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Abstract. Dynamical heterogeneities (DH) in low density liquid SiO2 have been investigated by molecular
dynamics (MD) method. Simulations were done in the basic cube under periodic boundary conditions
containing 3000 particles with the pair interatomic potentials, which have a weak electrostatic interaction
and a Morse type short range interaction (PMSI). We have evaluated the non-Gaussian parameter for the
self part of the van Hove correlation function and we found a clear evidence of the existence of DH in low
density liquid SiOz. Moreover, the atomic displacement distribution (ADD) in a model has been obtained
and it deviates from a Gaussian form. The results have been compared with those obtained in another
liquid SiO; system with the Born-Mayer interatomic potentials (BMP) in order to observe the interatomic
potential effects on the DH in the system and indeed, the effects are strong. Calculations showed that
particles of extremely low or fast mobility have a tendency to form a cluster and mean cluster size of
most mobile and immobile particles in PMSI models increases with decreasing temperature. In contrast,
no systematic changes have been obtained for the most mobile and immobile particles in BMP models.
Calculations show that there is no relation between local particle environment and particle mobility in the
system.

PACS. 61.43.Fs Glasses — 78.55.Qr Amorphous materials; glasses and other disordered solids — 61.43.Bn
Structural modeling: serial-addition models, computer simulation — 61.20.Lc Time-dependent properties;

relaxation

1 Introduction

DH in the simulated supercooled oxides has attracted
great interest in recent years. Kerrache et al. investigated
the presence of DH in MD simulated supercooled silica
with BKS interatomic potentials by comparing the par-
tial radial distribution functions (PRDFs) for the 10%
most mobile particles with the corresponding mean ones
at the temperatures of 3500 K and 5000 K [1]. No DH
was found at high temperature of 5000 K and the DH
appeared during the cooling procedure when the temper-
ature decreased. Moreover, the O and Si particles showed
similar heterogeneities but with different rate of change
during aging [1]. Somewhat later, spatially heterogeneous
and dynamic facilitation in a larger model of viscous silica
containing 8016 particles with the BKS interatomic po-
tentials have been observed [2]. Calculations showed that
high particle mobility predominantly propagated contin-
uously through the melt supported the concept of dy-
namic facilitation [2]. Furthermore, temperature depen-
dence of spatially heterogeneous dynamics in this model
of viscous silica above and below the critical temperature
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of the mode-coupling theory has been found [3]. It was
found that on the intermediate time scales small fraction
of particles was more mobile than expected from a Gaus-
sian approximation and they formed clusters. Calculations
showed that mean cluster size is maximum at times in-
termediate between ballistic and diffusive motion and the
maximum size increases with decreasing temperature, and
moreover, the growth of clusters continues when the dif-
fusion constants follow an Arrhenius law [3]. The DH in
supercooled Al;O3 have been observed in a model con-
taining 3000 particles with the Born-Mayer interatomic
potentials [4,5] via the calculations of the non-Gaussian
parameter and PRDFs of 5% (or 10%) most mobile or
immobile particles in the system. It was found that the
most mobile or immobile particles in supercooled Al;Og3
were strongly correlated and they formed clusters. It was
found there is no relation between particle mobility and lo-
cal environments of the particles [5] unlike those observed
previously in Lennard-Jones liquids [6]. Furthermore, we
found a clear evidence of cooling rate effects on the DH
in supercooled Al;O3 and these effects are quite different
for the most mobile and immobile particles in the sys-
tem [7]. And recently, DH in simulated liquid GeO, has
been found [8].
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Concerning on the vitreous SiO2, while the system at
high density of around 2.20-2.30 g/cm?® has been under in-
tensive investigations for past three decades, it was spent
less attention to the low density one. It is well-known that
the porosity strongly affects on the structure and prop-
erties of the vitreous systems [9]. So far, the feature of
DH in liquids is still not well understanding and the in-
teratomic potential effects on DH in liquids have not been
investigated yet. Therefore, it motivates us to carry out
the detailed investigations of the interatomic potential ef-
fects on DH in vitreous silica at low density of 1.83 g/cm?®.
It is essential to notice that for the first time the inter-
atomic potential effects on DH in the silica system have
been studied.

