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Nonlinear piezomagnetoelectric effect in CuFeO2
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We investigate phenomena correlated with multiple degrees of freedom in a geometrically frustrated magnet,
CuFeO2, by applying uniaxial pressure p and magnetic field H . Ferroelectric polarization is induced by a
combination of p and H only in a sinusoidally amplitude-modulated magnetic structure phase, in which
the sinusoidal magnetic ordering does not break the inversion symmetry. The crystal structure and magnetic
structure in this phase seem to be unchanged, even by the application of p and H within the present neutron
diffraction experiments. These results indicate that this phenomenon differs from conventional spin-driven
ferroelectricity as observed in an H -induced helical magnetic phase of CuFeO2. We propose that the induction
of ferroelectric polarization by the combined application of p and H in CuFeO2 can be regarded as a nonlinear
piezomagnetoelectric effect.
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Cross-correlated phenomena in solids are not only useful
for electronic device applications, as exemplified by the piezo-
electric effect, but also have promoted fundamental studies in
condensed matter physics to understand their coupling mech-
anism and underlying novel physical concepts. In particular,
recent progress in research on magnetoelectric (ME) effects
has revealed a nonlinear cross correlation between ferroic
order parameters and nonconjugated external fields [1–3],
i.e., a ferroelectric polarization (a spontaneous magnetization)
can be controlled by a magnetic field (an electric field). To
realize nonlinear ME effects, it is important for an order
parameter to have relation to its nonconjugated degrees of
freedom. In spin-driven ferroelectric materials, for instance,
specific magnetic structures break the inversion symmetry in
these systems and generate ferroelectric polarization through
a spin-orbit interaction or the exchange striction effect [3].

Geometrically frustrated magnets are the leading candi-
dates for spin-driven ferroelectric materials because they tend
to exhibit characteristic magnetic structures that break spatial
inversion, such as the spiral arrangement of spins, due to the
frustration between spins [3–5]. Besides this tendency, the
geometrically frustrated magnets are also widely known to
often be spin-lattice coupled systems, in which a magnetic
phase transition is accompanied by a lattice distortion to par-
tially relieve the frustration [6–8]. Therefore, several degrees
of freedom in the geometrically frustrated magnets, such as
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charge, spin, orbital, and lattice are potentially related to each
other, and novel phenomena correlated with multiple degrees
of freedom are expected beyond “cross” correlation.

In this Rapid Communication, we demonstrate that ferro-
electric polarization is induced in a geometrically frustrated
magnet, CuFeO2, only when both the uniaxial pressure p
and magnetic field H are simultaneously applied in a specific
sinusoidally amplitude-modulated magnetic structure phase.
Taking into account that this sinusoidal magnetic ordering
does not break the inversion symmetry in CuFeO2, the present
results indicate that this phenomenon differs from the conven-
tional spin-driven ferroelectricity as observed in an H-induced
helical magnetic phase of CuFeO2, and therefore could be
regarded as a nonlinear piezomagnetoelectric effect.

Delafossite CuFeO2 with the space group R3̄m exhibits
both spin-driven ferroelectricity and spin-lattice coupling. A
Fe3+ ion forms a triangular lattice, which is stacked rhom-
bohedrally along the c axis, and carries a magnetic moment
(S = 5/2) with antiferromagnetic interactions, which results
in geometrical frustration. As shown in Fig. 1, various studies
have established a highly rich temperature T vs H magnetic
phase diagram for CuFeO2 [9–14]. Each of the magnetic
orderings in Fig. 1 has a magnetic modulation wave vector
(q, q, 3/2) [15]. As the temperature T decreases without H ,
the paramagnetic (PM) phase becomes a partially disordered
(PD) phase at TN1 = 14 K [16,17]. In the PD phase, the
amplitude of spins almost along the c axis is sinusoidally
modulated [q = 0.196–0.220 (T dependent)] [17]. On fur-
ther cooling to TN2 = 11 K, a collinear four-sublattice (4SL)
phase is realized, where the magnetic moments are oriented
along the c axis in a two-up, two-down sequence (q = 1/4)
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FIG. 1. Schematic H‖c-T magnetic phase diagram for CuFeO2

under zero applied pressure. Schematic diagrams of magnetic struc-
tures and the Fe3+ triangular lattices in each phase are also shown.

