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We calculate the tunneling conductance between a scanning tunneling microscope tip and the surface of an
extreme type-II superconductor in a high magnetic field and at zero temperature. In a clean system, and with
electrons tunneling only along vortex lines, we find that the spatially averaged differential conductance ��V�
has a V-shape dependence on the bias voltage V, reflecting the presence of gapless points and near gapless
regions in the quasiparticle excitation spectrum of a superconductor in high magnetic fields. Within a T-matrix
approximation for a homogeneous superconductor, we investigate the influence of nonmagnetic impurities on
the differential conductance. We find that in the presence of disorder the differential conductance becomes
finite at zero bias and develops a nonlinear dependence on the bias voltage. We apply our theory to calculate
the differential conductance ��V� of the superconductor LuNi2B2C in the mixed state.
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In the last two decades most of the superconducting sys-
tems that hold the greatest promise for practical application
are of the extreme type-II variety. They can be loosely de-
fined as systems in which the semiclassical critical field at
zero temperature Hc2�0� in units of Tesla becomes compa-
rable to, or even larger than Tc �measured in zero field� in
units of Kelvin. High-temperature superconductors �HTSs�,
nonmagnetic nickel borocarbide superconductors,1 A-15
superconductors2 and the superconductor MgB2 �Ref. 3� are
true members of the extreme type-II species, as they satisfy
this definition. Recent reports on upper-critical field
measurements4 in iron-based superconductors suggest that
oxypnictides represent a new class of high-field supercond-
cutors with Hc2 values surpassing 100 T. All indications so
far suggest that these newly discovered iron-based supercon-
ductors are of the extreme type-II variety.

In extreme type-II systems, where superconductivity co-
exists with high magnetic field, it is necessary to use the high
magnetic field limit as a theoretical starting point for under-
standing the mixed-state behavior of these systems. The
high-field limit is often neglected when mixed-state proper-
ties are calculated, and most commonly, the low-field semi-
classical approach of Abrikosov-Gor’kov theory5 �and its it-
erations� is implemented. The criterion for distinguishing the
high-field limit from its low-field limit counterpart is
straightforward—If Landau level �LL� quantization of elec-
tronic energies in the magnetic field within the superconduct-
ing state is well defined and apparent in the spectrum, one is
dealing with the high-field limit. In this limit the discreteness
of the electronic energies has to be included in the descrip-
tion of the superconducting instability, both in the collective
modes �i.e., Cooper pairs�, as well as in quasiparticle
excitations.6 The high-field regime in which the Landau level
structure is well resolved can be identified in the H-T phase
diagram by a simple criterion, the cyclotron energy ��c
�where �c=eH /m�, m� is the effective mass of the elec-
trons� must be larger than the BCS gap ��T ,H�, the thermal
energy kBT and the inverse scattering rate due to disorder �.
This high-field regime represents a large portion of the H-T
phase diagram of an intrinsically extreme type-II supercon-

ductor and can be extended down to magnetic fields as low
as H��0.2–0.5�Hc2�0� and temperatures as high as T
�0.3Tc. The size of this quantum region can be estimated
from de Hass-van Alphen �dHvA� experiments in single
crystal A-15 superconductors,2 nonmagnetic borocarbide
superconductors,7,8 and, most recently, in the superconductor
MgB2.9

The subject matter of this work starts from the principal
theme that at high magnetic fields and low temperatures,
vortices are close to each other and their separation �given by
the magnetic length l=�� /eH� becomes much smaller than
the electronic mean-free path. Therefore, in a fairly clean
sample at low temperature, quasiparticle excitations can
travel coherently over many unit cells of the vortex lattice.
When, under these conditions, the LL quantization is exactly
accounted for in the superconducting pairing, the solution of
the BCS problem points to a qualitatively new gapless nature
of the quasiparticle spectrum at high fields.10 As a conse-
quence, an s-wave, conventional superconductor in a high
magnetic field becomes somewhat similar to a d-wave, un-
conventional superconductor with nodes in the gap. In the
low-temperature and high-field regime, however, the nodes
in the gap reflect the center-off-mass motion of the Cooper
pairs in the magnetic field, in contrast to d-wave HTS cu-
prates where such nodes are due to the relative orbital mo-
tion in zero fields. Extensive numerical calculations of qua-
siparticle excitation spectra in the mixed state for both
s-wave and d-wave superconductors11 have found that for
fields H�0.5Hc2, no qualitative difference in behavior can
be seen between s-wave and d-wave cases. This gapless be-
havior in three-dimensional systems persists to surprisingly
low magnetic fields H���0.2–0.5�Hc2.10–13 Below this criti-
cal field H� in an s-wave superconductor, gaps start opening
in the quasiparticle spectrum, and the system eventually
reaches the low-field regime of localized states in the cores
of isolated, well-separated vortices.14 On the other hand, a
d-wave system still exhibits the extended nature of low-lying
quasiparticle excitations.15 The estimate for H� depends on
the value of the s-wave gap function and can be much
smaller than H���0.2–0.5�Hc2 if the value of minimum gap
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in a strongly anisotropic �or multigap� s-wave case is signifi-
cantly different from the accepted BCS value. Furthermore,
recent low-field semiclassical calculations suggest that even
in the isotropic s-wave superconductors there is a certain
degree of delocalization of quasiparticles bound to the vortex
core,16 therefore careful consideration is needed when one
identifies a gap symmetry by measuring physical quantities
that are sensitive to the quasiparticle excitations in the mixed
state.17 The high-field gapless character of the excitation
spectrum in an extreme type-II superconductor is not de-
stroyed by a moderate level of nonmagnetic impurities
present in either a dirty homogeneous superconductor18 or a
dirty inhomogeneous superconducting system.19

