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The titanium oxide superconductors exhibit many intriguing phenomena analogous to cuprates and iron
pnictides/chalcogenides and thus provide an ideal platform for studying the pairing mechanism of high-
temperature superconductors. Here we report the fabrication of superconducting Mg-Ti-O films on MgAl,O,
substrates with three principal orientations by ablating a MgTi,O, target. Strikingly, a single-crystalline film
with an unexpected structure has been found on the (011)-oriented substrate, with a zero resistance transition
temperature (Ty) up to 5.0 K which is the highest among the three principal orientations. Compositional
and structural characterizations confirm that the film has a highly reduced Mg/Ti ratio and an orthorhombic
TigO,-like structure (denoted as Mg: TigOyg). Such a structure is unstable in bulk but is favorable on the
(011)-surface of MgAl,O4 due to the interfacial strain. Similar to other superconducting titanium oxides, the Mg:
TigO, film exhibits a relatively large quasi-isotropic upper critical field (B, ~ 13.7 T). The similarity points
to a common origin for the superconductivity in the family, providing valuable insights for the mechanism of
unconventional superconductivity in transition metal compounds.

DOLI: 10.1103/PhysRevB.105.214511

I. INTRODUCTION

The strong coupling among the charge, spin, orbital, and
lattice of 3d electrons in transition metal compounds always
gives rise to remarkable emergent phenomena [1-5]. One
typical example is the high-temperature superconductivity
discovered in cuprates [6] and iron pnictides/chalcogenides
[7]. For both families, it seems unusual to observe the coex-
istence of superconductivity and antiferromagnetic orderings
in one system [8—10]. However, recent investigations indi-
cate that the antiferromagnetic interaction among 3d electrons
is likely the origin of high-temperature superconductivity
[11-15]. Due to the complexity of these systems, it is
still puzzling why high-temperature superconductivity can be
achieved in the specific families of 34 transition metal com-
pounds. Thus more reliable materials with superconductivity
originated from 3d electrons will provide valuable perspec-
tives on unconventional superconductivity.

The family of titanium oxide superconductors (TOS)
is an ideal candidate for a contrastive study of high-
temperature superconductivity. Many intriguing phenomena
have been revealed in TOS, such as pseudogap [16] and
exotic superconductor-metal [17] or -insulator [18-20] transi-
tion. Although TOS have various structures, e.g., cubic spinel
LiTi,O4 [21], cubic rock-salt TiO [22], triclinic Ti4O7 [23],
and monoclinic y-TizO5 [23], they have a notably common
structural unit, Ti-O bonds. Similar to the CuO, layers in
cuprates or FeAs/Se layers in iron-based superconductors,
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Ti-O bonds are seemingly crucial to the superconductivity of
titanium oxides. For the case of LiTi,Oy4, the superconduc-
tor with the highest superconducting transition temperature
(T, ~ 13 K) among the TOS family, the Ti-O hybridization
[24] contributes substantially to the superconductivity [25].
In contrast, stoichiometric TiO exhibits a much lower T.
(~0.5 K) than oxygen-rich TiO;ys; samples (up to ~7 K)
[17,18,22,26,27] due to the direct Ti-Ti bonding [28]. Besides,
the coexistence of superconductivity with other collective
excitations, e.g., orbital-related state in LiTi;O4 [29] and fer-
romagnetism in Mg-doped TiO [30], also indicates that the
family provides a promising window for studying supercon-
ductivity in the vicinity of a competing order besides cuprates
[8] and iron-based superconductors [31]. Particularly, a su-
perconducting transition up to ~5 K can be achieved by
suppressing the orbital ordering in MgTi,O4 [32], which has
been known as a band insulator with a helical dimerization
pattern of alternating short and long Ti-Ti bonds [33-36].
Therefore further studies on TOS are of great significance to a
thorough understanding of superconductivity originated from
3d electrons.

Nevertheless, an extensive study on TOS is hampered by
the lack of high-quality single-crystal samples owing to the
thermodynamic or chemical instabilities of the crystal lattice
[28,37]. Fortunately, many metastable or unstable phases can
be stabilized in the form of single-crystalline films by means
of epitaxial stabilization [38—42], and subsubsequently ex-
otic behaviors have been found [16-20,29,30]. Particularly,
superconductivity has been disclosed in thin films of TOS,
e.g., Ti4O; [23], y-TizOs [23], orthorthombic Ti,O3 [43],
and MgTi,O4 [32], which have never been reported to be
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superconducting in bulk. Besides providing an elastic strain,
the substrate can also tailor the properties of the film signif-
icantly by its crystallographic direction [44—46]. Due to the
strong-coupling nature of TOS, the crystal and/or electronic
structures of the film may be sensitive to the crystallographic
symmetry of the surface of the substate. Therefore it is es-
sential to study the films grown on substrates with different
orientations where the emergence of different structural or
electronic phases is promising.

