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Heteroepitaxial growth of transition-metal oxide films on the open (111) surface of SrTiO;
results in significant restructuring due to the polar mismatch. Monitoring the structure and
composition on an atomic scale of LaNiO3/SrTiOs (111) interface as a function of processing
conditions has enabled the avoidance of the expected polar catastrophe. Using atomically
resolved transmission electron microscopy and spectroscopy as well as Low energy electron
diffraction, the structure of the thin film, from interface to the surface, has been studied. In this
paper, we show that the proper processing can lead to a structure that is ordered, coherent with
the substrate without intermediate structural phase. Angle-resolved X-ray photoemission
spectroscopy shows that the oxygen content of thin films increases with the film thickness,

indicating that the polar mismatch is avoided by the presence of oxygen vacancies.

Transition metal oxide heterostructures exhibit variety of remarkable interfacial properties due to
the lattice mismatch, orbital character, charge transfer, polar mismatch, or broken symmetry [1].
For example, the interface of LaAlO3/SrTiO; (001) has shown that a 2-dimensional electron gas
(2DEQ), coexists with superconductivity and ferromagnetism [2-4]. These unusual interfacial
phenomena have ignited tremendous effort aimed at engineering or controlling interface
properties[1,5]. An important aspect of the search for and control of interfacial properties is the

orientation of the substrate [6-8]. A prototype example is the LaNiO3;/LaMnOs superlattice in



highly polar [111] direction, exhibiting an unusual coupling at the interface, which displays
exchange bias between ferromagnetic LaMnO; and paramagnetic LaNiOs [9,10]. It has been
predicted [11], though yet to be verified [12], that superlattices of LaNiOs/LaAlO; (111) and
LaNiOs/SrTiOs (111) are host to topological interface states that show transition to Mott state.
The ability to create the sharp interface in these systems opens up the possibility of controlling
parameters such as interfacial correlations and coupling as well as tuning of crystal field using

strain and interface directionality to manipulate intriguing properties [13-15].

The difference between the net charge of two planes at interface of two materials, polar
discontinuity, leads to divergence of the interface free energy, i.e. polar catastrophe, which is due
to creation of a macroscopic electric dipole. Severe intermixture or false phase growth are two
ways of minimizing the interface free energy [16]. There have been several attempts to address
the polar discontinuity issue [17-22], but producing a single-phase thin film with sharp interface
still remains a challenge. A single-phase thin film has an interface that shows a well-defined
structure which is indicative of strained, coherent growth of the thin film on the substrate.
Additionally, the composition should be uniform across the thin film as well. In the case of
LaNiO; it has been reported that an intermediate phase, La;Ni,Os, near the interface appears to
account for interface polarity [18], therefore it is not single-phase, since the stoichiometry and
structure changes across the thin film. A microscopic understanding of the interface dynamics
during initial stages of growth is crucial in order to obtain a single-phase thin film. We show that
with a proper processing procedure it is possible to avoid polar catastrophe and obtain a single-

phase thin film where the stoichiometry and structure are uniform across the thin film.

In bulk, LaNiOs; is a paramagnetic metal [23], where the nominal oxidation state of Ni is 3+, with

a low spin 3d’ electronic configuration. Figure 1 compares LaNiO3/SrTiO; interfaces depending



upon the orientation of the SrTiOs substrate. As shown in Fig. 1(a) in the [111] direction, the
stacking of Ni*" and (LaO3)* have in-plane uncompensated charge of 3+ and 3-, which makes
[111] direction highly polar. The SrTiO; (111) substrate is formed by stacking of Ti*" and (SrO-
3)", which exhibits sequential repetition of in-plane net charge of 4+ and 4-, making SrTiOs even
more polar than LaNiOs;. The charge imbalance at the interface, between Ti*" and (LaOs)*
creates a discontinuity in the electric potential, hence a polar discontinuity, which results in
divergence of the interface free energy. In [001] direction, as shown in Fig. 1(b), the substrate
planes do not have net charge, i.e. the nominal charge cation and anion in each plane cancel each
other, therefore it is not polar. The (001) interface is considered as weakly polar due to the
uncompensated charge on Nickelate side. Another difference between (001) and (111) interface
is the larger packing factor of the latter which makes it more susceptible to intermixing. This will

make the growth of LaNiOs/SrTiOs (111) more challenging.

