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Magnetic field induced antiferromagnetic cone structure in multiferroic BiFeO;
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Neutron diffraction measurements were performed under high magnetic fields up to 17 T in a multiferroic
BiFeO; single crystal, in which an intermediate magnetic (IM) phase has been found between the cycloid and
canted antiferromagnetic phases [S. Kawachi et al., Phys. Rev. Mater. 1, 024408 (2017)]. We clearly found that
the incommensurate magnetic peaks, which split perpendicular to the magnetic field in the cycloid phase, rotate
by 90 deg to align parallel to the field in the IM phase. The magnetic structure in the IM phase can be best
described by an antiferromagnetic cone (AF cone) structure. The transition from the cycloid to AF cone is of
first order and the direction of the magnetic wave vector and the easy plane of the cycloidal component are
rotated by 90 deg without changing the cycloidal modulation period, whereas the transition from the AF cone to
canted antiferromagnetic phase is gradual and the cone angle becomes smaller gradually without changing the
modulation period. Interestingly, the cycloidal component as well as the cone angle in the IM phase shows a large
hysteresis between the field increasing and decreasing processes. This result, combined with the magnetostriction
with a large hysteresis previously reported in the IM phase, suggests a strong magnetoelastic coupling.
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I. INTRODUCTION

BiFeO3, a rare multiferroic compound that shows antifer-
romagnetism and ferroelectricity simultaneously above room
temperature, has been studied intensively [1,2] because of
its rich physics and potential device application. BiFeOs3
crystalizes in a rhombohedral structure (R3c). The structure is
also represented by a pseudocubic structure with a ~ 3.96 A
and o ~ 89.4° which will be used in this paper. This mate-
rial shows a high Curie temperature of 7. ~ 1100 K, below
which ferroelectricity appears [3]. A cycloidal magnetic order
develops below Ty ~ 640 K [4] [Fig. 1(a)]. There are three
equivalent magnetic domains, in which the magnetic propa-
gation vectors are (8, —6, 0), (6,0, —4§), and (0, —6, §) with
the easy planes perpendicular to [1, 1, —2], [1, —2, 1], and
[—2, 1, 1], respectively. A slight anharmonicity of the cycloid
structure was suggested [5,6]. Applying magnetic field, vari-
ous experimental results indicate a magnetic transition around
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20 T [7-15] which corresponds to a transition from the in-
commensurate cycloid structure to a canted antiferromagnetic
(CAFM) structure [Fig. 1(c)].

Recently, an intermediate magnetic (IM) phase has been
found between the cycloid and CAFM phases [16]. This IM
phase, where a large magnetoelectric effect was observed,
is considered to originate from the anisotropic magnetic in-
teractions that are coupled to the ferroelectric property. The
magnetic structure in the IM phase was predicted to be an
antiferromagnetic cone (AF cone) structure theoretically [16],
as shown in Fig. 1(b). This phase originates from the com-
petition between two different Dzyaloshinskii-Moriya (DM)
interactions (DM vectors along [1, 1, —2] and [1, 1, 1]). The
DM interaction along [1, 1, —2] is dominant at low fields and
gives rise to the cycloid structure [17-19]. The DM interaction
along [1, 1, 1] causes a small spin density wave component
along [1, 1, —2] [20]. The latter DM interaction becomes more
dominant in the IM phase. Since DM interactions are coupled
to structural symmetry, the AF cone structure can be strongly
affected by the structural distortion.

Neutron diffraction experiments using a vertical-field mag-
net were performed previously [16]. A magnetic transition

©2020 American Physical Society
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FIG. 1. (a) Cycloid structure at ambient and low magnetic fields,
(b) AF cone structure predicted for the intermediate phase theo-
retically [16], and (c) CAFM structure. The red arrows represent
the Fe moments in a triangular plane perpendicular to [1, 1, 1]
direction. In the plot the rotation plane includes [1, 1, 1] direction.
The blue arrows represent the Fe moments in the adjacent plane
along [1, 1, 1]. The modulation pitches shown in (a) and (b) and the
canting angle in (c) are exaggerated for clarity. (d) Magnetic field-
temperature phase diagram. The circles and triangles represent the
transition fields between the cycloid and AF cone structure observed
in the field increasing and decreasing processes, respectively. The
squares represent the transition fields between the AF cone and
CAFM structure. Closed and open symbols correspond to the data
obtained with neutron diffraction and magnetization measurements,
respectively. The magnetization data are from Ref. [16].

