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Abstract Substitution of Fe for Mn in i-N,oFd20Feio-rMn, was found to decrease the thermal 
shbility of the alloys. All Mn-containing alloys exhibit paramagnetic behaviour and have an 
effective magnetic moment per Mn atom in the range (1.39-1.86)~~. Measurements of the 
temperamre dependence of the resistivity of this series of alloys reveal that the N~oPd~oFelo 
alloy has the highest resistivitie$ 5600 ps2 cm and 5800 fiQ cm, at mom temperature and at 
5 K, respectively, and the Kondo effect is observed in Mn-containing alloys. 

It was found that the resistivity behaviour can be varied quite significantly by varying the 
quenching rate. 

1. Introduction 

Since the discovery of an icosahedral phase (i-phase) with fivefold symmetry in rapidly 
quenched alloys of AI-Mn 111, the physical properties of the new materials have interested 
many physicists. In early studies of quasi-crystals, the AI-TM (TM = transition metals) 
alloys were the main object. These alloys are simple icosahedral (SI) phases (P-type). They 
are usually unstable and hard to prepare as single i-phases 121. In addition, these alloys 
contain many defects, chiefly owing to the distortion of the structure, and these structural 
imperfections could cause some uncertain effects on physical properties. The series of 
AI-based sp electron i-phase-like AI-Mg<Ag, Cu, Zn) and (Al. Ga)-Mg-Zn alloys also 
have these disadvantages. The AI-Li-Cu-Mg [3] system was the first thermally stable i- 
phase discovered. Despite their good thermal stabilities, these alloys are still structurally 
disordered, as judged from the broadening in the x-ray peak width. 

The discovery of thermally stable quasi-crystals AI-CU-TM (TM = V, Cr, Mn, Fe, Ru 
or Os) with a face-centred icosahedral (FCI) structure was first reported by Tsai et al 141. 
The FCI structure (F-type) is distinguished from the SI phase (P type) by the existence 
of superlattice peaks in the x-ray diffraction pattern. The new electron diffraction spots 
would be introduced by the FCI structure along threefold and fivefold directions at multiples 
T(= (,6+ 1)/2), instead of a sequence increasing by a scaling factor of r3 [5].  We can 
describe the FCI quasi-crystal as having a perfect long-range superlattice of a St quasi-crystal. 
However, mainly owing to phason strains induced by quenching process, the structure of 
the AlXu-Fe quasi-crystals is also quite distorted. Perfect samples can be prepared only 
by annealing the samples at about 820°C [6]. 

Recently Tsai er al [7] found a new series of icosahedral AI-Pd-Mn alloys. They found 
that, when the number of Pd atoms is increased, the structure of alloys can be transformed 
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from the SI to the FCI structure. Also, the as-quenched i-Al70PdmMnlo w& found to have 
a very small x-ray peak broadening [8], suggesting that there are nearly no frozen phason 
strains in the samples. This was attributed to chemical ordering caused by strong bonding 
between Pd and AI or Mn atoms IS]. Consequently, these alloys provide physicists with a 
good opportunity for studying the intrinsically physical properties of quasi-crystals without 
the influence of phason strains. Studies of the structure, magnetic and electronic properties 
of i-(AI-Pd-Mn) alloys have been reported [9-11,14,20]. It was found that manganese 
possesses a giant magnetic moment but, as in other Mn-containing quasi-crystals, only some 
of the Mn have a magnetic moment, indicating that the magnetic properties of this series of 
icosahedral alloys are also inhomogeneous. Additionally, electrical resistance measurements 
on i-(AI-Pd-Mn) alloys [ 111 revealed that the temperature and magnetic field dependences 
are governed dominantly by the weak localization effect for the case of strong spin-rbit 
scattering, and for high Mn concentrations, a Kondo effect is observed. 

In this work, we shall study the effects of Fe on the thermal stability, magnetic and 
electrical properties of i-A170PdzoFe1o-~Mn, alloys. 

