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Signatures of structural differences in Pt–P- and
Pd–P-based bulk glass-forming liquids
Oliver Gross1, Nico Neuber 1, Alexander Kuball1, Benedikt Bochtler 1, Simon Hechler1, Maximilian Frey1 &

Ralf Busch1

The structural differences between the compositionally related Pt–P- and Pd–P-based bulk

glass-forming liquids are investigated in synchrotron X-ray scattering experiments. Although

Pt and Pd are considered to be topologically equivalent in structural models, we show that

drastic changes in the total structure factor and in the reduced pair distribution function are

observed upon gradual substitution. These variations indicate the existence of significant

structural differences on the short- (SRO) and medium-range order (MRO) length scale. The

structural data suggest that the distribution of the dominant polyhedra and the distribution of

their connection schemes gradually change from Pt–P- to Pd–P-based alloys, which is likely

connected to the different sensitivities to annealing or cooling rate induced embrittlement.

The evolution of the total structure factor and the reduced pair distribution function with

increasing temperature indicate the (partial) dissolution of both, the MRO and the SRO,

which reflects the thermodynamic properties of the liquids.
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Pt–P- and Pd–P-based bulk metallic glass (BMG) forming
liquids feature a high glass-forming ability (GFA), which
is reflected by their critical casting thicknesses (dc)

usually exceeding 1.5 cm1–3. The compositional similarities (e.g.,
Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20), the interchangeability
of Pt and Pd without losing the bulk GFA4,5, the topological
equivalence of Pt and Pd6,7, and the similar kinetic fragility8–11

suggest a close connection between Pt–P- and Pd–P-based
liquids. However, the dc of the alloy with the highest GFA in both
systems varies by a factor of four from dc= 20 mm for
Pt42.5Cu27Ni9.5P21 to dc= 80 mm for the Pd42.5Cu30Ni7.5P20
alloy1,2. This difference is attributed to the fact that the GFA of
Pt–P-based BMG forming liquids originates from a high inter-
facial energy, compensating a high driving force for crystallization
and a kinetically fragile behavior12,13. In contrast, the Pd–P-based
liquids are rather stabilized by an extremely low-driving force for
crystallization12, which can be approximated by the entropy
of fusion ΔSf. ΔSf represents the negative slope of the Gibbs
free energy difference between the liquid and the crystal at
the liquidus temperature. Although not independent from
the crystalline state, the large variation in ΔSf of about a factor of
two (ΔSf(Pt42.5Cu27Ni9.5P21)= 12 Jg-atom−1 K−1, ΔSf(Pd43Cu27-
Ni10P20)= 5.8 Jg-atom−1 K−1 8,11,12) between Pt–P- and Pd–P-
based alloys can probably not solely be traced back to different
entropic states of the crystalline mixtures. It rather suggests that
the two liquids possess different structural states in the equili-
brium liquid. This hypothesis is supported by the observation of a
rapidly ascending specific heat capacity in the liquid state (cpl)
upon undercooling the Pt–P-based liquids whereas that of the
Pd–P-based alloy compositions ascends more slowly12 (see also
Supplementary Fig. 1). The excess heat capacity Δcpl−x(T),
representing the difference between the specific heat capacity of
the liquid and the crystalline state, is connected to the rate of loss
in the excess entropy ΔSl−x(T). As ΔSl−x(T) is proportional to the
configurational part of the entropy of the liquid14, the rate of
change in ΔSl−x(T) indicates a more pronounced ordering process
in Pt–P-based liquids upon undercooling. The connection
between the ascending specific heat capacity and structural
ordering has been shown in computer simulations15. These
observations draw the picture of rather disordered Pt–P-based
liquids at high temperatures, undergoing a rapid ordering upon
approaching the glass transition. On the other hand, a large
degree of local order is likely already present at high temperatures
in the equilibrium liquid of the Pd–P-based compositions,
reflected by the small entropy of fusion. Moreover, the existence
of structural differences is suggested by the varying sensitivity to
cooling rate induced and annealing induced embrittlement5,16.
Kumar et al.5,16 reported that the bending ductility of Pd–P-based
glasses strongly depends on the cooling rate and the annealing
protocol whereas the Pt–P-based glasses always showed plasticity.
The partial replacement of Pd by Pt reduced the sensitivity of the
alloys to cooling rate induced embrittlement5. These observations
are attributed to different critical fictive temperatures (Tfcritical)16.
The fictive temperature Tf is defined as the glass transition upon
cooling and therefore depends on the applied cooling rate17. Tf of
a glass can also be changed by annealing or rejuvenation18,19.
However, Tfcritical is an inherent property of the alloy composi-
tion and should be connected to the structure of the glass. If a
glass possesses a Tf below the Tfcritical, it will fracture without
plastic deformation16.

