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Flux-flow resistance in the cuprate superconductor Nd2ÀxCexCuOy : Spatial domains
and spontaneous oscillations
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Under quasi-voltage-bias, time-averaged measurements in epitaxialc-axis-oriented films of Nd22xCexCuOy

~NCCO! show the nucleation and growth of a high-electric-field domain. Time-resolved resistance measure-
ments indicate spontaneous oscillations, apparently due to a breathing movement of the domain boundary.
During the experiments the samples were immersed in superfluid helium at 1.92 K. The observed nonlinear
phenomena suggest a strong electric-field dependence of the quasiparticle scattering rate. Since the symmetry
of the pair wave function affects the electronic structure of the quasiparticle system, the correct symmetry in
NCCO represents a crucial input of a model for explaining these observations.
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I. INTRODUCTION

Recently, we have reported the observation of an intrin
hysteretic step structure of the flux-flow resistance under
rent bias in epitaxialc-axis oriented films of the cuprate su
perconductor Nd22xCexCuOy ~NCCO! at intermediate mag
netic fields Bc1!B,Bc2 .1 Under quasi-voltage bias
negative differential resistance~NDR! and spontaneous resis
tance oscillations were found.2,3 During measurements, th
samples were imbedded in liquid helium, mostly in sup
fluid helium, i.e., atT,2.17 K. The underlying instability
appears to be due to a characteristic electric-field depend
of the flux-flow resistance resulting from the electronic stru
ture of the vortex system in the mixed state.4 NCCO is an
electron-doped superconductor. For some time the exp
mental evidence indicated ans-wave symmetry of the pai
wave function in NCCO.5–10 However, recently evidence o
d-wave symmetry has also been reported, including a
tailed discussion of this symmetry issue.11,12 Clearly, the
symmetry of the pair wave function plays a crucial role
the development of a model for explaining the observed
stabilities of the flux-flow resistance of NCCO.

In our previous discussion3,13–15 we proposed a mode
based on the existence of two narrow subbands between
Fermi energy and the gap energy. These subbands dev
from Andreev bound states in the core of an isolated vor
if the vortex interaction becomes important and the bou
state wave functions of two neighboring vortices overlap.
an electric field generated by vortex motion, the quasipa
cles in the narrow subbands can be shifted energetically
to the band edge, such that Bragg reflection and Bloch os
lations occur. This mechanism for generating the instabili
and NDR in NCCO appears to be favorable if the pair wa
function shows ans-wave symmetry.

In a more general second model, instead of the subb
structure we have assumed that in the quasiparticle densi
states~DOS! steps appear as a function of energy betwe
the Fermi energy and the gap energy.1,4,16 Since the DOS
provides the phase space available for quasiparticle sca
ing, the electric-field-induced quasiparticle energy shift lea
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to a field dependence of the electric resistance and, henc
the observed nonlinear behavior. This second model app
attractive in thed-wave case. Since this model is more ge
eral, and sinced-wave symmetry now appears likely i
NCCO,11,12 we concentrate our discussion on the seco
model.

In this paper we report on spatially and temporally r
solved flux-flow resistance measurements in NCCO fil
performed under quasi-voltage bias. Spatial discriminat
was achieved by placing a series of voltage leads along
sample. In this way the nucleation and growth of a hig
electric-field domain was observed. In addition, in the ND
regime we observed spontaneous flux-flow resistance o
lations which apparently are due to a breathing movemen
the domain boundary.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

Details of the experimental techniques are described
Refs. 1 and 3. In the following we summarize the essen
points. The samples were epitaxialc-axis-oriented films of
the cuprate superconductor Nd22xCexCuOy close to opti-
mum doping (x50.15). The different samples had a critic
temperature in the rangeTc523.4– 24.0 K with a transition
width of typically dTc50.6– 0.8 K. At 30 K the electric re-
sistivity values were in the range r(30 K)
520.2– 26.3mV cm. The thin-film bridges had the follow
ing geometry: width w540mm and thickness d
590– 100 nm. Four voltage leads were placed along
bridges as shown in the inset of Fig. 3. The inner dista
between two neighboring leads wasLi5100mm, and be-
tween the two outer leadsLo5360mm. The current leads
were attached further outside the outer voltage leads. Du
the flux-flow resistance measurements the samples were
mersed in superfluid helium~in order to minimize the influ-
ence of Joule heating! kept at the temperatureT51.92 K. A
superconducting magnet served for applying a magnetic fi
parallel to thec axis of the films.

