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The radio-frequency size effect (RSE) and the magnetoresistance are experimentally investigated in a
magnetic field parallel to the surface of tungsten single-crystal plates in the {110} plane, placed in a high
vacuum and having different surface states: a) with adsorbed residual-gas film and b) cleaned by heating
to high temperature. It is observed the surface cleaning decreases the amplitudes of the RSE lines but
leaves their widths and shapes unchanged. The weakening of the RSE does not depend substantially on
the positions of the orbits on the electron jack and on the hole octahedron, manifests itself weakly for the
spheroid lines, and correlates with the variation of the magnetoresistance. The connection of the
amplitude and width of the RSE lines with the specularity coefficient are analyzed in light of the existing
theories. It is shown that the observed sensitivity of the RSE to the surface state is well described by the
variation of the specularity coefficient of the grazing electrons. The changes of p determined from the
RSE measurement agree qualitatively with the corresponding values determined by measuring the

magnetoresistance.

PACS numbers: 72.15.Gd, 73.20. —r, 72.15.Qm, 81.60.Bn

1. INTERACTION

It is well known that the radio-frequency size effect
(RSE) in a magnetic field H parallel to the surface of a
plane-parallel metallic plate of thickness d is due to
two effects: the cutoff of the effective orbits (CEO) and
the anomalous penetration (AP)." The theory of the
CEO in a plate in the limiting cases of diffuse and spec-
ular scattering was developed by Kaner ef al. in Refs.

2 and 3, respectively. The gist of the conclusions of
the theory reduces to the following. At H, (where H,
=2Fkc/ed is the cutoff field, 2%k is the diameter of the
electron orbit, e is the charge, and c is the speed of
light) the electron trajectories cannot be fitted in the
plate, so that in a metal with a diffuse boundary the ex-
tremal-section electrons which pass through the skin
layer, become scattered by the opposite surface of the
plate and lose the energy acquired from the wave. Ina
metal with a specular boundary, the colliding electrons
return repeatedly to the skin layer at H<H,, just as the
volume electrons at H>H,. In addition, in this case
the skin layer is formed mainly by the surface electrons
that glance over the surface along trajectories with
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centers outside the metal. The shunting of the contri-

bution of the volume electrons into the high-frequency

conductivity by the surface electrons, just as the con-
servation of the number of electrons participating in the
formation of the skin layer at H<H,, make the attenu-
ation of the singularity of the impedance at specular
reflection stronger than in the diffuse case.

The theory of the AP in a semi-infinite metal, in the
limiting cases of diffuse (|y|<1 -p) and specular
[lv1(8, /R)¥2>1 —p] scatterings, and also at intermed-
iate values of the specularity coefficient p

171 (8/R)*<4—p<|y| <1 (1)

was developed in Refs. 1-6. Here y =(v -iw)/R, 5, is
the skin-layer depth,  and w are the cyclotron and
electromagnetic frequencies, respectively, v is the
collision frequency, and R is the radius of the electron
trajectory. In AP, the electrons form equidistant cur-
rent sheets of thickness

8v=(4c*RQY/300:)" ©(2)

(w, is the plasma frequency of the metal) at a distance
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that is a multiple of the diameter 2R from the surface.
Since these bursts are formed by the volume electrons,
it follows that §,, does not depend on the character of
the surface scattering. At the same time, a contribu-
tion to the formation of the main skin layer of depth 5,
is made by the volume electrons in diffuse reflection
and by the surface electrons in completely specular
scattering and in the intermediate case (1). Therefore
6, depends on the specularity coefficient p:

8u=8v[ (1—p)/n|¥| 1", (3)

An increase of p leads to a narrowing of the main skin
layer and to a corresponding decrease of the amplitudes
of the field bursts.

