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Charge disproportionation and search for orbital ordering in NdNiO;
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Detailed resonant x-ray diffraction experiments including azimuthal angle scans were performed on NdNiO;
around the Ni K absorption edge, allowing us to investigate the electronic changes associated with the metal-
to-insulator transition. The influence on the observed reflections of charge disproportionation and the asphe-
ricity of the Ni electron density is evaluated. The asphericity, due to the distortion of the oxygen octahedra,
persists also in the metallic phase, but its influence on the unrotated o-o (033) diffraction signal is found to be
negligible, in contrast to the case for the superlattice reflections found in manganites and magnetite. We
conclude that the o-o scattering intensity is consistent with charge disproportionation at the Ni site. No
(1/201/2) type reflections were found, making unlikely the simultaneous occurrence of orbital order with this
previously proposed wave vector. Moreover, the asphericity observed in the 4p shell in the metallic state
indicates that there is no orbital degeneracy. Therefore, no orbital ordering is expected to occur at the metal-

insulator transition.
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I. INTRODUCTION

The 3d transition-metal oxides exhibit a fascinating vari-
ety of physical properties, ranging from high-7, supercon-
ductivity to colossal magnetoresistance. These strongly cor-
related electron systems often show metal-to-insulator
transitions, whose microscopic origin is of on-going interest.
Many are Mott insulators with a half-filled 3d band, for
which the electron cannot hop to neighboring atoms. Spin
and orbital degrees of freedom may survive and can play a
significant role in the metal-insulator transitions. Particular
interesting cases are those temperature driven metal-insulator
transitions at which the itinerant charge carriers become lo-
calized. This occurs in various transition-metal oxides such
as manganites,! cobaltides,>* or nickelates,>® but also in
other oxides such as magnetite.”® The interplay and the com-
petition between charge, orbital, and spin degrees of freedom
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can lead to charge and orbital ordered ground states for
which the electrons are localized.

Recent resonant x-ray scattering (RXS) experiments have
challenged the interpretation of charge ordering (CO) of the
Fe?* and Fe** ions in magnetite below the Verwey
transition.”!® The azimuthal and energy dependence of cer-
tain superlattice reflections have been explained with a
model without ionic charge order, which contradicts the CO
model of Verwey.”® Doubts about charge ordering have also
been raised for manganites.!'~!3 The observation of forbid-
den reflections by means of RXS was first interpreted as
“direct” evidence for CO and orbital ordering (00),'*!> and
a model was proposed based on CO at two different Mn
sites, i.e., Mn;=3+ and Mny=4+, and OO at the Mn; site.'®
Subsequent studies showed that the anisotropy of the scatter-
ing tensor must be taken into account to describe the azi-
muthal angle dependence of the CO type reflections.!>!3
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FIG. 1. (Color online) The proposed crystal structure below Ty
of NdNiO; with charge disproportionation. The two different Ni
sites, Ni; and Nip, with the corresponding oxygen octahedra
(shaded) are drawn in different colors.

These studies challenged the simple CO picture for manga-
nites and concluded that at most a fractional charge order
exists (charge disproportionation). It is therefore interesting
to investigate other transition metal oxides for which charge
ordering has been claimed.

