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Tunneling study of surface fluanti~~tion in n-PbTe
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Using electron tunneling through n-type PbTe-oxide-Pb junctions, we have measured some electronic
properties of the (100) surface accumulation layer at the PbTe-oxide interface. Three energy levels,
resulting from quantization of the electronic motion normal to the surface, are observed in a sample
having n =1.2X10"/cm . The energies of these three levels are ED=42 meV, E,=19 meV, and E,=6
meV below the conduction band edge. From the magnetotunneling data we obtain g o=29+3 and
m'=(0.069+0.008)m, for the ground-state subband. In addition, the Landau levels in the ground-state
subband do not cross the Landau levels in the excited-state subband. The interaction between the
Landau levels removes the degeneracy at the crossover and a splitting, EE =4 meV, has been observed.

I. INTRODUCTION

Recently, the tunneling technique has been ap-
plied to the study of electronic surface states re-
sulting from quantization of space-charge layers
at semiconductor surfaces. ' This technique mea-
sures directly the energy levels of the surface
states and is most suited for studying the accumu-
lation layers of degenerate bulk materials' on
which conventional surface transport measurements
are difficult. We describe a tunneling experiment
on the (100) surface of degenerate n-type PbTe,
using PbTe-oxide-Pb junctions, and we discuss
the results pertinent to the quantization of the PbTe
accumulation layer at the PbTe-oxide interface.
These results constitute the first direct evidence
for the long-anticipated surface-quantization ef-
fects in PbTe. '

The energy diagram of an idealized n-type PbTe-
oxide-Pb tunnel junction, with an electron accu-
mulation layer at the PbTe-oxide interface, is
shown in Fig. 1. The energies E„( itwh n=0, 1

and 2) indicate the quantum levels supported by the
one-dimensional potential well U(z) associated with
the accumulation layer. Corresponding to each
quantum level E„, there is a band of two-dimen-
sional conducting states whose band minimum is
E„. These two-dimensional energy bands are
called the electric subbands. Electrons in these
subbands as well as those in the conduction band
can contribute to tunneling through the oxide bar-
rier. Ben-Daniel and Duke have shown that when
a bias voltage V is applied to the junction, the tun-
nel conductance (dI/dV) due to the subband elec-
trons is directly proportional to the density of
states p, of the subband at an energy e V away from
the Fermi level (p, ) of the sample, i.e. ,

dI//d V~ q, (p, —e V)

Since p, of a two-dimensional energy band has a
step function discontinuity at the band edge, we
expect a, sudden decrease in conductance in the dI/
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FIG. 1. An energy diagram for n, -type PbTe-oxide-Pb
tunnel junction with an electron accumulation layer at the
PbTe-oxide interface. Ep, E&, and E2 indicate the quan-
tum energy levels supported by the one-dimensional po-
tential well U(z) of the accumulation layer. Up is the
depth of the well at the interface z = 0.

d V- V curve and, therefore, a dip in the d I/d V —V

curve when e V is equal to the energy of a quantum
level, as measured from p, . When a magnetic
field H is applied perpendicular to the plane of the
junction, it quantizes each two-dimensional sub-
band into discrete spin-split Landau levels and
splits the density of states into a series of 5-func-
tion peaks at the energy of the spin-split Landau
levels. However, because of level broadening, we
expect these peaks to be rounded off and appear
as oscillations in the dI/dV-Vand the d I/dV V-
curves.

In this experiment, we have observed the sur-
face quantum levels in the normal-state tunneling

3524



TUNNE LING STUDY OF SURFACE QUANTIZATION IN. . .

data and the spin-split Landau levels of the ground-
state subband in the magnetotunneling data. These
data are discussed in Sec. IV. Sections II and III
describe the experimental details and the theoreti-
cal background, respectively. Section V gives a
summary of this paper.

