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we feel bear the closest resemblance to the fcc
thallous halides, have an effective charge of
0.68e.'2 So we assume 0.86¢ and 0.68¢ to be up-
per and lower bounds for the unknown effective
charges. Putting all these values together we
end up with a static dielectric constant of fcc
thallous halides in the range of 10 to 15.

The calculated effective masses, which also
influence the exciton binding energy, are larger
than in the sc structure, namely m,=0.4m, (0.3),
m,=0.6m, (0.5) for TIC1 and m,=0.4m, (0.2), m,
=0.65m, (0.4) for T1Br; the sc values® are given
in parentheses. This increase together with the
aforementioned drastic decrease in ¢, and €, re-
sults in exciton binding energies in the range
from 60 to 100 meV and effective hydrogenic ra-
dii of 12 to 16 A.'3 These values explain the ex-
perimentally observed sharpness and stability
of the first exciton peak against rising tempera-
ture and decreasing layer thickness, as well as
the existence of further sharp structure in the
direct neighborhood of the first excitonic peak.

A precise assignment of peaks a and 8 as due to
either the 2s exciton or the valley-orbit partner
of the 1s exciton is as yet impossible. Clarifica-
tion is planned through absorption measurements
in electric and magnetic fields and under exter-
nal strain.

In conclusion we have shown that the optical
properties and the electronic structure of fcc
TIC1 and TIBr differ quite markedly from their
simple-cubic counterparts, and that this differ-
ence is a consequence of the different type of
binding and not of microcrystallite or layer ef-
fects or the influence of the chemical nature of
the substrate.

Thanks are due to Dr. H. Kappert for perform-
ing the electron-diffraction measurements, and

to J. Pollmann and Professor D. Frohlich for
fruitful discussions.
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A variety of anomalous properties of A15 compounds can be explained by assuming
that the perfect lattices become unstable at low temperatures, but are stabilized by
small distortions around point defects which increase with decreasing temperature. In
particular, the presence of vacancies explains discrepancies between sound-velocity
measurements and recent lattice-constant measurements as a function of pressure.

The highest superconducting transition temper-
atures T, which have been observed so far are
found in intermetallic compounds A,B, where A

is one of the transition metals Nb or V, and B
is a metal or metalloid (e.g., Ga, Si, Ge, or Sn).
A number of structural anomalies have been ob-
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served to be correlated with high-7, supercon-
ductors (which need not have the A15 structure),
and it is generally believed that these structural
anomalies arise because of unusually strong
electron-phonon interactions; the latter must
eventually place an upper limit' on physically at-
tainable values of T'.

While it is clear that a variety of microscopic
factors contribute to the electron-phonon interac-
tion, for some time experimentalists have hoped
that, given a wide range of superconducting com-
pounds and alloys, the ones with the highest val-
ues of T, will share a specific kind of structural
anomaly. For this reason there have been a num-
ber of attempts to identify the microscopic na-
ture of the limiting structural anomaly for cubic
A15 compounds. In general, two kinds of super-

conductive lattice instabilities have been observed:

(1) a macroscopic instability associated with a
cubic-to-tetragonal lattice distortion? specific to
A15 compounds, and (2) more generally, micro-
scopic instabilities in the phonon spectrum,?i.e.,
anomalies in w(g). In each crystochemical family
the metals with the highest values of T, show* the
largest anomalies in w(q).

The (so far as we know) microscopically char-
acteristic feature of the (415) A,B compounds is
that at least one of the anomalies in w(g) occurs
for ¢ near zero and it is associated with [110] TA
phonons. Because the symmetry of these soft
phonons is consistent with the macroscopic shear
of the cubic-to-tetragonal phase transformation,
it is tempting to suppose that the microscopic and
macroscopic stabilities are somehow related.
While one can construct electronic models which
explain the macroscopic transition via a Jahn-
Teller Fermi-surface mechanism,® these micro-
scopic models are not quite satisfactory when
compared with microscopic neutron scattering
data.® Not only do they contain no mechanism for
explaining the “central peak,” but they must also
invoke® a separate complex Fermi-surface mech-
anism to explain the “kink” in the [110] TA w(q)
curve. Moreover, the separation of w(g) into two
linear parts, with the ¢>g¢, part behaving like®

wz(q’ T) = wz(q, 3000K) - asz (1)

