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FIG. 1. Surface potential vs gold of a silicon p-n
junction covered with approximately 1000 A of oxide,
plotted versus distance x from the junction. Curve a,
equilibrium; curve 5, reverse bias of +20 V applied to
n region (x &0), p region grounded; curve c, after expo-
sure to wet ambient with bias applied; curve d, dry
ambient restored and bias removed; evidence for resid-
ual charges on oxide. Bar indicates size of vibrating
probe.

bility of the ions or dipoles. It is remarkable
that after voltage removal, the remaining charge
corresponds to as much as 50% of the previous
bias.

The potential distributions, as shown in curves
5 to d, and the associated time constants of the
drifts depend sensitively upon surface treatment
and ambient. For example, a soaking with meth-
anol yielded drift time constants of a few seconds
for the positive charges, but of several minutes
for the negative charges. Such details are cur-
rently being investigated with the hope to identify
nature and transport mechanism of the charged
entities.

These surface charges may be interpreted as
a form of mobile slow states. They, in turn,
exert influences upon the underlying semicon-
ductor. %e found correlations between surface
potential and channel conductance as well as with
breakdown voltage. These results are similar
to those of Atalla, Bray, and Lindner' and in
agreement with models ascribing changes in
junction behavior to surface charges.

The authors thank Dr. R. Gereth for valuable
suggestions regarding the apparatus.

plied field causes a motion and redistribution of
charges on the oxide surface and possibly also
within the oxide. The distribution is such as to
reduce the external field, i.e. , positive charges
accumulate on the p side, which is biased nega-
tive with respect to the n side, and vice versa.
This charge arrangement is aided by water vapor,
which probably increases concentration and mo-
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FERROMAGNETIC RELAXATION IN EUROPIUM IRON GARNET
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In recent years two theories have been proposed
to explain ferromagnetic relaxation in rare earth
iron garnets (REIG). The earlier theory, pro-
posed by de Gennes et al. , '&' is called the "fast"
relaxation theory, because the assumption is
made that 7RE «co ' over most of the tempera-
ture range, where ~ is the operating frequency.

The other theory, originally proposed by Gaits
and Clogston~ and developed in some detail for
YbIG by Teale and Tweedale' and by Van Vleck
and Orbach' as well as more generally by Hart-
mann-Boutron, ' is called the "slow" relaxation
theory because here TRE is assumed comparable
to ~ over the temperature range of interest.
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FIG. 1. 4H vs T on a 1.4-mm sphere of EuIG along
the t111] axis at 9980 Mc /sec. Curves (A) and (B) cor-
respond to crystal growth from ordinary and highly pu-
rified lead oxide-boron oxide fluxes, respectively.

An important difference between the predictions
of the two theories concerns the frequency de-
pendence of the observed maxima in hH(T). In
the "fast" relaxation theory hP~ ~ over the en-
tire linewidth peak, while in the "slow" relaxa-
tion theory hH~ u on the high-temperature side
and AH~ ~ ' on the low-temperature side. The
available experimental evidence & tends to con-
firm the "slow" relaxation theory, but more
quantitative understanding is greatly needed.

In this Letter we should like to report observa-
tions of AP in EuIG which have the unusual fea-
ture that while in agreement with the predictions
of the "fast" theory on both sides of the linewidth
maximum, they can still nevertheless be ex-
plained more plausibly by a "slow" relaxation
theory. It is possible that EuIG is unique in
this respect.

In Fig. I we see ~(T) at 9980 Mc/sec on sin-
gle crystal spheres on EuIG grown from (A) or-
dinary and (B) highly purified lead oxide-boron
oxide fluxes. " %e are reasonably certain that the
difference at low temperatures is due to the much
lower silicon content in the fluxes in case (B).
The purity of the Eu,O, in (B) is 99.99%. Fig-
ure 2 shows ln~ vs T ', and Fig. 3 shows geff
vs T and g ff compared to g(YIG)Ms(EuIG)/
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FIG. 2. Plot of lnb, H vs T ' for the data in curve (B)
of Fig. 1. In this figure the residual 0.4-0e linewidth
at 4. 2 K, probably due to surface imperfections, has
been subtracted off. Due to experimental inaccuracies
and the residual impurities, the fit to exp(-370'K /T)
may not be as good as it appears. The data may also
be fitted acceptably by AH~ T ' exp(-410'K/T).

