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Noncentrosymmetric 2D superconductors with large spin-orbit coupling offer an opportunity to
explore superconducting behaviors far beyond the Pauli limit. One such superconductor, few-layer
T.-MoTes, has large upper critical fields that can exceed the Pauli limit by up to 600%. However,
the mechanisms governing this enhancement are still under debate, with theory pointing towards
either spin-orbit parity coupling or tilted Ising spin-orbit coupling. Moreover, ferroelectricity con-
comitant with superconductivity has been recently observed in the bilayer, where strong changes
to superconductivity can be observed throughout the ferroelectric transition pathway. Here, we
report the superconducting behavior of bilayer T;-MoTe2 under an in-plane magnetic field, while
systematically varying magnetic field angle and out-of-plane electric field strength. We find that
superconductivity in bilayer MoTes exhibits a two-fold symmetry with an upper critical field max-
ima occurring along the b-axis and minima along the a-axis. The two-fold rotational symmetry
remains robust throughout the entire superconducting region and ferroelectric hysteresis loop. Our
experimental observations of the spin-orbit coupling strength (up to 16.4 meV) agree with the spin
texture and spin splitting from first-principles calculations, indicating that tilted Ising spin-orbit
coupling is the dominant underlying mechanism.

In recent years, many two-dimensional (2D) supercon-
ductors (SCs) have been shown to substantially exceed
the Pauli limit (H,). However, the primary mechanisms
governing these enhancements are difficult to assign, as
many different mechanisms are possible, including Ising
spin-orbit coupling (SOC) types I (intervalley [1-3]) and
IT (interorbital [4-6]), tilted Ising SOC [7, 8], dynamic
spin-momentum locking [9], as well as the recently pro-
posed spin-orbit parity coupling (SOPC) [10, 11]. For
few-layer MoTes, evidence for either SOPC[10] or tilted
Ising SOC has been reported [7, 8]. Both mechanisms
can enhance the in-plane upper critical fields up to mul-
tiple values of Hy, and follow the same Ginzburg-Landau
square root-dependence on temperature. However, lack
of accurate in-plane angle-dependent measurements on
pristine samples with a nearly intrinsic Fermi level leave
open the question as to which mechanism is dominant.
For SOPC to lock spins and enhance the upper critical
field there must exist strong orbital pair mixing near the
Fermi level. In few-layer WTey and MoTe,, this is real-
ized through band inversion, which also enables topolog-
ical edge states [12, 13]. For tilted Ising SOC, spins are
locked by strong spin-orbit coupling, enabled by broken
inversion symmetry. Without disorder, the enhancement
of upper critical fields via SOPC (max ~2.5H, for the
1T’ structure) is generally weaker than the enhancement
by tilted Ising SOC. As a result, the differences between
the two mechanisms can be discerned by mapping the en-
hancement of H.5 and its anisotropy along in-plane direc-

tions. Understanding the underlying mechanism respon-
sible for enhanced upper critical fields is important for
exploring unconventional states in 2D SCs. This is par-
ticularly true for exploring finite momentum states [14—
18] that exceed H, and establish a Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state and for determining potential
candidates for topological superconductivity. In this Let-
ter we provide insight on the mechanism that governs the
enhanced upper critical fields and the nontrivial super-
conducting properties of bilayer T;-MoTe,; by examining
the interplay between SOC and superconductivity. This
is achieved by a systematic exploration of the effects of
applied in-plane magnetic and out-of-plane electric fields
through precise alignment of bilayer T;-MoTes using a
unique two-axis, piezo-rotator and spring combination.
Bilayer Ty-MoTes has a noncentrosymmetric, or-
thorhombic crystal structure with Mo-chains along the b-
axis and a mirror plane symmetry along the a and ¢ axes,
as shown in Fig. la. As a result of the mirror symmetry,
significant SOC is expected with a two-fold rotational
symmetry along the in-plane direction. From the den-
sity functional theory (DFT) calculated electronic band
structure (Fig. 1b), we observe two spin-split electron-
like bands and two spin-split hole-like bands crossing the
Fermi level, with the hole bands centered around the I’
point. Consistent with both monolayer and bulk MoTes,
the DFT-calculated carrier density indicates a nearly-
perfectly compensated semimetal with hole (ny,) and elec-
tron (n.) densities equal to ~ 2.2 x 10 cm~2 at the
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FIG. 1. (a) The side view (top) and the top view (bottom) crystal structure of bilayer MoTez. The mirror plane is labeled as
the dashed red line. (b) Electronic band structure for bilayer MoTez calculated by DFT with spin-orbit coupling included. (c)
Spin texture projection for bilayer MoTe close to the Fermi level with £ = Er — 0.01 eV for the S, Sy, and S. components.

