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The inelastic tunneling of electrons in a metal-insulator-metal junction has been shown to
be a spectroscopic method for studying the vibrational modes of the whole system. In the
present paper we consider the possibility of deducing precise information from this spectro-
scopy. The low-voltage part of the spectrum (i.e. , the d I/dV -vs-V characteristic) gives
information about the phonons of the electrodes. The phonon density, which is deduced for a
Mg electxode, is critically compared with the density deduced from neutron scattering. The
range of this phonon probe is then studied by tunneling into multilayer electrodes. The 40-
90-meV range of the characteristic of a Mg-Pb junction exhibits a specific structure due to
the lattice vibrations of the insulator. This structure is compared with the infrared spectrum
and the phonon density of states of MgO, as well as with a theoretical calculation of the tun-
neling current in the transfer-Hamiltonian formalism. From the fit obtained, it is deduced
that the 30-jt.-thick insula, tor, grown on Mg, is an oxide, in contrast with the insulator grown
on Al, which was previously deduced to be a hydroxide. At higher energies (100-500 meV),
the vibrational spectrum of molecules contained in the insulator region is observed. The
identification of the lines is shown to be accurate and it gives precise information on these
molecules, especially about their chemical binding with the insulator. This last point could
be important in the future for studying the problem of adsorption on solid surfaces.

I. INTRODUCTION

A new field in the study of tunneling in metal-
insulator-metal (MIM) junctions was devised in
1966 by Jaklevic and Lambe. ' They observed
structures in the d I/d V characteristics which
were related to vibrational excitations of molecular
impurities contained in the insulator. Since that
date a considerable amount of work has been de-
voted to the subject. It has been found that the
phenomenon is more general than was at first
thought, because vibrational modes of the metallic
electrodes'4 and of the insulating barrier itself~ '
have also been observed.

The physical origin of these structures is mainly
due to the inelastic tunneling of electrons. An
electron can cross the potential barrier of the
insulator by (elastic) tunneling with conservation
of its energy. But this barrier potential may con-
tain dynamic terms, such as those due to the vi-

brational modes of the insulator. Then an elec-
tron also has the possibility of going from one
electrode to the other, exciting one mode of vibra-
tion, and losing the corresponding energy Roo.
Clearly, this can happen only when the applied
voltage is greater than Vc= au&o/e. This gives the
threshold for the new process to occur. Above
this applied voltage the total probability of cross-
ing the barrier, for an electron at the Fermi level,
is the sum of the elastic and inelastic probabili-
ties, and the conductance is increased (see Fig. l).

Actually, the inelastic tunneling of electrons
involves the vibrational spectroscopy of the whole
MIM system. In the present paper we report new
results on the topic, mainly on structures in which
the identification can be carried out with more
precision. We also try to give answers to various
questions which have been raised on the subject.

We have studied particularly Mg-MgO-Pb junc-
tions because, in that structure, the completeness
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of the spectroscopy is mell domonstrated: The
different vibrational modes of the component parts
of the whole system are observed. Moreover,
those different modes are conveniently separated
in energy. In fact, this separation is observed in
most MIM systems, for more general reasons.
The phonons of the metals lie at low energy (0-40
meV in this system), as the atomic masses are
generally fairly heavy and the metallic bond is
rather weak. The vibrations of the insulators are
at higher energies (0-90 meV in MgO), as the
bonds between atoms are strong in those ionic or
covalent solids. The molecular impurities of the
insulator generally include hydrogen, and the cor-
responding vibrations are at still higher energies
(up to 450 meV) because the bond is strong and the
hydrogen mass is very light. This leads to an
easy separation of the observed spectra.

In Sec. II me discuss the experimental limita-
tions of resolution in the spectroscopy, arising
from the thermal broadening and the second-
derivative technique. This last discussion is valid
for any dynamic method which uses a finite modula-
tion to get the derivative of a characteristic.
Since, as we have seen, the modes of the different
parts of the MIM junction have distinct energies,
me then examine the tunnel characteristics at in-
creasing energies. In Sec. III the electrode pho-
non structure is described, with emphasis on the
depth in the metal mhich is probed by the tunneling
current. The observation of the yhonons of the
insulator is reported in Sec. IV. A comparison
between the observed spectrum and an explicit
calculation of the inelastic current is attempted
using phonon data obtained from neutron scattering.

%e support the spectrum identification of the oxide
with an 0'6-0' isotopic effect. Section V is de-
voted to the spectroscopy of the molecular impuri-
ties in the barrier. 'Mfe first present a detailed
study of the spectrum obtained with formic acid
which gives us precise information about the
bounding of these molecules with the matrix. An
accurate measurement of the O'- H isotopic ef-
fect on the OH stretching mode in Mg-Pb junction
is then made, throwing light on the precision that
can be reached in this spectroscopy. Ultimately
we study the effect of superconducting electrodes
on the line shape of a mell-defined inelastic-tun-
neling peak.

II. RESOLUTION IN TUNNELING SPECTROSCOPY

The second derivative daI/dV~ vs V is generally
measured, as it is the most interestingcharac-
teristic (see Fig. l). First, it strongly reduces
the effect of elastic processes as they give a cur-
rent which is roughly linear with applied voltage,
and second, at least in some cases, it gives di-
rectly the spectral weight function D(E) of the
modes. Let us consider the experimental resolu-
tion that we can expect on that characteristic, as
this determines the performance of this kind of
spectroscopy. Besides the intrinsic linewidth of
the peaks, some broadening may appear for several
reasons, which we shall now discuss.

