PHYSICAL REVIEW B 93, 235102 (2016)

Manipulating the metal-to-insulator transition of NdNiQO; films by orbital polarization
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We investigate the film thickness dependent metal-to-insulator transition temperature (7yyr) of NdNiOj; films
under tensile and compressive strain states. For the films exceeding the critical thickness for strain relaxation, Ty
varies gradually with the film thickness caused by strain relaxation. The variation tendency differs dramatically
for the films below the critical thickness: an increase (decrease) of Tyt with increasing the film thickness for the
case of tensile (compressive) strain, which is attributed to the decaying of orbital polarization. As the overlap of
02p, ., orbits with Ni3dx?—y? orbits determines Ty, a decrease of x*—y? orbital occupation with increasing
film thickness would reduce the orbital overlap and resultant enhanced Tyt for tensile strained films, while
their compressive counterparts do the opposite. Our findings identify the importance of orbital polarization in
regulating the metal-to-insulator transitions, opening up a new perspective for orbital physics in transition metal

oxides.
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I. INTRODUCTION

The metal-to-insulator transitions (MIT) in complex oxides
are often precursors to exotic ground states, such as high
temperature superconductivity, colossal magnetoresistance,
and different types of charge-, spin-, and orbital-ordered
states [1-3]. The charge-transfer nickelate family R ENiO;
(RE = rare earth elements) with dramatic MIT has been one
of the most fascinating systems for designing innovative oxide
interface and heterostructures in the past decade. Understand-
ing and controlling MIT in this specific family is not only
interesting from the fundamental physics point of view but
also provides great opportunities for future electronic devices,
ultimately establishing general design rules for engineering
desired phases in complex oxide heterostructures [4-9].

Interpretations of the MIT phenomenon in NdNiO; center
upon whether the transition falls under a Mott-Hubbard
or charge-transfer paradigm. Strain engineering for MIT is
proved to be effective in controlling MIT of NdNiO3 because
the MIT behavior under compressive strain is found to be com-
pletely quenched in vast contrast to that of bulk NdNiOs [10].
Meanwhile, strain engineering is achieved through the strain-
induced simultaneous modulation of chemical bond length
and bond angle, due to the complexity and sensitivity of which
some obscure results frequently occur, i.e., the MIT can still be
observed in the case of compressive strain [5,11]. Those con-
tradictory observations point out that strain driven modification
of the chemical bond length and bond angle is inadequate to
give a satisfying answer to the complicated MIT system.

Another important factor that has to be taken into account
is orbital polarization, i.e., orbital-lattice interactions alter
the crystal field symmetry and remove the cubic twofold e,
electron degeneracy by favoring either x>—y? or 3z—r? orbits
[12]. Previous publications demonstrated that the electron
transfer MIT mechanism is associated with the occupation
of the Ni orbits and their greater hybridization with the
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O 2p orbits [13,14]. Note that the most serious restriction
prohibiting the nickelates from replicating high 7. cuprate
superconductors lies in the difficulty in fully removing the
orbital degeneracy of the nickelates, hinting the importance
of orbital occupation in the transport properties of nickelates
[15-18]. Thus, itis highly expected that the orbital polarization
would have a dramatic effect on the MIT, although it has not
yet be demonstrated; thus, this orbital polarization concept can
be considered as a routine to rationalize MIT of many complex
oxide systems especially for nickel systems [8,13,14].

In this paper, we demonstrate that the variation of MIT
transition temperature (Tyyr) with increasing NdNiOs film
thickness (¢) originates from the decaying of orbital polar-
ization for the films below the critical thickness (.), while
strain relaxation is responsible for the variation of Tyyr for
the films exceeding the critical thickness. As we build the
linkage between orbital polarization and MIT, the remarkable
capacity of orbital occupation to modulate MIT of this strongly
correlated systems are demonstrated.