Fermi level. These values are in good agreement with the
carrier densities (n, = 2.2 x 1013 ecm™2, nj, = 2.6 x 10*3
ecm~? without gating) extracted from Hall measurements
using a two-band semiclassical model [19]. The combina-
tion of broken inversion symmetry and large SOC gives
rise to two distinct spin textures in the bilayer (see Fig.
1c). For the hole pocket centered at I', the spin tex-
ture is nontrivial with low SOC strength and oscillates
in- and out-of-plane along k, and k,. For the electron
pockets flanking I' (akin to the +Q pockets for monolayer
MoTe; [8]), the spin texture has large SOC strength and
resides primarily out-of-plane. Given the mirror-plane
symmetry, anisotropic spin textures calculated by DFT,
and prior models comparing different directions of the
in-plane spin susceptibility [7], we expect that bilayer
MoTe, will exhibit anisotropic superconducting proper-
ties under varying in-plane and out-of-plane magnetic
field angles.

To systematically study the effects of the spin tex-
ture on the superconducting state, we fabricated a dual-
gated heterostructure of bilayer T,;-MoTe, encapsulated
in hexagonal boron nitride (hBN), allowing for contin-
uous tuning of doping and out-of-plane electric field
(see Supplemental Material for details). Due to the
large magnetoresistance [20] for out-of-plane magnetic

fields, the possible tilted Ising superconductivity [7, 8] in
MoTeq, and the cusp-like nature of critical fields (from
in- to out-of-plane) for 2D SCs [21, 22], small cants away
from parallel in-plane field directions can lead to large
changes in the sample resistance and obfuscate the in-
trinsic in-plane rotational symmetry [18, 23]. To ensure
that we are perfectly aligned in-plane, we use a two-axis
rotator stage (Fig. 2a). The rotation angle of the sam-
ple along the polar direction, 6, is controlled by a spring
rotator, while the azimuthal angle, ¢, is controlled by a
full 360° piezo-rotator. By applying voltage to the top
(Vig) and bottom gates (Vi) we can simultaneously and
independently control the carrier density and applied dis-
placement field, D. Because MoTey is semimetallic, we
indicate changes to the carrier density as An, rather than
an absolute density. Details for the calculated values of
An and D are outlined in the Supplemental Material.
For all measurements, current is passed along the b-axis,
which we identify as the long axis of a cleaved flake [24].
Using this setup, we first measure the in-plane upper
critical fields along the a and b axes, H% and HY,, re-
spectively (Fig. 2b,c). As expected, we observe a clear
difference in the maximum H.s between the two crystal-
lographic directions due to the anisotropic behavior of
MoTes when fields are aligned in-plane [7]. We analyze



the overall trend along each direction using the thin film
pair-breaking equation [2, 21]:
2

)+ 93+ Sal) —v(3) =0,

where 1 (z) is the digamma function, kg is the Boltzmann
constant, and up is the Bohr magneton, from which we
can estimate H%(0) and H?%(0). Together, ,uBHﬁ/Hp
represents the effective pair-breaking energy for the su-
perconductor, equivalent to an effective Zeeman energy
brought about by spin-splitting [25, 26]. Near T¢o, this
equation can be reduced to Hey = \/HSOHp(l —Tc/Teo),
where HZ represents an effective out-of-plane magnetic
field as a result of the SOC. Using this reduced equa-
tion and keeping HZ as a free parameter, we fit the
temperature-dependent H., data for fields along both
the a- and b-axes (Fig. 2b,c). By extrapolating using
H.o values at 50% of the zero-field normal state resis-
tance (Ry), we find Hl';(O) and HCH;(O) are equal to 13
T and 25.7 T, respectively. To further verify the ac-
curacy of these fittings, we also measured critical cur-
rent (I;) as a function of in-plane magnetic field. As
shown in Fig. 2d, we observe a linear-dependence for
both axes, in agreement with the expectations of mean-
field theory [27]. The zero-temperature upper critical
fields extracted from the I. data are HCHQb(O) =289 T,

