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Abstract

By decreasing the rate of physical vapor deposition, ZrCuAl metallic glass with
improved stability and mechanical performances can be formed. With scanning
transmission electron microscopy, we found that the glass deposited at higher rate
exhibits a heterogeneous structure with compositional fluctuations at distances of a few
nanometers, which gradually disappear on decreasing the deposition rate and eventually
a homogeneous, featureless structure is developed approaching ultrastability. This
microscopic structural evolution suggests the existence of two dynamical processes: the
faster diffusion driven by the kinetic energy of the depositing atoms, which leads to
nanoscale compositional fluctuations, and the slower collective rearrangements that
equilibrate the deposited atoms and eliminate the compositional and structural

heterogeneity.
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Unlike crystalline materials having well-defined periodic order and structural
defects, the structure and property of glasses obtained from liquid quenching are
generally only tunable in a limited range. In 2007 it was demonstrated that organic
molecular glasses with extraordinary thermodynamic and kinetic stability! and
exceptional mechanical and functional properties?> compared to their liquid-quenched
counterparts can be produced by physical vapor deposition (PVD). These glasses,
termed as ultrastable glasses, have received much attention due to both their
fundamental importance for understanding the nature of glass and their potentials for
broad technological applications.* 1

In the past decades, more species of ultrastable glasses, including metallic glasses
(MGs)'®!7 and polymeric glasses'® have been fabricated by PVD, as well as Lennard-
Jones glasses in computer simulations.!” In all these works, the general consensus is
that the substrate temperature (7su) during deposition is a critical variable and the
optimal Ty for creating an ultrastable glass is near the glass transition temperature (7g),
at 0.8~0.97,,'%?! associated with the enhanced surface mobility that gives rise to a more
relaxed structure.?

Very recently, it was found that ultrastable MGs with substantial 7; enhancement
can be fabricated by PVD on room temperature substrates corresponding to Tsup =
0.43T,, with reduced deposition rate (R).>**** Moreover, molecular dynamics (MD)
simulations® revealed that the optimal T for the formation of ultrastable ZrsoCuasAle
MG is 0.625T7; at constant R, already far below the empirical 0.8~0.97%. These findings
suggest that the surface atoms of MGs retain high mobility even at low temperatures.>*
However, the microscopic structural and dynamical processes occurring in the material
on approaching ultrastability is still unclear. As a multicomponent material with non-
directional metallic bonds, the micromechanisms relevant to ultrastable MG formation
are intrinsically challenging.

In this letter, we investigated the microscopic structure evolution of a prototypical
Zr46CuseAls (at.%) MG prepared by PVD with different deposition rates, combining
spherical aberration corrected scanning transmission electron microscopy (Cs-STEM)
and high-energy synchrotron X-ray diffraction (XRD). The results reveal the gradual
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transformation from a nanoscale heterogeneous structure to a homogeneous one with
concomitant increasing prevalence of Zr-Zr bonds on decreasing R, providing novel
insights on the microscopic processes relevant to ultrastable MG formation.

The MGs were prepared by single-target ion beam deposition without heating the
substrates. More details for sample preparation and characterizations are included in
the Experimental Methods. The samples were firstly examined by in-house XRD,
which reveals diffuse patterns indicative of fully amorphous structure (see Fig. S1 in
the Supporting Information). The Differential scanning calorimetry (DSC) curves
adapted from our previous work>* are shown in Fig. 1(a). For the glass deposited at 5.7
nm min™!, T, is measured to be 706 K, close to that of the liquid-quenched ordinary
glass (698 K).?* When R is lowered to 2.8 nm min™!, T, increases to 724 K. For the glass
deposited at the slowest rate of 0.8 nm min™!, T, reaches 757 K. These results indicate
the evolution towards ultrastable glass state through reducing R.

