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Abstract
High resolution neutron powder diffraction has been applied to verify the model
of distorted cycloidal magnetic modulation proposed on the basis of NMR
studies of the multiferroic BiFeO3 in Zalesskii et al (2000 Europhys. Lett.
50 547). Our experimental results do not support the model of magnetic
modulation given by Zalesskii et al for BiFeO3 at 4 K. Neutron diffraction
patterns recorded at ambient temperature and 4 K agree with the cycloidal
magnetic modulation model for BiFeO3 proposed by Sosnowska et al (1982
J. Phys. C: Solid State Phys. 15 4835). Present neutron diffraction results are
compared with BiFeO3 NMR and Mössbauer literature data.

1. Introduction

Multiferroic materials [1] show a coexistence of electric and magnetic polarizations and have
interesting physical properties with potential technical applications. A number of examples
of such materials have been found in manganite oxide systems with distorted perovskite
structures [2, 3] at low temperatures. This paper is devoted to another transition metal
perovskite compound, BiFeO3, in which both ferroelectric and magnetic ordering coexist at
room temperature e.g. [4, 5]. The ferroelectric polarization is due to a positional shift of the
Fe and Bi ions along the hexagonal [001]hex axis [4]. The magnetic ordering of BiFeO3 at RT
proposed in [6] and later confirmed in [7] is a combination of an antiferromagnetic ordering
with a cycloidal modulation of period length 620 Å [6]. The modulated magnetic ordering
also exists above ambient temperature up to the Néel temperature of TN = 640 K [7]. The
presence of the modulated magnetic ordering has a very important physical consequence: the
linear magnetoelectric effect disappears in BiFeO3 [8–10]. The modulated magnetic ordering in
BiFeO3 has also been confirmed by NMR studies [11–13] and EPR studies [14]. A theoretical
description of the modulated magnetic ordering in BiFeO3 has been given in [15].

Several attempts to enhance the magnetoelectric effect in BiFeO3 were achieved by partial
replacement of Bi by La [16] and Fe by Mn [17]. It was verified directly by neutron diffraction
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that La [18] and Mn [19] doped samples have a longer magnetic modulation length than pure
BiFeO3. The enhancement of the dielectric properties observed in Nd [20] and Sm [21] doped
BiFeO3 samples as well as in mixed ceramics of BiFeO3–PbTiO3 type [22] is presumably also
due to the destruction of the magnetic modulation. It was also shown by EPR studies of bulk
BiFeO3 that a magnetic field of 18 T [14] probably destroys the magnetic moment modulation.
Further improvements of the magnetoelectric coupling were suggested by studies of BiFeO3

thin films [23, 24].
Recent BiFeO3 low temperature NMR spectrum descriptions given by Zalesskii et al

[11–13] show that the ordered Fe3+ magnetic moment distribution at temperatures below 77 K
should be described with a distorted cycloidal modulation (the so called Zalesskii model). The
main motivation of the present paper is to obtain experimental evidence that would confirm or
negate the Zalesskii model of magnetic modulation in BiFeO3 [11–13].

2. Cycloidal and distorted cycloidal magnetic modulation models

Neutron diffraction is a unique method which gives direct information about the correlations
of magnetic moments in the lattice. In the case of collinear ferromagnetic or antiferromagnetic
orderings, neutron diffraction contributes to magnetic Bragg peaks [25] at commensurate
positions corresponding to the scattering vector Q equal to reciprocal lattice vectors Ghkl :

Q = Ghkl = h · a∗ + k · b∗ + l · c∗ (1)

where h, k, l are integer Miller indices and a∗, b∗ and c∗ are the reciprocal lattice vectors. In the
case of periodic modulations of the magnetic moments described with one propagation vector
q, neutron diffraction contributes to first order magnetic satellite peaks at [25]

Q = Ghkl ± q, (2)

where the modulation length L is equal to 2π/|q|.
In the case of periodic magnetic moment modulations described with several multiples of

the propagation vector q, neutron diffraction contributes not only to first order satellites but
also to satellites of higher order like [25]

Q = Ghkl ± 2q, Q = Ghkl ± 3q etc. (3)

One example of such modulations requiring many propagation vectors is antiphase
domains [25]. For neutron diffraction studies of magnetic modulations with long periods the
propagation vector length |q| � |Ghkl |, and one needs very high resolution, which is available
at backscattering time-of-flight diffractometers, e.g. HRPD at the ISIS facility [26].

