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ABSTRACT

Materials having an anisotropic crystal structure often exhibit anisotropy in the electrical
conductivity. Compared to complex transition metal oxides (TMOs), simple TMOs rarely
show large anisotropic electrical conductivity due to their simple crystal structure. Here we
focus on the anisotropy in the electrical conductivity of simple TMO, oxygen-deficient
tungsten oxide (WOy) with an anisotropic crystal structure. We fabricated several WOy films
by pulsed laser deposition technique on lattice matched (110)-oriented LaAlO3 substrate
under controlled oxygen atmosphere. The crystallographic analyses of the WOy films
revealed that highly dense atomic defect tunnels were aligned one dimensionally (1D) along
[001] LaAlOs. The electrical conductivity along the 1D atomic defect tunnels was ~5 times
larger than that across the tunnels. The present approach, introduction of 1D atomic defect

tunnels might be useful to design simple TMOs exhibiting anisotropic electrical conductivity.



INTRODUCTION

Materials having an anisotropic crystal structure often exhibit anisotropy in the electrical
conductivity.:® Since there are wide varieties of crystal structures in complex transition metal
oxides (TMOs), many complex TMOs exhibit anisotropy in the electrical conductivity as
summarized in Table S1.1%1 For example, the electrical conductivity of hollandite BaRusO12
along double chain of edged sharing RuOs is ~6 times larger than the perpendicular direction
at 300K.18 In the case of perovskite layered structure YBa;CusOy (6.6 <y < 7), the in-plane
electrical conductivity along the CuO chain has 1.2~2.7 times larger than across CuO chain
direction.™® However, simple TMO that exhibits anisotropy in the electrical conductivity is
rare due to their simple crystal structure. One exception is NbO,.1” Since the overlap integral
of 4d orbitals, which is major component of the conduction band, in NbO: is relatively small,
the electrical conductivity decreases when the bond angle of Nb—O—Nb is distorted from
180°. On the other hand, the overlap integral of widely spread 5d orbitals in TMOs is large,
therefore, the electrical conductivity is less sensitive to the bond angle of TM—O—TM. Hence,

it is difficult to find simple 5d TMOs that exhibit anisotropy in the electrical conductivity.

Among many simple 5d TMOs, we focus on oxygen-deficient tungsten oxide (WOx) with an
anisotropic crystal structure (Figure 1a, unit cell).*® There are one dimensional (1D) vacancy
channels in the WOx crystal (Figure 1b), which we defined as the 1D atomic defect tunnels
(yellow ring). We expected there is a large anisotropy in the electrical conductivity
along/across the tunnels. In order to clarify the anisotropy in the electrical conductivity of

WOy, large-size single crystals or epitaxial films are required. We assumed that WOy film



with aligned atomic defect tunnel structure can be grown on lattice matched (110)-oriented
LaAlOsz single crystal substrate. Although there is almost no similarity of the atomic
arrangement between WOy along the b-axis and LaAlOz along [001], the distance between
two neighboring oxygens in WOy along the c-axis and LaAlO3 along [110] is the same (0.379
nm). Previous studies reveal that the oxygen content x in WOy can be controlled by
modulating the oxygen pressure during the WOy film deposition by pulsed laser deposition

technique.'® We focused on oxygen deficient WOy from these points of view.

Here we show that oxygen-deficient WOy epitaxial films with 1D atomic defect tunnels
exhibit large anisotropy of the electrical conductivity. We fabricated several WOy films with
highly dense atomic defect tunnels, which were aligned one dimensionally along [001]
LaAlOsz by pulsed laser deposition technique. The electrical conductivity along the 1D atomic
defect tunnels was ~5 times larger than that across the tunnels. The present approach,
introduction of 1D atomic defect tunnels might be useful to design simple TMOs exhibiting

anisotropic electrical conductivity.

RESULTS AND DISCUSSION

We fabricated oxygen-deficient WOy films on (110)-oriented LaAlO3z single crystal
substrates by pulsed laser deposition (PLD) technique. The oxygen pressure was precisely
controlled (4 — 8.3 Pa) during the PLD to modulate the oxygen content x in WOx. After the

film growth, we measured the oxygen content x in the WOy films by measuring the X-ray



photoelectron spectroscopy (XPS) spectra (Figure S1). By analyzing the peak area ratio of

W, the x in the WOy films was modulated from 2.778 to 3 (Figure S2).

