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tional investigations are necessary. Recently
Chen and Abraham™ have found that the addition
of lithium to MgO results in a significant suppres-
sion of radiation damage in this material, and in
view of the interest in using MgO as an electrical
insulator in high-radiation environments, the
problem of understanding the solid state process-
es in the lithium magnesium oxide system as-
sumes new importance.

*Research sponsored by the U. S. Energy Research
and Development Administration under contract with
Union Carbide Corporation.
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Phonon Echoes in Glass
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Phonon echoes, the acoustic analog of spin and photon echoes, are observed in fused sil-
ica glass at ultralow temperatures, From the phonon echo decay, we infer a homogene-
ous transverse lifetime of 14x 10™¢ sec and a longitudinal relaxation time of 200x 10™¢
sec for tunneling states at 0.68 GHz at a temperature of 20 mK, The coupling between
the two-level systems and phonons is estimated to be 1.6 eV,

We have observed for the first time the exis-
tence of coherent phonon echoes in a structurally
disordered solid, fused silica glass. This echo
phenomenon shares many features in common
with magnetic spin echoes,' photon echoes,*® and
ultrasonic spin echoes,* because in a phonon echo
an intense pulse of acoustic energy is observed
following the preparation of a resonant system by
two appropriately dimensioned acoustic pulses.
Unlike the nuclear spin' or the electronic spin?
systems in which echoes have been observed pre-
viously, the resonant “spin” system in glass is
the broadly distributed two-level atomic tunneling-
state system which is believed to be an intrinsic
feature of the amorphous phase.® The observa-
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tion of a coherent resonance phenomenon arising
from the inherent disorder of a solid is unique
and provides a powerful method for detailed study
of the decay processes of the glass tunneling
states.

Photographs of oscilloscope traces of the pho-
non echoes appearing in Suprasil W glass at a
temperature of ~20 mK are shown in Fig. 1. The
first trace shows the decay of a single excitation
pulse, R,,, at time ¢=0, followed by two acoustic
reflections R, and R,, separated by {,=2.2 usec,
the round trip delay time, v,/2L, of the 0.68-
GHz, 100-nsec duration, longitudinal acoustic
pulse. If two excitation pulses, R, and R,,, are
now applied separated by a time 7, in addition to
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FIG. 1. Decay of 100-nsec, 0.68-GHz acoustic pulses
in Suprasil W fused silica at 20 mK, Time scale is
0.75 psec per division, Weak pulse(s) at left of oscil-
loscope photographs originate in attenuated leakage
from excitation pulse(s) applied to transducer (switch-
ing transient observed ~ 2 divisions from left), (a) De-
cay after single pulse with reflections R; and R, visi-
ble separated by delayt; =2.2 pusec, (b) Two-pulse se-
quence with separation 7, =0.3 usec. Phonon echo Ej,!
appears at 7; after reflection of second pulse R,;.
(c) Two-pulse sequence with separation 7,=0.6 usec.

the extra acoustic reflections R, and R ,,, appear-
ing atnt, and nt,+7,, additional echoes E ,” (in
=1), the phonon echoes, appear at times nt,+(m
+1)7,. In Fig. 1(b), 7,=300 nsec, whereas in
Fig. 1(c), 7,=600 nsec. We note that the first
acoustic reflection always occurs a time ¢, after
its initiating pulse is applied to the transducer
but that the primary phonon echo (m =1) appears
at a time ¢, + 27 after the first pulse is applied.
The reason is that the excited states radiate co-
herently in a direction collinear to the excitation
pulses a time 7 after the second rephasing pulse
re-excites them. The signals for which m >1 are
higher-order phonon echoes, similar to those ob-
served in photon echo experiments? (e.g., E ,° is
generated by R,, and E ,', an acoustic pulse and
a phonon echo).

