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Synchrotron Infrared Absorbance Measurements 
of Hydrogen in MgSiO, Perovskite 
Charles Meade,* John A. Reffner, Eiji Ito 

Micro-infrared spectroscopic measurements on single crystals of MgSiO, perovskite doc- 
ument two pleochroic hydroxyl absorbance peaks at 3483 and 3423 cent~meter-'. These 
measurements were obtained with the use of a synchrotron infrared source for spectros- 
copy. These data are consistent with a trace hydrogen content of 700 ? 170 hydrogen 
atoms per lo6 silicon atoms in the nominally anhydrous MgSiO, perovskite. When inte- 
grated over the volume of the lower mantle, this concentration is comparable to 12 percent 
of the mass of hydrogen in the Earth's hydrosphere. 

There has been broad interest in assessing ments in the instrumentation for micro- 
the hydrogen content of the Earth's mantle infrared spectroscopy to address this prob- 
and core because of its important implica- lem (13). 
tions for mineral transport properties (I), We examined single crystals of perov- 
melt formation processes ( 2 ) ,  and the evo- skite grown directly from an H20-rich melt 
lution of the atmosphere and oceans (3). In of MgSiO, composition at a pressure of 27 
this effort. recent observations of structur- GPa and a temDerature of 1830°C (14). 
ally bound hydrogen within a wide range of 
nominally anhydrous silicates and oxides at 
concentrations of 10 to 1000 parts per 
million (ppm) of H 2 0  have been particu- 
larly important (4-9). These results imply 
that large amounts of hydrogen could be 
stored within the Earth at mineral defect 
sites without the requirement of new high- 
pressure hydrous phases or changes in the 
major element chemistry of the mantle 
(10). Analyses of such trace hydrogen in 
xenoliths and basaltic elasses have demon- - 
strated that the uppermost mantle contains 
100 to 200 ppm of H 2 0  by weight (4, 11). 
Though this is a small concentration, it 
represents -6% of the mass of the hydrogen 
in the hydrosphere when integrated to a 
depth of 400 km. 

Earlier studies have used spectroscopic 
methods to describe the occurrence of de- 
fect hydrogen in upper mantle and transi- 
tion zone silicates. The hydrogen content 
of. the Earth is criticallv deoendent on the , . 
concentration in the lower mantle, howev- 
er, because this region constitutes the larg- 
est fraction of the planet on a volume basis. 
For this reason, we have carried out similar 
measurements on silicate perovskite (Mg- 
SiO,), the predominant phase of the lower 
mantle. In the past, such experiments have 
been hindered by the difficulty of making 
quantitative infrared absorbance measure- 
ments on the characteristically small crys- 
tals of perovskite (<50 pm in the largest 
dimension) (12). We used recent develop- 

\ ,  

This is the standard synthesis technique for 
making large single crystals of silicate pe- 
rovskite, and it provides ideal conditions 
for investigating defect hydrogen in the 
nominally anhydrous crystal structure. In 
the synthesis of perovskite, H 2 0  plays two' 
important roles: it lowers the melting tem- 
perature of MgSi0, to an easily accessible 
range for the multi-anvil press and it serves 
as a flux to facilitate the growth of perov- 
skite with a large grain size. On average, 
the crvstals in this studv are -40 um in 
their largest dimension, although thk opti- 
cally transparent region through the sam- 
ples is typically much smaller (<25 pm). 
Turbid regions can contain large numbers 
of fluid inclusions that affect the measure- 
ments. Extensive characterization of sam- 
ples grown with these methods show that 
their structure, elasticity, and vibrational 

