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The superconducting transition temperatures of I»-Ni, I»-Co, and Ir-Fe alloys have been
measured in the temperature interval 0.10—0, 040°K, It is shown that the rates of change of
InT, with impurity concentration for these systems provide quantitative evidence that local-
ized spin fluctuations are responsible for the suppression of superconductivity when these
rates are compared with the rates of increase of the specific-heat coefficient ¥ and the sus-

ceptibility x .

I. INTRODUCTION

Spin fluctuations are believed to be responsible
for suppressing superconductivity in numerous
alloy systems on the right end of the 4d and 5d
transition-metal series. !> However, solid evi-
dence that this is the case is difficult to come by.
We have found that very small concentrations of
Ni, Co, and Fe in Ir rapidly destroy the latter’s
superconductivity. Because the suppression of
superconductivity is strictly an impurity effect,
certain theoretical simplifications can arise which
permit a quantitative comparison between theory
and experiment.

II. EXPERIMENTAL

Temperatures as low as 0.035 °K were obtained
by adiabatic demagnetization, using a cryostat
similar in construction to several reported else-
where.! Superconductivity was detected by the
low-frequency mutual inductance method. The
temperature was measured with a 100-Q 3-W
Speer carbon resistor which was calibrated to
within a few millidegrees Kelvin with the aid of
the known transition temperatures of certain high-
purity superconductors and also with cerium mag-
nesium nitrate (CMN).

One of the principal experimental difficulties
was sample preparation. Samples were about
200 mg and were prepared by arc-melting 99. 999%-
pure starting material in an argon arc furnace.
The melting point of iridium is close to the boiling
points of iron, cobalt, and nickel. Consequently,
the weight loss of the volatile impurity during arc
melting can be considerable. This makes it diffi-
cult to determine the sample composition for such
small samples and small impurity concentrations.

The Ir-Fe samples were prepared after first pre-
paring a master alloy containing 2, 1-at.% Fe. The
master was then broken up and further diluted
with iridium to obtain the final samples. Fortu-
nately, the master can be prepared with less

than a few percent iron weight loss by careful arc
melting. It is reasonable to assume that there

is negligible iron weight loss upon further dilution
and that the composition can be determined from
the weights of the starting materials. However,
there was a 30% cobalt weight loss in the prepara-
tion of a 3.9% cobalt master. The starting mate-
rial for the I»-Co alloys prepared from this mas-
ter was weighed on a Mettler balance with a lim-
iting accuracy of 0.01 mg before and after arc
melting, and the composition determined by at-
tributing any further weight loss to the volatile
cobalt impurity. For these alloys, a 10% error
in composition is still possible. For the I»-Ni
alloys as well, the composition was determined
by assigning any weight loss to the nickel impurity.
The problem of determining the composition is
less severe because the nickel concentration in
alloys of interest is higher.

III. RESULTS

The experimental results are given in Table I
and Figs. 1 and 2. The iridium used was obtained
from the United Mineral Corp. It was quoted to
be 99.999% pure with calcium (1 ppm), silicon
(5 ppm), and sodium (2 ppm) as the principal im-
purities. Its transition temperature T, was
0.105 °K and the transition width AT, for 90% of
the transition was 0.004 °K. Surprisingly, adding
iron to iridium reduces the transition width, so
that the width of the 0.033%-Fe alloy was only
about half a millidegree. The error in the compo-
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TABLE I. Transition temperatures T, and transition
widths AT, for 90% of the transition of various Ir-Fe,
Ir-Co, and Ir-Ni alloys.

Alloy T, (°K) AT, (°K)
Ir [99.999%] 0.105 0.004
Ir [0.017% Fe]® 0. 070 0.001
Ir [0.033% Fel 0.051 0. 0005
Ir [(0.23+0.02)% Co] 0. 957 0.004
Ir [(0.38%0.04% Col] 0. 046 0. 004
Ir [(1.2+0.1)% Ni] 0. 057 0.008
Ir [1.65% Ni] 0.052 0.006

21l percentages refer to at. %.

sition of the Ir (1.2% Ni) sample is quoted to be
+0. 1% Ni because of the use of a less sensitive
balance to weigh the starting materials for this
alloy.

