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We report strong sharp peaks of microwave transmission through single-crystal copper plates at cryogenic
temperatures for particular orientations of the applied dc magnetic field. We associate these orientations with
open orbits. While we have no explanation for the transport mechanism, we show that the energy cannot be

carried ballistically.

We report our observation of intense sharp peaks
of microwave energy transmitted through single-
crystal plates of high-purity copper at cryogenic
temperatures for particular orientations of the ap-
plied dc magnetic field. We have correlated the
special orientations of the magnetic field for which
transmission peaks occur with those which are
known to allow open orbits.! In an effort to clarify
the mode of energy propagation we have performed
masking experiments which would seem to rule
out direct ballistic transport by electrons. Examples
of the data are provided which illustrate the char-
acteristic features of this new electromagnetic
transport mode.

Our measurements are made utilizing the micro-
wave transmission technique (MTT) wherein the
sample forms the common wall between two cavit-
ies tuned to the same frequency. In MTT power is
incident into one cavity, and that power which has
been transmitted through the sample and reradi-
ated into the second cavity is detected as a function
of applied variables such as the dc magnetic field.?
In the present experiments the samples consisted
of oriented single-crystal copper slices, 0.01 to 0.05
cm thick, cut from boules whose resistivity ratio,
room temperature to 4.2 K, varied between 10 000
and 25000. Typical conditions are: incident power,
10 mW; frequency, 9.2 GHz; temperature, 1.4 to 20
K; dcfield, 10 to 20 kG. The detector sensitivity
is 107'° W at 3-Hz bandwidth, and the peak trans-
mitted power ~10-** W. The dc field may be or-
iented anywhere in the plane containing the normal
to the sample, and is always perpendicular to the
rf magnetic field. The magnet is equipped with a
motor-driven precision angular readout so that the
transmitted power (or field) may be measured as
a function of orientation of the dc magnetic field
to the sample surface at fixed magnitude .}

There are two general modes of electromagnetic
energy transport through the sample: (i) energy
is carried across by an electromagnetic wave when
circumstances result such that regions of the ap-
propriate dispersion relations have sufficiently
undamped wavevector, or, (ii) the energy is trans-
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mitted ballistically, that is, carried by those elec-
trons which are excited within the narrow skin
depth on one surface and then manage to travel un-
impeded across the sample and radiate coherently
on the far side. An example of the first mechan-
ism is transmission electron spin resonance,?
whereas the Gantmakher size effect is an example
of the second.* There are a surprisingly large
number of microwave energy transport modes in
high-purity metals at cryogenic temperatures. In
simple metals, with spherical Fermi surfaces,
most are at least qualitatively, and often even
quantitatively, understood. In a metal like copper,
the behavior of the transmitted power as a function
of the magnitude and orientation of an applied dc
field is often quite complex, in general represent-
ing the superposition of several modes. However,
under certain experimental conditions, a given
mode of transmission can be sufficiently dominant
so that it may be studied in appropriate detail as
relevant experimental parameters are varied.
When working with relatively thick samples, we
find that for certain orientations of magnetic field
with respect to the crystallographic axes, there
are very sharp peaks of transmitted energy which
completely dominate over all other signals. We
identify these peaks as next described.

Our apparatus has provisions for combining the
transmitted field H_,, emanating from the second
cavity with a much larger reference field Hy g,
which originates from the main oscillator. The
detected signal in this case is proportional to only
the component of the transmitted field in phase with
the reference, or o H,,+Hygp. Alternatively, we
may also arrange to measure the modulus of ﬁ,,
by rotating the phase of the reference field con-
tinuously through multiples of 27 at a rate fast
compared with either the phase or amplitude var-
iations of H,,. The envelope of the rectified out-
p\_{t under the conditions then corresponds to the
IHrf I .

In Fig. 1(a) we present a signal proportional to
ﬁ,, . -ﬁREF as a function of the angular orientation
of an applied dc magnetic field. In Fig. 1(b) we

2474



16 OPEN-ORBIT MICROWAVE TRANSMISSION PEAKS IN COPPER 2475

A

(a) COPPER 0.037 cm
9170 MHz
Hgc= 20,000 gauss
m T=17 °K
==
=

() B

SIGNAL oc TRANSMITTED MICROWAVE FIELD (H,¢)

|ﬁrf|

ANGLE OF dc FIELD TO NORMAL

FIG. 1. Typical transmitted microwave field signals as a function of the angle of the dc magnetic field to the sample
normal. The crystallographic axes are as indicated. (a) Transmitted field projected onto a constant reference field.
The apparent asymmetry of the signals is due to a slight misorientation of the crystal axis. (b) Magnitude of the trans-
mitted microwave field. The two peaks labeled B and vy are identified with open orbits as shown in Fig. 3. Note the
fine structure of the B peak indicated by the arrows, which are further resolved in Fig. 2. The power at the 8 peak
is over 10* times that in the vicinity of 90°.

present the corresponding modulus signal I'ﬁ,, | . of the base line is over four orders of magnitude,
Two major peaks occur at the angles indicated as and as indicated by the double arrows, there is a
B and y. These peaks are quite striking. The ra- fine structure. In Fig. 2 we present ]ﬁ,,l at one

tio of the power transmitted at the B peak, to that of the B8 peaks with increased resolution. We can
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FIG. 2. Magnitude of the transmitted microwave field

in the vicinity of the B peak of Fig. 1. The dc magnetic
field was 18 kG and the temperature 1.4 K.

see there is a rich spectrum over a region of only
a few degrees. The primary features of the spec-
trum repeat from sample to sample, although we
do not know the limiting resolution as our orienta-
tion accuracy was typically +1°.

