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The article considers the possibilities of the method of microcontact spectro-
scopy in relation to the relationship between the elastic and inelastic elec-
tron mean free paths Zi and Ze and the contact diameter d. Milcrocontact spec-

tra of Ni, Fe, and NiCui-, alloys over a wide range of energies are given and .dis-
cussed.

INTRODUCTION

Investigation of the nonlinear properties of the volt-ampere characteristics (VAC)
of metallic microcontacts can yield direct information on the phonon spectrum of the metal
and the characteristics of electron-phonon interaction (EPI). This method of recovering
the phonon spectrum has come to be known as microcontact spectroscopy [1-3]. It was noted
in [1] that similar information can be theoretically obtained regarding any Bose branches
of the spectrum of elementary excitatlons that interact with electrons, including magnons
in ferromagnetic or antiferromagnetic metals. Whereas there have been a.large number of
studies of phonon spectra (see the bibliography in [3]), the investigatlion of electron-
magnon interaction is only Jjust beginning [4, 5].

The possibilities for spectroscopy of quasi-particle excitatlons using microcontacts
are governed by the relationship between the elastic and inelastic electron mean free paths
Zi and Ze and the contact diameter d. Figure 1 shows a schematic representation of a mi-

crocontact (MC).

Fig. 1. Diagram of microcontact (a) and characteristic electron transit tra-
jectories through opening in ballistic (b) and diffusion (c) modes; I 1s an
infinitely thin screen with an opening.

The free path Zi is determined by interaction between electrons and impurities, and is -
usually less than the mean free path Ze corresponding to interaction between an electron
and Bose excitations. The path Ze depends on the electron energy E associated with the
voltage V applied to the microcontact (E = eV). Substantial variatlon in Ze and hence 1n

the contact resistance R, begins when eV attains the characteristic excitation energy.
In accordance with the theory developed in [2], the second derivative of the VAC of the
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microcontact is given by the function

as,
Go)=—5 ),j Z'IM.J 8(o—wu) K(p, P’ (1)

which has the meaning of the transport function of EPI (or other electron/quasi-parti...
interaction) and differs from the ordinary EPI function (for e(p)=es):

g(m)=ﬁ%j% %ZIM.,.IZG(Q—Q.,.) /j'd—lfl (2)

by virtue of the form-factor K(p, p’), which takes account of the microcontact geometry [o’
The quantity @e. in (1) and (2) is the Bose excitation dispersion law; M,, 1is the mat: .
element of interaction between the corresponding excitations and electrons. Integration is
performed over the Fermi surface of the metal.

Depending on the relationship between L, ], and d, we will distinguish three limiting
cases, which differ in terms of the nature of the trajectories of electron motion in tre
contact region.

1. Ballistic mode. The mean free paths Zi and Ze are large as compared to the con-
fact diameter 4,

I>d, 1,>d, (3)
i.e., the Knudsen limit for the electron gas is realized. Condition (3) can be achieved
relatively easily in experiments.
2. Diffusion mode. The elastic relaxation length is small as compared to the con-

fact diameter d, whereas the latter does not exceed the electron energy scattering leng:i.,
which 1iIs given for I<l, by the expression A=Vli:

L«d<h., (W)

This situation obtains for disordered systems: amorphous_ or polycrystalline films,
strongly deformed metals.

In cases 1 and 2 no energy dissipation occurs in the contact region, and heating ef-
fects play no major role.

3. Thermal mode. The elastic and inelastic relaxation lengths are small as compare
to the contact diameter:

l€d, I,<d. (5)

In this case the excitation gas in the contact region becomes strongly nonequilibrium in
nature, this corresponding to a change in the effective contraction temperature. This
mode is easy to implement in practice if interaction between electrons and elementary ex-
citations 1is strong.

For ferromagnetic metals cases 1 and 2 are achieved at low Curie temperatures, wherec-
as case 3 evidently corresponds to ferromagnetics with large TC values. In the ballistic

and diffusion modes, the second derivative of the VAC of microcontacts makes 1t possible
to determine the function G(e) (with its value of K in each of the cases), whereas in the
"thermal"” mode the VAC depends in a more complicated fashion on G(w). The first situation
corresponds to the case of microcontact spectroscopy as it is traditionally understood
[3], whereas the second makes it possible to achieve a klnd of "modulation temperature
spectroscopy" of elementary excitations in metals.




