PHYSICAL REVIEW APPLIED 19, 044018 (2023)

Depth-Resolved Measurements of the Meissner Screening Profile in
Surface-Treated Nb

Ryan M. L. McFadden®,'?" Md. Asaduzzaman®,'> Thomas Prokscha®,?> Zaher Salman®,’

Andreas Suter®,? and Tobias Junginger

L2,f

, ' TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 243, Canada
Department of Physics and Astronomy, University of Victoria, 3800 Finnerty Road, Victoria, British Columbia
, V8P 5C2, Canada
Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, Forschungsstrasse 111, 5232 Villigen,
Switzerland

® (Received 22 December 2022; accepted 28 February 2023; published 6 April 2023)

We report depth-resolved measurements of the Meissner screening profile in several surface-treated Nb
samples using low-energy muon spin rotation. In these experiments, implanted positive muons, whose
stopping depths below Nb’s surface are adjusted between approximately 10 nm and 150 nm, reveal the
field distribution inside the superconducting element via their spin precession (communicated through
their radioactive decay products). We compare how the field screening is modified by different surface
treatments commonly used to prepare superconducting radio-frequency cavities used in accelerator beam-
lines. In contrast to an earlier report [A. Romanenko et al., Appl. Phys. Lett. 104, 072601 (2014)], we find
no evidence for any “anomalous” modifications to the Meissner profiles, with all data being well described
by a London model. Differences in screening properties between surface treatments can be explained by
changes to the carrier mean free paths resulting from dopant profiles near the material’s surface.
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I. INTRODUCTION

Since its discovery in the early 19th century, the ele-
mental metal Nb has been the subject of intense study,
culminating in a detailed understanding of its chemical
properties (see, e.g., Refs. [1-3]). Of equal (if not greater)
interest are the element’s electronic properties, especially
those relating to its superconductivity. For example, while
Nb is one of the many superconducting elements [4], its
transition temperature 7, ~ 9.25 K is the highest among
them at ambient pressure. Accompanying this accolade is
a lower critical field B.; =~ 170 mT that exceeds the critical
field of all other (type-II) superconductors, making the ele-
ment particularly suited for devices that must remain flux-
free under modest magnetic fields. These intrigues inspired
comprehensive measurements [5—8] and calculations
[9-14] relating to its electronic structure, as well as how
it is modified under pressure [15]. This, in turn, has led to
a thorough understanding of its superconductivity [16—18],
including details such as its “strong” [19] electron-phonon
coupling [20-22], nonlocal electrodynamics [23,24] in
“clean” samples [25], and vortex lattice structure [26—28].
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This high degree of understanding has prompted Nb’s fre-
quent use in complex heterostructures where a supercon-
ducting layer is required (see, e.g., Refs. [29—38]). These
physical traits, in conjunction with the metal’s mechanical
properties [39,40], have also made Nb particularly suited
for use in superconducting radio-frequency (SRF) cavities
[41-43], which use a large electric field, F,, to accelerate
charged particles in accelerator beamlines. Of particular
importance for this application is the maximum achiev-
able value for E,.., which is fundamentally limited by Nb’s
ability to expel magnetic flux (i.e., to remain in the Meiss-
ner state). This application, in particular, has been a driving
factor in the continued refinement of our understanding of
the element.

Central to Nb’s performance in SRF cavities is the
preparation of its surface, with many empirical “recipes”
developed (e.g., low-temperature baking [44], two-step
baking [45], nitrogen doping [46], and nitrogen infu-
sion [47]) explicitly to boost cavity performance (i.e.,
maximizing its quality factor QO for the largest possi-
ble range of E,.). While it has long been known that
surfaces play an important role in determining the field
of first flux entry (see, e.g., Ref. [48]), some signifi-
cant progress has been made recently. For example, it
has been demonstrated that Nb can expel flux up to its
so-called superheating field By, (see, e.g., Ref. [49]) by
coating it with a thin superconducting film [50], with
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sample geometry and surface preparations also playing
an important role [51]. For the latter, the effect can be
subtle for samples with identical geometries [52]; how-
ever, measurements of their Meissner screening profiles
revealed significant differences between select treatments
[53], with low-temperature baking [44] postulated as creat-
ing an “effective” superconductor-superconductor bilayer
[54-56] near the surface (i.e., from a thin region of “dirty”
Nb near the surface on top of the “clean” bulk). While this
has stimulated renewed interest in using multilayers for
SRF applications, the results are controversial and warrant
further investigation.

Currently, there are relatively few experimental tech-
niques with the right combination of electromagnetic and
spatial sensitivity to achieve this goal (e.g., ion-implanted
B-detected nuclear magnetic resonance (NMR) [57,58]
and LE-uSR [59-61]). One possibility is to use LE-
1SR [59,61], which uses muons implanted in the near-
surface region (depths less than approximately 150 nm)
as local “magnetometers.” This technique has been used
to study Meissner screening in Nb with success, reveal-
ing the importance of nonlocal electrodynamics [23,24]
and strong-coupling corrections [19] in “clean” samples
[25], the impact of growth methods on the screening prop-
erties of Nb/Cu films used in SRF cavities [62], and the
aforementioned “anomalous” modification in the charac-
ter of the screening profile by mild baking [53]. To clarify
the origin of the latter, here we use LE-uSR to quantify
the screening profile in Nb samples with surface treat-
ments commonly used in SRF applications [44,45,47]. Our
results reveal no “anomalous” modifications to the screen-
ing profiles for any of the surface treatments, with all
profiles being well described by a London model [63]. The
surface treatments are found to produce different magnetic
penetrations depths, which can be explained by dissimilar
carrier mean free paths within the first 150 nm below the
surface.