Fig. 1. Micro-infrared absorption measure- 
ments on single crystals of MgSiO, perovskite. 
(A and B) Compar~son between synchrotron 
(bottom) and laboratory (top) measurements 
We collected laboratory spectra by imaging 
entire crystals in unpolarized light (50-pm ap- 
ertures). Synchrotron spectra are from 15-pm 
apertures through optically transparent reglons 
with polarized radiation. Accounting for the 
relative aperture sizes, the data are consistent 
with an increase in the signal of two orders of 
magnitude from the synchrotron source. Both 
laboratory spectra show broad band absorp- 
tion from fluid water. In (B), the fluid component 
is eliminated by the smaller aperture. In (A), a 
contribution from water is evident in the syn- 
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properties are identical to those of polycrys- 
talline perovskite formed under anhydrous 
conditions (both in the diamond cell and in 
the multi-anvil press) (1 5) .  Microprobe 
analyses of these samples show that their 
nominal composition is MgSiO,, though 
they contain impurities at the level of 100 
to 1000 ppm (16). 

Because of their size and low absorbance 
near 3 pm, single crystals of perovskite test 
the canabilities of conventional infrared 
microscopy for characterizing structurally 
bound hydrogen. We have been able to 
obtain absorption spectra only by imaging 
entire crystals in unpolarized light from a 
thermal emission source (1 7) (Fig. 1). Such 
data suggest that there is an absorption peak 
near 3450 cm-': however. it is difficult to 
resolve this peak from the predominant 
underlying broad absorption peak that we 
attribute to fluid H 2 0  (18). The presence of 
fluid H 2 0  (presumably from inclusions) in- 
dicates that the crystals were grown under 
H20-saturated conditions and that these 
samples probably represent an upper bound 
for the hydrogen content of silicate perov- 
skite synthesized at this pressure and tem- 
perature and with this particular composi- 
tion. These data are suggestive of structur- 
ally bound hydroxyl; however, they also 
show that quantitative studies of hydrogen 
in perovskite are not possible with the 
limited spatial resolution and signal that 
one can obtain from a black-body thermal 
emission source in laboratory-based infrared 
spectroscopy. 

To overcome such intensity-limited 
spectroscopic problems, we used the new 
infrared beamline (U2B) of the National . , 

Synchrotron Light Source at Brookhaven 
National Laboratory (19). From the syn- 
chrotron, the radiation is highly collimated 
and polarized, and it is almost three orders 

Wave number (cm-l) 

,ences between the unpolarized measurements in 
the synchrotron source (20). 
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of magnitude brighter than a conventional 
laboratory source at 3 Ihm. By coupling an 
infrared microscope and interferometer to 
the synchrotron, it has been possible to 
obtain absorption measurements with a dif- 
fraction-limited spatial resolution (20). 

A comparison of infrared absorption 
spectra on individual crystals obtained with 
laboratory and synchrotron infrared micro- 
scopes shows several improvements in the 
data (2 1). First, the signal is significantly 
increased. even for aDertures that are small- 
er than in the laboratory measurements. 
Second, because of the enhanced spatial 
resolution the optically transparent regions 
of the crystals can be isolated to remove 
much of the fluid H,O background that 
corrupts the laboratory spectra. And finally, 
we are able to confirm the directional na- 
ture of the OH absorption in the crystals 
through measurements of polarized spectra. 

From the synchrotron measurements, we 
consistently observed two moderately 
pleochroic absorption peaks in the single 
crystals of perovskite at 3483 and 3423 
cm-'. In two crystals, we have also ob- 
served a peak at 3690 cm-'. Infrared ab- 
sorption spectra measured at different spots 
across a single crystal show that the relative 
and absolute intensities in the spectra are 
relatively constant; this result implies that 
hydrogen is uniformly distributed through- 
out (Fig. 1). As the polarization of the 
beam is rotated, the relative intensities of 
the absorption peaks at 3483 and 3423 
cm-' change; however, the integrated ab- 
sorbance of these two is constant within 
15%. Also, the integrated absorbances from 
the polarized and unpolarized measure- 
ments are similar (Fig. ID). A comparison 
between the integrated absorbance of the 
two peaks and the crystal thickness shows a 
systematic trend, which indicates that the 

Thickness (cm) 

Fig. 2. Integrated absorbance for crystals with 
different thicknesses. Absorbance values are 
the average of polarized and unpolarized mea- 
surements made with the synchrotron source. 
The fit to the data is constrained to pass 
through the origin. 

absorption in this region is associated with 
structurally bound hydroxyl in the perov- 
skite crystal structure and that it is not 
associated with hydrogen adsorbed on sur- 
faces. On the basis of the Beer-Lambert law 
(22) and Paterson's molar absorption coef- 
ficients for hydrogen in silicates at a similar 
wavelength (23), the data in Fig. 2 are 
consistent with a concentration of 700 2 
170 H atoms per lo6 Si atoms (24). 

