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RULES FOR THE OCCU=3 CE OF SUPERCONDUCTIVITY A4ONG THE

MM=S, ALLOYS, A.D COMOMMDS

Gerhart K. Gaule

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

Abstract

An empirical rule predicting the occurrence of superconductivity
among the elements was given by M!atthias (Matthias Rule, MR). The I.R
states that nonmetallic, ferromagnetic, and antiferromagnetic elements
do not become superconductors, and that the empirical laws applying to
the transition metals (24) are quite different from those applying to
nontransition metals. Within these restrictions, the Mq gives an
estimate of the expected superconducting transition temperature. Tc, in
terms of three parameters: (1) the atomic mass, M; (2) the atomic
volume Va; and (3) the number of valence electrons per atom, n. The
crystal symmezry also has some influence on the Tc 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 Tc are given by the author. The theoretical justification
for the established empirical rules is outlined. Certain characteristic
deviations from the MR are then discussed. A new rule is proposed for
systems which contain 714 atoms in the form of "chains," or "prisms,"
such as the TM borides. In other systems not obeying the MR, unexpectedly
large changes of Tc 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.
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Since the discovery of superconductivity In mercury by K orlingh

Onnesl in 3908,. many other metals.. alloys and compounds were found to be

superconductors. Contrary to expectations,* howve~r, no superconductors

were found aisn the "good conductors," such. as copper, silver, or gold.

Another puzzling observation was the large variation of the superconducting

transition teperatures, Tc, for the elements of the 41d and 5d transition

series of the Periodic Table. These "transition metals" are very similar

in most of their properties and one would expect only a smal variation

in Tc. The Tc values of many alloys and compounds seened to pose a still

greater riddle. Unexpectedly high values were sometimes obtained by

cobining a superconducting element with a ncnsuperconducting one, even

a nonmetallic one, or by combinin two nonsufperconductors. Fortunately,

the situation was greatly clarified by YAtthias in 39572 when he established

a set of simple empirical laws describing the occurrence of super-

conductivity, as well as the variation of the Tc values within a given

roup of superconductors. This set of emirical laws, usu1aly called the

"Matthias Rufle," was first applied only to the elements, as discussed in'

Section nI of this report. The extension of the Matthias Rule into the

field of alloys and comounds, vhich is particularly challenging because

of the wealth of experimental information available, is treated in

Section =. Section IV presents the theoretical Justification, first

established in 1958 by Pines,3 for the basically empirical )Wtthhi Rule.

Section V discusses the superconducting properties of the transition

meta3-borides, a famly of mterials which disobeys the Iattbias Rule.4



Other deviations from the rule, some of which were discovered onl very

recently, are treated in Section VI. A sumry of the results and the

conclusions drawn are presented in Section VI and Table nI.

II. To nAimmAS RE FOR Tim =-TS

The Periodic Table of the Elements according to Kessler 5 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 Tc values

of elements, and of cerain compounds. The electronic properties are

discussed first. Bach 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 symbol 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 alimrys at the expense of another

subsheil, as indicated by appropriate symbols in Figure 1. The Periodic

Table so obtained gives an instructive and "natural" presentation of the

d-transition series (transition metals), 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 teneratures, Tc, of the elements is also

given in Figure I. The approximate T. value for each superconducting

element is listed over the atomic number. Most of these values were

obtained from the excellent comilation by Roberts.6 For the graphical

representation of the superconducting properties, the temerature scale

has been divided into ranps, using powers of 2 for the limits, s

indicated in Figure 1. A symbol denoting the teopuetwe range wbich



contains Tc is placed to the immediate right of the atomic number of each

superconducting element. For convenience, a coarser classification is

also used in this work. Superconductors with a (relatively) high transition

temperature Tc>eK are called "high temerature superconluctors," and. those

with Tc42*K "law temperature superconductors," the rest 'Ined.ijn temperature

superconduct ors."

