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ment (in the mean-square amplitude) of a factor
of 4 in the first taco monolayers of the surface
(Fig. 2). Enhanced surface vibrations can have
some effect on the quantitative interpretation of
the data but clearly will not alter the main con-
clusion of this study, namely that the major re-
construction of the Si(ill)-(7& 7) surface involves
substantial vertical displacements in two mono-
layers.

The interpretation of our experiments does not
require a presumed model; general features of
the surface structure are determined. While
these results alone cannot explain the surface
periodicity, any realistic model of the 7 && 7 struc-
ture' must incorporate the geometric features
found here. The (001) data indicate that two lay-
ers have large displacements (-0.4 A) normal to
the surface. It is clear that this rules out any
model with atoms in bulklike positions, such as
a ~re vacancy model. ' Partial agreement is ob-
tained with models having only perpendicular dis-
placements, such as the rippled-surface model of
Mark, Levine, and McFarlane, ' which has a re-
laxation in the first two layers modulated by a
small-amplitude ripple. The buckled-surface
model of Chadi" contains both small parallel dis-
placements and large perpendicular displace-
ments in several layers. This type of model gives
the best agreement with the present ion-scatter-
ing results. The epitaxial misfit strain model of
Phillips" also involves lateral and normal dis-
placements.

In conclusion, we have measured the SP inten-
sity in the (111) and (001) directions for the

Si(ill)-(7&& 7) surface. The energy dependence
of the (ill) SP intensity is close to that expected
for a bulklike structure and implies that trans-
verse displacements are confined to one to two
monolayers with a magnitude of (0.15 A. The
angular dependence of the (001) SP intensity at
500 keV indicates that two monolayers have dis-
placements of -0.4 A perpendicular to the sur-
face. This provides the first definitive evidence
that the major reconstruction in Si(111)-(7 x 7)
involves large perpendicular displacements.
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Disks of diffuse scattering are observed at q = (-0.6, 0, 0) around the bcc Brsgg reflec-
tions implying correlations of the Ag ions in the l. 1001 directions. The average correla-
tion length and the inverse Haven's ratio both decrease with increasing temperature.
The x-ray measurements provide structural evidence for strongly correlated ionic trans-
port in P -Ag2S.

PACS numbers: 66.30.Hs, 61.10.-i, 61.55.Hg

The mechanism for the high ionic conductivity
in silver-based salts such as n-AgI is currently
under active study. ' The silver ions are highly
disordered and can be treated as a "liquid" con-
fined to the channels of the body-centered cubic
lattice formed by the iodine ions. In P-Ag, S,

twice as many Ag ions are distributed in the chan-
nels of the bcc lattice of sulfur anions, and a cat-
erpillar mechanism' for cooperative ionic charge
transport has been proposed to explain the anom-
alously small ratio (Ha, ven's ratio) of the diffu-
sion coefficients derived from tracer and ionic

2046 1980 The American Physical Society



VOLUME 45, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER 1980

I

)
0 a,*

1 —1 0

conductivity measurements. '~ In this Letter we
present x-ray scattering measurements as a func-
tion of temperature which provide structural evi-
dence for a more complex correlated ion motion.

Ag, S has a first-order phase transition on cool-
ing at 450 K from the cubic electrolyte phase to a
monoclinic phase' which involves an ordering of
the silver ions and a distortion of the sulfur ar-
ray. The reciprocal lattice of the monoclinic
phase is obtained from that of the cubic phase by
the transformation
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The silver ions are distributed over the tetrahe-
dral sites, which are arranged at the vertices of
a cubo-octahedron, and over the octahedral sites,
which are at the center of the square faces of the
cubo-octahedron. Detailed neutron and x-ray
studies shorn the distribution of the Ag ions be-
tween the tetrahedral and octahedral sites in-
creases from 2:2 in the monoclinic phase to
3.2:0.8 at a temperature 9 above the transition
and to 4:0 at temperatures -50' above the transi-
tion."At all temperatures on the cubic phase,
the cation density is delocalized in bands along
(100) as a result of positional disorder and large
anharmonic thermal motion.

The crystals of Ag, S used in the present study
of the diffuse scattering were fragments of a
crystal grown by Ohachi and co-workers at 823
K in the stability field of the cubic phase but
which had twinned on cooling through the cubic
to monoclinic phase transition. ' The crystals
mere from the same large crystal employed in
the single-crystal neutron-diffraction study. '
Measurements were made using a high-brilliance
Rigaku rotating-anode x-ray generator. The crys-
tal was heated in air, and the temperature was
regulated to -0.2 deg by a Lake Shore tempera-
ture controller in conjunction with a thermistor.
The diffuse x-ray scattering was studied with
monochromatic Mo Kn radiation from 435 to 525
K using the fixed-crystal fixed-film technique
and was surveyed extensively at 458 K. Quantita-
tive measurements were made from 350 to 568 K
with use of a three-crystal diffractometer equipped
with a quarter-circle Eulerian cradle. Copper
Ke radiation was used with a vertically bent py-
rolytic-graphite monochromator and a flat graph-
ite analyzer.