The theory of Kaner et al.>"® was constructed for uni-
lateral excitation of the plate, under conditions of the
limiting anomalous skin layer (|y|<1). Juras”'® con-
sidered the more realistic case, from the experimental
point of view, of bilateral excitation and y~1. By nu-
merical computer calculations he obtained the shape of
the lines of the RSE, including both the CEO and the AP
at different values of p and y and at w<Q. The influ-
ence exerted on the RSE by the dependence of the spec-
ularity coefficient on the surface-scattering angle was
also considered.? The results obtained in Refs. 7-9
confirm qualitatively the conclusions of the theory of
Kaner et al. that the SRE lines become weaker with in-
creasing p.

Thus, numerous theoretical investigations testify to a
strong sensitivity of the RSE to surface scattering.
Since the influence of the specularity reduces to the on-
set of a contribution of glancing electrons, it follows
that this sensitivity extends mainly to scattering at
small angles ¢ ~(8,/R)Y2.

We have experimentally investigated the influence of
the character of the surface scattering on the RSE in a
magnetic field parallel to the surface of a thin tungsten
plate, for the purpose of experimentally verifying the
conclusions of the theory. We used plates in the {110}
plane. It was established earlier with the aid of the
static skin effect’ and electron focusing," in the case
of tungsten plates in the same plane and placed in a high
vacuum, that the specularity coefficient can be varied
directly in the experiment by adding (or removing) films
of adsorbed gases from the vacuum volume. The pres-
ent investigations of the SRE line shape were investi-
gated under similar conditions. The sample surface
state was monitored, both after cleaning by high tem-
perature heating and after sputtering an impurity film,
by using the static skin effect. It was observed that the
amplitude of the RSE line decreases with increasing p
in agreement with the conclusions of the theories. The
effect of the decrease ofthe amplitude is stronger the
larger the dimensions of the Fermi-surface (FS) sheets
responsible for the RSE

2. MEASUREMENT PROCEDURE

The procedure of preparing and mounting the samples
was similar to that described previously.'"*> The
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tungsten samples, oriented in the {110} plane, were
cut by the electric-spark method from a single-crystal
ingot with a resistivity ratio pyo,«/Ps,,x~1- 10°% The
plate surface, measuring 2X8 mm was mechanically
ground and then electrically polished in 1% solution of
NaOH until a mirror finish was produced. The thick-
ness d was monitored with a vertical optimeter with
accuracy +1 pm and ranged from 0.15 to 0.35 mm, The
sections near the edge, which had a somewhat smaller
thickness after the electric polishing, were removed by
grinding; the samples prepared in this manner were
plane parallel within not more than +1%.

The plates were spotwelded, through tungsten sus-
pensions of 0.2-0.3 mm in diameter, to thick (1 mm
diameter) molybdenum leads in a glass ampoule of 20
mm diameter, and were additionally cleaned to remove
the carbon impurity. The cleaning of the samples at an
oxygen pressure 1X107® Torr and 1900 °C temperature
took 10 hours. The glass ampoule with the sample were
then sealed off from the vacuum installation and placed
in a cryostat. The background gas pressure was 1X107°
Torr and apparently dropped to 1X10™!* Torr after cool-
ing to helium temperature.

To measure the magnetoresistance, clamped tung-
sten-wire tips of 0.1 mm diameter were mounted on the
surface of the plates at distances on the order of 4-6
mm, The measurement current was made to flow along
the (112) or (111) direction. The signal from the po-
tential contacts was measured by a null method with an
R309 potentiometer.

The crystal with the potential contacts was located in-
side a coil of 5-6 mm diameter, having 10-12 turns of
tungsten wire of 0.2 mm diameter. The coil was welded
to the two molybdenum leads and served as the L part
of a high-frequency tank circuit of an autodyne gener-
ator. This ensured bilateral antisymmetrical excita-
tion.

The procedure of measuring the RSE was similar to
that described in Ref. 13. In the experiments we mea-
sured the derivative of the active part of the sample
impedance with respect to the magnetic field sR/3H.
The working frequency ranged from 6 to 11 MHz, and
the generation amplitude was maintained constant dur-
ing the experiment.

