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Abstract. The conductivity and the Hall effect of three-dimensional M&Zn"+ 
glasses are studied LLS a function of magnetic field (0 4 B < 6 Tesla), temperature 
(1.5 < T < 100 K) and concentration (z = 67,72 and 77). The magoetoconductiv- 
ity Ao(T, 8) provides evidence for quantum corrections to the B o l t z "  equation. 
It is in quantitative qeement with perturbation theories, when contributions due 
to quantum interference, electron-electron interaction and superconducting fluctua- 
tions are t&en into -unt. The spin-xbit scattering field increases with the Zn 
concentration h m  0.086 Tesla (MgrrZn2s) to 0.13 Tesla (Mge~Ztw). The temper- 
at- and concentration dependence of the Hall meRicient are also consistent with 
the nearly-free-electron model when quantum corrections are induded. 

1. Introduction 

Quantum mechanical coherence effects form the basis for understanding the electronic 
properties of metals. For a long time very pure single crystals have been considered the 
ideal systems to investigate these phenomena in detail [I]. More recently, however, it 
was realized that quantum effects are crucial for the electronic transport in disordered 
or 'dirty' metals as well [2,3]. Because there is a high density of defects, the elastic 
scattering time at low temperatures becomes small when compared with the phase 
coherence time of the electronic wavefunction. In that range interference processes 
of the elastically scattered electrons turn out to be significant. They can be probed 
by measuring the magnetic field- and the temperature-dependence of the transport 
coefficients. Experiments on two-dimensional films of disordered simple metals [2, 41 
established the contribution of quantum corrections to the conductivity and the Hall 
effect. In three-dimensional systems the experimental verification is more tedious 
because the length scale is different and leading order divergencies are absent. Here, 
most of the evidence for quantum corrections comes from high-resistivity, transition 
metal-based glasses [SI. 

MgZn has been termed a simple metallic glass and is frequently being used as 
a model for amorphous and quasi-crystalline phases [GI. This alloy has no relevant 
d-electrons at the Fermi energy and there is a wealth of experimental and theoret- 
ical information on the atomic and electronic structure. The electrical resistivity 
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(p  % 50 pQ cm) has been calculated from first principles [7,8] and found to agree 
remarkably well with the nearly-free-electron model. 

We study the low-temperature conductivity a(T,B) and the Hall effect for sev- 
eral Mg concentrations [9]. The measured magnetoconductivity is accounted for by 
quantum corrections and superconducting fluctuations. Within our experimental er- 
ror of = 0.5% we cannot resolve a correction to the Hall constant due to the Coulomb 
anomaly as in transition metal-based glasses. This finding is in agreement with the 
screening constant for the electron-electron interaction calculated from the nearly- 
free-electron model. 

2. Experimental details 

MgZn alloys (starting materials Mg:4N and 2n:GN) were melted several times in closed 
graphite containers (Ringsdorf EKm, Fe content < 5 ppm) with RF heating under p r e  
tective Argon atmosphere. Amorphous ribbons were prepared by melt-spinning (speed 
w 3000 rpm, diameter of the copper wheel = 27 cm) in He atmosphere (M 300 mbar). 
After fabrication the metallic glasses were stored in liquid nitrogen to avoid crystal- 
lization. Angle-dispersive x-ray scattering showed only amorphous rings. 

Inductively coupled plasma analysis (resolution 500 ppm) gave no indications for 
Fe impurities. From tests with a SQUID susceptometer we estimate the amount of mag- 
netic impurities to  be less than 10 ppm. We rule out a Kondo effect due to residual 
magnetic impurities, since we observe no non-liearities in the magnetic field depen- 
dence of the Hall resistivity. We have verified from the Halleffect, the low-temperature 
conductivity and the magnetic-field dependence that Mg,Zn,, containing 5000 ppm 
Mn exhibits a Kondo effect. 

To characterize the samples further we measure the temperature dependence .of 
the conductivity (relative error < in the range 1.5-300 K ,  and the Hall effect 
as well. In addition, measurements of the crystallization behaviour and of structural 
relaxation [lo] near the glass transition have been carried out on samples from the 
same ribbons. Our results of the crystallization behaviour agree well with literature 
data [ll]. We find an activation energy for crystallization of about 1.8 eV in the case 
of Mg,,Zn,,. Before crystallization sets in we observe an increase of the resistivity 
during isothermal annealing, in agreement with other authors (121. This increase can 
be correlated with an increase of the first peak in the structure factor (121 during the 
relaxation process. 

