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Electric-dipole-active magnetic resonance in the conical-spin magnet Ba,Mg,Fe;,0,,
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Electric-field (E) drive of magnetic resonance in a solid has been a big challenge in condensed-matter
physics and emerging spintronics. We demonstrate the appearance of distinct magnetic excitations driven by
the light £ component in a hexaferrite Ba,Mg,Fe;,0,,. In the conical-spin state even with no spontaneous
electric polarization (P,), a sharp and intense resonance is observed around 2.8 meV for the light E vector
parallel to the magnetic propagation vector in accord with the inelastic neutron scattering spectrum at the
magnetic zone center. As the generic characteristic of the conical state, a weak magnetic field (~2 kOe) can
modify the spin structure, leading to a remarkable change (terahertz magnetochromism) in spectral shape and
intensity (by ~200%) of the electric-dipole-active magnetic resonance. The present observation implies that
potentially many magnets with noncollinearly ordered spins may host such an electric-dipole-active resonance,

irrespective of the presence or absence of Pq.
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In general, magnetization dynamics in a solid as carried
by the collective precession of constituent spins shows the
resonance with oscillating magnetic field at gigahertz to tera-
hertz frequencies, known as magnetic resonance.! Contrary
to this conventional mechanism, the electric-field (E) drive
of this magnetic resonance, although predicted long time
ago,” is highly nontrivial but the most demanding function in
the future spin electronics.>* The possible signature of such
an electric-dipole-active resonance excitation, frequently
termed electromagnon, was recently observed in compounds
with both magnetic and ferroelectric orders (multiferroics>°),
such as the spiral-spin-order-induced multiferroics TbMnO;
at terahertz frequencies.” At an early stage of the study, the
origin of the electromagnon was considered to result from
either the electric activity induced by the antisymmetric
(Dzyaloshinskii-Moriya) interaction or the E modulation of
the spiral-spin plane defined by neighboring spins (S; X §,).%
However, more recent spectroscopic studies on light-
polarization and magnetic-field dependences for DyMnOj;
clearly negated a possibility of this mechanism.'? Rather, the
symmetric exchange mechanism (S;-S;) as a result of the
magnetic modulation of the local electric dipoles was pro-
posed in terms of the underlying ionic lattice symmetry'! or
orbital ordering structure.!? In contrast to the electromagnons
in multiferroics with antiferromagnetic order, as previously
discussed for perovskite RMnO; (R represents rare-earth
ions),”'*  hexagonal = YMnO;,">  BiFe0s;,'%!7  and
RMn,05,'81? a gigantic response to external static magnetic
field—i.e., a dramatic change in the spectral shape and inten-
sity of the electromagnons—is expected for ferromagnetic
compounds.

Here, we show the finding of the sharp and intense
electric-dipole-active magnetic resonance in a Y-type hexa-
ferrite, Ba,Mg,Fe,,0,,, with conical (i.e., ferromagnetic plus
spiral) spin order. The resonance observed around 2.8 meV
(0.7 THz) is strongly polarized for the light E vector along
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PACS number(s): 75.80.+q, 76.50.+g, 75.40.Gb

the magnetic propagation vector k (/I[[001]) in the conical-
spin state below 50 K, irrespective of the presence or ab-
sence of the spontaneous electric polarization. We also reveal
the magnon branch with parabolic dispersion and the corre-
sponding gap energy (2.8 meV). Reflecting the ferromag-
netic nature of the compound, such a conical-spin state is
modified to a large extent by a relatively weak magnetic field
(e.g., ~2 kOe), leading to a remarkable change in intensity
(by ~200%) and shape of the electric-dipole-active magnetic
resonance. This strongly magnetochromic resonance is con-
trastive to the electromagnon spectra of conventional multi-
ferroics with antiferromagnetic nature,”%!%13-1% in which the
application of magnetic field up to the tesla order can hardly
alter the excitation spectra.

