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Electron Localization in Metallic Quasicrystals

F. S. Pierce, S. J. Poon,* Q. Guo

Bulk icosahedral-quasicrystalline aluminum-palladium-rhenium alloys of high structural
quality and thermal stability are found to exhibit low-temperature electrical resistivities that
are four orders of magnitude larger than those found in disordered metals and metallic
glasses. Experiments suggest that these quasiperiodic alloys, which have a semimetallic
electron density, are insulators at low temperature. The findings are discussed in light of
theories on electron localization and band-gap formation in ordered metallic systems.

The discovery of icosahedral-phase (i-
phase) alloys (1), a class of solid-state struc-
tures known as quasicrystals (2), has
spawned the search for effects attributable
to quasiperiodicity that influence con-
densed-matter properties (3, 4). Among
the latter, electronic properties of quasi-
crystals are expected to be different from
those of crystalline and amorphous solids.
This is because the competition between
localization and delocalization in a quasilat-
tice, which are caused by nonperiodicity
and self-similarity, respectively, can lead to
electronic states that are critical—that is,
neither localized nor extended (5). It has
also been shown that transition to the
localized state in quasicrystals takes place as
the strength and complexity of atomic po-
tentials increase (5-7). The latter condi-
tion can be realized in alloy systems. Nat-
urally, these solid-state structures have
prompted many experimental endeavors (3,
4, 8, 9). In addition to the fundamental
issues of interest, the observation of Ander-
son localization in an ordered metallic
phase will be intriguing in its own right
because the metal-insulator transition has
been studied mostly in nonmetallic and
metal-oxide-granular systems (10).

The initial groups of i-phase alloys stud-
ied were structurally disordered (I11); their
electronic properties were found to be sim-
ilar to those seen in amorphous metals (8,
9). Since 1987, the discovery of a series of
thermally stable quasicrystals (12) that are
highly ordered (13) has provided an impe-
tus for exploring the intrinsic properties of
quasiperiodic alloys. Indeed, studies made
on the new systems in the past 3 years have
indicated the precursor to electron localiza-
tion (14—17). First, low-temperature resis-
tivities (p) at 4.2 K that are two orders of
magnitude larger than those seen in amor-
phous metals have been measured in i-Al-
CuRu (14), AlCuFe (15), AIPdMn (16),
and AlPdRe (17) alloys. These alloys are
typically composed of 60 to 70 atomic
percent Al and approximately 20 atomic
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percent Cu or Pd. A strong temperature
dependence of p, as seen in the resistivity
ratio R = p(4.2 K)/p(290 K) ~ 2 to 10
compared with R < 1.2 for amorphous
metals, is also measured [see references and
notes for maximum p (4.2 K) and R reported
for each alloy system]. Analysis based on
Boltzmann transport, which takes into ac-
count the carrier densities (14, 15) shows
that the electron mean free path is much
shorter than the Fermi wavelength (9).
Finally, the optical conductivity is non—
Drude-like (18). These findings indicate
that the ordered quasicrystals lie outside the
realm of metallicity (10). There have even
been some speculations about semiconduct-
ing quasicrystals (19).

We present in this report i-phase alloys
of AlPdRe that show low-temperature resis-
tivities reaching ~1 ohm-cm and tempera-
ture dependence resembling that of an in-
sulator. The density of electrons at the
Fermi level is that of a semimetal (~10%°
cm™3). Our findings, which are consistent
with the picture of Anderson localization,
are unusual for a system based on good
metals. The realization of our new results
can be attributed to the high structural
quality of the samples. Specifically, the
purity of both the initial and final products
is crucial, particularly so because the
chance that the impurity phases in a metal-
based system are “good conductors” is very

high. Polycrystalline Al-Pd-Re ingots (Ta-
ble 1) were prepared by melting high-purity
elements, under argon in an arc furnace.
Samples for study were cut from ingots, in
well-defined geometrical shapes with di-
mensions ~1 mm X 1.5 mm X 6 mm, and
then annealed in good vacuum at 860° to
950°C for 12 hours. Inspection by optical
microscopy revealed no porous features or
cracks in the samples. The grains were of
submillimeter size, as for typical polycrys-
talline samples. Several studies were also
made for different annealing times. It had
been demonstrated earlier that the poly-
crystalline nature of the samples did not
influence transport measurements (8, 14—
16). The i-phase structure of the samples
was confirmed by powder x-ray diffraction
with CuKa radiation (Fig. 1). The diffrac-
tion peaks or maxima can be completely
labeled by the all-even or -odd icosahedral
indices of a (six-dimensional) face-centered
icosahedral crystal (3, 4). The high struc-
tural quality is evident from the large num-
ber of resolvable diffraction peaks (13).
However, as noted (9), structural charac-
terization is a necessary but not sufficient
step for revealing intrinsic transport prop-
erties. Resistivity was measured from ~0.45
K to 290 K by means of the standard
four-probe technique. Hall effect measure-
ments were made with the six-lead method,
in fields up to 4 T, at selected temperatures
from 4.2 K to 290 K. Specific heat measure-

Table 1. Resistivity data on polycrystalline
icosahedral-alloy samples of Al-Pd-Re an-
nealed for ~12 hours.

