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must exist to permit the molecules to be situated
in such a way that they are not screened by being
"buxied" in the top metal film. Other explanations,
of course, are also possible. The occurrence of
molecular spectra in Y-(Y oxide)-metal diodes
could not be tested.
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Standing-wave resonances of heliconlike waves have been used to measure resistivity tensor
elements 8; &

in silver single crystals. Flat-plate samples were used. Data were taken for
+12' regions near the major directions [100], [111j, [110], and [211). Curves are presented
of the variation of the 8;J elements with field direction. Data are also presented as functions
of field strength with the field direction fixed along major directions. Reversing the field al-
lowed the separation of terms even and odd in field. These data represent a more complete
study of resistivity tensor elements in silver for field directions near major axes than has pre-
viously been available.

I. INTRODUCTION

Electromagnetic heliconlike waves have been
used to measure the elements of the anisotropic
resistivity tensor of silver as functions of crystal-
lographic direction near the principal axes. The
results are a more complete study of resistivity
tensor elements for directions near principal axes
than has previously been available. dc measure-
ments of galvanomagnetic properties of metals

have been used for some years to help determine
Fermi-surface topology. ' dc measurements of the
transverse magnetoresistance indicate that the
silver Fermi surface makes contact with the
Brillouin-zone boundary.

In the present ac experiments, flat-plate samples
wexe used whose normals lay along the major
crystallographic dix ections. The propagation di-
rection for the waves was along the plate normal.
The theory for helicons in this geometry is well
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known. ' Standing waves are set up whenever an
integral number of half-wavelengths just fit into
the sample thickness. The resulting resonance in
wave amplitude exhibits a characteristic I.orentzian
line shape as a function of frequency. Three mea-
surable parameters are sufficient to describe the
resonance: the resonant amplitude A; the quality
factor Q; and the resonant frequency f„. In the
present experiments the magnetic field direction
was tipped up to +12 with respect to the plate
normal. In this case an additional multiplieative
factor occurs in the theory. This factor is of order
cos8, where 8 is the angle between the field and the
propagation vector. For 8 =12 this factor can be
set equal to unity.

Previous helicon anisotropy measurements made
on silver used cylindrical samples with the static
field Bo and propagation vector k perpendicular to
the cylinder axis. This geometry is experimentally
very appealing, but involves a boundary-value
problem which is not understood.

In the flat-plate geometry the resonance param-
eters can be directly related to the elements of the
resistivity tensor R,&. For an infinite flat plate,
anisotropie medium with the static field Bo in the
s direction it is found that

A ~R /(R„„+R„)

Q=(R„„R~~—R„~R „) ~ /(R„„+R )

f,= (&/2p. gt )(R„„R„—R R,„)'i~

(la)

(lb)

(lc)

All units are mks. One can invert these measur-
able parameters to get the R,&

elements transverse
to Bt) as functions of crystallographic direction.
One can also obtain R;& elements as functions of
magnetic field for a specific field direction.

II. EXPERIMENTAL ARRANGEMENT

The instrumentation used in this experiment is
shown schematically in Fig. 1. Similar instrumen-
tation used to measure helicon resonances has
been reported earlier. 6 The oscillator produced
two audio-frequency signals, one at a chosen phase
with respect to the other. One signal was used to
excite a drive coil D through a power amplifier;
the other oscillator signal was attached to the
horizontal amplifier of an oscilloscope. The drive
coil and the pickup coil P mere free-standing coils
of rectangular cross section. Their natural resonant
frequencies (- 60 kHz) were well above the observed
helicon frequencies. The sample plates fit snugly
into the pickup coil. A coating of petroleum jelly
held the samples rigidly in place at low tempera-
tures. The pickup coil itself fit snugly into the
drive coil and was also cemented in place with pe-
troleum jelly. The axes of the two coils mere care-
fully aligned to be perpendicular to each other,
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FIG. 1. Schematic diagram of instrumentation. P
and D are the rectangular cross-section pickup and drive
coils, respectively. The data-acquisition system reads
the helicon amplitude and frequency, and the angle of the
field relative to the silver crystal.

minimizing direct induction pickup.
The coil-sample assembly was inserted into a

30-kG supereonducting solenoid. The coils were
mounted so that the sample could then be tipped up
to +12' with respect to the static field while keep-
ing the drive fieid perpendicular to Bo. The drive
coil was cemented to a small table hinged at one
end and mounted in a micarta former. The axis of
the drive coil was parallel to the rotation axis of
the table and perpendicular to Bo. A beryllium cop-
per spring held the table against a threaded brass
rod. Turning the rod tipped the coils and sample
in the large field Bo. The drive field remained
perpendicular to Bo and parallel to the sample sur-
face. Phosphor bronze springs attached to the
micarta former held the experiment firmly in the
supercondueting solenoid, avoiding low-f requency
mechanical resonances.