to the IM phase was confirmed from a change of the mag-
netic peak structure from being incommensurate to com-
mensurate. However, due to the experimental configuration
with insufficient resolution along the field direction where a
commensurate peak is expected to split, it was not possible
to unambiguously determine that the magnetic structure in
the IM phase is the AF cone structure. It is important to
determine the detailed magnetic structure in the IM phase to
fully understand the magnetoelectric effect in this material.
We performed neutron diffraction measurements using a
single crystal of BiFeOs. We first investigated the magnetic
domain redistribution, which occurs at low magnetic fields.
The three equivalent magnetic domains present at ambient and
low magnetic fields was found to merge into a single magnetic
domain above 6 T. After that, we measured magnetic field
dependence of the peak profile around the (1/2, 1/2, 1/2)
magnetic Bragg peak in horizontal magnetic field up to 17 T.
We successfully observed incommensurate peaks, which split
along the magnetic field direction [1, 1, —2] at the (1/2,
1/2, 1/2) main peak, in the IM phase. The magnetic field
and temperature region, where the incommensurate peaks
appear, is consistent with that in the phase diagram obtained
by the magnetization measurements [16]. We confirmed that
the magnetic structure in the IM phase is consistent with
the AF cone structure which is predicted theoretically. The
cycloidal spin component in the AF cone phase, which shows
a large hysteresis between the field increasing and decreasing
processes, suggests a strong magnetoelastic coupling.
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FIG. 2. Configurations of neutron diffraction experiments in ver-
tical magnetic field with [1, 1, 1]-[1, —1, O] scattering plane (a) and
horizontal magnetic field with [1, 1, 1]-[1, 1, —2] scattering plane (b).
The filled circles represent magnetic Bragg peaks around (1/2, 1/2,
1/2). The ellipsoid represents the instrumental resolution function
schematically. Slightly canted ferromagnetic component in the AF
cone and CAFM phases should cause magnetic signal which overlaps
to the nuclear Bragg peaks, although the ferromagnetic Bragg peak
is not shown here.

II. EXPERIMENTAL DETAILS

A single crystal of BiFeO3; was grown using the travel-
ing solvent floating zone (TSFZ) method, as described in
Ref. [21]. The dimensions of the single crystal is 3¢ x
10 mm?3. The effective mosaic of the single crystal is about
0.4° with the spectrometer configurations as described below.
This is the same crystal used for the high magnetic field
neutron diffraction study in Ref. [16]. It should be emphasized
that high quality single crystal, which has a good mosaicity
of less than 0.4 deg full-width-at-half-maximum, is the key
to resolve the incommensurate magnetic peaks both in the
cycloid and IM phases. The neutron diffraction measurements
in horizontal magnetic fields up to 17 T were performed on
HFM/EXED facility at BER II research reactor in Helmholtz-
Zentrum Berlin [22]. The single crystal was oriented in the
(1,1, 1)-(1, 1, —2) scattering plane and was mounted in a
closed-cycle “He gas refrigerator. High static magnetic fields
were applied using a hybrid magnet system. The magnetic
field was applied up to 17 T horizontally along [1, 1, —2]
direction [Fig. 2(b)]. To access the reflections of interest the
magnet was rotated by 9 deg with respect to the incident beam.
EXED instrument, operated in a time-of-flight diffractometer
mode [23], was set to a wavelength range 0.73-1.88 A.

The neutron diffraction experiments in vertical magnetic
fields up to 9 T were carried out on a cold triple-axis neu-
tron spectrometer CTAX, installed at the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory (ORNL).
Neutrons with a final energy of 5 meV was used, together with
a horizontal collimator sequence of guide 20'-S-80'-120'.
Contamination from higher-order beams was effectively elim-
inated using a cooled Be filter. The single crystal was oriented
in the (1, 1, 1)-(1, —1, 0) scattering plane. The magnetic field
vertical to the scattering plane was applied along [1, 1, —2]
direction [Fig. 2(a)].
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FIG. 3. Orientation of the magnetic domains with H || [1, 1, —2]
observed using neutron diffraction. (a) The peak profile along (1/2 £
h, 1/2 F h, 1/2) as a function of magnetic field measured in the
field increasing process. (b) Integrated intensities of commensurate
and incommensurate magnetic peaks as a function of magnetic field.
D1, D2, and D3 represent three magnetic domains shown in the
inset of (d). (c) Magnetic field dependence of incommensurability (§)
of the incommensurate magnetic Bragg peaks at (1/2 £6, 1/2 F 4,
1/2),(1/2F8,1/2,1/2 +6),and (1/2,1/2 £ 6, 1/2 F §). (d) Angle
between the cycloidal plane and the scattering plane (6) as a function
of magnetic field. The inset shows the six magnetic incommensurate
peaks (filled circles) and 6.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Magnetic domains

