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Anisotropic superconductivity of niobium based on its response to nonmagnetic disorder
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Niobium is one of the most studied superconductors, both theoretically and experimentally. It is tremendously
important for applications, and it has the highest superconducting transition temperature, 7, = 9.32 K, of all

pure metals. In addition to power applications in alloys, pure niobium is used for sensitive magnetosensing,
radio-frequency cavities, and, more recently, as circuit metallization layers in superconducting qubits. A detailed
understanding of its electronic and superconducting structure, especially its normal and superconducting state
anisotropies, is crucial for mitigating the loss of quantum coherence in such devices. Recently, a microscopic
theory of the anisotropic properties of niobium with the disorder was put forward. To verify theoretical
predictions, we studied the effect of disorder produced by 3.5 MeV proton irradiation of thin Nb films grown by
the same team and using the same protocols as those used in transmon qubits. By measuring the superconducting
transition temperature and upper critical fields, we show a clear suppression of 7. by potential (nonmagnetic)
scattering, which is directly related to the anisotropic order parameter. We obtain a very close quantitative

agreement between the theory and the experiment.

DOI: 10.1103/PhysRevB.106.224511

I. INTRODUCTION

Niobium in its elemental form is an important material for
modern technologies, from ultra-high-quality factor supercon-
ducting microwave cavities [1,2], to superconducting circuits
for sensitive magnetosensing [3], to applications in quan-
tum information [4]. While the anisotropy of electronic and
phononic band structures of niobium was recognized a long
time ago [5-7], anisotropy of the superconducting order pa-
rameter received less attention [7]. Recently, a self-consistent
microscopic theory describing the anisotropic normal and su-
perconducting states of niobium was put forward [8].

Why is electronic anisotropy relevant and important for
applications? There are many types of defects in solids [9-11],
some are more, and some are less, detrimental to the super-
conducting properties. Extended defects, such as dislocations,
disclinations, stacking faults, and grain boundaries, mostly
affect the macroscopic supercurrent flow without affecting the
order parameter in the bulk, such as local superconducting
transition temperature, 7., and the value of the superconduct-
ing order parameter. Pointlike defects, on the other hand, exist
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in the whole volume, and they interact with the Cooper pairs
everywhere.

As far as electron scattering on defects is concerned, there
are two different types of pointlike defects in crystals. Scat-
tering on potential, a.k.a. nonmagnetic, defects involve only
the Coulomb interaction with conduction electron regardless
of the spin value and state. In superconductors with isotropic
s-wave order parameter, such nonmagnetic scattering does
not change 7;. This statement is known as Anderson’s the-
orem [12]. This is true irrespective of the anisotropy of the
Fermi surface. The second type of defect scatters by flipping
its spin and simultaneously flipping the spin of the scattered
conduction electron. If a scattered electron was part of a spin-
singlet Cooper pair, the pair will be broken. Since the order
parameter magnitude (and hence 7;) depend on the total num-
ber of Cooper pairs, magnetic impurity scattering will reduce
these quantities. This was shown by Abrikosov and Gor’kov
in 1960 [13]. The situation becomes more subtle if the order
parameter is anisotropic, the material is a multiband metal
with different gaps for different bands, or both. Generally, in
such cases both types of defects are pair breaking, although to
a different degree [8,14-20].

If niobium has significant anisotropy of its superconduct-
ing state, then special care should be taken to avoid all kinds of
defects unless introduced deliberately for some reason, such

©2022 American Physical Society
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as the enhancement of the Ginzburg-Landau parameter, «.
Here we report on the effects of nonmagnetic defects induced
by 3.5 MeV proton irradiation on the superconducting prop-
erties of a 160 nm niobium film used in the fabrication of
transmon qubits.

