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RULES FOR THE OCCURRENCE OF SUPERCONDUCTIVITY AMONG THE

ELEMENTS, ALLOYS, AND COMPOUNDS
Gerhart K. Gaule

DA Task No. 3A99-25-003-01

Abstract

An empirical rule predicting the occurrence of superconductivity
emong the elements ras given by Matthias (Matthias Rule, MR). The MR
stetes that nonmetellic, ferromegnetic, and antiferromagnetic elements
do not become superconductors, and that the empirical laws applying to
the transition metals (M) are quite different from those applying to
nontransition metals. Within these restrictions, the MR gives an
estimate of the expected superconducting transition temperature, T,, in
terms of three parameters: (1) the atomic mass, M; (2) the atomic
volume Vg; and (3) the number of valence electrons per atom., n. The
crystel symmetry also has some influence on the T, value. The MR for
the elements is with success applied also to alloys and compounds, when
proper averages over the M and n values of the constituent atoms are
used. Three supplementary rules pertaining to the influence of compound
formation on T, are given by the author. The theoretical justification
Tor the established empirical rules is outlined. Certain characteristic
deviations from the MR are then discussed. A new rule is proposed for
systems which contain T atoms in the form of "chains,” or "prisms,"”
such as the ™ borides. In other systems not obeying the MR, unexpectedly
large changes of T. are caused by small concentrations of vacancies, or of
impurity atoms. Systems not obeying the MR should be of special importance
for the development of new superconducting materials.

U. S. ARMY ELECTRONICS RESEARCH AND DEVELOPMENT LABORATORY
FORT MONMOUTH, NEW JERSEY
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RULES FOR THE OCCURRENCE OF SUPERCONDUCTIVITY ANONG THE
ELEMENTS, ALIOYS, AND COMPOUNDS

I. IRTRODUCTION

Since the discovery of superconductivity in mercury by Kammerlingh
Onnes® in 1908, many other metals, alloys and compounds were found to be
superconductors. Contrary to expect‘a.tions, however, no superconductors
were found among the "good conductors,” such as copper, silver, or gold.
Another puzzling observation was the large variation of the superconducting
transition temperatures, T., for the elements of the 4d and 54 transition
series of the Periodic Table. These "transition metals” are very similar
in most of their properties and one would expect only & small variation
in T,. The T, values of many alloys and compounds seemed to pose a still
greeter riddle. Unexpectedly high values were sometimes obtained by
combining a superconducting element with a nonsuperconducting one, even
& nonmetallic one, or by combining two nonsuperconductors. Fortunately,
the situstion was greatly clarified by Matthias in 19572 when he established
a set of simple empirical laws describing the occurrence of super-
conductivity, as well as the vgriation of the T, values within a given
group of superconductors. This set of empirical laws, usually called the
* "Matthias Rule,” was first applied only to the elements, as discussed in '
Section II of this report. The extension of the Matthias Rule into the
field of alloys and compounds, which is particularly challenging because
of the wealth of experimental informetion available, is treated in
Section III. Section IV presents the theoretical justification, first
established in 1958 by Pines,> for the basically empirical Matthias Rule.
Section V discusses the superconducting properties of the transition
metal-borides, & famlly of materials which discbeys the Matthias Rule.}



Cther deviations from the rule, some of which were discovered only very
recently, are tréated in Section VI. A sumary of the results and the

conclusions drawn are presented in Section VII and Table II.

II. THE MATTHIAS RULE FOR THE ELIZENTS

The Feriodic Table of the Elements according to Kessler’ gives an
excellent synopsis of the electronic properties of the elements. In
Figure 1, the table has been adapted for this work by adding the T, values
of elements. and of ceriain compounds. The electronic properties are
discussed first. Each atom differs from its predecessor in the sequence
of atomic numbers (which are marked to the left of the element symbols)
by one electron. The vertical position of the element syribol indicates
the atomic subshell (marked on the left of the table), to which this
"last" electron was added. Sometimes another electron is simultaneously
added to the subshell. This is then always at the expense of another
subshell., as indicated by appropriate synbols ir Figure 1. The Periodic
Table so obtained gives an instructive and "natural” presentation of the
d-transition series (transition metels), as well as the f-transition
series (rare earths and actinides). Similarly, the groupings of the non-
transition metals, and the nonmetals, are easily recognized in the left
and the right portions of the table. A grouping with respect to the
superconducting transition temperatures, Ty, of the elements is also
given in Figure 1. The approximate T, value for each superconducting
element is listed over the atomic number. Most of these values were
obtained from the excellent compilation by Ro'berts.6 For the graphical
representation of the superconducting properties, the temperature scale
has been divided into ranges, using powers of 2 for the limits, as
indicated in Figure 1. A symbol denoting the tempersture range which

