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The triangular based antiferromagnet α-NaFeO2 has been studied by magnetization, dielectric, and neutron
diffraction measurements as a function of temperature and magnetic field. The appropriate (H − T ) phase
diagram was constructed revealing a complex behavior due to a competition between several magnetic phases.
In zero field, the system undergoes a sequence of magnetostructural transitions; initially from paramagnetic
R3̄m1′ phase to the incommensurate spin density wave (ICM1) at TN1 = 11 K with the nonpolar (3+1) magnetic
superspace group C2/m1′(0,β, 1

2 )s0s, then, below TN2 = 7.5 K, the ICM1 phase coexists with the polar cycloidal
ordering (ICM2) possessing the Cm1′(0,β, 1

2 )0s superspace symmetry and finally the commensurate collinear
ordering (CM) with the nonpolar magnetic space group Pa21/m develops below TN3 = 5.5 K as the ground state
of the system. A small amount of ICM2 coexists with the ICM1 and CM phases resulting in a nonzero measured
polarization below TN2. Magnetic field destabilizes the collinear ground state and promotes the polar ICM2 phase
resulting in a drastic increase of the polarization. The symmetry of the zero field cycloidal structure allows the
two orthogonal components p1 ∝ r ij×(Si×Sj ) and p2 ∝ Si×Sj to contribute to the macroscopic polarization
through the inverse DM effect. The applied magnetic field reduces the symmetry of the ICM2 phase down to
the triclinic P 1(α,β,γ )0, resulting in admixture of another cycloidal and helical components both generating
magnetic field switchable polarization p3 perpendicular to p1 and p2.
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I. INTRODUCTION

Multiferroic materials with ferroelectricity and non-
collinear magnetic ordering have attracted much attention
in the last decade [1–3]. Some spiral spin arrangements,
which occur as a consequence of spin frustration, break
inversion symmetry and induce a ferroelectric polarization
through inverse Dzyaloshinsky-Moriya (DM) effect. The
mechanisms responsible for the ferroelectric polarization in
rare earth manganites ReMnO3 (Re = Tb, Dy, Gd, etc.)
have been discussed in several theoretical studies [4–6],
which introduced the expression p ∝ r ij×(Si×Sj ) to explain
the direction of P . However, this formula does not work
for multiferroics with proper screw type helical ordering
such as RbFe(MoO4)2 [7,8], Cu3Nb2O8 [9], CaMn7O12 [10],
CuFeO2 [11–15], and CuCrO2 [16,17]. In the first three
compounds, the authors explained the ferroelectricity by a
coupling between the spin chirality r ij · (Si×Sj ) and ferroax-
ial crystal rotation A based on inverse DM effect [8–10].
On the other hand, the ferroelectric polarizations in the latter
two multiferroics have been attributed to the spin-dependent
d − p hybridization [18] and later to the inverse DM effect as
well [19].

ABO2 type compounds are typical and nearly ideal exam-
ples of frustrated triangular lattice antiferromagnets [20]. In
2006, Kimura et al. discovered the ferroelectric polarization
induced by a magnetic field in CuFeO2, which is concomitant
with a collinear to noncollinear magnetic phase transition at
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H = 7 T [11]. Since that time, several other ABO2 materials,
such as CuCrO2 [16,17,21], CuFe1−xBxO2 (B = Al and Ga)
[12–15], and AgFeO2 [22], have been investigated to under-
stand the interrelation between noncollinear spin ordering and
the ferroelectric polarization. Various magnetic structures in
these compounds occur in zero magnetic field; a collinear
in CuFeO2 [23,24], proper screw helix in CuCrO2 [25],
and a cycloid in AgFeO2 [22]. Thus, ABO2 type triangular
lattice antiferromagnets provide great opportunities to study
the interplay between frustrated magnetism and ferroelectric
properties.

In the present work we selected one of the ABO2 type of
materials, namely α-NaFeO2, in order to study its magnetic
and dielectric properties under influence of a high magnetic
field. α-NaFeO2 has the ordered rock-salt crystal structure with
the space group R3̄m similar to the delafossites compounds
(Fig. 1). The only difference between the two structures is
in the oxygen coordination of the A sites (straight bond
along the hexagonal c axis in delafossites and octahedral
coordination in the ordered rock-salt structure). The magnetic
properties of α-NaFeO2 have been reported in several previous
studies [26–28]. In particular, two magnetic phase transitions
were found to occur at 10.5 and 5 K in zero magnetic field.
In the temperature range 5 � T � 10.5 K, incommensurate
magnetic ordering with temperature dependent propagation
vector k = (q,q, 3

2 ,q � 0.12) was observed [28]. Below 5 K,
the commensurate magnetic state with collinear moments
along the hexagonal b axis and k = ( 1

