Fluctuation Microscopy: What is it?
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Fluctuation microscopy is the enigmatic name given to an oth-
erwise straightforward technique for studying medium range order
in highly disordered materials. By medium range, we mean atomic
ordering atlength scales within the range 0.5 ~ 2.0 nm, where tradi-
tional imaging and diffraction techniques have the most difficulty
detecting structural correlations in amorphous materials. Puzzle-
ment over fluctuation microscopy generally arises not because of
the “microscopy” part of the name, but because of the “fluctuation”
part. What, exactly, is fluctuating? And, why does it fluctuate?

The fluctuations are simply the variations in scattering between
small sub-volumes within a thin sample. These are usually not time-
varying fluctuations (although they could be), but instead they are
the position-varying fluctuations in local diffraction.

The next question might be; how do we distinguish between the
scatterings from one sub-volume relative to another sub-volume at
a different location in the sample? That is where the “microscopy”
part comes in, the ability to resolve the scattering between different
sample regions.

Perhaps the simplest way to explain the principles underpin-
ning fluctuation microscopy is to consider an idealized experiment,
as it would be conducted in a scanning transmission electron mi-
croscope (STEM). Figure 1 depicts such an idealized experiment.
When the electron probe is focused onto a thin sample, centered
at location (x, y), a sample volume is being explored, defined by
the area of the probe’s illumination disk times the thickness. The
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Figure 1. Depiction of an idealized STEM experiment on a disordered
material. As the probe is scanned across the sample, the microdiffraction
pattern (which is speckly) changes. A measure of the speckliness is the
intensity variance of all the microdiffraction patterns collected from the
sample. The variance reveals those diffraction vectors (structural length
scales) that fluctuate the most.
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probe width is related to the microscope resolution, which in
turn is governed by the objective aperture width (the smaller the
aperture, the wider the probe) and the objective lens aberrations.
We assume that the illumination across the probe is coherent, but
it does not need to be uniform. Atoms within the probed volume
scatter electrons. We are interested in the elastic coherent scattering
from the volume. If the sample is crystalline, coherent diffraction
disks emerge from the volume and a microdiffraction pattern can
be collected revealing the underlying symmetry (ordering) of the
diffracting volume. If the probe is significantly wider than the unit
cell, the diffraction disks do not overlap, and the microdiffraction
pattern does not change as the probe is scanned across the sample
(assuming uniform sample thickness, and no strain and no defects
etc.). If the sample is polycrystalline however, the diffraction pat-
tern remains unchanged only as long as the probe stays on a given
microcrystalline grain. When the probe moves onto a new grain,
the microdiffraction pattern changes accordingly. During a typical
scan of the sample, the probe will encounter many different grains,
and the microdiffraction pattern will be observed to fluctuate as the
probe progresses. Individual microdiffraction patterns from each
sample location (x, y) will exhibit a pattern of disks or spots, with
intensity distribution I, , (qx, q, ) The mean diffraction pattern
over many grains is just

<I(qx, q, )>=Zx,y1x+(‘1x"b)

where N is the number of probed sample volumes. The mean
will tend to show continuous rings similar to a powder pattern. Fluc-
tuations between diffraction patterns are best revealed by computing
the normalized variance of the patterns, which is found from

v =<12(qx)qy)>_1
)

<I2 (qx 24, )> is the mean of the square of the intensity. In
this digital age, the mean and the normalized variance are easily
computed. The reason for the normalization is to eliminate the
scattering intensity fall-off with increasing angle due to the atomic
scattering factors.

The normalized variance pattern of a polycrystalline material
looks like a high-contrast diffraction pattern, with rings exactly
where the diffraction rings occur. However, this is deceptive. The
variance pattern is not a diffraction pattern. It would be essentially
featureless if the sample were a perfect single crystal. The normal-
ized variance pattern is a remarkably sensitive indicator of those
diffraction vectors whose intensity is fluctuating the most.

