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The magnetoresistance of metallic glasses based on transition metals Zr and Hf is studied at low 
temperatures. In all the systems studied the magnetoresistance is positive and depends on the 
magnetic field strength in an anomalous manner. The anomalous behavior of the magnetoresis- 
tance can be described satisfactorily by the theory of weak localization and electron-electron 
interaction in 3D disordered systems, in which the scattering of electrons by superconducting 
fluctuations is taken into account. The absolute values and temperature dependences of the elec- 
tron-electron coupling constant and the inelastic scattering times of conduction electrons in the 
metallic glasses studied are determined. 

1. INTRODUCTION 

Interest in the study of the kinetic phenomena in disor- 
dered systems with a metallic conductivity has increased in 
recent years because of the development of a new theory1 
which explains several experimental results concerning the 
dependence of the magnetokinetic coefficients on tempera- 
ture and magnetic field and, in particular, the existence of 
negative magnetoresistance which had no satisfactory expla- 
nation for a long time. The new theory predicts two effects: a 
"weak" localization of conduction electrons and an en- 
hancement of the electron-electron interaction in the pres- 
ence of an impurity scattering, which account for the correc- 
tions to the classical conductivity. These corrections depend 
anomalously on the temperature, magnetic field, and several 
other parameters. 

It is evident from the classical theory that normal mag- 
netoresistance is negligible in amorphous systems in which 
the mean free path of electrons is comparable to the atomic 
separation. Many experimental data show, however, that an 
appreciable magnetoresistance is present in a large group of 
disordered systems: in thin nonsuperconducting metallic 
films (see, for example, Refs. 2 and 3 and the bibliography 
cited there), in three-dimensional ~u~e rconduc t ing~ .~  and 
nonsuperconducting amorphous s y ~ t e m s , ~ . ~  and in strongly 
doped semiconductors.8 In these studies it was shown ex- 
perimentally that the dependence of the magnetoresistance 
on the magnetic field is anomalous; i.e., there is a marked 
deviation from the H law, which is characteristic of crystal 
systems in weak, classical magnetic fields (a, r< 1, where w, 

in disordered superconducting systems. These results estab- 
lish a link between the correction to the conductivity result- 
ing from electron-electron interaction, which is determined 
at temperatures much higher than the transition tempera- 
ture to the superconducting state, T, , and the superconduct- 
ing transition temperature observed experimentally. 

Among the published experimental studies of the 
anomalous magnetoresistance, virtually no attention has 
been given to quantum effects in 3D superconducting metal- 
lic glasses of the metal-metal type. It is accordingly of defi- 
nite interest to study 3D superconducting amorphous sys- 
tems in order to determine the magnitude of the anomalous 
magnetoresistance, to identify the dominant quantum mech- 
anisms and to check the theoretical relationship between T, 
and the amonalous magnetoresistance parameters. 

In the present experiments we have studied the magne- 
toresistance of the following 3D superconducting amor- 
phous systems based on transition metals: Zr,,Rh2,, 
Zr,,Be,,, Zr6,Be4,, Zr,,Cu,,, and Hf,,Be,,. These studies 
were carried out at 4.2 K in magnetic fields up to 200 kG. In 
two ZrxBel -, systems (x = 0.7 and 0.6) we have studied 
the temperature dependence of the magnetoresistance in the 
temperature range 4.2-10 K and in fields up to 60 kG. We 
have chosen these systems because all of them are 3D metal- 
lic glasses with superconducting properties and because de- 
tailed thermodynamic and x-ray structural datag-" are 
available for these systems (with the exception of Hf,,Be,,), 
making it possible to use them for quantitative estimates. 

is the cyclotron frequency, and T is the momentum relaxa- 
tion time of an electron). 2. BASIC RESULTS OF THE THEORY OF ANOMALOUS 

MAGNETORESISTANCE FOR THE THREE-DIMENSIONAL Information obtained from the study of anomalous CASE 
magnetoresistance in disordered systems can be used to test 
the basic conclusions of the theory of weak localization of In general, the total magnetic conductivity can be rep- 

electrons and electron-electron interaction, to determine the resented as 
absolute values and temperature dependence of the electron- 

