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Azbel’-Kaner cyclotron-resonance experiments have been carried out with two very flat mer-
cury crystals at a microwave frequency of 34.28 GHz and a temperature of 1.2°K. Cyclotron
effective masses of ten orbits were measured with an error of less than 2%. Five of the orbits
(labeled py, vy, k, Ky, and €;) were observed for the first time by Azbel’~Kaner cyclotron reso~
nance. The cyclotron masses of o orbits in the electron lenses were represented by an inter-
polation scheme which gives the mass for any field direction. This interpolation scheme showed
that the second-zone electron lens is tipped 3° out of a (100) plane of the reciprocal lattice to-
ward the [111] direction and that there is a 9% anisotropy of the mass in the (100) plane. A sim-
ilar interpolation scheme describing the frequencies of de Haas—van Alphen (dHvA) oscillations,
which correspond to the 8 arms of the first-zone hole surface, is also presented. The oscilla-
tions were caused by two effects which could notbe separated: quantum oscillations of the micro-

wave surface impedance and dHvA torque.

Methods for accurately determining the crystal ori-

entation within the experimental apparatus, using the symmetry of the electron-lens masses
and of signal peaks arising from open-orbit induced-torque effects, are presented. Cyclotron

resonance with the magnetic field inclined to the sample surface is discussed.

Several effects

indicate anomalous penetration of the electromagnetic field into the metal.

I. INTRODUCTION

The cyclotron effective mass in a metal is propor-
tional to the derivative with respect to energy of the
area of a cyclotron orbit and is greater than that
determined from the band structure because of mass
enhancements arising from electron-electron and
electron-phonon interactions.! However, contri-
butions of electron-electron interactions to the cy-
clotron mass are often partially folded into band-
structure calculations, 2 and are small and indepen-
dent of energy and temperature.® Thus, in addition
to providing information concerning Fermi-surface
topology, determinations of the cyclotron mass also
yield information about electron-phonon mass en-
hancement. This is particularly important for mer-
cury in which there is a large electron-phonon inter-
action. The cyclotron mass, the electron-phonon
mass enhancement factor 1+ A, and their variations
with temperature and energy are conveniently mea-
sured by Azbel’-Kaner cyclotron resonance.

Azbel’-Kaner cyclotron resonance (AKCR) is ob-

served by shining microwave radiation on the sur-
face of a flat metal sample in the presence of an
applied magnetic field aligned parallel to the sample
surface.* Electrons spiraling along the magnetic
field direction return an average of w,7/27 times
to the skin depth region at the sample surface.
w.=eH/m.c is the cyclotron frequency, H'is the
magnetic field, and m, and T are the cyclotron mass
and relaxation time, respectively. Resonance oc-
curs when electrons and the rf microwave field are
in phase for successive cyclotron revolutions. This
occurs at fields Hy= cwm,/Ne (N is an integer) for
which the microwave frequency w is equal to, or
an integral multiple of, w.. The reciprocal fields
1/H, are periodic.

Azbel’ and Kaner have shown that, with appropri-
ate orientation of the x and y axes in the sample
surface, the surface impedance Z(H) is

Zoeryy H)= 2, 5, (0)[1 - exp (- 2miw/w, = 21/w,7)] /3
)

for electrons of common mass, where Z(0),,,,, is
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the zero-field anomalous surface impedance for
microwave polarizations along x or y and is complex,
containing the factor ¢***/3, Chambers® has shown
that there may be contributions to Eq. (1) from non-
resonant electrons when the Fermi surface is not a
simple closed convex surface. The resonances are
best defined by peaks of the field derivative dR/dH

of the surface resistance at fields Hy.® Then the
mass is determined from

e
me = m) ’ (2)
where A(1/H) is the slope of a straight line which

is fitted, in a least-squares sense, to a plot of 1/Hy
vs N. Equation (2) is accurate in the limit that the
relaxation time 7 tends to infinity; as 7 decreases
the resonance fields Hy shift to higher fields. Then,
because the shifts for low N are proportionately
larger than those for large N, the plot of 1/Hy vs N
is no longer linear and masses predicted from

Eq. (2) are high. The error in the determined mass
decreases as the numher of resonance peaks in-
cluded in the least-squares fit is increased. Changes
of the peak positions and the resulting mass error
due to finite w7, computed using Eqs. (1) and (2)

for electrons of common mass, are shown in Fig. 1.
The values of wr in Fig. 1 are approximately those
found for the @ orbit in mercury at temperatures

of 1.15 and 2.1°K.” The error in m,, computed

for a series of up to N resonance peaks, is seen to
be less than the shift of the Nth resonance peak and
is always less than 1. 5% for wr=20.

The line shape of AKCR varies spectacularly
when the field H is tipped an angle « out of the sam-
ple surface.® In mercury for a £ 1°, the resonances
are found to broaden, shift to lower or higher fields,
or even split in two as « increases. Aside from
being interesting in their own right, such tipping
effects, by their symmetry for positive and negative
tip angles, provide sensitive indicators with which
to align H parallel to the sample surface and to set
limits on the surface flatness. Such accurate align-
ment (and samples flat to the order of minutes of
arc) is necessary in order to measure accurate
cyclotron masses because generally the resonance
peaks for low N are more sensitive to tipping ef-
fects than those for large N.

The purpose of this paper is to present accurate
measurements of the cyclotron masses of AKCR
for two very flat mercury crystals. The measured
masses are assigned to ten orbits, five of which
had not previously been observed by AKCR. Masses
of orbits on the electron lenses are represented by
an interpolation scheme. The mass measurements
allow estimates of the magnitude of the electron-
phonon mass enhancement in mercury. In other
publications,” we have reported studies of the tem-
perature dependence of the electron-phonon con-
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FIG. 1. Solid curves show the changes in the resonance
peak positions for wr=10.8 and 20.1 from those for in-
finite wr. The dashed curves show the error in mass
resulting by assuming «t =« and using Eq. (2) as a func-
tion of the number of subharmonics used in the calculation.

tributions to the cyclotron mass and the relaxation
time. The present work provides some background
information to supplement the discussion of this
other work.

