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Magnetic excitations in the multiferroic BaoCoGe2O7 are measured by combination of unpolar-

ized and polarized neutron scattering techniques.

The unpolarized neutron spectrum reveals an

anisotropic @Q-dependence of the intensity of the electromagnon mode at 4 meV. The analysis of
the polarized neutron spectra identifies the directions of the magnetic fluctuations of the observed
modes. The determined modes are consistent with the calculation by the extended spin wave theory.
A couple of transverse modes and single longitudinal mode are involved in the magnetic excitation
of BagCoGe207. The longitudinal fluctuation takes on a main role in the electromagnon mode.

PACS numbers: 75.85.+t, 75.30.Ds, 78.70.Nx, 75.50.Ee

I. INTRODUCTION

In multiferroics, where the ferroelectricity is accompa-
nied by magnetic ordering, coupling between magnetism
and dielectricity has been extensively studied! . The
phenomena of a magnetization response with applying
an electric field® ® and a change of an electric polariza-
tion induced by a magnetic field” ! are known as the
de magnetoelectric (ME) effect. In the dynamics, the
hybridization of the spin and the electric polarization
waves has attracted great interest'? . The harmonic
oscillation of spins can be induced by the electric com-
ponent of light, and this electric-field active magnon is
known as electromagnon. The multiferroic properties in-
cluding the electromagnon have been reported in many
multiferroics with the cycloidal and proper-screw mag-
netic structures. Nevertheless multiferroic materials with
a collinear structure are rather few!6-18 and akermanaite
compounds A;CoB207 (A = Ca, Ba, B = Ge, Si)!8 2
are the good playground.

The BayCoGesO7 has a two-dimensional square lat-
tice formed by Co?T ions as shown in Fig. 1(a).
Co?* ions with spin S = 3/2 undergo an antiferromag-
netic order with a collinear-magnetic structure below
Tx = 6.7 K?42%. The BayCoGesO7 has a multiferroic
property®26 and the local electric polarization of CoOy4
tetrahedra is explained by the spin-dependent d-p hy-

bridization mechanism?”2®, The magnetic anisotropy is
described in terms of a large single-ion anisotropy D of
the easy-plane type and a small spin-nematic interaction
Jp, which is equivalent to an interaction of local elec-
tric polarizations??2!. The spin-nematic interaction re-
alizes the antiferroelectric ground state which relates to
the magnetic structure with the easy axis along <100>, as
shown in Fig. 1(b). The spin dynamics in BayCoGeaO7
was studied by inelastic neutron scattering (INS)20:25
and ESR?’ measurements. In the neutron study, three
modes were observed in the energy transfer (hw) region
0 < hw < 4 meV, and one of the observed modes is
an optical flat mode, which corresponds to the electro-
magnon confirmed by electromagnetic wave absorption
experiments!?. In order to explain the observed mag-
netic excitations, the effective Hamiltonian composed of
the conventional bilinear spin interaction H..., the single
ion anisotropy Hp, a Dzyaloshinskii-Moriya interaction
Hpwm, and a spin-nematic interaction H, was analyzed
by the extended spin wave theory??:3033, The INS spec-
trum was reasonably reproduced by the Hamiltonian,
and it was found that the large single-ion anisotropy
D was closely related to the electromagnon mode in
BasCoGesO7. Nevertheless, the detailed scattering func-
tion S(g,w) with the wide Q-region was not clear in the
ESR and the previous neutron studies. Furthermore,
three modes of the fluctuating magnetic moments are ex-
pected in the extended spin wave theory. Next challenge



is to confirm the S(q.w) including the mode direction
in the wide Q-region, and compare it directly with the
theoretical study.

In the present study, we performed the unpolar-
ized and polarized neutron scattering measurements in
BasCoGesO7 to analyze the modes of the magnetic ex-
citations. The obtained results are consistent with the
calculation by the extended spin wave theory. The ob-
served magnetic excitations arise due to three types of
fluctuations, and the electromagnon around 4 meV con-
tains the longitudinal fluctuation.

