMR modes are observed. The only difference
between these two configurations is the direction of the electric field of light: ef|c in e.s, while
el|b in eyh,. Thus, we conclude that it is electric field e||c and not magnetic field 4||a of light that

excites the g-AFM mode in the e, configuration at 7<T,° proving that this mode gains
electric-dipole activity below 7,°. At the same time, the magnetic-dipole activity of q-AFM

mode at 7<7,° is the same as at T>Ty ", i.e. it remains in agreement with the selection rules
listed in Table I. Indeed, in the Section 3.2.a we will show that the g-AFM mode is observed in
the eph, configuration at 7=1.5 K< 7" and H=0. Since the g-AFM mode is not active in e||b

(see Fig. 2), we deduce that it is 4||c that excites the mode. We also checked that the q-AFM
mode is not observed in the e /1, configuration at 7=1.5 K, which excludes its /|| activity. Thus,

we conclude that the magnetic-dipole activity of g-AFM mode at 7<T," is hl|c, in agreement

with Table I. As for the g-FM mode, it was observed in all possible Faraday configurations
below 7" which does not allow us to separate its pure magnetic-dipole activity from any

possible electric-dipole contribution.

The line, which appears at 27 cm™ in the e, configuration in the narrow temperature

region Tspa<7<T," (see Fig. 1), was observed only in the e||c configurations. For example, it was

also observed at Tgry<7< TNTb in transmittance spectra measured in e 4, configuration shown in
Fig. 3. Since the activity of this excitation strongly depends on the orientation of Tb and Fe
magnetic moments, we conclude that this mode is an electric-dipole active magnetic excitation,
or an electromagnon. This mode is labeled correspondingly as EM in Figures 1 and 3.

While the AFMR modes are observed in the e 4, configuration at 7< T;b , no modes are
observed just above T,° when Fe spins are in the I',(G_F.) state. This state of Fe allows for

h||(b,c) activity of the g-FM mode and one would expect it to be observed in Fig. 3 at T>T,".

Since this is not the case, we deduce that the frequency of the g-FM mode falls below the low-
frequency cut-off of our measurements.

3.2 Magnon spectra in external magnetic fields
3.2.a Hla

Figures 4(a-c) and 4(d-f) show magnetic field dependence of transmittance spectra of
TbFeO; measured for Hlja at different temperatures in the eph. and e, configurations,



correspondingly. At 7=1.5 K and zero field the q-FM and gq-AFM modes are observed
simultaneously in both configurations at 24 cm™ and 26 cm™, respectively [see Figs. 4(a,d)].

With the field increase along the a axis Fe spins enter into an angular I',, (G..F-.,) phase in
which the ferromagnetic vector F rotates from the c-axis towards the ag-axis while the
antiferromagnetic vector G rotates from the a axis towards ¢ [8,12,14]. At y H; =1.3T the g-
FM mode hardens by 4 cm™, while the intensity of the g-AFM mode drops to zero. Earlier
studies [8,12,14] showed that at A Tb moments undergo metamagnetic transition

I'y(a,g,)—T,(f.c,) which finishes I',,(G_F,) —T,(G.F,) reorientation of Fe spins. In the

I', phase for Fe spins, the g-FM mode is active for 4||(b,c) and, thus, it can be observed both in
the eyh. and e h), configurations, as shown in Figs. 4(a,d) with a saturated frequency of ~28 cm’!
in high magnetic fields. At the same time, the q-AFM mode is A|ja active and, thus, is not
observed in the eyh. and e.h, configurations in Figs. 4(a,d) for fields H > H .

