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Anomalies of upper critical field in the spinel superconductor LiTi,O4_;
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High-field electrical transport and point-contact tunneling spectroscopy are used to investigate superconduct-
ing properties of spinel oxide LiTi,O4_; films with various oxygen contents. It is striking that although the
superconducting transition temperature and energy gap are almost unchanged, an isotropic upper critical field
B, up t0 26.0 T is observed in the oxygen-rich sample, which is more than twice the B, of 11.3 T in the anoxic
one. The change of the dominating pair-breaking mechanism from the orbital effect to the spin flip at B, is
achieved by tuning oxygen contents, which can be explained by the appearance of small Fermi pockets due
to extra oxygen. Our paper provides deep understanding of the intrinsic relation between B, and the complex
Fermi surface, and contributes a promising way to enhance B, for practical superconductors.
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Critical temperature T, upper critical field B, and critical
current density J, are three fundamental physical parameters
for superconductors. Among them, the intrinsic mechanism
in determining B, has been paid great attention. In general,
B, is dominated by orbital pair-breaking because the spin
polarization is restrained at low temperatures [1]. As a result,
B¢, can be enhanced by several factors, such as narrow band
[2], short mean-free path [3] and strong electron-phonon
coupling [4]. On the other hand, B, will be dominated by the
spin flip induced by external magnetic field when the orbital
effect is eliminated, as revealed in aluminum ultrathin film [5].
In all the described above, B, is not expected to break the
Pauli paramagnetic limit (i.e., the Clogston-Chandrasekhar
limit) Bp [6,7], where Bp = A/(ﬁug) and A is the super-
conducting energy gap. However, B., can be enhanced and
exceed Bp if the spin paramagnetic effect is weakened by
some unconventional mechanisms, such as spin triplet pairing
[8,9] and spin-orbit interaction [1,10,11].

Although various mechanisms for B, have been pro-
posed, the origin of anomalous B, in some unconventional
superconductors with a complicated Fermi surface remains
unclear. For example, a typical iron-based superconductor
LaFeAsQOg g9Fo.11 with multi-Fermi pockets [12] has a large
B, that breaks Bp [13]. Similarly, a B, beyond Bp is also
observed in Nb:SrTiO3, which has two light and one heavy
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electron band [14]. To clarify this issue, one can investi-
gate the dependence of B, on Fermi surface topology. We
find that LiTi,O4_s is a suitable candidate because its band
structure is very sensitive to the oxygen content [15,16],
which can be tuned by deposition conditions [17]. Although
LiTi,O4_s was regarded as a conventional Bardeen-Cooper-
Schrieffer (BCS) superconductor [15,18-20], the complicated
interactions among charge, orbit, and spin induced by Jahn-
Teller distortion in Ti-O octahedron can give rise to many
phenomena, such as orbital-related states [17,21], anisotropic
electron-phonon coupling [22], and pseudogaps [23]. There-
fore, the strong dependence on the oxygen content of the elec-
tronic structure in LiTi;O4_5 provides a unique opportunity to
study B, under various Fermi surface topologies.

In this paper, we present systematic measurements of trans-
port and point-contact tunneling spectroscopy on LiTi;O4_s
films with various oxygen contents. Increasing the oxygen
content of LiTi,O4_s, an isotropic B, up to 26.0 T is found in
the oxygen-rich sample, which is more than twice the B, of
the anoxic one (11.3 T), while 7; and A are almost unchanged.
With the further increase of oxygen content, B, becomes
constant at Bp, indicating that the mechanism dominating
B¢, changes from orbital pair-breaking to spin pair-breaking.
According to our calculation, the reduced relaxation time
in the oxygen-rich sample seems to be the main reason for
the enhanced B.,, yet results in a serious underestimation
of the mean-free path, and therefore it is still unsatisfied.
Based on the electronic structure of LiTi,O4_s, the emergent
Fermi pockets with van Hove singularities induced by oxygen

©2019 American Physical Society


https://orcid.org/0000-0003-2208-8501
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.184509&domain=pdf&date_stamp=2019-11-13
https://doi.org/10.1103/PhysRevB.100.184509

ZHONGXU WEI et al.

