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Spin-lattice-coupling-mediated magnetoferroelectric phase transition induced by uniaxial pressure
in multiferroic CuFe,;_,M,0, (M = Ga, Al)
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We have investigated magnetic and ferroelectric (dielectric) properties of multiferroic CuFeg95,Gag 9150,
CuFe(.965Gag,0350,, and CuFeg g5Aly 50, under applied uniaxial pressure p up to 600 MPa. Unlike the results
of the almost same experiments on CuFeO, [Tamatsukuri et al., Phys. Rev. B 94, 174402 (2016)], we have
found that the application of p induces a new ferroelectric phase, which is different from the well-studied
spin-driven ferroelectric phase with helical magnetic ordering, in all the doped samples investigated here. We
have also constructed the temperature versus p magnetoelectric phase diagrams of the three samples. The
ferroelectric polarization in the p-induced ferroelectric phase lies along the [110] direction as in the helical
magnetoferroelectric phase, and its value is comparable with or larger than that in the helical magnetoferroelectric
phase. The magnetic structure in the p-induced ferroelectric phase seems to be of a collinear sinusoidal type.

Although this magnetic structure itself does not break the inversion symmetry, it is considered to play an important
role in the origin of ferroelectricity in the p-induced ferroelectric phase through the spin-lattice coupling in this

system.

DOI: 10.1103/PhysRevB.95.174108

I. INTRODUCTION

Since the discovery of magnetic control of ferroelectric
polarization in TbMnO3, spin-driven ferroelectricity has at-
tracted great interest in condensed matter physics [1-3]. One
of key factors governing the emergence of the spin-driven
ferroelectricity is complex spin texture breaking inversion
symmetry in the systems. Owing to a tendency to exhibit such
a magnetic structure, geometrically frustrated magnets have
been recognized as one of the candidates for the spin-driven
ferroelectric materials. Following this strategy, many spin-
driven ferroelectric materials have been found during the past
decade [4,5]. On the other hand, several frustrated magnets are
often spin-lattice coupled systems, in which magnetic phase
transitions are accompanied by spontaneous lattice distortions
that partially relieve the frustration between spins [6-9]. As
a result, spin-driven ferroelectric materials with a spin-lattice
coupling offer a possibility that novel magnetoelectric effects
can be realized by the application of anisotropic pressure
conjugating to spontaneous lattice distortions. In this paper we
demonstrate that in multiferroic CuFe;_, M, O, (M = Ga, Al),
the application of uniaxial pressure induces a new ferroelectric
phase transition, which would be mediated by the spin-lattice
coupling.

Our target materials CuFe,;_, M, 0, (M = Ga, Al) (abbre-
viated as CFGO and CFAQ, hereafter), have both of the spin-
driven ferroelectricity and the strong spin-lattice coupling.
The delafossite CuFeO, is known as a typical example
of triangular-lattice antiferromagnets with the geometrical
frustration, in which the magnetic moment is carried by
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Fe** ion (§ = 5/2) [10,11]. Because of the frustration, the
substitution of a few percent of nonmagnetic M>* for Fe3*
causes a rich x-temperature (7') phase diagram, as shown
in Figs. 1(a) and 1(b) [12]. For example, CFGO with x =
0.035 undergoes three successive magnetic transitions [13]:
a paramagnetic (PM) phase (T > Tn; = 14 K) — a oblique
partially disordered (OPD) phase (T;I“zgh ~10K<T < Tw)
— a partially disordered (PD) phase (733" ~7 K < T <
T;Inzgh) — aferroelectric incommensurate magnetic (FE-ICM)
phase (T < Tlfjozw). In the PD and the OPD phases, collinear si-
nusoidal magnetic ordering with a magnetic modulation wave
vector (q,q,3/2) is realized [11,14]. The magnetic moments
are oriented to the ¢ axis and ¢ is dependenton T [¢g = 0.197—
0.207] in the PD phase, while the sinusoidal ordering in the
OPD phase is oblique from the ¢ axis by ~50° with T invariant
g == 0.194. The FE-ICM phase has a screw helical magnetic
structure with a locked wave vector (g,q,3/2; g >~ 0.202),
whose screw axis is parallel to the [110] direction [15]. The FE-
ICM phase exhibits the spin-driven ferroelectricity: the helical
magnetic structure induces a ferroelectric polarization (P)
|| [110] through the Fe3d—O2p hybridization mechanism,
where there is a one-to-one correspondence between the direc-
tion of P and the helicity (left-handed or right-handed helical
arrangement of spins) [16,17]. In addition to these phases,
a collinear 4SL phase, in which the magnetic moments are
collinearly arranged (11 | ) along the c axis with the magnetic
modulation vector (1/4,1/4,3/2), is realized in the low-x
regions.

