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Nickel-based bimetallic alloys are considered thermally and structurally stable, while also possessing desirable cat-
alytic and magnetic functionalities and being highly abundant and affordable. The electronic structure of such alloys is of
particular interest from the perspective of atomic size mismatch and elemental crystal structure compatibility. In this study,
we utilize x-ray techniques, including x-ray diffraction (XRD), x-ray absorption spectroscopy (XAS), and x-ray photoelec-
tron spectroscopy (XPS), to understand the strain and ligand effects on charge redistribution upon alloying. We investigate
the elemental crystal structures for incompatible alloys of Ni (fcc) and Fe (bcc), and the compatible crystal structure of
Ni (fcc) and Cu (fce) for comparison. Emphasis is placed on interpreting the metal 2p XPS binding energy shift in binary
alloys, where one element is diluted into the other, based on the framework of strain and ligand effects and the charge com-
pensation model of Watson et al. Of interest are the different “compressibilities” of the 4s and 3d wavefunctions within the
Wigner-Seitz volume, Vyys, and the volume-strain effect resulting in intra-atomic 4s—3d rehybridizations within the alloy,
as well as the chemical intuition of charge transfer based on the ligand effect (electronegativity). These considerations pro-
vide perspective on “internal pressure” due to the strain effect and help in understanding the x-ray data and their correlation
with the electronic structures and properties of bimetallic alloy systems.

Keywords: bimetallic alloys, strain and ligand effect, renormalized atom, charge compensation model, x-ray

spectroscopy, Mossbauer spectroscopy
PACS: 61.05.C—, 61.05.cj, 73.61.At
DOI: 10.1088/1674-1056/ae3691

1. Introduction
1.1. General considerations

As novel bimetallic and multielement high-entropy ma-
terials with desired functionalities continue to emerge,!!*
it is desirable to revisit the electronic structure of bimetal-
lic alloys. Ni is of particular interest due to its thermal and
structural stability,>! abundance, and low cost. Ni catalysts
used in hydrogen production through methane steam reform-
ing reactions®! inevitably suffer from carbon deposition. Ni—
Fe alloys have been determined to exhibit superior catalytic
performance in terms of activity (hydrogen production) and
stability (resistance to carbon deposition).!®°! Invar, a Ni-Fe
bimetallic material with ~ 36% Ni, exhibits an exceptionally
low coefficient of thermal expansion resulting from the forma-

10,117 The difference in atomic

tion of unique magnetic phases.|
sizes between Ni and Fe leads to strain effects that must be in-
cluded in the discussion of the electronic structure of these
alloys. By contrast, Ni and Cu have similar atomic sizes and
provide a counterexample for consideration. The electronic

structure of the Ni—Fe and Ni—Cu alloys is examined through
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the lens of two key phenomena: the strain effect and the ligand
effect.

The strain effect considers atomic size mismatch and ele-
mental crystal structure compatibility, especially in the Ni—Fe
series where noticeable atomic size and lattice mismatch ex-
ist at ambient temperature; Ni is face- centered cubic (fcc),
whereas Fe is body-centered cubic (bcc). The Ni—Cu alloys
have compatible elemental crystal structures, as both Ni and
Cu adopt an fcc crystal structure at room temperature.[!?] The
strain effect is observed using x-ray diffraction (XRD) pat-
terns and extended x-ray absorption fine structure (EXAFS).
The strain effect on the crystal structure is examined in terms
of compression/expansion of the lattice constant, hence the
atomic volume of the diluted constituent in the alloy relative to
the pure element: the volume of the Wigner—Seitz (WS) cell,
Viws. [13-19]

The ligand effect is governed by the difference in elec-
tronegativity between the alloying elements, which influences
charge transfer behavior.!?%! The overall effect on electron re-
distribution in the alloy is observed using x-ray photoelec-
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tron spectroscopy (XPS) core-level binding energy shifts, as
well as x-ray absorption near-edge structure (XANES), which
probes the unoccupied density of states (DOS) above the
Fermi level. However, the ligand effect alone does not al-
ways adequately describe transition metals in the interpreta-
tion of XPS core-level shifts, as electronegativity does not dis-
tinguish between the nature of the charge, such as 4s vs. 3d, 5s

[21-25] For example,

vs. 4d, and 6s vs. 5d in transition metals.
considering the 4s and 3d electron counts at the Fe site, each
can screen the nucleus and the core electron/hole differently.
These parameters are affected by volume change (strain) and
charge transfer (ligand effect) upon alloying and can be ob-

served in XPS?® and Mossbauer spectra.[?7-%7]

1.2. Renormalized atom in a crystal

In a crystal, atomic wavefunctions, and therefore all inter-
actions, such as the Coulomb interaction between a core elec-
tron and a valence electron (which determines the core-level
binding energy shift), should be normalized within Viys.[1>-17]
For example, the radial part of the 4s wavefunction in a free Ni
atom is more diffuse than the 3d wavefunction, and renormal-
ization of the radial wavefunction from zero to the WS radius
increases the disparity of the Coulomb interaction between the
levels of interest. The renormalized Slater integrals F (2p,3d)
and F (2p,4s) have noticeably different values.!'3-!7] These
values are typically on the order of ~ 10 eV, where the Slater
integral F(i,n), with i and n being the core and the valence
electrons, respectively, has the form

. 1
F(i,n) = //I’iz(rl)ZR]z(rz)r%drlr%drz,

where r- is the greater of the two radial coordinates r| and
r2, and Pi(r) and P;j(r) are the radial components of the one-
electron orbitals i and j, such as 2p and 3d/4s, respectively.

