
R E P O R T S  

the pulse intensit). is responsible for the optimi- 
zation results can also be seen from the follow- 
ing argument. In the maximization as well as in 
the minimization experiment, the increased 
pulse duration leads to a reduced laser pulse 
intensity in the time domain as compared with 
the bandwidth-limited laser pulse. But in one 
case this reduction leads to a maximization. and 
in the other case it leads to a minimization, of 
the desired product branching ratio. It is there- 
fore not possible to obtain the same or similar 
results by a trivial intensity reduction. Although 
it is not certain that the algoi-itlml has found the 
global optimum, significant control behveen the 
bvo reaclion channels was achieved. which can- 
not be obtained by a trivial adjustment of the 
laser pulse length or the laser pulse intensity. 

The results demonstrate autonlated coher- 
ent control of photodissociation reactions 
with tailored femtosecond laser pulses from a 
computer-controlled pulse shaper. No infor- 
mation about the sample substance is needed 
in the optimization procedure. which always 
started with colnpletely random genetic con- 
figurations. By directly optimizing different 
final product yields of bond-breaking reac- 
tions, we achieve a qualitative change fro111 
electronic population manipulation toward 
direct control of different reaction channels. 
The experiments reported here represent a 
step toward synthesizing chemical substances 
with higher efficiencies while at the same 
time reducing unwanted by-products. 
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The Effect of Alumina on the 
Electrical Conductivity of 

Silicate Perovskite 
Yousheng Xu," Catherine McCammon, Brent T .  Poe 

Measurements of the electrical conductivity of silicate perovskite at 25 giga- 
pascals and 1400" to 1600°C show that the conductivity of (Mg,Fe)SiO, pe- 
rovskite containing 2.89 weight percent Al,O, is about 3.5 times greater than 
that of aluminum-free (Mgo,,,5Feo,o,5)Si03 perovskite. The conduction mech- 
anism in perovskite between 1400" and 1600°C is most likely by polarons, 
because Mossbauer studies show that the aluminum-bearing perovskite has 
about 3.5 times the amount of Fe3- as the aluminum-free sample. A conduc- 
tivity-depth profile from 660 to  2900 kilometers based on aluminum-bearing 
perovskite is consistent with geophysical models. 

The lower mantle consists predominantly of 
(Mg,Fe)SiO, perovslcite coexisting with about 
20% (Mg.Fe)O by volume. Al~unin~un is a 
minor element in the lower mantle, and it main- 
ly goes into the perovsltite phase ( I ) .  The par- 
titlolling of Fe and Mg between pe- 
rovslate and magnesiox~ustite is strongly cou- 
pled to A120, concentration (2), and the pro- 
portion of Fe3 + in perovsltite may increase 
greatly if perovsltite contains a small alnount of 
41,0, (3). If the conduction mechanism for 
perovskite is electron hopping from Fe2' to 
Fe3+ (4), the electrical conductivity of pe- 

rovskite should depend on the concentra- 
tion of Fe3' and is thus sensitive to substi- 
tution of 41,0, into perovskite. Here, we 
evaluate this notion using in situ electrical 
conductivity measurements of perovskite at 
lower mantle conditions. 

The starting lnaterials for coexpei-iments 
were two polyclystalline pyroxene samples 
with similar Fe/(Fe + Mg) ratios: San Carlos 
(Mgo 9,2Feo ,,,)Si03 01-thopyroxene containing 
2.89% A120, by weight and an Al-fkee synthet- 

Bayerisches Geoinstitut, Universitat Bayreuth, 
D-95440 Bayreuth, Germany 

*To whom correspondence should be addressed. E- 
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ic orthopyroxene, (Mg ,,,, Feo,o,,)SiO,. The 
samples were first transformed to perovslcite at 
25 GPa and 1600°C in a multian\,il apparatus 
and then prepared as disks for in situ complex 
impedance spectroscopy in subsequent experi- 
ments at 25 GPa and 1400" to 1600°C (5) .  

