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Theories and experiments on dirty superconductors are complex but important in terms of both theoretical fundamen-
tals and practical applications. These activities are even more challenging when magnetic fields are present because the
field distribution, electron density of states, and superconducting pairing potentials become nonuniform. Here, we present
tunneling microspectroscopic experiments on NbC single crystals and demonstrate that NbC is a homogeneous dirty su-
perconductor. When applying magnetic fields to the samples, we found that the zero-energy local density of states and the
pairing energy gap followed the explicit scaling relation proposed by de Gennes for homogeneous dirty superconductors in
high magnetic fields. More significantly, our experimental findings indicate that the validity of the scaling relation extends
to magnetic field strengths far below the upper critical field, calling for a new nonperturbative understanding of this funda-
mental property in dirty superconductors. On the practical side, we used the observed scaling relation to derive a simple
and straightforward experimental scheme for estimating the superconducting coherence length of a dirty superconductor in

magnetic fields.

Keywords: NbC, dirty superconductor, de Gennes theory, scanning tunneling microscope
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1. Introduction

In many important applications of superconductors, such
as to lossless electric power transmission and to supercon-
ducting magnets for magnetic resonance imaging and parti-
cle accelerators, the superconducting materials are not ideal
single crystals. Instead, they often contain impurities, includ-
ing chemical impurities and physical impurities (defects and
inhomogeneities) or can even exist in an amorphous state or
as alloys. Chemical impurities or defects have also been pur-
posely introduced into superconductors to control the pinning
effects of vortices and achieve better performance in magnetic
fields. Therefore, the study of these so-called dirty supercon-
ductors is important for both fundamentals and applications.
In his celebrated work “Theory of Dirty Superconductors” in

1959, P. W. Anderson studied the striking experimental fact

DOI: 10.1088/1674-1056/ac0903

that Bardeen—Cooper—Schrieffer (BCS) superconductivity is
often insensitive to enormous amounts of nonmagnetic phys-
ical and chemical impurity. He showed that the BCS pairing
interaction plays a much more unique role in superconductors
with scattered states than it does in pure ones.!! Dirty type-II
superconductors in high magnetic fields present much signif-
icant challenges in terms of theoretical calculations and ex-
perimental investigations. One of the complications is that the
density of states, pairing potential, and magnetic field distribu-
tion are nonuniform because of the formation of magnetic vor-
tices. In 1964, P. G. de Gennes studied the “Behaviors of Dirty
Superconductivity in High Magnetic Fields”[?! in the diffusive
regime, where the normal state mean field path is much smaller
than the superconducting coherence length (I < &). The hall-
mark of this theoretical work is a remarkable prediction: When
a dirty type-II superconductor is placed in high magnetic fields
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of its mixed state, the local electron density of states depends
only on the pair potential at the same position, regardless of
the local magnetic field. Practically, this theoretical prediction
can be expressed in a very concise and explicit scaling form as
follows:

N(r)/No = 1= (A(r)/A)?, (1

where r is the distance from the center of the vortex, N(r) is
the local density of states at zero-energy at position r, N is
the normal-state density of states, A(r) is the superconduct-
ing energy gap, and A is the energy gap in zero-field.!>3! It
is important to note that de Gennes’ derivation of this scal-
ing expression (Eq. (1)) was performed in the critical regime,
where the magnetic field strength is close to Hc,. Therefore,
A(r)/A, can be treated as an expansion parameter, and high-
order corrections to the scaling form are expected. This ex-
plicit scaling expression is of conceptual significance to the
understanding of dirty superconductors in the mixed state and
should be amenable to local probes of the density of states and
pairing energy gap. However, to the best of our knowledge,
such a remarkable prediction of scaling behavior has not been
directly observed experimentally. [*!

The direct experimental demonstration of this prediction
requires spectroscopic measurements with high spatial reso-
lution. Scanning tunneling microspectroscopy (STM/S) is a
spectroscopic technique with high spatial and energy resolu-
tion. It has been successfully employed in investigations of
the electronic structures of superconductors, particularly in the
exploration of the effects of impurities, magnetic vortices, and
microscopic inhomogeneities in unconventional superconduc-

53] In this ar-

tors, where all these effects are highly local.l
ticle, we present a direct experimental study of this theoreti-
cal prediction by performing STM/S experiments on the tran-
sition metal carbide superconductor NbC, which has a num-
ber of excellent properties for various applications, including
high hardness, high melting point, and corrosion resistance,

