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Abstract. We report here high-resolution electrical resistivity studies on single-phase quasi- 
crystalline samplesoftheseriesTi,,Ni,..Fe,Si,,(O s x $ 15). We havealsocompared them 
with our data on amorphous and crystalline samples. Our quasicrystalline samples show 
some interesting features which are not reported for any other quasicrystalline systems. The 
value of the resistivity and its temperature dependence, the observation of a resistance 
minimum at fairly high temperatures and their variations with x have been discussed in the 
framework of the modified Ziman-Faber theory. 

1. Introduction 

The remarkable discovery of icosahedral symmetry in rapidly solidified AI-Mn alloys 
(Shechtman etal 1984) have generated an eagerness to look for other systems with such 
forbidden symmetries. Following this, an idea was mooted that, if an alloy with large 
number of icosahedra in the equilibrium crystalline structure (i.e. the Frank-Kasper 
phase) is rapidly solidified, a long-range icosahedra1 orientational order may result. This 
idea was verified by Ramachandra Rao and Sastry (1985) for M&,(AI, Zn),, Zhang et 
a1 (1985) for NiTi2 and Dong et al(1986) for FeTi,. Further, Chatterjee and O’Handley 
(1988) showed that the addition of Si to the Ti-Ni system helps one to obtain icosahedral 
crystallites of larger size but with a small amount of secondary phase. The addition of 
Fe at the Ni site in the Ti-NiSi system not only helped asingle-phase icosahedral system 
to be obtained but also through detailed studies made it possible to derive a variety of 
information regarding icosahedral site symmetry for transition-metal atomic decoration 
and its relationship with amorphous and crystalline counterparts (Dunlap et al 1989, 
Bahadur etaf 1989). On the basis of x-ray line intensity patterns, quasilattice constant 
and a/d ratio, it was inferred that the atomic decoration in this system is quite different 
from other icosahedral systems, for instance AI-Mn alloys. The fact that this system was 
single-phased related to Frank-Kasper phases and further it was possible to obtain its 
amorphouscounterpart for which theelectricalpropertieswere thought to beofinterest. 
Recently, Christie et aZ(1990) have reported the electrical resistivity data both for the 
amorphous and the quasicrystalline structures of Ti56Ni28-1Fe,Si,6. The icosahedral 
compositions displayed a very complex and interesting behaviour, not reported for any 
other icosahedral systems so far. For instance, the observation of a resistivity minimum 
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Figure 1. Plot of normalized electrical resistance versus temperature for quasicrystalline 
TilNi2X.rFeiSi16: (a)* = 0. lOand 1 5 ; ( b ) x  = 25and5.Theinsciin(a)sliowsthederivative 
of resistivity versus temperature for the composition withx = 15. 

at fairly high temperatures, the shift in the minimum with composition, and a large 
positive temperature coefficient of resistivity (TCR) for samples with x = 10 and 15 are 
rather unique. However, these have not been discussed at length and the data had much 
scatter. Now. we have carried out a high-resolution electrical resistivity measurement 
for icosahedral Ti5$ia-xFe,Si16 (0 < x S 15) alloys, tried to fit the data to various 
models and discussed possible origins of the resistivity minimum, its shift with x and the 
relationship with amorphous and crystalline phases. Electrical resistivity measurements 
for one amorphous and two crystalline compositions have also been carried out for 
comparison. 

2. Experimental details 

Quasicrystalline samples of Ti,,Ni28-,FexSi,6 with x = 0,2.5,5,10 and 15 were prepared 
by melt spinning with a wheel surface speed of 18 m s-l and amorphous samples were 
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Figure 2. Plots of resistivity versus iron concentration, I and (l/R)(dR/dT) at room tem- 
perature versus resistivity for quasicrystalline Tis6Ni2B.,Fe,SiLSi,, (x = 0.2.5.5. 10 and 15). 
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Figure 2. Plots of resistivity versus iron concentration, I and ( 
perature versus resistivity for quasicrystalline TiS6NizL- .Fe,SiLSi,, 

