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Dynamic scenarios of multistable switching in semiconductor superlattices
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We analyze the dynamics of charge distributions in weakly coupled, doped, dc voltage biased semiconductor
superlattices subject to voltage steps of different sizes. Qualitatively different current responses to voltage
switching processes have been observed experimentally. We explain them by invoking distinct scenarios for
electric-field domain formation, validated by numerical simulations. Furthermore, we investigate the transient
from an unstable to a stable point in the current-voltage characteristics after a steplike or ramplike increase of
the external voltage.
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[. INTRODUCTION current-voltage characteristi®,,, to a stable pointPg. In
this process, the system remains in the immediate neighbor-
Semiconductor superlatticéSL) typically exhibit ranges hood of the unstable point during a timg (the delay time
of negative differential conductivity that lead to self sus-and then switches to the stable poiwithin a time 74 (the
tained current oscillationfl—4| due to traveling field do- switching time [12]. For a given SL, we demonstrate that
mains, or a sawtoothlike multistable current-voltadeV) is almost constant. On the other hand, the delay time
characteristic with many branches associated with static fieldepends sensitively on the distance fréto the bifurca-
domains[5—8|. Recently, the current response to switchingtion point of the unstable branch and also on the ramping
from an initial voltage biasv; to a final voltageV; was time needed to readh,. Again, the numerical results are in
investigated experimentally on the first plateau of a SL thaggood agreement with the experimental d@a
exhibits multistable static field domains under dc voltage
bias[9]. It was found that the dynamic response of the cur-
rent changes dramatically when the voltage incredsg,
=V;—V; surpasses a threshold valg;. Oscillatory as well as static behavior in weakly coupled
In this paper, we analyze the dynamical evolution of thesemiconductor SLs has been successfully described by a se-
charge-density profile in a SL as the external voltage is eithegjuential tunneling modefl13,14,4,10, where the electrons
switched abruptly or ramped to a different value. Our studyare assumed to be localized at the individual wells. For volt-
uses a microscopic model of sequential tunneliig] to  ages within the first plateau of the SEV characeteristics,
specify the current density in a set of discrete rate equationghis model is justified in the regime where the lowest mini-
for electronic transport. Applying Ohmic boundary condi- band width is smaller than the scattering width If the
tions, we find that different mechanisms of domain formationtransversal relaxation is assumed to be fast compared to the
are effective. For small positive values of the switching volt-|ongitudinal relaxation, there are no dynamical degrees of
ageVgep, the charge density located at the domain boundaryreedom in the transversal direction. For the transversal part
moves upstreamagainstthe direction of the charge trans- of the electron wave function, we assume plane waves,
port, in order to form the new boundary. Meanwhile, thespecified by a two-dimensional wave vectorin the longi-
current relaxes monotonically to its new stationary value onudinal z direction, we describe the localized electrons by
the up-sweep branch. For larger positive valued/gf,, @  one-dimensional Wannier functiofis*(z—md), whereu is
downstream-moving charge dipole wave provides thehe miniband indexmis the number of the well at which the
mechanism for domain relocation, resulting in @ nonmono\wannier function is localized, and is the SL period 10].
tonic current response. Despite havingreasedhe voltage,  Assuming local equilibrium within each well and constant

the system switches to a different operating point on theyroadening™* of the levels, the current density from wetl
down-sweegbranch of thel-V characteristic. For negative to well m+1 is given by[10,15

values ofV, the charge distributions always move in the
direction of the field. By fitting one parameter in the bound—J (Frle A r)
ary conditions, our model reproduces quantitatively the ex> m—m+1\7 m-Tm>m+1

II. SEQUENTIAL TUNNELING MODEL

perimental results. Analysis of the boundary current is the e ri+rv

key to understanding qualitatively why dipole waves appear, = > %|Hr1ﬁj}m+1|2 I 2
and to give criteria for monopole waves to occur. Further- v (E"—El—eF,d)2+ )
more, the size of the critical step voltayg,;; is qualitatively 2

explained by using the relationship between the velocity of _ Ns 1 /pokeT —eF. d/kaT
monopole waves and the total currémf]. X{Nm—pokgT In[ (e"me2Potel—1)e"Sme T+ 1]},