The Fe3+ ions in BiFeO3 are located on (6a) positions of the space group R3c [5]. The
magnetic ordering is a combination of a G-type [27] antiferromagnetic ordering subject to a
long-range cycloidal modulation. In the model described in [6] (which will be referred to as
‘cycloidal’) the Fe3+ magnetic moments are confined to the plane spanned by the a + b and
c axes. The magnetic modulation propagation vector determined from BiFeO3 experimental
data [6] is

q = δ · a∗ + δ · b∗ (4)

where δ = 0.0045. Taking into account the lattice parameters a = 5.581 02(4) Å and
c = 13.8757(4) Å in a hexagonal setting, see e.g. [19], one can calculate that the modulation
length L = 2π/|q| = 620 Å [6]. In the cycloidal model [6] the Fe3+ magnetic moment
components are given as a function of ion position r (please note that Mx , My and Mz refer to
the crystal axes in the hexagonal setting):( Mx

My

Mz

)
=

( M0 cos(qr)
M0 cos(qr)
M0 sin(qr)

)
. (5)
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Figure 1. Plot of the ordered Fe3+ magnetic moment components Mx = cn(A(m)qr, m) and
Mz = sn(A(m)qr, m) according to the distorted cycloidal model (m = 0.95) proposed for
BiFeO3 [11–13] at 4 K (solid lines, see equation (6)). These functions are compared with sin(qr)
taken from the cycloidal model (dashed line, see equation (5)). The horizontal axis represents the
position r along the modulation propagation direction. All three functions have the same period of
620 Å.

Recent BiFeO3 NMR spectra were interpreted by Zalesskii et al [11, 12] by assuming a
distorted cycloidal modulated ordering (this model introduced by Zalesskii et al will be referred
to as ‘distorted cycloidal’):( Mx

My

Mz

)
=

( M0 cn(A(m)qr, m)

M0 cn(A(m)qr, m)

M0 sn(A(m)qr, m)

)
(6)

where the same propagation vector q taken from [6] (see equation (4)) is used. The functions
sn(x, m) and cn(x, m) are the elliptic Jacobi sine and cosine functions while the factor
A(m) = 4K (m)/2π , where K (m) is the complete elliptic integral of the first kind. Both
functions on the rhs of equation (6) are periodic with the same modulation length L = 620 Å as
in the cycloidal model [6]. The ordered total magnetic moment in both cycloidal and distorted
cycloidal models is assumed equal M0 for each Fe3+ ion. The functions sn(x, m) and cn(x, m)

tend to sin(x) and cos(x) when m → 0. The parameter m values obtained from NMR data
by Zalesskii et al [11–13] are m = 0.48, 0.83 and 0.95 at 295, 77 and 4.2 K, respectively.
That means that the degree of distortion from the sine and cosine functions is largest at low
temperature. In order to visualize this effect the functions sn(A(m)qr, m) and cn(A(m)qr, m)

for m = 0.95 are shown together with sin(qr) in figure 1. The Fourier transformation of both
sn(x, m) and cn(x, m) gives odd order sine and cosine components, respectively.

