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a b s t r a c t

The structural, magnetic, and M€ossbauer spectral properties of the approximant Al76Ni9Fe15 to a deca-
gonal AleNieFe quasicrystal, complemented by ab-initio electronic structure and the hyperfine-
interaction parameters calculations, are reported. The approximant studied crystallizes in the mono-
clinic space group C2/m with the lattice parameters a ¼ 15.3898(3) Å, b ¼ 8.0840(2) Å, c ¼ 12.4169(2) Å,
and b ¼ 107.870(2)+. The existence of a pseudogap in the calculated electronic density of states slightly
above the Fermi level suggests electronic stabilization according to the Hume-Rothery-type mechanism.
High metallicity of Al76Ni9Fe15 is predicted. Both the M€ossbauer spectra and magnetic susceptibility data
indicate that Al76Ni9Fe15 is a paramagnet down to 2.0 K. The presence of the distribution of the electric
quadrupole splitting in the M€ossbauer spectra measured in the temperature range 4.5e296.1 K is
observed. The increase of the average quadrupole splitting with decreasing temperature is well described
by a T3/2 power-law relation. The Debye temperature of Al76Ni9Fe15 is found to be 431(3) K.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The most numerous class of quasicrystals (QCs) is that of
icosahedral QCs [1]. The second, less numerous class of axial QCs [2]
includes the decagonal QCs. The latter can be considered as being
quasiperiodic in two dimensions and periodic in the third one,
whereas the former have no periodicity along any direction.

The first observation of a metastable decagonal quasicrystalline
phase Al75Ni10Fe15 obtained by rapid solidification in the AleNieFe
alloy system was reported by Tsai, Inoue and Masumoto [3]. This
particular metastable decagonal phase was subsequently studied,
mainly from structural point of view, in several publications [4e6].
It was shown [6e12] that other metastable decagonal QCs in the
compositional range Al70e75Ni3e20Fe10e22 could also be rapidly
solidified. It was Lemmerz et al. [13] who discovered thermody-
namically stable decagonal QCs in a narrow compositional range
around Al71Ni24Fe5. Structural and some physical properties of
these high-quality decagonal AleNieFe QCs were studied in
Al71.5Ni23.1Fe5.4 [14], Al71Ni24Fe5 [10,15e18], Al71.6Ni23.7Fe4.7 [19],
single-grain Al70.1Ni23.1Fe5.7 [20,21], Al71.5Ni23.5Fe5 [22e24],
).
Al71.6Ni23.7Fe4.7 [25], Al73Ni22Fe5 [26], single-grain Al72Ni18Fe10
[27,28], and Al71.3Ni24Fe4.7 [29e32]. Very recently, the first natural
decagonal QC with composition Al71Ni24Fe5 has been discovered
[33].

Studies of crystalline compounds, called approximants, play an
important role in elucidating the local atomic structure of QCs and
their corresponding physical properties. An approximant to a QC is
a structurally complex crystalline compound, usually close in
composition to the QC, that contains the arrangements of atoms in
its large unit cell that closely approximate the local atomic struc-
tures in the QC [34e36]. Al13Fe4 has been identified [37] as an
approximant to the metastable decagonal AleFe QC. As the crystal
structure of Al76Ni9Fe15 studied here is the same as that of Al13Fe4
[14], this comppound can be regarded as an approximant to a
decagonal AleNieFe QC. Here we report the results of X-ray
diffraction, 57Fe M€ossbauer spectroscopy, and magnetic study of
Al76Ni9Fe15, complemented by first-principles electronic structure
and the hyperfine-interaction parameters calculations.
2. Experimental and theoretical methods

An ingot of nominal composition Al76Ni9Fe15 was prepared by
inductive melting constituent elements in a water-cooled copper
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crucible under an argon atmosphere [14]. It was then annealed at
1073 K for 550 h and then water quenched.

X-ray diffraction measurements were carried out at 298 K in
Bragg-Brentano geometry on a PANalytical X'Pert scanning
diffractometer using Cu Ka radiation in the 2q range 2e120+ in
steps of 0.02+. The Kb line was eliminated by using a Kevex PSi2
Peltier-cooled solid-state Si detector.

