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ABSTRACT: A high throughput study has been conducted of the
Cu 2p3/2, Au 4f7/2, and Pd 3d3/2 X-ray photoemission spectra
obtained from a continuous distribution of CuxAuyPd1−x−y alloy
samples prepared as a single composition spread alloy film (CSAF).
All three elements exhibit shifts of their core level binding energies
with respect to their pure states when diluted into the alloy. The
Cu 2p3/2 core level shift (CLS) exhibits additional shifts over the
composition ranges at which the CuxAuyPd1−x−y alloy transitions
between FCC and B2 phases. This discontinuous CLS has been
used to map the extent of the B2 phase across the ternary
CuxAuyPd1−x−y alloy composition space. The sensitivity of core
level binding energies to the alloy phase offers an opportunity to use XPS to study phases in alloy nanoparticles, ultrathin films,
and other morphologies that are not amenable to structure determination by diffraction based methods.

1. INTRODUCTION

Understanding of phase diagrams is core to the materials
science of multicomponent mixtures such as alloys. This is just
as true for materials in novel morphologies such as thin films
and nanoparticles as it is for bulk materials. Recent work has
shown that there are interesting examples of alloy compositions
at which the phases that are stable at the nanoscale are not the
same as those that are most stable in the bulk.1−3 This
observation opens an avenue to development of new materials
with properties at the nanoscale that could not be predicted on
the basis of those of the bulk. Pursuing this opportunity
requires methods for identifying phases and finding phase
boundaries in alloy materials with morphologies that are not
amenable to phase determination with traditional diffraction
based methods. Herein, we demonstrate the use of X-ray
photoemission core level binding energies to map phases and
their boundaries in a CuxAuyPd1−x−y alloy thin film with
compositions that span the entire ternary alloy composition
space; x = 0 → 1, y = 0 → 1 − x.
Interest in Pd alloys arises from the fact that they are used for

a wide variety of purposes, some of which require nanoscale
morphologies. Thin membranes of Pd alloys are used for
hydrogen purification from mixed gas streams.4 Pd is used for
its resistance to oxidation and for its high H atom permeability.
Alloying Pd with components such as Cu, Ag, and Au is also
known to increase mechanical strength and provide resistance
to contamination by sulfur containing compounds.5−7 In
nanoparticulate form, Pd alloys are used as catalysts for
reactions such as acetylene hydrogenation,8 reduction of
nitrates and nitrites,9,10 catalytic combustion of methane11

and as auto exhaust catalysts.12 In these types of applications,
the alloy phase can be an important determinant of its
functional properties. For example, at temperatures <900 K,
CuxPd1−x alloys with compositions in the range x = 0.50−0.65

adopt the B2 structure rather than the FCC structure found for
pure Cu and Pd.13,14 This B2 phase has atoms on a BCC lattice
and is lower in density than the FCC phase. As a consequence,
its H atom permeability is almost an order of magnitude greater
than that of the FCC CuxPd1−x alloy.

15 Equally interestingly,
the rate of catalytic H2 dissociation on the alloy surface is much
higher on Cu0.53Pd0.47 in its FCC phase than in the B2 phase.16

The bulk phase diagram for the CuxAuyPd1−x−y ternary alloy
system is well understood and is illustrated at 820 K in Figure
1.17 At temperatures >900 K, the alloy forms a random solid
solution on an FCC lattice. At 820 K, several phase boundaries
have formed. As mentioned, a B2 phase exists along the CuPd
binary line. As shown by the graphic illustration in Figure 1, the
B2 CuPd alloy has a CsCl structure which is an ordered BCC
lattice with Cu atoms at the centers of the unit cells and Pd
atoms at the vertices. The B2 phase extends into the ternary
composition space of CuxAuyPd1−x−y to a maximum Au content
of ∼10 at.%. The pure B2 region is surrounded by a B2 + FCC
two-phase region that extends to ∼20 at.% Au. At compositions
around Cu0.50Au0.30Pd0.20, a third phase is formed which has the
L10 CuAu structure consisting of layers of Cu atoms separated
by layers of mixed AuPd. This single phase region is
surrounded by a two-phase region. Mapping such a complex
phase diagram requires preparation and structural character-
ization of alloy samples with compositions that sample the
entire composition space.
In this work, we use the Cu 2p3/2 core level binding energy,

