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Thin films of f—tungsten host superconductivity in the presence of strong spin-orbit coupling.
This non-equilibrium crystalline phase of tungsten has attracted considerable attention in recent
years due to its giant spin Hall effect and the potential promise of exotic superconductivity. How-
ever, more than 60 years after its discovery, superconductivity in this material is still not well
understood. Using time-domain THz spectroscopy, we measure the frequency response of the com-
plex optical conductivity of S—tungsten thin film with a T. of 3.7 K in its superconducting state. At
temperatures down to 1.6 K, we find that both the superconducting gap and the superfluid spectral
weight are much smaller than that expected for a weakly coupled superconductor given the T.. The
conclusion of a small gap holds up even when accounting for possible inhomogeneities in the system,
which could come from other crystalline forms of tungsten (that are not superconducting at these
temperatures) or surface states on S—tungsten grains. Using detailed X-ray diffraction measure-
ments, we preclude the possibility of significant amount of other tungsten allotropes, suggesting the
topological surface states of S—tungsten could play the role of inhomogeneity in these films. Our
observations pose a challenge and opportunity for a theory of strongly anisotropic normal metals

with strong spin-orbit coupling to describe.

Bulk crystalline tungsten (W) in the most stable «—W
bee form has a very low superconducting T, of 11 mK!.
However, thin films of W can have T.’s as large as 5
K e.g. two orders of magnitude higher than the bulk.
This has been attributed to the presence of a metastable
A15 B phase structure that can be stabilized in thin
films?3. Such f—W has very distinctive mechanical, elec-
trical and optical properties. Its room temperature re-
sistivity (~200 puf2cm) is much higher than that of a—W
(~20 u2em)?. Due to strong spin orbit coupling (SOC),
B—W exhibits a giant spin Hall effect with large spin
Hall angle (fsy ~ —0.45), making it potentially useful
in spintronic applications®®. DFT calculations show that
B—W may be a Dirac system that hosts massive Dirac
fermions and may host surface arc states with novel spin
textures reminiscent of those in topological insulators”®.
The helical spin-polarized electrons in topological insula~
tors can host exotic excitations like Majorana fermions if
their topological surface states become superconducting
by proximity effect®. These facts prompt us to investigate
the possibility of exotic bulk and surface superconductiv-
ity in —W.

The study of superconductivity in S—W thin films has
proven to be challenging. There have been only a few ex-
perimental and theoretical investigations!2'0 that have
given understanding of its superconducting state and or-
der parameter. This is mainly because of the difficulty in
growing clean S—W thin films without impurity phases
like a—W and the instability of this metastable phase at
room temperature where it can spontaneously transform
into the a—W phase'!. However, there has been a long-
term (and now renewed) interest in both the metallic
state and the superconductivity of 5—W. The supercon-
ductivity exhibits a number of unusual aspects. Using
tunneling, Basavaiah et al showed that the temperature
dependence of the superconducting energy gap A(T) fol-

lows the Bardeen-Cooper-Schrieffer (BCS) dependence?,
but with a reduced ratio « = A/kgT, ~ 1.1—1.8, (where
A is the superconducting energy gap) as opposed to the
universal weak coupling BCS value of apcg ~ 1.76%12.
It was suggested that the reduced gap could be related
to the presence of a—W phase?. We shall revisit this
possibillity below.

In general, the & = A/kpT, ratio provides important
insight into the physics. In a clean system, the coupling
strength of superconductivity can be defined relative to
apcs, with a >~ agcg for a weakly coupled superconduc-
tor and « somewhat greater than agcg for a strongly cou-
pled superconductor. In disordered systems, pair break-
ing tends to decrease T, faster than it does the A, which
increases the ratio above apcg'®. Thus, in general we
expect o > apcs'®, which is in contrast to observations
in B—W?2. However, in such considerations, there is an
implicit assumption that the order parameter is uniform
both in space and in momentum. The order parame-
ter can be anisotropic in momentum space and the gap
on the Fermi surface (o) can be at points smaller than
apcs'®. Due to a complicated and non-uniform Fermi
surface7, we expect f—W to possesses an anisotropic su-
perconducting gap'*. However, the question is to what
degree? Real space inhomogeneity can of course create
regions where the gap is suppressed and this may also be
an effect.