4 ,0,1) has been identified
as the magnetic ground state [26,28]. In a recent study by
McQueen et al. [28], a pronounce changes of the magnetic
susceptibility have been revealed in magnetic fields below 5 T,
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FIG. 1. (Color online) (Left) Ordered rock-salt type crystal struc-
ture of α-NaFeO2. (Right) Relationship between the hexago-
nal and monoclinic basis vectors [a = bh − ah, b = ah + bh,
c = 1

3 (ah − bh − ch), Fe is at the origin].

indicating a rich H − T phase diagram for α-NaFeO2. To
elucidate details of this diagram, we undertook magnetization,
dielectric constant, pyroelectric current, and neutron diffrac-
tion measurements as a function of temperature and magnetic
field.

II. EXPERIMENTAL DETAILS

Powder samples of α-NaFeO2 were prepared by solid
state reaction method using Na2CO3 and γ -Fe2O3 as the
starting materials [29]. The latter was obtained by annealing
of Fe3O4 at 300 ◦C for 2 h in oxygen gas flow. The reaction
was performed during 24 h in air. X-ray powder diffraction
measurements confirmed the phase formation and a good
quality of the sample. Small amounts of impurity phases
β-NaFeO2 (∼3.5%) and Na2CO3 (∼0.5%) were detected,
however, in the neutron diffraction experiments and included
in the refinement procedures.

For the low-field (H � 5 T) and high-field (H � 13.5 T)
magnetization measurements, we used a magnetic-property
measurement system (MPMS) and a physical property mea-
surement system (PPMS), respectively, both manufactured by
Quantum Design. The dielectric constant and pyroelectric
current measurements were done by Agilent E4980A LCR
meter and Keithley 6517B electrometer combined with PPMS.
The dielectric properties were measured using 0.80 mm
of thickness and hardened pellets of the polycrystalline α-
NaFeO2 sample, covered with 13.8 mm2 area of silver paste.

The neutron powder diffraction measurements were carried
out on the time-of-flight diffractometers HRPD [30] for the
crystal structure determination in zero magnetic field and
WISH [31] for the magnetic structure analysis under magnetic
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FIG. 2. (Color online) (a) Temperature dependencies of magne-
tization for α-NaFeO2, measured in different magnetic fields. The
data were normalized to the field and scaled to match the value at
T = 20 K and H = 0.1 T. (b) The magnetization (open circles) and
its derivative with respect to the magnetic field (closed circles) at
T = 2 K. Vertical arrows indicate the temperatures and field where
anomalies appear.

fields up to 10 T, both situated at the ISIS Facility of
the Rutherford Appleton Laboratory (UK). For the HRPD
measurement, we used approximately a 3 g powder sample
of α-NaFeO2 sealed into a plate shape vanadium can with He
gas atmosphere. For the experiments under magnetic fields on
WISH, we prepared rods of 6 mm diameter and 20 mm long,
pressed from the powder to avoid any realignment of the grains
under magnetic fields. In fact, there was no difference, within
the experimental accuracy, in the diffraction data collected
before and after applying the magnetic field. To investigate the
sample dependent features in the magnetic diffraction data,
we measured two different samples (sample1 and sample2) on
the WISH diffractometer, which were synthesized separately.
The vertical magnetic field was generated in the cryomagnet
manufactured by Oxford Instruments [32], which has a
340 deg in-plane window matching the detector array and
a wide vertical opening angle (−5, +10 deg). The crystal
and magnetic structure refinements were performed using the
FullProf program [33].

III. RESULTS

A. Bulk properties

Temperature dependencies of the magnetization for α-
NaFeO2 measured in several magnetic fields are shown in
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Fig. 2(a). In H = 0.1 T, the magnetization shows a maximum
at 10.5 K and a steep change at 5.5 K as indicated by the
arrows. With increasing the magnetic field up to 9 T, both
anomalies shift to lower temperature, which is consistent with
the previous results [28]. The maximum of the magnetization
in 9 T is observed at 5 K, and the lower phase transition
is invisible in this field. The magnetization of α-NaFeO2 as
a function of the field at T = 2 K is shown in Fig. 2(b).
The value of the derivative is steeply changed by the applied
magnetic field around Hc � 2.5 T, indicating a spin-flop-like
phase transition. We also found a broad peak at ∼8.5 T,
suggesting another possible change in the magnetic state, as
will be discussed later.

