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THE CONSEQUENCES OF PARTIAL DELOCALIZATION OF D-ELECTRON 

ORBITALS IN TRANSITION METALS 

by 

Leo Brewer 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 

Department of Chemistry, University of California 

Berkeley, California 94720 U.S.A. 

ABSTRACT 

The experimental studies twenty years ago of the 
thermodynamic properties of refractory borides 
by Haraldsen and of refractory si!icides by 
Krikorian helped to characterize the distinctive 
role of d electron bonding in transition metal 
alloys and played an important role in extension 
of the Engel theory of metallic bonding. The 
importance of the characteristic distribution in 
real space of the f and d orbitals compared to 
p and s orbitals is discussed and examples given 
of the predictive power gained from such consider
ations. 

Almost twenty years ago, Haakon Haraldsen, during his sabbatical 

visit to Berkeley, carried out a study designed to characterize the 

thermodynamic properties of the transition metal borides. (l) A similar 

study by Oscar Krikorian(2) of the transition metal silicides was carried 

out at the same time. It had been recognized that the refractory 

materials had unique properties that made them valuable for high temperature 

application and the studies were designed to obtain sufficient thermo-

'dynamic data to allow calculations of their chemical behavior in contact 
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with various possible materials at high temperature. A comparison of 

the variation of the bonding energies of.the borides and silicides 

across the transition metal series showed that these compounds shpwed 

a variation in bonding energies similar to that shown by the pure 

transition metals. It was recognized that the contribution to the 

bondi.ng by dte d-~ie~ons"'O'f ·an ·im:ompl-et:ely filled inner shell played 

a role in the behavior of the pure transition metal and the corresponding 

behavior of the borides and silicides indicated that d-electron bonding 

still played an important role in the bonding of these refractory compounds. 

These observations· played an important role ten years later when I 

attempted to extend Engel's theory of metals. (3 , 4) 

The transition metals are distinguished frolli normal metals by 

contributions to the bonding by electrons from two different main shells. 

For example, the bonding in Zr metal is due to part to d-electrons from 

the fourth main shell and to s- and p-electrons from the fifth main 

shell. In a free gaseous atom, all electrons of all shells are attracted 
\ 

by the single nucleus of the atom. The bonding between a pair of atoms 

is ascribed to overlap of orbitals which allows for interaction of an 

electron with both nuclei simultaneously. The closer the two nuclei can 

be brought together, the stronger the bonding. However, the closeness 

of approach of the nuclei is limited by the repulsion of closed shells of 

electrons. In the example of zirconium, the closed 4p shell determines 

the distance of closest approach of two zirconium atoms and the overlap 

of the 4d.orbitals from adjacent atoms can take place effectively only to 

the extent that the 4d orbitals extend·. beyond the closed 4p orbital with 
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appreciable probabilit,. The 5s and 5p orbitals of the fifth main shell 

range far beyond the closed 4p orbital and achieve strong bonding not 

only with nearest neighbors but even beyond and thus can approximate the 

electron-gas model. The 4d orbitals are much more localized and their 

distinct role in bonding must be distinguished from the role of the outer 

5s and 5p electrons of zirconium. 

This simple recognition of the different spatial distribution of 

3d, 4d, and 5d orbitals compared to 4p, 5p, and 6p orbitals, respectively, 

· allows one to immediately make some thermodynamic predictions for the 

transition metals. (4- 6) 

PREDICTION OF STRUCTURES OF PURE TRANSITION METALS 

Firstly; it explains why transition metals with varying number.s of 

d-electrons· can have the same crystal structure. For example, of the 

eighteen metals from K, Rb, and Cs to Cr, Mo and W, all have the body-

centered-cubic (bee) structure at least as the high temperature 

modification and nine have the the bee structure as the only stable 

structure at ordinary pressures at all temperatures. The Engel 

correlation (J, 4) ex.tends the Hume-Rothery Rules(]) to transition metals 

by assigning_ the body-centered crystal structure to configurations with 

any number of d-electrons as long as there is onl~ one s and less than 

0 5 1 t dn-ls t dn-1.5 0.5 h • p-e ec rons per atom, e.g. o sp were n can range 

from zero to ten. Because of the localized character of the d-electrons • 

they cannot exert much influence beyond the nearest neighbors, while 

the s- and p~electrons of the next shell beyond can range out to line-up 

atoms throughout the lattice. When the number of p-electrons per atom 

is increased to the range 0.7 to 1.2, the hexagonal-close-packed (hcp) 
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structure is obtained and again the number of d-el~ctrons has no direct 

