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Electronic transport of the icosahedral Zn-Mg-Sc quasicrystal and its cubic approximant Zn17Sc3
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Department of Materials Science and Technology, Tokyo University of Science, Noda, Chiba 278-8510, Japan

~Received 4 April 2002; published 4 October 2002!

The electrical resistivity and specific-heat measurements have been performed for the recently discovered
P-type icosahedral Zn-Mg-Sc of high structural perfection and its crystalline approximant Zn17Sc3. The tem-
perature coefficient of the resistivity is found to be negative withr300K5330 mV cm for the quasicrystal, while
it is positive withr300K5250 mV cm for the crystalline approximant. The electronic specific-heat coefficient
g is found to be small and nearly the same for both alloys; 0.55 and 0.65 mJ/(mole K2) for the quasicrystal and
the crystalline approximant, respectively. Such smallg values are consistent with the recent electronic structure
calculation@Ishii and Fujiwara, J. Alloys. Compd.342, 343 ~2002!#, and can be taken as an indication of the
existence of a pseudogap in the density of states at the Fermi level for theP-type i phase.

DOI: 10.1103/PhysRevB.66.132201 PACS number~s!: 71.23.Ft, 72.15.2v, 71.20.Gj
rk

s
h

o
y
ra
he

uc
i-
it

e

r-
e

s

er
h

o

n
e

a
he
e

ar
t

f
tw
d

to
al
s
lloy

i-
rt of
vi-

d

two

er
ed at
e-

be
ubic

to
re-
be-

in
-

or
ing

s

I. INTRODUCTION

In the field of the quasicrystal research, extensive wo
on the electrical properties of the icosahedral~i! phases have
been performed on the stableF-type i phases, such a
i-AlPd~Mn,Re!,1 i-AlCu~Fe,Ru!,2,3 etc., because of their hig
structural perfection. As a result, many intrinsic properties
the quasicrystals have been clarified,4 such as an extremel
high resistivity value with a pronounced negative tempe
ture coefficient and a small electronic contribution to t
specific heat. For such studies the quality of thei phase has
played a crucial role. Recent work by Pre´jean et al.5 is im-
plicative with this respect, which has shown that the cond
tivity of high-quality Al-Pd-Mn single grains is very sens
tive to the minute presence of Mn spins, associated w
local defects. On the other hand, most of theP-type i phases
discovered so far contain a large amount of intrinsic disord
even in the stablei phases such asi-AlLiCu ~Ref. 6! and
i-ZnMgGa.7 Therefore, it has been difficult to obtain prope
ties intrinsic to theP-type quasicrystals in contrast to th
cases of the F-typei phases.

Recently, aP-type i phase of high structural quality wa
found around the composition Zn80Mg5Sc15.8 The i phase
has been reported to exhibit sharp diffraction spots with v
small deviations from their ideal positions, indicating hig
structural perfection of thei-phase structure.9 Therefore it
has now become possible to obtain a reliable information
the intrinsic electronic transport of theP-type i phase. In
addition, there exists a cubic crystalline approxima
Zn17Sc3, which is regarded as a ‘‘1/1’’ approximant, in th
vicinity of the i-phase composition. Zn17Sc3 is a body-
centered-cubic crystal with space groupIm3̄, which is re-
ported to contain 160 atoms in a cubic cell with lattice p
rametera513.852 Å with a large hole at the corner and t
body center of the unit cell.10 Since the compositions of th
i phase and the approximant are very close~less than 5 at %
Zn!, one expects that the local atomic configurations
nearly the same between the two compounds except for
presence of Mg atoms in thei phase. Therefore it is also o
interest to compare the electronic transport between the
closely related compounds in terms of the temperature
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pendence of the resistivity and the electronic contribution
the specific heat. Until now, comparison of the electric
properties between thei phase and approximants of variou
approximation degrees has been done in a number of a
systems, e.g., Al-Cu-Fe,11–13Al-Cu-Ru,14 Al-Pd-~Fe, Ru, Os!
~Ref. 15! for the Mackay-Icosahedron~MI !-type systems,
Al-Li-Cu16,17, Al-Cu-Mg,16 Mg-Ga-Al-Zn ~Ref. 18! for the
Frank-Kasper~FK!-type systems. For the MI-type approx
mants, it has been conjectured that the electronic transpo
quasicrystals is mainly determined by the local atomic en
ronment of a scale less than 20 Å.13,15

In this paper, results of the electrical resistivity an
specific-heat measurements fori ZnMgSc and crystalline
Zn17Sc3 are reported and a comparison between the
closely related compounds is made in detail.

