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We have studied the magnetic order of the rare-earth ferroborate CeFes3(BOs3)4 through the ther-
modynamic and the neutron diffraction measurements. The heat capacity and the magnetic sus-
ceptibility revealed antiferromagnetic magnetic ordering at 29 K. In the neutron powder diffraction
data, we observed the magnetic Bragg peaks indexed by the commensurate (CM) propagation vector
kcm = (0,0, 2) and the incommensurate (ICM) vector kicm = (0,0, £ +6). The incommensurability
0 increases with decreasing the temperature, and is evaluated to be 0.04556(16) at 3.7 K. Magnetic
structure analysis reveals that the magnetic moments aligning in the ab plane form the collinear
antiferromagnetic structure having kcm and helical structure having kicm. Detailed measurements
of the magnetic susceptibility exhibit an additional anomaly at 27 K. Furthermore, the temperature
dependence of the neutron diffraction profile on the single-crystal sample shows that the ICM and
CM ordering occurs at 29 K and 26 K, respectively. These results suggest a phase separation state
between the collinear and helical structures. The multiferroicity of CeFes(BOs3)4 is discussed on the

basis of the determined magnetic structure.

I. INTRODUCTION

Multiferroicity has been a central topic in condensed
matter physics due to nontrivial magnetoelectric (ME)
effects and cross-correlation phenomena which can be
utilized in the future electronics. Since the discovery of
the multiferroicity in the perovskite TbMnOj3 [1], vari-
ous compounds have been found, reviews of which can
be found in Refs. [2-4]. The microscopic origin of the
spin-driven multiferroicity has been established by both
theoretical and experimental studies [5-9]. Because the
magnetic structure plays an important role in the induc-
tion of the electric polarization, the identification of the
magnetic structure is crucial for understanding multifer-
roics [10].

The family of rare-earth ferroborates RFes(BO3)y
(R = rare-earth metal or Y) is a new series of the multi-
ferroic compounds containing R3* (4f™) and Fe3™ (3d°
S = 5/2) as magnetic ions. The variety of the magnetic
anisotropies of the B3t ion and the interaction between
the Fe3t and R** moments (f-d coupling) lead to di-
verse ME effects [11-19], the mechanism of which is ex-
plained by the spin-dependent metal-ligand hybridization
model [20, 21]. Many types of the magnetic structures
have been identified depending on the species of the R3T
ions [22-30]. They are roughly classified into the easy-
axis and easy-plane type structures. The compounds
having the former type show large electric polarization:
~ 300 uC/m? for NdFe3(BO3)4 [12] and ~ 400 C/m? for
SmFe3(BO3)4 [18]. Furthermore, intriguing characters
including quadrupole helix chirality [31], non-trivial man-
ifestation of electron-phonon coupling [32], and electric-
and magnetic-field control of magnons [33] have been
found in recent studies. The rare-earth ferroborates are
thus fascinated series of the multiferroic compounds.

The crystal structure of the rare-earth ferroborates is
trigonal with the space group R32 as shown in Fig. 1,
which belongs to the structural type of mineral huntite
CaMgs(CO3)4 [34]. The main feature is that the FeOg
octahedra form spiral chains with threefold symmetry
along the crystallographic ¢ axis. Among the rare-earth
ferroborates, CeFe3(BO3)4 has been less focused on; a
brief report on a magnetic long-range order on the poly-
crystalline sample by means of the heat capacity and
magnetic susceptibility measurements, to our knowledge,
is the only publication [35].

In the present paper the thermodynamic properties
and magnetic structure of CeFe3(BOj3)4 are studied. Fol-
lowing the introduction, we describe the experimental de-
tails on the sample preparation and the experimental se-
tups of the thermodynamic and neutron diffraction mea-
surements in Sec. II. The heat capacity and magnetic
susceptibility of the single-crystal sample CeFes(BOs)y
are shown in Sec. III. The neutron diffraction pro-
files of the polycrystalline and single-crystal samples of
CeFe3(1'B0O3), are demonstrated in Sec. IV. The mag-
netic structure is determined using representation analy-
sis and Rietveld refinement in Sec. V. The multiferroicity
of CeFe3(BOs3)4 is discussed in Sec. VI. The conclusions
are given in Sec. VII.