II. EXPERIMENT

NdNiOs; films were grown on SrTiO3 (STO) and LaAlO3
(LAO) (100) substrates by pulse laser deposition (PLD) from
a stoichiometric NdNiOj target. A series of samples were then
prepared at a temperature of 770 °C under an oxygen pressure
of 100 mTorr. The layer-by-layer growth mode is identified by
reflection high-energy electron diffraction (RHEED), which
enables precise calculation of film thickness at atomic level.
After growth, the samples were then cooled down to room
temperature under an oxygen pressure of 300 Torr at a rate
of 10 K/min to reduce some of the oxygen vacancies. Ni
L-edge x-ray absorption spectroscopy (XAS) measurements
were carried out in total electron yield (TEY) mode at room
temperature at Beamline BLOSU1A of Shanghai Synchrotron
Radiation Facility (SSRF). The background vacuum level was
8x 1077 Torr. The spectra normalization was made through
dividing the spectra by a factor so that the L3 pre-edge and L,
postedge have identical intensities for the two polarizations.
After that, the spectra were normalized to the maximum of L3
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edge [9,19,20]. The x-ray diffraction (XRD) was conducted
at an operating voltage and filament current of 40 kV and
200 mA, respectively. Reciprocal space mapping (RSM) of
(103) plane was conducted by high resolution XRD to quantify
the strain state of the films. In-plane transport property is
measured with the van der Pauw method in a Quantum
Design Physical Property Measurement System (PPMS) at
temperatures ranging from 20 to 300 K in a cooling process.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependent resistance (R-7)
curves for NdNiOj films with film thickness ranging from 5 to
200 unit cells (u.c.) on STO and LAO substrates, which exert
tensile and compressive strain on the films, respectively. As
shown in the figure, films on both STO and LAO substrates
possess MIT, in vast contrast to the quench of MIT transitions
observed for some compressive strained nickelate films [4,6].
The room temperature resistance of NdNiOs films on the
LAO substrate are lower than those on the STO substrate,
inconsistent with previous reports [6,11]. The most eminent
feature of Figs. 1(a) and 1(b) is that the transition temperature
Twir varies strongly with film thickness 7. Note that Ty is
determined as the temperature, where dR/dT changes its sign,
e.g., the temperature with the resistivity minimum. The Tyt
of each curve is marked by an open circle in the figure. For
the films on the tensile STO substrate, the 20 u.c. thick film
shows MIT at a temperature of 152 K. Further increasing ¢,
Twrr first increases to a peak value of 215 K for the 45 u.c.
film and then shows a small margin of decrease until an almost
saturated state of Tyt of about 200 K is achieved. The films
on the compressive LAO substrate display an entirely different
characteristic. As displayed in Fig. 1(b), the 5 u.c. film displays
a sharp MIT with a Tyt about 154 K. Increasing ¢ reduces
Twvir persistently until a lowest value of 85 K is obtained
for the 60 u.c. film. After that, Ty changes gradually and
then saturates at a lower value of almost 115 K compared with
those on the STO substrate. In addition, note that films on STO
substrates with ¢ less than 15 u.c. show an insulting behavior
without MIT, whereas the films on LAO substrates as thin as
5 u.c. display a sharp MIT, which will be discussed below.

A summary of ¢ dependent Tyt is depicted in Fig. 1(c).
As depicted in the figure, Ty first increases with # and then
decreases for films on STO substrates, while the films on the
LAO substrates have a distinct trend. Nevertheless, a turning
point around 45 and 60 u.c. indicated by the vertical dashed
lines, where strain relaxation usually initiates, is present for
the films on STO and LAO substrates, respectively. It is then
deduced that the decrease (increase) of Tyyr after the dashed
lines on the STO (LAO) substrate could be attributed to strain
relaxation because both of them have the trend to approach
bulk behavior. It is also expected that apparent strain relaxation
occurs at a critical thickness (z.) of 45 u.c. and 60 u.c. for films
on the STO and LAO substrate, respectively.

