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Andreev reflection spectroscopy in point contacts
(A Review)

I.K. Yanson
Institute for Low Temperature Physics and Engineering, 810164 Kharkiv, Ukraine
(June 6, 1997)

In experiments with 3D} point contacts {PC) often very
little is known apriori about the contact geometry, chemical
and physical structure, electron and phonon mean free paths,
etc. This hinders correct interpretation of contact properties.
In intreduction we describe various techniques for prepara-
tions of 3D contacts and apply the normal-state inelastic PC
spectroscopy [1,5] for their characterization.

The Andreev-reflection speciroscopy of point contacts
makes use of energy dependence of excess current which ap-
pears due to spedfic reflection of quasiparticle from ¥ - §
boundary. The magnitude of excess current depends on the
contact purity. We show how to determine the ratio of I,
the elastic electron mean free path, and d, the contact size,
from the intensity of normal-state electron-phonon interac-
tion (EP1} PC spectra, and argue that I./d < 0.5 is enough
to make the contact dirty.

The excess current at large voltages {eV > A) is not
constant. [t has small nonlinearities due to EPI. For clean
contacts, most important are inelastic processes and strong-
coupling EPI eflects involved in Andreev-reflection processes.
Inelastic processes with emission of real phonons occur when
electron quasiparticle with energy of the order of ¢V relaxes
to the hole state appearing due to Andreev refiection of an-
other electron with energy of the order of A. This leads to

the correction to excess current of the order of Iﬂi’c(d/l.),

where J{2 ~ A/R (R is the contact resistance and [; inelas-
tic mean free path) {16]. The strong coupling electron-phonon
effects correspond to energy dependence of complex super-
conducting order parameter A {(E) and lead to correction of
the order of I{21 [A(E) fhwpa)] [17). This is an analogy to
{A(E) /hwpn]’ correction to the total contact current in the
Rowell-McMillan-Dynes tunneling spectroscopy of supercon-
ductors with characteristic phonon energies hwy,. We present
experimental evidence confirming these results.

In dirty contacts the situation is vague. The experiment
[23] evidences that phonon structure in superconducting state
s preserved even if it is smeared oul completely in the nor-
mal state spectra. Whether this is due to inelastic processes
or strong-coupling virtual-phonon effects still remains to be
clarified.

Strong unonlinearities of current-voltage characteristic of
N - ¢ — 5 (¢ - constriction) at voltages ¢V < A are due
to energy gap singularity in the electron density of state of
superconductor. The Blonder-Tinkham-Klapwijk model [9]
with Dynes extension £ — E + T [10] gives a good fit to the
experimental data. Using this model one can show that the
PC with nominally type-1 superconductor {Zn) may acquire
properties of the phase transition in magoetic field either of
first ot second order, depending on the contact preparation
conditions [24].

We give an example of Andreev-reflection studies of en-
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ergy gap in recently discovered magnetic superconductor
HoNi; B2C which shows complicated magnetic and supetcon-
ducting phase diagrams. Two effects are clearly observed.
First, when the sample possesses both spiral magnetic struc-
ture and superconducting order there is mo clear cut gap.
The gap appears at lower temperature when the phase transi-
tion to commensurate antiferromagnetic structure occurs [31].
Second, the Dynes parameter I’ shows strong energy depen-
dence with a structore at eV =~ 4 meV where the normal-state
PC EPI spectrum shows a strong peak. We conclude that in
the vicinity of A [(eV) may give quite noticeabie structure
corresponding to low-energy boson excitations [33].

For many comtacts with quite different superconduct-
ing material {normal metals, high-temperatare superconduc-
tors, heavy-fermion compounds) one finds the BTK barrier
strength parameter Z o 0.5. We argue that quite proba-
bly all these contacts are in dirty limits which referring to
clean BTK model gives the effective value of Z = ¢.55. Thus,
one usually applies the clean BTK modei for fitting the dirty
junctions which is questicnable.

Finally, we discuss the van-Son-van-Kempen-Wyder exper-
iment {36] whick enabies one to determine the spatial depen-
dence of superconducting order parameter with the means of
N—-c—-SPC.

I. INTRODUCTION

We consider 3D constriction between two bulk metal
electrodes. The characteristic dimension of a bridge is
small compared with the inelastic mean free path (L)
of charge carriers. These contacts (Fig.1) can be pro-
duced with two sharp edges of bulk electrodes (c) or by
gently touching a sharpened needle to the flat surface
(d) [1]). In a more controlled manner, a thin film point
contacts {PC) are produced either by short-circuiting a
thin oxide layer (a) [2], or by nanolithografical pattern-
ing (b) [3]. Another technique makes use of the so-called
mechanically-controllable break junctions (e} [4].