The entire assembly was placed in a liquid-heli-
um cryostat. The sample tipping mechanism was
operated from outside the cryostat. Angular reso-
lution of better than 0. 1' was possible. A dc volt-
age source attached to the tipping mechanism pro-
vided a voltage proportional to the tip angle. This
voltage, together with a voltage proportional to the
driving frequency, mas read by a data-acquisition
system. This system converted the analog data into
digital information and produced a punched paper
tape which could be read directly by a digital com-
puter.

The pickup signal was attached to the vertical
amplifier of the oscilloscope and through an ampli-
fier to an ac voltmeter. The voltmeter produced a
dc output proportional to the helicon amplitude.
This voltage was also read by the data-acquisition
system.
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At resonance the phase of the helicon is 90' with
respect to the driving signal. After setting the
variable phase output of the oscillator to 90, the
frequency could be adjusted to close the Lissajous
ellipse on the oscilloscope. The data-acquisition
system was then triggered to record angle, ampli-
tude, and frequency. The same data were taken
for the upper and lower half-power points of the
resonance. These points are + 45' out of phase with
the resonance. The angle of the crystal relative to
the field was then changed, and the procedure re-
peated. The data yielded the parameters A. , Q, and

f„directly as functions of the crystallographic
orientation of the field Bo. The measurements were
repeated with the field reversed. Terms in the R;&
eleDleQts even RQd odd 1Il DlRgnetlc field couM then
be obtained. Alternatively, the sample could be
fixed in the field in a specific orientation and the
data taken as a function of field strength.

IH. RKSUI.TS

Results are reported for four silver samples
whose normals were along the [100], [110],[111],
and [211]crystallographic axes. Each sample was
approximately 1 mm thick with face dimensions of
about 15 mm. The ratio of side length to thickness
was sufficiently large to allow the use of the helicon
theory developed for an infinite flat plate. 6 Table
I lists pertinent sample information for the four
samples investigated. All samples were spark cut
from the same single-crystal rod. Data w'ere taken
as a, function of orientation in the magnetic field
with R fleM. of 30 kG, Rnd Rs fuIlctlons of field
strength along the four major directions.

Figures 2-4 show the variation with field direc-
tion of the helicon resonance parameters for the
samples whose normals were along the [111],
[100], and [211]axes, respectively. The origin
of the angle scale was chosen to be at the position
of the Dlajor dlrectioQ Rs determlQed by the I1611coIl
resonant RDlplltude. In Rll cRses previous x-1Ry
determination of the sample normal orientation
agreed with the helicon measurements to within the
accuracy of the x-ray photographs. The resolution
of the helicon data was superior to the 0. 5 x-ray
determination.
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In Fig. 2 the sample was tipped so that 8 rotated
in the (110) plane; the [100]axis is off to the left
in the figure. The resonant amplitude is shown on
a normalized scale in the top curve. It exhibits a
peak in the [111]direction withminimaonbothsides.
This behavior is in agreement with earlier dc mag-
netoresistance measurements. The behavior is
due to the intersection of the Fermi surface with
the Brillouin-zone edge in the [111]direction. The
Brillouin-zone intersection gives rise to a region
of extended cyclotron orbits when Bo is in a direc-
tion close to [111].Only closed orbits exist when
Bo is exactly parallel to [111].In high fields the
magnetoresistance is larger in regions of extend-
ed orbits then in regions of closed orbits. The
observed behavior of the amplitude reflects the
fact that A is inversely proportional to the magneto-
resistance. The Q of the resonance exhibits simi-
lar behavior and varies from 0. 7 to 1.6. The
difference in angular position of the maxima of

FIG. 2. Helicon parameters A, Q, and f„as functions
of crystallographic dil ection of fleM neR1" the till j Rxls
in silver. The field direction rotated in the (110) plane.
The field magnitude 80 was 30 kG. Each helicon reso-
nance corresponds to one-half wavelength fitting inside
the Ag sample plate of thickness 0.99 mm. The amplitude
A is normalized; its scale is in arbitrary units. Q is a
pure number which cannot be less than 0.5. The scale
of the resonant frequency f„is in Hz.

TABLE I. Silver sample characteristics.

Crystallographic
direction of

sample nol IQRl

(100j
tlloj
[ill j
|211j

Resistance ratio
a(300 K)
x{4.2 K)

850
900
830
800

Sample
thickness

(mm)

1.12 + 2%
0.87 +2.4%
0.99 + 3%
1.16 +3.2 /g

Sample
face

shape

Circular
Rec tangula1
Rectangular
Elliptical

Smallest
lateral

dlInenslon (mm)

15
13
13
16
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In each figure, both the even and odd terms are
normalized with the same normalization constant.

