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We report on experimental and calculated occupied and unoccupied electronic distributions of crystalline A12Cu and various Al-Cu-Fe alloys. The experiments have been carried out by means of soft-x-raytechniques. The densities of states have been calculated
spectroscopy and photoelectron-spectroscopy
or the augmented-plane-wave
using either the linear-muffin-tin-orbital
atomic-sphere-approximation
methods. The comparison between experiment and calculations is discussed. We pay special attention
to the effect of Fe in the various alloys and emphasize the role of Al atom neighbors. We propose that
changes in Al site occupancy that induce changes in Al p-d hybridization near the Fermi level could be
responsible for the modifications of the densities of states observed in quasicrystalline Al-Cu-Fe phases
with respect to the crystalline Al-Cu2Fe alloy.

I.

INTRODUCTION

Numerous investigations have been carried out since
the discovery of the fivefold rotational symmetry in rapidly quenched alloys, the so-called quasicrystals. Such investigations aim to ascertain the atomic and electronic
structure of quasicrystals.
Also, for comparison, emphasis is given to the study of crystalline alloys of related
nominal composition
Many systems involving the fivefold rotational symmetry are alloys of elements that have small differences in
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atomic radii and electronegativities. As a first approximation, these systems could be considered as HumeRothery-like alloys. ' This has been confirmed by x-ray
diffraction patterns, which show that Bragg planes of
spots with high intensities are near the Fermi surface.
The diffraction by such Bragg planes is well known to induce a pseudogap near the Fermi level (E~) Actually„a.
pseudogap at Ez has been seen in quasicrystals from exof occupied and unoccupied
perimental investigation
states distributions using soft x-ray and photoelectron
spectroscopies (respectively, SXS and XPS) as reported
14 035
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The results showed that in the vicinity of
elsewhere.
FF there are low densities of states (DOS) and that there
is a noticeable depletion of both occupied and unoccupied
Such a pseudogap near the E~ may be exAl states.
pected in crystalline phases of composition close to that
of the quasicrystals. Indeed, a not very pronounced pseudogap has been found by experimental and theoretical
means for crystalline A16Mn that is close to the A186Mn, 4
The important role played by hybridization
quasicrystal.
between sp and d states has also been pointed out:
theoretical studies have emphasized that the sp-d hybridization tends to increase the pseudogap and leads to a
splitting of the d bands. '
In this paper we present a comparison between the experimental electronic distributions of crystalline AlzCu,
A17CU2Fe, A15~Cu33Fe &2, and A146Cu36Fe z and calculated
partial occupied and unoccupied DOS's for A12Cu,
A17Cu2Fe, A168. 7sCu18. 75Fe12. 5 and A150Cu37 5Fe, 2 5. The
experiments have been carried out using the SXS and
XPS techniques. The electronic structures have been calculated in the framework of ab initio models using either
the linearized muffin-tin-orbital
(LMTO) method in the
atomic-sphere-approximation
(ASA), or the augmentedplane-wave (APW) method both within the local-density
approximation (LDA).
The paper is organized as follows: First, we summarize
the principles of the experimental techniques and give the
results that we have obtained. Second, we summarize the
methodology of the calculations and detail the results for
the total and partial DOS's of the various alloys. Finally,
we compare and discuss the experimental and theoretical
data. In this section, we also present a brief comparison
between crystalline A17Cu2Fe and a quasicrystalline alloy
of composition A163Cu35Fe, z.
&

II. EXPERIMENTS
A. Experimental procedure

The investigation of the electronic states distributions
carried out by means of soft-x-ray-emissionsoft-x-ray-absorptionand
(SXES)
spectroscopy
Indeed, SXES and
spectroscopy (SXAS) techniques.
SXAS are known to provide separately information on
occupied and unoccupied electronic distributions because
the x-ray transitions involve, respectively, an inner level
of the sample and either outest filled or first empty band
was
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states (occupied and unoccupied bands denoted, respectively, OB and UB). These transitions are partial because
they are governed by dipole selection rules and they are
also local since the inner level belongs to a specific atom
in the sample. Since the measured spectral intensities are
proportional to the result of the convolution of the partial OB or UB DOS's and the energy distribution of the
inner level involved in the x-ray transition, the shapes of
the experimental x-ray spectra are directly related to
those of the corresponding DOS's. However, the x-ray
transitions are also dependent on x-ray transition probabilities. We note that in the analyzed spectral ranges, usually these transition probabilities are taken to be constant
since they vary slowly as a function of energy. It is to be
mentioned that in the case of transitions involving the p
inner level, d and s states are concerned but transitions to
or from d-like states are favored with respect to transitions to or from s-like states.
In SXES experiments,
the electronic distribution
curves deduced from the spectra are normalized to their
maximum intensity. In SXAS measurements,
generally
the curves are normalized between ranges before and
after the absorption edges where the variation of intensity
is negligible. Thus, no absolute DOS values can be derived from the experiments; however, it is possible to
compare curves of a given spectral character in various
samples.
Using XPS we measured the binding energies of the
inner levels involved in the x-ray processes with respect
to the Fermi level by calibrating the energy scale for C 1s
at 285.0 eV. We couM not measure directly the binding
energy of the Al 1s level. To obtain this latter value, we
measured the binding energy of the Al 2p3/p level and
also the energy of the Al Ka line, i.e., the x-ray transition
1s. Finally, it was possible to locate the Fermi
2p3/2
level on the energy scale corresponding to each x-ray
transition. As a consequence, the various partial electronic distributions could be adjusted in a unique bindingenergy scale with the Fermi level as the origin. This kind
of adjustment allows us to describe separately OB and
UB and makes it possible to gain insight into the various
electronic interactions in the solid.
We have studied several alloys: crystalline A12Cu,
Al»Cu»Fe, 2, A146Cu36Fe», and A17Cu2Fe (denoted as tU
well
as
as
phase)
icosahedral
quasicrystalline
A163Cu25Fe&2. We indicate in Table I the diferent SXS
transitions, which we analyzed in order to investigate OB