At temperatures T° <T <Ty, and zero field, Fe spins undergo a continuous rotation
from the I', (G\F:) phase, which is stable above Tsri, to I, (G.F), while Tb moments are in a

paramagnetic state and are polarized by the effective field of Fe spins according to the I', (fic))
irreducible representation. The application of magnetic field ~ 0.3 T along the a-axis completes
the rotation of Fe spins from the a-axis towards ¢ and stabilizes the I', (F,G.) structure of Fe
spins [8,11,12]. Further increase of magnetic field increases the degree of Tb polarization until
the latter reaches its saturation. Since the g-AFM mode is 4||a active in the I', (F,G.) state of Fe
spins, this mode is not observed in our spectra measured in eph. and e, configurations at
73" < T < T, shown in Figs. 4(b,e). Instead, the q-FM mode is /||(b,c) active in the T, phase of
Fe spins and, thus, one can expect it to be observed in Figs. 4(b,e). While the g-FM mode is
indeed observed at fields above 1 T, it is not visible in magnetic fields below 1 T. We assume

that in this case the frequency of the q-FM mode is below the lower edge of our measurements at
15 cm™. This result differs from the results of Raman measurements where the q-FM mode was
reported to be at =18 cm™ at T," <7 < T, and zero magnetic field [16]. With the field increase
above 1 T the g-FM mode appears just above 15 cm™ and its frequency gradually increases till it
saturates at 28 cm™'. Since magnetization of Fe subsystem gradually increases with the field
increase but is far from saturation in the studied field range (0 - 8 T), it cannot contribute to the
mechanism which leads to frequency saturation of the q-FM mode. Thus, we attribute the
saturation of the q-FM mode to the saturation of Tb magnetization in the external magnetic field

Hla.

At T>Tsgr; and H=0 the Fe spins are in the I', phase and Tb moments are paramagnetic.

In this phase of Fe spins the q-FM mode is 4|/(a,b) active and is observed in the e.h,



configuration at 17 cm™ [see Fig. 4(f)], while the -AFM mode is /||c active and is observed in
the eyh. configuration at 21 cm™ [see Fig. 4(c)]. The application of magnetic field parallel to the

a-axis results in reorientation of Fe spins from the I', (G.F.) phase to I, (F.G.) at

a

U,H: =0.3T and polarizes the Tb system according to the I';, (f.c,) configuration [8,12]. As in
the case with the temperature region Ty° <7 <T,, discussed above, only g-FM modes are

observed in the final I', (F\G.) phase of Fe spins in both eph. and e h, configurations and its

frequency gradually increases with the field increase till it saturates at 28 cm™ in the field of 7 T
[see Figs.4(c,f)] due to saturation of Tb moments. The saturation frequency of the g-FM mode is
the same for all studied temperatures between 1.5 K to 11.8 K.

3.2.b Hib

Figures 5(a-b) show magnetic field dependence of transmittance measured for H|b at
7=1.5 K in the e, and e,h. configurations. Application of magnetic field along the b-axis
results in a two-stage metamagnetic phase transition [10,12,14]. At 7=1.5 K and zero field g-FM
and q-AFM modes are observed simultaneously in both configurations at 24 cm™ and 26 cm™,
respectively [see Figs. 5(a,b)]. With the field increase along the b axis, Fe spins develop a

ferromagnetic component F, along the direction of magnetic field resulting in the I',; (G\F%,)

b
crl

magnetic structure. At the first critical field H”, magnetic moments of Tb*" ions residing on one
of the two sites, where Tb moments were opposite to the direction of the magnetic field, reorient

towards the b axis. This reorientation results in the @'y, (@€ Cyx) phase of Tb moments. This

triggers reorientation of Fe spins from the @ axis (I',;: G.F)) to the ¢ axis (I'y;: G.Fy)). The I,
components of Fe magnetic structure allow for Alja activity of the g-AFM mode and #4|(b,c)
activity of the g-FM mode. For this reason in the I'); phase of Fe spins the -AFM mode is
observed in the e, configuration at 24—25 cm™ [see Fig. 5(a)] and is not observed in euh. one

[Fig. 5(b)], while the g-FM mode is observed in the e,h. configuration at 16—17 cm™ and is not
observed in the e.h, one.

At the second critical field u,H",=3 T magnetic moments of Tb>* ions residing on the

last site, where Tb moments were still opposite to the direction of the magnetic field, reorient

towards the b axis, which results in the I (fjc,) phase of Tb moments. This triggers

reorientation of Fe spins back to the I',; (GyF,) configuration. The I', components of Fe

magnetic structure allow for 4||c activity of the g-AFM mode and 4||(a,b) activity of the g-FM
mode. For this reason in the I',; phase of Fe spins the g-AFM mode is observed in the e/,
configuration at 21-23 cm™ [see Fig. 5(b)] and is not observed in the e, configuration [Fig.