The direction of H in the measurements of the mag-
netoresistance was perpendicular to the line of the po-
tential contacts and to the axis of high-frequency coil.
In the measurement of the RSE, the holder of the am-
poule with the sample was rotated through 90° in the .
plane of the sample to obtain perpendicular polarization
of the skin current relative to the H direction. The ex-
periments were performed at different directions of H.
A special adjusting unit made it possible to incline the
ampoule with the sample and thus align with high ac-
curacy the direction of H in the plane of the sample.
The orientation of the samples was determined from
the symmetry of position of the SRE lines, and the par-
allelism of the sample surface was determined from the
maximum of the amplitudes of the SRE lines.
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3. EXPERIMENTAL RESULTS

Figures 1 and 2 show typical plots of the SRE lines
for a tungsten sample with different surface states. It
is known'* that the line e is due to the extremal orbits
on the electron spheroids, while the lines g and % are
due respectively to the orbits on the waist of the elec-
tron jack and of the hole octahedron. Because of the oc-
tahedral shape of these sheets of the FS, the contribu-
tion to the RSE is made by a wide strip of orbits, close
in shape to a cylinder of hexagonal cross section. For
the jack, the strip is bounded by the spheroids, so that
the line g has a smaller amplitude than &,

We observed in the experiments three RSE lines each
in the multiple fields, and the amplitude of the lines in
the doubled field was approximately one-fifth that of the
first line. Therefore detailed investigations of the
shape were carried out only for the principal most in-
tense lines. It is seen from Figs. 1 and 2 that a short-
duration (several seconds) heating of the sample from
helium temperature to approximately 2500 °C (flash)
leads to a decrease of the amplitudes of the lines g and
k and has little effect on the line of the spheroids e.
The shape and width of the lines remain practically un-
changed. The magnetoresistance of the samples also
decreases sharply (Fig. 3). The RSE lines in the dou-
bled field varied in the same manner as the lines g and
h.

The flash rid the sample surface of the film of resi-
dual gases adsorbed from the vacuum volume, thus in-
creasing the specularity coefficient p.'°* ™! If the tung-
sten coil is heated in the same manner after the flash,
then a fraction of the gases that are released from the
coil again condense on the sample and decrease p. This
raised the amplitudes of the RSE lines g and h, as well
as the magnetoresistance, to their previous values
while the line e remained practically unchanged. Heat-
ing the apparatus to room temperature followed by
cooling also contaminated the surface by a gas film and
led to the same changes as heating the coil.

The effect was repeatedly reproducible in several ex-

dR/aH

xJ

L . 1 L ;-
200 220 240 260 280
#,0e

FIG. 1. Plot of the RSE lines of electrons (g) and holes (k) at
different surface states. The solid curves represent the RSE
lines for a sample with a dirty surface, and the dashed ones
for a clean surface; ¥(H, (100))= 30°, d= 0.27mm, w/2r= 6.33
MHz. The g line was recorded with a gain increased by a fac-
tor of 3.

590 Sov. Phys. JETP 50(3), Sept. 1979

aR/aH

( FIG. 2. RSE lines of the
spheroid electrons (e).

The conditions and sym-
bols are the same as in
Fig. 2, the gain is approxi-
mately 10 times larger
than for the & line.
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periments and for several samples. No substantial de-
pendence on the temperature and on the positions of the
orbits on the FS was observed. It should be noted that
magnetoresistance of a plate with a film impurity de-
creased after several cycles of purification and sput-
tering, while in the case of a clean surface it remained
unchanged (Fig. 3). It is probable that the first few
flashes rid the sample surface of compounds of the type
WO, WO,, and WO,. It is known that the bonds be-
tween the chemosorbed atoms and the substrate serve
as additional centers of scattering on the surface of the
metal, s

Despite the fact that the samples were prepared from
one ingot of high purity, for some of them the ampli-
tude of RSE line was comparable with the noise level.
It appears that these samples were deformed during the
mounting. The amplitude of the RSE lines for such
samples increased nonmonotonically after the flashes,
whereas the magnetoresistance decreased. Subsequent
sputtering from the tungsten coil increased the mag-
netoresistance to the previous value and to increase
further the amplitude of the RSE line. Such an uncor-
related behavior of the RSE and of the magnetoresis-
tance is apparently due to partial annealing of the sam-
ples in the course of the flash. In fact, the amplitude

