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Abstract

Epitaxial films of LiTi2O4 on single crystalline substrates of MgAl2O4, MgO, and

SrTiO3 provide model systems to systematically explore the effects of lattice strain

and microstructural disorder on the superconducting state. Lattice strain that af-

fects bandwidth gives rise to variations in the superconducting and normal state

properties. Microstructural disorder, such as antiphase boundaries that give rise

to Ti network disorder, reduces the critical temperature, and Ti network disorder

combined with Mg interdiffusion lead to a much more dramatic effect on the super-

conducting state. Surface sensitive X-ray absorption spectroscopy has identified Ti
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to retain site symmetry and average valence of the bulk material regardless of film

thickness.
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1 Introduction

Spinel structure oxides offer a wealth of electronic and magnetic ground states

across a broad range of temperatures. Spinel oxides with 3d transition metals

on the octahedral sites exhibit ferromagnetism, antiferromagnetism, charge

ordering, and other types of magnetic and electronic ordering depending on the

average valence of the cations. However, there is only one known oxide spinel

superconductor to date, LiTi2O4 (LTO), with a superconducting phase that

persists up to 13 K. Johnston et al. found superconductivity in LTO as the end

member of a solid solution of spinel-structure Li1+xTi2−xO4 (0≤x≤0.33).[1,2]

In the Li spinels half-integral charge exists on each of the octahedral ions

due to the monovalent nature of tetrahedrally coordinated Li ions. Unlike

the layered structure of superconducting cuprates, LTO has 3D connectivity

of edge-sharing TiO6 octahedra with average octahedral site valence of d0.5

(equal amounts of Ti3+ and Ti4+). Oxygen deficient SrTiO3−δ and LTO both

superconduct and both have mixed-valent Ti in octahedral coordination;[3]

however, the Ti3+/Ti4+ ratio is 1.0 in LTO while significantly more Ti4+ exists

in SrTiO3−δ.

In bulk studies of primarily polycrystalline samples, there have been widely
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varying normal state and superconducting properties influenced by vacan-

cies,[4] Li content, and Ti network disorder.[5,6] Studies probing the effects of

lattice strain on the superconductivity in bulk LTO have shown the applica-

tion of hydrostatic pressure to enhance Tc and has been observed in both Li

deficient as well as stoichiometric LTO samples.[7,8]

Epitaxial thin films of LTO are model systems for the systematic study of the

role of lattice strain and microstructural disorder on superconducting prop-

erties. Epitaxial lattice strain gives rise to changes in the bandwidth that

affect electron-electron correlations in many epitaxial thin film systems.[9–11]

In addition, systematic variation in microstructural disorder may be obtained

through the choice of substrate, giving rise to changes in film growth mode or

nucleation of dislocations and other defects.[12] Such variation in microstruc-

ture can shed light on the various scattering processes that may affect its

superconducting properties. Finally, the choice of substrate orientation may

provide insight into either intrinsic or strain-induced anisotropic film proper-

ties.[13,14] However, to date epitaxial thin film growth has not been reported,

although Inukai et al have synthesized polycrystalline thin films.[15,16]

In this paper, we report on the successful synthesis and superconducting and

normal state characterization of epitaxial LTO thin films on single crystalline

MgAl2O4 (MAO), MgO, and SrTiO3 (STO) substrates. By comparing the su-

perconducting and normal state transport properties we are able to identify

the role of lattice strain, Ti network disorder and stoichiometry on supercon-

ductivity. For example, misregistry and disorder at grain boundaries emerge

in films grown on STO and MgO due to coalescence of spinel LTO grains that

possess twice the unit cell dimension of the underlying substrate; such de-

fects are termed antiphase boundaries. Antiphase boundary disorder has been
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well-characterized in spinel films grown on MgO substrates via transmission

electron microscopy analysis.[17,18] These defects disrupt Ti-O-Ti octahedral

bond ordering in an analogous manner to the disruption of Fe-O-Fe bond or-

dering in Fe3O4,[19,20] and such Ti network disorder would influence carrier

transport in LTO films. On the other hand, Mg interdiffusion combined with

antiphase boundary-related Ti disorder has a much larger effect on both nor-

mal state and superconducting properties. Surface sensitive X-ray absorption

(XA) spectroscopy has identified Ti to retain site symmetry and average va-

lence of the bulk material. Together these results demonstrate the robustness

of superconductivity in LTO to lattice strain and microstructural defects.

