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We have determined the magnetic structure of the field-induced phases of the multiferroic hexagonal man-
ganite HoMnO3 by combining integrated intensity data, collected with unpolarized neutrons on a single crystal,
with measurements of the polarization dependence of the intensities of the diffraction peaks from the same
crystal. The present investigation shows that the magnetic structure of HoMnO3 changes, apparently nearly
continuously, with increasing field from the zero field antiferromagnetic �AF1� phase �P63�cm�� to a ferromag-
netic �F2� phase �P63c�m�� in which the triangular configuration of Mn moments in the �001� plane is
maintained. There is also a significant variation with field in the ordered moments of Ho2 and Mn in the AF1
and F2 phases, respectively. We show that the structures of the field-induced phases cannot be determined
completely from the integrated intensity measurements alone.
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I. INTRODUCTION

The magnetoelectric effect, namely, induction of electric
polarization by a magnetic field or vice versa, has been
known for a long time.1–3 Although, in principle, the effect
could be very useful in device applications, its magnitude in
classical magnetoelectric materials is too small and the initial
interest in the effect decayed quite rapidly. Recently, how-
ever, renewed interest has been generated following the dis-
covery of relatively large magnetoelectric effects in three
classes of rare-earth manganites: These comprise both the
hexagonal4 and the orthorhombic5,6 RMnO3 �R=rare-earth
element� series and the orthorhombic RMn2O5 compounds.7

Among hexagonal manganites, the largest effect4 is found in
HoMnO3, which is ferroelectric below TC=875 K �Ref. 8�
and in which the Mn3+ order antiferromagnetically below
TN=75 K �Ref. 9� and the Ho3+ below THo=4.6 K.10

HoMnO3 has been reported to undergo several transitions at
low temperature induced by electric and magnetic fields.11–13

Lottermoser et al.4 demonstrated that its magnetic structure
can be controlled by an external electric field: Ferromagnetic
ordering is reversibly switched on and off via magnetoelec-
tric interactions. The process was monitored using magneto-
optical techniques, and its microscopic origin was revealed
by neutron and x-ray diffraction. The rather complex �H ,T�
phase diagram derived for HoMnO3 from dielectric
anomalies13 is shown in Fig. 1. In a neutron diffraction
study,11 some of these phase changes were also evident in the
field dependence of hk0 reflection intensities, but the data
were insufficient to derive the changes in structure. The
present experiment was undertaken to try to determine the
magnetic structures in the distinct regions of the �H ,T� phase
diagram. To this end, we have made measurements of both
integrated reflection intensities and their dependence on neu-
tron polarization �polarized neutron asymmetries� using a
single crystal of HoMnO3 under magnetic fields between 0
and 5 T applied parallel to �001� at temperatures in the range
of 2–7 K. We note that a unique determination of a magnetic
structure is not always possible from unpolarized neutron
intensity measurements alone, and this is particularly true for
the homometric magnetic structures of hexagonal mangan-

ites. In such cases, information provided by polarized neu-
tron measurements can be very helpful.14 This study of the
magnetic structure of the field-induced phases of HoMnO3
provides a good example of this situation. As will be seen,
the symmetry observed in the polarized neutron data pre-
cludes any structures that do not have the full symmetry of
the paramagnetic phase. Structures conforming to this sym-
metry have been refined from the unpolarized neutron data,
and their relationship to the applied field deduced from the
signs of the polarized asymmetries.

