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We have investigated electrical resitivity and thermal conductivity of quasicrys-
talline compounds of the Al-Cr-Fe system: a gamma-brass phase (7-AlCrFe) and a
mixture of two orthorhombic approximants of the decagonal phase (O1/0O2-AlCrFe)
with properties which are in many respects intermediate to regular metals and qua-
sicrystals. The electrical resistivities show very weak temperature dependence and
the resistivity values are in between regular metals and aluminum-based quasicrys-
tals. Thermal conductivity data show that the electronic and lattice contributions
are of comparable size. While the electronic contribution can be described by the
Wiedemann—Franz law, the lattice contribution can be reproduced by a sum of
a long-wavelength phonons and hopping terms. At the lowest measured tempera-
ture, scattering of phonons on stacking-fault-like defects limits the heat transport.
This type of defects has also been observed in the structural investigations. The
results indicate that transport properties of quasicrystalline approximants are not
determined by the short-range atomic order only, but are affected by both, the
short-range quasiperiodic and long-range periodic atomic orders.

PACS numbers: 61.44.Br, 71.23.Ft UDC 536.21
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1. Introduction

Quasicrystalline compounds exhibit a type of long-range order that is not com-
patible with translation periodicity [1]. Different kinds of quasicrystals were un-
covered during the two last decades. Specifically, icosahedral quasicrystals and
decagonal quasicrystals are rather frequent in aluminum-based alloys. Some are
stable compounds, which may be prepared by slow cooling of liquid alloys followed
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by adequate heat treatment. Most frequently, quasicrystals are surrounded in the
phase diagram by crystalline compounds of similar composition, called approxi-
mants, which present a closely related short-range order. Several such approximant
crystals were discovered in the Al-Fe-Cr system [2]. Recently, two stable approxi-
mant phases of the Al-Cr-Fe system were investigated. The first (labeled O1/03) is
a large-unit-cell phase consisting of a mixture of two orthorhombic approximants of
the decagonal phase, whereas the second is a «y-brass phase (a superstructure of the
B-cubic phases), isostructural with thombohedral AlgCrs, which was considered as
an approximant of both, icosahedral and decagonal quasicrystals. In the present ar-
ticle, we focus on the electrical and thermal conductivities of these compounds and
compare them to the conductivities measured for regular metals and quasicrystals.

2. FElectrical resistivity

The samples of compositions (at. %) Alz7 5Cri6.5Feg (noted O1/02-AlCrFe here-
after), and AlgsCragFer (noted v-AlCrFe) were prepared by melting the pure con-
stituents under helium gas atmosphere in an induction furnace equipped with a
cold copper crucible. The as-cast ingots were then crushed into powder (granulom-
etry range selected between 20 and 50 pum) and pressed in a graphite cell. They
were sintered under purified helium using a uniaxial pressure of 15 MPa in order
to produce ingots of 30 mm diameter. The sintering temperature was monitored
at constant heating rate up to a plateau of 30 min duration at 980° C and 1060°
C for the O1/05-AlCrFe and ~-AlCrFe samples, respectively. Upon cooling, this
step was followed by an annealing treatment of 2 h at 100° C below the plateau
in order to eliminate all traces of undesirable phases [3 — 4]. After this preparation
process, the AlCrFe ingots consisted of stable polycrystalline phases. Both samples
under present investigation were shaped in the form of prisms, with dimensions
1.6 mm x 1.8 mm x 1.4 mm (y-AlCrFe) and 2.0 mm x 1.9 mm X 5.9 mm (O;/O2-
AlCrFe), respectively.

