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Table I. Values of J(0) (in eV) obtained in the RPt, and RPt; intermetallics from the various experimental data.

From %Pt Knight shift

Ce Pr Nd From Gd*t g shift From 6p data
RPt, 0.30 0.35 0.16 -0.45 +0.2
0.052
RPt; 20 0.10 0.22 0.16 0.20P +0.4
Pty 0.36 0.21 0.24
4See Ref. 6. bsee Ref. 7.
nature of the polarization they were dealing (1962).

with. They then resorted to other models with
interior cutoffs, etc., and at least obtained

the correct signs of J(0). Part of the difficul-
ty is that Eq. (1) is an extremely poorly con-
vergent series, violently sensitive to errors

in either F or setting J(g)=J(0). Evaluation

of the conduction-electron polarization in var-
ious RE alloys using more rigorous procedures®
is currently underway.

The authors wish to thank the Metallurgy
Division of the Bhabha Atomic Research Cen-
tre for help in preparing the alloys, V. R. Ma-
rathe for making the susceptibility measure-
ments, and K. V. Lingam and P. G. Nair for
taking the epr spectrum.
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SIZE EFFECTS IN THE ELECTRONIC THERMAL CONDUCTIVITY
OF GALLIUM SINGLE CRYSTALS*

Robert I. Boughton and M. Yaqub
Department of Physics, Ohio State University, Columbus, Ohio
(Received 27 November 1967)

Recent work®»? on the electrical conductiv-
ity of 99.9999% gallium single crystals has
shown that the ideal resistivity p; varies as
the square of the absolute temperature between
1.1 and 4.2°K. This variation may be caused
either by collisions between electrons from
different branches of the Fermi surface or
by electron-phonon Umklapp processes. In
a specimen of 0.95-cm diam, Newbower and
Neighbor! also found a small peak in the resis-
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tance temperature curve at about 1.7°K; the
exact temperature depended on the measuring
current and on the earth’s magnetic field. Spe-
cific-heat measurements on the same materi-
al by Shiffman and Neighbor® showed no cor-
responding effect, and this suggests that the
resistance peak is not a property of the bulk
metal, but may be due to the onset of boundary
scattering for a particular group of electrons.
(The average mean free path of electrons for
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this material is >1 cm at 1°K.?)

In an attempt to determine the reasons for
the T2 dependence of p; and for the anomalous
resistance peak, we have measured the ther-
mal conductivity of gallium single-crystal rods
of the same purity between 1.4 and 4.2°K as
a function of size and crystal orientation, using
the standard two-thermometers, one-heater
technique. For a pure metal at low tempera-
tures, neglecting lattice conduction, the ther-
mal resistivity is normally given by W=qa/T
+ PBT? where a/T and BT? represent scatter-
ing by impurities and phonons, respectively.

If electron interactions are dominant, the ideal
thermal resistivity W;= BT? must be replaced
by B’T. On the other hand, if the T? term in

p is caused by electron-phonon Umklapp pro-
cesses, then W; should remain proportional

to T?, since thermal, unlike electrical, con-
duction cannot distinguish between small- and
large-angle scattering.® Hence WT is a line-
ar function of either 7% or 7%, I the resistance
peak is due to boundary scattering, a corre-
sponding effect is likely to appear in thermal
resistance as well. In the electrical case the
problem of boundary scattering is complicat-
ed by the fact that the magnetic field generat-
ed by the measuring current alters the effec-
tive mean free path. It is presumably for this
reason that an increase in the measuring cur-
rent moves the peak to a lower temperature.
Since a thermal current produces no magnet-
ic field, this complication does not arise when
heat is conducted by electrons.

The results of our measurements are sum-
marized in Table I. For all the three princi-
pal axes, the conductivity K initially increas-
es with the lowering of temperature until it
reaches a maximum just below 2°K. The max-
imum values of K for the A, B, and C axes
are 300, 845, and 76 W cm™! °K™!, at 1.84,
1.77 and 1.98°K, respectively. (As far as we

know, 845 W cm™! °K™! is the highest record-
ed value of K for a solid.) None of the measured
specimens gave a linear dependence of WT

on T2 even in a limited temperature region,
and this indicates the absence of electron col-
lisions. On the other hand, the graph of WT
against 7° was linear except for a limited re-
gion in the middle of the range. Figure 1 shows
WT against T° for three A-axis specimens of
different sizes. In each case there exist val-
ues T=T,, T, depending on the specimen, such
that the graph has the form WT= a+ BT® for
T>T, WT=a+pT%+ ¢(T% for T,<T<T,, and
WT=a+ @(T,%)+ BT® for T<T,; here ¢(T9) is