An instrumented nanoindentation is employed to examine the mechanical
performances of the vapor-deposited MG films. The samples were deposited on Si(001)
substrates to a thickness of 2 um, with root mean square roughness less than 0.2 nm
independent of R (Fig. S2). Such good surface quality eliminates the possible effects of
surface defects and roughness on nanoindentation measurements. With sequential

nanoindentation tests, indentation size effect?®?’

is observed at small contact depth (A
< 150 nm), and substrate effect?®?’ shows up when # is larger than 200 nm (Fig. S3).
To circumvent these effects, we chose a peak load of 5 mN that yields a penetration
depth around 180-200 nm. The inset in Fig. 1(b) displays the representative
nanoindentation load-depth curves. The lower R, the smaller penetration depth is under
the same load, thus higher resistance against deformation. The hardness and Young’s
modulus evaluated by Olive-Pharr method*® show the same deposition rate dependence
as T [Fig. 1(b)]. As R decreases from 5.7 nm min™! to 0.8 nm min’!, the hardness and
Young’s modulus increase from, respectively, 126.40+1.71 GPa and 6.71+£0.14 GPa to
139.48+1.36 GPa and 7.48+0.05 GPa, by =11%. These results demonstrate that the

mechanical performances can be substantially improved with slower deposition, in

good agreement with the 7;; enhancement.
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Figure 2 shows the high-resolution transmission electron microscopy (HRTEM)
and high-angle annular dark-field STEM (HAADF-STEM) images of the MGs
deposited at different rates, and the liquid-quenched MG for comparison. The
homogeneous maze-like patterns in the HRTEM micrographs and the diffuse halo of
the selected area electron diffraction (SAED) patterns reveal typical amorphous
structure [Fig. 2(a-d)]. While no discernible difference between these samples is
observed with HRTEM and electron diffraction [Fig. 2(a-d)], HAADF-STEM which is
sensitive to the local chemistry and density (atomic configuration) reveals an intriguing
microstructure which is strongly dependent on R [Fig. 2(e-g)]. The MG film deposited
at 5.7 nm min™' shows a highly heterogeneous morphology [Fig. 2(e)], consisting of
mixed equiaxed and columnar domains about 4-10 nm separated by =1~2 nm thick
boundaries with distinct contrast. As R is lowered to 2.8 nm min’!, the darker boundaries
expand outward and become more fuzzy while the brighter domains become,
accordingly, smaller in size and less in amount. At the same time the contrast difference
between these two structures decreases [Fig. 2(f)]. Eventually, at R = 0.8 nm min™! this
dual-phase nanostructure disappears, and a homogeneous, featureless morphology is
observed [Fig. 2(g)].

The heterogeneous contrast in the STEM images implies an inhomogeneous
distribution of chemistry and/or density. As shown in Fig. 3(a-d), STEM energy-
dispersive X-ray spectroscopy (EDS) mapping for the 0.8 nm min™! deposited MG
indicates the absence of chemical fluctuation for all three elements, consistent with the
uniform STEM morphology [Fig. 2(g)]. In contrast, the 5.7 nm min"! deposited MG
shows remarkable chemical fluctuations. While the distribution of Al atoms is uniform
[Fig. 3(h)], those of Zr and Cu atoms are heterogeneous [Fig. 3(f,g)]. The brighter
regions in the STEM image are enriched in Cu with, accordingly, less Zr, and the darker
regions are enriched in Zr with less Cu. These results indicate that the heterogeneous
structure observed in the faster deposited MGs is related to compositional fluctuations,
which diminish with decreasing R and eventually disappear at the slowest deposition at
0.8 nm min’!. The liquid-quenched MG should not have decomposition, hence, the
heterogeneous structure at much smaller length scales (=2 nm) [Fig. 2(h)] indicates
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the presence of local atomic configuration variations as usually observed in liquid-
quenched MGs.! The visibly more homogenous structure of the 0.8 nm min™! deposited
ultrastable MG [Fig. 2(g)], suggests the absence of both compositional fluctuation and
obvious structural heterogeneity.

