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We report a comparative study of the bulk electronic structure of two Al-based complex metallic alloys
(CMAs), B-AlzMg, and AljsFe, using hard x-ray photoemission spectroscopy (HAXPES) interpreted on the
basis of density functional theory (DFT) calculations. An experimental confirmation of the role of the Hume
Rothery mechanism for the stability of the 8-Al;Mg, phase is established by identification of a shallow pseudo-
gap near Er from HAXPES and corroborated by DFT. An almost parabolic shape of the DOS, a large n(Er) and
plasmon loss features that are similar to Al metal show its nearly free electron like nature. In the case of Al;;Fey4
the total DOS exhibits a shallow pseudogap due to Al s- Fe d hybridization, which results in the DOS at Er
[n(EF)] being large due to Fe d states. However, the Al s states show a deep pseudogap and this is revealed in
HAXPES because of the large photoemission cross-section of the s states at high photon energies. The overall
shape of the valence band is in excellent agreement with DFT for both the CMAs. The larger width of the Al
core-level main peak and the plasmon loss peaks as well as the suppression of the intensities of the latter with
respect to S-Al;Mg, further underlines the importance of sp-d hybridization in Al;;Fe,.

I. INTRODUCTION

Complex metallic alloys (CMAs) are a family of intermetal-
lic compounds with complex structures characterized by the
presence of large unit cells containing tens to thousands of
atoms with well-defined atom clusters [1, 2]. The high struc-
tural complexity of CMAs, combined with two competing
physical length scales, one dictated by unit-cell characteristics
and the other by the cluster substructure, may have a consider-
able impact on their physical properties, electronic structures,
and lattice dynamics [3]. CMAs have been suggested to be
promising candidates for hydrogen-storage due to the pres-
ence of tetrahedral interstitial sites [5, 6]. S-Al3;Mg, with a
unit cell of 1168 atoms is considered as one of the most com-
plex intermetallic phase among the CMAs [4]. 8-Al3Mg, has
many interesting mechanical properties useful for applications
such as high strength-to-weight ratio and low frictional coef-
ficient [7, 8]. In addition, Al-Mg alloys are corrosion resistant
and highly weldable. B-Al3Mg, is stable from its congru-
ent melting point (451°C) down to low temperatures [9], and
has been reported to exhibit superconductivity with 7.= 0.87
K10, 11].

Alj3Fey is another example of a CMA material that, un-
like 5-AlsMg,, contains a 3d element and has a much smaller
unit cell. Based on its local structure, it is considered to be
a decagonal approximant [12], and the structure can be visu-
alized as a four layer stacking along the [010] direction, with
flat layers at y= 0 and 1/2 and two symmetrically equivalent
puckered layers at y= 1/4 and 3/4. Al;3Fe,4 has recently drawn
the interest of various research groups due to its remarkable
chemical properties. It has been proposed to be a low cost en-
vironmentally benign catalyst for organic reactions [13-16].
AljsFey also exhibits a significant anisotropy in its electronic
and magnetic properties, the stacking direction being the most

conducting direction for heat and electricity [17].

Turning to the electronic structure, the existence of a pseu-
dogap across the Fermi level Er in quasicrystals and their ap-
proximants has received considerable attention because of its
role in stabilizing these phases [18, 19]. The approximants are
CMAs with large unit cells and a local atomic arrangement
identical to that of a quasicrystal. So attention has focused
on the possible role of a pseudogap in stabilizing the struc-
ture of the CMAs [20]. Based on detailed first principle cal-
culations, Mizutani et al. [20, 21] predicted that the stability
of B-Al3Mg; arises from the Hume-Rothery mechanism (its
valence electron to atom (e/a) ratio being 2.6), implying the
existence of a pseudogap at Er. However, the authors could
not calculate the DOS by density functional theory (DFT) be-
cause of its large unit cell. Degtyareva et al. also suggested
Brillouin zone-Fermi sphere interaction as the cause of its sta-
bility [21]. An x-ray emission spectroscopy study reported a
decrease in the intensity at Er of the Mg 3p and Al 3p spec-
tra of 8-Al3Mg, compared to that of pure Mg or Al, and this
was presented as possible evidence of a pseudogap [22]. How-
ever, there was no evidence of the pseudogap from the spectral
shape. Also, transport studies such as resistivity, specific heat,
thermopower, as well as NMR Knight shift indicated metallic
behavior and the absence of a pseudogap [6, 11]. The au-
thors concluded that a pseudogap across Er does not form
due to the high structural complexity and intrinsic disorder of
B-AlsMg,. Thus, disagreement exists in the literature about
the existence of a pseudogap in S-Al3sMg,. The electronic
structure of Al;sFe4 calculated by DFT also showed a pseu-
dogap at E that was related to hybridization of Al s and Fe d
states [23]. Subsequent DFT calculations also confirmed the
existence of the pseudogap [24, 25]. A recent DFT calcula-
tion by Fang et al. showed that the chemically stoichiometric
composition of Al;;Fe,4 has the lowest energy of formation, it