In Fig. 1, T, is plotted on a logarithmic scale
vs impurity concentration for these three alloy
systems. As has been found for the Ru-Fe, Ru-Co,
and Ru-Ni systems,? iron suppresses T, the most
rapidly, followed by cobalt and nickel, in that
order. For superconducting spin-fluctuation sys-
tems, it is found experimentally that In7, decreases
initially nearly linearly with impurity concentra-
tion.® This behavior is followed for the [»-Fe sys-
tem, as can be seen from Fig. 2. The dashed
line represents the curve the points would fall on
if the decrease in T, were linear with concentra-
tion. If a pair-breaking mechanism, such as a
magnetic moment on the iron impurity sites, were
responsible for suppressing superconductivity,
then the points would fall slightly below this dashed

\ & v -
Te (°K) osle- \ \g\ -
1 19
\
o Ir-Ni
003~ olr-Co -1
® Ir-Fe
1 | 1
0o 0.5 10 15 20

CONCENTRATION (%)

FIG. 1. Superconducting transition temperature T,
plotted on a logarithmic scale vs impurity concentration
in at. % for the Ir-Fe, Ir-Co, and Ir-Ni alloy systems.
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FIG. 2. Transition temperature T, plotted on a
logarithmic scale vs iron impurity concentration in
at. % for Ir-Fe alloys. The points would fall on the
dashed curve if T, decreased linearly with concentration.

curve according to the theory of Abrikosov and
Gor’kov.* Such was not expected to be the case,
since low-temperature susceptibility measure-
ments show that the iron impurities in I»-Fe al-
loys with 1% or less irondo not possess a moment, 3
Nor is it likely that this is a Kondo system, since
no resistivity minimum is observed.

IV. DISCUSSION

McMillan has derived the following equation for
the transition temperature 7, in terms of the
Debye temperature 6,, the electron-phonon cou-
pling constant ),,, and the Coulomb pseudopoten-
tial p*7:

~1.04(1+A,) _]. @

_6p
Te=1.45 exp[x,,, ~u*(1+0.621,,)

u* is given in terms of the Coulomb repulsion pn
by

*_ u

F o1+ nn(EL/R05)]° @
where E is the Fermi energy. One would not ex-
pect the screened Coulomb interaction to be re-
sponsible for the destruction of superconductivity
in these alloy systems. Physically, it is easy

for the electrons of a superconducting pair to
correlate their motion so as to be instantaneously
far enough apart to avoid the nearly instantaneous
short-range Coulomb repulsion while still taking
advantage of the strongly retarded phonon attrac-
tion. Mathematically, the Coulomb interaction
must be cut off at energies of the order Ej > k6,
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resulting in p being replaced by the reduced value
u* of Eq. (2) when considering the effect of this
interaction on superconductivity.

However, as the energy difference AE between
a nonmagnetic and magnetic local-moment impurity
state becomes smaller, local spin fluctuations can
exist for longer and longer times 7, where 7 is
determined by the energy uncertainty relation
AET ~h. Spin fluctuations will give rise to an
additional contribution to the Coulomb interac-
tion.®® This additional term should be cut off at
energies of the order of hvgy,,, where vy,,=1/T.
If hvgy,<Ep, and, in particular, if hvg, ,~kOp,
then this term can have the major effect on sup-
pressing superconductivity.

The additional electron-electron interaction term
can be pictured to arise from the emission by one
electron of a virtual paramagnon which a second
electron then absorbs. Let A, be the coupling
constant for the spacially averaged electron-
paramagnon interaction. This interaction will
enhance the specific-heat coefficient y just as the
electron-phonon interaction does. The equation
for v in terms of X, and 2,,,, becomes

Y= % Wzng(O)(l +)ph+ >‘smn)
=901+ A+ Agpin)s (3)

where N(0) is the band-structure density of states.
Provided that typical paramagnon or spin-fluctua-
tion frequencies are of the same size as typical
phonon frequencies, then one would expect to be
able to replace Eq. (1) by

) =1.04(1+Xn+Agp40) ]
T°'1.4se"p[x,h-xmn-u*(1+o.ezx,h) r @

when considering the effect of spin fluctuations on
superconductivity. There is a +,,;, in the numer-
ator of the exponential because of the density-of-
states renormalization effect represented by

Eq. (3). There is a - ),,,, in the denominator
because of the repulsive character of the inter-
action. As a result of the very rapid decrease of
T, with impurity concentration for the Ir-Fe sys-
tem in particular, it is reasonable to assume that
Xpns 4*, and N(0) are changing slowly relative to
Xepine If Ay, 1, and N(0) can be taken to be con-
stant, Eqs. (3) and (4) provide two equations in
one unknown ., and a quantitative comparison
between theory and experiment is possible.

