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Soft x-ray resonant magnetic diffraction at the Nd M edges was performed on a NdNiO3 epitaxial film to
investigate the magnetic ordering of the Nd ions below the metal-insulator transition. A noncollinear magnetic
structure induced by the Ni magnetic moments best describes the azimuthal angle dependency of the
�1 /2,0 ,1/2� reflection. This confirms the Ni spin structure observed with soft x-ray diffraction experiments
performed at the Ni L edge, providing further evidence of charge disproportionation without orbital order
below the metal-insulator transition in NdNiO3.
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I. INTRODUCTION

In recent years, investigations have been made of charge
localization in compounds which show an abrupt metal-to-
insulator �MI� transition. Of particular interest is the interac-
tion between the charge, orbital, and magnetic degrees of
freedom. To understand the MI phase transition, the choice
of model compound is paramount in order to reduce the
number of degrees of freedom. The nickelate family RNiO3
�where R stands for a rare-earth or Y ion� represents a prom-
ising candidate, due to its simple stoichiometry �no chemical
doping is needed to obtain a metallic phase� and the rela-
tively simple orthorhombic lattice symmetry, with Ni ions at
high symmetry positions.1

RNiO3 compounds exhibit a MI transition which depends
on the magnitude of the rare-earth ionic radius. From the
unusual magnetic structure characterized by a �1 /2,0 ,1 /2�
wave vector, an up-up-down-down stacking of Ni magnetic
moments was proposed, implying an orbital ordering of the
Ni3+ eg1 electrons.2,3 For the heavier rare-earth compounds,
charge order, also called charge disproportionation in the
case of fractional charge quantities, was found by bond va-
lence sum considerations.4 Resonant x-ray diffraction at the
K edge demonstrated that charge ordering also occurs for
NdNiO3.5,6 Recent calculations and pressure-dependent ex-
periments on LuNiO3 support the lifting of orbital degen-
eracy through charge ordering as an alternative to Jahn-Teller
distortion.7 This mechanism appears to occur also in other
materials such as ferrates.8

A neutron powder diffraction study of HoNiO3 is equally
well described with a collinear up-up-down-down magnetic
structure as with a noncollinear magnetic structure of the Ni

ions.9 Low temperature specific heat measurements of
NdNiO3 question10 the Nd magnetic structure suggested by
neutron diffraction.2,3 Recent resonant soft x-ray diffraction
data on NdNiO3 indicate that the Ni magnetic structure is
noncollinear,11 consistent with the charge ordering but incon-
sistent with orbital order. These results have a strong impact
on the properties of the material as an up-up-down-down
magnetic structure can induce ferroelectricity.12 In addition,
the study of the magnetic degree of freedom in this particular
system is interesting because the MI transition coincides
with the establishment of an antiferromagnetic structure
�TMI=TN�. This coincidence is unique to Nd and Pr in the
RNiO3 series: for the heavier rare-earth ions TMI�TN.

In this work, we present results of a soft x-ray resonant
diffraction study of the Nd magnetic moments. The Nd mag-
netic structure results from Nd-Ni exchange. Therefore, a
careful study of the magnetic structure of the Nd ions will
provide an independent means to discriminate between the
proposed magnetic structures of the Ni ions.

The method of choice to determine magnetic structure is
neutron diffraction, but crystalline samples of sufficient size
are not available. X-ray diffraction is then the best option, in
particular, using resonant scattering at the magnetic ion ab-
sorption edges.13 In this technique, an incident photon pro-
motes a core electron to an excited intermediate state that
subsequently decays to the initial state, emitting a scattered
photon. This resonance process enhances the magnetic signal
and the contribution of the resonant ions is identified sepa-
rately from other atomic species in the structure.

Consequently resonant x-ray diffraction, recently devel-
oped in the soft x-ray regime,14–17 represents a very sensitive
tool to investigate condensed matter. The possibility to vary
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the energy of the incident photons gives the flexibility to
probe different electronic shells, either of the same ionic spe-
cies or of different ions. It is particularly interesting to probe
the valence shell which is responsible for the magnetism.