The echoes shown in Fig. 1 were generated by
injecting into the glass sample two identical acous-
tic pulses of energy § =2.9x107° erg cm™2, with
a ZnO transducer area G =5.5x10"3 cm?. Phonon
echoes are observed in a range + 10 dB about this
energy for pulse durations 7 of 100 nsec. The en-
ergy of maximum echo amplitude formation is
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FIG. 2. Decay of the phonon echo En‘ as a function
of 2my, Decay time T, is 14 psec at 20 mK whereas
T, is 3 usec at 45 mK,

estimated as §,.,~1.8x10"% erg cm™2. The
large uncertainty in this estimate is due to an
interesting feature of this system: Echo forma-
tion is observed in the presence of significant
saturation, or incoherent excitation, of the tun-
neling states. The unsaturated absorption coef-
ficient o, (6 <1077 erg cm™?) at 20 mK is =3.4
cm™!, whereas the effective absorption coeffi-
cient for the first pulse is roughly 2.3 cm™* at

& ax- In a two-pulse sequence, the first pulse
partially saturates the medium so that the second
pulse propagates with an effective absorption
some 6 dB less. Thus the pulse energies are
functions of § and z, the position in the glass.
Since the phonon echo propagates in a region par-
tially saturated by the first and second pulses it
can have an amplitude greater than the first pulse
at 2=2L, as shown in Fig. 1. The low effective
absorption makes it possible to see many high-
order reflections and we can easily detect E },®,
the phonon echo generated by the two preceding
phonon echoes E |,' and E ,* (as well as by R,, and
E Y.

The observation of the phonon echo requires a
transverse homogeneous lifetime T, 27,. T,’ can
be measured by observing the echo amplitude as
a function of 7, which should decay as exp(- 27,/
T,'). Figure 2 shows the relative echo amplitude
versus 27 for fused silica under the same con-
ditions as Fig. 1. The decay is exponential and
yields T, =14 psec at 20 mK, and 7,’ =3 psec at
45 mK. The width of the phonon echo is the same
as the excitation pulse width at these tempera-
tures. This result is consistent with our observa-
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FIG, 3. Composite photograph demonstrating the
stimulated phonon echo following a three-pulse se-
quence, with 100-nsec, 0.68-GHz pulses in Suprasil
W fused silica at 20 mK, Scale is 1 pusec per division.
Second pulse occurs at 75 =0.4 psec; third pulse oc-
curs at T=12,3 psec. The stimulated echo E,5' oc-
curs at a time £; +75,=2,6 usec after T. Measurement
of the decay of Ey5! as a function of T yields T~ 200
usec,

tion in “hole-burning” experiments (wherein the
spectral width of the hole produced by a partially
saturating first pulse at w, is probed by a weak
test pulse at w,) for which at 20 mK and 0.6 to

0.8 GHz the spectral width is ~77'=3 MHz. Thus,
the broadening mechanism to which was ascribed®
the large 50-MHz widths at 0.5 K must be con-
siderably smaller here at 20 mK and, indeed,
may be responsible for the magnitude of 7',’.

If the glass is subjected to a three-pulse excita-
tion sequence, the separation of the first two
being 7 as before, but the first- and third-pulse
separation being 7', with T > 27, a phonon echo
is observed at time T +f,+7,. This is usually
termed a stimulated echo.’ Figure 3 shows a
three-pulse sequence, with 7,=400 nsec, in which
the third pulse R ,,, identical to the preceding two,
occurs at 7 =12.3 usec and produces a stimulated
echo E ,;'. The lifetime of the stimulated echo
provides a measure of the longitudinal relaxation
time T,. We have observed an exponential decay
of E,;' for 12<T <300 psec with a characteristic
time T,= 200 usec at 20 mK. This result is in
good agreement with 7', = 240 usec inferred from
our previous “hole-burning” experiments, with
w,=w,, at 20 mK for similar values of §.

The average linear coupling coefficient y, be-
tween the longitudinal acoustic strain and the two-
level systems for those states contributing to the
phonon echo can be easily estimated from the
area relation? 6 = (y/f1)et, where e =[ 28 /pv,37]"/?
is the strain and 6 is the pulse area in radians.