Ao (H) =Aoc' (H) + Aoqu(H), 
electron-interaction parameter g ( T ) ,  and to obtain impor- 

(1 

tant information about the energy and spin relaxation of the where the first term is a classical contribution to the magnet- 
conduction electrons in these systems. Of particular interest ic conductivity, and the second term, which is of a quantum 
are the results of the theory of anomalous magnetoresistance origin, is described by the anomalous magnetoresistance the- 
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ory. The condition under which this theory is applicable is 
given by the inequality 

where lis the mean free path of an electron, and k, is its wave 
vector. A remarkable feature of A@" (H) is that the effect of 
the magnetic field is appreciable even in classically weak 
fields in which 

and the contribution A&' (H)  is negligible. Within the scope 
of the anomalous magnetoresistance theory, the quantity 
A#" (H) can be represented as a sum of various quantum 
corrections1: 

The first quantum correction to the magnetic conductivity 
in (3)  stems from the localization of the noninteracting elec- 
trons A& (H),  the second quantum correction to the mag- 
netic conductivity in (3) stems from the scattering of elec- 
trons by superconducting fluctuations (the 
Maki-Thompson correction) A f l T  (H),  and the third cor- 
rection stems from the allowance for the interaction between 
the electrons AB"' (H).  The coefficients c, and c? are given 
in Ref. 1. In the case of a 3D sample, the thickness d and the 
diffusion length L,, which is the scale dimension of the lo- 
calization, satisfy the condition d > L, = (Dr? )'I2, where D 
is the diffusion coefficient of electrons, and r, is the relaxa- 
tion time of the wave-function phase associated with the in- 
elastic collisions. In the 3D case, the corrections to the mag- 
netic conductivity are given by 

where g (  T) is the electron-electron coupling constant. 
In Eqs. (5a)-(5c) we give the asymptotic relations 

betweenp( T) and g(  T) , and their functional dependence in 

TABLE I. 

the intermediate region is tabulated in Ref. 12. From the 
condition x = xl = 1 we can determine two length scales of 
the magnetic fields: H, = iic/4eDr, and Hint = ?rcT/2eD 
which appear in the anomalous magnetoresistance theory 
and which separate the weak magnetic fields from the strong 
magnetic fields, in which the magnetic conductivity varies as 
the second power and as the square-root, respectively, of the 
magnetic field. In strong magnetic fields the absolute value 
of the magnetic conductivity for the noninteracting elec- 
trons, Ad. (H),  does not depend, according to relations 
(4a) and (4b), on the parameters of the material but instead 
depends on H in a universal manner. In the case of electron- 
electron interactions, the contributions of A f l T  and Ad"' 
depend solely on g (T)  in strong magnetic fields. The sign of 
Adnt (H) is determined, according to (6a) and (6b), by the 
sign of the constant g (  T )  if the total momentum is small: In 
the case of attraction [g( T) < 01, the magnetic conductivity 
is positive (the anomalous magnetoresistance is less than 
zero) and in the case of repulsion [g(t) > 01, the magnetic 
conductivity is negative (the anomalous magnetoresistance 
is greater than zero). The anomalous magnetoresistance 
caused by the scattering of electrons by superconducting 
fluctuations is always positive, irrespective of the sign of 
g (T) .  

In the 3D case, allowance for the spin-orbit interaction 
in the scattering of conduction electrons by impurities 
changes only the sign of the quantum correction Ad. (HI 
which continues to depend on the magnetic field anomalous- 
ly. The magnitude of the spin-orbit interaction is taken into 
account analytically in Eq. (3)  by changing the coefficients 
c, and c;"', which have the following values in the 3D case1: 
- Cint - , - , - 1 for a weak spin-orbit interaction (rso)r, ) of 

the electrons with the impurities and c, = - 1/2, 2:' = 1 
for a strong spin-orbit interaction (rso 47, ). 