is non-magnetic and vacancies are unlikely to be present on
either Al or Fe sites [26].

Although a low energy photoemission study has been re-
ported for AljsFes [27], there is no experimental study of
the bulk electronic structure of either of the CMAs. Because
of its sizeable probing depth, over the years hard x-ray pho-
toemission spectroscopy (HAXPES) has emerged as the di-
rect probe of the bulk electronic structure of materials [28—
34]. In recent years, HAXPES has been used to study the
bulk electronic structure of quasicrystalline and related ma-
terials. Among the important findings by HAXPES are the
evidence of Anderson localization in i-Al-Pd-Re [35], hetero-
geneous valence states in Yb-based quasicrystalline approxi-
mants [36], and pseudogap around Er in different icosahedral
quasicrystals [19, 35, 37] and high-order approximants [38]
have been reported. HAXPES uses photons in the range of 6-
8 keV, and thus the inelastic mean free path of the photoelec-
trons increases to 6-10 nm [39]. Thus, surface effects, such
as surface segregation in Al-Mg alloys [40] that could shroud
the electronic structure, can be avoided in HAXPES. Here, we
provide the first study of the bulk electronic structure of two
important CMA materials e.g. S-Al3Mg, and Alj3Fes using
HAXPES and DFT.

II. METHODS

The HAXPES measurements were performed at the
P09 beamline [41] at PETRA III Deutsches Elektronen-
Synchrotron, Hamburg, Germany. A post monochromator
was used to improve the resolution and stability of the pho-
ton beam. All the measurements were performed using 5.94
keV unless otherwise stated, and some measurements were
done with 7.92 keV photon energies (referred to as 6 and 8
keV henceforth). The photons were incident at a nearly graz-
ing angle, and the measurements were carried out in the nor-
mal emission geometry in order to increase the bulk sensitiv-
ity, with the electron energy analyzer having an angular ac-
ceptance angle of +15° [42]. The overall energy resolution
(including source and the Phoibos 225 HV analyzer contribu-
tion) was 0.29 eV at 6 keV and 0.31 eV at 8 keV. The spec-
imens were fractured in-situ at a base pressure of 1.5x1078
mbar and were rapidly transferred to the main chamber at
a base pressure of 1x107' mbar for measurements. The
core-level spectra using low photon energy (0.24 keV) were
measured at 7.0.1 beamline of the Advanced Light Source,
U.S.A. on a insitu fractured S-AlsMg, specimen. The x-
ray photoelectron spectroscopy (XPS) data were recorded
using Scientaomicron R4000 electron energy analyzer at
a chamber base pressure of 9x10~'! mbar. For this pur-
pose, the Alj;Fe (010) surface was prepared by repeated
cycles of Ar ion sputtering and annealing up to 600°C for
90 min [27]. The single crystals were prepared by alloying
the pure metal components several times under Argon in a
levitation crucible. For 8-AlsMg,, the resulting alloy was cast
into a rod-shaped mold 25 mm in diameter, used in a self flux
growth to grow a single crystal. Alj3Fes was grown using the
Czochralski method and subsequently a large single crystal

grain was extracted and used in the experiments.

The electronic structure calculations have been performed
using the Vienna Ab initio Simulation Package (VASP) [43,
44].  The VASP performs an iterative solution of the
Kohn-Sham equations of DFT within a plane wave basis. The
PBE exchange correlation functional was employed [45, 46]
and the basis set contained plane waves with a kinetic en-
ergy cutoff of 400 eV. The atomic structures of the mod-
els were optimized by static relaxation using a quasi-Newton
method and with Hellmann-Feynman forces acting on the
atoms. Both studied compounds Al;Mg, and Al;3Fe4 have
complex atomic structures with many atoms in the elemen-
tary cells. The atomic structure of these compounds were an-
alyzed, e.g. in Ref. 4 and 47.

