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interim Final Repp}t No. 3

FOREWORD

The work repdrted hersin waz 1hitiated as Contract NASS~28517

{NASA Contrcl Nc. PR=M=28517) under technical moniiors Daniel W.
Gates S&E=SSIeTT {Principal) and Tommy C. Bannister S&E~SSIL=TR (Alm:
. ternats) of Marshall Space Flight Center to Nevada Engineering aznd
T;cﬁnology Corporation of Long Beach, California.

The concept,= that the atomic density, an accurate measuroc

" of tho number of atoms/cc (and hence interatomic vornds/cc),~ can '
serve as a characterizing parameter for any substance of known den=.
ity and chemical.combination, that together with other such para-
meters it can be quantitatively related to obeerved property values
for related materiels, and that if & number of differsent properties
can be related to a common gyour of parameters they can then be ra=-
lated to each other,~ has now been demonstrated to be feasible with
up to ten quité different properiies, wita most of the solid elemcnts
and a variety of welle=characterized compounds. In moving toward thati
demonstration several discoveries have been made of novel or previs
ously neglected refinements which have, in most caces permitted
mathematical agreement within #* one percent of observed data.

This report dessribes the central study and its findings, and
racommends, in addition to continued study, that steps be taken to
refine the method of property-comparison for immediate purposes of
data screening and later purvoses ¢f critical analysis.

Appended to the repcrt are: a discussion of the mathematicsl

‘methods employed and the precautions required to minimizs error,
detailed examples of the generation of the mathematical expression
and testing its validity, & similar example using the alkali halides
and three c¢f their different properties, and a similar example using
a large number of simple and mixed oxides. The final Appendix is con=
cerned with the solid elements and includes tabled values which have
been subjected to prellminary screening on this basis.

A mcdest attempt to write a computer program to derive the
necessary equations and perform comparative calculations has not yet
bean adequately dehugged; the source of difficulty appears to be
the interdependence of zome of the parame»ers; expressions shown and
calculations made are tiisrefors limited to the digital and decimal

capacity of thse desk calculstor availabls.

S. W. Bradstreet, Consultant
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The objective of this project has ‘besn to discover whether
quite different materials properties can be quantitatively related.
to .the paramoters characterizing those materials and whbether, if
parameters are the same for several properties, those properties
can then be related to each other. This reports summarizes the
malor steps made toward that objective, and prcvides pxamp;esA
clérifying the rationale and techniques used. |

' The study was based upon the hypothesis that the number of
&toms per unit volume, accurately calculaeble for any substance of
known real density and chemical composition should be chosen as the
first such characterizing parameter, other parameters being those
which describe the atom and the number and energy levels of the
elactrons interacting among atoms of the same or different kinds,
The form of equation ultimately chosen was ultimately a multiple
exponentials P =k NE IV 28 WP . , in which
P is iha froperty value, N the atomic density, I the »ond inten-
Bity, Z the atomic number, aﬁd W the atomic mass.

A suitable subgroup of materials, eech of which is described
‘by such an expression, is selected, and since the eguation in
lc%grithmic form is algebraic and linear, a su%table number of
these equations can bs sclved simultanecusly to establish the
values of the exponent and constant k. &

The expression thus derijed is tested by applyiang it to a
material not used in the derivation. Conformance may be teéted by
agreement with the observed property, but since a variety of dif-

. ferent properties are treated it was found convenient to test con-
forme&nce ¢Z a parameter, in most instances the bond intensity.

For most properties studied it has teen found that the
value of I is also the product of exponentials describing (1)
tke number of electrons/atom available for bonding, (2) the
number of electrons "free® for electronic conduction, and (3)

a descriptor sﬁéh as the ionization potential of elements or the
electronegativity for compounds which describes the energy level
of tbe bonding orbitals. Fér subgroups containing elements of
differont Periods, a descriptor called the periodicity factor is
required in addition to Z. And a parsmeter called the mass factor

is required in polylsotopic metsals and compounds to modify the
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mass term. Technicues for redvcing the requisite nvmber of bass
species were developed as candidate parsmeters were identified and
refined.

The properties thus far examined which appear relatable to

\\\\\ these parameters include: heat of atomization, boiling point,

~Eelting point, Debye temperature, bulk and Young!s elastic moduli,
shear elastic modulus for cubic crystals, bulk coefficient of
thermal expansion, thermal conductivity, refractive index for
transparent substances, and specific heat &t constant pressure.

A few of these have been tested with all or most of ihe
following substancest the solid elements, the alkali halides, a
few metal-metalloid compounds, and more than a hundred simple
end mixed oxides., The majority of properties, however, have been
generated%from but a few materials and tested for validation with
from one to a few others.

Appsnded to the report are: a discussion of some of the
mathematical considerations involved witikz precautions needed for
the requisite accuracy, a detailed study of the alkali metals
to 1llustrate the treatment of elemental subgrbups, a less de=
tailed discussion of the alkaline earth metals, the results of
examination of the 20 alkali halides with special attention to
the refractive index and non~ideal packing, examples of the com=
parison using three properties of the simple and mixed oxides.

It i8 concluded that & number of quite different materials
properties can gquantitatively be described in terms of a common
group of parameters and hence related to each other, at least for

the s0lid elements and & wide variety of adequately characterized

'compounds. It is recommended that the study be continued with a

view to discovering the limitations of the method both with res-
pect to the variety of properties so treatable and of materials
less simply describéd. ‘

Because the study has already demonstrated the feasiﬁility
of choosing-améng conflicting data points and in some instances
of forecasting missing values, it is recommended that the methed
of comparative property values be developed for largely automated
computefized analysis of materials data for complementing the
‘efforts of those concerned with data accession, storége, reirieval,

and dissemination.
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SYMBOIS AND TERMS

Whoerevasr possible, tefms accord with tka Thesaurus of engin-
eexing and Scientifie¢ Terms, and units 'ith those of the Internation-
el System.. The interdisciplinary and occasionally novel aspects of
the work bave sometimes required new terminology which is shown bee

low, tcgether with such modified definitions as are needed. Symbols,

where novel, are usually abbreviations suitable for the Basic come

puter language. Symbols and units for propertiss and parameters are

underlined.
a _Exponent associated with Z
Av Avogadro's Number, taken to be 60.22094 x 1022 a.w.u/gr -

a.w.u. Atomic mass units based on 12C = 1200000

©
B

bec

o

e/a

cep

CCTE

Exponent associated with W

Bulk modulus of elasticity in GPa, reciprocal of Index of Com=-
pressibility, measured at or converted te standard conditions.
Measured statically at slow loading rates it should be an iso0-
thermal property, but literature data vary enough so that the
adiabatic values (variously known as 'dynamic', etc.) calcul-
ated from compressional wave velocities and density nave besn
used here. For this reason, expressions in B are cuspect.

Body~centered cublc, the crystal array in which an atom at the
cube center has 8 neighbors at its corners. When ideally pack-~
ed its PE is 68.0184 v/o. Adopting the convention that a com=
pound AB may be regarded as identical A gB 5 "atoms", the CsCl
structure becomes bcc .

Boiling Point, tke témperature, in K, at which the vapor press=-
ure equals one torr. Where higher pressure is required to pre-
vent decomposition this is denoted by the letter p after value.

Bond Strength, in simple compounds such as the alkali .halides
which vaporize 28 diatomic molecules, the work required to’
separate the compound into its constituent atoms from the base

.state of 298K or the MP, whichever is lower. See pH. Kcal/gm-atom.

Exponent associated with C, (1+100C), etc.

d.c. Electrical Conductance, the reciprocal of resistance, taken
at standard conditions a5 a measure of the relative number of
valence electrons so weakly attached to an atom as to contri-

bute nothing to cohesion. Particularly for good electronic con-
ductors, this is perhaps the most difficult property measurement
to replicate and is most sensitive to ambient conditions and im-
puritiesy tho-sensitivity decreases at elevated temparatures. Units
are (1/microhm-cm), usually multiplied by 100 to avoid fractions.

In hep, hex, and tetr grystals, the ratio of the c-axis to a~axis
lattice dimension; for ideal hcp it is 1.63297..

Cubic close-packed, the crystal array in which the atoms occupy
the corners and face-~centers of the cube. When each atom 1s in
contact with its 12 neighbors, PE = 74.04825 v/o. See fcc .

Cubical (bulk) Coefficient of Thermal Expansicn, in 1075/K . The

value used is the mean of the coefficients observed over the
range from just above to just below the standard temperature.
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GPa .
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hep

hex

I~
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Specific Heat at constant pressure, the heat capacity of
the substance as compared with that of the same mass of water.

Atomic Specific Heat, in cal/gm-atom, used to eliminate the
mass dimension. Unless otherwise shown, messurement is made
under standard conditions. Data vary widely. (Property is the
“constant® of Dulong and Fetit).

Curie Temperature, above which ferro-magnetism ceases. Used to
estimate magnetic forces in bonding; importent for cp. In K '

The exponent associatad with n. Sometimes used for X-ray density.

Debye Temperature, the thréshold above which added modes of
lattice vibration are denied, further heat accommodation re=
quiring increased amplitudes. Normal symbol & . In K

Young'!s Modulus of Elasticity, in GPa, the ratio of applied
tensile stress to observed axial elongation. For cubic crys=
tals, equivalent to elastic constant c¢i11. Measured under stan=-
dard conditions. See Y .

See nmf .

Elastic Modulus in Shear, in GPa; for isotropic bodies and cu-
bic crystals, equivalent to c44. Presumed to be statically

- measured and isothermal, but &s with other elastic moduli,

may be adiabatic. The difference is important for materials

-with short relaxation times.

GigaPascal = 109 N/M2 { 1 P51 = 6894.757 N/M2) Unit of etress or-.
pressure.

Heat of Atomization, the work (energy) necessary to raiso one
gn-atom of the substance from 298K or the MP, whichever is lower, -
to the temperature at which it is monoatomic. Ref 1f. Kcal/gm-atom.

Hexagonal close=packed. Most elemental crystals erroneously 50

described, since they do not display ideal ¢/a ratios. Some refer
to differentiation between close and closest packing;’ the writer
prefers the simpler hep and ideal hcp. Fach atom has 12 neighbors,
ideal PE identical to ccp. See p 4f . '

Hexagonal symmetry, such as in single crystal graphite, for which

¢/a criterion does not apply, the center of the hexagon being unfilled.

Bond Intensity The product of the number of electrons available for
bending per atom reduced by those responsible for electronic conw-
duction, and an energy factor measuring the work necessary partly
to remove those atoms., Not directly measurable; sce v, C, IP .

I éalculated from general éxpression omitting mass factor; for an
element, the value of I it would exhibit if monoisotopic while re-
taining the same property value, N, and C, Z, and W,

Same procedurs as I, but contribution of C also ignored, hence the
monoisotopic, dielectric bond intensity.

Spacing distance, in £ separating larger atoms; calculable from
ratio of PE to ideal value (Ref 5'),

Generel term for the "constant" of subgroup and General expressions,.
It is8 truly constant only when all parameters are included.

Kelvin temperature, used throughout.

Subscripts referriﬁg to lighter and heaviér components, in mass
factor formulae, than the mean mass W. When there are more than
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component isotopes in an element, these are themselves averaged using
the Ilaw of Mixtures. See .examples pp 7,8 f. In a ternary cr kigher
compound, see mf for treatment. :

nf

-~

nf¥

=

v

PE

:  Wp-W
Mass Factor, currently: af = (1+2nle)(l+-ga—l) svhere njq is

the lesser fraction. For an element or binary compound nc
further treatment is necessary. In ternary and higher salts,

‘the primary mass factor is calculated as above, olectron donors

being combined and averaged by the LoM, electron acceptore being
similarly treated. To this 1s added the cecondary rmass fector,
which treats the donors as if they were isctopes in an element,
end the mf thus obtained is multiplied by the factor ay/(nM+nx)
prior to addition. The formula is quite arbitrary and not final,
partial reasons for choosing it is that it be dimensionless and
have a vaiue of unity for a single isotope.

Mass Factor, differentiated from mf, which is based on mass differe
ence, to a basis of mass ratio: W+Wn

aad treated in the same manner. Dimansionless, unity for isctope.
General symbol for metal

Atomic Density, obtained from: N = ( @ Av)/W , the measurement of

" @ being made at or corrocted to standard conditions unless other=

wise shown. Units are atoms (or bonds) x 1022/cm3; the factor of

1022 is custemarily omitted.

Value of N "corrected" to correspond with a common coordination
number, usually 12. Frequently tested, seldom improves conformity.

. pressure. Used to indicate elevated pressure requirement in MP, BP

-General Property. Units are or can be reconciled with strees or

pressure.

Real density under standard conditions unless otherwise indicated.
If carefully done (Ref 2b), seldom agrees with bulk dénsity valus,
especially for small specimens,powders, etc. Units gm/cc .

Observed atom radius (half interatomic distance) in X « See p G
for calculation of R in irregular crystal structure. The value of
R is required in the calculation of the packing efficiency, PE of
the real material. See examples in Appendix IV.

Refractive Index, the ratio of the speed of light in a vacuum to
thet in the material. For consistency, all property values are
regarded as being zero for a vacuum, 80 RI-=1 is normally used. Ii
provides an example of indirect measurement of the reaction of

the material to the stimulus of illumination. For consistency,

all RI values thus far tested are for sodium D jillumination, wave-
length 5893 %. Irdices for substances having absorption bands near
this wavelength are suspect.

Standard Conditions Unless otherwise stated, 298.15K (25.00C) and 1 torr.

Iz

¥n

Transition temperéture, in K most often refers to the thermal

threshold at which a change in lattice array spontaneously occurs,
together with a change in density; it is therefore taken as the
threshcld for partial bond failure as in melting. The most common
TT valves for the elements are for transition to bce from arrays
of higher coordination numbher.

Valence, the number of electrons per atom'inter&cting to produce
lowered internal energy through formation of & condensed phase.

Nominal velence; for the first four elements of the short Periods
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and the first sixz of the long. Periods, v, values are integers
and identical with Group numbers. Continuing these to tae end
of the Pericd yields v, values representing the maximum nume
ber of electrons/atom available. Thermal or radiation promotion

-of other electrons clearly occurs, however, in the heaviest and

largest atoms.

valence of the electron donor in a compound. Witk two or more
donors, their mean is used: thus for MghlaC, vM =(246)/3 = 2.665...

'Atomic Volume in 83 « Not needed if PE and R are used.

Volume percent

Atomic mass in a.w.u. units. A8 a parameter this appears tc be
of greater import than previously supposed.

The exponent for N. Since N appears to depend upon almost all
other parameters, the order of simultaneous solution by conse-
cutive term elimination suggests that al) other terms be eli=~
minated first.

The exponent for I when I is taken to be the same as v, for the

. elements and halides or as vmM(ng/ny) for oxides, etc.

y'

. The exponent for IP or other measure of electron~orbitel encrgy

lovel., See IP below and discussion on p 16,

‘The exponent for the mf (or mf*) term. In most instances, and

particularly when W and Z have been postponed, this term should
be eliminated following subtraction to eliminate k.

The following terms deserve special emphasist

10k

Thermal Conductance (or conductivity) in watt/cm-K, the multi-
plier ie to avoid fractions. This is clearly the sum of the
several conductance mechanisms, and it may be that only becausa
its consideration has been limited to standard conditions and
opaque elements and negligible radiative transfer that this
transport property has heen satisfactorily served here. It is
probable that the form of the refined expression for it will
include additive terms rather than multipliers for W and Z.

Tonization Potential, the work in Kcal/gm-atom of removal of
one or more electrons from the neutral atom. For some of the
lower subgroups, at least, removal of the last (presumably s«)
electron requires work precisely in accord with Z, W, and n,
the apparent contribution of mf is vanishingly small. For this
reason, and because earlier calculations of IPy, were used in
calculating electronegativities for compounds (Ref 5!),. IPyp
eppears the better candidate for solids. Note that IPy,/vn can=
not be used in the General expression because I = vn for the
base species.

Periodicity Factor This comes from and has the same meaning in
Ref 5, and is defined there as the principal quantum number of
the outermost filled shell of electrons. Dimensionless.

Target Accuracys This was self-imposed and has been adhered to as a

criterion for validation; that the discrepancy between observed
and calculated values for P be not more than + one percent more

. than the error for P, and that where a parameter valus is cale

culated from two or more different properties, these shall al=-
80 agree within one percent or so. To avoid fortuity aand in=-
crease sensitivity, extrapolation rather than interpolation

has been used for validation. The target accuracy has been met
in most instances and c¢losely approached in all others tested.
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CORRELATION OF MATERIALS PROPERTIES
WITH THE ATOMIC DENSITY CONCEPT
Interim Final Report No. 3

INTRODUCTION
. . X
\\\\\\‘ The atomic density concept may best be defined as the hypothe-
. els that; a property value P may be mathematically correlated with

values of the parameters which characterize the material being tested,
and that a particularly valuable parameter of this kipd is the atomic
density N, given Sy: o
(@Av) /W =N=PE/ (4.1888 R3) ; where @ (1)
is the real (immersion) density in gm/cc, Av is Avogadro's number, here
taken as 60.22094 x 1022 a,w.u./gm, and W is the “"atomic" weight in
atomic mass units, N is simply and accurately the number of “atoms®
per cm3. Because the value is obtained from the real density, and the
real chemical composition is used in computing the value of W, there
are no'weakéning assuﬁptions in regarding N as intrinsic¢ and, under
fixed conditions of temperature and pressure, as a uvnique descriptor
of the material, having‘recip}ocal volume as its only dimension.

_ The number of "atoms"/cc is also the number of bonds/cc joining

them. If the bond intensity* per atom can be quantified, it follows

that the restoring force within the crystai will be a functicn of the

product cf N and I, where I consiste of at least two parts. vrl is

the number of electrons/atom engaged in the bonding process, or for

most substances simply the nominal valence, and an as yet unidentified

parameter which defines the critical or average energy of those elec=~

tronsy, here shown simply as pjy.

' For the several properties treated here, the observed value P

is simpiy the characteristic reaction to an energetic stimulus; Le

Chatelier's theorem states this as the 'tendency to restore the equi-

librium which existed before the stimulus was applied". In order to

characterize a material adequately, then, one or more deScyiptors must

be supplied which define the material in the free state. For the

simplest example, a pure, elemental solid, two such descriptors are
. its atomic number Z and its atomic weight W, each of which are again

' characteristic of the atom. Recognizing that each of these may exert

an influence hoth on the initial equilibrium and the restoring force

which igs peculiar and separable, one is led to expect that for each

* The term "bond strength" has a meaning peculiar to compounds and,

as a property, BS has heen defined herein.
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property velue of each substance, an empirical equation of the form:
| P=k £(N) £9(I) £9(2) £ (W).es can be written. .
The nature of the several functions not being known, a number
of attempts have been made to discover them. The most successful of
these has been the simple exponential expression:
P =k NX I¥ 2a Wb... , or, ir logarithmic (2)
form: Iog P= x log N+ y Log I + a log 2 + b Log W + Log k .

— Clearly, a mathematical expression which is limited to the

solid elements would have little value, and a vital part of the con-
cept has been its application to compounds or mixtures. Pure Al,0g
will do as an example. Without pretending that such an "atcom" exists,
we can conceive of a unit having the composition A1.400.605 for it

2 is (.4x13 + .6x8 ) 10.0, and W .is (.4x26.9815 + ,6x15.,9294) or
20.39224 a.w.u., or one-fifth of the commonly used molecular weight.
Whether the electrons are exchanged or shared, the nominal valence
of this atom is (.4x3 + .6x2) 2.40, and if the accurately measured
density (at 298.15K and 1 torr) is 3.972 gm/cc, there are in one

cc of it 11.729g x 1022 gyuch “atoms".

The right hand portion of equation (1) is a simple and accurate
geometrical statement of the fact that in an ideally packed assemblage
of identical spheres, the packing efficiency PE is determined by the
packing mode and is independent of the size of the spheres given by
R (half the interatomic distance). One sees either that R can be di-
rectly observed through diffractometry or calculated from the value
of N. When this is done for a number of elements and compounds, one

finds differences, sometimes of the order of 15% or more, even when

. great care has been taken to assure chemical stoichiometry and mini-

mum porosity and strain. In this work it has been found most con-
verient to calculate and report the value of PE which derives fron

N and from the diffractometric value of R; the method for calculat-
ing it and its value for property comparisons are given in Appendicés
ITI and IV. for the alkali halides and rutile as well as the I-A metals.

There is no essential difference, then, in treating the pro-

- perty value for any substance of known density and composition. It

will be seen that the "constant! and four exponents in equation (2)
can be mathematically established by the simultaneous solution of

the equetions of five different materials, here called base species,

and the resu%ting expression tested for validity by using it to
calculate either the value of the property or of any parameter of

one or more different species,
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MATHEMATICAL ACCURACY AND THE GAUSS ALGORITHM

This effort is most completely described as an attempt to
coordinate mathematics with physical reélity. At the risk of tu=-
torialism it must be noted that since this effort has from the

'\\\\;‘ beginning héd as its goal an accuracy of within one percent of
“the observed and calculated data points, unusual care must be
. teken to minimize errors in computation as well as errors in the
data themselves.

DUBIQUS OR MISSING DATA

A numbeg of property values are extremely difficult to meas-
ure for either or both of the following reasons: one or more of the
messurenents is so small as to make accuracy difficult (the strain
in modulus measurements) or 80 large as to appear almost invariant
(the tempgrature‘threshold of boiling and melting for refractory
substanceé); the second kind of difficulty is involved with such
.obserfational difficulties as those involving the true onset of
meltingior fregzing, the exact point of inflection in the specific
heat-vs temperature or the thermal expansion-temperature curves.

For these, one has no choice but to assume the datum is as
accurate as possible and has been reported as precisely as possible.

A third source of imprecision arises from the simple fact that,
like snéwflakes, no two specimens are exactly alike.

It would be extremely advantageous ii physical data could be
critically analyzed prior to acceptance. At this time there are
several organizations, the Information Analysis Centers, which
perform this function; the writer is indebted to personnel of the
Thermophysical and Electronic Properties Information Analysis Cen=

" ter (TEPIAC) both for key data supplied in its publications and for
electrical conductance data for a small number of the elements. Such
orgenizations as the National Bureau of Standards have also been
kind enough to supply "recommended' values for cubical coefficient
of thermal expansion, and certain melting points have been certified
by private communications with individvual reasearchers. The bulk of
the physical data used here'come from handbooks such as the Physics

. Handbook, the Handbook of Chemistry and Physics, Handbook of Metals,
and individual publications under the auspices of a number of pro=-
fessional Societies here and abroad.

Iet the melting point of yttrium serve as an example; it is
critical because this element ia necessarily one of the base species

for deriving a pérticularly useful form of the General Expression.
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Most of the handbooks 1list 1796K for MPy, the value chosen
by TEPIAC is 1820K. The error involved is 1.3% (far smaller than
the discrepancies of many data). ‘

In thie study, the course followed is a relatively simple
one. Instead of a single expression for this element, two are
separately used, and each combined with the equations for the re=
' naining base species. Some idea of the extreme sensitivity of these
expressions can be gained from the change in the value of x, the ex=
“ponent for N, y, the exponent for I, and log k in the alternative
expressions for MP based on the base species Rb, Sr, Y, Zr, Nb, and
Mo. The small increase in MPy shown changes x from ~0.927... to
=1.3227.., y from 1.876.. t0 2.5652.., and Log k from 0.35 to 2.21 .

It should be pointed out that in this series of expressions
the parameters Z and W were not included; their actual influence is
reflected partly in the values of N and I, the remainder being in
the "constant" k, which is not a true and independent constant for
a given property unless all parameters affecting it are included.

'There are, then, three major sources of error, as follows:

Roundoff error While a number may be precise, a value is not.

o Roundoff errors are nmade by the researcher in reporting physical
data, by the translation of these into logarithms, and by the curtail-
ment of the number of significant figures to which multiplication and
division are carried in the computation. These are more fully .discussed
in Appendix I. ‘

Truncation error These arise from the fact that the equations

are themselves imprecise in that at best they reflect only a part of,
or a distorted part of physical reality. Examples will be found in the
.use of monotonically changing parameters for non-monotonic properties.
in Appendices II-IV.

Interdependence error A form of truncation error not generally

recognized but frequently encountered here. The method of simultaneous
solution of algebraic, linear equations involves the suprosition that
the variables are independent. When they are not, the choice of the

order of their elimination may have a profound influence on the solution.

. A TEE GAUSS ALGORITHM FOR EQUATIONS INVOIVING MULTIPLE UNKNOWNS
The method for "simultaneous" solution of linear expressions is
taught in early algebra. In its simplest form, where there are two
equations of the kind shown in4(2) there is subtraction (which does
not preoduce a digital error) followed by division (which does, if

" roundoff must occur.)

L T upea—— - feeme emeee e e e e . - - g -
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It is in the hope that others not having\immediate access to
extended digital gapacity computers may .wish to use the concept for
their own purposes that these precautionary statements are made. The
roundoff error can be made negligible by using a sufficient number of
digits in the arithmetical steps.