If we assume that echo production will occur with
maximum efficiency when 6,=7/2 and 6,=7 over
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the largest spatial interaction region we are led
to associate § ,,,, with the energy of a 6,=7 pulse,
since the first pulse, initially of area 7 atz=0,
rapidly attenuates to ~7/2 after a short propaga-
tion distance. We thus find e ,, =1.3x107% and
v;=1.6 eV. Previous estimates of vy, have ranged
from 0.3 to 4 eV,>® with the lower value evaluated
under the assumption that the density of two-lev-
el states was that obtained from specific-heat
measurements, n,. Since it is expected that only
a fraction » of states at energy #Zw will strongly
scatter phonons,® »=n/n,, the present indepen-
dent determination of ¥, allows us to infer »=0.04,
or 7 =3x10% states/erg+cm?3. The unsaturated
absorption coefficient @ =1"'=77y *w tanh(Tw/
2kT)/pv,? calculated with the above values for v,
and 7 yields 4.3 cm™! at 0.68 GHz and 20 mK in
good agreement with our observations. More
signficantly, for the saturation energy, calculated
approximately as & , ~3nfiw(iAw) tanh(iw/2kT) L,
where Aw is the frequency width of the states ex-
cited by the pulse, we find § 5,=1x107¢ erg/cm?,
which is the experimentally observed saturation
threshold. It is also within a factor of 2 of the en-
ergy necessary to generate a 7 pulse, as inferred
above from the maximum phonon echo production.
Since the number of states in resonance with the
pulse is 77! in these experiments, the threshold
for coherent or incoherent excitation should be
the same, since it is then only a question of the
ratio T2'/T which determines the degree of co-
herency of the process. The longitudinal relaxa-
tion time T, due to single-phonon emission can

be calculated from” T, '=(y,%/v,°+2y,2/v,°)w?
xcoth(fiw/2kT)/2npk, and since®® y,2=2y,%, we
find T, =65 usec at 0.68 GHz and 20 mK in reason-
able agreement with our measurements.’

We have shown that the observation of echoes
due to coherent phonon emission by states as-
sociated with atomic tunneling in a glass can be
used to obtain relatively detailed information on
the decay rates and coupling constants of these
levels. The tunneling levels exist as a result of
the atomic disorder in the amorphous phase and
have a continuous, and nearly uniform, distribu-
tion of energies below a few kelvin, with n,~ 102
states/eV-cm?®. Nevertheless, we are dealing
with a relatively dilute system if only those states
in contact with the phonon pulse are considered,
since ngrh7™'~5x10'2 states/cm®. This corre-
sponds to a mean spatial separation of ~0.5 pm,
which is 1/20 of a wavelength between like states
at 0.6 GHz.

In conclusion, it is remarkable that certain
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atoms in a cold glass can remember their previ-
ous atomic coordinates for a time duration of
hundreds of microseconds, whereupon on signal,
they cooperatively return to their initial posi-
tions. It is somewhat paradoxical that these co-
herent effects should occur in a completely dis-
ordered solid system but, in fact, not in the per-
fectly ordered crystalline state.

We thank B. I. Halperin and S. L. McCall for
helpful discussions.
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Neutron scattering measurements are reported on the linewidth ' of spin waves in the
simple cubic antiferromagnet RbMnF; at relatively low temperatures T and spin-wave
energies E,. The results are well fitted by I‘=AE,,°’T“, where @ =2,13+£0.18, consistent
with the scaling law prediction @ =2 of Halperin and Hohenberg, and 8 =3.29+0.39, in
agreement with the prediction 8 =3 of two regimes considered by Harris, Kumar, Halper-
in, and Hohenberg, although the magnitude A is not in agreement with theory.

Interactions between spin waves give rise to a
linewidth or damping,' ® and the extensive theo-
retical work on the damping of spin waves in
Heisenberg magnets reflects its importance as an
illustrative case of the general problem of inter-
acting bosons. Study of the Heisenberg anti-fer-
romagnet in this connection has the attraction
that a realistic comparison with experiment is
possible, since crystals exist whose Hamiltonians
mirror closely that assumed in the theoretical
studies. Thus RbMnF, is known to correspond
closely to a simple cubic antiferromagnet with
spin S=3, negligible anisotropy,® and exchange
interactions essentially limited to the nearest-
neighbor shell having J=0.068 THz and z =6 near-
est neighbors.®” A few experimental studies of

spin-wave linewidths using neutron scattering
techniques have already been made™® but consid-
erations of resolution have meant that these stud-
ies have been largely confined to the temperature
range above half the Néel temperature T and the
larger wave vectors where the widths are most
easily observed. In contrast, theoretical work,
with some exceptions,* has tended to concentrate
on low temperatures and wave vectors where an-
alytic methods may be used. The present experi-
mental study examines RbMnF, in the tempera-
ture range from 0.27 to 0.6 7 and the wave-vec-
tor range up to 0.4 times the zone-boundary wave
vector along the [ 111] direction (defined as a re-
duced wave vector ¢g*=0.4). Interms of the re-
duced temperature 7=%7/2JS and reduced energy
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