For the calculation of their electronic density of states
(DOS) the primitive cells from the alloy database [48] were
used. As a part of the atomic sites in S-Al3;Mg, have unde-
fined partial occupancy [4], the calculation was performed for
the primitive cell of the closely related §'-Al3;Mg, phase, Pear-
son symbol AR293, space group R3m (No. 160) , a= 19.969 A,
c=48.911 A [4]. The primitive cell of the 8'-phase is almost
the same as in the S-phase [49] and occupation of all atomic
sites is well-defined. In the structural model of the B-phase
[4, 48], the rhombohedral primitive cell of the 5’-phase was
used as the primitive cell to the cubic cell with composition of
Al724Mguag, i.e. with 1172=4x293 atoms (cF'1172), which is
very close to 8-AlsMg, (cF1168). The chemical composition
Alg1 775sMg3s225 of the model is close to the reported compo-
sition Alg; sMgsg 5 of the S-phase [4]. The atomic sites in the
primitive cell are occupied by 181 Al and 112 Mg atoms. The
primitive cell of 5'-Al; Mg, is presented in Fig. S1 of the Sup-
plementary Material (SM) [50]. The densities of states of this
compound were calculated on the mesh of 4x4x4 k-points in
the Brillouin zone.

Monoclinic Al;3Fe4 belongs to the space group C2/m (No.
12) (Pearson symbol mC102), a= 15.492 A, b= 8.078 A, c=
12.471 A, B= 107.69° [51]. The DOS was calculated on a
5%9%6 k-point mesh. Local building blocks of Al 3Fe4 are
four-layer pentagonal bipyramids [27, 51]. The large scale
structure can be also viewed as a planar tiling of hexagonal
tiles [47]. The atomic sites in the unit cell are occupied by 78
Al and 24 Fe atoms (Fig. S2 [50]).

The valence band spectra have been calculated following
our earlier work [33, 52] by multiplying the atom and angular
momentum projected partial DOS (PDOS) by their respective
photoemission cross-sections (o) [53] and the Fermi func-
tion, which was then convoluted by a Gaussian function to
take into account the instrumental resolution and an energy
dependent Lorentzian function to take into account the life-
time broadening. The photoemission cross-section for Al 3d
(Fe 4p) that is not available in Ref. 53 is approximated to be
equal to Fe 3d (Al 3p). The core-level main peaks were fitted
by using the Doniach-Sunji¢ (DS) lineshape [54], and asym-
metric Lorentzian line shapes were used to represent the plas-
mon loss peaks [55]. The lifetime broadenings of the core
level main peak, the DS asymmetry parameter (@), intensities,
peak positions, and the inelastic background are varied inde-
pendently, as in our earlier work [56].
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FIG. 1. (a) HAXPES valence band (VB) spectrum of §-Al;Mg,
recorded at 50 K (LT) and 300 K (RT) with 6 keV photon energy.
The dashed black line shows position of the Fermi level (Er). The
RT spectrum is staggered along the vertical axis. (b) The near-Er
region of $-Al;Mg, and Au at LT. The fitted curves (and residuals
in the upper region) are shown by continuous and dashed lines for
B-Al;Mg, and Au, respectively.

III. RESULTS AND DISCUSSION
A. Electronic structure of 5-Al; Mg,

The HAXPES valence band (VB) spectrum of S-AlsMg,
in Fig. 1(a) shows a peak at 0.7 eV binding energy (BE). A
broad hump centered around 6 eV is separated from the 0.7
eV peak by a valley centered at 2.3 eV. The spectrum taken at
300 K (RT) is similar to that at 50 K (LT). The near-Er region
recorded at LT with a smaller step size and better statistics
shows a clear shift towards higher BE with respect to the Au
Fermi edge, as shown by a horizontal arrow in Fig. 1(b). The
Au foil was mounted adjacent to 8-Al3Mg; so that these are in
electrical contact and at the same temperature. The unchanged
position of the Au Fermi edge over the course of the measure-
ment showed that there is no change in the photon energy that
could explain this shift. To quantify the shift and examine
the spectral shapes, we have performed a least square fitting
using the Fermi function at the measurement temperature of
50 K, convoluted with a Gaussian function (G(E), E is the
BE) representing the instrumental resolution. The position of
the Fermi edge, the full width at half maximum (FWHM) of
G(E), and the overall intensity were varied to arrive at the best
fit. We find that both the S-Al;Mg, and Au spectra are well
described by the Fermi function, as shown by the fitted curves,

as well as by the random scatter of the residual of the fit in
Fig. 1(b). A shift of the 8-Al;Mg, Fermi edge towards higher
BE with respect to Au is observed: the two spectra almost co-
incide if shifted by 95 meV, except for an extra broadening
(FWHM= 0.31 eV) compared to Au (FWHM= 0.29 eV), as
shown in Fig. S3 [50].

