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The calcined macroporous alumina was 
amorphous, exhibiting a considerably high- 
er surface area than the zirconia or titania 
samples. The walls of this sample appeared 
to be amorphous films by ED and TEM 
(Fig. 3), yet the 3D packing of the macro- 
pores in this sample was similar to that for 
zirconia and titania. The wall thicknesses, 
estimated from TEM, varied significantly 
among the three samples. It is likely that 
wall thicknesses depend on the individual 
crystallization kinetics, as well as on any 
interactions between the latex templates 
and the inorganic components. 

Preliminary experiments have shown that 
this technique of creating 3D ordered macro- 
porous structures can easily be adapted to 
oxides of other metals (such as iron and 
tungsten), phosphates (such as aluminophos- 
phate), and possibly chalcogenides (18). It is 

also possible to create hybrid organic-inor- Advanced Zeolite Science and Applications (Elsevier, 

ganic wall compositions by using organo- Amsterdam, lgg4). 
10. C. A. Ozin, Adv. Mater. 4, 612 (1992). 

alkox~silanes as precursors, to the 11. E. Yablonovitch, 1. Opt. Soc. Am. B 10, 283 (1993). . . 
direct synthesis of mesoporous sieves (19). 12. J, D. ~oanno~ouios, P. R. villeneuve, S. Fan, Nature 
The ease. revroducibilitv. and versatilitv of 386, 143 (1997). 

, . , , 
this synthetic approach will facilitate devel- 13. R. H. Perry and D. Green. Eds., Perry's Chemical Engi- 

neers' Handbook (McCraw-Hill, New York, 1984). 
'pment of new and the examination 14. M. T. W. Hearn, Ed., HPLC of Proteins, Peptides and 
of their structure-property relations. We antici- Polynucleotides (VCH, New York, 1991). 
Date that the techniaue can be modified to in- 15. C. J. Brinker and C. W. Scherer, Sol-Gel Science: The 

clude different template sizes, The simplicity of Physics and Chemistry of Sol-Cel ~rocess in~ (Aca- 
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the method suggests that it is 16, R, L, Fedie, thesis, Universitv of Minnesota, ~ i ~ ~ ~ ~ -  
mercial scale-up. Foreseeable technological ap- polis (1996). 

plications of these materials include &ant& 
optics or optical communications, chromatog- 
raphy, large-molecule catalysis, host-guest sys- 
tems, thermal or electrical insulators, compos- 
ites, and porous electrodes or electrolytes. 
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A Tunable Kondo Effect in 
Quantum Dots 

Sara M. Cronenwett, Tjerk H. Oosterkamp, Leo P. Kouwenhoven 

Fig. 2. An SEM image of the calcined macro- A tunable Kondo effect has been realized i n  small quantum dots. A do t  can be 
porous titania sample. The crevice in the center 
of the image reveals the pore structure in three switched f rom a Kondo system t o  a non-Kondo system as the number o f  

dimensions. Steps and facets resemble those electrons on  the do t  is changed f rom odd t o  even. The Kondo temperature can 
typically found in crystalline structures. Facets be tuned by  means o f  a gate voltage as a single-particle energy state nears the  
composed of hexagonally close packed voids Fermi energy. Measurements o f  the  temperature and magnetic f ield depen- 
were most commonly observed. dence o f  a Coulomb-blockaded dot  show good agreement w i t h  predictions o f  

bo th  equil ibrium and nonequil ibrium Kondo effects. 

