
annual N burden of ~ 0 . 5  kg ha-' deposited 
primarily during the summer. This burden 
represents 340% of the total N dry deposi- 
tion and ~ 1 5 %  of the total atmospheric N 
input ( ~ 3 . 5  kg ha-' year-') estimated by 
similar methods and wet deposition data 
(22) (Table 1). The total N deposition is 
equivalent to 225% of the total N translo- 
cated through the roots (12.5 kg ha-' 

of a similar forest 150 krn to the 
north (23) and represents a sizable nutrient 
input to this N-limited ecosystem. 

The total deposition of all N species to 
Roosevelt National Forest is much less than 
that in other coniferous forests in the eastern 
United States and Europe (24) (Table 2) and is 
well below the estimated threshold for forest 
damage (=lo to 20 kg ha-' (25). 
Table 2 contrasts the N burdens in forests near 
sources of high agricultural and low industrial 
emissions (Rmevelt), low agricultural and 
high industrial emissions (Oak Ridge, Tennes- 
see), and high agricultural and high industrial 
emissions (Gottingen, Germany). Forests in 
areas with high (SO, + N0,)/NH3 emission 
ratios (for example, Oak Ridge and the east- 
em United States) may simultaneously act as 
net sinks for anthropogenic N in the form of 
NO,, HNO,, NO3-, and NH4+ while emit- 
ting gaseous NH, to the atmosphere. This 
results from the presence of unneutralized 
sulfate aerosols that scavenge NH, and de- 
press the ambient NH, mixing ratios to well 
below the compensation point [<0.05 ppbv 
(26, 27)]. These emissions can account for 
both the presence of NH, in regions with no 
known anthropogenic sources at mixing ra- 
tios greater than predicted from the NH3- 
H2S04-NH4HS04-(NH4)2S04 equilibrium 
and the ubiquity of ammonium sulfate and 
bisulfate aerosols in the atmosphere (28). 
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Topographic and Magnetic-Sensitive Scanning 
Tunneling Microscope Study of Magnetite 

The topographic and magnetic surface structure of a natural single crystal of magnetite 
(Pe30,), a common mineral, has been studied from the submicrometer scale down to 
the atomic scale with a scanning tunneling microscope having nonmagnetic tungsten as 
well as ferromagnetic iron probe tips. Several different (001) crystal planes were 
imaged to atomic resolution with both kinds of tips. A selective imaging of the 
octahedrally coordinated Fe B-sites in the Pe-0 planes, and even a selective imaging of 
the different magnetic ions Pe2+ and Pe3+, has been achieved, demonstrating for the 
fist time that magnetic imaging can be realized at the atomic level. 

T HE SCANNING TUNNELING MICRO- 

scope (STM), developed by Binnig, 
Rohrer, Gerber, and Weibel ( I ) ,  is 

already well known for its ability to image 
surface structures of conducting samples 
down to the atomic scale. The most signifi- 

cant contributions of STM have initially 
been made in the field of semiconductor 
surfaces (2, 3) and, more recently, in the 
fields of metal surfaces (4), superconductiv- 
ity (5), charge-density wave systems (6), and 
atomic-scale writing (7) and switching (8). 
We demonstrate that the STM can also be a 
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Fig. 1. Simplified picture of the conventional unit 
cell of magnetite, including its spin structure. 
There are (001) planes built up by the Fe A-sites, 
as well as other (001) planes (C, and C,) that are 
built up by Fe B-sites and 0-sites. 

+ Octahedral interstices 
,& Tetrahedral interstices 
0 02- ions 
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Fig. 2. LEED patterns of the mechanically pol- 
ished and annealed Fe,0,(001) surface, obtained 
at (A) 86- and (B) 142-eV electron energy. 

highly usehl tool in the study of the topo- 
graphic and magnetic surface structure of 
magnetic materials down to the atomic level. 

