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We study the two-dimensional superconductor-insulator transition (SIT) in thin films of tantalum
nitride. At zero magnetic field, films can be disorder-tuned across the SIT by adjusting thickness
and film stoichiometry; insulating films exhibit classical hopping transport. Superconducting films
exhibit a magnetic field-tuned SIT, whose insulating ground state at high field appears to be a
quantum-corrected metal. Scaling behavior at the field-tuned SIT shows classical percolation critical
exponents zv = 1.3, with a corresponding critical field H. < H.2, the upper critical field. The Hall
effect exhibits a crossing point near H., but with a non-universal critical value p;, comparable to
the normal state Hall resistivity. We propose that high-carrier density metals will always exhibit
this pattern of behavior at the boundary between superconducting and (trivially) insulating ground

states.

I. INTRODUCTION

Disordered two-dimensional (2D) electron systems like
amorphous thin films are commonly assumed to be either
insulating (I) or superconducting (S) as the temperature
T approaches zero. Crossing this S-I phase boundary by
controlling disorder or magnetic field was predicted to
realize a quantum phase transition, the superconductor-
insulator transition (SIT)!. Early experimental and the-
oretical studies of the SIT addressed the nature of an
amplitude or phase dominated transition (see Ref. 2 for
reviews) while more recently, evidence for unconventional
ground states proximal to the SIT has emerged. These
include metallic phases®® precluded by the scaling the-
ory of localization® as well as a Bosonic “Cooper-pair
insulator” ground state” ®. Further, the nature of the
transition itself shows different regimes of behavior with
changes in the degree of material disorder.

The limit of strong disorder!® reveals a direct, self-
dual superconductor to Bosonic-insulator transition'!!2.
When disorder is weak and the normal state shows
quantum-corrected metallic behavior, the field-tuned SIT
shows distinct critical behavior from the strong-disorder
case®!3 that is interrupted as T — 0 by a still unex-
plained and controversial metallic state. Observed in a
range of amorphous'* 16 and crystalline!”'® materials,
a theoretical consensus has yet to emerge to explain this
metallic behavior'® 23, Recent experiments find zero Hall
effect in this phase that is suggestive of particle hole sym-
metry; along with the absence of a cyclotron resonance in
finite-frequency studies, these results confirm it to be of
“failed” superconducting character?2°. What separates
the strong- and weak-disorder behavior regimes remains
unclear, and may be due to the inhomogeneous and/or
granular nature of the disorder, or microscopic properties
of the proximal normal or superconducting states. As yet
there are few examples where careful control of the ma-
terials system can be combined with studies across both
the disorder- and field-tuned SIT.

The field- and disorder-driven suppression of supercon-
ductivity has been studied in 2D intermetallic films, such
as NbSi, TiN, NbN, MoGe, and amorphous indium ox-
ide (InO,)326729 Notably, TiN shows what appears to
be a direct field-tuned SIT and unexpected metallic sat-
uration in the high-field insulating state3C, while both
NbSi and NbN can be tuned via thickness or composi-
tion across the disorder-driven SIT.31:32 While TaN has
not been studied to date, Ta thin films show a metal in-
tervening in the SIT as a function of field and disorder.
Qin et al.!® studied field-tuned transitions of several nm
thick Ta films, observing hysteretic I-V characteristics
and metallic saturation of the resistance a low tempera-
ture similar to that observed in MoGe? and arguing that
it is not a simple heating effect?3. In subsequent work3?,
I-V characteristics were used to identify superconduct-
ing, metallic, and insulating behavior, while very recent
studies have examined critical scaling in both the super-
conducting and metallic phases®®. In pure Ta there is
no direct SIT; a metallic phase appears to intervene at
all disorder strengths accessible by tuning the film thick-
ness. These differences between materials families raise
a central issue: how the SIT evolves under alternative
disorder tuning parameters.