We have calculated the intensities of the satellite magnetic neutron Bragg peaks located
around the (101) and (003) Bragg positions (see e.g [6]) for the cycloidal and distorted cycloidal
(m = 0.95) magnetic modulation models described above. The resulting neutron powder
diffraction patterns of BiFeO3 expected at 4 K for both models are shown in figure 2. The
propagation vector is located in the (a, b) plane so the first order satellites associated with
±(003) contribute to the same peak labelled with (δ, δ, 3) in the neutron powder diffraction
pattern. The first order satellites associated with ±(101),±(1̄01),±(01̄1) Bragg positions [6]
contribute to three resolved peaks which are labelled as ‘L’, ‘R’ and ‘C’ for left, right and
central, respectively. The first order satellites’ intensity ratios in the cycloidal and distorted
cycloidal models are different because of the different values of the first order Fourier terms
for the Mz and Mx components (see the function plots in figure 1). The distorted cycloidal
model (m = 0.95) also contributes to third order satellites, which are denoted with arrows and
labelled with ‘L3q’ and ‘R3q’ for the left and right, respectively. The fifth and higher order
satellites exist but they are too weak to be considered.
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Figure 2. Simulated neutron powder diffraction patterns showing the magnetic satellite peaks
expected for BiFeO3 at 4 K. The patterns contain magnetic satellite Bragg peaks associated with
the ±(101),±(1̄01),±(01̄1) and ±(003) reciprocal lattice points. The calculated patterns for the
distorted cycloidal (m = 0.95) and cycloidal modulation models are shown on the upper and lower
panels, respectively. The satellite peaks in both models have the same positions. The labelling in
the upper panel shows the Miller indices together with the symbols ‘L’, ‘R’, ‘C’, ‘L3q’ and ‘R3q’
used further in the text.

3. Experimental details

Neutron powder diffraction measurements of BiFeO3 have been performed at the high
resolution time-of-flight (TOF) neutron diffractometer HRPD at the ISIS facility [26]. The
polycrystalline powder BiFeO3 sample was placed in a cylindrical vanadium container of
11 mm diameter inside a helium-flow cryostat. Data were recorded at ambient temperature and
4 K over an interplanar d-spacing range of 3.8–4.8 Å, i.e. in the region with the most intense
magnetic satellites around (101) and (003) and one nuclear Bragg peak (012). The measured
neutron diffraction intensities have been normalized to the incident beam monitor profile and
corrected for detector efficiency effects using previously recorded vanadium calibration data.
Sections of the BiFeO3 diffraction patterns obtained at RT and 4 K are shown in figure 3 with
the same labelling as in figure 2.

4. Results

Both patterns recorded at RT and 4 K show a similar set of magnetic satellite peaks which
correspond to modulation lengths of 632(20) and 637(20) Å at 4 K and RT, respectively. The
difference in the peak positions is due to the thermal expansion of the lattice. The heights
of the measured magnetic Bragg peaks differ from these calculated (see figure 2) because of
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Figure 3. Neutron powder diffraction patterns of BiFeO3 with magnetic satellite peaks measured
on HRPD at ambient temperature (upper) and 4 K (lower). The positions of the third order satellites
expected for the distorted cycloidal modulation model at 4 K are labelled with ‘L3q’ and ‘R3q’.
The inset shows the enlarged part of the 4 K pattern (solid dots) with the profiles of the expected
third order satellites calculated assuming the distorted cycloidal model with m = 0.95 (solid line).

considerable differences of the peak widths observed in the same pattern. The widths of the
nuclear Bragg peak (012) (not shown in figure 3) and the magnetic satellite peak (003) both
correspond to �d/d = 1.50 × 10−3 which is close to the instrumental resolution of HRPD
in the experimental configuration used. On the other hand, the three magnetic satellite peaks
‘L’, ‘C’ and ‘R’ are much broader with �d/d = 2.2 × 10−3, 4.0 × 10−3 and 2.2 × 10−3,
respectively. This result has been observed previously in neutron diffraction studies of BiFeO3

at RT and explained in [6] by assuming the cycloidal model with a Gaussian distribution of the
propagation vector q directions around the [110] direction in the (a, b) plane. In this paper we
conclude that this effect occurs not only at ambient temperature but also at 4 K.

In order to compare our diffraction patterns with earlier results [6] and model calculations
the following intensity ratios are calculated.

