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Direct observation of the electron spectral function in the integer
and fractional quantum Hall regimes by resonant tunneling
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Low-temperature current-voltage characteristics of a double-barrier resonant tunnel junction are used
to directly measure the two-dimensional (2D) electron spectral function. Our data provide quantitative
determination of the 2D density of states, including chemical potential and linewidth oscillations as a
function of magnetic field up to 51 T. We also measure a chemical potential jump at 1 fractional filling

of the lowest Landau level.

It is often possible to describe the net current I flowing
from electrode 1 and electrode 2 via a tunnel barrier by’

I=2e2717 S My |2 [ delf(e)—f(e+Ae)]
ki,
X Al(kl,S)Az(k2,8+A8) N
(1)

where Ag is the potential drop across the barrier and e is
the electron charge. This expression sums between initial
states with wave vector k,, energy €, and final states k,,
e+Ag, separated by the tunnel barrier. The matrix ele-
ment | M, , [ is the coupling strength between initial and

final k states and f(g) is the Fermi function, assuming
the occupation of initial and final states are separately in
thermal equilibrium. The density of states enters through
the spectral function A (k,e). For the special case of
noninteracting electrons of energy E one finds
A (k,e)=8(E —#°k?/2m*) where m* is the effective
electron mass. However, in the more general case of in-
teracting electrons, 4 (k,e)=1/7ImG where G is the
Green’s function for interacting electrons in the initial or
final state.

Equation (1) is, in essence, the transfer Hamiltonian
method of Bardeen? in which it is assumed that tunneling
probability is small and it is possible to treat initial and
final states as independent separable quantities. A
surprisingly large number of single-barrier tunneling ex-
periments have been successfully described using this
model.! The theoretical justification for such an ap-
parently successful approach has been discussed,® and
few experimental results have challenged the theory.*
Hence, tunneling can be a reliable means by which to
measure the single-particle electron spectral function.’

It is also possible to describe the current-voltage
{Ic —Vcg) characteristics of a double-barrier resonant
tunnel junction using Eq. (1).%7 Our earlier work’ con-
sidered only the high magnetic-field limit in which all
electrons occupy the lowest Landau level in the emitter.
In that work, a single energy level in the spectral function
of the two-dimensional (2D) emitter was used to study
the spectral function of the quantum well. An alterna-
tive, which we describe here, is to use the empty states of
the quantum well to probe the self-energy of electrons in
the 2D emitter in the integral and fractional quantum
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Hall regimes.

Our double-barrier resonant tunnel structures (see in-
set. Fig. 1) are grown on {100 )-oriented undoped semi-
insulating GaAs substrates at 610°C using molecular-
beam epitaxy. A 5000-A n-type (2 X 10'® cm™3 Si impuri-
ties) GaAs emitter contact layer is deposited on the sub-
strate. This is followed by a 700-A GaAs setback layer,
grown to ensure minimal diffusion of Si impurities into
the doubleo-barrier structure. The first AlAs tunnel bar-
rier is 48-A thick, the GaAs well is 99-A thick, and the
second AlAs barrier is 31-A thick. Crystal growth is
completed by depositing a 200-A GaAs setback layer fol-
lowed by a 3000-A n-type (2 ><71018 cm ™ Si impurities)
GaAs collector contact layer. This structure is designed
so that electrons tunnel from a high-mobility 2D accumu-
lation layer through a wide AlAs barrier into a nominally
empty 2D GaAs quantum well. Later, we will show that
the 2D electron density in the emitter p is accurately
given by p=(14.7V 5 +0.5)X 10!! cm ™2 over the entire
range of 0.1 V=V <0.4 V. After removal from the
growth chamber the wafers are etched into approximate-
ly 90-um-diameter mesas and separate Ohmic contacts
are made to the emitter and collector.