In addition to current-biased measurements, the domin
part of the experiments was performed using quasi-volt
bias, as described in Ref. 3. For clarity, the circuit of t
©2001 The American Physical Society11-1
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latter measurements is shown schematically in Fig. 1.
sample is indicated by the three resistorsR12, R23, andR34,
representing the three sections defined by the four volt
leads ~see the inset of Fig. 3!. The resistanceRI
5100– 300 mV in series with the sample yields the samp
currentI by detecting the voltage drop alongRI . The shunt
resistanceRS51 – 3V provides the quasi-voltage bias of th
sample.RI is placed in the liquid helium together with th
sample.RS is located outside the liquid helium, since it mu
carry electric currents up to 2 Å.

III. SPATIALLY RESOLVED MEASUREMENTS:
GROWTH OF A HIGH-ELECTRIC-FIELD DOMAIN

A typical series of voltage-current characteristics~VIC’s!
measured at 1.92 K and different magnetic fields is show
Fig. 2. From right to left the magnetic field increases fro
1000 to 3000 mT in 400-mT steps. The sample geometr
indicated in the inset of Fig. 3. The voltage plotted in Fig
is the total voltage between the outer voltage leads, i.e.,
sum of the voltages of the three sample sections:V5V12
1V231V34 ~plus a small contribution from the sample se
tions occupied by the two inner voltage leads!. The black
curves refer to current-biased measurements for increa
current, whereas the gray curves were measured using q
voltage bias for increasing voltage. Whereas a large fl
flow resistance step appears in the curves for current bia
the voltage-biased curves this step is replaced by a branc

FIG. 1. Circuit for the quasi-voltage-biased measurements. F
ther details are given in the text.

FIG. 2. Typical VIC’s atT51.92 K. From right to left the mag-
netic field increases from 1000 to 3000 mT in 400 mT steps. T
plotted voltage is the sum of the voltages of the three sample
tions:V5V121V231V34 ~plus a small contribution from the samp
sections occupied by the two inner voltage leads!. Black curves:
current bias with increasing current. Gray curves: quasi-volta
bias for increasing voltage. The inset shows, schematically, the
teresis of the current-biased measurements.
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NDR. The voltage steps of the current-biased curves or
nate exactly at thelower end of the NDR regions observe
for quasi voltage bias. On the other hand, fordecreasing
current the voltage steps for current bias were found to s
exactly at theupperend of the NDR regions. In this way th
hysteretic step structure for current bias is established.
clarity the curves for decreasing current are not included
Fig. 2. However, the hysteretic behavior is indicated sc
matically in the inset. We emphasize that perfect voltage b
~with zero load resistance and a horizontal load line in F
2! is impossible because of the small input impedance of
samples and the finite load resistance. Due to this limitat
the NDR branch associated with the lower voltage step
pearing at a much smaller onset voltage of about 15mV
~Ref. 1! could not be observed separately.

Next we turn to the spatially resolved flux-flow resistan
measurements made possible with the sample geom
shown in the inset of Fig. 3. In the main part of this figure w
show typical results forT51.92 K and B5800 mT. The
quasi-voltage bias was applied with the voltage increas
using the circuit displayed in Fig. 1. The nucleation of t
high-electric-field domain is seen to start in section 12.
this section the VIC first displays the negative slope of
load line, and above about 50–70 mV it turns upward with
steeper negative slope. Up to the valueV12'150 mV the
voltages in the other two sample sections remain undet
able on this plot.~We will discuss the results obtained und
much higher voltage resolution further below.! At I
'54 mA, section 23 shows the first appearance of resista
leading to a kink in theV12(I ) curve due to the overall volt-
age bias. In the current range belowI'53.5 mA the curve
V23(I ) develops a steep negative slope simultaneously w
the appearance of a minimum ofV12(I ). Section 34 becomes
resistive below aboutI'52 mA. Simultaneously with the
steep negative slope ofV34(I ), a second minimum inV12(I )
and a kink inV23(I ) appears. The detailed pattern of all thr
curves in Fig. 3 can be well understood from the over
voltage bias of the sum of the three voltagesV12, V23, and
V34. The other important conclusion from the results sho
in Fig. 3 is the fact that asingle high-electric-field domainis

r-

e
c-

-
s-

FIG. 3. Spatially resolved voltage measurements. VIC’s of
three sample sections:V12 ~solid square!, V23 ~open circle!, andV34

