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The superconducting properties of metallic glasses Zr75(Ni.Fei_z)2s (z = 0,0.25,0.50,0.75,1.0)
were studied both at ambient pressure and under quasi-hydrostatic pressure up to 8 GPa (80 kbar).
To obtain information on the spin fluctuation parameter Asp the following measurements were
carried out: the dc magnetic susceptibility, the upper critical field at the ambient pressure super-
conducting transition temperature T.(P=1 bar), mass density, and room temperature resistivity.
From the pressure dependence of the superconducting transition temperature T'.(P) in CuzsZrrs
glass, we estimate the volume derivative of the electron-phonon (e-ph) coupling parameter Ae-ph in
this alloy using the McMillan equation. This is used as a reference value for the volume derivative
of Ae-ph in the Zr7s5(NizFei_z)2s alloys. Using the modified McMillan equation, which includes spin
fluctuation effects and the above reference value for the volume derivative of the e-ph coupling pa-
rameter, we determine Ac-ph, the electron-spin fluctuation coupling parameter Asy and the rate of
suppression of spin fluctuations with the pressure (d In Asr/d In V') as a function of Fe concentration
in these alloys. Both spin fluctuations and the rate of suppression of spin fluctuations with pressure

1 OCTOBER 1995-1

(d InAsp/d InV) are found to increase with higher Fe concentration in these alloys.

I. INTRODUCTION

Systematic variations of physical conditions such as
spin fluctuations can be achieved in amorphous alloys
more easily than in crystals, by gradually varying the
concentration of various components.! Fe- and Ni-based
zirconium amorphous alloys exhibit superconductivity
as well as ferromagnetism depending on the concentra-
tion of the magnetic components. The superconducting
transition temperature 7. in Fe;g9_.Zr, and Nijgo—zZr,
glasses decreases with increasing concentration of Fe and
Ni.'2 The decrease in T, has been attributed to spin
fluctuations.?3 It has been shown that spin fluctuations
are suppressed under pressure.? The effect of quasihy-
drostatic pressures up to 8 GPa (80 kbar) on T. in
both Nijgo—xZr, and Fe;g9_Zr, alloys has been reported
previously.> Mahini et al.’ observed that 7. increases
as a function of pressure for Nijgo—,Zr, alloys. This in-
crease can be accounted for by the change in the Fermi
level density of states (DOS) N(E¢) and, consequently,
the change in the electron-phonon mass enhancement pa-
rameter Ae-pn. Hamed et al.® reported a rapid increase of
T. in FegoZrgo and FessZrys alloys with pressure. They
observed that T, (P) increases at a faster rate in Fes5Zr7s
than in FeyoZrgg alloy. Their results were interpreted as
a consequence of suppression of spin fluctuations under
high pressure.

In this study we extract, from measured T, and T.(P),
the spin fluctuation parameter and the effect of pressure
on spin fluctuation in Zrzs(Ni.Fe;_)25 alloys. Our goal
is to examine the effect of a systematic increase in Fe
concenteration on both spin fluctuations and their pres-
sure dependence keeping the Zr concentration constant.
The remainder of this paper is organized as follows. In
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Sec. IT we briefly describe the experimental procedure.
In Sec. III A we present our results for T, as a function
of pressure and concentrations of Ni and Fe. Based on
these results and the modified McMillan equation” we de-
rive values of the spin fluctuation coupling parameter and
its volume dependence as a function of Fe concentration.
The values of the spin fluctuation coupling parameter
and its volume derivatives, other physical parameters ex-
tracted from experiments, and a summary of our results
and conclusions are presented in Sec. IIIB.

II. EXPERIMENTAL SETUP AND PROCEDURE

Samples of amorphous ribbon Zr7s(NiyFe;_z)25 were
prepared from high purity (99.999%) metallic elements,
using the melt spinning technique and then characterized
by x-ray diffraction. The mass density of the samples
was measured using the Archimedes method with toluene
being used as the liquid medium.