14-16] The superconductivity of NbC was first

among others. !
reported in 1952, and its critical temperature was found to
be approximately 11 K, which is higher than that of elemen-
tal Nb.['7-1°] Early planar junction tunneling experiments on
NbC films prepared by laser ablation demonstrated that NbC
is a clean superconductor with intermediate electron—phonon
coupling.?°! Submillimeter electrodynamic measurements of
such thin films have also demonstrated that the electrodynamic
parameters of NbC are in agreement with those derived from
BCS theory.>!] Recently, several theoretical and experimen-
tal works on this material found evidence for a topological
band structure and possible unconventional superconductiv-
ity. Overall, these findings generated renewed interest in NbC
within quantum materials research. [>223]

Our measurements on NbC single crystals demonstrate
that the STM/S spectrum in the superconducting state is spa-
tially homogeneous across the surface, irrespective of the
“dirtiness”, such as various disorders and normal-state elec-
tronic inhomogeneity visible in the topography. This indicates
that the NbC studied here is a diffusive superconductor con-
sistent with the class of homogeneous, dirty superconductors
envisioned by de Gennes. Further, we found that the Caroli—de
Gennes—Matricon (CdGM) vortex-core bound states, usually
seen in clean superconductors, were absent inside the isotropic
and well-ordered Abrikosov vortices in a perpendicular mag-
netic field. Scanning outward from the vortex core center, we
found that the zero-bias local density of states N (r) decreased
continuously along with the increase of the local pairing gap
A (r), indicating a gradual recovery of superconductivity. We
also found that such spatial evolution agrees remarkably well
with the scaling form predicted by de Gennes (Eq. (1)). On the
basis of these observations, we derive a simple experimental
scheme for estimating the superconducting coherence length
& for dirty superconductors in the mixed state.

2. Experiment

The single crystals of NbC used in this work were grown
from Co flux. The starting materials, which had a mo-
lar ratio of Nb:C:Co=1:1:9, were put into an alumina cru-
cible and heated to 1500 °C in an argon-filled furnace for
20 h. Then, the furnace was slowly cooled down to 1300 °C
at a rate of 1 °C/h and finally allowed to cool down natu-
rally to room temperature. The single crystals were sepa-
rated by washing off the excrescent Co flux with hydrochlo-
ric acid.[>*! All STM/S measurements were conducted using a
home-built ultra-high-vacuum low-temperature scanning tun-
neling microscope (STM) with a base temperature of 1.25 K
and a 9-T superconducting magnet. The tungsten STM tips
were fabricated using the electrochemical corrosion method
and cleaned by a field emission process against a gold target.
The single-crystal samples were precooled in the cryostat and
then cleaved at ~ 10 K before insertion into the microscope for
measurements. We used the standard lock-in technique to ac-
quire the differential conductance spectrum with a modulation

voltage Vinoq of 30-100 1V, and a frequency of 781.1 Hz.

3. Result and discussion

NbC has a face-centered cubic (FCC) crystal structure in
the space group Fm3m, as shown in Fig. 1(a) (inset). The
results of x-ray diffraction (XRD), resistivity, and magnetic
susceptibility measurements of the NbC crystals shown in
Figs. 1(a)-1(c), respectively, demonstrated the high quality of
the single crystals. The average crystal size chosen for our
experiments was a couple of millimeters across. Because of
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their FCC ionic structure, cleaving these single-crystal sam-
ples to achieve flat exposures was rather difficult. By using
the in situ cold cleaving technique, we were able to obtain
a number of macroscopically flat and smooth areas of suf-
ficiently high quality for STM/S measurements. Figure 1(d)
shows an optical image of such a cold-cleaved sample, reveal-
ing the small, mirror-like, macroscopically flat areas. Most of
the time, these flat areas were microscopically disordered, as
shown in Fig. 1(e). Occasionally, we observed areas with ter-
races. Figure 1(f) shows an STM image of an area with atom-
ically flat terraces and an atomic-resolution image zoomed in
on one of the flat terraces (inset). The diagonal distance of
the square lattice in the image is approximately 4.5 A, which
agrees well with the FCC unit-cell lattice constant of 4.506 A
determined by XRD.[?¥1 On the basis of the conclusion of the
early REED experiments, it is likely that the atomic-resolution