Fluctuation electron microscopy (FEM) did not originate as a
STEM technique. In fact most FEM experiments are conducted in
the TEM by collecting dark-field images of the sample (see Figure
2). It turns out that, thanks to the reciprocity principle, the data
collected in the TEM is equivalent to that in the STEM. In essence,
the STEM experiment described above collects microdiffraction
intensity data I (qx 24, ), each pattern being at a fixed location x, y.
Microdiffraction patterns are collected over all sample locations x,
y to reveal the fluctuation map (normalized variance). In the TEM
on the other hand, speckly dark-field image intensity information
I (x, y) is collected at fixed gq,,q, beam tilt. Images are collected
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Figure 2. Left: Series of TEM dark-field images of 23 nm thick amorphous Ge. The illumination tilt angle q increases from (a) to (d). The speckliness of

the images changes with q. Speckliness can be estimated by the image intensity variance, which is plotted on the right as a function of q. The two prominent
peak locations indicate that cubic Ge 111 reflections are contributing to the first peak, and cubic Ge 220 and 311 reflections are contributing strongly to the
second peak. The peaks indicate the presence of medium range order in this sample.

over a range of g,, g, beam tilts to sample all diffraction vectors.
The sampling volume in the TEM dark-field images is defined by
the microscope resolution, which is equivalent to the STEM probe
width. Thus, in principle, both TEM and STEM approaches collect a
4-dimensional data set of intensities I (x, Y459, ) The plot shown
in Figure 2, of normalized variance V versus g, is equivalent to a line
trace through the variance image depicted in Figure 1.

The power of FEM does not come from its ability to study
polycrystalline materials — those can be studied well by conven-
tional imaging and diffraction methods. FEM excels in studies of
disordered materials where the ordering length scale is in the 0.5
- 2.0 nm range. Topologically ordered regions tend to be strained,
and are referred to as paracrystallites. Paracrystallites rarely show
up unambiguously in images, and are generally diffraction amor-
phous. However, FEM speckle statistics can reveal their presence,
as in Figure 2.

FEM is being applied by a number of groups to a wide range
of materials problems, including amorphous tetrahedral semicon-
ductors, disordered carbons, metallic glasses, amorphous mineral
phases, amorphous oxides (e.g. SiO,) and phase change memory
alloys (e.g. Ge,Sb,Tes).

Fluctuation microscopy is not unique to electrons. In principle,
the technique can be applied to optical microscopy for studying
ordering at longer length scales (> 5um). An X-ray version, appro-
priately termed fluctuation X-ray microscopy (FXM), is currently
being developed at the Advanced Photon Source synchrotron facility
at the Argonne National Laboratory for studying medium range
ordering in self-assembled nanoscale materials at 50 nm - 1 pm
length scales. ®
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In-Situ Electron Microscopist

The National Genter for Electron Microscopy (NCEM% at Lawrence
Berkeley National Laboratory is a national user facility for electron
beam microcharacterization. The facility operates state-of-the-art
electron microscopes and develops advanced techniques for
electron optical analysis. We currently have an opportunity for an
outstanding scientist to lead our [n-Situ Electron Microscopy
research program. This is an indefinite career appointment.

Using experimental transmission electron microscopy as a major
research tool, you will conduct independent original research on the
dynamics and mechanisms of processes in materials, provide
scientific support for Center users, and deveIQB novel techniques
and instrumentation. You will be responsible for advanced
microscopes, initiate high-level collaborations, and make significant
contributions toward the future development of the NCEM facility.

The successful candidate will have extensive professional expertise
in experimental transmission electron microscopy, a strong
publications record in materials science and electron scattering,
and_excellent communications and organizational skills. Ph.D. or
equivalent experience in the physical sciences required.
Back%round in soft matter, knowledge of computational modeling
and electron optics desirable.

Apgljcants are requested to submit a curriculum vitae, list of
Fu lications, statement of research interests, and the names of at
east four references.

ApPIy online at http://jobs.lbl.gov. -
Select ‘Search’ then enter 018186

in the Keywords search field and
click on ‘Search Jobs'.

Berkeley Lab is an Affirmative Action Equal

Opportunity Employer committed to the
development of a diverse workforce.
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