It is quite difficult to study the anisotropy experimentally
in a highly symmetric body-centered cubic metal. In the
superconducting state, this is further complicated by
nonideal shapes of real samples, leaving only a limited
selection of properties to be probed. Traditionally, it was
the upper critical field, H., measured along the [100],
[110], and [111] directions [6,21,22]. However, the presence
of disorder significantly affects the measurements and
smears the anisotropy [23,24]. More importantly, though,
is that the anisotropy of H,, is mostly determined by the
anisotropic Fermi velocity, H., ~ v~2 [23] and not by the
superconducting order parameter (OP), which is our main
interest here. Directional tunneling is the direct probe of the
density of states, but it is very sensitive to the surface quality
and additional layers usually formed on fresh niobium surface,
such as niobium oxides [25]. An additional complication in
the case of niobium is that the predicted direct and reciprocal
space distribution of significantly anisotropic variation
of the OP is confined to fairly narrow angular intervals
along the principal directions [8], which makes directional
measurements more difficult.

Another approach to studying the anisotropy of the order
parameter utilizes the sensitivity of the superconducting tran-
sition temperature, T;, and of the upper critical field, H,,, to
disorder scattering. As explained in more detail above, there
are four possible scenarios. (i) Isotropic OP and potential
(nonmagnetic) disorder. In this case, 7. does not change,
as described by the so-called Anderson theorem [12]. We
note it is true for any anisotropic Fermi surface [18], but
generally does not hold for a multiband superconductor. H,,
increases almost linearly proportional to the scattering rate,
I = iQQrkgT.ot)~", where T, is the initial transition temper-
ature and t is the characteristic scattering time [23,24,26,27].
(i1) Isotropic OP with magnetic (spin-flip) disorder scattering
follows the Abrikosov-Gor’kov theory [13]. Here, 7, can be
suppressed all the way to zero at the finite scattering rate,
' = 0.14. However, opposite to the previous case, H,, de-
creases with this pair-breaking scattering [24]. (iii), (iv)
Anisotropic OP (hence T;) is suppressed by both magnetic and
nonmagnetic impurities [15,16,18,19] and this can be readily
extended to the multiband superconductors [14,20,28]. The
degree of suppression depends sensitively on the anisotropy
of the order parameter and may or may not drive the 7 all
the way to zero. The upper critical field behaves similarly
to cases 1 and 2, increasing with the potential scattering
and decreasing with spin-flip scattering [24]. Therefore, the
radiation-induced disorder seems to be an ideal way to study
OP anisotropy. However, one has to be careful not to alter
the electronic structure and not to dope the material because,
among other parameters, 7. depends sensitively on the density
of states at the Fermi level. The same should be said regarding
the phonon spectra. Obviously, chemical doping with other
elements, as it is often done, is not the cleanest way to produce
controlled disorder.

The nature of the disorder induced by particle irradiation
depends on the particles used as well as irradiation conditions,
particularly temperature. Different irradiated compounds re-
spond differently, therefore each case should be considered
individually. In the case of niobium, annealing of the induced
defects judged by the decrease of the residual resistivity was
studied after 4.5 K low-temperature 3 MeV electron irradia-
tion where practically complete annealing was found by the
time the sample reached room temperature [29]. A similar
trend was observed in a 4.6 K neutron irradiation experi-
ment [30]. On the other hand, neutron irradiation conducted
at room temperature resulted in a metastable population of de-
fects that could only be annealed at higher temperatures [31].
Therefore, it seems that room-temperature irradiation of nio-
bium is more effective than the low-temperature one after
which the sample is brought to room temperature and then
cooled and measured. Indeed, if the sample is not warmed
up after low-temperature irradiation, a substantial amount of
defects are created. When T, py, and H., were measured after
4.6 K neutron irradiation without warming to higher temper-
atures, a monotonic decrease of 7; vs. pp was found, pointing
to the anisotropic superconducting gap in niobium [30]. The
upper critical field increased confirming the increase of po-
tential scattering with irradiation [30]. Presented here proton
irradiation was performed at room temperature and resulted
in a clear increase of the residual resistivity and H,,, and a
consistent change of 7, that quantitatively fits well the recent
microscopic theory [8].

In the past few decades, artificial pointlike disorder induced
by electron and proton irradiation emerged as a powerful
tool to probe the superconducting state, in particular, the
anisotropy of the superconducting order parameter via the
measurements of 7, and London penetration depth [32-34].
In the case of niobium, a known conventional spin-singlet
superconductor, the latter is not particularly needed since
exponential attenuation is expected in clean and dirty limits,
but the 7, and H,, can be studied as experimental parameters
sensitive to both types of disorder, magnetic and nonmag-
netic. We use proton irradiation to modify a niobium film
deposited on a silicon substrate, similar to films used in many
superconducting qubits [35-37]. The results support the re-
cent theory [8] of anisotropic superconductivity in metallic
niobium.

