aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Molecular beam epitaxy of PdO on MgO (001)

Deshun Hong, Changjiang Liu, Linlin Wang, Jianguo Wen, John E. Pearson, and Anand
Bhattacharya
Phys. Rev. Materials 5, 044205 — Published 29 April 2021
DOI: 10.1103/PhysRevMaterials.5.044205


https://dx.doi.org/10.1103/PhysRevMaterials.5.044205

Molecular beam epitaxy of PdO on MgO (001)
Deshun Hong!, Changjiang Liu!, Linlin Wang?, Jianguo Wen?, John E. Pearson', & Anand
Bhattacharya'®
!Material Science Division, Argonne National Laboratory, Lemont, Illinois 60439, USA;
Division of Materials Sciences and Engineering, Ames Laboratory, Ames, I4 50011, USA;

3Center for Nanoscale Materials, Argonne National Laboratory, Lemont, Illinois 60439, USA;

PdO, widely used in catalysis in powder form for decades, has been predicted recently to be a Dirac
semimetal. Synthesis of high-quality single crystals of this material is thus of great interest. Here, by
using ozone-assisted molecular beam epitaxy, PdO thin films were grown on MgO (001) substrate. X-
ray diffraction and transmission electron microscopy indicate the film is a/b axis oriented, with the c-
axis lying in-plane. Fully oxygenated PdO films have a low density of hole-like carriers, and are
insulating at the lowest temperatures. Our DFT calculations using the Heyd—Scuseria—Ernzerhof
exchange-correlation functional suggesta ~ 1.0 eV band gap at the M-point, where the gap can be reduced
by tensile strain along the c-axis and the bands begin to invert when the tensile strain is as high as 18%.
Although tensile strain of this magnitude is experimentally not viable using epitaxy, electrons can be
doped by oxygen reduction. Our results emphasize the need for careful consideration of electron
correlation effects and stoichiometry in ab-initio modeling of topological semimetals involving transition
metal oxides.

1. Introduction

As three-dimensional counterparts of graphene, Dirac semimetals (DSMs) host massless Dirac
fermions with 3D linear dispersion around Dirac nodes [1]. These Dirac nodes are formed due to band
inversion and are protected by time reversal and crystalline symmetries. DSMs can be viewed as
intermediate states between topological insulators and normal insulators, both of which have a bulk band
gap [2-3]. In DSMs, each node is 4-fold degenerate. Either time reversal or inversion symmetry breaking
will lift the band degeneracy, and a Dirac node will become a pair of 2-fold Weyl nodes, which can be
viewed as source or sink of magnetic flux in reciprocal space [4]. Various interesting behaviors have been
reported in topological semimetals including anomalous magneto-transport [5-8] and giant spin to charge
conversion efficiency [9-12]. Searching for new topological semimetals and the realization of topological
phase transitions are thus of great current interest.

Although many topological semimetals (TSMs) have been predicted and several have been realized,
materials with topological nodes closer to the Fermi surface, with longer Fermi arcs to realize more
robust topological properties, and where there is minimal interference from carriers from topologically
trivial bands, are rare and much sought after. Thus, there is an extensive search for topologically robust
and chemically stable TSMs. Starting from symmetry considerations and supported by theoretical
calculations, several topological material databases now serve as guides for experimentalist [13-15]
seeking to synthesize new topological materials. On the experimental front, Na;Bi [16] and CdzAsz [17]

whose Dirac nodes are situated very close to the Fermi level are two good examples of DSMs realized



in the lab. However, these two materials are not chemically stable in ambient conditions, a factor that
hinders their use in applications. Oxides that may be chemically more stable and topologically nontrivial
are thus of significant interest.

PdO which crystallizes in tetragonal structure with space group of P 42/m m c (131), has been
predicted to host Dirac fermions, and its topological properties are protected by 4-fold rotational
symmetry along ¢ axis [15]. According to density functional theory (DFT) calculation [18-19] using
modified Becke—Johnson (mBJ) potential [20-21], there is a band inversion near the M-point [15] and
the Dirac nodes are very close to the Fermi level which makes PdO an ideal candidate for device
applications. Synthesis of high quality PdO crystals would be of great interest in order to investigate
these properties.

PdO has been widely used for gas detection as well as catalysis in the form of polycrystals [22-23]
and in fact polycrystalline PdO thin films have been synthesized by post-annealing Pd film in oxygen
[24-26]. In this work, we grew a/b oriented crystalline PdO thin films on MgO (001) by ozone assisted
molecular beam epitaxy (O3-MBE). Structure and transport properties of the films were characterized,
and we also calculated the electronic structure using DFT with Heyd—Scuseria—Ernzerhof (HSE) [27]
exchange-correlation functionals to better understand the role of correlations.