[~



contains T, is placed to the immediate right of the atomic number of each
superconducting element. For convenience, a coarser clessificetion is
also used in this work. Superconductors with a (reletively) high transition
temperature Te>8°K are called "high termerature supercm;ziuctors, " and those
with T,<@°K "lov temperature superconductors,” the rest "medium temperature
superconductors."
The T, data of Figure 1 are now discussed in terms of the empirical
lavs found by Ma.tthias,a wvhich are formilated here as follows:
(1) To supercorduc. <iiy is found &mong elements which eare:
(8) noamesals, sc.’'conductors, or semimetaels
(v) ferromagnetic o. -niiferromegnetic
(2) Wizb n for the number o. valence electrons, superconductivity is
found only in elements for which 2__<n§8
(3) The variation of T, with n is giver by an empirical function
T(n), qualitatively shown in Figure 2. For & given d-transition
series, T(n) bas relative maxims at n= 3, 5, and 7, and relative
minima et n = 4, and €. For & sequence of noniransition metals,
7(n) increases monotonically with n.
(4) with V, for the atomic volume, and ¥ for the atomic mass, T,
varies for a given n &8 follows:
T = VE/HY
p with b<u<s.
Observed T, differences between ’isotopes of & number of elementJ
suggest: w = %. Elements &t the limits given by (2), i.e.,
“hn=2 and n = 8§, show no regular veriation of T, with Vg

and M.



(5) The crystal str:zcture has some influence on T.. Uncomplicated
cubic and hexagonal systems appear "favorable" to super-
conductivity. The variations in T, which can be attributed
to differences between structures are generally small (20% to
30%).

With the help of the empirical laws (1) and (5), the Matthias Rule

can be represented by & single equation:

T. = (¢ Vg/i'] T(n) (11.1)

umss, v i, -

The expression in the square bracket is dimensionless and of the crder
one. C veries with crystal structure as discussed in (5) gbove. ¢
and T(n) may e so adjusted that the expression in square brackets in
(1I.1) becomes unity for niobium and that T(5) ® 9°K, the T value of
No. The Te values of the horlzontal, vertical and disgonal neightors
of this "pivotal" superconductor are then easily predicted vy (II.1l).

qua.rison with the actual values of Figure 1 shows good agreczant. The

formula (II.l) indicates, for example, why o is a superconductcr superior

to both its vertical neighbors. Vanadium, although having an atcnic nass,

1, smaller than that of Nb, also has & suvstantially smaller atanic volume

Va, and the latter influence prevails. The reverse is irue for the

reletion between IIb and Ta.

Figure 1 shows Nb and Tc as the only high temperatwre superconductors

(in terms of the definition given above) among the elements. Their coyaon

horizontal nelighbor, Mo, however, rates as a low temperature super-

conductor. This is, of course, just the verification of two of the

"peaks" and of one "valley" stipulated by the T(n) curve in Figure 2.

Further verification is obtained by inspecting the Ld and 54 transition
b



series in Figuwre 1. The 34 transition series yields little 1n£orm*bim;
because the"peek" (n = 5) superconductor V is followed by antiferromagnetic
and ferromegnetic elements. In agreement with the rule (1), above, these
elements are marked with a "0," indicating that no superconductivity is
expected. Se, Y, and some other elements are marked with & "?," indicating
that superconductivity may be found in the future vhen measurements on
samples of higher purity, or measurements at lower temperatures, are made.
Thus, superconductivity is suggested for Sc and Y by the Matthias Rule,
and by analogy to the superconductor Ies in the same colurm. Super-
conductivity was also predicted for Ln,8 vwhich differs from La only insofar
as la has a completely empty 4 £ shell, and Lu a completely f£illed & f
shell. Elements with partly filled 4 £ shells ("rare earths") have dominant
magnetic properties and do not superconduct. In contrast to this, at least
one element with & partly filled 5 £ shell, U, is & superconductor.
Inspection of the nontransition metals of the Periodic Table, Figure 1,
reveals only Jair agreement with the Matthias Rule. Of some interest is
the sequence Hg, Tl, Pb, Bi. The value for Hg is "too high" for a divalent
element. Bl is a semimetal and, of course, & nonsuperconductor. A high-
Pressure phase of Bi, and also an amorphous phase of Bi obtained by low
| temperature condensation,”:10 are high tempersture superconductors. It
is assumed that Bi loses its semimetallic character upon formation of one
of these two phases, and becomes metallic. The observed T, values are
indeed slightly higher than those of b, as predicted by the Matthias Rule
for a petallic right neighbor of Fb (Figure 2). The amorphous phases of
Be and Ga, vhich are also high tempersture superconductors, represent
obvious deviations from the Matthias Rule.



