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The comparison between electron charge-density distribution of V3Si, Cr3Si, and V;Ge at
room temperature leads us to study the Debye temperatures at 0K ®, from specific-heat mea-
surements for over 100 415 compounds. A phenomenological ®g(M), M the molecular mass,
is obtained from the static scaling relation (M) = aM?® and this organizes all of the data into
five Debye classes: V(V3Si), V-G, G(V3Ge), G-C, and C(Cr;Si). In contrast, the Debye tem-
perature ®y( V), with V as the unit-cell volume does not relate alloys as ®y(M) does, with the
exception of the C class. This latter case leads to the surprising result M « V=13 and to a
Griineisen constant of 1.6 +0.1 for all compounds of this class. In the V class where V3Si and
Nb3Sn are found, ©y( ¥) labels these two alloys differently, as does their martensitic ¢/a ratios.
With Tc denoting the average superconducting transition temperature within a Debye class, in-
teresting correlations are shown. One is the maximum of 7—",_. which exists in the V class where
the strongest anharmonicity occurs. Another is the case of compounds formed only by transi-
tion elements up to and including Au. This interesting case shows that ~3.2 < T"c <S5.0Kinall
of the five classes and that there is no correlation between 7, and the thermal properties. The
implications of these observations for creating better models for the 415 compounds are briefly
discussed.

I. INTRODUCTION

The A 15 alloys are characterized by the CrgSiy-type
cubic structure shown in Fig. 1. The special crystallo-
graphic positions as well as the point-group sym-
metries are indicated. From this picture it can be
seen that the Si atoms occupy the sites of a body-
centered-cubic substructure and the Cr atoms form a
system of three infinite, independent, mutually
orthogonal chains passing through the middle of the
faces. The distance between two consecutive Cr on a
chain is shorter than the corresponding distance
between two nearest neighbors in the pure Cr crystal
and can be considered as a compression of the
valence shells of the atoms on the chains. This
compression has been found in all the 415 alloys
with composition close to stoichiometry. For com-
pounds having large deviation from stoichiometry,
like Vo3Req7, ! the term compression has to be rede-

A15 type cubic structure

space group Pm3n
A atom: _point symmetry : 42m
_ 6¢ positions : (1/4,0,1/2),(1/2,1/4,0),
(0,172,174),(3/4,0,1/2),
4/2,3/4,0),(0,4/2,3/4)
B oftom: _point symmetry : m3
—2a positions : (0,0,0),(1/2,1/2,1/2)

fined as a proportional average of the atomic dis-
tances constituting the chain with respect to a/2
where a is the lattice parameter.

FIG. 1. The 415 structure (Cr;Si-type). The shaded area
represents the surface in which the electron charge-density
maps are drawn.
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The A 15 compounds are known to form a very im-
portant family of more than 60 binary alloys, many of
them having homogeneity domains like the V-Si
(Refs. 2 and 3) and Nb-Sn (Refs. 4—6) systems; im-
portant deviations from stoichiometry have been
found in V-Ir,”® V-Re,! and Mo-Tc,? for example.
One of the members of this family, Nb3;Ge, is charac-
terized by the highest known superconducting transi-
tion temperature (Gavaler et al., '° Testardi et al.!!).

One question which always arises when one tries to
correlate 7T, with the number of states at the Fermi
level, the electron-phonon interaction, the lattice de-
fect type and its amplitude, etc., is: What are the im-
portant factors to explain the relation between the su-

perconducting transition temperature 7, and possible
lattice instabilities within the 415 alloys? This is not
the place to discuss which correlation is the most
relevant since they are all related in complicated
ways; instead we will show that the totality of experi-
mental data now available possesses several remark-
able regularities based on (a) the correlation between
the Debye temperature!? at 0 K, ®, deduced from
specific-heat measurements and the molecular mass,
and (b) Oy as a function of the unit cell size. Those
two correlations are, of course, more closely related
to the electron-phonon interaction than to any other
property mentioned above. It will be shown, howev-
er, that ®y(M) form families which we call Debye

(1/2,0,0)

. (0,0,0
Si ( s )

(0,172,0)

Vv
(I/2,1/74,0)

(172,172, 0)

\
(172,3/4,0)

(172,1,0)

°3
electrons/ A

FIG. 2. Deformation electron density of V3Si at 300 K in the (001) plane. Contours at 0.05 e A-3. Reflections up to
sin8/x=0.6 A~! are ingluded in the Fourier transform. Negative densities are shaded. Typical standard deviation outside nu-

clear positions: 0.06 e A~3,
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classes. On the other hand, ©y( V) will distinguish
some peculiar differences within the same Debye
class such as the c/a ratio between transforming V;Si
and Nb;Sn alloys. At first the ©y(M) classification
seems to have very little to do with solid-state physics
while the relation ©g( V) enters through the
Grineisen parameter. Unfortunately, and for some
reasons not yet fully understood, it has been impossi-
ble to build an overall ®y( V) classification with the
exception of the Cr3Si Debye class (see below and
Figs. 6 and 14). However, ®y(M) can be related to
the Debye model for harmonic vibrations [see Eq.
(1)1, but here we are concerned with deviations from
the Debye model,'? so such a classification simply re-

. (0,0,0)

flects types of thermal vibrations. Since vibrations
are affected by interactions between atoms present in
the unit cell, a given type of thermal vibrations
depends on the electronic band structure which is re-
lated to the electron charge-density distribution (re-
ferred to as ECD below) within the unit cell. This
density is usually represented by a contour map
where the contour levels express the electron density
in electrons per cubic angstrom. The regions of in-
terest for such maps with 415 compounds are the
faces of the unit cell and the sections shown in Figs.
2—4 all represent the shaded surface in Fig. 1. There
is no relevant information from elsewhere in the unit
cell for V;Si, CrsSi, and V;Ge.

(1/12,0,0)

S | -o.giw.