II. EXPERIMENT

The integrated intensity measurements were made using
the single-crystal diffractometer D15 of the Institut Laue-
Langevin in the normal beam mode with the crystal mounted
in a 6 T superconducting magnet with �001� parallel to both
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FIG. 1. �Color online� �H ,T� phase diagram for HoMnO3 de-
rived from dielectric anomalies �Ref. 13�. The H ,T points at which
restricted sets of integrated intensities were measured are shown by
orange �gray� circles, those for the extended sets by green �gray�
squares. The purple �gray� triangles mark points at which the polar-
ized neutron asymmetries were measured.
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the field and � axes. The angular aperture of the magnet
allowed access to reflections with l=0, 1, and 2. Restricted
data sets containing 14 independent reflections l=0,1 were
measured at the points marked by filled circles in Fig. 1.
More extended sets containing 33 independent reflections l
=0,1 ,2 were obtained at the points marked by squares. The
magnetic field dependence of the intensities of the 100, 210,
101, and 201 reflections at 2 K is shown in Fig. 2. These
reflections are almost entirely magnetic in origin; for 100 and
210 the nuclear scattering is small, and for 101 and 201 it is
forbidden by symmetry. Measurements were made with in-
creasing and decreasing field, as indicated, but the time
needed to collect each data set varied from 4 to 12 h. On this
time scale, any hysteretic effects are close to the limits of
accuracy of the measurements.

Additional information about the way in which the mag-
netic structure responds to an applied field can be obtained
by measuring the polarization dependence of the reflection
intensities. For magnetic structures with zero propagation
vector, magnetic and nuclear scattering contribute to the
same reflections, and the Bragg intensity for neutrons with
polarization P is given by14

IP�k� � �N�k��2 + �M��k��2 + 2RP · M��k�N*�k� , �1�

where N�k� is the nuclear structure factor for the reflection
with scattering vector k and M��k� is its magnetic interac-
tion vector; R signifies the real part. If P is parallel to the
direction of applied field �z� and Mz�k� is the z component of
M��k�, then the asymmetry A in the intensities I+ and I−

scattered with polarization parallel ��� and antiparallel ���
to z is

A =
I+ − I−

I+ + I− =
2RPMz�k�N*�k�

�N�k��2 + �M��k��2
, �2�

where P is a scalar parameter, which measures the effective
polarization: a product of the initial beam polarization, depo-

larization by the sample, and any necessary average over
differently oriented domains. The intensity asymmetry there-
fore yields information about the relative phases of the
nuclear and magnetic scattering, which is not contained in
the unpolarized neutron intensities that depend simply on
�N�k��2+ �M��k��2.

The polarization dependence of the reflection intensities
was measured using the polarized neutron diffractometer D3
of the Institut Laue-Langevin, again using normal beam ge-
ometry with the crystal magnetized in the �001� direction.
The polarization dependence of the peak intensities of all
accessible reflections with sin � /��0.45 Å−1, and l=0,1 ,2
was measured at each of the points in the �H ,T� phase dia-
gram marked by the purple triangles in Fig. 1. The lowest
field value of 1 T is the minimum field required to retain the
neutron polarization when using the superconducting magnet
on D3. The polarized neutron asymmetry A was calculated
for each reflection. Values of A significantly different from
zero were observed even at the lowest field, being particu-
larly significant in the 111 and 112 types. The hexagonal
equivalence of the asymmetries, within the experimental pre-
cision, was preserved at all temperatures and fields.

III. ANALYSIS OF THE DATA

Analysis of the hk0 asymmetries is straightforward be-
cause the �001� projection of space group P63cm is cen-
trosymmetric. k is perpendicular to Mz for all hk0 reflections
so Mz�k�=M��k� and can be obtained from the relationship

A = 2Mz�k�N�k�/��M��k��2 + N�k�2�

using values of the nuclear structure factors calculated from
the known crystal structure. A Fourier summation using these
components as coefficients yields a projection on the �001�
plane of the the magnetization parallel to �001�. The map
obtained using the data collected at 2 K in 1 T is shown in
Fig. 3; it suggests that there is no significant z component of
magnetization at the Mn sites and that the Ho1 and Ho2
atoms are magnetized almost equally parallel to �001�.