Nanoscale phase separation in ZrCu MGs has been reported first in MGs
prepared by PVD at R = 30~60 nm min™! by Barbee et al.*> However, contradictory
results were observed on the occurrence of phase separation in liquid-quenched
ZrCu(Al) MGs.*® Here, our observation of nanoscale phase separation in ZrCuAl MGs
prepared by PVD strengthens the idea that PVD is less effective in suppressing phase
separation compared to liquid quenching.*? For ZrCu and ZrCuAl MGs containing
no atom pair with positive heat of mixing (Table S1),>* phase separation is
thermodynamically unfavored and thus metastable. Figure 2(e-g) reveal the gradual
transformation from a phase-separated nanostructure to a single-phase structure upon
decreasing R. As R is the only variable for the sample preparation, these observations
can be ascribed to the different surface residence time of the deposited atoms before
being buried deeper, where their dynamics are orders of magnitude slower. Therefore,
our results suggest that the depositing atoms experience two dynamic processes after
arriving at the substrate: the faster diffusion process that leads to nanoscale
compositional fluctuations and the slower collective rearrangements that equilibrate the
deposited atoms and eliminate the compositional and structural heterogeneity.

During vapor-deposition, individual atom species are deposited onto the substrate,
as the deposition parameters were maintained constant and the substrates were rotating
at a constant speed (15 r/min), a uniform deposition process is expected. For all
deposited MGs, atomically smooth surfaces are obtained independent of R (Fig. S2),
indicating the absence of transition in growth modes.* In a recent experimental and
simulation study on vapor-deposited atomically thin MG membranes, it was found that
after arriving at the substrate the atoms aggregate to form a fractal structure on a length
scale comparable to the phase separations of our observation.*® On the other hand, our

results and those of Barbee et al’?

indicate that phase separation is pronounced at higher
R. Therefore, it can be concluded that the phase separation in vapor-deposited ZrCu(Al)

6



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

MGs occurs rapidly during the aggregation process, driven by the kinetic energy of the
depositing atoms. However, for ZrCu(Al) MGs with negative heat of mixing (Table
S1),** a homogeneous structure without decomposition is thermodynamically more
favored.** Hence, with longer surface residence time allowed by slower deposition, the
deposited atoms can undergo further rearrangements driving the glass towards
homogenization, during which the atoms will adopt more stable structural
configurations.

More detailed structural difference between the vapor-deposited MGs at different
rates and the liquid-quenched MG were revealed by high-energy synchrotron XRD.
Figure 4(a) displays the pair distribution functions (PDF), G(r), derived from the
synchrotron XRD patterns [the inset in Fig. 4(a)]. Due to the different thickness of the
vapor-deposited MG films and the liquid-quenched MG ribbon, their scattering signal
and the calculated G(r) have different intensity, hence, for better comparison the G(r)
functions were normalized by their first peak maximum. Figure 4(b) shows the zoomed-
in first peaks together with the interatomic distance and weight factor of the atomic
pairs (Table S1). The first peaks split into a sub-peak located at r = 2.82 A and a
shoulder around 3.20 A due to the discrete bonding length distribution of the nearest-
neighbor atoms. According to the interatomic distances and weight factors, Cu-Cu, Zr-
Cuand Zr-Zr atom pairs dominate the first peak. The sub-peak at 2.82 A can be assigned
mainly to Zr-Cu pairs, while the shoulder around 3.20 A originates mostly from Zr-Zr
pairs. The PDF of the 4.4 nm min™! deposited MG basically overlap that of the liquid-
quenched MG, while at 3.0 A <r < 3.5 A the 0.8 nm min' deposited MG exhibits higher
G(r)zr-z/G(r)zr-cu ratio. This indicates more Zr-Zr pairs and lesser Zr-Cu pairs in the
ultrastable MG, in agreement with previous results from MD simulation.?® Since the
heat of mixing between Zr and Cu is negative, the occurrence of phase separation does
not mean an increase in the like near-neighbor pairs (Zr-Zr and Cu-Cu) and a decrease
in the unlike near-neighbor pair (Zr-Cu), in agreement with our results.