As demonstrated in Fig. 3(a), the ferroelectric polarization
was observed in all measured magnetic fields, although the
absolute values of P depend on the magnetic field significantly.
In zero field, P appears below 7.5 K and shows a shoulderlike
anomaly at 5.5 K, which is consistent with the two broad
peaks in the imaginary part of the dielectric constant ε′′

r shown
in Fig. 3(c). With increasing magnetic field, P is significantly
enhanced around 2–3 T, where the spin-flop-like transition
occurs [see also Fig. 9(c)]. Above 7 T, P weakly depends on
the field and stays close to the value of 60 μC/m2. In respect
of the electric field effect Ep, the polarization is not saturated

μμ

ε ε

FIG. 3. (Color online) Temperature dependence of (a) electric
polarization, (b) real, and (c) imaginary parts of the relative dielectric
constants in magnetic fields up to 9 T for α-NaFeO2. Polarization as
a function of the poling electric field Ep at H = 0 and 9 T are shown
in the inset of (a).

even atEp = 500 kV/m as shown in the inset of Fig. 3(a). The
peak anomalies in the dielectric constants, which are presented
in Figs. 3(b) and 3(c), are also enhanced by the magnetic fields,
especially ε′′

r , suggesting the ferroelectric phase transition
becomes clear in the high magnetic field region.

B. NEUTRON DIFFRACTION

1. Magnetic orderings in zero magnetic field

Based on the HRPD and WISH backscattering data reveal-
ing a clear splitting of some nuclear peaks below TN1 = 11 K
(not shown), a symmetry lowering from the rhombohedral
R3̄m down to monoclinic C2/m can be concluded. Details
of the crystal structure analysis are not discussed here and
will be reported elsewhere. In addition, a set of magnetic
Bragg reflections appears below this temperature (Fig. 4). In
the temperature range 8 � T � 11 K (ICM1 phase), these
reflections, indicated by arrows with solid line, can be indexed
with the incommensurate propagation vector k = (0,qb,

1
2 )

(≡kICM1), with qb � 0.238 referring to the monoclinic setting
shown in Fig. 1 (right). Hereafter the propagation vectors and
indexation are given by default for the monoclinic setting. The
wave number qb is practically independent of temperature in
the whole region of stability of the ICM1 phase [Fig. 6(b)]. The
reciprocal plane illustrating the relation between the hexagonal
and the monoclinic indexing schemes is shown in Fig. 5(a). The
kICM1 corresponds to the (q,q,3/2) propagation vector with

000+

110 - 1-10+

1/2 0 -1/2

001+

FIG. 4. (Color online) Temperature dependence of the neutron
powder diffraction profiles measured in zero magnetic field for
α-NaFeO2. The patterns were collected using (a) 90 deg and (b)
backscattering detector banks on WISH. The data at 16 K in
the paramagnetic phase were subtracted from the low temperature
patterns. All data were taken on heating after cooling down to the
base temperature 1.5 K.

184421-3



NORIKI TERADA et al. PHYSICAL REVIEW B 89, 184421 (2014)

δ δ

FIG. 5. (Color online) Schematic drawings of the reciprocal lat-
tice zone for (a) ICM1, (b) CM, and (c) ICM2 phases. Circle
and square symbols are the positions of the magnetic and nuclear
reflections, respectively. Crosses in (c) indicate the projected positions
of the magnetic reflection of ICM2 phase to the monoclinic (0,K,L)
zone. Solid and dotted lines denote the monoclinic and hexagonal
reciprocal lattice unit cells, respectively. The subscripts (m/h) and
superscripts (+/−) indicate monoclinic/hexagonal and +k/ − k
satellites, respectively

q = qb/2 � 0.12, in the hexagonal setting, which is consistent
with the previous study by McQueen et al. [28].

As shown by the open arrows in Fig. 4(b), additional peaks
can be observed below TN2 = 7.5 K, which coincide with
the appearance of the polarization in zero field and indicate
development of a magnetic phase (ICM2). These additional
peaks, surviving even at the lowest temperature measured, can
be indexed by the k = (0,qb,

1
2 ) (≡kICM2) propagation vector

with qb � 0.231 at 1.5 K. Because the magnetic peaks for the
ICM2 phase coexist with those for the ICM1 phase and the
propagation vectors in both phases are almost the same, we
could not resolve enough number of magnetic peaks to reliably
determine the spin ordering in the intermediate temperature
range 5.5 � T � 7.5 K.

At TN3 = 5.5 K, the magnetic Bragg intensity of the ICM1
phase vanishes, and a set of new reflections indexed by
the commensurate (CM) k = (− 1

2 ,0, 1
2 ) (≡kCM) propagation

vector appears as shown in Fig. 6(a). The CM magnetic Bragg
points in the reciprocal lattice are illustrated in Fig. 5(b),
indicating that kCM in the hexagonal setting is (− 1

4 , 1
4 ,−1).

