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Relocation dynamics of domain boundaries in semiconductor superlattices
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The formation of static electric-field domains in doped semiconductor superlattices appears in the current-
voltage (I -V) characteristics as multiple current branches separated by abrupt discontinuities. The switching
dynamics of the charge-accumulation layer forming the domain boundary is experimentally investigated at dc
voltages in the first plateau of theI -V characteristic for different polarities and amplitudes of the applied
voltage steps. When the voltage is decreased~down jumps! from its initial dc value, the accumulation layer can
directly move from its initial position to its final position, in accordance with the direction of the applied
voltage step. However, when the voltage is increased~up jumps!, there are two different modes of the reloca-
tion motion of the accumulation layer. For small up jumps, the accumulation layer can still move directly from
its initial to its final position. When the amplitude of the transient current peak is above a critical value, a
charge dipole is injected at the emitter contact, in addition to the existing monopole formed by the domain
boundary. The experimentally observed switching behavior is in excellent qualitative agreement with recent
theoretical work@A. Amannet al., Phys. Rev. E63, 066207~2001!#.
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I. INTRODUCTION

The current-voltage (I -V) characteristics of highly doped
weakly coupled superlattices~SL’s! exhibit as many well-
defined branches on each current plateau as there are pe
in the SL due to the formation of static electric-fie
domains.1 Two adjacent branches are separated by a disc
tinuity in the current. Under domain formation, the spat
distribution of the electric field inside the SL breaks up in
two domains, which are separated by a domain boundar
the form of a charge accumulation layer~CAL!. The domain
boundary is essentially confined to a single SL period, i.e.
one quantum well of the SL, since the SL is weakly coup
so that charge can only reside in the wells and not in
barriers. The low-field domain consists of a region of a low
uniform electric field on the injecting contact side formin
the emitter of the SL, while the high-field domain is forme
by a region of a higher uniform electric field on the receivi
contact side representing the collector~cf. Fig. 1!. When the
applied bias sweeps across a discontinuity from one cur
branch to the next, the domain boundary moves exactly
one SL period.2 Early experimental3,4 and theoretical5 studies
of the domain formation process and its time constant ex
ined the time it takes for the domain boundary to reach
steady-state position after applying a certain voltage ste
an initially unbiasedSL.

Later, switching experiments investigating the relocat
dynamics of the domain boundary over one or several p
ods were performed by Luoet al.6 The transition process
from one branch to the next was studied by adding a b
step with different amplitudes to a dc bias and recording
time-resolved current. It was shown that the relocation ti
of the domain boundary for up jumps~down jumps! depends
exponentially on the difference between the final static c
rent and the maximum~minimum! current value of the initial
branch, which is reached before the relocation of the dom
boundary takes place. A universal relationship between
0163-1829/2002/65~20!/205303~7!/$20.00 65 2053
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relocation time and the current difference was found.
More recently, we experimentally investigated the pro

ability distribution function of the relocation time for u
jumps to the adjacent branch close to the discontinuity in
I -V characteristic.7 The mean value of the relocation tim
increases by more than one order of magnitude, when
final voltage on the adjacent branch is reduced to a va
approaching the discontinuity. At the same time, the dis
bution function of the relocation time changes from a Gau
ian to a first-passage time form.

Very recent theoretical investigations describe the
stream motion of CAL’s,8 the dynamic scenarios of multi
stable switching,9,10 and the general motion of CAL’s11 in
semiconductor SL’s. Under certain conditions, it was p
dicted that the domain boundary can move upstream aga
the flow of electrons. For appropriate doping concentratio
the CAL moves downstream for current values below a c
tain critical current, remains stationary between this va
and a second critical current, and moves upstream for va
above the second critical current.8 The numerical analysis o
the switching between different branches using
sequential-resonant-tunneling model results in sev
switching scenarios depending on the direction and am
tude of the applied voltage steps.9,10 For any voltage de-

