
yl111.i iroln gates -4 mil B to the output Jots 
;iL1~led CI I I I ~ ) I I L ) ~ L I I I ~ ~  t e r ~ n  t c  the L~L)r~ler sl l~tt ,  
but 11- ~ l l d c ' ~ l ~ t u ~ i e  \\.a\ smaller than that of 
the pcrii~~lic i h ~ t t  ~ x e r  the \,oltage range i ~ i  

iillc clt'ctri~ll s \ ~ l t i h  111 the I ~ P L I ~  Jot,. 
\Tie comyal-e~i the k)l-<erl.eii horLlrr h i t t  

\vltll t he i~ rc t~ca l  r e s ~ ~ l t \  ( F I ~ .  3.1!, \ ~ h l c h  
~nc lude  c,incelatian l-i>ltaqe. anLl all expel-- 
ilnentall\- ,leterrnillei1 cap;rcitances. Tlle 
t l ~ e i ~ r e t ~ c ~ i l  results n-ere k)l?t,ilneii 1-v nlilll- 
mi:lllg the cla\ilcal e l cc t rwta t~c  entry\-  inl- 
the array k , f  i .la~lJ\ a n ~ l  \.i~ltage Ic.aLls. T h e  
f i 1 l l - c ~ i ~ ~ ~ i c 1 t d l 1 ~  ~ l l a t r ~ x  \va\ ~ n c l ~ ~ ~ l c ~ l ,  anil 
the  rn ln im~~rn  energy charce c ~ ~ n f i ~ l ~ r a t l o l ~  
\v,i\ c a l c ~ ~ l ~ i t e ~ l  sul?iect to the c i ~ n ~ l ~ t i ~ ) n  that 
~\lan,l c11;irge I>c an 1nteCc.r ~ l l u l t l ~ l e  i:lt elec- 
t r o n ~ ~  cll;irc. F~nitc. tcmpcrat~~l-c  ~ i f c . i t ~  
ivere obtained I.\ thermi>dvna~n~c a\rerai;~llg 
k)lZcr all nr,irl>v charge contlgru~-atioll~. Es- 
r c r i m ~ n t  an,l thci>l?- matell \.en, nell with 
only the -x~l.strate I-acl<qro~unkl charge and 
temperature a. fitt~n!: jlilrameter.;. T h e  
I~ackgri)~ulii charqc aLiL1s a l-allLlom k)ffsct ti1 
the  p o s ~ t ~ ~ l n  of the border l ~ t  Joei  110t 
c11,in~e t h r  mag~-i~tukle 01- rc~-io;l ot the ij17- 
,sc.rvcki i l l~ f t .  T h e  I7c.t fit ti1 e s p c r ~ ~ n c n t  14 

LII-tainekl fils a ternreratuse oi 50 inI<. T h e  
ilicreyal-ic\- hetn eel1 rhib anLl the l?;lr tem- 

Fig. 4. IAI  \Joltage 0.1 dot 0 3  of o ~ l t p ~  t doL ole clot 
as aIC11icto- of cIr~\;er voltage '1.b: = ' , / ,  -1.1;~iyIes 
are expei11-iental cl~t;, 2nd s o d  n e  :e:resemts 
; I -eoret~a \!alaes a i  50 314. For refereice i l ieo- 
etlcal data at 0 K :dotted l ie :  are slio,,;,i IB: 
Ca8ci!';ted charge on dots C3 2nd 03 as a f,nc- 
t 0.1 of drl\!er \!o tage fo: Sr,,r,i = C,,, = 0.65 
e ,n'?   ex per^?-enta ~valuel. So d ? e  I-epresents 
clia.ge on clot C3 i t  3C ,114 dished I i e  is c l i ~ r g e  
on clor "J at 5C mK z i d  dotted I - e  is c l i a r ~ e  on 
D3 at Z 4. ~ C J  Z a  cula~ec: charge 011 dois C3 and 
r.. 
J; 2s a fc!rict~o,i of clrlve: ;,ot;;e fol 51,1,2 = 

CLI,_ = C -,,=,.,,. = 2.1 e ti-\:. S o d  n e  IS c l i ~ r g e  
on clot 33 3;t CC 1-14 ;,id d~s l iec !  line s cliarge on 
do: DL at 5C I-1K. 

yerature i3f the Llllut~on retrii'erator ( 1  5 
I ~ K )  111c>\t 11liely occ~u-. I-eca~~be of heatlny 
o t  tllc elcctl-~III u l ~ ~ y ~ t c m  hy e l ec t rom,~ne t -  
ic al-iii tllerlual noise inurcc.5 (,-) anLi the 
r~ppl~eL1 4.111. e x e i t c i t ~ ~ ) l ~ .  Tllir efti'ct 1,; CL)III- 
11lo11 111 t~-a~l>pi)rt  experi~~.lellt- t e ~ l l j > e ~ . ~ ~ -  
turc. l~elc~\v  lP0 ml< (6. 7 ) .  

