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All-atom—all-electron self-consistent semirelativistic linear muffin-tin orbital energy-band
studies are reported for TiBe,, ZrZn, (at ambient and high pressures), the high-T7, superconduc-

tor ZrV,, and the ultralow-7, superconductor YAl,. Total and partial (by atom type and /

values) density of states, Stoner-like parameters, electron-phonon coupling parameter A and su-
perconducting transition temperatures 7, (determined within the rigid muffin-tin approximation
and McMillan’s strong coupling theory with and without paramagnon contributions), and their
behavior under applied pressure are used to discuss the origin of their observed magnetism
and/or superconductivity. From an analysis of the results, we suggest possible high-7, super-

conductivity at high pressure for ZrZn,, and its unlikely occurrence for TiBe, unless dominant

soft phonon modes exist.

I. INTRODUCTION

The cubic Laves or C15 compounds of type MgCu,
exhibit a number of interesting phenomena including
(i) the much studied weak ferromagnetism'~? in
ZrZn, and (ii) correlations between high supercon-
ducting transition temperatures 7, and lattice instabil-
ities'®"!'7 ZrV, and HfV,, which are well known in the
more familiar 415 and rocksalt transition-metal com-
pounds. Interest in superconductivity and itinerant

magnetism in the C15’s has recently been revitalized -

following the report of itinerant antiferromagnetism
in TiBe, by Matthias et al.'® This discovery followed
the expectation raised by the theoretical proposal of
Enz and Matthias'® that the itinerant ferromagnetism
of ZrZn, arises from inhibited ‘‘p-state’ pairing. In
this view, the Cooper pair interaction is thought to be
repulsive at short distances (s state) due to a dom-
inant soft phonon, leaving only p and high pair states
to be attractive. Thus, the s-state repulsion would
contribute to the Stoner factor sufficiently to tip the
balance toward magnetism and to prevent the oc-
currence of p-state superconductivity. They further
predict that above a critical pressure at which the
magnetism is destroyed in ZrZn,, p-state pairing su-
perconductivity would appear and in TiBe, would
coexist with any antiferromagnetic ordering.
Although extensively studied experimentally, only
approximate model calculations®® have been per-
formed for the electronic band structure of ZrZn,
treated as a diamond lattice of zirconium atoms with
the zinc atoms entirely neglected. No energy-band

studies have been made of TiBe, (or the high-T7, su-
perconductors). Thus, it has not been possible to as-
sess the possible electronic contributions to either a
more conventional approach to superconductivity
and/or magnetism or to the inhibited p-state pairing
idea. This paper reports the first all-atom—all-
electron, self-consistent semirelativistic energy-band
calculations for TiBe,, ZrZn, (at ambient and high
pressures), the high-7, superconductor ZrV,, and the
ultralow- 7, superconductor YAl,. Total and partial
(by atom type and / values) density of states (DOS),
calculated Stoner-like parameters to study the condi-
tions for magnetism, electron-phonon coupling
parameters A, and 7, values and their behavior under
pressure are presented and used to provide a qualita-
tive understanding of these phenomena including the
possibility of superconductivity in ZrZn, and TiBe,
with the application of pressure without invokipg p-
state pairing.

II. METHOD

The energy-band structures were determined self-
consistently using the linear muffin-tin-orbital
(LMTO) method.” The C15 (4B,) structure is a
very closely packed structure with 71% of the volume
filled by touching spheres and the site symmetry is
high for the two constituents. This makes the C15
structure especially suitable to study with the LMTO
band method using spherically symmetric potentials.
The basis set included s, p, and d orbitals (/,,, =2)
for each site, while the three-center terms included f

2332 ©1980 The American Physical Society



MAGNETISM AND SUPERCONDUCTIVITY IN C15 COMPOUNDS . ..

2333

TABLE I. Calculated total and partial (by atom type and / value) density of states at £y (per Ry
cell) with a 3-mRy G broadening compared with the total DOS N (y) extracted from specific-heat

data.

