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Electronic transport properties and specific heats of ordered icosahedral phase alloys in the Al-Cu-
Ru-Si and Al-Cu-Fe systems are examined, and comparison with high-quality rhombohedral (3 ) approx-
imant phase samples of Al-Cu-Fe is made. Strong temperature dependence and sensitivity to composi-
tion changes of these properties are observed. The similarity of transport properties between the
icosahedral (i) and rhombohedral (r) phases of Alg, sCuye sFe); is noted. The results can be qualitatively
interpreted in terms of band structure. There appears to be sufficient evidence for a rapidly varying con-
ductivity spectrum o (E) in the ordered i phases. However, important questions concerning the physics
of these semimetallic quasicrystals remain to be answered.

I. INTRODUCTION

Since the discovery of the ordered icosahedral (i)
phases, in the Al-Cu-Fe, Al-Cu-Ru,! and more recently
Al-Mn-Pd (Ref. 2) systems, it has become possible to in-
vestigate the electronic properties of quasicrystalline ma-
terials unobscured by the effects of structural disorder.’
The properties measured have shown unusual features;
among them, low-dc conductivity, low electronic contri-
bution to specific heat, and large and strongly
temperature-dependent Hall coefficients and thermoelec-
tric power. These properties are quite different from the
metallic-glass-like behavior of the disordered quasicrys-
tals.>* In each of these materials,’ ° the dc conductivity
is comparable to or even less than the minimum metallic
conductivity of 200 Q" !cm™1.1% Because of the low con-
ductivity and small carrier concentration, these materials
can be classified as semimetals.>!! The proximity of
these materials to a metal-insulator transition has also
been suggested.® In addition, there is preliminary evi-
dence that small variations in the composition of these
structurally ordered phases can lead to significant
changes in the conductivities.>>%° Along with the tem-
perature dependences of the Hall coefficients and thermo-
power observed, these results suggest that rapidly varying
structures may exist in the density of states.>!! To pro-
vide a more quantitative basis for investigating the band-
structure effects, i-phase alloys of Algs_,CuyRu;sSi,
(x =0,0.5,1.0) are studied in an attempt to vary the Fer-
mi energy on a fine energy scale. Since the chemical sub-
stitution is made only in the sp band, and the composition
change is small, it is reasonable to assume that a shift in
E results, but that the electronic structure remains un-
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changed. A similar study is also reported for the i-Al-
Cu-Fe alloys (Table I) in which both Cu and Fe contents
are varied. For these alloys, filling of the d band needs to
be considered. We apply the free-electron model to esti-
mate a variation in E; of less than ~0.1-0.3 eV, for Al-
Cu-Ru-Si and Al-Cu-Fe, respectively.

In addition to the band-structure mechanism, a prox-
imity tunneling mechanism of conductivity, based on an
internal structural model, is proposed to explain the low
conductivities.!? However, it is important to remark that
any theory put forth to account for the behavior of the
conductivity in these materials should also at the same

TABLE 1. Electronic contribution to specific heat (y), and
Debye temperature (®p ), determined from specific-heat data fit
to the expression C=yT+BT*+8T>, with dc electrical con-
ductivity (o) at 4.2 K.

Y ®p T42K
(mJ/gatomK?) (K) (@ 'ecm™))

Alg, sCu, sFe; i phase 0.32 560 270

r phase 0.25 555 180
Algs sCuyy sFep? 0.31 540 230
Alg,. sCuyy sFeq3 150
AlgsCuyoRu;s 0.11 500 75
Algs sCuyoRu,sSig s 0.27 445 180
AlgyCuyRu,;s8i, 0.21 485 280
AlgsCup;Ruys 0.23 530 180
AlyCusRuys 0.20 500 100

“Reference 7.

