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Unlike solids and gases, liquids do not allow a general calculation of their
thermodynamic quantities or even their temperature dependence. The
reason for this is the presence of strong interactions between the
molecules of the liquid without having at the same time the smallness of
the vibrations which makes the thermal motion of solids so simple. The
intensity of the molecular interaction makes it impossible to know when
calculating thermodynamic quantities, the actual law of interaction, which
varies for different liquids. The only thing which can be done in general
form is the study of the properties of liquids near absolute zero.

– L. D. Landau and E. M. Lifshitz, 
Course of  Theoretical Physics 5: Statistical Physics 

translated by E. Peierls and R. F. Peierls (Pergamon Press, 1958) 
Chapter VI, 66, pp. 198-199. 



• Rubidium:

thermal fluctuations

• Water: 

thermal + phase fluctuations

• Glass-Forming Metallic Liquids: 

thermal + phase + concentration fluctuations
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The short-wavelength collective excitations in liquid rubidium at 320 K have been stud-
0ied by coherent neutron scattering. For values of & = 2&/A, up to 1.0 A ', clear evidence

of propagating modes was found from the shape of the scattering function S(K, ~) at con-
stant values of &. This result shows that the existence of such modes does not depend
upon either quantum effects or low thermal population of the modes.

The existence of propagating collective modes
of finite wavelengths in simple liquids is a sub-
ject of intense, continuing interest. Recent neu-
tron-scattering studies' of liquid parahydrogen
near its freezing point established the existence
of such modes for values of R =2~/A. as large as
3.1 A ', and suggested the existence of trans-
verse excitations. Since the first peak in the
structure factor S(1~) occurs at K = 2.0 A ', this
implies that the wavelengths of these modes are
smaller than typical interatomic spacings. Earli-
er measurements' on liquid lead near the freez-
ing point were interpreted as evidence for the ex-
istence of both longitudinal and transverse modes
with wavelengths comparable to two interatomic
spacings. Recent molecular-dynamics studies'
of a Lennard-Jones fluid with parameters chosen
to simulate liquid argon show evidence of such
excitations, but only for ~'s smaller than 0.3 A ',
implying wavelengths greater than 5-7 interatom-
ic spacings. Neutron-scattering studies' on liq-
uid argon at 85.2 K show no evidence of peaks
for values of ~ ~1.0 A '. In this Letter we pre-
sent neutron-scattering results for liquid Rb at
320 K which show evidence of "longitudinal"
modes for K ~ 1.0 A ', but no evidence of "trans-
verse" modes.
The lattice dynamics of Rb have been extensive-

ly studied, ' and the results have been used to de-
rive a volume-dependent effective two-body po-

tential. ' Molecular-dynamics calculations' with
this potential have been compared in detail to
neutron-scattering results' in the range 1.25& z
& 5.50 A ' and good agreement found. Further
computations' at wave vectors g & 1.0 A ' predict-
ed the existence of well-defined propagating
modes in the spectrum of density fluctuations.
Since the ratio of coherent~0 to incoheren
tron-scattering cross sections is high (o„„/;„
~ 1800), liquid rubidium is an excellent choice
for experimental study.
The experiments were performed at the ther-

mal-neutron time- of- flight spectrometer" at the
Argonne National Laboratory CP-5 reactor. The
incident energy was 33.0 meV, with an overall en-
ergy resolution of approximately 1.0 meV (full
width at half-maximum). As has been discussed
in Ref. 2, large incident energies are required in
order to make measurements at small momentum
transfers over a useful range of energy transfers.
Using the computer code MSCAT, "the sample
container was designed to maximize the ratio of
first scattering to multiple scattering, while
maintaining a, large first-scattering probability.
The final sample container consisted of 32 slabs
of liquid, each 2.54 cm wide by 0.22 cm high by
10.16 cm long, separated from each other by
horizontal boron-nitride spacers 0.10 cm thick.
Even with this large a sample (182 cm' of Rb) 32
days of running time were required. The alumi-

