Unveiling the electronic structure of pseudo-tetragonal WOs thin films
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WO; is a binary 5d compound which has attracted remarkable attention due to the vast array of structural
transitions that it undergoes in its bulk form. In the bulk, a wide range of electronic properties has been
demonstrated, including metal-insulator transitions and superconductivity upon doping. In this context, the
synthesis of WOj; thin films holds considerable promise for stabilizing targeted electronic phase diagrams
and embedding them in technological applications. However, to date, the electronic structure of WO3 thin
films is experimentally unexplored, and only characterized by numerical calculations. Underpinning such
properties experimentally would be important to understand not only the collective behavior of electrons in
this transition-metal oxide, but also to explain and engineer both the observed optical responses to carriers’
concentration and its prized catalytic activity. Here, by means of tensile strain, we stabilize WO thin films
into a stable phase, which we call pseudo-tetragonal, and we unveil its electronic structure by combining
photoelectron spectroscopy and density functional theory calculations. This study constitutes the
experimental demonstration of the electronic structure of WO3 thin-films and allows us to pin down the
first experimental benchmarks of the fermiology of this system.

Controlling the electronic properties of quantum systems allows us to realize technological
applications with improved performance, stability, and durability, as well as significantly lower
dissipation [1-3]. This is particularly relevant for 5d-based transition metal oxides, which might
provide a platform for integration into existing technology, with improved current densities,
enhanced electrochromic and photovoltaic responses, and reduced switching energies [4-12].
Therefore, understanding the electronic structure of quantum systems is a crucial task, especially
for newly synthesized materials, and it allows to pin down the hallmarks that describe their
conductivity, their Fermi surfaces, and the relationship of the latter with symmetries and crystal
structure.

Here, by using pulsed laser deposition (PLD) [13-15], we exploit epitaxial strain to synthesize a
thermally stable phase in thin films of the 5d compound WOs3 (on a LaAlOs substrate, LAO) and,
by using angle-resolved photoelectron spectroscopy (ARPES), we unveil the electronic structure



and properties, which describe the Fermi surface. The experimental demonstration of the electronic
properties of WOz is a real milestone in the field of transition metal oxide, and its synthesis in thin
films fashion into a stable phase is of great importance for gas sensor applications [16], water
splitting [17], memory devices [18], high temperature diodes [19, 20], photodetectors [21, 22], for
faster and more efficient electronics [4-12], and for low-dissipation Rashba ferro- and anti-
ferroelectrics, for which WOz has been theoretically proposed as a candidate system [24].
Importantly, all these properties, which are relevant for both solid state optical devices and
catalysis, are intimately connected to the electronic structure of this compound, the knowledge of
which is so-far experimentally unexplored. We uncover the reference experimental benchmarks
for the electronic band structure of WOs thin films, that despite the numerous studies which rely
on it [23-31], is still lacking. In addition, by combining the experimental results with theoretical
calculations, we report the existence of large distortion-induced band splitting, further enhanced
by the spin-orbit coupling (SOC), shedding light on the mechanisms by which orbital hybridization
occurs.

WOs thin films were grown by PLD at the NFFA facility [15]. The growth was performed at ~1000
K in an oxygen background pressure of 102 mbar (the typical deposition rate was 0.07 nm per
laser shot). All of the investigated samples were grown on (001)-oriented LAO substrates. The
ARPES measurements were performed in-situ by using a Scienta DA30 hemispherical analyzer
with energy and momentum resolutions better than 15 meV and 0.02 A, respectively. The density
functional theory (DFT) calculations were carried out within the CRYSTAL17 code [32] based on
a linear combination of localized basis functions and the B1-WC hybrid functional [33]. To
estimate/quantify the spin-orbit coupling (SOC), we also used the ABINIT code [58, 59], as
described in the methods section.
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FIG. 1. (a) WO tetragonal structure showing the out-of-plane opposite displacement of W and O atoms against one
another. This phenomenology is also known as out-of-plane antipolar motion. (b) XRD 6-26 scan of a WO; film
grown on LAO (film peaks are indeed by considering a tetragonal structure).



WO3 can be seen as an ABOs cubic perovskite with missing cation. It has however never been
observed in the reference cubic structure, which exhibits various unstable phonon modes including
antipolar motion of W against O in various directions (Xs~ and Mzs™, see Fig. 1a) and oxygen
octahedra rotations with different tilt patterns (Ms*and R4*) [28, 40]. Accordingly, in the bulk form,
WOs3 undergoes several phase transitions as function of temperature: between 1300-1500 K, its
structure is tetragonal (space groups P4/nmm, and P4/ncc) [34, 35], at 1000 K it becomes
orthorhombic (Pbcn) [34—-36], at room temperature monoclinic (P21/n) [35, 36], at 273 K triclinic
(P-1) [37], and finally, at 200 K, it goes into a second monoclinic phase (P21/c) [28, 38-40], with
no further transitions down to 5 K. This implies that this monoclinic phase is the ground state of
bulk WO3 [28].

