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Magnetoreflectivity of the inversion layer on p-PbTe in the far infrared*
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From an analysis of magnetoref1ectance at 119 p,m, we obtain values for electron densities, cyclotron
masses, and scattering rates in the inversion-layer subbands on p-PbTe. The results for the subband

densities are in qualitative agreement with the predictions of a simple triangular-well model. Spin resonance
of inversion-layer electrons is also observed. A study of cyclotron resonance in magnetic fields tilted with

respect to the sample normal shows the dominance of Landau quantization over the electric-subband
quantization for motion perpendicular to the surface.

I. INTRODUCTION

Fixed-density space-charge layer s were re-
ported for PbTe surfaces some years ago."
More recently, variable-density layers were in-
duced on P-PbTe using a simple M-I-S (metal-
insulator semiconductor) arrangement, and
Shubnikov-de Haas (SdH) oscillations of bound in-
version-layer electrons were observed. 3 The dc
conductivity value and the SdH value for the in-
duced electron density were not consistent, how-
ever. Subsequent to the dc work, a preliminary
report of far-infrared magnetoreflectance mea-
surements on the p-PbTe space-charge system
appeared, 4 and a possible explanation for the den-
sity discrepancy was suggested. Here we shall
offer firm evidence for the correctness of this
explanation.

This evidence results from an analysis of cy-
clotron resonance of inversion-layer electrons.
In the prototype space-charge system Si cyclotron
resonance (CR) has been shown to be a valuable
probe. ' In addition to our CR results, we report
the observation of spin resonance in the PbTe
inversion layer and show, for motion perpendicu-
lar to the surface, that Landau quantization ean
dominate the usual electric quantization.

These effects occur in PbTe because of the
high static dielectric constant &,-1000 and be-
cause PbTe is a narrow-gap semiconductor. In
the latter respect, it is joined by InSb (Ref. 6)
and HgCdTe (Ref. V) as narrow-gap semiconduc-
tors where inversion-layer CR has been observed.
In contrast to these systems, however, PbTe is
a multivalley semiconductor with fundamental gap
at the L points of the Brillouin zone.' The high &,
value reflects the unusual lattice properties of the
lead salts: in PbTe, the reststrahlen band is
very wide with To-phonon frequency of -18 cm '
and LQ-phonon frequency of -114 em '.

The plan of the paper is as follows. Section II
contains a brief description of the experiment and

samples. Following this, we discuss the inver-
sion-layer band structure and describe the clas-
sical magneto-optical line-shape calculations.
Then, before presenting the detailed analysis of
the experimental results, we give a general des-
cription of the CR, spin-resonance, and tilted-
magnetic -field data. Section VI outlines some
directions for future work.

II. EXPERIMENTAL DETAILS

Our samples were (111)plane, P-type, epitaxial
layers grown on BaF, substrates. ' Sample thick-
nesses ranged from 5 to 15 p, m and their bulk
concentrations from p-4 &&10" to 4 x 10'7 em"'.
These nominal concentrations (PbTe is degenerate)
were measured as described in Ref. 10.

The M-I-8 condenser was a sandwich arrange-
ment formed by the sample (area-5 x 5 mm'),
a 3.5 p, m thick mylar foil, and a semitransparent
layer of NiCr evaporated onto the foil. The gate
voltage VG was applied between the NiCr layer
and the sample. Contact to the ¹iCr layer was
made with silverprint; a spot of indium evaporated
onto the sample provided the second contact. The
net induced charge concentration is given by the
condenser formula

~ N~G

4ged N

where &~ and d„are the static dielectric constant
and thickness of the mylar foil, respectively.
With VG in volts, the formula reduces to N„~
=4.V x 10'(V~) cm '. The maximum gate voltage
which can be applied is about 1000 '7; the maxi-
mum induced charge concentration is therefore
about 5& &0" cm'.