W= investigated the MC spectra of iron and nickel, as well as of Ni.Cu,... alloys, over
a wié. range of energies (up to 0.3 eV). Thils made it possible to detect features associ-

ated with violation of magnetic order upon heating of the contact region above the Curie
temprature, whose shape is governed by the nature of p(T) - the part of the resistance
resuiting from scattering by magnons, while the position on the energy axis is related in

simpi~ fashion to TC. A theory of MC spectroscopy in theé "thermal" mode 1is developed for
thig case.

SXPERIMENT AND RESULTS

The recsults to follow were obtained using clamp contacts of the '"needle-anvil" type.
The 23ivantages of thls system over film structures are discussed in detail in [3]. We em-
ploy=d monocrystalline Ni and Fe with a purity of 99.99-99.998%. Specimens of NiCu
with srecified concentration were obtained by alloying the initial components in a high
vacuur with subsequent prolonged annealing in order to make them homogeneous.
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#ig. 2. Device for creating point contacts of "needle-anvil" type; P 1is a re-
ducer, Av=vi—v: .

Fig. 3. Microcontact spectra of nickel for specimens with differing resistance:
1) R = 2.5; 2) 73 3) 10.5; 4) 9; 5) 10 ohms. In addition, 6 and 7 represent the
phonon state density F(w) as a function of energy, computed in [7] and obtained
on the basis of neutron scattering in [8].

“lectrodes of the requisite geometry were manufactured using a spark-cutting machine,
after which they were treated by finer and finer grades of emery paper, and then electri-
cally rpolished and etched. The radius of the resultant "needle" was a few microns. The
ele:.rodes were mounted in a special device, similar to that shown in Fig. 2, by means of
wbici vhi2y were brought together until formation of a contact with the necessary resistance
direcily in liquid helium. The second derivative of the VAC was measured at the tempera-
ture =f 1.5-4,2°K using the standard modulation procedure. The voltage of the second har-
monic oI the modulating signal V, was proportional to &V/dl* in this case.

?he use of monocrystalline specimens of iron and nickel of high purity meant that the
r@laglénship l2d was satisfled in the region of phonon energies, and made it possible to
©b6tain ood EPI spectra in these metals. Figure 3 shows the MC spectra of Ni, as well as

E;e pLonon state density, as computed in (7) and obtained from inelastic neutron scatter-
g luta in [87.

“he experimentally observed spreading of the MC spectrum as compared to the theoreti-
rolationship F(w) greatly exceeds the broadening resulting only from the effect of
~riture and the modulating voltage. This makes it necessary to introduce "structural"
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broadening as well, related to structural differences in individual contact regions and <o
the effect of pressure and impurities. It was noted in [2] that experiments yield infor-
mation from EPI that is averaged over a small contact region Q~d?, and it is this region
that frequently corresponds to the contaminated surface layer of the metal. The succes-
sive degradation of the spectra in Fig. 3 (curves 1-5) corresponds to increasing influ-
ence of these factors. Increasing the contact dimensions extends the effective phonon
generation volume to a region of purer metal, but Zi comes to be on the order of or less

than d, causing an increase in the background on the experimental curves (obviously relatveg
to heating of the contact).

Similar results were obtained in investigating the MC spectra of iron (Fig. 4). The
theoretical relationship F(w) shown in the figure [9] (curve 8), and the relationship ob-
tained in no-model experiments involving slow neutron scattering [10] (curve 9), are in
good agreement with our results.
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Fig. 4. Microcontact spectra of iron for specimens with differing resistance:
1) R = 3.8; 2) 4.7; 3) 3.6; 4) 4.3; 5) 7; 6) 5.5; 7) 50 ohms. In addition, 8
and 9 represent the phonon state density F(w) as a function of energy, computed
in [9] and obtained on the basis of neutron scattering in [10].

A feature of the MC spectra of iron and nickel 1s the high background level beyond
the boundary of the phonon spectrum; unlike nonmagnetic metals, this background does not
emerge onto some constant value but increases markedly as the energy increases. Figure
5 shows the MC spectra of Ni and Fe in the region of high energies (as compared to phonon
energies). These spectra display anomalies at energies on the order of exchange energies,
which cannot be accounted for by electron-phonon interaction.
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Fig. 5. Microcontact spectra of Ni and Fe in the range of energies of order ch.
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Fig. 6. Logarithmic derivative of differential resistance of voltage for nick-
el contacts: 1) Ry = 7.6 ohms; y = 0.66; 2) Ry = 1.8 ohms, y = 0.91.

Fig. 7. Microcontact spectra of NiXCul_X alloys with differing concentrations

of Ni: 1) x = 1; 2) 0.85; 3) 0.61; &) 0.2.