Based on the model of local configurational excitations in the atomic connectivity
network proposed by Egami and co-workers®’, and the experimental fact of the much
slower diffusion of Zr atoms than the other atoms in liquid alloy,*® it was proposed

7



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

that Zr atoms form significantly stronger temporary nearest-neighbor bonds that have
to be broken by thermal activation than the other atoms.*® The observation of increased
prevalence of Zr-Zr bonds in ultrastable MGs in our experiments and previous MD
simulations®® further confirms this presumption and reveals the importance of Zr-Zr
bonds in strengthening the atomic connectivity and enhancing the stability of MGs.

Figure 4(c) and (d) indicate that the G(r) oscillations beyond the nearest-neighbor
are smaller in the vapor-deposited MGs than in the liquid-quenched MG. In particular,
well-defined correlation peaks till r = 22 A are seen in the latter, while no discernable
oscillations can be observed in the 4.4 nm min™' deposited MG above r = 16 A [Fig.
4(d)]. For the 0.8 nm min"' deposited MG, the G(r) peaks are stronger than that
deposited at 4.4 nm min' and retained to larger distance around r = 18 A. This increased
medium-range ordering on decreasing R is consistent with the increased compositional
and structural homogeneity in the vapor-deposited MGs (Fig. 2), but even at the slowest
deposition, medium-range ordering comparable to the liquid-quenched MG is not
developed in the vapor-deposited MGs, suggesting the intrinsic difference between
these two glass forming paths experiencing or not the liquid state.

By looking at the heat flow curves in Fig. 1(a), an inflection is observed between
T, and the crystallization temperature (7%) in the 5.7 nm min™! deposited MG, which
becomes less obvious in the 2.8 nm min™ deposited MG and eventually disappears in
the 0.8 nm min™' deposited ultrastable MG. This is more observable in the derivatives
of the heat flow (see Fig. S4). Such a deposition rate dependent two-stage-like
endothermic behavior is in agreement with the chemical ordering (phase separation) of
the glass as revealed by STEM [Fig. 2(e-g)]. On the other hand, it has been shown in
our previous work>* that, while the T, of the vapor-deposited MGs is always larger than
that of the liquid-quenched MG the T of the MG deposited at R < 2 nm min™! is even
lower than that of the liquid-quenched MG. This is analogous to the previous
observation that vapor-deposited, phase-separated ZrCu MG shows lower 7 than that
of liquid-quenched, single-phase MG.3? Hence, our results confirm this phenomenon
and further demonstrate that with reduced phase separation by lowering R the 7x of the
vapor-deposited MG will increase and become less different from that of the liquid-

8
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quenched, single-phase MG. These results suggest that the development of phase
separation during vapor-deposition of materials with negative heat of mixing could be
thermodynamically related to the propensity to crystallize of the depositing atoms
having remnant kinetic energy.

These experimental facts shed new lights on the microscopic processes the atoms
experience before achieving ultrastable state. After arriving at the substrate, the kinetic
energy of the depositing atoms enables their faster diffusion towards the development
of nanoscale chemical ordering. If the deposition is slow, long free surface residence
time is allowed and the atoms undergo surface-mediated equilibration, during which
both the compositional and the structural fluctuations will be eliminated as they are not
thermodynamically favored for an amorphous system with negative heat of mixing, at
the same time the atoms can adopt more stable structural configurations. The increased
structural homogeneity with less soft sites and the strengthened atomic network with
increased prevalence of Zr-Zr bonds make the glass stronger against deformation [Fig.
1(b)]. The herein observed structural and chemical homogenization may also account
for the recent observations of reduced nanoscale elasticity fluctuations in ultrastable
MGs. 233

