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ported by the electrical conductivity which in-
creases in this temperature region exponential-
ly with an activation energy of 0.29 eV.

A second interesting feature of Fig. 2 is a
bump in FF vs T near the Curie temperature.
An anomalous increase of EF at a given tem-
perature could only arise from an increase
of the effective mass m* due to band narrow-
ing in approaching TC. Although such behav-
ior is conceivable, ' the EF vs T curve should
not show in this case two points of inflection
near TC, since this would mean that m* after
an initial increase decreases again. %'e are,
therefore, inclined to assume that around TC
the curve of EF vs T is not a true reflection of
the behavior of the Fermi level. Instead, we
propose that the charge carriers acquire in
this temperature region an additional kinetic
energy, ~~, due to a magnon-hole interac-
tion. If we calculate the difference between
the original curve of Fig. 2 and a smooth curve
drawn along the broken line shown in the fig-
ure, we obtain this additional kinetic energy
as a function of temperature. The result of
this calculation is plotted in the lower part of
Fig. 2. At the Curie temperature ~~ reach-
es a maximum and falls off rapidly towards

higher and lower temperatures. This behav-
ior is qualitatively consistent with the magnon-
drag model since the magnon-carrier relaxa-
tion time becomes extremely short when approach-
ing TC from lower temperatures. ' That ~~
does not disappear abruptly at TC is an indi-
cation of magnetic short-range order up to ap-
proximately 230'K.

Although the above analysis shows a qualita-
tive agreement of our data with the magnon-
drag model, a final proof can only come through
a quantitative comparison. For this we need
to know the magnon-magnon and magnon-hole
relaxation times, which we cannot derive from
the present measurements. Further detailed
electrical transport measurements are in prog-
ress.
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Electron paramagnetic resonance measure-
ments have been used to observe directly the
interaction of lithium with damage centers pro-
duced by electron irradiation in n-type, float-
zone silicon. The silicon is characterized by
low oxygen concentrations, with lithium as
the predominant n-type dopant. Low oxygen
concentrations might be expected to foster the
interaction of lithium with radiation-induced
defects on two counts: (1) Since in silicon con-
taining -10"/cm' oxygen the shallow lithium
donor is really a (Li-0) complex, the absence
of oxygen might make the isolated lithium' more
mobile and/or susceptible to trapping by other
imperfections and defects; (2) the absence of
oxygen removes the possibility of forming ox-
ygen-vacancy complexes (A centers), thus in-

creasing further the likelihood of lithium inter-
acting with vacancies.

Float-zone silicon with quoted oxygen con-
centrations of (1-2)&&10"/cm~ and a resistiv-
ity of 12 Q cm (n type) was diffused with lith-
ium from a Li-Sn alloy at 400'C to a resistiv-
ity of 0.3-0.4 0 cm and a lithium concentration
of about 2x10'8/cm~. The material was then
bombarded by a 1-MeV electron flux of 1&10"/
cm at room temperature. The epr properties
of the material were measured at 27'K using
a Varian spectrometer operating at 9.1 kMc/
sec. The major result of our preliminary work
is the finding of a new lithium damage-center
complex with a relatively high introduction rate
which has not heretofore been reported.

The epr spectra of Fig. 1 illustrate our ba-
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sic findings. The first spectrum is of a cali-
brated standard showing the positions and mag-
nitudes of the phosphorus doublet lines. This
silicon sample has a known phosphorus concen-
tration which is in very good agreement with
the sample's spin density as independently mea-
sured using the conduction-electron paramag-
netic resonance of degenerate silicon as a stan-
dard. The second spectrum is of the starting
material itself and shows only the phosphorus

doublet resonance lines for which a spin den-
sity of 6X10' /cm' is calculated and is to be
compared to the phosphorus concentration of
4&&10'4/cm' as obtained from resistivity mea-
surements. (The very small signal between
the phosphorus lines is most likely due to some
very small concentration of contaminants, sur-
face states, etc. ) The third spectrum is of
lithium-diffused material, A single r esonance
line with no discernible angular dependence
and a g value of 1.9985 + 0.0005 is observed
having a spin density of 1.3X10"/cm'. Since
this spin density is essentially the same as
the quoted oxygen concentration, (1-2)X 10 "/
cm~, and since an epr absorption is not seen
in oxygen-free silicon, ' this resonance line
is almost certainly due to the (Li-0) donor. ~

