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. ABSTRACT-

AThe bbnding in transiﬁion metals 1is consideféd and a:quantita-{ ‘
tive procedure develééed-fof tﬁe calculation of thermodyﬁamic
stability as a functioﬂ ofvstructure. The values‘of the enthaipies‘ '
of sublimation of the bec and hcp‘transition metal phases are tapu-
lated for consideratlon of the p0531b111ty of stablllzation of
unstable structures by high pressure and for otner thermodynamlc

il

appllcaulons.




INTRODUCTION

.lSince it is the custom in the-Inorgaﬂic Materials Reéeérch.
iaboratory to éfimulate interdisciplinary discussions, I wéléome the
l,opportﬁnity to speak fo a‘group as diverse és.the'group éttending"

: this:conferencé. HoweVer, there are some serious probléms in‘spehk-.._
.iﬁgvto.é heterog¢néoué'group of this type.. The difficulties_maj be

bést illuStfated'by'an ekperieﬁée which we had at Beikeiey.‘ The
Inbrganic Materialé Reéearch Laboratory organiggd a symposium on

metals at which'one_third_df the speakers we?e-physicisté, oné Third
were chemists and one third were~metallufgists., As soon. as the first. .
few speakeré spoke it was immediétely apparept thaﬁ there were great |
difficulties. Each:of the.qthgr two grogps experienced éfeat diff15 ' 
culty in ﬁndérsﬁandiﬁgvthe speéker of'ﬁhe othe£ group. The vocabulafy'_>
' and concepts were qﬁité ﬁnfémiliar.and ﬁhe.communication between eéch

Qf the groups was poor. There were calls for'interpygters.‘ In .
recognition of fhis difficﬁlty the rema;ning éégakers were urged tb_,
recognize the diffiéuities‘éf communication.and to‘preseﬁt ﬁheir
ideaévin'térms tﬁathﬁould;be more génerally undépstdod.‘ Oncé:this::
difficulty had been recoénizéd, theléonference proceeded much more
sméothly. However, it shortly bécéme db&ious to thé members of each
gfoupAthat each of the other two groubs had blind spots in their . ‘ ‘ -
-appréisél of mgtaié; Eaéh of the‘gfoﬁps had a limited view of the_‘ 
‘problem as avﬁhole and often did not even recognize the existence of

important prObiems. Here we clearly had'an example of three blind - E A
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men and an elephant, each describing the- animal in terms of those
portions that he could reach. In recognition of this previous

experience, I hope today that I will be able to express my ideas in

. terms that will be understandable to those of you who may not:have

had previous experience with the types‘of methods that I will be

using. I hope that I may be able to point out new methods of'approach

' to the understanding of metals that may not be familiar to all of you.

One of thé diffiéﬁlties{in maintaining goodvcommunication
between fhe various discipiines,is thatﬂtheré afe often decided'l“:f;“
differencesiin the generaiiphilosophies of épproach to pf&blems. The{v
chemist, for example, makés-fulliuse of the wellAesﬁgblished funda-i -
mental principles, but he is not content to restrict himself to areas’
of sciénceiwhich are §o'well developed that allvéroperties‘of;interesf

can be developed deductively from first principles. The chemist has

developed a number of sucqessful-procedures that have allowed him to

\combine our present knowledge of the fundamental principles with

various semi-empirical approaches that have carfied him far beyond

~the reach of purely deductive processes. For example, for most mole-"

- cules it is still out of‘the question to hope for a detailed and

acqurate solution of Schrodinger's equation to'describe'thé properties
of molecules. The realistic chemist is not content to limit‘himself’:v'
to the'very few molecules whichvcah be tfeatéd accurately by rigoroﬁsi:
quantum mechanical freaﬁments. | |

A general descriptioh‘of the type of method used can. be given in‘

‘the following terms. We know that the interactions of the electrons
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with one anothef and With the nuclei are responsible for the pfoper-"3

ties of materials. These'interactions are very complex and we do not
have the means of working them out in detail. However, it is recog-
nized that certain properties are closely enough related that many of

the complex interactiohs among the electrons affect both of the

properties in a similar way. In some instances, one of these proper- =

tieé can be determined experimentally relatively easily, whereas the

other property may be very difficult to determine experimentally. By 3

recognizing that the influence of the electronic interactions upon

the two properties have much in common and that the difference in the 

behavior of the two properties cancels out a great portion of the
complex electronic interaétions, one may often find relatively simple

correlations between the variations of these two properties upon

variation of some fundamental parameter such as the number of bonding

electrons or the type of electrons that are involved. That is the

type of correlation that I wish to present today.

In trying to develop such a correlation, it is important to have -

some physical picture or some type of model to serve as a guide in

~ developing the correlation. Chemists generally use one of two start-.

ing models for treating bonding. They may be termed the molecular
" orbital method and the valence bond methdd. Even though these two
methods are not consistent with one another in their simplest form,

we do know that with suitable refinements, both methods must yield the

same results. However, itvis'not possible to use elther method in fuil, q

refinemeﬂt and it is found that for some properties one model is more

'l

A
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useful than the other whereés for other properties it is reversed.
Often the two approachés aré mnost usefuily combined to get a mofe
complete understandihg of éhémical behavior. For example, in}my
researchqurk on the thé%modynamic properties ofvhigh—temperature
gaseé,.it isvimportant t@lbe able to predict. the ground and loﬁ-lying.'
electronié states of diatomic molecules.' The mbleculaf orbital |
approach iS'an extremely ﬁséful one to bredict the order of electronid
‘states. Neyertheiess, it is inadequate to meet all of our needs andif'
I have found it very useful.to combine the valence bondbapproach

where one starts with the electronicistates of the separated atqms

and considerévthe strength Qf bonding due'to the various combinatidns
of atomic electronic states to produce ﬁhevvariqus molecular states
that are indicated by qﬁantum mechaniéal correlation rules. The
molecular orbital approach‘takes thé nuclel in their final positions
with the molecular Qrbitals already arranged inlfheir proper order

as indicated by,thé Theory and 1t is a simple matter of then adding
the available electrbns to detefmine fhe resulting eiectroﬁic state.
The same ideas are used in_ﬁetals. Whefeas in a diatomic molécule a
,combination of'a pair of atomé withvs'atomic orbitais'prOduces a
‘molecule with fwo_sigma mo;ecular}orbitals, a combination of n atoms
with s orbitals would produce a molecule or & crystal‘ with n éigma
Qrbitals ﬁhich'would‘be sﬁréa@ out at different energies to producév
;fthe'band that we talk about in band thebry bf metals. This.model.has
beén a very fruitful one for the undefstanding.of metals; it is the':

]

common model used today just'as the molecular orbital model is the
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common one,ﬁéed today for.gaégoué mélecules when one is interested in :
the distfibu£idn of electronic stétes.v However, just és iﬁ is useful
in deéling with gaseoﬁs molecules to supplement the molecular orbital'.
theory Qithrvalénée bond theory whiéh goeé back to thé separated atoms,
it turhé out likewise to bevof value in understandiﬁg more of fhe
Qetail of metallic inté£éctions té conéidér the valence bond approach{ﬁ
In its simplest form the valence bond theory requifes thét,there
be unpaired electrons in thé separated atoms which'caﬁ pair with one
another to form an electroﬁ’pair‘bﬁnd between the atomé as the atoms

