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Bistability and discontinuity in the tunnel current of two-dimensional electron-hole layers
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We present a detailed study of a recently reported discontinuity and bistability in a 12-nm GaAs/AlAs
single-barriem-i-n heterostructure, where a system of spatially separated two-dimensional electron and hole
(e-h) layers of equal and tunable density is realized. Both features app&az 200 mK and are strongly
enhanced in a magnetic fieBi=10 T perpendicular to the layers, whereas they are suppressBd-tiy T
parallel to the layers. They correspond to a discontinuity inettredensity and in the phase of the current
magneto-oscillations. Whereas the high-current state has the expected properties of the urcbupies,
the low-current state behaves anomalously under all circumstances, and we identify them with a gas of
spatially indirect excitons with binding energy 0.03 me¥,<0.3 meV and 0.5 me¥E,<5 meV atB
=0 andB=10 T, respectively. We interpret the bistability as a transition between the two regimes, which
arises because of the competition between the in-plane screening, determined by the enerfyé)
distance and the magnetic length, and the interlayerattraction.[S0163-182@00)08143-]
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. INTRODUCTION single-barrier heterostructuré€8BH’s), in which 2De-h lay-

In the search for Bose-Einstein condensation, spatiallyers of equal density accumulate under forward bias at oppo-
separated two-dimensioné2D) electron-hole é-h) layers site sides of the barrier.
of equal density have been intensively studied in the last few With respect to DQW’sp-i-n SBH’s have several advan-
years:=? In these systems, the-h recombination time can tages. First of all, for sufficiently thick barriers-10 nm for
be made as long as/sec, therefore allowing thermalization GaAs/AlAs structures recombination and tunneling times
of the carriers to the lattice temperature, a situation that isre much longer than the carrier relaxation times, and the
never reached in strictly 2[@-h systems because of the carriers are able to reach the lattice temperature. In other
higher recombination rate. With respect to real atdfis-  words, the system is expected to reach thermodynamic qua-
direct excitons are particularly attractive because of theisiequilibrium, in which the chemical potentials of teandh
light mass, which is expected to allow condensationTat gases are separately aligned to the ones in the respective
~1 K, rather than in the.K regime?® In addition, the con- doped regions. Additional advantages are the possibility of
densation is favored by a magnetic field perpendicular to théuning the density with the applied voltage and the presence
layers®®1" To date, the only evidence for exciton condensa-of only two interfaces, which allows high in-plane mobility.
tion in those systems, although in the presence of a random We studied a 12-nm-thick single-barrigr-i-n GaAs/
potential, has been reported by Buteval®® In Ref. 5, a  AlAs/GaAs heterostructuréFig. 1).1-%In such a device, two
detailed discussion of the physics involved is presented. limits are known. At low densitiesn(~10'° cm™?), Neves

The interest in 2De-h layers is not only restricted to this et al?® have observed resonant tunneling via indirect exciton
controversial topic. Because of the difficulties in engineering
suitable structures, most of the work done so far has been AlAs (12 nm)
theoretical, resulting in an extremely complex scenario,
which is still experimentally largely unexplored. Depending
on the interlayer distance, density, applied magnetic field,
and temperature, the electronic configuration is expected to
range from the normal exciton gas to the excitonic
superfluid/ ~12"the dipole density wav& or separate frac-
tional quantum Hall state's:'?