The changed local structure leads to increased kinetic stability as manifested by
the enhanced Ty, but differently from molecular systems*’ and aged MGs,*! on the DSC
up-scans no discernable enthalpy recovery following glass transition is observed for
ultrastable MGs in the present or the previous studies.'®1"?*24 The absence of enthalpy
recovery above Ty and the experimental fact that ultrastable MGs are more resistant

against crystallization?>?*

suggest that the local structure modification cannot be erased
before crystallization sets in. Therefore, the total amount of enthalpy change (AH),
during heating from glassy state to fully crystallized state can reflect the energy state of
the glass. Compared to the liquid-quenched MG, this enthalpy change in the vapor-
deposited MGs is much less and exhibits a continuous decrease with lower R [Fig. S5].
If not considering the difference between the potential energy of the crystallization

2324

phases~>~*, the reduced AH roughly indicates the increased thermodynamic stability of

ultrastable MGs.
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To summarize, combining start-of-the-art structure characterizations, we revealed
that MGs prepared by fast vapor-deposition show highly heterogeneous structure with
nanoscale compositional fluctuations, which gradually transform into a homogeneous,
featureless structure accompanied by increased prevalence of Zr-Zr atom pairs on
decreasing R. This observations explain the inflections on the DSC curves above 7 and
the reduced Tx of the MGs deposited at R < 2 nm min',** and suggest that two
dynamical processes are responsible for the microscopic structural evolution: the faster
diffusion driven by the kinetic energy of the depositing atoms, which leads to nanoscale
compositional fluctuations, and the slower collective rearrangements that equilibrate

the deposited atoms and eliminate the compositional and structural heterogeneity.

EXPERIMENTAL METHODS
Preparation of metallic glasses

MG films were prepared by ion beam deposition using a high purity ZrssCussAls
alloy target 100 mm in diameter. To remove the oxide layer on the target surface, pre-
sputtering was carried out for 200 s. Prior to the deposition of the MG, 100 nm thick
Aluminum was deposited on a flat polycarbonate (PC) substrate 12 cm in diameter.
During the deposition, the substrate is rotated at a constant rotating speed (15 r/min),
making a uniform deposition process. The ion beam energy was 750 eV. The deposition
rate was controlled by the ion beam current. The base pressure of the chamber was
better than 2x10* Pa. Argon was used as gas species under an operation pressure of
2.4x107% Pa. The as-received films were detached from the PC substrates by dissolving
the in-between Aluminum layer in 1 mol L™! NaOH solution, and then the films were
cleaned by deionized water. The nanoindentation samples (2 um thick) were directly
deposited on Si(001) substrates. Ordinary MG ribbons (20 um thick) were produced by
melt-spinning technique for comparison.
Calorimetric characterization

DSC measurements for the vapor-deposited MGs were performed on a Perkin-
Elmer DSC 8000 at a heating rate of 20 K min™! with 20 mL min™! flowing pure argon
gas to prevent surface oxidation. The mass of the DSC samples is 15~20 mg to achieve
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good data accuracy. Prior to measurements, the DSC was calibrated with standard
samples In and Zn.
X-ray diffraction

The amorphous structure of the as-deposited films was firstly checked with a
Bruker D8 Advance XRD using a Cu K, source in the Bragg-Brentano geometry. High-
energy synchrotron XRD measurements were carried out with an incoming beam
energy of 79.5 keV on the ID15A beamline at ESRF, Grenoble (France). At 79.5 keV,
the calculated X-ray attenuation for the 2 um thick glass films varies from 0.17% at ¢
=0 A t0 0.24% at gmax = 30 Al (g is the wavevector transfer). The calculated value
for the 20 pm thick ribbon varies instead from 1.7% at ¢ = 0 A to 2.4% at gmax = 30
A-l. The attenuation is therefore linearly proportional to the sample thickness, weakly
dependent on ¢, very small, and consequently negligible. The diffraction signal is also
linearly proportional to the sample thickness. For such reasons, it is not necessary to
use samples of similar thickness.

