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Flux-flow resistance in the cuprate superconductor Ngd_,Ce,CuO,: Spatial domains
and spontaneous oscillations
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Under quasi-voltage-bias, time-averaged measurements in epiteié-oriented films of Ng_,Ce CuQ,
(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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[. INTRODUCTION to a field dependence of the electric resistance and, hence, to
the observed nonlinear behavior. This second model appears
Recently, we have reported the observation of an intrinsi@ttractive in thed-wave case. Since this model is more gen-
hysteretic step structure of the flux-flow resistance under cureral, and sinced-wave symmetry now appears likely in
rent bias in epitaxiat-axis oriented films of the cuprate su- NCCO;*** we concentrate our discussion on the second
perconductor Ngl_,CeCuQ, (NCCO) at intermediate mag- model. _ _
netic fields B, <B<B.,.! Under quasi-voltage bias, In this paper we report on spatially and _temporally_re-
negative differential resistan¢8DR) and spontaneous resis- S0lved flux-flow resistance measurements in NCCO films
tance oscillations were fourf During measurements, the Performed under quasi-voltage bias. Spatial discrimination
samples were imbedded in liquid helium, mostly in super-Was achieved by placing a series of voltage leads along the

fluid helium, i.e., atT<2.17 K. The underlying instability sample. In this way the nucleation and growth of a high-

appears to be due to a characteristic electric-field dependen%ecmc'f'eld domain was observed. In addition, in the NDR

£ the fluxc] ist iting f the electronic st gime we observed spontaneous flux-flow resistance oscil-
ot the Tix-flow resistance resutting rom the electronic stries ons which apparently are due to a breathing movement of
ture of the vortex system in the mixed st&tBlCCO is an

X the domain boundary.
electron-doped superconductor. For some time the experi-

mental evidence indicated awave symmetry of the pair
wave function in NCCO° However, recently evidence of
d-wave symmetry has also been reported, including a de- Details of the experimental techniques are described in
tailed discussion of this symmetry isstfe? Clearly, the Refs. 1 and 3. In the following we summarize the essential
symmetry of the pair wave function plays a crucial role inpoints. The samples were epitax@bxis-oriented films of

the development of a model for explaining the observed inthe cuprate superconductor NgCegCuQ, close to opti-
stabilities of the flux-flow resistance of NCCO. mum doping &=0.15). The different samples had a critical

In our previous discussidr>~*® we proposed a model temperature in the rangg.=23.4-24.0K with a transition
based on the existence of two narrow subbands between tigdth of typically 6T,=0.6—-0.8 K. At 30 K the electric re-
Fermi energy and the gap energy. These subbands develsstivity ~ values were in the range p(30K)
from Andreev bound states in the core of an isolated vortex=20.2—26.3.€) cm. The thin-film bridges had the follow-
if the vortex interaction becomes important and the bounding geometry: width w=40um and thickness d
state wave functions of two neighboring vortices overlap. In=90-100nm. Four voltage leads were placed along the
an electric field generated by vortex motion, the quasipartibridges as shown in the inset of Fig. 3. The inner distance
cles in the narrow subbands can be shifted energetically upetween two neighboring leads was=100xm, and be-
to the band edge, such that Bragg reflection and Bloch oscilkween the two outer leads,=360xm. The current leads
lations occur. This mechanism for generating the instabilitiesvere attached further outside the outer voltage leads. During
and NDR in NCCO appears to be favorable if the pair wavethe flux-flow resistance measurements the samples were im-
function shows ars-wave symmetry. mersed in superfluid heliurtin order to minimize the influ-

In a more general second model, instead of the subbanehce of Joule heatindept at the temperatufe=1.92K. A
structure we have assumed that in the quasiparticle density sfiperconducting magnet served for applying a magnetic field
states(DOS) steps appear as a function of energy betweenmparallel to thec axis of the films.
the Fermi energy and the gap enefdy® Since the DOS In addition to current-biased measurements, the dominant
provides the phase space available for quasiparticle scattepart of the experiments was performed using quasi-voltage
ing, the electric-field-induced quasiparticle energy shift leaddias, as described in Ref. 3. For clarity, the circuit of the