The samples bad typical dimensions of 8 x 2 x 0.03 mm3. Electrical contacts were 
made by pressing Cu wires (0.2 mm in diameter) into taps cut into the specimens 
with a diamond slitting saw. This arrangement formed the inner part of a ‘sandwich’ 
consisting of a sapphire plate, a thin sheet of mica or Teflon and a Cu plate which was 
clamped to a Cu block. Using pressure contacts, as opposed to soldering the leads, 
has the advantage that the samples are not exposed to higher temperatures which can 
cause partial crystallization. During the experiments slow cooling and heating rates 
(w 30 K h-l) had to be employed to avoid stresses on the samples. 

The resistance was measured with a standard four-wire DC technique with a preci- 
sion better than The current density was kept below 5 A for the resistance 
and below 250 A cm-* for the Hall effect measurements to avoid sample heating. Volt- 
ages in the nanovolt range were detected with a galvanometer amplifier connected to an 
integrating microvoltmeter. To ensure long-term stability the amplifiers and the stan- 
dard resistors for monitoring the amplification factor were contained in copper boxes, 
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which were temperature stabilized to 0.2 K. Noise levels were below 3 nV at an integra- 
tion time of 0.5 s. A further reduction in noise could easily be achieved by averaging 
over longer times (10 s), since the data aquisition including switching of the current 
direction was handled by computer. A superconducting magnet (0 < B 4 6 Tesla) 
provided the magnetic field B penetrating the sample perpendicular to the ribbon 
plane. The field settings were measured with a calibrated Hall probe. The errors in 
the temperature determination of the sample, which was performed with the aid of a 
calibrated carbon glass or a P t  resistor (above 40 K), were smaller than 0.1 K. The 
stability of the temperature as achieved by control was better than 1W2. 

3. Results and discussion 

9.1. Temperature dependence of the conductivity 

The resistance normalized to its value at 4.2 K is shown as a function of temperature in 
figure 1. The resistivities at room temperature and other characteristics of the samples 
are summarized in table 1. In all cases, the resistivity pis in the region 50 ps2 cm, that 
is k,l e! 17. The Fermi wavevector kF = 1.42 A-' and the electronic mean free path 1 
are obtained from the nearly-freeelectron (NFE) model. The temperature coefficient 
at room temperature a = p-'ap/aT shows a negative sign, the magnitude of a being 
about First the resistance is increasing with decreasing temperature, then the 
temperature coefficient becomes positive before again turning negative at the lowest 
temperatures. The maximum at about 40 to 60 K and the minimum around 10 K 
have been observed before and agree with literature data [13]. 

A detailed and systematic calculation of the resistivity on the basis of the gener- 
aliaed Faber-Ziman theory has been performed by Hafner [7]. It lurns out that the 
DebyeWaller term provides a negative contribution to the temperature coefficient of 
resistivity (TCR) near the peaks in the partial structure factors, while the electron- 
phonon term invariably produces a positive contribution to the temperature coefficient 
of resistivity. At high temperatures the negative contribution to the TCR from the 
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Figure 1. The resistance of amorphous MgZn normalized to its value 
function of temperature. The resistivities at 4.2 K r m  indicated. 

at 4.2 K as a 
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Table 1. Material parameters of M&Zntao-.. 

MgrrZnas MgrzZnza Mgs~Zn33 

P (rm cm) 43.1 46.2 50% 
Re (lo-]] m3 A-' s-l) -6.15 & 0.6 -6.9 -6.45 
Re (lo-'' m3 A-' p -6.97* OS -6.15 -5.81 

d (g an")' 2.65 * 0.W 2.92 3.13 
N ( E p )  ( e r '  at-l)b 0.4 0.39 0.38 

Bnrn ( 1 0 - l ~ ~  2.12 2.30 252 

F 0.52 0.51 0.51 

D (lo4 m2 8) 7.74 7.12 6 5 2  

8,. (Tesla) 0.086 0.10 0.127 

a Reference p3j. 
Conductivity assuming the NFE model. 
&T" = (h/e)(4/D) = 1.64 x D-' (ma s-'), 

quasi-elastic mechanisms dominates. The maxima and minima at lower temperatures 
are well reproduced by Hafner's calculation too. Briefly, they are the result of an inter- 
play between defect scattering by the static disorder, which is temperature-dependent 
through the Debye-Waller factor and the inelastic electron-phonon scattering which 
depends on the details of the vibrational spectrum. 