T o  ihi7w that  t he  observed 1-c~riicr .Iliit 
rej11-esents a p o l a r ~ r a t ~ o n  s \ ~ i t c h  of t he  cell 
at  t lnitc tempel-at~ul-e, n-e colnl i~nc.~l  tlie 
re>~llt-. Llt t11e l~orLler-~l l l f t  l l lc<i~~lrell lell t> 
j F ~ g .  3 )  n ~ t h  Illea,lirclllelltr of t he  e1ectri~1- 
static ~ ~ a t e n t l a l  the  Jol~l - le  ilot. T h e  
e lcc t ros ta t~c  pntentlal  i)f each L i ~ ~ t  In the  
i l ~ ~ l ~ b l e  LIor \\.a> ~ncayured \ ~ . ~ t h  tile ,ame 
.{el-ice 17~1t with 131 ,111~1 D2 as electrome- 
ters ( 9 ) .  Thc. r e u l t  is slli11~11 111 FI:. 4A, 
n.11ere ive p l ~ ) t  elcctrk)~tatlc potelltial o n  
Ji>t D.3 as m e a \ ~ ~ r e ~ l  1.1- electrometer D l .  
tc)getllrr n - ~ t h  thci~retlcal  c a l c u l a t l ~ ~ 1 1 ~  L I ~  

the  .;am? p a t e l ~ t ~ a l  a t  L? anil 52 1111<, ai a 
functic)n oi J r i1 .e~ \.oltage 1. ,. T h e  calc~l-  
Iatcki e sce \ i  ellarye 011 ~,i lanii \  133 a n ~ l  D4 
of the  L lo~~ l l l e  J o t  a t  Si' mK allil, for refer- 
ence ,  t he  charge o n  L3i a t  C K arc 11liii- 
c a t c ~ i  111 Fig. 4B. (:ll,ir?e ,sn.itchi~l$ occrlr\ 
a t  I.., - -3,s m\', ck)rrc..;pi~n~lil~y tk~ an 
electron .;\\-itch In the  111p~it Ji~~i-b. ; in 111- 
pLlt l-cllt>ige >\l-lllg 11. , = of 1 .3  lIl\' 

I. suttlcient tor 11c.xrly complete rl-anbtel- o i  

in the  theori.tic~i1 plot (FIF 4Ci, where we 
\et  t he  conpling capacitance to  be equal to 
,I lrlllctioll capacliance.  T h e  Ja t a  of FI?. 4 
confll-m that  the  c.xrcr~mc.nt~illy o l ~ ~ e l - ~ - e i l  
I I ~ ) I I ~ ~ c ~ ) I ~ ~ ~  ~ h ~ t t  rcprescl~t i  tl1c polar~za- 

. . 
tiill1 ihallnc oi  a i ~ ~ l l c t ~ o l l l n p  QC:A cell. 

T h e  QCA a r e h ~ t e c t ~ ~ r e  I; a l~l-e,lk from 
the FET-l>a>c.ii pal-a.11ym k)t tllg~tal loglc. 
Li:lpic lc~!els arc. ellck)ilckl n o  lonqer ;I\ volt- 
aci. o n  cap;lclt~)r.;, 11-hlch IIILIS~ be c l l ;~ r~e i i  
and iilscharueii b> current sn.itclle5, llut 
rathcr ;la the yos~tions of electrolls n.ithm a 
cell. T h e  scalal-il~tv of 0C.q offers the ill- . 
ture po~ . l l~~ l l ty  of finnct~anal Llel-~ce> that ,  at  
the mi~lcci~l,ir le\.el, can operate a t  room 
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Although xenon becomes meta.llic at pressures above about 100 gigapascals, a com- 
bination of quantum mechanical calculations and high pressure-temperature experi- 
ments reveals no tendency on the part of xenon to form a metal alloy with iron or platinum 
to at least 100 to 150 gigapascals. The transformation of xenon from face-centered cubic 
(fcc) to hexagonal close-packed (hcp) structures is kinetically hindered, the differences 
in volume and bulk modulus between the two phases being smaller than we can resolve 
(less than 0.3 percent and 0.6 gigapascals, respectively). The equilibrium fcc-hcp phase 
boundary is at 21 (23)  gigapascals, which is a lower pressure than was previously 
thought, and it is unlikely that Earth's core serves as a reservoir for primordial xenon. 

