
in HS macromolecular structures associated 
with solution chemistry may be caused by the 
protonation, deprotonation, and metal complex- 
ation of HS hctional groups. The noted dif- 
ferences between the macromolecular struc- 
tures of HSs of different origin are a reflection 
of the low solubility, higher aromatic C content, 
and the low carboxyl content of soil materials 
relative to fluvial humics (1-6). These results 
indicate that HSs exhibit more than one type of 
macromolecular structure in aqueous solutions, 
as opposed to the notion that HSs form rings in 
acidic and high ionic strength solutions and 
elongated structures in alkaline solutions (12). 
Globular and net-, ring-, and sheetlike struc- 
tures have also been reported for soil HSs on 
substrate surfaces, such as mica and electron 
microscope sample substrates (1 3-1 8). As 
shown in this study, macromolecular structures 
of HSs associated with mineral oxides may 
not necessarily represent those in solution. 

Changes in the HS macromolecular struc- 
tures can modify the exposed surface area and 
alter the functional group chemistry of HSs, 
such as protonation and cation complexation. 
The common occurrence of HSs in more than 
one type of structure under pH conditions typ- 
ical to the natural systems can substantially 
affect the biogeochemical processes in soils and 
sediments and the properties of aquatic colloids 
(1-5). In acidic soils and sediments with high C 
content, HSs can form dense structures with a 
low ratio of surface area to volume, in compar- 
ison to that of the alkaline soils. These struc- 
tures can restrict the accessibility of micropores 
of HS aggregates to microorganisms and oxy- 
gen diffusion and thus inhibit the oxidation of 
organic matter and facilitate the stabilization of 
organic C by soils (3-5). Although fresh organ- 
ic matter inputs are typically low in alkaline 
soils worldwide, the occurrence of HSs as open 
structures with high surface area under these 
conditions may also aggravate the C retention 
by alkaline soils (4, 19). For the same reasons, 
differences in HS macromolecular structures 
can also modify the intensity and rates of sorp- 
tion, desorption, and biotransformation of con- 
taminants (such as pesticides and chlorinated 
solvents) in soils and sediments (3, 5). Differ- 
ences in the macromolecular structures of min- 
eral-complexed HSs (with respect to size and C 
content) affect the properties of organomineral 
aggregates and control the chemistry of C re- 
tained by minerals in a soil profile, thus influ- 
encing the soil and sediment solution chemistry 
and their biogeochemical processes. These 
chemical and structural interactions of HSs can 
be explored directly with the high-resolution in 
situ x-ray spectromicroscopy methods. 
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Spin-dependent tunnel junctions based on magnetically hard and soft ferro- 
magnetic layers separated by a thin insulating barrier have emerged as prime 
candidates for information storage. However, the observed instability of the 
magnetically hard reference layer, leading to magnetization decay during field 
cycling of the adjacent soft layer, is a serious concern for future device appli- 
cations. Using Lorentz electron microscopy and micromagnetic simulations, the 
hard-layer decay was found to result from large fringing fields surrounding 
magnetic domain walls in the magnetically soft layer. The formation and 
motion of these walls causes statistical flipping of magnetic moments in 
randomly oriented grains of the hard layer, with a progressive trend toward 
disorder and eventual demagnetization. 

The resurgence of interest in magnetic thin 
films has been driven by the discovery of 
large magnetoresistance (MR) effects in mul- 
tilayered films (1-3), spin-valve structures 
(4), and tunnel junctions (5, 6) .  Typically, 
spin-dependent magnetic tunnel junctions 
(MTJs) consist of ferromagnetic (FM) layers 
separated by a thin insulating barrier, which 

is most often alumina. When the magnetiza- 
tion directions of the FM layers are parallel, 
there is a high probability of electrons with 
like spins tunneling between layers, and the 
resistance (R) is low. Conversely, when the 
magnetization is antiparallel, the tunneling 
probability is low and R is high. Devices 
based on the MR effect, such as magnetic 
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random access memory (MRAM), take ad- 
vantage of the large difference in R between 
the parallel and antiparallel states of the junc- 
tion (7, 8). The magnetization of the magnet- 
ically hard (reference) layer should remain 
fixed when the soft (free) layer is reversed. 
For recording applications, repeated switch- 
ing of the soft layer should not affect the 
hard-layer magnetization, because the MTJ 
memory would effectively be erased if this 
occurred. 