FIG. 1. Schematic diagram of the distribution of the low (F2)
and high (F1) electric-field domain in a weakly coupled SL. Th
domain boundary is formed by the accumulation layer.
©2002 The American Physical Society03-1
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ROGOZIA, TEITSWORTH, GRAHN, AND PLOOG PHYSICAL REVIEW B65 205303
crease~down jumps! as well as for a small voltage increas
~up jumps! in the first current plateau, the relocation of th
domain boundary will always occur by a direct movement
the charge monopole forming the domain boundary to
final position. However, for larger up jumps, a charge dip
is injected at the emitter contact in addition to the exist
monopole formed by the domain boundary, since the mo
pole alone cannot move upstream over several periods.
thermore, the transient behavior from an unstable point
stable point in the current-voltage characteristics, afte
steplike or ramplike increase of the external voltage, w
theoretically investigated. Finally, recent theoretical wo
discussed the effects of different doping levels on poss
types of CAL motion in semiconductor SL’s.11

In this paper, a complete picture of the relocation dyna
ics, involving deterministic and stochastic mechanisms
inferred from experimental investigations and compared
recent theoretical predictions. The different relocation s
narios depend on the direction and amplitude of the app
voltage steps, the interplay between deterministic and
chastic processes, the ramp time of the voltage, and
sweep rate. For down jumps, we always observe a di
monopole relocation. For small up jumps, the domain bou
ary can actually move upstream, so that the relocation
nario is similar to that for down jumps. However, for larg
up jumps, i.e., when the amplitude of the transient curr
peak is above a critical value, the system no longer supp
the upstream motion of the monopole, and a dipole is
jected from the emitter in addition to the already existi
monopole. The motion of this combined system of a mo
pole and a dipole is rather complex, and will be described
detail. The critical current level depends on the relation
tween the contact resistance and the effective drift velo
characteristic of the SL.

After describing the experimental details in Sec. II, t
current-voltage characteristics are presented in Sec. III
Sec. IV, the down jumps, which always occur via a simp
monopole relocation, are discussed. Section V deals with
jumps, which can be described by monopole~for small up
jumps! and tripole relocation~for large up jumps!. Section
VI describes the transient response of the current to gra
ally ramped voltage steps and triangular voltage swee
Finally, the main results of the paper are summarized
Sec. VII.

II. EXPERIMENTAL DETAILS

The investigated SL consists ofNSL540 periods of 9-nm-
wide GaAs wells and 4-nm-wide AlAs barriers grown b
molecular-beam epitaxy. The central 5 nm of each well are
doped with a density of 331017 cm23, corresponding to a
sheet concentration ofND51.531011 cm22 per well. The
SL is sandwiched between two highly doped Al0.5Ga0.5As
contact layers, which act as window layers in order to ha
optical access to the SL structure.12,13The sample is supplied
with Ohmic contacts, etched into mesas with a diamete
120 mm, and mounted on a sapphire holder in a He-fl
cryostat equipped with 20-GHz coaxial cables. All report
measurements are performed at a temperature of 5 K.
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The time averagedI -V characteristics are recorded usin
a source-measure unit~Keithley SMU 236!. In all experi-
ments, we apply a negative voltage to the top contact of
sample. The voltage steps are generated via a square-
modulation with a period of 1 ms and a duty cycle of 50%
The length of the voltage pulse in the switching experime
is chosen to be sufficiently long to allow the field distributio
inside the SL to stabilize after each voltage step in orde
reset the field and charge distribution, before the next pu
arrives. The square-wave modulation and the sweeps are
duced using a pulse/function generator~Wavetek 81! with a
minimum ramping time of 8 ns. The current through t
sample is amplified by 20 dB using the 50-V input of an
amplifier. In the switching experiments, both the transients
the amplified current and the applied voltage are recorde
the 1-MV inputs of a real-time oscilloscope with a ban
width of 1 GHz ~Lecroy LC 574 AL!. The voltage signal is
used to trigger the measurements of the transient curren
sponse due to the voltage jumps and sweeps.

III. I -V CHARACTERISTICS

The inset of Fig. 2 shows theI -V characteristic of the
investigated sample at 5 K for both sweep directions. The
current plateau between 0.4 and 5 V originates from elect
field domain formation, where the low-field domain~LFD! is
associated with hopping transport between the ground-s
subband in adjacent wells and the high-field domain~HFD!
corresponds to sequential resonant tunneling between
ground state of one well and the second subband in the
jacent well as described in Refs. 1 and 14. The LFD a
HFD are separated by a domain boundary in the form o
charge monopole, i.e., a negative CAL. For every curr
jump in the up sweep, the CAL between the LFD on t
emitter side and the HFD on the collector side moves by
period towards the emitter. Figure 2 depicts an enlarged
tion of the full I -V characteristic in the inset. The variation
in the current minima and maxima are due to small fluct
tions ~below 5%! of the doping level between the differen
wells.15 Due to the influence ofDX centers in the barrier

