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Intermetallic compounds in the Al-Pt system were systematically studied via hard X-ray photoelectron
spectroscopy, focusing on the positions of Pt 4f and Al 2s core levels and valence band features. On
one hand, with increasing Al content, the Pt 4f core levels shift towards higher binding energies (BE),
revealing the influence of the atomic interactions (chemical bonding) on the electronic state of Pt. On
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the other hand, the charge transfer from Al to Pt increases with increasing Al content in Al-Pt com-
pounds. These two facts cannot be combined using the standard “chemical shift” approach. Computa-
tional analysis reveals that higher negative effective charges of Pt atoms are accompanied by reduced
occupancy of Pt 5d orbitals, leading to the limited availability of these electrons for the screening of the
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Introduction

Considering possible applications of intermetallic compounds
(IMCs) in electronics, thermoelectricity, catalysis or other fields
requires their comprehensive characterization on different scales,
from the atomic to the bulk form of the manufactured specimens.
On the other hand, the monitoring of material behaviour under
operational conditions necessitates the availability of reference
materials and their well-defined characteristics. In the last cen-
tury, a vast number of IMCs were investigated regarding their
crystal structures and phase relationships with other binary and
ternary phases in the corresponding systems.' However, the data
on their electronic structure and chemical bonding are still very
limited in the literature.

The phase equilibria in the binary system Al-Pt were inves-
tigated in the 1960s and summarized in the corresponding
phase diagram (Fig. S1, ESI{).* A variety of IMCs was found:
Al4Pt,5 A121Pt8’5a,6,7a Alth,S“’7’8 A13Pt2,7“’9’10 AlPt,7b’1°712
AlyPts, 721314 Alpt, #1315 and AlPt;,”>*'*'® whose crystallo-
graphic data are summarized in Table 1.

The crystal structures of Al-Pt compounds vary from atomic
arrangements with a defect icosahedral environment of Pt
atoms (Al-rich compounds) to the structures with close packing
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4f core hole and this in turn explains the experimentally observed shift of 4f core levels to higher BE.

of the atoms, resembling that of fcc Pt (Pt-rich compounds).
Some of the Al-Pt compounds undergo phase transitions,
leading to the existence of room- (rt-) and high-temperature
(ht-) modifications. The rt-AlPt with the FeSi-type of structure
can be derived from the ht-AlPt phase with a CsCl-type of
structure.”” The crystal structure of rt-AlPt, (Pmma, a = 2c,,
b = by, ¢ = a0)15 is a superstructure of ht-AlPt, with the
orthorhombic Co,Si type of structure (Pnma, a,, bo, Co).>*
The structure of rt-AlPt; (P4/mbm, a = \/2ay, ¢ = 2a,)>">'® is a
tetragonal variant of ht-AlPt; (Pm3m, a,) with the AuCu; type of
structure.””'® Besides the mentioned compounds, Pt dissolves
Al in a range up to 10 at%, forming AlPt, . solid solution.®

The Al-Pt compounds were also studied from the quantum
chemical point of view.'® In line with the electronegativity
difference between Al and Pt (1.61 for Al and 2.28 for Pt in
Pauling units),"® the quantum chemical calculations reveal a
pronounced charge transfer from aluminium to platinum
atoms in all Al-Pt compounds. Starting from zero in elemental
platinum, the Pt charge decreases with increasing Al content,
reaching the value of -4.2 for the Pt1 atoms in the Al,Pt
structure.'® Different crystal structures reflecting different sce-
narios of atomic interactions lead to composition dependent
atomic volumes and a varying degree of charge transfer result-
ing in diverse electronic states of Al and Pt. Are those features
recognizable from the spectroscopic data? Can we obtain any
correlation between the distribution of the electrons among
atoms in different crystal structures and the positions of the
core levels in the experimentally obtained spectra?’°> To
answer these questions, Al-Pt compounds were systematically
studied wvia hard X-ray photoelectron spectroscopy
(HAXPES) and assessed from a quantum chemical point of view.
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Table 1 Crystallographic data of Al-Pt intermetallic compounds?
Lattice parameters, A
Compound Structure type Space group a b c Ref.
AlLPt ALPt P3cl 13.0672(2) 9.6192(2)
13.089 9.633 5a
13.077 9.6342 5b
Al,,Ptg Al,,Ptg I4,/a 12.9613(2) 10.6759(2)
12.942 10.659 5a
12.97 10.65 6a
12.949 10.659 6b
12.964 10.684 7a
AlL,Pt anti-CaF, Fm3m 5.9117(2)
5.919 5a
5.920” 7a
5.922 7b
5.910 8a
5.67¢ 8b
Al;Pt, Ni,Al, P3m1 4.2065(1) 5.1731(2)
4.204 5.171 7a
4.209 5.175 9
4.208 5.172 10
rt-AlPt FeSi P23 4.8630(1)
4.865 7b
4.866 10,11a
4.87 11b
ht-AlPt CsCl Pm3m 3.1251 12
Al;Pt; Ge;Rhy Pham 5.4172(2) 10.7039(2) 3.9562(3)
5.413 10.73 3.950 7b
5.4132 10.703 3.9520 13
5.402 10.711 3.949 14
rt-AlPt, GaPt, Pmma 16.297 3.921 5.439 15
ht-AlPt, Co,Si Pnma 5.401 4.055 7.898 9
5.402 4.059 7.902 13
rt-AlPt, GaPt, P4/mbm 5.4653(7) 7.804(1)
5.459 7.806 9
5.459 7.808 13
5.4713 7.7747 16a
5.4524 7.820 16b
ht-AlPt; AuCu, Pm3m 3.876 7b,16¢
3.8775 16a
3.8687 16h

