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Small deviations from Ohm's law in the conductivity of pressure point microcontacts of zinc were 
investigated at low temperatures. It was observed that the dependence of the second derivative of the 
current-voltage characteristic on the contact voltage differs significantly for single-crystal electrodes with 
dierent orientations. Inasmuch as, according to the theory, the second derivative is proportional to the 
transport function G,(o) of the electron-phonon interaction along the current-flow direction, the 
experimental data are compared with the anisotropic electron-phonon interaction functions g,(o) 
calculated by Truant and Carbotte, and also with the results of calculations of G,(o) for a simple model 
of the anisotropic phonon spectrum. Good qualitative agreement between theory and experiment is 
established. The electron-phonon interaction spectra corresponding to orientation of the contact axis 
along the c axis of the crystal are characterized by the presence of an intense low-frequency maximum in 
the region 7-8 meV. If the axis of the contact is inclined away from the direction of the c axis of the 
crystal toward the basal plane, the intensity of the low-frequency peak in the spectrum decreases 
substantially, whik the intensity of the spectrum in the region of medium frequencies increases. 

PAC3 numbers: 71.38. + i. 72.15.Eb 

l NTRODUCTION 

The direct proportionality of the electron-phonon in- 
teraction function and the second derivative of the cur- 
rent-voltage characteristics of metallic microbridges 
was first noted for short-circuited metal-insulator- 
metal film contacts.' These relations, called the mi- 
crocontact spectra, were measured for a number of 
metals and revealed good agreement between the posi- 
tions of the singularities on the energy axis and the cor- 
responding maxima of the phonon-state densities. 
Shortly after, Jansen, Mueller, and wyder2 have shown 
that similar relations can be obtained also with pressure 
contacts of the "needle-anvil" type between bulk metals. 
This procedure makes it possible in principle to investi- 
gate the anisotropy of the electron-phonon interaction 
in metals, if the electrodes of the contacts are  made of 
single crystals of given orientation. 

The theory of microcontact spectroscopy of 
has confirmed the qualitative interpretation given in 
Ref. 1 for the observed phenomena. The dependence of 
the microcontact spectra on the crystallographic orien- 
tation arises when account i s  taken of the quasimomen- 
turn conservation law in the process of electron scatter- 
ing by phonons and, accoiding to Kulik, Omel'yanchuk, 
and ~ h e k h t e r , ~  leads to the following dependence of the 
second derivative d 2 l / d P  on the voltage V on the con- 
tact (as T - 0): 

Here d i s  the diameter of the round opening in the in- 
finitesimally thin partition that separates the two met- 
als, N(0)  i s  the density of the electronic states on the 

Fermi surface [for free electrons with one spin projec- 
tion we have ~ ( 0 )  = mp,/2 n% '1 ; w,-,,, , i s  the square of 
the modulus of the matrix element of the electron-pho- 
non interaction in scattering by a phonon with wave vec- 
tor q = p - p' corresponding to the s-th branch of the pho- 
non spectra w ,(q). The integration in (1) i s  over the 
Fermi surfaces on which the ends of the electron quasi- 
momentum lie before (p) and after (p') the scattering. 
The characteristic (1) depends not only on the potential 
difference V, but also on the orientation of the contact 
symmetry axis Z passing through the center of the open- 
ing, perpendicular to the plane of the partition, rela- 
tive to the crystallographic axes whose directions are  
assumed to coincide in both electrodes. The sensitivity 
to the sample orientation i s  determined by the factor 
K(p,  p'), which takes in the Kulik-Omel'yanchuk-Shekh- 
ter model the form 

The 0 function is a reflection of the fact that the z-th 
component of the velocity must reverse sign in the 
scattering processes that are  responsible for the ob- 
served nonlinearities of the current-voltage character- 
istic. It i s  easily seen that the directional selectivity 
of the method i s  relatively low in this model and re- 
duces to a combination of trigonometric functions of the 
incidence and scattering angles under the integral sign 
in (1). One can nevertheless expect that in strongly 
anisotropic metals with one clearly pronounced crys- 
tallographic axis the microcontact spectra observed a- 
long this axis and in directions perpendicular to it will 
differ substantially. In this sense, a suitable object i s  
zinc, for which we have investigated previously the 
microcontact spectra of the electron-phonon interac- 
tion, using samples in the form of polycrystalline 
films.6 The observed anomalously large variations of 
the relative intensity and of the shape of the peaks in 
the microcontact spectra were interpreted as  an indi- 
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rect indication of a strong anisotropy of the electron- 
phonon interaction in this metal, which manifests itself 
when the crystals a re  oriented at random at the point of 
contact. 

