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Superconducting transition temperatures T, and their pressure derivatives d T, /dp have been determined for
V36a based ternary compounds containing 3d-element substitutions for V. The superconducting transition

temperatures decrease while the normalized pressure derivatives, (1/T, )(dT, /dp) increase systematically for
all 3rd element additions. These results suggest that the form of the T, equation is not affected by rapid
variations in the electronic density of states X(E), as suggested by some models for superconductors of the
A-15-structure type. Analysis of the data in terms of the McMillan T, equation and the more recent T,
equation of Birnboim show that the electron-phonon coupling parameter X scales uniquely with the electron-

per-atom ratio 5 and is approximately proportional to the electronic density of states at the Fermi level,

X(EF). The volume derivative of X, as determined from dT, /dp data, remains approximately constant as
the electron-per-atom ratio varies near that of V,Ga ()= 4.5). The only significant difference in the two
model T, equations, i.e., McMillan or Birnboim, is in the absolute values of the parameters X and

d ink/d ln V, not in systematic variations.

I. INTRODUCTION

The highest reported superconducting transition
temperatures are found among stoichiometric
A3B compounds pos ses s ing the A -15 cry sta l struc
ture, where A is a transition-metal atom and 8
is a non-transition-metal atom. High transition
temperatures in these compounds are generally
ascribed either to large electronic density of
states at the Fermi level, N(E~), or to anomalies
in the phonon spectrum. ' ' Density-of-states
models for describing superconductivity in A-15
compounds apply particularly well. to V-based
compounds where the largest N(E~) values are
found. ~

The functional form of T, on N(E~) is not, how-
ever, well established in high-T„A-15 compounds
since N(E) varies rapidly over typical phonon en-
ergies in the region near E~. -These rapid varia-
tions influence normal-state properties, such as
Knight shifts, ' ' but their importance in determin-
ing the form of the T, equation has not been demon-
strated.

V,Ga has the highest known N(E~) value of any
A-15 compound and its measured Knight shift
indicates considerable. variation in N(E) near EJ,
Furthermore, studies of the V»Ga» Pn„and
V»Ga» Si„systems"' have previously shown that
T, correlates well with N(E~). Thus, V,Ga-based
ternary systems are ideal for experimentally test-
ing the influence of rapid N(E) variations on the
functional form of the T, equation.

In the work reported here, V atoms in V,Ga have

been systematically replaced with other 3d-transi-
tion-metal atoms denoted by M, where M= Ti, Cr,
Mn, Fe, Co, and Ni to form V»~„Ga» com-
pounds, where ~ is the atomic concentration of M
atoms. Superconducting transition temperatures
in V„„M„Ga» compounds were first reported by
Savitskii et al. ', however, only a relatively few
compounds were measured, which vitiated an ac-
curate determination of T, as a function of M con-
centration. Subsequently, Girgis, Odoni, and Ott'
reported a more complete study of the Cr, Mn,
and Fe ternary systems which clearly showed sys-
tematic behavior in the T, data. This article ex-
tends investigations of the T, dependence in

V„M„Ga» compounds to the Ti, Co, and Ni sys-
tems and also reports on the effects of hydrostatic
pressure on T,. Systematic variations of T, and

dT, ldp are observed for ail the M alloy series.
The results are analyzed and compared with sev-
eral theoretical forms of the T, equation.

SAMPLE PREPARATION

Samples were prepared by melting the constitu-
ent elements in an atmosphere of high-purity ar-
gon. They were homogenized, subsequently
wrapped in tantalum foil, and annealed under va-
cuum at 800'C for approximately four weeks.
Solubility limits of the M atoms in A-15 V,Ga
varied from complete solubility for Cr to only a
very few atomic percent for Ni. Final composi-
tions were determined from a microprobe analysis
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(+0.5%) and lattice parameters a, were measured
by x-ray methods. Lattice parameters decreased
linearly with Cr, Mn, Fe, Co, and Ni content and
increased with Ti content. The magnitude of
change in lattice parameters varied with M type
in proportion to Pauling s atomic radii, except
for Ni. Neutron diffraction studies were made to
determine the distribution of M atoms and the de-
gree of crystallographic long-range order. ' It
was observed that the M additions replaced mainly
the V atoms, i.e. , they occupied' the 6c lattice
sites. Complete details of the sample preparation
and crystallographic and metallographic studies
are reported elsewhere. '
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FIG. 1. T vs concentration for V» jM„Ga» com-
pounds. (Dashed lines are merely to guide the eye).
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TRANSITION TEMPERATURES Tc