II. EXPERIMENTAL DETAILS

The tunnel junctions are fabricated on single-
crystal PbTe platelets, approximately 8X 5&&0. 5
mm. These platelets are cut from a vapor-grown
crystal by the use of an abrasive wire saw. The
conventional spark-erosion method, which has been
successfully used in cutting single-crystals metals
of high perfection, was found to cause more damage
to the samples. The electron concentration of
these samples, determined by Hall measurements
on the platelets at 4. 2 'K, is n = (l. 2 + 0. 2) && 10' /
cm'. The sample surface, which is parallel to
within 1' of a crystallographic (100) plane, is pre-
pared by first mechanically polishing it to an opti-
cal finish and then electropolishing it to remove
any mechanical damage. The electrolyte used for
the polishing is a solution of 20 g of potassium hy-
droxide, 45-ml water, 35-m1. glycerol, and 20-ml
ethyl alcohol. We use a platinum cathode and a
current density of approximately 2 A/cm . The
oxide is thermally grown on the surface by leaving
the sample in an oxygen atmosphere at 68 C for
3 h.

The oxidized surface is then insulated by collodi-
on except for a narrow strip in the middle. The
junctions are formed by evaporating cross strips
of Pb about 2000-A thick on the sample in a vacuum
of 1&&10 Torr. The area of the resulting junctions
varies from 5&&10~ to 50&&10 ' cm . We use indium
metal to solder gold-wire leads to the Pb film and
to the PbTe sample. The standard cross-strip
configuration is used to facilitate four-terminal
measurements. The methods for obtaining dI/dV
and d'I/dV data as a function of V and II have been
described previously' and will not be repeated
here.

We utilize the tunneling characteristics of super-
conducting Pb to check if electron tunneling is in-
deed the dominant current-carrying mechanism
through the junction and follow the standard pro-
cedure for evaluating superconducting tunnel junc-
tions. It turns out that only about 10%& of all the
junctions which we have investigated show the
proper tunneling characteristics of superconducting
Pb at liquid-helium temperatures. We estimate
from the I-V characteristic of these junctions at
1 'K that approximately 1% of the junction current
arises from some nontunneling mechanisms. The
normal-state resistance of most of these junctions
changes by less than 20%() as the temperature is
changed from 300 to 4. 2'K. We regard this weak

temperature dependence as an indication that the
tunnel barrier is indeed an oxide barrier of height
~1 eV. It should be emphasized that the surface-
quantization effects, discussed in this paper, have
been observed only in these selected tunnel junc-
tions.

III. THEORETICAL BACKGROUND

Before discussing the tunneling data, we need to
recall some of the electronic properties of PbTe.
It has the NaCl crystal structure and its conduction
band has multiple minima at the I symmetry points
of the Brillouin zone of the fcc lattice. Because of
the small direct energy gap at I (E,=0. 19 eV at
4. 2 'K), the conduction band is highly nonparabolic.
Extrinsic carriers are generated by deviations
from stoichiometry and no freeze-out of these car-
riers has been detected at any temperature. The
electron Fermi surface consists of four ellipsoids
of revolution with their major axes oriented along
the (ill) directions. The transverse mass (m, )
and the longitudinal ma. ss (m, ) at the band edge are
m, = 0. 024mo and m& = 0. 24mo. The anisotropic g
values' are characterized by g{i = 57. 5 and gJ

According to Stern and Howard, the two-dimen-
sional subbands resulting from quantization of the
accumulation layer on a PbTe (100) surface like-
wise have multiple energy minima. These minima
occur at the X symmetry points of the two-dimen-
sional Brillouin zone of the square lattice. " The
constant energy contour in the k plane is four el-
lipses with major axes along the bulk crystallo-
graphic (110) directions in the plane. Figure 2
shows the Brillouin zone for the PbTe (100) surface
and the constant-energy ellipses of a subband.
Each point on the constant-energy ellipses is dou-
bly degenerate. If we neglect the nonparabolicity
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FIG. 2. Brillouin zone for the PbTe (100) surface and
the constant-energy ellipses of a subband. Each point on
the ellipses is doubly degenerate. I'M =2m/a and a is the
lattice constant of PbTe.
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of the conduction band, the subband near an energy
minimum, corresponding to a quantum level E„,
is described by

E„(kg, k2) =E„+(2k )(kg/my+ ka/m2) (2)

m* = (m, m2)'~' (5)

Using m& = 0. 024mo, m& = 0. 24mo together with Eq.
(3), we obtain m" =0. 063mo. It differs consider-
ably from the bulk electron cyclotron mass
(0. 038mo) when the magnetic field is oriented along
[100]. This difference arises from the fact that
electrons in the surface subbands, unlike those in
the bulk, cannot have a velocity component parallel
to the magnetic field.