Cyclotron resonance in mercury was first ob-
served using the slightly curved free surface of
mercury crystals.? Large cyclotron-resonance
signals were observed but, because of the use of
curved sample surfaces, some resonances were
not found and the resonance lines were shifted and
distorted giving rise to the possibility of errors in
the reported masses as a result of field-tipping
effects. The present new measurements were made
possible by growing mercury crystals on optically
flat surfaces.

Recently, other experimental methods have also
been used to investigate the Fermi surface of mer-
cury. Magnetoresistance experiments by Datars
and Dixon!? and Dishman and Rayne!! provided in-
formation about the open orbits in mercury. Ex-
tremal calipers of the surface have been determined
from magnetoacoustic data by Bogle ef al.'? The
de Haas-van Alphen (dHvA) effect experiments by
Brandt and Rayne!® and Poulsen, Moss, and Datars'*
provided extremal cross-sectional areas of the sur-
face. These experimental results are in general
accord with the Fermi-surface topology predicted
by Keeton and Loucks'® from a relativistic aug-
mented-plane-wave (RAPW) calculation. The
Fermi surface described by pseudopotential calcula-
tions!!+13:18 is topologically equivalent to the Keeton-
Loucks model. These calculations suggest re-
quired modifications to the nearly-free-electron
model to make it useful for considering possible
extremal orbits in mercury. Some orbits on this
model have been described in previous work, %+12:14
Again, we make use of the modified nearly-free-
electron model for the analysis of the cyclotron-



4204

resonance results and the description of several
new extremal orbits in mercury.

II. EXPERIMENTAL METHOD

The cyclotron-resonance data were taken with a
Varian model No. V-4503 EPR microwave spec-
trometer operated at 34. 28 GHz. Flat mercury
single crystals formed the end wall of a cylindri-
cal TE,,; resonant cavity which was side coupled to
the broad face of an 8-mm rectangular waveguide
suspended vertically between the pole faces of a
0-20-kOe electromagnet. A tunable shorting
plunger terminated the waveguide below the cavity
and allowed the cavity coupling, and hence the spec-
trometer sensitivity, to be adjusted during an ex-
periment. The microwave currents in the sample
surface were polarized vertically in the sample
surface by a copper stirrup positioned horizontally
across the iris hole of the cavity. This polariza-
tion was shown to be greater than 90% by measuring
the electron-spin resonance signals from a uniform
dispersion of diphenylpicrylhydrazyl (DPPH) on
the surface of a copper test sample first with
HLH,, and then with H 1 H_,, where H_, was the
microwave H field. The cavity was split in the
center so that the half containing the sample could
be rotated about the axis of the cavity by a gear
drive mechanism. By rotating the magnet and the
cavity, the tip angle between the applied field H and
any direction in the sample surface was varied and
measurements could be made in any crystallo-
graphic direction. Large tip angles were measured
with an accuracy of +0. 2° using a precision poten-
tiometer attached to the magnet base. An optical
lever arrangement, using the image of a fine cross-
hair projected via a mirror mounted on the magnet
(and two fixed mirrors to fold the optical path) onto
a nearby wall, was used for small tip angle mea-
surements with a resolution of +0.005°. For cy-
clotron-resonance studies, the field was aligned to
within +0.02° of the sample surface by setting it
at the position about which the small-angle field-
tipping effects were symmetrical.

Measurements were carried out with the cavity
and sample immersed directly in the helium bath
at temperatures as low as 1.1 °K. Changes in
spectrometer sensitivity caused by helium-level
changes in the waveguide were eliminated by placing
a cellulose tape seal over the end of a waveguide
flange just above the cavity and evacuating the wave-
guide above it.

The field derivative dR/dH of the surface resis-
tance R was recorded as a function of magnetic
field strength and magnetic rotation angle on a strip
chart recorder. The field was measured with 0. 2%
accuracy by a rotating-coil gaussmeter calibrated
with an nuclear magnetic resonance (NMR) gauss-
meter,
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The samples were flat single-crystal discs ap-
proximately 16 mm in diameter and 5 mm thick
and were grown from 99. 9999% pure mercury. The
crystals were grown in a chlorotrifluoethylene
(Kel-F) mould between glass slides by freezing
mercury while in a controlled temperature gradient.
The glass slides were covered with a thin ($1 p)
coating of paraffin wax to reduce the possibility of
surface damage arising from differential thermal
contraction between the glass and the mercury and
to facilitate easy removal after crystal growth,

The crystals were held firmly against the end of

the cylindrical cavity using a stiff phosphor bronze
spring with a backing plate placed between the crys-
tal and spring to minimize damage to the crystal.
The specimens were mounted on the cavity in liquid
nitrogen in a specially constructed dry room to
prevent frost accumulation on the sample surface
or between the sample and cavity.

The orientations of the samples were determined
to better than 0. 5° within the experimental apparatus
by using sharp peaks, such as those shown in Fig. 2,
which were observed when the magnet was rotated
at constant field and angular velocity. These peaks
were found to occur whenever the magnetic field
passed through planes normal to open-orbit direc-
tions. Thus, the crystal orientation could be ac-
curately determined from a least-squares fit of a
three-dimensional stereogram of the observed peak
positions to the known open-orbit pattern:! for
mercury. The peaks themselves were attributed to
changes in the cavity @ resulting from torque on
the sample arising from the interaction of the ap-
plied field and eddy currents induced in the sample
by the magnetic field modulation. The peaks oc-
curred because the induced current is small except
for field directions perpendicular to an open-orbit
direction where the torque is determined by the
open-orbit conductivity. !’