A. Thermal Broadening

This effect has been studied in detail by Lambe
and Jaklevic. At finite temperature, and for
electrodes in the normal state, the inelastic cur-
rent is given by



2338 KLEIN, LKGER, BELIN, DEFOURNEAU, AND SANGSTER

(a) T

fu

(b) Instrum
functio

ji m(E)

I I I I I I

5kT

8 1

superconductor, and, as the ratio 4/kT increases,
the thermal effects are very rapidly eliminated
because the tail of the Fermi-Dirac function is
now cut off for energies smaller than A. How-

ever, in this case, even in the l.ow-temperature
limit, d I/dV does not give D(E) directly, as we
shall see later on.

B. Broadening because of Finite-Modulation Technique

To get the second derivative, d I/d(e VP, a
dynamical technique is used. A finite modulation
of the voltage is applied, and the second harmonic
of the current is detected. I et us consider the
broadening introduced in such a procedure.

We call f"(eV) the exact second derivative and
F "(eV) the function obtained experimentally. The
resulting current is a function of time:

I=f(eV, + e V„cosset),

where I=f(eV) is the junction characteristic and
e V„ the modulation amplitude at frequency ~. The
second harmonic is detected:

-eV~ 0 +eYgp

FIG. 2. Experimental broadening of the lines. (a)
Finite temperature effect: For normal electrodes, the
second derivative of the tunneling current is the convolu-
tion product of the spectral weight function of the vibrator
by the function X(E). (b) Finite voltage modulation effect:
The experimental plot of the second harmonic of the cur-
rent is the convolution product of the second derivative
of the current function by the function P(E). As expected,
(It)($) is zero outside of the interval -eV„, eV„, which
corresponds to the voltage modulation.

Substituting the new variable E= eV„cosmist, two
partial integrations give

/ eVIII /eR V 2 y3/2

~ -eV

It then appears that the experimental quantity,
F"=(4/V„)Is„, is a convolution product of the
exact second derivative, f"=d'I/d(eV)', with an
instrumental function P which is represented in
Fig. 2(b):

I(„,——C fjf(E)[1—f(eV h(oo+E)]D-(h(oo)dEd(@upo),
F I& f lt~y

where

(2)

where C is a constant depending upon the junction,
f(E) is the Fermi-Dirac function, and D(%oo) is
the spectral weight function. They have shown
that d I/d(e V) is a convolution product of the
spectral weight function D(h+o) with the thermal
function )((E) represented in Fig. 2(a):

dI
d( V)s

— *X ~

where

)((E)= -- e" „),-+— [with x= (E/kT)].

The half-width of the thermal function is 5. 4kT.
Hence, if a given resolution is desired, there is
an upper limit to the temperature at which the ex-
periment can be performed.

When one uses superconducting electrodes, the
result cannot be expressed as a convolution. But
there is a gap 6 in the density of states of the

P(E)=—,(e V„-E)'/ for IEI&eV„
3I/ (eV„)

for IEI +eV„.

The half-width of the instrumental function is
1.22V„, and, as expected, it is zero out of the
interval —eV„, eV„.

Then, the modulation amplitude must be adjusted
to give the resolution which is required, and a
delicate compromise must be found, as the signal-
to-noise ratio decreases as V„. One might think
of inverting Eq. (2) to get the exact characteristic
f", but this would need perfect knowledge of the
function I' ', which is impossible because of the
experimental noise.

III. PHONONS OF ELECTRODES LATTICE (0-40 meV)

The observation of structure on d I/dV related
to the phonon spectrum of the electrode has been
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FIG. 3. (a) d V/8I characteristic of a Mg-Au junction
showing the phonon structure of the (normal-metal) Mg
electrode. Phonon density of states, deduced from a
central-force model (b) and a tensor-force model (c),
fitted to neutron-scattering data. As is outlined in the
text, the phonon density of states deduced from neutron
experiments is rather model dependent.

done earlier for different meta, ls': Al, Pb, Sn,
In, etc. In the present paper, we have specially
studied the case of Mg-X junction, as it is instruc-
tive.

A. Phonon of Magnesium

The first experiment on Mg electrodes is due to
Adler on Mg-MgO-Mg (or Al) junctions. In his
experiment, only the longitudinal peak was re-
solved. This observation seemed to suggest that
the electron coupling to the transverse-phonon
modes was much weaker than that to the longitudinal
ones. However, the experimental resolution for
a given structure depends strongly on the back-
ground. In our experiment we have carried out
measurements on clean Mg-MgO-Au junctions.
The results are shown in Fig. 2(a). In this kind
of junction, the background is syecially smooth
and thus the transverse- and longitudinal-phonon
peaks of Mg (16 and 27 meV) can both be easily
identified. This indicates an analogous coupling
strength to the two modes. The phonons of Au

give a weaker structure which is not seen here.
Actually, it seems hazardous to speculate on

what quantity one measures exactly since the theo-
retical calculations' are not yet explicit. Never-
theless, the main part of the structure is sym-
metrical and probably has its origin in an inelastic
process. ' Moreover, it seems to be closely re-
lated to the phonon density of states F(&o) of the
metal, and so we assumed that the second deriva-
tive of the tunnel current is proportional to that
function F(ur) We. can then compare our results
to the Mg phonon density of states deduced from
neutron-scattering data. ' This is done in Fig. 3.
Clearly, the spectrum obtained from the neutron
experiment is quite model dependent: Whether a
central-force or a tensor-force model is used to
interpolate the dispersion relations v(k) obtained
for high-symmetry directions, Young and Koppel'~
found, respectively, 18 and 14. 5 meV for the
transverse-phonon peak. Our experimental value
is 16 meV. For the longitudinal phonon, both
models give 27 meV and our data, agree well with
this value.