In the present study we have obtained, for the first 
time ever, direct data on the anisotropy of the micro- 
contact spectra of the electron-phonon interaction of 
single crystals with various orientations1' (preliminary 
results were published in Ref. 7). The choice of zinc as  
the object of the investigation was dictated not only by 
the considerations advanced above, but also by the fact 
that Truant and Carbottes have carried out a detailed 
theoretical analysis of the anisotropy of the electron- 
phonon interaction in this metal. Notwithstanding the 
fact that the anisotropy functions of the electron-phonon 
interaction calculated by them g,(w) = a2,(w)Fk(w) differ 
by definition from the transport functions G,(w) 
= i%:(w)F,(w) of the electron-phonon interaction regis- 
tered by the method of microcontact spectroscopy, the 
main qualitative predictions made by them are  con- 
firmed by the results of our experiments. We next cal- 
culated for a simple model of an anisotropic phonon 
spectrum the microcontact spectra of the electron-pho- 
non interaction in the case of orientation along the sym- 
metry axis and perpendicular to it; these spectra illus- 
trate clearly the experimentally observed tendencies. 
Finally, considerable attention was paid to the problem 
of the background, which was always present in experi- 
ment and which has so far  not found a theoretical expla- 
nation. A comparison of the previously proposed vari- 
ous empirical methods for taking the background into 
account indicates that they a re  not satisfactory. In the 
present paper we propose a new method of subtracting 
the background, the main distinction of which is the 
closer connection with the observed microcontact spec- 
tra. 

EXPERIMENTAL TECHNIQUE 

Figure l a  shows the construction of the controlled 
point contact. In contrast to Ref. 2, we did not use a 
piezoceramic for precision regulation of the distance 
between the electrodes. The electrodes 1 were made of 
two single crystals of identical orientation. The plane 
of the anvil was usually a partially cleaved surface. 

FIG. 1. a) Construction of regulated point contact: l-single- 
crystal electrodes of identical orientation along the 00 axis, 
2-bracket, 3-differential screw, 4-worm gear. b) Sche- 
matic representation of cross section of the region of contact 
between the electrodes. 

The needle was sharpened by chemical etching in HNO, 
and was electrically polished in H3P0,. The taper of 
the needle point was 40-5O0, and at small angles the 
needle was seen to bend after contact with the anvil, 
causing an uncertainty in the orientation along the con- 
tact axis. Since the surfaces of the needle and of the 
anvil were covered with a thin layer of oxide during the 
time necessary to mount the sample on the holder, a 
high resistance (several dozens ohms) contact is pro- 
duced when the two first touch lightly in liquid helium; 
this contact had a smeared out spectrum and a large 
background. It appears that the reason for this is that 
the diameter of the contact is small in this case, and 
therefore the interaction volume is also small (-d3) and 
does not span the pure-metal regions in the interiors of 
the electrodes. With further increase of pressure on 
the contact, its effective diameter increases, and if this 
diameter becomes larger than the thickness of the layer 
of contaminated and deformed metal on the interface, 
then the interaction includes also the region of pure 
metal (Fig. lb). It is thus possible to obtain informa- 
tion on the relatively "deep" pure layers of metal, and 
hence take into account also the anisotropy. 

Such a contact can be approximately described by the 
model of Kulik, Omel'yanchuk, and Shekhter: in which 
it is necessary to introduce a phenomenological factor 
T to account for the scattering of the electrons by the 
defects on the interface, in analogy with the procedure 
used by van Gelder.4 It is possible to verify that in the 
microcontact-spectroscopy method the information 
comes not only from the boundary region but also from 
deeper layers of the metal by investigating the spectra 
of heterocontacts. As shown by Jansen, Mueller, and 
~ y d e r , '  the spectra of Cu-Au heterocontacts are  super- 
positions of the spectra of each metal separately. 
Similar results were obtained by us in the study of the 
spectra of Cu-Zn heterocontacts. It should also be 
noted that when the first contact is made between the 
electrodes one usually observes a spectrum, albeit a 
poor one, corresponding to the established orientation. 
When forces are subsequently applied to decrease the 
resistance and to increase the interaction region, an 
admixture of a spectrum with a different orientation can 
appear (if the needle bends or  its end is cleaved off), or  
else a spectrum typical of polycrystalline film samples 
(in the case of excessive contamination of the contacting 
surfaces or  "welding" of the contact by dielectric break- 
down). The stable and reproducible results cited in the 
next section were therefore obtained with samples hav- 
ing the cleanest contacting surfaces (corresponding to 
the minimum interval of time between the electrode 
preparation and their installation in the cryostat). 