’

are combined. Thus for Cl atoms with the electronic configuration

5

s p” for the valence electrons of the ground state, only one unpaired
electron is available for bonding because. of the Pauli principle and -

the diatomic molecule Cl, with one electron pair bond is formed. The-

2
sulfur atom'wiﬁh electronic configuration szpu can use two electrons‘i:
for ﬁondiné and fo;m ringé with twé electron pair ﬁonds per atom. B

Phosphorus (sgp3) forms a structure with puckered plenes in which
each P atom forms‘three electrbn pair’bonds. Silicon atoms with_the .
configuration sgpg-for the ground state introduce a new gonsideration:
The ground state has only two unpaired electgons and only two bonds
can be formed to each atqm. Howe&er thefe is an excited electronic

configuration sp3

which has four unpaired electrons end can thereforéf
make four electron pair bonds in the diamond structure. The promotidn
-energyl of 95lkcal required to convert the ground state to the 5S

state with configuration 5p3 i$ more than offset by the'enérgy of

{
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two additional bohds and silicon does form ﬁhe four ~coordinated

diamond structure. The previously considered elements, P, S, and

Cl, had no possibility df ﬁﬁpairing electfons"by prdmOtion;Without '

ekciting £o the next main shell which would requiré a prohibitive  '

promotion.enérgy that could not be offset by additional bonding

energy. .
If one examines the actual proéésses taking place as silicon

atoms, for example, approach one another, it could actually be

-described in terms of'gradually increasing interactiéns as the'atoms'jJ'
. approach one another which ﬁpuld change the degree of configuration -

interaction and the relative energies of the different statesvto:

3

result, finally‘at,clpse approach, in the stabilization of the sp
configurationJ Rather than treat this: complex. process oﬁer(the

entire range of the approach'of‘the atoms, it is much ' simpler to .

first prepare the atom in a valence state, that is to put in suf-v_

ficient energy to promote the Si atom from the ground electronic
state to the appropriate excited eledtronic state that would have

the maximum number of electrons available for bonding, and then to

. bring those properly prepared valence states of the atom together to

produce the final electronic structure:of. the solid. " From the lawsgof

thermodynamics:we know:that the‘energy]or“enthalpy-changes:must:be.thé

- same by either of the processes described. ‘The two sﬁep process by: f'

way of a valence state essentially breaks up a compiex process into

two much simpler processes.
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The electrons which bind- chese non- metals-together are the saﬁe :
glue that blnd the metals together and the same procedure would be
expected to be appllcable to metals. For example, atomic Be, Mg,

Zn, and Cd all have a ground electronic state in which there are no .-
unpalred_electronsf' Il the lS ground state were the only p0351blllty,
one would{expect theee elements to be very weakly.bonded. They would‘
be somewhat more strongly bonded than the rare gases because.of'the
greater polarizability of the,pair of s electrons but nevertheless
very weakly bonded. Ih actual practice the.bohding.is much stronger :
than one would expect from consideratioh‘of_only the ground electrohic
state. Inhterms of the velence bond model{ one would describe theh
bohding in terms of thevtwo'etep process'by flrst promoting the lS
State'to a 3P state in which'there is one uhpaired s electron‘and onev

3

"unpeired P electron. Then the atoms in the P valence'state are 4‘_pf~
brought together to produce a hexagonal close packed structure in |

which there is-an equal number of -bonding s electrons and_bondlng P N

;
o

. r
electrons.

For the transltion'metals the procese.is more complex ln.that :

“there are s, p, and d electrons to he‘considered;. This added'compli{;
cation has made it difflcult to relate.crystal structure to electronic
structure. It has been 1ohg eccepted since Hume-Rothery este.blish_ed;.
' the.relationehip2 between“humbers of electrons per atom-end structures_
of many intermetallic compounds that there must be in many'cases a’ .

- strong correlation between.the number of electrons per atom and the .
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types of crystal structures just as there was strong correlation

(TN

between the structures of Cl, S, P, and Si and the number of electrons

v

per atom.

Mény years ago Niels ﬁngel3 proposed a similar correlation for
all of the metals. Namely that the_body-géﬁtered cubic structure
i§ to be correlated with an electrpn configﬁration approximating the .
configuration &t .
p.eléctron’(défgsp),Wtheahéxagonélrclosé—paerdfstructﬁfe is expected .

and when the valence state corresponds to one s and two p electrons,

vthe face-centered-cubicAstructure is expected-' This correlation was.

not well accepted when originally proposed, but this correlation and

the application of it as he suggested providés,a very simple way of
predicting a great deal of the behaviqr of metals. In the almost
two decades since he presented his,ideas} there has been a tremendous"7

~expansion in the gathering of data and it has.ﬁurned out that these |

new data have'very largely substantiated the predictions that come
about through the dpplication of the Engel theory. I_have-written_ g
k,5,6 ' ' ’

. in.recent years which have reviewed the evidence

and fhey show that this correlation is indeed extraordinarily effec-j

tive. Not only does it allow one to correctly predict the structures

of most of the pure metals, but 1t also allows the correct prediction . -

- of most of the structures and composition rénges.ofithe various inter%

metallic phases whiéh arise’ in alloy systems}

\

s.. When the valence state corresponds to one sand one . .
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The first figure will illustrate thevapplication of the valence

@

bond modei in terms of Engel's correlation. Here we see the relativé '
promotion energies of‘the & 1s ana the dn-gsp electronic configura-
tions for the'transitioh.metals of the second tranSitioﬁ series,

where n‘ié the total number of valenée e;eétrons. There are other .
lqw lying electronic'configurations fdr the;e elements fof which not.-
" all of the electrons are un?éired, for éiampie, the dn-232 configufa{
tioﬁ. The Valenée model would require that we takg only thosg

- configurations with all §f the valence electrons unpaired-for the
left'haﬁd side‘oflthe transition series where the promotion énergies :
are émali éompared to the bbndiné enérgieé. Another way of putting
:this is that the ;esuiting levels in the metal which corrélate?with:
the configurations involyihg paired s'electrons,‘ﬁhich must be
llocalized onifhe atom and notvused'in bonding bvetween the atoms, would'
~be relatively high in energy ahd would not be filled whereas leVelsléf
.véonfiguratiohs in&oivingﬁail‘6ffthe-electronSwuﬁpairea;inathecvalencef
state, and theréfofe completely available for bénding‘in.thg metal, |
wouid.lie much_lowér in energy and be the ones té be filied‘with
e;ectrons.. Both the_dn-ls>and.dn"2sp coﬁfigurations:iﬁ Figure 1

. have all ﬁhe various eiectrons unpairéd and free for bonding. There'
~are sdme_diffgrénces iﬁ the bonding ability of,d electrons cémpared

to the s and.p“elections that wil}_Be discussed in detail sho}tly,

but if wé ighore.these diﬂf;rences we can still use the data shown

in Figure 1 to qualitatively predict the relative stability of the
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5cc and hcp structures for these elements. The energiés gre.preseﬁted
as‘bands or areas‘since theré are a humber of states correspoﬁding t§

a given electronic configurétion. The,range of'energies are those of /
tﬁe eiectr;nic staﬁes of.hiéhest multiplicity which‘correspond'to ﬁhe o
indicated electrénic configurations. Tt can be seen that fof the

first three metals;»strohtium; &ttrium an@ zirconium, the fwo config-
urafions lie Closé.enough.tggether'in énergy éo fhat one might expect~l-
that.the bec (dn_ls) and hcb (dn~25p)‘structures Qould be close
together in energy. Thislié founa expgrimentally to be the case.