II. EXPERIMENTAL DETAILS

A. LE-uSR experiments

LE-uSR experiments are performed at the Paul Sher-
rer Institute’s Swiss Muon Source (located in Villigen,
Switzerland). Using the wE4 beamline [64], we gener-
ate “low-energy” muons by moderating the energy of an
approximately-4-MeV “surface” muon beam using a film
of condensed cryogenic gas [65,66] and electrostatically
reaccelerating the eluted epithermal (approximately-15-
eV) muons to energies on the order of 15 keV. The
resulting beam, with a typical intensity of approximately
10* s7!, is delivered to a dedicated spectrometer [64,67,
68] using electrostatic optics housed within an ultrahigh-
vacuum beamline. The u* arrival times are triggered on a
thin (approximately-10-nm) carbon-foil detector, causing
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FIG. 1. Typical stopping profiles p(z, E) for ™ implanted in
a Nb,Os(5 nm)/ND target at different energies E (indicated in the
inset), simulated using the Monte Carlo code TRIM.SP [70-72].
The profiles, represented as histograms with 1-nm bins, are gen-
erated from 10° projectiles. The solid black lines denote fits to
a model for p(z,E) [Egs. (14) and (15)—see Sec. III], clearly
capturing all features of the individual profiles. Additional simu-
lation details can be found in the Appendix.

a slight reduction in their mean kinetic energy (approxi-
mately 1 keV) and an (asymmetric) energy spread (approx-
imately 450 eV) before they reach the sample. Control
over the ™ implantation energy is achieved by our biasing
an electrically isolated sample holder using a high-voltage
power supply, providing access to stopping depths between
approximately 10 nm and 150 nm below the sample sur-
face. The stopping of p™ in solids can be accurately
computed [69] using Monte Carlo codes (e.g., TRIM.SP
[70-72]), which we use here to simulate 4 stopping pro-
files in Nb (see Fig. 1). To ensure the accuracy of these pre-
dictions, we revise the parameterization of Nb’s electronic
stopping cross section for protonlike projectiles [73,74]
using a Varelas-Biersack fit [75] to an up-to-date compi-
lation [76] of experimental values [77—80]. The revised fit
suggests that earlier calculations (see, e.g., Refs. [25,29—
38,53,62]) likely underestimate the u* range in Nb (or Nb
layers). Further details are given in the Appendix.

The basis of the LE-£SR technique [59—61,81] involves
implanting a beam of (approximately 100%) spin-
polarized ™ particles into a sample of interest and observ-
ing their spins, S, reorient in their local magnetic field, B.
This process is monitored via the anisotropic 8 emissions
from pt decay (mean lifetime 7, = 2.1969811(22) ps
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[82]), wherein the direction of the emitted § rays is proba-
bilisitically correlated with S at the moment of decay (see,
e.g., Ref. [83]). When B is transverse to the spin direc-
tion, (S) will precess at a rate equal to the probe’s Larmor
frequency:

W, = VB, (1

where y, /27 = 135.5388094(30) MHz T~! is the muon
gyromagnetic ratio [84]. In the experiments reported here,
this so-called transverse-field geometry is used (see, e.g.,
Refs. [59,83]), wherein an external field Byppiied & 25 mT
is applied perpendicular to the initial direction of u™ spin
polarization and parallel to the surface of our Nb samples.
This configuration is highly sensitive to inhomogeneities in
B (as expected near the surface of a superconductor in the
Meissner state), allowing the local field distribution, p (B),
to be measured, which reflects the screening properties of
the samples.

In our LE-«SR measurements, the temporal evolution of
the asymmetry, A(t), in the 8 rates recorded for two oppos-
ing detectors (i.e., 180° opposite one another), is monitored
after u* implantation. The counts in a single detector, N,
are given by

t

N4 (f) = Ny + exp <— ) [1£A4A@®)]+ bs, ()

"

where Ny 1+ and b, are denote the incoming rates of “good”
and “background” decay events. While Eq. (2) can be rear-
ranged for A(#), in a two-counter experiment it can be
determined directly from the normalized difference in S
rates from the two counters:

[N+()) —=by] —a[N-() —b_]

A@) = _
[N+() = by] + o [N-() — b_]

AOPM (t)a (3)

where A4, is a constant whose precise value depends on
both the geometry of the experiment and the details of p
decay, and the factor o = Ny /Ny accounts for differ-
ences between the detector pair (e.g., detection efficiencies
and solid-angle coverage [83,85]). The time dependence
in Eq. (3) is determined entirely by the spin polariza-
tion of the muon ensemble, P, (#), which depends on p (B)
according to

+o0
P, = / p(B) cos(w,t + ¢) dB, 4)

o0

where ¢ is the time (in microseconds) after implantation
and ¢ is a phase factor that depends on the experimental
setup (approximately —40° here). Note that Eq. (4) makes
the simplifying assumption that P,(0) ~ 1 (i.e., the u™
particles are initially approximately 100% spin polarized).
Thus, from the synergistic information encapsulated within

P,,(#) and the simulated u* stopping profiles (see Fig. 1), it
is feasible to reconstruct how B varies with depth, z, below
the sample surface (see below).

B. Samples

In accord with the standard practice used when SRF cav-
ities are fabricated [41—43], all samples were sourced from
high-residual-resistivity-ratio Nb (i.e., residual-resistivity
ratio of at least 300). Each sample consists of a piece
of the “stock” metal machined into a flat plate (approxi-
mately 25 mm by 25 mm by 1.5 mm) with a small circular
aperture (approximately 6.5 mm diameter) in one corner.
The pieces are then hand polished to remove any sharp
edges, followed by buffered chemical polishing to remove
any damaged layers near the surface (see, e.g., Ref. [86]).
Subsequently, the samples are annealed at 1400 °C for
5 h to remove any mechanical stresses remaining in the
metal. Afterwards, an additional round of buffered chem-
ical polishing is performed to remove the topmost 10 pm
of material from the surface (i.e., to remove any contam-
inants introduced from the oven during annealing). In the
remainder of this article, we denote this as the “baseline”
surface treatment for SRF-cavity-grade Nb. This process
has been shown to remove virtually all pinning [51].

