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trostatic potential has a saddle point at the mid-
point. With the electron present, it is reason-
able to assume that the jumping still takes ylace
but that the electron, in trying to adjust adiabat-
ically to the configuration of the center, asso-
ciates itself as closely as possible with the posi-
tive ion. The effect of the electrostatic saddle
point is thus at least partially washed out and the
ion may spend more of its time in the central
position, as sketched in Fig. 1 (b). Once this
configuration is established the electron will be
drawn toward the positively charged corners of
the "pillbox" in which it now finds itself. Mus
the electronic, as well as configurational, sym-
metry of the center is changed from C,~ to B~p.
One may consider the central ion-electron pair
as simply an alkali atom, distorted toward the
nearest neighboring positive ions.

Overhauser and Ruchhardt' tentatively conclude
that centers responsible for the M absorption
band have inversion symmetry on the basis of the
absence of a large differential Stark effect as
measured by line broadening at high external
electric fields. Centers whose conf igurations
a,re that of Fig. 1 (a) have permanent dipole mo-
ments and such a Stark effect is likely, accord-
ing to these authors' computations. Jacobs' was
unable to find dielectric loss which could be
associated with jumping of the I-center positive
ion across a sizeable potential barrier. The
model of Fig. 1 (b) is suggested in an attempt to
reconcile these negative results with the origi-
nal model, which is a plausible result of coagula-
tion of I centers and neutral vacancy pairs. '
Since the basic composition and the predominantly
(110) symmetry of the center have been left un-

changed, no reappraisals of experiments on for-
mation and optical bleaching of the center' ' are
necessary, while the lack of a sizable potential
barrier and the presence of inversion symmetry
seem to be complementary to each other on the
revised model.

Detailed computations are necessary to estab-
lish the quantitative plausibility of the inversion
symmetry model, but spin resonance experi-
ments will probably be of more immediate assist-
ance in its evaluation. A resonance associated
with I centers has already been identified, 4 but
this resonance is hardly resolved from that of E
centers and double resonance measurements'
(presently in progress at the University of Illi-
nois') are necessary to obtain more definite in-
formation on the center's structure.

The author is indebted to Dr. G. Jacobs for in-

teresting discussions of his exyeriments and to
Professor F. Seitz for his kind interest in this
work.
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A state of negative magnetic susceptibility has
been demonstrated in potassium chromicyanide
by using a 180' pulse technique. The spin-lattice
relaxation from this state has been observed in
the time domain, and the complex susceptibility
shows no change in slope as it passes through
zero. '

Negative paramagnetic susceptibility has been
demonstrated in nuclear magnetic resonance
with the use of both rapid passage' and 180 pulse
techniques. ' Negative electron paramagnetic
susceptibility has been produced in the three-
level maser4 and in the two-level maser by
means of rapid passage. '~ ' The feasibility of
generating a negative susceptibility in semicon-
ductors by using spin-echo techniques has also
been demonstrated. 7 We have produced negative
electron magnetic resonance susceptibility by
means of a 180' pulse. The working material
was K,Co(CN), containing 0.1% Cr'+. The ——,'-+—,

'
transition at 9000 Mc/sec in a field of 3150 gauss,
oriented parallel to the crystalline c™axis,was
used.
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FIG. 1. Block diagram of equipment.

The equipment has been described elsewhere. '
The general arrangement is shown schematically
in Fig. 1. A microwave pulse, roughly 10 mp, sec
in duration, is generated from energy stored in
a cavity formed from a length of waveguide ex-
cited by an 0.5- p.sec magnetron pulse. One end
of the waveguide is opened by firing a spark
which unbalances a magic tee "bridge" by chang-
ing a plane of reflection. The sample is placed
in a cavity that possesses two degenerate, or-
thogonal modes. The mode to which the short
pulse is applied has a very low Q (roughly 30).
The other mode, which has a high Q, is used to
observe the magnetic resonance of the sample.
In order to use a small measuring signal, a su-
perheterodyne detection system (30-Mc/sec i.f.)

is used. An impedance bridge is used to meas-
ure the instantaneous complex impedance of the

cavity.
The quantity plotted on the ordinate in Fig. 2

is proportional to the magnetic susceptibility.
The cavity filling factor was not determined.
The point at which the susceptibility passes from
negative to positive values is indicated. It is
interesting to note that there is no change in
slope at this point. The observed T, is 8.65
msec.