The most natural way to make the STM 
magnetic-sensitive is, of course, to replace 
the commonly used nonmagnetic W and 
PtIr tips with magnetic probe tips. Howev- 
er, it was only recently when the first report 
of STM experiments with magnetic probe 
tips under well-defined ultrahigh vacuum 
(UHV) conditions appeared (9). By using 
ferromagnetic CrO, tips and a Cr(001) test 
surface, we were able to demonstrate that 
vacuum tunneling of spin-polarized elec- 
trons is observable in the STM; This allowed 
us to distinguish the alternately magnetized 
terraces of the Cr(001) surface on a nano- 
meter scale and to derive a local effective 

Fig. 3. STM overview images (300 A by 300 A) 
showing the first kind of topography observed at 
the Fe,0,(001) surface on a nanometer scale. 
Different terraces that are predominantly separat- 
ed by steps 4.2 A high are visible. N o  character- 
istic difference in the STM images obtained with 
(A) a W tip and (B) an Fe tip is found on this 
length scale. (Tunneling current I = 1 nA, and 
sample bias voltage U = +3.0  V for both imag- 
es.) 

polarization of the tunnel junction (9, 10). 
In our more recently performed STM 

experiments in which we-used ferromagnetic 
Fe probe tips prepared in situ and a magne- 
tite sample, we have aimed at coming down 
to the atomic level in probing the topo- 
graphic and magnetic surface structure of a 
well-known magnetic material. Atomically 
sharp and clean Fe tips were obtained with 
an in situ tip procedure as de- 
scribed (11). In this method, a polycrystal- 
line, 0.25-mm-diameter Fe wire is electro- 
chemically etched until a constriction 20 to 
100 p,m in diameter is formed. One end of 
the wire is then fixed in the tip holder of the 
STM unit. whereas the other end of the wire 
is fixed in another tip holder on top of a 
standard sample holder. The two ends are 
pulled apart in UHV (lo-" mbar) by 
flipping back the scan-head of the STM unit 
(12). As a result of this procedure, nanotips 
are formed at the foremost end of the tips, 
with a radius of curvature of 10 nm or even 
less. The cleanness of the tips at the foremost 
end is only limited by the bulk impurity 
concentration. 

Natural single crystals of magnetite 
(Fe304) were used as samples for our STM 
studies. Magnetite is ferrimagnetic, with a 
Curie temperature of 860 K and a room- 
temperature conductivity of - 100 ohm- ' 
cm-'. It has a cubic inverse spinel structure 
and the formula unit may be written as 
Fe3+[Fe2+,Fe3+]04 from the ionic crystal 

Fig. 4. (A) STM overview 
image (300 A by 300 A) 
showing the second kind 
of topography observed at 
the Fe,0,(001) surface. 
Different terraces are visi- 
ble that are separated by 
ragged steps -2 A high 
(Wtip;I= lnA,andU= 
+3.0 V). (B) Higher- 
magnification STM image 
(150 A by 150 A) show- 
ing atomic rows on top of 
the terraces that change 
their orientation by 90" 
from one terrace ;o the 

next. The Z scale covers 2 nm (W tip, I = 1 nA, 
lyd U = +3.0 V). (C) STM image (150 A by 150 
A) showing the atomic rows on a single extended 
terrace (Fe tip, I = 1 nA, and U = +3.0  V). 

point of view. A simplified picture of the 
conventional unit cell of magnetite is shown 
in Fig. 1. The crystals were well character- 
ized by x-ray diffraction and electrical resis- 
tivity measurements as a function of temper- 
ature. Several different methods for 
preparing a well-defined (001) surface of 
magnetite were tried. In situ cleavage of the 
crystals in UHV leads to clean but rough 
sirfaces. Therefore, we used a surface Prep- 
aration procedure consisting of mechanical 
polishing and then in situ annealing up to 
1000 t 50 K. This annealing treatment did 
not change the stoichiometry and atomic 
structure at the surface, as checked with 
Auger electron spectroscopy (AES), x-ray 
photoelectron spectroscopy (XPS), low-en- 
ergy electron diffraction (LEED), and STM. 
The AES spectra proved that a clean mag- 
netite surface was obtained by the annealing 
treatment (impurity concentration less than 
1% of a monolayer, which corresponds to 
our detection limit). LEED patterns such as 
those in Fig. 2 were reproducibly obtained 
after surface preparation. A quantitative 
analysis indicated that the Fe304(001) sur- 
face was nonreconstmcted. The STM exper- 
iments were performed at room temperature 
in the same multichamber UHV system 
(Nanolab) that contained the surface prepa- 
ration and conventional surface analysis fa- 
cilities. The pressure was at least in the low 
10-"-mbar range, guaranteeing a reason- 
able surface cleanness over several hours. AU 
of the experimental STM results below rep- 
resent raw data. 

