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Ga-substitution-induced single ferroelectric phase in multiferroic CuFeQO,
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We have succeeded in realizing a single ferroelectric phase in CuFe( ¢43Gay (370, by substituting nonmag-
netic Ga* for Fe®* sites in CuFeO,. Ferroelectric polarization P in CuFe ¢53Ga 370, is observed below 7.5
K, and has the relatively large value of ~250 wC/m?, which is comparable to P=300~400 wuC/m? in the
magnetic-field-induced ferroelectric phase of CuFeO,. In neutron-diffraction measurements, a single magnetic
diffraction peak with an incommensurate wave number was observed below 7.5 K in CuFe( 53Gag 3707,
indicating that the ferroelectric-incommensurate (FEIC) phase is realized as a single phase. Therefore,
CuFe 963Gag 0370, with a single FEIC phase is strongly expected to provide the best opportunity to investigate
unresolved problems regarding the ferroelectric mechanism in CuFeO,. In this paper, we report measurements
of magnetic susceptibility, specific heat, pyroelectric, dielectric constant, and neutron diffraction of a single

crystal of CuFe 953Gag 3705.

DOI: 10.1103/PhysRevB.78.014101

I. INTRODUCTION

Since the discovery of the magnetic-field-induced ferro-
electric phase transition in CuFeO, (Ref. 1), the magneto-
electric coupling in this compound has attracted considerable
attention. Unlike the well-studied magnetoferroelectrics in-
duced by cycloidal-type helical magnetic orderings such as
TbMnO; (Refs. 2 and 3) and CoCr,0, (Ref. 4), the proper
helical magnetic structure induces ferroelectric polarization
in CuFeO, (Refs. 5-8). According to recently developed
theories,” there are three coupling mechanisms between the
spin and electric-dipole moment in multiferroics. The first
one is the exchange striction mechanism in which the
electric-dipole moment p is proportional to S;-S ;. The second
is based on spin current theory,'® which derives the relation
between p, spin, and the vector connecting the two spin sites
e;;aspxe; X (§;XS)). In almost all multiferroics with spiral
magnetic orderings, the ferroelectricity is explained in terms
of the second mechanism.!! In CuFeO,, on the other hand,
the magnetic structure in the ferroelectric-incommensurate
(FEIC) phase is a proper helical one whose screw axis is
parallel to the propagation vector, i.e., S;XS;lle; (Ref. 5).
The appearance of electric polarization in the FEIC phase,
therefore, cannot be explained by the second mechanism.
The third mechanism originates from the combined effect of
d-p hybridization and spin-orbit coupling. A recent theoreti-
cal study’ has argued that the ferroelectricity in CuFeO, is
caused by the third mechanism. However, currently, no ex-
perimental studies have been reported that confirm this
theory.

The magnetic properties of CuFeO, have been extensively
studied over the past 15 years (Refs. 12—15). CuFeO, has a
delafossite structure, which belongs to the space group R3m
at room temperature [see Fig. 1(a)]. At low temperature, two-
step magnetic phase transitions occur at Ty;=14 K and
Ty,=11 K (Ref. 13). In Ty, =T=Ty;, a partially disordered
(PD) phase is realized where the collinear magnetic moments
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are approximately aligned with the hexagonal ¢ axis and are
sinusoidally modulated along the [110] axis with the incom-
mensurate wave vector (g q%) (Refs. 13 and 16). Below Ty,
a four-sublattice (4SL) magnetic structure with collinear
magnetic moments along the ¢ axis is realized where the
wave vector is the commensurate (ii%). Recent x-ray dif-
fraction studies have revealed that the magnetic orderings are
realized with the help of the lattice distortion to lift the de-
generacy in the exchange energy.'’-!°

The effect of nonmagnetic substitution on magnetic prop-
erties has been extensively studied for CuFe;_,Al,O, (Refs.
5, 16, and 20-22). Kanetsuki ef al.? and Seki et al.?* have
discovered nonmagnetic substitution-induced ferroelectricity
in the FEIC phase in zero magnetic field. Terada et al.??
obtained the x-7 magnetic phase diagram of CuFe;_,Al,O,
up to x=0.04 [see Fig. 1(b)], which consists of four magnetic
phases: 4SL, PD, FEIC, and oblique PD (OPD) phases. The
magnetic ground state of the 4SL phase varies with x in the
FEIC phase with the proper helical magnetic structure® and
ferroelectricity?>?* for 0.014 =x=0.035. In the FEIC phase,
magnetic Bragg reflections are observed at (g q%) and (%
—q%—q%) with ¢ ~0.207 in the previous neutron-diffraction
measurements.2? In x=0.035, the collinear magnetic struc-
ture with oblique moments are realized in the OPD phase
where the propagation wave vector is (g q%) with ¢
~0.196 (Refs. 16 and 22).