L i k e  the  i ~ t h r r  ~li,lilc elemel-it\, S e  i> ellas- 
;~cteri:e~l 1.1 ,I re l i~ctance  to form cl~emic,rl 
bond.;. InLIeeJ, cl-iemlcal i~lcrtl lcs,  ma kc^ 
the  nol3le Pare> ~ l s e t i ~ l  a> tracer> tl-iat l1elp 
rc\.e,rl t he  e l - i i l l~ t~on  o t  planetar\. a tma-  
. ;r l~eres and 111teriori i l - 6 ) .  T h a t  Xe C L ~ I I  

bo~-iti t c  form cornpounLis t7-C)) anti even. 
at  111~11 yressi~~-eh, a 11ex;iuc~lldl c1o.e- 
racl<ekl thcy! metal  ( ld-1  L!, open\  L I ~  t he  
po,sil,~l~t.i t11,lt :coihemlcal t r e n ~ l <  ot the  

p la l le t \~  llLTl?le cas ~~l~LlllLl:~llcc,, CL3Il 1Y ill- 
t l i ~ e n c e ~ l  I>y chemical reacti~)l-is t;il<~l-ig 
lil,ice a t  t he  e levate~l  preh.ilrcs and tem- 
pcratllres oi planetary ~nter ior* .  Sliec~tical-  
Iv, t he  rclat1r.e i i e l ~ l c t ~ o ~ ~  of Earth's a tmo-  
s p l ~ e r ~ c  S e  ck~mp~ired . iv~th llleteorltic anil 
sk,lar a l . l~n~I , lnce- the  geocl~e~l l ica l  "mils- 
111: Sr" p r o l ~ l e ~ ~ ~  ( 2 ,  1.3, 14 )-silgqest.: 
tha t  i ~ j i n ~ f i c a n t  a m o u ~ l t s  c ~ t  E<irth'. yrlmor- 
J ia l  Xe COLIILI  lie seqi~estereil at  depth ,  



~n.;lilc the  core ( 1 5 ,  1 6). 
Here \\ r In\.eitlg,ite whether cl-iemical 

i n t e ~ - ~ i c t i ~ ~ ~ ~ s  t<il<illy plcice ~t 11i:ll p r c , < \ ~ ~ r e >  
ma!- intluelice tlie i l i~ t r ihu t i in~  a t  Ne ~ v i t h -  
in the    la net. Tl-i i~ i~ a n  e s t en> ion  i)i li>\ver 
yres>lwe qtl~~lie.  tha t  111Lilcati. 11i) y v c i a l  
te11de1-ic.i. of Xe tii blnLl n-it11 ~11~1 p<irtitial-i 
~ n t o  c , ) re- tc) r rn~n~ Fe LILT ti) prefiureh l t  10 
gi,~,ipa>c.il>(GPa) (17).  Hone\ .er ,  t he  
propestles allci el-en the  ekl~~ililirinrn phaze 
transit~al-is c~t  Xe a t  high yre\sureq remall1 
unclcnr. For example,  Jeylico,~t 2t ~ 1 1 .  ( li) 
fi)iinil from x-ray iilii;.actlc~~~ stlldies ; ~ t  
rt-ik)rn ternyeratlire that  Xe ib aral>le in the  
bee-centereil ci11ilc ( tcc)  p11,1se i ~ p  t ~ )  14 
GPa  anil 111 the  her ahol-e 75 G P a  
1113 ti1 ,it lec1qt 137 G P J ,  but the  diflr;ictii)n 
p .~t teni  anti crystal structure Ivere 110t 11-ell 

cell 11-e ccirrleil out experiment< < i l l  wmples 
i>f Xe a n ~ l  Fe u r  to pres>ureq o t  70 G P a  
(19) .  For :I \ampli. he l J  a t  a prcsqure a t  
abiiut 50 C P a ,  t he  x-ray dlt trait ioli  pat- 
tern chanpeLl as the  \amlile \vas ht.,xteLi ti) 
peak temperatures oi 32C0 K (Fiq. 1)  (Zc'!. 
K'e I.eliel,e that  tlie chalice in Lllriraction 
pattern 1. Ll~le  to tlie Xe rranstirrn:iny tram 
tcc tc> hey  strrlcrrire?, n.irhour any i ~ x l i c , ~ -  
t lon of i1iernlc;ll reactIan 1-etl'ieen tlie Fe 
anti S e ,  for t n  c> reasons. Fir?t, t he  iliitrac- 
ticon ~ ~ ~ t t e r ~ i  ~ t t e r  I I C ~ I ~ I I I Q  a t  5 G  CP'I cor- 
re,p<?llLi.; to tllcxt exrectei1 fils d 11llxtLlre <It 
k c  and hell Ne, along with ~ i n r e ~ ~ c t e ~ l  licp 
Fe. Ai ter  acii>ilnt~nc'  for the  rre,sure Lie- 
peni ie~ice  o t  lattlce p,lramerer$ and the  
lTre,ence o t  Fe. 111.11. 52-GPa Llitfractlon pat- 
tern  15 lde~l t ica l  to the  dlt'iractlon pattern,  
ol?taineil 'v i ~ ,  anii I?\- Jephcoat er ' 1 1 .  ( 1  3) 
tor Sr taken ti] 7 J  to  75 G P a  I\-lrhout 
heatinp. C l l e ~ l l ~ c a l  rec ic t~ons  are i ~ n l ~ k e l ~  
tc> ixcilr in rlie iln11r;iteil :ample.;. There-  
t l ~ r e ,  our interpretation t;)r tlie 52-<>Pa 
.;ample, atter liearini! i, tllat t l~e , e  are ii1.t 
111~2 the  unheateLi samples a t  7L1 to 7 5  GPzi: 
I n  1 ~ 1 t h  c ~ ~ s i . ~ .  Ye 1s simpl\- i n  tlie yrc>ces, 