2 Experimental Methods

We have chosen to study epitaxial LTO films on MAO, MgO, and STO sub-

strates. A previous report indicated that diffusion of Mg into LTO could sup-

press the superconducting phase,[21] and in this case the source of Mg would

be interdiffusion from the underlying substrate at the film-substrate interface.

STO substrates were used to confirm the trends found in studies on MAO sub-

strates as independent of the presence of Mg. LTO films on MAO and STO

show minimal interdiffusion at the film-substrate interface while there is signif-

icant Mg diffusion on MgO substrates. Furthermore, each of these substrates

placed the film under differing amounts of lattice strain through epitaxy.

Nominally stoichiometric LTO material prepared by solid-state reaction yields

a lattice parameter of 0.8405 nm by powder X-ray diffraction analysis.[22]

Films on MgO (lattice constant a = 0.4211 nm, film-substrate mismatch f =

+0.21 %) are under slight tension, while films on MAO (a = 0.8083 nm, f =
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-3.82 %) are under compressive strain. Since other spinels have been shown

to grow epitaxially on perovskite-structure substrates,[23,24] LTO films were

also grown on perovskite STO (a = 0.3905 nm, f = -7.07 %). The perovskite

substrate promoted the growth of the spinel superconducting phase in spite

of the high compressive strain and anti-phase boundaries due to the unit cell

of LTO being twice a perovskite unit cell.

Epitaxial thin films of the normal spinel structure oxide LTO were deposited

via pulsed laser deposition on single crystalline (001)-oriented MgO, (001),

(111) and (110)-oriented MAO, and TiO2-terminated (001) and (110)-oriented

STO with thickness ranging from 5 nm to 1 µm. Stability issues in air and

the so-called ‘aging effect’ were seen in previous samples of stoichiometric

LTO.[25,26] Therefore the commercial target (Praxair Surface Technologies)

was a mixture of the stable phases ramsdellite lithium titanium oxide (Li2Ti3O7)[27,28]

and rutile titanium oxide (TiO2) to achieve a Li:Ti ratio of 1:2. Powder X-ray

diffraction confirms the presence of these oxides in the target powder but no

spinel-type phase reflections were found.

Substrate temperatures were held at 450-600 ◦C in a vacuum of better than

5x10−6 Torr to promote growth of the superconducting phase. Smooth films

with low particulate density (less than 0.05 particles/µm2) were produced

with laser fluence of 1-2 J/cm2 and a repetition rate of 3 Hz, resulting in a

deposition rate of approximately 0.03 nm per pulse.

Rutherford Backscattering Spectrometry (RBS) was used to evaluate both film

thickness and composition. However, quantitative analysis of low-Z ions such

as Li and O is difficult, so only Ti atom density and uniformity were obtained

using this technique. X-ray diffraction both in θ-2θ and 4-circle mode us-
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ing Siemens D5000 diffractometers assessed film crystallinity and orientation.

Cross sectional high-resolution transmission electron microscopy (HRTEM)

was performed on a Philips CM300 in order to examine the structure of the

film-substrate interface.

Soft XA spectroscopy on the Ti L2,3 and O K edges of LTO films was performed

at beamlines 4.0.2 [29] and 6.3.1 [30] of the Advanced Light Source. X-ray

absorption spectra for LTO films of thickness 15-300 nm were taken at room

temperature in both normal and grazing incidences with a probing depth of

2-5 nm. The lateral dimensions of the X-ray interaction area are much larger

than the electron escape depth vertically, thus the measured signal averages

over a large number of intragrain volume as well as grain boundaries.

