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Compendium of research abstracts and

_ technical reports from the Advanced Light
Source (ALS). The scientific program at the ALS started in October 1993 with a single
beamline, the x-ray microprobe on Beamline 10.3.1. Since then we have commissioned
beamlines at a steady pace and added significantly to the set of tools for the research
community. Now twelve beamlines are in operation supporting nearly 350 users in a
scientific program ranging over such diverse areas as materials science, EUV lithography,
chemical dynamics, life science, and environmental science.

I am pleased to introduce the first

The research summaries within are a testament not only to the wide range of research
applications at the ALS but also to the techniques and results spawned by the capabilities
of a third-generation machine. The high brightness of a synchrotron source such as the
ALS translates into fine spatial resolution, so x-ray microscopies of various kinds are
emerging as a mainstream activity. Our users are also doing experiments which may pave
the way to the future, such as the the production of femtosecond x-ray pulses with an eye
toward so-called “fourth generation” light sources. As a relatively new and rapidly
growing national user facility, the ALS welcomes current and potential users to work with
us to continue to develop a scientific program noted for its excellence, scope, and
‘collaborative nature.

We intend to publish the Compendium on a yearly basis as a supplement to our annual
ALS Activity Report. Scientific highlights and ongoing R&D projects written for a broad
audience will appear in the Activity Report. The Compendium, on the other hand, will be
dedicated to more in-depth research reports by the scientists themselves, and will serve as
a more detailed reference to the scientific program, related publications, and beamline
information. We hope that you will reserve some space on your bookshelves for these
volumes since they will offer a sequence of snapshots of progress at the ALS in years

to come.

Neville Smith
.ALS Scientific Program Head
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Determination of the Resolution of the X-Ray Microscope XM-1
at Beamline 6.1

- John M. Heck, Werner Meyer-Ilse, and David T. Attwood

Center for X-ray Optics, Emest Orlando Lawrence Berkeley National Laboratory,
University of California, Berkeley, California 94720, USA

INTRODUCTION

Resolution determination in x-ray microscopy is a complex issue which depends on many factors. Many
different criteria and experimental setups are used to characterize resolution. Some of the important
factors affecting resolution include the partial coherence and spectrum of the illumination. The purpose
of this research has been to measure the resolution of XM-1 at beamline 6.1 taking into account these
factors, and to compare the measurements to theoretical calculations.

The x-ray microscope XM-1, built by the Center for X-ray Optics (CXRO), has been operational since
1994 at the Advanced Light Source at E. O. Lawrence Berkeley National Laboratory. It is of the
conventional (i.e. full-field) type, utilizing zone plate optics [1]. A schematic is shown in Fig. 1. ALS
bending magnet radiation is focused by a condenser zone plate [2] onto a monochromator pinhole
immediately in front of the sample. X-rays transmitted through the sample are focused by a micro-zone
. plate [3] onto a CCD camera. The pinhole and the condenser with a central stop constitute a linear
monochromator. The spectral distribution of the light illuminating the sample has been calculated
assuming geometrical optics.

~ ALS Beam @

KzZpP
Figure 1. Schematic of the x-ray microscope XM-1 at ALS beamline 6.1

PARTIALLY COHERENT IMAGING

The partial coherence of an imaging system is of utmost importance in resolution determination, and is
affected by the aperture of the condenser lenses. A coherence parameter m is defined as m = NAJ/NA,,
where NA_ and NA, are the numerical apertures of the condenser and objective lenses. When m = o or
m = 0, the illumination is incoherent or coherent, respectively, and the image formation is linear. For
any other value of m, the imaging is partially coherent, leading to nonlinear image formation. In order
to calculate an image from an object under partially coherent illumination, the Hopkins theory of partial
coherence [4,5] must be applied. The software package SPLAT has been developed for this purpose by
A. Neureuther and K. Toh of the University of California, Berkeley [6].
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There are many common criteria for characterizing resolution, the most famous of which is the Rayleigh
criterion. When applied to two incoherently imaged point sources, the Rayleigh criterion gives the
result that the two points are "distinguishable" when they are separated by 0.61 A/NA. At this point, the
image contrast, given by (I;ax-Tmin)/Inaxmin) 18 15.3%. For the partially coherent case, we have

defined three resolution criteria which are valid for any value of m:

Two Point Resolution: The point separation d at which the image contrast is
15.3%, regardless of the degree of coherence.