Low-temperature gapless quasiparticle excitations
strongly influence the phenomenology of superconductors at
high fields, including thermodynamics,20 thermal transport,21

and acoustic attenuation.22 Furthermore, the persistence of
the dHvA signal deep within the mixed state of three-
dimensional extreme type-II systems �A-15’s,2 nonmagnetic
borocarbides,7 and MgB2 superconductors9� can be attributed
to the presence of a small portion of the Fermi surface con-
taining gapless and near gapless quasiparticle excitations,
surrounded by regions where the gap is large.23,24 The pur-
pose of this work is to address yet another probe of low-
temperature quasiparticle excitations—the tunneling current.
We examine in detail the quasiparticle contribution to the
tunneling differential conductance in the mixed state of a
three-dimensional extreme type-II superconductor starting
from the high-field limit of the Landau-level pairing scheme.
We evaluate numerically the spatially averaged differential
conductance ��V� �where V is the bias voltage� between an
STM tip and the surface of an s-wave type-II superconductor
separated by a vacuum barrier or a thin insulating layer in the
mixed state under realistic assumptions for the microscopic
properties of the materials studied �i.e., in the presence of
impurities�. Furthermore, we examine the field dependence
of ��V� in the mixed-state Hc1�H	Hc2 of a real supercon-
ducting system. Within the Landau-level pairing scheme the
magnetic field is measured by the number nc�1 /H of Lan-
dau levels occupied by the electrons participating in the su-
perconducting pairing �nc=EF /��c, where EF is the Fermi
energy� and is often quite large. In the borocarbide supercon-
ductor LuNi2B2C, the number of occupied Landau levels can
be estimated as nc�33 at Hc2=7 T and nc�100 at a field of
H=2.5 T. These numbers are sufficiently small that the
computational part of the project is feasible and deems the
superconductor LuNi2B2C a suitable choice for our numeri-
cal calculations. Many reports in recent years suggest that
there is an anisotropy in the s-wave gap function in this
borocarbide superconductor,25–29 which extends the range of
validity of the theory presented in this paper to fields lower
than the critical field H�.21

In a planar junction model where electrons can tunnel
only along the vortex lines, i.e., along the direction of the
magnetic field, the tunneling matrix elements conserve the
quasiparticle quasimomenta q perpendicular to the direction
of the magnetic field.10,30 For small tunneling voltages V
such that eV
��c, the tunneling into the superconductor
will take place over a very narrow span of energies around
the Fermi level.31 Therefore, it is reasonable to assume that

the tunneling will preserve the Landau level index n and that
all the tunneling matrix elements will be the same constant
evaluated at the Fermi momenta kz= �kFn

=�2m���−��c�n+1 /2�� /�2. Moreover we assume that they
are spin independent. While this model described well a pla-
nar tunneling junction, in this paper we are interested in an
STM tunneling junction that can reveal information about
the local density of states of a superconducting sample. In
STM tunneling the local nature of the STM tip allows it to
sample all quasimomenta perpendicular to the magnetic
field. Then, it follows that the tunneling current due to an
applied voltage V is related to the single-particle spectral
function AN�r ,�� of the normal metal in the STM tip and the
single particle spectral function AS�r ,�� of the supercon-
ductor at a position r on the surface as31

I�r,V,T� � d�AS�r,��AN�r,� + eV� � �nF��� − nF�� + eV�� ,

�1�

where nF��� is the Fermi function. We assume that the spec-
tral function of the normal metal is energy independent and
evaluated at the Fermi surface. The superconducting spectral
function is defined as

AS�r,�� = −
1

�
ImG�r,i���i�=�+i�. �2�

In a mean-field approximation, the superconducting Green’s
function G�r , i�� for a clean superconductor is expanded in
terms of a complete set of eigenfunctions in the magnetic
sublattice representation �MSR�.10 In the Landau gauge A
=H�−y ,0 ,0�, the eigenfunctions �kz,q,n�r� belonging to the
nth Landau level can be written as

�kz,q,n�r� =� by

2nn!��lLxLyLz

exp�ikzz�

� 	
k

exp
i
�bx

2a
k2 − ikqyby�

� exp�i
qx +
�k

a
�x − 1/2
y/l + qxl +

�k

a
l�2

� Hn� y

l
+ 
qx +

�k

a
�l , �3�

where a= �a ,0� and b= �bx ,by� are the unit vectors of the
triangular or square vortex lattice, and LxLyLz is the volume
of the system. Hn�x� is the Hermite polynomial of the order
n. Quasimomentum q is restricted to the first magnetic Bril-
louin zone �MBZ� that is spanned by vectors Q1= �by / l2 ,
−bx / l2� and Q2= �0,2a / l2�. In this representation the normal
and anomalous Green’s functions can be constructed as18