Among magnetoelectric materials found so far, the Y-type
hexagonal ferrite Ba,Mg,Fe,0,, investigated here is a rare
example with respect to the high sensitivity to external mag-
netic field H, as demonstrated by the low-H (~100 Oe) gen-
eration and control of the ferroelectric polarization P,.20%!
This results from the ferrimagnetic nature of
Ba,Mg,Fe,0,,, whose large magnetic moments are aligned
by a low H on the order of 100 Oe,?? in contrast with the
other multiferroics.>> Ba,Mg,Fe ,0,, consists of two
magnetic sublattice blocks, L and S blocks, stacking alter-
nately along [001] [see Fig. 1(d)], which bear, respectively,
the opposite large and small magnetization M, causing the
ferrimagnetism even at high temperatures exceeding room
temperature.”? Below 195 K, the proper screw spin structure
is developed with k along [001] with a turn angle ¢ between
the adjacent L spins,?® while the magnetic easy axis still lies
in the in plane; ¢ reaches the maximum about 75° at around
60 K on cooling.® With further decreasing temperature 7'
below 50 K, the longitudinal conical-spin structure [Fig.
1(d)] evolves with the cone axis parallel to k.2° Furthermore,
the transverse conical-spin structure with the cone axis per-
pendicular to k is realized by the declining of the spin cone
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FIG. 1. (Color online) Electric-dipole-active magnetic resonance
in Ba,Mg,Fe;,0,,, as revealed by the combined studies of terahertz
time-domain spectroscopy and inelastic neutron scattering. (a) Real
€, and (b) imaginary €, parts of the complex dielectric constant
spectra €(w), measured at 5 K in the ordered conical-spin phase in
zero magnetic field. The crystallographic axes with respect to E¢
and H* are indicated in (b). (c) Inelastic neutron scattering spectra
(closed circles) near the magnetic zone center Q=(2,-2,1.6), mea-
sured at 10 K. The solid lines are merely the guide to the eyes. Inset
shows the magnon dispersion curve along the in-plane direction.
The solid line is a least-squares fit by assuming the 6> dependence.
(d) Schematic illustrations of the hexagonal crystal structure and the
conical-spin structure with crystal orientations. The conical angle 6
is as defined in (d).

toward the direction of the external H on the order of 100
Oe, producing P, (Ref. 27) along the direction perpendicular
to k and H.2® These unique characteristics of
Ba,Mg,Fe|,0,,, in which the spin structure can be easily
modified by 7 and H, provide an interesting arena to test a
generic electric-dipole-active magnetic resonance and its dra-
matic H control.

The terahertz time-domain spectroscopy in a transmission
geometry was performed to directly determine the complex
optical constants n=1eu, where € and u are the complex
dielectric constant and the magnetic permeability, respec-
tively. The direction of the light polarization was carefully
set parallel to the respective crystallographic axes [i.e., [001]
(out of plane); [100] and [120] (both are orthogonal in the in
plane)] of the hexagonal structure [Fig. 1(d)] by a wire-grid
polarizer. Based on the detailed light-polarization depen-
dence using two crystal plates with different orientations
[Fig. 1(b)], we confirmed that the contribution of w(w) to
n(w) is negligible [i.e., u(w)=1]. Thus, the quantity of e(w)
is used in this Rapid Communication. The details of our
experimental setup and the analytical procedure are de-
scribed in Ref. 10. For measurements in H supplied by the
electromagnet (up to 2 kOe), we adopted the Voigt geometry
to exclude the contributions of the magneto-optical effect
like the Faraday rotation. The single crystals were prepared

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 80, 220406(R) (2009)

by a flux method®® and characterized by x-ray diffraction,
magnetization, and pyroelectric measurements, the results of
which were all consistent with a previous report.?’

There is a noticeable optical anisotropy in the terahertz
(meV range of photon energy; 1 THz=~4 meV) spectra for
the ordered conical-spin phase. Figures 1(a) and 1(b) show
the real (¢;) and imaginary (e,) parts of e(w) of
Ba,Mg,Fe;,0,, at 5 K with four polarization configurations,
respectively. The most notable feature is the appearance of a
gigantic sharp resonance around 2.8 meV (0.7 THz), clearly
seen as a peak structure in €,(w) [Fig. 1(b)] and a dispersive
structure in €(w) [Fig. 1(a)], when electric-field E® and
magnetic-field H” polarizations of light were set parallel to
[001] and [100], respectively. This sharp resonance can be
attributed to an electric-dipole-active mode with E along
[001]; the measurement, in which the direction of E® was
rotated from [001] to [120] while keeping the direction of H®
(I[100]) unchanged (E®lI[120] and H*|[[100]) showed no
signature of the resonance in €(w) at this frequency. In the
latter configuration, however, another resonance can be dis-
cerned around 8 meV (2 THz), while the magnitude of €, is
smaller than that of 2.8 meV peak for E®|[[001] by a factor
of ~5. This mode is persistently observed irrespective of the
rotation of the direction of E® within the in plane ([100] and
[120]), whereas it disappears for E“|[[001]. Therefore, this
mode can be assigned also to an electric-dipole-active mode,
while allowed only for the in-plane E“. We observed the
negligible effect of H on this mode (not shown). In the fol-
lowing, we focus on the nature of the lower-lying electric-
dipole-active mode around 2.8 meV polarized along [001].

