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Origin of superconductivity in disordered tungsten thin films
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The most common allotrope of tungsten, α-W, has a superconducting transition at a temperature of ∼11 mK.
However, two other forms of tungsten have been reported to have superconducting transitions in the temperature
range Tc ∼ 2−5 K when synthesized as thin films: crystalline β-W and amorphous W (a-W). In this work
we carry out a systematic study of W films synthesized using dc magnetron sputtering, using transport, low
frequency magnetic shielding response, and transmission electron microscopy. Our results show that while a-W
is indeed a conventional superconductor, β-W is not a superconductor down to 2.3 K. Superconductivity with
Tc > 3 K in the putative β-W films probably originates from an amorphous phase that forms underneath the
β-W phase. Our findings reconcile some of the anomalies earlier reported in β-W, such as the very small
superconducting gap and the decrease of Tc with increase in film thickness.
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I. INTRODUCTION

Bulk tungsten crystallizes in the body centered cubic α-W
phase and has a very low superconducting transition tem-
perature [1], Tc ∼ 11 mK. However, tungsten thin films often
show a much larger superconducting transition temperature
[2,3] with Tc ∼ 2 − 5 K. Early reports attributed this enhanced
superconducting transition to the metastable β-W phase with
A15 crystal structure [4,5]. β-W also has a large spin-orbit
coupling [6], which along with superconductivity makes it a
potential candidate for unconventional superconductivity [7]
and spintronic applications [8,9]. At the same time, amor-
phous W (a-W ) thin films with Tc as high as 5 K can also
be grown by incorporating impurities during the deposition
process. One way to obtain a-W films is by breaking down
an organometallic precursor like W(CO)6 using a focused ion
beam [10–13], where the main impurities are carbon, oxygen,
and gallium. Alternatively, a-W can also be synthesized us-
ing magnetron sputtering, by introducing nitrogen or oxygen
gas along with argon during the deposition process [14–16].
While superconductivity in a-W appears to be robust, despite
considerable work the origin of superconductivity in β-W
films remains controversial. The situation is complicated by
the fact that a small amount of impurity gas like nitrogen
or oxygen during growth is required to stabilize the β-W
phase and minimize the α-W impurity phase that inevitably
forms along with the β-W phase [17–19]. Recent reports
suggest that superconductivity in β-W is stabilized only in
the presence of additional ingredients such as the formation
of nanocrystalline structures [17] and disordered phases that
grow alongside the β-W phase [15], or in the presence of a
second impurity phase like WNx [14].
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Early tunneling studies in β-W films using planar tunnel
junctions revealed a large sample to sample variation in the
superconducting energy gap (�), with gap to Tc ratio [3],

�
kBTc

∼ 1.1−1.8 (where kB is the Boltzmann constant). More
recent optical conductivity measurements found the ratio to
be [20] �

kBTc
∼ 1, which is much smaller than the expected

value of 1.76 from Bardeen-Cooper-Schrieffer (BCS) theory.
While such a small ratio could in-principle arise from isolated
Fermi surface pockets that are much more weakly coupling
than the rest of the Fermi surface, extrinsic effects such as a
normal metal phase coexisting with the superconductor needs
to be carefully ruled out. Furthermore, it has been reported
that in β-W films, the superconducting transition temperature
gets suppressed when the thickness is increased in the tens
of nanometers range, which is in contrary to the behavior
observed in most superconducting films [17]. This calls for
a critical investigation on the origin of superconductivity in
β-W thin films.

