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A. 0, Orlov, 8 .  Amlani, G.  H. Bernstein, C. S. Lent, 6. I-. Snider 

This paper presents an experimental demonstration of a basic cell of the quantum-dot 
cellular automata, a transistorless approach to computation that addresses the issues 
of device density, interconnection, and power dissipation. The device under study was 
composed of four metal dots, connected with tunnel junctions and capacitors, and 
operated at <50 mu. Operation was evidenced by switching of a single eleciron between 
output dots controlled by a single electron switching in input dots, demonstrating a 
nonlinear, bistable response. --- 
Achit .1-emei~t  of ever lilgher I?\-el. ot 111- 
tegration 111 micrc~elcctronics el-entually 
\\.ill require a >hitt  fro111 the  tielLi-ettect 
t r c ~ n ~ ~ s t o r  (FET)- based p a r ; l ~ l i ~ m .  c a l i n q  
of FET< n-ill be I~ml ted  137. ~ul~acceptal?le 
po~vcr  ~lisiipatlon a i ~ d  sliort-channel et- 
tects, n - l ~ i c h  IeaJ to  pe r t~ ) rmai~cc  ileirrclJa- 
t l o i ~ .  O n e  altern;ltl\.e architecture, quail- 
t~im-Joi-  cellular a ~ i t o n l a t ~  (QCA! ( 1  !, is a 
transictorlei~ a p p r o , ~ c l ~  n-ltli qua;int~~m <lots 
tliat ailJresses the  ii3~1t.s of Llevlce density, 
in t e rconnec t lo l~  a n J  po1vt.r disiipation. 
Coi11-entional ~ l l ~ i t a l  architectures L I , ~  

tra~~,.istor. ;i c~ i r ren t  \v i t che i  to  charge 
and clischar~e c,ipacitors ti) t he  required 
l~>glc  \-oltaee le\.els. In Q C A ,  lo9ic states 
are encodeLi n o  lonper a, voltages but 
r;ither bv the  yo \~ t ion .  of ~ n d ~ v i d u a l  elec- 
trons. QCA archltecr~irc is scal,rhle to  mo- 
lecular le\-el,. c ~ n J  rerforl-ilance ; l e t ~ l a l l ~  
improves a, the  size o i  the  Lie\-ice ic ~ i e -  
creaseLl. T h e  cell presenteil here opcratei 
a t  c r ~ o ~ e n i c  tcmyer,itures, but a molecu- 
lar-s1:t.d Q C A  cell \\-oulLl t l l ~ ~ c t ~ n ~ l  ;it r ~ ) o m  

possll~lc. re,lli;atit-rn of a 12aslc QCA cell 
\v0~11ci 1-e cc~illpii~ed o i  t\vo cerlei-connectecl 
Illeta1 dot. sey,l~.ateLl h\- tunneling I-.arriers 
and cal-acitil-ely couyleLi to second,  den- 
tical Llo~~l-le ~lc3t. T h e  Jots a n ~ l  assi)clateJ 
c i i~~~c l t a l l ces  ,ire i~~f f i c i e i~ t lv  i ln i i l l  that the 
sl-stem i, in tlie Coulomb h l o c k ~ ~ ~ l e  regme 
( 2 )  at t l ~ c  telllperaturc of the rspel.iment. If 
tlie cell is biased io  t11,it tlierr  ire t\\.o 
excess electroni. \vitliln the ic-r~ir Jots ione 
esces.; electron per iloul-le do t ) ,  those elec- 
tron. are forceil to iq3poite corner. o t  the 
four-jot i y t e m  by Couloml: reyulaion. T h e  
t\vo pns>llile pol;ir~r,~tii)n s t ~ t c >  of the 57's- 
tern represent lopic 0 and 1, ;I. inLlicated in 
Fi?. l L 4 .  Proper11- arr~~i : ; 'e~l ,  13rr;17i of these 
haqic cells call i~-ilplement Booleal1 lopic 
f~lllctlolls ( 3 ) .  , , 

\S7e report rlie esperimental ~lc.mon.;tra- 
tioli of a f~mctioninir OCA cell. Direct mea- ,, - 
curement~ I > i  the chargin9 Lliagrc~~n of o ~ t p ~ l t  
Jot.; ~111der the intlucncc ot electron i ~ i t c h -  
ing in ~ n p u t  dots, colnblne~l \v~t l i  electrom- 
eter meaaurelncnts of output doti ,  shon. a 
c011t1-01lccI pi)larl:atic>il change of ;i QCA 
cell. C h r  e x p e r ~ ~ ~ i c i ~ t a l  rcb~lltb s l~c~ \v  esce1- 
lent agreement 11 ~ t h  theor\.. 