The lattice parameters of the room-temperature monoclinic P21/n phase of bulk WO3 are a = 0.732
nm, b = 0.756 nm, and ¢ = 0.772 nm [35,36] and these remain very similar in the Pbcn, P-1 and
P21/c phases. Taking into account the cell-doubling in all three directions, these lattice constants
correspond to lattice spacing of about 0.366 nm along a, 0.378 nm along b, and 0.386 nm along c.
In the P4/nmm phase, the lattice spacing is instead of about 0.375 nm along a and b and 0.392 nm
along c. With respect to the LAO substrate - characterized by an in-plane pseudo-cubic lattice
parameter of 0.379 nm - an epitaxial tensile strain is therefore expected for all phases. In our work,
the stabilization of a structural phase with tetragonal metric at room temperature has been
confirmed by the X-ray diffraction (XRD) data of Fig. 1b: from the (002) Bragg reflection, a c-
axis parameter of 0.385 nm has been measured. The ¢ value of this pseudo-tetragonal phase
apparently matches that of the bulk P21/n and other low-temperature bulk phases. This is however
surprising in view of the tensile epitaxial-strain conditions, expected to produce a significant
contraction along ¢ and better suggests that our film could adopt a P4/nmm type of structure. It
has nevertheless been shown that changing the oxygen pressure during PLD growth has a major
impact on the film out-of-plane lattice constant [41,30].

According to the report by Ning et al [41], decreasing the oxygen pressure (from 0.2 mbar to 6x10-
3 mbar) during WO3s growth on LAO causes oxygen vacancies to emerge in the film, which results
in an increase in the ¢ parameter by up to 5%. As in other oxides [42,43], oxygen vacancies appear
to be preferentially located at specific position of the perovskite structure rather being randomly
distributed within the materials [42-44]. In this case, oxygen vacancies at apical positions of the
WO3 octrahedra result into an enlargement of the out-of-plane lattice parameter while a and b
lattice parameters are unaffected [41]. This out-of-plane lattice expansion due to the presence of
oxygen vacancies is often referred to as chemical strain [45,46] and could compensate the
contraction produced by the tensile conditions imposed by the substrate. The measured value of ¢
= 0.385 nm obtained from our experiment at 10-3 mbar is in fact in very good agreement with the
trend of c lattice parameter variation vs oxygen pressure reported in Ref. [41] for the P21/n phase,
suggesting that our pseudo-tetragonal film might in fact better adopt either that structure or that of
one of the similar low-temperature phases.

In order to clarify this issue, we have adopted an atomistic approach and performed DFT
calculations. To determine the theoretical ground state of the WOs3s film, we focused on the six
phases which are observed experimentally in the sequence of structural phase transitions of bulk



WO3 [34-40], and explored their energy gain under tensile strain. Starting from the atomic
positions of their fully relaxed bulk structures, we fixed their a and b lattice parameters to the
pseudo-cubic aLao = 0.379 nm, while relaxing the ¢ parameter. Our calculations suggest that the
theoretical ground state of the film should be the strained monoclinic P21/n phase with ¢ = 0.738
nm. This result is in line with previous studies of stoichiometric WO3 films, for which the c
parameter was measured to be 0.733 nm [41, 47-48] and the structure of the film identified as
similar to the monoclinic P21/n phase [41]. This result is however questioned by the observed ¢ =
0.77 nm in our XRD.

As previously discussed, our films grown at low oxygen pressure are oxygen deficient. This was
further confirmed by our photoemission data, which report metallic character for the samples, with
the Fermi level crossing the conduction band, instead of an insulating behavior expected for the
stoichiometric phase of WOs. The oxygen vacancies then give rise to a chemical strain, enlarging
artificially the c parameter. Following what was done in Ref. [46], the sub-stoichiometric character
of our WOs film was then simulated by treating oxygen vacancies as a strain constraint in the out-
of-plane direction. Accordingly, in addition to a = b = arLao, the ¢ parameter was fixed to the
experimental value (c = 0.77 nm). The energy gain diagram presented in Fig. 2a indicates that, in
this specific case, the most stable configuration corresponds to the Pbcn structure. This suggests
that our pseudo-tetragonal films might likely adopt that structure, which will be further confirmed
later from the inspection of the electronic properties.

By using AMPLIMODE software [49], we performed symmetry-adapted mode analysis to identify
the distortions, which play a major role in the stabilization of such a Pbcn strained phase. It can be
characterized (see Fig. 2a) by (i) octahedra rotations (Rs* and Ms* modes) with tilt pattern a’h*c™
in Glazer’s notation [50], (ii) an antipolar motion along y (Xs~ mode), (iii) a small contribution of
a bending mode (Xs*), and, finally (iv) an antipolar motion along the z and x axes (Ms~ mode),
where the x component of the M3~ mode appears through anharmonic coupling [40]. This is in
contrast with the P21/c ground state of bulk WOs that arises from the contributions of (i) R4* with
tilt pattern a—a"c7, (ii) antipolar motion along the z axis (M3"), and (iii) antipolar motion with the
same amplitude along x and y axes (Xs").

Remarkably, we note that the pseudo-tetragonal thin films are incredibly resilient and their
structure survives within a large temperature range, i.e. from room temperature (as demonstrated
by XRD) down to, at least, 77 K (as confirmed by ARPES). This indicates that WOz on LAO has
high structural and thermal stability and that the substrate can freeze the overgrown thin layers and
make them robust against temperature variations. This is in contrast to the bulk behavior, in which
orthorhombic (or tetragonal) phases have never been found at low temperatures but only at
temperatures as high as 800 K [34-36, 52-53]. Again, this result points at the importance of
epitaxial strain in realizing films with enhanced thermal stability compared to the bulk counterpart.