In order to fully characterize the magnetic structure of
NdNiO3, resonant soft x-ray experiments were performed at
the Nd M edges. Detailed characterization of the magnetic
reflection through its energy and azimuthal angle �rotation of
the sample about the diffraction wave vector� dependences
strongly constrains the allowed magnetic structures.

II. EXPERIMENT

A high-quality epitaxial film of NdNiO3 was grown on a
�101� oriented NdGaO3 substrate �Pbnm� by pulsed laser
deposition. Polycrystalline NdNiO3, synthesized as in Ref.
18, was used as the ablation target. The films were deposited
in a 0.3 mbar oxygen atmosphere at T=740 °C. After depo-
sition, the sample was cooled slowly in a controlled oxygen
atmosphere of 1 bar. The energy of the KrF excimer laser
was 800 mJ with 5 Hz repetition rate. The thickness of the
resulting NdNiO3 film was approximately 500 Å. The resis-
tivity of the film was measured with conventional four-probe
technique; it shows a first-order metal-insulator transition at
approximately T=200 and 180 K,19 upon heating and cool-
ing, respectively. TMI is lower than in polycrystalline
NdNiO3, probably because of epitaxial strain. No impurity
phases were detected with Cu K� x-ray diffraction. The full
width at half maximum of the rocking curve of the films was
0.14°. Polarized soft x-ray diffraction experiments were per-
formed at the SIM beamline of the Swiss Light Source at the
Paul Scherrer Institut using the RESOXS end station.20 Mea-
surements were performed at the Nd M4,5 edges between 30
and 300 K using a continuous helium-flow cryostat. Azi-
muthal scans were obtained by sample rotation with an ac-
curacy of approximately 5°. The linear polarization of the
incoming beam was chosen either horizontal ��� or vertical
��� with respect to the diffraction plane. Figure 1 shows the
experimental geometry. The azimuthal angle �=0° corre-
sponds to the �010� crystallographic direction perpendicular
to the diffraction plane. Diffracted intensities were recorded
with an AXUV-100 photodiode from International Radiation

Detectors and with an in-vacuum charge-coupled device
�CCD� camera from Roper Scientific. The latter shows im-
proved signal to noise ratio and was used to record selected
energy dependent intensities. The recorded CCD images
were corrected for background �recorded without incoming
radiation�, integrated along the camera height and fitted with
a Lorentzian and a linear background, in order to extract the
integrated intensity and background due to the sample, re-
spectively. In fact, this background is due to the fluorescence
originating from the sample and provides a means of simul-
taneously recording the absorption. Polarization analysis was
performed in the soft x-ray regime,11,21 but the observed sig-
nal at the Nd M4 edge was too weak to resolve.

III. RESULTS

The energy dependence of the integrated intensity of the
�1 /2,0 ,1 /2� reflection at �=0° recorded with the CCD cam-
era for both � and � incident polarizations is shown in Fig.
2�b�. The intensity for � incident radiation is dominated by
the reflectivity, as a comparison between the spectra above
�250 K� and below �40 K� the MI transition temperature il-
lustrates. An additional signal, arising from magnetic diffrac-
tion, is present at the Nd M4 edge at 40 K. However, it is
weak compared to the reflectivity.

Because the diffraction angle is close to 45°, the reflec-
tivity for � incident radiation is strongly suppressed. There-
fore, the sample acts as a polarizer, and the diffracted inten-
sity recorded with � incident radiation is due mainly to the
�1 /2,0 ,1 /2� superlattice reflection. The strong resonance at
the Nd M4 edge, compared to M5, is a typical feature of
magnetic resonant diffraction, as expected for an ion with
less than half filling in the valence shell, e.g., USb.22 The
energy dependence recorded with the photodiode for �
=90° shows a similar energy profile, but with a reduced in-
tensity �not shown�. Note that the Nd M4 edge is contiguous
with the Ni L1 edge; they are separated by approximately
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û3
[101]

τ
σ

π k

σ�

π� k’