TABLE I. Analyzed x-ray transitions, energy range, and energy resolutions.
SXS line

Transition

Al KP
Al L23

OB
2p+ —

1sc OB

2p3/2~OH
2p3/2~OB

Fe Ln
Cu La
Al K

Fe K
Cu K

Fe L
L

CU

—

1s ~UB
+UB
1s —
1s —
+UB

2p3/2

2p 3/p

~UB

—+UB

Valence
states

Conduction
states

Energy range
(eV)

Energy resolution
(eV)

3p
3$, 8

1545-65
60-75

3d-4s
3d-4s

700-10
920-35
1555-65
7100-15
8970-85
710-50
930-50

0.2
0.3
0.3
0.3
0.5
0.5
0.5
0.3
0.3

p
p
p
8-s
GLs
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and UB states; the corresponding spectral energy resolutions are also given in this Table I.
To investigate OB states, the measurements were performed in vacuum spectrometers fitted with bent crystals
or a grating and electronic detection. ' Due to the socalled "secondary excitation technique" or "fluorescence
technique" used for obtaining the valence Fe and Cu La
bands, no oxide contribution is expected for the corresponding Fe and Cu spectra. However, there is oxide
contribution in the occupied Al subbands, obtained by irradiating the samples with incoming electrons. Whereas
the Al 3p emission bands can be corrected exactly for this
extra emission due to oxide, this could not be achieved
for the Al 3s, d bands. Thus, an oxide contribution to the
spectra was estimated and removed from the raw data;
consequently, the shape of these curves is not exactly in
the energy range corresponding to the same emission in
A1203, i.e. , within EF+4 to EF+6 eV.
The UB states were analyzed at the synchrotron facility of LURE (Orsay, France). Cu and Fe p states were obtained at (DCI) in the photoabsorption
transmission
mode using a Si 331 channel-cut monochromator. The Al
p, Fe d, and Cu d states were probed at Super-(ACO).
The XPS measurements were performed with a Kratos
spectrometer fitted with a Mg anode used in such conditions that the fu11 width at half maximum intenstiy of the
Ag 3d»2 peak is 1 eV. The experimental estimated errors are +0. 1 eV for the Al 2p3/2 leve1 and +0. 3 to +0. 5
eV for the 2p3/2 level of the other elements.

B. Results
The shapes of the Fe 3d and Cu 3d distributions in the
alloys are not significantly affected with respect to the
pure metal. However, in the alloys, the full width at half
maximum (FWHM) of the curves is reduced by 0. 8+0. 1
eV for Fe and 0. 5+0. 1 eV for Cu. All the same, the maxima of the distributions are shifted towards EF in the case
of Fe by 0. 6+0. 1 eV and towards the center of the OB
for Cu by 1.0+0. 1 eV. On the contrary, the shapes of the
Al distributions are strongly modified in the alloys with
respect to the pure metal. The distributions in pure Al
are paraboliclike with a narrow peak near the Fermi 1evel
for the partial s, d distribution, ' this narrow peak is due to
both the presence of d-like states and to many-body
effects. '
On the contrary, in the alloys, the A1 subbands are noticeably structured.
Figure 1 displays the OB curves for A12Cu. The Cu 3d
OB states are located in the middle of the band, at about
EF +4 eV. Their interaction with the Al states makes the
Al s-d and p subbands split into two parts located on each
side of the Cu 3d distribution in agreement with previous
results;'
the corresponding maxima are at EF+1.0
and at EF+4. 95 eV for Al 3p states distributions and
EF+0.9 and at EF+5. 5 eV for Al 3s, d states distributions. The figure shows that the Al partial electronic distributions overlap on the whole valence band; consequently, Al subbands are totally hybridized.
For Al«Cu36Fe, 8, Al»Cu33Fe, 2, and A17Cu2Fe, the Al
sue&ands also are split into two parts and the Cu 3d
states lie in between them, in the rniddle of the OB, as

