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The mesoscopic structure of amorphous materials remains to be understood. Although amorphous systems
are often thought to be randomly structured beyond short-range ordering, a number of studies reveal the
importance of medium-range ordering up to a few nanometers. Here, using a newly available high-flux nano-
focused X-ray beam, we observe anisotropy in a vapor-deposited PdCuSi metallic glass even in a large probed
volume of around 60 nm x 60 nm x 5 pm. With annealing, the anisotropy disappears without crystallization.
The observations allow us to exclude alternative explanations including geometric and strain effects, leading to

the conclusion that the anisotropy must arise from structural correlations. Our results suggest that anisotropy
may persist even to macroscopic scales in amorphous materials, pointing out the need for structural descriptions
of glasses beyond isotropic pair correlation functions as well as the possibility to realize glassy structures with

long-range correlations.

Despite decades of research, the structure of amorphous materi-
als is not yet fully understood. Traditionally, glasses are thought to
be built of a random arrangement of atoms or molecules respecting
certain short-range ordering (SRO). Widely used models include the
continuous random network model [1] for network glasses and the
dense random packing model [2] for metallic glasses. Recently, these
models have been challenged by new experimental evidence [3,4]. In
particular, for metallic glasses, a number of works have confirmed the
existence of medium-range ordering (MRO), i.e., ordered structures
from beyond the first coordination shell to 1-2 nm, which can have
significant effects on their physical properties [5]. Some studies have
revealed structural correlations persisting to even longer ranges. For
example, topological and chemical ordering up to 4—6 nm in ZrCl, and
GeSe, glasses have been reported [6]. Local ordering with correlation

* Corresponding authors.

lengths up to 5—-6 nm has also been found in PdNiP samples with
minor alloying (i.e., with the addition of a small amount of alloying
elements) [7], a nice confirmation of the fact that adding less than a
percent of alloying elements can substantially change various proper-
ties of metallic glasses [7,8]. On larger length scales, although there
is evidence suggesting the existence of long-range topological ordering
in a Ce;sAlys metallic glass [9], to our knowledge, direct proof for
long-range structural correlations has not yet been found. Instead, the
structure of amorphous materials is generally thought to be uniform.
Even if MROs are present, they are usually assumed to be randomly
distributed within the sample without any long-range correlation. In
addition, most structural characterizations and descriptions of glasses
to date make use of radial distribution functions assuming, implicitly
or explicitly, that the structure is isotropic.
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P. Sun et al.

In this work, we perform X-ray diffraction with a nano-focused beam
to study the local structure of a vapor-deposited metallic glass on length
scales of tens of nanometers and above. The combined use of hard X-ray
nano-beams and large-area 2D X-ray pixel detectors, both of which only
became available in recent years, allows structural characterization on
length scales that were previously inaccessible. We show that structural
anisotropy can exist even at the length scales of tens of nanometers
and above in an amorphous sample. Furthermore, with annealing near
the glass transition temperature, T,, the anisotropy disappears before
the onset of crystallization. The experimental observations allow us to
exclude alternative explanations of the anisotropy such as geometric
effects, local strain, and nano-crystallization, leading to the conclu-
sion that the anisotropy must arise from structural correlations within
the as-deposited sample. We discuss the nature of the anisotropy as
well as its significance for the understanding of the structural and
thermodynamic properties of amorphous systems.

The samples are Pd;, 5CugSije s (at.%) metallic glasses which are
vapor-deposited onto a polished single-crystal NaCl substrate at a depo-
sition rate of 1 nm/s. The substrate temperature is kept around 0.807,, to
0.85T,. The deposited sample thickness is about 5 pm. After deposition,
either the NaCl substrate is dissolved in pure water to obtain a free-
standing sample or the sample is detached manually from the substrate
(see Ref. [10] for more details).