II. SAMPLES AND EXPERIMENTAL TECHNIQUES
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FIG. 1. Circuit for the quasi-voltage-biased measurements. Fur-i

ther details are given in the text. s oo
latter measurements is shown schematically in Fig. 1. The 50|
sample is indicated by the three resistBrs, Ry3, andRg,,
representing the three sections defined by the four voltage 0 1 . . .
leads (see the inset of Fig. )3 The resistanceR, 4 50 % &0 & 0 & 80

=100-300nf) in series with the sample yields the sample I [mA]

Cur_re”“ by detecting the YOltage drop glorﬁg. The_ shunt FIG. 3. Spatially resolved voltage measurements. VIC's of the
resistancéRs=1-3() provides the quasi-voltage bias of the ,,ee sample section¥’, (solid squark V,; (open circlg, andVs,

sample.R, is placed in the liquid helium together with the (crosg vs current aff=1.92 K andB=800mT. The inset shows
sampleRg is located outside the liquid helium, since it must the sample geometry.

carry electric currents up to 2 A.

NDR. The voltage steps of the current-biased curves origi-
Ill. SPATIALLY RESOLVED MEASUREMENTS: nate exactly at théower end of the NDR regions observed
GROWTH OF A HIGH-ELECTRIC-FIELD DOMAIN for quasi voltage bias. On the other hand, ftecreasing
. . . , currentthe voltage steps for current bias were found to start
A typical series of voltage-current characterisusC's) exactly at thaupperend of the NDR regions. In this way the

measured at 1.92 K and different magnetic fields is shown ”?1ysteretic step structure for current bias is established. For

Fig. 2. From right to left the magnetic field increases from.clarity the curves for decreasing current are not included in

1000 to 3000 mT in 400-mT steps. The sample geometry I%—ig. 2. However, the hysteretic behavior is indicated sche-

!ndlcated in the inset of Fig. 3. The voltage plotted in _F'g' 2matically in the inset. We emphasize that perfect voltage bias
is the total voltage between the outer voltage Ie_zads., .., h&yith zero load resistance and a horizontal load line in Fig.
sum of the voltages of the three sample sectiofhs:Vi, 5y s imnossible because of the small input impedance of the
+Vag+ Vg (plus a small contribution from the sample Sec- g5 mpjes and the finite load resistance. Due to this limitation
tions occupied by the two inner voltage leadshe black o NDR pranch associated with the lower voltage step ap-

curvest ref;}ar to Cl:k:rent—blased measurements fgr increasing aring at a much smaller onset voltage of aboutAb
current, whereas the gray curves were measured using quagkqf D could not be observed separately.

voltage _blas for increasing v_oltage. Whereas a Iarge_flux_— Next we turn to the spatially resolved flux-flow resistance
flow resistance step appears in the curves for current bias, HL

; > ) easurements made possible with the sample geometry
the voltage-biased curves this step is replaced by a branch 8hown in the inset of Fig. 3. In the main part of this figure we

show typical results forT=1.92K and B=800mT. The
» Ne98-314-81 guasi-voltage bias was applied with the voltage increasing
1200 [1 T=192K / using the circuit displayed in Fig. 1. The nucleation of the
e high-electric-field domain is seen to start in section 12. In
—— Voltage-biased N . . . .
this section the VIC first displays the negative slope of the

1400

1000 K

— 800l load line, and above about 50—-70 mV it turns upward with a

£ steeper negative slope. Up to the vaMe,~150mV the

; or voltages in the other two sample sections remain undetect-
400 [ able on this plot(We will discuss the results obtained under
ok E much higher voltage resolution further belpwAt |

~54 mA, section 23 shows the first appearance of resistance,
ok . . . ‘?r , . : leading to a kink in the&/,5(1) curve due to the overall volt-
¢ 0 2 8 W 0 6@ 70 % 0 age bias. In the current range beldw53.5mA the curve