Here we study a strongly spin-orbit coupled bi-
nary metal nitride system, amorphous tantalum nitride
(a-TaN, ), where the disorder can be controlled by tun-
ing film thickness and composition. The most disordered
films show hopping transport at low temperatures, with
no evidence for superconductivity. Weakly superconduct-
ing films can be driven into an insulating state above
an applied magnetic field H,., and show a temperature-
independent crossing point at H, and finite-size scaling in
Pz that is the hallmark of the SIT. We also report similar
crossing and weak scaling behavior in the Hall effect py,,
previously observed only in InOx3%, with a non-universal
value for the critical Hall resistivity pg,. Along with evi-
dence for unusual metallic behavior on the insulating side
of the field-tuned SIT, similarities with other materials



point towards a universal superconductor-weak insulator
transition (SWIT). Finally, as normal-state Hall effect
data indicate metallic carrier concentrations for all super-
conducting film (n ~ 1023 cm~3) comparable to MoGe,
Ta, and other SWIT materials, we hypothesize that such
large carrier densities preclude observation of a self-dual,
Bosonic SIT.

This article is organized as follows: sample growth and
characterization data are presented in Sec. II, while low-
temperature transport data and the disorder-tuned SIT
are described in Sec. III. The behavior in the vicinity of
the field-tuned SIT is described in Sec. V, with scaling
analyses considered in detail in Sec. VI. Section VII de-
scribes the Hall effect in the vicinity of the field-tuned
SIT, where a crossing point and faint scaling appears
above the critical field H.. Finally, Sec. VIII summa-
rizes the disorder and field-tuned SIT phenomenology in
a-TaN, and discusses their implications.

II. FILM GROWTH AND
CHARACTERIZATION

We study reactively sputtered a-TaN,, films, most with
thickness d ~5 - 20nm, as described in part in pre-
vious work3738,  Reactive sputtering with a tantalum
target in a background Ar/N; mixture is a common
technique for growth of TaN films 34!, In sputtered
films, superconductivity with 7, between 5 and 10 K has
been shown to be stable for a range of nitrogen stoi-
chiometries??; thick films can show T, values as high as
10.9 K*2715, Eight films (labeled NO-N7) were grown us-
ing a commercial AJA reactive magnetron sputtering tool
and pure Ta target in flowing Ar-Ny gas. The Ar/N
ratio controls the film Ta/N stoichiometry (and related
film properties, such as the room temperature value of
pee)?? 41, Base pressure of the sputter deposition sys-
tem was ~ 10~ % torr. Films were co-deposited onto sev-
eral substrate materials, including intrinsic Si, Si with
SiOs and SigNy buffer layers, and glass; aside from few-
percent quantitative differences in film properties (such
as the room temperature resistivity p.,) we found no
sensitivity of film parameters to the choice of substrate.
All substrates were Ar-ion plasma cleaned before sput-
tering. Pure Ta (and Ta-rich) films were also sputtered
in identical conditions and show comparable behavior to
previous studies'®; results from one Ta-rich film (N3) are
included below for comparison.

Several parameters can be used to tune to the dis-
order in a-TaN, (as reflected, for example, by p., at
room temperature), including thickness, N partial pres-
sure (and therefore stoichiometry ), and other synthesis
conditions. Here we control the effective film disorder by
changing the thickness and (for the d ~ 5 nm films) ni-
trogen stoichiometry. Table I shows the film growth and
characterization parameters, including the stoichiometry
x, thickness d, and electronic properties (discussed fur-
ther below).

FIG. 1.
on Si substrate, along with (B) inset showing the ~ 4 nm

(A) Cross-sectional TEM image of a-TaN, film

thick amorphous film. (C) Schematic diagram of the film
composition and structure based on TEM and x-ray analyses.
(D) AFM image with roughness of 0.2nm; the full range of
the color scale is 2nm.

