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Schottky-barrier tunnel junctions have been fabricated on degenerate CdS by cleavage in high vacuum
followed by evaporation of metal contacts. The background conductance of such junctions is found to be
in satisfactory agreement with an exact one-electron-model calculation. Polaron effects, observed at biases
corresponding to the LO phonon energy, appear to be qualitatively different from published results obtained
for junctions on #n-type GaAs where electron-phonon coupling is weaker. Zero-bias anomalies of the Appel-
baum-Anderson type (conductance peaks) are observed and studied in high magnetic fields. The magnetic
field dependence of these anomalies is found to be consistent with the Appelbaum-Anderson model of
magnetic scattering as extended by Wolf and Losee. Large negative g shifts of the localized moments are

observed.

I. INTRODUCTION

CHOTTKY-BARRIER junctions formed by inti-
mate contact between a metal and a degenerate
semiconductor have recently been examined theoreti-
cally!? and experimentally.®=5 Such junctions are char-
acterized by a depletion region and band bending near
the surface of the semiconductor with no intervening
oxide layer between the metal and the semiconductor.
For the case of uniform semiconductor doping, the
band-edge energies vary quadratically with distance
in the depletion region in accordance with the one-
dimensional solution of Poisson’s equation, the barrier
thickness being inversely proportional to the square
root of the donor concentration and the barrier height
roughly independent of doping.®
If the barrier is thin enough (i.e., if the donor con-
centration is large enough), the dominant charge-
transfer mechanism through the junction will be
quantum-mechanical tunneling. For the case of para-
bolic band bending, Conley, Duke, Mahan, and
Tiemann! (CDMT) have given an exact calculation
of the tunneling current in the effective-mass approxi-
mation. The recent work of Steinrisser, Davis, and
Duke® has shown that the tunneling conductance of
junctions formed by cleavage in vacuum of heavily
doped Ge is well described by the CDMT model
calculation. Thus, it may be said that the Schottky-
barrier tunnel-junction conductance provides a well-
understood background on which other features in the
tunneling current may be superposed.

* Work performed in part while authors were guest scientists
at Francis Bitter National Magnet Laboratory.
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In the present work, two effects are observed which
produce fine structure in the bias dependence of the
junction conductance. The first effect, structure at
biases corresponding to the CdS LO phonon energy,
is related to effects seen in p-type Si” and in p-*-® and
n-3910 type GaAs and is interpreted as due to structure
in the (bulk semiconductor) electron-dispersion relation
at energies #/hwr.o from the semiconductor Fermi level.
In both CdS and n-type GaAs the electron coupling
to the LO phonon is screened polar coupling! but for
CdS the coupling constant is a factor of 12 larger than
for GaAs. The results obtained here for CdS are
qualitatively different from data for n-type GaAs.?919
To our knowledge, this is the first report of tunneling
measurements for vacuum-cleaved junctions constituted
of such a highly polar material.

The second feature is a small (~few percent) con-
ductance peak at zero bias of ~2-mV width. Such
peaks have been observed in Si'2 and GaAs ® metal-
semiconductor junctions as well as in a number of
metal-insulator-metal structures®™5 and p-» junc-
tions.!’®17 Appelbaum'® and Anderson!® have attributed
these zero-bias anomalies (ZBA) to scattering processes
involving conduction electrons interacting with local-
ized magnetic moments in the barrier region. The
magnetic field dependence of such ZBA’s in Si-Schottky
barrier junctions'? gives support to the Appelbaum-
Anderson model of these anomalies. In the present
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TFrc. 1. Schematic diagram of a
Schottky barrier on a degenerate #n-
type semiconductor. Vg is the barrier
height; ur is the Fermi energy in the
semiconductor; V is the applied bias,
positive bias corresponds to positive
voltage on the metal. The region
A-B, where the free-electron density
is lower than in the bulk semicon-
ductor, is the region where localized
magnetic moments may appear.

work we report high magnetic field studies of ZBA’s in
CdS junctions which parallel the work done on Si.??