Figure 2a shows out-of-plane X-ray diffraction (XRD) pattern of the WOy films around the
(110) diffraction peak of the LaAlOs substrate. When x = 3, an intense diffraction peak of
110 WOs3 (assuming ReOs structure) is observed at g/2m = 3.8 nm' together with
Pendellésung fringes (| ), indicating a strong (110) orientation of the film. The peak intensity
decreases and the peak position shits to the lower g./2x side with decreasing X, indicating that
the orientation of WOy crystal becomes weak and the lattice expansion occurs with
decreasing x as shown in Figure 2b. Since the ionic radius of W®* (0.62 A) is larger than that
of W (0.60 A), the lattice expansion occurred by the removal of oxygen from ReOs-type
WO3 lattice. Then, we observed the surface morphologies of the WO3 (Figure 2c¢) and
WO:2.778 (Figure 2d) films by atomic force microscopy (AFM). The WOs film surface is
smooth that composed of tiny grains and featureless whereas the WOz .77g surface is an
anisotropic structure that composed of long rectangular shaped grains (L ~600 nm, W ~20
nm) aligned along [001]. The reflection high-energy electron diffraction (RHEED) patterns
of the WOs (Figure 2e) and WOz77s (Figure 2f) films clearly indicate the structural
difference; Intense streak RHEED patterns were observed in Figure 2e, indicating that the
strong orientation and the smooth surface of the WOs film. On the other hand, intense streak

RHEED pattern was observed in Figure 2f azimuth [110] and halo-like RHEED pattern was



observed azimuth [001]. This clearly indicates that there is a 1D lattice along [001] whereas

the atomic arrangement along [110] is almost random.

To further clarify the anisotropic structure, we measured X-ray reciprocal space mappings
(RSMs) around the Bragg diffraction spots of 222 LaAlOs and 310 LaAlOs. An intense
diffraction spot of 444 WO3 was observed together with 222 LaAlOs when azimuth is [001]
(Figure S3a) and two intense diffraction spots of 620 and 230 WO3 were observed together
with 310 LaAIOz when azimuth was [110] (Figure S4a). An intense spot of WO,.77s was
observed together with 222 LaAlO3 spot when azimuth was [001] (Figure S3b). Weak tail
in the g direction was also observed. On the other hand, a very broad streak of WO, 778 was
observed together with 310 LaAlOs when azimuth was [110] (Figure S4b), indicating that
the lateral coherence length along [110] was extremely short. It should be noted that the in-
plane peak position (gpoo1)/27) of the WO3 and WO, 778 peaks was same with that of LaAlOs,
indicating coherent epitaxial growth occurred in all cases. From these results, we judged that
almost uniaxially oriented oxygen deficient WOy films along [001] were successfully

fabricated on (110) LaAlOs substrate.

In order to visualize the atomic arrangement of oxygen-deficient WOy, we performed the
cross-sectional high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) observations (Figure 3) of the WOz .77g film. Rather disordered atomic

columns were observed along [001] (Figures 3a and 3c) together with many dot-like dark



contrast whereas ordered stripes were observed along [110] (Figures 3b and 3d). The
diameter of the dot-like contrast was ~0.3 nm. The dot-like contrast was randomly distributed
in surrounding random atomic column. These results clearly indicate that high density atomic
defect tunnels were successfully stabilized one dimensionally in the WO2.77g film. It should
be noted that the energy-dispersive X-ray spectroscopy (EDS) mappings around the interface
between the film and the substrate indicated that any chemical reaction occurred at the
interface (Figure S5). Although the detailed crystal growth of the WO2.77s film is still
unclear yet, we imagine as following. Since the oxygen sublattices of the WO2.77s and (110)
LaAlOs are matched well along [001] whereas there is no lattice matching along [110],
uniaxially orientated crystal growth occurred. During the film growth, atomic arrangement

moved and the 1D atomic defect tunnels were formed to minimize the energy.