The orientations of two samples were 12° and 20°
from the (110) planes as shown in Fig. 3. In Fig. 3,
the normals N(6, ¢) to the sample surfaces have co-

(100)  (1f0)

[U[®)] (100) (1f0)  (100)

[ — 1 "l 1 1 1 L J
0 180
MAGNETIC FIELD DIRECTION 6, (DEGREES)

FIG. 2. Peaks in the field derivative of the surface
resistance arising from open-orbit induced-torque effects.
Assignment to open orbits is shown.
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FIG. 3. Stereographic projections on the (111) plane

of the orientations of the sample surfaces of samples No.
1 and No. 2. Ny and N, are the normal directions to the
sample surfaces.

ordinates (6, ¢) of (69.7°, 59.9°) for sample No. 1,
and (82.1°, 51.5°) for sample No. 2. The great
circles represent the sample surfaces and the thin
lines between (Imn) directions, and the sample sur-
faces indicate the positions of the projections P(lmn)
of several (Imn) directions onto the sample surface.
In this paper, field directions in the sample surface
are specified by angles 6, measured relative to the
projection of the (112) direction on the sample sur-
face in the sense shown by the arrows in Fig. 3.

We adopt the notation!® that (Imn) represents a di-
rection in reciprocal space, or a plane in real space
perpendicular to the (Imn) direction. Real space
directions are represented by [Imn]. Sets of equiv-
alent directions are represented by {Imn} in recip-
rocal space and by (Imn) in real space.

A typical AKCR trace for mercury is shown in
Fig. 4 for sample No. 2 at 1,1 °K with H in the
sample surface at 6,=90.0°. Sixdistinctresonances
are involved. The dominant resonance in this trace
was the resonance used for the study of the tem-
perature dependence of cyclotron mass and relaxa-
tion time.” This resonance corresponded to the
nearly ellipsoidal second-zone electron lens normal
to the (001) direction. It was dominant because a
wide band of electrons of common mass on thenearly
ellipsoidal lens contributed in phase to the reso-
nance and because the flat portion of the real-space
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electron trajectories was parallel to the sample
surface. Such electrons are said to have a very
favorable geometrical factor and interact strongly
with the applied rf microwave field. The trace in
Fig. 4 also shows a signal from DPPH at 12. 22 kOe
and a sharp peak, which saturated the spectrometer,
from the superconducting transition at 0. 35 kOe.
Similar traces were taken at intervals in 6 of 2,5°.
There were frequent checks of the small-angle
tipping effects to ensure accurate alignment of the
field to the sample surface in order to minimize
errors arising from field-tipping effects in mass
values determined from Eq. (2). Such errors were
less than 1% because samples No. 1 and No. 2 were
flat to better than 12 and 3 min of arc, respectively,
and the N=1 resonance peaks from the various or-
bits shifted less than 10%/deg of field tip from the
sample surface. The electron-phonon limited value
of wr of approximately 20 also caused errors. Thus,
the masses are expected to be accurate to + 2%.

The field was aligned to within + 0. 02° of the
sample surface by locating the tip angle about which
the field-tipping effects were symmetrical. Crys-
tal flatness was determined qualitatively by mea-
suring the angular range of tip on either side of the
symmetry point for which the N=1 peak of the most
tip sensitive resonance series was not noticeably
broadened or shifted in field. For J,LH, the elec-
tron-lens resonance series responsible for the
dominant resonance in Fig. 4 was most useful for
such estimates over wide ranges of 6,. Because
the flatness was specified by tip angles at which
tip effects were first apparent, the crystals were
probably somewhat flatter than estimated.

T T T T T T T T T T T
' ' t
e
120 130 140 150 160 170
1 (kOe)
dR| | /
dH i VAR
\ S I~ ]
0 _—
: 16.30
- 14.55
: — 1330
9.50
’ 8.85
L 847
L Il 1 Il 1 | 1 | I i
10 20 30 40 50 60 70 80 90 100 10O
MAGNETIC FIELD  (kOe)
FIG. 4. Typical AKCR trace formercury. The region

from 12 to 17 kOe is inset at the top right-hand corner.
The trace shows resonance series with fundamental reso-
nances at fields of 8.47, 8.84, 9.50, 13.30, 14.50, and
16.30 kOe. Subharmonic sets for each of these series

are indicated by sets of vertical lines below the trace.

In each set the fundamental resonance is indicated by an
arrow, and peaks obscured by larger ones are represented
by dashed lines.
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III. CYCLOTRON MASS MEASUREMENTS

A. Cyclotron Effective Masses and Orbit Assignments

Effective-mass curves for samples No. 1 and
No. 2 are shown in Figs. 5 and 6. Points denoted
by crosses were obtained from N=1 resonance
peaks only, and were included only because they
appeared to be extensions of well-defined mass
curves. A number of low-amplitude peaks for
which no subharmonic series could be found were
disregarded because of the possibility that they
might not be due to AKCR. Plots of 1/H, vs N
were found to intersect the N axis at |AN|=0.03
for both samples. AN was not systematically neg-
ative as expected for finite wr. These shifts were
therefore attributed to errors in determining mag-
netic field values of dR/dH peaks.

For convenience in subsequent discussion, the
notation X2 will be used to identify the mass curve
X and to convey the information that this branch
corresponds to sample No. y and is attributed to
the cyclotron orbit z. Descriptions of the orbits
have been given by Poulsen et al.!* and Bogle ef al.'?