2 Calculations

We performed MD simulations of supercooled silica in a
3000-particle system (1000 Si particles and 2000 O parti-
cles) under periodic boundary conditions. We have carried
out two independent studies, in the first study we use the
interatomic potentials which are of the form:

)
amfis ()]} o

where ¢; and g; represent the charges of atoms ¢ and 7,
for Si atom g¢g; = +1.30e and for O atom go = —0.65¢ (e
is the elementary charge unit); r denotes the interatomic
distance between ith and jth atoms; Dy, v and Ry are
the parameters of the Morse potentials represented the
short-range interaction in the system. The Morse poten-
tial parameters for silica system can be found in refer-
ences [10,11] as given below.

In the second study, we use the Born-Mayer inter-
atomic potentials which have the form:

T
+ B;j; exp (_R_o)

where ¢gs; = 44.0e and g0 = —2.0e; Bsisi = 0 €V;
Bsio = 1729.5 eV; Boo = 1500 eV and Ry = 29 pm.
These interatomic potentials described well both structure
and atomization energy of liquid and amorphous silica and
details about these potentials can be found in [12,13].
Simulations were done at constant volume correspond-
ing to the low density of vitreous silica of 1.83 g/cm?®.
We use the Verlet algorithm with the MD time step of
1.6 fs, Coulomb interactions were taken into account by
the Ewald-Hansen method [12,13]. The initial equilib-
rium state at the temperature of 7000 K has been ob-
tained by the equilibrating a random configuration model
of 3000 particles for over 40000 MD time steps or 64 ps.
In order to simulate the cooling process, we take this con-
figuration as the starting point of a constant volume run
in which the temperature of the system was decreased lin-
early in time as T'(t) = To — 7t, where v is the cooling

qiq;
Uij(r) = Tj

4:9;
UZ(T) = T’J

(2)
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Table 1. Parameters of the Morse type part of the potentials.

Interaction Dy (eV) vy Ro (A)
Si-Si 0.0077 15.3744  3.7598
Si-O 1.9960 8.6342 1.6280
0-0 0.0233 10.4112  3.7910

rate of 4.2945 x 1013 K/s and Tp is the initial temper-
ature of 7000 K. This cooling process is continued until
the temperature of the system is equal to 350 K. The so-
obtained configurations at finite temperatures were sub-
sequently relaxed for 80 ps before investigation of static
and dynamic properties. In order to improve the statis-
tics, the results have been averaged over two independent
runs. In order to calculate the coordination number distri-
butions and bond-angle distributions in liquid and amor-
phous SiO,, we adopt the fixed values Rgigi = 3.30 A,
Rsi.o = 2.10 A and Ro.o = 3.00 A. Here R denotes a cut-
off radius, which is chosen as the position of the minimum
after the first peak in the PRDF's for the silica system at
2100 K.

3 Results and discussions

Before discussing about DH in the system, we turn our at-
tention to some structural properties of liquid silica at low
density. Figure 1 and Table 2 show that structure of mod-
els obtained by using BMP and PMSI at the same tem-
perature of 2100 K slightly differs from each other and
it has a slightly distorted tetrahedral network with the
mean coordination number Zs;.0 ~ 4.0 and Zo.g; ~ 2.0.
The simulated results are close to the experimental data
for vitreous silica. More details about the local structure
can be inferred from the coordination number and bond-
angle distributions in the system (Figs. 2 and 3). However,
in this work we study only the most important distribu-
tions such as distributions of O-Si-O and Si-O-Si angles
(Fig. 3). The first one describes the order inside struc-
tural units and the second one describes the connectivity
between them. For an ideal tetrahedral network structure,
the O-Si-O angle is of 109.47°, and for our model at 2100 K
such angle is equal to 105.2° or 106.2° for models ob-
tained by using BMP and PMSI, respectively. Meanwhile,
the calculated mean Si-O-Si angle is equal to 160.5° and
152.3°, respectively for the same models and it is larger
than that observed in experiment for the amorphous silica,
which is equal to 147° (see Refs. [15,16]). It is true that
our models are looser than those sample used in experi-
ments due to low density used in simulation here (i.e. it is
equal to 1.83 g/cm? versus the value around 2.20 g/cm3
at the ambient conditions in practice). Figure 2 shows
that coordination number distributions for the Si-Si and
0-0O pairs of models obtained by using BMP and PMSI
at the same density of 1.83 g/cm? are different from each
other, while it is similar for other pairs. In contrast, Si-O-
Si bond-angle distributions are quite different from each
other contrary to the O-Si-O angle distributions (Fig. 3).
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Table 2. Structural characteristics of liquid and amorphous SiOs. r;; — Positions of the first peaks in the partial radial
distribution functions (PRDFs) g;;(r); Zi; — The average coordination number.

