
nal gain in the individual QDs is high and 
that the captures and thermalization of the 
injected carriers must be efficient because the 
QD coverage is at most 50% and, because of 
the inhomogeneous broadening of 60 meV, 
only a small fraction (estimated to be 5%) of 
the QDs can emit at the lasing energy. The 
threshold current density of the QD laser 
changed little between 4 and 77 K but in
creased quite rapidly above 80 K. This de
crease in the QD laser efficiency at higher 
temperature is most likely due to a nonopti-
mized laser design. For example, thermal 
quenching of the PL in self-assembled QDs is 
caused by thermionic emission of the carriers 
above the confining barriers (14). Therefore, 
an increase in the confinement of the injected 
carriers that have thermalized in the QDs and 
in the separate confinement regions of the 
structures would increase the maximum oper
ating temperature. 

The inhomogenous energy broadening 
associated with the size, composition, and 
strain variations typical for self-assembled 
QDs is not too large to destroy the optical 
gain. Wi th a large enough density of self-
assembled QDs, the higher gain associated 
with the 0D density of states compensates for 
the unused QDs having an emission energy 
different from the stimulated emission ener
gy that is supported by the lasing cavity. The 
60-meV broadening might therefore offer a 
wider range of optical gain, which could be 
exploited in the case of a tunable laser diode 
structure. Such a uniformity requirement is 
easily achieved with the spontaneous island
ing. However, because of the atomic dimen
sions involved, it is also unlikely that the 
present uniformity will be much exceeded. It 
would be difficult to achieve much higher 
densities of monochromatic QDs to further 
improve the conversion efficiency of single-
layer Q D lasers. However, the prospect of 
increasing the total number of active QDs by 
exploiting strain-induced self-organizing 
mechanisms to grow a stack of several layers 
of uniform QDs appears to be a promising 
approach (19-22). 
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with large quanti t ies of the carrier gas can 
be subjected to various experiments and 
are eventually trapped at the walls of a 
cryopump cooled by liquid He, where a 
cluster-doped noble gas matrix is formed 
at high deposit ion rates. 

In the course of such experiments with 
small clusters of Cu, Ag, o r 'Au, the emis
sion of light from the growing layers was 
visually observed under specific conditions. 
T h e intensity depended on matrix temper
ature and metal concentration. 

To study these effects in detail, we mod
ified the cluster source to allow the forma
tion of matrices on a quartz window of a 
cryostat with an unusually high gas deposi
tion rate (about 1018 atoms s _ 1 c m - 2 ) and 
with a gas-to-metal ratio exceeding 5000. 
The growth rate of the matrix was about 1 
cm h o u r - 1 , so that rather thick layers were 
formed. As a consequence, the gas loss due 
to re-evaporation was negligible during 
warm-up experiments, even at 50 K. Under 
these operating conditions, mainly atoms 
and dimers are produced by the cluster 
source. T h e emitted light was analyzed by a 
monochromator coupled to a C C D (charge-
coupled device) detector system. Possible 
influences by spurious effects were carefully 
checked: W e eliminated the possibility of 
energy supply by electrons or ions from the 

Chemiluminescence in the Agglomeration 
of Metal Clusters 

L Konig, I. Rabin, W„ Schulze, G. Ertl* 

The agglomeration of copper or silver atoms in a matrix of noble gas atoms to form small 
clusters may be accompanied by the emission of visible light. Spectral analysis reveals 
the intermediate formation of electronically excited atoms and dimers as the source of 
the chemiluminescence. A mechanism is proposed, according to which the gain in 
binding energy upon cluster formation may even lead to the ejection of excited fragments 
as a result of unstable intermediate configurations. A similar concept was introduced in 
the field of nuclear reactions by Niels Bohr 60 years ago. 
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clurter source '7' app1y11-g c1etlect1011 elec- 
tric f~elcls, ancl chem~ca l  reactlon 1%-~th 1111- 

tem, the  e l ec t ron~c  esci ta t ic~n 1s the  con- 
secluence of the  mteractlon hetween en- 

t Ag, + Ag, 1s assocrated w ~ t h  a n  energy 
pain of 5.2 eV, which could lead to  the  

p u r ~ t ~ e s ( t o r  example, oxiciatlon) \!-as teqteil 
1-y ~ n t e n t ~ o n a l  ailm~xture of a n ,  wh1c11 \%-as 
found not to affect the ohsert-ation of 

semi-les of equal atoms, rather t h a ~ l  of 
illfierent elemental species as n,ith the  
cruoted qvstem. I n  a i ld~t ion,  the ol~serveJ  

formation of an electronically excited 
Ag,q':' species fro111 which an  excited Ag" 
coulci be e ~ e c t e d .  Illssocration of A F ,  from 

chemiluminescence. 
T h e  temperature of the  no l~ le  gas matrix 

(as  Jeterlllineci h\- the  sul~strate tempera- 

iffects cdnnot be a t t r~butei l  t o  the  forma- 
t ion of slngle c h e m ~ c a l  honcls 17etn;een 
atoms. W e  n o n  o l~ t l ine  the  proposed 
rnechanlsm for the  case of Xg, for \ t - l ~ c h  
rellable theore t~ca l  data for the  enerpetlcs 