~cross! vs current atT51.92 K andB5800 mT. The inset shows
the sample geometry.
1-2
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FLUX-FLOW RESISTANCE IN THE CUPRATE . . . PHYSICAL REVIEW B 63 144511
nucleated initially in section 12 and subsequently grows
fill the next section and then the second to next sect
Reversing the electric current kept the three voltages in
3 exactly the same. This apparently indicates that the dom
nucleation site represents a sample inhomogeneity, and
the growth process of the domain in not affected by the c
rent direction. In this context we note that, in principle, t
nearly simultaneous nucleation of several or many hi
electric-field domains in the three sample sections also m
have been possible. However, such a scenario is cle
eliminated by our experiments.

From Fig. 3 we see that there exist two small curre
intervals where the data are relatively noisy and where
V12(I ) curve turns over showing a positive slope. It appe
likely that this noisy behavior is due to the spontaneous
cillations of the flux-flow resistance discussed in Sec.
and interpreted as a breathing movement of the dom
boundary. The noisy current intervals in Fig. 3 coincide w
the current region at which the growing high-electric-fie
domain just enters the next section of the sample. Hence
spontaneous current oscillations apparently lead to an
creased noise level if the domain boundary is located n
the border between two sample sections. We will return
this subject in Sec. IV.

Next we discuss the results obtained at muchhigher volt-
age resolution. In Fig. 4 we show the voltagesV12, V23, and
V34 of the three sample sections versus current atT

FIG. 4. Spatially resolved voltage measurements.V12 ~solid
square!, V23 ~open circle!, andV34 ~cross! vs current atT51.92 K
andB51000 mT. The voltage resolution is more than a factor 14

higher than in Fig. 3.~a! and~b! refer to opposite current direction
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51.92 K andB51000 mT for the same sample as in Fig.
The voltage resolution is now increased by a factor lar
than 104 and, again, quasi-voltage bias is applied. In order
demonstrate the high reproducibility for opposite current
rections, in Figs. 4~a! and 4~b!, respectively, the results fo
both current directions are displayed separately. We see
the resistive behavior in the three sample sections is inde
dent of the current direction. With increasing current t
three sample sections show the onset of a resistive voltag
about the same current, and initially the three VIC’s of t
individual sections are quite similar. This behavior agre
exactly with our previous results obtained under curr
control.1 At V'0.005 mV in section 12, a high-electric-fiel
domain nucleates, and the voltageV12(I ) increases rapidly
with a steep negative slope. Due to the quasi-voltage bias
current decreases, and sections 23 and 34 return to the
voltage state. Only at a much higher voltageV12, when the
high-field domain enters section 23, does the voltageV23
increase rapidly. The same occurs again for section 34
voltageV34, when the high-electric-field domain enters se
tion 34, and now we are back to our discussion of Fig. 3

At T51.92 K we have performed quasi-voltage-bias
measurements for two samples with the geometry show
the inset of Fig. 3, at different magnetic fields in the ran
B5600– 1200 mT. The results were qualitatively similar
those of Figs. 3 and 4.

As we have seen from our discussion of the results
Figs. 3 and 4, under quasi-voltage bias a high-electric-fi
domain is nucleated at one end of the sample, which su
quently grows until it extends over the total sample leng
This domain growth is also clearly indicated if the resistan
R5V/I is calculated for the voltage biased curves in Fig.
and is plotted versus the voltageV. This plot is shown in Fig.
5. On the low-voltage end all curves turn into nearly straig
lines passing through the origin. This is very consiste
with the growth of a single high-electric-field domain fro
one end of the sample to the other. Initially the slope of
curves increases nearly in proportion toB, as also shown in
the inset, where the resistanceR at V5120 mV is plotted
versusB. On the high-voltage end all curves turn over a
proaching a common saturation valueR'15V, which is

FIG. 5. ResistanceR5V/I calculated for the quasi-voltage
biased curves of Fig. 2 plotted vs the voltage. The inset showsR at
V5120 mV vsB.
1-3
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identical to the normal resistance obtained from the plo
Fig. 2 for I 590 mA.