In order to understand the role of the crystal structure in the electronic properties of this compound,
we performed ARPES with in-vacuum transfer, without exposing the samples to air. First of all,
we notice that the tetragonal metric of the WO3 films is also reflected in the symmetries of the



reciprocal space, namely in the symmetry of the Fermi surface (See Fig.3a). The latter shows a
Fermi level crossing along kxand ky of 0.45 A, as indicated in Fig. 3a. From the T to the X points
of the Brillouin zone (Fig. 3a), we did not observe any appreciable change in the Fermi surface
volume within our experimental resolutions, however, an overall different shape is visible, as
expected for this system, which electronically speaking still behaves bulk-like for the ARPES
probing depth. To locate the high symmetry positions along the k: direction, we performed photon-
energy dependent scans (See Supplementary information for kz vs photon energy dependence) and
we show them in Fig. 3b. Here, we see ‘hot spots’ of spectral intensity at several kz values. This
repeating behavior helps us to fix the kz corresponding to the high symmetry points of the Brillouin
zone, namely X and I', and allows us to make an estimate of the c-axis from ARPES. With an inner
potential of 11 + 3 eV, we obtain carees = 0.77 nm, in agreement with the results from XRD. We
notice that ARPES gives exactly twice the XRD value, indicating that the unit cell has a doubling,
here revealed by the resonant behavior of the spectra. The structural distortions of the pseudo-
tetragonal phase lead to large energy splittings, in contrast to the Pbcn , P21/n and P21/c bulk phases
(see supplementary information Fig. 2). In high-temperature tetragonal bulk WOs, the dx; and the
dyz orbitals are degenerate at the center of the BZ (see supplementary information Fig. 2a).
However, in the pseudo-tetragonal thin film, the orbital degeneracy is removed, resulting in a
energy splitting that can can be resolved by ARPES measurements and takes the experimental
value of 100 meV (Fig. 2 d,e). This splitting is consistent with our calculations in the strained Pbcn
phase, although the computed value takes a smaller value of as 60 meV (see Fig. 2 b).

By including SOC, which is expected to be relevant for 5d orbitals, this discrepancy finds a
solution; our calculation in the strained Pbcn phase reproduce an energy splitting of ~ 90 meV
between dyz and dxz, in perfect agreement with ARPES (Fig. 2 c). This emphasizes the SOC’s
critical role in hybridizing the orbitals in 5d oxides. However, our results suggest that the effect of
structural distortions is greater than the SOC. In the WOs film, the amplitude of the antipolar
distortion along y is greater than along X, as a result the upshift of the dy: energy level is larger
than dxz. This is because an increase in the y-direction antipolar distortion results in a stronger
overlap between the O 2py and W 5dy: orbitals [51], which in turn causes an upshift in the related
antibonding energy level. Thus, the splitting between dyz and dx: in this pseudo-tetragonal phase
(shown in Fig. 2b,c) is caused by a proper balance between the amplitude of the antipolar motions
along y (X5~ mode), and x (M3~ mode). Note that this splitting, with the dy: located at a higher
energy level than the dxz, is absent in all the bulk phases, including the Pbcn and P21/n phases
where the x component of the Ms™ mode is negligible, or, in the bulk form of the ground state
where the amplitude of the antipolar motion along y and x are almost the same (see supplementary
information Fig.2). More importantly, as shown in Fig. 3 of the supplementary information, this is
not the case in any of the similar low-temperature phases under strain, providing additional
evidence that our pseudo-tetragonal film adopts a strained Pbcn structure.
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FIG. 2. (a) The symmetry-adapted mode decomposition pseudo-tetragonal thin film with Pbcn strained structure of
WO; (left) and the DFT calculated energy gain of the six phases which are observed experimentally in the sequence
of structural phase transitions of bulk WOs3; with respect to the cubic phase (right), obtained by fixing the lattice
parameters to the experimental ones to take into account the tensile strain as well as the strain constraint in the out-of-
plane direction to account for the sub-stoichiometric nature of our WO3 film. The DFT electronic structure of pseudo-
tetragonal thin film with Pbcn strained structure is shown in (b) and (c), without and with SOC, respectively. The
relevant energy splitting is captured by DFT and the orbital mixing induced by the SOC enhances further the energy
separation. The Fermi level in the DFT calculations has been aligned to the experimental value by rigidly shifting the
calculated bands. As shown in supplementary Fig.3, where the electronic structures of the similar low-temperature
strained phases of WO3 are presented, our ARPES data are only compatible with the strained Pbcn structure. Only in
this structure are the orbitals in the same sequence, and dx, and dyy are split considerably. (d) ARPES data along the
I'-X direction are shown, showing a good agreement with the calculations. The minima of the dy, and d.y bands are
shown, as well as an average value for the energy at which the dispersion-less dy; is located. (e) The ARPES curvature
plots are shown to better visualize the energy states and their relative separation, indicated by the white arrows for the
bands relative to each other’s.

