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Abstract. Anisotropic transport properties (electrical resistivity, p, and thermal conductivity, x) of the Y-
phase Al-Ni-Co, 0-Al;3Co4 and Als(Cr,Fe) complex metallic alloys were investigated. They belong to the
class of decagonal approximant phases with stacked-layer crystallographic structure and allowed us to
study the evolution of anisotropic transport properties with increasing structural complexity and the unit

cell size.
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INTRODUCTION

The anisotropic crystalline structures of complex metal-
lic alloys (CMAs) result in anisotropic physical proper-
ties, when measured along different crystallographic
directions. Interesting classes of CMA compounds are
the Al,TM (TM = transition metal) and Al;3TM, fami-
lies of intermetallics, which are periodic approximants
to the decagonal quasicrystals (d-QCs). Their structures
can be viewed as a stacking of atomic planes and this
structural anisotropy is at the origin of the anisotropic
physical properties. While the stacked-layer crystal-
lographic structure is a common property of the Al,TM
and Al;3TM, families, member compounds differ in
the unit cell size and the number of atomic layers in the
unit cell.

In the following we present a study of the aniso-
tropic transport properties (electrical resistivity, p, and
thermal conductivity, x) of stacked-layers three CMAs
of systematically increasing structural complexity com-
prising two, four and six atomic layers in the unit cell.
The first one is the Al;4C0,,Ni, compound,'"2 known as
the Y-phase of Al-Ni-Co, which belongs to the Al;;TM,
class and is a monoclinic approximant to the decagonal
phase with two atomic layers within one periodic unit of
~ 0.4 nm along the stacking direction and a relatively
small unit cell, comprising 32 atoms. The second com-
pound studied is the orthorhombic o0-Al;Cos com-
pound,3 belonging to the same Al;;TM, class of deca-
gonal approximants with four atomic layers within one

periodic unit of = 0.8 nm along the stacking direction
and a unit cell comprising 102 atoms. The third one is
the Aly(Cr,Fe) complex metallic alloy with composition
AlgoCr;sFes,*? belonging to the class of orthorhombic
AL, TM phases, which are approximants to the decagonal
phase, with six atomic layers in a periodic unit of 1.25
nm and 306 atoms in the giant unit cell. The above se-
lection of samples allowed us to consider the evolution
of anisotropic transport properties of the stacked-layer
CMAs with increasing structural complexity and the unit
cell size.

STRUCTURAL CONSIDERATION AND SAMPLE
PREPARATION

The Y-AI-Ni-Co phase is in literature described as
the Alj3.(Coy,Ni,)s monoclinic phase,6 belonging
to the Al;3TM, class of decagonal approximants. The
structure of Alj3 (Co,,Ni,); with x = 0.9 and y = 0.12,
cor-responding to composition Al;sCox,Ni;, was first
described by Zhang er al.® Lattice parameters of the
monoclinic unit cell are a = 1.7071 nm, b = 0.40993 nm,
¢=0.74910 nm, f=116.17 °, with 32 atoms in the unit
cell. The structure of the Al;;,(Co;_,Ni,), is built up of
one type of flat atomic layers, which are related to each
other by a 2, axis, giving = 0.4 nm period along the
[0 1 0] stacking direction (corresponding to the periodic
direction in the related decagonal d-Al-Ni-Co quasicrys-
tal) and two atomic layers within one periodicity unit.
Locally, the structure shows close resemblance to the
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d-Al,oCo;sNis quasicrystal,” which also consists of only
one type of a quasiperiodic layer, repeated by a 105 axis
and giving the same ~ 0.4 nm period.

The orthorhombic o0-Al;3Co, phase is another
member of the Al;35TM, class of decagonal approx-
imants. According to the structural model by Grin
et al.} lattice parameters of the o-Al;3Co, orthorhom-
bic unit cell are a = 0.8158 nm, » = 1.2342 nm and
¢ = 1.4452 nm with 102 atoms in the unit cell. The struc-
ture corresponds to a four-layer stacking along [1 0 0],%*
with flat layers at x = 0 and x = 1/2 and two symmetri-
cally equivalent puckered layers at x = 1/4 and 3/4,
giving = 0.8 nm period along [1 0 0].