Charge order has been claimed first for YNiO; (Ref. 17)
and then for NdNiO5,'® two members of the RNiO; family, R
being a trivalent rare-earth ion (La to Lu) or Y. At room
temperature, RNiOj; crystallizes in the orthorhombically dis-
torted perovskite structure Pbnm, with unit cell \Eap
X \Eal, X2a,, where a,, is the perovskite cell parameter. The
Ni ion has a nominal valence of 3+ and a 3d-electron con-
figuration tgge;, with spin S=1/2. In its insulating state,
RNiO; has a small charge-transfer energy and can be re-
garded as a self-doped Mott insulator.!>2° RNiO; exhibits a
thermally driven metal-insulator transition at 7y and a fur-
ther transition to long-range antiferromagnetic order at Ty
< Ty.>°® Ty and Ty depend strongly on the size of the rare-
earth ion. Tyy=Ty for Nd and Pr. Associated with Ty is a
subtle expansion of the crystallographic unit cell, which
causes a narrowing of the bandwidth, eventually leading to
the opening of a gap at the Fermi surface.®!7?! Particularly
interesting is the magnetic behavior below Ty, where an un-
usual magnetic ordering with propagation vector k
=(1/201/2) has been found,”"?* corresponding to an up-
up-down-down stacking of the ferromagnetic planes along
the pseudocubic [111] direction. Because the twofold degen-
erate e, orbital is singly occupied, a Jahn-Teller distortion
and an orbital ordering (d,2_y2 or ds,2_,2) are expected in the
insulating state.”* However, no evidence for a Jahn-Teller
distortion was found with neutron powder diffraction.?' Later
it was suggested that the superstructure peaks due to the
Jahn-Teller distortion might be too weak to be observed.??
NdNiO; could be an example among transition metal oxides,
for which charge ordering occurs independently of orbital
ordering. Recent resonant x-ray experiments indicated the
presence of charge disproportionation in NdNiO;.'® Figure 1
shows the crystal structure below Tyy (P2;/n space group),
with the proposed charge disproportionation at the Ni sites
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(Ni; and Niy).2> These results have been criticized,?® as the
resonance may be caused by the asphericity of the 4p shell
similarly as for the manganites.”” However, a careful study
of the azimuthal angle dependence allows to distinguish be-
tween the two effects.

In order to address these critics, resonant x-ray scattering
data on epitaxial films of NdNiO; with detailed azimuthal
angle dependence are presented. They give clear evidence
for charge disproportionation. A small asphericity of the Ni
electronic states is already observed above Ty, which indi-
cates that no orbital degeneracy exists in the e, states. There-
fore OO is unlikely to occur at Tyy.

II. EXPERIMENTAL DETAILS

High-quality epitaxial films of NdNiO; were grown on
(001) and (011) oriented NdGaO; substrates (Pbnm) by
pulsed laser deposition. Polycrystalline NdNiOj;, synthesized
as in Ref. 5, was used as the ablation target. The films were
deposited in 0.3 mbar oxygen atmosphere at 7=740 °C. Af-
ter deposition, the sample was cooled slowly in a controlled
oxygen atmosphere of 1 bar. The energy of the KrF eximer
laser was 800 mJ with 5 Hz repetition rate. The resistivity of
the film was measured with the conventional 4-probe tech-
nique. The resistivity of the 500 A thick NdNiO; (001) film
shows a first-order metal-insulator transition at approxi-
mately 7=170 and 150 K (see Fig. 1 of Ref. 18) upon heat-
ing and cooling, respectively. For a (011)-oriented thin film,
the metal-to-insulator transition occurs at approximately 7
=190 and 170 K upon heating and cooling, respectively. Ty
is lower than in polycrystalline NdNiOs3, probably because of
epitaxial strain. No impurity phases were detected with Cu
Ko x-ray diffraction. The rocking curve full width at half-
maximum of the films was 0.14°. Synchrotron x-ray scatter-
ing experiments were performed at ID20 of the European
Synchrotron Radiation Facility, Grenoble, France, in the vi-
cinity of the Ni K-edge, at approximately 8.333 keV. The
beamline energy resolution was 1 eV. A Cu (222) crystal was
used for polarization analysis. For o-m scattering, the sup-
pression of the o-o channel was approximately 99.9%, and
vice versa. The use of thin films has the advantage that their
x-ray absorption is negligible, i.e., no absorption correction
is required. The (033) and (105) reflections were studied us-
ing the [011] and [001] oriented films, respectively.

III. RESONANT X-RAY SCATTERING

RXS combines spectroscopy with diffraction and probes
the presence of CO and OO in the hard'?!415:18.2829 and the
soft30-32 x-ray regions. For RXS, the incident photon energy
is tuned to an absorption edge of an ion and probes its elec-
tronic state. At resonance the scattering is strongly enhanced
and phenomena which are usually negligible, such as the
asphericity of the atomic electron density and anisotropy of
the tensor of scattering (ATS), can be observed. Investigation
of the energy, polarization, and azimuthal angle (rotation
about the scattering vector) dependence of Bragg peaks al-
lows one to distinguish between these contributions. At reso-
nance, the x-ray scattering factor is no longer a scalar, it must
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be treated as an anisotropic tensor and depends on the point
symmetry of the resonant ions.>* For NdNiO;, the scattering
intensity at forbidden reflections can be ascribed to two dif-
ferent spherical x-ray scattering factors for the Ni ions, i.e.,
(1) charge disproportionation and/or (2) ATS arising from a
distorted octahedral environment around the Ni ions (“di-
chroic effect”?%). The asphericity of the electron density can
be significant in the case of chemical bonding (strong hybrid-
ization) and/or OO connected with Jahn-Teller distortions.
The intensity arising from the spherical differences of the
electronic state, can be caused by CO or by “spherically”
different local coordinations.’* When the asphericity is neg-
ligible, the spherical electron density approximation can be
used. Within this approximation, the intensity of the dif-
fracted beam is proportional to the square of the structure
factor F,

