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Landau-level spectra of conduction electrons at an Inks surface
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I report magneto-oscillatory eff'ects in tunneling through InAs-oxide-Pb junctions, which reflect the Landau
levels of conduction electrons near the InAs-oxide interface. These oscillatory effects, which have been
observed in transverse as well as longitudinal magnetic fields, are understood in terms of a qualitative
theoretical picture. From the longitudinal magneto-oscillations, we have obtained that the effective cyclotron
mass ~~/m = 0.0215 + 0.0005 at the conduction-band edge and that, at energies within 400 meV above the
band edge, it increases linearly with increasing energy at a rate of 1.2&(10 /meV. This value of ~ is -7/o
smaller than that obtained from cyclotron resonance and magneto-phonon experiments on bulk InAs. The
transverse magneto-oscillations are identified with Landau levels of electrons whose cyclotron orbits graze the
oxide potential barrier. The level broadening I; as deduced from the magnetic field dependence of the
oscillation amplitude, corresponds to a relaxation. time —10 "sec. Within our experimental uncertainties, I
increases linearly with increasing excitation energy.

I. INTRODUCTION

Chynoweth, Logan, and Wolff' first reported
that, in the presence of a longitudinal magnetic
field H, the tunnel current I of an InSb P-rs junc-
tion oscillates as a function of 1/H. They attrib-
uted their result to fluctuations in the density of
states resulting from Landau quantization of the
InSb conduction band. However, theoretical cal-
culations by Haering and Adams' and Argyres'
failed to produce this oscillatory effect and, sub-
sequently, Haering and Miller4 suggested quantum
oscillations in the Fermi level of InSb as an alter-
native explanation. Several years later, Bernard
et al. ' reported similar magneto-oscillatory be-
havior in the direct interband tunneling in Ge.
They observed oscillations in the tunnel current as
a function of the longitudinal magnetic field H at
fixed biases V and also as a function of V at fixed
H. Their experiment demonstrated that these
magneto-oscillations are indeed a "density-of-
states" effect and not from quantum oscillations
in the Fermi level of the semiconductor.

It has been known for many years that electron
accumulation layers exist at InAs surfaces. ' As
an effort to apply electron-tunneling techniques to
study quantized surface states in the accumulation
layers of degenerate semiconductors, ' we fabri-
cated InAs -oxide -Pb tunnel junctions and made
tunneling measurements on them at 4.2 K. In pre-
vious publications, we discussed results on the
quantized surface states' and only briefly reported
the observation of magneto-oscillations arising
from Landau quantization of conduction electrons
in the InAs electrode. ' These oscillations have
been observed in transverse (H perpendicular to
tunnel current) as well as longitudinal magnetic

fields. Moreover, since magnetic quantization in
the Pb electrode (which is a polycrystalline film)
can be neglected, the observed magneto-oscilla-
tions measure directly the magnetic field depen-
dence of Landau levels of electrons in the InAs
electrode. In this paper, we present in greater
detail additional data on these magneto-oscillatory
effects and discuss them in relation to the struc-
ture of conduction-electron Landau levels at the
InAs-oxide interface. At the present, we do not
have a quantitative theory which explains all the
magneto-oscillatory effects. However, all our ob-
servations can be qualitatively explained in terms
of a theoretical picture discussed in Sec. II. In
Sec. III, we discuss all the experimental data in
terms of this qualitative theoretical picture, and
a summary of this paper is given in Sec. IV.

II. MODEL

A. InAs-oxide-Pb junctions

Electron-tunneling measurements have yielded
direct results on the accumulation layer at the
InAs-oxide interface in InAs-oxide-Pb tunnel junc-
tions. ' Here, we give a brief description of the
energy structure of this accumulation layer to fa-
cilitate subsequent discussions.