We first characterized the nanotopogra- 
phy of the Fe304(001) surface by using 
both electrochemically etched W tips and Fe 
tips prepared in situ. Two characteristic but 
completely different topographies were 
found in different surface regions. In Fig. 3, 
A and B, are STM images of the first kind of 
topography, as obtained with W and Fe tips, 
respectively. No characteristic difference be- 
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Fig. 5. Single line sections perpendicular to the 
atomic rows in the STM images of Fig. 4, B and 
C (DL, distance along xy plane). A 6 a peri- 
odicity is observed with a W tip (top line section) 
as well as with an Fe tip (bottom line section). 

tween the experimental results obtained 
with nonmagnetic and magnetic tips can be 
found on this scale of several hundred ang- 
stroms. Different terraces appear in these 
images that are predominantly separated by 
steps 4.2 A high that correspond to one-half 
of the height of the conventional unit cell in 
Fig. 1. The right angles, which are always 
found, reflect the symmetry of the (001) 
surface of magnetite. The square holes, typ- 
ically 4.2 A deep, can be as small as 34 
by 34 A. Atomic resolution STM images 
obtained on top of the terraces (13) reveal a 
periodic squ?.re lattice, corresponding to the 
top (001) plane of the crystal structure in 
Fig. 1, which is built up by tetrahedrally 
coordinated Fe3+ A-sites. 

Another kind of topography, much less 
frequently observed, is shown in the STM 
images of Fig. 4, which were also obtained 
with W as well as Fe probe tips. Again, 
terraces can be seen that, in contrast to the 
STM images of Fi 3, are separated by 
ragged steps only 2 h high. On top of these 
terraces, atomic rows that change their ori- 
entation by 90" from one terrace to the next 
are clear. The separation between these 
atomic rows is -6 A, as measured with 

0.00 - 
6 7 8 9 1 0 1 1  

Dll along row (nm) 

Flg. 6. Single line section along an atomic row of 
Fe B-sites, as measured with an Fe tip, showing the 
presence of a 12 A periodicity. This line section 
was taken from the STM image in Fig. 4C. 

Fig. 7. Structure model for the Fe-0 
(C, and Cb) planes of the low-tem- 
perature phase of Fe30,(001) below 
the order-disorder transition (14). A 
distinction between the different 
ionic species Fe2+ and ~ e ~ +  has been 
made. The repeat period of Fe2+ and 
Fe3+ is four times the spacing of 3 A 
between the Fe sites along the Fe 
rows, that is, 12 a. This period is 
equal to the most frequently ob- g Ax 
served periodicity in the STM im- 0 02- Fe3+ o Fez+ 

ages obiained at ioom temperature. 

both W and Fe tips (Fig. 5). By comparison 
with the crystal structure of magnetite (Fig. 
l ) ,  we found that the STM images in Fig. 4 
correspond to the Fe-0(001) crystal planes. 
These Fe-0 planes are indeed separated by 
-2 A, and they are built up by rows of 
octahedrally coordinated Fe B-sites (Fe2+ 
and Fe3+), which have a spacing of -6 A 
and change their orientation by 90" from 
one Fe-0 plane to the next (Fig. 1). The 
rows of 0 sites, which are not visible in our 
STM images, would have a spacing of 3 A. 
The fact that only the Fe rows are visible in 
the STM images. which were obtained with " ,  

a positive sample bias, indicates the presence 
of a spectroscopic effect with a dominant 
tunneling contribution through the empty 
Fe 3d states of the Fe30,(001) surface. 