This result is important in the interpretation of XPS core-
level binding energy shifts because it tracks the effect of gain-
ing or losing a valence electron (s or d) on the core-level bind-
ing energy shift. The renormalization introduces a “pressure
effect” on the s and d wavefunctions, leading to an increase
in the Coulomb interaction and intra-atomic rehybridization
of the s and d orbitals, which can change the s and d elec-
tron counts when both are “compressed.” Intra-atomic s—d
rehybridization may become more favorable, with s-to-d re-
distribution where the occupancy of the more diffuse 4s states
(occupied DOS in the conduction band) decreases and the 3d
count increases. This is why the valence electronic configu-
rations of Fe and Ni metals are better considered as 4s'3d’
and 4s'3d? instead of 4s23d® and 4s23d®, respectively, in free
atoms. In fact, general band theory indicates that 3d metals, Ti
through Ni, are well described by 4s!3d"*!.[16]

The model presented by Watson et al.!'! invokes intra-
atomic rehybridization (s to d or d to s) and charge compen-

sation (e.g., loss in d is compensated by a gain of s), with a
very small overall charge transfer at the site of a metal atom

19.301 This model has resolved many apparently

in the alloy.!
counterintuitive experimental anomalies in XPS binding en-
ergy shifts and Mossbauer isomer shifts and quadrupole split-
ting, for which the interpretation often relied on electronega-
tivity considerations and free- atom wavefunctions, especially
in 5d noble metals such as Au and Pt alloys.!?!~? For exam-
ple, Au is the most electronegative metallic element and Al is
highly electropositive; Au is expected to gain charge in AuAly,
yet the Au 4f; ; level exhibits a large positive chemical shift in
AuAl, (+1.7 eV).2% In Au—Pt alloys, Au and Pt are the most
and second-most electronegative elements, respectively, and
the 4f7 5 levels of both Au and Pt exhibit negative shifts in the
alloys.!?! It is also interesting to note that Ni 2p3 » in NiAl3
exhibits a positive binding energy shift of +1.0 eV, in con-
trast to electronegativity predictions (Ni is more electronega-
tive than Al).[31]

When an alloy is formed, charge redistribution of s and
d character occurs in the valence band due to s—d hybridiza-
tion. Let us consider the change in electron count as An,
and Ang, for the occupied conduction band and d-band elec-
tron counts, respectively. The net electron transfer 6 on or
off the site is given by 6 = Anc + Ang. Since the alloy main-
tains local electroneutrality, & is usually on the order of ~ 0.1
electron. >*3% This small charge transfer sets up a Madelung-
like term, F(latt).
pensation model, which allows us to examine the electronic

These considerations establish the com-

structure in bimetallic materials in terms of chemical intuition

Y201 if we consider that

and the ligand effect (electronegativity
charge gain is of s character and is compensated by deple-
tion of d charge, or vice versa. A considerable amount of
work shows that, in the case of Au alloys, Au gains 6s charge
and loses 5d charge, and § is consistent with electronegativ-
ity considerations. This model explains the apparent anoma-
lies in XPS binding energy shifts and is further confirmed by
Mossbauer and XANES studies. > We explore here how it
applies to 3d bimetallic alloys.

In this work, we discuss the interplay of strain and ligand
effects on the electronic structure of Ni-based bimetallic alloys
revealed by x-ray spectroscopy and Mdossbauer spectroscopy
in the context of the charge compensation model.['®!°1 XRD,
Fe, Ni, and Cu XPS 2p binding energies, XAS at the Fe K-
edge, and DFT calculations of the Ni-Fe and Ni—Cu d-band
DOS were examined. We also revisit previous 3/ Fe Mossbauer
data of Ni—Fe alloys,ml and valence-band photoemission of
Ni—Cu alloys. [?6]

1.3. Crystal structure

The lattice constants for Ni, Fe, and Cu are 3.499 A,
2.857 A, and 3.597 A, respectively.!'”l The size mismatch

056101-2



Chin. Phys. B 35, 056101 (2026)

caused by the strain effect is described using Viys. It should
be noted that for these 3d elements, the atomic volume in the
gas phase exhibits a mini lanthanide contraction; this is not
necessarily the case in the solid. It is expected that the struc-
ture of Fe diluted in fcc Ni, with Fe replacing some of the Ni,
is also fcc; likewise, Ni diluted in bce Fe is bee. It is inter-
esting to note, however, that Fe adopts the fcc structure at a
composition much higher than 50%. In fact, it becomes fcc
at ~ 64% Fe (~ 36% Ni), which is the Invar composition. It
is expected that Fe in Ni-rich fcc alloys will experience com-
pressive strain due to a larger Vyys than that of Ni. Similarly,
Ni in a bee Fe lattice will undergo tensile strain. We also in-
vestigate the structure of Cu diluted in fcc Ni, and Ni diluted
in fcc Cu. We expect tensile strain for Ni in Cu-rich alloys
and compressive strain for Cu in Ni-rich alloys, as Cu has a
slightly larger Viys. These strain patterns are observed using
XRD and EXAFS.

