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Intrinsic Flux-Flow Resistance Steps in the Cuprate SuperconductorNd22xCexCuOy
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We have observed a novel intrinsic step structure in the flux-flow resistance of epitaxialc-axis-
oriented films of Nd22xCexCuOy as a function of current at intermediate magnetic fieldsBc1 ø B ,

Bc2. 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
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In the cuprate superconductors the electronic structu
of the vortices in the mixed state is distinctly differ
ent from that in the classical superconductors, since
cuprates are characterized by an extremely small coh
ence lengthj and, therefore, reside in the clean or eve
superclean limit. The energy smearingd´ ­ h̄yt due
to the mean electronic scattering timet must be com-
pared with the energy gapD in the single particle ex-
citation spectrum and with the level spacingD2y´F of
the Andréev bound states in the vortex core. Hereh̄ is
Planck’s constant divided by2p and´F the Fermi energy.
In the “moderately clean” limit we haveD2y´F ø d´ ø
D, and in the “superclean” limitd´ ø D2y´F , whereas
D ø d´ represents the “dirty” limit. In the classical su
perconductors we deal almost exclusively with the dir
limit. In this case a vortex can be described simply by
normal cylinder of radiusj. In the cuprates such a simple
picture does not apply any more.

In this paper we report on flux-flow resistivity measure
ments in eqitaxialc-axis-oriented films of Nd22xCexCuOy

(NCCO) in the magnetic field regimeBc1 ø B , Bc2.
NCCO appears favorable for such experiments beca
of its relatively small pinning effects compared to othe
cuprates. There is strong experimental evidence that t
material represents a single-gaps-wave BCS type su-
perconductor [1–3]. Recently, in NCCO films we hav
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 contra
to our earlier measurements [4,5], our present experime
deal with the intermediate magnetic field regime whe
the interaction between vortices becomes important. He
with increasing electric current we observe a novel intri
sic step structure of the flux-flow resistance combined w
hysteretic behavior. We explain our results in terms of
strongly energy-dependent density of states (DOS) ava
able for scattering. In the spirit of the tight binding ap
proximation this energy-dependent DOS evolves at high
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magnetic fields from the energy spectrum of the isola
vortices [7–10].

Our experiments were performed with epitaxialc-axis-
oriented films of NCCO grown by molecular bea
epitaxy (MBE) on SrTiO3 substrates [11,12]. The film
thickness d was 90–100 nm. Two types of samp
geometries have been fabricated using standard p
tolithography: (a) microbridges in four-point geomet
with the dimensionsw ­ 20 mm, L ­ 200 mm, and
w ­ 40 mm, L ­ 300 mm sw ­ width, L ­ lengthd;
(b) microbridges with four voltage leads of30 mm
width placed along the bridge with a spacing of100 mm
(total length between outer voltage leadsL ­ 360 mm,
w ­ 40 mm). This second type allows one to study th
three sections of the same bridge separately. Its geom
is shown schematically in the inset of Fig. 1. We deno
the voltage of the three sections of the bridgeV1, V2, and
V3, respectively (V2 represents the middle section), an
the total voltage of all three sectionsVT (between the two
outer leads). For measuring the electric sample resista
Ag contact pads have been deposited on the NCCO fil

FIG. 1. VoltageVT plotted versus current at different mag
netic fields. From right to leftB is increased in 100 mT step
covering the rangeB ­ 800 1800 mT and in 500 mT steps for
2000–4000 mTsT ­ 1.92 Kd. The dotted line indicates the
normal-state resistance. The inset shows the sample geo
try of type (b).
© 1998 The American Physical Society
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and two 0.1 mm diameter Al wires were bonded to ea
pad. During all experiments the samples were immers
in liquid helium in order to minimize effects from Joule
heating. The temperature was lowered below 4.2 K
pumping. Its value was obtained from the vapor pressu
of the He bath. A superconducting magnet served f
generating a magnetic field perpendicular to the fil
plane, i.e., parallel to thec axis of the NCCO.