The high-electric-field domain indicated by our spatia
resolved flux-flow resistance measurements apparently
resents a sample region with a strongly increased flux-fl
velocity. In principle, the necessary shearing of the vor
lattice at the location where the vortex velocity changes
occur within the distance of a single vortex lattice consta
This stationary appearance of the high-field domain in
mixed state of NCCO is distinctly different from the runnin
behavior of the high-field domains due to the Gunn effec
semiconductors.

As we see from Fig. 2, the hysteresis of the VIC
strongly decreases with increasing magnetic field. This
be qualitatively understood from our earlier discussion of
underlying electric-field dependence of the flux-flo
resistance.4 Our argument is described schematically in F
6, extending this earlier discussion. If the resistivityr dis-
plays the step structure as a function of the electric fieldF
indicated by the solid line, under current bias for increas
current the resistivity jumps from pointA to pointB, and for
decreasing current from pointC to pointD. PointA ~point C!
represents the value where ther(F) curve is touched from
below ~above! by the dashed~dotted! straight line passing
through the origin. PointB ~point D! represents the crossin
point of the dashed~dotted! straight line with ther(F)
curve. As we discussed in Refs. 1, 4, and 16, the step in
r(F) dependence is likely to appear at the fieldF at which
the quasiparticle energy is shifted fromeF to eF6D because
of the nonequilibrium distribution in the fieldF (eF
5Fermi energy;D is the superconducting energy gap!. Near
eF6D the energy dependence of the quasiparticle D
shows a distinct increase of the DOS with energy. Since
DOS provides the phase space available for scattering,
quasiparticle energy shift results in the electric-field dep
dence of the resistivity indicated schematically in Fig.
With increasing magnetic field the limiting resistivity value
r(F→0) are expected to increase, as indicated by the shi
horizontal curve sections markedB1 , B2 , and B3 , respec-
tively, with B1,B2,B3 . Points A–D have been con-
structed above based on curve sectionB1 . If this construc-
tion is repeated for sectionsB2 and B3 , one sees
immediately that with an increasing value of the limitr(F

FIG. 6. Electric-field-dependent resistivityr(F) yielding a non-
linear VIC displaying NDR and hysteresis. The different curve s
tions markedB1 , B2 , andB3 , respectively, schematically indicat
the low-electric-field limit for increasing magnetic field (B1,B2

,B3).
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→0) the magnitude of the step in ther(F) dependence is
reduced, pointB(D) moves to a lower~higher! electric field
F, and the hysteresis of the VIC’s strongly decreases. Th
indicated exactly by the data of Fig. 2.

IV. SPONTANEOUS OSCILLATIONS OF THE FLUX-
FLOW RESISTANCE

In Sec. III we dealt exclusively withtime-averagedmea-
surements. Next we turn totime-resolvedexperiments for
observing spontaneous oscillations of the flux-flow res
tance. The measuring circuit was the same as before. H
ever, the voltages along the sample and along the resist
RI were recorded using a storage oscilloscope. Further, v
ous inductancesL were inserted into the circuit. This ex
tended circuit is shown schematically in Fig. 7.L represents
the inductance given by the wiring and the various indu
tances added to the circuit.Rc denotes the resistance of th
wiring which is given mostly by the contact resistance.
Fig. 7 only two voltage leads at the sample are shown
simplicity, although the four leads indicated in the ins
of Fig. 3 were available for studying the three sectio
separately.