1.4. Characterization through x-ray spectroscopic tech-
niques

Changes in the electronic structure were explored through
XPS and x-ray absorption spectroscopy (XAS).

The XPS method measures the kinetic energy, Ex, of
electrons emitted from a core level using an x-ray excitation
source having energy hv. The electron must overcome the
work function, @pey;, and the binding energy (BE) is given
by

BE = hv — Ex — Ppetal- (1)

The work functions for polycrystalline Fe, Ni, and Cu are
4.5eV,5.3¢eV, and 4.7 eV, respectively. 132] The Ef of the metal
and the Ef of the spectrometer are equalized during measure-
ment when the sample is grounded. The work function of the
alloy can be estimated using Vegard’s law.[1433]

The binding energy shift represents a change in the elec-
tronic structure that depends on the chemical environment of
an element in the alloy. In the alloys discussed here (3d met-
als), the binding energy shifts of the 2p core levels provide
insight into charge redistribution when comparing the spec-
tra of the unalloyed and alloyed materials, since they have
narrow core-lifetime broadening widths (long core-hole life-
times), hence higher chemical sensitivity. To study charge re-
distribution, the binding energy shift and the line shapes be-
tween the metal and alloy core levels are compared. The bind-
ing energy shift in 2p3/, between Ni in an alloy and Ni in the
Ni metal, for example, analogous to the Au alloy cases, can be

expressed as!!’]

ABEalloy-melal = - ((palloy - ¢m) —AncF (2173/2,’%)

—AngF (2p3)2,3d) + 8F (latt) 4 {ddlif:AV} Q)

In the first term, Pyy1oy can be obtained from Vegard’s law and
is ~ +0.5 eV for these alloys.[1*33]

The most important terms in determining the binding en-
ergy shift are the Coulomb interactions between a conduction
electron and a d electron with the core electron of interest, rep-
resented by the Slater integrals F'(2p3/2,nc) and F(2p32,3d)
in Eq. (2), respectively. The third term usually has a larger ef-
fect than the second. Thus, the values of these terms, together
with the changes in electron counts upon alloying, An; and
Ang, not & alone, determine the BE shift.

In the fourth term, & is the sum of the change in conduc-
tion electron count An (4s character) and the d-electron count
Ang. The charge transfer depends on the difference in elec-
tronegativity between the constituent elements and is usually
very small in alloys. Electronegativity considerations alone
can often be problematic in interpreting binding energy shifts
of core levels in d-band metals and alloys because they do not
distinguish between contributions from s and d electrons in
their interaction with core electrons. The next variable in the
fourth term, F(latt), is the Madelung term due to the small
charge imbalance at the site following charge transfer on and
off the WS cell.

The last term in Eq. (2) is related to the strain effect. In
general, a compressed site contributes to better screening, low-
ering the binding energy in XPS and increasing charge density
at the nucleus, as determined by 5TFe Mossbauer isomer shifts.

XAS uses photons to excite core electrons to unoccupied
electronic states above the Fermi level via bound-to-bound
dipole transitions. Additionally, bound-to-continuum transi-
tions beyond the absorption edge are observed, where oscilla-
tions in the absorption coefficient arise from the local environ-
ment. XAS is often divided into two regions: XANES, which
spans energies 20 eV below and 30 eV above the edge, and
EXAFS, which extends from 30 eV to as much as 1000 eV
above the edge.[*) XANES is used to probe the unoccupied
bands above the Fermi level and the local environment of
an atom in the metal due to multiple scattering favored by
low-energy photoelectrons.?>) XANES probes the unoccu-
pied DOS above Eg.!3! EXAFS (high-energy electrons) fa-
vors single scattering and provides information on the inter-
atomic distances between the absorbing atom and its neigh-
boring atoms.

2. Methodology
2.1. Sample preparation

For the Ni—Fe series, two alloy foils with compositions of
Nig4Fes¢ (fcc) and Nig 5Fegs 5 (bece), as well as pure Fe and Ni
metals, were studied. Alloy samples were prepared as ingots
by repeatedly melting stoichiometric amounts of the compo-

(36

nents in an arc furnace, as described previously.*®! The ingots
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were then rolled into foils. For Ni—Cu, foils with alloy compo-
sitions of NiggCu1g and NijoCugg, prepared in a similar way to

the Ni—Fe series, as well as pure metal foils, were analyzed. 7]
900k (a) Fe-Ni T
5 800 y-Fe(Ni) E
< 700 .
)
= 600 345+ 20C
< 500 —
g , T
g 4007 S ot N
g 300 65 52 623 33
i FeNig {1
& 200 H a-Fe + FeNi; \ A X
100 | 1 ! IR
' ) Vb
0 10 20 30 40 50 60 70 80 90 100

Ni (weight%)

The stoichiometric compositions on their respective phase di-
agrams ensure that the alloys have the desired phases, as con-
firmed by XRD (Fig. 1).138]

1600 :
1400 (b) Cu-Ni liquid
© 1200 /
2 1000
3
£ 800 (Cu.Ni)
g 600
ES 200
00 (Cu.Ni) + (Ni.Cu)
0 20 40 60 80 100

Ni (weight%)

Fig. 1. Binary phase diagram of (a) Ni—Fe and (b) Ni—Cu.

