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The AI-Pd-Mn system of intermetallics contains complex metallic alloy (CMA) phases, whose crystal
structures are based on giant unit cells comprising up to more than a thousand atoms per cell. We performed
investigation of the magnetic, electrical, and thermal transport and thermoelectric properties of the & phase
and the related W phase on single-crystalline samples grown by the Bridgman technique. The samples are
diamagnets with a tiny paramagnetic Curie-like magnetization and an estimated fraction of magnetic Mn atoms
about 100 ppm. The electrical resistivity between 300 and 4 K exhibits a temperature variation of less than 2%.
The origin of this temperature-compensated resistivity is analyzed in terms of the spectral conductivity model.
The thermal conductivity of the samples is small and can be described by the sum of the electronic and lattice
contributions, which are of comparable size at room temperature. The lattice contribution can be reproduced by
the sum of the Debye term (long-wavelength phonons) and the term due to hopping of localized vibrations. The
thermoelectric power is small and negative, compatible with a low concentration of electrons as the majority
charge carriers. The studied physical properties of the giant-unit-cell CMA phases in the Al-Pd-Mn system are
in many respects intermediate between those of metals or simple intermetallics and quasicrystals, suggesting
that both the polytetrahedral local atomic order and the large-scale periodicity influence the physical properties

of the material.
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I. INTRODUCTION

“complex metallic alloys”> (CMAs) denotes
phases whose giant unit cells with lattice pa-
several nanometers contain from many tens
than a thousand atoms. Examples of CMAs
with 1152 atoms/unit cell,>* the
“Bergman  phase”  Mgs,(Al,Zn), (162 atoms/u.c.),’
B-AlsMg, (1168 atoms/u.c.),%’ N-AlMn (586 atoms/
u.c.),® c,-AlygFe,Pd,; (248 atoms/u.c.),” and the heavy-
fermion compound YbCu,s, comprising as many as 7448
atoms in the supercell.'® These giant unit cells contrast with
elementary metals and simple intermetallics whose unit cells
in general comprise from single up to a few tens of atoms
only. Inside the giant unit cells the atoms are arranged in
clusters with polytetrahedral local atomic order of icosahe-
dral or decagonal symmetry as typically found in quasicrys-
tals (QCs).

The icosahedral local order, which is incompatible with
translational periodicity of a crystalline lattice, is slightly dis-
torted in periodic structures, but remains close to that of
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QCs. A multitude of different coordination polyhedra leads
to a large number of different atomic environments, where
icosahedrally coordinated environments play the prominent
role. For example, there is a large group of CMA materials
whose structures are based on the 55-atom Mackay icosahe-
dron, another group is based on the 105-atom icosahedral
Bergman cluster.> Consequently, in CMAs there exist two
substantially different physical length scales—one defined by
the cluster substructure and the other by the unit-cell
parameters—so that interesting physical properties may ap-
pear from the competition between these different length
scales.

A particular property of CMA structures is the possibility
of additional disorder in the giant unit cells apart from that
due to atomic substitution, interstitials or creation of vacan-
cies, which are also present in simple intermetallics. In
CMAs there exist also (i) split occupation, where two sites
are alternatively occupied because they are too close in space
to be occupied simultaneously and (ii) configurational disor-
der resulting from statistically varying orientations of a par-
ticular subcluster inside a given cage of the atoms.
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The structures of the giant-unit-cell CMA compounds can
be described with reference to a six-dimensional hypercubic
lattice in the framework of the cut-and-projection formalism
originally developed to describe QCs.!" The only difference
is that a suitable rational cut is employed rather than the
irrational one used for the QC lattice. For that reason the
giant-unit-cell intermetallics are frequently referred to in the
literature as rational approximants to QCs.

Although determining the structure of giant-unit-cell in-
termetallics has attracted the attention of crystallographers
for a very long time (the pioneering work® on NaCd, dates
back to 1923), studies of their physical properties remain
scarce. The intense research on QCs in the past two
decades—mostly ternary and quaternary intermetallic
phases—has also brought about dramatic technical advances
in single-crystal growth procedures for other intermetallic
compounds.'? Procedures were developed for the treatment
of complex alloys containing incongruent phases and “incon-
venient” elements, possessing, e.g., high vapor pressure.
Consequently, fairly high-quality single-crystalline samples
of several CMAs are now available. The clustering feature of
CMA structures together with the above-mentioned compet-
ing physical length scales may have a significant impact on
the physical properties of the material, such as the electronic
structure and the lattice dynamics. On this basis, giant-unit-
cell materials can exhibit transport properties, like a combi-
nation of metallic electrical conductivity with low thermal
conductivity, and electrical and thermal resistances that are
tunable by varying the composition. The cluster structure is
also at the origin of an enhanced hydrogen-storage
capacity,'® thus pointing to a potential for energy-storage ap-
plications.

Among the CMA materials, an interesting family of re-
lated structures was revealed in the Al-Pd alloys system!#!>
and its ternaries with transition metals (Mn, Fe, Co, Rh).!10-20
CMA phases were observed in specific compositional ranges
and, depending on composition, exhibit a row of orthorhom-
bic structures and those aperiodic in one dimension.?’ The
simplest regular structure discovered first in the Al-Pd-Mn
(Refs. 16 and 17) system, designated as &', contains 320
atoms in its unit cell. Some physical properties of single-
crystalline samples of this compound grown by the self-flux
technique were already reported.”! Recently we succeeded to
grow centimeter-size single crystals of the & phase and the
related W phase (containing about 1500 atoms in the unit
cell) with the composition Al;4Pd,,Mn, using the Bridgman
technique.'> Here we present a study of their magnetic, elec-
trical, and thermal transport and thermoelectric properties.
As we shall demonstrate, the studied material exhibits some
peculiar features, like a temperature-compensated electrical
resistivity between 300 and 4 K. These findings are com-
pared to the properties of the Al-Pd-Mn icosahedral phase
stable at the neighboring compositions, typically about
Al’]oszzMﬂg.