The Tc data of Figure 1 are now discussed in terms of the emirical

laws found b:,' Matthi as , 2 which are forzalated here as follows:

(1) No superconduc-. ity is found among elements which are:

(a) nonme-.&s, s.: '.conductors, or semimetals

(b) ferromagnetic o- ntiferronagnetic

(2) With n for the number ,- valence electrons, superconductivity is

found only in elements for which 2<S.

(3) The variation of Tc with n is gIver, by an empirical function

T(n), qualitatively sho-n in Figure 2. For a given d-transition

series, T(n) has relative ma•ima at n = 3, 5, and 7, and relative

minims at n - 4, and 6. For a sequence of nontransition metals,

T(n) increases monotonically with n.

(4) With Va for the atomic volume, and Y for the atomic mass, Te

varies for a given n as follows:

/ with 4 < u < 5.

Observed Tc differences between isotopes of a number of elements7

suggest: V =. Elements at the limits given by (2), i.e.,

with n - 2 and n - 8, show no regular variation of Tc with V&

anCI M.
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(5) The crystal structure has same influence on Te. Unco~icated

cubic and hexagonal systems appear "favorable" to super-

conductivity. The variations in Te which can be attributed

to differences between structures are generally small (20% to

30%).

With the help of the empirical lavs (1) and (5), the lMatthias Rule

can be represented by a single equation:

Tc = [C VtJMw1 T(n) (1.-)

U a 5, w

The expression in the square bracket is dimensionless and of the order

one. C varies with crystal structure as discussed in (5) ab-e. C

and T(n) may be so adjusted that the expression in square brac-ets in

(II.i) becomes unity for niobium and that T(5) f 9K,. the Tc -alue of

Mb. The Tc values of the horizontal, vertical and diagonal neighbors

of this "pivotal" superconductor are then easily predicted by (11.1).

Comparison with the actual values of Figure 1 shows good a~ree--.Zn. The

formula (11.1) indicates, for example, why Irb is a superconductcr superior

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

M., smaller than that of Nb, also has a su'.stantially snaller atomic volume

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

relation between Nb and Ta.

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

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

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

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

"Ipeak" and of one "'valley" stipulated by the T(n) cvm in Figure 2.

Further verification is obtained by inspectian the •4 and 5d transition

u4



series in Figure 1. The 3d transition series yields little informstion,

because the"peak" (n 5) superconductor V is follmd by antiferroun4petic

and ferro etic elements. In ageement vith the rule (1), abmo, these

elements are marked with a "0," indicating that no superconductivity is

expected. Se, Y, and some other elements are marked with a "?," indicating

that superconductivity my be found in the future when 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 analo g to the superconductor La in the same column. Super-

conductivity was also predicted for Lu, 8 which differs from La only insofar

as La has a completely empty 4 f shell, and Lu a completely filled 4 f

shell. Elements with partly filled 4 f shells ("rare earths") have dominat

manetic properties and do not superconduct. In contrast to this, at least

one element "rith a partly filled 5 f shell, U, is a superconductor.

Inspection of the nontransition metals of the Periodic Table, Figure 1,

reveals only fair agreement with the Matthias Rule. Of some interest is

the sequence Hg, TI, Pb, Bi. The value for Eg is "too high" for a divaleen,

element. Bi is a semimetal and, of course, a nonsuperconductor. A 'high-

pressure phase of Bi, and also an amorphous phase of Bi obtained by lov

temperature condensation,9,10 are high temperature superconductors. It

is assumed that Bi loses its semJ tallic character upon formation of one

of these two phases, and becoes metallic. The observed Tc values are

indeed slightly higher than those of Pb, as predicted by the Matthias Rtle

for a metallic right neighbor of Pb (Figure 2). The amrphous phases of

He and Ga, which are also high temperature superconductors., represent

obvious deviations from the )Mtthias Rule.

