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A 45-GHz size-effect experiment on Ag revealed significant structure in the combined
transmission and leakage signal below the first-belly-electron size effects. The oscilla-
tions, which behave differently for different field orientations, are shown to be due to the
time-of-flight phase delay of electron trajectories across the sample. The signal is cal-
culated assuming circular orbits and using parameters from the literature. We suggest a

modified experiment for obtaining Fermi velocities.

In a size effect experiment! on silver at micro-
wave frequencies, where the transmitted signal
is allowed to interfere with a leak signal, we
have observed a significant amount of structure
below the first-order size effect of the belly or-
bits. With the magnetic field along the [100] di-
rection, the first-order line has an oscillatory
tail which extends down to B/Bgsg =0.7, Bgg. be-
ing the cyclotron-resonance cutoff field (Fig. 1).
For B parallel to the [011] direction (Fig. 2),
there is an oscillatory signal, extending almost
up to the size-effect line, with a maximum ampli-
tude near B/Bs g =0.5.

We interpret these results as being caused by
belly electrons transferring microwave energy
across the Ag slab in their ballistic motion. For
B II[100] the signal is caused mainly by electrons
which collide with both surfaces (type-II trajec-
tories, Fig. 3), whereas for B|I[011] the signal
is primarily due to electrons which skim along
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FIG. 1. Curve 1, recorded transmission spectrum
for BIl[100]; curve 2, calculated transmission spec-
trum as given by type-II orbits; and curve 3, recorded
reflection spectrum.
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one surface and collide with the other (type-I
trajectories). The electrons arrive at the second
surface with a phase delay determined essentially
by their time of transit across the sample. This
phase, modulo 27, is measured by the interfer-
ence of the transmitted signal with the leakage
signal. Since the time of transit is a function of
the magnetic field, the interference product os-
cillates with B. One period of this oscillation
thus corresponds to a change of one microwave
period in the time of transit of the electrons.
For a general Fermi surface, the field at the
second surface is a sum of contributions from
all electrons connecting the two surfaces. The
structure in the transmitted signal is then de-
termined by those electrons (if any) arriving with
extremal phase delay.?

The experiment was performed at a frequency
of 44.8 GHz in a two-cavity transmission spec-
trometer. The 0.235-mm sample (resistivity
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- FIG. 2. Curve 1, recorded transmission spectrum
B ll[011]); curve 2, calculated transmission spectrum
as given by type-I orbits; and curve 3, recorded re-

flection spectrum.
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FIG. 3. (a) The two types of orbits considered in the
text, and (b) the location on the Fermi surface of the
stationary phase orbits.
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ratio 7500) was attached to one cavity by a thin
layer of paraffin. The other side of the sample
was covered by 1-mil Mylar foil and lightly
pressed against the second cavity. This arrange-
ment allowed some microwave power to leak
around the sample, the isolation being approxi-
mately 60 dB. Using magnetic field modulation
at 270 Hz and subsequent phase-sensitive detec-
tion, we measured the magnetic field derivative
of the combined transmission and leakage signal.
By recording the reflection spectra also, we de-
termined the cyclotron-resonance cutoff fields.
This information aided in the interpretation of
the transmission results.

The detected signal is determined by the weight-
ed average of the current over the skin depth at
the second surface. The electric field, of fre-
quency w, is perpendicular to B (both fields are
parallel to the sample surface) and is asssumed
to have an exponential spatial dependence with
complex skin depth 6. Using the Chambers ex-
pression for the current,® we have computed the
detected signal for the experimental conditions

8/R, <1, w,T;
w/w, > 1; (1)

6/D«1; wb/w,R,<<1;

where R, is the cyclotron radius of the relevant
electrons, w, their cyclotron frequency, and D
the sample thickness. We further assumed that
the phase of the leak signal was equal to that of
the incident signal, that the orbits were circular
(those of the relevant electrons in Ag differ from
circles by only a few percent?), and that there
was diffuse reflection at the sample surfaces.
Retardation effects® were included.