II. STRUCTURAL CONSIDERATIONS

Traditionally, the Al-Pd-Mn ¢’ structure is described in
terms of an orthorhombic unit cell (space group Pnma) with
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the lattice parameters'®!” a=2.354 nm, b=1.656 nm, and ¢
=1.234 nm. More recent transmission electron microscopy
(TEM) investigations revealed other structures closely re-
lated to this and frequently forming in the same Al-Pd-Mn
samples,'”!? resulting in structural inhomogeneity of the
samples. Those and other structures were described in detail
in Al-Pd,'*!15 Al-Pd-Co,' and Al-Pd-Fe (Refs. 18 and 20)
alloy systems. In several earlier investigations the fact of
structural inhomogeneity was not considered and the label &'
was generalized to represent a family of structures compris-
ing the &' phase and a set of related structures. A brief de-
scription of these phases, based on previous work,'>? is
given below. Due to historical reasons, different nomencla-
tures are used for the same structures observed in different
alloy systems. In Al-Pd-Fe,?° four stable orthorhombic struc-
tures labeled g¢ (corresponding to &'), €14, €29, and e,5 (cor-
responding to W) are described. According to this nomencla-
ture, the index of & is the number [ of the strong (00/)
diffraction reflection corresponding to the interplanar spacing
of about 0.2 nm. The lattice parameters ¢=~2.35 nm and b
~1.66 nm are common to all & phases and only slightly
depend on composition, while the ¢ parameters are =~1.23,
3.24, 449, and 5.70 nm, i.e., approximately of the ratio
1:(1+7):(2+7):(3+7), where 7 is the golden mean. Apart
from these periodic structures, also structures with the same
a and b parameters, but aperiodic in the ¢ direction are re-
vealed at intermediate compositions. These aperiodic phases
are also concluded to be stable and their formation due to
specific substitution mechanism allows the structural conti-
nuity inside the wide compositional region. Qualitatively
similar picture was observed in all studied alloy systems of
Al with Pd and a third transition metal. In the following we
will refer to these structures as to the variants of the & family
and use the labels & for the ¢~ 1.23 nm phase (320 atoms in
the unit cell) and ¥ for the ¢=5.70 nm phase (about 1500
atoms in the unit cell). These two phases also correspond to
the sample materials studied in this work.

The structures of the & phases consist of atomic clusters of
the distorted Mackay-type icosahedra. In &' (=gg4), the cluster
centers are located at the vertices of flattened hexagons'®?2
[Figs. 1(a) and 1(b)]. The planes of alternatively arranged
flattened hexagons are oriented perpendicular to the [0 1 0]
direction.'® These planes form a stacked-layer structure with
three different flat and one puckered layer, each of them
exhibiting local pentagonal or decagonal symmetry. The
structure variants with larger ¢ parameter are based on a
characteristic type of line defect!” called a “phason line”
[Fig. 1(c)], having an extension along the [0 1 0] direction.
The defect consists of local rearrangements or “flips” of clus-
ters, where several flattened hexagons merge into a banana-
shaped polygon and an attached pentagon. These flips can be
regular or irregular. The defects are mobile along the [0 0 1]
direction. If a high density of phason lines is present in the
structure, they tend to arrange closely neighbored along the
[1 0 0] direction, forming so-called phason planes.?>** The
variants of the & family can be understood in terms of peri-
odic arrangement of these phason planes. If a high density of
phason planes is present in the structure, they tend to stack
periodically along the [0 0 1] direction. Different densities of
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FIG. 1. (a) Schematic representation of the ¢ Al-Pd-Mn struc-
ture [the so-called I-layer (Ref. 22) is shown] with tenfold units
indicating Mackay icosahedra. The complete structure of one of the
icosahedra (projected on the plane) is shown below the rectangle
that marks the projected unit cell. The flattened hexagonal tiles are
obtained by connecting the centers of Mackay icosahedra. (b)
Scheme of the ideal & structure (c=1.23 nm), (¢) a phason-line
defect, (d) the ¥ structure (c=5.7 nm), and (e) a structure (Ref. 12)
with ¢=8.17 nm. The respective unit cells are shown also.

phason planes lead to different stacking distances [Figs. 1(d)
and 1(e)] and, hence, to different c-lattice parameters.

III. SAMPLE PREPARATION

The sample material was grown by the Bridgman tech-
nique, for details see Ref. 12. Three samples were investi-
gated under nominally the same experimental conditions.
The samples were selected on the basis of previous TEM
examinations. Two samples were cut from the same ingot
and consisted of the major & phase (referred to as the
samples ¢'-AlPdMn-1 and ¢£’-AlPdMn-2), whereas the third
sample, of the major V¥ phase (referred to as W-AlPdMn),
was from another batch. The samples were shaped in the
form of rectangular prisms with the long axis along the [0 1
0] direction. Their dimensions were 1.8X1.6X5 mm?
(£'-AlPdMn-1), 1.8X1.6X4.2 mm? (&-AlPdMn-2), and
1X1.2X2.6 mm®> (V-AIPdMn). In order to determine the
chemical composition of the samples and to check for the
presence of secondary phases, scanning electron microscope
(SEM) investigations were made with a JEOL JSM 5800
microscope. The samples were polished using conventional
metallographic techniques, with the final stage involving the
use of a 1/4 um diamond paste to produce a scratch-free
surface finish. For all three samples the backscattered elec-
tron (BSE) images showed featureless, homogeneous gray

PHYSICAL REVIEW B 72, 064208 (2005)

—

%278 108vm WD37

3818 28KV

distance {mm)