Fang and Stiles have observed the spin splitting
in the magnetoconductance of electrons in a Si in-
version layer. They demonstrated that the spin
splitting in a subband is determined by the total
magnetic field, not just the normal component.
At present, however, there is still no theory treat-
ing Landau levels of the subbands including the
electron spin and spin-orbit coupling.

IV. RESULTS AND DISCUSSION

A. Normal-state tunneling data

Figure 3 shows the dI/dV Vand the d I/dV-V-
curves of an n-type PbTe-oxide-Pb tunnel junction
at 4. 2 K. As discussed in Sec. II, the junction
is fabricated on a (100) surface of PbTe, whose
electron concentration is n= 1.2X10' /cm . The
superconductivity of the Pb electrode is quenched
by an external magnetic field H= 2. 5 kG. The weak
structure near zero bias (at I V I &20 mV) has been
observed previously' ' and it is due to emission

where m& and m& are the principal effective masses
of the constant-energy ellipse, related to m& and
m& of the bulk conduction band by

1
m, = m„m2 = —,(m, + 2m, )

Stern and Howard also gave an approximate
treatment of the Landau levels in a subband of a
multivalley semiconductor, assuming no coupling
between subbands. According to their results,
when a magnetic field H is applied perpendicular to
the (100) surface of PbTe, the energy levels of a
subband, as measured from the zero-field band
edge of the subband, are given by

E, =(f+-,') [ ke H/( m, mz)'~'c] +f(H ), (4)

where the first term is the familiar harmonic-os-
cillator energy for the Landau levels and the sec-
ond term is a correction, having a quadratic de-
pendence on Il and being independent of the Landau
quantum number l. Thus, the cyclotron effective
mass of electrons in the subband is
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FIG. 3. dI/dV-V and d I/dV -V curves of an z-type
PbTe-oxide-Pb junction at T= 4.2'K and H = 2. g kG. The
PbTe sample has pg= 1.2 xlo /cm~.

and self-energy effects of Pb phonons and PbTe
phonons. The d I/dV peaks at V=4. 5, 8. 5, and
14. 5 mV are identified as the TA and LA phonon
peaks of Pb and the LO phonons of PbTe, respec-
tively. The d'I/dV Vcu—rve also shows a step-
like discontinuity at zero bias. This discontinuity
has also been observed in the tunneling data from
InAs-oxide-Pb '6 and Cr-oxide-Pb junctions. '
There has not yet been any explanation for this
anomalous structure.

As illustrated in the inset of Fig. 3, we have
also resolved a weak structure in the d I/dV' V-
curves at V= 36 mV. This structure is due to the
cutoff in the conduction-electron density of states
at the PbTe conduction-band edge. Its bias posi-
tion V, is a direct measure of the Fermi energy jL(.

of electrons in the conduction band of PbTe. By
applying a magnetic field parallel to the sample
surface, we have also observed oscillations in the
d I/d V'-H curves which reflect the Landau levels
of the conduction band of PbTe. A parallel mag-
netic field cannot give rise to Landau levels in the
subbands. Following a standard procedure, we
have determined p, = 36+ 2 meV by extrapolating
the observed Landau levels to H=O. It agrees rea-
sonably well with an estimated value of p. = 32 meV,
using n= 1.2&&10 s/cm3, m, =0.024mo, and m,
= 0. 24m().

In the case of InAs reported earlier, ' much
stronger structure, reflecting the conduction-band
edge of lnAs, was observed in the dI/dV- V as well
as the d I/d V —V data from lnAs-oxide-Pb junc-
tions. Zavadil' has explained this band-edge
structure as due to the accumulation layer, which
strongly enhances the tunneling probability of the
conduction-band electrons near the band edge.
This enhancement increases with increasing Uo, the



TUNNELING STUDY OF SURFACE QUANTIZATION IN. . .

depth of the surface potential well (Fig. 1). Al-
though we do not measure Uo directly in the tunnel-
ing experiments, it can be inferred from the ex-
perimentally measured binding energy of the quan-
tum levels that Uo is much smaller in the PbTe
samples than in the InAs samples. Thus, Zavadil's
explanation is also consistent with our observing
a much weaker band-edge structure in PbTe.