measured using X-ray photoemission spectroscopy (XPS), as a
means of mapping the B2 phase across CuxAuyPd1−x−y
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composition space. Earlier work has shown that, in CuxPd1−x
binary alloys, the Cu 2p3/2 core level binding energy decreases
as the Cu content decreases.18,19 In the FCC alloy, the core
level shift (CLS) is monotonic. For CuxPd1−x annealed at 800
K, we have demonstrated that the CLS is nonmonotonic and
exhibits discontinuous shifts across the boundaries between
FCC and B2 phases. Computational modeling has indicated
that the discontinuous change in CLS arises from the
discontinuous change across the phase boundaries of the
average number of Cu−Cu nearest neighbors.20 The FCC
phase is a random solid solution of Cu and Pd, and the average
number of Cu atoms in the nearest neighbor shell of a Cu atom
is a smooth function of the Cu concentration. In contrast, the
ideal B2 phase of Cu0.50Pd0.50 is an ordered structure in which
there are no Cu atoms in the nearest neighbor shell of a Cu
atom (see Figure 1). If the Cu 2p3/2 CLS is dictated by Cu−Cu
nearest-neighbor interactions, then it will change discontinu-
ously across the FCC−B2 phase boundaries. In reality, of
course, the transition from one value to another will be
mitigated by the presence of a two-phase region between the
FCC and B2 phases. One of the potential values of XPS, as a
method for phase determination, is that it does not require the
long-range order needed for structure determination using
diffraction based techniques. Thus, in principle, XPS can be
used to study the structures of material morphologies such as
nanoparticulate phases that are not amenable to determination
by X-ray diffraction.
In this work, we develop and demonstrate a high throughput

method that can map ternary alloy phases across composition
space in one experiment using spatially resolved X-ray
photoemission spectra mapped across a composition spread
alloy film (CSAF) library. The CuxAuyPd1−x−y CSAF is a
materials library in the form of a thin (<100 nm thick) alloy
film deposited on a 14 × 14 mm2 substrate in such a way that
there is a triangular region with pure Cu, Au, and Pd at the
vertices and all possible ternary compositions in the interior.
Consistent with our understanding of the origin of the Cu 2p3/2
CLS, we demonstrate that the CSAF can be used for high
throughput mapping of the composition range of the B2 phase
but not the L10 phase.

2. EXPERIMENTAL SECTION

2.1. Preparation of the CuAuPd CSAF. CSAFs are
multicomponent material libraries prepared as thin films
deposited onto substrates such that there is a continuous
composition distribution lateral to the substrate surface. Our
CuxAuyPd1−x−y CSAFs were designed to span the entire alloy
composition space such that x = 0→ 1 and y = 0→ 1 − x. The
library is deposited in the form of a triangle such that the
vertices contain only the pure components and the three edges
contain only the binary alloys CuxPd1−x, AuxPd1−x, and
CuxAu1−x with compositions spanning x = 0 → 1. The interior
region of the triangle contains all possible CuxAuyPd1−x−y
compositions distributed like a ternary composition diagram.
This library design is illustrated in the inset to Figure 2.

The CuxAuyPd1−x−y CSAF is a 100 nm thick film deposited
onto a 14 × 14 mm2 Mo substrate by electron beam
evaporation under UHV conditions. The rotating shadow-
mask deposition tool used to prepare these CSAFs has been
described elsewhere.21,22 All three components were codepos-
ited over an 8 h period to ensure perfect initial mixing. The
substrate was held at room temperature during deposition but
then annealed at 800 K for 1 h under UHV conditions. This
annealing has been shown to be sufficient to generate the FCC
and B2 phases in similar CuxPd1−x CSAFs.