A second splitting is also observable in the DFT results between the dx; and dxy orbitals and it is
estimated to be =~ 380 meV after inclusion of SOC (see Fig. 2c). Our calculations indicate that,
octahedra tilting (Ms* and R4" modes) with W-O-W angle deviations from 180°, also involves
tuning the overlap of orbitals in this case [54]. From ARPES (Fig. 2d and Fig. 2e), it is more
challenging to make a straightforward comparison with the DFT results, because the dxy band has
strong matrix elements which suppress its intensity near the centre of the BZ [55, 56]. However,
we can extrapolate the minimum by fitting the data, obtaining a dxz-dxy separation of =~ 400 meV,



which is also in close agreement with the calculated value. Thus, the structural distortions are very
important in defining the electronic properties of WO3 and the strain is crucial for stabilizing the
pseudo-tetragonal phase observed here.
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FIG. 3. (a) Fermi surfaces collected for the first X and I points in (b). The pattern observed in the spectra is consistent
with a tetragonal unit cell structure. For reference, we have also shown the calculated iso-energetic cuts across the
WO3 conduction band, which show a good agreement with the experiment (Supplementary Fig.4.) (b) Resonant
photoemission signal. The inner potential was also obtained by fitting the data and found to give the best agreement
at VO = 11 eV. The procedure is explained in the supplementary information and within our resolutions VO between
8 eV and 14 eV did not show any substantial change in the c-axis value (See also supplementary Fig.1).

In conclusion, we report the existence of a new phase in WOs3, which we call pseudo-tetragonal
but reveals in fact a strained Pbcn phase. This phase observed in films grown at low oxygen
pressures differs from the P2i/n phase previously reported in stoichiometric films. It
accommodates antipolar distortions along all three axes. Such distortions are important to
understand the vibrational modes and the electronic properties of this system. By combining XRD,
TEM, DFT calculations, and ARPES we determine the role and consequences of the structural
distortions on the WOs electronic structure, experimentally revealing a band splitting as large as
400 meV between the dx: and dxy orbitals, and 100 meV between the dy: and dx: orbitals,
reminiscent of the proper balance between the amplitude of the Ms™ and Xs~ antipolar modes in
different directions [28, 40, 55-57]. Finally, we show a large thermal stability for the grown films,
and we demonstrate that the SOC plays a sizeable role for the interpretation of the electronic
behavior of WOs. Our work not only motivates the use of strain to realize novel structural phases
in binary 5d oxides, but also shows how to use it to tune their orbital degrees of freedom.
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Methods

DFT details

To approximate the Brillouin zone, integration over 8x8x8 k-point meshes for the cubic symmetry,
or meshes with equivalent sampling for other phases (e.g., meshes of 6x6x8, 6x6x4, and 4x4x4 for
the P4/nmm, P4/ncc, and Pbcn phases, respectively) were used. In the CRYSTALL17 code [32],
the Self-Consistent-Field (SCF) convergence's tolerance on change in total energy was set to 101
Hartrees. The geometry optimization was performed by employing a quasi-Newton approach with
a BFGS Hessian scheme so that a specific space group symmetry was preserved for each structure
during the structural relaxations. The root mean square of the gradient and displacements were
converged to less than 5x10° Hartrees/Bohr and 103 Bohrs, respectively. We also used the
ABINIT code [58, 59] with a plane-wave basis set and the LDA functional with Perdew-Wang’s
parametrization [60], in order to include spin-orbit coupling (SOC) for the electronic band
structures. In this case, the electronic wave functions were expanded in plane waves up to an
energy cutoff of 60 Hartrees and the electronic self-consistent calculations were converged until
the difference of the total energy is smaller than 10~° Hartrees.

References:

[1] G.Li, D. Xie, H. Zhong, Z. Zhang, X. Fu, Q. Zhou, Q. Li, H. Ni, J. Wang, E.-j. Guo, M. He, C. Wang, G. Yang, K. Jin, and
C. Ge, Photo-induced non-volatile VO2 phase transition for neuromorphic ultraviolet sensors, Nature Communications 13,
1729 (2022).

[2] D. lelminiand A. L. Lacaita, Phase change materials in non-volatile storage, Materials Today 14, 600 (2011).

[31 R. R. Ghosh and A. Dhawan, Integrated non-volatile plasmonic switches based on phase-change-materials and their
application to plasmonic logic circuits, Scientific Reports 11, 18811 (2021).

[4] J. Bae, H. Kim, H. C. Moon, and S. H. Kim, Low-voltage, simple WO3-based electrochromic devices by directly
incorporating an anodic species into the electrolyte, J. Mater. Chem. C 4, 10887 (2016).

[5] A.“Sutka, M. Zubkins, A. Linarts, L. Lapcinskis, K. Malnieks, O. Verners, A. Sarakovskis, R. Grzibovskis, J. Gabrusenoks,
E. Strods, K. Smits, V. Vibornijs, L. Bikse, and J. Purans, Tribovoltaic device based on the W/WQ3 schottky junction
operating through hot carrier extraction, The Journal of Physical Chemistry C 125, 14212 (2021).

[6] P. K. Yadav, B. Ajitha, Y. A. Kumar Reddy, and V. R. Minnam Reddy, Enhanced performance of WO3 photodetectors
through hybrid graphene-layer integration, ACS Applied Electronic Materials 3, 2056 (2021).