[16,17]. These magnetic phase transitions are accompanied
by a spontaneous lattice distortion [18,19]. The equilateral
triangular lattice in the PM phase turns to be an isosceles
triangular lattice in the PD phase (see Fig. 1), and the space
group changes from rhombohedral R3̄m to monoclinic C2/m
[18,19]. In the lattice distortion, the hexagonal [110] (mono-
clinic b) axis elongates and the hexagonal [11̄0] (monoclinic
a) axis contracts. Therefore, uniaxial pressure p along the
[11̄0] direction can be considered as its conjugate field. In the
4SL phase, a space-group (C2/m)-forbidden superlattice re-
flection (h + k �= 2n with monoclinic notation) was observed
[19]. Although the lower space group in the 4SL phase is not
identified, the resultant Fe triangular lattice in this phase is
well established as a scalene triangular lattice [19–22]. When
H ‖ c is applied below TN2, CuFeO2 undergoes successive
magnetic phase transitions. In the range of 7 T � μ0H �
12 T, a ferroelectric incommensurate (FE-ICM) phase is re-
alized [14]. The FE-ICM phase has a screw helical magnetic
structure with q = 0.202–0.208 (H dependent), where the
screw axis is parallel to the [110] direction [23]. This helical
magnetic structure breaks the spatial inversion symmetry of
the system and generates a ferroelectric polarization P, along
the [110] direction through the Fe 3d-O 2p hybridization
mechanism [24] and/or the extended inverse Dzyaloshinskii-
Moriya (or spin-current) mechanism [25,26]. A collinear five-
sublattice (5SL) phase appears above μ0H � 12 T [17,27].
As in the 4SL phase, the magnetic moments in this phase
are oriented to the c axis (q = 1/5) [17,27]. The application
of H has been reported to restore the scalene triangular
lattice in the ground state toward an equilateral triangular
lattice; the resultant triangular lattices in the FE-ICM and
the 5SL phases are scalene and isosceles triangular lattices,

FIG. 2. Temperature dependence of P[110] under applied p at
μ0H ‖ c of (a) 0 T, (b) 7 T, (c) 10 T, and (d) 15 T. Data were measured
on a heating run after the poling procedure with Ep down to 2 K,
except for (d) [35].

respectively [28,29]. Hereafter, the hexagonal notation is used
throughout this Rapid Communication for convenience.

A single crystal of CuFeO2 synthesized by the floating
zone technique [30] was cut into a rectangular shape with
typical dimensions of 1.64 × 1.37 × 1.20 mm3, in which
three axes are along the [110], [11̄0], and [001] directions.
Silver paste was painted onto the [110] surfaces to make
electrodes for polarization current measurements. An electric
polarization with the [110] electrodes P[110] was deduced by
time integration of the polarization current measured with an
electrometer (Keithley 6517A). Prior to the measurements,
a poling electric field Ep (typically, |Ep| = 152.4 kV/m),
was applied during the cooling process and then removed.
Uniaxial pressure p was applied along the [11̄0] direction. For
details of the uniaxial pressure devices and the pressure cell,
see Refs. [31,32]. Note that the data for p = 0 Pa in this work
were measured under slightly applied p (�10 MPa) to produce
a single q domain state [15,33]. However, application of slight
p does not affect the magnetic phase transition temperatures.
Magnetic fields H were applied parallel to the c, [110],
and [11̄0] directions using a 15-T superconducting magnet
installed at the Tsukuba Magnet Laboratory of the National
Institute for Materials Science (NIMS). Neutron-diffraction
measurements under applied p and H ‖ c were performed
using a time-of-flight neutron diffractometer (BL18 SENJU)
installed at the Materials and Life Science Experimental Facil-
ity (MLF) of the Japan Proton Accelerator Research Complex
(J-PARC) [34].

