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Electronic Structure and 
Electronic Transitions at High Pressure 

The primary effect of pressure on electronic behavior is to increase the 
overlap between orbita ls on adjacent atoms or molecules. There results a 
broadening of the energy bands arising from these orbitals and a dc1ocaliza­
tion of the electrons. This produces a narrowing of the gap between the 
conciuction and valence band as evidenced by a "red" shift (shift to lower 
encrgy) of the absorption edge. Ultimatcly, an insulator becomes a metal, 
either by the continuous disa ppearance of the energy gap as in molecular 
crystals like iodine and pentacenc,I.2 or discontinuously as in the ideal 
";v10t(' transition. (The discontinuous transition from sem iconductor to 
metal by rearrangement of the atoms into a more closely packed lattice, 
which occurs ill silicon, germanium, and many lII-V compounds is a com­
plication outside the range of the present considerations. 1. 2) The decrease of 
resi stivity of many metals with increasing pressure is, in a way, a result of the 
increasin g overlap, as this overlap inhibits the amplitude lattice vibrations 
and reduces scattering. The first general result of increasing overlap is, then, 
an increasing delocalization and mobility for electrons" 

Relat ire s" ift s oj CliNgy leve/s lI'it" pressure 

Superimposed on the primary efTect of pressure is a secondary effect of very 
broad significance. In genera l there is a relative displacement in energy of one 
orbital, or set of orbital:;, with respect to other typcs. Since atomic orbitals of 
differcnt quantum number din'er in radial extent, in shape, and in deforma­
bility, it is not surprising that they are perturbed to di fTerent degrees by in­
creasing interaction. In fact, it would appear coincidental when such a relative 
dispbcement does not occur. The common way to obse rve these shifls 
is through ortical absorption measurement. Typical examples would include: 

(I) The changc in the energy gap between the valence band and conduction 
band in materials like germanium and GaAs.2 In the low-pressure region the 
gap increases with pressure, while in the high-pressure region it decreases. This 
is because diO'erent excited states shift diO'erently with pressure, so that at low 
pressure one part of the conduction band is lowest in energy, and at high 
pressure a diO'crent part. 
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(2) JI1 tr~l1 sit iol1-l1letal-ion complexes tilere occur absorption peaks which 
measure the splitting of the 3d lcvels due to the symmetry of the 
ligand field. The~e absorptions ~dso give the magnitude of the Racah 
(interelectronic repul sion) parameters. In general the splittings increase as 
the iI'tensity of the fleld incre::lses, while the R::Ic::lh par::ll1leter sdecrease as 
the c1 orbitals ::Ire spread by increasing inter:1ctions with the nuclei of the 
ligands. 1

•
2 

(3) The change in energy with pressure 1 of the ligand-to-met::ll ~lI1d 
metal-to-ligand charge transfer peaks in tran sit ion-metal-ion complexes. The 
former tra nsitions frequently shift strongly to lower energy with increasing 
pressure. This indicates a large rebtive increase in energy of the ligand non~ 
bonding orbitals vis ci ris the antibonding metal o rbitals. Tn metallorga '"je 
crystals the metal-to-ligand transitions also decrease in energy with incre;sing 
pressure. This is caused by the strong pressure effect on the excited (r.*) 
orbitals of aromatic molecules as discussed in (4) below. 

(4) The change in energy of the excited (rr") orbitals [' is ci cis the non bond­
ing or IT-bonding orbital~ in molecular crystals of aromatic hydrocarbons and 
derivatives. These intense absorption peaks in the visible or UV orten shift 
very strongly to lower energy with i ncreasi ng pressure. 2 

(5) The change in energy of optical transitions which measure the difference 
in energy between the "no bond" ground sta te and "ionic bond " excited state 
in molecular charge transfer complexes. These transitions frequently decrease 
in energy rapidly with increasing pressure indicating an increasing probability 
of the formation of ions or free radicals. 1

•
2 

These relative shifts in energy levels mayor may not affect the degrec of 
delocalization of the electron. 

