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Spin-helicity-dependent magnetic domain growth in a spin-driven multiferroic
under applied electric field
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The effects of poling electric field on sizes of magnetic domains have been investigated for a spin-driven
multiferroic CuFe;_,Al,O,, whose ferroelectricity is driven by a screw-type magnetic ordering. By means of
polarized neutron-diffraction measurements, we have demonstrated that the application of the electric field on
cooling results in differences not only in volume fraction between the right-handed- and the left-handed-helical
magnetic domains but also in average size between them. This indicates that on the ferroelectric transition, the
electric field accelerates growth of the magnetic domains having ferroelectric polarization parallel to the

electric field and suppresses the other.
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I. INTRODUCTION

“Spin-driven” magnetoelectric (ME) multiferroics, in
which magnetic inversion symmetry breaking triggers off
ferroelectricity, have been intensively investigated in the re-
cent condensed matter physics research.'= Although the mi-
croscopic origins of the spin-driven ferroelectricity are attrib-
uted to the local arrangements of the spins, bulk ferroelectric
polarization depends on multiferroic domain structures, i.e.,
sizes, shapes and orientations of the multiferroic domains.
Recent studies on several spin-driven multiferroics, such as
ZnCr,Se, (Ref. 4) or CuFe,_,Ga,0,,> have demonstrated that
magnetic field dependences of orientations of multiferroic
domains result in distinct changes in ferroelectric polariza-
tion. Besides the static ME couplings, dynamical ME re-
sponses can also arise from magnetic- and electric-field de-
pendences of the multiferroic domain structures; for
example, multiferroic-domain-wall motion driven by ac elec-
tric fields accounts for the dielectric dispersion of the giant
magnetocapacitance in DyMnO;.° To comprehensively un-
derstand these ME responses in the spin-driven multiferroics,
it is therefore necessary to elucidate the magnetic- and
electric-field dependences of the multiferroic domain struc-
tures as well as those of the magnetic structures. In the
present study, we have demonstrated that average size of
multiferroic domains varies with poling electric field (E,)
applied on cooling, in a spin-driven multiferroic
CuFe,_,Al,O, (CFAO) with x=0.02.

A trigonal frustrated magnet CuFeO, (CFO) exhibits spin-
driven ferroelectricity in magnetic-field- or nonmagnetic-
substitution-induced magnetic phase.”!! CFAO(x=0.02) to
be investigated here exhibits the ferroelectric phase below
T.~7 K in zero magnetic field.” Magnetic structure in the
ferroelectric phase is a (elliptic) screw-type magnetic struc-
ture whose modulation wave vector is (q,q,%) with ¢
=0.202-0.210."% The screw axis of the magnetic structure is
parallel to the c-plane projection of the modulation wave
vector. In this paper, we refer to this phase as ferroelectric
incommensurate-magnetic (FE-ICM) phase. Because of the
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trigonal symmetry of the crystal structure, this system has
three magnetic domains whose wave vectors of (q,q,%),
(q,—2q,%), and (—2q,q,%) are crystallographically equiva-
lent to each other. Along our previous work,'? we refer to the
three domains as (110), (120), and (210) domains [see Fig.
1(c)]. In each of the domains, the ferroelectric polarization
emerges along the screw axes, and moreover, the polarity of
the ferroelectric polarization is coupled with spin helicity,
i.e., left-handed- (LH-) or right-handed- (RH-) helical ar-
rangements of the spins.'> Therefore, the multiferroic do-
mains in the FE-ICM phase are classified into six types, as
shown in Fig. 1(c).

In previous study, we performed unpolarized neutron-
diffraction measurements on CFAO (x=0.02) with E, up to
2.2 MV/m applied along [110] axis, in order to investigate E,,
dependence of the magnetic domain structure.'> As a result,

we found that the volume fractions of the (110), (120), and

(210) domains does not depend on E,. This means that the
orientations of the multiferroic domains are not affected by
E, up to 2.2 MV/m. On the other hand, we also found that
the widths of the magnetic diffraction profiles in the FE-ICM
phase depend on E,. Since the magnetic ground state of
CFAO is not a true long-range order but a small-domain
state,!? the changes in the widths of the diffraction profiles
mean that the average size of the magnetic domains varies
with E,. Taking account of the one-to-one correspondence
between the spin helicity and the polarity of the ferroelectric
polarization, it is natural to consider that the application of
E, increases the average size of the magnetic domains hav-
ing ferroelectric polarization parallel to E,, and decreases the
other. However, the magnetic reflections measured in the
unpolarized neutron-diffraction measurements are superposi-
tions of reflections from the RH- and the LH-helical mag-
netic orderings. In the present study, we have thus performed
polarized neutron-diffraction measurement, which enable us
to investigate the spin-helicity-dependent magnetic
correlation.
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FIG. 1. (Color online) (a) Crystal structure of CFO with a hex-
agonal basis. (b) The screw-type magnetic structure in the FE-ICM
phase. (c) Schematic drawing of the arrangements of the six types
of multiferroic domains in the FE-ICM phase. Open and filled ar-
rows denote the directions of the ferroelectric polarization induced
by the RH- and the LH-helical magnetic domains.