The above mentioned shift observed in S-AlzsMg, is un-
likely to be related to the opening up of a band gap or pseudo-
gap since the Fermi function describes its shape well; rather
it is likely to be related to the recoil effect that is generally
observed in the HAXPES spectra of low mass materials [S7—
62]. In the photoemission process, when a photoelectron of
mass m is emitted with a large kinetic energy (Ey;,) and mo-
mentum (k) from an atom of mass M, the photoelectron de-
livers a recoil energy (ER) to that atom, which is given by Ex~
(%)xEkm [57]. The photoelectrons lose this energy Eg result-
ing in a recoil shift towards higher BE. It is interesting to note
that this effect has also been observed for the Fermi edge of
light metals such as Al (atomic mass 27 amu) compared to
heavier Au (197 amu) [60]. Takata ef al. reported a 120 meV
shift as well as a broadening of the Al metal Fermi edge with
respect to Au using hv= 8 keV [60]. Since Mg (24.3 amu) is
lighter than Al, in 8-AlsMg, the recoil shift of the Fermi edge
is expected. The broadening of the Fermi edge in S-Al; Mg,
compared to Au (Fig. S3) is also a signature of this effect. The
95 meV shift observed here is somewhat smaller than for Al
because a lower photon energy (6 keV) was used, since the
ErxE};,. The occurrence of a recoil effect in the valence band
electrons that are delocalized has been attributed to the cou-
pling of the electrons with the crystal lattice, and that their
wave functions follow the atomic motion adiabatically [60].

Thus, unlike high-order approximants [38] or quasicrys-
tals [19, 37, 63], the near-Er HAXPES spectrum of 3-Al; Mg,
shows a well developed metallic Fermi edge. This is consis-
tent with its metallic resistivity (33.2 uQ2 cm at 4 K [6]) with
a positive temperature coefficient, showing the dominance of
electron-phonon interactions as in a metal [6]. On the other
hand, a Hume Rothery mechanism induced pseudogap, albeit
shallow, has been predicted theoretically [2]. A reason why it
could not be identified from transport and NMR studies was
assigned to disorder in the specimen [6, 11]. To investigate
the existence of a pseudogap in an ordered structure and ex-
plain the characteristic shape of the valence band, we have
performed DFT calculations for 5’ Al3Mg, (Fig. S1 [50]).

The total density of states (DOS) in Fig. 2(a) has a parabolic
shape, as shown by a fitting over the whole range with a
parabola indicating its nearly free electron-like nature (dashed
red line given by ax VE — b). From the fitting, we obtain a=
0.13 and the band minimum » = 10 eV. The unoccupied DOS
is rather featureless, dominated by the p states. However,
there are some notable deviations from the parabolic shape:
for example, a small suppression of states at Er is observed,
which is highlighted by a red oval in Fig. 2(a). The suppres-
sion of states at Er with respect to the free electron parabola is
a signature of a shallow pseudogap and we are able to identify
this in our HAXPES VB spectrum also (as discussed later). A
larger dip of 12% with a width of 1 eV is observed around
1.5 eV in the total DOS. On the higher BE side, the total DOS
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FIG. 2. (a) The total density of states (DOS) and (b) the atom and
angular momentum projected partial DOS (PDOS) of g-Al;Mg;.

has a sharp slope, caused by the Al and Mg p states that are
pushed down to peak at 2.4 eV. The lower BE side has a gen-
tler slope caused by the dip observed in the Al and Mg s states
at 2.2 eV. The dip at 1.5 eV as well as a prominent dip at 7.5
eV [Fig. 2(a,b)] might also arise due to interference of elec-
trons with the lattice planes, as was observed for y-Mg;7Al ;>
where a real gap results at 7.2 eV BE [20].