Electrallic transitions 

In many solid state systems there exi st excited states not too high in energy 
above the ground state (relative to the ability of pressure to chan~e the energy 
levels). Under these circumstances, at high pressure one may in troduce a new 
electronic ground state for the systcm. Thi s can have profound etTecls on both 
the chemical and physical behavior of the material. We designate this chanfe 
of grollnd state an "electronic transition". This term has generally been 
restricted to a more narrowly defined phenomenon but it is important to show 
the signiflcant common thread among a variety of events having rat he r 
different appa rent characteristics. These clectronic transitions can occur 
instantaneously at a gi\'en pressure and temperature or they can spread 01lt 
over it range of pressu res. They mayor may not involve a vol ume discontinuity" 
Frequently there is no change in cryst al structure, although one can occur. 
The process is usually reversible, with or without hysteresis, but it mJY bc 
substantially irreversible, 
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The following examples serve to shuw the wide varicty ofsystcl11S fur which 
a new ground state is established at high pressure. 

(I) s -> d transitions ill alkali metals and 4/-> 5c1 transitions in rare-earth 
met: Is. The carliest examples of clearly defincd electronic transitions were in 
cerium and cesium. 111 cerium there is a sharp resistance chanCTe and a volume 
discontinui ty3-5 at low pressure which has been associated ~' ith the promo­
tion of a 4/clectron to the 5c1 shell, establishing a new ground' state. It has 
been sho\\'n6 that the 4/-> 5d transition in cerium terminates with a critical 
point at suniciently high temperaturc. Similarly, a cusp in the resistance of 
cesium

7 
at 40 kbar, associated with a volume c1iscontinuity,s.9 was assigned 

by Sternhcimer
10 

to the promotion of the Gselectron to the band arisinCT from 
the atomic 5c1 orbitals. Rubidium exhibits 2 a sharp ri se in resistanc~ ncar 
150 kbar and a maximum ncar 300 kbar, probably indicating the proIllotion 
of the 5s electron to the "4c/" band. At room temperature thc resistance of 
PO«:SSi:lIl1 ~iscs with pressure continuously (by a factor of 30 in 500 kbar).2 
At .liqul?-nltrogcn temperature there is a sharp discontinuity near 280 kbar 
:\,hlch ell appears ncar 250 OK. This Illay be a martensitic transformation, but 
It nla~ also be the 4s -> 3d promotion disappcaringat a critical point. A second 
cusp In the resistance of ccsium ncar 125 kbar 2 may be associated with tbe 
promotion of an electron to the empty 4/ band. Most of tbe rare­
earth metals exhibit resistance discontinuities at higb pressure 2 which have 
not b.:en fully elucidated, but arc vcry probably associatcd with promotion 
of 4/electrons to Sci orbitals. Thcre appears to be a general tendency for 
rare-earth meta ls to assume increasing transition-metal character at high 
pressure. 

Many rare-earth salts exhibit optical absorption peaks in the visible or near 
ultraviolet which arc assigncd as 4/-) 5d transitions.11 It is clear that a 
moderate reduction in e·ncrgy diO-erence between these states could result in 
the establishment of a new ground state, so that electronic transitions should 
be a common fea ture for rare-earth ions in crystals at sufficient Iv h iah pressure 
as well as for the corresponding metals. J <:> , 

. (2) Changes of composition of complex conduction bands of metals at 
hIgh pressure. M6ssbauer resonance studies on iron as a dilute solute in a 
series of transition metals with close-packed structures indicates that there is 
a ~ont.inuous increase in the d character of the combined s- d conduction band 
with II1creasing pressure. 12 .13 Calcium, strontium, and vtterbium1.14-16 
metals b':coille semiconducting at high pressure, with no ~bange of lattice 
arrangem.cnt. It has been shuwn that this is caused primarily by the eO'cct of 
cOlllprcsslOn of the sp conduction band, but also in part to its increasing d 
c~aracter at high press:lre. 17 While these continuous changes are only 
distantly related to the discontinuities mentioned in (I) above to the extent 
that there exists transfer of electrons to parts of the band wi~h d character 
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from parts with s or p character, there is a change in the electronic character 
of the ground state. 

(3) The reduction of ferric ion at high pressure. It has becn shown that 
ferric ion reduces to ferrous ion with increasing pressure in a very wide variety 
of compounds. I S .19 The process is reversible but sometimes with considcra ble 
hysteresis. The reduction occurs over a range of pressure which strongly 
depends on the coupling between sites. The process consists of the transfer of 
an electron from a predominantly ligand orbital to a predominantly metal 
orbital, so that at high pressure the ground state consists of a ferrous ion plus 
ligands with a hole associated with them. Tn chemical language, the ligands 
contain a free radical or radical ion. The process differs from that discussed 
under (I) above only in that there is a change of ground state between different 
molecular orbitals rather than between different atomic orbitals or metallic 
bands. 