Using this result as a guide, a model in which the z com-
ponents of magnetization are due to a partial ferromagnetic
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FIG. 2. �Color online� Magnetic field dependence of the inte-
grated intensities of the 100, 210, 101, and 201 reflections from
HoMnO3 at 2 K.
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FIG. 3. �Color online� Projection on the �001� plane of the mag-
netization aligned parallel to �001� in HoMnO3 by a field of 1 T at
2 K.
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alignment of local moments at the Mn, Ho1, and Ho2 sites
was fitted by least squares to the asymmetries A of the hk0
reflections in each of the data sets measured. The results
showed that there is no significant magnetization parallel to
�001� associated with the Mn atoms at any of these �H ,T�
points. Significant magnetization is aligned at the Ho1 and
Ho2 sites; between 2 and 10 K, this magnetization is almost
independent of temperature. The values for the Ho1 and Ho2
sites do not differ by more than 10%, and they are given to
within the experimental accuracy by �Ho=0.25H with � in
�B and H in T.

The model fitted to the hk0 asymmetry data corresponds
to a structure with magnetic space group P63c�m�. It is the
only one retaining the full symmetry of the crystal structure,
which allows ferromagnetic alignment of the moments on
both Ho sites. It is, however, inadequate to account for the
asymmetry measurements with l�0. For these reflections,
not only are the structure factors complex, but, as indicated
in Fig. 4, there may also be z components of M� due to Mn
even though the Mn moments lie in the plane perpendicular
to z. Expressions for the magnetic structure factors are de-
veloped in Appendix A. For 111, the nuclear structure factor
is almost purely imaginary, and the magnetic structure factor
due to the triangular array of Mn atoms is zero. The Ho
magnetic structure factor is also almost purely imaginary and
proportional to the difference between the Ho moments in
the layers separated by c /2. The nonzero value measured for
A111 therefore implies some inequality or antiparallel align-
ment of such pairs of moments. On the other hand, the asym-
metry measured for the 202 reflection, to which the aligned
Ho moments contribute very little, increases strongly with
increasing field. Its nuclear structure factor is again almost
purely imaginary, so the increase must be due to an increas-
ing imaginary contribution from Mn. For Mz to be finite, its
magnetic structure factor must have an imaginary component
parallel to 200. This requires antiparallel alignment of the
Mn layers with the moments oriented parallel to the axis on
which they lie, S3−S1 � �100�. This is the configuration cor-
responding to P63c�m� �Fig. 5�b��. These observations are
consistent either with a multiphase state containing both fer-
romagnetic �P63c�m�� and antiferromagnetic �P63�cm�� re-
gions or with a structure in which the 63 symmetry is broken
so that the Ho layers separated by c /2 are no longer equiva-
lent. This latter possibility is ruled out by the consistent hex-
agonal equivalence of the asymmetry measurements. As
shown in Appendix B, any nonhexagonal model leads to po-
larized neutron asymmetries that differ for reflections related

by the missing symmetry element, and the contribution of
the nonhexagonality to the asymmetry averages to zero when
the twin domains related by this symmetry are equally popu-
lated.

A two phase model consisting of a mixture of ferromag-
netic �F2� and antiferromagnetic �AF1� regions has been fit-
ted to the integrated intensity and asymmetry data. The AF1
phase is the zero field structure stable below 50 K with mag-
netic space group P63�cm�.15 The ferromagnetic F2 regions
have the magnetic space group P63c�m� with ferromagneti-
cally aligned Ho moments; the Mn moments maintain their
triangular configuration, but the coupling between Mn layers
at z=0 and = 1

2 is reversed with respect to the zero field
structure, as in Fig. 5. In the most general fit to this model,
the parameters that can be refined are the moments associ-
ated with Mn, Ho1, and Ho2 atoms in each phase and the
fraction of the F2 phase. For the asymmetry data, there are
also two polarization parameters, one for each phase, which
measure the product of the beam polarization with the frac-
tional difference in the populations of 180° domains. The
hk0 asymmetry data show that the Ho1 and Ho2 moments in
the F2 phase are nearly the same; in the fitting procedure,
they were constrained to be equal, which improved the sta-
bility of the refinements. A good fit with the integrated inten-
sity data, giving crystallographic R factors �6% and 	2=2
−11, was obtained with this model for all the H ,T points at
which measurements had been made. The results are dis-
played in Table I.

