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Abstract. The electronic structure and the electron transport properties of sp-electron 
quasicrystals have been studied, using in total, 20 quasicrystals in the three alloy systems 
Mg-Al-Ag, Mg-Al-Cu and Mg-Zn-Ga. We revealed that the temperature dependence of 
the electrical resistivity changes its characteristic features with increasing resistivity in the 
same manner as that in the non-magneticamorphous alloys. Thisisapparentlyconsistent with 
the generalised Faber-Ziman theory, but this simple model poses difficulties in explaining a 
definite increase in the resistivity upon improvement in the quasicrystallinity, brought about 
by the heat-treatment of the Mg3, 5Zn40Ga20 quasicrystal. The Hall coefficient exhibits the 
sizable temperature dependence when its magnitude deviates from the free electron value, 
suggesting the important role of the Fermi surface-Brillouin zone interaction. The tem- 
perature dependence of the thermoelectric power below 300 K is found to be non-linear, as 
opposed to a more linear one in the amorphous alloy. The electronic specific heat coefficient 
plotted against the electron concentration e/a exhibits a universal trend regardless of the 
alloy system and decreases with decreasing e/a from the free electron value to about one- 
third of the free electron value. It is noted that a thermally stable quasicrystal apparently 
possesses a reduced electronic specific heat coefficient. 

1. Introduction 

The atomic structure of icosahedral quasicrystals has been extensively studied and has 
now been well documented (see, for example, Steinhardt and Ostlund 1987). The atomic 
structure is divided into two groups in terms of the structural unit involved in building 
up the quasiperiodic three-dimensional Penrose tiling: one described by the Mackay 
icosahedron containing 54 atoms and the other by the triacontahedron containing 45 
atoms. The former is apparently best suited to describe the atomic structure in the family 
of the A1-Mn type quasicrystals, whereas the latter possesses the same local symmetry 
as that of the Frank-Kasper phase and is suited to describe the atomic structure of the 
Mg based quasicrystals. 

The Mg based quasicrystals are of particular interest from the viewpoint of electron 
transport, since the Fermi level is located in the sp band and is free from any magnetic 
effect and from the d-electron conduction. These electronically simple quasicrystals are 
considered to be of prime importance in studying the scattering mechanism of conduction 
electrons travelling in the quasiperiodic lattice (Wagner et a1 1988, Bruhwiler 1988, 
Matsuda et a1 1989, 1990). Extensive experimental studies under the same guiding 
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principle have been made for the sp-electron amorphous alloys and the scattering 
mechanism involved has been elucidated (Mizutani 1988a, b). 

In the present study, we prepared a large number of Mg based quasicrystalline alloys 
by the melt-spinning technique and studied the electronic structure and the electron 
transport properties. The results are discussed in comparison with the data for the sp- 
electron amorphous alloys. 

2. Experimental procedure 

The quasicrystalline alloys were prepared in the three Mg based ternary alloy systems: 
Mg-Al-Ag, Mg-Al-Cu and Mg-Zn-Ga. All these alloy ingots were obtained by induc- 
tion-melting appropriate amounts of constituent elements 99.95%Mg, 99.999%Al, 
99.999%Zn, 99.999%Cu, 99.999%Gaand99.999%Aginahigh-puritygraphitecrucible 
under a pressurised He atmosphere. Ribbon specimens were fabricated by melt-spinning 
onto a copper wheel at a tangential speed of less than 62 ms-'. A quasicrystalline single 
phase has been confirmed by both electron diffraction and x-ray diffraction with Cu K a  
radiation. 

The low-temperature specific heat, the electrical resistivity, the Hall coefficient and 
the thermoelectric power have been measured in the temperature range 1.5-6 K, 2- 
600 K, 77-300 K and 78-570 K, respectively. The DC adiabatic method was employed for 
the specific heat measurements. Both resistivity and the Hall coefficient were measured, 
using four- and five-terminal DC methods, respectively. A major error in determining 
the value of p and RH at room temperature originated from the lack of uniformity in 
ribbon thickness. The average value was determined by measuring the value for more 
than five identical specimens. The integral method was employed for the thermoelectric 
power measurements. The density was measured by the Archimedes method using 
xylene as a fluid. 