These magnetic phase transitions are accompanied by
spontaneous monoclinic lattice distortions, except for the
transition from the PM phase to the OPD phase [18-20].
Previous synchrotron radiation x-ray diffraction studies re-
vealed triangular lattices in each magnetic phase, as shown
in Figs. 1(c)-1(e) [21]. During the deformation, the crystal
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FIG. 1. x—T magnetic phase diagram of CuFe,_,M,0O, for
(a) M = Ga and for (b) M = Al. The diagrams are taken from
Ref. [12]. (c)—(e) Schematics of Fe** triangular lattice in (c) the PM
and the OPD phases, (d) the PD phase, and (e) the FE-ICM phase.

axes elongate along the [110] direction and contract along
the [110] direction. Therefore, the application of an uniaxial
pressure p along the [110] direction supports the spontaneous
lattice distortion in this system.

Quite recently we developed a technique that enables
the application of p up to 600 MPa for CuFeO, [22]. In
this study we have systematically investigated the magnetic
and ferroelectric (dielectric) properties of CFGO with x =
0.035, 0.018 and CFAO with x = 0.050 under applied p
along the [110] direction up to 600 MPa. These samples
show the characteristic phase transitions from the viewpoint
of the lattice distortion and the ferroelectricity; as shown in
Figs. 1(a) and 1(b), the Ga 3.5% and Ga 1.8% samples exhibit
the spin-driven ferroelectric FE-ICM phase as the ground state
and as the thermally intermediate state, respectively; and the
OPD phase, in which the spontaneous lattice distortion does
not occur, shows up as the thermally intermediate state and
as the ground state in Ga 3.5% and in Al 5.0% samples,
respectively. Unlike the results of CuFeO, (x = 0.00) [22],
applied p induces a new ferroelectric phase that differs from
the FE-ICM phase in all the doped samples investigated
here. The magnetic structure in the p-induced ferroelectric
phase seems to be of the collinear sinusoidal type, which
alone dose not break the inversion symmetry. Nevertheless,
the magnetic structure is considered to play an important role
in the origin of ferroelectricity in the p-induced ferroelectric
phase through the spin-lattice coupling. Based on these experi-
mental results, we discuss the possible origin of ferroelectricity
in the p-induced ferroelectric phase.
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II. EXPERIMENTS

Single crystals of CFGO or CFAO of nominal compositions
were prepared by the floating zone technique [23]. The crystals
were cut into rectangular shapes with typical dimensions
of 0.98 x 1.34 x 1.55 mm?, in which three axes are along
[110], [110], and [001] directions. Uniaxial pressure p, whose
magnitude can be controlled even when the sample is at low
temperatures, was applied along the [110] direction. For details
of the uniaxial pressure devices and the pressure cell, see
Refs. [24,25]. In all the experiments in this study, p was always
applied at 25 K. The real/imaginary part of dielectric constant
€'le” was measured at 10 kHz using the LCR meter (Agilent
4980A), where the electrodes consisted of silver paste painted
onto the [110] surfaces. Ferroelectric polarization with the
[110] electrodes P;j10; was deduced by the time integration of a
polarization current, which was measured with an electrometer
(Keithley 6517A). Before the measurements of Py}, a poling
electric field E, was applied during the cooling process,
and then removed. Neutron-diffraction measurements under
applied p were carried out using the two-axis diffractometer
E4 installed at the Berlin Neutron Scattering Center in the
Helmbholtz Zentrum Berlin for Materials and Energy. The
wavelength of the incident neutron was 2.44 A. Since p
[110] is applied along the vertical direction, the scattering
plane is the (H,H,L) plane.