2.2. Powder x-ray diffraction

XRD analyses were performed using the Rigaku Ul-
tima IV x-ray diffractometer, located at the Saskatchewan
Structural Sciences Centre (SSSC) at the University of
Saskatchewan. A Cu source (1.54 A), CBO optics, and a scin-
tillation counter detector were equipped on the diffractometer.
The measurements were performed using the multipurpose at-
tachment in parafocusing mode, with the foil samples placed
on top of the sample plate. The diffraction angles (28) were
scanned from 30° to 100°, with a scan rate of 1° per minute
and a step size of 0.01°.

2.3. X-ray photoelectron spectroscopy

XPS analyses were performed on the Kratos AXIS Supra
spectrometer, located at Surface Science Western, using a
monochromatic Al Ka x-ray source (1486.6 eV). The spec-
trometer work function was calibrated using Au 4f; ), of Au
metal at 83.95 eV, and the spectrometer was calibrated to a
binding energy of 932.63 eV (Cu 2p3»). Additional XPS mea-
surements were performed at SSSC, with results confirming
the SSW findings; more details will be reported elsewhere.
The samples were sputtered using Ar™ to remove any oxides
present. High-resolution spectra of Ni, Cu, and Fe were col-
lected using a pass energy of 10 eV and a step size of 0.1 eV.
Spectral fitting was performed using CasaXP$ software. [*°]

2.4. X-ray absorption spectroscopy

XAS data were collected on Sector 20-ID at the Advanced
Photon Source (CLS @ APS) via remote operation. The XAFS
spectra of the samples were recorded with two scans in trans-
mission mode at the K-edge of both Fe and Ni. AE in the
XANES region was 0.3 eV. In the EXAFS region, the Ak, max-
imum k, and k weight were 0.05 A1 15A-1, and 0.5, respec-
tively. The integration time in both XANES and EXAFS was
1 second. The two scans at each absorption edge were merged

and analyzed with ATHENA. 0l EXAFS spectra were Fourier
transformed to R space with a k> weighting.

2.5. Band structure and densities of states (DOS) calcula-
tions

We have conducted band structure calculations of the
DOS of Fe, Ni, and Cu, and the 50-50 alloys of Ni-Fe and
Ni—Cu using density functional theory (DFT)*!! based on the
WIEN2k code.[*?) The WIEN program calculates the ground
state of the alloys using the linearized augmented plane wave
(LAPW) method. The calculations started with model crys-
tals and alloys, where we used CIF files of bcc Fe, fcc Ni,
and fcc Cu from the Materials Project.*3* The 5050 alloys
were constructed using 2 x 2 x 2 supercells, with half of the
atoms replaced by the other metal. We employed the general-
ized gradient approximation (GGA).* Relativistic effects for
valence states were included using a scalar relativistic treat-
ment, while core states were treated fully relativistically. The
systems were then calculated by self-consistent iterations un-
til the minimum energy of the ground state was reached, with
an energy convergence criterion of 0.0001 Ry. The number
of k-points was 1000, and magnetic structure was not con-
sidered. We used the PBE-GGA as the exchange—correlation
potential.[*¢] The partial densities of states (DOS) of Fe, Ni,
and Cu were calculated based on the distribution of the eigen-
states of these ground states.

3. Results and discussions
3.1. Strain effect from XRD: The long-range order

Upon alloy formation, it is expected that the lattice pa-

14.33] Examina-

rameters will change following Vegard’s law.!
tion of Wy of the alloys provides an average volume per atom
in the solid. This is compared to the volume of the unalloyed
components to determine which atoms are under compressive

or tensile strain. The differences in Vays provide insight into
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the expected influence on electron binding energy in the ab-
sence of charge transfer, allowing for assessment of the sig-
nificance of the strain effect. The XRD patterns and the shifts
of the Bragg peaks show that when Ni is diluted in Fe, the
alloy adopts a bec structure, and when Fe is diluted in Ni, it

adopts an fcc structure, as seen in Fig. 2(a), whereas all Ni-Cu
alloys are fcc (Fig. 2(b)). The unit cell dimensions are calcu-
lated from the average of the first three low-index peaks. The
Viws values are calculated based on the unit cell volume, and
all relevant results are summarized in Table 1.