For the points at which both both polarized and unpolar-
ized data were measured, a qualitative agreement could be
obtained with the asymmetry data using the parameters ob-
tained from the integrated intensity fit and refining just the
two polarization parameters. The values obtained for the Mn
and Ho1 moments in the AF1 phase and for the Ho moments
in the F2 phase vary rather little with field. Figure 6 shows
values obtained for the Ho2 moment in the AF1 phase and
the Mn moment in the F2 phase, plotted as a function of field
and compared with the fraction of the F2 phase present. The
fraction of F2 increases apparently continuously with in-
creasing field and saturates at �95% in fields above 3 T. The
Mn F2 moment at 2 K appears to peak between 0.5 and 1 T
and pass through a minimum around 2 T before saturating at
�3�B above 2.5 T. It is this behavior which is responsible
for the variation in the 210 intensity reported previously.11

The Ho2 moment in the AF1 phase falls with increasing field
to nearly zero at 2.5 T. The values obtained at higher fields
are unreliable because the fraction of the AF1 phase present
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FIG. 4. �Color online� A magnetic structure factor Mk in the xy
plane has a magnetic interaction vector M� perpendicular to k. If k
is not perpendicular to either z or Mk, M� will have a finite z
component Mz.

(b) F2 P63c'm'(a) AF1 P63'cm'

Mn at z=0 Mn at z=1/2

S1

S3

S2

S1

S3

S2

FIG. 5. Schematic representation of the Mn moment directions
in the AF1 and F2 phases of HoMnO3.
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is very small. The Ho moments in the F2 phase have a nearly
constant value of �3.86�B and only begin to diminish at 7 K
in lower fields. The increase with field of the aligned Ho
magnetization deduced from the hk0 asymmetries is due to
the increasing fraction of the F2 phase present. This value
never reaches the full 3.86�B because of the depolarization
effect implied by Pf 
1.

Table II shows the observed and calculated asymmetries
at 2 K. The differences, which are in many cases much larger
than the errors estimated from counting statistics, are prob-
ably due both to inadequacies in the extinction model and to
multiple scattering. The largest asymmetries are measured
for reflections whose nuclear scattering is rather weak, and
these are the ones most sensitive to multiple scattering. For
the stronger nuclear reflections, extinction is important; the
model obtained in our previous study15 gives factors of up to
50% in the strong reflections. The observed asymmetry de-
pends on the relative cross sections for opposite polarization

states in mosaic blocks within which the magnetic structure
is coherent. These may not have the same size as the blocks
in which the nuclear structure is coherent, and this size will
probably vary as the AF1 phase transforms to F2 with in-
creasing field. On the other hand, the qualitative agreement
between observation and calculation and, in particular, the
accordance of their signs, gives confidence in the model. It
should be emphasized that the structure with magnetic group
P63cm proposed previously4 for the low field, low tempera-
ture phase predicts zero asymmetry in the 111 reflections and
a large value for 211.

IV. DISCUSSION

The finite value of A�111� shows that the populations of
the two 180° domains in the AF1 phase are unequal, and its
sign determines which of the two is favored in a magnetic
field parallel to �001�. This choice is probably determined by

TABLE I. Results obtained from refinements of the two phase model from integrated intensity data measured as a function of temperature
and field.