On top of the “baseline” preparation, several sam-
ples undergo additional surface treatments. One sample
is baked at 120 °C for 48 h in an ultrahigh vacuum [44],
which we call “120 °C bake.” Another sample undergoes
a two-step baking procedure, wherein it is initially heated
to 75°C for 5 h and then additionally to 120 °C for 48 h
[45], which we denote as “75°C + 120 °C bake.” Lastly,
one sample is initially heated to 800 °C for 3 h in a high
vacuum and is subsequently baked at 120°C for 48 h in
a 25-mTorr N, atmosphere [47], which we refer to as
“N, infusion.” A magnetometric characterization of Nb
samples with identical surface treatments can be found
elsewhere [52].

III. RESULTS AND ANALYSIS

Typical time-differential LE-uSR data for our surface-
treated Nb samples are shown in Fig. 2. In the normal state
(T > T.), there is no significant energy dependence for the
temporal evolution of A(?), indicating that all implanted
muons sample the same local field distribution below the
sample surface. This is evident from the identical preces-
sion frequencies and damping envelopes, the latter being
(predominantly) a result of the host **Nb nuclei [spin / =
9/2; y/2m = 10.4523(5) MHz T~!; 100% natural abun-
dance] [87]. By contrast, A(f) depends strongly on the
implantation energy in the Meissner state. As the implan-
tation energy increases, the u™ spin-precession frequency
decreases, accompanied by substantial damping of the sig-
nal. These features are expected for a broad p(B) whose
mean shifts to lower values at increasing depths below
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FIG. 2. Implantation-energy dependence of transverse-field

LE-uSR data in Nb (“baseline”), measured in both the normal
state (11 K) and the Meissner state (2.6 K) with an applied mag-
netic field of 25 mT. The u™ energy E is indicated in the inset
of each subplot. In the normal state (a), there is no significant
energy dependence for the temporal evolution of A(¢), implying
that all implanted muons sample the same local field distribution
p(B) below the sample surface. By contrast, in Meissner state
(b), A(t) depends strongly on the implantation energy. As the
implantation energy increases, the u™* spin-precession frequency
decreases, accompanied by increased damping of the signal,
consistent with screening of the magnetic field with increasing
depths below the sample surface. The colored lines denote a fit
to all of the data (i.e., a global fit) using Egs. (10) and (8)—(6),
where the phase ¢ is shared as a common parameter. Clearly,
the model captures all of the data’s main features. Note that the
Gaussian term in Eq. (10) accounts for the small fraction (less
than 10%) of muons that do not stop in the sample (e.g., due to
backscattering).

the surface, consistent with the expected “signature” for
screening of the applied magnetic field.

To quantify these details, we now consider an analysis of
the data, which amounts to choosing an (analytic) approxi-
mation for the field distribution in Eq. (4). Often, p (B) can
be approximated by a Gaussian distribution (see, e.g., Ref.
[83]):

2
_ L _LB=5
po®) = —— (7 ) ew 2[(Gm)} SO

where By and o denote the distribution’s location (i.e.,
mean) and width, respectively. On substitution of Eq. (5)
for p (B) into Eq. (4), one gets

2
Pc =exp (—?) cos (yﬂBot + ¢) , (6)

which says that the observed precession frequency is given
by the mean of the distribution and that the degree of
damping is determined by its width. While this symmetric
distribution works well in many instances, the field distri-
bution below the surface of a material in the Meissner state
is expected to be intrinsically asymmetric (i.e., because the
applied field decays to zero inside the material). Therefore,
a better approximation for p (B) in our samples is given by
a skewed Gaussian [88]:

_ 2 (v
22

- -2
1| B—By
expy—= | ——— for B < By,
2 _(07/)’#)_
x 31 for B = By,
- -2
1| B— By
exp{ —= | — for B > By,
_(U+/Vu)_
(7

where By is the “peak” field (i.e., not the mean of the distri-
bution) and o, and o_ define the distribution’s width (i.e.,
on either side of By). Note that the definition in Eq. (7) is
somewhat unusual for a skewed Gaussian distribution; it is
more commonly defined as

ps6(B) = po(B) (1+erf < |B=h )
\/E (G/Vu)

where erf(z) is the error function and ¢ € [—o00, 400] is
the “skewness” parameter [89]. While this formulation is
elegant, the piecewise definition in Eq. (7) has the prag-
matic advantage of being amenable to fast computation
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during fitting. Specifically, on substituting Eq. (7) for p (B)
into Eq. (4), one can write the solution to the integral as
[88]

Psq(t) = Py () + Pl (D), (8)

where

2.2
o+ oLt
P = (2 )ew (- %5)

t
[cos(yﬂBot + ¢) F Erfi (Gi

«/E) Sin(VMBOt + ¢)i|;

)

and Erfi(z) is the complex error function [90]. We find
that Egs. (8) and (9) give the best agreement with the
signal in our Nb samples over the full time range of the
measurement, without overparamaterization [91].

Returning to our task of fitting the LE-u SR data, explic-
itly, we use the expression

A() = Ao [fPsg () + (1 —f)Ps(D], (10)

where A4 is an energy-dependent constant (on the order
of approximately 0.2 here), f is the fraction of the sig-
nal originating from our sample (typically > 0.9), and the
remaining terms, Psg(?) and Pg(f), are given by Egs. (8)
and (9) and Eq. (6), respectively. Additionally, all mea-
surements for a given sample are fit simultaneously (i.e.,
in a so-called global fit) using a common ¢. This con-
straint is necessary, as the phase becomes ill-defined when
A(?) is strongly damped and few full precession periods are
resolved (e.g., for measurements in the Meissner state at
high implantation energies, where the u™ stopping depths
are far below the surface) [92]. All fitting is performed with
MUSRFIT [93], which uses the MINUIT2 minimization rou-
tines [94] implemented within the ROOT framework [95].
In all cases, this fitting approach yields excellent agree-
ment with the data (reduced x? of approximately 1.06),
and a subset of the results is shown in Fig. 2.

