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1. Phys.: Condens. Maner 5 (1993) 6067-6082. Rinted in !he UK 

Resistivity and magnetoresistance of amorphous Fe,Gel-, 
alloys near the metal-insulator transition 

A Albers and D S McLachlan 
Department of Physics and Condensed Matter Physics Research Unit, University of the 
Witwatersrand. Privete Bag 3. WITS. 2050 Republic of South Mica 

Received 14 October 1992, in hnal fmm 13 May 1993 

Abstract. Electrical vanspon mechanisms near the melal-insulator transition are investigated 
in the amorphous Fe,Gel-, system (0.05 < x < 0.30) by meas"* the resihvity between 
103 mK and Z73 K and the magnetoresistance bemeen 100 mK and 6 K in magnetic fields up 
10 3.86 T. In the metallic samples. an anomalous dip in the resistivity is observed on mol& 
below 50 K, followed by an incrcase in the resistivity below sbaui 10 K. The mulls of the 
measurements are canpared to the predictims of current theories of variablerange hcpping with 
interactions on the insulating side of the Iransitim, and eleclmn-elec" lnteraCrions and weak 
localization an the metallic side of the transition. 

1. Introduction 

Over the last few decades a great deal of experimental and theoretical work has been 
carried out in order to try U) understand the electrical mansport mechanisms near the metal- 
insulator transition in disordered systems. In spite of all this effort, a clear picture has st i l l  
not emerged. It is therefore of interest to make furU~er resistivily and magnetoresistance 
measurements in selected systems, in order to provide a larger base of data that can be used 
to develop a physical understanding of the transport mechanisms involved. The aim of the 
present study is to investigate these mechanisms by extending the previous sNdies in the 
amorphous Fe,Gel-, alloy system to lower temperatures and to include magnetoresistance 
measurements near the metal-insulator transition for the first time. 

Previously Daver er al (1974) and Massenet et of (1974) measured the resistivity of a- 
Fe,Gel-, thin Elms in the temperature range 20 K to 300 K for 0 < x < 0.64. They 
observed p = po exp(&/ T)'I4 variable-range hopping conduction in all samples with 
x < 0.25. For larger x they concluded that conduction was metallic. Similar results for the 
a-Fe,Gel-, system have been obtained by Nath et al (1975), Chopra and Nath (1976). and 
Watanabe er af (1979). Cros (1980,1981) measured the resistivity and magnetoresistance of 
samples with x 2 0.30, which are well into the metallic regime. A need therefore exists for 
extended measurements of the resistivity and magnetoresistance of samples ranging from a 
few atomic percent to 30 at.% Fe, with an emphasis on samples near the metal-insulator 
transition. 

2. Experimental method 

a-Fe,Gel-, films, with a thickness of about 500 A, have been prepared using Ar ion-beam 
sputtering. Prior to sputtering, separate Au voltage and very large current contacts were 
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evaporated onto flame polished glass substrates, to facilitate good electrical contact as well 
as good thermal contart through the curcent leads for measurements below 1 K. The base 
pressure in the sputtering plant was 2 x Pa 
maintained during the spuming. The sputtering rate was typically about 5 A min-'. The 
thickness of the films was determined to f 1 0  A using an oscillating quartz crystal thickness 
monitor, and checked using a Talyslep stylus. During the deposition, the subsnates were 
rotated at 6 rpm and held at -78°C to ensure that homogeneous and amorphous films were 
produced. The amorphous nature of the Elms was confumed by studying the 6Ims prepared 
under these conditions but deposited onto very thin amorphous silicon nitride windows, 
using electron diffraction on a transmission electron microscope. The diffraction patterns 
observed showed the broad diffuse rings characteristic of amorphous material. Using the 
half width of the observed rings, the maximum scale of crystalline order was estimated to 
be IO A. A sample geomehy of 4 mm between voltage contacts by 3 mm wide was chosen 
to give a homogeneity in the resistivity (checked in a separale experiment using a four-point 
probe method) of better than 1%. which is equivalent to 0.67% in composition. 

Films of different compositions were produced by changing the amount of pure Ge in 
a composite Ge/Fe3oGe70 target. The composition of the films was determined using EDAX 
(energy dispersive analysis of x-rays) compared to buk Fe, Ge, and Fed3e0.7 standards, to 
f0.3 at.% Fe. The thickness and composition of the films are given in table 1. Subsequent 
to preparation, the films were allowed to age at room iemperature for a period of at least 
20 d, during which period the rcsistiviry increased by about 10% to arelatively stable value. 

