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Electronic transport of the icosahedral Zn-Mg-Sc quasicrystal and its cubic approximant Zn;Sc
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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 approximg8&nThe tem-
perature coefficient of the resistivity is found to be negative wifhyx =330 () cm for the quasicrystal, while
it is positive with p3o =250 1) cm for the crystalline approximant. The electronic specific-heat coefficient
v is found to be small and nearly the same for both alloys; 0.55 and 0.65 mJ/(f)dlerkhe quasicrystal and
the crystalline approximant, respectively. Such snyalblues are consistent with the recent electronic structure
calculation[Ishii and Fujiwara, J. Alloys. Comp@42 343(2002], and can be taken as an indication of the
existence of a pseudogap in the density of states at the Fermi level fertiipe i phase.

DOI: 10.1103/PhysRevB.66.132201 PACS nuni®er71.23.Ft, 72.15-v, 71.20.Gj

[. INTRODUCTION pendence of the resistivity and the electronic contribution to
the specific heat. Until now, comparison of the electrical
In the field of the quasicrystal research, extensive workgproperties between thephase and approximants of various
on the electrical properties of the icosahedipaphases have approximation degrees has been done in a number of alloy
been performed on the stabE-type i phases, such as systems, e.g., Al-Cu-Fé;**Al-Cu-Ru* Al-Pd-(Fe, Ru, O
i-AIPd(Mn,Re),* i-AlCu(Fe,Ru,>% etc., because of their high (Ref. 15 for the Mackay-lcosahedrofMI)-type systems,
structural perfection. As a result, many intrinsic properties ofAl-Li-Cu®’, Al-Cu-Mg,** Mg-Ga-Al-Zn (Ref. 18 for the
the quasicrystals have been clariffesiich as an extremely Frank-KasperFK)-type systems. For the MI-type approxi-
high resistivity value with a pronounced negative temperamants, it has been conjectured that the electronic transport of
ture coefficient and a small electronic contribution to thequasicrystals is mainly determined by the local atomic envi-
specific heat. For such studies the quality of thEhase has ronment of a scale less than 20'A
played a crucial role. Recent work by ranet al® is im- In this paper, results of the electrical resistivity and
plicative with this respect, which has shown that the conducspecific-heat measurements forZnMgSc and crystalline
tivity of high-quality Al-Pd-Mn single grains is very sensi- Zn,;Sg are reported and a comparison between the two
tive to the minute presence of Mn spins, associated wittclosely related compounds is made in detail.
local defects. On the other hand, most of Bxgypei phases
discov_ered so far (_:ontain alarge amount of intrinsic disorder, Il EXPERIMENT
even in the stablé phases such asAlLiCu (Ref. 6 and
i-ZnMgGa! Therefore, it has been difficult to obtain proper-  Pure elements of Z6N), Mg(4N) and S¢3N) with nomi-
ties intrinsic to theP-type quasicrystals in contrast to the nal compositions around £gMgsScs and Zn,Sg were
cases of the F-typephases. melted in molybdenum foil sealed in a quartz tube under
Recently, aP-type i phase of high structural quality was argon atmosphere. The ingots were subsequently annealed at
found around the composition ZgMgsScis.2 Thei phase 973 K for 100 h or 1073 K for 24 h to obtain a homoge-
has been reported to exhibit sharp diffraction spots with veryneous, equilibrium phase. The samples were confirmed to be
small deviations from their ideal positions, indicating high a single phase of the icosahedral quasicrystal or the cubic
structural perfection of thé-phase structurg.Therefore it approximant by x-ray diffraction spectroscopy with &ur
has now become possible to obtain a reliable information omadiation. The electrical resistivity was measured from 14 to
the intrinsic electronic transport of the-type i phase. In 300 K by a four-probe method. The specific-heat measure-
addition, there exists a cubic crystalline approximantments were performed by an adiabatic relaxation method be-
Zn,;Sc, which is regarded as a “1/1” approximant, in the tween 1.8 and 200 K.
vicinity of the i-phase composition. 4r5G is a body-
centered-cubic crystal with space group3, which is re- IIl. RESULTS AND DISCUSSION
ported to contain 160 atoms in a cubic cell with lattice pa-
rametera=13.852 A with a large hole at the corner and the Among a variety of the alloy compositions investigated in
body center of the unit celf’ Since the compositions of the the present work, the singlgphase has occurred at the com-
i phase and the approximant are very cl@sss than 5 at% position of Zr;MgeSci; with high reproducibility. Figure 1
Zn), one expects that the local atomic configurations argresents x-ray diffraction patterns of the g£8c,;Mgg and
nearly the same between the two compounds except for théngsSs alloys annealed at 973 K for 100 h and 1073 K for
presence of Mg atoms in tHephase. Therefore it is also of 24 h, respectively, together with the pattern calculated using
interest to compare the electronic transport between the twihe structural modét for cubic Zn;Sc; for comparison. For
closely related compounds in terms of the temperature dghe Zrg;MgeSc 3 alloy, the widths of the diffraction peaks
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FIG. 3. Low-temperature specific heat foZng;MggSc;3 and
1/1-ZngsScis plotted in the form ofC/T vs T2.