Superconducting transition temperatures were
measured inductively with a standard ac mutual-
inductance bridge. The transition widths were
typically 0.5 K wide. T, was always defined as
the midpoint of the transition.

All samples reported here had a final 800-'C
thermal order ing anneal; however, the eff ects
of a lower-tamperature ordering anneal. were ex-
amined in some of the samples. The largest ef-
fect was noted in binary V,Ga where the 800-'C
annealed sample had a T, of 14.1 K while the 600-
'C sample had a T, of 14.7 K. Such ordering ef-
fects are well documented in the literature' and
are due to an increase in the degree of crystallo-
graphic long-range order, i.e. V atoms on the 6c
lattice sites and Ga atoms on the 2g sites. As M
atoms are added, systematic differences in T, be-
tween the two anneals rapidly disappear and were
unobservable at concentrations of 5% or greater.
This result is consistent with the fact that at high-
er M concentrations, a small percentage of the M
atoms occupy the Ga 2p lattice sites. For in-
stance, in V,»Fe, ,Ga», approximately 95% of
the Fe atoms were on the 6c sites while the re-
maining 5/p were on the 2a sites. This M disorder
dominates over thermal disorder at large M con-
centrations; thus, longer-time lower-temperature
thermal anneals have little systematic effect on
T, in the higher-concentration compounds.

The results of these investigations are shown in
Fig. 1 where T, is plotted against M concentration
x. Definite families of curves, parametrized by
the M type, appear when the data are plotted in
this manner (similarly, plots of T, versus the lat-
tice parameter g0 gave families of curves depend-
ing on M type). The initial change of T, with M
concentration is shown in Table I. Since these
numbers refer to initial slopes of T, with respect
to concentration, values will depend slightly on the
ordering anneal; however, in the Co system,

PRESSURE EFFECTS (1~Tc) (dTc/dp

The apparatus for measuring the effects of pres-
sure on T„shown schematically in Fig. 3, was
a standard piston-cylinder clamp apparatus where-

TABLE I. Initial changes of T, with M additions.

dT /dx (K/at. 1o) dr, /ds (&/s)

Tl
Cr
Mn

Fe
Co
Ni

-0.40 + 0.05
-0.40 +0.03
—0.85 + 0.04
-1.05+ 0.1
—1.6 ~0.1
—1.7 +0.2

40~5
—40+3
-42 +2
—35+4

40 y4
-34+ 5

where such effects were most extensively studied,
the difference in initial slope determinations for
sampl. es with an 800-'C versus a 600 'C anneal
was small —approximately equal to the uncertainty
in the quoted value itself.

If one converts these dT, /dx values into dT, /dg
values, where p is the valence-electron-per-atom
ratio, then, to w ithin exper imental error,

'dT-=40 K/tt,
db

a constant for all systems. 'thus universal p de-
pendence persists, in fact, over most of the alloy
concentration ranges as shown in Fig. 2. Only the
high-concentration Cr data deviate slightly from
the universal behavior. (This effect in Cr, as
will be discussed later, is most likely due to a
concentration-induced change in the phonon fre-
quencies. ) It thus appears that the superconduct-
ing transition temperatures for these ternary 4-15
systems are controlled predominantly by the num-
ber of valence electrons per atom. This result is
consistent with expectations of density-of-states
models describing superconductivity in A-15-
structure-type compounds.
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by hydrostatic pressures to approximately 20
kbar could be applied to the sample. The pres-
sure cylinder mas hardened BeCu having a 5-mm
bore mhile the piston material was tungsten car-
bide. The sample, along with a pressure cal.i-
brant and the pressure transmitting fluid (glycer-
ine), were all contained inside a nylon cell. Pres-
sure was applied at room temperature in order to
ensure a hydrostatic evnironment, whose impor-
tance in pressure studies of A-15 compounds has
been emphasized by Smith, "and retained by a
lock-nut mechanism. Pressures mere deter-
mined at low temperatures by simultaneously
measuring T, of the In calibrant whose T,(p) curve
is mell documented. " T, was measured inductively
while slowly sweeping the temperature which mas
determined with a germanium resistance ther-
mometer.

