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A Most Striking Confirmation of the Engel Metallic Correlation

-'\ -

Leo BrewerT

Ead

Abstract .

The Engel correlatlon between electronic conflguratlons and
_strncUures of metals and alloy crystal structures is examlned crltlcally.
Exceptions and.inconsistencies'listed by Hume-Rothery are shown to be
due to improper applicaﬁion of the tneory-v For a group 5£ hO‘adjoining
metale, more than 90%.of the prediotions of the theory are found to be
accurate. A striking confirnation of the fheofy is the demonstration
of intermetallic.compounds with entnalpies'of formation‘from -50 kcai‘

per mole up to perhaps -100 kcal per mole.

T Inorganic Materials Research Division, Lawrence Radiation Laboratory
and Department of Chemlstry, Un1vers1ty of Callfornla, Berkeley, y

California. This work was performed under the auspices of the U.S.
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i Atomic Energy Commission.
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I wish to thank Professof W. Hume-Rotheryl for calling attention

tovmy recent pepers on metallic bonding and‘intermetallic compound
:L"‘orma.tion.2’3’11L Although Professor Hume-Rothery ends his note with a : -;
discouraging tone, his review, in fact, constitutes, after correctioot »
of several errors, a strong support for the Engel correlation of the -
electronic configurations and crystal structures of the metals as the
careful feadei can verify for himself. ‘lt is unfortunate that Professof
Hume-Rothery based his note on the manuscript which I sent to him before
publication and that he did not refer to the puolished paper.3 Mos®t of

the p01nts ralsed by hlm also -came up in the discussion with Professor

J. Frledel follow1ng the presentatlon of the paper at the June 1964 |
High-Strength Materlals Conference. As the publlshed paper includes

the discussion which deals with these questions in'considefable'detail,

there is no need ‘o repeatvthe discﬁssion here.l

| It woﬁld, ho&ever, be worthwhile to correct some of fhe.errors.and
misapplications of the Engel correlation in Hume-Rothery's paper and to .
Present a very striking'confirmation of the Engel correlation. The
application‘of'the Engel correlation can be illostrated by Figure 1

where fhe dotted reéion labeled dn-gsp represents the fange of energies

of exclted atomic states correspondlng to the electronic configuration

dn-gsp where n 1s the total number of valence electrons. The area

labeled d ls represents the range of levels correspondipg to the.
'coofiguration dn-ls. In both instances, only states of highest multi-

rlicity are considered as being important for metallic bonding. For : .
Zr, as an example, the range of energies in the dotted region corresponds
5P, SS, 5G, 5F, and 2

to the six levels 5D D of the d sp configuration
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_ dusp energies are so high compared to the dus and 4
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while the bold lines corfespénd to the two states 5F and 5P of the

d3s configuration. TFor Sr, Y, and Zr where the energy ranges of the

dn'gsp and dn-ls configuratibns lie closely together, the energies of

the bece and hep structures mﬁst be close. One would -predict both

structures in agreement withiobServation. For Nb and Mo, the d3sp and

>

s energies,
respectively, that one would predict the hep structures to be very

unstable, again in agreemént with observation. A complete review of

promotion energies of the dn—ls, dn_gsp, and dn-:)’sp2 electronic configura-

‘tions for the transition metals and a discussion of the minor differences

df bonding étrength ofAs;.p; and d electrons will be presented in a
paper shortly.5 |

Hﬁme-Rothery's statement (Page 1039) that the Engel correlation is
assumed to be valid only at high temperatures démonstrates that he has
not uﬁderstood that the;Engel cdfrelatiqn makes thermodynamic predictions
and therefore must be valid for the entire temperature range. When
the correlation predicts that the enérgies offthe hep and bee stru;tures
of Sr, Y, and Zr are close, both structures are to be expected, but 
entropy considerations fix the bgc_structure as the high temﬁerature
form when there are no’magnetic contributions since the structurevof’
lower coor@ination will have a la?ger vibrafional‘contribuﬁion to the

entropy. Iﬁ reference 3, the high temperature applicatlons of the

. Engel cofrelation have been emphasized for the practical reason fhat

Predictions of multicomponent phase compositions can be compared with
experiment only ab tempe:aﬁures high enough to allow reliable equilibrium

values to be attained eXperimentally. In addition, low temperatures
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Qere deemphasized to avoid a much lengthier paper that would be required
for a more detailed discuséi;n of the many low temperature phases with
very specigl ordering of tﬁé different components. |