I1. Growth and Diffraction

The structure of PdO is shown in the bottom inset of Fig. 1a, where each unit cell is composed of
Pd and O layers alternatively stacking along the c-axis. With a tetragonal structure, the PdO lattice
constants ¢ and c are 3.060 A and 5.372 A respectively [28]. We synthesized PdO thin films using Os-
MBE on (001) oriented MgO substrate by evaporating Pd at 1450 °C using a high-temperature effusion
cell, with growth rate of 0.5 A/min which is calibrated by a quartz crystal microbalance (QCM). To
mitigate the formation of oxygen vacancies, pure distilled ozone was delivered through a nozzle toward
the substrate during the growth, where the pressure was maintained at 3 X 10™® Torr using a 1500
liters/s turbo pump. The substrate was held at a temperature of 200 °C during growth. The surface crystal
structure was monitored by in-situ reflection high energy electron diffraction (RHEED) with 10 kV
acceleration voltage. Before growth, MgO substrates were cleaned by sonicating in acetone & isopropyl
alcohol and further annealed in ozone (1 x 107 Torr) at 600 °C for 1 hour to improve the surface quality.
As can be seen in the top inset of Fig. 1a, RHEED images before (up) and after (down) growth were
obtained. After growth, a streaky pattern can be clearly seen, indicating high crystallinity as well as flat
surface morphology of the film. Furthermore, there are two sets of streaks according to the spacing, as
indicated by yellow and red arrows in the RHEED image. The ratio between these two spacings is ~ 1.77,
close to ¢/a ~ 1.76 in bulk, which will be discussed later. The flatness of PdO film was further confirmed
by X-ray reflectivity (XRR) using Cu Ka1 radiation in Fig. 1a. Single period fringes in the XRR appear
over the entire measured 26 range which suggest a sharp interface as well as small roughness of the
sample. By fitting to a model constraining the densities of MgO and PdO to 3.58 g/cm?® and 7.76 g/cm’?
respectively, a thickness of 15.8 nm in PdO film is obtained, while the roughness of PdO surface and the

MgO/PdO interface 2.5 A and 1.0 A respectively. Crystal structure and film morphology were further



characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM), as shown in Fig. 1b.
Root mean square (RMS) roughness of the film is ~ 0.3 nm in 500 nm x 500 nm range, consistent with
XRR fitting. Interestingly, tweed-like textures along diagonal [110] directions can be clearly seen, which
is due to strain relaxation, and are an indication of twinning of the film on the MgO substrate as we will
discuss later. Our XRD measurements show that the film is [100] / [010] oriented, which means the c-
axis of the tetragonal structure lies in the MgO (001) plane. The position of (100) peak at 29.27° gives
lattice constant of 3.05 A for a/b, close to 3.06 A in bulk. For the PdO (200) peak where 20 = 60.68°, the
full width at half maximum (FWHM) is 0.64°, which gives 15.9 nm out-of-plane domain size on average
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according to Sherrer equation 7 = [29] (7 is the domain size, K is the shape factor that close to

unity (we use 1 in the estimation) and f is the FWHM of 20). This domain size is nearly equivalent to
the film thickness (15.8 nm) which suggest the film is highly ordered out-of-plane.

To further check the PdO’s epitaxial relation with MgO substrate, we carried out azimuthal scans by
rotating along [001] direction of substrate, while aligned to MgO {111} and PdO {110} peaks, as can be
seen in Fig. 2a. Although a 90° period was expected from the MgO substrate, a 4-fold symmetry for PdO
{110} peaks is surprising at first glance (PdO should be 2-fold symmetric in this if the c-axis lies in the
(001) plane of MgO). The most likely reason of the measured 4-fold symmetry is that the film is twinned,
as is also suggested by our AFM measurements. Since the PdO c-axis can orient along two equivalent
diagonal directions in MgO (001) plane, the 4-fold symmetry around PdO {110} as well as its alignment
with MgO {111} can be explained. When viewing along [110] direction of MgO, both ab and ac planes
of PdO can be seen. This is consistent with two sets of RHEED streaks mentioned above. By considering
both out-of-plane and in-plane XRD measurement, the epitaxial schematics are shown in Fig. 2b. The c-
axis of PdO is oriented along the diagonal direction [110]/[110] of MgO substrate. For simplicity, only
one of the twins is shown. The other one can be obtained by a 90° rotation in the MgO (001) plane.

