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Hole doping in a negative charge transfer insulator
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RENiO5 is a negative charge transfer energy system and exhibits a temperature-driven metal-
insulator transition (MIT), which is also accompanied by a bond disproportionation (BD)
transition. In order to explore how hole doping affects the BD transition, we have investigated
the electronic structure of single-crystalline thin films of Nd;_,Ca,NiO5 by synchrotron based
experiments and ab-initio calculations. Here we show that for a small value of x, the doped
holes are localized on one or more Ni sites around the dopant Ca2™ ions, while the BD state
for the rest of the lattice remains intact. The effective charge transfer energy (A) increases
with Ca concentration and the formation of BD phase is not favored above a critical x,
suppressing the insulating phase. Our present study firmly demonstrates that the appearance
of BD mode is essential for the MIT of the RENiO3 series.
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metal (TM) compounds has remained at the forefront of

condensed-matter physics research ever since its” discovery
as there are still some aspects that remain enigmatic!. While one
would have thought that by now, the issue of what drives the
insulating state would have been settled, one still finds new
regimes that bring up the question again, in addition to the fact
that there is no single parameter that is the answer. Classifying
the regimes in which one finds insulating states, the early TM
oxides are driven insulating by strong electron-electron interac-
tions (U) at the TM site, with the band gap scaling with the
strength of U (ref. 2). This is not to say that electron correlation
effects play no role among the late TM compounds. Their pre-
sence is necessary, though, here the charge transfer energy (A)
between the ligand p and the TM d states is the scale that decides
the magnitude of the band gap. This would suggest that a negative
charge transfer energy where one has an overlap of the anion p
and cation d bands would lead to a metallic state. While these
ideas made up the Zaanen Sawatzky Allen phase diagram?, a later
extension that invoked the periodicity of the lattice found that
even in this negative A regime, strong p-d hybridization between
the anion p and TM d states can open up a band gap?. In spite of
this regime being identified in the theoretical phase diagram,
usually some other effects take over and very few systems so far
have been identified as belonging to this covalent insulator
regime*-%.

In this work, we consider rare-earth nickelates RENiO3
(RE=Pr, Nd, Sm, .. Lu, etc.)”"!1, which are found to belong to
this negative A regime®!? and exhibit temperature driven
simultaneous electronic and structural transitions. A magnetic
transition also appears at the same temperature in NdNiO; and
PrNiO;. The insulating state is generally associated with the
development of structural distortions, leading to the presence of
two structurally inequivalent Ni atoms in the unit cell'2-18, The
one with longer Ni-O bonds mimics the Ni?* (d8: S=1) site,
while the other with shorter Ni-O bonds mimics the Ni4+ (d®L2:
§=0) site (L represents a hole on oxygen). This is referred as a
bond disproportionated (BD) phase, instead of a conventional
charge disproportionated (CD) phase as there is no substantial
charge difference between the two sites!3-16. It has been argued
recently that the appearance of such BD phase in RENiO; is
intimately connected with the negative A (ref. 19). On the other
hand, one recent study claimed that the structure remains
orthorhombic across the MIT?20.

Suppression/disentanglement of the MIT has been examined
recently in order to understand the origin of the simultaneous
transitions of RENiO;%11:17:21-25 Hole doping is another way to
suppress the antiferromagnetic, insulating phase of RENiQ;20-28,
Surprisingly, very little is known about the nature of these doped
holes and the underlying mechanism behind the absence of the
MIT. The recent discovery of superconductivity in hole doped
NdNiO,2%, which lies at the boundary between the Mott-
Hubbard and the charge transfer insulating regime30-33, further
demands the necessity of understanding the consequences of hole
doping on the electronic structure in these complex materials. In
contrast to conventional semiconductors34, the insulating state
among the transition metal oxides has been found to persist even
up to 10-20% doping®>-37. Surprisingly, the nature of the insu-
lating state in doped compositions is less characterized. In some
cases, the doped holes are localized, leading to polaronic distor-
tions or charge ordering. However, there is no single mechanism
that can be ascribed to what preserves the insulating state. In this
work, we consider the hole doped nickelates which have a BD
state at the undoped limit to examine the consequences of hole
doping. Addressing these issues will not only help us understand

The topic of metal-insulator transition (MIT) in transition

the hole doping in negative charge transfer systems, but also can
enable us to formulate guidelines for achieving unconventional
superconductivity in the non-cuprate family.