Fig. 3. TEM image of the calcined macroporous 
alumina sample. No crystalline particles are 
observed either from bulk PXRD   at terns or 

Quantum dots are small solid-state devices in 
which the number of electrons can be made a 
well-defined integer N. The electronic states 
in dots can be probed by transport when a 
small tunnel coupling is allowed between the 
dot and nearby source and drain leads. This 
coupling is usually made as weak as possible 
to prevent strong fluctuations in the number 
of confined electrons. A well-defined number 
of electrons also implies a definite confined 
charge, that is, N times the elementary charge 
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Delft Universitv of Technoloev. Post Office Box 5046. 

e. The quantization of charge permits the use 
of a simple model in which all of the elec- 
tron-electron interactions are captured in the 
single-electron charging energy e21C, where 
C is the capacitance of the dot. This simple 
model has been successful in describing the 
transport phenomena generally known as sin- 
gle-electron transport and Coulomb blockade 
effects (1). 

If the tunnel coupling to the leads is in- 
creased, the number of electrons on the dot 
becomes less well defined. When the fluctu- 
ations in N become much greater than unity, 
the quantization of charge is completely lost. 
In this open regime, theories of noninteract- 
ing electrons usually give a proper descrip- 
tion of transport. The theory is more compli- 
cated in the intermediate regime where the 

from SAED patterns. 2600 CA  elf<   ether lands- tunnel coupling is relatively strong but the 
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discreteness of charge still plays an important 
role. Here, the transport description needs to 
incorporate higher order tunneling processes 
through virtual, intermediate states. When 
spin is neglected, these processes are known 
as cotunneling (2). When one keeps track of 
the spin, it can be convenient to view tunnel- 
ing as a magnetic-exchange coupling. In this 
case, the physics of a quantum dot connected 
to leads becomes similar to the physics of 
magnetic impurities coupled to the conduc- 
tion electrons in a metal host, that is, the 
Kondo effect (3, 4). Recent theory has pre- 
dicted new Kondo phenomena in quantum 
dots (5-7). This spin system allows one to 
study an individual, artificial magnetic impu- 
rity and tune in situ the parameters in the 
Kondo problem. The first experimental dem- 
onstration for a Kondo effect in quantum dots 
was recently reported by Goldhaber-Gordon 
and colleagues (8). We report here more ex- 
tensive measurements of the temperature (T) 
dependence of the equilibrium and nonequi- 
librium Kondo effect in quantum dots that 
agree well with the results of (8). In addition, 
we present data using both perpendicular and 
parallel magnetic fields (B) that unambigu- 
ously identify the Kondo physics, and we 
demonstrate the tunability of the Kondo tem- 
perature with an applied gate voltage. 

The important parameters for the Kondo 
effect are illustrated in the energy diagrams of 
Fig. 1. We treat the dot as an electron box 
separated from the leads by tunable tunnel bar- 
riers with a single spin-degenerate energy state 
E, occupied by one electron of either spin up or 
spin down. The addition of a second electron to 
this state costs an on-site Coulomb energy U = 

e2/C. First-order tunneling is blocked in the 
case of Fig. 1A. An electron cannot tunnel onto 
the dot because the two-electron energy so + U 
exceeds the Fermi energies of the leads, pL and 
pR. Also, the electron on the dot cannot tunnel 
off because c0 < pL, pR. This blockade of 
tunneling is known as the Coulomb blockade 
(CB) (I). In contrast to first-order tunneling, 
higher order processes in which the intermedi- 
ate state costs an energy of order U are allowed 
for short time scales. In particular, we are in- 
terested in virtual tunneling events that effec- 
tively flip the spin on the dot. One such exam- 
ple is depicted in Fig. 1A (1-3). Successive 
spin-flip processes effectively screen the local 
spin on the dot such that the electrons in the 
leads and on the dot together form a spin-singlet 
state. This macroscopically correlated state 
gives rise to the Kondo effect, which is well 
known from low-temperature resistivity mea- 
surements on metals containing a small fraction 
of magnetic impurities (9). In a quantum dot, 
the Kondo effect can be described as a narrow 
peak in the density of states (DOS) at the 
electrochemical potentials of the leads, pL = 
p,, as shown in Fig. 1B (5-7). This Kondo 
resonance gives rise to enhanced conductance 

