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In multiferroic CuFe0.95Al0.05O2, applying uniaxial pressure p generates a magnetoferroelectric
phase distinct from the well-studied spin-driven ferroelectric phase associated with helical magnetic
ordering in this system. Using a four-circle neutron diffractometer, the magnetic structure of the
p-induced magnetoferroelectric phase is determined as the collinear sinusoidal type, which itself
does not break the inversion symmetry in this system. Additionally, synchrotron radiation x-ray
diffraction experiments are conducted to investigate how the triangular lattice in CuFe0.95Al0.05O2

is distorted by applied p. Although lattice distortion during the magnetic phase transition in
CuFe0.95Al0.05O2 is mitigated by the substitution of nonmagnetic Al3+, the application of p along the
conjugate direction revives the “latent” spin–lattice coupling, causing the triangular lattice to distort
during magnetic phase transition. The application of a magnetic filed considerably reduces p-induced
ferroelectric polarization, but does not affect lattice distortion. These results indicate that p-induced
ferroelectric polarization is not a consequence of the piezoelectric effect. Instead, the sinusoidal
magnetic structure would contribute to the emergence of p-induced ferroelectric polarization through
spin-lattice coupling.

I. INTRODUCTION

In geometrically frustrated magnets, competing in-
teractions often result in complex magnetic structures,
such as spiral magnetic ordering, which break the in-
version symmetry in the system1,2. Recent studies on
magnetoelectric effects have reported that such spiral
magnetic ordering can induce ferroelectric polarization
driven by either spin–orbit interactions or the exchange
striction effect3–7. Additionally, these magnetic systems
tend to strongly correlate lattice degrees of freedom and
spins, lifting the large ground-state degeneracy caused
by frustration8–11. Consequently, degrees of freedom in
geometrically frustrated magnet–namely charge, spin, or-
bital, and lattice–are potentially interconnected. The in-
terplay between these degrees of freedom often induces
exotic phenomena, such as piezomagnetoelectric effects,
which can be controlled by external fields12–19. Delafos-
site CuFeO2, which exhibits both spin-driven ferroelec-
tricity and strong spin–lattice coupling, serves as an ex-
ample of a system where multiple degrees of freedom are
interlinked.

The crystal structure of CuFeO2 belongs to the R3̄m
space group at room temperature (a = b = 3.03 Å and
c = 17.17 Å in the hexagonal notation)20. As shown
in the inset of Fig. 1(a), Fe3+ in CuFeO2 (S = 5/2)
form a triangular lattice with antiferromagnetic inter-
actions, resulting in geometrical frustration. With de-
creasing temperature (T ), CuFeO2 undergoes sequential

magnetic phase transitions from the paramagnetic (PM)
phase to a partially disordered (PD) phase at TN1 = 14 K
and subsequently to a four-sublattice (4SL) phase at TN2

= 11 K21,22. Spin configurations in the PD phase and the
4SL phase are sinusoidally amplitude-modulated almost
along the c axis (Fig. 1(b)) and collinear ↑↑↓↓ along the
c axis (Fig. 1(c)), which are characterized by magnetic
propagation wave vectors (q, q, 3/2; q = 0.196–0.220) (T
dependent) and (1/4, 1/4, 3/2), respectively21,22. Sub-
stituting Fe3+ with a few percentage nonmagnetic Al3+

or Ga3+ induces two additional magnetic phases: the
ferroelectric-incommensurate (FE-ICM) phase and the
oblique-PD (OPD) phase23–26. A schematic of the x–
T phase diagram for CuFe1−xAlxO2 is illustrated in Fig.
1(a). In the FE-ICM phase, known as the spin-driven fer-
roelectric phase, a screw helical magnetic structure with
a wave vector (q, q, 3/2; q ∼ 0.207) breaks the spatial in-
version symmetry of the system (Fig. 1(d)) and generates
ferroelectric polarization P along the [110] direction27,28.
The helicity of this magnetic structure, with its screw
axis along the [110] direction, directly determines the di-
rection of P . This relationship is well explained by the Fe
3d–O 2p hybridization mechanism29 and/or the extended
inverse Dzyaloshinskii–Moriya mechanism30,31. Similar
to that in the PD phase, the magnetic structure in the
OPD phase is the sinusoidal and inclined at ∼50◦ from
the c axis toward the [1̄10] direction (Fig. 1(e))32. Unlike
that in the PD phase, the value of q = 0.195 in the OPD
phase remains independent of T 25,33.
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FIG. 1. Schematic x-T magnetic phase diagram of
CuFe1−xAlxO2. Illustrations of the magnetic structure and
Fe3+ triangular lattice in the (b) PD, (c) 4SL, (d) FE-ICM,
and (e) OPD phases.