In this work, we investigate the origin of superconduc-
tivity in superconducting tungsten films grown through dc
magnetron sputtering. Controlling the thickness and Ar/N2

ratio during the deposition process, we can grow β-W and
a-W films. We study the properties of both β-W and a-W
films using a combination of structural, electrical, and mag-
netic measurements and low temperature scanning tunneling
spectroscopy (STS). We observe that a-W behaves like a
conventional BCS superconductor consistent with earlier re-
ports [13]. In contrast superconductivity in the putative β-W
films is highly anomalous: While bulk measurements show a
clear superconducting transition, we do not observe a super-
conducting energy gap when the film is probed using STS.
Cross-sectional TEM studies suggest that the superconductiv-
ity might not be associated with the β-W phase but with an
amorphous W layer that forms underneath the β-W phase.
The central result of this paper is that contrary to popular
belief crystalline β-W might not be a superconductor down
to 2.3 K.
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II. EXPERIMENTAL DETAILS

W films were grown from a 50.8 mm diameter W target
using dc magnetron sputtering on oxidized Si, sapphire, and
Nb-doped STO substrates at room temperature in Ar/N2 gas
mixture. Over the course of this study more than 100 films
were deposited by varying the thickness and the Ar/N2 gas ra-
tio. In this work we will focus on films grown on 0.5 mm thick
Si substrates with approximately 200 nm of thermal oxide on
the top. The base pressure of the chamber prior to deposition
was 8 × 10−7 mbar while the depositions were carried out at
10 mbar pressure. The composition of the gas mixture during
growth was controlled with mass flow controllers. The flow
rate of Ar was fixed at 27 SCCM (standard cubic centimeters
per minute) whereas the N2 flow rate was varied between 0
and 1 SCCM. The target substrate distance was fixed at 4.5
cm and the sputtering power was 60 W. The thickness of
the films was measured using a stylus profilometer. Compo-
sitional analysis of several films was carried out using energy
dispersive x-ray analysis (EDX).

For all films structural characterization was performed
using x-ray diffraction (XRD). θ − 2θ XRD scans were ac-
quired keeping an offset of 4 ° with the plane of the film
to avoid contribution from the substrate. Some films were
also characterized using grazing incidence diffraction (GID)
to get an insight of the structure at different thicknesses be-
low the film surface. Transmission electron microscopy was
performed using an aberration corrected (Cs corrected) FEI-
Titan microscope operated at 300 kV and equipped with a
field-emission gun source. To prepare the TEM specimen,
the film was cut in 1.7 mm × 1 mm rectangular pieces using
a diamond microsaw. A sandwich of two such samples was
prepared using Gatan G1 epoxy and embedded in a Ti slot
grid of dimensions 1.8 mm × 1 mm. The disk thus prepared
was ground to an 80 micron thickness and then a dimple was
made using a dimple grinder leaving a 10 micron thickness.
This sample was then milled in a precision ion milling system
using Ar ions. The sample was milled using top and bottom
guns at 5 kV, 5 ° angle until perforation in the sample was
observed; after that the sample was further polished with a
low energy beam at 2 and 1 kV. The sample stage was cooled
with liquid N2 in order to avoid the sample getting altered due
to local heating.

The superconducting transitions of the films were mea-
sured from their magnetic shielding response using a two-coil
technique [21], in a continuous flow 4He cryostat down to
a lowest temperature of 2.3 K. In this technique, the film
is sandwiched between a quadrupolar primary coil and a
dipolar secondary coil [see inset of Fig. 2(a)] and the in-
phase and out-of-phase component of the mutual inductance
(M ′and M ′′) is measured using a lock-in amplifier. The onset
of superconductivity is marked by a rapid decrease in M ′
(and the appearance of a dissipation peak in M ′′) since the
superconducting film partially shields the magnetic field gen-
erated in the primary coil from the secondary, thus providing a
noncontact method for determining Tc. For some films, mag-
netotransport measurements were performed in a 3He cryostat
fitted with a 100 kOe superconducting solenoid. Electrical
transport measurement was performed using the conventional
four-probe method. Resistivity and Hall measurements were
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FIG. 1. (a) XRD θ − 2θ scans for tungsten films grown in N2/Ar
atmosphere; the Ar flow rate was fixed at 27 SCCM whereas the
N2 flow rates for different films are shown in the right of the panel
(in units of SCCM). Successive plots have been shifted upward for
clarity. (b) XRD θ − 2θ scan of the tungsten films grown with 1
SCCM flow rate of N2. (c) Intensity ratio of [211]α and [400]β peaks,
I[211]α
I[400]β