2. Experimental procedure 

Alloys of the series A1,0Pd20Felo-xMnx with x = 0, 2, 4, 6, 8 and 10 were prepared by 
arc melting a mixture of high-punty (99.999%) Al, high-purity (99.9%) Pd, high-punty 
(99.99%) Mn and high-punty (99.99%) Fe in a purified argon atmosphere. These alloy 
ingots were melted by induction in a quartz tube. Then the melts were rapidly quenched by 
ejection upon a single copper wheel with a diameter of 14.5 cm through an orifice 0.3 mm 
in diameter with argon gas. The structure was examined with a transmission electron 
microscope and an x-ray powder diffractometer. The thermal stability of the samples was 
studied by means of differential thermal analysis (DTA) measurements. DTA measurements 
were pcrformed, under an argon atmosphere, at a heating rate of 20°C min-' from 500 to 
1100°C. DC susceptibilities were measured with a SQUD susceptometer in the temperature 
range from 5 to 300 K under an applied magnetic field of 10 kG. The conventional four-point 
probe technique was used for electrical resistance measurements. 

3. Results and discussion 

In the present work, AI~oPdzoFelo-,Mn, alloys with x = 0, 2, 4, 6, 8 and 10 have been 
examined using transmission electron microscopy. Typical electron diffraction patterns of a 
quasi-crystal which show fivefold, threefold and twofold symmetrical diffraction spots are 
displayed in figures l ( a ) ,  (b )  and (c),  respectively. The x-ray powder diffraction pattems 
are shown in figure 2. The diffraction peaks can be indexed by six independent Miller 
indices following the scheme proposed by Elser. For samples with x = 0 and x = 10, 
the diffraction peaks were the same as those reported by Yokoyama ef a1 [12]. A possible 
impurity phase indicated by an arrow was observed in the x-ray diffraction pattem of the 
sample with x = 0. The appearance of the superlattice peak of ~(311111) indicates that 
the structure of alloys is FCI (F type). 

According to Elser's definition [13], we can calculate the quasi-lattice constant a, which 
is the length of the edge of the rhombohedral cells that make up the three-dimensional 
Penrose tiling, from the position of peak (211111). The results are shown in figure I(&. 
The quasi-lattice constant a increases linearly as the concentration of manganese is increased. 



Physical properties of icosahedral AlmPdZo Fe,o-rMn, alloys 10749 

Figure 1. ( a )  Fivefold. (b)  threefold and (c). twofold electron diffraction pal- 
tems of AltoPdmF%Mly. ( d )  Quasi-lanicc constant as a function of Mn content for 
AImPdloPqo-, Mn, . 
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Figure 2. Room-temperarure x-ray diffraction panems for AlmPda~Felo-xMnr quasi-crystals 
with x = 0, 2.4, 6. 8 and 10. 

This can be interpreted by the fact that the atomic radius of manganese is larger than that of 
iron; the systematic increase in a may indicate that iron has indeed substituted for manganese 
in the quasi-crystalline structure of AbPd2oMnlo. 

Figure 3 displays the DTA traces of A1~OPdzOFelo-,Mn, quasi-crystals in the temperature 
range 700-1 100°C. No obvious exothermic peak indicating the fxmsformation from i-phase 
to crystalline phase was found. Two clearly endothermic peaks are observed in the alloys 
with less than 8% Mn. T,, (indicated in the figure) is defined as the onset melting point. 
The temperatures at which two endothermic peaks appear are denoted by TI and Tz. The 
values of T,,, TI and T2 are listed in table 1. It was seen that both T ,  and TI decreased 
markedly as the Mn concentration was increased. Although no sample exhibits exothermic 
or endothermic peaks before the melting, we still cannot conclude that all the samples are in 
a thermodynamically stable phase. When A17~Pd7_oFelo-rMn, quasi-crystals are annealed 
at an appropriate temperature lower than the melting points, we find an impurity phase 
appearing in the x-ray diffraction patterns of the alloys with less than 8% Mn. Figure 4 
c ledy  shows that, after an anneal at 820°C for 24 h, the i-Al~oPdmFe4Mna already consisted 
of impurity phases, while the i-A17oPd7_oFeMn* still retained its icosahedral structure. This 
indicates that the i-phases with more than 3 8  Fe atoms are not really thermodynamically 
stable. 