We have grown a series of single crystalline Nd, ,Ca,NiO;
thin films and investigated their structural and electronic beha-
vior by transport measurements, synchrotron based X-ray dif-
fraction (XRD), X-ray absorption spectroscopy (XAS), and
resonant X-ray scattering (RXS). The appearance of a simulta-
neous BD transition with the MIT for the parent compound
NdNiO; (NNO) has been confirmed by RXS experiments. The
MIT temperature decreases with the Ca doping and vanishes
around x=0.066. Our density functional theory (DFT) based
calculations carried out for small hole doping have found that
instead of melting the bond ordered lattice, the doped holes are
localized on one or more Ni?™ sites. This converts a Ni2™ site into
a Ni3t site, while the rest of the sites remain bond ordered. Our
XAS measurements have revealed that the Ca doping leads to an
increase in the value of A. However, the overall value of A still
remains negative, which preserves the BD transition. A larger
amount of Ca doping suppresses the BD transition as the energy
cost associated with the localized holes (Ni3 sites) also increases
with x. The absence of BD transition has been confirmed by our
RXS measurements on the entirely metallic film with x=0.1
composition.

Results and discussion

Structural and electrical properties. 15 unit cell (u.c. in pseudo-
cubic setting) Nd; _,Ca,NiO; epitaxial thin films with x = 0, 0.02,
0.035, 0.05, 0.06, 0.066 and 0.1 were grown on single crystalline
NdGaO; (1 1 0),, substrates [= (0 0 1),,, or and pc denote
orthorhombic and pseudo-cubic setting, respectively] by a pulsed
laser deposition (PLD) system. Fig. la shows a representative |
scan along (0 0 2),. truncation rod using synchrotron X-ray
diffraction for the x=0.1 film (see Supplementary Note 2 for I
scans of other samples). The diffraction patterns consist of a very
sharp substrate peak, a broad film peak, and a set of thickness
fringes, which arise due to the difference in the optical path of the
X-ray in the film and the substrate. The out-of-plane lattice
constant (c,c) of these films decreases with the increase of Ca
doping [inset of Fig. 1a] though the ionic radii of Ca2t (1.12 A) is
slightly greater than that of Nd3* (1.109 A). This observation also
strongly negates the presence of any oxygen vacancy, which
would result in an increase in the lattice volume otherwise38. This
finding rather implies that the doped holes are located on Ni-
sites3%40,

Since the electronic behaviors of RENiO; are intimately
connected with the underlying crystal symmetry, we have also
investigated the structural symmetry of these films. The parent
compound NNO is orthorhombic at room temperature. The
observation of half order spots in reflection high energy electron
diffraction (RHEED) images of all of these films (see Supple-
mentary Note 1) suggest that these films have orthorhombic
symmetry. The orthorhombic symmetry for the x = 0.1 film has
been further confirmed by the presence [Fig. 1b] of (0 1/2 2),.
diffraction peak (recorded using synchrotron X-ray), which arises
due to the antiparallel displacement of A sites for orthorhombic
ABO; perovskite!74l. Moreover, the absence of (1/2 0 2),, peak
for both film and substrate [Fig. 1b] ensures the film is
structurally a single domain with the same in-plane doubling
direction as the substrate, which is desired for X-ray scattering
experiments - described in the latter part of this paper.