A Aibers and D S McLuchlan 

Pa, with a pressure of about 8 x 

Table 1. The thicknesp. canposition, and charaneristic resistivities of the ~ampl~p.  The nampler 
have k e n  divided into two $rCupr--metallic and insulating. 
~ ~~~ ~~ 

Name Sample fidtncss (A) at.QFe p(IO)@n an) P @ ) W  4 
Az.1 I 580(10) 28.00) 172942) Zoo0 

AZ.4 3 5 ~ 1 0 )  20.5(3) 2933.9(2) 3300 
A 2 J I  4 580(10) 20.1(3) 5030.4(2) - 

A2.17 6 570(10) 18.5(3) IO IW(2) 21003 
A2.22 7 660( IO) 16.5(3) 17 139(2) 11oooo 

A 2 3  2 51qIo) 23.2(3) 23524(2) 27M) 

A2.19 5 6 lO(10) 19.5(3) 9@39.7(2) 32 WO 

A2.10 8 SZO(l0) 15.7(3) 54.868(2) x IO' m 
A2.m 9 56qlO) 15.0(3) 104.890 x IC' m 
A2.7 IO 52000) 11.0(3) 4315(1) x I@ m 

A 2 5  12 510(10) 6.1(3) 4480(1) x IO* m 
A2.8 I I  520(10) 8.3(3) 8359(1) x IO6 m 

Four-point resistivity and magnetoresistance measurements were performed in three sets 
of experimental apparatus. Initial measurements of the resistance between 273 K and 4.5 K 
were made using a quick-measurement probe which was cooled by slowly inserting it into a 
liquid He storage dewar. In a conventional 4He cryostat the resistance between 273 K and 
1.2 K, and the magnetoresistance, at fixed temperatures between 4 K and 1.2 K (f0.2 K for 
T 2 30 K, and &0.01 K for 30 K T-2 1.2 K), in varying fields (B i I and B 1 plane 
of sample) up to 3.86 T have been measured. In thii system the magnetoresistance was 
measured as a function of field at fixed temperawes. In both of the above two experiments, 
the measurements were made using a Dc measurement system with a currenl density of 6 A 
cm-' for the metallic samples, and between 6 A cm-' and 60 @A cm-' for the insulating 
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samples. The accuracy of the system was 1 in 1 6  using a 64-digil DVM for the metallic 
samples, and 1 in 104 using a Keithley electrometer for the insulating samples. For these 
measurements. leads were attached to the Au contact pads on the sample using Ag paint. 
Using a dilution refrigerator, the resistance and magnetoresistance at temperatures varying 
between 6 K and typically 100 mK (to 41%) was measured in fixed fields from 0 to 4 T 
(E  I I or Bllr) using a Linear Research LR-400 AC resistance bridge to an accuracy of 1 
in 1 6  with a current density of 60 mA Current contacts to the samples were made in 
this case by clamping the flattened ends of two Au wires onto the previously mentioned Au 
pads which covered the outer third of the subsmtes, thereby ensuring good Ihermal contact 
to the sample. The voltage leads were attached with Ag paint as before. 

3. Experimental results 

Table 1 shows the numbering, composition. thickness, and some characteristic resistivities 
for the samples. The observed resistivity as a function of temperature for the various samples 
is shown in figure 1. It will be shown that helow 16 at.% Fe the samples show insulating- 
type behaviour, with p + 00 as T + 0, while samples with more than 16 at.% Fe exhibit 
metallic-type behaviour (i.e. p remains finite as T + 0). Above 50 K the resistivity of 
the latter samples shows typical negative temperature coefficient of resistance behaviour 
of high-resistivity metallic samples (Mooij 1973). levelling off below 50 K, but in some 
instances (samples 2, 3, and 4) displays a very unusual slight decrease at 50 K, which is 
illustrated in figure 2. The only other instances of similar behaviour are in the results of 
Mobius er al (1985) for a-Cr,Sil-, and the recent results for a-Cr,Gel-, of Elefant et a1 
(1991). For all metallic samples at some point below 10 K, the resistivity shows a sharp 
increase with decreasing T,  which eventually becomes proportional to a. Figure 3(u) 
and (a) shows plots of U against f i  for samples 3 and 5 with 20.5 and 19.5 at.% Fe 
respectively in different magnetic fields up to 3.86 T. 

1oot 

Figure 1. Log resistivity plotted againd temperamre for the a-Fe,Gel-, alloys: (0 )  samples 
10, 11, and :2; ( b )  samples 1-9. The numbers on the plds are the sample numbers given m 
table I. The composition of each sample is given in table I .  
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5 (19.5 at.% Fe). The slight levelling off in p below 130 mK appears to be due to the lava cd 
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The magnetoresistance behaviour, illushated in figure 4 ( a H c )  for samples 1, 6, and 9 
respectively, falls into three main groups. As shown in figure 4(a),  the most metallic sample 
(sample 1: 28 at.% Fe) has a negative magnetoresistance for all temperatures below 4 K. the 
magnitude of which increases as T decreases. Samples with between 24 at.% and 16 aL% 
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Fe (samples 2-7) show positive magnetoresistance at the higher temperam, changing 
over to negative magnetoresistance at lower temperatures, the distinction between positive 
and negative magnetoresistance being based on the slope of the magnetoresistance at zero 
field. The t e m p e m  at which the cross-over from positive to negative magnetoresistance 
occurs is non-monotonic and depends on both the sample and the field For instance, it 
goes from 1.4 K for 24 at.% to 0.2 K for 20.5 at.% and 1.2 K for 16 at.% in 3.86 T. 
w i c a l  magnetoresistance curves for this class of sample are shown in figure 4(b) (sample 
6: 18.5 at.% Fe). For an insulating sample close to the transition the magnetoresistance 
is very small and positive at very low fields in the region of 4 K, but becomes negative 
and vwy large with increasing B and decreasing T .  This behaviour is shown in figure 4(c) 
(sample 9: 15.0 at.% Fe). The magnetoresistance of samples that were more insulating 
was also negative and appeared to become as large as 50% in 3.86 T, but because of the 
concurrent large variations in the resistance due to unavoidable smaU drifts in temperature, 
no accurate results could be obtained. 