, for films grown with different flow rates of N2. (d) Variation

of Tc for films grown in different N2 flow rates. The red dashed
line shows the lower temperature limit of our measurement. The top
horizontal axes in panels (c), (d) show the volume percent of nitrogen
in the Ar/N2 gas mixture.

performed on samples deposited in a six-probe Hall bar
geometry using a shadow mask. STS measurements were
performed using a home-built scanning tunneling microscope
[22] (STM) operating down to 410 mK and fitted with a
90 kOe superconducting solenoid. Since STS measurements
require a pristine sample surface that is uncontaminated by
exposure to air, we used the following protocol. After depo-
sition, the sample is directly transferred from the deposition
chamber using mechanical manipulators into an ultrahigh
vacuum (UHV) suitcase kept at 10−9 mbar pressure using a
room temperature getter pump and battery-operated ion pump.
The UHV suitcase is then connected to the STM through a
load-lock and the sample is transferred on the STM head using
another set of mechanical manipulators without exposure to
air.

III. RESULTS

Figure 1(a) shows representative θ − 2θ scans for a set of
W films grown with a different flow rate of N2 during the de-
position process. All films here have a thickness of 140 ± 10
nm. We observe the following general trend. For the films
grown between 0 and 0.1625 SCCM we observe pronounced
peaks close to 35.5 ° and 75.2 ° corresponding to [200]β and
[400]β peaks, respectively. There is an additional peak at
72.6 °. This peak most likely corresponds to the [211]α peak
from a strained α-W impurity phase. While there are some
peaks of W2N3 in this range, this is unlikely to be its origin for
two reasons: First, we do not observe the more intense peaks
corresponding to the same structure and, second, the peak
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FIG. 2. (a) Magnetic shielding response of a 140 nm thick a-W
film measured from the in-phase (M ′) and out-of-phase (M ′′) part of
the mutual inductance. Inset: Schematics of the mutual inductance
setup used to measure the magnetic shielding response of supercon-
ducting films. (b) Resistance/resistivity versus temperature of an a-W
film in different magnetic fields. The dashed horizontal line shows
95% of the normal state resistance from which Hc2 is determined. (c)
Temperature variation of Hc2 for the same film; the solid blue line
shows the linear variation of Hc2 close to Tc.

intensity does not increase with N2 flow rate. Furthermore, in
all the crystalline films we observe a pronounced peak close
to 40 °. For the sample grown in pure Ar atmosphere, this
peak is between the expected values for [110]α (at 40.26 °)
and [210]β (at 39.88 °). This could in principle be a strained
[110]α peak. However, since all the peaks here are broad due
to the disordered nature of these films, it is more likely to
have contribution from both [110]α and [210]β . As the N2

flow rate is increased from 0 to 0.1625 SCCM we observe that
this peak shifts toward the expected value of the β-W phase
showing a gradual stabilization of the β-W phase. The same
can be seen from the intensity ratio of [211]α and [400]β peaks
which decreases from I[211]α

I[400]β
∼ 2.65 to I[211]α

I[400]β
∼ 0.2 in the same

range [Fig. 1(c)]. One point to note is that a small amount of
β phase is present even when the growth is performed without
N2, in contrast to some earlier studies [15,19]. This is due to
the slightly higher base pressure in our chamber, where the
residual impurity gas can cause a partial conversion to the β