Magnetic phase transitions in this system, except for
the transition from the PM phase to the OPD phase, are
accompanied by spontaneous lattice distortions that par-
tially relieve geometrical frustration20,34–36. During the
transition from the PM phase to the PD phase at TN1,
the crystal symmetry changes from hexagonal R3̄m to
monoclinic C2/m20,35 and further changes into the lower
monoclinic symmetry in the 4SL and FE-ICM phase34,37.
As shown in Figs. 1(b)–1(e), previous synchrotron ra-
diation x–ray diffraction studies have well established
triangular lattices in each of the aforementioned mag-
netic phases36,38. During lattice distortion, the hexago-
nal [110] (monoclinic bm) axis elongates while the hexag-
onal [11̄0] (monoclinic am) axis contracts. Thus, uniaxial
pressure p along the [11̄0] direction acts as a conjugate
field to lattice distortion in this system.

Based on this relationship, the effects of p on mag-
netic phase transitions39,40, lattice distortions40,41, and
spin-driven ferroelectricity42,43 in CuFe1−xMxO2 (M =
Ga and Al) have been extensively investigated. In par-
ticular, applying p ∥ [11̄0] ≥ 200 MPa, with the value
of p varying with x, generates a new ferroelectric phase
different from the FE-ICM phase19,33. Hereafter, this

p-induced ferroelectric phase is referred to as the FE2
phase. Ferroelectric polarization in the FE2 phase is
aligned along the [110] direction, similar to that in the
FE-ICM phase, and its value is comparable with or larger
than that in the FE-ICM phase19,33. Previous studies
have reported that under applied p, PD or OPD phases
become ferroelectric, with the magnetic structure of the
p-induced FE2 phase apparently retaining a collinear si-
nusoidal configuration19,33. These results suggest that
a collinear sinusoidal magnetic structure is essential for
the emergence of the FE2 phase, irrespective of the tilt
of the sinusoidal plane. However, as will be discussed
in Sec. III B, using a two-axis diffractometer prevents a
definitive distinction between sinusoidal and screw helical
orderings. Consequently, the magnetic structure of the
FE2 phase remains largely unclear. Meanwhile, the tri-
angular lattice distorts into an isosceles shape in the PD
phase even at ambient pressure, while it remains equilat-
eral in the OPD phase, as mentioned earlier. Elucidating
the deformation of the triangular lattice during transition
from the OPD phase to the FE2 phase under applied p
and its relationship with the ferroelectricity of the FE2
phase is critical.
In this study, to shed light on the origin of P[110] in the

FE2 phase, we reinvestigate the magnetic structure in
the FE2 phase using a four-circle neutron diffractometer,
and examine how applied p distorts the triangular lattice
during the transition from the OPD to the FE2 phase.
CuFe0.95Al0.05O2, indicated by an orange arrow in Fig.
1(a), is chosen as the target material because its lattice
distortion during the PM-to-OPD phase transition was
suppressed by the substitution of nonmagnetic Al3+. The
magnetic structure of the FE2 phase is identified as the
collinear sinusoidal type. As such a collinear sinusoidal
magnetic structure does not break the inversion symme-
try, we reconfirm our previous conclusion that P[110] in
the FE2 phase is not purely spin-driven, unlike in the FE-
ICM phase. The T dependence of bm in CuFe0.95Al0.05O2

exhibits variations under applied p even in the PM phase
and certain anomalies around TN1 and the OPD-to-FE2
transition temperature. These results suggest that ap-
plying p along the conjugate direction activated “latent”
spin–lattice coupling, leading to triangular lattice dis-
tortion during magnetic phase transition. Such lattice
distortion into at least an isosceles triangular lattice as
well as the sinusoidal magnetic structure would be essen-
tial for generating the FE2 phase. These findings form
the basis for discussing the origin of “spin-associated”
ferroelectricity.