7,14,20

The bulk composition of the CuxAuyPd1−x−y CSAF has been
mapped to physical location on the Mo substrate using energy
dispersive X-ray (EDX) spectroscopy in a Tescan Vega3 LM
SEM equipped with an Oxford Inca Energy 350 X-ray detector.
EDX spectra were obtained from points on a 27 × 27 grid
spaced at 0.5 mm. Spectra were obtained while rastering the 20
keV electron beam across a 50 × 50 μm2 area of the CSAF, and
the data were obtained using 80 s live time for acquisition at
each point. The EDX spectra were analyzed using the
ThinFilmID to determine the molar thickness of each
component and thereby the film composition as a function of
position across the CSAF.

Figure 1. CuAuPd ternary phase diagram at 820 K.17 Most of the
composition space contains a random solid solution phase on an FCC
lattice. This structure is illustrated by the inset at the top right for the
CuPd alloy at ∼70 at. % Pd. At ∼40 at. % Pd, the CuPd alloy has an
ordered B2 phase illustrated with its ideal BCC-like, CsCl structure
having one Cu and one Pd atom per unit cell. Also shown at
Cu0.50Au0.30Pd0.20 is the L10 AuCu structure with layers of Cu atoms
separated by layers of mixed AuPd.

Figure 2. Cu 2p3/2 core level binding energy in CuxPd1−x as a function
of Pd composition as measured on a CuxAuyPd1−x−y CSAF. A graphic
of the CSAF is shown in the inset with the CuxPd1−x region bounded
by the dashed line. The Cu 2p3/2 core level decreases monotonically in
energy in the regions with FCC structure. A discontinuity in the Cu
2p3/2 core level binding energies is observed over the B2 phase
composition range.
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2.2. XPS Mapping of Core Level Shifts. X-ray photo-
emission analysis of the CSAF was performed in a Thermo-
Fisher ThetaProbe. The sample was mounted on a holder that
allowed annealing to 1000 K. Within the ThetaProbe, the
sample was moved by an automated stage allowing analysis of
the CSAF surface at a set of predetermined points or CSAF
compositions. XP spectra were obtained with the X-ray source
focused to a spot on the surface at the focal point of the
analyzer. Spatially resolved maps of the Cu 2p3/2, Au 4f7/2, and
Pd 3d3/2 XP spectra were obtained by lateral translation of the
CSAF such that its plane intersected the source-analyzer focal
point. When mapping XP spectra with a 0.5 mm spot spacing,
the X-ray spot was focused to 200 μm diameter. When mapping
with a 0.1 mm spacing, it was focused to 100 μm diameter.
Given that the spatial extent of the entire composition spread
for each component of the CSAF is ∼8 mm, the spread in
composition under the 200 μm diameter X-ray spot was ∼2.5%.
XP spectra were obtained using snap mode with a pass energy
of 40 eV and a total data collection time of 20 s (for all three
elements) at any given point. The local composition at any
point on the CSAF is reported in terms of the composition
determined from the XPS peak intensities scaled using the
adjusted Scofield sensitivity factors supplied by the manufac-
turer. The core level binding energies of each of the three
components are reported by fitting the spectra using a
Gaussian−Lorentzian function and finding the binding energy
of its maximum.
2.3. He Ion Bombardment of the CuAuPd CSAF. He+

ion bombardment of the CSAF surface was used both to clean
the surface and to induce disorder. He+ was chosen because of
its large mass mismatch with the alloy components and,
therefore, the low probability of sputtering metals from the
surface. XPS showed that there was no measurable change in
the near surface composition of the CSAF as a result of He+

bombardment. The CSAF surface was cleaned by sputtering for
3 min per spot with a 1.15 nA beam of 1 kV He+ ions focused
to a spot with a diameter of ∼500 μm. The cleanliness of the
surface was determined by monitoring the C 1s XPS signal. The
surface was then disordered by bombardment for 6 min per
spot with a 4.4 μA beam of 1 kV He+ ions.