II. EXPERIMENT

Pure elements of Zn~6N!, Mg~4N! and Sc~3N! with nomi-
nal compositions around Zn80Mg5Sc15 and Zn17Sc3 were
melted in molybdenum foil sealed in a quartz tube und
argon atmosphere. The ingots were subsequently anneal
973 K for 100 h or 1073 K for 24 h to obtain a homog
neous, equilibrium phase. The samples were confirmed to
a single phase of the icosahedral quasicrystal or the c
approximant by x-ray diffraction spectroscopy with CuKa
radiation. The electrical resistivity was measured from 14
300 K by a four-probe method. The specific-heat measu
ments were performed by an adiabatic relaxation method
tween 1.8 and 200 K.

III. RESULTS AND DISCUSSION

Among a variety of the alloy compositions investigated
the present work, the singlei phase has occurred at the com
position of Zn81Mg6Sc13 with high reproducibility. Figure 1
presents x-ray diffraction patterns of the Zn81Sc13Mg6 and
Zn85Sc15 alloys annealed at 973 K for 100 h and 1073 K f
24 h, respectively, together with the pattern calculated us
the structural model10 for cubic Zn17Sc3 for comparison. For
the Zn81Mg6Sc13 alloy, the widths of the diffraction peak
©2002 The American Physical Society01-1
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are very narrow and all the peaks can be assigned to tho
theP-type i phase using the Elser’s indexing method,19 indi-
cating that a singlei phase of high structural perfection
obtained for the composition. For the Zn85Sc15 alloy, both
peak position and intensity of the observed pattern show
excellent agreement with the calculated one, thus confirm
that the alloy is composed of a single Zn17Sc3 phase.

Figure 2 presents the temperature dependence of th

FIG. 1. X-ray diffraction patterns of Zn81Mg6Sc13 ~a! and
Zn85Sc15 ~b! alloys annealed at 973 K for 100 h and at 1073 K f
24 h, respectively. A pattern~c! calculated from the structural mode
~Ref. 10! for the cubic Zn17Sc3 is also shown for a comparison.

FIG. 2. Resistivity r as a function of temperature fo
i -Zn81Mg6Sc13 and 1/1-Zn85Sc15.
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sistivity r from 14 to 300 K for i -Zn81Mg6Sc13 and
1/1-Zn85Sc15. The magnitude ofr300K is 330mV cm for the
i phase and 250mV cm for the approximant. These value
are considerably smaller than those of Al-TM~transition
metal!-basedi phases and are comparable to those of tern
rare-earth-containingi-phases, such asi-ZnMgRE~RE5Tb,
Dy, Ho and Er! ~Ref. 20! and the binaryi-CdYb.21 r(T) of
i-ZnMgSc is found to exhibit a negative temperature coe
cient in the whole temperature region withr14K /r300K
51.07, which also falls in the range of the values observ
in i-ZnMgRE.20 On the other hand,r(T) of 1/1-ZnSc exhib-
its a metallic behavior with a positive temperature coe
cient. The temperature variation of the resistivity is found
be almost linear with a small convex curvature at high te
peratures and the resistivity was found to converge to a
sidual value at low temperatures, which is reminiscent of
behavior of normal metals. Such a metallic behavior h
been also seen in FK-type approximants such as
MgZn~Ga,Al! ~Refs. 18,22! and 1/1-AlLiCu,17 and is dis-
similar to what was observed in MI-type approximants su
as 1/1-AlMnSi,23 1/1-AlCuFeSi,24 and 1/1-AlReSi.25 Consid-
ering that the local atomic configurations are nearly the sa
for the i phase and the 1/1 approximant except for the pr
ence of Mg atoms in thei phase, the significant difference i
the transport behavior is attributed either to their differe
long-range orders or to the influence of the substituted
atoms on the electronic states.

Figure 3 presents the result of the specific-heat meas
ment for i -Zn81Mg6Sc13 and 1/1-Zn85Sc15 in the C/T vs T2

plot. In the case of thei phase, the data are fairly well de
scribed by a linear line (C5gT1bT3), whereas a higher-
order term (C5gT1bT31dT5) needs to be included in or
der to fit the data for the 1/1 approximant. The electro
specific-heat coefficientg is determined to be 0.55 an
0.65 mJ/(mole K2) for the i phase and the 1/1 approximan
respectively. Theseg values are substantially small consi
ering that theg values for the simple metals are genera
larger than unity in terms of the same unit. Recently, Is
and Fujiwara performed an electronic structure calculat
on the cubic Zn17Sc3 and found that there exists a pseudog
near the Fermi level, which is formed as a result of splitti

