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Abstract

Liquid Hg undergoes the metal-nonmetal (M-NM) transition when it is expanded from 13.6 g cm™ at
ambient conditions to 9 g cm™ at high temperature and high pressure. To investigate collective and single
particle motions in expanded fluid Hg, we have made inelastic x-ray scattering experiments and obtained the
dynamic structure factor, S(Q,®), of fluid Hg. We analyzed S(Q,®) within the framework of generalized
hydrodynamics and found that the excitation energies of collective modes disperse three times as fast as the
hydrodynamic sound velocity in the M-NM transition region at 9 gcm™. The results indicate the existence of
fast sound in expanded fluid Hg accompanying the metal-non-metal transition and strongly hint that
fluctuations intrinsic to the M-NM transition are induced on atomic length scale and sub-picosecond time

scale.
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1. Introduction

The metal-nonmetal (M-NM) transition has been one of significant subjects in physics. A simple band
picture predicts that a divalent metal should be transformed to an insulating state with volume expansion.
Among divalent metals, liquid Hg is the most proper element to study the M-NM transition with volume
expansion along the saturated vapor pressure curve because its critical constants are within temperatures and
pressures experimentally accessible (critical data of Hg [1]: Tc = 1751 K, Pc = 1673 bar, pc = 5.8 g cm™).
The first indication of the M-NM transition was found in the electrical conductivity and thermopower data
obtained by Hensel and Frank [2] and fluid Hg undergoes the M-NM transition with decreasing density, p,
from 13.6 g cm™ at ambient conditions to 9 g cm™ near the critical point. Figure 1 shows the phase diagram
of fluid Hg on the temperature and pressure plane. A bold solid curve denotes the saturated vapor-pressure
curve and the open circle at the end is the liquid-vapor critical point. The isochors are denoted by thin solid
lines. The bold broken line denotes the isochors where the M-NM transition occurs. After several band
calculations failed to explain a band crossing M-NM transition at 9 g cm™ [3-6], Kresse and Hafner [7]
succeeded in opening the gap between 6s and 6p bands at the exact densities with local structure consistent
with that experimentally obtained by Tamura and Hosokawa [8]. Studies on expanded fluid metals including

fluid Hg were reviewed by Hensel and Warren [9].

The study of the dynamical properties is of great importance to understand the mechanism of the M-NM
transition in fluid Hg. In the last decade, the use of inelastic x-ray scattering (IXS) at third generation
synchrotron radiation sources has allowed many new studies of the dynamics of disordered materials. A
remarkable result among them may be strikingly similar collective dynamics between van der Waals and
metallic fluids, suggesting the universality of the short time dynamics in monatomic liquids [10]. Compared
to these liquids, expanded fluid Hg is non-simple. In fact, inhomogeneous regime [11] or two-state model
[12] were proposed to explain the electronical and thermodynamic properties of fluid Hg in the M-NM
transition region. Fluctuations near the critical point may also play an essential role for the M-NM transition.
We measured IXS spectra of expanded fluid Hg from the liquid to dense vapor and observed an anomaly of

collective dynamics in the M-NM transition region. We reported the results of dense vapor [13] and the fluid
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in the M-NM transition [14] in letters. In this paper, we report these results briefly and discuss the details of
collective dynamics in the M-NM transition at 9 g cm™ based on results newly obtained from the framework

of generalized hydrodynamics using memory function formalism.

2. Experimental

This work has been done at the high-resolution XS beamline (BL35XU) of SPring-8 in Japan [15].
Backscattering at the Si (11 11 11) reflection was used to provide a beam of 3x10° photons/sec in a 0.8
meV bandwidth onto the sample. The energy of the incident beam and the Bragg angle of the backscattering
were 21.747 keV and 89.98°, respectively. We used three spherical analyzer crystals at the end of the 10 m
horizontal arm to analyze the scattered x-rays. The spectrometer resolution was 1.6-1.8 meV (slightly
degraded because our large high-pressure vessel forced the detectors about 240 mm away from the sample
position) and the momentum transfer resolution was AQ = 1nm™. The Hg sample of 99.999 % purity and
0.024 mm thickness for the M-NM transition and 0.1 mm thickness for the dense vapor was mounted in a

single-crystal sapphire cell [16] and He gas of 99.9999 % purity was used as a pressurizing medium.

