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Experiments with resonant photons at the U M4 edge have been performed on a sample of USb0.9Te0.1,
which has an incommensurate magnetic structure with k=k=0.596�2� reciprocal lattice units. The reflections of
the form �kkk�, as observed previously in a commensurate k=1/2 system �N. Bernhoeft et al., Phys. Rev. B 69,
174415 �2004��, are observed, removing any doubt that these occur because of multiple scattering or high-order
contamination of the incident photon beam. They are clearly connected with the presence of a 3k configuration.
Measurements of the �kkk� reflections from the sample UAs0.8Se0.2 in a magnetic field show that the transition
at T*�50 K is between a low-temperature 2k and high-temperature 3k state and that this transition is sensitive
to an applied magnetic field. These experiments stress the need for quantitative theory to explain the intensities
of these �kkk� reflections.
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I. INTRODUCTION

In determining magnetic structures for a vast array of ma-
terials, neutron diffraction is the technique of choice and has
been used with great success for the last 50 years. However,
the realization by Kouvel and Kasper1 that multi-k configu-
rations, in their case in �Ni,Fe�3Mn alloys, could be present,
often makes the ground-state determination by neutron dif-
fraction ambiguous. Single-k configurations have domains
with a single propagation direction within a domain, whereas
in the multi-k configurations several propagation directions,
commonly 3 in cubic systems but possibly more, exist
simultaneously.2,3 The common method to examine whether
configurations are single- or multi-k is to apply an external
perturbation �usually magnetic-field cooling� and to measure
the intensities from various “domains.” If they are changed
by the perturbation, then the configuration can often be
suggested,2,4 whereas if they are not, a multi-k configuration
is assumed. Unfortunately, one can also envisage that the
field cooling itself changes the ground state of the system or
that the field used is not large enough to change the domain
population. Thus, the confusion of whether a magnetic struc-
ture is multi-k or not continues to be a limitation of neutron-
diffraction studies of magnetic materials.

With this background, it was therefore of considerable
interest when additional diffraction peaks observed in reso-
nant x-ray scattering �RXS�, apparently associated uniquely
with the 3k configuration, were reported for a sample of
UAs0.8Se0.2.

5

These diffraction peaks were weak �less than 10−4 of the
main Bragg peaks arising from magnetic order� but clearly
observable in the RXS experiments because of the large
resonant enhancement that occurs when the incident photon
energy is tuned to the M4 edge of uranium.6 More recently,
these extra reflections have been observed also using neutron
diffraction,7 confirming that the reflections are indeed mag-
netic dipole in origin. In addition, the neutrons demonstrate

that the effect is not connected with the surface, which is
always a possibility if effects are observed only with the
RXS technique.

The new reflections are associated with the phase coher-
ence of the three different propagation directions that make
up the 3k configuration.8 Such reflections were reported in
the assumed 3k structure of CeAl2.9 In this latter paper, the
term giving rise to the �kkk� reflections, which is a conve-
nient shorthand notation for this subset of reflections since
they contain a contribution from each k component, was
identified with a fourth-order term in the free-energy expan-
sion. The term is proportional to MxMyMzMc, where the in-
dividual components of the magnetization propagating along
the three perpendicular axes are Mx, My, and Mz and the term
kc=kx+ky +kz represents the coherent part of the different
magnetization distributions. Note that expressing such terms
within free energy fulfills the symmetry of the system, but
gives no idea of their intensity with respect to the main �k00�
magnetic Bragg diffraction peaks, and we have not found
any published material predicting the possible intensities of
such reflections. However, further research on CeAl2 estab-
lished that these reflections came from a different magnetic
configuration in the system,10 and our present understanding
of CeAl2 is that it is not a 3k system,11,12 so these reflections
should not be present. Despite doubts of the validity of the
experimental results in Ref. 9, the theoretical expression in
this reference still gives the correct symmetry considerations
for the �kkk� reflections.

