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Contrary to the formation of complicated polycrystals induced by general crystallization, a modulated
superlatticelike nanostructure, which grows layer by layer from the surface to the interior of a
Pd40Ni10Cu30P20 metallic glass, is observed via isothermal annealing below the glass transition temper-
ature. The generation of the modulated nanostructure can be solely controlled by the annealing temperature,
and it can be understood based on the fast dynamic and liquidlike behavior of the glass surface.
The observations have implications for understanding the glassy surface dynamics and pave a way for the
controllable fabrication of a unique and sophisticated nanostructure on a glass surface to realize the
properties’ modification.
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In glass, there is growing evidence that remarkable
dynamic differences exist between the free surface and
the corresponding bulk state [1–15], which were usually
ignored for the strong bulk effects. However, with the
decrease of glass size, the specific surface area increases
dramatically. At a small length scale, the surface plays a
crucial role in the dynamic behavior and properties of the
entire glass system, as well as yielding numerous novel
phenomena markedly different from those of the bulk [2,3].
Theoretical simulations and experimental investigations in
both metallic and nonmetallic glasses confirm that the
surface energy barrier is half that of the bulk [4,5]. Below
Tg, the diffusivity of the surface is several orders of
magnitude faster than that of the bulk [5–9], which can
result in the formation of ultrastable glasses [10,11]. In
organic glasses, the enhanced molecular mobility in a
glassy surface has a vital influence on the fast surface
crystallization, which was also observed in various other
glasses recently [5,12–15]. The metallic glasses (MGs)
with superior mechanical properties, attractive corrosion,
and wear resistance [16–19] have promising potential for
advanced applications such as microsized gears and canti-
levers used in nano- or microelectromechanical systems
[20,21]. Understanding the fundamental features of the
surface is of utmost importance for the practical application
of MGs on a small scale; however, the research on surface
dynamics and novel phenomenon arising from the surface
effects as well as their effects on the properties of MGs is
still in its preliminary stage.
In this Letter, we study the surface dynamics behavior of

a typical Pd40Ni10Cu30P20 metallic glass by using high
resolution transmission electron microscopy (HRTEM),
double spherical aberration-corrected high resolution
scanning transmission electron microscopy (Cs STEM),
and x-ray photoelectron spectroscopy (XPS). We observed
the growth of a periodic superlatticelike nanostructure
initiating on the surface via isothermal annealing below

Tg. These results might provide new insight into the
relationship between the fast surface dynamics and the
resulting crystallization behaviors and also pave a new way
for the controllable growth of a unique and sophisticated
nanostructure on the surface of MGs.
The Pd40Ni10Cu30P20 MG was selected for the experi-

ments because of its outstanding oxidation resistance near
Tg (¼566 K). The sample preparation details can be found
in the Supplemental Material [22]. The 3-mm-diameter MG
rod was cut into slices with thickness of 1.5 mm, and the
surfaces of the slices were mechanically polished to a
shining mirror gloss until the visible scratches were
removed. After polishing, the samples were ultrasonically
cleaned in acetone and methanol and subsequently
annealed in sealed quartz tubes under a reduced argon
atmosphere (∼2.0 × 104 Pa) to avoid oxidation and con-
tamination during long-time isothermal treatment. The
amorphous nature of the as-cast sample and crystallization
behaviors of the annealed samples were examined by a
Bruker D8 Advance x-ray diffractometer with Cu-Kα
radiation. The cross-section profiles of the annealed sam-
ples were examined with a Philips CM200 HRTEM and
a JEOL-ARM200F Cs STEM, and the constituents at
different depths were quantitatively determined by an
ESCALAB 250 XPS.
To observe the impact of the surface dynamics, it is