To clarify its origin, we measured the inelastic neutron
scattering spectra as well, using a triple-axis spectrometer
TOPAN installed at JRR-3 research reactor in Japan Atomic
Energy Agency (JAEA), where the scattering neutron energy
was set at 13.5 meV. Figure 1(c) presents the magnetic exci-
tation spectra near the magnetic zone center Q=(2+48,-2
—6,1.6) in the Brillouin zone, measured at 10 K. At the
magnetic zone center (6=0), we clearly observe the pro-
nounced magnetic excitation peaking around 3 meV. Al-
though the spectral shape is rather broad compared to €(w)
[Fig. 1(b)] due to the resolution function extending over the
Brillouin zone, the observed peak position nearly coincides
with that of €(w). The peak position shifts to the higher
energy with increasing the in-plane Q vector, as exemplified
by the spectrum at 6=0.075. Finally, the peak structure di-
minishes in the measured energy range when & exceeds 0.15.
The measured magnon dispersion relation along the in-plane
direction of Ba,Mg,Fe;,0,, is parabolic with respect to &
[inset of Fig. 1(c)], being similar to the magnon dispersion
curve close to the band minimum of rare-earth-metal mag-
nets with a helical structure.?® Based on the complementary
measurements of the magnon dispersion, we firmly identified
that the observed electric-dipole-active mode around 2.8
meV is magnetic in origin.

We further measured the T dependence of €,(w) and &,(w)
in zero H to reveal the basic nature of this resonance, the
results of which are displayed in Figs. 2(b) and 2(c), respec-
tively. The conspicuous thermochromism is observed with
the evolution of the conical-spin order below 50 K. The
conical-spin state is characterized by the onset of spontane-
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FIG. 2. (Color online) Gigantic thermochromism and magneto-
chromism from electric-dipole-active magnetic resonances in
Ba,Mg,Fe,0,,. Temperature 7 dependence of the (b) real €; and
(c) imaginary €, parts of the complex dielectric constant spectra
€e(w) for E®|I[001] and H®|I[100] in the ferrimagnetic spin-collinear
phase above 195 K, proper screw phase below 195 K, and conical
phase below 50 K. (a) Spectral weight as a function of T (closed
circles; the solid line is merely the guide to the eyes), as obtained by
integrating the optical conductivity (=€ywe,, where ¢ is the permit-
tivity of vacuum) in the energy range of 2.0-3.9 meV. Magnetiza-
tion M along [001] is also shown (light solid line, M in 100 Oe;
deep solid line, M in 0 Oe warming run after the field cooling of 50
kOe). Magnetic-field (H) dependence of (e) €,(w) and (f) &(w),
measured at 53.5 K. (d) Spectral weight (integrated in an energy
range of 1.5-3.2 meV) as a function of H (closed circles; the solid
line is merely the guide to the eyes). M along [001] is shown by a
solid line.

ous M along [001]; M measured in 0 Oe once after cooling
to 5 K with applying H of 50 kOe is shown in Fig. 2(a). In
the ferrimagnetic (collinear spin) phase above 195 K, the
resonance feature is hardly discerned; but in the spin proper
screw state below 195 K, €,(w) below 3 meV tends to grow
in intensity with lowering temperature. Upon the proper
screw to conical-spin transition around 50 K, the resonance
becomes clearly discerned around 2.8 meV in €(w). To see
this tendency more clearly, we plot in Fig. 2(a) the spectral
weight of the 2.8 meV peak as a function of 7; this unam-
biguously reveals the enhancement below ~70 K on cool-
ing. The onset temperature (~70 K) is slightly higher than
that of M, which arises perhaps from the fluctuation of the
conical-spin order even above 50 K. We also plot M mea-
sured in 100 Oe [Fig. 2(a)], where temperature variation ap-
pears similar to that of the spectral weight below 70 K. These
experimental results ensure the magnetic nature of the ob-
served electric-dipole-active resonance with E® along [001].