T h e  device ci)nil\ts of b u r  '41 ~ c l a n ~ l i ,  
with Input clots D l  and D? and output Jot. 
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D3 and D4 (FLY. 1B).  Tlie Al-A10,--41 
t~u ine l  ~ ~ u l ~ c t i o i ~ s  \Yere fabricated on an  os -  
~~ l l r e i l  Si substr;lre I-\- a stClndarLl electron 
l>eam-lirl~oqrapl~y and shado~\- evaporation 

technique (4) .  Tile area of the  j~uictions ic 
about 60 b\- 6G 11111. T h e  salllple n-as m~iun t -  
ecI 011 the  colJ tiliger of a dl lu t io l~ refiiger- 
ator \\.it11 a base temperature of 15 111K. 
C o ~ ~ ~ l ~ ~ c t a n c e s  o i  the Lloul~le J o t  ancl eacli 
~ n p u t  dot \yere mea<ureil simnltaneously 1 1 ~  
standard ac loi-k-111 techn~ques  \\-it11 an  ex- 
citcltlon voltage oi 4 ILV at 16 to 40 Hz. A 
m;i~net ic  tlelci of 1 T ~vas  aptlied to  sup- 
~ ~ w s ~ l ~ ~ ~ q ~ ~ c o n ~ l u c t ~ v i t y  ot the  metal. 
Tvpical resistance o t  ,i single imc t ion  at 1 
I< n.as ZL1C lcilohm. Capacltailces l~etweeii  
zdtes and islanLli \Yere Lleterm~ned trom tlie 
period ot  tlie Ct-ruloml~ I~ lock~ l Je  oscilla- 
t~ol is ,  a11J valrle.; of junction c a p ~ c i t a l ~ c e s  
1vel.e extracted fro111 c~irrent-1-oltaye mea- 
surements i?) .  

A polarlzatlon chanqe of the  QCA cell 
r e q ~ ~ i r e .  ~ 1 1  e l ec t ro i~  tranifer 1~etn.een  lots 
\ \ l t h i l ~  each doul~lc  dot.  Ga te  electrodes 
f o l i t  .-,. an  e lect r i~n to sn.itch fro111 one dot to  

the  other ~ v i t h i n  tlie ~ n y u t  set o t  dots, 
1\-111c11 111 cur11 ~ n d u c e ,  a iwltcli of the  
other c lect rol~ in the  output dots. This 
p r ~ c e ~ s  call hest lie understood 17) conslil- 
ering the  rriotion of clectrc7ns ~~1t11111 one 
double Lliit. By mec1surillg tlie coniluctance 
througli tlic ~ l o r ~ b l e  clot as a tunc t i i~n  ot 
tlie gate I-oltages IrC anL{ V,, (Fig. l C ) ,  we 
c,in L4etermine the  electron cliarae coi~f lg-  
ur;itlon w t h i n  tlie Llouble Jo t .  Current  
c ~ 1 1  flow tlirc~uph ;I (louhle ,.lot only a t  
certclin settings of the  pate I-oltages, \\-here 
the  Coulomb bloclc;~de is liftetl tor hot11 
dots s i m ~ ~ l t a n e o u s l ~  A contour  lot of tlle 
~l leai .~l re~l  C O ~ I ~ L I C ~ ~ I I C ~  tlirough a Llouble 
clot as a f ~ ~ n c t i o n  o t  gate T-oltagc.; Vi, and 
I.,, (Fig. ID) shon~s pealcs In ccxductance 
at t i-~ple points, T. \yl-lich fc3rrn a hesaso-  
lla! " l ~ o n e ~ c o m h "  (5). Each h e s ~ g o n a l  cell 
l a  ilelllleated by ilasheil l i i~es  in  Fig. lD. 