5eco1ii1, n.e cnrrieL1 out in~ieyenilenr ex- 
periments o n  samples o t  Pt and Xe laser- 
heateLl at  52 (;PA. Platinum is expected to 
hi. 1 e s  r e , ~ c t i ~ e  than  Fe, anLl 11.e obtaineii 
iilelitical r e > ~ ~ l t >  '15 be t~i re :  T h e  x-rar Jif- 
fr'ictic-i~i patterns can l ~ e  e~ir i re lv  explalneil 
111 term, o t  <I c a m l ~ ~ n a t ~ o n  of tcc anLI l icr  
phase.; ilt Ne, alonfi 1 ~ 1 t h  unre;icteLl k c  Pt.  

I \  A. Cald!; e ancl Ci !ea,-lsr Y?eca~tl;-e,-- c:i Ge339, 
s,itI Se-.rrn:s zs. ~JI-,.eVst, 3f Ca-31;a Eeke el, ;fi 
SIL;~: IJSfi 
J H U.~~,e,i Ceus~il--el-t c:f Fhfs 7s IJ,- ,,e:s~', 3f Cal 
ic :  1-13 Berkele. ;A 9a;23, USA. 
E, ci 'f~rn~iiel-. = I~;~L*I, S G - 3 ~ 1 8 .  3e:a1-1ne,-t 3- 

nl--.s~cs, UI - ' ,~ ,SI -$  2- Caf311-a, Belltee!.. CX 9::2Cl. 
US., a'id :/:aieals Seer-zes DI son, a.v*e'ice SeIte- 
e,: Us-3nc Laco'.st31,. Be*.liele:, CA Sa-23 USA. 

Fig. 4 .  Sir~~c;,ra trans- 
foln:atlo.i of c~jstal l~ne 
Xe slio,!.'~i by c l i ~nges  111 

x-ray d~ii:acton patterns - 
take.1 at lilgh pressure 
: ~ t  room tenipelmt~~~e. 
before ancl a ler  pa~tlal $ 
2nd t-en co,np ete 1ie;t " e 
, i g  to ~ s e ~ k  te~?-per;- L 
tc!res of 30CO ie30C1 K :g 
;t 53 1121 to A7 1e2 k? 
GPa :p,.essure relaxes .f 
s ~ ' t  y ?!pol7 l iea t~~ is )  :f, g .- 
fee: l i ,  Iicpj Arlo,!.'~ , i d -  5 
cate sti~fts 117 peak nten- $ 
s t~es  due to gro\;'jtli of 
t i e  ticp relat~'.e to tlie'cc 
.~l iase of Xe viltli 117- 

c re~sed lie;t~.ig ?id as- I .5 2.0 2 .5  3.0 
te:~sks nc l ic~ te  lseaks d spacing (A) 
di!e to Fe ,i ti78 sa,?iple. 
T\,:o peaks 111 tlie u?ieated sa~r.,le are clent~f~ed as :tie 11 C1, z i d  OCI cl i iract~o~i lines iron- ticp Xe. 
After the s;,-iple s tieated, first partla y then it~lly, the l icp 11 01 j ax1 11 OC: peaks go,!.' 111 intensti/ ,!.'hl? 
tile fcc 12COj pe;k d , nns ies  ,i ,-,ens ty. Tlie cl i i r ~ c t o n  patter? of t,-e icrlly ,-sated ~;~,?ipIe a so sho\,:s 
e::de,ice of ,ie,!.' 1pe;ks tliat can be 1,-clexed as licp :2C1 1 z i d  : -  031 peaks. 

