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Single-crystalline epitaxial TiO film: A metal
and superconductor, similar to Ti metal
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Titanium monoxide (TiO), an important member of the rock salt 3d transition-metal monoxides, has not been
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studied in the stoichiometric single-crystal form. It has been challenging to prepare stoichiometric TiO due to the
highly reactive Ti**. We adapt a closely lattice-matched MgO(001) substrate and report the successful growth of
single-crystalline TiO(001) film using molecular beam epitaxy. This enables a first-time study of stoichiometric TiO
thin films, showing that TiO is metal but in proximity to Mott insulating state. We observe a transition to the
superconducting phase below 0.5K close to that of Ti metal. Density functional theory (DFT) and a DFT-based
tight-binding model demonstrate the extreme importance of direct Ti-Ti bonding in TiO, suggesting that similar
superconductivity exists in TiO and Ti metal. Our work introduces the new concept that TiO behaves more similar
to its metal counterpart, distinguishing it from other 3d transition-metal monoxides.

INTRODUCTION

The 3d transition-metal oxides host a large variety of intriguing
properties, such as the high-temperature (T.) superconductivity in
copper oxides (1), metal-insulator transition in the series of RNiO;
(R, rare earth elements) accompanied by magnetic ordering (2),
and the colossal magnetoresistance in Mn oxides (3). The excep-
tionally rich physics is mostly derived from the interplay between
the charge, lattice, spin, and orbital degrees of freedom (4, 5). Espe-
cially important is the strong on-site Coulomb repulsion among 3d
electrons of transition-metal cations, bringing about the so-called
strongly correlated electron system in which the single-particle
physics fails.

The 3d transition-metal monoxides, including TiO, VO, (CrO),
MnO, FeO, CoO, NiO, and (CuO), have the simple rock salt struc-
ture (inset of Fig. 1), with the well-known exceptions of CrO and
CuO and similar lattice constant. The rest of the series have played
an important role in the development of the physics of strongly cor-
related systems, serving as a platform to systematically investigate
the correlation between their physical properties and the on-site
d-d electron Coulomb repulsion energy Ugqg, which increases mono-
tonically from Ti to Cu due to the contraction of the 3d orbital. The
commonly used form of this parameter, effective Coulomb repul-
sion Uk, is defined as the lowest ionization potential minus the
highest electron affinity of a state with # d electrons, where # is the
number of 3d electrons in transition-metal cation. The influence of
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the spin and the orbital occupation determined by the crystal and
ligand fields results in a rather nonmonotonic variation of U as
shown in Fig. 1. This includes the Hund’s rule exchange interaction
J (0.5 to 0.7 eV) and equals to Ugq + 4/ for a half-filled shell-like
Mn** in MnO but is reduced to Uaq — J for all other fillings (6, 7).
The competition between the effective Coulomb repulsion Ueg and
the kinetic energy of the d electrons characterized by the one-electron
band width Wy determines whether the material with integer number
of partially occupied d states is an insulator (Ueg > W) or a metal
(Uegr < Wy). All of the 3d transition-metal oxides in the rock salt
structure (or with small distortions) are insulators at low tempera-
tures with one possible exception and that is TiO as demonstrated
by studies of powder samples (8-10).

According to the Zaanen-Sawatzky-Allen scheme (11), the con-
ductivity bandgap can be either of the Mott-Hubbard type (e.g., VO)
with valence and conduction bands of 3d character or of the
charge-transfer type (e.g., NiO) with valence band of O 2p and con-
duction bands of 3d character. The relative size of Uy and the
charge-transfer energy Acr (defined as the energy cost of exciting
an oxygen 2p electron to the cation 3d state) determines the nature
of the insulating gap. U < Acr indicates a d-d gap and a Mott
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Fig. 1. The series of 3d transition-metal monoxides. The characteristic value of
the effective d electron Coulomb repulsion Uess and the charge-transfer energy Act
in 3d transition-metal monoxides [adapted from (7)]. Inset shows the rock salt struc-
ture of 3d transition metal monoxides. TM, 3d transition metal.

10f7



SCIENCE ADVANCES | RESEARCH ARTICLE

insulator, while Ueg > Acr gives the p-d-type gap of a charge-transfer
insulator (11). The increasing positive nuclear charge Z from Ti
to Cu lowers the d state level, and one would expect the monotonic
decrease in Act. However, the orbital occupation of the d states and
the net spin has also to be considered, causing a nonmonotonic be-
havior of Act as shown in Fig. 1 (7). Upon this consideration, TiO
would be a Mott insulator, while NiO would be classified to be a
charge-transfer insulator.