AB, As Ap Ad Bs Bp Bd Total N(y)
TiBe, 0.2 20 91 1.5 23 4 140 480
ZrZn, 0.2 23 79 1.2 20 3 126 440
Zrv, 0.9 28 30 3.0 29 122 218 570
YAl 1.6 5 24 0.6 11 5 48 62

orbitals (/. =3) in the basis, in order to improve
the basis-set convergence without increasing the di-
mension of the eigenvalue matrices.?! The final
self-consistent band calculations used an extended
basis set with /. =3, Imax =4, in order to give reli-
able partial f~-DOS functions. The self-consistent
iterations used 16 k points in the irreducible Brillouin
zone (IBZ) while the final band structure was deter-
mined at 85 independent k points. The overlapping
Wigner-Seitz (WS) spheres used for these LMTO cal-
culations were chosen by scaling touching muffin-tin
(MT) spheres so that the total volume of all spheres
equals that of the unit cell. Consequently the WS
spheres are 0.242 63a for A4 sites and 0.198 14a for B
sites, where a is the lattice constant.

The valence states were treated in a semirelativistic
scheme,?? where the mass-velocity and Darwin terms
are included in the solution of the Dirac equation,
but with the smaller spin-orbit terms excluded. The
core states were treated fully relativistically and were
recalculated in each iteration. The potential used in
all cases was the Hedin-Lundqvist?® local density for-
malism for the treatment of exchange and correla-
tion. Other details of the band calculations are simi-
lar to those used earlier for 415 compounds?* and
. ternary compounds.?’

The final band results obtained at the 85 k points
of the IBZ (same as for the fcc structure) were fitted
to a Fourier-series representation to obtain band-
structure plots, DOS diagrams, and Fermi-surface
plots. It was found that 44 stars in the Fourier fit
~ resulted in acceptable (1—2 mRy) rms errors, without
causing any sever oscillatory behavior of the band fit.
However, locally, at some symmetry points, the fit-
ting errors reach about 10 mRy.

Results for total DOS data given here were deter-
mined from k-point weighted histograms using the
Fourier fit and 4000 independent k points with a
I-mRy resolution and then broadened with a 3-
mRy resolution function. The partial DOS diagrams,
however, used the 85 k points directly without
Fourier fitting using a 10-mRy energy mesh. The

partial DOS values at the Fermi energy, given in
Table I and used in the 7, calculations, were deter-
mined as an average of the values from moving the
10-mRy mesh in steps of 2 mRy, and then scaled so
that the total DOS agrees with the total DOS ob-
tained from the Fourier fit. (The scaling changed the
DOS values typically by 5—10%.)

III. RESULTS
A. Band structure and magnetism

The energy-band structures of TiBe,, ZrZn,, and
ZrV, are shown in Figs. 1—3 along the high-
symmetry directions in the Brillouin zone. The plots
are made from a Fourier series (44 symmetrized
plane-wave) fit to the 85 independent ab initio k
points. The conduction bands of TiBe, and ZrZn, are
seen to be very similar (but note the high density of
3d bands of Zn at ~ 0.5 Ry below the Fermi energy,
Er). The ZrV, band structure (cf. Fig. 3) is seen to
be quite different due to the large number of (flat)
bands which exist at or below Er—as is reflected also
in the density of states.

We have determined the total and partial (by atom
type and orbital angular momentum) density of states
for ZrZn,, TiBe,, ZrV,, and YAl, from k-point
weighted histograms—as described above. As seen in
Figs. 4 and 5, the Fermi energy Er falls at or close to
the top of a very narrow peak in the DOS. For ZrZn,
the peak height is much lower than that of the model
calculation by Koelling et al.,® which may be under-
standable because of their neglect of the Zn atoms.
As shown in Table I and Fig. 4, this peak in both
ZtZn, and TiBe, arises mostly from the Zr-Ti d
bands; the Zn and Be p electrons, which are strongly
hybridized with the Zr-Ti d electrons, make a non-
negligible contribution at £r. Such a high peak can
easily lead to a strong temperature dependence ob-
served for the resistivity and magnetic susceptibility
and is an essential (but not sufficient) condition for
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FIG. 1. The band structure for TiBe, obtained by a 44 star Fourier series to the 85 independent & points.