through the dot. Out of equilibrium, when a bias 
voltage V is applied between the source and 
drain, eV = pL - p,, the Kondo peak in the 
DOS splits into two peaks, each pinned to one 
chemical potential (Fig. 1C) (5, 7). This split- 
ting leads to two specific features in transport. 
First, at zero magnetic field, the differential 
conductance dIldV versus V mimics the Kondo 
resonance in the DOS, so a peak in dIldV is 
expected around zero voltage. Second, a mag- 
netic field lifts spin degeneracy, resulting in a 
dlldV versus V showing two peaks at eV = 
?gpBB (5, lo), where g is the Lande factor and 
pB is the Bohr magneton. 

In our GaAsIAlGaAs quantum dot devices 
(Fig. ID), negative voltages applied to the 
gates control the parameters e0, the electron 
number N, and r,, r,, the energy broadening 
of the discrete states caused by the coupling 
to the left and right leads. The conductance 
shows CB oscillations on varying the gate 
voltage Vg (for example, Fig. 2A). Although 
the exact number of electrons N is not known, 
each period corresponds to a change of one 
electron on the dot. N should thus oscillate 
between an even and an odd number. If we 
assume spin-degenerate filling of the single- 
particle states (II), the total spin on the dot is 

Fig. 1. (A) Schematic energy diagram of a dot r, r, Virtual state 
with one spin-degenerate energy level eo occu- 1 .--; fl ~2 n .-.--. 1 A. [.-----I 
~ i e d  bv a single electron: U is the single-electron 
;hargiig energy, and T, and T, @<the tunnel 
couplings to the left and right leads. 
The parameters eo, T, and T, can be tuned by 
the gate voltages. The states in the source and 

' 

drain leads are continuously filled up to the elec- 
trochemical potentials p, and pK  he series (Al, 
A2, A3) depicts a possible virtual tunnel event in 
which the spin-up electron tunnels off the dot 
and a spin-down electron tunnels on the dot. 
Such virtual tunnel events, which involve spin- 
flips, build up a macroscopically correlated state 
with properties that are known as the Kondo 
effect. (B) The Kondo effect can be pictured as a 
narrow resonance in the density-of-states (DOS) 
of the dot at the Fermi energies of the leads, p, = pK The lower energy bump in the DOS is the 
broadened single-particle state E,. (C) A source-drain voltage V results in the difference eV = p, - pK 
For finite V, the DOS peak splits in two: one peak is located at each chemical potential (D) A scanning 
electron micrograph of the gate structure that defines our quantum dots in the two-dimensional 
electron gas (2DEC) that is about 100 nm below the surface of a GaAslAlCaAs heterostructure. Dot 1 
has an estimated size of 170 nm by 170 nm and confines -60 electrons, and dot 2 is about 130 nm 
by 130 nm and confines -35 electrons [see (73) for more details]. We measured Coulomb oscillations 
by simultaneously sweeping the voltages on gates 1 and 3. 

Fig. 2. (A) Linear response 
conductance C = IIV ver- 
sus gate voltage V, mea- 
sured in dot l at B = 0 for 
V = 7.9 pV at 45 mK 
(solid) and 150 mK 
(dashed) (h is Plank's con- 
stant). The parity of the 
electron number in the 
valleys is indicated by an 
odd - or even number. 
From left to  right, the CB 
peaks become broader 
(that is, T is increasing) 
because the tunnel barrier 
induced by gates 1 and 2 
decreases when increas- 
ing the voltage on gate 1. 
Increasing T from 45 to  
150 mK increases the 
conductance of the even- 
numbered valleys but de- 
creases the conductance I i 
of valleys 3, 5, and 7. The 0 200 400 600 0.01 a 

-75 
detailed temperature de- 

0 75 
T (mK) v IuW .. . 