The prediction of TiO properties has been difficult. It is well
known that the 3d orbitals split into #,; and e; bands in an octahe-
dral coordination of O as in the rock salt structure. The e orbitals
with lobes pointing toward the oxygen hybridize strongly with the
O 2p orbitals, while the t,4 orbitals with orbital lobes pointing be-
tween the oxygen have a much weaker hybridization with oxygen.
Therefore, the bandwidth resulted from the indirect hopping via
oxygen would be rather broad for e; band and narrow for £,; band.
Realizing that the d states closest to the chemical potential are of e,
character in the insulating NiO while they are of t;4 character in
TiO, we may have expected TiO to be an insulator as well. This
would be the case in a perovskite structure, for example, the
Mott-insulator LaTiO3, where the nearest-neighbor Ti-Ti distance
is very large and the t,; bandwidth is narrow ~2.0 eV (12, 13) and
mainly determined by the indirect hoping via oxygen (Ti-O-Ti)
rather than the direct Ti-Ti d-d hoping. However, the direct d-d
hoping in the rock salt structure is strongly enhanced because of the
short distance of nearest-neighbor Ti atoms and results in a larger
t2g bandwidth and the almost equal U, and Wy, making it hard to
decide whether TiO would be a Mott insulator or metal.

We need experimental information about the properties and
electronic structure of single-crystalline stoichiometric TiO. How-
ever, inconsistent results have been reported on the nature of TiO,
showing different temperature-dependent resistivities (8-10, 14-16)
and superconductivities with a wide-range of transition temperature
T. from below 0.5 K up to ~7 K (14, 15, 17-22). The main problem
in experiment is the strong tendency of Ti** to form Ti** or Ti*',
and so achieving high-quality single-crystal TiO is difficult. The re-
cently reported TiO(111) films with superconducting T, ~ 7 K and
their 0-Al,05(0001) substrates (19-22) have the well-known “polar
catastrophe” problem (23) resulting in the formation of domain
structures (22) and probable change of stoichiometry from TiO,
which leaves the origin of observed superconductivity an open
question. The nature of the TiO ground state and whether the re-
ported superconductivity is intrinsic remains a long standing but
rather important question in condensed matter physics. In this
work, benefited from the well-controlled oxygen pressure and the
epitaxy stabilization provided by the lattice-matched nonpolar sub-
strate surface and the epitaxial growth along a nonpolar direction,
we have prepared stoichiometric and highly crystalline TiO(001)
thin films using oxide molecular beam epitaxy (MBE) on MgO(001)
substrates. Unlike the previous bulk powder samples (8-10, 14-18)
and thin films grown along a polar direction (19-22), our epitaxial
thin films are single phase and single domain, allowing transport
measurements to reveal the intrinsic properties of TiO.

RESULTS

Thin film growth, structure, and stoichiometry

High-quality TiO(001) films have been prepared using MBE on
MgO(001) substrates, which have less than 1% lattice mismatch and
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provide the lattice-matching template to stabilize the stoichiometric
TiO (see Materials and Methods for the growth details). Owing
to the strong tendency of forming Ti** and Ti** instead of Ti**,
the oxygen pressure in the growth chamber is maintained at
~5.0 x 10~ torr during film growth and is precisely controlled within
a small pressure window of +1.0 x 107" torr, to enable the per-
sistent observation of a single rock salt phase and intensity oscilla-
tion in reflection high-energy electron diffraction (RHEED) spots,
indicating layer-by-layer growth of atomically smooth, single-
domain films. The precise control of oxygen pressure, the extremely
low chamber base pressure (less than 1.0 x 107! torr, much lower
than any other growth method used for TiO), and the epitaxial sta-
bilization provided by the nonpolar MgO substrate surface and the
epitaxial growth along the nonpolar <001> direction are the main
advantages of the MBE growth method, compared to the bulk sam-
ples (8-10, 14-18) and the films grown by pulsed laser deposition
(PLD) (19-22). As shown in Fig. 2A, RHEED intensity exhibits os-
cillations at the beginning of growth, which persists during the entire
TiO film growth process (fig. S1). The sharp specular and diffracted
spots seen on the RHEED patterns of 30-nm sample surface in
Fig. 2 (B and C) demonstrate the high crystallinity of the film.