All three of these élements'héve a hep structure which converts o

'bcc‘strugture at hiéhér temperatures. Since the becc structure has | =

a coordination number of eigh% compared to a coordination number of

twelve f@r the hep structure, the bec phase would be expected to have :

- more vibration and a greater entropy and therefore would be the one

to become stabilized at the higher temperatures. For niobium and

molybdenum it can be seen that the electronic configuration dn—esp

is so highly promoted compared to the configuration with only one s

'electron-ihat one would predict that the hep structure would be

considerably unstable compared to the bcc étructure. This'again is

in agreement with the‘experimental observétions since only the bce

_structure is known for niobium and moiybdenum,at all temperatures and -

pressures. Similar comparisons for the other transition metals indi- '

-cate.that:the - predictions that . can be made -with the*spectfoScopié L

. data that are available are in agreement with the available experi-'
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mental observations. To allow comparison between the predictions of
the calculations to be presented below and the experimental. observa-.
tlons, the crystal structures of the elements are‘presented in Table I.
There sre then two steps in the application of the methods that
.I‘wish to describe todaj. First we must examlne “the available )
'electrouic configufations for the gaseous atoms and consider the
promotiou energiesl requlred to obtaln conflguratlons which have thelr_
electrons completely’ avallable for bonding (for elements of the first
slx‘groups) and then compare the bonding energles of each of" the |
. configurations to determine whlch ylelds the lowest levels in the
‘metel.' If the Valence Sua:e -which contrlbutes to the lowest levelsvi
in the- metal is one Wthh involves only one s electron, then the
Engel correlatlon would pred1Cu a bee structure. If the velence
state contributing to the'bulk of the low lying levels in the metal fe
is one'iuvolving sp electrons, one would‘expect the hep structure- i
In.the aiscussion.gfoups thet‘afe‘scheduled for.this meetlng; the’
_question of why a given structure should result'from a glven elec-
tronic confiéuration’will4be discussed in more deteil. The theory
is more dlfllcult to apply to metals than to simple gaseous molecules
wnerebthe structures resultlng from verlousvcomblnatlons of.s, Py -
and. 4 orbitals has been well worked out. TFor the metals.the situ-
ation is complicated in‘that oue must consider'not only uearest
. neighoofs=butfmore distant ueighbors' For example, in comparlng the

hcp and the ccp structures, 1t is clear that one could not make any
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predictions about the,reletiﬁe stabilities of these two structures
on the basis of any model that depended only upon nearest neighbor

interactions. - However, more complex calculations have been carried . =

out by Altmam, Coulsoh and Hume—Rothery? which show that characteristic

structures are to be associated with specific electronic configuration.
One can now use the spectroscopic data in a more quantitative

manner by using the experimentél promotion energies required to

- achieve each of the two electronic configurations under consideration

here together with the experimental enthalpies of sublimation to

-determine_the bonding.energies that result when the gaseous atoms in

the corresponding valence state are condensed to the.solid metal. The'o

enthalpies of sublimation of thé metals have been taken from publishedx

L,7

The promotion energiesl for the dn-esp electronic

. configuration are given in Table II.. Table III shows the correspond-

ing promotion ehergiesl'fronlthe ground electronic state of the geseous‘
etoms to the electronic configuration dn-ls. Thersecond numeflcal o
eo{ry below each element is the promotion eﬁergy which would correspond
n-l.5g 0'5 Wthh would be the average of the
promotlon energies for the conllguratlon w1th one s electron and thec:i
conflguratlon with one s aﬁd one p electron. The second value is '
uabulated because tne Yee structure is observed up to a total of one
and a ‘half electrons of the:s or p type per atom and thus the range

of promotlon energles from that for one, s electron to that for one

¢

and a half s, e electrons mist be considered for quantltatlve
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ﬁreaﬁment of the data for bee strﬁcture. .The calculation bf stabilitiéé

of vce structure.based on the-th configurations will.bé illustrated

later and éan be psed to determine whiéh configurgtion is .the most
'.appropriate} Generally throughout the périodig,tabie onevexpécts.thé
bonding energies of s or p electrons to decreasé with increasing inter-
huclear distances as one goes down in the periodic téble. One would |
expect the bonding enérgies to increase to the fight in the periodic " -

tabie because of incréésing nuclear charge. Figure 2 illﬁstrates data

fof bonding energies of metals of the second't;ansitién series. The .

top curve is a curve of bonding energy due to'aﬁ1§ or p electrbn going}

froﬁ Sr to Cd. Thevvaiues for Sr and Cd can be fixed direcfly since

they both have hcp structures corresponding to sp electronic cénfiguiations.f
‘Tne smobth éur?e drawn in betweeﬁ correspondsltp.the exﬁected variation
ofibonding-enefgy as nuclear charge.is.increased. For ;ach of the

.'elements in this series, the bonding énergy was calculafed from the";:
cémbina#ioh oflsﬁblimation eﬁtﬂalpies and ﬁrom@tidn energies.'.The o

~ contribution of the s or p e}eéﬁrons was subtracted, the number of

s and pleleétrdnS‘being detg?mined by the sﬁructﬁre. The'resulting

bonding energy was<assigned\t9 the remaiging a electrons.and‘the lower
curyes‘in Figure 2 correspdnd_to tﬁe bénding energy per d électron;

available for .bonding, (i,é;, the'remaining bonding energy divided by’£ﬁe

’ humberlofmunpairedf@telegtréns)ﬁ&pmhe}cha?actéristicacurve}thgt,is shown

here is typical.of thetcﬁrves in EigufeA3ﬁandvh;found foﬁ fhegother trgnsitioh.__'
_series;in thét the bonding effectiveness of a d~eiectron‘decreasé$ as the

number of d bonds increases reaching a minimum at the maximum of five

d bonds per atom, apparently due to interference between the d bonds
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when there are too large a number of d bonds. The x's indicates the

exﬁerimental points derived from hecp structures,'the circles indicate.;'

the values derived from bcczstructures; The bonding energy of an

"elestron is largely indepen@eﬁt of the particular structure and one

can draw a curve that can be used for pfediqting the bonding in yet
unobserved phases of these metals with either the bec or hep structures.