:l/R)(dR/dT) at room tem- 
, (x = 0,2.5,5. 10 and 15). 

produced with a speed of 60 m s-'. The crystalline compositions were arc melted. X-ray 
diffraction measurements were carried with a Rich Seifert Isodebyeflex 2002 dif- 
fractometer to reconfirm the single-phase icosahedral nature of the samples. Four-probe 
DC electrical resistivity measurements using 10 mA current were carried out using a 
closed-cycle helium refrigerator (CTI and Cryosystems, USA). The temperature was 
controlled with a Lakeshore DRC-82C temperature controller to  a stability of 0.1 K. 
The resistance was measured with a Datron 1071 Autocal digital multimeter. The 
resolution in resistance was about 1 part in 10'. Low-thesmal low-melting-point non- 
superconducting solder was used for the contacts. The subsequent x-ray pattern did not 
show any local crystallization. 

3. Results and discussion 

The plot of normalized electrical resistance ( r  = R(T)/R(10 K)) versus temperature for 
samples with 0 S x S 15 is shown in figure 1. The error bars (not shown) are much 
smaller than the sue of the symbols. The inset in figure l (u)  shows the derivative of 
resistivity versus temperature for x = 15. The behaviour is very interesting and unlike 
the resistivity behaviour in other quasicrystalline systems reported so far (Kimura ef al 
1986,1989, Anlage eral1988). The general nature of the curves is essentially similar to 
what has been reported by Christie et ul (1990) for the same system. However, the 
present high-resolution data have less scatter and therefore are expected to yield more 
information regarding the mechanism of conduction. Both the temperature and the 
composition dependence display some interesting and complex features. A broad res- 
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istivity minimum is observed at relatively higher temperatures and shifts to lower 
temperatures as the iron concentration increases. For instance, the minima for x = 0, 
2.5 and 5 are found at around 330K (not shown in figure l(a)), 260K and 200K,  
respectively. Forx = 10 and 15, it could be below 8 K. For x = 7.5, Christie ef al(l990) 
report a very broad minimum at around 150 K which is in line with the systematics that 
we observe. The nature of the minimum and the increase in resistance above and below 
Tm," are by and large similar. However, forn = 0 and 2.5,  the resistance has a maximum 
at lower temperatures. Forx = 5. on the other hand, the resistance saturates at lower 
temperatures. An unusual feature of two closely spaced maxima at about 110 and 160 K 
for the sample with x = 2.5  is not understood. However, these are not experimental 
artefacts and are confirmed by their reproducibility from sample to sample from the 
same batch. The percentage change in resistivity between maximum and minimum is 
large compared with amorphous materials. All the samples except for x = 10 exhibit 
either a minimum and/or saturation behaviour at high temperatures. The derivative 
(figure l(a)) peaks at a certain temperature Toabove which it decreases, indicative of a 
non-linear variation in resistivity with temperature. 

Normally, most quasicrystals have been found to exhibit a small negative tem- 
perature coefficient of resistivity and a room-temperature resistivity value greater than 
150 pQ cm as their most amorphous counterparts do. Different scattering mechanisms 
and conventional theories applicable to amorphous systems have been invoked to 
explain such behaviour, but a few systems such as icosahedral Mg,(AI, Zn),9 which is 
derived from the Frank-Kasper phase exhibit a small positive TCR (Wong el a1 1987). 
The corresponding crystalline Frank-Kasper phase, however, shows a smaller resistivity 
and larger positive TCR. The resistivity values at room temperature of our samples are 
between 50 and 500 pQ cm for 0 S x  5 15. Owing to the highly irregular shape. wavy 
nature and possible microcracks, there could be a large error in the estimation of the 
geometrical factors and hence the absolute value of resistivity. The plots of resistivity 
versus Fe concentration x and versus (1/R) (dR/d T )  at room temperature for different 
samples are shown in figure 2. The general trend, sign and values are in agreement with 
the thumb rule that the TCR approaches zero from the positive sign and crosses over to 
a negative sign as the value of resistivity increases. It is worthwhile pointing out here 
again that, for none of the quasicrystalline systems, is a resistance minimum reported. 
In fact, the observation of a resistance minimum at such high temperatures is rather 
uncommon even in amorphous systems (Howson and Gallagher 1988). 