The Aly(Cr,Fe) phase’ belongs to the A, TM class
of body-centered orthorhombic phases. Their structure
can be described as a periodic repetition of a sequence
P'FPp'fp of six atomic layers stacked within one peri-
odicity length of 1.25 nm along a, showing close struc-
tural relationship to the six-layer Al-TM d-QCs with the
same periodicity. The block P'FP is composed of a flat
layer F at x = 0 and a puckered layer P at x = a/6, whe-
reas the puckered layer P' is in mirror-reflecting position
across the F layer. The block p'fp equals the block P'FP
translated by (a/2, b/2, ¢/2). The composition of our
sample was AlgCrisFes and its structure could be as-
signed to the orthorhombic phase, previously described
by Deng et al.,” with unit cell parameters a = 1.2500 nm,
b =1.2617 nm, ¢ = 3.0651 nm and 306 atoms in the
giant unit cell.

The single crystals used in our study were grown
from an incongruent Al-rich melt of required composi-
tion by the Czochralski method'® using a native seed.
In order to perform crystallographic-direction-dependent
studies, we have cut from the ingot three bar-shaped
samples of average dimensions 2 x 2 x 7 mm’. For
the monoclinic samples Al;sCo,,Ni,, (abbreviated as
Y-Al-Ni-Co in the following) the long axes were along
three orthogonal directions. The long axis of the first
sample was along the [0 1 0] stacking direction (desig-
nated in the following as b), which corresponds to the
periodic direction in the related d-Al-Ni-Co quasicrystal.
The (a,c) monoclinic plane corresponds to the quasipe-
riodic plane in d-QCs and the second one was cut with
its long axis along [0 0 1] (c¢) direction, whereas the third
one was cut along the direction perpendicular to the
(b,c) plane. This direction is designated as a* (it lies in
the monoclinic plane at an angle 26° with respect to a
and perpendicular to ¢). For orthorombic 0-Al;;Co4 and
body-centered Alg,Cr;Fes the long axes were along the
three crystallographic directions of the orthorhombic
unit cell. The [1 0 0] stacking direction (designated in
the following as a) corresponds to the periodic direction
in d-QCs, whereas the [0 1 0] (b) and [0 0 1] (¢) direc-
tions lie within the atomic planes (corresponding to the
quasiperiodic directions in d-QCs).
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Figure 1. Temperature-dependent electrical resistivity, p(T),
of Y-AI-Ni-Co along three orthogonal crystallographic direc-

tions a*, b and c.
ANISOTROPIC ELECTRICAL RESISTIVITY

Electrical resistivity, p(T), was measured from 2 K to
300 K using the standard four-terminal technique. The
p(T) data of all the three complex metallic alloys for the
three crystallographic directions are displayed in Figures
1, 2 and 3, respectively.

The resistivity of Y-AI-Ni-Co is the lowest along
the b direction perpendicular to the atomic planes, where
its room temperature (r.t.) value amounts p,™" =25 uQ
cm and the residual resistivity is py> =10 pQ cm. The
two in-plane resistivities are higher, amounting p."" = 60
nQ cm and p2%=29 uQcm for the ¢ direction and
Pt =81 pQ cm and p,+> =34 uQ cm for the a* direc-
tion. While p, is considerably smaller than p,« and p. by
a factor of about 3, the two in-plane resistivities are
much closer, p«/p.~1.3. The above resistivity values,
appearing in the order p,<p.<p., (even the inequality
Pr<<p.<pg considered to hold), reveal that Y-Al-Ni-Co
is a good electrical conductor along all three crystallo-
graphic directions. The ratios of the resistivities p;/p;
along different crystallographic directions vary little
over the whole investigated temperature range 2—300 K,
amounting p,«/p, = 3.2, p./pp = 2.5 and p/p. =~ 1.3. The
strong positive temperature coefficient (PTC) of the
resistivity along all three crystallographic directions
demonstrates predominant role of the electron-phonon
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Figure 2. Temperature-dependent electrical resistivity, p(T),

of 0-Al;3Co,4 along three orthogonal crystallographic directions
a, band c.

scattering mechanism, so that the resistivity is of the
Boltzmann type.

The resistivity of 0-Al;;Co, (Figure 2) is again the
lowest along the stacking a direction perpendicular to
the atomic planes, where its room temperature value
amounts p,"" =69 uQ cm and the residual resistivity is
pa =47 pQ cm. The two in-plane resistivities are
higher, amounting p,"* =169 pQ cm and p,> =113 pQ
cm for the b direction and p,"=180 pQ cm and
p2 =129 uQ cm for the ¢ direction. The anisotropy of
the two in-plane resistivities is small, amounting at room
temperature to p.""/ p,""=1.07, whereas the anisotropy
to the stacking direction is considerably larger,
Pt I pt=2.6 and py"t/p, " =2.5. The anisotropic
resistivities thus appear in the order p, <p,<p. (the
inequality p, <<p, <p. may be written). The PTC of the
resistivity along all three crystallographic directions as
for the Y-Al-Ni-Co demonstrates predominant role of
the electron—phonon scattering mechanism and the resis-
tivity is of Boltzmann type.