FIG. 2. (a) BSE image of the -AIPdMn-1 sample, demonstrating
single-phase material with no inclusion of secondary phases. (b)
Compositional heterogeneity test of the -AlPdMn-2 sample by per-
forming a line-profile analysis of the concentration of each constitu-
ent element along the long dimension of the sample.

patterns [Fig. 2(a)], confirming that the samples are single-
phase crystals with no inclusion of secondary phases. The
chemical composition of the samples was determined using
energy-dispersive x-ray spectroscopy (EDXS) with a focused
beam. Each sample was measured at three random points on
the surface. The average compositions of the samples were
determined to be Al;3Pdy, oMny; for the &'-AlPdMn-1,
A172_7Pd23.2Mn4_1 for the gl -AlPdMn-Z, and A172.9Pd22'9Mn4.2
for the W-AIPdMn with the uncertainty for the concentration
of each element +0.5. In order to check for the possible
compositional heterogeneity, we performed a line-profile
analysis along the long dimension of the samples. A compo-
sitional profile of the &'-AIPdMn-2 sample, to be considered
as representative of all three samples, is displayed in Fig.
2(b). No variation of the concentrations of any of the three
constituent elements (Al, Pd, and Mn) was observed over the
total length of the crystal, confirming its high compositional
homogeneity. The SEM results thus show that the samples
are single-phase homogeneous materials, free of grain
boundaries and secondary phases.

IV. MAGNETIC MEASUREMENTS

The magnetization as a function of the magnetic field,
M(H), and the temperature-dependent magnetic susceptibil-
ity, x(T), were measured with a Quantum Design supercon-
ducting quantum interference device (SQUID) magnetome-
ter, equipped with a 5 T magnet. The susceptibility y was
investigated in the temperature interval between 300 and 2 K
in a magnetic field H=5 kOe applied along [010] direction
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FIG. 3. (a) Temperature-dependent magnetic susceptibility y in
a field H=5 kOe (solid lines are fits described in the text) and (b)
magnetization M as a function of the magnetic field H at T=5 K
(the slight nonlinearity in the vicinity of H=0 is due to a thin
ferromagnetic surface oxide layer). The dashed lines are a guide for
the eye and f.u. denotes “formula unit.”

[Fig. 3(a)]. In this field the M(H) dependence is linear [Fig.
3(b)], so we analyze y=M/H in the following. The x(T)
values of all three samples are negative for the whole of the
investigated temperature interval, indicating a dominant dia-
magnetic contribution. In addition, small paramagnetic
Curie-like growth of the magnetization upon cooling is ob-
served. The y(7) data were analyzed by the sum of a Curie
term and a temperature-independent term Y,

< 1)

=— 4+ ,

X=72 9 X0
and the fits are shown as solid lines in Fig. 3(a). The values
of the parameters C (the Curie constant), 6 (the Curie-Weiss
temperature), and x, are summarized in Table 1. For an elec-
trically conducting material one generally expects two con-
tributions of comparable size to the temperature-independent
term YX,: the negative diamagnetic contribution due to core

TABLE I. Parameters C, 6, and x, obtained from the fits of the
temperature-dependent magnetic susceptibility. The magnetic frac-
tion f of Mn atoms was calculated from the Curie constants C (see
text), assuming the atoms are in the Mn** state (p,;=5.9).

C 0 XO
Sample (emuK/mol) (K) (X103 emu/mol) f
&-AlPdMn-1  1.24x1073 -=3.0 -0.59 0.7%x 1074
&-AIPdMn-2  1.92x1073 -32 -0.56 1.0Xx 1074
V-AlPdMn  2.89X 107 -54 -0.52 1.6X 107
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electrons and the positive Pauli paramagnetic contribution
due to conduction electrons, Xo=Xgia+ XpPauwi- 1he diamag-
netic contribution x,;, can be estimated from Pascal tables.?
For different choices of the ionization states of the elements
(e.g., Mn?*,Mn3**,Mn**,Pd* Pd*,...) the calculated x,;,
values are all in the range between —0.6X 107> and -0.8
% 1073 emu/mol, whereas the experimental x, values are in
the interval between —0.5X 10~ and —0.6 X 1073 emu/mol.
We, therefore, have x,= X4, SO that the diamagnetic contri-
bution dominates over the conduction electron contribution
Xrauwi- This fact reflects the relatively low electrical conduc-
tivity of the studied samples (to be discussed in the next
paragraph), as compared to regular metals. The dominant
diamagnetic contribution to the magnetization is also ob-
served in the M(H) curves [Fig. 3(b)] obtained at 5 K, which
exhibit a typical diamagnetic linear decrease with increasing
H.

The Curie-type dependence of the paramagnetic part of
the magnetization indicates the presence of localized mag-
netic moments in the structure. In analogy to i-Al-Pd-Mn
QCs, it is straightforward to attribute this magnetization to
the Mn species. The small paramagnetic susceptibility, which
even at 2 K is smaller than the diamagnetic core susceptibil-
ity, indicates that only a tiny fraction of the Mn atoms are
magnetic. The fraction of magnetic atoms in the samples can
be estimated from the values of the Curie constant C. We
assume that the magnetic manganese atoms are in the Mn>*
state with the effective Bohr magneton number p,;,=5.9 and
recalculate C from Table I (given there in units of per mol of
sample) in units of per mol of Mn. From the obtained values
we calculate the mean effective Bohr magneton number (the
mean p, s of all the Mn atoms in the sample) by using the
formula ﬁqﬁf=2.83v'C. The magnetic fraction f is then ob-
tained from f=(p,z/p,r)°. The estimated f values of the
three investigated samples are given in Table I. They are very
small and of comparable magnitude, all close to 1 X 107,

The small, negative values of the Curie—Weiss tempera-
ture 6 (Table I) should be considered as additional fit param-
eters only, which slightly improve the fits in Fig. 3(a). No
other experimental results suggest any antiferromagnetic in-
teraction between the magnetic moments.

