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Magnetic field and temperature dependence of the intrinsic resistance steps in the mixed state
of the cuprate superconductor Nd22xCexCuOy
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M. Naito
NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-01, Japan
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In epitaxialc-axis oriented films of the cuprate superconductor Nd22xCexCuOy we have studied the mag-
netic field and temperature dependence of the two intrinsic steps of the flux flow resistance appearing under
current bias. The two steps are explained in terms of the field induced energy shift of the normal excitations in
the superconducting mixed state. Because of the strong interaction between vortices in the magnetic fields used
in our experiments, we propose that narrow subbands develop between the Fermi energy and the energy gap,
and that the quasiparticles undergo Bloch oscillations in the subbands, thereby leading to the first resistance
step. The second step, appearing at electric fields about a thousand times higher than the fields of the first step,
may be explained in terms of a second subband at higher energy or, alternatively, by a sharp upturn of the
density of states near the gap energy and of the corresponding phase space available for quasiparticle scatter-
ing. @S0163-1829~99!02341-3#
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I. INTRODUCTION

Recently, we have reported the observation of an intrin
step structure of the flux flow resistance in epitaxialc-axis
oriented films of the cuprate superconduc
Nd22xCexCuOy(NCCO) at intermediate magnetic field

Bc1!B,Bc2 .1 NCCO is an electron doped single ga
s-wave BCS-type superconductor. Our experiments w
performed with the samples imbedded in liquid helium,
stricting the temperature range to 4.2 K and below. The la
est part of our measurements were carried out in super
helium, i.e., atT,2.17 K. The details of our experiments ca
be found in Ref. 1. A typical example of the observed s
structure of the voltage-current characteristic~VIC! is shown
in Fig. 1 for current bias. Two steps appear in the VIC at
onset voltagesV1 andV2 , respectively. At 1.92 K the volt-
agesV1 were in the range 10–200mV, corresponding to the
electric-field rangeF15(0.3– 5)31023 V/cm for the typical
sample lengthL5360mm. The voltagesV2 were about thou-
sand times higher,V25200– 400 mV, corresponding to elec
tric fieldsF255 – 10 V/cm.1 Apparently, the voltage steps a
V1 andV2 are caused by instabilities due to negative diff
ential resistance. A phenomenological model explain
these instabilities is discussed in Refs. 2 and 3. This mod
based on the clean or superclean limit and, specifically,
the energy dependent density of states~DOS! available for
quasiparticle scattering. For an isolated vortex the electro
structure of the core is characterized by the energy level« i
of the Andreev bound states measured from the Fermi en
«F :4–6

« i5~n1 1
2 !

D2

«F
lnS Tc

T D , ~1!

wheren is an integer andD the superconducting energy ga
The enhancement factor ln(Tc /T) on the right-hand side is
PRB 600163-1829/99/60~17!/12424~5!/$15.00
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due to the Kramer-Pesch effect.6 An additional sharp upturn
of the DOS appears near the superconducting energy
D.7–9 We emphasize that we restrict our discussion to sup
conductors withs-wave symmetry of the order parameter.

In our previous model considerations1–3 we have argued
that the electric fieldF generated by vortex motion leads
an energy shift«5eFnFt of the quasiparticles in the vorte
core (e5elementary charge,nF5Fermi velocity, t
5electronic scattering time!. If this shift reaches energie
where a sharp upturn of the DOS and hence of the ph
space for quasiparticle scattering appears, we expect a c
sponding upturn of the electric resistivity and the onset
negative differential resistivity.2

In this paper we report on the magnetic-field depende
and on the temperature dependence of the field valuesF1 and
F2 providing further insight into the underlying mechanism
The data on the fieldF1 are explained by an extended mod

FIG. 1. Typical example of the two voltage steps observed at
onset voltagesV1 andV2 , respectively. The corresponding electr
field is indicated on the right vertical axis. Note the change of sc
on the voltage axis atV50.10 mV.T51.92 K, B51300 mT.
12 424 ©1999 The American Physical Society
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based on the existence of subbands between the Ferm
ergy «F and the energy gapD in the magnetic-field range
Bc1!B,Bc2 . In this way the strong interaction betwee
vortices is taken into account for the clean or supercl
limit. Apparently, the negative differential resistivity and th
instability atF1 are caused by Bloch oscillations in the su
bands. The instability at the fieldF2 is explained in terms of
a second subband at higher energy or, alternatively, by
sharp upturn of the DOS near the energy gap providin
strong increase of phase space for quasiparticle scatteri