[7]1 P.-W. Chen, C.-T. Chang, T.-F. Ko, S.-C. Hsu, K.-D. Li, and J.-Y. Wu, Fast response of complementary electrochromic
device based on wo3/nio electrodes, Scientific Reports 10, 8430 (2020).

[8] H. Liang, L. Cheng, X. Zhai, N. Pan, H. Guo, J. Zhao, H. Zhang, L. Li, X. Zhang, X. Wang, C. Zeng, Z. Zhang, and J. G.
Hou, Giant photovoltaic effects driven by residual polar field within unit-cell-scale LaAlO3 films on SrTiO3, Scientific
Reports 3, 1975 (2013).

[9] K.-W.Kim, T.Y. Yun, S.-H. You, X. Tang, J. Lee, Y. Seo, Y.-T. Kim, S. H. Kim, H. C. Moon, and J. K. Kim, Extremely
fast electrochromic supercapacitors based on mesoporous wo3 prepared by an evaporation induced self-assembly, NPG Asia
Materials 12, 84 (2020).

[10] S.Yun, K. Song, K. Chu, S.-Y. Hwang, G.-Y. Kim, J. Seo, C.-S. Woo, S.-Y. Choi, and C.-H. Yang, Flexopiezoelectricity at
ferroelastic domain walls in WO3 films, Nature Communications 11, 4898 (2020).

[11] J. Besnardiere, B. Ma, A. Torres-Pardo, G. Wallez, H. Kabbour, J. Gonz"alez-Calbet, H. J. Von Bardeleben, B. Fleury, V.
Buissette, C. Sanchez, T. Le Mercier, S. Cassaignon, and D. Portehault, Structure and electrochromism of two-dimensional
octahedral molecular sieve h’-WO3, Nature Communications 10, 327 (2019).



[12]
[13]
[14]

[15]

[16]
[17]
(18]
[19]
[20]
[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]
[34]
[35]

(36]

M. Kaltenbrunner, G. Adam, E. D. G lowacki, M. Drack, R. Schw"odiauer, L. Leonat, D. H. Apaydin, H. Groiss, M. C.
Scharber, M. S. White, N. S. Sariciftci, and S. Bauer, Flexible high power-per-weight perovskite solar cells with chromium
oxide—metal contacts for improved stability in air, Nature Materials 14, 1032 (2015).

M. J. Aziz, Film growth mechanisms in pulsed laser deposition, Applied Physics A 93, 579 (2008).

D. H. Lowndes, D. B. Geohegan, A. A. Puretzky, D. P. Norton, and C. M. Rouleau, Synthesis of novel thin-film materials
by pulsed laser deposition, Science 273, 898 (1996).

S. K. Chaluvadi, D. Mondal, C. Bigi, D. Knez, P. Rajak, R. Ciancio, J. Fujii, G. Panaccione, I. Vobornik, G. Rossi, and P.
Orgiani, Pulsed laser deposition of oxide and metallic thin films by means of Nd:YAG laser source operating at its 1st
harmonics: recent approaches and advances, Journal of Physics: Materials 4, 032001 (2021).

J. Dai, Y. Li, H. Ruan, Z. Ye, N. Chai, X. Wang, S. Qiu, W. Bai, and M. Yang, Fiber Optical Hydrogen Sensor Based on
WO3-Pd2Pt-Pt Nanocomposite Films, Nanomaterials 11, 128 (2021).

H. Lin, X. Long, Y. An, and S. Yang, In situ growth of Fe2WQO6 on WO3 nanosheets to fabricate heterojunction arrays for
boosting solar water splitting, The Journal of Chemical Physics, The Journal of Chemical Physics 152, 214704 (2020).

Y. Ji, Y. Yang, S.-K. Lee, G. Ruan, T.-W. Kim, H. Fei, S.-H. Lee, D.-Y. Kim, J. Yoon, and J. M. Tour, Flexible nanoporous
wo3-x nonvolatile memory device, ACS Nano, ACS Nano 10, 7598 (2016).

T. Gaewdang and N. Wongcharoen, Temperature dependent electrical transport characteristics of p-SnS/n-WO3:Sh
heterojunction diode, IOP Conference Series: Materials Science and Engineering 383, 012006 (2018).

L. Wang, S. Cheng, C. Wu, K. Pei, Y. Song, H. Li, Q. Wang, and D. Sang, Fabrication and high temperature electronic
behaviors of n-WO3 nanorods/p-diamond heterojunction, Applied Physics Letters 110, 052106 (2017).

P. V. Karthik Yadav, B. Ajitha, Y. A. K. Reddy, V. R. Minnam Reddy, M. Reddeppa, and M.-D. Kim, Effect of sputter
pressure on uv photodetector performance of WO3 thin films, Applied Surface Science 536, 147947 (2021).

J. Sun, S. Zhang, T. Zhan, Z. Liu, J. Wang, X. Yi, J. Li, P. M. Sarro, and G. Zhang, A high responsivity and controllable
recovery ultraviolet detector based on a WO3 gate AlGaN/GaN heterostructure with an integrated micro-heater, J. Mater.
Chem. C 8, 5409 (2020).