FIG. 2. I -V characteristics of the first five branches~1, 2, 3, 4,
and 5! for up and down sweeps, as indicated by the arrows at 5
Full I -V characteristic for the entire first plateau and for both swe
directions are shown in the inset.
3-2



m
a
g
ee

ia

a
-

As

he
h
at
, a
r

in
e
fo

t

r

as-
n
the
all

er
ing
s a
ble
oted
ot

ity

ing

nd-
the

n
-

tain
nal

nal
to

g.
n
-

h

RELOCATION DYNAMICS OF DOMAIN BOUNDARIES IN . . . PHYSICAL REVIEW B65 205303
layers of the contacts, the actual voltage for a current ju
may differ between different measurements, in particular
ter heating the sample to room temperature and coolin
again to low temperatures. Details of this effect have b
described in Ref. 13.

The two-dimensional charge densityn2d at the domain
boundary can be calculated from Poisson’s equation

n2d5ee0

DF

e
, ~1!

wheree ande0 denote the dielectric constants of the mater
and of the vacuum, respectively,DF the electric field change
at the domain boundary, ande the elementary charge. For
field-strength difference ofDF5120 mV/13 nm and an av
erage dielectric constante;12 for GaAs and AlAs, we ob-
tain a carrier density ofn2d56.131011 cm22 for a fully
developed CAL. The nominal doping density of the Ga
wells corresponds ton2d51.531011 cm22, which is a about
a factor of 4 smaller than the carrier density necessary
form the domain boundary within a single well. Since t
number of jumps in theI -V characteristic is correlated wit
the number of periods, the domain boundary in the st
case is formed by a CAL within a single well. In contrast
charge depletion layer~CDL! would extend over at least fou
wells.

IV. DOWN JUMPS: MONOPOLE RELOCATION

For down jumps, the negative CAL can move accord
to the direction of the applied electric field. Therefore, w
always expect to observe a simple monopole relocation
switching to smaller voltages. Figure 3~a! shows the curren
transients for a voltage jump from an initial voltageV0 on
the third branch to three lower valuesV1. In the first 8 ns, the
current decreases due to the displacement current3,6 ( j disp
5ee0dF/dt) from the initial valueI 0 to a downward peak
value I p given by

FIG. 3. ~a! Averaged time traces as well as~b! peakI p and final
current I 1 compared with theI -V characteristics~solid line! for
down jumps from the third branch to lower voltagesV1 as indi-
cated. The arrow in~a! indicates the relocation timet reloc. The
dashed line in~b! is used as a guide to the eye.
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dV
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, ~2!

where A denotes the area of the mesa andL the length
of the SL.

If V0 andV1 are on the same branch~traceA), the final
current I 1 is reached aftertp'30 ns. For jumps to othe
branches, the current stays aftertp for some time at an al-
most constant level~curvesB and C), before it increases
during a short switching time to its final value (I 1), which is
located on the down sweep characteristic. The stochastic
pects of the switching, resulting in different distributio
functions, depend on the final voltage separation from
discontinuity and are described in detail in Ref. 7 for sm
up jumps.

Figure 3~b! shows the current value ofI p and I 1 as a
function of the final voltageV1, together with the corre-
sponding up and down sweep of theI -V characteristic. While
I 1 just follows the down sweep of the time-averagedI -V
characteristic,I p decreases linearly with decreasingV1 inde-
pendently of the final current branch as described by Eq.~2!.
For larger down jumps,I p can even become negative.

Amann et al.9 and Carpioet al.11 calculated the velocity
of fully developed CAL’s separating a LFD on the emitt
and a HFD on the collector side as well as CDL’s separat
a HFD on the emitter and a LFD on the collector side a
function of the current. In the current range of the sta
branches between a lower and upper critical current den
I l and I u , respectively, the position of the CAL does n
change. For a constant currentI with I ,I l (I .I u), the CAL
moves toward the collector~emitter!, while for I l,I ,I u it
remains stationary. Near the critical current, the veloc
vaccu of the CAL is predicted to scale as9,11

vaccu}AuI 2I l /uu. ~3!