In studies involving field cycling of a 
spin-dependent MTJ, the magnetic moment 
of a hard Co,,Pt,,Cr,, layer (coercive field, 
H,, -1600 Oe) decayed logarithmically as 
the adjacent soft Co layer was cycled through 
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Fig. 1. Enlargements of 
Lorentz micrographs of 
a CoPtCr (15 nm)/alu- 
mina (1.4 nm)lCo (10 
nm) film taken at (A) 
zero in-plane magnetic 
field and (B) --200 
Oe. Corresponding line 
traces from the regions 
marked are shown in 
(C) and (D). 

k200 Oe, eventually becoming fully demag- 
netized (9). The MTJ magnetic stability de- 
pends on the soft-layer composition (a free 
layer of Ni,Fe,, was much more stable than 
Co), the hard-layer magnetic moment (dou- 
bling of thickness from 5 to 10 nm greatly 
delayed magnetization decay), and the alumi- 
na tunuel-barrier thickness. When coherent 
field rotation of the soft layer was used to 
achieve magnetization reversal, no decay was 
observed. Because field reversal normally 
proceeds by formation or motion of domain 
walls (or both), neither of which occurs dur- 
ing field rotation, it appears likely that do- 
main walls in the soft layer might have been 
responsible for the decay (9). Because of this 
uncertainty surrounding the origin of the 
magnetization decay and because of its fun- 
damental and technological importance, we 
have undertaken a comprehensive examina- 
tion of representative MTJs using Lorentz 
electron microscopy (10) and micromagnetic 
simulations based on solutions to the Landau- 
Lifshitz-Gilbert (LLG) equations (11). Sam- 

Fig. 2. Montage of A 
Lorentz micro~raphs of -7 

ples were prepared by means of magnetron 
sputtering onto thin (55-nm), electron-trans- 
parent, silicon nitride windows. The alumina 
barrier was formed by deposition of metallic 
Al, followed by in-situ plasma oxidation. 

Comparing the same region of the CoPtCrI 
aluminalco film at in-plane applied fields of 
zero (Fig. 1A) and -200 Oe (Fig. lB), re- 
spectively, analysis of image features such as 
the high-contrast domain walls and the strong 
magnetization ripple leads to the conclusion 
that these must originate primarily from the 
Co soft layer (12). For example, the single- 
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pixel line scan (Fig. 1C) shows high-contrast 
features on the order of 0.5 to 1.0 ixm in 
length. When the Co layer is fully saturated 
(Fig. ID), the image contrast has been re­
duced by approximately a factor of 3, with 
image periodicities in the 0.25-|jim range. 

When Lorentz micrographs of the CoPtCr/ 
alumina/Co film taken at zero in-plane field 
(Fig. 2A) are compared with difference im­
ages (Fig. 2B) in which the regions marked 
have nonrandom (correlated) differences in 
contrast at an in-plane field of -200 Oe, it is 
clear that changes in the CoPtCr FM layer 
must have occurred between the time of the 
initial image arid after cycling 1000 times. 
The succession of enlargements (Fig. 2, C 
through F) from the indicated area demon­
strates the growth of a demagnetized region 
in the CoPtCr film as a result of repeated field 
cycling. It is especially important that there is 
close correlation between areas in the hard 
layer that have been demagnetized and posi­
tions where there are high-contrast domain 
walls in the soft Co layer. Some of these 
walls do not move freely through the Co as 
the field is reversed, but appear early in the 
hysteresis cycle and persist almost to the 
coercive field. 

Micromagnetic simulations were used to 
further investigate the demagnetization pro­
cesses (11). In these simulations for a CoPtCr/ 
alumina/Co MTJ (Fig. 3), the model for the 
CoPtCr hard-layer material had random axis 
anisotropy (columnar structure) in a plane 
defined by the out-of-plane direction and one 
in-plane direction, and the transverse LLG 
cell dimensions were 10 nm by 10 nm. Rep­
resentative values for the saturation magneti­
zation and magnetocrystalline anisotropy of 
CoPtCr were used. The finite dimensions lead 
to boundary conditions that result in magne­
tization states with domain walls that are not 
randomly situated, thereby amplifying the de­
magnetization decay effect. 

In the simulations, the field was cycled 
between ±200 Oe along the horizontal plane, 
as in the field cycling experiments. The equi­
librium magnetization pattern of the Co layer 
(Fig. 3A) illustrates the stable configuration 

known as the S-state, which is characteristic 
of structures of this size (13). Corresponding 
domain patterns recorded after 5, 9, and 20 
cycles (Fig. 3, B through D), respectively, 
show that the key result observed after field 
cycling is a progressive increase in the num­
ber and size of locally reversed (green) re­
gions in the CoPtCr hard layer, primarily at 
soft-layer domain walls. 

