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Phonon echoes in powders of high-T, superconducting YBazCu307 —b
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Strong rf phonon echoes have been observed in the superconducting state of powders of high-T,
YBa2Cu307 —q. We suggest that the coupling mechanism between rf fields and acoustic modes is
different from that in the usual phonon echoes, judging from the sudden disappearance of the
echoes at T, 90 K and from the angular dependence of the echo intensity. The temperature
dependence of T2 is tentatively ascribed to the ultrasonic attenuation due to electrons, and the
energy gap parameter 2h/k+T, is estimated to be 3-7.

I

The observation of induced transient radiation from a
type-II superconductor in the form of two-pulse echoes,
which are not the usual nuclear magnetic resonance
(NMR) spin echoes, was first reported in powdered sam-
ples of V-Ti and Nb-Zr alloys. ' The phonon echoes,
which are due to acoustic oscillytions of loosely packed
powders and are also called radio-frequency (rf) powder
echoes or dynamic polarization echoes, were observed in
various kinds of powders, including insulating ferrite
powders, piezoelectric powders, and normal metallic
powders, and have been extensively studied. In particu-
lar, phonon echoes in normal and superconducting metal
powders were found to be created by the anharmonicity of
mechanical oscillators excited by rf fields in static mag-
netic fields. The echo-decay time T2 of the phonon
echoes was assumed to be determined by the energy loss of
an individual oscillator through mechanisms of internal
energy losses such as scattering with thermal phonons and
conduction electrons, interaction with crystalline imper-
fections, and mode conversion at the particle surfaces, and
of external energy loss such as energy transfer to the sur-
rounding gaseous medium from the surface. We report
here the first observation of similar echoes in powders of
the high-T, superconducting oxide YBa2Cu307 —b. The
echo is observed only in the superconducting state and has
a striking temperature dependence of T2 ' below T, .

Strong phonon echoes have been observed for powders
of high-T, superconducting YBa2Cu307 ~ sealed in
quartz ampoules with helium gas for heat exchange with
use of a conventional phase-coherent NMR apparatus.
Tests were also made on powders of H YBa2Cu307 —$

treated with hydrogen gas at 40 atm at 50'C or 100 C
for 60 min, since hydrogen gas is expected to change the
superconducting state of the surface of each small parti-
cle; in these tests, however, essentially similar echoes were
observed. In contrast, no echoes were observed in pow-

ders of nonsuperconducting tetragonal H„YBa2Cu307 —$

(x ~ 0). Properties of the observed echoes are as follows:
(i) The amplitude is not strongly frequency dependent.
(ii) No echoes were observed in weak applied fields of less
than 3 kOe, but the amplitude of the echoes increased
with increasing applied field strength with hysteresis in
earlier sweeps. (iii) The rf phase of the secondary echo is
the same as that of the main echo. (iv) The echoes are of
maximum strength when the rf pulses are approximately
equal, and their amplitude is much stronger than that ex-
pected from an NMR signal. (v) A weak stimulated echo
is observed following a third rf pulse. (vi) All the echoes
disappear when powders are fixed by solidification with
liquid nitrogen. (vii) As the pulse interval (r) is in-

creased, the echo amplitude decays monotonously (ex-
ponentially with a time constant T2). (viii) T2 becomes
longer as the frequency is decreased although r must be
increased because of the longer blocking time of the re-
ceiving system.

The properties listed above are quite similar to those of
the phonon echoes reported. ' However, the remarkable
features in the present case are the temperature depen-
dence of the echo intensity (Fig. 1) and that of the echo-
decay rate T2 (Fig. 2). A further interesting feature is
the angular dependence of the echo intensity shown in Fig.
3, where the echo intensity as a function of the angle be-
tween rf and static magnetic fields is shown, together with
the theoretical predictions for the excitations of longitudi-
nal (L) and transverse (T) acoustic waves. Echo intensi-
ty decreases rapidly as the temperature approaches the su-
perconducting critical temperature T, of 90 K. The tem-
perature dependence of the echo intensity at a constant
pulse interval r is mostly due to the shortening of Ti or
the increase of the echo-decay rate T2 ' as the tempera-
ture approaches T„as is seen in Fig. 2. However, the
echo disappears abruptly at T, even in cases where T2 is
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FIG. 3. A typical example of the angular dependence of the
echo intensity of rf phonon echoes at 4.2 K and 28 MHz as a
function of the angle 8 between rf and static fields for powders
of YBa2Cu307 —b treated with hydrogen of 50 atm at 50 C for
60 min. Theoretical curves for excitations of longitudinal (L)
and transverse (T) acoustic modes (Ref. 5) are shown.
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FIG. 1. An example of the temperature dependence of the in-

tensity of a phonon echo with r of 10 @sec at a frequency of 28
MHz and an applied field of 14 kOe for powders of high-T, su-

perconducting YBa2Cu307 —~. The broken line is a guide for the
eye.
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FIG. 2. Typical examples of the temperature dependence of
the echo-decay rate Ti ' of phonon echoes for powders of (a)
YBa2Cu307 —g at a frequency of 15 MHz and an applied field of
18 kOe, and (b) YBa2Cu307 —z treated with hydrogen gas of 50
atm at 50 C for 60 min at 28 MHz and 18 kOe. Assumed
background contributions are shown by broken lines (see text).