Fig. I. :A) QCA cell showng i\wo A B . . - 

poss~ble polar~zat~ons. (B) Sche- ....-..... @ D3 
mat~c d~anram of the exoer~merit. & i?? ., 
(6; Double-dot system w~th  two i o 
metal sands connected by a tunnel 
lunct~on I/, and I/, are gate voltag- D2 6---..-.-..0 D4 

es controlng the charge on dots 
D3 and DL (B) Contour plot of I 
measured condc~ctance through 
the doub e dot as a fc~ncton of gate DI @ .-........Q D3 

voltages V ,  and I/,. lj~/here (n,, n-) I S  i 
: I :  the nc~niber of excess electrons on , 

Fig. 2. Chargng dagram of outout double dot 
w~th  A\/, = -lV, = -0.67 m\/ (A; and A\/, = 

-AV, = +0.67 m\/ (5 ; .  These values correspond 
to the maxnium s h ~ f  of the honeycomb ('~g. 1 D) 
Induced by an electron transfer in nout dots. Ar- 
rov/s show the drecton of honeycomb moton. 

dots D3 and DL 

markttig a resion n-hcrc a particular con- 
t t g ~ ~ r a t l o ~ i  ( T I , ,  7 1 ~ )  is the  gt-o~~lii l  state,  v\.ith 

measurtng its conductance, n.hich rc- 
quired a aweep of Vc ancl V,,. T o  prevent 
tlicsc ~.oltages from affecting thc  input 
Llot.; as a result of parasitic capacitance. we 
applieJ callcclation voltagcs. with p l a r i -  
ties oppo.;ite to L7,: and IrD, to gates X anti 
'3. 

Fig. 3. (A) Exper~mental (A) and theoret~ca (-1 
honeycomb stift as a functon of dr~ver voltages 
i/\ = -I/,. Electron exchange occurs \when the 
border crosses zero. Theory uses a temoerature 
of 50 mK. (5) Conductance through nput dot D l  
as a ftlncton of dr~ver voltage 

nj and n4 rcprescnrlng the  li~ltllbcr of CS- 

ccss electrons o n  islands D? and D4, re- 
spectively. A sn i t ch  oi a n  clectron be- 
tween the  tn.o dot, occurs along ilirection 
E ,  whereas total  c l~a rgc  o n  the  clo~tble J o t  

X l t h o ~ ~ g h  the  input dots a-ere not  con- 
liectcd by t~inilcllng l~lllctioll  (Fig. l B ) ,  
by carefully co~l t rol l ing the  chargc on dot> 
D l  and D2 we ch~plicateLi tlie beliar,ior of 
the  input double dot  of a full four-dot 
QCA ccll. LVc could no t  act~la l1~-  s~v i t ch  
a n  electron be t~veen  the  i l l u ~ ~ t  clots. I ,LI~.  

remains constant alotlg that  direction. 
T o  accomrlish a uolarization s~vi tch of 

a QCX cell, a n  electron transfer ber~veen 
the  input dots must proiiuce a n  opposite 
transfer of a n  electron between the  o ~ ~ t p u t  
dots. T h e  gate l~iascs for the  i ioul~le dot act 
the  n-orking point LTCi, L',,'\ to the  center 
oi t hc  tratisition border (T l -T2)  in  the  
dbscllcc of a n  input stgnal. T h e  cell i> the11 

gime changes linearl\- as a f ~ ~ n c t i o n  of gate 
voltage, n-tth a n  ;ibrupt shtft n h c n  the  
electron pop~l l a r lo~ l  of the  clot clianges 
( 6 ) .  Thus,  the  potentials o n  thc  ~ n p u t  dots 
oscillate in  a ,a~\rtooth uatterti n i t h  driver 

by applying biases ~ v i t h  oppoaite polarities 
to .arcs A and B, each time a n  electron 

T-oltage, resulting in  san.toot11-like shifts of 
thc  honel-comb. W e  obser~-ed a ,lea. shlft 

\VJS ~ C I I I O ~ C ~  fro111 one  input dot ,  a n  elec- 
t ron ~ v a s  ,iLided to  the  othcr ,  ~nilllicklng a11 
elcctrotl transfer in  a n  input double Jo t .  

of t h e  l~orde r  corresponding t o  a gradual 
illcrcasc of the  potential o n  the  ttlput clats 
follon-eLi b\- a n  abrupt "resct." T a o  sna13- 

in iti most s\-mmetrical statc. and in  the  
aixence of a n  input signal the  two p l a r -  
1:ations ,Ire equally probal~le.  A n  input 
"p~lsll-pull" s i g n ~ l  (+A\.., = - l I r E )  a & -  
eLl to  the  driver gates po1ari;es the  input 

shots n-ere taken a t  the  extremes of thc  
sliift \\-it11 a n  amylitude c ~ f  -372 p.V (Fig. 
2 ) .  