Nakajima et al.’ have demonstrated that the FEIC phase
of CuFe;_,Al,O, coexists with the intermediate PD phase by
performing neutron-diffraction measurements with applied
magnetic fields. They also discovered that the single FEIC
phase without coexistence with the intermediate PD phase
can be obtained by cooling under a magnetic field of 4 T. The
single FEIC phase of pure CuFeO, is realized above 7 T. The
application of strong magnetic fields is thus necessary to
obtain the single FEIC phase in both CuFeO, and
CuFe;_,Al,O,. Experimental setups are restricted by a super-
conducting magnet applying strong magnetic fields; prevent-
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FIG. 1. (Color online) (a) Crystal structure of CuFeO,. (b) x-T magnetic phase diagram of CuFe;_,Al,O,. The data were taken from Ref.
22. The phase-transition temperatures in the Al concentration are denoted by the dotted line with the arrow corresponds to those in

CuFe,_,Ga,0O, with y=0.037 (see the main text for details).

ing us from investigating the microscopic mechanism of fer-
roelectricity in detail. A sample in which the FEIC phase is
realized without the coexistence of the PD phase in a zero
magnetic field is strongly required for further investigation.

To realize the single FEIC phase, we consider the two
kinds of effect of the nonmagnetic substitution on the ex-
change paths when the nonmagnetic ions are substituted for
magnetic ions. One is simply cutting the exchange paths
around the nonmagnetic site. The other is local lattice distor-
tion around the nonmagnetic site, which is caused by the
difference in the ionic radius between magnetic Fe** and the
nonmagnetic ion. We anticipate that the latter effect is com-
paratively large because of the big difference in the ionic
radii of AI** and Fe®*, and that this might cause the coexist-
ence of the PD phase. On this basis, we selected Ga®*, which
has an ionic radius close to that of Fe** as the nonmagnetic
impurity. In this paper, we report measurements of magnetic
susceptibility, specific heat, pyroelectric, dielectric constant,
and neutron-diffraction spectra of a single crystal of
CuFe,_,Ga,0, with y=0.037.

II. EXPERIMENTAL DETAILS

A single crystal of CuFe,_,Ga,O, with y=0.037 was
grown by the floating-zone technique.” The Ga concentra-
tion was determined by inductively coupled plasma-optical
emission spectrometry (ICP-OES). ICP-OES, which is a
multielement analysis method, was used in this study since
the analyzed sample had a mass of ~400 mg. For the
magnetic-susceptibility measurements, we used the magnetic

property measurement system of quantum design (QD). For
specific-heat measurements, we used the QD’s physical
property measurement system. For pyroelectric measure-
ments, we used an electrometer (Keithley, 6517A). The di-
electric constant was measured at 10 and 100 kHz using an
LCR meter. The neutron-diffraction measurements were car-
ried out with the cold neutron triple-axis spectrometers HER
and LTAS installed at the guide hall of JRR-3 in Tokai. A
single crystal, which had a mass of 483 mg, was mounted

with the [110] axis vertical in a He-pumped cryostat for
HER and closed-cycle He-gas refrigerator for LTAS, so as to
provide access to the (HHL) scattering plane. The incident
neutron wave numbers are 1.55 A~! for HER and 1.30 A~
for LTAS. We used a Be filter for HER to suppress contami-
nation by higher orders.

