
VOLUME l~, +UMBER 17 PHYSI CAI. RKUI KW I, KTTKRS 26 OCTOBER 1964

less than at room temperature. ) To investigate
how singular is the dependence of the transition
temperature on the stress, AT~ was measured
at very low stresses. It is found that, as AT

C
becomes of the order of the width of the transi-
tion curve, or smaller, the change in the tran-
sition temperature at different parts of the crys-
tal is different, and therefore, AT is not very
well defined. The singularity observed in this
work is probably closely associated with the
spontaneous distortion discussed in reference 5

and observed by Batterman and Barrett.
The effect of the stress in the [100]direction

can be tentatively described as a broadening of
the narrow Clogston-Jaccarino peak. This broad-
ening reduces the density of states at the Fermi
level and therefore results in a lowering of the
transition temperature, and less impurity scat-
tering from s to d states, resulting in a lower
electrical resistance. We have no theory to ac-
count for the singular behavior of V3Si under
stress; however, the extremely anisotropic be-
havior seems to confirm the suggestion that the
electronic band structure of V,Si is extremely
anisotropic.
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Among the transition metals, i. e. , those
whose conduction electrons have appreciable d
character, tungsten (5d'6s2) has proved most
easily obtainable in high-purity, single-crystal
form. As a result, most of the available tech-
niques for studying electronic properties of met-
als have been applied to tungsten. The experi-
mental data, many of which remain to be pub-
lished in detail, are generally compatible with
the Fermi surface model for chromium-group
metals without spin originally proposed and re-
cently modified by Lomer. ~ Augmented-plane-
wave calculations by Mattheiss for the specific

case of tungsten confirm Lomer's qualitative
predictions. In this Letter we present measure-
ments of extremal linear dimensions of the tung-
sten Fermi surface which show that, while the
shapes of the principal sheets are correctly
given by the model, they fail to contact each
other as predicted. This discrepancy provides
clear evidence of appreciable spin-orbit cou-
pling, an interaction thus far not included in the
calculations. A quantitative evaluation of the spin-
orbit coupling parameter from our data is given
in the following Letter by Mattheiss and Watson. '

The experiment is similar in principle to those
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performed by Khaikin' and by Gantmakher' but
makes use of a technique developed for studying
helicon wave propagation in metals: A magnet-
ic field H is applied parallel to the plane of a
thin metal slab of thickness t. A radio-frequen-
cy oscillator drives a transmitter coil placed
near one face of the sample. A similar coil on
the opposite face receives transmitted energy
when cyclotron orbits of carriers in the metal
just span the sample thickness. The success of
the method depends on the carriers traversing
at least one half of a cyclotron orbit without scat-
ter ng; .e. , o e must have ( 7 - m whe e ~~ 's
the cyclotron angular frequency and & is the
carrier scattering time. By using audiofrequen-
cy modulation of the magnetic field and synchro-
nous detection of the rectified, received signal,
the field derivative of that signal is plotted ver-
sus the field strength. This display exhibits
narrow peaks at values of 0 which cause ex-
tremal orbits to "fit" in the sample. Extremal-
dimension orbits are those whose crystal-mo-
mentum-space (k-space) dimension perpendic-
ular to 8 and to the sample normal is a maxi-
mum or a minimum on a sheet of the Fermi sur-
face. The relationship between the k-space di-
mension 4A of an orbit and the field 0 at which
its real-space dimension equals the sample thick-
ness is 4k = (e/kc)Ht. The data reported here
were taken at 4.2'K with a (110)-plane sample
0.235 mm thick prepared from a tungsten crys-
tal of resistance ratio p300~/p4 2 K= 37000 ob-
tained from Dr. H. Sell of the Westinghouse
Lamp Research Division. Several frequencies
were used to cheek that peak positions were in-
dependent of frequency, 4 Mc/sec being the most
commonly used value.