In order to find implications of structural differences in the
two systems that might explain the different thermodynamic
and mechanical properties as well as the variation in the GFA,
synchrotron X-ray scattering experiments in the glass, the
supercooled liquid and the equilibrium liquid are conducted on
Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20. Moreover, Pt is stepwise

replaced by Pd and the total structure factor as well as the
reduced pair distribution function (PDF) are determined at
ambient temperature, revealing the compositionally induced
structural changes. The experiments on theses multicomponent
bulk glass-forming liquids can be considered as a top-down
approach, complementing the computational modeling of less
complex metallic liquids.

Results
The total structure factor at constant temperature. Figure 1
shows the total structure factor S(Q) of the Pt42.5Cu27Ni9.5P21
and the Pd43Cu27Ni10P20 alloy composition at 323 K. The S(Q) of
the Pt42.5Cu27Ni9.5P21 glass exhibits a pronounced prepeak at
~2.1 Å−1, preceding the first sharp diffraction peak (FSDP),
whereas the shoulder of the second diffraction peak towards
higher Q-values is more pronounced for the Pd43Cu27Ni10P20
alloy composition. In order to investigate the compositional effect
on these two features, Pt in the Pt42.5Cu27Ni9.5P21 alloy is gra-
dually replaced by Pd, following the compositions displayed in
Fig. 2. As shown in Fig. 2a, b, the intensity of the prepeak fades
with decreasing Pt content and the shoulder at the second peak
gains intensity. It should be noted that the samples used for the
diffraction experiments at 298 K were cut from plates with the
same dimension. Hence, they experienced similar cooling rates
and the observed variations in S(Q) do not originate from dif-
ferences in the thermal history.

The total structure factor as a function of temperature. The
temperature-induced evolution of the total structure factor is
shown for the Pt42.5Cu27Ni9.5P21 and the Pd43Cu27Ni10P20 com-
position in Fig. 3. Figure 3a, c display the low and Fig. 3b, d the
high Q-region. The data at low temperatures were obtained upon
heating a glassy sample (blue) and those at high temperature
upon cooling the liquid from 1153 K (red). The temperature
interval in-between the high and low temperature data is
obscured by crystallization. The arrows indicate the evolution of
the peak maxima and minima with decreasing temperature. For
both alloy compositions it is observed that the peak intensities
increase, and widths decrease which is on the one hand attributed
to an increasing structural order and on the other hand to the
decreasing atomic vibrations (Debye–Waller factor). The oppos-
ing movement of the first and second diffraction peak results in a
virtually temperature invariant minimum in-between the two
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Fig. 1 Total structure factor S(Q) of as-cast Pt42.5Cu27Ni9.5P21 and
Pd43Cu27Ni10P20 at 323 K. At low Q-values (~2.1 Å−1) only
Pt42.5Cu27Ni9.5P21 exhibits a prepeak. The shoulder at the second peak
(~5.7 Å−1) is distinctly more pronounced for the Pd43Cu27Ni10P20 alloy
composition
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peaks. The insets in Fig. 3a, c magnify the low Q-region of S(Q).
In the case of the Pt42.5Cu27Ni9.5P21 liquid, the intensity of the
prepeak decreases upon heating and vanishes in the equilibrium
liquid (see also Supplementary Fig. 2). For the Pd43Cu27Ni10P20
liquid, a comparable feature is not detected in the low Q-region.
Instead, the shoulder at the second peak gets more pronounced as
the temperature decreases.

