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We have carried out resonant x-ray scattering experiments on NdNiO3 single crystals aiming at the obser-
vation of a predicted orbital ordering that may explain the presence of an antiferromagnetic ordering with
unusual modulation wave vector,q= s 1

2 ,0 ,1
2

d. A first-order structural phase transition has been observed at
TMI =200 K although no new superlattice peaks are present at thisq position. Our experiment thus rules out the
presence of an orbital ordering with this modulation. It rather seems that the magnetic, as well as the electronic,
properties of this compound should be explained by introducing models of charge localization, either at the
metal sites or at the ligand oxygen. We further comment on the observability of this charge ordering by
resonant x-ray scattering.

DOI: 10.1103/PhysRevB.71.045128 PACS numberssd: 71.30.1h, 71.45.Lr, 78.70.Ck

I. INTRODUCTION

Rare-earthsRd /nickel perovskites have some common
characteristics to their Mn homologue although they are
placed at the boundary separatinglow-D gap metalssD is the
charge transfer energyd and charge transfer insulators.1

Qualitatively, many properties of these materials can be un-
derstood within the classical scheme of a hole-doped Mott–
Hubbard insulator in which double exchange, Hund’s rule
coupling, and the Jahn–TellersJTd effect play crucial roles.
In RNiO3 a metal-insulatorsM-I d transition takes place as a
function of temperature,2 whereas the same transition is
found on doping the manganites. Ni3+st2g

6 eg
1d as well as

Mn3+st2g
3 eg

1d are JT ions with a singleeg electron with orbital
degeneracy although the JT deformations are rather different
between the two families. In stoichiometricRMnO3, the JT
deformations stabilized a layered antiferromagnetic
structure,3, whereas the NiO6 octahedra are rather regular,4

probably due to the higher covalency character of the Ni
oxides.

RNIO3 perovskitessexcepting forR=Lad display a first-
order metal insulator phase transition fromPbnm to P21/n,
yielding two different crystallographic sites for Ni but with
no change in the lattice coordinates. The lattice distortion
occurring belowTMI has been detected for the smallest cat-
ions sR=Y,Ho,…,Lud,5,6 whereas it has remained rather elu-
sive for the largest cationssR=Pr, Nd, and Smd.4,7 Recently,
electron microscopy and Raman scattering experiments have

evidenced a symmetry breaking atTMI in NdNiO3.
8 Interest-

ingly, the M-I transition takes place between 550 and 600 K
in the small rare-earth cation compounds, whereas it is
strongly depleted for the largest cationssSm, TMI <400 K;
Nd, TMI <200 K; Pr,TMI <135 Kd.9 Ni ions order antiferro-
magnetically at lower temperaturessthrough a continuous,
second-order, phase transitiond and the transition temperature
smoothly evolves with the size of the rare earth from
TN=130 K for Lu toTN=225 K for Sm, andTN;TMI for Nd
and Pr. Moreover, based on the discovery of an unprec-
edented magnetic ordering of spin-1

2 Ni moments in PrNiO3
and NdNiO3, anonuniformorbital occupancy of the singleeg
electron in the low-spin Ni3+ configuration has been
predicted.10 In these two compounds,TN=TMI, and the mag-
netic structure has an unexpected propagation vector,
q= s 1

2 ,0 ,1
2

d, corresponding to an↑↑↓↓ stacking of ferromag-
netic planes along thes1,1,1d direction of the pseudocubic
lattice. This magnetic symmetry is not compatible with
nearest-neighbor exchange coupling of the same sign and
requires alternating ferromagnetic and antiferromagnetic Ni–
O–Ni couplings along the three pseudocubic axes. This can
be achieved if adx2−y2/dz2 orbital ordering exists in the crystal,

