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THE APP 0, ~lr TO TIl E MET\ ,LIC STATE ,\" : .~ ~IJ PRESSURE* 
By I I. ( .) IH Ch":-'IF Il 

( De[1! . of Chelllis!"y alld Ch{'lIIical L Ii,!:III{'crillg. V llil'asi!y of Illillo iv, V rh(I//(/. III.) 

' I 11 ~ 1i1,·, ' r~ l i .;.11 ~' ''l sir.k r; lli ,) ns il1\" I\ -:d 111 111~ a pl'r".I~h to th~ mel.dl ie , 1.11l: in insulal o rs a llll 
scmi"l ll dll<': I,'rs al high rr~ss ll rc an: llllloll1<'d hndly. I 'I'CI' lI lH: l1lal r~sllits fo r Ihree Iypes o f sY~lcm~ 
arc di ,.;u"cd . 111 illd ine bCllh Ihe shifl Ill' thL "111,.:,.1 absnrptilln edge a nd the chang.: of e lecl ri cal rcsi, t:tllcc 
wilh r rc~,ure arc consistent with Ihe apr.:.lr'IIl<.:l: ,,1" a Il1cl.dl ic s talc by simple di sa rrca ra llce u f Ill.: ga p. 
Selcnium may have a first-order phase tl-'lnSIII,'" I'or Cll11POU llds having the zinc-blcndc struct ure. a n 
appa rently m etallic s tate appears di\CI)l1 li IlU lltiSly, aC<':O '11 n ni.:.\ by a firs t-orde r phase tra ll sitio n. For 
the thallous halides. with increasing p ress ure, 011<.: (1bta in , fir't a reg io n o f illcreasing carrier com;entra tion, 
then a region where mobility change, do mina te , and ,i ll ally there is a region of apparently metallic 
behaviour. 

Introduction 
The basic Bloch- Wilson description o r .. ol ids ca n be illustratcd concisely rrom the diagram 

shown in Fig. I. The allowed levels orall eil:clro n on a free a tom or ion are discrete and separated 
by relatively large energy intervals. The groul1l1 state :.lIld first excited state ror a valence electron 
on a rree atom are shown at the right. An array of such atoms with large interatomic di stance 
preserves this energy con fi gura tion, as the re is no inte ract ion, As the atoms are brought together 
until they interact, the levels are depresscd and srread ou t into a band oflevels whose spacing depends 
on the size or crysta l and eq uilibriulll interato mic d istance. This appearanee of bands is a result 
orlhe Pauli princi ple, which states that no two electrons can have all four quantum numbers the 
sa me. Allowing for spin, there can then be two electro ns in eaeh level. The situa tion in an actual 
crystal depends on two ractors, the number of l:;ectrons pe r atom, and the eq uilibrium interatomic 
distance. With one valence electron per atom . the situat ion is as shown in Fig. lA, with the valence 
band half filled . As illustrated in Fig. I B, with two valence electrons per a tom, the band is filled. 
If it is presumed that the gap between hands is large c() mpared with kT, case I A represents a 
metal, and case 1 B an insulator. I t should ~.: em pha~ i sed that this is not because the electrons 
are' bound' in case IB and' rree' in Fig. 1. \ . It is ra ther the Pauli principle which rorbids a net 
movement or electrons in case lB. 
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Fig. I. Eller!:.\' V.I' . ill!CrlllOlll i c cli.l'/allcC' 
(A) metal (Il) semi-conductor 
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As the interatomic distance is decre<l5cd (e .g., with increasing pressure), the gap between 
valence and conduction band decreases. Ultimately the bands overlap, and one o btains a metal, 
even though the valence band is filled. This is the situation in the alkaline earth metals. 

At interatomic di stances such that the energy gap is a rew kT, a measurable number or 
electrons can be excited across the gap. One then has an intrinsic semiconductor. 

For insulators and semiconductors the limitin g ractor is conductivity in carrier production, 
in this picture, and conductivity increases c:-.po nenti ally with increasing temperature. For metal. 
the limiting factor is mobility, i.e ., mean free pa th. The mean rree path decreases with increasing 
lattice vibrations, and for simple lattice scall<.:ri ng the co nductivity or metals varies as T 3,2. 

This is probably a reasonable first -orde r descripti on of many solids, but it can hardly be the 
complete story. There are crystals, such as many transit ion metal oxides, with partially filled 
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vaklH:e bamb, which arc ~ till in sul ator" It i, implicit in ihe !lloeh theory that the ekctron can be 
n;pre~e ntcd by a wa\'c which kcJ'p~ it, form o\er m,lny interatomic di~ta n ce~, If one ha~' slow' 
ekctron~ \\ hich re~ide on an atom or iOI1 I'll!" period, Inl1g compared with a lattice vibration, the 
surroundings will then become polari~ed ;111(1 the' polaron ' i~ tran:-,p0rled through the 1;lttiee. 

In a ~eries of' pa per~ Mot t I ha~ ~ug!le~ted t hat, at ka!'> t a t a hsolute zero, the nUIl1 ber or carriers 
wi ll not increase continuously with intcratllllllC di~tance, but that excited electrons will be bound 
as ex!;itolls ulltil thae arc sulliciel1t of tlrelll t(l ,hield the l'kctrol1 from the hole . 