Most of our measurements were performed in
the Faraday geometry, i.e. , with magnetic field
H normal to the sample plane. The far-infrared
radiation was provided by a gas laser, and stan-
dard light-pipe optics were used. It was highly
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advantageous to use circularly polarized radia-
tion; the sample was therefore placed in a cir-
cular-polarizer unit located within the supercon-
ducting magnet .The ref lectivity (at 4.2 K) of the
sample was measured since, for the frequency
used (A. =118.6 p, m), the transmission of the M I S--
sandwich was low due to reststrahlen-band reflec-
tion. The circular -polarizer ref lectometer" was
an arrangement of a linear polarizer and a quar-
ter-wave plate. The degree of polarization was
high: At 119 p. m, the unwanted mode was seen at
the detector (a Ga-doped Ge bolometer) with only
-2% of the intensity of.the wanted mode.

Experimentally, we measured the change in
sample reflectivity as the gate voltage was
square-wave modulated between two fixed values
V, and V, and swept the magnetic field. We thus
measured ~R(H) =Rv2(H) -Rv, (H); typically, V, is
a voltage above inversion threshold, and V, is
chosen near or slightly below threshold.

III. THEORETICAL BACKGROUND

In this section we outline the framework within
which we have interpreted our magnetoref lection
data. We describe the application of the Stern-
Howard" picture to obta, in the subband dispersion
in the two-dimensional inversion layer:

m, =0.0213m, and m, =0.21m, (corresponding
valence-band maxima values are 0.0232m, and
0.26m, ) to agree with the bulk CR we observe in
our samples. (The uncertainty associated with
the m, values is about+2. 5% and with the m, values
about+5% and +10% for conduction and valence
bands, respectively. ) Our values are in good
agreement with those of Appold et al."

For determining the two-dimensional, inver-
sion-layer band structure, we use the results of
Stern and Howard. " Two subband systems arise:
one from the a ellipsoid, the other from the b

ellipsoids. The lines of constant energy in k
space corresponding to the two-dimensional (2-D)
motion are found by projecting the three-dimen-
sional (3-D) surfaces of constant energy onto the
plane of the sample surface. For the a ellipsoid,
one thus obtains circles of constant energy with
mass components m„=m, =m„and for the 5 el-
lipsoids, one gets ellipses of constant energy
with mass components I, and,l ™,+8m, ). Thus,
the expected 2-D cyclotron mass (m„m„)'~' is
given for the a ellipse by m,', =m, as in the bulk
and for the 5 ellipses by

m,', =-,'m, (1+8m,/m, )'I', (3)t

which is larger than the corresponding volume
mass

E;(k„,k,) =E;+8'k',/2m„+jg km/2m, . (2)
m, „=3m,(1+8m,/m, ) '~'

S
(4)

The energies F-; result from the electric-field-
induced quantization normal to the surface (z di-
rection), and the remaining terms describe the
motion along the sample surface. We discuss
first the parallel motion, i.e. , the determination
of m„and m„and then turn to the subband-edge
energies E,. In the last part of this section, we
present the classical line-shape treatment used
to analyze the data.

A. Bulk and surface band structure

The direct, fundamental energy gap has the
value E =0.190 eV at 4.2 K and occurs at the I-
points of the Brillouin zone for PbTe. The cor-
responding surfaces of constant energy for both
valence and conduction bands consist of four
elongated ellipsoids along the (111)directions.
Therefore, with respect to the plane of the sam-
ple surface, there is a single ellipsoid (a) along
the z direction and a threefold degenerate set of
ellipsoids (k) whose major axes form an angle of
70.53' with the s direction. Each ellipsoid has
the transverse and longitudinal mass components
m, and m, referred to its principle axes. These
masses vary with energy, reflecting the nonpara-
bolicity of the PbTe band structure near the L
point. At the band minima, we take the values

N~ =Pz~ =(e,PZJ2ve')'~', (5)

where z~ is the depletion length at threshold.
Taking e, =1300 (Ref. 15), we thus have N~=—3
@10"cm ' and g& =—0.8 p, m for the lowest of our