(0,172,0)

0.14

a

0.1

Cr
(1/2,1/4,0)

(172,1/72,0)

Cr
(1/12,3/4,0)

(ir2,1,0)

o3
electrons /A
Fukamachi's table

FIG. 3.0 Deformation electron density of C£3Si at 300 K in the (001) plane. Contours at 300 K in the (001) plane. Contours
at 0.05 ¢ A=, Reflections up to sin6/A=0.6 A~! are included in the Fourier transform. Negative densities are shaded. Typical

standard deviation outside nuclear positions: 0.05e A=3.
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(0,172,0)

\
(172,1/4,0)

(I72,172,0)

\4
(172,3/4,0)

°3
electrons /A

FIG. 4. Dsfcrmation electron density of V3Ge at 300 K in the (001) plane. Contours at 0.05¢ A-3. Reflections up to
sind/A =0.6 A~! are included in the Fourier transform. Negative densities are shaded. Typical standard deviation outside nu-

clear positions: 0.08¢ A3,

II. ELECTRON DENSITY DISTRIBUTIONS IN 415

It has to be emphasized that the ®¢(M) classifica-
tion was initiated'? in order to explain, or at least
display systematically, the fundamental differences
between the ECD at 300 K for V3Si (Refs. 13 and
14) and Cr;Si.!> 1% It is evident from the distributions
shown in Figs. 2 and 3 that the main accumulation of
charge found in the interatomic region is on the

chain between two adjacent V or two Cr atoms
[points (0, 5, 0), (3,0,0), (5, 3,0, and (3,1,
0) in Figs. 2—4]. The important differences between
the two alloys is that the buildup of charges between
two consecutive V atoms on a chain V;Si is more
than three times higher than for the same point in
Cr5Si. In fact, the difference is probably even larger.
The density at the midpoint of the V-V band in V;Si
is not affected by truncation of the inverse Fourier
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transform (or series). On the other hand, the density
at the same point for Cr3Si is very slowly decreasing
as more and more reflections are added in the in-
verse process.!® Thus, the Cr-Cr chain can be viewed
as a pileup of compressed valence shells of Cr atoms
without bonding. In contrast, the V-V chain seems
to be made of interacting valence shells of V atoms.
Another very relevant difference is the fact that the
Si atoms, in V3Si, seem to be attached to six pairs of”
V atoms [points (0, ~, 0), (0, ~ 3, 0), (~+, 0,
0), and (~ %, 1,0)] while, in Cr3Si, they.are directly
bonded to the Cr atoms [points (~ 4, ~ % 0),

(~ %, ~ % 0) and points (~ %, ~0.2,0), (~1.3,
~0.8,0)]. Based on the original ®y(M) plot!® the
ECD of V;Ge at 300 K was measured. According to
Fig. 4 we can see that the surroundings of the Ge
atoms are intermediate to the Si atoms in V3Si and
Cr;Si. The magnitude of the ECD density at the
middle point of the V-V chain is slightly lower in
V3Ge than in V;Si. The qualitative aspect of the V-V
bond in V;Ge is, however, quite different from that
of V3Si. We can no longer say that the Ge atoms are
attached to six pairs of V atoms as in V3Si. There

the situation is similar to Cr3;Si: the Ge atoms are
attached to 12 different V atoms through the pileup of
charge located at points (~ % ~1.4, 0) and

(~14, - % 0). The relatively high electron density

between two different perpendicular chains came as a
surprise in comparison to the corresponding ECleor
the same location in V;Si and in Cr3Si [point (~ e

1
7> 0L
III. HYPOTHESIS

The ECD presented above can be consolidated into
three different types of ECD. These three types con-
stitute the starting hypothesis of this article; it is be-
lieved that the 415 compounds can be separated by
®y(M) starting with these three specific points, e.g.,
the one corresponding to V3Si, V;Ge, and Cr3Si. Re-
cently, during the progress of this work, three ideas
have been added. Two of them are based on the
large spread between the ©g(M) curves for the Cr;Si
and the V3Ge Debye classes on one hand and by the
large number of compounds lying between the V and
G classes on the other hand. More work needs to be
done in order to establish whether the existence of
these two additional classes is appropriate. Finally, a
remarkable universality for transition elements was
discovered.

Three final introductory comments are

(a) The sorting of one particular point correspond-
ing to each ®y(M) family is based on a least-squares
fitting. This selection procedure may seem arbitrary,
but one has to keep in mind that the Debye classes
are established as a guide in order to have a better

understanding of the wide range of vibrational prop-
erties of the A4 15 alloys, not to explain the individual
compounds in detail. As a corollary, alloys with
more than one 0O, will be attributed to different

®o( M) classes with the exceptions of V;3Si, V;Ge,
and Cr;Si. The closest ®y’s from specific heat to the
corresponding values obtained by sound velocity
measurements will be taken as reference points for
V3Si and V;Ge.

(b) The comparison between ECD and specific
heat has to be made in the following way; Debye
temperatures are compared at 0:K with any ECD be-
cause the comparison has to be made where the ther-
mal motion of the atoms is minimal. The variations
of the ECD as a function of the temperature, as has
been shown for V3Si,'”"*° can be considered as a per-
turbation when compared to the increase of the lat-
tice term in the specific heat. In fact, at high tem-
peratures the Debye temperature reflects that the
phonons have a non-Debye behavior; they do not
follow a linear dispersion curve. In addition, the
comparison would be more complicated because at
room temperature most of the high T, alloys are al-
most in the Dulong-Petit regime while the low T.’s
are still in the intermediate range.

(c) According to the work of Schweiss er al.?° and
underlined by the recent publication of Junod et al.?!
the phonon spectrum of any A4 15 alloy has a great
deal of structure. Therefore it is difficult to charac-
terize the phonon spectrum of an 415 compound by
only one Debye temperature. Despite this caveat, we
restrict our discussion only to the Debye temperature
of 0 K published in the literature and still obtain
some interesting insights.

IV. DEBYE 6,(M) CLASSES

In 1967, Testardi and Bateman?? published sound-
velocity measurements on V;Si single crystal. Later
an article by Keller and Hanak?? described ultrasonic
velocity and attenuation data in Nb3Sn. Keller and
Hank found that the behavior of Nb;Sn is similar to
that of V3Si. They tried and succeeded in scaling
their results at all temperatures to those of Testardi
and Bateman by using the static scaling relationship
between the Debye temperature'? ® and the molecu-
lar mass M

O Mt 1)
where b =— % But for sound-velocity measure-
ments

Oxv , (2)

where v is the mean sound velocity. Since v depends
on the elastic constants and the nature of the materi-
als under consideration, one can write the more gen-
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eral relation from ultrasonics?*
12

£ , 3)

MV

(O

where E is the elastic modulus, M is the molecular
mass, and V is the unit-cell volume. As it will be
shown, one would lose part of the wealth of the 415
specific-heat thermal data (see Table I) if M/V in Eq.
(3) is replaced by the density p. Thus Eq. (1) will be
shown to contain physics which is different from that
obtained from Eq. (3). As mentioned previously, the
static scaling relation in Eq. (1) between V3Si and
Nb;Sn is valid at all temperatures. This is a strong
indication that the value of the binding potential en-
ergy U(r) is of the same magnitude for both com-
pounds. Since V;3Si and Nb3Sn have the same
number of valence electrons, this strongly suggests
that both alloys have the same kind of bonding, and
therefore the same kind of ECD.