As a model for these junctions a circular onifice with
diameter d in impenetrable partition or a circular channel
with a length L connecting two bulk electrodes are often
used {Fig.2). The resistance in the ballistic limit ({ -~ o)
is equal to (Fig.3):

Ry =R JE—) where H; ~ 12.9 kQ
NER\dL ) L

which serves for estimation of the contact size d . In
the same figure the electron distribution function in mo-
mentum space is shown in the current state at the points
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inside the orifice [5]. in the quasi-ballistic regime (Fig.4)
(! > max {d, L}) the differential resistance # = dV/d/ at
7 = U in the normal state is equal to ( Fig.6):

AR(eV) 8 d
R ~ Gmli(eV)

which for the gsecond derivative of current-voltage char-
acterintic (V) gives:

dlnR(eV) 8 ed
—devy EE;QPC(CV) (1)

where gpc(eV) 1s the electron-phonon interaction
(EPI) function analogously to the Eliaghberg EPI-
function [6]. The EPI function can be expressed by
g(eV) = a?(eV)F(eV), where a®(eV) is the averaged
square of electron-phonon matrix element and F(eV'} is
the phonon density of states.

In case of diffusive (I, €< d) but still spectroscopic
(d < VLI, ) regime (Fig.5) the contact size d in (1)
should be replaced by the elastic mean free path I, {7].
Also the contact resistance is given by Ry = p/d where
p is the resistivity. For clean channel model (d <€ L) the
diameter d in {1) should be replaced by (3x/4)L ( Fig.7).
For the intermediate cases one can use the interpolation
formulas. From the appesarance and intensity of the EPI
spectrum (1) one can judge about the chemical structure,
average mean free path and the shape of the constriction.
This is important since one often can’t control the junc-
tion properly while producing.

If one of the electrodes become superconducting, then
the quasiparticle incoming from the normal metal has
a certain probability to find another electron to form a
Cooper pair in the superconducting electrode. This pro-
cess is called Andreev transformation [8] and leads to re-
flection in the normal metal the quasiparticle of opposite
signs of charge and velocity but with the same excitation
energy (Fig.8). The total current is the sum of nornrally
and Andreev transmitted quasiparticles [9):

Ins = const fw f(E —eV)- F(E)] x
x [1 + A(E) — B(E)|dE

whete A(E), B(E)-probabilities of Andreev and ordi-
nary reflections, respectively.

The experimental characteristic can be much better fit
if one introduces the complex energy for quasiparticle ex-
citation E — (E + il') where I" is the parameter smearing
the stationary quasiparticle state [10]. The model intro-
duces the arbitrary barrier strength at NS interface, Z,
and since A(E) depends on the superconducting energy
gap A, the fit to the experiment gives three parameters
as a result: A T, Z. Similar phenomena occurs in 5—c— S
junctions which can be considered as two §—c¢— N junc-
tions connected in series. This model was introduced by
Blonder, Tinkham and Klapwijk (BTK-model} [9].

One of the distinguish feature of all models con-
sidering the conductivity of normal metal-constriction-
superconductor (N — ¢ — §) junctions is the appearance
of the so-called excess current at eV > A {11,12] (Fig.9).
The magnitude of excess current is very sensitive to the
impurities or defects in a constriction distributed either
homogeneously or as a barrier with a strength Z. On the
other hand, BTK model with Z = 9.55 gives resuits very
close to the dirty (diffusive) theory of Artemenko, Volkov
and Zaitsev {AVZ) (Fig.10}. We show below that the
BTK model gives Z parameter very close to the "magic”
vaiue of about 0.5 for quite different superconductors and
normal-metal counter electrodes. Probably this means
that we often deal with the dirty superconductors nev-
ertheless applying the ballistic BTK theory for fitting.
Whether this fitting is correct remains to be answered,
but it should be noted that BTK model gives quite good
fit in any case.

I1. EXCESS CURRENT
A. Dependence on purity

The parallel experimental study of EPI function in

- the normal state and the magnitude of the excess cur-

rent in the superconducting state for $ — ¢ — S junctions
shows that the ratio of I./d ~ 0.5 is enough to trans-
form the clean § —c— S junctions into the dirty one (see
Figs.}1,12).

In the upper panel of Fig.11 the solid line corresponds
to the PC EPI spectrum for normal clean Sn-Sn junction
which is directly recorded in the experiment [13]. The
reconstructed EPI function from the superconducting-
tunneling procedure of Rowell-McMillan is shown with
a dot line [14]. The accordance between these two spec-
tra are very good not only in the shape but also in the
magnitude which proves that an idealized model of clean
circular orifice describes the contact properties well. This
was shown also for a number of other metals [1].