II. EXPERIMENTAL DETAILS

The single-crystal sample was grown by a flux
method [36]. In advance we synthesized polycrystalline
samples from the starting materials: CeOs, FesO3, and
B20O3. The stoichiometric amounts of the starting mate-
rials were mixed, ground, and put into an alumina cru-
cible. The crucible was heated at 1000 °C for 72 h in



FIG. 1. The crystal structures of CeFes(BOs)s (trigonal,
space-group R32). FeOs octahedra form the spiral chains
along the ¢ axis, and Ce®*" ions are located between the chains.

total to obtain the polycrystalline sample. The flux is
BisMo3012 + 3 B2O3 + 6/5 CeO;. BizsMo3Oq4 was syn-
thesized by the solid state reaction from Bis O3 and MoOg
in an alumina crucible at 600 °C for 24 h. A mixture of
the polycrystalline CeFe3(BO3)s and the flux with the
mass ratio of 1 : 4 was put into a platinum crucible in-
side the alumina crucible. The crucibles were heated to
1000 °C for 4 h, kept at this temperature for 6 h, cooled
to 962 °C for 1 h, and slowly cooled down to 870 °C
for 120 h. Then the furnace was shut down, and nat-
urally cooled down to the room temperature. The flux
was removed by HCI solution.

The heat capacity was measured with a Physical Prop-
erties Measurement System (PPMS, Quantum Design) in
the temperature range from 1.8 to 320 K. Magnetic char-
acterization was performed using a commercial SQUID
magnetometer (MPMS, Quantum Design) for tempera-
tures between 1.8 and 300 K.

For the neutron diffraction experiment, a polycrys-
talline sample of CeFe3(1'BO3)y, in which the 99% of
the natural B was enriched by the ''B, was prepared
by pulverizing small single-crystals to obtain high qual-
ity sample. The total mass of the sample was 2.9 g. We
put the polycrystalline sample in a vanadium cell and the
cell was installed in the closed cycle refrigerator. We used
the high resolution powder diffractometer ECHIDNA in-
stalled at the OPAL research reactor operated by the
Australian Nuclear Science and Technology Organisa-
tion (ANSTO). We chose a Ge-331 monochromator to
obtain the neutrons with the wavelength of 2.4395 A,
and used the open-open-5’ configuration. The neutron
powder diffraction data were collected in the tempera-
ture range from 3.6 K to 50 K. The obtained profiles
were analyzed by the Rietveld method using the FULL-
PROF software [37]. Candidates for the magnetic struc-
ture compatible with the lattice symmetry were obtained
by the SARA software [38].

Single-crystal neutron diffraction was performed on the
HB-3A Four-Circle Diffractometer equipped with a two-
dimensional detector at the High Flux Isotope Reactor
(HFIR) at the Oak Ridge National Laboratory (ORNL).
Neutron wavelength of 1.546 A was used from a bent per-
fect Si-220 monochromator [39]. The mass of the single-
crystal of CeFez(1'BO3)s was 23 mg. The sample was

installed in a closed cycle refrigerator. The measured

temperature range was 5 K - 30 K.

IIT. THERMODYNAMIC PROPERTIES

The temperature dependence of the heat capacity on
the single-crystal sample is shown in Fig. 2(a). A A-type
anomaly is observed at 29 K indicating magnetic long-
range ordering. This is consistent with the heat capacity
measurement on the polycrystalline sample in the previ-
ous study [35]. In contrast to other rare-earth ferrobo-
rates including Eu-, Gd-, Th-, and Dy-ferroborates which
exhibit structural phase transition below 300 K [35, 40—
42], no structural transition is found down to 1.8 K.