,,,. 

rhe ground state rnto Ag7 + X g  ~vould 
r e q ~ ~ i r e  an  energy of 2.5 eV, so that  2.7 e\l 
of excitation enerev u~ould st111 be stored 

;me) hail a slxnlficant ~nfluence. X t  11;gher 
tem~eratures ,  hlnllnescence was obsert.eJ 

L7 , 
111 the  Ag":, I?ut corresponcl~ng iiata f~or 
e x c ~ t e d  states are no t  vet availal?le and 

continuousl\- Liur~ng Liepos~tlon, whereas 
the Intensity a a s  much weaker at lo~ver 
temreratures: ho\%-el-er, In the latter case 

of cluster formarlon are availal?le (5).  
Xs ~ v ~ t h  C u ,  the  agglomerat~on of X g  

clusters was accompan~eci l ~ y ,  among other 
t h ~ n g s ,  11ght emlsslon centered at 476 nm, 
n h i c h  is a t t r~hu ted  to the  decay of .4gl;,:, 
corresponi l~~lg to a n  excltatlon energy of 

l n ~ g h t  he qurte ditferent. Characterization 
<3f the  matr~x-isolated particles a t  varying 
c o n d ~ t ~ o n s  (of nletal concentratron and 

sul-.;equent \varmlng then ln~t la ted l ~ g h t  
eInlsslon (Fig. 1 ) .  These ilndlni:s ind~cate  
that the 01,servecl 11ght emlwon  1s a collse- 
yuence of the agglomerat~on of clusters in- 
side the noble pas matrls: this process re- 

temperat l~re)  by llieans o t  ultraviolet ab- 
sorption spectroscopy reveale~i that  
c h e r n ~ h ~ m ~ n e s c e n c e  is never observed if 
o111y single atoms recombine; ~t reyulres 
the  presence of larger aggregates, w h ~ c h  
s ~ ~ p p o r t s t l ~ e  proposeil mechan~srn (6 ) .  

T h e  electronically e s c ~ t e d  interlned~ate 
state fornleii after the  coagulat~on of multi- 
atomlc ensem/?les can also decay directly 

2.6 e\' ( ~ e r v  n-eak emlsslon nras recorded 
a t  photon energies o t  up to 5 e\', ancl 

clulres the  temperature to Pe h ~ g h  enough to 
warrant suff~cient m o h ~ l ~ t y .  T h e  shape of 
the  curve suggests that the mol?ility of the 

ailclii~onal btrong ellllsslons were detected 
a t  619 and 972 nm) .  T h e  I?i~ntling energy 
of Agl amounts, hon.ever, t ~ ,  only 1.6 e\l 
( 5 ) ,  and hence, the  recoml?inat~on of t\t-o 
X e  atoms cannot  account for the  01-served 

clusters ~iepencls the11 s r e .  
Coa lesc in~  C u  clusters e ln~t ted l ~ h t  In 

tmo character~stic spectral reglons (Fig. 2) .  
Variation of the noble gas had only a m n o r  
i n t l ~ ~ e n c e  o n  the 5rectral characteristics: 

effect. W e  conclude that  the  coagulat~on 
of multiatomic e~lsem'les causes the  ejec- 
t lon c ) f  smaller, exc~tecl par t~cles  (say hi, 
or h i )  from an electronically excited In- 
termei l~ate  state 

T h e  Proail unassigned bani1 in Fig. 2B nlay 
he the result of such a nrocess. 

hoa.ever. S e  presenteci the less p e r t u r b ~ n ~  
m e c l ~ ~ ~ m ,  and therefore, vil?rat~onallv re- 

T h e  proposed reaction scheme is a~nal- 
ogous to the  concept developeel by Bohr 
(7)  for nuclear collision reactions. Such 
p r ~ c e s " e  nlay be rat~onalizecl in  terms of 
the  fornlation of a "comnounLln nucleus 111 

solve~l spectra, for esaml~le ,  of d~mers  can 
be eas~ly ohta ine~l  111 a S e  matrix. T h e  ta.o 
ballcis 1-et~t-een 4Q2 and 5QQ nrn e x h i b ~ t  

l1, + hi,,, +hi:':,;,-, + hi,,.+,,-, 

+ ~ : : : + k l , , , - ,  + h l + h u  ( l a )  

clearly resolvztl v ~ b r a t ~ o n a l  structure (FIE. 
2X)  and \{-ere lclentif~e~l as B + X a n J  A + 
X transit~ons of electron~callv exc~ ted  C u  