There is a third known ultrasonic-velocity measure-
ment on another 415 alloy: V;Ge done by Rosen,
Klimker, and Weger.2® Although the scaling pro-
cedure applies quite well for all three compounds,
V3Ge, V3Si, and Nb3Sn at room temperature, it fails
completely when the temperature is lowered. Figure
5 exhibits the comparison of the three known ul-
trasonic ®(T) functions and it is easy to see that
V3Ge cannot fit into the same category as Nb;Sn and
V3Si. It is one of the goals of this article to show
why ©(M) does not apply for all temperatures for
V3Ge compared to the other two alloys.

It has also been shown that a similar comparison
can be done on Debye temperatures from x-ray or

600 1 r

500 4

400 4

300 A

200 A

100 V3Si Testardi & Bateman (1967) t
V3Ge Rosen, Klimker 8& Weger (1969)
NbzSn  Keller & Hanak (1967)

o] 100 200 300 400
T(K)
FIG. 5. Debye temperatures from sound-velocity single-

crystal measurements as a function of the temperature for
V,;Si, V3Ge, and NbySn (Refs. 22, 25, and 23, respectively).

neutron mean-square-displacement measurements of
A15 alloys (Staudenmann, ! Fliikiger, Staudenmann,
and Fisher,? Kodess?”). In this particular compar-
ison, Cr3Si does not scale with V3Si, Nb3Sn, and
V3;Ge. Again, this is another type of measurement
which leads to significant differences among the 415
compounds.

Since there are only three known ultrasonic-
velocity measurements for the complete family of
A 1S alloys, and perhaps no more than a dozen elastic
diffraction studies —of which only one so far includes
anharmonic corrections (Staudenmann and
Testardi'® %) —it is necessary to find another con-
sistent set of Debye temperatures. The only candi-
date with enough available data to be worthy of con-
sideration is specific-heat measurements. The scaling
procedure can now be extended to the complete fam-
ily of 415 alloys if one lets the exponent b vary in
relation (1). Because the scaling is based on
specific-heat measurements, the result expresses a
new correlation among the low-temperature phonon
behavior of these compounds.

The interest in such a method is that it allows a
classification of alloys within the same structure, that
is, the complete set of Debye temperatures is split
into several main categories. Each of them is
represented by one curve. In the following, only five
main curves are considered and are called ‘‘Debye
classes” (see Sec. III).

Table I presents the complete list of the materials
studied in this article. Figure 6 shows the scaling
procedure applied to the different 415 alloys, and
Table II gives the results of the different least-
squares fits based on relation (1). It is surprising to
see that most of the high 7, compounds are found in
the same Debye class: namely, the V class. We will
thus show that while large differences in the electron-
ic density of states has been reported among the high
T. superconductors, the phonon behavior is con-
sistently correlated through the M~ factor. We also
argue that the comparison between alloys not belong-
ing to the same Debye class should be done with cau-
tion because different thermal properties must be
properly accounted for.

Figure 6 also shows the limitations of the pro-
cedure. When the molecular mass is higher than
450—-500 there seem to be many exceptions;
VoiReos, ! Moslr,2® and the two Mo-Re-Pt alloys? are
rather good superconductors. It is also expected that
Ta;Sn may be another exception.’® The trend of the
T, increase with the molecular mass seems more pro-
nounced for the V3;Ge Debye class than for the V3Si
class.

Table II gives the results of the lzast-squares fits
for ©®¢=aM® applied to the five curves shown by Fig.
6. The Debye temperature for a given alloy has been
chosen as follows; take as an example Vg.75Ptg 1s.
Table I gives four different ®¢ values for this alloy,
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TABLE I. Complete list of the data used in this paper. The attribution
on Fig. 6.