Figure 1 shows an energy diagram of an n-type
lnAs-oxide-Pb junction (at V =0) with an electron-
accumulation layer at the InAs-oxide interface.
E, is the conduction-band edge in bulk InAs, and
Ep is its Fermi level. We choose the z axis nor-
mal to the junction surface and measure energy
from E, (energy above F., is positive). The one-
dimensional potential well U(z) associated with the
accumulation layer results from downward bending
of the InAs conduction band at the surface. Since
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U(z) is an attractive potential, the energy associ-
ated with the electronic motion normal to the sur-
face, E„can be either positive or negative. For
F.,& 9, the electronic motion normal to the surface
is quantized and F, takes on discrete values. Fig-
ure I illustrates the case for InAs samples having
g & 1 x 10"/cm', where only one quantum level 8,
is allowed. The continuum of states associated
with the electronic motion parallel to the surface
forms a two-dimensional (2D) energy band. E, is
the band edge of this 2D subband. For E, &0 a con-
tinuum of values is allowed for E„and the elec-
tronic states form a three-dimensional (3D) con-
duction band, whose band edge is E,. The wave
functions for these conduction states'0*" differ
from those of bulk InAs only near the surface
where U(z) is appreciable. It can be seen from
the classical picture that, because of U(z), a con-
duction electron near the surface has a larger lo-
cal velocity than those inside the bulk. In bulk
InAs, E~ & F, Consequently, the 3D conduction
band as well as the 2D surface subband are occu-
pied at the InAs-oxide interface. In the rest of
this paper, our discussions will be entirely on the
properties of these 3D conduction electrons near
the InAs-oxide interface.

8. Magneto-osrillatory effects

At present, we have no quantitative theory which

explains all the magneto-oscillatory effects. All
our observations, however, can be understood
qualitatively as a band-edge effect. In the case of
a 3D energy band, the band-edge effect in tunnel-
ing is weak and has only been observed in special
cases when the tunneling probability near the band

edge enhances the effect. "'" In the presence of a
magnetic field, the electronic motion normal to the
magnetic field is quantized and the energy band
breaks up into Landau subbands. When the Fermi
level in the Pb electrode is moved (by changing the
applied bias) across the band edge of a Landau sub-
band, the tunnel conductance shows a structure re-
flecting this band edge. The strength and the line
shape of this structure will depend on the electron
tunneling probability near the subband band edge,
which is determined by the tailing of the electron
wave function into the oxide barrier.

In the case of a longitudinal magnetic field, Bar'-
yakhtar and Makarov" and also Kulik and Gogadze"
have shown the existence of an oscillatory compo-
nent in the tunnel current. Here, we give a qual-
itative theoretical picture to indicate the origin of
this component. Since the longitudinal magnetic
field does not alter the electronic motion in the di-
rection of tunneling, the tunnel current density at
T = 0 is given by'

G(H, V) =C» QP(c, I, eV)
SF eV

The second term in Eq. (2) is due to the explicit
bias dependence of the electron-tunneling proba-
bility. The existence of magneto-oscillatory ef-
fects in G can be demonstrated most simply by
considering the first term on the right-hand side
alone. In this case, the conductance at a bias V
is given by the electron-tunneling probability in
all the subbands at an energy eV away from the
Fermi energy. When the bias is such that the Fer-
mi level in Pb passes a subband band edge, G at-
tains a singular structure (square-root singularity
if a sharp-barrier approximation is used}, and the
resulting 6-vs-V curve shows periodic structure.
Inclusion of the second term on the right-hand side
in (2) will change the strength and the phase of the
oscillatory structure, but not its periodicity which
measures the Landau-level separation, h~, (&u, is
the cyclotron frequency, given by a, =eH/m*c,
with m* being the effective cyclotron mass}.

In the experiment, the second derivative d'I/dV'
is usually recorded. The oscillations in d'I/dV'
can be described by

OX IOE

Ec

Ep

FIG. 1. Energy diagram of an n-type lnAs-oxide-Pb
tunnel junction at V =0 with an electron-accumulation
layer at the InAs-oxide interface.

J(H, V) =C„g de P(e, I, eV),
l Z&p-8&

where / is the Landau quantum number for conduc-
tion electrons in InAs, P is the electron-tunneling
probability, and C„=2e'H/h'c. The tunnel conduc-
tance (G =dZ/dV) at V ls given by
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where A. is a constant independent of the magnetic
fieM, 4 is a phase factor, and I is a parameter
characterizing the level broadening of the Landau
levels. It turns out that Eq. (3) adequately de-
scribes our observations in both the transverse
field geometry and the longitudinal field geometry.