Forhexample, for hep niobium which has never been observed, one could

- predict the stability of such a phase by calculating the bonding energy

3

that would result from the configuration d”sp by multiplying by two ,

the bonding energies given in Figure 2 for an s or p.electron of -

niobium and multiplying by three the bonding energy for a d electron
when there are a total of three. d bonds per atom as indicated by the

ordinate at the bottom of Figure 2. This bonding energy for three d

- electrons added to cbntribution of the two sp electrons yields the

total bonding energy for the valence state d3sp‘c0ndensing ts produq¢ 
hep niobium. From this 5onding energy must now be subtracted the
promotibn snergy given in Table\i for the configuration d3s§ to yield
an.atomization energy of 158'kCal for hqp niobium; A similar procedufe

for the configuration»dus vields an,aﬁomization energy of 173 kilo-

/

\calorles for uhe bee structure whlch 1ndlcates that the hep strucbure .
of nlobium 1s qulte unstable A more detalled treatment to be

‘presenued below shows that a sllghtly less unstable hep Nb is calculauea'

using the conxlguratlon d3 3 O 7

This procedure has been carrled out for all the transition metals

- and Table IV ylelds the bonding energies when the indicated valence
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states of the gaseous atoms'afe combined to form hcp solidé. Table V:-
indicaﬁes'the corresponding bonding energies for the formation of bc§,  e
structures. These can theﬁ be combined with the prbmotion.engrgies
gi&en preﬁiously to calculate the heats of sublimétion of either bcc
or hcp'strucfures'for all éf the transition netals except.fér Rh and
_Pd where only rough estimateé can be given for the hep structure siﬁcé
thé:spéctroscopic data for the dn-gsp configurations are incomp;ete of
‘lacking fof these two elements. Before carrying out the calculatioﬁs

. t
of the heats of éublimation given in Tablé VI, we must examine in more
’detail the process of bonding for transition metals. iﬁ might e use-
ful at this pgiht to transiatevfrom valence 5ondAtérminology to |
moiecular Qrbital and electronic band terminology. We have beeﬁ
speaking of the groups of electronic levelé of a gaseous atom which
~correspond. to a given electronic configuration. In some instances,
such as shown for yttrium in Figure 1, {the energies of two.configura-i
piong are so close that‘the‘electronié states are actually intermingléd.
This is also shown in Table VII where the ranges of energy of thg
suBleQels of each eléctronic state éf each electronic configuration
' pf Y are tabulated.- Whgn we con;ider.a diatomic molecule from the:
molecﬁlar orbital point of view,-wé similarly -find~instances of"
molecular orbitalé witivsimilar energies.sﬁch_fhat'ﬁhe molecul;r"u
‘electronic levels coffesponding toteaéh éonfiguration aré»iﬁtermingled.
| Also,‘tygically the electronic‘states cof;eépdndiné.to a given moiecﬁlar": w

orbital correlate to different electronic configurations of the atoms.
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"When the gaséous atoms are‘condenéed to the metal, the electronic .
configuratioﬁs that particibate in bonding are lowered iﬁ eﬁérgy to.
: prodgce'a'sequence of low lyiﬁg levels or bahds théﬁ will be~filled<

by electrons. When two electronic‘configurations are close in energy, 
there wiil be intermingling of levels and strong configurétion inter- -
action and the baﬁds can not always be uniqueiy descfibed in termé,éfii
. anfintegral electronic configuration; For example, in Table 'V, the

‘ three valence electrons of Sc, Y, and La are_designated as being.50%;d;
- 33% s,‘ana 17% p or the dl'53po'5 cénfigurétionf This fecogniieé that” 
-.the dzs and dsp configﬁrations»are.so clase together fhat the lower |
levels of the Qlectrénic band, that will be filled, wili be‘charaéter; 
ized as originating approximately equally from‘thevtwo configuraﬂionsﬂ;
It was noted earlier that the becc structure is expected‘not-oniy for
a metal with é dn—lsvelectréﬁic configuration bﬁf that the Scc

structure persists with,increasing contribution from the dn-gsp.

n—l~5spo'5. This is discussed in _  '

- configuration up'to a limit of d
‘ reference 5 inldetail fqr,the‘transition metai élloy systems. It '
_might be uéeful ét thié‘point to examinelsome-ailoys_;ystems'for the .
implications of a limiting i_electfonic configuration. |

Figure 5 is a mulfi-dimehsional phase diagram of.thé;tyﬁevgiven'r
in reférenge 5. A horizontal line betwgen Mo'and‘Os,‘forvexample,>‘
represents a prdjection of the binéry Mo-bs systém along the tempera-

ture axis such that the composition range of each phase region

represents the meximum extent at the optimum temperature. Thus the
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I phase region er bcc‘structure extends from'Mo to 20 atomic % Os, the
Al5 or Cr3Si structure has eenarrow.composition renge areund;Mo3Os,

the o phase extends from 30 %o 37 atomic % Os, and the areariabeled

1T eorresponds to-tﬁe hep phase region from 48 to 100 atomic % Os. A.
horizontal line Qrawn half-way betﬁeen Re end Os would represent the';
‘sequence of phase regions resultihg from adding Mo to an equimolal

. mirture of~Re and Os. The.ﬁngel theory indicates”that the diagram off.
this tyne w1ll yleld simple trends in solution- behav1or.a'The'elemests on
the rlght hand side are thehad301n1ng elementsmef the same trans;tlon
series to minimize the effect of var;athnAof atomic size and QL“ |
internal pressure and'thus isolate the effect of electron coneentratien.
The ordinate on the'riéht hand side is, in effect, the numbervoflelec-
trons per atom varying fromv6 for W to 10 for'Pt;A.If a mixture of W,
Re, Os, Ir, and Pt‘is.taken end the average electron concentration
computed,‘e.g. 7,5’valence electrons per atom, then the alloy behavior-
uéon adding Mo to this mixture woﬁid‘be defined by the horizontal line v
from the 7.5 posmtlon Half way between Re and Os. Thus the- Engel
"theory 1ndlcaues the types of dlagrams that will represent a maximum
of .information with a mlnlmum of space as Flgure 5 1s in agreement w1th
all the rellable data avallable It will bve noted that the regions :
labeled by I(bcc), o(p U), x(m-Mn), II(hcp), and III(ccp) show the |
,tbehaV1or of electron-phases or electron-compounds. That is, they are
restricted to a limited range of electron concentrations or averaged

electron per atom ratios. If one were to draw isoelectronic lines or
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lines of equal electron per atom concentrations, they would extend

across the diagraﬁ in the manner of the boundaries of the electron

phases listed above.

The implicatidn of electron-phases in terms of free energy varia- -
tion ‘is that the relatively slow variation of free energy of the bcc
phase as Os is added to Mo, for example, changes to a rapid rate of

increase as the electron concentration approaches 6.5 electrons per

' atom. The limiting concentration will, of ¢ourse, not be determined

vby‘the free energy.of the bce phase alone but aléo by‘thé-free energy

of the saturating phase. Examination of all the available data and
particularly the non-transition metal diagrams as discussed in reference

5 .indicates that the Hume-Rothery limit of 1.5 s, p electrons 1is.a ‘

' reasonabie 1imit for the bec structure,: From the free energy conéidera-‘

© tioms, we_recognize that the actual limits will &ary somevhat depending -
"~ upon the temperéture, iﬁternél pressure differeﬁges,'ahd the nature'of 
.the saturating.phase‘and.fhétvthesé other“fécfors havé.to'be_considered

‘ as‘secondary‘éorrections, bus Figure 5 shows that the limits of the ‘bee

p)

phase regions do approach cloéelyvto-the d,spl'5

' limit. Generally the

. limits will fall short with the difference increasing with increasing

size difference and increasing internal pressure differences as one

‘would expect. Reference 5 discusbes in more de#ail the methods of
‘establishing the electron concentration limits for the various electron-

‘phases and the methods of dealing with factors such as size and internal

pressure differences which are clearly recognized as important factors in' -

Tixing the free energies in addition to electron concentrations.’