Figure 5 shows the magnetization M versus applied field H at 5 K for 
Al70Pd20Felo-~Mn, (with x = 0, 2, 4, 6, 8 and 10) quasi-crystals. It can be seen that 
A4 is almost independent of H for the sample without Mn, i.e. x = 0, but it increases more 
rapidly with increasing applied field as the concentration of Mn is increased. This suggests 
that the magnetic properties of this series of alloys like other AI-Mn quasi-crystals mainly 
come from the contribution of the Mn component. In addition, we see that the magnetization 
does not saturate for applied fields up to 50 kG. The susceptibility and the inverse of the 
susceptibility plotted against temperature are shown in figures 6(a) and 6(b), respectively. 
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Figure 3. DTA a c e s  of ALwPdznFeie-,Mn, quasi-crystals with x = 0, 2, 4, 6, 8 and IO 

Table 1. Results of DTA for AlmPdulFelo-,Mn,: T,, melting point; f i ,  first peak temperature; 
TL second peak temperalure. 

10 884.0 911.9 
8 891.7 919.3 
6 898.9 931.7 
4 914.1 932.8 981.9 
2 920.1 929.2 1007.6 
0 936.9 950.3 1018.2 

As seen in figure 6(b), all the results except for the sample with x = 0 can be fitted well by 
the formula x = xo + C / ( T  - 0) where xo is the temperature-independent susceptibility, C 
is the Curie constant and 0 is the paramagnetic Curie temperature. The effective magnetic 
moment p a  per Mn atom can be calculated from the formula pdf = (3Ak~C)'/~/(N~or)~/~, 
where k ~ ,  A, NA, 01 &e the Boltzmann constant, the average atomic weight of the al. 
loys, Avogadro's number and the concentration of Mn atoms, respectively. The determined 
parameters XO, C, p& and 0 are listed in table 2. The values of p m  were calculated by 
assuming that only Mn atoms cany a magnetic moment. The negative 0 is common for the 
vast majority of paramagnetic quasi-crystals; this indicates a predominantly antiferromag- 
netic exchange interaction between magnetic ions. The values of xo for Al7oPd20Fero-~Mn~ 
with n = 4-10 are positive, while for x = 2 its value of xo N -3.63 x emu g-' G-' is 
negative, indicating that there is the diamagnetic contribution to the magnetic susceptibility. 
However, even for x = 0 the alloy still remains in a paramagnetic state. This is quite dif- 
ferent from the finding that replacement of Mn by Pd in i-Al-Pd-Mn alloys can drastically 
change the value and sign of xo and for lower Mn concentrations as in Al70.5Pd22Mn7.5 it 
exhibits diamagnetic properties for T > 30 K [9]. The value of p& is in the range (1.39- 
1.86)p~. i-Al70PdaFe8Mn2 has the largest value of pen = 1.86/~g, but this value was 
determined by fitting the Curie-Weiss law to the data of (x - ,yo)-' versus the temperature 
between 30 and 300 K. Below 30 K, we can see that the inverse susceptibility deviates 
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"re 4. The x-ray diffraction pauems 
for the asquenched AbPdinFeiMns (a) 
and A1,oPdinFedMns (curve (b)) after 
annealing at 820 "C for 24 h. 

downwards from the CurieWeiss behaviour at high temperatures and the CurieWeiss law 
can also be fitted to the data of (x - xo)-' between 5 and 18 K with the parameters 
per = 1 . 3 7 ~ ~  and 0 N -5.3 K. Thus the Mn atom in A170Pd20FesMnz carries two dis- 
tinct values of p.a. One value, pea N 1.86~8, is determined from thc high-temperature 
fit and the other value, pm N 1 . 3 7 ~ ~  determined from the low-temperature fit is smaller. 
Two values of pee which differ much more were also observed in Al7,,PdzlMng and were 
attributed possibly to the formation of nearly compensated antiferromagnetic clusters [14]. 

