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Optical properties of orthorhombic DyFeO; single crystals have been studied in the far-infrared spectral range
of 11-120cm™! at temperatures between 1.5 and 50 K and in magnetic fields up to 7 T. The temperature and
magnetic-field dependencies of the antiferromagnetic (AFM) resonance spectra have been measured below and
above the AFM ordering temperature of Dy** moments with TJE ¥ = 4.2 K. Hardening of the quasiferromagnetic
mode frequency of the AFM resonance due to ordering of Dy’* moments is observed. Below T,? ¥ two

electric dipole-active magnetic excitations, or electromagnons, appear in the spectra at ~20 and ~50cm

—1

The electromagnons vanish with the application of a strong magnetic field along the a or b axis which changes
the magnetic structures of Fe** and Dy** moments into the ones compatible with the spatial inversion symmetry.
We show that the electromagnon at ~20 cm™~! provides a significant contribution to the static electric permittivity
¢. The energies of the electromagnons as well as static electric permittivity manifest a strong hysteresis upon

cycling of an external magnetic field at 7 < TNDy.

DOI: 10.1103/PhysRevB.93.094403

I. INTRODUCTION

Rare-earth orthoferrites crystallize in the orthorhombi-
cally distorted perovskite structure (Pbnm) with four RFeO;
molecules per unit cell [1]. In all studied orthoferrites the Fe-Fe
exchange interaction leads to an antiferromagnetic (AFM)
ordering of the Fe subsystem with a weak ferromagnetic
(FM) canting due to Dzyaloshinskii-Moriya interaction at Néel
temperatures Ty in the range between 650 and 700 K [2]. The
resulted spin structure I'4(G ¢ A, F;) persists down to the lowest
temperatures in orthoferrites with nonmagnetic R ions (R =
Y, La, and Lu). In other RFeO3; compounds, the magnetic
rare-earth ions are polarized by R-Fe exchange interaction,
and the degree of polarization increases with the temperature
decrease. The increase in polarization results in an increase
in magnetic anisotropy of the rare-earth subsystem that can
lead to a spin-reorientation (SR) transition. In most rare-earth
orthoferrites, the SR transition occurs via two second-order
phase transitions, which result in the change in the spin
configuration of the Fe subsystem from I'4(G, A, F;) with the
net magnetization directed along the ¢ axis to I'z(F;C,G)
with the net magnetization directed along the a axis. DyFeO;
is the only nonsubstituted member of the orthoferrite family
in which the spin configuration of the Fe subsystem changes
from weakly ferromagnetic I'y to purely AFM I'i(A,G,C;)
via the Morin-type phase transition at 7, ~ 50K [3,4]. In the
temperature range between 1.5 and 4 K several orthoferrites
show spin ordering of the rare-earth subsystem. In particular,
Dy spins order antiferromagnetically in the I's(g.ay) spin
configuration at TII\,) ¥~ 4K [3,5]. Application of a high enough
magnetic field along the principal crystallographic axes of
DyFeOs; results in SR phase transitions [4,6]. For example,
application of a magnetic field along the a axis results in
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a spin-screw transition of the Fe subsystem from the T’
configuration to the I'; one, application along the b axis—in
a spin-flop transition from the I'; to the I'y configuration and
application along the ¢ axis—in a spin-screw transition from
the I'; to the I'4 configuration.

Spin configurations I'y, I'», and 'y observed in the Fe
subsystem of DyFeO3 (and other rare-earth orthoferrites) are
compatible with the space inversion operation and, hence, do
not allow either a linear magnetoelectric (ME) effect or a
spontaneous electric polarization. Below T, Dy moments
order into the I's (g.ay) configuration which together with
the I'; configuration of Fe spins form a 222 nonpolar
magnetic symmetry group. This symmetry still does not allow
spontaneous ferroelectric polarization but, due to breaking of
inversion symmetry, allows a linear magnetoelectric effect
with diagonal components of the magnetoelectric tensor
o;;(i = x,y,2) [7]. A magnetic field applied along the ¢ axis
can reorient Fe spins from the I'; to the I'y configuration that
together with the I's Dy spin configuration results in a polar
magnetic group 2m’m’ and, hence, existence of spontaneous
polarization along the ¢ axis becomes possible (the ME
tensor remains diagonal so that «;, 5 0). The appearance of
spontaneous polarization along the ¢ axis in DyFeOs below
TII\,)y and in high magnetic fields H | ¢ (Fe spins are in the
I'y configuration) was reported by Tokunaga et al. [8]. The
exchange striction between adjacent Fe’* and Dy** layers
was proposed as the origin of the ferroelectric polarization in
the low-temperature multiferroic phase [8].

Ordering of Dy moments below TA? ¥ allows for a linear
magnetoelectric effect and, hence, opens up a possibility
for the observation of dynamic magnetoelectric effects in a
form of the so-called electromagnons, which are magnetic
resonances excited by the electric € vector of light [9-11].
Literature on electromagnons in magnetic oxides includes per-
ovskite RMnOj; [12-16], hexagonal YMnOs [17], RMn;0Os
[18], Ba,CoGe,O7 [19], and CuO [20] compounds. In iron-
based multiferroics electromagnons were reported in BiFeO3
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[21,22], SmFe3(BO3)4 [23], BazMg2F612022 [24,25], and
CuFe;_,Ga, 0, [26]. Although electromagnons were observed
in a number of magnetoelectric materials, electromagnon
spectra were not reported so far for rare-earth orthoferrites.

The spin-wave spectrum of the Fe subsystem in DyFeO;
consists of four modes of homogeneous magnetic oscilla-
tions, two of which are exchange modes with frequencies
~1000cm™~! and the other two are acoustic modes, which
at k = 0 correspond to quasiferromagnetic (quasi-FM) and
quasiantiferromagnetic (quasi-AFM) resonances with fre-
quencies below 20cm™!. The properties of the last two ex-
citations were studied in literature only above the temperature
of Dy-spin ordering using Raman scattering [27,28], infrared
(IR) spectroscopy [29], and neutron scattering [30]. At room
temperature the frequency of the quasi-AFM mode is 17 cm™!
and is higher than the frequency of the quasi-FM mode that is
~13cm~!. With decreasing temperature, the sharp softening
of the quasi-AFM mode occurs: It crosses the quasi-FM mode
and reaches its minimum at the point of Morin-type SR
transition at 7); = 50 K. At the same time, the frequency of
the quasi-FM mode does not show any peculiarities at the SR
phase transition. With a further decrease in the temperature,
the frequency of the quasi-AFM mode increases and reaches
~8cm~! at T =4.2K. The strongest anomalies at the SR
phase transition were observed for the values of magnon
oscillator strengths and damping constants which exhibit
pronounced discontinuities [29].