Normal and superconducting-state magnetic properties were measured in a

Quantum Design superconducting quantum interference device (SQUID) mag-

netometer. Magnetization measurements were performed with DC field applied

both in the plane and out of the plane of the sample. Transport properties

were measured in a Quantum Design physical property measurement system

(PPMS) modified with a Keithley 236 source-measure unit and HP3488A

switching matrix.

3 Structure

Structural analysis indicated that films on all substrates were single-phase

and single orientation spinel composition. X-ray diffraction in θ-2θ geometry

showed spinel phase reflections that were epitaxially matched to the single

crystal substrate. No reflections from constituent phases from the target or
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polymorphs of TiO2 were observed. Films on MAO and STO under compres-

sive strain exhibited elongation of the out-of-plane lattice parameter. Recipro-

cal lattice mapping of the film 444 reflection on (110) STO showed almost full

relaxation of the film to bulk lattice parameters for film thickness greater than

100 nm, but only partial relaxation below 100 nm. Careful X-ray diffraction

measurements indicated that the lattice parameters of LTO were elongated

along the out-of-plane direction with approximately 2% elongation from bulk

for a 22 nm thick film on (001) MAO. Films on MgO had reflections which

overlay the substrate reflections to within the experimental resolution of the

diffractometer. This result indicates that the films are under slight tension

and show very little contraction of the out-of-plane lattice parameter. In-plane

(phi) x-ray diffraction scans were performed to measure the in-plane epitaxy

of the samples, with clear signs of cube-on-cube epitaxial growth of the spinel

on perovskite STO substrates (Figure 1, top).

Atomic force microscopy (AFM) indicated the low lattice mismatch between

LTO and MgO gave rise to smooth films with an RMS roughness of 0.444 nm

(or approximately half of a spinel unit cell) for a 100 nm thick film on (001)

MgO. However, rougher film morphology was seen on (001) MAO substrates,

with 1.6-2.6 nm RMS roughness for films of similar thickness. Films on (001)

STO had comparable roughness to those on (001) MAO, and film grain size

for both substrates at a deposition temperature of 450 ◦C or 600 ◦C was on

average 100 nm. The rougher surface morphology when compared with films

on (001) MgO was attributed to the larger epitaxial lattice mismatch and

the accompanying full lattice relaxation. Films on (110)-oriented STO and

MAO substrates had elongated grains with an aspect ratio of 2:1 favoring the

[11̄0] in-plane axis as the fast-growth direction, as well as increased out-of-
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Fig. 1. (Color online) Top - In-plane (phi) x-ray diffraction scan of LTO 111 and

440 reflections as well as STO 220 reflections. Note that the STO reflection is on

a logarithmic scale while the LTO reflections are on linear scales. Bottom - RBS

experimental and simulated (solid line) spectra for LTO/STO films of 12.7 and 218

nm thickness, with vertical lines indicating the elemental thresholds for O, Ti, and

Sr.

plane roughness compared to (001)-oriented films. No measurable anisotropy

or roughening compared to (001) films was measured on films grown on (111)-

oriented MAO, though the average grain size of 30 nm was smaller than grain

sizes of (110) films with comparable thickness.

RBS analysis enabled us to probe the degree of interdiffusion of species at the

film-substrate interface. Because of the difficulty in analyzing low Z ions such

as Li and O, we focused on analyzing the uniformity of the atomic density of

Ti from the LTO as well as the atomic species from the respective substrates.

RBS analysis confirmed the interdiffusion of Mg into the LTO films deposited
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Fig. 2. (a) HRTEM image of the film-substrate interface of a (110) LTO/STO sam-

ple, with the STO substrate on the right of the micrograph. (b) Fourier transform

of the combined image. (c) Fourier transform of an LTO-only area of the sample.

at 600 ◦C from MgO substrates with an approximate ratio of Mg to Ti of 0.25:2

assuming a uniform film stoichiometry. But no measurable interdiffusion was

detected for films on STO or MAO substrates to within the 5% accuracy of

the measurement (Figure 1, bottom).