We characterize the film thickness, morphology, chem-
ical composition, and homogeneity with a range of tech-
niques. TEM measurements (Fig. 1) reveal the homoge-
neous and disordered a-TaN, film in sample N2 on a Si
substrate; this film is 4 nm thick and approximately sto-
ichiometric. The a-TaN,, film cross section is enlarged in
Fig. 1B; the scale bar in this panel is 4 nm. X-ray photo-
electron spectroscopy (XPS) measurements confirm the
film stoichiometries, with an accuracy of ~ 10%, shown
in Tab. I; depth profiling uncovers a ~1 nm surface oxide
layer on all films. A schematic of the film cross section
including a the Si substrate, a-TaN, film, along with in-
terfacial SiOy and TaO,, layers (with roughness ~0.5 nm)
is shown in Fig. 1C. Scanning atomic-force microscopy
measurements, shown in Fig. 1D for sample N2, show
excellent homogeneity in the film thickness. The rms
roughness is 0.1 nm (or 2% of the TaN layer thickness)
over a ~ 1 um? region, with no evidence for granularity
or inhomogeniety on this scale. (The full range of the
color scale in Fig. 1D is 2nm.) Scanning electron mi-
croscope imaging also showed no sign of inhomogeniety
down to the 10 nm length scale.

Figure 2A presents x-ray reflectivity data for two films
(N2 and N3) and best-fit model curves (continuous lines).
The nonlinear curve fitting analysis also yields a density
p(TaN) ~ 15.9g/cm=3 for N2, approximately that ob-
served in bulk samples. Film phase and composition were
also analyzed using x-ray diffraction, shown in Fig. 2B,



TABLE I. Disordered TaN,, film electronic and structural properties, including the stoichiometry z, thickness d, superconducting
transition temperature T, longitudinal sheet resistivity pg., low-field Hall coefficient Rp, and carrier density n.

Sample SC/Ins. TaN, d T. Pz (300K) Ry n
Name stoichiometry x (nm) (K) (©/0) (©2/T) (10*2 cm™?)

NO SC 1.04+0.1 250 6.4 10.6 - -

N1 SC 1.1+0.1 36 3.7 507 0.0022 7.9

N2 SC 1.0+0.1 4.0 2.8 828 0.014 11.1

N3 SC 0.1£0.1 4.9 0.5 526 0.029 4.4

N4 SC 1.1+0.2 5.9 0.7 1.3 x 103 0.011 9.6

N5 Ins. 1.240.2 5.3 - 8.0 x 10° - -

N6 Ins. 1.4+0.2 4.9 - 13 x 103 - -

N7 Ins. 1.6+£0.2 5.2 - 1.4 x 108 - -
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FIG. 2.  (A) X-ray reflectivity scans for samples N2 and
N3, along with fits (solid lines). (B) X-ray diffraction 8 — 26
scan of samples NO-N3; curves have been vertically offset for
clarity. Only sample NO shows broad (111), (200), and (220)
peaks associated with fcc-TaN; peaks visible for films N1-N3
are due to the substrate or surface TaO, layer.

which confirm the amorphous nature of the a-TaN,, films
studied here. Broad amorphous peaks at 36°, 42°, and
60° corresponding to the (111), (200), and (220) peaks
of FCC 6—TaN are visible in the curve for the thickest
(250nm) sample NO. The curve for sample N1 (36 nm)
barely shows the same FCC d—TaN peaks, as well as
peaks at 38° and 44° from orthorhombic TasO5 (often
seen for sputtered TaN, films?0), arising from the sur-
face tantalum oxide layer noted previously. The most
thin (d ~ 4 — 5nm) films show additional sharp peaks
from the Si substrate, but no sign of crystalline order
from the a-TaN, layer. Sample N3, with = =~ 0.1 shows
behavior comparable to pure Ta films that have been
studied previously.

In summary, films studied here are amorphous, con-
tinuous, and homogeneously disordered. This is reflected
in the electronic properties, which show disorder-limited
length scales comparable to or (as with the mean free
path ¢) smaller than the film thickness.

III. EXPERIMENTAL DETAILS AND
SUPERCONDUCTOR-INSULATOR
TRANSITION
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FIG. 3. Sheet resistance versus temperature for a series of

disordered a-TaN_films, along with a device schematic (inset).
Disorder increases with decreasing thickness or increasing ni-
trogen concentration x. The hatched region at left is plotted
in the panel at right, where the horizontal gray bar indicates
pq = 6.45kQ.