F(Q.E) = 2, f{(Q.E)eRig(Q - 7), (1)
i=1

neglecting the Debye-Waller term. Here Q and E are the
x-ray momentum transfer and the energy, respectively,
fi(Q,E) is the x-ray scattering factor of the ith ion at the
position R; within the unit cell, and 7 is a reciprocal lattice
vector. The scattering factor can be written f;(Q,E)= f?(Q)
+f{(E)+if!(E), where f?(Q) is the Thompson scattering fac-
tor (atomic form factor) and f;(E) and f;(E) are the real and
imaginary energy-dispersive correction factors, respectively.
We  define Af{\]i(E)sz’\Iil(E) —ff\nu(E) and Afy(E) =f1\’111(E)
- f’I(HH(E), with the ions Ni; and Nij; chosen as indicated in
Fig. 1. For reflections of the type (0kl) with k and [ odd, the
structure factor is

For(Q.E) = Ao na(Q) + 2A1%4(Q) + 2AfG(E) + 2iAfG(E).
)

In the Pbnm symmetry, oxygen and neodymium ions do not
contribute to the scattering for these reflections. A similar
structure factor can be obtained for (h0l) type reflections
with / and [ odd.'® A nonzero, energy-dependent scattering
intensity is expected for reflections (0k/) and (h0[) with both
nonzero indices odd in case of charge disproportionation
[ (E) # fri (E) and fy; (E) # fy; (E)]. In Pbnm symmetry,
without charge disproportionation, the structure factors are
given by F,;=0 and F,0)=A0 ng(Q). If the spherical electron
density approximation does not hold, the ATS contribution
must be included. The structure factor F is then

F= 2 (- 1)°H D Wk 3)

K.0.q

The first term HfQ describes the dependence on the experi-
mental geometry, ng reflects a rotation of the local axes to
those of the experimental geometry and \Ifg is given by

V=23 T, )
d

where (Tf)d is the spherical tensor which represents the elec-
tronic origin of the scattering. The positive integer K is the
rank of the tensor, and the projection g can take the (2K
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+1) integer values which satisfy —K<¢=<K. For a dipole
transition, tensors up to rank 2 contribute (K<2). K=0 re-
flects charge contribution, K=1 time-odd dipole, and K=2
time-even quadrupole, and can include a possible magnetic
contribution in the paramagnetic phase. This description is
applicable to the dipole transition at Ni K-edge (1s—4p) in
NdNiO; with Pbnm symmetry. For the (0kl) and (hOl) re-
flections with both nonzero indices odd, only (T;)d terms
with g=+1 are nonzero, and (T%>d=—<TEI>Z. This tensor con-
tributes to both of the polarization channels o-o and o-7r and
reflects the quadrupole Q.. +iQ,. of the Ni 4p shell. For the
(h0l) reflection, there is an additional nonresonant contribu-
tion to the o-o channel arising from the oxygen and neody-
mium ions. This contribution, which has only a weak energy
dependence in the vicinity of the Ni K-edge, can lead to
interference with the resonant intensity.

The azimuthal angle ¢ describes the sample rotation about
the scattering wave vector. We define =0° for the [100]
direction along the y axis of our experimental reference
frame. The expressions for the structure factors for the (0kl)
and the (h0I) reflections of NdNiO; are

FOM () =(Tsin(2By)sin(y), (5)

Fot () == (TDsin(ag — Gp)sin(yp)cos(28))
+ <T%>COS(CY0 - 93)005(’)’0)005(,30) s (6)

FIO () = (TT)sin(2By)cos(yy), (7)

Ff’,(_)ir( ) =— <T%>sin(a0 — Op)cos(yy)cos(28,)
— (T)cos(ag - Bg)sin(yp)cos(By),  (8)

where 65 is the Bragg angle, and cotg(ap)=cotg(B)sin(),
sin(Bp)=cos(B)eos(¢),  cotg(yp)=cotg(P)sin(B), BN
=arctg(—bl/ck) and B""'=arctg(al/ch), where a, b, and c are
the lattice constants.