3. Results 

Low-temperature specific heat data are summarised in table 1. Numerical data for the 
electron transport properties and the mass density in the three Mg based alloy systems 
are listed in table 2. The details of these results are described below for the respective 
alloy systems. 

3.1. Mg-Al-Ag 

The formation of a quasicrystalline single phase in the Mg-Al-Ag alloy system by melt- 
spinning method was first reported by Inoue et a1 (1988). Figure 1 shows the composition 
diagram showing the formation of both quasicrystalline and amorphous phases obtained 
by the present experiment, along with the data reported by Inoue et al. We obtained 
both amorphous and quasicrystalline single phases in the two series of the alloy formula 
Mg,-.A1,Aglo and Mg,o-~Al,Ag20 with 20 C x S 45 and 20 C x 6 50, respectively. 
Here, the alloys Mg,oAlzoAg,o and Mg60A120Ag20 turned out to be in an amorphous single 
phase, whereas the rest were in a quasicrystalline single phase. 

The low-temperature specific heat data in the temperature range 1.5-5 K can be well 
fitted to a conventional equation 

where y is the electronic specific heat coefficient and a and 6 are the lattice specific heat 
C =  y T +  aT3  + 6 T 5  (1) 
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AI  

Figure 1. Composition range for the formation of 
the icosahedral quasicrystalline single phase (0): 
present results; (0): Inoue et a1 (1988) and the 
amorphous single phase; (0): present results; 
(W):  Inoue et a1 (1988) in the Mg-Al-Ag alloy 

Mg 20 40 60 80 Ag system. 

coefficients. The value of y can be calculated on the basis of the free electron model by 
inserting the measured density d ,  the average atomic weight A and the average electron 
concentration e/a into the expression 

yfree = 0. 136(A/d)2/3 ( e /a )  1/3 ( 2 )  
where e/a is calculated by assuming that Ag, Mg and A1 contribute 1, 2 and 3 free 
electrons per atom, respectively. The ratio yexp/yfree turns out to be around 1.2. This 
indicates that the free electron model holds well in the quasicrystalline phase, since the 
factor 0.2 can be reasonably attributed to the electron-phonon enhancement effect. The 
Debye temperature 8 D  is calculated from a through the relation: 

8 D  = ( 1 2 n ' R / 5 ~ ~ ) ~ / ~  (3) 
where R is the gas constant. 

The temperature dependence of the electrical resistivity for the representative Mg- 
A1-Ag alloys is shown in figure 2 over the temperature range 2-300 K. Its inset shows 
the resistivity at 300 K as a function of A1 content for these alloys in both amorphous 
and quasicrystalline phases. The values for Mgso -xA1,Ag20 are consistently higher than 
those for MggO-,A1,Aglo alloys. Inoue et a1 (1988) reported the resistivity values for 
Mg,, -,Al,Ag,,, which are incorporated in the inset. There exists no striking difference 
in the p-T characteristics between the amorphous and quasicrystalline phases. 

The Hall coefficient RH at 300 K and its temperature dependence in the range 77- 
300 K are shown in figure 3. Included is the corresponding free electron value. The 
Hall coefficient reduces its absolute magnitude with increasing temperature for the 
Mg50Al,oAg,o quasicrystal, whereas the temperature dependence is apparently absent 
in the Mg70A120Ag10 amorphous alloy. As will be shown later, the temperature depen- 
dence of the Hall coefficient in sp-electron quasicrystals is generally more prominent 
than that in the sp-electron amorphous alloys but not necessarily a feature observed in 
common to all quasicrystals. 