The crystal structures of the TiO films are further characterized
by in situ x-ray diffraction (XRD) and ex situ scanning transmission
electron microscope (STEM) (see Materials and Methods). The in
situ synchrotron surface XRD (SXRD) in Fig. 2D shows a strong
Ti0(002) diffraction peak on the right side of MgO(002) diffraction
with clear finite-thickness fringes, which suggests a sharp interface
between MgO and TiO and an atomically smooth TiO surface. Fit-
ting the SXRD data gives the out-of-plane lattice constant of ~4.10 A,
slightly (~2%) smaller than the bulk one (4.18 A) due to the in-
plane tensile strain subjected by the MgO substrate. The coherent
growth of TiO on MgO is confirmed by the reciprocal space map-
ping around the (113) diffraction (fig. S2). The uniformity in TiO
film without domains or different phases is manifested by the
homogenous contrast seen in the high-angle annular dark-field
(HAADF) image in Fig. 2E. The Ti and Mg atom columns in the
rock salt lattice are clearly resolved in STEM image (Fig. 2F). In ad-
dition, the Ti 2p x-ray photoemission spectroscopy (XPS; fig. S3),
TiL, 3 x-ray absorption spectroscopy (XAS; fig. S4), and electron energy
loss spectroscopy (EELS; fig. S5) of Ti L, 3 show the Ti 2+ valence,
which is markedly different from the 3+ and 4+ Ti core level spectra
but resembles that of Ti in Ti metal, which also has about two 3d
electrons per Ti atom. The pure Ti 2+ valence from the surface-sensitive
XPS and bulk-sensitive XAS in total fluorescence mode, together
with the persistent RHEED intensity oscillations and the STEM and
XRD results, demonstrate the high quality of the film, and the Ti
and O ratio in the film is close to 1. In contrast to the case of powder
sample (14), TiO(001) film epitaxial growth starts with a vacancy-free
MgO surface so that the well-defined registry of the substrate and
epitaxial thin film, i.e., deposited cation (anion) always sitting on
anion (cation) of the substrate, could effectively minimize the defect
formation.

Transport properties and superconductivity of TiO

Figure 3A shows the TiO films’ resistivity as a function of tempera-
ture. The resistivity is ~300 microhm-cm at room temperature, two
orders of magnitude higher than Ti metal, and has a weak tempera-
ture dependence with a negative derivative on cooling down to
2 K. In principle, TiO can be viewed as a semiconductor with a very
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Fig. 2. TiO film growth and its structure and stoichiometry. (A) RHEED intensity oscillations of the diffraction spot as marked by rectangle in (C) at the beginning of
growth. The intensity oscillation persists during the entire film growth process (fig. S1). (B and €) RHEED patterns of 30-nm film surface with the incident beam along [100]
and [110] direction of MgO substrate, respectively. (D) In situ surface x-ray diffraction (SXRD) result of films with a thickness of 10 unit cells and the theoretical fitting. The
arrow points to the (002) diffraction peak of TiO film. The large-range (E) and small-range (F) of the high-angle annular dark-field (HAADF) images of STEM collected on
TiO/MgO sample. The white dotted line marks the interface of TiO film and MgO substrate or MgO capping layer. (F) The Mg and Ti columns in MgO substrate and TiO film
are clearly resolved. a.u., arbitrary units.
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Fig. 3. Transport properties and superconductivity of TiO. (A) Resistivity as a function of temperature T from 300 to 2 Kin a 50-unit cell-thick TiO film. (B) Longitudinal
resistance Ry(T) as a function of magnetic field perpendicular to film surface with T< 0.6 K. Similar results have been extracted from multiple samples. (C) The upper critical
field Hc, (in tesla) is obtained using 50% criterion of the normal-state resistance value in (B). H.(0) is extracted from the fitting of Hc, (in tesla) with the Werthamer-Helfand-

Hohenberg (WHH) model (25).

small bandgap due to the negative derivative. Nevertheless, the value
of resistivity is much lower than that of most archetypal semicon-
ductors but closer to the metal one, and we do not see the characteristic
of bad metal, the resistivity unsaturation (24). So, we will describe
TiO as a metal. We note that Ti metal has contributions to the con-
ductivity from a broad 4s band crossing the Fermi level strongly
hybridized with the Ti 3d bands probably resulting in the much
lower resistivity. Unlike the other 3d transition-metal monoxides,
TiO does not have any metal-semiconductor transition at a tem-
perature between 2 and 300 K. The higher resistivity than that of
most good metals and the slight resistivity increase at low tempera-
ture could be indications of being close to a Mott transition with
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strong fluctuations in local magnetic moments, which will be dis-
cussed later in theory part. TiO is not a Mott insulator as suggested
by the large Acr, an exception in the series of 3d transition-metal
monoxides since all the other monoxides show the metal-semiconductor
transition or remain insulating to high temperatures.