References ri; (A) Zij fosio  Osio-si
Si-Si Si-O O-O  Si-Si Si-O O-Si O-O
Data of present work at 2100 (K)® 3.09 151 250 4.00 400 200 6.07 105.2° 160.5°
Data of present work at 2100 (K)® 3.08 154 257 387 395 197 6.14 106.2° 152.3°
Calculated data at 2000 (K) in [12]¢ 317  1.62  2.59 4.00 2.00 109.1°  152.7°
Calculated data at 1923 K in [14]% 317 164 265 513 4.39 7.28
Experimental data at 300 K in [15,16] 3.12 1.62  2.65 4.00 2.00 109.5° 147°

@ The data obtained by using BMP at the density of 1.83 g/cm?; ® the data obtained by using PMSI at the density of 1.83 g/cm?;
¢ the data obtained by using BMP at the density of 2.20 g/cm®; ¢ the data obtained by using the BELION algorithm at the

density of 2.20 g/cm?®.
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Fig. 1. Partial radial distribution functions in SiO2 models
obtained at 2100 K by using two different interatomic poten-
tials.

This implies that models are different mainly by the con-
nectivity between structural units SiO, rather than by
the order inside them. Moreover, we can see in Table 2
that structure of silica model at low density of 1.83 g/cm3
not much differs from those obtained at higher density
of 2.20 g/cm?. On the other hand, significant differences
in PRDF's, coordination number and bond-angle distribu-
tions might strongly affect the dynamics of two models
which will be investigated in detail in next section.
Further, we would like to present the effects of in-
teratomic potentials on other two important quantities
of the system such as glass transition temperature, T,
and mean-squared atomic displacement, (r2(¢)), of atomic
species. The evolution of potential energy of the silica
models obtained by using two interatomic potentials upon
cooling from the melt is represented in Figure 4. The glass
transition temperature can be determined via the intersec-
tion of a linear high- and low-temperature extrapolation
of the potential energy which is equal to T, ~ 2376 K
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Fig. 2. Coordination number distributions in SiO2 models ob-
tained at 2100 K by using two different interatomic potentials.
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Fig. 3. Bond-angle distributions in SiO2 models obtained at
2100 K by using two different interatomic potentials.

for BMP model and to T, ~ 2080 K for PMSI one. Such
value for T}, is higher than that observed in practice for
silica which is equal to Ty ~ 1450 K [17]. The discrepancy
may be related to the different density used in simulation
and in experiment. Moreover, due to time scale restriction
and small size of the system used in simulation deviation
of simulated value for Tj; from the experimental one can
be expected. On the other hand, T, ~ 2080 K for PMSI
model is also higher than the value T; = 1400 K obtained
by the analysis of bonding information of models obtained
by using the same interatomic potentials with higher den-
sity [11]. Finally, results obtained here show a clear effect
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Fig. 4. Temperature dependence of potential energy of SiO»
models obtained by using two different interatomic potentials.
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Fig. 5. Time dependence of mean-squared atomic displace-
ment, (r(t)), of atomic species in SiO2 models obtained by
using two different interatomic potentials.