II. EXPERIMENTAL

Niobium films were deposited using high-power impulse
magnetron sputter deposition to ~160 nm thick, onto high-
resistivity (= 10000 €2 - cm) undoped [001] Si substrates.
Test structures were patterned using standard photolithogra-
phy techniques into a bridge structure suitable for accurate
four-point resistivity measurements. A picture of the resistiv-
ity test sample with dimensions is shown in the top panel of
Fig. 1.

The quality of the bridge structure was examined using
magneto-optical imaging performed in a closed-cycle flow-
type optical “He cryostat using Faraday rotation of polarized
light in bismuth-doped iron-garnet films with in-plane mag-
netization [38]. In the bottom panel of Fig. 1 the intensity is
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FIG. 1. Top: optical image of a bridge structure made of a
160 nm thick niobium film sputtered on a [001] silicon substrate.
The in-plane dimensions of the bridge are shown. Bottom: magneto-
optical image at 5 K showing excellent shielding of 130 Oe of
the applied magnetic field, indicating very good connectivity and
material homogeneity in the structure.

proportional to the local magnetic induction. The dark area of
the bridge shows a perfect shielding of 130 Oe magnetic field
applied at 5 K after cooling the structure in zero field. The
zigzag structure is from the in-plane magnetic domains in the
Faraday indicator and does not affect the result.

Proton irradiation was performed at the van der Graaf-type
CN proton accelerator of the Legnaro National Laboratory
(LNL) of the Italian National Institute for Nuclear Physics
(INFN). The irradiation was carried out at room temperature
in a high vacuum with a 3.5 MeV defocused proton beam
perpendicular to the surface of the sample. At the fluence of
® = 6 x 10'6 protons/cm?, SRIM (the stopping and range of
ions in matter) [39] calculations show that the sample has ac-
quired an irradiation dose that produced D = 2.4 x 1073 dpa
(defects per atom), which is roughly one defect per 200 BCC
unit cells of Nb. Of course, a portion of the generated defects,
which are mostly Frenkel pairs of vacanies and interstitials,
will recombine, and their population relaxes [40]. However,
we do not use the calculated defect number and only the
measured resistivity at low temperatures. SRIM calculations
of proton penetration into Nb film on Si substrate show the
peak of the energy deposition and the implantation peak deep
inside the substrate, at about 120 um from the Nb film. This
is too far for protons to migrate back to the film. However,
if they do migrate and even form niobium hydride, it will
have nanoscale nature as it was recently shown on similar
films [41]. They will also play the role of the scattering cen-
ters. For the analysis, we only need to know a measurable
change of resistivity, proportional to the number of defects,
and the change of the transition temperature that is directly
connected to the gap anisotropy.

Four probe electrical resistivity measurements were per-
formed in QUANTUM DESIGN PPMS. Measurements were
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FIG. 2. Resistivity of a 160 nm thick niobium film on a silicon
substrate measured between room temperature and below the super-
conducting transition. The blue dotted line is for the pristine state
and the solid red line is for the same film after proton irradiation
that created D = 2.4 x 1073 defects per atom (dpa) corresponding to
roughly one defect per 200 BCC unit cells. Inset shows the resistivity
normalized by its values at 7.. This gives the residual resistivity
ratio, RRR decreasing from 7.6 in the pristine sample to 6.7 after
the irradiation.

performed on the same bridge structure before and after
proton irradiation with D = 2.4 x 103 dpa. Contacts to the
contact pads were created by gluing 25 wm silver wires
using DuPont 4929N conducting silver paste. This technique
provides contacts with contact resistance in 10-100 €2 range.
Additionally, resistivity measurements were also performed
on nonpatterned Nb film on silicon substrate, grown in the
same conditions as the bridge structure. Contacts to both
films were removed for irradiation, so the geometric factor
of the samples was different for measurements before and
after irradiation. Both the bridge and the unpatterned film
were subjected to the same irradiation dose. They showed
identical T, in the pristine state and identical suppression after
irradiation.

