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Abstract

A novel class of nanostructured Zr50Cu50 (%at .) metallic glass films w ith superior and tunable mechanical

properties is produced by pulsed laser deposit ion. The process can be controlled to synthetize a wide

range of film microst ructures including dense fully amorphous, amorphous embedded with nanocrystals

and amorphous nano-granular. A unique dense self -assembled nano-laminated atomic arrangement

characterized by alternat ing Cu-rich and Zr/ O-rich nanolayers with different  local chemical enrichment

and amorphous or amorphous-crystalline composite nanostructure has been discovered, while significant

in-plane clustering is reported for films synthetized at  high deposit ion pressures. This unique

nanoarchitecture is at  the basis of superior mechanical properties including large hardness and elast ic

modulus up to 10 and 140 GPa, respectively and outstanding total elongat ion to failure (>9%), leading to

excellent  st rength/ ductility balance, which can be tuned by playing with the film architecture. These

results pave the way to the synthesis of novel class of engineered nanostructured metallic glass films with

high st ructural performances at tractive for a number of applicat ions in microelect ronics and coat ing

industry.

Keywords

Nanostructured thin films; metallic glasses; pulsed laser deposit ion; high resolut ion TEM ; in-situ

TEM  mechanical test ing.

1. Introduction

Bulk metallic glasses (BM Gs) are characterized by unique mechanical properties including high yield

st rength (≥2 GPa) and elast ic deformat ion (~2%) [1, 2]. However, their Achilles heel is the premature

catast rophic failure mechanism occurring at  room temperature with the deformat ion localized in narrow

(~10 nm-thick) shear bands (SBs) [3]. However, this brit t le-like behavior can be mit igated by reducing the
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size of the sample down to the sub-micrometer scale [4, 5]. This finding promoted the explorat ion of thin

films metallic glasses (TFMGs) report ing homogeneous deformat ion with the delaying or even suppression

of SB format ion, while further enhancing the mechanical performances towards outstanding yield

st rength/ ductility balance up to ~3.5 GPa and ~15% and large hardness, respect ively [6-8].

These superior mechanical properties pushed further the research towards the development  of

nanostructured TFMGs, exploit ing also st rengthening st rategies so far adapted to crystalline materials

including e.g. mult ilayer configurat ions [9-11] and grain refinement  [12-14]. In the first  case, Kim et al.

[10] show that  alternat ing 120 nm-thick layers of Cu50Zr50 (% at .) with 16 nm-thick nanocrystalline Cu

results in a tensile st rength and fracture st rain up to ~2.5 GPa and ~4%, respectively. Along the second

path analogous to the efforts for “ grain refinement” , nanoglasses (NGs) have been synthetized showing a

st ructure similar to nanocrystalline materials exhibit ing interfacial regions between amorphous

nanopart icles with a high free volume content [12-14]. This enables the activat ion of shear t ransformat ion

zones (STZs) at  the glass-glass interfaces, favoring dist ributed plast ic deformat ion without the percolat ion

in a single catastrophic SB [12]. A similar mechanism has been found for amorphous materials embedded

with nanocrystals as demonstrated by Hajlaoui et al. [15] for several Zr-based BM Gs. Pre-annealing can

induce dispersions of ext remely fine crystallites (~2nm diameter) which lead t o significant  improvement

in homogenous plast ic flow ability up to 10% in compression due to constraint  put  on SB propagat ion.

Despite all these findings, the synthesis of nanostructured TFMGs with tuned microst ructure as well

as the understanding of the fundamental deformat ion and fracture behavior is st ill a quite open field. For

instance, the synthesis of NGs is usually carried out  in two-steps, involving the deposit ion of NGs powders,

followed by a compaction phase at  large (>1 GPa) pressure [12]. This process results in a powder-

assembled film with a lower yield st rength compared to compact  TFMG counterparts and limits the

possibility to tune the microst ructure [16]. Also, the synthesis of nanocomposite films relies on a sequence

of different  deposit ion steps with potent ial issues due to the development  of weak interfaces [9, 10].
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In this context , we discovered that  pulsed laser deposit ion (PLD) allows the synthesis of TFMGs with

unique nanolayered st ructure, result ing in outstanding and tunable mechanical behavior. Among physical

vapor deposit ion techniques, PLD is known for its potent ial to accurately tune the film morphology by

simply changing the background gas pressure allowing the synthesis of compact  [17] or nanostructured

films [18]. To the best  of our knowledge, PLD has never been employed for the synthesis of

nanostructured TFM Gs before.

