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Vortex overlapping in a BCS type-1I superconductor revealed by Andreev reflection spectroscopy
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The point-contact Andreev reflection spectroscopy for a simple BCS type-II superconductor was investigated
in pure niobium (Nb). The small broadening factor of I'/A(0) <0.09 was achieved by careful preparation of
the junctions. Then we attempted to use the recently proposed two-channel model [Phys. Rev. B 72, 012502
(2005)] to explain the spectra measured in various magnetic fields for such low-I" case. It was found that this

rigid vortex core model is appropriate below a crossover field H", above which it is not adequate due to the

onset of substantial vortex overlapping effect.
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I. INTRODUCTION

For conventional type-II superconductors, it has long been
realized that the low-lying quasiparticle excitations are con-
fined to the vortex cores with the size of £.! This means that
the vortex core behaves like a cylinder of normal metal with
a radius of & Owing to the development of the low-
temperature scanning tunneling microscopy (STM) tech-
nique, the spatially-resolved vortex state was demonstrated
in type-II superconductors.? According to the picture of rigid
normal core, one can easily distinguish the conventional
s-wave superconductors from the other ones with nodal gaps.
For example, in this picture, the magnetic field dependence
of the specific heat coefficient y should behavior like y<H
because the vortex-number is proportional to the field in the
mixed states,> which is different from the relation of y
o« VH as expected from the nodal pairing symmetry.* Re-
cently, Miyoshi et al. proposed a two-channel model to ex-
plain the magnetic field dependent Andreev reflection spectra
measured on the conventional s-wave superconductors, in
which the tunneling current was divided into two separated
components, i.e., one portion from normal vortex cores and
the other one from superconducting (SC) regions.> This
model is also based on the concept of the rigid normal core.
However, according to the theoretical calculations,® as mag-
netic field increases above a characteristic value H*(T), con-
siderable overlapping of the vortex states is inevitable. More-
over, the vortex lattice effect may lead to delocalization of
quasiparticles bound to the vortex cores.”® In fact, the com-
plicated redistribution of the low-energy vortex states has
been demonstrated to limit the validity of the yo H relation
of the specific heat in many s-wave superconductors.’!!
Therefore, even for the simplest type-II s-wave supercon-
ductors (such as niobium studied in this work), the rigid
normal core model is not adequate for the field higher than
H*(T), which seems to be inconsistent with the results from
Andreev reflection measurements’ where the two-channel
model can extend to a much higher field near H.,. As a
matter of fact, the spectra presented in Ref. 5 is in the limit
of strong interface scattering with the broadening factor of
I'/A(0) = 0.6. Moreover, the experiments were carried out at
4.2 K (close to the value of T,/2), which further reduced the
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amplitude of the spectra and hence induced some uncertainty
of the fitting parameters especially for higher field.

In this paper, we report the Andreev reflection spectra
measured on the carefully prepared Nb-tip/Au-foil point con-
tact junctions. The good junction quality was verified by the
detailed measurements of the temperature dependent spectra
and subsequent comparison with generalized BTK theory.
The spectra in the magnetic field were studied at 2 K on the
junctions with the broadening factors of I'/A(0)<<0.09. It
was demonstrated that the two-channel model is adequate
only below a crossover field H" signifying the onset of a
substantial vortex overlapping effect, as expected from the
recent calculation of the local density of states in the mixed
state of the conventional s-wave superconductors.®%

II. EXPERIMENT

Point contacts were prepared by driving a mechanically
sharpened Nb tip (made from a 0.4 mm diameter, 99.9%
pure Nb rod) towards the surface of a gold foil. In order to
reduce the contamination or oxidation of the point contact
junction, the gold foil was etched by Aqua Regia before be-
ing mounted onto the probe, and the probe was inserted into
the sample chamber immediately after the Nb tip was pre-
pared. The differential conductance vs bias voltage depen-
dence was obtained both by using a standard lock-in tech-
nique and by directly differentiating the /-V curves measured
with the typical four-terminal method. The Nb rod used to
make the tip has a superconducting transition temperature of
To™*'=9.25 K, as shown in Fig. 1. The schematic diagram of
the point-contact configuration is presented in the inset of
Fig. 1.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the Andreev reflection spectra measured at
various temperatures from 2 K to 9.25 K. All the curves
have been normalized by the value at high bias voltage. It
can be seen clearly that the Andreev reflection peak emerges
just below the bulk 7, and grows continuously with decreas-
ing temperature until the lowest temperature, 2 K is
achieved. As expected from the conventional BCS supercon-
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FIG. 1. Superconducting transition revealed by Ac susceptibility
measurements. The onset temperature is 9.25 K with a transition
width of about 0.25 K. The inset is the schematic diagram of the
junction configuration for point-contact spectra measurements.