VOLUME 32, NUMBER 2 PHYSICAL REVIEW LETTERS 14 JANUARY 1974

him the technique for making oriented gallium crystals
in a mold.
~A. Tyler, J. Phys. C: Proc. Phys. Soc„London 4,

j479 (]971}

D. F. Brewer et al. , in Monolayer and Submonolayew
Helium films, edited by J. G. Daunt and E. Lerner
(Plenum, New York, 197'8); H. J. Hollefson, ibid. ;
D. L. Husa et al. , ibid,

Short-Wavelength Collective Excitations in Liquid Rubidium Observed
by Coherent Neutron Scattering*

J. R. D. Copleyt
Solid State Science Division, Argonne ¹tional Laboratory, Argonne, 1/linois 60439

J. M. Rowe
Solid State Science Division, Argonne National Laboratory, Argonne, Illinois 60439,

and Institute for Matertats Research, National Bureau of Standards, Washington, D.C. 20234
(Received 12 November 1973)

The short-wavelength collective excitations in liquid rubidium at 320 K have been stud-
0ied by coherent neutron scattering. For values of & = 2&/A, up to 1.0 A ', clear evidence

of propagating modes was found from the shape of the scattering function S(K, ~) at con-
stant values of &. This result shows that the existence of such modes does not depend
upon either quantum effects or low thermal population of the modes.

The existence of propagating collective modes
of finite wavelengths in simple liquids is a sub-
ject of intense, continuing interest. Recent neu-
tron-scattering studies' of liquid parahydrogen
near its freezing point established the existence
of such modes for values of R =2~/A. as large as
3.1 A ', and suggested the existence of trans-
verse excitations. Since the first peak in the
structure factor S(1~) occurs at K = 2.0 A ', this
implies that the wavelengths of these modes are
smaller than typical interatomic spacings. Earli-
er measurements' on liquid lead near the freez-
ing point were interpreted as evidence for the ex-
istence of both longitudinal and transverse modes
with wavelengths comparable to two interatomic
spacings. Recent molecular-dynamics studies'
of a Lennard-Jones fluid with parameters chosen
to simulate liquid argon show evidence of such
excitations, but only for ~'s smaller than 0.3 A ',
implying wavelengths greater than 5-7 interatom-
ic spacings. Neutron-scattering studies' on liq-
uid argon at 85.2 K show no evidence of peaks
for values of ~ ~1.0 A '. In this Letter we pre-
sent neutron-scattering results for liquid Rb at
320 K which show evidence of "longitudinal"
modes for K ~ 1.0 A ', but no evidence of "trans-
verse" modes.
The lattice dynamics of Rb have been extensive-

ly studied, ' and the results have been used to de-
rive a volume-dependent effective two-body po-

tential. ' Molecular-dynamics calculations' with
this potential have been compared in detail to
neutron-scattering results' in the range 1.25& z
& 5.50 A ' and good agreement found. Further
computations' at wave vectors g & 1.0 A ' predict-
ed the existence of well-defined propagating
modes in the spectrum of density fluctuations.
Since the ratio of coherent~0 to incoheren
tron-scattering cross sections is high (o„„/;„
~ 1800), liquid rubidium is an excellent choice
for experimental study.
The experiments were performed at the ther-

mal-neutron time- of- flight spectrometer" at the
Argonne National Laboratory CP-5 reactor. The
incident energy was 33.0 meV, with an overall en-
ergy resolution of approximately 1.0 meV (full
width at half-maximum). As has been discussed
in Ref. 2, large incident energies are required in
order to make measurements at small momentum
transfers over a useful range of energy transfers.
Using the computer code MSCAT, "the sample
container was designed to maximize the ratio of
first scattering to multiple scattering, while
maintaining a, large first-scattering probability.
The final sample container consisted of 32 slabs
of liquid, each 2.54 cm wide by 0.22 cm high by
10.16 cm long, separated from each other by
horizontal boron-nitride spacers 0.10 cm thick.
Even with this large a sample (182 cm' of Rb) 32
days of running time were required. The alumi-

PHYSICAL REVIEW A VOLUME 9, NUMBER 4 APRIL 1974

Density fluctuations in liquid rubidium. I. Neutron-scattering measurements*

J. R. D. Copleyf
Solid State Science Division, Argonne National Laborator~, Argonne, Illinois 60439

J. M. Rowe
Solid State Science Division, A@gonne National Laboratory, Argonne, Illinois 60439

and Institute for Materials Research, National Bureau of Standards, 8'ashington, D. C. 20234
{Received 15 November 1973)