The more prominent structure in Fig. 3 is the
d~I/d V' dips labeled as 0, 1, and 2 in the Pb (+}
bias. These dips, corresponding to a sudden de-
crease in conductance at Vo = 78 mV, V& = 55 mV,
and V& =42 mV, are due to the quantum energy
levels in the potential well U(z) of the PbTe sur-
face accumulation layer (Fig. 1). We have exam-
ined the dI/dV-V and the d'I/dV -V curves to V
= 100 mV in the Pb (-) bias and to V= 200 mV in the
Pb (+) bias and have not observed any additional
structure. This fact enables us to conclude that
there are three quantized levels in the surface po-
tential mell. The voltages Vo, V&, and V&, respec-
tively, measure the energy of the ground state, the
first excited state, and the second excited state,
relative to the Fermi level of PbTe.

We should note that V„measures the quantum
level E„when a bias equal to V„ is applied to the
junction, i.e. ,

eV„=p+ E„(V„) (6)

Consequently, the structure of the quantum levels,
observed in the tunneling data, is a true picture
of that in the surface potential well without any ex-
ternal bias, only if the bias necessary for the ob-
servation has no appreciable effect on E„. As dis-
cussed in the following paragraph, in our samples
the applied bias has indeed no appreciable effect
on E„. Thus, the binding energy of the three quan-
tum levels, using p. = 36 meV, are Eo =42 meV,
E, =19 meV, and E,=6 meV. If we approximate
the lower portion of the surface potential well in
PbTe (Fig. 1) by a triangular well and assume that
Eo and E& are correctly described by this triangu-
lar well, ' the depth of the surface potential well is
U, = E, + (E, —E,)/0. 759 = 72 me V.

The electron density in the surface accumulation
layer can be estimated by counting the number of
electrons in each subband, using

N~=n„[(m~mp)'~ vk ] e V„ (7)

Here, n„ is the number of constant-energy ellipses
in a subband and, as seen in Fig. 2, is equal to 4.
Using m, =0.024mo and from Kq. (8} m&=0. 168~,
we obtain N~=8. 8X10' /cm', N„=5.8&&10' /cm',
and N,2=4. 5&10~ /cm for the density in each sub-
band. The total surface electron density is N, = 1.9
&&10' /cm, and the electric field at the PbTe-oxide
interface is Fo= BX10 V/cm (using a static dielec-
tric constant c =424). We estim'ate from the junc-

tion capacitance that the bias necessary for ob-
serving the quantum levels can induce a surface
charge density approximately two orders of mag-
nitude smaller than N, . Hence, it is reasonable
to neglect the effect of this bias on E„. In addition,
we have not observed the magneto-oscillations in
the d I/dV Vcu-rves which are caused by the bias
dependence of Uo. ' This also suggests that the
applied bias indeed has negligible effect on the sur-
face accumulation layer.

Several aspects of the data deserve additional
comments.

(i) The observed conductance decrease at V„

varies from approximately 8% at the ground-state
level to approximately 1% at the second-excited-
state level. This difference in the strength of the
structure has been attributed to the increasing
tunneling probability of electrons in the subbands
with increasing applied bias. ' Since the structure
due to the ground-state level is observed at the
largest bias, it is expected to be the strongest.

(ii) The width of the dip in the d I/dV Vcurve-
at half its minimum depth is a direct measure of
the level broadening of the quantum state. This
half-width is approximately 10 mV (which gives a,

lifetime r=7X10 ' sec) for the ground state and

appears to be smaller for the excited states. This
is understandable because the ground state is con-
fined closest to the interface and is, therefore,
most sensitive to surface irregularities.

(iii) The d I/dV dip reflecting the ground-state
quantum level has a shoulder on its large bias side.
When the Pb electrode is in its supepconducting
state, this shoulder is resolved into a small dip Bt
about V= 86 mV. We tentatively attribute it to a
splitting of the ground-state level due to some local
deviations of the surface from the (100) orientation.

(iv) We have obtained similar results from all
the junctions which were proved to be tunnel junc-
tions and whose normal-state resistance is approx-
imately independent of temperature from T= 300 'K
to T= 1 'K. The bias positions, at which the sur-
face quantum levels are observed, varies by less
than 10' among the different junctions on different
samples, and the observed half-width of the d'I/
dV dips varies by no more than 20%.

