
Vor.UMz 19, NUMszR 6 PHYSICAL REVIEW LETTERS 7 A.UGUQT 1967

ZERO-BIAS TUNNEL-CONDUCTANCE MINIMA DUE TO THE EXCITATION
OF COLLECTIVE MODES IN THE BARRIER
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We evaluate the contribution to the tunnel conductance due to inelastic tunneling pro-
cesses whereby the tunneling electron excites continuum modes in the barrier. For
acoustical dispersion relations ~ =v p+xo of the continuum modes, the coherent in-

p s
elastic contribution is usually proportional to (~eV~-S~o) e(~eV[-&too)8(RuD-(eV)), in
which eD =viz ax+~0. Comparison with experimental data suggests that certain ze-
ro-bias minima may be attributed to phonon excitation via inelastic tunneling.

Recent studies'~' of tunneling in Al-oxide-
metal tunnel junctions indicate that the mech-
anism of inelastic tunneling via the excitation
of vibronic modes of molecules adsorbed in
the oxide leads to increases in the tunnel con-
ductance for bias voltages V larger than the
relevant threshold energy. We consider inelas-
tic tunneling processes in which (continuum)
collective modes of energy Sw in the barrierp
are excited by the tunneling electron. The elec-
tron is coupled to these modes either via im-
purities (the analog of the Mossbauer effect')
or via a coherent interaction with all the ap-
propriate atoms in the barrier (the analog of
phonon excitation by coherent slow-neutron
scattering'). Either mechanism leads to a con-
ductance minimum at zero bias because as
the bias increases, more inelastic channels
open up and hence more tunneling can occur.
In this Letter we show that the excitation of
phonons is a mechanism capable of describing
the zero-bias conductance minima in lightly
doped p-e diodese e and metal-semiconductor
(MS) contacts' as well as metal-oxide-metal
(MOM) junctions. This mechanism also leads
to structure at selected critical-point energies
in the phonon density of states, and in this con-
text has been tentatively identified with observed
structure in Pb-I-Pb and Al-I-M junctions.

We also have investigated' the possibility
that either coherent or incoherent excitation
of antiferromagnetic magnons in the barrier
can account for the "giant" conductance min-
ima~c in Cr-oxide-Ag(Pb) junctions. For an
s-d exchange coupling J&0.1 eV, we find an
additional contribution to the conductance which
rises from zero at zero bias to a value com-
parable with the background conductance at
a bias equa1 to the maximum acoustic magnon
energy (about 30 meV in Cr,O,). However,
calculations using the bulk magnon spectrum
lead to line shapes' G~ leVI', l meV- leVI

510 meV, whereas the experimental' conduc-
tance is linear near zero bias. Although mod-
ifications of the magnon spectrum and coupling
in a thin film can be used to derive a linear
conductance, ' the existing experimental data
are not yet sufficiently extensive to establish
unambiguously that the minima are associat-
ed with magnetic oxides, much less justify
refinements to a theoretical model.

The phonon spectrum in p-n and MS junctions
is taken to be that of the bulk semiconductor.
Table I summarizes the empirical evidence for
attributing the "broad A'" conductance mini-
mum to inelastic tunneling with the emission
of TA phonons. The observed enhancement
of the minimum in p-type relative to n-type
MS junctions' can be explained9 either by the
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Table I. Comparison of TA zone-boundary phonon

energy with valley-to-peak width of the zero-bias con-
ductance minimum in lightly doped p~ diodes. Refer-
ences to the data are indicated. The small width of the
conductance minimum in silicon-metal contacts is
thought to be associated with the presence of a thin ox-
ide layer between the metal and silicon.
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small electron-hole mass ratio in the case of
electron-impurity coupling or by the degener-
acy of the valence band at I' in the case of co-
herent ("bulk" ) electron-phonon coupling. How-

ever, the disappearance of the minimum with

increasing doping (pi & 5 x 10" cm ') '~8 sug-
gests that electron-impurity interactions pro-
vide the relevant coupling mechanism. The
range ~0-p " of the charge fluctuations in

the junction decreases with increasing doping

pz, ultimately causing them to become less
effective in scattering the tunneling electrons.
Detailed calculations' indicate that the depth
of the (deformation potential) coherent-coupling
minimum is -1% of the background conductance
and usually is exceeded by the depth of the im-
purity-induced minimum. Furthermore, bar-
rier-penetration effects render the linewidth

of the coherent-coupling minimum smaller
than S~TA. Summarizing, the data in Table