Since the observed resonance is enhanced with the devel-
opment of the conical-spin order, we expect the change in
this electric-dipole-active magnetic resonance intensity by
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FIG. 3. (Color online) Electric-dipole-active magnetic reso-
nances in magnetically induced longitudinal and transverse conical-
spin phases of Ba,Mg,Fe|,0,,. Schematics of the (a) longitudinal
and (d) transverse conical-spin structures, induced by external mag-
netic field H along [001] and [100], respectively. (a) In zero H, the
cone axis is parallel to the propagation vector k along [001]. (d) On
the contrary, the cone axis tilts toward [100] when H is applied only
along [100], which produces the ferroelectric polarization P along
[120] shown in (e) (Ref. 20). Magnetization as a function of H
along (b) [001] and (e) [100], measured at 5 K. Imaginary part of
the complex dielectric constant spectra €,(w) for E“|I[001] and
H®|I[100] as a function of H along (c) [001] and (f) [100], mea-
sured around 5 K. The specimens were polished to the thickness of
150-700 um so as to gain the signal-to-noise ratio; the slight dif-
ference of the spectral shape shown in (c) and (f) comes from the
restricted Fourier-transformed procedure due to the different sample
thicknesses.

directly modifying the conical angle @ [Fig. 1(c)] through
applying H along [001]. At 53.5 K [Fig. 2(d)] near the proper
screw to conical-spin transition, H as low as 2 kOe can yield
M as large as one third of the saturation magnetization M
(~8ug/f.u.) and correspondingly increases 6 from nearly
zero to ~20° at 2 kOe, as derived by assuming that
6=sin"!(M/M,). In fact, we found the conspicuous magne-
tochromism at terahertz frequencies arising from a remark-
able change in the electric-dipole-active magnetic resonance
around this critical temperature [Figs. 2(e) and 2(f)] by an
application of the external H. The spectral weight [Fig. 2(d)]
increases by a factor of ~2 at 2 kOe. In accord with this, €,
around the resonance is strongly modified, for example, €,
below the resonant frequency is enhanced from 18 to 20. In
a hitherto known multiferroic like TbMnO;,” the complete
destruction of the spiral-spin structure by H on the order of
several tesla is indispensable to yield such a large change in
spectral weight as observed for Ba,Mg,Fe;,0,,.
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To further reveal the particular role of the conical-spin
structure in this resonance, we compare €(w) in H applied
along [001] [Fig. 3(c)] with that in H along [100] [Fig. 3(f)]
at the lowest temperature (~5 K). In the latter case, P
emerges along [120], perpendicular to the directions of k and
H [Fig. 3(e)],2° with developing the transverse conical-spin
structure [Fig. 3(d)], whereas no P is generated [Fig. 3(b)]
in the case for H|[001] [Fig. 3(a)]. The presence of such a
conical-spin structure in H was recently confirmed by neu-
tron scattering experiments,” being consistent with the be-
havior of P, discussed in detail for Ba,(Mg,_,Zn,),Fe ,0,,
with varying the magnetic anisotropy.** In contrast to the 5 K
spectra for HII[001] in Fig. 3(c), which show the steep en-
hancement of the resonance as well as the case at 53.5 K
[Fig. 2(f)], merely a tiny effect of H on the resonance is
discerned in Fig. 3(f) for HII[100], apart from a slight accu-
mulation of the spectral weight around 4.8 meV. Both longi-
tudinal and transverse conical-spin structures can thus give
rise to the similar electric-dipole-active magnetic resonance,
irrespective of the presence or absence of P,. Therefore, P,
which is produced by the antisymmetric (Dzyaloshinskii-
Moriya) interaction (S;x$,),” is not responsible for the
present electric dipole activity. The microscopic origin
should be relevant to the local polarization produced by the
underlying chemical lattice, which should be resonantly
modulated by the exchange-striction (S;-S;)-type spin-lattice
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coupling.!"!2 The spin-lattice coupling increases as the coni-
cal angle 6 initially increases from zero [Fig. 3(c)], which
may give rise to the effective coupling with £ along [001].
Therefore, the modification of € can lead to gigantic thermo-
chromism and magnetochromism as observed here.

In conclusion, based on the combined studies of terahertz
time-domain spectroscopy and inelastic neutron scattering,
we identified the sharp electric-dipole-active magnetic reso-
nance at terahertz frequencies in the ordered conical-spin
phase of Ba,Mg,Fe{,0,,. We also revealed the gigantic ther-
mochromism and magnetochromism of this resonance as a
result of the modification of the conical-spin angle by vary-
ing T and H. The present results may stimulate the investi-
gations on a variety of noncollinear spin magnets to uncover
the electric-dipole-active magnetic resonances. From a tech-
nological point of view, the observed gigantic magneto-
chromism yields a concept for future terahertz devices®!' such
as a tunable terahertz color filter controlled by H.
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