In the measurements carried out at dilution fridge temperatures,
a superconducting transition emerges at T, ~ 0.45 K. Multiple samples
show similar superconducting properties. We want to emphasize
that TiO is the only superconductor in the series of 3d transition-
metal monoxides. As shown in Fig. 3B, the superconducting T,
decreases with increasing applied magnetic field due to the increase
in magnetic vortices. The upper critical field He, (in tesla) in Fig. 3C
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is obtained using 50% criterion of the normal-state resistance value.
The data fit the Werthamer-Helfand-Hohenberg (WHH) model
(25) well, yielding H,(0) ~ 0.74 T. We calculate the supercon-
ducting Landau-Ginzburg superconducting coherence lengths, § =
[(h/2e)/(2nH)]Y? ~ 22 nm at 0 K. The short electron mean free
path suggests TiO is a type II superconductor. We did not observe
the higher T ~ 7 K reported previously in TiO(111) film grown on
a sapphire substrate, opening the question as to why the T, in PLD-
grown polar TiO(111) film could be strongly enhanced. The higher
T, is an interesting result and possibly originates from some changes
at the observed domains and their boundaries (22), e.g., stoichi-
ometry [one example, the y-Ti305 phase with T. ~ 7 K (26)] or car-
rier density related to the polar nature of TiO(111) film and the
0-Al,05(0001) substrate (23). We suggest doing more studies on
the TiO(111)/a-Al,03(0001) system, which might lead to some
findings unveiling the mystery of the enhanced superconductivity
and suggesting a controllable method to increase the T of titanium
oxide compound.

The T. of MBE-grown TiO films is close to that of Ti metal
T. ~ 0.49 K, although Ti metal is a type I superconductor with a
small critical field of 0.01 T. Note that the Ti sublattice in TiO is
face-centered cubic (fcc) structure where Ti has 12 Ti nearest neighbors
with an interatomic distance very close to that of Ti metal with a
hexagonal closed-packed (hcp) structure. We show this comparison
in fig. S6 by removing the oxygen atoms from TiO lattice and creat-
ing an fec Ti structure. The similar superconducting T, and atomic
structure between Ti metal and TiO motivated us to investigate
their low-energy electronic structure close to the Fermi level and
the role of oxygen in TiO theoretically.

Band structure of TiO by density functional theory and tight
binding model

The nonspin-polarized density functional theory (DFT) (27, 28)
calculations using the generalized gradient approximation (GGA)
(29) on the rock salt TiO and fcc Ti were performed using the
Wien2k code (30), and the results are shown in Fig. 4 (A and B). In
TiO, the bands crossing the Fermi level have mainly Ti 3d t,4 char-
acter, while the 3d e, bands reside at ~2 eV above the Fermi level
and the O 2p states lie at ~8 eV below the Fermi level that compares
well with Acr in Fig. 1. The t54 band has a large maximum band-
width of ~5 eV. To compare with U, one could better use the sec-
ond moment as a measure of the effective band width due to the
large variations in the density of the states (DOS) as seen in Fig. 4A.
The calculated effective t,; band width Wy is 2.5 eV, only ~0.5 eV
smaller than U~ 3.0 eV in Fig. 1. This close proximity to the Mott
insulating state explains the slight resistivity increase in TiO at low
temperature.