pendence is shown in (B), 
where we plot the change in valley conductance 6Cvalley(T) = CvaIIey(T) - CvaIIey(Tb,,e) with Tbase - 45 mK. The inset to  (B) shows the spacings AV, between adjacent peaks. We observe a larger 
(smaller) peak spacing for even (odd) N. (C) Differential conductance, dlldV, as a function of V for 
the center of each CB valley in (A). The odd valleys have a pronounced zero-bias maximum. 
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zero when Ai = even (all states are double- 
occupied with antiparallel spins), and for Ai = 

odd the total spin is ?'/z (the topmost state is 
singly occupied with either spin up or down). In 
other words; for even Xthe dot is nonma~netic. 
whereas for odd iV the dot has a net spin mag- 
netic moment (12). This property allows quan- 
tum dots to be tuned between a Kondo and a 
non-Kondo system as we va137 X with the gate 
voltage. 

Measurements were made on two quan- 
tum dots of similar shape (Fig. ID) (13) in a 
dilution refrigerator with an effective electron 
base temperature Tbase = 45 mK (14). The 
spin-coupling interactions, which give rise to 
Kondo.ijhysics, contribute significantly only 
for temperatures comparable to or lower than 
the Kondo temperature TK - [C'T]" 
exp[-a(k-s0)/2r]: where r = T, - T, 
(15). To make this regime accessible exper- 
imentally. r is made as large as possible by 
setting the gate voltages Vg such that the 
broadened CB oscillations in Fig. 2A slightly 
overlap. This implies that r - 1, where A is 
the single-particle level spacing ineasured as 
0.1 and 0.15 meV in dots 1 and 2, respective- 
ly (16). The respective Coulomb energies C' 
are 1 and 1.3 meV as ~neasured in the weak 
tunneling regime. In the stronger coupling 
regime of our measurements. C' decreases by 
a factor of -2 (1 7). 

The dc conductance G = IIVfro~n dot 1 is 
shown in Fig. 2A for electron temperatures of 
45 and 150 mK. The base temperature (T,,,,, - 45 mK) measurement shows even-odd 
peak spacings (Fig. 2B. inset) that arise from 
the filling of spin-degenerate energy states. 
Adding an odd-numbered electron costs C' + 
A in energy. whereas adding an even-num- 
bered electron costs only I: Although the 
absolute value of iV is not exactly known. we 
obtanl the parit)- of the electron number for 
the valleys In Fig. 2A from the even-odd 
spacings together tl-it11 magnetic field mea- 
surements (11). Valleys with smaller peak 
spacings (ihr = odd) also have a larger base 
temperature co~lductance than their neigh- 
bors. a result of the Kondo peak In the DOS 
enhancing the valley conductance when ,\' = 

odd. Comparing the valley conductances. we 
see that valleys 3.5, and 7 decrease when Tis 
increased to 150 mK. whereas the even val- 
leys increase. This even-odd effect is illus- 
trated in Inore detail in Fig. 2B; where we 
plot the change in valley conductance with 
temperature, 8GvaIIe,(T) = G ,,,,,, (T) - 

G,,nlley (Tbnse). Whereas all the valley con- 
ductances for Ai = even increase with T. for 
iV = odd the spin-cosselation is destroyed by 
increasing T such that SG,,,,,, first decreases. 
The mini~num in SGv,,,,,, stroilgly resembles 
the resistance minimum in metallic Kondo 
systems (9). 

Measure~nents on dot 2 also show agree- 
ment with expectations of the Kondo effect. 