As in two previous examples, the resistivity in
AlgyCrsFes (Figure 3.) is the lowest along the stacking a
direction perpendicular to the atomic planes. p, shows a
PTC in the whole investigated temperature interval and
a room temperature value p,”" =297 uQ cm. The resis-
tivities within the atomic planes (which correspond to
the aperiodic planes in d-QC’s) are higher and exhibit
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Figure 3. Temperature-dependent electrical resistivity, p(7T),

of AlgCrysFes along the three crystallographic directions a,
b and c.

qualitatively different temperature-dependencies with a
broad maximum, where the temperature coefficient is
reversed. p, exhibits a maximum at about 125 K with the
peak value 375 pQ cm and the room temperature value
p =371 uQ cm. The resistivity p. is the highest; its
maximum value 413 pQ cm occurs at 100 K and the
room temperature value is p.”" =407 pQ cm. At room
temperature, the ratios of the resistivities amount
pel pa=1.37, py/p,=125 and p./p,=1.10. The resis-
tivity of AlgyCr;sFes is thus qualitatively different from
the Boltzmann-type PTC resistivities of Y-Al-Ni-Co and
0-Al3Coy, and is described by the theory of the slow
charge carriers. "’

ANISOTROPIC THERMAL CONDUCTIVITY

Thermal conductivity was measured between 2 and
300 K using an absolute steady-state heat-flow method.
The thermal flux through the samples was generated
by a 1 kQ 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 monitored by a chromel-gold differential thermo-
couple (gold with the fraction of iron atoms of 0.07 %).
The total thermal conductivity x of Y-Al-Ni-Co,
0-Al;3Co4 and AlCrFe along the three crystallographic
directions is displayed in the upper panel of Figures 4-6.
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Figure 4. (a) Thermal conductivity, «(T), of Y-Al-Ni-Co along
the three crystallographic directions a*, b and c. Electronic
contributions #(7"), estimated from the Wiedemann-Franz
law, are shown by solid curves. (b) Phononic thermal con-
ductivity xy(T) = ©(T) — x(T) along the three crystallogra-
phic directions.

The phononic contribution x,, = k — k| Was estimated by
subtracting the electronic contribution x. (shown by
solid curves in the upper panel of Figures 4—6.) from the
total conductivity using the Wiedemann-Franz law,
ke ="k’ To(T)/3¢* and the measured electrical con-
ductivity data o(T) = p '(T) from Figures 1-3. Though
the use of the Wiedemann-Franz law is a rough approx-
imation, in this way determined x,, (shown in the lower
panel of Figures 4-6) gives an indication of the aniso-
tropy of the phononic spectrum.

In Y-Al-Ni-Co at room temperature, we get the
following anisotropy: x° = 12.5 W/m K , x,* = 9.1
W/m K with their ratio (kg* /&), = 0.73, K’ = 46.3
W/m K, &’ = 29.2 W/m K with (x"/x"),. = 0.63 and
k=174 W/mK, k" =122 W/m K with (/&) =
0.70. Electrons are thus majority heat carriers at room
temperature for all three directions. The anisotropic
thermal conductivities appear in the order x** < x < x”
and similarly xq" < ko < ke, which is identical to the
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Figure 5. (a) Total thermal conductivity, x(T), of 0-Al;3Co,
along the three crystallographic directions a, b and c. Elec-
tronic contributions, xg(7'), estimated from the Wiedemann-
Franz law, are shown by solid curves. (b) Phononic thermal
conductivity x,w(T) = #(T) — k(T) along the three crystal-
lographic directions.

order in which the anisotropic electrical conductivities
of Y-Al-Ni-Co appear (Figure 1): o, < 0. < 0. The
phononic thermal conductivity is shown in the lower
panel of Figure 6. We observe that anisotropic ry’s
again appear in the same order, Kph“* <Ipn” < Kphb, so that
the phononic conductivity is the highest along the b
direction perpendicular to the (a,c) atomic layers, whe-
reas the two in-plane conductivities are lower and show
smaller anisotropy. For all directions, x,,’s show a typi-
cal phonon umklapp maximum at about 40 K. The above
results show that Y-Al-Ni-Co is the best conductor
for both the electricity and heat along the stacking b
direction, whereas both conductivities are smaller in the
(a,c) plane.