The object ives of this work are to deposit  TFMGs by PLD, to characterize the nanostructure, reveal

the mechanical properties and propose a rat ionale to understand the link between microst ructure and

performances. For this purpose, dense fully amorphous, amorphous-crystalline composite and

amorphous nano-granular nanostructured glassy films with Zr50Cu50 (% at .) composit ion are processed

depending on the background gas pressure during deposit ion. High resolut ion scanning t ransmission

elect ron microscopy (HR-STEM ) imaging and spectroscopy in combinat ion with 4D-STEM  reveal a unique

self-assembled amorphous and amorphous-crystalline nano-laminated st ructure with different  local

chemical enrichment (Cu-rich and Zr/ O-rich nanolayers). We also report  at tractive mechanical properties

with Young’s modulus and hardness up to 140 and 10 GPa, respectively, while quantitat ive in-situ TEM

tensile tests show outstanding yield st rength (~2.6 GPa) and total elongat ion to failure (>9%), which can

be tuned by controlling the nanoclustering.

2. Experimental

2.1. Thin film deposition and structural characterization

Zr50Cu50 (% at .) thin films have been deposited by ablat ing a Zr50Cu50 (99.99% pure, provided by ‘MaTecK’)

target  with a ns-pulsed laser (Nd:YAG, 1st harmonic, l = 1064 nm, repet it ion rate 10 Hz, pulse durat ion

5–7 ns). The laser fluence on the target  was set  at  about  ~20.0 J/ cm2 and the laser pulse energy was 1850

mJ. Si (100) and soda-lime glass were used as substrates after delicate cleaning in ult rasonic bath with

isopropanol. The substrates have been mounted on a rotat ing sample holder at  a fixed target-to-
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substrate distance (dt -s) of 70 mm. All the deposit ions have been carried out at  room temperature in

vacuum (2·10-3 Pa) or within a pure He background gas varying the pressure from 5 up to 200 Pa in order

to induce cluster-assembled growth. The films thickness was equal to 500 nm. The deposit ion rate for the

film deposited in low vacuum (2.1 x 10-3 Pa) was ~1.20 nm/ s, while for films deposited at  large background

gas pressures (10 and 100 Pa) the deposit ion rate was higher due to the cluster-assembled growth, equal

to ~1.39 nm/ s. A field emission scanning elect ron microscope (FE-SEM ) Zeiss Supra 40 equipped with

energy dispersive X-ray spectroscopy (EDX) was used to perform morphological/ composit ional

characterizat ion analyzing films deposited on Si (100) substrate. X-ray diffract ion (XRD) pat terns were

collected using a Bruker D8 Advance X-ray diffractometer at  293 K (Cu Kα1 radiat ion - 1.5406 Å). The

measurements were carried out under grazing incidence geometry with an incidence angle of 0.95° to

avoid substrate signal and step-scan in the range of 20-90°. Data were acquired overnight  by Lynx Eye

detector in continuous scanning mode with a step size of 0.14°.

2.2.  Ex-situ and in-situ Transmission Electron M icroscopy

Sample preparat ion: For ex-situ high-resolut ion STEM , STEM -EDX and NBED 4D-STEM  analysis, cross-

sectional foils were prepared using a dual-beam focused ion beam (FIB) inst rument  (FEI Helios Nanolab

650). A Pt  protection layer was deposited in two steps – by elect ron beam, then by ion beam– in order to

avoid FIB damage at  the sample surface. The FIB foils were thinned to a thickness < 50 nm. An ion beam

of 2 kV/ 0.2 nA was employed for final thinning of the specimen and to minimize irradiat ion damage

generated during high-voltage FIB thinning. For in-situ push-to-pull (PTP) experiments in the TEM , a cross-

sectional thick FIB specimen with dimensions of about 10x2x4 μm3 was cut  and mounted into the PTP

device using an Omniprobe micromanipulator. The in-situ specimen was thus thinned directly on the PTP

device. The central region of the specimen was thinned to a thickness of about 150 nm, and at  the final

stage, the Pt  protective layer and the substrate were cut off to obtain a free-standing ZrCu film with

dimensions 2x0.4x0.15 μm3 (Fig. 5b, c).
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High-resolut ion STEM and EDX mapping: A state-of-the-art  spherical aberrat ion-corrected FEI Titan X-Ant-

EM t ransmission elect ron microscope equipped with a D-Corr probe aberrat ion corrector and highly

efficient  SuperX system was used. The samples were plasma-cleaned prior to loading into the elect ron

microscope in a Fischione Plasma Cleaner M odel 1020 for up to 30 s with an 75% Ar/ 25% O2 gas and a

plasma power of about  30% to remove surface contaminat ions from the sample and the specimen holder.