3.2. Ball effeci 

The magnetic field dependence of the Hall resistivity pH at 4.2 K is shown in figure 2 for 
Mg,,Zn, and for the Kondo alloy 1Mg70Zn,o doped with 0.5% Mn. In the Kondo alloy 
pH is a non-linear function of the magnetic field. On the other hand the linearity in the 
MgZn alloys indicates the absence of a Kondo effect. The error in the absolute value 
is about 10% due to the uncertainty in the sample thickness. The Hall coefficients 
R, are summarized in table 1. They are in agreement with the data of Matsuda 
and Mizutani measured at temperatures above 77 K [13]. For isotropic materials the 
Hall constant R,  is given by RH = l / (ne) .  With R, = -6.5 x lo-" m3 A-' s-l 
(Mg,,Zn,) one gets for the electron density n = 0.096 A-3. This is in good agreement 
with measurement of the Fermi wavevector by positron annihilation which results in 
n = 0.0967 [14]. Also the (bare) electronic density of states [15] is free-electron- 
like. 

The measured Hall constant, normalized to its value at 77 K,  is shown as a function 
of temperature in figure 3. One may raise the question of whether there is a tempera- 
ture dependence of RH due to electron-electron interaction effects in the particle-hole 
channel. Such corrections have been observed consistently in the conductivity and the 
Hall effect of two- [16,17] and three-dimensional [IS-201 disordered conductors as pre- 
dicted by Altshuler et QI [21]. The diffusion correction to the temperature dependence 
of the Hall constant is given by [21,22] 

where Loo = e2/2?r2h = 1.233 x 
eral the sign of the correction depends on that of the interaction constant 

$2-' denotes a universal conductance. In gen- 
and 
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thus may be arbitrary. The correction due to the electron-electron intetaction is not 
only determined by the screening parameter, but also by the magnitude of p. 6RH 
becomes larger with increasing resistivity and decreasing diffusion coefficient. Com- 
pared to  the transition metal glasses the conductivity and the diffusion constant of 
MgZn are larger by factors of roughly 4 and 10, respectively. Thus the estimated 
correction to RH is about a factor of 12 smaller than, for instance, in CuTi and CuZr. 
Using the data in table 1 (k  0.5) and T = 100 K we obtain from equation (1) 
6RH(100 K)/RH(O K)  w 5 x for MgZn. The temperature dependence due to 
the electron-electron interaction is extremely weak and within the experimental error 
(figure 3). 
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Figure 2. Magnetic-field dependence of the Hall 
resistivity for amorphous MgwZnga and -OF 
phous Mg7oZn.w containing 5000 ppm Mn at 
4.2 K. 

Figure 3. The Hall constant RH of MgZn glasses 
normalized to its value at 77 K a5 a function of 
temperature. 

3.3. Quantum correction and superconducfing pucfuation contributions to the 
conducfivily 

The measured magnetoconductivity u(B) - u(B = 0) = Au(B) is only of the order 
to when compared with U ,  but it displays a pronounced structure (figure 4). 

At higher fields and at high temperatures -Au is negative. At low fields -Au ex- 
hibits a small phsitive maximum, which decreases with decreasing Zn concentration 
and disappears with increasing temperature. As in two dimensions, quantum correo 
tions including spin-orbit scattering [23] are the essential origin of this feature. For 
vanishing spin-orbit scattering the 'weak localization' of the scattered electrons is re- 
duced and the conductivity increases with the magnetic field. Dominating spin-orbit 
scattering changes the sign of the magnetoconductivity. 

It was noted 191 that the quantum interference contribution cannot describe 
the measurements over the full magnetic field and temperature range. To decide 
whether this is due to the limited validity of the theoretical expressions or due 
to additional contributions we consider first the high-temperature-low-field limit 
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Figure 4. Change in the conductivity -Au versus magnetic field B for (n) 
MgrrZnaa, (a) METaZnza, and (c) M g o r h z .  Resulrs for various temperat- .w 
indicated are givm. The full N+M are fits of the 8 w  of contribution;, due to quan- 
tum intufuence, eltctmn-electrrm interaction and sup-ductitq Euctustions to 
the data b~ explained in the kxt. (d) Compsrison of the h e  alloys at 7 K tor 
BIT < 0.4 T K-'. FUn "es: all contributions; brokco CUIV-: quantum intaiep 
m e  only. About 20 n-' m-' in A< comspond to a meaeurrd change in resistance 
ARIR of lo-". 

