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Phonon echoes in a glass at low temperatures

15 JANUARY 1979

John E. Graebner and Brage Golding
Bell Laboratories, Murray Hill, ¹w Jersey 07974

(Received 22 August 1978)

Coherent acoustic echoes are generated in fused silica glass at very low temperatures by a sequence of
short acoustic pulses that interact with the intrinsic two-level configurational systems of the glass. Coherent
effects are observable below T -100 mK, where the two-level-system phase memory time T', is long
compared to the acoustic pulse length, typically 100 nsec. The dependence of spontaneous (two-pulse) and
stimulated {three-pulse) echo amplitude on the amplitude, width, frequency, and separation time of the
generating pulses has been studied in the frequency range 0.7-1.5 6Hz and at temperatures of 18-80 mK.
The area of the generating pulses is shown to be the relevant descriptive parameter. The value of the area
that produces maximum echo amplitude is used to deduce the average value of the deformation potential yl
which couples a two-level system and a longitudinal acoustic wave, with the result y~ = 1.5+0.4 eV. The
two-pulse. echo decay time is 16 p,sec at 18 mK and varies as T '. This behavior may be understood in
terms of spectral diffusion arising from elastic dipolar interactions between resonant and nonresonant two-
level systems. The three-pulse echo decay is not exponential, but may be characterized by an initial decay
time of 100 p,sec at 0.7 6Hz and 18 mK. This is in reasonable agreement with a direct-process thermal
equilibration time T, calculated from the present value of y~. At higher temperatures, the decay rate is
faster than indicated by the direct process, and may be understood semiquantitatively in terms of spectral
diffusion.

PACS numbers: 62.80. + f, 43.35. + d, 61.40.0f

I. INTRODUCTION

The large heat capacity and low thermal conduc-
tivity of glasses below 1 K (Refs. 1-3)canbeunder-
stood in terms of a broad distribution of two-level
configurational systems which are intrinsic to the
glassy state. 4 ' Thp microscopic nature of a two-
level system is not well. understood but it is as-
sumed to be an atom or a group of atoms which re-
sides in a double-well potential with energy split-
ting E between the two lowest energy levels. A

roughly constant density of states for 0.02 &E/ks
~ I K due to the random environment of the two-
level systems accounts for the approximately linear
specific heat. The thermal-phonon mean free path
is limited by resonant absorption by these two-
level systems, yielding the low thermal conductiv-
ity. The observed attenuation of high-frequency
acoustic pulses is intensity dependent, exhibiting
saturation" at high acoustic inputs which is con-
sistent with the two-level model. The predictions
of the model for the temperature and frequency de-
pendence of the unsaturate/ absorption have been
verified experimentally. 9 ' Several reviews of
phonon propagation in glasses at low temperature
have appeared recently. ~~ '~~

At low enough temperatures the phase memory
time of these two-level systems becomes equal to
or greater than the pulse length and coherent ef-
fects become observable. Phonon echoes, the
acoustic analog of spin echoes" or photon
echoes, ' have been observed" and the present re-
port provides a more complete description of that

w'ork. Vfe begin with a brief account of the two-
level model of a glass and the conditions under
which one might expect to observe phonon echoes."
7he application of this technique to the measure-
ment of deformation potentials and relaxation times
is described, followed by a discussion of the re-
sults and how they relate to previous measure-
ments.

ln the two-level tunneling model. ,
4 ' a two-level

system of mass m is represented by a double-well
potential with energy asymmetry 4, barrier height
V, and generalized-coordinate separation distance
d. A random distribution of these parameters re-
sults in some two-level systems with sufficient
wave-function overlap between the two wells to al-
low tunneling to occur, i.e. , with tunneling energy
E=(As+see)' s, where ae=k~ee ~ and g
=k 'd(2mV)' . Stce is on the order of 10 meV, and
the model restricts the wave-function overlap pa-
rameter A. to X;„&A.&X,„,where A, =in(A'tc, /E)
and ~,„

is some cutoff value. The thermal relax-
ation rate of two-level systems w'ith tunneling en-
ergy E, assuming a one-phonon process, is"

( 2 2 2 Ese 2& ~ ~mini

I vt v5~, 2m'8 p . 2kar

where the subscripts refer to longitudinal- and
transverse acoustic polarizations, v is the acou-
stic velocity, and p is the mass density. y, is
the deformation potential coupling a two-level sys-
tem with strain e, . The fastest relaxation occurs
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for g = ~ which corresponds to 4 = 0, i.e., the
symmetric double-well potentials. The specific
heat is influenced by all the two-level systems
having relaxation times shorter than the duration
of the measurement. 'The acoustic density of
states n appears experimentally"" to be lower
than the specific heat density of states n, and can
be explained to a first approximation by assuming
that only the approximately symmetric two-level
systems are effective in the acoustic experi-
ments. "" The deformation potential is actually
a tensor quantity, and the scalar y represents a
suitable average of the various components. ""
Furthermore, y is assumed for simplicity to be the
same for all two-level systems.