The present paper brings further experimental evidence
about these unusual diffraction peaks. So far, studies of the
�kkk� peaks5,7 have been confined to samples with the com-
mensurate magnetic wave vector k=1/2. Although signifi-
cant efforts were made in Refs. 5 and 7 to eliminate multiple
scattering and higher-order diffraction effects, one way to
ensure that such effects are further minimized is to examine
a material in which the magnetic ordering is incommensu-
rate. By exploiting the magnetic properties found in the sys-
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tem USb-UTe,13 the first part of this paper presents clear
evidence for the different diffraction peaks in such an incom-
mensurate magnetic system.

In the second part of the paper, we return to the commen-
surate system UAs0.8Se0.2 with k=1/2 and examine the be-
havior of the �kkk� reflections as a function of magnetic field.
Bulk techniques �specific heat and magnetic susceptibility�
performed on a sample of the same composition have shown
anomalies associated with what is believed to be the transi-
tion between a 2k state at low temperature and a 3k state at
higher temperature,5,14 and our goal was to study the field
dependence of the different diffraction peaks to determine
the exact nature of the transition. The experiments show that
the transition as a function of applied field is, indeed, one
between the 2k and 3k states.

II. EXPERIMENTAL DETAILS AND DISCUSSION

All RXS experiments reported here have been performed
on the ID20 beamline at the European Synchrotron Radiation
Facility, Grenoble, France,15 using Si�111� horizontally fo-
cusing double crystal monochromator. Two Si-coated mirrors
assure vertical focusing at the sample position and elimina-
tion of higher harmonics from the incident beam. Au�111�
single crystal was chosen as a polarization analyzer based on
the Bragg diffraction close to the Brewster angle of �=45° at
the energy of U M4 edge E=3.724 keV.

Both compounds studied in these experiments have the

cubic rocksalt crystal structure, space group Fm3̄m, No. 225
with lattice parameters a=6.203 Å for USb0.9Te0.1 and a
=5.773 Å for UAs0.8Se0.2. The doping anions Te and Se sub-
stitute randomly on the anion sublattice of the NaCl crystal
structure and simply act to tune the electron configuration,
see Refs. 2 and 4. The magnetic structures are longitudinal
and described by the propagation vector k. Diagrams, and
more details, of the multi-k arrangements are given in Fig. 1
of Ref. 5.

In the case of USb0.9Te0.1, the sample was installed in a
closed-cycle cryostat with base temperature of about 10 K,
in the vertical scattering geometry. This setup, with �100�
direction vertical, allows for partial rotation of the sample
around the scattering vector, necessary for azimuthal scans.
The UAs0.8Se0.2 experiment was performed in the horizontal
scattering geometry, with the sample mounted in a 10 T

cryomagnet. The magnetic field was applied along the �11̄0�
direction, allowing reflections within the �hhl� plane to be
measured. We used polarization analysis of the scattered
beam only in the first part of the experiment to confirm that
our signal was uniquely in the rotated polarization channel
��→�, where � and � are the beam polarization compo-
nents perpendicular and parallel to the scattering plane�. We
know from earlier work5 that these �kkk� reflections are mag-
netic dipolelike in their response. Thus, the use of polariza-
tion analysis assures that the signal in the �→� channel
contains no contribution from any lattice effects �that would
have a �� contribution� and is magnetic only. The main part
of the experiment was performed without analysis of the
scattered beam polarization for intensity reasons because the

�kkk� peak intensity is further reduced due to the poor trans-
mission through the Be windows of the cryomagnet. Fortu-
nately, for the scattering vector of interest, Q
= �1/2 1/2 5/2�, the scattering angle 2� is close to 97°,
which means that with incident beam � polarization, any
background due to a lattice contribution �like multiple scat-
tering�, corresponding to a �� signal, is negligible.

The specific heat was measured on an 83 mg sample us-
ing the relaxation method in a PPMS-9 equipment �Quantum
Design� within the temperature range of 2–300 K. The ex-
ternal magnetic field up to 9 T was applied along the �001�
direction.