III. RESULTS

A. CuFe;_,Ga, 0, (x = 0.035)
1. p—T phase diagram for Ga 3.5% sample

Figures 2(a)-2(d) show the temperature dependence of
a magnetic wave propagation wave number g, integrated
intensities of the (¢,q,3/2) and the (1/2 —¢,1/2 —¢q,3/2)
magnetic reflections Pjjjo; and €’ of CFGO with x = 0.035
at ambient pressure, which are consistent with the previous
study [13,27]. In the OPD and the FE-ICM phase, ¢ is almost
independent of T'; and in the PD phase, ¢ depends on T. As
shown in Fig. 2(i), below TI\I,OZW, we can observe (1/2 —¢q,1/2
— ¢,3/2) magnetic Bragg reflections, which originate from the
initial phase difference between spins with the helical magnetic
ordering in the unit cell [15]. Concomitantly with the magnetic
phase transition into the FE-ICM phase, Pj11¢; appears below
7o, and €’ shows peaks at Th9". As clearly seen in Figs. 2(b)
and 2(c), the 1/2 — g reflections are good indicators of the
FE-ICM phase.

The results of the same measurements under applied p of
400 MPa are shown in Figs. 2(e)-2(h). With decreasing 7', ¢
starts to vary at Tu" ~ 16 K, which indicates a magnetic
phase transition from the OPD phase, although ¢ in the
heating process still depends on 7. Since Pjjj9; emerges
and €’ shows a peak at 16 K, ferroelectric transition occurs
simultaneously with this magnetic transition. On the other
hand, the (1/2 — ¢,1/2 — ¢g,3/2) magnetic Bragg reflections
can be measured below 9 K even under applied p = 400 MPa.
These results clearly indicate that the FE-ICM phase is not
realized at 16 K. Therefore, we conclude that applied p induces
a new magnetoferroelectric phase. Hereafter, we refer to the
p-induced ferroelectric phase as the FE2 phase.
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FIG. 2. Temperature dependence of magnetic propagation wave
number ¢, integrated intensities of (¢,q,3/2) and (1/2 —¢q,1/2
—¢,3/2) magnetic reflections Pjjj0p and € of CuFe,_,Ga,0,
with x = 0.035 at ambient pressure [(a)—(d)] and under 400 MPa
[(e)—(h)], respectively. Open and closed symbols denote data mea-
sured with increasing and decreasing temperature, respectively,
except for Pjjj; data (Pjj10; were measured on a heating run). Note
that the data of P and €’ for p =0 Pa were measured under
slightly applied p (<10 MPa) in order to produce the single ¢ domain
state (see Sec. III A 2). The application of slight p, however, does
not affect the magnetic phase transition temperatures. (i) Typical
neutron diffraction profiles at selected temperature under applied p
of 400 MPa. The overall features of the p = 0 Pa data are the same
as those of the p = 400 MPa data.

To better understand the p-induced ferroelectric nature
of the system, we measured temperature dependence of
P10}, €', and €” under several applied p [Figs. 3(a)-3(c)].
First, ferroelectricity in the FE2 phase is evidenced by the
polarity reversal depending on the sign of E,, as shown in
the inset in Fig. 3(a). In addition, we have confirmed that a
thermally stimulated current, which originates from residual
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FIG. 3. Temperature dependence of (a) Pjj1q;, (b) €', and (c) €”
under selected applied p. The inset shows E, sign dependence of
Pi110) under applied p of 600 MPa (| Ep| = 255 kV/m). (d) Electric
polarization enhancement factor at 2 K as a function of applied p.
Data shown by red diamonds are redrawn from Ref. [26].

charges trapped in the sample during the cooling process
under applied E,, [28], does not contribute to Pjj1g) observed
under applied p in all the samples investigated here [29].
With increasing p, the absolute value of Pjjjo; at 2 K and
the Py110) disappearance temperature drastically increase. The
p enhancement of P(j10) will be discussed in Sec. III A2. The
Pp110) disappearance temperatures correspond to the € peak
temperatures on heating under applied p. The peak values
in T dependence of ¢ show a maximum at p ~ 200 MPa,
and their thermal hysteresis is the greatest at p >~ 350 MPa.
In combination with the results of the neutron diffraction
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experiments [30], we summarize these results as the T—p
magnetoelectric phase diagram shown in Fig. 4, where the
phase boundary lines determined by the magnetic (dielectric
or ferroelectric) measurements are indicated by the blue (red)
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lines. Hereafter we refer to the temperature where a phase
transition occurs into the FE2 phase as Tggp, which is defined
by using only the data of Pjji0) and €. As shown in Fig. 4,

Trgp dose not correspond to T;,“zgh in the range of 200 < p <
350 MPa (also see the Supplemental Material [30]), while
above 350 MPa, a magnetic phase transition from the OPD
phase and the ferroelectric transition into the FE2 phase
. high .
simultaneously occur, namely Trg» >~ Ty, , as mentioned
above.

