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We investigate experimentally and theoretically a new type of radio-frequency size effect (RSE)
due to cutoff of the electron trajectories in a layer of impurity atoms that have diffused into the
interior of a single-crystal metal. A method is developed for calculating the position and shape of
the RSE line from the signal in the initial sample. Comparison of the experimentally observed and
calculated RSE lines yields the impurity diffusion coefficient, accurate to 3%. The proposed new
method of measuring the diffusion coefficient has higher accuracy and sensitivity than the known
methods, and the measurements and data-reduction procedures are simpler. The coefficients of
diffusion of four metals in indium single crystals were measured and the activation energies

determined.

Measurement of the surface impedance of pure metals
as a function of the magnetic field reveals the contribution
made to the surface currents by the electrons returning to the
skin layer after moving on orbits in the interior of the metal
to distances of the order of their mean free path /. Modern
technology is capable of producing metal single crystals with
I on the order of several millimeters and more. Under these
conditions measurement of the impedance can yield infor-
mation on the processes that take place in the metal at con-
siderable distance from a surface irradiated at radio frequen-
cies. In the case of plates of thickness d S/ the interaction of
the electrons with the opposite face of the sample produces
the many radio-frequency size effects (RSE) that were inves-
tigated earlier (see, e.g., the review by Kaner and Gant-
makher’).

Obviously, however, this method can be used in princi-
ple also to study the interaction of the electrons with any
inhomogeneity of the metal structure. We have already pub-
lished? a preliminary report of an observed RSE of a new
type, produced when electrons diffuse in a layer of impuri-
ties that had diffused into a sample. We describe below the
results of a more detailed investigation of this effect. It is of
interest in view of the possibility of using an RSE procedure
to study the diffusion of low-density impurities in a pure-
metal single crystals.? In observation of the RSE in a plane-
parallel plate one measures the surface impedance
Z = R + iXin ahomogeneous constant field HLn, where the
vector n is the normal to the flat surface of the sample. An
RSE line of the “cutoff”’ type is produced in a field H = H, at
which the trajectory of the electrons of the extremal cross
section is equal to the sample thickness d, so that the effec-
tive electrons accelerated in the skin layer at one surface of
the plate are diffusely scattered (cut off) by the opposite sur-
face. If we denote by 2p the size of the extremal section of the
Fermi surface in the n H direction, then Hy, = 2pc/ed. The
RSE linewidth is (AH /H,)~6/d, where § is the skin-layer
depth.

Itwas observed in Ref. 2 thatif Z (H ) is measured for one
surface of the sample, and a film of metal that can diffuse
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into the plate is deposited on the opposite surface, the RSE
line is shifted to fields H | > H, for all the extremal sections.
The value of H / increases with increasing diffusion time ¢.
The impression is gained that the electron trajectories are
cut off by an impurity layer of thickness

A=d(1—H,/HY). (1)

We shall show presently that although the diffusing impuri-
ty layer does not have clear-cut boundary, the probability of
scattering of an electron as it penetrates into a dirty-metal
layer increases so rapidly that the RSE line shift is
H{ — Hy,>AH, where AH is the linewidth. The sample be-
comes in effect thinner.

EXPERIMENTAL PROCEDURE

The experiments were performed with an indium single
crystal of high purity, containing ~10~*% of impurities.
The samples, disks 18 mm in diameter and about 0.3 mm
thick, had mirror-smooth plane surfaces. They were grown
from the melt in a dismountable mold. The mold was an
assembly of flat glass plates and steel liners, forming a cavity
in which the indium was poured. An organic film and a thin
layer of lampblack deposited on all surfaces in contact with
the molten indium prevented sticking of the sample to the
glass and possible dissolution of steel impurities. By assem-
bling a stack of several glass plates alternating with liners,
having a common channel for pouring the indium, we pro-
duced in one pouring up to five identical samples. Measure-
ment of the helicon damping* and of the RSE at the limiting
point’ yielded for the electron mean free path of the elec-
trons in our sample an estimate /~1 mm.