sufficiently long at the temperature 1 below T, for low
frequencies, and the present echoes seem to be inherent to
the superconducting state of type-II superconductors.
This is also found to be true for the case of the recently
discovered high-T, Tl-Ba-Ca-Cu-0 system. In order to
explain the present experimental results qualitatively, we
propose a new tentative model of signal enhancement in
phonon echoes as follows: Echoes are formed by the
anharmonic acoustic oscillations of powders as in usual
phonon echoes since properties (i)-(viii) are quite similar
to those of usual phonon echoes. However, the coupling
mechanism between the rf field and the acoustic oscilla-
tions can be different, as we see from the abrupt disap-
pearance of the echoes at T, and the angular dependence
of the echo intensity, which is not explained by the excita-
tion of either longitudinal or transverse acoustic waves.
The lower and upper critical fields in YBa2Cus07 —s have
large anisotropies which result in a large anisotropy of the
diamagnetic magnetization in the mixed superconducting
state. By making good use of this property, the c axes of
small particles in powder are easily oriented perpendicu-
larly to the direction of the applied field. ' rf fields induce
acoustic oscillations of each particle by this property.
Also, the acoustic echo oscillations created can be detect-
ed by the oscillations of diamagnetic magnetization s
which induce echo voltages across the rf coil directly.
This mechanism of the signal enhancement in the observa-
tion of phonon echoes is effective only in the supercon-
ducting state of strongly anisotropic superconductors. A
similar mechanism of the enhancement will arise if the
pinning of the Auxoids to each particle is sufficiently
strong. The simple angular dependence in Fig. 3, which is
similar to the usual case of NMR, seems to be due to the
fact that the excitation of the acoustic oscillations and the
receiving of the echo voltages are more effective when the
coil axis is perpendicular to the direction of the external
field.

A rather gradual temperature dependence of T2 ' was
observed in usual phonon echoes for metallic powders; for
example, T2 ' is roughly expressed as 1+0.004 T (10
sec ') for Nb powders in the temperature range 4-230 K
at 19 MHz, but the origin of the decay rate among mech-
anisms listed above is not clearly identified. Only one ex-
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ample is reported for Ni powders in which the field depen-
dence of T2 ' agrees with the losses measured directly by
ultrasonic absorption. " Since the observed temperature
dependence of T2 ' in Fig. 2 looks like the curve of the ul-
trasonic attenuation coe%cient a as a function of temper-
ature in the superconducting state, ' we consider the pos-
sibility that the decay rate of the present case is governed
by the intrinsic losses. The echoes decay with decay rate
Tz associated with the attenuation of the amplitude of
acoustic oscillations. The acoustic oscillations are pho-
nons with small k's and small energies and are attenuated
by the scattering of electrons via electron-phonon interac-
tions. Therefore, we can assume that the echo-decay rate
Tz is directly proportional to the acoustic attenuation
coe%cient a. In the superconducting state,

T -~.,+(T )bs„ (1)
where A is a constant and (T2 ')bs, is a background con-
tribution which is due to extrinsic mechanisms. We check
whether or not the temperature dependence of T2 ' could
be understood by the Bardeen-Cooper-Schrieffer (BCS)
theory. As the attenuation coefficient becomes negligible
at temperature lower than T,/4 in the BCS theory, we as-
sume the existence of temperature-dependent background
contributions in Fig. 2. We roughly estimate the b'ack-

ground contribution (T2 ')bs„by assuming a form of
aT+b and by fitting the experimental data (T2 ' ),„~, at
T & T,/4 to the form, with the results (T2 ')bs„=3.8
+0.0031T and 6.6+0.0064T (10 sec ') for the exam-
ples in Figs. 2(a) and 2(b), respectively. It should be not-
ed that the background contributions are comparable with
the decay rate in Nb powder in the normal state. The re-
duced rates (T2 ')„(T2 '),„pt (T2 ')bs, are plotted in
Fig. 4 as a function of 1000/T, and the energy-gap param-
eter 2d/kttT, is estimated to be 3-7 which is consistent
with the BCS value of 3.5. Thus the observed tempera-
ture dependence of T2 ' of phonon echoes can be under-
stood qualitatively by the BCS theory, although it is com-
pared only in the superconducting state. The data of T2 '

of (3-20) X 10 sec ' amount to a of 0.5-3.5 dB/cm if a
value of the sound velocity v of 5&&105 cm/sec (Ref. 13)
and a relation

a =(vT2) '201ogtoe (2)
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FIG. 4. Estimated extrinsic background contribution to the
echo-decay rates are subtracted from the experimental data in

Fig. 2 and the resultant rates (T2 ')„(T2 ')«~~ —(Tz ')bs,
are plotted as a function of 1000/T. The estimated values of en-

ergy gap parameters 2A/ktt T, are also given (see text).
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are used. The values are comparable with reported values
of a of 0.1-1 dB/cm at similar frequencies. '

The successful observation of the effect of ultrasonic at-
tenuation in the phonon echoes in powders seems to be due
to rather strong electron-phonon interaction which gives a
dominant contribution to the echo-decay rate exceeding
extrinsic background contributions. Since it is very
difficult to prepare large single crystals of high-T, oxides
with high quality, the present method will become a good
method to investigate the ultrasonic attenuation in high-
T, superconducting oxides.
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