As shown in Fig. 4B, the removal of oxygen in TiO (i.e., fcc Ti
metal) lowers the 4s band, which now crosses the Fermi level and
decreases the separation of the t,; and e, bands, i.e., the ligand and
crystal field splitting. The hybridization of Ti 3d and 4s bands dis-
tort the band structure in the regions where the 4s band is close to
the d bands and leads to a broad Ti 3d t,4 and e; bandwidth of
~4.0 eV. In contrast to the case of Cu metal, Ti 4s band above Eg +
4 eV still has 3d 4 orbital character, showing the stronger 4s-3d
hybridization in Ti metal. Calculations in fig. S7 show the similar
broad Ti 3d bandwidth in fcc Ti and the actual Ti metal with hcp
structure, suggesting that electrons in Ti metal are less correlated
than in TiO. However, a large resemblance of band dispersion close
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Fig. 4. The low-energy electronic structure of TiO and Ti metal. (A) TiO and
(B) fcc Ti metal band structure and DOS (unit: state per electron volt per TiO) calculated
by DFT. The Ti 3d bands with t,4 symmetry and Ti 4s band are highlighted by the
blue and orange circles, respectively. The orange parabola-like band in (B) rep-
resents an artist conception showing the free electron-like dispersion of Ti 4s
electron. (C and D) Tight-binding calculations of TiO include the direct Ti 3d t;4
hopping to the nearest-neighbor Ti with (C; blue crosses) and without (D; green
crosses) the indirect hopping via oxygen to the nearest-neighbor and next nearest-
neighbor Ti, respectively. The red dots represent the DFT-calculated t,4 band
dispersion. Note that the three O 2p band dispersions are not shown. (E) Sketch of the
major interactions in TiO. Path #1, Ti 3d,, electron directly hopping to the nearest-
neighbor Ti 3d,y; path #2, the 180° bond angle indirect hopping—Ti 3d,, via O 2p,
orbital to the next nearest-neighbor Ti 3d,y; path #3, the 90° bond angle indirect
hopping—Ti 3d,; via O 2p; orbital to the next nearest-neighbor Ti 3dy,.

to the Fermi level between TiO and Ti, especially from X to W points,
is clear.

To elucidate the major interactions determining the TiO elec-
tronic structure at the Fermi level, we have adopted the tight-binding
model in which the hopping parameters are derived from the
Wannier function fitting of the DFT-calculated band structure
(31-33). We obtain excellent agreement (fig. S8) between the DFT
band structure and the band structure from Wannier function
fitting using five Ti 3d orbitals and three O 2p orbitals as basis (i.e.,
including d-d and d-p hopping), in which the direct t,; hopping of
nearest-neighbor Ti, e.g., dyy-dyy, is —0.61 eV with x, y, and z unit
vector along the cube Ti-O bond directions. In Fig. 4C, the TiO
tight-binding calculation reproduces the DFT 3d t,, band dispersion
quite accurately, using only the Slater-Koster hopping parameters
(33) of nearest-neighbor atoms t44 = — 0.81 eV, t4dr = 0.36 €V, t4q5 =
0 eV, tpar = 0.98 eV derived from Wannier function fittings, where
the t44¢ is defined as the integral of d}? hopping to d,? atom orbitals
and the definition of other matrix elements between atomic orbitals
can be found in (34). The tight-binding calculation in Fig. 4D only
includes the direct hopping of the nearest-neighbor Ti t,, electron
and reproduces most of the band dispersion in DFT except one of
the three #,; bands at the L point. The common edge-shared rock
salt structure and the short Ti-Ti distance along the diagonal direction
(ie., the nearest-neighbor Ti), as the “direct” hopping schematically
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shown by path #1 of Fig. 4E, make the direct Ti 3d t,4 electron
hopping the dominant mechanism for TiO’s low-energy electronic
structure, leading to the large resemblance of 5, band dispersions in
TiO and Ti metal.

Besides the above Ti 3d direct hopping, Ti 3d electrons could hop
to 3d orbitals of another neighboring Ti via the common-shared O
2p orbital, i.e., so-called indirect hopping. The indirect hopping via
oxygen Ti-O-Ti to the nearest-neighbor Ti and to the next nearest-
neighbor Ti in this common edge-shared structure (i.e., the effective
d-d hopping) follows bond angles of 180° (the next nearest-neighbor
Ti, e.g., path #2 of Fig. 4E) and 90° (the nearest-neighbor Ti, e.g.,
path #3 of Fig. 4E), respectively. The effective d-d hopping is given