The phonon contribution has been estimated by fit-
ting the high-temperature data above 90 K. The phonon
contribution Cphonon is provided by

CphOI]OI] (J m0171) = ACp + (TL — A)CE, (1)

where Cp and Cg are Debye- and Einstein-type heat ca-
pacities, respectively. n is the number of the atoms in
the formula unit, 20, and A is the ratio of Cp to Cg.
The calculated curve gives reasonable agreement with
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FIG. 2. (a) Temperature dependence of heat capacity at zero
magnetic field. The solid curve represents the phonon contri-
bution estimated from fitting the data at T > 90 K. (b) Tem-
perature dependence of magnetic heat capacity Crm/T (red
marks; left axis) and entropy Sm (blue curve; right axis).
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FIG. 3. Temperature dependence of the magnetic suscepti-
bilities along the a, a* and ¢ axes at B = 0.1 T. Inset shows
the inverse susceptibilities x ~!. The solid line on the x~*
represents Curie-Weiss fits to the data in the range of 80 K
< T < 300 K, which gives Weiss temperatures of —124.5(4)
K for xa, —127.5(3) K for xqo+ and —99.2(3) K for x.. The ef-
fective magnetic moments are 10.71(1) us for xa, 10.70(1) us
for xq+ and 10.42(1) up for ye.

the experimental data as shown in Fig. 2(a). The pa-
rameters are obtained as the A = 11.0, Tp = 451 K,
and Ty = 1139 K, where the Tp and Tg are Debye- and
Einstein-temperatures, respectively. The magnetic heat
capacity divided by the temperature Cy,/T is thus ob-
tained by subtracting the phonon contribution as shown
in Fig. 2(b). Schottky-like anomaly is found at about
10 K, which is due to the split of the Kramers doublet
of the ground state of the Ce3t ion by the molecular
field from the ordered Fe3* subsystem. This means that
the Ce3™ moment interacts with the Fe3™ moment as re-
ported in other rare-earth ferroborates [41-47]. The mag-
netic entropy is evaluated by Sy, (T) = fOT Cw(T)/T dT
as indicated by the blue curve in Fig. 2(b). The to-
tal magnetic entropy for the total angular momentum
J = 5/2 of the Ce3* ion and spin S = 5/2 of the Fe3* ion
in one mole of CeFe3(BO3)y is expected to be 4RIn6 =
59.6 Jmol'K~!, where R is the gas constant. We no-
tice that Sy, (100 K) reaches 95% of the total entropy.
The magnetic entropy at Ty = 29 K is 35.0 Jmol 1K1,
which is comparable to R(In2+31n6) = 50.5 Jmol 'K ~!
on the basis of one Kramers doublet of the Ce3T ion
and three spins of S = 5/2 of the Fe3T ions. Thus, the
Kramers doublet of the Ce3* ion and spin S = 5/2 of the
Fe3T ion are responsible for the magnetic dynamics in
the low energy at low temperatures. Sy, (7n) is less than
R(In2+31n6) is likely due to the entropy being released
by the development of short-range magnetic correlation
above Tx.

The temperature dependence of the magnetic suscep-
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FIG. 4. Magnetic susceptibilities and their derivatives along
the a, a* and ¢ axes in the panels (a), (b), and (c), respec-
tively. The applied magnetic fields are 0.1 T.

tibilities along the a, a* and ¢ axes, x4, Xo+ and X, is
shown in Fig. 3. Above 80 K, the susceptibilities follow
the Curie-Weiss law. A deviation from the Curie-Weiss
law observed in the range of 30 K < T < 80 K is due to
the development of the short-range magnetic correlation
on approaching the Tx. The Curie-Weiss fit in the range
of 80 K < T < 300 K yields the Weiss temperatures of
—124.5(4) K for x4, —127.5(3) K for x4~ and —99.2(3) K
for x.. The effective magnetic moments are 10.71(1) up
for x4, 10.70(1) up for x4+ and 10.42(1) up for x.. The
theoretical value of the effective magnetic moment is cal-
culated from the equation

Peate = Herr(Ce’T)? + Bpien (Fe® )2, (2)