H
�T�

T
�K�

AF1 F2

Rcryst 	2 NobsMn ��B� Ho1 ��B� Ho2 ��B� Mn ��B� Ho ��B� %

0.00 2.06 3.38�8� 4.16�7� 1.54�9� −1.4�1� 3.86�1� 5�4� 5.00 1.70 14

0.50 2.01 3.7�1� 4.1�1� 1.7�2� −2.1�2� 3.86�1� 15�5� 5.70 3.50 14

0.50 2.07 3.6�1� 4.2�2� 1.6�2� −1.7�2� 3.86�1� 11�6� 5.20 4.60 14

0.75 2.07 3.84�9� 4.03�9� 1.5�1� −1.9�1� 3.86�1� 17�3� 4.50 1.30 14

0.75 2.06 3.7�2� 4.0�2� 1.5�2� −1.8�2� 3.86�2� 14�6� 5.80 4.60 14

1.00 2.06 4.3�2� 4.0�2� 1.3�2� −2.5�2� 3.86�2� 26�6� 5.20 5.80 14

1.25 2.06 4.1�2� 3.6�2� 1.0�1� −1.2�2� 3.85�3� 44�5� 5.30 7.90 14

1.25 2.06 4.1�1� 3.6�1� 1.0�1� −1.3�1� 3.86�1� 38�4� 4.80 2.60 14

1.50 2.06 4.3�1� 3.5�1� 0.94�9� −1.2�1� 3.85�2� 45�4� 3.90 3.60 14

1.50 2.06 4.2�1� 3.5�1� 1.1�1� −1.2�1� 3.86�1� 42�3� 4.80 2.70 14

1.75 2.06 4.4�2� 3.4�1� 0.8�1� −1.4�1� 3.86�1� 51�5� 5.60 3.90 14

2.00 2.07 4.2�1� 3.44�9� 0.8�1� −1.1�1� 3.86�1� 53�4� 4.80 2.10 14

2.00 2.07 4.3�2� 3.3�1� 0.7�2� −1.2�1� 3.86�1� 53�5� 5.90 4.30 14

2.25 2.07 4.4�1� 3.5�1� 0.4�1� −1.33�9� 3.86�1� 69�2� 4.50 2.20 14

2.50 2.06 2.9�1� 3.2�1� 0.1�2� −2.64�6� 3.93�3� 78�13� 4.90 4.00 14

4.00 2.07 4.51�6� 4.18�7� −1.3�1� −3.0�1� 3.9�2� 96�7� 5.80 2.70 33

0.00 5.50 3.3�2� 2.93�9� 0.87�6� −1.45�6� 3.84�1� 8�7� 5.70 4.90 14

0.50 5.30 4.04�6� 3.27�6� 1.01�6� −0.2�1� 3.85�1� 27�3� 4.30 1.80 14

1.00 5.00 4.4�1� 3.2�1� 1.0�1� −1.3�1� 3.86�1� 36�4� 5.10 3.10 14

1.50 5.00 4.7�2� 3.3�2� 0.6�3� −1.1�2� 3.86�2� 51�6� 5.70 10.20 14

2.00 5.11 3.6�1� 3.3�1� 0.7�1� −1.1�1� 3.0�2� 47�3� 4.90 2.40 33

2.00 5.01 5.4�2� 5.2�2� 1.4�2� −0.6�3� 2.4�3� 75�4� 10.90 7.90 33

2.00 5.00 4.3�1� 3.0�1� 0.73�9� −0.87�8� 3.86�1� 56�3� 5.70 3.50 14

2.40 5.11 3.6�1� 3.0�1� 0.4�1� −1.53�7� 3.3�2� 63�3� 5.20 2.10 33

3.00 5.11 3.75�7� 4.89�8� 0.24�5� −2.9�1� 3.8�2� 96�10� 7.20 2.80 33

4.00 5.11 3.2�1� 5.4�2� −0.2�2� −3.0�1� 3.9�2� 95�8� 7.00 4.30 33

1.20 7.10 3.6�2� 3.3�2� 0.8�1� −1.2�2� 2.4�2� 22�4� 5.50 3.40 33

2.50 7.11 3.7�1� 3.3�1� 0.6�1� −1.39�9� 3.1�1� 65�2� 5.30 1.60 33

3.00 7.10 4.0�1� 4.2�2� 1.1�3� −2.9�1� 3.5�3� 96�13� 7.80 5.70 33

4.00 7.10 4.56�4� 4.08�5� −1.24�9� −2.98�7� 3.9�1� 96�6� 6.50 1.50 33
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the polar character of the Ho coordination polyhedra; that of
Ho1 is illustrated in Fig. 7.

