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Measurements are described and the results presented for the temperature and magnetic field

dependence of the electrical conductivity and for the magnetic susceptibility of Zr-Ni and Zr-Cu
metallic glasses doped with hydrogen. Hydrogen is found to reduce both the effective electron
diffusion constant and the screening of the Coulomb interaction which leads to a decrease in the
conductivity, suppression of the superconducting transition temperature, and to an enhancement of
the spin susceptibility at low temperatures. The relative contributions of the spin-orbit and the
Maki-Thompson interaction to the magnetoresistivity are also depressed. It is shown that the
theoretical models of weak localization and Coulomb interaction provide both a good qualitative
and quantitative description of the anomalous temperature and field dependence of the measured
properties.

INTRODUCTION

It is now widely accepted' that the anomalous trans-
port properties (i.e., the negative temperature coefficient
of the electrical conductivity at low temperatures and the
magnetoresistivity which is a few orders of magnitude
larger than the expected "normal" contribution) of high-
resistivity metallic glasses (usually containing a transition
metal) can be well described, both qualitatively and quan-
titatively, with theoretical models of weak localization '

(WL) and Coulomb interaction (CI). Bergmann' '" has
argued that both WL and CI effects can be visualized as
the interference of the conduction electrons scattered by
impurities leading to an "echo" in the backward direc-
tion, due to WL, and to the appearance of a charge holo-
gram, due to CI, and that inelastic scattering should
suppress both anomalies.

Quantum-interference theories have been developed for
free electrons and isotropical scattering in weakly disor-
dered systems and result from perturbation expansion
when (kFt) &(1. That is why their applicability to
strong scattering systems (kFl —I) with more than one
conduction band (i.e., transition-metal alloys studied in
this work with dominant contribution of the d electrons
to the electrical conductivity and kFt —3) may be ques-
tioned. However, it has been shown' that they could be
applied to alloys with more complicated conduction
bands and arbitrary impurity scattering because various
parameters of the models (such as inelastic, spin-orbit,
and magnetic scattering times) are averaged over all elec-
tronic states. It has also been argued' that the condition
kF l && 1 can be relaxed and that the higher-order terms
in a perturbation expansion in (kF1) should be includ-
ed only when kF/ is very near to 1. That is why, lacking
exact theories for transition metals, we have interpreted
our data using the WL and CI models mentioned above.

In this paper we present the results and a detailed

quantitative analysis for the electrical conductivity, mag-
netoresistivity, and magnetic susceptibility of the
hydrogen-doped Zr-Ni and Zr-Cu metallic glasses.

We have already demonstrated that hydrogen ' ' can
be used as an atomic probe to study quantum interference
at defects and to gain an insight into the way the atomic
microenvironment influences the electronic properties of
a disordered system, but the early data were mainly de-
scribed qualitatively.

Zr-Ni and Zr-Cu metallic glasses are characterized by
high room-temperature resistivities ( —200 iMQ cm).
Both systems are paramagnetic and become supercon-
ducting at temperatures below 3 K depending on the al-
loy composition (T, is higher for higher Zr concentra-
tion).

The ultraviolet photoelectron spectroscopy (UPS)
data' and the band-structure calculation' have shown
that the density of states at the Fermi level of the early-
late transition-metal glasses is dominated by the early
transition element (Zr in our case).

Soft-x-ray spectroscopy (SXES) measurements of Zr-Ni
and Zr-Ni-D metallic glasses have been performed to
study the effect of deuterium on the local density of states
of Zr and Ni. It has been shown' that the Zr 4d band is
strongly modified by the deuterium. The addition of deu-
terium reduces the peak height of the emission spectra
and produces a subband at about 6.5 eV below the Fermi
level. The peak has been attributed to the formation of
Zr-D bonding states. At the same time the emission
spectrum of Ni shows no significant changes when deu-
terium is added and there is no sign of Ni-D bond forma-
tion. These results are consistent with the structural
analyses' ' which reveal that H (or D) atoms preferen-
tially occupy the tetrahedral holes inherent in a glass
structure, surrounded by four Zr atoms. The sites
defined by three Zr and one Ni atom are characterized by
higher internal energy (because Ni atoms are smaller than
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Zr ones and therefore their negative contribution to the
crystal field at the tetrahedral site will be smaller) and
thus a smaller heat of formation with hydrogen. That is
why these sites begin to be occupied by hydrogen atoms
only at higher H (or D) concentrations. This happens at
x )0.4 as indicated by SXES (Ref. 21) and hydrogen ab-
sorption measurements.

EXPERIMENTAL DETAILS

Ribbons of Zr-Ni and Zr-Cu metallic glasses were
prepared by rapid solidification of the melt on a single-
roll spinning copper wheel in an argon atmosphere. The
hydrogenation was carried out electrolitically using the
sample as a cathode and a platinum wire as an anode.
The electrolyte used was 0.1 N H2SO4. The dopant con-
centrations were determined volumetrically.