Therefore, tunneling in normal metals appears
to be a competitive method to get the phonon den-
sity of states, at least in the case of magnesium.
In fact, such an assumption was made previously
in an experiment on granula, r aluminium' and wa, s
fruitful in explaining the 7, enhancement mecha-
nism in that material.

B. Range of Inelastic-Tunneling Probe in Electrodes

It is interesting to know the depth to which the
phonons of the electrodes are detected in a tunnel-
ing experiment. In order to give an answer to this
question, we have made junctions M-I-M&-M, and
tried to observe the phonons of M~ for different
thicknesses of M, . Nonmiscible metals {I)and {2)
must be used to have a well-defined interface.
We find that the results depend completely upon
the relative values of the two Debye temperatures
8, and 0~3.

Figure 4 gives the result for a hard metal
backed by a soft one: Ag-Pb (8~-215 'K, 8~
-90 'K). We have plotted the tunneling charac-
teristic for different thicknesses (d) of the silver
film (50-300 A). These films are deposited at
77'K to ensure continuity, but, in fact, the re-
sults are meanful only for d greater than 100 A,
as it is only in those cases thai electron micro-
scopy indicates an optical continuity of the film.
As it can be seen in curve (b), the phonons of Pb
(in the normal state) are clearly observed through
the Ag. Moreover, the strength of this structure,
5a/o, does not decay significantly as d increases
in this range of thickness [curve (a)]. {This inde-
pendence with d is in contrast with the dependence
on d of the strong-coupling structure when Pb is
superconducting [curves (a) and (c)]—this last
point being a check that the current is not just
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of the electrodes (300 A or less). To be detected,
a vibrational mode must give a finite amplitude on
the first atomic layers of the electrode. This ex-

ith theperimental conclusion is in agreement wi e
theoretical work of Ref. 9.

IV. PHONON SPECTRUM OF BARRIER LATTICE
(0-90 rneV)

A. Experinmntal Results
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FIG. 4. Tunneling observation of the phonons of a Pb
film, through an Ag film. Curves (a) represent the

of the Pb phonon structure vs the thickness of
th A f'1 —when Pb is in the normal state (N) an w entheAg im—

(S . The experimentalls in ' . Tthe superconducting state (S . T
for twoplots o ef the dRV/dl characteristics are reported,

thicknesses of the Ag film, for normal Pb [curves (bes )]
and superconducting Pb Icurves (c)j (the experimental
teQlperatul e is e3. 5 K the modulation 1 mV). Clearly,
the observation of the phonon structure of Pb in the nor-

t ' t much affected by the presence of an Ag
hfilm (at least for Ag thickness up to 300 A). Althoug

it has quite a i erend'ff t origin the phonon structure due
to the superconducting state is shown for purposes of
comparison —it decreases very p' yra idl as the Ag film
thickness increases.

2y
dI& Mg- Pb (300A) Ai (2000 A)

We have studied the characteristics of a
Mg-MgO-Pb junction in the 30-100-meV range.
The samples were made by evaporation of Mg at
10 ~ Torr in a bell jar which was initia yll cleaned
by ionic bombardment. The oxidation of Mg is

'
d t '

glow discharge established in a
stream of pure oxygen, and the Pb counter elec-
trode is evaporated.

Th erimental plot is shown in Fig. 6a. It
tshows structure with four well-defined peaks a

38, 54, 66, and 82 meV. The maxima at 38 and

they are not observed as peaks but rather as
shoulders on the experimental curve. However
the main peaks at 54 and 82 meV are always
strong. The total structure corresponds to a con-

3 . In revlousductivity increase 5o/o of about 0. o. n pr
experiments " performed on Mg, no clear struc-
ture due to MgO was observed but only a peak at
about 85 meV. A possible explanation for the
results of Ref. 5 is that the barrier was partly
made with hydroxide and carbonate because of

n Ref. 6 the oxidethe room-air oxidation of Mg. In e . e
was prepared in a glow dzscharg,e but the junction

flowing through holes in the Ag film. ]
Figure 5 shows results for a M-I-Pb-Al junction

with a 300-A-thick Pb film. Here the situation, as
regards the Debye temperatures, is reversed
( -90 "K 8 -400 K), and the experimental re-
solts are quite different. The phonon structure
due to Al is not observable through Pb. Quantt-
tatively, its strength has been reduced by a factor
of at least 10 from the situation without Pb.