3. RESULTS
3.1. Cu 2p3/2 CLS in CuxPd1−x. Several studies of the Cu

2p3/2 and Pd 3d3/2 core level binding energies in CuxPd1−x
alloys have shown that they depend on the alloy composition,
x.18−20 The earliest measurements were made on a set of 21
discrete composition samples annealed at 1000 K to ensure that
all were in their FCC phase.19 Those measurements
demonstrated that there is a continuous monotonic decrease
in the Cu 2p3/2 binding energy as the alloy becomes
increasingly dilute in Cu; i.e., x decreases. More recently, a
binary CuxPd1−x CSAF has been used to study the CLS in a
film that was annealed at 800 K such that it exhibited the B2
phase for compositions in the range 0.50 < x < 0.65.7,20 These
measurements revealed that, in addition to the smooth
monotonic CLS associated with dilution, there is a
discontinuous offset in the CLS over the composition range
in which the B2 phase is found. Computational modeling of
this phenomenon showed that it can be associated with the fact
that Cu atoms are isolated from one another in the ordered B2
phase.20

The work reported herein has explored the core level shift in
a ternary CuxAuyPd1−x−y CSAF, as depicted schematically in the

inset to Figure 2. XP spectra have been obtained at 487 points
on the CuxAuyPd1−x−y CSAF lying in the region outlined by the
dashed triangle and having compositions with <1 at. % Au. This
CSAF was annealed at 800 K for 1 h prior to XPS collection.
Note that analysis using electron backscatter diffraction has
confirmed the existence of the B2 phase in a 100 nm thick
CuxPd1−x binary CSAF annealed at 800 K. The increased
scatter in the measured Cu 2p3/2 binding energies at high Pd
concentrations arises from the fact that the Cu concentration
becomes very low and the weak XPS signal hinders accurate
measurement of the Cu 2p3/2 binding energy. The data in
Figure 2 quantitatively reproduce those obtained from the
CuxPd1−x binary CSAF and clearly reveal the discontinuous
behavior of the CLS in the composition range from 0.50 < x <
0.65, exactly the region in which one expects to find the B2
phase and the two-phase regions that contain both the random
FCC alloy and the B2 phase.
The Cu 2p3/2 CLS for the FCC phase alloy has a decreasing

slope with respect to increasing Pd composition (Figure 2).
This is noticeable in prior data sets but not commented on in
prior work, perhaps because their much more limited data sets
do not make this curvature so obvious.18−20 The curvature of
CLS versus Pd composition is consistent with prior computa-
tional modeling showing that the CLS is determined by the
average number of Cu atoms in the nearest neighbor shell of
the ionized Cu atom.20 At high Cu concentrations, the
extraction of each Cu atom reduces by one the number of
Cu atoms in the nearest neighbor shells of the surrounding 12
Cu atoms. At very low Cu concentrations (high Pd), the Cu
atoms are already isolated from one another and thus the
removal of a Cu atom has a negligible impact on the nearest
neighbor shells of the remaining Cu atoms. The average
number of Cu atoms in a Cu nearest neighbor shell is nonlinear
in Pd composition, and hence, the Cu 2p3/2 CLS in the FCC
phase should be a nonlinear function of Pd composition.

