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Abstract

Muon spin rotation (££SR) results have shown that the first
vortex penetration field detected by muons (H,, ,,) into Nb
can be delayed up to the superheating field, Hg, by coating
a single layer of a material with larger London penetration
depth, 4; . For low-temperature baked (LTB) (i.e., 120°C
baked) Nb an increase in the H,,, ,, has also been observed.
While clearly exceeding the lower critical field H.y, H,, ,
was found to remain significantly below Hy, for LTB Nb.
Further, magnetometry experiments suggested that there is
no interface barrier in LTB Nb and that the apparent H,,, ,,
increase as observed by SR was due to surface pinning. By
varying the implantation depth of muons of E ~ 4.1 MeV
using moderating foils, new uSR measurements confirm
that the apparent H,,, , increase in LTB Nb is indeed due
to surface pinning, while for a Nb;Sn (2 um)/Nb bilayer we
find that an interface energy barrier prevents flux penetration.
These results confirm the potential of using superconducting
bilayers to achieve a flux free Meissner state up to the Hg,
of the substrate.

BACKGROUND

Superconducting radio frequency (SRF) cavities need to
be operated in a flux free Meissner state to avoid strong
dissipation from magnetic vortices. The maximum field that
can be sustained by a superconductor in the Meissner state is
proportional to the accelerating gradient (E,.), which sets
the ultimate limit of a cavity. The lower critical field H;
defines the field at which it is energetically favorable for
flux to be located inside the superconductor instead of being
expelled by Meissner currents. The vortex penetration field
(H,p) can potentially exceed H,| in case of a surface barrier
with the ultimate limitation set by the superheating field Hy,.
Nb is the preferred material for fabricating SRF cavities
because it possesses the highest H,; and critical temperature
T, among all elemental superconductors. For clean Nb, H;
is about 170 mT [1] and Hy, = 240 mT [2] at a temperature
of 2K corresponding to E,. of about 40 and 55 MV m™!
for elliptical cavities. Some SRF cavities baked at 120 °C
for 48 h in vacuum or low pressure gas atmosphere (i.e.,
LTB) have reached peak surface magnetic fields exceeding
H_ but for mass production operating E,.. values around
30MV m ! or below are chosen [3].

In the context of LTB study, it is important to understand
the underlying mechanisms that can influence the material
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properties. The effect of LTB treatments can induce changes
in the outermost nanoscale region of the material through
diffusion processes. This results in the formation of a dirty
layer with a larger London penetration depth (4; ) compared
to the bulk value of the material [4, 5]. This layer could
potentially lead to a reduction of Meissner currents and the
formation of a surface barrier at the interface between the
outer dirty layer and the bulk material [6]. Consequently, this
scenario can be viewed as the creation of a potential bilayer
superconductor. In a bilayer superconductor when the top
layer penetration depth is larger than the substrate’s two
effects occur. First, H,, into the surface layer is increased
due to strong suppression of Meissner current. Second, an
interface energy barrier between the layers [6] similar to the
Bean-Livingston barrier [7] at the vacuum-superconductor
interface is created potentially prohibiting flux penetration
into the substrate up to the substrate’s H,.

1SR experiments have reported evidence for an interface
barrier in bilayer samples of different materials and thick-
nesses [8] and a slight increase of H,, above H for LTB
samples. Magnetometry measurements could not confirm
the enhancement for LTB samples [9] and we, therefore,
hypothesize that the H,;, , for LTB was due to increased
accumulation of vortices caused by vortex pinning in the
near-surface region. Pinning centers can act as supplemen-
tary barriers, impeding the movement of vortices from the
edges of the sample to the center [8]. As a result, they in-
troduce additional resistance which leads to a delayed flux
propagation towards the center of the samples compared to a
scenario without pinning. Note that the implantation depth
in so-called surface uSR experiments using a ~4.1 MeV
beam is on the order of 130 um for Nb. The aim of this
study is to test whether flux could have been trapped in a
thin layer comparable to this length scale before being de-
tected by muons. In this case one would find H,, , > H,,,.
Understanding the dominant mechanism at play is crucial
for guiding further developments in materials and layered
structures beyond conventional bulk Nb technology.