To confirm the strain effect, we performed XRD of film,
with ¢ being 10, 20, 25, 30, 45, 60, 75, 100, and 200 u.c. for
both substrates, as depicted in Fig. 2. As shown in the figure,
the clear (004) peaks of NdNiO; films are appended on the
right (left) side of the STO (LAO) peak, indicative of tensile
(compressive) strain exerted on NdNiOs; films. More impor-
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FIG. 1. R-T curves for a variety of NdNiO; films with different
thicknesses (¢) grown on (a) STO substrate and (b) LAO substrate.
Only the range from 20 to 250 K is shown, although it is measured
from 20 to 300 K .The transition temperature (Tyyr) of each curve
is indicated by an open circle. (¢) A summary of Ty for films with
different thicknesses. The red and blue balls label those on STO and
LAO substrates, respectively. The lines are only a guide for the eyes.

tantly, for the films on the STO substrate, the peak positions of
NdNiOs films with ¢ less than 45 u.c. are unchanged, indicating
that there is no obvious strain relaxation for the films in this
range. However, a gradual but apparent peak shift to a lower an-
gle is detected for films thicker than 45 u.c. Different from the
films on the STO substrate, the peak positions remain almost
unmoved for 25,45, and 60 u.c. films on the LAO substrates un-
til an obvious shift occurs for the 75 u.c. film. It is, thus, inferred
that there is no detectable strain relaxation for films below 45
and 60 u.c. for films on STO and LAO substrates, respectively;
namely, the critical thickness ¢, is 45 and 60 u.c. for films under
tensile and compressive strain. The critical thickness on LAO
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FIG. 2. The XRD spectra of NdNiOs, with ¢ being 10, 20, 25,
30, 45, 60, 75, 100, and 200 u.c. on (a) STO substrate and (b) LAO
substrate. The dashed lines denote the position of the peaks. The
spectra are shifted vertically for easy recognition. (c) A summary of
¢ axis lattice parameters of films with different thicknesses on both
substrates.

substrate is larger than that of STO substrates, most likely
due to that NdNiO; films are under less compressive strain, in
accordance with our previous expectation.

To be more specific, we calculated the ¢ axis (out-of-plane)
lattice constants according to the XRD spectra, as depicted in
Fig. 2(c). As it is clearly shown in the figure, the out-of-plane
lattice constant of the films below #. on STO substrate is
3.787 A much smaller than 3.849 A of those on LAO substrate
due to the tensile (compressive) strain caused contraction
(expansion) along the out-of-plane direction. For the films
above £, strain relaxation prompts a recovery of out-of-plane
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FIG. 3. The RSM of (103) plane of (a) 25 u.c., (b) 45 u.c., and (c)
75 u.c. NdNiOj; film on a STO substrate. The RSM of 45 u.c. film on
a LAO substrate is shown in the inset. r.].u. = reciprocal lattice units.

lattice constants to approach a bulk value of 3.803 A for both
strain states, although there is still some difference between
the films on STO and LAO substrates.

One further aspect to be examined is the in-plane structure.
We have conducted RSM of (103) plane of the films on STO
and LAO substrates, as shown in Fig. 3. The RSM is a powerful
method to quantify the strain state, which can be identified
by the intensity distribution in the vicinity of the detected
Bragg peak. Peaks with identical 2 (/) values correspond
to crystalline material with identical in-plane (out-of-plane)
lattice constants. Figures 3(a) and 3(b) show that the peaks of
the 25 and 45 u.c. films on the STO substrate have identical
h values with the substrate, signaling epitaxial growth, while
the 75 u.c. film displays a shift to a larger value, reflecting
a reduction of in-plane lattice constant caused by strain
relaxation. Concerning the / values of those films, the peaks’
positions of 25 and 45 u.c. films are almost the same, while
that of the 75 u.c. film is much lower, indicating an increase
of the out-of-plane lattice constant caused by strain relaxation.
The RSM of 45 u.c. film, as shown in the inset, has identical
h values with that of LAO substrates, confirming the epitaxial
growth, while the relaxation for films above 7, can be confirmed
by the XRD peak shift in Fig. 2(b). Thus, both out-of-plane
and in-plane lattice constants have assured epitaxial growth
below . and strain relaxation above t..