B. Subband energies and occupations

In general, to find the quantized energies and
subband occupations, one must solve Poisson's
equation and the Schrodinger equation self-con-
sistently. " This self-consistency problem is
usually complicated (e.g. , in Si) by many-body
and image-potential corrections. In PbTe, due
to the small effective masses and the high di-
electric constant, one expects such corrections
to be negligible. The high &, value and the rela-
tively high bulk carrier concentrations p also
allow us, as a reasonable approximation, to
neglect the self-consistent aspect of the charge-
layer problem. " In this section, we outline how
this comes about and give the resulting subband
energies and occupations.

As a visual guide for the following discussion,
we show, . in Fig. 1, the schematic band-bending
picture whic'h applies to inversion on p-PbTe.
The density of depletion charge at inversion
threshold is given by
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Here, g& is the valley degeneracy g, =1 and g, =3.
The energy E~ is the Fermi energy measured
from the bottom of the triangular well. It is re-
lated to the bulk Fermi energy measured from
the top of the valence band and to the total band
bending V(0},as in Fig. 1, by

bulk concentrations, p =4 ~ 10"cm '. Since our
maximum net induced charge is typically 5
x10" cm ', we usually have the inversion den-
sity N, less than the depletion density even for
our lowest volume concentrations.

For N, ~N~ and z-z, «~„, one obtains, after
twofold integration of the Poisson equation, the
potential V(z} near the surface [for V(~) =0]:

V(z) —= -2ze'N~z~/e, + (4me'/e, ) (N~ +N,)z . (6}

%e are thus neglecting the curvature of the po-
tential due to the inversion charge, removing
the coupling to the Schrodinger equation. A less
serious approximation is our neglect of the tran-
sition region in Fig. 1.'4 Taking the potential
barrier at the surface as infinite, we thus have
the well-known triangular-well problem. The
wave-function solutions of the Schrodinger equa-
tion are the Airy functions; the corresponding
energy eigenvalues are, to in excellent approxi-
mation, given by'4

FIG. 1. Schematic view of the band bending for an in-
version layer onP-PbTe.
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E~ =(2me2/e, )N~z~ —(E~+Eg) .
Setting (8) equal to (9) and using ( f) and (10)
yields a quadratic equation for N, with 8V/8z,
i.e. , N„~=N, +N„, as parameter. The results
for p =4 x 10'6 cm and q, = 1300 are shown in
Fig. 2, where we have plotted subband energies
E&&, EF', and subband occupations No vs N„~. As-
suming no intrinsic surface charge, we may sim-
ply relate N„~ to the applied gate voltage through
Eq. (1).

A final point of interest in this section is the
thickness of the inversion layer. The classical
turning points range from -100 A for the lowest
occupied (Oa} subband to -500 A for the highest
occupied (5a} subband shown in Fig. 2. The
thickness is thus typically an order of magnitude
larger than usually encountered in Si.

j -i/3 g+ 3 2/38Vq2/3

(i=0, 1, 2, . ..),
where j=a or b, and m, is the mass component
for the g direction from the bulk dispersion. The
a ellipsoid (with m,'=m, ) thus gives rise to the
subband-edge energies F.o, , F.„,. . . and the b

ellipsoids with m, = Qm, m, (m, + 8m, )
' to the three-

fold degenerate set E», E„,. . . . These subband
sets are often referred to as the unprimed and
primed set, respectively.

Through (6), the inversion density is related to
the field in the semiconductor:
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%ith use of the usual 2-D expression for the den-
sity of states and neglecting nonparabolic effects,
it is also given by

FIG. 2. Subband energies and densities versus induced
charge {relative to the flatband condition) from the tri-
angular-well model.
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FIG. 3. M-I-S sandwich arrangement for the PbTe
expitaxial layers.