These two experiments indicate that the phonons
0 me af t 1 (2) can be observed through metal I only

This isif the phonon of f23 can propagate in ( ). s is
the case when the high-frequency cutoff of vibra-
tions in M, (kO, /If) has a higher values than in
M (k~8~ /h) " In conclusion, the inelastic tunne i'
appears to be a short-range probe of the phonons

1 I

O 1O 20
FIG. 5. Attempt to observe the phonons of an Al film

h a. 300-A.-thick Pb film. The d V/dI characteris-throug a
lectrodeties ows eph th honon structure of the in]ecting e

at(Mg) and o t e inf h th Pb film but nothing is observed a
f the Al honons. This situation is in con-

trast with the situation reported in Fig. 4, as po n e ou
in the text.
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considered was Mg-MgO-Mg and the rapid varia-
tion of the conductance background may have ob-
scured the structure.

Recently Jaklevic and Lambe have looked for
the barrier-lattice modes in junctions with yttrium
and chromium oxides. They have compared the
spectra obtained with optical absorption measured

directly on their oxide film. This was necessary
because, in the literature, data are given for the
crystalline oxide and not for the amorphous oxide
which probably grows at the metal surface. In
these conditions, their comparison exhibits clear
correlations between the two spectra. The case
of MgO is somewhat different because this oxide
is crystalline, as it is an ionic material. Then the
results can be easily compared with the data of the
literature. Moreover, these data are available
from different types of experiments; infrared
absorption and neutron scattering. So a more de-
tailed analysis of the tunneling curves can be at-
tempted.

A direct comparison between the tunneling spec-
trum [Fig. 6(a)] and the infrared (IR) absorption
curve [Fig. 6(b)] can be made. The IR absorption
spectrum exhibits a single peak at 50 meV. The
selection rules in optics allow the excitation only
for phonons which are optical and transverse, with
zero wave vector. That this is the case in MgO
can be checked from the dispersion curves [Fig.
6(e)]. But clearly, in inelastic tunneling the selec-
tion rules must be different as the fit between the
two spectra is poor.

Another possibility is to make a comparison of
the tunneling curve with the total phonon density of
states, as deduced from the neutron studies per-
formed on MgO by one of the authors and co-work-
ers. ' By neutron scattering, dispersion curves
Ru&(k) are obtained for high-symmetry directions;
then, thanks to a breating-shell model fitting those
energies, the energies and the eigenvectors are
calculated for any wave vector k, and the density
of states is deduced. The corresponding curve is
shown in Fig. 6(c), Again, the fit is rather poor:
in the high-energy part of spectrum, the density
of states is low, but we observe a strong peak in
the tunneling curve. In fact, this is not very sur-
prising as it corresponds to LO modes which are
expected, in an ionic material, to be strongly
coupled to electrons.

Then we can try to make an explicit calculation
of the inelastic-tunneling current and see if the
fit between such a calculated spectrum and the ex-
perimental one is better than the previous ones.

(0,0,0) (0,0,1 ) (0,1,1 )

0
(O,D,O)

B. Calculation of Barrier-Phonon Effect

FIG. 6. Phonon structure of a MgO barrier lattice.
(a) Experimental d V/dl characteristic for a Mg-MgO-
Pb junction. The beginning of the curve is dotted be-
cause it corresponds to the phonon structure of the elec-
trodes. The full line is specific of MgO. This tunneling
spectrum is compared to other types of spectrum on
MgO: (b) Infrared absorption of MgO; (c) Phonon density
of states as deduced from neutron-scattering experi-
ment; (d) Theoretical spectrum calculated in the present
paper; (e) Dispersion relations of phonons in MgO from
neutron-scattering experiments.

We shall use the transfer-Hamiltonian' formula-
tion, although it is somewhat phenomenological
and suffers from theoretical difficulties. ' How-

ever, to some extent, it can explain many experi-
mental results as, for instance, the inelastic in-
teraction with impurity vibrational modes. The
Hamiltonian of the MIM system is assumed to be'

H=H, +HI, + 2 Tff.gCpg, +h. c. ,
Pr k'g
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FIG. 7. Wave functions and energy potential in a MIM
junction.

where H, &
are the Hamiltonians of the electrodes

a, b without coupling, the last terms are the trans-
fer Hamiltonian, and Cg" are the electron-crea-
tion operators of wave vector k in the correspond-
ing electrodes. By considering the transfer
Hamiltonian as a perturbation, we obtain the tran-
sition probability between initial and final states
which describe the electrons and the barrier. The
matrix element T|;g.; includes two terms:

Tf~ ~ »= T'll ~ + &T~r'e

where Tgf. involves only electron states and
6Tgg. ; also involves barrier-phonon states with
wave vector q.

Then, to calculate explicitly the elastic and in-
elastic currents, we need the matrix element
Tp)...". In a way which is analogous to the Bardeen
approach, "it is assumed-that

T«;= f„,d'~&f1 &'f,
I
&.&~)" . (~)

I e) & I »,
where l0) and if) are phonon states, g» and gf. are
electron wave functions located in the a and b elec-
trodes, with an exponential tail in the barrier,
and HO+Qint ls the total Hamiltonian in the barrier,
including the electron-phonon interaction (see
Fig. 7). This gives us, for the elastic and in-
elastic matrix el.ements,

T«. = &jbde 5g„, |,;, ,

where d and P are the thickness and the height of
the barrier; K is defined as h~Ã /2m+= / —E„,
where m* is the electron mass and E„the x com-
ponent of its energy; D; is the matrix element of
the electron-phonon interaction in the insulator;
q„and q, )

are the two components of the phonon
wave vector. The Kronecker symbol gives the
conservation of k„ for the electron-phonon system.