All bulk RENiO;, having an orthorhombic phase in the
metallic phase, undergo a temperature driven MIT. The resistivity
of all Nd;_,Ca,NiO; films are very similar at room temperature
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Fig. 1 Structural characterization and electronic properties. a / scan using X-ray diffraction of the x = 0.1 film through the (0 0 2),. (pc denote pseudo-
cubic setting) truncation rods. The change in the out-of-plane lattice constant with hole doping has been shown in the inset. The error bar is defined
according to the step size of the | scan. The shaded region is a guide to the eye. b/ scan of x = 0.1 sample around the (0 1/2 2),c and (1/2 0 2),, truncation
rod at 300 K. ¢ Temperature dependence of resistivity of Ca-doped NdNiOs films. The data for x = O film has been adapted from ref. 44. d Phase diagram of
Nd,_,Ca,NiO5 thin films. Ty, (metal to insulator transition temperature) ~ Ty (paramagnetic to E'-AFM transition temperature) in heating run have been
plotted as a function of x (hole doping). See Supplementary Note 3 for the details about the extraction of Ty from the transport data.

[Fig. 1c]. This further implies that the Ca doping does not
incorporate oxygen vacancies in these films, which would lead to
an increase of resistivity in the metallic phase38. As reported
earlier*2-44, NNO film on NGO undergoes a temperature driven
first order MIT with a thermal hysteresis. The transition
temperature in both heating (T}I\‘AIT) and cooling run (Tygr)
decreases monotonically with increasing Ca doping. However, the
width of the hysteresis (8T = T%;1-TS,), which represents the
coexistence of metallic and insulating regions*°, increases with x.
The insulating phase is completely absent in the x = 0.066 film.
The paramagnetic to E'-AFM transition temperature (Ty) of
RENiO; can be approximately found out by plotting d(Inp)/d(1/
T) as a function of T (ref. 46). A similar analysis for these films
with x=0, 0.02, 0.035, and 0.05 found Tyyr~ Ty (see
Supplementary Note 3). The plot of T, as a function of x
[Fig. 1d] demonstrates the electronic phase diagram of Ca doped
NNO films.

DFT calculations. To understand the evolution of the electronic
structure with Ca doping, it is crucial to know the location of the
doped hole. To examine this, we have performed ab-initio cal-
culations considering E'-AFM state for the doping concentration
of 0%, 3.125%, 6.25% and 9.375%. The system was found to be
insulating for all cases. We do not attempt to find the point of
the crossover between the insulating state to the metallic state in
our calculations, as it is well known that the relative differences
between different magnetic configurations are not correctly
reproduced in DFT calculations at the undoped limit!442:47-45,
The trends in the structural parameters, however, have been
found to be well captured which has been the basis for exam-
ining the structural and electronic properties for the doped
concentrations.

Considering the dopant concentration of 3.125%, we find that
structural distortions about the different Ni atoms lead us to 3
inequivalent types of Ni atoms. These are differentiated by the
bond lengths of the NiOg octahedra. The sites identified as Ni**
have six long Ni-O bonds of length nearly 2.0 A, while those
identified as Ni*t have six short Ni-O bonds of length nearly
1.9 A. The Ni3* sites are intermediate, with a combination of
short and long bonds. Examining the Ni d projected density of
states, we find that the Ni2t sites have the states with trg
symmetry filled up in the majority as well as the minority spin
channel, while the states with e, symmetry are filled in only the
majority spin channel. This is shown in Fig. 2a-c with the
unoccupied minority spin e, states found in the energy window
3-4eV above the Fermi level. The sites identified as Ni*+
however, have the t,, states in both spin channels completely
filled, while the states with e, symmetry are completely
unoccupied [Fig. 2b]. Most importantly, some of the Ni?* sites
around the Ca site are seen to convert to Ni>*, with a splitting of
the majority spin e, states [Fig. 2c]. This is accompanied by a
structural distortion [Fig. 2d], with four Ni-O bonds of the Ni3*
site becoming shorter, compared to what we had for the Ni?™ site.
There are corresponding changes in the bond lengths of the
neighboring Ni#* sites as well to accommodate these changes. As
a consequence of these distortions of the oxygens about the Ni3+
sites, the degenerate majority spin e, orbitals split up, with the
d_, orbitals having higher energy than the dj._,.. This is
depicted schematically in Fig. 2e. Consequently, the doped hole is
localized at the Ni3* sites, with the system remaining
insulating®®. The sites identified as Ni**, Ni3* and Ni** have
the same charge and can be differentiated with only their
magnetic moments (the magnetic moments of Ni2+, N+
and Ni%t are 1.5 pp, 0.98 pp and O ug, respectively) as has
been discussed earlier™®. The picture at the higher doping
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Fig. 2 Ab initio calculations. a-c Calculated spin resolved density of states of Ni2+, Ni4+, and Ni3+, respectively for x = 0.0325. d Ni-O bond lengths for
x=0 and x = 0.0325, respectively. The doped hole is going to one of the Ni2* sites around the Ca dopant, converting it to Ni3* (see Supplementary
Note 4 for full relaxed structures). e Schematic of density of states of Ni3+ of x = 0.0325.