For Ho1, the polarity of the coordination can be charac-
terized by the direction of the unique Ho1–O3 bond, which is
parallel to �001� for all Ho1 atoms of one racemic twin and

to �001̄� for the other. The sign of A�111� suggests that the
Ho1 moments are slightly larger when they are parallel to
this direction than when they are antiparallel. The coupling
between the Mn and Ho moments then ensures that, in an

applied field, the more stable 180° domain is the one shown
in Fig. 8�a� in which the Ho1 with larger moments are par-
allel to the field. In both the AF1 and F2 phases, the intensity
data determine the relative directions of the Ho and Mn mo-
ments even though they are orthogonal. In the F2 phase,
when all the Ho are aligned along positive c, the moments of
Mn atoms in alternate layers reverse with respect to their
orientation in the AF1 phase. The configuration around the
O3 atom at z�0 is then as shown in Fig. 8�b�, so that all the
Mn and Ho1 moments point toward their nearest O3 neigh-
bor. One may note that for the racemic twin magnetized in
the same direction, the Ho1 moments would be reversed with
respect to the coordination polyhedra, giving rise to a con-
figuration with potentially different energy.

A surprising result, which indicates that the physical state
of the system may be more complex than this simple model
suggests, is the behavior of the polarization parameters. The
values obtained are �0.25 for both phases and are nearly
independent of either temperature or field. However, at the
highest fields, when the fraction of the AF1 phase becomes
very small, its polarization fraction tends to 1, indicating that
the small residual fraction of the AF1 phase is a single 180°
domain. The polarization constant for the F2 phase remains
around 0.25. Naively, one would expect the polarization of
the F2 phase to increase with increasing field as it is directly
related to the net magnetization. It is possible that there is a
depolarization effect associated with the boundaries between
different phase and twin domains, which leads to the small
polarization values.

V. CONCLUSIONS

The integrated intensity and polarized neutron asymmetry
measurements show that the magnetic structure of HoMnO3
changes, apparently nearly continuously, with increasing
field from the zero field AF1 phase �P63�cm�� to a ferromag-
netic F2 phase �P63c�m�� in which the triangular configura-
tion of Mn moments in the �001� plane is maintained. There
is also a significant variation with field in the ordered mo-
ments of Ho2 and Mn in the AF1 and F2 phases, respec-
tively. The present results do not indicate any obvious origin
for the wealth of anomalies observed in the dielectric
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FIG. 7. �Color online� The polar coordination polyhedron of
oxygen around the Ho1 atoms in HoMnO3.
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properties.13 However, these dielectric properties probably
depend more on the fine details of the atomic positions rather
than on the magnetic structure. In particular, they will be
closely related to the electronic polarization of the atoms
and, consequently, to the Ho and O z parameters, which can-
not be determined accurately in an experiment limited to l
�2. The signs of the polarized neutron asymmetries suggest
that the Ho1 moment is enhanced when it points toward its
unique close O3 neighbor, and the structures determined for
both phases confirm a coupling between the orthogonal Mn
and Ho moments, which ensures that the Mn and Ho1 mo-
ments all point either toward or away from their nearest O3
neighbor.

We have shown that combining the measurement of the
polarization dependence of the neutron cross section with
integrated intensities measured using unpolarized neutrons
allows a more complete determination of a complex mag-
netic structure than could be obtained using either technique
alone. In the present case, the magnitudes of the magnetic
moments are obtained most precisely from the integrated in-

tensity measurements, but only the phase sensitivity of the
polarized neutron technique allows the particular configura-
tions stabilized by a magnetic field to be identified.