The X-ray nano-diffraction experiment was performed at the nanofo-
cus extension of beamline ID13 at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) [11]. A schematic diagram of the
setup is shown in Fig. 1. X-rays with a photon energy of 13 keV
are focused by a pair of multilayer Laue lenses (MLLs) in a crossed
geometry onto the sample plane [12]. The focus size is estimated to
be around 60 nm x 60 nm (full width at half maximum) using a 2D
transmission scan on a high-resolution X-ray chart with Ta absorbers of
50 nm minimum pattern size. The samples are mounted in transmission
geometry. The sample volume illuminated by X-rays at each position is
thus on the order of 60 nm x 60 nm X 5 pm. The flux in the focal
plane is estimated to be around 3 x 10'! photons per second (at I =
200 mA electron beam current) based on measurements from a cross
calibrated diode. An EIGER 4M detector (DECTRIS, Baden-Daettwill,
Switzerland) is placed 70 mm behind the sample, perpendicular to the
X-ray path and centered around the beam. During a typical scan, the
diffraction images are taken from a 2D grid on the sample as indicated
in Fig. 1, with usually 1 s exposure time at each step. The magnitude
of the scattering vector, Q, corresponding to the detector pixel array
is calibrated by performing diffraction on a polycrystalline a-Al,O5
sample. The collected Debye-Scherrer rings were used to quantify the
sample-detector distance, the tilt angle of the detector plane and the
rotation angle of the tilt plane, using the known detector pixel size of
75 pm X 75 pm. Also shown in Fig. 1 is an example of a diffraction
pattern from the Pd;, 5CugSi 65 sample, where the first and second
diffraction maxima are visible.

Observation of local anisotropy. Fig. 2 shows an example of the
anisotropy observed in the sample. Panel (a) shows 9 images taken from
a 2D scan containing 31 x 31 steps with 100 nm step size. To obtain
these plots, starting from each diffraction image, we first subtract an air
scattering background which is measured without the sample. Next, the
image is normalized by the average intensity around the first diffraction
ring (from 2 Al to 4 A-1l). Finally, we divide each image by the
average of all 961 images in the scan. A small part of each image is
masked (due to inactive detector area or shadowing of the beam stop)
and shown as white.

It is clear from Fig. 2 that the intensity is not uniform around
the first diffraction ring. In other words, the diffraction patterns are
anisotropic, suggesting that the structure in the illuminated volume
is anisotropic as well. Note that overall intensity modulations which
affect all images, such as the polarization factor, are canceled out
when dividing by the average image. The anisotropy changes between
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Fig. 1. Schematics of the experimental setup. 13 keV X-rays are focused onto the
sample plane by a pair of MLLs. The diffracted X-rays are collected by an EIGER 4M
detector placed 70 mm behind the sample and centered on the X-ray axis. During
a typical scan, the sample is moved on a 2D grid as indicated by the yellow dots.
Also shown is an example diffraction pattern from the vapor-deposited Pd;, 5CugSi;q 5
sample.

(a)

" >

- & "

- .

o NI =

ud “ a

- b e
p— | LA e AR el

0.94 0.97 1.00 1.03 1.06

Fig. 2. Anisotropy in the as-deposited sample. (a) A subset of 9 images taken from
a 2D scan. The variation along the azimuthal angle of the first diffraction ring can
reach +6%, see text for detailed information on how the images are obtained. (b) A
magnified version of the last image of the subset, with dotted circles indicating the
peak positions of the first and second diffraction rings. All images use the color bar
shown on the bottom right.

different positions on the sample and often reaches +6% from the
average image. In most cases, there is a single maximum and minimum
around the ring, situated opposite from each other. We note in passing
that this observation does not violate Friedel symmetry, because the
diffraction angle corresponding to the first ring is about 25°, and thus
the momentum transfer vectors Q that are 180° apart on the ring are far
from opposite to each other (see also Supplementary Material). Close to
the second ring, the polarity becomes opposite to that of the first ring—
at the azimuthal angle where the intensity of the first ring is higher than
average (red-colored), the intensity on the inner side of the second ring
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is lower than average (blue-colored), and vice versa. This can be seen
more easily in the magnified image in Fig. 2b, where the peak positions
of the first and second diffraction rings are indicated by dotted circles.
These observations are further discussed below.

It should be emphasized that the anisotropy is local, i.e., that it
changes depending on the position on the sample. Therefore, the use of
a small beam is crucial, as the effects could easily average out when a
large area on the sample is illuminated. We have confirmed this during
another experiment conducted at beamline BL19LXU at the SPring-8
synchrotron facility (Japan)—by moving the sample out of focus to
achieve an approximately 11 pm x 9 pm beam size, the degree of
anisotropy is reduced to less than 1% (see Supplementary Material for
more details). This implies that local anisotropy may exist in other
amorphous materials as well, but has evaded detection because the
beam size is not small enough.