of interatomic potentials on T of the system and it is in
good accordance with those previously obtained for silica,
i.e. one finds Ty, ~ 2000 K with the Tsuneyuki poten-
tial [18] and T, ~ 2900 K with the BKS potential [19].
The effects of interatomic potentials on the mean-squared
atomic displacement, (r?(t)), of atomic species in SiOs
models have been found which is different from each other
in several orders of magnitude at the same temperatures
(Fig. 5). It was found that the dynamics of the system
are much sensitive on the potentials used in simulation
rather than the static properties and it may lead to dif-
ferent diffusion constants of atomic species [20]. The time
dependence of (r?(t)) has two common regimes: the ballis-
tic one at the beginning short time and the diffusive one at
longer time (Fig. 5). Due to very low dynamics in model
with BMP, there is a clear onset of glasslike dynamics at
around 2100 K whereas it occurs at lower temperature
for model with PMSI. And it is in good accordance with

The European Physical Journal B

2 . 2 .
Si (T=2800 K) 0 (T=2800K)
——BMP —BMP
——PMSI —F
14 1
0 ‘ ‘ ; 0 ‘ ; ‘
0 40 80 120 0 40 80 120
.2 : ‘ ‘ 2 . ‘ ‘
g |si(T=3500K) 0 (T=3500 K)
£ |—BMP —BMP
g |—pwmsi ——Pmsl
o 1 1
c
8
2 W
3
©
Q
§ 0 ; ; ; 0 ; ; ‘
2 0 40 80 120 0 40 80 120
2 ‘ ‘ 2 ‘ ‘
Si (TIT =1.346) 0 (TIT =1.346)
—BMP —BMP
——PMSI ——PMSI
14 1
0 %’g 0 ‘ ‘ ‘
0 40 80 120 0 40 80 120

time (ps) time (ps)

Fig. 6. Non-Gaussian parameter az(t) in liquid SiO2 models
obtained at three different temperatures by using two different
interatomic potentials.

those observed for glass transition temperature T, of two
systems (see Fig. 4).

3.1 Non-Gaussian parameter and atomic displacement
distribution

And now, we stop here for the discussion about the DH
in the system which can be detected via the calculating

non-Gaussian parameter as(t) = ;éfé%é — 1, or directly

through the atomic displacement distributions (ADD).
For a dynamically homogeneous system «as(t) ~ 0, as
shown in Figure 6 this parameter in liquid SiOs mod-
els obtained at three different temperatures differs from
zero indicating the existence of DH in the liquid silica
which has a tendency to enhance with decreasing temper-
ature. In order to improve the statistics, the results have
been averaged over two independent runs. Figure 6 shows
that as(t) in silica systems obtained by using two differ-
ent potentials is quite different from each other in terms
of the position and heights of peaks in the curves. It seems
that small peaks in the curves for PMSI model are related
to not good statistics of our results (i.e. averaging only
over two independent runs). However, the situation for the
curves of BMP model is quite different because there are
several large peaks. At all temperatures investigated (i.e.
3500 K, 2800 K and T'/T, ~ 1.346), DH in BMP model
is stronger than those in PMSI one. This means that we
found a clear evidence of interatomic potential effects on
the DH in the system.

On the other hand, in a homogeneous liquid ADD has
a Gaussian form and deviations from this form also show
the existence of DH in the system. According to our cal-
culations for the 80 ps relaxed liquid silica models ADD



V.V. Hoang: Interatomic potential effects on dynamical heterogeneities in liquid SiO2

PMSI (2800 K)'
calculation
Gaussian fit

BMP (2800 K)
0.24 © O calculation 7 o

Gaussian fit

0.0124

fraction
o
2
1

0.006

T
10 20

o
atomic displacement (A)

Fig. 7. Atomic displacement distributions in liquid SiO2 mod-
els obtained at 2800 K by using two different interatomic po-
tentials.

deviates from a Gaussian form by a tail of more mobile
particles. We can infer approximately from these ADDs
fraction of the most mobile particles in the system, and
for PMSI model it is equal to 3.0% (we account both Si
and O particles together in a tail of the curve, i.e. par-
ticles have an atomic displacement larger than 15.00 A
after relaxation time of 80 ps, see Fig. 7). In contrast, it is
about 5.60% in BMP model (i.e. both Si and O particles
together with an atomic displacement larger than 0.90 A
after relaxation time of 80 ps, see Fig. 7). These values are
not very far from 5% in Lennard-Jones liquids [21] and in
charged colloidal suspensions [22] or 6.5% in glass-forming
polymer melt [23]. The discrepancy between the data of
two models in present work indicates again the interatomic
effects on DH in the system. On the other hand, the frac-
tion of most mobile particles in the system also depends
on the temperature [24]. However, for convenience we will
use the fixed value of 5% as often taken in many other
works to identify the most mobile or immobile particles in
our liquid silica.