Although the properties of magnetic excitations were
carefully studied in literature above the temperature of Dy

AFM ordering T,]V) ¥ & 4K here we show experimental data on

magnons’ behaviorat 7T < TND ¥ (down to 1.5 K) and in external
magnetic fields up to 7 T. We also report on the observation of
two electromagnons positioned at ~20 and ~50 cm~! which

appear in the spectra below T, ie.in magnetoelectric phase
of DyFeO;.

II. EXPERIMENT

The floating-zone growth technique was utilized to produce
bulk crystals of DyFeOs. Single crystals were oriented using
x-ray diffraction, cut and mechanically polished in a form of
platelets oriented along the orthorhombic a, b, and ¢ directions.
The in-plane cross-sectional areas were about 5 x 5mm?,
and the 0.3-mm thickness of all samples was optimized for
transmission measurements. To minimize the interference
fringes in optical experiments, the opposite sides of the
samples were wedged at an angle of about 5°. The transmission
experiments were carried out at the National Synchrotron
Light Source, Brookhaven National Laboratory at the U4IR
beamline equipped with a Bruker i66v IR spectrometer and
a LHe-pumped (~1.6-K) bolometer. Far-IR transmittance
spectra were measured using synchrotron radiation with a
spectral resolution of 0.3cm™! in the spectral range between
11 and 230cm™!. The low-frequency cutoff was determined
by diffraction at the entrance diamond window for the U4IR
beamline. The light polarization in transmission experiments
was controlled by wire-grid linear polarizers. An external
magnetic field of up to 7 T was applied in the Faraday
configuration so that the directions of the light propagation and
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the field coincided. Correspondingly, the electric and magnetic
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 subindex of the electric
or magnetic fields of light will indicate its direction with
respect to the crystallographic axes. For example, the e,hy
configuration means that electric field of light € is along the
a axis, magnetic field of light his 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 transmittance
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 temperatures or high magnetic fields where no magnons
were present. Temperature and magnetic-field dependencies
for static values of ¢(H,T) were measured using an LCR meter
at 27 kHz.

III. EXPERIMENTAL RESULTS

A. Far-IR spectra of magnons and electromagnons in a zero
magnetic field

In this section we will discuss temperature and magnetic-
field dependencies of transmittance spectra of DyFeO; in
the far-infrared spectral range in several complementary
experimental configurations eph,, eh,, eph., and e h;.
The magnon temperature dependencies and corresponding
transmittance maps for the frequency-temperature parameter
space are shown in Figs. 1-4 for eyh,, e h,, eph., and e hy
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FIG. 1. Temperature dependence of the quasi-FM mode fre-
quency (green circles) measured in DyFeOs single crystals in the
eph, configuration. The right part of the inset shows a normalized
transmittance map vs temperature and light frequency for the temper-
ature range around T,E ¥ = 4.2 K (the left scale is for frequency). The
black curve shows temperature dependence of the relative changes in
Dy magnetization Mp,(T') (right scale) calculated using Eq. (3). The
left part of the inset shows two spectra for normalized transmittance
¢t measured near the region of magnon absorption at 2 K (T < TAI,) )
and 6 K (T > T\").
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FIG. 2. Temperature dependence of the quasi-FM mode mea-
sured in the e.h, configuration in the temperature range between
3 and 45 K. The position of two electromagnons EM; and EM, is
shown with blue squares in the temperature range below T,? Y =42K.
The right part of the inset shows a normalized transmittance map
measured in the temperature range around T,? ¥ = 4.2 K. An artifact
of the measurement between 27 and 29 cm™!, which is due to the
minimum of the beam-splitter transmittance, is smeared out in the
color map. The left part of the inset shows two spectra for normalized
transmittance ¢ measured at 3.2 K (T < T,\],)y) and 6 K (T > Tlgy).

configurations, respectively. To interpret the spectra of
magnons we used the selection rules for magnetic dipole exci-
tation of quasi-FM and quasi-AFM modes of AFM resonance
(AFMR) in the Pbnm structure of DyFeOs; [31,32], which
are summarized in Table I. In this section we will focus first
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FIG. 3. Temperature dependence of the quasi-AFM mode fre-
quency. Open circles are experimental data for the quasi-AFM mode
from Ref. [29], blue circles are experimental data from this paper.

The inset shows four spectra of transmittance measured at 7 = 1.5,
2.2, 5, and 10 K in the e,k configuration.
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FIG. 4. Temperature dependence of normalized transmittance ¢
measured in the e s, configuration in zero magnetic field (H = 0)
near the region of EM; and EM, electromagnon absorptions. (a) Three
spectra for normalized transmittance t+ measured at 7 = 1.5, 3, and
4.5 K. (b) A normalized transmittance map vs temperature and light
frequency. An artifact of the measurement between 27 and 29 cm™!,
which is due to the minimum of the beam-splitter transmittance, is
smeared out in the color map.

on the temperature behavior of the magnon and electromagnon
modes at H = 0. After that we will describe the magnetic-field
dependencies of the magnons and electromagnons.

1. Quasi-FM mode

Figure 1 shows temperature dependence of transmission
spectra in the e,h, configuration below the Morin-type phase-
transition temperature 7j; ~ 50K when iron spins are in the
I'1(G,) configuration. The experimental spectra are dominated
by one absorption line positioned between 12 and 14cm™!
at T > 4.2K. This line is observed only in configurations
with & || a as one can also see in the complementary e h,
configuration (Fig. 2). We attribute it to the quasi-FM mode
which, according to Table I, can be excited only by h,
component of electromagnetic field in the I';(G,) phase.
This interpretation is in agreement with Balbashov et al. [29]
where a quasi-FM mode of AFMR positioned at 14cm™!
was observed in transmission spectra of DyFeOs with hlc
at T > 4K. The main new experimental finding is that at
T < 4.2 K the frequency of the quasi-FM mode increases from

TABLE I. Selection rules for quasi-FM and quasi-AFM modes
of AFMR in DyFeOs; [31,32].