is not consistent with the usual “dip” only near
q, found in connection with Fermi-surface anom-
alies. These typically occur for values of g, of
order a sizable fraction of a reciprocal-lattice
vector, rather than the rather small value {about
0.09(G/z), where G is the [200] reciprocal-lat-
tice vector} which is found® in Nb,Sn.
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These difficulties in reconciling macroscopic
with microscopic anomalies led some of us to
propose” that as the temperature is lowered the
medium-range interatomic forces become suffi-
ciently attractive that the [110] TA modes near
g =0 become unstable {w ;,%(g) <0 for ¢ along
[110] and ¢ <gq,; the relationship between ¢, and
q, is discussed below}. It is then suggested that
this macroscopic instability is resolved by mi-
croscopic distortions around vacancies and by
ordering of vacancies as T is lowered. Because
the effects of vacancies cannot be treated by per-
turbation theory, a two-dimensional model was
analyzed numerically® with the results shown,
for the reader’s convenience, in Fig. 1. The
model consisted of a square lattice with, for
computational convenience, a square superlattice
of vacancies (1% concentration). The dispersion
curves shown in Fig. 1 are for the relaxed (sta-
ble) lattice in the presence of the vacancies. As
the medium-range force parameter a’ becomes
more negative, the lattice without vacancies be-
comes more unstable, and the dispersion curves
develop a kink near g, strongly reminiscent of
that observed® in Nb,Sn. The discontinuity in the
sound velocity (as distinguished from a gradual
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FIG, 1, Dispersion curves of a two-dimensic 1, soft,

perfect-square lattice [w?(g) <0 for g <go] which has
been stabilized by addition of ¢=0,01 vacancies. The
curves shown correspond to different values of a medi-
um-~range force parameter g’; the perfect lattice would
be unstable (g, >0) for ¢’ <—0.75. While it is somewhat
unphysical to fix ¢ while varying ¢’ (which is somewhat
analogous to fixing ¢ while varying the temperature 7),
there is a striking resemblance between the dispersion
curves of Fig, 4 in Ref. 6 and the calculated curves
shown here.
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dispersive effect) is also contained in this model.
The calculations suggest® that the kink wave num-
ber ¢, depends both on the average vacancy spac-
ing 1, and the range A, of the attractive forces
responsible for lattice softening and may be tak-
en for simplicity as

2T /gy =g+, (2)

Thus ¢, gives an upper limit on the vacancy con-
centration.

Although the vacancy mechanism can explain
the observed® phonon kink, an independent test of
the presence of vacancies is desirable. This is
provided by recent studies® of the lattice struc-
ture of V,Si under pressure at room temperature.
These studies were carried out in the hope of ob-
serving at (p, 300°K) the macroscopic cubic-to-
tetragonal instability which had been suggested
at (0, T <80°K) by measurements'® of the [110]
shear modulus C,, When — Aa/a is plotted against
p, again two linear portions with a kink near 10
kbar are found, with the low-p slope disagreeing
with the bulk modulus as deduced by sound-veloc-
ity measurement'® and with the high-p line ex-
trapolating at p=0 to — Aa/a=(1-2)x1073, cor-
responding to a vacancy concentration in V,Si of
about 1% which is “squeezed out” altogether by
a pressure of about 10 kbar. This estimate is
arrived at by assuming that the relaxation volume
associated with a vacancy is about the same as
the volume apportioned to the atom. The concen-
tration of ordered vacancies suggested by (2) in
Nb,Sn is about 1%, so that the model is qualita-
tively consistent for the two related materials.

It is difficult to think of another model which

would qualitatively give rise to the “kink” in Aa/a.

The vacancy model also resolves the paradox
in the behavior of — Aa/a versus pressure at low
pressures. The slope at high pressure is that
given by

da__1av_ 1padv @
a 3V, 3V,dp’
av _av ac
E})——-g'p—c AvosszI‘OSp<p0,
A%
“ap |2 PP 4)

where p, is the pressure at which all the vacan-
cies are squeezed out and AV is the volume
change per vacancy. The term (dV/dp), is mea-
sured in the typical sound-velocity experiment
(frequency of order 10° Hz), while da/dp is mea-
sured in a lattice-constant (static) measurement.

A separate static measurement of dV /dp is ex-
pected to exhibit a somewhat larger “kink” at p,
because it includes the vacancy volume as well
as the relaxation volume.

