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Angular relation and energy dependence of Andreev reAection
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Andreev reflection at an interface between an Ag single crystal and a Pb film is studied by an electron-

focusing experiment. Quasiparticles are observed to be reflected within a cone with an angle = 10 4 rad

centered about the incident direction. The energy dependence of Andreev reflection is found to be con-

sistent with theory. In spite of the nonideal circumstances during the Pb deposition, the probability for An-

dreev reflection approaches that of a perfect interface.

A conduction electron in a normal metal, reaching a
normal-metal —superconductor (W-5) interface, can be re-
flected as a hole with reversal of the signs of all three velo-
city components (retroreflection) and of the charge. The
occurrence of this so-called Andreev reflection (AR) has
been demonstrated by different types of experiments. '

However, generally not all electrons will be reflected in this
way at a W-5 interface: depending on the energy of the in-
coming electrons and on the presence and strength of a bar-
rier at the interface, transmission and normal reflection of
the electrons are also possible. A theoretical analysis based
on the Bogoliubov equations is given, for example, in Ref.
9. In this paper we describe an experiment which allows us
to study in hitherto unattainable detail the precise relation
between the angles of incidence and reflection in AR. With
the same experimental configuration we can also measure
the energy dependence of the AR probability A and so the
barrier strength of the N-S interface. We find that the
retroreflection is nearly ideal, however, because of our ex-
tremely high angular resolution ( =. 10 ' rad), we could ob-
serve small but significant deviations. (This high angular
resolution can also be applied to other problems concerning
conduction-electron trajectories. ) The energy dependence
of A is found to be in agreement with the theoretical expec-
tation. A related experiment has been performed by
Blonder and Tinkham, ~ in which the energy dependence of
AR was measured. In their experiment the %-S interface,
constructed by pressing a superconducting Nb point contact
against a Cu plate, served as both "injector" and "reflec-
tor." In our experiment, however, the injector and reflec-
tor could be individually controlled, and the measured AR
signal could be switched off by applying a very small mag-
netic field ( = 10 ' T).

To observe the AR process, electrons were injected into a
thin silver single-crystal slab through a Sharvin point-contact
junction. '0 For the ideal Sharvin point contact the injected
electrons have an energy, up to eVabove the Fermi energy,
where Vis the applied voltage across the contact. The other
side of the slab was backed by a superconducting Pb layer.
As can be seen from Fig. 1, only Andreev-reflected quasi-
particles can be focused back on the point contact, and be-
cause the reflected particles have opposite charge, their
presence will result in an increase of the current through the
point contact, known as excess current.

The Ag crystal used for this experiment was a slab spark
cut from a 99.9999%-pure single-crystal rod, " for which a
residual resistance ratio [R (300 K)/R(4. 2 K)] of 15000

was found, yielding an' electron. mean free path l of about
700 p. m at low temperatures. The sample was polished by
mechanical and chemical techniques to a thickness d of
about 200 p, m, i.e., much thinner than the electron mean
free path. Next, the sample was annealed for 16 h at 800 C
at a pressure of 10 Torr of air. ' Finally, after sputter-
cleaning the sample in a glow discharge of N2 for about 20
min at a pressure of 10 ' Torr, 1.5 p, m of Pb was evaporat-
ed at a pressure of 10 Torr and a temperature of 50'C.
The point contact consisted of a 50-p, m-diameter Ag wire
with a point of about 1-p,m diameter etched electrolytically
in a NaCN solution. "

To obtain sufficiently low magnetic fields ( ~ 10 T) the
insert was placed in a set of two pairs of Helmholtz coils for
horizontal and vertical field compensation, respectively.
The point of the Ag wire was brought into contact with the
crystal surface in the helium bath at a temperature of 1.2 K.
The point contacts thus obtained had resistances ranging
from 1 to 7 A. The dynamic resistance R ( V) = dV/dI was

.recorded as a function of applied magnetic field 8 and as a
function of applied injection voltage V, using conventional
ac modulation and phase-sensitive detection techniques. To
check the quality of the point contact the voltage derivative
of the resistance dR/dV = (O'V/dI2)/(dV/dI), was also
recorded. For good Sharvin junctions dR/dVis a measure
of the electron-phonon interaction function oI I'.' To en-
sure that the electrons were injected ballistically, only junc-
tions producing the correct o. F function' were used.