"Reference 5. The AlgsCuyRu;s o(4.2 K) cited here is obtained
from one of the samples that did not achieve the lowest value
reported earlier in Ref. 5.
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time address the strong temperature and composition
dependences of the thermoelectric power and Hall
coefficient reported in this paper. Meanwhile, further un-
derstanding of the i phases can also be advanced through
studies of approximant phases. The electronic structures
of several approximant phases are now known, both from
band-structure calculations,'>!* and x-ray spectroscopy
measurements.'>"!® A recent study of the crystalline ap-
proximant a-AlMnSi phase shows electronic properties
similar to those of the ordered i phase.!' In this report,
we also present a comparison study of i-Al-Cu-Fe with its
approximant phase. Single-phase samples of the latter
can now be obtained. The Al-Cu-Fe system is an excel-
lent choice for further studies of this type, since, in a nar-
row range of composition, the icosahedral (i) phase and
rhombohedral (r) phase (the 2 crystalline approximant)
can be formed at the same composition.!” In a previous
study of rational approximant structures in this system,
the x-ray-diffraction pattern of the r phase shows
broadened peaks at the same positions as those of the i
phase.?® Detailed studies of the phase diagram of the
Al-Cu-Fe system in the i-phase region, have recently been
performed.'”?1"?2  These studies revealed a complex
phase diagram with the thermodynamically stable i phase
forming only in several narrow ranges of composition. A
well-ordered i phase can be formed over a wider composi-
tion range, but some compositions transform when an-
nealed at low temperature. The i phase studied in Ref. 7
was of this type. The transformed i phase corresponds to
i phase with some phason disorder in which peak intensi-
ties were reduced by a Debye-Waller factor, and
broadened by diffuse scattering around the peaks. The r
phase can be formed at composition Alg, sCu,g sFe,;, and
has sharp diffraction peaks grouped around the i-phase
peak positions. A comparison of powder-diffraction pat-
terns for i and r phase Alg, sCu,, sFe;, is shown in Fig. 1.

II. EXPERIMENTAL PROCEDURE

Alloy ingots of nominal compositions
Algs_, CuyoRusSi, (x =0,0.5,1.0), Alg, sCu,e sFeyy, and
Alg; 5Cu,, sFe;, were produced by melting together pure
(299.95%) elements, under argon in an arc furnace.
Ribbon samples of ~20 um thickness were prepared by
melt spinning, in an argon atmosphere. The samples
were subsequently annealed in evacuated quartz tubes for
up to 24 h, and then water quenched. Al-Cu-Ru-Si alloys
were annealed from 800-860°C, depending upon compo-
sition. Al-Cu-Fe alloys were annealed from 725-760°C.
The rhombohedral phase was formed by annealing
quenched ribbon samples of composition Alg, sCuy sFe;
at 690°C, for 210 h. Samples of the stable composition
Alg, sCuy, sFe;; were made by remelting an ingot with
the correct average composition in an evacuated quartz
tube, and then water quenching, to reduce compositional
inhomogeneities. The ingot was then annealed at
830-850°C for 24 h. The phase purity of the samples
was confirmed by powder x-ray diffraction using either
Cu Ka or Co K a radiation.

Resistivity was measured from 0.5 to 295 K using the
standard four-probe technique, with silver paint contacts.
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FIG. 1. X-ray-diffraction patterns for Alg, sCu, sFe,; # phase
(a), and i phase (b).

Thermoelectric power was measured from 4.2 to 300 K,
with respect to high-purity lead wires, using the
differential technique. dc Hall effect measurements were
performed using the six-lead method, in fields up to 4 T
using a superconducting magnet. The Hall coefficient
was measured at selected temperatures from 4.2 to 300
K. The leads were attached to the sample with silver
paint. Due to the nature of the samples, it was very
difficult for the small contacts necessary for the Hall
leads to survive thermal cycling. This accounts for the
scarcity of high-temperature data. Specific-heat measure-
ments were performed using the thermal relaxation
method at temperatures from 1 to 8 K as described else-
where.?

III. RESULTS

Powder x-ray-diffraction patterns of i- and r-phase
samples of Alg, sCuys sFe;; are compared in Fig. 1. All
r-phase peaks correspond to those of the rhombohedral
phase reported in Refs. 19 and 21 (¢=32.18 A and
a=36").