Keeping the dc operating point on the NDR branch of t
VIC constant, we have observed two types of spontane
flux-flow resistance oscillations, depending on the indu
tanceL in the circuit. For the following results the magnet
field was kept atB51000 mT or below, where only a singl
large step or NDR branch appeared in the VIC’s. In Fig. 8~a!
we show typical current oscillations observed for small
ductance valuesL,Lmin , with Lmin5400mH. The frequen-
cies were in the rangef 510– 40 kHz, decreasing with in
creasing dc voltage, as seen in Fig. 8~b!. For L,Lmin the
frequency was independent ofL, as indicated in the inset o
Fig. 8~b!. This type of oscillation was observed only at tem
peratures below 2.17 K, where the samples were imbed
in superfluid helium. In the following we refer to this type a
structure limited oscillations~SLO’s!, since their temporal
behavior appears to be dominated by the domain structur
the sample, in this way representing an intrinsic property

The second type of oscillation was observed only if t
inductance L in the circuit exceeded the valueLmin
'400mH. An example is shown in Fig. 9~a!. The temporal
behavior is distinctly different from that of the SLO. Th
frequency is again in the kHz range. However, forV
,200 mV, it increases with increasing voltage@Fig. 9~b!#.
Further, the frequency depends on the inductance.2 This sec-
ond type of oscillations can also be observed at temperat

-

FIG. 7. Extended circuit of the quasi-voltage-biased measu
ments, including the inductanceL and the contact resistanceRc .
Further details are given in the text.
1-4
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T.2.17 K. We refer to this type as circuit limited oscilla
tions ~CLO’s!.

At higher voltages atT,2.17 K the temporal shape an
frequency of the second type of oscillations changes to
SLO type. In the voltage dependence of the frequency in
9~b! this change can be seen forV.200 mV. In the low-
voltage regime the CLO’s are superimposed by another
cillation with higher frequency and small amplitude@Fig.
9~a!#. Plotting the higher frequencies in Fig. 9~b!, we note
qualitatively good agreement with the SLO behavior. App
ently, for L.400mH both types of oscillations are superim
posed, with the CLO’s dominating atV,200 mV. Our clas-
sification of the spontaneous resistance oscillations in
mixed state of NCCO in terms of SLO’s and CLO’s is sim
lar to an earlier discussion of the dynamics of current fi
ments generated during avalanche breakdown inp-doped
germanium.17

A. Circuit-limited oscillations

By definition, CLO’s are oscillations generated by the
teraction between the measuring circuit and the VIC of

FIG. 8. ~a! Oscillatory part of the current vs time atT
51.92 K, B51.00 T, and dc voltageV5160 mV. A current offset
has been subtracted.L,Lmin5400mH. ~b! Frequencyf of the
spontaneous oscillation vs the dc voltageV for different values of
L<220mH as indicated.T51.92 K andB51.00 T. The inset indi-
cates the independence off uponL in the rangeL<220mH.
14451
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sample. The mechanism deals with global features suc
voltage, current, and resistance. It can be explained in te
of a simple model based on the circuit of Fig. 7 and t
following arguments. In Fig. 10 the sequential steps dur
an oscillatory cycle are indicated schematically. For simp
ity we have ignored the existence of a critical current due
flux-pinning. The low-Ohmic and high-Ohmic states of th
S-shaped VIC are linearized by means of the two Ohm
resistancesR1 and R2 , respectively. Starting from the low
Ohmic state ofR1 , by shifting the load line~dotted line!
current and voltage of the VIC are increased along
branch withR1 . All stable points are located at the intercep
I 1 and I 2 of the load line with the branches of the statesR1
and R2 , respectively. If the current exceeds the maximu
valueI t on the VIC, a transition to the higher Ohmic state
R2 takes place. Following the abrupt switch fromR1 to R2 ,
a relaxation process toward the next stable current valuI 2
sets in, which is dominated by the inductanceL. Now L acts
like a current source, effecting a ‘‘quasi-current-controlled
movement along the VIC with the typical exponential tim
dependence of anL-R circuit. At the currentI h another

FIG. 9. ~a! Oscillatory part of the current versus time atT
51.92 K, B51.00 T, dc voltageV540 mV, andL51470mH. A
current offset has been subtracted.~b! Frequencyf of the spontane-
ous oscillations vs the dc voltageV for two values ofL as indicated.
T51.92 K andB51.00 T. At V.200 mV the voltage dependenc
of f changes. The crosses indicate the higher-frequency compo
superimposed on the CLO mode and indicated by the arrows.
1-5
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switch fromR2 to R1 occurs. The subsequent relaxation pr
cess toward the next stable fixed pointI 1 ends atI t , where
the whole cycle starts again. The expected temporal cur
signal during this cycle is shown schematically in the inse
Fig. 10.