| [mA] Vo4(l) develops a steep negative slope simultaneously with

FIG. 2. Typical VIC's atT=1.92 K. From right to left the mag- '€ @Ppearance of a minimum d{,(1). Section 34 becomes
netic field increases from 1000 to 3000 mT in 400 mT steps. Thées'stIVe be_IOW about~52 mA. Slmultar_\e_ously _W'th the
plotted voltage is the sum of the voltages of the three sample seSt€€P negative slope df;,(1), a second minimum iv(1)
tions: V=V ,+ Vog+ Vg, (plus a small contribution from the sample @nd a kink inV5(1) appears. The detailed pattern of all three
sections occupied by the two inner voltage leaddlack curves: Curves in Fig. 3 can be well understood from the overall
current bias with increasing current. Gray curves: quasi-voltagevoltage bias of the sum of the three voltagés, V,3, and
bias for increasing voltage. The inset shows, schematically, the hys¥s4. The other important conclusion from the results shown
teresis of the current-biased measurements. in Fig. 3 is the fact that aingle high-electric-field domaiis
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0020 Ne98-317c-B2 ®) FIG. 5. ResistanceR=V/I calculated for the quasi-voltage-
T=192K biased curves of Fig. 2 plotted vs the voltage. The inset siats
B:=1000 mT V=120 mV vsB
0.015 + current direction V4 - V1 '
~ =1.92K andB= 1000 mT for the same sample as in Fig. 3.
£ 000F The voltage resolution is now increased by a factor larger
> than 10 and, again, quasi-voltage bias is applied. In order to
0005 - demonstrate the high reproducibility for opposite current di-
rections, in Figs. &) and 4b), respectively, the results for
both current directions are displayed separately. We see that
0000, o the resistive behavior in the three sample sections is indepen-

| [mA] dent of the current direction. With increasing current the
three sample sections show the onset of a resistive voltage at
FIG. 4. Spatially resolved voltage measuremens, (solid  about the same current, and initially the three VIC'’s of the
squarg, V3 (open circlg, andV3, (cross vs current aff=1.92K  individual sections are quite similar. This behavior agrees
andB=1000 mT. The voltage resolution is more than a factdt 10 exactly with our previous results obtained under current
higher than in Fig. 3(a) and(b) refer to opposite current direction. control! At V~0.005mV in section 12, a high-electric-field
domain nucleates, and the voltayg,(l) increases rapidly
nucleated initially in section 12 and subsequently grows tovith a steep negative slope. Due to the quasi-voltage bias the
fill the next section and then the second to next sectioncurrent decreases, and sections 23 and 34 return to the zero-
Reversing the electric current kept the three voltages in Figvoltage state. Only at a much higher voltagg,, when the
3 exactly the same. This apparently indicates that the domaihigh-field domain enters section 23, does the voltsge
nucleation site represents a sample inhomogeneity, and thitcrease rapidly. The same occurs again for section 34 and
the growth process of the domain in not affected by the curvoltageVs,4, when the high-electric-field domain enters sec-
rent direction. In this context we note that, in principle, thetion 34, and now we are back to our discussion of Fig. 3.
nearly simultaneous nucleation of several or many high- At T=1.92K we have performed quasi-voltage-biased
electric-field domains in the three sample sections also magneasurements for two samples with the geometry shown in
have been possible. However, such a scenario is clearlhe inset of Fig. 3, at different magnetic fields in the range
eliminated by our experiments. B=600—-1200 mT. The results were qualitatively similar to
From Fig. 3 we see that there exist two small currentthose of Figs. 3 and 4.
intervals where the data are relatively noisy and where the As we have seen from our discussion of the results in
V1x(1) curve turns over showing a positive slope. It appeardigs. 3 and 4, under quasi-voltage bias a high-electric-field
likely that this noisy behavior is due to the spontaneous osdomain is nucleated at one end of the sample, which subse-
cillations of the flux-flow resistance discussed in Sec. IV,quently grows until it extends over the total sample length.
and interpreted as a breathing movement of the domaiithis domain growth is also clearly indicated if the resistance
boundary. The noisy current intervals in Fig. 3 coincide withR=V/I is calculated for the voltage biased curves in Fig. 2,
the current region at which the growing high-electric-field and is plotted versus the voltaye This plot is shown in Fig.
domain just enters the next section of the sample. Hence tHe On the low-voltage end all curves turn into nearly straight
spontaneous current oscillations apparently lead to an inines passing through the origin. This is very consistent
creased noise level if the domain boundary is located neawith the growth of a single high-electric-field domain from
the border between two sample sections. We will return t@ne end of the sample to the other. Initially the slope of the
this subject in Sec. IV. curves increases nearly in proportionBpas also shown in
Next we discuss the results obtained at mbayher volt-  the inset, where the resistan&eat V=120mV is plotted
age resolutionin Fig. 4 we show the voltages$,,, V,3, and  versusB. On the high-voltage end all curves turn over ap-
Vg, of the three sample sections versus currentTat proaching a common saturation valte=15(), which is
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oh ) R

Ry Sample L

FIG. 7. Extended circuit of the quasi-voltage-biased measure-
ments, including the inductande and the contact resistanée, .
0 F Further details are given in the text.