The current-voltage characteristics of resonant tunnel
junctions are measured at low temperatures (7' <4.2 K)
in fixed magnetic fields applied parallel to the direction of
current flow through the tunnel structure. For B<15T
the measurements are made in a superconducting mag-
net. For magnetic fields up to B =51 T, the measure-
ments are made in a quasistatic magnetic field (constant
within 30.2%) during ~0.5 ms at the peak of a
sinusoidal magnetic-field pulse. As the voltage bias is ap-
plied across the sample, the tunnel current is measured
by a current-sensitive amplifier located outside the mag-
netic field. Care is taken to minimize series resistances
which can limit the ability to accurately measure currents
in regions of large negative differential conductivity.

In Fig. 1, the solid line gives the logarithm of collector
current I~ as a function of applied collector-emitter volt-
age bias Vi for @) B=0T and (b) B=15T. In Fig. 1
only we have subtracted a small nonresonant background
current of 0.04 exp( ¥V /0.128 V) pA. The inset in the
figure shows the conduction-band profile for the device
under bias, where Ac is the energy difference between ini-
tial and final states. The large peak in current at
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Vcg=0.118 V is due to elastic tunneling (Ae=0 meV)
from the degenerate 2D eclectron system in the emitter to
the unoccupied lowest-energy 2D subband of the 99-A
quantum well. The full width at half maximum (FWHM)
of this peak is only 2.9 meV, much less than the emitter
Fermi energy (7.9 meV) at Vg =0.118 V. This is clear
evidence that tunneling originates from a 2D emitter. No
hysteresis in the I — Vg characteristic is detected, indi-
cating no appreciable electron space charge in the quan-
tum well (since the second AlAs barrier is much thinner
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FIG. 1. (a) Measured resonant tunneling current I as a
function of applied voltage Ve at T=1.0 Kand B=0T. A
small nonresonant background current has been subtracted, as
described in the text. The eclastic resonance peak is at
Veg=0.118 V. The line shape is neither Gaussian (dashed
curve) nor Lorentzian (dotted curve). Peaks associated with
GaAs and AlAs single LO-phonon emission occur at bias
Ve =0.210 and 0.255 V, respectively. The inset shows a
schematic conduction-band diagram for the device under bias.
(b) Same as (a) but for B =15 T applied parallel to the direction
of current flow. Dashed curves are Gaussians fit to the elastic
resonance and single LO-phonon emission resonances.
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than the first). As a result, to a very good approximation,
the applied voltage Vg is proportional to Ae. The accu-
racy of this proportionality is verified for 0.1 <V ; <0.5
V and 0=<B <51 T using known cyclotron and LO-
phonon excitation energies in the device.”—° We find
As(eV)=0.37[V ¢z —0.118 V] which is excellent quanti-
tative agreement with the solution of Poisson’s equation
in our device.

We note that the B =0 T elastic resonance line shape is
asymmetric and cannot be described by either a Lorentzi-
an or Gaussian [dotted and dashed lines in Fig.1(a)]. Ei-
ther elastic® or inelastic tunneling processes may result
in such a high-energy tail. The low-energy side of the
resonance exhibits the sharper cutoff due to the absence
of available final states in the quantum well.

At sufficiently large bias voltages it is possible for a
tunneling electron to emit a GaAs longitudinal-optic
(LO) phonon of energy #fiwg,a=36.4 meV in the GaAs
quantum well or an AlAs LO phonon of energy
fiwp15,=50.2 meV in the AlAs barrier.!! These phonon
processes give rise to two inelastic peaks’™® at
Vg =0.210 and 0.255 V which are significantly broader
than the elastic resonance peak, due to smearing by the
emitter Fermi energy (12 and 14 meV at V-5 =0.210 and
0.255 V, respectively). A best fit to the Gaussian line
shapes (dashed curves in Fig. 1) yields FWHM
(GaAs)=17 meV and FWHM (AlAs)=21 meV.