Mass curves S and D2 corresponded to the dom-

I 1 I | I I 1 | 1
2.6} . .
241 R, . ° -
22k ol 4
161 3
17k e .
su
n L6 S -1
= I5F Py <« x e 1
w ‘ .
> 14}t =
5 o :
w 13- Q. . . . -
[T . . x
w oo ,
w2k : ot Xy -
o . .o
ul . .« o,
o I . . R
= ’ IS 4
il o * J o O et
-. '. U'y . - ..- .
] S
X o w. . . e
L R
(oXd = "‘..:' ....-....::- _......-a%‘..." . ..I. V! * one x oo |
- Wy i L I
06 pP(10)  P(T2)P(00ON POO]  P(Il) -
1 | I' 1 I 1 | |4L 1
-40 -20 O 20 40 60 80 100 120

ANGLE 6, FROM P((l2) (DEGREES)

FIG. 5. Cyclotron effective masses measured with
sample No. 1. P(110), P(112), P(001), and P(111) show
the projections of the (110), (I12), (001), and (111) direc-
tions in reciprocal space on the sample surface, respec-
tively and P[001] shows the projection of the [001] direc-
tion in real space.
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FIG. 6. Cyclotron effective masses measured with

sample No. 2. P(110), P(112), P(001), P(111), and P(010)
show the projections of the (110), (112), (001), (111), and
(010) directions in reciprocal space on the sample sur-
face, respectively, and P[001] shows the projection of the
[001] direction in real space.

inant signals, for their respective samples, with
over ten resonance peaks visible at every field di-
rection. Signals corresponding to T, Vi, F2,

and G% were considerably weaker, so that typically
only four or five resonances were observed. These
six mass curves are attributed to @ orbits on the
electron lenses because they could be observed
through 180° of field rotation, indicating closed sur-
faces, and because each was at a maximum near
the angle of closest approach of H to a {100} axis.
S! and D%, and indeed all of the a-orbit mass
curves, reach their maxima at field directions sev-
eral degrees from the projection of the (100) di-
rection in reciprocal space on the sample surface.
These shifts indicate the electron-lens mass max-
ima are tipped approximately 3° from the (100) di-
rection toward the (111) direction; this will be con-
firmed later using an empirical interpolation scheme
fitted to the a-orbit data for both samples.

The mass curves Ul and H? were both character-
ized by four or five observable resonance peaks.
These mass curves are attributed to the y orbits
approximately normal to the (110) direction of re-
ciprocal space in Fig. 3; the positions of the minima
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FIG. 7. Orbits on the hole surface of the nearly-free-
electron model for several orientations corresponding to
samples No. 1 and No. 2. For each orientation, the sam-
ple surface, represented by the line S-S, is perpendicular
to the plane of thedrawing, and the applied field fi is in the
sample surface and parallel to S-S. The Fermi-surface
orbits are in planes perpendicular to H. The angles 6,
which specify the orientations of H relative to the projec-
tion of the (112) direction on the sample surface are ap-
proximately —22°, 0°, and +15° in (a)—(c), respectively
(for sample No. 1), and —25°, —15°, and +10° in (d)—(®),
respectively (for sample No. 2).

for these curves and their relatively large ranges
agree qualitatively with predictions!*for the yorbit.
These mass curves show that the minimum 7y-orbit
mass is 18°+2° from the (112 )directionin recip-
rocal space toward the (110) direction in the (110)
plane, with a value m*/m,=0.65. At the projection
of the (112) direction on the sample surface, the
m*/my, for both Ul and H2 is approximately 0. 73;
this confirms the assignment to the y orbit by Dixon
and Datars® of the mass curves D, E, and F of
their Fig. 6.

Mass curves P,,, @, R, A%, B%,, and C2
corresponded to weaker signals for which typically
only five resonance peaks were observed. Only
two or three resonance peaks corresponding to E2
were observed. Assignments of orbits to these
mass curves were made with the aid of Fig. 7,
which shows several views of the nearly-free-elec-
tron model® for orientations corresponding to sam-
ples No. 1 and No. 2. Figure 7(c) is marked in
accord with Fig. 2 of Poulsen et al.'* in which the
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X- and T-face openings of the hole surface and the
crystallographic axes are labeled. The solid lines
around X and T represent the sizes of the break-
through regions at X and T predicted by Keeton and
Loucks!® and the dotted lines represent those pre-
dicted by the Mag V model of Dishman and Rayne. !

Figures 7(d)-7(f) are for orientations near the
minima of mass curves A%, B, and CZ, respec-
tively. Afz is assigned to a 7, orbit because this
orbit may exist for Fig. 7(d), but probably does not
exist for Fig. 7(e), and cannot exist for Fig. 7(f).
Similarly, mass curve Bf, is assigned to a uy orbit
because this orbit is probably possible for Fig. 7(e),
and should exist for Fig. 7(d). Mass curve Ci is
assigned to a p orbit, which can exist for Figs. 7(e)
and 7(f) if the X-face openings are just slightly
larger than the size predicted by Dishman and
Rayne.!! Mass curve E2 is assigned to a k orbit,
which cannot exist for Figs. 7(d) and 7(e), but
should exist for a small angular range near the
projection of the (112) direction on the sample sur-
face in Figs. 6 and 7(f). This orbit is expected to
cut off, as does mass curve EZ, because as the
field is rotated toward the projection of the (110)
direction on the sample surface the orbit can no
longer pass between the two 8 armsnear the point W
in Fig. 7(f). It is fortuitous that the orientation of
sample No. 2 allowed the observation of all these
orbits for fields in the sample surface.

Figures 7(a)-7(c) are for orientations near the
minima of mass curves P},, @\, and R;,, respec-
tively. Mass curve Pia is assigned to a Y orbit
since this orbit can exist for Fig. 7(a), is less
likely to exist for Fig. 7(b), and cannot exist for
Fig. 7(c). Similarly, mass curve Q}‘ is assigned
to a u orbit, which may just exist for Fig. 7(a),
reaches its minimum for Fig. 7(b), and can still
exist for Fig. 7(c). Mass curve R. is tentatively
assigned to the €, orbit'? for H near the (001) direc-
tion in reciprocal space. This orbit circumvents
the first-zone electron neck through the L face for
a limited angular range of H near the (001) direc-
tion; it is surprising that this orbit could be ob-
served when H passed only within 8. 2° of the (001)
direction, and that it could be observed over a
range of 15°. However, there appears to be no
other explanation for this mass curve.