STM image made the carbon lattice visible.>!
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Fig. 1. Structure of single-crystal NbC and the exposed surface after
cold cleaving. (a) Results of the x-ray diffraction measurements with
a face-centered cubic structural model of NbC (inset). (b) Resistivity
measurement results. (c) Magnetic susceptibility measurement results.
(d) Optical image of the cleaved NbC single-crystal sample with dimen-
sions 2.5 x 4 mm, showing a number of small mirror-like macroscopi-
cally flat areas. (e) STM image of a disordered (001) surface (7' = 1.3 K,
Vs =—100mV, [; = 10 pA). (f) STM image of a (001) surface with flat
terraces (T = 1.3 K, Vy, = 100 mV, Iy = 1 nA). The inset shows an
atomically resolved high-resolution image zoomed in on a flat terrace.
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Fig. 2. STM images of two types of surface exposure and the dI/dV
spectra showing the almost identical homogeneous superconducting
states on the two different NbC surfaces. (a) Topographic image of
a disordered area (T = 1.3 K, V; = 100 mV, I; = 10 pA). (b) Atomi-
cally resolved topographic image. The green and orange arrows label
the two types of atomic defects (T' = 1.3 K, V; =10 mV, [; = 1 nA). (c)
dI/dV spectra taken along the red dotted line marked in (a) (T =1.3 K,
Vs =10 mV, Iy = 1 nA, Vipod = 100 mVyys). (d) dI/dV spectra taken
along the red dotted line marked in (b) (same measurement conditions
as for (e)). The spectra are offset vertically for clarity.
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As illustrated above, we were able to expose two types
of flat area, both suitable for STM experiments. One of these
was characterized by a high degree of roughness and was im-
possible to image with atomic-resolution (Fig. 2(a)), whereas
the other was atomically flat and suitable for atomic-resolution
imaging. Figure 2(b) shows a high-resolution image of the
latter type of area. It can be seen that, in addition to the re-
solved atomic lattice, point defects are also visible. The de-
fect labeled by the green arrow appears to be an adatom re-
siding at the interstitial site, whereas the one labeled by the
orange arrow appears to be an atomic vacancy of the lattice.
It should also be pointed out that the regions without defects
still do not appear to be uniform, indicating that the normal
density of states was electronically inhomogeneous. Judging
by the quality of the crystal, these disorders were most likely
caused by debris, defects, and surface reconstructions result-
ing from cleaving the ionic crystal. We conducted scanning
tunneling spectroscopic (STS) measurements on both types of
surface area. Figures 2(c) and 2(d) plot the dI/dV spectra
acquired at a temperature of 1.3 K and along the red dotted
lines marked in Figs. 2(a) and 2(b), respectively. All the spec-
tra exhibited a U-shaped superconducting energy gap feature
with well-defined coherence peaks. Remarkably, the spectra
on these two different types of surface were extremely uni-
form and almost identical, demonstrating that the supercon-
ducting state of NbC is homogeneous and robust against im-
purity, disorder, and electronic inhomogeneity. These behav-
iors stand in striking contrast to those observed in unconven-
tional superconductors.3~7-11=131 On the one hand, the fact that
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all the spectra were uniform and identical, even those taken
on top of the point defects (impurities), could indicate that
the crystal sample was free of residual Co atoms (if it had
any, it could only be a minuscule amount). Otherwise, the
signatures of Yu—Shiba—Rusinov states would have been ob-
served in the superconducting tunneling spectra taken on the
Co impurities, a phenomenon ubiquitous in the case of mag-
netic impurities in superconductors.>6->° On the other hand,
the uniformity and robustness of the tunneling spectra could
also be regarded as indications of highly dirty superconduc-
tors with nonmagnetic disorders!!! and a superconducting co-
herence length much larger than the mean free path.

Because the spectra at different locations were almost
identical, it was reasonable to fit the normalized average
dI/dV spectrum with a single BCS s-wave gap function us-

ing the Dynes equation "]

NS(E)Re< (E—iD) ) @)