II. EXPERIMENTAL

The starting materials used in the present study were
single crystals of ultrahigh-purity (UHP) grade CdS
purchased from the Eagle-Picher Co., doped with In
or Ga. Hall-effect and resistivity measurements® showed
the samples to be degenerate with donor concentrations
ranging from 1.7X108 to 6X 10" cm™3.

Bars of 0.3X0.3-cm cross section were cut from the
crystals with the ¢ axis transverse to the long axis of
the bar. The bars were mounted in a jig and placed in
an oil-free, ion-pumped evaporator. Evaporation of Cu,
Au or Pb was started. Then, with the sample in the
stream of evaporating metal, cleavage was performed
with the ¢ axis of the crystal lying parallel to the
exposed crystal surface. Since metal is already evapo-
rating, the delay between cleavage and accumulation
of metal on the cleavage face is <0.1 sec, limited by
the time required for the front portion of the crystal
to fall away. Typical evaporator pressures of <2X10~7
Torr and evaporation rates of 210 A/sec assured
intimate contact between the deposited metal electrode
and the CdS crystal, thus eliminating any extraneous
chemical contamination. A mask consisting of an array
of 150-um holes, held fixed ~2 mm from the point of
cleavage, produced an array of evaporated dots on the
crystal surface.

After removal of the CdS bar from the evaporator,
the end of the bar was again cleaved, producing a
small plate of CdS with a number of evaporated junc-
tions. A large-area Ohmic return contact was provided
by wetting the back of the CdS plate with an In-Ga
amalgam. Such Ohmic return contacts were tested
many times and proved to be reliable. They exhibited
no detectable non-Ohmic structure in their /-V char-
acteristics. Junction fabrication was performed entirely
at temperatures close to room temperature, thus
minimizing the chance of impurity redistribution at
the surface of the crystal. No significant aging effects
have been observed in junctions stored at room tem-
perature for periods up to several weeks.

We believe the vacuum-cleavage procedure is unique
in the degree to which the barrier properties and
chemical composition are known. Indeed, junctions

20 We are grateful to Dr. R. P. Khosla for kindly performing
some of these measurements.
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prepared by less well-defined techniques have yielded
somewhat different results.?

Contact to the evaporated dots was made by lower-
ing a clean spherical gold probe onto a selected dot.
Samples were then immersed in liquid helium and
their characteristics in terms of dI/dV, d2[/dV?, dV /dl,
or d*V/dI* were measured using standard modulation
techniques.?? Temperatures as low as 1.2°K were at-
tained and some samples were examined in magnetic
fields up to 147 kG. The magnetic field studies were
all performed with the field H parallel to the current
direction. Modulation levels were low enough so that
modulation broadening was usually negligible.

III. JUNCTION CHARACTERIZATION

Figure 1 indicates schematically the electronic band
structure of a Schottky-barrier junction with reverse
bias applied (metal negative). The capacitance C of
such a junction is dependent on applied bias V, barrier
height Vg, and the semiconductor donor concentration
Np. A plot of C~2 versus V results in a straight-line
plot with a voltage-axis intercept nearly equal to the
barrier height and slope inversely proportional to the
donor concentration.?$:2 Capacitance of a number of
junctions was examined at 77°K using an rf impedance
bridge, and the results obtained were in good accord
with the Schottky-barrier model.