However, for a CDL, the velocityvdepl is always positive,
i.e., it always moves toward the collector. In this case,vdepl
depends almost linearly on the current. Since we are look
at down jumps (I ,I l), the CAL can move directly towards
the collector. Therefore, the relocation of the domain bou
ary for down jumps is expected to be a simple motion of
CAL alone.

In Fig. 4~a!, typical time traces for down jumps betwee
two adjacent branches~curvesA and B) and next-nearest
neighboring branches~curve C) are shown. After the dis-
placement current peak, the current remains for a cer
time at an intermediate level and then switches to its fi
value. We define a relocation timet reloc as the time delay
between the initial voltage step and the switching to the fi
current value. The inverse relocation time is proportional
vaccu. For curvesA andC, t reloc is much larger than for curve
B, becauseV1 is close to the respective discontinuity. In Fi
4~b!, the inverse oft reloc is shown for a down jump betwee
adjacent branches~open dots!. It has a square-root depen
dence onuV12Vthu, whereVth denotes the voltage, at whic
the respective current discontinuity occurs. Since thepeak
current is a linear function ofV12V0 @cf. Eq. ~2!#, the in-
3-3
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ROGOZIA, TEITSWORTH, GRAHN, AND PLOOG PHYSICAL REVIEW B65 205303
verse relocation time is expected according to Eq.~3! to
exhibit a square-root dependence on the final voltage.

For jumps between next-nearest-neighboring branc
the CAL jumps first to the adjacent well according to t
intermediate current level of curveC in Fig. 4~a!, before it
moves with a stochastically varying delay time to its fin
position. This intermediate current level is belowI l , so that
it is located on the unstable part of this branch, where
current decreases almost linearly with decreasingV1. There-
fore, we can also observe a square-root-like dependenc
1/t reloc as a function of the final voltage, as shown by the f
dots in Fig. 4~b! for down jumps between next-neares
neighboring branches. The situation can be generalized
down jumps between branches, which are even further a
The CAL first moves quickly to the adjacent well of its fin
location and then, after a stochastically varying delay tim7

jumps to its final position. We conclude that for down jum
the relocation of the domain boundary can always be
scribed by a direct motion of the CAL alone in agreeme
with the theoretical predictions.9,11

V. UP JUMPS: MONOPOLE AND TRIPOLE
RELOCATION PROCESSES

For up jumps, the CAL has to moveagainst the flow of
the electrons. Figure 5~a! shows current traces for small u
jumps ~curvesA andB) starting from the third branch. Th
peak currentI p is now larger than the initial valueI 0 because
of the positive displacement current. Recently, we have
vestigated the probability distribution of the switching tim
for small up jumps from the third branch to the beginning
the fourth branch of theI -V characteristic of this sample.7

The CAL jumps after a delay time against the electron flo
For jumps to voltages far from the discontinuity, the dist

FIG. 4. ~a! Typical real-time traces for jumps from the fourth
the third (A andB) branch and to the second branch~C! to define
t reloc. ~b! Inverse relocation time as a function ofV1 for jumps
from the third to the second branch~circles! and to the first branch
~dots! along with theI -V characteristic~squares!. The data in~b!
are fitted with a square-root dependence onuV12Vthu, whereVth is
defined in the text.
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bution function of the relocation time is narrow and Gau
ian. However, when the discontinuity is approached fro
above by reducing theV1, the average relocation time in
creases by more than one order of magnitude. At the s
time, the distribution function changes to a first-passage-t
distribution with a steep increase for short times and a br
tail for long times.

For these small up jumps, the relocation process is v
similar to the one for down jumps. After the initial peak, th
current decreases slightly during a certain time interval u
a critical current level is reached. Then the current decrea
quickly to its final value. As for the down jumps, the inver
relocation time as defined in Fig. 4~a! also exhibits a square
root-like dependence on the final voltageV1 for these small
up jumps~not shown!. Figure 5~b! shows the peakI p and
final current valuesI 1 compared with theI -V characteristic.
The behavior is very similar to the one for the down jum
~cf. Fig. 3!, taking into account the different direction of th
voltage step.