~
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FICi. 1. Valence band of A12Cu: frill line is Al 3p distribution, line with full circles is Al 3s, d distribution, line with stars
is Cu 3d distribution.
shown in Figs. 2 and 3. For these alloys, the Fe 3d OB
states are present in the vicinity of EF, the maximum of
the distribution being at about EF+ 1. 3 eV. The DOS's at
EF are slightly decreased with comparison to pure Al:
the Al 3p DOS at EF is 50% for pure Al, it is
only 40%%uo for AlzCu, and about 32%%uo for A146Cu~6Fe, s,
A155Cu33Fe, 2, and A17CuzFe. This decrease of intensity at
the Fermi level reveals the formation of a small pseudogap at EF in these alloys and, thus, provides evidence
that they are Hume-Rothery-like alloys.
Figure 4 displays A17Cu2Fe UB curves. The first conduction states are Fe s, d in interaction with Al p states,
beyond about 2 eV from the edges, all the Fe d-s and p,
Al p together with Cu d-s and p curves overlap revealing
that the corresponding states interact over the whole extent of the UB, which we have investigated. However,
while the A1, Fe, and Cu p states are completely mixed,
the interaction is not so strong in ranges where there are
7
4 eV and EF —
minima in the curves, i.e. , at about EF —
—
d-s
Fe d-s and Cu
7
for
both
eV
and
eV for Fe
states,
EF
d-s states. '

'

'

I
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5
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FIG. 2. Valence band of A17Cu2Fe: full line is Al 3p distribution, line with full circles is Al 3s, d distribution, line with triangles is Fe 3d distribution, line with stars is Cu 3d distribution.
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FIG. 3. Lower curves are the occupied band of Al»Cu33Fe]2,
full line is Al 3p distribution, line with full circles is Al 3s, d distribution, line with stars is Cu 3d distribution, + upper curves
are the occupied band of A14,-Cu36Fe„, line with open circles is
Al 3p distribution, line with triangles is Al 3s, d distribution.

III.

CALCULATIONS
A. Techniques

%'e have performed a self-consistent relativistic LMTO
calculation in the ASA (Refs. 18 and 19) for AlzCu and
A17Cu2Fe, respectively, in the body-centered-tetragonal
structure
and the primitive tetragonal structure. ' In
the framework of the atomic sphere approximation, the
spheres radii are chosen so that the total volume of the

spheres equals that of ihe unit cell.
the lattice parameters are a =6.04 A and
For AlzCu
0
c =4. 86 A with the space group D, s&4h-p4/mcm (C16).
In this AB2 structure, there are six atoms per unit cell, as
shown in Fig. 5(a), but a better visual representation
comes from the fact that the A atoms form parallel linear
chains throughout the system, each A chain being strung
out with squares of 8 atoms as shown in Fig. 5(b).
Squares are positioned halfway between the A atoms and
are rotated so that there is an angular alteration between
successive squares. The positions of the atoms in the unit
In the resulting arrangecell are shown in Table II.
ment, each aluminum has four copper neighbors at a distance of 2.S9 A and an aluminum atom at 2.70 A. On the
other hand, each copper atom has two copper neighbors
Cu-Cu=2. 43 A and eight aluminum atoms at 2. 59
with
0
A. In the LMTO calculation, the sphere radii are
R A, = 1.58 A and 8 c„=1.42 A. Thus, the ratio is
Rc„/R~& =0. 9. We include Al (3s, 3p, 3d), Cu (4s, 4p, 3d)
levels as occupied states. The self-consistent electronic
structure was derived from a grid of 180 irreducible k
points (i.e. , 1000 k points in the Brillouin zone) and the
eigenvalues were used to calculate the DOS with the
tetrahedron method.
For A17Cu2Fe0 the lattice parameters are a =6. 33 A
and c =14.81 A and the space group is P4/mnc.
There are 40 atoms in the unit cell (Fig. 6), their positions
correspond to five different WyckoQ' positions defined as
shown in Table III. Inspection of the nearest neighbors
allows us to note that (Tabl= IV) (i) the Fe(e) atoms have
the coordination 9 and are surrounded only by Al atoms
[four Al (3), four Al (2) and one Al (1)]; (ii) the Cu (h)
atoms have the coordination 11, they are surrounded by
three Cu, six Al (3) and two Al (1) atoms and there are no
Al (2) atoms in the nearest-neighbors shell; (iii) the mean
contact distances for Fe-A1, Cu-A1, and Al-Al are 2.477,
2.594, and 2.865 A, respectively. This may account for
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FIG. 4. Conduction band of Al7Cu2Fe:

full line is Fe d, s distribution, line with stars is Cu d, s distribution, line with full circles is Al p distribution, line with rectangles is Fe p distribution,
line with crosses is Cu p distribution.