The number of type-I electrons is proportional
to G/Rc, and the time they spend in the skin layer
to (6/R,)"?; so their contribution is proportional
to (86/R,)*%. The type-II electrons spend a small-
er time, proportional to 8/R,, in the skin layer.
However, the number of type-II electrons that

contribute effectively to the current is restricted
only by the requirement that they arrive at the
second surface with a phase spread less than 7.
This makes their number proportional to (w,/w)?
and consequently, by (1), much greater than the
number of type-I electrons. Their contribution

is thus proportional to 6w, "?/R_ w2,

In comparing with experiment, we neglected
the rosette orbits (B1I[100]) and the dog’s-bone
orbits (BII[011]). They give rise to cyclotron-
resonance signals which are smaller by orders
of magnitude than those of the belly electrons.
Furthermore, they cause no observable effect in
the relevant range of magnetic field. The open
orbits present in the [011] direction were neglect-
ed because of their small number. Because of
their shape they cannot, in any event, contribute
to type-I oscillations.

For B along the [100] direction, we have ap-
proximated the Fermi surface by a cylinder. The
various parameters were chosen as follows. For
mg/m,, the ratio of the cyclotron to the bare
mass, we used the value 0.95 determined from
the reflection spectrum. The radius of the cylin-
drical Fermi surface k, was taken to be®” 1,16
x10'® m ! and the sample thickness, D=0.235
mm, was determined by &, together with the mea-
sured spacing of the equidistant set of size ef-
fects. For the skin depth we used 6=06,¢*X, where
8, as well as x were assumed to be independent
of the magnetic field. We used §,=1,20X10"" m ®
and x=7/6.° Finally, the value w7 ~30 was esti-
mated from the cyclotron-resonance spectrum.
For these parameters, the type-II trajectories
dominate. The magnetic field derivative of the
averaged current is compared with the experi-
mental tracing in Fig. 1. Note that this repre-
sents a zero-parameter fit since no ad hoc ad-
justments were introduced. The agreement is
satisfactory as far as the general behavior of the
curves is concerned, whereas the peak positions
are not predicted correctly. Although the posi-
tions of the peaks could have been improved
somewhat with a slightly different choice of Fer-
mi-surface parameters, we did not attempt to do
s0 because they also depend on the skin-depth
phase. Furthermore, the departure of the orbits
from circularity, which is of the order of 5%,
may have a considerable influence.°

For B along the [011] direction, the cylinder
model is inapplicable because of the rapid varia-
tion of m, with &2,, the momentum component
parallel to B.+® In this case, the dominant con-
tributions are from those values of 2, which ren-
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der stationary the ~hases of the contributions
from type-I and type-II trajectories. Using the
calculated Fermi-surface data,*® we can show
that for the type-II orbits there is no such sta-
tionary-phase point on the Fermi surface. Thus
the type-II trajectories, which dominated the
[100] spectrum, do not contribute to the [011]
spectrum because of destructive interference.
The type-I orbits, on the other hand, do offer a
stationary-phase point which, according to the
calculations, should be located at %2, =0.555
%x10m ~! with a corresponding &, of 1.06 x10%°
m™ and m_/m,=0.88, Although the stationary-
phase point is shifted towards smaller %2, as B
approaches B, its location is almost constant
in the interval 100 G<B <300 G where most of
the oscillations occur.

The calculated curve in Fig. 2 again represents
a zero-parameter fit with 2, assumed constant.
In the range B <300 G the agreement with the ex-
perimental tracing is quite good. As Bapproach-
es Bgr the stationary-phase point starts moving,
and at the same time the sensitivity of the spec-
trum to the various parameters increases rapid-
ly. These features probably account for the dis-
crepancy in the higher-field part of the spectrum.
It should also be mentioned that the type-II orbits
tend to develop a constant phase point in the limit
as Bapproaches Bg . This may cause the ap-
pearance of a type-II signal, although with con-
siderably reduced amplitude. On the low-field
side, the sudden disappearance of the oscillations
at B=130 G is probably caused by the emergence
of two additional stationary-phase points giving
rise to interference with the primary type-I os-
cillations. The signal which emerges below B
=100 G is believed to be a size effect associated
with the effective points A and B on a dog’s bone
orbit [Fig. 3(b)].