Comparing the magnetic properties of the three investi-
gated samples, no qualitative differences were found. All the
samples can be considered as diamagnets with a tiny para-
magnetic Curie magnetization. The small differences be-
tween the £’-AlPdMn-1 and &'-AlPdMn-2 samples that were
cut from the same ingot either reflect their tiny
compositional/structural differences or are due to a variation
of the experimental conditions (sample size, shape effects,
etc.). The difference between the W-AIPdMn sample and the
other two is slightly larger, but is again small enough that it
could be due to a variation of the experimental conditions.
Regarding the comparison of the ¢ and W magnetic proper-
ties to those of the i-Al-Pd-Mn QCs, the icosahedral QCs are
generally substantially more magnetic, with the magnetic Mn
fractions typically one to two orders of magnitude larger,?’~%°
f~1072-1072. This is despite only about two times higher
Mn concentration in the QC state. The magnetic fraction of
the icosahedral phase was found to be strongly dependent on
the thermal history (i.e., it has decreased after thermal an-
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FIG. 4. (a) Temperature-dependent electrical resistivities p and
(b) the conductivities (o= p‘l) fitted with the spectral conductivity
model (solid lines).

nealing), which was attributed to the concentration of
vacancies?’ in the lattice. Similar to the &' phase, also some
other QC approximants in the Al-Pd-Mn alloy system (the
cubic 2/1-Al;)Pd,yMngs, the orthorhombic Taylor phase
T-Alyg sPd, oMn 4 ¢) were found nonmagnetic, whereas para-
magnetic behavior was detected in the Mn-rich
T-A173_1Pd5.2Mn21_7 and 1/1-A168Pd11Mn14Si7 phases.30 Fi-
nally, we stress that our analysis was made using the assump-
tion that the total observed Curie magnetization of the inves-
tigated samples originates from the Mn atoms and is thus
intrinsic to the ¢ and W phases. In view of the smallness of
the paramagnetic magnetization, indicating that only about
100 ppm of all the Mn atoms are magnetic, and of the ever-
present extrinsic magnetic impurities at the level of about 10
ppm due to the finite purity of the starting elements used for
the crystal growth, the magnetization very likely contains
both the Mn and the impurity moments. Therefore, the f
values from Table I should be considered as an upper limit
for the magnetic Mn fractions in the investigated samples.
Similar small magnetic fraction (1 Mn out of every 60 000)
and the conclusion on the significant contribution of impurity
moments to the Curie magnetization was obtained also for
the Al;,Pd,sMn; composition.?!

V. ELECTRICAL RESISTIVITY

The electrical resistivity p(T) was determined in the tem-
perature interval between 300 and 4 K using the standard
four-terminal technique. The resistivity was measured along
[0 1 0] direction of the samples and the data are displayed
in Fig. 4(a). The room-temperature values are psg g
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=213 uQem for the §&-AlPdMn-1 sample, p3q0 k
=192 pQ cm for the &'-AIPdMn-2 and p3yy x=229 u) cm
for the W-AlIPdMn. The remarkable feature is the very small
temperature variation of the resistivity in all three samples:
R=(p300x—Pax) ! P300x=1.4% for the &-AlPdMn-1, R=0.5%
for the &'-AlPdMn-2, and R=1.7% for the ¥V-AlPdMn. Such
a nearly temperature-compensated resistivity represents an
intermediate case between the positive-temperature-
coefficient (PTC) resistivity of metals (originating from the
scattering of electrons by phonons) and the negative-
temperature-coefficient (NTC) resistivity commonly found in
metallic glasses and QCs (due to a gradual electron localiza-
tion caused by disorder/quasiperiodicity upon cooling). For
the CMA materials, the temperature-compensated p(T) offers
the following qualitative explanation based on competition
between the two above-mentioned physical length scales.
The large-scale periodicity promotes the regular metallic
PTC resistivity, whereas the polytetrahedral local order fa-
vors the NTC resistivity, and the competition of both results
in a nearly temperature-independent p(7). A similar situation
of a nearly temperature-compensated p(7) was also found
recently in the large-unit-cell QC approximants of the Al-
Cr-Fe family.’!

The differences in the absolute resistivity values of the
three samples are small, being scattered at, e.g., room tem-
perature in the interval 8% around the average value
Paoox=211 pQ) cm. While the measurement error in the tem-
perature dependence of p of each sample is small, of the
order 1%, there are larger errors present relating to the
sample-geometry determination and to the homogeneity of
the current through the samples that affect the absolute value
of the resistivity. Due to these effects, the absolute resistivity
values shown in Fig. 4(a) may be in error by up to 20%,
which is larger than the scattered range of the experimental p
values. From this point of view, the absolute resistivity val-
ues of all three samples are within the estimated error range,
showing no significant differences.