FIG. 5. (a) AB& structure: the primitive cell contains six
atoms (squares): two consecutive 2 atoms and four B atoms at
an intermediate level. Projection perpendicular to the c axis:
atoms (full circles ) at c
.., —
c/4, c/4, 3c/4, B atoms (vertical
hatched circles) at c
. . , —c, O, c, . . . , B atoms (horizontal
hatched axis) at c
. ., —
c /2, c /2, 3c /2, . . . ideal c value:
a&2/3. (b) Chain of 2 atoms strung with squares of B atoms.
Alternate squares are rotted as shown in (a)
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TABLE II. Coordinates
AlzCu (u

=0. 160).

of the atoms in the unit cell of

TABLE III. Positions and coordinates
unit cell of A17Cu2Fe.

Site coordinaates

Atom

1

Cu
Al

Atom
Al [1]
Al [2]
Al [3]
Cu

Fe

the fact that, in this structure, the interaction between
Fe-Al and Cu-Al is stronger than that between Al-A1
atoms.
The sphere radii are R~] = 1 55 A, R c„=1.48 A, and
R„,=1.39 A. Thus, the radii ratios are Rc /R~&=0. 95
and R„,/R~&=0. 90. There is an overlap of 30% between neighboring spheres; this is reasonable in LMTO
calculations. ' '
Note that this choice corresponds to
the minimal excess numbers of electrons in each atomic
sphere and, thus, cannot be considered as a genuine
"charge transfer.
A scalar relativistic LMTO-ASA code with the cornbined corrections, which account for the finite number of
terms in the angular-momentum
expansions, has been
used. It includes terms with l ~ 2, which means that the
Al (3s, 3p, 3d), Cu (4s, 4p, 3d), and Fe (4s, 4p, 3d) levels are
used as OB states. Exchange and correlation were treated
within the local-density approximation using the formalism of von Barth and Hedin.
The self-consistent electronic structure was derived
from a grid of 60 irreducible k points (i.e., 384 k points in
the Brillouin zone) and the eigenvalues were used to calculate the DOS's with the tetrahedron method. The
iterating to self-consistency process was stopped when
the total energies of all the atoms changed by less than
10 mRy. We have carried out the ab initio calculation
in a spin-polarized mode and the results shows that the
magnetic effects on Fe are negligible in A17Cu2Fe; so, in
the following, we will refer to LMTO calculation in the
paramagnetic case.
~

"

4 (e)
8 (g)
16 (i)
8 (h)
4 (e)

Atom

Al [2]

FIG. 6. One-half of the

QA[

unit cell of A17Cu~Fe.

0. 134
0.250
0. 100
0.0
0.2992

structure.

Al [1]

~ Fe (-u

0.0
0.665
0.420
0.088
0.0

TABLE IV. Distances and number of first neighbors in
A17Cu&Fe. (1), (2), and {3) denote the difterent Al sites in this

Fe

kl

0.0
0. 165
0. 198
0.278
0.0

The APW method
was used to calculate energy bands
and density of states for model alloys with nominal cornposition near the composition of alloys measured as described above. These APW calculations were performed
self-consistently with scalar relativistic terms within the
muffin-tin approximation. The exchange and correlation
of electrons are treated within the local-density approximation according to the parametrization
of Hedin and
In order to model ternary alloys, we have
Lundqvist.
used two different supercells:
(1) an 8-atom supercell
with bcc symmetry and (2) a 16-atom supercell with simple cubic symmetry. The 8-atom supercell permits calculation for a model alloy with nominal composition
A14Cu3Fe, i.e. , A15OCu375Fe&25. The 16-atom ce11 has
slightly more flexibility to come c1ose to the experimental
compositions presented in this paper. We have performed calculations for the composition Al»Cu3Fe2, i.e.,
A168 75Cu&8 75Fe, 2 5. For all three elements, equal sphere
radii were used, scaled according to the lattice constant,
at the lattice site to form nonoverlapping spheres. The
lattice parameters determined
from total-energy calcula0
tions are 5.78 and 5.91 A for the 8-atom and 16-atom
cells, respectively. Lattice sites and atom type occupying
the sites for these model alloys are tabulated in Table V.