II. EXPERIMENTAL DETAILS

A Single crystal of CFAO(x=0.02) of nominal composi-
tions was prepared by the floating zone method.'* The polar-
ized neutron-diffraction measurements on CFAO(x=0.02)
were carried out at the triple-axis neutron spectrometer
PONTA installed by University of Tokyo at JRR-3 in the Ja-
pan Atomic Energy Agency. Incident polarized neutron beam
with energy 34.05 meV was obtained by a Heusller (111)
monochromator. The flipping ratio of the polarized neutron
beam was ~17.6. The polarization vector of the incident
neutron, py, was set to be parallel or antiparallel to the scat-
tering vector, k(=k;~k/), by a guide field of a helmholtz coil
and a spin flipper. The spectrometer was operated in the two-
axis mode, and the collimation was open-40'-40’. The
sample was cut into a thin plate shape (~3X9X0.8 mm?)
with the flat surfaces normal to the [110] axis, and was
mounted in a pumped “He cryostat with a (h,h,1) scattering
plane. The silver paste electrodes were pasted onto the [110]
surfaces. Before each measurement, the sample was cooled
down from 15 to 2 K under applied E,.

III. POLARIZED NEUTRON-SCATTERING
CROSS SECTIONS

To explore the spin-helicity-dependent magnetic correla-
tion, we start from formulation of polarized neutron-
scattering cross section for the screw-type magnetic ordering.
In the FE-ICM phase, the system consists of the LH- and the
RH-helical magnetic domains. For a moment, we assume
that the average sizes of these domains are sufficiently large
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FIG. 2. (Color online) (a) The E, dependence of the magnetic
diffraction profiles measured when the spin flipper is on and off. (b)
Comparison of the peak-height-normalized magnetic diffraction
profiles measured after cooling with E,=822,0,-822 kV/m. The
effect of imperfect beam polarization has been corrected (Ref. 16).
Solid lines are the least-square fits to Lorentzian squared. A hori-
zontal bar represents the experimental resolution limit.

for the instrumental resolution of the present measurements.
Applying the Blume’s equation' to magnetic reflections be-
longing to the (110) domain, the scattering cross section is
given by

d
(—U> «[F, Vil + F_V{ipldlk-(7+ Q)]

dQ
tolde=(r-@1, (1)

where Q=(0.21,0.21, 3). VL (110) and V(no) are volumes of the
LH- and the RH-helical magnetic domains, respectively. 7 is
a remprocal lattice vector. F .+ is given by F +—(,ux n
2 )) F 2 s (P
ponents projected onto the plane normal to the scattering
vector, u,; and u.,, which are defined in the same manner
as Ref. 12.

In case that the magnetic domains are relatively small, the
S functions in Eq. (1) are replaced by scattering functions
having finite widths in the reciprocal lattice space. For a
magnetic reflection located at 7+Q, where the condition of
(M;%L"‘Mi)/z/v‘uﬂu =1 is satisfied, Eq. (1) can be rewrit-

ten as
do
(d ) H%];H( ),

where superscripts of “LH” and “RH” correspond to “+” and
“~" signs of py, respectively. S{“HO)(K) [Sﬁ}llo)(lc)] is the scat-
tering functions for the LH- (RH-) helical magnetic order-
ings. If the average sizes of the LH- and the RH-helical

+[F_V{iio + F.V,

(Fpnliw), ()
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FIG. 3. (Color online) The E, dependences of (a) D(;g) and
Ton+Iopp (b) WO and WO and (c) & [LI%I}H and 5{‘0%/11}}1. The
dashed lines are guides to eyes.

magnetrc domains are different from each other, Sf; (110)(#) and
110)(K) should have different widths in the remprocal lattice
space. Therefore, we can independently deduce the average
sizes of the LH- and the RH-helical magnetic domains from
the diffraction profiles measured when the spin flipper is on
(pnll k) and off (=pyll k), respectively.
A ratio between VH']IO) and Vﬁl'llo) is given by

V(”O) J‘S{JHO)(K)dK -
=—, (3)

Vit ~Iopr
(110) f (110)(K)dK

where /oy and Iopp are integrated intensities of the magnetic
reflection measured when the spin flipper is on and off,
respectively.