A. Experiments on USb0.9Te0.1

The magnetic phase diagram of the USb-UTe solid solu-
tions was first examined 25 years ago.13 USb is a well-
known �cubic� 3k antiferromagnet with wave vector �k00�,
where k=1 and TN=215 K. With a small doping of Te, the
magnetic wave vector �k� starts to reduce and, at least near
TN, incommensurate magnetic order is found.13 For our ex-
periments, we have used a large crystal �because neutron
experiments were also performed on this sample� of 0.512 g,
which has a good mosaic of 0.026° full width at half maxi-
mum.

An overview of the magnetic scattering as a function of
temperature is given in Fig. 1. The scattering arises from
magnetic modulations with wave vectors �k� extending from
�0.6 to �0.7 reciprocal lattice units �rlu�. The pattern shows
a more complicated situation than reported earlier.13 Presum-
ably, this may be explained by the poorer resolution of the
early neutron experiments as well as the much larger inten-
sity, and thus sensitivity, obtained in the RXS technique. All

FIG. 1. �Color online� Upper panel: Magnetic intensity from the
sample of USb0.9Te0.1 as a function of scattering vector �00L� and
temperature. The sample was first cooled to 10 K and then data
were collected as the sample was heated. Lower panel: Data at T
=140 K on both heating and cooling. The main magnetic modula-
tion corresponds to k�0.6 rlu, originating from the �002� charge
reflection, but intensity is observed over a wide range of wave
vector. At the highest temperatures, just below TN�200 K, a single
incommensurate magnetic wave vector is found, in agreement with
the phase diagram proposed in Ref. 13. The scale in both panels is
logarithmic.
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intensities in this plot are measured in the �→� channel,
and since there is no scattering in the �→� channel, the
scattering is magnetic in origin. At high temperatures, near
TN, the scattering is incommensurate and consists of one
modulation with �0.6 rlu, as reported,13 but below about
160 K, the material exhibits frustration with magnetic scat-
tering distributed over a wide range of modulation vectors.
In addition to this extension of the modulation along the
longitudinal direction �00L� �as shown in Fig. 1�, the scatter-
ing in the transverse direction is broad in q as well, showing
the short-range ordering of the magnetic correlations. Figure
1 shows that at all temperatures there is a strong and rela-
tively sharp component at k=0.6, and this, rather than a
modulation at k=2/3=0.667 rlu, is clearly the dominant cor-
relation in the system. Moreover, by slow cooling of the
sample, it was found that the k�0.6 rlu modulation was
maintained to at least 140 K. An accurate measure of k
=0.596�2� rlu was made at this temperature. All subsequent
experiments were performed at 140 K.

On cooling into the ordered state, no sign of any external
structural distortion �i.e., a distortion from cubic to tetrago-
nal� was observed. This is consistent with the fact that all the
antiferromagnet configurations in the USb-UTe solid solu-
tions are 3k in nature.13

In agreement with previous work on the UAs-USe solid
solutions, we found the peaks referred to as �kk0�.16 These
arise from the E1-F�2� term in the RXS cross section17 and
are commonly associated with the quadrupole interactions in
these materials. They are characterized by a sharp photon
energy dependence of the scattering, intensity in both �
→� and �→� channels, and a characteristic azimuthal de-
pendence of the scattered intensity.16

The reflections characterizing the 3k magnetic structure
have the form �kkk�,5 and we show two such reflections in
Fig. 2. Comparison of the intensities between data in Fig. 2
gives approximately a factor of �3�10−5 /0.6�
��0.0060/0.0032�2=1.7�10−4, where the first term is sim-
ply the intensity of the peak and the second factor takes into
account the different widths in the H and L directions �the
resolution in the K direction of the spectrometer is poor and
integrates all the signal�. This is consistent with previous
estimates.5 It is noteworthy that the correlations between the
different components in the 3k structure give rise to a corre-
lation length that is almost half that of a single k component.
This was not previously observed5 because for a commensu-
rate system �like in the UAs-USe� the strain terms locking
the magnetic and charge modulations in the free energy en-
sure that the magnetic correlations are as long range as the
charge �see Fig. 2 of Ref. 5�. However, this is not the case in
an incommensurate system as examined here.