The magnetic intensity of the ICM2 phase remains even at
the lowest measured temperature, and the volume fractions for
CM and ICM2 slightly depend on samples. Nevertheless, the
dominant phase at the base temperature 1.5 K is always the
CM one. Thus, one can conclude that the CM spin ordering
represents the magnetic ground state of α-NaFeO2 in zero

μ

FIG. 6. (Color online) Temperature dependencies of (a) the inte-
grated intensity of the incommensurate 110− and the commensurate
− 1

2 ,0, 1
2 reflections, (b) the incommensurate wave number qb, and

(c) the ferroelectric polarization. Vertical dotted lines indicate the
phase transition temperatures.

field, but this phase always coexists with a minor fraction of
ICM2 state indicating that both phases are almost degenerate.

For the ICM1 phase with kICM1 = (0,qb,
1
2 ) we found

that the magnetic order parameter transforms as the time-
odd mY1 irreducible representation (in the ISODISTORT
notations [34]) of the R3̄m1′ space group, reducing the
symmetry down to the (3+1) monoclinic superspace group
C2/m1′(0,β, 1

2 )s0s (β = qb) [34,35]. Thus, the C2/m sym-
metry found in the high resolution neutron diffraction exper-
iments, is the commensurate approximation for the nuclear
structure, corresponding to zeroth harmonic of the magnetic
superspace group, which takes into account only coupling
to the macroscopic symmetry-breaking strain components.
Detection of the higher order harmonics is beyond sensitivity
of our diffraction experiments. The refinements of the neutron
diffraction patterns were done using the propagation vectors
formalism implemented into the FullProf package. The nuclear
scattering was modeled in the commensurate C2/m approxi-
mation and the magnetic structure was successfully refined as-
suming collinear SDW with the magnetic moments being in the
(ac) plane as restricted by the mY1 representation. The quality
of the fitting for the data measured at 9 K and a schematic
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FIG. 7. (Color online) Refinement quality of the WISH data
measured at (a) 9 K and 0 T and (b) 1.5 K and 0 T. The first line of
the vertical bars indicate the peak positions for the crystallographic
main phase of α-NaFeO2. The second line in (a), and the second
and the third lines in (b) are for the spin-density wave, the collinear
commensurate, and a cycloid magnetic structures, respectively. The
other three lines correspond to impurity peaks of β-NaFeO2, its
magnetic phase, and Na2CO3. The illustrations of the magnetic
structures and refined parameters determined for each phase are
shown in the insets.

illustration of the magnetic structure are shown in Fig. 7(a).
The angle between the spin direction and the a axis φac was
determined to be −12◦ ± 6◦. From the superspace symmetry
description, it directly follows that the magnetic point group,
controlling the macroscopic properties of the phase, is the
centrosymmetric 2/m1′, in agreement with the lack of the
ferroelectric polarization above TN2 = 7.5 K [Fig. 6(c)].

The magnetic refinement for the ICM2 phase is complicated
by a superposition of the magnetic peaks of this phase and
either ICM1 or CM phases at any temperature in zero field and,
therefore, we could not determine the magnetic structure for
ICM2, conclusively. Nevertheless, the refinement was possible
with the data collected in high magnetic fields, resulting in a
polar cycloidal structure as discussed in the next section.

As shown in Fig. 7(b), the CM collinear magnetic ordering
with the magnetic moments parallel or antiparallel to the
b axis fits well the diffraction data at 1.5 K. While the spin
sequence along the b axis is all-up (→→→ · · · ) or all-down
(←←← · · · ), the sequence along the a axis is two-up and
two-down (↑↑↓↓ · · · ). The stacking sequence along the c axis
is antiferromagnetic. The resultant magnetic unit cell is related

δ δ

000+

110 - 1-1-1 +

001+

111 - 1-10+

1/2 0 -1/2

FIG. 8. (Color online) Diffraction patterns for α-NaFeO2 mea-
sured in different magnetic fields using (a) 90 deg and (b) backscat-
tering WISH detector banks, at 1.5 K. The data at 16 K in
the paramagnetic phase were subtracted from the low temperature
patterns. All data were measured with increasing magnetic field after
cooling in zero field.

to the monoclinic nuclear cell as amag = −2a, bmag = b, and
cmag = −a − 3c.

Figure 8 shows the magnetic field dependence of the
magnetic diffraction profiles at 1.5 K. The ICM2 satellites,
such as 000+, are significantly enhanced by the magnetic
field, while the intensity of the CM reflection at the (− 1

2 ,0, 1
2 )

reciprocal point is reduced above 3 T, corresponding to
the crossover observed in the magnetization measurements
[Fig. 2(b)]. It should be noted that the ratio between the
CM and ICM2 phases is slightly sample dependent and is
different for the sample1 and sample2 in zero field [Fig. 9(a)].
The field dependencies of the integrated intensity of the
000+ magnetic satellite [Fig. 9(a)] and the polarization
[Fig. 9(c)] are practically identical indicating that the latter
is associated with the magnetic order parameter of the ICM2
phase.