3.2 Spatial correlations

It was found that particles of extremely low or fast mobil-
ity have a tendency to form a cluster upon cooling and we
detect this problem in our liquid silica via an investigation
of cluster size distributions of the 5% most mobile or im-
mobile particles in liquid SiO2 models obtained at 2800 K.
For determination of cluster of particles we have used the
same rule as was done in references [4,5,21], that is, two
particles belong to the same cluster if their distance is less
than the radius of the nearest neighbor shell. The radii of
the nearest-neighbor shells are defined by the first mini-
mum in PRDFs, g;;(r), and we have adopted the fixed val-
ues Rgigi = 3.30 A, Rsi.o = 2.10 A and Ro.o = 3.00 A,
which were used for calculating the coordination number
distributions.

The probability distribution P(n) of clusters of size
n in models obtained at 2800 K (Fig. 8) clearly shows
that particles of extremely low or fast mobility have a
tendency to form clusters and they do not randomly dis-
tribute throughout the system. For the 5% most mobile
particles, we found one largest cluster containing 24 par-
ticles in BMP model or 7 particles in PMSI model. In
contrast, for the 5% most immobile particles this number
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Fig. 8. The probability distribution P(n) of clusters of size
n for 5% most mobile and immobile particles in liquid SiOs
models obtained at 2800 K by using two different interatomic
potentials.

is of 5 particles in both BMP and PMSI models. These
numbers are small compared with those observed in other
silica models [3]. The discrepancy might be related to the
very high silica density used in reference [3] (i.e. equal to
2.37 g/cm?), and the density dependence of DH in the
system will be studied in our subsequent work in this di-
rection. For our case, it seems that the most immobile
particles are less correlated than the most mobile ones.
It is essential to notice that the probability distribution
P(n) presented in Figure 8 differs from those observed
for Lennard-Jones liquids [21], charged colloidal suspen-
sions [22]. Possibly, it is caused by the different choices of
an interval time At for calculating cluster size distribu-
tion. Commonly, At is chosen as the time when the non-
Gaussian parameter asg(t) or the mean cluster size is max-
imum and corresponding cluster size distribution shows a
power law, P(n) ~ n~7 (see Refs. [21,22]). The interval
time At in current work was adopted to be equal to 80 ps
corresponding to a good equilibrated liquid model. One
can infer from Figure 5 that the calculations were done in
the diffusive regime for both models with different inter-
atomic potentials over whole temperature range studied
(i.e. it ranges from 2450 K to 6300 K). It is necessary to
carry out the calculations of cluster size distribution in
the models obtained at the time when the non-Gaussian
parameter as(t) or the mean cluster size is maximum like
those done in other works. As presented Figure 4 how-
ever, the maxima of the non-Gaussian parameter as(t) in
models obtained by two different interatomic potentials
are located very far from each other and such approach is
not appropriate for our case.

Temperature dependence of mean cluster size for the
5% most mobile and immobile particles in liquid silica has
been found and presented in Figure 9. While mean cluster
size of the 5% most mobile and immobile particles in PMSI
models increases with decreasing temperature like those
often observed in Lennard-Jones liquids [21], silica [3] or
in liquid alumina [4], no systematic changes was found
for the most mobile and immobile ones in BMP models.
After intensive testing we found that temperature depen-
dence of mean cluster size of the most mobile particles in
PMSI models is described approximately by an exponen-
tial decay law, S = Sy + Aexp(—T/t1) with Sy = 2.069,
A = 537.709 and t; = 370.242. In Lennard-Jones liquids,
temperature dependence of mean cluster size, S, of the
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Fig. 9. Temperature dependence of mean cluster sizes for 5%
most mobile and immobile particles in liquid SiO2 models ob-
tained by using two different interatomic potentials after re-
laxation time of 80 ps.