Figures 2(a)–2(d) show the T dependence of P[110] under
applied p at selected H . Under zero H , no electric polarization
was observed, even under an applied p of 600 MPa. This
result is consistent with our previous study [36]. At μ0H =
10 T [Fig. 2(c)], CuFeO2 enters the FE-ICM phase below
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9.5 K, which results in the emergence of P[110] without the
application of p. When p of 600 MPa is applied at 10 T,
P[110] begins to emerge at ∼17 K, and then exhibits a steplike
additional increase at ∼10.5 K. The value of P[110] between
10.5 and 17 K is comparable to those of spin-driven fer-
roelectrics [2,3]. The same feature is also observed at p =
800 MPa. These results are quite similar to those of Ga-doped
CuFeO2, of which the ground state and thermally first excited
state are also the FE-ICM and PD phases, respectively [37].
Although the temperature where P[110] emerges is significantly
increased (from 8.5 to 17 K) by an applied p of 600 MPa
in the Ga-doped CuFeO2, neutron diffraction measurements
revealed that the temperature where the transition into the
FE-ICM phase occurs was increased by only ∼1 K under
p = 600 MPa; therefore, the PD phase becomes another polar
phase (described as a FE2 phase in the literature). Taking
this similarity into account, we conclude that another polar
phase is induced in the PD phase by the application of both
p and H [the red (blue) hatched area]. Note that TN1 linearly
increases with increasing p; for example, TN1 = 19 K under
an applied p of 600 MPa [36,37]. We confirm that the p
dependence of TN1 is not changed by the application of H .
Hereafter, we refer to the polar phase induced by the com-
bined application of p and H as a FE2 phase, although it may
differ from the FE2 phase observed in the Ga-doped CuFeO2

system.
When μ0H = 15 T and p � 600 MPa are applied

[Fig. 2(d)], the FE2 phase also appears in the temperature
region corresponding to the (original) PD phase. Of significant
note, P[110] vanishes in the 5SL phase [35]. At μ0H = 7 T
[Fig. 2(b)], P[110] induced by the combined application of p
and H can also be observed in the temperature region that
corresponds to the PD phase, besides P[110] in the “tip” region
of the FE-ICM phase between 10 and 11.5 K. Note that
P[110] ∼ 100 μC/m2 at 7 T can be observed even at 2 K.
This is because the FE-ICM phase partly coexists with the
4SL phase due to the application of p, which has been well
documented [31,37].

Figure 3(a) shows the H dependence of P[110] at 13.6 K
under applied p. The p-induced P[110] shows a ferroelectric
nature, as evidenced by the polarity reversal with dependence
on the sign of Ep. Unlike the T dependence, on the other hand,
P[110] is gradually induced by the application of H , rather than
emerging as a consequence of an explicit phase transition.
The magnetic field where P[110] becomes evident shifts to a
lower value with increasing p. In contrast, for the case of
H ‖ [110] or [11̄0] [see Fig. 3(b)], P[110] is not observed even
under applied p, regardless of the same (original) PD magnetic
ordering as in H ‖ c. These results clearly indicate that for the
emergence of the FE2 phase, it is necessary to apply H parallel
to the magnetic moment.

To determine whether or not the crystal and/or the mag-
netic structure in the PD phase is changed by the application of
p and H , time-of-flight neutron diffraction experiments were
performed under applied p and H . Because of the complex
geometry of experimental components in these measurements,
such as a pressure device composed of Al and ZrO2 pistons
and a superconducting magnet, attenuation and absorption of
the scattered neutrons could not be corrected for; therefore,
the accuracy of the integrated intensities is rather limited in

FIG. 3. Magnetic field dependence of P[110] under applied p.
Magnetic fields were applied along (a) the c axis, and along (b) the
[110] and [11̄0] axes. Data for (a) and (b) were measured with a
decreasing H process after the poling procedure with Ep at 15 T down
to 13.6 and 13.1 K, respectively.

spite of the small error bars. However, as shown in Fig. 4,
the integrated intensities of both the nuclear and magnetic
reflections exhibit almost no change under applied H [38].
Therefore, the change in the crystal and the magnetic struc-
tures by the application of p and H is almost indistinguishable
within the accuracy and resolution of the present experi-
ments. This result indicates that the modification of the PD
crystal/magnetic structures by application of p and H is quite
small, if it exists. Thus, this result strongly suggests that P[110]

in the FE2 phase is not purely spin driven, as in the FE-ICM
phase.