“ The lattice parameters refined in this work are presented in bold. ? Lattice parameter for the composition AlggPts,. ¢ The samples were
synthesized via splat cooling. 4 Lattice parameter for the composition Al; ;6Pt; g4-

The implementation of a HAXPES technique instead of widely
available laboratory XPS allows minimizing various surface
effects and studying the intrinsic characteristics of the interme-
tallic compounds.

Experimental

The synthesis of Al-Pt compounds (Al,Pt, Al,;Ptg, Al,Pt, Al;Pt,,
rt-AlPt, Al;Pt; and rt-AlPt;) was carried out via arc melting
of aluminium (Al rod, Alfa Aesar, 99.9965%) and platinum (Pt
granules, Chempur, 99.99%) in the corresponding atomic
ratios. To achieve the sample homogeneity, the arc melting

31138 | Phys. Chem. Chem. Phys., 2023, 25, 31137-31145

was performed at least three times with a turn of the ingot
in-between. The homogenization annealing was carried out at
temperatures chosen based on the phase diagram of the Al-Pt
system.” To protect the ingots from oxidation during the
annealing process, the obtained ingots were placed in alumina
crucibles, sealed under argon in Ta containers and afterwards
in evacuated quartz tubes. After the heat treatment, the quartz
ampoules were quenched in cold water.

To characterize the Al-Pt samples, powder X-ray diffraction
(PXRD) was performed. For collection of PXRD data, the pre-
pared ingots were ground in an agate mortar and the obtained
powder was put between two kapton foils onto a PXRD holder.
X-ray powder diffraction patterns were measured in

This journal is © the Owner Societies 2023
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transmission geometry with a Huber Imaging Plate Guinier
Camera G670 (Cu Koy, 4 = 1.54059 A). A comparison of the
experimental patterns with the calculated ones was done using
the program WinXPOW.>® For lattice parameters determina-
tion, the internal standard LaBg (a = 4.1569 A) was added to the
samples before PXRD. The indexing and lattice parameter
determination was realized via implication of software package
WinCSD.**

Scanning electron microscopy (SEM) was used for the exam-
ination of sample homogeneity as well as for the precise
determination of the composition. The sample was embedded
into conductive polymer and polished with SiC papers and
diamond powders with different grain sizes (ending with
1/4 pm diamond powder in slurry). For accurate quantitative
analysis, wavelength-dispersive X-ray spectroscopy (WDXS) as
an option of the electron microprobe Cameca SX100 (tungsten
cathode, acceleration voltage: 1-30 kV) was applied. X-ray
intensities were measured at 20 kV using elemental Al (100%)
and Pt (99.999%) as reference probes for the intensities of Al Ko
and Pt Lo lines. The PAP matrix correction model®® was used
for chemical composition calculations.