The data change greatly when a magnetic field is ap-
plied parallel to the direction of current flow through the

‘device. Figure 1(b) shows the logy(I¢)— V¢ trace for
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FIG. 2. (a) Io— Vg traces of the elastic resonance for

T=1.0 K and 0B <15 T. The lowest trace corresponds to
B =0T and the uppermost corresponds to B =15 T. The traces
are offset for clarity by 10 uA /T. Note the sudden shifts in
peak position to lower bias which are periodic in inverse mag-
netic field. (b) Entire Jc— Vg traces on an amplified vertical
scale showing resonances associated with LO-phonon emission
and inter-Landau-level tunneling. Peak position shifts similar
to those for the elastic resonance in Fig. 2(a) are observed.
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B =15 T. Additional resonances are observed® !~ !* be-
cause 2D electron states in the emitter and the quantum
well are further quantized into Landau levels of index
n=0,1,2,..., separated by the cyclotron energy
w,=eB/m¥*c. Hence, for noninteracting electrons, we
expect narrow resonances at Ae=0, fiwmg,s,+ 1w, and
fiopas T nfiw.. Resonances at Ae=nfiw, exist only in
the presence of elastic angular-momentum-breaking tun-
neling processes.

Most notably, the elastic peak at B =15 T no longer
exhibits the pronounced asymmetry observed at B =0 T.
Its line shape is well described by a Gaussian with a
FWHM of 4.6 meV, which is a 609 increase in linewidth
compared to the B =0 value. Even more dramatic
changes occur in the GaAs and AlAs LO-phonon lines,
for which Landau-level quantization at B =15 T de-
creases the linewidths by nearly a factor of 3, to
FWHM(GaAs)=5.4 meV and FWHM(A1As)=7.6 meV.
It is not clear why the integrated peak area of the GaAs
LO-phonon line is relatively unchanged by a magnetic
field, while the integrated peak area of the AlAs LO-
phonon line decreases by almost a factor of 2.

Figure 2(a) contains the portion of the I — Vg traces
for 0B <15 T which show the elastic tunneling reso-
nance. The bottom trace is for B =0 T and the upper-
most trace is for B =15 T. Each trace is offset vertically
by 10 uA /T. Note that the peak position oscillates with
magnetic field.’> These oscillations are periodic in 1/B
and arise from magnetic-field-induced depopulation of
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FIG. 3. Measured elastic resonance peak position and
FWHM as a function of magnetic field B. The upper panel con-
tains the integrated peak area, normalized to the B =0 T value.
The shifts in peak positon accompanied by upward cusps in the
FWHM and peak area correspond to chemical potential jumps
in the 2D emitter concurrent with Landau-level line broadening
at integer Landau-level filling factors.
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Landau levels in the 2D emitter. Upon depopulation, the
chemical potential in the 2D emitter jumps rapidly and
the chemical potentials of the 3D emitter contact and the
2D emitter reequilibrate. This lowers Vg bias at the
elastic tunneling resonance. The 1/B periodicity directly
yields the 2D electron density, p=2.2X 1ot cm ™2, and
the Fermi energy, Er=7.9 meV, at a bias of Vo5 =0.118
V.

Complete I — Vg traces for 0<B <15 T are shown
in Fig. 2(b) on an expanded vertical scale. The elastic res-
onance and two LO-phonon resonances are labeled. Ad-
ditional resonances result from the inter-Landau-level
tunneling processes which give rise to Landau levels fan-
ning out from each of the three B=0 T reso-
nances.” 2714 As can be seen, many resonances display
peak position shifts due to magnetic depopulation in the
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FIG. 4. Measured peak position and peak current for mag-
netic fields to B=>51 T for (a) the elastic resonance and (b) the
GaAs LO-phonon emission resonance. Note the chemical po-
tential jump in the 2D emitter at % fractional filling of the
lowest Landau level. The measured chemical potential jump
corresponds to Cy~0.16 (determined by equating the slope of

the three solid lines to #iw, /2).
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emitter. From these shifts, we derived the dependence of
p on Vg which was given earlier. ]