The reduced PDF. In order to further investigate the structural
differences in the two alloy families, the reduced PDF is calculated
according to Eq. 4. Figure 4 shows the temperature-induced
evolution of G(r) of Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20
in the same temperature interval as indicated in Fig. 3. The
arrows indicate the shifts of the peak maxima and minima with
decreasing temperature. As commonly observed in metallic
liquids, the first peak position, which is assumed to reflect the
average, weighted nearest neighbor distance, shifts towards higher
values with decreasing temperature. This intuitively physically
unlikely behavior has been attributed to an increasing coordina-
tion number (CN) upon cooling20,21. However, Ding et al.22

argued that the anomalous peak shift might originate from
the asymmetry of the peak shape. If the skewness is considered,
the mean bond length is found to increase with increasing
temperature23.

The first peak position of Pt42.5Cu27Ni9.5P21 and Pd43Cu27-
Ni10P20 at 298 K is located at 2.79 and 2.77 Å. As G(r) of the two
alloy compositions is dominated by the Pt–Pt and the Pd–Pd
partial PDFs (see Supplementary Figs. 4 and 5 and Supplemen-
tary Note 1), the first peak position represents in a first
approximation the distance between two Pt and two Pd atoms,
possessing an atomic radius of 1.39 and 1.40 Å7. The most
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Fig. 2 Total structure factor S(Q) of as-cast Pt42.5−xPdxCu27Ni9.5P21
samples, where x= 0, 2.5, 7.5, 12.5, 17.5, 20, 22.5, 25, 30, 35, 40, and 42.5.
a, b The dependence of the prepeak at ~2.1 Å−1 and the shoulder at ~5.7 Å−1

on the Pt-to-Pd ratio. With increasing Pd concentration, the prepeak in the
low Q-range diminishes whereas the characteristic at 5.7 Å−1 gets more
pronounced. In a, b, S(Q) is normalized to the peak height of the first and
second sharp diffraction peak S(Q1) and S(Q2), respectively. The diffraction
experiments were conducted at 298 K. All samples experienced similar
cooling rates as they were cut from plates of the same dimension
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Fig. 3 Temperature-induced change of the total structure factor S(Q). a, b,
c, d The total structure factor of Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20 as
a function of temperature. The high temperature data (red) were collected
upon cooling from 1153 K and those at low temperatures (blue) upon
heating from the glassy state. a, c show the low Q-range and the insets
magnify the region where the prepeak in Pt42.5Cu27Ni9.5P21 evolves with
decreasing temperature. b, d show the oscillation of S(Q) at high Q-values.
The second peak of S(Q) of both alloys is magnified in Supplementary
Fig. 3. The arrows illustrate the evolution of the peak maxima and minima
with decreasing temperature
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distinct difference in G(r) of the two alloys is observed at the
second peak, reflecting the distances in the second nearest
neighbor shell. In both cases, the second peak changes its shape
and sharpens with decreasing temperature. The insets in Fig. 4,
magnifying the temperature-induced evolution of the second
peak, show that two peak maxima evolve for the Pt42.5Cu27-
Ni9.5P21 liquid, whereas a single maximum with a pronounced
shoulder on the high-r side forms for the Pd43Cu27Ni10P20 alloy
composition. The compositional variation of G(r) on the Pt–Pd
axis at ambient temperature is shown in Fig. 5. Again, the changes

at the second peak of G(r) upon substitution of Pd by Pt are
obvious and are magnified in the inset of Fig. 5. The vertical lines
in the insets of Figs. 4a, b and 5 are referred to in the discussion
section.