Several reflections for the ICM2 phase split under high
fields; for instance, the 110− and 11̄1̄+ satellites are separated
into two peaks above 3 T, which is shown in Fig. 8(b). This set
of the reflections can be assigned to the propagation vector with
three incommensurate components, kICM2 = (δa,qb,

1
2 + δc),

which are (0.0250,0.240,0.485) at H = 5 T. The positions
of the satellite reflections of the ICM2 phase in the reciprocal
space are illustrated in Fig. 5(c). We also observed a significant
field dependence of the wave number qb as shown in Fig. 9(b).
With increasing magnetic field from zero up to 3 T, qb

monotonically changes from 0.231 to 0.238 and locked into
0.24 for 4.5 � H � 7.5 T. With further increasing field, qb
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μ

δ δ

δ δ

FIG. 9. (Color online) Magnetic field dependence of (a) the
integrated intensity of the magnetic reflections indexed by the
commensurate kCM = (− 1

2 ,0, 1
2 ) and the incommensurate kICM2 =

(δa,qb,
1
2 + δc) propagation vectors and (b) the wave number qb at

1.5 K. (c) Magnetic field variation of the ferroelectric polarization at
2.0 K.

increases again, and adopts the constant value of 0.244 above
9 T. As mentioned above, the magnetization process shows
an anomaly at H = 8 T, which might be associated with
the change in the wave number. It should be mentioned that
above 7 T, two additional magnetic reflections were observed
at Q = 0.55 and 0.75 Å−1 positions (not shown) whose nature
is unclear at the present.

This spin arrangement is associated with the single six-
dimensional irreducible representation mC1 [order parameter
direction P 2(a, − a,0,0,0,0)] of the R3̄m1′ space group and
is identical to that reported in the previous works [26,28]. The
crystal lattice keeps the monoclinic distortions detectable in the
high-resolution diffraction patterns and the obtained magnetic
structure possesses the following symmetry elements, twofold
screw axis (21) along the b axis, mirror (m) perpendicular to the
b axis, and inversion (1̄), which implies the centrosymmetric
magnetic space group Pa21/m (in the BNS notation) with the
identical to the ICM1 phase point group 2/m1′.

2. Magnetic orderings under high magnetic field

In general, to refine powder diffraction data for anisotropic
spin systems measured under magnetic field, preferred orien-

μ
δ δ

α

FIG. 10. (Color online) (a) Magnetic field dependence of
the satellite reflections 000 + kICM2 and 001 + kICM2 [kICM2 =
(δa,qb,

1
2 + δc)] at 1.5 K. The intensity of the former reflection is

multiplied by a constant for appropriate scaling. (b) The modified
cycloid magnetic structure as the most probable model for the ICM2
phase. The magnetic moments are rotating in the ab plane. (c) The
magnetic structural refinement of the experimental data collected at
T = 1.5 K and H = 5 T. The first line of the vertical bars indicates the
peak positions of the main structural phase of α-NaFeO2. The second,
third, and fourth bar lines correspond to the CM collinear state, ab

cycloid, and ferromagnetic components, respectively. The other bar
lines indicate the impurity peak positions, which are explained in
Fig. 7. The refined parameters and reliability factors are given in the
inset.

tation effects on relative magnetic intensities may need to be
included [36]. Nevertheless, if the magnetic field does not
affect the relative intensities of the magnetic peaks, as in
the present case [the field variations of the 000+ and 001+
magnetic satellites are identical at least below 6 T, Fig. 10(a)],
the field induced phase can be treated as homogeneous at
a first approximation. As shown in Figs. 10(b) and 10(c),
we have successfully refined the diffraction pattern measured
in H = 5 T, using a nearly cycloidal structure with the spin
components being in the (ab) plane. The “nearly” cycloid
means here that the small but nonzero components δa and δc

of the kICM2, implying an admixture of the helical components
along a and c as well as the b direction. This results indicates,
that in the case of α-NaFeO2, the response of the system on
magnetic field is not very anisotropic and the field induces the
ICM2 phase in majority grains of the studied samples. This
is probably because of the incommensurate structure is more
“polarizable” (has a higher susceptibility) for most of the field
directions in comparison with the commensurate phase. The
refined value of the magnetic moments in the structure with
the circular envelope is Mab = 3.00 ± 0.01μB . The model
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provides an excellent refinement quality (RBragg = 2.60%)
and inclusion of ellipsoidal modulation does not improve the
fitting. We also tested some other models in the refinement
procedure such as proper screw and cycloid structures with the
spin components along the b axis and perpendicular to (ab)
plane; however, all these models provide essentially worse
agreement with the experimental data.