The impurity-metal films were deposited by evapora-
tion in vacuum on the sample surface, which was cleaned
beforehand by vacuum sputtering in high-purity argon. A
diagram of the apparatus for the film deposition is shown in
Fig. 1. The sample was placed on a copper stand, and pro-
tected from overheating by soldering two peripheral points
to the stand with a flexible cold finger. A protective glass
ring prevented the copper from evaporating during the time
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FIG. 1. Diagram of apparatus for depositing metal films: 1—liquid nitro-
gen, 2—evaporator, 3—guard ring, 4—glass-to-metal junction, 5—glass
bulb, 6—shutter serving as anode, 7—sample, 8—copper stand.

of action of the glow discharge. The discharge was produced
at a pressure ~5X107? Torr, with the argon passing
through the gap between the guard ring and the lateral sur-
face of the stand and flowing over the upper surface of the
sample. An indication of successful cleaning of the sample
surface was the appearance of a shiny indium layer on the
inner cyclindrical surface of the guard ring. After stopping
the argon flow, a high vacuum, ~ 10~ Torr, was produced

within one minute and evaporation of the impurity metal
began. After evaporation of the contaminated surface the
impurity charge, the aluminum shutter, which served as the
anode, was set to rotate and an impurity film several microns
thick was deposited on the indium single crystal. During the
film-deposition time the sample temperature was close to
100 K. This was verified in control experiments by a thermo-
coupled soldered to the sample.

The impedance was measured with an autodyne oscilla-
tor with an inductance coil of shape such that an appreciable
part of each turn was a straight line, and these sections of all
turns were in a single plane. This planar part of the coil was
clamped to the sample surface not coated by the diffusing
metal. The coil together with the sample was mounted in a
holder that obviated the need for displacing the sample rela-
tive to the coil and holder when the measurements in liquid
helium alternated with the repeated diffusion annealing.

The diffusion annealing of the samples at above room
temperature was carried out in a vapor thermostat in which
a constant temperature within not more than 0.5 °C was
maintained by the vapor of boiling liquid. During the pro-
longed anneals at room temperature a temperature stability

+ 0.5 °C was ensured by a system that controlled the air
temperature in the laboratory. The holder with the sample
was immersed in liquid helium during the interval between
the diffusion anneal and the measurement of RSE at helium
temperatures.

The autodyne oscillator operated in the frequency
range v = 2-3 MHz. The frequency was recorded with stan-
dard electronic devices. The constant field was modulated at
a frequency 20 Hz and the recorded signal was proportional

TABLE I
Sample | Orienta- Impurity o Py
No. tion* d.pm metal Tanneat» °C Coat % hr
1 [100], 6° 300 Ph 22 12 250
2 » » » 120 13 7
3 [100], 1° 340 Pb 22 12 2-10¢
4 » » » 100 13 26
5 » 350 Ccd 100 15 30
6 [1064], 7° 340 » 100 15 50
7 [100], 1° 330 » 22 5 3000
8 » 335 Bi 100 7 40
9 » 330 Bi 22 4 1500
10 » 330 Al 150 0 5
11 [100], 2° 330 Ag 22 0,0014 6
12 » » » 100 » 0,5
i?:lple Amgx: KM | g {016 cm? D, cm?/sec ¢q, eV/at n,, cm?*/sec
1 10 1,0 (6,5+1) 1014 0,82 576
2 45 » (6,0+1) 10—11 » »
3 90 1,0 (6,0+0,5) 1014 » »
4 70 » (5,0£0,5) 10—11 » »
5 170 0,58 (1,5+0,1) 10—10 0,75 2,02
6 200 » (1,3+0,03) 10—1° » »
7 80 » (3,1£0,1) 10—13 » »
8 170 3,00 (8,5+0,5) 10—11 0.60 0,012
9 70 » (6.00.5)10-12 » »
10 0 ? - _ -
1 40 2,20 (4,5+0,5)10-1° Q51 0,22
12 120 » (3,0+0,5) 10-8 » »

*The angle indicated is between the cited crystallographic direction and the normal n.
**The maximum annealing time is indicated.
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to the derivative:

Twelve samples were used for the detailed investigations of
the RSE with impurity diffusion. The characteristics of these
In single crystals and other experimental conditions are list-
ed in Table I.

