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We have observed a novel intrinsic step structure in the flux-flow resistance of epitaaids-
oriented films of Nd_,Ce,CuQ, as a function of current at intermediate magnetic figkds < B <
B.,. The effect is observed only if the sample is cooled with superfluid helium. For explaining the
underlying instability, we propose a model based on the strongly energy-dependent density of states
available near the Fermi energy for quasiparticle scattering in the superconducting mixed state for the
clean limit. [S0031-9007(98)07278-0]

PACS numbers: 74.25.Fy, 74.60.Ge, 74.72.Jt

In the cuprate superconductors the electronic structurmagnetic fields from the energy spectrum of the isolated
of the vortices in the mixed state is distinctly differ- vortices [7—10].
ent from that in the classical superconductors, since the Our experiments were performed with epitaxiaaxis-
cuprates are characterized by an extremely small coheoriented films of NCCO grown by molecular beam
ence lengthé and, therefore, reside in the clean or evenepitaxy (MBE) on SrTiQ substrates [11,12]. The film
superclean limit. The energy smearidg = i/7 due thicknessd was 90-100 nm. Two types of sample
to the mean electronic scattering timemust be com- geometries have been fabricated using standard pho-
pared with the energy gap in the single particle ex- tolithography: (a) microbridges in four-point geometry
citation spectrum and with the level spacidg/sr of  with the dimensionsw =20 um, L = 200 um, and
the Andréev bound states in the vortex core. Hers w =40 um, L = 300 um (w = width, L = length;
Planck’s constant divided I3/ ander the Fermi energy. (b) microbridges with four voltage leads df0 um
In the “moderately clean” limit we havA?/sr < 8¢ <  width placed along the bridge with a spacingl®b um
A, and in the “superclean” limibe < A%/ep, whereas (total length between outer voltage leatls= 360 um,
A < b represents the “dirty” limit. In the classical su- w = 40 um). This second type allows one to study the
perconductors we deal almost exclusively with the dirtythree sections of the same bridge separately. Its geometry
limit. In this case a vortex can be described simply by as shown schematically in the inset of Fig. 1. We denote
normal cylinder of radiug. In the cuprates such a simple the voltage of the three sections of the bridge V», and
picture does not apply any more. Vs, respectively ¥, represents the middle section), and

In this paper we report on flux-flow resistivity measure-the total voltage of all three sectiois (between the two
ments in egitaxiad-axis-oriented films of Ngl. ,Ce,CuQ,  outer leads). For measuring the electric sample resistance
(NCCO) in the magnetic field regim8.; < B < B.;.  Ag contact pads have been deposited on the NCCO films,
NCCO appears favorable for such experiments because
of its relatively small pinning effects compared to other 600
cuprates. There is strong experimental evidence that this ‘
material represents a single-gapvave BCS type su- 500
perconductor [1-3]. Recently, in NCCO films we have
observed the logarithmic singularity in the flux-flow resis-
tivity [4,5] predicted by Larkin and Ovchinnikov [6] in the
low-temperature and low magnetic field limit. This singu-
larity results from the shrinking of the vortex core with de- "
creasing temperature (“Kramer-Pesch effect”). In contrast 100
to our earlier measurements [4,5], our present experiments
deal with the intermediate magnetic field regime where 0P , . . =
the interaction between vortices becomes important. Here, 0 5 10 ‘f [mAZ]O % 30 %
with increasing electric current we observe a novel intrin-
sic step structure of the flux-flow resistance combined wittIG. 1. VoltageVr plotted versus current at different mag-

; ; ; ; etic fields. From right to lefB is increased in 100 mT steps
hysteretic behavior. We explain our results in terms of apovering the rang@ — 8001800 mT and in 500 mT steps for

strongly energy-dependent density of states (DOS) a\"”‘“;000—4000 MT(T = 1.92 K). The dotted line indicates the

able for scattering. In the spirit of the tight binding ap- normal-state resistance. The inset shows the sample geome-
proximation this energy-dependent DOS evolves at highetry of type (b).
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and two 0.1 mm diameter Al wires were bonded to each 30 ————F————7—————

pad. During all experiments the samples were immersed 0 @ Bridge 1
in liquid helium in order to minimize effects from Joule =" —+— Bridge 2
heating. The temperature was lowered below 4.2 K by L go = Bridge 3
pumping. Its value was obtained from the vapor pressure 200} . s .