Relating the resistivities of the investigated & and W
phases to those of the i-Al-Pd-Mn QCs, the p values of
icosahedral samples are one order of magnitude larger (rang-
ing typically from 1000 up to 4000 uQ cm). The p(7) of the
i-Al-Pd-Mn QCs is, however, drastically different. The resis-
tivities of QCs often exhibit negative temperature coeffi-
cients, but the magnitude of the NTC varies considerably
between samples. In addition, the p(7) of i-Al-Pd-Mn QCs in
many cases displays a maximum??-3® between room tem-
perature and 4 K and sometimes also a minimum?®-3> at still
lower temperatures. Whereas the maximum in p(7) can be
explained either by weak localization of the conduction
electrons®” or by a magnetic effect,’® the low-temperature
minimum was attributed to the Kondo effect.*

In order to gain a microscopic, theoretical insight into the
origin of the temperature-compensated resistivity of the &’
and ¥ samples, we attempted to perform an ab initio calcu-
lation of the electronic density of states (DOS) by the linear
muffin-tin orbital (LMTO) method on the structural cluster
model by Boudard et al.'® The main difficulty we encoun-
tered was the many atomic positions in the unit cell with
fractional occupancies. Several test models with particular
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choices of occupied and unoccupied sites did not yield con-
verging results, so that this kind of theoretical approach
turned out to be ineffective. For that reason we instead used
the simplified spectral-conductivity model,***' which as-
sumes the existence of a pseudogap in the DOS at the Fermi
energy Ep of a particular shape—a paraboliclike wide
pseudogap with a superimposed narrow pseudogap. The in-
creasingly deeper narrow-pseudogap component leads to an
increase in the resistivity, so that the model was successfully
used in the past to explain the progressive transition of p
from low-resistivity amorphous metals to approximants and
highly resistive QCs.3**? For approximants of relatively low
resistivity (p=~100u{) cm) one expects that the narrow
pseudogap component will disappear and only the (Hume-
Rothery-like) wide pseudogap will be present. This is sup-
ported by theoretical DOS calculations, where a broad shal-
low minimum at the Ep was found in several CMA
systems—the Bergman phase®** Mgs,Al|3Zns6, the cubic
R-phase® AlsCuLi;, and the Mackay-type approximant*®
Mgs;Pd,;.

The temperature-dependent electrical conductivity o(7T)
(the inverse resistivity, o=p~!) is obtained from the Kubo—

Greenwood formula®’#8

2)

If(E, u,T) }

U(T)=de G(E) Py

where u=E is the chemical potential, f(E,u,T) is the
Fermi-Dirac distribution function, and 6(E) is the spectral
conductivity, which is the only material-dependent quantity
in Eq. (2). In the vicinity of the Ej the spectral conductivity
can be approximated by a paraboliclike wide pseudogap’”

G(E)=Ag+A(E - p) +Ay(E - p)?, 3)

where the A; term accounts for the possible asymmetry. This
Ansatz yields a temperature-dependent conductivity of the
form

o(T) = o+ o T?, (4)

with 0y=A, and o =(7/3)k3A,. Here it is worth noting that
from the measured o(7T) we can obtain only the parameters
A, and A, (through o, and o), whereas complementary
measurements of the thermoelectric power (to be discussed
later) can provide information about the parameter A;. A
truly temperature-independent conductivity (or resistivity) is
obtained in the case o;*A,=0. In real cases, it is enough
that 6(E)=Ay=0, for energies (E—u)=<kgT. This means
that the DOS within the pseudogap should not change no-
ticeably over the energy scale covered by the derivative
(=9f1JE) of the Fermi-Dirac function (that is centered at the
Fermi energy and has a full width at half height of about
3.5kzT). Thus, the existence of a broad shallow minimum in
the pseudogap, not changing noticeably over about 3.5kzT
around the Fermi level (where, e.g., 3.5kzT=90 meV at
T=300 K), is at the origin of the temperature-independent
resistivity within the spectral-conductivity model.

The theoretical fits with Eq. (4) to the conductivity data
[the inverse data of Fig. 4(a)] are displayed in Fig. 4(b). Here
it is important to stress that Eq. (4) cannot reproduce the tiny
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TABLE II. Electrical conductivity parameters of the & and W
Al-Pd-Mn samples, obtained from the theoretical fits in Fig. 4(b)
using Eq. (4).

) gy

Sample (Q'em™) (107 QO Tem™ ' K?)
&' -AlPdMn-1 4712 6.2
&' -AlPdMn-2 5206 4.6
W-AlPdMn 4380 6.3

residual temperature dependence of o(7) observed below
100 K for all three samples. For that reason the fits (solid
lines) were restricted to data points above 100 K, demon-
strating the limited applicability of the spectral conductivity
model employed here to describe the resistivity of the &' and
W material. The parameter A, was restricted to positive val-
ues (a condition for the existence of a pseudogap) and the fit
parameter values oy and o, are listed in Table II. These
values show that o> o;T? for all temperatures of interest,
which indicates an almost energy-independent spectral con-
ductivity (at least for (E—uw)=<(kgT), and consequently, an
almost temperature-independent conductivity.

VI. THERMAL CONDUCTIVITY

The thermal conductivities were measured between 8 and
300 K along [010] direction using an absolute steady-state
heat-flow method. The thermal flux through the samples was
generated by a 1 k{2 RuO, chip resistor, glued to one end of
the sample, while the other end was attached to a copper heat
sink. The temperature gradient across the sample was moni-
tored by a chromel-constantan differential thermocouple. The
temperature dependence of the thermal conductivity param-
eter k(T) of all three samples is displayed in Fig. 5. The «(T)
values at 280 K are 8.6 W/mK for the &' -AlPdMn-1 sample,
7.3 W/mK for the &-AIPdMn-2 and 5.0 W/mK for the
W-AlPdMn. These low «(7T) values are of the same order as
those of i-Al-Pd-Mn QCs,*>*" where they are considered to
be a consequence of both the low electronic DOS at the E
and the nonperiodicity of the lattice, making the electronic
and lattice contributions to the heat transport small. The elec-

S —
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o
° fLA PdMn-2 . Zco-
0
2 y-AlPdMn a o°
e DOOO
% 54 . -
h o %0° WAA
B 1 a go ° aandd
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) .
o T

1 T 1 T
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TK]

FIG. 5. Temperature-dependent thermal conductivities «(7) be-
tween 8 and 300 K.
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tronic contribution to the thermal conductivity «, can be
calculated using the Wiedemann—Franz law and the mea-
sured electrical resistivity p(7) data, presented in Fig. 4(a).
The calculation of the Lorenz number for the i-Al-Cu-Fe
QCs has shown®® that its “relaxation-time-approximation”
value Ly=2.44 X 10 W Q K2 may have a correction of the
order of 10%. For that reason we assumed a slight modifica-
tion of the Wiedemann—Franz law

K= (1+€)LyTp, &)

where the correction factor & (of the order 0.1) should be
determined from the fit. € may also be considered as a com-
pensating factor for the errors in the sample-geometry esti-
mation in both the resistivity and the thermal conductivity
experiments.