HRTEM micrographs of a (110) LTO/STO sample along the [001] zone axis

were taken to examine the non-isostructutal spinel-perovskite interface (Figure

2, (a)). Fourier transforms of the film-substrate interface area (Figure 2(b)) as

compared to film-only areas (Figure 2(c)) confirm epitaxial growth of the film

on the STO substrate. The clear presence of well-defined film lattice fringes

in multiple areas of the TEM sample corroborates the single phase and sin-

gle orientation nature of the sample from the x-ray diffraction measurements.

However, low angle grain boundaries can be seen on the film side of the inter-

face as areas of differing contrast. Thus we must be aware of the influence of

such grain boundary defects on resistivity and magnetization.
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4 X-ray Absorption Spectroscopy

In order to probe the cation environment and its effect on the observation

of superconductivity, surface sensitive soft XA spectroscopy was performed

at the Ti L2,3 and O K absorption edges on films of varying thickness below

500 nm to determine the Ti ion environment. Spectra have been aligned to

the first sharp feature at each absorption edge: 455 eV for the Ti L3a peak

(Figure 3) and 530 eV for the first O K edge peak (Figure 4). Unlike heavier

3d transition metals like Fe with two dominant features representing the L2

and L3 edges, the Ti L3 and L2 absorption features are split into qualitatively

t2g-like (labeled as L3a and L2a) and eg-like (L3b and L2b) sub-peaks. Crystal

fields have a large effect on the relative intensity of each of these peaks for

the case of Ti4+ in different environments.[31,32] Since bulk LTO has an equal

number of Ti3+ and Ti4+ in octahedral environments, one would expect a

spectrum similar to mixed-valence octahedral Ti such as in La1−ySryTiO3.[33]

Comparison of the STO Ti4+-only spectrum in Figure 3(a) to LTO spectra

displayed in Fig. 3(c)-(e) shows that LTO spectra have an increase in spectral

weight at a 454 eV pre-peak features at the expense of L3a intensity. Moreover,

a merging of the L2a and L2b peaks is observed. This trend is also seen in the

y=0.4 and y=0.6 spectra from Abbate et al.’s study on La1−ySryTiO3.[33]

Ra et al.[34] examined powders of stoichiometric and Li-excess Li1+xTi2−xO4

and found qualitatively similar Ti L2,3 lineshapes for 0≤x≤0.33. Following

their analysis, Lorentzian fits were made simultaneously to the pre-edge fea-

ture at 454 eV as well as each of the L3a, L3b, L2a, and L2b peaks. The ratio of

L3a to L3b peak areas was approximately 0.14 for LTO on MgO and MAO, and

showed a trend of increasing L3a contribution for films on STO. This result
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Fig. 3. (Color online) Normal-incidence Ti L2,3 absorption edge spectra for LTO

films on various substrates: (b) 3 nm AuPd / LTO on (001)STO, (c) LTO on

(001)STO, (d) LTO on (001)MgO, and (e) LTO on (001)MAO, as well as spectra

from (a) a bare STO wafer and (f) the pressed powder target mixture as sources of

Ti4+-only compounds.

suggests that the surface of films on STO have slightly more Ti4+ charac-

ter than similar films on MgO or MAO. Samples on STO capped with 3 nm

AuPd deposited in-situ at 400 ◦C showed similar spectra to uncapped sam-

ples, suggesting that the more Ti4+-like spectrum is intrinsic to the surface

and interface of as-deposited LTO films on STO.