In our measurements we have swept the current a
slow rate of about 0.5 mAys, using a battery-powered
current source controlled with an external ramp gene
tor. The voltage signal was amplified by an SRS mod
SR 560 preamplifier and recorded with a personal co
puter, using an analog-to-digital converter driven wit
a sampling rate of 50 Hz. After each change of th
magnetic field we have swept the current up to th
normal conducting region to minimize effects from mag
netic hysteresis. We have investigated a total of 9 NCC
samples (optimally doped withx ø 0.15 or slightly over-
doped with x ø 0.16) all showing similar results. In
the following we present typical results obtained fo
samples of type (b). These samples had the same c
cal temperatureTc ­ 21.3 K. They were slightly over-
doped sx ø 0.16d. The resistive transition is shown in
inset (a) of Fig. 2 for one sample. The resistivity va
ues at 295 and 30 K werers295 Kd ­ 128 mV cm and
rs30 Kd ­ 18 mV cm, respectively.

The most interesting novel feature of our results is th
observation of a characteristic step structure of the volta
current characteristic (VIC) in the superconducting mixe
state. In Fig. 1 we show a series of VIC’s measure
at T ­ 1.92 K at different magnetic fields in the range
B ­ 800 4000 mT. From right to leftB is increased in
100 mT stepssB ­ 800 1800 mTd, and then for 2000–
4000 mT in 500 mT steps. ForB # 1000 mT we see
a distinct voltage step, which splits into two steps
higher magnetic fields. The magnitude of these ste
FIG. 3. VoltagesV1, V2, V3 of the three sections of one sample, and the total voltageVT plotted versus currentsB ­
1100 mT, T ­ 1.92 Kd. The inset shows the VIC’s at higher voltage resolution.
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FIG. 2. VoltageVT plotted versus current at higher voltage
resolution at B ­ 1300 mT and T ­ 1.92 K for the same
sample as shown in Fig. 1 and for two additional sampl
fabricated from the same epitaxial film. Inset (a) shows th
resistive transition curve of one sample. Inset (b) shows t
VIC of one sample at still higher resolution.

decreases in a characteristic way with increasing magne
field. On their upper end all curves approach the norm
state resistive behavior. In Fig. 2 we present data for t
lower voltages at higher voltage resolution for the sam
bridge as shown in Fig. 1 and for two additional bridge
sT ­ 1.92 K; B ­ 1300 mTd. The three bridges were
fabricated from the same epitaxial film encompassin
angles of 60± and 120±, respectively, with each other (see
inset of Fig. 4 below). Aside from some details, the ma
features of the step structure are very similar. The fi
step always appeared at a finite voltage [see inset (b)
Fig. 2 and the inset of Fig. 3].

The VIC’s measured for the three sections of bridg
3 (see inset of Fig. 1) are shown separately in Fig.
sT ­ 1.92 K, B ­ 1100 mTd. In addition to the voltages
2995
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V1, V2, V3, we also display the total measured voltageVT .
Again, the inset shows the VIC’s at higher resolution
The voltageVT is seen to represent the superpositio
of the voltages from the three sections. The two maj
voltage steps as the main features in the three secti
are very similar, the VIC’s being only slightly shifted
with respect to each other along the current axis. It
interesting that the geometric separation of our bridg
into three individual sections appears to promote t
formation of a single dissipative domain in each section

The step structure in the resistive voltage suggests
presence of an instability, and one expects hystere
Indeed, in our current-biased measurements we alw
found hysteretic behavior, if the current is raised abo
the value where a voltage step appears, and subseque
is lowered again. Typical examples are shown in Fig. 4

It is important to note that the detailed step structu
seen in Figs. 1–4 can be observed only if the samp
is immersed in superfluid helium, i.e., below theL
point. Apparently, heating effects can easily wash out t
detailed structure of the VIC’s. Above theL point the
VIC’s do not show distinct steps any more. Howeve
in superfluid He the detailed features are robust a
exactly reproducible if the direction of the current and
or magnetic field is reversed, or if the measurements
repeated from one day to the next. Measurements of
derivative≠Vy≠I using a modulation amplitude of10 mA
and a modulation frequency 1–50 kHz precisely confir
the detailed shape of the VIC’s.

