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Metallic glasses (MGs) are considered as homoge-
neous and disordered without any long-range atomic
packing. Here, we report the development of the
onion-like, multilayered atomic structure with a
one-dimensional spherical periodic order along the
radial direction in MG spheres. The layering transi-
tion occurs spontaneously as driven by the surface
tension af all ranges of temperatures below the
glass-transition temperature. The ordering depends
on the radius of the spheres, ranging from a few
atomic layers in the large spheres to fully ordered
in the smaller ones. The ordering phenomenon is a
rare demonstration of the liquid-like behavior in the
amorphous solid that blurs the boundary between
the solid and liquid in nanoscales. In parficular, the
multilayered structure could be used in developing
functional catalysts and friction or wear-resistant
materials.
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Formation of multilayer structure
in metallic glass nanospheres

Yiying Zhu, Hao Wang, Lingkang Wu, and Mo Li*

Atomic structure is a crucial part for the structure—property relations in fabrication
and utilization of nanoscale particles. Different from the widely known one-layer
core-shell model in crystalline nanoparticles, we report here a multilayer atomic
structure formed in metallic glass nanoparticles. The multilayers are characterized by
density modulations along the radial direction, while the underlying atomic structure
still remains amorphous. As an example, the Cug,Zrss metallic glass nanospheres are
investigated under a wide range of temperatures and sizes using molecular dynamics
simulation. We found that the homogeneous amorphous structure undergoes a
transition from a single surface core-shell structure to a multilayer structure with
a well-defined one-dimensional periodicity when the particles are cooled through
the glass transition. This unique layered atomic packing is closely correlated to the
variation of the internal stress induced by the surface stress. The layered structure
is also accompanied by the property modulation as well as chemical segregation

on surface regions.

Introduction

Metallic glass (MG) nanowires and nanopar-
ticles have captured much interest recently as
the decreasing feature size introduces many
superior electronic, optical, catalytic, and
mechanical properties over the correspond-
ing bulk materials.' Some of the function-
alities, such as those in catalysis and fric-
tion, are enhanced tremendously and become
highly desirable owing to the structural isot-
ropy and easy processing of the glassy mate-
rial. As most applications of the nanoscale
materials pivot on the ever-increasing spe-
cific surfaces, the surface atomic structure is
crucial to understanding and utilizing MGs
in nanoscales. Many models have been pro-
posed to describe the atomic packing in bulk
MGs in the last decades,*”’” most of which
focus on the short-range atomic structure in
the homogeneous MG. Not much is known
for the atomic structures of the surfaces and
near-surface regions in nanoparticles or

wires. As known for crystalline nanomateri-
als, once a surface forms, the surface tension
arises, and the atoms rearrange themselves as
driven by the unbalanced forces originated
from the surface. These forces make changes
in surface composition, energy, and stresses
that are different from the bulk. Many of
these structural changes are observed in
crystalline materials also, such as faceting,
due to the obvious crystalline (re)order, and
surface phase transitions.® In contrast, only
a few works paid attention to surface and
near-surface atomic structures in amorphous
materials™!'? because of the lack of interest
in finding any “structural change” in already
structure-less materials such as the MGs
and the technical difficulties in detecting the
structural change due to the absence of the
Bragg diffraction in the disordered material.
As more and more amorphous nanoscale
materials are synthesized, and their unique
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and superior properties are discovered, undoubtedly there will
be an increasing interest in looking into the atomic structure
in the near-surface regions in order to explain and predict the
properties and performance of these materials.

MG is usually obtained from cooling the corresponding
glass forming liquid. At the glass-transition temperature T, the
liquids become topologically disordered or amorphous solid
with no long-range atomic structural order.!! For this reason, it
is not expected that the surface of the MGs would be dramati-
cally different from the bulk. In contrast, surface reconstruc-
tion, roughening, and structure or phase transformations are
commonly seen in crystals with long-range order.'*!* Never-
theless, some structural ordering was observed in the surfaces
of another topologically disordered material, liquid metals.
The atoms on and near the surface are found to organize them-
selves to form layers with density modulation.'*'® The cause
was thought to be related to the change of the interatomic
interactions for the atoms near the surface due to the screening
effect from the Friedel oscillation of the electron densities and
the high mobility of these atoms in the liquid state that allows
for the fast dynamics in reorganizing surface structures. MG,
on the other hand, is metastable and its mobility is nearly zero
as a solid, or a frozen liquid. Therefore, one should not expect
to see structural ordering on or near the surface as in the liquid
metals, unless the ordering has been developed in the liquid
state and subsequently preserved at temperatures below 7,
by rapid cooling. Indeed, we did not observe any ordering
formation in either the surface or subsurface regions of both
the MG liquids or the bulk glass. However, we did observe
the layered structure in MG nanoparticles. We reported this
finding briefly.!” Here, we explore how this rare and unusual
structure change occurs and the causes for it.

By far, most experiments conducted to investigate the
surface-related properties of MGs are on surface roughness,'
phase separation,'*?” surface-induced crystallization,?' and sur-
face dynamics.” Little is known about the detailed local atomic
packing change on and near the surface, in particular, in nano-
particles. Molecular dynamics (MD) simulations provide some
specific atomic-level information of surfaces and surface-related
properties for MG nanowires. For example, the surface of the
MG is observed to remain amorphous but with highly segre-
gated alloy components.?>>* The driving force for the chemical
segregation is identified as the curvature of the nanowires.?>*
Clearly, further investigation is needed for whether the same or
other interesting properties and mechanisms, including the layer
formation, could manifest in MG nanoparticles.