The structures of the as-quenched and hydrogenated
samples were examined by x-ray diffraction using Cu Ka
radiation to confirm that they were amorphous.

The magnetoresistance was measured by a low-
frequency, four-probe ac method, with a relative pre-
cision of 10, using a superconducting magnet. The
samples were mounted on an orientable holder, situated
in a separate He bath, to facilitate measurements in trans-
verse and longitudinal fields. The temperature range

I

covered was from 1.7 to 4.2 K in magnetic fields up to 6.5
T.

The electrical resistance was measured with a standard
four-probe dc technique in the temperature range from 2
to 300 K. The precision of these measurements extended
to a few parts in 10 .

Magnetic-susceptibility measurements were carried out
by the Faraday method using a Cahn electrobalance com-
bined with a conventional magnet in fields up to 0.94 T.
A sensitivity of 10 J T mol ' was maintained in these
measurements throughout the temperature range from 2
to 300 K.

THEORETICAL MODELS

Magnetic field dependence

Quantum corrections to the magnetoresistivity are
dominated by the localization effects except at very low
temperatures and high magnetic fields where the effects
arising from electron-electron interaction should be in-
cluded.

The full expression of the magnetoresistivity due to
weak localization, superconducting fluctuations (Maki-
Thompson contribution), spin-orbit scattering, spin Zee-
man, and orbital effects is given by

bp=p(H, T)—p(0, T)

F 1+t
A

PF—+0.5
1 —

y

1/2

F
t—F

(ti/2 tl/2)+t1 l2 (t+1)l i2
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2
A= (Dr )so

eDH~„h=, t=
47.,

t+ = t+ 0 5[1+(1—
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2
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I

where %' is the digamma function. After calculating
g(T, H) one can use Larkin's tabulation to obtain
p(T, H) although this tabulation does not take into ac-
count the infiuence of the magnetic field. (This is the best
one could do in the absence of a more comprehensive
theory. )

The contributions to the magnetoresistivity arising
from Coulomb interaction are (a) the orbital effects in the
Cooper channel

F3(z)= g I2[(n+z+I)' —(n+z)' ]
n=0

1/2

(T H)
e eH

@
2DeH

P P
8 g R k T

(3)

—(n+z+ —,
' }

where D =vF~/3 is the diffusion constant; ~, ~;, and ~„
are the elastic, inelastic, and spin-orbit scattering times,
respectively, ' g* is the effective g factor; and Pa is the
Bohr magneton. The term proportional to p arises from
the Maki-Thompson interaction. The approximated field
dependence of p is given through a field-dependent
effective coupling constant g (on which p depends), which
has been recently calculated by McLean and Suzuki:

gpaH

Here

32F
3

3/2
F1+—
2

3F
4

and (b) the spin splitting of the conduction electron ener-
gies in the diffusion channel

1/2
kaT

hp=p F (4)
4n. A

T.
g(T, H } '=ln ++(—') —4 —+

T ' 2 2mka T
(2) where F is the averaged screened Coulomb potential

(0 ~ F ~ 1, depending on the screening length). The func-
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tions g3 and 43 are similar in form to F3 which results in

the same field dependence of all the contributions to the
magnetoresistivity (1), (3}, and (4} (H at low fields and
H'~ at high fields).

ity.
The correction to the orbital magnetic susceptibility in

the Cooper channel in 3D systems, due to the correction
in the density of states, can be expressed as

Temperature dependence

The temperature-dependent quantum corrections to
the conductivity due to localization in the presence of in-
elastic scattering ~,. and spin-orbit scattering ~„are given

s23

bo(O, T)=
2

2m. R

1

Dw„
' 1/2

4Dw;

' 1/2

b.rr( T) = ——3F*—1.3e 4
4m A

' 1/2

(6)

At low temperatures T &8D, the dominant contribu-
tion to the inelastic scattering comes from the electron-
phonon interaction which in metallic glasses is propor-
tional to T (also there exists some experimental evidence
that at the lowest temperatures r, ' —T~ with 2 &p & 4).
This gives the localization correction to the classical con-
ductivity which is proportional to T.

The corrections from the electron-electron interaction,
both in the diffusion and the Cooper channel, take the
following form:

' 1/2

5y = —2y
C

T

1
Tc coD exp

c

~c ~ h+ ~coul 1+ac-iln

In a magnetic field for which llr))QH ))TIA and
AQH &&gp&H =%co, where g is the g-factor of conduction
electrons, the orbital magnetic susceptibility becomes
field dependent and is given as

by(H)=—
(

3 )1/2(1 2i~2}15(( 5 )(&II )1~2

k~T
4m ln

where yo= —
—,'P' No is the diainagnetic susceptibility of

electrons, P*= tie /2m "c, No is the density of states for
one spin orientation, g(x ) is the Riemann zeta function, r
is the momentum relaxation time, and T, is the supercon-
ducting transition temperature,

where T, is the superconducting transition temperature
and F' =F—

A, with A, the electron-phonon coupling con-
stant which can be estimated from the measured T, using
the McMillan formula. D and F have been defined in
the previous section.