FIG. 6. Electric-field-dependent resistivipfF) yielding a non- . . .
linear VIC displaying NDR and hysteresis. The different curve sec-_>0) the magnitude of the step in the&F) dependence is

tions markedB,, B,, andBj, respectively, schematically indicate reduced, poinB(D) .moves toa I'owe(higher) electric field o
the low-electric-field limit for increasing magnetic fiel®{<B, I and the hysteresis of the VIC's strongly decreases. This is

<By). indicated exactly by the data of Fig. 2.

identical to the normal resistance obtained from the plot in
Fig. 2 for =90 mA.

The high-electric-field domain indicated by our spatially
resolved flux-flow resistance measurements apparently rep- In Sec. Il we dealt exclusively witime-averagednea-
resents a sample region with a strongly increased flux-floveurements. Next we turn tbme-resolvedexperiments for
velocity. In principle, the necessary shearing of the vortexobserving spontaneous oscillations of the flux-flow resis-
lattice at the location where the vortex velocity changes camance. The measuring circuit was the same as before. How-
occur within the distance of a single vortex lattice constantever, the voltages along the sample and along the resistance
This stationary appearance of the high-field domain in theR, were recorded using a storage oscilloscope. Further, vari-
mixed state of NCCO is distinctly different from the running ous inductances were inserted into the circuit. This ex-
behavior of the high-field domains due to the Gunn effect intended circuit is shown schematically in Fig.[7represents
semiconductors. the inductance given by the wiring and the various induc-

As we see from Fig. 2, the hysteresis of the VIC'stances added to the circuR, denotes the resistance of the
strongly decreases with increasing magnetic field. This cawiring which is given mostly by the contact resistance. In
be qualitatively understood from our earlier discussion of theFig. 7 only two voltage leads at the sample are shown for
underlying electric-field dependence of the flux-flow simplicity, although the four leads indicated in the inset
resistancé.Our argument is described schematically in Fig.of Fig. 3 were available for studying the three sections
6, extending this earlier discussion. If the resistivitydis-  separately.
plays the step structure as a function of the electric field Keeping the dc operating point on the NDR branch of the
indicated by the solid line, under current bias for increasingvIC constant, we have observed two types of spontaneous
current the resistivity jumps from poirtto pointB, and for  flux-flow resistance oscillations, depending on the induc-
decreasing current from poi@tto pointD. PointA (pointC)  tancelL in the circuit. For the following results the magnetic
represents the value where théF) curve is touched from field was kept aB=1000 mT or below, where only a single
below (above by the dasheddotted straight line passing large step or NDR branch appeared in the VIC's. In Fig) 8
through the origin. PoinB (point D) represents the crossing we show typical current oscillations observed for small in-
point of the dasheddotted straight line with thep(F)  ductance valuek <L ,, with L;,=400uH. The frequen-
curve. As we discussed in Refs. 1, 4, and 16, the step in theies were in the rangé=10-40kHz, decreasing with in-
p(F) dependence is likely to appear at the fi€ldit which  creasing dc voltage, as seen in Figb)8 For L<L ., the
the quasiparticle energy is shifted froep to e = A because frequency was independent bf as indicated in the inset of
of the nonequilibrium distribution in the fieldm (e Fig. 8b). This type of oscillation was observed only at tem-
=Fermienergy;A is the superconducting energy gaplear  peratures below 2.17 K, where the samples were imbedded
er=A the energy dependence of the quasiparticle DOSn superfluid helium. In the following we refer to this type as
shows a distinct increase of the DOS with energy. Since thstructure limited oscillationgSLO’s), since their temporal
DOS provides the phase space available for scattering, theehavior appears to be dominated by the domain structure in
quasiparticle energy shift results in the electric-field depenthe sample, in this way representing an intrinsic property.
dence of the resistivity indicated schematically in Fig. 6. The second type of oscillation was observed only if the
With increasing magnetic field the limiting resistivity values inductance L in the circuit exceeded the valug .y,
p(F—0) are expected to increase, as indicated by the shifteez400uH. An example is shown in Fig.(8). The temporal
horizontal curve sections markds}, B,, andBj, respec- behavior is distinctly different from that of the SLO. The
tively, with B;<B,<B;. Points A-D have been con- frequency is again in the kHz range. However, fdr
structed above based on curve secti®yn If this construc-  <200mV, it increases with increasing voltagfeig. 9b)].
tion is repeated for section8, and B;, one sees Further, the frequency depends on the inductantieis sec-
immediately that with an increasing value of the limitF ond type of oscillations can also be observed at temperatures