necessary for the temperature range to be below Tg [23].
Three different annealing temperatures (T ¼ 536, 546, and
556 K) were employed to investigate the temperature
dependence of surface crystallization. The temperature
fluctuation during the isothermal annealing was within
0.5 K. Figure 1 presents the XRD spectra of the samples at
546 K for 50 to 500 h. After 50-h annealing, a sharp peak
arises at 2θ ¼ 39.6°, indicating that the MG starts to
crystallize, which differs from a previous report that a
primary crystalline phase with trigonal structure appears
after annealing at 590 K (just above Tg) for about
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30 h [24,25]. To lower the annealing temperature, the MG
needs more time to overcome the energy barrier and to
realize crystallization. With further annealing, more sharp
diffraction peaks appear, such as the peaks at 2θ ¼ 27°, 46°,
and 68°, which implies a single-crystal-like structure.
Simultaneously, the intensities of these crystalline peaks
become stronger with the annealing time. After removing
the surface layer of ∼100 nm of a 200-h annealed sample
by ion milling (see the inset of Fig. 1), all crystallized XRD
peaks disappear, demonstrating that crystallization only
occurs at the surface of the MG, and the crystalline product
phase grows from the surface into the interior of the bulk
glass samples during the isothermal heat treatment.
Cs STEM and HRTEM were employed to examine the

cross-section profile of the annealed MG samples prepared
by the mechanical polishing and ion thinning techniques
[26]. Figure 2(a) shows the cross-sectional Cs STEM view
of the 200-h annealed sample. The rock-texture layer at
the bottom right is Pt-C mixed glue to protect the surface
from damage during the ion thinning process. After 200-h
annealing, the initial disordered amorphous surface is
replaced by a crystallized layer with a thickness of
95 nm, as labeled by the arrow. The insets of Fig. 2(a)
show the selected area electron diffraction (SAED) patterns
of the amorphous region, amorphous-crystalline interface
zone, and crystalline surface layer zone (denoted as regions
A, B, and C below), respectively. In region A, the halo ring
confirms the amorphous nature of the inside of the annealed
MG. The sharp and bright diffraction spots in region C
indicate the single-crystal-like structure of the surface layer.
For the same annealing process, regions B and C present
totally different diffraction patterns compared with those of
the interior zone of MG and conventional crystallized
phases. Figure 2(b) shows the magnified image of region
B in Fig. 2(a). Surprisingly, the crystalline phase in the
surface layer is a periodic modulated structure with a period

of 2.6 nm [see Fig. 2(c)]. Figure 2(b) clearly exhibits that
the modulated structure grows layer by layer from the
surface to the interior, similar to the epitaxial growth mode.
The inset of Fig. 2(b) shows areaD at high magnification in
color, where blue represents the background and the other
colors reflect the atomic aggregation or rearrangement.
After long-distance diffusion, the atoms self-assembly
array along the newly grown crystalline layer and epitax-
ially grow towards the direction of the arrows. We have
observed the similar superlatticelike nanostructures in other
metallic glasses such as Zr65Cu15Ni10Al10 and Pd40Ni40P20
(see Figs. S3 and S4 [22]), which confirm the generality of
the observations.
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FIG. 1. XRD spectra of Pd40Ni10Cu30P20 MG annealed at
546 K (¼Tg − 20 K) for different times. Inset: The surface
crystalline layer (∼100 nm thick) in MG annealed at 546 K for
200 h can be removed by ion milling.

