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In epitaxial c-axis oriented films of the cuprate superconductop N@€g,CuQ, 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. [S0163-182€09)02341-3

[. INTRODUCTION due to the Kramer-Pesch effécAn additional sharp upturn
of the DOS appears near the superconducting energy gap
Recently, we have reported the observation of an intrinsid\.”~® We emphasize that we restrict our discussion to super-
step structure of the flux flow resistance in epitaxdaxis  conductors withs-wave symmetry of the order parameter.
oriented fims of the cuprate superconductor In our previous model consideratidndwe have argued
Nd,_,CeCuQ,(NCCO) at intermediate magnetic fields that the electric field= generated by vortex motion leads to
B.,<B<B,,.! NCCO is an electron doped single gap " €nergy shife =eFvg 7 of the quasipartic_les in th.e vortex
swave BCS-type superconductor. Our experiments wer€0r€ (€=elementary charge, ve=Fermi velocity, 7
performed with the samples imbedded in liquid helium, re-=e€lectronic scattering time If this shift reaches energies
stricting the temperature range to 4.2 K and below. The largWhere a sharp upturn of the DOS and hence of the phase
est part of our measurements were carried out in superfluidPace for quasiparticle scattering appears, we expect a corre-
helium, i.e., aif <2.17 K. The details of our experiments can SPonding upturn of the electric resistivity and the onset of
be found in Ref. 1. A typical example of the observed steg'€gative differential resistivity. o
structure of the voltage-current characteri§titC) is shown In this paper we report on the magnetic-field dependence
in Fig. 1 for current bias. Two steps appear in the VIC at theand on the temperature dependence of the field vaiyesd
onset voltage®/; andV,, respectively. At 1.92 K the volt- F, providing further insight into _the underlying mechanism.
agesV, were in the range 10—200V, corresponding to the The data on the fiel&, are explained by an extended model
electric-field rangé ;= (0.3—5)x 102 V/cm for the typical
sample length. =360 um. The voltage¥, were about thou- 400 -
sand times highel/,=200-400 mV, corresponding to elec- B = 1300 mT
tric fieldsF,=5-10 V/cm! Apparently, the voltage steps at ToeK
V,; andV, are caused by instabilities due to negative differ-
ential resistance. A phenomenological model explaining
these instabilities is discussed in Refs. 2 and 3. This model is
based on the clean or superclean limit and, specifically, on
the energy dependent density of staB©S) available for
guasiparticle scattering. For an isolated vortex the electronic
structure of the core is characterized by the energy lesels 010 th )
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gi=(n+3) P In( ?C) ) (1) FIG. 1. Typical example of the two voltage steps observed at the
F onset voltage¥,; andV,, respectively. The corresponding electric
wheren is an integer and the superconducting energy gap. field is indicated on the right vertical axis. Note the change of scale
The enhancement factor IR/T) on the right-hand side is on the voltage axis &/=0.10 mV.T=1.92 K,B=1300 mT.
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FIG. 2. The onset voltage¥, (solid squargsand V, (open kT [ t/meV]

squares of the first and second voltage steps, respectively, plotted

L o g FIG. 3. The onset voltag¥, of the lower step plotted logarith-
logarithmically versus the magnetic field. The corresponding elec-micaII versus ksT) ® for four magnetic fields. The dashed
tric field is indicated on the right vertical axi$=1.92 K. Y B g :

straight lines are fitted to the data points taken below 2.17 K.

based on the existence of subbands between the Fermi en-  [1II. SUBBANDS AND BLOCH OSCILLATIONS
ergy eg and the energy gap in the magnetic-field range IN THE SUPERCLEAN LIMIT
B.1<<B<B,,. In this way the strong interaction between

vortices is taken into account for the clean or superclean [N the clean or superclean limit for an isolated vortex the
limit. Apparently, the negative differential resistivity and the €IECtronic structure of the core is characterized by the energy

instability atF, are caused by Bloch oscillations in the sub- Ievels_ ei of the A”dfe_e" bound states measured from the
bands. The instability at the field, is explained in terms of F€rMi energy g and given by Eq(1). For the vortex lattice