The calculated VB shown in Fig. 3 has a different shape
compared to the DOS, clearly caused by the difference in
the photoemission cross-sections of each contributing elec-
tronic levels. It is in excellent agreement with experiment: the
peak-valley-hump structure is clearly visible at similar ener-
gies. The partial contributions show that the s states dominate,
while the p states are weak. The hump arises mainly from Al
35 states peaking around 6.5 eV, with some contribution from
the Mg 3s states around 4 eV resulting in its slightly asym-
metric shape towards lower BE. The valley around 2 eV can
be related to the dip in the DOS at the same energy for the
Al and Mg s states. The shallow pseudogap at Er discussed
above for total DOS [Fig. 2(a)] is prominently observed in the
Al s and p states [highlighted by a red oval in Fig. 2(b) for the
former]. This is manifested in the calculated partial contribu-
tion to the VB as a decreasing DOS starting from the peak at
0.7 eV [red down arrow in Fig. 3] to the inflection point at
0.3 eV [red tick]. The latter appears due to the presence of
the Fermi edge. The decreasing DOS also has its signature in
the HAXPES, as observable both in the wide and the near-E g
spectrum [black filled and green open circles, respectively in
Fig. 3], where the maximum is shown by a black down arrow
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FIG. 3. The calculated VB (red curve) of S-Al3sMg, along with
the partial contributions compared with the HAXPES VB spectrum
(black filled circles) taken at LT. The spectra are staggered along the
vertical axis for clarity of presentation. The near-Er region of the
HAXPES VB spectrum (green open circles) recorded with smaller
step size at LT is overlaid on the wide range VB spectrum. The
experimental VB spectra are shifted by the 95 meV towards Er to
compensate for the recoil effect that is not considered in the calcula-
tion.

and the inflection point by a black tick. The suppression can
be estimated to be ~10%. Thus, the presence of a shallow
pseudogap is established from experiment and also corrobo-
rated by DFT. This shows that the stability of 5-AlsMg, is re-
lated to the Hume Rothery mechanism that was predicted ear-
lier by Mizutani et al., where 84 Brillouin zone planes inter-
act almost simultaneously with a more or less spherical Fermi
surface [2].

B. Electronic structure of Al;;Fe,

The VB of Alj3Fes shows a broad hump centered around
6 eV with a FWHM of about 7 eV [Fig. 4(a)]. A weak
dip at about 2.7 eV is observed, as shown by a down ar-
row. The near-Er region in inset shows a weak hump
around 0.6 eV (up arrow), which is visible for both the 6
and 8 keV spectra. In Fig. 4(b), a comparison with the Au
Fermi edge recorded under similar conditions shows that the
AljsFey near-Efp spectral shape is rather suppressed. The
Au Fermi edge is fitted nicely by the Fermi function convo-
luted with G(E). A similar least square fitting for Alj3Feq4
keeping G(E) and the position of the Fermi edge fixed fails
completely, as shown by the large deviations in Fig. 4(b).
In fact, an indication of a pseudogap in Al;3Fe, is obtained
from the large negative residual around Er shown in the up-
per region of panel (b). In Fig. 4(c), to establish the pres-
ence of the pseudogap, we perform a least square curve fit-
ting assuming an analytic shape of the pseudogap: an inverted
Lorentzian function, multiplied by a free electron parabola
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FIG. 4. (a) HAXPES VB spectrum of Al;;Fe4 taken at RT and LT,
the photon energy in keV is given within the brackets. Inset shows
the near-Ey region. (b) The near-Er region of Alj;Fe, and Au at
LT. The fitted curves (and residuals in the upper region) are shown
by continuous and dashed lines for Al;;Fes; and Au, respectively.
(c) The near Ef region of Alj;Fe, fitted using S (E) (green curve),
which is given by an inverted Lorentzian function multiplied by a free
electron parabola (Equation 1). The residual (black dashed curve) is
shown in the upper region.

[@’ V(E — b)]. Such an approach has been used earlier for re-
lated systems such as high order approximants [38] and qua-
sicrystals [19, 35, 37, 65]. The expression used for fitting is
given by [I X S(E) X f(E,T)] ® G(E) where

S(E)=[d x V(E-b)]x[1-

C.I2

2
E?+T7

] 6]

represents the pseudogap defined as a minimum in the density
C 1?2

E2+1“L% |
represents the inverted Lorentzian function where C; indi-
cates the depth of the pseudogap and 2I'; is the FWHM. For

Cr= 1, the pseudogap is fully formed with zero spectral inten-
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FIG. 5. (a) The calculated total DOS and (b) the atom and angular
momentum specific PDOS of Al;Fe,.