Heat-capacity data, at temperatures in the range
1=T=<4 K, were fit to the standard form
C=yT+BT*+8T?, including the T> term. Values of
the electronic contribution ¥ and ®j, are listed in Table
I. Low-temperature specific-heat data for Al-Cu-Fe are
shown in Fig. 2. Data for Al-Cu-Ru-Si are shown in Fig.
3. The electronic contribution ¥, for each of the i-phase
compositions, was significantly lower than the free-
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FIG. 2. Specific-heat data for i-phase Alg, sCu,e sFe;; (a), i-
phase Alg; sCuyy sFej, (b), i-phase Alg, sCuyy sFey; (c), and r-

phase Alg; sCuy4 sFe;; (d). Solid curves are fits by the expression
C=yT+BT>+8T°.

electron value of ~1 mJ/gatom K2 The variation of y
in Al-Cu-Ru-Si i alloys upon up to 1 at. % Si substitution
for Al is significant; and it is as large as that seen in Al-
Cu-Ru alloys, where up to 5 at. % Cu is substituted for
Al° The y value for the r phase Al-Cu-Fe was lower
than that of i/ phase of the same composition, which ap-
pears to correlate with the lower conductivity measured.
Due to the upturn in the specific heat of Alg, sCu,, sFe,;
at decreasing temperature, reliable values for ¥ and ®p
cannot be determined. The upturn could be accounted
for by a trace amount of a magnetic phase, as small as a
few ppm in the sample. Presence of a very minute
amount of second phase is expected as the i-phase bound-
ary is approached. The Debye temperature for this class
of stable i phases, including those reported by us ear-
lier,>7 are the highest observed in i-phase materials. To
shed light on this, we have surveyed a large number of
specific-heat and phonon spectrum data on various metal-
lic systems in the literature. An empirical relationship

C/T (mJ/g at K?)
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FIG. 3. Specific-heat data for i-phase AlgsCuyRu;s (a),

Algy sCuyoRu,5Sig 5 (b), and Alg,CuyoRu,5Si; (c). Solid curves are
fits by the expression C=yT+BT*+8T".
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kp®p =0.75—1.2%w,, is noted, where #iw,, is an approx-
imate cutoff phonon energy in the phonon spectrum.
Phonons in Al-Cu-Fe (Ref. 24) and Al-Pd-Mn (Ref. 25) i
phases have recently been studied. From these results,
one observes that #iw,, =55 meV, which is higher than
that of pure Al (~50 meV). The empirical relationship
then indicates ®, to be at least ~480 K.

Electrical conductivity (o) data for the Al-Cu-Fe sam-
ples are shown in Fig. 4. Conductivity increased as Al or
Cu was substituted for Fe. The r-phase conductivity was
less than that of the i phase of the same composition,
with similar temperature dependence. The conductivity
upturn, at low temperature, in the Alg, sCu,, sFe;; sam-
ples has been seen previously in the Al-Cu-Fe system,?®
and is ascribed to strong electron-electron interaction in
the weak localization regime. From the data shown for
the Al-Cu-Ru-Si samples in Fig. 5, it can be seen that the
conductivity increases with Si or Cu concentrations.
There is a corresponding decrease in the ratio o (300
K)/o(4.2 K) from ~3.4 for the x =0 sample, to ~1.4
for the x =1 sample. The conductivity of all samples
measured in these two systems shows upward curvature
above ~50 K. The positive curvature in o as well as the
larger than unity ratio o(300 K)/o(4.2 K)/o(4.2 K)
cannot be explained by weak localization theories.?’

Thermoelectric power (S) data for Al-Cu-Fe samples
are shown in Fig. 6 and that of Al-Cu-Ru-Si in Fig. 7.
All have large values when compared to those of disor-
dered metallic systems.?” The temperature dependence of
some of these alloys is also unlike that of metallic glasses
where except for the small electron-phonon enhancement
effect, observed at low temperatures, S < T. Sensitivity of
S (T) to small composition change is also noted. In par-
ticular, S(T) changes sign upon small chemical changes
in both systems.