III. RULES FOR ALLOYS AND COMPOUNDS

Some slight modifications of the Matthias Rule for the elements

produce an equivalent rule for compounds and m:l.:l.c:;rl.2 These modifications

are conveniently formlsted in close analogy to the empirical laws (1)

through (5) of the previous section (see also Table II):

(1'2)

(1'v)
(1'e)

(1'a)

Materials with the electronic properties of nommetals, semi-
conductors, or semimetals do not supercondgct.
Antiferromagnetic materials do not become superconducting.
Ferromagnetism resulting from d-spins, i.e., from unpaired
electrons in partly filled d-subshells, is not compatible
with superconductivity.

Ferromugnetism resulting from f-spins is in special cases
compatible with superconductivity.

The last stetement reflects observations made by Matthias3’ on

pseudobinary systems such as YOsp with a few percent Gd0sp in solid

solution.

By proper adjustment of the Gd content, a material is obtained

vhich first becomes ferromagnetic and then superconducting upon cooling.

(2')

(3%)

VWith n now denoting the average number of valence electrons
per atom of the alloy or compound, the occurrence of super-
conductivity is again limited by:

2<n<8.
The variation of T, with n is again given by an empirical
function T(n), which resembles that for the elements (Figure 2),
but with the second maximmm shifted to n = 4.7 and the third
maximum shifted to n = 6.7.



(4') With V, now denoting the mol-volume, the variation of T, for

& given n may be expressed by:

Te « Va © £(M1, Mp); 5 <u<0.
No simple function f(My, Mp) describing the combined influence
of two atomic masses My, Mp can be given although it is evident
that large masses tend to decrease T..

(5') The uncamplicated cubic and hexagonal systems which had been
recognized as "favorable” to high T, values for the elements
are of equal importance for alloys and compounds. Several
superconductors in the highest T, range are intermetallic
compounds of the type ™3L (with "MM" for "transition metal,”
and "L" for another element) and crystallize in the so-called
B-W structure,¥* vhich has no analogue among the elements.
Rumerous complicated structures are found among the medium
and lowv temperature superconductors. No superconductors
have been found having crystal structures without & center
of inversion.

0f special interest is the occurrence of superconductors with high

Te values. To study this probiem, the Tr value of a selected super-
conducting compound (if existing) is presented over each element symbol
in Figure 1. The formula of the compound is placed to the immediate left

of the Te value. The compound (or alloy) selected is the one with the

#The "B-W" structure does not occur in elemental W, as originally
assumed, but only in W30. Seel2,



highest T, value among all the binary compounds (or alloys) with at least
50 atomic percent of the element considered. Most of these T, values are
again taken from the compilation by Roberts.6 The data for selected
compounds in the Periodic Table, Figure 1, suggest the establishment

of three additional empirical laws, which may be considered as complemen~
tary to the Matthias Rule. The following statements pertain only to
compositions with at least 50 atomic percent of the element in question:

(A) Thne T, values of all superconducting elements are substantially
raised upon formation of suitable compounds or alloys. The
increases are 50% and more for transition metals, and generally
less for nontransition metals.

(B) With the éxception of the elements of the f-transition series,
and of the Ta and the 0 colums of the Periodic Table, most
nonéuperconducting elements form superconducting alloys or
compounds.

(C) Elements which become superconductors, or superconductors which
attain increased T, values upon formation of an amorphous phese,
behave similarly upon formation of a suitable compound.

The vast experimental material available on superconducting alloys
and compounds generally supports the simple rules formulated in this
section. Structural aspects are extensively treated in the work of
Matthias.2,11 Superconducting solid sqlntions with a wlde homogeneity
range permit the contimuous variation of the electron concentration, n.
Chaxin, Lynton and Serinl3 dissolved In or Sb in Sn and showed that the
observed variation of T, with n is that predicted by the Matthias Rule,
except for smll concentrations. The consequences of these results are
also discussed by Coles.]* Extensive studies of solid solutions formed

8
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by transition metals reported by Eulm and Blaugherl5 confirmed the two
predicted T, mexima at n = 4.7 and n = 6.4. Ko clear relationship could
be established, however, for alloys formed betwsen vertical neighbors -m
the Periodic Table.