III. TEM Characterization

Transmission electron microscopy (TEM) is a direct technique to characterize the crystal structure at
atomic level. For twinned structures, two kinds of atomic structures should be directly visible along
certain directions in TEM images. Here, we cut the sample in one diagonal direction [ 110] of the substrate
and view along the perpendicular direction [110]. To minimize induced defects during TEM sample
preparation, the film was mechanically polished, thinned by low energy Ar* ion milling at 4 kV, and
finally polished at 0.2 kV. As discussed above, atomic structure along both ab and ac planes should be
directly seen when viewing diagonally. Aberration-corrected high-resolution transmission electron
microscopic (HRTEM) images as well as Fast Fourier Transform (FFT) patterns can be seen in Fig. 3
where both images show sharp interfaces and highly ordered atomic structures. There are two kinds of
atomic configurations: rectangle and square which correspond to ac and ab respectively. By calculating
the lattice constant of ac plane (Fig. 3a) and ab plane (Fig. 3b) (using MgO atomic spacing as an internal
reference), we get a ~ 3.04 A and ¢ ~ 5.34 A, consistent with the values we get from XRD and RHEED,

and the film turns out to be fully relaxed.



Considering the lattice constant of the cubic MgO, the minimum lattice mismatches are 2.5% and -
10% for PdO a and ¢, which are not small for oxides and the film relaxes soon after the first few layers.
This relaxation can be visually inferred from AFM result in Fig. 1c that show dense grain boundaries
aligned along two diagonal directions. Before the growth, our primary assumption was that the PdO film
would be c-axis oriented with a/b directions in plane since the mismatch is 2.5% only, which turns out
to not be the case in the actual growths. This suggests the PdO growth on MgO may be constrained by
surface energy. We point out that along the c-axis in PdO, alternative stacking of Pd** and O* layers is
polar with high surface energy, while along the a/b directions each termination layer is charge-neutral
and possibly more favorable for film growth.

IV. Transport and DFT Calculation

Recent theoretical work on searching for topological materials by considering symmetry indicators
in non-magnetic materials [15] suggests that PdO might be a Dirac semimetal, with Dirac nodes near the
M point in the Brillouin zone and very close to the Fermi level. This can be checked by measuring
transport properties. Here, we sputtered 100 nm Pt (some devices using Ti-Au) electrodes and measured
the temperature dependence of resistivity of our films in a Van der Pauw geometry. As can be seen in Fig.
4a, the film shows insulating behavior at low temperatures. However, the relatively low resistivity even
at low temperatures (< 1Q2-cm) suggests conduction via shallow defect states. We fitted the measured
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curve using the expression for hopping conduction p = poe( 7) where p and po are resistivities at T and

To (characteristic temperature) [30]. For B = 0.25, 0.5, the transport can be explained by Mott variable-
range hopping [31] and Efros—Shklovskii variable-range hopping [32] respectively. According to the
fitting, we found that between 20 K to 100 K, B is 0.477, while above 100 K, B is 0.249 which are
consistent with Efros—Shklovskii and Mott variable-range hopping models respectively. At temperatures
below 20 K, B is 1.035, which can be ascribed to the Arrhenius model. A more detailed study, outside the
scope of this work, is needed to fully understand the nature of conduction in our samples. Nonetheless,
we can rule out a Dirac semimetal.

To further understand the electronic structure of PdO, we did DFT calculations [33-34] using the HSE
exchange-correlation functional, which usually corrects the underestimated bandgap problem with
regular exchange-correlation functional, but sometimes can overcorrects (see supplemental materials [35]
for details). As can be seen in Fig. 4b (top left), no band inversion is seen and the direct band gap at the
M point is as large as ~ 1.0 eV, agreeing with a previous DFT-HSE calculation [36]. This calculated gap
is comparable with experimental results from optical measurements, which mostly range from 0.8 eV to
2.6 eV [20-21,37-38]. To reduce the band gap and get band inversion at the M point, we recalculated the
band structure by adding strain to the lattice with a Poisson ration of 0.4. According to calculations, a
tensile strain along the c-axis is the most effective way to decrease the band gap. Shown in Fig. 4b (top
right) is the result by adding 6% tensile strain along c-axis where the gap is ~ 50 % narrower. Upon
increasing the tensile strain, the gap is further reduced and finally closed when the tensile strain goes up
to 18%. For epitaxial oxide films, strain values of ~2% to ~3% are quite common, and the highest strain

of 6.5% was reported in the BiFeO3 on YAIO3 (110) substrate [39-40]. However, these values are far
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lower than 18%, where band inversion takes place according to our DFT calculation. Thus, it would be
a challenge to verify the band inversion in PdO experimentally.