The thermoelectric power for both quasicrystalline and amorphous alloys is plotted 
in figure 4 as a function of temperature over the range 78-570 K. The temperature 
dependence of the thermoelectric power in the amorphous alloy is small and linear 
below 300 K. However, the non-linear temperature dependence even below 300 K is 
clearly seen for all quasicrystalline alloys. The data below 300 K may well be approxi- 
mated by two straight lines which intersect at a temperature Tb, as denoted by an arrow 
in figure 4. 
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Figure 2. Temperature dependence of the elec- 
trical resistivity normalised with respect to that at 
300 Kfor the quasicrystalline and amorphous Mg- 
AI-Ag alloys. The number denotes the identi- 
fication of the sample shown in the inset. The 
letters (A) and (B) refer to the alloy series Mgwx 
A1,Agl0 and Mg,,AI,Ag,,, respectively. Open 
squares and circles represent the data for the 
amorphous and quasicrystalline samples, respect- 
ively. Full circles represent the data for the Mg,,, 
Al,Ag,, obtained by Inoue et a1 (1988). Letters 
(b) and (c) marked for the p-Tcurves denote the 
p-T types discussed in section 4.1. 
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Figure 3. AI concentration dependence of the Hall 
coefficient at 300 Kfor (a) Mg,AI,Ag,oand ( b )  
Mg,Al,Ag, alloys. Open squares and circles 
represent the data for amorphous and quasi- 
crystalline phases, respectively. Small solid circles 
represent the free electron value. (c) Tem- 
perature dependence of the Hall coefficient for 
the amorphous and quasicrystalline alloys. The 
numbers 1 and 2 denote the identification of the 
samples shown in figure 3(a). 

3.2. Mg-Al-CU 

A first report on the formation of a quasicrystal in the Mg-Al-Cu alloy system was made 
by Sastry et a1 (1986), followed by further detailed studies on both structural (Shen et a1 
1988, Sakurai et a1 1988) and physical properties (Bruhwiler et a1 1988). The composition 
range, where the quasicrystalline single phase has been obtained, is summarised in figure 
5 ,  including the data in the literature (Cassada et a1 1986, Shibuya et a1 1988). The 
quasicrystalline single phase alloys obtained in the present experiment are expressed in 
the form of Mg39,5A160,5-xC~x ( x  = 6.5, 9.4, 12.3 and 15.2) and MgxA187,7-xCu12,3 ( x  = 
35.8 and 43.2). 

The low-temperature specific heat data in this alloy system can also be fitted to 
equation (1). The ratio yexp/yfrree is found to be close to 1.2, indicating again the validity 
of the free electron approximation. Here Cu, Mg and A1 are assumed to donate 1 , 2  and 
3 valence electrons per atom, respectively. The composition dependence of y is small, 
as will be discussed in the section 4.4. 

The p-T curves for the typical Mg-Al-Cu quasicrystals measured in the range 2- 
300 K are displayed in figure 6, along with the resistivity value at 300 K, which is shown 
in the inset. The resistivity is found to decrease with increasing A1 content. 

The temperature dependence of the Hall coefficient and the thermoelectric power 
is studied for all Mg-Al-Cu quasicrystals. It is found that the Hall coefficient exhibits a 
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Figure 4. Temperature dependence of the ther- 
moelectric power for the Mg,Al,Ag alloys. 
The sample with x = 20 is amorphous, whereas 
those with x = 35,40 and 45 are quasicrystalline. 
The data for x = 40 and 45 are displaced down- 
wards by 2 and 4 pV K-', respectively, to avoid 
superposition of the data points. Two straight 
lines are drawn to approximate the non-linear 
temperature dependence below 300 K. An arrow 
indicates the intersection of two lines and is 
referred to as a characteristic temperature Tb. 
Complex temperature dependences above 300 K 
are most likely influenced by the structural relax- 
ation and the crystallisation effects 

Figure 5. Composition range for the formation of 
the icosahedral quasicrystalline single phase in 
the Mg-Al-Cu alloy system. (0): present results; 
(U): Cassada et a1 (1986), (A): Shibuya et a1 
(1988). Dashed lines refer to the alloy formula 
Mg39 5A1.50 5-xcu1 and MgxA1~7.7-xCUi2.3. 

measurable temperature dependence, whenever the Hall coefficient at 300 K deviates 
from the free electron value. The data for the thermoelectric power below 300 K can 
again be fitted to two straight lines in the same manner as those shown in figure 4 for the 
Mg-Al-Ag quasicrystals. 