2

of a particular alloy to a given class is based

a T, vV ®y Debye
(A) (X) (A3) My g (K) class Reference

Tig 75Irg 25 5.012 43 125.15 335.90 238 14 37

Tig.75Irg 20Pt0.05 5.013 5.6 125.98 336.48 220 14 8

5.5 209 Vv 21

Ti0_751r0.05Pt0.20 5.025 <1.2 12688 338.21 8

Tio.75Pto 25 5.031 0.49 127.34 338.79 376 G 37

Tig.25AUg 25 5.098 <0.015 132.34 340.67 385 G 37

395 G 38

Tig 7sHg0.25 5.188 <12 139.64 344.29 330 G-V 37

Tio7555b0.245 5.225 5.0 142.65 263.97 282 v 44

5.220 5.7 142.44 263.97 279 14 44

V75C00.25 4.688 <0.02 103.03 211.76 560 G-C 7

Vo.78Nio 22 4.708 0.4 104.35 210.60 7

Vo 15Rhg 25 4.785 <0.02 109.56 255.73 485 G-C 7

Vo.75Pdo 25 4.825 0.08 112.33 259.23 400 G 7

Vo.20Req 1 4878 8.4 116.07 587.90 409 C 1

V0.50050.50 4.808 5.2 111.15 482.28 385 G-C 1

Vo,60050.20170.20 4197 2.1 110.39 428.18 384 G-C 39

V0‘7511'0‘25 4,788 < 002 10977 345.03 460 G-C 7

443 G-C 8

<0.02 445 G-C 21

Vosolro 31 4192 0.9 110.04 378.93 414 G-C 7

Vogalrosr 4.789 1.7 109.83 412.83 395 G-C 7

V.778Pt0.222 4.817 1.0 111.77 331.77 400 G 7

Vo75Pto.2s 4817 32 111.77 347.92 511 c 7

2.9 413 G-C 8

2.8 415 G-C 39

2.9 403 G-C 21

Vo.72Pto.2s 4.825 1.5 112.33 365.21 41 c 7

Vo.sPto0gAlo 12 4.844 0.8 113.66 319.99 420 G-C 39

Vo.77AUq 23 4.878 0.6 116.07 338.11 376 G 39

24 354 G 39

Vo.75AUg 25 4.882 0.8 116.36 349.79 379 G 7

1.6 398 G 7

2.2 387 G 7

350 G 47

0.6 342 G 21

2.23 338 G 21

2.87 332 G 21

Vo.75A10 25 4.829 ~16.5 112.61 179.81 290 |4 39

Film 12—-13 41

Vo.75Al0,025510.225 4733 13.9 106.03 180.80 460 G 39

Vo.80Si0.20 4730 9.4 105.82 185.48 475 G 3

Vo.765i0.24 4.726 15.1 105.56 181.83 343— G-V 3
348

Vo.758i0.25 4724 16.9 105.42 180.91 280— v 3
300

14.6 330 vV 4

16.8 465 G 66

425 G (not included
in least squares)
V0.745i0.2¢ 4.723 16.3 105.35 180.00 310— 14 3

320
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TABLE I  (Continued).
a T, 14 (2 Debye
(A) (K) A3 My.p (K) class Reference
Vo.75Al0.075G 20,185 4.826 13.0 112.40 209.72 305 v 39
Vo.5:Ga018 4817 6.8 111.77 217.29 370 G-v 3
V.15G20.22 4.820 938 111.98 220.29 326 G-V 3
Vi.15Ga0.25 4.822 14.8 112.12 222.55 302 v 3
14.6 310 14 4
13.5 310 14 21
15.1 297 vV 21
V13562927 4.823 12.6 112.19 224.05 310 v 3
Vo.6sGag.32 4.835 42 113.03 227.80 363 G-V 3
Vo.75Al0,0sG€0.20 4790 10.2 109.90 21629 410 G 39
Vo.76G€0.24 4783 6.5 109.42 224.55 415 G 38
6.1 405 G 4
Vo74Alg 115AS0 145 4783 7.3 109.42 206.65 429 G 39
Vo.77AS023 47142 0.2 106.63 225.83 530 G-C 39
Vo.75Al0.07M0.18 4.960 43 122.02 245.84 328 G-V 39
Vo.50510.20 4.984 38 123.80 257.97 347 G-V 38
V.75A10,06265b0 1875 4.923 48 119.31 250.88 434 G 39
V0.7535b0.247 4.949 0.8 121.21 27373 398 G 44
V.15Pbo 25 4.937 120.33 360.02 39
Cro.72RUg 2 4.679 3.4 102.44 262.95 418 G as
Cro75Rhg 25 4.674 0.07 102.11 258.89 460 G-C 45
Cro.72080.28 4.684 47 102.77 362.77 442 G-C 45
Cro.835170.165 4.660 0.8 101.20 300.52 515 c 45
Cro.75lT0.25 4.685 0.2 102.83 348.19 449 G-C 4s
Cro15Pto 185 4.690 <12 103.16 313.87 473 G-C 45
Cro79Pto.n 4.705 <0.02 104.16 328.18 402 G 45
Cl’ojzlsio‘”g <1.2 190.86 740 C 45
Cro.755i0.25 4.564 <12 95.07 184.07 720 C 45
<0.02 670 C 45
Cro.7385i0.262 4.561 <12 94.88 182.93 760 c 45
Cro.25G20.25 4.654 <03 100.80 225.71 584 C 45
Cro.75Ge0.25 4.632 <12 99.38 228.58 670 C 45
Cro.78A%022 4.621 98.68 228.16 448 G 28
V0.7125Cl'0'37sAi0‘25 4714 14.7 104.75 181.07 67
Vo_mcl'().lssi().zs 6.5 181.54 545 G-C 8
4.684 8.4 102.77 181.54 67
V0.53Cl'0.2zsi0.25 1.2 181.84 630 C 8
V0_375Cr0.3-,58i0.25 <12 182.49 650 C 8
V0‘25Cr0.508i0'25 <12 183.02 650 C 8
Zro25AUg 25 5.487 <12 165.20 470.63 310 G 38
Zr0805M0.20 5.626 <12 178.07 386.86 292 G-V 38
Ztg.755Pbo 245 5.656 <12 180.54 478.53 255 G-V 38
Nbg7sRho 25 5.137 26 135.56 381.62 398 G-C 38
Nbg 75050 25 5131 1.0 135.09 468.92 378 G-C 38
Nbg.725050.275 5.123 0.3 134.45 478.65 374 G-C 46
Nbo 775170 225 5.147 03 136.35 460.99 374 G-C 46
Nbo 75170 25 5.135 1.6 135.40 470.92 409 c 38
1.6 378 G-C 8
1.55 377 G-C 21
379

Nby, 72lrg 28 5.120 29 134.22 480.83 362 G-C 46
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TABLE 1  (Continued).
a T, 14 (oM Debye
(A) (x) (A% My.p (x) class Reference
Nbyg 751rg.10Pt0.15 5.147 6.0 136.35 472.65 360 G-C 8
5.95 347— G-C 21
352
Nbo.g0Pto.20 5.178 3.2 138.83 453.37 358 G 46
Nbyg 75Ptg 25 5.155 136.99 473.81 350 G 38
10.6 340 G 8
~9 335 G 21
8.9 376 G-C 21
10.5 348 G 21
Nbyg 75Pto.075AU0.175 12.9 475.12 306 G 8
290 G-V 8
5.193 12.7 140.04 300 G 38
11.5 305 G 21
12.9 290 G-V 21
Nbyg.75Ptg.15AUg 10 5.177 129 138.75 474.76 316— G 8
321 68
115 316 G 21
12.9 290 G 21
Nbyg 76AUg 24 5.211 10.8 141.50 471.52 280 G-V 38
280 G-V 39
280 G-V 47
Nbg.75Aug 25 5.203 10.6 140.85 475.69 253 G-V 8
253 G-V 39
69
10.6 ; 251 G-V 21
Vo.675Nbg.075AUg 25 1.4 362.28 320 G-V 39
47
Vo.562sNbg.1875AUg 25 0.85 381.27 305 G-V 39
47
Vo.375Nbg 375AUq 25 0.9 412.74 280 G-V 39
47
V0.1875Nbg s625AUg.25 3.1 44421 280 G-V 39
47
V.75Nbg 675AUg 25 6.6 463.10 280 G-V 39
47
Nbg 75Alg25 5.182 18.3 139.15 305.70 292 G-V 3
5.186 18.7 139.48 305.70 283 Vv 49
18.6 290 G-V 50
18.2 292 G-V 21
Nbyg.845i0.16 5.145 5.7 136.19 330.14 315 G-V 48
Nbyg g5Sig.18 5.133 6.9 135.24 32495 304 G-V 48
Nbyg.75(Nbg ¢1Si0.39)0.25 5.213 5.9 141.67 346.34 283 G-V 70
Nby.90255i0.0975
NbO.?S(NbOAGSiO.SG)OJS 5.192 35 139.96 336.62 269 Vv 70
(Nbyg g65Si0.135)
Nby 76Gag.24 5.168 19.8 138.03 349.37 280 G-V 71
Bbyg.75A15.20G€0.06 5.173 20.0 138.43 314.82 278 Vv 51
19.7 295 G-V 52
NbO.gzceo'ls 5.167 6.6 137.95 35700 345 G 48
Nbyg 755G €0.245 5.140 21.8 135.80 351.71 289— G-V 48
302
Amorphous 39 222 72
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TABLE 1  (Continued).