II. DEPENDENCE OF THE FIRST AND SECOND
VOLTAGE STEP UPON MAGNETIC FIELD AND

TEMPERATURE

In the course of our experiments we have studied a t
of 15 NCCO samples~optimally doped withx'0.15 or
slightly overdoped withx'0.16) all showing similar results
The data shown in the following were obtained for a NCC
film with the following properties: critical temperatureTc
521.3 K; resistivity at 30 Kr~30 K!518 mV cm, film thick-
nessd5100 nm; film widthw540 mm. The sample studied
carried four voltage leads placed along the bridge with
spacing of 100mm. The total length between the outer vo
age leads was 360mm.1 The external magnetic field wa
applied parallel to thec axis.

In Fig. 2 we present the voltagesV1 and V2 of the first
and second voltage steps, respectively~see Fig. 1!, at T
51.92 K as a function of magnetic fieldB. We see that the
appearance of two steps is restricted to the magnetic-
range of about 950–1850 mT. At lower~higher! fields only
the lower~higher! step is observed. The voltageV1 increases
nearly exponentially with increasing magnetic field, where
the voltageV2 shows a much weaker dependence uponB.

In Fig. 3 the onset voltageV1 of the lower step is plotted
logarithmically versus (kBT)21 for four different values of
the magnetic field (kB5Boltzmann’s constant!. The voltage
V1 is seen to increase with increasing temperature, the
curves showing similar behavior. In Fig. 4 the onset volta
V2 of the upper step is plotted logarithmically versus t
temperature for two magnetic fields. In contrast toV1 , the
voltageV2 decreases with increasing temperature.

FIG. 2. The onset voltagesV1 ~solid squares! and V2 ~open
squares! of the first and second voltage steps, respectively, plo
logarithmically versus the magnetic field. The corresponding e
tric field is indicated on the right vertical axis.T51.92 K.
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III. SUBBANDS AND BLOCH OSCILLATIONS
IN THE SUPERCLEAN LIMIT

In the clean or superclean limit for an isolated vortex t
electronic structure of the core is characterized by the ene
levels « i of the Andreev bound states measured from
Fermi energy«F and given by Eq.~1!. For the vortex lattice
established in the superconducting mixed state the inte
tion between vortices must be taken into account. This in
action becomes important if the intervortex distance a
comes equal to or smaller than about the magn
penetration depthl. The ratioa/l is given by

a

l
5S Bc1

B

4p

ln k D 1/2

, ~2!

where Bc1 is the lower critical magnetic field andk the
Ginzburg-Landau parameter. For the intermediate magn
fields Bc1!B,Bc2 of our experiments we havea,l and
the vortex interaction is important. In this case the discr
energy levels« i of Eq. ~1! are expected to broaden int
subbands.10 The width of these subbands increases with
creasing intervortex distancea ~increasingB!. From this pic-
ture we note that the individual vortices loose their prom
nent electronic identity and are replaced by the subba
between the Fermi energy«F and the energy gapD. It is

d
-

FIG. 3. The onset voltageV1 of the lower step plotted logarith
mically versus (kBT)21 for four magnetic fields. The dashe
straight lines are fitted to the data points taken below 2.17 K.

FIG. 4. The onset voltageV2 of the upper step plotted logarith
mically versus the temperature for two magnetic fields. The co
sponding electric field is indicated on the right vertical axis.
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important to realize that such a scheme must be adopte
the clean or superclean limit, in contrast to the concept of
vortex core of radiusj with normal-state properties, valid i
the dirty limit and exemplified by the Bardeen Steph
model.11 Because of the quasi-two-dimensional characte
the electronic structure in the cuprate superconductors,
DOS near the lower and upper edge of the subbands is ne
energy independent. AtT.0 the subbands are thermal
populated by quasiparticles.

In the presence of the electric fieldF generated by vortex
motion, the particles in the subbands pick up energy
eventually perform Bloch oscillations.~Because of the smal
energy width of these bands the particles can reach the u
edge of the relevant subband without experiencing a sca
ing event.! The situation is analogous to the transport
charge carriers in semiconductor superlattices.12,13The resis-
tivity is then given by14,15

r5r0~11vB
2t2!