The frequency of the absorption peak in- 
dicates that there is weak hydrogen bonding 
in the perovskite crystals and that the proton 
is positioned between two oxygen atoms that 
are spaced -2.75 A apart (25). The splitting 
of the frequency between the two peaks 
is consistent with a variation of 0.1 A in the 
total hydrogen bond length (0- .0  distance). 
This bond distance is considerably longer 
than the near-neighbor oxygen atom distanc- 
es along the octahedral edge in the MgSiO, 
perovskite structure (-2.55 A). It is compa- 
rable, however, to second near-neighbor dis- 
tances between oxygen atoms on adjacent 
octahedrons that are tilted toward each other 
in the 001, 110, and 110 planes (Fig. 3). 
Notably, the magnitude and variation in this 
oxygen spacin (two 0...0 distances at 
2.71 and 2.81 1 ) are in excellent agreement 
with the position and splitting of the observed 
hydroxyl absorption peaks. If hydrogen atoms 
were randomly distributed on all of these 
0--0 pairs in the perovskite structure, the 
integrated absorbance of the hydroxyl peaks 
would appear isotropic for measurements 
alone different orientations and polarizations 
(26): 

The formation of these hydrogen bonds 
could be associated with a number of defect 
reactions in MgSiO, perovskite, including 
the formation of MgO Schottky pairs (27) 
and the substitution of trivalent ions (for 
example, A13+ and Fe3+) for silicon. The 

Fig. 3. Polyhedral representation of SiO, octa- 
hedrons in the 001 plane of the perovskite 
structure. The dashed lines show possible sites 
for hydrogen bonds that are consistent with the 
frequency of the hydroxyl absorption peaks. 
There is an orthogonal distribution of similar 
sites in the 11 0 and 71 0 planes. 

chemical composition of our samples sug- 
gests that the latter may be the most prev- 
alent mechanism in these crystals. In the 
Earth, we expect that the incorporation of 
hydrogen in perovskite is critically influ- 
enced by nonstoichiometry, the oxidation 
state of iron, and the ambient temperature 
and pressure. Notably, the hydrogen con- 
centrations of natural olivines and py- 
roxenes from the upper mantle vary by 
almost four orders of magnitude, depending 
on the concentration of impurities (4, 8). In 
the lower mantle, the effects of substitution- 
al iron and aluminum and significantly high- 
er temperatures compared to those of our 
synthesis conditions (and measurements) 
should increase the defect population in 
perovskite relative to our samples and hence 
increase the maximum possible concentra- 
tions of structural$ bound hydrogen. 

The hydrogen content of these perov- 
skite crystals is comparable to the concen- 
trations that have been documented in 
natural olivines and laboratory-synthesized 
SiO, stishovite (7). The results are also 
similar to the lower bound of observations 
for pyroxenes (4, 8) and to the minimum of 
the range of concentrations that have been 
reported for P-Mg2Si0, (500 to 65,000 H 
atoms per lo6 Si atoms) (6, 9). If one 
integrates the hydrogen content of these 
perovskite crystals over the mass of the 
lower mantle, it would represent - 12% of 
the hydrogen in the hydrosphere and ap- 
proximately twice the mass of hydrogen 
that is estimated to be in the upper mantle 
(0 to 400 km in depth) (4, 11). Our results 
demonstrate that trace hydrogen in perov- 
skite could represent a significant reservoir 
of hydrogen in the Earth. Future studies to 
determine the maximum hydrogen concen- 
trations in perovskites synthesized over a 
range of compositions are needed for assess- 
ing the relative importance of hydrous and 
nominally anhydrous minerals as reposito- 
ries of the Earth's hydrogen (28). If the 
hydrogen content of perovskite is as vari- 
able as that of low-pressure silicates, the 
hydrogen content of lower mantle perov- 
skite could exceed that of the hydrosphere. 
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Force Detection of Nuclear Magnetic Resonance 