IV. RESULTS AND DISCUSSIONS

In the present study, we have measured a magnetic reflec-
tion located at (0,0,0)+Q, where the condition of (,u,x i
+M7r)/2Mxr,U«zr =1 is satisfied.!? Figure 2(a) shows E, de-
pendence of the diffraction profiles at 7=2 K. From these
profiles, we have obtained asymmetry between V(llO) and
V{llo, which is defined as D(110)—(V110 -Vl (Vitl)

+VRII'IIO)), and ION+IOFF(0<V(LII]IO)+ (110)) as functions of
E, tsee Fig. 3(a)]. These results show that the application of
E, increases the volume fraction of the magnetic domains
having the ferroelectric polarization parallel to £, so as to

increase the net ferroelectric polarization, while the total vol-
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FIG. 4. (Color online) [(a)-(c)] Schematic illustrations of the
magnetic phase transitions and the magnetic domain structures in
CFAO. Pink, green, and purple lozenges represent the directions of
the magnetic modulation wave vectors in the PD phase. (d) The
relationship between {191 and &g} obtained in the present
measurements.

ume of the (110) domain, VL1 10+ VRl 10)» is not affected by E,,.
This is consistent with the previous results on CFAO.1213 "

We now focus on the widths of the diffraction profiles.
Figure 2(b) shows peak-height-normalized diffraction pro-
files measured after cooling with F,=-822,0,822 kV/m,
indicating that the width of the diffraction profile varies with
E,.'7 1t should be noted that these diffraction profiles are
rather broad as compared to the resolution limit and the line
shapes are close to Lorentzian squared, which is characteris-
tic to the random-field domain state.'® This supports that the
system consists of relatively small domains.'” In Fig. 3(b),
we show E, dependences of the half-width at half maximum
(HWHM) of the diffraction profiles measured in the (i,%, 2)
reciprocal lattice scans. We refer to the HWHM measured
when the spin ﬂlpper is on (off) as W™ (W), With increas-
ing E,, W)"", and WO monotonically decreases and increases,
respectively. Moreover the E,, dependences of W," and W"tf
are symmetric with respect t0 E,=0. We also found that the
HWHMs for the (0.21,0.21,1) recrprocal lattice scans, W;"
and WO, also show similar E, dependences as those of
Wl We have roughly estimated average lengths of the
magnetic domains along [110] direction for the LH- and the
RH-helical magnetic domains as

§[ LH/RH _

[on/offy2 iR 2\—
Hop = V(WY — (wi)»)™, (4)

where W} is the HWHM of the resolution function for the

(h,h,%) reciprocal lattice scan, and also estimated §{613/§H in
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the same manner as [LI%I}H, as shown in Fig. 3(c). These

results have revealed that the application of E, increases the
average size of the magnetic domains having ferroelectric
polarization parallel to E, and decreases the other. Keeping
the present results in mind, we have schematically depicted
the magnetic domain structures of this system at several tem-
peratures in Figs. 4(a)-4(c). Above T,., CFAO(x=0.02) ex-
hibits a collinear incommensurate magnetic phase referred to
as partially disordered (PD) phase, whose propagation wave
vector is (qu,qu,%) with ¢gpp~0.215. Since the PD mag-
netic order does not have ferroelectricity, the external electric
field does not affect the domain structure. With decreasing
temperature from the PD phase, the system undergoes the
ferroelectric transition at 7,. Because the phase transition
from the PD phase to the FE-ICM phase is a first-order phase
transition,'® the LH- and the RH-helical magnetic domains
randomly show up and start to grow at T [see Fig. 4(b)].!¢
The present results suggest that the application of E, accel-
erates the growth of the magnetic domains having the ferro-
electric polarization parallel to £, and suppresses the other.
Consequently, at low temperatures, the average sizes of the
LH- and the RH-helical magnetic domains are different from
each other.

We also found that the ratio between &) and &go17 is not
affected by E,, as shown in Fig. 4(d). This indicates that
although the application of E, affects the sizes of the mag-
netic domains, it does not their “shapes.” This can be as-
cribed to the three-dimensional nature of the magnetic inter-
actions in this system.!®-?°

It should be mentioned that in the high E, region, &
and oo tend to saturate at ~45 and ~9, respectively. This
implies that there still remain many magnetic domain walls
even when the net ferroelectric polarization is maximized.
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This must be ascribed to the local lattice distortions due to
the site-random Al substitution, which randomly lift the local
degeneracy in the competing exchange interactions and
strongly disturb the coherent magnetic ordering.'%!?

V. CONCLUSION

In conclusion, we have investigated the poling electric
field dependence of the multiferroic domain structure in a
spin-driven multiferroic CFAO(x=0.02) by means of the po-
larized neutron-diffraction measurements. The present results
successfully demonstrated that the application of E, on cool-
ing results in not only the asymmetry between the volume
fractions of the LH- and the RH-helical magnetic domains
but also the difference between the average sizes of them.
This kind of poling electric field dependence of magnetic
domain sizes must be common to other “spin-driven”
multiferroics?! but might not be clearly observed in neutron-
diffraction measurements in case that the magnetic domains
are relatively large.”””>> The reason why it was clearly ob-
served in the present measurements is that the magnetic cor-
relation in the FE-ICM phase of CuFe,;_ Al,O, (x=0.02) is
originally disturbed by the AI’* substitutions.'>?® We hope
that the present results motivate further investigations of
static and dynamical ME responses arising form multiferroic
domain structures in the spin-driven multiferroics.
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