The resistivity was measured under quasihydrostatic
pressure. The quasihydrostatic pressure cell consisted
of a pyrophyllite gasket with soap stone as the pressure
transmitting medium.” The T.(P) of lead was used as in-
ternal pressure manometer where the Pb manometer was
situated near the sample and the T.(P) of both were mea-
sured simultaneously. The temperature was monitored
by a calibrated germanium thermometer. A four-point
dc-resistivity technique was employed to measure T, at
midpoint of resistive transition, in the quasihydrostatic
cell. The temperature dependence of the upper critical
field was measured up to to the field of 5.5 T and tem-
peratures as low as 1.7 K, using a commercial SQUID
magnetometer.
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III. RESULTS AND DISCUSSION
A. Experimental results

The measured dc-magnetic suceptibility of
Zr75(NigFe; )25 (z = 0.25,0.50,0.75) showed very weak
temperature dependence. As previously reported for Zr-
based amorphous alloys,? we also observed no evidence
of a paramagnetic susceptibility due to magnetic impuri-
ties in these three alloys. In the paramagnetic region the
measured susceptibility is due to contributions from the
X» the dc-magnetic (Pauli spin) susceptibility, Xcore the
diamagnetic core susceptibility, and xvv the Van Vleck
susceptibility. The Xcore is small for all the elements in
these alloys and can be neglected without effecting the
determination of x,. Batalla et al.? showed that the con-
tribution of xvv (about 115 x 10~® emu/mol) to mea-
sured susceptibility is large and should be considered in
calculation of x,. The resulting values for x, for these
alloys are given in Table I.

From the dc-magnetization measurements below 4 K
(an example is given in Fig. 1) we determined the upper
critical field H.; versus temperature (Fig. 2) and the
derivative of H., at T, (%Hf,l)gvc , which is given in Table
1

The procedure required to calculate Asr needs some
additional measurements, namely, of the mass den-
sity d, and the room temperature resistivity p, for
the Zry5(NigFei_;)25 samples. The resistivity of the
Zr75(NiyFei_z)25 (z = 0.0,0.25,0.50,0.75,1.0) amor-
phous alloys was measured as a function of tempera-
ture ranging from 292 K down to 1.1 K under constant

TABLE I. Values the mass density d, Pauli spin suscep-
tibility ., the derivative of H.; at T, (Q—é—{rﬂ)n, room tem-
perature resistivity p, “specific heat”density of state NY(Ey),
bare density of states N(Ey), Stoner factor I, and the elec-
tron-spin fluctuation coupling parameter Asr as determined
from the experimental results of Zr7s(NiyFe;—5 )25 alloys.

T 1.0* 0.75 0.50 0.25 0

d, 55 6.89 6.87+0.05 6.85 6.82 6.8
Xv, 1070 150.9 102.4° 1153 126.2 137.3
(%%*), %= 271  35.70£03 3590 39.27 357
p,pQlcm 166.5 162.0+2  163.0 169.8 166
N7(Ey), fStates. _ 2.33 232 241 -
N(Ey), Sotes. _ 1.38 1.36 141 1.33
I - 0.565 0.62 064 0.69
AsF - 0.045 0.063 0.070 0.1

®Reference 1.

PThe error in dc-susceptibility measurement is less than 1%
however the error in x, is about 5-10 % which is due to esti-
mation of xvv.
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FIG. 1. dc-magnetization measurement of

Zr+5(Nio.soFeo.50)25 near superconducting transition at the
magnetic field of 1.2 x 10* G.