The middle valley in Fig. 3A is identified as 
a "Kondo" valley because it shows a larger 
base temperature conductance than the neigh- 
boring valleys. The detailed T dependence in 
Fig. 3B shows that this Kondo valley also has 
a minimum conductance around 200 mK. 
Ful-thermore, the conductance peaks on either 
side of the Kondo valley decrease and move 
apart with increasing T (see also Fig. 3B) in 
qualitative agreement with theory (5). The 
illation of the peak position, which has not 
been previously reported, is attributed to a 
renormalization of the noninteracting energy 
state co due to fluctuations in ihri 

To investigate the nonequilibrium Kondo 
effect: we measured the differential conduc- 
tance dlldV in the center of the Kondo valley 
of Fig. 3A. At base temperature, dlldV has a 
peak at V = 0 (Fig. 3C: bold cuwe). The peak 
has a width of -50 kV, which is naisow 
compared to the energy scales of lr A; and I?. 
Increasing T broadens the dlldV peak until it 
completely disappears at -300 mK. The in- 

Fig. 3. (A) Conduc- 
tance G for 8 = 0 and 
V = 5.9 pV at 45 
(bold curve), 75, 100, 
and 130 mK in dot 
2. Because dot 2 is 
smaller, the tunnel 
barriers increase more 
rapidly with negative 
gate voltage, and we 
observe only three 
consecutive vallevs in 
the Kondo regime: The 
middle valley shows 
pronounced Kondo be- 
havior. The remainder 
of this figure shows 
the dependence on T, 
V, and c0. (B) Left axis: 
~~", , , , , (T)  (0) for the 
center of the middle 
Kondo valley in (A). 
Right axis: Gate-volt- 
age spacing AV,(T) of 
the peaks bordering 
the  ond do valley. 1n1  
creasing T results both 
in a Kondo minimum 
in 6G,,,,,,, and an 
increasing peak spac- 
ing that we ascribe to 
a renormalization of 
the energy level so. 
(6) Differential con- 

sets to Fig. 3C give the T dependence of the 
dUdV pealc maximum on a logarithn~ic scale 
and the peak width (the full-width at three- 
quarters maximum) on a linear scale. The 
logarithmic T dependence of the maximum is 
expected for TK T (3). At low tempera- 
tures: the width is expected to saturate at 
-TIC. We do not 0bsen.e such saturation; 
which suggests that TIC 5 45 I ~ K  in the 
middle of the Kondo valley. 

In order to increase TIC - [UT]" 
exp[-.rr(pc0):'2T], we decrease the distance 
between co and the Fesmi energy by moving 
away from the Kondo valley toward a neigh- 
boring CB peak. The zero-bias dlldV peak is 
seen to increase in both height and width 
when tuning co toward the Fenni energy (Fig. 
3D). The width of the dlldV peak. shown in 
Fig. 3E. is determined by the larger of T, or 
T. The increase in width when approaching 
the CB peaks on either side of the Kondo 
valley indicates that here TIC exceeds T. Fig- 
ure 3E de~nonstrates the first control of TK in 

s, , 
dktance dlldV versus 
V for T = 45 (bold), 50, 75, 100, 130, 200, and 270 (dashed) mK. The gate voltage is set in the 
center of the middle valley. The peak maximum (left inset) is logarithmic in 7: The peak width (the 
full-width at three-quarter maximum, right inset) is linear in T with a slope of 4.8k, (dotted line) 
(k, is Boltzmann's constant). The asymmetry in the zero-bias peak is probably because TL i T,. (D) 
Zero-bias peak in dlldVat 45 mK for different gate voltages stepping from the center of the Kondo 
valley in (A) (bottom curve, V, = -363 mV) up the left side of the CB peak (top curve, V, = -366 
mV). The curves have been shifted so the background values align at -75 JLV. The amplitude of 
the zero-bias peak increases as the conductance G increases moving up the flank of the CB peak. 
(E) We measure the right half-width at half-maximum (RWHM) of the zero-bias peak (relative to 
the baseline dlldVat -75 pV), which begins to increase halfway up the CB peak on either side. The 
increasing width follows the increase of T, above T,,,,. The increase in T, results from bringing E, 

toward the Fermi energies kL = k, by tuning the gate voltages. 
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a Kondo system. The largest value we ob- 
tained for TK can be estimated from the larg- 
est dIldV peak in Fig. 3D; the width of -80 
pV implies TK - 1 K. 