To determine the chemical state of the samples, hard X-ray
photoelectron spectroscopy (HAXPES) measurements were car-
ried out at the Max-Planck-NSRRC end station at the Taiwan
undulator beamline BL12XU at the SPring-8 synchrotron
(Hyogo, Japan). The photon beam was linearly polarized and
the photon energy was set to about 6.7 keV. The spectra were
collected at 80 K with an MB Scientific A-1 HE analyzer in a
horizontal or parallel geometry (i.e. electron analyzer mounted
parallel to the beam polarization direction). Additional mea-
surements were performed using a vertical or perpendicular
geometry (i.e. electron analyzer mounted perpendicular to the
beam polarization direction) in order to use the polarization
dependence to disentangle overlapping contributions.>®?”
The overall energy resolution was set to about 0.2 eV, and the
Fermi level was calibrated using a polycrystalline Au reference.
The pressure inside the measurement chamber was in the
107'° mbar range. The samples were cleaved in situ under
ultrahigh vacuum conditions (in the chamber with the base
pressure of 5 x 10~ '° mbar) and the purity of the investigated
sample area was verified with a wide scan prior to the core level
or valence band measurements. The depth-profile analysis is
outside the scope of this work.

The electronic structure calculations were carried out by
using the all-electron full-potential local orbital FPLO
method,?® and the Fritz-Haber-Institut ab initio molecular
simulations (FHI-aims) method.*® Exchange-correlation effects
were taken into account by the local density approximation
(LDA) to the density functional theory as parametrized by
Perdew and Wang.*° Experimentally determined crystal struc-
ture data were employed. The electron density (ED) and elec-
tron localizability indicator (ELI) were computed on a uniform
grid in physical space either by a module implemented in
version 9.01 of the FPLO method,*" or through an interface to
the FHI-aims.*> The basin analysis of the ED and ELI were
performed by the program Dgrid.*®* The fully-relativistic
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calculations®*?°

were also performed for two purposes: (1) the
electronic densities of states (DOS) were calculated, and
the obtained projected DOS (pDOS) for the orbitals occupied
in the free atom were weighted by the photoionization cross
sections®® after being broadened by a Gaussian function of
width 0.2 eV. The Fermi-Dirac function with temperature set to
80 K was also applied. (2) Total energies of Al,Pt, Al;Pt,, rt-AlPt,
Al;Pts and fec Pt were computed with one Pt atom missing a 4f
or a 3d electron. The latter calculations were used to obtain the
4f and 3d core level shifts, respectively, within the framework of
the ASCF approximation. Since charged unit cells cannot be
used in periodic systems, in these calculations the electron
removed from the core level is placed in the valence band and it
occupies the band(s) at the Fermi energy. The binding energy is
measured with respect to the Fermi energy, therefore the added
electron contributes practically zero energy to the total energy
through the eigenvalue sum. Nevertheless, due to the inter-
action of this electron with other valence electrons there is still
a small energy contribution, so that the difference between the
total energy of the compound with a core hole and the total
energy of the respective undisturbed compound gives approxi-
mately the binding energy of the core level involved (4f or 3d in
our case). Although the agreement in absolute binding energies
may not be very good, the shifts of the core level binding
energies are rather accurate, thanks to cancellation of errors.
Because we make an error of similar magnitude when we
compute the core level binding energy of the reference system
(here fcc Pt).>”*® If the crystal structure contains more than one
Pt type, then separate calculations should be performed for each
Wyckoff position, and the final core-level-shift value is obtained
by a multiplicity-weighted average. Note also that, since the Pt
atom with a core hole is effectively a point defect, suitable super
cells have to be used to minimize “defect — defect interactions”
through periodicity. This method of calculating the core level
shifts is more reliable, because it includes the core hole relaxa-
tion effects, usually referred to as final-state effects.

Results and discussion

The investigated compounds were synthesized via arc melting with
subsequent homogenization annealing. The synthesized samples
do not contain more than 5% of secondary phases. The refined
lattice parameters (using the PXRD data®’) are comparable with
those published in the literature (Table 1). Due to the narrow
formation temperature range of the ht-modifications of AlPt, AlPt,
and AlPt;, their synthesis was out of scope of this work. The
compositions of the desired phases were also controlled by
wavelength-dispersive X-ray spectroscopy (WDXS, Table 2). The
close proximity of nominal values to the experimentally obtained
ones for almost all compounds confirms the line compositions of
the synthesized Al-Pt compounds. Slight deviations were observed
only in the case of Al,Pt, Al;Pts and rt-AlPt; and may be a sign of
the narrow homogeneity ranges for these compounds. No other
elements were detected in the studied samples, ruling out the
presence of contaminants in the bulk of the samples.