There is experimental evidence that hvg,,~ 26,
for the Ir-Fe system. Rivier and Zuckermann
have argued that for temperatures greater than a
spin-fluctuation temperature Ty, = hv,,,,/ky ther-
mal fluctuations will become faster than spin
fluctuations, so that the properties of the system,
including, in particular, the temperature depen-
dence of the magnetic susceptibility, will begin

to behave as if a local moment were present. '°
The temperature dependence of the susceptibility
of Ir-Fe alloys suggests that T, is of the order
of 100 °K, which is less than the Debye tempera-
ture of 425 °K.°

In the dilute limit, A,;;, will increase linearly
with impurity concentration n;, so that a =dx,y,/dn;
will be a constant. It follows from Eq. (4) that

Tc(n,)]_( 1.457.00)] .| an
1“[Tc(o) '1“‘[ o) ]“Iprh-u*u:o.sm,,,)

2,2
ang
“Don- p*1+0.62x,,)F } ®)

Equation (5) explains the linear decrease of InT,
vs n; at low concentrations. Maple, Huber, Coles,
and Lawson have recently investigated the super-
conductivity, electrical resistivity, thermoelec-
tric power, and magnetic susceptibility of Th-U
alloys and have found this system to be a spin-
fluctuation system with 7T';;,=100 °K.'* For
thorium, ©, is equal to 170 °K. Because their
measurements of T, extend over the large tem-
perature range 1. 37 — 0. 050 °K, their data allow
one to observe clearly deviations from the simple
linear decrease of InT, vs concentration which
arise from higher-order terms of Eq. (5). In
fact, the concentration dependence of T, is given
remarkably well by Eq. (4) using only the as-
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FIG. 3. T, for Th-U alloys plotted on a logarithmic
scale vs uranium impurity concentration from the data
of Maple, Huber, Coles, and Lawson., The dotted curve
follows from Eq. (4) and the assumption that Ag,, in-
creases linearly with impurity concentration. The solid
curve would be coincident with the dashed curve if T,
decreased such that dInT,/dn;=const. The curve labeled
A-Gwould apply if uranium possessed a magnetic moment
in thorium according to the theory of Abrikosov and
Gor “kov (Ref. 4).
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TABLE II. Values of d\gy/dn; and (1/vg) dy/dny de-
rived from transition-temperature and specific-heat data,
respectively, as well as the percentages of the latter
which can be attributed to the spin-fluctuation enhance-
ment effect. Also given are values of —dlogT,/dn; and
dx/dny for these alloy systems.

Alloy _dlogT, dx A1 1ady % spin
system dng dngy dn; Yodny

(10°¢ emu/%)
Ir-Fe 1000 1202 45 66° 70
Ir-Co 100 12¢ 4,5 ? ?
Ir-Ni 20 3¢ 0.85 1.6% 50

2Reference 5.
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A. S. Cooper, Phys. Rev. B 1, 274 (1970).
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sumption that »n; increases linearly with concen-
tration (see Fig. 3).

The experimental values of a=d\,,,/dn; deter-
mined from our data using Eq. (5) and McMillan’s
values of §1*=0.13 and A,,=0. 34 for iridium’ are
given in Table II. Assuming N(0) and X, to be
essentially independent of #;, one has from (3)
that

1 ay _drg,
vo dn;  dn;

as well. The values of d\,,,,/dn; based on specific-
heat data are given in Table II for the I»-Fe and
Ir-Ni systems for which such data are available.
The values of dAy,,,/dn; derived from data on
superconductivity are 70 and 50%, respectively,

of those values derived from specific-heat data
(entry labeled % spin). The discrepancies might
be attributed to an increase in the density of states
N(0) with concentration, which has been assumed
to be zero. The formation of resonant states on
the Fe impurity sites would give a contribution to
N(0) linear in concentration for low concentra-
tions. ! In the case of the [»-Ni system, it might
be attributed to a high cutoff energy hvg,,, which
could mean that the quantity called Ay, in Eq. (4)
underestimates the actual A, just as u* is small-
er than u.