Knife Edge Resolution: We define the knife edge resolution as the width of the
10-90% intensity transition, because when a knife
edge is imaged incoherently, the intensity transition
over a distance of 0.61 A/NA is 10-90%.

Grating Resolution: The period of the smallest grating for which the image
contrast is at least 15.3%.
All three of these resolution criteria give the same numerical value as the Rayleigh criterion for two

incoherent points at m = oo, provided there are no central stops on the lenses.

{(
1))

1.00 ' .
Grating Resolution

Two Point Resolution
0.82

..................... (« —10.61

Resolution (A/NA)
©
o
)

0.34 : N
; Knife Edge Resolution
0.20 |Coherent l | | ¢ Incoh.|
. R ] K K T7
0.0 0.65 1.0 1.5 | o

Coherence Parameter m
Figure 2. The effect of partial coherence on two point, knife edge, and grating resolution. The solid lines indicate no
central stop on the condenser lens; the dotted lines represent a 1/3 radius central stop. The XM-1 coherence of 0.65 is
marked with a dashed line. '
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The values of the three resolution criteria in the case of a partially coherent imaging system without
aberrations are plotted as a function of 7 in Fig. 2, both with and without a central stop in the
condenser. Although all of these criteria give equal values under incoherent illumination, they differ
significantly as the imaging system becomes more coherent. The knife edge becomes sharper as
coherence is increased, whereas the two point and grating resolutions are degraded. The central stop
has little effect on the resolution. In our experiments with XM-1, the value of m was 0.65, which is
marked with a dashed line.

XM-1 KNIFE EDGE RESOLUTION

The knife edge resolution is a useful test of instrument performance because knife edges are: easy to
fabricate, image, and analyze. A gold knife edge was made by Erik. Anderson of CXRO by a liftoff
process, imaged in XM-1, and analyzed in the following manner. First, a straight line was fittted to the
edge image between the dark and light portions. Then, the intensity of every image pixel was plotted as
a function of its distance to the edge. The 10-90% width of the intensity transition of these points was
then measured.

Chromaticity
0.0 0.5 1.0 1.5 2.0
1_0_ T T T T T T v 4 ' T v ¢ ' T T ’ v T T -
= : 4
z i 4
N
a3
=
o
3
A
o
mn
Q
A
o 0.4 )
~ : $ XM-—1 Knife Edge Test i
[ L —— SPLAT Simulation -
0.2l ]
0 10 20 30

Pinhole Diameter (xum)
Figure 3. Knife edge resolution as a function of pinhole size and the corresponding chromaticity (=ratio of the number of
zones of the micro-zone plate [N=318] to the spectral bandwidth of the illumination). The solid line is a SPLAT
simulation; the diamonds represent knife edge resolution measurements with 5, 10, and 15 pm monochromator pinholes.
The knife edge resolution improves gradually as the illumination becomes more monochromatic.
Knife edges were imaged with each of three monochromator pinholes, and the 10-90% edge widths
‘were measured. The edge widths were 48, 43, and 41 nm, using the 15, 10 and 5 pum pinholes,
respectively. This data is compared to a series of SPLAT simulations using the appropriate spectral
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distribution due to the linear monochromator (Fig. 3). It can be seen that the data points in Fig. 3
follow the same trend as the theory, although the experimental edge width is consistently about 40%
larger than the diffraction limit. The relatively constant nature of the data for small illumination
bandwidths indicates that the achievement of a spectral resolution greater than about A/AA = 500
(corresponding to a 10 pm monochromator pinhole) will not significantly affect the spatial resolution of
the x-ray microscope. However, a high spectral resolution is desirable for spectromicroscopy.