In this paper, superconducting Mg-Ti-O films are de-
posited by ablating a stoichiometric MgTi,O4 target on
MgAl,04 (MAO) substrates with three principal orientations.
The phases of the films exhibit a remarkable orientational
selectivity. In contrast with the spinel MgTi,O4 phase on
(001)-oriented MAO, a highly Mg-deficient phase with a
higher T but in a distinct structure emerges on the substrate
with (011) orientation. Detailed structural characterizations
demonstrate that the film on the MAO (011) substrate
has an orthorhombic TigO;o-like structure. Such a structure
has a smaller mismatch with the (011)-oriented MAO sub-
strate than spinel MgTi,Oy4, so its formation is unexpected
but reasonable.

II. EXPERIMENT

The Mg-Ti-O superconducting films are deposited under
high vacuum by pulsed laser deposition (PLD) using a KrF
excimer laser (A = 248 nm) and a commercial stoichiometric
MgTi,Oy4 target. The chamber is evacuated to a base pressure
better than 1 x 10~ Torr before growth. During deposition,
the laser pulse energy, repetition rate, and grown temper-
ature are fixed at 400 mJ, 4 Hz, and 840°C, respectively.
Films are deposited on the MAO substrates with (001), (111),
and (011) orientations in the same batch to ensure identi-
cal growth parameters. The thickness of the films used for
subsequent characterizations is ~150 nm. Structural analy-
sis of the films is performed with an x-ray diffractometer
(XRD) at room temperature using Cu K, radiation (A =
1.54056 A). The electrical and magnetic transport properties
are measured by the Physical Property Measurement Sys-
tem (PPMS). The magnetization measurements are performed
with the Magnetic Property Measurement System (MPMS).
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images are collected to probe
cross-sectional microstructures.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(b), complete superconducting transi-
tions can be observed in all the R(7") (temperature dependence
of resistance) curves of Mg-Ti-O films deposited on (001)-,
(111)-, and (011)-oriented MAO substrates, with T.y’s of 2.6,
4.2, and 5.0 K, respectively. Nevertheless, the results of the
structural characterization shown in Fig. 1(a) suggest that they
are in different structural phases. In the top panel, out-of-plane
reflections corresponding to the MgTi,O4 (00!) orientation
only can be observed beside the peaks from the substrate,
suggesting that (00/)-oriented spinel MgTi, Oy film without an
impurity phase has been deposited on MAO (001) substrate.
It should be noted that superconducting MgTi,O4 film with
T can be achieved in a single-layered film by optimizing the
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FIG. 1. (a) Out-of-plane XRD spectra of -20 scan for Mg-Ti-O
films on (001)- (top panel), (111)- (middle panel), and (011)-oriented
(bottom panel) MAO substrates. All the film peaks can be indexed
by spinel MgTi, 0, for the (001)-oriented sample and orthorhombic
Mg: TigOq structure for the (011)-oriented sample, while an eutectic
film containing spinel MgTi, O, and other phase(s) (denoted by solid
spheres) is formed on (111)-oriented MAO substrate. (b) Tempera-
ture dependence of normalized electrical resistance for films grown
on MAO substrates with three different orientations. Inset: Enlarged
low-temperature resistance around the superconducting transitions.
(c) Temperature dependence of magnetization of the Mg-Ti-O film
deposited on MAO (011) substrate at 0.5 mT with and without field
cooling.