Also tabulated in Table II are —dlog7,/dn; and
dx/dn;, where x is the room-temperature suscep-
tibility. The values of dx/dn, for the Ir-Co and
Ir-Ni systems are based on measurements of x
for Ir (3.9% Co) and Ir (2.9% Ni) samples by
Chaikin, It is evident that the ratio of these two
quantities is nearly the same for all three alloy
systems, although the individual values vary by
a factor of 50. This fact can be understood in
terms of the detailed model of local spin fluctua-
tions that has been proposed by Lederer and co-
workers.!® According to this model dy/dn; and
the spin-fluctuation contribution to dy /dn,

(= Yo\ gp10/dn;) are proportional to the inverse of
the spin-fluctuation temperature T, where the
constants of proportionality should not depend on
whether the impurity is Fe, Co, or Ni.

V. CONCLUSIONS

A very rapid suppression of the superconductiv-
ity of iridium by nickel, cobalt, and particularly
iron impurities has been observed. The linear
decrease of InT, with impurity concentration is
consistent with spin fluctuations being the expla-
nation. For Ir-Fe alloys in particular, the rapid
decrease of T, with impurity concentration and
the low frequencies, of the order of the Debye
frequency, of the local spin-fluctuation modes
allows one to write an equation for In(7,) in terms
of the impurity concentration, known constants,
and dy,,,/dn;. The values of drg,,,/dn; derived
from transition-temperature data using this equa-
tion suggest that 70% of the increase in ¥ with con-
centration is due to the spin-fluctuation enhance-
ment effect. This is the first quantitative evidence
that spin fluctuations are responsible for the dis-
appearance of superconductivity in this region of
the Periodic Table.
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Superconducting Phase Transition
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The sound velocities (elastic moduli) of V3;Ge and V;Si are found to have very large discon-
tinuities in their temperature derivatives at the superconducting transition. A thermodynamic
treatment of these data (with the specific-heat behavior) for a second-order phase transition is
shown to yield a general dependence of T, on strain, It is found that all strains greater than
roughly 1073 will lower T, for cubic V;Si and raise T, for V;Ge. The results show that these
strain dependences are very large, mainly quadratic, and directly responsible for some of the
anomalous behavior of the superconductors. They predict, quantitatively for V;Si: (a) the re-
duction in T, which results from the structural transformation, (b) the arrest of the structural
phase transformation at T,, (c) the strain dependence of the specific-heat discontinuity at T',,
(d) the strain dependence of the structural-transformation temperature, and (e) the anisotropic
stress dependence of T,. The predicted dependence of T, upon the lattice parameter is a major
factor in accounting for the different T,’s among the A-15-structure compounds. The micro-
scopic source of this large strain dependence is discussed in terms of the Labbe-Friedel (den-
sity-of-states peak) model. It is a surprising result that this model does not predict the large
strain dependence of T, for V;Si.. Finally, the “approximate” nature of the sound velocity data
at a phase transition is discussed and the general thermodynamic form for the corrections to

the nonideal case is given.

I. INTRODUCTION

The A-15- (B-tungsten)-structure superconductors
have yielded a plethora of “anomalies”, ! singu-
larly outstanding in magnitudes and perplexing in
their physical origins because they occur in those
materials which, today, have the highest known
temperatures for superconductivity. It is known,
for example, that the high-T, superconductors ex-
hibit elastic softening, while those with low T, do
not.'* Some samples of V,Si and NbySn undergo a
cubic-to-tetragonal transformation at temperatures
T, somewhat above (but never below) T,. For
V3Si, where extensive studies have been made, it
was found that for nontransforming crystals, the
very large elastic softening on cooling is arrested
with the onset of supercondivity.!* In transforming
crystals, which exhibit of continuous increase in
the degree of tetragonality when cooled below T,
the transformation itself is arrested at T,. %

In this paper we attempt to reduce the number of
seemingly independent anomalies. This we do by
analyzing the behavior of the sound velocity near

the superconducting transition, and, by thermo-
dynamic arguments, extending these results to
“predictions” of some “anomalies” outstanding.
Some new and unexpected correlations also occur,
and these are presented here and in the following
paper (which also lists much of the data relevant to
our findings).

It is known that for a second-order phase tran-
sition (superconductivity) one may expect some dis-
continuities in the behavior of the sound velocities
(elastic moduli). These discontinuities are analyt-
ically related to the strain dependence of the
thermodynamic critical field.'® In Sec. II we show
a simple extension of this usual result to yield the
general strain dependence of the transition tem-
perature if the specific heat is known. For longi-
tudinal strains the linear and quadratic strain de-
pendences of T, are related to the discontinuities
in magnitudes and temperature derivatives, re-
spectively, of the elastic moduli. For shear
strains, only the quadratic dependence of T, is al-
lowed and only the “slope” discontinuities may
occur.