We obtain for barrier heights 0.7540.1 eV for Au
contacts and 0.354-0.1 for Cu. The measurement of
the barrier heights is complicated by the large and
varying shunt conductance of these junctions. How-
ever, the results obtained here are in agreement with
the more precise values obtained by Mead and Spitzer,
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Fi1c. 2. Expanded view of structure due to the density of states
of superconducting Pb at T'=4.2°K on air-cleaved CdS. Structure
due to the Pb phonons is apparent. Application of a small mag-
netic field permits observation of the Appelbaum-Anderson type
zero-bias anomaly. The weak structure near -5 meV is not
understood. It does not appear on vacuum-cleaved junctions with
Au or Cu contacts.
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F16. 3. Tunneling spectra for Au on CdS. (a) Np=35.2X10®
cm~2, Semilog plot of dI/dV versus V compared with calculated
curve. Parameters used in the calculation are V5=0.80 eV,
m*=0.154, e=8.48, density-of-states mass=0.148, area=5X10"*
cm?. The calculated curve has been adjusted upward by a factor
of 6.0 as discussed in the text. Finite distance between sample
bar and evaporation mask produced junctions with diameters
somewhat greater than the 150-um mask-hole diameter. (b)
Np=5.2X10"® cm™. d2I/dV? versus V for junction of (a) at
T=14°K. Arrows indicate eV=#wro. The modulation level
was 1 mV peak to peak. (c) Np=35.2X10" cm~2. Curve calculated
by Davis and Duke (Ref. 32) for screened polar coupling. The
parameters used by Davis and Duke for the calculation were
a=0.5, Np=5X10"® cm=3, T',=1 mV, m*=0.2. The parameters
are close to those appropriate for the present Au-CdS junction.

0.8024-0.05 and 0.3540.03 eV for Au and Cu, respec-
tively, on nondegenerate CdS.

Conclusive evidence that the charge-transfer mechan-
ism is indeed tunneling is given by the observation of
proper structure when the contact metal is supercon-
ducting Pb. However, for the case of Pb on CdS we
have found that cleavage in ultra-high vacuum ap-
parently results in a rather low barrier height. Vacuum-
cleaved Pb-CdS junctions fabricated on lightly doped
(1.7 10" cm™) material resulted in junctions of ~0.5
© impedance. dV/dI measurements on these junctions
showed proper superconducting structure and proper
phonon and zero-bias structure but with a voltage
scale significantly distorted by the spreading resistance
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of the ~250-um-diam dot. However, junctions cleaved
in air and immediately placed in the evaporator gave
barrier heights of ~0.7 eV and hence more practicable
impedance levels. Such air-cleaved Pb-CdS junctions
were similar to the vacuum-cleaved junctions in other
respects. Figure 2 shows an expanded view of the
structure around zero bias for Pb on air-cleaved CdS.
The curve obtained with Pb in the superconducting
state shows phonon structure in the Pb density of
states.? The ZBA associated with magnetic scattering
in the barrier is revealed when a small magnetic field
is applied to quench the superconductivity of the Pb.

IV. TUNNELING SPECTRUM
A. Background Conductance

Typical dI/dV data obtained for vacuum-cleaved
CdS junctions are shown in Figs. 3(a) and 4(a). In-
cluded for comparison is d7/dV calculated on the basis
of the CDMT model' using the measured donor con-
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F16. 4. (a) Tunneling spectrum for Cu on CdS, Np=1.7X1018
cm™3. Semilog plot of dI/dV versus V compared with calculated
curve. Parameters for the calculated curve are same as for Fig. 3
except Vp=0.35 eV (Ref. 24). No adjustment of the impedance
level of the calculated conductance has been made. (b) d27/dV?
versus V for junction of (a) at 7’=1.4°K. Arrows indicate eV
=%wro. Note the increased magnitude of the ZBA at this
temperature.

% For example, see W. L. McMillan and J. M. Rowell, Phys.
Rev. Letters 14, 108 (1965).
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centrations and literature values for the barrier heights,
effective mass,? and dielectric constants.?” In Fig. 3(a),
the calculated junction conductance has been multiplied
by a constant factor of approximately 6.0 for this
comparison. This order of uncertainty in absolute mag-
nitude is not unexpected owing to the great sensitivity
of the tunneling conductance level to uncertainty in the
barrier height and donor concentration [see Eq. (1) ff,
below]. In Fig. 4(a), no such adjustment has been
made for the comparison. We consider the agreement
to be good. The most important feature, however, is
the agreement between theory and experiment for the
over-all shape of dI/dV versus bias.