The absence and presence of a zero-bias 
peak for N = even or odd, respectively, can 
be seen in the dIldV measurements for the 
valleys of dot 1 in Fig. 2C. Valleys 3, 5, and 
7 indeed have a narrow zero-bias peak. Val- 
ley 4 has a minimum in the dI/dV (It?), 
whereas valley 6 has a flat dIldV. Valley 2 
shows a slight maximum at V = 0. This could 
arise from a dot with a net spin of + 1 instead 
of 0. Occasionally we observed small shoul- 
ders on the sides of peaks in dIldV. It is 
unclear whether these shoulders are related to 
the presence of multiple levels in our dots 
(16). 

A magnetic field BII in the plane of the 
two-dimensional electron gas (2DEG) splits 
the spin-degenerate states of the quantum dot 
by the Zeeman splitting, 8, = 8, + gpBB1,/2. 
When the dot has an unpaired electron, the 
Kondo peak in the DOS at each chemical 
potential is expected to split by twice the 
Zeeman energy, 2gpBBII (5). In equilibrium, 
there is no longer a peak in the DOS at p, = 

p,, and the zero-bias conductance is not 

Fig. 4. (A) The splitting of the 
zero-bias peak in the differen- 
tial conductance dl/& with a 
magnetic field Bli in the plane 
of the ZDEC; from top to  bot- 
tom: BII = 0.10, 0.43, 0.56, 
0.80,0.98, 1.28, 1.48, 2.49, and 
3.49 T. The curves are offset by 
0.02 e 21h. Above -0.5 T, we 
resolve a splitting that increas- 
es linearly with Bll The data are 
from the Kondo valley of Fig. 
3A. (B) Position, in bias voltage, 
of the dlldV maxima as a func- 
tion of Bll up to  7 T. The dashed 
line indicates the theoretical 
splitting of 2 gy,Ble = +25 
y V K  with g = -0.44 for 
CaAs. (C) Split peaks at 36 
y V K  are observed in the dlldV 
of the quantum dot and also 
in a single point contact (qpc) 
(formed by a negative voltage 
on gates 1 and 3 only) in a 

enhanced. Instead, one expects the peak in 
dIldV to be shifted to a finite bias V = 

+gpBBl,/e = 225 pV/T, where g = -0.44 
for bulk GaAs. In Fig. 4A we show that 
indeed the zero-bias peak splits into two 
peaks when we increase BII from 0 to 7 T. The 
peak positions, shown in Fig. 4B, fall directly 
on top of the theoretical prediction, 225 
pV/T (dashed lines) (19). 

The correct splitting of the dI/dV peak with 
magnetic field is considered as the most distinct 
sign of Kondo physics (5). Probing the Zeeman 
doublet single-particle state with the differential 
conductance could also reveal a peak split lin- 
ear in B,,. However, in this case, the splitting is 
gate-voltage dependent. A gate voltage-inde- 
pendent peak split by 2gQll distinctively 
identifies the Kondo effect with no free param- 
eters. Figure 4, D and E, shows a gray-scale 
plot of dIldV as a function of V and V, over a 
Kondo valley. The maxima of the CB peaks 
(horizontal) and the Kondo dIldV peak (verti- 
cal) are indicated by dashed lines. In Fig. 4, D 
and E, the maxima in dIldV occur only for the 
Kondo valley and not for the neighboring val- 
leys. The locations of the split maxima for BII = 
1.5 T are independent of V, throughout the 
valley. 

perpendicular magnetic field 
B,= 1.89T. The Landau level -390 
filling factor is 4 at this field in 
the iulk ZDEC. Measurements 1 
at other B- and in other qpc's 5 
also showed similar structure. 
In contrast, the dl/& of a qpc bm 
in high B is flat. (D and E) 
Cray-scale plots of d l l d ~  as a 
function of V and V show the -405 
zero-bias pea% for Bli = 0.1 T 