Figure 2 (a) shows a side view of the internally-heated high-pressure vessel installed at BL35XU. The vessel
can be operated up to 2000 K and 2000 bar after being fixed in a frame made of a super-high tension steel
which is not shown in the figure. Thanks to a large sample space, we could mount the vessel on the sample
table of the high-resolution spectrometer at BL35XU. As shown in Fig.2 (b), the vessel had three Be
windows of 10 mm diameter and 10 mm thickness for scattered x rays and five smaller windows of 4mm
diameter and 5mm thickness for incident ones. So the x-rays traveled through 15 mm of Be, 150 mm of He
(at high pressure) and the 0.024 (0.1) mm sample. We can measure different scattering angles by choosing
different angle set-up. At the present experiments, the windows were centered at scattering angles of 2= 1°,
5° 10° 15° 19° and 24°, or from 2 to 48.3 nm™ and the 10 mm diameter windows permitted the
simultaneous use of 3 analyzer crystals. For the crucial low momentum transfer, Q, near the M-NM
transition at 9 g cm™®, we collected several data sets at different vessel rotations relative to the very small

(0.1mm in diameter) incident beam. This allowed access to a small range of momentum transfers near to 2
-3-



Proceedings of IXS 2004 by M.Inui et al., a revision on 02/05/2005

nm™. We measured XS spectra for expanded fluid Hg at thermodynamic states (T [K], p [bar], o [g cm™]) of
(298, 2, 13.6), (773, 50, 12.4), (1273, 500, 11.0), (1723, 1940, 9.0), (1723, 1398, 3.0), (1623, 1023, 2.1)
and (1423, 510, 1.0) and those at 26 of 1° at several densities from 9 to 4 g cm™. He gas contributed
significant background, especially at low Q. The backgrounds were measured at each pressure and
temperature, and were subtracted after being scaled for sample transmission. The transmission data were also
used to estimate the density of the fluid sample. The signal from fluid Hg became so large at low Q with
volume expansion that we have succeeded in obtaining good quality data. At present, we believe that the
subtraction of the background succeeded in giving reasonable spectra of fluid Hg because as shown in Fig.3
in Ref. [14], we could observe clear difference in dynamical sound velocity of fluid Hg at densities between
9 and 8 g cm™ near the M-NM transition region where there was only small temperature difference by 30-40

degrees at the same high pressure.

3. Results

Figure 3 shows selected IXS data at 13.6, 9 and 2 g cm™. Thermodynamic states of these densities are shown
by open squares in Fig.1. After the subtraction of background with absorption correction, the integral, S(Q),
of the spectrum, S(Q,w), was used for the normalization, and S(Q,®)/S(Q) are plotted in the figure. The
resolution function obtained from a measurement of a poly methyl methacrylate (PMMA) is shown by a
solid curve at the bottom. The spectra at ambient condition at 13.6 g cm™ have a clear side peak at around 10
meV at Q around 10 nm™. The spectra agree well with those reported by Hosokawa et al [17]. The IXS
spectra at 9.0 g cm™ have a single peak and the side peaks not distinct from the central one. The peak at 2
nm™ at 9 g cm™ is as sharp as that at 2 g cm™. The central peaks at 37.1 and 46.8 nm™ are much broader at
the M-NM transition at 9.0 g cm™ than at ambient conditions, 13.6 g cm™ and they are very similar to those

at 2 g cm™ at the same Q.

4. Analysis
We analyzed the data in the framework of generalized hydrodynamics [18]. Here to investigate the

microscopic dynamics in detail, we analyzed the data using generalized Langevin formalism [19,20].
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The intermediate scattering function, F(Q,t), which is the time-Fourier transform of S(Q,®), obeys the
following equation.

o; (Q)

F(Q,
Q.1+ 500)

F(Q,t)+j|\/|(Q,t—t’)F’(Q,t')dt':O. (4.1)