In contrast to the temperature and field dependence of
the magnetoresistivity, where the dominant part comes
from the localization effects, temperature dependence of
the resistivity for temperatures T & 20 K is dominated by
the interaction effects. The localization term is small at
low temperatures because the number of the inelastic
scattering processes which are responsible for the phase
breaking of the electron coherence falls off with decreas-
ing temperature.

where QH =4DeH /Ac.
The spin-splitting effect also gives rise to a correction

to the magnetic susceptibility. However, as was first
shown by Fukuyama, ' only the Hartree interaction be-
tween up and down spin subbands in a disordered Fermi
system leads to an enhancement of the susceptibility at
low temperatures. At the same time the Hartree term in-
volving equal spins and the exchange term do not affect
the spin susceptibility just as electron-phonon enhance-
ment of the density of states leaves the susceptibility un-
changed.

The quantum corrections to the spin susceptibility in
both the Cooper, 5y, , and the diffusion channel, 5y, , in
3D system are expressed as

Magnetic susceptibility

The corrections to the magnetic susceptibility in a
disordered system that are weakly temperature depen-
dent arise from the spin-splitting and the orbital effects.
Altshuler and Aronov have shown that the Coulomb in-
teraction between electrons in a disordered metal is
enhanced due to their diffusive motion leading to an
enhancement in the density of states at the Fermi level
and its square-root-law dependence on quasiparticle ener-

gy for the three-dimensional systems. This anomalous
behavior of the density of states shows up in the anoma-
lous temperature dependence of the magnetic susceptibil-

)(gPs) i y'2 i cT'/
16m. 2' (DA)

where A.'j " is a dimensionless constant for the electron-
hole interaction A,"="&0for an attractive interaction).
5y, and 6g, become field dependent for %OH ~ kz T and
Am, ~ kBT, respectively. This correction is enhanced for
transition metals by the Stoner enhancement factor
( —l.7 in the system investigated).
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RESULTS

Magnetoresistivity

The magnetoresistance results pertaining to the
Zrp &7Nip 33H„(x=0,0. 1,0.2, 0.25) samples at 4.2 K and

Zrp 7pCup 3pH„(x =0,0. 1,0.2) at 2.9 K in the magnetic
fields up to 6 T are shown in Fig. 1 and Fig. 2, respective-
ly. The magnetoresistance was found to be independent
of the sample orientation with respect to the magnetic
field as predicted by the theoretical models for 30 sys-
tems.

The magnetoresistance slopes are lowered by the hy-
drogen dopant and the saturation is shifted to lower
fields. These effects are more pronounced for
Zrp 67Nio 33H samples.

The solid curves fitted to the experimental data in Fig.
1 and Fig. 2 are derived from the sum of the relations (1),
(3), and (4), with the inelastic scattering time r„ the spin-
orbit scattering time ~„, the superconducting transition
temperature T„ the diffusion constant D, and the screen-
ing parameter F, used as the fitting parameters. The term
(1—y)'~ in (1) can become imaginary for certain values
of the magnetic fields and the spin-orbit relaxation times.
However, it can be shown that hp remains real. In our
calculations we have treated all the variables containing

y as complex. The contribution to the magnetoresistivity
from the spin-splitting term [Eq. (4}J is greatly reduced in
our systems by the spin-orbit scattering and it amounts to

about 5% of the measured values at the highest magnetic
field used. The orbital contribution, Eq. (3), is even
smaller (2%).

As mentioned above the effective coupling constant
g(H, T) has been calculated from Eq. (2) and then
P(H, T) determined using the tabulation by Larkin. In
this computation the diffusion constant was used as the
fitting parameter so that the experimental and theoretical
points derived from Eqs. (1), (3), and (4) coincide. The
values of the diffusion constants derived in this way are
only about 10% lower than the values of D calculated
from the Einstein relation D =[e N(EF)p J

' using mea-
sured resistivities and Np(EF } from the specific heat re-
sults (e.g., p= 180 pQcm, D=3.3XIO m s
N(EF ) =2.04 states eV ' at. ' for Zrp s7Nip 33).

This procedure is very sensitive to the choice of D.
With higher values of D, calculated on the basis of the
free-electron model, we were unable to fit our experimen-
tal data successfully and the magnetic field dependence of
P was much stronger than determined experimentally.