DESCRIPTION OF EXPERIMENT

Brief General Description of the Muon Spin Rota-
tion Technique

1SR is a powerful condensed matter technique for the
direct measurement of the magnetic field inside the sam-

ple. In this experiment, 100% spin-polarized radioactive
muons (z*) were implanted into the sample one at a time
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Figure 1: Principle of a SR experiment in an externally ap-
plied transverse magnetic field H,. Redrawn from Ref. [10]
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Figure 2: Different superconducting states of Nb ellipsoidal
samples with uSR beamspots: (a) Meissner state (pin-free
sample), (b) vortex state (pin-free sample), (c) vortex state
at early flux penetration due to the surface pinning when the
flux penetration is undetected by the 1SR beam spot, and (d)
vortex state with pinning when flux penetration is detected
by reducing the p* implantation energy E using Ag foil.

at an energy of approximately 4.1 MeV in a transverse ap-
plied magnetic field arrangement (see Fig. 1). The muon
spin precesses at the Larmor frequency, w , which is pro-
portional to the local magnetic field, B via gyromagnetic
ratio of muon, y , (i.e., w, = 7 ,B). Due to its very short
lifetime (7, = 2.2 usec), its decay positron preferentially
in the same direction as the muon spin at the time of decay.
The anisotropic distribution of the decay is measured us-
ing a set of positron detectors symmetrically placed around
the sample. This allows for the temporal evolution of the
muon’s spin orientation to be deduced, and consequently,
the properties of the magnetic fields it experiences.
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Sample Geometry

We prepared ellipsoidal samples of LTB Nb and Nb3;Sn
(2 um)/Nb. Ellipsoidal samples were chosen due to their
absence of edge boundaries, ensuring a uniform “geometric”
magnetic response. Moreover, these samples are less prone
to pinning due to their low demagnetizing factor of N =
0.13 [11]. In the ideal case of a pin-free sample, as shown
in Fig. 2a, magnetic flux is completely expelled from the
interior of the superconductor. The onset of magnetic flux
penetration occurs at H,, through vortex condensation as
depicted in Fig. 2b, which are normal conducting cores of
magnetic flux surrounded by supercurrents.
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Figure 3: Simulated stopping profiles of “surface” muons in
Nb with moderating Ag foil as a function of stopping depth, z.
The light green color represents Nb material while the dark
violet color represents the Ag foil of different thicknesses.
The black hatches denote the p* stopping histogram. The
mean depth (z) of u* corresponding to the thickness’s of
Ag foil is provided in the inset of each panel.

Concept of Experiment with Moderating Foils

As discussed in the Background section, in the ;SR ex-
periments trapped flux pinning could remain undetected
(e.g., Fig. 2¢) in the near surface region (i.e., <130 um). To
address this, in our experiment, we introduced layer(s) of
Ag foil in front of the sample to reduce the implantation
energy of u* and consequently attenuate the stopping depth,
as shown in Fig. 2d. If the enhancement in H,, is caused
by surface pinning, the flux will be detected at a lower field,
resulting in a reduced value of H, Alternatively, if it
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using Eq. (1).

is due to an interface barrier, H,, , will remain unchanged
compared to the measurement without the foil.

Implantation Profile

The range of implanted “surface” muons in a Nb target
on TRIUMF’s M20 beamline, including a moderating Ag
layer of variable thickness (indicated in Fig. 3’s inset) were
simulated using the Stopping and Range of Ions in Matter
(SRIM) Monte Carlo code [12]. Each simulation involved
1 x 10° projectiles with a kinetic energy of approximately
4.1 MeV in Nb (density = 8.57 gcm™). To implant p* at dif-
ferent stopping depths, z, we placed Ag foil layer(s) (density
=10.49 gcm™3) in front of the Nb targets. The simulation
results indicate that the thicker foil reduces the energy most,
resulting in the shortest average implantation depth, (z) of
1t in Nb. Although we present the simulation results for
Nb here, similar simulations were performed for Nb;Sn
(2 um)/Nb samples as well.

RESULTS

Polarization Functions

The time differential asymmetry signal of p* contains the
local field information in the Nb sample. As a result, differ-
ent superconducting states (i.e., different magnetic field dis-
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Figure 4: The depolarization of u* with fit-functions in the LTB Nb (no foil) in (a) normal state, (b) Meissner state, (d)
mixed state (Meissner + vortex state), and (e) vortex state. For comparison, all the states in a smaller timescale are plotted
in (c). The colored closed circles with error bars represent the data points, and the solid lines represent the fits to the data

tributions) can be observed in the sample as shown in Fig. 4
by varying the applied field H, from zero magnetic field
to well above H,;. Here, the frequency of oscillation and
damping of the signal exhibit significant variations depend-
ing on the superconductor’s different states. Consequently,
the polarization signal contains information on the volume
fraction of the host material sampled by the u* that does
not contain a magnetic field. Hence, this signal can be used
to characterize the transition from Meissner to vortex state.
The complete polarization function P(t) is a sum of two
terms:

P(1) = fo - P2(1) +f1 - PGaussian(t)» (1)

where f; is the initial asymmetry related to the dynamic
Kubo-Toyabe function, P%“ (7) corresponding to an absence
of a local magnetic field, and f; is the amplitude related
to a weakly damped oscillating function Pg,yesian (f) COrre-
sponding to the measurement of the existence of local field
distribution. Here,

PO () =PSaL (1) exp(vi) +

v [[de (Pt =) PR exp(—vD)},
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PGaussian () = exp (—50%12) - cos (Q)l + %) s 4)

where o; = damping rate, v = hopping rate, and ¢ = phase
factor. The more details of the fit functions can be found
elsewhere [8].