Phys. Chem. Chem. Phys., 2023, 25, 31137-31145 | 31139
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Table 2 Nominal and WDXS compositions of Al-Pt intermetallic
compounds

Nominal, at% WDXS, at%

Compound Al Pt Al Pt

Al,Pt 80 20 80.1(2) 19.9
Al,, Ptg 72.4 27.6 72.9(1) 27.1
Al,Pt 66.7 33.3 67.8(1) 32.2
Al,Pt, 60 40 60.4(4) 39.6
rt-AlPt 50 50 50.8(1) 49.2
Al;Pt; 37.5 62.5 38.4(1) 61.6
rt-AlPt; 25 75 26.4(1) 73.6

To have an insight into the electronic state of the atoms in
the Al-Pt compounds, an HAXPES study was performed. Since
thin protective alumina layers are known to form on metallic
Al,*° the formation of such oxide layers cannot be excluded also
in the case of Al-Pt IMCs. Therefore, the HAXPES measurements
were carried out only after cleavage of the specimens inside the
spectrometer chamber, which was kept at a high level of vacuum.
To check the effectiveness of this approach, wide scans were
recorded (Fig. S2, ESIt). Small amounts of oxygen and carbon
can be inferred in some of the compounds from the peaks at
binding energies of 531.78 eV (O 1s) and 285 eV (C 1s), likely
originating from traces of carbon paint left by the cleaver blade
when cutting through the malleable samples. The experimen-
tally obtained binding energy of O 1s core levels (531.78 eV)
agrees with that of Al,O; (531.6-531.7 eV).*" Additionally, the
Al 1s core levels in Al-Pt compounds (Fig. S3a, ESIt) consist of
the main peak in the BE range from 1559.58 up to 1560.0 €V,
corresponding to (inter)metallic Al, and small shoulders at
higher binding energies (for some compounds), indicating a
small amount of Al,O;.*> But the very sharp and clean Pt 4f core
level line shape (Fig. S3b, ESIt) suggest that the compounds are
otherwise not affected. The exceptional features were observed
for the Al;Pt; compound (Fig. S3, ESIT): additional contribution
at lower binding energies in the Al 1s core levels and slight
asymmetry of the Pt 4f core levels, which can be explained by the
different atomic environment of Pt atoms in the crystal structure
of this compound.

Considering the HAXPES spectra of elemental Pt,** the Pt 4f
core levels were chosen as reference lines in our study, as they
present very intense and sharp lines making them highly
suitable to detect shifts as well as any other changes related
to the composition. It should be mentioned that the Pt 4f and
Al 2p core levels have almost the same binding energies,** but
at high photon energies of HAXPES the Pt 4f cross sections are
highly dominant®® and thus the observed spectra consist
almost purely of Pt 4f contributions. Fig. S4 (ESIt) shows that
in the horizontal geometry, at around 6.7 keV, the cross section
of Pt 4f is 25 times larger compared to that of Al 2p. Furthermore,
in the measurements performed in the vertical geometry (Fig. S5,
ESIT), the peak attributed to the Pt 4f does not significantly
change neither in shape nor in position, although the ratio of the
Pt 4f to Al 2p cross section decreases to 15 when switching from
horizontal to vertical geometry. This additionally confirms that
the spectral weight contribution of Al 2p to the peak attributed to
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Pt 4f is indeed negligible. Experimentally obtained BE of the Pt 4f
core level in elemental Pt (71.01 eV for Pt 4f;),) is close to the
value published in the literature (71.0 eV),*® justifying its use as
the reference. With decreasing Pt content in Al-Pt compounds,
the Pt 4f core levels shift towards higher BE compared to
elemental Pt (Fig. 1a). To dismiss the atomic effect related to
the high angular momentum of the Pt 4f core levels,** the Pt 3d
core levels were measured (Fig. S6a and b, ESIt). Similar to the
case of Pt 4f core levels, the shift of Pt 3d ones towards higher
binding energies (compared to elemental Pt) decreases with
increasing Pt content in the Al-Pt compounds (Fig. Séc, ESIT).
The difference between Pt 3ds,, and Pt 3d;/, lines is constant and
equal to 80.2 eV for all compounds (Fig. Séd, ESIt).

The literature data on XPS data for Pt-based IMCs are very
scarce. Among the published data, the significant shift towards
the higher binding energies is also known for IMCs with

a Al,Pt Pt 4f+ Al 2p

Pt 4f,,

Intensity (a.u.)