R'c mcasurcd the  shift of the  honey- 
comb bordcr n.11~1~ slveeping gates !I ancl B 
o\,er a voltage that  was sufficicnt for sev- 
eral clectrons to  transfer hetn.ee13 the  in- 

Tlie adv,~ntages of ha\-ing tn70 separate 
dots as a n  input stage of a QCA cell are 
that  each dot can be indiviih~ally mca- 
sured atid t h e  charge of cacli dot can  be 
in;liviLluallr controllccl. In  thia \Yay, aLiLii- 

dota, n-hich in turn  polar i~es  the  O L I ~ ~ L I ~  

L l o ~ ~ b l e  dot.  X polar iz~t ion change in  the  
output double ilot c ~ r r c s p o n ~ i s  to  a move- 
llletlt of t he  ctitire 1ione~-comb patter11 
along direction E relativc to a fised ~vork-  
ing poilit Lye', I.,,'. Electron a ~ ~ i t c l i i n g  in 
the  output double dot takes place each 
titne thc  borilcr ( T l - T 2 )  crosscs tlic work- 
illg point.  T h e  ahiltty to  produce and  dc- 
tect a nolar i~at ion s~v i t ch  of the  o u t ~ u t  

tioti and  removal ot clectrotls in  the  input 
dots n.cre castly synchroni:cii cluri~lg scan 

put dots. T h c  mcasurcd l~ordc r  shift n i t h  
respect to a fiscd norking point Irc', 1'; 
as a f ~ ~ n c t i o n  of the  driver \,oltaqe (+L , 
and - I rB)  is >hc>vi11 iti Ftg. 3A. A pet-iodic 
abrupt shift in  thc  border 17osition c>c- 

of t h e  ilrivers. 
Xs mentioneil above, transfer of an  

electron lx twcen  i n p ~ ~ t  ilots ~ ~ O L ~ L I C ~ S  a 
shift of the  entire charging diagram of thc  
output double ~ i o t  along Liirectioti E. T o  
olxerve this shift, "snapshots" of tlie con-  
ductance GLl L)LL,,sL IL,,(VC. L7D) ~vere  taketi 
for diffcrelit push-pull ( +A?, = - A\'B) 
settings o n  the  drivers. T h e  potential o n  a 
mctal ilot in  the  Coulomb hlockacle re- 

dots, irduced by a single elcctron tran;fer 
111 t he  input dots, ilemonstrates a f~lnct ion-  
ing QCA cell. 

111 thiz experiment. ~ v c  deterlnilled thc  
chargc state ot tlie output doublc dot by 

cursed eacli tlllle a n  electron s~vi tched in  
tlic input Jots  [tnclicated by peaks in  con-  
ductance through the  input clots (Fig. 
3B)], confirming that  thc  shlft n.as d ~ ~ e  to  
a iingle electron transfer. A yaraaitic cou- 



pllilg iri3111 qatcs -4 d n ~ l  B to the output .lot.; 
,iLliiecl ,I mi)lloti)l~ie t e r ~ n  10 the h ) r ~ l e r  shitt, 
but 11- ~ l l d c ' ~ l ~ t u ~ i e  \\.a\ smaller than that i l f  

the p ~ r i i > ~ l i c  i h ~ t t  ~ x e r  the \,oltage range ui 
one clectroll s\\.ltih In the I ~ P L I ~  Ll~)t,. 