The electrical resistivity, p(T"), was determined in the temperature interval be-
tween 300 and 4 K using the standard four-terminal DC technique. The resis-
tivities are displayed in Fig. 1, whereas in Fig. 2, the resistivities normalized to
their room-temperature values are shown. The resistivity of the y-AlCrFe sample
at 300 K amounts 2.8 pfdm and exhibits a small positive temperature coefficient,
resembling regular, periodic metals. A change of slope at about 70 K is evident.
In Fig. 2 it is observed that the total variation of the resistivity is rather small,
reaching 93 % of the room temperature value at 4 K. The resistivity of the O1/O2-
AlCrFe is larger, amounting to pspox = 4.2 pQdm. Its resistivity exhibits a small,
negative temperature coefficient from 300 to 160 K (Fig. 2), stays approximately
constant between 160 and 30 K and shows an insignificant drop below 30 K. The
total variation in the resistivity across the whole investigated range is very small,
amounting only to 4 % of the room temperature value. The negative temperature
coefficient of resistivity suggests that the O;/02-AlCrFe sample is similar to dis-
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Fig. 1. Temperature dependent electrical resistivities, p(T).
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Fig. 2. Temperature dependent electrical resistivities, p(T')/p(300K), normalized
to the 300 K value.

ordered metals and/or quasicrystals, where high-quality icosahedral quasicrystals
show particularly large negative temperature coefficient. In view of the structural
disorder [5], recently found in this sample as well as the existing quasiperiodic
short-range order on the scale of interatomic distances, which both promote a neg-
ative temperature coeflicient of the resistivity, we are not able to tell which of these
plays the dominant role. Most likely, however, it is a combination of both. The fact
that the overall temperature dependence of the resistivities of both, the v-AlCrFe

FIZIKA A (Zagreb) 15 (2006) 1, 51-60 53



BIHAR ET AL.: THERMAL CONDUCTIVITY OF Al-Cr-Fe APPROXIMANT COMPOUNDS

and the O;/02-AlCrFe approximants, are so weak, offers the following qualitative
explanation. This kind of resistivity can be considered as an almost perfect bal-
ance of a regular metallic positive temperature coefficient of the resistivity due to
the scattering of conduction electrons by phonons and/or localized lattice vibra-
tions, and of the negative temperature coefficient of the resistivity due to gradual
temperature-dependent electron localization by structural disorder and/or quasi-
periodicity, typical of disordered metals and quasicrystals. This kind of duality
can be easily anticipated for quasicrystalline approximants which are periodic on a
large scale, promoting a metallic positive temperature coefficient of the resistivity
and quasiperiodic on a small scale, promoting a negative temperature coefficient
of the resistivity typical of quasicrystals. The considerably smaller unit—cell size of
the 4-AlCrFe sample (which also displays quasiperiodic short-range order) makes
this sample more similar to regular periodic solids, so that the metallic contribu-
tion in this sample is larger than that in the large-unit-cell system O;/O2-AlCrFe.
Consequently, the positive temperature coefficient appears to dominates the over-
all resistivity behaviour of the y-AlCrFe sample. The stronger metallic character
of the v-AlCrFe is also consistent with its smaller resistivity value. The relatively
strong metallic contribution to the resistivities of the investigated y-AlCrFe and
01/02-AlCrFe samples is also evident from the absolute values of their resistivi-
ties, which are one to two orders of magnitude smaller than those of icosahedral
aluminum-based quasicrystals [6].

3. Thermal conductivity

The thermal conductivities were measured between 300 and 8 K using an ab-
solute steady-state heat-flow method. The thermal flux through the samples were
generated by a 1 k2 RuOs 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
samples was monitored by a chromel-constantan differential thermocouple (more
detailed description can be found elsewhere [7]). The temperature dependence of
the measured thermal conductivity of both samples is displayed in Fig. 3. The
thermal conductivity values at room temperatures are 6.0 W/mK and 4.2 W/mK,
for the 4-AlCrFe and O;/03-AlCrFe samples, respectively. These low thermal con-
ductivity values are similar to those of quasicrystals, where they are considered to
be a consequence of both the low electronic density of states at Fermi energy and
nonperiodicity of the lattice, making the electronic and lattice contributions to the
heat transport small [8]. The electronic contribution to the thermal conductivity,
Kq(T), can be calculated using the Wiedemann-Franz law and the measured elec-
trical resistivity, presented in Fig. 1, Koy = LoT/p, where Ly = 2.45x 1078 WQ/K?2.
The lattice contribution to the thermal conductivity, Kyeas — Kel, is analyzed, in
analogy to quasicrystals and amorphous solids, by considering propagation of long-
wavelength phonons within the Al-Cr-Fe structure and, at elevated temperatures,
hopping of localized vibrations. While the long-wavelength phonons may be ana-
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Fig. 3. Temperature dependent measured thermal conductivities, Kyeas(T), of the
~v-AlCrFe and O1/03-AlCrFe samples between 8 and 300 K.