220
(a_) (111) (200 @20 (31D
ML &)
=
=
=
—
&
z .
B Fegs sNiy 5
=}
)
2
5 220)
Fe (110) (200) (211) (

® gy, O @20 G11)

Ni (222)
Cu;Niy

CugNi,

Cu JJ A

30 40 50 60 70 80 90
20 (%)

100 30 40 50 60 70 80 90

100
20 (%)

Fig. 2. XRD patterns of the Ni-Fe series. (a) Fe foil, Fegs 5sNig s alloy, FesgNigy alloy, and Ni foil, and the Ni—Cu series. (b) Ni, NijoCug,
NigoCuj, and Cu foil. The shifts are apparent in the high-index peaks. The variation in the intensity of the Bragg peaks is due to texture effects,
as all samples are thin foils and those of the alloys were rolled from ingots.

Table 1. Diffraction peaks and calculated unit cell dimensions (averaged
lattice parameter) and Viyyg corresponding to the Ni—Fe and Ni—Cu series
(Fig. 2).

Diffraction peaks  Calculated Standard Vws
Samples . .
at 26 (°) unit cell (A) deviation (A) (A3)
(111) (200) (220)
Pure Ni  44.47 51.82 76.33 3.526 0.0004 10.95
NiggFess 43.96 51.9 75.27 3.567 0.0017 11.31
(110) (200) (211)
Pure Fe  44.67 64.99 82.30 2.867 0.0011 11.78
Fegs sNigs 44.66 64.98 82.28 2.867 0.0013 11.78
(111) (200) (220)
Pure Ni  44.47 51.82 76.33 3.526 0.0004 10.95
NiggCujg 44.30 51.61 76.04 3.538 0.0014 11.07
NijoCugy 43.42 50.54 74.32 3.608 0.0012 11.80
Pure Cu 43.31 50.44 74.12 3.625 0.0002 11.92

Let us first consider the Ni-Fe series. From Fig. 2 and
Table 1, we see that Ni (Z = 28), the closest packed metal, has
a smaller Wys than that of Fe (Z = 26). The Nig4Fes¢ alloy,
where Fe is diluted in Ni, is observed to have a fcc lattice with
a smaller Fe atomic volume than Fe in Fe metal. Fe is com-
pressed in the alloy, while Ni is subjected to tensile strain. For
the Nig sFegs 5 alloy, the structure is bcc and Ni is a small mi-
nority component. The lattice constant and Vays of Fe in the
alloy remain close to those of pure Fe. This observation sug-
gests that Fe diluted in fcc Ni tends to retain its Vays in pure
Fe.

When Ni is diluted in bece Fe, as in Fegs 5Niy 5, the alloy
adopts the bcce structure, and Ni’s coordination number is re-
duced from 12 to 8. The alloy incorporates smaller Ni atoms
into a larger Fe lattice site. In this case, the atomic volume of
Fe atoms exhibits little change. For the Ni atom in the alloy,
there is more room at the atomic site, favoring d-to-s redistri-

bution. The opposite is true when Fe is compressed in fcc Ni,
as in NigqFesq. From the Ni perspective, both alloys undergo
tensile strain, as we are incorporating slightly larger Fe atoms
into a lattice made of smaller Ni atoms. Fe diluted in fcc Ni
has 12 nearest neighbors, so it is compressed compared to the
unalloyed bcc Fe with 8. Thus s—d rehybridization in favor of
s-to-d redistribution can occur, providing less screening of the
nucleus.

In the Ni—Cu series, both Ni and Cu metals have an fcc
structure and are completely miscible in Ni—Cu alloys across
all compositions. In addition, Ni and Cu have nearly identi-
cal electronegativities, so the ligand effect is negligible. When
Ni is diluted in Cu, as in NigCugy, there is a decrease in the
lattice parameter and Vyys, as expected. Ni is at the slightly
larger atomic site previously occupied by Cu, and s—d rehy-
bridization occurs in favor of d-to-s redistribution. When Cu
is diluted in Ni, as in NiggCujg, there is an increase in the lat-
tice parameter and Vays compared with pure Ni, but a decrease
compared with pure Cu, indicating that Cu is compressed.

3.2. Ni and Fe EXAFS of Ni-Fe alloys: The short-range
order

The XANES and EXAFS data have been remeasured for
the Ni—Fe series.[3®! Unlike XRD, EXAFS determines the
short-range order, i.e., the interatomic distance of neighbor-
ing atoms around the absorbing atoms. Figure 3 shows the
XANES and the Fourier transform (FT) of the EXAFS at both
the Fe and Ni K-edges of both alloys and the pure metals.

Ni and Fe are close in the periodic table; they have sim-
ilar k-dependence in phase shift and backscattering ampli-
tude, and hence exhibit similar scattering patterns in both
XANES and EXAFS. The XANES results confirm that both
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(a) Ni/Fe K-edge
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Fig. 3. (a) Fe and Ni K-edge XANES spectra aligned at the K-edge threshold (Ey) for the alloys and the pure metals. The elemental edge XANES
spectra are color coded. The upper set of spectra corresponds to Ni diluted in Fe, Fegs sNiy s, and the lower set corresponds to Fe diluted in Ni,
FesgNigy. (b) Fourier transform (FT) of the corresponding EXAFS from the same set of spectra.