III. RESULTS
A. Temperature dependence of bulk properties

The temperature dependence of the magnetic susceptibil-
ity parallel x(7) and perpendicular y, (7T) to the ¢ axis are
shown in Fig. 2(a). At 14 K, a small peak anomaly appears in
xi(T) and x, (T). While isotropic behavior was observed in
T=10 K during cooling and in 7=11 K during heating,
anisotropic behavior appears below 10 K on cooling and
below 11 K on heating. A large thermal hysteresis was ob-
served in y(7) in 7.1 K=T=11 K. At 7.1 K on cooling
and 7.5 K on heating, discontinuous reductions were ob-
served in both x;(7) and y, (7). These anomalies observed in
the susceptibility of CuFe(¢43;Gag 370, are quite similar to
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FIG. 2. (Color online) Temperature dependence of (a) magnetic
susceptibility y (b) specific heat C (c) electric polarization P, (d)
real part of dielectric constant &1, (e) imaginary part of dielectric
constant along the [110] axis &7, (f) propagation wave number g of
magnetic modulations (g) integrated intensity of the magnetic
Bragg reflections and (h) peak intensity of the nuclear Bragg reflec-
tions at (110),,, (Ref. 27) and (003). Open and closed symbols
denote the data for decreasing and increasing temperature pro-
cesses, respectively. (c) P;jo was measured after cooling with sev-
eral poling electric fields of 407, 325, 163, 81, and 41 kV/m. The
inset in (c) shows the poling electric-field dependence of P,y at 2
K. Solid and dotted lines denote the magnetic phase-transition tem-
peratures for cooling and warming processes, respectively.
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those in CuFe;_,Al,O, (Ref. 22). Therefore, in accordance
with the previously reported definitions for the phase-
transition temperatures in CuFe,_,Al, O, (Ref. 22), we define
three transition temperatures during cooling for
CuFe,_,Ga,0, as Ty;=14 K [from paramagnetic (PM) to
OPD], Th"=10 K (from OPD to PD) and Ty%y=7.1 K
(from PD to FEIC).

In the temperature dependence of the specific heat C(T)
the gradient of C(T) changes at Ty, as shown in Fig. 2(b).
Thermal hysteresis was observed in C(T) for 8.5 K=T
=11 K. The temperature region in which the hysteresis was
observed in C(T) is different from that in y,(7). No signifi-
cant anomaly appears in C(7) at The". On the other hand, a
sharp peak anomaly appears at Thy .

As shown in Fig. 2(c), electric polarization P, appears
below Ty . The inset shows the electric-field dependence of
Py during heating. The maximum value of P;;, is about
250 uC/m?, which is comparable to the value 300
~400 uC/m? observed in CuFeO, (Ref. 1). The real part of
the dielectric constant £{,,(7) and the imaginary part of the
dielectric constant along the 110 axis &7,,(7) show signifi-
cant anomalies as shown in Figs. 2(d) and 2(e). The gradient
of &],,(T) changes at Ty, and Th" &],,(7) also exhibits
thermal hysteresis for 8.5 K=7=11 K, which is coinci-
dent with that in C(T), not that in x;(7). At T}{,’;’, a peak
anomaly appears in both the &{,,(7) and &7,,(T) during cool-
ing and heating.

B. Neutron-diffraction measurements

Typical neutron-diffraction profiles in CuFe ¢53Gag 370,
are shown in Fig. 3(b). The reciprocal (HHL) zone is sche-
matically illustrated in Fig. 3(a). In the OPD phase, the mag-
netic Bragg reflection is observed at (0.194 0.194 %) in the
reciprocal-lattice space in which the wave number is inde-
pendent of temperature [see Fig. 2(f)]. In the PD phase, this
reflection is observed at (g q%) with temperature dependent
q [see Figs. 2(f) and 2(g)]. The linewidth is much broader
than the experimental resolution. These results are in good
agreement with those for CuFe g3Al( o0, (Ref. 21).

On the other hand, there is a relatively sharp enhancement
in the reflections characteristic of the FEIC phase, (g q%)
and (%—q%—q%) with ¢=0.202 below 7%y as shown in Figs.
2(g) and 3. The wave number differs slightly from g
=0.207 in the FEIC phase of CuFe,;_.A1,0, (Ref. 22) within
the experimental accuracy. In CuFe;_,Al,O, with x=0.0155
(Ref. 22), the contribution of the PD phase remains below
T (see the inset of Fig. 3). We should note that the incor-
rect magnetic structure in the FEIC phase was determined in
a previous paper owing to the coexistence.”® In
CuFe( 963Gag 03705, on the other hand, the contribution of the
PD phase is not observed below T%y. The observed scatter-
ing profiles are, however, slightly asymmetric, which might
be caused by a slight concentration distribution of the Ga
impurity. Note that the difference in the linewidth between
the reflections (g q%) and (%—q%—q%) is caused by the dif-
ference in the experimental resolution that varies with Q.
Taking account of the disappearance of the reflection corre-
sponding to the PD phase below 7%y, we conclude that the
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FIG. 3. (Color online) (a) Schematic of the reciprocal (HHL)
zone. Squares and circles denote the reciprocal-lattice positions of
the nuclear and magnetic reflections, respectively. (b) Typical
neutron-diffraction profiles along (HH%) at several temperatures in
CuFe( 953Gag 370,. The inset shows the diffraction profiles at 4 K
for CuFe;_,Al,O, with x=0.0155, which was taken from Ref. 22.

