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The Coulomb Blockade in 
Coupled Quantum Dots 

C. Livermore,* C. H. Crouch, R. M. Westervelt, 
K. L. Campman, A. C. Gossard 

Individual quantum dots are often referred to as "artificial atoms." Two tunnel-coupled 
quantum dots can be considered an "artificial molecule." Low-temperature measure- 
ments were made on a series double quantum dot with adjustable interdot tunnel 
conductance that was fabricated in a gallium arsenide-aluminum gallium arsenide het- 
erostructure. The Coulomb blockade was used to determine the ground-state charge 
configuration within the "molecule" as a function of the total charge on the double dot 
and the interdot polarization induced by electrostatic gates. As the tunnel conductance 
between the two dots is increased from near zero to 2e2/h (where e is the electron charge 
and h is Planck's constant), the measured conductance peaks of the double dot exhibit 
pronounced changes in agreement with many-body theory. 

Quantum dots in semiconductors are small The data are in excellent agreement with 
. islands of electrons that are governed by the recent many-body theory (1 3-1 6), which 

interplay of quantum mechanical and elec- describes how the quantization of charge 
trostatic' effects. Often, quantum dots are 
referred to as "artificial atoms" (1) because 
electronic states within closed dots are 
quantized, permitting spectroscopic mea- 
surements (2). Multiple quantum dots cou- 
pled by electronic tunneling are then "arti- 
ficial molecules," which can be made in 
many configurations with adjustable inter- 
dot tunneling rates. Coupled dot structures 
can be used to make electronic circuits 
governed by quantum mechanics as well as 
by electromagnetics. Recent experiments 
(3-1 2) and theory (1 3-1 9) have investigat- 
ed the behavior of coupled dot systems in 
different confieurations. 

Here, we usid the Coulomb blockade as 
a spectroscopic tool to probe the ground- 
state configuration of charge in two tunnel- 
coupled quantum dots with adjustable in- 
terdot tunneling. These measurements, 
which independently control the induced 
charge on each dot and the interdot tun- 
neling rate, cover the full three-dimension- 
al parameter space and allow explicit com- 
parison with theory. Previous work (3, 8, 
10) has tested aspects of the theory by 
sampling two-dimensional cuts through the 
parameter space. The data below present a 
unified picture of how the coupled dot sys- 
tem evolves from the weak tunneling re- 
gime, in which capacitive coupling is dom- 
inant, to the strong tunneling regime, in 
which interdot tunneling dominates, in- 
cluding the effects of interdot polarization. 
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within quantum dots is relaxed as interdot 
tunneling increases. 

Figure 1 shows a scanning electron mi- 
croscope (SEM) image and a schematic di- 
agram of our coupled quantum dot device. 
The dots are defined in a GaAs-AlGaAs 
heterostructure that contains a high-mobil- 
ity (5 X lo5 cm2 V-' s-') two-dimensional 
electron gas (2DEG) located 57 nm be- 
neath the surface. Electrostatic gates, which 
appear as light regions in Fig. lA,  are de- 
fined by electron beam lithography and Cr- 
Au metallization. When a negative voltage 
is applied to the gates, the electrons in the 
2DEG beneath are depleted, leaving two 
small islands of electrons connected in se- 
ries to each other and to two leads through - 
quantum point contacts. The size of the 
lithographic opening for each dot is 500 nm 
by 800 nm. The actual dot area is somewhat 
less because of lateral depletion; simulations 
show that each dot contains about 750 to 
800 electrons (20). The voltage V,, applied 
to the center ~ o i n t  contact eate controls - 
the interdot conductance Gin,, and the 
voltages V,, and V,, applied to the outer 
point contact gates control the dot-to-lead 
conductances Gdor.lrad. The side gate volt- 
ages V,, and VRz in Fig. 1B are used in the 
experiment described below to induce ex- 
cess charge separately on the two dots; the 
remaining two side gates are tied together at 
voltage Vg3. 