Discussion
Although Pt and Pd atoms are considered to be topologically
equivalent in structural models6,7, the variations observed in S(Q)
and G(r) suggest major structural differences. As the FSDP in
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Fig. 4 Reduced pair distribution function G(r) of a Pt42.5Cu27Ni9.5P21 and b Pd43Cu27Ni10P20 as a function of temperature. The high temperature data (red)
were collected upon cooling from 1153 K and those at low temperatures (blue) upon heating from the glassy state. The arrows indicate the evolution of the
peak maxima and minima with decreasing temperature. The insets magnify the second peak, corresponding to the second nearest neighbor distances. The
vertical lines in the inset mark the most probable second nearest neighbor distances if adjacent clusters share one, two, three, or four atoms, calculated
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S(Q) already contains information on the medium-range order
(MRO) of the liquid24, the presence of a prepeak indicates a
distinctly pronounced MRO25 and is observed in various
liquids26–32. Cheng et al.25 concluded from experimental obser-
vations that the detection of a prepeak in S(Q) is likely if the
concentration of solutes is low (solute-lean composition) and if
the solute specie possesses a high atomic form factor (“strong
scatterer”). The type of MRO that results from these two state-
ments is based on the avoidance of solute–solute bindings. Solute
atoms, being the center of the representative cluster, form a
sublattice-like structure that becomes visible as a prepeak in S(Q)
if the weighting factor of the solute–solute partial structure factor
is sufficiently large25. Such a prepeak is detected in binary Zr–Pt
liquids (solute-lean, e.g., Zr80Pt20)27,33. It originates from the
spatial arrangement of the Pt-centered clusters and hence from
the noble metal–noble metal correlations27,33. As reported by
Mauro et al.34, the prepeak at low Q-values vanishes if Pt is
replaced by Pd. It was noticed that this observation is not
equatable to the dissolution of the MRO as the lower atomic form
factor of Pd in comparison to Pt might solely reduce the
detectability of the prepeak (see Eqs. 2 and 3 in “Methods”)34.

Based on the discussion above, the type of MRO prevailing in
Pt42.5Cu27Ni9.5P21 might be different as the composition can be
considered as solute rich35. The existence of a prepeak for a
solute-rich glass has previously been reported in the Ce55Al45
alloy composition36. Despite from the type of MRO prevailing in
Pt42.5Cu27Ni9.5P21, the question arises if the disappearance of the
prepeak in Pd43Cu27Ni10P20 only results from the variation of the
atomic form factors of Pd and Pt. In the following section, pos-
sible origins of the prepeak are discussed, suggesting that the
varying atomic form factor should not result in the disappearance
of the prepeak.

The S(Q) of the Pt42.5Cu27Ni9.5P21 is dominated by the Pt–Pt
and Pt–Cu partial structure factors (Supplementary Fig. 4) and
the prepeak most probably originates from one of the two par-
tials. In a previous study, the authors observed that other Pt–P-
based alloy compositions with a larger Pt and lower Cu content
(i.e., Pt60Cu16Co2P22 and Pt57.3Cu14.6Ni5.3P22.8) do not feature a
prepeak at low Q-values8. If the prepeak arises from the Pt–Cu
partial, an increasing Pt and a decreasing Cu content would
increase the significance of the Pt–Pt partial structure factor,

making the Pt–Cu correlations less dominant. Another possibility
is that the MRO results from the Pt–Pt correlations as the Pt
atoms in Pt42.5Cu27Ni9.5P21 are on average more often separated
by a distance larger than the first coordination shell due to the
larger amount of Cu, Ni, and P atoms. In the case of higher
Pt-concentrations, the Pt atoms are less diluted, and they are
more frequently nearest neighbors to each others, reducing the
significance of the MRO. As the dominant partial structure fac-
tors in Pd43Cu27Ni10P20 and Pd42.5Cu27Ni9.5P21 are Pd–Pd and
Pd–Cu, equivalent to Pt–Pt and Pt–Cu in Pt42.5Cu27Ni9.5P21
(Supplementary Figs. 4 and 5), the disappearance of the prepeak
(Figs. 1 and 2) and the evolving shoulder at the second peak are
most likely not traced back to the changing form factor as sug-
gested for the Zr–Pd liquids. The varying signatures in S(Q)
rather suggest that the distribution of the local representative
structural units (cluster types) and their spatial arrangements in
Pt–P- and Pd–P-based liquids vary as discussed in more detail in
the following.