(BIT < 0.4 Tesla K-'). The simplest assumption is that the total magnetoconduc- 
tivity is given by the quantum interference term alone. Since for MgZn the electronic 
diffusivity is large (2 5 x m2 s-'), we can neglect the Zeeman effect on the quan- 
tum interference [24]. Quantum interference then yields the following contribution to 
the magnetoconductivity [24,25]. 

where f3(z) is a function given by Kawabata [25]. 
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The only Eee parameters are the characteristic fields for inelastic and spin-orbit 
scattering, Bi and 5,. The fields 5, are defined with respect to the scattering times 
r,, via 

where D denotes the diffusion coefficient. 
5, and Bi are determined by a least-squares fit of equation (2) to the data per- 

formed simultaneously at all temperatures. E, is even more restricted, because it 
must be the same for all temperatures. This procedure gives a rather good descrip 
tion of the magnetoconductivlty for temperatures higher than about 4 K. The spin- 
orbit fields are 0.067, 0.088 and 0.12 Tesla for Mg,,Zn,, Mg,Zn,, and Mg,,Zn,, 
respectively. The temperature dependence of the inelastic field Bi can be described 
by a power law Bi = 3.03 x T2.'6 for all three concentrations: At the lower 
temperatures the experimental values have a tendency to fall above the line given by 
the power law. 

However, since Mg,Zn, is superconducting below 0.11 K [15] contributions of 
superconducting Euctuations 1261 to the conductivity may not be negligible. In addi- 
tion the effective electron coupling constant affects the orbital part of the Coulomb 
interaction in the particle-particle channel. These contributions are rather substantial 
as we will show in the following. 

Electron-electron interaction effects in disordered metals have been reviewed by 
Altshuler and Aronov [3]. The contribution to magnetocouductivity in the particle- 
hole channel associated with spin effects is [3,21] 

AucpH(B)= -Lo (4) 

where pB denotes the Bohr magneton and the function g3 is given in [3,27l. 
The magnetic field dependence of the particle-particle channel is dominated by 

the orbital part. The result of calculations performed by Fukuyama [28] and Altshuler 
and CO-worlers 13,291 is 

with BT = xkBT/2eD. The function &(z) is defined JS an integral in the literature 
[3,29]. The electon coupling g in a superconductor is giveo by [3] 

The magnetic-field dependence due to the Maki-Thompson contribution [30,31] of 
superconducting fluctuations may be expressed as [32-341 

p is a function tabulated by Larkin 1331 in the limit of small applied fields and loug- 
phase coherence times. If the B-dependence of g is neglected, the Maki-Larkin term 



3486 A Schulie et a1 

has the same field dependence as the quantum interference effects with the opposite 
sign and a coefficient P(T) diverging at Tc. 

The contribution of superconducting fluctuations from virtual Cooper pairs 
(Aslamasov-Larkin term [%I) was calculated by Usadel [36] and Mikeska and 
Schmidt [37]. The temperature dependence in a transverse magnetic field is 

112 

A~AL(B,  T) = "L,, (i) B ; W B / B ~ , T / T ~ )  (8) 

where @(B/BT,T/Tc) is a function defined in [36] and [371. 
To start with, the contributions due to the electron-electron interaction (CPH 

and CPP) and superconducting fluctuations (AL) were calculated and then subtracted 
from the me_asured data. All necessary parameters are determined from the NFE 
model (D, F) or are known from experiments (Tc = 0.11 K [15]). The elec- 
tronic diffusion constant D is calculated from the measured resistivity and the cal- 
culated non-renormalized density of states N(E,)  in the nearly-freeelectron model 
(p- l  = eaN(Er)D) .  The remaining contributions are due to quantum interference 
and superconducting fluctuations described by the Maki-Thompson diagram. Now 
Bi and B, are determined from simultaneous fits to these two Contributions at all 
temperatures. 