In this article, we report some new findings on not only the
chemical ordering but, more interestingly, the atomic structure
ordering on and near the surface of Cuy,Zr;s MG nanopar-
ticles. To reveal the details of the surface atomic structure
arrangement, we used MD simulation. We found that the for-
mation of multilayers, an onion-like layered atomic structure
(LAS), is originated from the surface of the MG nanoparticles
in the solid state. This obvious one-dimensional structure is
strongly related to temperature. The extent of the periodic

ordering is sensitively dependent on the particle size. When
the temperature increases to and above T, the LAS experi-
ences an abrupt change and the layer periodicity starts to
disappear. We attribute the structure ordering to the surface
stress, rather than interatomic interaction change caused by
the electron screening effect in Friedel oscillation. Our further
calculation gains insights into the relationship between the
surface stress and surface energy gradient and the structure
ordering. These findings provide new knowledge for the nature
of MG in the nanoscale and the possibilities for manipulating
their structures in fabrication of the MG nanostructures.

This article is organized as the following. In the next sec-
tion, we outline the methods used in the MD simulation and
calculations of atomic structures and physical properties. In
the “Results and discussion” section, we give the details of the
results, in particular, of the formation and characterization of
the LAS of the MG nanopatrticles, the effects of temperature and
particle size on the LAS, and the surface stress and its influence
on the structure change. In the “Conclusion” section, we discuss
the mechanisms and factors that influence the LAS formation.

Sample preparation and simulation methods

In this work, we select a Cug,Zr;4 alloy to investigate the
atomic structure change of the surface and subsurface regions
in nanoparticles because this particularly simple binary MG
alloy exhibits good glass formability and has been extensively
studied both experimentally and theoretically.>’2° The large-
scale atomic/molecular massively parallel simulator
(LAMMPS)* is used to model the atomic structure change
and the physical properties. The interactions between the
atoms are described by the embedded atom method poten-

tial > E; = F, (Z g (rlj)> + % > dop (rij), where F is the
J# J#

embedding energy, ¢ is a pair potential, and a and P are the
element type of atoms i and j. The atomic configurations are
visualized with OVITO.3® The constant pressure and tempera-
ture ensemble MD is used with the pressure kept at zero but
under either constant or varying temperature controlled by
a Nosé—Hoover thermostat.

As shown in the inset of Figure 1, the sample of a CugyZr;
liquid with the size 240 A x240 A x240 A is set up with the
periodic boundary conditions applied in all dimensions. The
liquid is kept at 2100 K for an extended period of time for
equilibration and then quenched to 300 K at a rate of 2 K/ps to
obtain glass. The time step is set as 1 fs. Figure 1 also shows
the atomic potential energy of the Cug,Zr; MG as a function
of temperature. We use the intersection of two tangent lines of
the potential energies at high and low temperatures to locate
T,, which is at about 725 K during cooling. 7, changes to about
795 K when we heat up the glass sample from 300 to 2100 K
with the heating rate at 2 K/ps. The MG sample is then cut into
spheres from the bulk at 300 K with various radii ranging from
15 to 120 A. The spheres with free surfaces, no longer under
the periodic boundary conditions, are then heated to different
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Figure 1. The atomic potential energy of a Cug,Zr;g metallic glass
(MG) as a function of temperature during cooling (black line) and
heating (red line). The blue and green vertical lines locate the glass-
transition temperature Tg in cooling and Tg‘ in heating, respectively.
The inset shows the atomic configuration of the MG sample and a
particle obtained from the bulk sample.

temperatures ranging from 400 to 1800 K with a rate of 2 K/
ps. At each selected temperature, we keep the particles for 2 ns
to ensure that they reach a steady state; and in another 2 ns
following the equilibration, the atomic positions, velocities,
and stresses are calculated and recorded. We also obtain the
MG spheres directly from the liquid by quenching. These MG
spheres are under similar conditions in experimental synthesis
of MG particles, such as in gas atomization. The nanoparticles
from the two methods give qualitatively the same results.

Results and discussion

Formation of multilayers and surface state of MG
particles

Identifying LAS with mass-density profiles

To detect any atomic structure ordering in the nanoparticles,
we first use the mass-density profile (MDP), p(»). The MDP
is obtained by calculating the mass density of the atoms in the
spherical shell between r and r+ Ar at the radial distance » from
the mass center of a sphere. The thickness of each shell Ar is set
as 0.2 A as shown in the inset of Figure 2a. The atomic mass
of Cu and Zr is 63.546 u and 91.224 u, respectively. Both the
total MDP and partial MDPs contributed from Cu and Zr are
calculated. To reduce the effect of thermal vibration, all data are
averaged over 20 ps with a 0.5 ps time interval.