Ilobtein :! has treat ed the POl:lrol1 Illohility prllhklll :IIHI h:IS indica ted that tlll: re i~ a low­
tem perature regime wlrere the conductivity i, of a hand type, and a hi gh- temperature regime 
where the motion or ekctrom. i~ an acti\ :rll'd pfl)Cl:~~. 

T here arc other complicat in g ell'cct s wh ic h m:ly be pre~ent in a real so lid. At LIny given 
tempera ture and interat(lm ic di~t a l1L'e, a wlid has a c rys tal ~ tl'll cture cstablished by a complex 
balance of' force s. If this is a rel ati\ely Ilpl'n structure at one atmo~phere, at hi gher pressures it 
may undergo a lir~t-ol'lkr phase tran"itlon to a nHlI\'l'imely packed struct ure. This high-pressure 
pha~e mayor may not he conliu!;ting. I':x alllp lcs where this o!;curs will be di~cu~sed below. 

1:01' any insulator where the ga p hetween valence and conduction band is substantially 
larger than I eV, it is highly probable that any mea~urahle conductivity is the result or clcctrons 
furnished by impuritics or by the electrode" rather than rro m the valence hand or the c rystal. 
In measuring the change or resistance with pres~ u r!;, one may still be measuring the increase in 
number orcarriers with pressure due to the (kcreasc in g:IP betwcen conduction band and impuri­
ties levels, which may well parallel thc chan ge in optical cnergy ga p. At suflicicntly high pressures, 
however, the impurities may all becom~ ion i'ed. Further decrease in resistancc thcn is due to 
increased mobility due to conduction hand broadening. In the mobility-controlled region, the 
temperature cocflicient of resi stance i~ controlled by ~ca tterin g, and thc conductivity is mctallic in 
the sense lhat the tempcrature cociTic ient or resistance is positi vc, hut not, perhaps, in thc sensc 
illustrated in Fig. I. 

EXJlcrilllt'lItal and rcsulls 
In the following sections is illu~trakd the approach to tile metallic sta te for thrce types of 

sys tcms: (I) the e1cments selenium and iodine, (2) a ~erics of sub~ t ances having til e zi nc blende 
lattice, and (3) the thallous hali de~. 

Fig. 2 shows thc rractional chan ge in optical ah~()rption edge with pressure for IOdine and 
selenium .:! This should bc a rel atively dircclmeasur~ or the gap between conduction a nd vale nce 
band. The gap extrapolates to zero for selenium at 125- 130 kb, and for iodine at 240-245 kb. 
T he irregularity in the shift for seleniulll at aho ut 40 kba rs is rep roducible and corresponds to a 
change in compressibility obse rved by Bridgman : 1 

Fig. 3 shows relative resi stivit ies a~ a function of pre~sure for iodine and selcnium.:; There is 
a very large drop in resi~tivity with pressure for both elcmcnts. At 128 kbars seleniul1l has a 
discontinuous drop of abo ut thrcc orders or magnitude, beyond which there is a small but 
continuous change in resi s tivity with pressure. The discontinuous drop in resistance may be due 
to a first-order phasc change, or may be caused by an electronic rearrangement as suggested by 
Hyman. G For iodine there is a marked discontinuity in the slope of the resi stance- pressure curve 
at about 235 kb . Thc resisti vi ties in the high-pressure region arc of the order of 10 4 ohm cm. for 
both clements. One is strongly temptcd to identify the discontinuities with the disappearance of 
the gap and the onset or metalli c conduc ti vity. These may well be examples or this expected 
behaviour. I t would be most desirable to havc measu rements or resis tivity as a function of tem­
perature at high pressure, and X- ray measurements of the st ructure. Unfortunately, neither of 
these are yet available. 

It migh t be mentioned that the ratio or slopcs of the optical gap versus pressure curves 
(Se/ I~) is 1'50, while the ratio of the slopes or the log rcsistance versus pressure curves (Se/h) 
is 1·67. This would indicate that thc change in conductivity is indced dependent on the gap and 
is not primarily a mobility phenomenon. 

Figs. 4-6 show plots of relati ve resistivities versus pressure ror the elements silicon and 
germa nium,? the lII-V compounds GaA5, GaSb, InAs and InP, and the II- VI compounds 
ZnS, ZnSe, and ZnTe. B The elements have thc diamond lattice, while the compounds have the 
related zinc blende structure. These structu res are relatively open, and it is not surprising that 
in all cases a first-order phase changc is observed. In each case the transition is accompanied by 
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a Iargl: drop ill rl: ~ i ~ tall cl:. Thl: l: ~ t i l1l ail'd rl:~i~li\'i ti l:~ or Ihe high prl:SSlIrl: phasl:s vary from 10 ., 
10 :I for 1.IlS to 10 !, I'lli' silil:oll. gl:f'lllalli lllll alld CiaSh. 