In the most symmetric case, when kICM2 is on the line
of symmetry [kICM2 = (0,qb,

1
2 ) in the monoclinic or (q,q, 3

2 )
in the hexagonal setting], like in the case of zero field, the
magnetic structure mentioned above is a proper cycloid which
breaks the inversion and preserves the mirror plane (point
group is m1′). This structure combines two irreducible order
parameters mY1 ⊕ mY2 of the parent R3̄m1′ space group, im-
plying the polar (3+1) superspace symmetry Cm1′(0,β, 1

2 )0s

(β = qb). Application of the magnetic field in a general
direction breaks the mirror plane as well, resulting in the
triclinic P 1(α,β,γ )0 superspace group that allows all three
components of the propagation vector to be nonzero. Thus,
the two additional field-induced components, δa and δc of
the kICM2, are the direct consequence of the symmetry of the
system in the magnetic field. For more detailed discussion of
this effect and its relation to the polycrystalline nature of the
sample, see Ref. [37].

The temperature dependence of the magnetic diffraction
patterns at 9 T is shown in Fig. 11. As clearly seen from
the backscattering data, the magnetic reflections 110− and
11̄0+ split into two peaks below 5.5 K, indicating the phase

δ δ
001+

110 -1-1-1+ 111 -1-10+

110 - 1-10+

FIG. 11. (Color online) Temperature dependence of the neutron
powder diffraction profiles at 9 T in α-NaFeO2. The data were
measured using (a) 90 deg and (b) backscattering detector banks on
WISH. The data at 16 K in the paramagnetic phase were subtracted
from each low temperature pattern. All data were taken on a heating
process after cooling down to 1.5 K in H = 9 T.

δ
δ

μ

δ δ

δ
δ

FIG. 12. (Color online) Temperature dependence of (a) the inte-
grated intensity of the magnetic reflection 000+, (b) the wave number
qb, and the incommensurabilities δa and δb, and (c) the electric
polarization in H = 9 T for α-NaFeO2.

transition from the ICM1 to the ICM2 phase. The wave number
qb also changes around this temperature and the parameters δa

and δc start deviating from the commensurate values. These
results are consistent with the appearance of the ferroelectric
polarization below TN2, as demonstrated in Fig. 12(c).

IV. DISCUSSION

A. Phase diagram

Based on the magnetization, dielectric, and neutron diffrac-
tion data, a (H − T ) phase diagram has been constructed
(Fig. 13). The diagram includes three magnetic phases ICM1
(spin density wave), ICM2 (cycloid), and CM (collinear anti-
ferromagnet) with distinct stability regions. ICM1 is the high
temperature phase and is the first ordered state of the system
in all measured fields. In low magnetic fields H < 2.5 T and
the intermediate temperature range 5.5 � T � 7.5 K, ICM1
coexists with the polar ICM2 phase. The ground state of the
system in zero field is CM, though this phase always coexists
with ICM2, indicating an almost degenerate nature of these
phases. The phase coexistence might be caused by inevitable
chemical inhomogeneity in powder samples. In fact, the
volume fractions of both phases slightly depends on sample, as
shown in Fig. 9. For further understanding this phenomenon,
systematic investigations of impurity effect on the magnetic
ordering are necessary. In the case of another triangular lattice
antiferromagnet CuFeO2, nonmagnetic impurities drastically
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α

FIG. 13. (Color online) Magnetic phase diagram of polycrys-
talline sample of α-NaFeO2. Circle, triangle, and square symbols
denote the temperatures and fields where the magnetization, dielectric
constant, and neutron diffraction data show anomaly, respectively.
The phase boundaries are drawn by dotted lines. In the regions where
the phase coexistences were observed, the minor phase is given in
parentheses. The hatched area represents nonzero polarization, whose
value is roughly proportional to the color contrast.

affect the magnetic ordering and causes the coexistence of
the collinear ground state and the impurity induced helical
state [38].

When the magnetic field is applied at low temperature, the
ICM2 phase becomes the ground state of the system above 3 T,
resulting in the enhancement of the ferroelectric polarization.
With further increasing field, an additional magnetic phase
appears above 7 T, whose nature has not been clarified in
the present study due to limited information available in the
powder diffraction data. To investigate this phase in more
detail, higher magnetic fields or single crystal diffraction
experiments are needed.

B. Mechanism of the ferroelectricity

Let us discuss the polarization behavior in α-NaFeO2 based
on the symmetry of the deduced magnetic structures. The
centrosymmetric rhombohedral space group R3̄m1′ of the
paramagnetic phase is reduced down to the monoclinic (3+1)
superspace group C2/m1′(0,β, 1

2 )s0s by the irreducible order
parameter mY1 representing the spin density wave in the ICM1
phase. The corresponding magnetic point group controlling
the macroscopic properties in the system is centrosymmetric
2/m1′ in agreement with the absence of polarization in this
phase.