Neighbor
CU
CU

2

of the atoms in the

Wyckoff
notation

4

Al
Al
Al

14 039

Al [3]

Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
Al
AI
Al

[3]
[3]
[3]

[1]
[3]

Number

of atoms
2
1

2
2
2
2

4

[2]

[1]
[3]
[2]
[3]
[3]
[3]
[2]
[2]
[3]
[3]
[3]

1

4
4
2
2
2
1

4
1

2

Distance (A)

2.613
3.026
2.511
2.522
2.625
2.717
2.483
2.477
2.456
2.985
2.928
2.726
2. 888
3.259
2.957
3.346
2.706
2.799
2.974
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TABLE V. Coordinates of lattice for the 8-atom and 16-atom
and simple cubic symmesupercells with body-centered-cubic
try, respectively. The lattice sites for the 8-atom cell are in
parentheses. (Note that for the 8-atom cell, some of the sites of
the 16-atom cell are equivalent under a translation by a lattice
vector. These sites do not list the atom type in parentheses. )
Atom types are given for the compositions discussed in the text.
Site
Cube corner
Body center

Face center

Tetrahedral

Midpoint
of cube
edge

Coordinates

[0,0,0]

[0.5,0.5,0]
[0.5,0.5,0]
[0.5,0,0.5]
[0,0.5,0.5]
[0.25, 0.25,0.25]
[0.25, 0.25,0.75]
[0.25, 0.75,0.25]
[0.75,0.25, 0.25]
[0.75,0.75, 0.25]
[0.25, 0.75,0.75]
[0.75,0.25, 0.75]
[0.75,0.75,0.751
[0.5,0,0]
[0,0.5,0]
[0.0,0.5]

Atom type
16-atom [8-atom] supercell

Fe [Fe]
Fe
Al
Al
Al
Al

[Cu]
[Cu]
[Cu]
[Al]
Al

Al
Al
Al [A1]
Al [Al]
Al [Al]
Al
Cu
Cu
CU

Specifically, Table V gives the lattice sites for the 16-atom
cell explicitly, then for the 8-atom cell in parenthesis.
Since the 8-atom cell is of bcc symmetry some of the sites
of the 16 atom are equivalent under a propagation by a
lattice vector, only the inequivalent sites of the 8-atom
cell are listed in the Table.
The computational complexity of these APW calculations is proportional to the number of atoms in the unit
cell. To perform these calculations more efhciently we
have block diagonalized the secular equation using the
group symmetry of the cubic supercells. Iteration to
self-consistency was performed on a mesh of 14 k points
in the 1/48th of the Brillouin zone for the 8-atom supercell and 10 lt points in the 1/48th of the Brillouin zone
for the 16-atom supercell. These k-point meshes are
equivalent to 128 and 64 k points in the full Brillouin
zone, respectively. The number of k points required to
achieve accuracy on the order of 0. 1 mRy is small for supercell calculations, primarily due to folding of states
back into the zone. We have also used Broyden mixing
to reduce the number of cycles required to reach selfconsistency, specifically, we have used the second formulation of Broyden's method. '
The energy bands were interpolated to 969 points
within the irreducible wedge of the Brillouin zone
and
input to a calculation of the DOS according to the
tetrahedron
method. ' DOS was calculated at the
theoretical equilibrium lattice constant determined by
analyzing the total energy as a function of the lattice constant for each compound.
In order to make a more
meaningful comparison with the SXS experiments (see
the paragraph discussion), we have included plots of the
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DOS that have been broadened to account for the inner
level involved in the x-ray transitions and summed according to the spectral measurement. For the E spectra,
we have simply broadened they DOS. For the L spectra,
we have added the s DOS with two-fifths of the d DOS
and applied the broadening. The theoretical basis for this
procedure is found in the work of Goodings and Harris.
And as pointed out earlier, transition probabilities are
constant or nearly constant and not required to be included for meaningful comparison.

B. Results

l.

A/2Cu

Figure 7, top panel, displays the total A12Cu DOS obtained with the LMTO calculation. The Fermi level lies
close to a minimum of the DOS. The OB states show an
intense set of peaks of about 21 and 14 states/eV at about
4 eV from EF; both OB and UB states are low and faintly
structured around EF.
The partial Cu d OB DOS's curve given Fig. 7, second
panel from the top, consists principally of a set of intense
peaks centered at about 4 eV below EF. These Cu OB d
states, of about 18.4 states/eV, are the dominant states of
the total DOS's and extend over about 3 eV. We pointed
out that Cu p and s states do not significantly contribute
to the OB since their maxima are about 50 times less intense than the Cu d states. The Cu d UB states are of
very low intensity and seem to be almost constant (less
than 0.75 states/eV). The same is true for Cu s and p UB
states, which are not shown here.