a second subband at higher energy or, alternatively, by th@St""b"Shed in th? superconducting T“ixed state the.inj[erac-
sharp upturn of the DOS near the energy gap providing dion between vortices must be taken into account. This inter-

strong increase of phase space for quasiparticle scattering.2€tion becomes important if the intervortex distance a be-
comes equal to or smaller than about the magnetic

penetration depth. The ratioa/\ is given by

Il. DEPENDENCE OF THE FIRST AND SECOND
VOLTAGE STEP UPON MAGNETIC FIELD AND
TEMPERATURE
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In the course of our experiments we have studied a totalvhere B, is the lower critical magnetic field and the
of 15 NCCO samplegoptimally doped withx~0.15 or  Ginzburg-Landau parameter. For the intermediate magnetic
slightly overdoped witlx~0.16) all showing similar results. fields B.;<B<B, of our experiments we hava<\ and
The data shown in the following were obtained for a NCCOthe vortex interaction is important. In this case the discrete
film with the following properties: critical temperatuiB,  energy levelse; of Eq. (1) are expected to broaden into
=21.3 K; resistivity at 30 Kp(30 K)=18 uQ cm, film thick-  subband® The width of these subbands increases with de-
nessd=100 nm; film widthw=40 um. The sample studied creasing intervortex distan@e(increasingB). From this pic-
carried four voltage leads placed along the bridge with theéure we note that the individual vortices loose their promi-
spacing of 10Qum. The total length between the outer volt- nent electronic identity and are replaced by the subbands
age leads was 36@m.* The external magnetic field was between the Fermi energy: and the energy gap. It is
applied parallel to the axis.

In Fig. 2 we present the voltagés, andV, of the first 280
and second voltage steps, respectivedge Fig. 1, at T | LI
=1.92K as a function of magnetic fieB. We see that the 200 ° o a
appearance of two steps is restricted to the magnetic-field o @
range of about 950-1850 mT. At lowénighep fields only o o 4
the lower(highep step is observed. The voltayg increases
nearly exponentially with increasing magnetic field, whereas
the voltageV, shows a much weaker dependence uBon

In Fig. 3 the onset voltag¥, of the lower step is plotted @ 1300 mT =
logarithmically versus KgT) 1 for four different values of L o 1000 mT 2
the magnetic field Kz=Boltzmann’s constajt The voltage 60 L . - ' :
V, is seen to increase with increasing temperature, the four 16 7 8 19 20 21

. . . - T [K]

curves showing similar behavior. In Fig. 4 the onset voltage
V, of the upper step is plotted logarithmically versus the F|G. 4. The onset voltag¥, of the upper step plotted logarith-
temperature for two magnetic fields. In contrasttp, the  mically versus the temperature for two magnetic fields. The corre-
voltageV, decreases with increasing temperature. sponding electric field is indicated on the right vertical axis.
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important to realize that such a scheme must be adopted imagnetic-field dependence Bf results from the proportion-

the clean or superclean limit, in contrast to the concept of thality F;~1/(a-7), where 1a~(B/¢y)Y? contributes the

vortex core of radiug with normal-state properties, valid in factor B2 The B dependence of the scattering rate!

the dirty limit and exemplified by the Bardeen Stephenneeds a discussion along the following lines.

model! Because of the quasi-two-dimensional character of In the cuprate superconductors at low temperatures the

the electronic structure in the cuprate superconductors, thguasiparticle scattering rate * is dominated by electron-

DOS near the lower and upper edge of the subbands is nearylectron scatterindf ~2° Therefore the rate ! affecting the

energy independent. AT>0 the subbands are thermally field F, according to Eq(6) will depend on the widthss of

populated by quasiparticles. the relevant subband, providing the phase space for scatter-
In the presence of the electric fiefdgenerated by vortex ing. Since the exclusion principle must be satisfied twice in

motion, the particles in the subbands pick up energy anélectron-electron scatterir"rﬂ;,we expect

eventually perform Bloch oscillationgBecause of the small

energy width of these bands the particles can reach the upper 1 B

edge of the relevant subband without experiencing a scatter- ;N(&) ' @

ing event) The situation is analogous to the transport of

charge carriers in semiconductor superlattiédSThe resis-  The bandwidthde is determined by the overlap between the
tivity is then given by**° interacting orbitals and will strongly increase with decreas-