As reported earlier,5 all the signals for the �kkk� peaks was
in the �→� channel and the photon energy dependence was
similar to that of the �k00� peak, i.e., a Lorentzian centered at
the U M4 resonance. This assures that there is no charge
contribution to these reflections.

An azimuthal scan of the same reflection is shown in Fig.
3. The dipole component from which this reflection arises is
�−111�, as shown by the simulation of the azimuthal depen-
dence from such a component, scaled to the maximum ob-

served value and with no other variable. It should be realized
that the azimuthal dependence of the �k00� reflections corre-
sponds to a dipole moment along a �100� direction; thus the
�kkk� reflections, which have their dipole moment corre-
sponding to one of the �111� directions, show the essential 3k
nature of the configuration. This is discussed in Ref. 7, where

FIG. 2. Comparison of intensity profiles of a �k00� peak �upper
panel, as in Fig. 1� and �kkk� peak �lower two panels� at T
=140 K. Notice that the asymmetry extends to higher k value on
both �k00� and �kkk� peaks and in both L scan and H scan. A small
difference in the actual value of k for �k00� and �kkk� peaks is due
to crystal and/or diffractometer misalignment. The true value of k is
determined from the positions of the third harmonics reflections
�0 0 3k� and �0 0 4−3k� to be 0.596�2� rlu. The �k00� peak has a
full width at half maximum �FWHM� of 0.0036 rlu in the L direc-
tion and 0.0032 rlu in the transverse �H� direction. This may be
compared to 0.0023 and 0.0014 rlu, respectively, for the charge
peaks measured at the same photon energy. The latter are close to
the instrumental resolution, which is poor in the chi direction �K�.
The �kkk� peaks have FWHM’s of about 0.0060 rlu in both the L
and H directions.

FIG. 3. �Color online� Azimuthal scan of the �−kk2+k� reflec-
tion. The solid line is a fit to model in which the dipole moment for
the reflection rotates around the direction �−111�.
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a similar azimuthal dependence was found in the
USb0.85Te0.15 material.

Finally, as pointed out first by McWhan et al.,6 and later
in more detail in the UAs-USe system by Longfield et al.,18

there should be a magnetoelastic distortion in these systems
corresponding to peaks at �2k 0 0�. This is a charge term
corresponding to the charge-density wave riding on the un-
derlying magnetic modulation. The intensity of this peak in-
creases as Q2, where Q is the scattering vector. Since the
displacement-wave amplitude is small, both the penetration
and limited Q range available at 3.7 keV mitigate against the
observation of such peaks. Thus, the photon energy was in-
creased to 11 keV and a Ge�111� crystal mounted in the po-
larization stage. A resultant scan along the direction �11L� is
shown in Fig. 4. This clearly shows the magnetoelastic 2k
component and, as expected, that it exists in an incommen-
surate system.

In summary, for the USb0.9Te0.1 we emphasize that the
magnetic modulation is incommensurate, but that the �kkk�
peak exists at the same level of intensity ��10−4� as com-
pared to the standard �k00� magnetic reflections. These
peaks, as seen by x rays, arise from the phase coherence
between the different components in the 3k structure and are
not artifacts of the data collection or reflections arising from
higher-order components in the photon beam.

B. Experiments on UAs0.8Se0.2

In the previous work on this system,5,7 it was shown that
the �kkk� reflections appeared to disappear �on cooling� be-
low T* ��50 K� and thus corresponds to a transition between
the high-temperature 3k to the lower-temperature 2k state, in
which state the reflections should not exist, as originally pro-
posed by Kuznietz et al.14 Bulk measurements of specific
heat and magnetization showed anomalies also at this
temperature.5 An overview of the specific-heat data with the
original sample �I� is shown in Fig. 5.

