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We have developed a technique capable of measuring the tunneling current into both localized
and conducting states in a 2D electron systefdV characteristics for tunneling are obtained with
no distortions arising from low 2D in-plane conductivity. In a perpendicular magnetic field, a
pseudogap develops in the tunneling density of states at the Fermi energy. We resolve a linear energy
dependence of this pseudogap at low excitations. The slopes of this linear gap are strongly field
dependent. The data are suggestive of a new model of the gap in the presence of disorder and external
screening. [S0031-9007(97)04269-5]

PACS numbers: 73.20.Dx, 71.45.Gm, 73.40.Gk

Characteristics of electrons tunneling into a two-the TDOS of a 2D electron system (2DES). TDCS
dimensional (2D) system differ considerably from thoseeliminates the problems discussed above by measuring all
of the three-dimensional (3D) case. The distinction isof the current entering or exiting the 2D layer, including
especially pronounced when a magnetic field is appliedontributions arising from electrons entering localized
in the tunneling direction (perpendicular to the plane insites. Using TDCS, we measure the tunneling current
the 2D case). In the simplest picture, such a magnetimto a 2DES from a 3D system at arbitrarily low values
field effectively localizes electrons in the 2D system. Anof the 2D in-plane conductivity. We can now determine
electron tunneling into an energetically unfavorable posithe complete/-V characteristics for structures to which
tion cannot readily move away and instead tends to movdirect Ohmic contact is not possible.
in circles. As a result, tunneling measurements of 2D In this Letter, we discuss results from a detailed survey
systems in a magnetic field display effects attributable to @f the excitation dependence of tunneling into a 2DES in
“pseudogap” in the tunneling density of states (TDOS) ata magnetic field and in the presence of disorder. In the
low injection energies [1—4]. In contrast, for 3D systemslow excitation regime, we find a behavior which is not
the tunneling electron can move parallel to the field linegpredicted by any of the prior theoretical models for this
to evade being localized at a position of high potentialsystem [6—8]. The TDOS is found to have a universal
energy and such a field-induced gap has not been detectdihear dependence on energy near the Fermi energy for

A number of experimental difficulties have impaired all field strengths and electron densities. Moreover, the
the study of electron tunneling into a 2D layer. First, inslopes of this linear gap are proportional to the inverse of
conventional tunneling measurements, electrons that tuthe magnetic field strength over a wide range of fields.
nel into a 2D system introduce charge which must be Figure 1(a) depicts the type of samples used in our ex-
removed from the system to avoid local charge accumuperiment. The 2DES is sandwiched between two elec-
lation at long time scales. This is achieved by conductrodes, close enough only to the bottom electrode to per-
tion within the 2D plane. As a result, only contributions mit tunneling of electrons. Mesas etched from two wafers
from delocalized states can be detected. The energetiggown using molecular beam epitaxy have been studied.
of tunneling into localized sites, though of great theo-Wafer A consists of a degeneratelydoped(10'” ¢cm 3)
retical interest, have not been measured experimentallzaAs substrate followed by B60 A AIGaAs tunnel bar-
Second, previous schemes for probing the energetics ofer. On top of that, d50 A GaAs quantum well is grown
electron tunneling into 2D in semiconductors [2,3] reliedwhich defines the 2DES. A thidk550 A) AlGaAs block-
on the measurement of the tunneling current between twimg barrier prevents charge transfer between the well and
2D layers, yielding a convolution of effects from both lay- the top GaAs electrode. The blocking barrier contains an
ers. Tunneling from a 2D into a spectroscopically feature« doped region to provide electrons for the well. Measure-
less 3D layer achieves superior resolution of 2D featurements were performed on circular mesas Wit ywm di-

[5]. However, until now it was only possible to measureameters. This sample has been studied in detail previously
tunneling at zero bias between 2D and 3D in semiconduadsing frequency dependent capacitance measurements [1]
tor heterostructures [1,4]. to determine zero-bias tunneling characteristics. Wafer

Here, we introduce a new technique that we call “time-B [9] has a smaller dopant concentration in the blocking
domain capacitance spectroscopy” (TDCS) for measuringarrier and a thinner tunnel barriét43 A). A dc bias
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between the substrate and the 2D layer gives rise to a dis-

(a) placement current that charg€s, leading to the observed
Blocking decay signal. The amplitude of the step applied{ds ad-
Barrier justed so that this signal decays to zero after electrons cease
tunneling. If the tunneling conductance is independent of
the voltage across the barrier, the recorded signal will be