3.2. CLS in CuPd, CuAu, and AuPd Binary Alloys. In
order to determine the maximum Au composition, y, to which
the B2 phase exists in the CuxAuyPd1−x−y ternary alloy, the core
level binding energies were measured for all three components
across all compositions of the CSAF. These are plotted in
Figure 3 for the Cu 2p3/2, Au 4f7/2, and Pd 3d3/2 levels relative
to their values in the pure components. Note that the CLS are
only reported for alloy compositions above 15 at.%, as they are
not accurately determined once the alloy becomes dilute.
At 800 K, the binary AuCu and AuPd alloys form random

solid solutions. In the binary alloys, the Au 4f7/2 CLS (lower left
corner of Figure 3) exhibits the simplest behavior. During
dilution to 15 at. % in Pd, there is a monotonic decrease in the
Au 4f7/2 binding energy by −0.6 eV, whereas dilution of Au to
15 at. % in Cu results in a Au 4f7/2 CLS of +0.4 eV. In contrast,
there are no detectable shifts in either the Cu 2p3/2 (upper
panel of Figure 3) or Pd 3d3/2 (lower right panel of Figure 3)
binding energies during their dilution to 15 at. % in Au.
The more interesting CLS behavior is revealed by the Cu

2p3/2 and Pd 3d3/2 binding energies in the CuPd binary. The
Cu 2p3/2 binding energy shifts by −0.9 eV during dilution to 15
at. % in Pd. The Pd 3d3/2 core level shifts by +0.5 eV during
dilution to 15 at. % in Cu. These shifts in opposite directions
suggest that part of their origin is charge transfer between Cu
and Pd, although the data for the CuAu and AuPd binaries
indicate that the origins of these shifts arise from additional
factors. In those cases, the Au 4f7/2 level shifts while the Cu
2p3/2 and Pd 3d3/2 levels do not. The CLS associated with the
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phase transition in the CuPd binary is identifiable in the top
panel of Figure 3 as the semicircular region of negative shift
(blue) with a perimeter intersecting the Pd axis at 35 and 55 at.
%. As mentioned earlier, electronic structure calculations have
shown that this discontinuous CLS is the result of the transition
from a FCC solid solution in which the Cu atoms are randomly
distributed to the B2 structure in which they are isolated and,
therefore, have no Cu atoms in their nearest neighbor shell.20

3.3. CLS in CuxAuyPd1−x−y. The CLS data in Figure 3
reveal the extent of the B2 alloy phase in the Au-containing
region of the ternary alloy. This is more clearly revealed in
Figure 4A, which plots the Cu 2p3/2 CLS across the ternary
space with >15 Cu at. % and using a different CLS color scale.
Figure 4A also plots the position of the B2 (and B2 + FCC
two-phase region) relative to the discontinuity in the Cu 2p3/2
CLS. The coincidence of the two regions is clear.
In order to provide further evidence demonstrating that the

discontinuous Cu 2p3/2 CLS arises from the change in phase
from FCC to B2, we have purposefully disordered the near
surface region of the CSAF by sputtering with a 4.4 μA beam of

1 keV He+ ions for 6 min per spot. This is sufficient to induce
disorder in the surface without causing any significant changes
in the local composition of the sample as measured using XPS.
The disorder is revealed by the CLS, as depicted in Figure 4B.
The CLS is now a smooth, continuous function of composition
across the entire composition space. Presumably, in what had
been the ordered B2 region, Cu atoms are now in a metastable
random solid solution phase in which they have Cu nearest
neighbors in concentrations that are smooth functions of
composition. Finally, one can explore the stability of this phase
by annealing and then using the CLS to observe the
reformation of the B2 phase. Figure 4C shows the CLS versus
alloy composition in the CuPd binary region following
annealing at temperatures in the range 300−800 K.
Immediately after He+ sputtering at 300 K, the CLS is a
smooth function of composition, showing no evidence of the
discontinuity asssociated with the B2 phase. Annealing at 500 K
is sufficient to nucleate the formation of some B2 phase,
whereas annealing at 600 K is sufficient to fully restore the B2
phase to its state immediately after deposition and annealing at
800 K.
Finally, we examine the accuracy with which the extent of the

B2 phase can be mapped using the Cu 2p3/2 CLS. The left-hand
panel of Figure 5 shows the CLS plotted over a narrow range of
ternary alloy compositions. The black points are the locations
in composition space of the points at which XP spectra were
obtained. A quadratic background was fit to the spectral
intensity outside the region containing the B2 and B2 + FCC
phases: Ebkg

CLS(x, y) = −3.3 × 10−2 − 7.2 × 10−3x − 1.5 × 10−2y
+ 2.2 × 10−5xy + 7.5 × 10−5x 2+ 6.4 × 10−5y2. This smooth
background was then subtracted from the CLS map to yield
Figure 5 (right) which highlights the extent of the B2 phase
across the ternary composition space. It appears to extend to
roughly 20 at. % Au which is fairly consistent with the
established phase diagram.