Figures 4 and 5 show that this procedure results in excellent agreement between 
experiment and theory. The sum of all the contributions (SI, CPH, CPP, MT, AL) reprm 
duces the measured data rather well. This holds over the whole range of temperatures 
and magnetic fields. This outcome is somewhat surprising since it is not clear from the 
beginning which diagram describing corrections to the Boltsmann conductivity are 
important. In addition, at IOW temperatures the quantum interference contribution 
is not the only one. We have relied on the same contributions which have proven to 
be relevant (because of divergencies) in the two-dimensional c a s  [4,38]. Obviously, a 
more stringent test would be to extend the experiments to higher fields. Close to the 
superconducting transition temperature, we expect discrepancies, because some of the 
approximations are no longer valid. 

,, Jn-lnl B [TC.bI 

Figure 5. Change in conductivity -A0 for Mg6,Zws at 7.1 and 1.6 K. The sym- 
bola denote the experimental "Its, the full c u m  ie the sum of comctions due to 
quantum interference, Coulomb interaction and supemnducting fluctuations. 
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In analogy to other amorphous superconducting alloys, aconcentration dependence 
of Tc is to be expected. For instance, in the metallic glass Cu,Zrl-,, Tc is increasing 
linearly with the Zr concentration [39]. When we keep the transition temperature as a 
free parameter in the least squares fits of Au, the lowest Tc is obtained for Mg,,Zn,, 
and the highest for Mg,,Zn3. 

The temperature dependence of the inelastic fields can be described by a power law 
Bi = B i 0 P  (figure 6) with an exponent p around 1.7. This finding is similar to those in 
two-dimensional systems [4]. Also in other metallic glasses [4042] experimental data 
do not support a saturation of the temperature dependence of Bi(T), at least above 
1 K. According to Bergmann [43] for dominant electron-phonon scattering p m 4 is 
expected, whereas more recent calculations [44] predict p = 3. For electron-elecron 
scattering p should be about 1.5, which is somewhat smaller than the observed effect. 

- 
t 
m- 

10.000 

0.100 

0.010 

0.001 I I 
1 10 100 

T [ K l  
Figure 6. Results for the temperature dependence of the inekstic fields Bi(T) in a 
lo&g representation. The full curve is given by a power law with an exponent of 
1.68. 

The spin-orbit scattering, B,,, increases with the concentration of the element 
having the higher atomic number. The result for MgZn is close to that for Cu (Eso = 
0.11 T) determined from tw-dimensional films [43]. It remains a challenge for theory 
to account for the concentration dependence in detail. 

Bieri et nl[45] find that the quantum interference contribution alone gives aqnanti- 
tative description for the magnetoconductivity of M&oCu,o for temperatures between 
1.2 and 10 K in magnetic fields up to 10 Tesla. These authors obtain a spin-orbit 
field B,, = 0.04 Tesla. On the other hand, Richter et a1 [46] conclude from measure- 
ments on Mg,,Cu, and Mg,Zn,, doped with varying levels of Ag and Au that the 
theories of quantum corrections to the conductivity cannot explain the observed mag- 
netoresistance over the full range of field. When only quantum interference is taken 
into account, B, = 0.075 T is obtained for Mg,,,Zn,, in [46]. A similar analysis 
was presented in [9] yielding E,, = 0.08 T for Mg,,Zn, (about 3% uncertainty in 
concentration). Since both sets of measurements give essentially the same results it is 
unlikely that the samples contain different amounts of magnetic impurities. In these 
analyses the AL contribution due to superconducting fluctuations has been neglected. 
However, figures 4 and 5 demonstrate that the Aslamasov-Larkin term can be quite 
significant, essentially because of the large diffusion const.ant, as compared with tran- 
sition metal-based glasses. Neglecting the influence of superconducting fluctuations 
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even at higher temperatures modifies the magnitude of E,, and the temperature de- 
pendence of Bi as well. If the analysis is restricted to the quantum interference term, 
B, has a tendency to saturate at low temperatures. However, this deviation from a 
power law is Less significant when the superconducting fluctuations are included. In 
twdimensional disordered Mg films it was found [47] that neglecting the spin-orbit 
coupling (B, = 0.00547 T), induces a non-linear bebaviour of logBi(T) as a function 
of logT with decreasing temperature. 

The corrections to  the Boltzmann conductivity can cause a contribution 6u(T) 
to the temperature dependence without a magnetic field. Figure 7 shows the con- 
ductivity between 1.5 and 25 K for the three MgZn glasses. Below about 4 K the 
temperature dependence of U is practically the same for all three alloys. Using the 
parameters determined from the magnetoconductivity of Mg,,Zn,, we have calculated 
the corrections 6u(T) due to quantum interference, electron-electron interaction and 
superconducting fluctuations. 