We note that similar observations can be made without the back-
ground subtraction and normalization procedure described above, al-
though in this case, slight changes in sample thickness lead to over-
all intensity fluctuations in each image (see Supplementary Material
Fig. S2). Therefore, the anisotropy is not an artifact of our analysis
procedure. We have also confirmed that no X-ray-induced effects are
observable in the diffraction patterns after at least 60 s of exposure
(see Supplementary Material). Therefore, the 1 s exposure time used
to acquire the images shown in Fig. 2 is sufficiently short to avoid
radiation-induced artifacts.

Effects of annealing. Next, we investigate effects of annealing on the
anisotropy. The annealing is done with the following procedure: the
sample is first heated at a rate of 20 K/min from room temperature to
the annealing temperature, 7,, then kept at 7, for 10 min, and finally
cooled down at 20 K/min. We used three annealing temperatures:
602 K, 629 K, and 639 K. Note that the glass transition temperature,
T,, of Pd;; 5CugSij¢ 5 bulk metallic glasses is reported to be 636 K in
Ref. [13] and 621 K in Ref. [14], so the chosen T, values range from
somewhat below 7, to slightly above it. After annealing, X-ray nano-
diffraction is performed on the sample using the same method as for
the as-deposited sample.

In Fig. 3 we show a subset of four images for each 7,. To facilitate
comparison, the plots use the same color map as in Fig. 2. From Fig. 3,
it is clear that the degree of anisotropy decreases significantly after
annealing at 602 K, although a small amount still remains. With T, =
629 K, the anisotropy is no longer observable. Finally, after annealing
at 639 K, small Bragg peaks start to emerge (they appear as small red
dots in these images), suggesting the formation of small crystallites.
Thus we observe that, with increasing T,, the anisotropy first decreases,
then disappears, before crystallization takes place.

Alternative explanations? Before further discussions, it is important to ex-
clude spurious or trivial effects which could have caused the anisotropic
diffraction patterns: (1) Factors external to the sample, such as the
experimental setup or detector artifacts, can be excluded because the
anisotropy changes upon annealing. (2) We exclude geometric effects
related to sample morphology (e.g., surface roughness or undulations,
or bubble inclusions) because thickness variations on the pm scale are
needed for +6% intensity variations in this 5 pm sample, and more
importantly because it is improbable that geometric effects are always
associated with the first and second rings (more details are shown
in the Supplementary Material). (3) Local strain is excluded because
it should be associated with a change in the Q position in the first
peak [15,16], while no such shifts are observed (more details are shown
in the Supplementary Material). (4) It is unlikely that the anisotropy
exists only close to the surface, because +6% intensity variation on a
5 pm sample implies that the anisotropic thickness should be at least
tens or hundreds of nm. (5) Small crystallites are excluded as the origin
because no Bragg peaks are observed in the as-deposited sample, and
because crystallites are expected to grow with annealing instead of
disappearing [17]. Similarly, nanophase separation can be excluded
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Fig. 3. Effects of annealing. Each row corresponds to a different annealing temperature
T,, as indicated in the title. The color map is the same as in Fig. 2. The anisotropy
becomes weaker for T, = 602 K, disappears for T, = 629 K, and weak Bragg peaks begin
to appear for T, = 639 K.

as it is expected to be enhanced by annealing [17]. However, it is
possible that nano-scale crystallite-like structures exist in the sample,
conceptually similar to Ref. [3]; this is indeed our interpretation, as
will be further discussed below.

Previous observations of anisotropy in thin-film metallic glasses. Notably,
structural anisotropy has been observed in vapor-deposited thin-film
metallic glass samples in earlier studies [18-20], and it is worth dis-
cussing its relation to the present results. Firstly, we note that in the
earlier studies, the anisotropy is between in-plane and out-of-plane
directions [18-20]. In our study, instead, the probed Q vectors are
mostly in-plane (Q forms a mere 12.4° angle with the sample plane),
and, assuming that the sample is flat, the magnitudes of the in- and
out-of-plane components remain the same during the scans. In other
words, what we observe is structural anisotropy among different in-
plane directions which changes between different positions on the
sample. Moreover, the anisotropy observed by Yan et al. [18] shows
up as a shift in the center Q position of the first peak. In contrast,
as mentioned above, the anisotropy in this study does not appear as a
shift in the center O position of the first peak, but rather its amplitude.
Therefore, our observation differs from those reported before. We note
in passing that no in- and out-of-plane anisotropy in the Q position of
the first diffraction peak is observed in our sample (see Supplementary
Material).