In Fig. 3 we present a sector of a stereographic
projection with cubic symmetry. The known open-
orbit directions for copper are as indicated.®* We
note that for the locus of magnetic field sweep of
Fig. 1, peaks would be predicted at the three angles
labeled a, B, and y. The predicted locations agree
very well with the 8 and y peaks observed. An ad-
ditional peak corresponding to a is observed for a
thinner (0.01 cm) sample. We have taken data for
other sample orientations. For the trajectory in-
dicated by the crossings a-f in Fig. 3, we found
strong peaks at b and d. When the field locus is
such that it is always perpendicular to an open or-
bit, for example [110]~[100], we find a compli-
cated structure with some sharp peaks at inter-
mediate angles.

We do not understand the widths or amplitudes
of the observed peaks such as those in Fig. 1, al-
though it seems clear they are related to open or-
bits. We find the linewidths are independent of
temperature, which suggests that they are deter-
mined by properties of the Fermi surface and the
orientation. The signal amplitude decreases with
temperature such that the log of the signal is pro-
portional to the temperature-dependent resistivity.
The power transmitted at the peaks decreases with
increasing sample thickness. No detailed quantita-
tive comparison between the transmittance of dif-
ferent samples was made, for the intensity at the
peaks was sensitive to accidental mechanical dam-
age suffered by the specimens during preparation
and mounting. At fields below 10 kG it is difficult
to identify the open-orbit peaks due to structure

from other modes. For any given peak we find a
monotonic increase in amplitude from 10 to 20 kG.
In order to determine if the energy was being
carried ballistically, by electrons streaming along
open orbits, we performed the following experi-
ment. Consider the sample pertaining to the data
of Fig. 1. The dc magnetic field rotates in a hor-
izontal plane containing the normal to the crystal
which was the [110]. The vertical is along the
sample [1T2]. Referring to Fig. 3, the crossing
at B corresponds to a [100] open orbit, and at B’
to the [010] case. The projection of the trajectory
of electrons on the vertical plane containing the
normal to the sample would make an angle to the
vertical as shown in Fig. 4(a). As is evident from
Fig. 4(b), if masks were placed within the cavity
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FIG. 3. Stereographic projection showing the loci of
the magnetic field studied in our experiments, and those
field directions which give rise to primary and second-
ary open orbits (Ref. 1). The intersections labeled o to
Y, and a to f (and the corresponding directions, marked
by a dash) represent orientations where power peaks
might be expected. As discussed in the text, strong
peaks were observed at 3, v, and at b and d (and their
corresponding directions).
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FIG. 4. Pictorial representation of electron open-
orbit trajectories for the situation pertaining to the
masking tests discussed in the text. The figures are drawn
to scale. (a) A view of the sample parallel to the surface.
For the orientations indicated, when the magnetic field
is at the angle corresponding to the 8 peak of Fig. 1
(and Fig. 3) the projection of the open-orbit electron
trajectory is approximately 19° from the vertical as
shown. (b) The sample lies between two cavities, and
is asymmetrically masked by pieces of brass shim. As
can be seen, the B orientation trajectories could still
communicate between the two cavities, whereas the B’
trajectory could not. (c) The sample lies between two
cavities and is now symmetrically masked by brass
shims. The B and B’ trajectories are symmetrical with
respect to the masking geometry, but there is a relative-
ly unobstructed path along these trajectories from one
cavity to the other.

on each side of the sample as shown, and the en-
ergy was carried ballistically, one would expect
only a slight diminution in overall signal for the

B field orientation, compared to a drastic decrease
for B’. The results are shown in Fig. 5 for an or-
ientation of the [112] inadvertantly rotated from the
vertical by 6.8°. Despite this complication, we
still expect a significant asymmetry in signal am-
plitudes with the masks in place. Because of the
greatly reduced amplitudes [about 30 dB down with
respect to configuration of Fig. 4(a)], it was im-
practical to take modulus data, and we present the
ﬁ,, . ﬁnsr signal as a function of dc orientation.

We note that within the noise there is certainly no
marked amplitude asymmetry. This experiment
would thus appear to rule out the ballistic transport
mechanism and to suggest an electromagnetic
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FIG. 5. Transmitted field projected upon a constant
reference as a function of the orientation of the dc mag-
netic field to the sample surface under orientation and
masking conditions of Fig. 4(b). The peaks correspond
to that labeled B8 and B’ in Fig. 1, and as can be seen
are basically symmetric in amplitude. The dc magnetic
field was 18 kG, temperature 1.4 K, and sample thick-
ness 0.055 cm.

wave mode.

As a further check, using the same sample,
we arranged the masks as in Fig. 4(c). We found
that the transmitted power for this case was ap-
proximately 30 dB larger when compared to the
configuration of Fig. 4(b). This result again is con-
sistent with a nonballistic mechanism.

The effects of open orbits on other modes of en-
ergy transmission, such as helicons, have been
reported.® The power peaks displayed in Fig. 1 do
not appear to be modifications of another transport
mode, although this cannot be ruled out. The un-
derlying mode could be too weak to see except when
greatly enhanced near the open-orbit locations. In
either event, since the power peaks can be as
much as four orders of magnitude larger than the
baseline, and often with a rich angular structure,
we suggest that it may be possible to interpret such
data for information concerning details of the Fer-
mi surface, and to ascertain the relaxation times
of the particular groups of contributing electrons.
However, it would seem that further progress
must await the development of some theoretical
explanation of this electromagnetic transmission
mode.
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