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Electronic vortex structure and quasiparticle scattering
in the cuprate superconductor Nd22xCexCuOy
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In a superconductor withs-wave symmetry of the order parameter, in the superclean limit, the density of
statesN(«) of the quasiparticles in the vortex core remains zero up to the minigap«0 whereN(«) shows a
sharp upturn. Another strong increase ofN(«) occurs near the superconducting energy gapD. These features
of N(«) have important consequences for the electric-field dependence of the flux-flow resistivity. A phenom-
enological discussion of the resulting effects is presented and related to the two intrinsic steps in the flux-flow
resistance of the cuprate superconductor Nd22xCexCuOy observed recently.@S0163-1829~99!50106-9#
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The accepted picture for describing the electronic str
ture of the vortex cores in the mixed state of the class
superconductors is a cylinder residing in the normal st
The radius of this normal cylinder is given by the coheren
length j. Here the underlying assumption is the validity
the dirty limit: the energy smearingd«5\/tp due to the
mean electronic scattering timetp is larger than the energ
gap D. Here \ is Planck’s constant divided by 2p. Appar-
ently, in the classical superconductors the condition\/tp
.D is well satisfied for the quasiparticles in the vort
cores. As an important consequence the phase space for
siparticle scattering in the vortex cores is identical to tha
the normal state. In combination with the concept of vor
motion due to an applied electric transport current~Lorentz
force! these ideas yield the Bardeen-Stephen model of
flux-flow resistivity.1

In the cuprate superconductors the situation is much
ferent, since the cuprates reside in the clean or even su
clean limit because of their small coherence lengthj. Now
we have the condition\/tp!D, and the energy spectrum o
the quasiparticles in the vortex core can be obtained o
from a detailed quantum-mechanical calculation. Here A
dreev reflection2 of the quasiparticles at the boundary of t
vortex cores plays a central role. The energy spectrum of
Andreev bound states in an isolated vortex line has b
calculated by Caroli, De Gennes, and Matricon,3 and also by
Bardeenet al.4 For the energy levels« i ~measured from the
Fermi energy«F! they obtained

« i5~n1 1
2 !

D2

«F
, ~1!

wheren is an integer. The ratioD2/«F can also be cast in th
form D2/«F52\2/(mj2) ~m5quasiparticle mass!. Since in
the cuprate superconductors the coherence length is n
100 times smaller than in the classical superconductors,
level distanceD2/«F in the former is up to 104 times larger
than in the latter. The lowest bound state lies at the ene
«05 1

2 D2/«F above the Fermi energy and is referred to as
minigap. In the case\/tp,D2/«F we deal with the super
clean limit. Kramer and Pesch5 and subsequently Bardee
and Sherman6 have shown that in the limitT!Tc the vortex
PRB 590163-1829/99/59~6!/3945~3!/$15.00
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core shrinks with decreasing temperature, leading to an
creased level spacing, such that Eq.~1! must be replaced by

« i5S n1
1

2D D2

«F
lnS Tc

T D . ~2!

Hence, the minigap is increased to the value«0
5 1

2 (D2/«F)ln(Tc /T).
The electronic structure of the vortex cores in the clean

superclean limit is expected to have important consequen
for the quasiparticle scattering in the core region and, hen
for the flux-flow resistivity. In the following we examine
these consequences using only phenomenological conc
This discussion is strongly motivated by our recent obser
tion of an intrinsic step structure in the flux-flow resistan
of the cuprate superconductor Nd22xCexCuOy ~NCCO!.7

We restrict our discussion to a cuprate supercondu
with s-wave symmetry of the order parameter, such
NCCO. We assume negligible coupling between the Cu2
planes such that we deal with a nearly two-dimensional e
tronic system. The vortex axis is oriented parallel to the cr
tallographicc axis. Since the density of states~DOS! N(«)
remains zero up to the minigap«0 above and below the
Fermi energy, in the limitkBT!«0 quasiparticle scattering in
the vortex cores is strongly reduced~kB5Boltzmann’s con-
stant!. In our discussion we assume that the DOSN(«) in the
vortex cores is approximately unchanged due to the elec
field generated by the vortex motion. In the complete a
sence of scattering, under the influence of the Lorentz fo
of an applied electric current the vortices will move alo
with the current. Only an electric Hall field will be generate
and dissipation remains zero. However, any residual qu
particle scattering causes a component of the vortex mo
perpendicular to the applied current and a resistive elec
field F.8–12 Due to this field the energy of the quasiparticl
is shifted to the value«5eFvFtp ~Ref. 13! ~e5elementary
charge,vF5Fermi velocity!. If this energy shift reaches th
value of the minigap we have