3.3. Mg-Zn-Ca 

The composition range for the formation of an icosahedral quasicrystalline phase in the 
Mg-Zn-Ga system is shown in figure 7. The literature data are also included (Chen and 
Inoue 1987, Shibuya et a1 1988, Ohashi and Spaepen 1987). Ohashi and Spaepenpointed 
out that an icosahedral phase of the Gal,oMg,,,Zn2,, alloy prepared by melt spinning is 
stable up to the melting temperature. In the present experiments, the quasicrystalline 
alloy Mg,9,5Zn40Ga20,5 or Ga,,oMg,,9,Zn1,95 in their expression turned out to be stable up 
to the temperature quite close to the melting point. This was identified from the lack of 
any transformation in both DSC and resistivity measurements. More surprisingly, as 
shown in figure 8, the x-ray diffraction lines characteristic of a quasicrystalline phase 
become much sharper due to the heat treatment. The same measurements were made 
on the quasicrystalline sample with the composition employed by Ohashi and Spaepen. 
However, it crystallised before melting. The best quasicrystallinity in the present 
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Figure 6. Temperature dependence of the elec- 
trical resistivity normalised with respect to that at 
300 K for the quasicrystalline Mg-Al-Cu alloys. 
Inset shows the AI concentration dependence of 
the resistivity at 300 K for the quasicrystalline 
Mg,Als7 7-xCu12 alloys. The number denotes the 

The letters (a) and (b) denote the p-T types dis- 
cussed in section 4.1. 

Figure 7. Composition range for the formation of 
the quasicrystalline single phase in the Mg-Zn- 
Ga alloy system. (0): present results, (A): Shib- 
uya et a1 (1988); (*): Chen and Inoue (1987) and 
(W): Ohashi and Spaepen (1987). The three 
dashed lines refer to the alloys Mg&xZn4Gar, 

identification of the samples shown in the inset. Mg39 s Z ~ M ,  S-XJ~~ and 5-xZn,Ga20 S .  

measurements was achieved at the composition slightly different from that reported by 
Ohashi and Spaepen. A sharpness of the diffraction lines is most likely brought about 
by the growth of the quasicrystalline grains and the reduction in the phasons and other 
defects present in the as-quenched sample. 

The low-temperature specific heat data can be fitted to equation (1). The value of 
Yfree is calculated by assuming that Mg, Zn and Ga release 2 , 2  and 3 valence electrons 
per atom as the free electrons, respectively. The ratio yexp/yfree in this system is found to 
be distributed over 0.75 to 1.14, being definitely smaller than the value of 1.2 observed 
in the other two alloy systems already mentioned. A smaller ratio suggests that the 
deviation from the free electron model is not negligible in the present system. Very 
recently, Wagner et a1 (1989) reported the value of yexp of 0.18 mJ mol-' IC2  for the 
icosahedral Mg&15@il6 alloy. Their value is extremely small, compared with the 
values of 0.80-0.99 mJ mol-' K-2 found in the present measurements. The difference 
will be discussed in section 4.1. 

The p-Tcurve together with the value of p against Ga content is shown in figure 9. 
The resistivity at 300 K is always higher than 140 p Q  cm and tends to increase with 
increasing trivalent Ga. Unfortunately, the Mg33,5Zn46Ga20.5 quasicrystal possessing the 
largest resistivity in this family, 183 pQ cm, broke during cooling, in spite of several 
attempts, and, hence, the data obtained were limited only down to 130 K. Regarding 
the Hall coefficient, the general rule mentioned above holds true again: it exhibits a 
measurable temperature dependence only for samples in which the value of RH deviates 
from the corresponding free electron value. The temperature dependence of the ther- 
moelectric power has also been studied and the non-linear temperature dependence is 
again observed below 300 K in this series of alloys (Matsuda et a1 1990). 