From the theory of PCS with elastic scattering in the
contact region [15,7}, one obtains the dependence of spec-
tral intensity as a function of I, /d for homogeneously dis-
tributed impurities (lower panel of Fig.11). For different
Sn-Sn point contacts this enables us to estimated the ra-
tio I,/d . On the other hand, in the superconducting
state for the same junctions we measure the magnitude
of excess cutrent, which according to the upper panel of

'Fig.12, remains constant up to V =4,5 mV. In Fig.12

we plot the deviations from Ohm's law of IV C in super-
conducting (curve 1) and normal (curve 2) states. The
difference between them just corresponds the excess cur-
rent. The dependence of the excess current on the max-
imum value of PC EPI function is shown in the lower
panel of Fig.12. Here, by two dotted horizontal lines we
show the limiting value for the excess current in the clean



and dirty state (see formulas in Fig.12}. Since maximum
vatue of gpe(2V) for Sn equals 0.406 (1], from to the
graph gpc/9pd(le/d) in Fig.tl we find that l/d ~ 0.5
18 enough to transform the clean S — ¢ — S junctions into
the dirty one. The PC speciroscopy enables us to con-
clude whether impurities are homogeneously distributed
or they are located as a barrier at the interface, since the
relative intensity of PC specira does nol saturate, when
the concentration of homogeneously distributed impuri-
ties increases, unlike the excess current and Z-parameter.

B. Inelastic contribution to excess current

Let us consider the excess current at high voltages
eV > A (Fig.13). Although it is often mentioned in the
simplified theories that the excess current remains con-
stant, in reality it quite noticeably depends on energy.
According to the Refs. [16,17] one can write for the ICV
in the superconducting state

V)= V/R =I5 (V)+ Leec(V) (2)

where
Teee(V) = 1) -
and &1 ,,(V) = 613 (V) + 6 m(V).

Here 41 J|I(‘l/) ~ I(V) (f) is the estimates of nor-

mal state nonlinearities considered above. There are two
other components due to nonlinearities of excess current:

12 (32),

and §15(V) ~ 112} (f) :

(V) ~

Let us focus on the second one. in N —¢ — S junction
at T = 0 this term leads to the relation {18}):

1dR 4edz (a)/ dw ( )m() @

RdV ~
where a is the number of electrode constituting the
contact,

/ }2
\/il

and #(z) is the tetha-function.

For ar infinitely narrow peak in the EPI function at
energy hwg the second derivative of IVC leads to the
maximum with width of A shifted by A to the lower en-
ergy. This unexpectedly shift is due to relaxation of elec-
tron to hole appeared due to Andreev reflection. Inelas-
tic processes with emission of real phonons occur when

S(z) = 0(z — Uz vzl 1)

an electron quasiparticle with energy of the order of ¢V
relaxes to the hole state appearing due to Andreev re-
flection of another electron with energy of the order of A
(Fig.14).

On the other hand, if the phonon maximum in EPI
function has a width dw much greater than max(A,T)
then the S-function in formula (3) acts effectively as a 6-
function, and the differential conductance of excess cur-
rent is proportional to EP1 spectral function gpc(eV):

8 dA

“IRe K > (a)g(a)(eV)

al?

1 1
R(V) (R{V))Azo -
for bw » max(A,T);

Let us considet the experiment aimed to observed
above mentioned relations {18}. A pure enough Su-Cu
heterocontact is measured in notmal and superconduct-
ing (Sn-)state. In normal state the PC EPI spectrum

(solid curve 4) shows weighted by [I/U}a)

ftom Sn {(curve 5} and Cu {curve 6) in Fig.15, correspond-
ing to formula (3) in the limit A — 0 [20]. The original
d*V/dI*(V) is represented by curve 3 as recorded. When
Sn becomes superconducting one sees a small shift of the
main maximum to the lower energy by the magnitude of
the order of A(Sn)=0.6 meV, followed by slight increase
in the width and intensity of the spectrum. Note, that
the excess current (curve 1) remains almost constant up
to about 40 meV, where a transition to the nonequilib-
rium state with suppression of the superconducting or-
der parameter occurs. Comparing the curves 2 and 3,
we prove that in § —¢— N contact with the parameters:
d € £o; d € l;,L,; hwpa > A - the main contribution
in formula (2) comes from the normal term &1, :.(V) with
slight modifications due to §15,(V') term.

] contributions

C. Elastic contribution to excess current

Now consider the strong coupling superconductor Pb
(hwpn > A)in S—c~ N contacts with normal Ru and Os
[21]. Both normal metals have very small phonon density
of states in the low-energy range where the Pb-phonons
have maxima. This enables us to neglect the contribu-
tion from the normal metal. The experimental curves
are shown in Fig.16 (curves 2, 4) for two different con-
tacts. The curve 2 corresponds to relatively clean contact
for which the spectrum in the normal state is given by
the dotted line (curve 3) with the same ordinate scale.
One immediately sees that the phonon peaks are shifted
to the higher energies roughly by A{Pb)~1.3 meV. More-
over, the intensity is higher than that in the normal state
and it does not decrease much for noticeably dirtier con-
tact (shown by curve 4). These properties contradict the
inelastic contribution predictions.