JS



InI. NJLE FOR ALLOWS AND Ca4CIMQN

Some slight modifications of the Matthias Rule for the elements

produce an equivalent rule for coswounds and alloys.2 These modifications

are conveniently foralated in close analogy to the enirica laws (1)

through (5) of the previous section (see also Table I1):

(l'a) Materials with the electronic properties of nonmetals, semi-

conductors, or semimetals do not superconduct.

(l'b) Antiferromagnetic materials do not become superconducting.

(l'c) Ferromagnetism resulting from d-spins, i.e., from unpaired

electrons in partly filled d-subsbells, is not copatible

with superconductivity.

(l'd) FerromAgnetism resulting from f-spins is in special cases

copatible with superconductivity.

The last statement reflects observations made by Matthias 35 on

pseudobinary systems such as YOs2 with a few percent OdOs 2 in solid

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

which first becomes ferromagnetic and then superconducting upon cooling.

(2') With n now denoting the average number of valence electrons

per atom of the alloy or coupound, the occurrence of super-

conductivity is again limited by:

2 <n <8.

(3') The variation of Tc with n is again given by an enpirical

function T(n), which resembles that for the elements (Figure 2),

but with the second in-ym shifted to n - 4.7 and the tbird

zymm shifted to n - 6.T.

6



(J) With Va now denoting the mol-volumj the variation of T. for

a given n =W be expressed by:

Te c V~ f (34i M2); 5 <U, < 10.

No simple function f(M_, M2) describing the combined influence

of two atomic masses M1 , M2 can be given although it is evident

that large masses tend to decrease Tc.

(5') The uncomplicated cubic and hexagonal systems Vhich had been

recognized as "favorable" to high Tc values for the elements

are of equal importance for alloys and compounds. Several

superconductors in the highest Tc range are intermetallic

compounds of the type Th3L (with "TIC for "transition metal,"

and "L" for another element) and crystallize in the so-called

P-W structure,* which has no anal gue among the elements.

Numerous complicated structures are found among the medium

and low temperature superconductors. No superconductors

have been found having crystal structures vithoutz a center

of inversion.

Of special interest is the occurrence of superconductors with high

Tc values. ho study this probliem, the Tc 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 Tc value. The compound (or alloy) selected is the one with the

*1Te "P-W' structure does not occur in elemental W, as originLly
asmd, but only in W30. Seel2.

T



highest Te value among all the binary Cmpound. (or alloys) with at least

50 atomic percent of the element considered. Most of these Te 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 conplemen-

tary to the Matthias Rule. The following statements pertain only to

compositions with at least 50 atomic percent of the element in question:

(A) The Tc 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 exception of the elements of the f-transition series,

and of the 7a and the 0 columns of the Periodic Table, most

nonsuperconducting elements form superconducting alloys or

campounds.

(C) Elements which become superconductors, or superconductors which

attain increased Tc values upon formation of an amorphous phase,

behave similarly upon formation of a suitable compound.

The vast experimental material available on superconducting alloys

and corpounds generally supports the simple rules formulated in this

section. Structural aspects are extensively treated in the work of

Matthias.2,ll Superconducting solid solutions with a wide homogeneity

range permit the continuous variation of the electron concentration, n.

Chanin, Lynton and Serin; 3 dissolved In or Sb in Sn and showed that the

observed variation of Tc with n is that predicted by the Matthias Rule,

except for =6U concentrations. So consequences of thes results are

also discussed by Goles.1 Xxtestiv studies of solid solutions formed

1 8



by transition metals reported by Hula and. 31ughe 5 confez• the two

predicted Te mwdam at n - 4.7 and n = 6.4. No clear relationship could

be established, hovewer, for alloys formed between vertical neighbors in

the Periodic Table.

The Matthias Rule for transition metals Is generally obeyed also by

coupounds formed between transition metals and nontransition metals.