phase even when no N2 is intentionally introduced. However,

with further increase of N2 in the sputtering gas the film gets
completely amorphized. Films grown with N2 flow rate be-
tween 0.25 and 1 SCCM always show very broad humps close
to 35 ° and 65 ° and no crystalline peak [Fig. 1(b)] consistent
with the formation of a-W . Between 0.1 and 0.25 SCCM,
we observed that the structure of the films is extremely sen-
sitive to deposition conditions. In this window, sometimes the
same N2 flow rate resulted in films that show prominent β-W
peaks, very weak β-W peaks riding over a large amorphous
background, or that are completely amorphized, especially
when the films were grown several days apart. EDX com-
positional analysis of several a-W films grown in 1 SCCM
N2 flow-rate showed the presence of 3–4 at. % of nitrogen.
It is therefore likely that a-W films contain some amorphous
phases of tungsten nitrides (e.g., WN0.2, WN0.6) in addition
to amorphous W as shown in earlier photoemission studies
[15]. Figure 1(d) shows the variation of Tc with N2 flow rate.
Films grown with a N2 flow of 0.01 SCCM or lower did
not show any superconducting transition down to 2.3 K. We
observe the onset of superconductivity above a 0.025 SCCM
N2 flow rate. However, some films grown below a 0.1 SCCM
N2 flow rate did not show superconductivity down to 2.3
K. Superconductivity was consistently observed above 0.1
SCCM and films grown with N2 flow rates larger than 0.25
SCCM consistently showed superconductivity with Tc > 4 K
and typical Tc variation less than 10%. We will discuss this in
more detail below.

Of the films deposited, we obtained superconductivity
most consistently in the a-W films with the superconducting
transition varying in the range Tc ∼ 4.4 − 5.2 K. Figure 2(a)
shows the representative magnetic shielding response of one
a-W film (140 nm thickness) with Tc ∼ 4.8 K. The single
sharp drop in M ′ at Tc and the clean dissipative peak in M ′′
are both signatures of clean homogeneous film. Figure 2(b)
show the resistance (R) versus temperature (T ) at various
magnetic fields. From the R-T we extract in Fig. 2(c) the
temperature variation of the upper critical field, Hc2, defined
as the point where the resistance reaches 95% of the normal
state value. Close to Tc, Hc2 varies linearly with temperature
following a relation Hc2(T ) ∼ (T − Tc), as expected from
Ginzburg-Landau theory. From this linear slope we extract
Hc2(0) ∼ 65 kOe using the Werthamer-Helfand-Hohenberg
[23] (WHH) relation, Hc2(0) = −0.693Tc

dHc2
dT |

T ≈Tc
. The mea-

sured value of Hc2 at 1 K is 60 kOe, consistent with this
estimate. To further understand the superconducting state, we
investigated a similar sample using STM. Figure 3(a) shows
the topography of the sample. The root mean square surface
roughness is ∼ 0.7 nm. Figure 3(b) shows the normalized dif-
ferential conductance [GN (V ) = dI

dV |
V
/ dI

dV |4 mV] as a function
of voltage at different temperatures, averaged over a uniformly
placed 8 × 8 grid over this area. The GN (V ) − V curves
display symmetric coherence peaks and minima at low bias
consistent with what is expected for a conventional supercon-
ductor. We fit each curve with the standard tunneling equation
[24], using the broadened Bardeen-Cooper-Schrieffer (BCS)
density of states: N (E ) = Re{ |E+i�|√

(E+i�)2−�2
}, where � is the super-

conducting energy gap and � is a parameter that accounts
for nonthermal sources of broadening. While originally in-
troduced as a phenomenological parameter [25], it has
been recently shown that this parameter can microscopically
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FIG. 3. (a) Topographic map over 500 nm × 500 nm area for a
140 nm thick a-W thin film measured using STM at 4 K; the bias
voltage is 15 mV and tunneling current is 150 pA. (b) Normalized
conductance GN (V ) as a function of bias voltage at different tem-
peratures in zero magnetic field, averaged over 64 equally spaced
points over this area; the conductance is normalized at 4 mV. The
solid lines show the fits to the spectra. (c) Temperature variation
of the superconducting energy gap � and broadening parameter �

extracted from the fits; the solid line is the expected BCS variation
of �. (d) Normalized dI

dV |
V =1.5 mV

map over the same area at 410
mK in a magnetic field of 5 kOe; the color scale is offset subtracted
and normalized such that −1 and 0 correspond to the minimum and
maximum conductance values, respectively. The vortices appear at
local minima in the conductance map and are shown as purple points.