The Matthias Rule for transition metals is generally obeyed also by
compounds formed between transition metals and nontransition metals.
This bas been demonstrated by Matthias? by compering many campounds of
Mo, W, ¥b or V with nontransition metals. Even compounds with the semi-
conductors Si and Ge do not deviate from the T(n) curve for transition
metal compounds. To determine vhether the Matthias Rule for transition
metals would still apply to compounds between transition metals and such
pronounced nonmetals as B, C, and N, a comparison of these compounds was
mede by the awthor.} Since the 3a-transition series contains only two
superconductors, the comparison was limited to the borides, carbides and
nitrides of the 4d- and 5d-transition metals. The results are presented
in Figure 3 by plotting the highest reported® T, values for all three
kinds of compounds as a function of n. The maximum T, velues obtainable
from binary combinations of 4d- and Sd-transition metals alone are also

shovn. This "reference" curve shows the characteristic peaks at n = 4.7

_and n = 6.7. The two curves representing the carbides and the nitrides both

have a very pronounced peak near n = 5, and "dips" near n = L4 and n = 6.
The boride curve, having a peak at n = 4, and & dip at n = 4.5, is clearly
"_aut of step" with the three others. With these somevhat swrprising
results, the borides sppear to be the only family of transition metal-non-
metal compounds which clearly violates the Matthias Rule. The transition
metal borides are discussed in more detail in Section V.
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IV. THE THEORETICAL BASIS FOR THE MATTHIAS RULE

An approximate relationship between the properties of a superconduct-
ing material and its superconducting transition temperature, T., is given
by the Bardeen-Cooper-Schrieffer ("BCS") theory.ls’u The superconducting

" state 1s explained in this theory as the result of a many-body interaction

among the electrons near the Fermi surface via the exchange of phonons.

With respect to Tp, the theory predicts that:

KTo = ko.e~1/N(0)V & 1. e~ L/H(0)V (1v.1)
where k is the Boltzmann constent, 6 the Debye temperature, #w the average
phonon energy, and N(0) the number of electrons per unit energy near the
Fermi surface, divided by the volume of the sample. -V gives the average
net interaction energy between the electrons near the Fermi surface,
miltiplied by the volume of the sample. In the superconducting state,
this net interaction energy is negative (attractive case), so that V is
alvays positive vhen (IV.1l) applies. Pines pointed out in 19583 that the
then new BCS theory should explain many of the empirical features of the
Matthias Rule. For the ireatment of the nontransition metals, Pines
neglects the influence of the lattice periodicity and assumes a gas of
interacting electrons. In the gas, the Coulomb interaction between two
electrons is reduced by the "screening effect" of the mobile charges of the
other electrons. The amount of reduction is given by a screening parameter,
ks. This important parameter is related to the gquantities Vg (atomic
volume), and n (number of valence electrons per atom) from the Matthias
Rule as follows:

kg « (r)1/2,- r= (BVJhxn)l/3. (Tv.2)



The new quantity, r, which is introduced for convenience, dsnotes the
"electron spacing.” It is related to Vo/n, the inverse electron Wity,
as indicated. The phonon interaction between two electrons involves
Coulomb interactions with ions, vhich are also "screened" with the
same screening parameter, kg. The rather complicated expression which
Pines derives for the interaction energy, -V, contains an "attractive”
phonon term and a "repulsive" Coulomb term. '].‘he phonon term is
proportional to the square of the ionic charge, (emn)2. Therefore, the
phonon term increases rapid.hr?&th n, »giving superconductivity for
n > 2 in accordance with the Matthias Rule. An increase in the screening
parameter, kg, 8l1so enhances superconductivity, since it reduces the
Coulomb term more than the phonon term. According to (IV.2), kg
increases with the atomic wvolume, Va. Thus, a large Va enhances super-
conductivity again in accordance with the Matthias Rule. It is also
seen in ' "V.2) that a large n reduces kg. This counteracts to some
degree the :nfluence of n via the ionic charge. Observing that N(0)
« 1/r in his cimple model, Pines3 then expresses the exponent in (IV.1),
-k(0)V, as & function of n and r, or in view of (IV.2), of n'and Vg.
The expression is not dependc:ft on the atomic mass, M; the relevant
terms cancel out in Pines' calculations of V. The mass dependence
¢2 To is contained in the first factor of (IV.1l), the Debye temperature,
€. walch varles as 6 « x'l/a. With this, T, is now connected to the
t.re: parameters of the Matthias Rule, M, n, and Vy through the BCS
Iirmide, (IV.1). In the treatment of Pines, the formula gives roughly
¢ s&xme trends for the T, values of nontransition metals upon variation
" ozy of the three parameters as the Mstthias Rule. But the N(0)