F. Cora, M. G. Stachiotti, C. R. A. Catlow, and C. O. Rodriguez, Transition metal oxide chemistry: electronic structure study
of WO3, ReO3, and NaWO3, The Journal of Physical Chemistry B 101, 3945 (1997).

H. Djani, A. C. Garcia-Castro, W.-Y. Tong, P. Barone, E. Bousquet, S. Picozzi, and P. Ghosez, Rationalizing and engineering
rashba spin-splitting in ferroelectric oxides, npj Quantum Materials 4, 51 (2019).

S. Raj, H. Matsui, S. Souma, T. Sato, T. Takahashi, A. Chakraborty, D. D. Sarma, P. Mahadevan, S. Oishi, W. H. McCarroll,
and M. Greenblatt, Electronic structure of sodium tungsten bronzes NaxWO3 by high-resolution angle-resolved
photoemission spectroscopy, Phys. Rev. B 75, 155116 (2007).

B. Chen, J. Laverock, L. F. J. Piper, A. R. H. Preston, S. W. Cho, A. DeMasi, K. E. Smith, D. O. Scanlon, G. W. Watson, R.
G. Egdell, P.-A. Glans, and J.-H. Guo, The band structure of WO3 and non-rigid-band behavior in Na0.67WO3 derived from
soft x-ray spectroscopy and density functional theory, Journal of Physics: Condensed Matter 25, 165501 (2013).

S. Raj, D. Hashimoto, H. Matsui, S. Souma, T. Sato, T. Takahashi, S. Ray, A. Chakraborty, D. D. Sarma, P. Mahadevan, W.
H. McCarroll, and M. Greenblatt, Angle-resolved photoemission spectroscopy of the metallic sodium tungsten bronzes
NaxWQ3, Phys. Rev. B 72, 125125 (2005).

H. Hamdi, E. K. H. Salje, P. Ghosez, and E. Bousquet, First-principles reinvestigation of bulk WO3, Phys. Rev. B 94, 245124
(2016).

S. Raj, D. Hashimoto, H. Matsui, S. Souma, T. Sato, T. Takahashi, D. D. Sarma, P. Mahadevan, and S. Qishi, Angle-resolved
photoemission spectroscopy of the insulating NaxWO3: Anderson localization, polaron formation, and remnant fermi
surface, Phys. Rev. Lett. 96, 147603 (2006).

G. Mattoni, A. Filippetti, N. Manca, P. Zubko, and A. D. Caviglia, Charge doping and large lattice expansion in oxygen-
deficient heteroepitaxial WO3, Phys. Rev. Materials 2, 053402 (2018).

A. D. Walkingshaw, N. A. Spaldin, and E. Artacho, Density-functional study of charge doping in WO3, Phys. Rev. B 70,
165110 (2004).

R. Dovesi, A. Erba, R. Orlando, C. M. Zicovich-Wilson, B. Civalleri, L. Maschio, M. R’erat, S. Casassa, J. Baima, S.
Salustro, and B. Kirtman, Quantum-mechanical condensed matter simulations with crystal, WIREs Comput. Mol. Sci. 8,
el1360 (2018).

D. I. Bilc, R. Orlando, R. Shaltaf, G.-M. Rignanese, J. Iniguez, and P. Ghosez, Hybrid exchange-correlation functional for
accurate prediction of the electronic and structural properties of ferroelectric oxides, Phys. Rev. B 77, 165107 (2008).

C. J. Howard, V. Luca, and K. S. Knight, High temperature phase transitions in tungsten trioxide — the last word?, Journal
of Physics: Condensed Matter 14, 377 (2001).

K. R. Locherer, I. P. Swainson, and E. K. H. Salje, Phase transitions in tungsten trioxide at high temperatures — a new look,
Journal of Physics: Condensed Matter 11, 6737 (1999).

T. Vogt, P. M. Woodward, and B. A. Hunter, The high temperature phases of WO3, Journal of Solid State Chemistry 144,
209 (1999).



[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]
[46]

[47]

[48]
[49]

[50]
[51]

[52]
[53]
[54]

[55]

[56]
[57]

[58]

[59]

[60]