The existence of a shoulder at the second peak of S(Q) has been
attributed to icosahedral short-range order (SRO). In the case of
perfect icosahedral SRO, the ratio between the first two peak
positions Q2/Q1 and the ratio between the first peak position and
the location of the shoulder Qshoulder/Q1 is 1.71 and 2.0437,38. The
location of the shoulder of the second peak of S(Q) of
Pd43Cu27Ni10P20 is determined by fitting, using a two Gaussian
function. Q2/Q1 and Q1/Qshoulder for the Pd43Cu27Ni10P20 com-
position are 1.71 and 1.96, which is in good agreement with the
expected values, indicating a little distortion of the icosahedral
SRO37. In the Pd40Ni40P20 BMG forming liquid, tricapped tri-
gonal prisms coexisting with Ni-centered icosahedra are found as
representative structural units, supporting the idea of an at least
partially icosahedral SRO in Pd43Cu27Ni10P20 and Pd42.5Cu27-
Ni9.5P2139. Moreover, Park et al.40 determined a CN of 11.4 in
Pd40Ni40P20 and 12.6 in Pd40Cu30Ni10P20 around the Ni atoms,
which are close to values of a perfect icosahedron (CN= 12).
From a topological point of view, the ratios between the atomic
radii of Pt (139 pm7), Pd (140 pm7), and Cu(/Ni) (126 pm7)
suggest icosahedral SRO around the Cu(/Ni) atoms in both
liquids41. The more pronounced shoulder at the second peak of S
(Q) in the Pd43Cu27Ni10P20 and the Pd42.5Cu27Ni9.5P21 liquid
might therefore indicate a larger fraction of icosahedral SRO. In
the case of the Pt42.5Cu27Ni9.5P21 alloy composition, the existence
of a comparable shoulder in S(Q) can only be guessed (see Fig. 1).
Following the simulations of Guan et al.39 on the compositional
induced structural changes in the Pd-Ni-P system, the substitu-
tion of Pd by Pt might change the ratio between the two struc-
tural units, the trigonal prism, and the icosahedron.

As Fig. 3 reveals, a change in temperature influences both the
MRO as well as the SRO. At temperatures above the liquidus tem-
perature (Tl(Pt42.5Cu27Ni9.5P21)= 874 K8, Tl(Pd43Cu27Ni10P20)=
866 K12), the prepeak in Pt42.5Cu27Ni9.5P21 vanishes and the
shoulder at the second peak in S(Q) of Pd43Cu27Ni10P20 becomes less
prominent (Fig. 3). The disappearance of the prepeak in
Pt42.5Cu27Ni9.5P21 in the equilibrium liquid state, together with the
large ΔSf and the rapidly ascending cpl upon cooling (Supplementary
Fig. 1), suggest a significant reduction or the entire dissolution of the
MRO. In the case of the (at least partially) icosahedral SRO in
Pd43Cu27Ni10P20 it is well known that this type of SRO prevails in
many metallic glass-forming liquids (even above Tl) and gets more
pronounced as the glass transition is approached upon cooling42–45.
Once more it should be emphasized that the reduced significance of
both characteristics upon heating is on the one hand traced back to
the dissolution of atomic order and on the other hand affected by the
increasing atomic vibrations, diminishing the peak intensity46.
However, in the case of the prepeak it has been observed in other
metallic liquids that it remains visible even hundreds of Kelvin above
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Tl29,33, supporting the idea of the dissolution of atomic order in
Pt42.5Cu27Ni9.5P21 in the equilibrium liquid.

The splitting of the second peak of the pair PDF (Figs. 4a, b
and 5) reflecting the variety in the second nearest neighbor dis-
tances, has been observed in different metallic liquids47–49. In
computer simulations it is suggested that the peak splitting ori-
ginates from the uneven distribution of different types of cluster
connections49,50. The local representative structural units may
share one, two, three, and four atoms49,50 and the most probable
position of the second nearest neighbor for each cluster con-
nection scheme according to these simulations can be calculated
from the average bond length as 2 r1 (1-atom connection),

