
VGLUME 48, +UMBER 11 PHYSICAL REVIEW LETTERS 15 MARcH 1982

the clusters grow and the system will be sepa-
rated into two phases ultimately. However, we
do not know the precise nature of the transition.
It might be of first order. That is, the average
concentration might jump discontinuously just
below the transition. If this is true, the values
of o at which lim, , lim, „S(q, T) diverges should
correspond to the limit of metastability, although
these values have been regarded as the critical .

values in this Letter.
Finally it should be remarked that the results

of this Letter are based on the LBM approxima-
tion and cannot be conclusive. Their verification
(or modification) should be made in future theo-
ries or experiments.
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High-resolution incoherent neutron spectroscopy has, for the first time, been applied
to aqueous solutions and has demonstrated unambiguously the existence of a second zone
of weakly interacting water molecules around two divalent cations ¹i~+and Mg2+.

PACS numbers: 61.25.-f

In an important paper published some 20 years
ago, Frank and %en' postulated that around ions
in aqueous solutions two well-defined zones of
water may exist. The first zone, the so-called
primary hydration shell, is now established be-
yond any doubt. "The dynamical behavior of
weakly interacting water mol ecules like those in
the second zone, however, is not amenable to
conventional spectroscopic investigations. ' To
use incoherent quasielastic neutron spectroscopy,
for example, two stringent criteria must be met.
First, k [(momentum transfer)/h) values must
be such that

Dk' 78&&1,

where D is the translational diffusion coefficient
and Te is the correlation time for rotational mo-

tion of the hydrated ion; for ve-10 "sec, and
D-10 ' m' sec ', k«1A '. Secondly, the re-
quired observation time of the experiment ~

(10 ' sec) implies an instrumental energy reso-
lution of 1 p, eV. Under these conditions the ob-
served self-scattering law S(k, ~) will be Lorentz-
ian in character and will, for ionic solutions in
light water, be dominated by the hydrogen term,
S„(k,m) given by

S„'(k,u ) = (1/~)Dk'/[(J)k')'+(u'],

if on the time scale of the experiment there is
just one population of water molecules (the so-
called "fast-exchange" limit). The backscatter-
ing technique as exemplified by the instrument
IN10 now available at the Institut Laue Langevin,
Grenoble, allows data to be collected under the
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right experimental conditions. ' The incident
wavelength was 6.2'7 A and the corrections due to
multiple scattering need considerable care. How-
ever, the sample thickness was -2 mm or less
so that a Monte Carlo method could be used to
make the appropriate correction. Several tests
were carried out to check that the method was
sufficiently accurate for the present purposes,
the most stringent of which was a detailed in-
vestigation of a 5m solution of LiC1 [Fig. 1(a)].
This is a complex liquid but is characterized by
a proton population which is in the fast-exchange
limit. We therefore expect that (i) S„(k,ur) at

each value of k will be a si~le Lorentzian,
(ii) the half-width of Lorentzians should be strict-
ly proportional to k', and (iii) the value of the
mean diffusion coefficient D predicted by these
data should agree exactly with that derived from
NMR spin-echo techniques. This is because both
sets of data refer to the fast-exchange limit. In-
spection of Figs. 1(a) and l(b) shows that (i) and
(ii) are indeed satisfied. The slope of half-width
versus k' yields a value for D of (1.30+ 0.05)
x 10 ' m' sec ' which agrees, within experimen-
tal error, with the spin-echo value of (1.23+ 0.05)
x 10 'm' sec '.

Consider now the situation in which i types of
water molecule can be distinguished on the time
scale of the experiment. For this case, S„(k,&o)

can be written as

S,'(k, a ) =P (c,l~) D, k'/[(D, k')'+~'],

where D, and c, are the diffusion coefficients and
the atomic fraction, respectively, of the ith type.
Specifically, for two types of water,

1 c,D,k' c2D,k'
(D, k')'+ cu' (D,k')'+ cd' (3)
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FIG. l. (a) The neutron spectra for a 5m solution of
LiC1 in 820 fitted by a single Lorentzian, with k values
shown in brackets (in inverse angstroms). (b) The half-
width of the Lorentzians in (a) as a function of k2. The
slope corresponds to an effective diffusion coefficient
of (1.30+0.0Q) x lo m sec . (c) An Bttempt to fit
the neutron spectra for a 3m solution of NiCI~ in H&O

by a single 1arentzian. The data were treated in ex-
actly the same way as those shown in (a).