We also study the transition from an unstable point of the (1)
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where e<0 is the charge of the electron,, is the two- dipole charge waves can be injected. In principle, it is pos-
dimensional electron density in weth, F, is the electric  sible to derive idealized boundary currents at the contact re-
field between the wellsn and m+ 1 directed towards in- gions by a microscopic approach based on the transfer
creasingm, E” is the energy level of the minibang Tis the = Hamiltonian method17-19. Real contact regions consist of
temperature po=m* /%27 is the two-dimensional electron a number of layers differing in composition and doping.
density of states, anah* is the effective electron mass. The Given the real configuration of a contact region, the value
matrix e|ement5Hr1an+1 between the Wannier states 1 in that should be assigned to the contact doping in the idealized
well mand» in well m+1 are calculated numerically for a Mmicroscopic model is not completely clgdi7—-19. We have

given SL from the Wannier functior4.0]. chosen not to model the contact layers, for this would notice-
The dynamic evolution of the electron densities is deter-ably complicate our analysis. Thus we have preferred a dif-
mined by the continuity equation ferent approach. Instead of using specific boundary currents
coming from microscopic contact modeling, we have se-
dny, lected the following simple Ohmic boundary currents in this
&t Jn—1-m—Imome1 for m=1,... N. (2 paper:
The electron densities and the electric fields are coupled by Jo_1=0Fg, (6)

the following discrete Poisson equation:

n
€€(Fn—Fm_1)=e(n,—Np) for m=1,... N, (3 JNHN+1:UFNN_N1 0
D

whereNp is the two-dimensional doping concentratidhis

the number of wells in the SIE, andFy are the fields atthe whereo is the Ohmic conductivity, and the factog /Np is
emitter and collector barrier, ang} and ¢, are the relative introduced in order to avoid negative electron densities at the
and absolute permittivities. In order to derive E§), we  collector [20]. More realistic nonlinear boundary currents
consider Gauss’s law in the integral formulation, with thewill provide the same qualitative dynamical behavior as the
integration volume being a well, modeled by an infinite layerprevious Ohmic currents with appropriately chosende-
with finite width w. Then Eq.(3) follows under the condi- pending on the contact dopif9]. In Sec. V, we discuss the
tions that the charge is localized within the wells, and theimplications of choosing different values for in more de-
charge distribution does not depend on the transversal coofajl. The experimental observations in RE] (Fig. 5 and
dinates. These conditions are fuffilled, since the electrorref.[21] (Fig. 3) show that the current response after a large
wave functions are assumed to be Wannier functions in thghcrease of the external voltage exhibits a typical troughlike
longitudinal direction and plane waves in the transversal distructure with an almost flat minimum. This indicates that for
rection, and the background charge due to doping is assumeese superlattices, dipole waves provide the mechanism for
to be confined to the center of the well. By differentiating the switching process. The reason is that a dipole wave de-
Eq. (3) with respect to time and using E(), we obtain the  tached from the contacts moves at a roughly constant speed
following equation for the field=,: corresponding to a roughly constant current. We therefore
selecto such that dipole waves are triggered at the emitter
dﬂ _ _ contact. As we will show in Sec. V, boundary conditions that
€ € +Jnome1=4J for m=1,... N, (4) ) : : .
dt trigger monopole waves result in a continuously changing
current, since monopole waves change speed. This behavior
whereJ is the total current density, independent of the wellis well known in the limiting case of a very large Ston-
index. The total voltage drop between emitter and collec- tinuum limit [22], corresponding to the Gunn effect in bulk
tor provides a global coupling by GaAs[23,24).