Here we use high precision time-domain THz spec-
troscopy (TDTS) to measure the low-energy complex op-
tical conductivity of S—tungsten films as a function of
temperature. We systematically study and track the su-
perconducting gap, A(T), as a function of temperature.
We find that the superconducting energy gap and the
superfluid density can be described phenomenologically
in terms of BCS theory, however, with a small energy
gap parameter. This confirms a value of & much smaller
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FIG. 1. (Top) Zero-field magnitude of transmission, (Bot-
tom) Real G1(v) and imaginary G2(v) parts of the zero-field
complex conductance of 5-W 70 nm thin film grown on Si
substrate as a function of frequency from room temperature
(T>T.) to (1.6 K <T.). Inset: Temperature dependence of
the 4-probe dc resistance.
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FIG. 2. Real G1(v) and imaginary G2(v) parts of the zero-
field complex conductance of S-W 70 nm thin film, normal-
ized to the normal-state conductance G,,. The solid lines are
experimental data normalized w.r.t the conductance at 5 K.
The dashed lines are fit to the data using Mattis-Bardeen
theory for BCS superconductor. Inset: Black squares show
the temperature dependence of the superfluid spectral weight
Ss(T) determined from lim, —ovG2/Gr. The blue line shows
the expected spectral weight for a weakly coupled BCS su-
perconductor (apcs = 1.76). The purple line shows the ex-
pected spectral weight for a BCS-like superconductor but with
the experimentally determined A(0) = 0.32 meV that gives
a=1.

than the 1.76 than expected for a weakly coupled BCS
superconductor. The conclusion of a small gap holds up
even when using extant effective medium models that
account for inhomogeneity in the form of normal metal
inclusions. Such inclusions could come from other crys-
talline forms of tungsten (not superconducting at these
temperatures) or surface states on S—Tungsten grains.
Our observations pose a challenge and opportunity for a
theory of strongly anisotropic normal metals with strong
spin-orbit coupling to describe.

Thin films of the f—Tungsten (A1l5 structure) were
grown on 0.5 mm thin Si(001) with ~ 200 nm thick ther-
mal oxide and 0.5 mm MgO(100) substrates using sput-
tering in presence of Ny:Ar gas mixture at room temper-
ature. The Ar sputtering pressure was kept at 5 mTorr
during the deposition. The fact that —W thin films re-
quire Nao:Ar or Og:Ar mixture assisted growth has made
it difficult to tune the quality and T, of the supercon-
ducting film. TDTS measurements were performed in
transmission geometry on thin films of varying thick-
nesses ranging from 70 - 130 nm. The 70 nm —W
thin-films had the highest T.’s of ~ 3.7 K. The sam-
ples on both Si and MgO substrates gave similar results
(See Supplementary Material'® 2% (SM)). Both real and
imaginary parts of the complex conductance, G(v), were
extracted from the ¢ omplex transmission measured in
TDTS measurements, performed down to 1.6 K2!.

Fig. 1 shows the frequency dependent transmission
and complex conductivity G(v) of a 70 nm S—W film,
between 0.2 — 2 THz in zero magnetic field at a few dif-
ferent temperatures above and below T.. For T>T,, the
real part of the conductance, G1(v) is constant in both
this frequency and temperature range with RRR ~ 1. In
the normal state, G2(v) is zero in correspondence with
the large scattering rate (>>10 THz). The THz conduc-
tance in the normal state 0.03 Q~! matches well with DC
conductance measurement, Gy = 0.028 Q~!. Below T,
both G1(v) and Ga(v) shows features indicative of the
opening of a superconducting energy gap. As the tem-
perature falls below T, a depletion develops in G1(v) at
low v, corresponding to shift of superconducting carrier
spectral weight to the zero frequency delta function?2.
However, the depletion is not large and even at the lowest
temperatures of 1.6 K, the conductance remains ~ 66%
of the normal state at 0.2 THz. For a weak coupling BCS
superconductor with T, ~ 3.7 K, one expects an optical
2A gap of about 0.27 THz at this temperature. G (v)
shows a small upturn below 0.2 THz. As v — 0, G2(v)
shows 1/v-like dependence at the lowest temperatures,
characteristic of the superconducting state.