The film data showed that in the cubic phase
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FIG. 1. Intensity of the strongest superlattice peak
in the monoclinic phase of Ag2S (top curve) and of the
strongest diffuse disk (bottom curve) vs temperature

most of the diffuse scattering occurs in the form
of disks around the Bragg reflections of the bcc
structure at incommensurate q vectors of (0.6,
0, 0) with the strongest scattering at (1.6, 1, 0).
Just above the phase transition diffuse scattering
was observed at the positions of the strongest
Bragg reflections of the low-temperature mono-
clinic structure [for example, at (2, a, 1)], but
this intensity decreased with increasing tempera-
ture and was not visible above background by a
temperature of - 50 K above the transition. This
correlates with the average structure refine-
ments which indicate that the octahedral sites be-
come destabilized as equilibrium silver positions
in this temperature region. Diffractometer meas-
urements of the peak intensity versus tempera-
ture of the strongest superlattice reflection of
the monoclinic phase and of the strongest diffuse
disk are shown in Fig. 1. No cooling data are
shown for the (2, —,', 1) reflection because of twin
formation at the transition. ' It is clear that the
local ordering of the Ag ions in the low- and high-
temperature phases are unrelated.

The average size of the correlated regions was
determined assuming a model of small domains
which diffract incoherently. The correlation
lengths parallel, (i, , and perpendicular, gi, to
the a axis are plotted versus temperature in Fig.
2, and they were determined from the full width
at half maximum of the peaks observed in scans
taken in the three cubic directions through the
disk at (1.6, 1,0). The variation of the position
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where x„, y„, and z„are the coordinates of the
site R, and p„ is 0 or 1 for the domain depending
on whether a site is empty or occupied, and is 3

for all sites for random occupancy. The I'~ in-
cludes Debye-Wailer factors for Ag from Ref. 6
to account for thermal motion (based on —', of the
observed mean-square displacements, which in
the average structure include displacive as well
as thermal disorder), and I(heal) is suitably aver-
aged to include all possible orientations of the
domains. A number of models were considered,
and the calculated intensity of the diffuse scatter-
ing for the best model, which is shown in the top
of Fig. 3, is compared with the observed inten-
sity in the bottom of Fig. 3. (There is a mirror
plane along the diagonal. ) The observed intensi-
ties are the peak intensity minus the background
obtained from scans through the disk along the
appropriate q„and the ellipses shown in the bot-
tom of Fig. 3 correspond to the full width at half
maximum at T =480 K. Only models in which
half of the Ag ions have a nearest-neighbor Ag
ion at the opposite corner of the square face of
the cubo-octahedron give even qualitative agree-
ment with the observed intensity, and the best
model includes displacements of these neighbors
along (100) directions such that their separation
increases by about 0.5 A. The classic caterpillar
mechanism implies the occurrence of a one-di-
mensional string of Ag ions in Ag, S. The present
model demonstrates that a local configuration
which maximizes the distance and the angle be-
tween Pairs of occupied next-nearest-neighbor
tetrahedral sites within a larger domain gives
reasonable agreement with the observed diffuse
scattering.

The diffusion coefficient in Ag, S has been ob-
tained both by tracer (D,) and conductivity (D,)
measurements, "and the resulting inverse Ha-
ven's ratio 1/Hz=D, /D, and the average correla-
tion length are plotted versus temperature at the
top of Fig. 2. If the charge transport in Ag, S is
via an interstitialcy mechanism, then the diffuse-
scattering results are related to the microscopic
diffusion process by the expression for the Ha-
ven's ratio':

1 D„ I' z ' 1
Hz Dq Fq yq f

where 1", and z, are tracer jump frequency and

jump distance, f, is the tracer diffusion correla-
tion factor, and I', and z, are the jump frequency
and transport distance of the interstitialcy. f,
will be between the value for interstitialcy (f, = 1)

and vacancy (f, =0.5) mechanisms for diffusion on
this sublattice, as —,'of the Ag sites are vacant.
In Ag, S there are infinite strings of connected
square faces of cubo-octahedra along each cubic
axis, and the caterpillar mechanism assumes a
correlated jurnp along these strings leading to a
large value of r, along [100]. The diffuse scatter-
ing suggests that the transport distance, in a do-
main model, is 4a„which is eight connected
squares long, and that the correlated motion is
not confined to a string but includes a cylinder
of Ag ions as depicted in Fig. 3. Thus the corre
lated ion motions are more complex than a sim-
ple collinear chain. With increasing temperature
H~ ' decreases, and the measured correlation
length decreases, indicating a decrease in r, . In
small measuring fields there are equal numbers
of microdomains pointing along each of the cubic
directions, andH~ ' is an average along and
across the microdomains. Therefore H„' is
compared with the average correlation length in
Fig. 2. A crude estimate of the ratio of the jump
frequencies, I',/I"„can be made from H~ ' and

Assuming that x, is between about aJ3 and

a,/2 (there are likely to be near-neighbor, sec-
ond-near-neighbor, and perhaps longer jumps)
leads to I' /I', between 0.1 and 0.2 near the tran-
sition. For an interstitialcy process involving n
atoms, the ratio should be in the range between
1 and 1/n, depending on whether the motion of all
but the first atom is essentially instantaneous or
all jumps take equal time. As there are approx-
imately 25 silver ions taking part in the intersti-
tialcy process near the transition, the crude es-
tirnate falls between these two limits.