G�r,i�� = 	
n,kz,q

�n,kz,q
�r��n,kz,q

� �r� �
i� + �n�kz�

�i��2 − En,p�kz,q�2 ,
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F†�r,i�� = 	
n,kz,q

�n,−kz,−q
� �r��n,kz,q

� �r� �
− �nn

� �q�
�i��2 − En,p�kz,q�2 ,

�4�

where

En,p�kz,q� = p��c � ��n
2�kz� + ��n+p,n−p�q��2,

�n�kz� =
�2kz

2

2m�
+ ��c
n +

1

2
� − � �5�

is the quasiparticle excitation spectrum in the mixed state of
the superconductor in high magnetic fields near the points
kFn. This spectrum is calculated within the diagonal approxi-
mation, where only the electrons belonging to the same Lan-
dau levels are involved in the superconducting pairing.10,11,14

Contributions to the pairing from Landau levels separated by
��c or more can be included in the renormalization of the
BCS coupling constant �g→ g̃�H ,T��.12 The gap �nm�q� in
the MSR representation can be written as

�nm�q� =
��T,H�

�2

�− 1�m

2n+m�n!m!
	

k

exp
i�
bx

a
k2�

� exp�2ikqyby − 
qx +
�k

a
�2

l2
�Hn+m��2
qx +

�k

a
�l , �6�

where ��T ,H� is the BCS gap. The gap �nm�q� goes to zero
on the Fermi surface at the set of points in the MBZ with a
linear dispersion in q and also has many near gapless regions
for large LL index n. The quasiparticle excitations from p
�0 bands in Eq. �5� are gapped by at least ��c and their
contribution to the tunneling current is insignificant for small
bias voltages such that kBT
eV��BCS�T ,H�
��c. Once
the off-diagonal contribution is included in the electronic
pairing, a closed expression for the quasiparticle excitation
spectrum and Green’s functions is not possible. However,
when the effects of the off-diagonal terms are analyzed ana-
lytically with perturbation theory, the qualitative behavior of
the quasiparticle excitations as characterized by nodes in the
MBZ remains the same.12 This will be the case as long as the
perturbation expansion itself is well defined, i.e., as long as
the magnetic field is larger than the critical value H��T�. At
T�0, the critical field can be estimated from dHvA experi-
ments to be H���0.2–0.5�Hc2 for borocarbide
superconductors7,8 and can be even lower if a strong aniso-
tropy of the s-wave gap25–29 is taken into account.

In STM experiments the tunneling current in Eq. �1� is
typically characterized by a plot of the differential conduc-
tance ��r ,V ,T�=�I� /�V as a function of the bias voltage V at
a particular position r of the microscope tip. In a perfectly
clean type-II superconductor, where the tunneling is pre-
dominately along the vortex lines, the tunneling conductance
can be derived from Eqs. �1�, �2�, and �4� as

��r,V,T�
�N

= −
2�l2

N1F
	

n,kz,q
��n,kz,q

�r��2

��un,kz,q
2 nF��� − En,p=0�kz,q��

+ vn,kz,q
2 nF��� + En,p=0�kz,q��� , �7�

where nF� =dnF�E� /dE and the sum over n goes over all oc-
cupied Landau levels up to nc. N1F is the normal-state one-
dimensional density of states at the Fermi surface of the elec-
trons that are moving along the direction of the magnetic
field. The differential conductance in Eq. �7� at some mag-
netic field strength H is rescaled by the normal state value �N
evaluated at H. The Bogoliubov-deGennes amplitudes un,kz,q

and vn,kz,q
are written in standard form as

un,kz,q
2 =

1

2
�1 −

�n�kz�
En,p=0�kz,q� ,

vn,kz,q
2 =

1

2
�1 +

�n�kz�
En,p=0�kz,q� . �8�

Figure 1 shows the differential conductance �averaged
over the unit cell of the vortex lattice� as a function of mag-
netic field at T�0 calculated from Eq. �7� for a pure
LuNi2B2C superconductor in the mixed state such that H�


H
Hc2. In calculating the differential conductance we
used the experimentally determined effective mass of 0.35me
and Fermi velocity vF=2.76�107 cm /s.27 The values of
other physical quantities needed in our calculation, the value
of the BCS gap �=2.4 meV and upper critical field Hc2
=7 T in ��H�=��1−H /Hc2, are taken from experiments.28

We assume that the vortex lattice has square symmetry as
observed at high fields.32 The differential conductance shows

FIG. 1. �Color online� Spatially averaged differential conduc-
tance ��V� computed from Eq. �7� for a pure LuNi2B2C supercon-
ductor as a function of magnetic field 0.35Hc2
H�Hc2. We used
experimentally determined values for �=2.4 meV and upper criti-
cal field Hc2=7 T �Ref. 28�, as well as the effective mass m�

=0.35me and Fermi velocity vF=2.76�107 cm /s �Ref. 27�. The
differential conductance ��V� is rescaled by the normal state value
�N in the corresponding field.
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a V-shape structure with the minimum at zero bias. For small
bias voltages it displays a linear voltage dependence and has
a peak at the voltage approximately equal to the gap value
��H� at the corresponding magnetic field. We attribute this
behavior to the creation of coherent, gapless and near gapless
quasiparticle excitations at the Fermi surface in the mixed
state of an extreme type-II superconductor at high fields such
that H�
H
Hc2. In high magnetic fields, vortices are very
close to each other so that at low temperatures quasiparticles
can propagate coherently over many unit cells resulting in a
minimum of the differential conductance at zero bias volt-
age. The differential conductance in Fig. 1 has an increasing
slope as the magnetic field increases, reflecting the larger
abundance of gapless excitations in higher fields than in
lower fields. Recent quasiclassical studies based on the mi-
croscopic Eilenberger theory in low fields, such that H

H�, demonstrated that the V-shape density of states might
be a property of the vortex state regardless of the underlying
gap structure �isotropic, point node, or line node� or the
strength of the magnetic field.17

Now we turn our interest to a dirty but homogeneous su-
perconductor in the presence of nonmagnetic �scalar� impu-
rities. In such systems the coherence length � is much longer
than the effective distance �imp over which the impurity po-
tential changes, i.e., � /�imp�1, so that the superconducting
order parameter is not affected by the impurities �apart from
its overall magnitude� and still forms a perfect vortex lattice.
In order to account for the disorder, the bare Green’s func-
tions for the clean superconductor in Eq. �4� are dressed via
scattering through the normal �N�i�� and anomalous
�A�q , i�� self-energies. Dressed Green’s functions are ob-
tained by replacing i� with i�̃� i�−�N�i�� and �nn�q� with

�̃nn�q���nn�q�+�A�q , i�� in Eq. �4�. We follow a T-matrix
approximation that was originally developed for heavy fer-
mion superconductors33 and adapted by us in order to treat
self-consistently impurity scattering in high magnetic
fields.18 We briefly outline this procedure in the current work
as follows. Within the T-matrix approximation the normal
and anomalous self-energies are related to the diagonal, and
off-diagonal elements of the 2�2 scattering matrix

T̂�r ,r
�
, i�� that obeys the Lippmann-Schwinger equations

T̂�r,r
�
;i�� = U�r���r − r

�
��̂z +� dr1U�r�

� �̂zĜ�r,r1;i��T̂�r1,r
�
;i�� , �9�

where Ĝ-matrix elements are given by Eq. �4� and �̂z is a
Pauli matrix. U�r�=	iU0��r−Ri� is a short-range impurity
potential where the scalar scattering amplitude U0 is assumed
to be isotropic. The locations of scattering centers Ri are
randomly distributed everywhere in the system. In high mag-
netic fields we can assume that the scattering potential is
weak compared to the separation between Landau levels
�given by ��c� so that electrons scatter into states within the
same Landau level. Therefore, in solving Eq. �9� we neglect
inter-Landau-level scattering and define the superconducting
self-energies as

�nn
N �i�� = ni�Tnn

11�kz,q,���Ri
,

�nn
A �q;i�� = − ni�Tnn

12�kz,q,i���Ri
, �10�

where � . . . �Ri
denotes the average over the impurity positions

and ni is the impurity concentration. Tnn
ij �kz ,q , i�� are the

coefficients in the T-matrix expansion over the complete set
of MSR eigenstates in Eq. �3�. Then the Lippmann-
Schwinger Eqs. �9� are averaged over the impurity positions
and the self-energies are expressed as

�N�i�� = ni
	� Gm�kz,k,i��

1/U0
2 − �	� Gm�kz,k,i���2 ,

�nn
A �q;i�� = ni

�2fnn
� �q�	� fmm�k�Fm

† �kz,k,i��

1/U0
2 − �	� Gm

11�kz,k,i���2 , �11�

where 	���by /LxLyLz
��l�	kz,k,m and we define fnn�k�

=�nn�k� /�. Substituting �̃ for � and �̃nn�q� for �nn�q� in
Eq. �4�, and performing the analytical continuation to real
frequencies �i�→�+ i��, the self-energies in Eq. �11� can be
combined in a single nonlinear integral equation for the com-

plex function u= �̃ /�˜

u =
�

�
+ �

	n
�m�/4�3kFnN�0��� dq�1 − �2�fnn�q��2�u/�u2 − �fnn�q��2

c2 − �	n
�m�/4�3kFnN�0��� dq · u/�u2 − �fnn�q��2�2

, �12�

where �=� /��H� and N�0� is the normal state density of
states at the Fermi level. In the T-matrix approximation dis-
order is characterized by the parameter �=ni /N�0��, which
measures the concentration of impurities relative to the elec-

tron density, and the parameter c=1 / ��N�0�U0�, which is a
measure of scattering strength. The weak-scattering limit in a
high magnetic field is approached when c�1 since then c2 is
much larger than the second term in the denominator of ex-
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pression �12�. On the other hand, in the strong scattering
limit c→0. Equation �12� is an implicit equation for the
complex function u= f�� /�� that has to be calculated nu-
merically for different values of disorder parameters g
=� /� and c. The values of all other quantities characterizing
the microscopic properties of a superconducting system �the
BCS gap �, upper critical field Hc2, and Fermi energy EF�
have to be taken from experiments. Once the complex func-
tion u is known as a function of � /�, and replacement of �
with �̃ as well as analytical continuation have been per-
formed in the spectral functions in Eq. �2�, the differential
conductance in the presence of the disorder can be calculated
from Eqs. �1� and �2�. In the limit when temperature T→0
the STM differential conductance ��r ,V� in the disordered
superconductor in high magnetic field is given by