T h e  results tor Pt + Xe saivlyle c ~ ) n t i r m  
that  the  k c  -+ hcp  t r a l i ~ t c > r m , ~ t i o ~ ~  ot Xe 15 

kil-ietic<ill\ s l u r ~ l s h  and there t i~re  goes t ~ i -  
\\-arL1 cc>mpletion at  rnucli 1i)n:er yres.;i~rcs 
1111 lajer he;iri~ig than  aylien thc  ~ a m y l e  i, 
merelv cc)myreseLi a t  room temperat i~re .  
T h e  crystalli~graphlc unit-cell rarameters 
t l ~ r  t he  tcc a~ i i i  h i r  t r u c t u ~ - e .  are c o h e r e ~ i t  
over tlie broaii p re su re  ranye in \vliicli tlie 
tivk~ plha,eq are i>l~ser\~eLi to enexlst (Fig. 2 ) .  
Tlie fact that  n.e elin C O I I ~ ~ I I U O ~ I , ~ ~ T ~  AIIJ 
rever~ll?lv traclc the  e\.olutlc>n of dlttrac- 
tloli patterr ,?,  fro111 fee a t  1011- pressure; rk~ 
nearly pilre licp ;it h isher  yres,sures, glr-es 
i ~ s  colifidelice tha t  11-e are ilc>cuinijntiny a 
(1.1-ital strr~ctilral rr , insf~~rmatial~i rather 
tllali a e h e ~ l l l e ~ l  reactic~n. 

Fig. 2. Cl;i~t c e  garan3e- 
ters for t t ~ e  fcc (a: and 
Iicp :a cj phases of Xe 

oited aga,?st plessure. 
L~nes are f 0,-? oclr theo- 
,.ei~cal talc-. atlo-s for 
the statc ai ices,  ivtiere- 
as sylnlso s , ideate ex- 
perme?ia <esL, is  from 
tiis present siL.dy i-.p- 
:ward-pontng i:angles, 
sa,nples conia~n~, ig Xe 
anci Fe downr;!ard- 
pontnc. trlang es. saln- 
~ ~ l e s  con ia~n-g  Xe a,id 
Pt; SO Id ?,;id OIIel? S):lT1- 

bols 1;idicate ?leasure- 

I11 i ~ r ~ l e r  to further checli thi. conclu- 
sic-in, n-e carrleLi out a13 illitlo total-eliercr- 
calc,llationq n-ithin the trame~voi-k i)f cleli- 
,it\ tunctio~lal  rheorr- 111 the local Lle~i,ity 
~ ipyros ima t~on  (LDA) ( 2  1 ) .  E11t1~11l.y cell- 
culatl~)ns n ere 13erforrneii to &termine tlie 
a th i l i t \ -  of ;i ,et of Xe anti Fe ii1111youniis- 
XeFe, Se,Fe, a ~ i J  SeFe,-in hell racking 
relati\-e tci tha t  o t  separated S e  a~ i i i  Fe in 
rlielr hlgli-preazilre hey p l i~ses  (Table 1 ). 
Firs lllgli pressures (>lL70 G P a ) %  \ve also 
eo~i>i~iereci tht. l lexagi~nal L,n.es pliClse a t  
XeFe,, a tructrlre that C ~ ) ~ ~ ~ ~ P ~ ~ ~ I ~ ~ S  ti) 211 

optinial p,icklng of Fe , ~ n ~ l  Xe atom.; liavlny 
illtterent a t o m ~ i  railli ( 2 2 ) .  O n e  i)f 
checkinc' the v-illilitv i)t tlie rheoretlcal cal- 
c ~ ~ l ; l t ~ o n s  l, to compare them n.ith tlie 111qh- 

~me-ts taken upon co,n- I 
, 1 1 1  ~ l l l l l l l l l  

~ ress~o ,?  a,?d d e 0 . n -  0 2 0 4 0 60 80 100 120 140 
press~o'. res;)ect~,.,eIy: Pressure (GBa) 
iron- the i^~ork of Je;)li- 
coat e: a1 ,:8) , s ~ ~ ~ a r e s ) :  and fcotii cre',;ous determt ia io?~ of itie fcc a t tce  para?ieieC at zero pressure 
and 83 r< (36) (astersk at upper eft. I -  our stud):. the a i t ce  ~saral-ieters !were deter~~ ined from : I11 ) ,  

22'2) and 13'1) a i d  f 3 m  ,lo';) 10,221 , I  2 1  and 110) c f rac t cn  peaks fcr the fcc: 2nd licp sirtrtures. 
respect !el?, and the L.tice;?a~nties are s;naller tnan the sylnb3ls 
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pressure x-ray ilittr;~crlt>~i me,isurement, ~)11  

the tcc ,inLl hcl- p l i ;~ , e  of Ne. X'e flliLl 
agreement bern.ee~i tht. calculare~l ~ 1 1 ~ 1  013- 

serveJ latrice p ,~r :~meter> o t  the  tn ;~?  yh,~ses 
of S e ;  the theoretical 1,rrrlce p,lrameter. are 
sliYhtlv lo\ver t11;in the  ol~xel-1 ell \-alueq. a i  
expecteL1. I~ec; i~l .~e  the t~3rlner ii tor rlie .tar- 
IC lC~t t lce  (Fisj. 2 <IIIJ 3 ) .  