II. EXPERIMENTAL DETAILS

The single crystals of BasCoGesO7 were grown by the
floating-zone method. Unpolarized neutron scattering
measurements were carried out using hybrid spectrom-
eter HYSPEC installed at SNS, ORNL, USA%*. Two ex-
perimental conditions with the incident neutron energies
of E; = 7.5 and 15 meV were chosen. Polarized neutron
scattering measurements were carried out by combina-
tion of the polarization analysis device, MuPAD, and the
cold-neutron triple axis spectrometer TASP installed at
SINQ, PSI, Switzerland®®. The final neutron energy F
was set at 4.66 meV. The neutrons were polarized along
the z-, y-, and z-directions as shown in Fig. 1(c); here the
x is parallel to the scattering vector @, the z is perpendic-
ular to the scattering plane, and the y is perpendicular to
both of the z- and z-directions. The non-spin-flip (NSF)
and spin-flip (SF) scattering cross sections with the neu-
tron spin polarized along the a-directions (o = z, y, and
z) are described as a-NSF and a-SF scatterings, respec-
tively. The expected components for the NSF and SF
scatterings are summarized in Table I, where

- ’;—fﬁ | NQOIN'Q. 1) exp(—iwr)t,
kp 1 [
ol = k_’:% _OO<MB(Q,0)M3T(Q,15)>exp(—iwt)dt.

Here N(Q, 1) is the nuclear structure factor, M”(Q,t) is
a Fourier transform of the 8 component of the magneti-
zation, and 8 = x,y, and z. In this study, the magnetic-
nuclear interference and the chiral terms were excluded.
The flipping ratio of the polarized neutron beam was
about 4.9. Throughout this paper, the tetragonal unit
cell where the lattice constants are a = b = 8.410 A and
¢ =5.537 A was used and the scattering plane was the a-c
plane. There are magnetic domains of the antiferromag-
netic structures with the easy axis along [100] and [010]
directions in the tetragonal crystal structure, as shown in
Fig. 1(b). The volume ratios of two magnetic domains
are assumed to be equal. All measurements were carried
out at T'=1.5 K by using a liquid-helium cryostat.

TABLE I: The expected components with the neutron spin
along the z-, y-, and z-directions.

NSF SF
T oN ol + 0ok
ylon + oY, oir
zlon + oy o4

III. RESULTS
A. TUnpolarized Neutron Scattering

Figure 2(a) shows the INS spectrum measured at
Q=(H,0,0) in the HYSPEC spectrometer with E; = 7.5
meV. Two dispersive excitations at 0 < hw < 2.5 meV
and one excitation at 4 meV, which is almost disper-
sionless, are observed. The spectra are consistent with
the previous neutron studies?%-2%. The first branch is the
acoustic mode that the excitation energy approaches to
zero at (1,0,0). It is noted that the small anisotropy gap
was confirmed in the previous study?°. The second trans-
verse acoustic branch shifted by g = (1,0,0) appears in
the spectrum because of two interpenetrating magnetic
sublattices. The excitation at 4 meV corresponds to an
electromagnon'?.

To investigate the mode around 4 meV, the neutron
spectrum was measured in the wide Q-region using FEj
= 15 meV. Figure 3(a) shows the constant energy cut
at hw = 4 meV for Q=(H,0,L). The neutron inten-
sity monotonically decreases with the increase of the |Q],
which is due to the magnetic form factor. In addition
it has the directional dependence; the intensity along
(0,0,L) is larger than that along (H,0,0). This means that
the fluctuation of the magnetic moment is anisotropic.

B. Polarized Neutron Scattering

In order to analyze the modes of the magnetic excita-
tions in detail, the polarized neutron scattering has been
carried out at the TASP spectrometer. Figures 4(a),
4(b), and 4(c) show the constant-Q scans at Q=(1.25,
0, 0) with the neutron spin polarized along z-, y-, and
z-directions, respectively. The clear peaks are observed
at hw = 1.25 and 2.25 meV, but the excitation at 4 meV
is not clear. In order to make the difference between the
NSF and SF intensities at iw = 4 meV more clearly, we
count 10 times longer time at the energy. To estimate
the background intensity, the NSF scatterings at fiw = 3
meV, where no excitation is observed, are measured. Ta-
ble I shows the neutron intensities at iw = 4 meV for
the signal and 3 meV for the background. The clear
differences were found for all directions of the neutron
polarization; z-SF, y-SF, and z-NSF scatterings probe
the magnetic excitations, and z-NSF, y-NSF, and 2-SF
scatterings are at the background level. Data in Figs.