To understand the superconducting state better and
determine the energy gap A(T), we simultaneously fit
the normalized G (v) for all temperatures to the Mattis-
Bardeen (MB) theory?!:23:24, Normalizing the low tem-
perature conductance with the normal state conductance,
G1(5K) eliminates a number of the systematic errors in
the transmission data and reduces the number of fitting
parameters. For the fitting procedure, the only free pa-



rameter is the zero temperature superconducting gap,
A(0). The result of the fits as well as the normalized
conductance data are shown as dashed and solid lines in
Fig. 2. The upturn in G1(v) at 0.2 THz becomes more
apparent after normalizing the data. The global fit to the
real part of the normalized conductance for all tempera-
tures gives A(0) = 0.32 meV, which is similar to values
obtained from tunneling spectroscopy (0.31 - 0.52 meV
for films with T, ranging from 3.1 K to 3.3 K)2. There is
close agreement between the MB fits and G;(v). In con-
trast, the correspondence with the imaginary part using
the same parameters as the real part gives poor agree-
ment at low frequencies [Fig. 2]|. Nevertheless, the tem-
perature evolution of the superconducting gap A(T'), fol-
lows standard BCS A(T) = A(0)tanh[1.74,/T./T — 1],
given for a weakly coupled BCS superconductor. How-
ever the extracted gap 2A(0) = 0.15 THz (0.64 meV) or
a = A(0)/kgT. ~ 1 is much less than the weak coupling
limit of 1.76 for a fully gapped BCS superconductor.

To get further insight into the superconducting gap
and confirm the Mattis-Bardeen fits, we study the tem-
perature dependence of the superfluid spectral weight,
Ss(T'), as a measure of superfluid density ns. We cal-
culate S5, = lim, ,ovGs/G, which is a measure of
superfluid spectral weight determined directly from the
TDTS experimental data. We can compare it to the
value calculated Ss;up for @« = 1 and apcg = 1.76 us-
ing the approximation for a fully gapped BCS supercon-
ductor given by S5(T) = %tanh[A(T)/%;BT]M.
The normalization constant S5(0) is given by the Ferrell-
Glover-Tinkham (FGT) sum rule, S5(0) = .S,, — Sgp(0),
where S, is the total spectral weight in normal state and
Sqp(0) is the above gap spectral weight at 7' ~ 0 as given
by the MB theory?!. In Fig. 2(inset) we compare the
temperature evolution of S5 ¢, with both S5 B for o =1
and agcs = 1.76. Near T, the curve for o = 1 is close
to the experimental value, but over estimates the spec-
tral weight found in the delta function. Thus we conclude
that the Mattis-Bardeen fits below 0.2 THz do not match
the actual conductance G1(v) and S5 mp(T) at low tem-
peratures. It is likely that there is a subgap conductance
coming from a contribution other than the ones consid-
ered in MB theory. Hence, as compared to a weakly
coupled BCS superconductor, S—W has a much lower
superfluid density.