Bridge 1
QIB 20 22 24 26 28 30
T [K]

of the He bath. A superconducting magnet served for
generating a magnetic field perpendicular to the film
plane, i.e., parallel to the axis of the NCCO. N I (b) Bridge 2

In our measurements we have swept the current at a> g9 |-

[mV]

= i
slow rate of about 0.5 mfs, using a battery-powered Zoa

current source controlled with an external ramp genera- N

tor. The voltage signal was amplified by an SRS model o TR

SR 560 preamplifier and recorded with a personal com- ol LMl . .
puter, using an analog-to-digital converter driven with 5 10 15 20 25
a sampling rate of 50 Hz. After each change of the I [mA]

magnetic field we have swept the current up to theric. 2. VoltageV; plotted versus current at higher voltage
normal conducting region to minimize effects from mag-resolution atB = 1300 mT and T = 1.92 K for the same

netic hysteresis. We have investigated a total of 9 NCC@ample as shown in Fig. 1 and for two additional samples
samples (optimally doped ith ~ (.15 or slightly over. ~ [BXTLRES T b Seme S B, nsel (3 hows 0
doped Wit,hx =~ 0.16) all showing similar resul.ts. In VIC of one sample at still higher resolﬂtién.
the following we present typical results obtained for
samples of type (b). These samples had the same criti-
cal temperaturg,. = 21.3 K. They were slightly over- decreases in a characteristic way with increasing magnetic
doped(x = 0.16). The resistive transition is shown in field. On their upper end all curves approach the normal
inset (a) of Fig. 2 for one sample. The resistivity val- state resistive behavior. In Fig. 2 we present data for the
ues at 295 and 30 K werg(295 K) = 128 uQ) cm and lower voltages at higher voltage resolution for the same
p(30 K) = 18 u{) cm, respectively. bridge as shown in Fig. 1 and for two additional bridges
The most interesting novel feature of our results is thg7 = 1.92 K; B = 1300 mT). The three bridges were
observation of a characteristic step structure of the voltagkabricated from the same epitaxial flm encompassing
current characteristic (VIC) in the superconducting mixedangles of 60 and 120, respectively, with each other (see
state. In Fig. 1 we show a series of VIC's measurednset of Fig. 4 below). Aside from some details, the main
at T = 1.92 K at different magnetic fields in the range features of the step structure are very similar. The first
B = 800-4000 mT. From right to leftB is increased in step always appeared at a finite voltage [see inset (b) of
100 mT stepgB = 800—1800 mT), and then for 2000— Fig. 2 and the inset of Fig. 3].
4000 mT in 500 mT steps. FaB = 1000 mT we see The VIC's measured for the three sections of bridge
a distinct voltage step, which splits into two steps at3 (see inset of Fig. 1) are shown separately in Fig. 3
higher magnetic fields. The magnitude of these stepél' = 1.92 K, B = 1100 mT). In addition to the voltages
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FIG. 3. VoltagesV;, V,, V; of the three sections of one sample, and the total voltigeplotted versus currentB =
1100 mT, T = 1.92 K). The inset shows the VIC’s at higher voltage resolution.
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V1, Va, V3, we also display the total measured voltage  on hot spots would have difficulties with the fact that the
Again, the inset shows the VIC's at higher resolution.resistance steps are observed only if the sample is im-
The voltageVr is seen to represent the superpositionmersed in superfluid helium. Instead, it appears that we
of the voltages from the three sections. The two majoiare dealing with an intrinsic effect. These arguments are
voltage steps as the main features in the three sectiossipported by the fact that the step structure in different
are very similar, the VIC’s being only slightly shifted samples or in the three sections of the same sample is
with respect to each other along the current axis. It imearly identical. We propose that the observed instabil-
interesting that the geometric separation of our bridge&ty results from the nonlinear increase of the DOS with
into three individual sections appears to promote théncreasing distancg¢s — er| available for quasiparticle
formation of a single dissipative domain in each section. scattering above and below the Fermi energy. Here we

