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Abstract W prefent the first measurements of the Hall meffident of a series of %AI 
amorphous alloys. Ihe striking feawm of Ihe measurements k that the Hall mefficienls 
are pxitiw apart from thore br the most AI-rich sample and have a strong temperatun 
dependence We discuss whether the sidejump mechanism (a wi hybridization can 
amount for the sign aI lhe Hall effea in lhae alloys. 

1. Introduction 

Studies of the electronic properties of amorphous metals are hampered by the com- 
plexities introduced by d-band conduction as most alloys contain transition metals. 
The anraction of alloys such as Ca,AI,-, is that the Fermi energy only lies on the 
edge of the d states due to Ca; thus they have a high resistivity (E 400pQ cm for 
z s 0.4) due to s-d scattering but not such a large number of d states that they make 
a signiscant contribution to the conductivity. They also offer the possibility of study- 
ing the transition from weak to strong localization. In the liquid state Ba has a much 
higher resistivity than Ca and the expectation is that amorphous &,AI,-, should 
give rise to material of very high resistivity on the edge of localization. "is indeed 
hulls out to be the case despite the higher spin-orbit interaction of Ba which work 
against localization. The analysis of the resistivity will be published in the future but 
the main purpose of this work is to report new results on the Hall coefficient, which 
is found to be psif ive  in Ba-rich samples. 

2. Experimental details 

Samples were prepared by RF sputtering in an argon atmosphere at a pressure of 
about mbar. A target of AI (99.999%) was melted in an argon arc and cut into 
a disc of 25 inches in diameter. Pieces of barium (99.9%) were cut and laid on top 
of the AI disc. By mrying the size and number of pieces the composition of sputtered 
6Im could be changed. VpicaUy the target was cleaned by sputtering for about 20 
minutes before opening the sample shutter. The films produced in this way were 
found to be very reactive, and to keep them for the short time necessary to mount 
them in the cryostat a layer (E a3 pm) of Si was deposited on the top. This did 
not interfere Rith the transport measuremenw as the room temperature resistance 
of a test film of silicon was unmeasurable using the sample's four-probe apparatus. 
Furthermore, for high AI content the samples will survive transfer into the apparatus 
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without the Si layer, so comparisons between capped and uncapped samples were 
made and no significant differences found. 

The composition of each sample was determined by microprobe and ICP-AES 
analyses. TI measure the sample thickness, a mask was used to m e r  a slide when 
sputtering BaAl and removed when sputtering Si ?he sample and the Si-alone slide 
were measured with a DEKTAK surface profiler and hence the sample thickness 
determined by the difference to an accuracy of about 5%. Samples were usually of 
the order of a micron thick. 

Electrical contact was made by soldering to sputtered Cu or Pt tags. Six contacts 
were used-two current, two potential and two for the Hall voltage. The samples 
were mounted perpendicular to a solenoidal Eeld of up to 8 T Since only two Hall 
probes were used, the magnetoresistance was measured simultaneously and used to 
c o m t  the o i k t  produced by imperfect alignment of the two Hall probes. The Hall 
coefficient is then determined by plotting the corrected Hall resistance against field, 
the slope of which is RHf, where t is the sample thickness. Figure 1 shows two 
examples of corrected Hall resistances against field. 

2%@nalSK 

. .,.. . 
2 4 6 6 
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Figure 1. The Hall mislance after correcting for the magnetorerislance of the voltage- 
probe olfset. me lop picture shows the best example while the lower is the wont 
me .  
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3. Results 

Bble 1 shows the results for the Hall coefficient and resistivity at U) K. Note that 
the Hall coefficient is negative for the 14% Ba sample and positive for the samples 
of higher Ba concentration. The resistivities are very much higher than most amor- 
phous transition-metal-based alloys, although the samples remain metallic down to 
the lowest temperature measured (1.5 K). Rgure 2 shows the dependence of the Hall 
coefficient and resistivity on Ba concentration. Where the resistivities are high, the 
Hall coefficient tends to be large, although we did not observe any clear functional 
dependence on the resistivity. 

'Fabk L Hall eoefficienl and resistivity a1 20 K. 

9b barium RH (lo-" C-' m3) p (& on) 

14 -1.5 450 
22 1.8 7162 
27 71.0 4975 
29 4.8 1467 
42 11.7 1537 
48 15.4 835 
50 328 aa 

4. Barium 

Figure 2 ?he mmposition dependence of the lesistivily and Hall mefficienl measured 
at 20 K 

Figure 3 shows the temperature dependence of R, for several samples between 
1.5 K and 20 IC A surprisingly strong temperature dependence is observed for the 
highest-resistivity samples whereas the lower-resistivity samples have a much smaller 
temperature dependence. The Hall coefficient increases by an order of magnitude in 
one decade of temperature when it is most strongly dependent on temperature. 