The effect of pressure on A-15 compounds is not
large, in fact, the total shift for the compounds
reported here is less than the width of the transi-
tion temperature itself. Nevertheless, the shapes
of the transitions proved invariant under pressure,
indicative of a hydrostatic environment, and the

FIG. 4. Magnetic susceptibility vs temperature show-
ing the superconducting- to normal-state transition as a
function of pressure.

TABLE II. Values of T„dT,/dp, (1/T, )(dT,/dp), and
$ for p&& jM„Qa&5 compounds.

Sample
dr.
dp

midpoint was reproducibly defined to about 20 to
30 mK. Since the total shifts were from 0.05 K to
approximately 0.25 K at 20 kbar, such an accuracy
is necessary to obtain reliable dT, /dp values. Fig.
4 shows actual data for the V~Mn„oa» sample as
a function of pressure. From data such as these,
values for T, and dT, /dp were obtained.

Table II lists the results of pressure measure
ments where T„ the pressure derivative dT, /dp,
and the relative pressure derivative (1/T, )(dT, /dp)
are shown as functions of the parameters g and 3, .
The relative pressure derivatives are related to
volume derivatives of T, through the relation

d lnT, 1 T,
dlnV zT, dp'

where I(.' is the isothermal compressibility of the
sample. For purposes of comparing data from a
variety of samples, this volume derivative is more
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(V,oa)
Fe2
Co2
T12
Fes
Mn)
Crg
Con,

Tiv
Mngo

Mn(~

Cr„
«~. s

Cr30

14.1
11.8
11.4
12.4
8.5

10.1
12.1
7.2

11.3
7.0
4.2
9.9
4.2
6.4

1.2
1.0
0,9
1.2
1.0
1.2
1.3
0.8
1.2
1.0
0.6
1.4
0.5
0.65

0.80
0.85
0.80
0.95
1.2
1.2
1.1
1.1
1.1
1.4
1.4
].4
1.2
1.0

4.50
4.56
4.58
4.47
4.65
4.60
4.55
4.70
4.42
4.70
4.80
4.65
4.80
4.80
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FIG. 5. Relative pressure derivations of V75 M Ga)5
compounds vs M concentration, x.

meaningful than the pressure derivative alone.
The value of (1/T, )(dT,/dp) for binary V,Ga, de-
termined in this study [(0.8 a 0.1) x 10 ' bar ']
agrees quite well with the value determined pre-
viously by Smith" [(0.75+0.03) x 10 ' bar '].

Figure 5 shows the relative derivatives plotted
against x. In spite of the experimental scatter,
it is immediately apparent that the relative pres-
sure derivatives increase as one adds M atoms,
rising to a value that is almost double that of bi-
nary V,Ga.

DISCUSSION AND ANALYSIS

Since T, correlates best with the ~ ratio, rather
than M type or concentration z, it suggests that

T, is dominated by electronic properties such as
the electronic density of states N(E). The elec-
tronic density of states affects T, through the
electron-phonon coupl. ing parameter X according
to the formula"

X = N(Er)(I )/M((g)'), (2)

where N(E~) is the electronic density of states at
the Fermi level, (I') is an electron-phonon ma-
trix element, M is the a,tomic mass, and (e') is
an average phonon frequency. E~ itself is a func-
tion of the p ratio.