The microcontacts satisfied the following "quality 
criteria," by following which we could select the spec- 
t ra  with "good" characteristics for their subsequent 
analysis and reduction. 

1. The observed nonlinearity of the current-voltage 
characteristic must correspond to a metallic conductiv- 
ity of the contact, i.e., the differential resistance of the 
contact increases with decreasing voltage on the con- 
tact. Usually the relative increase of dV/d does not 
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FIG. 2. Determination of the quality of the microcontacts: a) 
by the form of ita current-voltage characteristics and b) from 
its second derivative (see the text). Curve 1-according to 
Ohm's law, 2-real I-V characteristic, deviation from Ohm's 
law greatly exaggerated; 3-dependence of the second-harmon- 
ic voltage of the modulating signal Vz, which is  proportional to 
d2v/dr2, on the voltage in the sample; 4-assumed dependence 
of the background on the energy. The coefficient Y =B/A char- 
acterizes the relative level of the background a t  eV ~fiw,,,. 

exceed several percent. In a somewhat exaggerated 
form, the corresponding current-voltage characteristic 
is shown schematically in Fig. 2a. 

2. The singularities (maxima, kinks, etc.) should be 
observed only in the voltage interval 0 < eV<Ew,,, 
where Ew,, = k O , is the maximum frequency of the 
phonon spectrum. At eV>Kw,, only a smooth back- 
ground should be observed (usually constant o r  weakly 
dependent on V). This is shown schematically in Fig. 
2b. The absence of singularities at  eV>Ew,,, means, 
in particular, that no contribution is made to the ob- 
served spectrum by excitations of molecular impurities 
whose localized vibrational modes have usually an ener- 
gy higher than k O ,. 

3. The background level y, defined as the ratio of the 
signal at eV> Kw,, to the signal at  the largest maximum 
of the spectrum, should be small enough (~0.5).  

All the measurements were made a t  a temperature 
1.5 K using the standard modulation procedure of tunnel 
spectroscopy. The sensitivity in the channel of the sec- 
ond-harmonic signal V2, proportional to the second der- 
ivative of the current-voltage characteristic, was 

V, and the modulating signal Vl ranged from 0.1 
to 0.4 mV. 

Since the line-broadening mechanisms are  the same 
in microcontact spectroscopy and inelastic tunneling, 
the resolution is determined in accordance with Refs. 9 
and 10 by the formula 

8 (eV)  -[ (5.44kT)2+ (1.22eV,)Y 

and amounts in our experiments to 0.7-0.8 meV. It is 
due mainly to the temperature smearing of the electron 
distribution near the Fermi level. 

The value of G function was determined from the for- 
mula 

G-0.546 (VJV,') d-', 

which follows from (1) in the free-electron model if it 
is recognized that d21/dv2 = ( 1 / ~ , )  (4v2/G), ~ ( 0 )  = 3n/ 

4cF and v,= 10" cm/sec. Here V2 and Vl a re  the effec- 
tive values of the voltages of the second and first  har- 
monics of the modulating signal (in microvolts and mil- 
livolts, respectively), and d is the contact diameter de- 
termined from the formula for the model of a clean 
opening (in nanometers): 

The value of pl =pF/ne2 for zinc was assumed to be 1.8 
x 10-l1 62 cm2 (n is the electron concentration); R, is 
the resistance of the contact at  V= 0. 

MEASUREMENT RESULTS 

1. The orientation [00011 

We investigated the characteristics of several differ- 
ent pairs of "needle-anvil" electrodes oriented along 
the c axis. It was possible to carry out on each pair 
numerous measurement cycles, between which the elec- 
trodes were additionally purified and polished, and the 
needle was chemically sharpened. In each measure- 
ment cycle, by regulating the pressure between the 
electrodes, a number of different contact resistances is 
usually established and the corresponding microcontact 
spectra determined. 