Some typical results (obtained with a 0.08-mA-rms modu-
lation) are displayed in Figs. 2 and 3 as the solid curves.
Both curves were measured successively on the same junc-
tion, which had a resistance of 2.41 0, corresponding to a
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FIG. 1. Experimental setup. (a) Andreev reflection at the bot-
tom of the Ag crystal leads to focusing of the AR particles at the
point contact; {b) specular reflection gives no focusing at the point
contact.
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FIG. 2. Point-contact resistance R relative to the resistance in the
absence of AR, R~, at zero dc voltage as a function of applied mag-
netic field. The solid, curve shows the measured result; the dots are
calculated using the distribution function P(y/yc) shown in the in-

set and the AR probability A =0.7. yc= b/d=6. 3x10 s rad, with
b the radius of the point contact and d the thickness of the Ag crys-
tal.

0
contact radius b of 136 A. ' It is clear from Fig. 2 that the
maximum change of the resistance R is much less than the
factor 0.5 expected in the ideal case. Even if the finite
mean free path (l = 700 p.m) is taken into account, the rel-
ative resistance should have been 0.71 at zero field instead
of the observed 0.9955. One could try to explain this by as-
suming ideal retroreflection combined with a very small
A (=0.01), but as will be discussed in the following and
more fully in a forthcoming paper, " this leads to serious in-
consistencies in the description of the resistance as a func-
tion both of applied magnetic field and of applied voltage.
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FIG. 3. Relative resistance at zero magnetic field as a function of
applied voltage. The solid curve shows the measured result; the
dashed curve is the result of a calculation with the sa~e conditions
as used for the dots in Fig. 2.

All results can be completely understood, however, on the
basis of the following model: on AR the quasiparticles are
not retroreflected perfectly, but with a velocity distribution
narrowly ( = 10 4 rad) centered around the ideal direction.
The applied magnetic field B movess (and distorts) the spot
of Andreev-reflected particles along the top surface of the
Ag crystal. So, the R(B) can be considered as a probe
which measures the intensity of reflected particles at the
point-contact site. From this it follows that the AR proba-
bility A can be determined straightforwardly from the R/Rs
vs B curve, through the integral I B[1—R (B)/Rs] dB,
which can be shown'5 to be a simple function of A and 2d/i
(the Eq function of Ref. 16), independent of the shape of the
velocity distribution. In this expression R~ denotes the
measured Sharvin resistance in the absence of AR at zero
dc voltage. In our experiment 2d//=0. 57 and this leads to
A =0.7. Due to the different Fermi velocities of the nor-
mal metal and the superconductor, even for a perfect N-S
interface, 3 is smaller than one. 7 For the Ag-Pb interface
we estimate' ' that Apeffggt=0. 7 +0.2. Clearly our N-S in-
terface is very close to perfect.

To calculate R as a function of 8 we first consider the
case of electrons injected with zero energy (e=0), mea-
sured from the Fermi energy eF, and ideal retroreflection.
It can be derived by straightforward geometric considera-
tions that at a small field the displacement 5 of Andreev-
reflected particles at the upper Ag surface, in units of the
contact radius b, is given by

d [1+sin P(cos H —1)]'/2,
Mc cos30

with H and $ the polar angles of the injected quasiparticle
and R~ the cyclotron radius of the quasiparticle orbit in the
applied magnetic field, which is in the direction H =/ = A/2.
The z axis is perpendicular to the normal-metal surface. All
quasiparticles flowing through the point-contact area at the
same angle are equally displaced when they reach the sur-
face again after AR, forming an area of the same size as the
contact area at a distance 5(H, $). So, the fraction ri of par-
ticles flowing back through the contact for a given angle of
incidence is simply given by the overlap of the contact area
and the shifted area divided by the contact area:
q = (2/m ) arccos(5/2) —(5/m ) (1 —52/4) '/2. Obviously,
= 0 when 5 ~ 2. Because the charge of the quasiparticles
has been reversed on AR, Andreev-reflected quasiparticles
that flow back through the point contact contribute to the
excess current. At low voltages ( V& 0.3 mV), in the ab-
sence of AR, we assume an Ohmic behavior of the point
contact: R = Rz. If Andreev-reflected particles are focused
on the point contact, the relative resistance becomes