DISCUSSION OF RESULTS. PRELIMINARY DETERMINATION
OF THE DIFFUSION COEFFICIENT

Figure 2 shows typical plots of the RSE lines shifted to
stronger fizclds with increasing diffusion-anneal time ¢. Using
as the cutoff field H/ the starting point of the line on the
weak-field side,' we calculated from Eq. (1) the effective de-
crease of the sample thickness 4. Some of these results are
shown in Fig. 3. Within the limits of experimental error,
which is caused mainly by the uncertainty of H ;, we have
Axyt. To determine the connection between the ratio
A/t and the diffusion coefficient D, we introduce the coor-
dinate frame shown in Fig. 4, with x axis perpendicular to
the plane of the sample surface. The impurities diffuse from
the surface x = 0, while the surface x = d is irradiated from
the outside by an electromagnetic field.

The solution of the diffusion equation dC /3t = D3*C /
Jx? for an impurity density C at a constant coefficient D is
well known (see, e.q., Ref. 5). In the most widely used case
when the solubility limit is C;, < 1, the boundary condition at
x =0 yields C(0,) = C, and the solution of the diffusion
equation takes the simple form

C (x,t)=C, erfc (z/2yDt).

Here and below we use standard notation for the comple-
mentary error function

2 o
f ={—erf _=—-— =" dn.
erfc (§) erf (§) = é' e dn

/i
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FIG. 2. Plots of RSE lines of sample 8, H||[001], v =2.3MHz, T = 1.4 K.
Curve 1 was plotted immediately after casting the sample, and was plotted
at an apparatus sensitivity decreased to one-third, curve 2 was plotted
after depositing the Bi film and annealing at 22 °C for 1 hr, curves 3, 4, and
5 were plotted after annealing at 100 °C for 0.5, 1.0, and 5.0 hr, respective-
ly.
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FIG. 3. Shift 4 of RSE lines vs the time 7 of diffusion annealing. The scale
of the upper ¢ axis is for the filled symbols and for the crosses, and the
lower is for the light symbols. The symbols correspond to the following
samples: 3—O, 4—@, 5—M, 6— X, 7—0, 8— A, 9—A\.

The asymptotic approximation erfc (£ )~7~"/2£ ~'e %2 at
& > 1shows that with increasing argument erfc (£ ) decreases
very rapidly. For example, a ratio C /C,~ 1073 is obtained
already at x = 5{Dr .

The probability for the passage of an electron through
the impurity layer is given by

W=exp (—oj n dr) )

where the integration with respect to the length element dr is
along the trajectory, o is the effective cross section for elec-
tron scattering by the impurity atoms, n = n,C (x), and n, is
the density of the atoms of the pure samples (we assume that
C < 1). The electron trajectories that determine the RSE
lines investigated by us in the In single crystals are shown in
Fig. 4. Exact information on all the details of the trajectory
shapes is provided by the results of Refs. 6 and 7. The sec-
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FIG. 4. Projections of extremal electron trajectories in In.
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tions tangent to the sample surface do not deviate from lin-
earity by more than 2%. The curvature radii of the rounded
junctions between these sections and the remainder of the
trajectory amount to less 0.1 of 2p = 2.62X 10~° g.cm/sec.
As a preliminary estimate of D we can thus assume that the
electrons negotiate a path s in an impurity layer at one and
the same depth x = x,. The equation for the pass-through
probability is then

Wrexp (—Ag,"e™™), (2)

where &, = x,/2YDt and 4 = on,C,s/y/m. The quantity o
averaged over all the states on the Fermi surface could be
obtained by comparing the data of Ref. 8 on the resistivity p
of indium with the specified impurity density and with the
measured® product p! for thin cylinders, where / is deter-
mined by the sample diameter. The values of o are listed in
the table. The density of the indium atoms was assumed to be
no = 3.83X 10?2 cm 3, The solubility limits of the various
impurities in In, listed in the table, were taken from Refs. 10—
12.