Figure 3 shows some of the microcontact spectra re- 
corded with a two-coordinate potentiometer and one 
measurement cycle. The numbers next to the curves 
indicate the numbers of the spectra plotted in accor- 
dance with the table, in the same sequence in which the 
resistances of the contacts were established. It i s  seen 
from the table and from Fig. 3 that the resistance of the 
contact can be varied reversibly with the aid of the reg- 
ulating screw by a factor of several times, with a neg- 
ligible accompanying change of the shape of the spec- 
trum (curves 1 and 8 in Fig. 3 correspond to approxi- 
mately identical resistances). The other parameters 
that characterize the spectrum, such a s  the relative 
background level y and the relative second-harmonic 

FIG. 3. Microcontact spectra of electron-phonon interaction 
along the [00011 axis. The number of the curve corresponds to 
the number of the contact in the table. 
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TABLE I. Successive changes of the resistances and of the pa- 
rameters of the spectra in the course of regulation of the 
pressure on the pressure microcontact Zn [00011. 

*Vi and Vz are the effective fundamental and secondharmonic vol- 
tages of the modulating signal. 

voltage in the principal maximum of the spectrum, also 
have an approximately reversible behavior. The re- 
versibility of the observed characteristics obviously 
means that the indicated limits of the change of the re- 
sistance correspond to elastic deformation of the metals 
in the region of the contact. It appears that the apparent 
discrete variation of the values of R, in the table is due 
to the insufficiently smooth regulation. 

The spectra corresponding to orientation along the c 
axis a re  characterized by the presence of an intense 
low-frequency maximum in the region of 7-8 meV. The 
intensity of the spectrum in the region of medium ener- 
gies is small. It increases somewhat if the resistance 
of the contact decreases jumpwise because of the elec- 
tric breakdown or  when the contact deformation exceeds 
the limits of the reversible variation of i ts  properties. 
In these cases, the form of the spectrum comes close 
to that observed for short-circuited film samples in 
Ref. 6 (see also curve 1 in Fig. 10 below). 

Just a s  in the investigation of film contacts of coppel-'' 
and zinc,' single-crystal zinc exhibits a linear relation 
between the relative background level at  eV>twm,, and 
R,'". Figure 4a shows this function plotted against the 
contact diameter calculated by formula (3). A similar 
relation for polycrystalline pressure contacts of copper 

FIG. 4. a) Relative background level y ,  b) the logarithmic de- 
rivative d ( l n ~ ~ ) / d V = 4 ~ ~ / V ~ ~  of the differential resistance RD 
=dV/dl, and c) the electron-phonon interaction function G at 
the principal maximum of the spectrum, u s  the contact diam- 
ter d calculated from formula (3). Results-for the contact 
whose characteristics are given in the table and in Fig. 3. 

was observed in Ref. 2. According to the in 
clean contacts the amplitude of the second-harmonic 
signal V, is proportional to R'dt2, since the maximum 
value of the electron-phonon interaction function G(o) 
should remain constant when the hole diameter is 
varied. It can be verified from Figs. 4b and 4c that 
these relations a re  approximately satisfied. It is seen 
that when v,/G is changed by a factor of four the value 
of G,, changes by a factor 1.5. We note that in dirty 
contacts the opposite picture is observed5: v2/vf de- 
pends little on the resistance, whereas G,, calculated 
from formula (1) increases approximately in proportion 
to R,. According to the theory of Ref. 5, the reason for 
this is that at  I ,  < d the role of the characteristic length 
is transferred from the contact dimension d to the mean 
free path 1 ,  due to scattering by impurities and defects. 
If the contacts a r e  dirty, the relation between y and 
R:/' is likewise no longer linear in the experiment. 
Thus, the clamped point contact Zn [0001] considered 
above agrees satisfactorily with the model of a clean 
opening. 

From the quantitative point of view, the values of 
G,, calculated from formula (1) a r e  smaller by ap- 
proximately one order of magnitude than the expected 
ones. The reason for this discrepancy is not quite 
clear. It is due in part to the choice of the theoretical 
model. In addition, such uncontrollable factors a s  a 
thin contamination layer on the interface between the 
two metals o r  the large number of short circuits can 
also be responsible for the lower experimental values 
of G,,,. 