(E—il)2— A2

Here, N5(E) is the density of states at energy E, A is the mag-
nitude of the superconducting energy gap, and I is the de-
coherence term, which is inversely proportional to the quasi-
particle lifetime and damps the coherence peaks in the tun-
neling spectrum. In Fig. 3(a), the dark open circles rep-
resent the normalized average data of the superconducting
spectrum measured at 1.3 K, and the red curve is the fit-
ting result. The almost perfect fit of the experimental data
gives an isotropic superconducting energy gap with a magni-
tude of A = 1.85 meV at 1.3 K and a decoherence term of
I' = 0.08 meV, slightly larger than the gap value of 1.81 meV
obtained from a planner junction measurement. ! Figure 3(b)
plots the temperature-dependent d//dV spectra, which were
also fitted with the Dynes equation (solid lines). It can be
seen that all the spectra could be fitted to an isotropic BCS
gap function extremely well. It can also be observed that, as
the sample temperature was raised, the energy gap decreased,
and the coherence peaks in the spectra were broadened. Fig-
ure 3(c) depicts the temperature dependence of the supercon-
ducting energy gap, where the black open circles mark the su-
perconducting gap values and the green open squares mark
the decoherence values, all extracted from the fit. When the
temperature increased, the superconducting gap A(T) first de-
creased slowly and then dropped rapidly, whereas the deco-
herence term I'(T') increased monotonically. As also depicted
in Fig. 3(c), the temperature dependence of the energy gap
very closely followed the relationship proposed by BCS the-
ory (solid red line). Simultaneously, there was a valid concern
about the error in the fitting process. One can use a normalized
% as a measure of the quality of the fit,3!]

n(xi— i)
-0 Xi

1
= 3)
n—pj

where n is the number of data points in the curve, p is a fitting
parameter, x is the measured data value, and f is the fit value.

(a) (b)

— Dynes fite 1.3 K data

(dI/dV) (arb. units)

-6 -3 0 3 6
(©) Bias (mV)

(dI/dV) (arb. units)

— BCS theory
o

A
o 12.14

E (meV)

0 oo o oo 0
0 6 12 —6 -3

T (K) Bias (mV)

Fig. 3. Temperature dependence of the dI/dV spectrum. (a) Av-
eraged dI/dV spectrum fitted with the Dynes equation (7 = 1.3 K,
Ve =10mV, I; = 1 nA, Vipog = 100 mVypyg). The circular marks repre-
sent the experimental data taken at 1.3 K. The red solid curve represents
the theoretical fitting with the Dynes equation. (b) d//dV spectra as a
function of temperature. The solid curves are the results of fitting with
the Dynes equation. (c) Temperature dependence of the superconduct-
ing gap energy A and the decoherence term I". The black solid curve is
fit to the BCS theoretical prediction.

Using this error analysis as the guide for the fit, we ob-
tained the best fits for all the spectra and found that the x>
values for all our fits were smaller than 0.2%, indicating a
very small fitting error. We can thus confidently extrapolate
the transition temperature 7 to be 12.14 +0.02 K, which was
higher than the bulk 7; of 11.5 K determined by the magnetic
susceptibility measurement. Considering that STM/S is a sur-
face technique specifically sensitive to the electronic proper-
ties of the surface, the higher T; obtained in our STS measure-
ment can be reasonably ascribed to the surface enhancement
of superconductivity. This reasoning makes sense, because our
resistivity measurement gave an onset 7 of 12.3 K, higher than
the bulk 7; of 11.3 K from the susceptibility measurement, as
shown in Figs. 1(b) and 1(c). This is explained by the fact
that if the surface superconducts at a higher temperature than
the bulk transition temperature, it will shunt the bulk resistance
and lead the resistivity measurement to give the transition tem-
perature as the surface 7;. In contrast, in the planer junction
experiment, 2! the surface exposure was covered by an insu-
lating barrier, and the measurement thus resulted in the bulk 7
of 11.3 K. Toward the low-temperature end of the fit, the spec-
trum of the density of states had much more pronounced quasi-
particle features, including a very deep gap with a flat bottom
and very sharp coherence peaks. Hence, there will be much
less margin for error in the fit, and we can be more confident in
extrapolating the zero-temperature gap value Ag = 1.85 meV.
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With these values, we can calculate the ratio of the supercon-
ducting energy gap Ag and T, an indicator of the Cooper-pair
coupling strength, to be 24y /kg T, = 3.54, which is very close
to the BCS weak coupling value of 3.53.