magnetism in Stoner theory.* Our calculated bare
DOS at Ef, twice that of Pd, together with the mea-
sured susceptibility,*> yields a large exchange
enhancement* (~ 150 in ZrZn,). This is consistent
with an additional electron-electron and paramagnon
enhancement of the electronic specific-heat coeffi-
cient, as found using our calculated A value of 1.4
(cf. Table II). It is also consistent, except for ZrV,,
with the fact that our calculated \ values are well
below the specific-heat-derived A(y) values using our
calculated n (Ef) values.

In ZrV,, Er also falls on a narrow (but higher)
peak in the DOS (cf. Fig. 6) which arises mainly
from the V d electrons (cf. Table I). The Zr d-
electron contribution is here much reduced from that
in ZrZn, and is almost the same as that of the Zr p
electrons (cf. Fig. 7 and Table I). In all three materi-

0.700

als with a high DOS at £y, it is the existence of a
very flat band close to £r centered mostly in regions
near the L point (and along I'-K in ZrV,) which
causes the sharp peak in the DOS and, in turn, some
uncertainty in the exact position of £ and the shape
of the Fermi surface near the L point. By contrast,
in YAl Er falls well above a (lower) DOS peak and
is only 40% of the ZrZn,-DOS value at Er (cf. Fig. 6
and Table I). In general, our band results for YAI,
agree reasonably well with Switendick’s?® non-self-
consistent augmented plane-wave (APW) results.
The Fermi surfaces arising from the 4 bands which
cross £y in TiBe, and ZrZn,, shown in Fig. 8, have
strong similarities. The corresponding band struc-
tures (Figs. 1 and 2) show a very flat band (with a
dispersion of only a few mRy in a large portion of the
BZ) around the L point which just intersects the Fer-
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FIG. 2. The band structure for ZrZn, obtained by a 44 star Fourier series to the 85 independent k points.
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FIG. 3. The band structure for ZrV, obtained by a 44 star Fourier series to the 85 independent k points.
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FIG. 7. Total and partial density of states of ZrV, deter-
mined from 85 independent A pointsin the IBZ.

mi level. As stated above, this band gives a large
contribution to the DOS, but also introduces uncer-
tainty about the exact shape of the Fermi surface
around L. In addition, there are some differences in
a band crossing £ around the W-K region between
TiBe, and ZrZn, which cause a somewhat different

shape of the two Fermi surfaces in that region. Oth-
erwise the Fermi surfaces for both compounds show
considerable symmetry and strong nesting features of
both intra- and interband types arising from 3 bands
which form multiple “‘jungle-gyms’’ (of the type
found in Pd and Pt), particularly along the I'-X and
I'-K directions. Due to the differences around W,
TiBe, has an ellipsoidal structure around the W-X-U
line with greater overall nesting than in ZrZn,. How-
ever, theoretical prediction of the occurrence of anti-
ferromagnetic order in TiBe,, as contrasted with the
ferromagnetism observed in ZrZn,, requires an accu-
rate calculation of the wave-vector-dependent
exchange-enhanced generalized susceptibility func-
tion, X(q), given in random-phase approximation
(RPA) as

XU(@)/ N =T(@X(] (1

where X°(q) is the noninteracting band susceptibility
and 7(q) is the G-dependent electron-electron in-
teraction.

In analyzing our results for charge content (cf.
Table 1), we find a small charge transfer to Ti from
Be and to Zr from Zn (0.07 and 0.16 electrons,

TiBeZ
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FIG. 8. The Fermi surface for TiBe, and ZrZn,. The re-
gion around L has been drawn as dashed lines in order to
indicate the uncertainty introduced by the presence of a flat
energy band which just intersects £ in this region.
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TABLE II. Charge content (in electrons) projected by / value and atom type within each WS

sphere, as obtained from the self-consistent results.

