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Ultrasonic Investigation of the Piezoelectric Ionic Crystal P-AgI
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Ultrasonic attenuation and phase velocity measurements as a function of temperature
and frequency are reported in the P phase of AgI. Below about 50 MHz the dominant ef-
fect is the piezoelectric coupling between the mobile ions and the ultrasonic waves; an
analysis similar to that of Hutson and White for piezoelectric semiconductors gives good
agreement. Above 50 MHz this interaction becomes screened, An additional attenuation
mechanism is observed at 540 MHz.

AgI has received considerable attention in re-
cent years, largely because of its superionic
properties. At 7', = 420 K, the material under-
goes a first-order phase transition from the hex-
agonal wurtzite (P) structure' (C,„' P6,mc), whi-ch

is the stable form at room temperature, to the
body-centered-cubic (n) phase (0„'-Im3m). This
structural phase transition is accompanied by a
jump in the ionic conductivity of nearly four or-
ders of magnitude from about 3 &&10 ' to over 1
(0 cm), the conductivity in the high-tempera-
ture phase being comparable to that in liquid
electrolytes. However, even in the low-tempera-
ture P phase, the ionic conductivity of silver
iodide is higher than in many ionic compounds.

Previous ultrasonic work' on P-Agi has been
concerned with the effect on the elastic constants
of the ionicity of the Ag-I bonds. The purpose of
this Letter is to show that ultrasonic measure-
ments can give information not only on lattice
force constants, but also on quantities such as
the dc ionic conductivity, the activation energy,
and the frequency dependence of the ionic conduc-

tivity in a range not normally accessible by di-
rect methods.

We have measured the temperature dependence
of the variation in the attenuation and phase veloc-
ity of longitudinal ultrasonic waves propagating
along the c axis of a number of P-Agl specimens.
A standard pulse-echo transmission technique'
was used in the frequency range of 7.5 to 540
MHz. The temperature was varied between room
temperature and a few degrees below T,. Meas-
urements could not be made above T, since single
crystals of AgI invariably crack on crossing the
first-order phase boundary. The crystals were
grown at the University of California (Irvine) by
M. J. Delaney using a method developed by Mills. 4

Specimens suitable for making ultrasonic meas-
urements were formed by cleaving sections with
faces perpendicular to the e axis of the as-grown
crystals so that the samples were about 1 mm
thick, the width being 2 to 3 mm. The results
for the attenuation are shown in Fig. 1 and for
the elastic constant in Fig. 2. The variation of
the attenuation was measured to an accuracy of
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FIG. 1. The variation as a function of temperature in

the attenuation of longitudinal ultrasonic waves propagat-
ing along the c axis in P-AgI. The points represent the
experimental data, the solid curves are given by Eq.
(6), and the dashed curves by Eq. (8). At 45 MHz and

below, the predictions of Eq. (6) and (8) are virtually
identical and therefore only one set of theoretical
curves is shown.
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FIG. 2. The temperature dependence of c3& in P-AgI,
The points represent the experimental data and the solid
curves are given by Eq. (7).

1 dB. The scale of the ordinate in Fig. 2 was de-
termined by an absolute measurement of the ve-
locity at 300 K and 540 MHz.

Two points are to be emphasized in Fig. 1.
First, there is a maximum in the low-frequency
data. It will be shown that this occurs when the
frequency of the wave is equal to the dielectric
relaxation frequency which is the ratio of the con-
ductivity o to the dielectric constant e&o. The
second point is that there is a temperature range
where the high-frequency attenuation is lower
than it is at low frequencies. This suggests that
there is a breakdown in the coupling at high fre-
quencies. Before considering these features in
more detail, the basic coupling mechanism which

gives rise to the variation in the attenuation and

the elastic constant must be discussed.
In a medium which is piezoelectric, a propagat-

ing acoustic wave may create an internal electric
field so that, if the medium is also conducting,
the acoustic wave is coupled to the movement of
charged carriers, modifying the attenuation and

phase velocity. The theory of this effect has been

developed by Hutson and White' for the case of
ultrasonic propagation in piezoelectric semicon-
ductors. Since P-Agi belongs to a piezoelectric
class of materials and has an appreciable con-
ductivity, aloeit ionic, it is reasonable to con-
sider a similar calculation in the interpretation
of our results.

In the temperature range of the present experi-
ments, it is known that the ionic conductivity in

AgI occurs via Frenkel defects." Furthermore,
the mobility of vacancies has been shown to pre-
dominate over that of interstitial ions. ' A simple
hopping model for the dc conductivity gives the
formula'

v„= (A/k, T) exp I- (—,'Z„+~„)/p,7'],

where EF is the energy required to create a
Frenkel defect, E„ is the hopping activation ener-
gy for vacancies, and A =No(ea)av, . N, is the
concentration of Ag sites, e is the ionic charge,
a is the hopping distance, and vo is the attempt
frequency.