In the successive steps of elimination there is a cheice tb be
made as to which combination of equations will be used and which
variables shall be eliminated first. For three equations, A, B, and
C, the reduction to two by subtraction can be A-B, B-C, or A~C for
the first, and one of the remaining two for the second. The choice
should be made by recognizing that errors are largest when large - -
ratios and/or small differences are used.

The problems of truncation error begih to arise with four or
more equations and an equal number of unknowns. The probability that
N, for example, largely depends upon other parameters is so great
that the writer recommends that all cher parameters be eliminated
first. Examples are given in Appendix I. '

A modest computer program for carrying out the Gauss algorithm
for up to six equations and as‘many unknowns has been started. Funds
needed to complete the debugging process and to refine the express=-
sicns further will be requested, but it has already proved valuable
in showing tkat the truncation error due to interdependence can be
an order of magnitude or more if the improper order of elimination
is attempted; the error is magnified by the very large exponents

generated.

METHODS FOR REDUCING VARIABLES: THE SUBGROUP EXPRESSION

The linear algebraic expression:
log P=z=xlog N+ y logI+alogZ+DblogW+ Logk (2)
contains five unknowns, and the individual equations for five
species are needed to resolve them. Among the elemental solids there
is only one subgroup of five elements displaying a common cry-
stal structure: the alkali metals.

Granted that-an expression can be derived for any property,
it would be merely an exercise in number-fitting unless a way can
be found to test it. Fortunately, the nominal valence for these
elements is one and its logarithm unity; for initial study the
ylog I term can simpiy be omitted. When this now simplified ex-
pression was derived for MP, 8, and B the following discoveries

were made: (a) Generated with four species and tested for cone
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formity with the fifth, no expression waé validated within target
accuracy; either data for one or more e¢lements are faulty or,
more probable, .the parameters chosen aré insufficient.

(v) The exponents for 7 and W are in all instances of

~. opposite sigh and dissimilar magnitude; the probabiiity that a
. \"“combination of these parameters can be used is remote.

(c) Best conformity is found when Li, Na, K, and Rb are
used as base species; target accuracy would be obtaired if 214
were uniformly about 3.9 and Zyz about 11.4 .

Similar studies with other elemental subgroups finally dis-
closed the errbrs of omission to be:

A Vhile W is a valid parameter in its connection with kine=
matic energy of the crystal it ie an insufficient one except for
elements yhich are monoisotopes; Na and Cs are, Ii, K, and Rb
are not. %he mass factor is a necessary parameter.

':While the nominal valence for these elements is undoubtedly
fhe same they do not each‘bring one electron to thé bonding mecha=
nism because sbme proportion of the electrons are "free" at ordi-
nary temperatures. Least important with MP and most important with
B, the d.c. conductance C is a necessary parameter.

Through necessity it was decided simply to postpone the
appearance of Z and W in the expression by regarding their (un=
known) combined contribution to the subgroup as constant. This
proved to be feasible during the period when early formulas for
the mass factor were being studied. Appendix II provides added
details for the alkali metals study and outlines and illustrates
a method for forecasting certain physical properties for mono=-

- isotopes such as 6Li.
Since N is itself a property of the body, the variables in

equation (2) can be further reduced by so considering it.

' COMBINED PROPERTY EXPRESSIONS TO REDUCE PARAMETER NUMBER

The attractive possibility had been noted that if any.
two properties can be mathematically related to the same set of
. parameters they can then be accurately related to each other.
' In 1910, Lindemann? published a semi~-empirical relation between
melting peint and Debye temperature:
. e2=kMP /W (V).667 in which
V is the atomic volume and k é constant. The expression has

been found valid for a number of ferrous alloys3, and appeared



worthy of testing in a menner similar to that alrea&y 6mployed for
single properties. Teated directly, the expression is in error by
more than 8% for one of the alkali elements if the value of k is
a least squares fit to the other four; a significant part of the
error may be.the batter Debye temperature values now available.

For crystals of the same structure, PE is a constaat, and
sBince V= k Av / N one can restate the Lindemann expression asi

82 = k MP (N)+656../ W , or

2log @=1og MP= log k + .,686.. log N « 1.0 log W

The five alkali metals are best. fitted by the expressionss

2 Leg €@ = = 5.54320 + ,93616 Log N - 1,0537 Log W +.,02818 L mf
: log MP = 2,52657 + .20661 n e .02101 n + 401267

2 log @ = Log MP = 3.01663 + .72955 n = 1,03269 u + 01551 ™o
vhich does meet target zccuracy. The lindemann expression, then, can

be modified to meet the finding that the exponent for N (or V) is

larger than 2/3 for these elements, and W is not linearly related.

;§or the II-A elements, Ba departs from close packing. The
*elation was thus tested both with N (as determined frem the real
denaity) and H (calculated from the X-ray density). The exponent
for N was about 0.5, and for ¥ appreciably smaller.

A If the constant is eliminated in simultaneously solving the

© and MP expressions for the 1=-A elements, ons obtains:

| 62 = (1/ MP2.2) N +483 1.0004 / y1.008 , from
vbich it is apparent that if the exponent for MP is negative‘and
slightly larger than that for &, the dependence uporn N is close
tc its square root, very nearly linear with W, and mf can be neg=
lected.

In a somewhat cursory search for similar bi-property rela=
tieons it was found that for the six bcc transition metals, a
linear relation for the MP and E values with N was achieved when
the parameters are Vns 2, and W. This mathematically restates the
contention that the Young's modulus and the MP are almost identi=
cal measures of the resistance of the crystal to tension whethew

thermally or mechanically inposed.

THE GENERAL EXPRESSION POSTPONING Z AND ¥ INFLUENCES

. Some inaccuracy in the expression certainly results when

Z and W are ignored and tho accuracy is most affected in the I=A -
and II-A subgroups, in whichk W/Z not only varies widely but is
ncn-mdnotonic, with a pronounced minimum at K and Ca.

It has been commonly assumed that the incremental élementa
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III-A = VI=A in the long periods can be regarded, in any one pericd,
&8 bouded by 52d2 hybride, n being the group number minus two. IZf
bondas are made equivalent by resonance, i will be most nearly proe
portional to vp (provided electrical conductance C is taken into
- account) in that periocd in which the relative energy level of s-
, ~and deorbitals is similar. This is most true in the second Long

’ Period, as evidenced by the 4d45sl configuration of the Nb atom

’ rather than the d3s2 configuration found inV and Ta.

Except for a relatively minor minimum in monoisotopic Nb, the
¥W/%Z ratios for Y, Zr,Nb, and Mo are almost identical, and it is with
these elements that the widest variety of properties have been
mathematically related to the widest variety of parameters. The
earlier mass factor :formulas were tested and found wanting in favor
of those ;hown at the beginning of this report; the values of mf and
mi* for m&%t elements are shown in Appendix VII.

| Fer Rb aﬁd Sr, W/Z values are nearly identical but appreciably

larger than those of the élements following them. First studies used
only four species, and assumed values of 3, 4, 5, and 6 for I, the
d.c. conductance wac introduced as (1+100C) to insure against large
negative logarithms in poor conductors. The derived values for x, y,
2z (the exponent for the mass factor) and ¢ (the exponent for the con=

- ductance term) need not be restated here (p 7, 2nd Interim Final) for
eight properties. The expressions were tréctable, exponentsqrgnging
to 4.5 or so. Best results were obtaidéd when, after eliminating Log k,
the order of elimination was mf, (14100C), and I.

When there is no alternative,van expression derived from four
specles can be validated by the fifth, but there iz always the possi-
"bility of fortuity (see refractive indices of alkali monofluorides
and iodides in Appendix 1V). '

I? a parameter is dimensionless it can be included or excluded
from the expression without affecting dimensional compatibility. For
ease in comparing daté from quite different properties, the idea was

seized upon of using the calculated value for I for such comparisons.

. CALCUIATION OF BOND INTENSITIES FOR COMPARISON PURPOSES
Prior studies of quite different properties have been difficult
to eveluate in that some "effaoctive' value of the property or a para=
meter nust be used. Here it was realized that if the numerical values
for the general expression have been derived, there is a way to come

pare directly other species with respect to the observed property

e e gt e b v~ e - o



values.

The influence of the mass factor appsars to be that of insce
reased stability (decreased energy) in fhe s0lid, presumably by
adding other modes of vibration not available when all atoms have
the same masé. Given the general expression used heres

T log P=xLog N+ y log I + ¢ Log (1410CC) + z log f£* + Iog k,
the values of %, y, ¢, 2, and Lcg k are obtained for each property
of interest, and these values are now used to calculate I for other
olements. If the postponed influence of Z and W is the sams for
each property, one can then propose, for a subgroup in which the
nominal valence is a constant, a subgroup expression of the form:

I(calc) = & 28 WP , and
@ ghould be substantially constant for all members of that subgroup.
Initial tgsting showed only fair conformance for the alkali metal
subgroup.iFor the trivalent lanthanons, however, target accuracy
was found for any of the monoisotopic species (Pr, Tb, Ho, and Tm)
when the other three were used to establish a, b, and g . It was
also noted that Ia and Iu, in eack of whick there is but a small
proportion of a single isotope, were nearly as well served.

" Accordingly, a somewhat novel parameter Ip was conceived.
Calculated from the %, y, ¢, and log k values established in the
General Expression, Ip simply removes the influencs of polyisotopy
for comparafive purposes ( I = I for mdnoisotopes). .

‘When Iy values were used wilth the lanthanons, all which are
clearly trivalent were in accord with the subgroup expressicn abovej
a better method involved the calculation of &, b, and Log & from
any three of them and using the calculated value of Z as compared

" to the known value as validation. For the MP expression, for ex-
ample all calculated Z values agree with observed ones within
# one percent except Ce, Fu, and Yb; the majority are within esti=
mated truncation error , # .3 %. When similarly tested against &
as the property, agreement was generally as good, but the excepte
ions row included Iu, and it was tentatively concluded that the
published value of & for this element (116X) is tco low; the
"forecast® value is about 150K but depends strongly on ths
accuracy of C for that element.

This technique when apvlied to the alkali metals appears to
be successful. To obtain maximum sensitivity, the subgrcup ex-

pression was usually vased upon calculated I and Iy values for
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Cs, Rb, and X, with the then calculated values for Zyq and Zpy
for compariscn among properties. Whers the I..i, values are rot
monotonic with Z this must bo taken into account in the selection
of the base species. . o

~ For BP; P, 8, B, E, CCTE, 10k, and 100 cpeF ,” the mean
ZNa was found to be 11,327 & 5.2%, and ZLi 4.0845 # 9.2% when
I was used. When Ip was used ZNa was 13.117 & 1,8% (omitting a

very low value for E) and Zy4 3.708 # 7.7% . For the property

4, ZNa 18 only 8.96 with I but rises to 9.96 for Ipm.

It seems credivle that Btill better conformity will result
if, by omitting the cLog{1+100C) as well, the bond intensity can
now be compared as if all elcments, still displaying the same P
and N values, are now treated as if they were both monoisotopic
and dielectric. The process was fepeated, and for these imd
values the properties except the BP and the 10k were better sere
veds Zyng is 11.144 = 2,3% and 233 3.763 £ 5.35% . The expected
nagnification of error for Zyg is almost threefold and for Zy4
nearly eightfoid, and the deviations reported meet the target
aceuracy. '

Again, the occurrence of anpﬁalous behavior must be used to
test the expression. The great sensitivity is again shown by Zya
and Zy; for the boiling points; with Ip these are 10.995 and 3.74
and hence conform; for Ipg they are 212 and 1082! The reason may
lie either in the fact that the reported BP for Rb is lower than
that of Cs. One would certainly expect fhat conductance by elec=
tron flow would be minor at elevatod temperaturesj that it is a

major contributor to therwal transfer at 298K is shown both by

- the large exponent (an order of magnitude larger than for MP) -

for the conductance term in the 10k expression, but the Zyg and
414 values using Indq are in no way remarkable.

It wiil be noted that the calculated I, Ip, and Iypgq -for:Rb
rerresent a small extrapolatidn. If the bonding intensity for
the four base elaments.involves an incremental energy/electron -
change which is equal to that for Rb, then Ipp will be uvnity. '
For the highetemperature properties it is very nearly so: 1.0017
and 1.0067 for AH and BP, but for MP and E it iz respectively
+«9641 and .9659, and the apparent equivalénce of these properties
is again confirmed. For CCTE, B, &, and lbk it lies between 1.04
and .902, but for 100cyeW it is .8547, and it appears that the

energy difference between seslectron and des<hybrid bonding is
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appreciable. The incremental energy change per period is nét the
samge for s~ and de-orbitals, but the 5s and 44 levels being most
nearly equal 1# energy suggests the best possibility of success
in deriving &n expression from all six early metals of tho second
long Period.’ _ '

Figurd 1 displays the values for four of the preoperties of
interest: BP, MP, and §5gg are measured in ©K on the ordinate
scale; th§ same scale is used for 10 gH, but it should be noted
™ that this property involves exposures to temperature levels at
or above boiling.

The horizontal plot is for the atomic masses, W. It is
readily seen that the mass increment in successive elemenis varies
widely and is negative for Te-I.

The uppermost curve for BP is clearly not linear. from Kr to
its maximum at Mo; the rise can be described as three nearly para=-
llel steep slopes going from even= to odd-numbered elements, with
slcpes less steep going from odd to sven numbers. The question
marks. show alternative BP values for Y and Zr.

The open circles represent the same plot of BP, this time
with 2 as abscissae. The line from Kr to Sr is nearly straight
and more nearly.parallel to the oddeeven Y-Zr and Nb-Mo segments.

From the maximum at Mo there is the familiar drop to the 7th
element, Tc, a slight rise at Ru ard an almost linear decrease s
the Pd subshell is filled. Plotted against W the very steep.drop
to Ag is accentuated, but as the open circles show, the drop is
linear with Z from Pd to Cd. From this subminimum BP rises through
In to Sn (egein the even~-odd step is the steeper rise). The over-
. riding influence of valence on the increasingly covalent metalloid
elements Sn, Sb, Te, and I is shown by the open circles; the al-
most parallel steeper slopes are again for even-odd steps. )

Az stated, the apH curve should perhaps be above that for BP,
and it is not surprising that its trends are the same. The maxi=-
mum, however, appears at Nb 3 rather than Mo. (In the preceding
period there is a submaximum in this property at V, but beyond
Mn the heats of atomization are highest for Co and Ni). With the
subminimum at C4 and submaximum at Sn, the behavior of the later
elements at the highest temperatures is quite similar.

" The MP curve, shown by the sclid line also, hut not so
clearly, shows the even=odd inflections from Sr to the maximum

at Mo (in the preceding period the maximum is st V rather than Cr).
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The €298 curve involves temperatures below (Kf, Rb, Sr, Y, and Zr)
298K; only Mo, Tc, Ru, Rh are repbrted to be below the Debye temporature
under standard conditions%. Except for éhe maximum value for Tec, the &
curve is similar to that for MP,

This similarity is particularly notable in the later elements,
the subminimum occurring at In rather than Sn and the submaximum at

Sb rather than Sn. The very large differenca in temperature between

. boiling and melting for In and Sn is noteworthy.

CANDIDATE PARAMETERS AND JONIZATION POTENTIALS

Figure 2 shows, again against values of W, values of paramsters
to be tested. For N, the s0lid line of the lower plot shows values
rise monotonically to a maximum at Fu and Rh and decrease monotonice -
ally.thereafter.

In the upper chart, the dotted 1ine Joins mass factors, which
are one for the monoisotopes ¥, Nb, Tec, Rh, and I and only slightly
higher for In. lLargest mass factors are Ag, Cd, and Sn, all at about
the same value.

The dashed, topmost curve shows (inverted scale on far left)
the d.c. conductance values. Dominated by the extremely conductive
Ag, the curve shows that the "free" electron population is quite
high throughout the middle of the period, and that Y, Zr,Nb, and of
course the metalloids Sb, Te, and I, lower than for Rb and Sr.

" The IPy values each represent the work of removing one elec=

_tron from the neutral atom. Rising sharply to 2Zr, the rate of rise

decreases abruptly between that element and Rh. From Rh to Sn there

are excursions above and below it of increasing magnitude, this time

) rising with odd-even and dropping with even-odd pairs. It may be for=-

tuitous that Sb and Te values lie nearly on the line Zr-Rh, and that
values for Zr, Pd, Cd, and I also increase linearly with W.

The dotted lower curve represents, for the first six elements
of the period, the quantity IPy,/vy , where IPy, is the work re-
quired to remove v electrons from the neutral atom, and ihcreases
from 96.3 to 1568 Kcal/gm-atom from Rb to Mo. '

Despite a lack of data for valences greater than 6 for this
potential parameter it is of great interest here. Granted that in

‘the solid metals at ordinary temperatures no electrons are complete-

1y removed from the influence of the noutral atom, the fact that
some are co weakly held by any single atom as to bse able to drift
with small electrical potential gradients suggests that for some
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room=temperature properties there may indeed be pargial ioﬁization,
so that 1P} 1s a measure of it, while a§ higk temperatures the con=
ductance electrons are either re-engaged in covalent bonding or
lost through.emission.

Whether the loosely bonded electrons are orbital or form,

" “ds in the earlier descriptions of unsaturated covalency, a sort of

Meloud¥, their mutual repulsion skould alwaye act to coppose trie

axial compression involved in measuring the bulk modulus B,
Accordingly, the sixeunknown expression of the forms:

Log P=x Log N+ y log I + y9 Log IP + ¢ Log(14100C) +zlog mf + Log k

was developed for eight properties as shcwn in Table 1 below (Young's

modulus for Sr is not well documented and this property was omitted).

Table 1
Gensral Expressions Derived From kb, Sr, Y, Zr, Nb, and Mo
b4 y yt c log k&
Using IPy, : _
AH 1.900377 =1.,131424 +1.607167 «0.163920 ~1.78

BP (TP) «1.3456423 +3.995086 =5,130036 «.220398 +13.43
MP(Y=1820-1.322731 +2.56522 +0,227504 =.09448 + 2.21

e =3,783208 +6,6005 @5,624717 =,304193 +13,3

CCTE. 2.725441 =5,55074 +3.46303  +.52371 = 0,482 .

B 1.882008 +2,26371 =5.174937 «=.244756 +10,9 (y/x positive)
10 k 0.020529 +1.7203 «5,277798 +.736532 +10.5 " L

Cpe W 0.446414 =0,698931 +0.343679 +.02240 . + 0.147

Using IPyp/vn, : ' _

AH . 0.282802 ~0,021861 ~ +1,897262 =.303036 =2.,17347"

BP (TP) 3.816826 +0.453393 «6.055993 +.223648 +14.6687 (y/x positive)
MP(Y=1820-1,538682 +2,722187 +0,244582 =,102826 +2.20805
MP(Y=1768-2.079114 +2.66604 +1,35082 =,163407 +0.,6980

CCTE «0,760029 =3.159915 +4,088134 +,223952 =5.759186 n "
B 7.09043 =1,308976 ~6.108966 +.203174 +12,13047
- 10 k 50332484 =1,923407 =6.,230445 +1.193369 +11.77463
cpeW 0.10050 =0.461659 +0.405739 =«.00735 =0.06507
8 1.877937 +42.717281 =6.639987 +.182677 +14,6450 " n

Notet since Y and Nb‘monoisotobes, their expressions used to
calculate Log k. If the above expressions are used to cal-
culate I for other elements they will be I, values..

With éo many unknowns and the l14-digit, 6-decimal calculator
used, roundoff errors are appreciable and truncation errors probably
exceed * one percent. They will be refined and tested for validity
when the computer program is ready.

From them one observes that IP plays a relatively small part
in AH but a large one in BP and 8. The higher MP for Y appears
preferable. The approximation of y to the Napierian constant forAMP
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and & may be fortuitous, as may the -6+ exponents fdr_y! with
BP, ©, B, and 10k, and the observation thet the rociprccal of
y'yp almost exactly equals y'poppe :

With insufficient time and funding to test the romaining
elements, it was decided to study IP{ and IPyp using the full
subgroup expression of the formt )

log IP = a Log Z + b log W + d Log n (+z kog mf) + Log k (ses note)
For the I=-A elements, IPj = IPy, and the expressiorn derivedA
"#rem 1d, Na, K, and Rb: o
Iog IP = 1.104191 log Z =.557694 LogWel.174993 Log n + 2.036670
agrees on extrapolation with the observed Cs value‘within 0.05%. With
all five elements and mf* the expression is:

Log IP=1,101473 log Z«.555556 logW~1,173815 Logn«.000724 logmi+
) 2.036235
For other propertiss of interest, the method is repeated and dise

cussed in Appendix II and the results used to “forecast" uprer
and lower bounds for Fr, for OLi, and for an squimolar mixzture of
the two Ii isotopes.\ .
_ For the II-A elements, IPy is the removal of one eleciron
from the neutral atom (forming the univalent cation), IP» is the
removal of tvo eleétrons, s0 IP>=IPy is a measure of the work of
removing the 158 electron with which IP for the I=-A metals is
concerned. The expressions for theset
L IP; = 0.984970 L 2 =.463911 L W =1,199965 L n +,030238 L ng +2,18214,
L IP2'= 1.257888 u =,615124 » =1.398181 wn +,015513 u +2.452088,
L(2-1)= 1,520556 n =.765012 n =1.583982 w +,00858 u +2,126425 .

That the last of these iz preferred for comparison with the I=A
elements is shown not only by its minimum z and Iog k values but by
" the value of n calculated for Ra; it is 5.857 for IP1, 5.946 for IP2,
and 6.016 for IPy=IPi . '

Of the properties considered, only the ionization potential
can be considered to be as nearly as possible that of.the atom
rather than that of the solid. It is no longer surprising to find
that the parameter of mass is everywhere significant, but that the
mass facter has any influence on this property may have more io do
with distortions at or near the crystal surface than with a real
change in the work of removal.
n is here the periodicity factor, found with the solidified inert
gas slements to have a value equal to the principal quantum number
of the outermost filled shell: 1 for ILi, Bej 2 for Na,Mg etced
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The combination of "normal™ parameters (such ds N and I, which
increase (or decrease) over the>range of base species by a factor of
tive or so with those which embrace a far wider rangs (IPy,/100)
leads to problems in calculation, particularly when there are also
non-monotonic parameters of small range (mf*) and broad range (1+100C),
- .even when the property values are normal and monotonic (8). Thaj are
intensified when the property values are non=monotonic and broad range
(CCTE). To aid in understanding both problem and solution, the raw
data are shown below for the expression:

6 CCTE NX o IV o IPgp/100)¥'c (1+100C)¢ (mg*)% o k

_Rb 59 273 1.0794% 1,0Y - 0.96269Y" 9.1301¢ 1,57532
Sr 148 69 1.7870% 2. ¥ 2.5420 ¥! 8.326 ¢ 1,30109

n

Y 214 28 3.0101X 3, ¥ - 4,72586Y°' 2.6841¢ 1.0
Zr 250 17 4.,2952% 4, Y 7.91406Y'  3.3593¢ 1,77561
M 260 21 5.5550x 5, ¥ 11,5265 y* 7.6262¢ 1,0

{10 I LI L B I 1]

Mo 377 .15.0 = 6.4277% 6. ¥ 15,6760 ¥' 10,648 © 1,89579
Two orders of elimination thus far tested are (1): k, mf ,y%, ¢
and (2): k, mf, ¢, y . The resulting expressions for @ are:
LT % » y ¥y ‘ c z k
(1) 8.574405 13,.22301 =10,22262 0.273679 «0.576548 22.606
(2) =3.751133 0.90197, 3,37097 «.032183 0.082697 84,192
and, only partially completed, for CCTE

(1) 27.429122 -53.2197 56,38189 1.19006 00010292
(2) =10.71978 4.71324 5.,09012 =,402762 11,857

It will be obvious that the order (2) is preferable to order
(1) if only because the critical exponents are smaller. For:the &
expreésion, calculated I values for Cs and K are both fractions with
(1); with (2) they are respectively 0.7114 and 1.4773 and Ij4 is
8.667, or Zy; calculated from the subgroup expression.is 3.74 and
one concludes that the expression generated by order (2) may be

" a valid one.

PRELIMINARY STUDIES OF THE AIKALI HALIDES

The 20 alkali halides have, for a variety of reasons, been re-
garded as model solids. An earlier reviews'showed that MP and G
values were closely related for either the halides of each.metal,
or the metal salts of each halide, and that while this relation
permits better understanding of structure in terms of radius ratio-
dominated spatial packing, such peculiarities as the density minimum
at KCl, the existence of maxima in BP and MP and minima in BS and RI
in the salts for each halide could not be treated until the concept

of the mass factor was applied to compounds.
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Briefly examined‘for‘property relationships as the corcepnt
of = compound "atom" was being developed, these 20 ssalts (perhaps.. .
25 if the hydrides car be included) :ebflect extracrdinary care on
the part of many researchers to purify, densify, and characterize -
them. Accurate calculation of the PE requires that both the real
density and interatomic distance te cbserved, and the enomalously
lov PE values for Lil and CsF have been rémarked upon, together
with the comment that these are both the combination of lightest
Eiﬁh heaviest and smallest with largeét elements of the specirume.