Fig. 1. Electrical conductivity of perovskite as a 
function of reciprocal temperature at 25 GPa. 
Squares and inverted triangles are for Al-bear- 
ing perovskite H826 and H858, respectively, 
and diamonds and circles are for Al-free pe- 
rovskite H852 and H862, respectively. Closed 
symbols refer to the first heating and cooling 
cycle and open symbols refer to the second 
heating and cooling cycle. 
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The conductivity measurements were car- 
ried out in 10-mm octahedral pressure cells 
with cubes truncated to 4 mm with a par- 
allel electrode method with a shield con- 
nected to ground where sample resistance 

that of the Al-free perovsltite. 
The relative amount of Fe3' in these pe- 

rovslcites was determined with Mossbauer 
spectroscopy (11). The results show that 
Fe3-;ZFe in the Al-bearing perovskite 
(-42 2 5%) is also about 3.5 times greater 
than that in the Al-free perovskite (-12 ? 

3%) synthesized at 25 GPa and 1600°C (Ta- 
ble 2). These data are similar to those of 

Perovskite is likely to govern the bulk elec- 
hical conducti\,ity of the lower mantle. In peli- 
dotitic mantle, the perovsltite phase should con- 
tain 4 to 5% AlzO3 by weight (16). A conduc- 
tivity-depth profile for the lower mantle can be 
consh-tlcted fronl Eq. 1 with the Al-bearing 
perovskite parameters (run H858) from Table 1 
(Fig. 3). To simplify this laboratory-based con- 
ductivity model, we did not consider the pres- 
sure effects for perovskite. effects of oxygen 
fugacity, possible OH in the minerals, the pres- 
ence of other mineral phases, or texture (1 7). 
The tenlperature gradient for the lower mantle 
was taken from Boehler (18). 

Our results show that elechical conductivity 
reaches a value of about 1 S,m at the top of the 
lower mantle. in agreement with geomagnetic 
detelminations (19-22) (Fig. 3). The laborato- 
~y-based model for the lower mantle is consis- 

was determined with impedance spectros- 
copy (6 ,  7). The conductivity measure- 
ments were likely performed in the pres- 
ence of a Mo-Moo, buffer. .ivhich main- 
tains an oxygen fugaclty close to the iron- 
wiistite buffer at these conditions (6-8). 

McCammon (3) for similar compositions. 
The sinlilarity between the effects of AlzO3 
on the electrical conductivity and the amount 
of Fe3' in perovskite (the factor of 3.5) 
[Table 2) indicates that electrical conductiv- 
ity of pero\,slcite is proportional to the amount 
of Fe3+. This obsen~ation suggests the hy- 
pothesis that the conduction inechailislll in 
perovslcite 'between 1400" and 1600°C is 
most lilcely by polarons. for example, by 
electron hopping (Fez' + Fe3' + e-). 

In comparison with pre\,ious data (Fig. 2). 

X-ray diffraction. electron microprobe anal- 
ysis, and optical lnicroscopic examination be- 
fore and after conducti\,ity measmements show 
that there was no evidence of minor phases in 
the Al-free perovslcite and only -2% majorite 
and -3% of a second silicate phase (probably 
ringwoodlte) in the Al-bealing pero\,sltite. The 
small amounts of these two minor phases have 
little effect on bulk conducti\,ity because the 
grains are homogeneously dishibuted in pe- 
rovskite and are not interconnected. The geo- 
metric distortion of the sample was small and 

the absolute values are around the same as those 
of Katsura et al. (12), but the activation energies 
of 0.62 to 0.70 eV for conduction in pero\,slcite 
are lower than the value of 0.92 eV obtained by 
Katsura et al. (12). A calculation (13) sho\vs 
that the higher activation enerm obtained by 
Katsura et ul. (12) could be caused by increas- 
ing leakage current through their A1,03 con- 

may introduce a maximuln uncertainty of 20% 
in the results (9). 