4
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Returning now to pure elements, the recognition of ranges of
electron concentrations to be correlated with a given structure leaves
some ambiguity as to the assignment of exact electronic configuration
in some instances. We can See from the large difference in energy of -

1«'5 *L"‘ 2 PP 5 3 : i b
the d”s and 4 sp configurations of Mo, shown in Figure 1 or in Tables
II and III, together with the bonding energies of d versus p electrons

shown in Figure 2 that all the low lying levels of the electronic bands

55 configura-

tion and there is no question of what electronic configuration to assume

in chosing the promotion energy from Table V. However, we would not’:

expect such simple behavior for ¥, for example, for which the'dn-ls

' N-2 L . .
and 4 sp configurations are close in energy.
m, ’ . P deon s Py 4 n-2 n_l o8 Eay
The relative contributions of the d° 'sp and d ~s configurations
to the bonding of the transition metals with five or less d electrons’
depends upon the relative bonding strengths of p and 4 electrons,

Ep - Ed; as given in Figurés 2-4 compared,to the relative promotion

. energies tabulated in Tables II and ITI. Only a small portioh of the

>

curve éf Ed Versus ng, the‘nﬁmbervof a ¢1ecﬁrons; is applicable for a
given eiemént, e.g. 0.5 elecﬁronvper.atbm variation for'thé bee
structure and 0.3 eleétron per atom vafiation for the hcp structure.
If‘thét sméll?porﬁiop is apéroximated és a‘stréight line, opetcéq set

up a simple equation for the energy as avfunction'of'nd, the number of

d electrons. - Differentiation of this equation to solve for the condition _«

of minimum energy yields the eguation
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g (522008

where E om is the energy to promote a d. electron in a" ls to arp

'” electron in @ 2sp and S 1s the rate of change of E w1th decrease int

number.of d electrons of the slope of the plot of Ed versus n; in

Figures Q-A.IvOf the quantlules requlred‘to calculaue nd"Eprom is

obtained directly from Tebles IT and III. The bromotion energies'have '

la range of values corresponding to the different electronic states of

a given configuration. - The minimum promotion energies are used for

the reasons discussed in Appendix.l. ' The value of Ep is taken from -

' Figures 2-k for the particular element in question. S is obtained

from the slope of Ed versusvnd in the range of Ny values that are

allowed by the Engel correlation. Thus all of the quantities are

d

uniquely. fixed at the start of the calculation except E. which will
If we use bbeg Zr as an example, the first approximation

vary w1th nd.

of Ed= 39 kcal corresponding to a guess of n, = 2.5 electrons yieldsll

/ d
= [28 -(51-39)]/5.8 = 2.75. The second approximation uses E. = 38

kcal and nOL converges to-2. 7 correspondlng to the conflguraulon

2
7sp _3. In Appendlx 1 where the details of the arlthmetlc calcu- .

2. 5 O 5

lations are presented atomizations. energies of the d

d? 7sp 3{ and. d3s’configurations are calculated to be 1kL5, lu6,rand

. 146 xcal, respectively,'illuStratlng the shallow nature of the minimunm ,

of energy in this example.
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For transition elements with five or more d electrons, the

promotion of a & to a p electron releases two electrons for bonding

d

difference Ep- Ed for elements with five or less d electrons. For
. e

these elements, much higher promotion energies can be offset, particu-

and the energy varies as the sum of Ep + E_. in contrast to the .

larly to the far right of the transition series where the number of ,

e

bonding 4 electrons is small‘and'the sum En+ Ed

tiating the energy equatidn to obtain the minimum energy as above

- yields

ng =5 = _[Eprom' .(Ep-i- Ed)j/s , | L

where Ng is the total number of & electrons and not the number of

bonding d electrons shown in Figures 2-L. TFor n

d> 5, .the number of

oonding d'e;ectrons w;ll be 10 =~ nd.. o (

: The pr%éedure oﬁtiined above and giveh in mére detalil in Appendi@
"1 was used.to charécterizé the optimum electronic_configﬁrationé of" |
the transition metals. .In many instances,‘the energy varied clearly
across the configuration range with the célculated minimum energy
- outside the range‘allowed by_the Engel correlation since the above
eqﬁations dofnot ihcorpofaté-any terms to produce an increase in free 
energy at‘the limits set by the Engei éorrelation. Configufations |
could clearly be assigned aé_the 1imi£ing\Fonfigura£ion of idwest {
'energy; For elements with the minimﬁm énergy at a confiéuration

intermediate bebtween the limiting configurations, the atomization

energies ‘were often almost identical for either limit. Since there

is large.‘ Different: .-
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uas llt le efrect upon the calculated energy, the entry in Tables v
and V was chosen to minimize the number of starred entries correspond-
ing to an elementlyitnﬁa dlfferent electronic configuration tnan the
otner elements of the same group. In Figures 2-4, values are plot ed
for Dboth of the llmltlng conflguratlons when they are of closely +the |
same Stablllty. |

With tne optimum_conflgurations,clearly established, one may
proceed to the calculation of atomization energies of tne:various
structures | For example, we! prev1ously calculated the atomlzatlon
energles of bbc and hecp Nb on the basls of the dus and d3sp conflgura-
tlons.‘ The dus conflguratlon is the optlmum conflguratlon for bbc Nb
and the atomlzatlon energy of l73 kecal is unchanged, but the optlmum ;t'

3. 3 0.7

conflguraulon of hcp Nb is the d configuration which ylelds o

the valence state bondlng energy of 197 kcal llsted in Table v and

an’ atomlzatlon energy of 163 kecal after subtractlon of promotlon
energy to lndlcate that hcp Nb is unstable by lO kecal relative to
bece Nb. Table VI presents the results for the other trans1tlon metals.

Table VI in agreement w1th Table I shows the unlversal oceurrence

“of a stable bcc structure for all of’ the trans1tlon metals of the-

first six groups. It rsvofllnterest-to comment on.the primary factor:

responsible for the widespread occurrence of the bee structure. It -

.could be due to eitner a preference for d bonding over p Bonding or

to difference in promotion energies of the dn-ls and dn-25p. Examina-

{

tion of Figures 2-4 and Tables II and III show that except for Ca and

/
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4

Sr, thevpromotion,eﬁergy alone is'the primefy factor. In fact the
greatly reduced tonding:energy of the 4 electrons comparedeto tﬁe
bonding energ& of the p electrons wheh one or morevd electreﬁs are
involved iﬁ bonding'tendsito StabiliZe the hep structure; but in no -R

v

instance is this stabilization sufficient to wipe out the advantegel. 
of the lower promotlon energy of the at ls eonfigutetion and to make‘l
the bee structure unstable at all temperatures

On the rlght hand s1de of the perlodlc table, . the bonding energles
. of Figure 3 yileld the results of Taole VI that hcp-Nn, Fe, and Co are.
.close lﬁ energy to the bee strucuures . It is dl fficult to predict o
the entr0p1es of these phases because of the magnetlc contrlbutloﬂs..
"‘The higher atomization enthalpy of bce Fe,is'sufficient to insure |
its'stability relative to'hcp Fe at IOW‘pressures. However, bbe Co
has a smaller atomization enthalpy uhan hcp Co by two kllocalorles.
which is too large to be overcome by any llkely entropy difference.
Mn is one of the~un1que elements.llke U and Pu for which several
different‘electfenic configurations yield closely the sa@e*stabilitieel
The values in Table VI indicate that o-Mn and §-Mn have a substantial
centribution from the dssp configuration but that there must.be atoms.
with dusp2 and. d6s eonfigurations maintaining separate identities
rather than averaging electron configuratiens with thelr neighbors..