1



values actually calculated by Pines3 are much too small to yield the correct
range of T, values. Pines notes that the simpls, "free electron gas" re-
lationship N(0) « 1/r lesds to discrepancies for metals withn = 2. As
discussed above in Section II, (4), the Matthias Rule equally fails to

- make clear predictions for these elements. Pines points out that the
divalent elements have dasically one valence band filled with the two
s-electrons, and that the metallic properties are only the result of a
certain degree of band overlap. Therefore, the model of a gas of nearly
free electrons is quite inappropriate. The model is, of course, even more
inappropriate for the transition metals with their narrow and complex
d-bands, making a different approach necessary.

Horizontal neighbors within a transition series are generally more
similar to one another than horizontal neighbors in the Periodic Teble
emong the nontransition metals. In particular, there is relatively
little change in the room tempersture resistivity within a given
transition series. Since the high tempersture resistivity depends
on the phonon-electron interaction, this indicates a nearly constant
interaction term, V, in the BCS formla (IV.1). Recent direct determina-~
tion of V by Bucher et a1.18 shows a linear increase of V with n which 1s
neglected for the following qualitative arguments. The large variations
of To with n within & given transition series have been discussed in
the preceding sections. In view of the BCS formula (IV.1l), these large
variations must be attributed to equivalent varistions of N(0), since
6 and V are nearly constant within a given series. The varistions of
N(0) with n can be predicted from theoretical cosputations of the elsctron
level density, dn(e)/de, for all the conduction bands of a given metal.

12 : -



The characteristic features of the conduction band in metals, as far as
known, are treated in detail by Slater.l9 fThe results of Manning and
Chod.orow,ao also discussed by Seitz,21 for the 54 transition series are
presented in Figure 4. The upper curves represent the level densities
for the individual bands (I through V for the d-bands, VI for the s-band)
as functions of the energy; the lower curve gives the total densities of
all six bands combined. Integration over dn(e)/de from zero energy (the
"bottom" of the lowest band) to the Ferml energy yields the total number
of electrons per atom, n. The BCS quentity, N(0O), is proportional to the
value of dn(e)/de et the Fermi energy. The Fermi energies for Ta (n = 5),
and W (n = 6) are indicated in Figure k. A characteristic dip is
recognized near n = 6, as predicted by the Matthias Rule. The effect of
the dip is greatly magnified through the exponential character of the
BCS formmla, (IV.l). Setting, for convenience:
B(O)V = G
one easily verifies that
Al /7. = (1/G)aG/G. (Iv.2)
G is usually between 0.3 and 0.2 for medium temperature superconductors.
Formula (IV.2) then states that a 10% change in G, or N(0), is reflected
by & 30% to 50% change in To, and so forth. The large volume exponent,
u, in the expression T, « Vi of the Matthias Rule becomes plausidble by
similar reasoning. The magnifying effect of (IV.2) is obviously re-
duced for large G values (G 8 0.4). This could possidly explain why the
Te V8. n curves for transition metals, for example those of Hulm and
Blaugher,15 often have flat "peaks," but stesp "valleys.” For the
hypothetical case of G >> 1, T, would evidently approximate the Debye
temperature, 6.
13



Experimental N(O) curves are aveilable from measurements of the
specific heat, 7, which is proportionmal to N(0). Daunt recognized in
195522 the similarity between the T, variations and the y variations
within & transition series. Recent experimental data by Hoare23 are
presented in Figure 5. It is seen that the actual variations of N(0)
are considerably greater than the calculated ones of Figure L. The agree-
ment with Matthias Rule is excellent except for n > 8, where the y vs.

n curves predict high temperature superconductivity for nonsuperconductors
such as Pd and Pt. The data on Figure 4 also demonstrate some of the
influence of structure. It can be seen, for exarple, that the y increase
from W to Pd is not as large as expected, probably due to the change in
structure.

Morel and And.erscma)+ recently presented a theory which leads to rather
accurate predictions for the N(0)V values of transition metals as well as
nontransition metals. The phonon term used by these authors is based on a
retarded interaction via short wavelength phonons. This is in contrast to
the "umklepp"-processes, which were considered of primary interest by
Pines.3 Another improvement is the use of experimental date, instead of
free electron data, for N(Q). A somewhat strange result of the theory of
Morel and Anderson is the prediction of superconductivity for all (non-
ferromagnetic) metals. The calculation ylelds a positive (attractive)
§(0)V value even for the monovalent metals Na, K, Cu, Au. The predicted
K(0)V values are very small, however, so that these materials would
become superconducting only at temperatures of the order 10‘3'1( or less.
An experimental test of this prediction would be extremely difficult.