In thin magnetic films, the predominant 
type of boundary between adjacent magnetic 
domains is the Neel wall (14) ( Fig. 4A). The 
horizontal and vertical components of the 
magnetic fringing field arising from the pres­
ence of a Neel wall in free layers of Co ( Fig. 
4B) were calculated as a function of out-of-
plane distance from the wall. The individual 
curves indicate field strengths at distances of 
2, 4, 6, 8, and 10 nm below the soft (free) 
layer. The in-plane stray field strengths di­
rectly below the Neel walls in Co and perm­
alloy (in this case, Ni80Fe20) are summarized 
(Fig. 4C) as a function of distance. Because 
the average hard-layer coercivity is —1600 
Oe, the fringing field from a Co Neel wall 
could be large enough to reverse the mag­
netization within individual grains. Con­
versely, for a soft permalloy layer, the 
fringing field strength is much reduced and 
demagnetization will be much slower be­
cause only cells with specific anisotropy 
axes will be oriented so that demagnetiza­
tion can proceed. 

Demagnetization is more complicated in 
practice because of the random orientations 
of the magnetic easy axes of hard-layer 
grains. The initial, nearly saturated state of 
the hard layer is stabilized by the demagne­
tization fields of adjacent grains. When a 
domain wall in the soft layer moves over a 
grain, the stray field may be strong enough to 
rotate the magnetization and then reorient it. 
Once the magnetization direction is flipped, 
all neighboring grains experience the stray 
field from the reversed grain, thereby reduc­
ing the local field strength needed to flip 
subsequent grains. When the domain wall 
returns during the second half of the hyster­
esis cycle, some reversed grains may flip 

back. However, the probability of reversal 
occurring is proportional to the number of 
magnetization states present. Even though the 
field cycling process flips grains in both 
directions after each passage of a domain 
wall, the long-term average after many re­
versals approaches an equilibrium, with no 
net direction of the hard-layer magneti­
zation. The entire hard-layer film will be 
effectively demagnetized even though the 
initial nucleation events are localized to 
regions in the soft layer where persistent 
domain walls are located. The presence of 
a vertical field in the microscope will 
reduce the flipping probability, but the 
trend toward magnetization decay will be 
unaltered. 

Simulations of rotational hysteresis loops 
and of loops in which the hard layer was 
pinned with an exchange-coupled layer con­
firmed the experimental observations that 
there was no hard-layer demagnetization. For 
rotational loops, no domain walls were formed 
that could result in hard-layer demagneti­
zation. For the exchange-coupled hard lay­
er, the switching fields needed for reversal 
were raised above those that can be pro­
duced by stray fringing fields originating 
from Neel walls. 

We have established that the magnetiza­
tion decay observed in spin-dependent tunnel 
junctions can be attributed to the localized 
but very strong fringing fields associated with 
persistent magnetic domain walls. Random 
axis anisotropy between exchange-isolated 
grains in CoPtCr, a feature that gives this 
material desirable properties as a hard-disk 
medium, contribute to the mechanism of lo­
calized demagnetization. When the grains are 
coupled closely by an exchange mechanism, 
these demagnetization effects can be mini­
mized or eliminated. The strength of these 
short-range interactions between adjacent 
magnetic layers is not generally well appre­
ciated and should not be overlooked in future 
device applications. 
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Using ultrafast, time-resolved, 1.54 angstrom x-ray diffraction, thermal and 
ultrafast nonthermal melting of germanium, involving passage through non- 
equilibrium extreme states of matter, was observed. Such ultrafast, optical- 
pump, x-ray diffraction probe measurements provide a way to study many 
other transient processes in physics, chemistry, and biology, including direct 
observation of the atomic motion by which many solid-state processes and 
chemical and biochemical reactions take place. 