Because of the formal equivalence among quan-
tum mechanical systems w'ith two levels, "it is
useful to write the Hamiltonian in the familar form
for a spin-2 particle and make use of the extensive
literature on resonance physics. One can write"'

FI=IIO+II, = ~Eo, —(Mo, + —,'Do, )e

with

01) 1 0)
E1 0] (0 -lj

Ho gives the static splitting and II, desc ribes the
interaction with a strain e. Within the tunneling
model, the coupling parameters M and D are given
by Ay/E0and 2y&/E, respectively. One can define
a pseudopolarization vector P, analogous to the
magnetization vector of a system of spins. The ex-
pectation values of P„andP„arenow related not
to the transverse components of spin, but to the
components of stress which are in phase and opt of
phase with the applied strain. Since in our case
the wavelength is much smaller than the sample
dimension, (P,. ) must satisfy the coupled Bloch
and wave equations. In this sense the present ex-
periment is more analogous to light traveling
through a resonantly absorbing medium" than to
magnetic spin resonance. As in either case, how-
ever, the Bloch equation can be written with a
thermal equilibration time T„asmell as a homo-
geneous transverse relaxation time T„where

(&,') '=(2&, ) '+(&~) '

Rzo
R)o

o n

L 0 T'gp

RM
R&, E

broad range of energy splittings. The two-level
systems which are active in the present experi-
ments are only those lying within the spectrum of
the acoustic pulse. In the incoherent regime
(pulse length ~ »T,'), the effect of the pulse inter-
acting with the medium can be described by the
populations of the upper and lower levels. As
~ is decreased or 7", increased, a smooth transi-
tion is made from the incoherent to the coherent
regime (~ «T,') where the phase as well as occupa-
tion number is important. The response of the
medium is extremely nonlinear and one expects co-
herent effects such as echoes" and self-induced
transparency "'which are completely analogous
to the optical case. Evidence for self-induced
transparency24'25 will be the subject of a later pub-
lication. A significant difference between the pres-
ent acoustic experiment and a resonant opticalex-
periment is that the acoustic pulse undergoes .

total reflection at the surface of the sample. As
will be seen, the ensuing multiple exposure of the
two-level systems to the reflected pulses compli-
cates the interpretation of the data.

All data presented here are obtained with a single
piezoelectric transducer generating either the two-
pulse or the three-pulse sequence shown in Fig. 1.
The first two pulses R„and R20 with separation
time 7» propagate down and back along the same
physical path in the sample. R,~ refers to the jth
reflection of the ith input pulse, while 7» refers
to the time interval between the 0th and Eth input
pulses. After one round trip (2.2 g sec) the re-
flected pulses Ryy and R» are detected at the
transducer. These signals we call reflections

and T@ is the phase memory time due to all pro-
cesses which do not cause transitions between the
two levels. T@ may be determined, for example,
by interactions among the two-level systems. The
total linewidth

(&.) '=(&.') '+(&.*) '

due to both homogeneous and inhomogeneous
contributions is very large (P,'=0) because of the

I

o v„

FIG. 1. Schematic diagram of the acoustic pu}se
sequences for generation of the spontaneous echo E&2
(top) and stimulated echo E&23 (bottom). Only the en-
velopes of the rf pulses are shown. L = 0.64 cm, so
that the round trip time for longitudinal acoustic
pulses in fused si;lica is 2.2 @sec.
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reserving the term echo for the pulse E,'„detected
a time 7'» after the second reflected pulse. The
echo does not correspond directly to any pulse in-
jected at the transducer but is an acoustic pulse
which occurs at a spacing ~» after A». E,', is re-
ferred to as the two-pulse, or spontaneous, phonon
echo." The three-pulse sequence begins in a sim-
ilar way, but at a later time v» (5-500 gsec) a
third pulse AM is injected, and an echo E»3 ap-
pears at a time after its reflection 837 which is
again just v», the separation of the Qrsf two

pulses. E»3 is referred to as the three-pulse, or
stimulated, phonon echo. The mechanism of echo
formation is formally identical to that which pro-
duces photon echoes. ' -" As with all coherent echo
phenomena, the most useful description of a pulse
is in terms of its area g. The acoustic pulse can
be described by a traveling strain wave e
=cocos(&ut-kz). By comparison of Eq. (2) with the
usual rotating coordinate treatment of the Bloch
equations, we find that the nutation frequency (o,
=Meo/k, which is equal to yeo/k for symmetric
two-level systems (E =so). The pulse area is
therefore defined as

where the last equality is true for a pulse of rec-
tangular envelope. The two-pulse echo can be pro-
duced by input pulses of area 8M and 020 within a
certain range of values, but is most easily visual-
ized with 8» =-,'m and 8» =w. (The subscripts for 8
have the same meaning as for R.) For any partic-
ular two-level system along the acoustic path
which is in resonance with the pulse, the effect of
the first pulse is to rotate (P,) by —,'m from
its equilibrium position along P, to the P„-P,
plane. The spread in frequencies ~+of the excited
states, determined in our case by the pulse spec-
trum -7 ', results in rapid dephasing in the P„-
P, plane. The second pulse reverses the process
so that at a time 27» after the first pulse, all two-
level systems which have not lost their phase
memory are rephased momentarily to add up co-
herently into an acoustic signal. If the processes
which destroy phase memory occur randomly, one
would expect the echo to decay as exp(-2~»/T2).
The loss inamplitude of E» as a function of 27» is
then a measure of T2. The contributions of all vol-
ume elements along the acoustic path must be
combined with proper attention given to phase. The
resulting intensity for v» -0, by analogy with the
optical case, '4 is