The dc magnetization was measured in the temperature range
from 2.0 to 350 K and in magnetic fields up to 90 kOe using the
vibrating sample magnetometer (VSM) option of the Quantum
Design physical property measurement system (PPMS). The dc
magnetic susceptibility was measured using PPMS in the magnetic
field of 10 kOe in the temperature range of 2e390 K.

The 57FeM€ossbauer measurements [38] were conducted using a
standardM€ossbauer spectrometer operating in the sinemode and a
57Co(Rh) source at room temperature. The spectrometer was cali-
brated with a 6.35-mm-thick a-Fe foil [39] and the spectra were
folded. The M€ossbauer absorber consisted of a mixture of
powdered Al76Ni9Fe15, and powdered boron nitride, which was
pressed into a pellet and put into a high-purity, 8-mm-thick Al disk
container to ensure a uniform temperature over the whole
absorber. The M€ossbauer absorber was put into a M€ossbauer
cryostat inwhich it was kept in a static exchange gas atmosphere at
a pressure of ~ 6 � 10�3 mbar.

Ab initio electronic structure and M€ossbauer hyperfine-
interaction parameter calculations have been performed within
the framework of density functional theory using the full-potential
linearized augmented-plane-wave plus local orbitals (FP-LAPWþ
lo) method as implemented in the WIEN2k package [40]. In this
method, one partitions the unit cell into two regions: a region of
non-overlapping muffin-tin (MT) spheres centered at the atomic
sites and an interstitial region. The wave functions in the MT re-
gions are a linear combination of atomic radial functions times
spherical harmonics, whereas in the interstitial regions they are
expanded in plane waves. The basis set inside each MT sphere is
split into a core and a valence subset. The core states are treated
within the spherical part of the potential only and are assumed to
have a spherically symmetric charge density in the MT spheres. The
valence wave functions in the interstitial region were expanded in
spherical harmonics up to l ¼ 4, whereas in the MT region they
were expanded to a maximum of l ¼ 12 harmonics. For the
exchange-correlation potential, the generalized gradient approxi-
mation (GGA) scheme of Perdew, Burke, and Ernzerhof [41] was
used. A separation energy of �8.5 Ry between the valence and core
states of individual atoms in the unit cell was chosen.

The values of 2.07, 1.20, and 1.03 a.u. were used as the MT radii
for Fe, Ni, and Al, respectively. The plane-wave cut-off parameter
was set to RMT � KMAX ¼ 6.5, where RMT is the smallest MT radius in
the unit cell and KMAX is the maximum K vector used in the plane-
wave expansion in the interstitial region. A total number of 432 k-
points was used within a 9 � 8 � 12 k-mesh in the irreducible
wedge of the first Brillouin zone. A convergence criterion for self-
consistent field calculations was chosen in such a way that the
difference in energy between two successive iterations did not
exceed 10�4 Ry. The experimental lattice parameters (a, b, c, and b)
and the atomic position parameters (vide infra) were used in the
calculations.

3. Results and discussion

3.1. Structural characterization

The studied compound Al76Ni9Fe15, similarly to the Al13Fe4
compound, crystallizes in themonoclinic space group C2/m (No.12)
[42]. Fig. 1 shows the crystal structure of Al76Ni9Fe15. The rods
connecting the Al, Ni, and Fe atoms (Fig. 1) describe the bonding
between them (vide infra).

The x-ray powder diffraction pattern of Al76Ni9Fe15 is shown in
Fig. 2. A Rietveld refinement [43] of the x-ray powder diffraction
data was carried out, yielding the lattice parameters
a ¼ 15.3898(3) Å, b ¼ 8.0840(2) Å, c ¼ 12.4169(3) Å, and
b ¼ 107.870(2)+, and the atomic positional parameters that are
listed in Table 1. The values of these lattice and atomic positional
parameters are rather close to the corresponding values for Al13Fe4
[42,44]. We note that the Bragg peak at 2qz39.3+ (Fig. 2) must
originate from a small amount of an unidentified second phase
present in the sample studied.