ing intervortex distancéincreasingB). In this way the com-
» o lo(0el2kgT) bination of Egs.(6) and (7) can qualitatively explain the
p=po(l+ w7 )m1 () rapid increase of, with increasing magnetic field seen in
Fig. 2. Using the approximation™ 1= (8¢)?/fier (Ref. 22
where and the values;=30 meV for NCCO? we calculate the
values ¢ =0.014 meV atB=0.5T increasing up tode
wB:e_Fa (4) =0.060 meV aB=1.8 T from theF,; data of Fig. 2 together
h with Eq. (6). This appears well consistent with the narrow
bandwidth necessary for promoting Bloch oscillations.
Turning next to the fieldr,, at which the second step in
the resistivity appears, we note thiap is about thousand
times larger tha-, . We explain this second step of the VIC
at the fieldF, in terms of the quasiparticle energy gain at
higher electric fields, shifting the distribution function to

is the Bloch frequency, angy=m*/(n€?7). 1, and|, are
modified Bessel functionyE quasiparticle concentration in
the subbandr=electronic scattering timeje = width of the
subbangl Equationg3) and(4) yield the proportionality for
the current density.

E higher energies. If this shift reaches energies near the gap

I~z (5)  energyA where a sharp upturn of the DQRefs. 7-9 and
1+ _*) of the associated phase space for quasiparticle scattering oc-
F curs, another step in the resistivity is expected. Therefore the

with field F, is approximately given by
% e F2 VET= A. (8)
Fr=——. (6) .
ear Taking for NCCO the valueda =4 meV (Ref. 249 and v¢

=10’ cm/s (Ref. 23 and using the valueB,=5-10 V/cm

(see Fig. 2, we obtain from Eq(8) = '=(1.3—2.5)x 10

s 1. We note that at the higher quasiparticle energies in-
volved in the second resistance step, a quasiclassical energy

As a function of the electric fiel& the current density passes
through a maximum & =F*, and negative differential re-
sistivity sets in aF*. We propose that the fiel,, at which
the first step is observed in the VIC, can be identified withSpectrum can be assumed
the fieldF* given by Eq.(6): F;=F*. The fieldF* and the : .
corresponding Bloch oscillations are associated with the first The upturn of the DOS near the energy A hardly shifts

relevant subband above and below the Fermi energy, resDegéigﬁ:gZ {ae sssa ;lt“':gt'mtﬁfi?ggggglc .fl_'ﬁ:gg;ge u?éléﬁ]cgr][h/e
tively. As we see from Fig. 2, betwedd=500 mT andB P 9 Y P

—1800 mTF, increases from 1 mV/cm up to 35 mv/cm weak magnetic-field dependence of the threshold fiejd
= 1 )

Correspondingly, the scattering rate*= e increases from shown in Fig. 2. Alternately, the second instability at the

- i = _ field F, may be explained in terms of another subband at
1_ 1 1_ 1 2

::' :%?&68271)06 s 'to 7 1=177x10°s™, as calculated from higher energy, in combination with E(6). Again, using the
1We emph.asize that in our model we concentrate on thgpproximationr‘lz(58)2/ﬁsF we cglculate for the band-
guasiparticle dynamics in the subbands and ignore the effeci’%{'dth 0e=0.51 meVat1.0 Tincreasing up &2=0.69 meV

arising from the pair condensate. at4.0T.

V. DISCUSSION B. Temperature dependence of-; and F,

It is interesting that the electric onset fields andF, of
the lower and upper resistance step respectively, show oppo-
As shown in Fig. 2, the fieldF; increases nearly expo- site temperature dependence as seen from Figs. 3 and 4. The
nentially with increasingB. According to our model the quasiparticle scattering rate ! affecting the fieldF, ac-

A. Magnetic-field dependence of; and F,
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cording to Eq.(6) with F;=F* will be increased because of T [K]

collisions with particles thermally populating the particular o 2 19 18 17
subband. Denoting the relevant activation energy Ry we

obtain the proportionality

F1~T—1~exp(—|;—’fr). 9)