ψ

FIG. 1. �Color online� Resonant soft x-ray diffraction geometry
at the RESOXS end station. The polarization of the incident x rays
is either � or �. û indicates the experimental coordinate system and
� the azimuthal angle. k and k� are the wave vectors of the incident
and diffracted x rays respectively, and � is the scattering vector.
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FIG. 2. �a� Fluorescence at the Nd M edges, recorded with the
CCD camera. �b� Intensity of the �1 /2,0 ,1 /2� reflection recorded
with the CCD camera, at the Nd M edges at T=40 K and �=0° for
� �filled circles� and � �open circles� incident radiation. A spectrum
recorded at 250 K with � incident radiation �continuous line� is also
shown.
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5 eV. This electronic transition involves an s-type shell
which is only very weakly sensitive to magnetism, as evi-
denced by studies performed at the Ni K edge.6 Indeed this
transition probes only the orbital moment of the p shell,
which is expected to be very small.

Figure 3 shows the temperature dependence of the
�1 /2,0 ,1 /2� reflection at the Nd M4 edge, recorded with �
incident radiation. The temperature dependence of the same
reflection recorded at the Ni L edge is shown for comparison,
reproduced from Ref. 11. The temperature dependence is
very different in the two cases: At the Ni L edge, the increase
in intensity below TMI follows the behavior of a typical order
parameter squared, as expected for a second order magnetic
phase transition. At the Nd M edge, however, a gradual in-
crease in intensity is observed below TMI, and a steep in-
crease occurs below �70 K. This indicates that the Nd mag-
netic order is induced by the Ni moments that order
spontaneously in the insulating phase. A quantitative descrip-
tion will be presented in the following section. In addition,
� /2� scans were recorded at the Nd M4 edge �1008 eV�,
with both incident � and � radiation for various orientations
of �. This procedure ensures that the total reflectivity, espe-
cially strong with � incident radiation, only appears as part
of the background. In the soft x-ray energy range, the Ewald
sphere is often limited to superlattice reflections and in our
case excludes a normalization with a Bragg reflection. There-
fore we consider the � /� ratio, to prevent systematic errors
�e.g., from sample size and beam shape effect� that are not
easy to correct for. Figure 4 shows � /� together with the
same result collected at the Ni L3 edge.11 The azimuthal
angle dependence at the Nd M4 edge has the same ratio and
periodicity as the one at the Ni L edges. A comparison with
calculations will be given in the following section.

IV. DISCUSSION

Interpretation of resonant diffraction data can be contro-
versial, in particular, when charge, magnetic, and orbital

scattering can occur at the same position in reciprocal space.
Following Ref. 23, the resonant atomic scattering amplitude
in the vicinity of an absorption edge is given by

f�k,k�,E� = f0�k − k�� + f��k,k�,E� + if��k,k�,E�

+ fmag�k,k�,E� , �1�

where f0 is the Thomson charge scattering amplitude and
fmag the resonant magnetic scattering amplitude. k ,k� and
E=	
 are the incident and outgoing wave vectors and pho-
ton energy, respectively. f� and f� are energy dispersive
terms, which become significant close to the absorption
edges.

In the proceeding, we discussed the origin of the forbid-
den �1 /2,0 ,1 /2� reflection. Charge diffraction is unlikely, as
it was not observed at the Ni K edge at this particular point
of reciprocal space.6 Moreover, charge scattering with inci-
dent � radiation is strongly suppressed �by the factor
cos�2��� for an incident angle close to 45°, as in the present
case. Diffraction originating from the anisotropy of the sus-
ceptibility tensor, so called Templeton and Templeton
scattering,24 typically produces significantly different inten-
sities for � and � incident radiation, since contributions from
�−�� and �−�� are dissimilar. The diffracted intensity for
this scattering shows a stronger signal for � incident radia-
tion, since the �−�� component decreases with increasing
Bragg angle.25 On the other hand, diffraction due to magnetic
moments does not show intensity for �−��. In addition, all
the magnetic models considered here �see the Appendix �
predict no intensity contribution from the �−�� channel for
�=0°. A comparable signal, arising from the rotated light
��−�� or �−���, would then be expected, regardless of the
incoming polarization.