3.2. Ab-initio calculations

3.2.1. Electronic structure
Fig. 3 shows the total and atom-resolved density of states (DOS)

of Al76Ni9Fe15. The non-zero DOS across a wide range from �10 to
10 eV with respect to the Fermi energy (EF) is observed. No energy
gaps within or outside of the Fermi region exist. A significant
overlap between contributions to the DOS from Al and Fe over a
wide energy range points to a metallic bonding between these
atoms. This long-range and non-directional bonding is shown
schematically in Fig. 1 with rods connecting the atoms in a unit cell.
One can observe (Fig. 1) that every atom is connected to other
atoms (either of the same or different type) in its environment in all
directions and that this pattern is spread across the entire unit cell.
Each of the 78 Al atoms within the unit cell contributes three
electrons from the 3s and 3p orbitals to the system, giving rise to
the metallic bonding and allowing the wave functions of these
electrons to spread over large distances as compared to the atomic
separations. The presence of a relatively large number of conduc-
tion electrons in Al76Ni9Fe15 can explain good electrical and ther-
mal conductivity of this compound. Other mechanisms, such as
scattering of the free electrons by lattice vibrations at high tem-
peratures, also contribute to the conductivity.

The total DOS is highly peaked (Fig. 3) in the energy region
from �3.5 to �0.5 eV. It is dominated by the localized Fe d states,
with a much smaller contribution from the Ni d states. As the most
intense Ni states are peaked at lower energy than the corre-
sponding Fe states, both of these states can be clearly observed in
the total DOS. As mentioned earlier, a relatively high DOS above EF
originates mainly from the Al conduction electrons.

The remarkable feature of the calculated DOS (Fig. 3) is the ex-
istence of a deep minimum, or a pseudogap, centered at ~0.16 eV
above EF. This pseudogap is induced solely by the Fe states. The
existence of such a pseudogap close to EF is commonly interpreted
as an electronic stabilization in term of the Hume-Rothery mech-
anism [45]. Whereas the existence of a pseudogap in the vicinity of
EF is an intrinsic feature of icosahedral QCs and their approximants
[46e53], its presence was observed only in AleNieCo and AleFe
decagonal QCs and their approximants [54e58]. The presence of
the pseudogap in the Al76Ni9Fe15 approximant studied here sug-
gests that it should also exist in the AleNieFe decagonal QCs.

The calculated band structure of Al76Ni9Fe15 is shown in Fig. 4.
The existence of numerous, highly packed energy bands accounts
for a large number of accessible states, especially in the Fermi re-
gion. The high metallicity of Al76Ni9Fe15 can be inferred from the
fact that no energy band gap is seen across the Fermi level.

3.2.2. Charge density distribution
Fig. 5 shows the valence charge density distribution along two

planes parallel to the ab plane. The presence of the charge density
in the interatomic regions suggests a relatively good charge trans-
port in the compound studied. The primitive unit cell of Al76Ni9Fe15



Fig. 1. The unit cell of the Al76Ni9Fe15 compound.

Fig. 2. Powder x-ray diffraction pattern of Al76Ni9Fe15 at 298 K. The experimental data
are denoted by open circles, while the line through the circles represents the results of
the Rietveld refinement. The row of vertical bars shows the Bragg peak positions for
the C2/m space group. The lower solid line represents the difference curve between
experimental and calculated patterns. The symbol ▽ indicates the Bragg peak position
of an unidentified impurity phase.