For  all  the contacts with orientation [0001] investi- 
gated by us and satisfying the regularities noted above, 
the reproducibility of the spectrum was quite satisfac- 
tory. Conclusions concerning the possible variations of 
the form of the spectrum can be drawn from the curves 
shown in Fig. 3. 

2. The orientation [I 1501 

When the contact axis is oriented along [11ZO] in the 
basal plane, the observed microcontact spectra a re  
substantially different from those obtained along the c 
axis. Figure 5 shows the spectrum for one of the sam- 
ples. The spectra a r e  numbered in accordance with the 
sequence of the variation of the contact resistance. The 
main difference from the microcontact spectra obtained 
along the c axis lies in the larger relative intensity of 
the bands in the central part  of the spectrum. The low- 
frequency maximum is shifted somewhat (8-9 meV) to- 
wards higher energies, and a similar systematic shift 
can be noted also for the high-frequency maximum, al- 
though it is masked by random variations of the position 
of this maximum on the energy axis (=25 MeV). The 
sharp decrease of the contact resistance (to R, = 0.78 52) 
causes the microcontact spectrum to consist almost 
completely of the background (y>  1; curve 4 on Fig. 5), 
and coincides approximately with the spectra having a 
low background level only on the initial section, before 
the first  maximum. When the resistance of the contact 
is changed by several times (10 - 33.8 52) the form of 
the spectrum does not change qualitatively. Quantita- 
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eb', meV 

FIG. 5 .  Microcontact spectra of electron-phonon interaction 
along the [I1201 axis. The sequence of the numbers of the 
curves corresponds to the sequence in the variation of the re- 
sistance: for curves 1-4 the resistances are 10, 12.7,  33.8, 
and 0.78 a ;  the effective values of the modulating voltage are 
0.5, 0.5, 0 .8 ,  and 0.3 mV. 

tively, the value of the G function calculated from for- 
mula (1) for the largest maximum of the spectrum ( 4 4  
meV) is smaller by a factor 2 o r  3 than G,, in the 
spectra for the orientation [OOOl]. 

The possible variations of the form of the spectra ob- 
tained along the [llZO] axis with different pairs of elec- 
trodes a re  shown in Fig. 6. The most typical deviations 
from the "unpertrubed" spectra (curve 1) consists of an 
increase of the intensity of the low-frequency maximum, 
accompanied by its shift towards lower energies. The 
perturbations due to excessive deformation of the con- 
tact in the course of the measurements usually lead to a 
gradual transition to the form of the spectrum typical of 
polycrystalline film samples (see curve 1 on Fig. 10 
below). 

3. Background 

Practically all the measured microcontact spectra 
contain a monotonically increasing background which 
saturates, as a rule, a t  eV>tiw,, (Fig. 2b). A spec- 

trum without a background can be obtained for shorted 
film contacts with extremely high resistance (2100 

Such large values of the resistance and corre- 
sponding small diameters can usually not be obtained 
with pressure contacts. These contacts, however, can 
be made of electrodes of high purity, and this leads to 
a substantial decrease of the relative background level 
compared with film contacts having the same resis-  
tance. Since i t  i s  extremely difficult to obtain experi- 
mental spectra without a background, the problem a- 
r ises  of taking correct account of this background. 

Initially Jansen, Mueller, and wyderZ proposed for 
the background the empirical formula 

B ( V )  =C th' ( i .5eVlkep),  

which was made to coincide with the observed spectrum 
at eV>tiw,, by adjusting the constant C and the Debye 
temperature OD. This function does not depend on the 
concrete form of the electron-phonon interaction func- 
tion and i s  the same for all  metals with equal values of 
OD. To connect more closely the dependence of the 
background on the energy with the characteristics of the 
investigated metal, it was proposed in Ref. 6 to choose 
a s  the background the microcontact spectra with y> 1, 
which consist a t  sufficiently high values of eV of prac- 
tically only the background. A typical example of such 
a spectrum is shown by curve 4 of Fig. 5 for a single- 
crystal contact with orientation [llZO]. For  polycrys- 
talline contacts a background of this kind i s  shown in 
Fig. 7 (curve 4). In this case, however, we encountered 
the difficulty of taking into account the background on the 
initial section of the spectrum, where the background 
assumed by this method was substantially overesti- 
mated. It must be emphasized here that in the experi- 
ment the initial section of the spectrum (before the f i rs t  
maximum) is the same for all  contacts of a given type, 
subject to a suitable choice of the scale factor on the V ,  
axis, regardless of the value of y. Consequently, the 
background level is small a t  small eV. It is obvious 
that the dependence of the background on eV is closely 
connected with the concrete form of the microcontact 
spectrum of the given contact,, which was not taken into 

5, rel. un. 

