VOLUME 12, NUMBER 8

PHYSICAL REVIEW LETTERS

24 FEBRUARY 1964

B, gauss x10%

o " 50 100 150
REVOLUTIONS PER SECOND

FIG. 1. Recording of magnetic field strength vs ro-
tation rate in revolutions per second. The upper curve
is for counterclockwise rotation and the lower curve
for clockwise rotation. The material is a bulk lead foil.

by fitting curves such as those in Fig. 1. The
agreement with Eq. (2) is good, especially if

run 1 is omitted. This was the first experiment
in which the effect was observed. The dependence

of the effect on initial conditions for the shells
considered here and for the simply connected
case (where the original theories!s? gave different
results) are being investigated.
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CONSERVATION OF THE FLUXOID
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(Received 30 December 1963)

As originally noted by London,! a superconduc-
tor is expected to conserve and quantize a quan-
tity which he called the fluxoid. This principle
applied to a thin superconducting cylinder leads
to the expectation that a sum of the trapped mag-
netic flux and the mechanical angular momentum
of the persistent current (in appropriate units)
will be conserved and quantized?® in units of #/2e.
Although the contribution of the mechanical mo-
mentum to the conservation law has been too
small to be particularly significant in most ex-
periments,? its presence leads to a temperature
dependence of the trapped flux. The mechanical
momentum is a function of penetration depth a
and therefore varies with temperature. Conse-
quently the amount of trapped flux would also be
expected to show an oppositional temperature
variation if it is presumed that the quantum num-
ber is an adiabatic invariant. The purpose of
this Letter is to report experimental confirma-
tion of such a temperature variation of the trapped

flux consistent with adiabatic invariance for small
temperature oscillations.

The presence of the mechanical angular mo-
mentum in the fluxoid leads to a modification? of
the flux quantum 4/2e to

Qo=(h/2e)(1 +223/75)"!

for the modified flux unit (¢,) trapped by a long
thin (6) cylinder of radius » and penetration depth
A. Total flux trapped by such a cylinder must

be an integral number » of these units, n®,. This
trapped flux is then temperature dependent through
the known temperature variation of the penetra-
tion depth. A temperature variation AT will be
expected to cause a change A¢ in trapped flux

no, of

A®=-n(h/2e)(2/r0)[d(A%)/dT | AT.

This anticipated temperature variation of trapped
flux depends only on the adiabatic invariance of
the fluxoid and not on its quantization. Such an
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effect should occur whatever the constant magni-
tude of the quantity represented by nk/2e.
The flux variation implies a voltage V:

V= -n(r/2e)(2/r5)[d(A?)/dT )T /dt). 1)

In these experiments the temperature oscillation
(dT/dt) was produced by second sound waves in
superfluid liquid helium, the resulting voltage
being detected in a loosely coupled pickup coil.

A superconducting cylinder formed one wall of a
cylindrical second sound cavity. The second
sound resonances of this cavity produced the
temperature oscillations generating the voltage
expected from Eq. (1). Measurements were
made of the amplitude of the thermal wave and
the induced voltage as the cavity was tuned
through resonance at a constant second sound fre-
quency. Since the second sound wave velocity is a
function of temperature, tuning was accomplished
thermally by a slow drift in temperature through
the resonance velocity.

Typical data are shown in Fig. 1. The upper
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FIG. 1. Cavity response as a function of temperature
at fixed frequency (1.28 ke sec™ ). Upper trace is sec-
ond sound amplitude, lower trace is voltage induced
from a persistent current; both plotted to the same tem-
perature scale. Resonance peak at 1.89°K.
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trace shows the amplitude of the thermal wave

as the cavity passes through resonance. Below,
in the lower trace, is the voltage induced by this
thermal wave from a superconducting cylinder
carrying a persistent current. This persistent
current is related to the trapped flux geometrical-
ly by the inductance of the cylinder. Voltage in
the pickup coil as a function of average persi;tent
current is shown in Fig. 2 at a particular temper-
ature (7 =1.89°K) and thermal-wave amplitude.
The dashed line is Eq. (1) using measured values*
for all of the parameters. Amplitude of the ther-
mal wave was obtained from a bolometer adjacent
to the superconducting cylinder in the second
sound cavity. Voltage in the pickup coil is re-
lated to voltage in Eq. (1) through the measured
mutual and self inductance of the various circuit
elements.

The expected temperature dependence of this
voltage was also investigated. The voltage as-
sociated with a particular trapped flux was meas-
ured at various temperatures. This voltage was
found to be temperature dependent, as expected,
following the measured values of d(A?%)/dT to with-
in about 5%.