II. EXPERIMENTS

A single crystal of CuFe0.95Al0.05O2 with the nomi-
nal composition was prepared using the floating zone
technique44. The crystal was cut into a rectangular shape
with typical dimensions of 1.12× 1.98× 2.60 mm3, in
which three axes are along [110], [11̄0], and [001] direc-
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tions.
Uniaxial pressure p was applied along the [11̄0] direc-

tion using a custom-built uniaxial pressure device and
pressure cell. Details regarding this equipment can be
found elsewhere [39, 41, and 45]. The maximum force of
our uniaxial pressure device is 2000 N. Since the pres-
surized area of the sample is 1.12× 2.60 ≃ 2.91 mm2,
we can apply p up to 600 MPa to the sample. Except
for the neutron diffraction experiment described below,
p was applied at 25 K in all measurements.

The T dependence of magnetic susceptibility (χ) under
a 1000 Oe magnetic field applied along the [11̄0] direction
was measured using a superconducting quantum inter-
ference device magnetometer (Quantum Design). The
real and imaginary parts of dielectric constant, ϵ′r/ϵ

′′
r ,

were obtained at 10 kHz using an LCR meter (Agilent
4980A) with silver paste electrodes applied to the [110]
surfaces. Ferroelectric polarization using [110] electrodes,
P[110], was determined by integrating the polarization
current measured using an electrometer over time (Keith-
ley 6517A). Before polarization current measurements, a
poling electric field Ep (typically 240 kV/m) was applied
during the cooling process, and then removed. For P[110]

measurements under an applied magnetic filed (H) par-
allel to the [11̄0] direction, H was generated using a 15-T
superconducting magnet installed at the Tsukuba Mag-
net Laboratory of the National Institute for Materials
Science (NIMS).

Neutron-diffraction measurements under applied p
were performed using the four-circle neutron diffractome-
ter (FONDER) installed at the JRR-3 in the Japan
Atomic Energy Agency, Tokai, Japan. The incident
neutron wavelength was 1.24 Å. The sample with the
cramped-type pressure cell (see Sec. III B) was mounted
onto a closed-cycle He-gas refrigerator, and cooled down
to 3 K.

The synchrotron radiation x-ray diffraction measure-
ments under applied p andH were performed at beamline
BL-3A of the Photon Factory, High Energy Accelerator
Research Organization, Tsukuba, Japan. A supercon-
ducting cryomagnet generated an H field of up to 7 T,
parallel to the [11̄0]. The energy of the incident x-ray
was set to 14 keV unless otherwise specified. Since p ∥
[11̄0] was applied vertically, the scattering plane was the
(H,H,L) plane.

III. RESULTS

A. Emergence of ferroelectricity under applied p in
CuFe0.95Al0.05O2

Figure 2(a) shows the T dependence of χ under applied
p. TN1 increases with increasing p. This TN1(p) agrees
well with previously reported results including neutron
diffraction measurements33,40.

The application of p induces P[110], accompanied by a
significant increase in ϵ′r/ϵ

′′
r and large thermal hysteresis
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FIG. 2. Temperature dependence of (a) χ, (b) P[110], and (c)
ϵ′r under specific applied p. The insets in (b) and (c) depict
the value of the P[110] at 2 K as a function of p and the T
dependence of ϵ′′r , respectively. For clarity, the χ data for p
= 150, 300, and 550 MPa are vertically offset .

at the emergence temperature, as shown in Figs. 2(b)
and 2(c). Around TFE2 where P[110] appears or disap-
pears, ϵ′r exhibits a peak. Notably, the ϵ′r peak temper-
ature during cooling is apparently closer to TFE2 than
that during heating, although P[110] are measured on the
heating run. The ferroelectricity of P[110] is evidenced by
the polarity reversal with dependence on the sign of Ep

(see Fig. 4(b)). We add that TN1 can be determined also
by deviation from the linear T dependence of ϵ′(T ) in
the PM phase. The above results are summarized in the
p–T phase diagram in Fig. 3, which align well with pre-
viously reported results33. The slight differences, such
as the smaller TFE2 and the smaller threshold pressure
of the emergence of the FE2 phase, would be due to the
slight difference in the Al concentration. The threshold
region of the emergence of the FE2 phase are described
in the Sec. VIA.
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magnetic–electric phase diagram of CuFe0.95Al0.05O2. Open
and closed symbols represent data obtained under conditions
of increasing and decreasing T , respectively.

