
LI'. TTI:RS To 'I HE E DITOR

relaterl to a change in the thermal activation energy of the semi-
conductor due to the applied pressure.

If the activation energy calculated for the various pressures
is plotted against the dilatation, AV/V, a straight line is obtained,
provided the value of activation energy of 0.38 ev found from
Hall eRect measurements by Johnson' is used for the value at
zero pressure.

From the graph it is found that

hE/'(AV/V) =0.041 ev per one percent dilatation.

Photo-conrluctive films of tellurium have been prepared by the
author, and from measurements of the spectral distribution of
sensitivity, a value of the optical activation energy can be ob-
tained. It was found that for different layers the sensitivity fell
to half-value at wave-lengths in the range 3.2p, to 3.5p, corre-
sponding to an optical activation energy of 0.35 to 0.38 ev. There
is thus good agreement between the optical and thermal activation
energies.

It has also been observed that the "threshold" wave-length of
sensitivity is temperature dependent, moving to longer wave-
lengths on cooling, and the extent of the shift has now been
measured. Unfortunately the sensitivity of tellurium cells falls
rapidly with increasing temperature, and in general spectral
sensitivity measurements cannot be carried out much above
150'K. However, fairly good results were obtained on two cells
from 77'K to 161'K and 77'K to 195'K respectively. The
observed shifts of 0.16' and 0.20', give an energy change:--

AE/AT=2. 1)&10 ' and 1.9)&10 4 ev/'C.

As a result of the restricted temperature range, the accuracy is
not high, but a mean value of AE/AT=2&&10 ' ev/'C may be
taken. Since the thermal expansion coe%cient, b, V/V AT=51
)&10 '/'C, we obtain from the optical measurements, AF(AV/V)
=0.04 ev per one percent dilatation,

This figure is almost identical with that calculated from the
pressure measurements. Such close agreement is fortuitous, but
we may conclude that within the accuracy of the measurements
the values of the energy change with dilatation are the same in
the two cases. The energy gap is thus determined primarily by
the volume, the forbidden zone decreasing in width as the atoms
move closer together. Bardeen has suggested that the opposite
eRect occurs in, germanium,

An interesting conclusion to be drawn from the above results
is that a film of tellurium operated at 20,000 kg/cm' and suitable
low temperature, should be photo-conductive at wave-lengths
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TA@LI; L llexaboride electron emission constants determined for
Dushman's equation.

Boride

CaBg
SrB6
BaB6
LaB6
CeH6
ThBe

2.6 amp, /cm~/deg. K2
0.14

16
29
3.6
0.53

2.86 volts
2.67
3.45
2.66
2.59
2.92

found to have a relatively low evaporation rate corresponding to
a latent heat of evaporation of 169 kcal. /mole.

Boride cathodes require no special activation. When they are
heated for a few minutes at 1400'C to 1600'C for outgassing,
they are found to be completely active. When lanthanum boride
is bombarded with mercury ions which exceed energies of approxi-
mately 20 ev lanthanum atoms are readily sputtered oR the
surface making the cathode inactive. However, at 1400'C, the
lanthanum atoms diRuse rapidly to the surface, making the
cathode active again.

The pulsed emission is the same as the d.c. emission for the
boride cathodes.

If these cathode materials are operated in contact with the
refractory metals, the boron atoms diRuse into their metal lattices
forming interstitial boron alloys with them. When this occurs,
the boron framework which holds the alkaline-earth or rare-earth
metal atoms collapses, permit ting them to evaporate. The
hexaborides may be operated in contact with tantalum carbide
or carbon.

at. room temperature and a positive resistance-temperature
coefbcient of 0.071 pohm/'C. Hall eRect measurements on sintererl
lanthanum boride show approximately one free electron per
lanthanum atom. The strong binding forces between the boron
atoms lead to a series of compounds which are very refractory,
with melting points above 2100'C. The hexaborides are also very
stable chemically; moisture, oxygen and even hydrochloric acid
do not react with them.