Figure 2a—d shows the MDPs for the spheres with differ-
ent sizes at 700 K after 2 ns relaxation. From the figures, one
can clearly see an oscillation for the MDPs in all samples.
The period of the oscillation appears to be about 2.17 A, and
the amplitudes can reach as high as about 25% of the average
density. The periodicity exhibited in the MDPs suggests that
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there is a one-dimensional (1D) order formed for the atomic
packing along the radial direction of the particles. In the par-
ticle with the radius of 20 A (Figure 2a), the MDP shows no
damping throughout the whole sample with a fully multilay-
ered, onion-like structure. However, for spheres with larger
radii in Figure 2b—d the mass-density oscillation damps off
from the surface in about three cycles, and the outmost layer
around the surface has the highest amplitude.

One possibility for the 1D ordering is partial crystallization
within the particles on the inner surfaces as shown by some
previous work.? Further analysis of the atomic structure in this
work, however, shows no existence of 3D or 2D long-range
order. Figure 2e shows the atomic views of the MG sphere
with the radius of 60 A at 700 K, including the overall view
of the particle, the amplified local cross-sectional view, and
the top view of the surface. Cu and Zr atoms and their con-
tributions to the MDPs are identified. The dashed lines in the
cross-sectional view mark the first and second atomic layers
corresponding to the peaks in the MDPs, but the third layer
cannot be observed straightforwardly. In the top view of the
surface, we notice that about 40% of the atoms are arranged
at the vertices of a triangular tiling marked with the white
dashed lines. The local ordered atomic arrangement is similar
to the atomic packing of the (111) planes in FCC crystal or the
(0001) plane in HCP crystal. The pattern of the local hexago-
nal packing shows unambiguously some sort of short-range
order but without long-range translational symmetry. This
local order on the first layer, or the surface, only indicates that
the LAS at the first layer is dominated by the closest-packed
structure mosaics, possibly some local two-dimensional crys-
talline packing; but the ordering does not extend to the interior
of the particles along the radial direction. In other words, the
LAS observed along the radial direction is not caused by the
local crystallization and must have its origins elsewhere. We
shall examine the causes next.

Chemical segregation

With the observation of the structural ordering in the MG
nanoparticles, our next question is whether there are other
changes, such as chemical ordering. It is common that the
chemical species segregate in/to the surface in the nano-
structure as the surface area becomes significantly bigger
and energetically more favorable. Both experiments®*3> and
simulations®>?*-*® have reported chemical segregation in
nanowires and nanoparticles where certain chemical elements
are enriched in the surface region as compared to the inte-
rior or the bulk. There are usually two driving forces for this,
albeit mostly for crystalline materials: (1) The segregating ele-
ment lowers surface energy; and (2) when the surface energy
remains the same, the element with a larger size goes to the
surface to lower the overall strain energy.’” In Cug,Zt;s MG
wires, nevertheless, it was found that the lighter and smaller
Cu atoms become concentrated at the surface.?> We expect the
same to occur in the MG nanoparticles.
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the Cu and Zr peak positions coincide

[a] 10 I 20 A [b] 10 40 A with the peaks in the total MDP. In the
third layer, the Cu and Zr peaks deviate
—_ 8 —_ 8 from the total MDP again with the same
mg 6 mg 6 trend as seen in the first layer. The dif-
& ) 0 ference in the mismatch of the MDPs is
= 4 k. S 4 mainly caused by the difference in the
a a A -
24w & 2 atomic sizes and mobility of Cu and Zr
0 I—-—IDeninty—-*—CL:—v—Zr | i I—-—'Densllty—'ﬁ—CL:—v—'Zr \ atoms,*® which makes it easier kinetically
10 15 20 25 30 35 40 for Cu segregation to the surface or the
r(A) r(A) top layer.

[q] Figure 3 shows the atomic fraction
10 60 A 10 - 120 A profiles (AFPs) of Cu and Zr atoms
] along the radial direction for differ-
— 8__ — 8 ent size particles, N, (7)/N(r) and
5 6 5 6 N,(r)/N(r), where Ne (r) and N,,(r)
g 4l %" 4l are the numbers of Cu and Zr atoms,
% i % and N(r) is the total number of atoms
21 2 1 in a shell between » and r+ Ar at the
1—— Density —+— Cu——17r |—=— Density —— Cu——7r radial distance . The black squares

0 4 I I 0 T I T T . .
45 50 60 105 110 115 120 and red circles show the fraction of Cu

55
r (&)

r(A)

(Ney(r)/N(r)) and Zr (N(r)/N(r)) atoms,

Figure 2. Mass-density profiles, p(r), for the metallic glass (MG) spheres with the radius of
(a)r=20A, (b) 40 A, (c) 60 A, and (d) 120 A at 700 K. The black squares denote the total
density, the filled red up-pointing and blue down-pointing triangles are for Cu and Zr. The inset
in (a) is an illustration of a particle and its cross-sectional view to show the shell thickness Ar
used in calculating p(r). (e) The atomic and cross-sectional view of a metallic glass sphere with
the radius of 60 A at 700 K. The amplified local atomic side view from the red box (A) and a
top view of the atomic structure on the surface in the blue box (B) are also shown. Cu and Zr
atoms are colored in red and blue. The white dashed lines are drawn to show the surface layer
in side view A and possible local crystalline atomic packing in top view B.