I 0~d«/2kBT!

I 1~d«/2kBT!
, ~3!

where

vB5
eFa

\
~4!

is the Bloch frequency, andr05m* /(ne2t). I 0 and I 1 are
modified Bessel functions (n5quasiparticle concentration i
the subband,t5electronic scattering time,d«5width of the
subband!. Equations~3! and~4! yield the proportionality for
the current densityj:

j ;
F

11S F

F* D 2 ~5!

with

F* 5
\

eat
. ~6!

As a function of the electric fieldF the current density passe
through a maximum atF5F* , and negative differential re
sistivity sets in atF* . We propose that the fieldF1 , at which
the first step is observed in the VIC, can be identified w
the fieldF* given by Eq.~6!: F15F* . The fieldF* and the
corresponding Bloch oscillations are associated with the
relevant subband above and below the Fermi energy, res
tively. As we see from Fig. 2, betweenB5500 mT andB
51800 mTF1 increases from 1 mV/cm up to 35 mV/cm
Correspondingly, the scattering ratet215vB increases from
t2159.63106 s21 to t2151773106 s21, as calculated from
F15\/(eat).

We emphasize that in our model we concentrate on
quasiparticle dynamics in the subbands and ignore the eff
arising from the pair condensate.

IV. DISCUSSION

A. Magnetic-field dependence ofF1 and F2

As shown in Fig. 2, the fieldF1 increases nearly expo
nentially with increasingB. According to our model the
in
e

f
he
rly

d

er
r-

f

st
ec-

e
cts

magnetic-field dependence ofF1 results from the proportion-
ality F1;1/(a•t), where 1/a'(B/w0)1/2 contributes the
factor B1/2. The B dependence of the scattering ratet21

needs a discussion along the following lines.
In the cuprate superconductors at low temperatures

quasiparticle scattering ratet21 is dominated by electron
electron scattering.16–20 Therefore the ratet21 affecting the
field F1 according to Eq.~6! will depend on the widthd« of
the relevant subband, providing the phase space for sca
ing. Since the exclusion principle must be satisfied twice
electron-electron scattering,21 we expect

1

t
;~d«!2. ~7!

The bandwidthd« is determined by the overlap between t
interacting orbitals and will strongly increase with decrea
ing intervortex distance~increasingB!. In this way the com-
bination of Eqs.~6! and ~7! can qualitatively explain the
rapid increase ofF1 with increasing magnetic field seen i
Fig. 2. Using the approximationt215(d«)2/\«F ~Ref. 22!
and the value«F530 meV for NCCO,23 we calculate the
values d«50.014 meV atB50.5 T increasing up tod«
50.060 meV atB51.8 T from theF1 data of Fig. 2 together
with Eq. ~6!. This appears well consistent with the narro
bandwidth necessary for promoting Bloch oscillations.

Turning next to the fieldF2 , at which the second step i
the resistivity appears, we note thatF2 is about thousand
times larger thanF1 . We explain this second step of the VI
at the fieldF2 in terms of the quasiparticle energy gain
higher electric fields, shifting the distribution function t
higher energies. If this shift reaches energies near the
energyD where a sharp upturn of the DOS~Refs. 7–9! and
of the associated phase space for quasiparticle scattering
curs, another step in the resistivity is expected. Therefore
field F2 is approximately given by

eF2nFt5D. ~8!

Taking for NCCO the valuesD54 meV ~Ref. 24! and vF
5107 cm/s ~Ref. 23! and using the valuesF255 – 10 V/cm
~see Fig. 2!, we obtain from Eq.~8! t215(1.3– 2.5)31010

s21. We note that at the higher quasiparticle energies
volved in the second resistance step, a quasiclassical en
spectrum can be assumed.

The upturn of the DOS near the energy«5D hardly shifts
in energy as a function of magnetic field.7–9 The upturn only
becomes less steep with increasingB. This may produce the
weak magnetic-field dependence of the threshold fieldF2
shown in Fig. 2. Alternately, the second instability at t
field F2 may be explained in terms of another subband
higher energy, in combination with Eq.~6!. Again, using the
approximationt215(d«)2/\«F we calculate for the band
width d«50.51 meV at 1.0 T increasing up tod«50.69 meV
at 4.0 T.