Then, the current densities are

em Q Kod= e-~O" eV-=e o eV,

where Ko corresponds to E„=0, E~ is the Fermi
energy of the metals that we assume to be identical,
V is the applied voltage, and & is the unit step
function. Assuming a random orientation of the
MgQ crystallites, we take an average over the q
directions. The second derivative of the total cur-
rent becomes

d'I OO ~ D, I

'
-2- = —Z z

—f(qd) 5(eV-hcu-)
d(e V) e

where o.
o is the conductance of the junction for the

elastic current. The summation over the phonon
branches p is included in the symbol v; The
function f(qd) comes from the overlap integral of
the electron and phonon wave functions in the bar-
rier; itis

&0/3

f(t) =- —df
2

~
sin t

As MgQ is essentially an ionic solid, we can
assume that the electron-phonon interaction is a
Coulomb one. So the square of the matrix ele-
ment' D,» is

M M
i @+WE (g+6 ) +qo

where U is the cell volume, &„ is the nonionicpartof
the dielectric constant, G is a vector of the recipro-
cal lattice, &,'-~ are the phonon eigenvectors rela-
tive to the ions Mg" and Q of the mass M, , The
vector b gives the relative position of the hvo ions
in the cell and qo gives the long-distance cutoff of
the potential because of the image dipoles in the
electrodes, qo- v/d. It should be noticed that for
small j the normal processes (G= 0) are the most
important, and then only the LQ mode contributes.
For large q the contribution of the smallest Gvec-
tor is quite important and breaks this selection
rule. The exact calculation of the umklapp contri-
bution has not been done, but we have made an
evaluation of it, assuming an isotrope distribution
for the vectors q+G. The result for the second
derivative of the current is

5. 6x 10-'a''X ——
~

q +qo ~++

xf(qd) 5(e V —h (u-), (4)
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where
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xv'y'e'

and a is the lattice parameter.

C. Comparison with Experiment

Using the eigendata from the work reported in
Ref. 14, the spectrum can be calculated from
Eqs. (3) and (4)," the result is shown in Fig. 6(d).
At low energy it is essentially the phonon density
of states, but at high energy, the calculations
lead to a strong enhancement of the structure.
This result is in rather good agreement with the

' experiment: The central part of the spectrum
(45 —V5 meV) fits the theoretical curve, and the

peaks at 38 and 82 meV can be reproduced, to
some extent, if we assume a broadening of the
theoretical structure in that region.

It would be interesting to make these calculations
within the framework of the new theory of Ref. 10;
this is being attempted at the present time. But
it already appears that there is a better fit of the
experimental spectrum to the calculated curve
than to the IR-Bbsorption curve or to the phonon-
density-of states plot [Figs. 6(b) and 6(c)]. It is
pointed out that, as the selection rules [Eq. (4)]
are different from those in IR, the inelastic-tun-
neling and IR-absorption spectra may be quite dif-
ferent. By tunneling in MgQ, all the phonons are
observed with an increased weight for the LO mode,
whereas it is the TO mode alone that gives the IR
absorption.

It may be instructive to compare our results to
those of a recent experiment by Ladan and Zylber-
sztejn, ~~ in which they observe the phonon spec-
trum of amorphous germanium in Al-Ge-Sn junc-
tions. Their experimental spectrum can be fitted,
with good agreement, to the expression proposed
by Bennett, Duke, and Silverstein~ for incoherent
inelastic tunneling (induced by potential fluctuation):

dsI E(e V)
d(eV)s eV

where B is a constant and E(E) is the pbonon den-
sity of states. Such a law is clearly not valid in
the case of MgO, as it would completely miss the
high-energy part of our spectrum (I 0 modes).
This emphasizes the difference between the cou-
pling of tunneling electrons with phonons in a crys-
talline and ionic barrier, and the corresponding
coupling in an amorphous and covalent one.

The identification of the spectrum from the pho-
non data of MgQ leaves little ambiguity about the
chemical composition of the insulator. The tun-
nel barrier grown on Mg appears to be MgQ. This
is in contrast to the insulator grown on Al that
was concluded to be Al(OH)~ by Geiger et a/. A

confirmation of this difference is found by studying
the spectrum about 120 meV. If water vapor is
introduced during the oxidation process, in both
types of junctions there is a peak in that region
which is attributed to an QH bending mode. But,
if an oxidation is done, without introducing water,
this peak is eliminated in Mg junctions, whereas,
with junctions on Al, such an operation has not
yet succeeded in eliminating the bending mode.
This seems to indicate that the hydroxide is nec-
essary to make the barrier on Al.

D. Oxygen Isotopic Effect

The isotopic effect is a powerful tool used in spec-
troscopy to identify a structure. Regarding the
minute quantity of material used to make a tunnel
barrier, we see, for example, that it is possible
to perform an experiment with Q~ instead of Q~

(whereas it would be impossible in a neutron-
scattering experiment, as large crystals are
necessary). We have made the junctions in the
usual way but introduced O&8 during the oxidizing
discharge 20 The resulting MgQ phonon region
of the spectrum is shown in Fig. 8. Besides the
structure we have already met with Q', a new
series of peaks appears which is slightly shifted
with respect to tbe 66- and 82-meV lines (respec-
tively, 62. 8 and 78. 8 meV). The existence of a
double series of peaks indicates that we have not
succeeded in eliminating the 0 isotope, probably
because of some isotopic exchange of the Q~ gas
in the bell jar.