a T, v (CH Debye
(A) (X) (A% My.5 (K) class Reference
Nbyg.75(Nbg 92Geg,08)0.25 5.239 5.6 143.80 370.00 260 v 70
(Nbg 95Geg.02)
Nby,75(Nbg 33Geg,18)0.25 5230 44 143.06 367.97 M v 70
(Nbg 955G e 045)
Nbg75(Nbg 71Geg.29)0.25 5219 3.6 142.16 365.73 305 G-V 70
(Nbg9275Geg.0725)
Nbg 75Ing 25 5.303 149.13 393.54 39
Nbg g6Sno.14 5.273 6.3 146.61 386.06 340 G 6
Nby g35ng,17 5.278 6.3 147.03 389.16 305 G-V 6
Nby 31500 19 5.281 ~7 147.28 391.22 305 G-V 6
Nby 30510 20 5.283 ~8.0 147.45 392.25 307 G-V 5
Nbg 753500247 5.289 17.9 147.95 397.10 245 v 6
Nbg 75500 25 5.289 18.0 147.95 397.41 238 v 6
17.3 290 G-V 4
5.289 18.0 228 vV 5
18.0 232 vV 21
Nby g35bo.17 5.260 2.0 145.53 391.24 345 G 44
Moy.40T¢.60 4.935 13.2 120.19 351.10 349 G 9
Moy ssR€0.46Pto 015 4.974 117 123.06 555.79 355 G-C 29
Mog ¢Reg 35Ptg 05 4973 9.8 122.99 529.95 365 G-C 29
Mog.75050 25 4.969 127 122.69 478.02 380 G-C 28
Moyg 7sIrg 25 4.970 8.4 122.76 480.02 452 c 28
8.5 325 G 4
Moy 31Pto.19 4.989 47 124.18 459.11 390 G-C 73
Moy 765Al0,235 4.950 0.4 121.29 318.94 500 c 28
Mog 762510.238 4.893 1.7 117.15 319.16 538 c 28
Moy 75Gag 25 4.944 120.85 357.54 39
Moy 762G€0.238 4.935 1.7 120.26 361.53 476 c 28
Mog 75510 25 5.094 132.18 406.51 39
TABLE II. Results of the least-squares fits to ©y=aM?®, one higher than the three others. The higher value is
V stands for the V;Si Debye class, G for the V;Ge class, and taken alone and put in a given class while the three
C for the Cr;Si class. The two intermediate classes (V-G and others are averaged and attributed to another class.
G-C) have been added because of the large intervals The reduced statistical 7?2 is unity/zero for
between the ¥ and G classes on one hand and between the complete/zero correlation. An r? value of about 0.7
G and C classes on the other hand. Total number of alloys: is usually considered as the signature of a reasonable
110. fit. It can be seen (Table II) that the r? value for the
Debye class of V;Si is marginal. This suggests that
No. the simple model given by formula (1) is not suffi-
Class a b P2 alloys cient and that a correction term is needed. On the
other hand, the four other r? values seem to ade-
quately describe the vibrational behavior of the four
other Debye classes.
14 1367.53 —0.286 0.566 16 We wish to stress that the Debye class of V3Si has
V-G 1725.51 —0.297 0710 2% the strongest departure from the M~"/? behavior.
G 3026.37 —0.361 0.848 25 This can be explained by anharmonicity of the atomic
vibrations in each cell unit. Therefore the average
G-C 5020.13 —0.421 0.920 26 . = . .
) superconducting temperature 7, is a maximum where
C 8482.63 —0.483 0.905 17

the anharmonic contribution is maximum as em-
phasized many times by one of us®! (see Table III).
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FIG. 6. Debye temperatures at 0 K from specific-heat measurements (see Table I) as a function of the molecular mass.
These ©, temperatures are distributed (see text) in fives classes: V stands for the V;Si class, G for the V;Ge class, and C for
the Cr3Si class; V-G and G-C are intermediate classes based only on the large intervals between the first three classes. The
numbers 1 to 10 refer to the fOnOWiﬂg compounds: VO.G()CI'O 158i0_25, Cr0_72RUQ'28, VO‘SOSiO,ZOv V0‘75Pt0.25, V0.63It0.31, VO.SOOSO.SO
(the closest point on the left is M00_75050_25), M00'60R60‘35Pt0'05 (left) and M00'525Re0‘46Pt0'015 (l'ighl of the number 7),
Vo.715AUq 25, V.73Gag 47, and Vg 75Gag 55 (closer to the ¥ Debye class line), and finally Nbg 75Ptg 55 (square between the G and G-
C curves). Mog 49Tcg ¢ is the upper square of the three squares grouped on the G curve, the lowest one is Nbg g3Sbg ;7.

TABLE III. Tc =average of the superconducting transition temperature 7, for alloys belonging
to a.given class. Numbers in parentheses are standard deviations. An individual T, is chosen as
being the maximum T, per class (for example Nby 75Ptg g75Aug 175 has a T, of 12.9 K in the G
class, see Table I). No. represents the number of 7,’s (alloys) included in the average. This table
is divided into three main columns: (a) all compounds belonging to a given class, (b) alloys where
the two (or more) components are transition metals (including Au), and (c) compounds where the
B part of 4B is composed of nontransition elements. V stands for the V;Si Debye class, G for the
V3Ge class, and C for the Cr;Si class. The two intermediate classes (V-G and G-C) have been
added because of the large intervals between the V and G classes on one hand and between the G

and C classes on the other hand.