Therefore, the �1 /2,0 ,1 /2� reflection is likely of mag-
netic origin, and we analyze the temperature dependence and
the azimuthal angle dependence accordingly. In this case, the
diffracted intensity is proportional to the square of the expec-
tation value of the magnetic Nd moments. The temperature
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dependence suggests that the Nd magnetic moments are in-
duced, and that the effective magnetic field acting on the Nd
ions is generated by the ordered magnetic moments of the Ni
ions. In this case, the magnetization M of the Nd 4f electrons
is parallel to the magnetic field H generated by the Ni mo-
ments, and its magnitude is given by26

M =
N

V
g�BJBJ�g�BJH

kBT
� , �2�

where N is the number of Nd ions in the volume V, g is the
Lande actor, �B is the Bohr magneton, T is the temperature,
and kB is the Boltzmann constant. BJ�x� is the Brillouin func-
tion, and J is the total angular momentum of the Nd 4f shell.

The magnitude of H is proportional to the Ni moment and
is proportional to the square root of the intensity of the mag-
netic reflection at the Ni L3 edge. The Nd3+ ions are expected
to be in their ground multiplet 4I9/2.

Figure 3 shows the result of this model, fitted to the ex-
perimental data. The agreement confirms that the Nd mag-
netic moments are indeed induced by the magnetic moments
of the Ni ions. We note that one parameter, an overall scaling
factor, was varied in this fit. This confirms the magnetic ori-
gin of the forbidden �1 /2,0 ,1 /2� reflection. Induced mag-
netic order was also observed with resonant x-ray diffraction

at the Nd L edges in Nd2CuO4.27 Figure 4 shows that the
� /� ratio has the same periodicity and magnitude as a func-
tion of azimuthal angle as for the case of Ni L edges. To test
the magnetic structures proposed in Refs. 2 and 11 �see Fig.
5�, the so-called up-up-down-down and noncollinear struc-
tures, respectively, we calculate the azimuthal dependences
of the �1 /2,0 ,1 /2� reflection using the formalism of Hill and
McMorrow.28

The up-up-down-down model leads to two different envi-
ronments for the Nd ions. The so-called B0 Nd layers, with
four up and four down Ni neighbors, and the so-called B�

Nd layers, with six up and two down Ni neighbors. The
ordering of Ni magnetic moments induces a Nd magnetic
moment in the B� layer while the Nd ions in the B0 layers
remain paramagnetic. The noncollinear structure leads to Nd
magnetic moments that can be divided into two groups. In
the first group, the Nd magnetic moments are parallel to the
a axis, while in the second group, they are parallel to the c
axis.

In the Appendix , we calculate the polarization dependent
diffracted intensity of the �1 /2,0 ,1 /2� reflection due to the
Nd magnetic moments, for both magnetic structures. The
� /� ratios obtained are shown in Fig. 4 as function of azi-
muthal angle. The up-up-down-down structure does not de-
scribe the experimental data, while the noncollinear structure

FIG. 5. �Color online� Two magnetic structures that have been proposed for NdNiO3: �a� The noncollinear magnetic structure �Ref. 11�;
�b� the up-up-down-down magnetic structure �Ref. 2�. Nd and Ni ions are indicated by large �black� and small �red or blue� spheres,
respectively. Magnetic moment directions are indicated with arrows.
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is in good agreement with the measurements. This interpre-
tation is also supported by specific heat measurements,10

which find that all the Nd ions experience the Ni-Nd ex-
change field. Therefore the magnetic order of the Nd mag-
netic moments is consistent with the Ni magnetic structure
obtained by resonant x-ray diffraction �RXD� at the Ni L
edges.11 No orbital ordering �often associated with Jahn-
Teller distortions� occurs at the phase transition, in agree-
ment with Ref. 7.