We report neutron-scattering measurements of the coherent scattering function S{Q,~) of
liquid rubidium at 315 K, in the range of wave vectors 1.25 «Q «5.5 A . In this range there
is no evidence of peaks at finite ~ in S{Q,~) plotted at constant Q. On the other hand the
Fourier transform I" {Q,t) exhibits structure, notably for Q =2.0 A ', which indicates at least
two characteristic {wavelength-dependent) relaxation times in the liquid. For wave vectors
&3.0 A ~, E{@,t) may be characterized by a single relaxation time. These results, in con-
junction with our results for Q &1.0 A. , offer the possibility of detailed comparisons with
models of the liquid state and with molecular-dynamics calculations.

I. WTRODUCmOX

In this paper we report comprehensive measure-
ments of the coherent scattering function of liquid
rubidium at 315 K, using the inelastic neutron-
scattering technique. The results have been cor-
rected for all known experimental factors, using
data-analysis' and multiple-scattering2 programs
which were developed at this laboratory. In a re-
cent paper' the coherent and incoherent scatter-
ing functions of liquid argon were presented, and
in a forthcoming paper' we shall describe neutron
scattering measurements on molten rubidium bro-
mide. It is our intent to make systematic mea-
surements on a series of typical simple liquids,
in an attempt to clarify the physics underlying the
dynamics of these systems.
Rubidium was chosen for this study for two rea-

sons. First, the dispersion relations for solid Rb
have been measured in some detail, ' and used to
derive a volume-dependent "effective two-body po-
tential, "' which gives good agreement with the
equilibrium properties of liquid Rb. Second, the
neutron scattering cross section" is almost total-
ly coherent, so that the coherent-scattering func-
tion can be measured separately (in contrast with
other alkali metals, ' where the incoherent cross
section is of the same order of magnitude as the
coherent cross section). In this regard it should
be noted that by using different isotopic mixtures
of 'Li and 'Li, both the coherent and incoherent
scattering functions might be obtained, as was
done for argon. However, the large absorption
cross section of 6Li (945 b) makes this experiment
very difficult, and the fact that 'Li and 'Li both
have large incoherent cross sections would pre-

elude extending the measurements of the coherent
scattering function to small momentum transfers.
In many theoretical models' "of the liquid state,

the scattering function is expressed in terms of its
low-order energy moments, sometimes including
an adjustable parameter. The usefulness of neu-
tron scattering experiments on liquids has been
questioned" on the basis of the qualitative agree-
ment with the results obtained from these models,
implying that the low order moments characterize
the function. However, experiments have shown
that the fourth energy moment is required to ob-
tain agreement, and this moment depends explicit-
ly on the interatomic potential. After all, the
fourth energy moment of the scattering function
comPletely characterizes a purely harmonic solid,
the normalized fourth moment being nothing more
than the "dynamical matrix. *' Thus the systematic
testing of theories of liquids which correctly in-
corporate moments up to the fourth or higher,
serves both to probe the interatomic potential
(predominantly at short distances which are not
sampled by atoms in solids}, and to test the ap-
proximations inherent in the theories. Further-
more, detailed comparisons between experimen-
tal results and the results of "molecular-dynam-
ics" calculations can test both the validity of the
molecular-dynamics approach to particular sys-
tems and the assumed potential. In the following
paper" such a comparison is carried out for the
case of liquid rubidium. Good agreement with the
present results is obtained, using the effective
two-body potential of Ref. 6.
The present measurements cover the range of

wave vectors Q from j..25 to 5.5 A '. In Sec. II
we describe the experimental measurements and
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• vs. Solid rubidium
• Multiple-scattering correction
• Small Q, Kinetic Constraint
• Rahman & Price
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num walls of the sample container were 0.012
cm thick. The sample was heated to 320 K in the
evacuated flight path. The temperature was
maintained to within + 1 K over the sample as
measured by two iron-Constantan thermocouples.
Measurements were made at 14 scattering angles
between 2.4' and 14.4'.
Separate runs were made with the empty sam-