originate from disorder scattering [26]. We extract, �(0) ∼
1 meV, which corresponds to �(0)

kBTC
∼ 2.6. This is larger than

the weak coupling BCS value and similar to strong coupling
superconductors [27] like Hg. The temperature variation of
� [Fig. 3(c)] follows the expected BCS variation within ex-
perimental accuracy. On the other hand, � ∼ 0.48 meV is
relatively large and temperature independent. Such a large
temperature independent value of � is typical of amor-
phous superconductors [28,29] and reflects the strong disorder
scattering in these materials [26]. Figure 3(d) shows the con-
ductance map acquired at a bias voltage of V = 1.5 mV close
to the coherence peak ( dI

dV |
V =1.5 mV), over the same area at

0.41 K with a magnetic field of 5 kOe applied perpendicular
to the film plane. In the conductance map each vortex appears
as a dark spot, corresponding to a local conductance minimum
[30,31]. This identification was further confirmed by counting
the number of vortices. Dividing the total magnetic flux by the
flux quantum �0 = h

2e we expect to see 61 vortices within the
field of view, which is very close to the observed value of 62
vortices.

Superconductivity in β-W films was much less consistent
than in amorphous films. Due to the difficulty in obtaining
films with the same structural characteristic in the growth
window where the β-W phase is most stable, we synthe-
sized many films with N2 flow rates between 0.001 and 0.2
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FIG. 4. (a) Magnetic shielding response of four β-W films
showing superconducting transition between 3 and 4 K. (b) Re-
sistance/resistivity versus temperature of one β-W film with Tc ∼
3.85 K in different magnetic fields. The dashed horizontal line shows
95% of the normal state resistance from which Hc2 is determined. (c)
Temperature variation of Hc2 for the same film; the solid blue line
shows the linear variation of Hc2 close to Tc. (d) XRD θ − 2θ scan of
the same film showing the diffraction peaks corresponding to β-W.

SCCM over several months. As expected, some of the films
synthesized toward the upper end of this window turned out
to be completely amorphous. Of the 22 samples that showed
clear β-W peaks, eight showed a superconducting transition
down to 2.3 K. The magnetic screening responses for four
films with Tc > 3 K are shown in Fig. 4(a). However, the
Tc’s of β-W films were consistently lower than 4 K. From
XRD we observed that all samples had a small amount of
α-W impurity. One sample with Tc ∼ 3.85 K was chosen
for detailed transport measurements. Figure 4(b) shows the
R-T of this sample in different magnetic fields. The zero-field
transition is sharp and Hc2 [Fig. 4(c)] measured using the
same criterion as before is of the same order of magnitude
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FIG. 5. (a) Topographic map over 500 nm × 500 nm area for a 140 nm thick β-W thin film measured using STM at 4 K; the bias voltage is

15 mV and tunneling current is 150 pA. (b) Normalized zero bias conductance [GN (0) =
dI
dV |

V =0
dI
dV |

V =4 mV
] map over the same area. (c–e) Representative

GN (V ) versus V spectra at three different locations. (f) Average normalized conductance GN (V ) versus V spectra over the entire area; a small
suppression in conductance is observed below 1 mV riding over the overall V shape extending to high bias. (g) Magnetic shielding response
for the same film measured from the in-phase (M ′) and out-of-phase (M ′′) part of the mutual inductance.

as a-W . From the linear slope of Hc2 versus T close to Tc, we
estimate Hc2(0) ≈ 48 kOe. This value is slightly exceeded at
0.5 K where Hc2 ∼ 50 kOe. It is difficult to ascribe physical
significance to this small discrepancy since the value of Hc2

can change by a few percent based on the precise criterion
used. The normal state resistivity is about 20% lower than the
amorphous film of the same thickness. The XRD for this film
[Fig. 4(d)] shows clear peaks corresponding to the β-W phase
and a small contribution from the α-W impurity.