The O K edge features may be divided into two regions: two low-energy peaks

at 530 eV and 532.5 eV that show strong hybridization between O 2p and Ti 3d

states, and a broader region between 536-548 eV exhibiting mixing of Ti 4sp
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Fig. 4. (Color online) O K absorption edge spectra for LTO films on various sub-

strates as well as reference spectra as described in Figure 3.

and O 2p states.[31] The lower-energy peaks for the various samples resemble

the spectrum from the target material due to similar Ti-O hybridization with

the intensity for the two peaks equal in magnitude and insensitive to film

thickness from 15 nm to 87 nm on STO.

Comparison of our data with the spectra from Ra et al. confirm that the

surface material is close to target stoichiometry as-deposited for all films. All

samples shown in Figures 3 and 4 show little difference in XA spectra lineshape

between grazing and normal incidence measurements, thus suggesting that

the surface has similar characteristics to the rest of the film. Therefore the

variations in transport properties for different samples described below cannot
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be attributed to variations in Ti average valence, Ti site symmetry or Li

deficiency and hence Ti network disorder.

Although XA spectra are very sensitive to site symmetry for isovalent com-

pounds such as rutile and anatase TiO2,[32] no clear differences between XA

spectra is observed as a function of LTO layer thickness. Thick and relaxed

films on MAO, MgO and STO substrates also have similar features to the thin

films on STO, indicating that the surface monolayers do not change substan-

tially post-deposition as a function of substrate, and the XA surface measure-

ment is insensitive to the presence of antiphase boundary disorder.

XA spectra at the Mg K edge of 100 nm thick as-deposited films on MgO sub-

strates (peak to background of 1.25:1) confirms interface Mg diffusing from the

substrate into the film during growth. Similarity of the aforementioned spectra

to normal spinel MAO Mg K edge spectra[35] confirms that the interdiffused

Mg substitutes primarily into tetrahedrally coordinated sites. However, a com-

parable as-deposited 100 nm thick LTO film on MAO shows little Mg at the

surface, with a peak to background of approximately 1.01:1 for the Mg K edge.

5 Magnetism

The magnetic response of LTO films was measured on all substrates and found

to be comparable to LTO bulk single crystals, polycrystalline pellets, and

powder samples. Zero-field cooled samples at 1.8 K show diamagnetic shielding

with low applied fields. A linear extrapolation at low applied fields for the data

presented in Figure 5 (a) yielded a typical lower critical field Hc1 of 46±3 Oe

at which point the diamagnetic response deviated from linearity by 1 %. We
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Fig. 5. (Color online) (a) Low-field diamagnetic response at 1.8 K of a zero-field

cooled 350 nm LTO film on (001)MAO with magnetic field in the plane of the

sample. Deviation from linearity takes place at 46±3 Oe. (b) Zero-DC field in-phase

magnetic susceptibility as a function of temperature for a 300 nm LTO film on

(110)MAO with excitation field Hac = 14 Oe. (c) Out-of-phase susceptibility of

sample in (b).

assume the relation (Hc1Hc2)
0.5 ≈ Hc, with Hc as the thermodynamic critical

field for LTO, and obtain an upper critical field Hc2 of approximately 20 T

using Sun et al’s value for Hc=0.327 T.[36] As discussed below, we may extract

the upper critical field from transport measurements, and such values yield

Hc ≈ 0.3 T in good agreement with Sun et al.’s results.

AC susceptibility has been used to characterize superconducting samples to

determine the fraction of superconducting phase as a function of DC magnetic

field, AC excitation field and temperature.[37] One can model a polycrystalline

sample as a collection of superconducting grains with weak links representing

grain boundaries. Thus the intragrain and the intergrain AC response may be
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separated and individually evaluated. However, as a function of frequency, no

secondary peak is observed in the AC response to within the resolution of the

measurement as shown in Figure 5. We conclude that the presence of low-angle

grain boundaries as determined by TEM does not seem to adversely affect the

LTO film response and that the superconducting material is strongly coupled

across such low angle grain boundaries. In spite of the presence of both low-

angle grain boundaries and antiphase boundaries in the LTO samples on STO,

the measured in and out-of-phase AC response matches the DC temperature-

dependent magnetization.