4 

Magnetic Field B1 (Teslo) 

D: - 4  Sample 9 
a (15.0 o t i  Fe) 

2.5 K 

-6! 

0 0  1 . 5  3 0  4 5  
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Figure 4. Magnetoresisrance curyes plated in the fonn 
A R ( B . T I I R ( 0 . T )  = [ R ( B , T )  - R ( O , T ) l / R ( O . T )  
against B (E is perpendinrlw lo I ) :  (a) sample 1 
(73 at.% Fe): ( b )  sample 6 (18.5 at.% Fe): (c )  sample 
9 (15.0 at.% Fe). 

0.0 1 5  3 0  4 s  
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4. Discussion 

4.1. lnsulaling samples (< 16 ai.% Fe) 

A number of workers have investigated the resistivity of a-Ge and its alloys in the insulating 
regime. They have, in general, observed variable-range hopping conduction behaviour of 
the fan 

A Albers and D S McLachlan 

P = PO exp(Ta/T)" (1) 

with n = ( p  + l)/(d + p + 1) (Adkins 1989). Here, d is the dimensionality of the sample 
and p is the index of the energy dependence of the density of states at the Fermi level. 
Note that n = $($) for 3D (2D) hopping for an energy-independent density of states, i.e. 
p = 0 (Moa 1968), and n = i if Coulomb interaction effeets are included, as p = 2 for 
d = 3, and p = 1 ford = 2 (Efros and Shklovskii 1975). 

The dominance of exp(T~/T)l/~ variable-range hopping has been reported for both 
pure a-Ge (Knotek et a1 1973, PoUak er a1 1973) and for a-Fe,Gel-, films up 10 25 at.% 
Fe (Daver er al 1974, Massenet er a1 1974, Nath er a1 1975, Chopra and Nath 1976, 
Watanabe er a1 1979). Both exp(G/T)'p and e~p(To/T) ' /~ variable-range hopping have 
also been reported for a number of other amorphous and crystalline systems (see the review 
by Shklovskii and Efros (1984)). 

In the present experiments it was found to be rather difficult to distinguish between 
exp(TO/T)Ifl and exp(T~/T) ' /~ behaviour by plotting In p against or ?'-'I4, or even 
by fining the data using the non-linear minimization routine W I T  (James and Roos 1975). 
In order to overcome this problem, following White and McLachlan (1986). the data for 
the insulating samples have been ploued in figure 5 in the form d In g/dln T against In g, 
where g is the conductance (l/R) expressed in unils of e2/nh =7.7 x 10-5~-1 .  The data 
for this graph were determined from the numerical derivative of a set of shappreserving 
cubic splines that were fitted to the original numerical resistivity dah The inherent noise 
and digitial M ~ I R  of the dam explains the scatter of the points in some regions. It can easily 
be shown that data which follow p (x exp(To/T)", if plotted in this form, will appear as a 
straight line of slope -n. In figure 5, the data clearly show bettcr agreement with a slope of 
-i. Therefore it is believed that the present insulating samples all show p ac exp(To/T)'p 
behaviour at low temperawes. 

Using the results from figure 5 as a criterion, the resistivity of the insulating samples 
has been fined using MINUIT to expression (1) in the temperature range where n N i. The 
fitting parameters were PO. To and n; The values of these parameters for the samples with 
,$ 15.7 at% Fe (samples 9-12) are given in table 2, together with the temperature ranges 
over which the fils were made. The data between 10 K and 20 K On g c -10) for sample 
12 (6.1 at.% Fe) (which could only be measured down to 10 K) have been excluded from 
the fit because the noise on these very-high-resistance data is relatively large compared to 
the noise on the lower-resistance data at higher temperatures. Sample 8 (15.7 at.% Fe) also 
showed evidence of p ac exp(G/T)'/2 behaviour, but only at temperatures below about 
2 K. Because of this Limited temperature range over which the data could be fitted, it is 
uncertain whether this is truiy an insulating sample. As it is very close to the transition it 
could be heterogeneous, containing both insulating and metallic regions. 

Following the formulation of Adkins (1989), an estimate of the tunnelling exponent IY 
(or = a;',  where a0 is the localization radius) can be made using the values of To obtained 
from the range over which the data fitted (I) ,  and the expression (in 3D) 

(Y = k~To(ng2)'/~/10.5 (2) 
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g i s  the canductance (1/R) in units of $ /zh  = 
7.7 x for the insulating samples (samples 
8-12. < 16 at.% Fe). The sample numben on the 
graph c m p a n d  La those given in table 1. "he full 
lines indicatethe enpeded behaviour for data that shows 
p ci exp(To/T)" for n = f and n = i. 

Figure 6. The values of the oopertuhd density of 
states go and the energy gap A, oaldulated fmm the fit 
parameters and equatims (4) and (5). as a funaim of 
the concenmtim of Fe on the insulahg side of thc 
transition Ihe m e s  am dram io guide the eye. 

Table 2. Values of the happing Eondudicn parameten determined by filling the p vems T 
data La the expression p = mexp(To/T)". ne fits were made mer the indicated 
ranges. 