Figure 4 illustrates the asymmetry as a function of time
in the LTB Nb (no foil). It showcases different scenarios:
(a) In the normal state all muons probe almost the same
field yielding weaker damping fitted by Pgaussian (£)- (b) In
the Meissner state the depolarization is caused by randomly
orientated nuclear dipole fields resulting in the characteristic
P%"(t) function. (c) In the mixed state, which is defined
by coexisting macroscopic areas in the Meissner and vor-
tex state, combines the P%yF"(t) polarization function with
a rapidly decaying Pg,ussian (?) function. (d) In the vortex
state, all muons sense the external field and there is no sig-
nature of the P%yFn(t) polarization function left. Our interest
is to observe the initial asymmetry f;, corresponding to the
Meissner state, enabling us to investigate the H,,, , while
varying the implantation depth of pu*.

Fit Parameter f, as a Function of Applied Field
HO

In Fig. 5, the fit parameter f;, of Eq. (1) at different (z)
were plotted against the (effective) applied magnetic field
H,. Note that, to account for the field enhancement of our

sample, we used the demagnetization factor N = 0.13 as
described in [11]:

Hy = Happlied x %\/a (5)
here, H,ppjicq is the applied field calibrated to the normal
state (i.e., above T,) field measurements of the same sample.

Jo signifying the volume fraction probed by the muons
which is in the field free Meissner state. Since this state is
characterized by the absence of any magnetic field within the
sample, resulting in the maximum value of f;,. As the system
transitions to the mixed state, which consists of coexisting
regions of Meissner and vortex states, the total signal is
shared between f and f;. With further increase in the field
strength, f, eventually reaches zero, indicating that the entire
probed area by the muons has transitioned into the vortex
state.

To compare the H,, , values at different (z) of u*, we
employed a phenomenological fit function:

_ L
T 1 +exp(—k(x

Jo(Ho) (6)

- Hmid)) ’

where L represents the height of the curve, k is the steepness
of the curve, and H,,;4y denotes the field at f (Hy) = 0.5. We
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Figure 5: f, as a function of H (a) in 120 °C baked (i.e.,
LTB) Nb and (b) in Nb3Sn (2 um)/Nb, at different (z) of u*
(shown in the inset). Colored closed circles represent the
data points, and solid lines represent the fits to a phenomeno-
logical function given by Eq. (6). The gray color dotted
curves indicate H,, , for different (z). The cyan color dash-
dot and dashed lines are corresponding values of H;, and
Hg, at T = 0K. The small inset figures provide a zoomed
scale of the same data near H,,.
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Figure 6: The H,, , of both the samples are plotted as a
function of (z) of u*. The blue and orange closed circles
correspond to the data for 120 °C baked (i.e., LTB) Nb and
Nb3Sn (2 pm)/Nb. The cyan color dash-dot and dashed lines
are corresponding values of H,; and Hy, of Nbat T = 0K.

define H,,, , as the applied field strength at which fo (Hg) =
0.95 (shown by gray dotted lines in Fig. 5).
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Now, in order to compare the values of H,, ,, in both sam-
ples with the quantities H,; (0 K) and Hg, (0 K) (represented
by the cyan color dashed and dash-dot lines in Fig. 5) of Nb,
a scaling factor has been applied to H,,, ,, using an empirical
relation expressed by:

H(T) = HOK) (1 _ (Tl)z) )

c

where 7" = measurement’s temperature (i.e., <2.8 K) and 7,
is the assumed critical temperature of 9.25 K [1]. The lit-
erature value of ugH.;(0K) = 174mT [1], uoHy,(0K) =
240 mT [2] are used for Nb. In Fig. 6, we present the corre-
sponding H,; , values for both samples.

The analysis of the data presented in Fig. 6 reveals interest-
ing observations regarding the behavior of H,, , at varying
(z). As the p* implanted at shallower depths closer to the
surface, a noticeable decrease in the H,, , value is observed.
This decrease aligns with the previously observed surface
pinning effect in the 120 °C baked Nb sample, providing
further consistency to the phenomenon. In contrast, when
considering the Nb3Sn (2 um)/Nb sample, the H,, , value
remains constant across different depths. This behavior can
be attributed to the presence of an interface barrier within
the sample structure.

CONCLUSION

The main conclusions which can be drawn from this study

are:

* The results suggest that the H,,, ,, is enhanced by sur-
face pinning in the low temperature baking Nb.

* Alternatively, H,, , remains unchanged at different
depths in the bilayer Nb3Sn (2 um)/Nb superconductor
due to the interface barrier.

* Finally, we confirm that an overlayer on Nb can push the
first field of vortex penetration close to the superheating
field.
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