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Abstract

We report on magnetic response measurements on Nb-
cylinders with different surface treatments: as grown,
buffered chemical polishing (BCP) and electrolytical pol-
ishing (EP). By increasing the field beyond Hc2 we ob-
serve a finite critical surface current and superconduct-
ing screening up to a novel coherent surface critical field
Hc

c3(T ), which is followed by an incoherent surface su-
perconductivity up to the conventional surface critical field
Hc3(T ) = rHc2(T ). The latter state is characterized by
a strongly enhanced conductivity, σ′(ω), and by the ra-
tio r, which depends on the surface treatment and is al-
ways larger than the classical St. James - De Gennes value,
rGL = 1.695. Surprisingly, the ratio between the coher-
ent and incoherent transition fields Hc

c3/Hc3 ≈ 0.81 turns
out to be independent on the surface structure, suggesting
some intrinsic mechanism for the onset of coherence in the
sheath of width ξ ≈ λ.

INTRODUCTION

The performance of superconducting cavities crucially
depends on the topological and electronic structure within
the microwave penetration depth. At the typical operat-
ing frequencies of 1GHz, a surface sheath with thickness
of the order of the London length is relevant, which for
pure Nb is λ ∼ 50 nm. Several empirical processes have
been applied to smoothen the surfaces and to reduce the
surface resistance, however, the underlying physical mech-
anisms in the relevant layer are not yet completely under-
stood [1-5]. The main problem is set by the difficulty to
explore the structure of the thin activated layer.

As a supplementary method to the existing ones [1-6],
we recently suggested to investigate properties of the sur-
face superconductivity (SSC) [6], which appears above
Hc2 and resides in a surface sheath of thickness of the or-
der of the correlation length ξ(T ). Since for pure Nb, the
Ginzburg-Landau (GL) parameter κ = λ/ξ is of the or-
der of one, the SSC resides in the same surface region as
the microwave fields. In this contribution we introduce
two novel experimental techniques which probe the su-
perconducting critical currents and the low-frequency AC-
conductivity of the surface sheath and may, therefore, serve
as a possible tool to characterize the differently processed
Nb-surfaces.

To this end, we study three Nb-cylinders: an as-grown
crystal [7] (label A), and two polished ones [8] (C and
E), which have been prepared from Nb-sheets [9] de-
livered for the cavity production at the TESLA facility.

Some important properties of the samples are summa-
rized in Table 1. Their surface roughness has been mea-

Table 1: Characteristic parameters of the Nb cylinders un-
der study.

Label A C E

Tc (K) 9.22(1) 9.263(3) 9.263(3)
RRR ≈ 100 ≈ 300 ≈ 300
preparation as grown BCP BCP + EP
surf. rough. (nm) ≈ 300 ≈ 2 ≈ 1
Hc(0) (kOe) 1.90(5) 1.80(5) 1.80(5)
Hc2(0) (kOe) 4.65(5) 4.10(5) 4.10(5)

sured by AFM [10]. The thermodynamical and upper
critical fields Hc and Hc2, respectively, were extracted
from magnetization isotherms M(H,T ) recorded by a
SQUID-magnetometer (MPMS2, QUANTUM DESIGN)
and displayed in Fig. 1a). The hysteresis loops signal-
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Figure 1: a) Magnetization loops measured on Nb-cylinder
C at various temperatures, b) reversible magnetization,
Mrev = (M+ + M−)/2, determined from a), where M+

and M− are the results measured by increasing and de-
creasing the external field, respectively.

ize a strong flux pinning. Hence, we employ the re-
versible contributions to M(H,T ), shown in Fig. 1b), and
the well known relations, H2

c = 2
∫ Hc2

0
Mrev dH and

Mrev(H ↗ Hc2, T ) = 0, to determine the critical fields
and the GL correlation lengths and κ.
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SURFACE CRITICAL CURRENT
We excite the surface critical current density Js

c around
the circumference of the cylinders by a gradient technique
illustrated by the inset to Fig. 2, i.e. by an electric field
Eϕ = µ0 · (dH/dz) · ż. The scan velocity ż of the sam-
ple is choosen large enough to generate the maximum sur-
face supercurrent, Js

c = M − χH , where χ is the contri-
bution of the electrons in the normal conducting bulk at
H > Hc2 [11]. In agreement with Lenz’ rule, the sign of
J s

c depends on that of ż, see Fig. 2. Both existing GL-type
theories [12,13] predict a power law in the reduced field
difference, h = (Hc

c3 −H)/(Hc
c3 −Hc2)

J s
c(H) = J s

c(Hc2) · hβ , (1)

with βGL = 1.5. In fact, our analyses shown in Fig. 3 re-
veal such behaviour, with exponents and amplitudes listed
in Table 2. The larger exponents for the samples A and
C can be interpreted by a larger effective dimensionality
D > 2 of J s

c ∼ hν(D−1) [14], which may be related to
the larger roughness of these samples. The magnitude of
J s

c(Hc2) is much smaller than Abrikosov’s prediction for
a one-current loop [12] but is rather close to the model of
Ref. [13], which assumes two currents flowing on the inner
and outer side of the surface sheath, Js

c = J1 − J2.
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Figure 2: Magnetization above Hc2(T ) of all cylinders at
the given temperatures by pulling the sample (S) antiparal-
lel (paramagnetic peak) and parallel (diamagnetic peak) to
the small gradient provided by the magnet (see inset).