The effective moments g (Ce®") having J = 5/2 and
tot (Fe*™) having S = 5/2 are given by

per(Ce®) = g0/ J(J + 1) = 2.54 pg, (3)
pet(Fe*T) = 24/S(S + 1) = 5.92 ug. (4)
Here g; is the Landé g-factor, which is 6/7 for the Ce3*



ion having S = 1/2, L = 3, and J = 5/2. The theo-
retical effective moment is thus pcae = 10.6 up, which
agrees with the obtained effective moments from the ex-
periment. It is found that the out-of-plane susceptibil-
ity x. is larger than the in-plane susceptibility x, or
Xq+ in the paramagnetic phase, which can be ascribed
to an anisotropic g-tensor of the Ce?* moments. The
anisotropy ratio x./xab increases with decreasing the
temperature.

The noticeable change is found in the x(T') at about
30 K due to onset of the magnetic long-range order. The
decrease of x, and x,+ with the temperature below Ty
suggests that the magnetic structure of CeFe3(BO3)y is
antiferromagnetic with the magnetic moments oriented
in the ab plane. Whereas NdFe3(BOg3)4 has the easy axis
along the a axis [24], the small difference between x,
and x4+ of CeFe3(BO3)s does not allow a final conclu-
sion from the magnetization data as to the orientation of
the easy axis in the ab plane. x.(7T') exhibits an upturn
behavior below Tx. This may be due to a small canting
and a small moment component along the ¢ axis.

The detailed structures of the susceptibilities and their
derivatives in the range of 20 K < T < 32 K are shown
in Fig. 4. As expected, anomalies in dx,/dT, dxq-/dT
and dx./dT are observed at 29 K, which corresponds to
the antiferromagnetic transition temperature Ty. Ad-
ditional peak anomalies are found at 27 K in dy,/dT
and dyg+/dT, even though no anomaly is observed in
the heat capacity. This implies that the magnetic struc-
ture changes in the ab plane without a substantial release
of the magnetic entropy.

IV. NEUTRON DIFFRACTION

Figure 5(a) shows the neutron diffraction profile mea-
sured at 50 K. This profile is reasonably fitted by the
hexagonal structure with the space group R32. The pro-
file factors are Ry, = 6.36% and Rexp = 1.84%. The lat-
tice parameters are a = 9.60232(6) and ¢ = 7.63129(5) A
and the obtained structural parameters are listed in Ta-
ble I.

At 3.7 K, additional peaks are observed as shown in
Fig. 5(b). The peak intensities increase with decreas-

TABLE I. Structural parameters of CeFeg(11B03)4 at T =
50 K.

Atom Site T y
Ce 3a 0 0 0
0
0

Fe 9d 0.5525(3

3)
O  9e 0.8566(3) 1/2
O 9e 0.5892(3) 0 1/2
O 18f 0.4499(2) 0.1428(3) 0.5193(2)
B 3b 0 0 1/2
B 9¢ 04473(3) 0 1/2
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FIG. 5. Neutron diffraction profiles for C6F63(11B03)4 at 50
K (a) and 3.7 K (b). The inset shows the profile at 3.7 K
expanded in the range of 10° < 26 < 50°. The solid squares
and curves show the experimental data and simulations, re-
spectively. The vertical bars show the position of the nuclear
and magnetic Bragg peaks. The solid curves below the bars
show the difference between the data and simulations. The
arrows indicate the magnetic Bragg peaks.

ing the temperature below 30 K as shown in Fig. 6. This
confirms that the magnetic long-range order develops be-
low Tn. The peaks at 26 = 19°, 28°, 35°, 41°, and 47°
are indexed as (—1 0 3), (00 2), (20 1), (12 1), and
(11 2), and their satellites with (0 0 +4). § is an incom-
mensurability which is evaluated to be § = 0.04556(16)
at 3.7 K. The magnetic propagation vectors are thus ob-
tained as a CM vector kcy = (0,0, 2) and an ICM vector
kicm = (0,0, 2+06). It is noted that the peak at 20 ~ 16°
in Fig. 6 is not indexed by these propagation vectors. We
have surveyed the database of impurities, but this peak
cannot be identified.

