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the model of hydrogenic impurities,'® indicating
that radiation due to impurity transitions below
the lowest Landau level is dominant,

Second, the variation of output power with sam-
ple conductance is nearly linear.® Only if the
emitter current is sufficiéntly large do deviations
from this behavior occur, which may be due to
increasing Landau-level radiation. A total mea-
sured radiation power of only 108 W indicates a
predominant nonradiative recombination; the ex-
ternal power efficiency was found to be about 10 5,
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Structure in the conductance of normal metal-insulator-metal junctions at very low
bias is explained through a nonequilibrium treatment of the tunneling process. In partic-
ular, the related peak in the derivative do(V)/dV is quantitatively accounted for by the
blocking of otherwise available electron tunneling states due to the finite electron relaxa-

tion rates in the metal electrodes.

A great deal of effort has been devoted to the
theoretical and experimental study of low-bias
structure in the dynamic conductance oc=dI/dV,
and its derivative do/dV, of normal metal-in-
sulator-metal tunneling junctions.! This Letter
deals with the very small conductance minima in
the vicinity of zero bias and below the phonon
peaks? that have been observed for a variety of
combinations of metal electrodes.® Qur attention
is focused on the very small zero-bias structure
rather than the large magnetic zero-bias anom-
alies’ or the effect of metallic inclusions in the
insulating film.* We consider the nonequilibrium
aspects of tunneling and present a transport mod-
el that explains the very small structure which
occurs near zero bias.

In the usual semiclassical single-particle —trans-
fer picture, tunneling is restricted to electrons
with momenta in the forward direction (perpendic-
ular to the barrier) and is assumed to occur be-
tween equilibrium electron distributions in the

metal electrodes on either side of the barrier.
In the presence of a current a nonequilibrium
situation exists, and the electron relaxation rates

_

FIG. 1. Schematic diagram of scattering processes
described in the text.
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in the metal electrodes have to be taken into ac-
count.

With reference to Fig. 1, an electron that tun-
nels through the barrier will leave a hole in the
left electrode and occupy a state a in the right
electrode. This electron will travel away from
the barrier in the right electrode and may be
scattered through various mechanisms: (1) In-
elastic scattering with emission or absorption of
a phonon, b, will alter both the electron’s energy
and momentum; this type of process will be de-
scribed by an energy- and temperature-dependent
relaxation time 7,,(E,T), where E is the energy
measured relative to the chemical potential of
the right electrode and T is the temperature.

(2) Elastic scattering by impurities, c,d, will |
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alter the electron’s momentum only and will be
accounted for by a constant relaxation time 7,.
(3) Boundary scattering, if specular, e, will re-
verse the component of the electron’s momentum
perpendicular to the barrier. The specular bound-
ary scattering at the electrode extremities leads
to a stationary picture with relaxation times
7.,(E, T) and 7; to describe scattering of elec-
trons out of the forward direction. Additionally,
since electrons with momenta in the forward di-
rection dominate the current, it is suitable to
consider the energy variable alone without the
complications of the momenta.

For the stationary model described above the
following two rate equations hold in the steady
state in the right () and left (L) electrodes:

(1a)

__1 ., _1_]
oo (eV-E) Tt

1

(1b)

where f,(E, T)=f,(E —eV,T)+df,(E,T) and f(E, T)=f,(E, T) + 6f z(E, T) are the steady-state occupations
in the left and right electrodes as opposed to the equilibrium distributions f,(E - eV, T) and f,(E, T), D
is the intrinsic constant barrier penetrability, and 1/7, is the decay constant, sothat D/, is a transi-

tion rate for electrons crossing the barrier.

Equations (1a) and (1b) are interpreted as follows. In the steady state the change of occupation with
time in the right and left electrodes is zero. The first term on the right-hand side of Eq. (1a) describes
the net flow of electrons into states of energy E in the right electrode; the second term describes the
scattering out of these states. In Eq. (1b) the first term on the right-hand side describes the loss of
occupation in the left electrode and the second term describes the decay of holes; the hole relaxation
rate is taken to be symmetric with the electron relaxation rate about the Fermi level in the left elec-

trodg.
Solution of Egs. (1a) and (1b) provides

fLE,T)=fR(E, T)=[fo(E - eV, T) - fo(E, T)][1-g(E)],

where the blocking factor g(E) is given by

B D/ 7,
g(E)— D/7'0+[TL(8V—E, T)+ TR(E, T)] _1’

-1z -1 -1
where 7 T T

(2a)

(2b)

In the calculation of the current I, o, and do/dV, the above expression for

fLE,T)-fr(E,T) is to be used rather than f,(E~eV, T)-f,(E, T). The consequences of the additional

blocking factor will be made explicit below.

The electron-phonon relaxation time 7,,(E, T) is given by Fermi’s “golden rule” to be®
w,
[7,E,T)] = (Zﬂ/ﬁ)fo dw a?(w)F(w)[2Ny(w, T)+ 1 =f(E = w, T) +f,(E +w, T)], (3)

where o?(w)F(w) is the product function involving the electron-phonon coupling function and the phonon
density of states F(w) [F(w)=0 for w>w,], and Ny(w, T) is the equilibrium distribution function for the

phonons.

Experimentally, the zero-bias structure is observed in a region up to 1 or 2 mV, and the maximum

change in o is =0.1%. At E=1meV in Al, 7,,(1 meV,7=0%K)=10"* sec.