Since β-W films did not consistently show superconduc-
tivity, we performed STS measurements on several samples
adopting the following protocol: We first performed STS
measurement on an uncontaminated surface without expos-
ing to air; after completing STS measurements the sample
was taken out and the Tc was determined through magnetic
shielding response measurements. While some of the samples
showed a superconducting transition in the magnetic shielding
response, none of the samples showed a clear signature of su-
perconductivity in STS measurements. Figure 5(a) shows the
topography of a β-W film with Tc ∼ 3.55 K. G(V )-V curves
were acquired over this area on a 32 × 32 grid at 410 mK in
zero magnetic field. Figure 5(b) shows the normalized zero
bias conductance map over this area. The individual spectra
either showed a broad V shape [Figs. 5(c)–5(e)] extending up
to high bias, or were nearly flat, and none of them showed any
clear signature of superconductivity related features. How-
ever, a weak signature of superconductivity below 1 mV was
observed when we inspected the average of all 1024 spectra
[Fig. 5(f)]. Here in addition to the broad V shape a small addi-
tional decrease in conductance (∼5%) becomes visible below
1 mV. This weak low bias feature is reminiscent of proximity
induced superconductivity that is observed when a supercon-
ductor is covered with a normal metal [32]. Figure 5(g) shows
the magnetic shielding response measured on the same film.
The shielding response shows a drop in M ′ at the supercon-
ducting transition and the associated dissipative peak in M.

To understand the anomalous behavior of β-W films, we
carried out detailed cross-sectional TEM (csTEM) measure-
ments on the same sample. Figures 6(a) and 6(b) show
the csTEM images acquired at the top and bottom (close
to the substrate) of the film along with the selective area
electron diffraction (SAED) pattern from the top and the
bottom [Figs. 6(c) and 6(d)] taken with a 5 µm aperture.
Figures 6(e) and 6(f) show the magnified view of the areas
in the 10 nm × 10 nm white box in Figs. 6(a) and 6(b),
respectively. We observe that the structure of the film is not
the same at the top and the bottom. At the top of the film, we
can clearly see crystalline structure in the image. The SAED
pattern [Fig. 6(c)] contains a large number of sharp spots
forming a ring pattern which is expected when the diffraction
is from several crystallites within the field view. In Fig. 6(g)
we show the two-dimensional Fourier transform (2DFT) of
the area shown in Fig. 6(e); Fig. 6(g) shows sharp spots that
we can index with the β-W crystal structure. In contrast, no
crystalline structure is discernible close to the substrate; here
both the SAED [Fig. 6(d)] and the 2DFT of the area shown in
Fig. 6(f) [Fig. 6(h)] show diffuse rings corresponding to either
a nanocrystalline or an amorphous state.

To understand the evolution of the structure more carefully,
we recorded nanobeam diffraction (NBD) patterns with an
electron beam spot size of 1.5 nm [Fig. 7(b)], at 23 locations
across the cross section of a 220 nm thick film, where location
1 is close to the top of the film and location 23 is close
to the substrate [Fig. 7(a)]. The panels labeled 1–23 show
representative NBD patterns at 14 locations. The NBD pattern
at location 1 shows sharp Bragg spots corresponding to a crys-
talline structure. These Bragg spots are visible until location
4 which is about 29 nm from the film surface. Beyond this the
NBD pattern displays only a ring that progressively becomes
diffuse as we go toward the substrate. This implies either the
presence of nanocrystallites or an amorphous structure with
short-range correlations. Beyond location 15 (corresponding
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FIG. 6. (a), (b) Transmission electron micrograph of the top (a) and bottom (b) of a 220 nm thick β-W thin film. (c), (d) SAED pattern
from the top (c) and bottom (d) of the film. (e), (f) Expanded view of the 10 nm × 10 nm area within the white box in (a), (b), respectively.
(g), (h) 2DFT of images (e), (f), respectively; some Bragg spots in (g) are indexed with the β-W structure.