Hall effect (R ) results for Al-Cu-Fe alloys are shown
in Fig. 8, and for Al-Cu-Ru-Si alloys in Fig. 9. The Hall
coefficient (R ) was field independent, in fields up to 4 T,
for each of the alloys studied. In the Al-Cu-Fe system,
the Hall coefficient was negative for each of the alloys ex-
cept i-Alg, sCu,, sFe 3, which was large and positive, con-
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FIG. 4. Electrical conductivity data for i-phase

Alg,y sCuyg sFey; (a), i-phase Alg; sCuyy sFey, (b), i-phase

Alg; sCuyy sFeys (c), and r-phase Alg, sCu,6 sFe;; (d).
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FIG. 5. Electrical conductivity data for i-phase AlgsCuygRu;s
(a), A168CUI7RU15 (b), A170Cu15Ru15 (C), A164'5CU20RU158i0'5 (d),
and AlgCuyoRu,;sSi; ().

sistent with the positive thermopower measured. The
magnitude of Ry for the r phase was significantly larger
than Ry of any of the i-Al-Cu-Fe samples measured. In
the AlgsCuyRu;s sample, Ry had large temperature
dependence, leading to a change in sign at ~150 K. As
silicon was substituted for aluminum, the magnitude of
Ry was reduced, as well as the temperature dependence.
In both of these systems, the Hall coefficient is sensitive
to small composition changes. It is clear that the trend of
R (T) is correlated to that of S(T). As S(T) becomes
positive, Ry (T) either becomes positive, or much less
negative.

IV. DISCUSSION

The unusual electronic properties observed in the or-
dered i phases and related approximants raise questions
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FIG. 6. Thermoelectric power data for i-phase
Alg, sCuye sFey; (a), i-phase Alg sCuyy sFe;; (b), i-phase
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FIG. 7. Thermoelectric power data for i-phase AlgsCu,0Ru;s
(a), AlggCuysRu;s (b), Al;oCu sRu;s (c), Algy sCuyoRu,sSig s (d),
and AlgCu,0Ru, 581, (e).
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FIG. 9. Hall coefficient and Hall conductivity data at H=4
T for i-phase AlgsCuygRu;s (a), AlggCujsRu,s (b), Al;oCusRuys
(c), Algs sCuyoRu, 581y 5 (d), and AlgsCu,oRu,5Si; (e).

about their origin. It was proposed that the stability of a
structure is enhanced by the interaction of the Fermi sur-
face with a Brillouin- or Jones-zone boundary.?® This in-
teraction causes a minimum in the density of states, or
the opening of a pseudogap, to occur when 2lkp|~|G]l,
where K, r is the Fermi wave vector, and G is a reciprocal
lattice vector. The electronic energy of the system can be
reduced, enhancing the stability, if E lies in the pseudo-
gap. Technically, in a quasiperiodic material the Jones
zone does not exist, but a similar construction can be
found using the planes, which are perpendicular bisectors
of vectors, in reciprocal space corresponding to strong
diffraction peaks. The pseudogap feature may be
enhanced in the i phases, since the icosahedral symmetry
leads to almost spherical Jones zones, which will interact
with a large fraction of a spherical Fermi surface.>?* In
the ordered i phases studied, this interaction is expected
to be strong, due to the sharpness and intensity of the re-
lated diffraction peak (442 002),® and hybridization of the
sp and d orbitals.’®3! This is consistent with the observed
values of ¥, much reduced below the free-electron value
of ypg~1 mJ/gatom K2 The presence of this pseudo-
gap has been verified using x-ray emission and photoab-
sorption spectroscopies.!”!®32 The pseudogap feature
may also explain the optical measurements of i-Al-Cu-
Fe,** according to a recent calculation.’* The low-dc
conductivity, due to the low density of states N(E),
means that the weak Drude part of the ac conductivity is
overwhelmed by stronger interband absorption, resulting
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in a suppression of the Drude peak. While the reduced
density of states can account for the low conductivity, a
pseudogap width of ~1-2 eV is too wide to explain the
temperature and composition dependences of o, S, and
Ry, as discussed below.

A. Band-structure effects on electron transport

Band-structure calculations performed for the (1/1)
approximant a-Al-Mn-Si show a rapid variation in N(E)
superimposed on the pseudogap, from the large number
of dispersionless bands.!> The density of states is not
known for the materials studied in this paper, but, since
the i phase is ordered, with self-similar atomic arrange-
ments, it is reasonable to expect that such structures may
also exist for the higher-order approximant and i-phase
structures in the Al-Cu-Fe and Al-Cu-Ru-Si systems.
The existence of these structures can be used to provide a
rather consistent description of the temperature and com-
position dependences of o, S, and Ry. In the absence of
band-structure information, only a qualitative account
can be given.