The lattice contribution to the thermal conductivity
Kj=K—K, 1S analyzed, in analogy to QCs and amorphous
solids, by considering the propagation of long-wavelength
phonons within the & and W structures and, at elevated tem-
peratures, the hopping of localized vibrations. While the
long-wavelength phonons may be analyzed within the Debye
model, the hopping of localized vibrations represents ther-
mally activated motion, which we assume can be described
by an activation energy E,. Within this model, hopping
yields a contribution to the thermal conductivity

Ky = 15exp(— E JkpT), (6)

where K% is a constant. The Debye thermal conductivity is
written as’!

op/T 4 x
_ 3

kp=CpT . T(x)( 5 1)2
Here CD=k2/ 27 vk, v is the average sound velocity (de-
fined by 3/7°=1/v; +2/v;, where v, and v; are the longitu-
dinal and transversal sound velocities, respectively), 6 is the
Debye temperature, 7 is the phonon relaxation time, and
x=fw/kgT, where fiw is the phonon energy. The different
phonon-scattering processes are incorporated in the relax-
ation time 7(x) and we assume that Matthiessen’s rule is
valid, T_1=ET; 1, where 7'1_ lis a scattering rate related to the
Jjth scattering channel. In amorphous solids and QCs the two
dominant phonon-scattering processes at low temperatures
are Casimir scattering at the sample boundaries and scatter-
ing on the tunneling states. Because in our experiments,
which were performed between 300 and 8 K, we do not
really enter the low-temperature regime, these two processes
may be neglected. There are, however, two other processes
that dominate thermal conduction in the investigated tem-
perature regime. First, are structural defects of stacking-fault

type, for which the scattering rate is given by>>

()

Ty =TT Y @’N;. (8)

Here a is a lattice parameter, 7y is the Griineisen parameter,
and N, is the linear density of stacking faults. For the con-
venience of the fitting procedure we rewrite 7, =Ax’T*
(note that, since x> T2, Ty ! does not show an explicit tem-
perature dependence). The second scattering mechanism is
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the umklapp processes. In crystals, umklapp scattering rate is
described by an exponential factor, 7, = w>*Texp(-6),/BT),
where $ is dimensionless parameter of the order one. In QCs
and approximants, umklapp scattering can be described by a
power-law-type frequency dependence and temperature de-
pendence of the scattering rate’ 7, = @?T*. Many different
power-law expressions, such as T;,:qOCaPT, ®*T?, 0*T*, can
be found in the literature, so that we assume phenomenologi-
cally 7, —Bx“T4 Where the exponent « (yielding a power-
law dependence T, OCw"‘T4‘“) should be determined from
the fit.

The thermal conductivity data of Fig. 5 were fitted, using
Egs. (5)—(7), by the expression

(1) = k(1) + kp(T) + ky(T), )

where 7'=7/+7,,

- Based on the specific-heat data,** the
Debye temperatures of the related i-Al-Pd-Mn QCs were
commonly found to be close to 500 K. We assumed that the
situation is similar in the £ and ¥ samples and made the fit
with a fixed 6,=500 K value. Since our (7) data are avail-
able only up to 300 K, it turned out that the fit was insensi-
tive to a slight change of this 6, value. The Debye constant
Cp was also not taken as a free parameter, but was instead
calculated by using 7=4004 ms~!, a value determined for the
i-Al-Pd-Mn from ultrasonic data.> There still remain a num-
ber of fit parameters involved in the fitting procedure—e for
the electronic contribution, K% and E, for the hopping con-
tribution and A, B, and « for the Debye contribution. In spite
of the excellent fits of the x(T) data obtained with Eq. (9), to
be presented in the following, and of the reasonable values of
the fit parameters, the fits should not be considered more
than just qualitative.

The theoretical fits of «(T) for the &-AlPdMn-1 [Fig.
6(a)], &-AIPdMn-2 [Fig. 6(b)], and W-AlPdMn [Fig. 6(c)]
samples using Eq. (9) show good agreement with the experi-
mental data over the whole investigated temperature range,
and the fit parameters are given in Table III. On all graphs,
the individual contributions «,/(T), xp(T) and ky(T) to the
total k(T) are also displayed. Due to the very small tempera-
ture dependence of p(7T) that enters the Wiedemann—Franz
law, the electronic contribution «,;(T) exhibits practically lin-
ear temperature dependence and the correction factor & was
found to be either small (amounting to 0.16 for the
&' -AlPdMn-1 and ¢&’-AlPdMn-2 samples) or negligible (3
X 1072 for the W-AIPdMn). The Debye contribution x,(7)
exhibits a maximum at about 40 K and a decrease at higher
temperatures. Similar behavior is commonly found in peri-
odic solids, where it is attributed to umklapp processes and
phonon-phonon scattering.>® For all three samples, the hop-
ping contribution ky becomes significant above 100 K. The
activation energies for hopping were found to be similar for
the &-AIPdMn-1 and &'-AIPdMn-2 samples (E,~55 meV),
whereas the E,~21 meV of the W-AIPdMn is about two
times smaller. This smaller £, value reflects the considerably
less steep «(T) increase at temperatures above 100 K of the
W-AlIPdMn sample, as compared to the other two (see Fig.
5). The above E, values correlate with the inelastic neutron
(INS) (Refs. 57-59) and x-ray®® scattering experiments on
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TK]