Tunnel coupling between the quantum 
dots can be continuously adjusted from the 
weak tunneling regime, in which the dots 
are well isolated, to the strong tunneling 
regime, in which the two dots effectively 
join into one (3). In the weak tunnel cou- 
pling regime, the numbers of electrons on 
each dot, n, and n,, are quantized, and 

Coulomb blockade theory applies to each 
dot individually (7 ,9 ,  11, 12). In the strong 
tunneling regime, n, and n, are not indi- 
vidually well defined, and the coupled dot 
system enters the interesting regime in 
which it acts as an artificial molecule. 
Throughout this work, the coupled dot 
system is well isolated from the leads 
(Gdor-lead << 2e2/h) and the total number of 
electrons n,,, = n, + n2 is quantized; we use 
the Coulomb blockade for the entire cou- 
pled dot system to probe its ground-state 
energy. 

The energetics of the double dot in the 
weak tunneling limit are described by stan- 
dard Coulomb blockade theory (21 ). Figure 
2A shows a circuit diagram for the double 
dot, including the relevant capacitances 
that control the charging energy in this 
limit: CR1 = 34 + 2 aF and C,, = 35 + 2 
aF are the capacitances to side gates 1 and 
2, Cinr = 18 2 7 aF is the interdot capac- 

Fig. 1. (A) SEM micrograph of the series double 
dot device. Light regions are Cr-Au gates on the 
sultace of a GaAs-AIGaAs heterostructure (dark 
area). (B) Schematic of device and wiring. All 10 
gates are energized to form the double dot. 
Gates labeled V,, and V,, are side gates used to 
control the excess charge on each dot. Gates 
labeled V, are point contact gates used to sep- 
arately control the dot-lead conductances and 
the interdot conductance. Identically labeled 
gates are wired together. 
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itance, and C, = C,, = C,, = C,, + C,, 
+ Cin, = 342 + 15 aF is the total capacl- 
tance of each dot to ground. These values 
were determined using the nonlinear cur- 
rent-voltage characteristics of the two dots 
(4). The total electrostatic energy 
U(Vgl,Vg2) of the double dot system is con- 
trolled by the two gate voltages V,, and Vg2 
according to 

where a = Cint/C2. For given values of nl 
and n2, the energy surface U(Vi1,Vg2) is a 
paraboloid. The ground-state charge config- 
uration is determined by the values of n, and 
n2 that minimize the total electrostatic en- 
ergy. The ground-state energy plotted in Fig. 
2B is an array of paraboloids corresponding 
to different charge configurations (nl,n2). 
At low temperatures, the charging energy U 
Dresents a barrier to tunneling the Coulomb 
blockade. Conduction throuih two dots in 
series occurs onlv when both n, and n, can 
change simultaneously, at the intersections 
of three paraboloids indicated in Fig. 2, B 
and C, by dots [for example, (nl,n2) = ( 1, I), 
(1,2), and (2,l)J (7). The characteristic 
electrostatic energy scale is the charging en- 
ergy of a single dot. For this experiment, this 
is e2/2C, = 230 ueV. less than the Fermi 

L . , 

energy EF = 10 meV, but greater than the 
average energy level spacing AE * 2EF/nl * 
30 ~ e v  and the electron gas temperature T,  - 7.5 ~ e v ,  determined from the widths of 
conductance peaks. 

The confibation of auantized electron- - 
ic charges in coupled dot systems plays an 
essential role in coupled dot energetics. For 
balanced gate voltages Vgl = Vg2 the in- 
duced charges CglVgl and Cg2Vg2 on each 
dot are equal, and the lowest energy con- 
figurations have equal numbers of electrons 
on each dot so that n,,, = n, + n2 is even. 
If one additional electron is added, making 
the total number of electrons odd, charge 
quantization requires that this electron re- 
side on one dot or the other in the limit of 
weak interdot tunneling, so that the double 
dot is polarized with an electric dipole mo- 
ment. This polarization results in additional 
electrostatic energy. If the gate voltages are 
adjusted with V,, + Vg2 to induce a polar- 
ized charge configuration with nl # n2, 
analogous situations result in which charge 
quantization yields unpolarized configura- 
tions n, = n2 with excess energy. In general, 
quantization of charge on individual dots of 
coupled dot systems results in frustrated 
configurations in which the actual charge 