ffiffiffi
3

p
r1

(2-atom connection),
ffiffiffiffiffiffiffiffi
8=3

p
r1 (3-atom connection), and

ffiffiffi
2

p
r1

(4-atom connection)49,51. As value for r1, the first peak position
of the reduced PDF is chosen, mainly representing the noble
metal–noble metal correlations. The obtained positions for the
second nearest neighbor are depicted as vertical dashed lines in
the inset in Fig. 4a, b. For topological reasons the more atoms the
clusters share the smaller is the second nearest neighbor distance.
The effect of the Pt/Pd concentration on the shape of the second
peak at ambient temperature is magnified in the inset in Fig. 5.
The calculated second nearest neighbor positions indicate that the
distribution of connection schemes gradually changes as Pt is
replaced by Pd. In the Pd–P-based glass, the peak at ~4.5 Å seems
to result from central atoms whose clusters are connected via face
sharing (3-atom connection). As can be seen in Fig. 5, face
sharing becomes less dominant upon substituting Pd by Pt.
Instead the 1-atom and 2-atom connection schemes gain
importance. The evolving shoulder at ~3.9 Å suggests that even
the 4-atom connection scheme is facilitated by the replacement of
Pd. Although these cluster connection schemes are thought to
already exist in the high temperature liquid and the peak splitting
is smeared out by the thermal vibrations, the structural ordering
occurring during cooling also affects the distribution of the
cluster connection schemes49. Therefore, the sharpening of the
features of the second peak observed in Fig. 4 is again attributed
to the decreasing atomic vibrations and to the growing portion of
certain cluster connection schemes at the expense of others,
increasing the packing density of the liquid49,50. In the case of
Pd43Cu27Ni10P20, the 3-atom cluster connections seem to prevail,
and its fraction increases upon cooling whereas the structural
data of Pt42.5Cu27Ni9.5P21 suggest a larger diversity of cluster
connection schemes. Against the background of an at least par-
tially icosahedral SRO in Pd43Cu27Ni10P20 (suggested by the
shoulder at the second peak of S(Q)), the existence of a variety of
the 3-atom connections is reasonable as each (perfect) icosahedral
cluster features 20 triangular faces, which adjacent clusters may
share. In contrast, the representative structural units in
Pt42.5Cu27Ni9.5P21 might comprise a large fraction of trigonal
prisms that connect via edge sharing (2-atom connection) as
suggest by Gaskell for metal–metalloid glasses52. A distinct
diversity of cluster connection schemes in the Pt42.5Cu27Ni9.5P21
liquid including a larger portion of the more flexible 1-, 2-, and 4-
atom connections would result in a higher configurational
entropy of the liquid, contributing to, and agreeing with the
experimentally measured, high ΔSf of the Pt–P-based liquids.

Following the argumentation of Guan et al.39, the coexistence of
two structural units, the trigonal prism and the icosahedron, might
be responsible for the good GFA in both systems. However, our
structural investigations indicate that the ratio between both
structural motifs changes upon substituting Pd by Pt. In the case
of the Pd–P-based liquids, the icosahedral SRO is more dominant,
leading to an increase of the 3-atom connections. In contrast, the
prevalence of the trigonal prisms in the Pt–P-based liquids results
in a broader distribution of the connection schemes.

Although the experimental findings discussed above are in
striking accordance with the simulations performed by Ding
et al.49, it should be noted that the shape of the second peak in
G(r) of complex, multicomponent metallic liquids is also affected
by the number of small atoms in the first coordination shell that
may be involved in the cluster connection. As the partial reduced
PDFs are not accessible in the conducted experiments, the con-
tribution of the atoms possessing a much smaller atomic form
factor than the noble metals has to remain unclear. Therefore,
this study should be considered as top-down approach building a
bridge between the experimental and computational material
science on metallic glasses and relating the structural features of
these bulk glass-forming metallic liquids to their thermodynamic
and mechanical properties.