Transport measurements of the upper critical field, H,,,
were performed with a magnetic field oriented perpendicular
to the film plane to avoid the third critical field appearing in
the case when a magnetic field has the component parallel to
the film surface [42].

III. RESULTS

Figure 2 shows temperature-dependent resistivity of
160 nm niobium film on a silicon substrate before (dotted blue
line), and after (solid red line) proton irradiation, measured
in zero applied magnetic field from room temperature to be-
low the superconducting transition. The entire R(T') curve is
shifted up after the irradiation, proportional to the additional
scattering introduced. A slight increase in the slope of p(T')
curve after irradiation is most likely due to geometric factor
change. The inset shows the normalized resistivity, RRR =

224511-3



MAKARIY A. TANATAR et al.

PHYSICAL REVIEW B 106, 224511 (2022)

'9.16 K

p-irradiated
2+ 9.32K .

pristine

p (nQ cm)

3.5 MeV proton
irradiation
®=6x10"° p/cm?
D=2.4x10°dpa

0 LR X

90 91 92 93 94 95 96 97
T(K)

FIG. 3. Resistivity of 160 nm niobium film on a silicon substrate
in the vicinity of the superconducting transition, 7. The blue dotted
line shows the pristine state, and the solid red line is the same film
after proton irradiation. The superconducting transition temperature
shifts by, AT, =9.32 — 9.16 =0.17 K, while the resistivity just above
the transition changed by Ap(7T;) = 2.59 — 1.87 = 0.72 uQ2 cm.

R(300K)/R(T.). This gives the residual resistivity ratio, RRR
decreasing from 7.6 in the pristine sample to 6.7 after the
irradiation.

Figure 3 zooms into the superconducting transition. The
result is clear: the transitions remain equally sharp after the
irradiation (indicating that no inhomogeneity has been intro-
duced), but T, shifts down from T,p = 9.32 Kto 7. = 9.16 K,
AT, = 0.17 K, while the resistivity at the transition changed
by Ap(T.) = 2.59 — 1.87 = 0.72 uf2 cm. These changes may
seem insignificant, but they are clearly resolvable. We note
that we observed similar trends in several other samples of
niobium irradiated at similar and different doses.

So far, we have established that defects produced by pro-
ton irradiation suppress the transition temperature 7. As
described in Sec, 1, if these defects were magnetic, they would
suppress T, regardless of the order parameter anisotropy. We,
therefore, need to establish the nature of the induced defects.
Figure 4 shows magnetic field dependence of resistivity at
T = 2 K before (dotted blue line) and after (solid red line)
proton irradiation. The upper critical field increases from
1.53 T before irradiation to 2.07 T after, the enhancement by
a factor of 1.35. This clearly means that we are dealing with
nonmagnetic impurities and, therefore, the suppression of T
is solely due to the anisotropy of the superconducting order
parameter. It also excludes possible damage and deterioration
of our sample because in such case, the H,, would either
remain unchanged or decrease.

IV. COMPARISON WITH THEORY

In order to compare the experimental results obtained
for the suppression of 7. by radiation-induced disorder
with theoretical predictions based on nonmagnetic scatter-
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FIG. 4. Resistivity at T = 2 K as a function of a magnetic field
before (dotted blue line) and after (solid red line) the proton irradia-
tion. The upper critical field increases from 1.53 T before irradiation
to 2.07 T after.

ing and gap anisotropy [8], we first determine the scattering
rate of electrons and holes by the random potential. The
electron-impurity scattering rate is determined from the linear
dependence of the upper critical field at low temperature with
the dimensionless parameter, I' = ii/2ntkgT,,. N.B. I is the
product of scattering rate 1/t and the pair formation time,
teoh = R/2mkgTy,.

The upper critical field is related to the pair correlation
length, &, by

%)
o = W,

ey

where @ = hc/2e is the flux quantum. For an isotropic super-
conductor in the clean limit ballistic propagation at the Fermi
velocity generates a pair correlation length

Epallistic = Vg teoh = vy /2mkgT, = &, 2)

and thus an upper critical field of HCO2 = P /2n§§.