In the case of a transverse magnetic field, the
electronic motion along the direction of tunneling
is quantized. However, at a given magnetic field,
the cyclotron energy for a given Landau quantum
number l depends on the location of the orbit cen-
ter with respect to the oxide potential barrier. "
In fact, the energy levels of electrons whose orbit
centers are located at a distance less than their
cyclotron radius away from the oxide barrier,
form a continuum. Consequently, the electrons
whose cyclotron orbits are far inside the sample
have negligible tunneling probability and do not
contribute to tunnel conductance. The electrons
whose cyclotron orbits intersect the oxide barrier,
though they have large tunneling probability, do not
contribute to oscillatory tunnel conductance be-
cause their energy levels form a continuum.
Therefore, only e&.ectrons whose cyclotron orbits
graze the oxide barrier (skimming orbits) contrib-
ute to oscillatory conductance.

We note that two results follow from this model.
First, the oscillatory component of the conduc-
tance is relatively small, since a fraction of tun-
neling electrons near the surface does not contrib-
ute to oscillations. Second, the oxide potential
barrier will increase the quantum energy Aco, as-
sociated with the grazing orbits and increase the
period of the oscillations. These results are in
qualitative agreement with experimental observa-
tions discussed in Sec. III.

curve, taken with P- 2 kQ to quench the supercon-
ductivity of Pb, is the zero-field normal-state con-
ductance, which shows the weak structures that are
due to Pb phonons (s 10 mV) and the I 0 phonons of
InAs (-30 mV). ' The solid curve was taken with
H =40 kQ, applied parallel to the tunnel current.
In general, the conductance oscillations become
discernible at H-25 kQ for samples having pg =5.5
x 10"/cm' and at H- 15 kG for samples having n
= 2.1x 10"/cm'. The oscillation period, AV, which
measures Sw, directly, increases linearly with in-
creasing H and extrapolates to ~V =0 at H =0. This
magnetic field dependence is demonstrated in Fig.
3, where the oscillation period at V = -15 mV (we
follow the convention that V is the voltage applied
to the Pb electrode) is plotted as a function of R
These data were taken on a sample having n =2.1
x10"/cm'. The slope of the straight line gives a
direct measure of the effective cyclotron mass,
~*/~ =0.025, at an energy E = 15 meV above the
Fermi level of InAs.

The use of second-derivative techniques has al-
lowed the separation of the oscillatory components
from the background conductance of the junction.
Figure 4 shows the magneto-oscillations in d'I/dV'
vs V, taken at 7 =4.2 'K and H = 35 kQ. This sam-
ple (s =5.5x 10"/cm') has a Fermi energy E~ = 98
meV in bulk EnAs and has a quantized surface state
in the accumulation layer at &83 meV below E~.
The oscillations at V& 100 mV are due to electrons
in the 20 subband associated with this surface
state. In addition, weak oscillations with long pe-
riods are resolved at large negative biases. These
oscillations have been identified as due to oscilla-
tions in the self-consistent potential of the accu-
mulation layer when a Landau level in the 20 sub-
band is swept across E~ by changing V.' The dom-

III. RESULTS AND DISCUSSION

The experimental details on fabricating InAs-ox-
ide-Pb tunnel junctions and making tunneling mea-
surements have been given elsewhere. ' The data
discussed here were taken on a large number of
tunnel junctions fabricated on EnAs samples having
n = 5.5 x 10"/cm' and some on n = 2.1x 10'8/cm'.
Most of the data were taken on junctions fabricated
on (111)oriented surfaces. We also studied junc-
tions fabricated on (100) and on (110) oriented sur-
faces, and have not observed any differences.

A. Longitudinal field

Figure 2 shows two (dI/dV)-vs-V curves taken
from a junction, fabricated on a (111) surface of
InAs (n =5.5x10"/cm'), at 4.2 'K. The dashed
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FIG. 2. (dI/dV)-vs -V data from an InAs-oxide-Pb
junction at 4.2 K. The tunnel junction was on a (111)
surface of an InAs with n =5.5 x 10 7/cm . The dashed
curve was taken with H = 2 kG and the solid curve with
H =40 kG applied perpendicular to the sample surface.
The sign of V refers to that on the Pb electrode.
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FIG. 4. d I/dV vs V from an InAs(n = 5.5x10 /cm )-
oxide-Pb junction at H =35 kG, applied perpendicular
to the plane of the junction.