It is more or lessestablished that the basic contribution to the resistivity is of structural 
origin. This has been exhaustively discussed in the framework of Ziman or modified 
Ziman-Faber theory (Cote andMeisell981, Howson and Gallagher 1988). According to 
this. the temperature dependence of the resistivity comes from the temperature depen- 
denceofthestructurefactorand the Debye-waller factor. Within thisdiffraction model, 
there can be two competing mechanisms which can, in principle, give rise to a resistivity 
minimum. The temperature dependence of the resistance R, as is obvious from figure 
1, cannot be explained by a single functional form. We have attempted here to fit the 
data over limited ranges of temperature to the conventional theories applicable for 
amorphous materials, for want of a comprehensive model suitable for this class of 
materials. 

Samples with x = 0,lO and 15 show a positive TCR in the range 8-300 K, and in the 
case of x = 2.5 up to T = 100 K. For these samples, between 8 and 50 K we have fitted 
the data to the relation 

r (T)  = R(T)/R(lO K) = a + bT2 
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Tablel.Fitsto the normalizedresistancer:compositions, equations, rangesoffit,coefficients 
and the,$values forTi,~i,.~e~Si,,quasinystalline samples. Thevaluesof the coefficient 
D are not impwtant and hence are not included in this table. 
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as predicted by Cote and Meisel (1981) using the diffraction model. The T2-dependence 
arises from the temperature dependence of the structure factor. The fit is reasonable 
and the values of x2 (of the order of are consistent with experimental accuracy 
(table 1). The coefficients b of T2 in the range 8-50 K have similar values within a factor 
of 2 (table l), indicating their common origin. 

In the high-temperature range the data with the exception of x = 10 do not fit the 
expected relation 

as predicted by the above model. A typical plot of dR/dTversus T, as shown in figure 
1, suggests that at higher temperatures the function is very different from that given by 
equation (2). In this region (the exact temperature range and coefficients are given in 
table 1) the data are fitted to an empirical relation of the form 

where the T-dependence arises from the electron-phonon interaction in the diffraction 
model. However, the origin of the -T2 term is not known. 

In the case when x = 10, the data fit equation (2 ) .  unlike the rest of the samples in 
the series. From the coefficients one gets a reasonable value for the Debye temperature 
OD of 550 K. 

The samples with x = 2.5 and 5 show a resistance minimum at T = 200 K and 260 K, 
respectively. We are unable to explain the origin of the double peak in the r (T)  curves 
for x = 2.5. The sample with x = 5 is free from such a complicated structure and thus is 
a suitable material for applying various models which predict a fall in resistance as the 
temperature increases. Between 15 K (at which the resistance shows a weak maximum) 
and 130 K the data fit well an expression of the form 

r = a +  bT ( 2 )  

r (T)=R(T)/R(lOK)=a+ bT-cT*  (3) 

r = a - b P .  (4) 
This type of expression, as has been explained by Mizutani (1988) for non-magnetic 
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metallic glasses, arises from the temperature dependence of the Debye-Waller factor. 
This result is different from the behaviour predicted by the models (Mizutani 1988, 
Howson and Gallagher 1988) based on the localization and interaction effects, the 
Kondo effect and the two-level systems generally invoked to explain the resistance 
minimum. These models predict that -Tor -In T ,  i.e. r ,  vanes more slowly than T 
whereas here it vanes more rapidly than T. Magnetic fields up to 16kG at room 
temperature and the lowest temperature did not change the resistance by more than 1 
part in lo4. It is interesting to note that, although a -T2-dependence of r is obvious in 
the case of samples with a negative TCR, here we observe it in samples with a positive 
TCCR as well. The coefficients are similar in both cases (table 1). 