respectively. The AFPs give the local
atomic percentage of different atoms
from which we can see any chemical
concentration change along the radial
direction as compared to the mean sam-
ple concentration for Cu at 0.64 and Zr
at 0.36. If the local atomic concentration
in the AFP is larger than the mean value,
it is enriched; otherwise depleted.
From Figure 3a—d, we can see the
chemical segregation in the surface
region: The lighter and smaller Cu atoms
are indeed more likely to concentrate at
the surface of the particles, forming a
Cu-rich surface. In contrast, Zr becomes
depleted in the surface region. Neverthe-
less, both the Cu-rich and Zr-poor region

The first hint of the chemical ordering can be seen in Fig-
ure 2 by comparing the total MDP with the partial ones for
Cu and Zr. One can see the oscillation of the total and partial
MDP and the higher and lower amplitude in partial MDPs for
Cu and Zr near the surface, meaning that Cu becomes enriched
in the surface and Zr depleted in the same manner, but they
are not strictly synchronized with each other. For the conveni-
ence of view, we mark out the first, second, and third layer of
the surface in Figure 2c at the locations at » = 58.9 A, 56.7 A,
and 54.5 A, respectively. In the first layer (the outmost layer),
the peaks of the partial MDPs of Cu and Zr deviate from the
mean peak positions of the total MDP. The Cu peak inclines
slightly toward the surface or to the right, and Zr peak to the
left or toward the center of the particle. In the second layer,

are limited only in the outmost part of the
surfaces with a thickness of about 2 A.
In the subsurface regions below, we still see the concentration
modulation but with a nearly negligibly smaller magnitude
change.

The AFPs of all samples with different particle radius
show a similar characteristic pattern as shown in the MDPs,
except there is a larger data fluctuation at the smaller distance
r because the number of atoms in the shell decreases as the
distance » becomes smaller toward the center of the particles,
which contributes to poor statistic counting. The oscillation of
the AFPs is relatively less clearly distinguishable than those in
the MDPs, except for the first few peaks close to the surface.
The fraction of Cu atoms drops (marked with an “A” on Fig-
ure 3d) first with a value about 0.55 in the first valley next to
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has lower energy than that of Zr. At
[a] 100% [b] 100% I
[——=cu 20 A ——Cu 40 A the mean position of the surface, for
80% & 80% Zr example, the energy of Cu is 0.440 eV,
1 1 whereas that of Zr is 0.692 eV. The
& 60% & 60% - .
8 ] s ] much smaller energy contributed from
§ 40% § 40% Cu would, therefore, make the overall
$— — .
2 1 0 1 energy of the surface lower if more
& 20% - & 20% :
| | Cu atoms are enriched there. There-
0% — 0% — —— fore, Cu is the preferred element to
5 10 15 20 25 30 35 40 segregate to the surface, which is the
r(A) r(A) reason for the peak mismatch of the
0, . . .
L0 | ——=¢Cu 60 A [d] 100% ——Cu 120 A AFPs found in Figure 3. Besides the
g0 80% 4 2 T, . thermodynamic reason, there could be
1 1 B Y a kinetic cause for the segregation of
S 60% & 60% ; i
5] & H : Cu to the surface. Because Cu has a
= 1 = T . . . . .
§ 40% § 40% \ ; smaller atomic radius, it has relatively
E 1 ;C: 1 . o higher mobility as compared to that
2% 207 o of the larger Zr. Therefore, during the
0% N — 0% — R process of chemical segregation, Cu
45 50 55 60 105 110 115 120 has an advantage of moving to the sur-
r(A) r(A) face faster.
Figure 3. The atomic fraction profiles (AFPs) of Cu and Zr atoms along the radial direction of
the metallic glass particles with the radius of (a) 20 A, (b) 40 A, (c) 60 A, and (d) 120 A at 700 K. .
The mean fractions of Cu and Zr are 64% and 36%, respectively. The letter “A” and “B” in (d) Surface stress and surface-induced
marks the two most distinguishable valleys in the Cu and Zr AFPs. internal stresses

the surface peak, then goes up again with two smaller peaks,
and falls again to another valley (marked with a “B” on Fig-
ure 2d). The closer toward the center of the particles, or further
away from the surfaces, the closer AFPs are getting to the mean
alloy concentrations. Note that the concentration modulation
resembles that in a spinodal decomposition with spontaneity.
As a defect, the surface with broken atomic bonds raises
the energy of the system. As mentioned previously, in alloys
or solutions, a certain type of elements would move from the
interior to the surface in order to minimize the overall free
energy of the system. For MGs made of multicomponent,
the tendency of which element would segregate from the
interior to the surface is governed by the difference between
the energies with the elements in the surface and the interior.
For our binary CuZr metallic glass, we compare the changes
of the energies of Cu and Zr in the surface and in the bulk.
If the surface with more Cu has lower energy than that of
Zr, Cu would be the preferred element to segregate to the
surface. To confirm this prediction, we calculate the energy
of each element in the surface layers and at the center of the
particle and compare their difference.’® Figure 4 shows the
potential energy profiles of Cu and Zr atoms in the nanopar-
ticles with various radii. The profiles are calculated using
the same techniques as for the MDP and AFP previously.
Because the surface is the region with a finite thickness, in
presenting the energy profile here, we shift the position » to
r,, or r—r, where r, is the mean position of the surface layer.
From Figure 4, one can see that the potential energies of
Cu and Zr increase in the region closer to the surface but Cu
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The formation of the modulated multi-
layer structure and the surface chemi-
cal segregation in the MG nanoparticles indicates that the
amorphous solid has both the thermodynamic driving forces
and fast dynamics for the atoms to rearrange themselves in
the nanoparticles. Different from the liquid metals with the
ordered subsurface structure formed near the surface region,
the MG nanoparticles form the multilayered LAS that could