A = Iδδ3

IL + IR + IC
(7)

B = IC

IL + IR
(8)

C = IL3q + IR3q

2IC
(9)

where IX corresponds to the intensity of the peaks labelled with ‘X’ as shown in figure 3.
The values of these ratios determined in the experiment and calculated for the cycloidal and
distorted cycloidal models at RT and 4 K are compared in table 1. The present (see figure 3)
and past [6, 7] results obtained at RT are in good agreement with each other and they also agree
with the cycloidal model calculations. It should also be noted that the experimental results
obtained at RT differ little from the distorted cycloidal model (m = 0.48) results; the third
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Table 1. Values of the magnetic satellites’ intensity ratios A, B and C as explained in the text.
‘Cycloidal’ and ‘Dist. cycloidal’ refers to model calculations while ‘Measured’ refers to present
neutron diffraction measurement results. The distorted cycloidal model calculations were done by
assuming m = 0.48 at RT [12] and m = 0.95 at 4 K [13]. Previous measurements [6] at ambient
temperature gave A = 0.236(6) and B = 0.79(8).

Dist. cycloidal Dist. cycloidal
Cycloidal RT Measured Cycloidal 4 K Measured
RT (m = 0.48) RT 4 K (m = 0.95) 4 K

A 0.244 0.220 0.235(11) 0.243 0.147 0.223(9)
B 0.773 0.742 0.800(40) 0.773 0.653 0.778(30)
C — 0.001 <0.01 — 0.018 <0.01

order satellites calculated for this model (m = 0.48) are too weak to be observed in the present
and past [6] measurements at RT.

At 4 K the observed intensity ratios agree with the cycloidal and disagree with the distorted
cycloidal (m = 0.95) model calculations. The intensity ratios A and B differ by about 35%
and 15% respectively, i.e. far outside statistical error. The third order satellites predicted by the
distorted cycloidal model at 4 K (m = 0.95) were not observed in the experimental data as
shown in the inset of figure 3.

5. Conclusions

The most important conclusion of the present study is that the magnetic ground state ordering
in BiFeO3 does not change much on cooling from RT down to 4 K. Combining this with earlier
high temperature BiFeO3 neutron diffraction studies [7] we can conclude that the character of
the modulated cycloidal ordering of the Fe3+ magnetic moments remains the same from 4 K
up to the Néel temperature of 640 K. The only detectable changes of the magnetic satellite
Bragg peaks are due to the variation of the ordered magnetic moment and the thermal lattice
expansion. The magnetic modulation length remains unchanged within statistical errors. Our
data cannot support the distorted cycloidal model of the modulated magnetic ordering proposed
by Kozheev et al [13] at 4 K. The lack of changes of the modulated magnetic ordering
character in BiFeO3 at all temperatures shows that the magnetic interactions in this material
are remarkably stable. BiFeO3 is unique among other ferrite systems with distorted perovskite
structure, e.g. rare earth orthoferrites RFeO3, in which the magnetic ordering often changes
with temperature [28–30].

The present disagreement between BiFeO3 neutron diffraction and NMR studies should
be discussed and compared with BiFeO3 Mössbauer studies. NMR [11–13] and Mössbauer
studies [31] show two main values of hyperfine fields at the Fe sites in BiFeO3; the larger
and smaller fields are labelled as H‖ and H⊥, respectively. The value of these hyperfine fields
normalized to their low temperature value, i.e. H‖(T )/H‖(0) and H⊥(T )/H⊥(0), show the
same temperature dependence both in NMR [12, 13] and Mössbauer [31] measurements. On
the other hand, these hyperfine fields also agree with the normalized ordered magnetic moment
M(T )/M(0) determined from BiFeO3 moderate resolution neutron diffraction studies [32].
There are however two important discrepancies between NMR and Mössbauer results.

First, the relative difference between H‖ and H⊥ given by NMR [11–13] is about 1.1%,
while Mössbauer studies show 0.5%–0.6% [31].

Second, the NMR spectra become increasingly asymmetric as temperature de-
creases [11–13], while Mössbauer spectra do not show this effect. BiFeO3 Mössbauer spectra
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observed at 412 and 80 K [31] do not show visible asymmetry and they can be described with
the same values of the electric field gradient (�EQ) and isomer shift (IS) [31].

The present results clearly demonstrate the need for a more realistic model of the spatial
distribution of the magnetic moments and internal fields acting on Fe3+ ions in BiFeO3 that
would agree with NMR, Mössbauer and neutron diffraction studies in this material.
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