Of all the other possibilities of the origin of the resistance minimum at high tem- 
peratures, an obvious one could be due to the presence of more than one phase in the 
system. In principle. this isquite likely as most quasicrystalsdo have asmall amount of 
secondary phase. In most cases, it  is detected by x-ray diffraction. For the present 
samples, however, x-ray diffraction data do not show any evidence of a secondary 
crystalline phase, The possibility of a small amorphous component has been ruled out 
on the basis of recent Mossbauer studies, which is known to be much more sensitive than 
x-ray diffraction (Bahadur ef all989). 

Before we discuss some other possible mechanisms, it is pertinent to point out again 
that the value of the resistivity (figure 2) and the temperature of the resistivity minimum 
have a definite trend as a function of iron substitution at the Ni site. The trend indicates 
a delicate interplay between two competingmechanisms which vary as a function of iron 
and nickel concentrations. Now the question is what these two competing mechanisms 
are and how strongly they are influenced by replacing nickel with iron. 

The present system is rich in 3d-electron elements. Further, magnetic susceptibility 
measurements show anomalous behaviour deviating strongly from the usual Curie- 
Weiss law, particularly for samples with x 10 (Christie et a1 1990). Such deviations 
from Curie-Weiss behaviour are generally interpreted on the basis of spin fluctuations. 
Also, evidence of spin fluctuation is rather common when an early transition metal such 
as Zr or Nb is alloyed with late transition metals such as Fe or Ni in such a ratio that the 
system becomes nearly magnetic, i.e. in the phase diagram it exists somewhere close to 
the paramagnetic-to-ferromagnetic transition region (Strom-Olsen eta1 1985). The level 
of spin fluctuations can be varied by changing the alloy composition without major 
changes in the'structure. Further, the concept of spin fluctuations has been commonly 
invoked to explain minima in resistivity at fairly high temperatures (Hasegawa 1972, Sas 
et a1 1988). The present system is also somewhat similar and it could, in principle, 
be expected to exhibit spin-fluctuation effects as one of the competitive mechanisms 
responsible for the resistivity minimum. 

Also, there is an indication of domination of spin fluctuation in the resistivity plot, 
particularly for the sample with x = 15 when, at low temperatures (below BOK), only 
the T2-term persists. However, as the temperature increases above 60 K, the exponent 
of Tchanges gradually, showing a tendency of r(T)  to saturate. This behaviour is typical 
of systems with local spin-density fluctuations (Kolodziejczyk and Spalek 1984, Yomo 
1983). The amplitude of local spin-density fluctuations increases with increasing tem- 
perature. Therefore, the magnetic scattering due to the spin fluctuation increases with 
increasing temperature. but the amplitude of the local spin fluctuations saturates at 
higher temperatures. Hence, resistivity due to this factor tends to saturate. Therefore, 
it is likely that the spin fluctuations contribute to the conduction mechanism in the 
present system. However. for further analysis, knowledge about the density of states at 
the Fermi level is quite important but is lacking at present. 
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In the absence of this, let us assume that both the competing mechanisms arise 
from changes in structure-related properties which are influenced markedly by the 
composition as well as the temperature. It would now be instructive to obtain some 
insight into structure-related aspects. The x-ray diffraction patterns of these samples 
with 0 x S 15 have already been published (Bahadur et a1 1989) and we have just 
repeated these measurements toensure thequalityofour samples. X-ray andMossbauer 
studies (Bahadur et a1 1989, Dunlap eta1 1989) have indicated that the structure of these 
icosahedral systems is quite different from other systems such as AI-Mn-Si or AI-Mg- 
Zn. In fact, the most significant difference which is quite pertinent to the present results 
is the variation in x-ray line intensity patterns as a function of x. For example, the 
intensity of the (100000) line decreases significantly compared with the (110000) line 
when x is changed from 0 to 2.5. Furthermore, the intensity of the line with the indices 
(1 11000) increases rather markedly for x > 5 and this line becomes the most intense line 
forx = 10 and 15. For no other icosahedral system, have such changes in intensities been 
reported as a function of composition. In that context, this is a unique behaviour related 
to thestructure factor and couldalso help to explain the resistivity minimum. To illustrate 
this, we give the variation in Tmi, as a function of [Z(lOOOOO) + ~(llOOOO)]/I(lllOOO) in 
figure 3. As mentioned, the intensities of both the lines in the numerator decrease 
whereas the intensity of the line in the denominator increases for larger x. There is 
almost a linear dependence, suggesting a correlation between the structure factor S ( K )  
and the temperature of the resistivity minimum which in turn varies as a function of x. 