Conductivity can be written as'©
_9of
o(T)= E) E , 1
)= [ ol 5% |4 (1)

a weighted average of the conductivity spectrum o(E)
over an energy range determined by the Fermi distribu-
tion. The increase of o with temperature can be account-
ed for if Ey is located in a valley of o (E) that rises several
fold above its minimum, within a width AE ~200 meV.
By considering the free energy carried by an electric

current, the thermopower S (7T) can be written as!®
kg E— af
S(T)y=— E)|—— —— |dE . 2
(N)=—[o(B) o | o | o)

The temperature dependence of S is more sensitive than
o(T) to the variation in o(E) near Ep due to the odd
function about Ep: (E—Eg)(8f/0E) in the integrand.
Thus, S(T) imposes an added constraint on the variation
of o(E). However, except for its shape, the width of
o(E) is similar to that inferred from o(T), according to
our numerical finding. The unusual temperature depen-
dence and change of sign, observed in the Alg;Cu,oRu;;
sample, can be explained if the Fermi level lies near the
bottom of the o(E) valley, but with o(E) being asym-
metric (Fig. 10). After all, N (E) appears to be minimized
at this composition (Table I); the suggested asymmetry in
o(E) may reflect that of N(E) found in band-structure re-
sults.!3 As aluminum is substituted for copper to increase
the electron density, E increases, and moves toward the
region where do /dE is more positive, causing S to be-
come more negative, according to Eq. (2). Meanwhile,
o (4.2 K) should increase several fold, in agreement with
experiment. Also, since (—3f /3E) in Eq. (1) is an even
function about Eg, the temperature dependence of o is
expected to decrease as Er moves further away from the
bottom of the o(E) valley. This prediction is also real-
ized in the data. Based on this line of argument, one
would be surprised by the fact that when Si, which has
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FIG. 10. Schematics of o(E) and o y(E) consistent with the
observed S(T) and Ry(T) in the i-Al-Cu-Ru-(Si) and Al-Cu-Fe
systems. The values of Epl and Epz shown are suggested Fermi

energies for i-AlgsCu,yoRu, s and i-Alg, sCu,4 sFe;3, respectively.

one more valence electron than Al, is substituted for Al,
S actually becomes more positive. This apparent paradox
can be easily resolved by knowing the nature of electronic
states of Si in AlI-TM (TM= transition metal) com-
pounds. It was shown earlier, from soft x-ray emission
study, that although a “metallic’’ model may be more ap-
propriate for describing Si in an icosahedral phase of Al-
Mn-Si, its s-like states lie deep inside the valence band,
just like in covalently bonded Si.!* In other words, the s
states do not contribute at the Fermi level, only the p
states do. As a result, there is a depletion in the average
electron density as Si is substituted for Al, and Ej de-
creases. As Ep moves toward the region where do /dE is
more negative, o(4.2 K) should increase, while S should
become more positive, which are observed. The typical
width of the o (E) valley (~0.2 eV) utilized in the discus-
sion is of the same order as the estimated shift in the Fer-
mi level due to the composition variation.

For the Al-Cu-Fe system with varying Fe content, one
should consider the status of d-band filling®®3! in addi-
tion to the change in electron density due to the 1-2
at. % variation in Al and Cu discussed above. Adopting
the valence of —2.4 found for Fe in the Al,Cu,Fe com-
pound,3 ! the fractional increase in average valence from
13 at. % to 11 at. % Fe (Table I) of i-Al-Cu-Fe is estimat-
ed to be ~0.066/1.9 resulting in a shift in Ep of
~+0.23 eV. Since Alg, sCu,yy sFe;; has the lowest o
among those studied by us, it is reasonable to assume its
Fermi level lies near the bottom of the o(E) valley, as
shown in Fig. 10. Similar to the discussion on Al-Cu-
Ru-Si, the position of E is chosen for the purpose of set-

ting the initial condition. For comparison, the lowest
(4.2 K) value (~100 Q@ 'cm™!) was reported for i-
Alg, sCu,sFe,, 5,° whose Fermi level is shifted ~ +0.06
eV with respect to that of i-Alg, sCu,, sFe;;, consistent
with the trend in o(E) shown in Fig. 10. At this point,
the discussion on Al-Cu-Ru-Si can be applied, leading to
the trend in 0(4.2 K) observed, and a change of sign of .S
from positive to negative, as the Fe content increases.