Let us consider the elastic contribution for the excess
current nonlinearities (term §/5(V) in formula (2)). For
bailistic § —e— N with the strong-coupling superconduc-
tor Omel'yanchuk ef al. predict [17]:

{—di(ev')} =
dv S~c-N - ]20
(4)

for the total differential conductance at T = 0. The
shape of this curve is schematically drawn in the right
panel of Fig.16 for a Lorentzian phonon peak at hwy in
the EPI spectrum. The expression (4) is analogous to
the Schrieffer [22] formula for tunneling junctions:

Afe)
e+ [e2— AZ()])'?

dI 1 €
{W(Cv)}s—’-’v = ERC ——m !=Ev|

which is used in the Rowell-McMillan-Dynes spec-
troscopy of EPI function in superconductors.

The order of magnitude of elastic nonlinear correction
to the conductance is [A(.‘:)/fu.n,,‘p.]2 for A(€) < hwpp just
as in the tunneling spectroscopy. Since [,z ~ A/R and
the total current I ~ hwpp/R | the elastic correction
to the contact current does not depend on the contact
diameter d and has the order of I... [A(€)/hwpn] which
can be greater than the inelastic contribution I... (d/l;).
One sees that in N — ¢ — S contacts with Pb the elastic
term prevails (Fig.16) whereas in Sn-contacts the situ-
ation is opposite (Fig.15}. In principle, the Eliashberg
EPI-function can be extracted from point contact charac-
teristic in the same way as in the tunneling spectroscopy
[14], provided one should be sure that the inelastic term
makes negligible contribution to the spectra.

D. Phonon specira in dirty superconducting contacts

In dirty superconducting point contact the situation
is vague. The experiment {23] evidences that phonon
structure in superconducting state is preserved cven if it
is smeared out completely in the normal state. In the
Fig.17 the IVC (curves 5, N) of Nb-Nb junctions are
shown in the superconducting and normal states, respec-
tively. One sees that the excess current is almost con-
stant for all energy range. Its magnitude approximately
corresponds to the dirty § — ¢ — S junction [11]. The
second derivatives of IV C (curves 1-4) have noticeable
structure at the phonon energies hwr 4 and fwp 4 in the
superconducting state which is completely smeared out
in the normal state. The shape of the main peak cor-
responds to the maximum in differential resistance near
kwr 4 . Whether this corresponds to the shifted to higher

2}
t=eV

biases inelastic peak due Lo predictions of inelastic con-
tribution (see formula (39) in [16]):

dle:c — _-—1*.{9 .‘-i- N s
( dv >clean - Ro 37 (60) [‘q (eV) +g (CV)I s

for (bw > A);

where gV(eV) is the PC EPI function for the nor-
mal state and g5(eV) differs from that only in differ-
ent K —factor {16}, or we observe an elastic contribution
due to suppression of inelastic component with a fac-
tor {{./d), remains unclear. Still, the fact that we could
observe quite noticeable phonon structure in the dirty
superconducting contact is encouraged.

II1. ANDREEV-REFLECTION SPECTRA OF
SUPERCONDUCTING ENERGY GAP

A. Change of the order of phase transition

The strong nonlinearities of IVC of N —c — 5§ con-
tacts at voltages eV < A are due to the singularity in
the electron density of state near the superconducting
gap-edge. The BTK-model [9] with Dynes extension [10]
(BTKD) gives a good fit to the experimental data. Us-
ing this model one can analyze some of the unexpected
properties of the superconducting contacts.

In Fig.18 the Andreev-reflection spectra (dV/dI{V)-
dependences) in the range |eV| < A are shown for the
N — ¢ — S contacts Ag-Zn [24]. Zn is a type-l super-
conductor, and its behavior in the upper two panels of
Fig.18 corresponds to the first-order phase transition in
magnetic fields between 4.06 and 4.15 mT. On the other
hand, the contact which characteristics are shown in the
lower two panels of Fig.18, reveals gradual decrease of the
superconducting energy-gap structure up to field of sev-
eral times greater than B pux. The BTKD-fits for these
two contacts give the energy-gap A- and T'-parameters
shown in Fig.19. One should notice the almost con-
stant T- and A-parameters in the first case, whereas
the greatly increased ' and smoothed A-decrease is ob-
served in the second case. The latter could be expected if
the vortex structure exists near the contact, and A (H)-
dependence is compared roughly with that for thin film

1/2
A o [1 ~(B/B.)]"" [25] (solid line) and bulk type-II

superconductor A o [l - (B/B.:)]l"‘2 [26] (dash-dotted
line} . Naturally, one expects the increase of T(H) in
the mixed state. Assuming in the latter case we obtain
a dirty region near the contact, one can obtain the elas-
tic mean free path, coherence length, penetration depth
from enhancement of B.; through the formulas [27]:

{, ~ ®o/2x0 Ben:



€ ~ (Eol, )12 A~ Ap(Eafl)'

and shows that for the second-order phase transition
there is always £ < V2)..