FIG. 7. Different dependences of the background on the energy: 
curves 1 and 2-in accord with the formula 

V 

B(V) =C G0(V')dVr, I 
for the orientations [0001] and [1120], respectively (see the 
text); curve 3-in accordance with the formula 

FIG. 6. Observed values of the spectra for different pairs of B(V)-C th2(i.5eV/kB~) 

zinc electrodes oriented along the [11201 axis. The resistances in accord with Ref. 2;  curve Pspectrum of film zinc contact 
are: 1-9.8a,2-0.53a,  3 - 4 . 3 a .  with y > 1 (Ref. 6 ) .  
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account in the above-described empirical methods of 
allowing for the background. 

Van Gelder4 attempted to determine the background 
theoretically, taking two-phonon processes into account. 
The function obtained by him, however, does not satu- 
rate at eV> Ew,, and is equal to zero a t  eV> 2tiw,,, in 
contradiction to the experimental data. 

Since y is proportional to d / l ,  it is reasonable to as- 
sume that the background B(eV) is proportional to a 
quantity that depends on eV: 

where Go is taken to mean the microcontact spectrum 
with the background subtracted. Formula (4) was writ- 
ten in analogy with the known relation for the electron- 
phonon mean free path (at T = 0): 

Thus, the background is determined from the equation 
e v  

B ( e ~ )  = ~ j  [ V ,  (e) -B (e) Ide. 
0 

The background calculated by formula (5) for the spec- 
t ra  corresponding to the orientations [0001] and [I1201 
is shown in Fig. 7 (curves 1 and 2, respectively). Being 
likewise empirical in essence, it is free of certain 
shortcomings of the approaches mentioned above. 

4. COMPARISON WITH THEORY 

1. Anisotropy of G functions for an axially symmetrical 
model of the phonon spectrum 

Since a direct calculation of the G functions in differ- 
ent crystallographic directions by formula (I)  is an ex- 
ceedingly complicated task, it is useful to consider a 
simplified Debye model of the anisotropic phonon spec- 
trum, with the aid of which it is possible to establish 
the qualitative tendencies of the variation of the form of 
G functions in contacts with different orientations. We 
assume the frequency of a phonon with given wave vec- 
tor q to have the following dependence on the angle 6' 
between this vector and the crystal axis n 

This dispersion law corresponds approximately to the 
LA branch of the phonon spectrum of zinc, in which 
w,aq, and the speed of sound along the c axis is  ap- 
proximately half the speed of sound in a direction per- 
pendicular to it. We substitute (6) in (1) and calculate 
(by the Monte Carlo method with a computer) the func- 
tions G, and GI, corresponding to orientation of the crys- 
tal  axis perpendicular o r  parallel to the separation 
plane that contains the contact opening. The results a re  
shown in Fig. 8. In the calculations it was assumed that 
p p  =qD = 1 and w(q) = const w(q). 

We verify first  that the presence of the kernel (2) un- 
der the integral in (1) does indeed make it possible to 
register distinctly the anisotropy of the phonon spec- 

FIG. 8. Anisotropic electron-phonon interaction transport 
functions GI and G,,, which a re  proportional to the microcon- 
tact spectra, calculated for the model phonon spectrum. The 
ordinates for both curves a re  given in unequal arbitrary units. 
The inset shows the orientations of the equal-energy surfaces 
of the phonons relative to the plane of contact for the two con- 
sidered cases. 

trum. As might be expected; the position of the maxi- 
mum on the energy axis correlates qualitatively with the 
limiting energies of the phonons propagating along the 
symmetry axis of the contact; this axis passes through 
the center of the opening and is perpendicular to the 
separation plane. We now compare the results obtained 
for the model with the experimental zinc spectra plotted 
along the c axis (Fig. 3) and in the perpendicular direc- 
tion (Fig. 5). The maximum energy of thephononsprop- 
agating along the c axis in zinc is =I9 meV (LO 
branch), whereas for the phonons whose wave vectors 
lie in the basal plane we have Ew,,= 25-26 MeV (LA, 
LO, and TO,, branches).12 Consequently one can expect 
the high-frequency maximum in the microcontact spec- 
trum obtained along the c axis, corresponding to the G 
function, to be shifted towards lower energies compared 
with the position of the high-frequency maximum in the 
spectrum taken in the basal plane. The experimental 
data (Fig. 9b) agree with this conclusion. 