The Hall conductivity oy can be obtained from the
Hall coefficient Ry, via the expression o ; =Ryo?. Thus
we can plot o4(T) for the i-phase alloys, as shown in
Figs. 8 and 9. The trend in o 4(T) can be obtained once
o 4 (E) is known, since these two quantities are related via
an expression similar to Eq. (1). Previously, the positive
Hall coefficients observed in some metallic glasses with
free-electron-like |Ry| were poorly understood.?’” Ex-
planations given for this behavior were based primarily
on the introduction of a negative effective mass m*,
which requires the existence of a well-defined dispersion
relation E(k). The existence of such a well-defined E(k)
is not at all certain in a disordered metallic glass, since k
is not a good quantum number. Recently, a different ap-
proach to this problem was put forth, based on numerical
calculations for oy, which do not rely on E(k ).>> The
result of these calculations is that an approximate corre-
lation of the sign of o5 and the derivative of N (E) is ob-
tained:

_dN(E) __ do(E)
dE dE -

We have extended the correlation to include o (E) in (3)
based on the observed trend in y and o, although the
scaling relationship between the latter is unknown for the
i phases. This correlation can now be utilized to formu-
late a consistent qualitative explanation for the behavior
of o4(T) in terms of the energy derivative of o. A
schematic plot of o 4 (E) based on relation (3) is shown in
Fig. 10. Of course, the position of E at which o 4(E)
changes sign can only be approximate. Based on the
schematics of o(E) and o y4(E), the trend in o 4 (T) and
its correlation with S(T) for the two i-phase systems
upon composition variation are clear. The stronger tem-
perature dependence of oy in the i-AlgsCu,pRu,5 and i-
Alg, sCu,, sFe ; is consistent with the fact that their Fer-
mi levels are closer to the o(E) minimum, and conse-
quently the region where o 5 (E) changes sign. It will be
of interest to study the S(T) and ogyx(T) of i-
Alg, sCu,sFe,, s with the lowest 0(4.2 K) value® in the i-
Al-Cu-Fe system.

oylE)~ (3)

B. Unanswered questions

Despite our success in explaining qualitatively the
unusual electron-transport behavior observed in ordered i
phases, important questions remain in understanding the
physics of this class of ordered phases. First, one would
be puzzled by the rapid variation of o (E) if it were pro-
portional to N (E). Recent calculations of o (E) based on
the band structure of a-AlMn indicate fine structure in
o(E) [assuming o(E)~N(E)] of ~0.1-0.2 eV, com-
parable to that obtained in this work. This finding should
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be characteristic of the approximant phases, including
the r phase of Al-Cu-Fe. Our measurements show that
the temperature dependences of the transport properties
of i- and r-Al-Cu-Fe are similar, and their o and ¥ values
are of the same order of magnitude. Therefore, rapid
variation in o (E) is expected to exist in a quasicrystal, as
obtained here. However, for systems with chemical dis-
order, such as those studied experimentally, it is doubtful
that the fine structures in N (E) alluded to can exist. Asa
result of the disorder, the electron’s scattering time is
comparable to that in amorphous metals.> This also
leads to the question of whether this type of disorder
would mitigate the quasiperiodic effects on electronic
states. Therefore, the rapid variation in o (E) cannot be
explained solely on the basis of band-structure calcula-
tions. The nature of electron states inside the pseudogap
should be investigated further. Such investigation has
just begun.’’

Finally, one should address the implications of a nar-
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row effective bandwidth on transport properties. At low
temperatures, expression (2) can be approximated by

S/T~(ky/eEp)(dIno /d nE )y _ .

With d Ino /d InE being of the order unity, Ej. is estimat-
ed from measurement of S /7T to be ~0.1 eV. This order
of magnitude of E is comparable to that estimated from
carrier density inferred from Hall measurement; and it is
of the same order as the Debye energy derived from
specific-heat results. Thus, the effects of strong electron-
phonon renormalization on electron transport should
also be considered.
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