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lute alloys spanning a wide range of O'K suscepti-
bilities indicates that the magnetic properties of
alloys previously treated separately as spin-fluc-
tuation and Kondo systems are qualitatively in-
distinguishable at sufficiently low temperatures.
Moreover, the NMR results appear to be easily
understood in terms of a single-particle descrip-
tion. This observation is consistent with the lin-
ear temperature dependence of the low-tempera-
ture specific heats of Au:V" and Cu'. Fe."
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A measurern. ent of the electrical and thermal magnetoresistance of thallium gives a
direct demonstration of the scattering of open-orbit electrons into adjacent closed orbits
through the mechanism of small-angle scattering. Potentially, this effect provides a
method for determining the efficiency of small-angle scattering in metallic conduction.

In a metal, both electrical and thermal resis-
tance depend greatly on how close an electron is
brought to the equilibrium distribution after being
scattered. Even though small-angle scattering
would be efficient enough to cause thermal resis-
tance, it is not generally expected to cause ap-
preciable resistance to an electrical current.
There are known exceptions, viz. , the influence
of small-angle scattering on the galvanomagnetie
effects in metals has been discussed recently by

several authors. ' Of these, Pippard's descrip-
tion of the expected behavior of the transverse
magnetoresistance due to open-orbit electrons
being scattered into adjacent closed orbits by
small-angle scattering is the most appropriate
for the work reported here.

In thallium a slice of open orbits exists on the
honeycomblike fourth-zone electron sheet of the
Fermi surface' when a magnetic field is applied
close to the hexagonal direction. The narrow re-
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gion of open orbits thus obtained is sandwiched
between electronlike and holelike regions. In
Fig. 1 such regions are schematized for a field
applied at an angle n with the [0001]direction in
the (1010) plane. The shaded areas represent the
closed-orbit regions and the open-orbit regions
are represented by the nonshaded areas. The
open orbits are extended in the [1010]direction
with different orbit shapes occurring, depending
on the position of the orbit within the slice. The
width and thus the number of states in the open-
orbit region increases as the angle a increases.
This variation of slice width with increasing n
causes a change in the efficiency of the small-
angle scattering, since at constant scattering an-
gles electrons are more readily removed from
the open orbit for narrow slices than they are for
wider slices. It should be noted that when an
electron is scattered from an open-orbit into a
closed-orbit state its contribution to electrical
conduction becomes negligible compared with its
contribution in the open-orbit state. Moreover,
as pointed out by Pippard, the inverse process,
i.e., the scattering of electrons from closed to
open orbits, does not compensate appreciably
for this loss of conduction.

If r is the number of collisions necessary to
scatter an electron from a point in the open-orbit
region to a point in the adjacent closed-orbit re-
gion, then r will depend on the initial position of
the electron in the open-orbit slice, the width of
the slice, and the type of scattering involved.
For example, in the case of small-angle scatter-
ing due only to low-energy phonons, the number
of collisions r~ depends on the phonon distribu-
tion. Therefore, averaging the initial states of
the electrons over the width of the open-orbit re-
gion, the average numbers of collisions r and r~
necessary for electron relaxation are expected
to depend on the width of the slice and the phonon
distribution, i.e., the tilt angle n and the tem-
perature.

If both open and closed orbits exist simultan-
eously in a metal, the total conductivity tensor
can be written as

[lotoj

[12 I 0]

FIG. 1. Schematic representation of the band of open
orbits on the fourth electron zone in thallium as it will
appear when the magnetic field is tilted by a small
angle u from the hexagonal direction toward the [ 1210]
direction, represented as the nonshaded area. The
open orbits extend in the [ 1010] direction in it space.
The main shaded area corresponds to the adjacent
closed hole orbits. The smaller shaded areas corre-
spond to adjacent closed electron orbits. The main
open-orbit band is also adjacent to paraIlel open-orbit
regions from neighboring cells, but the only small-
angle scattering which is efficient displaces an electron
from the open-orbit region to an adjacent closed-orbit
region.

ductivity

C &XX ~~y

and for the open orbits,

~

~0' cos'8 0'cos9 sinI9gt
cr'cos8 sin6 cr'sin'6P

where cr is the contribution to the conductivity
from the closed orbits and 0' is the contribution
due to the open orbits. When n is small, the
closed-orbit carriers still correspond to the case
of a two-dimensional isotropic metal with a con-

where 8 is the angle between the real-space open-
orbit direction and the current direction.

The total resistivity P is given by p =(0 ) ';
so by inverting the conductivity matrix and taking
the known high-field limit for the components of
the closed orbit conductivity, viz. , o «-A/H'
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and v»-B/H, then the high-field transverse
magnetoresistance is

A 1+ (H'a'/A) sin'8
B2 1 + v'A/B'

For small tilt angles n, it is expected and a pos-
teriori verified that

o 'A/B' «1;
so

p» =A/B'+ (a'/B')H' sin'8.

Neglecting the lattice conductivity A&, the cor-
responding equation for the electronic part of the
high- field thermal magnetoresistance is

y» =A'/B" + (A'/B")H. ' sin'8

where X' is the open-orbit thermal condu t t
and A' and B' are defined by the high-field ap-
proximations

=A '/H',

tion to crystal-orientation conditions exactly
meet, one expects I8I =90' except for o. =0. Elec-
trical- and thermal-resistivity data were taken
as a function of temperature as well as a function
of the magnitude and direction of the magnetic
field.

A plot of F =7,/v~ vs n is shown in Fig. 2.
This set of curves shows clearly tha.t for all tem-
peratures F decreases as expected when n - 0
i.e., as the open-orbit slice width decreases. It
also shows that at higher temperatures the de-
crease appears for greater slice widths. This is
because at higher temperatures the average pho-
non wavelength q is larger (q ~T) and the same
number of scatterings displaces an electron far-
ther on the Fermi surface, i.e., out of a wider
slice of the open orbits. Thus, the width of the
dip in the F curve depends directly on the magni-
tude' of q. At 4.1'K, for example, q'=14&10'

A.~y
-- B '/H.