The calculated azimuthal angle dependent scattering in-
tensity for the (033) reflection in both polarization channels
is shown in Fig. 2. No interference with the charge term in
o-o is assumed. The maximum intensities for the two chan-
nels are similar. Note that additional charge scattering in
o-o, allowed in P2;/n symmetry, may lead to a twofold
symmetric azimuthal angle dependence, due to the phase
change of the structure factor between the lobes. Moreover,
in this phase all second rank tensors contribute. Similar cal-
culations have been published in Ref. 26, but no related ex-
perimental results were presented.

IV. RESULTS

Figure 3 shows the energy dependence of the (033) reflec-
tion of NdNiOj; for the o-o polarization above and below
Ty Its intensity at 7=20 K is compared with the charge
disproportionation model [Eq. (2) and Ref. 35]. The func-
tions Afy;(E) and AfY;(E) were used as determined in Ref.
18. For T> Ty, the scattering intensity of the (033) reflec-
tion is essentially zero and energy-independent, as expected
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FIG. 2. Calculated azimuthal-angle ¢ dependence of the (033)
reflection from the anisotropy of the scattering tensor (ATS) contri-
bution of Ni ions in NdNiO3 with Pbnm symmetry. The o-o
(dashed line) and o-7 (continuous line) polarization channels have
comparable maximum intensity. The inset shows the scattering
configuration.

for the high temperature phase with Pbnm symmetry.

Figure 4 displays the energy dependence of the (033)
reflection for o- for various azimuthal angles. The scatter-
ing intensity varies over one order of magnitude between
=-90° and ¢=+90°. Such a strong modulation is generally
attributed to ATS.'21328 For FP¥(y), three prominent fea-
tures are expected for a full rotation in ¢ about the Bragg
scattering vector (Fig. 2). For T=20 K, as well as for T
=210 K, three distinct peaks are indeed observed (Fig. 5) at
the predicted ¢ angles [Eq. (6)]. Qualitative agreement is
found between the observed intensity and the calculation for
the high temperature phase.

Figure 6 shows the azimuthal angle dependence of the
(033) reflection for o-o at T=20 K. The scattering intensity
for o-o is essentially independent of the azimuthal angle.
This indicates that the scattering due to the charge dispropor-
tionation dominates at the (033) reflection, since ATS is ex-
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FIG. 3. Normalized intensity of the (033) reflection at 7=20 K
(open circles) and 7=240 K (filled circles) for the o-o polarization
(=10°). The solid line is a fit to the scattering intensity assuming
charge disproportionation.
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FIG. 4. Normalized intensity of the (033) reflection at 7=20 K
for the -7 polarization, for three different azimuthal angles.

pected to show a fourfold periodicity [see Eq. (5) and Fig. 2];
we will discuss this in detail in the next section. Figure 7
shows the azimuthal angular dependence of the (105) reflec-
tion for o-7 and the prediction of Eq. (8). Again, the o-7
scattered intensity has a strong azimuthal angle dependence
which can be attributed to ATS.

The calculated ATS intensities for both o-7 and o-o are
related to the experimental intensity by a scaling factor pro-
portional to (T%) For the o-o channel, the Thomson and ATS
structure factors interfere. The absolute intensity contribution
of the ATS contribution to this channel can be much larger
than the intensity observed for o-. Moreover, this may lead
to a twofold symmetric behavior in the azimuthal angle de-
pendence. The maximum intensity for the o-7 channel gives
an estimate of the maximum expected ATS intensity in the
o-o channel (Fig. 5); from Fig. 6, the ATS is expected to be
at most 5% of the observed signal. The importance of the
role of ATS across the metal-insulator transition can be
judged from the azimuthal dependence of the (033) reflection
for -7 at T=20 and T=210 K in Fig. 5. [For (105) see Ref.
36.] The periodicity of the curves remains the same. The
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FIG. 5. Azimuthal-angle ¢ dependence of the (033) reflection at
T=20 K (filled circles) and T=210 K (open circles) for the o-
polarization. The solid line is the calculated intensity from the ATS
contribution of Ni ions in NdNiO3 with Pbnm symmetry.
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FIG. 6. Azimuthal-angle ¢ dependence of the (033) reflection at
T=20 K for -0 polarization. The solid line is a guide to the eye.