that breaks down the inversion center at the Ni site. How-
ever, no structural distortion originating from orbital order-
ing has been observed so far. Moreover, Hartree–Fock calcu-
lations have showed that the orbital ordered state has a
relatively high energy and thus suggested that this possibility
is very unlikely to explain the observed magnetic order.11,12
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Charge order disproportionation in the form Ni+3+d−
Ni+3−d, with d<0.3e−, has been invoked to be present in
all the small rare-earthRNiO3 sR=Ho¯Lu and Yd
compounds on the basis of a bond valence analysis of the
structure in the insulating state.5,13 This empirical analysis
of the chargeusually yield appropriate results. However,
RNiO3 are generally viewed as charge transfer insulators,
and along this line one may expect that the JT energy of the
doubly degeneratedeg level is raised, not by anoften large
JT distortion, but rather by getting rid of the electron degen-
eracy in this orbital. According to this simple view, the
charge would go either to the ligand oxygensalso known as
bond charge orderingd, following the well-known scheme
3d7+2p6→3d8+2p5, or it will remain disproportionated in
the metal ions 3d7+3d7→3d6+3d8. Recent Hartree–Fock
calculations onRNiO3 perovskites have shown that it is dif-
ficult to assert which option is the best, or even if it does
change from, for instance, bond order in the larger rare-earth
to metal-site ordering in the smaller ones.14

RNiO3 perovskite compounds have been known for many
years, and quite a lot of experimental as well as theoretical
work has been accumulatedssee Ref. 15 for a recent reviewd.
All experiments aiming at a precise determination of the
structuressd, including synchrotron and neutron diffraction,
have been carried out in polycrystalline samples, except for a
very recent work on 500-Å-thick thin films of NdNiO3, to
determine the amount charge ordering at the M-I phase
transition.16,17 Both x-ray and neutron powder diffraction
have shown no sign of orbital orderingssuperstructure reflec-
tions should be 104 times smaller than the largest nuclear
reflectiond, which speaks in favor of a very small lattice dis-
tortion. We have now grown small single crystals of NdNiO3
sRef. 18d ssee Fig. 1d large enough to carry out diffraction
experiments at synchrotron light sources. With this high
quality single crystals it will be then possible to test many
ideas on the origin of magnetism in this compound and the
very intriguing possibility of apure orbital ordering; i.e.,
without an accompanying lattice distortion. As we shall see,
orbital ordering Bragg reflections in the predicted positions
are systematically absent. It is then natural to turn to the
charge ordering as the origin of the elusive magnetic order-

ing observed in this compound. These are the goals of the
work developed in this paper.

II. EXPERIMENTAL CONDITIONS

Resonantsalso called anomalousd x-ray scatteringsRXSd
techniques have proved to be very powerful to unravel or-
bital sand charged orderings and its likely relation with mag-
netic orderings.8 RXS consists of measuring the intensity of
someselectedBragg reflections as a function of the incident
photon energy around the absorption edge of one of the
atomic species. There are several different ways to proceed
with this technique, depending upon whether the information
sought is crystallographic or, rather, spectroscopic.19 In all
the cases, the key point of the technique is that for incident
photon energies in the vicinity of an absorption edge, the
x-ray scattering factor of the anomalous atom becomes com-
plex ff i8sEd+ i f i9sEdg and displays a nontrivial energy depen-
dence. This complex structure factor interferes with the
phase factor of the given reflectionsQd in a manner de-
scribed by the following equation:

IsQ,Ed ~ Uo
i

ff0i + f i8sEd + i f i9sEdgeiQ·rie−WisQdU2
, s1d

whereWisQd is the temperature factor,f0i is the atomic scat-
tering factor, f8 and f9 are rank-2,3,4,… tensors in their
most general formsincluding magnetic as well as nonmag-
netic scattering factorsd projected over the incoming and out-
going photon polarization direction, respectively. For all the
purposes of this paper, we will be exclusively interested in
the dipole–dipole sE1E1d transition at the Ni K edge
s1s→4p transitiond whose operator can be written in the
form of a rank-2 tensorsor a matrixd. In order to comprehend
how RXS can explore thepurely electronic orderingsin a
solid, it is important to notice the following:sid the exact
value of the absorption edge depends on the electronic
charge that the resonant atom experiences, and along this
line the different charge states of the resonant atom are char-
acterized by slight changes of the position of the absorption
edge.sii d The electronic transition probes theempty3d or-
bital states via quadrupole–quadrupolesE2E2d processes of
the type 1s→3d. If the orbital ordering is stabilized without
site symmetry breaking, i.e., no lattice distortionsno coop-
erative JT effectd, one should expect a new periodicity, ex-
clusively electronic, that might be observable precisely at the
energy corresponding to the nonoccupied degenerate orbit-
als. This latter form of ordering has been suggested in a
number of systems but, unfortunately, orbital orderings have
been invariably observed to be stabilized by local symmetry
breaking. Due to that, the anisotropy induced in the neigh-
boring 4p states is rather strong, and it has been observed
that the E1E1 process prevails against the purely orbital or-
dering signal at the K edges of 3d transition metals. This
conclusion results both from simulations of the measured
spectra in the giant magnetoresistance manganites20 and
more recently from detailed experimental studies on thin
films.21 It has been speculated that NdNiO3, by virtue of its
unexpected magnetic ordering wave vector and the absence
of lattice distortions, might be a candidate to further explore