ple container and with a V slab (for absolute nor-
malization of each detector). Corrections were
made to the data for empty-container scattering,
for sample self-shielding, and for the effective
volume of sample seen by the detectors. The da-
ta were reduced to the symmetrized scattering
function S(z, &u) of van Hove" using the programs
detailed by Copley, Price, and Rowe. " No cor-
rection was made for energy resolution. At this
stage, the data were normalized absolutely ex-
cept for one factor which could not be computed
reliably .he vertical collimation of the incident
beam introduced by the shape of the sample con-
tainer. Estimates of this effect suggested that it
should reduce the intensity by a factor of the or-
der of 2. Since a reliable multiple-scattering
correction can only be made to properly normal-
ized data, the following procedure was adopted:
First, the multiple scattering was calculated by
MSCAT, using the results of Rahman" as an in-
put kernel. Then, the data were multiplied by a
constant n and the multiple scattering was sub-
tracted. The results were interpolated to 15 val-
ues of ~ between 0.3 and 1.0 A ', so that the sec-
ond moment (&u') = f&u'S(R, &u) d~ could be calculat-
ed. The exact classical value for this moment is
(w')R=g'kT/M, and the constant n was chosen
(by trial and error) so that the average of the ra-
tio (~')j(~')R for all 15 values of K was equal to
unity. The final value of n found from this pro-
cedure was 2.0.
Using this normalization, the structure factor

S(K), which is the zeroth moment of S(R, &u), was
computed for each v value and the extrapolation
of this result to z =0 was compared to the known
compressibility limit S(R - 0) =0.021. This com-
parison showed that the experimental values were
too high as ~-0. Comparison of the present re-
sult at z =1.0 A ' to measurements' taken with a
different configuration showed clearly that the
extra intensity seen in the present result was due
to excess scattering at zero energy transfer (Iiu&

=0). This observation was consistent with the
fact that the width of the central peak was almost
completely independent of ~ and was equal to the
resolution width of the spectrometer. In an at-
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FIG. 1. Representative results for the symmetrized
scattering S(&,) of liquid rubidium at constant values
of w. Open (closed) circles represent neutron energy
loss (gain). The statistical errors are smaller than the
points; estimates of systematic errors are given by the
scatter of the points. Note the large scatter near ~ =0
which arises from a correction described in the text.
Solid line for K =1.0 A ', results obtained from another
experiment (Ref. 8) . Also shown, the zeroth moment
S(K) and the ratio of the measured to the exact second
moment M2 for each &.

tempt to correct for this effect, we have sub-
tracted an elastic component having the shape of
the measured resolution function. '7he magni-
tude of this component was chosen (by trial and
error) to yield a result in reasonable agreement
with the earlier result at g =1.0 and with the g
=0 limit of S(R) at z =0.3. Complete agreement
could not be obtained without introducing clearly
unreasonable shapes of S(g, ~) near ~ =0 at small
values of ~. The final correction to S(z) ranged
linearly from —0.022 to —0.018 for z =0.3 and
1.0 A, respectively. The origin of this extra
scattering is not understood, and the final re-
sults obtained for S(R, ~) near ~ =0 must be con-
sidered suspect. However, this procedure did
not affect the scattering at larger -values of +,
and we believe that the results obtained for S(~,
&u) for cu&1.5 psec ' are reliable.
These results are shown for selected values of

~ in Fig. 1. The large scatter in the points near
(d =0 for several of the plots reflects both the in-
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adequacy of the corrections described above and
systematic errors in the interpolation procedure.
For K =1.0 A ', the solid line represents the
smoothed result obtained from the earlier experi-
ment using a different sample container. It is
clear from this figure that the scattering function
S(R, ~) consists of a three-peak structure remini-
scent of the known behavior in the hydrodynamic
regime. (Note that energy loss and energy gain
are both plotted on the positive-~ side of the
graph. ) This shape of S(A", v) implies the exis-
tence of propagating collective modes in liquid
Rb for values of R up to 1.0 A ' (the first peak in
the structure factor occurs at v =1.53 A '). The
position of the peak in S(A, &u) for finite v has
been extracted as a function of K, with the result
shown in Fig. 2. Other experimental data' show
that no such excitations exist in the liquid for K