Table 1
Atomic positions for the monoclinic Al76Ni9Fe15 (space group C2/m) obtained through R

Atom Site Point symmetry x

0.625Fe(1)þ0.375Ni(1) 4i m 0.08
0.625Fe(2)þ0.375Ni(2) 4i m 0.39
0.625Fe(3)þ0.375Ni(3) 4i m 0.08
0.625Fe(4)þ0.375Ni(4) 4i m 0.40
0.625Fe(5)þ0.375Ni(5) 8j 1 0.31
Al(1) 4i m 0.06
Al(2) 4i m 0.32
Al(3) 4i m 0.24
Al(4) 4i m 0.07
Al(5) 4i m 0.24
Al(6) 4i m 0.47
Al(7) 2d 2/m 1

2
Al(8) 4i m 0.29
Al(9) 4i m 0.09
Al(10) 8j 1 0.18
Al(11) 8j 1 0.36
Al(12) 8j 1 0.81
Al(13) 8j 1 0.48
Al(14) 8j 1 0.36
Al(15) 4g 2 0.0

Fig. 3. Total and atom-resolved density of states of Al76Ni9Fe15.
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contains 102 atoms confined in the volume of 1470.3 Å3. One can
ietveld analysis and calculated Vzz (in units of 1021 V/m2) and h.

y z Vzz h

25 0.0 0.3843 1.639 0.465
17 0.0 0.6306 3.803 0.531
97 0.0 0.9829 �0.148 0.781
19 0.0 0.9820 �0.065 0.366
72 0.2910 0.2762 �1.289 0.636
22 0.0 0.1795 1.714 0.789
70 0.0 0.2870 �0.752 0.192
19 0.0 0.5381 �3.724 0.408
21 0.0 0.5628 1.356 0.741
10 0.0 0.9600 �5.266 0.280
97 0.0 0.8320 �1.205 0.819

0.0 1
2 �0.794 0.273

71 0.0 0.7727 �0.389 0.394
35 0.0 0.7982 �3.009 0.337
28 0.2205 0.1088 �0.421 0.423
97 0.2081 0.1141 �1.536 0.272
35 0.7899 0.6605 �3.411 0.553
62 0.2245 0.3324 3.736 0.733
83 0.2009 0.4781 �1.123 0.576

0.2474 0.0 4.382 0.796



Fig. 4. Energy band structure of Al76Ni9Fe15.

Fig. 5. Electron charge density distribution (in units of e/Å3) along the z ¼ 0.726 plane
(a) and the z ¼ 0.5 plane (b).
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see from Fig. 1 that on average the atoms are evenly distributed in
the unit cell, with a slight preference of occupying the volume
between the z¼ 0.247 and z¼ 0.753 planes. Thus, on average every
atom occupies a volume of 14.4 Å3, that is, the average separation
between the atoms is about 2.43 Å. This relatively small distance
between the atoms in Al76Ni9Fe15 leads to a strong Coulomb
interaction between them, which results in the formation of re-
gions with high charge density. The hybridization between the Fe/
Ni and Al states can also be observed in Fig. 5 as high charge-
density regions, which supports the earlier comments made
based on the calculated DOS.

3.2.3. Hyperfine interaction parameters
Numerical analysis of M€ossbauer spectra of a paramagnetic

compound yields the two most important hyperfine-interaction
parameters: the quadrupole splitting (the separation between
two resonance lines in a 57Fe M€ossbauer quadrupole doublet)
D ¼ 1

2 eQ
����Vzz

����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h2=3

p
, where e is the proton charge, Q is the

electric quadrupole moment of the 57Fe nucleus (0.15 b) [59], Vzz is
the principal component of the electric field gradient (EFG) tensor,
and h is the asymmetry parameter, and the isomer shift, d0 [38]. If
the crystal structure of a compound studied is known, Vzz, h, and d0
can be also obtained from first-principles calculations [60]. The
calculated Vzz and h values are displayed in Table 1 and their
comparison with experiment will be discussed below.

The isomer shift d0 ¼ a[r(0)�rref(0)] results from the difference
in the total electron density at the M€ossbauer nucleus in the
compound studied, r(0), and in the reference compound, rref(0); a
is a calibration constant. In calculating r(0), relativistic spin-orbit
effects were invoked in order to account for the possibility of the
penetration of the p1/2 electrons into the 57Fe nuclei. An a-Fe (with
the bcc structure and the lattice constant of 2.8665 Å)was chosen as
a reference compound. The calculated value of rref(0) is 15309.918
a.u.�3. The calculated values of r(0) at the first five crystallographic
sites (Table 1) are 15308.901, 15309.231, 15309.092, 15308.996, and
15309.068 a.u.�3.