Films were patterned into Hall-bar geometry devices
(see the inset of Fig. 3) and measured using standard
low-frequency techniques; see Ref. 37 for additional ex-
perimental details. All applied magnetic fields H were
perpendicular to the film plane. Care was taken to
avoid electron heating during measurements below 1K
and during magnetic field ramps; all p,, and p,, mea-
surements were confirmed to be ohmic. Reported longi-
tudinal resistivities p;, and Hall resistivities p,, are 2D
(sheet) quantities, unless explicitly noted otherwise. Ta-
ble I shows electrical transport data for the eight a-TaN,
films discussed here, five superconducting (N0-N4) and



three insulating (N5-N7). Here T, is determined where
pzz has fallen to 1% of the normal-state value. Also
shown are the 300K p,,, Hall coefficient Ry, and the
carrier density n estimated using a single parabolic band
model appropriate for these strongly disordered films.

Hall measurements show p,, linear in field and gen-
erally n-type carrier densities ~ 1023 cm ™3, reported in
Tab. I. Previous studies observed a change from n- to
p- carrier type at x ~ 1.67%7. Bulk film resistivities
are as low as pg, ~ 1m&-cm, depending on the sto-
ichiometry, again comparable to films on the bound-
ary of the stoichiometry-tuned metal-insulator transi-
tion.*” The mean free paths for superconducting films are
{ ~ 0.1 nm, with kgpf ~ 1.0 — 3.0; here kr is the Fermi
wavevector. With the exception of the d ~ 250 nm thick
sample NO, all films can be considered 2D in the con-
text of superconductivity (§ < d) and disorder-induced
localization (Ly < d) effects3738,

Figure 3 shows the resistivity for all films as a function
of temperature and illustrates the distinct superconduct-
ing and insulating ground states available to these ma-
terials as the disorder is changed. Similar behavior is
observed in materials where the transition is tuned by
thickness (such as in Bi*®) or otherwise controlling the
disorder (e.g. TiN®). The separatrix between super-
conducting and insulating curves is pg = h/4e?, high-
lighted in the right panel of Fig. 3 that shows the low-
temperature region near pg. The superconducting 7T, of
sputtered TaN films has been reported as high as ~ 11 K
for thick films*?>™*°; the maximum 7T, observed here is
6.9K for thickest (250 nm) film studied, NO.

IV. ZERO-FIELD GROUND STATES

Here we characterize the superconducting and insu-
lating ground states of the a-TaN, films in the absence
of an applied field, as the disorder is tuned via nitro-
gen stoichiometry and thickness. Beginning with the
highest-disorder samples, Fig. 3 shows strong insulating
behavior for samples N5-N7, with p,, increasing expo-
nentially with temperature. The upper panel of Fig. 4
shows p,.(T) plotted versus 7~/2, along with straight-
line fits of the Efros-Shklovskii*® form:

pualT) = poexp |(To/T)"?] M

where pg and T} are fitting parameters. The values for Ty
range from Ty = 50K for sample N7 to Ty = 2K for N5,
typical of amorphous insulating materials.’® The lowest
measurement, temperatures accessible for the insulating
films are ~ Tp, hence we cannot conclusively establish
the presence of a coulomb gap. However, both samples
N6 and N7 are strongly localized insulators with clear
hopping transport, and sample N5 is a marginal insula-
tor; none of the insulating films show activated behavior
characteristic of the insulating state adjacent to super-
conductivity in e.g. InO,29%1.
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FIG. 4. Sheet resistance pg of insulating TaN, films (upper

panel) versus T~'/2. the linear behavior is consistent with

Efros-Shklovskii hopping transport arising from a depletion of
the electronic density of states due to coulomb interactions.
Superconducting films (lower panel) show a crossover from
3D to 2D behavior, and finite size effects appearing as a tail
below T, (gray bars); lines are guides to the eye.