Stability of this voltage with time is a measure
of the persistence of the supercurrent (or adiabat-
ic invariance of the fluxoid) under these pertur-
bations. The maximum measured voltage in
Fig. 2 corresponds to a flux change at the super-
conducting cylinder of about one quantum, 4/2e.
No change in voltage was detected in experiments

up to two hours at this current level. However,
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FIG. 2. Induced voltage in the pickup coil as a func-
tion of persistent current amplitude. Dashed line is
the voltage anticipated from Eq. (1). Circles and tri-
angles indicate opposite sense of persistent current
flow.
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this is the largest voltage that could be generated
despite attempts to induce larger persistent cur-
rents in this cylinder. In this particular cylinder
the maximum measured persistent current® is
nearly six times larger (1.5 amperes). These
data were taken on a tin cylinder 1 cm diameter,
1 mm long, and 12004 thick. Similar results
have also been obtained from a 1-cm cylinder 5
mm long and 450A thick.

These experiments tend to confirm the adiabatic
invariance of the fluxoid under small thermal
perturbations. On a two-fluid model such a be-
havior indicates that the electrons condense only
into a particular current-carrying state—the flux
changing in such a way as to keep the fluxoid con-
stant. The implication that adiabatic invariance

under these perturbations applies only to flux
changes less than one quantum is being investi-
gated.

*Now with the National Science Foundation.

g, London, Superfluids (John Wiley & Sons, Inc.,
New York, 1950), Vol. 1, p. 152,

’J. Bardeen, Phys. Rev. Letters 7, 162 (1961); J. B.
Keller and B. Zumino, Phys. Rev. Letters 7, 164
(1961); J. E. Mercereau and L. T. Crane, Phys. Let-
ters 7, 25 (1963).

’B. s. Deaver, Jr., and W. M. Fairbank, Phys. Rev.
Letters 7, 43 (1961); R. S. Doll and M. Nébauer, Phys.
Rev. Letters 7, 51 (1961).

4J. E. Mercereau and T. K. Hunt, Phys. Rev. Let-
ters 8, 243 (1962).

ELECTRON SPIN RESONANCE OF THE R CENTER*
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Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York
(Received 30 January 1964)

van Doorn'’? has proposed a model for the R
center in the alkali halides, Fig. 1, which is a
cluster of three F centers forming an equilateral
triangle lying in a (111) plane. Although this
model predicts that the R center should be mag-
netic, extensive investigations by electron spin
resonance of systems containing R centers®™
have not revealed the resonance nor given any
conclusive evidence that the center is paramag-
netic. Under conditions of low temperature
(~2°K) and large applied uniaxial stress (~3kG/
mm?) the resonance can be observed as described
below, lending considerable support to the van
Doorn model.

Results of optical studies of the zero-phonon
line of the R, band® with applied uniaxial stress”’
are consistent with the model of van Doorn. These
studies further suggest that in a static lattice the

® Alkali ion
(OHalide ion
{)F Center

FIG. 1. The van Doorn model of the R center.

lowest electronic state of the center would be or-
bitally doubly degenerate. If one includes the ion
motion, a dynamic Jahn-Teller effect results®
which still leaves a degenerate electronic-vibron-
ic state lowest.

This degeneracy is probably lifted by residual
strains in the crystal to give finally two Kramers’
doublets with g tensors of almost axial symmetry
along the [111] direction. The &g, should be of
the order of the F-center g shift while the Gg“
contains two terms, one inversely proportional
to the Jahn-Teller splitting, the other inversely
proportional to the strain splitting if that split-
ting is sufficiently large. The two Kramers’
doublets are strongly coupled by the phonon field,
and it is postulated that the electron spin reso-
nance is normally broadened beyond observabil -
ity because of T, processes involving the direct
relaxation among these levels in a Finn-Orbach
type process.® This postulate suggests an exper-
iment under conditions of large applied stress,
which gives a large energy separation, A, be-
tween the two Kramer’s doublets, and low tem-
perature, in order to suppress the relaxation
process which varies as exp(-A/kT).

Figure 2 shows the change in resonance signal
produced by a [110] stress with the static mag-
netic field parallel to the [111] direction. The
strong line is the saturated F-center resonance
while the weaker line, which develops with
application of the stress, is the R-center reso-
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FIG. 1. Cavity response as a function of temperature
at fixed frequency (1.28 ke sec™!). Upper trace is sec-
ond sound amplitude, lower trace is voltage induced
from a persistent current; both plotted to the same tem-
perature scale. Resonance peak at 1.89°K.