applied pressures up to 8.0 GPa. An example of rela-
tive resistivity near superconducting transition temper-
ature as a function of temperature and pressure for the
Zr75(Nig.25Feo.75) 25 amorphous alloy is shown in Fig. 3.
The transition width at low pressure is less than 10 mK
and at high pressure it is less than 40 mK. The kink
that appears at pressures higher than 2.0 GPa may be
due to a slight inhemogenity in the sample.® In all cases
the temperature dependence of the electrical resistivity
was linear with a very small negative slope %‘%’—’ =~
—1.4 x 10~* K~1) up to the superconducting transition
temperature. Figure 4 shows the T, versus pressure for
ZI‘75(NimF61_.z)25 (.’L‘ = 0.0, 0.25,0.50,0.75). From the
least squares fit to the T.(P) data we calculated the T.’s
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FIG. 2. Upper critical field H.; vs temperature for the
Zr7s(NizFe1—_z )25 alloys. Solid diamond, z = 0.25; solid tri-
angle, z = 0.50; solid circle, z = 0.75.
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FIG. 3. Normalized resistivity near superconducting tran-
sition temperature 7, as a function of temperature and pres-
sure for Zl‘75(Nio,25Feo,75)25.

at one atmosphere which agree well with the 7T.’s mea-
sured at ambient pressure. The calculated values of ‘z,“
from the least squares fit show an increase in the value
with increasing iron concentration in all samples. A plot

of %% and TL% versus Fe concentration is shown in
A

Fig. 5.

B. Analysis of experimental results and discussion

The values of Ae-pn, Asy, N(Ey) the density of states
at the Fermi energy and I [I = IN(Ey), where I is the
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FIG. 4. Dependence of the critical temperature on pressure
for the Zr7s(NizFe;_.)25 alloys: solid triangle, z = 0; solid
diamond, z = 0.25; open diamond, z = 0.50, cross, z = 0.75.
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FIG. 5. The variation of 4% (in K/GPa) and 4 (in
GPa_l) with respect to Fe concentration in Zr7s(NizFei_z )25
alloys. Triangular sign, %% dependence; cross sign, 7.1: ‘:,—Pﬁ.

Stoner parameter or [1 — I]~! is the Stoner enhancement
factor for the Pauli susceptibility] were determined by
the following procedure.

We simultanously analyzed x, along with the super-
conducting transition temperature T, and the tempera-
ture dependence of the upper critical field H.., using the
equations

_ HEN(Ey)

v — 1——I i

Asr = 4.5IIn [1 + (%2) (Ii—f)] , (2)

the modified McMillan equation”

~ €")D x (__ 1+ Ae—ph"‘ASF‘ ) (3)

(1)

¢~ 7145° Ae-ph — Asp — p*
and
dH d
<d—;2)n = —1.058 x 109%(1 + Ae-ph + AsF)

xN(Ef), (4)

where ©p is the Debye temperature, and P? is the mo-
mentum cutoff factor for spin fluctuations, proportional
to E¢. It depends on the square of the ratio pi/pr,
where p; is the momentum cutoff used by Doniach and
Engelsberg® in evaluating the one-electron self-energy re-
sulting from spin fluctuations and pp is the Fermi mo-
mentum. Following Altounian and Strém-Olsen! and
Batalla et al.?2 we considered a value of é to be appropri-
ate for P? in Zr-based amorphous alloys.
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The results of calculation are shown in Table I. N7(E}y)
is the “specific heat” density of states, larger than the
bare density of states N(Ef) by the mass enhancement
factor (1 + Ae-ph + AsF) -

To understand the effect of pressure on T, and to de-
termine the volume derivative ‘9—;'1%‘5}3 we follow the same
procedure as described in our previous publication.® We
first measure the pressure dependence of T, for samples of

Zr75Cugs , which do not show spin fluctuations (Asp=0).%
For determining the %ﬂ of Zrz5Cuss, we used the