to 133 nm from the film surface), the ring also disappears, and
we see only a diffuse intensity corresponding to a completely
amorphous structure. These results strongly suggest the ex-
istence of approximately 90 nm thick amorphous W beneath
the β-W film. In contrast, similar measurements performed on

a-W film do not show any structural variation within the film
thickness and show an amorphous structure everywhere.

Since the β-W structure appears to form over a critical
thickness of an amorphous W layer, one could expect very thin
films to be purely a-W. To check this hypothesis, we deposited

FIG. 7. (a) Cross-sectional view of a β-W film. The point marked 1 is at the top of the film, while 23 is at the bottom. (b) Image of the
1.5 nm nanobeam used for the NBD acquired at locations 1–23. The panels marked 1–23 show the NBD patterns at the location marked by the
same number in panel (a). We observe a gradual change from crystalline to amorphous structure as one goes from the top to the bottom of the
film.

104519-6



ORIGIN OF SUPERCONDUCTIVITY IN DISORDERED … PHYSICAL REVIEW B 109, 104519 (2024)

×10³

FIG. 8. (a) XRD θ − 2θ scans of tungsten films of different
thicknesses grown in 0.16 SCCM N2 and 27 SCCM Ar flow. Films
with thickness up to 53 nm are amorphous. Peaks corresponding to
β-W start gradually appearing for films with thickness larger than
70 nm and become more intense with increase in thickness. Each
successive graph has been shifted upward for clarity. Inset: Variation
of Tc with film thickness grown under same deposition conditions; for
some thicknesses we have shown Tc for multiple films of the same
thickness to give an idea of sample to sample variation, which be-
comes more pronounced in the thickness range in which we observe
β-W crystalline peaks. (b), (c) Representative magnetic shielding
response measured from the in-phase (M ′) and out-of-phase (M ′′)
part of the mutual inductance is shown for the 14 and 84 nm thick
films, respectively.

a series of films with different thicknesses at 0.16 SCCM N2

flow, in a set of consecutive runs starting from the thinnest
sample. Figure 8(a) shows the XRD θ − 2θ scans for this set
of films. Indeed, up to a thickness of 35 nm we do not observe
any Bragg peak showing the formation of pure a-W films. For
the film with 53 nm thickness broad humps start appearing
around the positions where Bragg peaks are expected for the
β-W structure, indicating the formation of nanocrystals. Clear
Bragg peaks corresponding to β-W appear at 70 nm thickness.
Between 70 and 140 nm the Bragg peaks get more intense.
For the 140 nm thick film we can identify the [211]α peak
showing the presence of α-W impurity, consistent with our
earlier discussion on films with similar thickness. The inset

of Fig. 8(a) shows the variation of Tc for films of different
thickness deposited under the same conditions. Films grown
with thickness in the range where we observe pure a-W films
have Tc > 4 K. In contrast, in the range of thickness where
we can identify the formation of the β-W phase, Tc drops to
lower than 3.8 K. The magnetic shielding responses of two
representative films are shown in Figs. 8(b) and 8(c).