This has been denstrated by Matthias 2 by coaring masy comeounds of

Mo, W, Nb or V with nontransition metals. Even copounds with the semi-

conductors Si and Ge do not deviate from the T(n) curve for transition

metal compounds. To determine whether the Matthias Rule for transition

metals would still apply to coupounds between transition metals and such

pronounced nometals as B, C, and N, a conparison of these conoundc s was

made by the author.• Since the 3d-transition series contains only two

superconductors, the conparison 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 reported6 Tc values for all three

kinds of copounds as a function of n. The m Tc v.lues obtainble

from binary coubinations of 4d- and 5d-transition metals alone are also

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

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

have a very pronounced peak near n = 5, and "dips" near n = 4 and n - 6.

The borde curve, having a peak at n - 4, and a dip at n - 4.5, is clearly

"out of step" with the three others. WItI these som••hat surprising

results, the borides appear 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.

.9



IV. TDE TMDO03TCAL BASIS FOR THE MATTAS RULE

An approximate relationship between the properties of a superconduct-

ing material and its superconducting transition temperature, T0 , is given

by the Bardeen-Cooper-Schrieffer ("BCS") theory.1 6 ,17 The superconducting

state is explained in this theory as the result of a msan-body interaction

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

With respect to Tc, the theory predicts that:

kTc " ke.e"I/N(O)V 0 b.elI/N(O)V (Iv.I)

where k is the Boltzmann constant, e the Debye temperature, bw the average

phonon energy, and N(O) 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,

multiplied by the volume of the sample. In the superconducting state,

this net interaction energy is negative (attractive case), so that V is*

always positive when (IV.l) 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 treatment of the nontransition metals, Pines

neglects the influence of the lattice periodicity and assumes a gas of

interacting electrons. In the gas, the Coulo 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 quantities Va (atomic

volume), and n (number of valence electrons per atom) from the Matthias

Rule as follows:

ka £ (r)l/2; r. (3Va/4xn)'/3. (IV.2)

10



The new quantity, r, which is introduced for convenience, denotes the

"electron spacing." It is related to Vdn, the inverse electron density,

as indicated. The phonon interaction between two electrons Involves

Coulomb interactions with ions, which are also "screened" with the

same screening parameter, k,. The rather complicated expression wbich

Pines derives for the interaction ener ', -V, contains an "attractive"

phonon term and a "repulsive" Coulomb term. The phonon term is

proportional to the square of the ionic charge, (en) 2 . Therefore, the

phonon term increases rapidly with n, giving superconductivity for

n > 2 in accordance with the Matthias Rule. An increase in the screening

parameter, hs, also enhances superconductivity, since it reduces the

Coulomb term more than the phonon term. According to (1V.2), ks

increases with the atomic volume, 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 ks. This counteracts to some

degree the nf.luence of n via the ionic charge. Observing that N(0)

= 1ir in his ,imple model, Pines3 then expresses the exponent in (XV.1),

-[(O)V, as a f-nction of n and r, or in view of (IV.2), of hand Va.

7he expressIon is not dependent on the atomic mas, M; the relevant

.ernz cancel out in Pines' calculations of V. The mass dependence

=• Tc is contained in the first factor of (W7.1), the Debye temperature,

6. wich varies as e c C'1/2. With this, Tc is now connected to the

=-e Paranmeters of the Matthias Rule, M, .n, and Va throu&h the BCS

: z-=., (i1.1). In the treatment of Pines, the formila gives roug

.- ' ;zrends for the Tc values of nontrensition ietals pon variation

zz,•* of the three parmeters as the Wttbia Rtle. Wrt the N(O)

11



VMIUaS actually Calculated by Piesa3 are muich too small to yield the cworret

aneof To values. Pines notes that the simp~le, "free electron gins" re.e

lationship N(O) sc1/ leads to discrepancies for mstails with n -2. A~s

discussed. above in section nj (i),, the Matthias Rule equall.y fails to

Lks clea predictions for ths elemns. Pines points out that the

divalent elments have basically one valence band filled vith 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. model is, of course, even m

popriate for the transition metals with their narrow and comlex

d.-band~s, inking a different approach necessary.

