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Recent experiments have confirmed that the
Fermi surface in copper contacts the Brillouin
zone boundary in the [111]direction as suggested
by Pippard. ' ' Using the low-temperature mag-
netic dependence of ultrasonic attenuation, we
have found that the Fermi surfaces in gold and
silver contact the zone boundary in a similar
way. In gold the size of the contact area and the
shape of the "neck" joining this to the main body
of the surface have been obtained in a very direct
way.

An oscillatory variation of ultrasonic attenua-
tion in a magnetic field occurs because of geo-
metrical coincidences between certain electron
orbits and the periodic electric fields accom-
panying the sound wave. Liquid helium tempera-
tures are needed to have the mean free path
longer than the wavelength, A.. The effect, when

Hzq (where tl is the propagation vector of the
wave), gives the dimensions and ultimately the
shape of the Fermi surface because the period
observed in (FI)I) ' is determined by the Fermi
momentum perpendicular to H and q at those
parts of the surface where this momentum is ex-
tremal. If P is such a momentum, and P is the
corresponding period in (H)I) ', then p = e/(2cP). '&'

Magnetic field oscillations were observed in
single crystals of zone-refined gold and silver at
freIluencies up to 154 Mc/sec at a temperature
of 4.2'K. Longitudinal waves were propagated
along both [001]and [011], and the direction of
H varied while keeping 8&q. Stronger oscilla-
tions were observed in gold than in silver, as
many as 19 maxima and minima being found in
certain orientations.

If the Fermi surface contacts a zone boundary,
there will be a minimal cross section at the
boundary; thus, if touching occurs in [111],there
should be a long-period oscillation due to elec-

trons circulating around this "neck" when H is
along [111]and Il is along [011]. Such a period
has been observed in copper. ' A pronounced
period, which is shown in Fig. 1(a), is found
also in gold and is the strongest evidence for the
surface making contact. The momentum calcu-
lated from this period is 0.22, in units of 10 '
g cm sec '. (In the remainder of the paper all
momenta will be expressed in these units. ) This
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FIG. 1. Relative attenuation as a function of HX
plotted on a reciprocal scale. (a) Attenuation in gold
with tj along [011] and H along [111]. (h) Attenuation
in gold with Q along [001] and H along [110]. (c) Atten-
uation in silver with Q along [001] and H along [110].
(Note that attenuation scales are different for each
curve. )
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should be the radius of the touching area on the
[111]zone boundary, which is 1.41 units away
from the center of the zone. %hen 8 is moved
away from [111], the neck period becomes
shorter corresponding to the widening of the neck
as it joins the main part of the surface. This
angular dependence gives the detailed shape of
the neck, the result being shown in Fig. 2.

The strongest period in gold appears with

q II [001]and H II [110], as show»n Fig 1(b); the
corresponding momentum is 1.09 units. This
period is interpreted as follows: Because con-
tact occurs, the Fermi surface can be considered
as a body-centered array of spheres (approxi-
mately) joined along [111], and corresponding di-
rections, by the neck shown in Fig. 2; the cen-
tral extremal cross section is a "dog's bone"
shaped orbit when the field is along [110]. This
is a hole-type motion involving four zone bound-
ary reflections. The momentum of 1.09 units,

therefore, is associated with half the length of
this dog's bone. Since the distance from the
center of the dog's bone to the center of the zone
is 2.30 units, this period implies that the radius
of the main surface along [110]is 1.21 units. '

For q II [001]and H near [100], there is a much
weaker period undoubtably due to electron orbits
about the central body of the surface. From this
period the radius of the main body along [100] is
estimated as 1.26 units. The angular variation
of this and the dog's bone period can be used to
establish the shape of a principal cross section
of the main body of the Fermi surface, the values
of 1.26 units along [100]and 1.21 units along [110]
being the maximum and minimum dimensions. If
the surface in gold were a sphere that contained
one electron per atom, its radius would be 1.27
units.

Even though the original silver was nominally
purer than the gold, the oscillations for a given
frequency were much weaker. The dog's bone
orbit gave the most distinct period, this being
shown in Fig. 1(c) for a frequency of 154 Mc/sec.
A momentum of 1.05 units is found, which im-
plies a main body radius of 1.25 units along [110]
for silver. The zone and the ideal Fermi sphere
are almost identical in silver and gold. There
was an indication of a very weak neck period in
silver, enough to give a rough estimate of 0.18
unit for the radius of contact. Even though the
neck period is not clear, the strong dog's bone
period, when HII [110], leaves little doubt that the
Fermi surface of silver makes zone boundary
contact in a way similar to the other noble metals.

Our results agree with very recent de Haas-
van Alphen measurements of Shoenberg. He has
observed the dog's bone oscillation in gold (the
name is his) and the neck period in all three me-
tals. The two methods are complementaryin that
the de Haas —van Alphen effect determines the
area of an orbit, while the ultrasonic effect de-
termines its length. Moreover, it seems that
orbits involving zone boundary reflections give
stronger oscillations than the main surface or-
bits with the ultrasonic effect, but that the oppo-
site is true for the de Haas —van Alphen effect.

FIG. 2. Inferred shape of the touching neck in
gold at the [111]zone boundary. The measured radius
at the boundary is 0. 22 &&10- 8

g cm sec . The
dotted curve is a circle of radius 1.25 x 10 ~9 g cm
sec ~ drawn from the center of the zone.
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IIn earlier ultrasonic work on copper the dog's bone
oscillation divas observed [Fig. 1(a) of reference 2]; it
was not recognized at the time because of an error of
45' in specifying the direction of H with respect to the
crystalline axes.
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The electron paramagnetic resonance (EPR)
spectra of Cr-doped K,Co(CN), crystals show un-

expected splittings. ' In every crystal investi-
gated, at least four prominent lines, occurring
in sets of two, were detected for each ~=+ 1

+++ ~ +++Cr (in Co sites) transition. In several
crystals, at least two additional pair-wise equi-
valent resonances were noticed. The resonance
geometry for the prominent lines is indicated in
Fig. 1; the room temperature spectral data ob-
tained at a frequency of 9.3 kMc jsec are given
in Table I.
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The existence of different mell-defined stacking
periodicities in crystals of a given chemical spe-
cies is termed polytypism. Each layering (stack-
ing) sequence corresponds to a specific pol to yype
and generates a crystal (or region in a crystal)
which is singularly described by a given unit cell
and crystal structure. In general, several dis-
tinct polytypes may coexist in a visually homo-
geneous crystal.

Recently, pure and doped (0.1% Cr) crystals
of K,Co(CN), were found to be polytypic by single-
crystal x-ray diffraction. ' The unit cells of the
various polytypes are derived by rotation of (100)
one-layer monoclinic lamellae about c and their
stacking on (100). The geometry of the two most
prevalent polytypes, 1M (one-layer monoclinic)
and 20m (two-layer orthorhombic) is illustrated

Table I. Room temperature spectral data at 9.3
kMc/sec.

Ordinary lines Extraordinary lines

0+

b

FIG. 1. Geometry of the four prominent Cr~+ re-
sonances in polytypic K3Cr-Co(CN)6.

X= ~6.5'

p, =0

D = 0. 07832 cm ~

E =0.009026 cm-

gy = 1.9912

g~ = 1.9936

A. = 6.5', p, = 8.25'

A. = —6. 5', p, = —8.25

D=0. 07866 cm

E =0.00973p cm-

gy = 1.9923

g~= 1.993,
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