The expefimental spectra} data clearly confirm that the bce and

. .

hep structures are to be correlated with d° “s and dn-esP»configura-

tions and the theoretieal calculations8 are also in agreement with
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the Engel.correlation. vFor the ccp structure, the theoretical calcu--
latibn38 1nd1cate correlatlon w1th d 3 3 rather than w1th dn 3 2

that Engel has suggested, Table VII presents the spectral date for.

yttrium, for which all expected electronic states of high multlpllclty_

of the poss1ble conflguratlons involving hd, 58, and 5p electrons
~are known except for the d p LLP state and the states of the p3
2 2 2 2 2
conflguratlon.A The comparlson of dsp-ds ; s p Sp .d s-d p, dsp-dp ’

3 conflguratlon would be expected well

differences indicate that the p
above 100 kecal. Examlnatlon of the spectral data for the other
elepents, for which data are less complete than Y,’also 1ndlcate.that
“the dn'3p3 configupation has too high ; promotion>energy‘to.make a:
'significant contribution’to'the‘metalliclbonding The theoretical
calculations might be recon01led w1th the spectral data by using the.

dn lp configuration since the calculations indicated that mixtures

of dn and dn 3p3 would yleld the cep structure. Except for La which

has an unusually low‘promotlon,energy of SOlkcal for the d2p config;."‘

uration, the.pfoﬁotion euergies for the'transition elements range,
from over 60_to;120 kcal. Accurate comparlson with the dn 3 2 |
buconfiguration since Y.is the only trau31t10n element}for which data i
on this configuration arevknown.i This is due to the fact that
transitious from tﬁe ground electronic state to states of this -

. configuration are vety weak because they involve multiple electrons

jumps and violate other spéctral selection rules. However, as shown

in Teble VII for Y, it is expected that the-sp2 configuration will



not lie below,the dn'lp.configuraﬁion. However only to the.left of -
ﬁhe periodic teble, where the d electron bonding is as strong'crv-"

stronger than the S, P bonding, Mlll the d lp"ccnfiguratioh_have

any advantage over the 4" n-3 p2 conflguratlon. On the right hand

-3

2 conflguratlon has a very 1arge_

advantage in valence state bondlng -energy over the dn lp, dn ls,.and‘;

dn_gsp conflguratlons sinceg- the d 3sp2 conflguratlon produces the

s

side of the periodic table, the a

greatest unpairing of electrons.

Thus it is possible that the a" 'p configuration might play a -

- role in stabilizing fcc-Ca;;Sr, and La, but the&bonding“energiesvreqﬁired '

"do not seem reasonable.“Due_to the fact that all configuraﬁions tﬁatf': :

would be considered for the elements of the first six groups have all
of the valence electrons unpaired in the valence state, the possibility'

‘of significant contribution'to the boﬂding by either a lp or dn 3 2

for the other meta%s of ﬁhe third through sixth groups can be excludedQv ;

“For example, from the data of Flgure 2 and Table VII, one calculates
'.that fee Y is unstable by 20 kcal compared to hep or bcc Y. It is
difficult to reach a definite decision‘for La due to uncerteinty of-f
Vspectral data fcr éc and La.‘.Onelmethod of extrapolation would 5]
‘estimate the sp2 promoticn energy for La to be-mﬁcﬁ lower than Y -
perhaps around 50 kcal and another method would estimate about the -~ -
same promotion energy for.Y and La. Also the estimation of the bond—
;ing energy of La: in.theAepe valence state is.difficult because the

lanthanide contraction creates a discontinuify‘between s and Hf. .

1 ‘
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Calculation of valence state bonding-energies4for-thé metals on the.
right hand 51de of the transition series indicate that the fcc o
structure with the sp2 configuration or with the lower llmlt 1nd1cated

by ‘the Engel‘correlation of a2 ssp &

n-3

to bee and hep structures witb d .spg_promotion energies of llb tov'
even 190 kcal. Examination of the data for the a°~ =342
land the trends across the transition series 1nd1cates that the promo-g
: tlon energies can be expected to fall in that range. When more
spectral data become available for the transmtlon metals, it should
.be p0331ble to carry out calculations for the ccp structure as 1n

" Table VI. '

This wdrk'was performed ﬁndei‘the'auspiCes of‘the.United Stateé?

Atomic Energy Commission,’

s

would be stable with respect:

s’ conflguratlon__'
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. APPENDIX 1

Calculation of Atomization Enthalples -

. fhe-use of.Figures 2-L and Tables II'end IIT to calculate etoni;'
.Zation enthalpies wili:be illustrated by the example of Zr. Although-
the diffenence between tne'energy and the enthalpy of atomization isf _
within the uncertainty of these calculations, the .values in Fignres.nj
- 2.4 gre designed to yield entnalpy values at 298°K. From Figure 2
3

it is seen that the bondlng enthalpy of the d”s valence state is
3-x 36 + 51 or 159 kecal. The promotlon energy of 14 kcal from Table ; ‘

CTII ‘then ylelds an a.tomlzatlon enthalpy of bbe Zr at 298°K. of 159- 1l+

or lMS kcal to the ground state of the gaseous atom. For the conflgura-g"

5 O 5, the bondlng enthalpy is 2 5 x 39 + 1. 5 x 51 or l7h

" keal but the promotlon energy is 28 kcal yielding an atomlzatlon
’enthalpy of lh6.kcal. Flnally the conflguratlon d2 7 , which isAf;s7x
N the configuration that ylelded the most stable SOlld as discussed

-_vearller, yields a- valence state bondlng enthalpy of 2. 7 X 37 7 + l 3.if—

‘x 51 or 168 kcal. The promotlon energy of 22 keal then ylelds an |
:'atamlzatlon enthalpy of 1h6 kcal.f When the promotion and bondlng'

-energies are so balanced that the optimum configurationdis centeiedﬁf;;
. between the limifing configurations, the iariation across the range: K
is so smail that calculations carried out to fractions of a kecal are' 

. necessary to show the varlatlon accurately.- Such an accuracy is not .

warranted for the present purposes.