3. EXPERIMENTAL PROCEDURE 

1. Preparation and properties of the samples 

The alloy Zr7,Rh2,, Zr7,Be3,, Zr,,Be,,, Zr,,Cu,,, and 
Hf,,Be,, were prepared from electrolytically pure Zr 
(99.99%) and Hf (99.95%) and from pure Be (99.88% ), 
pure Rh (99.95%), and cathode Cu(extreme1y pure grade 
11-4). The samples were melted in an induction furnace in 
the suspended state at a low helium pressure and then solidi- 
fied from the liquid state by dosing at the outer surface of a 
copper disk which rotated at the velocity of 10, deg/s. The 
amorphous samples prepared in this manner were ribbons 1 
and 2 mm wide and 0.03 mm in thickness. 

The structure of the samples was studied by means of x- 
ray and electron diffra~tion.~-" The x-ray and electron dif- 
fraction patterns of the samples which were solidified from 

S ~ p k  1 28. deg I *r2ei9 deg 1 e f i  1 P I g/cm3 
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the liquid state are typical of the amorphous system and 
show an absence of long-range order. Table I gives the ex- 
perimental results of an x-ray structural analysis obtained 
from the x-ray-diffraction curve: the position 28 and the 
width A(28) at half-maximum of the first peak; the position 
of the first peak in the structure factor, k, = (4?r/R)sin8, 
which is an estimate of the Fermi momentum k, in Ref. 13, 
and the distance between the nearest neighbors,14 d,, =: (3/ 
2) ' I2  A /2 sin8 (A = 1.54 A for Cu K ,  emission). This table 
also lists the densities (d)  of the systems under study which 
were measured by suspending the samples in air and in CCl,. 

The kinetics of crystallization of the metallic glasses in 
question was studied by the conventional resistance and ca- 
lorimetric method using a differential scanning calorimeter 
(Perkin Elmer DSC-2).15 These studies have shown that 
with increasing temperature all amorphous systems undergo 
a transition first to the metastable state and then to the stable 
crystalline state at higher temperatures." The stable crytal- 
line state has a different chemical (composite) order and a 
multiphase structure, as is evident from the x-ray structural 
data and data in the literature.9s10 

Although the metastable crystalline state has a similar 
short-range order, it generally includes some of a second 
phase, which in our case is a residue of the initial amorphous 
state. The structural features of the crystalline state which 
were indicated above rule out a proper comparison of the 
magnetokinetic properties with the initial amorphous state. 

2. Experiment 

The measurements of the magnetoresistance at 4.2 K 
were carried out directly in liquid helium in the field of a 
superconducting solenoid with an induction up to 8 T and in 
a composite KS-250 system in fields16 up to 20 T. The tem- 
perature dependence of the magnetoresistance was studied 
in an intermediate-temperature cryostat, whose lower part 
was immersed into the superconducting solenoid. A ther- 
mally stabilized metal assembly containing the samples and 
thermometer was mounted inside the vacuum chamber in 
which the pressure of the heat-transfer helium was in the 
range 5-10 torr. A thermal regulation system, in which a 
TSU-1 resistance thermometer virtually insensitive to the 
magnetic field was used as a sensor, held the temperature of 
the assembly constant within 0.05 K. 

A direct-current, four-contact method was used to mea- 
sure the resistance of the test samples. The samples, cut from 
the same piece of amorphous tape, were studied in longitudi- 
nal and transverse magnetic fields with respect to the mea- 
suring current. The electrical resistance of the samples was 
measured using 40-mm-long tape samples when the sample 

FIG. 1. Dependence of Ap/p on H in fields up to 200 kG for the amor- 
phous systems Zr,,Rhz, (1 ), Zr,,$e,, ( 2 ) ,  Zr,Be,, ( 3 ) ,  Zr,,Cu,, (4), 
and Hf,,Be,, ( 5  ) at 4.2 K. 

was positioned longitudinally in a magnetic field and 10- 
mm-long tape samples when the sample was placed at right 
angles to the field. The sensitivity of the measuring instru- 
ments to the change in resistance was 1 pa.  The geometry 
factor ( d l )  of the sample introduced approximately 10% 
uncertainty in the absolute value of the resistivity p. 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