High quality thin films of LaNiO3/SrTiO; (111) are grown using UHV pulsed laser deposition.
The growth was monitored by high pressure reflection high energy electron diffraction
(RHEED). The substrate was prepared using a method described elsewhere [24]. Laser pulses of
180 mJ at repetition rate of 10 Hz were focused on stoichiometric LaNiOs target. During the
growth, the substrate was at 625 °C and the 6% oxygen/ozone mixture with partial pressure of 10
mTorr. The thickness of the thin films was determined by RHEED oscillations, shown in Fig.
2(a). The streak like RHEED pattern in the end of growth shows a 2-dimensional (2D) thin film
growth (inset Fig. 2(a)). Clear RHEED oscillations are a direct indication of crystalline thin film
growth, but they do not provide information about the phase or structure of thin film in the
growth direction, especially near the buried interface. The samples grown for in-situ

measurements such as, angle-resolved X-ray photoemission spectroscopy (ARXPS), low energy



electron diffraction (LEED) and RHEED, were grown on 0.1% Nb-doped SrTiO; (111) to avoid
charging effects. The samples used for ex-sifu high resolution transmission electron microscopy
(STEM) measurement were grown on both doped and non-doped SrTiO; (111). No difference
was observed between TEM images of them. In the following, the reported STEM data are from

the thin films grown on the non-doped substrate.

Fig. 2(b) displays high-angle annular dark field (HAADF) STEM image of LaNiOs/SrTiOs3 (111)
interface taken along [110] direction, showing a sharp interface and extremely well ordered
epitaxial film. The thin film is fully strained and no obvious interface roughening is observed.
The substrate is Ti terminated and the thin film growth begins with the LaOs layer. Fig. 2(c)
shows the elemental electron energy loss spectroscopy (EELS) mapping, providing the chemical
composition of the interface. The line profiles of EELS mapping indicate that the interface
intermixing is limited to the two unit cells, particularly at transition metal ion site (B-site). The
intermixture between Ti and Ni based on the variation of Ti EELS intensity is about 50% and
20% in the first and second unit cell, respectively. The EELS analysis of Ti spectra (Fig. S1)
shows there is a slight variation of chemical valence of Ti ions diffusing into the LaNiO; film.
Figure 3 (a) shows the EELS spectra of Ti L,3 edge across the LaNiOs/SrTiOs3 (111) interface
that was used to determine the Ti valence. It should be noticed that the L; and L, edges shift
towards to lower energy at the interface and in the LaNiOs layers. The shift of Ti L edge has
been used to determine the oxidation state using two reference materials SrTiOs (Ti4+) to LaTiO;
(Ti*") [25,26]. There is ~1.2eV shift between the two L edges in the two reference materials.
The energy shifts of L and L, eg peaks are plotted in Fig. 3 (b), the oxidation state of Ti can be
estimated by assuming a linear relationship between the Ti valence state and the energy shift of

Ti L edge [25,27]. The shift is only ~0.2 eV, small compared to the ~1.2 eV shift between Ti**



and Ti*". The multiplet structure seen on the L, and L; edges for Ti** spectra disappears or
broadens in the Ti** spectra due to changes in the to, state [28]. The valence state of Ti reduces
from +4 in SrTiO; to ~+3.8 in the first and second unit cell of the film. Although the inter-
diffusion of Ti into LaNiOs is not large, the Ti plays an important role in compensating structural
and polar mismatch at the interface. The role of Ti here is twofold. First the larger Ti ionic radius
can alleviate the tensile stress at the interface. Second, the partially occupied d-orbital of Ti at
LaNiOs side will help screen the uncompensated charges at the interface. The two-unit cell inter-
diffusion in [111] direction is about 0.44 nm which translates to about 1.2 LaNiO; unit cell in
[001] direction. In [001], thin films with one unit cell intermixture are considered of high quality.
Despite of the difficulties arising from polar discontinuity and larger atomic packing factor in
[111] direction, the LaNiO; (111) thin films show high quality which is comparable with the
LaNiO; (001). The Ni EELS spectra was not recorded because the cross section of Ni 2p core
level is very low and requires an intense electron beam. Increasing the beam intensity damages

the sample. We have investigated the Ni oxidation state using in-situ ARXPS in the following.