Sample PO (nm) T O W  n T w e  K) 
8 (15.7 at% Fe) 0.0055(1) 35(1) 05x1) 1.1-2.22 
9 (15.0 at.% Fe) 0.013(2) 4742) 0.510) 1.258 

10 (iI.Oat% Fe) O.OG70(8) 670(10) 0.49(2) 4.5-121 
1 1  (8.3 aL% Fe) 0.0061(6) 1900(20) OSO(2) 4.5-138 
12 (6.1 at.% Fe) 0.00790) 35W(30) 0.490) %I50 

where g2 = [ 3 * n * ~ : / 2 ~ e ~ ] ~ : ,  e is the elecwnic charge, €0 is the vacuum permiaivily 
constant, E ,  is the actual dielec@ic constant of the material, and ke is the B o l t "  constant. 
According to scaling theory, near the metal-insulator msition, the dielectric constant scales 
for N c N ,  as (Rosenbaum er al 1983) 

E ( N )  = E ,  = r(0)(1 - N/NJ'  (3) 

where N ,  is the critical doping concentration at the metal-insulator transition, and C is 
the critical exponent Measurements on the metal-insulam @ansition in other systems 
(Rosenbeum et ai 1983) indicate { rr 1. Assuming that the dopant concentration N scales 
linearly as the concentration of Fe in the materials in the Limited range of 5-15 at.% Fe, 
and using Nc N 16 at.% Fe and c(0) = 16 (Phillips 1968). the dielectric constant for the 
different samples may be estimated (table 3),  and hence the value of a may be calculated 
using (2). Typical values of a range from 9 x IO' m-I to 7.6 x lo* m-I, corresponding to 
values of a0 of 110 A (15.0 at.% Fe) to 13 A (6.1 at.% Fe). Using tbe radial distribution 
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function results of Uemura er a/ (1977), the mean Fe-Fe distance is estimated to lie between 
5 A and 8 A for Feo.lGeu.9. The values of LX calculated above indicate that on the insulating 
side of the bansition the mobile electrons are localized over about two Fe-Fe distances in 
the most insulating sample (sample 12: 6.1 at.% Fe), increasing to about 17 Fe-Fe distances 
near the metal-insulator transition. If ~ ( 0 )  = 16 is used for 6, instead of L e  divergent form 
given by (3). the value of a0 ranges from 21 A to 2200 A, which is not as physically 
realistic. 

A Albers and D S McLachlan 

Table 3. Values of the actual dielectric constant er (calculated using (3)), the tunnelling exponent 
U, the unpermhed density of stat- go. Ihe energy gap A (in eV). and TA (in K)  whcrc 
TA = A j k s .  a. 80. and A were calculated from the parameta of table 2 as explained in 
Ihe IeXL 

Sample fr  U (108 m-1) go (ev-’ mi’) A (ev) TA (K) 

8 (15.7 &.% Fe) 852(2) 25(1) 4(1) x lp 7.60 x IO-‘ 8.8(2) 
47m 9 (15.0 at.% Fe) 256(1) 090(5) 2.7(4) x lo?” 4.1(2) x 

IO (11.0 al.% Fe) 51.2@) 2.87(5) 7.890 x IO” 1.90(6) x 10.‘ 220(6) 
I 1  (8.3 at% Fe) 33.1(2) 5 .W)  6.98(6) x IOi9  4.4(1) x IO-’ 510(12) 
I2 (6.1 at.% Fe) 25.9(1) 7.6(1) 6.98(6) x IOi9 6.0(1) x IO-’ 690(13) 

If the upper temperature Limit for fitting the data to p = po exp(fi/T)” in table 2 is 
considered to be the parameter T, (the temperame below which the effect of the Coulomb 
gap on the hopping process is evident), then the unperturbed density of states go and the 
size of the energy gap A may be calculated. These are given by the expressions (Efros and 
Shklovskii 1975) 

go = Tc/T,’aa K-’ m-3 = (T,/T~n~)(l.602 x lo-” x l O @ / k ~ )  eV-’ (4) 

and 

A = ( T o a ~ ) ~ / * g ~ ~ [ k ~  x 102/1.602 x 10-’9)3/2 eV ( 5 )  

where a0 = a-’ as before. The factors in braces [) are included to convert the units of go 
and A h m  SI to eV-’ cm-’ and eV respectively. The calculated values of CY, go and A 
for the insulating samples are all given in table 3. 

The results for the tunnelling exponent a show reasonable agreement with the results 
of Knotek et a1 (1973). who determined that L X - ~  lay between 8 A and 14 A in pure a-Ge. 
As can be seen from table 3, LX decreases as the Fe concentration is increased in the present 
samples. This is consistent with the delocalization of the stales as the metal-insulator 
transition is approached from the insulating side. The value of LX for sample 8 (15.7 at.% 
Fe) is seen to Lie off the trend of increasing (Y with decreasing Fe concenuation. This is 
probably due to the poor determination of To as a result of the very limited temperature 
range over which the data could be fitted, or the sample may consist of both metallic and 
insulating regions. 

The density of states determined from our measurements is higher than the - lo’* eV-’ 
reported for pure a-Ge (Knotek er al 1973, Nath er nl 1975) as would be expected. 