influence on the structure. For an even greater number of p-electrons, 

the cubic-close-packed (ccp) structure occurs. It has been shown(S) 

that this correlation does account for the observed stabilities of the 

various cryst~l structures of .the transition metals. Using the spectroscopic 

data for the energies of the various configurations of the gaseous atom 

and the bonding energies due to the d and s,p electrons, it has been 

possible to calculate the thermodynamic properties of even the ~etastable 

phases of the transition metals. (S) 

PREDICTION OF EFFECT OF PRESSURE UPON TRANSITION METAL PHASE EQUILIBRIA 

Secondly,one can make the straightforward prediction that increased 

pressure, which compresses the closed shells to allow the nuclei to move 

closer and the d-orbitals to overlap better, will stabilize the crystal 

structure corresponding to the configuration with the largest number of 

bonding d-electorns. From the Engel correlation, the electron configuration 

corresponding to the bee structure always has the fewest p-electrons and 

therefore the most d-electrons compared to other'possible.configurations. 

This single consideration provides three classes of behavior upon increasing 

the pressure. With up to six valence-electron per atom, and therefore 

five or less d-el~ctrons per atom, all of the d-electrons can be used in 

bonding. Thus the bee structure corresponds to the most bonding d.;..electrons 

and is predicted to be stabilized relative to the hcp'structure which in 

turn is predicted to be stabilized with respect to the ccp structure with 

increasing pressure. For Mn, Tc, ·and Re with seven valence electrons 

5 per atom, the d ps configuration corresp<?nding the hcp structure has more 
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6 bonding d-electrons than the four bonding d-electrons of the bee d s or 
. 4 2 

ccp d p s s.tructures. The hcp structure is predicted to be stabilized 

by increasing pressure with respect to both bee and ccp structures. 

For the remaining transidonmetals that have eight or more valence 

electrons per atom and therefore five or more d-electrons for all structures, . . 

one predi.cts ·that the ·order trf -stabilizat'i'on by increasing pressure would 

be the reverse of the prediction for transition metals with six or less 

valence electrons per atom. Since internally paired d-electrons cannot 

be used for bonding in a pure metal, the bee structure corresponding to 

the most d-electrons and therefore the fewest bonding d-electrons per 

atom will be destabilized by pressure relative to hcp which in turn is 

predicted to be destabilized relative to the ccp structure with increasing 

pressure. 

At the beginning of each transition series, the d~orbitals are qu~te 

·diffuse and extended in space and do not differ mar~edly from the 

p-orbitals, but the increase in nuclear charge through each transition 

series quickly contracts the d-orbital and enhances the different degree 

of extension in real space of the d-orbitals compared to the s- or 

p-orbitals of the next main shell. This difference is sufficiently 

large for the fourth group metals, Ti, Zr, and Hf and for all transition 

metals to the right to insure validity of the predictions. 

Klement and Jayaraman(S) have reviewed the high pressure phase 

diagrams of the elements. For Ti, Zr, and Hf, they confirm that the 

bee phases are stabilized with respect to the hcp phases by increase in 

pressure. The fifth and six group.metals.V, Nb, Ta, Cr, Mo, and W have 
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only the bee structure at ordinary pressures and the high pressure work 

confirms that the bee structure remains the stable form to the highest 

pressures that have been studied. 

For the second group of transition metals, Mn, Tc, and Re, none have 

been studied to very high pressures. Only the hcp structure is known 

for Tc and Re and it is predicted to remain stable tq high pressures. 

Mn has been studied to only 40 kbar. The hcp phase of Mn is predicted 

to become important at higher pressures. 