The lower curves give results for the transverse

Ag [1 00] 30 kG

~ ~ ~ ro
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I

0
ANGLE (deg)

"~ ~ ~,

FIG. 3. Helicon parameters A, Q, and f„as functions

of field direction near t.l00j. The field direction rotated
in the (011) plane. Bo gras 30 kG. Sample thickness was

1.12 mm.

A. and Q is explained by a transverse even voltage.
The resonant frequency varies from 390 to '760 Hz

and exhibits a "mesa" whose width covers the re-
gion of extended cyclotron orbits.

Figure 3 shows results for the helicon parame-
ters when Bo is in a direction close to [100]. A

region of extended cyclotron orbits can be used to
explain the results. The extended orbit regions on
either side of the [100]axis are wider than the ex-
tended orbit regions on either side of the [111]
axis. Q values varied from 0. 5 to 1. '7 and resonant
frequencies from 280 to 380 Hz.

Figure 4 shows results from a [211]sample. All
three parameters show a dip at [211]. It has been
suggested that two perpendicular directions of
open cyclotron orbits intersect at [211]. Q, in this
case, varied from 0. 5 to l. 4 and f„varied from
240 to 360 Hz.

Figures 5-9 show the results of analysis of the
helicon parameters to yield the resistivity tensor
elements. In each case the fieM was 30 kG and ex-
periments were done with both normal and reversed
field to separate terms even and odd in field. The
two upper curves in each figure show the parts of
the off-diagonal element R~ even and odd in mag-
netic field. These x esults were obtained using
Onsager' s relations

Rg (Bo)=Rg;(-Bo)

~ ~

~ ~

Ag [2"l1j 30 kG

360 -- --.
[1 00j

FIG. 4. Helicon parameters A, Q, and f~ for field
directions near [211j. fill] is off to the left and [100]
to the right. B0 was 30 ko and sample thickness was
1.16 mm.

magnetoresistance, obtained from the formula

(R„„+R„)=f„/q . (4)

The magnetoresistance data are plotted as hR/R(0),
where R = 2(R»+R»)—and bB =R(BO) —R(0); R(0) is
the extrapolated value of R at zero field. co, is the
cyclotron frequency of the majority carriers and

r is the average relaxation time; v,r=R„(0)Bo/R(0),
where Rs(0) is the Hall coefficient at zero field.

The error limits indicated on the figures are
relative errors from point to point. A systematic
error exists for the numerical values of the mag-
netoresistance R due to the uncertainty in the sam-
ple thickness. The inverse square of the thickness
enters the expression for f„[cf.Eq. (1c)]. Table
I lists the uncertainties in sample thicknesses.
Thus the value of R may be shifted by as much as
twice the uncertainty given in Table I. The same
uncertainty exists in thy value of R at zero field
R(0). This error does not exist in the relative
quantity b R/R (0).

Figure 5 shows the variation in R;& elements
near [100]as the direction of Bo rotated in the
(011)plane. In Fig. 8 the field direction rotated in
the (110)plane. The spurious discontinuity to the
left of the [110]direction was caused by the inter-
action of the helicon signal with a mechanical
resonance. Figure 7 shows data for the same [110]
sample. In this case the field direction rotated in the
the (OOT) plane. In Fig. 8 80 rotated in the (110)
plane. The data near the [211]direction in Fig. 9
were taken for variations of the field direction in
the (011)plane.

Results for the tensor elements as functions of
co,q. for field directions along the major axes are
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FIG. 5. Resistivity tensor elements for field direc-
tions near [100]. Upper two curves show terms in R~
odd and even in field. Both curves are normalized with
same constant. Top curve is the effective Hall coefficient
as a function of angle; middle curve represents the
transverse even term. Bottom curve shows transverse
magnetoresistance. Fields used were +30 kG.

shown in Figs. 10 and 11. Data at the lowest field
(urp & 2) are suspect since the helicon signal is
small and the Q of the resonance is close to 0. 5.
This can cause mixing between resonances corre-
sponding to ~ and ~ helicon wavelengths inside the
sample. A factor of Bp has been divided out of the
curve for the part of R„„odd in field. Assuming
R„~ consists of only two terms

R&& = R~Bp + CBp

FIG. 7. Resistivity tensor elements for field direc-
tions near [110]. Fields were +30 kG and rotated in the
(001) plane.

this top curve gives the variation of the Hall coef-
ficient R~ with magnetic field. A factor of Bp has
been taken out of the curve for the part of R„, even
in field. This second curve represents the trans-
verse even voltage. 7

The experimentally measured Q values may be
used to determine an open-orbit carrier density,
n,~, for open or extended orbit regions near a
direction supporting only closed cyclotron orbits.
The effects of open-orbit carriers on helicon
propagation can be understood assuming the Fermi
surface is a sphere with intersecting cylinders.
Figure 12 shows the results around the [100], [111],
and [110]axes. The ratio of electron density to
hole density n, /n„was determined in each case with
the field along the principal axis. The values of
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FIG. 6. Resistivity tensor elements for field direc-
tions near [110j. Discontinuity in magnetoresistance
curve left of [llOJ is due to mechanical resonances.
Fields were +30 kG. Field direction rotated in the (110)
plane.