This basic misﬁnderétanding of theuéhermodynamic aspects of fhe
Engel correlation accounts for most of the misstatements in Hume-Rothery's
paper. For example, thelmisstatement (Page 1042) that the Engel cérrelae
tion would predict the cohesion to be stronger in Ag than in Cu is based
bn‘an incomplete thermodynamic cycle. The net cohesion ié the result’
of the difference.betweeﬁ the promotion energy“fequired to produce the
.atom in its'bonding valencé state and the resulting bonding energy when
fheratoms are bonded. Hume-Rothery has neglected the promotion energies.

56

The spectroscopic data show that the promotion of an electron from a

d orbital to an s orbital‘requires_SO to 60>kcals per gram atom lésé
energy‘for Cu and Au than for Ag. Likewisé the promotion of a d
electron to the p orbital can be échiefed with 40 to 50 kcals less énergy
for Cu and Au than for Agf As discussed on Page 21 of reference 3, ‘
the fact that_ﬁhe ébnofmally low enthalpies of atomization of Pd and Ag,
comparedlto elements above or below in the periodic tablé, can be
attributed to the abnormally high promotion'enérgies of the d electrons
is a Qery‘strong.confirmation éf ﬁhé validity of the valence-bond
approach and the utility of the promoted valence. state.

Hume-Rothery's discuséion (Page 1040) of Mn is likewise in error )
due to the fact that he has neglected to check the spectroscopic data :
to find out the actual magnitude of promotion energies. His.statement v .

5

that a configuration which involves an opéning of the 47 half-filled

shell would be very improbable is contradicted. by the fact that the
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du32p configuratioh of Re is only 38 kcal above the dssp connguratlon
Reasonablé assignments of bpndlng energies duve to the additional bonding
p and d electrbns will eas;}y account for the observation that the net
atomization'enthalpies of bcc and fcc Mnfafélvery close. ihe remaindérv.
of Hume-Rothery's following discussion can'be excluded on the same bésis.
t 1s clear that he has not actually looked upﬂany of the pertinent'4‘
spectroscopic data. in addition, it is surprising that he would make'

the_statement.(Pg.:lOMO) that hep Fe is non-existent. The stabilization of

" hep Fe at moderate pressufés is well establish'ed7 in confirmation of the

pred1Culon from the Engel correlatlon that the atomlzaulon enthalpy of the
hep. structure would be only a relatively small amount higher than that
of the bee structure.

The qugstion of wh;thér copper, silver, and éold could be one-
electron metals has been discussed adequatély in references 2 and 3 and
particularly in the discussion with P?ofessor Friedel which is given in
reference 3.’ At this point it should be sufficient to merely offer
Table I in evidence on this question. The meltlng points and dlstances
of nearest approach are those listed by Hansen»and Anderko.8 The atdmi-‘
zation enthélpies are from reference 3. The increase in melfing poinﬁ
and atomization_enthalpy.and the decrease in distance of nearest approach

in every instance in going from Group ITB to IB completely eliminates

any possibility of only one electron per atom being used for bonding in

the examples of Cu, Ag, and Au. Many other properties could be cited
in confirmation. The comparison of groups IIA and IA show the reverse
changes as would be expected. As is pointed out on Pg. 73 of reference

3, the so-called one electron model of copper refers only to the upper
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Table I
Comparison of Melting Points, Heats of Atomization, and
' Distances of Closest Approach for Solid Metals of

Groups- ITB and IB, and Groups IIA and IA.