PHYSICAL REVIEW B 100, 184509 (2019)

. T=2~10K

(b)

B 1 ab-plane

0.8f ' ' 30f
(a) 11.5 ~
s3 5 20
o6l Po,~5x10° Torr g
S 10
11.0
= >
5 3 L
o 04r o) '
E o 06/ T=2~10K
Q 3 3
Po,~1x10°Torr  lgs §
I g
0.2 203
<
S1
Po, < 1x10® Torr
0.0 ' ' 0.0 0.0
0 100 200 300 0 5

T(K)

15 20 25 30
B(T)

FIG. 1. (a) p(T) curves of LiTi,O4_; films S1-S3. (b)—(e) p(B) curves of S1 (b), (c) and S3 (d), (e) from 2 to 10 K with AT = 2K. The
magnetic field is perpendicular (b), (d) and parallel (c), (e) to ab plane. The grey dotted lines in (b) and (c) are linearly extrapolated from

experimental data.

doping are proposed to explain the enhancement of B, and
the evolution of dominating mechanism.

High-quality LiTi;O4_s thin films S1-S4 were epitaxially
grown on MgAl,O4 (001) substrates by pulsed laser depo-
sition under various oxygen pressures Po, from <1 x 107°
to ~2 x 107> Torr [17]. The transport properties were mea-
sured by a standard four-probe method in PPMS-16 T and
a steady high magnetic field facility with fields up to 33 T.
Point-contact measurements were performed by a homemade
probe compatible with PPMS-16 T, and Pt/Ir tips were used
to make point contacts. The differential conductance spectra
dl/dV (V) were obtained by the standard lock-in technique in
quasi-four-probe configuration.

Figure 1(a) shows the resistivity versus temperature p(7)
curves of LiTi;O4_s films S1-S3. All samples have the
same T of 11.5 & 1 K. However, the residual resistivity ratio
(RRR), defined by p(T = 300 K)/po(T = 20 K), shows clear
differences, i.e., 8.0, 5.2, and 2.3 for S1-S3, respectively.
With the increase of oxygen pressure, the RRR decreases and
T. remains unchanged, consistent with our previous report
[17]. Typically, the magnetic field-dependent resistivity p(B)
isotherms of S1 and S3 with field perpendicular and parallel
to the ab plane are shown in Figs. 1(b)—1(e). It is noteworthy
that the suppressing of superconductivity in the oxygen-rich
sample S3 requires much larger magnetic field than that in the
anoxic sample S1 at the same temperature, which indicates
a higher B, in S3. Additionally, the direction of magnetic
field does not significantly affect the p(B) isotherms for both
samples, which suggests that the B, is isotropic. All in all,
such strongly enhanced B, but keeping isotropic is seldom
reported.

Compared with the macroscopic transport measurements,
point-contact tunneling spectroscopy cannot only reflect the
local change of B, but also provide the details of A, which
is useful in estimating Bp. Temperature- and magnetic field-
dependent tunneling spectra have been measured in S1 and

S3, and all data are fitted within the framework of Blonder-
Tinkham-Klapwijk (BTK) model to extract the values of
A [21] (see Supplemental Material [24] for details). Two
normalized tunneling spectra at 6 K under magnetic field are
selected and shown in Fig. 2(a). It can be found that the
superconducting coherence peaks disappear at 7 T for S1 but
still visible at 16 T for S3, indicating an enhanced B, in
S3. Figure 2(b) shows the normalized field-dependent energy
gap A(B)/A(0), which is derived from the BTK fit. With the
increase of magnetic field, energy gap decreases more rapidly
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FIG. 2. (a) The normalized dI/dV (V) measured at 6 K of S1
and S3 with magnetic field of 7 and 16 T, respectively. (b) Field-
dependent normalized A of S1 and S3 at 2.5 K. (c) The normalized
dl/dV (V) of S1 and S3 measured at 6 K and O T. (d) Temperature-
dependent A of S1 and S3atOT.
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FIG. 3. (a) p(T) curve of LiTi,O4_; film S4. Inset: Zoom-in
p(T) curve. (b), (c) p(B) curves of S4 where magnetic field is parallel
(b) and perpendicular (c) to ab plane, respectively. (d) B,-T phase
diagram of LiTi,O,_; films. The solid lines are deduced from the
WHH theory.