O\-er the  pres,ure rance 17 to jCi? C>PL~. 

ho l l i l~~ ly  15 so \\-eal; that it Joes not  corn- 
yelijare for rile enerqerlc co\t  o t  13reaklng 
the stronc Fe-Fe honil in 11-011, t> \~en  ;it 152 
to 517C <>Pa; tlie eneqetlcq ;ire ~ l ~ l t a \ - ~ r -  
able t11,lr this i. lilcelv t c  1.e true t , ~ r  orller 
ztructureh , ~ n d  Fe:'Se stc)ichlometrie\ than 
those n.e h i v e  c i n ~ s ~ J e r e J .  I11 ,linrt, tlie 

tll? ~olL11lles of the t\YLI llllases are Llltfic~llt 
t c  ili~t1ng1.1lsli (2.5, 25).  Along \vith the 
i l u ~ ~ i s l ~ ~ i e , s  tcif the t ~ - ~ i ~ ~ s i c ) r ~ ~ i ~ ~ t ~ t > ~ i ,  tlie cltnbe 
i)rlentLltlon relation l?er\veen the  tlvo stnlc- 
t u r l l  (26) can expl,iln nh7 Je13hcoat 01.  
( 1";) ol?ser\.eJ comp1i.s s-I-a\ illttractlo~l 
~wrterns  trom Xe ci)mrresse~l at  roo111 tern- 

theorerlc,~l ~ ~ ~ l c u l a t ~ o n s  support our conclu- 
s ~ o n  tli,it the  extyerinlents c ~ l e l v  ilocument 

per,Itrlri. ( ~ v i r h o ~ l t  heating) 1)erwec.n 14 anil - 7 

1 1  GPn. 
'Iltliough tlie l1o1iiiin.i 111 Xe, like tlie 

other 111)131e gases, lias o t ten  heen moLleled 
th ro r~gh  the  11se of pair potentials, tlie 

tlie Xe-Fe c o m p ~ ) ~ ~ n ~ l s  ;ire L ~ l l  energerlcallv 
rullt~\.c>rable (Tahle 1 ) .  E1.m a t  5Ci7 GPd. 
the  el it hall^ t't rlie most i;~\.or,~l?le corn- 

the rranstc)rm;itio of Xe h n m  tcc to h i p  
strlIctllre,<. 

S \ s t e ~ n ~ i t i c  esyerlment.; \\.ith ~nc reas i~ ig  
yorunil tha t  \\.e consldereLl, the La\.<, phase, 
exceeds that i)P iet.arate S e  a1ii1 Fe 1yv '1 

:inil ilecrea5ln.i yre,stlre prdl .~~l i '  estl~llare 
o t  1S to 2-1 G P a  tor t l ~ e  eirrulibr~um tcc ++ 

reI,~ti\-el\- l k ) n  ice-hcp rralisitloll p re su re  
i l l u ~ t r ~ ~ r e s  a iie\-l,itio~i from . r~ch a s ~ m ~ i l e  

re.;pectal?le 17.9 e\>' per ~ L J ~ I ~ I L I ~ , I  unit. Inileeil. 
theoretical diitr;ict~on pattcrli> c;l l iulattJ 
for each a t  [he L I L I ~  Se-Fe phaie.; ll.;teLl in 
Table 1 ylelL1 n o  march 'iv1t11 any o t  the  
e s ~ ~ e r ~ m e n t a l  result.. 

h i p  t rans i r~on pressure of Xe at  roo111 tern- 
yerarurc ;lnJ to - 2 X 2  to 3JZC I<. but n;1t11 
;i pres;ure ranee ot' 9 to 7L7 C;P;I, ovcr I\ hicll 
lire t>hser\.e the coehi-tence c)t I-0th p h a e c  
1~c~11.1se tit the l u g y ~ \ l i  1<1nr t i s  (Flgs. 2 anil 
3). Theoreticallv, n e  ca l cu l~ re  that the  
plidse t r ~ ~ i i i t i i > ~ i  i~ exl~ectei[  to occur at  
ahout 5 (>Pa tor the st ,~rlc l ,~tt lce.  I\ hich is 

niodel i;)r t he  i l i rera to~l i~c  forcw a t  lligli 
yresures ;  the  t r , ~ n ~ i t i i ) n  pressure is pre- 
J ~ c t e d  to be cil-i)ut 64. G P a ,  even ~v l i en  
three-hoJv inter;icri<)n term, are 11icluilei1 
(29 ) .  For comparison. the  all lnlrio quan-  
tum mcch;~nic;i l  approach yresenteci here 
ib 111 ~ y r e e m e ~ i t  n irh tlie exper in le~ir~i l  Lie- 
rerminario~is i) t  the  t r ; ~ ~ i s ~ t l i ) ~ i  pressure ,ind 