It is worth to note that the temperature dependences
of A correspond in both cases to BCS curve with little
deviations, although I'(B = 0)-parameter can differ sev-
eral times. The uncorrelated behavior of I' and A shows
that there is no depairing in the bulk. This point of
view is supported by the dependence of I' on contact re-
sistance (i.e., on contact size) {see Fig.19, lower graph).

~ An increase of resistance is followed by an increase of T
pointing to the interface origin of this parameter. In-
terestingly, that in the normal UPty the increase of T'
is much larger than for Ag as a counter electrode with
superconducting Zn which probably is connected with
antiferromagnetic order in UPts. Probably, at the in-
terface of magnetic heavy-fermion compounds the sirong
uncompensated magnetic field causes the pair breaking
[24]. In spite of this, & successful study of anisotropy of

the superconducting energy gap in UPtz waa carried out
[28].

B. Energy dependence of depairing parameter (V)

Anocther case with large magnetic depairing shows the
HoNi;B,C superconductor. This recently discovered ma-
terial has a layered tetragonal structure similar to the
high-T. superconductors, although being electronically
three-dimensional. The conducting {and superconduct-
ing) layers of Ni;B, are intercalated with the magnetic
HoC layer where at the lower temperatures the Ho-
magnetic moments are ordered ferromagnetically. Along
the c-axis, below about 8 K, the spiral magnetic order
exists which changes to the commensurate antiferromag-
netic below ~ 5 K (Fig.20) {29]. The superconductivity
starts at about the same temperature (8 K) as the mag-
netic order. The compelition between superconducting
and spiral magnetic order leads to pronounced minimum
on the B,z — T superconductor-normal-metal phase di-
agram [30]. When studied by Andreev-reflection spec-
troscopy, the dV/dI-characteristics show absence of pro-
nounced energy gap in the temperature interval where
the spiral magnetic order coexists with superconductiv-
ity, albeit the clear appearance of the gap in the tem-
perature interval where the superconductivity coexists
with the commensurate antiferromagnetism (Fig.21) [31].
Interestingly, the excess current, which is proportional
to the area between dV/dI(V)-curves in normal and
superconducting states, has not strong minimum near
T: where the gapped superconductivity appears, un-
like the zero-voltage resistance which reflects the den-
sity of electron states at the Fermi level (Fig.22). In
the gapless region excess current comes to T, linearly:

Iop. (1 = TJT,) instead of having square-toot singu-
larity for the gapped superconductor: l.r. x A(T) x
(1 — T/T0)"? (32]. Still, even at low temperature the
[.parameter is high enough, probably, due to uncom-
pensated local internal magnetic field causing depairing
effect, (Fig.23) {33).

At bias |eV{ =~ 4 meV there is a kink in a dV/dI(V}-
characteristic which also present in other superconduct-
ing compounds of the same homological row: ErNi;B;C
and YNi;B,C (Fig.24) [33]. This sudden increase of
the width of Andreev-reflected structure points to the
increase of I-parameter at this energy. This increase
should correspond to the strong peak in EPI spec-
tral function. Indeed, the normal-state investigation
of HoNiyB,C and YNiBsC by means of inelastic PC
gpectroscopy reveals strong phonon peaks at this energy
(Fig.25) [33] which corresponds well the neutron data
showing the softening of phonon modes with maximum
in density of states at eV =~ 4 meV [34,35}. Other peaks
in the PC spectra also correspond well to the neutron
data (Fig.26).

C. Spatial dependence of the superconducting order
parametey

In Ref. {36] van Son, van Kempen and Wyder develop a
new method to study the proximity effect at the normal-
metal-superconductor interface. This method uses An-
dreev reflections from the remote N — S interface which
contribute to the excess current in the N —c— N contact
(Fig.27). Since electron mean free path is comparable to
the N-film, the ballistically propagated electron quasi-
particles are reflected as a hole from the N — 5 interface
and contribute to the excess current whatever the prop-
agation direction is. A schematic diagram for coordiv.ate
dependence of A is shown in Fig.27 . The superconduct-
ing order parameter (A in the bulk) experiences the jump
at the N — § interface and then decreases to zero at a dis-
tance £x into the normal metal. We may roughly distin-
guish two cases. First, when the thickness of the normal
tayer d < £y, we have N — ¢ — §' contact with slightly
depressed energy gap at the contact interface. This corre-
sponds to the left panel of graphs shown in Fig.27, with a
double minimum structure of dV/dI(V) which is a hall-
mark of AR at the N — $ interface of a metallic PC
with a small barrier [9]. Another case corresponds to d
% £n and is shown in the right panel of Fig.27. There
one can distinguish two features: 1) a zero-bias minimum
which comes from the tail of order parameter in the nor-
mal metal, and 2) - a smaller minima originating from
the gap in the bulk superconductor S (eV = +1.3 meV
in Pb). The intensities of dV//dI-structures are greatly
reduced due to the scattering of Andreev-reflected quasi-
particles by static defects. If one assumes the probability
of the ballistic propagation equals to:



lecont

r x/2 —_94
A(eV) = 1—1—/ dd;/ di sin 0 cos J exp [M] ,
0 4]

then the shape of R(V) = dV/dI(V}) curve (at T = ()
takes the form:

R(V)

Ry

= [1 4+ A{eV)A(eV)] ™!,

where A{eV) is the AR probability and Ry is the
normal-state contact registance.