Fig. 2 (A) Simplified dia- 
gram of capacitive circuit 
model. Capacitances Cgl 
and Cg2 represent capac- 
itance from side gates to 
dots. Capacitance Cint 
represents a capacitive in- 
teraction between dots. 
Dot-lead capacitances 
and capacitances to con- 
stant voltage surface gates are included as part of the capacitances Col and Co2 to ground. (B) 
Gray-scale plot of the minimum energy surface as a function of side gate voltages calculated from the 
capacitive model. Dark regions are minima of the energy paraboloids for given occupation numbers 
(nl,n,). Bright lines are intersections of paraboloids corresponding to different charge states. Bright 
vertices marked with dots are intersections of three paraboloids; these are the only places at which the 
Coulomb blockade is lifted and current may flow. (C) Diagram indicating the points at which current may 
flow in the capacitive model (dots). The direction of increasing average potential is shown by the arrow 
labeled VaV; increasing potential difference is indicated by the arrow labeled AV. The slight separation of 
the pairs of dots in the Vav direction comes from Cin, and is calculated using its measured experimental 
value. 

differs from that induced by the gate volt- 
ages, producing excess electrostatic energy. 

Tunneling between dots relaxes the re- 
quirement for charge quantization on each 
dot and changes both the coupled dot 
ground-state energy and the selection rules 
for charge transport. The condition for 
quantization of charge in many-body sys- 
tems is of fundamental interest and has 
been studied theoretically (22-25). Mat- 
veev (23) studied a single quantum dot 
connected to its environment by a quantum 
point contact with tunnel conductance G, 
near one mode. He found that as G, ap- 
proaches G, = 2e2/h, the periodic oscilla- 
tions of the charging energy with dot charge 
decrease continuously, and that charge 
quantization is completely destroyed when 
G, = 2e2/h. In tunnel-coupled double dots, 
tunneling reduces the excess electrostatic 

energy associated with charge quantization, 
as for the frustrated configurations de- 
scribed above, by allowing electrons to be 
shared between dots. Many-body theory of 
tunnel-coupled double dots (1 3-1 6) pre- 
dicts that the excess energy of such frustrat- 
ed charge configurations is controlled by 
the interdot tunnel conductance Gin, and 
decreases continuously from a maximum at 
Gin, = 0 to zero at G,,, = 2e2/h. For dot 
geometries such as in Fig. 1, this transition 
is driven entirely by the change in interdot 
conductance because the classical interdot 
capacitance remains approximately con- 
stant (20, 26). Interdot tunneling also re- 
laxes the selection rules for charge transport 
through a series double dot because added 
electrons are shared by both dots. 

We used the Coulomb blockade of elec- 
trons on the entire coupled double dot sys- 

Fig. 3. Logarithm of double dot conductance as afunction of gatevoltages Vgl and Vg2, which are offset 
to zero. Yellow indicates high conductance; dark regions represent low conductance. lnterdot conduc- 
tances are (A) Gin, = 0.22Go, (6) Gin, = 0.40Go, (C) Gin, = 0.65Go, (D) Gin, = 0.78G0, (E) Gin, = 0.96G0, 
and (F) Gin, = 0.98G0 (where Go = 2e2/h); (F) is thresholded to a higher value of conductance to 
accommodate a higher background conductance. 
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tell1 to .tudy the e v i ~ l ~ ~ t i o n  of the  gro~lnil- 
.t,lte charge conti:uratlon as ti,,,. 15 var~eid. 
T o  carry out the  e s ~ e r i m ? n t ,  n.i. cooled tlle 
,sample in a H e  ililution refricerator ti) i7,lse 
temperature ancl m?aured  the  coniluitance 
t h r o u ~ h  the  doui7le clot \vith lo\\- noise liiik- 
111 t i .chniclu?~ n-it11 a small ac lii,1. voltage 
j I0 p-l',,,,,) to prol3e the  grc~unil i ta te .  T h e  
i t l te r  point c011tact c c ~ ~ ~ ~ l ~ ~ c t a l l c e s  \\-ere set 
In the  \veal\ t ~ ~ n n r l l n q  reglnlr jG,,, r-, ,  ,,, << 
Ie'ih), \\-hereas the  ~11tcr(lL>t C ~ ~ I ~ ~ I L I C ~ A I ~ C ~  
nrah set tii <I ierlci (-if \-aluc.; i?ct\veen C;,,,, = 
0 and G l,. = 2e';'h. .At each v a h ~ e  ot inter- 
ilot con i l~~crancc ,  the scrles conilnctallse 
GL,, , of the donhle idot \V,IS recorL1cil n.111le 
the siLlc gate \.kiltagch and I-.- .. n.crc 
,\\.cpt In ,I raster  itter tern, using a ic~lllp~lter-  
~re i l  data ,rcilulsltlon .;\.stem. T h e  inrcrilor 
e i ~ n d ~ ~ i t ~ ~ l i i c  \vat ,se~~ararel\- callhrareci ver- 
.LI> gate valr~lge 1',,1 I?>- ~ i~ca in r inq  the point 
contact ck~nci~~ctance \vlth all the  gate, en-  
ergl:eLl anil the outer point c~)ntact. ;  O ~ C I I .  