N /‘.
0.440 eV
S
(%)
g Cu --=- Zr of 20 A sample
z —— Cu --—- Zr of 40 A sample
5 Cu ----- Zr of 60 A sample
s 97 ——Cu -~ Zrof 120 A sample A
g ‘/'/'//
64 - - ’
T ' 0.692 eV
T T T T T T T T T T T T T T i T
-14 -12 -10 -8 -6 4 =2 0 2
r=ryg (A)

Figure 4. The atomic energy profile of Cu and Zr atoms. The position
r (the horizontal axis) is shifted to the mean position r, of the surface
layer; rg is marked by the double arrow lines.
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extend deep into the center of the particles. The long-range
LAS formation must have an origin that is different from the
short-range interactions originating from the electron screen-
ing effects. Here, we show that the most likely driving force
for the LAS formation and the surface chemical segregation
is the surface stress. The existence of large surface stress in
the amorphous solid can have a long-range effect on atomic

where r;; is the vector connecting atoms i and j and its length is
rij, k is the number of the intersections of r;; and the R-surface,
a is a parameter varying from zero to unity, representing the
beginning point to the end point of the contour, ej(,) is the
radial unit vector at the intersection of r;; with the R-surface,
given by oy, and H is the Heaviside step function. The tangen-
tial component of the stress tensor for a spherical interface is

PCR) = 3 Iy 'e¢|f»-H(R+ A — () H (I(ax) — R + A)H (@) H (I — ag) !
[0Y0) - 27 Fir y k k k k 5

RA

pairs v

structure rearrangement. In particular, if the surface stress-
induced internal stress is modulated that extends from the
surface to the interior of the particles, the atoms in the nano-
particles can be driven to achieve the local spherical dense
atomic packing, which eventually leads to the LAS with the
periodicity along the radial direction. In the following, we
present the results from the calculations of the surface stresses
and the internal stress distribution in the MG nanoparticles.

The atomic stress consists of the kinetic and configurational
contribution,>* !

P(r) = P*(r) + P (r), 1
where the kinetic part is given by P¥ = kT p(r)I, where [ is
the unit tensor and p(r) is the singlet distribution function of
molecular centers. The configurational part can be written as

. 1 U
PC(r) = _2<Zarij /dls(r—1)>, )
Cij

i

where U is the interatomic potential, C;; is the integration path
from atom i to atom j,  is the point in space where the stress
is evaluated. 8(r — /) is the Dirac delta function. P¢(r) highly
depends on the particular choice of Cj; especially in an inhomoge-
neous system such as particles with interface and surface regions,
which leads to two different stress forms, the Irving and Kirk-
wood (IK) stress tensor and Harasima (H) stress tensor. The IK
tensor*! presents the contour as a straight line (IK-contour). The H
tensor splits the contribution to a flat and a perpendicular line
(H-contour).*” Note that the choice of stress form (i.e., IK or H) is
equivalent in the large scale as the atomic potential is a conserva-
tive field, where the integration path will not affect the overall
result. Here, we use IK stress tensor to investigate the surface
stress of MG spheres, as there is sufficient evidence showing that
IK-contour is more suitable for inhomogeneous materials. 14346
In a spherical coordinate, the normal component of the stress ten-
sor for a spherical interface (R-surface) as a function of the radial
coordinate R can be written as*’*

1 2 ij - Q
PAR) = <Z 3 Wﬁjl‘[(ukﬂ‘](l - ak>>,

pairs k=1 v

3

where A is equal to half the bin width, e is the unit vector in the
¢ direction, and /(o) is the length of the radial vector describ-
ing the intersection of 7;; with the ¢ surface.

Using the previously discussed expressions (Equa-
tions 1-4), we calculated the profiles of the stress component
o (r) and oy (r), while oy () component remains zero, for
the MG particles with a radius of (a) 20 A, (b) 40 A, (c) 60 A,
and (d) 120 A at 700 K along the radial direction. Same as
in calculating the MDP and AFP, here, we chose the bin size
Ar=0.1 A, and calculate these stresses in the spherical shell
between r r+Ar. The data are averaged over 20 ps with a
0.5 ps interval to reduce the effects of thermal motion.

Figure 5 shows that the normal stress oy (r) is zero in the
surface region and gradually becomes negative toward the
center (the negative sign denotes compressive hydrostatic
pressure, while the positive for tensile pressure). The mag-
nitude of the normal stress at the center (»=0) is about 1.16,
0.55, 0.36, and 0.20 GPa for the particles with the radius of
20 A, 40 A, 60 A, and 120 A, respectively. This is the mani-
festation of the familiar Young—Laplace relation, that is, the
smaller the particle radius, the larger the internal (compres-
sive) pressure. Except for the particle with the radius of 20 A,
oy () changes smoothly with barely observable variations or
oscillations from the surface to the center of the particle. In
other words, the oscillation in oy (r) becomes more apparent
when the size of the particles is getting smaller.