The diffusion, transport, and x-ray measure-
ments provide clear evidence for strongly corre-
lated ionic charge transport in Ag, S. It has been
tacitly assumed that the diffuse scattering is stat-
ic in origin. X-ray scattering integrates over all
energy transfers and cannot distinguish between
static and dynamic effects. Inelastic-neutron-
scattering experiments are planned to study the
diffusion process directly.
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ing, E. I. Blount, F. Reidinger, S. M. Shapiro,
and B. J. Wuensch for helpful discussions, and
A. L. Stevens for technical assistance.

Fast Ion Transport in Solids, edited by P. 7aphista,
J. N. Mundy, and G. K. Shenoy (North-Holland, New

cwork, 1979).

2049



VOLUME 45, NUMBER 25 PHYSICAL REVIEW LETTERS 22 DECEMBER 1980

I. Yokota, J. Phys. Soc. Jpn. 21, 420 (1966).
3H. Okazaki, J. Phys. Soc. Jpn. 23, 355 (1967).
I. Bartkowicz and S. Mrowec, Phys. Status Solidi (b)

49, 101 (1972).
'8, . Sadanaga and S. Sueno, Mineral. J. 5, 124 (1967).
R. J. Cava, F. Reidinger, and B. J. YVuensch, J.

Solid State Chem. 31, 69 (1980).
T. Ohachi and B. R. Pamplin, J. Cryst. Growth 42,

592 (1977).
A. D. Leclaire, in Fast Ion Txanspo& in Solids,

edited by W. Van Gool (American Elsevier, New York,
1973), p. 51.

Undamped Second-Sound Waves in a 'He-4He Mixture Heated from Below

V. Steinberg(')
DePaxtment of E%ysics and Astronomy, Tel Aviv University, Ramat Aviv, Israel

(Received 25 June 1980)

By using a thermodynamic analysis, it is shown that a horizontal layer of the He- He
superfluid mixture heated from below is unstable with respect to oscillatory convection.
The neutral oscillations of this overstability are undamped standing second-sound waves.
Estimates show the possibility to observe the predicted effect experimentally in the
vicinity of the tricritical point of the He- He mixture.

PACS numbers: 67.60.-g, 67.40.Pm

Perturbations of a noncompressible superfluid
'He-'He mixture lead to the appearance of second-
sound waves which decay rapidly. The situation,
however, changes if the system is heated from
below. As shown in this note, the second-sound
wave becomes an undamped standing wave. This
wave is a neutral oscillation of the convective
over stability.

A 'He-'He superfluid mixture is an interesting
object for the study of the convective instability
because of the high attainable temperature reso-
lution and the low heat transport. ' Moreover,
the thermodynamic and kinetic properties of this
mixture vary by several orders of magnitude with-
in the 'He-'He phase diagram between the A. line
and the coexistence curve.

An analysis of stationary and oscillatory insta-
bilities in the 'He-'He superfluid mixture by the
standard methods will be published elsewhere. "
Here, we discuss only one branch of the convec-
tive instability in this system which is, in fact,
the undamped second-sound wave. It is well known
that in the 'He-'He superfluid mixture in contrast
to pure He II a temperature gradient can exist in
equilibrium. This temperature gradient leads to
a corresponding concentration gradient, so that
the superfluid 4He component moves to the warm
boundary and, therefore, the light 'He atoms are
concentrated near the cold boundary. This un-
usual distribution of concentration with height is
a result of the superfluidity. A similar concen-
tration distribution occurs in binary mixtures

with a, large abnormal thermodiffusional (Soret)
effect, k~) 0.' Such systems are unstable with
respect to stationary convection when they are
heated from above and with respect to oscillatory
convection when heated from below. " The oscil««

latory instability, in this case, appears as a re-
sult of an interaction between the diffusion and
thermal modes. The physical nature of the oscil-
latory instability in the 'He-'He superfluid mix-
ture is absolutely different. Here the oscillatory
instability manifests itself as a second-sound
wave mode. For this mode to be undamped, the
rate of supply of energy by the buoyancy force has
to balance the rate of wave dissipation. This
qualitative statement can be formulated in a quan-
titative form by using Chandrasekhar's thermo-
dynamic principle. '

For the sake of simplicity, we consider a hori-
zontal layer with free boundaries a distance l
apart. Following the usual linear stability analy««

sis, we linearize the two-fluid hydrodynamic
equations for the superfluid mixture. ' We ex-
press the small perturbations of the vertical com-
ponent of the normal velocity, V„,', the entropy
per one gram of 'He, 0', and the chemical poten-
tial of the 'He atoms, p4', in the form

«+

[V„,';v'; p, ' ] = (V, v, $)e'"' ' cos(wz). (1)

The dependence on coordinates in Etl. (1) is cho-
sen in accordance with accepted free boundary
conditions.

The linearized convection equations can be
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