For isotropic (s-wave) pairing the transition temperature,
and thus the pair formation time, f.p, is insensitive to
nonmagnetic disorder. However, disorder disrupts ballistic
propagation, and thus the spatial correlation length will de-
crease for finite mean-free path, £ = v,7. In the limit £ < &
the spatial scale of pair formation is determined by diffusive
transport of electrons. Thus, spatial pair correlations are gov-
erned by diffusion on the timescale for pair formation. The
diffusion propagator in three spatial dimensions is given by
G(r,t) = (dnDt) 32 /4Pt \where D = vy € is the diffu-
sion constant for electrons moving with the Fermi velocity
and scattering with mean-free path £ = vy t. Thus, the pair
correlation length in the diffusive limit is given by the leading
edge of the diffusion front at time #,

1

4
%_c%iffusive =4Dteon = 5 Eg F 3)
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In the weak disorder limit, £ < &j, impurity scattering will
suppress the pair correlation length perturbatively, giving rise
to a monotonic crossover from the ballistic result and the dif-
fusive result. We capture this smooth evolution as a function of
[ as 1/%-2 = l/st%allistic + 1/%‘dziffusive = 50—2(1 + %F)’ and thus
scaling of the upper critical field as

Ho=HY (1+31), )

a result that is born out by microscopic calculations for the
upper critical field with non-magnetic disorder for isotropic
superconductors [24,27].

This simple, linear in I" behavior of H,,, provides a natural
way to estimate I" from the measured upper critical field. This
is quite fortunate and particularly important in the case of thin
films where, due to granularity, electrical resistivity cannot
be used for a direct estimate of the scattering time. In our
experiments, both 7. and H,, were measured before and after
the irradiation. Indeed, what we call a pristine sample does not
imply I' = O - there are natural defects. In fact, there is quite
a substantial scattering already.

In the experiment, 7, decreased from 9.32 to 9.16 K after
proton irradiation, see Fig. 3. The upper critical field increased
from 1.53 to 2.07 T, Fig. 4. Assuming H(I' =0) = HCO2 =
0.5 T obtained for the purest single crystals with RRR =
15000 [21], we obtain the ratios Hcg/Hf2 = 3.06 and 4.14
before and after the irradiation, respectively. Using Eq. (4)
we estimate the increase of I' = 4/3(H,, /HCO2 — 1) from 2.75
before to 4.19 after the irradiation.

In the presence of gap anisotropy nonmagnetic impurity
scattering is pair breaking, leading to violation of Ander-
son’s theorem and a suppression of the superconducting
transition. The magnitude of the suppression depends on
the quasiparticle-impurity scattering rate, 1/t, and the RMS
deviation of the gap from its mean via the normalized
parameter,

{(lA@P) = AP
(A1)

Note that in the limit 7 — T, the order parameter, A(p) =
A Y(p), is proportional to the anisotropic Cooper pair ampli-
tude, J(p), in momentum space confined to the Fermi surface,
and is the eigenfunction of the linearized gap equation belong-
ing to the irreducible representation of the point group with
eigenvalue determining the highest 7;. The result for 7, as a
function of A and 1/t is the solution of the transcendental
equation [8],

T, . h/t
i — xS (—2E ) 6
n, = AT <8n<sn+%h/r)) ©

A= lim

T—T.

&)

£,>0

where &, = 7 T.(2n + 1) are the Fermion Matsubara energies,
and is a generalization of the result obtained by Larkin for pair
breaking by nonmagnetic scattering in superconductors with
p-wave pairing [43] to any single-band anisotropic supercon-
ductor. Larkin’s result for p-wave pairing—actually any un-
conventional superconductor with (A(p)) = 0—corresponds
to A = 1. See also Refs. [18,19,44]. Anderson’s theorem is
recovered for an isotropic Cooper pair amplitude, J = 1, i.e.,
A = 0. The solution of Eq. (6) yields 7. =T, x S(A, T),