(matrix element)* A,, = A,Id2 
En - EF 
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Figure 3. me temperature dependen- of the Hall coefficient for various samples. ?he 
iNet show the results with an enlarged vertical scale, for all Ihe samples other than h e  
27% L3a sample. 

Here A, is an atomic spin-orbit parameter, I is the overlap integral between 
atomic orbitals and d is the nearest-neighbour distance. In the paper by Berger 
and Bergmann [3] the definition of the matrix element is rather ambiguous. It cou- 
ples states via the angular momentum operator but there is no discussion of the 
relative role of s- and d-type bands, which is crucial in understanding amorphous 
transition metals. This form for A, is claimed to be about IO4 times greater than 
the free-electron value and is the key to explaining the large anomalous Hall effect 
in ferromagnets. It is argued that the sign of A, depends on the position of EF in 
the d band. If EF is in the lower half of the band, A, will be positive and if EF is 
in the upper half A, will be negative. This simple picture applies in ferromagnets 
provided that the spin-up band is full; if not, then contributions from both spin bands 
must be included. For paramagnetic materials the Hall coefficient can be written as 
R,  = R, + R,x [lo] where x is the susceptibility. R,, is the normal Lorentz-Hall 
coefficient and R,, the anomalous side-jump contribution, equals 2e2p2A,/@pBg 
[lo]. If R, is large and positive compared with R,, the resultant R, is positive. It 
should be noted that R, is independent of the magnitude or sign of the impurity po- 
tential and the mobility of the carriers. For this reason various authors have argued 
that the d electrons in amorphous transition metals, even though they have a low 
mobility, can dominate the Hall effect [3,7,10,22]. Note that Weir et a1 [ll] argue 
that although the d band dominates U==, it does not dominate usv. 

The side-jump argument has been used by some authors [4,5, s] to explain the 
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observation that amorphous alloys containing an early transition metal have positive 
Hall coefficients or change sign as a funaion of composition. Many amorphous alloys 
have relatively small susceptibilities, but this is compensated by the fact that the 
resistivity enters in squared form. A similar argument should apply to BaAI. As 
AI added to these systems, the population of the d band lying just above the Ba 
Rrmi energy, EF, is increased. There are two mmpeting effects here. There must 
be sufficient aluminium in the alloy such that EF for the alloy is in the Ba d band, 
and there must be sufficient Ba to provide a substantial spin-orbit scattering. It is 
tempting to say that the obselved change in sign as the Ba concentration increases 
Ets this picture; however, there are no susceptibility data for BaAl so further analysis 
is impossible. 

The system CaAl is especially interesting to compare; Ca is isoelectronic with Ba 
so one expects that the principle differences will be due to the larger atomic number 
of Ba. The Hall coefficient for CaAl is negative, in spite of some alloys having 
resistivities as large as 400 pQ an. In order to be consistent with the side-jump 
argument, A, should be very small. Data from the magnetoresistance [12] show that 
T G ~ ,  the spin-orbit scattering rate, is an order of magnitude smaller in CaAl than 
strong spin-orbit scatterers like CuTi [13] or B A .  Thus we might expect CaAl to 
have a freeelectron value for the Hall coefficient In fact both the Hall coefficient 
and susceptibility are about two to three times larger than freeelectron values. 

Strom-Olsen d al [lo] showed that for paramagnetic FeZr plotting R, against 
the susceptibility produced straight lines, whose slope provided an estimate of R, 
and whose intercept provided an estimate of R,. Moreover all the alloys considered 
(between 30% and 37% Fe) had values on the same straight line. Similar curves have 
k e n  produced by Guntherodt [14] for CO and Bergmann [U] for NiAu. These plots 
rely on p2A, remaining constant, which is not true for alloys like QAI. 

Egure 4 shows the data of Mitzutani for CaAl (161 where the room temperature 
Hall coefficient is plotted against the susceptibility times pz. The slope will now be 
2e2p2A,/pohpBg and we do not expect A, to vary much between alloys. The slope 
of the fitted line gives a value for A, of 6.4 x m2 to be compared with 7.2 
x m2 for FeZr. This value is in quite good agreement with expectations. It 
is an order of magnitude smaller than FeZr, which is expected from the spinarbit 
scattering rates estimated from the magnetoresistance. However, the estimate for &, 
is -36 x lo-" m3 C-' which is about an order of magnitude greater than a free- 
electron wlue. So although the side-jump mechanism may provide an explanation for 
the composition dependence of R,, it certainly cannot explain the large value of 4. 

In figure 4 the Hall dependence is dominated by p2 since the susceptibility is 
nearly constant across the samples. If we do a similar analysis for BaAl we find no 
correlation between p and R,. This may well be due to a strongly varying x but this 
is unlikely. 