The microscopic and spectroscopic measurements de-
scribed above all demonstrated highly conventional BCS-like
behaviors, with indications of NbC being a dirty superconduc-
tor. In other words, no signatures of unconventional supercon-
ductivity were detected. Magnetic fields break time-reversal
symmetry and so have often been used to detect the signatures
of unconventional superconductivity, particularly with impu-
rities or magnetic vortices. 32331 First, we applied a magnetic
field of 0.6 T (half of the critical field value He, = 1.21 T.[%))
perpendicular to the measured sample surface. No indications
of impurity were found. Instead, a well-ordered hexagonal
Abrikosov vortex lattice could be clearly observed in the zero-
bias dI/dV map, as displayed in Fig. 4(a), confirming that
NbC is a type-II superconductor. All of the observed vortices
had a round isotropic shape consistent with the s-wave pairing
symmetry. As we reduced the magnetic field to 0.1 T, the den-
sity of the vortices decreased (as expected), and the distance
between the neighboring vortices increased to approximately
136 nm. Then, we zoomed in on a single vortex to study its
electronic structure in greater detail. Figure 4(b) shows a high-
resolution image of this single vortex. Actually, this image is
a 135 x 135 nm zero-bias conductance (ZBC) map with a sin-
gle vortex in the center. Therefore, it readily gives the high-
resolution ZBC line profile through the vortex (Fig. 4(c)). In
Fig. 4(d), we show the spatial evolution of the df/dV spectra
along the red dotted line marked in Fig. 4(b). It can be seen
that the tunneling spectrum taken at the center of the vortex
exhibits a featureless normal-state spectrum. Moving away
from the vortex center, the superconductivity gradually recov-
ered, indicated by the gradual development of the supercon-
ducting energy gap and the coherence peak features. Surpris-
ingly, we did not observe the Gaussian-shaped peak pile-up of
the CdGM vortex core states, which is usually present in the
vortices of conventional BCS type-II superconductors.[34-36]
An absence of the CdGM-states peak is usually ascribed to
the enormous amount of electron scattering by impurities or
defects, particularly when the superconductor is in the “dirty
limit”, judged by comparing the electron mean free path /
in the material with the coherence length & of the supercon-
ducting state.l®”] Characterization of our NbC single crys-
tals showed the electron mean free path to be approximately
3.3 nm, which was much smaller than the coherence length of
16.5 nm. 23] Therefore, our superconducting NbC samples can
be considered to be within the dirty limit, and the absence of
the CdGM-states peak may have been due to impurity scatter-
ing in the normal region of the vortex core. As discussed in re-
lation to the experimental results without magnetic fields, the

superconducting state was homogeneous and robust against
disorders. The spectroscopic results of our experiments re-
vealed that the low-temperature decoherence term I", which
partially accounts for the scattering effects, was rather small,
being only approximately 4% of the superconducting gap en-
ergy. This low decoherence indicates that the scattering of the
quasi-particles was diffusive, although the precise nature of
the diffusive scattering is at present unclear. The decoherence
term became comparable with the gap energy only as the tem-
perature approached the superconducting transition tempera-
ture (shown in Fig. 3(c)), whereas our measurements (with
and without the magnetic fields) were performed at 1.3 K, a
temperature far below the critical one.
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Fig. 4. Magnetic vortex imaged on the surface of NbC. The brightness in
the images is proportional to the differential tunneling conductance. (a)
Image of the Abrikosov vortex lattice when the sample is in a 0.6-T mag-
netic field perpendicular to the surface (' = 1.3 K, V; =10 mV, I = 1 nA,
Vinod = 100 mV ). The solid light-blue curve is the fit with the scale expres-
sion. (b) Zero-bias dI/dV map in a 0.1-T magnetic field showing a single
vortex at the center. (c) Line profile of the zero-bias conductance through
the center of the vortex. (d) Spatial evolution of the dI/dV spectrum along
the red dotted line marked in (b). The black dashed curve is a guideline for
the viewer showing the evolutions of the energy gap and coherence peak. (e)
Spatial dependence of the normalized superconducting energy gap and the
normalized zero-energy density of states as a function of the distance from
the center of the vortex. (f) Scaling relation between the normalized zero-
energy density of states and the normalized superconducting energy gap.