FIG. 3. Low-temperature specific heat fori -Zn81Mg6Sc13 and
1/1-Zn85Sc15 plotted in the form ofC/T vs T2.
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of thep- andd-symmetric components due to a sp-d hybr
ization effect.26 From the calculation, they obtaine
0.69 mJ/(mole K2) for the g value.27 The observed smallg
value for the 1/1-Zn17Sc3 is in quantitatively good agreemen
with the theoreticalg value, indicating the presence of th
pseudogap at the Fermi level. Furthermore, theg value of
the i phase is found to be smaller than that of the appro
mant by a factor;15%, which implies that the dip in the
density of states at the Fermi level is deeper in thei phase
than in the crystalline analog, and that a more energet
gain of the conduction electrons is responsible for the sta
ity of the quasicrystal with respect to its approximant. On
other hand, the Debye temperatureQD is estimated to be 240
K and 227 K for thei phase and the 1/1 approximant, respe
tively, and the almost identicalQD values mean similar force
constants for both compounds. TheseQD are considerably
small compared with those seen in the other ternaryi phases,
where, for instance,QD is 500;600 K ~Refs. 11 and 28! and
about 300 K~Ref. 29! for stable Al-TM-based and Zn-Mg
basedi phases, respectively. In fact,QD of i-ZnMgSc and
1/1-ZnSc is even smaller than those of the constituent
ments; Zn~327 K!, Sc ~360 K!, and Mg ~400 K!. We note
that QD is slightly larger for thei-phase, possibly due to th
largerQD of Mg metal.

According to the Bloch-Gru¨neisen theory, the
temperature-dependent resistivityr(T) of normal metals can
be expressed by the formula,

r~T!5BT5E
0

QD /T x5

~12e2x!~ex21!
dx,

whereB is a constant that depends on the alloy system. A
well known, the ratior(T)/r(QD) plotted vsT/QD does not
depend on the alloy system and is thus universal for all
normal metals that obey the theory. Therefore, in order
assess the validity of the theory in 1/1-Zn85Sc15, we plot the
reduced resistivity values normalized by the value atT
5QD againstT/QD in Fig. 4, together with the one expecte
from the Bloch-Gru¨neisen theory. Here the reduced resist
ity values were obtained by subtracting the estimated

FIG. 4. Comparison of the temperature dependence of the r
tivity normalized by the value atT5QD between the observe
resistivity ~a solid line! for the 1/1-Zn85Sc15 and the one~a dotted
line! expected from the Bloch-Gru¨neisen theory.
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sidual resistivityr0 (r0;150 mV cm) from the observed
resistivity. As seen from the figure, the temperature dep
dence of the resistivity of 1/1-Zn85Sc15 is found to agree
fairly well with the theory, indicating that the electroni
transport of 1/1-Zn85Sc15 is essentially the same as that
normal metals. At higher temperatures, some deviation fr
the theory was observed. Here we note that although
temperature dependence of the 1/1-Zn85Sc15 is close to that
of simple metals the residual resistivity is still high (r0
;150 mV cm). Hence, the observed saturation trend
higher temperatures may be attributed to the tempera
variation of the Debye-Waller factor as in the case of am
phous metals of similar resistivity values. Finally, the o
served agreement with the Bloch-Gru¨neisen theory for
1/1-Zn85Sc15 clearly manifests that the 1/1 approximant
the P-type i phase possesses a metallic nature in cont
with the cases of the MI-type 1/1 approximants ‘‘and t
local atomic environment of the 1/1 approximant is not
sponsible for the quasicrystalline properties in this case.’

IV. CONCLUSIONS

The electrical resistivity and specific-heat measureme
have been performed for the recently discoveredP-type
icosahedral Zn-Mg-Sc of high structural perfection and
crystalline approximant Zn17Sc3. As a result, different trans
port behaviors were observed between the two closely
lated compounds: The resistivity of thei phase shows a nega
tive temperature coefficient withr300K5330 mV cm, while
it possesses a positive temperature coefficient withr300K
5250 mV cm for the approximant. The transport of th
1/1-Zn85Sc15 is found to be fairly well described by th
Bloch-Grüneisen theory, which clearly shows that the tran
port of the 1/1 approximant is essentially the same as tha
normal metals ‘‘and there exist well-extended electro
states at the Fermi level despite its large unit cella
513.852 Å). The electronic specific heat coefficientg is
found to be small and almost the same for both alloys; 0
and 0.65 mJ/(mole K2) for the quasicrystal and the approx
mant, respectively. Hence the marked difference in the re
tivity behavior between them is mainly attributed to the d
ference in the electronic diffusivity, which is due either
their different long-range orders or to the influence of su
stituted Mg atoms on the electronic states. Furthermore,
smallg values are found to be in quantitative agreement w
the result of the electronic structure calculation, indicati
the presence of a dip in the density of states at the Fe
level for theP-type i phase as well as its crystalline appro
imant.
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