Let us now consider the arguments and calculations of Howson and Morgan 
[17] (see also [IS]) for amorphous metals composed of transition elements. The first 
point is that the ordinary conductivity us* = uyy is dominated by d-band conduction. 
The Hall coefficient is given by RH = u,,pz where p is the resistivity, and if U,. 
is determined by diprefir mechanisms to those that determine we may dways 
expect to see a correlation of R, with the resistivity. The second point is that we have 
argued that usY is determined by a hybridized free-electron band rather than the d 
states. Calculations for CuZr alloys give a reasonable explanation of the change in 
sign that occurs with an increasing concentration of Zr. Similar behaviour is observed 
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plgure 4 Data for the Hall mefficient of CaAl plotted againsl lhe product of the 
raistivity squared and the susceptibility. 'he data are from [16]. 

in CuTi and CuHf alloys, though we should also point out that of the CuTi, CuZr and 
CUHl alloys the Hall coefficient wries inversely with spin-orbit scattering rates; CuTi 
has the largest Hall coefficient but the lowest spin-orbit effect. If we now consider 
CaAl and BaAl alloys we are in a very delicate position where there are not enough 
d states to carry a large current but where the free-electron-like states will be strongly 
scattered into the tail of the d density of states and p will be very sensitive to the 
coupling and the position of the Fermi energy. The shift of the Fermi energy into 
the d states on alloying Ca with AI is a natural explanation of the rapid increase in 
resistivity in both alloy systems. The behaviour observed in BaAl for R ,  is consistent 
with the sd hybridization model as the Fermi energy will be close to the point at 
which a switch over in sign will w u r .  Nguyen-Manh ei nf [18] derived a simple 
approximate form for the H a U  coefficient R ,  = -ag' (EF)/2eg2(EF)  where g' is 
the derivative of the density of states. Here we see that the sign of R, is determined 
by the sign of the derivative of the density of states. Hybridization between the s and 
d bands will reduce the s density of states in the region of the d band and increase 
the density of states near the edges of the d band (see figure 5). If EF is close to A, 
then R ,  will be negative and greater than the free-electron value (compare CaAl), 
but if EF is close to B, R ,  will be positive. This behaviour is consistent with what 
we know about Ca and Ba densities of states [U]. One can argue that the degree 
of hybridization is larger in BaAl than CaAl but it is very hard to be quantitative in 
the very delicate interplay between the position of the Fermi energy and the strength 
of the hybridization. Probably the best way of resolving these issues is by computer 
simulation similar to those carried out for the ordinary conductivity [19]. 

There are several possibilities for the source of a temperature-dependent Hall 
coefficient. Quantum interference effects are very important in materials with such 
high resistivities. The relative change in the Hall coefficient due to the electron- 
electron interaction & predicted to have the following form [ZO]: 

A R H ( T ) / R H ( O  K) = - 2 A a l ( T ) / n ( 0  K). 

The expected temperature dependence at low temperatures (below about U )  K [Zl]) 
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I hybridised - ,free-electron band 
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FkPrr 5. ?his p p h ,  from Ill], ir a calculation d the effect of s-d hybridization on a 
freeelectron band. If EF is near A then #(E) is positive, leading IO a negative Hall 
mef8cienI-and vice wma if it is near B. 

is T1/*,  but this is not the observed temperature dependence for BaAl and the 
magnitude is much too large. 

In the sidejump theory the temperature dependence is given by the product p2x; 
in the case of FeZr [lo] pz was nearly constant, so a very good correlation between 
the temperature dependence of the Hall coefficient and the susceptibility was found. 
In our case we do not have data for x and R, certainly does not wry as p z .  However, 
we would expect x to be small and independent of temperature in this paramagnetic 
alloy. 

Schulte et ai [21] have recently discussed an alternative explanation for the sign of 
the Hall coefficient in CuTi and CuZr glasses. Their calculation includes the effects 
of short-range order and sd hybridization in a two-band model. They find that the 
sign of RH can be related to the hybridization between s and d electrons, as first 
proposed by Weir ef a1 [Ill, and to a finite width in the electronic spectral function. 
They suggest that the temperature dependence at high temperatures (T > 25 K) 
comes about from thermal broadening of the electron spectral function. At lower 
temperatures they find that the electrondectron interaction dominates. 

We have measured the Hall coefficient as a function of temperature and com- 
position for a series of BaAl alloys. We found a negative Hall coefficient for an 
aluminium-rich alloy, but as the concentration of Ba was increased the Hall coeffi- 
cient remained positive up to 50% Ba. The temperature dependence was very strong 
for some alloys and nearly independent of temperature for others. The current state 
of theories such as the sidejump and sd hybridization makes it difficult to apply 
these arguments to experimental data. It is difficult to state conclusively whether the 
positive R ,  is due to the side-jump or sd hybridization. However, the strong tem- 
perature dependence and the lack of correlation with the resistivity tend to mitigate 
against the side-jump mechanism. 
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