McMillan equation®

1+ /\e-ph ) (5)
Ae-ph — #*(1 + 0.62Xc-pn) /

Op
~ =D ~1.045
Te = 145 %P (

Using p* = 0.13, we obtain the logarithmic volume
derivative of T, which can be related to the Griineisen
parameter and the logarithmic volume derivative of Ae-pn
by

dln Tc o 1-097/\e—ph Oln ’\e-ph (6)
amv €7 (0.919X, ,p — 0.13)2 BV
where
_ 3aBr _ _BlnGD 1)
=0y T onv

is the Griineisen parameter. « is the coefficient of lin-
ear expansion, Br is the bulk modulus, and Cy is the
specific heat. We calculate the Griineisen parameter
for the alloys from the bulk modulus, specific heat and
the coefficient of linear expansion as estimated from the
pure component values using Vegard’s law. The effec-
tive electron-electron Coulomb interaction parameter ap-
pearing in the modified McMillan equation” is taken as
0.13 for Zr,5Cuys as well as for all Zry5(NiyFe;_.)25 al-
loys considered. We obtain a value of —0.42 for the
logarithmic volume derivative of Ae-pn for ZrzsCugs.

Oinleph for Zrrs(NigFei_o)zs (@ =
8ln

We assume that —5-5

0.0,0.25,0.50,0.75,1.0) samples are the same as -—872‘{,&
for Zr75Cusys. This assumption, combined with the mod-
ified McMillan equation,” allows us to determine %&F—
for the Zr75(NiyFe;_. )25 alloys. All parameters obtained
from calculation, measurement, and subsequent analysis
‘as described above are listed in Table II.

For a fixed Zr concentration, Asp, i.e., spin fluctuation
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FIG. 6. The variation of Asr and volume derivative with
respect to Fe concentration in Zr7s(Ni.Fe;_z)25 alloys. Tri-

angular sign :Asrp dependence; cross sign, d;l‘:‘, .

effects, increase as we go from the Ni-rich to the Fe-rich
alloy (Fig. 6). This is consistent with the conclusion
reached by Altounian and Strom-Olsen,! based on their
work on M-Zr (M =Cu,Ni,Co, Fe) metallic glasses. The
results also indicate that the %\-‘ﬁ,i is increasing as the
concentration of Fe increases in Ni-Zr matrix (Fig. 6).
This shows clearly the reduction in spin fluctuation under
pressure hence the faster increase of T, with presure for
higher concentration of Fe in these alloys.

In conclusion the superconducting properties of the
metallic glasses Zr5(NiyFe;_.)25 have been studied for
z = 0,0.25,0.50,0.75,1.0, both at ambient and higher
quasihydrostatic pressure up to 8 GPa. We find that the
spin fluctuations must be taken into account to prop-
erly describe the concentration and pressure dependence
of the superconducting transition temperatures in these
alloys. We have demonstrated that the modified McMil-
lan equation” can correctly describe the spin fluctuations
in these alloys. Based on the experimental results we
have extracted the values of the spin fluctuation coupling

TABLE II. Summary of results, where, « is the coefficient of linear expansion, Bz is the bulk
modulus, Cv is the specific heat, y¢ is the Griineisen parameter, T is the superconducting transi-
tion temperature at ambient pressure, A.-pp is the electron-phonon coupling parameter, Asr is the

electron-spin fluctuation coupling parameter.

Alloy a Br Cv Ye Tc % Ae-ph  AsF %E

(107%)  (10'°) (==%%) K (107°) 1072

K-t N _K_

m2 GPa

Zr75Nizs 7.6 9.67 0.56 0.936 3.53 0.13 0.63 3.3 1.26
Zr7s(Nio.7sFeo.25)25  7.54 9.63 0.552 0.943 3.35 0.14 064 4.5 1.52
Zrz7s(Nio.soFeo.50)25  7.48 9.60 0.546 0.943 2.73 0.15 064 6.3 1.78
Zr75(Nio.2sFeo.75)25  7.42 9.56 0.54 0.942 235 0.16 064 7.0 2.23
ZrrsFegs 7.36 9.52 0.533 0.938 1.8 0.19 064 10 2.38
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parameter Asp and its volume derivative (%’fr‘i‘%ﬁ) as a
function of concentration. Both spin fluctuations and the
rate of suppression of spin fluctuations with pressure are
found to increase with higher Fe concentration in these
amorphous alloys.
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