C. Magneto-optical line-shape calculations

To calculate the ref lectivity of our samples in
the presence of a magnetic field, we need to des-
cribe the optical response of the sample sandwich
pictured schematically in Fig. 3. For the wave-
lengths of interest here, the effect of the mylar
insulator and NiCr gate may be safely neglected,
the BaF2 (thickness -0.5 mm) can be considered
as infinitely thick, and the inversion layer can be
treated as infinitely thin. The ref lectivity prob-
lem is thus reduced to the double-layer problem
with media 1, 2, 3, and 4, in Fig. 3, which in-
cludes an altered boundary" condition~ due to the
inversion layer at the interface between media 1
and 2. The calculation is straightforward, and
the results are contained elsewhere. '

ln the calculation, we assume that the response
of each sample component to the incoming radia-
tion in the presence of the magnetic field II is
governed by a classical, local-limit, dielectric
tensor of the form

(u, H) =& I (&) +&f~(&,H) .
For the lattice part e z(~), we take the standard
oscillator model with parameters as given by
Burkhard et a/. " The free-carrier part e „(~,H)
has been given for the bulk for propagation direc-
tion q II H ll(111) in the Faraday geometry by Wal-
lace' and is also contained in Ref. 15. The dielec-
tric tensor is written most simply in terms of
circular-polarization components e describing the
CR active and inactive modes. We refer to these
modes as hole active and electron active. The
parameters entering q' are the bulk carrier con-
centration P (which is subdivided into a and b con-
tributions), the mass components ~ and m,
(yielding the a and b cyclotron masses), and
relaxation time parameters &, and ~„ for both
ellipsoid systems. These determine the response
of layer 3 in Fig. 3.

The response for the depletion layer, region 2,
is simple: In the absence of free carriers,
e(u&, H) reduces to e~(u&). The dielectric function

q2 D for the inversion layer is formally the same

as the free-carrier response for the bulk; the
bulk density P is replaced by the 2-D densities
N, &, the bulk cyclotron mass parameter by a
subband cyclotron mass, and the bulk relaxation
time parameter by a relaxation time for each sub-
band. The &' functions for each subband contribute
additively to the total &', D.

The depletion length and the PbTe thickness also
enter the ref lectivity and can be considered as fit
parameters. We thus have, in principle, an enor-
mous number of parameters available. In prac-
tice, as we see below, the bulk parameters have
little influence on the determination of the inver-
sion-layer parameters, and for these we make
certain additional simplifying assumptions.

IV. SURVEY OF EXPERIMENTAL RESULTS

The purpose of this section is to introduce and
characterize the CR of inversion carriers in
I'bTe. We also present our observation of the
spin resonance of the inversion carriers and
discuss the result of tipping and magnetic field
out of the Faraday geometry.

A. Cyclotron resonance at 119pm

1. Circular polarization

Inversion is easily demonstrated by transistor
action in samples with source-drain contacts. '
The "masking" effect4 in the reststrahlen band
gives another clear indication of inversion in the
far-infrared magnetoreflectivity. Here, the
highly reflecting depletion layer (real part of
e~ =-30 at 119 p,m) masks the CR from the bulk,
isolating the inversion CR.

An elegant way to demonstrate inversion in our
degenerate samples is to use circular polariza-
tion. For circular orbits, electrons and holes
exhibit CR in opposite modes. Thus, for exam-
ple, CR associated with the a valley wi11 be seen
in the electron active mode for n inversion, and in
the hole-active mode for bulk carriers. This is
illustrated in Fig. 4. The figure also exhibits
the masking effect in the hole-active mode along
with the accumulation signals discussed in Ref. 4.
The masking effect in principle provides a de-
termination of the depletion length z„; this, to-
gether with the depletion density N~ (from the
flatband to threshold voltage V,h

—V»), provides
a far-infrared determination of &, and p from
Eq. (5).