p&/2 f2K

1+ Jl sinHdH „I dPq exp( —2d/l cosH)
R~ 2m 0 Jo

t

(2)

with 2d/cosH the total path length of the charge carriers. To
take into account nonideal AR we have to introduce the
above-mentioned velocity distribution P(y), with y the an-
gle of deviation. This results in a larger spot of the
Andreev-reflected particles at the top side of the crystal, and
therefore both in a broadening and a decrease of the signal.
P(y) is uniquely determined by the measured resistance as
a function of applied magnetic field' and is given in the in-
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set of Fig. 2. Notice that P(y) is definitely not a Gaussian,
but approximately resembles an exponential exp(y/7 0) with
yo= b/d = 6.3X 10 rad. To verify our procedure we calcu-
lated R (8)/Rs from the P(7 ) given in the inset and the 2
found above. Excellent agreement (dots in Fig. 2) has been
found.

To calculate the contact resistance as a function of applied
voltage R ( V), we use the energy dependence of A derived
by Blonder, Tinkham, and Klapwijk:

A (e') = [e'+ (1—e')(1+2Z')'] ' (e'~1), (3a)

A (e') = [e'+ (e' —1)' '(1+2Z') ] ' (e' & 1), (3b)

where ~' is the ratio of the quasiparticle energy e to the gap
energy 5 of the superconductor, and Z is a dimensionless
measure of the barrier strength at the interface. Notice that
A (1)= 1 for any value of Z, whereas A (e'( 1) = 1 only if
Z=0. Because only the component of the quasiparticle
momentum normal to the N-S interface changes on AR,
the angle of reflection differs by a small angle 50 from the
angle of incidence:

58 —(6/6p. ) tan() . (4)

Furthermore, we have to take into account the electron-
phonon interaction. The electron mean free path is now
given by 1/l = 1/I;m, + 1/I, „h, where I;, is the energy-
independent mean free path due to impurity scattering and
the mean free path I,~h due to phonon scattering is given at
low energies by' ' I„~(e)=C/e'. We obtained the best
result with C =3500 JM, mmes', which compares reasonably
well with the C deduced from double-point-contact and
radio-frequency size-effect experiments. '

In Fig. 3 the result of the calculation (dashed line) has
been displayed using the P(y) and the barrier strength as

was used for the R (B) found. The agreement with experi-
ment is very satisfactory.

We conclude that a straightforward deposited supercon-
ducting layer on Ag can give an almost ideal Andreev-
reflection probability. The energy dependence of Andreev
reflection is in agreement with the theory of Ref. 9. The
retroreflection law is obeyed with high precision ( = 10
rad). However, because of the high angular resolution of
the described experiment ( = 10 5 rad) we are able to ob-
serve that the particles are not exactly reflected back in the
incoming direction but in a narrow cone with an angle= 10 4 rad about this direction. The mechanism that
causes this uncertainty is not yet known. On the basis of
the present experiment it cannot be decided whether this ef-
fect is caused by deviations from the ideal Andreev-
reflection process proper, or by deviations in the quasiparti-
cle trajectories. The last effect could, for example, be due
to very small angle scattering by the long-range strain field
of dislocations. Numerical estimates show that a dislocation
density of 106-10 cm could explain the observed effect.
However, more experiments are needed to determine with
certainty the cause of the deviations. For both mentioned
mechanisms the study of very-small-angle phenomena is
essential. Clearly, the described measuring method makes a
direct quantitative study possible.
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