Neutron diffraction study was performed in a vertical
magnetic field in order to investigate the magnetic domain
orientation in the field. The experimental configuration shown
in the inset of Fig. 3(d) was employed, which is the same as
in Refs. [24,25]. Figure 3 shows the result with H || [1, 1, —2]
measured at 2 K. At ambient field, there are two peaks around
(1/2+56,1/2F4,1/2) with § ~ 0.004. With increasing mag-
netic field, the intensity at (0.5, 0.5, 0.5) is reduced between
4 and 5 T, while the incommensurate peaks become more
intense and sharper with larger peak separation. The three
magnetic domain (D1, D2, and D3) arrangement expected at
ambient magnetic field is displayed in the inset of Fig. 3(d).
Because of the insufficient Q resolution perpendicular to the
scattering plane and very small incommensurability, the out-
of-plane peaks are observed as if those are in the scattering
plane. The data were fitted with five Gaussian peaks, outer two
peaks from D1, inner two peaks from D2 and D3, and a peak
at the center. For the analysis we assumed that the cycloidal
plane of D1 is in the scattering plane and D2 and D3 have the
same §.

The field dependence of the intensity is plotted in Fig. 3(b).
Above 4.5 T, the intensity from D2 and D3 abruptly disap-
pears and that from D1 increases. This is the reason why the
peaks become sharper and more intense. With decreasing the
field, the intensities at these positions stay almost the same.
After the first cycle of field increase and decrease, the field

dependence of the intensities are the same as those in the first
field decreasing process. The commensurate peak gradually
increase with increasing magnetic field above ~5 T. This
will be discussed in Sec. III B. Figure 3(c) shows the field
dependence of § of the magnetic Bragg peaks. 6 of D2 and
D3 stays almost the same up to 4 T and abruptly increases
above 4 T. § can be converted to the angle between the
cycloidal plane and the scattering plane (6) with the relation
cos~!(8/8¢), where & is the incommensurability of D1 lying
in the scattering plane. At low fields, the cycloidal planes of
D2 and D3 are tilted by 60 deg from the scattering plane.
6 changes from 60° to 0° at 5.5 T, indicating that D2 and
D3 merge to D1. These results are consistent with those in
Ref. [26].

After the magnetic domains D2 and D3 merge to D1, the
single domain structure is robust unless it is heated above
the Néel temperature (640 K). The high magnetic field study,
which is described in Sec. III B, was performed using a single
crystal with a single magnetic domain (D1).

B. Magnetic field induced transitions

Neutron diffraction study in horizontal magnetic field was
performed to clarify the magnetic structure in the IM phase.
The experimental configuration shown in Fig. 2(b) was em-
ployed. Figure 4 shows the contour map of the magnetic
intensity at (1/2, 1/2, 1/2) along [1, 1, —2] direction at 250
and 290 K as a function of magnetic field. As described
in Sec. III A, two incommensurate peaks from the cycloid
phase, which split along [1, —1, 0], should be present at low
fields. However, due to the vertically elongated resolution as
shown in Fig. 2(b), the two incommensurate peaks below
5 T, which split along [1, —1, 0], are integrated into a single
commensurate peak.