For the b valleys, bulk and inversion signals
can appear in both polarization modes since the
orbits are elhptical. At 119 p, m, however, the
masking severely reduces the bulk CR signal in
the presence of the full depletion layer.
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(dotted curves) differential magnetoreflectivity of the
PbTe inversion layer. The short markers on the left
denote the ~=0 values for each curve. The arrows
denote the assumed resonance positions for the fit.
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FIG. 4. Differential magnetoreQectance at 119 p m at
the a-valley resonance in both modes of circular polari-
zation for a (111) PbTe sample with p =4x 106 {cm)"3.
As the gate voltage is chopped between +1000 V and the
threshold voltage (+150 V), only the inversion signal is
seen. From threshold to flatband (—200 V), only the
bulk hole cyclotron resonance is seen ('masking" ).
Chopping from Qatband into accumulation produces new
hole mode structure.

2. General features

The differential reQectivity 4R in the electron-
active mode over the magnetic field range 0-7 T
is shown in Fig. 5. This series of ~ traces is
for a sample where the threshold gate voltage V,„
was about+150 V. The reference gate voltage V,
was held at 0 V and the upper voltage V, was
varied in steps deep into inversion.

The structure just above 2 T is CR of a valley
inversion electrons, as is also shown in Fig. 4.
At the highest gate voltages, it is composed of a
multiplet of closely spaced peaks. Such multi-
plets are familiar from inversion CR in InSb
(Ref. 6} and arise in a nonparabolic system in
which a slightly different cyclotron mass is ob-
served for each occupied subband.

A second important feature is the structure at
5 T. This is the CR signal af b valley inversion
electrons. The lowest b subband becomes oc-
cupied very near threshold as predicted by the
calculation of Fig. 2. Occupation of the b sys-
tem was also suggested in Ref. 4 as a possible
explanation for the low carrier densities observed
in the SdH work. '

B. Spin resonance

A third general feature in Fig. 5 is the small
dip just above O' T which is visible above V~
=+'I00 V. This we ascribe to spin resonance (SR)
of inversion-layer electrons.

Electric-dipole-electron spin resonance (EDE-
ESR) occurs in bulk narrow-gap semiconductors
because of band nonparabolicity. "~ Lack of in-
version symmetry can also cause EDE-ESR,"
and it is essentially this mechanism, via the sur-
face potential, which Darr et al."suggest is res-
ponsible for EDE-ESR in the InSb inversion layer.

It was only very recently that we reported the
observation of EDE-ESR in bulk PbTe." Line-
shape aspects in PbTe as well as in other narrow-
gap materials are incompletely understood; thus,
it is not surprising that the situation in the in-
version layer is no better. Our purpose in this
section is merely to point out certain experimen-
tal features of inversion-layer SR in PbTe. Much
remains to be clarified experimentally and theo-
retically.

To enhance the SR signal, we detect the field
derivative dR/dH of the ref lectivity and sweep &
for various constant values of gate voltage as in
Fig. 6 (for a different but similar sample}.

The resonance becomes visible at V~ —V,„
=600 V, suggesting that we are observing SR of
a higher subband. This is substantiated by the
apparently additional structure appearing near
Vc Vth=1 V, indicating a possible next
higher subband. That the amplitudes appear to
be different is reminiscent of InSb, ' where the
amplitude variation between EDE-ESR from dif-
ferent subbands is related by theory to the differ-
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ent depths z,. for each subband. The disappear-
ance of the resonance near V~ —V,„=900V is a
phenomenon also observed in InSb (Ref. 24). In
a completely quantized system, SR is not possible
when the spin-up and spin-down states corres-
ponding to a given Landau level are either both
full or both empty.

The SR position expected from the conduction-
band-edge value of the bulk g factor" is indicated
in Fig. 6. The slightly higher resonance fields
in the inversion layer (i.e., slightly lower g fac-
tors) and the slight variations of the positions
with Va can be ascribed to nonparabolic effects
as in the work of Darr et g/. The widths of the
resonances are also comparable to InSb.