Quasi-FM Quasi-AFM
Oscillation Oscillation
Fe phase quantities Activity quantities Activity
I'(G,) G F: hlla G, F; hilc
(G Fy) FyF.G, hilbhlc G, F.G, hlla
Fy(G.F,) G.F\F, hila,h b GG F; hile
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14 to 19 cm~!. This magnon hardening at low temperatures can
be naturally attributed to the magnetic ordering of Dy spins in
the ab plane.

2. Quasi-AFM mode

Figure 3 shows temperature dependence of transmission
spectra in the eph. configuration for the temperature range
between 1.5 and 10 K. Below TA],) Y = 4.2 K, a narrow absorp-
tion line is observed at ~14 cm~'. This line is observed only

in & || ¢ configurations at T < TA]?y. For example it is also
observed in the magnetic-field dependence of transmission
spectra in the e, h. configurationat H = 0and 7 = 1.5K (see
Fig. 5). Thus we attribute this line to a purely magnetic dipole
polarized along the ¢ axis. We note here that this magnon
mode is clearly distinguished from the quasi-FM one as the
latter has energy of about 19cm™' at T = 1.5K (see Fig. 1).
We assume that the excitation we observe in Figs. 3 and 5 is
a quasi-AFM mode. Indeed, in the I';(G,) phase of Fe spins
the quasi-AFM mode can be excited by the 4, component
of the electromagnetic field only (see Table I). Balbashov
et al. [29] reported the observation of the quasi-AFM mode in
h || c polarized transmission spectra of DyFeOs;. AtT = 4.2K
the quasi-AFM mode’s energy is 8cm™! that is beyond our
accessible spectral range and thus we cannot observe it in
our spectra. But as the temperature goes below T,\I,) Y =42K,
the AFM ordering of Dy spins enhances the energy of the
quasi-AFM mode from 8cm™! at T =4.2K to 14cm™! at
T = 1.5 K that is now falling into the accessible spectral range
for our measurements. The increase in the quasi-AFM mode
energy by 6 cm™~! is quite reasonable taking into account that
magnetic ordering of Dy spins increases the energy of the
quasi-FM mode by 5cm™!, namely, from 14cm™! at 4.2 K to
19cm~! at 1.5 K as shown in Fig. 1.
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FIG. 5. Magnetic-field (H || b) dependence of normalized trans-
mittance ¢ measured in the e /. configuration at 7 = 1.5K. (a)
Two spectra for normalized transmittance ¢ measured at uoH =
1T(H <HC”,) and 5 T(H >ch;-)- (b) A normalized transmittance map
vs magnetic field and light frequency. The quasi-AFM mode is field
independent below poH. = 1.3 T.
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B. Electromagnon excitations

Figure 2 shows that in the e h, configuration two wide
absorption lines appear below TI]VDY: a strong one at 22 cm™!
denoted EM; and a weaker one at 58cm~! denoted EM,.
These lines are observed only in the e || ¢ configurations

and only below T]IV) Y. For example, they are also seen in the
echp configuration at T < 4.2K (see Fig. 4) but cannot be
detected in the orthogonal e,h, configuration (Fig. 1). Thus,
EM; and EMj, lines are electric dipole active along the ¢ axis.
Among the possible candidates for electric dipole excitations
in the far-IR spectral region are phonons and crystal-field
(CF) transitions in Dy** ions. The lowest-frequency phonon
in rare-earth orthoferrites is known to be at ~100cm~! [28],
which is well above the frequency of the observed two lines.
Now let us discuss whether electronic transitions in Dy>* ions
can be responsible for EM; and EM, lines. The Dy ions
occupy four sites in the crystalline unit cell of the DyFeO;
orthoferrite and have two nonequivalent positions described
by the point symmetry group C. Since Dy>* is a Kramer’s
ion, i.e., has odd number of electrons, the local CF of Cs
symmetry splits the multiplets of the Dy** ions into Kramer’s
doublets, which remain doubly degenerate at the absence
of a magnetic field (external or internal due to magnetic
ordering). Thus, the ground multiplet ® H;5 /2 of the Dy** ions
is split into eight doublets by the CF of DyFeOs. The early
spectroscopic study of DyFeO; in the IR spectral region by
Schuchert et al. in 1960s [33] showed that the first four CF
doublets of the Dy** ions are at 0, 52, 147, and 225cm™!
correspondingly. Although the Dy** doublet at 52cm™"' is
somewhat close to the observed EM, line at 58 cm™!, the
EM, line at 22cm~! does not correlate with the Dy** CF
spectrum. Furthermore, magnetization [3] and Mossbauer [34]
measurements of DyFeO3; have shown that the ground doublet
of the Dy ions can be interpreted as a close to a pure |£15/2)
state with the axis of quantization lying in the ab plane at an
angle of ¢y ~ £60° to the a axis (the signs *+ in the value
of ¢ correspond to two nonequivalent positions of Dy ions).
As a result, the g-factor tensor of the ground Dy** doublet
is highly anisotropic: g, ~ 19.7, g, = g, = 0 (in the x"y’7’
coordinate system, 7’ is directed along the axis of quantization,
and x’ is directed along the ¢ axis). Such a big value of g,
should result in splitting of the ground doublet in the external
magnetic field applied along (or having projection on) the
axis of quantization z’ and thus in shifting of the CF lines
corresponding to the transitions from the ground doublet to
the excited doublets of the Dy** ions. As we will show in
the next section, the application of the external magnetic field
along the a and b crystallographic axes has not led to any
noticeable shift of the EM; and EM, lines (see Figs. 9 and
11) pointing that they are not related to the CF transitions.
Moreover, although the ground doublet of Dy** does not have
a nonzero g factor along the ¢ axis, the Dy subsystem does
possess an appreciable magnetic susceptibility y. along the ¢
axis at low temperatures [35]. It was shown [36] that x. can
be explained by Van Vleck contribution from the first excited
CF level of Dy** ions, and the calculated value of x. is in
good agreement with the magnetization measurements [35]
provided that the first excited CF level is at ~52 cm~!. Finally
Mossbauer measurements [34] of DyFeO; at temperatures up
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FIG. 6. Magnetic-field (H || ¢) dependence of normalized trans-
mittance ¢ measured in the e,h, configuration at 7 = 1.5K. (a)
Three spectra for normalized transmittance ¢ measured at poH =
O0T(H<H.), 325 T, and 475 T (H>H{). (b) A normalized
transmittance map vs magnetic field and light frequency. The dashed
straight line shows linear dependence of the quasi-FM mode on the
field for H> H¢, with an effective g-factor of 2.1.