High-resolut ion HAADF-STEM images were acquired at  300 kV using a convergence semi-angle α of 21

mrad, 50 pA probe current . STEM -EDX maps were acquired at  200 kV using a convergence semi-angle α

of 22 mrad, 150 pA probe current  and exposure t ime of about 15-20 min.

4D STEM Nanobeam diffract ion analysis: The term “ 4D-STEM ”  refers to recording 2D diffract ion patterns

in the reciprocal space, over a 2D grid of  probe posit ions in t he real space [19, 20]. This technique allow

detect ing the medium range order (M RO) in amorphous materials [21-23] or specimens containing

nanometer sized crystalline regions embedded in an amorphous matrix  [24] (see Supplementary

informat ion for extended details about the 4D-STEM  acquisit ion condit ions and the post-t reatment  of the

4D-STEM  data, S5-7). Large-scale 4D-STEM  experiments have become possible thanks to two major

technical developments: high speed and efficient direct  elect ron detectors, and the widespread

availability of computational power. FEI Titan X-Ant-EM t ransmission elect ron microscope operating at  an

accelerat ing voltage of 200 kV was used. A convergence semi-angle α was adjusted to a value about 1.0

mrad in the μProbe STEM  mode with a 20 μm C2 condenser aperture and large angle mode result ing in

about 1.0 nm probe diameter measured in vacuum (see Supplementary informat ion for more details, S5-

7). The probe current was less than 30 pA. For 4D-STEM  experiments, elect ron diffraction pat terns were

acquired at  every probe posit ion [19, 20, 25] on a M edipix3 hybrid pixel direct elect ron detector (Quantum

Detectors Merlin) [26] with a camera length of 185 mm and exposure t ime of 3 ms. This detector offers a

high frame rate and high efficiency enabling the detection of individual elect rons without dark or read-
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out noise and a very high dynamic range. The 4D-STEM  data was processed with custom-made scripts

based on the open-source python libraries Hyperspy and pixStem [27, 28].

In-situ TEM Nanomechanical Testing: The in-situ uniaxial tensile experiments were conducted in a FEI

Osiris microscope operating at  200 kV in bright -field TEM  mode with a beam current  of about  2 nA. A 1

µm conduct ive diamond flat  puncher indenter of the single-t ilt  PI 95 TEM  PicoIndenter (Bruker.Inc) was

used. Tensile experiments were performed under load control mode with loading rate 0.1 μN/ sec. Applied

force on the specimen was determined by removing the contribution of the spring st iffness from the raw

force. The engineering st ress was calculated by dividing the force in the specimen by the init ial cross-

sectional area of the specimen. Sample thickness was measured in high-resolut ion mode of SEM  with a

resolut ion of ~3 nm while the sample width and length were measured on the BF-TEM  images. Videos

with rate of 5 frames/ sec were recorded and post-processed using home-made M ATLAB scripts. The

engineering st rain was ext racted by measuring the displacement  direct ly on the specimen (i.e. the central

small gauge length in Figures 5b and 5c) using digital image correlat ion.

2.3 M echanical characterization with Brillouin light scattering (BLS) and Nanoindentation

In a BLS experiment, a monochromat ic incident  light beam is inelastically scattered by the thermally

excited acoust ic waves with a frequency shifted by ±F that we can analyze thanks to a Sandercock tandem

Fabry-Pérot interferometer. The BLS spectra were obtained at  room temperature in air, varying the angle

of incidence q from 45° to 65°, with typical acquisit ion t imes of 1 h and 200 mW of a p-polarized incident

light  with wavelength l = 532 nm. For these opaque films, the scattering mechanism is rest ricted to the

scattering of light  by the dynamical corrugat ion of the free surface by surface acoust ic waves (SAWs)

t ravelling parallel to the film plane. The sound velocity of SAWs is defined by VSAW = Fl/ (2sin(q)). For thick

(~mm) films, we can only observe the Rayleigh surface wave. The sound velocity (VR~0.92 VS) is closely

related to the shear sound velocity VS = (G/ρ)1/ 2 where G is the shear elast ic modulus and r the mass

density measured by X-ray reflect ivity (XRR, see Supplementary information, S2). The Poisson rat io (n)
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was determined thanks to the relat ionship n = 1 - 2G/ Er, using the shear modulus G = E/ (2(1+n)) and the

reduced elast ic modulus Er = E/ (1-n2) measured by nanoindentat ion.