By a comparison of the atomic resolution 
STM images obtained with nonmagnetic W 
tips and ferromagnetic Fe tips, we have 
found clear differences in the appearance of 
the Fe rows. In the STM images obtained 
with the nonmagnetic W tips, the rows of Fe 
sites always appear structkeless; in other 
words, the measured corrugation ampli- 
tudes along the Fe rows are below 0.1 & 
equivalent to the noise level in these STM 
studies. The absence of a periodic corruga- 
tion along the Fe rows when measured with 
a nonmagnetic W tip may be explained by 
the small separation of 3 A between the Fe 
sites along &e Fe rows. By a further decrease 
of the noise level, it is expected that a 
periodic corrugation along the Fe rows with 
a 3 A period could be observed with the W 
tip. In contrast, by using the ferromagnetic 
Fe probe tips, we have clearly found a 
sig&cant corrugation along the Fe rows 
that was highly reproducible (Fig. 4C). Sur- 
prisingly, the most frequently observed pe- 
riod is not 3 A, as expected for a topograph- 
ic image, but 12 A, iYhich corresponds to 
four times the spacing of 3 A between the Fe 
B-sites along the Fe rows (Fig. 6). An 
explanation for the dominance of the 12 A 
periodicity can only be found by considering 
the different ionic species Fe2+ and Fe3+ 
present in Fe304. According to structure 
models for the low-temperature phase of 
magnetite below the orcier-disorder (Ver- 

wey) transition (14-16), the repeat period of 
Fez+ and Fe3+ along the Fe rows should be 
exactly four times the 3 A spacing between 
Fe sites (Fig. 7). The fact that the ferromag- 
netic Fe probe tip is sensitive to this repeat 
period proves the presence of a magnetic- 
contrast mechanism at the atomic level, 
which is based on the different spin config- 
urations 3d5 3d for Fez+ and 3d5 for 
Fe3+. A simplified picture for the origin of 
the line scan in Fig. 6 is presented in Fig. 8. 

A strictly periodic corrugation with the 
12 A period is only observed on a local scale 
(up to -50 A). Other periodicities that are 
multiples of 3 A are also found, which are, 
however, much less frequently observed 
than the 12 A period. The present STM 
experiment was performed at room temper- 
ature, whereas the order-disorder (Venvey) 
transition in the bulk occurs well below 
room temperature (at -120 K). The order- 
disorder transition temperature is likely in- 
creased at the surface of magnetite because 
of the reduced coordination and band-nar- 
rowing at the surface. However, long-range 
order is not present at room temperature, as 

Fig. 8. Simplified picture for the origin of the 
measured line section in Fig. 6.  The observed 
magnetic contraston the atomic scale was attrib- 
uted to the different spin configurations that is, 
the different magnetic moments) of Fh' and 
Fe3+ 
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deduced from our STM study, and is not 
expected to be seen with experimental tech- 
niques that average over large surface areas. 
Our STM observations instead support a 
glassy state at the surface with medium- 
range order at room temperature. 

Because a microscopic theory for STM 
experiments with a magnetic tip and sample is 
lacking, we can only speculate about the 
origin of the magnetic contrast observed at 
the atomic level. Magnetic dipole forces, al- 
though present, are not expected to lead to 
magnetic contrast on the atomic scale because 
of their long-range nature. Therefore, either 
spin-polarized tunneling or, less likely, the 
effect of magnetic exchange forces might be 
responsible for the observed contrast. 

In summary, we have characterized the nan- 
otopography and the atomic and magnetic 
surface structure of a well-known mineral by 

using STM with nonmagnetic as well as with 
magnetic sensor tips. The discovery of magnet- 
ic contrast at the atomic level allowed us to 
detect local order in the spatial distribution of 
the different magnetic ions Fez+ and Fe3+ at 
the (001) surface of Fe30, at room tempera- 
ture. We believe this study has proven-that 
STM will become a most valuable tool in 
scientific research fields such as surface magne- 
tism, transition metal oxides, and geology as 
well. 
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Effects of High Temperature on Silicate Liquid 
Structure: A Mdtinuclear NMR Study 