QR
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FEG. 8. Resistivity tensor elements for field direc-
tions near [lllj. Fields were +30 kG and rotated in the
(110) plane.
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FIG. 9. Besistivity tensor elements for field direc-
tions near [211j. Fields were +30 kG. [lllj axis is off
to left; [100j axis is to right.

FIG. 11. Besistivity tensor elements as functions of
(a) Field direction parallel to [111]. (b) Field di-

rection parallel to [211j.

n, /n„were, 1.3, 1.3, and l. 2 «» the [ioo]~ [&&0]i
and [ill] directions, respectively. This ratio

'

pg /pg„js assumed to change slowlywith, orientation
neRI the principal axis. The VRr1Rtlon 1n g,~ 18

pronounced.

IV. DISCUSSION

Knowledge of the variation of resistivity tensor
elements, or electron transport properties, with
direction in a crystal can be used as a check on
Fermi-surface calculations. The presence of
open or extended cyclotron orbits can be predicted
from the shape of the calculated Fermi surface.
Open orhits have marked effects on the 8

&&
elements

and on the helicon parameters. The data we have
presented indicate the angular widths of regions of

open or extended orbits near the major axes. The
relative magnitudes of the R;& elements agree with
existing data. '

Errors in the measurements are small. Errors
in signal amplitude were generally less than i%%up

and errors in frequency were less than 0. 5 Hz.
The effects of finite sample size are not fully un-
derstood. A more complete study of the helicon
boundary-value problem remains to be done. In
the present experiments a ratio of 15for side length
to thickness was assumed sufficient to be able to
use results derived for an infinite flat plate. The
exact effects of tipping on helicon propagation also
are not known. For tipping up to 12 these effects

1
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0— 0—
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0
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FIG. 10. Resistivity tensor elements as functions of
(a) Field direction parallel to [100j. (b) Field di-

rection parallel to [110j.

FIG. 12. Variation of open-orbit carrier density
n»/(n~ -ng near the principal axes. Field was 30 kG.
(a) For the [100j curve the fieM direction rotated as in
Fig. 3. (b) For the [110jcurve the field direction ro-
tated as in Fig. 7. (c) For the [lllj curve [100j is off
to the left and [110j to the right.
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are assumed small and have been neglected. For
the data presented the major axis was always very
close to the sample plate normal, so that much of
the structure in the 8;& curves occurs for angles
considerably less than 12'. A three-dimensional
solution to the boundary-value problem would clarify
the effects of tipping.

This paper presents the most complete study
thus far of resistivity tensor elements using the
helicon technique. The helicon method offers sev-

eral advantages over conventional dc techniques.
No leads need be attached to the sample, and the
instrumentation is relatively inexpensive and
straightforward to use. High resolution is possible
in dc experiments as shown by the work of Klauder
et al. in copper. Comparable results are possible
with the helicon method in metals of comparable
purity. The helicon method has the disadvantage
of requiring the solution of a boundary-value
problem.
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Using Ashcroft's potential, the interband and Drude absorption in aluminum havebeencalcu-
lated. Two large peaks occur in the interband part of &&(cu) at 0.5 and 1.6 eV. In addition, the
interband absorption continues as her- 0. The optical effective mass is calculated with the
result that m, =1.45 mo. Comparison with experiment is excellent. It is concluded that the
optical spectrum of aluminum is completely understood in terms of the band structure. It is
also pointed out that the optical peaks can be used to help determine the Fermi surface.

INTROOUCTION

Among the simple metals, aluminum is one of
the most interesting from the point of view of
electronic theory. This is due, in large part, to
the success of the nearly free-electron (NFE)
model in interpreting Fermi-surface experi-
ments. '~ In this regard, Ashcroft has shown
that a simple two-parameter pseudopotential will
account very nicely for the small departure from
a completely free-electron picture.

Since the band structure of aluminum is ex-
pected to be well described by NFE model, one
would hope to be in a position to account for its
optical properties. The picture, however, is
somewhat unclear. On the experimental side,
optical response functions have been studied in the
infrared and optical regimes by many investiga-
tors over the past few years. ' ' Using the data
available to them, Ehrenreich et al. "constructed
the real and imaginary parts of the dielectric
function. Using the infrared portion of the curves,