Horizontal neighbors within a transition series are generally more

simil to one another than horizontal neighbors in the Periodic Table

nozng the nontransition metals. In particular, there is relatively

little change in the room tertre resistivity v:thln a given

transition series. Since the high teerature resistivity depends

on the p -electron interaction, this indicates a nearly constant

interaction ter, Y, in the SCS foriLU (xM.1). Recent direct determina-

tion of V by hucher at al.18 shows a lnear increase of V with n which Is

neglected. for the following qa1itative argiaents. The large variations

of Te with n vithin a given transition series hays been discussed in

the preceding sections. In view of the BCS for•ula (IT.l), these large

variationus st be attributed to equivalent variations of N(O), since

Sand V are nearly constant w ith in a giv en series. The v ariation s of

N(0) with n cam be predictede from theoretical ca- of the electron

evel density, in(e)/d4, for all the eoomction bands of a &ve aatl.

22



The characteristic features of the conduction band in metals, as far as

known, are treated in detail by Slater.19 The results of Manning and

Chodorov,20 also discussed by Seitz,2l for the 5d transition series are

presented in Figure 4. 7he 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(W)/de from zero energy (the

"bottom" of the lowest band) to the Fermi energy yields the total number

of electrons per atom, n. The BCS quantity, N(O), is proportional to the

value of dn(e)/de at the Fermi energy. The Fermi energies for Ta (n - 5),

and W (n - 6) are indicated in Figure 4. A characteristic dip is

recognized near n - 6, as predicted by the Matthias Rule. The effect of

the dip is greatly mageified through the exponential character of the

BCS form•la, (17.1). Setting, for convenience:

N(0)V - G

one easily verifies that

We/Tc - (I/G)t/G/. (17.2)

G is usually between 0.3 and 0.2 for mediu temperature superconductors.

Formula (17.2) then states that a 10% change in G, or N(0), is reflected

by a 30% to 50% change in Tc, and so forth. The large volume exponent,

u, in the expression Tc a V of the Matthias Rule becomes plausible by

similar reasoning. The magnifying effect of (17.2) is obviously re-

duced for large 0 values (0 a 0.4). This could possibly explain vwh the

Tc vs. n curves for transition netals, for exanle those of 332m and

lauMger, 1 5 often have flat "peaks," but steep "valleys." For the

hypothetical csem of 0» 1, To wuld evidently aO.ozlmte the Debye

temperature, *.

13



Ezperimental N(O) curves are available from measurements of the

specific heat, 7, which is proportional to N(O). Daunt recognized in

195522 the similarity between the Tc variations and the 7 variations

within a transition series. Recent experimental data by Hoare 2 3 are

presented in Figure 5. It is seen that the actual variations of N(O)

are considerably greater than the calculated ones of Figure 4. The agree-

ment with Matthias Rule is excellent except for n > 8, where the 7 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 exacple, that the 7 increase

from W to Pd is not as large as expected, probably due to the change in

structure.

Morel and Anderson24 recently presented a theory which leads to rather

accurate predictions for the 17(O)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 "umhlapp"-processes, which were considered of primary interest by

Pines.3 Another improvement is the use of experimental data, instead of

free electron data, for N(O). A somewhat strange result of the theory of

Morel and Anderson is the prediction of superconductivity for all (non-

ferromapnetic) metals. The calculation yields a positive (attractive)

9(O)V value even for the monovalent metals Na, K, Cu, Au. The predicted

i•(0)V values are very sma3ll, however, so that these materials would

become superconducting only at temperatures of the order lo-3*K or less.

An experimental test of this prediction would be extremely difficult.