The step structure in the resistive voltage suggests thefer to the spatially averaged DOS in the superconduct-
presence of an instability, and one expects hysteresifng mixed state. This has been discussed quasiclassically
Indeed, in our current-biased measurements we alwayis the pure limit many years ago [13,14]. The energy de-
found hysteretic behavior, if the current is raised abovependence of the DO®%/(¢) has been found to increase
the value where a voltage step appears, and subsequensiymmetrically with respect to the Fermi energy. As
is lowered again. Typical examples are shown in Fig. 4. essential ingredients of our model we assume that in the

It is important to note that the detailed step structurepresence of the electric fieldd (generated by vortex mo-
seen in Figs. 1-4 can be observed only if the sampléion) the quasiparticle distribution is strongly shifted away
is immersed in superfluid helium, i.e., below the from equilibrium; i.e., the clean or superclean limit is
point. Apparently, heating effects can easily wash out thevalid. Further we assume that the energy dependence of
detailed structure of the VIC's. Above th& point the the DOS of the static vortex lattice survives in a moving
VIC's do not show distinct steps any more. However,vortex lattice and the presence of an electric field. The
in superfluid He the detailed features are robust andatter assumption appears reasonable if the vortex lattice
exactly reproducible if the direction of the current and/moves, coherently, as can be expected for large vortex
or magnetic field is reversed, or if the measurements areelocities.
repeated from one day to the next. Measurements of the In the presence of the electric field and in the low-
derivativedV /ol using a modulation amplitude @6 uA  temperature limitl' << A/kp the energy of the quasipar-
and a modulation frequency 1-50 kHz precisely confirnticles is shifted away fronar by the amountFvpr
the detailed shape of the VIC's.

The experimental facts that we have described so far
strongly suggest that we are dealing with a novel type
of electronic instability affecting the flux-flow resistance. (vg = Fermi velocity,r = quasiparticle scattering time).
Turning to the explanation of our results it appears diffi-Here + (—) refers to the electrons (holes). With increas-
cult to relate the observed step structure in the flux floning electric field more and more states above (below) the
resistance to extrinsic effects and sample inhomogeneitysermi energy become populated (depopulated). This may
such as pinning, hot spot generation, etc. A model basealso be described by a field-dependent effective tempera-
ture 7™ of the quasiparticles. Because of the energy
shift of the quasiparticles expressed in Eg. (1) and the
increase of the DOS with increasing distaniee— &f|
discussed above, the phase spade) for quasiparticle
scattering increases witfi, and the resistivityy becomes

e =¢gp * eFupT Q)
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field dependent:p(F) ~ N(e). Here, for simplicity, we
have considered only the contribution of the quasiparticles
moving in the field direction. This is illustrated schemati-
cally in Fig. 5, where we have taken the functional depen-
denceN (&) such that two steps in the VIC are generated,
similar to our experimental observations. The two steps
result from the shoulder in the DOS. If this shoulder were
absent, only a single step would appear. We emphasize
that our explanation of the step structure requires a non-
linear increase ofV(e) with |e — e¢|, which emerges
from the theoretical treatments performed up to now
[13,14]. The functionN(e) is expected to depend sen-

sitively on the intervortex distance and, hence, on the flux
densityB. Therefore, the flux-flow resistance steps should
also display a sensitivB dependence, in agreement with
our observations.

FIG. 4. VoltageV, versus current showing the typical hys-
teresis. The arrows indicate the current sweep directiBn=
1300 mT, 7 = 1.92 K. The inset shows the film with three
bridges referred to in Fig. 2.
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F [arb. units ] function of current if the sample is immersed in superfluid
142 ! 2 3 4 > 612 helium. For explaining the underlying electronic instabili-
ties we propose a model based on the strongly energy-
dependent DOS available for quasiparticle scattering in
the superconducting mixed state for the clean limit.
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