The neutron diffraction data in magnetic field revealed
that the polar behavior is associated with the cycloidal
spin arrangement in the ICM2 phase which coexists with
ICM1 and CM in zero field and is the ground state of
the system in high magnetic fields (Fig. 13). The (3+1)
superspace group of this phase is Cm1′(0,β, 1

2 )0s which is
a result of the symmetry breaking by the reducible order
parameter mY1 ⊕ mY2. The polar magnetic point group m1′
restricts the direction of the polarization to be parallel to the
mirror plane (P ⊥ b). A schematic representation of the zero

δ δ

FIG. 14. (Color online) (a) Schematic illustration of the cycloidal
structure of the ICM2 phase in zero magnetic field for α-NaFeO2

and directions of the two electric dipole components in the ac

plane, p1 ∝ r ij×(Si×Sj ) and p2 ∝ Si×Sj allowed by the magnetic
symmetry. In a magnetic field, additional (b) cycloid and (c) proper
screw modulations along a and c axis are induced, which generate
the electric polarizations, p3(cycloid) ∝ r ij×(Si×Sj ) and p3(helix) ∝
[r ij · (Si×Sj )]A, respectively.

field cycloid structure in the ICM2 phase is illustrated in
Fig. 14(a). The spin current mechanism [6] and the theory of
inverse DM effect [5] developed for the orthorhombic Pbmn

perovskites both predict p ∝ r ij×(Si×Sj )(≡ p1), i.e., P to be
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perpendicular to both r ij and Si×Sj , and therefore confined
along the −a direction in Fig. 14. Nonetheless, the deduced
point symmetry does not restrict P to the −a direction only
and allows the orthogonal component, parallel to Si×Sj . Thus,
based on the symmetry argument, one can introduce additional
contribution to the macroscopic polarization p2 ∝ Si×Sj .
Kaplan and Mahanti [19] have shown that this additional term
p2 contributes to macroscopic polarization in both cycloid and
proper screw helical cases, unless mirror plane containing r ij

or twofold rotation axis perpendicular to r ij exists. Therefore,
the direction of the polarization in α-NaFeO2 is not expected
to follow the well known expression [4–6]. Although the
mechanism regarding the appearance of P is the inverse DM
effect, its direction is determined by the sum of the two
orthogonal components p1 + p2. It should be pointed out here
that the p2 component parallel to Si×Sj is also applicable
to other delafossite compounds ABO2 (A = Cu, Ag, B = Fe,
Cr) where the spin ordering breaks the threefold and inversion
symmetry [11–14,16,17,22].

Application of the magnetic field at low temperature stabi-
lizes the ICM2 phase and reduces its symmetry down to the
triclinic P 1(α,β,γ )0. The latter allows δa = α and δc = γ − 1

2
to be nonzero resulting in admixture of the another cycloidal
and the proper screw components. They generate an additional
contribution p3 to the macroscopic polarization, perpendicular
to both p1 and p2 through the classical inverse DM effect
[4–6] p3(cycloid) ∝ r ij×(Si×Sj ) generated by the cycloidal
modulation propagating along the a axis, and the ferroaxial
mechanism [9,10] p3(helix) ∝ [r ij · (Si×Sj )]A induced by
the proper screw component propagating along the c axis.
[Figs. 14(b) and 14(c)]. Therefore, the polarization in the field
induced ICM2 phase is not restricted and takes a general direc-
tion, namely ptotal = p1 + p2 + p3(cycloid) + p3(helix). The ad-
ditional polarization p3 induced by the magnetic field applied
in a general direction phenomenologically is described by the
free-energy coupling invariants b212HbHaPb + b232HbHcPb

(where Ha,b,c are components of the magnetic field, b212,b232

are phenomenological coefficients, and Pb ≡ p3) allowed
by the m1′ point group. Thus, the field-induced symmetry
lowering of the incommensurate propagation vector resulting
in admixture of the cycloidal and proper screw components
of the magnetic order parameter represents the mechanism
of this bilinear magnetoelectric effect. The thermodynamical
aspects of this phenomena is discussed in Ref. [37]. The linear-
quadratic magnitoelectric coupling invariants of the HbHa(c)Pb

form indicate that p3 can be switched by flipping one of the
field components (Hb or Ha,c), which implies changing of the
spin chirality of the field-induced cycloidal and proper screw
components.

C. Stability of the magnetic ground state

The CM collinear antiferromagnetic structure in α-NaFeO2

is essentially different from the ground state of the closely
related delafosite compound CuFeO2. The difference relates
to both the propagation vector k = (− 1

2 ,0, 1
2 ) in α-NaFeO2

and k = (0, 1
2 , 1

2 ) in CuFeO2, and the respective spin directions
along the hexagonal [110] (monoclinic b) and [001] (mono-
clinic c) axes. The main reason for the difference is apparently
the sign of the nearest neighbor exchange parameter J1, which

is negative in CuFeO2 [39,40] and positive in α-NaFeO2

according to the mean field calculation by Tomkowicz and
Vanlaar [26].