«5«05
1

2

D2

«F
lnS Tc

T D5eF1vFtp ~3!
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and the DOSN(«) available for quasiparticle scatterin
strongly increases. We denote the field at which this happ
by F1 . As a result the flux-flow resistivity strongly increas
with electric field and we encounter negative differential
sistivity. This is shown schematically in Fig. 1. For simpli
ity, in our discussion we ignore flux pinning. For curre
biased operation we obtain a step in the resistive voltage
hysteresis. We claim that the first of the two intrinsic res
tive flux-flow voltage steps that we have observed recentl
NCCO films near 1.9 K,7 is caused by exactly this effec
Depending upon the magnetic fieldB this first step appeare
at 100–200mV, corresponding for the samples used to t
field value F15(3 – 5)31023 V/cm in the range B
50.8– 1.6 T. TakingF15431023 V/cm and the following
values for NCCO: D54 meV,14 vF5107 cm/s,15 «F
530 meV, Tc521.3 K, andT51.9 K, we obtain from Eq.
~3! «050.63 meV andtp51.631028 s. Such a long scatter
ing time is just the signature of the strongly reduced ph
space for quasiparticle scattering for energies below
minigap. Multiplying this value oftp with the Fermi velocity
vF yields the ballistic path lengthl 5vFtp51.6 mm. This
length is much longer than the typical dimensions of
NCCO samples we have studied experimentally:7 thickness
d590– 100 nm, widthw540mm, lengthL5360mm. How-
ever, we must keep in mind that we are dealing with
quasiparticles trapped in the vortex core and undergo
many Andreev reflections during their energy shift when
posed to the electric fieldF. This is shown schematically in
Fig. 2. This concept of multiple Andreev reflections requir

FIG. 1. ~a! Electric resistivityr versus electric fieldF with a
step in resistivity at the fieldF1 . ~b! Current densityj versus fieldF
resulting from r(F) of part ~a!. Negative differential resistivity
starts atF1 . Current bias yields the jumps and hysteresis indica
by the arrows.

FIG. 2. In the presence of the electric fieldF generated by flux
flow, in the limit T→0, the quasiparticles occupying the boun
states in the vortex core below the Fermi energy«F are raised
energetically. They undergo many Andreev reflections in bridg
the energy gap to the next higher and unoccupied bound-state l
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that the quantitykFjab is sufficiently large compared to 1
~kF5Fermi wave vector!. From the parameter values fo
NCCO given above and takingjab58 nm,14 we have
kFjab56 – 7. From this the idea of multiple Andreev refle
tions appears reasonable. The ballistic path lengthl
51.6 mm corresponds to a total ofl /2jab5105 Andreev re-
flections. It is only in this way that the quasiparticles in t
vortex core can ‘‘climb up’’ to the energy«0 of the minigap.
For the valuetp51.631028 s the energy smearing is\/tp
54.131028 eV and can be neglected compared to the m
gap«0 .

It is important to note that the electronic vortex structu
expressed in Eqs.~1!–~3! has been calculated in the lim
B→0 where the interaction between the vortices rema
negligible. On the other hand, the experiments of Ref. 7 h
been performed at intermediate magnetic fields. At 1.9 K
first resistive flux-flow voltage step has been observed up
aboutB51.6 T. Because of the vortex-vortex interaction t
value of the minigap in Eqs.~1!–~3! may have to be modi-
fied. However, calculations regarding this question have
been reported and are highly interesting.

We still have to compare the timetp51.631028 s with
the life time tL of the vortex while traversing the sample
Denoting the vortex velocity byvw , we havetL5w/vw .
Using the relationF5vwB and Eq.~3! we obtain

tL

tp
5

ewBvF

«0
~4!

yielding tL /tp56.33103 for the values given above and fo
B51 T. We see that the lifetimetL of the vortex is suffi-
ciently long compared totp and does not restrict the quas
particle energy shift up to«0 . Furthermore, Eq.~4! indicates
that the ratiotL /tp is independent of the electric field, as on
would expect.