In order to understand the evolution of the surface structure of thin films we studied the surface
of 3 and 5 unit cell (uc) LaNiOs (111) using LEED, performed in-situ immediately after growth.
Figures 4(a) and (b) show the LEED patterns for the two thin films. The sharp LEED spots
confirm that the surface is well ordered. Both images exhibit three-fold symmetry, following the
symmetry of the substrate and the symmetry expected for the epitaxial film (Fig.S1). The desired
phase is LaNiOs, but a previous study observed La,;Ni,Os [18] phase near the interface as an
intermediate phase during the growth. The difference between LaNiOsand La;Ni,Os is the
ordered oxygen vacancy rows, as shown in Fig. 4(c) and (d). The La,;Ni,Os surface should result

in a 2 X 1 reconstruction. The expected LEED patterns for each phase is shown in the insets of



Fig. 4(c) and 4(d). If the La,Ni,Os phase were present, the fractional spots would have been
present at the positions of the red circles in Fig. 4 (a) and (b). The absence of fractional spots
means that the film has the symmetry of bulk, i.e. not La;Ni,Os. This observation indicates that
polarity compensation does not drive the thin film into a new phase with a reconstructed surface

for our growth conditions.

Ordered rows of oxygen vacancy distinguish La;Ni,Os from LaNiOs. Since oxygen is a light
element, we performed annular bright field (ABF) STEM imaging, which is sensitive to light
elements. Figure 5(a) is the ABF-STEM image of the LaNiOs/ SrTiO; interface for a 16uc
LaNiOs film. The Fast Fourier transform (FFT) of the ABF STEM image of the LaNiO; film is
shown in Fig. 5(b). This diffraction pattern can be compared to what would be expected for the
two different phases, La;Ni,Os or LaNiO;. Fig. 5(c) and (d) are marble models of the two
different structures projected along [110]. The insets in the Fig. 5(c) and (d) show simulated
electron diffraction pattern of the ideal structure. Presence of ordered rows of oxygen vacancies
for the La;Ni,Os structure (Fig. 5(d)) results in the presence of fractional order spots. The red
circles in Fig. 5 indicate the position where the fractional order spots should appear, but the spots
are missing. The advantage of this method is that one can take Fourier transform of different
areas of the thin film to see if there are patches of La;Ni,Os co-existing with LaNiO; phase,

which was never observed.

We utilized XPS to study the oxidation states of Ni for four film thicknesses (5, 7, 9 and 16 uc).
Figure 6a-d displays the data for the Ni 3p core level spectra at normal emission for different
thicknesses. Normal emission was chosen to maximize the depth sensitivity of XPS. The spectra

were fitted to four Gaussian-Lorentzian peaks, which represent two oxidation states of Ni (3+

and 2+) and two spin-orbit components of each oxidation state (% and Z) [29]. To minimize the



number of free parameters used in the fitting and increase the reliability of results, the branching
ratio (1:2), spin-orbit splitting energy (2 eV) [30], and FWHM of the peaks were held constant.
Fig. 6(e) illustrates that with increasing thickness, the ratio of Ni*/Ni** peak intensity increases
(blue curve). Using this ratio, we can calculate the nominal amount of oxygen vacancies by
fixing the stoichiometry according to formula LaNiOy. The resulting x equals are 2.55, 2.61, 2.63
and 2.65 for 5, 7, 9 and 16 uc thick films, respectively. The calculated oxygen content of thin
films based on our XPS results approaches the oxygen content of La,NixOs (x = 2.5) with
decreasing film thickness, but there is no indication of the existence of La,Ni,Os phase in the
HAADF-STEM results. The binding energy of the Ni 3p core level, shown in Fig. 6(e) appears
to exhibit a sudden shift to lower energy for films thicker than 7 uc. The same behavior was
observed in the O Is and La 4d core levels (Fig. S2). This means the core hole screening
increases for thicknesses above 7 uc. The enhanced core hole screening is an indication of
enhanced metallicity [31]. This is consistent with the fact that with increasing the thickness, the
amount of oxygen vacancies decrease which restores the metallicity of LaNiOs, and agrees with
the previous work where it was shown that with increasing thickness the metallicity of the thin

film increases [18].