~ v h ~ c h  the  excess energy is shareci between 
all constituents, followeii by subsequent 
d is integrat~on.  For the  latter process, a 
s ta t~st ical  theory was clevelopecl by W e ~ s -  
skopf (8), a n J  t h ~ s  theory has recently also 
been adopted to  rnoilel the  fragmentation 
of ho t  atomic metal clusters ( 9 ) .  It  has to 
he kent In m ~ n d .  ho~vever .  that  this latter 

climers o n  the hasls of agreement nrith the 
respective t l~~orescence spectra ( 2 ) .  T h e  
sharp peaks o n  the broad emission hetween 
7Q2 anLl 9QQ n m  (Fig. 2B) are a t t r ~ b u t e ~ l  to 
'I3 + 'S transitions oi CLI atoms 111 Ar ,  

where hu is the  energy of the  elll~tteil 
For example, a c c o r ~ l ~ n g  to theo- 

retlcal calculations ( 5 ) ,  the  reactlon A g j  

arork treated only evaporation from the  
e l e c t r o ~ l ~ c  e roun~i  state of the  cluster. T h e  

again hasecl o n  co~nparison \with re.ipective 
fluorescence spectra (3) .  T h e  hroad emls- 
SIL,II 1s a t t r~huted to Cu,, clusters (il 2 3) .  
Qua l~ ta t~ve ly  analogous observations n-ere 
made ~ v i t h  Ag clusters. 

T h ~ s  is I?y n o  lneans the  first o h s e r ~ a -  
t lon oi t he  f o r m a t ~ o n  of electronicallv e s -  

ejection of ground-state atoms and dirners 
has also 'een observeel experimentally 111 

collis~on-induced f rag~nentat ion reactions 
of metal cluster lolls (Iv") In w h ~ c h  the  
necessary energy was prov~decl 13y the  
kinetic energy of coll~sions.  By contrast, 111 

t he  1.resent case it 1s the  gain 111 h lndi~lg  
energy associated bv~th the  agglomerat~on 
o t  clusters that  causes either ejection of 
fragments in electronically excited states 
or a d ~ r e c t  clecay of the  intermediate state. 

In  the course of the present stucly, we 
performed time-resL31ved fluorescence mea- 

c~tecl par t~cles  In a chemical reaction. For 
example, t~ ih ra t~ona l lv  resolved chemihl- 
m~ne;cence of the c~F: ' :  species in the  

CuiAr r e a c t i n  CLI + F: + MILIS been 
oPserved (4 ) .  Ho\vever, In the  present sys- 

- 
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surements I?y applying synchrotron radiation 
from the Berlln Electron Storage Ring for 
Synchrotron Radiat~on (single-l?[unch mode) 
source. The  llfet~me of, for example, photo- 
stimulateil Ag':!' g ~ v ~ n g  rlse to  elllission a t  
476 nIn in an  A r  rnatrix was i ie term~ned to 
he 4.6 x 1GP?5. ~ v h r c h  compares well w ~ t h  
literature data ( I  1 ); for Ag3':', a liferline of 
12.7 x 1GP9 s swas measured. Thrs l ifeti~ne 
1s likely to  be long enough colnpared with 
the  tllne for d i s ~ n t e g r a t ~ o n  of the  excited 

- , ,. - \.---, 

&- 
Fig. 2. Spectral dstrbclions of the chem~lum~nes- 
cence during the agglomeraton of Cu clusters in 

30 35 40 45 50 55 noble gas matrces (A) Cu dimer emsson (In Ne); Temperature (K) 
iBj Cu atom iD emssons fshar~ n e s )  and a 

Fig. 1. Intensty of the Ighi  (of wavelength 250 to broad emsson from an ~~nknown  Cu,, cluster w th  
1000 nm) emtted durng the warm-up of a Cu- n 2 3 (in Ar! In (A), Av IS the vbraional s p t t n g  
doped Ar matrx prepared ai 30 K betvleen ivlo neghborng peaks 
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"compound" clusters to explain why the 
excess energy is not completely quenched 
in radiationless processes but may manifest 
itself in light emission from the separated 
fragments. 
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Glacial to Interglacial Fluctuations in 
Productivity in the Equatorial Pacific as 