in S1, corresponding to a lower B, in the anoxic sample.
Figure 2(c) exhibits the normalized tunneling spectra of S1
and S3 at 6 K where the superconducting coherence peaks
have the same energy scale. In Fig. 2(d), the temperature-
dependent energy gap A(T') agrees well with the BCS theory
for both samples. The zero-temperature energy gaps A(0) =
2.2 and 2.1 meV for S1 and S3, which are almost the same
and consistent with our previous reports [21,22]. The values
of Bp are estimated to be 26.4 T and 25.6 T for S1 and S3,
respectively.

The temperature-dependent upper critical field B (7T) of
S1-S3 are shown in Fig. 3(d). The value of B, is evaluated
at 90% of the resistivity transition relative to the normal state
resistivity. It is striking that B¢, of S3 remains isotropic and
is up to 26.0 T at 2 K, which is more than twice the B,
of S1 (11.3 T). The B,(T) of S1-S3 can be well fitted by
the Werthamer-Helfand-Hohenberg (WHH) theory [25]. The
Maki parameter o = ﬁBS;b /Bp, one of the fitting parame-
ters, describes the relative importance of the two pair-breaking
effects, where B‘C’Eb is the upper critical field only for the orbital
effect [26]. With decreasing RRR, « increases gradually, sug-
gesting that the spin flip plays a crucial role in pair-breaking
for the oxygen-rich sample. As shown in Fig. 3(d), the B.»(0)
of S3 is ~26.0 T, which is almost the same as Bp = 26.4T.
As a result, the Bp may be broken by further increase of the
oxygen pressure during film deposition. For this purpose, the
transport properties of S4, a sample deposited at a higher
Po, ~ 2 x 107 Torr, has also been investigated. As seen in
Fig. 3(a), the p(T) curve of S4 exhibits an upturn with a
slightly lower T, ~ 10K, due to the appearance of insulating
Li4TisOy, domains [17]. The B (T) of S4, extracted from
the p(B) isotherms with different field directions as shown in
Figs. 3(b) and 3(c), are added in Fig. 3(d). Since the B, of S4

40
%/ k
7
30 d
E//
Sl 53, St
@ &
20 S2 - Bg;b
o O Bp
s & B [21]
10 ® B
8 6 4 2
RRR

FIG. 4. The correlation between B, and RRR of LiTi,O4_
films. B?E" are estimated by —0.697.(dB,/dT)|r,. Bp is determined
by A/ (\/E,LLB). Bj is derived from Ref. [21]. The red dots stand for
B, at 2 K. The black dotted, blue dashed, and red solid lines are
guides to the evolution of the corresponding critical field.

is still limited by Bp, we conclude that the further increase of
oxygen content cannot enhance B, anymore.

The RRR dependence of B, is summarized in Fig. 4.
B can be given as —0.69T.(dB./dT )|z, according to the
WHH theory without the spin-flip effect [25]. It is clear that
B is approximately equal to B% in the case of large RRR,
and increases as the RRR decreases but finally stops at the
Pauli limit, which indicates that the dominating pair-breaking
mechanism changes from the orbital effect to the spin flip.
This change can be ascribed to the large B%®, which is far
beyond Bp in the case of small RRR, so the experimental B¢,
is limited by Bp. These results are seldom reported in other
three-dimensional superconductors and are worthy of further
investigation.

The orbital pair-breaking effect is mainly dominated by
T., relaxation time 7, and Fermi velocity vg due to ij;b ~
TC/(vét) in the dirty limit [3]. Some other orbital-related
mechanisms like spin-orbital coupling/scattering can be ruled
out because B, does not exceed Bp. Since the anticorrelation
between B, and RRR has been confirmed (Fig. 4), the in-
crease of B, could be attributed to the additional scattering
centers due to extra oxygen. Similar increase of B, induced
by enhanced scattering has been reported in other supercon-
ductors such as NbsSn [4], Nb-Ti [27], and MgB, [28]. To
verify the electron scattering effect, some relevant parameters
ought to be calculated. First, we assume that the oxygen-rich
sample has a large spherical Fermi surface, similar to that
of the anoxic one, whose band structure has been clarified
by heat capacity [19], electrical transport [21], and magnetic
susceptibility measurements [29]. Then the mean-free path /
can be given as [ = (37%hi)/(poe’ki), where py is the residual
resistivity and the Fermi wave vector kg = (372n)!/3. The
carrier density n can be calculated from the Hall resistivity
measurement [21]. We determine vg by the dirty limit rela-
tion &g = 0.855 x (£pcs!)!/? [21], where Ginzburg-Landau