Nature of the anisotropy. We now discuss possible origins of the
anisotropy. To begin with, we note that for anisotropy to exist in a
macroscopic volume, there must be a microscopic structural origin.
In other words, there must exist some anisotropic local structures in
the sample, which are likely MRO units. While the existence of MRO
in metallic glasses is widely accepted nowadays [5], our observations
nonetheless present several unusual aspects.

Firstly, for the anisotropy to appear in the diffraction patterns,
the anisotropic local structures must have a way to align with each
other, because otherwise they would easily average out within the large
probed volume of around 60 nm x 60 nm X 5 pm. This means that they
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probably exist contiguously within the sample volume: if instead they
are embedded within a network of isotropic random structure, their
orientations should also be random, as it appears to be the case for
monolayer amorphous carbon as shown in a recent work [3]. Therefore,
the anisotropic local units likely span the sample volume and are the
predominant structural motif.

Secondly, the maximum and minimum around the first ring usually
appear opposite to each other, as can be seen in Fig. 2. This suggests
that within each probed volume, there is usually a single preferred
orientation for the anisotropic MRO units. Conceptually, this may be
similar to texture in a polycrystalline sample. Indeed, it is known that
vapor-deposited polycrystalline samples can become strongly textured
through various mechanisms [21], for example via surface energy min-
imization at high substrate temperatures. Some of these mechanisms
might apply to our sample as well.

Even more interesting are observations related to the second ring,
as can be seen clearly in Fig. 2b: (i) at the center of the second peak
indicated by the dotted circle, the values are close to unity; (ii) the inner
and outer sides of the second peak deviate from 1 in opposite directions,
which show up as different colors (red vs blue); (iii) at the same
azimuthal angle, the inner side of the second ring almost always shows
the opposite color from the first ring. Observations i and ii together
indicate that it is the center Q position of the second peak, rather than
its peak amplitude, which changes around the azimuth. Note that the
contrary is true for the first peak, where it is the amplitude and not the
center Q position that changes. Regarding observation iii, it is known
that for metallic glasses in general, the first peak in S(Q) is mostly
associated with medium-range correlations (second coordination shell
and above) [22], while the second peak and above are more influenced
by the SRO. Therefore, observation iii suggests that in the preferred
direction of the MRO (stronger first peak), the SRO is also somewhat
more compact (the second peak moves to slightly higher Q), and vice
versa. However, the exact structural details cannot be determined based
on the present results and may be a subject for further studies.

Finally, we discuss possible physical mechanisms for the observed
behavior of the sample. We note that, although metallic glass sam-
ples that are vapor-deposited onto cold substrates are observed to
exhibit structural relaxation upon annealing [23], the sample in this
study is deposited at an elevated substrate temperature (0.807, to
0.85T,); similarly prepared samples have been observed to exhibit
higher mechanical stability [10] and slower dynamics [24]. Further-
more, the anisotropy in the as-deposited sample suggests a high degree
of ordering, which seems to disappear upon annealing. These observa-
tions may appear self-contradictory if one draws the usual conclusion
that annealing leads to structural relaxation and enhanced ordering.
However, they could be explained by the possible existence of two
disordered states with the same composition, and with annealing the
sample may transition from one state to another. This has indeed been
proposed to explain the annealing behavior of a vapor-deposited Zr-
based sample [25] (although in that case, the deposition was done at
room temperature). In addition, recent simulation results show that in
some metallic glass-forming liquids, a homogeneous, disordered liquid-
like “L-phase” may freeze into a heterogeneous “G-phase” composed of
locally ordered regions surrounded by disordered regions [26-28]. If
such a transition does exist in Pd;; 5CugSi;¢ 5, our results suggest that
the as-deposited sample, which appears to exhibit a higher degree of
ordering, corresponds to the ordered G-phase; the loss of anisotropy
upon annealing close to T, suggests a transition (partially or fully) into
the disordered L-phase. Whether this is indeed the case is subject to
confirmation by future studies.

In summary, using X-ray nano-diffraction on a vapor-deposited
Pd;, 5CugSi ¢ 5 sample, we have observed significant local anisotropy
within each probed region of around 60 nm X 60 nm X 5 pm, which
disappears after annealing. Our results indicate that, in the as-deposited
sample: (1) there must exist local ordering, likely MRO; (2) this order-
ing should be the predominant structural motif in the sample; (3) there
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exist long-range correlations between the orientations of the locally
ordered units. We emphasize that all of these occur within a sample
which appears completely amorphous under X-ray diffraction. These
peculiar properties point out the importance of local ordering and the
need for new structural descriptions for metallic glasses.
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