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DENSITY FLUCTUATIONS IN LIQUIDS

— from rubidium to water, and to complex metallic liquids
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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 between the
molecules of the liquid without having at the same time the 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. Peterls and R. F Peterls (Pergamon Press, 1958)
Chapter VI, 66, pp. 198-199.



e Rubidium:

thermal fluctuations
e Water:
thermal + phase fluctuations

* Glass-Forming Metallic Liquids:

thermal + phase + concentration fluctuations




Phonons in Liquids
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* 5. Solid rubidium

* Multiple-scattering correction
* Small Q, Kinetic Constraint
e Rahman & Price



Evidence of Long Wavelength Longitudinal Acoustic Mode
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No Long Wavelength Longitudinal Acoustic Mode
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FIG. 5. Scattering function $(Q,w) for six values of @ between 1.25 and 2.5 A™!. These results were obtained from
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No Long Wavelength Longitudinal Acoustic Mode
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The dynamic properties of monatomic liquids

J R D COPLEY anp S W LOVESEY
Institut Max von Laue~Paul Langevin, BP 156, Centre de T'ri, 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 5x 101151
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,

Rep. Prog. Phys. 1975 38 461-563
31

462 F R D Copley and S W Lovesey
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* Liquid Rubidium:
thermal fluctuations

e Water:

thermal + phase fluctuations

* Glass-Forming Metallic Liquids:

thermal + phase + concentration fluctuations




Fluctuations between Two Liquid Phases of Water
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Nanoscale Dynamics of Phase Flipping
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(a) The 1 us time series shows how frequently, at constant P =215 MPa and 7= 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 us time series. For LDL-like states p = (0.89 + 0.01)
g/cm’ and for HDL-like states p = (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. . Herrmann, H. E. Stanley, S¢. Rep. 2, 474 (2012).
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Evidence of a 1%-order Liquid-Liquid Phase Transition

1.5"1""1""1""1 L B L e L
0.18  (b) -

i : P (bar)1
: "!l-.‘g&).o-
0.15F A .
- v » _

0.12-—;;.- ,;\’

1.4}

0.06

: ] ! 1000
1.1E ] 0.03—&\?‘"#‘#"""'“\- |

3
p (g/cm’)
— —

) o
RRR
(@) (@)]

o o
Ap(g/cm3)
—
o
D
T T T T
K A
| ]
..:;1-
( g
N N
3 S
"o "5
1 1

1
P (bar)
L 1-
0.00—W_
0 | S N A
150 200 250 300 150 200 250 300
T (K) T (K)

Y. Zhang, A. Faraone, W. A. Kamitakahara, et al., PN.AS 108, 12206 (2011).



8006 11 MIT - Mas:

sachusetts Instit

€ 5> C ff O webmitedu %M G\
IIII-
II Massachusetts Institute of Technology | Monday, August 1, 2011

news

Disease-causing tangle
could spawn new materials

|T Teke alookbackatour odeys spotight
150 150 days of celebration, Unraveling water’s secrets
+150  which ended June 5 MIT researchers shed new light
oon water's unusual properties

about
visiting | maps | offices+services

Recognizing volces depends
on language ability

. s Solar power, without the
admissions A - R ;g downtime
undergrad | graduate | financial aid B A S ¥ Sun-free photovoltaics

education How the brain assigns
schools+courses | OpenCourseWare objects to categories

research research | campus | press
labs+centers | lincoln lab | libraries

events
community Timescales and Processes

students | faculty | staff | alumni In Cll:}ﬂ::ﬂ:z:ge.
fednesday
Iife@MIT (W y)
arts | athletics | video MIT150 exhibition
- a atthe MIT Museum

Initiatives Tour campus this summer
energy | cancer | diversity | global

Full events calendar
Impact

Industry | public service

ji.& g i

Jobs | facts | ser ntact | about the spotight
MIT | 77 Massach: nue | Cambridge, MA 02139-4307 |

Scattering

MIT homepage, today’s spotlight, M et h Od s
“Unraveling water’s secrets”, Aug; 1, 2011 in Com pl ex Fluids

“Density Hysteresis in Nanoconfined Water”, 2011 Accomplishments and Opport]
NIST Center for Neutron Research (2011).

“Shedding light on water's mysterions behavior”, DOE Offce of Science headlines.
Cover of the DOE Neutron Scattering Principal Investigators’ Meeting Report, 20
“Revealing waters secrets”, MIT news, MI'T NSE news, Phys.org, ORINL in_the 709280
“MIT research supports controversial theory about water”, Newsroom America.

“MIT Scientists Tackle Water Controversy”, Crazy Engineers.
“Explaining some of water’s mysteries”, Softpedia.