Here the quantity o (Q)/S(Q) =k,TQ?/mS(Q) is related to the generalized isothermal sound velocity

through the relation ¢, (Q) =\/a)§ (Q)/Q*S(Q) . The classical dynamic structure factor, S(Q,w), can be

expressed in terms of a complex memory function M(Q, t). According to the results utilized in a simple
liquid by a molecular dynamics simulation [19] and several liquid metals [20,21], we adopted a simple
exponential decay for a fast relaxation process (u-process) and the structural relaxation process (o.-process)

given by,

M(Qut) = [wf Q- %(gg))}[(l— A (Q))exp(~t/7,(Q)) + A, (Q)exp(-t/ 7, (Q)]

)
S(Q)

(4.2)

+(r exp(-D; (Q)Q’t)

Here the parameters, 7,(Q), 7,(Q) and A, (Q) are the fast and structural relaxation times, and the

fraction of the a-process , respectively. The thermal diffusivity D, (Q) = K/ oC, is given by the thermal

conductivity, K, density, p, and the specific heat at a constant volume, Cy. The parameters, ®, (Q) and

y are the normalized fourth moment of S(Q,w) and the specific heat ratio, respectively. The generalized

infinite-frequency sound velocity is given by c¢_(Q) =, (Q)/Q . Using the Fourier-Laplace transform of

M(Q, 1), M (Q,—iw), an expression of S(Q,w) is obtained as follows,

1ol @Qle's@)
T

0 Q) o
K(Q)HVI(Q' iw)

To fit the model function with the experimental data, the above function modified by the detailed balance

[S(Q @) /S(Q)]™" = 4.3).

—lw+

condition was convoluted with the resolution function R(w).
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ho'lk,T model

SQuISQ = [ e EQISQeNISQ R@-)de (@.4)

We introduced another parameter E(Q) adjustable to the amplitude of S(Q,w) /S(Q) and it was converged to
be 1+0.1. We took =3 and the value of Cy from macroscopic data [22] for the fluid at 9 g cm™. We
estimated the K of fluid Hg at 9 g cm™ using Wiedemann-Franz law, K /o T = const., and the conductivity
(o) data [1]. The estimated K at 9 g cm™ was about 1/4 as large as K at the ambient condition. Then we fixed

the thermal diffusivity at 9 g cm® as the value of D;(Q)=1.8x10"° m? s obtained from these
macroscopic quantities and estimated the time constant of thermal decay, 7, (Q) = D; (Q)Q’. We have

numerical data of S(Q) at 9 g cm™ [23] but they are not so reliable at low Q. Thus we left it to an optimized

parameter. Consequently, we carried out the least-square fitting of the experimental data and optimized the
parameters, E(Q), S(Q), @,(Q), 7,(Q), 7,(Q) and A, (Q). In the least-square fitting, the 7, (Q)

was optimized near the initial value of 1 fs. This means that the p-process becomes a frequency-independent
friction parameter in the present analysis and we should have used the memory function simplified by using
just an adjustable constant with a delta function like the equation shown in Ref. [10]. Thus we do not
comment the p-process in the next section. Figure 4 shows the fits of the experimental data at 3.4 nm™ and 9
g cm’®, We calculated the longitudinal current-current correlation function,

J(Q,0) = (0?*1Q?%)S(Q,w)™ ", using the deconvoluted S(Q,») ™ and defined the excitation energy of

the sound mode, m,(Q), as the peak position of J(Q,®). The effective sound speed, c,(Q) were deduced from

the equations, ¢,(Q)=w,(Q)/Q. In this paper, energy [meV] divided by 0.658 gives angular frequency

[ps].

5. Discussion

The a,(Q) (closed circles) at 9 g cm™ are plotted as a function of Q in Fig.5 together with the excitation
energy of the sound mode, (2, (open squares), previously reported using a DHO model [14]. Both results are
reasonably consistent with each other. The excitation energy has a minimum near Qy = 23 nm™of the S(Q)

maximum, which is well-known as de-Gennes narrowing. Figure 6 shows cs(Q) (closed circles) at 9 g cm™ as
-6 -
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a function of Q. Also shown are the c,(Q) (open triangles) and c¢_(Q) (open squares). The values of cs(Q)
at low Q are distributed around 1500 m s, which is three times larger than the ultrasonic sound speed of
about 490 m s [24,25]. Speeding up the effective sound velocity in liquids with increasing Q has been
understood as the transition from hydrodynamic to viscoelastic regime. In the hydrodynamic limit, o7 <<1
(w;angular frequency, t;relaxation time), the effective sound velocity approaches to ¢,(Q) while it has the

limitof c_(Q) inthecase w7z >>1.

