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We have performed dielectric measurements and neutron diffraction experiments on the delafossite

AgFeO2. A ferroelectric polarization P ’ 300 �C=m2 was observed in a powder sample, below 9 K.

The neutron diffraction experiment demonstrated successive magnetostructural phase transitions at

TN1 ¼ 15 K and TN2 ¼ 9 K. The magnetic structure for 9 K � T � 15 K is a spin-density wave with

a temperature dependent incommensurate modulation k ¼ ð�1 ; q ; 12Þ, q ’ 0:384. Below 9 K, the

magnetic structure turns into elliptical cycloid with the incommensurate propagation vector

k ¼ ð� 1
2 ; q;

1
2Þ, q ’ 0:2026 Based on the deduced magnetic point-group symmetry m10 of the low-

temperature polar phase, we conclude that the ferroelectric polarization in AgFeO2 is perpendicular to

the monoclinic b axis and is driven by the inverse Dzyaloshinskii-Moriya effect with two orthogonal

components p1 / rij � ðSi � SjÞ and p2 / Si � Sj.
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In recent years, magnetoelectric multiferroic materials,

which possess (anti)ferromagnetism and ferroelectricity

in a single phase, have been the subject of intensive

research [1,2]. In such systems, complex magnetic struc-

tures stabilized by frustrated exchange interactions be-

tween spins break inversion symmetry and induce a

ferroelectric polarization. Typical examples of the mate-

rials where noncollinear spin ordering induces ferroelec-

tric polarization are TbMnO3 (Refs. [3,4]) and CoCr2O4

(Ref. [5]) with cycloidal magnetic structures. The in-

duced ferroelectric polarization can be understood in

terms of the inverse Dzyaloshinskii-Moriya (DM) effect

[6] or spin current mechanism, represented by p / rij �
ðSi � SjÞ (Ref. [7]) where rij is the vector connecting

the nearest spins. On the other hand, the delafossite

family, CuFeO2 (Ref. [8]), CuFe1�xBxO2 [B ¼ Al and

Ga (Refs. [9–11])], CuCrO2 (Refs. [12,13]), and AgCrO2

(Ref. [12]), shows ferroelectric polarization induced by

the proper screw helical magnetic orderings rijjjSi � Sj

[14,15]. The magnetic field-induced ferroelectricity in

CuFeO2 has been explained by Arima as a combined

effect of d-p hybridization and spin-orbit coupling [16].
To further understand the delafossite multiferroic

materials, we have studied the magnetodielectric proper-
ties of AgFeO2. While CuFeO2 has been extensively
investigated as a frustrated magnet [17–19] and a multi-
ferroic material [8–11,14], AgFeO2 has not been studied
due to lack of a high-quality sample. Nevertheless,
Tsujimoto et al.. have recently succeeded in the syn-
thesis under high pressure [20]. Although neutron dif-
fraction measurements were reported recently, no details
of the magnetic structure were presented [21].

The crystal structure of AgFeO2, which is shown in
Fig. 1(a), belongs to rhombohedral space group R�3m,

and has the lattice constants, a ¼ b ¼ 3:0391ð1Þ �A and

c ¼ 18:5899ð9Þ �A at room temperature. For later conve-
nience, the monoclinic unit cell stable at low temperature is
also depicted in Fig. 1(a). The triangular layers formed by
magnetic Fe3þ ions (surrounded with distorted oxygen
octahedra) are stacked in a rhombohedral sequence and
in-between nonmagnetic Ag1þ cations are incorporated
separating the magnetic layers.
Vasiliev et al. [21] and Tsujimoto et al. [20] have

reported the temperature dependence of the magnetic sus-
ceptibility revealing successive phase transitions at�15 K
(TN1) and �9 K (TN2) [Fig. 2(a)]. In the present study, in
order to investigate the microscopic spin structures and
dielectric properties of AgFeO2, we have performed neu-
tron diffraction experiments and dielectric measurements
using high-quality polycrystalline samples.
Powder specimens of delafossite AgFeO2 were prepared

under high pressure as described in Ref. [20]. The electric
polarization and dielectric constant were measured using
1.25 mm thickness hardened pellet of polycrystalline
AgFeO2 sample covered with an area 19:6 mm2 of silver
paste. The electric polarization was determined by conven-
tional pyroelectric current measurements using a Keithley
6517E electrometer. For the dielectric measurements, we
used an Agilent E4980A LCR meter. The neutron powder
diffraction measurements were carried out on WISH [22]
and HRPD [23] time-of-flight diffractometers at ISIS
Facility, United Kingdom. Crystal and magnetic structure
refinements were performed using the FULLPROF program
[24]. We first refined the data measured on HRPD to get
precisely the crystal structure parameters; subsequently,
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the data measured on WISH were refined to determine the

magnetic ordering while the structural parameters were

fixed to the values obtained from the HRPD data.
As shown in Fig. 2(b), the electric polarization P appears

only below the lower phase transition temperatureTN2¼9K.
The absolute value of P is 313 �C=m2 in the poling electric
field,Ep ¼ 800 kV=m, which is close to the saturationvalue