Ni and Fe in Fegs5Nigs 5 adopt a bce lattice, showing fea-
tures similar to those of a-Fe. For FesgNigq, both Ni and
Fe K-edge XANES spectra resemble that of pure Ni, indicat-
ing that Fe adopts the fcc structure, as seen at the bottom of
Fig. 3(a). The radial distribution from the FT of the EXAFS
shown in Fig. 3(b) indicates that the Fe—Ni/Fe interatomic dis-
tance increases slightly in the Ni-rich alloy but remains nearly
unchanged in Fegs 5Nig 5, where Ni in bcc Fe adopts a Vs
similar to that of its Fe host. The average Ni—Fe/Ni and Fe—
Ni/Fe distances in FesgNigy are the same within experimental
uncertainty, but they are longer (+0.023 A) than the Ni-Ni
distance in pure Ni. The average Ni—Fe first-shell distance
in Fegs sNiy 5 is slightly shorter (—0.020 A) compared with
the average Fe—Fe/Ni distance in the alloy and the Fe—Fe dis-
tance in pure Fe. Considering the slightly different phase and
backscattering amplitude of Ni and Fe and the experimental
uncertainty, this interpretation is qualitative but consistent with
the XRD observation.

3.3. Strain and ligand effect on the interpretation of XPS
2p3/, binding energy shifts and the charge compensa-
tion model

Electronegativity is a measure of how well an atom can
attract electrons to itself in a chemical environment and is the
foundation of chemical intuition in describing charge redistri-
bution upon compound formation.?”) Thus, the electronega-
tivity difference can be used as a chemically intuitive tool to
understand electron distribution upon alloy formation, track-
ing the direction of net charge transfer between Fe (Paul-
ing electronegativity: 1.83) and Ni (Pauling electronegativ-
ity: 1.91) in Ni-Fe alloys. In the Ni—Fe system, Ni is more
electronegative, drawing electron charge from Fe, and the net
charge transfer is expected to occur from Fe to Ni, resulting in
a positive shift in Fe 2p3, relative to metallic Fe. In the Ni-
Cu system, the electronegativity difference between Ni (1.91)
and Cu (1.90) is negligible; therefore, little charge transfer is
expected based on the ligand effect in Ni—Cu alloys, and the

observed peak shift should be negligible.
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Fig. 4. 2p core-level XPS spectra for the Ni-Fe and Ni—Cu alloy series.
(a) Ni 2p for the Ni-Fe series; (b) Fe 2p for the Ni-Fe series; (c) Cu 2p
for the Ni—Cu series; and (d) Ni 2p for the Ni—Cu series. The well-known
satellite is clearly observed in the Ni spectra at 6.0 eV higher binding
energy than that of the main 2p;/, peak (marked with a solid line), and
is indicated by a dashed line in panels (a) and (c). The Ni LMM Auger
structure is observed at 712.2 eV (dashed line), in the higher-energy re-
gion of the Fe 2p; ; spectrum of the NigsFe36 alloy in panel (b).

The Fe, Ni, and Cu 2p3,; 1/, core-level peaks for each
Ni-Fe and Ni—Cu alloy are shown in Fig. 4. The asymmetric
Doniach—Sunji¢ lineshape in the Fe and Ni 2p peaks indicates
the presence of unoccupied 3d states at Er, whereas the Cu 2p
spectrum is symmetric, indicating that Cu has a fully occupied
d band that lies below the Fermi level, with very few unoccu-
pied 3d states above it. In contrast, in the Fe and Ni 2p spectra,
the asymmetry cannot be fully quantified due to a small Ang

and exchange interactions. 4748

I Their respective 2p;, bind-
ing energy shifts are listed in Table 2. It is observed that the
Fe 2p;/, peaks shift to higher binding energies with dilution
in Ni. The Ni 2p; , peaks shift to lower binding energies upon
incorporation of Fe, in good agreement with electronegativity

predictions.
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We expect that Ni withdraws charge from Fe, and the ef-
fect of charge transfer is expected to be greater when Fe is
more dilute. It is straightforward to show that, on average,
the atomic ratio of Fe to Ni in Fegs 5Niy 5 is 21.2:1; with the
bcee coordination number of 8 factored in, the average nearest-
neighbor environment of Fe consists of 7.6 Fe atoms and 0.36
Ni atoms. This means not all Fe atoms have Ni as a near-
est neighbor, and some Ni atoms are entirely surrounded by
Fe atoms. Similarly, in FessNigs, Fe has on average 7.6 Ni
nearest neighbors, among which 4.3 are Fe-related contribu-
tions in the local environment. The observed Fe 2p;/, shift
is positive and increases with dilution (Table 2), consistent
with electronegativity considerations. Thus, the ligand effect
alone can be used to interpret the trend. In the spirit of Eq. (2),
0 = An. + Anyq is negative (loss of electron charge) at the Fe
site in Ni-Fe alloys. From the Ni perspective, Ni gains charge
and & is positive, leading to a lowering of the Ni 2p3 ; binding
energy (negative shift relative to Ni metal) as the Ni concen-
tration decreases (Table 2). Thus, the ligand effect alone can
explain the trends observed in these Ni—Fe alloys. From XPS
core levels alone, however, we cannot determine whether the
charge compensation model plays a significant role.