Recently, technology has allowed one to make semicon-
ductor heterostructures where closely spaced2dh lay-
ers can be actually realized. To date, most of the experimen-
tal work has been done on the optical properties of undoped
double quantum well§DQW’s),*~514-1which provide a
natural tool for obtaining charge separation. As already real-
ized by Kuramoto and Hori¥, another attractive possibility FIG. 1. Band diagram of the sample studied. The GaAs undoped
is to study the transpdrf?®and optical properties ofp-i-n  layers are 300 nm thick and are not plotted in scale.
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states, which manifests itself as peaks in _the low-temperature T'=4 2KI Resonant I-X tunneling
(T=10 K) I(V) curves. At high densities, on the other _ : : \_
hand, Teisser and co-worké?$® reported the behavior of g 16°F
uncouplede-h layers. We studied the intermediate regime ~ .
n~10" cm 2, i.e., when the in-plane-e (h-h) distance is % r ; Region
comparable to the interlayee{h) one. We observed bista- = 10-1: Flatband |/ | of instability
bility and discontinuity in the tunnel curreh which we 6 3 1
believe to arise from a phase transition between the two re- Ia) -
gimes. A synthesis of our results was reported in Refs. 1,2, > 1|6 7 ﬁlg\
and we present here a more detailed study discussing all the - - -
experimental data measured. —_ b) T=70 mK
The paper is organized as follows: we describe the sample <« HCS
in Sec. Il, and we show in Sec. lll experimental results of £ 4f .« S &
the temperature dependendSec. Il A), the magneto- = weep up i 3
oscillations at constant bigSec. Ill B), the magnetic field 8 ©  Sweep down i
dependencgSec. 1l O, and the in-plane magnetic field 5 2r et .CS
(Sec. Il D). In Sec. IV we discuss the experimental results o M
and, while discussing other possibilities, we show that a suit- L ' L
able model to explain the data is based on the transition from 114;64711 d {,‘6‘{8 1\‘]649
a gas of indirect excitons and the uncouptet layers. Fi- pplied Voltage (V)
nally, we present our conclusions in Sec. V. FIG. 2. (a) 1(V) characteristics aT=4.2 K andB=0. The
regime of high current was studied by Teissdral. (Ref. 23,
Il. SAMPLE whereas the regime of low current, close to flatband conditions, was

studied by Nevest al.in Ref. 20. We focused on the intermediate

The layer composition of the device we studied isuZn regime delimitated by a squafBefs. 1 and 2 (b) Bistability of the
p-doped GaAs (410'® m~2), 100 nm of weaker doping tunnel current aB=0 andT=70 mK. The measured points are
(1x10Y m~?), 100 nm undoped GaAs, 11.9 nm AlAs bar- shown as solid and open circles for sweep up and down, respec-
rier, 100 nm undoped GaAs, 100 nmdoped GaAs (2 tively. The electronic states are named the “high-current state”
X 10 m~2), and 500 nmn-doped GaAs (410 m?). (HCS) in the upper branch and the “low-current statéd’CS) in
The sample was grown by molecular beam epitaxy in théhe lower one.
[311] crystallographic direction in order to ensure high in-
plane hole mobility. We measured similar samples grown o
the[100] direction, but they did not show the discontinuities
discussed in this paper, although some smeared feature ap: . e \
peared at high magnetic field also in this case. The sampl ibuted _to resqnant tun_nellng from indirect excitons across
was processed in circular mesas with optical access. THE'€ barrier to direct excitons in the collector. The regime of
results discussed in this paper were measured in arg0- high bias has been studied by Finleyal~< in relation to

mesa, but the main features were reproduced on the othérX tunneling; we observed a very similar behavior of our

ones. structure for biases higher thanl.7 V. In the intermediate

A schematic band diagram of the device under forwarofegirm;:;Zde"mitEOI by a square in Fig(df, we observed a
bias is shown in Fig. 1. We stress that, in this structure, thdeaure™” that has never been observed wi-n devices of

applied voltage is proportional to the chemical potentialSimilar layer sequencesee, for instance, Refs. 25952We
wen=eV of the e-h system, which is defined as the energy believe therefore that such a feature, which corresponds to

required to add ae-h pair. We estimated the-h distance ~ Jee™den~25 nm.*® originates from the presence of the ad-

den~25 nm from the distance between the maxima of theditional hole layer.

wave functions, which we obtained by self-consistent calcu- When the temperature is further decreased To
lations in the Fang-Howard approach. =70 mK andB=0, the feature becomes discontinuous and

In the regime of our interest, only the lowest heavy-holePistable, as shown in Fig.(®." We denote the states cor-
and electron subbands are populgt®d/e measured the tun- respf‘)n'dlng to the upper and lower b“ranch of the b'Sta?'“ty
nel current in the growth direction, which is determined byth® “high-current state” (HCS) and “low-current state
electrons(holes have a much smaller tunneling probability (LCS), respectively.
because of their bigger effective masEhe optical transition
between the spatially separatedh layers(a potentially very

4Fig. 2a). Flat band occurs at-1.52 V, as expected for
GaAs. At slightly higher biases<{1.55 to~1.6 V), Neves
 al?% observed peaks in the tunnel current, which they at-