to 50 K are consistent with population of only the ground
Dy doublet, thus proving that the first excited CF level is
above 50 K (~35cm™"). Based on the above arguments, we
can exclude both phonons and electronic transitions from the
candidates of excitations responsible for the observed EM; and
EM, absorption lines. We note, that EM; and EM; lines appear
only below T,\? ¥ when linear magnetoelectric effect is allowed.
As we will show in the next section, the application of strong
enough magnetic field along the a or b axis, which changes
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the magnetic structures of Fe** and Dy** moments into the
ones compatible with spatial inversion symmetry, results in
vanishing of the EM; and EM; lines (see Figs. 9 and 11).
Thus we conclude that these lines are observed only in the
magnetoelectric phase of DyFeOj3 and attribute them to electric
dipole active magnetic excitations or electromagnons.

C. Far-IR spectra of magnons and electromagnons in an
external magnetic field

1. Quasi-FM mode

As was shown above, in the I'1(G,) state of Fe spins the
quasi-FM mode is polarized along the a axis (h||a) and thus
is observed in transmission spectra in two complementary
configurations: eyh, and e h,. It is convenient to choose the
eph, configuration to monitor the behavior of the quasi-FM
mode since in this configuration the quasi-FM mode is not
overlapped with EM; absorption which is observed in the
e.h, configuration below TII\?Y (see Fig. 2). Figure 6 shows
magnetic-field dependence (H || ¢) of the quasi-FM mode
measured in the eyh, configuration at 7 = 1.5K. At H =0
the Fe subsystem is in the I'{(G,) state and the Dy subsystem
is in the I's(g,a,) state. With the field increase the magnon’s
frequency is insensitive to magnetic fields up to uoHS, ~ 3 T.
At H¢, the Fe subsystem reorients from the I'|(G,) state to
the canted I'4(G, F,) state while the magnetic structure of
the Dy moments remains unchanged. At H> H, quasi-FM
mode frequency wgy reveals a close to linear dependence on
H with the effective g-factor gesr ~ 2.1 which we define as
follows: Awpm = gerrt oA H, where Awpy is a frequency
shift measured in (cm~") induced by a change in the magnitude
of the magnetic field by AH, pup is a Bohr magneton
(up ~ 0.4669cm~! T~!), and o is a magnetic constant.
The extrapolated value of wpv at H>H;, towards H =0

is a);’f\f[rap ~ 15.2cm™! which is close to the frequency of
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FIG. 7. Magnetic-field (H || b) dependence of normalized transmittance ¢ measured in the e ./, configuration at (a) and (b) 7 =5K
and (c) and (d) 1.5 K. (a) Two spectra for normalized transmittance ¢ measured at uoH = 0T(H<H C‘;) and 3T (H>H Cb,). (b) A normalized
transmittance map vs magnetic field (H || b) and light frequency measured at 7 = 5 K. (c) Two spectra for normalized transmittance r measured
at uoH = 0T(H <Hf,) and 25T (H >Hf,’r). (d) A normalized transmittance map vs magnetic field (4 || b) and light frequency measured at
T = 1.5 K. Critical magnetic fields Moch, of 0.6 TatT =5Kand 1.3 Tat T = 1.5K are shown in (b) and (d) with vertical arrows. Stars in

(b) and (d) show the positions of the quasi-FM modes.
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the quasi-FM mode wpv|¥=% ~ 14cm™! in zero field and

temperatures just above Tz? ¥ (see Fig. 1) when Fe spins are in
I'4(G F,) phase and Dy ions are paramagnetic.

Figure 7 shows magnetic-field dependence (H || b) of
transmittance measured in the e.h, configuration at 7T = 5K
(a)and(b)andatT = 1.5K(c)and(d). AtT =5Kand H =0
the quasi-FM mode is observed at 13.7 cm™!. With the field
increase above pLOHCb, ~ 0.6 T, the quasi-FM mode vanishes
but above 2 T another magnon is observed at ~12.5cm™!,
and its position practically does not change with the further
increase in magnetic field. The magnetic field applied along
the b axis causes the SR transition of the Fe subsystem from
I'1(Gy) to I'4(G F) spin configuration [6]. Thus the magnon
at ~12.5cm~! is observed in the I'y(G, F,) phase of Fe spins
(H>H?) and is magnetic dipole active along the a axis (the
e.h, configuration of measurements). Based on selection rules
from Table I, we attribute this magnon to the quasi-FM mode,
which is active in the I'4(G, F;) phase for & || a.

AtT = 1.5Kand H = 0 [Figs. 7(c) and 7(d)] the quasi-FM
mode, enhanced by Dy ordering, is at ~19cm™' (see, for
example, Fig. 1) that falls into the region of EM, absorption
and is not explicitly observed in our spectra. Above poH’ ~
1.3 T the EM; and quasi-FM mode absorptions vanish due to
the onsetofa"; — I'4 spin-reorientation transition of Fe spins
accompanied by the reorientation of Dy moments from the
I's(gray) tothe I's (fycy) state [37]. At uoHp, > 2T, the quasi-
FM mode appears at ~12.5 cm™! [Figs. 7(c) and 7(d)] just like
in the case of spectra at 7 = 5 K [Figs. 7(a) and 7(b)]. We note
that the frequency of the quasi-FM mode in the field-induced
'y state of Fe spins and extrapolated towards H = 0is different
for H || ¢ [wpy " A~ 15.2cm™!; see Fig. 6(b)] and for H || b
[wem ~ 12.5 cm™!; see Figs. 7(b) and 7(d)]. The difference can
be due to different magnetic structures of the Dy subsystem.
For H||b and T = 1.5K the Dy structure is I'; (fyc,) above
woH, =~ 2T, where wpy &~ 12.5cm™! is observed. For H ||
b and T = 5K the Dy subsystem is paramagnetic and is
polarized by the external magnetic field in the I's (fycx)
configuration. At puoH, ~ 2T the splitting of the ground
Dy doublet is A = g upuoHp singy ~ 14.5cm™! (220 K).
Such a splitting at 7 = 5K means that only the lowest
sublevel of the split ground Dy doublet is populated and the
magnetization of Dy is close to saturation. Thus the magnetic
state of the Dy moments at ;1o H, > 2T is approximately the
same for both T =5 and T = 1.5K, which results in the
same frequency wpy &~ 12.5cm™! of the quasi-FM mode. In
contrast to the case of H || b, for H || c and T = 1.5K the
magnetic structure of the Dy spins is I's(g a,) and does not
change with the field increase. The I's(g,a,) structure of the
Dy spins renormalizes the frequency of the quasi-FM mode
in a different way than the I'; (f,c,) structure does, which
results in the observed difference between wgy © ~ 15.2cm™!
at H || ¢ [see Fig. 6(b)] and wpy &~ 12.5cm™" at H || b [see
Figs. 7(b) and 7(d)].