B. Magnetic structure in the FE2 phase

Next, we investigate the magnetic structure of the FE2
phase, which is crucial for determining whether P[110] in
this phase results from spin-driven ferroelectricity. Pre-
liminary magnetic structure analysis conducted in our
previous study revealed that the magnetic structure of
the FE2 phase was not of the cycloidal type, which is
widely observed in spin-driven ferroelectrics, but resem-
bled or was nearly identical to the PD or OPD mag-
netic structures33. However, this study was restricted to
magnetic reflections in the (H,H,L) zone of the recip-
rocal lattice space33. Within the (H,H,L) zone, “the
spin orientation factor” (SOF) described below is sym-
metric with respect to L for both the FE-ICM and the
PD(OPD) models27,32. Consequently, it remains unclear
whether the magnetic structure of the FE2 phase defini-
tively differs from the screw helical structure seen in the
FE-ICM phase27,32. To address this limitation, we em-
ploy a four-circle neutron diffractometer and a cramped-
type uniaxial pressure cell, as shown in Fig. 4(a). This
pressure cell is required to pressurize the sample at room
temperature, and the effective pressure applied to the
sample becomes uncertain after cooling. Hence, before
the neutron diffraction measurements, we confirm the
emergence of P[110] (Fig. 4(b)) and estimate the effec-
tive magnitude of applied p based on the results of P[110]

and ϵ′r measurements. Judging from TFE2, the value of
P[110], and enhancement in ϵ′r (Fig. 4(c)), the magnitude
of applied p is estimated to be ∼200 MPa. Note that
the absolute value of ϵ′r differs from the data presented in
Fig. 2(c). This difference likely originate from variations
in electrode conditions. However, the relative enhance-
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FIG. 4. (a) Schematic drawing of the cramped-type uniax-
ial pressure cell. Using CuBe disk springs, p was applied at
room temperature and maintained throughout the entire ex-
periments. T dependence of (b) P[110] and (c) ϵ′r under applied
p determined using the cramped-type uniaxial pressure cell.
(d) Typical neutron diffraction profiles recorded at (−0.804,
0.196, 0.5) under applied p at 3 K and 20 K. (e) Index L
dependence of |Fobs|2/f2(κ) for the (1 − q,−1 + q, L) and
(−1 + q, q, L) magnetic Bragg points, where q = 0.196. Solid
curves represent the fitting results for the oblique sinusoidal
model (OPD model). The inset shows a schematic of the
magnetic moment direction (red arrow) in the OPD model.

ments in ϵ′r are consistent across measurements.
Figure 4(d) shows the typical neutron diffraction pro-

files at (−1 + q, q, 0.5; q = 0.196) under applied p at 3
K and 20 K. Fourteen magnetic reflections outside the
(H,H,L) plane were successfully observed. The mag-
netic structure factor |F |2HKL is described as

|F |2HKL = γ2
0f(κ)

2µ2 · SOF, (1)

where γ0 = −0.54× 10−12 cm and µ, κ, and f(κ) denote
the amplitude of the magnetic moment, a magnitude of
the scattering vector, and a magnetic form factor of Fe3+,
respectively27,32,46. Thus, |F |2obs/f(κ)2 is proportional to
the SOF. Here, |F |obs represents the observed magnetic
structure factor. Following Refs. [27] and [32], we com-
pare |F |2obs/f(κ)2 with the calculated SOF.
Figure 4(e) shows the estimated L dependence of

|F |2obs/f(κ)2, which is clearly asymmetric. For proper
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TABLE I. Estimated angle parameters for the oblique sinu-
soidal model.