14



In the discussion of repulsive and attractive interactions in this

section, no distinction has been made so far between s- and d-electrons.

Such a distinction is suggested by the considerably heavier effective

masses of the d-electrons. Garland2 5 and Peretti2 6 have recently shown

that a superconducting state can exist by virtue of s-d interactions.

These interactions do not necessarily involve phonons. In that case, the

BCS forzal, (Iv.1), would not have the Debye temperature, *, as a factor

(and as an upper limit for Tc). Since e is, by virtue of 9 a M-1/2,

responsible for the isotope effect (see Section In) a "phonon independent"

superconductor should have no isotope effect. It is indeed Imown that

Ru and Os have no isotope effect, and that some other superconducting

materials show only a partial isotope effect.27 This gives suport to

the i-dea of an s-d interaction not involving phonons. For the case of

predon=Lant s-d interaction, Peretti replaces the expression N(O)V in

the BCS for-L& (TV.1) by: [rs(O)Kd(O)]l/2Vsd. The indices are self-

e.-lanatory. An estimate of the magnitudes of the two density terms

::e(C) and Vd(O) and of their variation with n may be made with the help

cf Figure 4.

The absence of superconductivity among nonmetals, semiconductors,

and semi=etals is quite obvious from the preceding discussion; these

naterials do not have a sufficient number of conduction electrons; the

J7(0) values are too small. The BCS model serves to explain why d-spin

ferromag.etis= is not compatible with superconductivity. The model

imposes rigorous restrictions on the spins of the electrons near the Fermi

su•rface (which are mainl from the d-bands) in assembling these electrons

in "Cooper pars"16,17 with zero net maentum and zero net spin. The
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electrons cannot sim:vtaneously fulfill the equally rigorous and quite

different requirements imposed by ferromagnetic spin aignment. Similar

reasoning applies to d-band antiferromagnetism. The situation may be

different in the case of f-band ferromagnetism (Section In., (1'd)),

because f-electrons are localized. No satisfactory theoretical explanation

for the absence of superconductors among the nonferromagnetic transition

metals with n > 8 has been given.

V. TE NMODIF= I A.TI'•S RULE FOR THE TRASITIO01-IM"AL BORIDE

A survey of the Tc vs. n curves of the three most iportoant families

of superconducting transition metal-nonmetal compounds, namely, the

transition-netal borides, -carbides and -nitrides was presented in

Figuzre 3 and discussed at the end of Section In. It was shcrn that the

curve for the borides is "out of step" with those for the two other

falies and of course also at variance with the Latthias Rule. This

motivated the author and his co-workers 4 to prepare borides with possibly

high transition temperatures and writh an average number of valence electrons,

n, rithin the range of the observed discrepancy, 4 < n < 5. The prepara-

tion of satisfactory boride samples is difficult because of the very-high

melting points and of the often complicated phase diagrams. These problems

are extensively discussed by Schwarzkopf and Kieffer.2 8 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 a convenient

identification of materials in the following. 1ay samples prepared by

sintering or fusion were subsequently melted in a vacum by an electron

beam (E). The electron bea= melting was often combined with floating zone

16



refining. Electron beam melted and, even more so, zone refined sam•ples are

generally siperior to others in purity and structural perfection. This ma

be seen from Table I, vhich gives a detailed comarison of typical S, M,

and E samples.

The resalts obtained with borides from the three methods of preparation

used are suiarized in Figure 6. For comparison, the top curve gives the

highest values from the literature. 6 the same as in Figure 3. The observed

Tc ranges for samples of a given origin are indicated by brackets. In the

case of NbB (n - 4), the trends are as expected. The sintered material has

a vide spread of Tc values, and is 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 tenperature of IbB (z 2800C). It is possible that the so

induced boron vacancies in the NbB lattice depress the Tc value of the

material, as discussed in the next section. In spite of these small

differences, the new T. values for well-prepared WbB material evidently

confirm the "wrong" peak at n - 4. The situation with MoB (n - 4.-5) is

sgiila. None of the samples, which had been prepared in various ways

(see Table 1), were found superconducting above 1.60K, the limit of the

measuring apparatus. Thus, the "dip" at n a 4.5 is also confirmed by the.

new measurements.