3.3. M€ossbauer spectroscopy

We measured first the room- and liquid-nitrogen temperature
57Fe M€ossbauer spectra of Al76Ni9Fe15 over a large velocity range
(Fig. 6) in order to identify a possible pattern originating from an
Fe-containing magnetic impurity phase. In addition to a quadru-
pole doublet of the main phase that results from a distribution of
quadrupole splittings (vide infra), no Zeeman pattern originating
from a possible magnetic impurity phase present in the studied
specimen can be discerned in the spectra (Fig. 6). In other words, if
the compound studied does contain Fe-based magnetic impurity
phase, its amount must be below the 57Fe M€ossbauer spectroscopy
detection limit.

In order to evaluate how reliable the calculations of D and d0 for
Al76Ni9Fe15 are, a theoretical 0.0 K M€ossbauer spectrum was
generated. The calculated values of Vzz and h at the first five crys-
tallographic sites (Table 1) lead to the following values of D: 0.265,
0.621, 0.025, 0.010, and 0.225 mm/s. Using the calibration constant
a ¼ �0.291 a.u.3(mm/s) [61], the calculated values of r(0) (vide
supra) lead to the following d0 values: 0.296, 0.200, 0.240, 0.268,
and 0.247mm/s. With these d0 and D values, a M€ossbauer spectrum
was generated and compared with the spectrum at 4.5 K [Fig. 7(a)].
One observes a significant disagreement between these two
spectra. In particular, the isomer shift of the theoretical spectrum is
much lower than that of the experimental spectrum. If one allows
only for the d0 values to be fitted, a reasonable agreement between
the two spectra is achieved [Fig. 7(b)]. The disagreement between
the calculated and measured D and d0 parameters is probably



Fig. 6. Room- and liquid-nitrogen temperature 57Fe M€ossbauer spectra of Al76Ni9Fe15
measured in a large velocity range fitted (blue solid line) with a distribution of
quadrupole splittings, as described in the text. The zero-velocity origin is relative to a-
Fe at room temperature (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

Fig. 7. (Color online) (a) 57Fe M€ossbauer spectrum of Al76Ni9Fe15 at 4.5 K and simu-
lated spectrum (blue solid line) resulting from the superposition of five quadrupole
doublets (with the calculated d0 and D values) due to the Fe atoms at the Fe(1) site
(pink solid line), Fe(2) site (black solid line), Fe(3) site (green solid line), Fe(4) site (dark
gray solid line), and Fe(5) site (red solid line) (b) The same as in (a) but with fitted d0
values (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
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related to the fact that the calculations were carried out for an or-
dered compound. However, the Fe and Ni atoms in the compound
studied are distributed randomly at the first five crystallographic
sites. This should lead to the distributions of d0 and D, rather than to
the single d0 and D values at these sites.

The M€ossbauer spectra of Al76Ni9Fe15 recorded at temperatures
between 4.5 and 296.1 K are shown in Fig. 8. They do not exhibit the
expected three-valley structure characteristic of the spectra of the
structurally similar Al13 Fe4 compound [62]. All the spectra are in
the form of a broadened quadrupole doublet which results from the
presence of a distribution P(D) of the quadrupole splitting D [63].
The M€ossbauer spectra in Fig. 8 were fitted with the Voight-based
quadrupole distribution method of Rancourt and Ping [64]. To ac-
count for a small asymmetry of the spectra, a linear coupling be-
tween the center shift, d, and D for the elementary Lorentzian
doublets was assumed [64,65]. The best fits of the M€ossbauer
spectra in Fig. 8 could be obtained with the distributions P(D)
shown in Fig. 9.