To reconstruct the field profile below the surface, at each
implantation energy we identify the mean field sensed by
the implanted 1" using [88]

oo 2 (o, —o0_
(B>E/ B psc(B) dB:Bo-h/—(—),
S T Yu

(11)

and the results for each surface treatment are shown in
Fig. 3 [96]. As expected, the (B) values measured in the
normal state are independent of the implantation energy,
whereas (B) decreases monotonically with increasing £ in
the Meissner state. It is evident that the screening prop-
erties of each surface treatment are different; the applied

field is attenuated most strongly for the “baseline” and
“75°C 4+ 120 °C bake” [45] samples, whereas the screen-
ing is weaker for the “120°C bake” treatment [44] and
even more so for the “N, infusion” treatment [47]. Inter-
estingly, measurements in some of the samples at the
lowest £ values show that (B) plateaus at a value close
to the nominal applied field, suggesting the presence of
a thin layer near the surface where the external field is
not screened (i.e., a so-called “dead layer” at the super-
conductor’s surface). Such a region is fairly generic and
is observed in a wide range of superconductors (see, e.g.,
Refs. [25,53,62,97—103]), although there is considerable
variability between materials or even samples (e.g., as a
result of surface roughness [104—106]).

To evaluate the magnetic penetration depth A, it is nec-
essary to construct a model capable of describing the data.
The model must account for two crucial details: how the
magnetic field is screened below the surface as a func-
tion of depth z, and the depth distribution p(z, E) sampled
by the implanted u*. We consider each of these below.
Note that while our approach differs somewhat from ear-
lier work in Nb (see, e.g., Refs. [25,53,62]), it is capable
of accurately reproducing all measured quantities derived
from our experiments.

First, we consider the magnetic field profile, B(z), below
Nb’s surface. In the simplest case, B(z) decreases expo-
nentially with increasing depth, z, in the Meissner state,
as predicted by the London model [63]. Recalling that our
data suggest the presence of a “dead layer” at the sample
surface, we incorporate this detail ad hoc into the London
result [63] with the expression (see, e.g., Refs. [97,99])

1 forz < d,

B@) =By x xp{—(zzd)} forz > d,

(12)

where A is the magnetic penetration depth, d is the thick-
ness of the “dead layer” (i.e., where By is not screened),
and B, is the (effective) applied magnetic field. The latter
quantity is given by

1 forT > T,,

- 13
(1=N)" forT<T, (1)

By = Bapplied X {

where Bypplicd is the applied magnetic field and N is the
sample’s (effective) demagnetization factor [107]. Note
that the inclusion of the factor (1 —N)~' in Eq. (13)
accounts for any apparent “enhancement” of the applied
field due to the sample’s geometry (i.e., from flux expul-
sion in the Meissner state—see, e.g., Ref. [108]). Although
Eq. (12) is rather simple compared with other models for
B(z) (see, e.g., Refs. [23,24]), it sufficiently describes the
behavior we observe (see below).

We now consider the pu* implantation profiles. As
alluded to in Sec. II, the slowing down of implanted ™
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is a stochastic process, resulting in a distribution of stop-
ping depths that can be reliably simulated [69] using Monte
Carlo codes such as TRIM.SP [70—72] (see the Appendix
for specific details). For our analysis, it is convenient to
have the ability to describe these profiles at arbitrary E,
which is achieved by our fitting of the simulated profiles
and interpolating their “shape” parameters. We find that
the ut stopping probability, p(z, E), at a given E can be
described, in general, by

p(z,E) =) fpi(2), (14)

where p;(z) is a probability density function, f; € [0, 1] is
the ith stopping fraction, constrained such that

Zﬁzl,

and z is the depth below the surface. For our target
(Nb;Os(5 nm)/Nb—see, e.g., Ref. [109]), the stopping
data are well described with » =2 and a p(z) given by
a modified 8 distribution [110]. Explicitly,

0 forz <0,
a—1 B—1
1 —
p(2) = (z/20)" (1 —z/zp) for 0 < z < 2,
zo B(w, B)
0 forz > z,

(15)

where z € [0, zy] is the depth below the surface and B(«, 8)
is the B function,

ERNCIN)
B(O[aIB) = F(Ol“—ﬂ)’

with I'(s) denoting the I" function,

') = /OOxS1 exp(—x) dx.
0

Note that the “extra” z; in the denominator of Eq. (15)
ensures proper normalization of p (z).

To achieve good “coverage” across the range of £ values
achievable by LE-u SR (approximately 0.5 keV to 30 keV),
we simulate ut stopping profiles in small energy incre-
ments (500 eV) spanning the entire £ range. We then fit
each of the simulated stopping profiles using Eqs. (14)
and (15) and interpolate the resulting “shape” (i.e., fit)
parameters to generate p(z, E) at arbitrary E. Results from
this procedure are shown in Fig. 1, and are in excellent
agreement with the Monte Carlo simulations.
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FIG. 3. Mean magnetic field (B) (normalized by the “effec-

tive” applied field B) sensed by the implanted u* at different
energies £ in Nb samples that receive different surface treat-

ments (“baseline,” “120°C bake” [44], “75°C + 120 °C bake”