The assignments of ¥,, uy, u, and k orbits near
the projection of the (112) direction of reciprocal
space on the sample surface are strengthened by the
observation that, as the orientation changes from
that of sample No. 2 to that of sample No. 1, the
minimum masses for the y, and u orbits are ex-
pected to decrease and signals for the uy and «
orbits are expected todisappear, as observed. Also,
for the nearly-free-electron model, the mass cor-
responding to ¥, is expected to be more than double
that of ¥ for H near the (112) direction as observed
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FIG. 8. (a) Stereographic projection of the data planes
in the electron lens for sample No. 1. (b) Corresponding
planes for sample No. 2. (c) Stereographic projections
of contours of constant mass of the electron lens obtained
from a ten-parameter interpolation expression. (d) Polar
plot of masses predicted by the interpolation scheme for
the (100) plane. Certain directions in real and reciprocal
space are indicated in each figure.

with sample No. 1.

Only a few resonance peaks could be observed for
mass curve L2 because this series was partially ob-
scured by peaks corresponding to D2; three or four
resonance peaks were typically observed for Wl
Both these mass curves are assigned to the 7 orbits
shown in Figs. 7(f) and 7(c). The cutoff points for
these orbits toward the projection of the (112)direc-
tion on the sample surface depend critically on the
size of the 7T- and X-face openings and on the sam-
ple orientations, but could not be determined ac-
curately for either sample because of the variety
of other resonances observed in this region,

Mass curves Xul2 and Kfz were characterized by
only two or three resolved resonance peaks. These
curves have been assigned to the bow-tie-shaped
L, orbits'? which are approximately normal to the
[001] and [010] directions in real space. These or-
bits pass around the bow-tie-shaped sections of the
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hole surface on either side of the X-face opening.
Mass curve J iz is tentatively assigned to a similar
orbit centered near the projection of the [o01] di-
rection on the sample surface. The signals which
give rise to these mass curves probably do not
correspond to mass extrema. Apparently, the
phases of the contributions to the surface impedance
of the u, orbits vary sufficiently slowly with k2, over
the region for which these orbits are possible that
the Fresnel-type integral representing the sum of
these contributions yields an amplitude large enough
to be observed. Bogle et al.'? reported the observa-
tion of this orbit by magnetoacoustic attenuation
experiments. Also, the masses G in Fig. 9 of

Ref. 9 that were assigned tentatively to a p orbit
probably correspond to the u, orbit. For their
stated orientation, the u, orbit about the (110) Bril-
louin-zone face is near its position of minimum
mass while the suggested u orbit cannot exist since
it is cut off by the 5 arm along the [100] direction.

Two or three resonance peaks were typically ob-
served for mass curve Z' but no orbit has been
found to explain these signals.

When these experiments were carried out, the
LY, %2, and k orbits had not previously been ob-
served by any method. Recently Poulsen et al.!*
have observed the y, and uy orbits in dHvA studies.
These observations confirm the existence of these
orbits and demonstrate that they are extremal or-
bits. The observation of several of these orbits
passing through the X- and/or T-face openings im-
plies that these openings must be approximately
the size represented by the dotted lines in Fig. 7.
Similar sizes are necessary to explain the results
of Dishman and Rayne!! and Poulsen ef al. '

B. Crystal Orientation Using the a-Orbit Masses

The a-orbit data for the three lenses of Figs. 5
and 6 were superimposed, using symmetry, on one-
quarter of one electron lens, as shown on the {100}
projections in Fig. 8. In Figs. 8(a) and 8(b), for
samples No. 1 and No. 2, respectively, field direc-
tions in the sample surface are determined relative
to the three distinct sets of electron lenses centered
on the (100), (010), and (001) directions in recipro-
cal space and superimposed by symmetry on a sin-
gle {100} stereographic projection, The great cir-
cles representing the sample surface are reflected
at the {110} mirror planes and, because the data
have inversion symmetry, the ends of a great circle
are equivalent points. Each of the great circles is
labeled by the mass curve corresponding to it. The
bar and arrow represent the positions of the projec-
tions of the (112) direction on the sample surface
and the sense of the magnetic field rotation, respec-
tively.

The a-orbit data cross over six times for each
sample in Figs. 8(a) and 8(b) and could therefore
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be used to determine the orientations of these sam-
ples by adjusting the orientation for each such that
the sum S of the squares of the mass differences at
the crossover points were minimized. This was
done by computer with a program inwhich the cross-
over points and mass differences at the crossovers
were determined for an assumed orientation, and
this orientation was then adjusted in successive
iterations to minimize the error parameter S. The
accuracy of this procedure was limited by the ac-
curacy of the mass data; however, for both sam-
ples the coordinates 6, ¢ of N(6, ) and a shift Af,
in 6, were found to agree, within +1.0°, with the
corresponding values obtained from the open-orbit
peak method discussed earlier. This good agree-
ment demonstrates that the measured masses, at
least at the crossover points, are internally con-
sistent and confirms the crystal orientations.

C. Interpolation Scheme for the a-Orbit Masses

Because the a-orbit data sample wide ranges of
the stereographic projections in Figs. 8(a) and 8(b),
these data form a good basis for fitting a three-
dimensional empirical interpolation scheme to the
masses corresponding to the electron lens. The
data were fitted simultaneously to the expression

[1/m*(apy)P=A a%+ A, B2+ A, v2+ A, ay
+Aga?B% A a%yii A, 822
+AgapiiAgat+A ard, @)

where @, B, and y are direction cosines relative to
the orthogonal X, Y, and Z axes in Fig. 8(c). The
axes Y and Z are parallel to the (010) and (100) di-
rections, respectively. Equation (3) includes all
terms to fourth order in the direction cosines which
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TABLE 1. Coefficients for a fit of (1/m*)? to Eq. (3),
rms deviation in m*=0.015~1,5%.