It is worth mentioning here that € (especially during an
increasing T process) shows two maxima in the range of
200 < p < 400 MPa, as shown in Figs. 3(b) and 3(c). Cor-
respondingly, Pjj1o; also shows a step like anomaly between
300 < p < 400 MPa [see also Figs. 2(g) and 2(h)]. Currently,
however, the origin of these anomalies is unclear.

2. Magnetic structure in the FE2 phase

To determine the microscopic origin of Pjjjo; in the FE2
phase, we have performed a tentative magnetic structure
analysis in the FE2 phase, following the same procedure
outlined in Ref. [14]. Figures 5(a) and 5(b) show the index L
dependence of the experimentally observed “spin orientation
factor” (SOF) of the (¢,q,L) and the (1/2 — ¢,1/2 —¢q,L)
magnetic reflections at 2 K under applied p = 400 MPa and
the calculated SOF (SOF.,;) curves for the proper screw
helical ordering [31]. We basically confirmed that the magnetic
structure in the FE-ICM phase is the well-studied screw helical
one. We compared the L dependence of SOF of the (¢,q,L)
magnetic reflections at 14 K under applied p of 400 MPa
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FIG. 5. L dependence of experimentally observed spin orientation factor (SOF) of (a) the (¢,¢,3/2) and (b) the (1/2 — ¢,1/2 — q,3/2)
magnetic reflections at 2 K under applied p = 400 MPa, and calculated spin orientation factor (SOF.,) curves for the proper screw helical
ordering. L dependence of SOF, of the (¢,q,3/2) magnetic reflections at 14 K under applied p = 400 MPa with a SOF_, curve (c) for the

sinusoidal ordering and (d) for the proper screw helical ordering.
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with the SOF,, curve for the sinusoidal ordering as realized
in the PD phase [Fig. 5(c)] and that for the proper screw
helical ordering [Fig. 5(d)]. Even by taking into account the
rather limited accuracy, the L dependence of SOF., seem to
follow the SOF,, of the sinusoidal magnetic structure, not the
helical magnetic one. Therefore, the FE2 phase is shown to
be entirely different from the FE-ICM phase also from the
viewpoint of the magnetic structure, which suggests that the
origin of ferroelectricity is different in both phases. In addition,
these results indicate that Pjj¢; originating in the FE2 phase
does not contribute to the p enhancement of Pjjjo; at 2 K. As
mentioned above, the absolute value of Pjjj¢; at 2 K increases
with increasing p, and Pjj1g) at 600 MPa is ~1200 uC/m?,
which is almost double the value of Pjjjgp at 10 MPa. As
shown in Fig. 3(d), the p enhancement of Pjjjg; is a linear
extension of the previous study [26], where it is considered
to originate from change in the Fe3d—O2p hybridization
coupling constants. Note that the Pj;¢; value can be varied by
change in the ¢ domain structures originating from the trigonal
symmetry around the c axis [24,32]. The application of slight
p (<10 MPa), however, results in an almost single ¢ domain
structure [26,33]. Therefore, a repopulation of the ¢ domains
volume fractions can not cause the Pjjj¢; value enhancement.

Note that for the well-known cycloidal structure, which
can generate the ferroelectric polarization [3], SOF,, curve is
independent of L, or increases with increasing L, if the spiral
plane with the magnetic modulation wave vector (q,g,3/2) is
within c—(110) plane, or within a—b plane, respectively [15].
Therefore, the magnetic structure in the FE2 phase is not of
the cycloidal type.

B. CuFe;_.Ga,0, (x = 0.018)

In Figs. 6(a)-6(o) we show the temperature dependence
of g, the integrated intensities of the (g,¢,3/2) and the
(1/2 — q,1/2 — ¢,3/2) magnetic reflections Pj1;g), €', and €”,
of CFGO with x = 0.018 under selected applied p. All of the
p =0 Pa data are consistent with the previous work [25].
Using the same procedure as in the Ga 3.5% sample, we
determined the magnetic and ferroelectric phase transitions.
We found that as in the Ga 3.5% sample, the application of p >
400 MPa induces another ferroelectric phase, which is different
from the FE-ICM phase, in the temperature region indicated
by the red hatching in Figs. 6(f)-6(0). Tentatively, we refer
to the p-induced ferroelectric phase and the Pjj19; emergence
temperature as the FE2 phase and Tyg,, respectively, in the
same way as for the Ga 3.5% sample. Hereafter we describe
the p evolution of the magnetic and ferroelectric properties of
CFGO with x = 0.018.