CONCLUSIONS

The effect of partial coherence has been shown to play a major role in image formation and spatial
resolution of x-ray microscopes, due to the non-linear relationship between the image and the object.
With an increasing degree of coherence, knife edge images become sharper while two-point resolution
is degraded. Although 10-90% edge resolution may be measured at less than 0.61 A/NA, the actual
resolution of the imaging system may be far from diffraction limited, depending on the partial coherence
parameter.

The effect of the illumination spectrum has been analyzed in detail. It has been shown, both
theoretically and experimentally, that an improvement in the spectral resolution beyond A/JAA = 500
does not significantly affect the spatial resolution. However, a high spectral resolution does allow more
accurate elemental distinguishability, and makes it possible to'perform_ spectroscopic techniques since
we have the ability to tune the wavelength to various resonances in the absorption spectrum.

The knife-edge resolution of XM-1 has been measured to be 0.61 A/NA, or about 43 nm, with a 10 um
monochromator pinhole. Although this is quite small, it is still 40% from diffraction limited. A major
emphasis of future research is.to determine the causes of this discrepancy and attempt to eliminate it.
Some of the possible causes being investigated are zone plate thickness and aberrations.
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High Spatial Resolution Soft-X-Ray Microscopy

W. Meyer-llse, H. Medecki, J. T. Brown, J. M. Heck, E. H. Anderson, D. T. Attwood

Center for X-ray Optics, E. O. Lawrence Berkeley National Laboratory,
University of California, Berkeley, California 94720, USA

INTRODUCTION

A new soft x-ray microscope (XM-1) with high spatial resolution has been construeted by the

Center for X-ray Optics (Fig. 1). It uses bending magnet radiation from beamline 6.1 at the

Advanced Light Source, and is used in a variety of projects and applications in the life and

physical sciences [1]. Most of these projects are ongoing.
Condenser zone plate
74 Micro zone plate

() Visible Light
Microscope

ALS
Bending
Magnet

Alignment
Light Microscope

Figure 1: Schematic of the
high resolution soft x-ray
microscope XM-1, built
and operated by the Center
for X-ray Optics. Bending
magnet radiation from the
ALS is monochromatized
and focused onto the
sample with a condenser
zone-plate lens [2]. X-rays
transmitted through the
sample are enlarged with
an objective (micro-) zone
plate lens and detected with
an x-ray CCD camera
system. Except for air gap
containing the sample of
about 100 microns, the x-

ray optics are in vacuum. A mutual indexing system is used to position and focus the sample with an external visible

light microscope.

The instrument uses zone plate lenses and achieves a resolution of 43 nm, measured over 10% to

90% intensity with a knife edge test sample [3]. X-ray
microscopy permits the imaging of relatively thick
samples, up to 10 pum thick, in water. XM-1 has an easy
to use interface, that utilizes visible light microscopy to
precisely position and focus the specimen.

BIOLOGICAL APPLICATIONS

In our most extensive study with C. Magowan (Life
Sciences Division, LBNL) [4,5], the life cycle of malaria
parasites (Plasmodium falciparum) in intact normal
human red blood cells (Fig. 2) has been observed, using
hundreds of images. Building on the knowledge about the
parasites’ normal development, abnormalities which
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occur in the parasite after protease inhibitor treatments or in erythrocytes deficient in membrane
protein 4.1, have been investigated.

In a collaboration of T. Ford and A. Stead (Royal Holloway University of London, UK)
structures in green alga (Chlamydomonas), uniquely visible with soft x-rays, have been analyzed
in unfixed samples [6]. By using x-ray wavelengths near the L-absorption edges, we were able to
detect trace amounts of Fe, Mg, and Co in this alga. Bacterial spores (Bacillus subtilis) were
studied in collaboration with J. Judge (Unilever plc., UK). Structural differences between
hydrated and dehydrated spores were observed and reported [7].