From the intensities of zero-bias and bulk energy-gap
structure one estimates two parameters [ and d’ (see Ta-
ble in Fig.27) and obtains self-consistently that (d—d’ (0})
is approximately constant and corresponds in order of

1/2
magnitude to the £én = (%‘E%) 2 0.4 pm. In prin-
ctple, this experiment can be used to reconstruct the po-
sition dependence of the pair potential near the N — §
interface.

: IV. CONCLUSIONS

Since the properties of the 3D metal in point contacts
can differ quite noticeably from the bulk , we conclude
that in order to characterize them, the Andreev reflec-
tion study in the superconducting state should be car-
ried in patallel with the normal-state point-contact spec-
troscopy. In particular, many contact for which one ap-
plies the BTKD modet are in the dirty state and it is
not easy to determine whether they have uniform dis-
tribution of impurities or those are concentrated at the
interface as a barrier.

The energy gap and superconducting order parameter
can be studied as a function of temperature and magnetic
field, using the BTKD model. One should not be surprise
if the properties of superconductors under the contact
differ from that in the bulk. Only the properly prepared
contacts with well characterized properties have repro-
ducible characteristic and can be reliably investigated as
represented the bulk material.

The energy dependence of excess current in supercon-
ducting state provides a tool to study excitations by
which Cooper pairs are bounded. This properties are
inexpensively when there is no possibility to study point
contact spectra in the normal state, or in dirty .metals
when the PC spectra are very weak and smeared.
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FI1G. 1. 3D point contacts. (a) Thin film tunnel structure
with short through the oxide; (b) litographically made thin
film structure; the contact size is made in a controlled manner;
(¢) , (4) pressure-type bulk point contacts in the "edge-edge”
and “needle-anvil® geometry, the electrodes can be single
crystals with known orientation; () mechapically-controliable
break junction: 1- a bar of a sample with a notch (2) in the
middle, {3} Staycast with which the sample is glued to the
bending beam (substrate} (4), vertical movement of the rod
{5) break and re-establish the contact.

FIG. 2. Idealized models of 3D point contact. Most of
formnlas in the text are given for the orifice model.

FIG. 3. Schematic of electron fow throngh the orifice with
diameter d in the ballistic regime. Below, the electron distri-
bution function in momentum space is shown at the points
inside the orifice in current carrying state. The bias eV is
applied between electrodes.

FiG. 4. The
schematic diagram illustrating the quasi-ballistic regime of
current flow. The electrons passing through the orifice expe-
rience rare scattering by static imperfections (mean free path
| does not depend on energy}, dynamic quasiparticles with
{ = i{eV) {e.g. phonons), and other energy-dependent scat-
terers {like Kondo-paramagnetic centers, which cross-section
" depends on the distribution function f{e, eV)). The backscat-
tering due to emission of quasiparticle with momentum ¢ and
energy hw < eV is'shown which contributes to the nonlinear-
ities of current-voltage characteristics.

FIG. 5. Diffusive regime of current flow. Point-contact
speciroscopy is still possible provided the inequality written
above holds. The nonequilibrium distribution function for
electrons is shown below. The states below ep — 55‘5- Are OCCR-
pted while those above ey + % are empty. The states inside
the layer of ¢V are partially occupied with some asymmetry in
the direction of current flow. Ras is the resistance of circular
orifice in the diffusive regime, p is the resistivity.

FIG. 6. Some formulas for the quasi-ballistic and diffusive
spectroscopic regimes of current flow. {is electron mean free
path, [ is the elastic mean {ree path, d,L arc the diame-
ter and length of a constriction (see Fig.2), p 18 resistivity.
rpe and lpc are mean free time and path taking into ac-
count the kinematic restriction imposed by contact geometry.
vr is Fermi velocity. Paint-contact electror-phonon interac-
tion {EPI) fanetion gpc(w) is the product of averaged square
EPI matrix element a®(w) and phonon density of states F(w).
Aun is eclectron energy relaxation length, AR(eV) is the in-
crease of energy-dependent differential resistance, and Ro is
the zero-bias resistance. In the diffusive regime the contact
diameter should be repiaced by elastic mean free path.