A. Temperature dependence and stability

useful spectroscopic topis totally negligible. In order to gain further insight into the energy scale of the
bistability, we investigated the temperature dependence of
IIl. EXPERIMENT the I (V) curves. The results are plotted in Fig. 3 and show

that if the temperature increases, the bistability reduces in
The I (V) characteristics of the device, B=0 (B is the  size and shifts to lower biases and higher curréthts curve
external magnetic fiejd and T=4.2 K, are shown in corresponding td~50 K is offset for comparison
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FIG. 3. I(V) curves atB=0 and T=70 mK, 4.2 K, and FIG. 5. Comparison between théV) curves(solid circles and

~50 K. At T=70 mK, the sweep up and down are indicated by the Voltage measurements at fixed curr@yen circles The tem-
solid and open circles, respectively. In the inset, we show theperature is 4.2 K and the magnetic fieldBs-10 T (perpendicular
Arrhenius plot of the current differenckl between the HCS and to the layers
LCS at the center of the transition.
ity, and the temperatur&€* increase by an order of magni-

Both the bistability and the discontinuity disappear attude, as shown in Fig. 4. Also in this case, upon an increase
temperatures higher tha ~300 mK (~30 wpeV), buta of temperature, the bistability reduces in size and shifts to
smeared feature in thé(V) survives up toT=4.2 K lower biases and higher currents. The temperature behavior
(~0.5 meV). At temperatures around 50 K, the single ex-of the voltage positiofiinset of Fig. 4, current discontinuity,
ponential behavior typical of p-i-n diode is recovered. and bistability width is similar to the one &=0, but we

In the inset of Fig. 3, we show the current differenke  observe bistability up td=4.2 K, which points to an en-
(in logarithmic scalg measured at the center of the transi-ergy scale of the order of 1 meV, one order of magnitude
tion, between the HCS and LCS. The voltage position andigger than aB=0.
bistability width have a similar behavior, which saturates at At B=10.5 T, we have also studied the stability of the
low temperature§ ~800 mK. LCS and HCS. Both the states are stable at constant bias, for

The saturation might be either intrinsic to the physicalat least 15 min; transitions from either of the states to the
process involved or due to the saturation of the electroniother could be triggered by electrical noise. In contrast, if we
temperature te-800 mK. We do not have the possibility of apply a fixed current in the region of negative differential
discriminating between the two effects, and throughout theonductancg1-5 nA), we observe thaV is unstable be-
whole paper, we therefore only report the bath temperaturetween the two value$l.646 V and 1.653 Yat which the

In the presence of a magnetic fieddd=10 T perpendicu- discontinuity occurgFig. 5).
lar to the layers, the bistability width, the current discontinu-

B. Magneto-oscillations of the tunnel current

e B=10T We have further characterized the LCS and HCS by mea-
15+ § Sweep up 11.650 g suring the tunnel current as a magnetic field perpendicular to
o <y
~~ o0-0—0 2
< Y Sweep down| Lom =
& 10_00 5 10 15 —~ 10
g T ) ié/
5 L
E “la2k 21
© 70 mK E
O e — - " Qo1 , \
1.640 1.645 1.650 1.655 T=12K = 1642V (LCS)
Applied Voltage (V) 5 10 15
Magnetic Field (T)

FIG. 4.1(V) curves aff=70 mK and 4.2 K, in a magnetic field
B=10 T perpendicular to the layers. The sweep up and down are FIG. 6. Magneto-oscillatiofMO) traces forvV=1.66 V (HCS),
indicated by solid and open circles, respectively. In the inset, we&/=1.642 V (LCS), and V=1.645 V (both LCS and HCBS
show the Arrhenius plot of the discontinuity positions. Maxima positions at £ ¥<2 are marked by open circles.
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the layers swept at fixed applied voltage., at fixed chemi- i T T ] "
cal potentialu..,=€V).? In Fig. 6, three typical traces mea- 35k ®  1/B Periodicity J
sured atT=1.2 K are shown: one in the LC&.642 V), § | © v=2B e
another in the HC$1.66 V), and an intermediate one at the % 3.0 = v=l =
transition (1.645 V). These sweeps show general properties = | E &, Cpes ~ 4.5 10° Fmf
and do not strictly refer to Fig. 2, since the details of the 3‘25J{ _________ ol @
bistability (position, width, and current discontinujtgiepend o ’
on temperature and magnetic field, as discussed above. 5 [ o 5 a2