To obtain X from T, data, one must have an
equation relating X to T,. Standard forms of the
T, equation assume a phonon-limited range for
the attractive electron-electron interaction; how-
ever, for material. s possessing the A-15 crystal
structure, many alternative equations have been
proposed" "based on an electronically limited
interaction. These equations assume (j) that
N(Ez) is large and sharply peaked near E~ falling
essentially to zero within an energy range of less
than 1 mRy (&150 K), and (ii) that such a functional

6 = 68/1. 45,

g ' = 1.04(1+ X)/[X —p, *(1+0.62X)],
(4)

where GD is the Debye temperature. Further
computer modeling by Allen and Dynes" based on
the same approach as used by McMillan, but gen-
eralizing to different phonon spectra and to larger
X, has led to a different 6 in Eg. (4), but for X & 1.5
the difference is only in the type of phonon-average
used to obtain 0. More recently, Birnboim and
Gutfreund" "formulated another T, equation based
on the ideas of Appel and Kohn" who suggested that
the natural way to describe the electron-phonon
interaction in materials with transition metals is
by employing the%annier or atomic-site repre-
sentation rather than the Bloch representation.

dependence of N(E) will alter the basic form of the
interaction.

The effects of hydrostatic pressure can be used
to test the validity of these electronically limited
T, equations. Such models predict positive pres-
sure derivatives of T,." V-based A-15 compounds
(but not Nb-based compounds) have positive pres-
sure derivatives" and are thus in qualitative
agreement with these models assuming large and
sharply peaked N(E) at Ez. As one adds extra
electrons to the d band, in V„PI„Ga„compounds,
the Fermi energy moves away from the region
of sharply varying N(E) and the relative pressure
derivative (1/T, )(dT,/dp) should decrease. The
increase in (1/T, )(dT, /dp), with a ratio as shown
in Fig. 5 clearly violates the predictions of these
models. Thus, even though positive pressure
shifts in V,Ga compounds are in accord with those
models requiring sharp structure in N(E), sys-
tematics of the pressure derivatives are not com-
patible with them. Hence, sharp structure in N(E)
near E~ does not appear to alter the basic form
of the phonon-limited T, equation.

The equation for T, assuming a phonon-limited
energy range for the attractive electron-phonon
interaction, has the general form

T, -0 exp —1/g(Xp*),

where Q is an average phonon frequency and g is
the net electron-electron interaction which depends
on the repulsive Coulomb parameter p, * and the
attractive electron-phonon parameter X, Nettle"
has suggested that A, is not strongly effected by
sharp electronic structure since it involves an av-
erage over the phonon energy range, i.e. , X-X,
where X is given by Eq. 8 in Ref. 20.

The most common specific form for 8 and g
was given by McMillan" in 1967 based upon a solu-
tion of the Eliasberg equations for the Nb phonon
spect. rum:
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Using this localized description of electronic
states in narrow-d-band compounds, Birnboim
and Gutfreund again solved the Eliasberg equa-
tions under the same assumptions as used by
McMillan to obtain

e=1 83O

and

g ' = 1.13(1+2. 25K)/(X —1.3 p, *) . (5)

0.9

0.8

0.7

0.6

This relation should be valid over the same A.

range as is McMillan s since similar assumptions
about the phonon spectrum were made.

Debye temperatures for V,Ga and Cr,Ga have
been reported' as 310 K and 584 K respectively;
hence, a change in e~ is expected in ternary com-
pounds. Debye temperatures for the ternary sys-
tems reported here, however, were not experi-
mentally measured. It was therefore necessary
to estimate their values from results of previous
measur ements on an analogous A, -15 system. For
the V„„Cr,Si» alloy system, T, and O~ have been
determined as a function of x." The data show
that e~ increases approximately linearly with x
for x&30 and then remains constant at the value
of 6D(Cr, SO over the remainder of the composition
range. For the V» PS„Ga» alloy systems it was
assumed that e~ varied in a similar manner be-
tween the end points of 310 and 584 K, i.e. ,

e~= 310+ 9x, x & 30

OD= 584, x& 30.