Alloy Annealing p(290 K)  p(4.2
.. temperature (pohm-  K)/p(290
composition C) cm) K)
Al Pd,Re;, 900 ~10,000 28
Al sPdoReg s 910 ~11,000 12
Al,y sPdig sRe,o 900 ~10,800 8.4
Al,,Pd,,sReg s 900 ~8,000 4.7

T Fig. 1. CuKa powder x-ray
diffraction  pattern  of
i-Al,oPd,,Re,,. Peaks are
_ labeled according to the
six-dimensional  indices
- mentioned in the text. Due
to space limitations, only
intense peaks are labeled.
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ments were carried out on ~0.2 g samples
with the thermal relaxation method at tem-
peratures from 1 K to 8 K. Experimental
details, including those on high-tempera-
ture resistivity measurements up to
~700°C, are to be found elsewhere (20).
The resistivity ratio R was found to
depend on both the annealing temperature
and annealing time. The largest R and p
obtained on alloys studied are given in
Table 1. Figure 2 shows p(T) from ~0.45 K

to 290 K. The reproducibility of large p and
R on different samples is high. The very
rapid upturn of p below ~10 K, resulting in
~100 times increase from 290 K to 0.45 K,
is reminiscent of that seen in electron
insulators (21). To underscore this unusual
behavior, a sketch of p(T) on
Al Cu,oRu,s taken from (14) is also
shown. Clearly, the large p(10° to 10°
pohm-cm) observed, indicates that even a
very minute inclusion of a comparatively

Fig. 2. Resistivity versus 1.04 T T T
temperature for the ol i
Al,,Pd, Re,,  samples R
that reach ~1 ohm-cmat T 0.8 ':=_
= 0.45K (A), also shown is o | ]
a sketch of p(7) in ':E
AlgsCuyoRu, s for compar-  ~ 0.6 5
ison (24). Inset: log(o) ver- 5 : e
sus log T. The straight line & ns .
illustrates the power law fO, 5" 4 5
appearance of data at T < 04 5 T(K)
1 K alluded to in the text. A

024 .

A
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Fig. 3. Conductivity versus 500 T T
temperature  scans  of
+Al,,Pd,,Re,, (4) and
AlL,Ru compound (@). The 400 A

solid line drawn is a trace
of the dependence e ~&/KT
where E; ~ 0.17 eV is the
gap (24). The inset illus-

(arb. units)

E
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gaps alluded to in the text. S
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Fig. 4. Specific-heat data 25 . . .
plotted in the form C/T ver- k‘ 8
sus T2. The solid line is a fit ‘AL z
to the expression C = yT + 20 e _
BT3 + 3T5wherey =0.22 I A, 49
mJ g~" atom™!' K72, B = § 2
0.020 mJ g~' atom K4, e 15 A &
andd=21x10"*mJg™’ 8 : T(K) A
alom™' K-S The inset 0
shows Hall coefficient ver- S 1.0
sus temperature. E, : 7]
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much better conductor (10 to 100 wohm-
cm), less than 1% by volume, could poten-
tially “short circuit” the intrinsic electron
transport. Thus, it is not clear at this point
that our results have been optimized. Fur-
ther effort to purify the samples is under
way. Conductivity (o = 1/p) at low T (<1
K) cannot be described by conduction mod-
els known for disordered metals and insula-
tors (10, 21). Rather, it appears to follow a
simple power-law o ~ T% on samples with
R > 10 (Fig. 2, inset). Following the
heuristic discussion on the variable-range-
hopping of power law—localized electronic
states W(r) ~ r~%, it suggests that o ~
0.75, since 0 ~ T?*? in the model (9). The
measurement will be extended to the mil-
likelvin temperature range. To learn more
about the electronic structure, o measured
up to ~700°C is plotted in Fig. 3. The rapid
but smooth rise of o to a nearly metallic
value indicates the absence of a semicon-
ducting gap. This feature was ascribed to
the Fermi level being located near the
minimum of a strong pseudogap (9). The
strong pseudogap in ordered i-phases is cre-
ated by the strong Fermi surface—Brillouin
zone interaction (5, 22) and its existence
has been confirmed (23). In contrast, data
from an AL,Ru alloy (24), which is predict-
ed to have a narrow semiconducting gap
(25), are indeed found to be described by
such a gap of ~0.17 eV (Fig. 3). The two
types of gaps are sketched in the inset to
Fig. 3 for comparison.