Zn | - Cu d : - Ca K
420° ©1083° - . °c . 850° . 6u° . °c
31 8L keal/mole k221 kcal/mole
2.66 2.6 A 3.9k k.63 .
Ca : Ag ‘ Sr Rb
3210 . - 96l° - . oC 7700 . 390 oC
o7 68 .. kcal/mole’ 39 19 kcal/mole
2.98  2.89 . A 431 5.00 R
He - CAw ' Ba v Cs
-39° - 1063° BT B 1ok 30° °c
. e : ‘ o
15 87 kcal/mole L2 19 kcal/mole

| 3.01 2.88 A k3 525 : ‘ A

-
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' fringe of the Fermi surface and ignores the strong binding due to the
remainder of the vélence electrons. The electrons that are bonding the

atoms together may be largely in filled bands just as the bonding elec-

2

* they piay the major role in determining the structure and otherlproperties

trons of the N, or NO moleéules are in filled molecular orbitalé, but
of the métal even though they may play a minor part in some elgctrical
' pr0perties. Any contention that'Cu, Ag, and Au'are bonded by one elec-
tron per atom clearly ignoreSvthe bulk properties of'theée metals.

If we includé the alkali and alkaline earth metals discussed by .-
Hﬁme-Rotherylplus the thirty transition ﬁetalsddiscussed in reference 3
extended through Cu, Ag,'Aﬁ, Zn, éndiCd, we are considerihg a total of
4o metals; A totai of 120 predictions.are involved in regard to the
stabilities of the bce, hep, and fce structures. Hume-Rothery has listed
.six instances in Groups IA and IiA wﬁere.the prediCtions‘Qf the Engel
. corielation éré appérently éontradictedJ i have reservations about the
experimental evidénce of some of the reported ééntradiétions; but I am
'éatisfied to have thé correlation judged on his count. In view of the

fact that no other theory has accounted for even a gquarter bf:the struc- f
tures, a theory with an accuracy of weli over 90% should éertainly have
_some promise. bIﬁ is indeed remarkablelthat such a high success should
be.achieVéd on fhe basis of simply coﬁsiderihg the electronic configura—
.tioné in the.gaéeous atom thaﬁ would be.available.for bonding. It woﬁld
be expected that additional factors, particularly in wéakiy bonded metals,
would play some role in affecting the resulting structure. Hume-Rothery

9

and his colleagues” in a paper which provides the best theoretical

confirmation of the Engel correlation to date encountered the same
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difficulties. Aﬁ this time, it'will suffibe to merely quote their
explanation (Pg. 156 of ref. 9) of thé six confradictions: "At the
beginning of each period we’must expect the factors that detgrmine.the
crystal strﬁctufe of-the rére gaSeS. ... e be reiatively more imporiant
ieie.oWe may expect an irregular correlation for the groups IA and IIA;"-
Sinée there is no ready explanationifor the structures of\the rare gasés,
such a statement leaves ample room for the few apparent exceptions.
Additional corrections to Hume-Rothery's paper could be liSted.l:As
any reader who has‘carefully.studied reference 3-can readily make. these
corrections himsélf, additional comments will bgﬂlimited to those that |
" relate to afstriking néw'exPerimeﬁtal confirmation of the Engel correla-
tion. fhe.applicétion of the Engel correlation to trénsifion metal

3

alloy systems~” yields the prediction that intermetallic compounds of

metals of the second and thi?d transition series, produced by combining
transition metais from»the left of the périodi; fable with_trénsitién
metals from the right of‘fhb periodic tablé, Wiil'be unﬁsually stabie. 
The transitions metals of the fourfh aﬁd fifth.periods and groups 1-7,
Rb to Te and Cs to Re, use all of their valence electrons in bonding
wﬁilé the transitions metais Rﬁ to Ag, Os to Au do not use'ail of their'
valence eléctrons'fop bonding in the pure metals since some of the d
electrons are paired internally aﬁd are not availgble for bonding. The
differences betweeg the transition metals from the 1eft and.right sides‘
Aéf the periodic tables can be bést summarized in terms .of incompleteAuse
of available bonding orbitals and full use of available elecfrons on the

left side and incomplete use of electrons and full use of bonding orbitals

on the right side. A mixture ofithe two types of metals will allow an

v
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electron tranéfer from the'metallwith‘a surplus of electrons to the metal g(
with low-lying vacant orbitalé.to make fullest use of all electrons‘éna
all orbitals; As én example; we may consider a mixture of Zr and If,
According to the Engel correlation, the electron cohfiguration of Zr in
the hcp'étruéture is desé. The configuratibn for Ir in the fcc structure
is d6sp2 with bn;y seven electrons available for bonding since a pair of

d electrons must be paired internally. If the‘compound‘ZrIr3 is‘formed,.

the Ir gives up electrons to approach the configufation dsspg while Zr

gains electrons to approach the configuration duspz. 'If these configura-

tions are attained, the:number of electrons used for bonding is increased
from the 25 bonding electrons of thelpure elements to possibly as many as
31 bonding electrons per ZfIr3.