In the field increasing process, shown in Figs. 4(a) and 4(c),
additional signals appear at both sides of the commensurate
peak around 15 T at 250 K and around 14 T at 290 K.
On the other hand, in the field decreasing process, shown
in Figs. 4(b) and 4(d), the side peaks appear around 14 T
at 250 K and around 13 T at 290 K. The profiles of the
central and two side peaks were fitted with three Gaussian
functions. The integrated intensities of the commensurate and
incommensurate peaks at 250 and 290 K as a function of
magnetic field are shown in Figs. 5(a) and 5(b), respectively.
The increase of the commensurate magnetic intensity with in-
creasing magnetic field and the hysteresis of the incommensu-
rate magnetic intensity are clearly seen. Figures 5(e) and 5(f)
show half of the peak separation of the two incommensurate
peaks, which corresponds to the incommensurability 8 of the
magnetic peaks at (1/2+§, 1/2+§, 1/2 F24"). We found
that the peak separation of the two incommensurate peaks
is almost field and temperature independent and has similar
values in the field increasing and decreasing processes. Since
the incommensurability of the magnetic peaks corresponds to
the reciprocal cycloidal periodicity, this results suggest that
the cycloidal modulation period keeps about a constant value
in the IM phase.

As reported in Ref. [16], the incommensurate magnetic
peaks, split perpendicularly to the magnetic field in the cy-
cloid phase, becomes commensurate, indicating that the peak
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FIG. 4. Contour plots of the magnetic intensities at (1/2 & h, 1/2 £ h, 1/2 FF 2h) with H ||[1, 1, —2] during magnetic field increasing
(a) and decreasing (b) processes at 250 K. (¢) and (d) The results at 290 K. Two broken lines show the field region where incommensurate

peaks are observed.

is either commensurate or splits along the magnetic field
direction. The current measurements clarify that there are
both commensurate and incommensurate peaks in the IM
phase. The commensurate peak originates from the almost
collinear antiferromagnetic component perpendicular to the
field, although it is slightly canted to the field direction.
Since we could only access one set of incommensurate mag-
netic Bragg peaks around (1/2, 1/2, 1/2), it is difficult to
determine the magnetic structure uniquely. There are two
possible magnetic structures. One is the AF cone structure, in
which the incommensurate peaks originate from the cycloidal
component with the easy plane perpendicular to [1, —1, 0], as
shown in Fig. 1(b). The other is the fan structure, in which the
incommensurate peaks originate from the spin-density-wave
component along the field direction, and the spins oscillate
around [1, —1, O] direction in the [1, —1, 0]-[1, 1, —2] plane.
Since the DM interactions, which can give rise to the AF cone
structure, are present [20], the AF cone structure is considered
be an appropriate structure for the IM phase.

The commensurate and incommensurate magnetic Bragg
intensities as well as the magnetization [16] shows a hys-
teretic behavior between the field increasing and decreasing
processes, indicating that the transition from the cycloid to
AF cone phase is of first order. Therefore, in the magnetic
field range where the incommensurate signal from the AF
cone structure is negligible at the lower field side of the phase

boundary, the commensurate intensity probably originates
mostly from the cycloid phase and slightly from the collinear
component of the AF cone phase. On the other hand, in the
magnetic field range where the incommensurate signal from
the AF cone structure is finite, the commensurate intensity
probably originates mostly from the collinear component of
the AF cone phase. In the latter field range we calculated the
cone angle of the AF cone structure from the ratio of the com-
mensurate and incommensurate intensities tan~!(/ZIic/Ic),
where Iic is the integrate intensity of the two incommensu-
rate magnetic peaks and Ic is the integrate intensity of the
commensurate magnetic peak. The cone angle as a function of
magnetic field is shown in Figs. 5(c) and 5(d). The cone angles
are very similar both in the field increasing and decreasing
processes and it decreases gradually at the higher field phase
boundary of the AF cone structure. However, it is clearly seen
that the AF cone phase is expanded to the lower fields in the
field decreasing process and the cone angle becomes much
larger around the lower field phase boundary.

The fact that the transition from the cycloid to AF cone
phase is of first order suggests that a structural distortion
is related to the magnetic field induced transition to the AF
cone phase. A hysteretic behavior of the magnetostriction was
actually reported in Ref. [16]. The lattice elongation is more
enhanced in the field decreasing process. Interestingly, the
cycloidal component is more enhanced so that the cone angle
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FIG. 5. Integrated intensities of the commensurate (CM) and two
incommensurate magnetic (ICM) peaks as a function of magnetic
field at 250 K (a) and 290 K (b). Filled and open circles represent the
intensities measured during the field increasing and decreasing pro-
cesses, respectively. (¢) and (d) Cone angle as a function of magnetic
field at 250 and 290 K, respectively. (e) and (f) Incommensurability
(&) as a function of magnetic field at 250 and 290 K, respectively.

becomes larger in the field decreasing process, as shown in
Figs. 5(c) and 5(d). This indicates that the AF cone structure
is strongly coupled to the structural distortion. The strong
magnetoelectric coupling reported in the AF cone phase [16]
can be ascribed to this magnetoelastic coupling. Since the
cycloidal component is more enhanced at 290 K than at
250 K, the magnetoelectric coupling can be stronger at higher
temperatures.