Experimentally, the isotopic shifts [(&@~8-~,8)j
+,6] that we find for these two lines are, respec-
tively, 4. 9 and 3. 9%%uo. Now, the calculations of
Sec. IV B can be performed with a mass of 18 for
the oxygen, and the isotopic effect predicted. In
the 0-60-meV region the spectrum found does not
differ appreciably from that found with Q~6, but
the 66- and 82-meV lines are shifted, respectively,
by 5. 6 and 3.4/p. s~ Tbe agreement between the
measured values and the calculated ones appears
to be rather good, however tbe validity of such a
comparison is questionable as, in the Q ' experi-
ment, bvo types of oxygen atoms are present, and
some coupling between the corresponding oscilla-
tors may exist. Nevertheless, this isotopic effect
gives a new support to the hypothesis that the mag-
nesium oxide is responsible for the structure in
the 30-100-meV range of the spectrum.

V. VIBRATIONAL MODES OF MOLECULAR IMPURITIES
IN DOPED JUNCTIONS (eV & 100 meV)

As they indicate in their paper, Lambe and
Jaklevic have not tried to make a detailed analysis
of their spectrum —they have just given a general
interpretation of the curves according to the radi-
cals which were introduced. It is interesting to
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know whether the agreement with the IR data is ac-
curate enough to allow a real identification of the
molecules or not. %e shall present a few studies
in which this identification seems to be possible.

A. Al-Pb Junction Doped with Formic Acid

%hen an acid gas is introduced during the oxida-
tion process of a junction, the resulting structure
in the spectrum is very strong. This indicates
that the molecules of the acid are absorbed in the
oxide at a high rate —probably because they make
a chemical bond with the oxide. We can try to
test this idea by studying the spectrum in detail.
On the other hand, the carboxylic acids, and es-
pecially formic acid, easily give dimer molecules,
thanks to H bonds. So it is also interesting to
know what is the state of the molecules within the
barrier: Do they correspond to a monomeric or
dimeric acid, or to an aluminum salt?

The spectrum found by the exposure of a freshly
oxidized Al film to the vapor of formic acid is
represented in Fig. 9. Assuming that the acid
introduced in the bell jar deposits uniformly on
the surfaces, we estimate the number of molecules
in the junction (0. 1x0. 1 mm ) to be 3&& 10~ . This
corresponds to a very high sensitivity for spec-
troscopy.

Table I gives the comparison between the spec-
trum and IH data for the monomeric and di-
meric acids and for the sodium salt. I et us
examine successively how to interpret the differ-
ent observed peaks.

447 me V. This corresponds to the stretching
mode of GH. The energy is roughly the same as

in the monomer, but this is not conclusive, as
this peak is already present for nondoped junctions.
However, we can already conclude the absence of
dimer mol'ecules, as these molecules would give
a typical band in the 372-310-meV region and
the spectrum clearly lacks such a structure.

370. 5-353-338 me V. This triplet is associated
with the stretching of CH. In that region, mono-
meric or dimeric acid presents a broad peak cen-

Tunneling
spectrum

(me V)

Infrared data (mev)
sodium dimeric monomeric

salt acid acid Identification

370.5 {w)
353 (s)
338 (w)

199 (m)
182 (w)
171 (s)
144

130 (s)

116 (s, b)

365
350
336

200

170.5
~ ~ ~

broad
band

372-310

173
149

130

83

442

365

221

173
149
136.4

81.5

v 0-H
matrix 'P

v C-H

a
I

COO"

I

S

v C-0

mat r1x
(g o-H)

6 oco

TABLE I. Identification of the spectrum shown in Fig.
9. The features of the peaks are weak {w), middle {m),
strong [{s), and figure underlined)], and broad {b). The IR
data for sodium salt, dimeric acid, and monomeric acid
are taken from Refs. 23 and 22.
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FIG. 9. (a) Tunnel. ing spectrum
of an Al-Pb junction doped with
formic acid. The locations of the
vibrational. bands of the carboxylic
groups, deduced from IR spectro-
scopy, are reported above the ex-
perimental curve. The values for
salts and acids are vrell separated
and permit an identification of the
molecules included in the barrier
as being salt molecules. The ener-
gies of the different peaks are
marked on the curve, and the iden-
tification of the corresponding
modes is discussed in Table I. (b)
Stretching modes of the C-H group
obtained by IR spectroscopy on
sodium formiate.

tered about 365 meV. This identification is not
convincing because of the energy of the center of
the structure and its resolution into a triplet. In
contrast, the agreement with the spectrum of the
sodium formiate is quite remarkable [see curve
(b)j. So it is concluded that the main compound
is a salt of formic acid avith aluminium.