Figure 7(a) shows the temperature evolution of
the neutron diffraction profiles for the single-crystal
CeFe3(1'BO3)y at ¢ = (0,—2,1). Three peaks are ob-
served at 5 K, which corresponds to the reflections (20 1)
and (2 0 § +0) in the powder diffraction profile. Fitting
the data at 5 K with three Gaussian functions yielded
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FIG. 6. Temperature evolution of the neutron diffraction pro-
files for CeFes(*'BO3)4. The black and red arrows indicate
the CM and ICM Bragg peaks. Incommensurability at 3.7
K is 0 = 0.04556(16). The asterisk indicates an unidentified
peak.

the incommensurability § = 0.0432(5), which is consis-
tent with the value § = 0.04556(16) obtained at 3.7 K in
the powder diffraction experiment. The intensity of the
CM peak in the single-crystal diffraction data is weaker
than that of the ICM peak, in contrast to the data for
the polycrystalline sample, in which CM and ICM peaks
had similar intensity (Fig. 6).

The temperature variation of the neutron profiles at
q = (0,—2,1) is shown in Fig. 7(b). The incommensura-
bility § decreases with increasing the temperature, and
0 at 27 K is 0.0153(2) as obtained by double Gaussian
functions fitting, Fig. 7(a). In addition, the CM peak
appears at about 26 K whereas the ICM peak appears
at about 29 K, Fig. 7(b). These temperatures are con-
sistent with those of the peak anomalies in the magnetic
susceptibilities in Figs. 4(a) and 4(b).

V. ANALYSIS OF MAGNETIC STRUCTURE

The magnetic structure analysis was performed on the
neutron powder diffraction data collected at 3.7 K. The
representation analysis [38] with the space group R32
and the propagation vector kcy leads to two irreducible
representations (IRs) I'S® + I'S® for the Ce?t ion and
three IRs I'Y® 4+ T'5¢ + 2I'Ee for the Fe3* ion. The IRs
and the basis vectors are summarized in Table II for
the Ce3" ion and Table III for the Fe?* ion. The ba-
sis vectors for I'§® or I'$® dictate that the Ce®T moment
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FIG. 7. (a) Temperature evolution of neutron diffraction pro-
files for the single-crystal CeFes(*'BO3)s at ¢ = (0,—2,1).
The solid curves are Gaussian functions. (b) Temperature de-
pendence of the neutron diffraction profiles at ¢ = (0, —2,1).

orients along the ¢ axis or in the ab plane, respectively.
During testing the models of the magnetic structures de-
fined by the various IRs, it was assumed that the mag-
netic structure is described by a single IR. Under this
assumption, we obtain the models for the Fe3* moments
as illustrated in Fig. 8. Since the magnetic susceptibility
measurements suggested that the magnetic moments lie
in the ab plane, we tested six basis vectors corresponding
to an easy-plane type structure; Wie, wie —gle 4 gle
—le p gle ogle 4 wle and 20fe + ¥k In addition,
we assume that the ICM structure in the ab plane is the
same as that in the CM structure. Since the magnitude
of the Ce?t moment is small, we tentatively assume that
the direction of the Ce3* moment is parallel to the Fe3+
moment in the ab plane.

Then the Rietveld refinement of the magnetic structure
analysis was performed. Firstly, we tested the multiple-k



state having the CM and ICM propagation vectors. The
neutron intensity including nuclear and magnetic scat-
terings I(q) is expressed by