Table 2. Core level (2p3 /2) binding energy shifts in the Ni-Fe and Ni-Cu
alloy series.

Ni-Fe
Fe 2p3 /2 Binding energy (BE) (eV) ABE (alloy-metal) (eV)
Pure Fe (bcc) 706.3 NA
F695,5Ni4,5 (bCC) 706.4 0.1
FC36Ni64 (fCC) 706.6 0.3

Ni 2p3 5 Binding energy (BE) (eV)
Pure Ni (fcc) 852.9 NA
Ni64Fe36 (fCC) 852.7 -0.2
Ni4.5F695A5 (bCC) 852.6 —-0.3
Ni—Cu
Cu 2p; /2 Binding energy (BE) (eV) ABE (alloy-metal) (eV)
Pure Cu 932.6 NA
Nil()CUQo 932.5 —0.1
NiggCujg 9324 -0.2
Ni 2p3» Binding energy (BE) (eV)
Pure Ni 852.7 NA
NigoCUm 852.7 0
NijoCugg 852.7 0

We now examine the strain effect, the [%AV} term in

Eq. (2), and consider how it may modify the Fe and Ni 2p
shifts. This term arises implicitly from changes in the n. and
ng counts due to compression and expansion of Vyyg in the al-
loy, as compression of the site favors s-to-d rehybridization,
while expansion favors d-to-s rehybridization. From the Fe
perspective, in the absence of net charge transfer, Fe is com-
pressed when diluted in the Ni lattice; compression favors s-
to-d rehybridization and increases the ngq count and decreases

the n. count, albeit slightly, as the atomic volume of Fe is re-
duced by 4% in Fe3sNigq and 0.4% in Fegg sNig 5 (Table 2).
This rehybridization alone would decrease the binding energy,
as Fe is losing s charge and gaining 3d charge. This is because
the Coulomb term F(2p, 3d) is greater than F(2p, 4s). The
observed Fe 2p shift is positive, meaning that the ligand effect
is more important than the strain effect. From the Ni perspec-
tive, its atomic site volume increases by 3.3% in FesgNigq and
7.6% in Fegg 5Nis s compared with fcc Ni, favoring d-to-s re-
hybridization. In the absence of charge transfer, this would in-
crease the 4s count and deplete the 3d count; this effect alone
is expected to yield a positive Ni 2p binding energy shift. In
this case, the observed shift is negative, again indicating that
the ligand effect is more important than the strain effect.

‘We next examine the Ni—Cu results. From Table 2, we see
that Cu 2ps ; shifts to lower binding energies in the alloy upon
increasing composition of the other constituent, while the Ni
2p3/, shows no shift within experimental error. The negative
shift in Cu is anomalous from a simple consideration, as the
electronegativities of Cu and Ni are nearly identical. The data
suggest that Cu gains charge. This anomaly can be understood
in terms of intra-atomic s-to-d rehybridization.

We now explore lattice strain further. When Ni—Cu alloys
are formed, Ni occupies a site about 8% larger in NijgCugg and
only 1% larger in NigpCujg, while Cu is compressed, with its
volume being 1% and 7% smaller in NijgCugg and NigyCug,
respectively. Thus, if there is no interatomic charge transfer,
the tensile strain effect will increase the binding energy of Ni
2p3/,, while compressive strain will decrease the binding en-
ergy of Cu 2p;; in the alloys. The Cu results are consistent
with this analysis, while the Ni result shows no shift in the
alloy within experimental uncertainty. Since s wavefunctions
are more diffuse beyond the WS cell boundary, it is reasonable
to expect that compressive strain has a larger effect on s-to-d
rehybridization than tensile strain. Another difference is the
presence of a fully filled d band in Cu versus a partially filled
d band in Ni. The Cu d band edge is below the Fermi level.

3.4. °"Fe Mossbauer isomer shift of Ni-Fe alloys revisited

It is interesting to revisit earlier Mossbauer work and ex-
amine whether the strain and ligand effects play a role in un-

10,28,49

derstanding these results. ! 1 For example, Lehlooh et al.

reported a Mossbauer study of Fe in NiFe alloys with composi-
tions in the Invar region: Fe7oNi3g, FegsNiss, and FeggNigg. [28]
They found that Fe;oNi3g is a mixed phase (fcc and bec), while
FegsNi3s and FeggNigg are single phase (fcc), in good agree-
ment with our observation. They observed that the >’Fe iso-
mer shift (IS) changes relative to bcc Fe from the single-phase
samples are very small, —0.0340.01 mms~! (FegsNiss) and
—0.01 £0.01 mms~! (FegyNig). Since a negative IS corre-

sponds to higher electron density at the nucleus, this implies

056101-7



Chin. Phys. B 35, 056101 (2026)

that the s charge density increases at the Fe site in these Ni-Fe
alloys. This is counterintuitive from electronegativity consid-
erations, as Ni is slightly more electronegative than Fe; thus
the increase in s density at the nucleus must be compensated
by a decrease in 3d screening via 3d charge depletion, con-
sistent with the XPS results discussed above. It should be
noted, however, that these results should ideally be verified us-
ing measurements of the same samples with both Mdssbauer
and x-ray spectroscopy.