Recalling the ¢ dependent Ty in Fig. 1(c), it is clear that
strain relaxation caused change of lattice constant is playing a
role for films above z. (45 u.c. for STO and 60 u.c. for LAO).
In other words, the strain relaxation causes lattice constants
to approach bulk value and resultantly increases (decreases)
the Tyyr of films under compressive (tensile) strain with the
trend to approach bulk NdNiO3 behavior. Now, it can be safely
concluded that strain relaxation is responsible for the variation
of Tyt above .. For films below t., the variation of Tyt as a
function of film thickness remains a question of interest to be
explored.

To investigate the origin of the variation of Tyt below #,
we then proceed to performed x-ray linear dichroism (XLD)
to exam the orbital occupation of those films. The x-ray
absorption profiles were measured with o polarization and
7 polarization of the incident light at an incident angle of 30°,
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FIG. 4. The XAS spectra measured with linearly polarized light
for NdNiOj; films, with 7 being 5, 20, 45, and 75 u.c. on (a)—(d)
the LAO substrate and (e)—(h) the STO substrate. The normalized
difference spectra [I,(E) — I,(E)] are shown directly below the
corresponding spectra.

as described in the literature [20]. To analyze the Ni L-edge
XLD in a qualitative way, the difference between the XAS
in-plane (E//o) and out-of-plane (E//m) components, namely,
1,—1,, is employed to elucidate Ni 3d orbital occupation.
The area under XLD around the L3 and L, peaks (Axip;
847.5-874 eV) represents the difference between the relative
occupancies of the 3z—r? [2] and x*— y2 orbits [20]. In
qualitative analysis, positive Axy p is observed in the spectra of
films grown on compressive LAO substrates (in the left panel
of Fig. 4), signalling preferred 3z—r2 [2] orbital occupation,
while negative Axyp exists in the spectra of films grown on
tensile STO substrates (in the right panel of Fig. 4), suggesting
preferred x>—y? orbital occupation. In addition, note that both
positive and negative Axyp are decaying as we increase f,
reflecting the decaying of preferred orbital occupation. For the
75 u.c. films on both substrates, an almost orbital degenerate
state is observed. We, then, conclude that the films exhibit ¢
dependent orbital occupation on both STO and LAO substrates.

To obtain an accurate quantitative estimation, the sum rule
is applied for the observed linear dichroism. Although for o
polarization, the measured intensity is directly related to E//x,
the intensity for E/z is deduced from I, =4/31, — 1/31,
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FIG. 5. (a) The Ax.p and (b) calculated spatially averaged hole
ratio X,, obtained via the sum rule (1) by Eq. (1). The XLD
measurements were carried out a couple of times for the error bar.

[17]. The sum rule relates the ratio of holes in the Ni e, orbits

to the energy-integrated XAS intensities across the Ni L edge

IL.=/ L, Lx.:(E)AE for in-plane (x) and out-of-plane (z)

polarization [16]