hlore than ju,\t c o n t l r m i ~ i u r h e  experi- 
~ n e n c ~ i l  f i~iLlin~s,  the  t1ieoreric;ll c:ilcula- 
rlonq are important L)r u n ~ l e r s t a n d ~ n ~  n.11~ 

in  ge~ieral  Icreement n ~ ~ c h  rlie exyerlmenr~il 
results. C h r  static-lattice r,~lculatio~is ic- 

tllr comyounLls ;irs sii enerperlcall\ ~ ~ n s t a -  
ble. \X'e tinil t l i i~t  ,~ l thourh  the Fe ato11l.: 
tor111 1-nnils amony each other,  the zpherlcal 
c11,ir~e dlbt r i l?r~t~o~i  ,irorl~iJ the Xe site< re- 

nore \-ilir,itic>nal (zero-point ,inL1 thermal) 
e t k c t j  and 111;1\- butter from the shortcorn- 

In ~ I . I I ~ I I I , I ~ ~  theorl- ;111~1 exyerlment ,ir- 
gue a q ~ r ~ n s t  the 11l;ellhood o t  S e  banding 
1 ~ 1 t h  Fe i)ver the pressru.e r:~nye examined 
here, ~ n d  llence of Xe h;ivlntr p;~rtltloneil 
~ n t o  ccire-hrminc metal to , 3 1 1 ~  s ~ r n ~ f ~ c a n r  

m ~ i ~ i ,  relC~ti\-elv u n ~ i ~ . t o r t e ~ l ,  sho\vinP rlie 
l<lcl< o t  a n \  i i g i ~ f i c ~ ~ n t  l-oncllng n ~ t h  the  S e  
at 111~11 yrc.;c1lre,.;. Thr~s. all\- i ~ i c i y ~ e ~ l t  Xc-Fe 

ings ot rlie LD.1. Therefore, the  ;lr:reement 
l?et\\-een thei~ry  ,md exyerlnlelit nla) be 
i?mr\vhat  to;.truti)~~s, vet the ,ma11 energy 
dii-terence calcr~lated tor the  t'ivc' phases 1 ,  in 
~ c c o r d  1t11 tlie exreriment;illv ~>b.e~-\-eil 

, , 

L1egree 111s1de E,irth. It appe;lrs that the 
"mi i ing  Xe" pri,l~lem o t  p l a n e t ~ r y  qeo- 
chcmistr\ m11st be r eo lved  177 otlier mech- 
;i~ilsm. ( 2 .  3 ,  14.  17) .  In pa r t i c~~ la r ,  tlie 
oI~.;er\.e~l ~iatte1-11 ot no l~ le  ca.: al~unilances 

Table 1. For,--aria,- enrnal? es of XeFe ccn-- 
~ o t l n d s  ircli-I rhea,!.' ~ e e c r r c n  ~ o i s  13e/ forl-iLIa 
.In t ' ,  

> ~ ~ ~ ~ l a h l l i . ~ s  . ~ o t  the ph,~se t r ans i t~o~ i .  T h e  
t l i e r m c ~ ~ l y n a ~ ~ i c  Liri\-i~ig torce h r  the k c  -> 
l1cl3 t r ; l~~ , . ;~ t~ i>n  iq ~ I I I ~ I ~ ~  (2.:). L l c ~ l a l i a ~ i  (24)  
Llisc~~sse.: the or i~11i  t>i t h ~ ,  L l r~ r -~ng  ii)rcc ficr 
areon. 

appears to 11a\,e heen .et 'ehrc Earth ; i ~ i L i  

the terrestrial lil;i~lets 1vei.c h l l \ -  'lccreteil. XeFe? Laces 
P,.essu,.e XsFe Xe,Fe XsFe, 

S p a ]  1PGrn2 ~%ln l  ,P%ml 
IPS- mmc l  

S 5 .2  5 7 49 - 

5 0  3.7 4.3 4 4 - 

10'2 3 . 3  3.6 4.2 - 

155 2.6 2 .2  3.6 3.1 
503  1 .O I 2.8 0 3 

-Tliz en+li;~~?, 2 i  ihe : O , ~ ~ P S L I ~ C I  .a :I; sia I -  a ~ ~ ~ e -  sl,;:e 
( _  o.lp) '--nLls +I-e z8it ?a 3'; 3f ti'z sepirate e e'liz'lts 

Tlle s ~ m ~ l a r i t \  111 eneryle,. l~etwecri the 
f ie  anL1 h i p  l~h~~. ;e . ;  i i  llli:lilighted by coilr 
i ln~i ing that the t\vo pliaw. ha\-e esperl- 
mcntall\- ~~ ld l i t i ng ru~ l~a l l l i '  yressi~re-1-vlilmr 
euuatlons of state (2.5-27). T h e  c l o ~ e  s ~ m i -  

rather than havlng heen srtbseqr~c~itlv 1noi1- 
1i1ed ~1r1c tu i ~ i c l u s l ~ > ~ i  ~ n t o  tlie core. 
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fit to our data gives the volume [V0) of the hep 
phase as being 0.3 (±0.5)% larger than that of the 
fee phase. Overall, the values of V0, K0, and K0' for 
the two phases are within mutual uncertainties and 
are in close agreement with previous determina
tions [K. Asaumi, Phys. Rev. B 29, 7026 (1984)]. 