6 Transport

In order to probe the effects of lattice strain and microstructural disorder

on the superconducting transition, we performed resistivity measurements on

our LTO films. In particular, we discuss the normal state resistivity values,

resistive transition temperatures and widths, the upper critical field, and the

Ginzburg-Landau coherence length-mean free path product as a function of

substrate.

The normal-state resistivities versus temperature for nominally stoichiometric

films on MAO (e.g. Figure 6) and STO deposited at 600 ◦C are comparable

to that of polycrystalline thin films[15] and polycrystalline bulk samples[38]

despite the presence of large compressive epitaxial strains. The film on (001)

MAO described in Figure 6 as well as a film of comparable thickness on (001)

STO both have a resistivity of 1.2x10−3Ω·cm at 12K. The similarity in magni-

tude of normal-state resistivity suggests that the presence of antiphase bound-

aries, and hence Ti network disorder, in films on STO does not have a signifi-
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Fig. 6. (Color online) Zero-field cooled field-dependent resistivity taken on warming

as a function of temperature of a 60 nm film on (001)MAO in the temperature

regime around its superconducting transition. Measurements were taken with field

applied out of plane at every 0.5 T from 7 T to zero field, with bold black lines

indicating data at 1 T intervals.

cant effect on the normal state transport in such LTO films. In contrast, films

on MgO were found to have an order of magnitude greater normal-state resis-

tivity despite having minimal epitaxial strain and much smoother film mor-

phology compared to films on STO or MAO. The significantly larger normal

state resistivity values suggest that partial Mg2+ interdiffusion into octahedral

sublattice sites[21,22,39] at the 600 ◦C deposition temperature, coupled with

antiphase boundary-related Ti network disorder[6], give rise to greater scat-

tering in the normal state. A lower deposition temperature of 450 ◦C yielded

films with higher residual resistivity for all substrates, though superconduct-

ing transitions for films on MAO and STO remained at approximately 10 K.

These results suggest that the higher residual resistivity is associated with the

grain boundaries.

Figure 7 shows a summary of the resistive transition temperatures and widths
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measured for LTO films of varying thicknesses grown on different substrates

and substrate orientations. Mirroring the trend observed with the normal

state resistivity values, the films grown on (001) MAO and STO display sim-

ilar behavior with a sharp zero field transition width (for 10% to 90% of

normal state resistivity at 15 K) and transition temperature near 10.8 K.

Nominally unstrained films on (001) MgO show a sharper zero field transi-

tion width of 0.3 K but with transition temperatures depressed to 6.9-9 K.

The lower transition temperatures on MgO substrates, in contrast to those

on MAO and STO substrates, can result from more significant Mg inter-

diffusion into the LTO film.[22] LTO films of 150 nm thickness on (110) or

(111)-oriented MAO substrates show broader transition widths of up to 1.5

K which may be linked to smaller grain size seen in the AFM scans. The

increased number of non-superconducting grain boundaries in such samples

could dominate the resistivity measurement, or the intragrain volumes them-

selves may be off-stoichiometry. Similar broadening of transition widths with-

out significant degradation of the transition temperature were seen in pow-

der pellets of LTO[40] as well as artificial YBa2Cu3O7 superlattices.[41] The

broadening in the aforementioned studies was not due to intrinsic properties

of the superconducting regions but instead the boundary regions with the

non-superconducting material. Since the LTO film transition temperature re-

mains unchanged as a function of orientation for the 150 nm thick LTO films

in Figure 7, grain boundaries rather than whole-film non-stoichiometry is the

source of the transition broadening. If the grain boundary resistance in LTO

films is a significant fraction of the measured normal-state resistance, careful

analysis must be performed to separate intrinsic LTO properties from bound-

ary effects. Finally, films on STO have comparable transition temperatures to

films on MAO, implying that antiphase boundaries have little effect on the
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Fig. 7. (Color online) Critical temperature versus applied field for 50 nm, 60 nm

and 150 nm LTO films on various substrates with magnetic field applied out of

the plane of the sample. The horizontal error bars indicate the superconducting

transition temperature width (10%-90% of the resistivity at 15 K).

magnitude of the critical temperature.