Nanoindentation tests were performed with a diamond Berkovich t ip mounted on an Agilent  G200

Nanoindenter DCM  II head. Prior to test ing, the t ip area funct ion was calibrated using a fused silica

reference. The nanoindentat ion measurements were performed under load-control mode at  room

temperature using the cont inuous st iffness measurements (CSM ) method providing the current  value of

hardness with increasing indentat ion depth. The thermal drift  rate has been limited to 0.05 nm s−1. Sixteen

indents were performed in each sample. The maximum indentation depth was fixed at  500 nm. The

loading rate was imposed as equal to 0.05 s−1. The hardness was determined using the Oliver and Pharr

method [29] at  a reduced depth (depth/ thickness, h/ t ) in between 0.1 and 0.15 which corresponds to a

plateau values while avoiding substrate effects and surface artefacts (e.g. roughness effects). The reduced

elast ic moduli (Er) is calculated by using the Hay & Crawford [30] model to minimize the influence of the

substrate. The extracted modulus shows a plateau for h/ t  in between 0.05 and 0.1. Finally, no pile-up has

been observed similar to the nanoindentation results on ZrNi TFM Gs, Ref. [8].

3. Results and Discussion

3.1 Synthesis and structural characterization

Figs. 1a-d show SEM cross-sect ions of ZrCu films deposited at  different  background gas pressures

from low vacuum (2x10-3 Pa) up to 100 Pa (He). Films deposited at  low vacuum (a) are dense, result ing

from the high energy of the ablated species ~several tens of eV/ atom [31] with limited collisions rate and

a large mean free path (“ dense amorphous growth regime” ). Upon landing on the substrate, the film

growth mechanism is atom-by-atom with a high surface mobility, Refs. [32-34] (Fig. 1e). Cross-sect ional

SEM images reveal a smooth fracture surface with a regular corrugat ion pat tern (width ~5-10 nm, Fig. 1a)

const ituting a typical fingerprint  of TFMGs cracking mechanism [35]. Nanostructurat ion phenomena occur

upon increasing the background gas pressure. Films deposited at  8x10-3 and 5 Pa (Fig. 1b) exhibit  the
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nucleat ion of crystalline ZrO2, Cu and ZrCu phases as discussed below from XRD analysis (“ t ransit ion

growth regime” ) [36], while a nanogranular st ructure is observed when increasing the pressure up to 100

Pa (Figs. 1c-d, “ amorphous nanogranular growth regime” ). This nanogranular morphology arises from the

confinement  of atomic species within the ablat ion plume leading to format ion of clusters that  land on the

substrate with a progressively lower energy when increasing the pressure, as found for PLD-deposited

nanostructured oxides [17, 18] and metallic [32] films (Fig. 1f). These cluster-assembled films share

features similar to NGs so far produced by a dual step process [12, 14]. The mass density ext racted by X-

Ray Reflect ivity (XRR) decreases from 7.4 gcm -3 (as for sputter-deposited ZrCu TFMGs [37]) down to 6.35

gcm -3 for films deposited at  2.1x10-3 and 100 Pa, respect ively, as a result  of the cluster-assembled growth.

The grazing incidence XRD (GIXRD) in Fig. 1g of films deposited under low vacuum (2x10-3 Pa) reveals

the presence of an amorphous first  sharp diffract ion peak (FSDP) located at  37.6°, as for Zr50Cu50 (% at .)

films produced by sputtering, report ing an average atomic distance of 0.235 nm [37, 38]. The full width at

half maximum (FWHM ) is ~10.4° indicating an amorphous st ructure as for binary Zr-based M Gs [37, 39].

Increasing the background gas pressure to 8.1x10-3 and 5 Pa, the films become more crystalline as shown

by the presence of several peaks associated w ith the format ion of nanocrystals. The unwanted presence

of oxygen (O) during the deposition could be responsible for the undesired metal-oxide nanocrystals in

Zr-Cu M G because of its high affinity with O even under ext remely low concentrat ion (0.14 % at .), favoring

nanocrystallizat ion, see Refs. [36, 40, 41]. Specifically, in the 8.1x10-3 and 5 Pa films, the observed peaks

at  29, 34, 50, 59, 74 and 82° can be associated to the presence of the tet ragonal ZrO2 phase (Figs. S1-S2

and [37]). At  these specific deposit ions condit ions, involving ext remely high laser fluence, a small

percentage of O can be incorporated/ bonded with the Zr-Cu atoms result ing in a t ransition regime with

the format ion of a dense film with some nanocrystallization. The format ion of the ZrO2 nanocrystals

unbalances the rat io between the two metals result ing in the development  of Cu-rich clusters. In fact , the

peaks around 42° can be at t ributed to nanocrystalline Zr7Cu10 and Zr14Cu51 (Figs. S3-S6). These Cu-enriched
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clusters have been already observed in Zr-Cu films in presence of Zr oxides [37]. Finally, we cannot  exclude

the presence of some fcc-Cu nanocrystals that  could gradually decompose into Cu51Zr14 intermetallic (Figs.

S7-S8).

