
VOLUME 20, NUMBER 11 PHYSICAL REVIEW LETTERS 11 MARCH 1968

FLUXOID ECHOES
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We wish to report the observation of induced
transient radiation from a type-II superconduc-
tor, in the form of echoes, similar to spin
echoes, ' and to echoes observed in plasmas. '
The echoes are observed when the supercon-
ductor is placed in a magnetic field and irra-
diated by two rf pulses separated by a time

Echoes are observed at times T (main echo)
and 27 (secondary echo) after the second rf
pulse (see Fig. 1). The echoes have the follow-
ing properties: (i) The echoes are observed
in powdered samples of vanadium-titanium and
niobium-zirconium alloys, 400 mesh in size,
filed in air, or ground with a boron-nitride
tool in air. They are not observed in powders
of the same alloys made by dissolving hydro-
gen in the alloys, crushing the brittle hydride
in a mortar, and removing the hydrogen by
heating in vacuum; nor are they observed in
samples obtained by milling with a tungsten-
carbide tool. ' (ii) The amplitude of the echo
at any frequency is proportional to the magnet-
ic field strength (up to 20 kG, which is, howev-
er, weak compared with H~2, below 3 kG, no
echoes could be observed; see Fig. 2). (iii) The
rf phases of the main echo and the secondary
echo are, to within the experimental accura-
cy of +10', the same as that of the spin echo
of the V" or Nb" nuclei. (iv) The echoes are
observed at all frequencies in the range 3-20
MHz. The amplitude is not strongly frequen-

cy dependent in the range 3-10 MHz, and falls
at higher frequencies (see Fig. 2). (v) As T

is increased, the echo amplitude decays expo-
nentially and the value of T, characterizing
the decay is field independent, and slightly
frequency dependent. For 10 MHz T, is approx-
imately 65 p,sec at 4.1'K and 45 psec at 1.3'K
for the V-Ti alloy, and 40 psec at 4.1'K for
the Nb-Zr alloy. (vi) The amplitude of the echo
increases slightly (by roughly 30-50%) as the
temperature is decreased from 4.1 to 1.3'K,
in the V-Ti alloy. (No echoes are observed
at 11'K, which is above the superconducting
transition temperature. ) (vii) The echoes are
of maximum strength when the rf pulses are
approximately equal, and the product of the
rf field Hrf and the Pulse length t~ is of order
200 G p.sec. For t~ less than 5 p.sec the am-
plitude of the echo is linearly proportional to

Hrft~, when both Pulses are identical. For
longer pulses the echo amplitude decreases.
(viii) A very weak stimulated echo can be ob-
served following a third rf pulse. (ix) After
each rf pulse a free decay tail is also observed.
(x) The amplitude of the echo is much strong-
er than the value expected from an NMR sig-
nal; up to 20 kG the amplitude, integrated over
the magnetic field, is about two orders larg-
er than the signal from the V" or Nb 3 nuclei.

We believe that these echoes are due to the
excitation of fluxoids' whicljI behave as anhar-
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FIG. 1. Oscilloscope photograph of main and second-
ary echoes in a V-Ti alloy, in frequency of 10 MHz

and magnetic field of 19.5 kG. The pulse lengths are
5 @sec. The time scale is 20 psec/cm.

FIG. 2. Field dependence of the main echo amplitude.
The amplitudes at different frequencies are normal-
ized so that the strength of the NMR signal is propor-
tional to the Boltzman factor.
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monic oscillators. '&' The excitation frequen-
cy of an individual fluxoid is given by' ~ = (tk'/
4m*) in(y/(), where k is the wave number, g
the penetration depth, ( the coherence length,
and m* typically 50 electron masses. Frequen-
cies of order 5 MHz correspond to wavelengths
of about 3 p, . This length is about one order
smaller than the particle size (-40 p). It may
correspond to sections of fluxoids tied between
defects (such as oxygen atoms). Three types
of anharmonicity could be operative in this
case'. (I) a dependence of the resonant frequen-
cy on the amplitude of the oscillation; (2) a
dependence of dissipation on the amplitude;
and (3) a dependence of the response to an ex-
ternal pulse on the phase. Referring to the
picture presented by Gould, ' we can determine
the echo formation and the phase relation be-
tween the main and the secondary echoes. The
relative phase between the main and the sec-
ondary echoes is +—,'v for the first type, v for
the second type, and 0 or ~ for the third type.
In the first two types the amplitude of the echo
would build up linearly with 7, for small val-
ues of T (since the echo is due to a bunching
of phases which takes time to build up from
the bunching of frequencies). For the third

type the amplitude decays with z for all values
of 7. The recovery time of our receiver is
about 20 p, sec. No echo buildup was observed
for values of 7 larger than this. Thus, if the
anharmonicity were of the first two types, the
spread due to this anharmonicity should be at
least 10 kHz in order to account for the echo
formation. This spread is comparable with

the bandwidth of the echo, which is about 20
kHz (see Fig. I), and thus too big to be a dom-
inant mechanism. Also, from the phase rela-
tionship between the main and the secondary
echoes it seems that the anharmonicity is of
the third type.

The dependence on the method of sample prep-

aration may be accounted for by assuming that
different methods produce different defects
in the crystals. The fluxoids are pinned to
these defects and their effective length is re-
duced. We look at them as vibrating strings,
the resonant frequency of which is increased
as their length is reduced. This view is sup-
ported by the fact that the effect is more pro-
nounced at the low range of frequencies inves-
tigated. A possible mechanism for the anhar-
monicity responsible for the echo formation
is a dislodging of the pinned fluxoids by the
rf pulses. The linear field dependence of the
amplitude of the echoes seems to indicate that
the signal is proportional to the number of flux-
oids; this and the field independence of T,
seem to indicate that effects of interactions
among fluxoids are not predominant, at least
for values of H much smaller than II~2. The
temperature dependence of T, can be account-
ed for by a larger friction of fluxoid motion
as would be expected for thermally activated
motion. '

We are very grateful to Professor O. R. Frisch,
Professor C. Kuper, Dr. M. Revson, Dr. D.
Shaltiel, and Dr. D. Zamir for helpful discus-
sions. The measurements were carried out
on a Clark rig. '

E. L. Hahn, Phys. Rev. 80, 580 (1950).
2R. M. Hill and D. E. Kaplan, Phys. Rev. Letters 14,

1062 (1965).
3H. D. Howling and J. M. Hoskins, Rev. Sci. Instr.

37, 379 (1966).
P. G. de Gennes and J. Matricon, Rev. Mod. Phys.

36, 45 (1964).
56. F. Herrmann and R. F. Whitmer, Phys. Rev. 143,

122 (1966); G. F. Herrmann, R. M. Hill, and D. E.
Kaplan, Phys. Rev. 156, 118 (1967).

R. W. Gould, Phys. Letters 19, 477 (1965).
P. W. Anderson and Y. B. Kim, Rev. Mod. Phys. 36,

39 (1964).
SW. G. Clark, Rev. Sei. Instr. 35, 316 (1964).

540