We discuss the characteristic time scale of the relaxation in the sound mode at 9 g cm™. Figure 7 shows the
optimized parameters of A,(Q) and 7,(Q) as a function of Q, and the estimated #(Q) as a reference. In the
measured Q region, the A,(Q) takes the value from 0.7 to 0.95. This means that structural relaxation (slow
relaxation) is dominant compared with the p process. As expected from the fast sound at low Q, 7,(Q) at low
Q has a large value of 0.2 to 0.3 ps on average. In fact, the quantity, o,(Q)7,(Q)becomes about 1 at low Q as
shown in the inset of Fig.7, which means that the structural process derives an effective increase of the sound
speed at low Q. The 7,(Q) seems to decrease rapidly with increasing Q. At higher Q, 7,(Q) becomes about
one order smaller than at low Q and remains almost constant. The effective sound speed ¢s(Q) close to c(Q)
may be explained by the fact of @,(Q)z(Q)< 1 athigh Q. At9gcm™, y=3 may be too large to ignore the
effect of thermal relaxation process. The estimated z,(Q) at low Q has almost as large as 7,(Q) at the same Q
but the thermal effect is expected to be fully relaxed at higher Q. These results may indicate that the
structural effect dominantly contributes the fast sound at low Q and the thermal effect may contribute

partially.

In the present analysis using the memory function formalism, however, we were aware of a curious behavior
of a fitting parameter. Figure 8 shows S(Q) at 9 g cm™ as a function of Q. Open and closed circles denote the
optimized S(Q) and the S(Q) obtained from the integration of observed S(Q,®), respectively. S(Q) obtained
from x-ray diffraction [23] is shown by a solid curve. At Q higher than 10 nm™, the open and closed circles
agree reasonably with the solid line. However, the optimized S(Q) (open circles) at low Q seems

systematically smaller than the static ones experimentally obtained as seen in the inset of Fig.8. The S(Q)
-7-
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from x-ray diffraction may not be reliable because Q is too low to be measured by wide angle x-ray
scattering but recent data of small angle x-ray scattering for expanded fluid Hg [26] also supported S(Q) of
about 0.4 at 3 nm™. These results hint that unrealistic small S(Q) is needed to reproduce the fast sound at low
Q within the memory function formalism though we have to note that the formalism conserves zeroth,

second and fourth frequency moments of S(Q, ).

There is another inconsistency with the macroscopic data. The ¢(Q) related to S(Q) in Fig.6 shows the
effective adiabatic sound velocity derived from c(Q) times \/; is much larger than the ultrasonic sound

velocity at low Q. For comparison, we analyzed the data of fast sound in water at the ambient condition [27]

using the same formalism. The velocities obtained from optimized parameters were c(Q) = 1400 m s™, ¢s(Q)

= 2900 m s™, and ¢, (Q)= 3500 m s™ at 4 nm™. The c(Q) times ./y (y ~1for ordinary water) seems

consistent with the ultrasonic sound velocity of 1500 m s™, which does not show inconsistency like the case
of expanded fluid Hg in the M-NM transition. The optimized S(Q) of 0.07 at 4 nm™ agrees fairly well with
the one of 0.06 reported for water [28]. These results may mean that the fast sound observed at low Q in

expanded fluid Hg couldn’t exactly be described using the memory function formalism for a classical liquid.