D. Rugar,* 0. Zijger, S. Hoen, C. S. Yannoni," H.-M. Vieth,? 
R. D. Kendrick 

Micromechanical sensing of magnetic force was used to detect nuclear magnetic reso- 
nance with exceptional sensitivity and spatial resolution. With a 900 angstrom thick silicon 
nitride cantilever capable of detecting subfemtonewton forces, a single shot sensitivity of 
1.6 x 1013 protons was achieved for an ammonium nitrate sample mounted on the 
cantilever. A nearby millimeter-size iron particle produced a 600 tesla per meter magnetic 
field gradient, resulting in a spatial resolution of 2.6 micrometers in one dimension. These 
results suggest that magnetic force sensing is a viable approach for enhancing the sen- 
sitivity and spatial resolution of nuclear magnetic resonance microimaging. 

I t  was recently proposed by Sidles and 
co-workers (1-3) that nuclear magnetic 
resonance imaging with single spin sensitiv- 
ity and atomic resolution might be achiev- 
able with ultrasensitive force detection 
techniques. In one possible implementa- 
tion, a microfabricated cantilever operating 
at low temperature would detect the weak 
magnetic force acting between a small fer- 
romagnetic particle and the precessing nu- 
clear spins in the sample. The envisioned 
"magnetic resonance force microscope" 
would have elemental identification capa- 
bilitv and be able to determine nuclear 
positions with subangstrom spatial resolu- 
tion in three dimensions. Such an instru- 
ment, if it could be built, would represent a 
revolutionary advance for the field of mag- 
n e t i ~  resonance imaging and would greatly 
facilitate the determination of molecular 
structures. 

The first experiments demonstrating the 
basic principles of magnetic resonance force 
microscopy were reported recently. Rugar et 
al. (4) detected electron spin resonance 
(ESR) by using an atomic force microscope 
cantilever to measure an oscillatory 10-14-N 
magnetic force acting on a 30-ng sample of 
diphenylpicrylhydrazyl (DPPH) . Subsequent 
imaging experiments by Ziiger and Rugar (5) 
showed that spatial maps of the magnetic 

force could be used to reconstruct the electron 
spin density of the sample with micrometer 
s~atial resolution. 

Here, we report the use of microme- 
chanical force sensine techniaues to de- - 
tect nuclear magnetic resonance (NMR) . 
Compared to the previous ESR work, 
NMR force detection is considerably more 
challenging because the magnetic mo- 
ments of common nuclei are at least 650 
times smaller than the moment of the 
electron. Furthermore. nuclei have much 
longer spin-lattice relaxation times, ne- 
cessitating a different approach for manip- 
ulating the spin magnetization. We have 
overcome these obstacles by (i) fabricating 
ultrathin cantilevers that improve our 
force detection sensitivity to 5 x 10-l6 N; 
(ii) operating the force detection appara- 
tus in a high magnetic field (2.35 T) to 
enhance the nuclear polarization; and (iii) 
implementing a magnetization modulation 
technique based on cyclic adiabatic inver- 
sion (6). These innovations, in combina- 
tion with the 600-T/m field gradient gen- 
erated by a millimeter-size iron particle, 
resulted in a single shot NMR sensitivity 
of 1.6 x 1013 protons and a spatial reso- 
lution of 2.6 pm. 

The force detection apparatus (Fig. 1) fit 
within the room-temperature bore of a su- 
perconducting magnet and was operated in 

IBM Research Division, Almaden Research Center, a <10-3-torr vacuum to avoid air damping 650 Harry Road, San Jose, CA 95120, USA. 
of the cantilever. The sample consisted of 
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