Indicated by Marine Barite 
A. Paytan, M. Kastner, F. P. Chavez 

An empirical correlation between marine barite (BaS04) accumulation rate in core-top 
sediment samples from two equatorial Pacific transects (at 140°W and 110°W) and 
the estimated primary productivity of the overlying water column were used to evaluate 
glacial to interglacial changes in productivity. Fluctuations in barite accumulation rates 
down-core indicate that during glacial periods of the past 450,000 years, the pro
ductivity in the central and eastern equatorial Pacific was. about two times that during 
intervening interglacial periods. This result is consistent with other evidence that 
productivity was high in the eastern and central equatorial Pacific during the last 
glacial. 

vJcean productivity influences organic 
carbon supply to the sediment and its 
burial efficiency, affecting the partitioning 
of C 0 2 between the ocean and atmo
sphere, and thus climate (1-3). Large gla
cial to interglacial fluctuations in atmo
spheric C 0 2 concentrations have been ob
served in ice cores and related to varia
tions in ocean productivity (4, 5). In order 
to discern the coupling between ocean 
circulation, productivity, and climate, it is 
important to be able to estimate past 
ocean productivity and thus to reconstruct 
its history from the record of marine sed
iments (6). 

We use barite accumulation rate 
(ARBaS04) in sediments to reconstruct chang
es in productivity in the equatorial Pacific for 
the past 450,000 years and to relate these 
fluctuations to the climate record. The equa
torial Pacific region is emphasized because 
upwelling of C02-rich waters in this region 
provides the largest natural source of COz to 
the atmosphere (7, 8). 

Barite is a suitable proxy for oceanic 
productivity because biogenic Ba in sedi-

A. Paytan and M. Kastner, Scripps Institution of Ocean
ography, University of California San Diego, La Jolla, CA 
92093-0212, USA. E-mail: apaytan@ucsd.edu 
F. P. Chavez, MBARI, Post Office Box 628, 7700 Sand-
holdt Road, Moss Landing, CA 95039-0628 , USA. 

ment traps (9, 10) and marine barite in 
deep-sea sediments (11-14) correlate well 
with the overlying productivity, and be
cause of its low solubility barite tends to be 
preserved in pelagic sediments (9). More
over, barite is not affected by burial di-
agenesis in oxic sediments (15). The exact 
mechanism of barite formation is as yet 
unknown, but there are indications that in 
the ocean it precipitates in micro-environ
ments containing decaying organic mat
ter, acantharian shells, and other biogenic 
remains (16-18). Earlier studies have es
timated paleoproductivity from total Ba 
concentration in sediments or in sediment 
traps (9, 19-22). For this, however, vari
ous assumptions and corrections are re
quired because Ba is a component of sed-

Fig. 1. Barite accumula
tion rates (ARBaSQ4) (cir
cles) and primary pro
ductivity (squares) in 
equatorial Pacific core-
top sediments (0 to 5 
cm) along the TT013 
transect at 140°W (full 
symbols) and VNTR01 
transect at 110°W (open 
symbols). 

iment phases not directly related to bio
genic productivity, such as windblown sil
icates and Fe-Mn oxyhydroxides (9). We 
measured, instead, only the concentration 
of barite grains, the dominant Ba-bearing 
phase related to biological productivity 
(9-11,23) . 

We separated barite from equatorial 
Pacific sediments using a sequential leach
ing method (18)\ yields were between 90 
to 95% and the reproducibility was within 
±5%. The cores selected are from two 
transects across a region of the equatorial 
Pacific (12°S to 11°N at 110°W and 
140°W) where productivity in the overly
ing water columns varies greatly (8). We 
determined ARB a S 0 4 from weight percent 
barite, sedimentation rates, and sediment 
dry bulk densities (24). Gross primary pro
ductivity estimates were compiled from 
measurements made over the past 12 years 
(25-28). At both transects, the maxima in 
ARBaS04 and productivity were centered at 
the equator (Fig. 1), at the 110°W 
transect however, this zone is somewhat 
wider. Other productivity indicators 
[abundance of C a C 0 3 and organic carbon 
(29) and Al/Ti (30), Pa/Th, and Be/Th 
(31) ratios] show similar distributions. A 
positive association between ARB a S 0 4 and 
the mean primary productivity in the 
overlying water column is obtained from 
the data in Fig. 1 and from a few other 
equatorial Pacific core tops (Fig. 2). The 
empirical relation obtained is a result of 
both productivity (barite rain rate) and 
sedimentary processes. The positive inter
cept of the linear fit indicates that in 
low-productivity areas the regeneration of 
barite in the sediment is equal to the rain 
rate, resulting in zero barite accumulation. 
Assuming that the relation between pro
ductivity and sediment accumulation has 
not differed greatly and that the same 
processes governing barite accumulation 
(supply from the water column and forma
tion at the sediment water interface) and 
preservation (dissolution in the sediment) 
have persisted in the past, we can use this 
empirical relation to estimate past produc
tivity in this area. 

We computed ARBaS04 in two cores 
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