FIG. 2. (a) The cross-sectional Cs STEM view of the sample
annealed at 546 K for 200 h. Insets: The SAED patterns of
amorphous, amorphous-crystalline interface, and crystalline layer
regions (denoted as regions A, B, C), respectively. (b) The
magnified image of the selected amorphous-crystalline interface
region B in (a). (c) The magnified image of the crystalline
nanostructure.
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The process of crystallization and the crystallized prod-
ucts are usually complicated because of the disordered
structure and multicomponent in MGs [27–32]. The surface
crystallization is accompanied by small intricate crystallites
sporadically distributed on the surface, and the crystallized
products are complicated polycrystalline phases [28]. The
uniform growth of the periodic superlatticelike nanostruc-
ture on a glassy surface, to our best knowledge, has never
been reported before. After annealing for 400 h, the surface
“superlattice” layer was extended to 240 nm with the same
period of 2.6 nm (see Fig. S1 [22]). The growing thickness
(about 140 nm) of the surface crystalline layer during the
latter 200 h is much larger than that of the initial 200 h.
This is not only caused by the acceleration of crystallization
but by a long incubation time before the onset of crystal-
lization [24,25]. It is noted that the period of the superlattice
remains unchanged, indicating that the growth process
is more stable with the annealing time increasing.
Fortuitously, the periodic structure is almost the same as
the simulated self-organized alloy superlattice reported by
Tersoff and co-workers [33]. However, the growth mech-
anisms of the two structures are essentially different. The
simulated one requires a “step flow” surface to introduce a
modulated strain field for the formation of the superlattice,
while in our case, the initial surface morphology is not a
staircase of atomic terraces but a disordered glassy struc-
ture. Another major distinction is that the growth direction
in the simulation is along the lateral surface steps, whereas
the superlattice in our case grows perpendicular to the
surface. By carefully checking the atomic arrangement
pattern of the modulated structure in Fig. 2(c), we find the
existence of interlaced binary sublayers: the narrow one
of 1.1 nm and the broader one of 1.5 nm, and, in the two
sublayers, the atoms roughly array into two different
orientations marked by dots. Since Cs STEM possesses
atomic resolution, Fig. 2(c) asserts that the atomic arrange-
ments in the sublayers are different; nevertheless, the
chemical composition difference is still hard to distinguish.
To determine the constituents of the modulated nano-

structure, the energy dispersive spectrometer (EDS) attached
to Cs STEM was applied to analyze the distributions of
elements at the 20 × 20 nm2 interface region E in Fig. 2(b).
Figures 3(a)–3(d) are the corresponding elemental distribu-
tion graphs of Pd, Ni, Cu, and P, respectively. Different from
the periodic streak pattern in regionE, the distributions of Pd,
Ni, Cu, and P in the modulated structure are homogeneous,
implying the element compositions in the two sublayers are
the same, and the modulated type is structural modulation.
The composition of the crystalline phase is identified as
Pd34Ni20Cu33P14 (the measuring error is <5%), which is
enriched in Cu and Ni, whereas it is depleted of P and Pd
compared with the as-cast sample. These are totally different
from the conventional crystallization in MGs, which usually
intricately involves atomic long-distance diffusion and,
consequently, pronounced compositional and structural

rearrangements, leading to the formation of complicated
polycrystalline phases [27–32].
Recent work [5] shows that the bulk diffusivities of Pd

are the slowest, and P is the fastest in PdNiCuP MG, which
are estimated to be about 10−24 m2=s and 10−22 m2=s at
519 K (43 K below Tg), respectively. While the measured
surface diffusion of the MG (1.23 × 10−16 m2=s) is 5 and 8
orders of magnitude higher than the bulk diffusivities of
P and Pd, respectively. We examined the atomic percent-
ages of the components from the surface inwards to
800 nm deep by XPS (for details, see Ref. [22]), as shown
in Fig. 3(e). The contents in the deep amorphous region are
nearly the same to the as-cast MG. On the contrary,
between the deep amorphous region and crystalline region,
there exists a transition area about 400 nm thick (from 95 to
500 nm), where the percentage variations of the compo-
nents change drastically. These results agree well with our
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FIG. 3. (a)–(d) EDS elemental mapping of Pd, Ni, Cu, and P of
region E in Fig. 2(b). The diffusion directions are labeled by
arrows. (e) The atomic percentages of the components with depth
varying. The constituents with different depths were quantita-
tively determined by XPS.
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previous report: for the extremely low bulk diffusivity, the
atoms in the bulk can be regarded as frozen, whereas those
close to the surface are still active. Near the frozen region,
the contents of Cu and P decrease first then increase,
indicating that they diffuse from the bulk to the surface.
However, the Pd varies oppositely, implying the opposite
direction of diffusion. Note that the graph reflects the
relative variations of components, not the absolute con-
centrations. Unlike Pd, the percentage increase of Ni from
500 to 250 nm results from the relative depletions of Cu
and P. Even though the variation trend of Ni seems similar
to that of Pd, we cannot conclude that they diffuse in the
same direction. From 200 nm deep to the surface, there is a
rapid rise of Ni above its original percentage of 10%, which
means abundant Ni atoms transferred to the surface.
Therefore, the diffusion directions of Ni, Cu, and P are
the same, whereas that of Pd is exactly the reverse, as
labeled in Figs. 3(a)–3(d). Furthermore, the sublimation
effect of P may lead to the depletion of P near the surface,
which has also been observed in other MGs [34].
Though the quantitative explanation of the structural