The experimental facts that we have described so
strongly suggest that we are dealing with a novel typ
of electronic instability affecting the flux-flow resistance
Turning to the explanation of our results it appears diffi
cult to relate the observed step structure in the flux flo
resistance to extrinsic effects and sample inhomogene
such as pinning, hot spot generation, etc. A model bas

FIG. 4. VoltageV2 versus current showing the typical hys
teresis. The arrows indicate the current sweep direction.B ­
1300 mT, T ­ 1.92 K. The inset shows the film with three
bridges referred to in Fig. 2.
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on hot spots would have difficulties with the fact that th
resistance steps are observed only if the sample is
mersed in superfluid helium. Instead, it appears that
are dealing with an intrinsic effect. These arguments a
supported by the fact that the step structure in differe
samples or in the three sections of the same sample
nearly identical. We propose that the observed instab
ity results from the nonlinear increase of the DOS wit
increasing distancej´ 2 ´F j available for quasiparticle
scattering above and below the Fermi energy. Here
refer to the spatially averaged DOS in the supercondu
ing mixed state. This has been discussed quasiclassic
in the pure limit many years ago [13,14]. The energy d
pendence of the DOSNs´d has been found to increase
symmetrically with respect to the Fermi energy´F . As
essential ingredients of our model we assume that in
presence of the electric fieldF (generated by vortex mo-
tion) the quasiparticle distribution is strongly shifted awa
from equilibrium; i.e., the clean or superclean limit i
valid. Further we assume that the energy dependence
the DOS of the static vortex lattice survives in a movin
vortex lattice and the presence of an electric field. T
latter assumption appears reasonable if the vortex latt
moves, coherently, as can be expected for large vor
velocities.

In the presence of the electric fieldF and in the low-
temperature limitT ø DykB the energy of the quasipar-
ticles is shifted away froḿF by the amounteFyFt

´ ­ ´F 6 eFyFt (1)

(yF ­ Fermi velocity,t ­ quasiparticle scattering time).
Here1 s2d refers to the electrons (holes). With increas
ing electric field more and more states above (below) t
Fermi energy become populated (depopulated). This m
also be described by a field-dependent effective tempe
ture Tp of the quasiparticles. Because of the energ
shift of the quasiparticles expressed in Eq. (1) and t
increase of the DOS with increasing distancej´ 2 ´F j
discussed above, the phase spaceNs´d for quasiparticle
scattering increases withF, and the resistivityr becomes
field dependent:rsFd , Ns´d. Here, for simplicity, we
have considered only the contribution of the quasiparticl
moving in the field direction. This is illustrated schemat
cally in Fig. 5, where we have taken the functional depe
denceNs´d such that two steps in the VIC are generate
similar to our experimental observations. The two ste
result from the shoulder in the DOS. If this shoulder we
absent, only a single step would appear. We emphas
that our explanation of the step structure requires a no
linear increase ofNs´d with j´ 2 ´F j, which emerges
from the theoretical treatments performed up to no
[13,14]. The functionNs´d is expected to depend sen
sitively on the intervortex distance and, hence, on the fl
densityB. Therefore, the flux-flow resistance steps shou
also display a sensitiveB dependence, in agreement wit
our observations.
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FIG. 5. Dashed line: Normalized DOSNs´dyN0 plotted
versuss´ 2 ´FdyD. This curve is numerically taken such tha
it yields the VIC with two hysteretic voltage steps shown b
the solid line and using the proportionalityI , FyNsss´sFdddd.

From our model and the previous theoretical wo
[13,14], the strongly nonlinear behavior (instability) ofF
is expected forj´ 2 ´F j ­ eFyFt ø D. Taking D ­
4 meV [15] and yF ­ 107 cmys [16] for NCCO and
using the valueVT ø 200 mV for the appearance o
the upper voltage step (see Figs. 1 and 2), we ob
t ­ 6 3 10211 s. This value appears reasonable in vie
of the energy relaxation timet´ ­ 59 3 10211 s found
earlier near 1.7 K from a study of the Kramer Pesch eff
in the low-field limit [4,5]. Regarding the lower voltag
step appearing atVT ø 200 mV such an estimate presen
some problem. However, it may be possible that t
Kramer Pesch effect survives at the intermediate magn
fields [17] or that the first step is associated with t
minigap, yielding the conditioneFyFt ø D2y2´F . Then
a shoulder inNs´d such as shown in Fig. 5 may aris
from such an origin. Our simplified model can provid
a principle understanding of the underlying physic
However, other mechanisms, i.e., symmetry changes
the vortex lattice, may be involved. Clarification o
this matter clearly requires further experimental a
theoretical work.

In summary, a novel intrinsic step structure in the flu
flow resistivity of NCCO films has been observed as
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function of current if the sample is immersed in superflu
helium. For explaining the underlying electronic instabi
ties we propose a model based on the strongly ener
dependent DOS available for quasiparticle scattering
the superconducting mixed state for the clean limit.
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