Ir Appendix IV are tables showing the currently uéed velues
for the alkall metals and their hydrides, tluorideé, chlorides,
bromides, and iodides for propertles and for méabured and calcul=-
ated properties and parameters. ‘ ‘

Current theoretical models involving additive radii and
radius ratios usually ascribe the veriation ir the dimension of
a given ion or atom entirely to changes in the eleétronic cone
figuration of its environment. Because it was clear in the study
of pure elemenfs that this could hardl& be important in poly#
isotopes and must therefore be ascribed to their different masses,
it seomed roasonable to investigate the much larger influence the
mass factor might have in compounds. ‘

As stated in the Appendix, a simple subgroup expression
can be derived for the refractive index 0% all the halides of
a given metal in terms of Z, W, and mf (or mf®) but since théte
are only four of these the expressions cannot be validated. Thers
are five species in each subgroup having a common halogeh, however,

and it was found that 1il is poorly predicted as is CsF, while no

" difficulty is experienced in the chlorides or bromides. When a

similar expression is derived using the PE as the property, the
anomalous values for CsF and 1iIl are of the same magnitude apd
sign. It appears from this that the current formulas for the af
are inadequate to explain the poor packing of these (and perhaps
of RbF) adequately, out that strong deviations from ideal packing
aro reflected in increased refractive index. (Note that this is
in accord with high refractive indices in poorly packed oxides
and in anisotropic refraction in the titanias).

' Note that the minima in RI for each suogroup is well served
by the mass factor minimum and ie obsarved in the equipoiss com=
pounds. Note &lso that thé widely held opinion that jionicity=co=

valency relations are responsible secems not to be applicable herej
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CsF is the most donic and Lil the most covalané of Ehese salts.
The current formulas for mf and =nf® share, because of % in
the denominator, the tendency to vary léast as either element be=
comes heavier. With current interest in optical behavior related
to laser reflectors and matrices and doublers, tec thermal control
coatings for spacecraft, and te IR windows, the possibility that
ideality of packing and hence refractive index can be maximized
or miniﬁized by adjustment of the composition with regard to nass
factor merite consideration for intensified study along these lines.
Among the alkali halides, three form the CsCl structure, and
the remainder the familiar halite structure; the similarities of
these to the elemental bcc and ccp srrangements are noted, as
well es the fact that, approached from the concept of compound
‘Yatoms" of identical size, the halite structure is changed to
the simplé cubic array. An interesting if highly speculative in=
terpretation of this observation in the Appendix suggests & posse
ible rationale for the obéerved relation hetween shear modulus and

interatomic distance in substances of different packing modes,

OXIDE STUDIES
' As the most electronegative divalent element, oxygen forms

compounds with all metals and metalloids. Unlike the halogens its
valence orbitals are not saturated with the acquisition of a single
eclectron and it can be covalently "shared" in a three-dimensional
lattiée. If the concept of atomic density can be applied to come
pounds, the simple and mixed oxides provide ample opportunities

to test it, offering in addition to simple and highly ionic sys-
tems both saturated and unsaturated ones exhibiting an extreme
'range of properties and parameters.

Appendix V provides i;lpstrations that show thkat relatively
large groups of oxides can indeed be related with respect to
several properties and a. common group of essentially the same para=-
meters observed with the elements and the alkali halides. These
examples include the selection and testing of data points when
several are reported, variations in stoichiometry and differing
oxidation states for a few transition metal oxides, and the
methods used for calculating PE in binary and af in mixed oxides.

As might be expected, the simple concept 0f valence for the
metal as being determined by the metal/oxygen ratio in the compound
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is not temable 2ere. If the metal valeace is to be the number cof

.electrons/atom available for bvonding it will be immutable; quite

clearly not all of these are used in the lower oxides of multiva- .

lent metals for bonding, but they arse certainly present and can - . .

contribute to certain properties (electrical and thermal cone C e
duction, refractive index, bulk modulus). .

If a General expression is derived using the "normal®
. oxides (Sr0, Y203, Zr02, Nb20s5, MoO3) for a number of properties
;;é'is then used to calculate values of I for other stoichio= -
metries of those elements and for non=base oxides; the resultant
I values strongly reflect the observed metal/oxygen ratios: all
monoxides have calculated I values not far from 2 and all dioxides
not far from 4, etc. In the Appendix it is shown that this can be
avoided if at least cne nonenormal oxide iz used in the general |
expression, the I value used reflecting both the nominal valence
of the metal and the sharing capacity of the oxygen present, or
I = vy (ng/ny). Examples, I equals 2.0 for Ca0, 4.5 for Sc20g,
4,0 for TiO, 8.0 for TiO9, 7.5 for V203, 12.5 for V305, 24.5 for
Mn207, etc. In this way, any oxide or mixed oxide may be compared
on the common basis of the total number bf valence electrons‘of
the metél(s). Generated in this way it is not perhaps surprising
that v, for Ni in NiO is very close to 8, and for Se in SeO2 closs
to 16, , . .

-Doubts concerning exact stoichiometry and the achievement cf
maximum density (a great many researchers apparently believe the
X-ray density 1is preferred for characterization, despite, for ine
stance, the clear'finding that stoichiometric TiO is as much as
" 15% below the X=-ray density even under pressure and that VO is
almost 5% above it) have diminished emphasis upon direct investi=
gation of properties other. than MP, G, RI, and sometmes B. In
general it appears that for oxides having well-established come
positions and real densities the expressions derived are less
_complex and more accurate than with the elementéa Somewhat supr=
prisingly, there seems to be little difference between poly-
cfystalline bodies (if fine~grained and adequately compacted) and
single crystals; indeed, the former have been used to obtain
values of G for anisotropic substances.

In a few instances, the concept of atomic density has been
- used for data screening &nd for estimating small deviations in
.stoichiometry and packing ideality. Muck remains te be docneé.

g
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SUMMARY »

The objective of this study has been to disco%er whaether quite
different materials properties can be qﬁantiﬁatively related to para-
meters which characterize those materials; and whetbher, if some of

the parametefs are coumon to several properties, the‘properties can

- ther be related to each other. Target accuracy has been % one psrcent

of the measurement. All data used have been taken from publications
and a minimum number of private communications; conflicting data
points have been separatsly tested.

Central to this effort is the atomic density of any substance
of known real density and chemical composition. If the "atoﬁ" is de=
fined as the smallest unit which accurately reflects composition,
the atomic density is simply the number of such atoms per unit volume.

With the atomic density alternatively considered as a property
or as a p&rameter; other parameters were tested in the following way!
For a single substanée, an equation is written linking the observed
property value to those pérameters, the requisite number of equations
for related materials are used to generate the numerical values for
a geheral expression, and the expression is then validated by agree-
ment -(or invalidated by disagreement) with the observed property and/
or parameter of one or more external species.

Iimitations of the study have required that only a few proper=
ties have been tested for more than & hundred materials or 80, and
many have been tested only for the number of materials necessary to
derive the mathematical expression and validate it. The materiala
have included the solid elements, the alkali halides and hydrides,
and more than a hundred single and mixed oxides, together with a few
‘simple organic substances, substitutional alloys, intermetallics,
and metal-metalloid compounds. v

Properties have included: heat of atomization, boiling point,
melting point, Debye témperature, phase transformation temperaturs,
bulk and other elastic mdduli, specific heat at constant pressure,
electrical and thermal conductances, bulk coefficient of thermal
expansion, and where applicable, refractive index.

The standard conditions for’reporting the atomic density are
298.15K and one torr and property data other than the first five
above are measured at or near these conditions,

The form of the general expression which has emerged is the

product of four parametef groups as followss
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The first parameter is the atomic density N. For purpossee of

test, this has somstimes besn coaverted to achieve a coumor coordi-
nation number for subgroups containing species of differiug crystal
structure (¥) or calculated on the basis of Xeray rather than real
density (N*). In no case thus far has improvement in conformance. re-
sulted from using Xeray densities, but refractive indices appeér

to require a term which depends upon deviations from ideal structure.

The second parameter has been termed the bond intensity I, and

cdgiains or is separately infiuenced by: the valence, defined as the
number of electrons/ atom available for bonding, and modified ir cone
ductors by the electrons/atom so weakly associated with any etom as
to contribute to dc conductance, and further modified by & measure -
of the energy level of the interactive electrons such as the ioni-

zation potential of an element cr the electronegativity of a compound. -

The thirdAparameter-is the atomic pumber Z, the numbexr of
electrons (and nuclear positive éharges) per atony for elemental
subgroups this_is>augmented or replaced by n, the periodicity factor,
which is currently assigned as the principal quantum numbexr of the

outermost f£illed shell of electrons,

The fourth parameter is the atomic mass W which appears to
dominate kinematic energy storage in the solid; it is modified
slightly in the elements and greatly in compounds by the mass factor
which appears to involve additional vibrational modes and anomalous
excuréions from equilibrium sites of different isotopes in the ele=
ments and constituent mass species in compounds. ‘

The fifth component of the General expression is a ‘‘constant®
k. When all major contributing parameters have been included, the
. value of k chiefly represents the combination of units represented
in them and in the property itself. Neglected parameters, then,
affect the apparent value of k. Where the parameters tend to cane
cel each other (as is often the case with Z and W) their considera~
tion may be postponed until other parameters have been examined,

The form of the General Expression is most convehiently gene~
;ated as the linear algebraic equation:of logarithmic terms:

’ Jog P=xlog N+ y log I+ & log Z + b Log W + Log ke

Where terms for 2 and W have been postponed, the exprsssion might
then. becomes

log P= x Log N+ y Log v + y¥ Log IP + ¢ log C + z Log mf + Log k3
this expression contains six unknowns and requires the simulitaneous

solution of the equations of six base species for derivation.
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A number of candidate parameters are provably interdependent,
and the numerical values for the exﬁonegts and Log k obtained can
differ when the terms are eliminated in different orders. Solutions
for which numerical values are so high as to increase roundoff errors
can be discarded unless extended digital capability is available; in
general, the solution most often validated by external species can be
resolved into from five to nine significant figures.

The careful selection of subgroups and of base species in them
permits the elimination of some terms through commonality; for the
alkali metals, for instance, the nominal valence is the same throughe
out and is eliminated with Log k through the initial subtraction, for
the first few elements of a long Period the periodicity factor is
constant and Z is linear and W nearly so, or for a grouping of tri=-
valent mo§osisotopic elements (such as Al, Sc¢, Y, Pr, Tb, Ho, Tm, and
Ac) vp is common and the mass factor (as presently calculated) is one.
Advantage can sometimes he taken of this commonality to reduce the
number of base species required.

Not yet refined by computer calculation, a number of property-
parameters have been generated. Some serve only as jillustrations of
such'probleme as order of elimination, selection of base species for
non=monotonic series, etc. Others have besn used for data screening
(in the sense of selecting a most probable datum), fqr identifying
important or critical substances and dubious or missing data, or
for eﬁemplifying a technique applicable to current and anticipated
problems in materials science or engineering. '

It is concluded that the project objective has been attained
in the eense that quantitative relations with a common group of
' parameters have been found to apply to & number of quite different
properties. While the substances tested represent a wide variety of
compositions, structures, stoichiometries, and parameters, their
number is too small to be confident that anomalies will not be found
and additional candidate parameters included with or substituted
for those now used. It appears highly improbable that properties
which are highly directional or strongly influenced by local dise-
continuities (tensile strength) can be so treated; the use of the
atomic density concept is based upon the fictional existence of a
structure which is truly homogeneous. This assumption is valid for
most s0lids on the basis of the enormous population of atoms in
even & microscopic specimen; it cannot be justified for porous or
flawved substances except where even distribution of pores or in-
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clusions. can be anticipated.
Except for the perlodlcity factor n,»he calcul 1on of K Z

mf, and other "atomic" parameters for compounds and komogeneous niXe.

~ tures presents no serious problems. The phgs;qal_rqalipy_pﬁvrgal 8y=

stems must nevertheless be kept in mirnd.

RECOMMENDATIONS
For reasons vwhich must by now be apparent, certain alements and-
"~ gompcunds are more critically important than others in that they are

best fitted as the base species from.which the mathematical expressions

will be derived. The great sensitivity of these -expressions requires - -

the highest possible degree of accuracy in property measurement and,
of course, similar accuracy in the characterization of the material
actually tested. Instances have been noted of the following:

Failure to specify density and compoeition,

The use of either Xeray density or bulk" density values without
s0 describing them,

_ Failure to report ambient conditions for prbperty measurenent
(note that for a majority of metals, the change in dc¢ cenductance bge
tween 300K and 298.15K is one percent or mors),

Excessive roundoff of reported data,

Smoothed datz not reported as such.

Most inaccuracies are.ihherent in testing methods and are well
appreciated by competetent technologists. It is a tribute to those
who generate such information that accuracies have in most instances
been s0 high that such relatively small parameters as the mass factoxr

and calculated packing efficiencies could be identified and discretized.

Specific recommendations include the following:

Heglected eleméntsx.The scarcity of Sc perhaps justifies the
sparsity of measurements made upon it; but this cannot be valid for
Ca, Sr, and Ba. Most needed are referee-quality measurements of dc
conductance, real density, bulk and-Young°s moduli, thermal cone
ductance, and melting pointj; some have nct apparently been made &nd
conflicting values are reported for others. Slightly less critical is
the need for re-measurement of these properties for the lanthanons Ho,

Tm, and Tb because they are monoisotopes. The reported Debye temperature

of Lu appears to be low, and its transition temperature to bcc (as well

as for Er and Tm) is not known.
Preparation of the alkali metals in high purity form is not too

- difficult, but preventing contamination prior to or during test re=
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quires extreme care. In wmost instances, minor changes in chemical
compositions can be tclerated because they can be accommodated in
the characterlzing parameters; such accommodation is impossibdbie
wvhen the chemical composition is not remeasured. .

For a few of the light elements, appreciable variations in
- isotope content from the "normal" can occur; this is particularly
true of li. Preparation, characterization, &nd quality property
measurements of 61i (or alloys containing half or more of it) will
be most useful in refining the formulae for the meass factor. The
real density of these must of course be measured.

The stoichiometry of a large number of oxides is more often
assumed than measured, and statements regarding density too often
are aB "parcent of theoretical density"™ without specifying it.

The.range of refractive indices given for a large number of
compoundsihas reéulted in most cases from specimens of differing
real densities; the latter are not often measured and less often
reported. '

gggpggggg Doubts regarding the proper use of electronegatie
vity and the role of hydrogen in ionic hydridés may be resolved with
more and better information for the hydrides of the alkali and
alkaline earth elements. On a preliminary basis, these appear to
be wholly comparable with the halides.

At ordinary and high temperatures, traces of hydroxyl.cone
tent in most halides have little effect on properties of intérest,
but heavier contaminations affect density and mass factor strongly
and should be repcrted.

The density and MP of Scp05 have been variously reported,

-and refractive indices for it, for Y2045, and for a number of lanthae-
non sesquioxides are not available. To be of value all must of
course be measured for specimens of known density.

Surprisingly few measurements have been made upon SrO and
BaO. '

Alloys Early plans to dévote a larger proportion of this
study to alloys had to be modified after finding that the majority
‘'of metallurgical practice reporte chemical composition only within
limits of nominal tolerance and that real density measurements are
seldon made; Most needed are examples, each carefully character=-
ized, of binary substituticnal alloys which appear to~violato Ve=
gard®s "law' through eleétfon interaction (coppér—nickel) or
radius disparity (copper-palladium).

The selection of minor alloying constituents in alloys for
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corrosive environments and highatemperéture service has depended
rrincipally on experience ccuplsd with netellographic examination
and identifiable microstructures. The pfoblems el identitying de=
sirable constituents in terms of properties critically neoded (and
" of course identifying undesirable ones) are complex. If the re-
lations demonstrated in this study persist in alloys, the atomic
density approach offers a systematic method for reducing this
complexity. Preliminary inquiries among the refractory metals and
some superalloys indicate that these can be so treated.
Organic Substances The large preportion of 2ree space in

moet polymers leads to densities varying wideiy with pressure,
heat treatment, and condensation and shrinkage kinetics. For
thermoplastic resins, howevef, compaction to controlled densities
is possible, and such specimens can then be measured for properties
of interest in the usual way.

 Non-solids To the extent that silicate glasses are super-
cooled liquids it has already been shown that these are amenablse to
treatment by thece methods, the propertiss of interest having been
fictive temperature, bulk thermal coefficient of expansion, &nd
onset of damage by laser irradiation. For fluids whose density can
be measured accurately and whose composition is adequately known
the atomic density can be calculated and assigned the same meaning.
In the studies already made, a fictional value fer Npg was doerived
by extrapolating its observed thermal expansion to the stan&érd
temperature; a similar but smaller extfapolation was made with
Mn20q. Such studies would have most immediate value in improving

casting alloys, crystals drawn from the melt, etc.

It will be clear from these recommendations that a wide
variety of materials and properties appear ready and relevant to
studies similar to those reported he:e. Of the several recommenda=
tions which can be made, however; the one which for which tke
atomic density concept is most fitted and for which such an
approach is clearly needed is its growth and development to '
complement the acquisition, indexing, critical analysis, and

dissemination of materials data and technical information.

épplicaéion to Information Iransfer Systems
At this time the decision as to whether a physical datum is
or is not true and correct must depend largely upon (a) the
competence of the investigator in controlling the conditions of
test, (b) the precision of the necessary testing stimulus and
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" and of the response of the material, and (c) the character of the

material itself (defined hers as the minimum number of descriptors
needed uniquely t6 describe the material and hence replicate it).

Powerfully adding to that decision is the whole body of
technical knowledge and particularly the knowledge of those deeply
‘Experienced‘in certain kinds of materials or in certair kinds of
properties. Personnel of the several Ihformation Analysis Centers,
0?2 information-oriented experts in facilities such as the National
Bureau of Standards, the several professional Societies associated
with materials research and development, with testing procedures
and equipments, and with component and product design are similariy
able to weigh the probable accuracy of the datum.

With the greatest respect for such experts and gratitude for
some of the critically analyzed data they have compiled and pro=
vided, th; writer strongly recommends that their efforts be com=
plemented (and some of the frustrating routine work lessened)
simply be setting up a largely automated system wherebys

The incoming datum for a material will be quantitatively
compared with other property data for that material, and

' The incoming datum for that property will be gquantitatively
compared to data for that property as observed with closely ree
lated materials. '

In addition, the incomiang datum would of course be coipared
to dafa purporting to the éame property=material combination and
to data obtained bty somewhat different methods or egquipments or
under slightly different conditions of test.

In this way it is the belief that we may finaily obtain the
'only decision which can be vholly unbiased and free from theory,
that of the material itself, Which merits prompt consideration.

A portion of the récent project has been devoted to beginning
a modest computer program which can, by generating the empirical
expression and comparing any property or parametric ¢atum fo it,
test its probable validity and value. The program is not yet com=
pleted, apparently because of the choice of eliminating order not
usually noted in the Gauss algorithm, perhaps because of minor
inaccuracies in datsa now being used, and to some extent complicated
by minor roundoff errors and significant truncation errors due to
neglected parameters. Of these the first can be .overcome simply

through multiple=choice repetitive solutions, the second by
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using alternative base species to re-develop the expression and so
isolate the incompatible datum for reexamination, and the third
through continuing examination of candi&ate parameters and eliminae
tion of redundant ones.

Steps have been taken to consider rational rather than random
- indexing while retaining the speed of random access, to use a user-
oriented computer language (Basic) for interrogation and reply, and
to insure adequate digital enumersation in the several arithmetic steps
to minimize roundoff errors.

No computer can exercise judgment, but it is strongly felt that
the addition of comparative-property information can be helpful to
those charged with critical analysis of such information; their
recommendations will of course be used in updating and refining the
values used.

Theiapplicétion upon which funding for this study has been pro=-
vided appears to have been met. Although the limits for using the
concept of atomic density need to be probed by further exploration,
there is ample evidence at this time to show that even in its pree
sent state it can serve for phyéical data screening and for fore-
casting missing data, and it is strongly recommended that funding

for these purposes be considered.

Lcknowledgements have already been made for the contributions
of persons whose advice, constructive criticism, and critically
analyied data have been most helpful. The undersigned is fully
awvare that neither the concept nor the demonstration of its
yalidity could have occurred without the care, caution, and come
petence of the many researchers and investigators responsible for

" the data which have been used.

- Respectfully submitted
Mm“-u
Consultant and Investigator

The information contained herein

covers work prior to April 15, 1975,
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APPENDIX 1
DIGITAL MATHEMATICS AND MATERIALS

Digital compdtation is the oldest mathematical technique, and
one might fairly describe the growth of theoretical physics to the

~. abilities of such men as Newton, lLaplace, Helmholtz, Maxwell, Ray-

leigh, Einstein, and Schrldinger to coordinate mathematics with
physical reality.’a There is always some danger that the physicist
may lose contact with reality or that the materials engineer may bhe
ignorant of the immutable principles which limit materials behavior.
The writer has attempted to -take a middle ground by recognizing that
the actual behavior of the material is in no way affected by theory
or by the aspirations of the engineer.

This behavior for any given material is presently best defined
by what are known either as property values or parameter values; the
general distinction being that the parameters are those character-
istic'and observable &ata‘which uniquely define the material and are
essentially independent of surrounding conditions, ﬁhile property
values are characteristic of the response of the material to sonme
change in its state. Typical parameters for the isolated atom, - for
example, are the atomic number Z and atomic mass W or probable cycle
of nuclear decay, while among its properties might include its for=-
mal valence vp, which for a metal diminishes at energy levels high
enough to form partial or complete ionization. The ionizatian po~-
tential(s) IP is thus a measure of the force attracting a valence
electron to the nucleus.of the atom, and would be included as a po=-

tential factor in studying the strength of the bond holding atous

. together.

In a simple solid, virtually all measurable characteristics
change with temperature and pressure, and in the simplest cases
the Equations of States are the mathematical expressions linking
the observed volume of the solid with these: Unfortunately, the -
exact form for such an equation is not yet knowh, and while a few
s0lids accord reasonably with a power series approximation for ex-
pressing the observed change in volume with changing fehperature
and/or pressureza, the solids of engineering importance are not so
well served by the assumptions of continuum elasticity or the
errors arising from the neglect of higher terms in the series,
from relatively large changes in temperature and pressure, from

structural anisotropy in the crystal, and from polycrystallinity
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At a given temperature and pressure, the simplé‘solid is
most easily and frequently characterized by its density, that is,
the ratio between the weight (or more prbperly the mass) of the
atoms in a uqif volume of it. The atomic density N is given by:

( €-Av) /W =N; (1)

where @ is the observed density in gm/cc, Av is Avogadre's num-

ber (here taken to be 60.22094 x_1022) which converts atomic mess
units to grams, and ¥ is the mean atomic mass in a.w.u.,lﬁ:is sin-
éi§“the number of atoms per cc in units of 1022 (bustoharily o=
mitted and here chosen so fhat for the elemehtgi_solids the values
range from slightly less than 1 for Cs and‘Fflto about 17 for dia-
mond. L ’

The value of N changes linearly witk the density, of éourse,
and standard conditions for it must be set if comparisons among
substances are to be made. While Ny values (measured atror corrected
to zero temperature and preséure) appeared attractively easy to use
as a base, the_difficulties in measuring them accurately have be-
come more obvious as cryogenic research matured, and the writer
chose as standards 298.,15K (25C) and 1 torr for this study simply
because most measurements have been made at or close to these con-
ditions. '

Taking as its only assumption Le Chatelier's principle,= that
a substance stimulated by any energy change will so react as to
minimize the effect of that change,- it was postulated that the
numerical value of N might serve as one of the several parameters
defining its initial equilibrium state. For this purpose it was
noted (a) that the dimension of N is simply reciprocal volume and
" does not include mass, and (b) that the number N also denotes the
number of bonds between atoms, and Ean serve to denote electronic
density, on the average, not only iﬁ an elemental solid but in any
homogeneous substance of known chemical composition, if one is
willing to regard that substance as composed of *“atcms" each of
which identically conforms to that composition.

It should be emphasized here that although no simple Equation
of States, whether derived from theory or from semi-empirical thermo=-
'dynamic postulates, has exactly fitted observed properties of more
than a few solids, a great many materials are fitted to within 2
10 percent or so. The writer was gratified to note that in a
variety of simple elements and some compounds (notably the transie-

tion body-centered cubic metals and the alkali metals and a number
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of halides ard oxides), similar and sometimes improved conformity
was cbserved when the atomic density was used as a parameter. More-
over, some of the properties thus related were those involving tem=
perature levéls well below or above the temperature (298K) base for
the atomic densities.

In the simplest sense<2 the property value exhibited by a sube-
stance can often be regarded as the ratio of some stimulus applied
to some reaction observed. The possibility that the reaction (to
energy change) is governed by or related to a relatively small nume
ber of observable or calculable parameters, of which one is the
atomic density, is a challenging one.