The present results are however lower than the value of - 10’’ eV-I cm-3 calculated by 
Nath er ai (1975) from their resistiviry measurements of Fe,Gel-, samples with between 
2 and 30 at.% Fe. This is not surprising as the data in the latter case were analysed 
using exp(T~/T)’ /~,  against the exp(To/T)1/2 used here. Efros and Shklovskii (1975) also 
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determined the size of the Coulomb gap in pure a-& from the measurements of Knotek er 
al (1973). and found A = 1 x lo-' eV. Therefore, OUT measurements indicate an increase 
in the size of the gap by an order of magnitude with the addition of 5 at.% Fe to the Ge, 
but as the concennation of Fe is furlher increased, the size of the gap decreases. This 
behaviour of the energy gap A and the behaviour of the density of states go with increasing 
Fe concentration are shown in figure 6. Previous workers on the a-Fe,GeI-, system have 
reported p (x e x p ( T ~ / T ) ~ / ~  and hence according to theory there is no energy gap, and so 
their published results cannot be compared with the present measurements. However, the 
present exmted values of the energy gap with decreasing Fe concentration in a-FGGel-, 
are consistent with the results of Aleshin et a1 (1988) for Cr,Gel-, films above 1 K. 

The divergence of the density of states go and the decrease of the size of the energy 
gap A with increasing concenuation, shown in figure 6, indicate that the metal-insulator 
transition does indeed occur at about 16 at.% Fe. This concentration is also conljrmed in 
the next section which deals with the samples on the metallic side of the transition. MSbius 
er a1 (1985), from their measurements on a-Cr,Si,-, have considered the scaling behaviour 
of TO N (1 - NJN,)". Those authors found v N 4, and exnapolated to To = 0 to obtain 
Nc (Eytan er a1 (1992). from their measurements on granular m e ,  found that TO goes 
to zero at the critical metal-insulator volume fraction). In the present measurements on 
the a-Fe,Gel-, system, w = 3 behaviour is observed. but the extrapolated value of Nc at 
f i  = 0 is 17.6 at.% Fe, in conIrast to the value of Nc = 16 at.% Fe deduced from other 
considerations. 

4.2. Melallic samples (> 16 al.% Fe)  

As electromlecnon interactions (Altshuler and Aronov 1979, Altshuler et a1 1980, 
Fukuyama 1980,1981) and weak localization (Gorkov et ai 1979, Bergmann 1983a,b, 1984, 
Kawabata 198Oa, b) are important in the interpretation of the resistivity in these samples, a 
brief summary of the relevant equations is given below. 

The change in the conductivity due to electron-electron inleractiorr effects in 3D MITIS 
has been expressed by Lee and Ramakrishnan (1985) in the form 

Ao = 

where Fq is the screening parameter for the Coulomb interaction and depends on the 
Fermi wave vector kp and D is the diffusion constant. The sign of Ulis correction to 
the conductivity may be either negative or positive, depending on the size of Fo, which is 
however usually less than $. Irrespective of the size of Fm, the magnetoresistance arising 
from electroon-electron interactions has been shown to be positive, proportional to E' for 
high T or low E ,  and proportional to f i  for low T or high B (Altshuler et al 1981, Lee and 
Ramakrishnan 1982). The observation of such a positive magnetoresistance can arguably 
be taken as a necessary condition before the dominance of elecuon-electron interactions 
may be inferred. 

in three dimensions, the conductivity due to weak localization, with no spin-orbit 
scattering, is (Lee and Ramakrishnan 1985) 

where o~ is the Boltztnann conductivity, a is a microscopic scale length of order kp', and 
p is an index that depends on the scattering mechanism. Clearly then, the temperame 
dependence of the conductivity depends on the inelastic scattering mechanism through the 
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index p :  p = 1 for scaltering by phonons (or magnons) at T > TD (or TN); p = 2 
for inelastic elecuon-electron scaaering; p = 4 for scattering by phonons or magnons at 
T e TD or T,. The magnetoresistance due to weak localization is negative, proportional to 
Bz for high T or low B ,  and proportional to f i  for low T or high B (Kawabata 1980a.b). 

Previous work on the Fe,Gel-, amorphous alloy system between 0 and 30 a t% Fe by 
Massenet er a! (1974), in the temperature range 20-300 K, has concluded that exp(T~/T)’/~ 
variable-range hopping is observed up to about 25 at.% Fe, above which the conduction 
was metallic. However, Mott and Kaveh (1985) have subsequently interpreted the samples 
of Massenet er a1 (1974) with more than 10 at.% Fe as being melallic. Measurements of 
the resistivity of the a-Fe,Gel-, system have also been reponed by Cros (1980,1981) for 
samples with more than 30 at.% Fe. These samples were metallic and at 4.2 K showed no 
ferromagnetic ordering below 43 at.% Fe, and no spin-glass ordering below 30 at.% Fe. As 
far as the authors are aware, no magnetoresistance has previously been reported in either 
insulating or melallic samples with less than 30 at.% Fe. Negative magnetoresistance has 
however been observed in this system for > 30 at.% Fe ( 0 0 s  1980,1981) in the temperature 
range 1.3-20 K. Resistivity work on insulating and metallic a-Cr,Ger-,, which is a very 
similar system, has been reported by Mobius er 01 (1985) and Elefant er ai (1991). 