For larger up jumps, the current shows a very differe
behavior as indicated by curveC in Fig. 5~a!. After the peak,
the current decreases rapidly to a range well below the st
current region of theI -V characteristic. There it fluctuate
around this value for a time periodtdipole'2 ms, after which
it rises to an intermediate value. It then remains for a s
chastically fluctuating delay timetd at this intermediate
level, before it switches to its final value. Figure 5~b! shows
that the final current level for larger up jumps is located
the down-sweep characteristic.

Figure 6 shows the low-current region of the transients
jumps from the third branch to the fifth branch~curveA) and
from the tenth to the 13th branch~curveB). After the initial
peak~region 1!, a region of spikes with rather irregular am
plitudes~region 2! follows, which is terminated by a large
spike. The duration of region 2 depends mainly onV1. After

FIG. 5. ~a! Real-time traces as well as~b! peak I p and final
currentI 1 compared with theI -V characteristics~solid line! for up
jumps starting from the third branch. CurvesA, B, andC correspond
to final voltagesV150.798, 0.846, and 0.853 V, respectively. Th
short-dashed line in~b! indicates the separation between the mon
pole and tripole relocation process, and the long-dashed line is
as a guide to the eye.
3-4
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RELOCATION DYNAMICS OF DOMAIN BOUNDARIES IN . . . PHYSICAL REVIEW B65 205303
the larger spike, a series of regular spikes~region 3! appears
with a lower current level, before the current rises~region 4!.
The traces are ensemble averages of about 100 mea
ments in order to obtain a better signal-to-noise ratio, i.e.,
position of the individual spikes is essentially determinist
However, the delay timetd , defined in Fig. 5~a!, fluctuates
stochastically. Therefore, it is somewhat smeared out in
ensemble-averaged traces of Fig. 6.

The separation of the regular spikes in region 3 is ab
50 ns, which corresponds to a frequency of 20 MHz. T
frequency falls into the same range of frequencies for
spikes present in current self-oscillations of 10–20 MH
which have been observed in the same sample for oppo
polarity.16–18

We have performed several sets of measurements to
the number of regular spikes in regions 3 and 4. For each
we select the starting voltageV0 on a particular initial branch
(N0) and vary the final voltageV1 to lie on different final
branches (N1) of the I -V curve. In these measurements, t
number of regular spikesNrs in regions 3 and 4 can be est
mated by

Nrs'NSL2N02N1 , ~4!

as long asN01N1,NSL . The difference between the lef
and right-hand sides of Eq.~4! varies typically between 1
and 3. For jumps withN01N1.NSL , regions 3 and 4 are
not observed.

According to the theoretical work by Amannet al.,9 the
larger up jumps exhibit a more complex relocation scena
In order to understand this behavior, we have to consider
electronic transport between the emitter contact and the
SL barrier. The emitter is assumed to be Ohmic, with
effective contact resistanceremitter.0. Its current-field char-
acteristic crosses the current-field characteristic for a ho
geneous field distribution of the SL in the negativ
differential-resistance~NDR! region at a certain critica
current levelI crit ~cf. Fig. 1 in Ref. 9!. Before the voltage
step is applied, a CDL is present between the emitter and
first SL period according to Poisson’s equation, since

FIG. 6. Ensemble-averaged current transients for switches f
the third to the fifth branch~A! and from the tenth to the thirteent
branch~B! of the I -V characteristic. CurveB is shifted by a 25-mA
offset for clarity.
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field in the low-field domain is smaller than in the emittin
contact. This CDL contains a much lower carrier dens
than the one at the domain boundary, since the field cha
between the emitter and LFD of the SL is much smaller th
that between the LFD and HFD. After applying the volta
step, we have to distinguish the following cases. As long
I p,I crit , this CDL persists. However, whenI p becomes
larger thanI crit , the current in the emitter becomes larg
than that in the SL. For very short current peaks, the criti
value I crit can be exceeded without producing a traveli
CDL, since there is not sufficient time to convert the CD
into a CAL. However, for sufficiently long current peaks, th
CDL between the emitter and LFD can be transformed int
CAL. At the same time, a CDL is formed between the fi
and second barriers of the SL, which will immediately beg
to move into the SL. As the CDL moves into the SL, the ne
CAL between the emitter and the first barrier will also st
to move into the SL. In this case, the relocation proc
involves two CAL’s and one CDL, which we will refer to a
a tripole.