In the above calculatlons, the promoflon energy ‘that 1s used.
should be in prineiple the -average promotlon energy of the range of
electronlc states that correspond to the molecular orbltals or band
levels being filledi TIn the calculations upon which Figures 2-L and o
Tables v and V are based, the promotion energy was taken in ever&'-i"
case as;the lowestvpromotion'energy of the bottom 1evel of each groufu'
of levels. As'iohgvas ﬁhe’difference between the lowest level and {?’
.the averagé.level does~nogichange abruptly from one element ﬁo_the‘
next, this is quite an adequate procedure;-Siﬁée the use of averagel“:vjy
o promotion energies ratherefhan the lowest would increase:ﬁhe prouo-fijf

tion energies and'the caloulated bonding energies equally. - Thus theé-

curves of Figures. 2-L would be uniformly raised. Since the observedi
points fall on smooth curves, there is direct evidence that:there is?

no abrupt variation from one element to the next and no apprec1able E

. ,error is 1ntroduced by the calculatlon procedure used here

It is 1nterest1ng to note that the curves of Flgures 2 L are not

-only smooth but that the bcc and hep curves fall very close to one 3“

, another. Differences in addltlonal energy obtained by hybrldlzatlon
:- and other interactions could produce dlfferences, it is a S1mpllflcatronvby‘
to have the bondlng energies so nearly 1ndependent of structure or‘ni |
conflguration. This makes it easier to extrapolate the use of these;
curves and common curves.were assumed for both structures on the |
right hand 31de .of the perlodlc table where there are data both
.structures are lacklng. The closeness.of the,curvesAalso provldes‘~?'

a . basis for using the curves to calculate values for fcc structures.
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' The ‘electron bonding ;nergieé in Figure 3 are plotted against S
the number of bonding d electrons., In view of the magnetism of the " -

imétéls from Cr to Ni,'it‘ié ciear that not ail of the unpaired -
electrons of the ValenceAéféte are.used in forming.electrén pair
bonds. In féct the value/of S, the rate of change of 4 bénding |

( energy with the number éf d electrons is so large in Figure 3 that ,ﬁ
one cquld calcuiate_that.Cr; far example, would have a higher bon@ing; :
_energy by not using one of:iﬁs d electrons if»tﬁe bondiﬁg of the .
remaining d electronslwouid be based on the value higher up the curVe;
corresponding to just the number of 4 electrons used in bonding. By ?
using magneticbdata, it would be of interest to caicﬁlgtg the plot |
ovaiguré 3 on‘the‘basis of.the actually bonding\elecﬁroﬁs. Hoﬁéver,y'

for the present purposes, Figure 2 is adequate.
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‘slicht distortions« The structures are listed in order of temperature

stability except for metastable 'diamond.

N

,Ibi Be (B K] 0 F
I e g * v W ? -b
. f =
» > -
fa Mg AL TABLE 1 . 81 |P S cL
I II | III ~ Cryetal Structures of the Elemente® 1v e
. o ' R < ]
K Ca Sc 11 v . Cr " |Mn Fe Co Ni Cu " JZn Ga Ge Ao Se Br
I I I I 1 I I I III ) IIX | XXX | IXI. | A1} | IV
I o1r |1z : =411z | 11z | 11 ' : < [
- . B I B
X
Ro [Sr |Y Zr |V Mo [Te Ru Rh  |Pd JAg |Cd In {Sn. {Sb [ Te I
I I 1z I I I II 11 IIT | IXXI § IXIT | I (IIIF AS o
II II II o v —
111 ' A <
¥ Ba e HEY Ta W Re Os Ixr Pt Au lig TL Pb Bi Po ' |At
I I I I I. I II-{ II III | III | III [ALO I III :
rr |.II B : 4 I 4N
II
Fr _ |Ra  |Ac ‘\\\;;
fe {Pr° INd |Pm  }Sm [Eu JGa [T Dy J|Ho fEr [Dm (Yo [La
1 |1 1 1 1 X 1 |1 1 I I 1 I
I Ir IX (11)8 I1 II | 11 II IT | II IIT jIX
II . : '
Th | Pa  |U Np [Pu jAm fCm  [Bx jof s  [Pm  [Md v
Iy e I I 1 ? ?
IIX " NI * IX II1
(II) ' IIX
W
814 Body centerca cuﬁic, A2+ II:. Hexagonal close packed, A3. IIIt Cubice
. _'close pac\gegi, Al IVH ."'Divamond, AL, Asterisk denotes complex stmcfure.
o bDiatomic molecules with double or triple bonds. ®Diatomic molecule with a
single electrc;n pair ‘bond. dAtome which form two air{gle bonds per atom to
form rings or infinite chains.. e'I’hrc:e gingle bonds per atom, corresponding
" %0 a puckered planar s‘tructure. ' f'l'he graphite structure where one resonance |
form consists of two single and one double bond per atom. - Bparentheses indicate



Promotion Energies of dn_esp Valence State in Kcal/Mole

Table II

Ground State Configuratidns

10 2
s

,52 ds2' dzsef d332 ﬁss_ dssg_ l ,6632 d7s2_ ' d8$2 dlos a
eicept * excépt’* éxcept ¥  except ¥ e#céﬁt‘*'
¥g |
63 f ~
4 . L . L ;.82 o

Ca. 8¢ - T v Cr Mn ~ Fe Co Ni(ds Cu Zn
43 45-U6, 53 | 45-54, 72-80 | L7-5L4, 81-88| 71-80 53 5570 67-76 74-87 | 113-128 92-9M
- sr Y 7y  wex(as) Mo Te | Ru*(a’s) Rn*(a%s) | par(a®®) |  Ag ca ¢
b1-b3  L3-khg, 5L | b2-57, 66-Th | UB-61, Tu-86( 80-93 [ U7-50 72-93 (95)- | <ib5- | 161-185| 86-91
“Ba .  la . HE e we(a*s?) | Re 0k Ir Pt*(a?s) | Au Hg
35-39 38—Li6, 50-52 51-79,»8_5-95 - kb9-99 .55-85 | 54-68 67-'(90) 75-109 86-160 | 121-160 | 108-126
-Ra - Ac | |

37-48 39-68

- ¢ s v Ve ey



Promotion Energies of d -

Table III

1 n-l.'SSpO. 5

s and 4

Valence States in Kcal/Mole”f

Ground State Configurations

o

32 ds2 dgsg. d3s? o d5s o d5s2 S d6s2‘ d's” d8s2 d;os
' " - except * éxcept*' except * except ¥ _ except *
Mg _
137 N
100 . .
Ca Se B 1 v cr | Mmoo  Fe Co . ‘m | cu
58 | 33; 51 19,40 6-7 0 49-50| 20-23, 50-51 | 10-15, 43-46}  1-5 | ©
51 | 39-43, 4B-52 32-60 26-48 36-40 | 51-52 38-L7, 53-61 |- 39-61 .| '37-L6
sr Y 7 Nb&(dhs) Mo Te Ru*(a’s) Cmnx(Os) | pax(a®®)| ag
52 31-33, 4 | 14-17,°31-32] 03 | o 7-12 | 0-9, 25-27 | 0-10, 26-31 | 19-29 0
L7 37-49 28-53 2k-l5 ho-47 | 27-31 36-60 : N _
Ba La v Hf T W*(dhsg Re | Os Ir Pt*(dgs) Au
26-27 | 8-12, 21-22 40-51, 59-64| 28-38 8 34-49} 15-37, Lh-(51) | 8-34, 37-u48 0-29 o]
30-33 23-31 L6-79 39-69 | -32-47 1 hk-58) L1-52, 56- h2-78 . 1 h3-
Ra - . - Ac ;‘ = | | | ) |
- 37-k2 | (15-20), 26-35
| 38-45 26-51

" Note:

valence state.

'The numerical entry below the symbol of an element gives values for the a*1s valénce state.. Where a
‘second entry is given, it is for the dn"l'5spo'5 - -

-€€~



Table IV

Bonding Energies of the dn-zsp Valence State in the Héxagonal—alose—Packed Structure inchai/Mole}'

Number of'Bonding Electrons Per Atom .