deposition process without engineering a superlattice geom-
etry [32]. For the film deposited on a (111)-oriented MAO
substrate, as seen in the middle panel of Fig. 1(a), the diffrac-
tion peaks are different from those of (111)-type MgTi,O4
and MAO, indicating the formation of an eutectic film con-
taining spinel MgTi,O4 and other phase(s). Remarkably, the
XRD pattern of the film on MAO (011) substrate exhibits
sharp diffraction peaks at 20 = 19.37°, 39.30°, 60.58°, and
84.58°, as can be seen in the bottom panel of Fig. 1(a). The
locations of these peaks are significantly distinct from those
of the spinel MgTi,O4 phase. The sines of the diffraction
angles conform to a ratio of 1 : 2 : 3 : 4, suggesting that they
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stem from a single-crystalline phase according to Bragg’s law.
Superconductivity of the film is also evidenced by magne-
tization measurements. The temperature dependence of the
magnetic susceptibility in both zero-field-cooling (ZFC) and
field-cooling (FC) modes shows that the Meissner state ap-
pears at ~4.5 K, as seen in Fig. 1(c), consistent with the T
obtained by transport measurements. In other words, a single-
phased superconducting film different from MgTi, O, but with
a higher 7; has been obtained on MAO (011) substrate, albeit
with a MgTi, Oy target employed for ablating. It is surprising
that superconductivity can be achieved in a different phase via
the orientational tuning of the substrate, and therefore further
investigations on composition and structure are required.

In order to exclude the possible influence from the
substrate in composition characterization, Mg- and Ti-free
(La, Sr)(Al, Ta)Os (LSAT) substrates with different crystallo-
graphic directions are also used to deposit Mg-Ti-O films. The
structural and transport properties of the films grown on LSAT
substrates are similar to those of the films grown on MAO
substrates {see Supplemental Material [47], Figs. S1(a) and
S1(b)}. Therefore the analysis of composition for the sam-
ples grown on LSAT substrates can be taken as a reference.
Surprisingly, it is found that the film grown on LSAT (011)
substrate has an enhanced Ti/Mg ratio of x3.75 compared
with the target {see Supplemental Material [47], Fig. S1(c)}.
Such a remarkable deviation between the target and the
film stoichiometry seems conflicting with the well-known
stoichiometric transfer feature of PLD. In fact, incongruent
ablation can be induced in many systems, e.g., SrTiO3; [48],
LaAlO;s [49], and Lap4CageMnOs [50], by changing the
laser fluence mainly due to the difference in cohesive en-
ergy and the atomic mass among different elements [51,52].
Meanwhile, preferential scattering of the lighter atoms by the
background gas molecules often leads to the relative enrich-
ment of heavier elements in films [50,53]. Moreover, many
other factors, e.g., possible chemical interaction between the
plasma plume and the background gas [50], elemental transfer
from the substrate to the film [54], and the resputtering or
backscattering of materials [50,52], can also influence the
composition of the film. Nevertheless, these mechanisms can-
not result in such a dramatic loss of Mg content in the films
grown on (011)-oriented substrates, indicative of an essen-
tially different scenario.

The Raman and in-plane XRD spectra are collected to
clarify the structure of the film on MAO (011) substrate.
The Raman spectrum of the film exhibits a similar feature
as the superconducting orthorhombic Ti,Os [43], implying
that the films grown on MAO (011) substrate should also
have an orthorhombic structure (see Supplemental Material
[47] for more details). However, a significant deviation exists
between the locations of diffraction peaks predicted by the
lattice constant of orthorhombic Ti, O3 [43] and the actual
values in Fig. 1(a), which cannot be interpreted as a strain
effect induced by the substrate. By carefully searching for
titanium oxides in the Inorganic Crystal Structure Database
(ICSD) following the structural information above, the TigO1q
compound (ICSD 77698) attracts our attention. The TigOyg
phase is proposed by Hilti [55], with an orthorhombic struc-
ture (space group: Immm) and lattice constants of a = 3.986
A, b =9.086 A, and ¢ = 2.981 A. Accordingly, the loca-
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FIG. 2. The wide-range RSM of the Mg-Ti-O film grown on
MAO (011) substrate. The recorded intensity is plotted in the recipro-
cal space coordinates where the horizontal axis ¢, and vertical axis g,
correspond to the [100] and [010] directions of the film, respectively.
The diamonds and solid spheres denote planes belonging to the MAO
substrate and Mg: TigO¢ film, respectively.

tions of diffraction peaks corresponding to the (020), (040),
(060), and (080) planes of TigOj( are expected to be 19.53°,
39.64°, 61.14°, and 85.41°, respectively, which are very close
to the values of the film deposited on MAO (011) substrate
in Fig. 1(a). Meanwhile, the (200) and (022) diffractions of
TigOj¢ should be 45.47° and 62.23°, respectively, which are
also in excellent agreement with the in-plane XRD results
(see Supplemental Material [47], Fig. S3). Therefore it is rea-
sonable to speculate that the superconducting Mg-Ti-O film
deposited on (011)-oriented MAO substrate is isostructural to
Tigolo.