Figure 3 contains the magnetic-field dependence of the
elastic resonance peak position and FWHM from the
data of Fig. 2(a). The upper panel contains the integrated
peak area normalized to the B =0 T value. The sharp
decreases in peak position at B =1.15, 1.5, 2.3, and 4.6 T
occur at the Landau-level filling factor v=2np#i/eB =8,
6, 4, and 2, respectively. The line shift at B =9.2 T evi-
dences the depopulation of the higher-energy spin state of
the lowest Landau level at v=1. The peak position
reflects the magnetic-field dependence of the chemical po-
tential in the 2D emitter. The magnitude of the line shift
is proportional to the energy gap at these filling factors.
We will calibrate this energy scale from data taken at
B>20T.

In the case of noninteracting electrons, the emitter
spectral function would consist of 8 functions and depo-
pulation of energy levels would occur abruptly with
chemical potential jumps equal to the bare energy gaps at
integer filling. Instead, the data show depopulation
occurs over finite ranges of magnetic field. The data in
the upper traces of Fig. 3 show that depopulation of emit-
ter energy levels is accompanied by cusps in the FWHM
and integrated area of the resonance. Although electron
density inhomogeneities could contribute to the observed
cusps in the FWHM, they cannot account for the ob-
served variations in peak area. These features probably
both result from a decrease in screening in the 2D emitter
and consequent decrease in electron lifetime when the
chemical potential is pinned by localized states.!®

In Fig. 4 we extend the data on the elastic and GaAs
LO-phonon resonances to magnetic fields of B =51 T. In
both cases, the peak positions display chemical potential
oscillations periodic in 1/B and each resonance shifts by
~0.5 mV/T at the highest experimental fields (solid lines
in Fig. 4). Equating this dependence with fiw, /2 affords
an approximate calibration of the absolute energy scale
for the 2D emitter. Using this calibration we note from
Figs. 3 and 4 that the observed shifts in chemical poten-
tial upon the Landau-level depopulation are comparable
to fiw,.
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We now draw attention to evidence of a shift in the
chemical potential near } fractional filling of the lowest
Landau level [v=1 in Fig. 4(a)]. We estimate the shift at
1 filling to be 4.2 meV. Describing the fractional quan-
tum Hall effect energy in terms of the Coulomb energy
scale, Coe®/eol,, where I,=(ic /eB)!/? is the magnetic
length and & is the static dielectric constant, we find that
Cy~0.16. This is in accord with theoretical estimates of
the energy gap of the v=1 fractional quantum Hall
state,!” if three e /3-charged quasiparticles must tunnel
together.

Finally, in high magnetic fields there are qualitative
differences between the integrated peak areas of elastic
and phonon emission resonances. While the elastic peak
current decreases with increasing field, its FWHM in-
creases as (2.5+0.48B'/%) meV, thereby maintaining a
constant integrated peak area (within ~15%). In con-
trast, the GaAs peak current increases dramatically while
its FWHM remains a constant ~5.4 meV for B2 12 T.
The net result is a greater than fourfold increase in in-
tegrated peak area for GaAs LO-phonon-assisted tunnel-
ing from B =0 to 51 T. This is qualitatively explained by
the increased phase space available for LO-phonon emis-
sion, because the number of unoccupied final states in the
lowest Landau-level increases linearly with magnetic
field. Thus, more LO-phonon assisted tunneling process-
es become possible in high magnetic fields, while the
probability of elastic tunneling remains fixed.

In conclusion, resonant electron tunneling can provide
direct measurement of electron self-energy effects in the
2D electron system. In this paper we report measure-
ments of the magnetic-field dependence of density of
states, chemical potential, and level broadening in the
spectral function of a 2D electron system. We also report
what is, to our knowledge, the first spectroscopic mea-
surement of the chemical potential jump at 1 fractional
filling of the lowest Landau level.
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