8,', (k, T) =8 (&=0)M sin'8, sin (
—'8 )P(k), (4)

where 80 is the radiation strength of a single two-
level system at resonance. N is the effective

number of two-level systems per unit volume with-
in the pulse bandwidth, 1V =nk7' ' tanh(k~/2kT). The
+' rather than N dependence distinguishes the echo
formation as a coherent rather than incoherent
process. E(k) is the result of summing the con-
tributions from all two-level systems in the path
of the beam and is a function which is strongly
peaked in the direction of k =2k, —k„where k, and
k are the wave vectors of the first and second
pulses, respectively. The echo thus propagates in
the forward direction since k, =k„and maximum
echo intensity occurs for a & m, z sequence.

The three-pulse echo formation may be viewed
as a storing of information in the population spec-
trum of the two-level systems by the first two
pulses which is then read out by the third pulse.
The first two pulses result in a population spec-
trum which is the Fourier transform of the first
takeo pulses, i.e., the Fourier transform of one
pulse deeply modulated" at a frequency spacing
gv =2n7„'. This modulation is present as long as
spin-lattice relaxation, for example, does not re-
lax the entire spectrum back to thermal equilibri-
um. The third pulse acts on this complicated pop-
ulation spectrum in such a way as to give rise to
echo E», after an interval ~» and maximum echo
amplitude occurs for a sequence of three 2 m

pulses. The loss in intensity of echo E», as a func-
tion of ~» is then a measure of the effective T,.

In terms of the measured energy per cm' in each
pulse, 8, the area 8 for rectangular pulses may
be written

yk e '7 2y8 (ST/pv ) (5)

$ is related to the acoustic intensity 8 by 8 =8w,
and 8 (=8,, ) is a generic label for the measured
intensities of pulses Ryo 82' EI2 etc.

II. EXPERIMENTAL TECHNIQUE

Details of the apparatus have been described
previously. '» Briefly, all measurements reported
here' were obtained with a 0.635-mm cube of
Suprasil W(-1.5-ppm OH ) having a thin-film ZnO
transducer (0.8-mm diam) on one of two optically
flat and parallel opposite faces. A miniature stub
stretcher mounted close to the sample made it pos-
sible to tune the non-50-ohm transducer load to the
coaxial line, while at the same time providing a
metallic thermal ground for the center conductor
of the cable. The sample was greased against a
Cu block in good thermal contact with the mixing
chamber of a 'He- He dilution refrigerator. Tem-
perature was measured by a Ge resistor on the
sample calibrated against a SQUID-CMN (super
conducting quantum-interference device-cerium
magnesium nitrate) thermometer. "
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The electrical pulses were obtained by gating an
oscillator with diode switches capable of 20-nsec
switching times. The pulse was split into two
channels, one including the sample and the other
a variable attenuator at room temperature. By
equalizing the signals from the two channels, the
nonlinear response of the glass sample could be
measured by comparison with linear elements at
room temperature, avoiding problems from non-
linearities in the detection electronics. Distortions
of the trailing edge of a pulse due to the video out-
put stage of the VO-MHz i.f. amplifier made the
pulse shape an unreliable measure of pulse width.
Several other measurements were used to estimate
the actual width. The gating pulse applied to the
switch was measured directly on an oscilloscope
and the average power in the generated pulses was
measured as a function of gating pulse width. Ad-
ditional broadening of the shortest pulses by the
tuned stub stretcher was observed by measuring
the width of the detected pulse, both on and off the
frequency to which the stub stretcher had been
tuned. The full widths at half intensity of the acou-
stic pulses used in the present measurements
were estimated to be 65, 115, and 280 nsec, each
with an uncertainty of +10 nsec. The rise and fall
times of the pulses were approximately 30 nsec,
independent of the pulse width, so that the shortest
pulses were roughly Gaussian whereas the longer
pulses were more rectangular.

The output of the i.f. amplifier was signal-aver-
aged with a boxcar integrator. The repetition fre-
quency was varied in the range 1-1000 Hz i.n such
a way as to keep the average acoustic power
roughly constant as the pulse length or intensity
was changed. Even at the lowest temperatures, no
bulk heating was registered by the Ge thermometer
mounted on the sample.

III, ECHO PRODUCTION

In this section we discuss the dependence of the echo
intensity on the intensity and width of the generat-
ing pulses. The data enable us to test the relevance
of Eq. (4) for the present acoustic echo, as well
as to calculate directly the coupling constant.