It can be seen from Table I that the diffusion constant
is lowered and the spin-orbit scattering time is enhanced
with increasing hydrogen concentration (e.g.,
7 =2.44X 10 ' s in Zro 67Nio 33 and 6.71 X 10 ' s in
Zrp $7Nip 33Hp zs). Since most of the spin-orbit scattering
takes place on Zr atoms and in the d band (~ '-Z in a
free-electron model, and Hickey et al. , have found that
~„'-Z' in CuTi alloys) the reduction of the effective
spin-orbit contribution to the magnetoresistivity by the
dopant can be taken as the evidence that hydrogen atoms
migrate mainly to the Zr-rich sites. Comparison between
the behavior of (Zr-Ni)-H and (Zr-Cu)-H systems in this

3
3 la

X=0

2- 0.1

O.5

I I

1

Hl/2 (Tl/2)

I

2.5
1.5

HV2(TV2)
2.5

FIG. 1. Magnetoresistance of ZrQ 67N1Q 33H„metallic glasses,
for different values of hydrogen concentration x, obtained at 4.2
K. Solid lines are theoretical fits to Eqs. (l), (3), and (4).

FIG. 2. Magnetoresistance of ZrQ7CUQ3H metallic glasses
obtained at 2.9 K.
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TABLE I. Values of the diffusion coe%cient D, the inelastic scattering time 7.„the spin-orbit scatter-
ing time r„, the screening parameter F, the Maki-Thompson coefficient P as determined from magne-
toresistivity data, and superconducting transition temperature T, .

Sample D (10 'm s ') 7((10 s) (10 "
) F P (4.2 K) T, (K)

ZrQ 67NiQ 33

ZrQ 67N10 33Hp I

Q. 67 0.33 0.2

Zrp 67Ni0. 33HO. 25

Zrp 7Cup 3

Zrp 7Cup 3Hp I

Zrp 7Cup 3HQ 2

2.8
2.7
2.65
2.55
3.3
3.15
3.0

3.3
3.3
6.1

5.7
5.4

10.4
12.2

2.44
4.37
4.37
6.71
1.03
1.16
1.4

0.45
0.2
0.2
0.19
0.3
0.2
0.2

3.97
1.32
1.035
0.59
1.22
0.64
0.2

2.78
1.76
1.54
0.9
1.7
1.0
0.3

regard shows a much stronger inhuence of the dopant on
the latter one. This indicates that some of the hydrogen
atoms in Zr-Ni tend to migrate to sites coordinated with
three Zr atoms and one Ni atom while this process seems
to be absent in the Zr-Cu system.

The field dependence of p(H, T), determined as de-
scribed above, at two different temperatures for
ZrQ 7CuQ 3 and ZrQ 7CuQ 3HQ 2 samples are plotted in Fig.
3. In the case of Zro7Cuo3 (with T, =1.7 K) the field
dependence is already seen at 4.2 K and it is enhanced as
the temperature is lowered and approaches T„because
the Maki-Thompson contributions increases. In the case
of Zro ~Cue 3Ho 2 (with T, =0.3 K) P is small and thus
practically field independent.

The values of T, derived from p (at T=4.2, H =0 T)
together with the samples resistivity, for ZrQ67NiQ 33H„
are plotted as a function of dopant concentration in Fig.
4. On the same figure are the data for Zr -Pd& H„ tak-
en from Mizutani et al.

The suppression of T, by the hydrogen is observed to
be very fast at smaller dopant concentrations and then

levels off at x ~0.5. The reduction of T, is proportional
to the sample resistivity which is the dopant increased
and the leveling out of T, is accompanied by saturation
in the resistivity.

The resistivity saturation can be explained by the ten-
dency of the electron mean free path (lo ) to converge to a
constant value, i.e., to the interatomic distance (Ioff'e-

Regel limit). 34 If one calculates 10 using the relation

p '=e No(EF)UFlo/3 one obtains, for example, for un-

doped ZrQ6~NiQ» 1Q=3.5 A which corresponds to Zr
nearest neighbors while for ZrQ67NiQ33HQ33 1Q=1 ~ 8 A
which corresponds to the Zr-H distances.

Anderson et al. have estimated the resistivity depen-
dence of the superconducting transition temperature T,
and have found that in the case of strong disorder
(kF!o—1), as measured by resistivity, the slowing down
of electron diffusion enhances the Coulomb repulsive in-
teraction and thus reduces T, . Their results describe well

3.0 ~ P

2.5-

2.0-

1.5-

1.0-

0.5—

0
0.2

T

23(K)

4.2(K)

2.0-

1.0-

0.5-

—250
E

hC
Cl
Cl

-200

~-X —————— ~ —X

()- — —--- it —300
8 ~ ~

I /
/ (i

/
/

/

/

i/

/, o
/

/
E'I

I

0

2.9(K)
4.2(K)

I I I I I I I I I I i

0.5
150

3 4 5
H(T)

FIG. 3. The field dependence of the Maki-Thompson param-
eter P for Zro, Cuo, H„at two different temperatures. The pro-
cess by which P is determined is described in the text.