Although the crystal structure has been predicted for half
a century [55], a stable TigOj¢ bulk phase with high purity
is still difficult to synthesize for the inevitable coexistence of
other titanium oxides, e.g., TizOs and TiO, (anatase) [56,57].
Nevertheless, the structure and phase purity of the film can be
further confirmed by the wide-range reciprocal space mapping
(RSM) [58]. A series of 26-w scans are performed accompa-
nied by the step-tilting of the x axis which lies parallel to
the [001] axis of the film. In principle, all the (hk0) planes of
the film (indexed by the TigOjp-like structure) along with the
MAO (HKK) planes within the measurement range should
be detected. The intensity of the wide-range RSM is recorded
by a 2D detector and displayed in the reciprocal space coor-
dinates (Fig. 2). All the diffraction peaks in the wide-range
RSM can be indexed by either the TigOjg-like structure or the
MADO substrate without any signal of impurity phase, suggest-
ing that a pure orthorhombic TigOjo-like phase is obtained.
Additionally, the lattice constants along the [100] and [010]
directions of the film are calculated to be a = 3.925 A and
b =9.140 A using the wide-range RSM results, respectively.
These values are acquired with more diffraction peaks, and
thus we take them as the lattice constants of the film in the
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FIG. 3. Microstructure of Mg-Ti-O film grown on MAO (011)
substrate. (a) HAADF-STEM image captured around the inter-
face (denoted by a blue dashed line) between film and substrate.
(b) Zoom-in HAADF-STEM image of the film region. The bright
spots and dark spots at the top right corner are labeled by red and
gray spheres, respectively. (c) [llustration of the epitaxial relationship
for Mg: TigO19/MAO (011) sample. The framework of Ti sublattice
in an ideal orthorhombic TigOy structure is shown in the top part,
where the existence of few Mg atoms is not included. The red-white
spheres represent the Ti atoms located at 2a positions which are filled
with vacancies by 75%, and red atoms denote the Ti atoms at 4g
positions which are vacancy-free.

following discussion (along with ¢ =2.995 A obtained by
in-plane XRD; see Supplemental Material [47]).

A prominent feature of orthorhombic TigOg structure, i.e.,
vacancy ordering, can also be observed in the film grown
on MAO (011) substrate through the HAADF-STEM image,
which further confirms our speculation. The overlayer frame-
work of Ti atoms on the (100) plane of TigOjy is presented in
the top part of Fig. 3(c), where two vacancy-free planes com-
posed of Ti 4g and O 44 positions alternate with one vacancy
plane formed by Ti 2a and O 2¢ positions (filled by vacancies
of 75 and 50%, respectively) [55-57]. The film and substrate
regions are clearly recognizable in the HAADF-STEM im-
age [Fig. 3(a)] separated by a ~4-nm-thick transition layer.
Figure 3(b) exhibits the zoom-in HAADF-STEM image of
the film region, in which two distinct types of spots, dis-
tinguished by the brightness contrast, can be observed. It is
known that the brightness of each spot is positively corre-
lated to the atomic number (Z) and/or the occupation rate
of the corresponding atomic column. Considering the much
larger Z = 22 of Ti than that of Mg (Z = 12) and O (Z = §),
as well as the highly reduced Mg/Ti ratio in the film, the
spots in the HAADF-STEM image are attributed to the Ti
sublattice. The spot distribution exhibits an obvious period-
icity in which two lines connected by bright spots alternate