The contributions due to quantum interference 6uql [24] and electron-electron 
interaction SuC [2,3,22] are taken from the literature as follows: 

10000 

9998 

9996 

and 

- 

- 

- 

- 

- 

9994 I I I 
0 10 20 

T / K  
Figure 7. Temperature dependence of the conductivity for amorphous MgZn with- 
out a mametic field, n o d z e d  to the value at 4.2 K. Inset Decomposition into con- 
tributions due to quantum corrections (61: quantum interference, CPE, CPP: Coulomb 
interaction) and superconducting Buctuations (MT, AL) calculated with the param- 
eters obtained from the mapetoconductivity for M g S 7 Z t u ~ .  Full NPM: mm of 
theoretical mntribulions for qz, cPH, CPP, MT and AL. 
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The temperature dependence of the paraconductivity due to superconducting fluctu- 
ations caii be approximated by [30,31,35] 

Here, tGL(0) = 0.783d- is the coherence length in the dirty limit case. (I 
denotes the pair-breaking parameter which is related to the inelastic scattering rate 
[32] via (I = h/8kBTri. 

It can be seen from figure 7 that the Coulomb correction accounts at least partially 
for the decrease in conductivity below about 4 K, although in this particular metallic 
glass the correction is small. According to the ab initio calculations by Hafner [n 
an essential contribution is due to the phonon part of the dynamic structure factor, 
which also.explains the maximum of U around 10 K. 

4. Summary and Conclusions 

We have presented conductivity and Hall-effect measurements as a function of mag- 
netic field, temperature and concentrations in three-dimensional MgZn glasses. In 
this simple system perturbation theories for quantum interference give a good quan- 
titative description of the experimental results. However, it is important to take 
contributions due to superconducting fluctuations and the Coulomb interaction in the 
particle-particle channel into account, even at temperatures higher than 50 T,. The 
temperature dependence of the inelastic scattering rate can be approximated by a 
power law with an exponent of about 1.7. The values of the spin-orbit scattering 
rates increase with atomic number. The characteristic fields are comparable to those 
determined in tw-dimensional disordered films of similar metals [4]. These findings 
are also consistent with the temperature dependence of the conductivity and the Hall 
effect. Our results give further evidence that the NFE model is a good description of 
MgZn and that these alloys are model systems to test transport theories for three- 
dimensional disordered conductors. 

Acknowledgments 

We wish to express our gratitude to Professor G Fritsch for stimulating discussions 
and continuous support. We also thank Dr W Schirmacher for critical comments and 
Dr W St5rk for help with the analysis of the samples. 

References 

[l] 
[Z] 
(31 

[4] 
151 

Abrikosov A A 1972 Inirodzreticm t o  tAe Thcorg, of Normal Metals (New York: Academic) 
Lee P A and Ramakrishan T V 1985 Reu. Mod. Phys. 57 287 
Altshuler B L and Aronov A G 1985 Elcctrcn-Electron Intemction in Disardcrtd Spratema ed 

A L E h s  and M P O W  (Amsterdam: North-Holland) p 1 
B e r g "  G 1984 PAYS. Rep. 107 1 
Formcent reviewssee Codrrane R W 1987 Liquid and Amorphous Metals (LAM6)ed E Liischer, 
F Hemel and W Gliiser, WIZ (Miinchen: Oldenbourg) p rfl3 



3490 A Schulte el a1 

Rapp 0 1988 Pvoc. 5th ISCMP V- 
Nelson D 1985 Sei. Am. 255 42 
HaInu J 1985 J .  Non-Cryd. Solids 09 325 
W o n e n  J and Nicminen R M 1983 J. Phys. F: Met. Phyr. 13 2265 
Some preliminary sspects of this work have already been reported: 
K a  F, Schulte A, LEbl P, L a e r  E and Ritsch G 1987 Amorphous end Liquid Material3 ed 

E Lhcher, G F' I i tECh and G J m c c i  (Dordrecht: Nijboff) p 368 
Wittmslln R 1989 Diplomarbeit TU Mirnchen 
Altounian 2, Guo-Hua Tu and Strom-Oh J 0 1982 J.  Mater. Sci. 17 3268 
Shiotani N, N& H, Arai H and Wakstsuki K 1981 Proc. Fourth Int. Conf. on Ropidly 

MateudaT and Mizutaai U 1981 Pmc. Fovrfh h t .  Conf. on R q i d l p  Qaenched Mefala (Sendni) 

Ito M, Narumi H, Mizoguchi T, Kawamura T, Iwasdd  H and Shiotani N 1985 J.  Phya. Soc. 