lyzed within the Debye model, the thermal activation of local vibrational modes
opens a channel for the heat transfer by hopping excitations, which gener-
ally can be described by an activation law with activation energy F,. Within
this model, hopping yields a contribution to the thermal conductivity Kyopp =

Kﬁopp exp{—FE,/(kgT)}, where K}?opp is a constant. The Debye thermal conduc-
tivity is written as [9]
o/T
Kp = CpT? e g
p = CpT T(x)m , (1)
0

where Cp = ki /(2n20h®), o is the average sound velocity, © the Debye temper-
ature, 7 the phonon relaxation time and x = hw/(kgT), where hw is the phonon
energy. The different phonon scattering processes are incorporated in the relax-
ation time 7(x) and we assume that the Matthiessen’s rule is valid, 77! = ZTj_l,

where 7! is a scattering rate related to the j-th scattering channel. In amor-
phous solids and quasicrystals, the two dominant phonon scattering processes at
low temperatures are Casimir scattering at the sample boundaries and scattering
on tunnelling states. As in our experiment, performed between 300 and 8 K, we do
not really enter the low temperature regime, these two processes may be neglected.
However, two other processes are known that dominate thermal conduction in the
investigated temperature regime. The back-scattering images of the y-AlCrFe and
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01/02-AlCrFe sintered-powder samples show porosity on the micrometer scale at
the grain boundaries. In the O;/05-AlCrFe sample there exist also phase bound-
aries between the O; and Oz phases. In addition, metallographic observation of
the v-AlCrFe sample clearly shows a twinning- or stacking-faults structure of the
material [5]. We consider all these structural defects to be stacking-faults-like, for
which the scattering rate is given by [10], 7;' = (7/10)(a?/7)y*w?N;, where a
is a lattice parameter, 7 the Griineisen parameter and Ny the linear density of
stacking faults. The second scattering mechanism are the umklapp processes. In
periodic crystals, the acoustic vibrational spectrum exhibits a gap only at the Bril-
louin zone boundary and the umklapp scattering rate is described by an exponen-
tial factor, 7.} o w?T exp(—Op/BT), where 3 is a dimensionless parameter of
the order one. In quasicrystals, on the other hand, the vibrational spectrum con-
tains a dense distribution of energy gaps, which implies that umklapp-type phonon
scattering processes are much more frequent. The model of quasiumklapp phonon
scattering in a quasiperiodic lattice yields power-law-type frequency and tempera-
ture dependence of the scattering rate 7,1 o< w?T*. Since the local atomic order
in systems is quasicrystals-like, one can expect a power-law-type umklapp scatter-
ing rate also in this compound. As many different power-law expressions, such as
ok oc W3, w?T?, w2T*, can be found in the literature, we assume phenomeno-
logically 7.} oc Bz*T*, where the exponent « (yielding the power-law dependence
Tok X w*T4~%) should be determined from the fit.

The thermal conductivity data of Fig. 3 were fitted using the expression

Kmeas(T) = Kel(T) + KD(T) + Kh(T)7 (2)