1



In the &iscussion of repulsive and attractive interactions in this
section, no cdistinction has been made so far between s- and d-electrons.
Such a distinction is suggested by the considerably heavier effective
rasses of the d-electrons. Garland®> and Perett126 have recently showm
that & superconducting state can exist by virtue of s-d interactions.
These interactions do not necessarily involve phonons. In that case, the
BCS formmla, (IV.l), would not have the Debye temperature, 6, as a factor
(and &s an upper limit for T.). Since 6 is, by virtue of 0 « M"l/a,
responsible for the isotope effect (see Section II) a "phonon independent"
superconductcr should have no isotope effect. It is indeed known that
Ru and Os have no isotope effect, and that some other superconducting
materiels shov only a partial isotope effect.27 This glves support to .
the idea of ar s-d interaction not involving phonons. For the case of
predorminant s-d interaction, Peretti replaces the expression N(0)V in
the 3CS formula (IV.1) by: [Hg(O)Ng(0)1¥2v,y. The indices are self-
explanatory. An estimate of the magnitudes of the two density terms
Tg{C) and Ng(0) and of their variation with n may be made with the help
cf Figure 4.

The absence of superconduétiwrlty emong nonmetals, semliconductors,
and semimetals is quite obvious from the preceding discussion; these
raterials do not have a sufficient muber of conduction electrons; the
11(C) values are too small. The BCS model serves to0 explain why d-spin
ferromagnetisn is not compatible with superconductivity. The model
imposes rigorous restrictions on the spins of the electrons near the Fermi
surface (which are mainly from the d-bands) in assembling these electrons
in "Cooper pcira"16’17 with zero net momentum and zero net spin. The

15



electrons cannot simltaneously fulfill the equally rigorous and quite
different requirements imposed by ferromagnetic spin alignment. Similar
reasoning applies to d-band antiferromagnetism. The situation may be
different in the case of f-band ferromagnetism (Section ITI, (1'd)),
beczuse f-electrons are localized. No satisfactory theoretical explanation.
for the absence of superconductors among the nonferromagnetlc transition

metals with n > 8 has been given.

V. THE MODIFIED MATTHIAS RULE FOR THE TRANSITICH-METAL BORIDZES

A survey of the T, vs. n curves of the three most irportent lamilies
of superconducting transition metal-nonmetal cormpounds, namely, the
transition-metal borides, -carbides and -nitrides was presented in
Figure 3 and discussed &t the end of Section ITII. It was shown that the
curve for the borides is "out of step” with those for the two other
families, and of course 2lso et variance with the liatthias Rule. This
rotiveted the author and his co-worl:ersl‘ to prepare borides with possibly
high transition temperatures and with an average number of valence electrons,
n, within the range of the otserved discrepancy, 4 <n<5. The prepara-
tion of satisfactory boride sarmples is difficult because of the very-high
melting points and of the often complicated prhase diagrams. These problems
ere extensively discussed by Schwerzkopf and Kieffer.28 Reactive sintering
(s) and direct fusion (M) permit synthesis at a temperature lower than the
melting temperature, which is often required by the phase diagram and by
other considerations. The letter symbols, S and M, serve for & convenient
identification of materials in the following. Many samples prepared by
sintering or fusion were subsequently melted in & vaecuum by &n electron

beax (E). The electron bez: melting was often combined with floating zone
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refining. Electron beam melted and, even more 50, zone refined unxpleé are
generally superior to others in purity and structural perfection. This may
be seen from Table I, vhich gives a detailed comparison of typical S, M,
and E samples.

The results obtained with borides from the three methads of preparation
used are swmarized ir Figure 6. For comparison, the top curve gives the
highest values from the literature ,6 the sam= es in Figure 3. The obserwved
Te ranges for samples of & given origin are indicated by brackets. In the
case of NbB (n = 4), the trends are as expected. The sintered material has
& wlde spread of T, values, and 1s inferior to the electron beam melted
material. The electron beam material does not quite reach the value ex-
pected from the literature, probably due to loss of B by evaporation at the
very-high melting temperature of NbB (= 2800°C). It is possible that the so
induced boron vacancies in the NbB lattice depress the T, value of the
material, as discussed in the next section. In spite of these small
differences, the new T, values for well-prepared NbB material evidently
confirm the "wrong" peak at n = 4. The situation with MoB (n = 4.5) is
similar. None of the samples, which had been prepared in various ways
(see Table I), were found superconducting above 1.6°K, the limit of the
~measuring apparatus. Thus, the "dip" at n = 4.5 18 also confirmed by the.
nevw measurerents.