Binding energy (eV)

b 27¢ & APt
9 @ AlL,Ptg
@ ALPt
1.5+ @ AlPt,
$ <O rt-AlPt
% L 2 @ AlPtg
~ <O rt-AlPt
~ 14 * ’
w o ¢ Pt
Q
)
0.5
>
0 2
T T T T T T T T T T T T T T T T T
-4 35 -3 25 -2 15 A1 -0.5 0
Qpy (€)
Fig. 1 (a) HAXPES spectra of the Pt 4f core levels in the Al-Pt compounds

and elemental Pt, and (b) shifts of their BEs (in reference to elemental Pt,
O(BE4f) versus the quantum chemically computed Pt effective charges
(Qpy in the Al-Pt compounds. Points of the same colour represent
charges, calculated for different Pt atoms in the crystal structures. The
dashed line is a guide to the eye.

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp03559j

Open Access Article. Published on 10 November 2023. Downloaded on 2/20/2026 7:24:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

sulphur and silicon (binding energies of the Pt 4f;,, core level
are 72.55 eV (PtS),*> 74.16 eV (PtS,),*> 72.50 eV (Pt,Si),*® and
73.0 eV (PtSi)*®). The shift of the Pt 4f core levels in Pt-rich
compounds and Pt-based solid solutions is noticeably smaller
(71.30 eV (Pt;Ti),"” 71.10 eV (Pt,gC),*® from 71.31 up to
71.98 eV for Ptig_.Re, (x = 16-61)"). This can be explained
by minor changes in the crystal structures and geometrical
environment of Pt atoms as well as chemical similarities of the
elements in the case of solid solutions. Generally, shifts
towards higher binding energies mean increasing the positive
charge of Pt, e.g. in PtO (72.5 eV for Pt 4f,,) or PtO, (74.5 eV for
Pt 4f,,).>° The positively charged Pt atoms have fewer electrons
compared to the elemental Pt, hence the shielding of the core
hole created by the emitted electron is not as effective resulting
in the appearance of more strongly bound core levels (ie.,
higher BE). But in the case of the studied Al-Pt compounds,
the shift to the higher BE due to the formation of Pt oxides can
be ruled out. In addition to the sample preparation precautions
taken (see the Experimental section), the fact that no Pt oxides
from XRD are detected as well as the lack of contaminants
detected with WDXS, the following observations from HAXPES
data analysis can be concluded: (i) the observed O and C
weights are consistent with contamination only in the surface;
(ii) detailed analysis of the Pt 4f peak shape clearly reveals an
absence of extra shoulders, which can be related to the
presence of Pt oxides (Fig. S3b, ESIY); (iii) no evidence of oxide
formation features on experimental valence bands (Fig. 5). Last
but not least, according to the thermodynamics, the presence of
a small amount of oxygen in the system will lead primarily
to the oxidation of Al and not to the formation of Pt oxides (AH
(Al,05) = —1675.5 k] mol ', AH (PtO,) = —80 kJ mol ).
Further evidence for the positive shift of the core levels
being an intrinsic property of the Al-Pt binary compounds is
provided by the 4f and 3d core level shifts computed within the
ASCF approximation.®” The 4f core level shifts were found to be
1.09, 1.37, 1.05 and 0.52 eV for Al,Pt, Al;Pt,, rt-AlPt and Al;Pt;,
respectively. These are in good agreement with the experi-
mental values for the first three compounds. The computed
value for Al;Pt; does not follow the trend observed in the
experiment. The 3d core level shifts were calculated to be
1.17, 1.41 and 1.02 eV for AL,Pt, Al;Pt, and rt-AlPt, respectively.
The differences between the computed 4f and 3d values for the
three compounds have both signs with absolute values less
than 0.1 eV. These differences are smaller than those obtained
in the experiment (Fig. S6c, ESIt). Within the validity and
accuracy limits of the computational method, two basic results
can thus be claimed: (i) the computed core level shifts are also
positive; since the crystal structures used in the calculations
have no contaminants, the shift of the core level BE’s to higher
values must be an intrinsic property, (ii) as expected, there is no
significant difference between the computed 4f and 3d core
level shifts (although measurements show a small difference
between them for all compounds); this is evidence of the
quality and the reliability of the performed calculations.
Summarizing, the shift of Pt 4f core levels towards higher
binding energy has different origins than contamination of the
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system with oxygen and the formation of Pt oxides. Shedding
light on the reason for this shift is the main aim of this work.