There are, however, at least two notable
differences with EDE-ESR in InSb. The inversion-
layer SR in PbTe is seen only in the electron-
active mode. (Any possible signal below the
noise in the inactive mode is at most 10% of the
active-mode signal. ) In contrast, no polarization
dependence was found in InSb —as predicted by
theory. " A second difference is that, upon tip-
ping the magnetic field away from the sample
normal, we find little or no variation in SR amp-
litude for up to 50' tilt. In InSb, an increase by
a factor of 20 in signal amplitude was observed
when tilting from 0' to 45'.

Perhaps the clue to the deviant behavior in
PbTe is to be found in the 3-D nature of the PbTe
inversion layer in a magnetic freld. This is the
subject of Sec. IIIC.

FIG. 6. Inversion-layer spin resonance in PbTe.' The
polarization mode is electron active. The spin-reso-
nance position, corresponding to the bulk conduction-band-
edge g factor is marked.

C. Three-dimensional behavior

One oi the standard tests for the quasi-2-D
space-charge layer is CR in a magnetic field
tipped away from the sample normal. " The mo-
tion of the 2-D gas is expected to be sensitive
only to the normal component of the field, so that
the resonance position shifts to higher fields as
(cos8) ', where 8 is the tilt angle. Let us examine
the PbTe resonances in tilted fields. (For this
we arranged the sample in a split-coil magnet to
permit continuous tilt variation. )

As tilting commences, the b resonance breaks
up into three distinct peaks as seen in Fig. 7. For
the given direction of tilt (Fig. I), this is the be-
havior expected for bulk CR, where the triple de-
generacy of the cyclotron mass is broken by
tipping. The splitting is a dramatic departure
from the 2-D (cos8) ' behavior.

For large tipping angles, the departure from
the (cos8) ' variation also becomes apparent for
the a valley. Figure 8 shows the variation of the
peak positions over the whole 90' range from
Faraday to Voigt geometry. Also shown are the
tilting results for bulk CR in an n-type sample,
The agreement between the bulk and surface peak
positions and the mass variation expected from the
ellipsoidal model for volume CR is convincing
evidence that the quasi-2-D layer is exhibiting
3-D characteristics in a magnetic field. This is
not at all unexpected.

For simplicity, we consider the Voigt geometry
(8 =90'). In the strictly 2-D picture, no CR can
take place, i.e., the magnetic force in the z di-
rection has no influence on the quantization due
to the electric field. In the quasi-2-D surface
layers, however, the Landau quantization may
dominate the electric quantization. This condi-
tion occurs roughly when the semiclassical turn-

CL

('H1)

p-PbTe

1=119pm
T= 42 K

N 2 10 cm
12 -2

0

FIG. 7. Change of the b-valley inversion-layer reso-
nance as the magnetic field is tilted from the sample
normal.
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comes exceedingly cumbersome. Nevertheless,
a comparison of magnetic and electric lengths
shows that, for such situations, 3-D behavior in
magnetic fields is expected. Thus, even in the
Faraday geometry, the CR of the b valleys is
3-D-like (i.e., tilted orbits) as is evidenced by
the splitting of the b signal even for small tilt
angles.

V. DETAILED ANALYSIS

1.5

1
04 30' 60'

e
904

FIG. 8. Variation of inversion-layer (c]osed circles)
and n-type bulk (open circles) CR peak positions versus
tip angle 8. The positions are normalized to the reso-
nance condition for the & valley (mass m&). The solid
line is the bulk cyclotron mass variation expected for
m) /m) ——9.8.

ing points in the magnetic potential lie between
the turning points corresponding-to the electric
potential, i.e.,

2R, Q) &z, , (l2)

where R, (yi) is the cyclotron radius. Whether or
not the above condition is satisfied depends on
Landau index n, subband index i, and (through z, )
on the applied electric field, i.e., on N, +N„. The
condition (l2) is satisfied in PbTe except for the
lowest a subbands and higher (e a 3) Landau levels.
A more careful analysis" shows that the above
condition is too rigid. The analysis is based on
the semiclassical Bohr-Sommerfeld quantization.
The form of the equation of motion is not altered
by inclusion of the electric potential so that num-
erical methods ' can be utilized for the crossed
electric and magnetic field case as shown by
Beinvogl et al." The Bohr-Sommerfeld approach
gives results which closely approximate the more
exact results of Ando. ~v Bulklike CR is expected
for Ha1 T, as we observe.