5(a)], while the g-FM mode is observed in the e, configuration at 15—16 cm’! and is not
observed in e h,.



The behavior of magnetic modes throughout the course of two-stage magnetic phase

transition is not trivial. Starting from zero field and up to g ,H’ =0.7 T the q-AFM and g-FM

crl
modes are insensitive to the magnetic field. At H’, the q-AFM mode hardens by ~1 cm’
[Fig.5(a)], while the q-FM mode drops from 24 cm’! [Fig.5(a)] down to ~17 cm’ [Fig.5(b)]. In

the intermediate phase between H’, and H’, the -AFM mode gradually softens from 27 cm™
at H, to24cm” at y,H" =2.5T . Fig. 5(a) shows two events at x,H" =2.5T . At first, the q-

AFM mode frequency demonstrates a kink and then softens down to 23 cm™. Second, a new
strong and broad mode appears at 30 cm™ in a narrow field range of about 0.3 T. This mode has
been confidently observed in 7 consecutive spectra measured with the field step of 0.05 T. In the
Section 4.1 we will argue that this mode is related to the electromagnon EM mode observed at
~27 ¢m’ in transmittance spectra measured in e, and e, configurations in the narrow

temperature range between Tsg, and 7" shown previously in Figs. 1 and 3. Above the H”, the

q-AFM mode linearly softens from 23 cm™ at H”, downto 21 cm™ at 9 T.

Magnons’ behavior in the temperature range 7" <T<T,,, and H||b is presented in Fig. 6

for the e A, configuration and 7=5.6 K. Earlier Mdssbauer and magnetization studies showed that
the application of magnetic field along the b-axis results in two successive metamagnetic phase
transitions in Tb system and reorientation of Fe spins from the c-axis to the a-axis [6]. In zero

field the Fe spins are close to the I', (F.G:) phase and polarize the paramagnetic Tb system
according to the I', (fic,) configuration. In this phase the q-AFM mode is 4|la active and is
observed at 22 cm™ (see Fig. 6). Application of a weak magnetic field along the b-axis results in
a linear increase of the q-AFM mode’s frequency. At u,H",=1.7 T a spin reversal occurs on one

of the Tb sites with an opposite direction of the moments relative to the field. With a further field
increase the -AFM mode frequency changes its slope sign and linearly decreases with the field.

At u,H’

cr2

=4 T the second Tb spin reversal occurs and Tb spins become polarized according to
the I'; (cf)) configuration. This triggers the movement of Fe spins from the c-axis towards q,

where they are ordered in the I',; (G.F.,) phase. The I, components of Fe magnetic structure
allows for A||(a,b) activity of the q-FM mode and 4||c activity of the g-AFM mode. For this
reason the g-AFM mode disappears above H’

T

, in the e.h, configuration giving way to the q-FM

mode, which appears at 16 cm™ (see Fig. 6). Aside from the AFMR modes no additional
excitations, like the one at ~30 cm™ at 7=1.5 K [see Fig. 5(a)], were observed at 7=5.6 K or
higher temperatures.

3.2.c Hle

At T=1.5 K application of magnetic field along the c-axis stabilizes I',(G F)) structure of Fe

spins and induces Tb polarization along the c-axis through the Van Vleck mechanism, while it



doesn’t influence the splitting of the Tb ground quasi-doublet and I’y (a.g,) arrangement of Tb

moments [10,12,13]. Figure 7 shows magnetic field (H||c) dependence of the normalized
transmittance measured in the e,/ configuration at 7=1.5 K. A single mode is observed with a

linear increase of the frequency from =23 cm™ at H=0 to 27 cm™ at 4,H=5T. As it was
discussed in Section 3.1, in the I'j; (G\F.a.g,) phase of TbFeOs the g-AFM mode is active only

in (e, h)||c while the g-FM mode was observed in all configurations. Thus, it is the g-FM mode
which is observed in the e,/; configuration at 7=1.5 K (see Fig. 7). Its effective g-factor can be
estimated from the slope of the linear dependence of the q-FM mode’s frequency between 0 and

5T g5 =Awy, [ Ut AH =1.2 where A@,,, is a frequency shift measured in [cm™] induced
by a change of the magnetic field magnitude by #,AH , and f, is a Bohr magneton (g,
=0.4669 cm'l/T). We note, that the obtained value g.s=~1.2 is about 40% smaller than the value

2er=2.1 obtained for DyFeO; in the same measurement conditions (7=1.5 K<7y” ; H]|c; Fe spins

are in I',(G_F)) phase) [22].