With synchrotron experiments on a new sample of
UAs0.8Se0.2 �sample II�, we have first reexamined the nature
of the transition at T*. Figure 6 shows �upper panel� the
temperature dependence of a �kkk� reflection and �lower
panel� the behavior of the lattice as measured with high-
resolution photons. Below T*, there is an external lattice dis-

tortion to at least a tetragonal symmetry �and may be lower�,
and this results in a splitting of the �008� charge reflection.
These results are consistent with the idea that the material
transforms on cooling from the high-temperature 3k state,
which has cubic symmetry, to the low-temperature 2k state,
which has lower than cubic symmetry.

To compare the data taken with specific heat and RXS, we
have chosen to normalize the data to T* as the specific heat
were taken on sample I and RXS measurements on sample

FIG. 4. Scan along �11L� direction with the photon energy at
11 keV and a Ge�111� analyzer installed in the PA stage. The very
sharp peak at �1 1 7+2k� corresponds to the magnetoelastic term. It
gives an excellent measure of the magnitude of k.

FIG. 5. Specific heat measured on sample I of UAs0.8Se0.2 as a
function of magnetic field. The ordering at TN�125 K is insensi-
tive to magnetic field, but the transition �T*� at �50 K increases
with increasing B.

FIG. 6. �Color online� Upper panel: Intensity of the
�−0.5 0.5 2.5� reflection from sample II on heating from low tem-
perature and with a photon energy tuned to the U M4 resonance.
Lower panel: Position of the lattice peak as measured with high-
resolution 8 keV photons+Ge�111� analyzer. A double peak is ob-
served below T*, indicating an external lattice distortion to tetrago-
nal �or lower� symmetry.
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II. Small differences in Se composition may account for a
small difference in T* of about 3 K; compare Figs. 5 and 6.
Furthermore, the original specific-heat data were taken with

B � �001�, whereas the RXS measurements with B � �11̄0�. The
latter geometry is required to obtain the �kkk� peak in the
equatorial plane of the magnet. However, the point of this
study is to show that the change in the intensity of the �kkk�
reflection as a function of applied field follows �approxi-
mately� the phase transition, and thus identifying it as one
between 2k �T�T*� and 3k �T�T*�, rather than understand-
ing the full �B ,T� phase diagram of this material.

Figure 7 �upper part� shows the change of specific heat
�divided by T and with the phonon contribution subtracted�
and the intensity of a �kkk� reflection as a function of T /TB=0

*

for different applied magnetic fields. In addition to the fact
that both measurements show T* rising as a function of ap-
plied field, there are two further points of note in this figure.

The first is that the rise of T* is much greater for B � �001�
than B � �11̄0�. Since the phase diagram as a function of ap-
plied field has not been reported for UAs0.8Se0.2, our knowl-
edge is necessarily limited. However, studies of UAs �Refs.
2, 4, and 21� and UAs0.75Se0.25 �Ref. 20� give some indica-
tion of what might occur. In both cases, the easy axis is not
�100�, but the initial transitions occur at lower fields �at con-
stant temperature� with B � �001� than any other direction. So
the transition at T* is more rapidly shifted with B � �001� than

B � �11̄0�, as observed in Fig. 7. Further details of these ef-
fects as a function of magnetic-field direction may be found
in Ref. 21.

The second observation is related to the surprising result
for the specific heat for B=9 T, which shows a broad peak
extending over many degrees. In contrast, the breadth of the
transition, over which the �kkk� reflection develops for high
fields, is about the same as at lower fields. Although, as in
the first part, we have not done sufficient experiments to
verify the exact nature of the high-field state, it seems likely

that a second transition occurs for fields near 9 T and above.
Again, taking the work on UAs �Refs. 2, 4, 19, and 21� and
UAs0.75Se0.25 �Ref. 20� as a guide, a transition to a modified
magnetic structure occurs for these high fields. With B � �001�
the transition involves a change in the modulation compo-
nent parallel to B,19 but this may not be relevant with

B � �11̄0�. Perhaps the surprising result is not that the
specific-heat anomaly at these high fields is so smeared over
many degrees, but that the intensity of the �kkk� reflection
shows clearly that whatever the magnetic state is above T*, it
is certainly 3k in nature.