T (K) θ (deg.) ϕ (deg.) µ (µB)

FE2 4.5 28 ± 5 -4 ± 5 4 (fixed)

OPD [32] 9 51 ± 11 -2 ± 14 1.52 ± 0.13

screw helical ordering in the FE-ICM phase, these curves
remain symmetric with respect to L even outside the
(H,H,L) plane27,32. This asymmetry explicitly indicates
that the magnetic structure and the associated mecha-
nism of spin-related ferroelectricity in the FE2 phase dif-
fer from those in the FE-ICM phase. Because the FE2
phase was previously suggested to have a sinusoidal mag-
netic structure, we employ an oblique sinusoidal model as
our least-squares fitting function. Owing to the limited
number and low intensity of magnetic reflections arising
from the small sample size, we fixed the moment size at
4 µB

27 and estimate the angle parameters in the oblique
sinusoidal model. These parameters are summarized in
Table I. For a constant moment size, the fit is acceptable
within an accuracy and uncertainty range comparable to
that in prior analyses. Considering the large error mar-
gins, there exists almost no difference in ϕ between the
two phases. In contrast, θ is markedly reduced in the
FE2 phase, indicating that the original OPD magnetic
structure moves closer to the PD magnetic structure.

This inclined sinusoidal magnetic structure does not
break inversion symmetry in this system, because of the
remaining mirror plane perpendicular to the [110] axis.
Here, we emphasize that the values of the p-induced P[110]

are comparable to those in other spin-driven ferroelec-
tric materials3–7. Given the significant uncertainty of the
magnetic structure analysis in this study, minor modifi-
cations from the PD(OPD) ordering could, in principle,
break inversion symmetry. However, it seems unlikely
that such minute alterations would yield a P[110] compa-
rable to those in other spin-driven ferroelectric materials.
We therefore reaffirm our previous conclusion that P[110]

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

C. Lattice distortion induced by applied p in
CuFe0.95Al0.05O2

Figure 5(a) shows the T dependence of bm under ap-
plied p, which is estimated from the 040m Bragg reflection
using the method used in a previous study40,41. Since
we define am = a − b and bm = a + b (see the inset of
Fig. 1(a)), b∗m lies on the a∗–b∗ plane; namely, the elon-
gation of the hexagonal [110] axis by applied p ∥ [11̄0]
corresponds to the change in bm (b∗m), as shown in Fig.
5(b). At near-zero pressure (15 MPa), no anomalies
in bm(T ) are apparent at TN1 = 14 K, indicating that
the triangular lattice does not distort during the tran-
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FIG. 5. (a) T dependence of bm under applied p. Error bars
are within the size of the symbols. All data were recorded
under conditions of decreasing T . The inset presents the bm
values at 25 K as a function of p. Anomalies around TFE2 (in-
dicated by open triangles) were identified by deviations from
the linear bm(T ) dependence in the OPD phase (see the inset
of Fig.6), although these anomalies are difficult to discern at
the vertical scale used in this figure. (b) Reciprocal lattice
map of CuFe0.95Al0.05O2 showing the relationship between
the 040m and 220 Bragg reflections. In the absence of the
lattice distortion, the 040m and 220 reciprocal lattice points
coincide. The horizontal dashed arrow denotes the scan di-
rection. a∗

m⊥ denotes the c-plane projection of a∗
m, which

corresponds to the pressure direction.

sition into the OPD phase36. As shown in the inset of
Fig. 5, the value of bm at 25 K increases linearly with
p, consistent with observations in other CuFe1−xMxO2

compositions40,41. This result implies that the triangu-
lar lattice of CuFe0.95Al0.05O2 is distorted by p even in
the PM phase. Note that the magnitude of this distor-
tion induced by applied p at 25 K is comparable to that
of the spontaneous lattice distortion occurring during
the PM-to-4SL phase transition in CuFeO2 at ambient
pressure34,40. Because the 030m superlattice reflection,
an indicator of scalene triangular distortion37,40, is not



6

P
[1

10
] (

μ
C

/m
2 )

3.026

3.028

3.030

3.032
b

m
 (

Å
)

(a) p = 550 MPa

(b) p = 550 MPa

0

200

400

600

5 10 15 20 25

0 T
3 T
5 T
7 T
9 T

T (K)

TFE2 TN1

0 T,T decrease
0 T,T increase
3 T,T decrease
7 T,T decrease

5 10 15
T (K)

3.030

3.028

3.026

d
(b

m )/d
T

 (a.u.)