Figures 7~a! and 7~b! show the electron densities as
function of time and space for the simple monopole a
tripole relocation processes, respectively. White and bl
areas depict CAL’s and CDL’s, respectively. The four regio
of the tripole relocation process defined in Fig. 6 are a
indicated. The simple monopole relocation displayed in F
7~a! refers to a small up jump. The larger up jumps conta
four regions, which correspond to four different phases of
tripole relocation process. Phase 1 occurs during the in
displacement current peak. During this time, the CAL b
tween the LFD and HFD moves upstream toward its fi
position. At the same time, the CDL at the emitter begins
move as described above, leaving a HFD behind, wh
grows with increasing time@cf. region 1 in Fig. 7~b!#. Since
the number of periods in the HFD increases, while the
plied voltage remains constant, the effective field strength

m
FIG. 7. Schematic evolution of the electron densities in

quantum wells during the switching process via~a! the simple
monopole and~b! the tripole relocation process for a jump from th
eighth to the ninth branch. The CAL’s~CDL’s! are indicated by
white ~black! areas. The emitter~collector! is located near well 1
~40!. The numbers 1, 2, 3, and 4 on the right-hand side in~b! refer
to the time intervals labeled in the same way in Fig. 6.
3-5
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ROGOZIA, TEITSWORTH, GRAHN, AND PLOOG PHYSICAL REVIEW B65 205303
the LFD and HFD decrease so that the current is redu
according to the homogeneous current-field characteristi

Phase 2 begins aftertp , when the current has droppe
below I l . At this point in time, there are three travelin
layers separating the field in the SL into two LFD’s and tw
HFD’s @cf. region 2 in Fig. 7~b!#. Both CAL’s move with the
same velocity toward the collector~cf. Ref. 9!. Because of
the constant total voltage, the number of periods in
HFD’s must now remain constant. Therefore, the sum of
velocities of the two CAL’s has to be the same as the velo
of the CDL, i.e., 2 vaccu5vdepl. Since the average curren
should have a value for which the CDL has twice the vel
ity of the CAL’s,9 a rather low current value is observed
Fig. 6. The jumps of the two CAL’s across individual qua
tum wells appear as irregular spikes within region 2 in Fig
so that they seem to be uncorrelated.

After the original CAL reaches the collector, which
indicated by a larger spike in Fig. 6, the tripole reduces t
dipole and phase 3 begins@cf. region 3 in Fig. 7~b!#. The
velocities of the CAL and CDL are now the same. Since
CDL is extended over several periods, the current transi
are dominated by the motion of the CAL, which now appe
as regular spikes in Fig. 6. When the CDL reaches the
lector ~after the timetdipole!, phase 3 is completed.

In phase 4, only a CAL is present in the SL. Since n
the number of periods in the HFD decreases with increas
time, the field strengths of LFD and HFD have to increa
resulting in an increase of the current. The CAL continues
move toward its final position. After reaching the well adj
cent to its final position, the situation becomes exactly
same as for the down jumps discussed above. The cu
remains for a stochastically varying delay timetd in this
well, wheretd depends in the same way on the voltage to
current discontinuity, as discussed in Ref. 7. Therefore,
described behavior also explains the observation in Fig
that even for larger up jumps the final current level is loca
on the down-sweep characteristic.

We would like to point out that this complex relocatio
scenario for larger up jumps may occur only in the first p
teau of theI -V characteristic. The current-field characteris
of the emitter contact may cross the NDR region of the fi
resonance, but not of any higher resonance. Under this
dition, the tripole relocation process is only observed for
first plateau.

VI. MEASUREMENTS WITH DIFFERENT TYPES
OF VOLTAGE STEPS

For fast voltage steps (Dt'8 ns), the displacement cu
rent peak can be well aboveI crit . When the step is replace
by a ramp with a certain lengthDt, the displacement curren
peak will be reduced according to Eq.~2!. For very long
ramping times, it will fall belowI crit , so that the CDL canno
be formed. Figure 8 shows the current transients for jum
from the third to the fourth branch forDt being varied be-
tween 10 and 120 ns. For short ramping times,I p is large,
resulting in the formation of the CDL. With increasing ram
ing time, I p decreases. ForDt560 ns, the formation of the
CDL seems to be delayed. In this case,I p5110 mA, which
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is still above I crit . For an even longer ramping time (Dt
5120 ns), the current transient changes to the type obse
for simple monopole switching so thatI p has to be smaller
than I crit . Therefore, we can estimateI crit to be about
105 mA.