H (kG)

FIG. 3. Magnetic field dependence of the period of
the oscillation in dI/d V vs V at V =-15 mV. The
data were from a junction on a (111) surface of InAs with
n =2.1 x 10 /cm3 with H applied perpendicular to the
surface.

inant oscillations for V& 100 mV are due to the 3g
conduction electrons at the InAs surface, and the
apparent bias dependence of the oscillation period
on V reflects the nonparabolicity of their energy
structure.

From the data on magneto-oscillations in d'I/dV'
vs V, we are able to obtain ~* for electrons at
energies within 400 meV above the conduction-band
edge of InAs. Figure 5 shows these data. The dif-
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FIG. 5. m*/mp vs V obtained from longitudinal magneto-oscillations in (d I/dV )-vs-V curves measured on InAs-
oxide-Pb tunnel junctions.
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being aligned with a Landau level in InAs. Conse-
quently, its bias position measures the energy of
the Landau level with respect to E& in InAs, and
the plot in Fig. 8 displays the magnetic field de-
pendence of the various Landau levels of conduc-
tion electrons close to the InAs-oxide interface.
This identification is physically and operationally
simple, and also consistent with all our observa-
tions in this experiment and with the zero-field
band-edge conductance structure predicted by
Zavadil. " However, as noted earlier, the strength
and the line shape of the conductance structure at
a Landau level depends on the details of the electron
wave functions near the InAs-oxide interface and
also on lifetime broadening effects. When these
effects are rigorously included, the position of the
Landau level may not occur exactly at the dip of a
d'I/dV' oscillation. Thus, a quantitative estimate
of the accuracy of this Landau level identification
must await more rigorous theoretical calculations.

The solid curves in Fig. 8 show the Landau lev-
els calculated by using the Kane model":

( )
88

( g) 6g(E~+A) 2 1

mac 3e, +2k. e, +e, e, +e, +X,

(4)

where c„A., and ~0* are the direct energy gap, the
spin-orbit gap, and the band-edge effective mass,
respectively. The calculation was done using e,
= 0.41 eV and X = 0.38 eV, "both well known for bulk
InAs, and ~0* = 0.021$yg, as determined from the
best fit of the resulting Landau levels to the ex-
perimental data. The fit (Fig. 8) is reasonably
good for E& 200 meV, and its failure becomes
more apparent at higher energies. The value of

@pef =(0.0215+0.0005)~, as expected, agrees with
that determined more directly from data in Fig. 5.
It should be compared with the bulk value as de-
termined from recent cyclotron-resonance experi-
ments: m,*=0.024'" (Ref. 20) and m f =(0.023
+ 0.00003)pn (Ref. 21) and from magnetophonon ex-
periments: m,*=0.0240m. " The difference (-7')
appears to be outside of experimental uncertain-
ties.

In the case of a parabolic band model, it is ap-
parent from our considerations in Sec. II that mo,
determined from the longitudinal magneto-oscilla-
tions, is characteristic of the electronic motion
parallel to the surface and not altered by a one-
dimensional potential U(~). The surface effects,
such as image forces owing to both the close prox-
imity of the Pb electrode and the dielectric dis-
continuity at the InAs-oxide interface, and the cou-
pling between electrons in the InAs and electrons
in the Pb electrodes through the thin oxide, can al-
so be represented by one-dimensional potentials

depending on z alone and, therefore, have no ef-
fect one,*. It should be interesting to see if this
difference in ~0* can be explained by such a sim-
plified model of the surface effects when the non-
parabolic nature of the InAs conduction band is
properly taken into account.
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FIG. 9. Magneto-oscillations in dI/dV vs V and in
d I/dV vs V of an, ~s(gg =5.5 &(10 ~/cm3)-oxide-Pb
junction in a transverse magnetic field in Pb(-) bias.
The dI/dV curve at 55 kG is displaced 0.18 units up-
wards from the dI/dV curve at 2 kG for clarity.