On the basis of the experiments and results detailed
above, we believe that our NbC crystals are homogeneous,
dirty superconductors with diffusive electrons of the type con-
sidered in de Gennes’ theoretical work. The absence of the
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CdGM-states peak in our spectroscopic results further encour-
ages a direct comparison with de Gennes’ theory, which does
not account for the CdGM states. From the spectra displayed
in Fig. 4(d), we can directly obtain the values of the zero-
energy local density of states N(r) and extract those of the
local superconducting gap energy using the fitting procedure
based on Dynes’ formula described earlier. The normalized
results are shown in Fig. 4(e). We then re-plotted these nor-
malized results in Fig. 4(f) with the coordinates matching the
expression of a linear scaling form. Obviously, the experimen-
tal results agreed well with the theoretical prediction given in
Eq. (1). The agreement was in fact rather remarkable, because
the applied field strength in our experiments was only 0.1 T, far
lower than the upper critical field of H.y = 1.21 T for NbC. [’
In contrast, the theoretical scaling expression was derived un-
der the condition of subcritical fields (Hey — H)/Hep < 1 as
well as the truncation of all higher-order terms in A(r)/Ao.
One might argue that the surprisingly small deviation was
caused by corrections in response to the low magnetic field ap-
plied in the experiments compared with those used for the the-
oretical results obtained near H,, along with the higher-order
terms in the perturbative expansion. Alternatively, it may have
also been due to the overlap of neighboring vortices, even at
such a small field, which increased the local density of states
and decreased the local energy gap. Further experiments with
even lower fields (above the very small H.; of NbC) would be
useful to study the change in this deviation systematically.

Using the scaling property of the density of states to
the superconducting energy gap, we derived a simple exper-
imental scheme to estimate the coherence length £ in a mag-
netic field. Usually, to estimate &, the normalized line profile
of the density of states N(r) is fitted empirically to the ex-
ponential function (1/r) x exp(—r/&)38 or to the function
1 — tanh(r/),3") which includes the Ginzburg-Landau ex-
pression of the pairing order parameter.*’ However, neither
procedure fits our experimental data well, not even near the
center of the vortex, where the field is close to the upper criti-
cal field H.;. We show now that the demonstrated de Gennes’
scaling expression (Eq. (1)) can be used for a more reliable
estimate of £. Using the Ginzburg—Landau expression for the
normalized order parameter (energy gap) A(r) ~ tanh(r/€),
we obtain the formula

N(r)/No = 1 —b(tanh(r/&)/A,)*. %)

In this formula, b is a fitting parameter used to account for
the vortex-overlapping effect, which causes the measured gap
value to be smaller and the density of states value to be larger
than the true ones for any single vortex at a distance far from
the others in the vortex lattice.

Using Eq. (4) to fit the data in Fig. 4(c), we found that
the fit was nearly perfect (blue curve in Fig. 4(c)) and gave

b =10.942+0.002 and & = 21.3 +0.13 nm for the exter-
nal field of 0.1 T. Factor b scales the energy gap value by
v/b =0.971. The normalized gap value measured at position
r = 68 nm (the middle position between the two nearest vor-
tices) was 0.945, as shown in Fig. 4(e). This was fairly close
to the expected value of 0.971, demonstrating the influence of
the vortex-overlapping effect on the measurement. If we fur-
ther consider that the influence of the vortex-overlapping ef-
fect on the density of states at the center of the vortex is almost
negligible and that the measured density of states at position
r = 68 nm is the sum of the contributions from the two nearest
neighboring vortices, we can then take half of the density of
states value and force fit the scaling equation (Eq. (3)) through
just three data points [(—68 nm, N(—68 nm)/2N), (0, 1), and
(68 nm, N(68 nm)/2N|. Then, we obtain a coherence length
of £ = 15.5+2.9 nm, which is quite close to the value of
16.3 nm measured using much more sophisticated instruments
and analytical schemes. (%3]

4. Conclusions

To summarize, we here performed a high-resolution
STMY/S investigation of the superconducting state on the sur-
face of single NbC crystals. We found that, despite the strong
disorder indicating a disordered normal state, NbC is a spa-
tially homogeneous type-II s-wave superconductor at low tem-
peratures and fits into the class of dirty (diffusive) supercon-
ductors. We went on to demonstrate that high-resolution STS
allows for a direct study of the concurrent spatial evolution of
the local density of states and the paring energy gap as a func-
tion of the distance to the center of the vortex core. We found
that the two quantities were closely related to each other based
on the scaling form proposed by de Gennes for dirty type-II
superconductors with diffusive electrons, representing the first
direct experimental demonstration of this theoretical predic-
tion. Surprisingly, our experimental findings indicate that the
validity of the investigated scaling form extends far beyond
the regime of perturbative expansion in the critical region near
H, treated in de Gennes’ theory, calling for a new theoreti-
cal understanding of the fundamental scaling behavior of dirty
superconductors.
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