In order to obtain even more information about the va
of I crit , we performed triangular voltage sweeps with fo
different sweep rates as shown in Fig. 9. For a sweep rat
10 mV/ms and below, theI -V characteristic becomes ver
similar to the one for dc measurements~thin lines in Fig. 9!.
However, with increasing sweep rate, the jumps to the n
branches occur at higher~lower! voltages for the up~down!
sweep so that these jumps take place at higher~lower! cur-
rent levels. This observation implies that the monopole at
domain boundary cannot follow the voltage sweep anymo
because it needs a certain time to jump from one well to
adjacent well. In the depicted range of sweep rates, the
placement currentI disp is below 1mA and can therefore be
neglected.

At a sweep rate of 300 mV/ms @cf. Fig. 9~b!#, the current
of the 11th branch reachesI crit , triggering the formation of a
CDL. This can be seen from the strongly reduced curren
comparison to the case with lower sweep rates. When
sweep rate is increased further,I crit can already be reached o
the eighth branch. This observation is an indication thatI crit
does not depend on the actual current maximum of e

FIG. 8. Ensemble-averaged current traces for sweeps from
third to the fourth branch with different ramp times depicted in t
inset. Below a certain peak current~horizontal dashed line!, the
relocation process changes from a tripole process to an ordi
monopole relocation process.

FIG. 9. Current vs voltage for triangular voltage sweeps fro
the fifth to the twelfth branch for different sweep rates~a! 280
mV/ms, ~b! 300 mV/ms, and~c! 350 mV/ms in comparison with a
low sweep rate of 10 mV/ms. If the critical current (I crit

5105 mA) is reached, the tripole process begins.
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branch, but is a constant for all branches. However, for
opposite polarity, the value ofI crit appears to be smaller. Thi
is probably due to a different resistance of the emitter c
tact. Since in this caseI crit seems to be even smaller than t
current level of the static branches, the current becomes
stable, performing self-sustained oscillations.17

The theoretical model of Amannet al.10 predicts that, for
triangular up sweeps, the amplitude of the branches is
duced with an increasing sweep rate. At the same time,
current level increases. This result is in agreement with
observations. For a very large sweep rate, the static pa
completely disappears, indicating the formation of a CD
The resulting critical current is about a factor of 2 larger th
the maximum dc current level of the branches. This is
strong contrast to the current levels in our experiments
which I crit is only 20% larger than the maximum dc curre
level of the branches. Therefore, we cannot observe the
state described in the theoretical work for very large swe
rates.

VII. CONCLUSION

The domain boundary in doped, weakly coupled SL’s c
relocate by both deterministic and stochastic mechanis
For down jumps and sufficiently small up jumps, the CA
e

g,

o
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simply moves with and against the flow of electrons, resp
tively. The velocity of the domain boundary has a squa
root dependence on the voltage step, which can be relat
the current value, in agreement with recent theoretical m
els. For larger up jumps, a CDL is formed at the emit
contact, which moves into the SL, producing a second C
behind it. The relocation of the domain boundary become
this case a rather complex process with a tripole inside
SL, until the original CAL disappears in the collector co
tact. The CDL travels through the whole SL, followed by t
new CAL ~dipole!, until the CDL also reaches the collect
contact. After the new CAL has reached the well adjacen
its final position, the motion is identical to the simple mon
layer relocation for down jumps. Whether this CDL appe
at the emitter contact or not depends on the resistance o
emitter contact.
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E. Schöll, Appl. Phys. Lett.65, 1808~1994!.

15M. Patra, G. Schwarz, and E. Scho¨ll, Phys. Rev. B57, 1824
~1998!.

16Y. Zhang, R. Klann, K. H. Ploog, and H. T. Grahn, Appl. Phy
Lett. 69, 1116~1996!.

17J. Kastrup, R. Hey, K. H. Ploog, H. T. Grahn, L. L. Bonilla, M
Kindelan, M. Moscoso, A. Wacker, and J. Gala´n, Phys. Rev. B
55, 2476~1997!.

18J. W. Kantelhardt, H. T. Grahn, K. H. Ploog, M. Moscoso,
Perales, and L. L. Bonilla, Phys. Status Solidi B204, 500
~1997!.
3-7