In contrast to the normal stress, the tangential stress oy (7)
shows clear oscillations. From the surface toward the center
of the particle, the amplitude of o¢¢(r) decreases gradually
with the largest peak of 7 GPa at the position corresponding
to the mean surface region and a valley of —2 GPa right below
the surface layer. Clearly, the top surface layer with the larg-
est positive peak is under tension, and the layer immediately
below it is under compression. The tension—compression cycle
repeats inside the particles as » gets smaller. Further inside
the particle, the normal and tangential stresses approach some
smaller values. Note that the largest tangential tension stress in
the surface layer remains at 7 GPa and the compression stress
in the subsurface layer at —2 GPa, despite the differences in
the particle size. However, the oscillation of the tangential
stress depends on the particle size: The smaller the particle
size, the more intense the oscillation. As the particle radius
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starting from the surface. We need to

(o] 8 | . 40 A point out that tl}e sgrface energy and
6 w stresses shown in Figures 4 and 5 are
1 9, those after the atomic configurations
s 47 5 I have changed, or after the particle is
% 5 : relaxed. Before relaxation, the surface
é"; 0] b energy and the stresses are bigger. The
a unbalanced surface stresses before
o relaxation serve as a driving force for

e e the atoms in the top surface layer to

2 30 A35 40 reorganize, preferably, into a denser
r(A) random packing (Figure 2e) because

[d] 8 the stresses are the largest on the sur-

face. The tangential stress plays a more
important role here because the atoms
on the spherical surface have more
degrees of freedom to move on the sur-
face. This can be seen clearly from the
dense atomic packing on the top surface
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Figure 5. The profiles of the stress component arr (r) and o ¢4, (r) for the metallic glass parti- atomic conﬁg‘u.ratlon and the 0.verlap of
cles with the radius of (a) 20 A, (b) 40 A, (c) 60 A, and (d) 120 A at 700 K. the peak positions of tangential stress

with the density profiles at the first sur-
face layer provide direct support for
this conclusion.

approaches 120 A, the tangential stress oscillation damps to a
smooth curve below about 100 A (Figure 5a—d).

Finally, but more importantly, by comparing the profiles of
the tangential stress (Figure 5) and the mass density (Figure 2),
one can see unambiguously that the LAS shown in the MDPs
has the perfect match in the periodicity of the oscillations for
the first two peaks close to the surface. For example, the posi-
tion of the distinctive 7 GPa stress peak coincides exactly with
that of the first layer in the MDP and the —2 GP stress valley
overlaps with the peak position of the second layer. There are
slight shifts, about 2-2.5 A, for the peak positions between the
two profiles when the distance inside the particles are closer

While the reorganizing atoms in the top surface layer have
an extra degree of freedom in the radial direction perpendicular
to the surface, the atoms in the subsurface layers and interior
are much more constrained. Once the surface layer forms, fur-
ther packing of the atoms in the subsurface layers is under the
restriction by the curved and also smaller shell regions as the dis-
tance r is approaching the center of the particle. Packing atoms
as densely as those on the surface becomes more difficult with
the two-dimensional crystal-like mosaics, which leads to a finite
extent of the LAS inside the particles. This is an inverse case of

X ; the atomic packing around a central atom such as in the structural
to the center. In the following, we shall connect the two in model for the radial distribution function (RDF) of MG 54950

relation to the formation of the LAS. Another reason for having a finite number of LAS in the

larger particles is due to the decreasing effects of the surface
stress that is inversely proportional to the particle radius, or
directly connected to the curvature of the particle. The smaller
surface stress effect in the larger particles reduces the driving
force for the rearrangement of the atoms farther away from
the surface. It is worth mentioning that the fully ordered layer
structure is also reported in some core—shell nanostructures,’!
where the spherical periodic orders arise from both the center
and the surface and merge at the middle, which results from
the ordered carbon nanotube around it. The interface acts as
the controller for the formation of the layered structure. The
unique feature in our case is that the outer confinement shell
is the free surface only with the presence of surface stress.

Surface stress-induced LAS

The results previously presented demonstrate that rather than
the chemical segregation, the formation of the LAS in MG
nanoparticles could likely be the consequence of surface
stress, especially the tangential stress. It exhibits the same
oscillatory behavior as that in the LAS. Therefore, we pro-
pose a new mechanism for the LAS formation with the surface
stress as the driving force.

When a MG nanoparticle forms, the surface energy
emerges along with the surface stress as shown in Figures 4
and 5. To reduce the energy and also equilibrate the unbal-
anced surface stress, atoms tend to rearrange themselves,
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Influence of particle size and temperature on LAS

The formation of the LAS in MG nanoparticles demonstrated
in the previous section is at 700 K. We show that the surface
stress is the major driving force for LAS formation. In the last
section, we mentioned that the particle size can change the sur-
face stress via the Laplace type of relation, and as a result, the
LAS becomes damped as the internal stress becomes smaller
in larger particles (Figure 2). Temperature rise, on the other
hand, causes the structure relaxation, which is particularly
sensitive for the metastable solid such as MG. The structural
relaxation can lead directly to reduction of the surface as well
as internal stress that in turn can cause the change in the LAS.
In particular, when temperature reaches 7,, MG undergoes a
solid-to-liquid transition where the mechanical stability van-
ishes, along with the internal stress, which causes the disap-
pearance of the LAS. In this section, we shall give more details
of how the particle size and temperature influence the LAS.

