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In Situ Scattering Studies of Superconducting
Vacancy-Ordered Monoclinic TiO Thin Films

Merve Baksi, Hawoong Hong, and Divine P. Kumah*

The structural and transport properties of vacancy-ordered monoclinic
superconducting titanium oxide (TiO) thin films grown by molecular beam
epitaxy are investigated. The evolution of the crystal structure during growth
is monitored by in situ synchrotron X-ray diffraction. Long-range ordering of Ti
and O vacancies in the disordered cubic phase stabilizes the vacancy-ordered
monoclinic TiO phase. The reduced structural disorder arising from
vacancy-ordering is correlated with a superconductor-metal transition (SMT)
in contrast to the superconductor-insulator transition (SIT) observed in cubic
TiO, orthorhombic Ti,O;, and the Magneli y — Ti;O; and y — Ti, O, phase.
Magnetoresistance measurements for the SIT phases indicate
superconducting fluctuations persisting in the normal phase. These results
confirm the role of disorder related to Ti and O vacancies and structural
inhomogeneity in determining the electronic properties of the normal state of

titanium oxide-based superconductors.

1. Introduction

Understanding the role disorder plays in modulating electronic
phase transitions in quantum materials remains an active area
of scientific and technological importance.['?] Manifestations of
disorder in the transport properties of materials include magne-
toresistive effects arising from weak and strong localization, sup-
pressed superconductivity, thickness-dependent superconductiv-
ity, and superconductor-insulator transitions (SIT).>*! The dis-
order can arise due to electronic phase separation, chemical
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inhomogeneity, strain, and structural
phase separation driven by thermody-
namic and kinetic factors. Ordered and
disordered chemical and structural phase
separation at multiple length scales in
oxide systems have important implica-
tions on their electronic and magnetic
ground states. In the high supercon-
ducting transition temperature (T) su-
perconductor YBaCuO;, electronic phase
separation, and inhomogeneities in the
distribution of oxygen vacancies lead to
partially screened long-ranged interac-
tions with the size of the domains con-
trolling electron—phonon interactions re-
sulting in a phonon renormalization.!”!

A model system for investigating
disorder-induced  phase transitions
is the binary titanium oxide (Ti,O,)
system.”"?l Ti, O, can crystallize in a
wide range of crystal structures that depend on the Ti/O ratio and
growth conditions.[">'* Ti, O, bulk and thin films exhibit a wide
range of electronic properties ranging from metallic and insulat-
ing phases to superconductivity.*1>1¢] The electronic properties
are directly linked to the crystal phase and stoichiometry. Recent
reports of superconductivity in thin Ti, O, films have shown the
occurrence of superconducting-insulator transitions (SIT) with
the onset of superconductivity increasing up to 8 K with increas-
ing film thickness.31116-21 The SIT and the thickness-dependent
superconducting transition are indicative of disorder in modulat-
ing the electronic properties of the system.[*2122] [n s-wave super-
conducting systems, as is the case for NbN thin films, an increase
in disorder from the weak regime to the strong limit with decreas-
ing film thickness, is accompanied by both a suppression in T
and the emergence of an SIT.[*} A similar phenomenon has been
reported in Ti, O, films, where disorder may arise from the coex-
istence of polymorphs and the inhomogeneous distribution of Ti
and/or O vacancies.[316:18.24-26]

Identifying and suppressing the sources of disorder is crit-
ical for understanding and enhancing the superconducting
properties of Ti, O, thin films. The atomic-scale compositional
control afforded by the molecular beam epitaxy (MBE) technique
allows for controlling disorder in thin films. For MBE-grown
Ti, O, films, the growth temperature and the ratio between the
Ti flux and the oxygen partial pressure determine the com-
position, structural phase, and transport properties of Ti,O,
films grown on (001)-oriented Al,O,.[111627.28] [n the cubic TiO
phase, the oxygen stoichiometry can vary from 0.85 to 1.25 with
a disordered distribution of oxygen vacancies.['”) When both

oxygen vacancies (O,,.) and Ti vacancies (Ti,, ) are present in the
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Figure 1. a) Unit cell of bulk monoclinic m-TiO. b) Atomic structure of monoclinic m-TiO along projections in the (left) [1070] and (right) [0001] & —
Al, O3 directions. c) Ordered Ti and O vacancies are present in alternating Ti and O layers along the [0001] & — Al,O5.

disordered cubic phase at high temperatures, a transition to the
vacancy-ordered monoclinic phase at the ordering temperature
of 1026 °C for Ti,,./O,,. = 1 is observed. The monoclinic (B2/m)
structure is characterized by periodic Ti and O vacancies in every
third plane (100),, plane in the [010],, direction!®*?*-1] (The m
subscript denotes the monoclinic lattice). In the monoclinic
phase, there are three in-equivalent Ti?* and O?~ sites. Two of
the Ti?* form TiO, edge and corner-sharing octahedra. The third
Ti?+ is bonded to four O’ in a square co-planar geometry. A
schematic of the monoclinic TiO unit cell is shown in Figure 1.
When grown on (0001)-oriented Al,O;, the (310),, planes are
perpendicular to the film-substrate interface.