general features of the spectrum remain, and only the scat-
tering intensities change. Therefore, the main contribution in
this channel originates from the same (T%) tensor. Moreover,
the ATS contribution dominates the o-7 channel for T
<Tyy and T> Ty

V. DISCUSSION

The interpretation of resonant x-ray scattering data can be
controversial. The occurrence of reflections of type (0kl) be-
low Ty, may have various origins, e.g., a change of the
crystal structure, an enhancement or a decrease of the ATS
contribution, Jahn-Teller distortions, or the occurrence of CO
or OO. These effects are often related, and therefore may be
simultaneously present. In fact, it is difficult to imagine a
change in the crystal structure which would not imply a
change in the electronic structure of the Ni ions and/or the
neighboring oxygen octahedra. In order to evaluate the rela-
tive contributions of all these effects, a careful study with
polarization analysis and azimuthal scans is essential.
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FIG. 7. Azimuthal-angle ¢ dependence of the (105) reflection at
T=200 K for the -7 polarization. The solid line is the calculated
intensity from the anisotropy of the scattering tensor (ATS) contri-
bution of Ni ions in NdNiO3 with Pbnm symmetry.
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TABLE 1. A, for selected perovskites above and below the MI
phase transition.

Compound T (K) 10*X A,
NdNiO5? 300 0.03+0.01
NdNiO5? 170 0.09+0.02

La,/,Sr3,,MnO,P 300 1.24+NG
La,/,Sr3,,MnO,P 2 1.91+NG
Pry ¢CaosMnO;° 280 0.12+0.01
Pry ¢CaosMnO-° 195 6.748+0.3

4Reference 21.
bReference 37.
‘Reference 38.

First it is important to estimate the distortions of the oxy-
gen octahedra around the resonant Ni ion. The parameter A,
is introduced,

I o R,-—<R>>2
S leral ©

where N is the number of the oxygen ions bound to the Ni
ion, R; are the Ni-O distances and (R) is the average Ni-O
bond distance. Table I compares A, for NdNiO; with those
of other perovskites for which clear evidence for OO exists.
For NdNiO;, A, is smaller than for the other perovskites. At
the phase transition, no appreciable distortion of the octahe-
dra is found. First principle calculations of the OO in man-
ganites indicate that in these compounds, the resonant signal
is dominated by the Jahn-Teller distortion.?” A similar situa-
tion is expected for NdNiOs, and because A, is very small,
only a very weak change in the dependence of the ATS at Ty
is expected.

Further information can be obtained by comparing the
values of A, for the two different phases of each compound.
For NdNiOs, the change in A, across the transition is at least
an order of magnitude smaller than that found in the other
materials and is close to the experimental uncertainty. There-
fore, NdNiOj; is an ideal candidate to study OO and CO by
means of resonant x-ray scattering, since the contribution of
the distortion of the oxygen octahedra to the resonant signal
is accordingly small or even negligible. The experimental
data presented here shows that this is indeed the case.

Second, the contribution to the scattering factor of non-
resonant ions (Nd,O) become nonzero below 7'< Ty, as they
move slightly away from the position occupied at 7> Tyy.
The reflection then becomes “allowed,” and a Bragg peak
will appear. The reflection will not show an energy depen-
dence at the Ni K-edge, and it will be present in the o-o
channel only. Note that this is not true in general, it applies
only when the positions of the resonant ions (Ni in our case)
remain unchanged during the reduction in symmetry. If, in
addition, ATS is present, the total scattering intensity for
o-0 is the result of the interference of these two terms. This
simple explanation does not apply to the (033) reflection of
NdNiOj below Ty;. Even in the case of constructive inter-
ference between off-resonance scattering and ATS, the result-
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ing intensity would account for only 20% of the observed
signal. The (033) and (105) reflections are sensitive to pos-
sible differences in the scattering factors of the Ni ions in the
unit cell [Eq. (2)]. It is then plausible to interpret the resonant
signal observed in the o-o channel as being dominated by
the spherical contribution of the Ni scattering factors. There-
fore, the signal is well described by charge disproportion-
ation of the two Ni sites. The asphericity of the Ni 4p states
does contribute, but the signal is weak, can only be observed
for o-m, and is essentially temperature independent. This
demonstrates that the contribution of additional ATS terms is
rather small for T<Ty;. Moreover, this indicates that the
additional distortion of the oxygen octahedra which occurs at
Ty 1s small and does not significantly change the contribu-
tion of ATS to the resonant scattering.