R(H)—R(0),07°R
i

0.28

7.63

&
#,kOe

FIG. 3. Dependence of the transverse magnetoresistance on
the magnetic field for the same sample as in the investigations
of the RSE (Fig. 1, 2) with different surface states: 1, 3—
dirty, 2, 4—clean. Curves 3 and 4 were obtained after five
cycles of purification and adsorption. The numbers alongside
the curves correspond to the values of p calculated from the
resistivity ratio.
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of the RSE line is A ~exp(-nd /1) (where [ is the elec-
tron mean free path), and in a strong field, under the
conditions of static field effect, the magnetoresistance
does not depend on [.'® For the undeformed samples,
the amplitude of the RSE lines were larger by approxi-
mately one order of magnitude than for the deformed
ones, and therefore the changes of ] after the flash have
little effect. Since this effect cannot be completely ex-
cluded, the plots of the RSE lines in Figs. 1 and 2 were
drawn after five cycles of purification and adsorption of
the impurity atoms.

4. DISCUSSION OF THE RESULTS

Since we measured in the experiments the derivative
9R/3H of the active part of the surface impedance

ZBR_,-X_I‘_’E“LEEO_)_. (4)

¢ E(0)’
it follows that the amplitude of the RSE line is

m [E(0)/E’'(0)] ~8,Im E(0)

A~1 3l )"

where E(0) is the electric field and E’(0) is the deriva-
tive of the field at the surface with respect to the dis-
tance into the interior of the metal. In our experiments
only one return of the electrons to the initial skin layer
was possible (I=7d %1 mm), i.e., under the investi-
gated conditions the RSE is due mainly to the AP. The
width of the RSE lines is proportional to the duration

of the flash 6,, and in accordance with (2) remained un-
changed with changing character of the scattering. The
amplitude of both the imaginary and of the active part of
the field in the first flash is given by®

~EO 8"
EQR)~ {pige (5)
Substituting this expression in (4) we can readily show
that the ratio of the amplitudes of the RSE lines at spec-

ularity coefficients p, and p , is

AJA=[(1—p)/ (1—p) ]~ (6)

It follows from the theory of the static skin effect'’
that the transverse magnetoresistance of a plate of
compensated metal, p(H), in a strong magnetic field
parallel to the surface [d<l, R« (1-p)l], decreases,
when the probability of the specular reflection increases
from p, to p,, by a factor (1-p,)/(1 ~p,). Generally
speaking, this ratio can be regarded only as an esti-
mate, since p depends on the scattering angle and on
the wave vector of the electrons. Nevertheless, a close
correlation was observed in Ref. 11 between the values
of p determined from the ratio p, /p, and from the ratio
of the amplitudes of the electron focusing in multiple
fields. Then, assuming the surface state prior to the
first flash to be completely diffused (p =0), it is easy
to calculate the values of p for the succeeding states of
the surface in our case. These data are given in Fig.

3 and agree with the data of Ref. 11.
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In the experiments we observed a good correlation
between A, /A, and p, /p,, in accordance with the rela-
tions presented above. Nonetheless, it is apparently
impossible to use the values of p determined from the
magnetoresistance to check on relation (6). First, the
amplitude of the flashes under conditions (1) is de-
termined by the contribution of the grazing electrons
that collide withthe surface at small angles ¢ ~ (5,/R)*/?,
while the magnetoresistance is determined by the large-
angle scattering. In Ref. 18 it is shown that the prob-
ability of spectral reflection increases strongly with
decreasing ¢ in analogous experimental conditions, and
accordingly the difference between the values of the
probability for the pure and dirty surfaces increases.
Second, expression (6) is valid under the conditions
0.75< p<0.95 (1), which is not satisfied by the values
of p determined from the static skin effect.