Then, we measured the electrical conductivity of the resultant WO films along the [001] and
[110]. Figure 4a shows the electrical conductivity (¢) measured by dc four-probe method at
room temperature. The ¢ increased from ~0.4 to ~5 S cm™* with decreasing x from 2.987 to
2.960 in both directions. The electron configuration of W®" is 5d* and the d-electron plays as
the carrier electron. Therefore, the o increased with decreasing x. When x < 2.96, the ¢ along
[001] was always higher than that along [110], indicating the anisotropy of the electrical
conductivity. The anisotropy increased with decreasing x. When x = 2.778, the ¢ along [001]
was 1700 S cm ! whereas that along [110] was 360 S cm™?, indicating anisotropy of ¢ ~5. In

order to clarify the origin of the anisotropy of o, we measured the thermopower (S) (Figure



4b). The absolute values of S decreased from ~360 to ~20 uV K with decreasing X,
independently on the directions. This indicates that the carrier concentration increased with
decreasing x and there is no anisotropy in the carrier concentration. Then, we plotted the S as
a function of log-scaled o (Jonker plot) of x = 2.778, 2.82 and 2.853 (Figure 4b inset), which

reveals that the carrier mobility along [001] is higher than that along [110].

Next, we measured the o—T curves (Figure S6a). The ¢ along [001] is always higher than
that along [110]. The o increased with increasing temperature in all cases. Then, we extracted
the activation energy (Ea) of the o around room temperature. Figure S6b shows E; as a
function of x in WOx. The Ea decreased with decreasing x. When x < 2.96, the Ea along [001]
is clearly smaller than that along [110]. Since there is no anisotropy in the carrier
concentration, the difference in the E, reflects the anisotropy in carrier mobility. There are
two possible origins of the difference in the carrier mobility (x). One is the difference in the
carrier relaxation time () and the other one is the difference in the carrier effective mass (m"),

because x is expressed as u = e-r-m” !, where e is electron charge.

In order to clarify whether the origin of the anisotropy in the electrical conductivity is
difference in the carrier effective mass or not, we performed X-ray absorption spectroscopy
(XAS). The O K-edge spectra of WO, gs3 collected photon energy from 525 to 560 eV with
linearly-polarized beams (Figure 5a). The beam along the tunnel is E; and the beam across

the tunnel is E, . In Figure 5b, the peak A and B refer O 2p—W 5d tyq hybridization, C and



D refer O 2p—W 5d ey hybridization, and E and F refer O 2p—W 6sp hybridization,
respectively.?-22 There is no significant difference between the XAS spectra across and along
the tunnel, indicating that the anisotropy in the electronic structure is small most likely due
to widely spread W 5d orbital. Since there is no significant difference in the peak A and B,
the anisotropy in the carrier effective mass is negligibly small. From these results, we
concluded that the anisotropy in the electrical conductivity of the 1D atomic defect tunnels
are originated by the anisotropy of the relaxation time. Simply, the 1D atomic defect tunnels

scatter carrier electrons.

CONCLUSIONS

In this study, we focused on the anisotropy in the electrical conductivity of simple transition
metal oxide (TMO), oxygen-deficient WOy with the anisotropic crystal structure. We
fabricated several WOy films by pulsed laser deposition technique on lattice matched LaAlO3
substrate under controlled oxygen atmosphere. The crystallographic analyses of the WO
films revealed that highly dense atomic defect tunnels were aligned one dimensionally along
[100] LaAlOs. The electrical conductivity (¢) along the 1D atomic defect tunnels was ~5
times larger than that across the tunnels; When x = 2.778, the ¢ along [001] was 1700 S cm™*
whereas that along [110] was 360 S cm 1. The origin of this anisotropy of ¢ is the difference
in the crystal structure between along [001] and along [110], which are originated from the

formation of the 1D atomic defect tunnels. The present approach, introduction of 1D atomic



defect tunnels might be useful to design simple TMOs exhibiting anisotropic electrical

conductivity.

EXPERIMENTAL SECTION

Fabrication and analyses of oxygen-deficient WOy epitaxial films. Oxygen-deficient WOy
epitaxial films were heteroepitaxially grown on lattice-matched (110) LaAlOs substrate by
pulsed laser deposition (PLD) technique at a substrate temperature of 600 °C under controlled
oxygen atmosphere (4.0 — 8.3 Pa). The fluence of the KrF excimer laser and repetition rate
were set to ~1 J cm 2 pulse * and 10 Hz, respectively. The typical growth rate was ~15 pm

pulse™.