sity at E= 0. On the other hand, for C;= 0, the pseudogap is
absent and S (E) is represented by the parabola [38]. f(E,T)
is the Fermi function at temperature 7" and / is a multiplica-
tive factor. While all the other parameters are varied during
the curve fitting, b’ and the position of the minimum of S (E)
are kept fixed at the band minimum and Er, respectively. The
band minimum (= 10.9 eV) is obtained from the total DOS of
Alj3Fes calculated by DFT in Fig. 5(a). In order to exam-
ine whether the near-E; spectrum shifts towards larger
BE due to recoil effect in the VB, the position of E is al-
lowed to vary. However, its converged position remains
essentially unchanged. If G(E) is also allowed to vary, the
broadening does not exceed the instrumental resolution.
These two observations indicate that the recoil effect of
the VB is not significant in Al ;Fe,. This is also supported
by the inset of Fig. 4(a) where the 6 and 8 keV near-Er
spectra almost coincide with each other. If recoil effect
is present, a detectable shift could be expected between 6
and 8 keV, as reported for Al metal Er [19, 64] and also
C 15 core-level spectrum of graphite [58]. Possible reason
for negligible recoil shift observed in the VB of Al;;Fe,
and whether it is visible in the core-level spectra are dis-
cussed latter in section III.C. We find that the quality of the
fitting in Fig. 4(c) is good, as shown by the residual (black
dashed curve). The existence of the pseudogap is established
by the shape of S(E) obtained from the fitting [green curve
in Fig. 4(c)] that shows a well formed minimum with the C,
value being 0.8.

In order to explain the shape of the VB and the origin of
the pseudogap, we have performed DFT calculations for the
mC102 structure of Alj3Fe4 [47, 48]. The unit cell consists
of 102 atoms with 78 Al atoms in 15 inequivalent sites and
24 Fe atoms in 5 inequivalent sites [Fig. S2 of SM [50]]. The
most intense peak in the total DOS of AlsFe4 is at 1.3 eV,
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with two lesser intensity peaks on its sides at 1.9 and 0.7 eV
[Fig. 5(a)]. The PDOS in Fig. 5(b) shows that the peaks at
1.3 and 0.7 eV arise primarily from Fe 3d states; however
both Al 3p and 3s have peaks at the same position, although
of lesser intensity. The peak at 1.9 eV arises from a peak in
the Al p PDOS, but shoulders of Fe d as well as Al s states
contribute. The appearance of peaks at a similar BE between
Al sp and Fe d states suggests the importance of sp-d hy-
bridization in Al;3Fes. A parabola represented by ax VE — b,
where a= 0.12 and b= 10.9 eV obtained by fitting is super-
imposed on the DOS as a dashed red curve. It shows that
from the band minimum at 10.9 eV to about 5 eV, the DOS
has a parabolic shape, and deviates beyond that due to the Fe
d states. However, in the unoccupied region above -1.5 eV,
the DOS continues to be nearly free electron like. It is in-
teresting to note that a suppression from the parabolic DOS
around E is clearly observed with the minimum at -0.15 eV.
This suppression is related to the pseudogap showing with a
decrease in DOS of about 30% with respect to the free elec-
tron parabola. However, the pseudogap seems to be less pro-
nounced compared to the experiment [Fig. 4(c)]. Also, n(Er)
(= 0.34 states/eV/atom) is quite large, which is primarily due
to Fe d states, as shown by np.3,(Er)= 0.2 states/eV/atom.
In contrast, the Al s states show a symmetric deep minimum
around Er with very small ng;3,(Er) (= 0.01 states/eV/atom).
The contribution of Fe 4s states is small near Er, but it also
shows a minimum with ng.4, almost zero.  Thus, it is the
PDOS of the s states that show a deep nearly symmetric pseu-
dogap around E, in contrast to the Fe d states. This indicates
a more covalent character of the Al s- Fe s bonding, and we
have seen earlier that covalent AI-TM bonds can create a deep
pseudogap or even a semiconducting gap [35].