As the pressure increases, films become again progressively amorphous with a shift  of the FSDP at

lower angles ~32.5° with larger atomic distances of 0.27 nm. The FWHM  is narrower than for films

deposited at  2x10-3 Pa, decreasing to 5.9 and 7.2° for films deposited at  10 and 100 Pa, respect ively. This

indicates a marked local order, but  with extended average bond lengths. This can be explained by the

presence of O which can be incorporated in the film or which can induce some change in covalent  bond

behavior and local ordering but also a geometrical distort ion (see discussion of Fig. 3) [42]. Nevertheless,

the reduced kinet ic energy of the ablated species and limited surface mobility prevents any crystallization,

result ing in a cluster-assembled nanogranular amorphous film (Figs. 1c-d), as also reported for WOx films

grown by PLD [42].

Fig. 1. (a-d) M orphological evolut ion of nanostructured Zr50Cu50 TFMGs as a function of the background
pressure during deposit ion. Deposit ion under low  vacuum (2x10-3 Pa) results in dense films (a), while the
film morphology evolves from composite amorphous-nanocrystalline at  5 Pa (b), to nanogranular 10 and
100 Pa (d,e). A schemat ic depict ing the format ion of atom-by-atom growth (low  vacuum) and cluster
assembled growth (10 and 100 Pa) is shown in e) and f), respect ively. (g) The corresponding GIXRD
diffractograms. An amorphous st ructure is found for background pressure of 2.1x10-3 Pa and from 10 up
to 200 Pa.
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Figure 2 gathers a detailed TEM  characterizat ion of the films deposited at  2.1x10-3, 10 and 100 Pa

(see M ethods and Supplementary S1). In Figs. 2a, 2d and 2g, high angle annular dark field (HAADF) STEM

shows that  all films exhibit  a nanolaminated st ructure alternat ing bright  and dark nanolayers with an

average period ~4-5 nm. Fig. 2 also shows STEM -EDX maps and line profiles showing the comparison

between HAADF-STEM  intensity and STEM-EDX. Interest ingly, the films exhibit  a composit ional variat ion

alternat ing Cu-rich and Zr-rich nanolayers together with O fluctuation which is present  especially in the

Zr-rich nanolayers. A lower percentage of O is found for the film deposited in low vacuum condit ions

(2.1x10-3 Pa). Similar features are observed in the XRR scans revealing the presence of satellite peaks,

at test ing the format ion of a periodic layering along the growth direct ion. An example is shown in Fig. S9c

for the 10 Pa sample report ing a chemical modulat ion of 5.7 nm period, while the mass density difference

of the layers is ~12% (6.9 and 6.1 gcm -3), consolidat ing the STEM / EDX results showing a composit ional

variat ion between Cu-rich and Zr/ O-rich layers of 8-10 at .% (Fig. 2c and Supplementary S2).

Fig. 2. High resolut ion HAADF-STEM images of ZrCu films deposited at  10 (a), 100 (d) and 2.1´10-3 Pa (g).
(b, e, h) O, Cu and Zr STEM -EDX maps acquired in the area highlighted by a white rectangular in (a), (d)
and (g), respect ively. (c, f, i) Quantified chemical composit ion using line profile in the EDX maps of (b), (e)
and (h) as well as HAADF-STEM intensity line profile from (a), (d) and (g), respectively. White arrows in (a),
(d) and (g) indicate the presence of nanoclusters (see the enlarged insets highlighted by a yellow
rectangular).
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M oreover, Fig. 2 shows that  the films deposited at  10 and 100 Pa exhibit  a less periodic arrangement

of the nanolayers with st rong lateral in-plane segregat ion and clustering (white arrows in Figs. 2a, 2d).

Such nanoclustering is related with in-plume clustering format ion favored at  large background gas

deposit ion pressures. In-plane segregat ion can also be observed even in the 2.1x10-3 Pa sample as

evidenced by nanoclusters within a single nanolayer (white arrows in Fig. 2g).

In Fig. 3, nano-beam-electron-diffract ion (NBED, beam size of 1 nm) 4D-STEM  measurements on

the films shown in Fig. 2 are presented in order to invest igate the local atomic order in the Cu-rich or Zr/ O-

rich nanolayers (details in M ethods and Supplementary S3-4). In Figs. 3(a1) and 3(a2), mean 4D-STEM

diffract ion pat terns calculated by combining all the NBED pat terns from each nanolayer are shown for the

film deposited at  10 Pa (see also Fig. S14), while Fig. 3(a3) reports the averaged 4D-STEM  diffract ion

pat tern on the ent ire scanned area which is compared to the convent ional selected area elect ron