The relaxation times of the exponential time depende
of the relaxation process are proportional toL. Hence, the
frequency of the CLO is expected to show the proportion
ity f 5A/L, which is well confirmed by experiment.2,18 A
detailed analysis of the circuit of Fig. 7 using the given c
cuit parameters also yielded the correct magnitude of
proportionality constantA.18

From this mechanism we conclude that CLO’s repres
global oscillations of the sample, where localized dissipat
structures do not play any role. This is also well confirm
by the spatially and temporally resolved flux-flow resistan
measurements, as shown by the simultaneous recordin
the time-dependent voltages in the three sample section
typical example is presented in Fig. 11, together with
oscillatory sample current. For clarity the oscillatory volta
curves are shifted by 220 mV relative to each other. The
bias points wereV554 mV andI 560.7 mA. During these
measurements an external inductance of 1470mH was added
in series with the sample. The current indicated in the bott
trace shows the relaxation-type exponential behavior~see the
inset of Fig. 10!. The three voltage signals are seen to
exactly in phase. Furthermore, the maximum voltages
reached in the sample sections during the steeply decrea
part of the current oscillation. This part coincides with t
fraction of the cycle in which the sample resides in the hig
Ohmic state. During the increasing part of the current os
lation the voltage signal remains in themV range and, hence
is not resolved in the recordings of Fig. 11. We conclude t
Fig. 11 exactly shows the expected behavior. Finally,
note that the switching between the Low-ohmic and Hig
ohmic global states of the sample is sufficiently fast such
it does not show up in the form of an additional structure
the spatially and temporally resolved recordings of Fig. 1

FIG. 10. S-shaped VIC and schematics of the sequential s
during a cycle of the CLO. The inset shows the time dependenc
the current. Further details are given in the text.
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B. Structure-limited oscillations

SLO’s appear to be generated by a local mechanism le
ing to spatiotemporal structures in the sample. Again, imp
tant clues are expected from the spatially resolved meas
ment of the time-dependent flux-flow voltage. A typical ca
is presented in Fig. 12, together with the oscillatory sam
current. For clarity all oscillatory traces are shifted vertical
such that the vertical axes only yield the relative chang
The two vertical lines mark the phase of two subsequ
current maxima. The dc bias points wereV574 mV andI
546 mA. In contrast to the CLO’s, there now exists a d
tinct phase difference between the three voltage oscillatio
The phase of the voltageV12 is opposite to that of the two
other voltagesV23 andV34. Depending on the experimenta
parameters, other configurations of the relative phases o
three voltages have also been observed.

From the time-averaged and spatially resolved meas
ments in Sec. III, we have concluded that with increas

ps
of

FIG. 11. Spatially resolved voltagesV12, V23, and V34 ~solid
lines! and currentI ~dashed line, shifted vertically by an offset! vs
time for a typical CLO mode.T51.92 K, B5600 mT, dc voltage
V554 mV, the dc current is 60.7 mA, andL51470mH.

FIG. 12. Spatially resolved voltagesV12, V23, andV34 ~upper
three traces as indicated! and currentI ~bottom trace! versus time
for a typical SLO mode. All traces are shifted vertically by offse
T51.92 K, B51.00 T, the dc voltage is 74 mV, and the dc curre
is 46 mA.
1-6
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voltage a single high-electric-field domain gradually expan
from one end of the sample to the other. We interpret
spontaneous resistance oscillations in terms of a breat
movement of the domain boundary. The location of this d
main boundary then determines the phase behavior of
three sample sections. However, keeping in mind that v
age V12 in particular can show maxima and minima as
function of current~see Fig. 3!, the phase behavior of th
voltage oscillations in the three sample sections can be q
complex. The breathing movement of the domain bound
associated with the spontaneous current oscillations ap
ently results in an increased noise level of the time-avera
measurements of the VIC’s, if the domain boundary is
cated near the border between two sample sections~see Fig.
3, and its discussion in Sec. III!. In this case the details of th
measuring circuitry and electronics become important. A
tailed study of these points is beyond the scope of this pa

The dependence of the~peak to peak! amplitude and fre-
quency of the current oscillations on the time-averaged b
voltage is shown in Fig. 13 for a typical case. The amplitu
in the range 1–3 mA is small compared to the time-avera
current of 20–60 mA of the bias points on the VIC. At sm
voltages, upon the domain nucleation the amplitude stron
increases with the voltage, and then remains approxima
constant. When the bias point leaves the NDR regime of
VIC, the amplitude decreases again. The amplitude of
voltage oscillations shows qualitatively the same behav
with the maximum peak-to-peak amplitude of 10–20 m
being an order of magnitude smaller than the bias volta
The relatively small amplitude of the oscillations suppo
our interpretation in terms of a breathing movement of
domain boundary. As we see from Fig. 13, the frequen
decreases with increasing voltage.