Figwe 5. Magnetization venm 
applied field for Al,oPdmFele-,Mn, 
(x  = 0.2.4.6.8 and 10) ac T = 5 K. 
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Figure 6. (a) Magnetic susceptibility x versus temperature for Al7oPd~oFqo-,Mnx with x = 0, 
2, 4, 6, 8 and 10 under an applied field H = le G. (b) Inverse susceptibility l /(x -xo) versus 
temperature for A17nPdroFeio-,Mn,. 

lhble 2. The determined values of tempemmindependent susceptibility XI,. Curie wnstant 
C, the effective magnetic " e n 1  p ~ .  the Curie temperature @ 3s functions of x for the 
c6ncenuation em of magnetic Mn atoms, and the fraction " IN (=  e&) of magnetic Mn for 
A170PdmFelo-rMn,. 

X I I ( X ~ O - ~ )  ~C(Xl0") Perr am N'/N 0 
x (emu g-l EL) (emu K g-' C-') @B) ( x ~ O - ~ )  (9%) (K) 
10 1.36 6.85 1.59 4.9 4.9 -12.0 
8 5.11 4.23 1.39 3.1 3.8 -3.1 
6 5.12 3.51 1.46 2.5 4.2 -6.3 
4 9.21 2.17 1.45 1.6 3.9 -13.8 
2 -3.63 1.89 1.86 1.4 6.8 -28.0 

As mentioned previously, not all Mn atoms in AI-P&Mn quasi-crystals arr. all magnetic, 
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but it is impossible to determine the effective magnetic moment and the number of magnetic 
atoms, simultaneously, from the Curie constant. Fukamichi eta1 [IO] solved this problem 
by first determining the saturation magnetization Ms per Mn atom and the Curie constant 
C of Al70PdmMnlo separately and then using the relation between Ms and C, i.e. 

C R Wang et a1 

to calculate the fraction N * / N  of magnetic Mn atoms, where N is the number of Mn atoms 
and N* the number of magnetic Mn atoms and the g-value is taken to be 2. Assuming that a 
1 j H  law holds for the high-field magnetization as it approaches saturation, they determined 
the M,-value by scaling with the data on Cu-Mn crystalline dilute alloys and determined 
the effective magnetic moment p& per magnetic Mn atom and N'IN to be 7 . 1 1 ~ ~  and 
6.8% for Al,oPd2oMnlo. This indicates that Mn atoms carry a giant magnetic moment and 
the alloy can be regarded as a magnetically dilute alloy. Since our magnetization measured 
up to 5 T is still far from the saturation value, the value of M, cannot be determined as 
Fukamichi etal did. Therefore, to determine N * / N  in our samples, we made the following 
assumptions: 

(1) The magnetic moment of Fe is assumed to be negligible. This may be justified by 
the weak response of magnetization M to the applied magnetic field (see figure 5 )  and no 
Kondo effect observed in Al70Pd~oFelo. 

(2) Replacement of Mn by Fe does not change s', it varies only N'. 

Since the Curie constant C can be witten 

where pzk = g2s(s + I), p$ = g2s*(s* + I ) ,  s* is the true value of the spin and a,,, is the 
conceulration of magnetic Mn atoms, we can calculate a,,, as a function of Mn content in 
A170PdmFelo-~Mn, from the measured C by using the value of s* (= 3.09) determined by 
Fukamichi etal [lo]. The values of am and N " / N  determined for Al70PdmFelo,Mn, are 
listed in table 2. Our value of N * / N  (4.9%) for Al7oPd20Mnlo is about 28% lower than 
the value (6.8%) determined by Fukachimi et al. This may be due to the differences in 
both the quenching conditions and the actual composition of the sample. The concentration 
a,,, of magnetic Mn atoms is seen to decrease with increasing Fe content. This suggests 
that Fe substitutes for Mn in Al70Pd~oMn~~ possibly randomly and is contrary to what is 
observed in i-Al-(Mn-Fe)Si where, at low Fe concentrations, Fe only substituties for Mn 
in non-magnetic sites [15], so that the concentration of magnetic Mn atoms is kept constant. 
The values of the fraction N * / N  of magnetic Mn atoms are more scattered; the average 
value is about 4.2(&0.4)%. 