I, the data on the impurity-concentration de-
pendence of the strength of the conductance
minima, and the apparent lack of correlation
between the barrier penetration factor and the
width of the minima indicate that coherent (de-
formation potential) coupling to (I.A) phonons
in the junction is not the mechanism respon-
sible for the observed minima. Therefore,
we discuss in detail only the hypothesis that
the "broad-A"' conductance minima in P-n
and MS junctions are due to phonon emission
by the tunneling electrons cppsed by their (in-

coherent) coupling to potential fluctuations a.s-
sociated with charged impurities in the barrier.

The calculation proceeds via four main steps.
The first step consists of applying the tunnel-

ing-Hamiltonian formalism' to write the cur-
rent as the Fourier transform of a retarded
commutator. Using the Matsubara notation"~'
we obtain

j (e V) = (2e/5) ImL(ie -e V+ i5),

I/~T
L(i(u ) = f L(7) exp(i(u v)d7', i(u =2mnzT, (lb)

n n n

in which ~ is Boltzmann's constant, T is the
temperature, and L(T} is a correlation func-
tion evaluated below.

The second step consists of taking the tran-
sition amplitude '~ ~&' to be the matrix element
of the (impurity) potential

V(r, ~)

=Z [~(g)+e S (~)J(Z)]exp{ig [r-R (r)B (2)
n n

n, g

between one-electron eigenstates

y(r) = 5 (r) exp(iq p)/2n
q~

localized on the left (k) or right (Q) of the junc-
tion. Taking 4= 0, the correlation function
is given by

L(7') = -Q V([a'+g 2]"2)V*([a2+g 2]'~')M(g, q, k )M*(g, q, k )G(k, r)G(q, T)

n~ m~ gj.~ g2~ k~ q.

x(T {exp[i(Z+g ) ~ R (v)]exp[-i(Z+g ) ~ R (0)]]),j 1 n 2 m
(4a)

Q=q —k ~ 6'g. =0~i
(4b)

M(g, q, k ) = fe y (x)g~ *k)«,
q~ k~

(4c)

in which G(k r) are the one-electron Matsubara propagators. " Other terms in Eq. (4a), induced by

the bulk electron-phonon coupling in the left- and right-hand "metal" systems, have been shown to

be small; so we neglect them.
The third step consists of evaluating the sums over n, m in Eq. (4). These sums are performed

by expanding' R„(7)=R„'+u„(r) and separating the coherent and incoherent contributions. For a
random distribution of impurities, only the incoherent, contributions are nonzero to lowest order
in the fractional impurity concentration" c =&i/V, and averaging over the impurity distributions
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L, (T) =-c g I V([~'+g']"')M(g, q, u ) I'

g, k, q

XG(k, T) G(q, T) exp[-Q, (b,, g) + Q(Z, g, T)], (5a)

R 2(n .)+1
e.(~, g) =—P

2pP P~2

(5b)

Q(Z, g, T) =-Q„[(2(u .)+1)cosh(~ .T)X. a . P2 Pq2
2~P P~2

-sinh((g) .7.) sgn(g )],
pp2

(5c)

leads to a factor (c6- - ) in Eq. (4a). The evalu-
gy~ g2

ation of the expectation value in Eq. (4a) yields'
R =a'(~'+g')/m,

where M is an "average" ionic mass. '
The final step in the calculation consists of

evaluating the integrals in Eqs. (1b), (4c), and
(5a). We proceed by expanding exp[@(r)]=1
+@+~ ~ ~ and performing the i, p sums last.
The constant term corresponds to direct tun-
neling through the impurities. Its occurrence
correlates with the observation of large pre-
phonon currents in indirect p-n diodes show-
ing a zero-bias conductance minimum. ' Terms
O(Q') correspond to multiple phonon emission,
and near zero bias give more slowly varying
contributions" to j(e V) than the one-phonon
contributions. The one-phonon term yields,
at T =0, a "direct-emission" contribution to
the conductance for a symmetric barrier:

G(eV)=fG (E /8'vD)'([cosh(eV/E )-1]8(kv —IeVI)+[cosh(g~ /E )-1]8(IeVI-g~ )) (6)

in which Go is the "background" potential-tun-
neling conductance, "~"E, is the ratio of the
WKBJ tunneling exponent to the average bar-
rier height at the Fermi energy, Swo is the
lowest zone-boundary acoustical phonon ener-
gy (TA mode in the semiconductors"~"), and
8(z) is the unit impulse function. The prefac-
tor f ranges from 10 ~ to 1 for charged shal-
low impurities in semiconductor tunnel junc-
tions. We use Gaussian impurity potentials
with range p

'I' to estimate that in the case
of MS contacts, f is proportional to mc'I'vO'
for all impurity concentrations pz, and depends
linearly on p~~" for p~5(k'/2mcEO)"' and on

p~
'I' for p~&(k'/2mcEp)~". As the average

charged-impurity potential depth vo itself is
an increasing function of the carrier mass m~
when normalized to give the shallow-impuri-
ty binding energy, f is larger for p- than n-
type MS contacts, as observed experimental-
ly. ' E, can be estimated directly from the ex-
perimental conductance curves' and is &20
meV in most of the P-n junctions' and MS con-
tacts. ' Therefore, EO&K~D, so that Eq. (6)
gives a conductance proportional to (e V)', the
width of the minimum at zero bias is determined
by Leo, and the correlation noted in Table I
is recovered.

Changes in the conductance due to a magnet-
ic field, 8, arise in this model from the de-
pendence of both yq (x) and the impurity poten-
tial on H. For (SeH/mcc) & (EO, t'p, '"/2mc),
the former dependence" leads only to a small
change in f for H normal to the plane of the

junction. The model is probably inadequate
to describe the case in which H is in the plane
of the junction.

The temperature dependence of the conduc-
tance is determined not only by the zT broad-
ening of the conductance given in Eq. (6) but
also by the stimulated-emission and phonon
absorption terms in Eq. (5). The latter terms
give rise to a (positive) background conductance
of magnitude proportional to (wT)' when vT
«8+0. The calculated temperature-dependent
line shape agrees semiquantitatively with the
observed' "broad-A" minimum in GaAs.

Finally, in the limit that bias-induced alter-
ations in the barrier-penetration factor can
be ignored [e.g., EO»K~D in Eq. (6)], the di-
rect-emission contribution to the conductance
at zero temperature is proportional to g- I

V-
P~2 P, 2

&& 8(leVI-keep z), in which I Vp zI' is a mea-
sure of the electron-phonon (or magnon) cou-
pling and differs for various coupling mech-
anisms [being (R*/Nk&u- ) for the case con-

P~2
sidered above]. In this limit, as T-O, the
conductance and its derivatives are direct mea-
sures of a weighted density of states for the
collective modes in the barrier. This result
reveals that the (e V)' conductance is a conse-
quence of a Debye phonon spectrum and that,
more generally, tunneling experiments can
be used as a direct spectroscopic probe of the
spectral density of the collective modes. In
particular, structure due to critical points
and local modes is predicted at the appropri-
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ate values of e V by both the single" and mul-
tiple~4 phonon (magnon) terms in the expansion
of exp[@(v)] in Eq. (5a).
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Recent measurements of the ratios of Cou-
lomb excitation probabilities for two different
projectiles, which have been interpreted in
terms of the reorientation effect, ' are unable
to give verification of the mechanism involved. ' 4

We have measured the reorientation effect and
thus the quadrupole moment of the 0.558-MeV
2+ state in Cd"~ by observing the angular dis-
tribution of 25-MeV oxygen ions inelastically

scattered off Cd" nuclei. The shape of the
angular distribution gives conclusive evidence
of the presence of the reorientation effect.
The scattered ions were detected in coincidence
with the de-excitation gamma radiation over
an angular range fro~ 50' to 160' in the lab-
oratory.

The advantages of this technique are these:
(1) Only a single type of projectile is required.
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