4. Discussion 

4.1. Electrical resistivity in quasicrystals 
The temperature dependence of the electrical resistivity for the sp-electron quasicrystals 
shown in figures 2, 6 and 9 is firstly discussed. As will be shown below, the p-T curves 
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Figure 9. Temperature dependence of the elec- 
trical resistivity normalised with respect to that at 
300 K for the quasicrystalline Mg-Zn-Ga alloys. 
The number denotes the identification of the 
samples shown in the inset. Inset shows the Ga 
concentration dependence of the resistivity at 
300 K for the quasicrystalline MgwxZnoGa, and 
Mg,,,5Zn46Ga,,5 (No 2 in the inset) alloys. The 
letters (c) and (d) denote the p-Ttypes discussed 
in section 4.1. 

observed for the present quasicrystals possess essentially the same features as those 
found for the non-magnetic amorphous alloys. It is, therefore, worthwhile describing 
the p-T characteristics in the amorphous alloys. 

It has been pointed out that any p-T curve below approximately 300 K for non- 
magnetic amorphous alloys can be described by one of the five representative types (a) 
to (e) and changes in this alphabetical order with increasing resistivity in a given alloy 
system (Mizutani 1988a, b). Type (a) possesses afeaturesuch that the resistivity increases 
quadratically at low temperatures and almost linearly above about 200 K. Type (b) is 
viewed as type (a) being progressively taken over by the region with a negative TCR at 
high temperatures. Thus, the type (b) is characterised by a resistivity maximum at an 
intermediate temperature range. A negative TCR eventually dominates over an entire 
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temperature range: a decreasing quadratic temperature dependence at low temperatures 
and a more or less linear one at higher temperatures. This is designated as type (c). It 
has been shown that the types (a), (b) and (c) and a change in this sequence with 
increasing resistivity can be well interpreted in terms of the generalised Faber-Ziman 
theory based on the ordinary Boltzmann transport equation with the dynamical structure 
factor incorporated. 

Further increase in resistivity results in further change in the p-T characteristics. 
The quadratic temperature dependence is lost at low temperatures and the p-T curve 
approaches more or less a straight line over a wide temperature range. We call this type 
(d). When the resistivity further increases, the curvature changes and the p-T curve 
becomes concave downwards. This is called type (e). Type (e) is observed in the sp- 
electron amorphous alloys with resistivity exceeding about 500 pS2 cm and also in the d- 
electron amorphous alloys. It was emphasised that both types (d) and (e) appear only 
when the mean free path of the conduction electrons becomes comparable with the 
average atomic distance and the scattering mechanism based on the ordinary Boltzmann 
transport equation breaks down. The role of the weak localisation is claimed to be 
important in this high-resistivity regime (Mizutani 1988a, b). 

As shown in figures 2 , 6  and 9, all p-Tdata for quasicrystals can be grouped in terms 
of the types observed in the non-magnetic amorphous alloys. The mean free path of 
conduction electrons generally becomes comparable with the average atomic distance 
of about 4-5 A at the resistivity of about 200 pS2 cm (Mizutani 1988a, b). It happened that 
all sp-electron quasicrystals studied in this experiment possess relatively low resistivities 
below 200 pS2 cm. Indeed, all p-Tdata can be described in terms of types (a), (b) and 
(c) except in the case of Mg,3,,Zn46Ga20,5 with resistivity 183 pS2 cm, which may be better 
assigned to type (d) (Matsuda et a1 1990). It is also worth emphasising that the types 
appear in alphabetical sequence with increasing resisitivity . Kimura eta1 (1989) observed 
type (d) for the A15s,oLiu,sCu9,z quasicrystal with resistivity exceeding 800 pS2 cm. Using 
the measured electronic specific heat coefficient of yexp/yF = 0.39 as a guide, they 
suggested that a substantial reduction in the carrier density at the Fermi level coupled 
with the shortest mean free path limited by the average atomic distance is most likely 
responsible for the occurrence of the p-T curve of type (d). 

