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for investigating possible anisotropy in oriented crystals.
The preliminary data agree in order of magnitude with
the results deduced by Jones' and Blackman' from the
magnetic susceptibility . experiments. However, their
ellipsoidal models do not appear to explain our data.
The interpretation of our results for multiple carriers is
quite involved, particularly for the magnetic field
parallel to the metal surface. s The simplest situation
occurs for transverse II and circular polarization, ' which
would also permit the distinction between holes and
electrons. More complicated cases involving ellipsoidal
models are being analyzed. The theory which excludes
the phenomenon of anomalous skin eGect will have to be
further refined.

We would like to thank Dr. H. J. Zeiger and Mrs.
Laura M. Roth for many helpful suggestions and dis-
cussions and Mr. W. M. Walsh, Jr. for assisting with
some of the experiments.

trivalent or pentavalent substitutional impurities makes
resolution dificult. The resolution we have obtained is
not really good enough in conjunction with the present
uncertainties in crystal orientation to encourage the
examination of the differences in mass parameters be-
tween the alloys and the pure crystals.

Results for 0.8% Si in Ge are shown in Fig. 1. The
calculated curves are drawn for (111)spheroidal electron
energy surfaces with mt ——(1.59&0.05)m, mt ——(0.086
&0.002)m, as compared with mt ——1.58m, mt=0. 082m
for pure Ge. The alloy electron relaxation times are 2 to
4)&10—"sec. The energy surfaces for the holes are two
Outed spheres: the curves are drawn for A= —11.8
&0.1, (8 t

=7.4+0.1, and (C~ =10.5&0.4, all in units
of As/2m; the constants for pure germanium' are

0.40—
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Cyclotron Resonance in Ge-Si Alloys*

(y. DREssELHAUs) A. F. KIP) BAN-YING KU7 AND G. WAGQNER)

DepartnMnt of Physics, University of California,
BerkeLey, California

FIG. 1.Variation of effective masses for electrons and holes in the
Ge-rich alloy 0.8% Si in Ge with the angle that the magnetic field
makes with a $001$ crystal direction; frequency 48 000 Mc/sec.
The solid line represents the best fit to the experimental points
with the parameters m~ ——0.086m, m~ =1.59m for electron constant-
energy surfaces which are (111) spheroids and the fluted energy
surface parameters 2= —11.8, ~B~ =7.4, and ~C~ =10.5, all in
units of its/2m.
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K have observed cyclotron resonance at O'K and
at 24 000 and 48 000 Mc/sec in four alloys pre-

pared by the RCA Laboratories: in atomic percent, 0.4
and 0.75 Ge in Si; 0.8 and 5.4 Si in Ge. The experimental
technique generally has been described earlier, ' but the
6-mm apparatus is new and utilizes a transmission

cavity; the power is produced as the second harmonic
from a germanium crystal point-contact rectifier, with a
E-band klystron as primary source. The striking feature
of the results is that it is possible to resolve cyclotron
lines with as much as 5% Si in Ge, whereas 10 s% of

I& I
=8.9, and (C) =10.3. For 5.4% Si in

Ge, only the electron resonances were resolved, with
mt=(1.5+0.1)m, mt—(0.10&0.01)m, and r=1X10 "
sec.

The Si-rich alloys showed only electron resonances: a
large nonresonant background absorption suggests that
for the holes cor«1. For 0.75% Ge in Si, we found
mt=(1.10&0.1)m; mg—(0.20&0.01)m; r=1)&10 r' sec.
The constants for pure Si are: ms~=0. 97'; m~=0. 19m.
For 0.4% Ge in Si: mt= (0.83&0.2)nt; m,—(0.18
&0.02)m; r = 1&&10 "sec; this alloy was measured only
at 24 000 Mc/sec; all the results on the other alloys refer
to 48 000 Mc/sec.

There are theoretical reasons for believing that the
mass parameters should not vary rapidly with compo-
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side indicate that the levels at k =0 are separating in an
orderly fashion.

its at 24,000There was some suggestion in the results at
Mc/sec that alloy scattering processes may tend to mix
the diGerent ellipsoids together, producing less ani-
sotropy in e oth bserved electron mass parameter. uch
an eGect, if it exists, would be most effective un er
conditions of low resolution (ter = 1). Our present prac-
tice for crystal orientation involves certain resonance
degeneracy checks ze sz/u, and suc p

~ ~ a rocedure does not
work eGectively when the resolution is poor.

We are indebted to Mr. Robert Behringer for assist-
ance with the measurements and to Dr. F. Herman an
Professor C. Kittel for discussion of the results.
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reduced zone as suggested by Herman. e rem
degeneracy by spin-orbit interaction is not shown.

where for the Ar, k= k(100), minimum:
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aA stateinsl ion.'t' If the conduction band minima are
rrnan ' thenSi and an Li state in Ge, as suggested by Herrlan,
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h' trkrs ks'+Ass
&=—

I

—+ )I,
2 (m) mg

A. M. PORns

Sarah Mellort Scaife RaCkatiors Laboratory artd Physecs Departrrtertt,
Uuioersity of Pittsburgh, Pittsburgh, Peuusyloauia

(Received September 26, 1955)

ELAXATION eGects which have been observed in
electron spin resonance from Ii centeers in alkali

h 1'd ' d from donor states in silicon are in erpr'nter reted
h.' Thehere in terms of the rapid passage theory of Bloc .

hin feature of the two cases in which t ese1stlnguls lng
eGects ave een oG h been observed is that the line broadening is
of the inhomogeneous type, 4 ' arising from ype ne
interaction.

d atI F' 1 how the dispersion signal obtaine an ig. we s
room temperature from a sample of LiI irra iate wi

~ . ': ' ~ '' "~;" ~

For the I,q, k= (s/tt) (111),minimum:

I(+»t'I p*+p.+p I+»t') I'—=1+
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where co'= 1.
tie al aHerman's' explanation (Fig. 2) of the op ica g p

b d b JT hnson and Christian' does not
h a 6 level in Si or an L2' level in Ge sufIicient ys ow a ] eve l

~ ~

have a ro-cose o e cl t the conduction band minimum to ha p
found eGect on m~. The data for holes on e e-on the Ge-rich

FIG. 1.Dispersion signal in LiF as a function o g
~ ~ f ma netic Geld for

several values o, e p asef 8, th h angle between modulation Geld and
reference signal.