FIG. 4. Superconducting transition temperature T, of 0,
Zrp 67Cup»H„(our results); ~, Zrp „Nip 33H„(Ref. 32);
X,Zrp65Pd035H (Ref. 32); and electrical resistivity p of 0,
Zrp 4Nip 6H, (our results); &, Zrp 65Pdp 35H (Ref. 32) as a func-
tion of hydrogen concentration. Lines are only to guide the eye.
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the experimentally observed degradation of T, with the
sample resistivity in some disordered A15 compounds.

Using T, values from Table I and 8D from the specific
heat measurements (8D =234 K for Zrp 6/Nip 33 and
273 K for Zrp 67Nip 33Hp 7), the McMillan's relation for
the electron-phonon coupling constant A, h,

T

~ph

1.04+p'ln
1.45 Tc

(1—0.67@')ln —1.04

(10)

with p,
' the screened Coulomb potential ()u' is usually

taken to be 0.13 for transition metals because it is very
weakly dependent on the density of states), gives A, ), that
decreases from 0.57 to 0.41 with increasing hydrogen
concentration (up to x =0.5) and then saturates. At the
same time the density of states at the Fermi level contin-
ues to fall. The same trends have been observed in Zr-
Pd-D, Zr-Ni-D through the specific heat and electrical
resistivity measurements (Ref. 15 of Ref. 32).

The electron-phonon coupling constant is usually ex-
pressed in the form

where Np(EF ) is the bare density of states at E~, (I & is
an average of the squared electron-phonon matrix ele-
ment, M is the ionic mass, and (co & an average square
phonon frequency which is taken as varying as SD.

The tight-binding approximation applied to transition
metals predicts a near constance of the product
Np(E+)(I &, because (I & is proportional to ( vF &.

Np(EF) and (vF &, in general, behave inversely and thus
tend to neutralize each other in the superconductivity pa-
rameter A, h. Thus the density of states is eliminated from
the coupling constant. The experimental results show
that this is really a case for amorphous Zr-Ni and Zr-Cu
alloys, that is, the value of the Hopfild parameter
[ri=Np(EF)(I2&] is constant and independent of both
Zr and the specific 3d element and their concentration.
That is why we believe that the depression of T, with hy-
drogen is caused partly by the increase of 8D (due to the
additional coupling of electrons to the hydrogen modes)
and partly by the increase of the effective Coulomb pseu-
dopotential which is a localization e8'ect. A more quanti-
tative analysis will be given elsewhere.

1.06 -x„~xx ~
x
4 X

4 x
4

X = 0.123 ~
0.108 x

0.10t' 4

0010 o
0.004 +
0 v

—a
PI)

lK

14 oo,
,tg'.

4(
4x ~

0 X

X~ ~
~g 'x,'

gy X&0

P P X404x ~

P~ 4g

to~+
I

200 250 300

102

1.00 I

150
T'tK j

I

10050

FIG. 5. Temperature dependence of the resistance normal-
ized to the value at 300 K, for Zro 67NiQ 33H metallic glasses.

hp( T) = —&[3(&+C T )' ' CT+ST' —E]
P

(12)

X*

0-

0

Io 0- ~ ~ ~ ~ ~

The resistivity increase is partly caused by the observed
decrease of the density of d states at the Fermi level
(Table III) with the dopant concentration. This is con-
sistent with the theoretical and experimental results
which show that the electrical conductivity of a transi-
tion metal alloy is dominated by the d electrons.

The experimental data are fitted to the relation

Temperature dependence of the electrical resistivity

The temperature-dependent part of the electrical resis-
tivity for hydrogen-doped Zrp67Nip 33H„(x=0,0.004,
0.01,0. 104,0. 108,0.123) metallic glass is shown in Fig. 5.

The temperature coeScient of the resistivity is negative
in the temperature range investigated (2—300 K) and in-
creases (faster below 100 K) with hydrogen concentra-
tion. As mentioned earlier the dopant causes the resis-
tivity to increase and the superconducting transition tem-
perature to decrease.

I I

3
Tt/2(K 12)

FIG. 6. The change in the resistivity [bp(T) Ap(4. 2 &)]-
normalized to the value at 4.2 K vs the square root of the tem-
perature below 25 K for Zr06, Ni033H„metallic glasses. The
lines are the best fits obtained from Eq. (12).
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TABLE II. Values of the diffusion coefficient D, the inelastic scattering time ~;, the spin-orbit
scattering time ~„,and the superconducting transition temperature T, as determined from the tempera-
ture dependence of the resistivity.