We begin the discussion of the experimental results 
with the analysis of the data on magnetoresistance at T = 4.2 
K over the entire range of magnetic fields. Figure 1 shows 
the field dependence of the magnetic conductivity 

- 
A o ( H )  =0 ( 0 )  -0 ( H )  

= [ p ( H ) - p i O )  l / p  ( H ) p ( O ) - A p ( H ) I p 2  ( 0 )  

for Zr7,Rh2,, Zr,,Be,,, Zr,Be4,, ZrS4Cu4,, and Hf,,Be4,. 
We will first consider the general features in the behav- 

ior of the magnetoresistance of the superconducting metallic 
glasses studied. It has been found that the observable magne- 
toresistance is positive and that it is independent of the ori- 
entation of the magnetic field with respect to the measuring 
current. It is evident from Fig. 1 and Table I1 that for the 
systems indicated above the value of the magnetoresistance 
correlates with the temperature of the transition to the su- 
perconducting state T, . Typical of all the systems studied is 
also the fact that the curve Ap(H)/p2(0) exhibits, in addi- 
tion to the quadratic dependence in small magnetic fields, a 
clearly defined region with H 'I2. A final characteristic prop- 
erty of the amorphous systems studied, which we will dis- 
cuss below, is that the magnetoresistance decreases sharply 
with increasing temperature. 

We begin the analysis of the experimental data on the 
effect of the magnetic field on the resistance by estimating 
the classical contribution in expression ( 1 ). To estimate the 

TABLE 11. Parameters of the systems studied in the weak spin-orbit interaction approximation ( T  = 4.2 K) .  

Key: 1-*The estimate is based on the data on high-temperature specific heat. 
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normal magnetoresistance, we used Kohler's rule 

(n is the electron density) and the experimental data given in 
Tables I and 11. Estimate of the value of Ap,, (H)  showed 
that it is four orders of magnitude lower than the magnetore- 
sistance observed experimentally, because o, r is small in the 
amorphous systems studied. It is evident from Table I1 that 
condition (2) holds for all samples; the parameter k, I can be 
expressed in terms of the diffusion coefficient D or the con- 
ductivity o as follows: 

where 

Here m* is the effective mass of electrons. 

1. Dependence of the resistance on the magnetic field 

The measurement results of the magnetoresistance of 
superconducting amorphous systems at T = 4.2 K are 
shown in Figs. 2 and 3. Figure 2 shows the dependence of the 
magnetic conductivity on HZ for Zr7,Rh2,, Zr,,Be,,, 
Zr,Be4,, Zr5,Cu4,, and Hf,,Be,, in fields up to 4.5 kG. As 
we can see in Fig. 3, the value becomes proportional to H 'I2 

with incrdasing magnetic field. A comparison of the experi- 
mental dependence of magnetic conductivity on H with 
theoretical relations (4)-(6) shows that the experimental 
functional dependence Aa(H) is characteristic of the behav- 
ior of the disordered 3D systems in a magnetic field. In deter- 
mining whether the equations indicated above are applicable 
in our specific case, we must quantitatively determine that 
the 3D condition (d  > L, ) holds for the systems under 
study. 

Under the assumption that the spin-orbit interaction is 
weak, we have determined, in accordance with relations (4) 
and (5), the values of the parametersfi and r, (see Table 11) 
from the slopes of the curves of Ap/p2 vs H (Fig. 2) and Ap/ 
p2 vs H ' ' ~  (Fig. 3). For all systems the contribution of 
A p t  (H) to Adlu (H)  [see Eqs. (3 ) and (6)  1 is small, since 
the H 'I2  law applies quite accurately at fields 3-50 kG, de- 

FIG. 2. Dependence of hp/pZ on H Z  in low fields for the amorphous 
systems Zr7,RhZ5 ( 1  ), Zr7,Be3, (2),  Zr,Be,, ( 3 ) ,  Zr,,Cu4, (4) ,  and 
Hf5,Be4, (5) at 4.2 K. 