2. Quasi-AFM mode

In the I'{(G,) state of Fe spins the quasi-AFM mode is
polarized along the c axis (4 || ¢) and thus is observed in the
e.h. and eph . configurations. Figure 8 shows a magnetic-field
dependence (H || a) of transmittance measured in the eph,
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FIG. 8. Magnetic-field (H || a) dependence of normalized trans-
mittance ¢ measured in the e, /1. configuration at 7 = 1.5 K. (a) Three
spectra for normalized transmittance ¢ measured in the interval of
magnetic fields around SR transition at about puoH; = 1T. Two
AFMR modes are observed simultaneously at H = HS. (b) A
normalized transmittance map vs magnetic field (H || a) and light
frequency. The positions of quasi-FM and quasi-AFM modes are
marked with crosses and stars correspondingly.

configuration at 7 = 1.5 K. The quasi-AFM mode is observed
atwapm ~ 14cm™! for H = 0, and its frequency is insensitive
to magnetic fields up to uoHS = 1T. Just above H,,
another line appears at ~17 cm™', and its frequency gradually
increases and stabilizes at 22.5cm™! in the field of 2 T. The
magnetic field applied along the a axis causes a spin-screw
transition of the Fe subsystem from the I'; (G ) to the I'» (G, F)
configurations [4,6] accompanied by spin reorientation of Dy
moments from the I's(a, g.) to the I'; (fxc,) state. According
to selection rules from Table I, in the I',(G, F,) phase of Fe
spins the quasi-AFM mode can be excited by the &, component
of the electromagnetic field only and thus cannot be observed
in the eph. configuration in Figs. 8(a) and 8(b) for H > H,.
Instead, in the ', (G, F,) phase the conditions for the excitation
of the quasi-FM mode are 4 || b or & || ¢. Thus we concluded
that the line observed in Figs. 8(a) and 8(b) for H > H,
is the quasi-FM mode. The fact that its frequency gradually
increases and stabilizes at 22.5cm™! in the field of 2 T might
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indicate that between 1 and 2 T Fe spins continue to rotate
from the I'y structure to the I', structure until they stabilize
at 2 T. Indeed, as was shown by Gnatchenko et al. [38] the
reorientation of the Fe spinsin H || a at T < Ty (Ty ~ 50K
is a temperature of Morin transition) occurs in a sequence
'y (Gy) = I'2(FyG,G;) — T'r(FyG;) through continuous
rotation of G vector and is completed by a second-order phase
transition to a [', phase. The stabilization of the quasi-FM
mode’s frequency above 2 T indicates that the mode’s effective
g-factor along the a axis when Fe spins are in the I', phase is
negligible in the studied magnetic-field region (up to 4 T).

The magnetic-field dependence of transmittance (H || b) in
the e,h. configuration at 7 = 1.5K is shown in Fig. 5. The
quasi-AFM mode is observed at 14cm™' at zero magnetic
field, and its frequency is insensitive to magnetic fields up to
uoHb ~ 1.3T. At H > H? the quasi-AFM mode absorption
vanishes. It was shown [4,6] that a magnetic field applied
along the b axis of DyFeOj3 causes spin reorientation of the Fe
subsystem from the I' (G ) to the I'4(G F) state accompanied
by the reorientation of Dy moments from the I's(a,g,) to
the I's (fycy) state [37]. In the field-induced I'y phase of Fe
spins the quasi-AFM mode is excited by the &, component
of the electromagnetic field, just like in the I'; (G ) phase (see
Table I). Thus the quasi-AFM mode is expected to be observed
in e, h. spectra for both H < chr(l"l state) and H > HCb,(F4
state) whereas in our measurements it was observed only for
H < H’ (see Fig. 5). As was shown above, the ordering of
the Dy subsystem in the I's(a, g, ) state increases the quasi-FM
mode’s frequency from 14 to 19cm~! (see Fig. 1) when the
Fe subsystem is in the I'; configuration whereas the field-
induced (H || b) reorientation of Fe spins from the I'{(G,)
to the I'4(G, F) state accompanied by the reorientation of Dy
moments from the I's(a, g;) to the I's (f, ¢, ) state decreases the
quasi-FM mode’s frequency from 19 cm™! (see Fig. 1) down to
~12.5cm™! [see Fig. 7(d)]. Previously we concluded that the
observation of the quasi-AFM mode at 7 = 1.5 K is possible
because Dy ordering in I's(a,g,) state increases the quasi-
AFM mode’s frequency from 8 to 14 cm~!. Hence, we assume
thatat H > H” when the Fe and Dy subsystems are reoriented
into I'4(G, F;) and I'; (fycx) configurations correspondingly,
the frequency of the quasi-AFM mode is decreased, just like
in the case of wgy, so that it no longer falls into the spectral
region of our measurements.