FIG. 6. (a) Temperature-dependent thermal conductivity «(7)
(on the In T scale) of the ¢ -AIPdMn-1 sample reproduced theoreti-
cally (solid line) by Eq. (9). The three contributions to the total x(7)
are shown separately: the electronic contribution «,—dotted line,
the Debye contribution xkp—dashed line, and the hopping contribu-
tion kg—dash-dot line. In (b), the same analysis is shown for the
&' -AIPdMn-2 sample and in (c) for the W-AlIPdMn.

i-Al-Pd-Mn QCs, where dispersionless vibrational states
were identified for energies higher than 12 meV. In QCs such
dispersionless states indicate localized vibrations and are
considered to be a consequence of a dense distribution of
energy gaps in the phonon excitation spectrum. This prevents
extended phonons from propagating through the lattice,
whereas localized vibrations may still be excited. Therefore,
localized vibrations also appear to be present in the giant-
unit-cell ¢ and W Al-Pd-Mn material, where their origin
may be attributed to the icosahedral cluster substructure. The
parameter A, which is for all samples close to 107 s™! K2,
makes it possible to estimate the linear density of stacking
faults N,. We take typical values for the lattice parameter
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TABLE III. Fit parameters of the thermal conductivity «(7)
from Fig. 6.

Parameter  &¢'-AlPdMn-1 &' -AlPdMn-2 V-AlPdMn
€ 0.16 0.16 0.03
E, 57 meV 53 meV 21 meV
K 36 W/mK 22 W/mK 2.5 W/mK

A 59x100s1K2 64x10°s K2 9.6x10°s™ ' K2
B 2.1X10* s T K™ 32x10* s 1K™ 22%x10*s7' K™
a 3.9 3.8 3.5

a=1nm and the Griineisen parameter y=2 and get
Ns=10A17ﬁ2/7a2y2k§=0.8 um~'. This micrometer-scale N,
value is comparable to those reported for i-Al-Pd-Mn,°!
i-Al-Cu-Fe,°! i-Zn-Mg-Y,%? and decagonal d-Al-Ni-Co (Ref.
63) QCs. The stacking-faultlike structural defects may thus
be considered as the source of phonon scattering at low tem-
peratures in the &' and W samples. The parameters B and «
define phonon scattering by umklapp processes in a phenom-
enological way. The « values of the three samples are be-
tween 3.5 and 3.9, but these values are significantly affected
by other fit parameters and should be considered as indica-
tive only. As the frequency and temperature dependences of
the umklapp term were assumed to be 7, % @*T*%, the
above «a values indicate some similarity to the modified qua-
siumklapp scattering rate 72;11 « @T, used for the analysis of
the thermal conductivity of i-Zn-Mg-Y.%?

It is interesting to compare the ratio of the electronic
and lattice contributions to the thermal conductivity of the
& and ¥ samples. At 280 K we find, for the &'-AlPdMn-1,
k=33 W/mK and k=«k-k,=53 W/mK with the ratio
K,/ k=0.62. For the §&-AlPdMn-2 we get Kk,
=3.6 W/mK, «;=3.7 W/mK, and «,,/ k,=0.97, whereas for
the W-AIPdMn we get k,,=2.0 W/mK, x;=3.0 W/mK, and
the ratio k,;/ k;=0.67. For all samples, «,; and «; are thus of
comparable size at room temperature. This is different from
both simple metals, where the electronic contribution is usu-
ally 1-2 orders of magnitude larger than the lattice contribu-
tion, and Al-based QCs, where electrons carry less than 1%
of the heat. From this point of view, the investigated & and
W giant-unit-cell materials lie somewhere between metals
and QCs.

VII. THERMOELECTRIC POWER

The thermopower measurements were performed at be-
tween 300 and 4 K by applying a differential method with
two identical thermocouples (chromel-gold with 0.07%
iron), attached to the sample with silver paint. The thermo-
electric power data [the Seebeck coefficient S(T)] are shown
in Fig. 7. The thermopowers of all three investigated samples
are negative across the whole investigated temperature inter-
val, indicating that electrons are the dominant charge carri-
ers. The room-temperature S values are rather small, ranging
between —4.7 and -8 uV/K. While the &-AlPdMn-1 and
&' -AlPdMn-2 samples exhibit a relatively smooth tempera-
ture variation of S(7), the thermopower of the W-AIPdMn
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FIG. 7. Thermoelectric power S(7T) between 4 and 300 K.

sample shows a strong (absolute) increase between 4 and 8
K, followed by a weaker increase at higher temperatures. For
all samples, S(7) shows several changes of slope within the
investigated temperature range. The thermopower can be, in
principle, analyzed with the same spectral conductivity
model as used for the analysis of the electrical conduct-
ivity. Using Eq. (3), the thermopower can be re-
lated to the parameter A, using the Mott formula® SM°"(T)
=—(m/3)(kyT/|e{(d6 1 dE) | 6}y, =—(7213) (k3T |e])(A,
/Ap). This formula yields smooth S(7) temperature behavior
and cannot reproduce the changes of slope, observed experi-
mentally at several temperatures in the S(7) data of all three
samples, so we skip the analysis of the thermopower with
this model. However, considering this approximation (valid
for low temperatures), we can see that A;#0 in order to
explain finite S(7). This means that the spectral conductivity
6(E) of Eq. (3) has to be slightly asymmetric. Moreover, a
crude estimate of the Fermi energy can be obtained for the
&'-AlPdMn-1  sample, which exhibits the smooth-
est S(T) behavior. Approximating its S(7) by a linear func-
tion (with zero at 0 K and Sy x=-6 wV/K, yielding
§/T=-0.02 uV/K?), and using the  expression
S=—(m2k5/2|e|ER)T that is valid in the free-electron limit
with the electron collision time independent of energy,® we
obtain Er=1.8 eV.