[see the inset of Fig. 2(b)]. Since a powder sample was used
in the measurements, P is a half of the intrinsic value for a
single crystal, namelyPintrinsic ’ 600 �C=m2, which is com-
parable to that of the typical multiferroics [1,8]. The tem-
peraturedependenceof the real part of the dielectric constant,
shown in Fig. 2(c), demonstrates a clear anomaly at TN2, in
agreement with the pyroelectric measurements. The imagi-
nary part of the dielectric constant [Fig. 2(d)] corresponding
to the energy dissipation, increases with decreasing tempera-
ture below TN1 ¼ 15 K, then exhibits a peak at TN2 ¼ 9 K,
and eventually decreases gradually below 9K. The relatively
large energy dissipation might be caused by the finite corre-
lation lengths in both magnetic phases, which is discussed
below.

Based on the HRPD and WISH backscattering data
revealing a clear splitting of some nuclear peaks below
TN1, a symmetry lowering from the rhombohedral R�3m
down to monoclinic C2=m can be concluded. In addition, a
set of magnetic Bragg reflections appears below this tem-
perature (Fig. 3), which can be indexed by the incommen-
surate propagation vector k ¼ ð�1; q; 12Þ with q ’ 0:384,

referring to the monoclinic cell shown in Fig. 1(a). The
wave number q depends on temperature and cooling or

heating process, as shown in the inset of Figs. 3 and 4(b).
Note that the k in the monoclinic setting corresponds to the
(q0, q0, 3

2 ) with q0 ’ 0:192 in the hexagonal cell, which is

almost identical to that found in the partially disordered
state of CuFeO2 [25]. The width of the magnetic peaks in
the ICM1 phase is slightly wider than the instrumental
resolution width depicted by the horizontal bar in the inset
of Fig. 3. As shown in Fig. 4(c), the correlation length is
about 200–600 Å (65–200 sites), and significantly depends
on temperature.
Below TN2 ¼ 9 K (ICM2 phase), a set of new mag-

netic reflections indexed by the propagation vector k ¼
ð� 1

2 ; q;
1
2Þ with q ’ 0:206 appears [Figs. 3 and 4(a)]. At

T ¼ 9 K, the reflections from both ICM1 and ICM2 phases
coexist upon heating or cooling processes, indicating a
first order phase transition. The propagation vector in the
ICM2 phase also slightly depends on temperature, and
does not lock in any commensurate value even at the
lowest measured temperature 5 K [Fig. 4(b)]. As shown

in Fig. 4(c), the correlation length remains finite �500 �A
(� 165 sites) at the lowest temperature, as evidenced by
the peak width, which is wider than the resolution limit
(inset of Fig. 3).
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FIG. 1 (color online). (a) The delafossite crystal structure
of AgFeO2 with both hexagonal and monoclinic bases.
(b) Collinear sinusoidally modulated magnetic structure in
ICM1 phase for 9 K � T � 15 K. (c) Cycloidal structure with
elliptical modulation in ICM2 phase for T � 9 K. The insets are
schematic pictures to explain the relationship between these
spin directions and crystal axis.

FIG. 2 (color online). (a) Magnetic susceptibility (data taken
from Ref. [20]), (b) electric polarization, (c) real and
(d) imaginary parts of the dielectric constant of a powder sample
of AgFeO2 as a function of temperature. The inset in (b) is the
poling electric field dependence of the polarization.
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For the ICM1 phase with k ¼ ð�1; q; 12Þ, we successfully
refined the diffraction data using the monoclinic C2=m
space group for the nuclear scattering and the collinear
sinusoidally modulated spin structure [Fig. 1(b)] for the
magnetic scattering. The quality of the refinement is dem-
onstrated in Fig. 5(a). The symmetry of the magnetic phase
preserves the structural point group and contains time
inversion as a separate element due to the incommensurate
nature of the spin ordering. Thus, the magnetic point group
in the ICM1 phases is the centro-symmetric 2=m10 in
agreement with the lack of the polarization in the dielectric
measurements (Fig. 2). The tilt angle of the spin-density
plane from the a axis toward the c axis �ac depends
significantly on temperature, 20

� � �ac � 50�, as illus-
trated in Fig. 4(e). These spin directions are considerably
different from �0

ac ’ 10� in CuFeO2 [26], implying that
A-site cation (Cu1þ or Ag1þ) plays an important role
in determining the magnetic anisotropy in these systems,
as suggested in a recent x-ray absorption spectroscopy
study [27].