where I' = i/ (2mkpT,, ) is the product of the scattering rate,
1/t, and the Cooper pair formation time, %/2mwkgT;,. The
function S(A, I') versus I" over the full parameter range of
anisotropy 0 < A < 1 is reported in Fig. 10 in Ref. [8]. Note
that 7, does not converge to a nonzero value for ' — oo,
except for the exceptional case of A = 1. However, this ig-
nores the physical cutoff set by the phonon bandwidth ~2p,
in the otherwise convergent sum in Eq. (6). In the strong
disorder limit, 1/t > Qp, scattering by the random poten-
tial is sufficiently fast to average the Cooper pair amplitude
over the Fermi surface, leading to a uniform gap ampli-
tude on the Fermi surface and 7, independent of disorder
for ' 2 1/Qp t [45]. For the Nb samples considered here
we are in the moderate disorder limit governed by Eq. (6).
For weak disorder, I' <« 1, the perturbative solution is 7, ~
T, (1—-A ”72 I'), a result first obtained by Tsuneto, reported
in Ref. [46]. However, this limit is rarely achieved. For in-
termediate disorder I' < 1 and modest anisotropy, v/.A < 0.2,
we need the nonuniversal function S(A, t) to make accurate
predictions and analysis. From DFT and Eliashberg theory
Zarea et al. obtain A = 0.037 [8]. In order to check the
consistency of the experimental results with the predictions
of the microscopic theory it is worth noting that the transi-
tion temperature for pure, bulk single crystalline niobium is
poorly established. The value calculated in Ref. [8] of T;,, =
9.32K is obtained with rather large renormalized Coulomb
repulsion, u* = 0.22, that suppresses the binding of Cooper
pairs from the attractive electron-phonon interaction. Thus,
the transition temperature of pure single-crystalline Nb may
be higher than 9.32 K. This seems to be the case since the
measured transition temperature of our Nb film before proton
irradiation is 7, = 9.32 K, which is impossible to reconcile
with T, = 9.32 K, I" = 2.75 and substantial anisotropy of the
order parameter. This is also consistent with the literature
on Nb films, which shows a significant spread in reports
for the value of T, including appreciably higher values,
e.g., I. =9.7K [47]. Thus, we assume 7, is higher than
that reported in Ref. [8], then analyze the suppression of
T, for the film before and after proton irradiation based on
Eq. (6) with the values of I' obtained from the effect of
disorder on H.,. Now obtain 7, based on the anisotropy
parameter A = 0.037 by requiring 7. (A, I' = 2.75) = 9.32K
for the Nb film prior to irradiation. Equation (6) then gives
S(A, T) = 0.91545, and thus T, = 9.32/0.91545 = 10.18 K.
Note that this is the theoretical limit for I' = 0, i.e., pure,
single-crystalline Nb, and that the rate of suppression of 7,
from T, is largest in the limit I' — 0. With this value for T,
and the value I' = 4.19 for the Nb film after the irradiation
Eq. (6) yields S(A, I' = 4.19) = 0.901096, and thus predicts
T.(A, T'=4.19) = 10.18 x 0.901096 = 9.174 K, which is in
excellent agreement the measured value of 7, = 9.16K for
the irradiated Nb film as shown in Fig. 3. In our view this
agreement with the theory of pair breaking by nonmagnetic
disorder for anisotropic pairing in Nb is impressive. However,
we are led to the conclusion that the maximum transition
temperature for pure, single crystalline is 7, = 10.18 K.
As noted earlier, this may be compatible with Eliashberg
theory if we can justify a lower value of the renormal-
ized Coulomb interaction, an issue that will be addressed
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separately from this paper. In any event the larger value for
T, will not affect the anisotropy of the order parameter as that
is determined by the momentum-dependent electron-phonon
coupling.

In conclusion, 3.5 MeV proton irradiation was used to
introduce nonmagnetic disorder in a 160 nm niobium film.
By measuring the transition temperature and the upper crit-
ical field before and after the irradiation, we conclude that
the observed changes follow the recent microscopic theory
predicting specific anisotropic order parameters closely. We
introduced a novel way to estimate dimensionless scattering
rate based on the upper critical field, rather than usually
used resistivity measurements, which may suffer from addi-
tional intergrain contributions, especially in sputtered films.
We obtain a remarkably quantitative agreement between
the experiment and the theory with only one parameter to
vary: the theoretical transition temperature in clean material,
T.o = 10.18 K.
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