concentrations of 6.25% and 9.375% remains the same, with only
more Ni?t sites being converted to Ni3*, though the distortions
of the Ni3T sites may be different. We also note that such
localized charge transfer has been also found in nickelate
superlattice?l.

The question that follows at this point is, why is the doped hole
in Ca substituted NNO localized at a single Ni site, converting
that to Nit, leaving the bond ordering of the rest of the lattice
intact. This can be understood qualitatively by the following
arguments. The hole doping is accompanied by a change in the
electrostatic potential, which then goes on to modify the onsite
energies, thereby changing A (ref. 1). When the hole is localized at
the Ni3+ site, A is found to change by 0.29 eV from the value of
Ni2* site. A homogeneously distributed hole would lead to a
change of 0.009eV in the value of A, still keeping it in the
negative A regime. This is the reason why the bond order is not
destroyed upon hole doping and survives up to 9.375% doping as
examined within our calculations. While our calculations
examine an ordered distribution of the Ca dopant sites in the
lattice, these may in reality be randomly distributed. This could
lead to enhanced localization than what we find here. However,
the gross features of the structural distortions and the electronic
structure should follow through there. The aspects focusing on
the randomness will be examined in future works.

Soft X-ray absorption spectroscopy. To investigate any change
in A with Ca doping, we have measured XAS at the Ni L; ,-edges
at 300 K (see Supplementary Note 5 for full spectra) using bulk-
sensitive total fluorescence yield mode. The weak shoulder peak
(around 853 eV) in the L;-edge of the parent compound becomes
more prominent with the Ca doping [Fig. 3a]. Our analysis of the
L;-edges® has also found an increase in the peak separation
energy with Ca incorporation [Fig. 3b]. While the XAS results for
the insulating phase of RENiO; have been interpreted using
double cluster calculations in recent times!8, single-site cluster
calculations can still be used to understand the change in XAS in
the metallic phase where all Ni sites are equivalent. According to

the results of single-site cluster calculations®2->4, the increase in
the peak separation of L; edge by 0.09eV from x=0 to
x=0.1 sample would correspond to ~0.3 eV increase of A. This
change in A would decrease the covalency between Ni d and O
p states. This is further corroborated by the measurement of O K-
edge XAS (see Supplementary Note 5 for full spectra), where a
pre-peak arises around 528.5 eV [Fig. 3c] due to the AL — cd®
transition (¢ denotes a core hole in O 1s core level). The intensity
of the pre-peak, which is a measure of the contribution of the d°L
configuration, decreases with Ca doping in NNO [Fig. 3d]. We
believe that the increase of A with Ca doping is related to the
increase of (Nd, Ca)-O covalency>.