At this point one might speculate that the different distribution
of the cluster connection schemes is related to the different
sensitivity to annealing or cooling rate induced embrittlement of
the two alloy families. When the sensitivity to embrittlement
becomes more pronounced as Pt is partially replaced by Pd5, it
might be a consequence of the increase of 3-atom connections in
the Pd–P-based glasses. Interestingly, Ding et al.49 reported in
their simulations that the various cluster connection schemes
react differently on external stresses. Clusters that are connected
via 2- and 4-atom are more flexible as their local deformation
exceeds that of the macroscopic strain, whereas clusters sharing
1-atom experience an almost identical strain. In contrast, the local
strain of clusters with 3-atom connections is the smallest and
remains below the microscopically imposed shear strain49. In
other words, the simulations suggest that 3-atom connections are
stiffer than the other connection schemes. Hence, the fraction of
3-atom connections, which increases upon increasing the Pd
concentration or which should increase upon annealing and upon
reducing the cooling rate, might exceed a critical value if the
fictive temperature of the glass (defined as the glass transition
upon cooling) falls below the critical fictive temperature Tfcrit

(fictive temperature of the glass below which the sample
embrittles)16. Tfcrit is also connected to an alloy specific critical
value in the configurational entropy. Although the macroscopic
G/B ratio (G= shear modulus, B= bulk modulus) for both alloy
classes remains below the critical value of 0.415,53 at which the
transition from a ductile to brittle behavior is suggested54, the
locally increasing stiffness through the ascending portion of 3-
atom connections in Pd43Cu27Ni10P20 and Pd42.5Cu27Ni9.5P21
might hamper the formation of multiple shear bands and increase
the sensitivity to crack initiation and propagation.

In summary, the conducted synchrotron X-ray scattering
experiments on the Pt–P- and Pd–P-based liquids suggest the
existence of major structural differences in the two composi-
tionally related alloy families. The comparison of the total
structure factor of Pt42.5Cu27Ni9.5P21 and Pd43Cu27Ni10P20
indicate that significant structural differences exist. The total
structure factor of the Pt42.5Cu27Ni9.5P21 glass exhibits a distinct
prepeak preceding the FSDP, implying the existence of a pro-
nounced MRO. In contrast, the Pd43Cu27Ni10P20 glass does not
show a comparable feature, however, a shoulder at the second
peak is observed, indicating at least partially icosahedral SRO.
Both structural signatures suggest that the distribution of the
representative structural units and their spatial arrangement in
both families vary. In Pd–P-based liquids icosahedral SRO
dominates, whereas the Pt–P-based liquids contain a larger
fraction of trigonal prisms. Upon gradually replacing Pt by Pd,
the prepeak fades and the shoulder at the second peak gains
intensity, suggesting that the ratio between icosahedra and tri-
gonal prisms is changing. When approaching the equilibrium
liquid state upon heating, the prepeak vanishes, and the shoulder
gets less pronounced which is on the one hand attributed the
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increasing atomic vibrations and on the other hand to the dis-
solution of atomic SRO and MRO. The disappearance of the
prepeak in combination with the rapidly descending specific heat
capacity of the liquid with increasing temperature and the large
entropy of fusion draws the picture of a rather disordered
Pt42.5Cu27Ni9.5P21 liquid at high temperatures. This disordered
liquid experiences a rapid ordering process involving the for-
mation of MRO upon approaching the glass transition. The low
entropy of fusion and the shallowly ascending specific heat
capacity of the liquid upon cooling suggest that the structure of
the Pd43Cu27Ni10P20 liquid in the stable equilibrium already
comprises a certain degree of SRO. The appearance of the second
peak in the reduced PDF suggests that Pt–P- and Pd–P-based
liquids possess different distributions of cluster connection
schemes, resulting from the varying ratio between the two
representative structural units. Pt–P-based liquids feature a broad
distribution of cluster connection schemes, comprising the more
flexible 2- and 4-atom connections, whereas the stiffer 3-atom
connections prevail in the Pd–P-based liquids, originating from
the more dominant icosahedral SRO. The varying distribution of
connection schemes contribute to the large difference in the
entropy of fusion and are likely to be associated to the different
sensitivity to annealing or cooling rate induced embrittlement,
with the Pd–P-based alloys being more prone to embrittlement.