The results for MozB {n = 5) appeared rather paradoxical. The T,
data for fused and for sintered material h'a.ve only small spreads and agree
well with the published data. Upon electron beam melting, however, the
values becoms unexpectedly low. In view of the high T, values for the
Mo-nitrides (12°K for MoN, 5°K for MopN) and the vigorous outgassing
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observed during the electron beam melting process, the influence of nitrogen,
possibly in solid solution in the MopB system, was suspected. To test this
idee, an outgassed, low T, sample was heated in a nitrogen a.imosphere. This
treatment raised the T, value back into the range for material which had not
been outgassed. These results strongly suggest that the T, values of the
electron bean melted material are more representative for MosB in its

purest form. The new Tc vs. n curve in Figure 6 is drawn accordingly. It
is seen thet & "valley" now extends fromn = 4.5 to n = 5, creating an even
greater deviation from the Matthias Rule.

An explanation for the unusual T, vs. n curve for the transition metal
borides is suggested by the unusual electronic and structural properties of
elemental boroned as well as many transition mtal-borides.as:3° In
contrast to the uncomplicated NaCl or other cubic, or hexagonal structures
of most of the carbides or nitrides, the metal rich borides are usually
characterized by two interleaved substructures, one containing only
trersition metal (T) atoms, the other only B atoms. Figure 7 shows that
the monoborides KbB, B-Mo3, TaB, and CrB, arrange the T atoms in endless
+rigonal prisms, with the B atoms forming zigzag chains in channels between

the prisms ;23 8-}oB has & similar structure. The subborides y-MopsB and

. TepB, shown in Figure 8, have linear chains of B atoms. Each B-chain is:

located &t the center of four parallel chains formed by the ™ atoms.28
The TM chains are bullt by distorted tetrahedra sharing edges. It appears

very plausible that TM-TM and B-B bonds are much more numerous in such a

system than the "mixed" T4-B bonds.30 In that case, little "sharing" of

electrons between the two subsystems and little change in the nature and
occupation of the d-band of the transition metal would occur upon formation
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of such a compound. The normal and superconducting properties of momo-
borides and subborides should approximate those of the metal. To test
this assumption, the number of the electrons per atom of each méto.l, n*,
is also given in Figure 6. In terms of n¥, the TM-borides have indeed |
 "regular" behavior, with a peak at n¥ = 5, and a valley at o* = 6.
Valuable information on the electronic properties of & superconductor
can be obtained by measuring the normal conductivity under various con-
ditions. One obvious criterion for the metallic character of a material
is the resistivity at room temperature, F300° The data in Table I indicate
that the p3gp values for an electron beam melted transition metal boride
sarple are low, in the neighborhood of the p3np value of the transition
metal itself. Another important criterion is the variation of p, the
resistivity, with temperature. Plots of p/p300 for typical samples are
presented in Figure 9. The curves for sintered and fused samples tend to
level off below 50°K, indicating a temperature behavior of p whigh is ti:e
result of strong scattering by impurities or structural Mection.w
The curves for the electron beam melted samples drop to much lower values
before superconductivity is reached. These results and those from the
structural and the chemical analysis precented in Table I seem to justify
the assurption made above, namgly that the electron beam melted samples of
MopB, in spite of their low T, values, are more representative than the

other sarples for the "ideal" properties of MooB.

VI. OTHER DEVIATIONS FROM THE MATTHIAS RULE

The Matthias Rule predicts only mild variations of the T, values upon
the introduction of a few percent of impurities into the metal. That this
is so even for the transition metals can be understood in terms of the
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structure of the s-bands and d-bands discussed in Section IV and schemati-
cally presented in Figure L. Although according to this picture, a small
shift in the Permi energy mey cause drametic changes of the electronic
properties, many additional electrons (& fraction of one electron per atom)
are necessary to change the filling of the bands, and thus the Fermi energy,
significantly. This is in contrast to the situation in semiconductors.
These also depend very strongly on the position of the Fermi energy with
respect to the conduction band, but a large shift of the Fermi energy can
be accomplished with a few additional electrons ("doping" with foreign atoms
more electro-negative than the host atoms).2l