If has been Btated that the dimension of N is reciprocal vol-
ume. For properties which reflect the behavior of a unit volume of
the material* one can justifiably expect some general equation:

P=k £(N) £°(p1) £(pplece.. + Kkt (1a).
to be fitted to the observed property value P of a substance cone
taining N atoms/cc (and N bonds/cc) and exhibiting the parameter
values pil, po... o The value of k will, if all of the contributing
parameters have been included, simply reflect the units used for
them and the property; the value of k' can hopefully be made very
small by insisting upon consistency among all properties in that
the value of each property for a vacuum be zero. N

The several mathematical functions £, f!, f"... remain to be
discovered, and the rationale for this study is based on the cer-
tainty that they can be derived more surely from empirical observa=
tions than from any theoretical model. Nevertheless, a great deal
.0f fundamental knowledge is applicable for éuidance; some of it is
reviewed below. For simplicity, the discussion is limited to the

elements thenmselves.

CANDIDATE TERMS FOR THE SCLID ELEMENTS

Little need be said regarding the property values P§ the
majority of thess are expressed in convenient units which are, if
one regards the historical development of those units, diménsion-
ally comparable®. Those which are based simply on mass (an example
is the specific heat at constant pressure) appear less so, but be~
cause the gram was originally defined on the basis of a cc of
water and the heat capacity of water the comparative standard for

selection of the calorie the error is small; it can be reduced

*Note that pointe-defect properties such as tensile strength are not used.
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by using cp-W, the Dulong and Petit Yconstant' or tie atomic
spacific heat; like the heat of atomization &nd lonization po=
tential its units are then cal/gm-atom.'

Somewhat less obvious is the use of the temperature scale
(as in @, MP; BP) on a comparable basis. Again it must be noted
that the Kelvin scale derives from the phenomena of melting and
boiling and agrees with the premise that these are zero for a
._vacuum. One might as well utilize the heats of melting or boil=-
{ng; but these are less convenient and frequently are compli-
cated by time-=dependant mechanisms: and for this reason the
values for &, MP, BP and the like are taken to mean the tem=
perature thresholds at which some measurable physical change
occurs denoting a new equilibrium condition.

In a few instances the common properties do not accord with
a-value of zerc for a vacuum; examples are alectrical resistivity
(which is infinite for & vacuum and has therefore been replaced
by its reciproéal, the dc conductance), fhe index of compressibility
{likewise repléced by its reciprocal, the bulk elastic modulus),
and the index of refraction (which is unity feor a vacuum and has
therefore been replaced by (RI-1) or the dimensionless (RI-1)/RI.

The selection of candidate parameters is not so simply made.
For the elements, one can expect them to fall into three major
categories, &as follows:

(1) An expression denoting the volume of.space occupied in a
unit volume of material; this has frequently been denoted by
Matomic" radii or atomic volume but in this study utilizes the
measured atomic density N,

(2) The "bond intensity" I, which necessarily includes the

number of electrons/atom which interact in such a way as to pro-

duce cohesion in the solid and resist change in its dimenéions,
the mean energy of those electrons which determines the strength
with which they are retained, and

(3) The effective mass of the atom contributing to its mo=
mentum and its kinetic energy. The discovery that in most ine
sfances the polyisotopié elements behave as if they were slightly
more nassive than their mean value 6f W may have been the most
useful contribution thus far made.

The pérameter I is not a simple one, and exploratory efforts

showed that it cannot be directly measured. Study of the alkali
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halides4@ showed that quite ekact radius ratios could be deduced
from melting point and shear modulus data only when electronega~
tivity difference had been taken into account. It was concluded
that here the rather large effects of differing masses could be
discounted simply because they exerted a similar influence for
both properties.

Given that the open form of (la) above can now bs written:

P =k £(N) £%(I) £'"(W)

as an approximation which would hopefully apply to a variety of
prOpertiés, it was soon recognized that at least six elemental
species would be required to enumerate k, f, f', f" and, thrcugh
comparison of calculated with observed values of lighter and
heavier elements, confirm or deny the validity of the expression.

Among elemental subgroups (in each a common nominal valence
can be preéumed) there are but five adequately characterized solid
species, and in only one, the I-A metals, do these exhibit a
common crystal structure. Other reasons for using them for pre-
liminary study are given in the following Appendix. Here they will
serve as examples illustrating the development of a satisfactory
mathehatical expression for examining and testing candidate para=

meters and their functions.

FUNDAMENTAL CONSIDERATIONS FOR PARAMETER SELECTION

It seems quite clear that the parameters affecting thermo=
physical and mechanical properties, at least, must include the
atomic number %, which reflects the number of positive charges/
atom which attract both its atomic and valence electroné, and the
.atomic mass W. One can postulate for test purposes that the ine
fluence of each of these will oppose the other; the occasional
succese of W/Z ratios and 2Z-W values in relating to a number of
properties is well known. For the alkali metals Li=Na=K=Rb=Cs=-Fr
the W/Z values are nonemonotonic, decreasing to a minimum at K
from either direction. The 27Z=¥W values increase (negatively) in
a monotonic way with increasing Z but the rate of increase is far
more rapid beyond K. For some time it was hoped that some regular
relation between Z and W might be discovered for some property or
for N itself. Largely by trial and error, linear expressions of
the formt P = N + aZ + bW + k, , exponential expressions of the

formiP = k N¥ Z2 WP | and mixed expressions: P=kNX (aZ+W)2 were
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were unsatisfactory (when derived from fou:_species fp agroe with
the'fifth). The tentative conclusion @és drawn that the aééﬁﬁptiod
6£ a common vélue of I for thess elementg is untenable, ﬁhat I is
not adequately expressed by the nominal valence.

Results were improved when, instead of a subgroup, five of
the first six elements of a long Periqd were used to generate the
expression; the improvement was notable when Sr, ¥, Zr, Nb, and Ho
were used, the chosen values for I being 2; 3, 4;,.. in the some=
what expanded exponential expression: P = k N¥ 1Y 22 Wb for ths
melting points, Debye temperatures, and somewhat less accurately,
the bulk moduli. Numerical values for the constant and exponents
were very large, and the real question of the accuracy and hence

the value of such expressions arose.

ACCURACY AND PRECISION OF DATA AND MATHEMATICAL TREATMENTS

The term Yscientific computing' has been used to mean 'the

relevant synethesis of mathematical, physical, and computing ex=
pertise™ Sa; its originator points out that there are thrée rain
sources of error: the errors in the data used which lead to ine
accurate or untrue expressions, the cumulative roundoff error due
to the fact that the arithmefﬁc step is carried out only to a
limited number of significant figures, and the truncation error
which results from the fact that the expression itself is not .
exact. : , A

In an empirical study, one can only utilize experience and a
degree of common sense in the selection among data points. It is,
for example, quite difficult to measure the dc electrical con~
ductance of a highly conductive material, the MP or BP of a re=
'fractory one, the elastic constants of a porous one. Small im=
purity levels can be vital with regard to almost .21l properties, but
certain impurities are tolerated even at small percentagé levels.,
In this study, care has been taken throughout to select among the
published data those pfoperty values which a) have been inéepend-
ently reported by several investigatqrs, b) are accompanied by ‘
an adequate characterization of the tested material; greater c<re=
dence is given to values critically analyzed by expertsf@ and to
those for which the reported value comports reasonably with other
property values for the same substance’2. Nevertheless, a number of
the property data used must be considered suspect, and an impcrtan;
value of this study may be its potential in screening among doubte
ful data.

J
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A second source ofAerror in the data arises frém the normal
and understandable caution of the resea;cher to pretend to an
accuracy unwarranted by experimental conditions and observational
techniques. ;t is common practice, for example, to report the bulk

density of most solids; the weight of the specimen is perhaps

“measured with extreme care, but its volums, even when properly

calculated from micrometer measurements on a polished specimen,
often accords only within # 3% or so of the real vaiue obtained
using Archimedean (immersion) techniques with proper allowance for
temperature, pressure, and suspension devices. The writer has re-
ferred to the latter method as the real density, and has noted
often that even in dense, well-annealed single crystals, this
differs appreciably from the X=ray density in an entirely char-
acteristic way; what is sometimes judged to be a sort of porosity
or an acc&mulation of defects is simply an intrinsic refléction of
its spatial array. 4

Two examples may serve to illustrate this important point. The
melting point can, at moderate temperatures, be most precisely
Judged by the onset of the endothermic melting process itself, but
at higher temperatures it is most frequently noted as the thres-
hold of formation of enough liquid to round exterior corners and
edges of the specimen or observable flow. It has been pointed outéa
that at high temperatures a specimen which can be optically* ob=
served for melting behavior is not in thermal equilibrium with its
surroundings and, indeed, may not even be wholly at the same tem=
perature. To some extent these problems have been eased by stan-

dardizing temperature scales against well-characterized elements

" and compounds, and by more precise techniqugs for temperature

measurement.

The BP values for Sr, Y, and Zr, for instance, are given by a
handbook as 1657, 3105, and 3851K, values recommended but not
attested by TEPIAC are 1645, 3200, and 3610K. While each pair of
values might be investigated separately, it suffices in this case
simply to derive the expressions resulting from each set of valuesy
the latter is more acceptable when extrapolated to derive a value
of I for Rb. When this expression is compared with the two MP
expressions, one of which uses the frequently given value for Y
of 1768K and the other the TEPIAC value of 1820 the latter is
clearly the better choics.

The second poirnt .regarding the. accuracy of available data
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arises from the quite different sensitivity of different properties
to some parameters. The density, and hence the atomic density, exerts -
- a very strong influence on the elastic moduli and thermal expansion
alike, yet the major source of error in it, the existence of gross
porosity, strongly affects elastic properties without any discernible
effect ﬁpon thermal expansion. Since both linear énd bulk coefficients
of thermal expansion can nov be measured very accurately®a it is
‘"hoggd that this comparative approach may in time be applied to the
common problem of determining whether the “porosity" of a number of
crystals (tungsten, bismuth) is intrinsic or extrinsic.

Although this discussion centers on the elemental solids, a few
comments concerning compounds need be made, for there appears now to
be littie doubt that small deviations from stoichiometric proportion
may and often do exist, and that these may for scme properties cause
considerable deviations in property values. It has been too common,
particularly in physical metallurgy, to ascribe these deviations to
lattide defects, dislocations, clusters of a second phase, or resid-
ual strain; the general practice of assﬁming textbook stoichiomsetry
in ‘compounds and intermetallics seems often to have been a potentisl
source for apparent disagreement among properties.

Nevertheless, the empirical generalist has no choice other than
in the selection of one among a number of different property values,
and cannot ethically modify these for better fit. The writer has
therefore chosen to use mathematical expressions in which the pro-

perty value P is always compared directly with candidate parameters.

ARITHMETICAL ERRORS IN DIGITAL REPORTING AND COMPUTATION

Cunulative roundoff as a source of error has been mentioned;
its influence in digital computation is usually dismissed on the
besis that if becomes negligibly small if each arithmetic step is
carried out to a large enough number of significant figures. Un-
fortunately, this precaution suffices only when the numerical values
in the expression are exactly known. Among the property and parameter
- values for real materials, this assﬁmption is valid only for Z, all
cthers being limited in accuracy both by the indeterminacy of the
measurement and the digital limitation of reporting it.

The most common real density value for pure, dense¢ Na appears
to be 0.9712 % ,00005 gm/cc at 298K and ! torr. Noting only that

values differing from this have been'reported and that most real

densities have been reported only to two dgéimals, it is instructive
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to observe the effect of its simple conversion to N, which involves
multiplying it by Avogadro's number (50,.22094 x 1022) and dividing
by W (22,9898). The mathematical purist ;111 promptly round off the
2.544023 to 2.544 (the number of significant figures of the datum).
It is perhapé worthy of note that dsing so changes the.original
density value to .97119%1, well within the deviations suggested by
the research and, while equally precise, less accurate.

The error is extremely small; the LogiQ values aré «4055239
or .405520 respectively. Taken, for example, in the general ex=
pression for the CCTE (in which x is 2.725441), the difference in
derived log k §a1ues is only 0.000011 and, of course, the same for
log P,

In the elements used to derive the expression itself, however,
such an error can be significant. The most consistently reported
density f&f K is C.8606 gm/cc (note that it is lighter thah‘Na) and
N is accordingly either 1.325 or 1.325409; logarithms are .12222 or
.1223509 . In the first séep of simultaneous solution the logarithms
are subtracted‘to eliminate ILog k; and the xlog N term is ,28330 for
the rounded=off case and .283173 for the untreated value. In the
next 'step this value is multiplied by a value determined by the
ratio of the first parameter to be eliminated, and if this multi-
plier is large, s0 is the error enlarged.

Note that this kind. of rounding=off error can never be{qliminaa
ted completely; it can, however; be ﬁinimized even when & simple
desk calculator is used by taking the following precautions:

1) Use the full significant-figure capacity of the calculator
for all arithmetic steps in the derivation and subsequent check;

"where logarithms are used, these should be of at least the same
decimal count.

2) With a six-decimal calculator, it sometimes happens that
be(a/b) is not exactly aj(1.666667/3) is .555556, which when multi-
rlied by 3.0 is 1.666668, and the operations of division and multi-
plication should be checked and, where necessary, corrections made.

3) Errors are minimized when all logarithms are of a similar
order of magnitude (hence 10k, 100C, etc.).

4) Inselecting equations for simultaneous solution, large
ratios (or very small ones) in the term to be eliminated should be
avoided. ‘

5) If the calculatof possesses an adequate'digital capability,

the decimel capability can be artificially enlarged by multiplying
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the initial expressions by 10 or 100. N

6) After the solution is complete, .the process of checking the
numerical value should be conducted withfgggg expressions from which
it was obtained; the values of the second exponent shouid not differ
by more tkan 'a unit in the final decimal. The process is continued
with the same criterion for acceptance, eaeh time using all of the
intermediate equations. N '

7) In the final step of the derivation,'calculated values for
Iog k should not dev1ate by more than % .000001 and the deviation
should not monotonically increase or decrease.

8) As judged by the work done this far, the 14~d1git, 6-dec1mal
capability calculator with 5/4 roundoff is adequate for most pur—
poses, taking the precautions shown. It is marginal when differences
in Log P are smaller than one percent or so of the differences in
Log p; itiis inadequate when exponents are larger than 8 significant
figures,

Since these precautiens are largely unnecessary when a computer
with extended digital capability can be employed, it is strongly
recommended that this be done. Based on preliminary experiences with
the development of the necessary algorithms and instructions for
computer operation, the following pfecautions have been noted.

Data should be used in raw form simply to eliminate possible
errors in input by the operator. To avoid false runs, each equation
should be checked prior to the sequential operation, and may.then
be stored for ready use and/or regression studies.

Since arithmetic solution among logarithms is simpler than
multiple-approximation exponentials, the first step recommended is
- conversion to logarithmic form; for most purposes it appears that
a 9=decimal capability for this is ample for Logip. If Napierian
or other logarithms on a lesser base are used, a somehat larger
decimal capability is required.

Provision must be made for alternate paths of simultaneous
solution; the probability that the parameters used are truly ine
dependent is remote.

Care must be taken that no automatic roundoff occurs at less
than the desired number of significant figures, but techniques for
artificially increasing digital capability need not be used if both
memory and internal capability is of the order of 20 digits or so.
Display capability of 3 digits and 8ix decimals for exponenis and

Log k values.appears adequate for comparison and interpretation.
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TRUNCATION ERROR AND TESTS FOR VALIDATION

In most problems involving the derivation of a mathematical
expression which will accord with physiéalAreality, the factor of
computability is seldom a serious obstacle, particularly when the
applicable eéuations are linear (as the logarithmic expressions are
here) and hence subject to the method of Gauss elimination taught in
elementary algebra. Such expressions, however, are based upon two
premises: a) that the data (in this case values of Log P) are accu-
rately known, and b) that the several éuantities with whick these
are equated are alsc accurately known and are independent. There is,
of course, the well=known limitation of the Gauss algorithm that the
number of equations must equal or exceed the number of unknowns.

Neither of the major requirements is met here; property values
are invar;ably imprecise, and the parameters available to us are
(with theasole ekception of Z) not exactly known. It necessarily
follows that any derived expression will probably be an approximation.

The approximation wiil trend toward accuracy, however, as uore
accurate propefty data are found and used; perhaps more importantly
and certainly more sensitively it will be improved as the factors
which are most important and least interdependent are discovered and
applied. With modern computer capabilities, one might venture to
suggest that a satisfactorily precise interrelation among properties
and parameters could be generated with as few as twenty or 50 of the
solid elements through cyclic iteration.

Unfortunately, with each added elemental specieé the probability
of error increases unless more accurate data are available in the basze
species. (It will be obvious that the writer pleads for cupport of

" referee-quality measurements for a relatively small number of sube
stances rather than mcdest improvements in all data)., There is an
advantage, then, in making every effort to 8o simplify the equations
tested as to insure that the moré important parametsrs shall be
clearly identifiable. In accord with the objective of insuring that
the mathematical expressions shall accord with physical reality, the
preliminary selection of candidate parameters can b asslsted by
wnioting some of the trends which certainly exist, and some of the
apparent exceptions £o those trends.

In the not always regular £illing of orbitals with incremental
‘electrons, the interruption of filling an external shell by the
formation and filling of d penultimate shell créates the most notable
irregularity. The first 18 qlectrons do indeed successively fill
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the 1s, 2s, 2p, 3s, and 3p "shells" but in K and Ca the 19th and 20th
electrons fill the 4s rather than the Sq shell,'which tegins filling
with Sc. - _

The-aboye statement is usually taken ﬁo explain some of the pe=
culiarities -of K and Ca with respect to their subgroups. Among these -
is their notable minimum in density in both solid and liquid state;
this density minimum extends to their compounds. The peculiarity
extends to specific heat values as well,

The concept of atomic density lends insight into this apparent
- anomaly. There is of course no reason to expect that because in-
creases in atomic number are usually attended by an increase in -
atomic weight that occasional failure to do so is worthy of special
study. Nevertheless, large deviations from strdng trends often serve
to identify the major factors in those trends, and one notes here
that K is the first element whose atomic mass is lower than the pre-
ceding one, Ar; moreover, Ca is but a single nucleon heavier than K.

The density of the element relates simply to the ratio of its
atomic mass to atomic volume. For the I~A and II-A elements there is
no change in coordination number for the four lighter species, and
in both subgroups the decrease in N is monotonic,~ that is, the’
gize of the atoms increases regularly in the two short and first
two long Periods for these subgroups. This observ;tion, together
with the note that the denéity anomaly is not reflected in melting
point, elastic modulus, or dc¢ conductance leads to a suspicion that
the anomaly lies not in bond energy but in mass. If this is true,
then atomic mass plays a larger part in the condition of the solid
state than has usually been accorded it.

Note that this suspicion is strengthened when one notes that
a similar anomaly does not exist with the first two elements of the
second long Period, although in these, the penultimate 58 shell is also
filled before the 4d. :

The electronic configurations discussed are characteristic of
the isolafed neutral atoms, and while one might expect that they
~ thus exert a profound effect upon the properties of the crystal, a
part of the suspected effect might be that of mass. .

To test this, one can inquire mathematically into the relation
between a property of the isolated atom (only slightly affected by
solid aggregation) with 2, W, and some parameter which might depict
the underlying electronic configuration of each element in the sub-

group. In the same way, some or any of thae property values for the
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elemental solid. Given that little is known about F; and not much
more about Ra, each subgroup still comprises five well character-
ized species, four of which can be used-to establish the subgroup
expression: P=k 28 WD nd , where n represents a
periodicity factor" yet to be established, but relatable to the

‘inert gas elements whose characteristic configurations are those

underlying the monovalent I=-A ions and the divalent II=A ions.

Before undertaking such a study it is of course reasconabls
to peruse the remaining elemepts with a view to identify otker
elements which might be affected by a mass anomaly. Clearly, two
kinds of anomaly might exist: in the K and Ca case, the change in
W with 2 is far less than in the overwhelming majority of success=-
ive pairs, in the second it is notably greater. v

The.ﬁirst kind of anomaly is found in Co and Ni, the second in
Te and I,ithe third in Ba-La=(Ce=~Pr (éuccessive elements increase in
W, but by far smaller than normal increments) and (omitting the
actinide elements) last in the series Pb, Bi, Po, and At.

As might be expected, elemental pairs in which large increases
in W are noted usually precede or follow the above. Because one
would expect the anomaly to exert a lesser effect as the absolute
value of W increases, the following pairs are listed in decreasing
order of (Wp=W1)/Mpy where Wy is the arithmetic mean mass of the twot
H=He, He=Jd, li=Be, CleAr, Ca=Sc¢, Ni=Cu, Zn-~Ga, Sb=-Te, Pm=-Sm, Eu~-Zd,
I-Xe, Cs~Ba, and Tm=Yb. If any property value changes unexpectedly
in going from the first to the second element, the parameter of
nass ought to be considered as a factor.

The subgroup expression shown above requires four base species
for derivation of k, a, b, and d. Taking the alkali metals as an
example, one expects that since W/Z values are (Li...Cs) 2.,3130,
2,0900, 2.0580, 2.3100, and 2.4165 respectively, the expression
will be more sensitive to the anomaly if the four heavier elements
are used as base and Li for testing than when the four light ele-
ments are used as base and validity is tested by comparison to Cs.
For properties which are non~monotonic with minimum or maximum at
Rb (BP) or at Na (100C} the accuracy of the derived expression will

be favored if that element is included in the base species.
SUMMARY

The highly sensitive exponential expressions which best appear

to relate observed property and parameter values can,_ with proper

precautions, be derived using Gauss elimination of the logarithms.
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APPENDIX II

EXAMPLES OF TYPICAL INQUIRY ANb CALCULATIONS: THE I-A METALS

In the preceding section some of the methodology of this inquiry
has bteen introduced, together with a generﬁlized discussion of the
simple matheﬁatical expressions derived'and tested. In private commu-
nications, some have expressed concern regarding differing values ob-
tained using identical property data, and the purpose of this section
is to provide, through examples, some illumination for those who may

wish to conduct similar investigations independently.

BACKGROUND: THE AIKALI METALS

For a number of reasons, the solid elements Li, Na, K, Rb, and Cs
are chosen as best fitted for exploratory study. In common they dis-
play a single s~-electron for bonding, the electronic substructure be-
ing in each case that of the preceding inert gas element. At ordinary
pressures and temperatures all exhibit the body=-centered cubic array
and retain it to melting. In consequence they have been extensively
studiéd, feasonably well characterized, and subjected to z variety
of tests.

As solids they have little commercial value. The least electro-
negative of the metals, they form compounds with sﬁch avidity that
there is some doubt that any, particularly Rb and Cs, can be régarded
as pure, residual oxygen, halogen, and hydroxyl contamination being
common and retained even in the molten state. T

As shown in the Appendix dealing with elemental properties, the
elements usually behave in a wéy which monotonically reflects the
increasing size and mass with increasin atomic number, but note must.
_be taken of some non~-monotonic properties: Na is alone overpacked and
significantlj a better conductor of heat and electricity than the
others, the BP for Rb is slightly lower than that for Cs, and X is
lower in specific heat, lower in density, lower in Zener elastic
isotropy, and lower in the ratio W/Z than the other elements of the
subgroup. '

A similar number of minima are observed with Ca in the II-A
metals, and it is not surprising that such parameters as W/Z have
been frequently employed in characterizing them. This was made sim=
vler in this study; while the real and X-ray densities of K are
lower than those of Na and Rb, values of N are monotonic and have

permitted studies of & variety of properties without the obscuring



2b

influence of mass. These led to discovery of the ggég.gggggg described
in the main body of this report. . ' o

For the.eleﬁents, the value of the mass factor is unity for mono-
isotopes and larger than this for polyisotépes; the somewhat arbitrary
formulae presume an increased effect when a) the constituent isotopes
differ most in atomic mass, b) the differing isotopes are present in
nearly equal fractions, and c) the mean atomic mass is not large. Be-
cause of its low aiomic weight, the mass factor for ILi is signifi-
cantly affected by small differences in isotope content and if, as it
presently appears, the value of mf is related to such properties as
are importaht in mihei&l formation and distfibﬁtion,'then there may
be significant. differences among '"natural® Ii specimens‘b,Aand noﬁe_
of this has been taken by others2b, In the absence of mass spectro-
scopic data for the Li metal actually tested,. however, one must at
. this time assume a single value for W (and mf or mf*) for this ele-
ment, and this has been done here.

There is ample e#iaence'that Nyj increases as the proportidn of
61i is increased; and an alloy high in this isotope was observed to
have an increased specific heat3b; unfortunately, its real density
appears not to have been measured.

There appears to be some value, then, in attempting to forecast
property values for the two Li isotopes and for an equimolar allcy
of them which will have the highest possible mf or mf* value. In
view of the use of molten lithium as a reactor coolant, one might
even‘expect some guidance with respect to the possible use of such
an alloy, or at least support experimeﬁtal studies to confirm or
deny the forecast values.