In this work, we wutilize in situ X-ray diffraction
measurements®’] and ex situ transport measurements to
investigate the impact of vacancy ordering in monoclinic TiO
(m-TiO) on the carrier localization and superconductivity in
thin Ti,O, films grown by MBE. In situ synthesis and syn-
chrotron diffraction measurements are employed to examine
the atomic-scale structural changes of the film while synthe-
sizing the vacancy-ordered m-TiO phase. The m-TiO films
display a superconducting-metal transition (SMT), which sug-
gests the critical role of vacancy ordering in the modulating
superconductivity in Ti-based superconductors.

2. Results and Discussion

2.1. Film Growth

Ti, O, thin films were synthesized under conditions optimized
for m-TiO formation in the in situ MBE system at the 33ID-E
beamline at the Advanced Photon Source.[3233] The Ti flux was
measured by a quartz crystal monitor and the oxygen partial pres-
sure was determined by an ion gauge in the growth chamber. The
substrate temperature, measured with an optical pyrometer, was
fixed at 700 °C during the film growth with an O, partial pres-
sure of 1.2x 10~ Torr. Higher oxygen pressures led to the for-
mation of trigonal Ti,0,.[*l The Ti O, films were grown on 10
mm X 10 mm (0001)-oriented single crystal Al,O, substrates ata
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growth rate of one TiO monolayer (ML) (2.4 A.min™). The surface
crystallinity was monitored during the growth by in situ reflec-
tion high energy electron diffraction (RHEED). The in situ grown
films were capped after growth with a protective amorphous
Al, O, layer. Representative RHEED images before and after the
capping layer are shown in Figure S1 (Supporting Information).
During the growth, crystal truncation rods (CTRs)**] were mea-
sured around the (0006) Al,O,-substrate Bragg peak to determine
the evolution of the film’s out-of-plane lattice spacing with film
thickness. Off-specular reciprocal space maps were measured af-
ter growth to confirm the m-TiO structure. The diffraction inten-
sities were measured with a 2D Pilatus 100 K detector at a fixed
incidence X-ray energy of 15.5 keV.

2.2. Nucleation and Relaxation

The evolution of the specular 00L CTR during the growth of the
first 14 nm of the m-TiO film is shown in Figure 2a. The film
Bragg peak intensity increases and finite thickness oscillations
develop as the film thickness increases. The period of the finite
thickness oscillations is consistent with the film growth rate of 1
TiO ML/min. The film Bragg peak is related to the Ti, O, plane
spacing, d,;, along the growth direction, where d\; = ¢4, 0, /L.
Cas,0, is the lattice constant of the substrate at the growth tem-
perature and L is in reciprocal lattice units (r.l.u.) of the Al,O,
substrate. Figure 2b shows the changes in the monolayer spacing
with film thickness. d,,; evolves from 2.46 A to 2.42 A after 8 nm
and remains constant till the growth is terminated after 44 nm.
The changes in the lattice spacing can arise for multiple rea-
sons. First, coherent strain relaxation can lead to a gradual change
in the lattice parameter. Due to the lattice mismatch between
(310),,-oriented m-TiO (3d;3, =5.08 A at 300 K) and Al,O,
(a=4.78 A), the film will be under 5.3% compressive strain. The
RHEED spacings relax from the substrate spacing to the film
spacing after 2 ML (0.4 nm),[®] thus, the decrease in the out-of-
plane lattice parameter over a length scale of 8 nm may not be
entirely due to strain relaxation. Second, the decrease in the d,;;
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Figure 2. a) Evolution of the (O0L) crystal truncation rod (CTR) during the initial growth stages of 14 nm thick m-TiO by molecular beam epitaxy. b) The
TiO monolayer spacing as a function of film thickness is determined from the diffraction measurements in (a). c) Evolution of the (00L) CTR as the film

is cooled from the growth temperature. The arrow indicates the shift in the

position of the monoclinic (310),,, peak of the film. d) Out-of-plane m-TiO

monolayer spacing as a function of temperature. The solid line represents a linear fit to determine the coefficient of linear expansion.

may be related to the O/Ti ratio in the cubic phasel?*] where the
lattice parameter contracts as the O/Ti ratio increases from 0.7
(4.198 A) to 1.3 (4.168 A). Assuming an initial layer of the c-TiO
phase, and accounting for the thermal expansion at the growth
temperature, the observed lattice constant variation is consistent
with an increase in the oxygen content (decrease in Ti fraction) as
the film thickness increases until an equilibrium 1:1 Ti:O value
is reached after approximately 8 nm of growth.