IV. DISCUSSION

We can now put these results in perspective. We have con-
sistently observed superconductivity only in a-W films grown
in the presence of moderate N2 impurities during growth.
Since we cannot identify any crystalline WNx phase, we
conclude that the N2 either gets incorporated as interstitial
atoms or forms amorphous phases of WNx as suggested in
some earlier studies [15]. In contrast, the origin of super-
conductivity in films that show pronounced β-W peaks in
XRD is more complex. First, the superconducting transition
temperatures of these films vary widely, and many films turn
out to be nonsuperconducting down to 2.3 K. Those which ex-
hibited superconductivity had a transition temperature <4 K,
which is smaller than a-W films. However, even for films that
showed a superconducting transition from transport and mag-
netic measurements, we observed only a very weak signature
of proximity induced superconductivity at the surface of the
film using STM. Combining the information obtained from
structural measurements, we conclude that superconductivity
originates from the amorphous tungsten underlayer, whereas
β-W itself remains nonsuperconducting. In the presence of
sharp diffraction peaks from β-W, it is easy to miss the
presence of the amorphous layer from XRD measurements.
We note that if superconductivity arises from the amor-
phous underlayer, the normal β-W film above will influence
superconductivity in two different ways. First, weak supercon-
ductivity will get induced through the proximity effect in the
intrinsically normal metal β-W thus explaining the proximity
induced minigap [32] in our experiments. On the other hand,
the Tc of the amorphous superconducting underlayer would
also get partially suppressed due to the inverse proximity
effect, explaining why films showing the β-W phase always
show Tc that is smaller than pure a-W films. This observation
is consistent with an earlier report where a 60 nm thick β-W
film was seen to have lower Tc compared to a 35 nm film [17].
It is pertinent to note that in Ref. [17], the 35 nm film only
showed a very broad peak in XRD suggesting an amorphous
structure as opposed to the sharp diffraction peaks observed
in the 60 nm film, which is again consistent with our results.

One puzzling aspect of this study is the large sample to
sample variation in Tc of β-W films sometimes grown under
the same conditions. The most likely reason for this is that
the pure β-W phase is stable in a narrow window of N2 flow
rate, which is sensitive to small changes in other deposition
parameters. As a result, small changes in parameters such
as target substrate distance and sputtering power, as well as
microscopic details of the substrate, can all change the phase
boundaries between α-W → β-W → a-W, making it difficult
to control the thickness of the superconducting amorphous
underlayer. However, this issue will need to be investigated
further.
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Finally, we would also like to comment on the optical
conductivity measurements [20] that reveal an anomalously
small superconducting energy gap in β-W . While a gap ratio,

�
kBTc

, larger than the expected BCS value of 1.76 is often
observed in strongly coupling superconductors [33], a ratio
that is smaller than the BCS ratio is rare. In light of our results,
we believe that the small gap is related to the superconduct-
ing/nonsuperconducting sandwich structure in β-W films. We
note that unlike STM which probes the sample’s surface, THz
optical conductivity performed in the transmission geometry
probes the entire depth of the film which will give an aver-
age response from both the superconducting amorphous and
nonsuperconducting β-W layers. This would naturally explain
the smaller than expected depletion of the real part of the
conductivity below Tc and a small �, something that should
be quantitatively verified from detailed calculations.

V. CONCLUSION

In this paper, we revisited the decades-old problem on the
origin of superconductivity in tungsten thin films. Our results
show that a-W is a conventional strong coupling superconduc-
tor. On the other hand, contrary to common belief, crystalline
β-W might not be a superconductor down to 2.3 K. The
superconducting transition in β-W films with Tc ∼ 3−4 K

originates from an amorphous tungsten underlayer that forms
below the β-W phase. A similar conclusion was recently
arrived at in Ref. [15] which focused primarily on x-ray pho-
toemission measurements. In a very recent paper [19], it has
been suggested that pure β-W could be a superconductor with
a lower Tc ∼ 1.1 K. Nevertheless, the nonintrinsic nature of
superconductivity observed in β-W films with much higher
Tc provides a plausible explanation of several unusual super-
conducting properties reported in this material and should be
carefully considered in any future study of this material.
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