Jn the exercise described here, the first property to be con-
sidered shall be one which ought to be most independent of possible
interaction between differing masses; this is the ionization poten-
tial, which is the work necessary to convert a gram-atom of these .
elements from the neutral atoms to unipositive ions, and excludes
cohesivevforces in- the solid. It is usually taken as improbabls
that mass will exert an appreciable effect, and equally agreed that
both the number of electrons per atom (Z) and the size of the atom
(or more exactly, the distance from the nucleus to the electron be=-
'ing removed) will be important. One therefore suggests an express=-
ion of the form IP= aZ + bW + k (for which size is absent) and a
companion expression N = aZ + bW + k for comparison. Were so simple

& relation to exist it would long ago have been noted. -
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The exponentialvexpression (IP] = k 22 wP) is almost as un~-
acceptable. Clearly, another parameter is required for test, and
on the basis of an earlier empirical study relating the reported

[
atomic diameters of the elements to their atomic nunbers3d the

periodicity factor ,n, was chosen.
. Hume-~Rothery had de&uced the expression (symbols modified):
Log R = a Log Z + Log n + Log k s in which R is
half the observed interatomic distance, a has & value of about
-1/3 for the solidified halogens, inert gas elements, and I~-A and
I1I-A metals, while the value of k is specific to each of these
subgroupings. The values for n are the principal quantum numbers
of the outermost filled electron shell, ! for He and Li, 2 for
Ne and Na, 3 for K and Ca, etc. The measurement of R was taken
at half the critical temperature for the element, and all values
had been corrected (using Goldschmidt's method) to conform to the
coordination number 12 typical of clesest packing of identicél
spheres. |
With somewhat better data the writer reevaluated this argu~
mentéb and found: (a) that while no subgroup expression applied
exactly to all members, deviations (in R or k) seldom exceeded
% two percent, (b) the value for a-was more nearly ~0.368, or
the negative reciprocal of the Napierian constant, and (c) an
equally precise expression for the solidified inert gas elehents
could be develdped-using a modified Z and observed W value for
each, omitting n.@hnthe‘advice of physicists these findings were
not published on the basis that the influence of mass on cohesive
_ bonding must be negligibly small}. .
Since N = PE/(4.1888 Rua), the Hume-~Rothery expression can
be written: Log N = 1.10364 Log 2 - 3 Log N + Log k' for an ele-
mental subgroup in which the packing efficiency is identical for
all members (as it is assumed to be in calculating X-ray density),

and this expression, for which a and k can be determined from any

pair of elements, serves admirably to provide guidance here. If the

deviations are principally due to dissimilarities in PE (not given
for most elements and not too precisely known yet, PE for Li....Cs

are: 67.97, 68,24, 65.70, 63.43, and 66.71 percent respectively,

the ideal for bec¢ packing being 68.045 percent), then correction of

,the N values to accord with ideality will improve conformity. It
does SO, although calculated values of k' agree only fairly when
14 and Rb are used as the base species ( 1.38, 1.44, 1.34, 1,38,

B e
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and 1.31¢ all other pairings result in poorer conformance, Ihe worst
being K~Cs and Na~Cs. The last pairing is of monoisotopes;'and~one
concludes that the mass factor contribution will be smalil.
From the Hume-Rothery findings one expects, in the expression
N =k 28 Wb nd ‘ |
that the value of a will be of the order of & 3; if the value of b

is numeriéally similar and of opposite sign, then ILi and Rb represent

\‘an%gdditional commonality, since their W/2 ratios are almost identical.

SUBGROUP EXPRESSIONS FOR CANDIDATE PARAMETERS IN TERMS OF ATOMIC
NUMBER, ATOMIC MASS, PERIODICITY FACTOR AND MASS FACTOR: I=A METALS

The Hume-Rothery relation provides a tenuous basis for fore-

casting the subgroup expression for N when the mass factor‘is‘neglectQ

ed, no such background is available for the ionization potential. It
éppears credible that tke mass of the neutral atom will be a weaker
determinant ir the work of electron removal than in the kinetic
energy of the coherent solid. In an aarlier'study of candidate formu~
lae relating 2 and W it was noted that for Li,..Cs the values for
Z/n-W% ére1.139, \.147, 1.013; 1,000, and 0.954 . These are, with the
exception of Na, curiously similar to IP/100 values, and it was de-
cided to test the above relation for N, IPy, and (because its dimen-
sions are work/gm-atom) aH. _

This will be done as follows: neglecting mf, theiexpreésions_

will first be developed using Na, K, Rb, and Cs; if the forecasts are

correct, the extrapolafed values for Livwill not agree with thgse Ob=~ .

served. From the expressions and the observed I1i values, one can then
calculate Zgpp for Ii; if these are neafly the same for the N and IP;
"expressions, then n is not unity for the short Period.
Because n is clearly related to 2 for the elements from Cl to La

(2= 18(n-2)+ vp, vy being unity for these metals) one would expect an
interdependence between n and Z as parameters. A "balanced" relation'
ist 72 = 2n27+(n+c), where ¢ is zero for I4 and Cs, 1 for Na and Rb,
and «2 for K. In neither case is there a relation between Z and n

common to more than three elements.

For those who may wish to test the computational accuracy of their

caiculators, the following page will reproduce the values obtained us-

ing a i4=-place, 6~decimal calculator with six-place Iogig input as shown.

Values bave been checked as described in the preceding section of this
report and where necessary refined so-that_log k does not vary more
than & .00000% . I
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/ ( Table 1b
- Pertinent Data and Calculations for I-A Subgroup Based on P = k Z& Wb nd(uf)>
LogAH log N Log IP\ a log 2 b ﬂog W é Log n 2 Log mf or z Log 1af?d
I1 1.58433 0.66494 2.094315=0.4771212a+0.84130 b+0.0 d+0.118613z 0.092412'+L k
Na 1.41330 0.405538 2.073535=1.04139 a+1.361536 +0.30103 d+0.0 2 0.0 zf -
K 1.33244 0.122348 2.00009 =1.27875 a+1.592182b+0.4771214+0.077842z 0.077077z*"
Rb 1.29003 0.033182 1.983487=1.56820 a+1.93181 b+0.60206 d+0.20236 z 0.197372z!"
Cs 1.27184 «.07145 1.95299 =1.74036 a+2.123536b+0.69897 d+0.0 z 0.0 PAL
(Na=K) .8086 2.83190 .73445=-2.3736 a=2.30646 b=1.76091 d-0.77842 2-0.77077 2!
A-1 . .404587 1.00769  .227735= O «244358b=0.308108d - -
A-2  .490254 1.307716 .305547=~.251471a 0 ~0.4946684 - -
A=3  .263105 .512190 .099227= .415312a +.647922b O - -
(Na=Rb)1.2327 3.72356 .90048==5.2681 a=5.70274 b~3,0103 d=2.0236 2z-1.97372 z?!
(K=Cs)_.6060 1.93798  .4710 ==4,6161 a-5.31354 b=2.21849 d 0.77842 2z 0.77077 z°
B-1 .474136 1.324738 .318033= 0 .316593b-0.419244d - -
B-2  .542571 1.531455 ,.368024=-.292464a O -0.586364d - -
B-3  .302458 0.806158 .1902623= .733687a 1.110813b 0 - -
101 «.386317 .146907 .177344 = 0 0 =0.154797d
" 2 -,237321 .,090836 .108932 = 0 0 «0.095087d a
" 3 ~,866854 ~.419690 .131274 = ,126377 a O 0 /
a; =6.858699 -~3.320723 1.038578
ay =6.859086 =3.321112 1,038474
az =6.85927 <3.321007 1.038749
by  4.802431 2.919062 -.512570
“b2  4.802683 2.919315 =.512502
b3  4.802802 2,919247 -.512682
dq 2.495636 «.955490 -1.145655 calculated * corrected
dz  2.495830 =-.955293 =1.145603 log aH log N Log IPy Log N
d3  2.495925 =.955346 -1.145739 Li
Log ky 1.265936 -.176929 2.034730 2.033792 .694491 2.099032 .694491
". ko 1.265938 ~.176931 2.034730 2.033821 .694517 2.008983 694519
" k3 1.265939 ~.176933 2.034730 2.033834 .694507 2.099011 .694511

‘Note: Values in (Na-K) etc. expressions multiplied by ten
Values in A-1, etc. expressions multiplied by ten

Subscript 1 denotes first cancellation of a log Z term
2 " n " " b Log W n
3 " Ll " } v dlogn u

mf and mf! values not used in this derivation.

As expected, the expressions for aH are not valid; calculated values
are of the order of 108+(while the observed value is 38.4) KCal/gm-atom.
Parameters tested are insufficient to relate to this property.

Also as expected, the expression for N is not valid; calculated
values are of the order of 4.95 x1022 atoms/cc while the nighest credible

experimental value 1is 4.6257. While the parameters tested are certainly
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significantly related to N they certainly do not vaiidate the ex;
pression. As with the aH series, conformance is slightly improved
when Z 1s eliminated first.

If all operating parameters have been included, mathematical
precision requires that Log k be a constant for any given property.
Small impre&isions such as that shown in the N series can be accounted
for by setting Log k to its lowest value and recomputing Log P; as
the tabled values show, this slightly increases the advantage of
first eliminating the Z term.

The IPy expressions aré far better fitted by the observed value
of IPyy (error = 100 (Pca1c°Pobs)/ Pobs = 1.08% ), and the relative
exactitude of this measurement provides a reason for extending the
inquiry to a similar series in which Li, Na, K, and Rb are the base
species apd Cs the validating species. Were Log k values here the
same as tﬁose for the heavier metals, the errors would be of the same
magnitude and opposite sign, and (since Na,K,and Rb are common in
both)} “the net result is that the ideal expression would exhibit ex-
ponents iﬁtermediate in magnitude.

Accordingly, this series of calculations was carried cut in
the same way as that illustrated on the previcus page. Because aH
had been so poorly fitted, the MP was also teste&. As beforse, it
was found that conformance was improved when Z was eliminated first,
and that Log k values were indeed different. With tke excebticn of
(14100C) all errors judged by PCs were appreciably smaller (and as
expected opposite in sign).

Since values of Log k differ in all cases, the supposition is
confirmed by these expressions that a significant parameter has
" been neglected, and because the substitution of ILi for Cs results
in this difference, the parameter must have a different value in
these elements. For reasons already stated, the obvious candidate
emong parameters is the mass factor, which ought to have a minimal
influence on IPy.

_ The principal objection to deriving any expression utilizing
all subgroup species is that its validity cannot be directly dis-
proved or proved; granted that it fits the observed data, it may
be a mere éxercise in mathematical agreement. In this éase, how-
ever, it appears that if the expression thus derived yields oX=-
ponents lying between those based on the four heavier metals and

on the four lighter ones, some¢ consistency in this intermediacy
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nigkt be skown.

70

It i8 not yet known whether the mass factor should be intro-

duced as mf or mf*; both will be tested, as will the alternative

100C and 1+100C. Table 2b shows the derived exponents and Log k

values for eaéy comparison. The uppermost for each property is de-

rived from Na..Cs from Table 1b; the error is that of the calcuiated

proverty value for Li.

. The second expression is calculated from all five elements using

mfxas the mass factor and the third using mf*; for these there is no

error value. Below this is the expression derived using Li..Rb, the

error being that for the calculated value of the property for Cs. The

remainder of the tabled data will be described later.

Subgroup Expressions in Terms of Z&,WP,nd Alone or

a

AH (Na-Cs-6.858699

-0.885793
~0.865103

n (Li=Rb~0.605300

MP
"
i

i¢)
1
"
"

IP,
"
n
"

-1+100¢C
n
"

100C

~3.317928
-0.315296

-3.320723
1.774420
1.792050
2.0126N

1.038474
1.101258
1.101473
1.104101

86.5942065
11.519231
11.259070

7.993408

Table  2b

b

4.802431
0.720611
0.705709
0.501340

2.282355
0.210006
0.107617

2.919062
-0.562892
-0.575596
=0.749831

-0.512502

-0.555402
=0.555556
«~0.557694

~60.18530
-8.87974
~8.69238
-6.123524

195.13418 =131.75445

13.15997
12.82286
8.591215

95.845
95.514

95.845
95.514

95.845
95.514

95,864
95.537

=10.18500
=9.942221
-5.613488

95.248
94,902

95,248
94.902

95.248
94.902
95.269
94,928

d

2.495636
=0.179482
-0.187287
=0.299948

1.270991
-0.073081
~0.129524

=0.955490
-3.23750
=3.244141
«3.340276

~1.145603
-1.173733
-1.173815
=1.174993

-38.£88621
=5.064517
~4.96632
-3.550195

~-92.08509
=5.725359
-5,50812
«3.763120

95,970
25.691
95.970
95.691

95.969
95.690

95.992
95.713

2z

-0.066918

-0.068872

-0.034504

-0.057078
-0.058748

-0.000701
=0.000724

0.841164
0.86570

1.089973
1.121776

With mf?
Log k

1.265936
1.408658
1.409741
1.451354

2.561673
2.633715
2.654562

0.176929
0.298657
0.299594
0.335083

2.034730
2.036225
2.036235
2.03€6670

4.72276

2.928915
2.915086
2.392128

NC

3.174557
3.156765
2.478978

7755

- 76,97

77.56
93.069

92.886

77.58

e
1

rror

81.5%
(nf )
(mf*)
53.4%

68.6%
(mf®)

7.13%
(nf)
(nf=)
-3.83%

1.08%
(mf)
(mf*)
~0.05%

“Oc O%
(mf)

(mf+)
73.1%

NC
(nf)
(mf*)
64 .6%

(mi*)
(mf)

(mg=)
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- The tabled values warrant discussion. It will firét be noted that
the values for a, b, d, and Iog k obtaired from the full expressions
are invariably intermediate and approximate more closely to those de-
rived with Ii,Na,K, and Rb than with Na,K,Rb, and Cs. The unidentified
values in the lower portion of the table are based or linear inter-
polation: = 100 (apg.cs~2al1l)/ (ayga-Cs=8li-Rb) etc.

For aH, MP, N, and 1+100C these are 95.845 for a, $5.248 for b,
and 95.970%.001 for d. For the same properties when mf is used they
are 95.514 for a, 94.902, and 85.690 £.001 for d. -

In empirical analyses, such exact agreserment sometimes indicates
that the independent variable (in this instance the property value)
no longér influences the numerical values, but .if this were true all
of these expressions would also exhibit a fixed value for interpolat-
ing in Log k. Using uf*.these are 77.55, 77.56, 77.58, and 77.52 for .
aH, MP, IP, and 1+100C respectively; the mf-derived values are 76.97,
KC, 77.06, and 76.97 . For N, the values approximete 97% of the usual
a, b, and d values.

The IP expressions, however, do not agree with these for a; b,
and d interpolatiocn, yet agree well with respect to Log k. It may be
that this is simply a result of the extremely small z values,

Not shown are these values for 100C; here the exponents are too
large for accuracy of their differences, and values with a, b, and d
are 97.7, 9?.3, and 97.9 . On this basis, the term 1+1C0C appears to
be preferable.

The tabled data do not provide unequivocél selection between mf
and mf#, but past inquiries of this sort have generaliy éhown that
thé form leading to the lower exponents for the dominating factors
" (here Z and W) is to be preferred.

Note is taken of the absolute valus obtained for log k, parti-
cularly when a multiplier is used (as with C), or where the property’
values are large but fairly constant (IP).

One can place some confidence in these eXpressions insofar as
they indiéate interdependence with Z and W and demonstrate its regu-
larity. Since Z, W, n, and mf® are known or can ve calculated for
otbher species of the alkali metals (for which there are no available
data regarding any of these properties} the exercise can best be con-

cluded by forecasting those properties.

FORECAST VALUES FOR aH, MP, IP:, N, AND 100C FOR Ii ISOTOPES & Fr

Table 3b gives the necessary data and calculated values for the
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property values of 6Li, 7Li, an equimolar alloy of these isotopes, and

Fr. For easy comparison, observed values.for Li and Cs are included.

Table 3b
64 - 61i.711i 14 Li* 714 Fr -~ Cs
z 3 3 3 3 3 87 55
W 6.01512 6.51556 6.9390 6.94173 7.0160 223.0198 132,805
n 1.0 1.0 1.0 1.0 1.0 6.0 5.0
mf # 1.0 2.15448 1,23713 1.23710 1.0 1.0 1.0
1Py 134.54 128.63 124.26 124.23 123.52 90.06 89.74
ol 35.23 35.35 38.40 38.41  39.27 17.5! - 18.7
BP 1456 - 1437 1590 1636 906. 1 963
MP 443.5 4£39.26 453.70 453.73 458.1 287.5+ 301.9
8208 440.8 445,72 448 - 448,2  29.8 43
N 5.0826 4.6401 4.6232 4.6222 4.6517 0.7928 0.84833
e .50767 .50203 .5327 .5328 .5419  2.9362 1.8722
CCTE . - 149.6  143.44 141 140.79 324.28 300 (@ 293K)
10 k21,527 14.562  8.47 . 7.5355 2.8547 3.590
100¢  32.53 -31.63 11.33 8.562 2.106 2.8027
B 12.77 12.86 11.88 11.64  0.457 2.23
E 13.36 13.73 13.42 ' 13.31  1.862 2.180

Note: ¥ for Li* based on ®Li and 71i fractions of .0742 and .9258 .
Li data used in generating subgroup expressions

Because the expressions cannot be validated internally it is
hoped that data exist for 6Ii and perhaps Fr for comparison with the
above calculated extrapolations, which deserve some comment.

The forecast ionization potentials for both Li isotopes and Fr
are somewhat surprising; the apparent influence of absolute mass on
this atomic property can be most easily .checked with Livalloys ﬁod—
erately high in ©1i (note that mf has little effect). The much higher
W/Z ratio fo% Fr than Cs is responsible for the increased IP.

' Heats of atomization, boiling points, melting points, and Debye
temperatures appear to be decreasingly affected by the mass‘factor

and increaéingly affected by mass itself. That the MP of pure 71Li
should be more than two percent higher than that of ©Li is suscept=
ible to observation at this temperature. The equimolar alloy value
shows the mass factor influence; if there were none it would be 448.6 .
That the forecast Debye temperature ie higher than the forecast MP

for this alloy seens improbable, and again it should be noted that in
none of the texts are ohserved Li properties supported with cbserved

atomic weights. The strong influence of Li values on all.expressions
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thus makes all of them suspect at this time.

The forecast temperature threshold§ for Fr will probably not be
observed; it has been assumed here that the Fr is monoisotopic, but
in view of its 22-minute half life it is probable that all Fr ob-

served thus far is heavily contaminated with daughter isotopes, and

‘the mf values and W values accordingly different. Based on an early

estimate of the equilibrium content at 1.5 times the half life, one
calculates a MP of about 300K and BP about 880K. Despite the rarity
and strong radioactivity of this element, these measurements can be
made.

The expression for N is the first to exhibit a strong dependence
on the periodicity factor n; since the real density is directly cal=-
culable from N and W, values for this property are shown, and a diff=-
erence‘ofaalmost 7 percent forecast for the pure ILi isotopes.

Coefficients of thermal expansion can now be measured accuratelysb
enough to refine the derived expression. Again it should be noted that
the alloy egpapds less than would be expected with no mass factor at
room temperaturs, but since the Debye temperature is close to the MP
in both cases the instantaneous CCTE values will probably deviate less
at elevated temperatures. As expected, the CCTE forecast for Cs is the
highest possible for a pure elemsnt.

The bulk and Young's elastic moduli expressions are strongly sus-
pect because published data vary so widely; the strong influence of
periodicity in btoth suggests a reason for the success of the atomic
density in correlating among elastic properties. As might bs expected
the resistance to triaxial conpression measured by B depends mostly on
the total electron/atom ratio and the mass factor; note that the fore-
cast value for B in the equimolar Ii alloy is larger than that-for ei=-
ther isotope, correlating with the suggestion in the MP and BP that a
sort of eutectic may occur.

The thermal and electrical conductances are most interesting, and

may in this series prove of some practical value as discussed below.

THERMOPHYSICAL PROPERTIES: LITHIUM AS A COOLANT

These expressions and the forecast values may, in addition to
serving in refining the available property data base, . . be used to
approach the optimization of liquid metal cooling of atomic reactors.
It should be noted, however, that all but the temperature threshold
data refer to the solid state.

The specific heat at constant pressure for the alkali metals is

increésing almost linearly with temperature at 298K except for ILi,
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for which the Debye temperature considerably exceedé the standard
for measurement of N and the electficalﬁahd thermal conductances .
C and k. ’ |

From Table 3b it is apparent that both transport phenomena seem
to be more sfrongly iﬁfluenced by Z and ¥ than any other propverties
and in much the same way; the expressions (and that for N) are:

Log P.= & (Log 2) + b (Log W) + d (Log n) +z (Log mf*) + Log k

100C 12.82285 -3.942221 -5.59812 +1.121776 +3,156765
10 k 8.606140 =6.828733 =3.533367 +0.201641 +2.548087
N 1.79205 =0.575596 =3.244141 -0.058748 +0.2698594

Because the specific heat is germane tc coolant purposes, its
expression was also derived; it is: . )
cp-W  1.397949 +0.177695 ~2.69068 +0.049925 -0,05863
and it is noted that this is the only subgroup expression thus far
for which the exponents a and b have the same sign. From it and the
W values, the calculated specific heats for 6Ii, OLi.7Ii, and 7Id
are found tc be .9274, .9030, and .8178 watt/ cm K respectively, and
if similar valﬁes persist into the liquid state the higher specific
heat of the lighter isotope is desirable. That it will persist is
indicated by the higher ratio for cp (1.134) than for N (1.093) for
the two isotopes, and bf greater interest is the observation that
most of this gain is obtained in the eguimolar alloy.

The mechanism of electron transport as a major part of-the con-
duction of heat in the crystal is obvious from the above expressions.
Duly noting that the 100C expression is suspect because only the Rb
and K values are those recommended by TEPIAC, it is interesting to
note that when the C and k expressions are combined by eliminating

"the n term one obtains: '
1.58436 L 10k- L 100C= .81076 L Z -.87694 L W - .8023 L mf* + .88032;
the near-constancy of all exponents suggests an almost linear relation.

One can in the same way combine the 1C k and N relations:

L 10k -1.08615 L N= 6.6546 L 2 ~-6.21182 LW + ,26563 L mf* '+ 2.221783,
and if desired these combined expressions can be joined, losing mf*:
1.52455 L 10k = .33108 L 100C + 1,08915 L N + 6.2230 L 2 - 6.50216 L W
+ 2.51324 , and the approximéte exponents 3/2, 1/3, and unity will be
familiar to heat transfer theorists.

Granting that the electronic conduction will diminish with in-
crezsing temperature, the advantage of the lighter isotope and alloys

containing an appreciable proportion of it should continue through
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all of the solid and into the mclten state. Soret separation will
not be damaging, since the heavier isotope will tend to concentrate
at the hotter surface; the alloy will become slightly less conduce
tive but its vapor pressure will bé slightly lowered.

‘ CRITIQUE AND SUMMARY ’
\
- As stated in the first Appendix, it is highly improbable tkat

—

éﬁch simple expressions as those shown here can be adequate for

confident predictions, and the forecast values in Table 3t should,
with one exception, be taken 2s indications of probable bounds. On
the basis of experience it seems improbable that the differences be=
tween 614 and 714 can be so large, that the MP of Fr can be so0 low
or the BP so high.-

The exception is the first lonization potential, for which the
value for z is so small as to questior the existence of any mass
factor in%luence. That target accuracy ie almost attained with the
expression based on the four heavy elements, and is easily met when
the light ones are used sﬁggests that this property of the isolated
atom be considéred as a parameter in future study; ite inclusion may
reduce the need to consider 2 and W normalizing procedures.

‘Shown herein in some detail are the numerical values obtained

"4in a typical Gauss elimination of several arithmetic equations re-
lating the observed property values with the parameters Z and W
and finally either expression for the mass factor for the I-A metals.
They illustrate most of the mathematical-=physical interactioﬁs dise
cussed earlier, and provide for preliminary interpretation, for the
cautious forecasting of values for the pure isotopes of Li and for
Fr.

Where no alternatives exist, such forecast values must gerve
until measurements have been made. Here, however, the possibility
of external testing,~ the comparison of these expressions and of
similar forecasts using other elements,= is worthy of considera-
tion. Most closely associated with the alkali metals in a wide
variety of properties but with twice the nominal valence, the II=A
metals will be similarly treated in lesser detail.
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APPENDIX 1II
EXAMPLES OF TYPICAL INQUIRY AND CALCULATIONS: THE II-A METALS

The II-A metals are in many respects what one might expect of
the I-A elementis with doubled bond strength, but a cursory look at
the ratio of property values (Pyy.p/ Py_p) shows that the effect is
variable both with the property and with atomic number (and weight):

IPy ol BP 8 k c N IP/vn B MP

Be/Li 1.73 2.03 2.04 2,30 2.36 2.42 2.688 3.38 10,1 3.43
Sr/Rb 1.36 2.00 1.72 2.51 0.57 0.90 1.617 2.64 2,53 3.34

from which there is ample reason to expect mathematical expressions
to differ from those for the alkali metals. Some of the reasons for
difference can be anticipated, and can serve to illustrate the
methodology involved in using data from different properties for a
material or data from a.given property for several materials,

As with the I-A metals, the alkaline earth elements show a
monotonic increase (or decrease) in N, IP7, IPy, &; and of course
Z and W. But Mg is significantly lower in _H, BP, and MP than Be and
Ca, and is sliéhtly less conducﬁive electrically and thermally as
well. It is customary to describe this relative lowering in bond
strength in the second short period to promotion of s~electrons to
occupancy of d-orbitals!C, Here one notes that there is a serious
minimum in the ratio W/Z at Ca, the value for Mg being nearly as
low. In the I-A series one notes that the exponents a and b{qre not
of similar magnitude; for the least doubtful property, IPy, the re=-
lation is close to Z/W%, and for the six elements Be....Ra this ra=-
tio is monotonic: 1.332, 2,434, 3.139, 4.060, 4.779, and 5.854% .