Although the Fe d peak is most intense in the DOS, it is
not observed in the HAXPES VB in Fig. 4(a). We calculated

the VB in Fig. 6 and it shows excellent agreement with exper-
iment: the broad hump at 6 eV with similar FWHM and the
dip around 2.7 eV (double arrow), both entirely related to Al
s states, are evident in the calculated VB. Morever, the weak
hump at 0.6 eV (up arrow) related to Al s and Fe d states is
also observed. The Fe d peak is not observed because of its
lower photoemission cross-section (o-) compared to the Al s
states; for example, at 8 keV, o ge34/0 4135 1s 0.03, whereas for
21.2 eV [He I ultra-violet photoemission spectroscopy (UPS)]
it increases to 4.72 [53]. Similarly, 0 p.34/0 Fess 1S 0.026 at
8 keV, whereas it increases to 11.9 for UPS [53]. Thus, the
overall shape of the VB is so different from the DOS because
of the much larger cross-section of the s states in the hard
x-ray regime. The s states have larger cross-section because
of the increased oscillation in their radial wave function that
leads to a larger overlap with the strongly oscillatory pho-
toelectron wave function [57]. Thus, despite a much larger
PDOS, in the near-Er region largest contribution is from Al
s, followed by Fe d and Fe s. The contribution of Fe s states
is also enhanced substantially such that it is the second domi-
nant contribution in the 2 to 12 eV range. The predominance
of the s states in HAXPES explains the occurrence of promi-
nent pseudogap in Fig. 4(a), and there is no contradiction
with a less prominent pseudogap observed in total DOS in
Fig. 5(a). This also shows that due to the larger cross-section
of the Fe 3d states at low photon energies the pseudogap was
not observed (rather a prominent Fe 3d related peak around 1
eV was observed) in a previous UPS measurement [27]. A
prominent pseudogap in HAXPES would normally imply that
the resistivity would be larger than in normal metals, as ob-
served in quasicrystals [38]. However, Dolinsék and Smon-
tara [66] showed a metallic resistivity for Al;3Fe, with large
positive temperature coefficient, the resistivity varied between
2.5-14 uQcm [66] at 2 K depending on the crystallographic
direction. This metallic resistivity behavior of Alj3Fes could
be explained by its dependence on n(Er) that is large due to
the Fe d states.

C. Core-level spectra of 5-Al;Mg, and Al,;Fe,

Turning to the core-level spectra, the Al 2s signal of §-
AlsMg, and Alj3Fe, in Fig. 7(a) show multiple bulk plasmon
(nwp, n=1-3) loss peaks as in Al metal [67]. However, while
the first plasmon loss peak (1w, ) for Al appears at 15.4 €V, for
B-AlsMg, it is smaller (13.5 eV), whereas for AljsFey it is
larger (17.4 eV). Since the plasmon energy is proportional to
the square root of the free electron density n, (w7, = 4xn.e*/m),
the larger electron density in Al;3Fe4 due to additional d elec-
trons (Fe shell configuration being 3d®4s?) compared to Al
(3s?3p') increases its energy. On the other hand, Mg has one
electron less in the outer shell 3s> compared to Al resulting in
a lower electron density and plasmon energy in S-Al;Mg,.

The other interesting observation is that the relative inten-
sity and the FWHM of the bulk plasmons of S-Al3sMg, are
nearly similar to Al. For example, from the fitting, the relative
intensity of 1w, (2w,) with respect to the main peak for Al
metal is 0.64 (0.26), whereas for g-Al3Mg, it is 0.54 (0.23)
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FIG. 7. (a) Al 2s HAXPES core-level spectra showing the plasmon
loss region for 8-Al;Mg,, Alj;;Fes and Al metal taken with 6 keV.
The spectra are normalized to the same intensity at the main peak that
is aligned to zero in the energy loss scale. The least square fitting
(black curve) of the plasmon loss region of (b) S-Al;Mg, and (c)
Al3Fe,. The lw,, 2w, and 3w, plasmon peaks are shaded by cyan,
yellow and red colors, respectively. (d) The Al 2s main peak of 3-
Al3Mg, and Aly;Fe, along with the fitted solid and dashed curves,
respectively.

[Fig. 7(b)]. The FWHM of 1w, (2w,) for Al metal is 3.1 (4.2)
eV, whereas for 8-Al;Mg, it is 3.6 (5.5) eV. This shows that
the plasmons are of similar nature between Al and S-Al;Mg,,
indicating the nearly free electron nature of the latter. In con-
trast, for Al;3Fe4 the relative intensity decreases to 0.3 (0.1),
while the FWHM increases to 6.3 (12.1) eV for 1w, Qw,)
[Fig. 7(c)]. This can be related to the sp — d hybridization
process due to which the sp electron-related plasmon excita-
tion is damped by the d electron interband transitions [68—72].