1(g) = C [Lue(@) + Iag (@) + Linay (@] (5)

where I,,c(q) is intensity for the nuclear reflections, and
Igg/é(q) and Igg (g) correspond to the magnetic reflec-
tions with kcyv and kionm. C is a scale factor. It is found
from the Rietveld refinement that only collinear structure
in the ab plane with kcy for U§° and U in I'§® and for
— ke wle and —WEe+ Wk in T'e) and helical structure
with krcnm, where the spin structure in the ab plane is the
same as that in the collinear structure, give a satisfactory
agreement with the observed profile. The direction of the
moments in the ab plane cannot be determined in the
collinear structure because of the powder-averaged data.
The refined magnitude of the magnetic moments of the
Ce3T and Fe37 ions at 3.7 K are mce = 0.34(6) up and
mpe = 2.47(3) up for kcym, and mee = 0.02(10) up and
mpe = 3.34(2) up for kiom. The moment sizes in this
multiple-k structure are not uniform because the direc-
tion of the moment for the ICM structure is not orthog-
onal to that for the CM structure. It should be noted
that finite intensity observed at (0,0, 3) means that the
CM component is not along the ¢ direction, and that a
conical structure having ICM component in the ab plane

TABLE II. Basis vectors for the space group R32 with k =
(0,0,2). The atom of the nonprimitive basis are defined ac-
cording to Ce (0,0,0).

IRs Basis vectors [mq my me|
rse wee [00 6]
us -t

wse V3 — % 0]

TABLE III. Basis vectors for the space group R32 with
k = (0,0, %) The atoms of the nonprimitive basis are de-
fined according to Fel (0.5525,0,0), Fe2 (0,0.5525,0), and
Fe3 (0.4475,0.4475,0).

Basis vectors [mq my, me]
IRs Fel Fe2 Fe3

e vf  [200] [020] [-2 —20)

r§e wke [120 [-2 —10 [1 —10]
T 002 002 [002]

LE° Wi (300 [0 -100 [~3 —30]
wE [$30 030 [-310)
Uge 00 3] [000] 00 — 2]
vk -2 00] [000] [ -0
WP L 0] VBP0 [F00)
Wi [00°]) (00 —v3] (007

and CM component in the ¢ direction is not consistent
with the experiment.

As shown in Figs. 4(a), 4(b) and 7(b), the onset tem-
peratures of the CM and ICM structures are different,
which suggests phase separation. Therefore we analyzed
the observed profile by the following phase-separation
model. The neutron intensity is represented by

I(q) = Cluc(q) + C1I5N (@) + CaLit (q),  (6)

where C7 and Cy are scale factors for the CM and ICM
domains, and they satisfy that C = C; + Co. C1/Co
corresponds to the ratio of the CM and ICM domains.
The scale factor C is independently determined by the
nuclear reflections. I$M(q) and I,ﬂg\gﬂ (g) are functions
of the magnitude of the moments mce and mp., and we
assume that the mce in the CM and ICM domains are
the same and so are the mp.. Then Eq. (6) is represented

by

I(q) = CInuc(q) + Oljgg/é(q; MCe, mFo)
+(C = C) LN (g mce, mie).- (7)

Under the additional assumptions described above, we re-
fined C7, mce and mp.. The profiles at 3.7 K and the fit-
ting results are shown in Fig. 5(b). The R factors for the
whole profile are Ry, = 6.63% and Rex, = 1.86%. The
magnetic R factors Rmag for kcy and kicnm are 6.29%
and 6.81%. The domain ratio and magnitude of the Ce3*
and Fe3™ moments are evaluated to be C; /Cy = 0.567(5),
mee = 0.22(3) up and mp, = 4.17(11) up at 3.7 K. For
reference, the best Ry,.g factors in the other basis vectors
are listed in Table IV.

TABLE IV. The magnetic R factors Rmag for kcm and kicm
in each basis vector. The Rmag for —wke 1 ¥l cannot be
distinguished from one for —¥E 4+ WE® because of the powder-
averaged data.

Basis vector Rmag(kcm) (%) Rmag(kicm) (%)

— Ui 4 wie 6.29 6.81
(—WF° + Uge)

pie 64.6 63.6

ple 63.9 62.0

20wke 4 wle 61.8 59.5

owke 4 yle 51.5 51.7

TABLE V. The sensitivity of the refinement on the Ce** mo-
ment. Oce—re is the canting angle between the Ce®*t and Fe?t
moments.