8. Trarj(sverse field

The magneto-oscillatory effects observed in the
transverse field geometry are illustrated in Figs.
9 and 10. These data were taken on an InAs-oxide-
Pb junction whose InAs electrode has n =5.5 x 10"/
cm'. In Fig. 9 the dI/dV curve taken at 55 kG is
displaced 0.18 units upwards from the dI/dV curve
at 2 kQ for clarity. In all the junctions we have
studied, the magneto-oscillations in the transverse
field geometry are always weaker than that in the
longitudinal field geometry. Usually, the ampli-
tude of the transverse field conductance oscilla-
tions is approximately one-third that of the longi-
tudinal field conductance oscillations. This obser-
vation is consistent with discussions in Sec. II that,
in the transverse field geometry, the oscillations
reflect Landau levels of electrons whose cyclotron
orbits graze the oxide potential barrier. The fact
that electrons whose cyclotron orbits intersect the
oxide potential barrier do not contribute to oscil-
latory conductance makes the magneto-oscillatory
effect weaker in this geometry.

Figure 11 shows m*/m obtained from the oscil-
lation period in (d'I/dV')-vs-V curves. The ener-
gy dependence of m */~, within our experimental
uncertainties, is the same as that for the longitu-
dinal field geometry shown in Fig. 5. It increases
linearly with increasing E at a. rate of -1.2x 10 '/
mev. At a given energy, however, ~*/~ is a few
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percent smaller than that for the longitudinal fieM
case. This difference is expected because the
presence of the oxide potential barrier increases
the quantum energy hw, of grazing orbits and thus
decreases the effective cyclotron mass of elec-
trons in these orbits.

ln Fig. 12, the dips in the d'I/dV' oscillations
are plotted as a function of the transverse field.
These data, which show the magnetic field depen-
dence of the Landau levels of electrons having
grazing orbits, were taken on the same sample on
which the longitudinal field data in Fig. 8 were
taken. The circles are data from oscillations in
(d'I/dV') vs Vc-urv-es at constant H, and the tri-
angles are from (d'I/dV') vs Hc-urv-es at constant
V. The solid lines in this case are drawn through
the data points which belong to the same Landau
level.

C. Level broadening

We have found that the amplitude of the magneto-
oscillations in both the longitudinal and the trans-
verse fields can be satisfactorily described by Eq.
(3). At a fixed V, the magnetic field dependence
of the amplitude of d'I/dV' oscillations follows

A, ~ exp(-H, /H). Some examples of this result are
shown in Fig. 13, where A. , is plotted as a function

HIS

d'I
I

dv

dx

L

i

4.0 50
H(kG)

I

60 70 80

FIG. 10. Magneto-oscillations in dI/dV vs H and
dI/dV vs H of the junction of Fig. 9 at V=-40 mV.
H was applied parallel to the plane of the junction.

of 1/H Ho, w. hich determined the slope of the re-
sulting straight lines, is related to the level-
broadening parameter I' through the relation l
= ekH, /2vm *c. For a sample having n = 5.5 x 10"/
cm' and a dc mobility p = 1.5x 10' cm'/V sec at
4.2 'K, I' at the Fermi level deduced from the H
dependence of magneto-oscillations at V =0 in the
longitudinal field geometry is I' = 3.8 meV. In the
transverse field geometry, we expect the grazing
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FIG. 11. m*/m obtained from the period of oscillations in d I/dV vs V from InAs(n =5.5 & 10 7/cm )-oxide-Pb junc-
tions in transverse magnetic fields.
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orbits to be more sensitive to scattering centers
at the InAs-oxide interface, and a larger value,
I" =5 meV, was obtained. In both cases, I' is con-
siderably larger than that deduced from the dc mo-
bility of bulk InAs through I' = eh/2m *p = 1.6 meV.
In view of the fact that the dc mobility is charac-
teristic of the bulk material, the observation of a
larger I' in these tunneling measurements is rea-
sonable.

The amplitude of the magneto-oscillations de-
creases with increasing V (Figs. 2, 4, and 9).
This bias dependence reflects primarily the ener-
gy dependence of l", which is shown in Fig. I4 for
the transverse field case. Similar energy depen-
dence has been observed for I' deduced from longi-
tudinal magneto-oscillations at V& 100 mV. In this
case, beating with oscillations from subband elec-
trons makes analysis of the H dependence of A2
unreliable at larger biases. It should be noted that
the scattering time corresponding to the observed
I' (v =8/21') is -10 "sec, which is much shorter
than the characteristic times for energy relaxation
through phonon emission (-10 ' sec for relaxation
through acoustic-phonon emission" and - Io "sec
for LO-phonon emission"). Relaxation time for

10
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1.0—

0,5— I

2.0
I I

3.0 4.0 5.0

FIG. 13. Amplitude of oscil]ations in d~I/dV Bs a
function of 1/H at fixed V. The longitudinal field data
are shown as triangles (6) and the transverse field data
as circles P).