One of the salient features of the CDMT model
calculation for the case of the many-valley semicon-
ductors is the occurrence of a minimum in d//dV at
forward bias corresponding to the semiconductor Fermi
degeneracy. This feature is conspicuously absent in the
present case where the d//dV minimum occurs at only
a few mV positive bias while the Fermi energy ur is
74 and 35 meV in the junctions of Figs. 3 and Figs. 4,
respectively. The d//dV minimum calculated by CDMT
occurs because electrons at the bottom of the band in
the many-valley materials are transmitted through the
barrier with almost the same probability as electrons
at the Fermi level. CdS, however, has only one con-
duction-band minimum and thus higher filling of
conduction-band levels. There is, therefore, a larger
difference in transmission probability between electrons
at the top and bottom of the filled conduction-band
states. The effect is to move the dI/dV minimum to
bias values less than ur/e.

In their discussion of Schottky-barrier tunneling
Conley and Mahan® classified junction behavior in
terms of two ratios, ur/Eo and eV p/E,, where

Eo= (e2N#2/4m*e)2  (mks units); (1

and E, is the semiconductor band gap. E, is an energy
parameter appearing in the expression derived for the
conductance in the forward bias region, eV>uy, where
dI/dV ~e@V—=VB)IEo The CdS junctions studied by us
correspond to the case up/E¢~2 and V/E,<%. Conley
and Mahan? found that calculations for junctions having
such characteristic ratios exhibit a broad minimum in
conductance near zero bias. This observation is in
agreement with our calculation and experimental
results.

It has been suggested that band-tailing effects might
contribute to the appearance of a conductance minimum
near zero bias.?® Such effects are more likely to occur
in samples with lower donor concentrations and might

26 W. S. Baer and R. N. Dexter, Phys. Rev. 135, A1388 (1964).
We have used the mass values calculated by m*=mp(1+a/6)7,
where m,, is the polaron effective mass.

27 D. Berlincourt, H. Jaffe, and L. R. Shiozawa, Phys. Rev.
129, 1009 (1964). We employ the dielectric constant measured at
constant stress at 77°K, en?.

(128 % D. Mahan and J. W. Conley, Appl. Phys. Letters 11, 29

967).
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account for the shape of the dI/dV curve of Fig. 4(a)
near zero bias. For the junction of Figs. 4 we calculate
ur=35 meV<ifwro (free-clectron approximation) but
strong phonon structure at forward bias is still ob-
served. If the band edges were perfectly sharp, how-
ever, the phonon structure (as discussed below) should
not appear in forward bias.?

B. Phonon Structure

Superposed on the broad bias-dependent background
conductance is fine structure near biases corresponding
to the LO-phonon energy, €V ==hwro==-37.7 meV,*
the structure at reverse bias being generally substan-
tially weaker than the forward bias structure. The
nature of this structure becomes more evident on
examination of d2//dV?. Tigures 3(b) and 4(b) show
d*I/dV? measured at T=1.4°K for the junctions of
Figs. 3(a) and 4(a), respectively. It is seen that the
forward bias structure consists of a step in conductance
(~159%,) with a change in slope, while at reverse bias
there occurs structure indicating a conductance peak.
We contrast this with the results reported for n-type
GaAs. Conley and Mahan® observed a pair of weak
antisymmetric peaks in conductance which were of
comparable strength in forward and reverse bias. The
details of the structure are somewhat unclear, however,
since they show only first derivative data. The recent
studies of Duke, Rice, and Steinrisser® and Tsui!® show
d*1/dV?* measurements corresponding to a step in con-
ductance at reverse bias and a dip in conductance at
forward bias. In both of these reports the phonon
structure in the tunneling current is qualitatively dif-
ferent from the data obtained with CdS junctions.