In order to resolve the puzzle of the thickness-dependent oxygen content vs. no structural
change, it is important to know the distribution of the oxygen vacancies. Are they uniform
throughout the thin film or are they concentrated near the interface? We have performed large
angle XPS to enhance the surface sensitivity. Fig. 6(f) shows that there is no measurable
difference between binding energy of O 1s, Ni 3p and La 4d core levels at normal emission
compared to & = 75 emission angle. If the chemical environment of O, Ni and La in the film

differed from the region near the surface, then the initial state effect would cause a core level



shift for these elements. The line shape of Ni 3p spectra for normal emission and 8 = 75" are
identical (Fig. S3). This result is consistent with elemental EELS analysis from STEM where no

appreciable change was observed in the line shape and energy of EELS spectra of O K-edge.

In summary, ultra-thin films of LaNiO; have been grown epitaxially on SrTiOs in highly polar
[111] direction. Structure and stoichiometry of the ultra-thin films has been systematically
studied using a series of in-situ (RHEED, LEED, XPS) and ex-situ (STEM/EELS) techniques.
There is no obvious interface roughening and cationic intermixture is limited to the first two unit
cells, which shows that we achieved a coherent growth with a single-phase. The amount of
oxygen vacancy in thin films reduces with increasing thickness. Our results show that even in the

presence strong polar discontinuity, it is possible to fabricate the desired digital superlattices.
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Fig. 1 Stacking sequence of LaNiO3/SrTiOs in (a) [111] and in (b) [001] direction. The structure
of LaNiO;/SrTiO;3 in [111] and [001] direction is shown, respectively. It is easily seen that
packing factor of [111] direction is considerably larger than [001] direction.
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Fig. 2 a) RHEED oscillations for LaNiO3/SrTiO; (111) is presented for 15 u.c. The inset shows
the RHEED pattern before and after growth. The streak-like pattern after growth is an indication
of 2D growth mode. b) HAADF-STEM image of 16 uc LaNiOs/SrTiO; (111) along
direction. The interface is marked by the yellow line and the ball model mapped on the image
shows the schematic of LaN1Os/SrTiO3 (111). ¢) The EELS elemental mapping and line profiles
for Ti, Sr and La. The change in the formal valence of Ti is shown across the interface.

11



5
([[([f

t e
1 % %
L

455 460 465 470

Energy Loss (eV)

460.5 - 4466.1
< 4604+ 14660 S
®  — 2
c j
9O 4603t {4659 2
= =
g 2
o 4602+ 4658
[0 ©
0] o]
(=8 (=
o 460.1 - 1465.7 o
i i

as0.0f (b) {4856

I
Layer Number (N)

Fig. 3 Oxidation state of Ti ions for the LaNiO3/SrTiO; film. (a) Background subtracted EELS
spectra of Ti L edges across the LaNiOs/SrTiOs interface layer. The terminated Ti layer was set
as N=0. (b) The energy position of Ti L3 (red) and L, (blue) e, peaks.
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Fig. 4 a-b) LEED pattern of 3 and 5 uc LaNiOs (111) thin films. Red circles show the position of
fractional spots which would be associated with a La;Ni,Os surface. c¢) Surface of La;Ni,Os
(111). The rows of oxygen vacancies are shown with yellow arrow. The simulated LEED pattern
for this surface is shown. d) Surface of LaNiOs (111). The simulated LEED patterns are shown
next to each structure. For simulated LEED patterns, green spots are fractional. Red and blue
spots are integer, each color accounting for a domain.
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Fig. 5 a) ABF-STEM image of 16 uc LaNiOs/SrTiOs3 (111) along direction. The interface
is marked by the yellow line. b) Fast Fourier Transform (FFT) of the ABF-STEM image. Red
circles indicate the position of fractional spots for La;Ni,Os phase. Absence of fractional spots in
the FFT image indicates no ordered oxygen vacancy. c-d) Schematic of LaNiO; and La;Ni;Os
projected along . The simulated electron diffraction patterns are shown in the inset,

respectively. The Fourier transform of La,;Ni,Os shows fractional spots which are absent in
LaNiO3.
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Fig. 6 a-d) XPS spectra of Ni 3p for different thicknesses at normal emission. e) (Leff) Change in
binding energy of Ni 3p core level as a function of thickness and (Right) Change in area ratio of
Ni*"/Ni** for Ni 3p core level. f) The difference in binding energy of La 4d, O 1s and Ni 3p in

normal emission and . The inset shows the schematic angle dependent XPS.
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