IV. SPONTANEOUS OSCILLATIONS OF THE FLUX-
FLOW RESISTANCE
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FIG. 8. (a) Oscillatory part of the current vs time af

=1.92K,B=1.00T, and dc voltag¥=160 mV. A current offset

has been subtracted.<L,,,=400uH. (b) Frequencyf of the
spontaneous oscillation vs the dc voltagdor different values of
L=<220uH as indicatedT=1.92 K andB=1.00 T. The inset indi-
cates the independence fofiponL in the rangeL <220uH.

T>2.17 K. We refer to this type as circuit limited oscilla-

tions (CLO’s).
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FIG. 9. (&) Oscillatory part of the current versus time &t
=1.92K, B=1.00T, dc voltage/=40mV, andL=1470uH. A

current offset has been subtractén). Frequencyf of the spontane-

ous oscillations vs the dc voltagefor two values ofL as indicated.
T=1.92K andB=1.00T. AtV>200 mV the voltage dependence

of f changes. The crosses indicate the higher-frequency component
superimposed on the CLO mode and indicated by the arrows.

sample. The mechanism deals with global features such as

At higher voltages af <2.17 K the temporal shape and voltage, current, and resistance. It can be explained in terms

frequency of the second type of oscillations changes to thef a simple model based on the circuit of Fig. 7 and the
SLO type. In the voltage dependence of the frequency in Figfollowing arguments. In Fig. 10 the sequential steps during

9(b) this change can be seen for>200mV. In the low-
voltage regime the CLO’s are superimposed by another osty we have ignored the existence of a critical current due to
cillation with higher frequency and small amplitudEig.
9(a)]. Plotting the higher frequencies in Fig(h®, we note

an oscillatory cycle are indicated schematically. For simplic-

flux-pinning. The low-Ohmic and high-Ohmic states of the
S-shaped VIC are linearized by means of the two Ohmic

qualitatively good agreement with the SLO behavior. Appar+esistance®k; andR,, respectively. Starting from the low-
ently, for L>400uH both types of oscillations are superim- Ohmic state ofR;, by shifting the load line(dotted ling
posed, with the CLO’s dominating &<200mV. Our clas- current and voltage of the VIC are increased along the
sification of the spontaneous resistance oscillations in théranch withR;. All stable points are located at the intercepts
mixed state of NCCO in terms of SLO’s and CLO’s is simi- |, andl, of the load line with the branches of the stak®s
lar to an earlier discussion of the dynamics of current fila-and R,, respectively. If the current exceeds the maximum
ments generated during avalanche breakdowrp-oioped valuel, on the VIC, a transition to the higher Ohmic state of
germanium’ R, takes place. Following the abrupt switch frdgq to R,,
a relaxation process toward the next stable current viglue
sets in, which is dominated by the inductariceNow L acts
like a current source, effecting a “quasi-current-controlled”
By definition, CLO’s are oscillations generated by the in-movement along the VIC with the typical exponential time
teraction between the measuring circuit and the VIC of thedependence of ah-R circuit. At the currentl, another

A. Circuit-limited oscillations
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O R Ne98-313c
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{ B=6oomr] 1°
600 - V12 vV=54mV
l, 1=60.7 mA
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t—» — C
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RSIO T > 200 | 45 —
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0r A 4 7 Jo
|‘ x/ ','"' /
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0 I FIG. 11. Spatially resolved voltagdé,,, V,3, and Vs, (solid

lines) and current (dashed line, shifted vertically by an offsefs
FIG. 10. S-shaped VIC and schematics of the sequential stepgme for a typical CLO modeT=1.92 K, B=600mT, dc voltage
during a cycle of the CLO. The inset shows the time dependence of =54 mv, the dc current is 60.7 mA, and=1470uH.
the current. Further details are given in the text.