3. Electromagnons

Transmission spectra of a DyFeOj; crystal at zero magnetic
field revealed two EM;| and EM, absorption lines at 22 cm™!

and 58 cm~! which appear at T < T,]\? ¥ and are electric dipole
active along the ¢ axis. Figure 9(b) shows a magnetic-field
dependence (H || b) of transmission spectra in the e.h,
configuration at 7 = 1.5K in the region from 0 to 2 T.
At H =0 the EM; and EM, lines are at 20 and 50 cm™!
correspondingly. With the increase in magnetic field, the
EM; , lines become weaker and vanish at MOHCI’, ~ 13T
when the spin reorientations of the Fe spins from the I'i(G,)
to the I'4(G F;) state and Dy moments from the I's(a,gx)
to the I'3 (fycy) state occur. In contrast to the I's(g.a,)
configuration, the I'3 (fyc,) configuration of Dy moments is
compatible with spatial inversion symmetry [7] and thus at
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H>H Cbr, when EM; , absorptions vanish, the magnetoelectric
effect in DyFeOs is not allowed. Similar behavior of EM; »
lines is observed in transmission spectra when the magnetic
field is directed along the a axis. Figure 11(b) shows a
magnetic-field dependence (H || a) of transmission spectra
in the e h;, configuration at 7 = 1.5K in the region from
0to 3T At H=0 the EM; and EM, lines are at 18
and 48 cm™! correspondingly. At H% ~ 1T the reorientation
transition of Fe spins from the I'|(G,) to the I'2(F,G,) state
and Dy moments from the I's(gca,) to the I'y (frc,) state
occur and EM; , absorptions vanish. Just as in the case
of the I'; (fyc,) configuration, the I'; (f;cy) configuration
of Dy moments is compatible with spatial inversion, and,
hence, magnetoelectricity is not allowed [7]. Since EM; and
EM, absorptions are observed only in magnetoelectric phases
of DyFeO; and, as was shown above, are not related to
phonon modes or electronic transitions in Dy3* ions, we
attribute them to electric dipole-active magnetic excitations
or electromagnons. The existence of electric dipole-active
magnetic excitations in rare-earth orthoferrites was theoret-
ically predicted by Yablonskii and Krivoruchko back in 1988
[39] and attributed to rare-earth magnetic modes which are
odd under inversion symmetry. Our experimental observation
of electromagnons in DyFeOs; at the temperatures below the
magnetic ordering of Dy>* moments is in agreement with that
theoretical prediction. The exact mechanisms of such dynamic
excitations that definitely include ordered rare-earth spins
would require a separate theoretical study. The role of Fe’*
spins may not be strong because both the EM; electromagnon
and the quasi-FM mode were observed simultaneously in
Figs. 2 and 9(c). Note, however, that the appearance of
EM; correlated with a decrease of the oscillator strength
for quasi-FM mode at low temperatures compared to that
at T > 4K (see inset in Fig. 2) thus indicating a possible
contribution of Fe** spins into the formation of electromagnon
excitations.

The EM; and EM, electromagnons demonstrate strong
hysteresis upon cycling of an external magnetic field along
the b axis [see Figs. 9(a)-9(d)]. At H =0 the EM; and
EM, lines are at 20 and 50cm™' correspondingly. With
the increase in magnetic field along the b axis, the EM, ;
lines become weaker and vanish at woH’ =~ 1.3T. Upon
decreasing the magnetic field below Hf,. only one broad
electromagnon EM; is observed at 30cm~!. With further
decreasing the magnetic field another phase transition takes
place at ,uoHC”r2 ~ 0.2T, and the EM; at 30cm™~! vanishes
whereas the EM; at ~20cm™! appears again as at zero field.
The weak EM, electromagnon at 50 cm™~! was not “restored”
(at least it is not clearly seen in our spectra) even when we
reduced the magnetic field to zero. The observation of EM;
electromagnon at 30 cm™! can indicate on the existence of an
intermediate state of Fe/Dy magnetic moments upon sweeping
the magnetic field down at 7' < TZB ¥ when spin reorientation
of Fe subsystem from the I'y to the I'; configuration takes
place. As was shown by Gnatchenko et al. [37] the spin reori-
entation in DyFeO3 in H || b and T < T}v)y can occur in two
stages: I'1 (G) = Tiosa(F Fy F, GG ,G;) — T'4(F;G,) for
Fe spins and T's (gyay) = T2358(gxyauy fryCry) = T3(fycx)
for Dy spins. The observation of EM; at 30cm™' may be
related to irreversibility of the above sequence of phases in
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FIG. 9. Magnetic-field (H || b) dependence of normalized transmittance r measured in the e/, configuration at 7 = 1.5 K during ramping
field (a) and (b) up and (c) and (d) down. (a) Three spectra for normalized transmittance ¢t measured during ramping field up for uoH =

0T, 0.8T (H<H’)and 2 T (H>H"

T

). (b) A normalized transmittance map vs magnetic field and light frequency measured during ramping

field up. (c) A normalized transmittance map measured during ramping field down. (d) Three spectra for normalized transmittance r measured

atuoH =0T (H<Hc”

'), 0.8 T(H? ,<H<H?"),and 2 T (H > H") during ramping field down. A quasi-FM mode is marked with a white arrow.

Critical magnetic fields o H, E”, ~ 1.3 Tin (b) and (c) and 1o chrZ ~ 0.2'T in (c) are shown with vertical arrows. An artifact of the measurement

between 27 and 29 cm ™!

Fe and Dy subsystems upon sweeping of the magnetic field.
Also we note that an irreversible state of Fe spins was recently
observed in DyFeOs at T < TA],D ¥ upon sweeping the magnetic
field along the ¢ axis [40].

The existence of an EM; electromagnon with a strong
frequency hysteresis upon cycling of the magnetic field should
result in a hysteresis in the corresponding component of the
static dielectric constant ¢(H). Figure 10(a) shows the ¢.(H)
hysteresis loop measured at 2 K in magnetic fields H || b
and electric field E || ¢, the latter having a sweep frequency
of f =27kHz. As the field is ramped up from 0 to 2 T,
&.(H) drastically drops from 24.2 to 23.1 at MOHCbr =04T
when the Fe subsystem reorients from the I'y to the 'y spin
configuration. As the field is ramped down, the quasistatic
¢ partially restores at uoH2 = 0.4 T and then, as the field

is due to the minimum of the beam-splitter transmittance.

is further removed from 0.4 T to 0, it gradually restores to
the initial value of 24.1. Thus, both the EM; electromagnon
and the static ¢ demonstrate hysteresis upon cycling of the
magnetic field at T < TAI,)y. We note here that the value
of the critical magnetic fields H” at which the spin-flop
transition of the Fe subsystem takes place is different in the IR
transmittance (MOHZ_’, ~ 1.3 T) and dielectric (Mochr =04T)
measurements. As was shown in Ref. [37] the value of H? is
sensitive to the angle 8 between the direction of the magnetic
field and the b axis of the crystal. Thus the observed difference
in chr might be related to slightly different angles 8 in optical
and dielectric measurements.