N
= E Fd. (5) I1l. NUMERICAL SIMULATION
m=0

We simulate numerically al=40-well SL with barrier

Notice that for high field¢such as those in higher plateaus of width b=4.0 nm, well widthw=9.0 nm, dopingNp=1.5
the |-V characteristig; the last factor in the tunneling current X 10'* cm™2, T'=8 meV (independent of the miniband in-
(1) becomesn,,. Then the systeni3)—(5) reduces to the dexu), and cross sectioA= 15 000um?, at a temperature
well-known discrete drift model of Ref§4] and[14]. T=5 K. The parameters are those of the SL in Héf.

Under dc voltage conditions, it is known that the choiceReasonable agreement with the overall shape of the experi-
of the boundary current crucially influences the dynamicalmental current-voltage characteristics in Héf is found if
behavior[16]. In particular, self-sustained oscillations of the we adopto=0.01 (@ m)~ 2.
current may be due to recycling and motion of either mono- For the homogeneous case, i.B,=n,.1, the current
pole or dipole charge waves: boundary conditions resultinglensity(1) depends on the electric field as in Fig. 1, yielding
in charge accumulatiofor depletion at the emitter contact a typical N-shaped curve. The corresponding stationary
favor monopole wave dynami¢46]. If the boundary condi- current-voltage characteristics for inhomogeneous solutions
tions can result both in charge depletion and accumulatioris the typical sawtooth pattern of Fig. 2 with upper and lower
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It is important to note that the system of ordinary differ-

ential equationg2)—(5) is stiff [25], since

Jmflﬂm_‘]mﬂm+l

<1.

‘Jm—lam—i_ Jmam#—l

FIG. 3. Current response vs time for varidas positive andb)
negative voltage steps &t 0. Fort<0, the voltage i3/;=0.75 V.
The curves are shifted vertically in units of 23\ in (a) and 30uA
in (b) for clarity.

8 tain stable solutions. In our case, we used a fifth-order im-

plicit Runge-Kutta solver and verified the results using a
standard backward differentiation formuld@DF) solver

Therefore, implicit integration methods are necessary to ob[26]

We shall investigate here the SL response to switching or

200 prereprrerr 01V +0'1V A (a) ramping starting from a point on the upper branch of the first
i ' : | plateau of thé-V characteristic a¥ .= 0.75V (Fig. 2). After
< 150; -02v 018V 7 switching to a final voltage/;=V g+ Ve, the current will
2 1 evolve towards a value on the stationdry characteristic
g 10017 P 7 corresponding to one of the branches at voltegein gen-
é t At A /l_/ 7 eral there are several such branches due to multistability
S0 We find that the final stationary current is on the upper
N T T branch if Vge=0.1 V, while it is on the lower branch if
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Vgiep=0.18 V; see the arrows in Fig(&. Thus fast switch-
ing allows us to reach the lower branch by just increasing the
voltage sufficiently. This is a striking result: In conventional
up- and down-sweep, the point on the lower branch at 0.93 V
can only be reached by increasing the voltage to more than
1.1 V and then decreasing to 0.93 V.

In Fig. 3@, we depict the current response to different
positive values oW/, versus time. For

Vstep< Vcrit ’ (9)

with V;~0.175 V, the current relaxes monotonically to its
final value. There is a fundamentally different current re-
sponse if Eq(9) does not hold. Instead of relaxing mono-

FIG. 2. Simulated sawtooth current-voltage characteristic of gonically, the current first drops to a level well below the
40-well superlattice4.0 nm AlAs barriers, 9.0 nm GaAs wells lower stationary branch. Then the current response exhibits a
Upper branches correspond to voltage up-sweep, lower branches t#@st repetitive double-peak pattern until abouu8. Subse-
down-sweep. The arrows i@) indicate the starting and end points quently, following one larger spike, only single peaks occur.
of the voltage steps discussed in Sec. (y.gives an enlarged view The spiky structure ends aboujs after the voltage switch,
of the initial operating pointbox) as well as of the different final and the current evolves to a stationary value on the lower
points (circles considered in Sec. VI. branch. The total number of peaks is roughly equal to the
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40 — T T Eq. (1). For a current below this interval, the charge mono-

3 0'_ - depletion front ] pole moves downstream towards the collector, whereas for a
g — accumulation front current above this region, it moves upstream towards the
220 \ . emitter, against the direction of the electron motiad]. At
H 1ol the boundaries of the static front regime, the front velocity
2\ ] scales a® ~ /|l —I,|. This scaling behavior is also found
% o 7 . for pinned waves in diffusion systems with discrete sources
> T [27]. The backward motion of the monopole occurs only for

-10»— I, 1, 1 voltages on the first plateau of tthe/ characteristic, where

0 0 T %o 300 the tunneling current Eq.l) depends appreciably am,,, ;
Current [pHA] [11].