0 s ~ l i t  into two shoulder ~eaks at -75 75 -75 A 0 A 75 
B = 1.5 T. The contoir of the v (Vv) v (Vv) 
Cb peaks (horizontal) and the maxima in the dl/& (vertical) are indicated by dashed lines. The 
valleys on either side of the Kondo valley do not show a zero-bias or split dl/& peak. The arrows 
on the bottom axis of (E) indicate the theoretical splitting, which should be independent of V,, with 
a value of 237.5 yV at Bll = 1.5 T. The arrows match the experimental results very well. 

Peaks in dIldV reported in (8) were split 
by 33 pV/T in a magnetic field B, perpen- 
dicular to the plane of 2DEG. This value, 
significantly less than the expected 50 pV/ 
T, could result from quantum Hall states in 
the leads. Figure 4C shows the dIldV at 
B,= 1.89 T for both our quantum dot 
(solid) and a single quantum point contact 
(dashed). Each curve shows split peaks in 
dIldV at 36 pVIT. The point contacts of 
both our dots showed significant structure 
around -35 pVIT in a perpendicular mag- 
netic field. What might cause a field-depen- 
dent splitting in the dIldV of a quantum 
point contact is unclear. However, the or- 
bital changes caused by B, severely com- 
plicate the identification of Kondo physics 
in a perpendicular magnetic field. Further- 
more, with the formation of spin-polarized 
Landau levels in the leads, a single electron 
on the dot cannot equally couple to both 
spin states in the leads, which should sup- 
press the Kondo resonance. 
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Mass-Independent Oxygen 
Isotope Fractionation in 

Atmospheric CO as a Result of 
the Reaction CO + OH 

T. Rockmann, C. A. M. Brenninkmeijer, G. Saueressig, 
P. Bergamaschi, J. N. Crowley, H. Fischer, P. J. Crutzen 

Atmos~heric carbon monoxide fCO1 exhibits mass-inde~endent fractionation , , 
in the dxygen isotopes. An 1 7 0  excess up to 7.5 per mil w$s observed in summer 
at high northern Latitudes. The major source of this puzzling fractionation in this 
important trace gas is its dominant atmospheric removal reaction, CO + OH 
3 CO, + H, in which the surviving CO gains excess 170. The occurrence of 
mass-independent fractionation in the reaction of CO with OH raises funda- 
mental questions about kinetic processes. At the same time the effect is a useful 
marker for the degree to which CO in the atmosphere has been reacting with 
OH. 

Small variations in isotoaic composition oc- 
cur throughout nature and often give usefill 
information about ahvsical. chemical. and bi- , 

ological processes. The various underlying 
isotope fractionation effects are normally 
proportional to isotopic mass differences (1); 
however; isotope fractionation effects have 
recently been discovered that do not depend 
on the mass of the substituted isotope 12-10). , 
The causes of the sometimes exceptionally 
strong mass-independent fractionation (MIF) 
are complex and not yet understood. In the 
atmosphere MIF is widespread, and each of 
the important trace gases-0, (2, 6 ) ;  CO, 
(9, CO (5, 8, 9) and N,O (10)-has excess 
"0, which for oxygen is an excellent marker 
for MIF. The clearest case of MIF occurs in 
atmospheric O,, in which both 1 7 0  and ''0 
are nearly equally enhanced relative to its 
precursor, atmospheric 0,. This is in contrast 
to most other oxygen-bearing compounds on 
Earth for which Sl7O = 0.52 X S1'O (11). 
For MIF, 5l70 = Sl7O - 0.52 X S1'O f 0. 