Todn
Acr

the tight-binding calculation with/without d-p hopping (Fig. 4, C and D)
shows that the indirect hopping of t,, electron decreases the eigen-
value of one of the three t,; bands at L point by ~1 eV lowering this
band at L point from above to below the Fermi level but has small
effect in other regions of reciprocal space and other two t,; bands.
The magnetic ground state in this system is determined by the
competition of the direct exchange interaction of Ti d-d direct hopping
and the superexchange interactions via oxygen. The calculated super-

by tzfg = — = = —0.11 eV in perturbation theory. The comparison of

eff) 2 4
exchange interaction in TiO from equation Jgq = Z(L;j?f) = Affpz;c N i
CT el
~9 meV (35) for both 90° and 180° bond angle ones, more than one
order of magnitude smaller than in cuprates. The indirect Ti t,,
hopping via oxygen depends on the planes of orbitals involved as
schematically shown in Fig. 4E. If both Ti’s 3d ;4 orbitals and the
common O 2p orbital are in the same plane, then the superexchange
interaction with 180° bond angle is effective (e.g., Ti dx,~Ti dx, hop-
ping via the common O 2p,, path #2 of Fig. 4E), while the 90° one is
zero. If the two Ti’s 4 orbitals reside at a different plane, taking the
dy. orbital in one Ti and d,, orbital in another Ti as an example,
then the 90° superexchange interaction occurs via the common O
2p, orbital (path #3 of Fig. 4E), but the 180° one is forbidden. In
addition, the actual superexchange interaction is only operative if
the two t,, orbitals involved on the different Ti atoms are singly
occupied. This would result in a potentially complicated orbital
ordering pattern in the magnetically ordered phase or complicated
short-range spin fluctuation patterns, which could explain the TiO’s
higher resistivity than that of most good metals. Furthermore, the
direct exchange between the nearest-neighbor Ti could be substan-
tial because it involves the large direct d-d hoping integral, which, as
demonstrated above, dominates the band structure. However, a
perturbative treatment may not work to obtain the superexchange
interaction leaving its influence an open question in TiO.

DISCUSSION

Comparing the low-energy electronic structure and superconductivity
in TiO and its metal counterpart provides us with a new perspective
to study the superconducting mechanisms in transition-metal oxides.
Magnon-mediated superconductivity of TiO is unlikely due to the
absence of long-range magnetic order in this system, although mag-
netic susceptibility measurements are still absent and difficult to
perform on these thin-film samples. Electron-phonon coupling
would play a nontrivial role in the formation of Cooper pairs, which
denotes TiO as a conventional superconductor. However, t elec-
trons in TiO would interact weakly with O vibration due to the
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rather weak © bonding relative to, for example, a o-type bonding in
the cuprates, while the Ti atoms’ own vibration could be important
in the formation of Cooper pairs. TiO and Ti host similar low-
energy electronic structures, and both systems have weak t,, elec-
tron coupling with oxygen vibrational mode, suggesting a similar
pairing mechanism in TiO and Ti metal. However, the Ti 3d-
projected partial DOS in fig. S7 shows some difference at the
chemical potential in Ti metal and TiO, indicating that the effect of
oxygen on the TiO superconductivity is not negligible and needs
further investigation.

One interesting question is how the superconductivity in TiO
evolves with the free carrier density. The answer to this question
will facilitate the understanding of TiO superconductivity and will
possibly lead to higher T, because of the strong variation of the
DOS close to Ep. We suggest two feasible experimental methods,
electrical gating and chemical substitution, to explore the super-
conductivity behavior upon the variation of carrier density. (i) One
could fabricate high-quality MgO/TiO/MgO sandwich structures,
and the top or backside gating on it would make it possible to
change the carrier level. (ii) Rock salt TiN also has a very similar t,,
band dispersion with TiO (36) but a lower Fermi level position due
to N preferring to be 3— valence, which is compensated by remov-
ing electrons from the Ti 3d band. So, the N substitution of O in
TiO will rigidly shift the Fermi level to lower energy and introduce
hole carriers.

In conclusion, our work has resolved the long-existing question
on the ground state of crystalline stoichiometric TiO, which is a
metal but close to the insulating state due to the almost equal U
and Wy and the expected strong local magnetic momentum fluctu-
ations, and also a superconductor. The successful preparation of
high-quality TiO films using MBE enables us to convincingly show
these properties. TiO is the only superconductor in this series of 3d
transition-metal monoxides oxides with a T, of ~0.5 K, similar to Ti
metal, making it unique. The DFT and tight-binding calculations
demonstrate that its uniqueness mainly originates from the impor-
tance of Ti-Ti metal bonding that can also explain the large resem-
blance of core-level spectroscopies such as XPS, XAS, and EELS in
TiO and Ti metal, making TiO quite similar to Ti metal in many
aspects. These large similarities lead to the similar superconducting
T.. TiO as an epitaxial thin film, a new superconductor, resembles
Ti metal but distinguishes itself in various aspects, with many open
questions such as: Why is the critical magnetic field difference so
large? What is the temperature dependence of the magnetic suscep-
tibility of TiO? Does TiO exhibit strong local magnetic correlations?
Is there evidence of local orbital ordering due to nature of the super-
exchange interactions? Can T, be increased by electrical gating
or anion substitution? And does such doping strongly shift the
chemical potential?