The negative temperature coefGcient of resistance above about 50 K and the levelling 
off of the resistivity below this temperature is widely known for amorphous and indeed all 
high-resistivity metallic systems (Mooij 1973, Tsuei 1986). It is generally associaled with 
the electronic mean Iiee path becoming comparable to the Fermi wavelength (Kaveh and 
Molt 1982, McLachlan 1982, Tsuei 1986). The sharp increase in the resistivity below - 10 K shown in figure 2 and observed in all the metallic samples has not to the 
authors’ knowledge h n  reported in the Fe,Ge+, system before, probably as previous 
experiments did not extend to low enough tem ratures. It must be noted however that an 
increase in the resistivity proportional to - F T has been widely reported for amorphous 
and highly disordered metals below about IO K, and Cochrane and Strom-Oken (1984) 
List many examples of such behaviour in amorphous alloys in both magnetic and non- 
magnetic systems. This increase in the resistivity at low temperatures (typically below 
10 K) is normally taken lo be a manifestation of weak localization and/or elecuon-elecuon 
interactions. 

Two models to explain the anomalous behaviour of the resistivity below about 50 K as 
shown in figure 2 currently appear in the literalure: 

(1) Elefanl er a1 (1991). who base their model solely on their resistivity results, have 
interpreted the dip in the resistivity as T is decreased below about 50 K as due to elecuon- 
electron interactions with Po > $ in (6), and suggest that the increase in the resistivity 
observed below about 10 K is associaled with the magnetic properties of the chromium 
atoms in their samples. 

(2) Molt (1990b) and Mot1 and Davis (1991) support the interpretation of the dip in 
the resistivity below about 50 K as due to electron-electron interactions with Fv > $, but 
they postulate that the increase in resistivity observed below about 10 K is due to weak 
localization. These authors suggest that if an amorphous alloy contains an atom with a 
magnetic moment, weak localization will be damped out by magnons above about 4 K, 
but will manifest itself below about 4 K with a p o( -fl dependence. This  temperature 
dependence of the resistivity is determined from (7), with the inelastic scattering time 
zi c( T-’  due to scattering from magnons above the Nee1 temperature TN (Molt 199Oa), 
and hence Li = (Dz,)”’ is proportional to T-”’. Note that thii model requires that TN 
be about 100 mK or lower in the present samplcs, and below about 500 mK in metallic 
a-0A3el_,. 

A Albers ond D S McLochlon 
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The results presented in the a m e n t  study will be examined in terms of these models. 
The behaviour of both the tempera- coeffkient of resistance and the magnetoresistance 
will be used to indicate which of the two mechanisms is dominant in which temperature 
region. 

Sample 1 (28.0 at.% Fe) shows qualitative agreement with the results of measurements 
on samples with > 30 at.% Fe reported by Cros (1980), where the two temperature ranges 
overlap. The magnetoresistance in this particular sample is negative for all temperatures 
below 5 K, where it appears to follow a B2 behaviour for low fields but starts saturating 
above about 1 T. This magnetoresistance behaviour is also very similar to that observed by 
Cros (1980) for samples with > 30 at.% Fe; he interpreted his data in terms of magnetic 
scattering as described by the theory of BM-Moncd and Weiner (1968). 

The resistivity of samples 2-7 (23-16 at.% Fe) behaves in a similar manner to that of 
sample 1 (28.0 at.% Fe), except that the plateau region below 50 K has changed into a 
distinct maximum followed by a decrease in the resistivity in some samples (numbers 2, 
3, and 4), before the sharp increase in resistivity below 10 K (see figure 2). The increase 
in the resistivity of samples 2, 3, and 4 (23.2 at.%, 20.5 at.%, and 20.1 at.% Fe) below 
about 10 K shows a p 0: -a dependence (figure 3). E the decrease in resistivity below 
50 K is taken to be due to electron-eleclron interactions with Fv > 1, the same mechanism 
cannot be responsible for the observed increase in p below 10 K. This is confirmed by the 
observation of positive magnetoresistance in the region of 2.4 K, followed by a changeover 
to negative magnetoresistance at lower temperatures. Therefore weak localization with no 
spin-orbit coupling, which is characterized by a negative magnetoresistance, may well be 
the dominant mechanism responsible for the p 0: -fi increase in the resistivity ObSeNed 
below 10 K. as postulated by the second model. 

At 4 K the magnetoresistance in metallic samples 2-7 (23.2-16.5 at.% Fe) is positive, 
initially proportional to B2 for very small B ,  but changing to a B3lZ dependence for 
B 2 1 T. The observed B3D dependence could be an intermediate between the low-field B2 
dependence and a LJ’/’ dependence at higher fields, as expected from the theory for electron- 
eleclron interactions. However, measurements at higher fields are needed to c o n k  this 
conjecture. The ObSeNed magnetoresistance behaviour in the present measurements is 
therefore not fully consistent with the behaviour due to electron-electron interactions. On 
cooling these samples below 4 K, the magnitude of the positive magnetoresistance at 3.86 T 
goes through a maximum and then decreases, becoming negative at some concenlration- 
dependent lower temperature. Below the changeover temperature from positive to negative 
magnetoresistance, the fiefd dependence of the magnetoresistance is also different, the 
magnitude increasing (in a negative sense) for fields less than about 2 T, and then decreasing 
slightly for larger fields (figure 4(b)).  However, the observed decrease in the resistivity in the 
range 50-10 K cannot at this stage be deiinitely ascribed to electron-electron interactions, 
because of the discrepancy between the form of the magnetoresistance expected fiom 
the theory for electron-electron interactions, and the magnetoresistance observed over the 
measured range of 5.  