Changes in T, much larger than expected from the calculated change of
n in the general empirical T(n) function of Section II are therefore con-
sldered exceptions to the Matthias Rule. Such an exception was recently
observed by Giorgi et al.3l in TaC and IbC. Although these materials have
& wide homogeneity range, & small deficiency of carbon in these high
temperature superconductors causes & shaxrp drop in T,, much sharper than
expected from the Matthias Rule. Boron deficiency in the high temperature
superconductor NbB may have a similar effect, as discussed in the previous
section. The very large decrease in Te resulting from the "outgassing" of
. MopB, and the reversed effect, also discussed in the previous section, fall
into the same category. The observed loss of nitrogen during the out-
gassing is very small (% 0.02% of the sample as indicated in Table I), but
it may possibly induce a considerable change in the concentration of dboron
vacencies or the like. An analogue to the outgassing effect in MooB was
reported by Picklesimer and Sekula32 for technetium. These authors reduced
the T¢ value of technetium from 11.2°K to 8.22°K through purification,
essentially the removal of asmall amounts of oxygen.
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Reed et al.33 recently discussed systems in which the influence of the
average mumber of electrons per atom, n, is smaller than expected from the
Matthias Rule and also small in comparison to the influence of structural
order. One system studied was of the kind NbySn (n = L.75), with con-

" siderable Nb surplus, with the highest surplus represented by NbiSn

(n = 4.8). In spite of the large Fb surplus, the B-W structure (see
Section III) was preserved in the material either by replacing Sn with Nb
atoms or possibly by creating an appropriste number of Sn vacancies. The
Te value increased only slightly by going from Nb3Sm to NbySn. A largely
decreased Tc value is observed, however, in samples with atomic disorder,
that is, with Sn atoms on Nb sites. Reed et al.33 point out that the ¥b
atoms form perpendicular chains in the p-W structure. The Nb~-Nb distance
in the chains is 10% shorter than in elemental Nb. The authors speculate

that the Nb chains are responsible for the high temperature supercondueciivity

of ¥b3Sn, making T. very sensit;l.ve against "disruption" of Nb chains by
disorder. An enhancement of superconductivity by structural disorder vas
found by Matthias® in superconductors such as PdTe which crystallize in the
RiAs structures.

When small concentrations of atoms of a ferromagnetic element are
introduced into & superconducting material, the result is usually a re-
duction of the T, value sharper than that predicted by the Matthias Rule.

A good example is Fe in Mo.3% Introduction of about 0.02% Fe into pure
Mo depresses the transition tempersture f;:om 1°K to 0.1°K. There are
numerous cases, however, where the introduction of rerrm?etic impurities

causes an unexpectedly large enhancement of superconductivity. These cases



vere surveyed by Matthias in 1960.35 No clarification of the effects
caused by small amounts of ferromagnetic elements in superconducting
materials can be expected before a satisfactory theory for the s-4 inter-

actions becomes available.

VII. SUMMARY

The Matthias Rule still serves as an excellent tool to predict the
occurrence of superconductors and to predict their transition temperatures,
although significant deviations fram the rule have been discovered since
its inception in 1957. In the present work, the Matthias Rule is formulated
in the convenient form of & set of five empirical laws. Three new empirical
laws pertaining to the occurrence of high temperature superconductivity
among alloys and campounds have been added (Section III; for & survey of all
the discussed rules, see also Table II). No serious discrepancies between
the formulated empirical laws and the most recent theory have been found
except for some of the transition metals with more than eight valence
electrons, for which the theory wrongly predicts high temperature super-
conductivity (Section IV). 4 noteble exception from the Matthias Rule is
given by the family of superconducting transition metal borides. The
Peculiar errangement of the boron and of the transition metal atoms in
" endless chains or endless prisms was determined as the cause of this
exception and the Matthias Rule was accordingly modified for the transition
metal borides (Section V). Other compound systems comtaining transition
metal atoms in the form of chains show related deviations from the Matthias
Rule. More difficult to understand are systems in which umexpectedly large
changes of the superconducting properties are caused by small concentrations
of structural vacancies, or of impurity stoms such as nitrogen or oxygen, or
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of impurity stoms from ferromagnetic elements such as irom (Section VI).
The exceptions to the Matthias Ruls present a serious challenge to solid-
state physics. A more adequate model of the s-d interactions is expected
from the theory, covering magnetic effects as well as superconductivity.

- More extensive studies of the systems with known deviations from the Matthias
Rule and & vigorous search for new systems of this kind are also needsd.
Experimental work of titis kind should yield more comprehensive and more
accurate empirical rules for the occurrence of superconductors, among the
alloys and compounds. This, together with a clearer theoretical insight
into the various and conflicting influences on the transition temperstures
within a given family of msterials, would eventually produce highly reliable
guidelines for the development of new superconducting materials.
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