For geometries other than Voigt and in the Fara-
day geometry for ellipsoids tilted with respect to
the sample surface, an analytical calculation be-

In this section, we use the results of fitting and
magneto-reflection line-shapes to obtain occupa-
tion densities N„cyclotron masses m„and re-
laxation times & for the surface subbands. Rep-
resentative fits are shown in Fig. 5. For the a-
valley resonanqe, we assume up to three sub-
bands (as visual inspection suggests) even though
our calculation (Fig. 2) predicts more. (Even at
the lowest V~ values, the a resonance probably
arises from two subbands. )

The two peaks at higher fields are identified
and fit as corresponding to the Ob and 1b sub-
bands. For a single, isolated subband, N, . is
related to the integrated intensity of the reson-
ance, m, to its position, and & to its width; thus,
in principle, all three parameters are indepen-
dent.

As may be judged from Fig. 5, the fit results
are generally good with two exceptions: the low-
field side of the a resonances and the high-field
side of the b resonances. We have no explana-
tion for the first discrepancy; perhaps it repre-
sents a failure of the classical linefitting. The
b resonance discrepancy is likely due to the 3-D
effects discussed above. The subband edges for
the tilted b ellipsoids will no longer correspond
to the simple, electric &,b values in strong mag-
netic fields, and the observed CR will be bulklike.
This is confirmed by the observed b masses,
which take on bulk rather than the -30@ higher
2-D values. The Landau-level spacing is then
not completely uniform as a function of orbit cen-
ter position. Thus the observed line should be in-
homogeneously broadened in contrast to our cal-
culated, single-resonance line, and not all b

electrons appear in the peak. With the above re-
marks in mind, let us consider the results of the
fitting.

A. Subband occupations

The previously reported SdH work' showed only
a single set of oscillations corresponding to a
single subband, the occupation of which was -5Q
of the expected, net-induced charge. It was sub-
sequently suggested4 that additional oscillations
should have appeared corresponding to multiple
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subbands of the a and b valleys. The majority of
induced electrons is expected to occupy the b

valleys because of their higher mass and degen-
eracy factor (Fig. 2).

That this explanation is essentially correct is
demonstrated by the observation of the b valley
resonances. Subband Ob is occupied very near
threshold, as the calculation (Fig. 2) predicts.
A further confirmation is the gate voltage at
which the 1b signal appears; it is within -2(P/q of
the triangular-well prediction.

As seen in Fig. 9, however, all is not ob-
viously well. By comparison to the triangular-
well prediction, the density of a valley electrons
is somewhat too high and the b valley density much
too low. (The error bars for the iV,. values in Fig.
9 amount to about +15%. Half this amount is due
to the spread in fit parameters which satisfac-
torily reproduce the experimental curve and the
other half to experimental uncertainty in deter-
mining AR absolutely. )

The a valley discrepancy is not too alarming.
Agreement could be improved by adjusting &„P,
or both. Furthermore, any shifts of the b sub-
bands, e.g. , due to 3-D effects (difficult to esti-
mate since perturbation theory" no longer ap-
plies) or surface strain effects, will cause redis-

tribution of inversion electrons.
We believe that the remaining charge (aside

from a small fraction, -10%, which goes into
increasing the' depletion charge as in Fig. 2)
occupies the b subbands as predicted. The b

valley discrepancy of Fig. 9, then, is due to our
overly simplified line-shape analysis which ig-
nores 3-D effects.