4. DISCUSSION

We have assigned the discontinuous Cu 2p3/2 CLS observed in
CuxPd1−x and CuxAuyPd1−x−y alloys to the presence of the B2
phase. Prior work has suggested that the CLS discontinuity
arises from isolation of Cu atoms from one another in the
ordered B2 phase.20 Our assignment of the observed

Figure 3. Cu 2p3/2, Au 4f7/2, and Pd 3d3/2 core level binding energies
in CuxAuyPd1−x−y relative to their values in the pure components. The
Cu 2p3/2 level exhibits the greatest shift when diluted in Pd. The CLS
discontinuity is visible in the composition region 33−55 at. % Pd and
extends to ∼20 at. % Au. XP spectra were obtained with 40 eV pass
energy and using 20 s of data collection for each element at each point.

Figure 4. (A) Cu 2p3/2 CLS versus CuxAuyPd1−x−y composition. The dashed line encloses the region containing the B2 and the two-phase (B2 +
FCC) region reported from the phase diagram.17 (B) The CLS after ion bombardment with 1 keV He+ for 1 h. The CLS discontinuity associated
with the B2 phase is absent, indicating the presence of a random distribution of Cu. (C) Plots of the CLS versus Pd at. % along the CuPd binary
composition line. Annealing restores the B2 phase, which is completely reformed by 600 K.
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discontinuity to this B2 phase is supported by three
observations:

(1) The coincidence of the physical extent of the CLS across
composition space and the known extent of the B2 and
B2 + FCC regions.

(2) The fact that physical disordering of the CuxAuyPd1−x−y
by He+ sputtering results in the disappearance of the CLS
and that annealing restores it.

(3) There is no corresponding CLS in the region of the
composition space that ought to exhibit the L10 phase
which does not structurally isolate Cu atoms from one
another.

The ability to detect phases on the basis of XPS CLS in the
CuxAuyPd1−x−y alloy suggests that the method can be used in
other alloy systems that exhibit the same characteristics of
phase transitions that result in changes in the local distribution
of atoms and their nearest neighbors. Examples include AlNi
and AlCo. Perhaps more importantly, the ability to detect phase
transitions using CLS offers the opportunity to use XPS as a
means of distinguishing phases in material morphologies such
as nanoparticles and thin films for which diffraction methods
might not be amenable.
Finally, the work presented herein illustrates the value and

potential of CSAFs as high throughput libraries for the study of
problems in materials and surface science. To begin with, the
discovery of the Cu 2p3/2 CLS discontinuity associated with the
B2 phase had not been made before our study of this system
using CSAFs.20 Equally importantly, the data set collected in
this work would not have been possible using single
composition alloy samples simply because of the time and
effort needed to prepare them individually and for collection of
XP spectra from each sample. Furthermore, the quality of the
data and the ability to measure XP CLSs with the accuracy
demonstrated using single CSAF libraries would not be possible
with conventional methods.

5. CONCLUSIONS

Mapping of core level binding energy shifts across CSAFs
serves as a high throughput method for mapping alloy phase
diagrams, provided that the phase boundaries exhibit structural
transitions that induce discontinuous core level shifts. This has
been demonstrated for the FCC−B2 phase boundaries in
CuxAuyPd1−x−y. The FCC−B2 phase transition exhibits a

discontinuous CLS because the local distribution of Cu
atoms changes from random to ordered across the phase
boundary.
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