ductivity, all these curves can be well described by the gen-
eralized BTK theory'? with BCS density of states (DOS), in
which the quasiparticle energy E is replaced by E+il’, where
I' is introduced to characterize the finite lifetime of the
quasiparticles.'> All the fitting parameters are presented in
Fig. 3. Both Z and I' are nearly constant indicating the sta-
bility of the point contacts in the measurements. The deter-
mined temperature dependence of the superconducting gap
A(T) is in good agreement with the BCS theory. Moreover,
the very small value of the broadening factor I'/A(0)
(<0.09) indicates the weak inelastic scattering at the point-
contact microconstriction. The ballistic rather than diffusive
regime'*! formulas apply to our data, suggesting that the
actual point contacts are smaller than the mean free path in
the samples (about 300 A), which can be verified by the
following discussions. Using the values of the measured
junction resistance R and the fitted barrier height Z we were
able to estimate the size of the point contacts with the for-
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FIG. 2. (Color online) Temperature dependence of the Andreev
reflection spectra for Nb/Au-foil point contact, which have been
normalized by the high bias conductance. The corresponding tem-
peratures from the top down are from 2 K to 9.25 K with a step of
0.5 K between 2 K and 8.5 K, and a step of 0.25 K between
8.75 K t0 9.25 K. The solid lines represent the fits to the conven-
tional BTK model.
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FIG. 3. The temperature dependence of all the fitting param-
eters, namely, (a) barrier height Z, broadening factor I', and (b)
superconducting gap A. The solid line in (b) denotes the A(T) rela-
tion expected from BCS theory.

mulas of R=Ry(1+Z%) and Ry=pl/4a*'> here p=3.0
©Q cm is the resistivity of Nb, /=300 A is the mean free
path in Nb and a the contact diameter. It is found that a value
is usually less than 100 A much lower than the mean free
path in Nb. Therefore we can safely say that our point-
contact junctions were all in the Sharvin limit.'®

After each run of the measurements, we often checked
carefully the configuration of the Nb tip and the surface of
the Au foil. In general, the Nb/Au junction studied here has
a size varying from several to tens of micrometers, which is
consistent with the reports in recent references.”!” This
means that the investigated junctions contain a large number
of randomly distributed individual contacts in the Sharvin
limit. Moreover, the small broadening factor, the definite gap
value, and the weak dependence of the Z-value on the junc-
tion resistance indicated the nearly homogeneous supercon-
ductivity across the contact, which also ensured that a ma-
jority of the individual small junctions have a similar
effective H,, and Z value. Consequently, when the magnetic
field was applied, our measurements probed a large area of
the vortex lattice compared to the intervortex separation,
yielding an overall spectrum, which was effectively an aver-
age over the vortex lattice.> This speculation is also demon-
strated by the following discussions.

Figure 4 shows the normalized conductance curves mea-
sured at 2 K for various magnetic fields. The field depen-
dence of the spectra behaviors like that shown in Fig. 2,
namely, the amplitude decays with increasing field. How-
ever, it was noted that the curves measured in higher mag-
netic fields are more noisy than that in the zero field, which
may be due to the slight flux jumps. Therefore, we focused
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FIG. 4. Typical magnetic field dependence of the Andreev re-
flection spectra for Nb/Au foil point contact, which are normalized
by the high bias data. The curves above 3.2 T is not presented here
due to serious distortion and larger noise.

our attention on the data below 3.2 T, although the noisy
superconducting signal persists up to about 4.5 T, i.e., the
local upper critical field H,,.

According to the two-channel model,’ the density of vor-
tices n=B/ ¢, is assumed to be approximately equal to H/ ¢,
and hence the conductance contribution of the normal chan-
nel is proportional to H. At H,., the SC channel should dis-
appear, therefore, the total conductance G(V) can be written
as G(V)=hGy+(1-h)Gg in which h=H/H,,, Gy, and G are
the contribution from normal vortex cores and SC regions,
respectively. In order to satisfy the assumption of B~ H, we
did the experiments of low fields through a field cooling
process. As for the measurements in field above 0.6 T, we
directly increased the field to the expected values in order to
avoid the possible thermal expansion of the point contacts
due to increasing temperature.'® This is rational because the
diamagnetization in these fields is fairly small in comparison
to the field amplitude. It can be seen clearly in Fig. 4 that a
small field of 0.05 T has induced an obvious spectral change,
indicating that we indeed detected the total conductance con-
tributed from both the vortex normal cores and the SC re-
gions.