T

(c) Sam;ﬁe\CT Sta?dard Cs

O i@

a familiar RC exponential decay, as illustrated by the log
scale plot in Fig. 1(d). On the other hand, a voltage de-
pendent tunneling conductance, as in the case of magnetic
field-induced tunneling suppression, will produce a decay
which deviates from a pure exponential as in Fig. 1(e).
The dc potential at the bridge balance point is fixed by a
Reas t>>0 resistorRgras(70 MQ). Charge transfer througRgias
EHEMT occurs on long time scalés 100 ms) and does not distort
Signal pr® 1 the much faster observed tunneling signals. All measure-
ments described in this Letter take place at a temperature
@\ (631 - of 30 mK.
. B=OT | "} -~ BHAT Using charge conservation, we have determined that
\\ 001 \\ there is a fixed relationship between the barrier current
N and the displacement (measured) current. After applica-
00 GmemS) o4 00  tmemS)  1s tion of the voltage step, the current across the barrier is

found to be proportional to the initial time derivative of
FIG. 1. (a) Structure of our samples. (b) Evolution of the {ne voltage at the balance point:

conduction band profile of our sample in one measurement

cycle. (c) External circuit used to measure the current flowing I = —C dVp h
out of the sample. (d) Typical signdV,,) at the HEMT barrier — 20 where
input for zero magnetic field, using 3.3 mV excitation voltage

steps. Notice the exponential decay with time. (e) At 4 T, the Ce = CiCs + CoCs — G 1
recorded trace deviates from an exponential decay. The decay O C, ) (1)

rate decreases as the signal decays. C; andC; in Eq. (1) are the simple geometrical capaci-
tancesC; = €A/(b — a) andC, = €A/a, wherea and
applied to the top gate permits variation of the electron denb are defined in Fig. 1(bk is the dielectric constant, and
sity in the quantum well from depletion tox 10! cm™2 A is the area of the mesa. Elsewhere [11], we prove that
(sampleA) and3 X 10" cm ™2 (sampleB). The mobil- relationship (1) remains true, independent of changes in
ity of the 2DES in sampled was estimated [10] to be the measured capacitance of the sample created by varia-
1 X 10° cm?/V s at a density o2 X 10'! cm~2, and the tions of thermodynamic DOS in the quantum well.
mobility of sampleB is expected to be higher. All features Before the voltage step is applied, the 2D plane
of the tunneling suppression described in this paper havieas the same electrochemical potential at all positions.
been observed in both samples. Immediately after the voltage step is applieéd= 0%),
Figure 1(b) shows the evolution of the conductionno charge has been transferred into the 2DES, and the
band diagram for our samples during one cycle of2D plane remains an equipotential. The simple planar
TDCS measurement. We start with the 2DES in equigeometry of the sample dictates that this is true even
librium with the 3D substrate. At time = 0, a sharp in situations of very low 2D conductivity. At = 0",
(<10 ns step rise) voltage step is applied. This createghe voltage across the tunnel barri@f,amier) is Simply
an offset in the chemical potential on the two sides ofa fraction of the voltage step appli€®y.,), given by
the tunnel barrier, inducing a tunneling current. As elec-Viamier = (a/b)Vsep. The 3D substrate is always highly
trons tunnel, this offset equilibrates, and the decay signatonducting, and electrons can tunnel everywhere into the
is recorded in real time. To measure the current across tHeDES, including localized tunneling sites.
tunnel barrier, a capacitance bridge [Fig. 1(c)] is utilized. By applying voltage steps of different amplitude and
Voltage steps of opposite polarity are applied to the subtaking initial time derivatives of the corresponding transis-
strate of the sampléCr) and to one plate of a standard tor signal, the completé-V characteristics of the tunnel
capacitor(C,) at precisely the same instant. The otherbarrier can be mapped out. Signals from the experiment
plate of C; and the top electrode ofr are electrically are extremely faint, and immense signal averaging is in-
connected, and the signal at this balance point is fed inteolved in our measurements. A novel signal processing
the gate of a high electron mobility transistor (HEMT). [12] and rapid averaging system permits data acquisition
Figures 1(d) and 1(e) display typical recorded signalsyith ~18 bit digital resolution.
reflecting the voltage at the balance point of the bridge Figure 2 shows the tunneling conductan@eV) of
(Vip) as a function of time. The electron tunneling currentsampleA plotted against the voltage across the barrier
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FIG. 2. Dependence of the tunneling conductaftég’) of ) .

sampleA on excitation voltage across the tunnel barrier for FIG- 3. Insets: tunneling conductance of samples excita-

different magnetic field strengths at 30 mK and a fixed densityion voltage for six different magnetic fields. The units are the

of 1.9 X 10" em~2. Inset: conductance curve for sampleat same in all insets, Wlt_h the abscissa in mV and the qrdmates in

4T andy ~ 3. microsiemenguS). Different ranges are chosen to display the
singular behavior near zero bias. Main figure: dependence of
the slope of this linear gap on inverse field strength.