AB, As Ap Ad Total Bs Bp Bd Total

TiBe, 0.58 0.80 2.69 4.07 0.69 1.18 0.10 1.97

ZrZn, 0.64 0.85 2.68 4.16 0.95 1.06 9.91 11.92

Zrv, 0.76 0.92 2.79 4.46 0.60 0.55 3.61 4.77

YAl 0.60 0.81 1.99 3.39 1.06 1.50 0.25 2.81
respectively) and a moderate charge transfer from V ceptibility as in Eq. (1) for the static (¢ =0) case
to Zr (0.46 electrons). This transfer results in a total

X=X[1—=IN(Ep)]'=S8x, , (2)

of 5.35 versus 5.59 Zr 4d electrons in ZrZn, and
ZrV,, respectively. The additional Zr 4d charge in
ZrV, comes from hybridization and tail contributions
from the vanadium 34 band. However, as shown in
Fig. 9, the Zr 4d electrons at Er are more localized in
ZrZn, than in ZrV,. The higher localization of the Zr
44 function in ZrZn, serves to increase the electron-
electron interaction (relative to ZrV,) and appears to
contribute to an increase of the Stoner factor, making
itinerant ferromagnetism considerably more likely in
ZrZn, than in ZrV,.

More specifically, the Stoner theory of magnetism
offers a simple criterion for the onset of magnetic or-
der. Writing the exchange-enhanced magnetic sus-

10 Zr 4d
Zrin IrV,
El Z0in 20 Zn
&
T
|
3

FIG. 9. The zirconium 4d radial wave function (times r)
at the Fermi energy in ZrZn, (broken line) and ZrV, (full
line). Note the relative localization of Zr in ZrZn,.

where [ is an effective electron-electron interaction,
N (Ef) is the DOS at Er, and S is the exchange-
enhancement (Stoner) factor, the magnetic instability
occurs for /N (Er) = 1. Janak?® and others have
determined / and /N (Er) for a number of elemental
metals using local density theory. For compounds in
which several atoms participate, each with sizable /-
projected DOS, we need to derive a corresponding
criterion for the onset of magnetic order. We start
with the basic assumption that a small spin splitting
AE is imposed on the band structure determined for
the paramagnetic state. The occurrence of magne-
tism will be favorable if the resultant gain in
exchange-correlation energy A¢ is greater than the
loss of kinetic energy AT due to the spin splitting. If
we assume that all bands are equally split, the kinetic
energy difference is

AT =N (Ep)AEAE 3)

where —;—N(E;)AE is equal to An, the number of

electrons moved from one spin band to the other,
and N (Ef) is the total DOS at E;. The A¢ is calcu-
lated in local density theory as the difference between
the paramagnetic and ferromagnetic exchange-
correlation energy due to the change in charge Ap
arising from An. Assuming a spherically symmetric
spin density at a site ¢, the fractional magnetization
can be written as
P+~ P- __
(r)= i AE .

prtp- ;NrI(EF)R,Iz(EF,I‘)/p,(r)

(4)

Here N, is the local /-projected DOS at site ¢ and

Ry (Er,r) is the radial wave function normalized to
the Wigner-Seitz sphere at site +. The local spherical
average of the spin density is written as

8p(n =5 ZN(ERNEr.r) 45 (5)
!
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Considering only the first order of the fractional mag-
netization?’ and using the local-spin-density function-
al of Gunnarsson and Lundqvist,”® we can write
2
a6=2E [apup s e . ©

where & usually is expressed in the electron

]
_y_1_ Kws .2 ) 2 "
ES' 127 Yo r’u(p)d(p) ZNI(EF)R:I(EF,I‘) p(r
t t !

or
ES,/N(EF)=2§,>1 . 9)
! t

Since the S, integrals are quadratically dependent on
the local DOS values, it is possible to write the condi-
tion (5) in the usual form