The ratio of the voltages at which these anomalies occur corresponds roughly to the
ratio of the Curie temperatures for iron and nickel, so that it is possible to interpret
them as violation of magnetlc order when the contact region is heated above TC by trans-

vort current, under the assumption that for large energies the current conditions change
‘rom Knudsen conditions (I>»d) to Maxwellian ones (L<d).

Moreover, as shown by Holm [11], under Maxwellian conditions the "softening™ tempera-
turce may be attalned, this amounting to 770-790°K for N1 and Fe. Therefore, beginning at
viltages exceeding 0.22 eV, as a rule, irreversible shorting of the contacts occurs, so
tral measurements in the anomaly region of iron become extremely complicated. Accordingly,
our primary experimental results were obtained for Ni.

Both the magnitude and shape of the feature observed in the spectrum correlate with
the packground in the region of phonon energies. The greater the coefficient y charac-
t-rizing the relative magnitude of the background [3], the greater the amplitudeof the
anonaly. As y decreases the feature spreads out, and the second derivative no longer
tnanges sign.  This can be well illustrated by the relationship between the logarithmic
derivative and the voltage for two nickel microcontacts with different Ry and v (Fig. 6).

> logarithmic derivative

dln (dV/dl)/dV= (d*V/dI?) (d1/7av)? (6)

ca ve readily obtained if a constant modulation-signal level 1s maintained in the pro-
ten: of recording the spectrum.

We also made measurements using NilCuw-x alloy, for which the T, depends on the con-
tén~ration of the components. In particular, the alloy becomes nonmagnetic at a Ni con-
lent less than 47 at%. Figure 7 shows the results of measurements. It can be seen that
85 the i concentration decreases (i.e., as TC drops) the anomaly shifts into the region

of L u.or energies. Its relatively large spreading is obviously due to inadequate homo-

genelly of the alloy near the surface of the specimen. For the microcontact spectrum of
tne noamagnetic alloy NipaCuse we observe only features associated with the EPI spectrum,

ard In the repion of higher energies, as expected, a weakly increasing background.

"EORY OF THERMAL MODE OF MC SPECTROSCOPY

X Lér 13 consider the "thermal'” mode of contact in greater detail. We will assume
ha{f'ﬁ‘!mnequilibrium of the guasi-particle gas can be characterized by the local tem-
Pe€ratii;: T(y). The latter is determined by Jjoint solution of the continuity equation for



the electric current
div j=0 (7)
and the continuity equation for the entropy, i.e., the thermal balance condition:
—qiv q+{E=0. (8)

The electric current density jJ and thermal flux denslty q are, generally speaking,
nonlinear functions of the field strength E=—V@® and the temperature gradient VT, and
also the local temperature of the medium I(r). If the condition L«l, is satisfied, then
the nonlinear parts of these expressions are small:

I=—0Vot+{, q=—%,VI+q’, (9)

and the elastic kinetic coefficlents are related by the Wideman-Frantz expression:

0|T ! (10)

2
where L=%§ is the Lorentz number.

In this approximation we can readily determine the distribution of the temperature
and the electric field:

i V‘ 3
r(r)=-r.¢f+7[7—a> (r)]. (11)

O(r)—(—s—uctge'—%-)_", (12)

where Ted is the temperature of the edges; v 1s the coordinate of an oblate spheroid of

revolution [12]. 1In accordance with (11), the equipotential surfaces are ellipsoids of
revolution (v-ellipsoids).

Distributions (11) and (12) can be simplified by considering, instead of the exact
solutions for the opening, a "spherical spread-out" geometry [11], namely a radially sym-
metrical temperature distribution near the contact.

Assuming Ted to be zero, we obtain the following simple expression for the contrac-

tion temperature (v = 0):

where the numerical factor

B=2n/Y3=3,63. (14)

Thus, the heating temperature is directly related to the voltage applled to the con-
tact. Since the characteristic establishment times for thermal equilibrium (t~d"/y, x
is the thermal conductivity coefficient) are extremely small because of the small contact
diameter(t,~10—*~10-*sec), we have the possibility of virtually instantaneous conversion of
temperature to electrical voltage. Measurement of voltage is technically a vastly simp-
ler problem than measurement of temperature. Moreover, by modulating V by a small har-
monic additional component, we obtaln the possibllity of automatically measuring the de-




rivatives of various quantities with respect to temperature, which contain information
on the energy distribution of gquasi-particle states. This method of temperature modula-~
tion can be called "modulation temperature spectroscopy" of elementary excitations.