In order to y to correlate the negative magnetoresistance and the -a dependence 
of the resistivity in samples 2-7, the changeover temperature from positive to negative 
magnetoresistance in fields of 0.95 T and 3.86 T, together with the highest temperature at 
which the -J?‘ dependence in the resistivity is ObSeNed, are plotted as functions of the Fe 
concentration in figure 7. From this figure it is clear that some cotrelation exists between 
(he -fi dependence in the resistivity and the negative magnetoresistance, which further 
supports the second model. Note in figure 7 that in the 15.7 at.% Fe sample (sample 8) the 
changeover temperature from positive to negative magnetoresistance is off the general trend, 
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N (o:% Fe) 

Figure 7. The crossover tempemure T, fmm positive to negative magnetoresistance in 0.95 T 
and 3.86 T against the concenvarion of Fe on the metallic side of the transition (sample 4 
20.1 at.% Fe nci included). Note that sample 8 (15.7 aL% Fe) har 7, z 6 K, and so there is a 
defile discontinuity in the magnetomislance behaviarr between 15.7 at.% and 16.5 at% Fe. 
Also pidted is thc highest tempenrure T,, P which a clear f l  dependence is observed in 
p .  Ncte the remarkable similarity between T, and T,, as a function of Fe cmccntratim. The 
lines are drawn to guide the eye. 

lying above 6 K, showing a fundamental difference between the 16.5 at.% and 15.7 at.% 
Fe samples. 

Unfortunately, Elefant er a1 (1991). in presenting their results of the resistivity in the 
a-Cr,Ge~-, (0.14 < x 6 0.20) system, neither give an exact temperature dependence of 
the resistivity below about 5 K nor do they present any magnetoresistance results. Similar 
behaviour to that observed here in the magnetoresistance (positive above about 1.5 K, 
negative below) near the metalinsulator msi t ion has been reported for a-Cr,Gel-, hlms 
(0.08 < x < 0.1 1) in the temperature range 4-0.47 K by Aleshin er al (1988). However 
none of their results show the p rx -a increase in the resistivity shown by all metallic 
Fe,Gel-, samples at sufficiently low temperatures. Aleshin et a1 (1988) interpreted the 
negative magnetoresistance observed below about 1.5 K as evidence for a spin-glass-type 
magnetic ordering in a-CrxGel-, with x c 0.11. The limited data presented by these 
authors and the general uncertainty in the field make detailed comparison with the present 
results impossible. 

The sample with 28 at.% Fe (sample 1) has previously been discussed separately 
to compare it with similar samples of Cros (1980,1981) and because it shows negative 
magnetoresistance at all temperatures below 5 K. Considering figure 7 however, it is clear 
that this sample is consistent with Ihe other metallic samples, with its magnetoresistance 
behaviour being dominated by weak localization below 5 K. Very s imik  p and negative 
magnetoresistance behaviour has been observed by Cros (1980,1981) in samples with more 
than 30 at.% Fe, but no observable magnetoresistance was found in the sample with 30 at.% 
Fe. Cros attributed the negative magnetoresistance behaviour observed in samples with 
more than 30 at.% Fe to the magnetism of the samples. This hypothesis agrees with the 
6rst model. 
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The dip in the resistivity as the temperature is decreased below about 50 K, which 
has only been observed in amorphous alloys containing magnetic atoms (Cr and Fe), has 
been attributed to electron-electron interactions with Fv z $ in the previous papers. Such 
an abnormally large value for Fv may therefore be magnetic in origin. In the present 
work it is found that the temperature dependence of the resistivity is consistent with this 
interpretation, although the observed magnetoresistance may not be. A similar decrease in 
the resistivity, with the maximum lying between 15 and 45 K, has been reported in the a- 
Fe,Zr,-, system close to and on either side of the paramagnetic to ferromagnetic hansition 
(Strom-Olsen et al 1985). These authors attribute this behaviour to the inauence of spin 
Rumations. It has also k e n  reported (Trudeau and Cochrane 1988) that the inauence of 
spin fluctuations may be incorporated in the expression for electron-electron interactions 
(6) through an enhanced value of Fm. This mechanism may therefore be responsible for the 
observed dip in the resistivity in the Fe,Gei-, system as well. However it should be noted 
that for the Fe,Gel-, system it has been widely reported (see, for example, Massenet and 
Daver 1978, Mawenet er a/ 1979, Buschow and van Engen 1981, Momson et ai 1985) that 
the magnetic moment of the Fe atoms in Fe,Gel-, with less than 25 at.% Fe is removed 
through hybridization of the Fed band with the orbitals of the Ge atoms. It is also interesting 
to note from figure 7 that the p cx -a dependence and the negative magnetoresistance 
are observed at higher temperatures in samples with higher concenuations of Fe. If the 
p 0: -a dependence and thc negative magnetoresistance are interpreted as being due to 
weak localization (following the second model), this indicates that the damping out of weak 
localization by magnons becomes less effective with increasing Fe concentmion, which i s  
counterintuitive. 