26. Experimentally, we find evidence for a topotactic 
relation between the two phases, which suggests a 
martensitic or "military" type transformation [J. W. 
Christian, The Theory of Transformations in Metals 
and Alloys, Part I (Pergamon, New York, ed. 2, 
1975)]. The (111) peak of the fee phase and the 

(002) peak of the hep phase appear at the same d 
spacing, which implies identical orientations for the 
close-packed planes in the two structures [A. F. 
Schuch, R. L. Mills, D. A. Depatie, Phys. Rev. 165, 
1032 (1968)]. A similar geometrical relation ex
plains why three other hep peaks, (004), (112), and 
(110), are also coincident with the (222), (311), and 
(220) fee peaks. It is possible that the detailed 
transformation mechanism is sensitive to the pres
ence of even small nonhydrostatic stresses, how
ever, so there is no reason to infer a disagreement 
between experiment and theory on this point. 

27. The hep and bec phases of Pb also have similar 
equations of state, a sluggish transformation be
tween phases and a comparable large pressure 
range in which both phases coexist [H. K. Mao et al., 

v->urrently, there is considerable interest 
in both C fibers (1-3) and nanotubes ( 4 -
6). Apart from efforts to understand the 
formation process (7), attention has been 
focused on the encapsulation of elements 
and compounds, particularly oxides and 
carbides, inside the tubes, as well as within 
C nanoparticles (8-11). On the other 
hand, the encapsulation of gases such as 
Ar, Kr, or Xe inside C entities like these 
has received little attention in the litera
ture, although the trapping of 133Xe may 
improve its uses in medical imaging such 
as in the case of the lymphatic system 
(12), where it would be extremely useful 
to confine the gas physically in some way 
before injection. Here, we show conclu
sively how large amounts of Ar can be 
trapped inside catalytically grown C fibers 
consisting of multiwalled hollow C tubes 
with outer and inner diameters ranging 
from 20 to 150 nm and 10 to 60 nm, 
respectively. 

Hollow C tubes were prepared by cat
alytic reduction of C 0 2 with a modified 
Vogel process (13). In this method, C 0 2 

was reacted with Zn to produce CO and 
ZnO, and the CO was subsequently con
verted on an Fe catalyst to filamentous 
graphite (14). One milligram of finely di-
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vided Fe catalyst was placed in the end of 
a closed quartz reaction tube that had 
previously had a "Zn mirror" deposited on 
its inner surface. The reaction tube was 
placed inside a horizontal tube furnace to 
maintain the Fe catalyst at 600°C and the 
Zn mirror at 400°C, and the pressure was 
monitored to determine when the reaction 
had gone to completion. An Fe carbide 
bead crystal formed on the catalyst sur
face, from which the filamentous graphite 
"grew." 

Scanning electron microscopy of the C 
produced from catalyzed C 0 2 decomposi
tion showed it to be composed of many 
long and winding C fibers with outer di
ameters of about 20 to 150 nm, which 
were interwoven and cemented with large 
pieces of dense material derived from the 
catalysts. These features are very similar to 
those observed by other authors (15-21). 
Backscattered electron imaging indicated 
that metal was dispersed throughout the 
fibers and demonstrated that encapsula
tion had also taken place in the growth 
mechanism. To investigate the encapsula
tion of Ar into the various C forms pro
duced catalytically, we hot isostatically 
pressed (HIPed) the whole sample without 
any further treatment at 650°C and 170 
MPa of Ar for 48 hours. At the end of the 
HIPing cycle, the gas pressure was reduced 
from 170 MPa to atmospheric pressure but 

The World's Smallest Gas Cylinders? 
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Argon gas was trapped at high pressure within hollow carbon tubes grown in vapor that 
have an outer diameter of between 20 and 150 nanometers. The gas was forced into the 
tubes by hot isostatically pressing (HIPing) the carbon material for 48 hours at 650°C 
under an argon pressure of 170 megapascals. Energy dispersive x-ray spectroscopy 
maps and line scans across the tubes show that the argon is trapped inside the bore and 
not in the tube walls. The room temperature argon pressure in these tubes was estimated 
to be about 60 megapascals, which indicates that equilibrium pressure was attained 
within the tubes at the HIPing temperature. These findings demonstrate the potential for 
storing gases in such carbon structures. 

www.sciencemag.org • SCIENCE • VOL. 277 • 15 AUGUST 1997 933 

http://www.sciencemag.org