The time 7, is equated to

21/ vy, where [ is the electrode thickness and vy is the Fermi velocity, to obtain 7,=2x107** sec for
1=2000 A. D is obtained from g(E)= 1072 to be =2x 1078 if the impurity time 7, is equated to the elec-
tron-phonon time 7,,. This value of D corresponds to a current density =30 mA/mm? at 1 mV, which,
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for a 50-8 junction and a tunneling current of 0.02 mA at 1 mV, leads to an effective tunneling area
=107 mm?.

The implications of the blocking term in Eq. (2a) on o and do/dV can readily be understood if the
case where the left-electrode electron distribution is considered to be in equilibrium (7,=0). Since
D/7, is appreciably less than 1/7(E), it can be neglected in the denominator of the blocking factor g(E).
For the case 7=0% and o?(w)F(w) linear in the relevant low-energy region [a?(w)F (w)= 0?w, o a con-
stant], one obtains

D/7T,
o(V)e<D 1 ’[1/Ti+ (n/T)a?(e V)2] ’ o
do(V) __ (D*/1o)e*(eV) (4b)
av = [1/1, +(@/m)aPEeV)?P -

The features of these expressions are (1) the narrow minimum in o(V) of Eq. (4a) at zero bias, and (2)

the rise of do(V)/dV at low bias and its pronounced peaking behavior. The above simple case with

T =0°%K and one electrode in equilibrium reproduces the qualitative features of the experimental data.
For a quantitative comparison with our Al-Al,0, -Al data both electrodes have to be taken into ac-

count. The results for temperature 7 and 7,“= 7;% are

o a'E e (E-eV)/rr
;(—(_)-zl_ _f kT e (E eV)/kT+1] [TL(—E)+TR(E)]’ (5a)
1 do(V) _ f

50 av dx( F 1)2 [S(eV -xkT)+S(eV+xkT)], (5b)
where S(E)=E/[E*+ (nkT)?+ 06, y=4Dhe/n7,0%,
and 6=7%/7 'rioﬁ_ for the peak positions as a function of tempera-

Figure 2 shows the experimental curves of ture. The theory predicts a stronger tempera-

do, (V)/dV [which is the even part of do(V)/dV, ture dependence for the peak heights than is ex-
used to avoid any difficulties due to asymetries perimentally observed. However, it must be
of the background] versus V for an Al-Al,0,-Al noted that the details of the overall fit, and tem-

junction measured at 7=3.0, 4.1, 5.0, and 6.0°K.® perature dependence of the peak position and
The dashed line is the theoretical curve of Eq.

(5b) fitted to the 3.0°K data to obtain D/7,=0.72

X 10" sec™ and 7,=3.5X107!° sec. The overall 691 (Al-Al)
shape of the curves is not extremely sensitive to
temperature. Accordingly, the theoretical and
experimental peak positions and heights are com-
pared in Fig. 3. Excellent agreement is found
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FIG. 2. Even part of do/dV as a function of V for position V.« of peak as a function of temperature.
different temperatures. Solid lines, experimental Solid curves, theoretical results obtained using the fit
data; dashed line, theoretical result for 7'=3°K. of D/1y and T; (see text) to the T=3°K points.
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magnitude, will depend on the detailed form of
the low-energy behavior of o?(w)F(w). For the
theoretical calculations given here, o?(w)F(w)
has been chosen to be linear in w for reasons

of simplicity’; the choice o(w)F (w)= a?w? would
not affect the general conclusions.

In conclusion, the observed structure near zero
bias in the conductance o and its derivative do/dV
for normal metal-insulator-metal tunneling junc-
tions has been accounted for by including the ef-
fects of finite electron relaxation rates in the
junction electrodes. The nonzero lifetimes lead
to an observable blocking of otherwise-available
electron tunneling states at low bias.
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Full dispersion curves, including the effect of retardation, are presented for the cou-
pled optical-phonon—magnetoplasmon surface waves of a degenerate polar semiconductor.
The dispersion curves display a surprising amount of interesting new structure which
does not occur in the absence of a dc magnetic field.

The effect of a dc magnetic field on the disper-
sion relation of surface plasmons in solids has
recently received considerable theoretical atten-
tion."® For a completely arbitrary magnetic
field, the dependence of the surface-plasmon fre-
quency on the magnitude and orientation of the
applied field has been given® for the nonretarded
limit in which the phase velocity w/q is small
compared with the speed of light ¢. The full dis-
persion curve, including the effect of retardation,
has been studied for particular cases in which the
applied field is either parallel or perpendicular
to the surface.' Recently, Brion ef al.® have re-
investigated one of the cases studied in Ref. 1,
that of magnetoplasma surface-wave propagation
perpendicular to a dc magnetic field which is
oriented parallel to the surface. They found that
gaps appear in the dispersion relation if the back-
ground dielectric constant €, satisfies the in-
equality €,2>1+¢; 'w,2w,’, where w,=(4me®/
m)Y? is the bulk plasma frequency.

600

In all of these papers the background dielectric
constant was considered to be independent of
frequency. For polar semiconductors, however,
the background dielectric constant is not inde-
pendent of frequency, but is given by

2 2
- €. W —Gwa
6L(W) PERSERN (1)
r

where €, and €, are the high- and low-frequency
dielectric constants, and w; is the transverse-
optical-phonon frequency. By taking into account
this frequency dependence of €,, the surface
plasmons and surface optical phonons are found
to couple with each other.* This interaction has
been the object of several recent experimental
studies.® In the present paper, we generalize
our earlier investigations'? to include the effects
of phonon coupling on the magnetoplasma sur-
face waves. Full dispersion curves for the cou-
pled modes, including the effect of retardation,
are given for different values of the experimen-