Intensity (arbitrary units)

(C) sistivity p from 14 to 300 K for i-Zng;MggSci; and
1/1-ZngsSc5. The magnitude opgg is 330 1) cm for the

i phase and 25@.€) cm for the approximant. These values

are considerably smaller than those of Al-T{tansition

meta)-based phases and are comparable to those of ternary

rare-earth-containing-phases, such asZnMgRERE=Tb,
. Dy, Ho and Ef (Ref. 20 and the binanji-CdYb?2! p(T) of

20 ' 3'0 ' 40 ' 50 0 0 30 i-ZnMgSc is found to exhibit a negative temperature coeffi-
cient in the whole temperature region withy i /p3ox

28 (degree) =1.07, which also falls in the range of the values observed

FIG. 1. X-ray diffraction patterns of ZgMggSc; (@) and !n i—ZnMgRE.ZO On th'e othgr hand)(T) of 1/1-ZnSc exhib- .
ZngsScs (b) alloys annealed at 973 K for 100 h and at 1073 K for |t§ a metallic behavior W't,h ,a positive terlnpe'ratyre coeffi-
24 h, respectively. A patterf) calculated from the structural model cient. The temperature variation of the resistivity is found to

(Ref. 10 for the cubic Zn,Sc; is also shown for a comparison. be almost linear with a s_n_]all convex curvature at high tem-
peratures and the resistivity was found to converge to a re-

, sidual value at low temperatures, which is reminiscent of the
are very narrow and all the peaks can be assigned to those giavior of normal metals. Such a metallic behavior has
the P-typei phase using the Elser’s indexing methddndi- been also seen in FK-type approximants such as 1/1-
cating that a single phase of high structural perfection is MgZn(Ga,Al) (Refs. 18,22 and 1/1-AlLiCul’ and is dis-
obtained for the composition. For the &8s alloy, both  gimjjar to what was observed in Mi-type approximants such
peak position and intensity of the observed pattern show agq 1/1-AIMNnSiZ 1/1-AICuFeS?* and 1/1-AIReSE® Consid-
excellent agreement with the calculated one, thus confirminging that the local atomic configurations are nearly the same
that the alloy is composed of a single #8¢c; phase. for thei phase and the 1/1 approximant except for the pres-

Figure 2 presents the temperature dependence of the rgpce of Mg atoms in thephase, the significant difference in
the transport behavior is attributed either to their different
400 ' . v . r long-range orders or to the influence of the substituted Mg
atoms on the electronic states.
Figure 3 presents the result of the specific-heat measure-
ment fori-Zng;MgsSc 3 and 1/1-ZRsS¢s in the C/T vs T2
plot. In the case of thé phase, the data are fairly well de-
scribed by a linear line@=yT+ BT3), whereas a higher-
order term C=yT+ BT3+ 6T°) needs to be included in or-

i-anlMg6SC13_

~ 300

(u€2cm

a. 200} 1/1-ZngsSeys der to fit the data for the 1/1 approximant. The electronic

specific-heat coefficienty is determined to be 0.55 and

0.65 mJ/(mole K) for thei phase and the 1/1 approximant,

100 respectively. These values are substantially small consid-

0 —00 . 200 300 ering that they values for the simple metals are generally
larger than unity in terms of the same unit. Recently, Ishii
and Fujiwara performed an electronic structure calculation

FIG. 2. Resistivity p as a function of temperature for On the cubic Zg;Sc and found that there exists a pseudogap
i-Zng;MgeSci3 and 1/1-ZRsScs. near the Fermi level, which is formed as a result of splitting

Temperature (K)
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T F sidual resistivitypy (po~ 150 ©) cm) from the observed
[ 1/1-ZngsSess ] resistivity. As seen from the figure, the temperature depen-
1+ = dence of the resistivity of 1/1-4g5c;5 is found to agree
i 7] fairly well with the theory, indicating that the electronic
transport of 1/1-ZgSc s is essentially the same as that of
: normal metals. At higher temperatures, some deviation from
0.5 T the theory was observed. Here we note that although the
I ] temperature dependence of the 1/1:8ts is close to that
of simple metals the residual resistivity is still highp(