Additional information on the electron-
ic structure near the Fermi level is obtained
by fitting the specific-heat data in the range
1 < T < 7K to the standard form C = yT
+ BT + 3T° (Fig. 4). It gives y = 0.22 m]
g~ ! atom™! K=2 and a Debye temperature
of 460 K. The <y value is much smaller than
that of Al (1.35 mJ g=! atom™! K=2) but
comparable to those previously reported for
i-phases (14, 15). The latter can also be
said about the Hall coefficient (inset to Fig.
4), particularly in its strong T-dependence
which was also interpreted by the
pseudogap mechanism (9). The Hall coef-
ficient is independent of the magnetic field.
The effective number of hole-like carriers is
estimated to be ~10%° cm ™3 at 4.2 K. Based
on the electron density, the Al-Pd-Re al-
loys may just be semimetals. However, the
data combine to suggest that these i-phases
are quasiperiodic insulators, possibly of the
Anderson type.

The present results naturally raise sever-
al questions: Why weren’t the ordered
i-phases studied previously insulators, given
their comparable electron densities to the
current ones? Why is a real gap not seen in
ordered i-quasicrystals, given the prediction
for its existence due to the creation of gaps
around the almost isotropic Brillouin zone
boundaries (19)? In contrast, the com-



pound Al,Ru which is orthorhombic and
has comparable strength of atomic potential
to the i-phases, does have a real gap. It is
mentioned above that electrons in a quasi-
periodic lattice are prone to localization
[also see (26)], and the extent of the effect
depends on the form of the atomic potential
in an alloy. Meanwhile, whether the ab-
sence of a real gap is also due to “quasi-
periodicity” needs to be investigated. Tak-
ing a different viewpoint, an internal struc-
tural model (27) advocates that in the
ordered i-phases, the icosahedral atomic
blocks that are metallic, are enveloped by a
layered-structure network that is insulating
with an energy gap. This structural arrange-
ment leads to a proximity tunneling type of
conductivity with a finite density of states
at the Fermi level. Clearly, much research
is needed for understanding electron local-
ization and band-gap formation in metallic
quasicrystals as well as ordered metallic
systems in general.
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Thorium-Uranium Fractionation by Garnet:
Evidence for a Deep Source and Rapid Rise of
Oceanic Basalts

T. Z. LaTourrette,* A. K. Kennedy,t G. J. Wasserburg

Mid-ocean ridge basalts (MORBs) and ocean island basalts (OIBs) are derived by partial
melting of the upper mantle and are marked by systematic excesses of thorium-230
activity relative to the activity of its parent, uranium-238. Experimental measurements
of the distribution of thorium and uranium between the melt and solid residue show that,
of the major phases in the upper mantle, only garnet will retain uranium over thorium.
This sense of fractionation, which is opposite to that caused by clinopyroxene-melt
partitioning, is consistent with the thorium-230 excesses observed in young oceanic
basalts. Thus, both MORBs and OIBs must begin partial melting in the garnet stability
field or below about 70 kilometers. A calculation shows that the thorium-230-uranium-
238 disequilibrium in MORBs can be attributed to dynamic partial melting beginning at
80 kilometers with a melt porosity of 0.2 percent or more. This result requires that melting
beneath ridges occurs in a wide region and that the magma rises to the surface at a

velocity of at least 0.9 meter per year.

Information about the rate at which a
source region melts and the magma is trans-
ported to the surface of the Earth can
provide key constraints on magmatic
plumbing systems in the mantle and crust.
One important source of this information is
isotopic disequilibrium among the members
of the uranium-series decay chain in young
oceanic basalts. Most young MORBs and
OIBs display secular disequilibrium between
230Th and 238U, with the activity of 2*°Th
enriched relative to that of 233U (1). This
disequilibrium implies that the basalts have
a higher Th/U ratio than the mantle from
which they were derived. Such a Th-U
fractionation generates a transient excess of
230Th relative to its parent, 23U, in the
basalt. Because a system will return to
secular equilibrium (where the 2*°Th and
2381J activities are equal) within about five
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half-lives of 2°Th (or 377,000 vyears),
20Th-238U disequilibrium reflects recent
chemical fractionation of Th from U and
can be used to constrain the timing of
magma generation and transport. In order
to interpret this disequilibrium, however,
the origin of the Th-U fractionation, that
is, the location and the time in the erupted
lava’s history when the fractionation oc-
curred, must be determined.

Many workers have attributed the Th-U
fractionation to differences in crystal-melt
partitioning between Th and U during par-
tial melting (1-3). Recent experimental
trace-element partitioning studies have
shown that partial melting of spinel lherzo-
lite is not a possible explanation of 2>°Th-
238U disequilibrium in young oceanic ba-
salts, as a partial melt from such a source
will be enriched in U relative to Th, which
is opposite to what is found (4, 5). This
conflict could be resolved if partial melting
occurred at higher pressures where other
phases controlled the Th and U partition-
ing. We thus conducted partitioning exper-
iments between garnet and melt to evaluate
the possibility that 22°Th-238U disequilibri-
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