A further interesting difference between S-AlzMg, and
AlysFey is the larger width of the Al 25 main peak in the lat-
ter [Fig. 7(d)]. From the fitting, we find the intrinsic lifetime
widths (y) of B-Al;Mg, to be 0.45 eV, similar to that of Al
metal (y= 0.42 [38]). On the other hand, for Al;3Fe4 7 is con-
siderably larger (0.52 eV). A larger width implies a decreas-
ing final state-life time in the latter, which could be associated
with Al sp- Fe d hybridization [38]. This is also facilitated
by relatively smaller Al-Fe distances, i.e., the nearest neigh-

7

bour distance being 2.345A [73, 74]. Thus, the changes in the
plasmon line shape as well as that of the Al 25 main peak in-
dicates the important role played by Al sp- Fe d hybridization
in A113FC4.

The recoil effect in the VB of 5-Al;Mg, shown in
Fig. 1(b) indicates that it might also be visible in the core-
level spectrum. So, in Fig. S4 [50], we compared the Al
2p HAXPES spectrum with that measured using a lower
photon energy (0.24 keV). The BE scales are calibrated
accurately (<10 meV) from the position of the Fermi edge
that was measured around the same time as the core-level
peaks. The 2ps;, and 2p;,, components are separately
visible in the better resolution 0.24 keV spectrum, show-
ing a spin-orbit splitting of 0.4 eV. A fitting of the 6 keV
spectrum using least square error minimization method
with two DS line shapes representing 2p;,, (blue curve)
and 2p,/; (red curve) is performed by fixing the spin-orbit
splitting at 0.4 eV, and the life-time broadening and DS
asymmetry parameter are kept equal for both the compo-
nents. A recoil shift of Ez~0.1 eV is obtained, as indicated
by the horizontal arrows in Fig. S4.

In Fig. S5, the Al 2s HAXPES (6 and 8 keV) core-level
spectra of Al|;Fe; are compared with the lower photon en-
ergy XPS spectrum taken with monochromatic AlK« ra-
diation (1.48 keV). The curve fitting is performed using a
single DS component for all the three spectra. The scat-
ter in the data is less and the quality of the fitting is good
such that it is possible to identify a small but finite E; of
~0.05 eV, as shown by a horizontal arrow in Fig. S5. Sub-
stantially reduced E; compared to S-Al;Mg, is possibly
related to the larger mass of Fe (55.8 u) compared to Mg
(24.3 u). Note that in Al ;Fe,, in comparison to a finite Ey
for the core-level, negligible recoil effect is observed in the
VB (discussed earlier in section II1.B). This shows that the
recoil effect in the VB that involves extended Bloch wave
functions is a complex phenomenon possibly related to the
detailed nature of the Bloch states and the phonon modes.
In this case, the strong hybridization of the Al sp and Fe d
states near £r might play an important role. This propo-
sition is supported by an earlier study where negligible re-
coil effect in VO, in contrast to LiV,0, was related to a
smaller V-O bond length in the former [61].

IV. CONCLUSIONS

We present a comparative study of the electronic struc-
tures of two Al-based complex metallic alloys 5-AlsMg, and
Alj3Fes. From the shape of the valence band in the near-Ep
region, we identify a shallow pseudogap in S-Al3Mg, from
HAXPES that is supported by our DFT calculations. The
stability of the complex structure of S-Al;Mg; is thus estab-
lished to be due to the Hume Rothery mechanism. From the
nearly parabolic shape of the DOS, a large n(Er) and the plas-
mon loss features (similar to Al metal), we conclude that §-
AlsMg, is a nearly free electron metal. A recoil effect in the
valence band (also in the core-level spectrum) is observed
for S-Al3Mg, that is of similar magnitude to that reported for



Al metal. The analysis of our data shows that Al sp- Fe d hy-
bridization plays an important role in the electronic structure
of AljsFes. A pronounced pseudogap is observed in HAX-
PES since the spectrum is dominated by the s states due to its
larger photoemission cross-section, in agreement with DFT.
However, the total DOS exhibits a shallow pseudogap with
large n(EF) due to Fe d states that is responsible for its metal-
lic behavior. The larger width of the Al core level main peak
and the plasmon loss peaks, as well as the suppression of the
latter compared to Al metal shows the importance of sp-d hy-
bridization in Al;3Fe4. Our work demonstrates the power of
HAXPES and DFT in investigating the intriguing electronic
structure of the complex metallic alloys and sheds light on
their stabilization mechanisms.
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