V. CONCLUSIONS

Soft x-ray resonant diffraction at the Nd M edges has
been used to determine the magnetic structure of the Nd ions
in NdNiO3. Energy, temperature, and azimuthal angle depen-
dences were used to infer the magnetic origin of the dif-
fracted �1 /2,0 ,1 /2� intensity. The results are in good agree-
ment with a noncollinear structure of the Nd magnetic
moments, induced by the noncollinear Ni magnetic mo-
ments. This further supports the absence of orbital order in
NdNiO3. This paper demonstrates that RXD can be a useful
tool for determining magnetic structures when neutron dif-
fraction is inconclusive or infeasible.
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APPENDIX

The azimuthal angle and polarization dependence of the
magnetic reflection are calculated in three steps. First, the
structure factor for the magnetic unit cell is calculated con-
sidering the Nd ions only. Second the orientation of the mag-
netic Nd moments is calculated as a function of the azi-
muthal angle. Finally, the polarization dependence of the
incident and diffracted x rays is evaluated, following the for-
malism of Ref. 28.

For both magnetic structures, the Nd magnetic moments
are in the a ,c plane, and the magnetic moment direction is
described universally by the angle �, resulting in the vector
m= �cos��� ,0 , sin����. � is zero when the magnetic moment
is oriented parallel to the a axis. A rotation R�
� about the u2
axis aligns the sample along the wave vector �
= �1 /2,0 ,1 /2�; in this case 
=125.89°. R��� represents the
azimuthal angle rotation about � as follows:

R�
� = � cos�
� 0 sin�
�
0 1 0

− sin�
� 0 cos�
�
	 , �A1�

R��� = �1 0 0

0 cos��� − sin���
0 sin��� cos���

	 . �A2�

This results in the vector z=R���R�
�m as follows:

z = �cos����cos�
�cos��� + sin�
�sin����
sin����cos�
�cos��� + sin�
�sin����

− sin�
�cos��� + cos�
�sin���
	 .

The polarization dependence is obtained from Ref. 28 and is
given by

M��� = � 0 z3 sin � + z1 cos �

z3 sin � − z1 cos � − z2 sin�2��
� .

M��� represents the magnetic diffraction, in the case of an
electric dipole transition �E1�, and its components are char-
acterized by � ,� incident and �� ,�� diffracted radiation. We
calculate the diffracted intensity of each component as a
function of the azimuthal angle for the two magnetic struc-
tures under consideration.

1. Up-up-down-down magnetic structure

The Nd magnetic moments are parallel to the a axis �see
Fig. 5�b��, and � is equal to 0. The magnetic structure factor
is imaginary, and z= �cos���cos�
� , sin���cos�
� ,−sin�
��.
Substituting z in M��� and calculating the intensity of the
diffracted signals give

I�−�� � �sin�2��sin���cos�
��2, �A3a�

I�−�� � �cos���cos���cos�
� − sin���sin�
��2, �A3b�

I�−�� = 0, �A3c�

I�−�� � �− cos���cos���cos�
� − sin���sin�
��2.

�A3d�

2. Noncollinear magnetic structure

The Nd moments �see Fig. 5�a�� are divided in Nd mo-
ments aligned parallel to the a axis, with m1= �1,0 ,0�, and
in those aligned along the c axis, with m2= �0,0 ,1�. Their
�magnetic� structure factors are FH and FV, respectively. The
Nd magnetic moments are of equal magnitude, m1=m2. We
thus obtain

FH = 8�A + iB�fNd,

FV = 8�− A + iB�fNd, �A4�

where A and B are real constants. The total magnetic struc-
ture factor equals FH+FV. We then obtain for the diffracted
intensities
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I�−�� � sin�2��sin���
�sin�
� − cos�
��2A2

− �sin�
� − cos�
��2B2� , �A5a�

I�−�� � A2
− cos���cos����cos�
� − sin�
��

+ sin����sin�
� + cos�
���2

+ B2
− cos���cos����cos�
� + sin�
��

+ sin����sin�
� − cos�
���2, �A5b�

I�−�� = 0, �A5c�

I�−�� � A2
cos���cos����cos�
� − sin�
��

+ sin����sin�
� + cos�
���2

+ B2
cos���cos����cos�
� + sin�
��

+ sin����sin�
� − cos�
���2. �A5d�

The ratio �I�−��+ I�−��� / �I�−��+ I�−��� is plotted for both
models in Fig. 4.
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