with one line composed of dark spots. Such a periodicity
is highly consistent with the framework of Ti sublattice in
TigOjg structure, as labeled on the top right-hand corner of
Fig. 3(b). As a reference, the lattice constants along [001]
and [010] directions are estimated to be 2.901 and 9.121 A
by calculating the average distances of corresponding spots,
respectively. The similar values (within experimental uncer-
tainties) between the data collected from XRD and STEM
again confirm the TigOy-like structure of the film. Although it
is difficult to determine the role of the Mg atoms, i.e., whether
they are substitutional or interstitial, the phase of the film can
be unambiguously denoted as Mg: TigO1g. As illustrated in
Fig. 3(c), the epitaxial relationship between the film and the
MAO (011) substrate is determined to be [100] Mg: TigOg ||
[100] MAO and [001] Mg: TigOp || [011] MAO, with lattice
mismatches of —2.96% and +4.62%, respectively. These mis-
matches are much smaller than that between the MgTi,O4 and
the MAO substrate, which is presumably responsible for the
selective phase formation in the film. The Mg-Ti-O phases
formed in the films deposited on other substrates are discussed
in the Supplemental Material [47]. It should be noted that
less-strained interfaces are favorable in the obtained samples.
During the PLD process, the atoms ablated from the target
have enough kinetic energies to rearrange themselves into
a better matched phase to form a coherent interface with
reduced strain energy [38,59]. Therefore it is preferential to
form Mg: TigO;¢ phase rather than spinel MgTi,O,4 at the
(011)-surface of MAO substrate.

The characteristic superconducting features of the Mg:
TigOjp film are also examined by magnetotransport mea-
surements. The temperature-dependent electrical resistance is
measured under a series of magnetic fields from O to 14 T. As
shown in Fig. 4(a), the magnetic fields applied perpendicular
to the film (B L film) gradually suppress the superconduc-
tivity and the superconducting transition is pushed to lower
temperatures. An almost identical magnetotransport behav-
ior is observed with B || film [Fig. 4(b)], suggestive of an
quasi-isotropic B.;. The values of By, (T'), determined using
a criterion of 90% of the normal state resistance, can be well
fitted by the Werthamer-Helfand-Hohenberg (WHH) theory
[60] with spin paramagnetism and the spin-orbit interaction
taken into account, as seen in Fig. 4(c). The zero-temperature
upper critical field B (T = 0) is calculated to be 13.3 and
13.7 T in the case of B L film and B || film, respectively.
The values are quite comparable to the Pauli limit B, ~ 12T
predicted by the weak-coupling BCS paramagnetic formula
B, = 1.84T; (. is taken as the temperature at which the
resistance crosses 90% of the normal state resistance). Consid-
ering the uncertainties of the B, definition and the estimation
of the gap energy, we conclude that the B, of Mg: TigOqq
is roughly limited by the Pauli paramagnetic limit. Such a
relatively high B, of isotropy mimics the behaviors of some
other TOS [26,32,61], possibly stemming from the special
electronic structures of strongly correlated 3d electrons [61].
Additionally, the Ginzburg-Landau coherence length &gy, is
estimated to be ~4.01 nm following the WHH formula &g, =
Vo /(2 BYP), where BYY = —0.69T.(dB2/dT )71, is the
orbital limited upper critical field [60].
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FIG. 4. (a), (b) Temperature dependence of the resistance of the
Mg: TiyO;9/MAO (011) sample under various magnetic fields per-
pendicular (a) and parallel (b) to the film; (c) Temperature-dependent
B, of the Mg: TisO,o/MAO (011) sample with B L film (solid
squares) and B || film (solid circle). Solid and dashed lines are fitted
by the WHH theory for B L film and B || film, respectively. The Pauli
limit B, predicted by the weak-coupling BCS paramagnetic formula
is labeled by the dashed horizontal line.

IV. SUMMARY

To summarize, superconducting Mg-Ti-O films are de-
posited on MAO substrates with different orientations using
a MgTi, 0, target. Notably, a single-crystalline film with a
structure distinct from spinel MgTi,O4 is formed on MAO
(011) surface, presenting the highest ¢y of 5.0 K among these
samples. Detailed characterizations reveal that the film has

an orthorhombic TigOjy-like structure with a highly reduced
Mg content. Although such a structure is unstable in bulk,
it can be epitaxially stabilized on the (011)-surface of MAO
due to the relatively small strain at the interface. Our work
not only introduces a different member to the TOS family
but also demonstrates the huge potential of film deposition
in exploring more superconductors or other functional materi-
als via epitaxial stabilization. Furthermore, a quasi-isotropic
B., comparable to the Pauli limit is observed in the Mg:
TigOy film, resembling those of some other TOS [26,32,61].
Considering their common structural unit, i.e., Ti-O bonds, it
might be inferred that some ingredients not relying on specific
structure may act as the superconducting gene [62] in the fam-
ily. Cracking such a gene will bring us different perspectives
for the unconventional superconductivity originated from 3d
electrons, and therefore the discovery of TOS with higher T
is promising.
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