Less disordered films (INO-N4) with lower nitrigen
content x (or increased thickness) show quantum cor-
rected metallic behavior below 20 K, with temperature-
dependent conductivity contributions Ag(T') ~ fr—zh In(T)
from weak antilocalization and disorder-enhanced
coulomb interactions in the normal state. Similar In(T)
temperature dependence is observed in the normal state
dependence of pg, (T').

The lower panel of Fig. 4 highlights the superconduct-
ing transition at 7T, for the samples shown, which ranges
from T,9 ~ 6.35 K (sample NO) to 0.5 K (sample N4).
With increasing disorder, the T, of samples N1-N4 is sup-
pressed; this can be attributed to the effect of enhanced
coulomb interactions®?, as demonstrated in MoGe?3:%%,
The increase in disorder arises both from reducing film
thickness (samples NO, N1, and N2) as well as increas-
ing nitrogen composition x between samples N2, N4,
and (insulating) N5. Resistive transitions are broadened
due to enhanced superconducting fluctuation conductiv-
ity above T.37. Below T, the superconducting films all
show a ‘foot’ arising from a cutoff in the diverging cor-
relation length ¢ due to film inhomogeniety®® or finite
magnetic field®®; further details of the superconducting
properties of these films can be found in Ref. 52.



V. FIELD-TUNED SIT

Superconductivity can be suppressed with application
of critical fields pgHc2 =~ 1 — 5T, revealing an insulating
normal state as ' — 0. Figure 5A (B) shows magnetore-
sistance isotherms for sample N4 (N3) at temperatures
near T, = 0.5K (0.7K); the approximate value for H,
is indicated with an arrow. For H < H. the samples
are superconducting; p,, decreases with decreasing tem-
perature. At high magnetic fields p,, shows insulating
behavior, diverging as T' — 0. While the values for H,
differ for samples N3 and N4 due to their compositions
(N3 is almost pure Ta, wile N4 is approximately stochio-
metric a-TaN,), the qualitatively similar behavior near
the field-tuned transition demonstrates that the film sto-
ichiometry is not a disruptive tuning parameter.

The field-tuned transition between superconducting
and insulating temperature dependences is shown for
sample N2 in Fig. 5C, which plots p,, versus T" curves in
zero field and in applied fields of up to 6 T. The low-field
curves show superconducting behavior with the value of
T, gradually suppressed with increasing magnetic field,
the 6 T trace shows a negative slope dp/dT to the low-
est temperature available, ~100 mK, with p,, ~ In(T)
again as expected for a quantum-corrected diffusive sys-
tem. This insulating behavior persists unchanged with
increasing magnetic fields.

At H,. there exists a temperature-independent cross-
ing point, whose appearance is a hallmark for the SIT.
In the “dirty boson” scenario for the SIT, the behavior
near this quantum phase transition is described by the lo-
calization of Cooper paris (or proliferation of vortices) in
the presence of disorder at H.. Tuning via magnetic field
across the putative quantum critical point at H. allows
to investigate the critical scaling behavior in its vicinity.

VI. SCALING NEAR THE SIT

Having identified an apparent SIT in films where disor-
der has already suppressed T, below the bulk value T,
we investigate the critical scaling behavior in the vicinity
of the critical field H,.5"°® Approaching the field-tuned
transition (b-SIT) there is a diverging correlation length
&~ (H — H.)™¥ with critical exponent v. Nonzero tem-
peratures cut off the vanishing frequency scale 2 o< €77,
creating an additional length scale Ly, = (i/kpT)'/?
(here z is the dynamic critical exponent). Observables
such as pg, or pg, must (in 2D) be a universal function

f of the ratio &/ L, through

punlt1.T) = pef (22 )

where p. is the critical resistance at the transition, pre-
dicted in the dirty boson scenario to be p. = pg = 1.
Thus isotherms of p, (or pyy) should collapse above and
below the b-SIT when plotted versus the scaling parame-
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FIG. 5. (A-B) Magnetic field-tuned SIT in disordered