Coefficient Value
Ay 2.289
A, 2.652
Ay 0.320
Ay 9.635
Ay —-0.793
Ag -0.019
A, -0.266
Ag —9.405
Ay -9.915
Aqg -9.835

satisfy the mirror symmetry m*(¥)=m*(Y) about
the (110) plane in Fig. 8(c), and the inversion sym-
metry m*(aBy)= m*(aBy) inherent in the mass data.
The second-order terms in Eq. (3) are those in

the Shockley expression for the effective mass of
an ellipsoidal Fermi surface tipped an angle
0.5arctan[A4,/(4; - A,)] from the (100) direction
toward the (111) direction. These terms them-
selves yield a fair approximation to the electron-
lens masses. Coefficients and the rms deviation
for the fourth-order ten-parameter fit are given

in Table I, and the fit to the data is shown in Fig. 9.
Contours of constant mass corresponding to this

fit are given in the {100} sterecgraphic projection
of Fig. 8(c), while a polar plot for masses in the
(100) plane is given in Fig. 8(d). Masses predicted
by the interpolation scheme for a variety of planes
are shown in Fig. 10.

As illustrated in Figs. 8(c) and 10, the fourth-
order fit shows that the position of the maximum
mass is tipped 3.0° from the (001) direction toward
the (111) direction in the (110) plane. The fit also

FIG. 9. Fourth-order fit to
a a-orbit masses in samples
No. 1 and No. 2.
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FIG. 10. o-orbit mass curves for several symmetry
planes predicted by the interpolation scheme. Each
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by the crystallographic directions in reciprocal space at
6,=0°.

shows that the broad mass minimum for H in the
(110) plane is also shifted 3.0° in the same sense.
Maximum and minimum masses m"‘/mo in this
(110) plane are 1.78 and 0. 66, respectively, for
the fourth-order fit.

The fourth-order fit also predicts, as shown in
Figs. 8(d) and 10, that in the (100) plane the mass
has a minimum value of 0. 614 with along the
(011) direction, and increases 9% toavalue of 0. 669
near [001] and [100]. This is clear evidence that
the electron lens is not a surface of revolution about
the line I'L because mass values in the (100) plane
are roughly proportional to the radius of the lens
measured in the (100) plane and perpendicular to H.
Figure 8(d) shows that the electron lens has a min-
imum radius in the LU direction, and is pulled out
approximately 9% in the LK direction. Brandt and
Rayne!® measured and Keeton and Loucks' predicted
6% and 10% increases, respectively, in the dHVA
frequencies between the (011) direction of reciprocal
space and the [100] direction of real space. These
results are in good agreement with the predictions
of the fourth-order interpolation scheme presented
here. This agreement, the smalldeviationsbetween
the fit and data in Fig. 9, and the wide ranges of
the stereograms sampled by the measured planes
in Figs. 8(a) and 8(b) show that the fourth-order
interpolation scheme is reliable and useful for cal-
culations of the a-orbit mass for any desired mag-
netic field direction. However, the systematic
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deviations of the fit from the data in Fig. 9 are
slightly larger than expected from errors in the
orientation or the mass measurements. These de-
viations indicate that better interpolation schemes
might be obtained with a more complete set of data
and the use of orthogonal basis functions composed
of combinations of spherical harmonics chosen to
satisfy the crystal symmetry.

D. Tipped-Field Cyclotron Resonance

A variety of field-tipping effects is illustrated
for sample No. 2 in Figs. 11 and 12. The line
shape for the fundamental of the D% resonance
changed significantly for —0.035° < @ <+0.035°.
This indicates that sample No. 2 was flat to better
than +0.035°. The small-angle tipping effects are
attributed to the Doppler-shifting mechanism dis-
cussed by Smith, 8

The resonances D%, F%, and G2 all correspond
to nearly ellipsoidal electron sections with low-
mass spread, but exhibit very different sensitivity
to tipping effects depending on the orientation of
the lens with respect to both H and the sample sur-
face. The lens corresponding to D2 was viewed
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FIG. 11. Large field-tipping effects for 932=120°-



4211

4 AZBEL'-KANER CYCLOTRON RESONANCE IN MERCURY
| | | | | |
.22
— 0.82
e -
= 048 O
N z
& 020 &
= m
=
g 0.084 R FIG. 12. Small-angle field-tipping
< — effects for 6;_=120°.
~ o 2
- 0036 &
= i
o 0012 v
-0.012
-0.035
-0.083
FrGe  Ki HZ D3 F2 G2
| | ] ] ] l
5 6 T 8 9 10

MAGNETIC FIELD (kOe)

almost edge on by H and a wide band of essentially
stationary electrons contributed to the resonance
with a very favorable geometrical factor so that
strong, and eventually inverted, resonances were
observed over a wide range of tip angles. The
first peak on the high-field side of the split shifted
9. 6%/deg for the fundamental but only 5. 5%/deg for
the second harmonic, while the position of the split
remained virtually unchanged. Thus, where split-
ting of resonance peaks occurred from curved sam-
ple surfaces, Dixon and Datars® could have achieved
greater accuracy by using the position of the split
rather than the position of the dominant maximum
to determine a-orbit masses. However, when this
lens was viewed nearly along the (001) direction of
reciprocal space so that only a very narrow band

of stationary electrons contributed to the D2 reso-
nance the amplitudes observed with JT”Lﬁ decreased
rapidly with increasing o as the nonstationary elec-
trons drifted out of the skin depth, The F% and G%
resonances corresponded to electron lenses which
were tipped with respect to the sample surface.

While these resonances showed slight signs of split-
ting, the major effects of field tipping were a shift
in the position of the dominant peak to higher fields
and resonance broadening.

As illustrated in Fig. 11, the Di resonance was
inverted at large tip angles as expected for a Fer-
mi-surface section, just as the electron lens, with
low mass spread. The inversion of the resonant
peak is explained by the increase of the effective
depth of penetration of the electromagnetic field
in the metal. !*'! The masses corresponding to
the inverted peaks were found to increase ~2% for
-10° <a@<+10°, the change being consistent with
changes in magnetic field direction as predicted
from the ten-parameter interpolation scheme. In
Fig. 3, positive tip angles are directed towards the
(110) direction.