-500

electron-electron scattering is not known. How-
ever, I' due to electron-electron scattering should
increase quadratically with increasing energy at
low energies (i.e., E&E~, with E~ being the plas-
ma energy), and becomes essentially energy inde-
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FIG. 12. Bias position of dips in the d I/d V oscilla-
tions as a function of H, applied parallel to the plane
of the junction, taken from the junction of Fig. 8.

FIG. 14. 1" vs E. F is the level-broadening parameter
deduced from H dependence of the amplitude of d I/dV
oscillations at fixed V and E =eV.
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pendent at F.&E~." In our sample, E~-50 meV.
The observed energy dependence of I' (Fig. 14)
does not bear resemblance to that expected for
electron-electron scattering and thus suggests that
the observed scattering time is not limited by elec-
tron-electron scattering either. We believe that
I' deduced from the magnetic field dependence of
the oscillation amplitude at V reflects the momen-
tum relaxation time of an electron at E = eV above
E~, and it is limited by scattering from impurities
and imperfections of the InAs-oxide interface.
Within our experimental uncertainties, I' can be
described as increasing linearly with increasing
E. This energy dependence differs from that ex-
pected from the energy dependence (square-root)
of the density of the final states into which the
electron at E =eV can be scattered. It appears to
reflect some energy dependence of the scattering
matrix as well.

IV. SUMMARY

We have described the magneto-oscillatory ef-
fects in tunneling through InA s -oxide -Pb junctions
and deduced from them the structure of Landau
levels of conduction electrons at the InAs-oxide
interface. These oscillatory effects, which have
been observed in transverse as well as longitudi-
nal magnetic fields, are understood in terms of
a qualitative theoretical picture. From the longi-
tudinal magneto-oscillations, we have obtained
that the effective cyclotron mass m*/m = 0.0215
+0.0005 at the conduction band edge and that, at
energies within 400 meV above the band edge, it
increases linearly with increasing energy at a rate
of 1.2x10 '/meV. This value of mo is -7%%up small-
er than that obtained from cyclotron resonance and
magnetophonon experiments on bulk InAs. The
transverse magneto-oscillations are identified with
Landau levels of electrons whose cyclotron orbits
graze the oxide potential barrier. The level broad-
ening, as deduced from the magnetic field depen-

dence of the oscillation amplitude, corresponds to
a scattering time -10 '4 sec. Within our experi-
mental uncertainties, I" increases linearly with
increasing energy. The bias dependence of the
magneto-oscillation amplitude is due to this ener-
gy dependence of 1" and the energy dependence of
nt +.

This experiment, together with the earlier ex-
periments by Chynoweth et al. and by Bernard et

5
a/. , have made it clear that electron tunneling can
be a useful tool to study electronic properties re-
lated to Landau quantization of carriers in a semi-
conductor. However, two pertinent points should
be emphasized here. First, the semiconductor,
which forms at least one of the two electrodes of
the tunnel junction, is required to be degenerate
(or "metallic" ). Second, tunneling electrons do not
penetrate deep into the bulk electrode, and conse-
quently this experimental tool probes excitations
close to the tunnel barrier. These considerations
also point out the limitations of using magneto-os-
cillatory effects in tunneling as a tool for semicon-
ductor research. The condition that level broaden-
ing must be kept smaller than the separation be-
tween Landau levels at available magnetic fields
requires relatively pure semiconductors which
usually are not degenerate. In practice, this re-
stricts our sample material to narrow-gap semi-
conductors, which in some cases can be made rel-
atively pure and still degenerate. Moreover, after
the tunnel junction is fabricated on the semicon-
ductor, carriers close to the junction interface
must retain their relatively long scattering times
to give rise to distinct Landau levels. Thus, it is
not surprising that magneto-oscillatory effects in
tunneling have thus far been observed in only a few
semiconductors.
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