a-TaN, films, evidenced by magnetoresistance isotherms for
films N4 and N3. (C) Sheet resistance is plotted as a func-
tion of temperature for magnetic fields between 0 and 6 T as
indicated, in equal steps. Lines are guides to the eye.
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Figure 6 illustrates such finite-size scaling for three
a-TaN, films, N2-N4. At left the raw magnetoresistance
isotherms (in steps in temperature as indicated) cross
at a common critical resistance p., with values ranging
from 0.6-2.3 k{2, all well below pg. At right in Fig. 6 are
the same data versus the scaling parameter n. All three
samples exhibit excellent scaling near H. over a range
of temperatures (for sample N2) well below T, and for
samples N3 and N4 approximately up to 7., with values
of zv ~ 1.25. The scaling is disrupted at the lowest tem-
peratures; such behavior has been seen previously in e.g.
MoGe? and InO,°!. We also note that values for H, are
comparable to H.o estimated for each of these samples
(collected in Table IT). As discussed further below, these
results are consistent with the “weak insulating” behav-
ior seen in previous studies across a range of materials
(and a range of disorder strengths)'®. In none of these
studies, however, has similar scaling behavior been re-
solved in the Hall resistance p;,; we consider such data
in the next section.
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TABLE II. Critical a-TaN, film parameters at the SIT. pj.,
is the resistance in the normal state, T, is the transition tem-
perature, p. and H. are the critical resistance and field at the
transition, H.s is an estimate for the mean-field upper critical
field, and z and v are critical exponents.

Sample  pi, T. pe  poHe poHe2(0)  zv
k) K &2 (T) (T)

N2 0.950 2.75 0.880 4.93 5.0 1.45+0.1
N3 0.58 0.5 0.605 1.13 1.2 1.15£0.1
N4 2.4 0.7 2.30 3.17 3.5 1.30£0.1

VII. HALL EFFECT

Early studies by Paalanen et al.?6 found a crossing
point in p,, in strongly disordered InO, films beyond
H.. The investigators hypothesized that this crossing
reflected the disappearance of the bosonic insulating be-
havior. Initial theoretical description of the dirty bosons
scenario predicted scaling in p,, in analogy with p.s,
with a universal value for p,:

. - (H—H,
Pay(H,T) = pi, F (Tl/ZV> . (3)

6

here again F is universal function, and Py Was predicted
to have a universal value. Subsequent analyses suggested
that, due to “hidden” particle-hole symmetry, p7, should

vanish at the transition®®. Despite ongoing debate as to
the nature of the SIT, there have been no further system-
atic studies of p,, in its vicinity. This is in part due to
the challenge of measuring p., in materials where high
carrier densities n lead to small signal sizes.

Early scaling theory®” also predicted that (in the case
of a self-dual transition) the value of p§, would, together
with the critical longitudinal resistance p., be given by

(P5,)° + P2 = P (4)

Given that p,, is typically much less than pg for non-
insulating films, this would lead to the strong prediction
of p. = pg that has been seen in many, but certainly not
all, materials. However, in the weakly disordered a-TaN,
films considered here, with large n, Ry < 1Q/T, and
thus pzy < 1Q, Eq. 4 would suggest that p. =~ pg. As
seen in the previous section, p. < pq for all films at the
field-tuned SIT, demonstrating that the non-universal p,
in a-TaN, cannot be explained by Eq. 4. Alternatively,
a non-universal critical Hall resistance may be estimated
as pg, = petan(fp), where 0y is the normal-state Hall
angle.

Figure 7 shows p,, across the field-tuned SIT in film
N2 (lower panel), along with simultaneously measured
Pz (upper panel). The scale for p,, has been enlarged
to highlight the crossing in p., traces at 5.3£0.1T; this
is above pgH. ~ 4.9T found in the previous section.
(The apparent crossing around 4.3 T does not invert the
temperature-order of the isotherms, nor does it exhibit
good scaling.) The normal state Hall angle for sample N2
is tan(fy) = 7 x 1075 at 4.9T, so p.tan(fg) ~ 0.07Q,
below but comparable to pg, = 0.105€2. Following Eq. 3
we plot the scaled pgy, in the inset of Fig. 7. As with
pzz, the critical Hall resistance p$, is not universal; it is
well below pg and also well below the prediction pg, =
0.99 x pqg of Eq. 4.