Unlike the I-=A metals, the II-A elements are not isostructures;
" Be and Mg.are cph, Ca is normally ccp but cph and mixed stacking
have been observed. Sr is ccp at ordinary temperatures, ¢ph ahove
about 510K, and bcc above 810K, Ba, on the other hand, is bcc at
all temperatures to melting, and this structure is &ls0 reported
for Ra. There is some question, therefore, as to whether an ex-
pression for N in which no account is taken of differing coordina=
tion numbers can be accepied. In planning this study, therefore, two
expressions will be derived; one for N as measured and the other in
which the same N values are used for Be, Mg, Ca, and Sr, but the
value N* for Ba is recalculated by increasing Ry using Goldschmidt's2¢
correction for a change in coordination number and by using the PE
for the close-packed array (N*p, = 1.43983, N= 1.5391).

While some of the properties of Ra have been measured (IP} and
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IP,, BP, and MP) but its real and X-ray densities afa not accurately
known. Most texts show 57 gm/ce, and wi;h available radiocchemical
techniques this should be within % 0.2 gm/cc of the real value. Fore
tunately, Ra.is much longer=lived than Fr, and a realistic assessmént
can be made by assuming a one percent contamination with lead, so
~that W becomes 225.8! and mf* is 1.0634 . The expressions derived
are found to be as shown in the table below, together with the cal=-

culated values for the periodicity facter n for Ra.

Table 1c
Selected Values for Subgroup Expressions of the II=-A Metals
Expression: log P= a Log Z + b Log W + d Log n + 2z Log mf* + Log k

a b d z log k NRa
IPy  0.984970 =.463911 =1.109965 +0.030238 + 2.18214  5.857
1P, 14257888 —-.615124 =1.308181 +0.015513 + 2.452958 5,946
MP ~3.370598 +2.06981 +1.874404 =0.43837 + 3.243405 5.856
IP2-IP1 1.520556 =.765012 =1.583082 #0.00958 + 2,126425 6.016,
Np  ~3.016808 +1.978020 +.174508 +0.478591 + 1.015741 70+
N1 " n " 1 " 45.2

N¥1 -1.481976 +1.206643 -O.§99883 +0.2024090 + 0.828214 1.476

The value for n, the periodicity factor; should be 6.0 if it
is indeed expressible as the principal quantum number of the outer-
most filled shell, and that IP7 and MP expressions yleld a calcue
lated value only two percent lower, and IP, and IPy=IP{ well within
the target accuracy of £ one percent would seem to indicate that
this value can be used by those elements for which the Rn configura=
_ tion forms the shell of the ion; this certainly includes Fr, Ra, and
perhaps most of the actinons, and may also include At and perhaps Po
and Bi. | A

"It 1s obvious from the above, however, that the atomic density
cannot be treated in this way. As suggested in the main quy of this
feport, the realities of both material physics and dimensional com=-
patibility must be considered; the latter is violated when the ex-
pression attempts to relate reciprocal volume to the dimensionless
Z, n, and mf* and mass alone; if the "constant' contains the missing
parameter its dimension must be m=} 1;3 . Nevertheless, the expresse
ions for N and N* are useful here fbr indicating the tremendous sen=
sitivity inherent in the method. Note that since the N expressions
overstate the value of np, and the N* understates it, a lesser mod-

jficaticn in the value of ¥ for Ba and Ra would result in conformity
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COMPARISON AMONG EXPRESSIONS FOR THE IONIZATION POTENTIAL

It has been stated that of the properties tested, ail but one
are expressions of the behavior of the solid; the exception is the
ionization potential {note that this has been chosen rather than the
work function, either thermionic or photoelectric, largely because
the latter are highly sensitive to surface conditions and entrapped
gases. Nevertheless, it may be notable that the ratio IP1/wf in-
creases from 2.23 in 1i to 2.25 in Ng, drops to 1.94 in K, there-~
after rising to 2,05 in Cs, while in the II-A elements this ratio
is lower in Mg and Sr than in the other three eiements).

It is, of course, the lone s-electron which is removed in
measuring the ion potential of the I=-A elements. For the II=A ele=
ments it is the second s~electron removal which is designated IPq
and both in IPj; for comparison between I-A and I1I-A elements the
vélues for IP2-IPy in the latter designate more nearly the same
initial and final conditions. One observes that in its expression,
a, b, d are numerically greater than fcr IP{ and IP,, while z and
Log k are reduced. A '

It has been reiterated that k is not'truIy a constant unless
all parameters are considered. In the selection of suitable sub-
groups, the expectafion that the value of some parameter is common
to all forms the basis for selection; in elemental subgroups’ the
common factor is the nominal valence vp, which is unity for*the I-A
metals and hence zero in the logarithmic expression regardless of
y, the exponent commonly associated with valence number and charge.

But in the II-A elements, v, is 2.0, and if no other parameters
are considered, Log k(II_A)-Log k(I-A) = y Log 2. For the admittedly
non=-comparable IP, expression the value of y is thus=-1.3843, while
for IP1 and (IP-~IPy), in each of which only one electron is re=
moved, y is respectively -0.1459 or=0.00019 .

For the MP expressions, similar treatment yields y = =2.0253,
for N and N* y = ~2,379 or -1.756; such values are reasonable, but
to assume that vp is the only neglected parameter is untenable at
this time. So large a change in the derived expressicn for so small
a change in N for but one base element serves only to illustrate the
sensitivity of the method; it cannoct in itself show that a correction
for coordination is unnecessary, but does show that the value of N
regponds strongly to it.

In sum, it appears that the ionization potential is a valuable

parameter for characterizing the atom-electron relation-in at least
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the first several elements of & subgroup or Period. That they can so
precisely related to 2, W, ana n for the transition and later elements
was tested and foun wanting.

The III-B elements begin supposedly with Sc and Y; in them there
is the presumpticn of s2¢ hybrid btonding. This description also fits
the majority of the lanthancns (and perhaps the actincns). If the pere
jodicity factor.n hés besn properly described, its value will be 5.0
in all trivalent lanthanons and 6.0 in Ac.

So large a subgroup is in itself attractive. Preliminary studies
of it (see Interim Final Repoft No. 1, pp 11=17) resulted in the first
unequivocal delineation of the mass factor as a necessary parameter.
Table;Z of that report shows exponents and k valﬁes for the relation
of N itself to 2, W, and nf as parameters. This was applied to all ele~
mental subgroups having enough solid species. For the first four metal
subgroups\the ratio of the Z tc the W contribution chgnges from =1.5 to
~-1.1, and one concludes that the assumption of bond energy squslization
through resonance is insufficiently precise for this study.

Four species are needed to derive the expression. The III=B sub-
group using Ac, La, Y, and Sc fits B quite well and Al not at all (but
the high electronic conductivity of Al may be responsible; on the whole
these elements are indifferent conductors. But C (as graphite) is ob=
served to fit the subgroup based on Hf, Zr, and Ti while Si does not.
Expressions were therefore derived for Au, Ag, Cu, and Na, and for Hg,
Cd, Zn, and Mg, and for T1, In, Ge, and Al, and for Pb, Sp, Ge, and Si.
In that order the contribution of Z appears to decrease and the contri-
bution of W to increase 300 times. It was concluded that the overwhelm-
ing influence of these parameters may have obscured the existence of
. the smaller ones and prevented a higher degree of accuracy in theory.

The study was also carried out for the oxides of the divalent
wetals and the halides of the univalent ones. In no instance was the
contribution of Z and W equal, and it was regretfully decided that

formulae such as W/Z or 2Z-VW cannot serve in property expressions.

SUMMARY

Except for the III-B subgroup, populations in the transition
metals and their simple compounds are not large enough to permit the
derivation of expressions testing other candidate parameters. It was
therefore decided to delve more deeply into compounds of the early
elements. 0f these, the alkali halides provide & satisfactory rume
ber of species (among whiéh a number of properfies and parameters
are surprisingly non=monotonic) and can be grouped either according

to the halogen or the metal.
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APPENDIX IV
EXAMPLES OF TYPICAL INQUIRY AND CALCULATICNS: THE AIKALI HALIDES

The alkali halides are attractive as models for study as a
group and a wide variety of optical, electrical, thermophysical,
and mechanicél properties have been measured and reporied. All
are here presumed to be exactly equimolecular and fully dence.

The term "fully dense" deserves comment; here it means only
that there is negligible porosity or residual dislocations and
strain, and in most instances researéhers have taken care to ob=
tain high-purity, anrnealed specimens. Neverthelsss, traces of
impurities1d such as hydroxyl substitution for halogen or hydro-
gen for metal are encountered.

The concept of atomic density when apblied to a compound is
that of t?eating it precisely as if it were an element; the Yele=
ment” NaCl consists of "atoms' of mass W = (3IWyga+3WCL) = 29.2214,
and of "“radius" R = %-ADC, the distance separating adjacent atons

(or ions) of the two species.,

STRUCTURAL CONSIDERATIONS AND PACKING EFFICIENCIES

The measured real density of pure NaCl is most frequently
repofted as 2.1650 gm/cc under standard conditions, and from the
atomic density equation ( @Av)/W = N = PE / 4.1888 R3 one finds
NNaCl = 4.46174 (x 1022) “atoms" of Na,s5Cl, g per cm3.

Iike all but three of these salts, NaCl crystallizes in ‘the
rock=salt or halite structure, usually described as a face-=centered
cubic array of the larger "host! species; each o<ctahedral void in
the array conteins the atom of the smaller species.

) The structure can as well be described as two interpenetrating

fcc lattices. In the real crystal, only the host spheres are in
contact (along the face diagonals), but as we imagine all o7 the
constituent atoms to be of a single size a simple cubic unit cell
can be visualized.

From quite exact geometrical requirements, the closes; packing
of identical spheres displays, whether cubic or hexagenal, a common
ratio of the cell volume / sphere volume; expressed in percent, this
is 74.04825 for ideal closest packing, and the packing efficiency PE
for the simple cubic structure is ideally given by dividing the
above value by v~ 2 , or 52.3600%, and one would expect that when
half the observed interatomic distance in the salt is introduced as

R in the atomic density expression, the calculated value for PE
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would conform to this within experimental error. From Xeray diffract=
ion data Rygcy is 1.410058 and PE is calculated &s 52.396%. For
very compliant substances a small correétion ought to be made for
‘the difference between atmospheric and the reduced préssure at

which most Xéray examinations are performed (and which is seldonm
given), but NaCl is sufficiently rigid so as to maks such a correct-
jion negligible, and it would, in any case; be toward an increased N
and PE. A

Table 1b shows pertinent current data both for the alkali
metals and the alkali halides and hydrides. Scanning PE values for
the 20 alkali halides one observes that five are so highly dis-
crepant from the ideal as to require comment. .

Three of these, CsCl, CsBr, and CsCl, crystallize in 'the CsCl
structure, describable as two interpenetrating simple cubic lattices.
If the atoms of both are identical in size, the bce structure is obe
tained, and its ideal PE is related to the ideal PE for cph crystais
byt PEpce.= 3 PEgpp / 2 (c/a)iqg , Where c/asq is the
ratio of the c-lattice dimension to the a-lattice dimensions in the
ideal case (it the ratio of the altitude of a regular tetrahedron to
its edge} or 1.63297, and PEpcc is found to be 68.0184% .

The alkali metals'are all becec; note that only Ne exceeds the
ideal packing efficiency, 1i most closely approaches it, and Rb is
lowest. .-

The three Cs halides exhibiting this structure are all slightly
underpacked. If one presumes the causes of underpacking to be inde-
rendent of coordination number, these can be converted for compari-
son with the remainder by multiplfing the PE values by the ratio of
‘ideal PEs¢ to ideal PEpcce (52.360/68.018 = 0.769 . For CsCl, CsBr,
and CsI the comparison values are 51.88, 51.84, and 51.96 for a mean
of 51.89%, the observed PE for CsF is clearly anomalous.

It is also clear that PE for IiI is also far lower than either
the iodides as a whole or the remaining ILi salts. The value cof RbLF
is also somewhat low.

ne thus observes CsF (and perhaps RbF) exhibiting serious
underpacking comparable to that of 1il. On the other end of the
spectrum, NaF and NaCl are slightly overpacked. )

The first three anomalous salts are combinations of heaviest
(and largest) metal atoms with the lightest (smallest) halogen and
the combination of lightest {(smallest) metal atom with the heaviest

(largest) halogen; one therefore expects a relation with Z and VW



Metal Li

AH 38.4
BP 1590
MP 453.7
e 448

B 11.883
E 13.42
G 8.89
CCTE 141
ch 5.787
100C 10.33

IP/100 1.24256

10k 8.47

e 0.533

z 3

W 6.939
nf 1.31404
mf*  1.23713
N 4.6232

PE ‘67.948

Hydrides

BS 56,91

MP 953

e 0.82

Z 2

w 3.97348
mf 2.9852
mnf* 4.38124
N 12.4277
Fluorides

BS 137.5

BP 1949
. MP 1121,.3

G 70.35
RI 1.3915
e 2.634

Z 6

W 12.9687
mf 1.85977
ne* 3.21153
N 12,2311
PE 51.77

IP*/100 3.56781

==IPy + IPX, where IPX 3.306 (estimated) for H, 4.8104 for
for C1l, 3.5045 for Br, and 3.1160 for I. The quantity is

Note: IP*
F, 3.8322

Data Relevanti

3d
le 1d

o’

Ta

Na

25.9
1165
371.0
155

6.63

6.24

4.19
207

6.609
1.18446
14.10

0.970
1
22,9898

1.0

1.0

2.5409

68.2539

11.9989
3.6640
5.38004

4,6174

—_
-
ES

-
(o
Q0

6
3

26.93
1.336

2.750
10
20.9941

0.38024

2.19961

7.8883
92,72

—
N
(8]

3.62591

K

2i.5
1047
336.8
100

3.35

3.71

1.88
246

5.395

14,889

1.00027
10.24

0.858
19
30,102

1,19631

1.16702

3214
65,699

43. 8
d

1.47
10
20.05498
3,7990
5.61716

4,414

118.9
1778
1119

12,90
1.363

2,48
14
22.0502
1.38406
2.8386

5.1410
51.29
3.8101

the Behavior of Alkali Halides

Rb

16.5
961

312.0
59

2.996

2,86

1.65
273

7.359
8.130
. 962693

5.82

1.532
37
85.47
1.59352
1.57532

1.0794
63,43

49
573d

2.50
19
43.2390
3.9065
5.81774

3.6211

16,1
1683
1032

8.90
1.398

3.557
23
52,2342

2,54514

2.86632

4.1006
49.13

3.84768

Cs

18.7
963
301.9

43

(2.08)
2.18
1.48

300

7.384
3.803
« 897433
3.59

1.8756
55
132.205

1.0

1.C

0.84986
66.71

42
d

3.41
28
66.9565
3.9398
5.88134

3.067

119.6

1524

957

1.478

4,115
32
75.9517

2.99945

4,39929

13,2627

4757

3.91292

Units

Keal/gm=atom
K
K
K

GPa
GPa

GPa
10~6 /K

cal/atom
100/nicrohm=cm
Kca./gm-atom
W/ cm K

gm/cc

BeWolle

1022 atoms/cc
v/o

Kcal/gm=atom
X

gm/ce

AeWolle

-

1022 atoms/cc

Kcal/gu=aton

K
K

GPa

gn/ce

.AeWolle

1022 atems/cc:

v/o
Kcal/gm=atom

@ e ow @ v @n e @ @ @ @ @ e eo» e

in rough correspondence with electronegativity,. but electron affinity

is not included.




Chlorides Li

BS 111.9
BP 1633

MP 887

RI 1.662
o 2.068

Z 10

w 21.1980
nf 2.69051
mf* 4.02694
N 5.9755
PE 51.98
IP*/100 2.58064
Bromides

BS 106.2
BP 1538

MP 820

G 20.05
RI 1.784
e " 3.464

Z 19

W 4£3.4240
mf 3.36(81
nf+ 4,89776
N 4,8039
PE  52.14

IP*/100 2.26194

Icdides

BS 84.6

BP 1453

MP 719

G " 13.69

RI 1.955
e 3.494

Z 28

W 66.9217

mf 3.58525

mL* 5.2484

N 3.19416

PE 46,80

IP*/100 1.87340

4d

Tabie 1d, (cont.)
Na K
97.5 101.3
1686 1775s
1074 1040
12.81% 6.36
e 5442 1.490
2,.1650 1.9840#
14 18
29.2214 37.2775
. 85302 .195774
2.47741 2.10034
4.46174 3.2051
52.396 51 .91
2.64774 2.83143
85.7 g0.9
1663 1708
1028 1003
10.17 516
1.6412 1.559
3.203 2,750
23 27
51,4494 59,5025
2.21263 1.37154
3.5293 2.8277
3.7491 2.7831
52.0 52.04
2.32004 2.50423
727 76.8
1577 1603
924 959
7 .37 3.79
1.7745 1.677
3.667 3.130
32 36
74,9471 83.0032
2.77301 2.11564
4.,12207 3.43814
2.9465 2.2709
52,04 52.125
1.93159 2.11569

Rb
100.7
1663

s88

4,51
1.493

2.80
27
60.4615
1.6545
3.04285

2.7889
51,06
2.86951

90.4
1613
855

3.43
1.553

3,350
36
82.6895
2.0684

2.4397
51.414
2.54181

7647
1573
915

2.70
1.6474

3.55
45
106.1872
278042
2.43238

2,0133
51.81
2.15327

Note: Significant non=monotonic values underlined.
# Density of KC1 lower than all salts except LiH, NaH, KH.
Data herein supersede values shown earlier.
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Cs
106.,2
1563

919

1.6418

3.988
36

units
Kcal/gm~=aton
K
K

GPa

gm/cc

84,1790 a.w.u.

2.31535
3.6292

2.85208 1022atoms/cc

67.40

v/o

2.93475 Kcal/gm-atom

96.5
1573
909

1.6984%

4,440
45
106.407
.99610
2.60705

2.5128
67.35
2.60705

82.4
1553
894

1.7876

4,510

54
129.9045

.092384
2.04673

67.30
2.21851

Kcal/gn-atom
K
K

GPa

gm/cc

T eWolle

1022atoms/cc
v/o
Kcal/gm=atom

Kcal/gm=atom
K
K

GPa

gm/ce

QeWele

1022atoms/cc
v/o
Kcal/gm=atom

and perhaps mf. In itial trials tested the possibility that the re=

lation:

PE=a X+ bW+ k exists,

the metal or for the salt, agreemert was poor in all cases.

Tested when Z and W are either for
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Any attempt to relate properties to parameter; must in-
volve some specuiation regarding possible causality. That most
substances differ slightly and some differ greatly from’ideal
packing can no longer be ignored, and in view of the.supposedly
non—directioﬂed electronic configurations of moncvalent cations and

ﬂ\gqions alike, together with the extremely rapid increase in repulsion
as atoms are brought more closely together, there is perhaps more
than usual justification in considéring the alkali halides as con=-
sisting of aggregates of incompressiﬁle spheres. While early hopes
that ionic radii might be almost constant and additive are no longer
held, semiquantitative evidence indicates that where radius ratios
are used to agree with observed interatomic distances, both MP and
G are in fair accord with radii which have been sized according to
the calculated electronegativity of each salt2d,

It %as shown earlier that to a first approximation the 1P,
on which electronegativity depends, is given for the I-A metals by
their 2 and W #alues, mf having an almost negligible effect. No such
statement can be made about the halogens, since all but I are not

- 801id under standard conditions. But if the IP (with or without the
electron affinity) for eéch halogen is also fixed by Z and W, it
follows that the alkali salts of each halogen make a potentially
usefgl subgroup.

This possibility was tested in the following way. The "“equi-
poise" egalts (those for which Wy is nearly equai to Wy, and for
which mf is smallest) are NaF, KCl, RbBr, and Csl, and if mf exerts
little influence, the expression PE=k Z2 Wb should very nearly
apply if the values of a, b, and k are derived using the average
‘'of Na, K, and Rb salts of the lighter halogens. Validation would
be tested by testing this expression with the Na, K, and Rb iodide
average. When this is done, one finds a - .411154, b = - ,365686,
and k = 59.859; the calculated PE value for the iodide group is
51.653%, well below the 51.992% observed. The systematic error can
be slightly reduced when the Li salts are also used in determining
the average; the calculated PE becomes 51.13% for KI (51.125 obs.).

There is thus a closely approximate relation between these
PE values and Z and W values, and it should therefore be possible
tc derive a similarly valid expression from average values of PE,
Z, and W for all or some of the halides of each metal. The attempt
to do so provides a good illustration cf the difficulties related

to non-monotonic series. -
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PROBLEMS IN BASE SPECIES SELECTION: THE POLYTONIC SERIES

The foregoing example shows the fqllowing:

ty

Among the properties of the alkali halides, the observed P
may be related to Z and W in a rather simple way for a limited num=~

ber of them. Since there are but four availableAhalogens, only two

-. exponents and the constant can be derived if the expression is to

be tested by a virgin member of the subgroup.

Where .the property values change monotonically among chosen
members of a subgroup, the principal problem is that their number
be sufficient to celineate the values of major parameter candi-
dates. Clearly, the alkali halides can be broken down in a way
which provides five subgroups rather than four, each being one or
more salts of a given metal.

For LiX...CsX the undisturbecd PE means (values fer CsCl, CsBr,
and Csl h;ving been "corrected'" to 51.883, 51.845, and 51.961% by a
novel and hence suspect method), are: 30.672, 52.289, 51.841, 50.853,
and 50.814% respectively. The parameters increase monotonically (if
Z, W, N, or IP* are considered) not cnly for the means bhut for each
MX series. The PE values, together with such properties as bond
strength, BP, MP, and RI, clearly do not. With few exceptions, the
underlined values are for NaX and/or KX, but it must surely be no=-
ted that, for example, the maxima in BP shift from NaX to KX in
the chlorides and in MP only in the iodides, while the mininhum in
RI shifts to a heavier metal with each successive halogen.

For the PE NaX is maximum for fluorides and chlorides but in
bromides and iodides is lower than KX. In the series of average PE

values shown above the maximum for NaX is clear. The secondary

" maximum at RbX is, in view of the treatment of the CsClestructurse

species, less certain. The anomalously low CsF and IiI values, if
incorrect, contribute slightly to the magnitude of the NaX maximum
and may be at the root of the apparent RbX submaximum.

Mathematice are incapable of perceiving numerical trends; it
is quite clear that an expression derived from RbX, KX, and NaX can
only extend the probability that PE increases in both directions
from the minimum at KX; extrapolation to LiX yields the clearly
false value of 52.83%, but the calculated value for CsX is 50.24,
appreciably lower than that observed. Nevertheless, the derived
expression is greatly different from that from the halogen subgroups,
(a=.00402..,b=~.05585, k = 63.84%), suggesting an extreme disiort-

ion of the relative significances of Z and W usually observed.
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In the same fashion expressions were derived using Li-Na=Rb
and Li=K=Rb salts; the first yields a maximum rather than a min- -
Vimum for KX, but the second, while predicting a moderately higher
NaX (52.37%) than observed, suggests that the PE mean‘foi the cs
salts might be still lowver (50.22%).

In this last expression, & = .473742, b = =.466599, and k =
73.11%. This ié the closest equivalence-to the siﬁﬁls ratio W/Z'-
thus far noted, and the speculation that when the PE expression
is-finally evolved the value of the constant will be comparabla>
to the ideal condition of closest packing as both Z and W approach
unity is commensurazte with the "“metallic" hydrogen concept.

In summary, it appears that of the parameters considered, 2
and V are most strongly related to the ideality of observed pack-
ing in these salts, at least, but that ét least one other para~
meter muét be included in the ultimate expression. In view of the
sensitivity of PE values and of the fact that there are virtually
no records in which AD¢ and real density have been measured on the
same specimen under the same conditions of temperature and pressure,
the study need not be carried farther until such measurements have

been made.

SELECTION OF BASE SPECIES AND CANDIDATE PARAMETERS

The observed'packing efficiency is, since no stimulus is in=~
volved in measuring it, more nearly a parameter than a property.
It will be observed from direct observation of the underlined data

in the Table that the minimum in refractive index invariably occurs

in the metal=-halide combination exhibiting the smallest mf (and mf*);

it will further be observed that for a given metal, the change in RI
" values is monotonic with the Z (or W) of the halogen.

Only among the fluorides does the Cs salt exhibit the halite
structure. According to its PE value, CsF is seriously underpacked,
and if it were not its atomic density would be greater.