&1.25 A ', although as discussed in Ref. 8, there
is evidence for the existence of two characteris-
tic relaxation times in the density fluctuation
spectrum near K =2.0 A '. The present results
are in good agreement with molecular-dynamics
calculations discussed in Ref. 7.
We stress that the "dispersion curve" present-

ed in Fig. 2 is derived from data at constant K

and is not to be confused with "dispersion curves"
derived from time-of-flight spectra or from con-
stant-energy plots. This point is discussed in
detail in Refs. 4 and 8. The small-K dispersion
relation implied by the measured velocity-of-
sound techniques" (1.31xl0' cm sec ') is shown
in Fig. 2 as a solid line. The apparent systemat-
ic discrepancy between the neutron and ultra-
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FIG. 2. "Dispersion curve" for liquid rubidium de-
rived from the measured h(K, ). Error estimates re-
flect the width of the observed peaks and the resolution
in &. Solid line, derived from the measured sound
velocity (Ref. 16) .

sonic results may be related to the distinction
between first sound and zero sound as discussed
by Egelstaff. " However, the large errors in the
neutron results which are directly related to the
width of the observed peaks preclude definitive
statements in this regard.
The earlier results on liquid' H, and liquid' Pb

contained more than one peak in S(v, w) at finite
The high-frequency peak was interpreted as

a longitudinal mode, while the low-frequency
peak was interpreted as a transverse mode by
analogy with the known solid dispersion relations,
In the case of H„ these low-frequency peaks
were seen only for v & v, /2, in accord with poly-
crystalline results where transverse modes are
observed only for K larger than the boundaries
of the first Brillouin zone. However, in Pb the
low-energy peak was seen for values of A & v,/2.
In the present study, and in the molecular-dy-
namics results presented in the Letter following
this one, ' no evidence was found for two peaks at
finite frequency for any K. In fact, even the sin-
gle longitudinal peak was observable only for K

&0.7KO so that direct comparison with the ob-
servations for H, is impossible.
Carneiro, Nielson, and McTague' suggested

that their observation of propagating modes in
H, might be explained either by the quantum na-
ture of the liquid or by the fact that the modes
in hydrogen were not thermally populated at the
temperature of measurement. The present re-
sults, and the earlier results for Pb, ' show that
neither of these effects is necessary for the ex-
istence of short-wavelength propagating collec-
tive modes. It is clear that further work will be
required to establish those factors that deter-
mine the existence of such modes in simple liq-
uids. Since both neutron-scattering and molecu-
lar-dynamics studies of these excitations are ex-
pensive and time consuming, we feel that con-
tinued close interaction between the two tech-
niques is essential to progress in this area.
We thank R. Kleb, R. Stefiuk, and G. Ostrow-

ski for valuable technical assistance. Stimulat-
ing discussions with A. Rahman, D. L. Price,
and J. P. McTague are gratefully acknowledged.
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FIG. 5. Scattering function S(Q,~) for six values of Q between 1.25 and 2.5 A . These results were obtained from
experiment 1.

tions in (Id) are probably related to the relatively
large statistical errors in the large-energy-trans-
fer regions of S(Q, &d).
The agreement between the results obtained from

this experiment and the independent values of S(Q)
and (oI) is a good indication of the over-all reliabil-
ity of the data presented here. %e would reern-
phasize the absolute necessity for such compari-
sons in assessing the reliability of experimental
data, on S(Q, Id}. As the data presented here were
absolutely normalized with no adjustable parame-
ters, reasonable agreement for the zeroth and
first energy moments is a necessary but not suffi-
cient test for the reliability of the data. It should
also be noted that, as discussed in Ref. 3, the
first moment is a very stringent test of the high-
energy-transfer region of S(Q, &u} where both the
statistical errors and the multiple-scattering cor-
rections are largest.
In Figs. 9 and 10 me show plots of the interme-