diffract ion (SAED) pat tern shown in Figure 3(a4). Fig. 3c displays the radial intensity profiles I(k) (k being

the scat tering vector) determined from the diffract ion pat terns in Figs. 3(a1-4). The virtual dark field maps

of the two phases in Figs. 3(b1-2) were obtained by select ing specific regions from I(k) using virtual

aperture (vert ical dashed bands in Fig. 3c). These two maps are summed (Fig. 3(b3)) and compared with

a HAADF-STEM  image of the same region (Fig. 3(b4)). The same approach above was applied for the films

deposited at  100 and 2.1x10-3 Pa. The results indicate that, in films deposited at  10 and 100 Pa, the I(k)

intensity profiles ext racted from SAED pat terns and the radial intensity profiles are very similar. However,

4D-STEM  data reveal differences between the Cu-rich and Zr/ O-rich phases. Indeed, the I(k) curve of the

Zr/ O-rich phase exhibits a first intense peak followed by a second weaker one typical of glassy materials,

while the difference of intensity between the two peaks is significantly smaller in the I(k) curve of the Cu-

rich phase which can be at tributed to the presence of crystalline phase. Indeed, HR-STEM images of these

two films (10 and 100 Pa) confirm the presence of very small crystalline clusters (1-2 nm) in the Cu-rich

phase, while the Zr/ O-rich phase exhibits a more ‘disordered’ st ructure (Fig. S11). This is also consolidated
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by calculat ing the normalized variance diffract ion pat terns and normalized variance profiles (Fig. S16). In

the film deposited at  2.1x10-3 Pa, the I(k) curve ext racted from the SAED pat tern exhibits two adjacent

and dist inct  first  intense peaks not  reported for 10 and 100 Pa films. 4D-STEM  data show that, the I(k)

curve of the Zr/ O-rich phase is quite similar to the ones obtained in the films deposited at 10 and 100 Pa,

while the curve corresponding to the Cu-rich phase for the 2.1x10-3 Pa appears very different  with a single

peak shifted to higher k, indicat ing significant changes of the nature of local order. 4D-STEM  and HR-STEM

did not reveal the presence of small crystallites in both nanolayers (Figs. S11, S16) in agreement  with the

limited in-plane clustering and a more ‘disordered’ nature of this film.

These results demonstrate that  PLD deposit ion condit ions produce well-defined nano-laminated

films with two dist inct  phases having different  chemical composit ions and local atomic order (amorphous

or crystal/ amorphous hybrid nanostructure). This unique self-assembled nanostructure originates from

the highly energet ic PLD deposit ion condit ions (laser energy and wavelength) which can induce a very fine

segregation along the growth direct ion, favoring decomposit ion of (meta)stable ZrCu amorphous alloys

into a Cu-rich and a Zr/ O rich phases, similarly to NGs [43]. The addit ional in-plane segregat ion is due to

local clustering favored at  large deposit ion pressure (10, 100 Pa) which convolute with a marked local

order and, in selected areas, a tendency to nanocrystallizat ion, as for BM Gs embedded with nanocrystals

after annealing t reatment  [15]. This can also be favored by the presence of O promoting a covalent

character to bonds, local ordering and nanocrystallizat ion as also reported in Refs. [40, 41].

3.2 M echanical behavior

The elast ic and plast ic propert ies have been determined by using BLS and nanoindentat ion,

respectively (Fig. 4 and M ethods). The shear modulus (G), Young’s modulus (E), and hardness (H) of TFMG

deposited at  2.1x10-3 Pa are equal to, respectively, ~46, 130 and 10 GPa, which is almost  twice the

literature results (namely ~25, 70-90 and 6 GPa) for ZrCu film with equivalent  composit ion but  deposited

by sputtering [37, 44]. The presence of O [45] and the nanolayering st ructure [46] alter the local
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arrangement  and provide a st iffer covalent  character to the bonding. These characterist ics also make

more difficult  the activat ion of permanent  atomic rearrangements reflect ing in a larger hardness.

Nevertheless, the Poisson rat io (n) maintains a high value ~0.37 close to homogeneous films ~0.365 [44].

Increasing the background gas pressure to 10 Pa, both G and E reach even larger values equal to ~58 and

150 GPa, respect ively. This increase is most  presumably due to a higher amount  of O and

nanocrystalizat ion in the Cu-rich nanolayer.