APPENDIX A: MAGNETIC STRUCTURE FACTORS FOR
HoMnO3

HoMnO3 has the space group P63cm with the Mn atoms
in 6�c� �x ,0 ,0� positions with x�1 /3 and the Ho1 and Ho2
atoms in 2a �0,0 ,z1� z1=0.279 and 4b �1 /3,2 /3,z2� z2

=0.2355 positions, respectively. If S1, S2, and S3 are the
magnetic moment vectors on the Mn atoms at �x ,0 ,0�,
�0,x ,0�, and �−x ,−x ,0�, respectively, then, assuming x
=1 /3, the contribution to the magnetic structure factor Mhkl
from the Mn layer at z=0 for different combinations of h and
k is

S1 + S2 + S3, h = 3n, k = 3n ,

TABLE II. Comparison of the polarized neutron asymmetries observed at 2 K with those calculated from
the model described in the text at 1, 2, and 4 T. Faf is the fraction of the AF1 phase and Pa and Pf the
polarization parameters for the AF1 and F2 phases respectively.

h k l

H=1 T, T=2 K H=2 T, T=2 K H=4 T, T=2 K

Aobs Acalc Aobs Acalc Aobs Acalc

1 0 0 −0.001�1� 0.000 −0.003�1� −0.003

2 0 0 −0.005�2� 0.000 −0.007�2� −0.006

3 0 0 0.051�2� 0.038 0.082�4� 0.088 0.149�6� 0.139

4 0 0 0.11�8� 0.000

1 1 0 0.092�2� 0.114 0.188�3� 0.263 0.405�2� 0.434

2 1 0 0.05�2� −0.005 0.015�5� 0.017

3 1 0 0.00�8� −0.000

4 1 0 0.058�2� 0.062 0.112�2� 0.133 0.232�3� 0.210

2 2 0 0.071�2� 0.086 0.148�8� 0.189 0.297�3� 0.303

1 0 1 −0.007�1� 0.000 0.002�3� 0.000

2 0 1 −0.002�4� 0.000 0.003�3� 0.000

1 1 1 0.280�6� 0.226 0.283�3� 0.277 0.317�4� 0.270

2 1 1 0.005�2� 0.034 0.016�2� 0.042 0.151�5� 0.156

3 1 1 0.004�5� 0.015 0.011�5� 0.011 0.032�7� 0.018

3 2 1 0.002�7� −0.088 0.007�1� −0.083 0.03�3� −0.035

1 0 2 −0.002�2� −0.016 0.001�5� 0.035 −0.440�9� −0.357

2 0 2 0.064�2� 0.069 0.136�2� 0.131 0.408�4� 0.333

3 0 2 0.056�1� 0.082 0.129�3� 0.180 0.283�6� 0.289

4 0 2 −0.09�4� −0.045

1 1 2 −0.385�4� −0.131 −0.323�2� −0.159 −0.177�2� −0.168

2 1 2 0.089�3� 0.078 0.163�6� 0.179 0.238�3� 0.191

4 1 2 −0.278�1� −0.229 −0.184�4� −0.236

2 2 2 −0.366�1� −0.170 −0.314�7� −0.215 −0.186�3� −0.220

3 2 2 0.037�4� 0.034 0.063�3� 0.064 0.152�3� 0.116

Faf 0.26�6� 0.53�4� 0.937�9�
Pa 0.20�6� 0.28�4� 1.000

Pf 0.23�3� 0.28�2� 0.240�6�
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1

2
�S1 + S2 + S3��1 + ı�3�, h = 3n + 1, k = 3n + 1,

1

2
�S1 + S2 + S3��1 − ı�3�, h = 3n + 2, k = 3n + 2,

S3 −
1

2
�S1 + S2� +

ı�3

2
�S1 − S2�, h = 3n + 1, k = 3n + 2,

S2 −
1

2
�S3 + S1� +

ı�3

2
�S3 − S1�, h = 3n + 2, k = 3n ,

S1 −
1

2
�S2 + S3� +

ı�3

2
�S2 − S3�, h = 3n, k = 3n + 1.