where the scattering rate in Kp(7T) is the sum 77! = 7;' + 7,1, The Debye

temperatures of the related Al-Pd-Mn and Al-Cu-Fe quasicrystals were commonly
found close to 500 K. We assumed that the situation is similar also in our Al-
Cr-Fe samples and made the fit with a fixed ©® = 500 K value. Since our thermal
conductivity data are available only up to 300 K, it turned out that the fit was very
insensitive to the change of this © value. The Debye constant C' was also not taken
as a free parameter, but instead it was calculated by using ¥ = 4000 ms™', a very
common value for aluminum-based quasicrystals obtained from ultrasonic data [11].
There still remains a number of parameters involved in the fitting procedure — K Sopp
and FE, for the hopping contribution and A, B and « for the Debye contribution.
In spite of the excellent fits to the thermal conductivity data obtained with Eq. (2)
for K(T') 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 thermal conductivity for the 7-AlCrFe (Fig. 4) and
01/02-AlCrFe (Fig. 5) samples show good agreement with the experimental data
in the whole investigated temperature range, and the fit parameters are given in
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Fig. 4. Temperature-dependent measured thermal conductivity data of the ~y-
AlCrFe sample reproduced theoretically (solid line) by Eq. (2). The three con-
tributions to the measured thermal conductivity Kueas (circles) are shown sepa-
rately: the electronic contribution K. — dotted line, the Debye contribution Kp —
dashed-dot dot line and the hopping contribution Kyopp, — dashed line.
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Fig. 5. Temperature-dependent thermal conductivity data of the O1/O2-AlCrFe
sample reproduced theoretically (solid line) by Eq. (2). The three contributions
to the measured thermal conductivity Kyeas (circles) are shown separately: the
electronic contribution K, — dotted line, the Debye contribution Kp — dashed-dot
dot line and the hopping contribution Kyqp, — dashed line.
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TABLE 1. Fit parameters of the thermal conductivity from Figs. 4 and 5.

Parameter ~v-AlCrFe 01/09-AlCrFe

E, 15.3 meV 15.6 meV

K opp 5.3 W/mK 3.1 W/mK

A 09x107"s7TK™2 | 1.1 x 107 s71K—2
B 54 x10% 7K™ | 9.5 x 103 sTK™*
a 2.0 2.85

Table 1. In both graphs, the separate contributions of Kei(T'), Kp(T") and Khyopp(T)
to the total K(T') are also displayed. The Debye contribution Kp(7") shows a max-
imum and a decrease at higher temperatures. Such behaviour is commonly found
in periodic solids, where it is attributed to umklapp processes and phonon-phonon
scattering [12]. For both samples, the fracton hopping contribution Kyep, becomes
significant above about 100 K, so that it does not interfere much with the lattice
contribution, which exhibits maximum at temperatures close to 40 K. The acti-
vation energies for the hopping were found similar for both samples, amounting

EY =15.3 meV and anl/o2 = 15.6 meV. These values correlate with the inelastic
neutron [13—14] and X-ray [16] scattering data on icosahedral Al-Pd-Mn quasicrys-
tals, where dispersionless vibrational states were identified for energies higher than
12 meV. Such dispersionless states are considered to be a consequence of a dense
distribution of energy gaps in the phonon excitation spectrum, which prevents ex-
tended phonons to propagate through the lattice, whereas localized vibrations may
still be excited. The parameter A, which is for both samples close to 107 s71K~2,
allows estimating the linear density of stacking faults Ns. We take typical values
for the lattice parameter ¢ ~ 1 nm and the Griineisen parameter 7 ~ 2 and get
N, = 0.8 um~'. This micrometer-scale value compares well with the pm-scales
on which porosity, phase boundaries and twinning or stacking faults structure of
the investigated materials are observed [5]. These structural defects (of extrinsic
origin) may thus be considered as the source of the phonon scattering at low tem-
peratures in the y-AlCrFe and O;/0O5-AlCrFe samples. The parameters B and «
define phonon scattering by umklapp processes in a phenomenological way. For the
7-AlCrFe, o & 2 so that 7,,} & T?, whereas for the O;/02-AlCrFe, a = 2.85 and
To o< TH15. Consequently, Kp (Figs. 4, 5) decays at temperatures above the max-
imum roughly as a power-law 1/T% with « between 1 and 2. This is qualitatively
similar to regular periodic solids, where the rate of decline is generally given by [12]
Kot = 1/T% with the x in the same interval.

