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as just dating a rock. Instead, all methods 
rely on models of varying complexity in- 
volving assuinptions difficult to verify and 
parameters difficult to measure. In addition, 
radiometric dating is generally formulated 
in terms of cheinical events such as frac- 
tionation between parent and daughter ele- 
ments. In the real histoiy of Earth. the rele- 
vant chemical changes likely must be treat- 
ed as protracted processes rather than in- 
stantaneous events. Perhaps most funda- 
mentally. different isotopic systems record 
different cheinical changes. and the rela- 
tions of any of these changes to physical 
processes such as impact and accretion of 
mass remain uncertain. 

For example, compared with the sun or 
undifferentiated meteorites, Earth is de- 
pleted in moderately volatile elements (for 
example, Rb) relative to refractory ele- 
nlents (for example. Sr). In undifferentiat- 
ed materials. the Rb/Sr ratio is relatively 
high and so too is the rate of growth of the 
87Sr/"Sr ratio due to decay of S7Rb. At 
some point. Earth's materials experienced 
a transition to the much lower present 
Rb:'Sr rat io  and thus  to  much  slower 
growth of 87Sr/8"r. The initial 8iSr/86Sr ra- 
tio for a volatile-poor planet such as Earth 
is usually taken to reflect the time of this 
transition. which is commonly considered 
to have occurred in a dispersed state be- 
fore planetary accretion but which may be 
argued to have occurred as a result of ac- 
cretion. The same might be true for the U 
(refractory)-Pb (volatile) systein. but there 
is a n  added  complicat ion.  I f  mos t  of  
Earth's Pb is in the core. then our  Pb 
chronology-which relies on outer Earth 
materials-might instead be dating core 
formation. The I-Pu-Xe systein inay be 
dating preaccretionary volatile separation 
as PLI is refractory. I is volatile. and Xe is 
even Inore volatile. But it inight alterna- 
tively record loss of atmosphere after ac- 
cretion was completed. for example, in a 
major late impact. Hf and W are both re- 
fractory but Hf is strongly lithophilic 
("rock-loving") and W is  moderately 
sideropliilic ("metal-loving"). Their sepa- 
ration is usually taken to reflect inetal-sili- 
cate fractionation, that is, core formation. 
If Hf-W separation occurred early, while 
Ix2Hf was still present. the silicate will dis- 
play excess l"W and the metal will be de- 
ficient in lS2W (see the figure). In contrast. 
if separation occurred only late. after IS2Hf 
had already decayed, silicate and inetal 
will both have the same composition. W in 
Earth's mantle has the same composition 
as W in undifferentiated meteorites (see 
the figure), thus indicating late core for- 
mation, but again this must be qualified by 
the possibility that it was only the last few 
percent of the W to accrete experienced 

such late metal-silicate formation. 
If the moon were an independent plan- 

et, we would likely conclude that it was 
older than Earth. Similar to Earth's esti- 
mated age, the oldest lunar rocks ( 9 ) ,  like- 
ly representing the first rocks formed froin 
a lunar inagina ocean. are about 100 mil- 
lion years younger than the solar system. 
But the moon's initial 87Sr/8%r r atio is 
very low (IO), indicating that it was de- 
pleted in volatiles within a few iiiillioll 
years of the forination of the solar system. 
Also. in contrast to Earth. soiile of  the 
moon's surface rocks do contain excess 
lB2W (see the figure), indicating preserva- 
tion of reservoirs since the time wl ie i~  
lX2Hf was still extant and could generate 
excess lS2Hf after metal-silicate fractiona- 
tion. If the 1noo11 was indeed fol.med by a 
giant iinpact when the still-accretiiig Earth 
was struck by a planetary body nearly half 
its size (11), it seems most likely that this 
impact occurred about 100 millioii years 
after the solar system formed, that the 
inoon was made largely from the impactor, 
and that the iinpactor had previously en- 
joyed an existence as an independent plan- 
etary body for a considerable tirne. 

To help tie down the details. we need 
not so much more isotopic data but a bet- 
ter understaiidiilg of  how the physical 
events that define planetary histories affect 

the chemical events and the radionuclide 
systems by which we reconstruct geologi- 
cal tiine. For testing the giant impact sce- 
nario (I)  in particular, it would be useful 
to have a quantitative theory for whether a 
preexisting atmosphere is lost in the im- 
pact, whether preexisting planetary struc- 
tures (core. mantle. and crust) are reequili- 
brated after such an impact, and how much 
of the moon comes from the impactor and 
how much comes from the target. 
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Pumping Electrons 
B. L.ALtshuler and L. I. Clazman 

w e usually associate electric cur- I11 pumping, periodic (ac) perturbations 
rent with a dissipative inotioii of of the systein yield a dc current. This cur- 
electrons (1): The energy provid- rent. though not an equilibrium response 