Over the same angular ranges, plots of 1/Hy vs
N(N=1,2,3) for the features A-B-C in the a=4°
trace of Fig. 11 were essentially linear and had
nearly the same slopes as similar plots for the
inverted D% resonances. Therefore, these extra
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FIG. 13. Examples of dHvA-like quantum oscillations

in dR/dH: (a) A field rotation trace including two induced-
torque open-orbit peaks observed near the [010] direction
from (100) and (110) open orbits. (b) A field scan trace
illustrating beats between signals from two g arms, and

a large signal at 12.4 kOe due to DPPH electron-spin reso-
nance.

features A-B-C appear to have been associated with
the electron lens responsible for mass curve D2,
For the indices N=1,2, 3, ..., the phase shifts AN
for 1/Hy-vs-N plots for A-B-C were grouped about
AN=0.5+0.1. However, with N=3,5,7,...,
AN=0.0+0.1 for A-B-C with a corresponding de-
crease in the slope of the 1/Hy-vs-N plots by a
factor of 2. The latter observations suggest the
features A-B-C might have been due to mass-dou-
bling current-sheet effects.? These effects are
usually dominant with j , i H for limiting-point
electrons. They arise from electrons near Fermi-
surface limiting points which have the same cy-
clotron masses, essentially the same drift veloc-
ities v, and spiral along H on open helices of con-
stant pitch but with varying radii. Such electrons
are excited in the skin depth, then drift out of the
skin depth, but are refocused each cyclotron period
T, at depths d,=nT vy, sina (where » is an integer)
into the sample. At these depths d, they are again
moving parallel to the sample surface and hence
produce sheets of rf currents deep inside the sam-
ple. Electrons from the opposite side of the Fermi-
surface drift through these current sheets toward
the sample surface and, if 2w=mw, where m is an
integer, interact in phase with all of these current
sheets. Similar effects can also be caused, at large
angles of inclination, by resonant electrons which
are not at limiting points if there is a velocity com-
ponent along the field direction.'® Then, in con-
trast to the case of the limiting point, resonance
occurs for any polarization of the external field

and the magnitude of the effect is smaller. Thus,
it is possible that features A-B-C in Fig. 11 were
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caused by current sheets formed by electrons near
extremal orbits of the electron lens.

The line shape of the D2 fundamental in Fig. 11
differs in several respects from line shapes pre-
viously reported for large-angle tipping effects.
First, there are two peaks rather than one peak on
the high-field side of the split. Second, for the
a=2.0° trace, there are slight oscillations apparent
in the region of fields just above the split. Third,
at larger tip angles, the inverted peak is itself ap-
parently split into two parts. It may be that these
features can be explained as arising from the spe-
cific shape and orientation of the electron lens in a
theory such as that of Smith.'® Alternatively, the
oscillations might be associated with the propaga-
tion of plasmalike waves into the sample near AKCR.*

1V. QUANTUM OSCILLATION STUDIES

As previously reported, °?2 oscillations like those

shown in Fig. 13 were observed over wide ranges
of sample orientation and of the tip angle between H
and the sample surface. These oscillations were
found to be periodic in reciprocal field and yielded
dHvA frequencies F corresponding to the g-arm
sections of the first-zone hole surface.

Here we summarize the frequencies measured
for twenty off-symmetry planes in three crystals
by the expression

(1/F)*=0.010 a®-0.297 p%+1.828 2
+3.224 ay+0.160 @?3%-0.136 a?y
-0.04532y2-3.169 ap?y
~-3.205a0%y-3.300 y%. (4

In Eq. (4), @, 8, and vy are direction cosines defining
the field direction relative to the orthogonal axes
X,Y, and Z in Fig. 14, respectively, and the coef-
ficients were determined in a least-squares fit for
which the three distinct sets of g-arm results were
superimposed by symmetry on the stereographic
projection normal to the [001] direction. The first
three terms in Eq. (4) yield frequencies corre-
sponding to a hyperboloidal Fermi-surface sheet
oriented along Z, the fourth term allows for tip of
the hyperboloidal sheet away from Z in the XZ
(trigonal bisectrix) plane, while the remaining
terms are the next-higher-order terms allowed by
the crystal symmetry.

Agreement between this fit and the measured fre-
quencies for a typical nonsymmetry plane is shown
in Fig. 15 and is within experimental error for the
determination of the orientation of that plane and of
the frequencies. Equation (4) has been shown to
yield frequencies which agree well with those mea-
sured in dHVA studies of the g-arm frequencies. 14

The anisotropy of B-arm frequencies predicted
from Eq. (4) are demonstrated by the 115-T fre-
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quency contour in Fig. 14, and the frequency spec-
tra for the (110) and (110) planes shown in Fig. 16.
These figures show the 8 arm flares out most
rapidly in the (110) section where it joins the rest
of the hole surface. This is expected, since this
section includes the shape of the X-face opening in
the hole surface.
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Previously, oscillations such as those studied
here have been attributed to “quantum oscillations”
in the microwave surface impedance in mercury®
and aluminum.?® Such oscillations are expected to
occur for electrons on cyclotron orbits which are
very nearly stationary and for which the real-space
radii are less than the skin depth.?® The B arms of
mercury satisfy these conditions well; not only is
the radius of the real-space orbit sufficiently small
(~1 X105 cm at 20 kOe), but also the g arms are
very nearly cylindrical so that a wide band of elec-
trons having nearly stationary orbits contribute in
phase. In the present experiment, however, we
conclude that the oscillations observed arise, in
part, from the effect of torque on the sample arising
from the dHvA effect corresponding to the g arms.
Such torque on the sample can affect the cavity @
and thus generate the observed signal by slightly
changing the sample position. Evidence for the
existence of such torque effects include the observa-
tions: (i) that the amplitudes increased considerably
when the sample was mounted less tightly in the
cavity, and vice versa, (ii) that, even for a tightly
mounted sample, the amplitudes were very sensitive
to tapping the helium Dewar lightly and often were
not reproducible, and (iii) that, for one sample,
the amplitudes changed little after the sample sur-
face was very severely scored with a cotton swab,
thus indicating a bulk effect such as torque.
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The oscillations persisted when H was parallel to
(001) directions where the frequency F is an abso-
lute minimum and the torque effects must disappear.
Thus the oscillations appear to have been, at least
in part, due to quantum oscillations of the micro-
vave surface impedance, Because of the complica-
tions arising from the torque effects, the dependence
of these quantum oscillations on the microwave po-
larization, or on the tip angle between H and the
sample surface, could not be studied in detail.

