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ABSTRACT

Usino  ab  in t t io  pseudopoten t  i  !  I  s  the  proper t ies  o f
e I eclron-i, thono-ns and e I ec tron-phonon i n terrct i ons
in highly tonpressed Sl have been computed. ln
plrt iculrr. the hexagonal phases have- been
pred ic ted  to  be  suge iconduct ing  by  th ls  c . l cu la t ion .
itre superconductlng trlnsit lon tenperature for
hexagonrl Si has been measured for pressures- hetseen
l6-45 GP! .nd compared to the theoretlcal v.lue'

l. It{TRooucTl0f{

The crystr] structure of sil icon undergoes r proqresslon of

tr.nsform.tions as it is conpressed hldrostatic!lty to pressures >10

GPa. From r-ray diffrlctlon studiesl'J, this progression hls been

detemlned to  be t  d i .nond ->  be t . - t in  ->  p r in i t i ve  hexagona l (PH)  ->

hexagona l  c tose  packed(HCP) .  occur ing  rpprox imr te ly  a t  the  pressures

10,  16 ,  and i lo  GP!  respec t ive ly  (see F19.1) .

F ig .1 .  Progress ion  o f  c rys ta l  s t ruc tu res  fo r  S i
Solid circles lre nelnt to r€present stne ato.ls
betveen structures.
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The first of these phises ls semlconductlng, the l.tter ones rie
netal' l ic. Fuithernore. these metall lc ahases hlve been found to be
superconductl n9. Because of the grert senslttvtty of the
sup€rconductJng transltlon t€nperature (Tc) on the detailed prop€rt ies
of the electrons. phonons, rnd electron-phonon lnteraction. a study of
the pressure (P) dependence of Tc leads to . better underst.nding of
the  S i  l . t t i ce  rnd  l t s  bond ing ,

2. THEORY

Uslng db lnltto pseudopotent J r I s and the frozen phonon
.pproxlmationi the properti€s of electrons. phonons and the electron-
phonon interlctlon I in herlgon.l (PH .nd HCP) Sl have been
c c l c u l r t e d t 2 , 3 ] lle found that unli le graphite, the bondinE between
the  hexagona l  p ldnes  o f  S l  d tons  is  s t ronger  than s l th ln  the  p lanes .
Furthernore, pressure induces rdditiontl charge transfer fron rithin
the pl.nes to the interplanar region. Fhis charge trlnsf€r softens
the  t ransverse  acous t lc  (TA)  phonon propagat lng  a long the  c - !x is  lnd
enhlnces lts electron-phonon interaction. This i5 shoyn nore clearly
fron the P dependence of I for phonons propaglting along three
d i rec t ions .  The so f ten ing  o f  the  TA phonon a long the  [001]  d i rec t ion
ls  respons ib le  fo r  th€ inc recae in  the  cor respond inE I  ne l r  40  GPa.
S ih t la r ly .  .no ther  so f t  phonon mode. long the  [0 t l ]  d i rec t ion  is
respons ib le  fo l "  the  la rqe  I  near  20GPa.  Based on  these theore t ico l
values of I we erpect that Tc. yhich depends on l averaged over the
ent i re  Br i l l i on  zone.  to  f l rs t  decrease rap id ly  y i th  P ,  reach a
nJninum above 30GPa and then increase before 40GPa.

3. EXPERIIIEI{TAL

To verlfy these predlctions fe have neasured the pressure
dependence of Tc ln St betreen 16-46 GPr uslng r dlanond anvll cel' l
(oAC). A ner technlqu€ has been developed to lntroduce rires into the
DAC for four-probe reslstance measurements under qursi-hydrostatic
cond i t ions .  The sample  ras  .  s ing le  c rys ta l  o f  S i  doped r i th  3x l0 l4
cnt-3 of phosphoru s, ?5x25x15 (micron)3 ln s{ze. surrounded by r soft
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porder and pressed agcinst tro half-loops of f ine copper yire. A
stand.rd steel gasketing arr.ngerEnt is us6d, €xccpt that Alr0rCovder
ls used to insulate the vires fror the gasket, The sanp'le pressure is
d€t€rmined in sltu by n€asuring the shift in the fluorescence
yavelength of t lny ruby chips pl.ced .djacent to th€ s.nple.

The €rp€r ' lnqntrl results are shovn ln Flg.2r. In agreen€nt eith
theory, Tc first decrelses rlth piessu!€ above 16 GPa and relches a
minlmum vllue of 3.3 K around 37 GPa before increasing sharply to 4,9
f. The lnttlal decrease agrees xith the experircntal results of Chang

f i l
et. l,r-J. Around 40 GPa Tc drops sudden'ly back to 3.5 |(. presumbly

-\_-., due to . tr.nslt lon into the HCP phrse, In this ph.se Tc lncrerses
very slovly ulth pressure in agreen€nt ulth the theoretical
Dredi ctlons.

Fig.2 a) l ' leasured supercon-
ductlng trrnsitlon tenper.ture
Tc for Sl versus pr€ssur€, b)
Crlcu lrted pressure dependent
el€ctron-phonon l lntertction
strength for three phonon
Yavevectofs.
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4. DtSCUSStoil

ov.rrl l  the .rperlnrntl l P dependence of Tc agrees rlth th.
theoretlcr] piedlctlon. A qulntlt l t lve cofiprrlson batr€qn theory lnd
experln€nt ls not nelnlngful at presrnt bec.use I hrs be6n c.lculated
for phonons proplgatlng along threc dlr€ctlons only. Also ln thc
present cllcullt lon I ' ls found to be dlverg.nt at the bet!-t ln -> PH
tmnsltlon becluse thr frequency of thc phonon ln thc [011] dlrectlon
decrerses to zero rt th€ phlse trlnslt lon. Thus the present th€ory
br€lks do vhen a phonon nod€ becofie3 coiplctely soft.

An addltlonrl phrsc transltlon lnto r n€r I nte]'ned I atod /Dhrse (Sl
VI) betreen PH and HCP has bcen observed by OllJnyt et al.t 'J ln Sl
betvcen 36 !nd,40 GP!. (although thls phrsc hrs not becn scen by Spaln
and cororkerFJ ). The x-ray dlffr.ctlon plttern of SJ Vt crn be
expl!lned by a doublc HCP (DHCP) crystr' l  structure. (3t!cklng order
ABACABAC...). Horevar a totr' l  energy calcullt lon perfonned for DH 5l
shoys that thls phase ls n€t lst.ble. If further x-ray dlffractlon
3tudles conflrn the ex'lstence of Sl Vl, then the lncrelse ' ln lc
betseen 37 rnd 40 GPa could be rssoclrted flth thls Dhlse.

5. CoflCLUSIo
In concluslonr re have lnvestlgltcd both thooretlcally and

erperlnentr' l ly sup€rconductl vl ty of hlghly coogressed Sl ln .lts
herrgonll phlses. Tha masurcd prlssurc dapcndenca of Tc crn ln large
p.rt be axp'llln€d by th. .ffect of soft phonon nodca |hlch accomprny
structur.l phlse trrnsltlons. Res.fch rupportcd by Doprrtmnt of
En+gy, KJC rnd l4LC rre rlso supported by l lSF.
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