FIG. 6. Magnetic-field-induced variations in (a) bm and (b)
P[110] under applied p = 550 MPa as a function of T . Open
and closed symbols represent data measured with increasing
and decreasing T , respectively. The magnetic filed is ap-
plied parallel to the [11̄0] direction (∥ p). The inset in (a)
shows a magnified view of bm(T ) (0 T, T decrease) and its
T–derivative.

observed down to the lowest temperature, the triangular
lattice in the FE2 phase is inferred to remain isosceles.

With decreasing T , bm(T ) under applied p, particu-
larly below 300 MPa, exhibits anomalies near both TN1

and TFE2. These temperatures are plotted in the p–
T phase diagram shown in Fig. 3. The upward kinks
at TN1 resemble those observed in other CuFe1−xMxO2

compositions40,41. Although spin–lattice coupling is sup-
pressed by the substitution of nonmagnetic Al3+, the ap-
plication of p along the conjugate direction appears to
activate “latent” spin–lattice coupling, causing the trian-
gular lattice to distort during magnetic phase transition
in CuFe0.95Al0.05O2. Additionally, the anomaly in bm(T )
near TFE2 corresponds to the peak structure in ϵ′(T ),
even within the ambiguous emergence region around p
= 75 MPa. These results suggest that lattice distortion
into at least an isosceles triangular lattice is essential for
the emergence of the FE2 phase, alongside the sinusoidal
magnetic structure. As can be seen in the inset of Fig.
6, the anomalies in bm(T ) at TFE2 in bm(T ) under p of
450 and 550 MPa are detectable but rather small. This
observation further supports the conclusion that p acts
as a “conjugate” field to lattice distortion in this system,
similar to the T dependence of magnetization under an
applied magnetic field.

Figure 6 shows the T dependence of bm and P[110] un-
der applied p = 550 MPa and a magnetic field. In ad-
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dition to the absence of thermal hysteresis, bm(T ) under
this applied pressure remains unaffected by the magnetic
field. Conversely, the magnetic field significantly reduces
the magnitude of P[110] in the FE2 phase. These results
indicate that P[110] in the FE2 phase is not caused by
the piezoelectric effect. Instead, the sinusoidal magnetic
structure likely contributes to the emergence of P[110] in
the FE2 phase through spin–lattice coupling.

IV. DISCUSSION

Having established that p-induced P[110] in the FE2
phase is neither a consequence of purely spin-driven ferro-
electricity nor the piezoelectric effect, we now discuss its
origin. Given that our magnetic structure analyses have
revealed that the magnetic structure of the FE2 phase is
neither cycloidal nor helical, mechanisms requiring spi-
ral magnetic ordering, such as the spin current model
and the extended inverse Dzyaloshinskii–Moriya model,
would be excluded as potential explanations for the ori-
gin of P[110] in the FE2 phase. Thus, the most plausi-
ble mechanism would be the exchange striction model,
which involves the induction of ferroelectric polarization
in collinear magnetic structures7. However, in CuFeO2,
analyses of the magnetoelectric coupling coefficients in
the generalized bilinear function of spin components have
revealed that collinear magnetic structures (4SL and PD
phases) do not induce P[110]

31. Furthermore, this model
originally requires the spin modulation to be commensu-
rate with the lattice structure7,29. Therefore, in the con-
text of the exchange striction model, it is somewhat puz-
zling that the PD and OPD phases become ferroelectric
under applied p whereas the 4SL phase does not19,33,40.
To investigate whether the application of p affects
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charge transfer from Fe3+ to O2− depending on the mag-
netic structure, we tentatively examine the energy depen-
dence of x-ray scattering intensities. Resonant x-ray scat-
tering (RXS) spectra are proportional to the square of the
atomic scattering factor, given by f0(Q)+f ′(E)+if ′′(E),
where f0(Q), f ′(E), and f ′′(E) denote the Thomson
scattering factor, real part of the anomalous scattering
factor, and imaginary part of the anomalous scatter-
ing factor, respectively. The anomalous scattering fac-
tor changes significantly near the absorption edge energy,
reflecting electronic state changes during the absorption
process. Also, the absorption edge energy is sensitive to
the valence state of ions. Figure 7 illustrates the RXS
spectra at the (1, 1, 0) Bragg point near the Fe K edge
under applied p = 550 MPa. Although these data corre-
spond to the Fe K edge (1s → 4p), significant changes
in the 3d states would be expected to slightly affect the
4p states. However, the RXS spectra of the PM (25 K)
and FE2 (4.5 K) phases show almost no changes near
the absorption edge energy. Moreover, no signals are ob-
served in the so-called pre-edge region (1s → 3d) on the
lower energy side. These results suggest that the appli-
cation of p does not significantly modify the electronic
configuration of the FE2 phase.