Conductlvitles were fit to the equation 

where a, is a preexponential f a c t o r , ' N  is 
activation enthalpy. Ir is the Boltzmann con- 
stant. and T 1s temperature (Fig. 1) 

tainer. This difference between our results and 
the value of -0.33 eV determined for De- 
rovsltite in diamond anvil shldies at lower tern- 
peratures (25" to 400°C) (Fig. 2) (4) lilcely 
results from nonequilibii~un (quenched) condi- 
tions at low temperature (14). Activation ener- 
gies and zero pressure conductivities in this 
study are much higher than those reported by Li 
and Jeanloz (15) up to -32503C (Fig. 2). prob- 
ably because of the difficulties of controlling. 

Results for expeliments run in two heating 
and cooling cycles at 25 GPa and 1400" to 
160OCC, as well as results for a repeated run for 
each perovskite, are identical (10). The results 
show that the activation energy of 0.70 eV for 
conduction in perovskite containing 2.89% 
A1,03 by weight is close to the value of 0.62 eV 
for conduction in Al-free perovskite (Fig. 1 and 
Table 1). However. the electrical conductivity 
of the Al-bearing perovsltite is about 3.5 times 

Fig. 2. Electrical conductivity of perovskite as a 
function o f  reciprocal temperature compared 
w i th  previous results. KSI (72) is 
(Mg,,,,Fe ,,)Si03 Al-free perovskite at 23 CPa, 
PP89 (247' IS (Mg,,,,,Fe,,,,)SiO, Al-bearing 
perovskite at 40 CPa, and LJ90 (15) is 
(Mg,,8,8Fe,,,,)Si03 perovskite at the three pres- 
sures ~nd~ca ted .  

for example, temnperah~re gradients and oxygen 
ftlgacity in a laser-heated diamond anvil cell. 

Table 1. Activation enthalpies and preexponential 1 
25 CPa and 1400" t o  1600°C. Pv, perovskite. 

:erms from fitting Eq. 1 t o  the experimental data at 

Sample Run 

Al-bearing Pv H826* 2.80 z 0.27 63 1 1.03 i- 0.09 
Al-bearing Pv H858 1.87 ? 0.1 1 74 0.70 x 0.04 
Al-free Pv H852 1.31 i 0.13 20 0.68 i 0.05 
Al-free Pv H862 1.06 ? 0.04 11 0.61 0.01 
Al-free Pv Average? 1.12 -C 0.12 11 0.62 = 0.04 

*Only three data points were obtained, and the uncertainty of the fitting parameters is potentially large. Therefore, the 
conductivity model of the lower mantle was based on the fitting parameters of H858 only. .:-The average parameters 
of Al-free perovskite were obtained by fitting a l l  data of H852 and H862. 

-3 -I 
0 600 1200 1800 2400 3000 

Depth (km) 

Fig. 3. Conductivity models for the  lower man- 
t le  calculated f rom the data of Al-bearing pe- 
rovskite (thick line) and Al-free perovskite (long 
dashed line) together w i th  the upper mantle 
laboratory-based curve XPSR98 (thick line) (7). 
Shaded areas illustrate the  effect on  the model 
o f  a i10O0C temperature variation. Ceophysi- 
cal models are shown as B69 (thin line) (79), 
M94 (dotted line) (20), BOS93-1 (dashed line) 
(21), and 80593-2 (dot-dash line) (21). 

Table 2. Electrical conductivity and the amount of Fe3- in Al-bearing and Al-free perovskite (Pv) at 25 
CPa and -1600°C. 

Al-bearing Al-free Al-bearing 
Pv/Al-free Pv Reference Pv Pv 

cr (S/m) 0.97 0.28 -3.5 This work 
Fe3+/ZFe 42 i 5% 12 = 3% 3.5 This work 
Fe3+/xFe 50 i- 5% 16 3% -3.1 (3)  
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tent with geophysical models, for example, B69 
(19) and M94 (20). In comparing our laborato- 
ry-based lower mantle model with upper mantle 
model XPSR98 (7). we found a conductivity 
jump of two orders of magnitude at the 410-km 
discontinuitv and a minor conductivitv increase 
at 660-km depth where ringwoodite ;ispropor- 
tionates to perovskite + magnesiowListite. 