[45], and “N, infusion” [47}—see Sec. II B). For increasing E,
the mean u* stopping depth (z) increases, covering a length
scale comparable to the magnetic penetration depth A. In the
normal state (7 > T.), there is no depth dependence of (B) for
any of the samples, and its value corresponds to the applied
magnetic field Byppiica. Conversely, in the Meissner state (approx-
imately 2.7 K), (B) decays rapidly with increasing £ above a
threshold value, reflecting a small (nonsuperconducting) “dead
layer” d at the surface and the increased screening of Bappiicd
at deeper depths. The solid and dashed colored lines repre-
sent a (global) fit of the data in both the normal state and the
Meissner state using Egs. (12) and (13) to describe B(z), Eqgs.
(14) and (15) to parameterize p(z, E), and Eq. (16) to convolve
the terms into an expression for (B)(E) (see Sec. III). The fit
quality is excellent, with the model capturing all features of
the data. Values obtained for A are indicated in the inset of
each subplot, while the full set of fit parameters is tabulated in
Table 1.
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TABLE I.  Fit results for our Nb samples with different surface treatments commonly used to fabricate SRF cavities (see Sec. 11 B)
obtained using the analysis approach described in Sec. III (see also Fig. 3). Here, T is the absolute temperature , Byppiicd is the strength
of the magnetic field applied parallel to the sample surface, N is the sample’s (effective) demagnetization factor, d is the thickness of
the (nonsuperconducting) “dead layer” at the sample surface, and 1(7) is the magnetic penetration depth (measured at temperature 7).
Also included are quantities derived from Egs. (17)—(19): the magnetic penetration depth at 0 K (1), the carrier mean free path (¢), and
the “effective” coherence length (£). For comparison, we also include values for several Nb/Cu films commonly used in SRF cavities
[62] (obtained from a reanalysis of the data using the formalism described in Sec. III) and results for a “clean” Nb/Al, O3 film [25]. The
abbreviations listed with these samples correspond to direct-current magnetron sputtering (DCMS), high-power impulse magnetron
sputtering (HIPIMS), and High-Intensity-and-Energy Isotope Mass Separator Online Device (HIE-ISOLDE). The dependence of Ag
on £ is also shown in Fig. 4.

Sample T(K)  Bapplied (mT) N d(mm) A(T) (nm) Ay (nm) £ (nm) & (nm) Reference

Nb (baseline) 2.63 2511£0.05 0.000+£0.027 21.84+0.7 31.3+£0.7 31.2+0.7 260£80 34.8+3.0 Thiswork

Nb (120°C 2.72  25.179+0.034 0.006£0.011 254+13 42.6+13 424+13 35£5 18.8+1.6 Thiswork
bake)

Nb (75°C + 2.69 25.162+0.032 0.000£0.028 18.7+0.6 323+£0.5 3224+05 175+£34 32.8+2.6 This work
120 °C bake)

Nb (N, 2.83  25114£0.06 0.009+£0.011 24.14+1.6 702+£26 699+25 84+10 69=£0.7 Thiswork
infusion)

Nb/Cu 325 15.14+£0.05 0 143+£12 51.1+£12 507+£12 19.6+22 132+1.1 [62]
(DCMS)

Nb/Cu (HIE- 2.65 15.010 £0.024 0 13.1£05 378+0.7 37707 59+£7 239417 [62]
ISOLDE)

Nb/Cu 3.75 15.09 £ 0.04 0 1734+£0.6 346404 341+£04 10614 292+2.1 [62]
(HIPIMS)

Nb/Al, 04 8.82 0 242 27+£3 359 36 [25]
(DCMS)
Following the above discussion, with our expressions IV. DISCUSSION

for B(z) [Egs. (12) and (13)] and p(z, E) [Egs. (14) and
(15)] in hand, it is now straightforward to construct an
expression for (B) that depends on E:

(B)(E) = fo B, E) d-, (16)

where the dependence on E is accounted for implictly
by p(z,E) [111]. Note that, as described above, p(z, E)’s
“shape” parameters are all predetermined from fitting a
series of implantation profiles and interpolating their val-
ues. Consequently, this “staged” analysis approach [112]
uses the maximum amount of available information when
fitting the data and does not, for example, assume that
the average stopping depth, (z), is an adequate proxy for
the full stopping distribution [113]. Therefore, Eq. (16)
depends on the main parameters that define the shape of
B(z) [Egs. (12) and (13)]: A, d, Bapplied, and N. Before pro-
ceeding, we point out that the integral in Eq. (16) must
be evaluated numerically; however, it is found that adap-
tive Gaussian quadrature routines (see, e.g., Ref. [114]),
which are widely available in free scientific software (e.g.,
the PYTHON package SciPy [115]), are adequate for this
task. Fit results for each sample are given in Fig. 3, show-
ing excellent agreement with the data, and the resulting fit
parameters are given in Table I.

From Fig. 3, it is clear that the different surface treat-
ments affect the Meissner screening profile in Nb within
the first 150 nm below its surface. As mentioned in Sec. I1I,
a hierarchy is evident; the applied field is attenuated most
strongly in the “baseline” sample, yielding A =313 £
0.7 nm, followed closely by the “75°C + 120°C bake”
treatment, where A = 32.3 &= 0.5 nm. In the “120 °C bake”
sample, the screening is weakened significantly compared
to the previous two treatments, amounting to a magnetic
penetration depth of 42.6 £ 1.3 nm. This is diminished
even further for the “N, infusion” treatment, for which
A = 70.2 &+ 2.6 nm. The results suggest that further prepa-
ration beyond our “baseline” treatment serves to diminish
Nb’s capacity to prevent magnetic flux from “leaking”
below its surface in the Meissner state.

For a closer quantitative comparison between our
results, it is first necessary to account for the (minor) tem-
perature differences between measurements (see Fig. 3).
For this, we use the well-known “two-fluid” expression
[116]

Ao

V1= (T/T)*

where Ag is the magnetic penetration depth at 0 K, to
extrapolate the A values down to absolute zero (see Table I)
[117]. Extrapolating to this limit is convenient, since at 0

MT) = a7
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K we also have the simple relationship [116]

M=MW+%, (18)

where X is the so-called London penetration depth, & is
the Pippard [23] or Bardeen-Cooper-Schrieffer [24] coher-
ence length, and ¢ is the carrier mean free path (i.e., the
average distance traveled before being scattered). As both
Az and & can be regarded as material properties intrinsic
to Nb, differences in Ay can be understood in terms of dif-
ferent £ values for our samples. By aid of Eq. (18) and
literature estimates [118] for both A; = 29.01 & 0.10 nm
[14,16-18,119—-127] and &, = 40.3 + 3.5 nm [14,16-18,
119-121,125,127—129], we calculate £ for our samples,
with the results tabulated in Table I. These values com-
pare well with typical £ values found in SRF Nb [130,131];
however, to better understand their differences, we must
consider the material modifications introduced by these
treatments.