B. Mayaetotunneling data

In the presence of a quantizing magnetic field,
the Landau levels of the surface subbands, as well
as those of the conduction band of PbTe are ob-
served in the tunneling characteristics. Figure 4
shows the d'I/dV -V curves of a junction at sever-
al magnetic field intensities. The magnetic field
H is applied perpendicular to the plane of the junc-
tion at 4. 2 'K. Although the structure in the data
appears complicated, it is not difficult to recog-
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FIG. 4. d I/dV -V curves of junction LT12 at several
magnetic field intensities. The magnetic field is applied
perpendicular to the plane of the junction at 4.2'K. A

magnetic field, H=2 kG, is required to quench the super-
conductivity of Pb.

nize some of the features, which suggest its having
an origin in the Landau levels of the PbTe elec-
trode. First, the magnetic field indeed induces
structure in the d I/dV -V curves. Second, none
of this structure is observed for V& Vo. In other
words, the new structure occurs in the bias range
corresponding to the energy levels of electrons in
the conduction band and the surface subbands of
PbTe. Third, the strength, as well as the bias
position, of the structure depends strongly on H.
These features are more clearly illustrated in Fig.
5, which shows an alternative way of displaying the
Landau level structure in the tunneling characteris-
tics.

In Fig. 5 the d'I/dV signal is plotted as a func-
tion of Hwhen Vis kept constant. At a constant
V, the Fermi level of the Pb electrode stays at an
energy e Vaway from the Fermi level of PbTe,
When H is increased, it changes the energy posi-
tion of the Landau levels in PbTe, and the d I/d V
H curve registers a structure whenever a Landau
level is moved across the Fermi level of the Pb
electrode. If we recall that the Shubnikov-de Haas
(SdH) oscillations, in the magnetoresistance of a
bulk PbTe sample, register the Landau levels
crossing the Fermi level of PbTe, it is obvious
that the magnetic-field-induced structure in the
d2I/d V -H curves should appear similar to the
SdH oscillations. The upper two curves (V= —10

V=-I

V = 47.5 fTlV

M
N

V = 60tTI

Y = 87m V

I I

20 40
H(kG)

I

60 80

FIG. 5. d I//dV -H curves at constant V of sample
LT12.

mV and V= 0) illustrate the magnetotunneling data,
in the bias range V~O. In this range, the observed
oscillatory behavior is dominated by the long-pe-
riod oscillations, reflecting the Landau levels in
the conduction band of PbTe. The short-period
oscillations, complicated by beat patterns, reflect
the Landau levels in the subbands. The lower three
curves, taken together, illustrate the magneto-
oscillatory effects due to electrons in the subbands.
For example, at V= 87 mV, the Fermi level of the
Pb electrode lies below the energy minima of the
ground-state subband (i.e. , V& Vo) and, therefore,
the Landau level structure observed in the curves,
taken at V=47. 5 mV and V= 60 mV, are conspicu-
ously absent.

In Fig. 6 we plot the bias position of the dips,
observed in the d'I/dV Vcurves, -as a function
of H, which is applied perpendicular to the sur-
face. The data are limited to the bias range in
which the magneto-oscillatory effects arise pri-
marily from the electrons in the subbands. For
V- V&, the data points group themselves into dis-
tinct levels, which, if extrapolated to H=O, con-
verge approximately onto the ground-state quantum
level at V=78 mV. These levels can, therefore,
be assigned to the Landau levels of the ground-state
subband. For V& V„ this is not the case and we
shall make no attempt to identify the Landau levels
which give rise to the observed tunneling structure.
W'e emphasize that the energy associated with the
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FIG. 6. A summary of data on the Landau level oscil-
lations of the subbands of sample LT12. The circles in-
dicate the dips in the d I/dV -V curves as a function of
H; the crosses indicate the dips in the d I/dV -H curves
as a function of V.

be regarded as evidence supporting this assign-
ment. First, at lower magnetic fields, the d I/
d V structure associated with the second level
(V~70 mV), as seen in the H=53. 5 kG curve of
Fig. 4, has a weak shoulder in the smaller bias
side. This shoulder may result from an energy
difference between the (1, 0) and the (0, 0) states.
Second, at higher magnetic fields, when the ratio
of level broadening to level separation is small,
the d I/dV structure loses this shoulder. How-
ever, as seen in the H= 96 kG curve of Fig. 4, the
d I/d V structure associated with the second level
appears considerably stronger than that associated
with the first level. This difference in strength is
consistent with our energy-level assignment which
makes the second level doubly degenerate.