The third group of transition metals, Rh, Ir; Ni,. Pd, Pt, Cu, Ag, 

and Au, which have only the fcc structure at ordinary pressures, retain 

the fcc structure at high pressure as predicted. The effect of pressure 

on the hcp-fcc transition of Co appears to favor hcp to 45 kbar, but 

Klement and Jayaraman(S) conclude that the equilibrium boundary is 

uncertain because of large hysteresis. The Engel model predicts that 

the fcc will be stabilized at high enough pressures. Ru and Os are 

only knoWn in the hcp structure and have not been studied to high pressures.·· 

,It is predicted that they will transform to ccp at high pressures. As 

predicted by the Engel model, the transformation bee Fe to hcp Fe by 

pressure is w~ll established. The available data on the hcp-ccp 

transformation indicate a stabilization of hcp Fe by pressure. However, 

the extrapolation of high pressurestudies of Fe-Ir alloys by Olinger(9) 

indicates that at very high pressures, fcc Fe 1s stabilized by pressure 

over hcp Fe as predicted. Thus the consideration of the different 

spatial distributions of d-orbitals compared to s- and p-orbitals provides 

a very direct and simple procedure for correctly predicting the effect 
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of pressure upon the phase transformations of most of the transition 

metals. 

PREDICTION OF EFFECT OF ALLOYING UPON TRANSITION METAL PHASE EQUILIBRIA 

Thirdly, recognition of the differences between the.inner shell 

d-electrons and the outer shell s- and p-electrons allows predictions 

of the effect of alloy additions upon the relative stabilities of 

different structures of an element. The effect of transition metal 

additions upon the relative stabilities of the body-centered-cubic and 

hexagonal close-packed structures of the fourth group metals Ti, Zr, 

and Hf will be taken as examples. To review the basis of ~he predictions, (5) 

it will be recalled that the spectroscopic data and bol}ding energies 

. 2 
indicate that the d ps configuration, corresponding to the hcp structure, 

and the d3s·configuration, corresponding to the bee structure, have 

comparable energies in the solid state for the fourth group metals. 

The lower vibration frequency and Debye temperature of the bee structure 

compared to the hcp structure yields a higher entropy for the bee 

structure. Thus the hcp structure is the stable form at low temperatures 

with transition to the bee structure at 1155, 1136, and 2013°K for Ti, 

Zr, and Hf respectively. (lO) A substitutional replacement of a fourth 

group atom by a transition metal atom to the right in the Periodic Table 

will result in a greater loss of d-bonding in the hcp structure (two 

bonding d-electrons) than in the bee structure (three bonding d-electrons) 

as the d-orbital overlap is predominantly with d-orbitals of the nearest 

neighbors. An additional factor is the generalized Lewis-acid-base 

'(6) 
interaction due to sharing of non-bonding d-electron pairs of 
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transition metals having more than five d-electrons with the fourth group 

metal through utilization of its unoccupied low-lying d-orbital~. This 

results in extraordinary deviations from ideality,for metal alloys of 

transition metals from the right side of the Periodic Table with transition 

metals from the left side of the Periodic Table. This factor increases 

the eff.ective.number of /d·el-eetr:ons used i:nbonding by transition metals 

to the far right such as the platinum group metals and Cu, Ag, and Au 

but does not materially change the simple prediction that all transition · 

metals to the right of ·the fourth group stabilize the bee structure of 

Ti, Zr, and Hf whether the pure alloying transition metal has bee, hcp, 

or ccp structure. The effect of non-transition metal additions can 

also be predicting depending upon whether the additive~ occupies a 

substitutional or interstitial position and whether the additive is an: 

electron acceptor or donor. <4,S) 

PREDICTION OF MAGNETISM FOR TRANSITION METALS, LANTHANIDES, AND ACTINIDES 

Fourthly, it can be shown that the spatial distribution of f, d, and p 

orbitals playsanimportant role in determining whether the spins of a 

substantial number of electrons will remain unpaired thus leading to 

strong magnetism. The greater the degree of extension of d- or £-orbital 

beyond the closed p shell, e.g •. extension of Sd and 4£ orbitals beyond 

the closed Sp shell, the greater the degree of removal of the degeneracy 

existing .in the free gaseous atom due to interaction between atoms by 

overlap of d·- or £-orbitals. The degree of spatial extent beyond the 

closed p-shells is greatest for the Sd orbital, next for the 4d orbital,· 

and least for the 3d orbitals among· the transition metals. The 4d and 
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5d interactions are so great that the ga~eous degeneracyis completely 

removed. 