FIG. 7. Spectral intensities for idealized contact models.
(K} is the form-factor for different models. R = dV/dI{V}.
The models assume circular cross section.

FIG. 8. Andreev reflection at the interface of nor-
mal-metal-constriction-superconductor (N — ¢ — 5) contact.
F{EY is Fermi fonction, C is constant.

FIG. 9. Some examples of clean (with a barrier of strength
Z} and dirty N — ¢ — 5 contacts. §o is the coherence length
in clean superconductor.

FIG. 10. dI/dV(e = eV }-characteristics for clean (Z =0,
solid line) and dirty (dashed line} N — c — S contacts.
BTK-model with Z = 0.55 (thin solid kine) and tunneling
junction (£ = 00, § = [ — N contact, dotted line) are shown
for comparison.

FIG. 11. Upper panel: solid line - point-contact spectrum
of electron-phonon interaction in Sn. The dots show the EPI
spectral function reconstructed from superconducting tunnel-
ing {14]. Horizontal bar show energy resolution determined
by the temperature. Lower panel: the decrease .0{ the inten-
sity of EPI spectrum lines as a function of the ratio of elastic
electron mean free path to contact diameter {7}

FIG. 12. Upper panel: Current-voltage characteristics in
superconducting 1 and normal 2 stales. The zero-bias re-
sistance Ko is compensated by the bridge method. The dif-
ference between two curve gives the excess current Jexc(eV).
The theoretical formulas for the excess current in § — ¢ — S
dirty and clean contacts [11,12]. Lower panel: The depen-
dence of excess current on the maximum intensity in the pPC

EP1I spectra of Sn.



FIG. 13. The energy dependence of excess current at high
(compared to A} biases. £ is normal-state resistance, 617 (V)
is the normal-atate nonlinearities of /VC | while élfh(V} cor-
responds to nonlinearities of the excess current. In the lower
part, left panel, the —d?//dV?*(V) of the inelastic 815 (V)
component of 61,,5,,(\/) is shown for the infinitely narrow
(éw € A) phonon peak (shown as a thick vertical line} at
hwo = 10A {A is the energy gap). The same characteristic
is shown for wide phonon peak (Sw > A) in the right panel.
Thecretical formulas and the figures concern N —c— § contact.

FIG. 14. The diagram showing the inelastic electron relax-
ation emitting phonons with the energy greater than eV. The
second derivative of N —c— S IV C differs {from zero for biases
smaller than (hwo — A) (see Fig.13).

FIG. 15. [Inelastic scattering via Andreev reflection.
Experimental dependences for Sn-Cu heterocontact with
Ro = 8.8 02 : 1) dependence [..c(V)eRofA ; 2) and 3) -
point-contact spectia in saperconducting and normal states
of the tin electrode, respectively; the scales for both curves
are the same. 4) (solid curve} The point-contact EPI func-
tion obtainod by subtraction of background from the curve
3). The dotted Line show the theoretically expected PC EPI
function obtained by adding PC EPI functions for tin (curve
5) and copper (curve6). T = 1.5 K. In normal state the sn-
perconductivity of tin is destroyed by magnetic field.

FIG. 16. The elastic contribution to nonlinearities of
N — c — S contact. The formulas are from Ref. {17] The
right panel shows schematically the theoretical dependence
of normalized differential conductivity (sclid line in graph
(b)) for the energy dependences of real {solid line} and imag-
inary (dashed line) part of superconducting order parame-
ter simulating by Lorentzian phonon peak at £ = hwo [17].
Ag is the energy gap. The left panel shows the compan-
son of calculated (curve 1) and experimental (3,5) PC spec-
tra for N — ¢ — 5 coatacts. The calculated curve uses
A (e)-function for strong-coupling superconductor Pb [L4],
while the dash-dotted curve shows the BCS A () = Ap de-
pendence. Curves 2 and 4 present the d*V/dI*(V) for Pb
contacts with single crystalline Ru and Os, and correspond
lo the clean and dirty junctions, respectively. Curve 3 shows
the PC EPI spectrum of contact 2 in the normal state. The
scale on Y-axis for curves 2 and 3 is the same. T' = 1.7 K,

superconductivity of Pb in curve 3 is destroyed by magnetic
field.

FIG. 17. Point-contact spectra (d*V/dI*-dependences 1-4)
of niobiem junction with Ry = 30 €& Curves 1,2,3, and 4
correspond 1o temperatures 4.4, 6.5, 8.65, and 10.6 K, the
latter is above T:. [ — V curves in superconducting (S) and
normal (N) states are taken at 7.8 and 11.2 K, respectively,
Niobium electrodes are covered by aluminium oxide {23]. The
diagram shows that chemical potentials of Cooper pairs pz.r
(shifted by eV) are different from chemical potential of quasi-
particles ug due to longitudinal penetration of electric field in
superconducting clectrodes. in the centre of the contact the
phase-slip center (PSC) forms. Below presented formulas for
clean § —c — $ contact [16], and decreased by % times inten-
sity of normal-state PC spectrum for dirty contacts compared
to the clean one.