Sample

Zr0 67Ni0 33HQ (Q4

Zr0. 67 0 33 0.01

Zro. 67Ni0 33H0. 123

D {10 ' m's ')

2.94
2.91
2.7

~, (10 "s)
3

2.76
2.33

~,.(10-" s)

3.4
3.43
4.41

2.57
2.S7
2.43

where A =e /2m. A' is constant and 8 =1/Dr„,
C=(1/4Da)'~, and

1.3 4S= ' ——3F*—
2 3 Tc

ln

and E=(kz/DA)' are parameters of the fit. It is as-
sumed that ~,- =aT . The values of D, ~, , ~„,and T, as
determined from the fit are given in Table II. Their mag-
nitudes and concentration dependence are in good agree-
ment with the ones obtained from the magnetoresistivity
data (Table I).

The fit of the experimental data to Eq. (12) (solid lines)
is shown in Fig. 6 versus the square root of temperature
for temperatures up to 25 K and in Fig. 7 versus temper-
ature for temperatures up to 80 K. The quantum correc-
tions to the resistivity are proportional to
T'~ ln '(T, /T) from 5 to 16 K as predicted by the
Coulomb interaction model and to —T from 16 to 80 K
due to electron localization. Below 5 K one should take
into account the Aslamazov-Larkin contribution to the
conductivity, which is beyond the scope of the present
work.

Magnetic susceptibility

The temperature dependence of the magnetic suscepti-
bility data for Zro 67Nio»H„(x =0,0. 13,0.33) and
Zro 6oCuo 4oH„(x =0,0. 11) samples are plotted in Fig. 8
versus the square root of temperature. The values of the
susceptibilities are field independent up to 9.4 kOe, thus
confirming the absence of magnetic impurities. Both sys-
terns are paramagnetic with susceptibilities that are only
weakly temperature dependent down to about 30 K,
below which a slight increase is observed. A shallow
minimum exists between 60 and 115 K. The susceptibili-
ty is lowered upon hydrogenation, the low-temperature
upturn is increased and the position of the minimum is
shifted to higher temperatures. The enhancement of the
magnetic susceptibility at low temperatures proportional
to hydrogen concentration has been also observed in
Zr2PdH„and Zr3RhH and in amorphous Zr2Pd as com-
pared with the crystalline one, but without an explana-
tion of the effect. At room temperature g,„=128X10
JT mol ' for Zrp 67Nip 33 whereas for Zrp 67Nip 33Hp 33
it is ppzp 105 X 10 J T mol '. Again for the
Zrp 6pCup g) system the effects are more pronounced; thus

p
decreases from its room temperature value of

93 X 10 J T mol ' in the undoped sample to
pcxzp 76 X 10 ' J T mol ' for Zrp 6pCup 4pHp

The temperature-independent magnetic susceptibility
is generally given as

P
Xexp +el +Lion + Xorb & (13)

where g;,„and g„b are the ionic core diamagnetism and
orbital paramagnetism with the Landau contribution in-
cluded, respectively.

Since the dominant contribution to the electronic den-
sity of states at the Fermi level in transition metals comes
from d electrons the Pauli spin susceptibility is dominat-
ed by the d band and differs from the free-electron value
through the Stoner enhancement factor

C)
12- p,+No(EF)

+el
1 IetrNo(EF )

(14)

j

32

I

~8
T(K)

FIG. 7. The change in the resistivity [hp(T) bp(4. 2 K)]-
normalized to the value at 4.2 K as a function of temperature
below 80 K.

where )M~ is the Bohr magneton, No(EF ) is the bare den-
sity of states at the Fermi level and I,ff is the effective ex-
change integral within the d band. While the ionic core
susceptibility y;,„is relatively small for all the systems in-
vestigated (i.e., of the order of —20X10 JT mol
which is an order of magnitude smaller than the mea-
sured values), the orbital magnetic moments of the elec-
trons are not completely quenched for partly filled degen-
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FIG. 8. The magnetic susceptibility of hydrogen-doped Zro 67Nio 33H and Zro. 6CQp 4H metallic glasses as a function of the square
root of the temperature. The lines are the best fits obtained from Eqs. (15) and (16).

crate bands (as is the case in Zr-based metallic glasses)
and are of the same order of magnitude as the Pauli spin
term.

A summary of measured and calculated values is given
in Table III. Using for Nn(E+)=1. 3 stateseV 'at.
the value taken from the measured electronic specific-
heat coefficient and I,s for Zr and Ni as 0.022 Ry and
0.028 Ry, respectively, the Stoner enhancement factor
for Zro 67Nio 33 turns out to be 1.7 and the Pauli spin sus-

ceptibility y,&=73 X 10 J T mol '. Subtracting y, &

and y;,„from y,„gives the orbital susceptibility value of
75X10 JT mol '. Zirconium gives much higher
contributions to the orbital susceptibility than does nickel
on account of its different d-band filling. If we assume
that y„h of the alloy is that of crystalline Zr (100X10
JT mol ') and Ni (25X10 JT mol ') scaled to
their concentration we obtain a value which is in good
agreement with the measured one.