The electron-phonon parameter X(II) was deter-
mined for the alloys reported here by inverting the
T, equations of McMillan and of Birnboim. In or-
der to reduce the effects of uncertainties in the
absolute values of 6D and/or p, *, systematic vari-

ations in A. were obtained by normalizing to the
value of binary V,Ga, , i.e. X(4.5) [T,(4.5) = 14.1 K].
Figure 6 shows the 3 systematics of X(~) as ana-
lyzed by both the McMillan and the Birnboim for-
mulations. All data fall on a universal p curve.
The Cr'da, ta points which did not follow the same
T,(p, ) curve as that of the other M alloys are no
longer distinguishable when X(3} are compared.
This result is due to the fact that e~ is a function
of ~. Although T, depends slightly on x (from 6~),
X appears uniquely determined by the p value. Dif-
ferences in X(3)/X(4. 5) for the two models are
small and can be reduced by slight changes in the
prefactors of the T, equation; hence, one cannot
differentiate between the models on the basis of
these p systematics.

Also shown in Fig. 6 is the ratio N(II}/N(4. 5) as
determined from recent band-structure calcula-
tions of Klein et al. The curve represents a
hand-drawn smoothed curve approximating the
calculated density of states. According to Eq. (2),
N(y}/N(4. 5) should be directly comparable to X(f, )/
X(4.5) provided that the rigid-band-model approxi-
mation is valid and that the quantity (I')/M(z') is
constant. For V-based compounds where other
3d-transition-metal atoms. are substituted for V,
the product (I')/M(&o') may be expected to remain
approximately constant due to the similarity in
the 3d-electron-shell configuration. ' The data
analyzed by either method do indeed fol.low the
general trends of the theoretical N(E) calculation
although numerical agreement is not exact. Agree-
ment could perhaps be improved by plotting the
ratios of N(3} as suggested by Nettles, 'o where
N(3) is the density of states averaged over the
phonon spectrum. These data, however, are not
available. The qualitative agreement of Fig. 6
suggests that to a first approximation, the rigid-
band assumptions and the assumed constancy of
(I )/M(co') are valid in these V-based ternary sys-
tems.

Pressure derivative measurements give informa-
tion about the volume dependence of X. Differen-
tiating Eq. (2), one obtains

0.5
d ink d inN(E~) d ln(I')
d lnV d lnV d lnV (6)

I

4.5
I I I I I I

4.6
I I I I I I I I I I I I I I

4.7 4.8 4.9
E LECT RON/ATOM,

I I

5.0

where y = —d ln6/d lnV. Differentiating Eq. (3)
(assuming dp, */dV= 0), one obtains d ink/d lnV in
terms of experimentally measured parameters:

d ink
d lnV

FIG. 6, Ratios of X($)/X(4, 5) as determinedbyboth the
McMillan and Birnboin models (data plus dashed lines)
and &($)/&(4.5) from calculations of Klein et ak. {solid
line) vs $ value.

where f(Xp, *)= (1/g)(dg/dX) .
The volume dependence of the appropriate av-
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d in(I') d In(1/(+'))
d lnV d lnV

(8)

erage phonon frequency y is an additional unknown
parameter which complicates interpretation of
pressure data. In the alloy systems studied here,
the quantity (f')/M(+') appears to be approximately
constant, independent of p, ~, and a,; hence, the
volume change of (I')/M(&u') is expected to be
small, i.e. ,

,", (9D~O
07 Co

0.6—
0.5—
0.4—

V5Go

0.8—
C o

OMII

0

8
Q

dink( P )/dlnV

din X(4P}/dlnV

BIRN BOIM

I I I I
]

I & & I
j

I & I &

[
I & & I

I
& I I I

For A-15 materials,

d 1n(l') 2

dl V 3 09 2

0.7—
0.6—
05—
0.4—

I I i I

4 5 4.6
I

4.7 4.8
ELECTRON/ATOM,

MCM!LLAN

I t I . I & i I

49 5.0

ln — A, p,

(9)