single FEIC phase is realized without the coexistence of the
PD phase below 7%y in CuFeo37Gag 0370

As mentioned in the introduction, the 4SL magnetic struc-
ture is realized with the lattice distortion to lift the huge
degeneracy in the frustrated exchange interactions as has
been reported in previous x-ray diffraction studies on
CuFeO, (Refs. 17-19). Although lattice distortion also oc-
curs in the magnetic-field-induced FEIC phase of CuFeO,
(Refs. 18 and 19), no x-ray diffraction study in the FEIC
phase of diluted sample has been reported. As shown in Fig.
2(h), the nuclear reflection at (110),,, (Ref. 27) is enhanced
below T*,‘v‘zgh, while the reflection at (003) remains unchanged.
The enhancement originates from the partial release of the
extinction effect, which is caused by the change in the crystal
mosaic in the triangular lattice plane due to the monoclinic
distortion. This phenomenon has previously been observed in
CuFeO, (Ref. 13) and CuFe,_,Al,O, (Refs. 20 and 21). A
large thermal hysteresis in the temperature dependence of
(110)y/» (Ref. 27) was observed in 8.5 K=T=11 K, which
coincides with the temperature region where C(7) and ¢,
show the hysteresis [see Figs. 2(b) and 2(d)].

As shown in Figs. 4(b) and 4(c), the linewidth in the
reciprocal-lattice scan profile along (HHO) around (110),,
becomes broader below T?Vlzgh. The reciprocal-lattice (HKO)
plane, which shows the separation of the Bragg reflections
for the monoclinic distortion is schematically illustrated in
Fig. 4(a). The 110 reflection splits into three reflections with
two different d values when monoclinic distortion occurs. In
0—-26 scan [the (HHO) scan indicated by the arrow in Fig.
4(a)], peak separation or broadening should be experimen-
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FIG. 4. (Color online) (a) The reciprocal-lattice (HKO) plane.
Open and closed circles denote the reciprocal-lattice points for the
rhombohedral structure and the distorted monoclinic structure, re-
spectively. The subscripts # and m denote the unit vectors with
hexagonal and monoclinic notations [see Fig. 1(b) in Ref. 8], re-
spectively. The arrow on (110), denotes the direction of the
reciprocal-lattice scan in (c). (b) Temperature dependence of half
width at half maximum of the nuclear scattering peak for the (HH0)
scan around (110),,,. (c) Typical diffraction profiles at (110),,, at
several temperatures.

tally observed below the transition temperature. The broad-
ening of the (110),,, reflection, therefore, indicates a struc-
tural phase transition from rhombohedral to monoclinic
symmetry below T?}%h, which is in good agreement with the
x-ray diffraction data in CuFeO, (Refs. 17-19). We thus find
that monoclinic distortion occurs in the PD and the FEIC
phases even in CuFe,_,Ga,0,.

IV. DISCUSSION

The phase-transition temperatures in CuFe 53Gag 370,
are almost the same as those in CuFe¢gAly 0,0, (Refs. 22

014101-4



Ga-SUBSTITUTION-INDUCED SINGLE FERROELECTRIC...

and 24) as indicated by the dotted line with the arrow in
Fig. 1(b). In other words, the nonmagnetic substitution
effect of Ga** is much weaker than that of AI**. We thus
find that the local lattice distortion caused by the difference
in the ionic radii between the nonmagnetic ion Ga** or Al**
and magnetic Fe’* significantly affects the spin states in
CuFeO,. Moreover, the local lattice distortion strongly af-
fects whether the PD phase remains at the lowest tempera-
ture or not. We here present one possibility to explain the
significant difference in the survival of the PD phase be-
tween Al and Ga substitutions. In recent x-ray diffraction
study on CuFeqg45Al00,550,, Nakajima et al.?® have re-
ported the temperature dependence of the monoclinic lattice
constants. The monoclinic lattice constant b contracts dis-
continuously at 7%y’ (from FEIC to PD phases) with increas-
ing temperature, which means that b favored in the PD phase
for the magnetoelatic energy is smaller than that in the FEIC
phase. Note that b is strongly correlated with the magnetic
states rather than a, which has been revealed in the previous
works.??3% When site distances between Fe or Al sites are
locally locked into small value around Al ions by the substi-
tution of Al, this local lattice contraction should favor the PD
state in the local region around Al ions even below Ty
Therefore, the PD state might be prevented from disappear-
ing due to the local contraction in CuFe;_,Al,O,. On the
other hand, because of no local lattice contraction in
CuFe,_,Ga,0,, the PD phase should disappear smoothly; as
the result, the FEIC phase can be realized as a single phase
below 7%y