By way of example we have taken the case of the diffu-
sion of Cd at 100 °C and calculated at s =d /4 the value
A = 1.5X 10%, thefunction W, and thederivative W' = dW /
d¢& . These functions are shown in Fig. 5. It is clear from this
figure that the changes of the probability of electron passage
through an impurity layer occur near the value x, =x,,,
which corresponds to the maximum of the derivative W' in
the interval Ax, ~+/Dt . Thus, for a preliminary determina-
tion of D we can assume that the measured effective decrease
of the sample thickness is 4 = x,, ~5yDt . At short diffu-
sion times we have VD¢ < & and the line shift occurs without
a noticeable increase of its width. At long times we get
VDt > & and the line shift is accompanied by line broaden-
ing, as is actually observed in experiment.

A characteristic feature is that the change of the param-
eters that determine the coefficient 4 in (2) has little effect on
the ratio x,, /Dt . Thus, when the coefficient is increased
tenfold the derivative W' has a maximum at x,,/\/Dt ~6.
This allows us to estimate D without knowing the exact value
of o or C,. For estimates, the form of the trajectory is also
immaterial. For example, for circular trajectories of radius

40
X [2VIF
FIG. 5. Plot of the function W = exp ( — 1.5X 10% &, 'e =4 (solid curve)

and of the derivative, referred to its maximum value 0.53 (dW /d¢))
(dashed).
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R we obtain at &, <€ 1 the formula
W=~exp(—BE; "et), (3)

where B = on,C,(2R Dt )"/%. At typical values of the pa-
rameters, expression (3) describes approximately the same
function as plotted in Fig. 5.

The values of D obtained from the shifts of the RSE
lines by the method described above served as an initial ap-
proximation for the recalculation method described in the
next section. The difference between the approximate and
exact values ranged from 20 to 50%, depending on the rela-
tions between the different parameters.

CALCULATION OF THE LOCATION AND SHAPE OF THE RSE
IN THE CASE OF IMPURITY DIFFUSION

The density j of the radiofrequency currents is given by
2e

e = A

J=1v (2nh)* jvvf D, (4)

where the universal constants e and # have the usual mean-
ing, f = f(x, p) is the nonequilibrium increment to the equi-
librium electron distribution function f0(¢), and ¢, p, and v
are respectively the energy, momentum, and velocity of the
electrons.

The function f can be obtained by solving the kinetic
equation. Its solution takes, in the approximation linear in
the electric field E (x, ¢ ), the form (see, e.g., Ref. 1)

afo ¢

1(x, p)=erexp[—j: ll(f:zzl) ]E(r,)dr,. (5)

fo fy

Both integrals are taken here along the trajectory of an elec-
tron that arrived at the point r in the state p. The inner inte-
gral takes into account the distribution-function relaxation
in terms of the mean free path / = / (r), which depends on the
coordinate by virtue of the inhomogeneous distribution of
the electrons. The lower integration limit r,, of the outer elec-
tron is the starting point, at which the distribution function
was at equilibrium. For trajectories that start out on the sam-
ple surface with the diffuse electron scattering, r, has a defi-
nite finite value. In all other cases r, stands for an infinitely
remote point or, in the case of closed trajectories, for a point
separated from the end point r by a large number of revolu-
tions.

To simplify the reasoning, we make two assumptions.
First, we neglect the contribution to the integral (5) from
those trajectories whose initial point r, is separated from r by
two or more revolutions. This approximation is justified be-
cause in our experiments 7d /I~ 1. Second, we neglect the
spikes of the alternating fields and currents in the interior of
the metal. We shall assume that the alternating field differs
from zero only in the skin layer.

Consider the contribution made to the current j by tra-
jectories that produce an RSE line in an initial sample with-
out diffusing impurities. The integral of (5) used to calculate j
is evaluated along trajectories that pass once through the
skin layer, while the integral (4) is calculated over the states
for sections close to the extremal ones. The contribution of
the remaining trajectories near H = H, depends little on the
field and the RSE signal is

S. V. Gudzenko and |. P. Krylov 1346



(55),.o i (1)~ 55 (fra).

The function j(x) is connected in a simple manner with the
observed RSE line shape in the case of extremal sections, for
which the dimension of the trajectory is determined by the
distance between straight-line sections parallel to the sample
surface; on all the remaining trajectory sections the electrons
move at a certain angle to the sample surface. For such a
Fermi-surface model it can be assumed in the case of diffuse
scattering of the electrons by the metal surface that

7(@) =7 = ()8 (c—2pcleH),

where j  (x) is the density of the currents in an unbounded
sample and depends little on H, while 8 (£ ) is a step function
with@ (£ ) = 1at& > 0andé (£ ) = Oat£<0.Thederivativedd /
d¢ = & (€ )isadeltafunction. Equation (6) takes then the form

(8X(H) ) wj’af(z,ﬂ) i
8H H>=Ho 8H

o fron(e-B)amr. ().