The results for Mo2 B (n - 5) appeared rather paradoxical. The Tc

data for fused and for sintered material have only small spreads and agree

well with the published data. Upon electron beam melting, however, the

values become unexpectedly low. In view of the high T. values for the

Mo-nitrides (12"K for MoN), 5K for M2N) 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 M02B system, was suspected. To test this

idea, an outgassed, low Tc sample was heated in a nitrogen atmosphere. This

treatment raised the Tc value back into the range for material which had not

been outgassed. These results strongly suggest that the Tc values of the

electron bean melted material are more representative for Mo2B in its

purest form. The new Tc vs. n curve in Figure 6 is dravn accordingly. It

is seen that a "valley" now extends from n = 4.5 to n - 5, creating an even

greater deviation from the Matthias Rule.

An explanation for the unusual Tc vs. n curve for the transition metal

borides is suggested by the unusual electronic and structural properties of

elemental boron25 as well as many transition metal-borides.2 8 ,30 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

trarsition metal (WI) atoms, the other only B atoms. Figure 7 shows that

the monoborides IbB, fl-MoB, TaB, and CrB, arrange the TM atoms in endless

trigonal prisms, with the B atoms forming zigzag chains in channels between

the prisms;23 5-MoB has a similar structure. The subborides 7-Mo2B and

Ta2B, shamr in Figure 8, have linear chains of B atoms. Each B-chain is'

located at the center of four parallel chains formed by the m atoms.28

The TM chains are built 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" TM-B bonds.30 In that case, little "sharing" of

electrons between the two subsyses and little change in the nature and

occVation of the d-band of the trasition mtal would occur upon formtic



of such a compound. The normal and superconducting properties of mo-

borides and subborides should approximate those of the metal. To test

this assumption, the number of the electrons per atom of each metal, n*,

is also given in Figure 6. In terms of n*, the 7L-borides have indeed

"regular" behavior, with a peak at n* = 5, and a valley at n* = 6.

Valuable information on the electronic properties of a 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, P300" The data in Table I indicate

that the P300 values for an electron beam melted transition metal boride

sab'le are lor, in the neighborhood of the p00 value of the transition

metal itself. Another important criterion is the variation of p, the

resistivity, with temperature. Plots of p/p300 for typical simples are

presented in Figure 9. The curves for sintered and fused samples tend to

level off below 500K, indicating a temperature behavior of p which is the

result of strong scattering by iupurities or structural imperfection.19

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 presented in Table I seem to Justify

the assumption made above, namely that the electron beam melted samples of

Mo2B, in spite of their low Tc values, are more representative than the

other samples for the "ideal" properties of Ho2B.

VI. OTMM DEVATIONS FROIM THE MATTIAS RLE

The Matthias Rule predicts only mild variations of the Tc 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



structure of the s-bands and d-bands discussed in Section IV and schehnti-

cally presented in Figure 4. Althougb according to this picture, a mall

shift in the Fermi energy may cause dramatic changes of the electronic

properties, many additional electrons (a 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). 2 1