��r,V�
�N

= 	
n=0

nc m�

4�3kFnN�0�� dq��n,q�r��2

� Im
u

�u2 − �fnn�q��2
, �13�

where u= f�V /��H�� and V is the bias voltage. In deriving
Eqs. �12� and �13� we assume that the impurity scattering
does not change the q dependence of the quasiparticle exci-

tation spectrum, i.e., �̃nn�q�= �̃fnn�q� is given by Eq. �6� and

disorder only renormalizes the BCS gap �˜. This assumption
is valid around the gapless points at the Fermi surface and is
less accurate for the quasiparticle excitations gapped by large
�.18 However, in the low-temperature limit �kBT��� the
behavior of the tunneling current for small bias voltage will
be governed by excitations around the gapless and near gap-
less regions on the Fermi surface while the contribution from
the gapped regions will be exponentially small. In the limit

of kBT�� a fully self-consistent �˜ in the presence of disor-
der has to be determined. The most challenging part of our
computational work is finding the numerical solution of the
system of Eqs. �12� for real superconducting systems in a
high magnetic field. For the typical range of magnetic fields
used in various experiments in the mixed state, the number
of Landau levels involved in the superconducting pairing
nc=EF /��c can be quite large. In the borocarbide supercon-
ductor LuNi2B2C this number can be estimated to be nc
�33 at a field of Hc2=7 T and nc�100 at a field of H
=2.5 T. The disorder parameters of our theory, g and c, can
be connected to the normal state inverse scattering rate �0 by
letting fnn�q�→0 and �→0 in Eq. �12�. This procedure
yields �0=� / �1+c2�, a result consistent with a study of the
transport properties of the normal metal in a high magnetic
field.34

In Fig. 2 we plot the differential conductance ��V� com-
puted from Eq. �13� and averaged over the unit cell of the
vortex lattice in the weak scattering limit �c=1� as a function
of bias voltage V for the superconductor LuNi2B2C placed in
a magnetic field H such that 0.35Hc2
H	Hc2. In calculat-
ing the differential conductance we used the experimentally
determined effective mass of 0.35me and Fermi velocity vF
=2.76�107 cm /s,27 as well as BCS gap �=2.4 meV and

upper critical field Hc2=7 T.28 The impurity concentration
parameter g=� /� is chosen to be 0.2, yielding the normal
state inverse scattering rate of �0=0.24 meV observed in a
recent dHvA experiment35 and a point-contact Andreev re-
flection spectroscopy experiment.26 This particular choice of
disorder parameters c and g corresponds to a fairly clean
system typically used in a tunneling experiment. Close in-
spection of Fig. 2 leads us to the conclusion that the effect of
scalar disorder in the mixed state is to introduce a finite
conductance at zero bias. This feature in ��V� means that a
finite density of states in the vortex state is created at the
Fermi level in the presence of nonmagnetic impurities in a
high magnetic field at low temperature. This behavior con-
trasts with a perfectly pure superconductor where the density
of states exhibits a linear dependence at low energies as seen
in Fig. 1. The finite differential conductance at zero bias
signals the broadening of gapless points in the excitation
spectrum in Eq. �5� into gapless regions in the MBZ. Fur-
thermore, it can been seen in Fig. 2 that the differential con-
ductance ��V� diminishes as the magnetic field is lowered
from H	Hc2 to H�0.35Hc2 and displays increasingly non-
linear behavior for small bias voltages. This is a consequence
of the depletion of gapless and near gapless quasiparticle
excitations at the Fermi surface at lower magnetic fields. On
the other hand, the conductance peak is suppressed and
broadened by the disorder in comparison to the conductance
peak in the clean superconductor shown in Fig. 1.

In Fig. 3 we plot the differential conductance ��V� com-
puted from Eq. �13� and averaged over a unit cell in the weak
scattering limit �c=1� for the superconductor LuNi2B2C in a
magnetic field H=5.5 T as a function of impurity concen-
tration parameter g=� /�. As seen in Fig. 3, an increasing
concentration of impurities �a� creates increasing conduc-
tance at zero bias voltage and �b� washes away the conduc-
tance peak that is pronounced in Fig. 1. At the same time, the
dependence of the conductance ��V� on bias voltage V
changes from linear to polynomial as the impurity concen-
tration increases.