We start with the “baseline,” which is simplest case
to consider. As described in Sec. II B, this treatment first
removes mechanical stresses through annealing and after-
wards purges surface imperfections in the topmost material
to mitigate any contamination from the furnace. The pro-
cedure is highly successful, as evidenced by our measured
A value’s close proximity to Az, suggesting that the level
of impurities is low, corresponding to £ = 260 + 80 nm.
This is somewhat lower than the £ ~ 810 nm expected for
Nb with a residual-resistivity ratio of approximately 300
(see, e.g., Refs. [132,133]); however, we point out that
our microscopic method of determining £ samples only
the spatial region probed by the ut beam, making it more
sensitive to the surface region, where, for example, inter-
stitial impurities are likely more prevalent. Similarly, it
is at first surprising to find that nonlocal electrodynamics
[23,24] are not necessary to describe the data; however,
this is consistent with our £, which equivalently yields a
short “effective” coherence length &; (at 0 K) according to
[116]

11,1 (19)
g & L

For the “baseline” sample, we get &) = 34.8 3.0 nm,
which is very close to A¢ and equivalent to £ /Ao = 1.11 &
0.10. Thus, we conclude that this sample is close to the
“boundary” where the influence of nonlocal electrodynam-
ics becomes significant, and we anticipate such effects
being more prevalent in samples of higher purity [134].
We now consider the “120 °C bake” sample. The main
effect of the baking [44] is to “dissolve” some of the sur-
face oxide into the bulk of Nb. This treatment instigated
a refinement of the oxygen-transport model in Nb [135]
which has received renewed attention lately [136]. Even

before the invention of this “recipe,” oxygen-diffusion pro-
files in Nb were of interest for their influence on the surface
barrier associated with flux penetration [137]. Consistent
with the empirical observation that this mild baking helps
mitigate the so-called Q slope observed in SRF cavities
at high E,., we observe a A appreciably larger than A,
(equivalent to a reduced supercurrent density at the sur-
face—see, e.g., Ref. [55]), accompanied by £ = 35 £ 5 nm
and £; = 18.8 & 1.6 nm. These values are consistent with
a sample whose surface region has been “dirtied” by
the (intentional) addition of impurities. Interestingly, not
only is this £ much larger than the values reported for
this treatment in another LE- SR study [53], the Meiss-
ner screening profile is also different. While the bipartite
behavior reported previously [53] has been suggested to
originate from the baking [44] producing an “effective”
superconductor-superconductor bilayer [54-56] (i.e., from
a thin “dirty” surface on top of a “clean” bulk), no evidence
for such behavior is observed here. Separate LE-tSR mea-
surements on real bilayers [138] reveal screening profiles
that are qualitatively distinct from those reported here (see
Fig. 3). Thus, we suggest that low-temperature baking [44]
does not fundamentally alter the character of Meissner
screening in Nb and that the earlier results [53] require an
alternative explanation.

Next, we consider the “75°C + 120 °C bake” sample.
Given what is known about mild baking [44], the results
for this two-step treatment [45] confound expectations.
The similarity of its 1y and derived quantities to those from
the “baseline” treatment (see Table I) suggests that the
“extra” baking time undermines the level of defects near
the surface. Explicit investigations into this matter are lim-
ited; however, one study using positron-annihilation spec-
troscopy proposed that the procedure [139] initially causes
an increase in the Nb-vacancy concentration through the
decomposition of hydride-vacancy complexes, that sub-
sequent annealing at 120 °C gradually removes the com-
plexes by thermally activated release, and that the remain-
ing vacancies are vanquished by diffusion to trapping sites
and gradually annealed out. While this mechanism is plau-
sible, it does not consider the dissolution of oxygen from
the surface during the second step [44], which should have
the opposite influence on A. Thus, we suggest that further
investigation into the near-surface chemical composition
(e.g., using secondary-ion mass spectrometry) is needed to
be conclusive.

Lastly, we consider the remaining surface treatment “N;
infusion” [47], which is quite different from the other sur-
face treatments. In this “recipe,” N, gas is intentionally
introduced during baking to dope Nb with nitrogen. The
“infusion” is performed at the relatively low temperature
of 120°C, which limits the diffusivity of nitrogen [140],
but mitigates the requirement of surface removal after
the treatment (see the original doping recipe [46]). Given
this treatment’s substantial dopant “supply” [47] and
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nitrogen’s diffusivity in Nb (see, e.g., Ref. [140]), it is not
surprising that we obtain our greatest Ao among all the sur-
face treatments, and, correspondingly, the smallest £ and
£—8.4+ 1.0 nm and 6.9 £ 0.7 nm, respectively.

Thus, following the above discussion, we propose that
the observed hierarchy in A for the studied surface treat-
ments is readily explained by their propensity to dope Nb’s
near-surface region. This (relatively light) doping alters
¢ in the spatial region sampled by LE-uSR, resulting in
Ao > XAp. This relationship is shown graphically in Fig. 4,
accompanied by results from related studies for compari-
son [25,62]. The results imply that either £ is sufficiently
homogeneous over the range of u't stopping depths (see
Fig. 1) to be encapsulated by a single (average) value
or the effect of any inhomogeneity in £ is beyond the
detection limit of the current measurements. Alternatively,
the largest inhomogeneity may be localized very close
the surface, comparable to the nonsuperconducting region
observed in our samples (see Fig. 3), considered below.

It is not uncommon to find a thin layer at a supercon-
ductor’s surface that does not screen an external field, col-
loquially called a “dead layer.” One typically accounts for
this “feature” by incorporating the ad hoc parameter d into
models of the screening profile—see Eq. (12). A literature
survey suggests that d is a generic feature of supercon-
ductors (see, e.g., Refs. [25,53,62,97—103]), indicating that
the value is representative of a particular sample, rather
than being intrinsic to the material. For example, while a
“dead layer” on the order of approximately 20 nm is com-
mon for SRF Nb [53,62] (which we also obtain here—see
Table 1), values comparable to the thickness of the (native)
surface oxide layer (approximately 5 nm [109]) are found
in high-quality epitaxial thin films [25,141]. Some of this
variance is likely attributed to differences in surface rough-
ness, which can reduce a sample’s screening capacity at
the surface [104—106]; however, it alone cannot account
for the full extent of d in certain materials, leading us to
consider other possibilities.