Having established that the shift of the Pt core level BE'’s to
higher values is an intrinsic property of the Al-Pt compounds,
in this work we try to understand its implications. As men-
tioned above, shifts to higher BE’s are (traditionally) associated
with positively charged target atoms (fewer electrons to provide
shielding, electrons more strongly attracted to the nucleus).
However, as mentioned in the Introduction, Pt is more electro-
negative than Al, and this implies charge transfer from Al to Pt,
making Pt negatively charged in the Al-Pt compounds. So, two
widely accepted approaches suggest completely opposite con-
clusions with regard to the effective charge of Pt atoms. This is
the dilemma that needs to be resolved. First, we iterate that
charge transfers computed within the framework of Bader’s
quantum theory of atoms in molecules (QTAIM)*" both in this
work and in an earlier article'® yield negatively charged Pt
atoms, in agreement with the electronegativity difference
(Fig. 1(b) and Fig. S7, ESIt). In the QTAIM®" approach the total
ED obtained from self-consistent first-principles calculations
plays the central role. The local maxima of the total ED are
usually situated at the nuclear positions, and hence the basins
corresponding to these maxima (attractors) defined by the zero-
flux surfaces of the ED gradient field, can be regarded as atomic
regions in the crystal structure or molecule.>® This is a position-
space-based approach. The QTAIM basins identifying atoms in
the crystal structure can be used to derive various atomic
properties. When the ED is integrated inside a QTAIM basin,
the total number of electrons, N,, belonging to the atom A in
the molecule or in the unit cell is obtained. The effective charge
of atom A is, then, Q, = Ny — Z,, where Z, is the atomic number.
The charge transfer values obtained by the QTAIM approach
usually respect the electronegativity differences, and may be
higher in absolute values than those obtained by some other
methods; but QTAIM is based on ED and basis-set indepen-
dent. Also, recall that in the density functional theory, the ED is
the fundamental quantity. The results shown in Fig. S7 (ESIt)
indicate that, the higher the Al content the more negative the Pt
atoms become (in fair quantitative agreement with the results
in the previous work).® Note that Pt atoms located at different
Wyckoff positions can have different effective charges due to
differences in the local environment. Additionally, highly nega-
tive effective charges were found in other IMCs formed by a
noble metal and a less electronegative main group element;
examples include Ga-Pd compounds,”* Be;Pt>* and M,Pt {M =
Al, Ga, In, Sn}.*® So, the Al-Pt binaries constitute a case where
shifts of Pt 4f levels to higher BE are associated with negative
effective charges on Pt atoms (Fig. 1b). We emphasize that,
both HAXPES results and the prediction of negatively charged
Pt atoms are corroborated by calculations performed by the
same first-principles electronic structure method.

A plausible explanation to resolve the dilemma at hand can
be formulated by remembering the basic premise behind the
standard explanation and utilizing the advantages of combin-
ing the position-space analysis of ED and ELI. Due to the
position space nature of the QTAIM analysis, N, represents
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all the electrons inside the QTAIM basin of atom A, hence in
general it is not always possible to describe all these electrons
by the orbitals of atom A. Indeed, a charge transfer of more
than 2 electrons to Pt would require populating the 6p levels, a
situation for which neither computational nor experimental
evidence exists. Therefore, some of the transferred electrons,
although they belong to the Pt QTAIM basin, are still described
by ligand orbitals. Consequently, the high values of charge
transfer do not say much about the occupancy of the penulti-
mate shell (for Pt, the 5% shell). On the other hand, according
to the standard explanation, if the target atom is positively
(negatively) charged, it will have fewer (more) electrons that can
shield the nuclear Coulomb force. In the case of Pt, the valence
electrons are involved in forming bonds and spend most of the
time away from the nucleus. What matters most for screening
is the number of electrons in the 5% shell, i.e., how the charge
transfer affects the 5% shell occupancy. This observation sug-
gests that the occupancy of the Pt 5d states should be exam-
ined, because 5s and 5p subshells are fully occupied. Following
the method applied in ref. 38, the electron localizability indi-
cator (ELI) was computed on the same uniform position space
grid as the electron density, and its topological analysis reveals
the core basins of atoms in the core region as well as the bond
basins in the valence region (chemical bonding features). The
atomic shell structure of the core electrons is preserved in the
ELI computed for molecules or compounds, and since the 5d
electrons have principal quantum number 5, they belong to the
Pt core basin. Thus, the number of Pt 5d electrons, ns4, in a
given compound can be obtained by subtracting 68 (total
number of core electrons according to the aufbau principle)
from the computed number of electrons inside the Pt ELI-core
basin. This particular way of determining the 5d occupancy is
preferable over using pDOS-based populations, because (i) the
electrons inside the core shell are more relevant for shielding,
and (ii) it is consistent with the QTAIM-based computation of
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Fig. 2 The number of electrons in Pt 5d states (5d occupancy) versus Pt
effective charges. The dashed line is a guide to the eye.
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the effective charges. The results depicted in Fig. 2 reveal a
rather surprising feature: the higher the charge transfer to Pt,
the lower the occupancy of the 5d orbital. The reasons behind
this counter intuitive finding are still under investigation.