diate-scattering function

F(Q, t)= S(Q, &d)e' 'dOI,

which was obtained from the S(Q, &d) plots shown in
Figs. 5 and 6. Since the final S(Q, Id) is written as
a sum of Gaussians, the Fourier transforms are
easily obtained. " The plots of F(Q, t) for Q~2.5
A ', are of particular interest. Except at Q= 1.5
and 1.75 A ', there is clear evidence of structure
which indicates at least two characteristic relax-
ation times. This structure is also observed in
the molecular dynamics calculations. " An attempt
to fit E(Q, t} at Q= 2.0 A ' using a Gaussian mem-
ory function with a single relaxation time proved
unsuccessful. On the other hand, the same ap-
proach works mell over the entire region of mea-
sured momentum transfers in the ease of liquid
argon. " The F(Q, t) obtained from this experiment
is compared with molecular dynamics results in
the following paper. "
Dt Fig. 11 we show the full width at half-rnaxi-

mum height of S(Q, &0). Again we note the lack of

Adiabatic to isothermal crossover?
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The dynamic properties of monatomic liquids 

J R D COPLEY AND S W LOVESEY 
Institut Max von Laue-Paul Langevin, BP 156, Centre de Tri, 38042 Grenoble Cedex, France 

Abstract 
The computer simulation and inelastic neutron scattering studies of simple, mon- 

atomic liquids are reviewed, together with the theory appropriate for their interpre- 
tation. All three aspects of the dynamic properties of monatomic liquids began a new 
era of development around 1965, and the review is concerned chiefly with the experi- 
ments and theory reported in the intervening decade. 

Computer simulation (molecular dynamics) studies have featured strongly in the 
development of non-equilibrium statistical mechanics techniques for the calculation 
of correlation functions that enter the various measured susceptibilities. In fact 
molecular dynamics studies of systems interacting via continuous potentials have 
developed to the level of sophistication where they set a standard for neutron scatter- 
ing experiments. The neutron experiments are difficult to perform with high accuracy, 
yet they offer a unique means of investigating the dynamics of simple liquids in the 
domain of wavevectors and frequencies larger than about 0.05 A-1 and 5 x 1011 s-1 
respectively. The problems faced in analysing neutron data to the level required 
today are reviewed in detail, with particular attention to multiple scattering correc- 
tions. A review of neutron experiments on monatomic liquids shows that surprisingly 
few bear close scrutiny today. Theory has developed through the rigorous generaliza- 
tion of the Markovian theory of fluctuations set out by Landau and Lifshitz (1959). 
The development has taken the form of a generalized Langevin equation, proposed 
by Zwanzig (1961) and Mori (1965a), which provides a framework within which 
neutron and molecular dynamics data may be interpreted. The technique is reviewed, 
related to linear response theory, and used to summarize the recent theories. 

This review was completed in October 1974. 
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• Liquid Rubidium:

thermal fluctuations

• Water: 

thermal + phase fluctuations

• Glass-Forming Metallic Liquids: 

thermal + phase + concentration fluctuations



Fluctuations between Two Liquid Phases of Water

increasing slope more reminiscent of going through the
one-phase region in Fig. 4b at pressures lower than the critical.
Noting that the measured change becomes more accelerated at
low temperatures than in the TIP4P/2005 simulation, we expect
the LLCP of real water, if it exists, to be at much lower pressure
than in the simulation. From this we can conclude that a rough
estimate for the LLCP should lie somewhere between ambient
pressure and the TIP4P/2005 LLCP type of behaviour, maybe in
the range 500–1,500 bar. This would be within the range of
estimates based on measurements on emulsified water by
Mishima74 and decompression-induced melting of ice IV75

but new experiments are needed to determine whether an
LLCP really exists or whether it is only virtual. In the latter case it
would cause fluctuations as if there would be an LLCP but
with ice crystallization occurring too rapidly for criticality to fully
develop76.

Proposed unified picture
Here we want to use the latest developments to propose a simple
interpretation giving what we consider a more unified qualitative
picture in Fig. 5a of water incorporating a broad temperature
range and extending the discussion from the supercooled regime
also to ambient temperatures, as the anomalies persist up to
B320 K.