The physical explanation for the appearance of
phonon structure is the strong coupling of electrons to
the LO phonons (¢=0.6 for CdS). This coupling
(screened by the electron plasma) produces additional
dispersion in the FE(k) relation at energies in the
vicinity of 4-%wro measured with respect to the semi-
conductor Fermi level.! Because the barrier transmis-
sion probability, and the phase space available for the
tunneling electron, is dependent on E(k), this structure
is reflected in the tunneling conductance.?¥ Related
effects have been observed in p-type Si’ and GaAs,?
where deformation potential coupling of holes to
phonons produces a pair of approximately symmetric
peaks in d27/dV? at the phonon energies. Davis and
Duke® have calculated the effect of the hole-LO-phonon
coupling for p-type silicon using deformation potential
coupling and have found qualitative agreement with
the experimental results.” More recently, Davis and
Duke®? have performed a similar calculation of d27/dV?

L. C. Davis (private communication).

©B. Tell, T. C. Damen, and S. P. S. Porto, Phys. Rev. 144,
771 (1966).
( 31 L5 C. Davis and C. B. Duke, Solid State Commun. 6, 193
1968).

821, C. Davis and C. B. Duke (to be published).
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for the case of screened polar coupling and their results,
displayed in Fig. 3(c), are seen to be in qualitative
agreement with the present experimental data.

Inelasticscattering processes may lead to conductance
thresholds®® (which correspond to a pair of antisym-
metric peaks in d?I/dV?) at biases corresponding to the
required excitation energy. The probability for in-
elastic scattering (coherent and incoherent) should in-
crease with decreasing semiconductor doping.® However,
we observe that in more lightly doped junctions (e.g.,
Fig. 4), the reverse bias structure is weaker. For this
reason, we believe that the inelastic scattering contri-
bution to the d2I/dV? structure is rather weak and
we suggest that the structure shown in Figs. 3(b) and
4(b) is primarily due to polaron dispersion.

We mention that in forward bias a rather broad
peak in d2I/dV? at about eV =2/w10 is sometimes also
observed. There is no corresponding structure in reverse
bias so that it is not possible to distinguish which
process may be responsible for this peak.

V. ZERO-BIAS ANOMALIES

Prominent in the data shown in Figs. 2-4 is a con-
ductance peak occurring at zero bias. Such peaks have
previously been observed in other tunnel junctions®*%7
and exhibit an approximately logarithmic dependence
on temperature and bias. The fact that such peaks are
frequently observed in structures with transition metal
electrodes led Appelbaum!® and Anderson® to postulate
that these anomalous peaks are due to magnetic
moments localized in the barrier region near one of
the metal electrodes. Recently Wolf and Losee'? studied
such ZBA’s in vacuum-cleaved silicon junctions. The
systematic dependence of the ZBA parameters on
semiconductor donor concentration and the indepen-
dence of the metal contact species led them to conclude
that localized moments are intrinsic in Schottky-barrier
junctions and are in fact lightly screened neutral
donors at the edge of the depletion region. The arrows
in Fig. 1 indicate the region where such localized
moments may occur. The magnetic properties of ZBA’s
in CdS tunnel junctions are discussed below. Our
results are consistent with the Appelbaum-Anderson
model as extended by Wolf and Losee.!?

A. ZBA Magnetic Field Dependence

Figure 5 illustrates the typical magnetic field de-
pendence of the ZBA. As the magnetic field strength
increases, a dip in conductance develops in the region
near zero bias. The conductance change can always
be described as a dip rather than a splitting since no

3 For example, see R. C. Jaklevic and J. Lambe, Phys. Rev.
Letters 17, 1139 (1966); J. Lambe and R. C. Jaklevic, Phys.
Rev. 165, 821 (1968).

3 C. B. Duke, S. D. Silverstein, and A. J. Bennett, Phys. Rev.
Letters 19, 315 (1967); A. J. Bennett, C. B. Duke, and S. D.
Silverstein, Phys. Rev. 176, 969 (1968).
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F16. 5. Zero-bias anomaly for Cu—-CdS junction, N p=1.7X10®
cm™3, at T=1.2°K. Magnetic field produces a conductance dip;
(a), H=0; (b) 33.2kG; (c) 66.4 kG; (d) 99.5 kG; (e) 133 kG.

positive regions of AG versus bias are observed. Here,
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The conductance dip AG is examined experimentally
in two ways as a function of field strength: (1) dI/dV
or dV/dI is measured as a function of H and V and
AG(H,V) is determined by direct subtraction of zero-
field data; and (2) d2I/dV? or d?V /dI? is measured as a
function of V and H, giving d(AG)/dV. The second-
derivative measurements give additional detail regard-
ing the line shape of the ZBA and may then be inte-
grated to obtain AG.