As shown in the inset in Figs. 6(c) and 6(d), an additional
peak structure in the 7' dependence of € appears at ~200 MPa,
while Pyi1o) in the FE2 phase starts to emerge at p = 400 MPa
(Tggz ~ 15.5 K) [Fig. 6(h)]. Remarkably, in contrast to the
results for CFGO with x = 0.035, no magnetic anomaly can
be seen in the T dependence of g and the integrated intensities
at Trgp, even under applied p of 600 MPa [Figs. 6(f)-6(h)
and 6(k)—6(m)], whereas this result seems to be the same as that
for the Ga 3.5% sample in the range of 200 < p < 350 MPa.
This result suggests that the ferroelectric transition into the FE2
phase is not accompanied by the magnetic phase transition in
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CFGO with x = 0.018. It should be noted here that there are
the case that the magnetic modulation wave vector in the spin-
driven ferroelectric Mn;_,Co, WOy4 shows no change during
the phase transitions between collinear magnetic phases (para-
electric) and spiral magnetic phases (ferroelectric) [34,35]. To
clarify whether a magnetic phase transition occur at Tgg, or not,
further precise measurements are needed. We summarize these
results as the 7 —p magnetoelectric phase diagram shown in
Fig. 7.

As the temperature dependence of the integrated intensities
in Fig. 6 shows, several magnetic orders coexist in the
temperature region 8 < T < 14 K. Concerning, we make two
remarks. First, in the T—p magnetoelectric phase diagram
of the Ga 1.8% sample, we have plotted the phase transition
temperature into or from the FE-ICM phase, using only the T
derivative of €’ for the sake of clarity (the blue-hatched regions
in Fig. 6 are also based on the same definition). This definition
roughly corresponds to the neutron diffraction data, and is
especially in good agreement with the 1/2 — g reflections
in the temperature region 8§ < 7' < 10 K. Second, as shown
in Figs. 6(f) and 6(g) and Figs. 6(k) and 6(1), the (¢,q,3/2)
reflection labeled FE-ICM appears at 12—14 K simultaneously
with those labeled FE2 under applied p > 400 MPa [36].
As can be clearly seen, especially in Figs. 6(i) and 6(j), the
coexistence of the FE-ICM and FE2 magnetic orderings result
in a rather complex 7 dependence of € in the temperature
region 10 < 7 < 14 K.

As mentioned above, the emergence of Pjjjo; at Tppp
may not involve a magnetic phase transition. We emphasize,
however, that when the system undergoes a magnetic phase
transition into the FE-ICM and the 4SL phases, P[;110) decreases
and finally disappears, as shown in Fig. 6(m). In other words,
the disappearance of the volume fraction of the FE2 magnetic
ordering corresponds to that of Pyj1o). Therefore, the magnetic
ordering in the FE2 phase must have some relationship with the
origin of Pjj1¢; in the FE2 phase. Possible models explaining
the observed dependencies will be discussed in Sec. IV. Note
that although the finite value of P19 was observed under
applied p = 600 MPa even in the 4SL phase [see Fig. 6(m)],
this originates from the fact that the FE-ICM phase is stabilized
under applied p and remains partly present [25]. Furthermore,
as in the Ga 3.5% sample, the p enhancement of Pyjg; in the
FE-ICM phase can be seen also in CFGO with x = 0.018,
although it is not a linear function of p (not shown) due to
the coexistence of several magnetic orderings. Taking into
account that P(;,0) cannot be observed in the 4SL phase (except
for the FE-ICM component), these results evidence that the
p enhancement of Pjjjg) is caused not by the conventional
piezoelectric effect due to the lattice displacements, but
by change in the microscopic d—p hybridization coupling
constants, as claimed in Ref. [26]. This discussion must be
applicable to the p enhancement of Pj;¢) in the FE-ICM phase
of the Ga 3.5% sample.