TABLE II: Neutron intensities (counts/8 Mmon.) with
the neutron spin along the z-, y-, and z-directions at
Q=(1.25,0,0).

4 meV-NSF |4 meV-SF |3 meV-NSF
x 112 198 102
Y 116 183 96
z 178 144 149

TABLE III: The observed scatterings at Q=(1.25,0,0), and
the modes allowed in the result of the polarized neutron ex-
periment.

1.25 meV |2.25 meV |4 meV
T SF SF SF
y SF NSF SF

z NSF SF NSF
domain A T, To T,
domain B L Ts L

4(a), 4(b), 4(c), and Table I show that a-SF, y-SF, and
z-NSF scatterings probe the excitations at hiw = 1.25 and
4 meV, and x-NSF, y-NSF, and z-SF scatterings probe
the excitation at hiw = 2.25 meV. The small peaks at 1.25
meV with the z-NSF, y-NSF, and 2-SF scatterings are
not intrinsic, and it is ascribed to relatively small flip-
ping ratio. Types of the scattering, SF and NSF, for the
polarization direction, z, y, and z, for the excitations at
1.25, 2.25, and 4 meV are summarized in Table III.

The constant-@ scans at @=(0,0,1.5) with the neutron
spin polarized along the x-, y-, and z-directions are shown
in Figs. 4(d), 4(e), and 4(f), respectively. The clear peaks
are observed at fw = 2.25 and 4 meV for z-SF, and no
peak is observed for z-NSF. In contrast these peaks are
observed both for the NSF and SF for the neutron spin
polarized along the y- and z-directions.

IV. DISCUSSION

The spin dynamics in BasCoGeO7 is discussed by the
effective spin Hamiltonian

H = Hyz+Hp +Hpr + Hyp,

as reported in the previous study??. Each term is written

as
Mowe = D Y JOSPSY,

1, a=T,Y,z

Hp = 3 D(S7),

Hou = Y Dpuli,j)(S7S] — SS7),

.3

Hy = =I5 Oxv(i)Oxy ().

(2]

Here, S* is the S = 3/2 spin operator, and Oxy =
SXSY 4+ §Y SX is the spin-nematic operator3%37. In con-
sidering J* = J¥ =0.208 meV, J* =0.253 meV, D=1.034
meV, Dy =8.61 peV, and JT = —0.198 peV, which
were estimated in the previous study?’, the magnon dis-
persion for Q=(H,0,0) was calculated by the extended
spin wave theory, as shown in Fig. 2(d). The focused dis-
persions and intensities around fiw = 4 meV are shown
in Figs. 2(e) and 2(f), respectively. In this calculation,
the magnetic domains of the collinear antiferromagnetic
structures with the spins aligned along the [100] (domain
A) and [010] (domain B) directions are considered. The
calculated modes are classified into three fluctuations;
the transverse fluctuation in the a-b plane, T1-mode, that
in the c-direction, Te-mode, and the longitudinal fluctua-
tion of the ordered moment, L-mode, as depicted in Figs.
2(b) and 2(c)?%:33. The acoustic and the optical modes
at 0 < hw < 2.5 meV correspond to Ti- and Ts-modes,
respectively. On the other hand, the excitation at 4 meV
includes the Ti-and Ts-modes with the small intensities
and the L-mode with the large intensity, as shown in Fig.
2(f). The L-mode plays a major role in the 4 meV exci-
tation. These T-, To-, and L-modes are consistent with
those identified in the previous ESR studies?”.

The total intensity with T1-, Ts-, and L-modes around
4 meV is calculated for Q=(H,0,L), as shown in Fig.
3(b). In this calculation, the main intensity is induced
by the L-mode. Since the magnetic neutron scattering is
caused by the component perpendicular to the scatter-
ing vector, the L-mode, which correspond to the fluctua-
tion within the c-plane, have the large intensity with the
scattering vector along the c-direction. The directional
dependence of the observed intensity in Fig. 3(a) is con-
sistent with the calculation by the extended spin wave
theory.