We consider now RSE in indium plates with diffusing
impurities. We isolate the electron-scattering processes due
to the inhomogeneous distribution C = C (x) of the diffusing
impurities, so that 1// = 1/1, + n,Co, where the quantity /,
that does not depend on the coordinates is determined by the
phonons and residual impurities in the initial sample.

For trajectories that determine the RSE, we rewrite Eq.
(5) in the form

fep)= af; {:‘:exp [—- L(;,,r) ]E(r,)dr,}
Xexp (—noo fCIdrzl ) (8)
The integral )

r
J,=f0|dr,|.

over that section of the trajectory which passesin the “dirty”
metal layer can be isolated because at these points we assume
that E (r,) = 0. For trajectories of a definite size and shape,
the probability

W=exp (—n,0J,) =W (z,)

of going through a layer of dirty metal is a function of only
the coordinate x,, the minimum distance to the surface
x = 0. In our simplified reasoning we assume that the trajec-
tories of the sections close to the extermal ones have the same
shape and close dimensions. This assumption allows us to
take the factor W out of the integral over the states whenj is
calculated by Eq. (4). Noting that the factor in the curly
brackets of (8) yields after integration over the state an incre-
ment to the current density j_ (x) in the initial sample with-
out the diffusing impurities, we can write for the increment
to the current density in the skin layer in the presence of a
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diffusion front

7 (@)= (@)W(z,)
We have substituted in (9) the current density for an infinite
sample, so that cutoff at x = 0 cannot manifest itself because
of a sufficiently dense impurity layer; in other words, for a
trajectory tangent to the surface x = O the value of Wis prac-
tically zero.

Expression (9) is our sought end result. We cannot cal-
culate the RSE line shape from ‘““first principles.” Expres-
sion (9), however, can yield the signal that can be expected in
a sample with diffusing impurities if we know the “initial”
(@x/3H ), line on a sample without a deposited film. Using (7)
and (9) we obtain for the RSE line in a plate with a diffuse
layer of impurities

dX(H) T 0X(H.) 2pc 2pc
B Sl o i S VR W . (10
oH j( aH, )o (eH eH )dH (10

at x,=z—2pc/eH. 9)

Ho

where W' (x,) stands for ¢ derivatived W (x,)/dx, taken at the
point x;.

In the derivation of (10) we have assumed that the initial
line is formed on account of purely diffuse scattering. It is
known at the same time that after the melting a noticeable
fraction of the electrons can be reflected specularly from the
sample boundary. We have therefore assumed it to be more
correct to choose as the initial lines an RSE plot obtained
immediately after depositing the impurity film (see, e.g.,
curve 2 of Fig. 2). In our procedure, after sputtering the film,
the sample was heated to room temperature and mounted in
the helium-apparatus holder for 10 minutes. During that
time the impurities diffused to a depth ~10~* cm. This was
not accompanied by a noticeable line shift, but the shape
changed somewhat and the amplitude decreased by several
times. We note also that after sputtering the film, as follows

ax/oH
A Initial line

| |
500 600 700

| |
800 1000 7200
H,0e

FIG. 6. Comparison of the experimental RSE lines (solid) and those recal-
culated in accordance with Eq. (10) (dashed) for sample No. 6.
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from an analysis of the extrema, the RSE line widths in-
creased by 10-15%. It is of interest to note that in experi-
ments with samples whose surfaces were subjected to cath-
ode sputtering without depositing a film, the described
changes of the RSE line were weaker by several times. This
indicates that cathode sputtering does not guarantee fully a
diffuse scattering of the electrons.