X, = h3127r2 _ 31z ’
hy_y2 41, — I,

ey

where X,, is the spatially averaged hole ratio, h,>_,, and
h3,_,, are the hole occupancy numbers of x>—y?, and 3z7—r>
[2] orbits, respectively. A summary of ¢ dependent Ax;p and
Xy is givenin Figs. 5(a) and 5(b), respectively. For the films on
the LAO substrate, positive Axpp is descending to almost zero
with increasing ¢, demonstrating the descending occupation
of the preferred orbital 3z—r2 [2] orbits. Similarly negative
Axyp is ascending to almost zero with increasing ¢ for those
on STO substrates, demonstrating the decaying occupation of
the preferred orbital x>—y? orbits. It is easy to understand
that there is a nearly orbital degenerate state for strain relaxed
75 u.c. films, just like orbital degenerate bulk NdNiO; [6].
Tracing back to ¢ dependent Tyyr in Fig. 1(c), strain
relaxation caused change of lattice constant accounts for the
change of Tyyr on the tail. Recalling the XRD results, no
variation of XRD peak can be detected for the films below
the critical thickness, indicating that neither exact change of
crystal structure nor detectable change of lattice constant is
responsible for the variation of Tyyr. Thus, it is deduced
that for those films below ¢, the variation of Tygt should be
related to the decaying orbital polarization. Previous reports

235102-4



MANIPULATING THE METAL-TO-INSULATOR ...

demonstrated an increase in the overlap of the O py ,, and Ni
x2—y? orbits would greatly reduce the resistance and enhance
the metallic nature of nickel oxides [21]. On the other hand,
the interpretation of the MIT in the charge-transfer mechanism
emphasizes the band gap opening between the transition metal
d states and the oxygen 2p orbits. On the basis of these two
arguments, the occupation of Ni orbits is pivotal in determining
the gap opening process and then manipulates the transition
temperature. That is to say, an enhancement of x>—y? orbital
occupation would boost in-plane overlap of Ni and O orbits and
reduce Tyyr. Thus, a reasonable interpretation of ¢ dependent
Tvit can be drawn. For those on STO substrates, an increase
of ¢ would be accompanied by a reduction of x?>—y? orbital
occupation then promote the Tyt to higher temperatures. On
the other hand, for those on LAO substrates, an increase of
t would be accompanied by a reduction of 3z—r? [2] orbital
occupation, or in a relative point of view, an enhancement
of x2— y2 orbital occupation then reduces Tyyr to a lower
temperature. Note that the overlap of O p, , and Ni x?—y?
orbits is pivotal in determining the Tyt but notin the way that it
directly influences the resistivity. The resistivity is determined
by the overall overlap of O orbits with Ni orbits, not just the
Ni x2—y? orbits [22]. The different Ni-O bond bending and
stretching modes result in different ground states for tensile
and compressive strained films. The larger overlap of O and Ni
orbits decreases the resistivity of compressive strained films.
Note that the prevailing of oxygen vacancies further increases
the resistivity of tensile strained films by reducing the hole
carriers of NNO. A combination of these two factors promote
a more metallic state for compressive strained films and a
resultant lower transition temperature compared with its tensile
counterpart, just as we observed in Fig. 1(c). Up to now, a
reasonable interpretation of the variation of Tyt with ¢ can be
drawn, based on the change of orbital polarization, although
it remains to be explored what is the origin of the change of
orbital polarization.

An alternative to investigate the origin of the change
of orbital polarization is to compare the XAS spectra with
different film thicknesses and check whether any detectable
change of valence states with film thickness is present. Taking
into account that soft x-ray has a shallow probing depth around
6 nm, the XAS mainly reflects the surface valence states of the
film. Figures 6(a) and 6(b) display the XAS of films grown on
STO and LAO substrates, respectively. The XAS at Ni L edge
is sensitive to Ni2pj3/5 12 — 3d dipole transitions, providing
information on the unoccupied Ni 3d state and related Ni
valence states. Separated by the spin-orbit splitting of the Ni
2p core hole, the spectra exhibit two broad multiplets generally
defined as Ni L3 and L, peak, respectively. Considering the
shallow probing depth of x-ray, it is unavoidable that the addi-
tional La M, from LAO substrates superimposes on the XAS
of films with ¢ less than 10 u.c. on LAO substrates.