FIG. 1. Electron microscopy image of small single crystals of
NdNiO3 obtained under pressuressee Ref. 18d.
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the so far theoretical concept of orbital ordering stabilized by
magnetic interactions alone. Below we will pursue this dis-
cussion of the tensor scattering factors by introducing the site
symmetry of Ni ions in the lattice and we will show that the
geometrical conditions have to be taken into account in order
to properly disentangleelectronic orderingsfrom local an-
isotropy in the diffraction spectra.

The RXS experiment was carried out at the ESRF in the
magnetic scattering beamline ID20sRef. 22d at photon ener-
gies in the close vicinity of the Ni K edge. The absorption
edge is located at 8.343 eVsl=1.486 Åd in NdNiO3. For
comparison the edge in Ni metal lies at lower energies, 8.333
eV. A sample of dimensions 20320350 mm3 was glued on
top of a quartz whisker and then placed onto the cold finger
of a closed-cycle He refrigerator. The setup was installed on
a four-circle goniometer and the scattering plane is vertical.
Sample quality can be considered as excellent in view of the
value of the Bragg peaks rocking width, of the order of
0.02°. The count rate at thes004d reflection was
53108counts/sec. In order to discriminate the polarization
of the scattered photonsseither parallel to the scattering
plane,p, or perpendicular,sd a Cus222d analyzer crystal was
placed before the detector, a NaI scintillator. The polarization
leakagess-s→ ts-pd was measured to bet=0.005. As ex-
pected for a low-symmetry perovskite compound, NdNiO3
single crystals are twinned even at room temperature. The
actual structure is orthorhombicPbnm with lattice param-
etersa=5.389 Å,b=5.3863 Å,c=7.6078 Å.4 Because of the
twins, a pseudocubic lattice with average lattice parameter
a=7.6 Å was preferred. The reciprocal space transformation
rule between both settings isho= 1

2shc+kcd, ko= 1
2shc−kcd,

and lo= lc, and the two corresponding axes permutations.
Therefore, the cubics115dc reflection will contain the super-
position of thes105do and s015do reflections. The four re-
maining domains are found by cyclic permutations of the
indiceshc,kc, lc. The low-temperature structuresmonoclinic
P21/nd arising from the M-I phase transition atTMI multi-
plies the number of domains by a factor of 2, albeit without
changing the unit cell volume.

Absorption is an important issue in this compound. In-
deed, the three Nd L edges happen to be at lower energies
s6.208, 6.721, and 7.126 keVd and their contribution domi-
nates the absorption coefficient both belowsm=1734 cm−1d
and abovesm=2158 cm−1d the Ni edge. Therefore, and de-
spite that the whole sample is bathed by the x-ray beam,
absorption limits the penetration depth to 6µm below the Ni
edge and to 4.6µm above. These values, smaller that the size
of the sample, lead us to cast serious doubts on how the
domain structure is going to appear in our diffraction spectra
and therefore on the intensity of the different peaks.

III. METAL-INSULATOR PHASE TRANSITION

Temperature scans were carried out in order to character-
ize the thermal evolution of the sample and check the appear-
ance of a phase transition. The photon energy for these ex-
periments was chosen to be 10 eV below the Ni absorption
edge. Figure 2 shows a contour plot of the diffraction angle
uB of the s115dc Bragg reflection for a series of temperatures

above and belowTMI. Only one peak is visible aboveTMI,
whereas at least four develop below, although this has seen
to be dependent of the thermal history. Clearly, a first-order
structural phase transition induced by the charge ordering
occurs in NdNiO3, in much the same way as it has been
observed for the small rare-earth analogues. Our data, and in
particular the fact that Bragg peaks aboveTMI turned out to
be splitted below, are in good agreement with the change in
the lattice symmetry below 200 KsPbnm→P21/nd reported
by electron diffraction experiments.8 The transition tempera-
ture was determined from the onset of the splitting of the
diffraction peak to be 195 K, and pretransitional effects have
been observed as well. A refinement of the structure, based
on single-crystal data, above and belowTMI is presently
underway.23