~ 1 8  c 

I - ~ s ~ L I . :  \ l J e  gate \,oltagcs 2113 \',, tl)r - -. 
~literdcit coni1~1stanct.s increasing iron1 
G ,,,, = C'.I3G> to G ,,,, = 3.9YGJ ( \ v ~ t l ~  Gc 
= 12','h). Tllc 11112qe.; In Flg. 3 .;llo\v r11c 
e\.olut~iin rllr Coulomb I~l~>cl \ade  f a  the 
.louhle i I c ~  h1.htt.m from n.e,1hly coupled dots 
jFlg. 3.4) tc> a s ~ n q l r  large dot (Fig. 3F). 
Fiiiurc 3X iho\\,s c o n t i ~ ~ c t ~ ~ n c e  at  An ,irra\ o t  

are at  tllc inrcr,ccrion of hexa<oni det'lned 
1?y the c11;lrge c o n t ~ c ~ l r a r i k ) ~ ~  (n  , i ~ ; )  o t  ~ n d i -  
I . L ~ L I ~ I I  Jots;  tlie bii~all s p l i t t ~ ~ ~ g  is ~~1~1se i l  l ~ y  
the  i ~ ~ t e r i l o t  c;ipaciti~lice. Tl l r  pattern is 
ck)rnprc.;.;eil alo~ii .  rlie i l~a~k ina l  c i~m1~arei i  
1% ltli Fi?. 1C because ot cross-iap,1cit~i1ice 
Iiet~vcen each i L l e  gate anil tlie o ~ > ~ . o i t e  
dot. For lxge r  intcl.ilL)r  conductance^ (Fig. 
3, B to F ) ,  rlic pattern c l i a ~ ~ r  m;lrkc~Il~.  
:,nd is no longer iiescril?eil hv tlic CL)~~ lomb 
l.locl<adc thedry of ~nd~v i i lna l  doti .  .%t i;,,.,L 

Fig. 4. Measureci fract o n a  spl t t i ~ g  .c ~c rces ) ,  
iheoretlca tract o n a  s p t t n g  ~solicl l inss'~, and ihe- 
0:-si 'ca 11-terpolat10.1 [dotted n e l  plotted as a 
f ~ ~ n c t o ?  of nisl.dot tunnel conductance G,,~. The- 
o r e ~ c a l  s p  t t n g  n c u d s s  sp i t tng  attrbuta/31s to  
~tel-clot tun ' i eng  as *vvel as the s m a  s v  i t  I-g 
catlssd b ,  interdot c z p z c i a ~ - c s .  

-= 22':'h ( F y .  3F),  the coniluctance pattern 
lxcome> an  arraJ- iif l ims  iorresl>~jniliny tic 
the  i:o~1lomi3 1-loc1;ade for ;I slnele larce ilot. 
The ie  111ies separate region\ Jefin?il 1.1- In- 
teiler \-slues of the tural iiouble dot ch,lr:ie 
71. ., ~ v h i i h  incr?ases 1v1t11 av?ray? g,lte volt- 
,~ge  I. , = iv2, - \ ' c 2 ) / 2 .  T h e  coniluetance 
pattern in Flg. 3F 1.; ~n.;eneitlve to polarl:,l- 
tlon 11ii1~1ce~l h\- .l~fhs?nce.; ~n cate \,iiltage 
A = \ - \.<: beca~lse the il~jrs ha\-c 
l<lllleil 111tc-i tllle. 