SURFACE AC-CONDUCTIVITY

We determine the effective σ(ω) = σ′ − iσ′′ of the
cylinders from the linear AC-susceptibility using the rela-
tion [15]

χ(ω) = χ∞ · (2I ′0(x)/(xI0(x))− 1) , (2)

by means of an inversion routine, where x =
(iωR2µ0σ(ω))1/2. For selected temperatures the χ(ω)-
data are shown in Fig. 4 and the corresponding σ’s in
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Figure 3: Power-law analysis of the magnetization peaks,
J s

c = M − χH , shown in Fig. 2, defining a surface critical
field Hc

c3, see arrows. The exponents β are depicted in
Table 2.
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Figure 4: Field dependence of the linear AC-susceptibility
above Hc2(T ) measured for all cylinders at the given tem-
peratures and f = 10Hz using a small excitation ampli-
tude of 10mOe. The arrows indicate the onset of magnetic
screening at the conventional surface critical field Hc3(T ).

Fig. 5. The most prominent feature is the onset of a strong
screening σ′′(ω,H) at the same fields Hc

c3(T ), where a fi-
nite Js

c(H) arises. Approaching Hc
c3(T ) from above, we

observe a strong increase of the loss component. Both parts
of σ obey power laws:

σ′′(H < Hc
c3) = σ′′(Hc2) · hν ,

σ′(H > Hc
c3) = σ′(Hc2) · (−h)−γ , (3)

the exponents of which are also included in Table 2. The
values for the electropolished sample E agree exactly with
the predictions for a 2−D percolation transition [16], while
those for A and C indicate some higher effective D, consis-
tent with the trend of β for Js

c(H).
The other interesting feature is the onset of an excess σ

and χ′′ above the normal conductivity σn and susceptibil-
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Figure 5: a) Screening and b) loss components of the linear
AC-conductivity σ′ − iσ′′ extracted from χ′ − iχ′′, shown
in Fig. 4, with the help of Eq. (3). The solid curves are
fits of σ′ and σ′′ to Eq. (3). The exponents are indicated in
Table 2.

ity χ′′n at Hc3 > Hc
c3, which is commonly considered as

surface critical field (indicated in Figs. 4 and 5). At Hc3,
SSC is nucleated locally and despite a strong variation of
Hc3/Hc2 = r (see Table 2) with surface preparation, as
discussed in Ref. [6], we find the same, universal value for
the ratio Hc

c3/Hc3 = 0.81(2), as shown by the inset to
Fig. 6.

Table 2: Critical parameters of the AC-conductivity (γ,ν)
and the critical current (β) near the transition to coherent
SSC (values of Js

c(Hc2) in A/m).

γ ν β J s
c(Hc2) r

A 1.5(1) 1.5(1) 2.1(1) 299(15) 1.70(3)
C 1.05(1) 1.4(1) 2.5(3) 88(16) 1.86(3)
E 1.3(1) 1.3(1) 1.6(1) 534(27) 2.10(3)

CONCLUSIONS

As an example, our results for the surface superconduct-
ing phases are summarized in Fig. 6 for the cylinder E
along with the bulk ones. The surface phase boundaries
are well explained by

Hc
c3(T ) = 0.81 ·Hc3(T ) = 0.81 · r ·Hc2(T ), (4)

using the well established dependence Hc2(T ) = Hc2(0) ·
(1 − (T/Tc)2)/(1 + (T/Tc)2). Since the transition to a
coherent SSC at Hc

c3, full dots in Fig. 6, has not yet been
predicted, we were not able to give quantitative interpre-
tations of the amplitudes of the power laws for Js

c , σ′, σ′′

which display significant effects of the surface treatments.
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Figure 6: Temperature variation of the critical fields defin-
ing the different superconducting phases: Meissner (M),
Abrikosov-Lattice (A), coherent (C) and incoherent (I) sur-
face and normal conducting state (N), for the cylinder E.
Solid curves are fits based on the empirical temperature
variation of Hc2 in Eq. (4). Inset: coherent vs. nucleation
surface critical fields for all cylinders at T = 0.
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Travemünde (2003)

[7] MaTecK GmbH · Im Langenbroich 20 · D-52428 Jülich ·
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