Hl\; (0) = 14.7 T, consistent with the values extracted
from the temperature-dependent critical field data. We
note that the anisotropy of the superconducting behavior
persists for I., suggesting an anisotropic response of the
superconducting gap with in-plane magnetic field, simi-
lar to 2M-WS, [11].

Both H/$(0K) and H!'(0K) are well above the Pauli
limit (H, = 1.84T, = 4.6 T), with H!S(0K) = 2.9H,
and HJQI)(OK) = 5.6H,. The amount to which HCHQb(OK)
exceeds the Pauli limit in bilayer MoTes is far beyond
the values observed in exfoliated monolayers (1.9H,) [8]
and chemical vapor deposition (CVD) grown few-layer
flakes (2.8H,) of MoTe,;. The anisotropy between the

a and b axes (HCH;(OK)/HJ;(OK)) is 1.98, a substantial
increase as compared to few-layer, CVD-grown MoTes
(1.53) [7], and bulk single crystals (1.2) [28]. Given
this large anisotropy and the additional observation of
Shubnikov-de Haas oscillations in the normal state [19],
it is unlikely that the enhancement in H.s is the result of
spin-orbit scattering [29]. In previous reports [7, 8], the

lrl(Tz;c0

enhanced H, ,l|2 combined with the in-plane anisotropy in
few-layer MoTe, was initially considered to result from
strong SOC combined with a complex spin texture inher-
ent to the broken inversion symmetry. In this scenario,
the majority of spin was considered to be locked along
the x — z plane, leading to enhanced upper critical fields
along the y direction. As stated earlier, SOPC has also
been suggested as the mechanism for enhancing H<|:‘2 in
MoTe;. When combined with disorder, SOPC predicts

3

H C”Q’s of up to 4H,, along the b-axis with anisotropic in-
plane behavior and no SOPC enhancement of the upper
critical field along the a-axis [10].

Since SOPC can influence superconductivity in both
centro- and noncentrosymmetric superconductors, recent
works have ruled out Ising-type mechanisms by focusing
on centrosymmetric 1T" and 2M superconductors. The
symmetry of multilayer MoTey can be difficult to deter-
mine, as Raman studies have shown that both the Ty
(noncentrosymmetric) and 17" (centrosymmetric) struc-
tures can exist at low temperature [30]. In addition,
transmission electron microscopy studies have shown sig-
nificant interlayer stacking disorder for bulk and few-
layer mechanically exfoliated flakes [31]. Prior results
also found that HCH2 for the b-axis remains below 4H,
with no other evidence for broken inversion symmetry be-
yond the enhanced H, (IJQ in few-layer MoTes and so could
not rule out SOPC [7, 8]. For bilayer MoTes, due to the
flipped orientation between the two layers, both T,; and
1T" and any stacking disorder via shear between layers
will still break inversion symmetry, allowing tilted Ising
SOC to contribute to the enhanced in-plane upper crit-
ical fields. In transport, the broken inversion symmetry
of bilayer MoTes is evidenced by the existence a ferro-
electric transition [19].

In contrast to prior works, in our bilayer MoTes devices
HC”2 along the b-axis far exceeds 4H,. For the a-axis,

H <|:‘2 significantly surpasses 1.2H,, (the maximum calcu-
lated value in the clean limit for SOPC). In combina-
tion with the anisotropy, our data is in strong agreement
with the tilted Ising SOC model with spins locked along
the x — z plane. To further confirm this, we extract the
SOC strength (Ag,) for the out-of-plane component from
the pair-breaking equation, giving values of ZALHO) =164
meV for the b-axis and 2Al% = 4.3 meV for the a-axis.
These values are in general agreement for the expected
spin-splitting of the conduction band near the Fermi level
(Fig. 1b). Altogether, these results suggest that tilted
Ising SOC is the dominant mechanism for the observed
enhanced and anisotropic upper critical fields.