\Tie comya~-e~ l  the k)l-<erI.eii horJr r  h i t t  
\vltll theilrct~cal r e s ~ ~ l t \  ( F I ~ .  3.1!, n.hlch 
~nc lude  c,incelatian ~-i>ltaqe. anLl all expel-- 
ilnentall\- ,leterrnillei1 cap;rcitances. Tlle 
t h e L ~ r e t ~ i c i l  result.; \\-ere ol?t,ilneii 1-v nlilll- 
mi:lllg the cla\ilcal e l cc t rwta t~c  cnerql- iol- 
the array k , f  i .la~lJ\ a n ~ l  \.illtage Ic'aLls. T h e  
f i 1 l l - c ~ i ~ ~ ~ i c 1 t d l 1 ~  111atr~x \va\ ~ n c l ~ ~ ~ l c ~ l ,  anil 
the  rn ln im~~rn  energy charce c ~ l n f i ~ l ~ r a t l o l ~  
\vLi\ ca l c~ i 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  ilt elec- 
t r o n ~ ~  cll;irc'. F~nitc' tcmpcrat~~l-c  ~ i f c . i t ~  
\yere obtained I.\ thermi>dvna~n~c a\,erai;111g 
k)Izcr all nr,irl>v charge contlgru~-atioll~. Es- 
r c r i m ~ l l t  an,l thci>l?- matell \.en, nell \I-ith 
only the -x~l.%trate I-acl<qro~unkl charge a l ~ d  
temperature a. fitt~n!: l~ilrameter.;. T h e  
I~ackgri>~ulii charqc aLlL1s a l-allLlom k>ff%ct 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- ~.cl-io;I ot the ij17- 
crvcL1 i h ~ f t .  T h e  bc\t  fit ti1 e s p c r ~ ~ n c n t  14 

~ ~ l ~ t a i n e k l  fils a temrcraturc 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 aIC11ictoi of cIr~\;er voltage '1.b: = ' , / ,  - (?, iyes 
are expeili-iental c l ~ t ? ,  ?nd s o d  n e  :e:reseits 
; I -eoret~a \!alaes a i  5C 314. For refereice iheo- 
etlcal data at 83 K :dotted l ie :  are slio,,;,i :B: 
Ca8ci! '?ted charge on dots C3 3n3 03  as a f,nc- 
t 0.1 of drl\!er \!o tage fo: Sr,,r,i = C,,, = 0.65 
e ,-n'? d ex per^?-enta ~valuel. So :I ? e  Irepresents 
cnage on crot C3 ?t 3C , n 4  d ~ s l i e d  I i e  is c l i ~ r g e  
on :lor "J at 5C mK z i d  dotted l i e  is c t i a r ~ e  01-1 

D3 at Z 4. ~ C J  Z a  culayec: charge on dois C3 and 
r.. 
J; 3s a fc!iict~o,i of clrlve: ;,ot?ge fol 51,1,2 = 

CLI,_ = C -,,=,.,,. = 2.1 e li-\;. S o d  n e  IS cli?rge 
on clot 33 3t CC 1-14 ?, id d~shec !  line s charge on 
do: DL at 5C I-1K. 

yerature of the Llilution reiricerator (IS 
I ~ K )  11l~)\t liliely L)CCUI-\ I -eca~~be of heating 
o t  tllc elcctl-k)n u l ~ ~ y ~ t c m  hy e lec t r i~m,lnet -  
ic al-iii t l~erlnal noise ii>urcc's (,-) anLi the 
r~ppl~eL1 4.111. e x e i t c i t ~ ~ ) l ~ .  Tllir efti'ct 1,; CL)III- 

IIIL>II 111 trallhport exper i~~~lent .  at teml>er,~- 
turc. l7elL~\v lP0 i111< (6. 7 ) .  

T o  ihi7w that  t he  observed 1-c~riicr .Iliit 
r e j~~-esen t s  a p o l a r ~ r a t ~ o n  s\vitch of t he  cell 
at  t lnitc ti'lllpel-at~~l-e, n-e colnl71nc'~l tlie 
reh~llt-. Llt t11e l~orLler-~l l l f t  lllc<i~~lrelllellth 
( F I ~ .  3 )  11 1t11 ~ n e a \ ~ ~ r c ~ ~ ~ e l ~ t r  of tllc e1ectsi1- 
static pa t en t l a1  ~ > i  the  Jol~l - le  dot .  T h e  
e lcc t ros ta t~c  potentla1 i)f c a c l ~  L i ~ ~ t  In the  
L l ~ ~ ~ ~ b l e  J o t  \v<i> I I I ~ ~ I > L I I - ~ C ~  \r,1t11 the  \a111e 
Lie\-ice 17~1t ~ v i t h  131 ,111~1 D2 as electri7rne- 
tcrs ( 9 ) .  Thc' r e u l t  is slli>1v11 111 Fie. 4A, 
\vhere ive plk>t elcctrk>itatlc potelltial o n  
Ji>t D.3 as m e a \ ~ ~ r e ~ l  1.1- electrometer D l .  
togetllrr 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? allil 52 1111<, ai a 
functic>n oi .lriI.er \.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, f ix refer- 
ence ,  t he  charge o n  L3i a t  C K arc ~ll i i i-  
catc'd 111 F I ~ .  4B. (:ll,ir?e ,sIvitchi~l$ occur\ 
a t  I.., - -3,s m\', c ~ > r s c ' y ~ i > n ~ l i l ~ g  t ~ l  an 
electroll .;\I-itch In the  111p~it Joi-b. Ail 111- 