We have seen that the energy shift of the quasipartic
from their exposure to the electric field, as expressed in
~3!, results in a strong increase of the flux-flow resistivity
the field valueF1 . Next we examine this field-depende
resistivityr(F) in more detail. The observed voltage jump
fields in the rangeF15(3 – 5)31023 V/cm combined with
hysteresis7 indicates the appearance of negative differen
resistivity @see Fig. 1~b!#. As we have discussed in mor
detail elsewhere,16 this requires that the flux-flow resistivity
r(F) increases stronger than linearly with the electric fie
A phenomenological model for this behavior must go b
yond the concepts we have used above and which have
to Eq. ~3!. In our case it is the energy dependencetp(«) of
the scattering time which must be included. From a Tay
expansion we have

tp~d«!5tp~0!1
]tp

]«
d«. ~5!

d« is the energy increment of the quasiparticles result
from their drift velocitydv in the electric fieldF:

d«5e•F•dv•t« . ~6!

t« is the quasiparticle energy relaxation time~which can be
different from and is generally longer than the scatter
time tp!. Writing

d

g
el.
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dv5dp/m5e•F•tp /m ~7!

(p5momentum) and inserting this into Eq.~6!, we obtain

d«5
e2F2t«tp

m
, ~8!

and using Eq.~5!

tp~d«!5tp~0!F11
]tp

]«

e2F2t«

m G . ~9!

At the energy near the minigap«0 , where the DOSN(«)
strongly increases with«, the derivative]tp /]« is negative.
The field-dependent flux-flow resistivity is then given by

r~F !2r~0!5
r~0!aF2

12aF2
~10!

with

a5
e2t«

m U]tp

]« U ~11!

being a positive quantity. Equations~8!–~10! explain the step
in the flux-flow resistivity at the fieldF1 observed for
current-biased operation. In particular, they yield the str
ger than linear increase ofr(F) with the electric field,
needed for the appearance of negative differen
resistivity.16 We emphasize that this discussion only provid
a qualitative understanding of the onset of negative differ
tial resistivity at the field valueF1 . A more complete treat-
ment of the field-dependent resistivityr(F) requires more
theoretical work and must go beyond the first term of
Taylor expansion of Eq.~5!. @Because of this, the singularit
in Eq. ~10!, at which aF251, is also beyond the validity
range of this equation.#

In Ref. 16 we have discussed in detail the instability a
hysteresis of the voltage-current characteristic resulting fr
the field dependencer(F) displayed in Fig. 1~a!. Here, fol-
lowing the resistivity step at fieldF1 , at higher fields not too
v

ev

a

-

l
s
-

e

d
m

far aboveF1 the resistivityr(F) is assumed to remain ap
proximately constant at its higher level. The actual behav
of r(F) above fieldF1 can only be determined from quas
voltage-biased measurements which have not yet been
formed. However, for the current-biased measurements
Ref. 7 the field regime above but close toF1 remains inac-
cessible since the field immediately jumps to values of ab
1000 timesF1 .

In addition to the resistive flux-flow voltage step in th
range 100–200mV we have observed a second step in t
range 200–300 mV corresponding to electric fields of 5
V/cm.7 We identify this second step with the strong upturn
the DOSN(«) near the energy«5D. We denote the field a
which this happens byF2 . Equation~3! is then replaced by

eF2vFtp5D. ~12!

Based on the values given above, from Eq.~12! we obtain
tp5(5 – 8)310211s. A sharp upturn of the DOSN(«) near
«5D has been found in theoretical calculations of the el
tronic vortex structure at intermediate magnetic fields, ba
on the quasiclassical approximation.17–19 Therefore, our in-
terpretation of the second resistive flux-flow voltage step
terms of this upturn ofN(«) and Eq.~12! appears reason
able.

In this paper we have restricted our discussion to the c
of a superconducting order parameter withs-wave symme-
try. In the case ofd-wave symmetry the node lines with zer
energy gap are expected to strongly affect the phase s
for quasiparticle scattering and, hence, the flux-flow resis
ity. A discussion of this subject is beyond the scope of t
paper. However, the experimental search for a possible
structure in the field-dependent flux-flow resistivityr(F) in
the cuprates withd-wave symmetry such as YBa2Cu3O72d is
expected to be difficult because of flux pinning.
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