Size effect on the LAS

Size effect found in nanomaterials is often associated with
the large ratio between the surface area versus the volume
that is thought to be responsible for the surface-related prop-
erty changes. In MG nanoparticles, we found that in addition,
the particle size also contributes to atomic structural change
(i.e., the formation of the LAS) caused by the surface stress.
In the “Formation of multilayers and surface state of MG par-
ticles” section, we show that a fully layered structure is devel-
oped in the particle with the radius of 20 A or smaller; and
only partially layered structure forms when the particle radius
is bigger. In the latter, the layers only extend to a finite distance
into the interior from the surface. We argued that the cause is
related to the Young—Laplace (YL) type of relation between
the surface stress and internal stress, and the particle size. The
relation can be perceived clearly in Figure 5 where the mean

compressive pressure is about 1 GPa inside the sphere with a
radius of 20 A, but only 350 MPa for the particle with a radius
of 60 A. Therefore, the smaller the particle size is, the larger the
internal stress caused by surface stress, and the deeper the LAS
would extend into the inside of the particle from the surface.
The LAS type of structure seen in the nanoparticles is different
from the reported cases of pressure effects on atomic structure of
bulk MGs.> In our case, the LAS is driven by tangential stress.

The YL relation relates only the mean sample hydrostatic
pressure to the particle radius via the surface stress. In our
case, from the tangential as well as the hydrostatic stress pro-
files we can see more detailed local stress variation versus
the radius inside the particle (Figure 5) and its impact on the
development of the LAS. In Figure 6a, we plot the mass-
density profiles in a single frame for all particles with different
sizes so we can directly compare the extent of the LAS in these
particles. The LAS is characterized by the clearly definable
MDP peaks and valleys, or the oscillations. The oscillation
vanishes and the amplitude decays to a constant value in the
distance of about 10 A from the surface for the particle with
the radius of 120 A, whereas the oscillation extends to the
entire sample for the particle with the radius of 20 A. As illus-
trated in Figure 6a (see the red dashed line for the MDP for
the particle with the radius of 120 A), by fitting an exponential
function to the MDP peak heights from the surface layer to the
interior of the particle, we can roughly obtain the penetration
length of the oscillations, or the mean extent of the LAS. In
Figure 6b, we plot the penetration lengths of different size
particles versus the particle radius. One can see that the size
effect, or the extent of the LAS in the MG particles, start to
show up at 60 A; and below 20 A the particles are able to
develop full length LAS, that is, the LAS penetration length
equals to that of the particle radius. To better understand the
YL relation in the nanoparticles that we mentioned previously,
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Figure 6. (a) The mass-density profiles (MDPs) p(r) for the metallic glass particles with different sizes at 700 K. The fitted exponential func-
tion for the MDP peaks for the particle with the radius of 120 A is shown as the red dashed line. (b) The penetration length of the layered
atomic structure and (c) the relation between the amplitude of the first peak versus the particle radius.
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Figure 7. (a) The profile of tangential components of the local stress
tensor o ¢ (1), (b) mass-density profile p(r), and (c) the atomic poten-
tial energy for the nanoparticle with a radius of 60 A during heating
and cooling at temperatures from 300 to 1800 K from which we can
obtain the glass-transition temperatures. The inset in (a) shows the
amplitudes of the first peak and first valley taken from o ¢4 (r), and
the inset in (b) shows the amplitudes of the first and second peak
taken from the mass-density profile as a function of temperature.

in Figure 6¢, we also plot the amplitude of the first peak in
the MDPs versus the particle radius in Figure 6a. Clearly, the
amplitude of the first peak of the MDP, or intensity of the
surface stress, show a strong size dependence.
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Temperature effects

Figure 7a shows the profile of the tangential stress component
¢4 () of the particle with a radius of 60 A at different temper-
atures ranging from 300 to 1800 K. For a better view, we only
plot the part of o4 () from 7= 52 to 65 A. One can see clearly
that as the temperature increases, the peaks and valleys of the
oscillatory oy () become flattened out gradually at smaller
r values away from the surface. In the inset in Figure 7a, we
show the change of the amplitude of the first peak and the
first valley of o4 (r) in the surface and subsurface region as a
function of temperature. There is a discontinuous region start-
ing above 700 K where the amplitudes of the peak and valley
drop precipitously. Note that the surface stress does not van-
ish completely at high temperatures. Both the hydrostatic and
tangential stress reaches a constant negative value, or the mean
stress inside the particles. For the hydrostatic pressure and
the tangential stress, the negative value means compression.
The smaller amplitudes and the flattened oscillation as r gets
smaller is the manifestation of the YL relation.