We focus attention on Fig. 1(c), which shows
S„(k,+) at various k values for 3m solution of
NiC1, . These data were corrected for multiple
scattering in the same zvay as those for the LiCl
solutions referred to above. However, in this
case a single Lorentzian [Fig. 1(c)] does not re-
produce the experimental data (note especially
the deviation for k =0.31 A ') and this result
shows that there are at least two relevant diffu-
sion coefficients (D, and D,). For the first shell
of Ni" we know, from a variety of studies, that
the IN10 experiment refers to the "slow-exchange"
limit, i.e., the time scale of the measurement
(-10 ' sec) is much shorter than the binding time
of water molecules v, (-10 ' sec). Moreover,
since for binding times greater than 10 "sec
the diffusion coefficients of the ion and the at-
tached water molecules are essentially equal,
we can set D, =D, , a quantity accessible inde-
pendently through tracer measurements. Reli-
able values of D, as a function of concentration
are available for both Ni" and Mg" in chloride
solution and are shown in Fig. 2. The first-or-
der difference method' has shown that for Ni'+
there are six water molecules in the first hydra-
tion shell. ' We can therefore calculate, without
adjustable Parameters, the first term in Eq. (3).

Water molecules in the second zone are in the
"fast-exchange" limit with bulk water so that the
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D; is allowed to change by + 10%%u&, two Lorentz-
ians with one of them having D, =D, cannot fit the
experimental data. Another test of the data can
be made by considering Mg'+. A mean proton dif-
fusion coefficient (0 =c,D, +c«,D«, +coD,) is
available from NMR measurements' which were
made in the fast-exchange limit. We have de-
rived the individual D's in our analysis and know-
ing c„c„„andc, from the structural work we
are able to predict the NMR value for D. The
agreement is, within error, exact. For exam-
ple, at 8rpt, our predicted value is (0.76+ 0.05)
x 10 ' m' sec ' and the measured value is (0.81
+ 0.05)x 10 ' m' sec '. At 2m the values are
(1.10+0.05)x 10 ' m' sec ' and (1.17+0.05) x 10 '
m' sec ', respectively.

We believe this work to be the first unambigu-
ous structural and dynamical evidence for the
Frank-Wen model of solutions and it opens up the
possibility of a microscopic interpretation of so-
lution properties; it is particularly significant to
note that D„,-D,- as we approach infinite dilu-
tion. Up to the present, the evidence for the orig-
inal model was based almost entirely on macro-
scopic measurements like viscosity, thermal dif-

fusivity, and partial molar volumes.
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Thermalization of a Phonon Spectrum Observed by Frequency Crossing
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Measurements of the size of holes burned in the frequency spectrum of a heat current
in A1203 by resonant phonon scattering show that the holes decay when they leave the
region containing the scattering centers in distances which indicate that the crystal
surface scattering is largely inelastic at 200 GHz and 2 K. The hole is monitored by
observation of the scattering produced by a second ionic species tuned to the same fre-
quency.

PACS numbers: 66.70.+f, 68.25.+j

When a heat current passes through an insu-
lating solid doped with scattering centers, the
centers burn holes in the frequency spectrum of
the phonon current at their resonant scattering
frequencies. If now the current enters an undoped
region these holes should start to decay and the
spectrum should approach the equilibrium spec-
trum for the pure crystal. A hole at frequency
v; should decay in a distance -lt (v, ), the inelast-
ic scattering length, to its remanent value deter-
mined by the trace impurity concentration in the

undoped region.
Experiments to examine this have been made

using an Al,O, bicrystal: R crystal doped with V
in one half and Fe in the other. A heat current
passing from the V half, say, to the Fe half has
holes burned in its spectrum at three frequencies
which can be varied with a magnetic field. The
holes are due to transitions within the split 'A.,
ground state of V". The size of the holes at
points in the Fe-doped end can be determined
from the size of the minima in the temperature

1982 The American Physical Society 759