In order to qualitatively understand the origin of the
low superfluid spectral weight in comparison to the MB
theory prediction, we compare the experimental data
phenomenologically with the individual components of
the MB response function??2%26, There are both ther-
mally and photon excited contributions to the total op-
tical response in superconductors as shown in Fig. 3.
Within the BCS framework, the low energy response of
G1(v < 2A) is only from the thermal excitations, whereas
the higher energy response above 2A is dominated by the
photoexcitations (breaking of Cooper pairs due to pho-
ton absorption). For G3(v), most of the response in our
spectral range is from the superfluid with a small neg-
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FIG. 3. Frequency dependent real G1(v) and imaginary Gz (v)
conductance of a superconductor at T/T. = 0.6. The red
shaded region indicate the thermally excited contribution. In
G1(v), the Green line indicates the photon excited response
and blue shaded region corresponds to the total response. In
addition to these contributions there is a zero frequency delta
function in Gy and its very large 1/v contribution to Ga.

ative contribution coming from the thermal and photon
excitations, which decrease with increasing energy. On
comparing the measured conductance of f—W in Fig. 2
with the individual components contributing to the op-
tical response shown in Fig. 3, we find that the neg-
ative thermal contribution to Ga(v) cannot account for
the smaller than expected Ga(v). It is both too small in
magnitude and of course disappears in the limit of low
temperature. It appears that there must be some residual
low frequency metal-like conduction that has the effect
of giving a smaller contribution to the lowest frequency
Go(v) than the same spectral weight in the supercon-
ducting delta function would.

One explanation for this low ng, a larger than expected
response in G1(v), smaller fitted gap, and anomalous sub
gap absorption could be that the superconductor is inho-
mogeneous and that there are parts of the film which
are not superconducting even at the lowest measured
temperature. This would have the effect of making the
apparent A/kgT,. ratio from the MB fits smaller than
1.76. Such inhomogeneity could stem from the pres-
ence of a—W, which only becomes superconducting at
much lower T. a—W can either form directly during de-
position or transform from S—W due to its unstable na-
ture>'!. Another and surely more exciting possibility is
the presence of topological surface states on the exterior
of B —W grains, which could act as sources of dissipation
even when the bulk of the grains becomes superconduct-
ing”. In order to confirm the presence of inhomogeneity,
we analyze the system in terms of effective medium mod-
els. We compare the conductivity with calculations based
on two different effective medium models, namely the
Bruggeman-effective-medium-approximation (BEMA )7
and Maxwell-Garnett theory (MGT)1¢, for the collective
response of a mixture of two materials'”?128, See SM'®
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FIG. 4. Zero-field normalized real G;(v) and imaginary G2(v)
conductance of 70 nm S—W thin film shown with solid lines.
(a)-(b) Effective optical conductance calculated from BEMA
(dashed lines) with normal volume fraction f = 0.3. (c¢)-(d)
Effective optical conductance calculated from MGT (dashed
lines) with normal volume fraction f = 0.3.

for details of these models. The BEMA treats all con-
stituents equivalently, and is thus appropriate for mix-
tures with connected grains. In contrast, the MGT treats
one constituent as the host and others as embedded me-
dia making it more suitable for mixtures with isolated
inclusions!”.

For the BEMA model, we consider an inhomogeneous
two component medium of normal Drude-metal and su-
perconductor that have volume fractions f and 1 — f.
Similar to the analysis above, we fit the normalized G(v)
using the MB theory for the superconducting fraction
and the normalized G, (v) = 1 for the normal fraction.
Here the free parameters are f, and A(0). We obtain
reasonable fits for G1(v) with a slightly larger energy
gap than in the MB homogeneous case of A(0) = 0.42(2)
meV (0.10 THz) and normal volume fraction f = 0.30(3)
as shown in Fig. 4(a-b). The spectral gap 2A(0) fit in
this fashion increases only by 33% giving aggnma = 1.32
which is somewhat closer to, but still less than the weakly
coupled BCS superconductor value of 1.76. The BEMA
fits for Ga(v) match even better to the data as com-
pared to MB theory fits in Fig. 2(b). Although there
are still discrepancies, they appear to be converging to-
wards the data at frequencies below 0.2 THz. In order
to confirm the fits we determine the superfluid spectral
weights of G1(v) from BEMA S5 prma using FGT sum
rule and compare it to S5, (T) in Fig. 5. Unlike the
overestimated superfluid spectral weights obtained from
MB theory, Sspema falls only slightly below the BCS
prediction and S5 g, .