For all ;rine bkndc I:Oll1pOUlltb at atlll ()~phcr i l: p rl:~Sll re thl: liquid is lil:nSI:!' thall thl: ~olid. 
T hus all /il l' is Ill:gativc, and mdtill g or thl: sa l11pk at high prl:ssurl: coulu bl: observed. It is 
bdicvl:d, llowl:vl:r, thai in all cascs I:xec pt pos~ ibly (jal\s, a solid solid Iransition is obtaincd. 
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Fig. 2. Optical gap vs. p/'e.ullrc 
selenium 
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Fig. 6. Resistallce I'S. pressure 
ZnS -- ZnSe - - - ZnTc - - - -
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The data of Jayaraman ('{ al.D 1'01' IIISb indicl lt: a triple point at 335 0 and about 20 kb with a 
solid-solid transition at 1'00111 temperature :tnd 2J kb. The data of Gebbie el 01. 10 indicate that 
there is a large drop in resistance at thi~ point. By ana logy it is expected that a simIlar transi tion 
is occurring in thesc substances . AI~(), a microscopica l examination of the samples after a run 
gave no indication of melting, .ilthollgh they were rather badly distorted on removal from the 
bomb so that the evidence i::. not cil:ar-cut. 

In the case of GaAs thcre i~ a sharp dror in resistance at 245 kb, a relatively small change to 
280 kb, and a second drop of about an ordcr of magnitUde. It is speculated that here we are 
above the triple roint at room tcmrerature and that the regiOl~ from 245-280 kb represents the 
liquid state. Both resistance measurements as a function of temperature and high-pressure 
X-ray measurements would be most desirable on this and the other zine bien de type compounds. 

Fig. 7 shows the fraction al change of optical absorption edge with pressure for TICI, TlBr 
and TII.Il All of these have the simrlc cuhic (CsCI) structure at high pressure. (Til transforms ' 
to this structure at 5-6 kb.) All three exhibit a large red shift with pressure, the ratio of the slopes 
(TII/TlBr/TICI) being about 2'3/ 1·4/1'0. 

Figs. 8-1012 show the change of resistance with pressure at 25 0 and 120 0 (in the case of 
Til, a 145 0 isotherm is also included). For t he iodide there are three distinct regions: a very 
sharp drop with pressure up to about 90-100 kb, a second drop with about half the slope of the 
first part and, above 160 kb, a rclatively small change or rcsistance with pressure. In the first 
region there is a decrease of resi:-tance with increasing telllperaturc. The activation energy is 
about 1·1 eY. In the second region Ihere is a ~Illall bUl definitc increase of resistance with tem­
perature. In the third region Ihere i~ a significant inclease in resistance with tcmperature. 

TlBr exhibits the same threc rcgitllls, but the din-crence in slope between regions 1 and 2 is 
less distinct, and the transfer fro 11 I I,,!:ioll 2 to region 3 is less abrupt. In TICI region 2 is no 
longer distinguishable, but the i..,ol hrnm cross as for the other two compounds. The TICI and 
TIBr have activation energics oro· ~. (j.() r:Y, in the low-pressure region. 

Sinee these compounds wele not II1tensively purified, the source of conduction electrons is 
almost certainly impurities. Nc \"ert hek~s , in region I, we are undoubtedly measuring an increase 
in carrier concentration with prc~sure, probably due to movement of the bottom of the conduc­
tion band with respect to impurity levels . The relative slopes of the log resistance versus pressure 
curves (Til, TlBr, TIC1) are 2·7/1·2/1·0. This is quite comparable with the relative gap changes 
observed optically. 

In region 2, one is undoubtedly observing pi imarily the increase in mobility with increasing 
pressure, probably due to broadening of the cond uct ion band_ 

In region 3, the resistance i ~ disti nctly' metallic' in its temperature behaviour. If one 
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considers a T - II relationship, /I = 1- 2 ab,)u l ;1 " e\ pcded for Iallice scattering. Also the dirrerence 
in resistivity among the three halides at high press ure is considerably larger than one would 
anticipate intuitively from difTerences in band ~tructun::, This may well be an impurity errect, 
which could be modified by zone re fining of the material. 

It should also be pointed out that Ihe rC\lillS can be • explained qualitatively' in terms of 
Holstein's pola ron modclmentio ned earlier , Tlte low-pressure region of' activated rcsistance' 
would correspond to Holstein's high-tcmpera lure regime of' hopping motion' of polarons. The 
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high-pr.:ssure r.:gion would <:OIT<:\POll d III lii \ r.:gioll llr' band-type mobility' at low tcmp.:ralure. 
Sine.: til.: [).:by.: (':Il1[1aature would illn.:;! " hy all .:\limaled ractor or 2- 2,5 in ISO kbars ov.:r 
th.: pre~sure rallges u~cd ill this work, it \\llidd correspond to a ~ignillcant del:rease in reduced 
H':ll1pCrature. 

Conclil'.inl1 
These studies of the arproach to th .: 11l.:lallic slate at high rressLire arc in th.:ir initial stages, 

but til.: r.:suits pr,:s':llt.:d h.:re serve to dlu~lrak til.: kind or inrlll'lllatioll obtainable rrOIl1 iligh 
pr,:sslIr.: Illca~ur':Il1':llts. 
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