. ) B. Structure-limited oscillations
switch fromR, to R; occurs. The subsequent relaxation pro-

cess toward the next stable fixed pointends atl;, where . SLO's appear to ble generate(_j b{}a local lmeghaﬂ'sm lead-
the whole cycle starts again. The expected temporal currefit9 tolspatlotempora sérl#ctureﬁ In t e_srﬁmp €. | gzm, impor-
signal during this cycle is shown schematically in the inset o ant clues are expected from the spatially resolved measure-
Fig. 10. ment of the tlme-erendent qux—royv voltage. A typical case
The relaxation times of the exponential time dependencés presented in Flg. 12, tpgether with the osqlllatory s_ample
of the relaxation process are proportionalltoHence, the current. For clarity all oscillatory traces are shifted vertically,
frequency of the CLO is expected to show the proportional_such that the. vert!cal axes only yield the relative changes.
ity f=A/L, which is well confirmed by experimeft A The two vertical lines mark the phase of two subsequent
detailed analysis of the circuit of Fig. 7 using the given cir- c_urrent maxima. The dc r?las po!ntshwe\le= 4 mV_ andl di
cuit parameters also yielded the correct magnitude of the #6MA. In contrast o the CLO's, there now exists a dis-
proportionality constang.é tinct phase difference between the three voltage oscillations.
From this mechanism we conclude that CLO’s represenf N€ Phase of the voltage,, is opposite to that of the two
global oscillations of the sample, where localized dissipative®tner voltages/,; andVs,. Depending on the experimental
structures do not play any role. This is also well confirmegParameters, other configurations of the relative phases of the
by the spatially and temporally resolved flux-flow resistancel €€ voltages_ have also been obser\_/ed.
measurements, as shown by the simultaneous recording of From the time-averaged and spatially resolved measure-
the time-dependent voltages in the three sample sections. ReNts in Sec. lll, we have concluded that with increasing
typical example is presented in Fig. 11, together with the

oscillatory sample current. For clarity the oscillatory voltage «egs 313083 10
curves are shifted by 220 mV relative to each other. The dc;:}-{%ofﬂ 60F, N

bias points were/=54mV andl =60.7 mA. During these  v=7amv v, 18
measurements an external inductance of 14A0vas added ~ '=%®™ | 16
in series with the sample. The current indicated in the bottom v, \/\/\/\/\/
trace shows the relaxation-type exponential behaigee the 20} 14

e / _
inset of Fig. 10. The three voltage signals are seen to be £ g
exactly in phase. Furthermore, the maximum voltages are > of \/\/\WMV\/\A/V 12 =
reached in the sample sections during the steeply decreasin *
part of the current oscillation. This part coincides with the [ 1°
fraction of the cycle in which the sample resides in the high- ! MWUUW_ 2
Ohmic state. During the increasing part of the current oscil-

lation the voltage signal remains in tp&/ range and, hence, 040200020 04 06 08

is not resolved in the recordings of Fig. 11. We conclude that t [ms]

Fig. 11 exactly shows the expected behavior. Finally, we FiG. 12. Spatially resolved voltages;,, V,s, andVa, (upper
note that the switching between the Low-ohmic and High-three traces as indicatednd current (bottom trace versus time
ohmic global states of the sample is sufficiently fast such thafor a typical SLO mode. All traces are shifted vertically by offsets,
it does not show up in the form of an additional structure inT=1.92K, B=1.00T, the dc voltage is 74 mV, and the dc current
the spatially and temporally resolved recordings of Fig. 11.is 46 mA.
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typical case of SLOT=1.92K andB=1.00T. For comparison,

the inset shows a similar plot of Ref. 19 for spontaneous resistance FIG. 14. Frequency data of Fig. 13 plotted vs the dc bias cur-
oscillations in a doped GaAs-AlAs semiconductor superlattice.  rent.