It is quite clear from the data that RI is not dominated by
density (which is least in K salts and chlorides). One initiates the
exploration on the basis of the subgroup expression in linear form:

A Rl = x N + z mf (or z mf*) + k , using for

maximum sensitivity LiF, NaF, and KF as base species. Using RI as

given, the values of x and z are so small as to introduce inaccuracies,-

so 100 RI and, so that its value will be zero in a vacuum, 100(RI-1).

. The latter is preferable, but no expression is acceptable; using mf

x = .187138, z = 3,201894, k = 30.906311, and the calculated RI

e Y

e Smameie L
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values for RbF and CsF are 1.3982 and 1.4359 . The observed values
are 1.398 and 1.478, and were RoF the criterion for acceptance, one
might mistakenly accept the relation as valid.

Using mf*, calculated values for RbF and CsF are 1.380 and
1.436; both are unacceptable. 4

When IP is substituted for N, concordance is poor with mf
(1.4026 and 1.4157) but slightly improved with mf* (1.3814 and
~1.4418). It appears, however, that the relation is probably non=-linear.

The large increase in RI in going from RbF to CsF simply does
not accord with any combination of listed parameters and either mf or
mf*; concordance is slightly improved for the logarithmic expressions
when mf* is used.

Time and funding limitations prevent further study at this time.
The possibility that some variety of forﬁula for the mass factor will
be found which does not become less sensitive with increasing nass
ought to be examined,. but it seems unlikely that this is a mass effect,
and mdre probable £hat, in the most ionic of salts, the crowding of
electrons in the Cs ion increases its effective radius (and hence
lowers the packing efficiency as observed). A more conventional ex=.
planation is that in CsF the radius ratio has become equal to or
smaller than the .414 for octahedral filling of voids so that the re=-
pulsion between Cs ions becomes dominant.

If either explanation can be accepted, a similar situation must
exist in RbF but to a lesser degree, and this is observed in that RbF
is also significantly underpacked.

More important, a similar situation should exist at the other
~end of the alkali halide spectrum; with the Lil also exhibiting both
a spectacularly high refractive index and an anomalously low facking
efficiency, there is here the challenging possibility that the elusive
radius ratio effect can be directly approached. Since ILiF is the least
ionic of these salts, the probability of electron crowding in the I
anions is more remote. -

| Unfortunately, additional property data needed to separate the
mass factor effsect from the radius ratio effect have not yet been
acquired. It is hoped that they will be, and that the parameter or
parameters which relate to this anomaly can be identified when com-
puter studies.can begin. In view of the similarity of these com~
pounds with a number of important interstitial compounds in metal

alloys, such a study is of great practical importance.
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SUMMARY AND RECOMMENDATIONS

In view of current and future requirements for optical
materials (laser matrices, reflectors, doublers, IR windows,
coatings for passive thermal control) these findings appear to
represent ax unrecognized potential both for improved undere
standing of optical behavior and for improving upon it.

For the IR window one wants minimal absorption and re-
fraction in the criticai spectral region; this combination is
largely achieved in KCl not only because of its minimal density
but because, apparently, of its near-ideal packing, which secms
to reflect minimal populations of electrons at energy levels
eritical to photon interaction. If a minimum mf is a criterion
for this, the judicious admixture of a small proportion of KBr
in solid solution may further improve the transparency.

Where highe} refraction is desired the high mf values and
poorer packing idealities can almost certainly be achieved; it
seems'probablejthat the influence of Pb, Ba and the like in
glasses is one way of doing it, while compounds such ss the di=-
hydrogen phosphates perform the same purpose at the other end
of the mass-ratio spectrum. '

Gilman3d reported a strong and reasonably consistent rew-
lafion between the observed shear modulus and the observed inter=
atomic distance both in elements, the alkali halides, and a few
other compounds of known crystal types. For becc elements and the
halide and simple oxides having the balite structure the moduli
were proportional to the inverse 4th power of the "diameter' of
the atom, or, if PE is constant one obtains from eq (1): G = k(N)% o

'PE is not, however, the same for these quite different structures,
being ideally 68,018 for bcc and 52.36% for s.c. For a fixed inter-
atomic distance, then, N would be .7698 as large in the s.c array.
But in this array each atom has € neighbors as compared to 8 in
bece, and in terms of & mean atometo-atom strength there isba small
net gain (2.6%) in the s.c configuration. This may %o some extent
explain why the halite structure appears even when radius ratios
argue against itas spatial stability.

For elements the radius ratio problem does not exist. If a
given interatomic distanca represents a fixed unit of modulus then
N for an fcc lattice will be 74.058/68.018=1,0887 times as many

atoms as in the equivalent bec lattice. These bonds are, however,
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shared with 12 neighbors rather than with 8 so that 5/2 as many
would be required for the same stress field; rather than an (N)‘,’/3
relation with G one expects about (N)’»:»’;8 . The value of N, then,
becomes more. or less self-adjusting with respect to packing effici=
ency and coordination number. This is simply a restatement of the

. &doption by any material of the structural arrangement which will
minimize its internal energy. It appears that for this reason one
can directly compare the property relations for compounds with
those for elements. .

Alternative expressions have been derived using both mf &nd
-i};“véiues. For the refractive indices there appears to be a pre=
ference for mf*; but for the remaining properties thus far tested
no preference has been noted. It is recommended that when a study
can be mage of a sufficiently large population the mass factors
be replacéd by a mass difference and a mass ratio. This can mest
e8s8ily bve done if in all members of the test population there is
an equal numbep of two species of differing mass. The alkali
halides and hydrides best f£it this description.
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APFENDIX V
EXAMPLES OF TYPICAL INQUIRY AND CALCUIATIONS: SIMPLE AND MIXED OXIDES

Because the halogens are monovalent, there is little internal
bvonding between halogen atoms in halides. With divalent oxygen, however,
the "sharing" of oxygen atoms between adjacent cells is very coumon,
and it is more difficult to regard a number of them as bonding solely
through interaction between metal and oxXygen.

Nowhere is the differenca‘between halides and oxicdes more apparent

e The sharing of adjacent

than in their observed elastic properties
oxygen ions (or the edge of an M~-0 unit) frequently leads to a dis-
tortion of the cell and to the formation of highly anisotropic cry=-
stals.,

It was decided to begin the study by utilizing a subgroup of
well-characterized oxides having (in common with oxygen) the neon Sub~
structure in the ion: thus oxides of Na, Mg, Al, and perhaps Si were
included. The Na oxides (Nazo, NaO) have seldcm been adequately char—
acterized'and-are usually of doubtful purity; MP valuses for the for-
mer range from 1020 to 1590K,'and the latter decomposes at about 730K.
In the initial study, NaF was used as a prototype of the oxide of a
monovalent element.

Table le shows the data pertinent to the brief study. Except for
the base species, oxides for validating purposes were selected at ran-
doms The properties chosen for test were MP, G, and RI, the.éubgroup
expression being in this case a shortened form of the general ekpress«
ion: log P = x Log N + y log i + 7 Log £ + log k

Many of the now routinely observed precautions in calculation
were developed during this study; the exponents and "constant' are
very larges A |

Log MP = =39.61767 Log N + 42.25994 Log I = 55.70962 Log £ + 70.51541
Log G = =-57.89831 " + 61,80848 n = 80,85435 1 + 99.78921
Log RI*= =15.32438 n  + 16.62685 n = 21,77802 v £+ 25.,64271 .

It must be noted that f, an early variant of the mass factor,
possesses the4dimen§ion of mass (unlike the latef £* and. current mf
and mf* which are dimensionless); the very small differences in mase
of the base species is responsible for large derived values.

Given these expressions, for any oxide for which P and N are
known and f can be calculated, a value for I can be obtained, and if
that value is the same for two or more of the properties. It was of
course hoped that the value might bear some visible relation to the
valence of the metal as given by the stoichiometry and modified by the

sharing of oxygen atoms.
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Table 1se

Data and Calculated Intensitiss for Oxides of Second Short Period

Base species
MP G kI N £ i VMP vG YRI

NaF 1235 26.93 1.336 8.004% 2,1858 20.994 1.0 1.6 1.0
MgO 2852 156.,0 1,736 10.697 5.0135 20.155 2.0 2.0 .0
Spinel2378 157.6 1.723 10.667 7.7880 20.324 8/3 8/3 8/3
A1203 2318 161.4 1,763 11,730 8,.7184 20.392 3.0 3.0 3.
Test species
Na20 15487 6.617 2.5930 20.659 1.054
NaO 735 8.665 4.1218 19,495 :1.228
810. -:1975¢% 5.819 7.6993 22.043 1.972
Si00g 1480t 1.416 5.893 11,2995 20.0283 1.644
t b 1.422 5.713 1 t 1.661
it ¢ 1244 31,17 1,4588 6.585 " " 1.825 1,798 1.849
v d 1.470 6.795 1" " 1.876
it e 1996 1.4855 6.976 n u 1.938 1,936
w f B 14520 7.517 1 ] 2.070
wog 1.547 7.962 o " - 2,184
w h 1.800 9.050 i o 2.4€E7
o i 1.812 13,079 " ] 3.500
BeO 2803 T 1724 14,496 4.4698 12,5050 2.236 2.227
Chrysoberyl, BeAlsOg4 .
2143 1.7507 12,483 6.6045 18.13897 2.476 2.483
-Beryl, Be3Al2SigO1s
1683 68.6 1.5690 8.7427 8.1841 18,5346 1.886 1.875 1.869
Lithium metaaluminate, LipAL204
2175 1.609 9.318 8.4656 16,4798 2.612 2.600
Clinoenstatite, MgSiOa '
18304 1.655 9,573 8.7941 20,0792 2.4954 2.503
Mullite, AlgSio013
2193 1.6463 9.868 09,6886 20.2882 2.574{ 2.5694

Cordierite, MgoAl48i5018
1745 1.5243 7.5534 9.5983 20.1713 1,517 1,521 1,521

Note: # Note N value now taken as 7.8883; if used, all calculated
values of v would be increased about 1% percent.
In expressions, RI* = (Ri=1)/RI

Silicas: (a) silica=W, MP is transition to (e); (b) bleached melano=
phlogite, (¢) in vitreous silicas, MF is cbserved transition tec criste
obalite; (d), a=tridymite, (e), a-cristobalite MP is disappearance of
long-range ordering; (f), keatite, (g), a-quartz, (h), coesite, (i),
stishovite.

Some of the tabled values deserve comment. The values of v are
for the base elements, the ncminal valence of the metal; since spinel
is MgAla04 v = (246)/3 . Supposing oxygen always is divalent, I in
the expressions is given vy: I = v (no/ny), or for the base species,
0.5, 2.0, 3.5555.., and 4.50 .
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Were a calculated value for v to agree exactly with the nominal
it would be surprising. Crysoberyl is the beryllium analog of spinel,
and its nominal valence is thus 2.5 but:since lhe expected valence
in BeC is 2.0 and is calculated near 2.48, one suspects that oxides
of the lightér metals in ternary sysiems cannot be so simply judged.
This is confirmed in LisAl204, for which nominal v is also 2.0

In selecting the test oxides, priority was given to those de=

- viating considerably from the base species with respect to W. Most,

however, are of comparable atomic maés, and it may be that this con~
tributed to commornality of the subgroup.

The silicas are, with the exception of vitreous silica and a=-
cristobalite, mostly indicative of the frequently cited lirear change
in RI with density. Note, however, that while the RI expression is
certainly not linear, the calculated value of v for stishovite is
reasonably in accord with & valence approaching 4 for Si; the ob~
served RI for this compound (which approaches diamond in bulk modulus)
is 1less than half tke value 'predicted" by a linear relation.

In some instances, at least, it appears that the temperature of
thermally~-induced transition or decomposition can be taken as the
melting point.

_ Fortunately, it has become common for ceramic researchers to
measure and report real density (frequently as a percentage of the
theoretical density), melting point, and refractive index. The use of
thg shear modulus here is entirely fortuitous and resulted largely
from the disappointing large number of discrepant bulk moduli found.

No rigorous conclusions can be drawn from 80 small a sample,
but it encourages the possibility that expressions of this kind will

" be more tractable if the base species can be taken from a population
in which a larger number of binary oxides exist, and one among which
such obvious complexities as deviations from stoichiometry and full

density will be encountered.

BINARY OXIDES OF THE ELEMENTS OF THE FIRST IONG PERIOD

There are at least 40 binary.oxides in this group. While the
majority of them appear to deviate little from stoichiometry, some
(nominal Fe0, Zn0, the oxides of Ti, V) certainly do so. The range
of melting points lies between Mn07, a liquid under the standard
conditions, to Ca0 as the most refractory monoxide known, and RI
values (unfortunately not known in a number of them) from 1.6+ to

3+C
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As with oxides of the short periods there are here problems
in selecting the base species. As sghown .in Table 2e, there are four
potassium oxides, on unknown number of titanium oxides as well as .
three varieties of TiOj, etc. For reasons similar tc those used in
choosing bhase Speciés among the elements, the preliminary study re=-
~~§brted here utilized Ca0; rutile TiOp, V205, and NiG., A brief resumé
of the potassium oxides will suffice to illustrate some of the con=-
siderations used, ]

'In most cases (note that FeO is an exception), ths lowest
oxide is more refracvery than the metal. Among the I-A oxides, the
M20 variety all crystalize in the antifluorite structure, and (unlike
the monohalides) Lig0 is the most refractory of them, its MP being
1421K higher than that ¢of the metal. Supposing the size of the oxygen
ion to beinearlyAconstantze, stability diminishes with increasing cat-
ion radius and increasing ionicity, the difference in MP between mstal
and this oxide is 1277K for Na and a less stable monoxide with the
more tolerant halite structure is observed. As expected from esarlisr
discussion of the larger increase in size going from Na to K, K90 is
only 286K more refractory than K, and the most refractory oxide is KO
(316K higher). The situation persists with Rb and Cs, the ions of
which are so large as to make the antifluorite structure unstable, and
RbO is 395K above, and Cs0 371K above, the MP of the metal.

The existence of Kp03 seems well established but its real density
has not been reported and its exact stoichiometiry not known; it kes
been suggested on the basis of its intermediate MP that it may be a
variety of solid solution of K20 and KO.

As is commonly c¢bserved, oxidation beyond some optimum state
.reduces refractoriness; and KO, is no exception. If the "effective
valencé" of the metal is argued from the divalence of oxygen and the
formula for the oxygen, K in KO is divalent. At suchk moderate tenpera-~
tures as its MP it is imprebabie that electrons have been promoted from
the Ar subshell, and the second electron must be assigned to sharing of
oxygen atoms between adjacent cells.

One sees that when the donor atom is limited to fewer available.
electrons than demanded by the acceptor, the simple concepts of iornic
transfsr must be greatly modified or abandoned, and it is now commonly
agreed that virtually all bonding in true compounds lies somewhere on
a spectrum between electron transfer (ionic) and sharing (covalent).
Moreover, the point'on that spectrum is not necessarily fixed, being

influenced by temperature and certain impurities. - - -
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Among the oxides, the most prevalent and persistent impurity
is water, which may take the form of substituting hydroxyl for oxy=-
gen ions and even hydrogen for metal ioﬁs. As might be expected,
this tgndency is enhanced in oxides where the cation is too large
for spatial étability, and it has been suggested'that true oxide
stoichiometry has yet to be achieved in any alkali metal oxide
other than Li2O. _ )

These, and the lack of RI values, deny acceptance of any po=-
géééium cxide as base species. .

Divalent Ca is very close to the.optimum radius for occupation
cf octahedral voids in a closest packing of oxygen atoms. That metal=-
metal repulsion is important in defining stability is clear from the
following: in BeO (in which Be is smaller than optimum), PE = 49.46%
and MP = 2805+K, while in MgO PE = 52.316% and MP = 2852K; for these
the comparison is analagous in both respects to the early halides of
Li and Na. But in CaO, PE is almost ideal (51,96%) and MP = 2887K.
in Sr0, PE andAMP beéin to decrease (49.12% and 2703K). Thus Ca0 makes
a very satisfactory base species.

Scn03 is less satisfactory. Rarity of the element caused a lack
of commercial interest; among the few attempts to purify and densify
it densities deviate only slightly from 3.864 gm/cc . As with all very
refractory substances there are doubts about its MP, and RI zppears
néver to have been measured for publication. Its position among the
oxides for both treatment by period and by subgroup make it perhaps
the most critical of compounds deserving refree=quality study.

The choice of rutile TiO2 as a base species is open to criticism,
not only because measured densities vary between 4.18 to 4.26 for
" oXygen-annealed crystals but because its color, sensitivity to u.v.
damage, and electronic (dielectric) behavior suggests the presence of
some small proportion of trivalent Ti. Nevertheless, it is densest of
the polymorphs of TiO, and, despite occasional references tc other
phases prior to melting, appears to melt without decomposition in an
oxygen atmosphere at close to 2112K.

Optically rutile is highly anisotropic, with refractive indices
of 2.616(a) and 2.903(c), a fact reflected in its elastic constants
(c11=266, ©33=470, c44=125, cg=189, c¢12=176, cyz=149 GPa).

- The crystal structure of rutile is less easily understood in
terms of the atomic density concept than are the isotropic crystals

of equimolar compounds. In the real crystal, the Ti atoms form a
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structure quite analagous to tecc, except that the cube is cconsider-
ably foreshortened in the c-direction (c/a = 0.8441). The oxygen
atoms occupy positions about the ceﬁtral Ti atom which roughly con=-
form to an octahedron similarly distorted; of the six Ti=0C bonds,
two are 1.988 and four 1.944 %. The 0-0 distances are similarly none
-;quivalentz 8 at 2.780, 2 at 5,20, and 2 at 2.959 R in the unit cell,
which contains two molecules of TiOg in a volume of 62.4200 %3, 1In
the atomic density notation the Ti 333,,0,g65,. "atom" iz a sphere
in a bedy=-centered array which is not cubic, its packing eifficiency
in the .ideal case being 68.0184 x .6441 = 43.8104%. From the Ti-0
and 0~0 interatomic distances shown one obtains an average for the
18 bonds of 2.4972 % and this is the diameter of the "atom"; its
volume is thus 8.15399 Bana it occupies 1,/6 of tﬂe original unit
cell, 20.807 £3, and PE = 39.10%. Note that thesc "atoms' are still
in contact along the body diagonals a6 in the bcc structure, but
these diagonals no longer are orthotropically directed.

'Note that this simplified structure is quite sumilar to that
of body=-centered tetragonal tin, in whick the c-axis foreshortsning
is even more pronounced (c/a = 0.5455). It may be of interest to
notelthat the least dense, low~temperature anatace form of TiOo is
also body-centered tetragonal but the c-axis is greatly lengthened;
as might be expected anatase is optically negative while rutile is
positive. The third form of Ti0jp, Brookite, is rhombohedral), - and
its RI value simply the mean of the three axial valiues.

The concept of treating the relatively complicated structures
of compounds as if they were elemental is not new; the similarity cf
the halite structure to ccp, of the wurtzite structure to diamond,
and of the CsCl structure to bec has frequently been used in des~
cribing similarities such as in elastic behavior. It is suggested
here that it can be carried considerably farther, and comparing
some of the properties of rutile with those of tin will, if proper
attention be paid to the other parameters which prevail, éontribute
to improved understanding 6f materials behavior; the writer has
found, in studies involving the elastic behavior of certain micas,
the similarity of the graphite crystal to be helpful.

For a third base species, the compound V205 was chosen; in
it the valence of the metal is certainly 5, and its RI has been well
~ established. The MP shown is most commonly used, some texts show a

value about 20K lcwér.
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Because V903 has been well documented with respect to MP and
most parameters to be tested, the General expression of the forms
log MP = x Log N+ y log I + 23 log £ + Log k was
based upon this oxide, together with CaO, TiO2(r), and V205; the
calculated values for I and vy obtained for other oxides in the
Period were simply compared tc the nominal valueé. That the cale
culated effective valences of the potassium oxides aéproximated 2+
confirmed the expectation that 0-0 linkages play & large part in
cohesive bonding of the oxides of electron-pocr elements.

Calculated vM values approximated © for the Fe oxides, 7 for
" Co0, and 8 for NiO. Since the last cof these is ciearly the most
stable (if not the only) oxide formed by Ni, it was chosen as hav=
ing vy = I = 8.0 to replace V203 as base species (note that in V505
if vM = 5.0, I = 7.50) simply because bﬁnsenite has been character=-
ized with respect to a fairly large number of properties, exhipits
slight underpacking (PE=51.29%) together with a small increase in
Young‘s modulus with increasing temperature, and has been subjected
to frequent analyses which show deviations from stoichiometry to be
small in oxidizing atmospheres. Nevertheless, its slight electronic
conduction and concomitant thermal conduction at moderately elevated
temperatures suggest free electron population large enough to ren-
der its refractive index suspect, gnd it must be empnasized here that
the derived expressions below and the calculated vy values in Table
2e are preliminary only. _

Again the now outmoded mass factor f was used; it possesses the
dimension of mass, and is based on the difference in atomic mase be-
_ tween metal and oxide. The expressions are:

Log MP = 2.098934 Log N -~ 2.809990 Log I + 3.701982 Log f - 2.05914
Log RI*= 1,775415 Log N =~ 4.450636 Log I + 7.451324 Log f = 9.72514
' Alternative expressions based on f* (dimensionless and cale
culated from the ratio of atomic masses) and f*.W were derived; in
them the magnitude of one or more exponents was so large aé to exceed
accurate calculation requirements; and it was decided that attempts
must be made to derive comparable factor formulase in dimensionless forms.

Again it is less the agreement of calculated vy values with
accepted nominal valences than with agreemeqt between vM(MP) and
vM(RI) which is needed for validation.

That vM{(MP) for Sc203 is so close toc 3.0 appears to support the

TEPIAC~-suggested MP shown and increases the importance of obtaining
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Table 2e .
Data and Calculated vy Valuest! Oxides of the First Long Pericd Elements

MP I N
(KF) 1119 1.363 5.4
K20 6234 . 4.494
KOo# 763 44112
K203 703 .
X0, 653 5.438
CaQ# 2887 1,838 7.1304
Ca02 548d 1.895 7.319
50203 2680 (2.38) 8.4366
Ti0 20234 9.303¢
Ti903#2350d 2.241
Tiz0s 8.1317
TiOza 2100 2.513  8.683
TiO2p 2112 2.637 9.497
Ti02p 2112 2.807 9.610
VO# 2322 10.3607?
Vo0g 2273 9.783%
V0o 2240 9.4511
V205 963 1.580 7.7807
Cro :
Cr203#2708 2.551 10.3216
Cr0o 5704
Cr03 469 6.5042
MnO# 2057 2.16 9,27
Mng0O, 19787 8,9465
MnO»p 808d 10.444
Mn207 279 1iq. 5.8537
Fe gs0 1693 2.32 0.685
(Fe0) " "
FegO, 181id 2.42 9.4312
Fezos# 1827 3.12715 9.8805
CoO# 2208 10.368
Coz0, 11754 10,6265
© Co904 11684 9.404
Nio# 2263 2.1818 10,753
Cus0 1508 2.705 7.5762
CuO# 1599 2.63 9.8277?
Gan0 933 505441
Gag0s# 2061 1.930 10,345
ZnO# 2248 2.015 8,2980
GeO 98Cs 1.607
Geoz# 1388 1.850 7.4313
1] ’ 360+ 1 Oo 966
As205 588d 7.923%
SeOo# 618s 1,76+ 6,.,4315
Se03 391 6.8305
Note: ? doubtful value

T
13.130C

9,35895
16.394
21.474
25.411

17.210
26.7804

28.318

23.913
30.585

38,2494
37.6325
38.2494

26.592
35.628
38.249
48.934

36.943

56,153

30.156
37.397
49,211
67.4S0

32.148
30,972
39.121

41.806

33.7676
42,0306
45.764

33.5636

21.112
37.9775

24.0956
58,9456

39.6627

46.370
79.929

66.942
96,037

89.606
117.47

d decomposes

W
29.050

31.401
27.551
2542404
23.700

28.040
24.0263

27.582
31.950
28.7596
27.962
26.6329

26.825
26.6329

33.470
29,9764
27,648
25.983

34 .00
30.398

24,999

35.469
32.6872
28.980
24.653

35.4437
35,925
33.0765
31.938

37.465
34.3995
33.173

37,355

47.693
39.770

51.813
37.488

40.685

444265 .
34.263

"

39.568
32.834

36.987
31.740

vM(MP)
1.5066
2.255d
2,104

2.3161

(2.0)
3.298d

2.9992

4.2708d(assumed stoichiometric)
3.714 d

3.8680
3.9655
(4.0)

5.0879
4,796
3. 869
(5.0)

4,9191

5.644

5.746
6.288
8.336
6.87
6.644
5,916
6.272d
6e445

7.072
9.020d
8.206

(8.0)

6.906
8.805

719
10.275

7355

10.121
13,633

11.88p
14,68d

14,7 8
16.5

& sublimes

vM(RI)
1.2274

(# most refractory
oxide of the metal)

(2.0) (vase species)
2.1007

(assumed 3 for RIgzic,)

3.8678 (see text)
3.9668 1 m
(4.0) (base species)
{5.0) (base species)
5.202

5.472

{see text)
111 1

5.852

6.0583

6,152 (see text)

(see text)

(8.0) (vase species)
5.365

7+ 934
12.33

8.402
13.733 (s0l. "Mlow" form)
11,81
15,3+

p MP under pressure



VI

Se

In both calcium oxides, the source of slectrons for electron=
photron interaction is presumably Ca; there are 3.5652 Ca atoms/cc
(x1022) in Ca0 and only 2.4397 Ca atoms/cc in CaCp, and the latter .
nust be considerably more covalent to account for the RI value. The
high vm(MP) value for the peroxide indicates that decomposition
occurs through the loss of a weakly bonded oxygen atom. Note tﬁat
similar behavior occurs with MnO2 and the higher oxides of cobalt,
"~ all recognized as good oxidizing agents.