IV. DISCUSSION

4.1 Electromagnon mode

As it was discussed in Section 3.1 a new EM mode appears at 27 cm’ in the e, and e,

configurations in the narrow temperature region Tsp,<7<T.® bounded by two magnetic phase

transitions [see Figs. 1(c) and Fig. 3]. The EM mode was observed only in the el|c configurations
and, thus, we attributed it to an electric dipole active magnetic excitation, or electromagnon. The

appearance of the electromagnon mode at Tspo<7<Ty" implies its relationship to the
intermediate I',; (G.F.a.g.fxc,) phase in the sequence of the Tb magnetic ordering phases [4].
Interestingly, I',; phase allows for existence of spontaneous polarization P||b, while all other
studied zero-field phases (I',; for 7<Tsgo; I, for Tgb <T<Tsry; I', for T>Tsg)) are non-polar
[48]. Spontaneous polarizations are also allowed in some of the phases induced by the magnetic
field applied in the ab plane at 7<T};". Thus, the P||a polarization can be induced by H]|a field in
the T,y (GrFuxangy; 0<H<H ‘) phase and by H||b field in the T3y (G.F.a.gy; 0<H<H',) and
Tyss (G-Foangnfyeyx) phases (H' <H<H',), while P||b polarization can only be induced by
H|b in the intermediate T,y (G.Fyayn@nfiCyy) phase (H' <H<H',). Note that it was in the

latter phase when the new excitation appeared at 30 cm™ in the e, configuration at 7=1.5 K in
the external magnetic field H||b [see Fig. 5(a)]. This excitation is positioned very close to the EM
electromagnon observed at 27 cm™ in Figs. 1 and 3 and they are both observed in the magnetic



phases which allow for spontaneous polarization P along the b axis. Thus, we deduce that the
excitation at 30 cm™ in Fig.5(a) is the same electromagnon mode EM which is observed in Figs.1
and 3. We can further contemplate that since the EM mode is polarized along the c-axis and is
observed in the phases, which allow for static P||b polarization, then the mode can be caused by
oscillations of the P||b polarization induced by the electric field of light e Lb. Such explanation
would account for e|lc dipole activity of this EM mode. Note that the existence of P||b
spontaneous polarization in TbFeOj; crystals has not been experimentally confirmed yet. Thus,
we are not able to make any affirmative conclusion about the exact mechanism of the EM
excitation in TbFeOs.

4.2 Quasi-FM mode in Hl|a

Application of magnetic field along the a-axis changes Fe and Tb magnetic structures so that

their ferromagnetic components align along the field, which corresponds to the I', phases of Fe
spins (G.F,) and Tb spins (f;c,). At T<T," the reorientation of Tb moments into the I", phase

triggeres reorientation of Fe spins. These processes occur nearly simultaneously at g, 4 ~1.3 T,
which is accompanied by a sharp hardening of the g-FM mode by 4 cm™ [Figs. 4(a,d)]. At T>
7" the field-induced reorientation of Fe spins into the T, (G.F,) phase occurs in relatively low

fields u,H;~0.3 T, while the increase of polarization of paramagnetic Tb system in the HJa

field occurs gradually till it saturates at higher fields [11]. Figures 4(b,c,e,f) show that above H

the q-FM mode’s frequency gradually increases with the field till it saturates at 28 cm™. Since
magnetization of Fe system gradually increases with the field increase but is far from saturation
in the studied field range, in Section 3.2.a we deduced that Fe magnetization cannot contribute to
the mechanism which leads to frequency saturation of the g-FM mode and the latter is governed
by the increase and saturation of the induced magnetization of paramagnetic Tb system. Below

we will model magnetic field dependence of the q-FM mode’s frequency for H > H and
T >T.". The ground state of Tb ions is an incidental quasi-doublet, which is separated from the

excited states by ~ 100 cm™ [49]. At low temperatures (<20K) only the quasi-doublet is
populated and, thus, it governs the magnetic properties of Tb system. In this case the magnetic
moments m; (i=1,2,3,4) of the Tb sublattices along the corresponding Ising axes are:

Hankoh
m, = U, tanh| ———+
i /’lTb ( kT j
where u,, =8.64, [5] is a saturation value of Tb moments along the Ising axes, which is close to
the maximum possible value of 94, , and 4; is a magnetic field acting on Tb moments in the i

position. In external magnetic field H, acting along the a-axis we have [14]:



h=(H,+aF,+p'G )cosa+Y T,m,,
7

where a=10T is the constant of the isotropic Tb—Fe interaction [4], p’=0.2959 T is the constant

of antisymmentric Tb—Fe dipole interaction [4] and 7}; are parameters of the Tb—Tb interaction,
the values of which are given in Ref. [14]. The value of the weak cant of Fe moments in
orthoferrites is Fy~ Hp/Hg =0.01, where uoHp~10 T is a Dzyaloshinskii field and ,uoHE~103 T is
an exchange field [4]. It provides an estimate for the value of isotropic exchange field

U,aF =0.1T. At H > H_ the Fe (as well as Tb) system is in the T, phase meaning that G,~1
and, thus, the value of the dipole field is £,p’G. =0.3T. The Tb—Tb effective field reaches its

maximum value at saturation of Tb moments. In T, phase (H>H_ ) this translates to

g

m=m, =m, =m, = (L, , which results in ,UOZT.m. =u, (T, +T,+T,+T ), =03T. The
j

range of external fields H|la, where the q-FM mode demonstrates hardening till it saturates at
28 cm’', is from ~1 to ~7 T (see Fig. 4). In this range the external field H, provides the strongest
contribution to 4;. Thus, we can neglect contributions coming from the Tb—Fe and Tb—Tb
interactions in the first approximation. In this case the value of Tb magnetic momenets along the
Ising axes in the T", phase can be estimated as:

Ut H ,
= tanh| ~—2——< |,
My, = Hy, tan ( T j

which is a function of H,/T ratio. Figures 8(a,b) show magnetic field dependence of q-FM
mode’s frequency ploted as a function of y #H, /T . The data obtained at different temperatures
above T =3.3K , i.e. when Tb moments are paramagnetic, nicely overlap. This indicates that g-
FM mode’s frequency depends only on u, H, /T , rather than separately on H, and 7, just as mp,

does. For this reason we modeled data from Figs. 8(a,b) assuming a linear dependence between

the q-FM mode’s frequency and Tb magnetization: w,, =, tanh(%;l—[”’j, where

FM ,max

@rpy e =283 cm™ s a saturation frequency of the q-FM mode at high magnetic fields. The
results of the modeling are in good agreement with the experimental data providing we use the
value u,, =7.2u, which is smaller than experimentally reported value u, =8.64, [5]. This

difference can be due to contributions from Tb—Fe and Tb—Tb interactions to the effective
magnetic field acting on Tb moments, which we neglected in our simplified model. For a more
precise fit these interactions should be taken into account.

Figure 8 shows that frequency of the q-FM mode at zero magnetic field extrapolates to zero,
which does not need to be the case if all interactions are taken into account. For 7>Tg;, as we

reduce the field, the I', = I, reorientation of Fe spins takes place and q-FM mode’s frequency



shifts to 17 cm™. For 7" <T < I, as we reduce the field, we cannot neglect the effective field

created by Tb—Fe interaction which does not go to zero when external field goes to zero. Also, as
the frequency of the g-FM mode lowers we might need to take into account interaction with the
lower lying Tb quasi-doublet, which is split by the Tb—Fe interaction and external field.
Nevertheless, our data imply that the frequency of the g-FM mode seems to be at least below 15

cm’ in the T, phase of Fe spins and zero external field.