There is a significant difference in the phase transition
from the PD phase to the FEIC phase at Ty between
CuFe( 963Gag 370, and CuFe;_ Al O,. In a previous report
for CuFe,_,Al,O,, it was suggested that the phase transition
is second order, because a latent heat was not observed
within the experimental accuracy of the specific-heat
measurements.?> However, in the present CuFe 953Gag 0370,
data, we observed a latent heat through a deviation of the
relaxation curve from the exponential one. We thus conclude
that the phase transition from the PD phase to the FEIC
phase is first order; the latent heat in CuFe;_,Al,O, could not
be observed, which is caused by the transition being ob-
scured by the Al concentration distribution.

As mentioned in Sec. I, CuFeO, is a unique example of
multiferroics in which ferroelectricity is induced by proper
helical magnetic ordering. In the present study, the single
FEIC phase was obtained by substituting nonmagnetic Ga**
making it possible to investigate the microscopic mechanism
of the appearance of the ferroelectricity using
CuFe;_,Ga,0,. As an example, we show the relationship be-
tween the magnetic order parameter of the proper helical
magnetic state and the electric polarization. Comparison of
the temperature dependence of P, and the integrated inten-
sity of the magnetic Bragg reflection at (g q%) is shown in
Fig. 5. As can be clearly seen in this figure, the temperature
dependence differs between the two quantities in the FEIC
phase. P;, does not change at all below 7 K, while the
(q q%) intensity continues to increase down to 2 K. The
experimental results indicate that P, does not correspond to
just the magnetic order parameter for the FEIC phase. If Py
had any dependence on the magnetic order parameter, then it
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FIG. 5. (Color online) Comparison of the temperature depen-
dence of the electric polarization along the [110] axis Py;o(7) and
the integrated intensity of the magnetic Bragg reflection at (¢ ¢ %).

would change at least slightly in magnitude below 7 K. The
experimental results, therefore, suggest that another factor
besides a magnetic one is responsible for the variation in the
electric polarization. In a recent theoretical study,” it has
been argued that the ferroelectricity in CuFeO, and
CuFe,_,Al, O, originates from Fe 3d-O 2p hybridization and
spin-orbit coupling. This theory reveals that the ferroelectric-
ity arises from the term proportional to cos 26, where 6 is the
angle between the Fe spin and the direction connecting Fe**
and O”. If the angle @ changes in temperature in the FEIC
phase, which is caused by a crystal lattice deformation, the
ferroelectricity might depend on the crystal change as well as
the magnetic order parameter. In order to gain a deeper un-
derstanding of the temperature dependence of P;;,, an x-ray
diffraction study is required to investigate the lattice defor-
mation in detail.

V. CONCLUSION

We have performed the magnetic susceptibility, specific
heat, pyroelectric, dielectric constant, and neutron-diffraction
measurements of a CuFe ¢53Gag 370, single crystal. The in-
fluence of Ga®* impurity on the physical properties of
CuFeO, is much smaller than that of AI**. Considering that
the ionic radius of Ga3* is close to that of Fe’*, we find that
the difference in the ionic radii between nonmagnetic ions
and magnetic Fe** resulting in local lattice distortion around
the nonmagnetic ion sites, as well as the cutting of the ex-
change paths, play important roles in the nonmagnetic sub-
stitution effect in CuFeO,.

The bulk properties and the microscopic magnetic order-
ings in the OPD and the PD phases in CuFe ¢43Gay (370, are
almost the same as those in CuFe;_,Al,O,. In the FEIC
phase of CuFe( 943Gag (370,, P is comparatively large with a
value ~250 uC/m?, which is comparable to P=300
~400 uC/m? in CuFeO,. In the neutron-diffraction mea-
surements, in contrast to CuFe;_,Al,O,, a single peak is ob-
served in the FEIC phase of CuFe(¢5;Gag370,, indicating
that the single FEIC phase is realized below 7.5 K without
coexistence with the PD phase.

Since CuFeO, is a unique example of multiferroics in
which the ferroelectricity is induced by the proper helical
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magnetic ordering, clarification of the mechanism is strongly
required. A recent theoretical study has argued that the fer-
roelectricity in CuFeO, is caused by the combined effect of
d-p hybridization and spin-orbit coupling.” However, no ex-
perimental studies demonstrating this recent theory have
been published so far. Therefore, CuFe ¢43Gay o370, with the
single FEIC phase is strongly expected to provide the best
opportunity to study the unresolved problems regarding the
ferroelectric mechanism in CuFeO,.
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