199-171me V. This is the other important re-
gion for the identification of carboxylic acids.
The COQH group gives absorption at 221 and 173
meV for the monomer and 210 and 1V3 meV for
the dimer, and, as a rule, the high-frequency
mode is always above 210 meV for saturated acids.
However, when the group is ionized, as in salts,
the antisymmetrical and symmetrical modes of
0-C-Q are located at energies from 200 to

192 meV and 174 to 149 meV. 3 This gives us a
valuable tool for identification. As can be seen
in Fig. 8, we have a confirmation of the Presence
of the ionized radical

130—116-81 m, e V. The sharp peak at 130 meV
corresponds to a region where a structure is al-
ways met with carboxylic groups. It is generally
attributed to a CO stretching. However, we are
not very satisfied with this identification. The
116-meV mode is already present in the matrix
and is an OH bending vibration of the aluminium
hydroxide, which is probably the main compound
of the "oxide" barrier. 9 The absence of the 81-
meV peak in the salt spectrum and its presence
in that of the acids are not significant, as the data
we have for the salt are less resolved than for
acids in that region.

In conclusion, the study of the spectrum formed
with formic acid gives us a clear indication of the
state of molecules inside the barrier. Most of
them are chemically bound to the aluminium hy-

droxide, and this explains the strong rate of ab-
sorption of the acid in the junctions. Not. ice that
this information is obtained from two independent
determinations (C-H stretching and COO stretch-
ing ).

A similar study of the acetic acid CH,COOH
leads to similar conclusions, with, in addition,
the identification of the —CH, radical with eli-
mination of carbon with nonsaturated bond and of
—CH3 radicals.

B. Water-Doped Mg-Pb Junction: Isotopic Effect.
Specific Features

The recorder plot of a Mg-Pb junction, doped with
water and heavy water, is shown in Fig. 10. Both
stretching modes of OH and QD are observed, with
a strong maximum, respectively, at 333 and 451
meV. The two line shapes are similar; the QH

peak, for instance, is included in the interval
433-461 meV.

The isotopic shift is of the order of 2, as has
already been observed by Lambe and Jaklevic
in Al-Pb junctions. But, as the lines are sharp in
that type of junction, we can try to make an ac-
curate measurement of the isotopic shift, as is
extensively done in molecular physics to identify
species. The experimental ratio we find is:
(uo„/~on = l. 355+ 0. 004. This value is rather
different from 2' 3= 1.414, which would correspond
to a harmonic oscillator with the oxygen atom
motionless during the vibration. It is also slightly
different from the reduced-mass ratio: (yon/
u«)' = l. 374. But it fits the values for free OH
molecules (l. 356) or for OH impurities in a rare-
gas matrix (1.357). ' ' However, it also agrees
with the value for the internal vibration of QH
radicals in a lattice of Mg(OH)z (1.360). ~ So, in
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that specific case, the OH-OD isotopic effect has
been obtained with rather good precision, but it
is still not accurate enough to enable us to identify
the molecular species.

Nevertheless, such an identification can be at-
tempted, thanks to the absolute position of the
lines. The comparison with QH impurities in a
MgQ crystal can be done thanks to the infrared
study by Glass and Searle. They observe a line
at 410 meV and a second one between 440 and 460
meV according to the crystallographic situation
of the impurities. The lack of the first line is
enough to eliminate this identification. The spec-
trum is then compared to the infrared absorption
of the brucite, Mg(OH)z. From Refs. 27 and 29,
the two internal stretching modes of the QH radi-
cals are located at 453 and 459 meV. There is an
agreement with our data, as those two energies
are included in the linewidth of our peak. So it
seems likely that the presence of water during the
oxidation process has led to the formation of hy-
droxide molecules in the 30-A-thick barrier. But
further investigations may be useful to confirm
this result.

Anyway, the spectrum already gives us a definite

Mg MgQ Pb
:(doP.ed. With kaO)

1.O'K
..::M= 1 ..S mV. .. . .

OD stretch

tch

300 300 500 r ev

FIG. 10. Recorder plot of the second derivative of the
tunneling current for a Mg-MgO-Pb junction doped with
H2O and D20. The arrow, above the curve, corresponds
to the energy of the stretching vibrational mode of a free
OH radical (no hydrogen bond). At lower energy the
bracket corresponds to the energy band of this mode,
when there are hydrogen. bonds of the radical with the
surrounding. It is deduced that the OH group in MgO has
no hydrogen bond. In order to make a comparison, the
line of the OH stretching, in an Al-Pb junction, is shown
in the inset; the situation appears to be quite different,
as the peak has a long tail in the H bond region. Notice
the undershoot after the OD and OH stretching peaks in
the Mg-Pb junction.

information: The hydrogen atoms axe just bound

to a sirgle oxygen. If there were hydrogen bonds
with the surrounding, the stretching mode would

be typically shifted to lower energies, as is in-
dicated in Fig. 10. It is pointed out that the situ-
ation of the OH stretching is different in Al-pb
junctions, as can be seen in the upper part of
Fig. 10. In that case, the QH peak has a large
low-energy tail, indicating the presence of H bonds.