Even in pure CuFeO2, the PD phase becomes the
FE2 phase upon the application of p19. However, in
this system, the induction of P[110] requires the com-

bined application of p and a magnetic field H19. Based
on this observation, we have proposed that the induc-
tion of P[110] through the combined application of p and
H can be regarded as a nonlinear piezomagnetoelectric
effect19. In this study, we have argued that the appli-
cation of H introduces a site-dependent modulation of
the magnetic moment magnitudes, specifically in the PD
phase, which may be a critical factor for the nonlinear
piezomagnetoelectric effect. Additionally, we have noted
that because nonmagnetic impurities influence geometri-
cally frustrated magnets by acting as an effective random
field47–49, substituting Fe3+ with Al3+ introduces site-
random effects that function analogously to a magnetic
field to some extent. This creates conditions similar to
the site-dependent modulation of magnetic moments by
H19. Therefore, the results of Al-doped CuFeO2 without
H may be understood as a similar effect of the nonlinear
piezomagnetoelectric effect.

However, the response of p-induced P[110] to H dif-
fers between CuFe0.95Al0.05O2 and CuFeO2. Specifi-
cally, H significantly reduces the magnitude of P[110] in
CuFe0.95Al0.05O2 as described above, while in CuFeO2,
H is essential for the emergence of the FE2 phase and
facilitates the induction of P[110]

19. To fully understand
this phenomenon, further investigations, including theo-
retical calculations, are necessary.

V. SUMMARY AND CONCLUSION

We reinvestigate the magnetic structure in the FE2
phase in CuFe0.95Al0.05O2 using the four-circle neutron
diffractometer, and examine how the triangular lattice in
this system is distorted by applied p as the OPD phase
transitions into the FE2 phase. The magnetic structure
of the FE2 phase is determined to be the collinear si-
nusoidal type. The application of p along the conjugate
direction activates the “latent” spin–lattice coupling in
CuFe0.95Al0.05O2, causing the triangular lattice to dis-
tort during magnetic phase transition. This suggests that
lattice distortion into at least an isosceles triangular lat-
tice, alongside the sinusoidal magnetic structure, is es-
sential for the emergence of the FE2 phase. The T de-
pendence of bm and P[110] under applied p and a magnetic
filed indicates that the p-induced ferroelectric polariza-
tion is not a consequence of the piezoelectric effect. In-
stead, the sinusoidal magnetic structure would contribute
to the emergence of p-induced ferroelectric polarization
through spin–lattice coupling. To elucidate the origin of
this “spin-associated” ferroelectricity, further investiga-
tions, including theoretical calculations, are necessary.
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VI. APPENDIX

A. Threshold pressure for the emergence of the
FE2 phase

Figure 8(a) shows the T dependence of P[110] under ap-
plied p near the emergence zone of the FE2 phase. The
sample used for the present P[110] measurements exhibits
relatively low resistivity, causing leakage currents that
complicates the subtraction of the background signal.
Combined with the small P[110] values at the emergence
point of the FE2 phase, this contributes to deviations
in the TFE2 values determined from P[110](T ) relative to
those derived from other physical quantities.
Figure 8(b) shows the p dependence of P[110] at 2 K

on a logarithmic scale. P[110](T ) appears to be gradually
induced under the application of p, rather than resulting
from an abrupt phase transition. As shown in Fig. 2(c),
ϵ′(T ) displays a small hump in the temperature region
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FIG. 8. (a) T dependence of P[110] under applied p near the
emergence region of the FE2 phase. (b) p dependence of P[110]

at 2 K on a logarithmic scale, showing the same data as in
the inset in Fig. 2(b).

of the OPD phase even at ambient pressure, which be-
comes more pronounced as a signature of the transition
into the FE2 phase when p exceeds 200 MPa. The mag-
netic and electric states of the OPD phase may be on the
verge of transitioning into the FE2 phase even at ambient
pressure.
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