(P—Po) / (PezP0)

0'_ ----- Bloch-Griineisen | ~150 ) cm). Hence, the observed saturation trend at

. R T T higher temperatures may be attributed to the temperature

0 0.5 1 variation of the Debye-Waller factor as in the case of amor-
T/6p phous metals of similar resistivity values. Finally, the ob-

served agreement with the Bloch-Grisen theory for
FIG. 4. Comparison of the temperature dependence of the resig/1-7n,.Sc - clearly manifests that the 1/1 approximant to
tivity normalized by the value al =@, between the observed the p.-type i phase possesses a metallic nature in contrast
r_esistivity (a solid line for the 1/1-2_@58015 and the onda dotted  \uith the cases of the MI-type 1/1 approximants “and the
line) expected from the Bloch-Gneisen theory. local atomic environment of the 1/1 approximant is not re-

sponsible for the quasicrystalline properties in this case.”
of the p- andd-symmetric components due to a sp-d hybrid- P a 4 prop

ization effec?® From the calculation, they obtained
0.69 mJ/(mole R) for the y value?” The observed smaly IV. CONCLUSIONS

value for the 1/1-ZSg; is in quantitatively good agreement  The electrical resistivity and specific-heat measurements
with the theoreticaly value, indicating the presence of the have been performed for the recently discoverdype
pseudogap at the Fermi level. Furthermore, thealue of  icosahedral Zn-Mg-Sc of high structural perfection and its
thei phase is found to be smaller than that of the approXicrystalline approximant ZaSc,. As a result, different trans-
mant by a factor~15%, which implies that the dip in the port behaviors were observed between the two closely re-
density of states at the Fermi level is deeper initifase  |ated compounds: The resistivity of thehase shows a nega-
than in the crystalline analog, and that a more energeticajye temperature coefficient withzog =330 1 cm, while
gain of the conduction electrons is responsible for the stabilj possesses a positive temperature coefficient igy

ity of the quasicrystal with respect to its approximant. On the— 55 wQcm for the approximant. The transport of the
other hand, the Depye temperat@g is estimatgd to be 240 1/1-ZngsScs is found to be fairly well described by the
Kand 227 K for the phase and the 1/1 approximant, respec-g|och-Grineisen theory, which clearly shows that the trans-
tively, and the almost identic®  values mean S|m|_lar force port of the 1/1 approximant is essentially the same as that of
constants for both compounds. Thelg are considerably normal metals “and there exist well-extended electronic
small compared with those seen in the other tern@tyases, siates at the Fermi level despite its large unit cell (
where, for instanced p is 500~600 K (Refs. 11 and 28and  —13 852 A). The electronic specific heat coefficientis
about 300 K(Ref. 29 for stable Al-TM-based and Zn-Mg-  found to be small and almost the same for both alloys; 0.55
basedi phases, respectively. In fadflp of i-ZnMgSc and  and 0.65 mJ/(mole ¥ for the quasicrystal and the approxi-

1/1-ZnSc is even smaller than those of the constituent eleqgnt, respectively. Hence the marked difference in the resis-
ments; Zn(327 K), Sc (360 K), and Mg (400 K). We note ity behavior between them is mainly attributed to the dif-
that@p is slightly larger for the-phase, possibly due to the ference in the electronic diffusivity, which is due either to
larger®p of Mg metal. L their different long-range orders or to the influence of sub-
According to the Bloch-Gmeisen theory, the stituted Mg atoms on the electronic states. Furthermore, the
temperature-dependent resistivitfT) of normal metals can  gmall y values are found to be in quantitative agreement with
be expressed by the formula, the result of the electronic structure calculation, indicating
ot the presence of a dip in the density of states at the Fermi
NUSEL a

° level for theP-typei phase as well as its crystalline approx-

—  dx, .
(1—e %) (e*—1) Imant.

whereB is a constant that depends on the alloy system. As is
well known, the ratigp(T)/p(®p) plotted vsT/® does not
depend on the alloy system and is thus universal for all the We thank Dr. K. Motoya for help in the experiments, and
normal metals that obey the theory. Therefore, in order tdr. Y. Ishii for providing us results of his calculations. This
assess the validity of the theory in 1/15£8¢5, we plot the  work was supported in part by a Grant-in-Aid for Scientific
reduced resistivity values normalized by the valueTat Researci13750616 from the Japan Society for Promotion
=0p againsiT/® in Fig. 4, together with the one expected of Science and also by Core Research in Environmental Sci-
from the Bloch-Grumeisen theory. Here the reduced resistiv-ence and TechnologyCREST), Japan Science and Technol-
ity values were obtained by subtracting the estimated reegy Corporation.
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