Recently, several authors have considered the possibil-
ity of A being spatially inhomogeneous, resulting from
a varying defect-concentration profile close to Nb’s sur-
face [142,143]. For a sufficiently high concentration of
surface-localized defects, it is plausible that A(z) could
become great enough to qualitatively mimic the effect of
a “dead layer.” Such a scenario has been considered theo-
retically for lim,_, g A(z) = oo [144], producing a gradual
(rather than sharp) transition between nonsuperconduct-
ing and superconducting regions. While such an idea is
intriguing, our data in Fig. 3 are not refined enough to
resolve such features, and further measurements (e.g., with
fine £ steps below 10 keV) are required to be more con-
clusive. Such measurements may require a condensed N;
overlayer, which can be grown in situ at the cryogenic
temperatures used in the experiments described here (see,
e.g., Ref. [62]).

surface treatments

10  thin films and 1
deposition techniques

10! 102 103
£ (nm)

FIG. 4. Dependence of Nb’s magnetic penetration depth at 0
K, Ao, on the carrier mean free path, £, for common surface
treatments used to fabricate SRF cavities. The values are calcu-
lated according to Eq. (18) (solid black line) using representative
values for the London penetration depth A; = 29.01 £ 0.10 nm
[14,16-18,119—127] and the Bardeen-Cooper-Schrieffer coher-
ence length & =40.3 +3.5 nm [14,16-18,119-121,125,127—
129]. Also included for comparison are values for Nb/Cu films
[62] prepared with different techniques (re-evaluated using the
approach described in Sec. III), and a very “clean” Nb/Al,O3
film [25]. All plotted values derived from this work are tab-
ulated in Table I. DCMS, direct-current magnetron sputtering;
HIE-ISOLDE, High-Intensity-and-Energy Isotope Mass Sepa-
rator Online Device; HIPIMS, high-power impulse magnetron
sputtering.

At this juncture, we point out that while our field-
screening measurements reported in Sec. III focus exclu-
sively on the direct-current regime, typical SRF cavities
operate in alternating-current fields at 5—-10 GHz, and
our results do not preclude the existence of frequency-
dependent effects in our samples. Generally, practical
treatments of B(z) and X take either term as frequency
independent; however, verifying this assertion directly in
the future with a suitable method of interrogation (e.g.,
LE-uSR) remains highly desirable.

Finally, it is worth noting that an analysis approach sim-
ilar to that described in Sec. III has also been used in
8Li B-detected-NMR [57,58] measurements on a Nb thin
film [141]. While the B-detected-NMR technique shares
many similarities with and is complementary to LE-uSR
[145], it has the advantage of being able to operate in
(surface-parallel) magnetic fields up to 200 mT [146], cov-
ering the operating conditions of SRF cavities and close
to Nb’s By, [50,51]. Although equivalent measurements
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using LE-uSR are not currently possible, the results pre-
sented here provide a good point of comparison for future
investigations using B-detected NMR.

V. CONCLUSIONS

Using LE-uSR, we determine the Meissner screening
profile in Nb samples that recieved surface treatments com-
monly used to prepare SRF cavities. In contrast to an
earlier report [53], we find no evidence for any “anoma-
lous” modifications to the Meissner profiles, ruling out
that low-temperature baking [44], two-step baking [45],
or N, infusion [47] produces an “effective” bilayer super-
conductor [54—56]. Instead, we find that the observed field
screening is well described by a simple London model
[63], with magnetic penetration depths (extrapolated to 0
K) of 31.3 + 0.7 nm for the “baseline” sample, 42.6
1.3 nm for the “120 °C bake” treatment, 32.3 & 0.5 nm for
the “75°C + 120 °C bake” recipe, and 70.2 & 2.6 nm for
“N, infusion.” Differences in screening properties between
surface treatments can be explained by changes to the car-
rier mean free paths resulting from dopant profiles near
Nb’s surface. A relatively large (approximately-20-nm)
nonsuperconducting “dead layer” is found in all samples,
exceeding the thickness of the native oxide layer that forms
at Nb’s surface [109]. This observation may suggest a
narrow region near the surface where A is depth depen-
dent [136,142,144]. Further LE-uSR experiments, with
finer energy steps where £ < 10 keV, may illuminate the
matter.
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APPENDIX: SIMULATING MUON
IMPLANTATION

As is clear from Sec. 111, a crucial aspect of our analysis
is the inclusion of simulated u™ stopping profiles, which
serve as the kernel of the integral transform defined in Eq.
(16). Given their importance, we now consider some of
their details further.

In general, energetic charged particles lose their kinetic
energy through the interaction with matter encountered
along their trajectory. For a particle penetrating a (solid)
target, this happens through a series collisions with the

host’s electrons and nuclei [147]. In this slowing process,
the average energy loss per unit distance is often called the
“stopping power”:

dE
dz’

(AD)

where E is the energy and z is the position of the projec-
tile. Naturally, S can be thought of as a property specific
to a particular projectile-target combination. Typically, S
is decomposed into electronic, S,, and nuclear, S, contri-
butions,

S=8,+ S, (A2)
such that these contributions may be treated separately (see
below). Practically, it is convenient to normalize each S;
by the target’s number density, n, converting them into
stopping cross sections:

1]
I | &2

(A3)

Note that S; is typically reported in “odd”-looking units
(e.g., 10713 eV cm? per atom).