ed by an external source eventually becomes to an external perturbation. may be entire- 
heat. However, examples of a current flow- ly adiabatic: The systein always remains in 
ing without dissipation are also well lmown. the ground state. In contrast to the more 
For instance, a static magnetic field magne- faiililiar dissipative rectification of ac cur- 
tizes a metal specimen by causing edge rent. the charge transferred in each cycle 
electric currents (Landau diamagnetism) of adiabatic pumping is independent of the 
(1). Moreover. a static magnetic flux thread- period T. Therefore, at large T, pumping 
ing a metallic ring induces a persistent cur- dominates. 
rent 12). The electrons renlaill in eauilibri- A reinarkablv clear theoretical e x a m ~ l e  
um, and energy does not dissipate. Puinping 
is also a way of traiisferiiiig electric charges, 
but it is qualitatively different from both 
mentioned mechanisms. An experlnlental 
investigation of electron pumping through a 
quantum dot is reported by Switkes et 01. (3) 
on page 1905 of this issue. 
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of adiabatic electron pumping was given by 
Thouless (4). For siiilplicity, consider spin- 
less electrons in a one-dimensional channel. 
subject to a potential U(s) periodic along 
the channel: li(x + rr) = U(s). Provided the 
number of electrons Ha per period rr equals 
an integer IV. the lowest N bands of the en- 
ergy spectrum are full while the higher 
bands are empty. Now let the potential 
move with some small velocity, Cr(s,t)  = 

U(x - v t ) .  At each point x the potential 
U(s.t) varies periodically with time, because 
U(s) is translationally symmetric. If elec- 
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trons todm adiabatically the variation of 
the potential, then a current I = nev is in- 
duced. Overthe period T=alv,aqua&ed, 
chargeQ=IT=Neistransfdtfnough 
any cross section of the channel (4). 

The quantization of the pumped charge 
is quite robust and survives, for example, 
in the presence of an additional smooth 
static potential (see the figure, p e l  A). 
The quantization holds, provided the "usu- 
al" dc conductance through the channel al- 
ways remains at zero. Finite temperature 
and finite length of the system yield a 
nonzero conductance. The resulting elec- 
tron counterflow, which is an analog of a 
leak in a water pump, affects the value of 

Around and about. Adiabatic Thoulea pump 
ing of electrons (A) and water pumping by 
Archimedean screw (6). Shift of the potential 
by we period in A is simibr to one turn of the 
screw handle in 8 (black a m ) .  

Empty 
band 

Filled 
band 

,he total current. indeed, the electron 
pump is quite reminiscent of the famous 
Archimedean screw (see the figure, panel ' 
B). Among otber tlungs, the pumped dec- 
tric current may run against the applied 
bias. . 

Recently (5) electron pumping by a 
traveling potential created by an acoustic 
wave in a semiconductor device was 
demonstrated. The Coulomb reputsion be- 
tween the elections residing in the minima ' 
of the moving potential enhances the ener- 
gy gaps and thus improves the current 
quantization. This enhancement, lcnown as 
Coulomb blockade, may eventidy enable 
the use of the electron pump as an electron 
counter. Pumping electrons one by one 
was realized in a chain of Coulomb block- 
aded metallic islands separated by tunnel 
junctions (6). 

The Thouless pump is a simple but in- 
sightful example. Although the potential 
varies periodically in time, something 
changes in the @stem after each cycle: Ev- 
ery potential minimum gets shifted by the 
period a. There would be no charge trans- 
fer if each minimum returned to its original 
position: A standing wave does not gener- 
ate a dc current. On the other hand, the 
traveling wave U(x - vt) can be presented 
as a superposition of standing waves. h .the 
simplest case of U(x) = Uo sin(2mIa), the 
traveling wave potential is U(x - vt) = Ul(t) 

sin(2mla) + &(t) cos(2mla) with UIZ(t) 
= Uo ~ ~ ( 2 l t t l T  + +12) a d  $12 = 0, d2 .  
Therefore, although each standing wave 
h e  is anable to pump the charge, two of 
them together can do it. 