The magneto-oscillation$MQ’s) of the tunnel current N 20 a)o---f" Cies~ 35107 Fm

arise from the effect of the magnetic fieldon the density of
states(DOS) of the two-dimensional electron ga2DEG),

which becomes quantized in Landau levél&’s) with de- ® [ LCS E1 Fhase shift ~ 90
generacyeB/h, separated by the cyclotron enerdiw, 3 100 = . 1.642 V
=heB/m (m is the effective magsThe physical properties ~ % g / (LCS)
of the system are determined by the filling facter % I _g \§/ % 54 6 % 10
=nh/eB (n is the density, which is the number of occupied @ 50k Y

LL's. The Fermi energyeg of the 2DEG is pinned to both Q HCS i
the lowest occupied LL and to the chemical potentieded s ] /§/<
by the applied voltagein the doped regions. This condition A~ 0rb) \§/§ T
induces a self-consistent rearrangement of the band profile —
when B is swept?® which modulates the tunneling current 164 1.66 1.68
with periodicity Eg /A w.>1/B. The minima occur approxi- Applied Voltage (V)

mately at integer filling factofwe resolve spin splitting at

fields given by FIG. 7. (a) Density of thee-h layers as a function of the applied

voltage. The solid circles are extracted from thB periodicity at

nh B T=1.2 K (see Fig. 6 whereas the open triangles are obtained
== _1_ (1) from the »=2/3 minima atT=70 mK. The square is obtained
ev v from the v=1 minimum shown in Fig. 3 of Ref. 1. In the critical

. region, the system can be in one of two states with different density
From analysis of Eq(1), we found that the HCS and LCS  (se¢ aiso Fig. 3 of Ref.)1(b) Phase shift of the MO at fixed bias.
have very different behavior. The values of the densities derhe jnset shows a plot of B/vs v for V=1.642 V.

duced from Eq(1) are shown in Fig. &), and the behavior

is clearly nonlinear at the transition. The HCS oscillationsdifferent density, in quantitative agreement with the bistabil-
can be described by E¢), with a linear dependence nfon ity of the MO upon a sweep of magnetic figldig. 3 of Ref.

V, as expected from a normal 2DERef. 23 [dotted line in  1).

Fig. 7(@]. In contrast, the LCS shows a systematic deviation, From the values of the density as a function of applied
and a linear B dependence can only be obtained wheis  voltage, we can estimate the capacitance per unit area,
replaced byr— « [0.2< a=<0.25; see the inset of Fig()  edn/dV (whereeis the electron chargeAs shown in Fig. 2,

for V=1.642 V], corresponding to a phase shift of the capacitance is 4.5 and 3.5 Ffnin the HCS and LCS,

60°—90° (@*360°) [Fig. 7(b)]. respectively, corresponding to a capacitor with interlayer dis-
Furthermore, in the bistable region, the LCS and the HCSance of~25 nm and~30 nm, respectively.
show different densitiest the same applied voltadee., at We would like to stress that all the differences in the MO

the same chemical potentiahs can be seen by sweepiBg clearly show that the LCS and HCS have a qualitatively
around they=1 minimum in both directions. In Fig. 3 of
Ref. 1, we plot both curves together for=1.646 V. We
observe that the minimum in the MO is realized at a lower
field (thus lower densityfor the LCS (10.5-0.1 T) than for

the HCS (11.530.5 T), and that the difference between the
densities is about 10%. The HCS density deduced from Fig.
3 of Ref. 1 is plotted in Fig. (&) with a square.

When the temperature is further decreased to 70 mK,
small dips appear in the HCS MO at=2/3, as shown in
Fig. 8. These minima are not visible in the LCHSg. 8 and
disappear aff=1.2 K (Fig. 6); moreover, they allow an 0o 5 10 15 20
accurate determination of the HCS density at the transition. Magnetic Field (T)

The values of the density obtained in this way naturally ex-

tend the ones deduced from the analysis of the ful fié- FIG. 8. Magneto-oscillations of the tunnel current at
riodicity atT=1.2 K,' as shown in Fig. @). Our data Show =70 mK and fixed biasv=1.64 V (LCS) and 1.65 V (LCS
that in the region of bistability { 1.650 V) the system can +HCS). The feature at=2/3 is observed only in the HCS and at
be in one of two stabldor metastable configurations of T=70 mK.

| T=70 mK 1.65 V

—
=

—_

Current (nA)

e
—_

1.642V
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0 e Applied Voltage (V)
1.646 . 1.648 1.650 FIG. 10. Bistability of the tunnel current #=10 T andT
Applied Voltage (V) =70 mK. The solid and open circles refer to sweep up and down,

i . respectively. The smaller circlésffset for comparisonrefer toB
FIG. 9. I(V) curves atT=70 mK as a function of magnetic =115 T (v=1).

field. The curves are taken at steps of 0.5 T and are offset for
comparison. Sweep up and down are shown with solid and open

; We show in Fig. 11 all thd (V) curves measured &t
squares, respectively.