Since the shifts of 4f core level binding energies in IMC,
O(BEyg), are their deviations from the binding energy of Pt 4f
core level in the elemental fec Pt, the 5d occupancy in elemental
Pt, 8.78 electrons, can be taken as reference to obtain devia-
tions in 5d occupancy in an IMC: Jnsq(IMC) = nsq(Pt) -
ns54(IMC). The plot of §(BE,) against dnsq indicates the presence
of a qualitative correlation between them (Fig. 3). In Pt-rich
Al-Pt compounds the effective charges of Pt atoms are smaller
in magnitude and the 5d occupancies are slightly less than that
in elemental fcc Pt. Then, the screening of the 4f core hole by
the 5d electrons in Pt-rich Al-Pt compounds is similar to that in
elemental Pt resulting in relatively small but positive BE shifts.
With decreasing Pt content, the charge transfer to Pt increases
and the 5d occupancy decreases (implying larger onsq values).
Because fewer 5d electrons are available for screening, the 4f
levels shift to higher BE values.

The undisturbed state (no core holes) of the compounds was
adopted in the above-described position-space ED-ELI analysis,
thus this is effectively an initial-state approach. However, the
purpose of this analysis is to elucidate the trend, the higher the
Al content, the higher the 4f core level BE, in terms of changes
in the number of electrons that can more efficiently screen
the core hole, rather than in terms of total charge transfer. In
principle, a similar analysis can be carried out for a compound
with one Pt atom having 13 electrons in the 4f shell. The self-
consistent-field solutions for the electronic structure of such
systems are already available as required by the ASCF approxi-
mation. The crucial difference between the ASCF approxi-
mation and the ED-ELI analysis in the presence of a core hole
is that in the former total energy differences are needed and
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Fig. 3 The experimentally determined Pt 4f core level shifts (3(BE4f)
versus computed deviations in 5d occupancy (dnsq). Elemental Pt values
being taken as a reference for both quantities. The dashed line is a guide to
the eye.
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errors due to the retained core electron cancel to a large extent.
But, the latter analysis is all about the electron populations in
various basins, hence, the core electron placed in the valence
band will show up in QTAIM basins (ED analysis), and in both
the ELI core (due to 5d possibility) and ELI valence basins. This
complicates matters, because, it is impossible to identify this
added “core electron” in the resulting basins. The final-state
charge transfer will be blurred, because small fractions of this
electron can be found in neighboring Al QTAIM basins, for
example. In regard to ELI basins, some fractions may be in the
target atom’s 5" shell, some in the bond basins, but we simply
cannot determine its exact distribution. Therefore, the effects
of this electron cannot be eliminated. Only in the case of
molecules, does this task become easier. Charged molecules
can be computed, hence the core electron can really be removed
from the system and the +1 charged molecule can be analyzed
in the position space. To elucidate which changes may occur in
the presence of a core hole, the free Pt atom was studied using
three different treatments: (1) normal, (2) the core electron is
retained in the atom (the case for periodic systems), (3) Pt'" (the
core electron is removed). For this purpose, the FHI-aims
method with tier-1 level basis functions was used. Fig. S8 (ESIt)
summarizes the total ELI, ELI due to 4f orbitals and ELI due to
5d orbitals as a function of distance from the nucleus, for all
three cases (the details are presented in the ESI). In the normal
state, (1), 5d occupancy is 9.4 and its partial ELI (pELI) extends
over the whole range. In case (2), the electronic configuration is
5d'° 6s', thus pELI due to 5d has a finite width. In the case of
Pt'", (3), a 5d'° system is present, hence a well-defined 5™ shell
is obtained with the outermost boundary at 5.942 a.u. Even in
this simplest case with no other atoms around, the pELI due to
the 5d electrons are affected significantly by the presence of the
core hole and its treatment. The possible utilization of a “final-
state” ED-ELI analysis in the understanding of the core level
shifts should be developed by first applying it to molecular
systems, which is not in the scope of the present study.
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Fig. 4 Binding energies of Al 2s core levels as a function of Al content for
various Al-Pt compounds from HAXPES measurements.
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With regard to the electronic state of the counterpart ele-
ment Al in the investigated compounds, only collection of the
XP spectra of Al 2s core levels was viable due to the super-
position of Al 2p core levels with the position of the more
intense Pt 4f core levels®® (Fig. 4). There is no clear correlation
between the position of Al 2s core levels and the composition of
Al-Pt compounds. The spread of binding energies of Al 2s core
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Fig. 5 Normalized experimental HAXPES valence bands for Al-Pt com-
pounds and elemental Pt (as a reference).
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levels is small and does not exceed 0.4 eV, changing from
118.04 up to 118.44 eV (with the exception of Al;Pts with Al 2s
core levels at 118.68 eV). These values are also very close to
the binding energy of the Al 2s core level in the elemental Al
(118 ev).*