The semilogarithmic plot of Fig. 3 indicates that on the low-
temperature side the proportionalit9) is reasonably satis-
fied. In Fig. 3 the dashed straight lines are drawn through the
points below the lambda poifit=2.17 K. The slope of these
straight lines represents the average vadye=0.27+0.03 AT T 0 sz ea ee es 70
meV. It is interesting to compare this value ©f with the T [1/meV]

energyeq of the lowest Andreev bound state in an isolated

vortex calculated from Eq1). Taking for NCCO the values FIG. 5. If(Fo—F,)/F,] plotted versusKsT) ~* for two magnetic

of A andveg given above, and usinge=30 meV, andT; fields. The solid straight line represents the fit function given in Eq.
=21.3 K, we obtain forT=1.9 K go=3(A%eg)IN(T/T) (10,

=0.63 meV. We see that the activation eneggy is near

40% ofeq, which looks reasonable. Since above the lambda V. SUMMARY AND CONCLUSIONS

point the data in Fig. 3 may be perturbed by Joule heating of

the sample, the dashed straight lines in Fig. 3 emphasize the !N €pitaxial c-axis oriented films of the optimally doped
data belowT=2.17 K. cuprate superconductor NCCO under current bias two steps

From Fig. 3 it appears that the activation enetgy is in the flux flow resistance have been observed. The observed
nearly indep;endent of the magnetic field in the rarge instabilities provide interesting information on the dynamics
=300—1300 mT. This confirms that a possible magnetic-Of the normal excitations in the superconducting mixed state.
field dependence af, is too weak for explaining the strong In a phenomenologlce_ll mpdel the two steps can be undgr-
B dependence oF; discussed in Sec. IV A(This implies stood in terms of the field induced energy shift of the quasi-
that S <e4.) particles. For explaining the magnetic field and temperature

In contrAast to the fieldF, the onset field=, decreases dependence of the first step we propose a mo_del based on the
with increasing temperature, as we see from Fig. 4. At firsfEPPearance of subbands between the Fermi energy and the

F, may be associated with the field induced quasiparticle

energy shift to about the gap energy[see Eq.(8)]. How- vortex in the case where the interaction between vortices
gy shiv 9ap FALO)], ... _becomes important. Because of the small energy width of the
ever, at finite temperatures thermal quasiparticle excitation . o . :

must be taken into account, leading to a reduction of th%s#bbaggs "; the presencl:e ﬁf an _ﬁleptrlc f||eI(?jlthe pamcle; N
value of F, calculated from Eq(8). An excellent fit of the e subbands perform Bloch oscillations, leading to negative

experimental values d¥, is obtained, using a reduction fac- differential resistivity.
P 2 ' 9 The electric field at the second step is about a thousand
tor of the form[1—exp(—&,/ksgT)] and writing

times higher than that at the first step. This second step is
Fo=Fo[1—exp —e,/kgT)]. (100  explained in terms of the field induced shift of the quasipar-

ticle energy to values near the gap energy, where a sharp

TreatingF, ande, as fit parameters, we see in Fig. 5 that anypturn of the DOS and of the corresponding phase space
excellent fit of the experimental values B with Eq. (10)  available for quasiparticle scattering occurs. In an alternate

can be obtained. From this fit for the two magnetic fidtls explanation, the second step is associated with another sub-
=1000 mT andB=1300 mT we obtain the valuey,=2.20  band at higher energy. For a satisfactory quantitative under-

meV, i.e., about 55% of the energy gap The F, values  standing, a detailed theoretical analysis is needed.
found from the fit are~;=6.38 V/cm for 1000 mT, and

=7.45 V/cm for 1300 mT. These valueslef§ are marked by
the dashed straight lines on the upper left in Fig. 4. The latter
considerations can be taken over, if we associate the second Financial support of this work by the Deutsche Fors-
instability at the fieldF, with another subband at higher chungsgemeinschaft and useful discussions with U. Fischer
energy. and N. Schopohl are gratefully acknowledged.

o 1300 mT (F, = 7.45 Vicm)
o 1000 mT (F, = 6.38 V/iom)

€, = (2.2020.02) meV

In{(F,-F,)/F,)
[
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