Having an even number of electrons per atom,
tungsten is a compensated metal, that is, it has
equal numbers of holes and electrons. The to-
pology of the Fermi surface has been shown by
magnetoresistance studies to be extremely sim-
ple: All sheets are closed' and no open orbits
occur due to magnetic breakdown phenomena. '
The principal electron and hole surfaces of the
Lomer model are illustrated in Fig. 1. The ma-
jor electron surface, centered at the Brillouin
zone center 1, consists of an octahedral "body"
with ball-like protruberances on the six vertices.
Sparlin and Marcus have named this entity the
"jack." The principal hole surface is a simple
"octahedron" with rounded edges, centered on
the point H, the (100) vertex of the dodecahedral
zone. A characteristic property of present sig-

FIG. 1. The principal sheets of the tungsten Fermi
surface in the absence of spin-orbit coupling. The
major electron surface centered at I consists of an
octahedral body whose vertices terminate in ball-like
protrusions. The major hole sheet is nearly octahe-
dral, is centered on the (100) zone vertex H, and
touches the electron "jack" along the (100) axis I'H.
Minor pieces of the Fermi surface have been omitted
for clarity.

nificanee is that the electron "jack" and the hole
"octahedron" must touch along the line 1B in
the absence of spin-orbit coupling.

The results of the size-effect experiments are
summarized in Fig. 2. Most easily recognized
is the cross section of the hole octahedron since
its simple form permits observation over the
entire (110) plane. A smaller piece having simi-
lar anisotropy is seen over a restricted angular
range and is identified as the "body" of the elec-
tron "jack." Such a class of orbits has also
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FIG. 2. Experimental k-vector determinations in
the (110) plane of tungsten shown as solid curves. The
dashed portions of the section centered on I are im-
plied by the model but not directly observable because
of the re-entrant nature of the surface. The gap be-
tween the two sections along I'H is the result of spin-
orbit interaction.
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Table I. Radii of the principal electron and hole sheets of the tungsten Fermi surface (A }.

Direction Expt 1a
Electron "jack"

Expt 2b Theoryc Expt 1
Hole "octahedron"

Expt 2 Theory

(100)
(111)
(110)

1.11
0.415

1.10 1.09
0.47
0.51

0.78
0.50
0.60

0.78

0.62

0.79
0.50
0.60

The size-effect experiment reported here.
bMagnetoacoustic data of Jones and Rayne. '2

Augmented-plane-wave calculation of Mattheiss. The numbers for the (100}direction include spin-orbit inter-
action ($5d = 0.03 Ry, see following Lettera), whereas the others do not.

been observed in cyclotron resonance and has
been sho~n to have electron character. " %hen
the magnetic field direction comes within 15' of
the (110) axis (k vector within 15' of the (100)
direction), the "body" signal disappears but is
replaced within a few degrees by another signal
at much greater values of H. This is interpreted
as due to orbits on the jack which pass over the
"balls" as well as the "body. " The body orbit
signal also disappears when 8 is within 18' of
the (100) axis, as is consistent with the re-en-
trant nature of the surface, but the expected
larger orbit in this region has not been observed.
A number of other signals corresponding to
smaller dimensions have also been observed
but will not be discussed here.

It is clear from Fig. 2 that the electron "jack"
and the hole "octahedron" fail to make contact
in the (100) direction. The observed gaps
amount to 5$ of the I'8 distance (1.987 A ')."
The radial dimensions shown in Table I are be-
lieved to be accurate to at least +2%. Our re-
sults are in excellent agreement with the mag-
netoacoustic-effect data of Jones and Rayne"
which are included for comparison. Theoretical
k vectors computed by Mattheiss' and Mattheiss
and %'atson' are also given in the table, those
for the (100) direction including a spin-orbit in-
teraction of 0.03 Ry, which produces a gap of
the observed magnitude between the electron and
hole surfaces. The agreement between theory
and experiment is generally good. The existence
of the gap between the major electron and hole
sheets also explains the observed absence of
open orbits due to magnetic breakdown. '
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