C. Effect of Superconducting Electrode on Vibrational
Mode Line Shape

In the conditions of our experiment, if we examine
carefully the line shape of a sharp and well-de-
fined mode, as the OD stretching, we can observe
an undershoot on the high ( Vl side of the peak
(Fig. 10). In a tunneling experiment, the physical
origin of any structure associated with vibrations
of the system is somewhat ambiguous: It may be
either a self-energy effect or an inelastic effect.
The usual criteria to distinguish between the two
are the parity of the structure and its general
shape. Inelastic effects give "pure" peaks, and
renormalization leads to peaks with a large under-
shoot in the second derivative of the current. In
practice, the distinction between the two is not
often so clear, because of the background of the
tunneling characteristics. In our case, we could
have thought of a mixed origin of the structure.
However, Duke and Kleiman have done a recent
calculation for a metal-semiconductor junction
(but also valid in the case of MIM structure) which

gives a criterion for deciding between the two

possible origins of the structure. To apply this
criterion, one considers the modification of the
structure when one electrode is driven in the nor-
mal state by applying a magnetic field. E the struc-
ture is connected with renormalization effect,
there is no notable modification of the experimen-
tal curve. But, if it is due to inelastic effect, the
undershoot must vanish. This is what is actually
observed in our experiment IFigs. 11(a) and Il(b)].
This confirms what is generally admitted —that the
molecular impurities structure is due to inelastic
tunneling.

Now we can calculate the expected effect of su-
perconducting electrodes on the line shape of an
excitation, within the framework of the inelastic-
tunneling theory. The inelastic part of the cur-
rent, at T = 0 'K, can be written'

&„„=&f„d~gf o &&g& (~g)D(~g —~2+«)
where K is a constant, ~, and e2 are the electron-
ic energies, respectively, in the lead and mag-
nesium electrodes, D(&u, —&ua+eV) is the dipole
spectral weight function of the OD group (this func-
tion is peaked at the energy of the stretching mode);
and Nr(&u&) is the effective tunneling density of
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FIG. 11. Detail of the line shape
of the OD stretching mode in a Mg-Pb
junction. (a) Pb is normal, (b) Pb is
superconducting. The dotted curve is
the line shape calculated for a super-
conducting Pb electrode, by using the
spectral weight function of the OD
mode from curve (a) and a BCS density
of states for the superconducting Pb.
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states of the superconducting (or normal) Pb. The
experimental data involve the second derivative
of the tunneling current which is

'"' =K D(~0) r (eV- ~o)d~ (5)d(eV)' „, '
d&u

where der/d~ is a & function when Pb is normal,
and can be approximated with the BCS expression
when it i.s superconducting. Then, as the normal
characteristic [Fig. 11(a)j gives us the dipole
weight function D(&uo), we can calculate the line-
shape change when the Pb electrode is driven
from the normal state to the superconducting state
by applying a magnetic field. In Fig. 11(b) we
have reported the experimental line of the OD

stretching mode with a superconducting Pb elec-
trode, and the result of the calculation performed
from Eg. (5). The agreement between the two is
fairly good and we think that most of this struc-
ture is correctly explained by this approach. In
fact such a modification of the line shape was

~ ~ 2expected, according to Lambe and Jaklevic,
but it is the first time that it has been quantitative-
ly observed.

V. CONCLUSION

Inelastic electron tunneling appears to be a type
of spectroscopy that can give interesting informa-
tion about the vibrations of all the component parts
of the MIM system.

The phonons of the electrodes are observed.
At the present time there is no explicit theory

which can predict the experimental spectrum.
However, it seems that most of the structure can
be explained as representing the phonon density
of states of the electrodes. And it seems, at
least in some cases, that this determination of
the density is competitive with respect to other
determinations. We have shown that the tunneling
current is a short range pro-be of this phonon
density in the electrodes.

The phonons of the barrier lattice also give a
definite structure in the d I/dV characteristic.
The study of junctions with MgO has shown that
the weight which must be assigned to the different
phonons of the barrier to get the tunneling spec-
trum is quite different from that which must be
used to get the IR-absorption spectrum of the same
material. Thus, it is pointed out that any direct
comparison between the two types of spectra may
be misleading.

About the spectroscopy of the molecular im-
purities contained in the barrier, it appears that it
is more accurate, in identifying the molecules,
than might at first have been thought. Careful
studies of the energy and of the line shape of the
peaks can give interesting information on the na-
ture of the impurities and on their chemical bind-
ing with the insulating matrix. The example of
junctions doped with formic acid demonstrates
these possibilities. In the future, such studies
may provide useful tool in the problem of adsorp-
tion on solid surfaces, because it is a spectro-
scopic method which is sensitive to thicknesses
of very few atomic layers.
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Optical Absorption in the Alkali Metals: Detailed Calculations
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The results of detailed computations of the optical absorption in alkali metals are presented.
Nettel's formalism is used to calculate the phonon-assisted processes and modifications are
made to allow approximately for the Debye-Wailer factor, multiphonon terms, anharmonic ef-
fects, and the "optical pseudopotential, ." The direct interband absorption is also incorporated,
and the validity of the classical ~"2 frequency dependence for the Drude absorption is discussed.
Results are presented as a function of temperature, form factor, and pseudopotential coeffi-
cient V&&p. Smith's data for absorption in sodium are found to be consistent with V&gp(0 'K)
=0.28 eV. The data for potassium and rubidium are also consistent with the model but the
data for cesium and lithium are not.

I. INIODUCTION

In recent years, there have been many experi-
mental and theoretical investigations of the optica, l
properties of the alkali metals. Despite this in-
tensive activity, quantitative disagreement between

experiment and theory remains. The objective
of the present work is to examine whether the dis-
crepancies can be explained without abandoning
the single-particle formalism. In particular, the
effect of phonons on the absorption is considered
quantitatively. Recent papers' ' have emphasized