R. Diehl, G. Brandt, and E. Salje, The crystal structure of triclinic WO3, Acta Crystallographica Section B 34, 1105 (1978).
P.M. Woodward, A.W. Sleight, T. Vogt, Ferroelectric tungsten trioxide, Journal of Solid State Chemistry 131, 9 (1997).
E. Salje, S. Rehmann, F. Pobell, D. Morris, K. Knight, T. Herrmannsdorfer, and M. Dove, Crystal structure and paramagnetic
behaviour of WO3-x, Journal of Physics: Condensed Matter 9, 6563 (1999).
H. Hassani, B. Partoens, E. Bousquet, and P. Ghosez, First-principles study of lattice dynamical properties of the room-
temperature P21/n and ground-state P21/c phases of WO3, Phys. Rev. B 105, 014107 (2022).
S. Ning, S. C. Huberman, Z. Ding, H. Nahm, Y. Kim, H. Kim, G. Chen, C. A. Ross, Anomalous Defect Dependence of
Thermal Conductivity in Epitaxial WO3 Thin Films. Adv. Mater. 31, 1903738 (2019).
T. Mayeshiba, D. Morgan, Strain Effects on Oxygen Vacancy Formation Energy in Perovskites. Solid State lonics 311, 105—
117 (2017)
D. Knez, G. Drazi¢, S. K. Chaluvadi, P. Orgiani, S. Fabris, G. Panaccione, G. Rossi, R. Ciancio, Unveiling Oxygen Vacancy
Superstructures in Reduced Anatase Thin Films. Nano Lett. 20, 6444-6451 (2020).
C. Bigi, Z. Tang, G. M. Pierantozzi, P. Orgiani, P. K. Das, J. Fujii, I. Vobornik, T. Pincelli, A. Troglia, T.-L. Lee, R. Ciancio,
G. Drazic, A. Verdini, A. Regoutz, P. D. C. King, D. Biswas, G. Rossi, G. Panaccione, A. Selloni, Phys. Rev. Mater. 4,
025801 (2020).
D. S. Tsvetkov, V. V. Sereda, D. A. Malyshkin, I. L. Ivanov, A. Yu. Zuev, Chemical lattice strain in nonstoichiometric oxides: an
overview, Journal of Materials Chemistry A 10, 6351-6375 (2022).
O. Copie, J. Varignon, H. Rotella, G. Steciuk, P. Boullay, A. Pautrat, A. David, B. Mercey, P. Ghosez, W. Prellier, Chemical
Strain Engineering of Magnetism in Oxide Thin Films, Advanced Materials 29, 1604112 (2017).
J.-T. Yang, C. Ma, C. Ge, Q.-H. Zhang, J.-Y. Du, J.-K. Li, H.-Y. Huang, M. He, C. Wang, S. Meng, L. Gu, H.-B. Lu, G.-Z.
Yang, K.-J. Jin, Effects of line defects on the electronic and optical properties of strain-engineered WOs, Journal of Materials
Chemistry C 45, 11694—11699 (2017).
G. Li, T. Varga, P. Yan, Z. Wang, C. Wang, S. A. Chambers, Y. Du, Crystallographic dependence of photocatalytic activity
of WOs thin films prepared by molecular beam epitaxy, Physical Chemistry Chemical Physics 23, 15119-15123 (2015)
D. Orobengoa, C. Capillas, M. I. Aroyo, J. M. Perez-Mato, AMPLIMODES: symmetry-mode analysis on the Bilbao
Crystallographic Server, Journal of Applied Crystallography 42, 820-823 (2009).
A. M. Glazer, The classification of tilted octahedra in perovskites, Acta Crystallographica Section B 28, 3384 (1972).
R. Chatten, A. V. Chadwick, A. Rougier, and P. J. D. Lindan, The oxygen vacancy in crystal phases of wo3, The Journal of
Physical Chemistry B, The Journal of Physical Chemistry B 109, 3146 (2005).
W. Wang, A. Janotti, and C. G. Van de Walle, Phase transformations upon doping in WO3, The Journal of Chemical Physics
146, 214504 (2017).
C. V. Ramana, S. Utsunomiya, R. C. Ewing, C. M. Julien, and U. Becker, Structural stability and phase transitions in WO3
thin films, The Journal of Physical Chemistry B, The Journal of Physical Chemistry B 110, 10430 (2006)
A. Cammarata, J. M. Rondinelli, Octahedral engineering of orbital polarizations in charge transfer oxides, Phys. Rev. B, 87,
155135, (2013).
F. Mazzola, J. W. Wells, R. Yakimova, S. Ulstrup, J. A. Miwa, R. Balog, M. Bianchi, M. Leandersson, J. Adell, P. Hofmann,
and T. Balasubramanian, Kinks in the ¢ band of graphene induced by electron-phonon coupling, Phys. Rev. Lett. 111, 216806
(2013).
F. Mazzola, T. Frederiksen, T. Balasubramanian, P. Hofmann, B. Hellsing, and J. W. Wells, Strong electron phonon coupling
in the o band of graphene, Phys. Rev. B 95, 075430 (2017).
H. Djani, E. E. McCabe, W. Zhang, P. S. Halasyamani, A. Feteira, J. Bieder, E. Bousquet, and P. Ghosez, Bi2W209: A
potentially antiferroelectric aurivillius phase, Phys. Rev. B 101, 134113 (2020).
X. Gonze, B. Amadon, P.-M. Anglade, J.-M. Beuken, F. Bottin, P. Boulanger, F. Bruneval, D. Caliste, R. Caracas, M. Cot’e,
T. Deutsch, L. Genovese, P. Ghosez, M. Giantomassi, S. Goedecker, D. Hamann, P. Hermet, F. Jollet, G. Jomard, S. Leroux,
M. Mancini, S. Mazevet, M. Oliveira, G. Onida, Y. Pouillon, T. Rangel, G.-M. Rignanese, D. Sangalli, R. Shaltaf, M. Torrent,
M. Verstraete, G. Zerah, and J. Zwanziger, Abinit: First principles approach to material and nanosystem properties, Computer
Physics Communications 180, 2582 (2009).
X. Gonze, J.-M. Beuken, R. Caracas, F. Detraux, M. Fuchs, G.-M. Rignanese, L. Sindic, M. Verstraete, G. Zerah, F. Jollet,
M. Torrent, A. Roy, M. Mikami, P. Ghosez, J.-Y. Raty, and D. Allan, First-principles computation of material properties:
the abinit software project, Computational Materials Science 25, 478 (2002).
J. P. Perdew and Y. Wang, Accurate and simple analytic representation of the electron-gas correlation energy, Phys. Rev. B