Figure 11 shows magnetic-field dependence (H || a) of
transmission spectra measured in the e h;, configuration at
T = 1.5K during cycling magnetic field up (a) and (b) and

T T T T T T T T T T T T 12 T T T T T T T T T T
242 L E|lcH|b —A—SEW H down 24.2 |- E|lcH|b ® ramping up -
| T=2K —o0—S_ Hup 10 I T=10K * ramping down |
oa0 L f=27kHz V=1V B 240 L f=27kHz V=1V = ramping down |
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. \ {oa .
234 1 23.4
*\ >\ 402
2321 A\ 23.2
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FIG. 10. Magnetic-field (H || b) dependence of electric permittivity . of a DyFeOj; single crystal measured at (a) 7 = 2K and (b) 10 K,
i.e., below and above T,\? ¥ = 4.2 K. The red curve with the open triangles and the black curve with the open circles in (a) show contribution of
the electromagon EM;, to the static €. No hysteresis in e(H) was observed at T = 10 K.
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FIG. 11. Magnetic-field (H | a) dependence of normalized transmittance ¢ measured in the e.h, configuration at 7 = 1.5K during
ramping field (a) and (b) up and (c) and (d) down. (a) Two spectra for normalized transmittance ¢ measured at o =0 T(H<H{)and 3 T

(H>H¢

') during ramping field up. (b) A normalized transmittance map vs magnetic field and light frequency measured during ramping field

up. (c) A normalized transmittance map measured during ramping field down. (d) Two spectra for normalized transmittance r measured at
woH =0T (H<H¢)and 3 T (H > H,) during ramping field down. An artifact of the measurement between 27 and 29 cm™! is smeared out in
the color map. Critical magnetic field uoHZ ~ 1T in (b) and (c) is shown with vertical arrows.

down (c) and (d). With increasing the field starting from
H, = 0 the EM; and EM, electromagnons at 18 and 48 cm™!
are observed up to woHS ~ 1T and vanish at H > Hj.
With decreasing the magnetic field at H < Hf. the EM;
appear again but in slightly different positions: EM; appears
at 20cm™!, and EM, appears at 57 cm~!. We note here that
a weak shift in the EM; and EM, lines was also observed
in the temperature dependence of transmission spectra in the
e.h;, configuration in zero magnetic field (see Fig. 4): with the
temperature increase from 2 to 4 K, the EM; line changes its
position from 20 to 22 cm~!, and the EM; line shifts from 48
to 55cm~.

IV. DISCUSSION AND CONCLUSIONS
A. Quasi-FM mode hardening below T,gy

Figure 1 shows that the frequency of the quasi-FM mode
increases from 14 to 19cm™' below TI]\,Dy =4.2K when the
ordering of Dy spins occurs in the ab plane. The observed
magnon hardening indicates a strong Dy-Fe interaction. Below
Tllv) ¥, only the lowest |£15/2) Dy doublet is populated, and
thus, it governs the magnetic properties of Dy subsystem at
these temperatures. For our estimations we will consider the
Dy subsystem in a two sublattice approximation with the Dy
moments ordered in a collinear antiferromagnetic structure in
the ab plane. In this case, the magnetization Mpy of one of the

two Dy sublattices below TA[,) ¥ = 4.2 K can be described in the
Weiss mean-field theory approach as follows:

Here N is a number of Dy** ions in one of the sublattices
per unit volume; ppy is a magnetic moment of a split Dy
ground state doublet sublevel ppy ~ 9.2 p [3,33]; tanh(x) is
a Brillouin function Bg(x) for § = 1/2 (since only the lowest
Dy doublet level is relevant); A is a mean-field constant. Intro-

MDyA-MDy

isT ey

Mpy(Heir) = N upy tanh <

ducing reduced magnetization m = Mpy /N jpy and reduced
temperature t = Tk /N M%y)» Eq. (1) can be rewritten as

m = tanh(x), m = xt.

2

Solving graphically Eqs. (2) we obtain reduced mag-
netization at a given reduced temperature, where m = 1
corresponds to the saturated magnetization Mpy, = N upy and

t = 1 corresponds to the Néel temperature Ty = N 1y /Kp.
The obtained temperature dependence of Mpy is shown in the
inset of Fig. 1 in normalized units with the black solid curve.
The quasi-FM mode frequency below T]]\? ¥ can be described as
follows:

wpm(T) = 1d4em™" + kMpy(T), (3)

where k is a matching coefficient. Using Eq. (3) we demon-
strate that the calculated frequency wgym(T) nicely correlates

with the experimental data below TII\? ¥ (see the inset of Fig. 1).

B. Effective g-factor of the quasi-FM mode at T < T, 13 ¥

Figure 6 shows that at T = 1.5K and H>H_, when Fe
spins are in the I'4(G, F;) phase, the frequency of the quasi-FM
mode linearly depends on the external magnetic field along the
c axis with effective g-factor g.; & 2.1. The frequency of the
quasi-FM mode can be obtained from the equations of motion
of magnetic order parameters G and F,

dF .. .
I —y[F x Hr] — y[G x Hgl,
. (€]
dG L. .-
T —y[F x Hg] — y[G x Hf],

where G = (M) — M»)/2, F = (M, + M,)/2 are antiferro-
and ferromagnetism vectors, M| , are magnetic moments of Fe
sublattices, Hr = —d®/dF, Hg = —3®/3G, y ~ 2ug/his
the gyromagnetic ratio for Fe spins and @ is the nonequilibrium
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thermodynamic potential of DyFeOs. At low temperatures
when only the lowest Dy doublet is populated and the Dy
subsystem is paramagnetic ® is given by the expression [36],

® = 1/2AF +1/2b,G? + 1/2bG?
+d\G F, + d3G Fy — (1 +n)F. H,
—11G H; + fourth-order terms, (®)]

where A and d; &~ —ds; = —d are isotropic and antisymmetric
Dzyaloshinskii-Morija constants; 5, and b3 are anisotropy
constants renormalized by Dy-Fe interaction; 1, = x.Ar and
T] & X.AG COS @y, Where x. is a Van Vleck susceptibility
of Dy ions along the ¢ axis, Ar and Ag are constants of
the isotropic and anisotropic Dy-Fe exchange interactions.
Linearizing and solving Eqgs. (4) using the thermodynamic
potential @ from Eq. (5) the following expression for wgym
(H || ¢) can be obtained for the I'4(G, F) phase of Fe spins:

WFM = \/w(z) + y2H(H + Hg), where wg is the magnon’s
frequency in zero field, and HI! is the effective Dzyaloshinskii
field. In external magnetic fields which are small compared to

Hgff the frequency wgy can be written as follows:

y2Hp'

Wo

WEM ~ wqo + H. 6)

We note that Eq. (6) was derived using thermodynamic
potential (5) where the Dy subsystem was considered paramag-
netic. For more accurate results at 7 < T 1\? Y weak interaction
between Dy magnetic moments should be taken into account
in the expression for thermodynamic potential ®. At the
same time as a first approximation we will use Eq. (6)
to estimate the Dzyaloshinskii field HZ™ at T < Ty”. At
T = 1.5 K wpy linearly depends on the external magnetic field
along the ¢ axis wgy = w;ﬁap + gerritp o H where gegr =~ 2.1
and wy = wpy T A 15.2cm™! [see Fig. 6(b)]. Comparing this
to Eq. (6) we get puoH" ~ 34 T. Earlier room-temperature
studies of quasi-FM mode behavior in the magnetic field H || ¢
showed that wg Hgff in DyFeOs; is 16.5 T [31] which is smaller
by a factor of ~2 compared to the value we obtained for
T = 1.5K. Taking into account that Dzyaloshinskii field Hp
practically does not depend on temperature in YFeO3 [41,42]
where Y is a nonmagnetic ion, the increase in Hgff at low
temperatures in DyFeOs can be attributed to the increase in
the Dy-Fe interaction.

C. Contribution of the electromagnon EM; to the static € upon
cycling of magnetic field H || bat T < T,gy

To evaluate the contribution of the electromagnon excitation
EM; to the changes in e.(H) shown in Fig. 10(a) the
transmission spectra from Fig. 9 were modeled and fitted.
The obtained magnetic-field-dependent parameters of the EM;
excitation, such as oscillator strength Sgy, eigenfrequency
wgpM, and damping constant ygy; are shown in Table II. The
modeling of transmission spectra measured during ramping
the field up was more complicated and less reliable as the
form of the EM, spectral line was not nicely fitted with one
oscillator and required introduction of two closely positioned
and overlapping Lorentz oscillators. For this reason in Table IT
we indicate only the combined oscillator strength of two

PHYSICAL REVIEW B 93, 094403 (2016)

TABLE II. Parameters of the EM; electromagnon [see Eq. (7)]
obtained from the modeling of the transmission spectra of DyFeO;
measured in the e ./, configuration at 7 = 1.5 K as the magnetic field
was ramped up from O to 2 T and then down from 2 T to 0.

woH (M) SRy Sk ot em™) oy em)
2-1.4 0 0

1.2 0.19 0

1.0 0.36 0.43 29.8 33

0.8 0.36 0.34 29.8 30

0.6 0.39 0.44 29.4 14

0.4 0.49 0.55 30.2 15

0.2 0.52 0.57 28.5 134

0 0.52 0.9 17.5 9.3

Lorentz oscillators used for the fit of EM; during ramping the
field up and do not indicate the eigenfrequency and damping
constant of EM;. The contribution to the electric susceptibility
spectrum due to the EM; excitation can be described using a
Lorentz oscillator,

2
SEm WEM

@)

w) = .

At w =0 Eq. (7) gives the EM; contribution to static
permittivity e.: Aegm = xem(0) = Sgm which is equal to the
oscillator strength of the EM; excitation. The magnetic-field
dependence of Sgy from Table II is plotted in Fig. 10(a)
above the high-field value of e. ~ 23.1 (black curve with
open circles for ramping field up and red curve with open
triangles for ramping field down). At low magnetic fields
(H <Hfr) Sem ~ 0.5 and accounts for ~45% of the total
change of quasistatic &, during the cycling of magnetic field
[Aemax(1.5K) = 24.2 — 23.1 = 1.1]. Figure 10(b) shows the
&.(H) hysteresis loop measured at 7 = 10 K that is above T,]v) Y,
At this temperature ¢.(H) does not manifest any hysteresis. At
the same time ¢, still experiences change Aepx(10K) =~ 0.6
during the spin-reorientation transition of the Fe subsystem at
pnoH? = 0.6 T, which is no longer related to the contribution
from the electromagnon EM,;. The difference between the
total change in quasistatic &, observed during the cycling of
the magnetic field at 7 = 1.5 and 10 K is Agp(1.5K) —
Aemax(10K) = 0.5 which is close to the oscillator strength
of EM; in low magnetic fields (Sgm ~ 0.5) indicating that
this difference can be mainly due to the contribution from the
electromagnon EM;.

V. CONCLUSIONS

We have studied magnetic excitations in a DyFeOj3 single
crystal in the far-IR spectral region in external magnetic
fields along all three main crystallographic directions and low
temperatures down to 1.5 K, i.e., below T,]V) Y. The frequencies
of both quasi-FM and quasi-AFM magnon modes demonstrate
hardening upon magnetic ordering of Dy spins at lev) Y =42K
that can be attributed to the appearance of an additional
effective magnetic field at Fe sites due to Dy-Fe interaction.
The quasi-FM mode’s g-factor along the c axisat T < TA? ¥ and
low external magnetic fields is zero; at high enough magnetic
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fields when the Fe subsystem is at the I'4 spin configuration
geft = 2.1 which is nearly twice as big as reported earlier
for T = 300 K. The increase in g.s can be attributed to the
renormalization of the effective Dzyaloshinskii field Hf,ff due
to the increase in Dy-Fe interaction at low temperatures. Two
electric dipole-active magnetic excitations EM; and EM,,
or electromagnons, have been found at ~20 and ~50cm™!
in the magnetoelectric phase of DyFeOs; below T,\?y. The
electromagnons vanish with the application of a strong enough
magnetic field along the a or b axis which changes the
magnetic structures of the Fe3* and Dy3* moments into the
ones compatible with spatial inversion symmetry. We show
that the electromagnon at ~20cm™' provides a significant
contribution to the static electric permittivity €. The energies
of the electromagnons as well as static electric permittivity

PHYSICAL REVIEW B 93, 094403 (2016)

manifest a strong hysteresis upon cycling of the external
magnetic field at 7 < Tzlvj v
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