An x-y recorder trace of the boxcar output (Fig.
2) with two equal input pulses RM and R,o, demon-
strates the lower attenuation experienced by the
second pulse due to the excitation produced by the
first. Part of the energy stored in the system from
the two generating pulses is returned coher'ently in
the form of an echo Eg2 which in the present exam-
ple is stronger than R». Another echo E» is ob-
served after an equaltimeinterval, and we associ-
ate this with R» and E,', acting as the generating
pulses. It is usually weak and we disregard it in

SUPRASIL W

f = 0.692 GHz

T = 38mK
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FIG. 2. Boxcar output showing acoustic pulses after
one round trip, R&& and R2& are reflections of the two in-
put pulses while 8~2 and X~2 are phonon echoes. The
equal input pulses have energy density per pulse 5go
=/~0=4. 4 && 10 erg cm and separation time v &2=0.33
p sec. Pulse width v = 65 nsec.

the present discussion. The equality of the peak-
to-peak separation time of all the pulses in Fig. 2
is characteristic of inhomogeneously broadened
systems. '9

The relevance of pulse area as expressed in Eq.
(4) can be demonstrated by studying the echo inten-
sity 8,', as a function of &, and also of Jyo and $20
varied independently. For small and equal input
pulses, the echo area 8, ~ 8';„,according to Eq. (4),
so that we have

81~ ~ (83 )2/~2 ~(8 )8~4

@y2 is plotted in Fig. 3 as a function of 8,0 for three
different values of 7. The lines of slope three are
seen to be reasonable representations of the low-
power data for all three pulse widths. Further-
more, the vertical spacing of these three lines is
such that 8',, (constSM) ~74. If the maximum echo
amplitude occurs at a fixed value of input area,
8 '", then since 8M7' ~ 8'. we expect 8,0(maxg, )

. Indeed, the position of maximum echo inten-
sity moves down in @,0 as 7 '. Finally. , we note
that the maximum echo intensity 8~(max) also
varies as 7, or the square of the bandwidth of the
pulse. This is an important result because it dem-
onstrates that the echo intensity varies as the
square of the number of two-level systems excited
by the pulse, as is expected for a coherent mech-
anism of echo formation. '

The results of varying the individual intensities
of the generating pulses while keeping the pulse
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FIG. 6. Area of pulses R(g, R f2' and E&2 after one
round trip vs area of equal input pulses Rgp or Rgp.
All areas are plotted as 8/yL„a ratio defined in terms
of measured quantities in Eq. (5). 8/yL, is expressed in
units of (radeV ). Maximum echo production occurs in
this transition region between the highly absorbing un-
saturated gower dashed line) and low-absorbing satur-
ated (upper dashed line) conditions. Input pulse widths
are both 7=65 nsec.

of all the pulses in Fig. 2 shows them to be slightly
broader than at higher input intensities. This
broadening is greatest (-5(P/&) in the vicinity of
maximum echo. The broadening is related to that
observed in self-induced transparency' '"' and
will be discussed in a later publication. '8 Because
of pulse broadening, the maximum i'ntensity is not
a good measure of pulse area. In Fig. 6, the pulse
area, with broadening taken into account, is shown
for the generating pulses and the first echo. At
high input levels, the system is linear with a low
absorption and very small echo. As the input in-
tensity, or area, is lowered, the echo area goes
thru a maximurg as the generating pulses are more
highly absorbed. At our lowest measurable intensi-
ties, g, o- 9';„and the input pulses both experience
the same high attenuation, characteristic of a med-
ium which is relatively unaffected by the (weak)
pulses traveling through it. .The greatest pulse
broadening for all three pulses occurs where egg and

9» are changing most rapidly, and the effect on 9,

is to move the location of the peak to lower input
area, 9-, by approximately a factor of 2. Maxi-
mum 8, occurs in Fig. 6 at 8;„/y(eV ) =1.4. Ac
cording to Eq. (4), the maximum echo for equal
input pulses occurs at g;„=—', m. If the value of g. '"
is identified with —,w, we obtain y~=1.5+0.4 eV,
where the uncertainty arises from possible errors
in pulse width. Equation (4) does not take into ac-
count, however, the dependence of the intensities
of the pulses on distance; i.e., the acoustic
pulses are traveling, rather than standing waves. .

The attenuation of the input pulses as they propa-
gate through the sample makes it difficult to esti-
mate the actual area of the pulses as a function of
distance. An independent estimate of the area scale
can be obtained by approximately reconstructing
the intensity as a function of position from 8» and

8» vs 8», 8„(Fig.6). For the input level which
yields maximum echo, two extreme cases of echo
production can be hypothesized. If the echo is as-
sumed to be produced primarily at the beginning
of the acoustic path where the pulses are approx-
imately equal, one would expect the input areas to
be 8,0=820 3m[As in'Eq. (4)], again resulting in

y~=1.5 eV. On the other hand, if the echo is pro-
duced primarily near the end of the round-trip
path, where the areas turn out to be in the ratio
1:2, one would expect the pulse areas at this point
to comprise a 2 w, g sequence, resulting in y~ = 2.6
eV. This approximate analysis therefore yields a
value for y~ which is consistent with or somewhat
higher than that obtained using Eq. (4).