Itis also evident from Fig. 4 that electron depletion waves
FIG. 4. Front velocity vs current for electron depletion and ac-glways have positive velocity, which means that they move
cumulation fronts. towards the collector. Their velocity increases approximately
linearly with increasing currentFig. 4). For depletion
number of wells in the SL. The frequency of the peak burst isvaves,n,,<Np andF,,—F,_1~—eNp /(e &), We can ig-
about 15 MHz. This behavior does not change significantlynore the tunneling currerd,, .., in Eq. (4), and therefore
as long as Eq(9) is violated, even for very different values the front velocity is approximately/(eNp) [22,24. The
of Vgep This effect is very similar to the experimental ob- point in Fig. 4 where the velocities of accumulation and
servations in Ref{9]. The quantitative difference is that the depletion fronts intersect is of special interest: This point
experimental total relaxation time is only abouju®. Such  determines the velocity and current at which a dipole wave
values could be achieved numerically, by choosing a largetonsisting of a leading depletion front and a trailing accumu-
scattering widtH™~20 meV. The current response of the SL lation front can move rigidlyj24].
in Ref.[21] exhibits a total relaxation time of aboutss for Let us now consider a switching process where condition
the second plateau, and its current response during th@) is fulfilled andVg,,>0. From the dynamical evolution of
switching process shows a peaklike structure very similar tahe electron densities;, which is depicted in Fig. @) for

our numerical results. Vsieg=0.1 V, we observe that the charge monopole region of
high electron density(light region is shifted upstream
V. SWITCHING MECHANISM (against the fiel®eF) towards the emitter. This shifting oc-

curs on a time scale of 0,Ls, explaining the fast monotonic

We now explain the reason for this behavior qualitatively.relaxation if Eq.(9) is fulfilled. The switching to a higher
For this purpose, it is very helpful first to consider the ve-external voltage has the effect that all fields in the superlat-
locities of electron accumulation and depletion fronts as dice are increased and the current instantaneously rises above
function of the current, as depicted in Fig.(gee also Ref. |,. According to Fig. 4, this gives rise to a negative velocity
[11]). Notice that electron accumulation monopoles mayof the accumulation front.
have positive, zero, or negative velocities as the current is If condition (9) is violated, the switching scenario is more
increased. The current intervdl (I,) corresponding to sta- complicated. FON;~0.18 V andV,~=0.50 V, the evo-
tionary monopoles depends on the location and size of thkition of the electron density profile is depicted in Figé&)5
peak and bottom values of the sequential tunneling currerand c), respectively. Before switchiny g, there is a

Vo= +0.10 V Vo= +0.18 V Vo= +0.50 V Vo= -020 V

10
10

Time [us]
Time [us]
Time [us]
Time [us]

9

1 Well 40 1 Well 40 1 Well 40 1 Wwell 40

(@) () © @

FIG. 5. Evolution of electron densities in the quantum wells during the switching process for various voltage steps. White indicates high

electron densityaccumulation front black indicates low electron densifgiepletion front. In the gray area, the electron density~i$\p .
Well no. 1 is located at the emitter, well ni.=40 at the collector. At=0, a voltage ste¥/.,is applied, starting fronv;=0.75.
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charge accumulation front inside the sample correspondingelocities of the positively or negatively charged fronts de-
to the domain wall separating two coexisting stationary high-picted in Fig. 4. Each time an accumulation layer advances
field domains. After switching the voltage, the charge dy-by a SL period, a spike of the current appears, which ex-
namics in the superlattice exhibits three different phaggs: plains the double-peak structure observed in the numerical
upstream shift of the accumulation front and generation ofimulation of Fig. 3a). Notice that the transient region where
new fronts at the emitterji) coexistence of three fronts in the current exhibits double spikes has a flat appearance, in-
downstream motion, andii) downstream motion of two dicating a constantean valueof the current.