We characterize the ZBA field dependence by the
magnitude of the field-induced AG and the energy
(bias) width at half-depth. Figures 6 and 7 show the
field dependence of these parameters for the ZBA of
Fig. 5. Two features should be noted: (1) The dip
tends toward saturation in magnitude but even at
H =133 kG saturation is not complete; (2) the width
of the dip asymptotically becomes proportional to
field. From the high-field dependence of the width w,
we define an apparent g value by the relation

w(H)=2g.upH, H large. 3)

For the junction of Figs. 5-7, we find that gap,,=0.9
+0.1, a value typical of all the junctions we have
studied.
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Fic. 6. Relative magnitude of conductance dip versus magnetic
field strength for junction of Fig. 5. Go corresponds to 13.3 Q.

B. Analysis and Discussion

Appelbaum!®® has treated the problem of magnetic
scattering in the barrier within the framework of the
tunneling Hamiltonian formalism.?® He finds that first-
Born-approximation contributions produce a conduc-
tance dip of half-width equal to the Zeeman-level
splitting of the localized magnetic moment. This is
indicated in Fig. 8(a) [calculated on the basis of Eq.
(4) below ] and is interpreted physically as a threshold
for spin-flip excitation of the local moment.

Extending the calculation to second Born approxi-
mation, Appelbaum finds an interference effect which
appears in zero-magnetic field as a conductance peak,
G®(V), and splits into two peaks as a magnetic field
is applied. This is illustrated in Fig. 8(b). Analysis of
the Appelbaum model®® yields the following expression
for G® at finite temperature!®3;

G®=CT *papn {S(S—}—l)

LI

h(x) = (—1+4e2*—2xe%)/ (1—e*)2. (4b)

Here, A=gupH is the Zeeman splitting of the local-
ized-moment energy levels, S is the spin, (M) is the
average magnetization of the spin system, C is a con-
stant, Ty is the tunneling matrix element for the
exchange scattering, and ps and pp are densities of

with

35 J. Bardeen, Phys. Rev. Letters 6, 57 (1961); M. H. Cohen,
L. M. Falicov, and J. C. Phillips, bid. 8, 316 (1962).

38L. Y. L. Shen (unpublished). We are indebted to Dr. Shen
for communicating his unpublished calculation.
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states on either side of the junction. (M) is given by
the Brillouin function Bgs(A/kT) and is nearly equal
to S for AZ4kT. Thus, for example, with g=1 and
T'=1.2°K, (M) should be saturated for H2 70 kG.
The field dependence of the G® peak is given by the
following expression'® in the case of a spin-} system:

G®=—=25(S4+1)CpappT 2T
X{(G—3B1.2(8)[tanh (6—v)+tanh (6-+v) PF (eV)
+[3—3B12(0) tanh (5-+2) JF (eV+4)
+[3—8B12(8) tanh (6—0) JF (eV —A4)}, (5)

where J is the (antiferromagnetic) exchange energy
coupling the localized spin to the electrons in the semi-
conductor, Byjs(x) =tanhjx, §=A/2kT, v=¢V/2kT, and
F(eV) is a function related to the shape of G® in zero
field, namely,

G®(V,0)=—4S(S+1)CT T pappF (eV)
=constXF (eV). (6)

Appelbaum!® gives an approximate form for F(eV),
F(eV)=paIn| (eV+ET)/E|, (7)

where F; is an energy parameter, typically several
meV. Equation (6), however, provides an experimental
determination of the function F(eV). We have found
that use of Egs. (5) and (6) may yield a partially
satisfactory separation of AG® and AG® from the
experimentally observed AG only for high-field strengths.
At lower fields, Egs. (5) and (6) yield AG® values
which are too large. By performing such an analysis
we find that the effect of G® on the field dependence
of AG is to deepen the conductance dip and to slightly
narrow the width at half-depth, i.e., to reduce some-
what the value of gup, from the “true” g value which
determines the Zeeman energy of the localized mag-
netic moment.