Many fundamental processes in nature, such 
as chemical and biochemical reactions and 
phase transitions, involve changes in the 
structure of matter: rearrangement of the con- 
stituent atoms and molecules. Such changes 
usually occur transiently on time scales that 
are comparable with the natural oscillation 
periods of atoms and molecules; that is, 
femtoseconds to picoseconds. Ultrashort- 
pulse visible lasers with such pulse widths 
have been used for more than two decades to 
'optically pump and dynamically probe a wide 
array of atomic, molecular, solid-state, and 
plasma systems, including extreme states of 
matter normally found only in stellar or plan- 
etary interiors and experimentally accessible 
only by the rapid heating and inertial confine- 
ment made possible with ultrashort-pulse ir- 
radiation (1, 2). In these experiments, how- 
ever, the visible light used to probe the en- 
suing dynamics inherently cannot resolve 
atomic-scale features, and it interacts pre- 
dominately with valence and free electrons 
and not with the deeper lying core electrons 
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and nuclei that most directly indicate struc- 
ture. Hard x-ray radiation, with wavelengths 
comparable with interatomic distances, is 
well suited to measure structure and atomic 
rearrangement and can measure structural dy- 
namics in the interior of samples that are not 
transparent to ordinary light. Recently, sub- 
picosecond sources of hard x-rays have been 
developed (3-5), making possible new class- 
es of experiments in physics, chemistry, and 
biology (4, 6-9). Visible-pump, x-ray diffrac- 
tion probe experiments that measure the gen- 
eration and propagation of coherent acoustic 
pulses in bulk gallium arsenide (GaAs) crys- 
tals have been reported (7). In those experi- 
ments, milli-angstrom changes in lattice 
spacing were measured with picosecond tem- 
poral resolution. Here we report on the ob- 
servation, using time-resolved x-ray diffrac- 
tion, of ultrafast nonthermal melting of short- 
pulse-irradiated germanium (Ge) (10). 

In general, if a solid is heated to or above 
the melting temperature, nucleation of the 
liquid phase occurs around crystal defects or 
inclusions, usually at the surface itself, and 
the rate of phase change depends on the 
degree of superheating of the solid (11). In 
the case of laser irradiation of an absorbing 
crystalline semiconductor, incident optical 
energy is initially coupled to the carriers, 
which undergo band-to-band transitions. In- 
traband relaxation and nonradiative recombi- 
nation cause delayed heating of the lattice 
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velocity depending on the degree of super- 
heating of the interface but limited by the 
speed of sound. Typically, a layer a few tens 
of nanometers thick will melt in a few hun- 
dred picoseconds (13). This effect has been 
observed for irradiation with pulses longer 
than several picoseconds (14) and for near- 
threshold femtosecond pulses. In contrast, 
optical experiments using fluences twice the 
melting threshold or greater (15-20) exhibit a 
significantly faster, subpicosecond change of 
the linear optical properties at the surface, 
with reflectivities reaching, in a few hundred 
femtoseconds, values equal to that of the 
conventional liquid phase (18, 19). In other 
experiments, a reduction in the second-har- 
monic-in-reflection signal, suggesting a sub- 
picosecond loss of crystalline order at the 
very surface, was also seen (15, 16, 18). 
These observations indirectly indicate that an 
ultrafast solid-to-liquid phase transition oc- 
curs at the surface of the semiconductor on a 
time scale faster than carrier-lattice equilibra- 
tion times. In order to directly observe the 
nonthermal loss of crystalline order both at 
the surface and in the bulk of the semicon- 
ductor lattice, we performed time-resolved, 
optical-pump, ultrafast x-ray diffraction probe 
experiments on laser-irradiated Ge. 

Three samples, nominally 160 nm thick, 
were used, consisting of single-crystal Ge 
films grown by means of a novel surfactant- 
mediated growth technique (21) over large 
areas (7.6 cm in diameter) of single-crystal 
silicon substrates. These large-area layered 
samples allowed us to acquire data (22) using 
the same standards routinely used in ultrafast 
optical studies of nonreversible dynamics of 
solids: First, because the film thickness was 
smaller than both the optical and x-ray pen- 
etration lengths, the entire x-ray-probed 
depth was optically pumped; second, the 
large area permitted shot-by-shot sample 
translation at the 20-Hz laser repetition rate, 
thereby illuminating a fresh area of the sam- 
ple on every shot. 

Diffraction images were measured at dif- 
ferent pump-probe time delays (Fig. 1). Be- 
cause the diffracted x-rays emanated from a 
point source, the horizontal axis on the de- 
tector represents various diffraction angles, 
whereas the vertical axis gives the scattering 
position on the sample. The diffraction image 
taken at negative time delays (Fig. 1A) is 
identical to the unpumped case. The Km, and 
Km, spin-orbit-split lines of Cu are clearly 
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