The spontaneous oscillations we have observed in
flux-flow resistance of NCCO are highly similar to the res
tance oscillations observed recently in doped GaAs-A
semiconductor superlattices.19 For comparison, plots of the
frequency and amplitude of these current oscillations
functions of the voltage are shown in the inset of Fig. 1
Except for the jump at about 4.4 V, the features are simila

FIG. 13. Peak-to-peak amplitude~solid squares! and frequency
~open circles! of the current oscillations vs the dc bias voltage fo
typical case of SLO.T51.92 K andB51.00 T. For comparison
the inset shows a similar plot of Ref. 19 for spontaneous resista
oscillations in a doped GaAs-AlAs semiconductor superlattice.
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our observations in NCCO. The oscillations in the semico
ductor superlattice have been interpreted in terms o
breathing mode of a high-electric-field domain.19

Returning to the dependence of the oscillation freque
on the voltage shown in Figs. 8, 9, and 13, we note that
the NDR regime, where these data were taken, the cur
decreases with increasing voltage. In Fig. 14 the freque
data of Fig. 13 are plotted versus the current. The freque
is seen to increase nearly linearly with the current. T
straight line drawn through the points extrapolates to z
frequency at an offset current of about 26.5 mA. The dev
opment of a model for explaining this current dependence
the oscillation frequency needs further experimental and
oretical investigations.

V. SUMMARY AND CONCLUSIONS

The flux-flow resistance in epitaxialc-axis-oriented films
of NCCO has been studied at 1.92 K, with the samples
mersed in superfluid helium. Under quasi-voltage bias
branch with NDR appears in the VIC, suggesting a p
nounced electric-field dependence of the flux-flow resistan
The extension of this NDR branch increases with decreas
magnetic field. Spatially resolved and time-averaged re
tance measurements show that in the NDR regime of
VIC a single high-electric-field domain, nucleated on o
end of the sample, with increasing voltage, grows from t
end of the sample to the opposite end. This nucleation
growth process was found to be independent of the elec
current direction. The generation of the high-electric-fie
domain is explained by a quasiparticle energy shift in
electric field, reaching a value near the energy gap where
quasiparticle DOS and, hence, the phase space availabl
scattering, strongly increase with energy. From this mo
the magnetic-field dependence of the hysteresis can als
understood.

Performing time-resolved resistance measurements in
NDR regime, two types of spontaneous oscillations are
served. The first type~CLO! is a global switching oscillation
where the total sample oscillates between high-Ohmic

ce FIG. 14. Frequency data of Fig. 13 plotted vs the dc bias c
rent.
1-7
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low-Ohmic states. For this type to appear, an inductancL
above a specific minimum value must be placed in se
with the sample. The frequencyf then shows the proportion
ality f ;L21, and the current follows the typical relaxatio
behavior of aL-R circuit. The second type~SLO! is not
affected by an external inductance below the minimum va
mentioned above added to the circuit. It is interpreted
terms of a breathing movement of the domain boundary
contrast to the CLO, in the SLO the individual voltage osc
lations in the three sections show distinct phase differen
The phase behavior of the three sample sections is d
mined by the location of the domain boundary in the samp

It appears to be the distinct energy dependence of
quasiparticle scattering rate which results in the highly n
ev

B

w

-

L.

i,

.

y-
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linear behavior of the flux-flow resistance and in the gene
tion of spatiotemporal structures during the flux-flow proce
in NCCO. Since the symmetry of the pair wave functio
strongly affects the electronic structure of the quasipart
system, the correct symmetry represents a crucial input
model for explaining the observed electric-field depende
of the flux-flow resistance.
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