It is known that only using the BTK model to fit the
spectra in fields leads to a strongly field dependent Z-value
which is unphysical since the barrier height Z cannot change
so remarkably when the mechanical of the junction is nearly
not affected by the field.’> So we tried to use the two-channel
model to analyze the experimental results. It was found that
this model can successfully fit the data below a crossover
field H'~1.2 T with a nearly constant barrier height Z.
Whereas above this field Z unreasonably deviates the low-
field value, moreover, the superconducting gap exhibits a
surprising field dependence [refer to Figs. 6(a) and 6(b)].
Therefore, we ignored the restriction of the rigid vortex core
and tried to fit the data by replacing the above mentioned A
with a free parameter h.; which is called the revised two-
channel model (free-2 model) compared to the original two-
channel model (fixed-hA model). It should be pointed out that
the decrease of the spectral amplitude with increasing field
depends not only on the value of A, but also on the values
of A and T', which is similar to the case of the original
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FIG. 5. (Color online) Fitting the spectra in various fields to the
revised two-channel model with the free parameter h.g. The experi-
mental data are denoted by solid circles and the calculations are
indicated by solid lines. All the curves except for the lowest one are
shifted upwards for clarity. The corresponding magnetic fields from
the bottom up are 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 1.8, 2.0, 2.4, 2.8, 3.2 in units of T.

two-channel model. Figure 5 shows the normalized field de-
pendent spectra and the corresponding fits to the free-h
model. All the fitting parameters except for . are plotted in
Fig. 6 for both the original two-channel model and the re-
vised two-channel model. It was noted that the I"-values ob-
tained from two different models are nearly the same, while
the field dependencies of the barrier height Z and the super-
conducting gap A are much different for these two models.
When #4 is restricted to be H/H_,, an obvious inflexion ap-
pears at both A(H) and Z(H) relations about 1.2 T, which is
obviously unreasonable in physics. Contrarily, these anoma-
lies disappear when the free-k2 model is accepted. In order to
further clarify this point, we particularly plot in Fig. 7 the
dependence of the junction resistance R and the barrier
height Z (for the spectra measured on a fixed point on the
sample) both on the applied magnetic field and temperature.
The small variation of the junction resistance of a fixed point
contact comes from the slight thermal relaxation of the de-
vice in the temperature controller system. As shown in Fig.
7, the Z(T) relation (denoted by open diamonds) was deter-
mined by fitting the temperature dependent spectra to the
generalized BTK model, showing the insensitivity of the
Z-value to the small change of R with increasing tempera-
ture. This indicates that the change of R comes from the
slight variation of the contact area with pressure.'*?° As to
the Z(H) relation (denoted by solid diamonds) obtained by
fitting the field dependent spectra to the original two-channel
model, the approximate independence of Z on H for H
<12 T also indicates the insensitivity of Z to the small
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FIG. 6. Fitting parameters [(a) barrier height Z, (b) supercon-
ducting gap A], and (c) broadening factor I" obtained from the ex-
perimental curves using the original two-channel model (solid dia-
monds) and revised two-channel model (open circles).

variation of R, which is consistent with the case of varying
temperature. While for H>1.2 T, the determined Z remark-
ably deviates from the nearly unchanged value for various
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FIG. 7. (Color online) The dependence of the derived fitting
parameter Z and the junction resistance R on the temperature and
magnetic field, respectively. The Z(7) relation was obtained by fit-
ting the temperature dependent spectra to the generalized BTK
model (open diamonds), while the Z(H) relation was determined by
fitting the field dependent spectra to the original two-channel model
(solid diamonds). All the investigated spectra were measured at a
fixed point-contact junction and the small variation of the junction
resistance comes from the slight thermal relaxation of the device in
the temperature controller system. Note that all the Z values are
almost the same except for that with the fields above 1.2 T, indi-
cating that the original two-channel model is not adequate above
this crossover field.
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FIG. 8. Field dependence of the fitting parameter /. obtained
using the revised two-channel model. The thick straight line of &
=H/H_, is the parameter accepted in the original two-channel
model based on the concept of rigid vortex core. The open circles
indicate the best fitting values of A determined by freely selecting
Z in the range of +2% as discussed in the text. The solid circles
represent A obtained by restricting Z to the extension line of the
low-field Z(H) relation. Inset: the derived normalized &.¢= \heg/ b,
note the decrease starting at the crossover field H ~1.2 T.

temperatures and low fields though R is still in the range of
the low-field R value, indicating that the original two-
channel model is not adequate any more above a crossover
field H = 1.2 T. Therefore, we restricted the Z value into a
reasonable range while introducing a free parameter h. (i.e.,
revised two-channel model) to fit the data for H>1.2 T.