a decreasing function of T° with ¢(7,% =0, and
¢ depends on the specimen. To within the ac-
curacy of our experiments, which is about 1%,
the constants « and B are the same for each
specimen. The smaller the specimen the high-
er are the values of 7,, T, and ¢(T,%). We
interpret these results as follows. The ideal
thermal resistivity in gallium is mainly gov-
erned by electron-phonon collisions. In the
range T,< T < T,, boundary scattering of elec-
trons provides an additional resistive mech-
anism. If /o; denotes the electron-phonon mean
free path of a small group of electrons and

d the diameter of the specimen, then 7, and

T, correspond to lep~d and lgp >>d, respec-
tively. Below T,, d itself becomes the effec-
tive mean free path for this group and ¢ does
not increase any further. Since lgp is inverse-
ly proportional to 73, the last assertions re-
quire that 7,% and T,°d should each be the same
for all specimens: the values obtained are
114.2, 114.3, and 119.1 for 7,° and 42.8, 41.3,
and 43.6 for T,%.

The ratio T,%/T,® for each specimen is ap-
proximately 2.7 and it is hard to understand
how an increase by such a small factor can
represent the entire range lgp~d to lgp >d.
However, if boundary scattering is confined

Table I. Thermal-conductivity and boundary-scattering data for three principal axes of gallium.

Temperature
Orientation Diameter Bulk K% for Kmax
axis (mm) (W em—1 °k=1) (°K) T T, Ty%d Ty%d
A 3.97 300 1.84 30 11 119 43.6
A 3.175 36 13 114 41.3
A 2.38 48 18 114 42.8
B 3.175 845 1.77 40 21 127 66.7
C 3.175 76 1.98 45 12 143 38.1
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FIG. 1. Plot of WT against T? for A-axis crystals of
different sizes. The top curve, which is for a less
pure specimen, shows no boundary-scattering effects.

to a group of electrons from a limited portion
of the Fermi surface, the range of tempera-
tures for which lep/d varies from 1 to >1 may
be much smaller than that for the entire sur-
face. The validity of Matthiessen’s rule for
these specimens provides another indication
that the additional resistance due to boundary
scattering is caused by a small fraction of the
conduction electrons.

The assertion that the nonlinear part of the
graph of WT versus 7° is due to boundary scat-
tering is further supported by the fact that an
identical curve for an A-axis specimen of 99.99%
gallium with d=3.175 mm shows no deviation
from a straight line (see top curve in Fig. 1).
If we multiply the intercept obtained from the
dotted line in Fig. 1 with the Lorentz number,
we obtain a value of p which agrees reasonab-
ly well with the bulk residual resistivity val-
ue of Yaqub and Cochran.® This provides fur-
ther evidence that the straight line for T> T,
represents the bulk behavior.
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thanks many helpful comments by Dr. Sung.

*Research sponsored by the Air Force Office of Sci-
entific Research, Office of Aerospace Research, U. S.
Air Force, under Grant No. AF-AFOSR-1051-66.

IR. S. Newbower and J. E. Neighbor, Phys. Rev. Let-
ters 18, 538 (1967).

®M. Yaqub and J. F. Cochran, Phys. Rev. 137, A1182
(1965).

33. E. Neighbor and C. A. Shiffman, Phys. Rev. Let-
ters 19, 640 (1967).

43. M. Ziman, Electrons and Phonons (Clarendon
Press, Oxford, England, 1960).

5J. F. Cochran and M. Yaqub, Phys. Rev. 140, A2174
(1965).

SPECTROSCOPY OF ODD-ODD NUCLEI WITH DIRECT (d, ®) REACTIONS*

W. W. Daehnick and Y. S. Park
Nuclear Physics Laboratory, University of Pittsburgh, Pittsburgh, Pennsylvania
(Received 3 November 1967)

Until recently, two major obstacles imped-
ed the successful investigation of heavier odd-
odd nuclei by direct nuclear reactions: the
need for very good experimental resolution,
due to the high level densities of odd-odd nu-
clei, and the reduced usefulness of single-nu-
cleon transfer reactions. The resolution nec-
essary for medium-weight nuclei and the first
20 to 40 excited states is now easily obtained.
The combination of tandem Van de Graaffs and
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modern magnetic spectrometers allows total
resolving powers of 2000 and better*»? without
the excessive loss in counting rate that used
to restrict earlier high-resolution work. Gen-
erally, however, there remains a large am-
biguity in the assignment of total angular mo-
mentum (Jf) for the final states if the target
nucleus has nonzero J;. Hence quantum num-
bers of odd-odd nuclei are most uniquely as-
signed in deuteron-transfer reactions on ev-