=1.2 K, at 4.5 EB=<17 T, with a step of 0.5 T. Sweeps

. i o o up and down are plotted with solid and dashed lines, respec-
different DOS. Already at a first sight in Fig. 6, it is clear tjyely. The curves are offset for comparison and clearly os-
that the oscillations of the LCS and HCS are quite distinct ingjjjate with 18 periodicity, which is very close to the one of
nature. For example, the positions of the maxima differ conyhe HCS close to the transitid.65 V).

siderably in the two states, as can be clearly seen for the at the integer filling factor, the bistability width and the
maxima at &k »<2 (marked by circles in Fig.)6 Since the  cyrrent discontinuity have minimal size, whereas the voltage
maxima in the current occur when the Fermi eneyed  position has a maximum. The detailed analysis of all these
by the contactslies in the middle of a LL(swept by the properties is shown in Fig. 12. In Fig. (&, we show the

magnetic field, the observed discontinuity of the maximum yjtage position of the current discontinuity as a function of
positions directly witnesses a qualitative change of the DOS

of the LCS and HCS, which is also confirmed by the change
of the phase observed from the minimum positidfg. Sweep up T=12K
7(b)]. Other qualitative differences include the suppression
of the v=1 minimum and the suppression of the current at
high magnetic fields only for the LC&-ig. 6).

C. Filling-factor dependence of the bistability

We report below how the hysteresis in th&/) curves at
B=0 (Fig. 1) evolves in the presence of a constant magnetic
field perpendicular to the layers. At low magnetic fields (0
=B=<2 T), the transition from the LCS to the HCS occurs
in several steps with complex magnetic field dependence
(Fig. 9, and can be resolved only foF<=300 mK. This
behavior is qualitatively similar to the one in the absence of
magnetic field shown in Fig.(B). The steps could be accu-
rately reproduced, but their detailed size and position de-
pended on the particular mesa measured.

At higher magnetic field, the steps coalesce into a bigger : I . L
feature and the behavior simplifies considerably. Bt 1.640 1.645 1.650
=6 T, both the amplitude and width of the hysteresis in- :
crease of one order of magnitude, and they shoiv déri- Applied Voltage (V)
odicity. In particular, a marked suppression occurs around F|G. 11. (V) curves atT=1.2 K as a function of magnetic
the integer filling factors of the HCS, as can be clearly seeflield. The curves are taken at steps of 0.5 T and are offset for
in Fig. 10. In the figure, the curve &=11.5 T (which  comparison. Sweep up and down are shown with solid and dotted
corresponds ta~1) is offset for comparison. lines, respectively.

Current (a.u.)
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FIG. 12. (a) Voltage position of the current discontinuity. The .
solid and open circles refer to sweep up and down, respectii®ly. Apphed VOltage (V)
Size of the current discontinuitisquares, left axjsand of the bi- ) )
stability width (open triangles, left axjs FIG. 13. I(V) curves atT=1.2 K as a function of magnetic

field parallel to the layers. Solid circles, open circles, and open

o ) ) squares refer tB=0, 1 T, and 3 T, respectively. In the inset, the
magnetic field. The_ solid and open circles refer to sweeps Utegrated current in the regions 1.65—1.66MCS) and 1.64—1.65
and down, respectively. In Fig. &, we show the current v (LCS) is shown.