From the results of the polarized neutron scattering
experiments, we can clarify the direction of the magnetic
fluctuation of each mode. Figures 4(a) and 4(d) mean
that the observed excitations are induced only by the
magnetic scattering because the x-NSF and z-SF scat-
terings correspond to the nuclear and magnetic ones,
respectively, as shown in Table I. Furthermore, we can
distinguish the components either the y- and z-ones of
the fluctuating moment. As for @ = (1.25, 0, 0), the
scattering vector is along [100], which corresponds to the
a-direction. The y-direction is [001], and the z-direction
is always [010]. Tt is noted that the z-direction is, by con-
vention, the one going out of the scattering plane, which
in our case is (H 0 L). The z-NSF scattering probes
o3s as in Table I, and in the present coordinate it probes
Ti-mode in the domain A in Fig. 2(b) and L-mode in
the domain B in Fig. 2(c). The z-SF probes Ty-mode in
the domains A and B. On the contrary, the y-NSF scat-
tering probes To-mode in the domains A and B, and the
y-SF probes T1-mode in the domain A and L-mode in the
domain B. At Q = (1.25,0,0), thus, the magnetic exci-
tations at 1.25 and 4 meV are induced by the T;- and/or
L-modes, while that at 2.25 meV is induced by Ts-mode.



The expected modes for the excitations at 1.25, 2.25, and
4 meV are summarized in Table III.

The observed and calculated intensities for the exci-
tations at 1.25, 2.25, and 4 meV at Q = (1.25,0,0) are
summarized in Table IV. Here the observed intensities
for the excitations at 1.25, 2.25 meV are estimated by
the Gaussian fits in Figs. 4(a), 4(b), and 4(c). The ob-
served intensities for the excitations at 4 meV are esti-
mated by using the peak intensities in Table II and the
energy width at @ = (0,0, 1.5) because the profile width
at @ = (1.25,0,0) is not clear. The NSF and SF inten-
sities for the excitations at 1.25, 2.25, and 4 meV are
quantitatively consistent with the extended spin wave
theory although there is a influence of the small flipping
ratio. The neutron intensities of L-, T-, and Ts-modes
around 4 meV are 1.05, 0.32, and 0.21, respectively, at
Q = (1.25,0,0), as shown in Fig. 2(f), and we can con-
firm that the observed intensity around 4 meV is mainly
from the L-mode. Since the intensity ratio of y-SF to
y-NSF is estimated to be (1.37/0.21)~6.5, the intensity
of y-NSF is negligibly small.

The observed modes at Q@=(0,0,1.5) are different from
those at @=(1.25,0,0). As for Q=(0,0,1.5), the a-
direction which orresponds to the scattering vector is
along [001], the y-direction is [100], and the z-direction
is [010]. At Q@=(0,0,1.5), the y-NSF scattering, which is
magnetically equivalent to the z-SF one, probes the L-
mode in the domain A and the Ti-mode in the domain
B. The y-SF scattering, which is equivalent to the z-NSF
one, probes the Ti-mode in the domain A and the L-
mode in the domain B. Because of the twinned domains,
the NSF and SF scatterings have the similar intensities
at @=(0,0,1.5). The observed intensities are estimated
by the Gaussian fits in Figs. 4(d), 4(e), and 4(f), and the
observed and calculated intensities at Q = (0,0, 1.5) are
also summarized in Table IV. The magnetic excitation
modes determined by the polarized neutron experiment
at @=(1.25,0,0) and (0,0,1.5) are consistent with the pre-
dicted modes in the extended spin wave theory.