It is surprising that types (a) to (d) appear in this order with increasing resistivity 
for sp-electron quasicrystals in exactly the same manner as found in the sp-electron 
amorphous alloys. Indeed, it is not a priori obvious that the generalised Faber-Ziman 
theory is applicable to the sp-electron quasicrystals even in the low-resistivity regime. 
We pointed out in figure 8 that the resistivity for the Mg39,5Zn40Ga20,5 quasicrystal 
increased by about 8% upon heating almost up to the melting point and that its increase 
was accompanied by a substantial sharpening of the x-ray diffraction peaks. This appar- 
ently contradicts the prediction from the generalised Faber-Ziman theory, since a 
sharpening of the structure factor would naturally contribute to reduce the resistivity. 
Sokoloff (1987) pointed out on the basis of the perturbation theory that if quasicrystals 
could be made which had fewer defects or which did not have d states near the Fermi 
level, their resistivity should be fairly small. The present Mg-Zn-Ga quasicrystal is 
entirely free from the d-electron conduction. We consider that the present findings hold 
a critical key role in the understanding of the scattering mechanism of the conduction 
electrons in the quasiperiodic lattice. 

From the conductivity formula B = p - l =  (e2/3)AFuFN(&), we naturally expect an 
inversely proportional relation between the measured resistivity p and the density of 
states at the Fermi level N ( E F )  or the electronic specific heat coefficient y ,  provided that 
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Figure 10. The interdependence of the electrical 
resistivity p(300 K) and the measured electronic 
specific heat coefficient yexp for non-magnetic 
amorphous and quasicrystalline alloys; (A): Mg- 
A1-Ag; (0): Mg-Al-Cu; (0): Mg-Zn-Ga; (V): 
Mg-AI-Zn (Matsuda eta1 1989) and (0): A1-Li- 
Cu (Kimura et a1 1989). The data for the amorph- 
ous alloys are reproduced from Mizutani et a1 
(1990a) and shown by small solid circles. The data 
possessing the p - T  types (a), (b) and (c) are 
encircled. The data outside the circles belong to 
either types (d) or (e). A dashed curve represents 
a possible high-resistivity limiting curve. 
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Figure 11. TCHaS a function of the deviation of the 
measured Hall coefficient from the corresponding 
free electron value for the sp-electron quasi- 
crystals; ( A ) :  Mg-Al-Ag; (0): Mg-Al-Cu; (0): 
Mg-Zn-Ga and (V): Mg-Al-Zn (Matsuda et a1 
1989). The data for the sp-electron amorphous 
alloys are marked by smaller solid circles (Mat- 
sudaerall984, Mizutani and Matsuda 1984). The 
free electron value is calculated using the 
expressionRH = -A/le/N,(e/a)d,whereeisthe 
electronic charge, NA is the Avogadro number, d 
is the measured density and e/a is the average 
valence electrons per atom. 

the mean free path AF and the Fermi velocity uF become constant in a given alloy system. 
In the high-resistivity limit characterised by the types (d) or (e), the mean free path AF 
would be limited by an average atomic distance of about 4-5 A. The average Fermi 
velocity uF is less certain but is estimated to be about one-fifth the free electron value in 
the d-electron system (Mizutani 1988a, b). The value of uF in the sp-electron system may 
be more reliably estimated from the measured values of y and the Hall coefficient. 

Figure 10 reproduces the p-y plots for non-magnetic amorphous alloys so far studied 
(Mizutani et al 1990a), onto which the data for the quasicrystals are superimposed. A 
hyperbolic dashed curve drawn represents the p-y relation, where uF is set to one-fifth 
of the free electron value of lo8 cm sK1 and AF is 4 A in the conductivity formula above. 
Types (d) and (e) appear only in the neighbourhood of this limiting curve, whereas types 
(a), (b) and (c), the respective data of which are encircled, fall well below this curve. 
The data for the quasicrystals are still scarce. But, it is clear from figure 10 that the sp- 
electron quasicrystals fall on a steeply declining curve almost identical to that formed 



6164 U Mizutani et a1 

by sp-electron amorphous alloys. This indicates that the electronic structure at EF or the 
effective carrier concentration is largely responsible for the magnitude of the resistivity 
in both sp-electron amorphous and quasicrystalline alloys in spite of the significant 
difference in the above mentioned structure factor. Finally, a brief comment is made on 
the data recently reported by Wagner et a1 (1989). They obtained a small yexp value of 
0.18 mJ mol-' K-2 and a relatively low resistivity of 98 pR cm for the Mg,2Zn52Gal, 
quasicrystal. Their data fall in an extremely unfavourable region in the p-y plot in 
figure 10. Further accumulation of p-y data is in progress to establish this interesting 
relationship in quasicrystals: a low resistivity less than about 100 pR cm always 
accompanies a free electron-like value of y and the resistivity increases sharply with 
decreasing the value of y relative to the free electron value. 