15.00—

0.00
15 00

Tot

—Cu d

V

0.00
Al

0.75
V3
V3

0.00

0
1

10

Al

0.00

0.50—Al

d

0.00
I

12.00

8.00

4.00

0.00

-4.00

Binding Energy (eV)

FICx. 7. Calculated

total and partial densities of states of
total DOS and Cu d, Al s, Al p,

Al&Cu. From top to bottom:

and Al d distributions.
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We plot also in Fig. 7, in the three lower panels, respectively, the partial Al d, s, and p DOS's. In the QB,
densities of states are of about 0.75
the maximum
states/eV for Al d distribution, 0.89 states/eV for Al s,
and 1.47 states/eV for Al p states distributions.
Al s
states are present mainly in the range from 4 to 11 eV
below EF. They overlap p and d states in the energy
range around 4 eV below EF so they are slightly s-p-d hybridized. In the high binding region of the OB, beyond 8
eV below EF, the states are almost pure Al s. In all the
Al partial DOS's curves, there is a peak, denoted A in the
Al p curve, that shows the states are also s-p-d like in this
energy range near the Fermi level. At the energy of the
intense peak of the partial Cu d DOS curve, a set of peaks
is also present on the Al p and Al d DOS curves, they are
labeled as P and 5, respectively. In the UB energy range,
the curves corresponding to Al s, p, and d DOS overlap
and have little structure; thus, the conduction Al states
are totally s-p-d hybridized. Similarly, the Cu s, p, and d
UB states (the s and p are not shown here) overlap with
the Al states. As a consequence, Al states interact with
Cu states over the UB energy range.

2. A17cu2I'e
We present in Fig. 8, top panel, the total DOS curve
for A17Cu2Fe. Both the occupied and empty DOS's exhibit a somewhat spiky shape and the Fermi energy lies in a
minimum of the total DOS. Intense OB states of about
88 states/eV are present around 4 eV below EF, other intense peaks of 37 states/eV are located at +2 eV then the
intensity decreases near EF and it is about 11 states/eV at

Tota

37.00—
0.00

Cud

37.00
0.00
15.00 — Fe d
V

0.00

3.65—

9

0.00
7.35

—A

0.00
Al d

0.00

I

12.00

8.00

4.00

0.00

-4.00

Binding Energy (eV)

FIG. 8. Calculated total and partial densities of states of
A17Cu2Fe. From top to bottom: total DOS and Cu d, Fe d, Al
s, Al p, and Al d distributions.
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The partial DOS's are displayed in the same figure. The
Cu d OB DOS's curve exhibits an intense peak (66.2
states/eV) of about 2 eV wide, located approximately 4
eV below EF in the OB region. These Cu OB d states are
the dominant states of the total DOS's. Similar to A12Cu,
the Cu p and s states do not significantly contribute to the
OB since their maxima are, respectively, 2.2 and 0.9states/eV so they are not plotted here.
The Fe d OB DOS's curve consists of a set of narrow
intense peaks (22 states/eV) of about 2. 5 eV wide, located
approximately at 1.5 eV below EF. The s states spread
over 10 eV, their mean intensity value is 0.3 states/eV.
The p states, increase monotonically from 10 eV below
E~ to E~, the maxima, at 1.5 eV is 1.1 states/eV. These s
and p states are not shown on the figure since they do not
play a significant role in the OB.
The partial Al s, p, and d DOS curves correspond to
the sum of the contributions for all the difI'erent Al sites.
All these curves are quite spiky. In OB, Al s states concentrate mainly in the range between 4 to 11 eV below
EF, the mean intensity is 4.4 states/eV. The p and d
from the high binding
states increase monotonically
states to EF, their respective maxima are at +1.5 eV and
intensities are about 11 and 2.9
the corresponding
states/eV, respectively. In the range between EF and 4
eV below EF, all the Al states overlap so they are s-p-d
hybridized whereas the states in the high-binding-energy
region of the OB are almost pure Al s. The Al DOS's are
superposed to the Cu d DOS at about 4 eV below EF and
to the Fe d DOS at about 1.5 eV below EF. So, there is a
strong interaction between the Al s and Cu d states whose
result is to divide the Al s subband into two parts separated by a noticeable valley at 4 eV below EF. There is also
a strong interaction between Fe d and Al p and d states
near EF. Both Al p and d DQS's exhibit a rather prominent peak at the energy position of the maximum of the
Cu d DOS. We will discuss this point later.
In the UB energy range, the curves corresponding to
Al p, d, and s DOS's overlap. So, the conduction Al
states are s-p-d hybridized beyond 4 eV above EF, after
that they are more p-d hybridized (beyond about g eV
above E~). Similarly, the UB part of Cu and Fe d, p, and
s curves overlap the others in the range EF —8 eV so the
Al s-p-d hybridized states interact with Cu and Fe d
states over this energy range.
Finally, we would like to comment on the splitting of
the d band of Fe that is seen through the formation of a
pseudogap around EF. Usually, the splitting of d bands
is caused by crystal field, spin-orbit coupling, or covalency splitting as explained in Ref. 34 (and references cited
therein). In the case of Al&Cu2Fe, like for other systems
where the diff'raction of free electrons by Bragg planes is
strong near EF, the origin of this splitting is due to the
sp-d hybridization term of the Hamiltonian as shown in

Ref. 10.
3.