The incident flux normalization is done with a diode placed in front of the sample.
Diffraction patterns were collected in transmission geometry by using a Pilatus3 X
CdTe 2M hybrid photon counting detector. The detector was off-centered with respect
to the incident beam and located close to the sample to access up to ¢ = 30 A™! and to
be able to calculate with a good resolution the G(r) functions. The intensity profiles
were corrected for the background contribution, polarization of the X-rays and detector
geometrical correction. The G(r) functions were calculated using routines from the
Diffpy-CMI library*? with some local modifications for outlier rejection and treatment
of background effects.

Transmission electron microscopy and energy dispersive spectroscopy

Specimens for the TEM characterizations were prepared by gentle ion milling with
3 keV Argon ions at the liquid nitrogen temperature. HRTEM and HAADF-STEM
observations were conducted using a cold field emission TEM (JEM-ARM200F, JEOL)
equipped with a spherical aberration (Cs) corrector for the probe-forming objective lens.
Preparation of TEM specimens sometimes leads to inhomogeneous thinning, making
possible artifacts confused with the intrinsic microstructures.*’ According to Refs.,?*
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our preparation of the TEM specimens for the studied MG system is not expected to
induce any artifacts.

EDS mappings were recorded at STEM mode to characterize the compositional
distribution. For the 0.8 nm min™! deposited MG, the EDS mapping was performed on
the JEM-ARM200F Cs-STEM. The STEM image shown in Fig. 3(a) was taken at the
same region of the EDS mapping. For the 5.7 nm min™ deposited MG, another Cs-
STEM instrument (JEM-2100F, JEOL, 200 kV) was employed at the same operation
conditions. The STEM image shown in Fig. 3(e) was the morphology trace during the
EDS mapping, therefore, it has lower resolution than Fig. 3(a).

Nanoindentation

The hardness and elastic modulus were characterized by nanoindentation with a
diamond Berkovich indenter on a Nanoindenter G200 XP system (Skysight, USA). The
force resolution and vertical displacement resolution are 50 nN and < 0.01 nm,
respectively. The MGs for nanoindentation tests were deposited on Si(001) substrates
to a thickness of 2 um. Prior to the beginning of tests, the contact area function was
calibrated using a standard fused silica material. The indentations were performed
under a load-control mode with a maximum load of 5 mN and at a loading-unloading
rate of 1 mN s, The load was held for a period of 5 s at the peak load before unloading.
The allowable drift rate is 0.05 nm s™!. Six indents were made for each sample to verify

the accuracy and scatter of the indentation data.

Supporting Information

The Supporting Information is available free of charge at
Figure S1-S5

Table S1
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495  Figure 1. (a) DSC scans measured at 20 K min™ for ZrssCussAls MGs deposited at

496  different rates (R). (b) Hardness (H), modulus (E) and Tg as a function of R, the line is

497  guide to the eye. Inset: Representative nanoindentation load-depth (P-h) curves.
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Figure 2. (a-d) HRTEM and (e-h) HAADF-STEM images of the MGs deposited at 5.7 nm

min(a,e), 2.8 nm min (b,f) and 0.8 nm min (c,g), and the liquid-quenched MG (d,h)

for comparison. Insets in (a-d): SAED patterns.
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Figure 3. EDS mapping of the MGs deposited at 0.8 nm min (a-d) and at 5.7 nm min-
! (e-h). Two different Cs-STEM instruments were used for the EDS mapping of the two

samples (see detailed explanation in Experimental Methods).
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Figure 4. (a) Pair distribution functions G(r) for MGs deposited at 4.4 nm min* and 0.8

nm min?, and liquid-quenched MG ribbon for comparison. Inset: Synchrotron XRD

patterns, the vertical lines denote the peak position of liquid-quenched MGs. (b—d)

Close-up views of the first (b), the second to the fifth (c), the sixth and later peaks of

G(r) (d). The vertical bars in (b) indicate the weight factors of atomic pairs Wi;.
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