According to the conductivity variation for a 
temperature variation of -C1OO°C. our results 
do not favor temperature increasing along the 
(Mg,,,,Fe,,,,,)SiO, perovskite 2000°C adiabat 
from 2300°C at 660-km depth (23) if the effects 
of A1,0, on the conductivity of silicate perov- 
slute are considered. 
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Seismic Evidence for an Inner 
Core Transition Zone 

Xiaodong Song and Don V. Helmberger 

Seismic waves that traverse Earth's inner core along north-south paths produce 
unusually broad pulse shapes at long periods (compared with waves along 
east-west paths) and reflections from below the inner core boundary at short 
periods. The observations provide compelling evidence for a seismic velocity 
discontinuity along north-south paths about 200 kilometers below the inner 
core boundary separating an isotropic upper inner core from an anisotropic 
lower inner core. The triplication associated with such a structure might be 
responsible for reported waveform complexity of short-period inner core ar- 
rivals along north-south paths and, if the depth of the boundary is laterally 
variable, their large travel-time variation. 

Earth's core consists of a solid inner core with 
a radius of 1220 knl surrounded by a liquid 
iron-rich outer core with a radius of 3480 km. 
The inner core was formed by the freezing of 
the liquid outer core as the Eaith's interior loses 
its primordial heat (I). It is thought that the 
slow growth of the inner core provides a source 
of e n e r a  to drive the geodynamo in the fluid 
outer core, which generates the Earth's magnet- 
ic field (2). Sixty years after the inner core was 
discovered in 1936 (3), seismic obsei-clations 
revealed that it was rotating relative to the 
mantle at about 1" per year (4). The inner core 
rotation is driven by magnetic coupling be- 
tween the electrically conductive inner core and 
the geomagnetic field (5). Subsequent esti- 
mates of the rotation vary by one order of 
magnitude, from 3" per year (6) to 0.2" to 0.3" 
per year (7), depending on the measurements of 
time-dependent signals and the models of inner 
core anisotropy used to infer the rotation. 

The hypothesis that the inner core is aniso- 
tropic was first proposed in 1986 (8)  and the 
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N Y  10027,  USA. D. V.  Helmberger, Seismological Lab- 
oratory,  Cali fornia Inst i tu te o f  Technology, Pasadena, 
CA 91125,  USA. 

presence of significant anisotropy in the inner 
core is now well established (9). On average, 
the wave velocity is about 3% faster along 
north-south (NS) ray paths through the inner 
core than along east-west (EW) ray paths (10). 
However, the detailed structure of the inner 
core anisotropy appears to be complex with 
significant lateral and depth variations (11-14). 
Although anisotropy occurs throughout the 
bulk of the inner core (15); the upper part of the 
inner core has weak to negligible anisotropy 
(11, 12). In addition, seismograms produced by 
NS paths show inner core arrivals with smaller 
amplitudes (16) and inore complex wavefornls 
(1 7) at short periods. Here we present evidence 
for a transitional structure of a mostly isotropic 
upper inner core (UIC) surrounding an aniso- 
tropic lower inner core (LIC) (Fig. 1A). U'e 
show that the triplication (Fig. 1B) associated 
with the rapid increase of velocity at such a 
transition along NS paths provides a consistent 
explanation for the anomalously broad wave- 
forms of PKP-DF phases (compared with PKP- 
BC or PKP-AB phases) on long-pei-iod and 
broadband seismograms (dominant period 
about 10 s) and reflections from within the 
inner core on short-period seismograms (period 
about 1 s). The PKP-DF (or simply DF) ray 
goes though the inner core; whereas the PKP- 
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