jump (solid squares and the bistability width(open tri-
angles. All these properties are clearly related to each other, . 0 . .
as already seen from the temperature dependésee Sec. excitons? whereas at high densitied{.=dc.,) thee andh
MA). quers _uncouple into separate 2DEG and 2DHtwo-
dimensional hole gag®
We identify the HCS with the uncouplegland h gases,
D. In-plane magnetic field since it behaves regularly in the presence of perpendfcular
Finally, in order to further investigate the tunneling prop- and in-planég magnetic f.ields. In contrast, the LCS be'haves
erties of t,he HCS and LCS, we have measured the influen eculiarly anql has a different DOS, as discussed in Sec.
. o I B. As we discuss below, we believe that the LCS can be
of an in-plane magnetic fiel@, on thel(V) curves, atT described as indirect excitons
=1.2 K. The measurements are shown in Fig. 13, where we ’
show three representativéV) curves taken a@8=0, 1, and _—
3 T (solid circle, open circle, and open squares, respecively 1. Current magneto-oscillations
The HCS current decreases whBp increases, whereas Our assignment for the LCS is supported by the behavior
the LCS current increases for 028 <1 T, and decreases of the MO shown in Sec. Ill B, in particular by the absence
Bj=1 T. Inthe inset of Fig. 13, we show the magnetic field of fractional features and by the phase shift of the MO. In-
behavior of the integrated current in the region 1.65—-1.66 \Weed, the indirect excitor(§E’s) are not expected to form the
(HCS) and 1.64-1.65 LCS). The suppression of current incompressible Laughlin fluids, since they are bound by the
in the HCS is typical of a 2DEG’ whereas the current in- attractivee-h attraction. In contrast, the uncoupleeh lay-
crease of the LCS is anomalous. As a result of this differencers minimizee-e (h-h) interactions by forming composite
between the LCS and HCS, the feature in ttié) curves at  fermions at the fractional filling factof, as we observe in
B=0 is clearly smeared by in-plane fiel@&=0.25 T, as the HCS.
shown in Fig. 13. The phase shift in the MO confirms this picture and di-
rectly witnesses a change in the DOS, which also results in
the general behavior of the M@Figs. 6 and Y. A compre-

IV. DISCUSSION hensive study of a gas of indirect excitons in high magnetic
fields has been recently reported by Lozovik and Ruvirisky.
The main consequences of teeh Coulomb interaction on

All the measurements reported above strongly suggestee-particle LL's are a shift to lower energiésxciton bind-
that the observed discontinuity and bistability both ariseing) and the appearance of in-plane dispersion originating
from a transition between the LCS and HCS, which isfrom the coupling between center of mass and relative mo-
strongly dependent on the screening properties of the 2Bion. This property accounts very well for the fact that we
layers. As discussed in the Introduction, at low densitiebserve a qualitative difference in the DOS of the LCS and
(de.e>dep), the system is a diluted gas of spatially indirect HCS (Fig. 6).

A. Indirect-exciton picture
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In addition, a similar phase change has been observed by 4. Exciton binding energy

Volkov et al®® in the magneto-oscillations of the lumines- | o interpretation, the LCS is characterized by a bind-
cence intensity of direct excitons, and it was explained by th‘?ng energyE,, which we estimate from the temperatdre

presence of exciton states below the free-particle LL'S. Thgp o 5npresses both the bistability and the discontinuity. For
phase shift disappeared at high excitation, as the excitons_ g andB=10 T. T* was shown to be-300 mK and

were destroyed by screening. Although providing a consis:_ 14 i ' respectively, and roughly proportional to the bista-
tent picture, the explanation given in Ref. 32 is based orbiIity width (which saturates foT=300 mK). We can

energy levels rather than on level degenerd@ur experi- therefore estimate the rat®,(10 T)/Ey(0 T)~ 20.
mental results are consistent with Ref. 32 and are based on It is very difficult to estimate the absolute value Bf,

the assumption that the electrons, although forming excitonsSince the proportionality factors are not knowmpriori. It is

obey a Fermi statistics. This surprising behavior, which is emarkable that the temperature dependence, in particular

direct consequence of the interpretation of the curren *, suggests that the bistability width is directly related, via

magneto-oscillations in terms of the carrier density, is also "’5 | L :
. . ! . . everage factor, to the binding energy. With a leverage
agreement with optical studies of the IE linewidth at low 9 ' g 9y g

density?5 factor of 1, we obtain an estimation of an upper lin;
' ~0.3 meV atB=0 andEg~5 meV atB~10 T; if we
_ assume thaE,~KT* (K is the Boltzmann constantwe
2. eh distance find a lower limit: E,~0.03 meV at B=0 and Eg
The data of the currer{Fig. 2 and the capacitano@&ig. ~0.5 meV atB~10 T. Both these values, however, should