V. CONCLUSIONS

AKCR studies have been carried out with two
very flat mercury single crystals. Possible errors
in the effective masses arising from field-tipping
effects were small because the magnetic field was
aligned accurately parallel to flat sample surfaces.
Several new orbits (uy, ¥., K, Mz, and €;) were
observed for the first time by AKCR. Measure-
ments in nonsymmetry planes permitted the de-
velopment of a three-dimensional interpolation
scheme for the a-orbit masses. This interpolation
scheme showed that the second-zone electron lens
is tipped 3° out of the (100) plane toward the [111]
direction, and that there is a 9% anisotropy of the
mass in the (100) plane.

Cyclotron effective masses of ten orbits were
measured in two off-symmetry crystallographic
planes. The minimum measured masses of the
orbits are summarized in Table II. These masses
are not the absolute minima for the orbits, but
some are close to these minima. The reduced
masses m*/m, ranged from 0.62 to 2.2. These
masses will be useful for estimating the anisotropy
of the electron-phonon mass enhancement factor
1+ A, Here, we note only that estimates based on
the minimum a-orbit mass of 0.615 for H i (110)
yield 1+ X values of 2.3 and 2. 2 relative to the
RAPW model of Keeton and Loucks!® and to the
model of Bogle et al.'? These values of 1+ X are
lower than the McMillan and Rowell value? of
1+ ~2,6 indicating possible discrepancies in the
two determinations of 1+ X or anisotropy of the
electron-phonon mass enhancement.

Open-orbit induced-torque effects were shown
to generate apparent peaks in dR/dH which could
be used to determine accurately the crystal orienta-
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TABLE II. Minimum cyclotron effective masses of
orbits measured in two off-symmetry crystallographic
planes.

AKCR reduced

Orbit Field direction mass

o (170)* 0.614°
[110) 0.661°
(110) 0.700°
[111) 0.733°
(001) 1.77°

v 18° from (112) toward <0.65°
(110)*

T [To1)* <0.714
(112) 1.24

o [001 0.99¢

€4 (001)* 2, 23!

v 22° from (112) toward 1,478
(110)

wy (~85.0, —37.8) 1.42

K (90.0, 38.5)" 1.1

aDirections of minimum AKCR mass for the orbit.

PFrom the 10-parameter a-mass interpolation scheme
for the lens normal to the (001) direction.

®Misoriented 6° from (110) plane; from Fig. 5.

dMisoriented 21.5° from (101) toward (112); from Fig.
6.

eMisoriented 14.8° from (110) plane; from Fig. 5.

Misoriented 8. 2° from (110) plane; from Fig. 5.

®Misoriented 7.5° from (110) plane; from Fig. 5.

bCoordinates (6, ¢) refer to Fig. 3.

tion within the experimental apparatus. Similarly,
dHvA torques were found to contribute to signals
arising from quantum oscillations of the microwave
surface resistance. Studies of these oscillations
yielded a three-dimensional empirical interpolation
scheme for the p-arm dHvA frequencies.

Studies of the effect of tipping the applied mag-
netic field out of the sample surface indicate that
there was anomalous penetration of the electromag-
netic field into the metal.
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Low-temperature electrical-resisitivity data are presented for pure and impure potassium
samples [8000 3 p(20 °C)/p(0 °K) >100] and compared with theory. The experimental and
theoretical results are tabulated, interpreted, and compared with the work of others. In
particular, the resistivity data of the impure samples exhibited only relatively minor devia-
tions from Matthiessen’s rule and did not differ appreciably in temperature dependence from

the resistivity data of the pure samples.
study of quenching effects has been made.

I. INTRODUCTION

The temperature and impurity dependence of the
electrical resistivity of a metal can act, in many
cases, as a definitive test for establishing the state
of our present theoretical understanding of low-
temperature transport mechanisms. In particular,
questions concerning electron-phonon umklapp
scattering processes and electron-impurity scatter-
ing processes have prompted this study of the low-
temperature electrical resistivity of potassium.
Previous treatments of these scattering mechanisms
have been mostly qualitative and many discrepancies
between theoretical prediction and experimental
observation have emerged.

Recently, we reported the first detailed agree-
ment between theory and experiment as concerns
our understanding of the role of umklapp processes
in determining the low-temperature electrical re-
sistivity of potassium in particular and more general-
ly of the ideal monovalent metals.! This paper
presents additional resistivity data on less-pure
samples, an explicit tabulation of the earlier re-
ported results, and a more extensive discussion of
other aspects of these results.

Experimental details are presented and a short

The details of sample preparation, cryostat de-
sign, and instrumentation are discussed in Sec. II.
In Sec. III the experimental results are presented:
The results of a short study of quenching effects
are reported in Sec. IIT A; the experimental results
of the purer potassium samples are tabulated and
compared with the work of others in Secs. III B and
IIIC; and in Sec. NID results from measurements
on less-pure samples and alloys are discussed
along with some of their more general implications
as regards deviations from Matthiessen’s rule.
Last, in Sec. IV the theoretical results are sum-
marized, tabulated, and several interpretive re-
marks are presented.

II. EXPERIMENTAL RESULTS
A. Sample Preparation

Prior to extrusion of the polycrystalline wire
samples, an etching solution of 2% secondary butyl
alcohol in xylene was used to remove surface con-
tamination from the bulk material. Extrusion was
done at room temperature under dehydrated paraf-
fin 0il. Wire diameters were maintained at approxi-
mately ten times the maximum low-temperature
electron mean free path and in no case were sig-