Changes in Tc much larger than expected from the calculated change of

n in the general empirical T(n) function of Section II are therefore con-

sidered exceptions to the Matthias Rule. Such an exception was recently

observed by Giorgi et al. 31 in TaC and ITbC. Although these materials have

a wide homogeneity range, a small deficiency of carbon in these high

tenperature superconductors causes a sharp drop in Tc, much sharper than

expected from the Matthias Rule. Boron deficiency in the high temperature

superconiuctor ITbB may have a similar effect, as discussed in the previous

section. The very large decrease in Tc resulting from the "outgassing" of

Mo2 B, 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 (x 0.02% of the sanple as indicated in Table I), but

it may possibly induce a considerable change in the concentration of boron

vacancies or the like. An analogu, to the outgassing effect in Mo2B was

reported by Picklesimer and Sekla3 2 for technetium. These authors reduced

the Te value of technetim frm 11l.2K9 to 8.22* tbrounh puification,

essentially the removal of mll mounts of oaxrn.
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Reed et al.33 recently discussed system in waich the influence of the

average nuber of electrons per atom, n, is smaller thea expected from the

Matthias Rule and also smll in comarlson to the influence of structural

order. One system studied was of the kind Nb3 Sn (D = 1.75), with aom-

siderable Nb surplus, with the highest surplus represented by Nb1.n

(n - 4.8). In spite of the large Nb surplus, the P-W structure (see

Section M) was preserved in the material either by replacing Sn with Nb

atoms or possibly by creating an appropriate number of Sn vacancies. The

Te value increased only slightly by going from Nb3Sn to 3b1Sn. A largely

decreased Tc value is observed., however, in saales with atomic disorder,

that is, with Sn atoms on Nb sites. Reed et al.33 point out that the Nb

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 tenierature superconductivity

Of Nb3 Sn, =nIn Tc very sensitive against "disruption" of Nb chains b7

disorder. An enhancement of superconductivity by structural disorder was

found by Matthias2 in superconductors such as PdTe which crysta&llze in the

NiAs structures.

When small concentrations of atoms of & ferromanetic element are

introduced into a superconducting mterial, the result is usually a re-

duction of the Tc value sharper than that predicted by the )Mtthias Rule.

A good e le is Pe in M-.4 Introduction of sbout 0.02% Fe into pure

Mo depresses the transition tenperature from 1'K to 0.1K. There are

numerous cases, however, where the introduction of ferromnetic iqmurities

causes an unelpectedly large enhancement of superconductivity. These cases
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were surveyed by Matthias in 1960.35 No clarification of the effects

caused by snai amounts of ferroma.etic elements in superconducting

materials can be expected before a satisfactory theory for the s-d inter-

actions becomes available.

VTL1 SUMI

The YMtthias Rule still serves as an excellent tool to predict the

occurrence of superconductors and to predict their transition tenperatures,

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 a set of five empirical laws. Three new enpirical

laws pertainin to the occurrence of high temerature superconductivity

among alloys and compounds have been added (Section 3I; for a survey of all

The discussed rules, see also Table I3). No serious discrepancies between

the formulated e•irical 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 tenperature super-

conductivity (Section IV). A notable exception from the Matthias Rule is

given by the fami.y of superconducting transition metal borides. The

Peculiar arrangement 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 ccqouund system containing trasition

metal atoms in the form of chains show related deviations from the Matthias

Rule. More difficult to understand are systems in which nezpected4 Uarge

changes of the superconducting properties are caused by smLl concentrations

of structural vacancies, or of I±nwity &tos such as nitrogn or caq , or
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Of iapprity ato" mo -r -m rurome etlemuts such a" .rom (aow... TI).

Tbe exceptions to the atthlas Rle paeeent a erious challenge to solid-

state p•ysics. A O adequate model of the -d. Int~eractioGs is 0 Ctd

f th bOX2, cov mpwt0 efects " v*U "' tym.

xw~e extensive studies of the systems with known deviatioUs from the Natthias

Rule and a vigorous search for new system of this iML awe also needed.

anerentSal vork of tills kind should. yield wre c -• hs A e

accurate expirical rules for the occumrence of superconductors, aong the

alloys and coupounds. M~s,. together with a clearer theoretical insieft

into the various and conflicting influences on the transition te~era•tures

within a given fantu of nterials, would. eventaly produce wi Dy reliable

guidelines for the devlopme t of new s ,econducting interials.
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