Hahn, Shiren, and McCall" have obtained equa-
tions for the development of pulse areas by applica-
tion of the area theorem in a single pass attenua-
tor. A numerical integration of those equations in-
dicates that the echo area again depends on the cube
of the input area, for equal area input pulses, and
also goes through a maximum for g. =

3 p, sup-
porting the above value, y~ =, 1.5 eV. There are,
however, several discrepancies between the data
in Fig. 6 and the predictions of the integrated area
equations. " First, the calculated echo exhibits a
much sharper maximum followed by a zero at n,
another weaker maximum at 9;„=1.5n, a zero at
2m, etc. The observed maximum is much broader
and drops off only slowly at higher input area.
Second, the calculated area of the echo at the max-
imum is, after four decay lengths, 2.2 times the
input area of either pulse, whereas the measured
echo is only 5(P/~ of the input area. Third, the
maximum echo is calculated to occur at 0.67@

which is nearly the same input area as 0.8m, the
calculated" midpoint of the single-pulse transmis-
sion curve (the point at which the attenuation is
one-half of the low-power unsaturated value). The
measured echo maximum, on the other hand, oc-
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curs at 5 dB (a factor of 1.8 in area) higherinput
than the saturation midpoint. The deformation po-
tential calculated from the saturation midpoint'
(assuming the area equations to apply) is y1.=3.2
eV, compared with 1.5 eV from the position of
maximum echo.

There are several possible reasons for the dis-
crepancies. First, the integrated area equations
are strictly valid only for input pulses which have
a hyperbolic secant shape of the form '

e(t) = (II/yT) sech[(t —z/v)/Y] .

V)

K
IXI
K

Ld
C5

I—

CL

SPONTANEOUS ECHO AMPLITUDE vs 2m&&

While the present pulse shapes are probably inter-
mediate between a rectangular and a hyperbolic
secant pulse, several absorption lengths may be
required before the- input pulses evolve into the lat-
ter shape. Secondly, the area equations do not take
into account the fact that the pulses travel twice
through the same material before being detected.
Thus, on the second pass they encounter a medium
which is not in thermal equilibrium. Thirdly, the
apparent lack of observed zeros and subsidiary
maxima at higher inputs may be partially an arti-
fact of the experimental technique. The echo split-
ting in Fig. 5 may be accompanied by a 180' phase
shift between the peaks, so that for equal-height
peaks, the net area would be zero. Since 9, in
Fig. 6 is only the area of the main peak, it is prob-
ably an overestimate of the total echo area. at large
inputs, but without phase sensitive detection we
cannot justify subtracting the area of the precursor.

There are thus a number of unresolved questions
in the interpretation of the echo production curves,
as no existing calculation applies to the present
case of echo production in a two-pass attenuator.
The closest approximation is a calculation" of sin-
gle pulse propagation using numerical solutions of
the coupled Bloch and wave equations in the coher-
ent regime, but with the restriction that T, is less
than the time between passes so that echo produc-
tion is suppressed. In the absence of a numerical
simulation of the present echo production, we take
the straightforward interpretation of maximum echo
production at —', m as the measure of pulse area,
with the resulting deformation potential y~ =1.5 eV.
The above considerations suggest that y~ may in
fact be somewhat larger than 1.5 eV, but probably
not smaller.

IV. TWO-PULSE ECHO DECAY

We restrict the discussion now to the case of two
equal input pulses with ~=65 nsec, and investigate
the decay of the echo amplitude with increasing
pulse separation, T~. The echo amplitude, pro-
portional to (8~)' ', is plotted versus 2r~ inFig. 7.

OX
O
Uj

20
2 T&& (p.sec)

30

FIG. 7. Decay of spontaneous echo amplitude (pro-
portional to (intensity) ] as a function of twice the
separation time ~ ~2. The input pulses are identical. , with
pulse length v = 65 nsec and energy density per pulse $ fp

=$2p= 0.22 &&10 (1), 0.43'&&10 (2), 0.81 &&10 (3), 1.05
x10 (4), 2.9x10 6 (5) erg cm

The shape of the decay curve depends on the
intensity of the input pulses in a complicated way,
especially at small 27». For input level 1, the
echo actually grows initially before decaying,
while for input 5 the initial decay is very rapid.
The effect is to make the input at which maximum
echo occurs somewhat dependent on ~». At least
one feature of decay 5 can be understood due to the
first pulse reflecting back and forth several times,
repeatedly exciting or de-exciting the same two-
level systems. The step beginning at 4.4 p, sec oc-
curs as the second pulse changes from traveling
just ahead to just behind the first pulse on its sec-
ond round trip. After this point the direct echo is
always coincident with another echo generated by
the second pulse, together with the first pulse on
its second round trip. The observed echo should
therefore be stronger for T» &2.2 p,sec (one
round trip), as observed Such prop. agation effects
make the initial decay an unreliable measure of the
decay rate for a single pass of each pulse. On the
other hand, the rates at longer times seem to con-
verge to the same value with a decay time of 16
p, sec at 18 mK. Most of the data were taken at an
intermediate input level where the long- and short-
time decay rates were similar. At higher temper-
atures the signal was weaker and more difficult to
measure but was generally much less intensity de-
pendent than at the lowest temperatures.

The echo decay (see Fig. 8) is roughly exponent-
ial at all temperatures measured. The decay time
is strongly temperature dependent, varying as T '
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in the range 18-80 mK at 0.692 6Hz (see Fig. 9).
All of the data discussed up to this point were ob-
tained at 0.692 0Hz because of the overall optimum
efficiency of the system at this frequency. The
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FIG. 8. Decay of spontaneous echo amplitude at four
different temperatures. The input pulse intensity is the
same as for curve 3 of Fig. 7.

system was subsequently retuned at 0.995 and 1.51
0Hz with somewhat diminished sensitivity. The
results are shown in Fig. 9 with correspondingly
larger error bars. For both higher frequencies
the decay times agree with the 0.692 GHz data at
the higher temperature but remain roughly con-
stant below approximately 40 mK, with the highest
frequency data exhibiting the fastest decay rate.