23w 5T 6 7 0 6 5 % a2y

2
e .
98 R o
Ca  Se m v ’cr' o Mn  Fé,'._ Co Com ;vCu*_i Zn .
(8) 136 158 (165)  (18)  (121) sk 169 (a;m) - (135) - 12k
s Y .“‘ 7r Nb*;.A' Clo* Te R R Pax  Ag* cd
_,8o o .1hh j___188 (197). . (198) 205 205 (189). .  (165) (130) S 11b
CBe o om ma- W me os N m m o mx g
(71) w2 198 . (230) (2uk) 2k 255 (234) (215) (140) (123)
Bonding Enérgiesrof-fge &25p Valence State in the H. C. P. Structure in Keal per Bonding Electron.
Mg |
ko R B o
ca  se’ m™ . v or Mo Fe | o Ni Cu¥ Zn .
(2) 45 ko 'u (33) (26) D 26 »3h (43) (56). 62
st Y Zr Cm* T Mo Te Ru* " Rn* Pa*  Ag* o’
Lo ¥ b (39) - (33) - 29‘ - ? B 38' S (k3) o (b9) (54) 57
P N Ta. W ~ Re ° Os . I Y v Hg
(31) w50 o (46) ) - EE ) (s4) ~ (58)

n-1. 7 O T

Indlcates that bondlng energy is given for d

(62)

. valence state The humbér of bonding elec= "
trons per atom for Ru¥*, Rh¥*, and Pd¥* are, respectlvely, 5.4, 4.4, and 3.4. For Cu¥, Ag¥, and Au¥%,

the d9-3sp0-7 valence state has 2.4 bonding electrons per atom.

- -ne-



. Table V

1l 1.5

Bonding Energies of the s or d?- spo's-Valence States in the B.C.C. Structure in Kcél/Mole;'

_ ' Yalénce State and Number of Bonding:Electrons Per Atom ) o :
o 3 ). 5 6 6 . 5 .l .37 2 "

do.§§po.5 d;.5spo.5 de.sspo.s 93'5590'5 o Os ~:».d5.5spo.5 d§.5spo.5 aT+55,0+5 d7.5§Po,§ s d}os‘

except ¥ exéépt.*: o E ‘ : " except ¥  except ¥ ;

Ca  Se A A Crv*(dh'fjs_po'.s)_ | Mo Fe )  'Co'_ - i - Cu
92 129 . AWk g - 131 119 138 (139) (1353.";_ S (61)
}S? o Y Zr :,Nb*(dh83 Mo, | Te A Ru*(d7s) Rh*(dBS);> Pa Ag
85 138 ath a3 0 157 - - (179) o (153) (131)  (202) (56) &

ST e SEO . T - : ‘ 7

at ..
AT T

73 126 192 226 - 211 . (228) (218) (197) ~ 67) - (59)

Bonding Energieé of the n_ls or dn"l'sspo'5 Valence States in the B.C.C. Structure in Kcal Per Bonding Electron.

RS ORE

ca S 0m vV e m Fe co M - Cu
L - - - - 26 (33 (). - (61)
ss .Y oz  w M m .. R "R, . Pa . Ag
B3 M6 o T Bk 3526 oo (300 wn o (38) o () (1) (s6) T

Ba La e’ . Ta W = Re os  Ir Pt Y T

'-4 ’ .

¥ 8 s T s (@) ) (e ) (59



' Table VI

298 of. Subllmatlon of BBC and HCP Phases '_ﬁ*?wv'>“ L

of the Tran81t10n Metals, kcal/mole

Ca  Sc .Ti_ v _-.Cr Mn . Fe Co o Mmoo Cuf".‘i PR

Bcc b 90. 112 123 95 68 100 (100) (98) (61) -

- Hp 39 102 ;1@6;¢(163) (lue> S o155

ST Y zr W ‘lMo_,: Te . Ru  Ra  Pd . Ag <.

,_‘{;ééc:__¢"38 - 101 luéf"’173: : (152) (153) (131)  (83) (56) Ef;?;,ii};/

o Ba.la BE i”-T@f *f W tﬁ’ Re ~ 0Os ;;;?Ir~' S T SO

‘_;ﬁscc_fyj; 43 103 146 ~'187 ; (184). @77) (155)" (22%) f(595f5§;f*'T"J:
] HCP . (k1) ok 2k (181) (189) 187 'A188 | (159) (229) (55

3

~ Note: Values in parentheses are for phases that are not stable at 1 - ’J~w-,.g
' . atm pressure L |

om0

';é.;.,' .



»\‘Tilf:fl fﬁf. {V3537-3 ’Pﬁff;;;ik o 't5 Hi.’ -

"f';;;if vv_;fﬁ  vfj   fjd , 3¥ s ;3 1¢;  J Table fVII¢L
Relative Energies in Kcal of States of nghest Multip11c1ty A

‘of the Electron Conflguratlons of Y h ‘1 wf,L‘::;Wf}AAf;i_'

':“(’: '  .';d'p D, -S,_(%P) - o - 1103 to 107
B T ,P;- S v 9T to 100
S T i‘ o

ospt o+ TP L - o - 66 to 67
Sa I ;. ,E'v G, 'r, p "'_j ;f1',_  53 to 5u 59 to 61, 6u to 65

e, e  7*f:'“‘»;f.:u :'J*f' 53 to 5k, 6o to 61 ‘iilmf‘*:“‘ 3

s RR i 0 te 2, 126013
P P P SN I

_ds.,f o 'fn SR D'i: 'jj fi.“; » ‘]:*h:;"‘- ' -31 to _3d<: i

. 1 N
“. , . L
fa P .
N . “

'
o i n
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i
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Figure Captions

\

Figure 1. Relative stabilities of a” s and 4" 2sp electronic -
| configurations for transition metals of the second
'tfansition series. | ‘ o
Figure 2.:.Valence stéte bonding enthaipy, Kbal/mple ﬁer eleétron.,’Ek
Toﬁ éﬁrVe.- , Es,p’ bonding enthalpy of 5s or 5p elec;cgk}f
. trons, versus element. ‘ |

Bottom curve - E,, bonding enthalpy of 4d electrons,.

3’
| ~ versus number of unpaired d eléctrqns.‘
.Figure.3.i-Valen¢e state bonding enthaléy, Kcal/méle per'eleétrqn. ig}
| Top curve -,_A Es,p, Bondiﬁgtenthalpy 6f hs-or_up4e1ec- ¥? L
| ~trons, Vefsusxelementa » |
.'Bottom curve - Ed,'bonding'enthalpy of 3d.eieétron$&.
_ ﬁersus number. of unpaired 4 electrqnsf}{
?iguré L, Valgnce state bénding-enthalﬁy, Kcal/mole pervelectfon{a o
» ‘Top curve - Es,p’ bonding’enthalpy of>65 or 6p elec~
o .trons, vé;sus element. -
: B§tﬁom curve ;‘Ed’ bonding enthalpy of'Sd‘elgctrons,-
| '1versus numbef,bf“unpaired 4 electrons. f :
Figﬁre ?.' Multicomponent phase diagram of Mo with third transition.:
series metals;:w to Pt, proﬁected along the temperature'A;‘7 

axis.
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kcal per electron
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kcal per electron mole
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Ca Sc Ti V. Ctr Mn Fe Co Ni Cu Zn
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No. of unpaired electrons per atom

MUB-3501

Fig. 3
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. '

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