7) are consistent with an IE-h distance of abound 30 nm, be considered only as approximate, though they are in rea-
which is more than 10% higher that in the HCS. We per-sonable agreement with the existing literature. The value de-
formed self-consistent calculations in the limit of low densi- duced atB=0 agrees, for example, with Ref. 33creening
ties, but we could not describe such behavior. The reason fadditionally decreases the IE binding engrgyhereas the
this discrepancy may be that the IE’s are actually stronglyincrease ofE, with magnetic field qualitatively agrees with

interacting, or may lay in some subtleties in the self-the  expressioli  E,(B)~1/J/d?+13, where I
consistent rearrangement of the band profile. It might alsa 55 gg nmA/B is the magnetic length.

happen that, in the LCS, thermodynamic quasiequilibrium is e stress that the analysis reported in this section regards
not reached, and part of the potential is dropping in the dopgny the general increase in size of the bistability in a mag-
Ing regions. netic field. We believe that the filling-factor dependence of
the hysteresis has a different explanation, which will be de-
3. Current discontinuity scribed in the following section.

Within the same simple model, we can explain the low
current of the LCS atB=0. The total current flowing
through the device is proportional to both the density and When the bias is increased in the LCS, the (h-h)
tunneling probability of the electrons. Both these factors areseparation decreases urtil..~d.,~25 nm; at this point,
smaller in the LCS than in the HCS. the wave function overlap activates screening, and the indi-

The smaller density €10%) was deduced experimen- rect excitons dissociate. This transition is abrupt and occurs
tally and we discussed extensively in Sec. lI[Hgs. 7 and with a self-consistent rearrangement of the band profile,
3 of Ref. 1. The electron tunneling probability is propor- which induces an higher density; since we are not able to
tional to the in-plane overlap between the wave functions otalculate the wave functions of the IE’s, however, we cannot
initial (electron in an unbound or exciton statnd final  give any estimation of the density discontinuity.
stategplane-wave electrons in the collectdf>°In our case, In contrast, when the bias is decreased in the HES,
the wave functions of the initial and final states are notincreases until the exciton gas forms. The latter transition
known, but since we find that theeh distance is larger in the occurs at a lower bias than the former one because screening
LCS than in the HCSsee the previous sectiprwe expect suppresses the formation of indirect excitons. In other words,
the LCS tunneling probability to be smaller than that of thethe system has a memory that arises from the interplay be-

5. Description of the hysteresis

HCS. tween screening and exciton binding, which gives rise to the
We observed that the LCS current increases in the prediysteresis.
ence of moderate parallel magnetic fie|s Although such Indeed, we have shown in Fig. 11 that both the bistability

an increase does not violate the preceding interpretation, wand the discontinuity are strongly suppressed at the integer
are not able to quantify the effect & (which might sub- filling factor, when the screening is minim&kand the carri-
stantially alter the electronic configuratiShon the tunnel- ers are localized efficiently by the magnetic field also in the
ing of indirect excitons. It is, anyway, notable that this be-HCS. At integer filling factors, the HCS current therefore
havior is remarkably in contrast with the tunneling of free decreases, and the transition to the LCS becomes smoother
carriers, such as in the HCS. In the latter case, the tunneind occurs at higher biases. The magnetic field affects much
current always decreases as a consequence of the squeeZiegs the screening properties of the LCS, since those states
of the electron wave function in the growth direction andare already localized by the-h attraction.