When this structure is heated to a sufficiently high temperature,
the metal atoms at the surface evaporate away. They are, how-
ever, immediately replaced by diRusion of metal atoms from the
underlying cells. The boron framework does not evaporate but
remains intact. This process gives a mechanism for constantly
maintaining an active cathode surface. This feature, together
with the high electrical conductivity and high thermal and
chemical stability, gives ideal properties for a cathode material.

Thermionic emission measurements show the rare-earth metal
borides to be superior to the others. The emission constants
obtained from Richardson plots for the hexaborides are shown in
Table I. I.anthanum borirle gave the highest emission and was
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'HE thermionic emission properties of the borides of the
alkaline-earth and rare-earth metals and thorium have been

investigated. These compounds all have the same formula MB6
and the same crystal structure consisting of a three-dimensional
boron framework in whose interlattice spaces the metal atoms
are embedded. The valence electrons of the metal atoms are not
accepted by the 86 complex, thus giving rise to the presence of
free electrons which impart a metallic character to these com-
pounds.

This is evident from their high electrical conductivity. Lantha-
num boride, for example, has a speci6c resistance of 27 pohm-cm
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T was pointed out by Feenberg' that according to the p" shell
~ - model, the spins of Li' and B" are one in L5 coupling, but
three in jj coupling; it was therefore natural to ask if the different
spins of these two nuclei can be explained by intermediate coup-
ling. Calculations are in progress on this subject, and the first
results are very satisfactory. '

In the meantime it has been suggested by Inglis, Mayer, and
Kurath' that the coupling should be extreme jj and the mixture
of exchange forces should be such as to give the correct spins for
Li' and B'. KVe wish to discuss now some consequences of this
hypothesis.
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Since the configuration p~' is the almost closed shell corre-

sponding to p~', the relative positions of the levels will be the
same in the first approximation, and an inversion can take place
only if there is degeneracy in the first approximation.

If we assume for the nuclear interaction the expression

—D1—i~ —S —»)+»~I' +W', y&a', I',)Z(r),

the energy difference betv een the levels with I= 1 and I=3 has

the same sign as m+9, and the condition for the degeneracy in

the first approximation is
tn+b =0. (2}

In order to obtain the diRerence Ei—E3 in the second approxi-
mation, we calculated the transformation matrix from LS to jj
coupling by diagonalizing the matrix of spin-orbit interactions
and then transformed the matrix of nuclear interaction' to the jj
scheme and calculated the second approximation by the ordinary
formu1as.

The resu1t is
Ei —E~ ———15FP/ce for ps',

I. , -F.,= —15(F.,"-/ }+(40/9 )~» (F,—5F,) —3(&t—i~)F,]"-

for p)', (4)

where cr= —~g is the (positive) parameter of spin-orbit coupling,

and Fo and F2 are the (generalized) parameters of Slater.
We see therefore that (2) is suflicient to give the correct spin

for Li' in extreme jj coupling, but the correct spin of 8" can be
obtained only by an appropriate choice of m and h.

If we remember that'

q= 1 —2b —2jt =0.6,

v e oht. ain from (2} that
h —m =0.2.

Introducing this value into (4} we see that the correct spin of 8"
cannot be obtained on the hypothesis of Inglis' that m=b=0,
nor on the hypothesis of Mayer' that J(r) =h(r}, from which it.

follows that Fo= 5F..
Only an interaction of finite range, with a strong Majorana

component opposed hy an equally strong Bartlett component,

and also accompanied, by a st,ronger Heisenberg component, can

explain the spins of I.i' and B" in extreme jj coupling. It is

rather doubtful whether such an interaction corresponds to reality.

' I . I'eenber„~, Phys. Rev. V6, 1275 {1949)
2 N. Zeldes, in preparation.
' D. R. Inglis, Phys. Rev. VV, 724 (1950).
' G. Racah, Helv. Phys. Acta, Suppl. III, 229 (1950).
' L. Rosenfeld, Nuclear Forces {Interscience Publishers, New York, 1948),

p. 161.
~ M. G. Mayer, E'hys. Rev. VS, 22 (1950).