Since S1+S2+S3=0 for any arrangement of Mn moments in
the 001 plane with a trigonal symmetry, only reflections for
which h and k are mixed amongst 3n, 3n+1, and 3n+2 have
a Mn contribution. If the Mn moments at x ,y ,0 and −x ,
−y , 1

2 are parallel the total Mn contribution to the magnetic
structure factor for reflections h=3n+1, k=3n+2 is

2S3 − S1 − S2 = 3�Mn � S3 for l even,

�3ı�S1 − S2� = 3�Mn � S3 for l odd.

The reverse is true if they are antiparallel.
Similarly, if H1 and H2 are the magnetic moment vectors

on the Ho1 and Ho2 atoms with z close to 1 /4, their contri-
bution to Mhkl for different values of h+2k is

h + 2k = 3n ,

2H1�− 0.118 + 0.993ı� + 4H2�0.131 + 0.991ı�, l = 1,

2H1�− 0.972 − 0.235ı� + 4H2�− 0.965 + 0.261ı�, l = 2,

3n + 1 or 3n + 2,

2H1�− 0.118 + 0.993ı� − 2H2�0.131 + 0.991ı�, l = 1,

2H1�− 0.972 − 0.235ı� − 2H2�− 0.965 + 0.261ı�, l = 2.

The Ho atoms occur in pairs separated by c /2; hence, in the
structure factor for the whole cell, the sum of each pair of
moments contributes to l even and the difference to l odd
reflections.

APPENDIX B: SYMMETRICAL EQUIVALENCE OF
ASYMMETRY FACTORS

Consider a symmetry element S which relates the scatter-
ing density ��r� at r to that at Rr+ t, where R is a symmetry
rotation and t a translation. The structure factor F�k� is re-
lated to F�k��, k�=R−1k by

F�k�� =	 ��r�exp�ık� · r�dr3 =	 ��r�exp�ık · Rr�dr3

=	 ��Rr + t�exp�ık · �Rr + t��dr3.

If the symmetry S is maintained, then

��r� = ��Rr + t� and F�k�� = F�k�exp�ık · t� .

If it is lost, the structure factors can be expressed in terms of
the mean and difference densities �S= ���r�+��Rr+ t�� /2
and �D= ���r�−��Rr+ t�� /2.

F�k� =	 ��S�r� + �D�r��exp�ık · r�dr3 = FS�k� + FD�k� ,

F�k�� =	 ��S�r� − �D�r��exp�ık · �r + t�dr3�

= �FS�k� − FD�k��exp�ık · t� .

The polarized neutron asymmetry is given by A
=4R�N*�k�Mz�k��, where N�k� is the nuclear structure fac-
tor and Mz�k� the component, parallel to the polarization
direction, of the magnetic interaction vector. Using the same
nomenclature, a symmetry element S in the magnetic struc-
ture implies

Mz�k� = MSz�k� = 
 Mz�k��exp�− ık · t� .

The sign depends on whether the z component of the inter-
action vector is ��� or is not ��� reversed by S. If S is lost
from the magnetic structure but retained in the nuclear one,

A�k� = 2R�N*�k�„MzS�k� + MzD�k�…� ,

A�k�� = 
 2R�N*�k�„MzS�k� − MzD�k�…�exp�ık · t� ,

�A�k�� − �A�k��� = 4R�N*�k�MzD�k�� .

Thus, any loss of symmetry in the magnetic structure implies
a corresponding loss of symmetry in the asymmetries. More-
over, the contributions to the asymmetry due to the missing
element S are equal and of opposite sign for the reflections k
and k� related by S and, hence, will average to zero if the
populations of the magnetic domains related by S are equal.
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