V. THREE-PULSE ECHO

The results reported here for the stimulated
echo were obtained with three pulses of identical
width and intensity. A detailed study of stimulated
echo production, as described above for the spon-
taneous echo, was not undertaken, but it was noted
that maximum echo intensity was obtained with ap-
proximately the same input levels, within a factor
of 2, as for the spontaneous echo. The strongest
echo occurred at &$3++$2 but echoes were also noted
at 27„—27„,27„—~„,and 2~„,in agreement
with theory. " The echo amplitude at ~»+T» is
plotted in Fig. 10 for three different input levels.
The general shape of the decay curve does not de-
pend sensitively on the input level, as is the case
for the spontaneous echo. The decay is not a sim-
ple exponential but begins with a time constant of
100 p, sec and gradually changes to a rate half as
fast or less. Depending on the range of 7y3 in-
spected, one can find a variety of apparent decay
times. A dependence on 7» has also been observed
in Fig. 11, and is discussed below. The wider sep-
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FIG. 9. Spontaneous echo decay time as a function of
temperature for three different frequencies. The esti-

. mated uncertainty for the 0.692 GHz data is roughly half
that shown for the higher-frequency data. The line of
slope —2 is drawn to illustrate the T" 2 dependence of the
data at 0.692 GHz.
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FIG. 10. Stimulated echo decay as a function of
separation time bebveen first and third input pulses for
three different pulse energy densities: triangles—
0.25 &&10"8, circles —0.95 &&10, and squares —3.7
&&10" ergcm
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are from a calculation by Black and Halperin, Ref. 17,
on the basis of spectral diffusion.
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aration T» always yields a faster initial decay of
the stimulated echo.

The overall decay rate is very temperature de-
pendent (see Fig. 12) and the amplitude rapidly be-
comes unmeasurably small above 80 mK. The ini-

FIG, 13. Decay time of stimulated echo vs tempera-
ture from data of Fig. 12. The dashed line is calculated
from Eq. (1) with yL, =1.5 eV andf=0. 692 GHE.

0 ~
0

0

0

0

. ~

I I I I I

STIMULATED ECHO AMPLITUDE
vs PULSE SEPARATION-
SUPRASIL W

f = 0.692 GHz
'

~ T=18 rnK

tial decay times are plotted in Fig. 13, showing a
T ' dependence and an initial decay time of 100p. sec
at 18 mK. We point out again the possible presence
of complicated propagation effects, especially at
the higher temperatures where n is small and the
generating pulses continue to reflect back and forth
across the sample for 10-20 p, sec before dying
out, and where the measured decay time of the
stimulated echo at these temperatures is only -5
p, sec.

VI. DISCUSSION

A. Deformation potential
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FIG. 12. Stimulated echo decay as a function of pulse
separation at four temperatures.

The value for y~ determined from maximum echo
production, 1.5 eV, falls within a broad range (0.3-
5 eV) of previous values, found in fused silica and

BKV borosilicate glass. It is a factor of 2 smaller
than an early, rough estimate based on saturation
measurements. ' The 0.3 eV estimate" is based on
absorption and velocity measurements with the as-
sumption that n =n, . The value of 5 eV is the result
of a two-pulse saturation recovery experiment" at
0.5 K where, in retrospect, spectral diffusion"
was probably playing an important but unsuspected
role. The present value is only 3(P/~ smaller than

the value obtainedM by comparing the saturation
curve for single pulse transmission at low temper-
atures with the curves calculated by Hopf" in a
two-pass attenuator with 7 «T,'.

The product ny~ =1.4~10' ergcm ' from acous-
tic absorption measurements' can be used in
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combination with our present independent measure-
ment of y~ and specific heat results3 of

yg, (E/ks=30 mK) =3&&1032 erg 'cm ',
to obtain r =8/no =6%. That is, only Q& of the two-
level systems contributing to the specific heat are
well coupled to the acoustic pulses. Using this
value of n, the acoustic energy needed for satu-
ration can be estimated" using

g, = —,'nk~(kaa&) tanh(k&u/2kT)l,

where E is the absorption length, with the result
g, =1& 10 ' ergcm ', in rather good agreement
with experiment. ""Vfe conclude, therefore; that
this value of y~ and the resulting value of n are
consistent with several types of measurements in
both the incoherent as well as coherent regimes.
Using y~ =1.5 eV and assuming y~ =2y r, Eq. (1)
predicts T, = 150 p sec at T = 18 mK and f= 0.692
GHz. The temperature dependence of T, with these
parameters is shown by the dashed line in Fig. 13.