FIG. 3. Dependence of Ap/p2 on H 'IZ in fields 4-200 kG for the amor- 
phous systems Zr7,Rhz, ( 1 ), Zr,,Be,, (21, Zrde, ,  (3),  Zr,,Cu,, (4),  
and Hf,,Be,, (5) at 4.2 K. 

spite the fact that Adnt a H (H < Hint ). In this respect, the 
system Hf5,Be4, differs from the other systems in that the 
region of square-root dependence of Ap/pZ in it extends to 
the limiting fields (200 kG) in our experiment, and since 
H >  Hint in this case, the contribution of Ad"' (H) to 
Aa9" (H) cannot be disregarded. 

Estimate of the maximum contribution of Adnt to the 
field H * ( H  * <Hint ), in which there is a divergence from the 
H 'IZ law (see the arrows in Fig. 3), shows that, in the worst 
case, it is no greater than 5% for Zr,,Rh,, and Zr,,Be,, 
systems with the highest T,, whereas the contribution is 
much smaller for the rest of the samples. 

Table I1 also gives the effective electron-electron cou- 
pling constants g(T)  which were determined by Larkin'' 
from the calculated values of the parameter fi. The experi- 
mental values of the diffusion coefficient D (Ref. 17) and the 
values found for r, allowed us to quantitatively determine 
whether the 3D conditions are satisfied and whether the re- 
lation Adnt 4A+ + A#= is valid. For two systems, 
Zr5,Cu4, and Hf,,Be,,, we have estimated the diffusion coef- 
ficients from our data on the electron state density at the 
Fermi surface, N ( E ~  ), and also from a, k,, and I. The calcu- 
lated values of PdC for all the systems studied are given in 
Table 11. The values ofL, listed in this table are three to four 
orders of magnitude smaller than the thickness of the sam- 
ples tested; i.e., the 3D case is reached safely in all systems. 

In determining the parameter g(T)  we must ask how 
accurately the anomalous magnetoresistance (AMR) data 
can describe the experimental values of T, quantitatively in 
terms of relations (5a)-(5c). A comparison of the super- 
conducting transition temperatures T r ,  calculated from the 
electron-electron coupling constants g ( T) in the weak spin- 
orbit-interaction approximation, with the values of T, mea- 
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sured from the specific heat and by the inductive method 
(see Table 11) shows that the agreement is satisfactory on 
the whole. In the case of the Zr,,Cu,, and Hf5,Be4, systems, 
the discrepancy between the calculated and experimental 
values of Tc is, however, large enough (6&80%) to assume 
that the weak spin-orbit-interaction approximation is inap- 
plicable. 

Better agreement between T r  and Tc for Zr,,Cu,, can 
be obtained from and analysis of the experimental data in the 
strong spin-orbit-interaction approximation (see Table 111). 
In the case of Hf5,Be,, we see that despite the change in the 
calculated value of T r, the quantitative agreement between 
T r  and Tc does not improve. This circumstance and the fact 
that Ap/p2 c H 'I2 up to 200 kG show that the contribution 
of the electron-electron interaction, A f l t  (H),  to the mag- 
netic conductivity must be taken into account. According to 
relations (3)-(6), all contributions to AflU (H)  have a 
square-root dependence on H at fields H > Hint ; the term c::i 
Ad"' (H) amounts to 4650% of the observed effect. It is 
evident from Table 111 that the agreement between the calcu- 
lated and experimental values of Tc improves markedly if 
the contribution of the electron-electron interaction to 
A@" ( H )  is taken into account. 

The problem concerning the spin-orbit interaction and 
its accurate calculation can in principle be resolved through 
a mathematical description of the experimental dependence 
of Aa(H) on the basis of an expression for the localization 
contribution which takes the spin-orbit interaction into ac- 
count: 

x [ (F TQ .) - Lf3 (""To)] . (7) 
2 f i c  

The relaxation time of the phase of the electron wave func- 
tion, r,, and the time which is modified with allowance for 
the spin-orbit interaction, rg, can be determined from the 
relations1' 

In the case case of weak (rso >r, ) and strong (7, (r,, fiC/ 
4DeH) spin-orbit interactions, the coefficients of the asymp- 
totic values of H are of the form p( T) - 1 and p( T) + 1/2, 
respectively, for the first two contributions [see Eq. ( 3 ) I .  