B. Cyclotron masses

From our line-shape fit, we obtain the masses
plotted versus gate voltage in Fig. 10. As noted
above, the inversion-layer b electrons have
masses lyingnear the bulk value for the b valley
mass (Eq. 4) rather than the 2-D value (Eq. 3)
due to the dominance of the magnetic force for the
tilted ellipsoids. That the masses for subbands
Ob and 1b differ can be ascribed to nonparabolic
effects since the effective Fermi energy E„'
—E;, is different for each subband. The gate
voltage dependence of the masses is not under-
stood; it may again be due to 3-D line-shape ef-
fects.

The a subbands also show splitting, charac-
teristic of nonparabolicity. The independence on
gate voltage of the mass values is, however, not
expected (compare the work in InSb, Ref. 6).
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FIG. 10. Inversion-layer cyclotron masses versus gate
voltage.
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PbTe inversion layer have been noted previously'
and are close in value to the excellent bulk mo-
bilities in these PbTe films. The near equality of
bulk and surface scattering rates is another mani-
festation of the relatively thick inversion layers in
PbTe, in which the inQuence of surface scattering
is minimized. This is also evidenced by the ap-
parent independence of scattering rate on subband
index and density, in contrast to the behavior in
InSb and Si.

FIG. 11. Variation of inversion-layer CR and threshold
voltage with sample condition. The cur'ves are measure-
ments at intervals of eight and two months, respectively,
starting at the top.

Thus the extrapolated subband-edge mass values
all lie above the corresponding mass m, at the
bottom of the conduction band.

The inversion-layer mass values depend, more-
over, on the sample condition. In a single sam-
pie, measured at various intervals over a period
of a year, the inversion-layer mass was observed
to rise about 10% from a value near the conduc-
tion-band value. The rise is correlated with a
broadening of the line by nearly a factor of 2 and
a dramatic decrease in the threshold voltage as
indicated in Fig. 11. No change in the flatband to
threshold voltage was observed.

Such sample-dependent mass shifts are well
known in Si.' Except at low densities where lo-
calization effects are responsible, their cause is
not fully understood. In PbTe, the mass shifts are
a definite surface effect; bulk CR remains unaf-
fected. Contamination of PbTe surfaces is com-
mon"; we took no extraordinary precautions in
storing the samples —they were stored with the
mylar foil in place, in air.

C. Scattering rates

The values for the scattering rate I/& ob-
tained from the fits are typically 5 x 10" sec ',
about three times lower than in InSb (Ref. 24)
and about two times lower than typical values in
Si." The correspondingly high mobilities in the

VI. CONCLUDING REMARKS

With the help of the simple triangular-well
model and the classical line-shape description,
we have used the far-infrared CR results to
characterize the inversion layer on P-PbTe. We
have accounted for most, if not all, of the in-
duced charge in the form of multiple subband den-
sities, thus solving the puzzle left by the earlier
SdH results 3 In addition, the inQuenee of the
magnetic field was shown to cause 3-D behavior
in the unusually thick PbTe inversion layer. Al-
though these 3-D effects are also thought to be
responsible for difficulties in fitting the b valley
resonances, a proper calculation should be un-
dertaken to support this. Our triangular-well
calculation is an H =0 calculation and, as such,
cannot correctly describe the b valley subbands.
Extension of the experiments to lower frequencies
should show reversion to 2-D character.

This has been a paper about inversion. Only in
accumulation, however, are the PbTe space-
charge layers expected to exhibit behavior charac-
teristic of a degenerate semiconductor. Little
ean be added to material already published4 con-
cerning accumulation, although, as in inversion,
we observe a spin-resonance signal.

The observation and study of intersubband re-
sonance" would be highly useful in understanding
accumulation and in obtaining more quantitative
information on the PbTe inversionlayer subbands,
with and without a magnetic field. Another area
of future interest is a careful analysis of CR near
the LO-phonon frequency. " Both frequency and
temperature variation would be useful for char-
acterization of the scattering in the inversion
layer.
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