There could exist two separate liquid phases, HDL and LDL,
with a coexistence line in the P–T diagram deep in the
supercooled regime and at elevated pressure7,19. This LLT line
ends with decreasing pressure in an LLCP and its extension into
the one-phase region corresponds to the Widom line77. At the
Widom line the density fluctuations would reach a maximum
consistent with equal population of molecules in HDL and LDL62.
It is worth noting that HDL is on the ambient-temperature side of
the Widom line, whereas LDL is on the low-temperature side.
This explains why the high-density, H-bond-distorted species
dominate at ambient conditions. The origin of the anomalous
properties of water is the increase in structural fluctuations, as
water is cooled down and approaches the Widom line, leading to
fluctuations into tetrahedral patches growing in size as directional

H-bonding becomes relatively more dominant16,78. Figure 5b
schematically illustrates the temperature dependence of a
thermodynamic response function (kT or CP) at various
pressures relative to the Widom line. The response function
shows a maximum at the Widom line with the height and width
dependent on the distance to the critical point. The fluctuating
funnel-like anomalous region (Fig. 5a) around the Widom line
becomes wider the further away from the LLCP we are in
pressure. The closer we are, the narrower the region becomes;
however, in this region the anomalous behaviour becomes more
strongly enhanced, leading to steeper rise in the response
functions79.

We can relate to the fundamental discussion about a
heterogeneous contra homogeneous distribution of structures
(Box 1) by inspecting more closely the funnel-like anomalous
region beyond the critical point. Outside we have the macroscopic
phases of HDL and LDL, each a simple liquid that would
correspond to the homogeneous description with thermal
fluctuations and distortions around only one class of structural
motifs. Changes in temperature do not affect the populations
consistent with Fig. 4b, where at 2 kbar and above 260 K the
tetrahedral LDL fraction is low and near constant. Inside the
anomalous region we are in the region of heterogeneous
fluctuations; however, as we get further away from the LLCP
the size of the fluctuations becomes smaller. Eventually, we will
approach a limit where the sizes reach molecular dimensions as in
an ideal mixture with many intermediate structures resulting in
an almost flat line in the populations as in the top figure of Box 1.
This would correspond to an almost linear dependence in the
tetrahedral LDL population with temperature as in the 0 bar case
in Fig. 4a or further extrapolated to negative pressures. As MD
force-field simulations give an LLCP at higher pressures than
what is discussed here for real water, the resulting structures at
ambient pressure would be closer to the ideal mixture limit. We
should also note that this is a simplified picture and the boundary
at the funnel-like anomalous region is not sharp, and there will be
an extension of small contributions of LDL/HDL local structures
but with more of an ideal mixture-like dispersion into the simple
liquid regions. This is why tetrahedral structures are seen in the
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Figure 5 | Unified picture. (a) Schematic picture of a hypothetical phase diagram of liquid water showing the liquid–liquid coexistence line between LDL
and HDL in terms of simple liquid regions, the critical point (real or virtual), the Widom line in the one-phase region and fluctuations on different length
scales emanating from the critical point giving rise to local spatially separated regions in the anomalous region. The shaded lines indicate how far in
temperature the fluctuations extend at the various pressures defining the anomalous region. (b) Schematic diagram of the temperature dependence with
respect to the Widom line of a thermodynamic response function, such as the isothermal compressibility (kT) or heat capacity (CP), at various pressures
but below the pressure of a critical point. Entering into the anomalous region (shaded line in a) can be defined as the temperature when the absolute value
of the slope has increased beyond some pre-defined value indicated by arrows.
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Nanoscale Dynamics of Phase Flipping

(a) The 1 µs time series shows how frequently, at constant P = 215 MPa and T = 244 K,N = 343 ST2-water 
molecules switch from LDL-like to HDL-like states. (b) The histogram for the sampled density values, in 
arbitrary units, after discarding the first 100 ns of the 1 µs time series. For LDL-like states ρ ≈ (0.89 ± 0.01) 
g/cm3 and for HDL-like states ρ ≈ (1.02 ± 0.03) g/cm3corresponding to a difference of ≈ 13% in density. 
Dashed lines are Gaussian best fits of the histogram around the two maxima.