N(EI =1, ' (10)

where / is essentially the S, integral without the DOS
factors,
Rw R 4(E r)

S 2 1 F
=— 3(p)————=dr , (1)

127 Jo ru(p)olp) p(r) ’

when the ¢, / band is the dominating DOS at Ef.
However, both conditions (9) and (10) scale linearly
with the total DOS. The sum of S, values are shown
in Table III for TiBe,, ZrZn, (at normal and reduced
lattice constants), and ZrV,. The c_alculations predict
that TiBe, has a strong anomaly (S,,,=1.22) and

parameter ry: _
3(p)=1-0.036r;—1.36r,/(1 +10r,) . @)

The density dependent parameter u is the Kohn-
Sham potential reduced by 8(=1) due to correlation.
Combining Egs. (3)—(7) we calculate the criteria for
magnetism as

dr = 3 N,(Ef) - ®)

r

ZrZn, (§,,,=1.01) a weaker one, while ZrZn, under
pressure and ZrV, are nonmagnetic (S, are 0.91 and
0.92, respectively).

To test the method, we have calculated effective /
values for fcc Ni and Cu metals as S,,, divided by the
total DOS, obtained from separate self-consistent
LMTO band calculations. We found the resulting /
values to be about 5% larger than those of Janak. In
Table IIT we also give the I values [from Eq. (11)]
for the normalized R,(Ef,r) functions to compare
with the effective / values calculated by Janak?® for
the elemental metals. Our local / values are about
10% larger than those of Janak, but this is mainly
due to differences in the d-wave functions and to
Janak’s use of the (adjusted, i.e., non-RPA) func-
tional of von Barth and Hedin,* instead of the
Gunnarsson-Lundqvist form.?’

Comparing the local /; values for Zr in ZrZn, and
ZrV,, it is evident that the exchange-correlation in-
tegral is reduced in the latter case by 5—10% due to

TABLE I1I. Normalized exchange-correlation energy integrals /, in rydbergs [from Eq. (ll)], S,
values [from Egs. (8) and (9)] times the number of atoms #, in each unit cell and the total § values.

The condition for magnetism is S = 1.

I 1, I S, S0t
TiBe, Ti 0.045 0.049 0.026 1.11 1.22
Be 0.083 0.072 0.112 0.11
ZrZn, Zr 0.034 0.038 0.023 0.96 1.01
Zn 0.044 0.054 0.036 0.06
ZrZn,(0.985) Zr 0.035 0.038 0.023 0.86 0.91
Zn 0.043 0.051 0.035 0.05
Zrv, Zr 0.032 0.035 0.022 0.20 0.92
\% 0.050 0.056 0.028 0.73
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the localization of the wave functions. Whereas the
total DOS in ZrV, is very high, the DOS of Zr in
ZrV, is lower than that of Zr in ZrZn; or of Ti in
TiBe,, and so the final S, values are not high enough
to give a magnetic instability. As expected from the
higher local Ti-DOS in TiBe, than the local Zr-DOS
in ZrZn, (cf. Table I), the magnetic anomaly is
stronger in TiBe,. In addition the lighter elements Ti
and Be, with their lower charge densities, give larger
normalized exchange-correlation integrals (by

~ 50—80%) than are found for the heavier Zr and Zn
atoms (see Table III).

Experimentally, it is found that the magnetism in
ZrZn, disappears at an applied pressure of 8.5 kbars.’
To our knowledge, a value of the bulk modulus for
ZrZn, has not been measured; however, from the
bulk-modulus data of Zr and Zn metals, a realistic
number could be estimated to be around 1 Mbar.
Thus, the 1.5% reduced lattice parameter would cor-
respond to a pressure of about 50 kbars, which is
much higher than the critical pressure of 8.5 kbars.
From the calculated S, values for ZrZn,, at ambient
pressure, and ZrZn, at 50 kbars in Table III, a S,
value of 1.00 is crudely interpolated to occur at ~ 5
kbars. However, with the numerical uncertainties in-
volved in the DOS determinations, the approxima-
tions in the derivation of the Stoner-like criteria [Eq.
(8)] with its sensitivity to the local spin-density func-
tional, it is not realistic to place great credence on any
calculated number of the critical pressure. Our
model gives the observed order of magnitude because
ZrZn, is close to the limit of magnetic ordering and