As a check on the tuning of the cavity and mag-
netic field and on the correct interpretation of
the experiment, it was also possible to display
the complex reflection coefficient of the cavity
on an oscilloscope by means of auxiliary equip-
ment that is not shown in Fig. 1 (i.e. , a high-
speed Smith-chart plotter).

To our understanding, a simple relaxation pro-
cess uncomplicated by anomalous phonon effects
is to be expected in crystals that are as dilute
as this at 4.2'K. This result indicates that spin
spectral diffusione and the effect of the other
levels do not strongly influence the simple decay
of the susceptibility. That anomalies can occur
in less dilute crystals can be seen, since others, "
using saturation techniques, obtain for this crys-
tal with 0.5%%uo

Cr'+ a T, of 0.2 sec, independent
of spin quantum numbers. Presumably, these
measurements have determined a lattice-bath
relaxation time rather than a true spin-lattice
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FIG. 2. Semilogarithmic plot of a quantity propor-
tional to magnetic susceptibility versus time.
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relaxation time. "
Much remains to be done experimentally to de-

velop a sound understanding of the spin-lattice
relaxation process, but we feel that this demon-
stration of negative susceptibility by 180' pulse
techniques, and the direct observation of the
associated relaxation time from a state of nega-
tive magnetic susceptibility shed new light on
spin-lattice relaxation processes in paramag-
netic crystals. "
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The theory of superconductivity of Bardeen,
Cooper, and Schrieffer' has been generalized by

Bogoliubov, Tolmachov, and Shirkov' and by
Anderson' to include collective excitations of the
electrons. Both make use of the random phase
approximation. We have calculated the response
of a superconductor at T =O'K to a static mag-
netic field described in a general gauge, by use
of Anderson's method. As he points out, the
theory satisfies the sum rules and therefore
should be gauge invariant. Aside from a small
correction from the transverse collective modes,
results are the same as those of BCS, who used
the gauge, divA =0, and included only quasi-par-
ticle excitations.

Longitudinal collective excitations (plasma
oscillations if Coulomb interactions are included)
do not play a direct role if divA =0 but must be
considered if the calculation is performed in a
general gauge. Their crucial part in the satis-
faction of the longitudinal sum rule has been dis-
cussed by Anderson. Pines and Schrieffer' have
shown that the plasmons shield the electrons in
such a way that quasi-particles do not contribute
to the longitudinal current so that the latter is
described entirely in terms of the plasmon var-
iables.

In the present calculation it is assumed that
the normal-state wave functions are plane waves
of energy ek = (8'k'/2m) e~ a—nd that the super-
conducting transition is caused by a two-particle
interaction

k, k'
V(k, k') Ckigi C k~+q g C k+q gCkg~.

To ensure the gauge invariance of. the results,
V(k, k') is a function of k—k', only.

One should really start with the original gauge-
invariant Hamiltonian in which the electron-
phonon interaction is still present. Wentzel' has
attempted to calculate the Meissner effect from
Frohlich's Hamiltonian' in a completely gauge-
invariant manner but his procedure does not in-
troduce the collective excitations. His result
disagrees with ours in the London limit. To get
the correct result by his method it would pre-
sumably be necessary to sum, to all orders in
the interaction V, appropriate terms in the per-
turbation expansion. This question is discussed
by Pines and Schrieffer. ' The author' has cal-
culated the effect from the same Hamiltonian in
the gauge divA =0 and has obtained the same re-
sult as BCS. This calculation shows that Froh-
lich's Hamiltonian leads to essentially the same
results as that involving the two-particle inter-
action.
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