As indicated in Fig. 6(a), there is a gradual shift of L3 peak
towards higher energy direction (from 851.15 to 851.86 eV)
when increasing the film thickness ¢ from 5 u.c. to 200 u.c.
on STO substrates. However, no such shift is detected for
the films on LAO substrates with all the L3 peaks locating at
852 eV, as shown in Fig. 6(b). As reported, tensile strain would
enhance the formation of oxygen vacancies evidenced by
theoretical calculations that tensile strain lowers the formation
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FIG. 6. Normalized XAS of NdNiO; films with different thick-
nesses on (a) the STO substrate and (b) the LAO substrate, with # being

5, 10, 20, 45, 75, and 200 u.c. The dashed lines denote the position
of the peaks. The spectra are shifted vertically for easy recognition.

energy of oxygen vacancies [23]. Thus, an energy difference
of about 0.85 eV reflects the abundance of oxygen vacancies
in ultrathin NdNiOj3 films on STO substrates compared with
those on LAO substrates. The insulating nature of the films
less than 20 u.c. on STO substrates is also closely related to
the abundance of oxygen vacancies in the whole film [24].
Also, the gradual shift of the L3 peak towards lower energy
direction with ¢ decreasing for those films on STO substrates
reflects that more oxygen vacancies exist in thinner films [25].
The absence of such a phenomenon on LAO substrates may
indicate the infertility of oxygen vacancies, let alone talking
about the variation of oxygen vacancies for different thickness.
Furthermore, the thickest (200 u.c.) films can be regarded
as fully relaxed, and the minor energy difference between
those on two substrates indicates strain from substrates has a
negligible effect in determining surface electronic structure.
When film is grown coherently on a substrate with a dif-
ferent lattice constant, one way to accommodate the epitaxial
strain is through structural distortions, such as changing the
internal bond lengths or changing the angle or pattern of
rotations and tilts of the oxygen octahedra [26]. In addition
to this, another possible method to accommodate coherent
epitaxial growth is a change in the defect profile. The volume
increase associated with biaxial tensile strain is likely to
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increase the concentration of oxygen vacancies, while in the
opposite direction compressive strain should increase the con-
centration of cation vacancies due to the concomitant charge
balancing oxidation of cations with smaller ionic radii at higher
oxidation states [22]. In our tensile strained films, a large
amount of oxygen vacancies are presented, with an uneven
distribution in the defect profile that gives rise to the observed
Ni valence state and related decaying of orbital polarization.
For the compressive strain films, cation vacancies prevail, an
uneven distribution of which is incapable to influence the Ni
valence state but can be reflected by the decaying of orbital
polarization. We attribute the decaying of orbital polarization
with 7 to be related to the defect depth profile, and the decaying
of orbital polarization accounts for the variation of Tyyr for
films below the critical thickness. For films above the critical
thickness, apparent strain relaxation causes the change of
lattice constants that induces the change of Tyyr.

IV. CONCLUSION

We observe a variation of Tyyr with film thickness for
films under tensile and compressive strain. For films below
critical thickness, the variation of Tyt originates from the
decaying of orbital polarization with the increase of film

PHYSICAL REVIEW B 93, 235102 (2016)

thickness. The reason is that the overlap of O2p, , orbits
with Ni3dx?—y? orbits determines the band gap opening
and accordingly determines Tyyr. Thus, a decrease of x%—y?
orbital occupation with increasing film thickness would greatly
increase Tyt for those under tensile strain, while for those
under compressive strain, a reduction of 3z—r? [2] orbital
occupation, or in a relative point of view, an enhancement of
x2—y? orbital occupation with film thickness is responsible for
the decrease of Tyyt. For films above critical thickness, strain
relaxation is playing a role in the gradual shift of Tygr. Our
paper illustrates the remarkable capacity of orbital occupation
to modulate MIT of these strongly correlated systems, opening
up a new perspective to tailor and benefit from orbital physics
in transition metal oxides.
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