FIG. 2. �Color online� Spatially averaged differential conduc-
tance ��V� computed from Eq. �13� in the weak scattering limit
�c=1� for the superconductor LuNi2B2C as a function of magnetic
field 0.35Hc2
H�Hc2. Impurity concentration parameter g=� /�
of 0.2 yields the normal state inverse scattering rate �0

=0.24 meV observed in experiments �Refs. 26 and 35�.
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In Fig. 4 we plot the differential conductance ��V� com-
puted from Eq. �13� and averaged over a unit cell for the
superconductor LuNi2B2C in a magnetic field H=5.5 Tesla
for a fixed value of the impurity concentration parameter g
=0.2 but as a function of the scattering strength parameter c.
As one moves away from the weak scattering limit c=1 to
the strong scattering limit as c→0, all the prominent tunnel-
ing features of the superconductor in high magnetic field
seen in Figs. 1 �clean system�, 2 and 3, mainly the V-shape
density of states and conductance peak, are smeared. In the
strong scattering limit c=0, the conductance approaches its
normal state value. This is an indication that the gap has been
suppressed everywhere on the Fermi surface. However, we
have to point out that the approximation of neglecting inter-
Landau-level electron scattering by impurities, made in de-
riving the superconducting self-energies in Eqs. �10� and
�11�, is increasingly unreliable as c→0 since the strength of
the scattering potential U0 becomes larger than the LL sepa-
ration given by ��c. Therefore, in the strong scattering limit
when c→0 our theory is stretched to its limit and quantita-
tive accuracy diminishes.

In summary, we have developed expressions for the zero-
temperature differential conductance ��V� between an STM
tip and an extreme type-II superconductor placed in a high
magnetic field both for a clean system as well as in the pres-

ence of nonmagnetic impurities. Using experimentally deter-
mined parameters, we calculate the spatially averaged ��V�
as a function of magnetic fields and various disorder param-
eters for the borocarbide superconductor LuNi2B2C. In the
range of magnetic fields where our theory is applicable, H�


H	Hc2, the calculated ��V� has a characteristic V shape
as a function of small bias voltage, a feature that becomes
less pronounced as disorder increases. We attribute this be-
havior to the presence of gapless points and near gapless
regions at the Fermi surface in the quasiparticle excitation
spectrum of the extreme type-II superconductor in high mag-
netic field. Our calculations, performed in the high field limit
of the Landau-level pairing scheme, are consistent with a
recent quasiclassical study that starts from the low field
regime17 and finds a V-shape density of states in the vortex
state regardless of the underlying gap structure �isotropic,
point node, or line node� or the strength of the magnetic
field. Further experimental tunneling studies of extreme
type-II superconductors are needed to help disentangle their
mixed-state behavior.

This work was supported by an award from the Research
Corporation �undergraduate students J.T., J.P., and K.T.� and
by NSF under Grant No. DMR-0856415 �S.D.�.

*sdukan@goucher.edu
†Also at Department of Physics, Boston University, Boston, MA.

1 For a review of borocarbide superconductors see Rare-Earth
Transition-Metal Borocarbides (Nitrides): Superconducting,
Magnetic and Normal State Properties, NATO Science Series
Vol. 14, edited by Karl-Hartmut Müller and Vladimir Narozhnyi
�Springer, New York, 2001�.

2 For a review of A-15 properties in a magnetic field see T. J. B.

M. Janssen and M. Springford, in The Superconducting State in
Magnetic Fields: Special Topics and New Trends, Series on Di-
rections in Condensed Matter Physics Vol. 13, edited by Carlos
A. R. Sa de Melo �World Scientific, Singapore, 1998�, p. 175,
and references therein.

3 J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J.
Akimitsu, Nature �London� 410, 63 �2001�.

4 F. Hunte, J. Jaroszynski, A. Gurevich, D. C. Larbalestier, R. Jin,

FIG. 4. �Color online� Spatially averaged differential conduc-
tance ��V� computed from Eq. �13� for the superconductor
LuNi2B2C in a magnetic fields of H=5.5 T vs the scattering
strength parameter c�1 /U0. The impurity concentration parameter
is fixed at g=� /�=0.2.

FIG. 3. �Color online� Spatially averaged differential conduc-
tance ��V� computed from Eq. �13� in a weak scattering limit �c
=1� as a function of impurity concentration parameter g=� /� for
the superconductor LuNi2B2C in a magnetic fields of H=5.5 T.

DUKAN et al. PHYSICAL REVIEW B 82, 134504 �2010�

134504-6

http://dx.doi.org/10.1038/35065039


A. S. Sefat, M. A. McGuire, B. C. Sales, D. K. Christen, and D.
Mandrus, Nature �London� 453, 903 �2008�; C. Senatore, R.
Flükiger, M. Cantoni, G. Wu, R. H. Liu, and X. H. Chen, Phys.
Rev. B 78, 054514 �2008�.

5 A. A. Abrikosov, Zh. Eksp. Teor. Fiz. 32, 1442 �1957� �Sov.
Phys. JETP 5, 1174 �1957��; L. P. Gor’kov, Zh. Eksp. Teor. Fiz.
36, 1918 �1959� �Sov. Phys. JETP 9, 1364 �1959��.