Fig. 3. 4D-STEM  diffract ion data for local crystal structure analysis of nanolaminated ZrCu films deposited
at  (a, b, c) 10, (d, e, f) 100 and (g, h, i) 2.1x10-3 Pa. M ean NBED diffract ion pat tern for the Cu-rich and Zr/ O-
rich phases (a1 and a2, d1 and d2, g1 and g2, respectively). Averaged NBED pat tern over a total scan area
and convent ional SAED (a3 and a4, d3 and d4, g3 and g4, respectively). (c, f, i) Radial intensity profiles I(k)
calculated from the mean and averaged NBED pat terns as well as SAED. Virtual dark field maps of the two
phases are generated by using a virtual aperture (indicated as vert ical bands in radial intensity profiles) in
(b1 and b2, e1 and e2, h1 and h2). Summed VDF maps of the two phases and HAADF-STEM  image (b3 and
b4, e3 and e4, h3 and h4, respectively).
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The enhanced covalent  character in the nanolayers is indirectly confirmed by the reduct ion of n down to

~0.27 for films deposited at  10 Pa pressure. This value is below the crit ical threshold ncrit = 0.315 for which

cracking is expected to occur instead of plast ic SB [47]. In samples deposited at 100 Pa, G and E decrease

by ~20% due to reduced mass density and to the more pronounced nanoclustering involving a higher

fraction of interfaces with weaker bonds. At  the same t ime, H only slight ly decreases down to ~8.5 GPa

presumably because the constraint  upon atomic rearrangements due to the nanolayered st ructure is st ill

efficient . Hence, for all deposit ion pressures, the elast ic st iffness and H remain larger than in

homogeneous Zr50Cu50 (%at.) TFMGs [37, 44] and ribbons [14].

Fig. 4. (a,b) Variat ion of the shear and Young’s moduli, Poisson rat io hardness as a funct ion of the
deposit ion pressure.
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In order to determine the full st ress-strain response of the films and to link it  with the mechanisms

of deformat ion and fracture, quantitat ive in-situ TEM  tensile tests have been performed on the 2.1x10-3,

10 and 100 Pa films (Figs. 2 and 3). Cross-sect ional specimens (~2 × 0.4 × 0.15 µm) were machined with

FIB  and mounted on a PTP device [48, 49] (Figs. 5a-d and M ethods). Fig. 5e presents the engineering

st ress-strain curves under load control mode with a loading rate of 0.1 µN/ s. The fully amorphous film

(2.1x10-3 Pa) exhibits a large yield st rength sy ~2.6 GPa (in good agreement with nanoindentat ion sy~H/ 3)

combined with a reasonably good total elongat ion to failure of ~6%, hence exhibit ing the act ivat ion of

some plast icity before failure in agreement  with literature data on Zr65Ni35 and Zr51Cu49 TFM Gs deformed

in tension [5, 6]. This mechanical behavior involving a high st rength and moderate duct ility part ly

originates from a mechanical size effect , preventing the formation of mature SBs [6, 50], and part ly from

the int imate nanolayered st ructure. M oreover, no internal delaminat ion is observed, indicat ing st rong

adhesion between the Cu-rich and Zr/ O-rich nanolayers. The fracture angle is ~65° with respect to the

loading direction in agreement  with M G specimens deformed in tension [3].

For the films deposited at  10 and 100 Pa, the yield st rength reduces down to <2 GPa but  with a gain

of total elongat ion to failure up to ~9% and the presence of some degree of st rain hardening. This must

originate from the presence of a large density of interfaces including a high fraction of

nanocrystal/ amorphous boundaries which are not  present  in 2.1x10-3 Pa films. A high amount of free

volume or excess energy might  be stored at  these interfaces [12, 14] together with highly flexible local

atomic environment  atomic st ructure [51]. This leads both to a complex internal st ress landscape and

heterogeneous dist ribut ion of energy barriers associated to the act ivat ion of STZs. Hence, by increasing

nano-clustering and the fract ion of interfaces, STZs can be act ivated at  a lower applied load [13, 52]

(explaining the reduced yield st rength) but also dist ributed in a much more homogenous way. The

heterogeneity makes more difficult  the percolat ion of extended defects and the generat ion of mature SB,

leading to a higher duct ility [13, 52] similarly to the deformat ion behavior of NGs [12, 14], report ing
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significantly larger deformat ion when compared to the standard M G counterparts, together with a lower

yield st rength. In addit ion, the format ion of nanocrystals in Cu-rich layers provide an even more difficult

propagat ion of SB improving ductility, see Ref. [15]. The origin of the st rain hardening is most  probably

the result  of the progressive activat ion of less fert ile STZs and free volume zones in cluster assembled film,

as also observed for BM Gs embedded with nanocrystals [3]. The 100 Pa samples, which exhibit  a higher

fraction of interfaces and a marked cluster assembled growth (including crystal/ amorphous interfaces),

report  the highest  total elongat ion to failure (9.4 %) combined to the lower yield st rength. However, it

can be noted that the PLD-deposited cluster assembled films maintain a very good combinat ion of

mechanical propert ies combining up to ~40% larger ductility at  the expense of ~50% drop of the yield

st rength with respect e.g. nanoglasses [16] or mult ilayers [10]. The fracture plane for 10 and 100 Pa films

(Figs. 5f,g) is ~90°, indicat ing a disconnection of the cracking process from plast ic SB.