In Fig. 7 we plot the difference in bias of the
first two levels of Fig. 6 as a function of K Ac-
cording to the energy-level assignment discussed
in the last paragraph, this difference is given by

VV= g*p&H/e (8)

cyclotron frequency of interest here is comparable
to the energy separating the two excited states of
the quantum levels and also to the energy separat-
ing the second excited quantum level from the
conduction-band continuum. Consequently, the
Landau levels as calculated using Stern and How-
ard's treatment of a single subband may not rep-
resent the actual magnetic energy levels in the
excited-state subbands.

The number and the arrow in the brackets in

Fig. 6 indicate the Landau quantum number l and

the spin direction assigned to the first two levels
of the ground-state subbands. The assignment
was made by considering the following.

(i) The downward slope of the first (largest bias)
level cannot be caused by a Landau level without

taking spin into account.
(ii) The first two levels are also resolved when

the magnetic field is applied parallel to a [100] di-
rection in the plane of the sample. This is consis-
tent with previous observations that spin splitting
is determined by the total magnetic field, not just
the normal component. These two results compel
us to assign the first two levels to the spin-split
l = 0 levels.

(iii) Since the effective g factor cannot change
drastically in the energy range of interest here,
we expect spin splitting in the l = 1 Landau level
as well. However, if the spin-down l =1 state is
assigned to the third level, the Landau level sepa-
ration will yield a cyclotron effective mass m*
= 0. 03mo, which is approximately half that ex-
pected from the theory of Stern and Howard. In-
stead, we assign the (1, 4) state as well as the

(0, 0) state to the second level.
The following two observations may tentatively

where p. & is a Bohr magneton and g* is the effec-
tive g factor of electrons in the ground-state sub-
band. Within the experimental uncertainty, as in-
dicated by the error bars, 4 V varies linearly with
K The slope of a best fit straight line yields g~
= 29+ 3, which is approximately 18% smaller than
its bulk value of 35. 5, By using the Landau split-
ting being equal to the spin splitting, we obtain the
effective cyclotron mass for the ground-state sub-
band, m*=(0.069+0.008)mo. It differs from the
subband cyclotron mass (0.063mp) calculated from
the parabolic band model [Egs. (3) and (5)]. This
difference, however, is well within our experi-
mental error. We notice that this mass differs
appreciably from the bulk cyclotron mass

I6

I ' I
I I

I I I

0
0

H(kG)

FIG. 7. Magnetic field dependence of AV, which is the
bias separating the two d 1jdV dips associated with spin-
split l = 0 Landau levels of the ground-state subband.
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(0.038m, ). This large difference, which has been
predicted by Stern and Howard, is due to the fact
that electrons in the surface subband, unlike those
in the bulk, are not allowed to move parallel to
the magnetic field.

Antcliffe, Bate, and Reynolds demonstrated,
by a quasiclassical calculation, that mass enhance-
ment can also result from the surface quantization
of a nonparabolic band. If we recall that the
ground-state quantum level is higher in energy than
the conduction-band edge in the surface space-
charge layer, the quantization may be regarded as
causing a widening of the direct band gap of car-
riers in the surface layer. This increase in ener-
gy gap gives rise to an increase in m* and a de-
crease in g*. Qualitatively, our observing a
heavier mass and a smaller g factor is in accord-
ance with the fact that the conduction band of PbTe
is highly nonparabolic. Any quantitative account
of our results must await a quantum-mechanical
treatment of the surface space-charge layer, which
takes into account the conduction-band nonpara-
bolicity and the spin-orbit coupling.