voltage a single high-electric-field domain gradually expand®ur observations in NCCO. The oscillations in the semicon-
from one end of the sample to the other. We interpret théluctor superlattice have been interpreted in terms of a
spontaneous resistance oscillations in terms of a breathirgfeathing mode of a high-electric-field domah.
movement of the domain boundary. The location of this do- Returning to the dependence of the oscillation frequency
main boundary then determines the phase behavior of then the voltage shown in Figs. 8, 9, and 13, we note that, in
three sample sections. However, keeping in mind that voltthe NDR regime, where these data were taken, the current
age Vy, in particular can show maxima and minima as adecreases with increasing voltage. In Fig. 14 the frequency
function of current(see Fig. 3, the phase behavior of the data of Fig. 13 are plotted versus the current. The frequency
voltage oscillations in the three sample sections can be quité seen to increase nearly linearly with the current. The
complex. The breathing movement of the domain boundargtraight line drawn through the points extrapolates to zero
associated with the spontaneous current oscillations appalequency at an offset current of about 26.5 mA. The devel-
ently results in an increased noise level of the time-averagegpment of a model for explaining this current dependence of
measurements of the VIC's, if the domain boundary is lo-the oscillation frequency needs further experimental and the-
cated near the border between two sample sectisees Fig. ~ oretical investigations.
3, and its discussion in Sec. )llin this case the details of the
measuring circuitry and electronics become important. A de-
tailed study of these points is beyond the scope of this paper.
The dependence of tHpeak to peakamplitude and fre- The flux-flow resistance in epitaxiataxis-oriented films
guency of the current oscillations on the time-averaged biasf NCCO has been studied at 1.92 K, with the samples im-
voltage is shown in Fig. 13 for a typical case. The amplitudemersed in superfluid helium. Under quasi-voltage bias a
in the range 1-3 mA is small compared to the time-averagetiranch with NDR appears in the VIC, suggesting a pro-
current of 20—60 mA of the bias points on the VIC. At small nounced electric-field dependence of the flux-flow resistance.
voltages, upon the domain nucleation the amplitude stronglyrhe extension of this NDR branch increases with decreasing
increases with the voltage, and then remains approximateljnagnetic field. Spatially resolved and time-averaged resis-
constant. When the bias point leaves the NDR regime of théance measurements show that in the NDR regime of the
VIC, the amplitude decreases again. The amplitude of th&IC a single high-electric-field domain, nucleated on one
voltage oscillations shows qualitatively the same behaviorend of the sample, with increasing voltage, grows from this
with the maximum peak-to-peak amplitude of 10-20 mVend of the sample to the opposite end. This nucleation and
being an order of magnitude smaller than the bias voltagegrowth process was found to be independent of the electric
The relatively small amplitude of the oscillations supportscurrent direction. The generation of the high-electric-field
our interpretation in terms of a breathing movement of thedomain is explained by a quasiparticle energy shift in the
domain boundary. As we see from Fig. 13, the frequencyelectric field, reaching a value near the energy gap where the
decreases with increasing voltage. quasiparticle DOS and, hence, the phase space available for
The spontaneous oscillations we have observed in thecattering, strongly increase with energy. From this model
flux-flow resistance of NCCO are highly similar to the resis-the magnetic-field dependence of the hysteresis can also be
tance oscillations observed recently in doped GaAs-AlAsunderstood.
semiconductor superlatticés For comparison, plots of the Performing time-resolved resistance measurements in the
frequency and amplitude of these current oscillations a®NDR regime, two types of spontaneous oscillations are ob-
functions of the voltage are shown in the inset of Fig. 13.served. The first typ€CLO) is a global switching oscillation
Except for the jump at about 4.4 V, the features are similar tavhere the total sample oscillates between high-Ohmic and

V. SUMMARY AND CONCLUSIONS
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low-Ohmic states. For this type to appear, an inductdnce linear behavior of the flux-flow resistance and in the genera-
above a specific minimum value must be placed in serietion of spatiotemporal structures during the flux-flow process
with the sample. The frequendythen shows the proportion- in NCCO. Since the symmetry of the pair wave function
ality f~L ™1, and the current follows the typical relaxation strongly affects the electronic structure of the quasiparticle
behavior of alL-R circuit. The second typ€SLO) is not  system, the correct symmetry represents a crucial input of a
affected by an external inductance below the minimum valuenodel for explaining the observed electric-field dependence
mentioned above added to the circuit. It is interpreted inof the flux-flow resistance.
terms of a breathing movement of the domain boundary. In
contrast to the CLO, in the SLO the individual voltage oscil-
lations in the three sections show distinct phase differences.
The phase behavior of the three sample sections is deter- Financial support of this work by the Deutsche Fors-
mined by the location of the domain boundary in the samplechungsgemeinschatft is gratefully acknowledged. R.P.H. re-
It appears to be the distinct energy dependence of theieved support from the European Science Foundadfwo-
quasiparticle scattering rate which results in the highly nongram VORTEX.
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