(4) The change of spin state of iron at high pressure. With increasing 
pressure it is possible to observe changes in the degree of spin pairing of iron 
ions. These may involve either a decrease or an increase in the spin of the 
ion. 19 Spin pairing can be associated with an increased splitting of the 3d 
orbitals in the intensified ligand field, making it energetically advantageous to 
concentrate the electrons in the lower lying orbitals. This is then an electronic 
transition from one type of 3d orbital to another type, i.e. a tran si:iol1 with 
Lfn = ° and Lf! = 0, but otherwise comparable to the transitions of (I). 

1 n a Ilum ber of com pOll nds, iron has pai red spins a t one atmosphere. These 
generally involve strongly covalent bonding to ligands containing carbon or 
nitrogen with empty ligand orbitals (n* orbitals). The iron 3d electrons of 
appropriate symmet ry arc partially delocalized into these orbitals. At ili.;h 
pressure the ligand orbitals tend to become occupied by ligand electrons and 
the metal electrons are relocalized on the iron, c1ecreasing the bonding ~1nd 
giving rise to a higher spin configuration. This can be regarded as an electronic 
transition in which the new ground state is a molecular orbital of1ess covalent 
character than the low-pressure ground state. 

(5) Reactions of aromatic hydrocarbon crystals and crystalline charge 
transfer complexes. As indicated in t11e early part of this paper, crystals of 
aromatic molecules have optical transitions from a nonpolar ground state 
to a polar excited state. With pressure these transitions shift st rongly to 
lower energy with a large dccr~ase in electrical resistance. For molecules such 
as pcntacene and violanthrene, where the c:,cited state is not over 2 eV above 
the ground state at one atmosphere, at room templ:rature, an irreversible 
reaction occurs for pressures above about 21J0-::!50 kilobars,2.2o.21 forming 
a new type of polymer. For mokcules such as pyrene, perylene, and anthra­
cene, where the excited state is 3 eY or more above the ground state, no such 
re~lction occurs. If the excited state is stlfliciently 10'" in energy it can be dis-
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placed until it forms a new, rcactive ground state in which polymerization 
can occur. As we have indicated, many electron donors such as pyrenc, 
perylene, and anthracenc form complexes with acceptors like iodine, tetra­
cyano~thylcne, or chloranil which have low lyi ng excited sta tes that shift to 
lower energy with increasing pressure. At high pressure all these systems arc 
relati ve and form new prod ucts which m<ly or may not includc the acceptor. 
Cle(lrly, howe\'er, the major funct ion of the acceptor is to provide ail excited 
state sunic ientl y low in energy that one can create a reactive ground state for 
the dono r at high pressure. Perhaps one could design electron dOllor-acceptor 
complexes with appropriatc geometry and electronic structure so that one 
could induce dillcrent desired reactions and thus create a chemistry of the 
organic solid state at high pressurc. 

Possibly, a spec ial case of this phenomenon is the collapse of 
graphite2.2o.24-26 to hexago nal diamond at high pressure, where the 
molecular (van del' Waals) forces bet\\een graphite layers are replaced by 
new covalent bonds. 

While these even IS (It high pressure have widcly diOcrent characteristics 
they share the fea ture that a new grollnd state is cre8ted . Tran si tions involving 
metals teneI to occur discontinuously and reve rsibly. Where the tr:1nsition 
involves loca l stra in which may perturb neighboring sites, the process may 
occur ove r a considerable range of press ure and involve significant hyste re~i s . 

The~c new ground states may have distinctly d ifferent chemical and physical 
proper! ies. 

In summary, the basic elTect of pressure is increased orbital overlap. A 
general result of this overlap is the shift of one type of orbital with respect to 
another. Wh ere dilTerent electronic states do not diO'er too greatly in energy, 
thi s shift in orbital energy may create a new ground state for the system. 
Electronic transitions, so defined, are not an uncommon phenomenon in 
metals and in ionic, covalent, and molecula r crystals. In fact, perhaps the 
major interest in exploratory research:J.t very high pressure is in investigating 
the nature of the new ground states created by orbital overlap. 

H. G. DRICKAMER 
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