T h e  evolution o t  the  ~magc.; in Fie 3 
between the  weak and .;tri)nq t u l l l l e l i ~ ~  
lilnitz sIlk)ns 11o\\7 t115 relasarion of charile 
i l ~ ~ a i t ~ r a t i c > n  thri)nch interi1c)t tunneling 
clianqe\ the  tr~lnsport proyer t~rs  (-it t~lnni.1- 
co~1p1eJ L ~ L I ~ I I ~ L I L I I  ilL3ts. FL)I- ~ v e ~ i k  111teri1i)t 
tunnel condnct,lnce, the n ~ ~ m l i c r s  elec- 
trcul> n, anil 11, ~ ) n  tllc t \v~i  ilcltb arc yuan- 
t i ~ e d ,  c ~ ~ ~ k l  c ~ ~ r r e ~ ~ t  o111\- f l ~ i \ \ - ~  \ \ I I ~ I I  tllc CL-~LI- 
lomll I~locl~aiie 1s ~ i ~ n ~ ~ l t a n e o ~ ~ h l v  1lftt.J 011 

both dot<. Tn-c> indepen,lent c o n d ~ t ~ o n s  \v111 
lye .at~;tieii only at  a 1~011it 111 the (\',l%I',l) 
]ylLIlle: tl1e llle<15~lreLl c~~11il~1cta1lce peaks 
iorll-i an array ot polnt; ~vherc  the (:nulc>mh 
1 ~ l ~ ) c k a ~ l e  I:: .~multanee)nsl~ litred for hi>tli 
di~th.  .Ah ~ n t e r ~ l o t  t~n l~nc l  conilnctancc In- 
creases ti.0111 i; ,,,. = I\ tn G ,,,. = 7e2/i1, rlle 
ii>lli~lt1~>11~ tlldt lY>tll I l l  alld TI? :Il-C ~lLlA11- 
tl:eii relax to one ciligle condltcon that the 
total cllarirc 71, , = 11, + i l .  I ~ I I I \ T  1~ L ~ L I ~ I I -  
t11r'il. ;illy o ~ i e  c ~ i l l ~ l ~ t ~ ~ ) ~ i  ~vi l l  be ,atiifieii 
along a line In the (I '2, ,I 'L,)  plane, anil the  
obqerr-ed i i ) n i l ~ ~ c t a n c c  iicc~lr:: along 1lnt.s 
nlicre the Couloml> hlLickaJe is 11fteii f1.x 
the entire iloul~le dot 111 the strong runnel- 
1 1 1 ~  11mlt. Bet\\-ecn tllose tn.o extreme.;, the 
i o n i l ~ ~ c t a n c c  .readily gro\\-- out honl  the 
points in FIE. 3.A a l o ~ ~  the l>i.~~nilaric> he- 
t\vecn cl)ntniruratlons with i l~ fk rcn t  valuei 

nr\,r, ani{ the alial~e of t1ie.e hd~lnilarles 
change\ from tlic rig:* pattern for 11-eak 
t ~ ~ ~ i n e l i n q  to straight lilies in Fig. 3F. 

T h e  \pli t t inc hcr\veen tlic 111ies of ccin- 
d ~ ~ c r a n c c  in Fiq. 3 ~~-iea,nres the  mo;llt~ca- 
r i ~ > n  of Lii)~~lile i1c.t elicrgetic.; 1i7. 111teril~)t 
tnnnelinq prcdictcil 11~. rhrl.,ry ( 1  -3-1 6 ) ,  
a n ~ l  t h ~ ~ s  ;letermine; all analog k ) f  the  111~1- 

l c c ~ ~ l a r  Ilindlng e n e q y .  Tlie m i n ~ m ~ ~ m  
sl>llrting 11'. ill ?ate \,c~lrage i>ccLlrh alk)nc 
tlie I - , ,  Llirection, as sli~ril.1-i ~n Fig. 3. -4.; 
interclot t~11ini.1 cL)nii~~ctance Ilicrcasec 
trom G ,,,, == L7 to C; ,,,, - 32'//1, tlils split- 
t in< incrcC1sc trom A\', .- L7 to A\'- -= 