C. CuFe;_,Al,O; (x = 0.050)

Finally, in Figs. 8(a)-8(e) we show the results of the Al
5% sample, which is expected to have almost the same nature
as the Ga 8% sample [37]. Since the OPD phase is realized
down to the lowest temperature at ambient pressure, g is
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independent of T, and Py remains O C/m2 [Figs. 8(a)—
8(c)]. With increasing p, Pjjjo; starts to emerge at ~150
MPa [Fig. 8(d)] (we have confirmed the polarity reversal of
Pp1107 depending on the sign of Ej), and €’ in T dependence
shows a peak structure at the Pyj1¢; disappearance temperature.
Hereafter, we expediently refer to the p-induced ferroelectric
phase and the Pjjo; disappearance temperature as the FE2
phase and Tygy, respectively, in the same way as for the Ga
3.5% and Ga 1.8% samples. As shown in Figs. 8(a)-8(c),
during the cooling process, ¢ under applied p > 300 MPa
begins to vary around Trgp, indicating that the ferroelectric
transition into the FE2 phase is accompanied by a magnetic

phase transition from the OPD phase in CFAO with x = 0.050.
As in the Ga 3.5% sample, g in the heating process depends
on T. Moreover, the Pjjio; values are almost saturated by
the largest E, >~ 217 kV/m in this experiment [Fig. 8(e)].
Compared with the sensitivity of Pjjjq) to E}, in the FE-ICM
phase [38], P110; in the FE2 phase seems to be more sensitive
to E,. We summarize these results as the 7 — p magnetoelectric
phase diagram shown in Fig. 9(a).

As in the Ga 3.5% sample, we compared the L dependence
of SOF. of the (q,q,L) magnetic reflections in the FE2
phase (T =2 K, p = 600 MPa) with the SOF, curves [the
(1/2 — g,1/2 — g, L) magnetic reflections were not observed],
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as shown in Fig. 9(b). As a result, the magnetic structure
in the FE2 phase of the Al 5% sample is also expected
to be of the sinusoidal type, which certainly indicates that
the p-induced phase is not the FE-ICM phase. Note that
as mentioned in Sec. I, the sinusoidal ordering in the OPD
phase is oblique from the ¢ axis, which was deduced from
the magnetic Bragg reflections beyond the (H,H,L) zone
by using a four-circle neutron diffractometer [14]. However,
diffraction measurements restricted to the (H,H,L) zone
cannot determine the extent of the difference in tilt between
the PD and the OPD magnetic orderings, and thus cannot
distinguish these orderings [39].

IV. DISCUSSION

Let us consider the origin of the ferroelectricity in the FE2
phase. In the FE-ICM phase, the proper screw helical magnetic
structure itself breaks the inversion symmetry in the system,
which results in the induction of ferroelectric polarization
through the d — p hybridization mechanism. On the other hand,
the sinusoidal magnetic ordering in the FE2 phase does not
itself break the inversion symmetry in the system, because it
preserves the the mirror plane perpendicular to the [110] axis.
Therefore, when we take only the magnetic structure in the FE2
phase into account, the ferroelectricity in the FE2 phase can be
considered not to be the spin-driven type, and thus an additional
lattice displacement induced by applied p accounts for P
in the FE2 phase as conventional ferroelectrics. However, we
suggest that the magnetic ordering in the FE2 phase has some
relation to the origin of ferroelectricity, taking into account
that (i) the FE2 phase is magnetically distinguishable from
the OPD or the FE-ICM phases, as displayed in the Ga 3.5%,
Al 5.0% samples, and (ii) the suggestive results shown in the
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Ga 1.8% sample: the disappearance of the volume fraction of
the FE2 magnetic ordering corresponds to that of Py, as
emphasized in Sec. III B.

Here, carefully looking at the three phase diagrams
[Figs. 4, 7, and 9(a)], we find that the FE2 phase boundary
lines with no magnetic anomalies are always present in the part
adjacent to the PD phase. In fact, the magnetic structure in the
FE2 phase seems to be of the sinusoidal type as in the PD phase
[see Figs. 5 and 9(b)]. This indicates that from the magnetic
viewpoint, the FE2 phase is hardly distinguishable from the
PD phase within this experimental accuracy. Therefore, one
possible explanation is that there are some tiny modifications
of the sinusoidal magnetic structure, which are induced by
applied p through the spin-lattice coupling in this system,

174108-7



HIROMU TAMATSUKURI et al.