Using a simple model for vacancy energetics,

E=a(p, T)c+2z8(p, T)c?, 5

and taking B >0 so that vacancies have a tendency
to order (rather than segregate), and a(p, T)
=A(T)(p - p,) for p<p,, one can deduce from the
experimental results that Ap,/B=25x10"% at room
temperature. Further A is of the order of the
volume for a vacancy, which we may take to be
the volume usually apportioned to the metal atom.
We then have an estimate of about 1000 K for the
energy — a of a vacancy in V,Si at STP. If A in-
creases with decreasing temperature, then es-
sentially all the phonon frequencies (not just the
critical mode) will decrease. This is consistent
with the experimental results [e.g., Eq. (1)].and
our basic proposition that the greater the tenden-
cy of the pure crystal to be unstable, the larger
the concentration of vacancies in an actual crys-
tal.

Independent evidence!! is available that the de-
fect energies in V,Ga (also of the A15 type) are
anomalously small. This is provided by the
enormous change in ductility in pressures as low
as 10 kbar.

Associated with a tetragonally unstable perfect
lattice which contains point defects are micro-
scopically tetragonal [011] domains around each
defect; the further orientational ordering of these
domains can give rise to a macroscopic [001]
low-temperature, cubic-to-tetragonal lattice de-
formation at T=7T,,, as well as a narrow quasi-
elastic “central” peak in neutron scattering.® It
can also be used to explain qualitatively anomal-
ously large second-harmonic generation,? in
macroscopically cubic V,Si. [Incidentally, the
large (symmetry forbidden in cubic crystals) sec-
ond-harmonic generation at 50 K is indirect evi-
dence of the continued presence of vacancies at
low temperatures.] Additional evidence of the
noncubic behavior of the A15 compounds above
the macroscopic transformation temperature is
available from thermal-expansion measurements.'?

In conclusion, it appears that the preponder-
ance of experimental evidence to date supports a
specific model for the mechanism which opposes
the lattice instabilities of high-T_ (A15) super-
conductors. This model consists of distorted
microstructures centered on point defects (with
long-range order). Such a model is attractive
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because it is consistent with a number of empiri-
cal rules' for high-T, superconductors. The
mechanism seems to be particularly well suited
to binary compounds, and it may explain why
some, otherwise promising (and very novel), in-

termetallic ternary compounds'* (such as X, ;Mo,S,)

have not produced 7T'/’s as high as have been found
in the A15 family. We also note that enhance-
ment of T, associated with suppression of a su-
perlattice instability (possibly analogous to the
vacancy superlattices discussed here for the cu-
bic A15 compounds) has recently been observed'®
in hexagonal MoN, and that Mo clustering enhanc-
es T, in many Mo compounds.'®

For V,Si the point defects are probably vacan-
cies because of the anomaly® in da/dp and be-
cause dT,/dp >0 and dT,/dp<0.'* However, anti-
structure defects (A atoms on B sites and vice
versa) are plausible candidates for the predomi-
nant point defects in Nb,Sn because Rz/R , is
larger there than in V,Si (here R is the conven-
tional metallic radius and not the Geller radius'”).
Under pressure the concentration of antistruc-
ture defects should increase, because the inter-
change of A and B atoms weakens the covalency
of the A chains and thereby produces (on an atom-
ic scale) a transition similar to the covalent-
metallic transition observed in diamond-type
crystals under pressure.’® The increasing con-
centration of antistructure defects with pressure
in Nb,Sn gives dT,/dp <0 and dT,/dp>0, in agree-
ment with experiment.’® Large concentrations of
antistructure defects are thought to have been
produced in Nb,B (B=Al, Ga, Ge, and Sn) by
giant neutron fluences.?®

To distinguish the two types of point defects,
positron-annihilation experiments may identify
vacancies, while the simplest system which ex-
hibits both a microscopic anomaly in w(g) and
macroscopic anomalies in 87T /8p, similar to
those found in the A15 compounds, is Nb and its
alloys.?® The TA modes for § near zero and
along a [100] axis exhibit softening,® but less se-
verely than Nb,Sn. From alloy data® on 87T ,/ap
one may infer that if vacancies help to stabilize
Nb, then their concentration may reach a maxi-
mum in Nb, _,Zr, alloys for x near 0.15. Studies
of da/dp as a function of p in these alloys would
be of interest, and might reveal anomalies simi-
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lar to those found® in V,Si.
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