T. A. Kesselring, G. Franzese, S. V Buldyrev, H. J. Herrmann, H. E. Stanley, Sci. Rep. 2, 474 (2012).
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Evidence of  a 1st-order Liquid-Liquid Phase Transition
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Chosen as the cover figure of  a milestone book 
“Scattering Methods in Complex Fluids”, 
Cambridge University Press (2015)

MIT homepage, today’s spotlight, 
“Unraveling water’s secrets”, Aug. 1, 2011

“Density Hysteresis in Nanoconfined Water”, 2011 Accomplishments and Opportunities, 
NIST Center for Neutron Research (2011).
“Shedding light on water's mysterious behavior”, DOE Office of  Science headlines.
Cover of  the DOE Neutron Scattering Principal Investigators’ Meeting Report, 2012.
“Revealing water’s secrets”, MIT news, MIT NSE news, Phys.org , ORNL in the news, etc.
“MIT research supports controversial theory about water”, Newsroom America.
“MIT Scientists Tackle Water Controversy”, Crazy Engineers. 
“Explaining some of  water’s mysteries”, Softpedia.
“The Secrets of  Water”, Hydrophilia.
“Water’s secrets revealed”, R&D Magazine.
“More light on anomalous behavior of  water”, Chemical Industry Digest.



• Liquid Rubidium:

thermal fluctuations

• Water: 

thermal + phase fluctuations

• Glass-Forming Metallic Liquids: 

thermal + phase + concentration fluctuations



Melted Metallic Glass LM601 (CuZrNiAl)
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• Low Q challenging
• Viscoelasticity
• Entropy and Pressure fluctuations



Dispersion of Two Excitations

q High energy excitation follows 1/S(Q)
q Low energy excitation is fixed to a constant energy value derived from Room Temperature data
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• highly localized



Comparisons of  Coherent and Incoherent Scattering (Q = 0.53 Å-1)
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‘Universality’ of  Arrhenius Crossover in Metallic Liquids

• High temperature Arrhenius behavior of  11 metallic liquids (experiments) show 
consistent deviation at 2Tg

• Two different scaling:
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Parabolic Scaling below TA

• Scaling of low temperature data using a parabolic form reveals consistent TA
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Dynamical Clustering, Machine Learning Analysis

Phys. Rev. B 91, 134204 (2015)
Phys. Rev. B 92, 024202 (2015)

J. Phys. Chem. B, in press
MRS Advances, in press

2.0

1.5

1.0

〈 n
dc
〉

200016001200
T (K)

 Grp 1 (Slow)
 Grp 3
 Grp 5 (Fast)
 Mean ValueTo



Dynamical Clustering
0.2

0.1

 1000K
 1110K
 1210K
 1410K
 1610K
 1810K
 2000K

Cu

(d)
0.4

0.2

 1110K
 1310K
 1510K
 1870K
 2300K

Cu

(a)

0.2

0.1

χ 4
(t)

 1000K
 1110K
 1210K
 1410K
 1610K
 1810K
 2000K

Zr

(e)

0.2

0.1

0.0
0.01 0.1 1 10 100

t (ps)

 1000K
 1110K
 1210K
 1410K
 1610K
 1810K
 2000K

Al

(f)

0.4

0.2

α
2(

t)

 1110K
 1310K
 1510K
 1870K
 2300K

Zr

(b)

0.4

0.2

0.0
0.01 0.1 1 10

t (ps)

 1110K
 1310K
 1510K
 1870K
 2300K

Al

(c)

• Agrees with quantitative measures of 
dynamical heterogeneity

• Non-Gaussian parameter 

• Four-point correlation functions
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Uncorrelated reduced Activation Barrier
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• Reduced E∞ (scaled by kBTg) is same for molecular and metallic liquids irrespective of
fragility m, and glass transition temperature Tg.

• Strong liquids: E∞/kBTg ≈ m (15 – 30)
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Correlation of Fragility with Arrhenius Crossover
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• θA = TA/Tg vs m reveals 3 different regimes.

• Metallic liquids: TA ~ 2Tg above Tm, and have intermediate fragility (40 – 60)

• Molecular van der Waals liquids: TA ~1.4 Tg usually below Tm, high fragility (50 – 150).

• Network liquids: Strong behavior transpires into a wide range of TA usually above Tm.
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Correlation of Fragility with Arrhenius Crossover II

• Inverse correlation: θA = C/m + 1
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• Liquid Rubidium: (John Copley)

thermal fluctuations

• Water: (Bill Kamitakahara)
thermal + phase fluctuations

• Glass-Forming Metallic Liquids: 

thermal + phase + concentration fluctuations

Congratulations to John, Bill, and David
for their Outstanding Careers!
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