The lattice distortion occurring belowTMI corresponds
to the charge ordering mechanism. The magnitude of this
distortion is sensibly smaller than that observed for the
Ho…Lu nickelates and it has been overlooked is previous
diffraction experiments in powder samples.4 In view of this,
the determination of the charge ordering itself by using direct
methods, such as RXS, is certainly of paramount importance.
As we have mentioned above, it is not excluded that different
types of CO as a function of the size of the rare earth may
occur. We have carried out preliminary RXS experiments in
NdNiO3 and part of the results are shown in Fig. 3. Once
corrected for absorption, our anomalous scattering measure-
ments display identical features as in Ref. 13, where the use
of thin films makes the absorption correction unnecessary.
The energy dependence of the spectra reflects the presence of
slightly anisotropic octahedraswe call thisdichroic effect, as
we shall explain in Sec. IV, belowd rather than a charge or-

FIG. 2. sColor onlined Variation of the diffraction angleuB as a
function of temperature around the M-I phase transition,
TMI =195 K, of thes115dc reflection. Data were taken on a heating
run. The reflection that appears at arounduB=7.31 belowTMI ap-
pears to be the continuation of the scattering observed above and
therefore is identified as the alloweds105do. The reflection centered
at uB=7.42 abruptly appears belowTMI and is attributed to the
s015do, extinct aboveTMI.

RESONANT X-RAY SCATTERING EXPERIMENTS ON… PHYSICAL REVIEW B 71, 045128s2005d

045128-3



dering itself. Unfortunately, these data do not have a con-
vincing quality and little else can be said. We believe that our
data are suffering from a proper incident beam correction as
a function of energy. The present beamline configuration,
having the slits and the beam monitor 1 m apart from the
sample, is very likely inadequate for this type of experiment,
in which the incident slits and monitor should be as close to
the sample as possible to perform a proper normalization of
the incident beam.

One of the goals of this work was to check whether a
postulated orbital ordering develops concomitantly to the
charge and magnetic orderings. A systematic check for re-
flections indexed byq= s 1

2 0 1
2

d
o has been carried out at

T=10 K and at different Brillouin zones, ending with a null
result. This search was carried out at different energies
around the Ni absorption edge in NdNiO3. From the mea-
surement of the background and of the intensity of different
Bragg peaks we can conclude that such orbital ordering does
not exists, or the corresponding peaks are at least 108 times
weaker than the fundamental ones. Based on this figure, a
very simple minded calculation of the magnitude of the
atomic distortions that an orbital ordering might induce lo-
cates an upper limit at arounde<5310−5 Å. The magnitude
of the distortion observed at Bragg peaks developing below
TMI, although too small to be observed in previous powder
diffraction experiments, is far greater than the putative or-
bital ordering peaks. No sign of magnetic ordering was
found in our spectra, which certainly reflects the smallness of
the magnetic scattering cross section for x rays.

IV. RXS EXPERIMENTS ON CHARGE ORDERING

In the absence of orbital orderingsin the sense of a coop-
erative JT distortiond it is not therefore unreasonable to turn
our attention to the charge ordering as the key concept to

explain both the M-I transition as well as the magnetic or-
dering. In view of the relevant conclusions that RXS can
disclose, we believe that it is important to understand in full
detail what difficulties this technique may encounter with
respect to CO in this specific compound. Charge ordering in
the form Ni+3+d−Ni+3−d, with d<0.2, sor Ni1−Ni2d was
claimed based on the observation of anomalous scattering in
reflectionss015do and s105do.