fronts. These three phases will now be considered in detail. Phase(iii). After the original accumulation layer has

Phase(i). Shortly after switching the voltage step, the reached the collector at~3 us, there are only one accu-
original preexisting electron accumulation layer moves upmulation layer and one depletion layer present in the sample,
stream towards the emitter. Simultaneously, a charge dipol@iVing rise to a single-spike structure of the current response
wave appears at the emitter. Its leading depletion fronfs depicted in Fig.(@). By the same reasoning as(in), the
moves towards the collector while its amplitude increasesvelocities of the positively and negatively charged fronts are
The trailing electron accumulation front of the dipole is Now required to fuffill the conditior.. (I)=c_(1). The cur-
pinned at the first SL well. rent is then fixed to the crossing point of the two front ve-

The mechanism for the generation of a dipole at the emitlocities as depicted in Fig. 4. In comparison to ph@ise the
ter is as follows: In a stationary situation, the current throughvelocity of the accumulation front has almost doubled, while
the emitter barrier is equal to the current through the first Sithe velocity of the depletion front has decreased slightly.
barrier. The field at the emitter can be calculated from Fig. 1, After these three stages of its evolution, the accumulation
where the boundary current at the emitter is compared to thBont finally reaches a stable stationary state: it becomes the
homogeneous current-field characteristic. Notice that bot§lomain wall separating two stationary high-field domains.
currents intersect on the second branch of the homogeneo@ all such possible stationary solutions at voltayg.
current-field characteristic, at a critical valdg;;, because +Vsep the one having an accumulation layer closer to the
we have chosen the slope of the emitter current to be lowegmitter is reached. This final situation on a low current
than the slope of the homogeneous low-field current-fieldranch of the current-voltage characteristics at voltsge
characteristic. If 82J<Jg;, the field at the emitter barrieris +Vsep could also be reached by conventional down-
larger than that at the first barri¢fo>F,. Then the Poisson sweeping the current-voltage characteristics. In the latter
equation predicts electron depletiom,<Np. If we could  case, the electron accumulation layer also moves towards the
suddenly change the current to a value larger thap the  collector.
field F, would increase according to E@f), trying to attain For Vges<0, the electron accumulation layer always trav-
a value on the third branch of the characteristic curve of Fig€ls towards the collector and stops at a position correspond-
1. This would produce an electron accumulation layer at thigg to the domain wall separating low- and high-field do-
well followed by the depletion layer that was there beforemains of a stationary solution. This solution is the same as
changingl. The net outcome of this mechanism would be thewhat could be reached by down-sweeping to the final volt-
creation of a dipole. As seen in Fig. 4, a depletion layerage, Fig. &d). Contrary to the case of positivVée, the
separated from the contacts has to move towards the collegesulting current response shows no thresholdlike behavior;
tor, at a speed proportional th As it moves, it leaves a See Fig. 8). Since all fields decrease during the switching
high-field region behind. The increase of length gained byProcess, no dipole wave can be generated at the emitter.
this region has to be compensated by lowering the current
(for_ both the I_o_w-fle_ld and_the hlgh-flglq domains occur in a V. BEHAVIOR EOR A DIEFERENT BOUNDARY
region of positive differential conductivilyso as to keep the CONDITION
total voltage constant.