Aly0CQ37 5Eegg 5

Figure 9 shows the total DQS for A150Cu37 5Fe, 2 5, as
calculated by the APW method. The curves correspond
to the DOS for the theoretical equilibrium lattice con-
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FIG. 10. Calculated
FIG. 9. Calculated total

densities of states of
total DOS and Fe d, Cu

and partial

A1»Cu37 5Fe» 5. From top to bottom:
d, and total Al distributions.

stant, as determined from our total-energy calculation.
The Fermi level lies close to a secondary maximum in the
DOS, which has a value of 6.6 states/eV. The density of
states at E~, denoted N(E~), is 3.5 statesleV. In Fig. 9
(panels 2 and 3 from the top), we have plotted only the
d-character DOS for Fe and Cu to demonstrate that these
are the dominant contributors to the total DOS. The Fe d
DOS is split into two major features, one near EF mentioned in the discussion of EF and a second feature about
1.6 eV below EF. The feature located 1.6 eV below EF, is
the second most intense in the total DOS, with a peak of
18.3 states/eV. The Cu d feature is the most intense in
the total DOS and has a maximum of 63.75 states/eV. It
is centered at about 4 eV below EF. The Cu d feature extends over a 3-eV range. The UB states are mixed s-p-d
that is, the UB states are not dominated by the d states of
Fe and Cu. The Cu UB states are Oat and their intensity
is low. For Fe UB states, the intensity is low except near
EF. The bottom panel of Fig. 9 shows the total Al DOS;
the intensity is very low as compared to the total DOS.
The reader should note that in the APW calculations, the
partial DOS are projected within the muf5n-tin spheres;
therefore, the sum of all partial DOS at a given energy is
significantly smaller than the total DOS.
In Fig. 10, the Al partial DOS is shown: the s character in the top panel, the p character in the middle panel,
and the d character in the bottom panel. The peaks associated with the Al p character are the most intense, the s
character peaks are the next most intense, and the d character peaks are the least intense. In agreement with the
previous DOS presented in this paper, the Al s states
dominate in the high-binding-energy
part of the OB, be-

0.24

0.00

- 0.24

-0.48

0.0

ENERGY (Ry)

partial

densities of states of Al in
Al s, Al p, and Al d dis-

Als()Cu375Fe&z 5. From top to bottom:

tributions.

tween 4 and 11 eV below EF. The intensity of the s states
becomes faint in the energy range near 4 eV, while the
partial p and d distributions become intense due to interaction with the Cu 3d levels. Note that in each panel
there are narrow peaks around 2 eV below EF, the position of these peaks corresponds to the positions of intense
The Al states are s-p-d
peaks in the Fe d distribution.
like in this energy range and are interacting with the Fe d
states. This interaction, as well as the Cu 3d —Al 3p-d interaction, will be discussed in the next section.

4. Al68

75CQ 18. 75+~12. 5

The last example is plotted in Fig. 11, which displays
DOS of
relevant
partial
total DOS and
the
A16875Cu)875Fe&z 5. These curves are calculated at the
theoretical equilibrium lattice constant. EF falls near a
secondary maximum as in A150Cu375Fe&2, . N(EF) is
5.88 states eV, a relative minimum. The Fe d DOS, as
compared to A15oCu37 5Fe&2 5, is not split widely; however, a two-peak feature remains. The intensity of the two
peaks is very nearly equal, 9.62 states/eV. Furthermore,
the gross property of the Fe d DOS can be described as
less structured than in the case of A150Cu37 5Fe12. 5, apparently due to the change in atomic species at the
sites for the Fe positioned at the
second-nearest-neighbor
cube center. For A150Cu37 5Fe&2 5, the second neighbor of
Fe is Cu, but it is Al in the current case. The Cu d DOS
remains fixed in position and intensity with respect to the
A15OCU37 5Fe, 2 5 results, the maximum has 68.2 states/eV.
Above EF, the Cu-d DOS is very Aat and the intensity is
very low. The Fe-d DOS above EF shows a single feature
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FIG. 11. Calculated