3.5. The behavior of the d band of NiFe and NiCu

The DOS of the d band for 50-50 alloys of NiFe and NiCu
from DFT calculations are shown in Fig. 5. The DOS of Ni
and Fe d character overlap for NiFe with bcc structure, shown
in Fig. 5(a). The Ni and Fe 3d bands repel slightly: the Ni d
band moves slightly away from the Fermi level, whereas the
Fe d band moves towards the Fermi level. This d—d repulsion

has a stronger effect in the closely packed fcc Ni—Fe system,
where the elemental DOS features are more distinct, as shown
in Fig. 5(b). In the NiCu alloy, the Cu d band is fully occupied
and lies below the Fermi level, and the d—d repulsion is most
apparent in Fig. 5(c). The d—d repulsion for the NiCu alloy
(Fig. 5(d)) has been observed in photoemission experiments
by Hiifner et al.*®!

These results show that, unlike Au—Cu alloys where the
Au (5d) and Cu 3d bands are well separated,!?!~?*! the d bands
are more likely to overlap in 3d metal alloys despite mutual
repulsion, especially for elements that are close in the periodic
table such as Ni, Fe, and Cu. From Fig. 5(d), we see that both
d bands narrow, but the band maxima shift little. It remains
unclear whether the centroid of each d band in an alloy shifts
in the same direction as the core level. X-ray emission experi-

ments may help clarify this issue.[>"!

Energy (eV) Energy (eV)
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Fig. 5. DOS of the component d bands in 50-50 alloys of NiFe and NiCu together with those of the pure elements. (a) Partial DOS of Ni and
Fe in bce NiFe and the total DOS of bece Fe. (b) Partial DOS of Ni and Fe d bands in fcc NiFe and the total DOS of fcc Ni. (¢) PDOS of Ni and
Cu d bands in fcc NiCu and the total DOS of fcc Cu. (d) Photoemission results of Hiifner et al. replotted; the vertical lines align the Ni and Cu

d-band maxima. 26!

4. Conclusion

The electron redistribution and net charge transfer behav-
ior of Ni-Fe and Ni—Cu alloys are investigated using XRD,
XPS, XAS, and DFT band structure calculations. The results
are discussed in terms of the strain effect, which can induce
intra-atomic s—d rehybridization, and the ligand effect, which
involves charge transfer based on the electronegativity differ-
ence of the constituents in the alloy. The overall contribution
is discussed in the context of the charge compensation model
for alloys involving s—d hybridization in transition metals.

The 2ps; core-level shifts observed by XPS show that in
the Ni—Fe series, the 2ps ; binding energy shifts of Fe and Ni
in the alloy are in good accord with electronegativity consid-
erations alone: Fe loses charge and Ni gains charge. Analysis
of the strain effect in the absence of charge transfer predicts an
opposite trend. Thus, the ligand effect alone can explain the
observed binding energy shifts in Ni-Fe alloys, and the strain

effect, even in systems with elemental incompatibility in crys-
tal structure for Fe and Ni, is less important than the ligand
effect in contributing to the observed BE shift. In Ni—Cu, it is
found that the ligand effect is negligible, as predicted, since the
electronegativities of Ni and Cu are similar. Tensile strain at
the Ni site appears to be less significant than the compressive
strain effect at the Cu site, which may influence its electronic
behavior by compressing a nearly filled d band.

Review of the 3’Fe Mossbauer isomer shift (IS) of Ni-Fe
alloys with compositions in the vicinity of that of Invar sug-
gests an increase in s-electron density at the nucleus in the
alloy. In contrast to the ligand-effect expectation, this discrep-
ancy can be resolved by the charge compensation model with
3d depletion.

The d-band distribution of 50-50 Ni-Fe and Ni—Cu al-
loys using DFT calculations shows noticeable overlap of the

constituent d bands despite a tendency toward separation in
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bce Ni-Fe. The repulsion is more apparent in the fcc Ni—Fe
structure and most pronounced in Ni—Cu. It is interesting to
note that while both Fe and Ni occupied d-band edges lie at
the Fermi level, in the alloy the Fe d band tends to move to-
wards the Fermi level, and the Ni d band moves away from
it. In Ni—Cu, Ni moves towards the Fermi level and Cu moves
away from it. Thus, the s—d rehybridization effect and charge
compensation in 3d bimetallic alloys are less obvious than in
Au(5d)-Cu(3d) and Au(5d)—-Al(sp) alloys. This is due to the
trend of the disparity between the Slater integrals F'(i,ns) and
F(i,(n—1)d) from 3d to 5d metals where the effect is the
largest in 5d metals, especially Pt and Au. These preliminary
discussions show that more investigations are needed to eval-
uate the significance of strain and ligand effects on s—d hy-
bridization in bimetallic transition-metal alloys. Finally, this
study raises questions about the effect of charge compensation
in alloying in terms of the interplay between the compressibil-
ity of s and d wavefunctions and their effect on the interpre-
tation of spectroscopic observations. Since there has not been
systematic work over the last decade, it is hoped that this work
will stimulate further discussion moving forward.
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