The decrease of the ratio A, /A, for the spheroid line
is apparently due to several circumstances. First, the
hexagonal shape of the trajectories g and i causes the
value of ¢ for grazing electrons and holes to be sub-
stantially larger than (§,/R)"2, and accordingly de-
creases more rapidly than HY2 in weak fields. Second,
the sag of the arc of the trajectory of the grazing elec-
trons increases like H™V3, and these trajectories of the
octahedron and of the jack are partially crowded out of
the skin layer with decreasing H. Therefore, the main
contribution for the e line are made by grazing trajec-
tories of the spheroid electrons. Finally, the value of
p for spheroids is larger than for the octahedron and
for the jack, owing to the larger deBroglie wave-
length.'® All this can lead to an increase of p for the
line e compared with g and # and accordingly to a weak-
er influence of the surface states.

Indeed, a comparison of the experimental curves with
the theoretical ones® shows that p =1 for the spheroid
line. At the same time, the shape of the jack and octa-
hedral lines corresponds to p= 0.5 for a dirty surface
and p=0.75 for a clean one. We note that the theoreti-
cal line shape according to Refs. 7-9 agrees much bet-
ter with experiment than that obtained in Refs. 2—-6. In
fact, it is well known from the experiments that the
condition H = H, corresponds to the left edge of the RSE
lines (see, e.g., Refs. 20 and 21) in accordance with
the data of Refs. 7-9, whereas according to Refs. 2-6
this value corresponds to the maximum of the RSE line.

It must be borne in mind that these values of p must
be regarded only as estimates, since the conditions of
the experiments differ from the theoretical ones with
respect to some parameters or others. Nonetheless,
the qualitative agreement with the foregoing analysis,
which manifests itself in the decrease of the amplitude
of the RSE line when the probability of specular reflec-
tion is increased is obvious. For quantitative compari-
sons we must have, apparently, -both a further improve-
ment of the theories, and experimental investigations on
metals with simple single-sheet FS.

The authors are grateful to V. F. Gantmakher, N, M.
Makarov, and O. A. Panchenko for interest and for a
discussion of the results.
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The reflection of sound incident from a liquid on the rough surface of an isotropic solid is considered.
For angles of incidence corresponding to total internal reflection, the reflection coefficient has a sharp
minimum due to the excitation of surface waves. The minimum is deep for small (compared with the
sound wavelength) and weakly sloping roughnesses. This can be due to the competition of a roughness
with a small ratio of the acoustic impedances of the liquid and the solid. The location and shape of the
minimum have been studied as a function of the sound frequency and the parameters of the roughness.
The considered phenomenon can serve as an experimental method for study of the structure of the

surface of a solid.

PACS numbers: 68.25. + j

1. INTRODUCTION

The problem of the scattering of various waves by a.
rough surface has been considered in a large number of
researches (see, for example, Ref. 1). In one of the
latest papers on this subject,? the reflection of sound
from the rough surface of a solid body is described.
Since the solid in this research was assumed to be ab-
solutely rigid, the effect of any waves propagating in it
was not taken into account. However, the problem dis-
cussed represents great practical interest,® in particu-
lar as one of the methods of nondestructive testing.
Figure 1 (taken from the work of Rollins®) shows the
experimental dependence of the reflection coefficient
of ultrasound incident from a liquid on the surface of a
solid as a function of the angle of incidence (the angle
of reflection was chosen equal to the angle of inci-
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dence). In the region of total reflection, when volume
sound waves cannot propagate in the solid, there exists
a minimum, the location and shape of which depend on
the properties of the surface.

It is natural to connect the origin of a minimum with

‘R
1.0 r?w-o-o-o
o ©
%5
06
| L 1 | 1 1 1
2° 20° 28° s 8

FIG. 1. Dependence of the reflection coefficient R on the angle
of incidence 6. The curve is constructed according to Eq. 1),
the points are the experimental data from Ref. 3 for a water-
aluminum interface and a frequency of 5 MHz.
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