Oce—re Mmce (UB) Rmag(kcm) (%) Rmag(kiem) (%)

0°  0.22(3) 6.29 6.81

- 0 778 7.41
30°  0.26(4) 6.39 6.74
60°  0.43(7) 6.56 6.67
90°  1.18(27) 8.06 7.54
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FIG. 8. Schematic representation of the basis vectors WF®
with kcum for the Fe®T moments. Magnetic moments are rep-
resented by red arrows when they are confined in the ab plane,
and by circles when they are along the c axis. In W9 one large
downward moment and two small upward moments in the
unit cell cancel the total moment.

So far we have assumed that the magnitude of the Ce3*
moment is nonzero and the direction of the Ce3* moment
is parallel to the Fe?* moment in the ab plane. Here,
we test the assumption and check the sensitivity of the
refinement for the following models; the Ce3* moment
is zero, and the Fe3t and Ce®t moments are canted in
the ab plane. In order to avoid the divergence of the
parameters, we perform the refinements with the fixed
canting angle fce_pe of 30°, 60°, and 90°. The refined
magnitude of the Ce?t moment and best Ripag factors are
listed in Table V. The canted models with 0ce_r. = 30°
and 60° are reasonable as well as Oce_pe = 0°. The angle
between the Fe?t and Ce3* moments is thus cannot be
determined.

In the refined magnetic structure with kcyr, the mag-
netic moments of the Cet and Fe?* ions antiferromag-
netically propagate along the ¢ axis in Fig. 9(a), and they
ferromagnetically align in the ab plane in Fig. 9(b). The
angle between the Fe?* and Ce®* moments in the ab
plane is arbitrary. The magnetic structure with krcn ex-
hibits the helical structure propagating along the ¢ axis
as shown in Figs. 9(c) and 9(d). The Fe3™ moment of
4.17(11) pp is consistent with 4.2 yp in Nd- and Sm-
ferroborates [24, 25], but it is 84% of the full moment of
the Fe3T ion. This may be associated with an existence
of the magnetic frustration. The domain ratio Cy/Cy of
0.567(5) means that the occupation for the helical phase
is nearly double of that for the collinear phase.
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FIG. 9. The magnetic structures of CeF63(11B03)4. Mag-
netic domain having the CM propagation vector is shown in
the panels (a) and (b). The direction of the Fe*T and Ce®"
moments in the ab plane is not determined. The case of both
moments directing along the a* axis is described here. Mag-
netic domain having the ICM propagation vector is shown in
the panels (c) and (d). The angle between the Fe*t and Ce®"
moments in the ab plane is not determined. The case of the
moments parallel is described here. The moment size of the
Ce®T ion is multiplied by ten.

VI. DISCUSSION

In CeFe3(BOs3)y, the two phases of the collinear and
helical phases coexist in the magnetic ordered state.
From the neutron diffraction experiments we established
that the domain ratio of the two phases was different
in the polycrystalline and single-crystal samples. The
ratio of the integrated intensities at (0,—2,0.5) and
(0,—2,0.457) in Fig. 7(a) is 0.35 while one for the poly-
crystalline sample is 0.64. From this the domain ratio of
the two structures for the single-crystal sample is roughly
estimated to be C1/Cs ~ 0.3, which is smaller than that
for the polycrystalline one. This means that the ICM
phase is more stable in the single-crystal sample than in
the polycrystalline one. Since the polycrystalline sample
was obtained by crushing the single-crystal samples, lat-
tice strain and/or defect may affect stability of the ICM
phase and the domain ratio. It is noted that the incom-
mensurability in the isostructural NdFe3(BO3), having
ICM magnetic order depends on the sample size [24], and
the magnetic structure of RFe3(BO3)4 may be sensitive
to the shape of the sample. The reason for the difference
in the domain ratio between single-crystal and polycrys-
talline samples is unclear, and systematic study of the
sample dependence of the magnetic domain ratio would
be important.