4.3 Comparison between magnon and electromagnon spectra of ThFeO3; and DyFeO;

Recently we reported studies of magnon and electromagnon excitations in another member of the
rare-earth orthoferrites family, namely DyFeOs [22]. From the first glance, TbFeOs; and DyFeOs
are very similar and their difference is only due to one f-electron at the R** sites. Both Tb and Dy
ions have similar anisotropies of the ground state in these compounds: the ground state of Tb
ions is incidental quasi-doublet with Ising axes lying in the a—b plane at £36° to the g-axis and

the ground state of Dy ions is a Kramer’s doublet which can be interpreted as a close to |i15 / 2>

state with axes of quantization lying in the a—b plane at +60° to the a-axis. The rare-earth ions in
both compounds antiferromagnetically order in the a—b plane at temperatures between 3 and 4 K

and manifest close values of saturated magnetic moments: fy, =8.64; [5] and x, =9.2u,

[50]. In both cases rare-earth ordering results in hardening of AFMR modes and appearance of
electromagnon modes which are optically active for el|c.

Despite seeming similarity, the properties of Tb and Dy orthoferrites are quite different.
DyFeOs is the only representative of orthoferrites family which manifests Morin type

reorientation of Fe spins from the a-axis (I, phase) to the b-axis (I', phase). This transition is

driven by Dy-Fe interaction which lowers the energy of the Dy ground doublet (without splitting
it) via the Van-Vleck mechanism which mixes Dy ground state with excited states [S1]. The
energy shift is bigger when Fe spins are directed along the h-axis competing with the intrinsic
anisotropy of the Fe system which prefers the a-axis. As temperature lowers, the Dy ground state
becomes more populated which increases the anisotropy of Dy system and, hence, reduces the
overall anisotropy in the a—b plane resulting in a reduction of K,, anisotropy constant of
thermodynamic potential [51]. As a result, the q-AFM mode, which is determined by the K,
anisotropy constant becomes a soft mode of the transition [52]. When anisotropy constant K,
changes sign, reorientation of Fe spins from the a-axis to the b-axis takes place.

In contrast, TbFeOs, like most rare-earth orthoferrites, manifests continuous I’y =T,

spin reorientation transition during which Fe spins rotate from the a-axis to the c-axis. This
transition is driven by lowering of energy of Tb system due to splitting of the ground Tb quasi-
doublet by the effective field created by the Tb—Fe interaction. Such splitting takes place only
when antiferromagnetic vector G of Fe spins leaves the a—b plane. As temperature lowers, the
lower level of the split quasi-doublet becomes more populated than the upper one which



increases the anisotropy of the Tb system and reduces the overall anisotropy in the a—c plane
resulting in a reduction of the K, anisotropy constant [4]. As a result, the g-FM mode, which is
determined by K, [18], should become a soft mode of the transition. Earlier Raman
measurements of AFMR modes showed [16] that this was not the case and the q-FM mode’s

frequency stayed at ~18 cm™ throughout the course of I', =T, spin reorientation transition. It
was suggested [16,18] that interaction of the g-FM mode with the lower-lying Tb quasi-doublet
might be responsible for this. In our study we didn’t observe softening of the g-FM mode down
to the spin-reorientation temperature 7sg;=8.5 K (see Fig. 1). Between Tsg; and TNTb we were not

able to track the q-FM mode probably because its intensity dropped to zero or because its
frequency dropped below the lower cut-off of our measurements, which is 15 cm™. The latter
seems more plausible taking into account that the extrapolated position of the g-FM mode when

Fe spins are in ', phase and external magnetic field goes to zero is below 15 cm™ [See Figs.
4(b,e) and 8].