45, 13244 (1992).


https://pubs.rsc.org/en/results?searchtext=Author%3ADmitry%20S.%20Tsvetkov
https://pubs.rsc.org/en/results?searchtext=Author%3AVladimir%20V.%20Sereda
https://pubs.rsc.org/en/results?searchtext=Author%3ADmitry%20A.%20Malyshkin
https://pubs.rsc.org/en/results?searchtext=Author%3AIvan%20L.%20Ivanov
https://pubs.rsc.org/en/results?searchtext=Author%3AAndrey%20Yu.%20Zuev
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Copie%2C+Olivier
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Varignon%2C+Julien
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Rotella%2C+H%C3%A9l%C3%A8ne
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Steciuk%2C+Gwladys
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Boullay%2C+Philippe
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Pautrat%2C+Alain
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=David%2C+Adrian
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Mercey%2C+Bernard
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ghosez%2C+Philippe
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Prellier%2C+Wilfrid

Supplementary Information: Unveiling the electronic structure of pseudo-
tetragonalWOs3 thin films

F. Mazzola,»?3* H. Hassani,*>* D. Amoroso,* S.K. Chaluvadi,® J. Fujii,* V. Polewczyk,® P. Rajak,!
Max Koegler,® R. Ciancio,* B. Partoens,® G. Rossi,®! I. Vobornik,® P. Ghosez,* and P. Orgiani!

1CNR-IOM TASC Laboratory, Area Science Park, 1-34149 Trieste, Italy
°Department of Molecular Sciences and Nanosystems,
Ca Foscari University of Venice, 30172 Venice, Italy
SIstituto Officina dei Materiali (IOM)-CNR, Laboratorio
TASC,Area Science Park, S.S.14, Km 163.5, 34149 Trieste,
Italy
“Theoretical Materials Physics, Q-MAT, CESAM, Université de Liége, B-4000 Lige,
Belgium 5Department of Physics, University of Antwerp, Groenenborgerlaan 171, 2020 Antwerp,
Belgium®University of Milano, 1-20133 Milano, Italy
(Dated: April 11, 2023)

* These authors-contributed equally to this work.



ARPES k; plot procedure and measurements

In order to access the electronic dispersion along the k, direction, as shown in Fig. 3b of the main text, we collected
ARPES energy-k dispersions at several photon energies. Being the photon energy and the k, directly proportional,
we can readily obtain the dispersion along the out-of-plane direction of the Brillouin zone. In particular:

1) k, = %\/Zm(EkmcosQ@ + Vo)

where, m is the electron mass, Ekin the electrons’ kinetic energy, @ is the polar angle, and V, is the inner potential.
Thus, when varying photon energy, one is able to detect the electronic structure of solid state systems along the k;,
direction by verifying how the bands change. As an example, we show the linear vertical polarization data for WO3
collected for some photon energies in Fig.1.
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FIG. 1. Electronic structure of WOs3 collected by ARPES at various photon energies, showing changes which can be attributed
to a combination of matrix elements and to the three-dimensional character of the material. These plots relate directly to figure3b
of the main text.

We notice that the ARPES measurements were possible because the samples had states at the Fermi level. Thisis
a known situation which occurs for many oxides, in which even a mild chance in oxygen balance could affect the
electronic properties, without changing necessarily the structure [1, 2].

ARPES fitting details

The ARPES spectra have been fitted by using Lorentzian curves convoluted by a Gaussian to account for the
resolutions of the instrument, which were better than 15 meV and 0.02 %, for energy and momentum respectively. The
data were fitted by using energy-distribution and momentum-distribution curves to properly account for the curvature of
the various features: for example, at the minimum of the parabolic dispersions, energy distribution curves capture
better the energy dispersion. At the Fermi level, instead, momentum distribution curves are more suited to give an
accurate determination of the k-position of the electronic states.
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FIG. 2. (a) DFT electronic structure of the P4/nmm tetragonal phase in the bulk form, (b) the orthorhombic Pbcn phase, (c)
the room-temperature P21/n monoclinic phase, and (d) the ground state P2:/c monoclinic phase. The large splittings in the WO3
thin films, with the same electronic level arrangement, are absent in all the phases of bulk form.
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FIG. 3. DFT electronic structure (without SOC) of the pseudo-tetragonal thin film with (a) strained Pbcn structure, (b)
strained P21/n structure, and (c) strained P24/c structure. The Fermi level in the DFT calculations has been aligned to the
experimental value by rigidly shifting the calculated bands. It can be seen that our ARPES data are only compatible with
strained Pbcn structure. Only in this structure are the orbitals in the same sequence, as well as the large splitting of dy, anddyy
, which is reminiscent of the correct balance of the amplitude of the M3~ and Xs~ antipolar modes in various directions.
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FIG. 4. DFT calculated iso-energetic cuts, showing a good agreement with the experimental Fermi surface in Fig. 3 (a) of the
main text (The E¢ panel can be used for the comparison).
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