The RSE lines calculated with the aid of (10) from the
initial lines were compared with the experimental curves. An
example of such a comparison is shown in Fig. 6 for the case
n||[101]. In the calculation of the path integral that deter-
mines W we took into account the deviation from linearity of
the trajectory section s. For the rounding radius that con-
nects this section with the rest of the trajectory we assumed a
value R = s/3. We thus obtained the following approxima-
tion, which was used in the calculations:

W (z,) =exp {—on,C,[0,2s erfc (&)
+0,8s erfc (&.)+VDitF (z,)1},
where
x,—=(2pc/eH,—2pcleH), &=x,/2YDt,
z,= (2pcleH,—1,96pc/eH), E,—z,/2YDt,
F (z,)=8n~"Dtz,~*(1+z,R/Dt)"
xexp (—z,2/4Dt).

The amplitude of the RSE signal after the diffusion anneals
turned out to be 1.5-3 times larger than the calculated one.
We attribute this to a decrease of the scattering by the an-
nealed defects in the bulk of the sample and to a decrease of
the trajectory length in proportion to 1/H §. To compare the
location and shape of the line we introduced in (10), after the
next anneal, an empirically chosen factor that reconciles the
calculated and observed signal amplitudes.

If a correct account is taken of all the factors that deter-
mine W (x,), the error of D is due to the error 6H, in the
measurement of the position of the line, in accord with the
relation

8D/D~28H,/(H,/—H,).

At long times ¢ the RSE line width AH increases in propor-
tion to /D¢, as does also the shift (H §—H,) of the line posi-
tion. The ratio 6H,/(H ,—H,,) can only increase as a result of
a decrease of the signal/noise ratio. At short times ¢, on the
contrary, theline width AH does not depend on VDt ,sothat
SHy/(H {—H,)~1/yDt . Thus, the optimal for the most ac-
curate measurement of D is the value of 7 at which 2{Dr ~§
(where § is the thickness of the skin layer). In our experi-
ments, when annealing at temperatures 100 °C, this condi-
tion was satisfied for # = 2—4 hr. At the optimum value of ¢
the error in the measurement of the line position was usually
6H,~=20e, and the line shift was (H j—H,) ~ 100-200 Oe, so
that a typical error value is 6D /D =~2-5%.

For sample 6, the exact value of the diffusion coeffi-
cient, listed in the table, was chosen to equate to positions of
the minima of the calculated and observed RSE lines for a
diffusion-anneal time # = 2 hr. It can be seen from Fig. 6 that
the positions of the minima agree with these values also at all
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the other values of ¢. A similar procedure of choosing the
diffusion coefficient such that the positions of the experi-
mentally observed line and that calculated from (10) for the
optimal annealing time agreed was used also in the other
cases. The values of D obtained in this manner are listed in
the table. We note that in a number of cases the calculated
line shape agreed only approximately with experiment. The
error of D was then larger.

Worthy of special notice is the case of the orientations
n||[100] and H||[100]. In this case the RSE line is determined
by helical trajectories and depends strongly on the inclina-
tion of the vector H to the sample surface: at a 0.5° inclina-
tion the RSE signal reverses sign. Under this condition the
RSE signal in exactly the parallel direction also reverses sign
during the intermediate diffusion stages, when Dt ~&8. We
could not find a satisfactory explanation of this pheno-
menon. This question, as well as the change of the line shape
upon inclination of the field H, remains open.

A few remarks concerning the obtained values of D.
These coefficients were unknown for the diffusion of all the
investigated impurities in In, except Ag. In the case of Ag
diffusion, our data agree with those of Ref. 13. The diffusion
of Ag impurities has a number of distinguishing features. In
contrast to the Pb, Cd, and Bi impurities, which for substitu-
tional solutions and their displacement in the In matrix re-
quires the presence of vacancies in the neighboring sites, the
Ag atoms diffuse through the interstices.'® In view of the
mechanism of Ag diffusion, the coefficient D turned out to
be two decades larger than in the remaining cases. At the
same time, the solubility C, for Ag is very small, so that the
factor A4 in (2) turns out to be of the order of unity. This
causes a strong broadening of the RSE line in the case of Ag
diffusion.

The experiments with Al impurities are an isolated
case. The RSE line did not shift noticeably after sputtering
the Al film and annealing for many hours at a temperature
close to the melting point of In. According to the conclusion
of Ref. 8, Al apparently does not dissolve in In.