MATERIALS AND METHODS

MBE film growth

MgO(001) substrates were annealed at 600°C in ultrahigh vacuum
in the MBE chamber before film growth to remove the hydrocarbon
contamination. Ti was evaporated by a high-temperature effusion cell
with the flux of ~7 x 10'* atoms cm™ 5" calibrated by the quartz
crystal microbalance at the growth position. The film was grown
with the substrate temperature at 450°C in an O, environment with
~5.0 x 10~ torr pressure from a “three-step procedure” (see the
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Supplementary Materials). The O; leak valve was adjusted during
film growth to maintain constant oxygen partial pressure moni-
tored using a mass spectrometer (Residual Gas Analyzer, SRS-100).

In situ XPS and XAS

The in situ XPS was performed at room temperature in the analysis
chamber connected to the MBE growth chamber at the Surface Sci-
ence Facility of Resonant Elastic and Inelastic X-Ray Scattering
(REIXS) beamline of Canadian Light Source. The x-ray source was
monochromatized Al Ko radiation (hv = 1486.6 eV) with the energy
resolution of ~0.4 eV. Because TiO film is insulated from ground by
MgO substrate, the electron flood gun needs to be used to compen-
sate charging of the sample resulted from the electron loss during
photoemission experiment, and the binding energy was corrected
by referencing to the TiO Fermi level. TiO films prepared in the
MBE chamber were transferred to the x-ray scattering chamber at
the beamline using a vacuum suitcase with vacuum less than
1.0 x 107 torr. The REIXS beamline has a flux of 5 x 10" photons s
and a photon energy resolution of 10™* eV. The pressure of the cham-
ber during XAS measurement was kept lower than 1.0 x 107 torr,
The XAS spectra were collected using total fluorescence yield method
at room temperature, and the incident angle of the x-ray photon
was set to 30° from the sample surface.

Scanning transmission electron microscope

For STEM, the 8 nm MgO-capped 20 nm TiO films on MgO(001)
substrate were cross-sectioned by focused ion beam technique using
5 keV Ga" ions to minimize ion beam-induced damages. A JEOL
ARM 200CF equipped with a cold field emission gun and double
spherical aberration correction at Brookhaven National Laboratory
operated at 200 kV was used for HAADF imaging with detection
angles ranging from 68 to 280 mrad. For EELS, a Gatan Quantum ER
spectrometer was used with dispersion (0.1 eV/channel) and ~0.8 eV
energy resolution. The convergent and collection semiangles were,
respectively, ~10 and ~5 mrad.

In situ SXRD

In situ SXRD measurements of different thicknesses of TiO on
MgO substrate were conducted at beam line 33IDE of the Advanced
Photon Source, Argonne National Lab using 15-keV photon energy.
GenX software (37) was used to fit the experimental SXRD curves.

Cryogenic and dilution fridge

Resistivity measurements with temperature from 300 to 2 K were
performed in the van der Pauw geometry using a Quantum Design
physical property measurement system (PPMS). Indium metal was
used as the contact electrode. The film thickness used to obtain the
resistivity is from x-ray reflectivity measurement. The superconduct-
ing transition was measured by the transport measurements using
the Oxford dilution fridge and magnetic fields perpendicular to the
sample surface were used. The samples with and without MgO thin-
film protection layer show similar resistivity versus temperature and
superconducting T.

DFT and tight-binding calculations

The Ti metal and TiO electronic structure calculations were per-
formed within DFT using the full-potential linearized-augmented
plane-wave code WIEN2k (30). The experimental lattice constant
of TiO (4.18 A) was used. We used the GGA method (29) to treat
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exchange and correlation effects. A 20 x 20 x 20 grid of k-points was
used for integrating over the Brillouin zone of the 1 x 1 x 1 primi-
tive cell. Projections are made within muffin-tin spheres. The tight-
binding calculation was conducted using the Chinook software (38),
and the Slater-Koster hopping parameters (33, 34) were derived
from Wannier function fittings.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eabd4248/DC1
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