NED () =~y S0+ D sint (=)
F !

where 7, is the phase shift of the /th wave and
NL2(Er) is the DOS for a single WS sphere. [Here
Eq. (14) is used for quantities in WS spheres rather
than in nonoverlapping MT spheres as in the original
Gaspari-Gyorffy theory.] For u* we have used the
empirical formula given by Bennemann and Gar-
land*} which relates u* to the calculated or ‘‘bare”
total DOS N (Ef) in units of (eV atom)™!:

p*=026N(E)/[1+N(EF)] . (15)

In our calculations, u* values are in the range of
0.12—0.20 for low- (0.12) to high- (0.20) DOS materi-
als, as compared with the original choice®? of having
p*=0.13. Thus the use of Eq. (4) has essentially the
same effect of suppressing 7. [cf. Eq. (12)] as does
the use of u*=0.13 and to introduce a spin paramag-
non contribution us, ==0.07 for the high-7, materials.
We consistently used Eq. (15) to determine u* while
the effect from paramagnons ug, was added as a

2\ 1/2
v 7}=—§w—Lex

NiCER) Ny (Ef)
N[O(Ef)NIO(EF)

hence it is likely that its magnetism will disappear at
the moderately low pressure of the order of 10 kbars.

B. Electron-phonon coupling and
superconductivity under pressure

Estimates of the electron-phonon coupling parame-
ter A and superconducting transition temperature 7,
may be made using our band results, the crude rigid
muffin-tin approxmiation,’' and strong coupling
theory.’? The McMillan equation for strongly cou-
pled superconductors expresses the superconducting
transition temperature as’% 3

3 1.04(1 + X + pug,)
120 P T NS (W ) (140.620)

(12)

where (w?)'/? is the averaged phonon frequency and
A, u, and ug, are coupling constants for electron-
phonon, electron-electron, and electron-spin interac-
tions, respectively. The electron-phonon coupling
parameter can be separated approximately into purely
electronic (numerator) and purely phononic contribu-
tions (denominator):

AN=N(E)(I*)/M(0?) , (13)

where M is the atomic mass. In our work, (w?) is
approximated by %@)E) where O, is the Debye tem-

perature and the numerator is calculated by the
rigid-ion formula of Gaspari and Gyorffy®':

, (14)

separate contribution in a separate set of calculations
labeled T2 in Table IV. For the results listed, we
used the partial DOS values obtained from the band
results, averaged over 10 mRy, with the rigid-ion for-
mula given by Gaspari and Gyorffy®! to calculate the
electron stiffness parameters n (/%). In the final con-
verged band calculations, the f states were included
in the basis set, except for the ZrZn; calculations at
reduced lattice parameters.

The results shown in Table IV must be viewed

" carefully because of various uncertainties in the cal-

culations, including the sensitivity to changes in ©p.
The trends and relative results given, however, are
more meaningful. First of all, using a ®, for YAI
of3* 470K, we predict a very small 7.( < 0.1K) for
Y Al,, which was found not to be superconducting
above 50 mK.>* In the case of ZrV,, we used the
geometric mean phonon frequencies of Hafstrom

et al.'7 for HfV, scaled by the appropriate mass
values, giving a ®p value to be 290 K, rather than
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TABLE IV. Electron stiffness parameter n (/?) (in units of eV/A?), electron-phonon-coupling
constants \; separated by atom-type contributions, and estimated T, values (in the absence of
magnetism) using the ©p values shown. Values of T, are obtained withour paramagnon contribu-
tions while T2 used a usp value of 0.10 for the high-susceptibility materials TiBe, and ZrZn, at nor-
mal lattice constant, and pg,=0.05 in the other calculations. The total X extracted from our total
DOS and experimental specific-heat data y is shown in the last column. Unlike Table I, these cal-
culations used a 10-mRy average of the DOS functions. Note the different values of the lattice

constants for ZrZn,.