The uniformity of chromatin organization within the
heads of sperm from several mammals was analyzed in
collaboration with R. Balhorn (LLNL). Sperm chromatin
is particularly well suited for imaging with x-rays. Since
the DNA is packaged in a highly compacted state, x-ray
images of the sperm heads show structural details that
cannot be observed using other techniques. These images
are providing new insight into the importance of the
timely synthesis of protamine 1, one of the two nuclear
proteins that package DNA in spermatids and sperm

(Fig. 3).

Cryptosporidium is a parasite commonly found in lakes

and rivers contaminated with animal waste and sewage.
Figure 3: Transgenic sperm cell from

Occasionally municipal drinking water supplies may ety

become contaminated. The parasite oocyst is about 4 to 6

microns in size and resistant to chlorination treatment used in public water systems. Recent
outbreaks of Cryptosporidium infections in Las Vegas (1994) and Milwaukee (1993) caused
about 140 deaths and
approximately 400,000 cases
of severe diarrhea and vomit-
ing. Cryptosporidium is im-
portant to human health
because of its debilitating
effects, and it can be fatal to
immuno-compromised indi-
viduals. We recorded a first

series of x-ray microscope
g diu
1mages Ot: Cryptosporidium Figure 4: Cryptosporidium.

prepared in the laboratory of  (a) sporozoite emerging from oocyst, (b) empty oocyst with residium.

C. Petersen (UCSF, San
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Francisco General Hospital). These images were made from formalin fixed, wet samples. The
images show a sporozoite emerging from the oocyst (Fig. 4 a) and an empty oocyst with the
associated residuum (Fig. 4 b).

Other biological projects include investigations of human chromosomes (D. Arndt-Jovin, T.
Jovin, Max-Planck-Institute Gottingen, Germany); mammalian cells (J. Hearst, M. Albertie,
Structural Biology Division, LBNL, and S. Lelievre, Life Sciences Division, LBNL); human
fibroblast cells (S. Krauss, Life Sciences Division, LBNL); human lung tissue (J. Bastacky, Life
Sciences Division, LBNL); two projects with rat neurons (S. Brubaker, Univ. Oregon, Eugene
and G. DeStasio, Univ. Rome, Italy); and development of lanthanide based luminescent labels
(M. Moronne, Life Sciences Division, LBNL).

PHYSICAL SCIENCES APPLICATIONS

Soft x-ray microscopy is advantageous wherever high spatial resolution transmission images
from samples several microns thick are required. If the sample is in a liquid environment, x-rays
might be the only possible method. In addition to that, it may be possible to gain elemental or
chemical information through
spectromicroscopy, making x-ray
transmission the method of choice in a
variety of applications in materials
sciences and environmental research.

Fig. 5 shows images of silicate (SiOy)
micro-spheres suspended in toluene
(CsHsCHs; liquid at room temperature)  gigure 5: Silicate (SiO,) spheres of 0.2 um diameter in toluene.
imaged at different wavelengths near Images taken at 539 eV (left) and at 533 eV (right).

the absorption edge of the oxygen K-

shell. At a photon energy of 539 eV (2.30 nm) the absorption of oxygen is at a maximum,
whereas at the slightly lower photon energy of 533 eV (2.33 nm) the absorption of oxygen is
negligible. As only the silicate micro-spheres contain oxygen, they are clearly visible at 2.30 nm
and almost invisible (actually slightly brighter than the medium) at 2.33 nm.

In a collaboration with G. Mitchell and E. Rightor (Dow Chemical) we started to use XM-1 for a
number of industrial applications. The samples investigated included different types of structured
polymers with sizes that take full advantage of our spatial resolution, and latex spheres, which
were imaged wet.