4.2. Hall coeficient in quasicrystals 

Figure 11 summarises the interrelation between the temperature coefficient of the Hall 
coefficient (TCH) defined as (Il/R,I)(dR,/d T )  near 300 K and the deviation of the Hall 
coefficient from the free electron value for sp-electron quasicrystals studied in this 
experiment, along with the data for the sp-electron amorphous alloys. Although the 
value of TCH is negligibly small in the amorphous alloys, it tends to increase almost 
linearly in the quasicrystals with increasing the deviation from the free electron value. 
This difference is surprising, since the p-Tcharacteristics discussed above are seemingly 
quite similar to each other. The Fermi surface in the quasicrystals may well be distorted 
due to the presence of the Brillouin zone, as inferred from the strong Bragg reflections 
in the x-ray or electron diffraction spectra. The anisotropic Fermi surface and the 
resulting temperature-dependent anisotropy in the relaxation time of the conduction 
electrons is most likely responsible for the temperature dependence of the Hall coef- 
ficient. 

4.3. Thermoelectric power in quasicrystals 

It has been pointed out that the thermoelectric power of sp-electron quasicrystals studied 
in this experiment exhibits unique non-linear temperature dependence below 300 K. Its 
behaviour above 300 Kiscomplex due, presumably, to the superposition of the structural 
relaxation and the crystallisation effects. All the data below 300 K were fitted to two 
straight lines below and above Tb (see figure 4). As shown in figure 12(a), the temperature 
T b  tends to increase with increasing resistivity. However, no correlation with the Debye 
temperature is apparently found, as iildicated in figure 12(b), suggesting that the elec- 
tron-phonon interaction would not be responsible for this unique temperature depen- 
dence. Further work is needed to clarify the mechanism of the non-linear temperature 
dependence of the thermoelectric power in the sp-electron quasicrystals. 

4.4.  Density of states at EF in quasicrystals 

The measured electronic specific heat coefficient yexp in sp-electron quasicrystals is 
plotted in figure 13 as a function of the nominal electron concentration (ela),. Included 
are the data for the corresponding free electron value yfree, which is calculated by using 
the measured density and the nominal electron concentration. First of all, it is seen that 
the sp-quasicrystals so far obtained fall in the limited e/a range of 2.1-2.5. Realising that 
the electron-phonon interaction enhances the value of y by 20-30% in non-super- 
conducting simple metals, we may reasonably quote the free electron regime as the 



Electronic properties of icosahedral quasicrystals 6165 

170 
100 208 

p ~ 3 0 0 K l l v f l u n l  

I_ 
0 

300 400 500 
0 0  i K I  

1.51 I I I I 1 

I 
I 

I 
/ 

I 

0 
2 0  2 2  2 . 4  2.6 

l e / u I n  

Figure 12. The characteristic temperature Tb 
deduced from the thermoelectric power data (see 
figure 4) as a function of (a) the resistivity at 300 K 
and ( b )  the Debye temperature for the various 
quasicrystals; (A): Mg-AI-Ag; (0): Mg-Al-Cu; 
(U): Mg-Zn-Ga and (V): Mg-Zn-AI (Matsuda 
et a1 1989). 