The structure of a silicate liquid changes with temperature, and this substantially 
affects its thermodynamic and transport properties. Models used by geochemists, 
geophysicists, and glass scientists need to &clide such effects. In sku,-high-tempera- 
ture nuclear magnetic resonance (NMR) spectroscopy on 23Na, 27Al, and 29Si was 
used to  help determine the time-averaged structure of a series of alkali aluminosilicate 
liquids at temperatures to 1320°C. Isotropic chemical shifts for 29Si increase (to higher 
frequencies) with increasing temperature, probably in response to  intermediate-range 
structural changes such as the expansion of bonds between nonbridging oxygens and 
alkali cations. I n  contrast, isotropic chemical shifts for 27Al decrease with increasing 
temperature, indicating that more sificant short-range structural changes take place 
for aluminum, such as an increase in mean coordination number. The spectrum of a 
sodium aluminosilicate glass clearly indicates that at least a few percent of six- 
coordinated aluminum was present in the liquid at high temperature. 

OLTEN SILICATES ARE THE PRE- 

cursors of almost all igneous rocks 
(and therefore much of the earth's 

crust and mantle) and are the initial states of 
commercial glasses and glass-ceramics. Sili- 
cate melts are strongly bonded, partially 
ionic liquids, whose behavior is in many 
ways intermediate between those of organic 
molecular liquids and ionic molten salts (1). 
Most direct information about silicate liquid 
structure comes from studies of glasses, 
which contain configurations that are frozen 
in as temperature drops through the glass 
transition temperature Tg. However, large 
increases in heat capacity, thermal expan- 
sion, and compressibility on heating 
through T, suggest that, above this point, 
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significant structural changes occur with in- 
creasing temperature ( 2 ) .  Quantification of 
these changes is of key importance in under- 
standing the properties of the liquids near 
and above their melting' points, which are 
typically several hundred to more than 
1000°C above Tg: high-temperature struc- 
ture and dynamics control the properties of 
silicate liquids most relevant to geochemis- 
try, geophysics, and materials science. 

In situ high-temperature studies of vibra- 
tional (3) and x-ray absorption spectra (4) 
have indicated some details of the local 
structural changes that can take place with 
increasing temperature or on melting of 
silicates. Earlier work has shown that some 
temperature-induced liquid structural 
changes can be determined from NMR spec- 
tra of glass samples quenched at different 
rates and therefore recording different T, 
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values (5, 6). NMR has also been used to 
study 170, 23Na, 27Al, 29Si, and other nu- 
clides in silicate liquids at high temperature 
(1, 7-1 1). Most of this work has concentrat- 
ed on the mechanism of the dynamic ex- 
change among structural species at temper- 
atures only a few hundred degrees above T,. 
At higher temperatures, the NMR signals 
from all structural groups are fully averaged 
by rapid exchange and reorientation, even 
when that exchange involves breaking 
strong Si-0 bonds (7-10). Recently, a sys- 
tematic difference in isotropic chemical 
shifts for 27AI between glasses and high- 
temperature liquids was recognized (1 1). 
These data suggested that changes in the 
average structure with temperature could be 
directly observed in the liquid state. From 
NMR data on a single nuclide, however, it 
has not been possible to determine the 
mechanism of these changes and relate them 
to thermodynamic properties. Some tem- 
perature effects, such as changes in bulk 
magnetic susceptibility, should cause similar 
perturbations in the NMR frequencies of 
different nuclides. ~emperature-induced 
structural changes, on the other hand, could 
affect different nuclides similarly or dissimi- 
larly, depending on their chemical behavior. 
We present here results from high-T NMR 
spectroscopy of 23Na, 29Si, and 27AI that, 
taken together, place new constraints on the 
mechanism of temperature-induced struc- 
tural change in silicate liquids. 

We prepared a variety of alkali silicate and 
alumiiosiiicate glasses (12), chosen to min- 
imize liquidus temperatures and viscosities 
and to allow simultaneous study of several 
nuclides (Table 1). In collecting the NMR 
data at room temperature, we used the 
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