The same analysis may be applied to the Zr060Cu040
alloy. The Pauli spin susceptibility is found to be
50.4X 10 JT mol ' and y„t,=60.4X 10
JT mol ' which is again very close to the Zr value
scaled to its concentration in the alloy and reflects the
fact that Cu atoms have no orbital magnetic moments
since the Cu d band is well below the Fermi level. '

The lowering of the room-temperature magnetic-
susceptibility values upon hydrogenation can be ex-
plained as due to the influence of hydrogen on the elec-
tronic density of states at the Fermi level and/or its pos-
sible effect on the orbita1 moments. Since the dopant
atoms migrate mainly to the Zr-rich sites where their s-
electrons hybridize with the zirconium d band, a strong
dependence of the electronic density of states and hence

of the Pauli susceptibility on the hydrogen concentration
is expected. On the other hand we have assumed that the
hydrogen electron hybridization with the Zr d band does
not infiuence greatly the orbital paramagnetism.

We have calculated Nn(EF ) for the doped samples
from the Eq. (14) with g„i„g;,„,and the Stoner factor as
described above. The obtained values (Table III) de-
crease as the hydrogen concentration increases. [e.g. ,
Nn(E~) =1.3 states eV ' at. ' for Zrn 67Nin 33 and
Nn(E~)=1. 03 stateseV 'at. ' for Zrn 6~Nin 33Hn 3,].

These values are in good agreement with the ones ob-
tained from the electronic specific-heat measurements
which indicate that our observation of susceptibility
suppression can be wholly attributed to a change in the
Pauli term.

Again, the hydrogen influence is stronger in the Zr-Cu
system since copper is in the d 10 state in all its alloys
and no hydrogen (for the concentration used), migrates to
Cu-rich sites.

The temperature-dependent magnetic susceptibility has
been fitted for temperatures T, & T & T;„(where T;„
corresponds to the miniinum in the susceptibility) to the
relation

g y1/2 g T1/21 —1

T (15)

where the first term on the right-hand side is a correction
due to the spin-splitting effect in the diffusion channel
and the second one are the corrections in the particle-
particle channel due to the orbital effect and to the spin
susceptibility.

The results could not be successfully fitted above T;„
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TABLE III. Magnetic susceptibility data for Zr067N1p 33H„and Zro 6CUp 4H„metallic glasses. y s

are in units of 10 ' J T rnol

Sample

Zro 6,Nip 33

Zl 0 67Nip 33H0 I 3

Zl p. 67N10. 33H0 33

r0. 6CUp 4

r0. 6Cup 4Hp i i

Xexp

128
120
105
93
76

1ton

—20
—20
—20
—17.8
—17.8

42
39.2
33.3
31.5
20.9

Xel

73
65
50
50.4
33.4

Xorb

75
75
75
60.4
60.4

No
(states/eV at. )

1.3
1.21
1.03
0.98
0.65

to the relation (15), which is why for temperatures
T & T;„the data have been fitted to the relation

—C, (16)

where A and B are the temperature-independent parame-
ters of the fit and C = A T';„. This is because the inelas-
tic relaxation time v; becomes comparable to v at about
100 K (~;-5X10 ' s at 100 K and r-10 ' s from a
diffusion constant) and localization effects, mainly
confined to the diffusion channel, become negligible.

The values of the parameters of the fit together with
the superconducting transition temperatures and T;„are
given in Table IV. The corrections to the spin and orbital
susceptibility are of the same order of magnitude
(10 J T mol ') which is a few percent of the mea-
sured room-temperature value. The corrections due to
the magnetic field have been neglected because they are
within the experimental error.

The best fit yields A =0.6X10 JT mol 'K
and B=4X10 JT mol 'K ' for the undoped
sample. The value of B calculated from Eq. (7) and from

5g, part of Eq. (9) using the value of the diffusion
coefficient D =2.8 X 10 m s ' (Table I) are
2X10 JT mol ' K. ' and 1.92X10 JT
mol ' K ', respectively, and together give
3.92X10 'JT 2mol 'K ' in good agreement with
the experimental value. The value of A is also found to
agree with the estimated from 5y, part of Eq. (9) which
is 0 57X10 JT mol 'K

It can be seen from Fig. 8 and Table IV that the tern-
perature range where the fit to expression (15) is valid
(solid line) widens at both ends upon hydrogenation.
Since the superconducting transition temperature de-
creases as hydrogen concentration increases the fit is im-
proved on the low-temperature side, because relation (7)

is valid for T))T, . At the same time both A and B in-
crease (Table IV) through the lowering of the diffusion
constant but A is enhanced relative to B. A decrease of
T, reduces the contribution of superconducting fluctua-
tions to the diamagnetic moment through the
ln '( T, /T ) term. The hydrogen dopant also reduces the
orbital term (which enters coefftcient B ) because it
enhances localization by providing additional centers of
quasielastic scattering. The enhancement of the spin sus-
ceptibility relatively to the orbital part upon hydrogena-
tion below T,„ is in agreement with the magnetoresis-
tivity data (Table I and Fig. 1) which show that hydrogen
reduces the spin-orbital scattering rate v,, thus reducing
the mixing of spin-up and spin-down subbands. The in-
crease of temperature T;„ofthe magnetic susceptibility
minimum can be related to an increase of the inelastic
scattering time [Table I and experimental results in PdH„
(Ref. 40)]. This too is consistent with the theoretical
model used because the scale of quantum interference is
set by the inelastic scattering length [LTh -(Dr; )' ].