A15—A;3B
All members B =Transition B =Nontransition
element element
_ _ _ (up to Au)
Debye T, T, T
class (K) No. (X) No. x) No.
vV 12.1(6.0) 16 5.000.7) 2 13.1(5.7) 14
V-G 6.8(5.7) 26 5.9(4.8) 8 7.2(6.1) 18
G 5.1(4.6) 25 42(4.8) 14 6.2(4.1) 11
G-C 3.4(3.8) 26 3.2(3.8) 25 6.5 1
C 1.7Q2.6) 17 4.0(3.3) 6 0.5(0.7) 11
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V. 8y(¥) CHARACTERIZATION

The Griineisen constant’? is related to the Debye
temperature O and to a reference volume V —
usually the volume of the unit cell—by the following
formula

d(In®)  Vd®,

YeT T d(ny) | OV @

v¢ gives an estimate of anharmonic vibrations in
crystals. In a plot of the Debye temperature as a
function of the volume, one can distinguish three dif-
ferent conditions:

(i) yg > 0 or a negative slope. This is the case of a
normal anharmonic behavior. An increase in V is
translated into a softening of the vibration, i.e., a de-
crease in ®,. Conversely, a decrease in V (compres-
sion) results in a hardening of the vibration, i.e., an
increase in ©,.

(ii) yg =0 or a zero slope. This corresponds to the
harmonic case; vibrations do not reflect any change in
volume or compression.

(iii) y¢ <0 or a positive slope. This strange
behavior is anomalous for solids because a decrease
in volume induces a softening and a decrease in
compression generates a hardening.

One way of changing the volume is to apply a
stress to the material being studied and measure the
Debye temperature (see for instance Ref. 33).
Another way is to vary the volume by changing the
concentration. This second possibility is, of course,
only valid in the presence of a homogeneity domain
within the same crystallographic phase. The second
model described here is not equivalent to the stress
technique because the chemistry is changed in a fun-
damental way. Though it is important to be aware
that in anharmonic solids the stress technique may
induce hybridization as well as valence fluctuations;
under these conditions, the chemistry may also be
changed. We are convinced that the stress technique
is better than the volume variation by changing the
concentration, but there are very few examples in
which the stress method has been studied.’!3*
Therefore, we believe that despite this reservation,
the volume variation by changing the concentration
will give a fair estimate of anharmonic vibrations in a
given class (see conclusions for the Cr;Si Debye
class). Before reviewing some 415 systems, we
would like to mention that the lattice parameters re-
ported in Table I were all measured at room tempera-
ture. For instance, a =4.718 A for V3Siat 78 K as
well as at — 24 K: by comparison, a =4.724 A for
the room-temperature determination'’~%% such a
small variation will be of no consequence for our
purpose. Note that differences of the same order
have been published for Nb3Sn.%¢

VI. COMPARISON OF 6¢(M) AND 6,(¥)
FOR SOME 415 SYSTEMS

A. Tion-Xg:zs, XT= Ir, Pt, Au, Hg;
Refs. 8, 37, and 38

In this system of binary and pseudobinary alloys,
@y( V) scales ©o(M) quite well. By this we mean
that the shape of the two curves is roughly the same,
and the relation between the two curves is approxi-
mately constant. This includes cases where the two
functions with the same shape are translated along ei-
ther their “‘x axis” or “‘y axis.”” Although the molec-
ular mass and the volume of the unit cell are two
components of the density, we keep them as two in-
dependent variables for reasons which will become
clear. The maximum of T,=5.6 K corresponds to a
minimum in ©g (TigsIrg20Ptoos). There is a stabili-
zation of the Debye temperature between Pt and Au,
and then a sudden softening of Tig75Hgo.2s.

B. V-XT, XT=Re, Os, Ir; Refs. 1, 7, 8, and 39

Despite the dramatic changes in the concentration
of the components in the alloys shown in Fig. 7, one
can see that @y(M) and @y( V) scale together rather
well. In this system the trend toward a T, increase is
on the positive slope on the right-hand side of the
picture. As already mentioned, alloys with molecular
mass higher than 500 seem to be favorable to super-
conductivity. If this trend continues, one might ex-
pect V-W to be an even better superconductor that
Vo3Req7 with a formula close to Vo Wy

C. V-XT, XT=Ir, Pt, Au; Refs. 7, 9, and 39

This system can probably not be understood in
terms of a unique behavior, but rather as the super-

M
400 500 700
600 320 T T 6010 T
Al5: V- Re-0s —Ir
500} ~
6,(V)
6, 3 °
(K) \h\ 8, (M)
400} " ) _to Re -
—0—
o
05450
L .
300 [N SNV AN DN AU NN N N NN
Hno ns
v (R?)

FIG. 7. @y(M) and ©y(¥) for the A15 phase of V-XT
systems where XT=Re, Os, and Ir. Note that X7 can be a
mixture of elements.
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FIG. 8. ©y(M) and Oy( V) for the 415 phase of the V-Si
homogeneity domain.

position of three different ones V-Ir-Pt, V-Pt (-Au),
and V(-Pt)-Au. In order to have a better under-
standing of these different trends, one needs many
more data points.

D. V-X, X =8i, Ge, Sn; Refs. 3, 4, and 38

The hardening of V;Ge as compared to V;Si and
V4Sn cannot be explained yet. Without additional
points, this system has to be understood as composed
of two different regimes.

E. V-Si; Refs. 3 and 4

Figure 8 shows the ®(M) and ©y( V) dependence
in the 415 phase in the V-Si (Refs. 3 and 40) sys-
tem. One immediately notes that both curves scale
each other. In addition, Vg 75Sig2s is in a minimum
with negative y¢ for concentrations lower than 25%
of Si. Note that concentrations lower than 25% of Si
result in larger masses and larger volumes. It means
that a V-Si alloy has a trend towards instability which
increases when its concentration goes from 20% to
25% of Si. A minimum in ®y( V) as well as in
®y(M) for such a system can be understood in terms
of possible lattice instabilities.?? !

F. V-Al-Si; Refs. 39, 41, and 42

Physical properties of V3;Al were first obtained by
extrapolation techniques (see Fliikiger*® and Dew-
Hughes*?). Later Hartsough and Hammond*' and
then Testardi et al.** found a high T in V;Al films.
The Debye temperature used for V3;Al is the one ob-
tained by Fliikiger®® and is an extrapolation.