" The calculated RI value for Scp03 is to be taken as an esti-
mate only. Exact agreement in vy values would occur only if melting
destroys only the long range ordering of the crystal.

Stoichiometric TiO contains about 15 percent of Schottky de=
fects; if the N value were increased to compensate for this "atomic
porosity", vM would be 4.82 ., From this one concludes that TiO can
be regarded as metsallic titanium with oxygen atoms in octahedral
voids. Thus TizO3 is the first compound of the series3® TinOsp.1.
If one presumes exact stoichiometry for rutile (n=infinity) then: ;
n=2 in-Tizoa with the MP decreasing to some value representing a
eutectic between n = 1 and n = 2 and again decreasing as n approa=-
ches zero (MP for Ti is 1955K). This accords with qualitative obe
servations and with the electronic conductivity observed in the
whole range TiO_ 7 to TiOy,o (comparable to that of the metal but
somewhat reduced on annealing, presﬁmably due to ordering)."On
the basis of the agreement shown between vy(MP) and vy(RI), a
first-prder approximation for brookite suggests the selection cf
the N value shown from among the several densities published, and
that it is non-stoichiometric, roughly corresponding to TijgOzg -

' It should be noted that a deviation from stoichiometry requires
recalculation of W, mass factor, and the np/nM ratio used to cone
vert I to vy. '

VO is a good electronic conductor; the value of N is mach
higher than that calculated from X-ray, and its formula must theree
fore approximate V30j5. As judged by the MP, however, the calculated
vM value is surprisingly close to five. That this represents an
optimum in thermal stability is suggested by diminishing MP values
without decomposition in the higher oxides of this element.

It will be recalled that the calculated vy value for metallic
Mn is close to 5, at least one electron/atom being unused in bond=

ing because of the great stability of the octet 3dS4s2, Apparently
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even the highly electronegative oxygen atom ir unablé to ionize it
fully until Mn30; is formed. This is an explosive liquid under the
standard conditions; the doubtful N value was calculated by extra-
polating the value obtained at the MP for the solid to standard
conditions, as was done for Hg in the so0lid elements.

' For Fe, Co, and Ni the MP data suggest effective nominal
valences of roughly 6, 7, and 8. Note that in wilstite, a metal=
deficient, halite structured salt, the MP is lower than that of

the metal (1810K) and no apprecizble thermal stabilitiy develops
ﬁygqugh_oxide formation until Fep0a ie reached. The valuves for Fel
are indicated for information only, stoichiometry is never achieved.
4 The remaining oxides show the familiar effects of "inert pair!
formation (presumably of 52 electrons) once the intermediate Ni

core has been completed. Thus CuO and Gay03 and Zn0O are more re=
fractory éhan Cus0, Gap0, or z lower oxide of Zn. With the rapid in-
crease in electronegativity as completion of the Kr core is approach-
ed, the lower oxides Asp0g3 and S5e0y are the more refractory. That
vy values: for the higher oxides of Ga, Ge, As, and Se are about

12, 14, 15, and 16 for at least one of the expressions may bve for-

tuitéus, the extrapolation has been very large.

SUMMARY AND RECOMMENDATIONS

When one considers the apparent complexity of the compounds as
compared to the solid elerents, the relations which have beén observed
gsuggest that some of the complications may have been selfmimposed. The
major problems actually encountered arise from some doubtful property
values and from deviations from maximum density and nominal stoichio=
. metry. There is reason for some confidence in the probability that,
when these and similar oxide data have been subjected to regression
analysis,with these and with respect to properties such as specific
heat, bulk modulus, and thermal and electrical conductances, they will
serve in data screening to identify dubious values and poipt to the
more important missing ones.

The selection of defect semi.conductor NiQ as a base species
cannot be justified in retrospect. RI and other property values for
the dielectric oxides 1203, V203, and particularly Sc203 are needed.

The problem of interdependent variables in the derivation of
the General expression is clearly apparent here; if one chooses the
"normal" oxides Ca0O, Sc203, TiO2, V20s, CrOz as base species, the
exponent y will so dominate the expression that v, for all oxides

will closely reflect the formula value, and details of behavior be lost.
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APPENDIX VI
SOME PROPERTY AND PARAMETER REIATIONS FOR THE SQOLIZ ELEMENTS

Central to the concept of atomic density is the possibility
that those parameters which can be related to meterials behavior
can be used éo characterize a wide variety of substances; and need-
rot be different whether the eliements or compounds are considefed.‘
This view is not particularly unconventional., The molecular weight
of a compound differs in no important respect from the atonmic
éeiéht of an element and is used similarly° Nevertheless, there is
a conventional usage hefe which bars easy comparison of one with
the other; the mol differs from the gram-atom, and while normal
usage in thermodynamics reduces molecular weight according to one
or more constituent atoms, the comparisons then drawn are limited
to groupings which contain those atoms. .

That a number of elemental solids can be semiquantitatively
coumpared to compounds has long been known. To test the converse it
appeared necessary to find a convenient yet accurate way of treat- ]
ing compounds as if they were elemental. In the previous sectious
it has been shown how one obtains from the chemical formulation
an adequate description of the\fictional Yatom" of a compound.

Once tnis has been done, the values of its parameters are as easily
understood.

it must be re-cmphasized that, there is no pretense that such
“atoms" exist in the real world of materials; the purpose of
creating them is so that they may be used in the man-made world of
measurement units and mathematics.

In the elementé, however, they do exist, and the best opporte
' unity to learn to coordinate mathématics with physical reality lies
in learning more about this (fortunately) limited number of sube
stances. In this wholly empirical study, one is necessarily limited
to the elements which have been prepared and tested by countless
researchers. To the purist, none of these are absolutely pure nor
wholly dense in the solid state and no crystal perfect, but to the
engineer these are real materials exemplifying what must be chosen

and used.

THE PERIODIC TABLE AND DESCRIPTORS FOR THE SOLID ELEMEHTS

While the Periocdic Table is extremely important to early
understanding of chemical behavior it may not always so serve for
describing physical behavior. Its present form is somewhat diffe=

rent from that suggested by Mendsleev; one example of his highly
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perceptive work was his predictiorn that an element he called “eka~ 3
boron" would underlie that element in the Table, and 1liks the _ i
crude boron then mads, be rigid and a péor conductor of heat. It
is impossible tc accept Al as such a solid. A i

. The e'a.rly chenmists quickly adopted the precepts of valence,

and the current Table is simply a listing according to subgroups
having identical nominal valence values. Unfortunately, there is
little evidence for and much evidence against é belief that. nominal
valence is an overriding influence in slemental bonding; one cannot,

for instance, explain the high electrical conductance of Cu; Ag, and

Au on the basis of one-electron/atom, far less their large heats of
atomization. Nevertheless, the krowledge that to some extent the
common=valence convention in elemental subgroupsis useful, and it
can be employed here if limited to understanding that it represenis,

in nearly all instances, the maxXimum number of outermost electrons/

atom vnder normal conditions in the neutral atom. There is no guarae
ntee that all are invelved in bonding, and given certain environw
ments the nunber can be decreased by the foramation of inert pairs
or increased by energetic promotion.

For the purposes of this study it was simply decided that
one could be too strongly influenced by knowledge of electronic cone
figuration of the free and neutral atom, from which very large dze
viations can occur when the atomic environment becomes that.of the
crystal. The deviation must be least in tkhe I-A metals, and Appendix

II provides examples of the treatment of these elements as a subgroup.

Now if Al does not properly underlie B in a Periodic¢ Table de~
voted to physical properties of the solid, perhaps Mg should not under—
* lie Be, nor Na underlie Iil It soon became obvious that such treat=
ment is, like the familiar devices of screening constants, polarizing
distortions, assumptions of equivalence through resonance, etc. a
method for reconciling fact to partially but not whqlly correct theory.
Reverting to the I-~A metals for illustration, many if not all
. of the prbperiies of the solids show, if not anomalous, certainly non-
monotonic relations at Na, which is more conductive, less refractory,
etc. than would be expected by interpolation between 1i and K. Note,
however, that most of these can be as well considered anomalies in K,
and that when this is done for the elements, similar treatment serves
to show a like effect in the halide salts of these metals. To the ex=
tent that a single s-electron overlying an inerte-gas electronic cone

figuration characterizes 211 five elements (and Fr) they form a valid

IIIIIII.IllllllllIIIIIIIII----_.______;
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‘subgroup in the solid state.

Regarding the Periodic Table as almatrix; one immediately sees
that the rows are as informative as the columns, and a contain a
larger number of elemental species. Unfortunately, the commonality
of parameters in a given Period can nct be stated so simply. The
first few elements of each Periecd, however, exhibit a number of
points of similarity. Incrementally increasing values of Z are of
course exact, but while these are accurate counts of the total num-
ber of electrons/atom (or protons) for the neutral atom they cannot
all enter into any descriptor (except perhaps size) or property on
an equivalent basis. W increases (usually), but not evenly. Early -
studies showed that no simple formula for Z and W together could be
applisd for any property, and that when used separately, the rela= 2

tive influence of each differed with each kind of propertye.

ELEMENTAL CRYSTAL STRUCTURES AND THE PERIODIC TABLE

Since crystal structures were first delineated it has been
noted tha£ most of the metallic subgroups exhibit svme commonality
among them. Taking as theme the view that elemental bonding is co=
valent in nature, Brewer! f conceives that an orbital can be simply
regarded as a region of space caﬁable of being occupied by electrons.
Where orbitals of adjacent atoms overlap and are occupied by one
electron from each atom, an electron-pair bond is formed beyween
them. In the inert gan elements all'four cuter orbitals are élready
occupied by two electrons and a covalent bond cannot be formed. In
the halogens one of the four ofbitals is only half filled, and two

of these can overlap to form an electron-pair bond. Once this bond

‘has formed, however, there are no additional orbitals available,

and in the three-dimensional so0lid these elements consist of weak
bonds between diatomic molecules.

At the other end of the period in the I-A metals, none of the
four outer orbitals contains a pair of electrons, all are therefore
available for covalent bonding, and the remaining availability of
unsaturated orbitals permits formation of similar bonds to other
atons. One need not presume that all such bonds are equivalated
through resonance to agree that this simple picture roughly repre=-
sents bonding in the solid elements., Taking AH, the heat of atomi=
zation, as an indicator of the strength of the electron-pair bond,
Brewer points out that: (a) for elements in whickh atoms are of
similar size,&H is about the same for the I-A metals and the halo-

gens, about twice this for the II-A elements and the chalcogens, etc.,
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(b) that, counting from the inert gas element, there is a roughly
linear increase with nominal negative valence in every period, and
(c) there is a similar increase with positive nominal valence in
the first three metals of the short Periods, the first five metals |,
df the first long Period, and the first six metals cf the later
\~iong Pericds. He then introduces the concept of s-~p Lhybrid bonds
and suggests a reasonable basis for comparing these to the added
strengths conferred by d-electrons and orbitals in the transition
elements.
_ VWhile there is no doubt that the general tencr of observed
crystal structure accords with the number and kind of electrons
B available for bonding, it is hoped that this study may permit a
fuller view of such structures. Of the elemental subgroups, for
example, got only I-A metals exhibit becc packing from ordinary
temperatures to melting, this being aléo observed in V, Nb, and
Ta and in Mo and W. That Cr and Fe adopt this structure at low
temperatures to transform to close packing at higher ones has
yet to be explained. 4

Ne less than 28 of the s0lid elements adopt hexagonal syne
metr&, and the writer suggests that this popularity reflects the
greater degree of freedom from internal strain this permits; the
ators ir the hexagonal plane can ve closer together or farther
apart than those of the plane above or below. Indeed, the c/a
ratio is the sole direct evidence of ideal packing .(in which it
is 1.330) and of large deviations from ideality (for Zn and Cd
¢/a values are 1.861 and 1.890, for Hg, Be, and Mg the observed
values are 1,51, 1,585, and 1.625. Of the elements, only Co can

. be regarded as ideally packed at low and ordinary temperatures;
it transforms to ccp at high temperatures.

Judged indirectly on the basis of agreement between X~ray
and real density, a number of c¢cp elements are very nearly ideal;
this group includes Al, Ni, Cu, Rh, Pd, Ag, Ir, Pt, and Au. This
structure is also adopted at low and ordinary temperatures by Ca,
Ce, ¥b, and Th and at intermediate temperatures by Mn and Fe.

It has been suggcstedzz that the structure of each ele=
ment is, at a given temperature, that array which leads to the
smallest internal energy. The orbitals for s-elecirons are
spherically symmetrical and were there no other considerations

one might expect closc~packing for the I~A and II-A metals. The
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observation that the heavier species do ﬁransform to the clcsé—
packed structure under pressure and at low temperaturecs, togethe:
with the fact that Ba and Ra are also bdc,seems to confirm the
probability that this structure, with fewer but shorter and hence
stronger bogds, is thermally considerably more stable than close
packing of any kind. In the metals which seem to exhibit a pre-
ference for cecp rather than hcep, it may be useful to note that
the former is favored by 180° orbital angles. ‘

Detailed discussion of crystallstructure is beyond the scope
of this report; The atomic density of the solid is, by reason of
the formula for it, quite clearly related to the characteristic
PE of the real structure. Since for many of the elements this may
change with temperature and/or pressure, a major obstacle to the
acceptance of N as a characterizing parameter was the improbabile
ity of relating it to properties at other than the standard con-
ditions for measuring it. Fortunately, the solid elements have
been frequent candidates for measurement of MP, 8, and Al measure-
ments,; and theée were used to demonstrate the following:

That a rather simple mathematical relation could be drawn
between observed property values and such characterizing para-
meters as 2, W,.and vn.from a few base species properly selected;

That wken such a relation was extended to non-base species,
the calculated values for v accorded best with species which‘were
poor electronic conductors, and when a term treating C as a para-
meter was added a wider varisety of properties could be thus inter—
related;

That when the relation was based prihcipally or wholly upon
" species which are natural monoisotopes or contain only small pro=-
portions of a second isotope, conformity was improved with those
elements which are least polyisotopic, and that when a formula
based on isotope proportion was used as an added tepm in the re-
lation, conformity which often met target accuracy was schieved;

That a General expression based upon early elements in the
first or second long Period for MP and é could be extrapoléted to
calculate the "monoisotcpic bond intensity" I, for the lanthanons,
all the trivalent members of which conformed within measurement
accuracy to a linear equations Ip = bW + k

That when alternative derivations of either Subgroup or
General expressions were performed using (a) either N values

“corrected" to a common coordination number, (b) N values “core
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rected” to agree with X-ray densities, or (c) both of these were
used, conformity was not improved for elements which crystailize
in the simple diamond, bcc, cph, and bee structures and was
appraciably reduced for elemeunts of complex structure (B, Mn,
Ga, etc.: and
- That for a few properties, at least, B appears to be a
mémber of the III-B subgroup, and carbon in the form of graphite
a member of the IV-B subgroup, and that when I, values were cal-
culated for each of the long periods; earlier ancmalous values

disappeared or were greatly lessened.

SUMMARY AND RECOMMENDATIONS

The study has necessarily been confined to (a) correlation
------ of a very few properties, principaily MP, #, and B, with virtually
all the sglid elements, and (o) the subsequent correlation of ten
propertieé with the I=A , usually II=-A, and early elements from
other Periods. Until theée restrictions c¢an be lifted it cannot
be stated that the atomic density concept has been demonstrated
as valid. The slow and laberious computation of the mathematical
expressions, together with the limited digital capability of the
calculator used to derive them, renders the expressions shown in
this report somewhat éuspect as to both precision and accuracy.
That some of the data used may be marginally accurate is quite
probable, and that data errors will be magnified by roundoff and
truncation is certain. Fortunately, errors of the former kind are
sometimes identifiable through compariscn of calculated I values
derived from quite different properties, and this has to some ex=
tent already been capitalized upon in data screening. Roundoff
"errors can of course be greatly reduced by using calculators with
extended digital capability, and truncation errocrs involved in
the Gauss algorithm are to some extent alleviated in reversing
the elimination process.

It is strongly recommended that the modest computer ﬁro-
gram already started be completed and debugged, that it then be
used to derive alternative General expressions based not only on
early elements of the several Periods but later ones as well, and
that these expressions then be compared in such a way as to
identify uncertain or missing data points and tu forecast their
probable values. Only by comparing such values ﬁith those Ob=

tained by referee-quality experiment can further refinement be made.
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2/20/75 |
The Elements: Mass Factors and Data to Compute Them-
t + 2nje ¥h N ¥ i mi!
H 1.0003 2.01400 1.007825 P.00797 1.99882 1.499860
He 1.000003 4.0026¢0 3.01603 4.0026 1.24649 1.14057
1i 1.14840 7.01600 6.01512 6.939 1.31404 1.23713
“ Be# 2.0122 1.0 1.0
i B 1.29560 11.,.000931 10.0129 10.811 1.52423 1.456238
’ ~C . 1.0222 13.00335 12.00000 12.01115  1.10759 1.06491
N 1.0074 15.00011 14,00307 14.0067 1.07911  1.04325
0 1.00482 17.84357% 15.99491 15.9994 1.12092 1.06288
Fe 18.9984 1.0 1.0
Ne 1.13154 21.96314% 19,099244 20.183 1.29688 1.23950
Na® 22.9898 22.9898 1.0 1.0
Mg - 1.4280 25,50855% 23,88504 24,312 1.51586 1.47098
Al= 2€.9815 26.9815 1.0 1.0
Si 1.1558 29,37207% 27.97693 28.086 1.21321  1.18456
o P¥ 30.9738 1.0 1.0
S 1.09088 33.82183% 31,97207 32.064 1.16333 1.,13165
Cl 1.4884 36.9474 34.96885 35,453 1.57252 1.53124
Ar 1.0080 30.9627 36.50678% 338.944 1.00294 1.05233
K 1.137624 40.98082* 38.96371 30.102 1.19631 1.16702
Ca 1.060566 43.67540% 36.96259 40.080C 1.15881 1.10976
Sc* : . 44 .95G 1.0 1.0
TL. 1.95640 48,28770% 47.5072* 4£7.90 1.98828 1.97240
\'/ 1.0048 50.8440 49.9472 56.942 1.02448 1.01478
Cr 1.2388 53.13¢08% 51.7841 ¢ 51.986 1.27089 1.25478
Mn¥* | 54.938 1.0 1.0
Fe. 1.1164 55.96517% 53.9395 55.847 1.15689 1.13700
Co* A 58.98332 1.0 1.0
Ni 1.6432 5¢,5157% 57.9353 58.710 1.68743 1.66546
Cu 1.6182 64.9278 62.9298 | 63.54 1.66008 1.64376
Zn 1.9778 66.70087% 63.9291 65.37 2.06166 2.02020
Ga 1.7920 70.9249 68.9257 69.72 1.84339 1.81784
Ge 1.9592 74.07111%  71.,0667% 72.59 2.04029 2.00017
Ag# 74.9216 1.0 1.0
Se 1.81¢8 80.2280% 77.2084% 78.96 1.8893¢ 1.85499
Br 1.9892 80.9163 78.9183 79.90¢ 2.03884 2.01422
Kr 1.5146 84.37875% 82.13076 83.80 1.55523 1.58511
Rb 1.5570 86.91636 84.9117 85.47 1.59352 1.57532
Sr 1.2888 87.9056 86.2476* 87.62 1.31319 1.30109
Y# 88.905 1.0 1.0
Zr 1.7462 93.13848% 090.08361% 01,22 1.80468 1.77561
Nb# . . 92.906 1.0 1.0
Mo 1.8574 08.13464% 04.,2044% 95.94 1.,93340 1.89579
Tc* (97) 1.0 1.0
Ru  1.8251 102.3916* 09.17841% 101,07 1,88312 1.85437
Rh# 102.205 1.0 1.0
' Pd. 1.7704 108.5162#% 105.12303% 106.40 1.82686 1,79880

Note: Starred elements are natural monoisotopes

Starred Wh, Wy values indicate two or more isotopes in fraction;

value shown obtained by Law of Mixtures

In underlined 1+2nje fractions nearly equal.
B . - l'l
mf = (1+ 2nye) (14 (Ph¥ly mft = (1+ 2me) (ALY,
¥ Wi+ W
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The Elements: Mass Factors and Data to Compute Them (cont.)

Ag
cd
In
Sn
Sb
Te
I‘}
Xe

» Cs*
‘Ba

La

Ce
Pr#
Nd
Sm
Eu
Gd
To#
Dy
Ho#
Er .
Tm*
Yb .
Lu

HY
Ta
W

Re
Os
Ir
Pt

Au*
Hg
Tl
Pb
Bi#
Po#
. At
Rn

Fr
Ra
" Ac
Th
Pa
U

The remaining elements do not exist in nature.
Starred values of W indicate atomic mass of longest-lived isotops.

1 +2nle

1.9636
1.9740
1.0856
1.9582
1.8550
1.6746

1.92388

1.56676
1.00178
1.22154

[ 3 )

45
88
56
5

I(D\'l

P
©

2l
u
SN

1.42624

1.8380

IS 8Lo
aio

1.
1.
1.
1

00025
1.8190
1.7414
1.81904
1.7460
1.6502

Wy
108.9047

113.95352%110.96061 %

114.9041
120.3760*

©122.9041

128.9463*

L5
106.9041

112.9043
116.9491 #
120.9038
125.0340%

133.14225%129.71825*

137.905
138.9061
141,909

146.6023*
152.8395%
152.9209

135.8660%
137.9068
139.8901+#

142.8572#%
147.9427%
150.9160

158.85264%155.8477*

163.6106%

168.6429%

174.5113%
175.9419

179.6659%
180.948

184.9148%
186.956
191.86999
102.9633
196,4091 %

201.9808%
204.9745
207.9766

160.7940%
166.2631 %
171.8507+

174.9409

177.36314%
179.9415
182.2938%

. 184.9530,

189.0418%
190.9609
194.4407%

199.2207%.
202.9723 .
206.387#

)

107.868
112.40
114.82
118.69
121.75
127.60
126.9044
131.30

132.905
137.34
138.91
140.12
140.907
144,24
150.35
151.96
157.25
158.924
162.50
164.93
167.26
168,934
173.04
174.97

178.49
180.948
183.85
186.2
190.2
192.2

195,09

196.967
200.59
204.37
207.19
208.980
208.983*
(210) .
210.991 %

233.02%
226,025%
227.028%
232.038%
231.036*
238.04

mf

2.0002
2.02674
1.10451
2.01474
1.88548
1.72584
1.0
1.97405

1.0
1.59002
1.0C899
1.23014
1.0
1.79072
2.05337
1.98221
1.97238
1.0
1.45086
1.0
1.86516
1.0
1.92058
1.05782

2.00534
1.00581
1.84493
1.76013
1.84609
1.76410
1.66685

1.0
2.02488
1.60558
1.96859
1.0

nf!

1.08189
2.00053
1.09513
1.98668
1.87029
1.70053
1,0

1.94910

1.0

1.57845
1.0053¢
1.23033
1.0

1.76817
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1.65854
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i.0
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[

25 Mn
26 Fe
27 Co

28 Ni

29 Cu
30 Zn
31 Ga
32 Ge
33 As
34 Se
35 Br
36 Kr
37 Rb
38 Sr
32 Y

40 Zr
47 Nb
42 Mo
43 Tc
44 Ru

45 Rh

46 Pd
47 Ag
48 Cd
49 1In
50 Sn
51 Sb
52 Te
53 1

54 Xe
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20.28
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2823s
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77.35
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27.07
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2740
2628s
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238.55
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3535
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2868
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3415
2485
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2545
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1556
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3825
63.29
54.75
53.53
24 .48
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933.5
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317.
392
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83.95
336.8
1118
1812
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1768
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: For computer storage: DT
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CT
TT

60
59
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Debye Temperature, 8,gp

T
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1752

=
= Curie Temperature
= Principal Transition Temperature

elements,. Table 1b

10k

8.47
10:.077
27707
12.9
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15.6
23.7
14.8
12.1
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11.6
4.00
5.9
5.00
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15.0
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7.223
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Nd
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Sm
Eu
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Iu
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Ta
W
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Ir
Pt
Au
Hg
T
Pb

Bi
Po
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Ra
Ac
Th
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1088.2
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3455
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2045
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1323
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T
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3.3217
2.4264
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