By comparing the data at two temperatures with the
thermally-activated-diffusion formula D =D,exp(—¢,/
kT) we determined the activation energy £, and the pre-
exponential factor D,,. These values are listed in the last two
columns of Table I.

ELECTRON REFLECTION FROM A SUPERCONDUCTING
FILM

Coating a superconducting metal on the surface of a
single crystal can give rise to a superconducting layer with a
high critical field H, exceeding that of pure In. Among the
impurities employed, this property was possessed by Pb and
Bi. If the interface of the normal and superconducting
phases lies at a depth x; such that the function W (x,) is not
very small, the electrons have a noticeable probability of un-
dergoing Andreev reflection. Accordingly, as shown in Ref.
14, alinein a field H;/2 should appear besides the RSE in the
field H,. We observed the Andreev line after sputtering Pb
(Ref. 2), if the diffusion time at room temperature did not
exceed ¢, = 1 hr. This means that the region in which the
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superconducting-ordering parameter or the energy gap are
different for zero extended to a depth x,~5{Dt,
~1x10~*cm.

As shown in Ref. 15, alloys of indium with lead, at a
lead density C<1 at.%, have a critical field H, S H,/2 =250
Oe. In our experiments this density level was at a depth
x, = 2y/Dt; =5X 1073 cm. The comparison of xc with xs
agrees with a coherence length &, = 4 X 10~ cm for pure In.
No Andreev line was observed after depositing Bi. It appears
that the superconducting gap was suppressed in layers with
larger impurity density.

CONCLUSION

We investigated a new method of measuring the coeffi-
cient of impurity diffusion in single crystals of pure metals,
based on the use of the radio-frequency size effect. We suc-
ceeded in demonstrating theoretically and experimentally
that the scattering of electrons in a layer of atoms that have
diffused into the interior of the single crystal can lead to the
appearance of a radio-frequency size effect of the cutoff type.
Measurement of the magnetic field at which the impedance
singularity is observed yields the depth to which the impuri-
ty atoms have diffused, and by the same token gives the diffu-
sion coefficient. This method was used to measure the values
of D in In single crystals of In for four impurity metals.

The method proposed for measuring the diffusion coef-
ficient constitutes a qualitatively new stage of the research
into diffusion processes in metals. The use of single crystals
of very pure metals, which are needed for the observation of
the radio-frequency size effect, excludes the influence of ex-
traneous impurities and of intercrystalline boundaries on the
investigated diffusion process.

The new method ensures high-accuracy measurements
of the diffusion coefficient. If the effective cross section for
the scattering of the conduction electrons by the atoms of the
diffused substance can be calculated theoretically or deter-
mined by supplementary experiments, the accuracy with
which the diffusion coefficient is measured is limited by the
accuracy of the measurement of the magnetic field in which
the radio-frequency size effect is observed, and amounts in
practice to about 3%. This circumstance makes this method
superior to other research procedures in which only the or-
der of magnitude of the diffusion coefficient is estimated.
The new method has high sensitivity and can be used to mea-
sure very low values of the diffusion coefficient. The radio-
frequency size effect line shape can change when the diffused
substance penetrates into the single crystal to very small
depths, comparable with an interatomic distance ~10~"
cm. If diffusion to a considerable depth is required, however,
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then in our method, in contrast to the method of radioactive
isotopes, the duration of the diffusion is in principle not li-
mited. This makes possible measurements of arbitrarily
small values of the diffusion coefficient by increasing the
duration of the diffusion.

In contrast to all other known methods of determining
the diffusion coefficient, the proposed method imposes no
limitation whatever on the diffusing substance. Since con-
duction electrons are scattered by practically any impurity,
the radio-frequency size effect permits the study of diffusion
of any substance in a single crystal of a pure metal.

In most heretofore known methods of diffusion re-
search it was in principle impossible or very difficult to carry
out the investigations at low temperature. The method pro-
posed, in which the need for performing the measurements
atlow temperatures down to that of liquid helium is connect-
ed with the procedure for recording the diffusing atoms, un-
covers qualitatively new possibilities of investigating low-
temperature diffusion, particularly the diffusion singular
ities connected with quantum laws and observable only near
absolute zero.
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