16,17 Whether or not charge or-
dering of this magnitude is actually present in this com-
pound, or even if it is bond centered, a detailed analysis of
the local structure of the Ni site and how this local structure
is going to influence the above-mentioned reflections in the
neighborhood of the Ni K edge is lacking. In the following
we will describe such calculation, which can be easily ex-
tended to most of the 3d transition metal oxides perovskite
structures.24

The structure factor in Eq.s1d susing rank-2 tensorsd for
these two reflections mixes, through the phase factor, differ-
ent components of the local scattering tensor. Particularly
dangerous is the case where the structure factor results from
the differenceof two distinct elements of the tensor. This is
the so-calleddichroic effect. In the case of the present octa-
hedral environment, each one of the O–Ni–O bonding repre-
sents a principal direction of the local anomalous scattering
tensor of the metal. The dichroic effect can easily pictured by
noticing that not all the O–Ni–O distances are equal, and
thus their corresponding components of the tensor are ex-
pected to be slightly shifted in energy. As we shall see below,
it can give rise tostrikingly similar diffraction patterns and
therefore this dichroic effect can be easily misinterpreted as
the signature of a charge ordering. Here we discuss a full
tensor calculation of the structure factor of the anomalous Ni
in the dipole–dipole approximation and under different po-
larization conditions. For the sake of completeness we have
included the azimuthal anglef, and the Bragg angle of the
reflectionuB.

In the following, we shall concentrate on reflections
s105do and s015do exclusively. From the calculations dis-
played in Table I, the only element of the structure factor
tensor that contributes to these reflections at high tempera-
ture isDxzsDxz<Dyz<7Dxyd.24 This resonant scattering ten-
sor element can be calculated from the original diagonal el-
ements of the NiO6 distorted octahedra; i.e., extracting the
scattering factors along the three Ni–O directionssfx+y, fx−y
and fzd. Once the tilts of the octahedra are considered,Dxz
can be expressed to a good approximation as

DxzsEd = 0.103fx+ysEd + 0.031fx−ysEd − 0.134fzsEd.

The position of the absorption edge for eachf depends lin-
early on the Ni–O distance along each direction. In order to
quantitativelyestimate this magnitude one should use an ad-
equate simulation code, such as FDMNES.25 Here, we shall
restrict our discussion to symmetry considerations and take
advantage of the nearly octahedral coordination of Ni. Nev-
ertheless we want to stress that the theoretical discussion
here has been double-checked with simulations carried out
with the above-mentioned code. AsdsNi−Od distances along
x+y andx−y are the same within the error barsat RTd,4 one
can readily see thatDxz<0.135sfx+y− fzd and therefore the

FIG. 3. Energy variation of thes015do and s105do reflections
around the Ni K edge. The quality of these data is poorer than that
of Fig. 2 in Ref. 13. The inset shows a theta scan of thes115dc

reflection, where at least four peaks are visible. From their respec-
tive energy dependence we have evidenced that peaks 1 and 3 cor-
respond to thes105do whereas 2 and 4 correspond to the family
s015do.
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anomalous contribution at both reflections contains a di-
chroic effect! As the distortion of the octahedra is small4

sDdsNi−Od,0.007 Åd the magnitude of the dichroic effect is
small sDEø0.4 eVd, but the energy dependence signature
should be nearly identical to that expected for a charge order
process developing belowTMI. Let us now examine the low
temperature structure. Very likely, the space group belowTMI
is P21/n,8 with two different positions for NisNi1 at site 2d
and Ni2 at site 2cd26 and therefore the atomic coordinates
remain unchanged. Both positions are symmetry related in
Pbnmthrough a 90° rotation around thez axis fplus transla-
tion s0,0,12dg. Identical calculations as before can be carried
out for both Ni1 and Ni2. Now the diagonal elements,
Dxx, Dyy, andDzz, for each one of the Ni have opposite signs,
and their total contribution to the scattering tensor is zero in
the absence of charge ordering. As forDxz above, the diago-
nal elements can be defined in terms of the proper Ni−O
principal axis:

Dxx
1,2= 0.295fx+y

1,2 + 0.686fx−y
1,2 + 0.019fz

1,2,

Dyy
1,2= 0.668fx+y

1,2 + 0.312fx−y
1,2 + 0.019fz

1,2,

Dzz
1,2= 0.036fx+y

1,2 + 0.001fx−y
1,2 + 0.962fz

1,2,

where the superindex stands for Ni1 or Ni2 sites. Note that
both diagonal and off-diagonal elements of the anomalous
structure factor are expressed in the same basis
fx+ysEd , fx−ysEd, and fzsEd and, therefore, comparison be-
tween expected results at different Bragg reflectionssnot
done in this paperd can be easily carried out. Moreover, the
atomic scattering factors are strictly proportional to tabulated
f8sEd and f9sEd for energy values sufficiently different than
the absorption edge energy.