The incommensurability of the magnetic peaks corre-
sponds to the inverse periodicity of cycloidal modulation.
The incommensurate peak positions are (1/2+£46, 1/2 F 4,
1/2) with § = 0.00447(4) at O T at 295 K [5] and (1/2 £ &,
1/2+£4, 1/2F28") with § =0.0028(3) at 14 T at 290 K
in the field decreasing process. In order to compare the
incommensurabilities, these values are converted to the same
unit (A1), v/28 = 0.00632(6)[= 0.00993(9) A~!]at 0 T and
V68" = 0.0068(7)[= 0.011(1) A~'] at 14 T. This indicates
that the magnetic modulation period is kept at a similar value
at the field-induced transition from the cycloid to AF cone
phases. Therefore, at the critical field, only the direction of
the magnetic wave vector and the easy plane of the cycloid
structure rotates by 90 deg without changing the cycloidal
modulation period. As described above, 8’ is almost magnetic
field independent in the AF cone phase. Furthermore, the
incommensurate magnetic intensity at the higher field side of
the AF cone phase changes gradually. These results suggest
that the cone angle gradually changes to zero toward the
critical field between the AF cone and CAFM phases, without
changing the cycloidal modulation period.

Figures 5(a) and 5(b) show that the intensity of the com-
mensurate peak increases abruptly around 14 and 13 T and
finally becomes saturated above 16 and 15 T at 250 and 290 K,
respectively. The saturated intensity is about 2.5 times larger
than the intensity at O T. The increase of the commensurate
peak mostly originates from the fact that neutron scattering
probes the components of the magnetic moment perpendicular
to the wave-vector transfer. Since the measurements were
performed at (1/2, 1/2, 1/2), the magnetic intensity becomes
maximum when the magnetic moments point perpendicular
to [1, 1, 1]. In the CAFM structure [Fig. 1(c)] the magnetic
moments point almost perpendicular to [1, 1, 1]. On the other
hand, only half of the magnetic moments point along [1, 1, 1]
in the cycloid phase [Fig. 1(a)]. Therefore, the intensity should
become two times larger at the CAFM phase, which is slightly
smaller than the enhancement factor actually observed. In
order to explain this difference, we should consider a puzzling
feature that the commensurate intensity starts to increase
slightly around 5 T which is well below the critical field to
the IM phase. The increase of the commensurate intensity is
also observed in the different configuration, as described in
Sec. IIT A [Fig. 3(b)]. These results indicate that the slightly
increasing signal is commensurate and exactly centered at
(1/2, 1/2, 1/2). One possibility is that a tiny fraction of the
CAFM component appears at low fields. Another possibility
is that a structural distortion gives rise to a superlattice peak
at (1/2, 1/2, 1/2). The latter explains the larger enhancement
factor. However, this is outside of the scope of this paper and
a further study is needed to clarify the origin of the additional
commensurate peak.

IV. SUMMARY

Neutron diffraction measurements in BiFeO; were per-
formed under magnetic field up to 17 T to clarify the magnetic
structure in the IM phase. We found that the AF cone structure
predicted in Ref. [16] best describes our results. The results
give a new insight about the magnetic field induced transi-
tions. The transition from the cycloid to AF cone is of first
order and the direction of the magnetic wave vector and the
cycloidal plane are rotated by 90 deg without changing the cy-
cloidal modulation period. The transition from the AF cone to
CAFM phase is gradual with the cone angle becomes smaller
gradually without changing the cycloidal modulation period at
the higher field side of the phase boundary. A large hysteretic
behavior in the AF cone phase was observed in the cycloidal
component in this study and also in the magnetostriction pre-
viously reported [16], suggesting a magnetoelastic coupling,
which may give rise to a large magnetoelectric effect in the AF
cone phase [16]. Furthermore, this effect is found to be more
enhanced at higher temperatures, which is ideal for industrial
application.
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