Analyzing the dispersion curves w,(q) for zinc'' we 

4 .arb. un. 

L? 5 

0.3 

0. I 

0 

0.2 

0 5  15 25 5 15 25 
a w,meV b 

FIG. 9. Comparison of the anisotropic electron-phonon inter- 
action functions g k ( w )  = % * ( W W , ( W ) ,  calculated by Truant and 
carbotte8 (a) with the microcontact spectra of zinc V2(eV) 
ccGo(eV) along the c axis and in the basal plane 6). The back- 
ground has been subtracted from the experimental curves. 
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can see that a large phonon state density is observed in 
the region 44-15 meV only for phonons propagating in 
the basal plane (the branches TO,, and TA,, along the 
[10TO] direction which is close to the [1120] direction in 
which the measurements were made). This explains 
the presence of an intense maximum at eV= 14 meV in 
the microcontact spectra plotted along [llZO]. A more 
detailed comparison of the theory with experiment with- 
in the framework of the simplified model assumed above 
cannot be carried out. For this purpose it is necessary 
to resort to a theory that takes into account the complex 
structure of the real phonon spectrum in zinc. 

2. Comparison with the anisotropic functions gk (0) 

= a: ( w ) F k  (w) of the electron-phonon interaction 

Using the approximation wherein the electrons have a 
quadratic dispersion and the Fermi surface is spheri- 
cal, but retaining without change the anisotropy of the 
real phonon spectrum, Truant and Carbottes calculated 
the anisotropic electron-phonon interaction functions of 
zinc: 

which are  obtained when K(p,p') in (1) is replaced by a 
delta-function angle between the axis of the contact and 
the direction of the velocity of the electron incident on 
the opening. Naturally, this replacement simulates with 
great exaggeration the relatively weak dependence of the 
kernel K,,# on the angle 7 [ p , = p  cos 7 in (2)] . It is nev- 
ertheless of interest to compare the g, functions along 
the c axis and in the perpendicular direction with the 
corresponding microcontact spectra G, and GI,. Such a 
comparison i s  shown in Fig. 9. The results of Truant 
and Carbotte are  given for one of the two models they 
used for the force constants of the zinc lattice proposed 
by de Wames, Wolfram, and Lehman,13 inasmuch as  
this model leads to better agreement between the energy 
position of the intense high-frequency peak for the func- 
tion gc,,,, (Fig. 9a) and the microcontact spectrum 
G,,, (Fig. 9b). Generally speaking, the data of Truant 
and Carbotte should be represented in the form of a con- 
volution with the resolution function of our spectrom- 
eter. This would lead to some smoothing and broaden- 
ing [with increasing resolution 6 ( e ~ ) ]  of the sharp peaks 
on Fig. 9a, without changing their positions on the ener- 
gy axis and without changing their relative intensities. 
Since our comparison is qualitative because the func- 
tions g,(w) differ, by definition, from the microcontact 
spectra G,(w), introduction of the foregoing small cor- 
rections is of no principal significance. 

Figure 9a shows the functions g, for two independent 
orientations in the basal plane. Since these orientations 
a re  close (the angle between them is 30°), the experi- 
mental microcontact spectrum in the [llZO] direction is 
in fact the result of their averaging, since directivity 
of the method corresponds to a 45" angle., The experi- 
mental spectra a re  shown in Fig. 9b with the background 
subtracted in accordance with formula (5). On the 
whole, the agreement between the anisotropic g, func- 
tions and the microcontact spectra V,(eV), which are  

FIG. 10. Comparison of the microcontact spectra of poly- 
crystalline zinc (curve 1) with the isotropic functions of the 
electron-phonon interaction g ( w )  (curves 2 and 3) calculated 
in Ref. 8 and corresponding to different systems of force con- 
stants simulating the real phonon spectrum. 

proportional to the G, functions, is much better than 
expected. The main result of the theory of Ref. 8, 
shown in Fig. 9a, i s  that if the vector k is deflected 
away from the direction along the c axis towards the 
basal plane, then the intensity of the low-frequency 
peak decreases substantially, while the intensity of the 
spectrum in the region of medium frequencies in- 
creases. Experiment (Fig. 9b) confirms this prediction. 
In Fig. 9b, the V, scales a re  shown in arbitrary units 
that a re  the same for both orientations. Consequently, 
the relative intensity of the experimental spectra ob- 
tained in mutually perpendicular directions a re  also in 
good agreement with the tiieory (Fig. 9a). 