)

@ 25 2

[ /. A Magnetic susceptibility

| < @ Neut

[ Oe E;l::t:ﬁ:npolarization PM

20 [ [ W Dielectric constant
g |
© 15]
=
© i
[0 3 |
e 10} opD | .
s O
— ! FE2
5[ |

0- I: 1 1 1 1
0 100 200 300 400 500 600
Uniaxial Pressure (MPa)

(b) SN 12

200 | (@ql) 1,
— wn
7 o)
T 150 T

=] 21
o) —_
= wn
© =
~, 100 2
w® 8
3 3
@ g5 £
p=600MPa, T=2K
0 1 1 1 1 1 0

0 2 4 6 8 10 12
L

FIG. 9. (a) Temperature vs uniaxial pressure (|| (110)) magnetic
phase diagram of CFAO (x = 0.050). Open and closed symbols
denote data measured with increasing and decreasing temperature,
respectively. (b) L dependence of SOF, of the (¢,¢,3/2) magnetic
reflections at 2 K under applied p = 600 MPa, and SOF_,, curves for
sinusoidal ordering.

and they result in the inversion symmetry breaking and the
emergence of Pjjio; in the FE2 phase.

Another feasible origin of the ferroelectricity in the FE2
phase could be that the application of p induces further
slight lattice distortions coupled with the sinusoidal magnetic
structure through the spin-lattice coupling, where the inversion
symmetry is broken not by the magnetic structure, but
by further slight lattice distortions. From this explanation,
however, it follows that after the system enters the polar
lattice phase (the FE2 phase), the system reenters the nonpolar
lattice phases (the FE-ICM or 4SL phases) “by spontaneously
further distorting”. To test this rather surprising consequence,
a synchrotron radiation x-ray diffraction study under applied
p is highly desirable.

We have proposed the two feasible origins of the fer-
roelectricity in the FE2 phase, in both of which the spin-
lattice coupling in this system plays a crucial role. Our
tentative magnetic structure analysis is, however, restricted
to the (H,H,L) plane, and thus there remains the possibility
that the magnetic structure in the FE2 phase is of a non-

PHYSICAL REVIEW B 95, 174108 (2017)

collinear type that breaks the inversion symmetry. Moreover,
although we have expediently referred to the p-induced
ferroelectric phase in all the samples investigated here as
the FE2 phase, there remains a possibility that these phases
are different from each other. It is therefore of a primary
importance to perform a more detail magnetic structure
analysis in the p-induced ferroelectric phase using magnetic
reflections in the wider reciprocal lattice space beyond the
(H,H,L) plane.

V. SUMMARY AND CONCLUSION

We have systematically investigated the magnetic and ferro-
electric properties of CFGO with x = 0.035, 0.018 and CFAO
with x = 0.050 under applied p along the [110] direction up
to 600 MPa. We have found that the application of p induces
a new ferroelectric phase (FE2 phase), which is different from
the well-studied FE-ICM phase, in all the samples investigated
in this current study. From the 7 dependence of ¢ under
applied p, the FE2 phase is magnetically distinguishable
from the OPD or the FE-ICM phases, while it cannot be
magnetically distinguished from the PD phase and, in fact,
the magnetic structure in the FE2 phase seems to be of the
collinear sinusoidal type, as in the PD phase. Although the
sinusoidal magnetic ordering does not break the inversion
symmetry itself, our experimental results suggest that it plays
an important role in the origin of the ferroelectricity in the
FE2 phase through the spin-lattice coupling. Based on these
results, we propose two possible origins of the ferroelectricity
in the FE2 phase: (i) the application of p induces some tiny
modifications from the sinusoidal magnetic structure through
the spin-lattice coupling in this system, and this modified
magnetic structure results in the inversion symmetry breaking
and the emergence of Pjjo) in the FE2 phase; or (ii) further
slight lattice distortions by applied p, which is coupled with
the sinusoidal magnetic orderings through the spin-lattice
coupling, breaks the inversion symmetry and yields Pjjjo;.
To categorically confirm the origin of the ferroelectricity in
the FE2 phase, a more detail magnetic structure analysis
and a synchrotron radiation x-ray diffraction study under
applied p are needed. This study demonstrates that the uniaxial
pressure is one of powerful external controllable parameters
for investigation of spin-driven ferroelectric materials with
spin-lattice coupling.
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