Using (11) and (12), we can obtain the following expression [4] for the current at the
contact as a function of the voltage on its edges:

V)= : (15)
1= j [T(V)Yi 1—zt]

o

where T(V) 1is given by (13); p(F) is the temperature-dependent resistivity of the metal.
For a ferromagnetic with TC’ it is convenient to write (13) in the form

T
T(V)==1V, (16)
Ve : _
in which case the quantity
eV¢=363kT. (17)

ylelds the position of the feature of the VAC corresponding to the resistance anomaly at
the Curie point on the voltage axis.

For the feature in the microcontact spectra of nickel, the ratio eVdxTe, as averaged
over data for 25 specimens, amounts to 3.709, or very close to the computed value. For
iron the ratio amounts to only 3.1, but, as already noted, for energies 0,22 eV we were
able to obtain only individual measurements.

For Ni,Cu,-x alloys the value of ch/ch is 4,37 (Nio_a:Cuo,n); 4.29 (Nio,1aCuo,x1);6,36 (Nio,ncun,u)- This
spread can be accounted for by a number of factors: insufficient heat treatment of the
alloys; presence of ferromagnetic clusters [13], and hence differences between TC and the

calculated value; and deviations from the Wideman-Frantz law, particularly for low TC
Expression (15) can be regarded as an integral equation in the unknown function o(7).

s solution of this equation can be obtained by employing the Abel transformation;¥ in this
Case we obtain an equation for determining o(f) on the basis of the known VAC:

————-—-=——-—-II(1:)d(YV‘-— ), (18)

w“here 1t 1s taken into account that I(0)=0.

We reconstructed the dependence of dp/dT onT from microcontact characteristics. The
“2sults for NigesCuwus alloy are shown in Fig. 8.

Integral expression (15) makes it possible to obtain the explicit form of the non-
\ﬂear contribution to the VAC for the case in which it is small, i.e. 1>l Under the
“ssumption that Mathiessen's rule is valid, the temperature- dependent part of the resis-
“ince is given by the formula

i =

p.(T)=—;‘§JG,,<m>W(—§’,—)dm. (19)

W(a) =, (20)
2sh*(z/2)

Honre B¢, has the structural factor K=%p—pquf in (1).

TT——
*The authors are grateful V. M. Kirzhner, who called their attention to this fact.
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Fig. 8. Temperature dependence of magnon part of resistance of NinsCusis-alloy.
Temperature is converted to voltage in accordance with (13).

Fig. 9. Graphs of the functions S(x) and S'(x).

Substituting (19) into (15), we obtain the following expression for the second deri-
vative of the VAC:

—-di’VIT==c]:G"(0)S(%)i(:i. (21)

o '

where ¢ 1s a constant that is not of importance to us, while

pr & "¢ do
S(I)E'Z_n-d?oj sh?*(p/2z sin @)

(22)
Function S(x) and its derivative S'(x) are shown in Fig. 9. -S(x) has a diffuse maxi-

mum near the point x = 1. Therefore, despite the fact that the anomaly corresponding to

Tc, in accordance with (17) occurs at a voltage ~362T; the features corresponding to mag-

non-spectrum frequencies om, wWill occur for voltages eV=ho., although they will be strong-
ly diffuse.

Function S(x) has the following evident meaning: it indicates the form of the fea-
ture in the MC spectrum for a delta-function distribution of the excitation frequencies
G(w)~8(0—w). Given this distribution, the MC spectrum has the form shown in Fig. 9a, if
we set z=eV/w,. It 1is interesting to note that the third derivative d7/dV* of the VAC,
which can be fairly simply recorded experimentally, will be approximately proportional
to the transport function of electron-phonon or electron-magnon interaction, shifted into
the low-frequency region (by roughly a factor of two) and made diffuse as a result of con-

v
volution with the function s(f-_) (Fig. 9b):
(1))

a'I - eV do (23)
aye = —eomst f Gut)s” () 22

CONCLUSIONS

Thus, we have shown that the volt-ampere characteritics of large-diameter contacts,
which can readily be obtained experimentally, can also provide a source of useful infor-
mation regarding electron-magnon or electron-phonon interaction. Since the contact dilam-
eter is much greater than the characteristic electron mean free paths, the result is in-
dependent of the contact geometry and can theoretically be obtained from a uniform speci-



merl 1 which there is a current-created overheating region, and at a sufficilent distance
from it the metal temperature is maintained constant and fairly low. 1In practlice, however,
it 1s notv easy to create such a situation. It can be realized most naturally and simply
tising microcontacts. Moreovepr, it is precisely the smallness of the hot region of the metal
tnat makes possible fairly high-frequency temperature modulation in the contact region,

and hence experimental implementation of modulation temperature spectroscopy of magnons

and other Bose gquasi-particle excitations 1n metals. ’
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