Phase(ii). After about 0.2us, the current has dropped  The dipole domain formation mechanism is different from
belowl,, which from Fig. 4 means that all fronts have posi- the monopole mechanism described in R28]. The selec-
tive velocities. The original accumulation layer and the trail-tion mechanism for dipole or monopole wave generation at
ing accumulation front start advancing towards the collectothe emitter depends on the boundary condition th28s. If
with the same velocity, while the positively charged leadingthe boundary condition allows both electron accumulation
front of the dipole moves towards the collector at a higherand depletion at the emitter, a dipole wave can be created. If
velocity. What is this velocity? First of all, notice that the the boundary condition allows only electron accumulation,
mean value of the current is approximately constant duringpnly monopole waves can arise at the emitter.
the transients that follow the voltage step in Fi¢g)3Shift- As discussed above, the mechanism of current response to
ing by one well towards the collector, the depletion fronta voltage switch involving dipole domains depends deci-
diminishes the high-field domain and expands the low-fieldsively on the emitter differential conductivity being lower
domain by one well, while shifting of any accumulation front than that of the homogeneous current-field characteristic. In
has the contrary effect. Since the external bias is fixed, &ig. 6a), the current response far=0.1 (mQ) ! is de-
guasisteady situation results only if the sum of the velocitiepicted. We observe that the current response exhibits a
of the two accumulation fronts is equal to the velocity of theU-shape behavior for largé,. Figure &c) shows that the
depletion front. Then the current takes on a constant meadomain formation mechanism is now mediated by well-to-
value corresponding to@, (I)=c_(l), wherec..(I) are the  well hopping of charge monopoles, as was the case discussed
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Vo= +0.6 V Vo= +0.7V FIG. 7. Current response for sweeping the voltage frgm
=0.75 V to various final voltage¥; [cf. circles in Fig. Zb)]. We
use a constant ramp time of =100 ns. The curves are shifted
vertically in units of 20uA for clarity.
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mechanisms do not coexist, and therefore a sharper transition
between the two mechanisms occurs: compare Figs.add
6(a).

Finally, if o is chosen to be so small thag;; is below
I, /A, which is the critical value for static fronts under cur-
rent bias, dipole waves are generated under constant voltage
conditions. This leads to oscillating behavior akin to the
Gunn effect{10,23.

Time [us]
Time [us]

i

VI. TRANSITION FROM UNSTABLE TO STABLE POINTS

Well ' 1 Well 40 In Ref. [9], the current response to a switching process,
(b) (C) where the final voltag&/; _is_close to a discontinuity in the _
current-voltage characteristic, was measured. In contrast with
FIG. 6. Current respong@) and evolution of electron densities the results discussed abowéy,,is now typically less than
(b),(c) for e=0.1 (© m)~*. Note that in(b) and(c), different gray 0.1 V [see Fig. 2b)], and the dipole domain formation
scales are used. mechanism cannot occur. It was found experimentally that
the transition time is less than Ouds, provided that the final
in Ref.[28]. If only monopoles are present in the SL, their point, P;=(Vs,l;), is on the same branch of the current-
motion can be compatible with the dc bias condition only if voltage characteristic as the initial poif;,=(U;,l;). If P;
the current(and therefore the monopole velogitghanges and P; are on different branches, then the transition time
continuously{22]. This also implies that the overall time for increases if the distance fro¥ to the threshold voltag¥,,
stable domain formation depends Wg,. decreases. This behavior can be reproduced by our model, as
The mechanisms of monopole domain formation at thds shown in Fig. 7a). Here the branch discontinuity is lo-
emitter and domain boundary relocation may coexist, as ineated atV;,=0.819 72 V, and the transition time increases as
dicated by Fig. @). Here two monopole accumulation fronts the distance fronV; to V, decreases.
move in opposite directions inside the SL. This seems to A theoretical explanation of this behavior is as follows.
contradict the observation that the front velocity is a uniqueLet us again consider the relationship between monopole
function of the current, as depicted in Fig. 4. However, Fig.front velocity and current. If initial and final voltages are on
4 corresponds to velocities of fully developed monopolesthe same branch of the current-voltage characteristic, the cur-
whose domain walls join a low- and a high-field domain in arent responds to the voltage switch by a small continuous
guasisteady situation. The front coming from the emitter inincrease. The SL charge profile has a peak that is still located
Fig. 6(b) joins a low-field domain to a transient domain at anat the same well as before the switch, but its center of mass
intermediate field[22]. Thus it is not a fully developed has shifted slightly towards the emitter. Suppose now that
monopole, and its velocity is different from that of the front the final voltage is located beyond the threshold in the
making up the original domain boundary. The coexistence oturrent-voltage characteristic. Then the current first increases
those two domain formation mechanisms results in &o a value beyond the end of the initial branch of tRg
smoother transition from the boundary relocation mechanisneharacteristics|,,, above which accumulation layer mono-
to the monopole domain formation mechanism with increaspoles can move against the flow of electrons at constant cur-
ing Vgep- This contrasts with the situation in the dipole re- rent biag11] (Fig. 4). The field and charge profiles first start
gime discussed before: there, both types of domain formatioohanging without changing the location of the charge peak.
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L time increases by a factor of 8 if we augment the ramp time,
7., from 100 ns to 1000 ns. Further increase of the ramp
time has no significant effect, since the contribution of the
peak current to the absolute current becomes neglible. On the
other hand, if we sweep fast enough, we can achieve a tran-
sition to a different branch evenV¥;<V,. This is shown in