Finally, Fig. 10 shows for the sake of completeness a 
comparison of the microcontact spectrum of polycrys- 
talline zinc, obtained with film contacts, with the iso- 
tropic functions of the electron-phonon interaction 

which were also calculated by ' ~ r u a n t  and Carbottes for 
two different models of the force constants. As already 
noted above, a spectrum similar to that shown by curve 
1 of Fig. 10 is observed also in the case of considerable 
deformation of pressure contacts made of bulky elec- 
trodes. Both the theoretical functions g(w) and the ex- 
perimental direction-averaged spectrum (G,(w)), which 
is proportional to V,(eV) on Fig. 10, can be represented 
very roughly in the form of a superposition of anisotrop- 
ic spectra taken in mutually perpendicular directions. 
Thus, the anisotropic microcontact spectra of the elec- 
tron-phonon interaction in zinc, obtained in the present 
study, agree well with the earlier results for polycrys- 
talline samples.' 

CONCLUSION 

The simplicity of the experimental procedure and the 
direct character of the obtained unique information on 
the electron-phonon interaction in metals a re  undis- 
puted advantages of microcontact spectroscopy. One 
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must not lose sight, however, of the difficulties en- 
countered when it comes to complete realization of these 
advantages. These include above all the need for pro- 
ducing contacts with controllable structure and geome- 
try. Taking into account the extreme smallness of the 
dimensions (dozens o r  hundreds of Angstroms), this 
turns out to be a complicated experimental problem. 
The analogous problem in tunnel spectroscopy is the 
production of a thin (-20 A) barr ier  layer of a dielectric 
with controllable properties. 

Among the unsolved theoretical questions, notice 
should be taken of the need for correct allowance for the 
background, and also for a consistent analysis of the in- 
fluence of impurities and defects in the contact region. 
The theory of microcontact spectroscopy in the dirty 
limit for several simple models was considered in Ref. 
5. The main conclusion that follows from this work is 
the weak sensitivity of the method to the ratio of the im- 
purity mean free path I ,  and the contact dimension d, 
under the condition that the latter remains smaller than 
the energy relaxation length A =  (1i1e)112 (I, is the mean 
free path of the electron relative to inelastic relaxation 
processes). This makes it possible in principle to 
study the electron-phonon interaction in alloys and in 
amorphous semiconductors. if, however, 2,s 2 d q  (q 
is the wave vector of the phonon), then according to 
Ref. 14 the electron-phonon interaction function g(w) 
= a2(w)F(w) undergoes substantial changes. It is possi- 
ble that the noticeable decrease of the intensity of the 
bands in the high-frequency part of the microcontact 
spectra, which is frequently observed for dirty con- 
tacts, a s  well a s  the discrepancy between theory3 and 
e ~ p e r i m e n t ' ~  at low energies, a re  due precisely to this 
effect. Finally, it appears that one cannot neglect also 
the disequilibrium of the phonon subsystem in the case 
when the diameter of the contact is comparable with the 
phonon-electron scattering length. In this case the elec- 
trons can reabsorb phonons and this leads to an appar- 
ent increase of the energy relaxation length X. It is 
known1' that similar processes interfere seriously in 
measurements of the recombination time of quasiparti- 
cles in superconductors. 

The authors a re  deeply grateful to I. 0. Kulik for nu- 
merous useful discussions and to V. M. Kirzhner for 
help with the calculation of the anisotropic models of the 
G functions. 

l ) ~ h e  f i r s t  attempts to observe the anisotropy of electron- 
phonon interaction by the microcontact spectroscopy method 
were  u n s u ~ c e s s f u l . ~  The negative resul t  was apparently due 
to the fact that, of the two electrodes, only the anvil was a 
single crystal .  In addition, owing to the high degree of sym- 
metry of the copper lattice, the anisotropy of the micro- 
contact spectra should be low. 
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