because of the mismatch knspace between the initial and The presence of two or more steps in the current at low
final states® magnetic fields could arise from the interaction among exci-
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tons: the transition would occur via intermediate states that Nor can the bistability be ascribed to trapping-detrapping
cannot be described by our simple model. Another possibilmechanisms involving 2D states, as could arise from reso-
ity is that the different features arise from different areas ofhant tunneling via-valley quantum well stat%or impurity
the sample, because of inhomogeneities of the device.  states in the AlAs layer. We do observe the former as much
weaker and broader features in th@/) at higher bias ¥
6. Thermodynamical phase transition ~1.7 V in Fig. 2, in agreement with Ref. 22Impurity
Our measurements of the density discontinuifjg. 7) states in the barrier have been studied in 12 nm GaAs/AlAs/
suggest that the transition is thermodynamical. In particularGaAsn-i-n single-barrier structures with intentional Si dop-
since in our structure the chemical potengial,(n) is equal  ing in the AlAs layer?”*3#4hel (V) curves of these samples
to eV, whereV is the applied voltagéFig. 1), our data show show broad tunneling features that evolve into peaks in the
that at the bistability, the HCS and LCS have different den-presence of a perpendicular magnetic field and shift to lower
sities at the same chemical potential. Such a nonlinearity ivoltages folB=10 T, whereas the feature that we observe is
te-n(N) would be accompanied in our structure by a self-bistable, discontinuous, and does not shift globally in voltage
consistent rearrangement of the band profile. In other wordsor magnetic fields up to 17 T.
the hysteresis could be described as a first-order phase Qur experimental data are qualitatively very similar to the
transition: _ o _ single-barrier heterostructure hot-electron diété which
In addition, we notice that the magnetic field behavior of 5, S-shaped nonlinearity arises because of the competition

the width of the bistability(Fig. 12) bears a strong resem- panveen two transport regimes: tunneling through the barrier
blance to the behavior of the critical temperature for the eX;, e |ow-conductivity state and thermionic emission in the
citonic state predicted in Refs. 9 and 17, with a critical tem-,

) o ) - high-conductivity states. Despite the difference with our de-
perature that is minimal at the integer filling factor. An 9 y P

! . . . ; vice, in which thermionic emission is totally negligible, we
interpretation of our data in terms of collective properties of, . . . o
T . . .believe that the general mechanism for the bistability is very
the indirect excitons, however, is beyond the purposes of this.” . . .
Similar and arises from the competition between the LCS and

aper.
pap HCS.
B. Possibility of charge localization
The energy scales of the hysteresis, which can be esti- V. SUMMARY
mated from the temperature dependence, are also typical of . . ,
shallow binding; in this respect, localization of hofégue to In conclusion, we have reported on a discontinuous and

interface roughness could occur in our device. We canndpistable feature in the tunnel_ curre.nt _of strongly ir?terac_:t.ing
exclude the possibility that some of the excitons are localizedP € andh layers. Both the discontinuity and the distability
by interface defects, but this would not modify essentiallywidth are enhanced by magnetic fiels-10 T perpendicu-

the description. However, we believe that localization alondar to the layers and suppressed by in-plane magnetic fields
(whether of excitons or free carrigrsan only explain with B~1 T. They correspond to a discontinuity in taeéh den-
difficulty the particular conditions at which the feature is sity and in the phase of the current magneto-oscillations.
observed d...~d.), the mechanism of bistability, the fill- Whereas the HCS has the expected properties of the un-
ing factor dependence of the hysteresis, and the difference gbuplede-h layers, the LCS behaves anomalously under all
the HCS and LCS DO®Fig. 6). circumstances.

In addition, as discussed in Sec. Il, the results shown here e identify the HCS with the uncouplesth layers and
could be only obtained in samples designed in order to optithe .CS with a gas of spatially indirect excitons with binding
mize the hole in-plane mob|I|tyNh|ch we could not dlrectly. energy 0.03 me¥E,<0.3 meV and 0.5 me¥E,
measurg Sﬂch a sample might have surface corrugationcg mev atB=0 andB= 10 T, respectively.
along the[233] direction?® which could affect the hole We interpret the bistability as a transition between the two
transport properties. It is unlikely, however, that such corrutregimes, which arises because of the competition between
gation could affect the localization properties of the holes,n-plane screening and interlayeth attraction. The hysteri-
since its typical scale of 3 nm is much smaller than the othesis is considerably affected by the screening properties of the
lengths involved in our experiment. 2D layers in a magnetic field and therefore strongly depends

on the HCS filling factor.

C. Discussion of known mechanisms for bistability

As we discuss below, our experimental observations can-
not be explained by previously reported mechanisms of bi-
stability on similar structures. This work was part of a research program of the “Stich-

Impurity-related trapping-detrapping processes are knowting voor Fundamenteel Onderzoek der Mater{@OM) fi-
to lead to bistability in bulk GaA&! in our case, however, nancially supported by NW@The Netherlands It has also
the observed dependence on the filling factor and the sugseen supported by the European Commission under Contract
pression by a modest in-plane magnetic field unambiguouslilo. ERBFMGECT950079. We are grateful to M. Fromhold
show a 2D origin. and F. Sheard for useful discussions.
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