The normalized resistivity p(T) /p (300  K) for A1mPd20Felo-xMn, ( x  = 0, 2, 4, 6, 8 
and 10) as a function of temperature is displayed in figure 7. All samples have high room- 
temperature resistivity (2200-5600 fin cm). A large negative temperature coefficient of 
resistivity was found for Al70PdmFelo and for AhoPd~oFelo-~Mn, (x  = 2-10) in the range 
120-300 K. For samples containing Mn, p ( T )  exhibits a maximum between 40 and 120 K 
and a minimum for T < 30 K. Below the resistivity-minimum temperature, p ( T )  is seen 
to increase logarithmically with decreasing temperature (see the inset of figure 7). Table 3 
lists the resistivity-minimum temperature Tmin and resistivity-maximum temperatures T-, 
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Figore 7. Temperamre dependence of the normalized resistivity p(T)/p(300 K) for 
.4l7oPd~~Feela-,Mnx with x = 0.2.4.6. 8 and LO. The inset shows the temperahrre dependence 
of the normalized resistivity against InT for A17oPda)FezMnn. 

Table 3. The measured values of the resistivity-minimum temperature T,i. and the msistivity- 
maximum tempenrure T-. the temperature coefficient ofresistivity (ER), p-' dpfdT at 300 K 
and the mom-temperaNre reristiviry p(3W K) for AI,,,Pg,Fe,o_,Mn,. 

Tmi. T,, p-' dpldT ~ ( 3 0 0  K) 
x (K) (KI at 300K (us2 cm) 

10 20 83 - 5 . 0 ~  lo4 2800 
8 14 107 - 2 . 9 ~  10" 3300 
6 12 108 -2.3 x 10" 2200 
4 9  89 - 3 . 9 ~  10" 2200 
2 7  51 - 5 . 5 ~  IO" 3000 
0 -8.0 x 10" 5600 

the temperature coefficient of resistivity (TCR) (equal to dp/(p dT)) at room temperature 
and the room-temperature resistivity p(300 K). 

Conventionally, the In T behaviour of resistivity at low temperatures can be contributed 
by two effects: one is the magnetic Kondo effect [16] caused by spin-flip scattering 
often found in crystals and amorphous alloys containing dilute magnetic impurity, and the 
other is the structural Kondo effect [17] due to the tunnelling effect of electrons between 
different local structures commonly observed in amorphous alloys. The former is influenced 
significantly by .the change in concenmtion of magnetic atoms and applied magnetic field, 
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but the latter is not. The fact that Tfin increases with increasing concentration of Mn in 
A17aPd2aFelo-IMnx (see table 3) indicates that the increase in p ( T )  at low temperatures 
originates from the magnetic Kondo effect. The same effect was also observed in quasi- 
crystal AI-Mn alloys [18]. If we consider that the resistivity has the phenomenological form 
p(T) /p (300K)  =A-Bci,InT+CT" [19]nearTd,, whereA, B andcareconstantsand 
01, is the concentration of magnetic impurities, then we shall have Tdn = (Bor,/nC)'/" 
and obtain the relation: InTd. = (lnLum)/n +constant. From the plot of InTd. versus 
lnam (see figure 8). we obtained the value of n N 1.323,0.05. Thus Tdn = (5601,)".'~. 

C R Wang et a1 
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Figure 8. Logarithmic plot of the resistivity-minimum temperature T,i. versus tbe concentration 
cm of magnetic Mn, far A17nPd$oFe,o-rMnx with x = 2 .4 .6 .8  and IO. 

Figure 9. Tempentb dependence of the normalized resistivity p(T)/p(300 K) for 
AlmPdZoFeqMng prepared with the different speeds of the capper wheel under a quenching 
process. 