most mobile particles shows a power law, S ~ (T'—T},)”,
and in contrast, the mean cluster size of the most immo-
bile particles is relatively constant with T' (see Ref. [21]).
On the other hand, mean cluster size of the most mobile
particles in BKS silica liquids did not show a power law
with temperature and it was suggested that the feature of
DH in simple liquids can not be generalized to the case of
network-former BKS silica [3]. The most immobile parti-
cles in BKS silica have not been studied yet [3].

3.3 Surrounding

It was clearly found in Lennard-Jones systems that immo-
bile particles have more neighbors and most mobile parti-
cles have fewer neighbors than the average ones [6]. This
means that there is a relation between local structure and
dynamics in Lennard-Jones system. So far, the features of
the DH of supercooled liquids are not well understood and
we try to get some insights into the reason for the particle
mobility and we also look for possible differences in the
local surrounding of 5% most mobile/immobile particles
in comparison to average particles in the silica systems
obtained by using the Born-Mayer potentials. According
to our results (Fig. 10) the phenomenon, observed previ-
ously in Lennard-Jones liquid that most mobile particles
have less neighbors and most immobile particles have more
neighbors than the mean ones, has not been found for our
liquid SiO5. This means that no systematic relation be-
tween the local coordination and particle mobility in the
BMP SiO; system has been found. It is confirming again
that the feature of DH in simple liquid can not be gen-
eralized for network-forming systems like that stated in
reference [3]. Similar results have been obtained for PMSI
models (not shown).

4 Conclusions

For the first time the interatomic potential effects on the
DH in low density liquid silica have been studied. Our
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Fig. 10. Mean coordination number of 5% most mobile and
immobile particles in liquid SiO2 at different temperatures
compared with those of the mean ones; Zsi si+o and Zo,si+o
are the average total number of neighbors (both Si and O par-
ticles together) of the mean Si and O particles in the model,
respectively; Zmsisi+o and Znmo,si+0 are the average total
number of neighbors (both Si and O particles together) of
the most mobile Si and O particles in the model, respectively;
Analogously for the most immobile Si and O ones we denote
Zimsi,si+o and Zimo,si+0-

investigations present the existence of DH in liquid silica
models obtained by using two different interatomic poten-
tials. However, the feature of DH in both models is quite
different and it indicates the interatomic potentials effects
on DH in the system as follows:

(i) The non-Gaussian parameters in models obtained at
2800 K, 3500 K and at T'/T, ~ 1.346 by using two
different interatomic potentials are quite different in
terms of the type, the positions and the heights of
the peaks of the curves.

It was found that mean cluster size of the most mobile
particles in PMSI models increases with decreasing
temperature and it shows an exponential grow law
with reduction of temperature while no systematic
changes have been found for those in BMP models.
The spatial correlations of the most mobile or immo-
bile particles for different species in the PMSI and
BMP models are quite different.

(i)

(iii)

Similarly, the interatomic potential effects on DH in other
systems can be expected. Because the DH in the system
can have an important role in the liquid-glass transition,
results of our simulations give some ideas for further in-
vestigations of DH in supercooled liquids to gain deeper
understanding of such phase transition. Different features
of DH in the same supercooled liquid might lead to differ-
ent glass states of the system. Moreover, direct observation
of the existence of DH in colloidal systems has been found
experimentally [24] and effects of interatomic potentials on
the DH in the system can be found experimentally in ma-
terials where the interparticle potential can be accurately
controlled. For example, in a solution of globular proteins
the interaction range can be controlled by changing the
ionic strength [25] or in sterically stabilized colloids, the



V.V. Hoang: Interatomic potential effects on dynamical heterogeneities in liquid SiO2

attraction range can be tuned by changing the grafted
chain-chain interaction [26]. And indeed, in a mixture of
colloidal particles and a non-adsorbing polymer the length
of the polymer fixes the interaction range and the amount
of non-adsorbing polymer in solution fixes the interaction
strength [27,28].
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