V. Hole Conduction and Post-Annealing in Vacuum

For the as-grown PdO film, we found the Hall slope to be positive, as shown in the inset of Fig. Sa.
A possible reason for hole carriers in PdO may be due to deficiency of Pd caused by the relatively high
O; pressure during the growth, though we do not rule out other more intrinsic reasons. Using a single
band model, the calculated hole density is 4.02 x 10'°/cm?® at room temperature and increases to 5.97 x
10'%/cm? at 50 K. Although the carrier density increases by a factor of ~ 1.5 at low temperature, the
resistivity increases (Fig. 4a). In p-type oxides, localization of doped holes in the valence band has been
ascribed to the formation of self-trapping polarons [41], though this possibility has not been investigated
in any detail in our samples.

Although the as-grown films show insulating behavior, their resistivity as well as carrier density can
be tuned by introducing oxygen vacancies. We systematically investigated a PdO film’s structure and
transport properties after post-annealing in vacuum (< 107 Torr) at various temperatures (75 °C, 100 °C,
150 °C and 200 °C) for 30 min each (heating and cooling rate at 20 °C/min). As shown in Fig. 5b, the
intensity of PdO (100) and (200) x-ray diffraction peaks decrease upon increasing the annealing
temperature and become invisible for temperatures above 150 °C. The corresponding transport properties
of the annealed films are shown in Fig. Sc. Compared with the as-grown sample, the film becomes more
insulating once annealed at 75 °C and 100 °C. However, further increase of the annealing temperature to
150 °C makes the film very conductive, with metallic behavior at the lowest temperatures. The resistivity
decreases even further when the film is annealed at 200 °C.

These behaviors can be explained by considering measurements of Hall resistance shown in Fig. 5d.
We propose that for post-annealing at temperatures below 100 °C a relatively small concentration of
oxygen vacancies are formed and act as traps for holes. As a result, the net hole density decreases and
the film becomes less conductive. When the post-annealing temperature is above 150 °C, more oxygen
vacancies are generated and the intensity of the (200) PdO peak disappears as shown in Fig. 5b, implying
a collapse of the PdO crystal structure. Electrons now become the dominant carriers and the net carrier
density increases by over 100 times at room temperature, reaching 1.79 x 10°*/cm® and 9.81 x 10**/cm®
for 150 °C and 200 °C annealing correspondingly, which induces a sharp decrease of resistivity and
metallic behavior at low temperatures. A clear sign change of Hall slope can be seen in the inset of Fig.

5d, and the data is measured at 300 K.

VI. Conclusions

In conclusion, using O3-MBE, we synthesized PdO thin films. In-situ and ex-situ characterization
suggest the film is epitaxial to the MgO (001) substrate, with the shorter a/b axis oriented out of plane.
Contrary to a recent theoretical prediction of a Dirac semimetal, we found that the PdO films are
insulating. Using the HSE exchange-correlation functional, we get a ~1.0 eV band gap in PdO, and this

gap can be reduced effectively by external tensile strain along the c-axis. In theory, a topological phase



transition is possible by applying a large external strain along c-axis in PdO. Surprisingly, the
predominant carriers in our as-grown PdO films are holes. By gentle vacuum annealing, oxygen
vacancies can be introduced into the film, and a transition from a p-type conductor to an n-type metal is
realized, accompanied by a gradual structural transformation.
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Fig. 1 (a) X-ray reflectivity of PdO film (blue and red curves are the measured data and fitting

respectively). Bottom Inset: crystal structure of tetragonal PdO where blue and red atoms are Pd and O

respectively; Top inset: RHEED image before and after PdO growth. Yellow and red arrows are used to

indicate two sets of streaks. The spacing ratio is ~ 1.77 corresponding to c/a. (b) X-ray diffraction of

PdO. Inset: AFM image of the film. Scale bar ranges 100 nm. The edges of AFM image are parallel to

the [100] / [010] of MgO.



Fig. 2
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Fig. 2 (a) X-ray Phi scan along MgO {111} and PdO {110}, and the 4-fold symmetry in PdO indicate
the film is twinned. (b) schematics of epitaxial relation between PdO (100) / (010) and MgO (001). For

rock salt structure in MgO, only O atoms are shown for simplicity.



Fig. 3 High resolution TEM images and FFT patterns of PdO / MgO sample viewed along MgO [110].
Two sets of atomic structures are seen where (a) is along [010] and (b) is along [001] of PdO. Bottom

panels of each figure are reciprocal pattern of selected area (left) and reconstructed atomic structure

(right).
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Fig. 5 (a) Temperature dependence of carrier density of as-grown PdO film. Inset: magnetic field
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Temperature dependences of carrier densities in reduced PdO films. Inset: field dependence of Hall
resistivities at 300 K for 100 °C and 150 °C annealed films where a sign change of slope can be clearly

seen.

12