AI..,'1, \vlirre A\ ' ,  i.; tlic pcr~c>;l c ~ t  the  
arral- in FI:. 3 X  a i o ~ i g  the  ~ i i r c c t ~ o n .  
F I~LI I -e  4 plot.; the  mcas~~re i l  tractional 
splitting F = 2 l \ ' ~ , ' l T ~ , .  versLl G ,,,., mea- 
i , ~ r e J  acpar,1tcl~- ( 27 ) .  LAlso ylotteci are tlic 
fractional hpl i t r~ng l~rcilicte;l I ~ T  G ~ ) l i l e ~ i  
ancl H < l l p e r ~ n  ( I  5) in tlie \veal\. a1ic1 >tri>ng 
t ~ ~ n n e l ~ n q  lil-ilit, jsi>li;l lines) \ v l t l~  an  In- 
tc~.pcilaricin (ii,r.;he,l l ine) ;  Xla t~ ,eev er al. 
(1 6 )  t o ~ ~ l i i i  i i m ~ l a r  tlieoretlcal ~ -e . ;~~ l th .  .As 
she\\-n, rlic data alid tlieory are i l l  escel-  

lent  c l ~ ~ a n t ~ t a t i v e  agre?ment,  pro\-iding ad- 
d ~ t i i ~ n a l  confirmation of th?  'hvaiial pic- 
ture presenteci ~l7o1.e. 

Th? ilouhle ilot ci>nciuctance pattern 1s 
ill d?tall?il agr?ement with charge quantl-  
:atlon theory (I-3-16) a \  o~~ t l inec l  aha\-?. , , 

T h e  ? v o l ~ ~ t i o n  of the  concluctanse pattern 
~n Flq. 3 shows that  the  transition B o ~ l i  
~ q i ~ l ~ i t e i l  Jilt.; ti) a s ~ n g l e  l ~ q e  clot is strong- 
ly correlated n,itll ~ n r e r d o t  conduct,lnce 
anii 15 complete at  C;,,,, = 1r2/h,  in agrcc- 
mc.nt 1 ~ 1 t h  rhec-iry (13-16). T h e  11ne. of 
i i > n d ~ ~ c t a n c c  ~n FI. 3 tollon. t he  Intersec- 
t ion of c~ i r sv r  s ~ ~ r f a c e i  fLr r~111llel-coul7lei1>~1~~le~l ,- , 

double dots n>ith different v a l ~ ~ e s  of il ,L, ,  

anL{ illrcitly measure the  dei ;>rmat~on in 
the  i l i i ~ ~ h l e  J o t  energy surface C(I;yl,I;,,) 
c;~~~.. ;eil  by interclot tunneling. T l l r  split- 
ring a t t r ~ l ~ ~ ~ r a l ~ l c  to this deformation (Fly. 

anid experiment have heen made for ccr- 
tain .;~.cc~:i.l cascs. In the  strong t ~ ~ n n e l ~ n e  
l~li l ir  ;ippr~)pri;itc for Fig. 3E, the  s11;ipci of 
tlic rigxi.  h o ~ ~ n c l a r ~ c >  (5) are in goijil 
; r ~ r e e ~ n e n t  n~i t l i  theorv I 1 .i i. T h e  t~nll con- , , 

iiLlctance pattern s1ik)n.n in  Fig. 3 goes 
heyo11Ll C I I I - T ~ I I ~  t11e~)ry and pri)v~;lcs an 
experimental  h a s ~ s  t;>r future n.ci1-l< 011 the  
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2' The 1ntelc:ot cond.~ctance S ; ,!:as rneasLl ed ~41 th  

s gates ene*gzec: and tlie oLite* tvdo pont  coli- 
tacts open To account for t i e  chsnge 11 G ,  
ca.rse:l b;. p l a c ~ i g  t i e  oJe r  t"io ~ o n t  contacts 1 1  
the t ~ l n n e n g  legme. :ve shifted tlie c a c * a t o n  of 
GI , \!e*s.ls gate \voltage 13; a small amoLlnt .!!;,-, = 
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Diffuse Ex%reme-U[travioM Emission from the the sailie region taken at a \vavelength of 
103 p,m (6) .  \vhich has a resolution ot 

coma C% uster: Evidence for Rapid Iy Cooli ag ii\,eral ,ire mlnuttb. ~ ~ i t l ~ i n  angular dir- 