pLlt I-cllt>ige >\\-lllg 11. , = of 1 .3  ill\' 
I. suttlcient t<>r  ~lc'xrly complete rl-anbtel- of 

i n  the  theoretical plk)t (Fig. 4Ci, whcre we 
\et  t he  conpling capaclt,ince to  be equal to 
;I lrlllctioll capacliance.  T h e  Ja t a  of FI?. 4 
confll-m that  the  c 'xycr~mc'nt~l ly  o l ~ ~ e l - ~ - e i l  
I I ~ ) I I ~ ~ c ~ ) I ~ ~ ~  ~ h ~ t t  r c p r e s c ~ ~ t i  t11c polar~za- 

. . 
tiill? i h a l ~ n c  oi  a i ~ ~ l l c t ~ o 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'il pal-a,l~ym o t  tllg~tal loglc. 
Lopic Ic\-els arc' ellcoilckl n o  longer ;I\ volt- 
aci. o n  capacltorc, \\-hlch lllr~st 1.e c l l ;~ r~e i i  
and iilscharueii h> current sivitcl1e5, Ilut 
rathc'r ;la the yos~tions of i'lectrolls \r.ithm a 
cell. T h e  scalal-i11t1. of 0C.q offers the i l l -  . 
ture po~ . l l~~ l l ty  of finnct~anal L l e ~ - ~ c e >  that ,  at  
the mi~lcci~l,ir le\.cl, 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  i7tlirr 110171s element,, S e  i> char- 
~icteri:eLl 1.1 ,I rc l i~ctance  to form ihemic,rl 
bond<.  I ~ ~ ~ l e e ~ i ,  cliemlcal i~lcrtl lcs,  ma kc^ 
tlie nol'le ~ i s e t i ~ l  a> tracer> tliat lielp 
rc\.e,rl t he  e ~ - i i l ~ ~ t ~ o n  of ylanetar\. a tma-  
.;rheres and 111teriori (1-6) .  T h a t  Xe C L ~ I I  

bo~ici to form cornpk>u11~is ('-9) anti even. 
at  111q11 yressii~-eh, a 11ex;i~c~11dl clohe- 
racl<ekl (Ilcp! metal  ( ld-1  L!, open\  L I L T  tile 
po,sil,~l~t.i t11,1t :coihemlcal t r e n ~ l <  ot the  

planet.' I ~ ~ T I ~ I ~  cas i i l ~ ~ ~ ~ i ~ l ; i ~ i c c , ,  L,?II he ill- 
t l i ~ e n i e ~ l  I>y chemical r e a c t i ~ ~ n s  t;il<~ng 
l~l,ice a t  tile e levate~l  preh.ilrcs and tem- 
pcratllres oi planetary ~nterior.. Sllec~tical-  
lv, tile rclatlr.e L l e l ~ l c t ~ o ~ ~  of Earth's a tmo-  
s p l ~ e r ~ c  Xe ck~mp~ired 1~1t1-i llleteorltic a l~ i l  
sk>lar a l . ~ i n ~ I , ~ n c e - t l ~ e  geocl~emical  "mils- 
ili: Sr" p r o l ~ l e ~ l ~  ( 2 ,  1.3, 14 )-jilggest.: 
tha t  sijil~ificant a m o u ~ l t s  id E<irth'\ yrlmor- 
J ia l  Xi' c o ~ ~ l ~ l  lie seqi~estereil at  depth ,  