N S

o

w, full width at half depth, mV
[

S | Il 1 L
[o] 20 40 60 80 100 120 140
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Fic. 7. Full width at half-depth for AG of junction shown in
Fig. 5. Circles indicate measured values. Solid line shows half-
width calculated using Eq. (4) with g=0.9, 7’=1.2°K. Dashed
line corresponds to w=2gugH /e with g=0.9.
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Wolf and Losee proposed the following model for
the localized magnetic moment in Schottky-barrier
junctions.’? In the semiconductor there exists a region
between the degenerate bulk and the depletion region
where the free-electron concentration is locally less
than the critical Mott concentration for the metal-
insulator transition.3” In such a region (about 5 A wide)
localized neutral donor states may exist to produce a
localized magnetic moment with g value characteristic
of the shallow donor state go. For CdS the shallow
donor g value is known from ESR?® and exciton proper-
ties® to be go=1.78 and is nearly isotropic. Wolf and
Losee® have shown that implicit in Appelbaum’s treat-
ment of magnetic scattering is a negative g shift re-
sulting from the antiferromagnetic exchange coupling
of the neutral donor spins to the conduction electrons
in the bulk of the semiconductor. The g shift is given
to first order by

g—g0=XoJ /ug?=2Jpa(er), @®

where go is the isolated donor g value and p4 is the
density of the states at the Fermi level in the semi-
conductor. X, is the electronic susceptibility in the semi-
conductor bulk and pgp is the Bohr magneton. The
second equality results from use of the Pauli expression
for X.,.

The apparent g value observed for the ZBA in CdS
junctions is consistent with Eq. (8) although the precise
value of (g—go) is somewhat uncertain owing to the
presence of the relatively large G®. However, narrow-
ing of AG due to AG® alone is not sufficient to account
for the observed gu,, =0.940.1. To summarize, for the
junctions studied we may roughly estimate the mag-
nitude of the g shift (g—go) to be ~—0.9. This, in
turn, gives a measure of Jps. However, we must note
that for large Jp4 the first-order formula, Eq. (8), may
be inaccurate. More accurate formulas limited, how-
ever, to 7'=0 including higher-order terms, have been
given by Wang and Scalapino,* and by Walker.4

The junctions studied in magnetic fields were of two
types; those with Np~2X10® with Cu contacts and
those with Np~5-6X10"® with Au contacts. The
junctions with larger Np exhibited slightly larger G®
conductance peaks at 1.2°K and approximately equal
Zapp Values.

The saturation behavior indicated in Fig. 6 is typical
of all CdS tunnel junctions we have studied. A factor
leading to the incomplete saturation may be field-

37 For an extensive discussion of the Mott transition see Rev.
Mod. Phys. 40, 1 (1968).

38 J. Dielman, in Magnetic and Electric Resonance and Relaxa-
tion, Proceedings of the Colloque AMPERE (Atomes et Molécules
par les Etudes Radio-Electriques), 1962, edited by J. Smidt (North-
Holland Publishing Co., Amsterdam, 1963), p. 409; K. Morigaki,
J. Phys. Soc. Japan 19, 1253 (1964); B. J. Slagsvold and C. F.
Schwerdtfeger, Can. J. Phys. 43, 2092 (1965).

% J. Hopfield and D. G. Thomas, Phys. Rev. 122, 35 (1961).

Y. Wang and D. J. Scalapino, Phys. Rev. 175, 734 (1968).

‘ M. B. Walker, Phys. Rev. 176, 432 (1968).