B. Origin of spontaneous echo decay

In view of the large value of T, calculated above,
the spontaneous echo decay rate at 0.692 GHz is
probably dominated by T &. The most likely source
of homogeneous broadening is the interactions be-
tween two-level systems. One possible interaction
is between two-level systems of the same energy.
A two-level system undergoing a change of state
can cause a change of state of a nearby two-level
system of the same energy through the strain field
coupling them. However, the snatial density of
those two-level systems within the pulse bandwidth
is extremely low (-10" cm '), making such inter-
action unlikely. '"'0 Another possibility which has
been explored in some detail is known as the sud-
den-jump model of spectral diffusion~"'" arising
from a e,g, coupling between the resonant two-level
system and all other two-level systems in the
sample, especially those with E -2k~T. The ther-
mal flipping of the latter is coupled elastically to a
resonant two-level system and shifts its energy
by small random amounts resulting in a kind of
spectral diffusion. The effect on the two-pulse
echo intensity for a glass has been calculated by
Black and Halperin'7 and more recently by Hu and

Walker. " A nonexponential decay is found which
nontheless can be characterized by a time T& for
decay to 8 of the initial amplitude. T@ is calcu-
lated" to be 14 csee at 20 mK and varies as T ',
in remarkably good agreement with the present re-
sults. The calcula, tion predicts an initial e ' »
decay, which bears some resemblance to the low-
est input power case in Fig. 7. The small input
case may, in fact, be the most appropriate decay

to compare with a theory which does not take into
account propagation effects, since the small input
pulses are highly attenuated (Fig. 6) on their first
pass, and have negligible amplitude .on the return
trip. Hu and Walker" have suggested that the ef-
fect of a reasonably large distribution in A. shouM
be observable as a decay which, at large w», is '

faster than it would be with no distribution in g.
It should be emphasized that this calculation,
too, does not take into account the propaga-
tion effects inherent in the problem.

The echo decay due to spectral diffusion should
be independent of the acoustic frequency. " The
high-frequency data in Fig. 9 below -40 mK is
therefore puzzling. Qualitatively the data exhibit
the behavior expected from a direct-process T,
relaxation [Eq. (1)] with a nearly temperature-in-
dependent ~ ' behavior. However, use of the ex-
pression (T2} '=(2T, } '+(T&) ', with Tz taken to
be the T ' behavior thought to arise from spectral
diffusion, requires the unreasonably high value of
y~ =5-6 ev. The peculiar behavior may be con-
nected with some experimental effect due to the
higher intrinsic absorption and our reduced sensi-
tivity at the higher frequencies. Measurements
over a larger range in frequency and temperature
would help to resolve this question.

C. origin of stimulated echo decay

At the lowest temperature measured, the initial
decay time of the stimulated echo, 100 csee, is
remarkably close to the direct-process T, =150
p, see based on y~= 1.5 eV. As seen in Fig. 13,
however. , the agreement rapidly becomes worse at
higher temperatures. There are at least three pos-
sible reasons for the discrepancy (a) The .effect
of spectral diffusion on the three-pulse echo has
been calculated" and is found to produce a non-
exponential decay which qualitatively resembles
the data. The initial decay times of the curves in
Ref. 17 are difficult to estimate but are within a
factor of 2 of the observed values at 18 and 50 mK,
exhibiting a somewhat stronger dependence on tem-
perature than T '. The interpretation in terms of
spectral diffusion i.s given strong support by the
dependence of the decay on separation time 7» and
the qualitative agreement between theory and ex-
periment seen in Fig. 11. The faster decay for
larger 7'» can be understood qualitatively as being
due to spectral diffusion smearing out the modulated
population spectrum more easily for the finer fre-
quency spacing at larger v». (b) The long tails of
the stimulated echo decay may be evidence for a
distribution of relaxation times due to a distribution
of tunneling parameters. The symmetric two-leve1
systems may have a distribution of coupling con-
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stants, for example, or we may be observing the
contributions from more slowly relaxing nonsym-
metric two-level systems. (c) The inability of the
narrow band of injected phonons to thermalize or
escape from the sample rapidly (phonon bottleneck)
may give rise to long decay times for the stimu-
lated echo. The problem is complicated by spatial
diffusion of the emitted phonons out of the beam
volume, which constitutes only 2%%uz of the sample
volume. The magnitude and temperature depen-
dence of such a process is difficult to estimate but,
as with (b) above, we cannot at this point rule itout
as a possible contribution to the stimulated echo
decay.

VII. CONCLUSIONS

Our previous -observation of phonon echoes in a
glass at low temperatures has been extended to in-
clude the dependence of echo intensity on the am-
plitude, width, carrier frequency, and time sepa-
ration of the generating pulses. The detailed re-
sults for the two-pulse echo are in good agreement
with the assumption that pulse area is the relevant
parameter describing echo formation. The intens-
ity depends on the square of the effective number
of radiators, consistent with the assumed coherent
aspect of the echo. The spacing of the echo in time
is just that expected in the case of inhomogeneous
broadening. The location of maximum echo pro-
duction yields a value for y~.

The two-pulse echo decay rate at medium input
level is given by T,'=5.4&10 ' sec K'T ' and is in
remarkably good agreement, both in magnitude and

temperature dependence, with calculations" based

on spectral diffusion due to interactions between
two-level systems. The dependence of the decay
on the input leve1 of the generating pulses is only
partly understood in terms of propagation effects
and the reexcitation or deexcitat'ion of two-level
systems during successive passes across the sam-
ple.