As it has been discussed by Mekata et al. [23], the nearest
neighbor exchange interaction in the basal plane of CuFeO2

is a sum of ferromagnetic direct exchange and antiferromag-
netic 90◦ superexchange. Although the 180◦ superexchange
interaction between octahedrally coordinated Fe3+ spins is
well known to be strongly antiferromagnetic [41], the 90◦
superexchange between 3d5 spins involves several competitive
mechanisms and its sign is difficult to predict [41,42]. The
interatomic distances between the nearest neighbor Fe ions
determined from the refinement of the high resolution neutron
diffraction data are 3.01824(33) in α-NaFeO2 and 3.02980(4)
in CuFeO2, at 16 K. The ferromagnetic direct exchange in α-
NaFeO2, therefore, is expected to be stronger than in CuFeO2.
The bond angles Fe3+-O2−-Fe3+ in α-NaFeO2 and CuFeO2

are �96.8◦ and �93.2◦, respectively. The difference in the
bond angles favors a weaker antiferromagnetic superexchange
interaction in α-NaFeO2. Thus, the sum of the stronger fer-
romagnetic direct exchange and the weaker antiferromagnetic
superexchange in α-NaFeO2 might result in the change of the
sign for the nearest neighbor exchange parameter.

In respect of the experimentally found direction of the
spins in the ground state of α-NaFeO2, we found a placeable
explanation based on anisotropic dipole-dipole interaction.
Indeed, since a strong magnetocrystalline anisotropy through
spin-orbit coupling is not expected in the system of the orbitally
singlet Fe3+ ions, the magnetic dipole interaction can provide
the predominant contribution to the magnetic anisotropy taking
into account the relatively large magnetic moment of these
ions. To verify this assumption, we numerically calculated the
magnetic dipole energy of the CM ground state of α-NaFeO2,
using the following expression:

ED = 1

2
(gμB)2

n∑
i �=j

1

r3
ij

(
Si · Sj − 3(Si · r ij )(Sj · r ij )

r2
ij

)
.

 μ

θ

FIG. 15. (Color online) The spin direction dependence of the
magnetic dipole energy. For −90◦ � θ � 0◦, θ corresponds to the
angle tilted toward the hexagonal c axis from the b axis, and the angle
toward the a axis for 0◦ � θ � 90◦. The calculation was carried out
with the system size of 1352 sites.
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Evaluation of ED for different sizes of the system up to
104 spins confirmed that ED becomes practically constant
above the 103 number of spins. Figure 15 demonstrates
the dependence of ED on the tilting angle θ of the spins
from the monoclinic b axis. One can clearly see that the
energy minimum corresponds to θ = 0 in agreement with the
experimentally found spin direction.

V. CONCLUSION

Geometrically frustrated antiferromagnet α-NaFeO2 ex-
hibits a sequence of magnetostructural phase transitions
induced by temperature and magnetic field. The highest
temperature transition occurring at TN1 = 11 K results in a
long range incommensurate magnetic ordering (ICM1) with
collinear sine modulated moments, reducing the paramagnetic
rhombohedral R3̄m1′ symmetry down to the nonpolar (3+1)
magnetic superspace group C2/m1′(0,β, 1

2 )s0s. Below TN2 =
7.5 K, ICM1 phase coexists with the polar Cm1′(0,β, 1

2 )0s cy-
cloidal ordering (ICM2). It turns into collinear commensurate
(CM) ground state with the nonpolar Pa21/m symmetry at
TN3 = 5.5 K. A small amount of ICM2 always coexists with
the ICM1 and CM phase producing a nonzero polarization
below TN2 in zero magnetic field. The difference between the

collinear ground state in α-NaFeO2 and the closely related
delafossite CuFeO2 is attributed to different signs of the nearest
neighbor interactions and the predominant contribution of the
dipolar interactions to the magnetic anisotropy in the case of
α-NaFeO2. Magnetic field destabilizes the collinear ground
state and promotes the polar ICM cycloidal phase resulting
in a drastic increase of the polarization. The symmetry
of the zero field cycloidal spin structure allows the two
orthogonal components p1 ∝ r ij×(Si×Sj ) and p2 ∝ Si×Sj

to contribute to the macroscopic polarization through the
inverse DM effect. The applied magnetic field reduces the
symmetry of the ICM2 phase down to the triclinic P 1(α,β,γ )0,
resulting in admixture of additional cycloidal and proper
screw components both generating magnetic field switchable
polarization p3 perpendicular to p1 and p2.
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