A different interpretation of the resistivity behaviour observed below 50 K in the 
metallic Fe,Gel-, samples presented here may be considered The observed decrease in the 
resistivity as the temperawe decreases below 50 K could be interpreted as due to weak anti- 
localization, with a positive magnetoresistance. The observed p o( -a increase below 
about 5 K could then be interpreted as being due to elecuon-electron interactions beginning 
to dominate. This interpretation however requires positive magnetoresistance at the lowest 
temperatures, due to the electrowAectron interactions, which is contrary to the observed 
negative magnetoresistance. This interpretation is thus not consistent with the resistivity 
and magnetoresistance behaviour observed in the metallic Fe#ei-, samples below about 
50 K. 

In conclusion, the present authors lind that well on the high-temperature side of the 
minimum in the resistivity, the change in the resistivity appears to be dominated by 
elecmon-electron interactions, which give a positive temperature coefficient of resistance. 
However, over the measured range of E we have been unable to establish whether the 
magnetoresistance is due to electron-elecuon interactions or not. At the lowest temperatures, 
we believe that a different mechanism, namely weak localization, dominates, which gives a 
negative temperature coefficient of resistance and negative magnetoresistance. However, 
the temperature at which the change in sign occurs for the temperature coefficient of 
resistance and the magnetoresistance is not the same. The authors do not believe this 
to be a requirement of the theories. The positive magnetoresistance observed in the metallic 
samples between about 2.5 K and 4 K may thus be associated with the positive temperature 
coefficient of resistance observed between about 10 K and 50 K. but the field dependence 
in the measured field range is not consistent with the interpretation of either the Erst or the 
second model. The resistivity and magnetoresistance behaviour observed below about 2.5 K 
(in the negative magnetoresistance region) and the resistivity observed between about 10 K 
and 50 K in the merallic samples in the present study support the interpretation proposed 
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in the second model. This model however requires that the Fe moment be only weakened 
and not removed by any hybridization that may occur. 

4.3. The metal-insulator transition 

The resistivity in the temperature range where, the -n dependence is observed in these 
metallic samples has been fitted using the expression 

u(T) =u(O) + CT’” (8) 

using MINUIT, with the fitting parameters o(0) and C. The values obtained for these 
parameters are shown in table 4. From thi-, table, it can be seen that u(0) varies from 
500 Q-’ cm-’ for the sample with 28 aL% Fe to 9 S 2 - I  cm-’ for the sample with 
16.5 at.% Fe. The disappearance of o(0) as the metal-insulator transition is approached 
from the metallic side is widely used as a criterion for the msition, and the current data 
indicate that the metal-insulator transition occurs between the 15.7 at.% Fe sample which 
appears to show hopping behaviour below 2 K, and the 16.5 at.% Fe sample. In this case, 
because [ ( n l n , )  - I] > 0.05, u(0) is not expected to follow scaling behaviour of the form 
u(0) = uc, [ (n /n , )  - I]” (Rosenbaum era1 1983). 

Table 4. Valuen of the parameten o(0) and C determined by fimng the U Venus T data to the 
erpressicn o(T)  = o(0) t CT’P. 

5 (19.5 at.% Fej 31(2) 
6 (18.5 at% Fe) 47(4) 

0.42 
0.70 

7 (16.5 at.% Fe) 9ilj 0.42 

As a Grst approximation, assuming between 0.4 and 1 elecuon per Fe atom (Massenet 
and Daver 1977) and no electrons per Ge atom, and calculating the packing density of a- 
Fq.l57Gq.~3 with respect to crystalline Ge as 93.5% (using the radial distribution function 
results of Temkin et al (1974) for a-Ge, and of Uemura et a1 (1977) for a-Fe,Gel-,), 
the critical carrier concentration n ,  can be calcualted to lie between 2.9 x 10’’ and 
7.3 x 16’ cW3. The effective Bohr radius (a;) of the electrons in the a-Fe,Gel-, system 
near the metal-insulator transition can then be calculated using the Mott criterion (Mott 
1974, Mott and Davis 1979) 

. .  

n;/’ah N 0.25. 19) 

Inserting the values of n, calculated above yields a value of a; between 1.75 A and 1.29 A. 
n e s e  values are an order of magnitude smaller than the a0 =a-’ (a0 = 40 A for 15.7 at.% 
Fe) calculated from the theory of Efros and Shklovskii and a factor of 2 4  smaller than 
the estimated mean Fe-Fe separation for IO at.% Fe in Ge of between 5 A and 8 A. ’Ibis 
discrepancy has also been pointed out by Abkemeier et al (1992) from their results on the 
a-Ni,Sil-, system. Using the radial distribution function results of Uemura et al(1977). the 
mean radius of the WignerSeitz cell in a-F~,lGe0.9 is calculated to be 1.25 A. Therefore, 
(9) applied to ow result indicates that the conduction electrons are localized approximately 
within the Wigner-Seitz cell of the Fe atoms in the amorphous !mice. 
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