difference in the binary sublayers is not yet available, a
qualitative hint for understanding the structural modulation
can be revealed by the elemental mapping of Fig. 3(b).
Even though the sizes and diffusivities of Cu and Ni are
comparable [35], the aggregation behavior of Ni is much
more significant than Cu in the crystalline region. The
reported studies demonstrated that monodisperse Ni nano-
particles can self-assembly organize into a superlattice
because of the ferromagnetic attraction behavior of metal

Ni [36,37]. Considering the multiple components in MG,
the significant aggregation confirms the stronger attraction
of Ni-Ni, and the intricate competing interactions between
Ni-Ni and other interparticles could account for the
periodic changes of atomic array orientation, i.e., the
formation of a structurally modulated nanostructure.
To investigate the temperature effect on the surface

modulated structure, XRD was performed on annealed
MGs at different temperatures for the same period of 200 h.
Figure 4(a) shows that when elevating to 556 K, more
Bragg peaks appear around the primary peak, implying the
generation of new crystalline phases. The resulting cross-
sectional HRTEM view [Fig. 4(b)] shows a more compli-
cated morphology at elevated temperature, and the boun-
dary of the surface crystalline region is no longer clear.
Figure 4(c) presents the selected region of Fig. 4(b) at high
magnification and manifests a misorientation of 8° between
two grains, indicating that nucleation takes place simulta-
neously in the regions far from the surface. The crystal-
lization peaks remain even if the surface is removed by
mechanical polishing for more than 10 μm (Fig. S2 [22]),
further confirming that crystallization occurs also in the
interior of MG with elevating temperature. The compara-
tive experiments confirm that the formation of a surface
modulated nanostructure is sensitive to the annealing
temperature near Tg.
We propose an interpretation for the growth of the

surface superlattice nanostructure as illustrated in Fig. 5.
Because the surface of MG is liquidlike below Tg, whereas
the diffusion beneath is extremely slow and the surface
energy barrier is approximately half of the bulk in MG
[4,5,8], the nucleation sites preferentially initiate at the free
surface and develop into a quasi-two-dimensional crystal-
line layer. Concomitantly, the original surface of MG is
replaced, which is equivalent to a highly ordered continu-
ous substrate at the beginning of the epitaxial growth
method. Subsequently, similar to the epitaxy, the mobile
atoms in the contiguous liquidlike surface region are more
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FIG. 4. (a) The XRD patterns of the samples annealed at
different temperatures for 200 h. (b) The cross-sectional HRTEM
image of the sample annealed at 556 K (¼Tg − 10 K) for 200 h.
(c) The magnified image of the selected zone in (b); the two
grains show a small-angle misorientation of 8°.

FIG. 5. The formation schematic of (a) surface superlatticelike
nanostructure; (b) polycrystals. The red, pink, and blue balls
represent crystalline, mobile, and frozen atoms, respectively.
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likely to grow layer by layer along the surface and result in
the single-crystal-like nanostructure. On the contrary, while
elevating the annealing temperature approach or above Tg,
the differences between the surface and bulk become
smaller, and the whole glass system is unfrozen and flows
simultaneously, which leads to homogeneous nucleation in
the system and the formation of polycrystals. The simple
schematic illustration clarifies the relationship between the
fast surface dynamic and the structural characteristics of the
crystallization products. Compared with the conventional
epitaxial growth method, one remarkable advantage of our
case is that the fabrication of a single-crystal-like structure
is not confined by the substrate [38], and the only parameter
to tune for searching the suitable epitaxial growth envi-
ronment is a proper temperature near Tg. This work might
provide insights into the surface dynamics and the crys-
tallization mechanism in MGs and pave a simple path for
fabricating unique and sophisticated nanostructure, which
is possible to produce metallic composites with more
excellent mechanical and functional properties and advance
the MGs for practical applications.
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