The electromagnon spectra in TbFeOs, which appear below the temperature of rare-earth
ordering, also significantly differ from that in DyFeOs;. In DyFeOs; we have not found any
electric dipole activity of the AFMR modes while in TbFeOs the q-AFM mode gained electric

dipole activity along the c-axis below 7,;° and became a hybrid mode. In DyFeOs there are two
electromagnon modes at ~20 and ~50 cm™, which appear in the non-polar I',; phase. In TbFeOs

there seems to be only one electromagnon EM mode (different from the q-AFM mode) at
~27 cm’™, which appears in phases compatible with spontaneous electric polarization along the b-
axis. Electromagnons seem to be more stable and strong in DyFeOs, where they exist in the

whole temperature range 7 < T,,* =4.2 K . In DyFeO; we were able to relate the electromagnon

mode at ~20 cm™' to the field-induced variation and hysteresis of the dielectric constant [22]. In
contrast, the electromagnon EM in TbFeOs is much weaker and it appears only in a very narrow

range of temperatures (2.7 K <7< T7,"=3.3 K) and fields (2.4-2.7 T, H||b) making its

observation in optical spectra quite challenging.

V. CONCLUSSION.

The temperature and magnetic-field dependencies of the AFMR spectra have been measured
below and above the magnetic ordering of Tb moments 7" =3.3 K. Both quasi-ferromagnetic
and quasi-antiferromagnetic modes of AFMR demonstrate hardening at 7<7.°. The quasi-

antiferromagnetic mode gains electric-dipole activity along the ¢ axis below 7;° and becomes a

hybrid mode. In addition to the AFMR modes, we have reported an observation of
electromagnon mode, which is electric-dipole active along the ¢ axis and appears at ~27 cm™ in



the narrow temperature region 2.7 K< T< T” at H=0 and at ~30 cm’ in the narrow range of

magnetic fields 2.4 T <uoH, <2.7 T applied along the b-axis at 7=1.5 K. This electromagnon
appears in magnetic phases, which are compatible with spontaneous electric polarization along
the b-axis.
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Table I. Selection rules for quasi-ferromagnetic (q-FM) and quasi-antiferromagnetic (q-AFM)
modes of AFMR in RFeOs. [18, 47]

qg-FM q-AFM
Fe phase Oscille.lt.i0n Activity Oscilla.lt.ion Activity
quantities quantities
I(G,) G.F, lla G.F. e
I',(GF)) FF.G, h||b, h||c G, F.G: hlla
I'(GF) G.F\F, hlla, h||b G,G.F- hl|c
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FIG. 1. (Color online) (a) Normalized transmittance map of TbFeO; measured in the e.h,
configuration at temperatures from 2 to 25 K. (b) Spectra of transmittance ¢ for temperatures

above (4.1 K), at (3.3 K) and below (3 K) the temperature of Tb magnetic ordering 7" =3.3 K.

(c) An expanded view of the rectangular region in (a) showing the behavior of g-AFM, g-FM,
and EM excitations in the vicinity of Tb magnetic ordering.
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FIG. 2. (Color online) (a) Normalized transmittance spectrum ¢ of TbFeOs; measured in the e;h,
configuration at 7=2 K<T," and H=0. (b) Normalized transmittance map manifesting q-FM

excitation below 7" and q-AFM one above T}".

Temperature (K)

FIG. 3. (Color online) Temperature dependence of the normalized transmittance of TbFeO;
measured in the e /1, configuration at /=0 manifesting q-AFM, q-FM, and EM excitations below

Tgb . Electromagnon EM is visible in a narrow temperature region between 7sr, and Tgb .
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FIG. 4. (Color online). Magnetic field dependence (H||a) of normalized transmittance measured

in the eph. configuration at (a) 1.5 K, (b) 6.2 K and (c) 11.8 K and in the e 4, configuration at (d)
1.5K, (e) 8.4 K and (f) 11.4 K.
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FIG. 5. (Color online) Magnetic field dependence (H||b) of normalized transmittance measured in
the e i, (a) and e i (b) configurations at 7=1.5 K
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FIG. 6. (Color online) Magnetic field dependence (HJ||p) of normalized transmittance spectra

measured in the e/, configuration at 7=5.6 K.
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FIG. 7. (Color online) Magnetic field dependence (H||c) of normalized transmittance measured in

the e h, configuration at 7=1.5 K.
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FIG. 8. (Color online) Experimental data for the q-FM mode’s frequency measured in the ek, (a)
and e h;, (b) configurations in the magnetic field HJ|a presented as a function of uH,/T.
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