The possibility of the magnon-phonon coupling is
considered in the multiferroics, and the L-mode in
BayCoGeyO7 corresponds to the electromagnon!®33. In
this experiement, however, the magnetic-nuclear inter-
ference term, which is induced by the magnon-phonon
coupling, could not be studied. If the magnetic-nuclear
interference term exists, the y-NSF and z-NSF scatter-
ings should have the additional intensities, which cor-
respond to (N - MT)+(NT . M), besides the scatterings
shown in Table I. We could not detect any evidence of
the magnon-phonon coupling because no difference be-
tween the y-NSF and 2-SF scatterings or that between
the z-NSF and y-SF scatterings could be observed in the
present setup. There is also a possibility that another Q-
position is suitable to observe the magnon-phonon cou-
pling. In order to establish the existence of the magnon-
phonon coupling, the experiment with the improved flip-
ping ratio and signal-noise ratio is needed in the future.

V. CONCLUSION

A combination of the unpolarized and polarized inelas-
tic neutron scattering studies has revealed the magnetic
excitation modes in the multiferroic BasCoGesO7. In the
former neutron experiment, the neutron intensity in the
wide-Q region was measured. In the latter neutron ex-
periment, the directions of the fluctuating magnetic mo-
ments were determined directly. Two excitations with
the low energy are induced by the two transverse fluc-
tuation modes, and the high energy excitation which is
equivalent to the electromagnon mainly corresponds to
the longitudinal fluctuation mode. The obtained results
are consistent with the extended spin wave theory.
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TABLE IV: Comparison between the observed intensities and the calculation at Q=(1.25,0,0) and (0,0,1.5). The values in
parentheses are ones estimated by using the present flipping ratio.

Q=(1.25,0,0) Q=(0,0,1.5)
1.25 meV 2.25 meV 4 meV 2.25 meV 4 meV
obs. cal. obs. cal. obs. cal. obs. cal. obs. cal.
z-SF 11.34 11.49 (11.49) 5.72 5.36 (5.36) 1.06 1.58 (1.58) 4.01

a. a.

414 (414)] 248 |[2.28 (2.28)
2.07 (2.50)|1.88/1.36 |1.14 (1.37)
2.23/2.19(2.07 (2.50) |1.74/1.33|1.14 (1.37)

a.

(

y-NSF/2-SF|| 0.85/1.24 | 0 (2.36) |4.72/4.10|5.36 (5.36)| 0.22/0 [0.21 (0.49)/2.01/1.21
y-SF/2-NSF|[12.46/11.63 [11.49 (11.49)|1.24/1.65| 0 (1.10) [0.96/0.32|1.37 (1.41)
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FIG. 1: (color online) (a) Schematic crystal structure
of BasCoGexOr. (b) Schematic magnetic structure of
BazCoGe207. (c) Experimental configuration in TASP.
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FIG. 2: (color online) (a) Inelastic neutron scattering spec-
trum obtained by using the HYSPEC spectrometer for
Q=(H,0,0). Intensity is indicated by a shade of color. (b,c)
Schematics of spin fluctuation for two magnetic domains.
Transverse fluctuation in the a - b plane is named Ti-mode,
that along the c-direction is named T2-mode, and longitudi-
nal fluctuation is named L-mode. (d-f) Magnon calculated by
extended spin-wave theory for Q=(H,0,0). (d) Contour map
of calculated intensity. Calculated dispersion is shown by the
black solid curves. (e,f) Magnon dispersion and intensity at
around fiw = 4 meV.
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FIG. 3: (color online) (a) Neutron scattering intensity ob-
tained by using the HYSPEC spectrometer in (H 0 L)-plane
obtained by integrating the scattering over the energy range
3.5 to 4.5 meV. (b) Intensity calculated by the extended spin-
wave theory in (H 0 L)-plane. The calculated intensity is the
total one of the Ti-, T2-, and L-modes.
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FIG. 4: (color online) Typical constant-Q scans obtained by
using the TASP spectrometer in PSI. Black closed circles in-
dicate NSF scattering and red opened circles indicate SF scat-
tering. Solid curves are fits to the data by Gaussian functions.
(a-c) Constant-Q scans at Q=(1.25,0,0) with the neutron spin
along (a) z-, (b) y-, and (c) z-directions. (d-f) Constant-Q
scans at @=(0,0,1.5) with the neutron spin along (d) z-, (e)
y-, and (f) z-directions.
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