Sow-Hsin Chen
Piero Tartaglia

Chosen as the cover figure of a milestone book

“The Secrets of Water”, Hydrophilia. “Scattering Methods in Complex Fluids”,
“Water’s secrets revealed”, R&>D Magazine. Cambridge Unjversity Press (2015)

“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

to be published.



Dispersion of Two Excitations

O High energy excitation follows 1/S(Q)

O Low energy excitation is fixed to a constant energy value derived from Room Temperature data
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F(Q,1)

Comparisons of Coherent and Incoherent Scattering (Q = 0.53 AY)
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‘Universality’ of Arrhenius Crossoverin Metallic Liquids

* High temperature Arrhenius behavior of 11 metallic liquids (experiments) show
consistent deviation at 2T,

* Two ditferent scaling:
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Parabolic Scaling below T,

Scaling of low temperature data using a parabolic form reveals consistent T 4
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Dynamical Clustering, Machine Learning Analysis
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Dynamical Clustering

04 T '1'1'1"(')'k UL LR |
1310K (a)
— 1510K
— 1870K
. . . —— 2300K
Agrees with quantitative measures of 0ol ]
dynamical heterogeneity Cu A
1 0 ! I . I y . I
Non-Gaussian parameter () Cu |
W | |
Al
oy = SEi(t) — r0)
5([ri(t) —ri(0)]*)? '$ 05 .
3
Four-point correlation functions T, ]
%4 0.0—! L, |
Xa(t) = [(Q2(1) — (Qs(1))?] d2
TN 13K) )
N — 1510K
Qs() =3 w(ri(t) — r;(0)]) — 200K
i=1 0.2f |

0.2 I I I I
1000K (d)
1110K
1210K
—4A— 1410K
—— 1610K
0.1 | —4A— 1810K 3
' —A— 2000K
02t A
(b) Cu
0. B Zr

0.1

1110K
1210K
—=— 1410K
—=— 1610K
| —&— 1810K
—— 2000K

000K ()

100

10



® ® D LiquidLib by Zhang-Group X

«

C' f | zhang-group.github.io/LiquidLib/

LiquidLib

First time users please

register at:

@ Register

Registered users can
access LiquidLib with their

GitHub accounts:

3§ Download TAR

® View On GitHub
This project is

maintained by
Zhang-Group

Hosted on GitHub Pages using

the Dinky theme

LiguidiLio

LiquidLib is a post-processing tool for molecular dynamics simulations with the capabilities to
compute quantities useful in studying liquids and glasses. This package has built in support to analyze
LAMMPS, GROMACS, and VASP trajectory files. The new release (v0.2) can run on a single processor or

a shared memory module with OpenMP support.

Capabilities

LiquidLib has the capabilities to compute the following quantities:

« Pair Distribution Function

e Structure Factor

* Mean Squared Displacement

* Non-Gaussian Parameter

« Four-point Correlation Function

» Velocity Auto Correlation Function

« Self van Hove Correlation Function

« Coherent van Hove Correlation Function
« Self Intermediate Scattering Function

+ Coherent Intermediate Scattering Function




* Strong liquids: E/ 4T, = m (15 — 30)

Uncorrelated reduced Activation Barrier

Reduced Eq (scaled by £gT,) is same for molecular and metallic liquids irrespective of

fragility 7, and glass transition temperature T,.
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Correlation of Fragility with Arrhenius Crossover

0.4 =T,/ T,vs m reveals 3 different regimes.

Metallic liquids: T4 ~ 2T, above T,,, and have inter mediate fragility (40 — 60)
Molecular van der Waals liquids: T4 ~1.4 T, usually below T, high fragility (50 —150).

Network liquids: Strong behavior transpires into a wide range of T, usually above T,,.
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Correlation of Fragility with Arrhenius Crossover 11

Inverse correlation: 64 = C/m + 1
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for their Outstanding Careers!

* Liquid Rubidium: (John Copley)
thermal fluctuations

* Water: (Bill Kamitakahara)

thermal + phase fluctuations

* Glass-Forming Metallic Liquids:

thermal + phase + concentration fluctuations



Acknowledgement

Students Collaborators

Piero Baglioni, Emiliano Fratini (University of
Florence); Chung-Yuan Mou (National Tatwan

Ke Yang University); Jeffery S. Moore,
7 hikun Cai (UIUC); (UT & ORNL);

USTL); Madhusudan Tyagi, Antonio
Nathan P Walter o ) e

Faraone (NIST); Eugene Mamontov,

Sharjeel A Tahir
(ORNL);
(Liquidmetal Technologies)

I

¥ OAK LIQUIDMETAL

MWD -
“RIDGE TECHNOLOGIES