Whether or not significant magnetism is to be expected depends upon 

whether the bonding interaction is sufficiently strong.to spread out the 

gaseous atomic degenerate levels to a level spa~ing large compared to kT. 

Under such circumstances, the Boltzmann factors for po~ulation of the 

levels will require full population and therefore pairing of the electrons. 

If the interaction is·small enough to only partially remove the degeneracy 

and leave a high density of levels, then significant magnetism can be 

expected. 

Thus the Sd and 4d metals show no magnetism other than the slight 

paramagnetism due to excitation of ~lectrons from the very highest energy 
. o~bitals 

levels. As noted above, the 3d~are rather extended in space beyond the 

closed p shell at the beginning of the transition series, but increasing 

nuclear charge causes contraction of the 3d orbitals to the point that 

some of the orbitals are sufficiently delocalized for the metals Cr to Ni 

that some of the gaseous degeneracy is retained with resulting magnetism. 

The behavior of the Sf orbitals is similar to that of the 3d orbitals. 

Thus at the beginning of the actinide series where the Sf orbitals are 

diffuse and extended in space, magnetism is not expected, but magnetism 

is expected when increasing nuclear charge has contracted the Sf 

orbitals. This occurs beyond Pu metal with especially rapid contraction 

and delocalization of the Sf orbital with resultant magnetism for the 

second half of the actinides. The 4f orbitals are the most localized and 

1 all of the lanthanides with electronic configurations between f and 

£
13 are magnetic. 
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It has been pointed out above that increasing the pressure enhances 

the bonding of s.omewhat localized orbitals by improving the overlap of 

orbitals. Thus, we can predict that all of the magnetic 3d metals from 

Cr to Ni will lose their magnetism under high pressure due to better 

participation of the 3d electrons in bonding and therefore more extensive 

removal of th~ ,.gasenu5.,.atonul~e.neracy. The same behavior would be 

expected for the elements with more extended f orbitals at the beginning 

of a period. For the lanthanides, cerium, the first member with an 

occupied f orbital, is converted by compression either due to cooling 

. (11) 
or pressure to a non-magnetic form. The available spectroscopic data 

indicate that the loss of magnetism cannot be attributed to promotion of 

the f electron to a d orbital, but must be due to part~icipation of the f orbit~-tl 

in bonding. This effect would also be expected for Pr and other lanthanides 

at high pressure. However, with increasing contraction of the 4f orbital 

with incre?sing nuclear charge, the 4f orbitals become so localized that 

their overlap becomes very small and contribution to bonding becomes negligible. 

Thus response to pressure would be very small. For the first half of 

the actinides for which there is substantial bonding due to 5f electrons, 

residual magnetism would be expected to be-reduced by application of 

pressure. On the other hand, separation of the actinide atoms .by 

putting the metal under tension or more effectively by alloying with 

non-magnetic transition metals would increase the magnetism by reducing 

the overlap of f orbitals. (l2,13) The s and p electrons are so dispersed 

in space that hybridization or overlap between f and s or p orbitals is 
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not as effective in removing the gaseous atomic degeneracy as overlap 

between f orbitals. Tlws it is possible to make predictions about 

the magnetism of various alloys of the actinides, lanthanides, and 

transition metals. 

PREDICTION OF MULTICOMPONENT PHASE DIAGRAMS 

The pr.evio.us.;&s.c.uss!oo. "has Qpha.sizec:l the role of the spatial 

distribution in real space of f and d orbitals in contrast to the 

electron-gas behvaior of the s and p electrons. · Just by consideration 

of this factor, a number of predictions about the behavior of metals 

and their alloys has been made in the previous discussion. To be able 

to make predictions about complete phase diagrams requires additional 

information such as size ratios of the alloying elements and their 

internal pressures as derived from cohesive energies ahd densities of 

the pure metals. From consideration of all of these factors, it is 

possible to predict the equilibrium phases and their composition ranges 

for multicomponent phase diagrams. <4 ' 5 ' 6 ' 12) The insight gained frow 
- -

the experiments by Haraldsen(l) and Krikorian(2), originally directed 

to characterizing the thermodynamics of the borides and silicides of 

transition metals, has led to a much more general treatment of the 

thermodynamics of multicomponent phase diagrams of the actinides, 

lanthanides, and transition metals. 
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