As there are an endless number of projectile-target com-
binations, significant effort has been invested in predicting
S, which can be used to calculate a projectile’s range (i.c.,
its average implantation depth) in any target via

01
& /E nS

This task, however, is formidable, and no single theo-
retical formalism dominates to date. Although progress
with theory continues to be made (see, e.g., Ref. [148]),
a phenomenological treatment of S; is often used, wherein
measured values are parameterized using a semiempiri-
cal model. At the implantation energies used in a LE-
uSR experiment [59,60], the electronic contribution to S
has the greatest impact on a muon’s range, and we now
focus on Se. _

One parameterization of S, that has been used for more
than half a century is the so-called Varelas-Biersack formu-
las [75], which describe the stopping cross section in terms
of five coefficients, 4;, within the low-energy implanta-
tion regime (1-1000 keV). In this treatment, the energy
dependence is expressed in terms of the scaled quantity

b=s(2).

where E is the projectile energy (in kiloelectronvolts) and
m 1is its mass (in unified atomic mass units [84]) [149]. For

(A4)

(AS)

044018-10



DEPTH-RESOLVED MEASUREMENTS. ..

PHYS. REV. APPLIED 19, 044018 (2023)

muons (i.e., light protons), S, is given by [73-75]

Al\/g,

l1keV < E < 10keV,

Se = ow E i E =
Stow(E) Shigh(B)_ 45y ey < B < 1 Mev,
Stow (E) + Shigh(E)
(A6)
where
Siow(E) = A E*F (A7)
and

~ As Ay ~ )
high (£) ( E) < 7 5 (A8)
While Egs. (A6)—«AS8) require five 4;’s, smooth continuity

implies that

B ( 1 > Stow (10 keV) spign(10 keV)
"=\ V10keV /) S1ow(10 keV) + spign (10 ke V)

reducing the number of “free” parameters from five to
four. Equations (A6)~A8) have proved to be so useful that
several compilations of the 4;’s have been made [73,74]
for the purpose of facilitating simulations of ion implan-
tation. Important for us, the Monte Carlo code TRIM.SP
[70-72] relies on these tabulated values; however, the
most-recent compilation [74] is nearly 30 years old, and
a major concern is its current validity.

Quite recently, a large database of electronic stopping
cross sections (originally compiled by the late H. Paul)
was released by the International Atomic Energy Agency
[76], greatly facilitating the comparison of experimental
data with different models. Using the compilation, we com-
pare different parameterizations of S, for H isotopes in Nb
against available experimental data [77—80] (omitting clear
outliers [150]), as shown in Fig. 5. We find that the earlier
tabulations [73,74] overestimate S'e, likely due to lack of
available data at their time of publication [151]. In con-
trast, our fit to the Varelas-Biersack formulas [75] [Egs.
(A6)+AB)] gives the best agreement with all (reliable)
experimental data, and we use our new 4;’s (listed in Table
II) in all TRIM.SP [70-72] simulations of ™ implantation
[152].

Finally, we conclude this Appendix with some explicit
details of the Monte Carlo simulations of u* implantation
in our target, Nb,Os(5 nm)/Nb, using TRIM.SP [70—72].
In these simulations, the projectile’s trajectory is calcu-
lated step-by-step with the assumption that its direction
changes with each binary (nuclear) collision and that its
path remains straight while it is in “free flight.” Energy is
primarily lost via the (inelastic) electronic contribution to
stopping, which is treated independently from the nuclear

40

15 eV cm? per atom)

20

Se (10~

10+

pt implantion energy

at PSl's LE-uSR facility N

0 1 1
100 10! 102 103 104
E=E(u/m) (keV)

FIG. 5. Electronic stopping cross section, S,, as a function of
scaled energy, E, for H isotopes implanted in Nb. The filled cir-
cles represent measured values, with colors denoting results from
different studies [77—80]. The results from one early report [150],
which are clear outliers, have been omitted. Different parame-
terizations of the cross sections using Eqs. (A6)+A8) (i.e., the
Varelas-Biersack formula [75]) are also given, with our fit giving
the best agreement with all (reliable) experimental data, improv-
ing on the older tabulated values [73,74]. The 4;’s determined
from our fit are listed in Table II. The experimental data were
curated by the International Atomic Energy Agency [76]. ICRU,
International Commission on Radiation Units & Measurements;
PSI, Paul Scherrer Institute.

contribution. The projectile is said to have “come to rest”
once its energy drops below a threshold, whereafter its final
position is recorded in a histogram, which is output at the
end of the simulation. The choices below mainly origi-
nate from earlier work that systematically compared p*
stopping results against LE-u SR data [69].

Implantation profiles are simulated at select energies, E,
between 0.5 and 30 keV. Each simulation uses 103 pro-
jectiles, whose exact implantation energies are assumed to
follow a normal distribution centered at £ with a width
of 450 eV [153]. Any individual projectiles with £ <
0 eV are discarded. The projectile angle of incidence
(relative to the surface normal) follows a normal distribu-
tion centered at 0° with a width of 15°. A hydrogenlike
projectile is assumed, but with the muon’s mass, m, =
0.1134289259(25) u [84], which is about one ninth the
mass of a proton, m, = 1.007276466621(53) u [84]. Inter-
actions between the projectile and target atoms are treated
using a Moliere-type screened Coulomb potential [154]
with a Firsov screening length [155]. Interactions between
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TABLE II. Values for the 4;’s in the (empirical) Varelas-Biersack formula [75]—Eqs. (A6)«A8)—parameterizing the electronic
stopping cross section, S,, for H isotopes implanted in Nb. Plots of Eqs. (A6)—(A8) using the two sets of coefficients, along with all
(reliable) experimental data [77—80] from the International Atomic Energy Agency database [76], are shown in Fig. 5. Note that, for
brevity, we use SU equivalent to 10~!° ¢V cm? per atom when expressing the unit of some of the 4;’s.

A (SU keV~1/2) A, (SU keV~04%) A; (10* SU keV) Ay (10% keV) As (1073 keV™h) Ref.
5.96 £ 0.10 6.73 £0.08 1.0340.13 2.8+0.5 39409 This work
6.901 7.791 0.9333 4.427 5.587 [73,74]
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