For the systems under consideration, the value of rso 
was estimated on the basis of Eqs. (3), (7), and (8)  from 
several smoothly fitted experimental points. These estimates 
show that for the systems Zr,,Rh,, and Zr,Be, -, (x = 0.6 
and 0.7) the magnetic fields, in which relations (3), (7), and 
(8) hold in the approximation of the weak spin-orbit inter- 
action ( H  > Hso = fic/4Derso ), include virtually the whole 
range of fields within which the H and H 'I2 laws hold, i.e., 
Hso < H, <Hint. In the case of Zr,,Cu,, and Hf,,Be,,, the 
estimates of rso have confirmed the conclusion, drawn on 
the basis of a comparison of the calculated and experimental 
values of Tc , that the spin-orbit interaction is strong in these 
systems. 

In a study of the anomalous magnetoresistance in a me- 
tallic glass19 Zr,,Cu,,, which is similar in composition to the 
system Zr,,Cu,,, it was also concluded that the spin-orbit 
interaction is strong. The values of r, and rso obtained in 
Ref. 19 are in good quantitative agreement with our data. 

Analysis of the experimental data within the scope of 
the anomalous magnetoresistance theory1 shows that the 
magnetokinetic effect observed in 3D superconducting 
amorphous systems gives us an adequate theoretical under- 
standing and that relations (3)-(8) can be used for quanti- 
tative calculations. The superconducting-transition tem- 
perature of Hf5,Be4, calculated from the data on 
magnetoresistance was subsequently confirmed to within 
acceptable accuracy through a direct measurement of T, by 
an inductive method. 

Analysis of the experimental data within the context of 
the theory we used gives a natural explanation of the ob- 
served correlations between Tc , the tilt angles of the Ap/p2 
vs H curves, H 'I2, and the magnetic fields H * (in Fig. 3 they 
are indicated by an arrow pointing downward C )  at which a 
divergence from the H 'I2 law begins: higher Tc correspond 
to higher values o fp  and lower H *. The first correlation is a 

T ~ - '  =T,-' f ?T~-', ( T ~ ' )  ; I =  T i -1+  2 /3T, - '+4/3T, , -1 ,  (gal consequence of relations (4a) and (4b) which establish a 
relationship among the quantities T,, P (T) ,  and g (T) .  In 

where rE is the inelastic scattering time of electrons, and 7, is the second case, the deviation of &,/p2 from the H 112 law 
the elastic scattering time of electrons, involving a Paramag- stems from the fact that electron-electron interaction begins 
netic-impurity-induced spin flip. Since the inequality r, >re,  to play a more dominant roles as H is raised. In supercon- 
 SO holds for su~erconducting systems, we can use the aP- ducting amorphous systems with higher Tc [and hence larg- 
proximation relation erg( T) ] the electron-electron interaction is a factor at lower 

H *. Analytically, this effect is seen in the suppression of the 
(T~') - l " ~ ~ - ' + 2 ~ , , - ' .  (8b) temperature dependence g (T)  by the magnetic field and in 
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the appearance of a field dependenceg(H) . In general, when 
there is an attraction between electrons, the electron-elec- 
tron coupling constant can be described by the expression1 

where 2 is a dimensionless bare coupling constant, 
lny~0.577,  and 0, is the Debye temperature. In the case of 
the system Hf,,Be,,, there is no divergence from the H 'I2 

law in the fields we used since the contribution A ~ ( H )  like 
[ 1/2 + P(T)  ] A ~  (H) ,  has, as we noted above, a square- 
root dependence. In this case, however, the square-root de- 
pendence has the opposite sign. 

We wish to note in conclusion that Ad"' (H) can also be 
used in other systems to improve the agreement between the 
calculated and experimental values of Tc . 