VIII. DISCUSSION AND SUMMARY

Having identified both disorder- and field-tuned SIT in
a-TaN,, we can immediately address several of the key
open questions surrounding this field. First, the criti-
cal disorder for the disorder suppression of superconduc-
tivity appears to be coincident with the disorder-driven
(Anderson) metal-insulator transition. These TaN, films
show a metal-insulator transition as a function concen-
tration xz, with a critical value . ~ 1.7 and a critical
resistivity comparable to that observed here*”. This co-
incidence is seen in NbSi?? and NbN3!, and indicates for
the SIT observed in these systems, a direct link between
the appearance of (Fermionic) Anderson localization in
the normal state, and the SIT.

Second, the superconductor-weak insulator transition
(SWIT) observed in a-TaN, appears to be a universal
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FIG. 7. Sheet resistance pz» (upper panel) and Hall resis-

tance pzy (lower panel) versus magnetic field for TaN, film
N2. The magnetoresistance isotherms show a crossing point
indicative of a field-tuned SIT; a similar crossing point can
be seen in pgy (lower panel). The Hall resistance shows weak
scaling in the vicinity of the crossing poing p5, (gray bar),
shown in the inset. Lines are guides to the eye.

phenomenon. Although the appearance of a true T' = 0
quantum phase transition is obscured by the poor scaling
and unconventional metallic phase, an increasing number
of materials show this phenomenology including MoGe,
Ta, some InO, films, and others. In particular, crit-
ical scaling (with zv ~ 1.25 4+ 0.25) is comparable to
the critical exponent for classical percolation zv = 4/3,
H. ~ H(0), and p. < me. The presence of metal-
lic (n > 10*2cm™3) carrier densities appears to separate
these materials from InO, and related systems that show
Bose-insulator behavior. Progress towards a coherent
theoretical picture for the dissipative state?® will need
to take this strong sensitivity to n into account.

Third, we have found evidence for critical scaling in
an observable complementary to p,, - the Hall effect.

While quantum critical scaling phenomena have been
studied extensively using p,, in disordered thin films,
similar studies using pg, (or other transport quantities,
such as the Nernst effect) are lacking. Here p,, shows
a temperature-independent crossing point just above H.,
whose nature remains unclear. Its value at the transition
P4y is non-universal and well below pq, contrasting with
the apparent universality of p. pg in the strong disorder
limit. As the uncertainty of our results is limited by ex-
perimental resolution, future work may both improve the
scaling analysis of p, and track the evolution of Hy, as
a function of disorder.

Fourth and finally, disorder in these “SWIT” materials
cannot be linked to any macroscopic granularity or inho-
mogeniety. Thorough investigation of the a-TaN, films
showed no sign of any length scale for granular behavior
in the composition or film structure. In the future, local
spectroscopic probes may be necessary to study inho-
mogeniety length scales in the zero-temperatures phases
near the SIT.

In summary, we have identified several features of the
SIT in the tunable materials system a-TaN,. Varying
the nitrogen content or reducing film thickness gradually
suppresses superconductivity and drives a disorder-tuned
SIT. Weakly insulating films with disorder-suppressed T,
can be tuned via magnetic field through the SIT, and
show signatures of the critical behavior arising from an
underlying quantum critical point. Films with varying
degrees of disorder show scaling consistent with classical
percolation, with scaling disrupted at intermediate fields
as T' — 0. Both pz; and pg, show non-universal critical
resistances at the SIT, and the Hall effect shows weak
scaling at a critical field close to H.. Thus, a-TaN, ap-
pears to represent a broad class of materials that show
rich physics adjacent to the SIT that is distinct from the
“classical” picture of disordered bosons.
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