Ms(YIG). " The measurements were made us-
ing spheres free to rotate in a quartz tube, which
was spaced off the end wall of a shorted rec-
tangular waveguide. The data can be summa-
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FIG. 3. Values of geff vs T measured on the sphere
used for curve (8) in Fig. 1. The solid curve is g(YIG)
xM&(EuIG)/Mz(YIG). The abrupt increase in the scat-
ter of the data at -85'K is due mainly to the large val-
ues of 4H above this temperature.
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rized as follows:
(1) geff is within a few percent of g(YIG)

xMs(EuIG)/Ms(YIG) from 1.5 to 300'K. These
data were obtained from measurements of the
applied field Po for resonance at each tempera-
ture for several frequencies between 9600 Mc/
sec and 12300 Mc/sec and fitting the results to
w =(geffe/2mc)(P0+Pz). At 4-2'K, P~ =4983
Oe for the effective anisotropy field along [111].

(2) aP ~ exp(-370'K/T) from -50 to -100'K.
(3) hP varies as &u (or a little faster) from

6000 Mc/sec to 18320 Mc/sec, "over the range
45 to 300'K.

(4) The temperature for ~Pm~ at 9980 Mc/sec
is approximately the same as that observed at
18320 Mc/sec by Miyadai, "namely, -210 K.

Point (1) has been explained satisfactorily by
Wolf, "who pointed out that because of the J=0
ground state, the real part of the effective g
factor for Eue is very large. This is sufficient
to yield the agreement shown in Fig. 3.

Points (2)-(4) can be understood on the basis
of the longitudinal (so-called "slow" ) or, with
less probability, the transverse (a "fast") re-
laxation mechanism. The present "slow" re-
laxation mechanism, however, differs from the
classic "slow" mechanism since, as will be
shown below, ~T g1 at the linewidth maximum.
We note first that any relaxation effects un-
doubtedly come from the components of the
states J=1, as the state J=0 has only an in-
duced moment, and the transverse relaxation
associated with transitions between J=0 and J
=1 is negligible since the difference in energy
tu of the states J=O and J=1 is so large. The
relaxation time of any of the components into
which J=1 is split by the exchange and crystal-
line fields is undoubtedly short. Orbit-lattice
interaction between J=0 and J=1 is forbidden
by the triangle rule (except higher order effects
associated with the fact that the exchange and
crystalline fields make J cease to be completely
"a good quantum number"). However, there are
two relaxation processes which can make 7
short: (a) interaction with iron-lattice magnons
resonant to the transitions between J= 0 and J
= 1, and (b) orbit-lattice interaction between the
three components of J=1. The relative impor-
tance of (a) and (b) is being studied by Mr. D.
Huber, and his preliminary results are that
(a) predominates, since the iron-lattice magnon
spectrum extends well above ~. In either case
the relaxation time presumably is short, so that
the 1+~ T denominator characteristic of the

BZ BN BE. .BN
3
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where b.~ = (e/2mc)ddt, M is the magnetization
of YIG, and 1, 2, 3 are the three components of
J=1. The derivatives are to be calculated for
infinitesimal deviations of the magnetization of
the YIG from its equilibrium direction. If the
origin is taken at J=O, the population of a com-
ponent is N& =N exp(-E&/k T)/[1 +P exp(-E&/k T)].
From (2) it follows that if the splitting (-u») of
the J=1 states is small compared to their sepa-
ration cu from J=O, and if u'v'«1, then

Cku»' exp(-ku/k T)
kT 1+3 exp( h(u/kT)'- (3)

where C is the atomic ratio of Eu to Fe (3/5 for
EuIG) and 4 is a dimensionless angular factor
which vanishes for all angles only if the state
J = 1 is unsplit by the crystalline field and if, in
addition, the exchange coupling is isotropic.
More exact formulas than (3) are readily obtained
from (2) to allow for the fact that the exponential
factors are not the same for all three components
of J=1.