These results shown in Fig. 7 leave little doubt that the
transition at T* is between the 2k �for T�T*� and 3k �for
T�T*� states, with the 2k state being stabilized with increas-
ing magnetic field.

III. CONCLUSIONS

Although the earlier papers in this series5,7 provided
strong evidence that the different �kkk� peaks were associ-
ated with the 3k nature of the magnetic configuration, some
doubts remained. In particular, the observation of very weak
reflections at highly symmetric lattice points must always be
regarded with caution as complicated effects from higher-
order components in the incident photon or neutron beam or
multiple scattering may always produce weak reflections at
these special positions. We are dealing with intensities of the
order of 10−4 of the magnetic peaks, which, in the case of
neutrons or RXS at the U M edges, represent an intensity of
�10−6 of the nuclear or charge peaks, respectively. The
present experiments on a 3k incommensurate system
�USb0.9Te0.1� show unambiguously that the �kkk� reflections
exist and behave in the same way as previously reported.5

They clearly arise from the coherence of the individual three
components in the system.

Furthermore, a careful examination of the transition at T*

in UAs0.8Se0.2, which had been proposed14 as a transition
between the 2k �low temperature� and 3k �high temperature�
states, shows that the field dependence of the �kkk� reflection
confirms this proposal. As the field is increased, the 2k state
is stabilized at the expense of the 3k modulations.

The observation and explanation of these �kkk� reflections
in terms of the free energy, as proposed9 in connection with
CeAl2, are satisfying from a conceptual point of view as to
what symmetry considerations define these �kkk� peaks. An
alternative analysis in terms of Clifford algebra for the pres-
ence of these peaks has also been recently advanced.22 In
neither case do the arguments specify the intensity to be
expected. Other experiments that we are undertaking are
measuring the form factor f�Q� of the �kkk� reflections with
neutron scattering so as to determine the spatial distribution
of the magnetization that is involved in the coherence be-
tween the different 3k components.

More than 40 years after the discovery of multi-k mag-
netic structures,1 some aspects of their nature remain elusive;
it is surprising, for example, that �kkk� reflections have not
been observed previously. Ironically, multi-k configurations
have been predicted23 to be the stable magnetic states in

FIG. 7. �Color online� Specific heat �upper part� on sample I
divided by T and with the phonon contribution subtracted and
�lower part� intensity of the �0.5 0.5 2.5� reflection in sample II of
UAs0.8Se0.2 as a function of temperature normalized to T* at B=0.
The arrows in the upper panel indicate T*. Notice that the magnetic
fields have been applied in two different directions for the different
techniques.
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nanoantiferromagnets, simply because of the high cost in en-
ergy of domain walls. Perhaps this will give a further moti-
vation for fully understanding the subtleties of multi-k struc-
tures.

ACKNOWLEDGMENTS

We thank Carsten Detlefs, Nick Bernhoeft, and Luigi Pa-
olasini for discussions and help with some aspects of the

experiments. B.D., S.B.W., P.J., and E.B. thank the European
Commission for support in the frame of the “Training and
Mobility of Researchers” program. Financial support for ac-
cess to the Actinide User Laboratory at ITU-Karlsruhe, in
which the specific-heat measurements were performed,
within the frame of the European Community-Access to Re-
search Infrastructures action of the Improving Human Poten-
tial Program �IHP�, Contract No. HPRI-CT-2002-00118, is
acknowledged.

*Electronic address: blanka.detlefs@esrf.fr
†Present address: Brookhaven National Laboratory, Physics Depart-

ment, Bldg. 510B, Upton, NY 11973-5000.
‡Present address: Department of Physics, University of California,

San Diego, CA 92093.
1 J. S. Kouvel and J. S. Kasper, J. Phys. Chem. Solids 24, 529

�1963�.
2 J. Rossat-Mignod, in Methods in Experimental Physics, edited by

K. Skjold and D. L. Price �Academic, New York, 1987�, p. 69.
3 E. M. Forgan, E. P. Gibbons, K. A. McEwen, and D. Fort, Phys.