The three-pulse echo decays nonexponentially
but with an initial decay time of approximately 100
p. sec at 18 mK and 0.69 GHz. This value is in rea-
sonably good agreement with a calculation of the
direct process, using y~ =1.5 eV. The nonexpon-
ential decay and its temperature dependence are in
semiquantitative agreement with the calculated ef-
fect of.spectral diffusion. Further evidence for
spectral diffusion comes from the increased decay
rate for larger values of &y2 The contributions
from two-level systems with different relaxation
rates and/or a phonon bottleneck are difficult to
assess without further measurements.

The observation of phonon echoes provides good
support for the existence of intrinsic configura-
tional states in a glass. In addition, phonon echoes
serve as a powerful probe of the dynamics of those
two-level systems at very low temperatures. At
the present time, they yield the only direct mea-
surement of the deformation potential y, rather
than the product ny'. They also provide a sensi-
tive probe in a regime of relaxation times where
other techniques, such as direct measurement of
spectral linewidth, are difficult to use.

ACKNOWLEDGMENTS

We would like to thank S. L. Mccall, P. Hu, and
L. H. Walker for a number of discussions and
W. H. Haemmerle for technical assistance.

R. C. Ze)ler and R. 0. Pohl, Phys. Hev. B 4, 2029
{1971).

2R. B. Stephens, Phys. Rev. B 13, 852 (1976), and ref-
erences therein.

3J. C. Lasjaunias, A. Ravex, M. Vandorpe, and S. Hunk-
linger, Solid State Commun. 17, 1045 (1975).

4P. W. Anderson, B. I. Halperin, and C. M. Varma,
Philos. Mag. 25, 1 (1972).

5W. A. Phillips, J. Low Temp. Phys. 7, 351 (1972).
6J. Jackie. Z. Phys. 257, 212 (1972).
YB. Golding, J. E. Graebner, B. I. Halperin, and R. J.

Schutz, Phys. Rev. Lett. 30, 223 (1973).
S. Hunklinger, W. Arnold, S. Stein, R. Nava, and
K. Dransfeld, Phys. ' Lett. A 42, 253 (1972).

B. Golding, J. E. Graebner, and R. J. Schutz, Phys.
Bev. B 14, 1660 (1976).

' J. E. Graebner and B. Golding (unpublished).
S. Hunklinger and W. Arnold, in Physical Acoustics,
edited by R. N. Thurston and W. P. Mason (Academic,
New York, 1976), Vol. 12.

B. Golding, IEEE Trans. Sonics Ultrason. SU24, 692
(1977).
E. L. Hahn, Phys. Rev. 80, 580 (1950).

~4I. D. Abella, N. A. Kurnit, and S. R. Hartmann, Phys.
Rev. 141, 391 (1966).

5B. Golding and J. E. Graebner, Phys. Rev. Lett. 37,
852 (1976).
A discussion of the possibility of observing phonon
echoes in a glass has recently come to our attention:
U. Ch. Kopvillem, Ukr. Fiz. Zh. 21, 1215 (1976).

'VJ. L. Black and B.I. Halperin, Phys. Bev. B 16, 2879
(1977).

~ B. I. Halperin, in The Glass Transition and the Nature
of the Glassy State, edited by M. Goldstein and
B. Simba (Ann. N. Y. A "ademy of Sciences, New York,
1976), Vol. 279, p. 173.

'~B. P. Feynman, F. L. Vernon, and R. W. Hellwarth,
J.Appl. Phys. 28, 49 (1957).
J. Joffrin and A. Levelut,

' J. Phys. (Paris) 36, 811
(1976).



A T I.0 % T E M I' E R A T U R E S

L. Allen and J. H. Eberly, Optica/ Resonance of Tsoo-
Level. Atoms {Wiley, New York, 1975).
S. L. McCall and E. L. Hahn, Phys. Rev. 183, 457
(1969).

~3N. S. Shiren, Phys. Rev. 8 2, 2471 (1970).
~48. Golding and J. E. Graebner, Bull. Am. Phys. Soc.

22, 310 (1977).
~5J. E. Giraebner and B. Golding, Proceedings of the

Intematigeal CofIfexence ae Lattice Dynamics, Pams,
September 1977, edited by N. Balkanski (Flammar ion,
Paris, 1978), p. 464,
8. Golding and J. E. Graebner (unpublished).

'W. 8. Mims, Phys. Rev. 168, 370 (1968);also, in Elec-
tron Paramagnetic Besgenece, edited by S. Geschwind

(Plenum, New York, 1972).
J. E. Graebner, Rev. Sci. Instrum. 46, 571 (1975).
A. L. Bloom, Phys. Rev. 98, 1105 (1955).

3 R. H. Dicke, Phys. Rev. 93, 99 (1954).
3'W. 8. Mims, Rev. Sci. Instrum. 36, 1472 {1965).
3~F. A. Hopf, Phys. Rev. A 2, 195 (1970).
33K. L. Hahn, N. S. Shiren, and S. L. McCall, Phys.

Lett. A 37, 265 {1971).
3 J. B. Kl.auder and P. W. Anderson, Phys. Rev. 125,

912 (1962).
3'P. Hu and S. R. Hartmann, Phys. Rev. 8 9, 1 (1974).
36P. Hu and L. R. Walker, Solid State Commun. 24, 813

(1977).