7g7-
OPE N OR BIT K

A plot of p» vs II' yields a straight line whose
slope is cr'B 'sin'0. By scaling y» with the
ideal Wiedemann-Franz ratio L T, a plot of
L Ty» vs 0 yields a straight line whose slope2

is L~TX'8' 'sin'8. Since B'=BL~T, then the ra-
tio of the two slopes is i=v'L, T/A', and with o.

'
and X',~L I',I' being, respectively, proportional to
v and vz, their corresponding times of relaxa-
tion, F also gives the ratio v /rz One ex. pects
that Yz should give a good average value of the
time between collisions of all kinds v„so r as
previously defined gives the average number of
times an open-orbit electron is scattered before
reaching the equilibrium distribution for the elec-
trical process.

A single crysta, l of thallium was cut in the
shape of a rectangular slab and mounted with the
long side vertica. l. This vertical or x direction
was in the [10TO] crystallographic direction and
was the direction in which the heat or electrical
current was applied. The hexagonal direction
[0001]was horizontal and perpendicular to the
la,rge face of the sample so that the magnetic
field direction (z direction) could be rotated to
form the angle e with the hexagonal direct'
The general direction of the open orbit in 0 space
was then along [10TO] and the open orbits in real
space were perpendicular to the current direc-
tion (x direction). Thus, should the field direc-
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FIG. 2. The ratio r between the open-orbit conduc-
tivities 0' and X'~,~L..T gxves an approximate measure-
ment of r~/7& for the open orbits, i.e., the approxi
mate number of all types of collxsxons necessary to re-~ ~

lax an electron in the electrical conduction. This num-
er eereases when the open-orbit zone width is de-

creased making small-angle scattering efficient in re-
moving the electron from the open-orbit zone into a
closed-orbit zone. The experimental points and error
flags are shown only for the 4.1 K data for better clar-
ity. The left side shows the effect for n positive. The

+n and-
rage or

n and -n. These data are not corrected for A.&.
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cm '. This value corresponds to the averaged
slice width which would result from a tilt angle
of +=2.5'. The few-degree range over which the
dip in the F curve extends appears, therefore, to
be correct.

One would expect F' to tend toward unity as n
-0. However, as 0'sin'8 tends toward zero, the
corresponding thermal term tends toward I&, the
neglected lattice conductivity, which at 4.1'K may
be large enough to be detectable when the elec-
tronic part becomes vanishingly small. Thus the
apparent decrease of r below unity at 4.1'K is to
be expected. The empirical corrections attempt-
ed to correct for the existence of A.

& show that
the dip in the F curve is primarily due to the ef-
fect of small-angle scattering even though X& af-
fects the shape of this curve.

At the larger slice widths, where the bulk-type
conditions prevail, the impurity scattering (bound
ary scattering included) is seen to cause smaller
F values at the lowest temperature. In order to
account for this, the data might be reanalyzed by
writing

1 1
~X@ +limoy= -]. -1 &

+op +~in 0

where the index p refers to the phonon-scattering
contribution only, and "imp" refers to the contri-
bution due to impurities. A preliminary deter-
mination of the quantity r~ = v',~/7&~ was attempt-
ed together with the empirical correction for A.&.
Curves similar to the r curves of Fig. 2 were
drawn for Fp so that an analysis of the pure
small-angle scattering could be attempted. How-
ever, the experimental errors in the existing da-
ta and the indetermination of I& made the result
of this analysis inconclusive.

Improvements in the experimental apparatus
and procedure are expected to reduce some of
the errors and yield more accurate values for a',
X, F, and Fp from which quantitative conclusions
about electron-phonon small-angle scattering
may then be drawn.

The small-angle-scattering mechanism studied
here is expected to occur in any metal where
open orbits are adjacent to closed orbits. This
situation occurs in a large number of metals, and
the present method of studying this effect is, in
principle, applicable with only slight modifica-
tions for most cases. ~
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A relativistic orthogonalized-plane-wave calculation
of the band structure and fs of thallium made by P. So-
ven, Phys. Rev. 137, A1706, A1717 (1965) is in rela-
tively good agreement with experimental determina-
tions of the thallium fs by the de Haas-Van Alphen ef-
fect: M. G. Priestley, Phys. Rev. 148, 580 (1966), and
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q may be taken =2.6q DT /B D, viz„ the value for
which the electron-phonon scattering is a maximum,
i.e., where x e~/(e -1) is a maximum, with ~ = (q/qg
(T/Bg ~, qD and BD, being the Debye sphere radius
and temperature, respectively.

A review of the effect of open orbits on magnetore-
sistance can be found in E. Fawcett, Advan. Phys. 13,
139 (1964), in which references, theory, and a partial
list of open-orbit metals is given. The open-orbit H
dependence in thallium is characteristic of open orbits
of "type II" (or "aperiodic") corresponding to "two-
dimensional regions" on the open-orbit stereograms.
A similarity with thallium exists if the open-orbit "re-
gion" surrounds a three-, four-, or sixfold symmetry
direction as in Cu, Ag, Au, Sn, Nb, Ta, etc., and
only a slight modification of the method used in Tl is
necessary to include the case where the "region" cor-
responds to a twofold axis as in Pb, Ag, etc. The pos-
sibility of extending the method to "type I" (or "period-
ic") open orbits corresponding to a "one-dimensional
region" would depend on the particular meta1 involved.
The useful range of temperatures where study should
be carried out would be in a direct relation with the
Debye temperature of the metal.