The average value of the quadrupole splitting, D, at a given
temperature was calculated from the P(D) distribution at that
temperature (Fig. 9) and is shown in Fig. 10. One can note a clear
increase of D with decreasing temperature. The temperature
dependence of D could be fitted well (Fig. 10) to the empirical
equation

DðTÞ ¼ Dð0Þ
�
1� BT3=2

�
; (1)

where Dð0Þ is the value of D at 0 K and B is a constant. Such a T3/2

temperature dependence has been observed in many crystalline
[62,66], quasicrystalline [67], and amorphous [68] compounds. This
seemingly universal T3/2 dependence is not well understood. Its
origin seems to be associated with a strong temperature depen-
dence of mean-square lattice displacements and, to a lesser extent,
with the temperature dependence of the lattice parameters [69].
The of values of Dð0Þ and B determined from the fit of the DðTÞ data
(Fig. 10) to Eq. (1) are, respectively, 0.379(3) mm/s and
1.24(3) � 10�5 K�3/2. The value of B found here is similar to the
values found for other compounds [62,66e68].

The absence of the magnetic dipole hyperfine interaction [38] in
the M€ossbauer spectra of Al76Ni9Fe15 (Fig. 8) proves that the com-
pound studied has no long-range magnetic order down to 4.5 K, i.e.,
that it is a paramagnet. The paramagnetic nature of Al76Ni9Fe15 will
be confirmed by the magnetic measurements (vide infra).

The temperature dependence of the average value of the center
shift d (relative to a-Fe at 298 K), determined from the fits of the
M€ossbauer spectra in Fig. 8, is shown in Fig. 11(a). The dðTÞ
dependence is given by

dðTÞ ¼ d0 þ dSODðTÞ; (2)

where d0 is the intrinsic isomer shift and dSOD(T) is the second-order
Doppler (SOD) shift which depends on lattice vibrations of the Fe
atoms [38]. In terms of the Debye approximation of the lattice vi-
brations, dSOD(T) is expressed in terms of the Debye temperature,
QD, as

dSODðTÞ ¼ �9
2
kBT
Mc

�
T
QD

�3 ZQD=T

0

x3dx
ex � 1

; (3)

where kB is the Boltzmann constant,M is themass of theM€ossbauer



Fig. 8. 57Fe M€ossbauer spectrum of Al76Ni9Fe15 at the indicated temperatures fitted (blue solid lines) with the quadrupole splitting distributions P(D) shown in Fig. 9. The zero-
velocity origin is relative to a-Fe at room temperature (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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nucleus, and c is the speed of light. By fitting the experimental data
dðTÞ [Fig. 11(a)] to Eq. (2), the quantities d0 andQDwere found to be,
respectively, 0.333(1) mm/s and 430(5) K.

There is another method of determining the Debye temperature
from M€ossbauer spectroscopy data. Fig. 11(b) displays the tem-
perature dependence of the absorption spectral area, A, derived
from the fits of the M€ossbauer spectra in Fig. 8. This area is pro-
portional to the absorber Debye-Waller factor fa, which is given in
the Debye theory [38] by
faðTÞ ¼ exp

8><
>:� 3

4
E2g

Mc2kBQD

2
641þ 4

�
T
QD

�2 ZQD=T

0

xdx
ex � 1

3
75
9>=
>;; (4)

where Eg is the energy of the M€ossbauer transition. The fit of the
A(T) data [Fig.11(b)] to Eq. (4) yieldsQD¼ 432(3) K. This value ofQD
is very close to the value of 430(5) K derived from the dðTÞ
dependence. The weighted average of the above two QD values
determined from the temperature dependence of two different
physical parameters is 431(3) K. This QD value is slightly higher



Fig. 9. (Color online) The quadrupole splitting distributions P(D) which fit best the 57 Fe M€ossbauer spectra in Fig. 8.
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than the value of 383(3) K of the structurally similar Al13Fe4 com-
pound [62].
3.4. Magnetic measurements

In spite of the fact that the M€ossbauer spectra in Figs. 6 and 8
show no presence of a possible magnetic impurity in the spec-
imen studied (at the level of ~ 1 wt%), the magnetic field depen-
dence of magnetization curves M(H) measured at selected
temperatures (Fig. 12) are typical for a ferromagnet. The M(H)
curves do not saturate in the highest field available of 90 kOe. It
must be concluded that the specimen studied does contain a
ferromagnetic impurity (at the ppm concentration level), probably
in the form of an iron-oxide phase at the sample's surfaces or
precipitated iron superparamagnetic clusters.