Gases at Submegakelin Temperatures tallce of at least 30 arc I ~ I I I  fi(1111 Coma'b 
XRC, \ve fo l~nd  that N ,  = 8.7 x 10'" cm-' 

Richard Lieu," Jonathan P. D. Mittam, Stuart Bowyer, 
Jeffrey 0. Breen, Felix J. Lockman, Edward M. Murphy, 

Chorng-yuan Hwang 

The central region of the Coma cluster of galaxies was observed in the energy band from 
0.065 to 0.245 kiloelectron volts by the Deep Survey telescope aboard the Extreme 
Ultraviolet Explorer. A diffuse emission halo of angular diameter -30 arc minutes was 
detected. The extreme-ultraviolet (EUV) emission level exceeds that expected from the 
x-ray temperature gas in Coma. This halo suggests the presence of two more phases 
in the emitting gas, one at a temperature of -2 X 10" kelvin and the other at -8 X 1 O5 
kelvin. The latter phase cools rapidly and, in steady state, would have produced cold 
matter with a mass of -loq4 solar masses within the EUV halo. Although a similar EUV 
enhancement was discovered in the Virgo cluster, this detection in Coma applies to a 
noncooling flow system. 

Tile c o ~ i i a  cluster ilf galaxies 1s a nell-  
itltdieil, extendeii x-ray source, the hright 
emishlon k~t 11-hich can he a>5ociated \vith a 
hut,  >t,~l?le, and ibothermal ~ntr~icluster cas 
(1-3). Here 1i.e relxIrt ev~clence for c,,oler 
and rcil'iill~- coo l~nq  gab components in the 
central region of the  cluster obt,~ined from a 
16,00G-s Estre~lie Ultraviolet Expldrer 
(EL\'E) deep aurvey (LIS) L>l~servat~on in 
the ~ ~ i ~ s s b ~ i n d  irom 65 tk~ 245 e l ' .  T h e  a s k  ot 
the LIS telescope \vcir pointed at the x-ray 
cen t ro~d  (XRC) elf Conla as determine~l 
trom a RL>entgen satellite ( R O S A T )  illiage 
111 the pulilic arcll~ve (4) .  No pi)int source 
was detecteil at or near the  XRC, hut a 
strong ; rn~i  a:imutlially symmetr~c ciliisiion 
11210 \va\ found \virh a I~o~un~larv racli~~c 0 t  
anc~11,ir ,Ire -15 arc 111111: the h,ickcrn>~u~~J 
level tarrllei- O L I ~  \\ah ilet~rlliilied awl  cub- 
tracrcil fl-0111 the  lialo ,l,ita (Fig. 1 ) .  

To ~~iidei->rand the ~ ) r ~ g i n  of  the EU\' 

9 Lie~l De:,;rtlrel-t o; FP:!s cs Un..ers t, of AIsba,na 
-1-:-1rs;, e AL 338G9 IJSA 
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S Bov.:!el s,-,:l c -: -,,,-,-; g v c ~ ~ ~ - ~  Centel for Exrrel--~e IJlrla;,~- 
oet  Asrrophyscs. Uns:e~sty of C;l forn s Berlteley CP 
9 4 7 2  IJSA. 
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$2 e .  ',JA 22C.03 USA. 
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'To ~ h o 1 7 i  cor~es:;c1-3e1-1ce sl-~c~~.l:l ce adclressecl 
E-m; I ' e ~ l ~ P c s p a ~  ~~ai-.ecia 