Mateuda T and Mizutani U 1982 J. Phys. F: Me/. P h p  12 1877 
Shiotani N, Sakai N, Sckizawa H and Mizoguchi T 1981 J.  Phyr. Soc. Japan 50 828 
van den Berg R, Orondey S, Kaestncr J and von Loehntysen H 1983 Solid Sttte Commrrn. 47 

B e r g "  G 1984 Solid State Commrm. 49 775 
Uren M J ,  Daviea R A and Pepper M 1980 J. Phys. C: Solid State Phyr. 13 1985 
Shearwood C, Howson M A, Greig D and Simpson M 1987 Liquid snd Amorphow Metala 

Schdte A, H h c h  W, Fkitsch G and Lhcher E 1989 Phys. Rcu. B 40 3581 
Schulte A, Wert A, fits& G and Likher  E 1984 J.  Phyr. F: Met .  Phyt. 14 1877 
Drewety J S a n d  Friend R H 1987 J. Phys. F: Met. Phys. 17 1739 
Sokamoto I, Yonemitsu K, Sat0 K and Mizutani U 1988 J.  Phyi. F: Met .  Phy,. 18 2009 
Altshuler B L, Khmelniteki D, h k i n  A I and Lee P A 1980 Phtr.  Rev. B 22 5142 
Allshulv B L and Aronov A G 1983 Solid S f d e  Commun. 46 429 
Hikami S, Lmkin A I and N-ka Y 1980 Theor. Math. Phys. 63 707 
hrkuyama H and Hosihino K 1981 J.  Phyr. Soc. Jopon 50 2131 
Kawabsta A 1980 J.  Phys. Soc. J a p m  49 628 
Johnson W L and Tsuei C C 1976 Phyr. Rev. B 13 4827 
Johnson W L, Tsud C C and Chaudhari P 1978 Phy.. Rev. B 17 2884 
Lee P A and Ramakrishnan T V 1982 Phyr. Rev. B 20 4009 
hkuyama H 1980 J. Phyr. Soc. Japan 48 2169 
Altshuler B L, Aronov A G, Larkin A I and Khmel'nitskii D E 1981 So". Phyr.-JETP 54 411 
Maki K 1930 Pro*. Theor. Phyr. 40 193 
Thompson R S 1970 Phys. RLV. B 1 327 
Lopor dos Santos J M B and Abrah- E 1985 Phya. Rev. B 31 172 
Patton B R 1974 Proe. 13th Conf. on Low Tempemlure Physics ed W S O'Sullivan, vol 111 

Lsrkin A I1980 JETP Lett. 31 219 
Brenig W 1985 J. Lour Temp. Phgs. 00 297 
Aslamasov L G and h k i n  A I 1968 Phyr. Lett. 26A 238 
Usadel K H 1969 Z. Phys. 227 2M) 
Mikesks H J and Schmidt H 1970 Z. Phys. 230 239 
B e r m  0 1984 Phyr. Rev. B 29 6114 
Samwer K and V. Loehneysen H 1982 Phya. Rev. B 20 107 
Schulte A, Aitsch G and Liischer E 1990 Z. P h p .  B 71 457 
Lindqvist P and Rapp 0 I988 J.  Phyr. F: Met .  Phys. 18 1979 
Hickey B J,  Greig D and Howson M A 1987 Phya. Rev. B 30 3074 
B e r g "  G 1982 Z. Phya. B 48 5 
ChaLrsvarty S and Smmid A 1986 Phis.  Rep. 140 193 
B i d  J B, Fert A ,  Creuzet G and Schuhl A 1986 J. Phyr. F: Met. Phys. 16 2099 
Richter R, Baxter D V and Strom-Olsen J 0 1988 Phys. Rsu. I3 38 10421; 1988 Mater. Sci. 

B e r p m  0 1982 Phya. Rev. Lett. 48 1046 

Quenched Metals (Sendoi) p €67 

p 1315 

Japan 54 1843 

137 

(LAMG) ed E Lhcher, F Hensel and W Glkeser, v d  2 (Munich: Oldenburg) p 771 

(New York: Plenum) p 142 

Eng. 90 183 