The time evvlution of the potential can 
be described in terms of the "trajectory" 
au of the system in the plane of parame- 
ters Ul,U2. For tbe Thouless pump, au is a 
circle. It turns out that the pumping takes 
place in a much more general situation. 
There should be two (or more) adiabatic 

perturbations, U(x,t) = UI(t)fl(x) + 
U2(tr2(x), with arbitrary (different from 
each other) spatial dependencies&(x). At 
nonzero phase difference $ = Cgl - 4 * 0 
between Ul and Uz, the tl9j&or$ aer en- 
circles a nonzero area in the parameter 
space; this is the condition for pumping to 
occur. Its 'importance has been clearly 
demonstrated by Switkes et al. (3) in their 
experiment with a quantum dot. To illus- 
trate the meaning of this condition, consid- 
er first a quantum particle subject to a 
weak magnetic field. With each winding 
along a closed trajectory, it acqdres a 
phase equal to the magnetic flux through 
the trajectory in units of hle (the 
Aharoflov-Bohrn effect). This phase can be 
measured directly and causes, for exam- 
ple, the anomalous magnehreshhce (7). 
Berry demonawed (8) that the Abaronov- 
Bohm phase & an example of a more gen- 
eral phenomenon. Su- the Hamiltoni- 
an of a closed quantum system depends pn 
param- Uxt), which evdve adiabatical- 
ly with time, and after a period T,retum to 
their original values. Simultaneously, the 
wave function of the systeiq may acquire 
an additional phase (Berry phase), which 
depends on a'u. Similar to the Aharonw- 
Bohm phase, the Berry phase can be 
thought of as a flux (9) of some effective 
"magnetic field," known as an adiabatic 
curvature in the mathematical literature 
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(lo), through the contour au. The differ- 
ence is that both the contour and the 
"magnetic field" exist in the parameter 
space rather than in the real space. The 
pumped charge is a "magnetic flux" too. It 
can be presented either as a contour inte- 
gral of some "vector potential" along 3% 
or as an integral of the effective "magnetic 
field" over the area inside au. This field 
can be specified (11, 12), given the depen- 
dence of the electron scattering amplitudes 
on 6. Therefore, the pumped charge is de- 
termined by the size and shape of "trajec- 
tory" ~'LI, changes its sign wiSh the phase 
difference +, but does not depend on the 
distribution of "velocities" dUildt along 
the "trajectory." 

The quantization means that small de- 
formations of du do not affect the pumped 

' 

charge. This is possible only if the general- 
ized magnetic field vanishes in some do- 
main of the p.arameter plane. In general it 
is not zero, and the charge is not quantized 
(13). A nice example for such a behavior is 
provided by small oped conductors with 
quenched disorder. Properties of such 
(mesoscopic) systems are known to exhibit 
mesoscopic (sample-specific) fluctuations. 
The fluctuations of the pumped charge 
turn out to be much bigger than its aver- 
aged value (13). These fluctuations result 
from the electron interference and are 
generically of quantum nature, as. in the 
Switkes et al. case. The magnitude and 
even the sign of the pumping current de- 
pend, for instance, on a weak magnetic 
field that affects the interference pattern 
for the ekctmn waves. The measurements 
of Switkes et al. (3) agree with the main 
predictions (1 1,13) at small pumping am- 
plitudes. The amplitude dependence of the 
pumped current is yet to be understood. 

lkhmnces and Notes 
1. AAAtnikosov, F ~ o f t h c F h e o f y o f M e t -  

air (North-Holbnd AmJtwda4 1988). 
2. Y. lmry, in CMedom in C ~ ~ r  Physics, G. 

Grinstein and C. Mazenko, Eds. (World Wentitic, Sin- 
gapom. 1 s ) .  

3. M. Switkes eta/., kience2P3.1905 (1999). 
4. D. j. Thouless. Phyl Rw. 8 27,6083 (1 983). 
5. V. I.lilyamkii af a/., ibl& 96,15180 (1997). 
6. M. W. K d k r  et at A# fhy5. Lett 99,194( (19%. 
7. A G. Amnov i#td Y. V. Sharvin, Rev. Mod Phys. 59. 

755 (1987). 
8. M.V. Ben& Pmc R Soc Londa, %. A 392.45 (1984). 
9. A A Shapers and f. W i l d  W.. Geometric Phases 

i n ~ h ~ v e l ~ o f ~ & m c e d S e f i e s i n ~ ~ i c d  
P h y d c s ~  5ehtifk. Singapore. 1989). 

10. J.  E. Avron, in Mesoxopic Quantum Physic<Les 
liw&s, SeaSon M, E. Ahnnans et aL. Eds. (Else- 
vier,Amsterdm. 1995). p. 741. 

11. P.W.Brower,f!/~~~. Rev. B58.10135(1998). 
12  I. L Aleiner and A V. Andreev. Phys. Rev. Lett. 81, 

1286 (1998). 
13. F. Zhou et d, ibid 62,608 (1999). 
14. DLscrasDns with I.Alekr,S.CssiorowicSA Kaminski, L 

- Kwlvenharen. C. Marcus, B. Spivalr, and F. Zhou are 
E m d W - ~ t y ~ m D M R -  
9731756 at tho Univwsity of Mmesota and by ARO 
grat DAAG55-W-14270 at Rinceton University. 