This system is first described here, which justifies
the fact that M and V have to be kept as two in-

210 220 230
600 T T T T
Al5: v-X
X VorrASo 23 c//
- / ]
500 /
/
6 /
(K) $/
400k Vo.765€0.24 /p -
8o (V) / Bo(m)
/
/
300~ X VO.TGGGO.M é'/ —
1 | 1 1
100 110 120
o3
V(A7)

FIG. 9. ©y(M) and ®y( V) for the 415 phase of V-X sys-
tems where X =Ga, Ge, and As.

dependent parameters; the behavior of d®y(M)/dM
does not have the same sign as d@y( V) /dV. This
behavior seems to occur frequently in pseudobinary
systems.

G. V-X, X =Ga, Ge, As; Refs. 3, 4, 38, and 39

These three binary compounds are presented in
Fig. 9. It is again easy to see the sign change from
Oo( V) to ©g(M). In this figure the two lines have to
be considered as a guide to the eye, because mea-
surements with intermediate composition between
Ga, Ge, and As are not available.

H. V-Ga; Refs. 3 and 4

Figure 10 exhibits the behavior of ®y(M) and
®o( V) for the V-Ga 415 system.® In this particular
case the ys’s are found to be opposite to these for
the V-Si alloys since concentrations of lower than
25% of Ga result in lower volumes as well as lower

M
I 220 23
500 2 ,O 2, ,0
Al5: V-Ga
400 BV oM Go 7
8y Gag o u\\ ose o
(K) 6 Gon s> ol
9.2 0o.27 o
300} p h:a .
%0.25
200 | |
12 13

V(R®)

FIG. 10. ©y(M) and ©y( V) for the 415 phase of the V-
Ga homogeneity domain.
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masses (see Sec. VE). This clearly shows that the
main component of the stability is different for these
two systems. As for Vg5Sig2s, @ minimum in both
®y(M) and Oy( V) is also found in V75Gagas. Mi-
croscopic work below 50 K by Nembach and Tachi-
kawa*} on Vg75Gags obtained by coating 25-um-thick
and 10-mm-wide cold-rolled vanadium tapes with gal-
lium at ~ 800 °C seems to indicate the possibility of a
martensitic transition. Unfortunately, this potential
result has never been demonstrated on bulk samples.
Despite this, the minimum of ©, for the V-Ga sys-
tem can still be understood as a trend toward inci-
pient instability.

I. V-Al-X, X =Ga, Ge, As, Sn, Sb;
Refs. 3, 4, 27, 38, 39 and 44

When X =Ga, Ge, and As, one observes the
strange case where the slope of ®g as a function of
the volume is negative, and the slope of ®y(M) is
positive. But for X =Sn and Sb, it is found that
®o( V) and ©y(M) scale each other.

J. Cr-XT, XT=0s, Ir, Pt; Ref. 45

Here, one would see two different scaling modes,
one for X7=0s and Ir and the other for Pt.

K. Cr-X, X =Ga, Ge, As; Refs. 28 and 45

If pseudobinary alloy specific-heat data become
available, one will probably find two regimes: the
first between Cr3Ga and Cr;Ge where O¢( V) does
not scale ®,(M), and the second between Cr;Ge and
Cro.718AS80.22 Where the two curves scale each other.

L. Nb-X7, X =Os, It, Pt, Au;
Refs. 8, 38, 39, 46, and 47

The four possible binary systems represented in
Fig. 11 are characterized by a change of sign between
dOy(M)/dM and dOy(V)/dV within their homo-
geneity domain. The same systems based on V met-
als do not show this behavior, but exhibit normal
scaling between @g(M) and 6o( V). In addition, one
can see that the Nb-Os alloys are found on the same
curve with the Nb-Ir compounds. For these systems,
the behavior of ®y( V) is simpler than ©¢(M), with
the exception of the angle made by
Nbo.75Pt0.075AU0.175, Nbg76A U026, and Nbg75Aug.2s;
there the line joining those three points may not be
correct.

M
450 460 470 480 490
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A15: Nb-X (X =0s, Ir, Pt, Au)
400F <
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200 135

v(A®)

FIG. 11. ©y(M) and ©y( V) for the 415 phase of Nb-XT
systems where XT==Os, Ir, Pt, and Au. Note that X7 can
be a mixture of elements.

M. Nb-X, X =Si, Ge, Sn;
Refs. 3—6, 21, 32, and 48

To study the Nb-based A4 15 alloys, Fig. 12 com-
pares the following systems: Nb-Si, Nb-Ge, and Nb-
Sn. Again it can be seen that the ®y(M) and ©y( V)
functions scale each other very well. The situation
concerning the homogeneity domains is somewhat
different than for the two V-base alloys discussed
above: it only concerns concentrations lower than
25% of the B component of the alloy. Even with this
restriction on concentration, one sees immediately
that the Nb-Si (Ref. 48) and Nb-Ge (Ref. 48) phases
have similar behavior to the one of the V-Si (Ref. 3)
system, while the Nb-Sn (Refs. 5 and 6) alloys are
comparable only to the one of V-Ga (Ref. 3). This
very simple difference between the two @y( V)
behaviors for the V-Si and Nb-Sn systems could very
well be a part of the explanation of the differing c/a
ratio for the two martensitic phases. This also im-
plies that the anharmonic properties cannot be identi-
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FIG. 12. ©y(M) and Oy( V) for the 415 phase of Nb-X
homogeneity domains where X =Si, Ge, and Sn.
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FIG. 13. ©y(M) and ©y( V) for the A15 phases of the
Nb-Al-Ge systems.

cal to that of V;Si when the softening of the vibra-
tions is taking place. This is in agreement with the
fact that dE'/dp are opposite for V;Si and NbsSn,
where E’ is the elastic modulus and p an hydrostatic
pressure.’*3* As far as the systems Nb3Si, Nb;Ge,
and Nb3Sn are concerned, one can draw lines
between alloys on Fig. 12 and find that ©¢(M) and
®o( V) scale to each other well, in contrast to obser-
vations for the V-based related systems.

N. Nb-Al-Ge; Refs. 4859

To complete this discussion on particular 415 sys-
tems, we would like to mention that the pseudo-
binary Nb-Al-Ge system has, surprisingly, an har-
monic behavior as far as the ©y( V) relationship is
concerned, but a reverse correspondence when
®o(M) is compared to Oy( V) (see Fig. 13).
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FIG. 14. In®, (In¥) plot for the alloys in the C class.
The Zr-based compounds have been added on the figure as
well as Ti;Au because they happen to fit the same straight
line. The symbol ¥ means that these four points are not in-
cluded in the least-squares fit.