Methods
Sample preparation. In a first step, a prealloy is produced from the high-purity
elements (purity > 99.95 wt%), Pt/Pd, Cu, and Ni. The elements are alloyed in an
arc-furnace under a Ti-gettered high-purity Ar atmosphere. The prealloy is molten
several times to ensure a homogeneous distribution of the elements. Subsequently,
the prealloy is placed on top of the red P pieces in a fused silica tube of 1-m length,
with an inner diameter of 12 mm and a wall thickness of 1.5 mm and heated
inductively under high-purity Ar. A fluxing process is conducted by heating the
alloys with dehydrated B2O3 up to 1473 K in a 1-m-long fused silica tube with an
inner diameter of 16 mm and a wall thickness of 1.5 mm. The alloys are held at this
temperature for at least 6 h. If the overall mass loss during the complete alloying
process is attributed to the loss of P, a maximum deviation of 0.5 at% P is esti-
mated. In general, the preparation process is similar to the one of S-containing
BMGs, described in detail in references55,56. Amorphous samples are produced
from the purified alloys by casting them in water cooled copper molds using a
custom build suction casting device. The alloy compositions containing Pt and Pd
are obtained by mixing appropriate masses of the Pt42.5Cu27Ni9.5P21 and
Pd42.5Cu27Ni9.5P21 alloy compositions. The Pt42.5Cu27Ni9.5P21 and the Pd43Cu27-
Ni10P20 samples that are heated to the equilibrium liquid and cooled at 0.333 K/s
are cast as rods with a diameter of ~1.1 mm. In order to fit into SiO2 capillaries for
the synchrotron X-ray experiments, the diameter of the rods is reduced by
grinding. The samples for measurements at ambient temperature are cut from
amorphous plate-shaped samples with a dimension of 1 × 10 × 13mm3.

Synchrotron X-ray scattering experiments. The X-ray scattering experiments are
carried out at the high resolution beamline P02.1 at PETRA III at the Deutsches
Elektronen Synchrotron (DESY) in Hamburg57. A wavelength of 0.207 Å (60 keV)
and a beam size of 0.5 × 0.5 mm2 is used. The samples are positioned in SiO2

capillaries with a diameter of 1 mm and a wall thickness of 0.01 mm and placed in a
ceramic heater and heated at a rate of 0.333 K/s under a constant flow of high-
purity Ar. The temperature calibration of the furnace is performed using Si powder.
The measurements are carried out in transmission mode using a Perkin Elmer
XRD1621 CsI bonded amorphous silicon detector (2048 pixels × 2048 pixels). The
dark-subtracted, two-dimensional X-ray diffraction patterns are integrated using
the Fit2D data analysis software58. The data are further processed using the
PDFgetX2 software59. The background is measured at room temperature, assumed
to be constant upon heating and cooling and subtracted from the integrated
intensity data. The data are corrected for sample absorption, polarization, and
multiple scattering. The total structure factor S(Q) is calculated as46

S Qð Þ ¼ 1þ IC Qð Þ � f ðQÞ2
f ðQÞ2 ; ð1Þ

where IC(Q) is the coherently scattered intensity and f(Q) is the atomic form factor,
and Q is the scattering vector. The angle brackets denote a compositional average
over all constituents. S(Q) contains all the structural information and is composed
of n(n + 1)/2 partial structure factors60,

S Qð Þ ¼
X
i�j

wijSijðQÞ ð2Þ

where wij is the weighting factor expressed as

wij ¼
cicjfi Qð ÞfjðQÞ

f ðQÞ2 ð3Þ

where ci and cj are the molar concentration of element i and j. The Fourier
transform of the total structure factor yields the reduced PDF,

G rð Þ ¼ 2
π

Z 1

0
Q S Qð Þ � 1½ � sin Qrð ÞdQ ð4Þ

where r is the distance to the reference atom. Each G(r) pattern was optimized
using an optimization algorithm in PDFgetX2 as described by Wei et al.61. As
shown in Supplementary Fig. 6, the splitting of the second peak in G(r), which is
discussed in the main text, only becomes apparent if the maximum Q-range (Qmax)
for the Fourier transformation of S(Q) is beyond 12 Å−1. In contrast, the third
and fourth peak in G(r) remain rather unaffected if Qmax is varied within 10.5 and
16 Å−1 as already observed by Ma et al.24 for even lower Qmax-values.

Data availability
Raw data were generated at DESY (Hamburg, Germany) at the PETRA III (P02.1
beamline). Derived data supporting the findings of this study are available from the
corresponding author on reasonable request.
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