Fig. 8b), where we can selectively reach two different points
in the current-voltage characteristic, by changing the ramp

Current [pA]

T 5 time from 100 ns to 1000 ns. Note that this selection of
multistable points is different from the selection due to dif-
200 — , — ferent domain formation mechanisms, as discussed in Sec.
V.
3 150 ] VIl. CONCLUSIONS
=
g Provided that Ohmic boundary conditions are chosen to
5 100 7] model the contact regions, we have shown that different

L - mechanisms for domain formation occur for different bound-
) ) ) ) ) ) ) ary conditions and sizes of the voltage step in domain-wall
2 -1 0 1 2 3 4 5 relocation experiments. For negative or small positive values
Time [ps] of Vgep, the charge accumulation layer separating two do-

FIG. 8. C . ; g th tage f 0.75 Vmains moves to its new location. For large positive values of
- 6. Lurrent response for sweeping the voltage from ©.75 ¥y, a dipole wave may provide the mechanism for
to (@) V;{=0.81974 V, and(b) V;=0.81970 V during different S b y P

ramp times. For the sake of clarity, the curves(a and (b) are domain-wall formation. In this case, the final operating point

shifted vertically in units of 2QuA and 30uA, respectivel corresponds to a point on the down-sweep branch of the
y pA, TESP y- static current-voltage characteristics. One possible applica-

tion of this feature could be a device that limits the current if

During a timery, they manage to shift the center of mass ofthe voltage increases linearly with time with a slope larger
the charge profile upstream without changing the location othan a certain threshold value.
its maximum, and keepint=1,. This situation is unstable Two generic times characterize the transition from un-
because the center of mass and the charge peak cannot $teble to stable operating points on the current-voltage char-
separated too far. Thus the charge peak has to move upeteristic: a delay time and a switching time. During the
stream towards the emitter after a delay time Then the delay time, the current is close to the maximum value on the
current drops fast until the stationary configuration correcurrent-voltage characteristics, whereas it drops down to its
sponding to the next branch in the current-voltage characteffinal stable value after the switching time. While the latter is
istic is reached. Let us denote by the switching time dur- essentially constant, the delay time depends very sensitively
ing which the current drops frorh, to its final stationary upon the ramp time, after which the unstable point is
valuel;. A close look at Fig. 7 shows that the delay timg  reached, and on the distance from the final voltage to the
(during whichl~1,) depends on the final voltagé , while  discontinuous threshold in the static current-voltage charac-
the switching timerg does not. teristics. If the final voltage corresponds to a stable point just

The above discussion makes it clear that long delay timebelow the threshold, switching to a different stable branch
can be achieved if we manage to keep the current very closgan nevertheless be caused by a fast voltage ramp.
to |, after changing the voltage ;. If the switching pro-
cessis fastz the.subseque_nt current peak is s_harp: in th|.s. case, ACKNOWLEDGMENTS
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