The total current density in the sample can be
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written as the sum of two contributions:

J =o „Z —eS„an„/az. (2)

T = c$- Tg,

& = q$+ eeog.

(3)

(4)

Here T, S, c, and q are the appropriate elements
of the stress, strain, elastic constant, and piezo-
electric tensors, respectively, and D and E are
the electric displacement and field. With use of
Eqs. (2), (3), and (4), the equation of continuity,
and Gauss's theorem, an expression can be ob-
tained for the complex elastic constant

2 1 1
c*=c 1+ — 1—,(5)

EG~C SQ)T~(1—gQlTD)

where c* has been expressed in terms of two
characteristic relaxation times for conductivity
(~, =ceo/v„) and diffusion (~D =S/v, '). Here v, is
the velocity of sound. These two relaxation times
can be calculated from the experimental data
summarized in Table I with use of the above ex-
pressions for o„and S„. The values of,~, and ~D

are given for two temperatures in Table II, which
shows that the ultrasonic frequency ~ can be com-
parable to 1/~, but that &u~~ is always much less
than unity. Thus the diffusion term appears to
be negligible in (5), which then yields for the ul-
trasonic attenuation and elastic constant:

K (dT
C

5 1+(d 7S C

(6)

The first term is due to the hopping of vacancies
and the second term accounts for vacancy diffu-
sion which occurs because of the concentration
gradient Bn„/Bz. S„ is the diffusion constant
which is the diffusion constant which is described
by the relation S„=S~„exp(—E„/kET), where

2So~ =g Vo,

The coupling between the elastic and electrical
properties originates in the usual equations of
state of a piezoelectric medium':

Here ~'=q'/EE, c„, n is the power attenuation co-
efficient, and c„ includes the usual anharmonic
contribution to the elastic constant.

With use of w as an adjustable scaling param-
eter and taking the values of all other required
parameters from the experimental data of Table
I, the set of solid curves shown in Fig. 1 were
obtained. The figure shows that there is good
agreement between theory and experiment for the
lowest frequencies. Note that the position of the
maximum in the attenuation is given exactly by
the theory using only the published values of the
conductivity and the dielectric constant. From
the maximum value of the attenuation at 45 MHz,
the coupling constant &2 is found to be 0.088. Our
value of ~ is about twice the value quoted by
Fjeldly and Hanson. 2

The curves in Fig. 2 which describe the varia-
tion of the elastic constant c» are obtained from
Eq. (7), where c„ is given by the usual linear
high-temperature behavior, '0 c„=co —y T. By
fitting these equations to the data, it was found
that co=5.20x1010 Pa and y =0.45x108 PaK-1.
It should be noted that the values of the param-
eters tc and ~, were previously determined from
the attenuation results and the data in Table I;
thus they were not adjusted in obtaining the fit
shown in Fig. 2. The agreement can be seen to
be good.

There remains a feature of the attenuation data
which is not explained by the theory presented
thus far. For the data at the two highest frequen-
cies there is a range of temperature in which the
measured attenuation decreases as a function of
frequency, in contrast to the solid theoretical
curves in Fig. 1. This implies that there is a
screening effect. Our results can be explained
if the ionic conductivity is taken to have a fre-
quency dependence of the form o (~) =v(0)/(1 i~~)-
with a temperature-dependent relaxation time 7

=T,exp(E„/k, T). In this case, the full expres-
sion (5) applies if the substitution i =~~ is made.

CO 7c=c~ 1+ K 1+(d 7 (7)

TABLE I. Experimental data for P-AgI.
TABLE II. Values of the relaxation times for conduc-

tivity (7,) and diffusion {T&) calculated from the data in
Table I.
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The attenuation then obeys the relation

K (d TA= C

D (d~T +(1y(d 1 T)
(8)

With use of Eq. (8), the dashed curves shown in
Fig. 1 were obtained. " A good fit was found for
the 102-MHz curve, giving ~, = (1.0+ 0.3) &10 " s
and E~ =0.3+ 0.03 eV. It is interesting that 7., '
(34 cm ') corresponds to a frequency in the in-
frared range. Although it might be expected that
the relaxation time 7 is equal to the hopping time,
there appears to be little theoretical justification
for this"; models which relate the frequency de-
pendence of the conductivity to a hopping mecha-
nism give different dependence on ~." However,
a Drude-like form for c(e) is found by consider-
ing theories involving a lifetime of the ion in a
free-ion-like state. " By analogy, we suggest
that the hopping of vacancies is limited by a char-
acteristic lifetime which describes the time be-
tween the creation of the vacancy and its recom-
bination with an interstitial ion. Thus the relaxa-
tion time ~ may be related to the vacancy life-
time. Since this lifetime depends inversely on
the number of interstitial ions available for re-
combination [which in our case is the number of
Frenkel defects, Noexp(-EF/2kHT)j, 7'would then
be expected to be proportional to exp(E~/2k, T).
E~ determined by the 1.02-MHz data is in excel-
lent agreement with half the value of E~ (Table I)
as predicted by this hypothesis. It should be not-
ed that Drude-like behavior has already been ob-
served in the conductivity of o.-AgI (Bef. 15) and
BbAg, I, (Bef. 16) at about 10 GHz and 20 MHz,
respectively. However, because of some basic
differences in the conduction mechanism in these
two superionic conductors (e.g. , the number of
mobile ions is much larger than in p-AgI), a sim-
ple relationship between the different relaxation
times is not expected.