The temperature dependence of the magnetic susceptibility c of
Al76Ni9Fe15 measured in an applied magnetic field of 10 kOe is
shown in Fig. 13(a). It follows approximately (because of the pres-
ence of a tiny amount of ferromagnetic impurity) a 1/T-like
dependence. The c(T) data above 250 K [Fig. 13(a)] were fitted to a
modified Curie-Weiss law



Fig. 10. Temperature dependence of the average quadrupole splitting of Al76Ni9Fe15 .
The solid line is the fit to Eq. (1), as explained in the text.

Fig. 11. Temperature dependence of (a) the average center shifts d and (b) the ab-
sorption spectral area A. The solid lines are the fits to Eq. (2) in (a) and to Eq. (4) in (b),
as explained in the text.

Fig. 12. Hysteresis curves of Al76Ni9Fe15 at selected temperatures in the magnetic field
range �90 � þ90 kOe.

Fig. 13. (a) Temperature dependence of the magnetic susceptibility of Al76Ni9Fe15
measured in an external magnetic field of 10 kOe. The solid line is the fit to Eq. (5) in
the temperature range 250e390K, as explained in the text. (b) Temperature depen-
dence of the inverse magnetic susceptibility corrected for the contribution c0,
ðc� c0Þ�1. The solid line is the fit to Eq. (5).
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c ¼ c0 þ
C

T �Qp
; (5)

where c0 is the temperature-independent term that includes con-
tributions from Pauli and Van Vleck paramagnetism as well as core
and Landau diamagnetism, C is the Curie constant, and Qp is the
paramagnetic Curie temperature. The Curie constant can be
expressed as C ¼ Nm2

eff
3kB

, where N is the number of transition metal
(TM) atoms per formula unit, and meff is the effective magnetic
moment. The fit of the c(T) data to Eq. (5) gives
c0 ¼ �5.85(31) � 10�6 cm3/g, C ¼ 5.15(25) � 10�3 cm3 K/g, and
Qp ¼ �99(10) K. Fig. 13(b) shows the inverse magnetic suscepti-
bility corrected for the contribution c0 as ðc� c0Þ�1 versus tem-
perature; the validity of the modified Curie-Weiss law is
conformed. The value of C corresponds to meff ¼ 2.42(6) mB per TM
atom. The unusually small value of Qp indicates the antiferro-
magnetic interaction between the TM atoms.
4. Summary

The results of x-ray diffraction, 57 Fe M€ossbauer spectroscopy,
andmagnetic measurements, complemented by ab-initio electronic
structure and the hyperfine-interaction parameters calculations, of
the approximant Al76Ni9Fe15 to a decagonal AleNieFe quasicrystal
are presented. The compound studied is shown to crystallize in the
monoclinic space group C2/m with the lattice parameters
a ¼ 15.3898(3) Å, b ¼ 8.0840(2) Å, c ¼ 12.4169(2) Å, and
b ¼ 107.870(2)+. The calculated DOS reveals the existence of a
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pseudogap slightly above the Fermi energy, which points to a
possible contribution of the Hume-Rothery mechanism to the sta-
bilization of the structure. Good metallicity of Al76Ni9Fe15 is pre-
dicted. The M€ossbauer spectra measured in the temperature range
4.5e296.1 K reveal the presence of a distribution of the electric
quadrupole splitting. The decrease of the average quadrupole
splitting with temperature is well accounted for by a T3/2 pow-
erelaw relation. The compound studied is shown to be a para-
magnet down to 2.0 K. The Debye temperature of Al76Ni9Fe15 is
found to be 431(3) K.
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