The first-order effect of the charge ordering at the K–edge
of 3d transition metal ions is to shift the 1s level27 by an
amountDE/2 proportional to the charge itselfsdd. Moreover,

the effect of the CO at the K–edge is independent of the
extension of the final states, and therefore it can be consid-
ered as isotropic in a first approximation. After some trivial
algebra, it is easy to realize that reflectionss015do ands105do
for identically s015dm and s105dmg have non-null diagonal
elements belowTMI as now Ni1 and Ni2 have slightly
different charge statesfDxx

1 sE+DEd<Dxx
2 sEd ,…g, and

therefore the total contribution does not exactly cancel
out. We define the isotropic shift due the different charge
states at Ni1 and Ni2 as D;D1=Dxx

1 −Dxx
2 ;D2=Dyy

1 −Dyy
2

;D3=Dzz
1 −Dzz

2 , which is nothing else but thederivative ef-
fectfD~DE·]DxxsEd /]Eg already mentioned in the literature
by several groups. Note that this approximation assumes
that the diagonal elementsDxx,… have the same energy
dependence except for a small shift. This approximation
remains valid in NdNiO3 but it does not in, for instance,
a-NaV2O5,

28 where the local coordination of V is a pyramid,
with dsV−Od distances ranging between 1.611 and 1.965 Å
sDdsV−Od,0.35 Åd. From Table I, the result of the charge
ordering appears in the structure factor as a shift of the Ni
partial structure factor, withno azimuthal dependence! The
second interesting conclusion is that the charge ordering does
not appear in the cross-channelss-p and p-s. It will be
evidenced in these channels in a second-order approximation
if the charge order parameter cannot be considered as
isotropic.24 This finding is to be compared with the results
shown in Fig. 2 insRef. 14d, where an azimuthal dependence
has been found in the intensity of thes105do reflection in the
s-p channel. Very likely, these results reflect the azimuthal
dependence of the dichroic effect rather the CO itself. An-
other possibility is that the observed dependence contains
someanisotropiccharge ordering, which is expressed under
the conditionD1ÞD2ÞD3. Further experimental work has to
be carried out to elucidate this latter hypothesis.

Another issue raised in16,17 is the magnitude of thes-p
diffracted intensities at boths015do and s105do. The dif-
fracted intensities are written as

TABLE I. Partial structure factor of Ni in thePbnmstructuresaboveTMId and in theP21/n sbelowd including a charge order shiftD.
Below TMI, we have performed the approximation of small and isotropic charge order defined asD=Dxx

1 −Dxx
2 ;Dyy

1 −Dyy
2 ;Dzz

1 −Dzz
2 . The

dichroic term is supposed unchanged,Dxz;
1
2sDxz

1 +Dxz
2 d. The first row is the full matrix operator corresponding to the dominant E1E1

resonant process, aboveTMI→ belowTMI. For the sake of completeness we have included the structure factor already projected for selected
incoming and outgoing photon polarizations and as a function of the azimuthal anglef.

s0 1 5d s1 0 5d

FNi s 0 0 8Dxz

0 0 0

8Dxz 0 0 d→ s 4D 0 8Dxz

0 4 D 0

8Dxz 0 4D
d s 0 0 −8Dxz

0 0 0

−8Dxz 0 0 d→ s −4D 0 −8Dxz

0 −4D 0

−8Dxz 0 −4D
d

Fss
Ni

4fD−Î 2
13Dxzsins2fdg −4D+ 40

13Dxzsin2sfd

Fsp
Ni

−4Î 2
13Dxzf5 cossuBdcossfd−coss2fd sinsuBdg 8

13Dxzf12 cossuBd−5 cossfdsinsuBdgsinsfd

Fps
Ni

−4Î 2
13Dxzf5 cossuBdcossfd+coss2fdsinsuBdg 8

13Dxzf12 cossuBd+5 cossfdsinsuBdgsinsfd

Fpp
Ni

4fD coss2uBd−Î 2
13Dxzsin2suBdsins2fdg −4D coss2uBd−Î 40

13Dxzfcos2suBd+cos2sfdsin2suBdg
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IsssEd ~ ufFNR+ Fss
Ni sEdgs1 − td + Fsp