Enhancement in the mass, as well as the g factor,
of electrons in a (100) surface inversion layer on
P-Si has previously been reported. ' ' ' In both
cases, the enhancement appears more pronounced
when the surface electron concentration is low

(N, ~10' /cm ), and it has, therefore, been attrib-
uted to electron-electron interactions. It is clear
from the large experimental uncertainties that our
experiment cannot detect any many-body effects in
either I*or g factor which is smaller than 10%
of its single-particle value. In addition, r, (the
interelectron spacing measured in units of the
effective Bohr radius) estimated from the bulk pa-
rameters of our samples is = 0. 034 and the surface
electron concentration is N, = l. 9x10' /cm . It is,
therefore, not surprising that we do not observe
any many-body effects in either the electron g fac-
tor or its effective mass.

Figure 6 also shows that the Landau levels of
the ground-state subband do not intersect the Lan-
dau levels of the first-excited-state subband. In
the case of a spherical energy-band model, there
is no interaction between Landau levels of different
subbands and intersection of two Landau leve1.s"
is allowed. However, if the conduction band is
nonparabolic or, in the case of an anisotropic pa-
rabolic band, the surface normal is not parallel
to a principal axis of the constant-energy ellipsoid,
interaction between Landau levels in different sub-
bands is expected. The interaction is most impor-
tant near the crossover of two levels, where even
weak coupling can have a large effect. This inter-
action is most clearly seen in the data at V= 52 mV
and H= 80 kG in Fig. 6. The splitting at H= 80 kG
is LE=4 meV.

V. SUMMARY

Using tunneling through n-type PbTe-oxide-Pb
junctions, we have studied the electronic proper-
ties of an accumulation layer at the PbTe-oxide
interface. For a sample having n=1. 2x10' /cm,
the accumulation layer has a surface electron con-
centration N, = l. 9 x 10"/cm'. Three quantum

levels, resulting from quantization of the electronic
motion normal to the surface, are observed in the
Pb (+) bias at V, = 78 mV, V, = 55 mV, and Vz =42
mV. Since the Fermi energy of electrons in the
conduction band, determined directly from the
tunneling data, is IL(. = 36+ 2 me V, these three levels
are at &0 =42 meV, E& =19 meV, and E& = 6 meV
below the conduction-band edge. The depth of the
surface potential well is estimated to be Uo = 72
meV.

When a magnetic field is applied perpendicular
to the plane of the junction, the tunneling data, ex-
hibit magneto-oscillatory effects. We have ob-
tained the following two results from the magneto-
oscillatory effect, which reflect the Landau levels
in the ground-state subband. First, the ground-
state subband has g*=29+3 and m~ =(0.069
+0.008)mo. Second, the Landau levels in the
ground-state subband do not cross the Landau lev-
els in the excited-state subband. The interaction
between the Landau levels removes the degeneracy
at the crossover and a splitting, ~E= 4 meV, has
been observed.

We have not obtained any direct information on
the origin of the accumulation layer. However, it
is known that the junction properties of a metal-
PbTe contact are determined by the difference be-
tween the work function (C ) of the metal and the
electron affinity (Z) of PbTe. In the case of Pb
(4 =4. 0 eV)" on PbTe (y=4. 6 eV from Ref. 24
and g= 5. 1 eV from Ref. 25), Nill et al. "have
demonstrated that an accumulation layer results
on an n-type crystal and an inversion layer results
on a P-type crystal. In our case of a PbTe-oxide-
Pb tunnel junction, we expect the oxide layer to
take up most of the difference between X and 4
The small value of Uo deduced from our data is
consistent with an explanation that the accumulation
layer arises from the mismatch between 4 and

Unfortunately, we have not been able to fabri-
cate tunnel junctions using other metals as counter-
electrode to verify this explanation.

It should also be mentioned that we have not
succeeded in fabricating tunnel junctions on either
the (110) or the (111) surfaces of PbTe crystals.
As for the tunnel junctions on the (100) surface,
even the best quality junctions still appear noisier
than the InAs-oxide-Pb junctions previously stud-
ied. ' We plan to experiment with various surface
cleaning and oxidation methods to overcome these
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difficulties. It is also apparent that a determina-
tion of the electronic structure in the excited sub-
bands in the presence of an intense magnetic field
wi11 require more realistic theoretical guidance as
well as better quality junctions. We hope that this

paper may stimulate new theoretical interest in
this quantum-mechanical problem.
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