coherence length &g = Vy/ (27TB‘C)£b) and BCS coherence
length £gcs = (Aivp)/(r A). Finally, the relaxation time can be
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calculated with the formula = [ /vg. For S1, we obtain 7 =
1.4 x 10~1*s, which is consistent with the relaxation time
reported in our previous work, where orbital pair-breaking
dominates B, [21]. For S3, we get T = 1.9 x 10~ s, which
means that the prominent decrease of relaxation time induces
the enhancement of B.,. However, the mean-free path of S3 is
calculated to be 0.48 nm, which is much less than the lattice
constant (~0.84 nm) [17]. If we employ the WHH theory,
the mean-free path of S3 is even shorter, i.e., | = 3/(2kra) =
0.077 nm. According to the Mott-Ioffe-Regel limit [30], a
sample with such small mean-free path is supposed to be an
insulator, which conflicts with the metallicity as shown in
Fig. 1(a). This contradiction suggests that the extra oxygen
has brought more important effects other than additional
scattering centers to the LiTi;O4_s films. We emphasize that
the contradiction still exists even if we choose the B, value at
50% of the normal state resistivity.

All the quantitative calculations above are based on the
assumption of an isotropic scattering rate. However, the sit-
uation will be dramatically changed if the Fermi surface has
a complex form such as small “hot” pockets connected by a
large “cold” part, because the electrons from different parts
may have different contributions to the total scattering [31].
Previous studies have pointed out that the band structure at the
L point of the Brillouin zone is very sensitive to the oxygen
content due to the strong Ti-O d-p hybridization [15,16].
Inspired by these studies, we calculate the band structure of
the oxygen-rich sample and confirm that small Fermi pockets
with flat bands do exist around the L point of the Brillouin
zone (see Supplemental Material [24] and Refs. [32-38] for
details). Therefore, the electron’s vg in the pockets is much
smaller than that of the original big Fermi surface; meanwhile,
the effective mass becomes larger. As a result, the orbital
mechanism of superconducting pair-breaking in such small
pockets will be weakened while spin pair-breaking begins to
dominate B.,. In this case, one may expect an anisotropic
B.,. However, such a feature can be smeared out due to the
strong interband scattering or oxygen disorders. We note that
the electric transport is also isotropic [17]. On the other hand,
T. and A are associated with the majority of quasiparticles
located in the large Fermi surface. Thus, the coexistence
of the large Fermi surface with small Fermi pockets is

responsible for the more than twice enhanced B, but constant
T. and A. The change in Fermi surface deserves further direct
characterization by other advanced techniques, such as in situ
angle-resolved photoemission spectroscopy.

Overall, by systematic transport and point-contact
tunneling spectroscopy measurements of LiTi;O4_s films,
we find a drastic isotropic enhancement of the B, while 7
and A are almost unchanged. The mechanism dominating
B, changes from the orbital effect to the spin flip by tuning
oxygen, which is seldom reported in other three-dimensional
superconductors. Based on quantitative calculations and
band-structure study, we conclude that the enhancement
of B., and the evolution of the mechanism dominating
B, are due to the emergence of small pockets with van
Hove singularities induced by slight oxygen doping via
strong Ti-O d-p hybridizations. Such coexistence of large
Fermi surface and small pockets should occur in the regime
close to the Lifshitz phase transition [39], where many
effects, e.g., abrupt filling-in of pseudogap around the
antiferromagnetic-superconducting phase boundary [40] and
itinerant-localized transitions of the f electrons [41], may
arise. In addition, our achievements pave the promising way
to enhance B, for the practical superconductors.
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