MIF in CO was discovered from analysis 
of samples collected in New Zealand (8) .  
Subsequent measurements established that it 
is a widespread phenomenon, and initially the 
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effect was liillced to MIF in 0, (5). The 
reaction of 0, ai th  unsaturated hydrocar- 
bons, mainly isoprene and terpenes emitted 
by plants, indeed produces CO that inherits 
the relatively strong MIF in 0, of 25 to 40 
per mil (5, 6). However, despite the large 
5l7O(O3) value; there is insufficient CO 
from this source to explain the observed 
A170(CO) values in remote air masses (5). 

Our measurements reveal that A170(CO) 
values at high northern latitudes vary season- 
ally (Fig. 1). In winter, CO in clean surface 
air at Alert and Spitsbergen peaks at about 
170 ppb. Removal rates for reaction ai th  
hydroxyl (OH) are low, the sources outweigh 
the sink, and the isotopic composition of the 
accumulating CO reflects that of the com- 
bined sources. Because fossil fuel combus- 
tion is an important source of CO; S l80  
values are high (12) and A170(CO) values are 
low (5). During spring and summer, oxidative 
cleaning of the atmosphere by OH gathers 
momentum and CO levels decline. Concur- 
rently S1*O values decrease because of the 
inverse kinetic isotope effect (13) and the 
diminished role of fossil fuel sources (12). In 
contrast, A170(CO) values reach their highest 
levels when OH peaks in summer, implicat- 
ing the reaction between CO and OH as a 
possible source of MIF. 

To investigate MIF in this reaction; we 
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saturated a mixture of - 1% CO in He or N, 
as the bath gas with H,O, vapor and circu- - -  - 

lated the mixture through a photochemical 
reactor in which OH was produced from pho- 
tolysis of II,O, a i th  a X; lamp (wavelength 
X > 190 nm). After a reaction time of 15 to 
90 min. tvaicallv 15 to 65% of the original 
CO had dekn oxidized: and the  residual^^ 
was analvzed for its '3Ci'2C and '80;'60 
ratio by mass spectrometry (12, 14). For I7O/ 
1 6 0  analysis, samples were first converted to 
0, ai th  a F,-based technique (15). With this 
method 170:'60 variations can be resolved 
from the strongly interfering '3Ci12C varia- 
tions. The results show that the remaining CO 
fraction progressively obtains excess 1 7 0  

(Fig. 2). The effect diminishes at lower pres- 
sures and also when He is used as a bath gas. 
The equilibrium fractionation; plotted versus 
pressure in Fig. 3, was derived from the 
slopes of the linear fits in Fig. 2. 

To ascel-tain that the MIF observed here 
exclusively arises from the chemical reaction 
of CO ai th  OH; we need to exclude possible 
iliterferences. An alternative mechanism 
would be transfer of MIF from OH to CO 
through isotopic exchange. However, mea- 
surements confirm that the H,O, used and 
consequently the OH folmed is free of MIF. 
Furthermore, there exists experimental and 
theoretical evidence against significant oxy- 
gen isotope exchange in the reaction between 
CO and OH (16). 

The generation of MIF in CO by means of 
exchange with OH is excluded in the tropo- 
sphere as we11 (5). Although atmospheric OH 
is mainly produced by the reaction O('D) + 
H,O 3 2 OH; and initially must reflect the 
strong MIF of 0, [the O('D) precursor], fast 
exchange with H 2 0  according to OH + H,O 
o H,O + OH efficiently washes the MIF 
signal out (1 7). 

Other potential interfering agents in our 
experiments were O(,P) or O('D), which 
could cause MIF by exchange or reaction 
with CO. Whether or not 0, is excluded from 
the experiments, some is inevitably produced 
by thermal decomposition of H,O, and the 
photochemical reactions involving OH: HO,, 
and H202.  Experiments a i th  the addition of 
10 to 20% 0,: ai th  and without H,O,, con- 
firm that MIF in the remaining CO only 
occurs when 11202 is present. 

An independent check on our experiments 

544 24 JULY 1998 VOL 281 SCIENCE www.sciencemag.org 