2. Temperature dependence of the magnetoresistance 

The temperature dependence of the parameter /3(T), 
which is related to the electron-electron coupling constant 
g(T),  and the temperature of the scale time for the loss of 
phase coherence of the electron wave function can be deter- 
mined by analyzing the curves for Ap/p2 vs H taken at var- 
ious temperatures in magnetic fields H < Hi,, . The basic 
mechanism for the loss of phase coherence of the conduc- 
tion-electron wave function in amorphous superconductors 

FIG. 5. Temperature dependences of the parameters fi for the systems 
Zr,,Be,, ( e )  and Zr,Be,,(O). The arrows show the calculated values of 
T :, averaged over several temperature points. 

FIG. 4. Magnetoresistance of the amorphous system 
Zr,,Be,, in the temperature range 4.2-10 K, plotted as 
Ap/p2 vs H (a)  and Ap/p2 vs H ' I2  (b). 

can be identified from T, ( T) . 
In an effort to determine this mechanism, we have stud- 

ied the dependence of Ap/p2 on H in the temperature range 
Tc < T <  10 K in magnetic fields up to 75 kG for amorphous 
systems Zr, Be, -, ( x  = 0.6, 0.7). It can be seen from the 
experimental data (Fig. 4) that as the temperature is raised, 
the coefficients fall off sharply for H and H 'I2 and at T = 10 
K the magnetoresistance is nearly equal to the experimental 
error. Figure 5 is a plot of the coefficientp -' as a function of 
In T. In the case of each ZrBe system, the curve is linear 
within the experimental error margin. The value of T 5, aver- 
aged over several temperature points, can be determined by 
extrapolating this curve to the point at which it crosses the 
1nT axis (see Table 11). 

Figure 6 is a logarithmic plot of the time for the loss of 
phase coherence of the electron wave function, as a function 
of temperature, for the same systems. Within the error mar- 
gins indicated in the figure, the experimental points lie on the 
same line, demonstrating that T, a T -,. The fact that r, 
depends on temperature shows that the time it takes the 
phase of an electron wave function to relax is the same as the 
time it takes an electron to scatter inelastically, r, [see Eq. 
(ga)],  since a finite value of r s ,  if it does exist, must be 
independent of T. As for the inelastic scattering of electrons 

log 7- 

FIG. 6. Temperature dependences of T, for the amorphous systems 
Zr,,Be,, ( 0 )  and Zr,Be,, ( a ) .  
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this can be done by photons (T:~), electrons (7: ), and oscil- 
lating impurity ions (<mP). 

In the 3Dcase [d>L,, L,, whereL, = (D /T) 'I2], the 
following temperature dependences of the electron-electron 
collision frequencies have been derived from an analysis of 
the electron-electron interactions, in which the scattering by 
impurities was taken into account.20 In the case of a large 
energy transfer, with tiw - k T  and q- ( T/D) 'I2, we have 

and in the same situation, with q -q,, we have 

(p  is the chemical potential). In each case, estimates of 
(T: ) - I  show that its contribution to the magnetoresistance 
is extremely small in comparison with the effects observed 
experimentally. 

The scattering of conduction electrons by oscillating 
impurity ions should lead2' to an energy relaxation with the 
temperature dependence ( T -' ) observed experimentally: 

Estimates of the absolute values of 7'FP based on Eq. (9)  are, 
however, three orders of magnitude larger than the values 
found for 7,. We cannot conclude, therefore, that this mech- 
anism is responsible for the relaxation of the phase of the 
conduction-electron wave function. The temperature depen- 
dence observed, T, a T -2, may also be attributable to the 
inelastic electron-ion interaction. The thermal vibrations in 
this case interact with the electron which diffuses in the im- 
purity field. This interaction gives rise to the following 
expression for the "electron-phonon" interaction timez2: 

(a is the lattice constant). This relation is valid for an "im- 
pure" case, in which the wavelength of thermal vibrations is 
il,>l. An estimate of the energy-relaxation rate based on 
this relation, and under the assumption that the diffusion 
coefficient is independent of T over the temperature interval 
studied, yields plausible values of rzh which are in satisfac- 
tory agreement with T, : 

Accordingly, the agreement of rq with the estimates of 
rzh based on the temperature dependence observed experi- 
mentally suggests that inelastic scattering of electrons by 
ionic oscillations is the basic mechanism for the relaxation of 
the phase of the conduction-electron wave function. 