TUNNELING CdS SCHOTTKY-BARRIER JUNCTIONS

931

@

AG(Z)
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F1c6. 8. Magnetic field dependence of G® and G® contributions
to AG. (a) AG® calculated from Eq. (4) with 7’=1.2°K, H=33.2,
66.4, 99.5, and 133 kG. (b) Predicted AG®=G® (H)—G*(0)
with g=1.0, H=33.2, 66.4, 99.5, and 133 kG, calculated using
an experimental zero-field ZBA and Egs. (5) and (6). Arrows
indicate bias where |eV|=gugH at 133 kG.

induced lifetime broadening of the Zeeman levels of
the localized moment. Substantial broadening is ex-
pected because of the short “spin-lattice” relaxation
time 7'y induced by the exchange scattering process.!?
In analogy with the Knight shift in the NMR of
metals,? a “Korringa relation” may be derived!?.40.4t
for the present case where g8H>>kT,

1/ T1=¢m (gusH) (g—g0)*(Xop/Xpo)?, 9)

which results in #/7T1~0.6 meV when gugH =1 meV
and the last factor in Eq. (9) is taken as unity.

Somewhat more direct experimental evidence for
such broadening is given by detailed comparison of
the shape of AG(V) with the theoretically predicted
shape indicated by Fig. 8(a). Experimentally, we never
observe the “flat” region of AG at zero bias which is
expected at high magnetic fields. Furthermore second-
derivalive measurements show a broadening of the
“line shape” that increases with field as suggested by
Eq. (9). These observations are strong evidence that
level broadening is an important feature in the de-
scription of the localized moment system.

VI. SUMMARY

The technique of vacuum cleavage has been used
to fabricate Schottky-barrier tunnel junctions on de-

« C. P. Slichter, Principles of Magnetic Resonance (Harper and

" Row Publishers, Inc., New York, 1963).
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generate CdS crystals. The background conductance
of these junctions is well understood on the basis of
the work of CDMT.! These tunnel junctions exhibit
strong structure at biases corresponding to the LO
phonon energy which may be understood, at least
qualitatively, by consideration of the F(k) relation
in the semiconductor as modified by screened polar
coupling to the LO phonon. The results are contrasted
with existing data on GaAs junctions where the
electron-phonon coupling is of the same type but
considerably weaker.

Studies of the conductance peaks of the Appelbaum-
Anderson type have shown that their magnetic field
dependence is consistent with the model of Wolf and
Losee? for the microscopic origin of the localized

LOSEE AND E. L. WOLF
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magnetic moments in a Schottky barrier. A large
negative g shift is observed for these moments and
lifetime broadening effects appear to be important in
understanding the detailed structure of the ZBA.
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Photoexcitation spectra associated with acceptorsin p-type aluminum antimonide have been studied. Four
sets of sharp photoexcitation lines are observed at liquid-helium temperature; they are absent at liquid-
nitrogen or higher temperatures. Equal spacings between pairs of prominent lines in three of these spectra
are consistent with an effective-mass-like description for the excited states. The effect of uniaxial stress
on several of the acceptor photoexcitation lines has been studied for compressive force F parallel to (111)
or (100). The splittings and the polarization patterns may be interpreted if it is assumed that the acceptor
centers have Tq site symmetry, and that the bound hole states are not sensitive to a possible departure
from a germaniumlike valence band with its maximum at k=0.

I. INTRODUCTION

CCEPTOR centers can be formed in a ITI-V com-
pound such as aluminum antimonide in a number
of ways. For example, a group-II atom, when sub-
stituted for an aluminum atom in the aluminum anti-
monide lattice can act as an acceptor,! as can a group-IV
atom substituted for an antimony atom.! More com-
plicated acceptor centers, associated with vacancies,
interstitial atoms, or clusters of impurities can also be
visualized.
Extensive studies of donor and acceptor photoexcita-
tion spectra in germanium?? and silicon*~® have demon-
strated that significant information about the states

* Work supported by the Advanced Research Projects Agency.
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