At last, we discuss the possibility of OO below T);. OO
was predicted with the wave vector k=(1/201/2).2>% An
intensive search for the (h/2 01/2) type reflections was per-
formed, as in Ref. 26, but no scattering was detected for
either o-o or o-m. Consequently diffraction attributable to
0O in NdNiOs; is at least three orders of magnitude weaker
than that arising from the (7%) quadrupole of the Ni ions.

The Ni 1 site symmetry in Pbnm suggest that already in
the metallic state the e, states may be split. The signal in the
o-m channel corresponds to the (Tf} quadrupole and gives
clear evidence of the asphericity in the 4p states induced by
the tilt of the oxygen octahedra. This asphericity must cause
a similar asphericity of the 3d states due to the intra-atomic
Coulomb interaction and gives indication that no orbital de-
generacy exist above Tyy. Therefore no orbital ordering can
occur at Ty;. In other words, the orbitals are already ordered
commensurate to the lattice in the metallic state with Pbnm
symmetry. The unusual magnetic wave vector is possibly due
to an antiferromagnetic next-nearest exchange interaction
caused by the charge disproportionation. Alternatively, six
equivalent magnetic nearest neighbor exchange interactions
can cause a noncollinear magnetic structure as proposed for
HoNiO5.*’ These results can now be compared with the the-
oretical prediction of Mizokawa et al.?° They have proposed
a ground state with charge order on oxygen for the light R
ions Pr and Nd, and charge ordering on Ni for the heavy R
ions. The Ni K-edge probes directly the Ni 4p states. These
states are strongly influenced by the oxygen 2p overlap as
well as by the Ni 3d states. Consequently, our results indicate
that charge order can occur in the oxygen 2p or Ni 3d states.
However, the proposed theoretical model with charge order-
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ing on oxygen is not in accord with a spherical difference of
the Ni 4p states. It is based on the presence of three oxygen
ions with lower and three with higher charge states in the
octahedra. Such an order, common to every Ni site, does not
give any spherical contribution (i.e., a charge signal in the
o-0 channel) to the Ni 4p states as the oxygen contributions
cancel each other. However, the model proposed for heavy R
ions, with CO on Ni, might be applicable also to Nd. Also
the model where the charge is located equally in all six Ni
-O bonds cannot be excluded as this lead to a spherical co-
ordination of the 4p states. We believe that the energy de-
pendence of the measured reflections might differentiate be-
tween these two effects. Such a distinction can only be based
on detailed electronic calculations, which are beyond the
scope of this study. Moreover, these type of calculations re-
quire accurate knowledge of the monoclinic distortion, in
particular the exact atomic positions of the oxygen ions,
which is not the case to date for NdNiOs.

VI. CONCLUSION

A resonant x-ray scattering study is presented at the Ni
K-edge that gives clear evidence for charge disproportion-
ation in NdNiO;. The absence of a significant azimuthal
angle dependence of the unrotated signal of the (033) reflec-
tion gives clear evidence of the charge origin of the reflection
in contrast to the manganites. Therefore, the enhancement is
well described by the previously proposed amount of charge
disproportionation. The resonant signal in the metallic state
in the rotated light channel and its azimuthal angle depen-
dence indicate that the Ni 4p shell is aspheric. Consequently,
there is no residual orbital degeneracy in the e, state in the
metallic phase. In other words, the orbitals are already or-
dered, reflected by the tilts of the oxygen octahedra. The
small change of this signal at Ty;; excludes a reorientation of
the orbitals to an ordering with a (1/2 0 1/2) wave vector in
the insulating state, but is consistent with a small change in
the tilting angle of the octahedra. The absence of any reflec-
tion of (h/201/2) type further confirms this interpretation.
The metal-insulator transition in NdNiO; is therefore well
described by charge disproportionation.
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