5. CONCLUSION 

A study of low-temperature magnetokinetic properties 
of metallic glasses based on Zr and Hf has shown that the 
magnetoresistance observed experimentally in the systems 
under study is positive and that it depends on the magnetic 
field in an anomalous manner, showing regions of quadratic 
and square-root dependence on H. The magnetoresistance 

does not depend on the orientation of the magnetic field with 
respect to the measuring current that flows through the sam- 
ple. In all systems studied we see a correlation between Tc 
and the tilt factors of the quadratic and square-root laws in 
the plot of Ap/p vs H. A deviation from the H 'I2 law also 
correlates with Tc . 

In the case of Zr,Bel - , systems (x = 0.6 and 0.7), the 
magnetoresistance depends on the composition. The maxi- 
mum magnetoresistance is seen in the Zr,,Be,, system with a 
higher T, . Studies of the magnetoresistance of these systems 
over the temperature interval 4-10 K have shown that the 
temperature dependence of the coefficients of H and H 'I2 is 
appreciable. 

The basic features of the low-temperature behavior of 
the magnetoresistance observed experimentally are de- 
scribed well by the present theory of "weak" localization of 
electrons and electron-electron interaction in 3D disordered 
systems. The anomalous magnetoresistance of metallic 
glasses exhibits both effects which can be distinguished in a 
magnetic field. The contribution which is linked with elec- 
tron-electron interaction and which stems from the scatter- 
ing of electrons by superconducting fluctuations dominate, 
since Ig( T) I 2 1 at T,> Tc . 

Using the relations of the anomalous magnetoresis- 
tance theory,' we found from the experimental data the pa- 
rameters p(T) ,  which determine the effective interaction 
g (  T) between the electrons for all systems. The temperature 
dependences of P (T)  were determined for the Zr, Be, -, 
systems. The temperatures at which these systems go super- 
conducting were estimated numerically from these data. The 
calculated values of T, are in satisfactory agreement with 
the experimental values of T, . Since the parameter g ( T) for 
the Hf5,Be4, system was determined in strong fields 
H >  Hint = cos k.rr/2eD, in which the temperature depen- 
dence of g (  T) is suppressed by the magnetic field, we had to 
use the contribution of Adn' (H) resulting from the interac- 
tion between the electrons. The correlation between the de- 
viation of the magnetoresistance from the square-root de- 
pendence and T, is attributable to the enhancement of the 
interaction of the electrons in superconducting systems with 
higher Tc and hence larger g (  T). This effect is seen in the 
increase of the contribution of Adn'(H) a g ( T )  to 
A d U  (H) . 

A comparison of the calculated and experimental val- 
ues of T, has shown that in contrast with the Zr,,Rh,, and 
Zr, Be, -, systems, in which a weak spin-orbit interaction is 
observed," a strong spin-orbit interaction occurs in the me- 
tallic glasses Zr5,Cu4, and Hf,,Be,,, consistent with the esti- 
mates of the scale time T,, . 

We see from the data on the temperature dependence of 
the magnetoresistance of the Zr, Be, -, system at T >  Tc 
that the relaxation time T, of the phase of the electron wave 
function depends on the temperature as T-2. Here r, is 
comparable to the time of the electron-"phonon" interaction 
calculated in the "impurev-limit approximation. This fact 
suggests that the basic mechanism for the phase relaxation of 
conduction electrons in this temperature region is the inelas- 
tic scattering of these electrons by ion waves. 
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In summary, the low-temperature behavior of the mag- 
netoresistance of 3D superconducting metallic glasses of the 
metal-metal type at T 2  T, is described well by the present 
theory of anomalous magnetoresistance in disordered sys- 
tems, and experimental study of these effects makes it possi- 
ble to determine the temperature dependence and typical 
absolute relaxation times of electrons and the electron-elec- 
tron coupling constants. 
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