In addition, we compare the ratio of the electronic and lattice contributions
to the thermal conductivity of the 7-AlCrFe and O;/02-AlCrFe approximants.
At 300 K we find, for both samples, K¢ /(Kmeas — Ka) = 0.7, thus they are of
comparable value. This is different from both, simple metals, where the electronic
contribution is usually 1 — 2 orders of magnitude larger than the lattice contribution,
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and aluminium-based quasicrystals, where electrons carry less than 1 % of the heat.
From this point of view, the investigated Al-Cr-Fe quasicrystalline approximants
lie somewhere in between regular metals and quasicrystals.

4. Conclusion

The investigated Al-Cr-Fe quasicrystalline materials are sintered powders, show-
ing inevitable micrometer-scale porosity at the grain boundaries [5]. The v-AlCrFe
is well-ordered, single-phase material, but exhibits twinning or stacking-fault struc-
ture, while the O; /O2-AlCrFe is a two-phase material, exhibiting phase boundaries,
significant disorder and inclusion of small aluminum precipitates. These structural
defects can significantly affect the intrinsic transport properties of the investigated
samples. Indeed, they exhibit transport properties that are in many respects inter-
mediate to regular metals on one hand and to qauasicrystals on the other hand. The
electrical resistivity values of the v-AlCrFe and O /0O2-AlCrFe samples were found
to be 1 — 2 orders of magnitude larger than those of simple metals and 1 — 2 orders
smaller than those of aluminium-based qauasicrystals. The temperature variation
of the resistivity is very weak, amounting to few % in the investigated range from
300 to 4 K, which is intermediate to simple metals (showing generally large positive
temperature coefficients) and quasicrystals (characterized by negative temperature
coefficients). Regarding the thermal conductivity, the electronic and the lattice
contributions were found to be of comparable size, classifying the Al-Cr-Fe approx-
imants in between regular metals (where the electronic contribution is dominant)
and quasicrystals (dominant lattice contribution). The electronic contribution can
be well described by the Wiedemann—Franz law, the lattice contribution can be
reproduced by a sum of a long-wavelength phonons and localized-vibrations hop-
ping terms. The hopping is the dominant lattice heat-carrying channel at elevated
temperatures (above 100 K), and the long-wavelength phonons dominate at low
temperatures exhibiting a typical maximum in Kp(7T) at temperature close to 40
K. At the lowest measured temperature, scattering of phonons on stacking-fault-
like defects limits the heat transport, whereas at higher temperatures, umklapp
processes become excited.

In conclusion, our results give a direct indication that the transport properties
of the quasicrystalline approximants are not determined by the short-range atomic
order only, as sometimes considered, but are affected by both the short-range qua-
siperiodic and long-range periodic atomic orders.
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TOPLINSKA VODLJIVOST FAZNO-DIJAGRAMSKIH BLIZNACA Al-Cr-Fe

Istrazivali smo elektricnu otpornost i toplinsku vodljivost kvazikristalnih spo-
jeva sustava Al-Cr-Fe: ~-fazu (y-AlCrFe) i smjesu dvaju ortorombskih fazno-
dijagramskih bliznaca dekagonalne faze (O1/02-AlCrFe) ¢ija su svojstva u mnogim
pogledima izmedu obi¢nih metala i kvazikristala. Elektriéne otpornosti pokazuju
vrlo slabu temperaturnu ovisnost i njihove su vrijednosti izmedu onih obi¢nih me-
tala i kvazikristala na osnovi aluminija. Podaci o toplinskoj vodljivosti pokazuju da
su doprinosi elektrona i resetke podjednaki. Elektronski doprinos moze se opisati
Wiedemann-Franzovim zakonom, a doprinos resetke zbrojem doprinosa dugoval-
nih fonona i ¢lanova od preskakanja. Na najnizoj temperaturi mjerenja, rasprsenje
fonona na nepravilnostima resetke slicnima defektima u slaganju atoma, ogranicuje
vodenje topline. Ta je vrsta nepravilnosti opazena i u istrazivanjima strukture.
Rezultati pokazuju da transportna svojstva kvazikristalnih bliznaca nisu odre-
dena samo kratko-doseznom atomskom strukturom, ve¢ ovise i o kratko-doseznim
kvaziperiodi¢nim i o dugodoseznim periodi¢nim atomskim strukturama.
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