For a given element‘on the left side of the periodic table, e.g. Zr,

the number of electrons transferred and the increase in the number of

- bonding electrons should increase as one chahges the other metal from Os,

for example, to metals to the right. Thus the stability of their compounds:
| 3,10

should increase in the same direction. The decreasing internal pressures
as one moves to the right of Re also contributes to increasing stability

of intermetallic compounds to a maximum at the tenth groups metals, P4 and

" Pt, with stability expected to fall off with decreasing internal pressures de-

low that of Zr, and increasing promotion energies required for removal of d

'electrons- One would also expect a limit to the possible charge transfer.

Likéwise, one would predict that wifh a given element on the right
side of thé £ransition sgrigs, e.g. Pt, stability of‘intermetallic com-
pounds sﬁould increase as the éther metalAis changed from Mo; for examplej
to metals to the left. The Stabi;iﬁy'of the intermetallic compounds is

/o

N
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expected to reach a maximum in the_fburth'group where the internal
pressures closely match thosé‘of P4 and Pt.

To test these predicti@ns, the stabilities of transition-metai
compounds have been determinéd qualitétiﬁéiy.by heating ZrC with Pt,
Ir, and Os. A more detailgd experimental account will be published.
In each instance, the carbide was decomposed to forﬁ graphite and an
intermetallic.compound. Thus these intérmetallic comﬁounds of Zr have
free enérgies of.formati§n more negative than ﬁhe -L7 kcal/mole of Zrdf
whiéh is one of the most étéble carbides known. The compounds fofmed

were the hcp .ZrPt with ordered TiNi, type structures, the ccp Zrir

3 3 3-%

with‘ordered AuCu3 type structure, and a hep solution of Zr in Os.
In view of the‘exﬁraordinary stability of these intermetallic com-

pounds; a more'drastic tes£ of their stability was desiredj The\procédure
of Bronger and. Klemmll was appliedvbyvheating Zr02 in.hydrogen at 1200°C.
in the presence of Pt. Reduction took place to form ZrP£3. The forma-
tion of ZrPt3 and similar intermetallic compounds is'undoubtedly the

cause of the so-called "hydrogen embrittlement” of Pt-Rh thermocouples

in oxide protectioh tubes under reducing conditions. . To achiéve reducfion
under these.conditions, the thermodynamic aétivity of Zr may,have been
reduced by'almost a factor of lQEO b& alloying with ft. The same principles
can bg uséd t§ expiain the marked increase in melting point of Pt upon:
'addition of Lth and 5th group fnetals.l2 The vacant d and-p §rbitals of
_Zr provide a sink for paired d electrons from Pt and thus make available

i
all of the electrons for bonding. TheAsame'principles explain why transi-

3

tion metals to the right of Zr stabilize the bece structure with the. d

4configura%ion compared to the hep dgsp configuration. - Any transition
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metal with three or more unpaired 4 electrons would not be able to make
as good use of these electrons when surrounded by dgsp Zr atoms as when

3s Zr atoms. This is predicted by the Engel theory whether

surrounded by d
the metal added has bcc, hcﬁ or ccp structure. »Hume-Rothery's footnote
(Pg. 1042) that claims that éhe ﬁheory predicts stabilization of a
structure only by metals of the same structure fepresents a miscompre-

hension of the apnllcatlon of the tneory

| I am sorry that Professor Hume- Rothery reacted s¢ hastily to the‘

- manuscrlpt which I sent him. I hope that he will take the time to care-

fully examine reference 3 including the discussion. He will be dellghted'
to find that a full underetandingfof the'epplication of the Engel correla-
tion makes it @ossible to extend the application of the Hume-Rothery
Rules by.more‘than en order of magnitude to include both transition and

non-transition metal systems.:
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Figure Caption

Relative promotion energies of a™Ls and dn-gsp electronic

configurations for gaseous atoms of the second transition

series, kcal/gram atom.
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