6 Z. Tešanović, M. Rasolt, and L. Xing, Phys. Rev. Lett. 63, 2425
�1989�; S. Dukan, A. V. Andreev, and Z. Tešanović, Physica C
183, 355 �1991�; M. Rasolt and Z. Tešanović, Rev. Mod. Phys.
64, 709 �1992�.

7 G. Goll, M. Heinecke, A. G. M. Jansen, W. Joss, L. Nguyen, E.
Steep, K. Winzer, and P. Wyder, Phys. Rev. B 53, R8871
�1996�; T. Terashima, C. Haworth, H. Takeya, S. Uji, H. Aoki,
and K. Kadowaki, ibid. 56, 5120 �1997�; A. D. Bianchi, B.
Bergk, O. Ignatchik, J. Wosnitza, J. Perenboom, and P. Canfield,
J. Phys.: Conf. Ser. 51, 263 �2006�.

8 D. Jaiswal-Nagar, A. D. Thakur, M. R. Eskildsen, P. C. Canfield,
S. M. Yusuf, S. Ramakrishnan, and A. K. Grover, Physica B
359-361, 476 �2005�.

9 J. D. Fletcher, A. Carrington, S. M. Kazakov, and J. Karpinski,
Phys. Rev. B 70, 144501 �2004�; T. Isshiki, H. Maruyama, N.
Kimura, T. Nojima, A. Ochiai, and H. Aoki, Physica C 417, 110
�2005�.

10 S. Dukan and Z. Tešanović, Phys. Rev. B 49, 13017 �1994�.
11 K. Yasui and T. Kita, Phys. Rev. B 66, 184516 �2002�.
12 Z. Tešanović and P. D. Sacramento, Phys. Rev. Lett. 80, 1521

�1998�.
13 T. Nishio, K. Yonemitsu, and H. Ebisawa, J. Phys. Soc. Jpn. 66,

953 �1997�.
14 M. R. Norman, A. H. MacDonald, and H. Akera, Phys. Rev. B

51, 5927 �1995�.
15 M. Franz and Z. Tešanović, Phys. Rev. Lett. 80, 4763 �1998�.
16 J. E. Sonier, M. F. Hundley, and J. D. Thompson, Phys. Rev. B

73, 132504 �2006�.
17 N. Nakai, P. Miranović, M. Ichioka, H. F. Hess, K. Uchiyama, H.

Nishimori, S. Kaneko, N. Nishida, and K. Machida, Phys. Rev.
Lett. 97, 147001 �2006�; N. Nakai, P. Miranović, M. Ichioka,
and K. Machida, Phys. Rev. B 73, 172501 �2006�.

18 S. Dukan and Z. Tešanović, Phys. Rev. B 56, 838 �1997�.
19 P. D. Sacramento, Phys. Rev. B 59, 8436 �1999�; J. Lages, P. D.

Sacramento, and Z. Tešanović, ibid. 69, 094503 �2004�; P. D.
Sacramento and J. Lages, in Superconductivity, Magnetism and

Magnets, edited by L. K. Tran �Nova Science, New York, 2006�,
p. 55.

20 A. L. Carr, J. J. Trafton, S. Dukan, and Z. Tešanović, Phys. Rev.
B 68, 174519 �2003�.

21 S. Dukan, T. P. Powell, and Z. Tešanović, Phys. Rev. B 66,
014517 �2002�.

22 G. M. Bruun, V. N. Nicopoulos, and N. F. Johnson, Phys. Rev. B
57, 3051 �1998�.

23 S. Dukan and Z. Tešanović, Phys. Rev. Lett. 74, 2311 �1995�; S.
Dukan and Z. Tešanović, in The Superconducting State in Mag-
netic Fields: Special Topics and New Trends, Series on Direc-
tions in Condensed Matter Physics, Vol. 13, edited by Carlos A.
R. Sa de Melo �World Scientific, Singapore, 1998�, page 197.

24 T. Maniv, V. N. Zhuravlev, I. D. Vagner, and P. Wyder, Rev.
Mod. Phys. 73, 867 �2001�; T. Maniv, V. Zhuralev, J. Wosnitza,
O. Ignatchik, and B. Bergk, Chin. J. Phys. 45, 244 �2007�.

25 S. Mukhopadhyay, Goutam Sheet, P. Raychaudhuri, and H.
Takeya, Phys. Rev. B 72, 014545 �2005�.

26 X. Lu, W. Park, S. Yeo, K. Oh, S. Lee, S. Bud’ko, P. Canfield,
and L. Greene, arXiv:1004.3846 �unpublished�.

27 S. V. Shulga, S.-L. Drechsler, G. Fuchs, K.-H. Müller, K. Win-
zer, M. Heinecke, and K. Krug, Phys. Rev. Lett. 80, 1730
�1998�.

28 E. Boaknin, R. W. Hill, C. Proust, C. Lupien, L. Taillefer, and P.
C. Canfield, Phys. Rev. Lett. 87, 237001 �2001�.

29 P. Raychaudhuri, D. Jaiswal-Nagar, G. Sheet, S. Ramakrishnan,
and H. Takeya, Phys. Rev. Lett. 93, 156802 �2004�.

30 L. Kowalewski, M. M. Nogala, M. Thomas, and R.
Wojciechowski, Physica C 322, 45 �1999�.

31 Ø. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod, and C.
Renner, Rev. Mod. Phys. 79, 353 �2007�; for the real-space
formulation of the tunneling problem and derivation of Eq. �1�
see Appendix A.