For the MGT model the superconducting component is
taken as the host medium and the normal volume fraction
f is taken as the embedded media. We fit G(v) using
MB theory for the superconducting medium, taking the

S

FIG. 5. Temperature dependent superfluid spectral weight,
Ss(T). The black squares show lim,_,ovG2/G,. Solid lines
are superfluid spectral weight calculated for MB theory for
a = 1 and 1.76. Dashed lines are the superfluid spectral
weights calculated for MGT and BEMA for a normal volume
fraction of f = 0.3.

energy gap A(0) and normal volume fraction f as the
only free parameters. Fig. 4(c-d) shows that the MGT
fits are consistent with G1(v) for f = 0.3 and energy gap
A(O) = 0.42 meV (01 THZ)7 or ayiar = 1.32 (< chs)
to within errors giving the same parameters as BEMA
fits. As shown in Fig. 5, the superfluid spectral weight
Ssmar extracted from MGT Gi(v) is now just slightly
below the experimental Sj5g,. This indicates that the
MGT Gs also converges to near the experimental data
at frequencies lower than 0.2 THz.

These fits with effective medium models show that al-
though there can be a low frequency absorption coming
from inhomogeneity, this does not completely explain the
extracted small gaps in these systems. Therefore one
can take this as an intrinsic feature of the supercon-
ducting state of S—W. One possibility is that the gap
is strongly anisotropic in momentum space. Although
gap anisotropy in s-wave superconductors is believed to
largely depends on phonon spectrum anisotropy and not
on Fermi surface anisotropies®® 3!, this issue has not been
investigated for the strongly anisotropic Fermi surface
of tungsten. Moreover, calculations taking into account
strong-spin orbit coupling in a system like tungsten with
its strongly anisotropic Fermi surface3? have not been
done. This is an area for future investigation.

What is the source of these metallic regions in the film?
First, we would like to discuss the possibility that the
other tungsten allotrope a—W could be acting as normal
metal inclusions embedded in the superconducting 5—W.
It is generally known that depending on the growth con-
ditions and thickness of the thin films, tungsten grows
in bee phase, A15 phase, mixed phases or in amorphous
phase?333. 0 —20 X-ray diffraction measurements on our
W thin films (see Fig. 6) indicates a pure S—W phase
with no a—W peaks observed within our instrumental
uncertainty. We believe that, « — W even if present must
be much less than 10% implying that the normal volume
fraction of f = 0.3 obtained from the effective medium
models cannot be explained by normal metal inclusions
of bcc W phase. Further, all the W peaks are sharp
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FIG. 6. 0 — 20 x-ray diffraction pattern of tungsten thin film
grown on Si(001)+SiO2 substrate after subtracting the sub-
strate intensity measured under exactly the same condition
as the thin film. The S—W peaks are marked in black and
position of a—W peaks as shown with blue marker. The inset
show zoomed-in view of diffraction intensity from 76° — 116°.

(8(200)pwnnM = 0.38°) indicating absence or negligible
amount of the amorphous phase343%. To confirm this, we

performed XRD measurements on W thin films grown on
MgO substrate and obtained results similar to that on Si
substrate (see SM9).

All the above, suggests that the nontrivial surface
states of topological Dirac metal of 3—W7 are a pos-
sible source for the inhomogeneity found in the effec-
tive medium models. We estimate the grain size of
B—W crystals to be 23(3) nm using Scherrer equation*36
(see SM'®). This implies that the grains of S—W are
nanocrystalline and the surface to volume ratio of the
entire thin film is large. Thus, in the superconducting
state of nano-crystalline —W thin films, the topological
surface states on the exterior of the grains would act as
sources of dissipation explaining the anomalous subgap
absorption observed in our films.
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