Next we investigated how parameters change when S(Q) was fixed to be the value experimentally obtained.
As an example, the fits at 3.4 nm™ (taking S(Q) = 0.4) are shown in Fig.9 (a) (the same data in Fig.4).
Despite similar optimization, the y? remains large and the tail of the peak is not well reproduced in Fig. 9 (a).
The optimized @,(Q) was 1.3 meV, corresponding to cs(Q) of about 600 m s™. This velocity is close to the
ultrasonic sound velocity of 490 m s™. Similar results were obtained for S(Q, ) at low Q besides Q = 2 nm™.
as shown in the inset of Fig.6. Both of c¢(Q) and c_(Q) in the inset take reasonable values. Larger values
of S(Q) pulled down the isothermal sound velocity c(Q) to about 400 m s and it may result in smaller c(Q)
close to the ultrasonic sound velocity. To see the additional mode at higher energy, we tried to carry out the
fits using a model function constituted from the sum of the memory function and a DHO term. The result is

shown in Fig.9 (b). The excitation energy of the DHO term was 3.2 meV, corresponding to cs(Q) of about

-8-
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1400 m s™. The DHO term appears to reproduce the fast sound. The peaks from the memory function seem
to become sharp. After averaging results at several Q, A,(Q) and 7,(Q) were obtained about 0.4 and about 1
ps, respectively. We do not stress these values because the last model function may be artificial. The results
of the present analysis using the memory function formalism may be summarized as follows. When we fix
the input parameters deduced from the experimental (Q — 0, or @ — 0) values, the present memory
function formalism presented the results consistent with the hydrodynamic sound whose velocity is a little
larger than the ultrasonic sound velocity. It is similar to “positive dispersion’ observed in many liquids. The
mode with higher excitation energy observed as fast sound must arise from another mechanism. Alternatively,
by a release of the constraint of S(Q) the memory function formalism could represent the fast sound but some
parameters seemed to become physically unacceptable. We need further analysis and consideration to

conclude these results.

Is there any possibility that the fast sound observed at low Q appears in fluid Hg accompanying the M-NM
transition? First we point out a possibility of an additional mode having an origin similar to a formation of
dimeric molecules in the M-NM transition in expanded fluid Rubidium reported by Pilgrim et al. [29].
However divalent Hg has the electronic configuration of a closed shell like helium and hardly forms dimetic
molecules in gaseous state though a Hg, molecule is known to exist. The additional modes must have an
origin from another type of aggregate in fluid Hg. Then let us consider a microscopic dynamics in fluid Hg
accompanying the M-NM transition. The results of x-ray diffraction experiments suggest that the average
number of nearest neighbors within the first coordination shell around an atom is reduced with volume
expansion, while the nearest neighbor distance remains unchanged [8, 23]. When the coordination number
decreases, a change of a single particle motion is expected. In ambient conditions at 13.6 g cm™, the line
shape of S(Q,w) at high Q is similar to a Lorentzian function, which suggests that diffusive motion is
dominant in the liquid. With decreasing density, the line shape at high Q broadens and it becomes very
similar to those at 2 g cm™, as seen in Fig.1. This suggests that at 9.0 g cm™ a free particle motion is

dominant over short (less than interatomic) distances like the dense vapor. In the generalized hydrodynamics
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for classical liquids, the fast sound as the limit to c_(Q) does not obey the standard relation,
7. =1/(pVv?), where y is the adiabatic compressibility, and vs velocity of normal sound because c_(Q)

is related to infinite-frequency limits of both bulk and shear moduli like a solid. However in consideration of

the mechanism of the present fast sound observed at the M-NM transition as an additional mode, let us use
the simple equation y, =1/(p Vf) . The fast sound velocity suggests that the microscopic ys is much smaller
than the macroscopic one, which means that the mean square fluctuations of microscopic pressure,
<(Ap)2> =k,TV "y, are very large. The enhancement of microscopic <(Ap)2> can be caused by a

local deformation of a pair potential, ¢(R,n,), especially its repulsive part, as shown by the pressure

equation for a liquid metal [30],

du, Nn, ;| R 0¢(R,n,) n, d¢(R,n,)
=nk,T+nn, —%—— 3 ——"—~e2__e_-" ' 2 Lg(R)dR 5.1
p=nkeT+nn, 2[{3\/ ROV o [O® (5.1)

e
where n;and n, denote number densities of ions and conduction electrons, respectively, g(R) a pair
distribution function, and u,the energy of conduction electrons. We expect such a deformation in a pair
potential being enhanced at the M-NM transition, due to the large fluctuations of local electronic states
between metallic and insulating ones. A sign of fluctuations at the M-NM transition may be found in the

present data in Fig. 3 such as the narrowing of S(Q,w) for 2.0 nm™ at 9.0 g cm™ compared with at ambient
conditions, and rapid increase of S(Q) at low Q with Q — 0 in Fig. 8. In addition, when the pressure