Ni sEdtu2,

IspsEd ~ ufFNR+ Fss
Ni sEdgt + Fsp

Ni sEds1 − tdu2,

where, as mentioned earlier,t=0.005 is the polarization
leakage factor between the two polarization channels, and
FNR=FO+FNd+FNR

Ni is the nonresonant contribution to the
diffraction.29 Interestingly, the intensity in thes-s channel is
expected to be orders of magnitude larger than that of the
s-p, despite the fact thatFss

Ni andFsp
Ni are of the same order

of magnitude.
Finally, several other RXS experiments at different Bragg

reflections will yield important understanding. For instance,
a dichroic effect betweenfx+ysEd and fx−ysEd arising from the
monoclinic distortion can be suitably studied ath+k+ l =2n
reflections, extinct for Ni1 and Ni2, where the signature of
the charge ordering of the type described above should be
absent. It will be very interesting to check for the possibility
of an anisotropic CO and explore the concept of charge
transfer sbond orderd vs charge disproportionation at the
metal site and properly quantify each one of the solutions.
RXS is very powerful and certainly can answer this conun-
drum, once the dichroic effects have been thoroughly consid-
ered.

In conclusion, one should bevery cautious in claiming
that the observed effect in the forbiddensextinct by the non-
symmorphic operations of the space group,n andbd reflec-
tions of NdNiO3 is the result of charge ordering alone.
Charge ordering and dichroic effects can be disentangled
through azimuthal scansf; the former is independent of the
azimuthal angle, whereas the latter do shows a significant
variation. Signatures of the charge ordering are best observed
in Bragg peaks corresponding to new lattice periodicitiessif
anyd, as it has been the case ina-NaV2O5.

28 In the case
where the unit cell remains unchanged, one should seek for
weak reflections where atoms of supposedly different charge
contribute out-of-phase, but this procedure might lead to
misleading results if the space group is nonsymmorphic.

V. CONCLUSIONS

In this paper, we have shown that NdNiO3 exhibits a
small but noticeable lattice distortion atTMI that is identified
as the charge ordering transition, in a manner similar to other
rare-earth nickelates. We have carried out resonant x-ray
scattering experiments on NdNiO3 single crystals in view of
proving or disproving a longstanding hypothesis10 that an

orbital ordering should occur in this compound that may ex-
plain the presence of a magnetic ordering characterized by a
wave vectorq= s 1

2 0 1
2

d. All our experimental efforts have
yielded a null result and if there exists such orbital ordering
the Bragg peaks originating from the concomitant lattice dis-
tortion should be 8 orders of magnitude weaker than those of
the averagePbnm structure. A signature of an exclusively
electronic ordering might be seen in our resonant scattering
spectra, but we did not find any. It rather seems that the
charge ordering, either in the form of charge disproportion-
ation at the metal sites or a ligand hole orderingsbond center
orderingd, triggers the magnetic ordering and further stabi-
lizes the magnetic structure. Data obtained in RXS experi-
ments in single crystals, are hindered by absorption and by
the small size of the crystals. Clearly future work aimed at an
understanding of the charge ordering and of the related
points raised in this paper has to be carried out in thin films.
Finally, we have completely worked out the data analysis
that one should apply in order to directly quantify the mag-
nitude of the charge ordering as measured by RXS experi-
ments. The effect of the charge ordering as seen in the energy
dependence of the RXS is exactly the same as dichroic ef-
fects arising from the slight anisotropy of the NiO6 octahe-
dra, which have been disregarded in previous
experiments.16,17We have developed the scattering equations
in the presence of a charge ordering that include the dichroic
effect as well. These equations have been derived from the
symmetry of both high- and low-temperature phases, and
contain a minimum number of assumptions. In the absence
of a very detailed study of the resonance, a commensurate
q=0 charge ordering contribution can be misinterpreted with
dichroic effects arising from the anisotropy of the anomalous
atom scattering tensor. We have made predictions on the ob-
servability of this effect and we have described proper ways
to disentangle both contributions. Whereas an azimuthal de-
pendence is expected for the dichroic signal, the contribution
of the CO is independent of the azimuth angle, and it is
absent of the photon polarization crossed-channelss-p and
p-s. These calculations can be straightforwardly extended to
other perovskite-type structure compounds, such as the co-
lossal magnetoresistance manganites.
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