2.3. Structural Changes During Cooling

As the film is cooled from T, to room temperature in vacuum,
the film and substrate Bragg peaks shift to higher L values as
the lattice contracts as shown in Figure 2c. Figure 2d shows the
changes in d,;; for the 44 nm film as a function of temperature.
The coefficient of thermal expansion, « is determined from the
slope of the plot to be 8.3 + 1 x 107® /K. The measured value is
similar to previous reports for bulk ¢-TiO(a = 6.6 X 107 /K).[*]
To confirm the monoclinic symmetry of the films, reciprocal
space maps are measured around the (040), Bragg peak at room
temperature (The c subscript refers to the cubic ¢-TiO lattice). The
monoclinic distortion will result in a splitting of the cubic (040),
Bragg peak since domains with a rotation of 120° about the sur-
face normal are in-equivalent in the monoclinic phase. The do-
mains are illustrated in Figure 3a. Figure 3b shows a reciprocal
space map around the (040), Bragg peak showing the monoclinic
splitting. The calculated lattice parameters for the film are a,, =
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9.22A, b, =4.14A, c,, = 5.99A and f = 107.57° in good agreement
with bulk m-TiO.l°! Due to the periodicity of the Ti and O vacan-
cies (Figure 1c), additional peaks are measured at (m/3, n/3, 0/3),
where m,n, and o are integers as shown in Figure 3c.

2.4. Transport Properties

The transport properties of the m-TiO film are measured ex situ
between 300 and 2 K in the four-point van der Pauw configuration
with Au contacts sputtered to the corners of the 10 mm x 10 mm
substrate. The resistivity as a function of temperature is shown in
Figure 4a. The film is metallic with dp/dt > 0 between 300 and 18
K. A slight uptick in the resistivity is observed below 18 K indica-
tive of weak disorder.l**] The onset of superconductivity, T2, de-
fined as the temperature at which the resistivity deviates from the
normal-state behavior occurs at ~ 2.8 K. We confirm that the tran-
sition is related to superconductivity by magnetic field-dependent
resistivity measurements for a 5Smm X 5mm sample grown un-
der identical conditions (Figure S2, Supporting Information).
The normal-state resistivity p, between the onset of the weakly
localized regime (18 K) and 140 K, where a change in slope of
the resistivity occurs, is fitted using the Bloch-Griineisen (BG)
function. The BG function takes into account the contribution of
electron scattering from acoustic phonons to the resistivity.l*”!

T " HD/T xn
P=ﬂo+A(g) /0 mdx 1)
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Figure 3. a) m-TiO domains on Al,O5. Projection along the growth direction (top panel) and corresponding Side-view (lower panel) showing the (0 4
0)n, (-804),,, and (4 04),, planes (red outlines). The domains are related by a rotation of 120° about the sample surface normal. b)Reciprocal space
map around (040), Bragg peak for a TiO film on (0007)-oriented Al,O5. The splitting of the peak is due to the monoclinic distortion with g = 107.57°.
c) 3D plot of azimuthal scan around the nominal c-TiO (-1,1,1), Bragg peak.
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Figure 4. a) Resistivity as a function of temperature for a 44 nm m-TiO film. The inset shows the onset of superconductivity at 2.8 K. The solid red
line shows the fit to the resistivity. b) Sheet conductance versus temperature (open symbols) in the region of weak localization. The slope of the linear
fit (solid line) is pe?/(zh) where p=2.3. c¢) Measured magnetoconductance (circles) at 12 K with the magnetic field applied parallel to the film surface
normal. The solid line is the fits using Equation S1 (Supporting Information) with ;,, = 20nm.
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Figure 5. a) Resistivity as a function of temperature for a 40 nm c-TiO film. The inset shows the low-temperature resistivity b) Temperature-dependent
magnetoresistance with the magnetic field applied parallel to the film surface normal.

where 6, is the Debye temperature, p, is the residual resistivity
and A is a temperature independent constant. The exponent n is
related to the scattering mechanism where n = 5 for scattering
due to acoustic phonons and n = 3 for scattering due to optical
phonons related to the s-d bonding of the oxygen ions and the
transition metal. Figure 4a shows a fit using Equation (1). The
fitted values of n, and 6, are 5.08+0.35 and 350+ 5 K, respec-
tively indicating the dominant role of scattering from low-energy
acoustic phonons. The Debye temperature is comparable to the
theoretical prediction of 8, = 335.5 K for m-TiO with a predicted
T of 2.8 K.38)