Variation of the crystal structure and chemical bonding in
different Al-Pt compounds leads to noticeable changes in the
valence bands (VBs) of the corresponding compounds (Fig. 5).
Careful analysis of contributions in different regions allows us
to group compounds into three groups: (i) Al-rich compounds
(AlPt, Al,;Ptg and Al,Pt), (ii) compounds Al;Pt, and rt-AlPt, and
(iii) Pt-rich Al;Pts, rt-AlPt; and elemental Pt. The almost flat
region 0-3.5 eV in the Al-richest compounds changes to the
broad contribution in the region 0-1.7 eV in the case of Al,Pt.
The main contribution in the region 3.5-5.8 eV shifts closer to
the Fermi level with decreasing the Al content. Furthermore,
increased intensity in the region 3.5-4.2 eV in Al,,Ptg converts
to the intense separate contribution in the case of Al,Pt.
Narrowing of the contribution, its clearness and simultaneous
shift towards lower binding energies are happening in the
region 5.3-7.0 eV, moving from Al,Pt to Al,Pt. The VBs of Al;Pt,
and rt-AlPt show the similarities: the contribution in the region
2.0-4.0 eV becomes dominant, whereas that characteristic for
Al-rich compounds reduces significantly with decreasing Al
content. Furthermore, additional broad contribution appears
above 7 eV. The valence band of rt-AlPt is significantly shifted
towards the Fermi level compared to Al;Pt,. In VBs of Pt-rich
compounds mainly two broad contributions (1-3.5 and 3.5-
7.0 eV) can be distinguished and they shift towards the Fermi
level with increasing Pt content. The contribution between
Fermi level and 1.0 eV increases with increasing Pt content
and becomes a sharp cut in the elemental Pt. All these basic
features mentioned above are also found in the corresponding
computed DOS (Fig. S9, ESIf). The sum of broadened and
photoionization-cross-section weighted pDOS is used to simu-
late the photoemission spectra. At the beam energy of 6.7 keV
the interpolated cross section values are 0.09540, 0.02628;
0.01185, 0.0004698 kb for Pt 5d, 6s; Al 3s, 3p, respectively, for
one electron in the according subshell. Hence, it is clear that
the valence band spectra are totally dominated by the Pt 5d
states. Although the experimental spectra do not show much
structure around and above 7 eV binding energy, the computed
spectra show various features at such binding energies due to
non-negligible Pt 5d contributions. This observation indicates
that Pt 5d-Al 3s hybridizations also take place in these binary
intermetallic compounds.

Conclusions

The binary Al-Pt compounds were extensively studied via
HAXPES for the first time. The variation of the crystal structure
and chemical bonding features in different compounds modi-
fies the electronic state of the Pt atoms as evidenced by the shift
in Pt 4f core levels in the HAXPES spectra as well as changes in
the valence bands. In order to interpret and understand the
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spectroscopic features, electronic structure calculations were
carried out. The QTAIM analyses clearly point to the pro-
nounced charge transfer from Al to Pt atoms, that increases
with increasing Al content in the studied compounds. At the
same time, with increasing Al content the Pt 4f core levels shift
to higher BE, which is usually associated with the positively
charged Pt species. In our investigation the shift of Pt 4f core
levels was shown to correlate with 5d orbital occupancy. With
increasing Al content charge transfer to Pt increases but the
occupancy of 5d orbitals decreases, so that there are fewer
electrons available for the screening of the 4f core hole which
causes 4f core levels to shift towards a higher BE. Qualitative
comparison of the VBs measured for different Al-Pt com-
pounds allows them to be divided into three groups. Further-
more, the experimentally measured VBs are in fair agreement
with the corresponding computed densities of states. The
approach of combining experimental XPS with electronic struc-
ture and chemical bonding analysis as employed in this study
may also be very helpful in similar spectroscopic investigations
of other intermetallic compounds.
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