32 Y. De Wilde, M. Iavarone, U. Welp, V. Metlushko, A. E. Ko-
shelev, I. Aranson, G. W. Crabtree, and P. C. Canfield, Phys.
Rev. Lett. 78, 4273 �1997�.

33 P. J. Hirschfeld, P. Wölfle, and D. Einzel, Phys. Rev. B 37, 83
�1988�.

34 A. A. Abrikosov and L. P. Gor’kov, Zh. Eksp. Teor. Fiz. 39,
1781 �1960� �Sov. Phys. JETP 12, 1243 �1961��.

35 T. Isshiki, N. Kimura, H. Aoki, T. Terashima, S. Uji, K. Yamau-
chi, H. Harima, D. Jaiswal-Nagar, S. Ramakrishnan, and A. K.
Grover, Phys. Rev. B 78, 134528 �2008�.

STM DIFFERENTIAL CONDUCTANCE OF A DISORDERED… PHYSICAL REVIEW B 82, 134504 �2010�

134504-7

http://dx.doi.org/10.1038/nature07058
http://dx.doi.org/10.1103/PhysRevB.78.054514
http://dx.doi.org/10.1103/PhysRevB.78.054514
http://dx.doi.org/10.1103/PhysRevLett.63.2425
http://dx.doi.org/10.1103/PhysRevLett.63.2425
http://dx.doi.org/10.1016/0921-4534(91)90582-J
http://dx.doi.org/10.1016/0921-4534(91)90582-J
http://dx.doi.org/10.1103/RevModPhys.64.709
http://dx.doi.org/10.1103/RevModPhys.64.709
http://dx.doi.org/10.1103/PhysRevB.53.R8871
http://dx.doi.org/10.1103/PhysRevB.53.R8871
http://dx.doi.org/10.1103/PhysRevB.56.5120
http://dx.doi.org/10.1088/1742-6596/51/1/060
http://dx.doi.org/10.1016/j.physb.2005.01.104
http://dx.doi.org/10.1016/j.physb.2005.01.104
http://dx.doi.org/10.1103/PhysRevB.70.144501
http://dx.doi.org/10.1016/j.physc.2004.10.010
http://dx.doi.org/10.1016/j.physc.2004.10.010
http://dx.doi.org/10.1103/PhysRevB.49.13017
http://dx.doi.org/10.1103/PhysRevB.66.184516
http://dx.doi.org/10.1103/PhysRevLett.80.1521
http://dx.doi.org/10.1103/PhysRevLett.80.1521
http://dx.doi.org/10.1143/JPSJ.66.953
http://dx.doi.org/10.1143/JPSJ.66.953
http://dx.doi.org/10.1103/PhysRevB.51.5927
http://dx.doi.org/10.1103/PhysRevB.51.5927
http://dx.doi.org/10.1103/PhysRevLett.80.4763
http://dx.doi.org/10.1103/PhysRevB.73.132504
http://dx.doi.org/10.1103/PhysRevB.73.132504
http://dx.doi.org/10.1103/PhysRevLett.97.147001
http://dx.doi.org/10.1103/PhysRevLett.97.147001
http://dx.doi.org/10.1103/PhysRevB.73.172501
http://dx.doi.org/10.1103/PhysRevB.56.838
http://dx.doi.org/10.1103/PhysRevB.59.8436
http://dx.doi.org/10.1103/PhysRevB.69.094503
http://dx.doi.org/10.1103/PhysRevB.68.174519
http://dx.doi.org/10.1103/PhysRevB.68.174519
http://dx.doi.org/10.1103/PhysRevB.66.014517
http://dx.doi.org/10.1103/PhysRevB.66.014517
http://dx.doi.org/10.1103/PhysRevB.57.3051
http://dx.doi.org/10.1103/PhysRevB.57.3051
http://dx.doi.org/10.1103/PhysRevLett.74.2311
http://dx.doi.org/10.1103/RevModPhys.73.867
http://dx.doi.org/10.1103/RevModPhys.73.867
http://dx.doi.org/10.1103/PhysRevB.72.014545
http://arXiv.org/abs/arXiv:1004.3846
http://dx.doi.org/10.1103/PhysRevLett.80.1730
http://dx.doi.org/10.1103/PhysRevLett.80.1730
http://dx.doi.org/10.1103/PhysRevLett.87.237001
http://dx.doi.org/10.1103/PhysRevLett.93.156802
http://dx.doi.org/10.1016/S0921-4534(99)00368-8
http://dx.doi.org/10.1103/RevModPhys.79.353
http://dx.doi.org/10.1103/PhysRevLett.78.4273
http://dx.doi.org/10.1103/PhysRevLett.78.4273
http://dx.doi.org/10.1103/PhysRevB.37.83
http://dx.doi.org/10.1103/PhysRevB.37.83
http://dx.doi.org/10.1103/PhysRevB.78.134528