Figure 13. The measured electronic specific heat 
coefficient yexp as a function of nominal valence 
electrons per atom for various quasicrystals; (A) :  
Mg-Al-Ag; (0): Mg-Al-Cu; (0): Mg-Zn-Ga; 
(V): Mg-Zn-A1 (Matsuda et af 1989) and (0): 
Al-Li-Cu (Kimura eta1 1989). The corresponding 
free electron value marked by smaller solid sym- 
bok is calculated using equation (2) in the text. 

composition range where the ratio yexp/yfree is around 1.2-1.3. In other words, the ratio 
close to or smaller than unity indicates the region where the density of states at E F  is 
lowered below the free electron value. 

Figure 13 indicates that the value of yexp falls on a single curve with a positive slope, 
regardless of the alloy systems, and that its slope is much steeper than that of the free 
electron curve. As a result, the deviation from the free electron behaviour becomes 
more significant, as (e/a), is lowered below 2.2. Indeed, the value of yexp for the A1-Li- 
Cu quasicrystal reaches only 0.3 mJ mol-' K-2 (Kimura et a1 1989, Wagner et a1 1989). 

Fujiwara (1989) recently calculated the electronic density of states for a cubic 
A1114Mn24 crystalline alloy analogous to the quasicrystal by the linear muffin-tin orbital- 
atomic-sphere approximation coupled with the local-density-functional method. It turns 
out that the Mn 3d states form the sharp resonance and antiresonance peaks and that 
the Fermi level happens to fall in the resulting pseudogap or the density of states 
minimum. He suggested that the location of the Fermi level in the density of states 
minimum contributes to stabilise the icosahedral structure. A small yexp value for the 
Al-Li-Cu quasicrystal implies that a deep valley exists in the density of states curve and 
the Fermi level sits near its minimum. Although the origin of the minimum is definitely 
different from that in Al-Mn discussed above, the coincidence of the Fermi level with 
the minimum would assist to stabilise the icosahedral structure. Indeed, the Al-Li-Cu 
quasicrystal is known to grow as a stable phase by casting the molten alloy in an iron 
mould with a subsequent annealing at 800 "C (Kimura et a1 1989). Wagner et aZ(l989) 
also claimed the possession of small yexp values in the thermally stable Al-Cu-Fe, Mg- 
Zn-Ga and Al-Li-Cu quasicrystals and discussed the phase stability in terms of the 
Fermi surface-Brillouin zone interaction in the icosahedral structure. 

The Mg39, jZn40Ga20,j quasicrystal in the present experiment turned out to be stable 
up to the melting point and its quasicrystallinity improved after the heat treatment. 
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However, the value of yexp for this particular sample is not necessarily the smallest 
among thermally less stable quasicrystals in this alloy system. Further work is of par- 
ticular interest to ascertain more conclusively if a reduced density of states at the Fermi 
level is a characteristic feature of a thermally stable quasicrystalline alloy. The electron 
transport properties, including the low-temperature specific heats, have been measured 
for the thermodynamically stable Al-Cu-Ru icosahedral quasicrystals, whose prep- 
aration had been first reported by Tsai et a1 (1989). The results are presented in the 
following paper (Mizutani et a1 1990b). 

5. Conclusion 

The electronic structure and electron transport properties have been studied for a large 
number of sp-electron quasicrystals in the three alloy systems Mg-Al-Ag, Mg-Al-Cu 
and Mg-Zn-Ga. It turns out that the characteristic feature of the p-Ttype, its systematic 
change with increasing resistivity and the p-y plot behave in the same manner as those 
established earlier for the non-magnetic amorphous alloys. This is consistent with the 
prediction from the generalised Faber-Ziman theory. However, a definite increase in 
resistivity upon improvement in the quasicrystallinity due to the heat-treatment casts a 
doubt on this simple interpretation, provided that only the sharpening in the structure 
factor is taken into consideration. The temperature dependence of the Hall coefficient 
and the thermoelectric power is unique in the quasicrystalline phase. The former is 
discussed in terms of the Fermi surface-Brillouin zone interaction. The electronic 
specific heat coefficient is found to exhibit a universal trend over the e/a range of 2.1- 
2.5 and to decrease rapidly with decreasing e/a. A thermally stable quasicrystal tends to 
possess a reduced density of states at the Fermi level, suggesting its important role in 
stabilising the quasiperiodic icosahedral structure. 
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