Resonant hard X-ray scattering. Based on these experimental and
theoretical results, we propose the following situations. For a small
amount of Ca doping, the effective A is still negative, and the
system undergoes a BD insulating phase with the lowering of
temperaturel®. With the increase of x, A increases and the
appearance of BD phase is prohibited above a critical value.
Consequently, the sample remains metallic down to low tem-
perature. In order to confirm this, we have performed temperature
dependent RXS experiments on the x =0 and 0.1 films. Such RXS
experiments around the (0 k ), and (h 0 I), reflections (h, k, I: odd
integers) with the energy tuned to Ni K-edge (1s — 4p transition)
were employed earlier to detect CD/BD transition of several
RENiO; thin films and heterostructures!”46->6-61_ The intensity of
the (0 1 1)o[=(-1/21/21/2),] reflection for Nd,_,Ca,NiO;

films is given by I,,;(Q,E) x [A%)‘Nd/Ca(Q)—i_ZAO,Nd/Ca(Q)’
284(Q) + AFG(E) + A i(B) + A (Q) + Af i (B) + AF

()74, where  Af(Q) = [fxn(Q) — fro(Q)  Af(E) =
Fain(B) — fro(B)] and Af(B) = [y (E) — frp(E)]. Energy-
independent Thompson scattering (TS) terms are represented by
the term Ag \y /Ca(Q)[fin(Q)] for Nd/Ca and O [Ni] sites. As the
energy-dispersive correction factors for the Ni sites: f1(E) (real
part) and f/Nl(E) (imaginary part) are vanishingly small for an
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energy few eV away from the resonance edge, recording of (—1/2
1/2 1/2),, reflection using X-ray with off-resonant energy can also
probe BD, which is a pure structural effect®!. While the (—1/2 1/2
1/2), reflection is forbidden in the orthorhombic phase of
RENIiO;, we observed a small intensity for this reflection at 300 K
for the NNO film [Fig. 4a]. This arises due to the contribution of
the off-diagonal elements of the energy-dispersive scattering
factors®. The reflection is much stronger at 4K, as expected for
the presence of BD in the insulating phase. The intensity of this
reflection does not change with lowering T for the film with x = 0.1
[Fig. 4b], signifying the entire suppression of the periodic BD
ordering by 10% Ca doping.

The above conclusions have been further validated by energy
scans across the Ni K-edge for the (—1/2 1/2 1/2),, reflection. In
the metallic phase of the NNO film, we observe some energy
dependence [Fig. 4c] due to the octahedral tilt, akin to the recent
reports on NNO film®® and 1EuNiOs/1LaNiO; superlattice!”.
The increase in the off-resonant intensity [Fig. 4c, d] across the
MIT testifies a simultaneous BD transition. Unlike the earlier
reports of charge ordering in thick NNO film®® and 1EuNiO,/
1LaNiO; superlattice!”, our 6 nm thin NNO film does not exhibit
a large increase in the intensity at the resonant energy in its
insulating phase [Fig. 4c]. We further emphasize that the BD,
which involves electronic rearrangement within the oxygen
sublattice, can also drive a small electron disproportion within
the Ni sublattice!846:61, The small increase of the intensity at the
resonance energy in the insulating phase [Fig. 4c, d] supports
such a scenario. In the case of x=0.1 film, the small resonance
profile does not change across the temperature of our measure-
ments, confirming the absence of any BD ordering [Fig. 4e].
These experimental results demonstrate that the p-p gap of a
covalent insulator®# vanishes when the BD is absent and hence,
the system becomes metallic. This settles a long standing issue
regarding the coupling among structural effects and MIT of
RENIO; and further implies that the electronic and structural
order parameter should be considered together to describe

the simultaneous transitions of the rare-earth nickelate
seriesl7:25:62-65

Conclusions

To summarize, we have investigated the electronic and structural
behavior of a series of Nd; ,Ca,NiO; thin films using advanced
synchrotron measurements and DFT calculations. We have
observed that the partial replacement of Nd by Ca not only dopes
holes in the system but also increases A gradually. As the BD
emerges for negative A, an increase in A is expected to push the
system away from the BD state even at small Ca doping. We find
from DFT that the changes in A with respect to the undoped limit
is not the same for each Ni site. Rather than disrupting the BD
state even for small x, we find that one or more Ni** sites become
Ni3*. This could emerge from the large structural energy cost
involved in losing the BD state, in addition to the large exchange
splitting that exists for the Ni** sites. However, the energy cost
associated with the polaronic distortion also enhances with x and
eventually favors delocalized doped holes above a critical Ca
doping concentration.