A168 75Cu, 8

of low intensity, 3.53 states/eV, positioned

1.5 eV from

E .
In Fig. 12, the Al partial DOS for A168 75Cu&8 75Fe&2 5
are plotted in the same manner as Fig. 10. The DOS associated with Al s (top panel) is the second most intense,
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the DOS associated with Al p (middle panel) is the most
intense, and the Al d DOS (bottom panel) is the least intense. Note that the Al d DOS shown in Fig. 12 appears
to be similar to the Al d DOS calculated for A17CuzFe
(Fig. 8), monotonically increasing from the high-bindingenergy region toward EF. The only deviation from this
characterization of the curve is a feature about 4 eV from
EF caused by the interaction with the Cu 3d states. There
is a similar shape in the Al d DOS calculated for
A17Cu2Fe. There is little similarity between the Al partial
DOS for A168 75CU]8 75Fe&2 5 and for A15QCu37 5Fe&2 5.
The dominant s character feature has reduced width and
a shifted center with respect to the A15QCU37 5Fe&2 5 result. For A168 75Cu]8 75Fe&2 5, the dominant s-character
feature has its maximum 7.4 eV below EF, in the center
of the feature, and extends 2 eV in each direction from
the center. There are two smaller, prominent peaks of s
character: Both have similar intensity. The position of
these two peaks is 2 eV from EF and at EF, indicating interaction with Fe d states for both features. For the pcharacter Al DOS, the maximum has position indicative
of mixing with the Cu d states. Between EF and 6 eV
below EF, the Al p DOS is relatively unstructured and
the existing structures have similar intensity. This is a noticeable di6'erence from the A15QCu375Fe, 25 case where
the interaction with Fe d states leads to a peaked feature
about 1.6 eV from EF. We attribute the above difFerences
between the A15QCu37 5FeI2 5 and A168 75CU]8 75Fe&2 5
spectra to the fact that for the former, the secondnearest-neighbor of Fe is Cu; whereas for the latter, Fe
has Al as a second-nearest neighbor.

IV. DISCUSSION
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distributions.

Let us recall that the experimental curves reflect the
product ~lMl JV(E)*X(E) where M is the matrix element
of the x-ray transition probability, JV(E) is the partial
DOS, and X(E) a Lorentzian function whose FWHM intensity is the energy width of the inner level involved in
the x-ray transition. We have already mentioned that the
transition probabilities are nearly constant in the investigated energy range. So, to compare the theoretical reones, we have simulated
sults with the experimental
theoretical x-ray spectra as follows: we have broadened
each partial calculated DOS by a convenient X(E) function and, to account for the instrumental functions of our
apparatus, we have smoothed the result by suitable
Gaussian (G) functions. The widths of the X(E) and G
functions are given in Table VI taken from Ref. 35.
For the Cu 31 and Fe 3d distributions in all the alloys,
the agreement is good between experiment and the calculated x-ray curves. As an example, this is shown in Fig.
13 for Fe 3d states distribution in A17Cu2Fe.
Figure 14 displays two sets of curves for AlzCu. Almost all the features existing in the calculated curves are
seen on the experimental ones; however, some discrepancies are observed. For Al 3p distribution, the calculated
and the experimental edges are not superposed (upper
curves); the most striking discrepancy arises from the fact
that the calculated Al 3p and Al 3d distributions exhibit
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perimental curves (Fig. 17). For the I- spectra, a similar
situation exists between theoretical and experimental
curves. In this case, however, there is some question
about oxide contribution to the experimental results in an
energy range centered about 5 eV from EF. %'hen the experimental spectra are compared with the calculated
spectra for A168 75Cu]8 75Fe $2 5 the I- spectrum shows improved agreement with respect to the relative intensity of
the peaks, but shows a shift in the position of the peak
nearer to EF and of the minimum between the two peaks
of the curves [Fig. 18(a)]. The K spectrum calculated for
A168 75CU18 75Fe&2 5 is significantly different from the experimental spectrum and the spectrum calculated for
A150Cu37 5Fe, 2 5. For A16& 75Cu&8 75Fe, 2 5, the calculated
IC spectrum shows only one distinct structured peak [Fig.
18(b)]. These discrepancies emphasize the sensitivity of
Al to its neighbors.
Let us now compare the Al 3p distributions in crystalline A17Cu2Fe and in quasicrystalline A163Cu25Fe, z. Figure 19 displays the experimental curve for the quasicrys-

tal and calculated Al 3p curves for each Al site in
A17Cu2Fe. The experimental curve exhibits a rounded
shape beyond the edge. Accounting for this bending of
the experimental curve and for the width of the principal
peak near its maximum intensity, it seems that the calculated curve for site Al (2) is the one that could be comHowever, it is necessary to
pared to the experiment.
the
that in the quasicrystal,
make the assumption
strength of the interaction between the Al p-d hybridized
states and the Fe 3d states near EF is very different than
in the crystalline
alloy. Indeed, when going from
A17CuzFe to the quasicrystalline phase, we observe an important depletion of the Al states that are present near
the Fermi level: the effect of which is to shift the Al 3p
occupied band edge towards the center of the OB, giving
rise to a notable pseudogap at EF. So we suggest that in
the Al-Cu-Fe quasicrystals, the Al-Fe interaction is noticeably stronger than in A17Cu2Fe and that Al is located
in sites analogous to site Al (2) in the co phase; in these
sites, Al has Fe but no Cu atoms as close neighbors.
V. CONCLUSION

The experimental techniques used in this study allowed
partial densities of states associated to s
and d or p orbitals; thus, they are particularly well adapted to the study of systems where hybridization and interaction between p and d bands is important. Indeed,
for A17Cu2Fe, we find that interaction between p-d states
of Al and d states of the transition elements is important
especially near the Fermi energy. Such an interaction
in the case of
seems to be even more pronounced
us to measure
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