B. Temperature dependence ofF1 and F2

It is interesting that the electric onset fieldsF1 andF2 of
the lower and upper resistance step respectively, show o
site temperature dependence as seen from Figs. 3 and 4
quasiparticle scattering ratet21 affecting the fieldF1 ac-
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cording to Eq.~6! with F15F* will be increased because o
collisions with particles thermally populating the particul
subband. Denoting the relevant activation energy by«A , we
obtain the proportionality

F1;t21;expS 2
«A

kBTD . ~9!

The semilogarithmic plot of Fig. 3 indicates that on the lo
temperature side the proportionality~9! is reasonably satis
fied. In Fig. 3 the dashed straight lines are drawn through
points below the lambda pointT52.17 K. The slope of these
straight lines represents the average value«A50.2760.03
meV. It is interesting to compare this value of«A with the
energy«0 of the lowest Andreev bound state in an isolat
vortex calculated from Eq.~1!. Taking for NCCO the values
of D and vF given above, and using«F530 meV, andTc
521.3 K, we obtain forT51.9 K «05 1

2 (D2/«F)ln(Tc /T)
50.63 meV. We see that the activation energy«A is near
40% of«0 , which looks reasonable. Since above the lamb
point the data in Fig. 3 may be perturbed by Joule heating
the sample, the dashed straight lines in Fig. 3 emphasize
data belowT52.17 K.

From Fig. 3 it appears that the activation energy«A is
nearly independent of the magnetic field in the rangeB
5300– 1300 mT. This confirms that a possible magne
field dependence of«A is too weak for explaining the stron
B dependence ofF1 discussed in Sec. IV A.~This implies
that d«!«A .)

In contrast to the fieldF1 , the onset fieldF2 decreases
with increasing temperature, as we see from Fig. 4. At fi
sight this looks unexpected. However, in our model the fi
F2 may be associated with the field induced quasipart
energy shift to about the gap energyD @see Eq.~8!#. How-
ever, at finite temperatures thermal quasiparticle excita
must be taken into account, leading to a reduction of
value ofF2 calculated from Eq.~8!. An excellent fit of the
experimental values ofF2 is obtained, using a reduction fac
tor of the form@12exp(2«D /kBT)# and writing

F25F0@12exp~2«D /kBT!#. ~10!

TreatingF0 and«D as fit parameters, we see in Fig. 5 that
excellent fit of the experimental values ofF2 with Eq. ~10!
can be obtained. From this fit for the two magnetic fieldsB
51000 mT andB51300 mT we obtain the value«D52.20
meV, i.e., about 55% of the energy gapD. The F0 values
found from the fit areF056.38 V/cm for 1000 mT, andF0
57.45 V/cm for 1300 mT. These values ofF0 are marked by
the dashed straight lines on the upper left in Fig. 4. The la
considerations can be taken over, if we associate the se
instability at the fieldF2 with another subband at highe
energy.
ev
-

e

a
of
he

-

t
d
e

n
e

r
nd

V. SUMMARY AND CONCLUSIONS

In epitaxial c-axis oriented films of the optimally dope
cuprate superconductor NCCO under current bias two s
in the flux flow resistance have been observed. The obse
instabilities provide interesting information on the dynam
of the normal excitations in the superconducting mixed sta
In a phenomenological model the two steps can be un
stood in terms of the field induced energy shift of the qua
particles. For explaining the magnetic field and temperat
dependence of the first step we propose a model based o
appearance of subbands between the Fermi energy an
energy gap. The subbands originate from the discrete en
levels of the Andreev bound states in the core of an isola
vortex in the case where the interaction between vorti
becomes important. Because of the small energy width of
subbands in the presence of an electric field the particle
the subbands perform Bloch oscillations, leading to nega
differential resistivity.

The electric field at the second step is about a thous
times higher than that at the first step. This second ste
explained in terms of the field induced shift of the quasip
ticle energy to values near the gap energy, where a sh
upturn of the DOS and of the corresponding phase sp
available for quasiparticle scattering occurs. In an altern
explanation, the second step is associated with another
band at higher energy. For a satisfactory quantitative und
standing, a detailed theoretical analysis is needed.
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FIG. 5. ln@(F02F2)/F0# plotted versus (kBT)21 for two magnetic
fields. The solid straight line represents the fit function given in E
~10!.
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