After the film growth, we obtained high-energy electron diffraction (RHEED) patterns before
exposure to air. Then, we took out and analyzed the films. The film thickness was measured
by X-ray reflectivity (XRR) using monochromated Cu Koy radiation (ATX-G, Rigaku Co.).
The thickness was ~45 nm in all cases. The valence states of W ion in the WOy films were
analyzed by X-ray photoelectron spectroscopy (XPS) using Al Ka radiation (1486.6 eV). We
evaluated the ratio of W**, W°*, and W®* using the W 4f (30—40 eV) core-level spectra. The
lattice parameters of the WOy were analyzed by high-resolution X-ray diffraction (XRD)
using monochromated Cu Kay radiation. Out-of-plane and in-plane Bragg diffraction patterns
were measured. The film surface was observed by an atomic force microscopy (AFM, MFP-
3D Origin, Oxford Instruments Co.). The atomic arrangement around the film and the

substrate interface was visualized using scanning transmission electron microscopy (STEM,



JEM-ARM200CF, JEOL Co. Ltd) operated at 200 keV. High-angle annular dark-field

(HAADF) images were taken with detection angle of 68 — 280 mrad.

Electron transport properties. The electrical conductivity (o) of the resultant WOy films
was measured along [100] and [110] LaAIOs substrate by dc four-probe method with four
equally-spaced, co-linear probes at a temperature ranging 30 — 300 K. In-Ga alloy was used
as the contact electrodes. Thermopower (S) was measured by a steady- state method at room

temperature. The detail of our S measurement has been described elsewhere.?

The electronic structure. X-ray absorption spectroscopy (XAS) measurements using two
orthogonal linearly-polarized beams were performed at the 2A beamline Pohang accelerator
laboratory (PAL). An energy resolution is ~0.1 eV. Total electron yield (TEY') was monitored.
Two linearly-polarized X-ray beams, normal to film surface, were used to see the difference
in x-ray absorption along two in-plane direction (E; [001] WOx and E, [001] WOx). The

XAS O K-edge spectrum was measured from 525 to 560 eV at room temperature.
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Figure 1. (a) Schematic crystal structure of WOz 72. (b) Side (or cross-sectional) views
based on assumed film growth of oxygen deficient WOy on (110) oriented LaAlO3
substrate. Almost no similarity of the atomic arrangement between WOy along b-axis and
LaAlOz along [001]. On the other hand, the distance between two neighboring oxygens in
WOx along c-axis and LaAlOs along [110] is same (0.379 nm). We expected the atomic
defects (yellow ring) are aligned along [001], making 1D atomic defect tunnels.
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Figure 2. Structural analyses. (a) Out-of-plane XRD patterns of the WO films around 110
LaAlOs. The gray dashed line indicates bare LaAlOs substrate. The diffraction peak position
of WOy is indicated with arrow (| ). (b) Change in the d-value of 110 WOy. The d-value
increases with decreasing x. Topographic AFM images of (c) WOz and (d) WO2.77g epitaxial
films. Structural anisotropy is clearly visualized in (d). RHEED patterns of (€) WOz and (f)

WO 778 epitaxial films. The directions on AFM images and RHEEED patterns are direction
of LaAlOs substrate.



Figure 3. Visualization of 1D atomic defect tunnels. Cross-sectional HAADF-STEM images
of the WO,.77s film along (a) [001] and (b) [110]. The scale bar is 5 nm. Highly dense atomic
defect tunnels are clearly visualized along [001], whereas only square lattices are seen along

[110].
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Figure 4. (a) Electrical conductivity (o) and (b) thermopower (S) of the WOy films along
[001] and [110] at room temperature. (Inset in a) Linear scaled. (Inset in b) Jonker plot of x
= 2.778, 2.82 and 2.853. When x < 2.98, anisotropy of the o is obviously observed whereas
such anisotropy of the S is not observed. The Jonker plot clearly indicates that the mobility
along [001] is higher than that along [110].
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Figure 5. O K-edge spectra measured by X-ray absorption spectroscopy with total electron
yield (TEY) mode. (a) The linearly polarized beam incidence along the tunnel (E;) and across
the tunnel (E,). (b) The peak A and B refer O 2p—W 5d tog hybridization, C and D refer O
2p-W 5d eq hybridization, and E and F refer O 2p—W 6sp hybridization, respectively. There
is no significant difference in the peak A and B, indicating that the anisotropy in the carrier

effective mass is negligibly small.
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