Here, we phenomenologically discuss ferroelectricity in-
duced in CuFeO2 by the combined application of p and H .
Induction of electrical polarization using two external fields, a
strain σ and H , is known as the piezomagnetoelectric (PME)
effect, which is described as Pi = πi jkl Hjσkl , where πi jkl is the
piezomagnetoelectric tensor [39,40]. In the 1990s, detection
of the PME effect had been somewhat poor because the PME
coefficient (or a matrix element of πi jkl tensor) is small.
However, reports on the PME effect [41] and related phe-
nomena [42–44] have been growing due to recent approaches
where modern experimental techniques have been employed
and multiferroic materials have been targeted. However, the
phenomenon observed in the present work should not be the
PME effect. Indeed, the H dependence of the p-induced P[110]

[Fig. 3(a)] and the p dependence of P[110] at fixed T and H
[Figs. 2(b)–2(d)] are not linear. Moreover, πi jkl must vanish
when the magnetic point group contains 1̄ (space inversion)
or 1′ (time inversion) [39,40]. The magnetic point groups in
the PD and 4SL phases of CuFeO2, and moreover that in
the FE-ICM phase, are 2/m1′, 2/m1′, and 21′, respectively
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FIG. 4. Relative integrated intensities I (H )/I (H = 0 T) of neu-
tron diffraction from (a) nuclear reflections and (b) magnetic reflec-
tions as a function of μ0H ‖ c. Measurements were performed at
13.6 K under an applied p of 745 MPa.

[45], which makes πi jkl vanish, although it is still a possibility
that the 2/m1′ point group in the PD phase is modified by
the application of p and H , which results in an active PME
effect. Therefore, to classify P[110] induced in CuFeO2 by
the combined application of p and H , we propose that the
phenomenon in this study is a nonlinear PME effect, by
analogy with spin-driven ferroelectricity as a nonlinear ME
effect [46].

As described above, important ingredients to induce
the phenomenon are the sinusoidal magnetic structure and
the application of H ‖ c, of which the direction corresponds
to the parallel direction of the magnetic moments in the
sinusoidal magnetic ordering. When H ‖ c is applied in the
PD phase, an explicit magnetic phase transition does not
occur, whereas the amplitude of the moments is slightly
modified by the application of H ‖ c, as evidenced by 2q
reflections on the forbidden (h, k, 0) plane [10]. Since the
amplitude of the moments is sinusoidally modulated in the
PD phase, modification of the short moments should be larger
than that of the longer moments under applied H ‖ c. This

situation means that H modification of the moments differs
at each of the Fe sites. On the other hand, the application
of H ⊥ c is considered to incline the magnetic moments
toward the direction of H , rather than to change the length
of them. Therefore, this “site-dependent H modification of
the moments” can arise only in the PD phase under applied
H ‖ c. Although we could not clarify at the present stage
how the application of p induces P[110] in combination with
the site-dependent H modification of the moments, we point
out the possibility that the site-dependent modification of the
moments plays an important role in the induction of P[110] in
CuFeO2 by the combined application of p and H .

Finally, we consider the relationship between the p-
induced FE2 phases in pure CuFeO2 with H and in Ga-
doped CuFeO2 without H . As in our previous study [36],
the FE2 phase does not emerge in pure CuFeO2 without
H , even under an applied p of 800 MPa in the PD phase.
In some geometrically frustrated magnets, it is reported that
the nonmagnetic impurities affect the system as an effective
random field [47–49]. Taking these studies into account, the
results of Ga-doped CuFeO2 without H suggest that the
nonmagnetic impurities site-randomly affect this system as
a magnetic field to some content, which yields a situation
similar to the site-dependent H modification of the moments
in pure CuFeO2 under applied H ‖ c. This suggestion would
also be corroborated by the emergence of the FE-ICM phase
either by the application of H ‖ c [14] or by the introduction
of nonmagnetic impurities [50,51].

In summary, we have searched for other phenomena cor-
related with multiple degrees of freedom in the geometrically
frustrated magnet CuFeO2, by applying uniaxial pressure p
and a magnetic field H . Ferroelectric polarization is induced
in the original PD phase by the application of p together
with H . The crystal and magnetic structures seem to be
unchanged by the application of p and H , which suggests
that this phenomenon differs from conventional spin-driven
ferroelectricity, as in the FE-ICM phase. We propose that the
induction of ferroelectric polarization in CuFeO2 by the com-
bined application of p and H can be regarded as a nonlinear
PME effect.

The neutron experiments were performed at J-PARC/MLF
under user Programs No. 2015A0090 and No. 2017A0173.
This work was supported by the NIMS Joint Research Hub
Program and partly by Grants-in-Aid for Scientific Research
(C) (No. 26400369) from the Japan Society for the Promotion
of Science.
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