FIG. 18. Change of the order of phase tramsition in su-
perconductor under the contact [24]). Upper pagel: dV/dI
curves vs V (dote) for Ag-Zn contact with Ro = 0.5 1 and
T. = 0.82 K (a) for different temperatures T and (b) in dif-
ferent magnetic field 5. Fit parameters for the theoretical
curve [9] (dashed line) at T = 0.06 K are A = 110 peV, ' =6
eV, and Z = 0.5. The fit curves are almost indistingnishable
from the data also for higher temperatures and are therefore
not shown. Lower panel: dV/dI curves vs V' (dots) for Ag-Zn
contact with Ry = 0.47 {1 and T, = 0.83 K (a) for different
temperatures T and (b) in different magnetic field B. Fit pa-
rameters for the theoretical curve [9] (dashed line) at T' = 0.06
Kare A =124 peV, ' = 6.5 peV, and Z = 0.51.

FIG. 19. Upper panel: A(B) (triangles) and ['(B) (rect-
angles) at T = 0.06 K for contact shown in upper (a) and
lower {b) panels of Fig.18. Solid and dash-dotted lines in (b)
are A x [iI — (B/B.)*]'"” [as for thin films (Ref. 25])] and
A x 1—(B/B.)''? [as for type-1I supercondunctor (Ref. [26})].
Dashed lines are guides to the eye. Lower panel: Dependence
of the parameter [ on the contact resistance Rx = Ro for
Zn-Ag and Zn-UPt; S —c— N contacts. Solid lines are guides
to the eye. )

FIG. 20. HoNi;B,C (a) crystal structure; (b) commensu-
rate antiferromagnetic structure; (c) spiral magnetic structure
[29).

FIG. 21. Temperature dependences of Andreev reflection
spectra of HoNi;B;C-Ag § — ¢ — N contact. Dashed and
dotted lines are guides to the eye. In the temperature range
8.6 - 5.5 K the gapless superconductivity is seen.



FIG. 22, Upper panel: dV/dl characteristics for a
HoN1,B,C-Ag PC with Re = 0.87 1. Tempetatures {rom
bottom to top are 5.0, 6.0, 6.2, 6.4, 6.8, 7.2, 8.0, 8.4, 8.8,
9.0 K. The insel shows the excess current which s propor-
tional the area between the normal and superconducting apec-
tra, and decrease of zero-bias resistance in superconducting
state. Lower panei: Temperature dependences of excess cur-
rent (squares} and zero-bias resistance difference {circles) for
PC whose characieristics are shown above. The lines are a
guide to the eye.

FIG. 23. The fits
with BTKD-model {8,10] for YNipB2C-Cu and HoNiz B2 C-Ag
contacts at low temperatures. SF is an additional parameter
which scales Y-axis to the experiment.

FIG. 24. dV/d[-curves for superconducting HoNizB:C,
ErNizB2C and YNi;B,C in contact with the mormal metal
showing the kinks at abont eV & +4 meV, which correspond
to the peak in the EPI function {33)].

FIG. 25. Low-energy phonon part of PC EP} spectra in
the normal state for YNizB>C and HoNipB,C. The Vizr is
proportional to second derivative of I — V charactenstic [33].

FIG. 26. The A, [£00] branches of phonon dispersion
curves for LuNi; B;C at 295 and 10 K {34]. The lines through
the 10 K points are intended as guides to the eye. The arrows
point to phonon peaks found from the PC spectra.

FIG. 27. Van-Son-van- Kempen-Wyder method to study
the proximity efiect at the normal-metal-superconductor in-
terface. Schematic experimental setup. At any direction emit-
ted quasiparticles {rom the point contact are backscattering
via the Andreev reflection. Position dependence of A near
an N — 5 interface. The thickness of the N layer is d, while
d' is an effective thickness of the nonsuperconducting layer.
Left panel: Measnred differential resistance vs voltage of a
point contact on a Ag-Pb bilayer for two samples with differ-
ent Ag-film thicknesses. The PC resistances are 5 = 46 ()
(d =0.02 ym) and Rs =17 §2 (d = 0.2 yum)}. The curve with
d = 0.2 pm has been shifted upward for clarity. The dashed
line is a theoretical [9] curve. Right panel: Measured differen-
tial resistance vs voltage of a point contact on a Ag-Pb bilayer
for three samples with different Ag-film thicknesses. The PC
resistances are K = 1.6 2(d = 0.4 gm), Rs = 1.20 (d = 0.7
pm), and Rs = 4.3 Q (d = 0.9 pm). Note the different ver-
tical scales. Table I. Mean free path I and eflective thickness
d — d'{0) of the superconducting layer in N that are deduced
from the measurements shown in the above figures.
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