The possibility of obtaining precise Fermi-sur-
face information from an experiment like the one
described seems precluded, even in the case of
circular orbits, because, as indicated above, the
phases of the different contributions, and thus
the positions of the peaks, depend on the assump-
tion of a skin depth and on its phase x. Informa-
tion independent of x can be obtained by compar-
ing the positions of adjacent peaks. Such infor-
mation involves both the cyclotron frequency and
averages of components of the Fermi velocity
over parts of the electronic orbits. If the skin-
depth phase if relatively independent of magnetic
field, then one can obtain velocity information by
introducing a controlled phase shift ¢ in the leak
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signal. The maxima in the interference signal
occur then, not when the phase delay is 2w, but
rather when it is 27z +3. One can then measure
the logarithmic derivatives, with respect to ¢, of
the magnetic field at adjacent maxima of the (un-
differentiated) interference signal. This will di-
rectly yield differences of inverse Fermi veloc-
ities at points about the Fermi surface. The po-
sitions of these points, at which the velocities
are determined, however, still depend somewhat
on the phase of the skin depth. Thus, it is evi-
dent that this kind of Fermi-surface information
can probably not be used to construct a Fermi-
surface model but may be of value in providing a
test of existing models at otherwise inaccessible
points on the Fermi surface. In general, more
oscillations, and thus more information, occur
for type-I trajectories. These will be favored
when there is no stationary point for type-II tra-
jectories, a condition which obtains when, as a
function of 2,, v, varies very little compared to
w,, as in the [011] direction of Ag. If the rele-
vant part of the Fermi surface contains a center
of symmetry, as in the case in the [100] direction
of Ag, then a stationary point for both types of
oscillations will always occur there, and the
type-1I will dominate.

A more detailed report of this work will be
presented elsewhere. We wish to thank N, E.
Christensen for providing us with a wealth of
calculated Fermi-surface information on Ag, and
Professor K. Saermark for his continued interest
in this work. One of us (D.S.F.) would also like
to thank Professor Sermark for his kind hos-
pitality at Physics Laboratory I, The Technical
University of Denmark,
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An unusually large diamagnetism ~—130 cgs/mole of certain positive-valence solutes
in alkali metals is reported and explained in terms of a novel impurity configurational
structure. Recent work on impurity-induced spin-flip scattering is also explained.

The observed large diamagnetism of positive-
valence solutes in noble-metal solvents® has pre-
viously found no explanation in sign or order of
magnitude. Kohn and Luming® and Graham and
March?® discuss impurity magnetism in metals.
For a linearized impurity screen they find small
paramagnetic susceptibilities rather than the
observed large diamagnetism ~-100 cgs/mole.
The discrepancy has tentatively been ascribed
to band-structure effects.? In this Letter we pre-
sent more structured results for the suscepti-
bilities of impurities in alkali metals, and show
how these results are related to a novel impur-
ity structure. The observed*® conduction-elec-
tron spin-flip rates induced by spin-orbit cou-
pling in the impurity cell also find a natural ex-
planation.

Figure 1 shows the measured susceptibilities
of Au, Hg, Tl, Pb, Bi, Cd, In, Sn, Sb, and Te
in liquid Na at 300°C. We have also obtained
similar results for impurities in liquid K. An
attempt was made to measure y for I also but,
unfortunately, Nal proved insoluble in liquid Na.
Note, however, that the value y=-52x10"° cgs/
mole ® for I” in Nal fits smoothly into the present
results for solutes in liquid Na. The peak dia-
magnetism for impurities of valence 5 and 6 is
much larger than atomic susceptibilities.” Since
core orbitals can hardly be affected, the valence
diamagnetism is larger than that of free atoms
by a factor up to 4. Band-structure effects can
be discounted for this free-electron liquid sol-
vent,

Also shown in Fig. 1 are the scattering cross

sections deduced by Asik, Ball, and Slichter*
and by Cornell and Slichter® for spin flips in-
duced by spin-orbit coupling in the impurity cell.
Clearly, these effects are also strongly valence
dependent and giant diamagnetism emerges when
the spin-flip scattering disappears. We believe
that this happens because the two phenomena are
sensitive to high densities of p-like impurity
orbitals at the band bottom and at the Fermi sur-
face, respectively.

The one-electron atomic p levels fall below the
pure Na band bottom for higher valence solutes.
This suggests that p-like impurity orbitals may
emerge below the bottom of narrow conduction
bands in a manner similar to the transition from
virtual to bound 4f levels of rare-earth impuri-
ties recently reported by Blodgett and Flynn.®
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FIG. 1. The diamagnetic susceptibilities x (closed
points) and the spin-flip scattering cross sections o
(open points) for impurities in Na.
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