As shown in Fig. 8, the free fitting parameter g deviates
from the h=H/H_, line above 1.2 T if we confine the Z
value onto the extension line of the Z(H) relation at lower
fields [as denoted by open circles in Fig. 6(a)]. Considering
the possible fluctuation of the actual Z value associated with
the thermal relaxation of the device, we also presented in
Fig. 8 the best fitting parameter of & by freely selecting the
Z value in the range of +2%. It was noted that the uncer-
tainty of the determined h.y is fairly large for the higher
fields due to the remarkable shrinking of the spectra and
hence the decrease of the signal to noise ratio. Nonetheless,
the deviation of h.g from the h=H/H , line above 1.2 T and
the subsequent monotonous decrease with increasing H can
be clearly seen. In the framework of the rigid vortex model,
this seems to indicate that the number of the normal vortex
cores decreases with increasing field. This is difficult to be
understood and is obviously unreasonable. However, if we
release our mind from the concept of the rigid vortex core,
this phenomenon can be naturally associated with the physi-
cal essence of the conventional type-II superconductors. In
fact, coherence length ¢ is often defined as the length scale
with fastest spatial variation of the order parameter or pairing
potential which can be measured by uSR experiments.?! In
the two-channel model mentioned above,> a constant &, was
defined as the radius of the normal cores with zero order
parameter and the extended areas outside these cores con-
taining the superconductivity with a slow variation of the
order parameter [refer to Fig. 9(a)]. When the upper critical
field H,., is achieved, the normal cores overlap each other
and hence SC states disappear completely. The reasonable
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FIG. 9. Schematic spatial variation of the normalized order pa-
rameter in the presence of Abrikosov vortices is shown by the solid
lines (a) for low field and (b), (c) for high field (Ref. 5). The dotted
lines denote the simplified description of the spatial variation. When
the field is above H", the normal region defined by a continuously
decaying £ as shown in (c) is more reasonable than that defined
by the rigid core with the size of constant coherence length ¢ as
shown in (b).

definition of &g should represent the real distribution of the
order parameter in the mixed states. The spatial variation of
the pairing potential A(x) assumed in this original two-
channel model is presented in Figs. 9(a) and 9(b) by the short
dashed lines in comparison to the real distribution denoted
by solid curves. Such constant & based on the concept of
rigid normal core is indeed appropriate for the low-field case
[Fig. 9(a)] in which the vortex lines locate far away from
each other and the normal-region/supercoducting-region
(NS) interface is narrow relative to the inter-vortex distance.
However, this picture will collapse when field reaches H', at
which the vortex overlapping effect is prominent and hence
the spatial distribution of the order parameter is much differ-
ent from the low-field case and hence the rigid NS border
defined previously cannot be adequate, as seen from Fig.
9(b). In this case, &y is approximately equal to the half-
width at half-maximum (HWHM) of the A(x) function
around a vortex core. This HWHM decreases with increasing
field due to the depression of the pairing potential outside the
core. Therefore, the assumption of rigid vortex core overes-
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timates the normal region and leads to an abnormal enhance-
ment of the pairing potential in the narrow SC region, corre-
sponding to the inflexion in the A(H) curve as shown in Fig.
6(b). Meanwhile, the barrier height Z also exhibits an un-
physical field dependence as shown in Fig. 6(a).

In terms of above discussions, a reasonable revision mak-
ing for the original two-channel model is to introduce a vari-
able NS border which approximately equals the HWHM of
A(x) around a vortex core, that is, &g decreases with increas-
ing field, as shown in Fig. 9(c). In comparison to the constant
& introduced in the original model, this redefinition of &
is much closer to the real distribution of the order parameter
or the pairing potential. For higher field near H,, the spatial
variation of the order parameters becomes very weak, so the
spectra measured in this regime can be approximately de-
scribed by the conventional one-channel BTK model, which
is in good agreement with the very small value of A around
H_, shown in Fig. 8. It should be emphasized that A or &4
is introduced as a boundary to simulate the real distribution
of the order parameter while not the magnitude of the total
quasiparticle DOS. The serious deviation of /. from the line
of h=H/H_, indicates that, in the framework of the original
two-channel model, the change of the spatial distribution of
the order parameter or local DOS with increasing field can-
not be compensated by slightly adjusting the fitting param-
eters. In this sense, it reflects the onset of remarkable vortex
overlapping while not a serious depression of the quasiparti-
cle number.

IV. CONCLUSION

In summary, we have performed Andreev reflection mea-
surements on the carefully prepared Nb/Au foil point con-
tacts for various temperatures and magnetic fields. The spec-
tra in whole temperature range from 2 K to 7,~9.25 K can
be well fitted in the framework of conventional BTK theory
with a very small broadening factor of I'/A(0)=0.08. This
provides basic requirements to verify the two-channel model
proposed recently in order to understand the Andreev reflec-
tion spectra in the magnetic field. The rigid vortex model is
then proven to be adequate in the low field while not appro-
priate above a crossover field H”, which corresponds to the
onset of substantial vortex overlapping in the mixed state of
the typical type Il s-wave superconductors.
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