The fourth spectrum is of silicon which has
not had any impurity added to it (besides the
original phosphorus), but has been bombard-
ed by a 1-MeV electron flux of 1 X10 "/cm'.
No epr absorption is detected and, in fact, the
phosphorus resonance has disappeared —the
latter being consistent with reported behavior
when deep-lying damage centers are produced. '
The l.ast spectrum is of lithium-doped mate-
rial which has been electron irradiated. Here,
a net resonance line appears which is about
five times larger than that due to lithium alone.
In addition, the phosphorus lines are now pre-
sent. This new resonance. line has no discern-
ible angular dependence and has a g value of
1.9996 + 0.0005.

The spectra of Fig. 1 illustrate several im-
portant features of the new paramagnetic cen-
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FIG. 1. Electron paramagnetic resonance spectra
showing the formation of the L, center. The first spec-
trum is of a silicon "standard&' in which Nd(P), the
phosphorus doping, = 2 &&10t8/cms aud Ns (P), the phos-
phorus spin density, = 1.8 && 10t~/cm~; gain =40. The
remaining spectra are all of Qoat-zone silicon contain-
ing Nd (P) of 4&& 10~4 cms, and oxygen concentrations of
(1-2) && 10~ /cm~ and for which the 1-Mev electron bom-
bardment Quxes are given by y. The second spectrum
has Nd(Li) = 0, q7 = 0, and N& (P) = 6 x 10t4/cm3' gain
=800. The third spectrum has Nd(Li) =2 &&10~~/cm3, y
= 0, and Ns (Li) = 1.8 && 10~~/cm~, the same as the oxygen
concentration; gain = 250. The fourth spectrum has
Nd(Li) =0 and y = 1 &10'~/cm2; gain = 800. The last
spectrum, Nd (Li) = 2 && 10 6/cm, y = 1&& 10 8/c m~, Ns (Li)
=6&&10 /cm, andN (P)=s5&&10 /cm; gains=500,
200, 500, respectively. All spectra are aligned so that
their magnetic field values H are the same. ~ at the
lithium line is about 3200 Q.
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ter, called the I- center. It appears only in
material which both contains lithium and has
been electron irradiated. It has an apparent
introduction rate -0.3-0.5/cm. It does not in-
volve phosphorus, since the doublet resonance
lines seen in spectrum 5, Fig. 1, represent
isolated phosphorus atoms in concentrations
of 5&10'~/cm~. It does not involve oxygen, since
the oxygen concentration is (1-2)X IO"/cm' and
the new center's concentration is greater than
6 X 10 "/cm'. ' It is most likely a shallow lev-
el, for if it were deep it would probably affect
the phosphorus resonance, as the A, C, and
E centers do in n-type silicon. It has a low
binding energy because in addition to a spon-
taneous room-temperature diminution, a 10-
min anneal at 75'C reduces the epr signal by
about 60 lo. At irradiation fluxes of (3 and 5)
X 10'8/cm, the resonance of the L center dis-
appears, as does the phosphorus doublet reso-
nance, and the epr spectrum shows only a broad,
low-level resonance absorption.

It is considered premature at this time for
any detailed speculation on a model for this
new center and the mechanism for its forma-
tion; however, our present thoughts center
on its being a lithium-vacancy complex which
prevents the formation of A and Z centers (both
of which involve vacancies). ' This is consis-
tent with electrical measurements, reported
elsewhere, ' which show that this new damage
center does not produce the drastic reduction
of minority carrier lifetime customarily ob-
served when & centers (and possibly E centers)
are formed. ~7 That the L center produces a

shallow level would account for its being an
ineffective recombination center for holes.
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the epr of the (Li-0) donor may be the most un unbig-
uous quantitative method for measuring oxygen concen-
trations in silicon, as opposed to 9-p absorption
I,W. Kaiser, P. Keck, and C. Lange, Phys. Rev. 101,
1265 (1965)] or donor formation by low-temperature
anneals t H. Reiss and W. Kaiser, Properties of Ele-
mental and Compound Semiconductors (Interscience
Publishers, Ino. , New York, 1959}, p. 103.]

Greater because a spontaneous room-temperature
diminution of the center by about 30% has been ob-
served during the course of several weeks.
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