In Alj;3Co4 at room temperature (r.t.), we get the
following anisotropy: = 12.5 W/ mK, k"= 102 W/
m K with their ratio (kq* / k). = 0.82, x* = 6.1 W/ m
K, ko = 4.4 W/ m K with (k" / )., = 0.72 and &° =
62 W/mK, k=41 W /mK with («° / ), = 0.66.
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Figure 6. (a) Total thermal conductivity, x(T'), of Alg,Cr,sFes
along the three crystallographic directions a, b and ¢ of the
orthorhombic unit cell. Electronic contributions, #g(7), esti-
mated from the Wiedemann-Franz law, are shown by solid
curves. (b) Phononic thermal conductivity xu(T) = x(T) —
ke (T) along the three crystallographic directions.

Charge carriers are thus majority heat carriers at room
temperature for all three directions. The anisotropic
thermal conductivities appear in the order «° ~ x” < «“,
and the same order applies to the electronic parts
ko' = Ko’ < K. The thermal conductivity is thus the
highest along the stacking a direction, whereas the in-
plane conductivity is smaller with no noticeable aniso-
tropy between the two in-plane directions b and c. Fig-
ure 2 shows that as in Y-AI-Ni-Co the electrical conduc-
tivity of 0-Al;3Coy is also the highest along a (appearing
in the order o, < o), < g,). The phononic thermal conduc-
tivity is shown in the lower panel of Figure 6. We ob-
serve that the anisotropy of x,, is small and no systemat-
ic differences between the three directions can be
claimed unambiguously.

Both x and x in the AlgCrisFes are again the
highest along the stacking a direction, and the aniso-
tropy between the two in-plane (b,c) conductivities is
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small. The phononic contribution ), = x — & is shown
in the lower panel of Figure 6, where we observe that
the conductivity x,," along the a direction in the low-
temperature regime below 50 K (which can be asso-
ciated with the regime where umklapp processes are still
ineffective) is the highest, whereas the two in-plane
conductivities x,," and x, are somewhat smaller and
also show very weak in-plane anisotropy.

CONCLUSIONS

Electrical resistivities of the investigated Y-Al-Ni-Co,
0-Al3Coy4 and Aly(Cr,Fe) show similar anisotropy, being
weak for the two in-plane directions and stronger be-
tween in-plane to the stacking direction. For all three
compounds, the resistivity is the lowest along the stack-
ing direction. The resistivity values are increasing with
increasing complexity of the compounds, being the
lowest for the Y-Al-Ni-Co, significantly higher for the
0-Al3Coy4 and even higher for the Aly(Cr,Fe). This over-
all increase of the resistivity is also accompanied by the
change of the temperature coefficient: while the resistiv-
ities of Y-AI-Ni-Co and 0-Al;3Cos show Boltzmann-
type PTC for all crystallographic directions, the temper-
ature-dependent in-plane resistivity of Aly(Cr,Fe) is non-
Boltzmann, exhibiting a maximum by changing the
slope from PTC to NTC, whereas the resistivity along
the stacking direction still shows PTC in the investigated
temperature range.

The thermal conductivity of the Y-Al-Ni-Co,
0-Al;;Co4 and Aly(Cr,Fe) behaves in complete analogy
to the electrical resistivity, by showing weak in-plane
anisotropy and considerable anisotropy to the stacking
direction. For all three compounds, the thermal conduc-
tivity is the highest along the stacking direction, so that
the investigated decagonal approximant phases are the
best conductors for both the electricity and heat along
the stacking direction perpendicular to the atomic
planes. At room temperature, Y-AlI-Ni-Co shows the
highest thermal conductivity, and Al,(Cr,Fe) the lowest
one, indicating that increased complexity of the structure
results in less efficient electronic and phononic transport
of the heat.
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SAZETAK

Anizotropna transportna svojstva kompleksnih metalnih legura

Ana Smontara® i Janez Dolinsek™*

*Laboratorij za fiziku transportnih svojstava, Institut za fiziku, Bijenicka 46,
HR-10000 Zagreb, Hrvatska
®Jozef Stefan Institute, University of Ljubljana, Jamova 39, SI-1000 Ljubljana, Slovenia
‘Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19,
SI-1000 Ljubljana, Slovenia

Prikazana su istrazivanja anizotropnih transportnih svojstava (elektriéne otpornosti, p, i toplinske vodljivosti, x)
kompleksnih metalnih legura Y-Al-Ni-Co, 0-Al;3Co4 i Al4(Cr,Fe). Navedene legure pripadaju klasi aproksimanata
dekagonalne faze, karakterizirane "stacked-layer"” kristalnom strukturom, te su pogodni za ispitivanje utjecaja
slozenosti kristalne strukture i veli€ine jedini¢ne ¢elije na transportna svojstava.
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