AB, n n{I?, n{I%)g A4 A T, T2 0, A(y)
0.51 0.03 ~2 ~0 650
TiBe, 130 8.8 0.09 2.7
1.50 0.08 ~25 ~13 370
ZrZny(a) 121 16.1 0.04 1.40 0.01 ~24 ~12 370 2.6
ZrZn,(0.9925q) 117 15.1 0.04 1.22 0.01 ~21 ~15 390
ZrZn,(0.985a) 115 14.4 0.04 1.06 0.01 ~ 17 ~11 410
ZrV, 213 39 6.9 0.6 1.8 ~32 ~ 26 290 1.7
YAl 48 2.0 0.2 0.12 0.03 ~0.1 ~0 470 0.3

about 225K obtained from specific-heat data.!!!3
For ZrV,, we see that because of the high V-d DOS
(cf. Table I) T, is predicted to be very large
(~ 32K)—if the C15 phase is retained to low tem-
peratures with unchanged lattice constant and
geometric phonon frequencies.'? The latter is an
especially poor approximation, as can be seen from
the Hafstrom er al.!” data for HfV, which shows
marked phonon hardening at the lowest temperature
(~80K) for which data have been obtained. Note
that the electron per atom ratio in ZrV, is 4.67 and
fulfills Matthias’s valence rule for high-7, materials.

This result for ZrV, is in sharp contrast to the
results for ZrZn, and TiBe, where the dominant con-
tribution to A (and ““7T.”) is made by the high and
narrow Zr and Ti DOS peak. Our calculations fulfill
the Enz-Matthias'® expectations in that a high 7.
value (~24K) is predicted if ZrZn, were an ordinary
(i.e., nonferromagnetic) transition-metal compound.
The suppression of the weak ferromagnetism with ap-
plied pressure is seen from Table IV as a direct
consequence of the lowering of the DOS at £y with
pressure which rapidly (i.e., amplified by the
exchange-enhancement factor) lowers the high Ston-
er factor. Our results at reduced lattice constants
show that ‘T, still remains high (despite an as-
sumed increase in %@5 by ~ 22%), indicating that
ZrZn, might well become a high-7, superconductor at
high pressure—without invoking p-state pairing. As
seen from Table IV, we find, using a recently mea-
sured ®p of 650K, that TiBe, at ambient pressure
would have, in the limit of a complete absence of
spin fluctuations, a small ““7,” (7! ~2K).

To estimate the influence of spin fluctuations on
calculated 7, values, we use Bennemann and
Garland’s* value of the electron-spin excitation cou-

pling constant, ug,=0.05 in all calculations of T2 ex-
cept TiBe, and ZrZn, at ambient pressure (where
psp=0.10 is used). With the 0.05 values for ug, in
the C15 calculations for 7.2 [but still using Eq. (12)
for determining u*] we obtain a reduction of 35—15%
from the T, values. The calculated T2 values ob-
tained using a ug, value of 0.10, which is a realistic
upper limit for high-7, materials, give 50—30%
reductions from T.. These values give a lower limit
to calculated-7, values obtained in the rigid-ion ap-
proximation including paramagnon contributions.

To simulate the effect of soft phonon modes in-
voked by Enz and Matthias,!® we also included in
Table IV a calculation assuming the same ©,(370K)
(Ref. 36) for TiBe,, as was used for ZrZn,. Such a
low ®, value gives very high values for A and T.,.
Hence, the search for soft modes takes on increased
importance. Further, since moderate pressures would
suppress possible magnetic effects (if any) on super-
conductivity without greatly suppressing our calculat-
ed ““T.” as in ZrZn,, the search for superconductivity
in TiBe, under pressure becomes an important under-
taking.
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