The coexistence of the CM and ICM phase has been
also found in NdFe3(BOs), [48]. They have suggested
that the frustration of the interactions between Fe?+ and
Nd?** moments causes the phase competition between the
two phases. However, the recently proposed magnetic
Hamiltonian based on an inelastic neutron scattering ex-
periment [49] does not identify the ICM structure as the
ground state even though the complex network of the in-
teractions was revealed. On the other hand, it has been
suggested that the Dzyaloshinskii-Moriya (DM) interac-
tion causes the ICM structure in Ref. [24], but no explicit
evidence of the DM interaction has been found so far.
Hence the origin of the ICM structure in the rare-earth
ferroborates has not been identified yet. Since the incom-
mensurability ¢ = 0.04556(16) at 3.7 K in CeFe3(BOs)4
is larger than 6 = 0.00667 at 1.6 K in NdFe3(BOs3)4 [24],
the interactions inducing the ICM structure is enhanced
in CeFe3(BO3)4 compared with NdFe3(BOg3)4. The mea-
surement of the magnetic excitation in CeFe3(BO3)4 by
means of the inelastic neutron scattering would thus elu-
cidate the origin of the ICM structure.

The rare-earth ferroborates other than CeFes(BO3)y
have exhibited multiferroic properties. Then it is reason-
able to assume that CeFe3(BO3), is also a multiferroic
compound, and to discuss the relationship between the
magnetic structure and electric polarization. Since it was
suggested that the collinear antiferromagnetic structure
in the ab plane leads to the spontaneous electric polariza-
tion [21], it is reasonable to assume that the polarization
in CeFe3(BO3)4 originates from the CM structure. The
collinear structure in CeFes(BOs3), breaks the threefold-
rotational symmetry around the ¢ axis. The magnetic
subgroup that allows the symmetry reduction is noniso-
morphic C2 when the moments align along the a or a*
axes, or P1 when they align along the directions other
than the a and a* axes in the ab plane. When the mag-
netic subgroup of the Fe and Ce sublattices in the CM
structure belongs to C2 symmetry, the polarization ap-
pears parallel to the a or a* axes because C2 symmetry
allows the polarization parallel to its twofold-rotational
axis. In case of P1 symmetry, the polarization is al-
lowed in any directions. From the observed magnetic
anisotropy in the magnetic susceptibility measurements
in Fig. 3, we presume that the easy axis for the magnetic
moments is along the a* axis. In this case, the spon-
taneous polarization would appear along the a* axis as
shown in Fig. 9(b). The measurement of the electric po-
larization is necessary to confirm the orientation of the
magnetic moments and demonstrate the multiferroicity
of CeFeg (BO3)4

Control of the magnetic domain by external field such
as magnetic and electric fields is of primary interest in
multiferroic materials [50-54]. In NdFes(BOg)4, the two
domains of the CM and ICM structures are controlled ei-
ther by magnetic or electric fields [55]. It was found that

the domain fraction of the CM phase increases whereas
that of the ICM phase decreases on applying magnetic or
electric fields along the a axis. CeFeg(BOg)4 is therefore
another trial material to investigate the control of the
magnetic domains with electric field.

VII. CONCLUSION

In conclusion, we have studied thermodynamic prop-
erties and magnetic structure of CeFe3(BOs)s. The
heat capacity and magnetic susceptibility measurements
of the single-crystal sample indicate the antiferromag-
netic transition at T = 29 K. In the neutron powder
diffraction experiment, magnetic Bragg peaks with the
CM and ICM propagation vectors, key = (0,0, 3) and
kicm = (0,0,% + ), are observed. The incommensu-
rability evaluated to be § = 0.04556(16) at 3.7 K de-
creases with increasing the temperature. Magnetic struc-
ture analysis reveals that the magnetic moments align-
ing in the ab plane form the collinear antiferromagnetic
structure having kcy and helical structure having kron .
Detailed magnetic susceptibility and single-crystal neu-
tron diffraction measurements indicate that a phase sep-
aration into the collinear and helical structures occurs.
The study of the magnetic excitation is important to
elucidate the origin of the ICM structure. Consideration
of the multiferroicity suggests that a spontaneous polar-
ization should appear along the a* axis on establishing
the magnetic long-range order, and the domain ratio of
the collinear and helical structure would be controlled by
electric field.
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