VIII. SUMMARY AND CONCLUSIONS

We investigated magnetic, electrical, and thermal trans-
port and thermoelectric properties of the giant-unit-cell &’
and ¥ CMA phases in the Al-Pd-Mn system. The materials
were Bridgman-grown, concentrationally homogeneous
single-crystalline samples, free of grain boundaries and of
secondary phases. All measurements were performed along
the [0 1 0] crystalline direction. As the investigated physical
properties are expected to be spatially anisotropic, additional
measurements should be performed in the future along the
other two crystalline directions of the orthorhombic struc-
ture, in order to obtain complete information on the tensorial
character of the physical parameters. Magnetic susceptibility
measurements have shown that the samples are diamagnets
with a tiny paramagnetic Curie-like magnetization, which is
smaller than the diamagnetic contribution, even at the lowest
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investigated temperature of 2 K. The estimated fraction of
magnetic Mn atoms (assumed to be in the Mn?* state) in all
samples is about 100 ppm, where external impurities at the
level of 10 ppm contribute to the observed Curie magnetiza-
tion as well. The electrical resistivity is temperature indepen-
dent to within less than 2% in the investigated interval be-
tween 300 and 4 K. The p value of about 200 u() cm is one
to two orders of magnitude larger than the resistivities of
simple metals and alloys, and one order smaller than those of
i-Al-Pd-Mn QCs. The origin of the almost temperature-
compensated resistivity was analyzed in terms of the spectral
conductivity model, where this feature is attributed to the
existence of a wide, shallow pseudogap in the electronic
DOS at the Fermi energy that does not depend noticeably on
the energy over an interval (E—u)<kgT. The thermal con-
ductivity of the &and ¥ samples is small, comparable in
magnitude to that of i-Al-Pd-Mn QCs. This suggests that a
low electronic DOS at the Er and a low phonon density are
at the origin of the weak heat transport. While the electronic
contribution «,; can be described by the Wiedemann—Franz
law, the lattice contribution k; can be reproduced by the sum
of the Debye term (long-wavelength phonons) and the term
due to hopping of localized vibrations. While hopping is the
dominant lattice heat-carrying channel at elevated tempera-
tures (above 100 K), the Debye term dominates at low tem-
peratures and exhibits an insignificant maximum in «p(7) at
a temperature close to 40 K. At the lowest measured tem-
perature (8 K), the scattering of phonons on stacking-
faultlike defects limits the heat transport, whereas at higher
temperatures, umklapp processes become excited. The room-
temperature values of the electronic conductivities and the
lattice thermal conductivities were found to be of compa-
rable size, which is different from both simple metals and
Al-based QCs. The thermoelectric power of about -6 ©V/K
at room temperature is small, compatible with a low concen-
tration of charge carriers, and negative, indicating that elec-
trons are the majority carriers. For all samples, S(7) shows
several changes of slope within the investigated temperature
range.

The temperature-compensated electrical resistivity and
the comparable electronic and lattice contributions to the
thermal conductivity allow the transport properties of the
giant-unit-cell ¢’ and W materials to be classified between
regular metals and Al-based quasicrystals. Considering that
polytetrahedral local atomic order of icosahedral symmetry
promotes electron and phonon localization, whereas large-
scale periodicity favors their extended character, this sug-
gests that both the electrical resistivity and the thermal con-
ductivity (and consequently also the thermopower) are
affected by the competition between the two physical scale
lengths encountered in the large-unit-cell CMA materials.
Regarding the differences in the studied physical properties
between the investigated &'-AlPdMn-1, &'-AlPdMn-2, and
W-AlPdMn samples, no differences were found that would
be significantly larger than the estimated experimental errors
(originating from the sample size and geometry determina-
tion and the electrical current and thermal flux inhomogene-
ity through the samples), except for the activation energy of
localized vibrations that is a factor two smaller in the
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W-AIPdMn sample. Therefore, the nanometric-scale struc-
tural differences of the & and W phases do not seem to alter
the studied physical properties of the system significantly.
Regarding the important question of the role of quasiperi-
odicity versus periodicity on the physical properties of a
solid, our results obtained on the translationally periodic
single-crystalline & and W Al-Pd-Mn phases that are recog-
nized as excellent quasicrystalline approximants to the icosa-
hedral phase, can be directly contrasted to the previously
reported physical properties of the i-Al-Pd-Mn single-grain
QCs. The major differences are observed in: (i) the electrical
resistivity, where the resistivities of the & and W phases are
one order of magnitude smaller than those of i-Al-Pd-Mn,
and exhibit temperature-compensated behavior as opposed to
the NTC resistivity of i-QCs (indicating that the weak local-
ization effect in the & and W is less strong than in i-QCs);
(ii) the ¢and W phases are considerably less magnetic, the
fraction of magnetic atoms being a factor 10-100 smaller
than in i-Al-Pd-Mn QCs; (iii) the & and V¥ electronic and
lattice thermal conductivities at room temperature are of
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comparable size, whereas in i-QCs the electrons carry 1% of
the total heat only; and (iv) the thermopower of & and W is
negative (resembling regular metals and alloys), indicating
that electrons are majority charge carriers, whereas the ther-
mopower of i-Al-Pd-Mn is more complicated, sometimes ob-
served even to change sign with a change in temperature. As
the local polytetrahedral atomic order is very similar in the
&', ¥, and i-QC phases of Al-Pd-Mn, and the structural qual-
ity of the investigated samples is comparable, these differ-
ences may be considered to originate from the different long-
range orders existing in these systems—the quasiperiodic
order in i-QCs versus the translational periodicity of giant-
unit-cell CMAs.
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