Heutral Impurity Scattering in Semiconductors
CAYID ERG?NsoY

EXigh Voltage Laboratory, Queen Mary College, London, England

May 29, 1950

A THEORY of the scattering of conduction electrons in a
semiconductor by ionized impurity centers was recently

proposed by Conwell and Weisskopf. ' Another important source

of resistivity at low temperatures is the scattering due to neutral

impurity atoms which must be considered particularly in t.he

case of semiconductors showing a small degree of ionization.

Pearson and Bardeen' have pointed out that the theoretical
treatment of the problem should be similar to the scattering of

slow electrons by hydrogen atoms, and have shown by approxi-
mate calculations that the effective scattering cross sections of

ionized and neutral impurities are comparable at temperatures

of the order of 100'K. In this letter we suggest a more exact
solution of the problem, using the results of Massey and Moisei-

k'-Qp ——20kao (4)

may be used as a good approximation.
In determining the resistivity it is useful to int, roduce 7, the

relaxation (or collision) time; 1/r may be considered as the total
scattering probability. It is related to the differential cross section
by the expression

1/r =X v 27rIO(8) sin8(1 —cosg)dg (5)

v here E„is the concentration (per cm') of neutral impurities.
With substitution for Io(8) from Eq. (1) this integral gives

1/r = iV„v(4~/k') sin'go=. V,,vQp.

Combining with the Eq. (4) and using ao ——wlt2/47r2me2 and
k = 2~mv/h we obtain

1/r = 20~%„h3/87r'm'e2.

The significance of this result is that r is independent of the
velocity of the electrons. In Conwell and Weisskopf's case r is
seen to vary as v3.

The expression for the resistivity is easily obtained from Eq. (7)

p„=pH/Se r =20aX„h /8+gme4

where rt,, e and m are the concentration, charge and effective mass
of the conduction electrons (or holes) respectively.

Expressing p„ in ohm-cm and substituting for the constants
we obtain

p„=4.35' 10 4xX„/n ohm-cm.

TAaLE I. Comparison of p~ and ps calculated for Pearson and Bardeen's
silicon samples 2 and B (reference 2), %total Ã0+Ks (cm 3);

poo and p* in ohm-cm.

Sample 2 {iVtotal =6 X10»
n{ =Xs) p ps

SamPle 8 (%total = 5 X10is)
n( =¹) pn ps

12 X10 3

12 X10 3

6X10 I
5 X10 3

3.7 X10'&
7.4 X 10&6

2.37 X10»
3.3 X10»

0.0866 0.0526
0.0402 0.0390
0.0086 0.0194
0.0046 0.0153

5.3 X10~~
5.3 X10»
7.4 X10»
8.25 X10»

0.0077 0.0283
0.0077 0.0250
0 0031 0 0155
0.0029 0.0129

witch's recent work' on the slow collisions of electrons and
hydrogen atoms.

For small incident velocities the scattering is spherically
symmetrical and only the zero-order phase angle4 need be con-
sidered. Thus the differential cross section of scattering is reduced
to

1&(p}= (1/k2} sin2rlo (1)

where qo is the zero-order phase angle, 8 is the angle of scattering,
k is 2~mv/h, and v is the velocity of the incident electron. In a
semiconductor the orbit of the bound electron or hole about the
corresponding ion (i.e., the equivalent of the Bohr radius in an
hydrogen atom) is given by

Go = Klj /4X' Ne

where ~ is the effective dielectric constant. .
gp has been calculated by MCDougalls by numerical integration

for different values of kao, using the static field of the hydrogen
atom. The complete solution, hov ever, must include the electron
exchange effects (which are particularly important for slow
electrons}, and also the effect of the polarization of the atom by
the incident electron.

In their recent work Massey and Moiseiwitsch, ' using Hulthdn's
variational method have included both these eRects. It may be
seen from their Fig. 1(d) that the dimensionless quantity

koQo=2ooko J, Io(ei sinHde=4m. sinoso (3)

is proportional to kao for a wide range of incident velocities. Qo is
the zero-order partial cross section. Up to ka0=0.5 (i.e., incident
e e gies of up to 25 pe ce t of the o iz tion e e gy) a a alytical
expression of the form