The sheet conductance, o, in the weakly localized regime (3 K
<T < 18 K) has a In(T) dependence as shown in Figure 4b. For
disordered 2D systems, the conductance is given by

o = pe*/(zh)In(T) + ¢ ()

here, e is the electron charge, and p is a coefficient related to the
inelastic mean free path ,,. The inelastic mean free path scales
as TP/, From the slope of the ¢ versus In(T) in Figure 4b, p is de-
termined to be 2.3+0.1. The fitted value is close to two which is
indicative of weak disorder in a 2D system arising from electron-
electron interactions.[3¢3%4 Weak localization is confirmed by
a negative magnetoresistance (positive magnetoconductance as
shown in Figure 4c). The In(T) dependence of conductivity is also
expected for granular systems, however, the good agreement be-
tween the measured data and the model for 2D localization sug-
gests that the inelastic mean free path may be comparable to the
film thickness. The mean free path, determined by fitting the
magnetoresistance at 12 K (Figure 4c is for a 20 nm film. Thus,
the system is close to a 2D-3D dimensionality crossover.

To confirm that the system is in the weakly disordered regime,
we calculate the Mott-Toffe-Regel parameter, k., from the relation

kel = 372 hRy(300K)3 /(p(300K)e™/) (3)

here, Ry, is the Hall resistivity, and p is the normal state resistivity
at 300 K. The values at 300 K are chosen to minimize the contri-
bution of electron—electron interactions to the mean free path.[?3]
From Hall measurements on the sample (n = 2.4 X 10%m™3, u
= 1.36cm?/(V5)), Ry = 2.57 x 10~*cm?/C and k;1=7.8, indicative
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of low disorder (2 < kgl < 10) in the film. The measured Hall pa-
rameters at 300 and 10 K are summarized in Table S1 (Supporting
Information).

Ahigher T ... would be expected for the vacancy-ordered m-
TiO film compared to other more disordered Ti, O, phases. How-
ever, considering that superconductivity is related to the electron—
phonon coupling and the crystal structure, the T, is determined
by the electron—phonon coupling constant. Theoretical predic-
tions for A5 (Ts) for stoichiometric m-TiO, ¢-TiO, and y — Ti; Os
are 0.57 (2.8 K) 0.78 (7.4 K) and 0.75 (8 K), respectively and are
consistent with the lower T, we observed for the m-TiO phase.*®!
The enhanced of 11 K in ¢-TiO/TiO, , ; core-shell nanoparticles
is attributed to interface effects,*!! thus, strain and doping can
potentially induce enhanced T, Tcs in m-TiO thin films.[*?]

In contrast to the m-TiO films that exhibit a negative MR in
the normal state, the MR for cubic ¢-TiO film with an SIT is pos-
itive. Figure 5a shows the resistivity as a function of temperature
for a 40 nm ¢-TiO film with T ., onset at &7 K. The kink in
the resistivity at 100 K and the higher T Tc are consistent with
previous reports for PLD-grown TiO films.!*! For the ¢-TiO film,
kel =11 (n =9 x 10%m=3, u = 0.38cm?/(Vs)), indicative of in-
creased disorder relative to the m-TiO film. The MR is positive
up to 40 K as shown in Figure 5b for the ¢-TiO film. A positive
MR in the normal state for disordered superconductors has been
attributed to superconducting fluctuations which survive up to
a characteristic temperature T where the superconducting gap
vanishes.?223] Further studies are needed to determine if super-
conducting fluctuations and a superconducting gap persist in the
normal state of TiO-based superconductors up to T".

3. Conclusion

In conclusion, we observe an SMT in vacancy-ordered m-TiO thin
films grown by molecular beam epitaxy. The SMT observed is
in contrast to the SIT observed in ¢-TiO, 0-Ti,0;, and supercon-
ducting Magneli phases, where structural and chemical disorder
dominates the transport properties of the system in the normal
state. The ordering of Ti and O vacancies in the monoclinic phase
leads to an increase in the electronic mean-free path. Based on
the current results, we postulate that approaches to dynamically
modulate disorder, for example, via ionic liquid gating,*3 can po-
tentially drive electronic transitions in the system. Additionally,
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superconducting fluctuations are known to survive in the nor-
mal state close to critical disorder,3223#+46] hence, understand-
ing and controlling disorder in the m-TiO system will lead to the
observation of novel electronic phases with potential applications
in quantum computing and energy-efficient electronic devices.
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