Fig. 5. Quant itat ive in situ TEM  tensile test ing. (a) Low magnification TEM  image of the t ip of diamond
indenter and the PTP device used for quantitat ive in-situ TEM  tensile experiments. The sample was
mounted in the central area marked with a red box. (b, c) M agnified SEM images of the cross-sect ional
ZrCu film mounted on the PTP device. (d) High-resolut ion STEM  image of the edge of the sample (marked
with a white box in (c)), showing the nanolayered st ructure of the film after FIB thinning. (e-h) Engineering
st ress-st rain curves and TEM snapshots after the fracture of ZrCu films deposited at  10 Pa (f), 100 Pa (g)
and 2.1x10-3 Pa (h).
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In Fig. 6, digital image correlat ion was used to subtract  the contrast  of the image at  plast ic yielding

from that  of t he image just  before the fracture in the three films. It  is worth not ing that  necking is more

visible in the 10 and 100 Pa films where softening is more marked in the st ress-st rain curves of Figure 5.

Similar results are obtained for notched samples deformed in tension in-situ TEM  exhibit ing stable crack

growth [53]. M oreover, the presence of arrested nanocracks in the crystal-amorphous hybrid 10 Pa and

100 Pa films (black and white arrows) indicat ing the high fracture toughness of these films and stable crack

growth. On the other hand, two crossing SB can be observed in the necking region of the 2x10-3 Pa film

prior to fracture (black and white arrow) in agreement  with the fully amorphous microst ructure of this

film. Note that for all deposited sample the expected large rate sensit ivity m=0.02 (obtained by

nanoindentat ion on e.g. ZrNi TFMGs [8]) can prevent  the development  of a full necking behavior.

However, st ill further investigat ions are needed to determine the exact failure nature of such

nanostructured films by PLD. M oreover, we did not detect  any O embrit t lement , as in classical M G

composit ions [54, 55], as a result  of ext rinsic size effect combined with toughening related to the

heterogeneous nanostructure [46]. On the contrary, we show that  in the case of such glassy

nanocomposites, the O addit ion can even boost  the mechanical properties, as reported in high entropy

alloys with format ion of ordered Ti-Zr-O complexes [56], inducing preferent ial chemical bond format ion

between oxygen and Zr.

4. Conclusions

A novel class of  nanostructured Zr50Cu50 (%at .) TFM Gs has been discovered owing to the ext reme out  of

equilibrium condit ions associated to the pulsed laser deposit ion (PLD) method. These new nanostructured

films show the following characterist ics:
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· A large variety of film microst ructures can be synthet ized, including compact fully amorphous,

and crystal/ amorphous hybrid and amorphous nanogranular microstructures by simply changing

the background gas pressure;

· Advanced TEM  analysis reveals a unique nano-laminated atomic st ructure characterized by

alternated layers exhibit ing different  chemical enrichment  and local atomic order;

Fig. 6. Necking observat ions in ZrCu films deposited at  10 Pa, 100 Pa and 2.1 x 10-3 Pa, from comparison
of frames taken at  the yield point  (left ) and just  before fracture (middle). Subtract ion of the two images
(different ial contrast image in the right ) shows the most  developed neck in the 100 Pa and 2x10-3 Pa films.
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· This self-assembled nanoarchitecture is at  the basis of unique mechanical propert ies including

high elast ic modulus and hardness up to 145 and 10 GPa, respectively, for crystal/ amorphous

nanogranular glasses deposited at 10 Pa pressure;

· Quantitat ive in-situ TEM  tensile tests confirm the high yield st rength potent ial (up to 2.6 GPa) and

outstanding total elongat ion to failure (up to 9%). This product is significantly affected by the

chemical fluctuat ion and nano-clustering with compact / nanogranular st ructure report ing

low/ large plast icity and high/ low yield strength.

The physical origin of  these unique mechanical propert ies is related to the local atomic order, free

volume content and film architecture (nanoclustering and nanolayering), highlight ing for the first  t ime the

possibility to produce novel TFMGs with different  mechanical properties by tuning the local

nanostructure. This nano-laminated st ructure offers a unique opportunity to invest igate the evolut ion of

the local order with plast ic deformat ion by probing of single glassy phases and interfaces in-situ with 4D-

STEM . This will open future scenarios to engineered TFMGs with high structural performances.
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