for magnetic field strengths of 0, 1, 2, 8, and 16 T
at a fixed electron density of.9 X 10'' cm~2. This viations from the straight line ag varies between integer
density is high enough so that no zero-bias tunnelin@nd noninteger values.
suppression is observed at zero field. Application of a For different 2D electron densities, the conductance
magnetic field reduces the tunneling conductance arounclirves remain linear near zero bias. As a function of
zero hias. The suppression becomes deeper and widdensity, the slopes of the linear pseudogap exhibit minima
as the field is increased. This field-induced tunnelingat integer . For instance, at 8 T the magnitude of
suppression differs qualitatively from the logarithmic the slope drops by a factor of 2 at= 2 compared to
suppression [13] observed in the low density regimer = 1.5. In Fig. 3, data points corresponding to integer
at zero field [11]. An increase in the strength of ther are marked. These minima in the slope of the linear gap
suppression is accompanied by a change in the curvatuet integerr might be attributed to a smaller background
of the high excitation part of the conductance curvesDOS between two Landau levels. Other than particulars
when the magnetic field is increased. Even though thassociated with integer, our data display only a very
conductance curves at high excitation appear rounded ateak overall density dependence.
high fields, the zero-bias region remains linear in voltage, In the Coulomb gap picture, the states in the vicinity
with both the magnitude and the slope significantlyof the Fermi level are assumed to be localized. These
reduced. This singular behavior is illustrated by the insetelectrons are treated as classical point charges at fixed
of Fig. 3, which zoom in near the zero-bias region ofpositions in space with no overlap of the electronic
the conductance curves for different field strengths. Suckvave functions. The phase space available for electron
a linear energy dependence of the TDOS is observetlinneling is reduced since it costs more energy to add an
over the full range of densities in both samples, excepelectron to the system when another electron is located
near depletiorin = 5 X 10'° cm~2). The insetof Fig. 2 close to the tunneling electron. The resulting Coulomb
displays a conductance curve from samplat a field of gap in the TDOS varies linearly with excitation energy in
4 T andy ~ 3. In addition to the zero-bias suppression,2D with a slope determined solely by physical constants
features associated with adjacent Landau levels can lmich as the electronic charge and dielectric constant [14].
identified at higher excitations. In contrast, the slope of the linear gap in our data depends
To our knowledge, no existing model other than the 2Dinversely on field strength with an offset, suggesting that
Coulomb gap [8,14] predicts linear DOS at low energiesour data cannot be explained by a simple Coulomb gap.
for such a wide range of field strengths and densities as ob- While no existing theory explains our results, the main
served in our samples. However, contrary to expectationfeatures of our data are consistent with predictions from
for a Coulomb gap, the slopes of the observed linear gap simple phenomenological model. In this picture, the
are strongly field dependent. Figure 3 shows the slopes &DES is modeled as isolated puddles with uniform charg-
the linear regions of the conductance curves plotted againstg energies and random background offsets. We note
inverse magnetic field. For filling factous < 1, the data that the 2DES may indeed appear incompressible [6] at
points fall onto a straight line extrapolating to a negativethe very fast time scales for tunneling and thereby inhibit
intercept on the vertical axis. For low fields, there are detunneling while still permitting dc transport in the 2D
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(a) 11 G G G G compressible puddles are or why they apparently shrink as
->_‘ + ||—_|_ oo = the magnetic field is increased.
Vv —‘ _| r A preliminary TDCS study of a sample with much
e/C AR, Vv vV Vv higher mobility (>10° cm?/V's) [15] indicates that the

(b) 1G G G G low energy behavior of the tunneling suppression differs
] [ from that in the more disordered 2D systems discussed in

—I |,+-| r+ + = LL this paper in two basic ways: (1) While the linear energy

\Y \Y \Y

dependence is still observed for magnetic fields below 3
v T, the slopes of the V-shaped pseudogap decrease more
FIG. 4. (a) From the left:7-V curve and corresponding rapidly with increasing magnetic field. Above 3 T, the
conductance curve of a single puddle. A random offsetgyap becomes nonsingular and continues to widen as the
voltage shifts the conductance curves along the voltage axigield strength is raised. (2) At high fields, the zero-bias

Summation of these randomly shifted curves results in a V- ;
shaped overall conductance curve. (b) When the puddlegondUCtance is strongly suppressed, by 4 to 7 orders of

become small enough so thatC is larger than the background magnitude from the zero field value, depending on the

offset voltage, the overall conductance vanishes near zero biarecise value op. . .
In summary, we used a novel capacitance technique

plane. In our model, electrons tunnel into compressiblédo measure the contributions of both localized and con-
puddles that exist within this incompressible backgroundducting tunneling states to the TDOS of a 2DES. In the
In contrast to the Coulomb gap model, interactions among@resence of disorder and screening from a nearby 3D elec-
the puddles are neglected. This assumption may be jusrode, the suppression in the TDOS is found to be linear
tified by the presence of the nearby 3D electrode whichn energy near the Fermi energy for a wide range of densi-
screens the interactions among the puddles. ties and field strengths. The slope of this linear pseudogap
Each puddle contributes a Coulomb blockade type varies inversely with magnetic field strength.
V characteristic, leading to a conductance curve which We thank L. S. Levitov, A.V. Shytov, J.K. Jain, R. K.
is constant in voltage except for a region of widt)C  Kamilla, and A.H. MacDonald for helpful discussions,
(where C is the capacitance of the puddle) around zeraand M. Brodsky for assistance in the experiment. This
bias where the conductance vanishes [Fig. 4(a)]. Th&ork is supported by the ONR, JSEP-DAAH04-95-
conductance curve of an individual puddle is shifted1-0038, the Packard Foundation, NSF DMR-9357226,
from zero bias by a random background voltage offseDMR-9311825, and DMR-9400415.
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