For the ICM2 phase with k ¼ ð� 1
2 ; q;

1
2Þ, the magnetic

contribution to the diffraction data [Fig. 5(b)] can be
refined in the model with the noncollinear cycloidal spin
arrangement [Fig. 1(c)]. The cycloid is elliptically modu-
lated with the spin components in the ac plane and along
the b axis being Mac ¼ 4:56ð4Þ�B and Mb ¼ 3:81ð5Þ�B,
respectively, at T ¼ 5 K. The angle between the elliptical
axis (perpendicular to b) and a axis in the ac plane is

�ac ¼ �14:6ð8Þ�, which is very close to the c direction of
the hexagonal cell [see thick solid line in Fig. 4(e)]. The
cycloidal magnetic ordering breaks the inversion symmetry
but preserves the mirror plane perpendicular to the b axis.
Therefore, the magnetic point group in the ICM2 phase is
the polar m10, which is consistent with the polarization
measurements (Fig. 2). The obtained results clearly demon-
strate the difference in the magnetic ground stats
of AgFeO2 and CuFeO2. The latter compound exhibits
commensurate k ¼ ð�1; 1=2; 1=2Þ magnetic ordering with
collinear ""## spin arrangement along hexagonal [110]

FIG. 3 (color online). Temperature dependence of the neutron
powder diffraction profiles of AgFeO2. The inset shows the
expansions of profiles in low-Q regions in ICM1 and ICM2 phase.
The data were taken on heating process onWISH. The horizontal
bars denote the experimental resolution at each position.

FIG. 4 (color online). Temperature dependence of (a) the inte-
grated intensity of the magnetic Bragg reflections, (b) the propa-
gation wave numbers, (c) the correlation lengths for
(� 1, q, 12 ) and (� 1

2 , q,
1
2 ). Temperature dependence of (d) the

magnetic momentum components,Mac andMb, and (e) the angle
between the spin direction projected into ac plane and the crystal
a axis �ac. Closed and open symbols denote data measured
with heating and cooling processes, respectively.
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direction [28]. Thus, the nonmagnetic A-site cation plays a
crucial role in the delafossite ferrites not only for the mag-
netic anisotropy but also for the exchange interactions.

Let us discuss the direction of P in the ICM2 phase
based on the deduced magnetic point-group symmetry and
recent theoretical works. The m10 symmetry restricts the
polarization direction to be parallel to the mirror plane
(P ? b). Considering the well-known theory of inverse
DM effect [6] or spin current mechanism [7], represented
by p / rij � ðSi � SjÞð� p1Þ, P is expected to be perpen-

dicular to both rij and Si � Sj, i.e., along the z axis in

Fig. 6 (this direction is very close to the hexagonal c axis).
However, an additional contribution to the polarization
p2 / Si � Sj is also expected by symmetry since the

mixed product p2 � Si � Sj is invariant under all symmetry

operations of C2=m10. Kaplan and Mahanti have shown
that this additional term p2 contributes to macroscopic
polarization in both cycloidal and proper screw helical
cases unless mirror plane containing rij or twofold rotation

axis perpendicular to rij exist [29]. Since p2 is perpendicu-

lar to p1 (see Fig. 6), the direction of the macroscopic
polarization in AgFeO2 should not be restricted by the
well-known formula [2,6,7]. Although the mechanism
causing the appearance of P is the inverse DM effect, its
direction is given by the sum of the two components
p1 þ p2. It should be pointed out here that the p2 compo-
nent parallel to Si � Sj is also applicable for other dela-

fossite compounds ABO2 (A ¼ Cu, Ag, B ¼ Fe, Cr) where

the spin ordering breaks the threefold and inversion
symmetry [8–13]. Finally, we should mention that the
calculations based on the spin-dependent d-p hybridiza-
tion mechanism [16] also yield P ? b.
In conclusion, a ferroelectric polarization P ’

300 �C=m2 was observed in a polycrystalline sample of
delafossite AgFeO2 below TN2 ¼ 9 K. The appearance of
the polarization is related to cycloidal spin ordering with
the incommensurate propagation vector k ¼ ð� 1

2 ; q;
1
2Þ,

with q ’ 0:206, resulting in the polar magnetic point-group
m10. Above TN2, the spins are ordered into spin-density
wave with the modulation vector k ¼ ð�1; q; 12Þ, with

q ’ 0:384 and nonpolar point-group symmetry 2=m10.
The polar magnetic ground state of AgFeO2 is drastically
different from the nonpolar commensurate state of
CuFeO2, testifying the crucial role of the nonmagnetic
A-site cation. The induced macroscopic polarization can
be understood in terms of the inverse Dzyaloshinskii-
Moriya effect with two orthogonal components p1 / rij �
ðSi � SjÞ and p2 / Si � Sj.
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