A closer look at the upper critical field and Ginzburg-Landau coherence length-

mean free path product of LTO thin films on different substrates indicates the

presence of a disordered phase either at the surface or film-substrate interface

in thinner LTO samples. Using the Werthamer, Helfand and Hohemberg [42]

(WHH) model for a type II superconductor in the dirty limit, we can estimate

the upper critical field (Hc2) from the low-field slope of the critical temperature

as a function of applied magnetic field. The extracted Hc2(T=0 K) values

ranged from 15.5-19.5 T for eighteen samples deposited on MAO and STO.

The coherence length ξ(T = 0K) may be estimated from the Ginzburg-Landau

formula Hc2 = Φ0/2πξ2 as 4.1-4.6 nm which is consistent with bulk values.

Foner and McNiff[43] found that in spite of different starting compositions of
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Li2.6Ti2−zO4, Tc values were uniformly 12 K for stoichiometry deviations in

the range of −0.7 < z < 0.5. However, strong variations were observed in the

quantities (dHc2/dT)T=Tc
, the zero-field slope of the Hc2 vs Tc curve, and λso,

the spin-orbit scattering parameter. In analogy, the Tc of films on MAO and

STO for a given thickness is suppressed in thinner films to an average Tc of

10.8±0.5 K compared to 600 nm thick films with an average Tc of 11.3±0.3

K. Thinner films such as the 60 nm film on (001) MAO or 50 nm film on (001)

STO in Figure 7 show a field dependence with suppressed critical temperatures

in zero field, though in high field their behavior approaches those of thicker

films. The films on MgO had a suppressed critical temperature but fit very well

to the universal WHH curve when the reduced field hc2 = Hc2(T )/[Tc(H =

0) · (dHc2/dT )T=Tc
] is plotted as a function of reduced critical temperature

t = Tc(H)/Tc(H = 0).

The Ginzburg-Landau coherence length-mean free path product ξ0l may also

be extracted from the transport data using the dirty-limit formula

ξ(T ) = 0.855
( ξ0l

1 − T/Tc

)
1

2 (1)

For the resistive transitions plotted in Figure 7, ξ0l for the 150 nm thick films

is 14 nm2 and and this value is consistent with crystals at 5% or closer in com-

position to the stochiometric LiTi2O4 phase.[36,38] However, the 50 nm and

60 nm films on both MAO and STO have ξ0l values of 8 nm2, suggesting that

deviations from bulk-like behavior at either the surface or the film-substrate

interface dominate at these thicknesses. Examination of the film-substrate in-

terface in the HRTEM micrographs does not reveal an interface layer, and

there is no clear thickness dependence of the surface layer as measured by XA

spectroscopy. Thus epitaxial strain may cause thin film properties to deviate
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from bulk, while thick and relaxed film properties are closer to those of bulk

LTO.

7 Conclusion

Epitaxial films of the spinel superconductor LTO were grown on a variety of

substrates to explore the effects of strain and microstructure on measured nor-

mal state and superconducting properties. Transport and magnetic measure-

ments were consistent with bulk samples with an average critical temperature

of 10.8 K and sharp transition width for films deposited on (001) MAO and

STO. The surface properties of films on a variety of substrates were identi-

cal as measured by soft X-ray absorption spectroscopy on the Ti L2,3 edges.

Antiphase boundaries have little if any contribution to the normal and super-

conducting transport as well as magnetic properties of LTO films deposited on

perovskite STO substrates. By contrast, the interface Mg interdiffusion com-

bined with antiphase boundaries in LTO films on MgO substrates gives rise

to suppressed critical temperature accompanied by higher than bulk normal-

state resistivity values. Together these results indicate the robustness of the

superconducting state of LTO to lattice strain and microstructural disorder.
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