Rev. Lett. 62, 470 �1989�.
4 P. Burlet, J. Rossat-Mignod, S. Quezel, O. Vogt, J. C. Spirlet, and

J. Rebizant, J. Less-Common Met. 121, 121 �1986�.
5 N. Bernhoeft, J. A. Paixão, C. Detlefs, S. B. Wilkins, P. Javorský,

E. Blackburn, and G. H. Lander, Phys. Rev. B 69, 174415
�2004�. The notation �kkk� is useful for these reflections where
the principal wave vector is �k00�. It is not, however, a general
notation.

6 D. B. McWhan, C. Vettier, E. D. Isaacs, G. E. Ice, D. P. Siddons,
J. B. Hastings, C. Peters, and O. Vogt, Phys. Rev. B 42, 6007
�1990�.

7 E. Blackburn, N. Bernhoeft, G. J. McIntyre, S. B. Wilkins, P.
Boulet, J. Ollivier, A. Podlesnyak, F. Juranyi, P. Javorský, G. H.
Lander, K. Mattenberger, and O. Vogt, Philos. Mag. 86, 2553
�2006�.

8 G. H. Lander and N. Bernhoeft, Physica B 345, 34 �2004�.
9 S. M. Shapiro, E. Gurewitz, R. D. Parks, and L. C. Kupferberg,

Phys. Rev. Lett. 43, 1748 �1979�.

10 B. Barbara, M. F. Rossignol, J. X. Boucherle, and C. Vettier,
Phys. Rev. Lett. 45, 938 �1980�.

11 E. M. Forgan, B. D. Rainford, S. L. Lee, J. S. Abell, and Y. Bi, J.
Phys.: Condens. Matter 2, 10211 �1990�.

12 A. B. Harris and J. Schweizer, Phys. Rev. B 74, 134411 �2006�.
13 P. Burlet, S. Quezel, J. Rossat-Mignod, O. Vogt, and G. H.

Lander, Physica B & C 102, 271 �1980�.
14 M. Kuznietz, P. Burlet, J. Rossat-Mignod, and O. Vogt, J. Magn.

Magn. Mater. 69, 12 �1987�.
15 ID20, URL http://www.esrf.fr/exp_facilities/ID20/html/id20.html
16 M. J. Longfield, J. A. Paixão, N. Bernhoeft, and G. H. Lander,

Phys. Rev. B 66, 054417 �2002�.
17 J. P. Hill and D. F. McMorrow, Acta Crystallogr., Sect. A: Found.

Crystallogr. 52, 236 �1996�.
18 M. J. Longfield, W. G. Stirling, E. Lidström, D. Mannix, G. H.

Lander, A. Stunault, G. J. McIntyre, K. Mattenberger, and O.
Vogt, Phys. Rev. B 63, 134401 �2001�.

19 G. P. Felcher, G. H. Lander, P. de V. du Plessis, and O. Vogt, Solid
State Commun. 32, 1181 �1979�.

20 M. Kuznietz, P. Burlet, J. Rossat-Mignod, O. Vogt, K. Matten-
berger, and H. Bartholin, J. Magn. Magn. Mater. 88, 109 �1990�.

21 O. Vogt and K. Mattenberger, in Handbook on the Physics and
Chemistry of the Rare Earths, edited by K. A. Gschneidner, L.
Eyring, G. H. Lander, and G. R. Choppin �Elsevier, Amsterdam,
1993�, Vol. 17, p. 301.

22 E. Blackburn and N. Bernhoeft, J. Phys. Soc. Jpn. 75S, 63
�2006�.

23 P. A. Lindgård, J. Magn. Magn. Mater. 266, 88 �2003�.

DETLEFS et al. PHYSICAL REVIEW B 75, 174403 �2007�

174403-6