To further explore the in-plane symmetry of the super-
conducting behavior in bilayer MoTes, we perform mag-
netotransport measurements while simultaneously rotat-
ing the field in- (6 and) out-of-plane (¢). In Fig. 3, we
map R, as a function of both 6 and ¢ with the backlash
from the string rotator subtracted out (see Supplemen-
tal Material). Here, § = 0 represents complete in-plane
alignment and ¢ = 0° and 90° represent fields aligned
along the b and a axes, respectively. As shown in Fig.
3a, we begin by mapping the anisotropy of HCH2 at 300
mK with a constant applied magnetic field of 13 T, close
to the value of HCH; (0K). We observe a clear two-fold
rotational symmetry for fields along the in-plane direc-
tion, where superconductivity persists for fields aligned
along the b-axis and the normal state resistance is reached
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FIG. 2.

(a) Schematic for the two-axis rotator stage and bilayer Ty-MoTes device heterostructure.

H(T)

(b, ¢) Hez versus T for

magnetic fields parallel to the a (b) and b (c) axes. Blue, orange, and yellow dots denote experimental H.o values extracted at
10%, 50%, and 90% Rn, respectively. Dashed lines are fittings. (d) Magnetic field dependence of the critical current for fields

parallel to the a and b axes.

for fields along the a-axis. We note that there is no
anisotropy for in-plane field direction observed in the nor-
mal state magnetoresistance (0 > 2.5°), indicating that
this effect is intrinsic to the superconducting state. This
two-fold rotational symmetry is consistent across bilayer
samples (see Supplemental Material) and does not change
for all measured temperatures up to 1.8 K (T/Tx = 0.7,
Fig. 3b). These results are contrary to those that have
been seen in other 2D superconductors, like NbSes, where
two-fold and six-fold rotational symmetries depend on
temperature and field. The former has been suggested as
being due to s-wave and d-wave pair mixing, enabled by
strain [23, 32|, and the latter by a transition to a FFLO
state [18].

Given our recent report of ferroelectric behavior cou-
pled to superconductivity [19], it is natural to wonder
whether there could be any changes to the two-fold ro-
tational symmetry as bilayer MoTes transitions from a
ferroelectric to a paraelectric state along the interlayer
sliding pathway [33, 34]. In Fig. 3¢, we confirm a ferro-
electric response with respect to displacement field (D).
Superconductivity maximizes just before the switching of
polarization, consistent with our earlier report [19]. Here,
we have chosen to dope the sample with An = 1.5 x 103
cm~2 electrons to maximize the hysteretic behavior. As
shown in Fig. 3d-f, we perform the same mapping of R,

versus 0 and ¢ with field and temperature identical to
that of Fig. 3a, but with D set to values before and after
the switching of polarization for forward and reverse di-
rections. To ensure that we have completely switched to
the “up” polarization state, we first bias the device with
D = —2.32 V/nm and then proceed to map R,, versus 6
and ¢ before and after switching to the “down” polariza-
tion state for the same two values of D, -1.91 V/nm and
0.023 V/nm. We choose these values due to their close
proximity to the voltages required for switching the inter-
nal polarization and the voltages required for maximizing
T. (-1.91 V/nm for “down” and 0.023 V/nm for “up,” see
the dashed lines in Fig. 3c). We observe clear hysteretic
behavior in these maps, reflected by the changing Ry
and Ho for the same values of D. However, much like in
the D = 0 V/nm case discussed earlier, we observe the
same two-fold rotational symmetry for the superconduct-
ing state. From these results, and combined with the fact
that we observe ferroelectric behavior, we can conclude
that inversion symmetry is broken in bilayer MoTes, as
expected from the crystal structure, and that this broken
inversion symmetry combined with the mirror symmetry
along the b — ¢ plane, imparts a complex spin texture
that is responsible for the observed anisotropy in Hllz.
These results are in agreement with our earlier reports
on monolayer MoTe; where, under the assumption of bro-
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ken inversion symmetry, the tilted spin texture gives rise
to a two-fold rotational symmetry for Hey [8]. From the
calculated spin texture in Fig. 1, we can average across
the Fermi surface for S;, Sy, and S, components and
find that the average value of S, is greater than that of
Sy. Like in the case of type-I Ising SOC, the tilting given
by the finite S, value for individual electron pockets will
impart a resistance for spins to align away from the x-
direction. As a result, HC”2 will maximize perpendicular
to the a-axis (i.e, H || b), in agreement with our obser-
vations. The origins of this difference in spin textures
between S, and S, can be traced back to the breaking
of the out-of-plane mirror symmetry given by the bilayer
crystal structure. [7]