Finally, we would like to emphasize that the nature of hole
doping in perovskite nickelate is very different compared to that in
superconducting infinite-layer nickelates. While the hole doping
results in an increase of d°L state in hole doped NdNiO, (ref. 31),
we have found a suppression of d°L configuration in NdNiO;,
which might be responsible for the absence of the superconducting
phase in the hole doped perovskite nickelates.

Methods

Sample preparation and measurements. All the polycrystalline targets were
prepared by the liquid-mix technique*. Stochiometric amounts of Ni(NO3),.6H,0
and citric acid (1:2 molar ratio) were added to deionized water and stirred at 70 °C
for 30 min. Then, calculated amounts of analytical grade Ca(NO;),.4H,0 and
Nd,O; were added to the solution. All the chemicals were obtained from Sigma
Aldrich. The solution was stirred for another 30 min and the temperature was
raised to 90 °C. The solution was kept at 90 °C and stirred until a gel was formed.
After forming the gel, it was dried and calcinated in a furnace at 300 °C. The
powders that formed after calcination was grounded and heated at 700 °C several
times for better homogeneity under the flow of high pure oxygen. Finally, pellets
were made from the powders and were annealed at 700 °C for 24 h. The films were
grown on NdGaOj; substrates by a Neocera pulsed laser deposition system (PLD),
connected with an in-situ RHEED (Staib Instruments, Germany). A KrF excimer
laser was used for the depositions operating with 2 Hz. The laser fluence was 1.5 ]
cm~2 and the depositions were done at a temperature of 735 °C under a dynamic
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oxygen pressure of 150 mTorr. After finishing the deposition, all samples were post
annealed at the growth temperature in an oxygen atmosphere of 500 torr for
30 min and cooled down to room temperature at a rate of 15°C min~!.
Laboratory-based X-ray diffraction patterns were recorded using a laboratory-
based Rigaku Smartlab diffractometer and the synchrotron XRD measurements
were carried out at the Indian Beamline, Photon Factory, KEK, Japan. The
electrical transport properties of these samples were measured in four probe Van
der Pauw geometry in an Oxford Integra LLD system and all the contacts were
made by using silver paint. XAS and RXS measurements were carried out at 4-ID-C
and 6-ID-B beam-line, respectively in Advanced Photon Source (APS), Argonne
National Laboratory, USA.

DFT calculations. The DFT calculations have been carried out by imposing the
non collinear E’-type antiferromagnetic (E'-AFM) structure on the Ni sites in
NdNiO; (ref. 66). Nd atoms have then been replaced by Ca atoms in an 160 atom
supercell (24/2x 24/2x 2) corresponding to the doping concentrations of 3.125%,
6.25%, and 9.375%. The electronic structure was then calculated within a projected
augmented wave®’” implementation of density functional theory within the Vienna
ab-initio simulation package (VASP) code %8-70. We have used the generalized
gradient approximation (GGA) for the exchange correlation functional’!. Electron-
electron interaction effects were included on the d orbitals at the Ni site, con-
sidering a value of U of 4 eV within the Dudarev implementation of GGA + U72.
The lattice parameters were fixed at the experimental values’374, the internal
positions were optimized till the forces were <10~3 eV/A. We used Monkhorst-
Pack”> k-points grid of 2 x 2 x 1 for the calculations. A cutoff energy of 400 eV was
used for the plane wave basis states included in the calculations. The density of
states and magnetic moments were calculated by considering spheres of radii 1 A
around each atom, a distance which represents almost half the Ni-O bond length.
The changes in A on doping are quantified by changes in the electrostatic potential
at the Ni and O sites.

Data availability
The data of the results presented in this paper, including those in the Supplementary
Information, are available from the corresponding authors upon reasonable request.

) of the corresponding scan of x = O film are plotted in d. The spikes in a, b, ¢, and e arise due to multiple waves
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