The low-temperature data pertaining to the Zr-Cu sys-
tem could not be fitted successfully in the same way as
has been done for Zr-Ni system. The reason is as yet not
clear. One possibility is the onset of hydrogen
paramagnetism at low temperatures due to a different
configuration that the dopant takes up in Zr-Cu matrix
compared to Zr-Ni. Another explanation may be in
terms of the Zr-Cu matrix behaving as a two-phase sys-
tem. A temperature-dependent diffusion coe%cient could
explain the low-temperature data in Zr-Cu-H system. A
similar phenomenon (namely, temperature-dependent
fitting parameters) observed in the resistivity of different
systems is also indicative of such an effect.

The alternative explanation that the observed tempera-
ture dependence of the susceptibility, in both Zr-Ni-H
and Zr-Cu-H systems, is the "normal" tempera-
ture dependence of the Pauli susceptibility due

TABLE IV. The coeScient of fit of magnet susceptibility data to relations (15) and (16).

Sample
A B Cq T ~ T.

(10 ' JT mol 'K '
) (10-s JT mol

—i K —iz2) (10 ' JT 'mol ') (K) (K)

Zl p 67Nlp 33

Zro 67Nlo. 33Ho. i3

Zro. 67Nio 33H0 33

0.6
0.85
1.15

4.0
4.4
4.95

115.5
106.3
91.7

60 1.5
80 0.95

115 0.85
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to the temperature-dependent density of states
[N(l —sr ktt T'/12po)] which shows up at low tempera-
tures should be ruled out because it is two orders of mag-
nitude smaller than the observed correction and goes as
T . Because this correction is proportional to the density
of states at the Fermi level which is lowered (Table III) in
hydrogenated samples the "classical" variation of the
Pauli susceptibility would be in the opposite direction
with increasing hydrogen content. The same could be
said for the Stoner inhancement at low temperatures.
[Generally, I=I,sN(EF) is supposed to be temperature
independent which is actually not true. I certainly in-
creases at low T]. Since I appears as a phenomenological
interaction in the paramagnon theory it is difficult to
know its exact temperature dependence. However, the
Stoner enhancement is smaller in Zr-Cu than in Zr-Ni
system as well as in the doped samples and the observed
corrections are greater in those systems. We assume that
at least for H concentrations used I,ff remains substan-
tially unchanged.

CONCLUSION

We have analyzed the magnetic and transport proper-
ties as a function of disorder in Zr-Ni and Zr-Cu metallic
glasses. Disorder was increased by doping the samples
with hydrogen.

We find that not only the temperature and the magnet-
ic field dependence of the resistivity but also the anoma-
lous temperature dependence of the magnetic susceptibil-
ity of some hydrogen doped 4d-3d metallic glasses can be

accounted for using the theoretical models of weak locali-
zation and electron-electron interactions.

Measurements in the magnetic field show positive
anomalous magnetoresistance which can be interpreted
as being due to WL in the presence of strong spin-orbit
scattering and Maki-Thompson (MT) fluctuations. It has
been found that both the spin-orbit and the MT contribu-
tions are strongly suppressed with increasing hydrogen
concentration. At the same time hydrogen enhances qua-
sielastic scattering, thus reducing the effective diffusion
constant. This, together with the reduced screening of
the Coulomb interaction, leads to an increase of the resis-
tivity and a decrease of the superconducting transition
temperature upon hydrogenation. The resistivity is
found to saturate at the hydrogen concentration x =-0.5,
since the mean free path reaches the Ioffe-Regel limit,
and so does the superconducting transition temperature
indicating that this is the localization effect. Reasonable
values of P, r;, r„, D, and F have been determined from
the analysis of the data.

It has been found that the magnetic susceptibility de-
creases substantially with increasing hydrogen content.
This behavior is primarily attributed to a reduction in the
density of Zr d electronic states at the Fermi level. The
rise of the magnetic susceptibility at low temperatures
was found to be proportional to the hydrogen concentra-
tion, that is to the degree of disorder, as a consequence of
the slowing down of the spin diffusion.

An extension of the present investigation into the
domain of lower temperatures and other 4d-3d systems is
presently being pursued.
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