0. 8y( V) for the Cr3Si Debye class

The next step consists in trying to draw a relation-
ship between the ®y(M) Debye classes and the
®o( V) behaviors. As already mentioned in the intro-
duction, and for reasons not yet understood, it is not
possible to have the same ©y( V) families, as com-
pared to the ©9(M) classes with the exception of the
®o(M) Debye class of Cr3Si. Figure 14 presents the
relation In® as a function of In ¥, for the Cr;Si De-
bye class alloys and also for the Zr-based compounds
which are, surprisingly, found to fit the same straight
line. The slope of this straight line is directly the
Griineisen constant 1.6 £0.1, which is a very reason-
able value: see, for instance, Kittel,’* who reports a
list of metals and compounds for which the
Griineisen constant is between 1.25 and 2.56.

VII. DISCUSSIONS AND CONCLUSIONS

Since anharmonicity seems to be present even in
the C class, it means that anharmonicity is a basic
feature of each 415 alloy. Furthermore, one has to
realize that if the thermal properties are different
from one Debye class to another, it implies that

(i) The directions as well as the magnitude of the
cohesive forces are not identical (a raw estimate —
charge transfer —of those effects can be found in
Bongi’s papers>).

(ii) There are differences in bonding for com-
pounds in one class as compared to alloys in another
class. See Figs. 2, 3, and 4 for ECD in V3Si, Cr,Si,
and V;Ge.

(iii) Since the phonon spectrum depends in many
ways on the bonding between atoms, it is clear that
the fine structure in the phonon spectrum is different
from one Debye class to another.

These three points clearly indicate that several dif-
ferent schemes for band structures are needed to or-
der to explain the wide range of physical properties of
the 415 alloys. A further consequence relates to the
application of the so-called rigid-band model: in our
point of view, it can at most be applied within a given
class, and never between classes because of the fun-
damental thermal (and possibly chemical) differ-
ences.

Geller,*® Pauling,*® Fliikiger,*’ Johnson and
Douglass,’” and Lam and Cohen,’® seem to show that
the lattice parameter of an 415 alloy is more the
result of the B atom (see Fig. 1) than the 4 atom.
This idea may justify the use of the ECD around the
B atoms as a distinctive criterion defining Debye
classes. The comparisons among the ECD of Figs. 2,
3, and 4 emphasize strongly that the important factor
is the combination of a given 4 atom with a particu-
lar B atom. This combination determines the
membership in a particular Debye class.
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Another surprise from this work is the double
correlation ®9(M) and @y( V) for the C class, which
represents about 20% of the binary compounds
analyzed in this work. This double correspondence
can be expressed in the relation M « V=13, We have
no explanation at present for this astonishing rela-
tion, considering that compounds belonging to this
class have for B-atom transition metals as well as
nontransition elements and composition deviations
ranging from stoichiometry to Vg Reo 7 (see Figs. 6
and 14).

The Debye classification presented here reinforces
the conclusions of previous studies,?! which have ar-
gued for a fundamental role for anharmonicity
among high-T, materials. However, we show that
Nb3Al Nb3Ga, and NbyGe are not in the V class.
This indicates that there is a limit to 7, enhancement
by anharmonicity, possibly due to saturation effects
or, perhaps, to competing processes.

Table III provides three different kinds of super-
conducting transition-temperature averages per De-
bye class. The first one concerns all compounds be-
longing to a given class, the second is related to al-
loys where all the components are transition elements
only, and finally, the third regards compounds where
the B part of A3B is composed of nontransition ele-
ments. One can see that the first type of averages re-
flects the results of the third kind: that is, the gen-
eral behavior of T, becomes progressively lower from
the ¥ class to the C class. This means that the
highest T, average comes from the V class, the most
anharmonic one. In addition, Table III shows three
surprising results.

(i) There are only two alloys in the V class where
the B part of 43B is composed of transition elements,
namely, Ti;Ir and Ti; (Ir-Pt). This Debye class is
then dominated by a mixture of transition elements
(T, V, and Nb) and nontransition elements (Si, Ga,
Ge, Sn, .. .).

(ii) All compounds except one in the G-C class are
melted from transition elements only.

(iii) The 415 alloys made of transition elements
only are, as one can see from Table I, scattered
everywhere (with the possible exception, of the G-C
class) in Fig. 6 with no apparent relationship to one
another. This absence of relation is translated into
an average of T, —4.5 K independent of the Debye
class. There are no explanations at the moment for
this surprising result, that is an absence of correlation
between T, and thermal properties. This fact intro-
duces serious questions about the usual treatment of
the specific-heat data, including the McMillan>’
electron-phonon coupling parameter, for the deter-
mination of @ in about half of the 415 alloys.

From the phenomenology presented here, there are
several different conclusions. The central role of
anharmonicity suggests that correlations are strong
and that the electronic band model is again inapplica-

ble, as Brandow®® %2 has shown in several other con-
texts. Two or more kinds of anharmonicity, includ-
ing some saturation effects, seem needed for the 415
compounds. We believe that the Debye classes cor-
respond to different lattice Hamiltonians. The scatter
in T, from compound to compound in each Debye
class indicates differences in the detailed dynamics
and in the numerical values for coupling constants in
the Hamiltonian describing the class.

One necessary consequence of the channeling ex-
periments® is that the 4 chain distorts — the distor-
tion being a displacive disorder. The classical equa-
tion for the bent chains is the Sine-Gordon equation.
This equation has soliton solutions which form a con-
densate along the chains. In some cases interaction
with the linear quantum modes is important, e.g., the
V class, whereas the others, e.g., the C class, it is
not. Perturbations due to three-dimensional effects
by the environment on the chain are also interesting.
The unified behavior of the transition elements in
the face of their large fluctuations from member to
member is extremely interesting and suggests that we
should be able to improve the lattice dynamics
described in Refs. 18 and 19 using the observations
reported here. If so, it will be reported in a future
paper.%* Finally, not only would specific-heat data
help, but additional types of data would be even
more helpful, especially pressure-dependent x-ray
and neutron-elastic scattering at different tempera-
tures. The pressure dependence of Raman and in-
frared spectroscopic data,% and even thermal-expan-
sion measurements, would be quite useful in delin-
eating among possible models for the 415 compounds,
although not many single crystals are available.
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