The lack of change to the rotational symmetry of the
superconducting gap for in-plane magnetic fields through
the ferroelectric transition pathway is not surprising.
The moderate carrier densities of bilayer MoTes signifi-
cantly screen out-of-plane electric fields and, as a result,
minimize any additional contribution to Rashba spin-
orbit coupling. To see this more clearly, in Fig. 4a we

compare the DFT-calculated electronic band structure
for applied out-of-plane electric fields (-0.5, 0.0, and 0.5
V/nm). While there is a minor shift in the energy of the
bands (up to 2 meV), there is no appreciable change in
the spin-splitting between spin-split conduction and va-
lence bands near Er. As expected, when re-examining
the Fermi surfaces and concomitant spin textures as a
function of applied out-of-plane electric fields, there is no
change in the symmetry of the spin texture, nor is there
any discernible change in the size of the Fermi pockets
and maximum values of S;, Sy, and S, for the range of
out-of-plane electric fields that we have calculated. One
caveat to this interpretation may be the existence of a
paraelectric phase along the ferroelectric transition path-
way, which has been suggested for bilayer WTey [33, 34]
(isostructural to bilayer MoTey). Assuming this para-
electric structure, we again calculate the electronic band
structure and spin texture (see Supplemental Material).
While we find little change in the electronic band struc-
ture from that of the polar one, the magnitudes of S, and
S, significantly decrease for the electron pockets, while
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respectively.

remaining similar for the hole pockets. This suggests
that if any intermediate metastable paraelectric phase
existed along the transition pathway, we should observe
the emergence of an isotropic superconducting gap. How-
ever, as pointed out in Fig. 3d-g, we observe no collapse
of the anisotropy for any value of displacement field. This
suggests that domains of internal polarization may be re-
maining as “up” or “down” until sufficient displacement
field of opposite sign is reached and the entire domain
flips at once, instead of passing through an intermediate
non-polar structure. However, more work is necessary to
determine the true nature of the ferroelectric transition
pathway.

In summary, we observe a robust two-fold anisotropic
superconducting behavior in bilayer T,;-MoTes, where the
upper critical field maximizes and minimizes with respect
to the in-plane crystal symmetry. This two-fold rota-
tional symmetry of the superconducting gap persists for
all values of temperature, parallel magnetic field, applied
displacement field, carrier doping, and internal polariza-
tion switching within the superconducting regime. The
lack of a change in the rotational symmetry agrees with
the calculated electronic band structures under electric
field for the polar structure. While our evidence strongly
suggests that tilted Ising SOC is responsible for the two-
fold rotational symmetry, we note that it is not well un-

derstood whether other competing mechanisms can coex-
ist to enhance the upper critical along the same axes (e.g.,
SOPC combined with tilted Ising SOC). Future work on
other centro- and noncentrosymmetric layer numbers of
T4-MoTe; may elucidate more on these effects. We also
note that in our earlier work we observed large changes in
H., and T, throughout the ferroelectric hysteresis loop,
which we surmised were the result of an increase in Fermi
surface nesting as the hole pocket massively increases in
size while the bilayer transitions through the loop [19].
While measurements of the carrier density indicate that
this interpretation may still be correct, our calculations
presented in this Letter show that electric fields alone
cannot cause such a change to the size of the hole pock-
ets.
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