Smith" has recently shown that no correlation ex-
ists between. Gruneisen parameters y~ and the
pressure derivatives of T, in various samples of
V,Si. This lack of correlation gives additional
support to the approximation of neglecting y in Eq.
(7)

As with extracting A, from T, data, it is impera-
tive to have specific forms for 8 and g before
dink/d lnV can be obtained from the data using
Eq. (9). With the McMillan formula, one has

6= 6~/1. 45

and

(1+0.38',*)
1 ~)(l —~*- 0

while with the Birnboim formula

(10)

0= 1 830

and

1+ 2.93p. ~

(X —1.3p*)(l+ 2.251)
'

Figure 7 shows the experimentally determined
values of d lr&/d lnV normalized to the value for

(Refs. 10 and 19; q is a constant describing the ex-
ponential decay of the localized d wave function).
Hence, the value of y is expected to be less than 1,
which is approximately one order of magnitude
smaller than the term (1/zT, )(dT,/dp) in Eq. (7)
[x=0.14 x10 ' bar ' (Ref. 28)]. Using Eq. (8) and
the fact that y is small compared with (1/vT, )(dT,/
dp), Egs. (6) and (7) reduce to

dink d lnN(Ez)
dlnV d lnV

FIG. 7. Rati«f (dink/d lnV)/[dink. (4.5)/d 1nV]

as determined by both the McMillan and Birnboim
models.

V3Ga, p = 4 .5 . Whereas the re lative pre ssure de
rivatives increase with M additions, the strong p

dependence of the normalizing function
[I n(6/T)]f(Xp, *) causes the normalized relative
derivatives, i.e., d ink/d lnV, to remain approxi-
mately constant. The upper scale refers to the
Birnboim analysis while the lower curve refers
to the McMillan analysis. To within the scatter
in the data there is no difference in the systematic
variations of dink/d lnU between the two ap-
proaches. The data show that dink/d lnV is ap-
proximately constant until the y value becomes
greater than 4.65 and then it begins to fall. As
with T„y appears the most appropriate param-
eter for describing the data since plots of dink/
dlnV against either ~ or a, leads to families of
curves whereas the y dependence is more univer-
sal to all M systems.

CONCLUSIONS

The data on T, and dT, /dp presented here on the
V75 M Gag5 a 1loy sy stems support the cone ept that
the superconducting transition temperature is de-
termined by a phonon-limited energy range for
the attractive electron-phonon interaction elec-
tron-phonon interaction and that sharp structure
in the density-of-states curve has little effect on
the functional form of the T, equation. Our re-
sults show that, at least for the V,Ga-based sys-
tems studied here, X is directly related to N(E~),
or perhaps more specifically for materials where
N(E) varies rapidly with energy near E~, to a
density of states averaged over a typical phonon
energy range in a manner as suggested by
Nettle. " Likewise, it is suggested that for such
a system, the volume derivative of X should be
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TABLE III. Values of A. and d lrA /d ln V for various
OD and p * according to the McMillan (M) and Birnboim
(8) models. T,(V3Ga) =14.1 K.

SD= 310 K
-d bQ, /d ln V

M g

OD = 350K
-d ln A, /d ln V

8 I 8

0.05 0.74 1.19 3.2 4.7 0.69
0.10 0.87 1.40 3 ~ 1 4 ~ 5 0.82
0.15 1.01 1.61 3.0 4.3 0.95

1.08 3.0 4.2
1.28 2.9 4.0
1.47 2.8 3.9

dominated by the volume derivative of N(Ez).
Determinations of X from T, as well. as the de-

termination of dink/dlnV depend on the particular
T, equation employed. A comparison of McMillan's
equation to that suggested recently by Birnboim
show that the two equations behave in a similar
systematic manner. Absolute values for X and
dink/dlnV are, however, quite different for the
two models. Table III lists values of X and dink/
d lnV for V,oa determined by the two equations
for several values of O~ and p, *. Theroetical cal-

culations of ~ and ding/d In V should be able to dis-
tinguish between the two models since the values
diff er s ignif icantly.
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