By combining (3) and (1), the observed qualita-
tive features of the variation of linewidth with
temperature are well reproduced, mainly a line-
width vanishing like e ~/ at low T and a maxi-
mum at T = 225'K, with a free ion value of kv/k
= 480'K.

If, instead, the transverse mechanism is as-
sumed to predominate, approximately the same

longitudinal mechanism may be replaced by uni-
ty. The linewidth is then proportional to co and
the temperature for APm~ is independent of v,
in agreement with points (3) and (4). The im-
portant point is that 7 ' does not approach zero
at low temperatures and instead will vary with
temperature as'

T = To tanh(8&v/2k T)

for process (a). The formula for (b) is similar
to (1) except that &u is replaced by &u», where
Syy is some appropriate splitting interval in-
ternal to J=1. (Actually the state J=1 is a three-
rather than a two-component system, but our
discussion is sufficient for qualitative purposes. )

If the polar axis is perpendicular to the applied
static field, then Clogston's formula4 shows that
the linewidth caused by longitudina1. relaxation
for small RE concentration is
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type of variation with temperature as given by

(1) and (3) is again obtained, provided K~» «kT
and provided the transverse relaxation time is
«1/&u»-10 "sec, a drastic condition. More
detailed calculations will be made to determine
the relative importance of the two mechanisms
for different assumed splitting patterns and re-
laxation times. Also further study of the angular
dependence is indicated and is under way. At
present it is perhaps premature to decide be-
tween the two mechanisms, but we are inclined
to favor the longitudinal one because there is
experimental evidence that the splitting of the
J=1 levels is quite large. " Thus the relaxa-
tion time has to be quite short to make the trans-
verse process effective, and too short a relaxa-
tion time might imply more diffuse spectral lines
than are observed. Kith the longitudinal model,
a value of v in the range 10 " to 10 ' sec at
T = 0 seems to be satisfactory.

Vfe should like to thank L. R. %alker, S. Gel-
ler, and J. A. Koningstein for a number of help-
ful conversations. %e also wish to thank E. M.
Kelly for help in the crystal growth, and R. C.
Petersen and R. Morris for technical assistance.
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RAPID ANNIHILATIONS OF POSITRONS IN POLYATOMIC GASES*
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This report presents experimental values of
the annihilation rates in gases of slow positrons
which have failed to form positronium. The ob-
served values for argon, methane, ethane, pro-
pane, n-butane, isobutane, and carbon tetrachlo-
ride are found to exceed the values derived from
Eq. (1) below by factors ranging from 3 to 700.

The mode(s) of annihilation of positrons which
fail to form positronium have rarely been investi-
gated. In 1951 Deutsch' demonstrated the exist-
ence of a component of annihilation in oxygen for
which the half-life is inversely proportional to
the gas pressure. The inverse proportionality
is exactly what is expected of the annihilation of
free positrons according to the Dirac theory' in
the low-velocity approximation. The Dirac the-
ory predicts the annihilation rate

n x0 748x10 x~ sec

where n is the number of electrons per cm'

available for annihilation. This simple formula
takes no account of the Coulomb attraction be-
tween positrons and electrons. The graph pub-
lished by Deutsch' corresponds to

g =nx1. 6x10 "sec
for oxygen, where we have interpreted n as the
number of valence electrons per cm' in oxygen.
Daniel and Stump' have published data for helium
which provide a similar result:

a/n =1.2x10 "cm'/sec.

The observed A was in each case slightly greater
than the Dirac value. It is usually supposed that
a positron approaching a neutral molecule causes
an electric polarization sufficient to account for
the enhanced annihilation rate. In what follows
we shall continue to use n to represent the num-
ber of valence electrons per cm', and shall use
n as the number of molecules per cm'.
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