e~ l i i s s i~ l~ l .  LIII accurate measurement of the 
line-of-qiqllt g,rlactic ~lelutrai 111-drogen (HI )  
c o l ~ u n n  densit\ (NH),  anLl its bpattal ~lnifor- 
mit\-, is necessary. W e  l~erformed ile~iicateil 
HI ol?~er\.at~oil.; of the C i ~ m a  region at the  
raillo \\.~lvelenytll of 21 cni \ v ~ t h  ,111 anyular 
rebollution of 10 arc 1lli11 (5). Tlie resulting 
niap indicate\ tliat tlie HI dis t r~ix~t ion er 
the entire Conla x-ray e1llissi011 reaion 1% 

smi~oth.  This n.;ia confirme~l hy a n  inlaye ot 

7 
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Angular d~stance from the XRC of Coma (arc mln) 

Fig. 1. Radial profile of EUVE DS sutface bright- 
ness for concentric annuli centered at the XRC of 
Cot-la [Lexal-:Boron (Lex/B; is the name o' ti-e 
f te r  clsed n the obsen/at~on.] The Iregon berv~eeti 
0 arid -15 arc mlti corresponds to a diffilse ex- 
cess that contans no pont soLrce. V?ie deter- 
mnec: ti-e background e?:el, marked by a dotted 
line by a?:eraging the data over a regons ti-at 
here 21 3 arc niin av;a!/ from rile XRC. 

1 1  

(7). T h e  I cr ~ ince r t a~n t \ -  is nominall\~ 1.0 X 
10'" c ~ i l '  (8). Vile asslu~i~e~i t h ~ s  value of 
ATH in all e n s ~ ~ i n g  analyseb. To mo~lel  the 
q,llactic absorption, \ve have generalizeil the 
h'lorrison-McCammlol~ code (9) to incl~ude 
the cros5 section of aingl\~ ionizeil He  \\here 
necessary. 

W e  inveb t i~~ tec l  ~vhether  the extenile~l 
nature of the EU\' em~.;sion origi~lates troll1 
tlic hot intracluster medium (ICh'f) of 
Coma. O\ving to the high temperatlure of 
this gab, it can only he characterized 117. 
~ i lea~urements  in the medilu~l~-enere\- x-ray ,>, 

liabshanil. In this regaril, the clata from ear- 
lier ancl current x-ray observatorieb \-1eli1 
consistent results. For esample, the tea111 
ana1y:ing ilata from the C111ga x-ral- astron- 
omy satellite (1 ) reported a temperature itT 
k ~ f  = 8.11 -t 0.15 ke\' a n ~ 1  an  abundance 
(tractio~l of wlar) A = G.11 i 0.33. We 
olitained aimilar values, kT = 5.72:: !; and 
.A = G.26 I G.06, t l ~ r  the sl?ectrum of a 
circular region of angular raLlius 15 arc min. 
h ~ .  ~ l l i ) d e l i ~ l ~  the  Gas Imag~ng Spectrk~meter 
2 (GIS2)  datci from the Asca x-ral- astron- 
0111y satellite ( 10,l \vith tlic h,fe\ve-K,1abtra 
(MEKA) thin plasma emission code (1 1 , 
13) ,  assum~ng a redshift tn Coma u t  0.3232. 

\We a150 .liv~Jcd the G I s 2  data patiall \-  
into s~naller annuli ~v i th in  tlie same region 
and foulid in(> st,1tisticall\- <ignificant varla- 
t~i lns  in the t e lu l~ ra t~ure  and alxu~~dallce. 
We concluile, in q r e e m e n t  ~vitl i  prevloub 
~vork  (2) .  that Coma's ICh'f is filleci ~vitl i  an  
i\c)thermal hot gas, \vith nu e~.iclence of :I 

Table 1. Obseved DS LewB count rate for var- 
oils al-nuli from Coma's XRC to the radus of tlie 
EU'J detect~on I ~ m t  cor-ripared in,~th tlie pred~cted 
co~ ln t  rates based on the use of t r e  best paratn- 
eters for t r e  hot cotnponent as inferred from Asca 
SIS2 data for tlie correspond~ng annul. A quoted 
errors are I tr, ciks, counts per k~losecond. 

HI-I~LILIS Obse~-~/ed Predcted 
(arc mini ic!ks) (c:ksj 