At 540 MHz, the dashed curve in Fig. 1 falls
well below the experimental points, indicating
that another attenuation mechanism is involved
at high frequencies. The most plausible explana-
tion is that this additional contribution is due to
critical attenuation near the crystallographic
transition"; experiments at higher frequencies
are currently in progress to clarify this point.

In summary we have shown that the variation
of the velocity and the attenuation of ultrasonic
waves propagating along the e axis of P-Agl crys-
tals is well explained by the piezoelectric coup-
ling to the movement of Ag' ions, at least for fre-
quencies up to about 200 MHz. This is the first

time that piezoelectric coupling between ultrason-
ic waves and ionic carriers has been invoked to
explain the ultrasonic properties of ionic conduc-
tors. Above 50 MHz, there is a range of temper-
ature over which the measured high-frequency
attenuation is less than at low frequencies, im-
plying a screening effect; this may be explained
if the ionic conductivity is taken to have a fre-
quency dependence of the Drude type. On the ba-
sis of this interpretation, an additional coupling
mechanism must be involved at high frequencies
(& 200 MHz).
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Macroscopic Electron Lattice on the Surface of Liquid Helium
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A nonlinear theory of the capillary waves accounts for the macroscopic lattice formation
on the electron-charged surface of liquid helium observed in a recent experiment. The
lattice allows both shear and compressional lattice waves to propagate.

There has been a great deal of interest in sys-
tems consisting of a layer of electrons on the
surface of liquid helium. Recently, Wanner and
Leiderer' found experimentally that a macro-
scopic dimple lattice was created at an electron-
charged interface between 'He and 'He. The the-
ory presented here accounts for most of the ob-
served results. A preliminary discussion of the
present problem was given by Gor'kov and Cher-
nlkovae

Consider the liquid helium filling a volume -z,
- z ~ O. The surface of the liquid is in the x-y
plane (z =0) when it is not disturbed. The surface
of the liquid is charged with electrons. The elec-
tric field (E, at z & 0, and E at z & 0) is applied
in the vertical, z, direction to bind the electrons
to the surface.

The nonlinear dispersion relation of the capil-
lary waves of frequency co, as a function of the

wave vector%, is given by''

~'$) =g! %!

—(&/4&p)(E, '+E ') I&I'+ (r/p) I&I', (&)

where p is the density of the liquid, g the gravity
constant, and v' the surface tension. The Rayleigh-
Taylor instability grows, i.e. , &u'& 0 near !%!=k„
when 2(E+'+E ') & 4mgp/k„where k, ' =pg/7'. The
nonlinear behavior of this instability will be ana-
lyzed here.

It is assumed that the liquid is incompressible
and that the electrons redistribute instantaneous-
ly in such a way that the electrostatic potential
is always constant along the surface. The large
electron mobility ensures that latter assumption.
By employing the basic equations and the proce-
dure described by Mima and Ikezi, ' the equation
governing the surface deviation, z =a(X,y, t), is
found to be

g —a ~ p a+ —[2PTaPTa -2aP a+(PTa) +a„+a, ]
P E,'+E ', (E+'-E ') P 2 2 2 2

4n' p Snp T

+ + + —[PT(- 2 a'p'a +aPTaPTa -aP'a PTa) + 2 a'P'Ta + (a„' +a, ')PTa
4np T

~(PTa)(PTapT a -ap'a)]

+-—[a„„(].——,a„--.a, )+a,„(l--.a, --.a„)-2a„a.a,l.7 P 3 2. & 2 3 2 ~ 2 (2)

Here, P and T are operators defined by

P'=-V, '=- (8'/sx'+8'/ay'),

and T = coth(z, p), the suffixes x, y, and t indicate
partial derivatives with respect to those varia-
bles, and the P and T enclosed in ( }do not oper-
ate outside of the heavy parentheses. The linear

!
terms of this equation give us the dispersion
relation (1). The nonlinear terms which are im-
portant for discussing the Rayleigh- Taylor insta-
bility are retained.

Because the parameter range of interest is
2(E,'+E ')-4&gp/k, and $!-ko, the waves of the
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