Figure 7b shows the MDP p(r) in the corresponding tem-
perature range as shown in Figure 7a. Same as for o4 (1), the
amplitudes of the MDPs also become smaller with increasing
temperature but the oscillation is still observable when the
temperature is above 1000 K, albeit with much smaller ampli-
tude. We also plot the amplitudes of the first two peaks of the
MDPs versus temperature in the inset of Figure 7b. Above
700 K, they start to show a large decrease as seen in the inset
of Figure 7a, and more interestingly, the two curves overlap
with each other at high temperature. Above 1200 K, the oscil-
lation in MDPs vanishes and the density approaches a mean
value at 7.21 g/cm’. Note that at higher temperatures, all peaks
and valleys in both the stress and mass-density profiles are
shifted slightly to the larger » values due to thermal expan-
sion of the particles but the periodicity or wavelength remains
almost invariable when the amplitude decays.

The discontinuous drop of the amplitudes in the stress and
the MDPs at high temperatures is related to the glass transi-
tion in the nanoparticles. The glass-transition temperature 7,
however, conventionally refers to the transition temperature
from cooling a liquid. As shown in Figure 7c, the glass-tran-
sition temperature obtained from cooling the liquid particle is
located at 675 K, and when the particle is heated it is 730 K.
It is more appropriate to use the latter in our analysis because
we heat the particles up. Note that the 7,’s obtained for the
bulk (Figure 1) and the particle differs only slightly. As seen in
Figure 7a-b, indeed when 7}, is approached, the particle starts
to transform from solid to liquid. The internal stress in the MG
is quickly relaxed as the atoms start to move around, which
causes the disappearance of the LAS. It is worth noting that
in the liquid state, except the surface stress the internal stress
in the particle no longer shows oscillation but still remains at
a finite value at high temperature above 7, (Figure 7a) due to
the YL relation.

The same trend presented above in the particle with the
radius of 60 A can be found in other particles of different
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sizes. In Figure 8a—b we show the amplitudes of the first peak
of 044 (r) and the MDPs for the outmost layer of the particles
with the radius of 20~120 A at the temperature of 300-1800 K.
When the temperature is below 7, the amplitudes decrease
slightly with a linear relationship with temperature. As shown
in the insets in Figure 7, at 7, an abrupt and faster decrease
occurs. When temperature is above T, the linear relation
resumes but with a different slope. The particle size effect
can also be seen clearly in the plot (Figure 8): the decreasing
trend of both the amplitudes for the tangential stress and the
mass-density profiles is slower for smaller particles; and above
60 A, the trends become the same.

The effect of temperature shown above provides another
support for our proposed causal relation between the formation
mechanism of the LAS and the surface stress: Not only does
the appearance of the modulation of the internal stress go in
tandem with that of the density modulation inside the particles
but also their disappearance.

Conclusion
Atomic structure of MG spheres is investigated via MD simu-
lation with an emphasis on the surface and surface-induced
structure changes inside the particles. We found that MG
spheres become multilayered in terms of the mass density
below the glass-transition temperature with a perfect perio-
dicity along the radial direction. The formation of the onion-
like structure is also accompanied by surface segregation.
The degree of surface layering changes with temperature and
sample size. The periodicity becomes less obvious at higher
temperatures and vanishes above 7, and its extent becomes
shorter with the increasing particle size.

Our work indicates that the formation of the multilayer
atomic structure in the MG nanoparticles is caused by the
surface stress. The existence of the surface stress leads to the

development of the internal stress, which drives the atoms to
rearrange to minimize the internal stress and energy. For a
spherical particle, the lower energy configuration formed is
the top surface layer with local dense packing, including some
crystalline lattice packing. Once the dense surface packing is
established, the subsequent atomic packing in the subsurface
and interior regions is under more strict geometric constraints.
Therefore, the subsequent inward layer-by-layer packing
from the surface becomes strongly dependent of the particle
size. In addition, the particle size imparts another constraint
to the layer formation by the change of the internal stresses
through the YL relation. Below 20 A, the full length LAS is
observed throughout the entire particles, whereas the layering
only occurs with finite penetration length for larger particles.
Temperature affects the LAS formation through relaxation of
atomic structures by thermal motion. The higher the tempera-
ture, the less sharp the LAS features and the layers vanish
above the glass-transition temperature where the MG becomes
liquid.

MG has been thought to be homogeneous and isotropic.
As compared to the crystals with the structural ordering that
persists down to nanoscales, the amorphous material should
have no long-range structural order in both the bulk and
smaller sizes, including surfaces. Our work provides a dif-
ferent view of structural ordering in this class of structure-
less materials. We show that at least one-dimensional atomic
order can be developed in nanospheres driven by the surface
stress. Similarly, this multilayer structure is expected to exist
in nanowires for the same reason as for the spheres. This kind
of ordering, however, is fundamentally different from that
in crystallization where each atom registries precisely with
the lattice positions and extends to long-range. The ordering
in MG nanoscale objects is governed largely by the external
field such as stress and the kinetic conditions for atoms to
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move. It is the metastability of the amorphous state that makes
it possible to develop ordering in MG with the influence of
these conditions: The shallow metastable state characteristic
to amorphous materials enables the atomic configurations to
change relatively easily that forms the LAS. In contrast, it
is difficult to change the crystalline structure from one deep
stable state to another. Nevertheless, the demonstration in this
work of the existence of ordering in amorphous solids such as
the MG gives us hope to develop certain atomic ordering in
this class of materials from which certain exotic and superb
properties could be obtained.
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