exerted from conduction electron denoted by a density derivative of U, in eq. (5.1) is taken into account, the
enhancement of <(Ap)2> may be promoted more. Aggregates of atoms largely coordinated may have

metallic nature and those of less coordinated atoms insulating. Such inhomogeneous regime may be induced
in the M-NM transition. We speculate that the inhomogeneous regime in the M-NM transition exists within a

microscopic length scale and sub-picosecond time scale and that it is different from long range fluctuations

in a particle number, <(AN)2>, near the liquid-vapor critical point. Thus the appearance of the fast sound

strongly hints that the M-NM transition accompanies intrinsic fluctuations induced by the local deformation

of a pair potential and the pressure provided by conduction electrons.

-10 -
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6. Summary

We carried out inelastic x-ray scattering measurements for expanded fluid Hg and found fast sound in the
M-NM transition. Within the framework of generalized hydrodynamics, we could obtain useful information
on the fast sound at 9 g cm™ from the present analysis using the memory function formalism. When the fast
sound observed at low Q could be reproduced well within the memory function formalism, the parameter of
S(Q) became unrealistic smaller than the one experimentally obtained. It resulted in giving unacceptable
isothermal sound velocity ¢,(Q). On the other hand, when the experimental S(Q) was taken in the fitting
procedure, the memory function formalism represented microscopic sound waves in ‘molecular
hydrodynamic’ region which may be extended from the ultrasonic sound waves but did not reproduce the
additional mode with higher excitation energy, the fast sound. We consider that the latter interpretation may
be more plausible and speculate that the fast sound is originated from fluctuations in the pair potential or the
pressure derived from electron gas, which are intrinsic to the M-NM transition. Although the mechanism of
the observed fast sound is not fully understood at present, we can stress that the fluid in the M-NM transition

in liquid Hg must be a fruitful example of non-simple liquids that have an anomalous dynamics.
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Figure Captions

Fig.1
Phase diagram of fluid Hg. The bold solid curve denotes the saturated vapor pressure curve and the open
circle is the critical point. The isochore at 9 g cm™ is indicated by a bold broken line. Open squares denote

thermodynamic states whose spectra are shown in Fig.3.

Fig.2
(a) a side-view of a high-pressure vessel for inelastic x-ray scattering experiments.

(b) a top-view of the high-pressure vessel.

Fig.3
Dynamic structure factor, S(Q, ®)/S(Q), of fluid Hg at 13.6, 9 and 2 g cm™. A peak denoted by a solid curve at
the bottom is a resolution function. The S(Q,®)/S(Q) at 2 g cm™ is multiplied by 0.5 at Q from 2.4 to 19.8

nm™ for exhibition.

Fig.4
An example of the least-square fits at 3.4 nm™ at 9 g cm™. Open circles denote experimental data and the
optimized convoluted model function is shown by a bold solid curve. Also shown are the resolution function

(thin broken curve) and the model function (thin solid curve).

Fig.5
Dispersion relation of fluid Hg at 9 g cm™. The @, and (X, [14] are indicated by closed circles and open
squares, respectively.

Fig.6
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Sound velocities, cs(Q) (closed circles), c¢(Q) (open triangles) and ¢_ (Q) (open squares) at 9 g cm™ as a

function of Q. The inset indicates the velocities optimized by taking experimental S(Q) at low Q (see text).

Fig.7
The optimized A,@Q) and 7,(Q)and 7,(Q) estimated from the macroscopic data at 9 g cm™ as a function of Q.

The inset indicates a,(Q) times 7,(Q) as a function of Q up to 22 nm™.

Fig.8
S(Q) at 9 g cm™. Open circles denote the optimized ones obtained from the fitting. Closed circles are the
properly normalized integrals of S(Q,®) experimentally observed. Also shown is S(Q) (a solid curve)

obtained from x-ray diffraction experiments [23]. The inset shows low Q region on an enlarged scale.

Fig.9
Example of the least-square fitting with fixed S(Q) at 3.4 nm™ at 9 g cm™ using the memory function (a) and

the sum of the memory function and a DHO term (b).
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