The diffraction theory suggests that the resistivity and its temperature dependence 
are extremely sensitive to the relative position Kp of the first peak in the S ( K )  curve with 
respect to 2KF, where K, is the wavevector at the Fermi level (Chen 1980, Cahn 1980). 
The relative position of 2KF with respect to Kp can be varied significantly by varying the 
composition and/or temperature. The position of 2KF can be substantially influenced 
by varying the composition, whereas Kp is dependent on temperature. The delicate 
interplay between these two terms determines the sign and the magnitude of the TCR. 
The shift of Kp, with respect to 2KF, as a function of temperature would perhaps be 
responsible for the resistivity minimum. Further, the shift in the minimum as a function 
of x could be ascribed to the movement of 2KF. 
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Figure4. Plotofnormalizedelectrical resislanceversustemperalure for amorphous (a) Ti,Ni 
( x  = 0) and cryslalline (c) Ti,Ni,-,Fe,Sit6 ( x  = 0 and 2.5). 

It is noteworthy that amorphous alloys of the same composition have been found to 
exhibit only a negative XR throughout the temperature range which is almost inde- 
pendent of x unlike the results for their quasicrystalline counterparts (Christie er a1 
1990). This behaviour is typical of a group IV metallic glass as classified by Mizutani 
(1988). Structural effects appear predominant and the substitution of Fe for Ni has 
obviously little effect on the dominant electron scattering mechanism. Thiscould in part 
be due to the nature of hybridization which is very different in the amorphous state 
where statescan mix freely. Figure 4 shows the plot of normalized resistance of amorph- 
ousTi2Ni and crystalline Ti56NiU1-rFexSilb (x  = 0 and2.5) versus temperature. Amorph- 
ous TizNi behaves like a group V glass as described by Mizutani (1988). This has a 
small maximum at T = 40 K immediately above which it behaves as - and at higher 
temperatures as -T. 

It is rather surprising to  observe a resistivity minimum in crystalline composition 
too with x = 2.5. T,, is essentially the same as observed for the corresponding quasi- 
crystalline sample. In fact, there is also a very close similarity between the x-ray dif- 
fraction of crystalline and quasicrystaltine samples, implying a close relationship 
between these two phases. A similar observation has been made by Dong er a1 (1986) 
for FeTi2 and Zhang er al ( l985)  for Ti,Ni. All these alloys are known to have a large 
proportion of icosahedra in the equilibrium structure (Kuo eta1 1987). In view of these 
observations, it is perhaps not surprising to have observed similar resistivity behaviour 
for crystalline and quasicrystalline samples. The resistivity value for acrystalline sample, 
however, is smaller by a factor of 3 than that of the corresponding quasicrystalline 
sample, as would be expected for a more ordered structure. In fact, the resistivity 
behaviour of icosahedral Mg,,(AI, Zn), and its corresponding crystalline composition 
(which isaFrank-Kasperphase andpossessesa highdegreeoflocal icosahedral packing) 
have somecharacteristics incommon (Wongetaf 1987). For instance both have positive 
TCRS. The crystalline phase has a smaller resistivity than the quasicrystalline phase. 
Hence, it is possible that icosahedral phases derived from Frank-Kasper phases would 
behave in a similar fashion. By virtue of the close relationship between the icosahedral 

, 
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and the corresponding crystalline phases, it is not surprising to see the similarity in their 
resistivity behaviour. 
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