Quasi-crystals such as the series of M-Cu-(Fe, Ru) and AI-Pd-Mn alloys with a 
resistivity of the order of ld-104 pS2 cm have a low density of states at the Fermi level 
and their temperature dependences of resistivity and magnetoresistivity can be fairly well 
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explained by considering the electron-slectron interaction and weak localization effects 
[11,201. For the i-AhoPdmFe~o-~Mn, alloys studied, A170PdzoFe10 has the highest room- 
temperature resistivity (5600 cm) and a negative TCR dominates over the temperamre 
range 5-300 K. The other samples containing Mn have a room-temperature resistivity of 
about 220&3300 pa cm. They all have a negative TCR at room temperature. However, as 
the temperature is decreased, all their resistivities reach a maximum. Below T,, their TCRS 
become positive. Akiyama etal  [ l l ]  have shown that the positive TCR below T,, exhibited 
in the p ( T )  curve of AI-Pd-Mn is govemed dominantly by the weak localization effect 
including strong spin-xbit scattering, while weak spin-orbit scattering is more favourable 
in explaining the resistivity behaviour of Al7oPdzoFel0, since it can only predict that p ( T )  
decreases linearly with increasing temperature. 

Nevertheless, we note that the quenching process can affect the resistivity behaviour 
of these alloys greatly. Figure 9 shows the temperature dependence of the normalized 
resistivity for A170PdzoFe4Mna prepared with three different speeds of the copper wheel, 
which means different quenching rates by keeping other quenching conditions (such as the 
distance between the surface of the wheel and the tip of the quartz tube, the ejection pressure 
and the diameter of the orifice of the tube) fixed. The three samples prepared which were 
checked by x-ray diffraction are single i-phases but the diffraction patterns do not reveal 
any structural differences in these samples. The general features observed in figure 9 can 
be summarized as follows. 

(1) A higher quenching rate decreases the magnitude of the TCR dp/(p dT) at room 
temperature. In fact, it also decreases the resistivity of the sample, but this cannot be seen 
in figure 9 because only the normalized p(T)/p(300 K) is shown in the figure. Since a 
higher quenching rate usually induces more disorder in the quasi-periodic lattice, the above 
results indicate that, contrary to metallic samples, a quasi-crystal with more structural defects 
has a lower resistivity. Similar behaviour was also observed in i-(Al-Cu-(Fe, Ru)) 1211 and 
i-AI-Pd-Mn 191 alloys. 

(2) The resistivity-maximum temperature T,, moves towards low temperatures when 
the quenching rate is decreased. 

(3) Reducing the quenching rate decreases the curvature of the p(T) curve below T,,,. 
For example, as the speed of the copper wheel equals 41 m s-I, the resistivity maximum 
is barely seen. 

(4) The resistivity-minimum temperature Thn is almost independent of quenching rate. 
This also provides evidence that the resistivity minimum appearing in the p(T)  curve of 
Al-roPdzoFelo-xMnx (x  = 2-8) is indeed due to the magnetic scattering effect. 

If the localization effect taking into account the strong spin-orbit scattering is mainly 
responsible for the resistivity behaviour of the series of AI-Pd-FeMn alloys studied, then 
the fact that T,,, and the curvature of the p(T)  curve can be varied greatly by varying the 
quenching rate implies that the weak localization effect can be enhanced or reduced, possibly 
by varying the quenching rate to modify the quasi-periodic structure microscopically. 

Therefore, further studies on the connection of the weak  localization^ effect with 
the quasi-periodic structure are needed to understand fully the resistivity behaviour of 
icosahedral alloys with a higher resistivity. 

4. Summary 

Some of the i-A170PdmFelo-,Mn, alloys with x < 8 can be transformed into a crystalline 
phase by anneahg below their melting points, indicating that they are thermodynamically 
less stable than Al7oPdmMnlo alloy. 
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All Mn-containing alloys exhibit paramagnetic behaviour and the effective magnetic 
moments per Mn atom determined from their Curie constants are in the range (1.39- 
1 . 8 6 ) ~ ~ .  The fraction of magnetic Mn atoms in this series of alloys is estimated to be 
about 4.2(&0.5)% (average value). 

The i-Al,oPd20Fela-rMn, alloys have high resistivities (2200-5600 pS2 cm) and their 
TCRs are all negative at room temperature. Both a resistivity minimum and a resistivity 
maximum are seen in the p ( T )  curve of the Mn-containing alloys. The resistivity minimum 
is attributed to the Kondo effect. 

It is found that the resistivity-maximum temperature and the curvature of the p(T)  can 
be varied by varying the quenching rate. 
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