CONCLUSION AND OUTLOOK

The high resolution soft x-ray microscope XM-1 has gained new insights in a large variety of
applications.
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We are currently developing a cryogenic sample holder to be used in our soft x-ray microscope.
The holder will allow us to use longer exposure times and perform multiple view imaging
without increasing visible sample damage. For multiple view imaging, which provides
tomographic information, a rotation stage is planned. A new electron beam writing tool
(NanoWriter) is being commissioned; it will provide us with higher resolution condenser and
objective zone plate lenses.
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A.D. Steadl, T.W. Fordl, J. Judgez, J.T. Brown® and W. Meyer—Ilse3

'Biological Sciences, Royal Holloway (University of London), Egham, Surrey, TW20 OEX. UK
2Unilever plc, Colworth House, Sharnbrook, Beds., MK44 1L.Q. UK
*Center for X-ray Optics, Ernest Orlando Lawrence Berkeley National Laboratory, University of California,
Berkeley, California 94720, USA

INTRODUCTION

Bacterial spores are able to survive dehydration, but neither the physiological nor structural basis
of this have been fully elucidated. Furthermore, once hydrated, spores often require activation
before they will germinate [1]. Several treatments can be used to activate spores, but in the case
of Bacillus subtlis the most effective is heat treatment. The physiological mechanism associated
with activation is also not understood, but some workers suggest that the loss of calcium from the
spores may be critical. However, just prior to germination, the spores change from being phase
bright to phase dark when viewed by light microscopy.

Imaging spores by soft x-ray microscopy is possible without fixation. Thus, in contrast to
electron microscopy, it is possible to compare the structure of dehydrated and hydrated spores in
a manner not possible previously. A further advantage is that it is possible to monitor individual
spores by phase contrast light microscopy immediately prior to imaging with soft x-rays;
whereas, with both electron microscopy and biochemical studies, it is a population of spores
being studied without knowledge of the phase characteristics of individual spores. This study has
therefore tried to compare dehydrated and hydrated spores and to determine if there is a mass loss
from individual spores as they pass the transition from being phase bright to phase dark.

METHODS

Bacterial spores (Bacillus subtilis) were prepared [2] and transported frozen. After thawing the
spores were aliquoted and refrozen. Each experiment used a fresh aliquot. Initial experiments
compared the structure of hydrated spores, to dehydrated spores and in subsequent experiments
spores were activated (70° C for 30 min; phosphate-citrate buffer [SOmM, pH 7.0] followed by
re-suspension in nutrient broth [Oxoid] with 10mM L-alanine added and incubated at 30° C).
Before, or at various times after, addition of germination media, a 2 pl sample was removed and
imaged. For imaging 2 pl of the spore suspension was placed between two 120nm thick SizNy4
windows. The preparation was examined by phase contrast light microscopy and fields of view
were selected which included phase bright, phase dark and, if possible, vegetative cells. X-ray
micrographs of the spores selected with visible light were taken using the soft x-ray microscope
XM-1 [3] at beamline 6.1 of the Advanced Light Source. Each field of view was photographed
for comparison with the x-ray images.
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RESULTS & DISCUSSION

Images of dry bacterial spores (Fig. 1) reveal little internal detail as the spores appear to be
uniformly x-ray dense. Subsequent images of the same field of view show that the spores are
very radiation resistant and that there is little or no reduction in the volume (Fig. 2a) of the spores
and no apparent loss of mass (Fig. 2b) as determined by the calculated x-ray transmittance even
when the x-ray dose exceeded 2x10’ Gy, a dose well above that recognized to cause structural

and functional damage in several other tissues [4-7].

By comparison, hydrated
spores appear to be very
radiation-sensitive and show
some internal features. Using
a 2 sec exposure time the
spores appear to have an
indistinct denser central

region, although this may

b) simply be a result of the

Figure 1: Soft X-ray images of dehydrated spores. greater thickness of the
a) 2 sec exposure (0 sec prior); b) 24 sec (80 sec prior exposure).

(Image size: 4 pm x 4 pm) spores at their center

compared to the spore
margins (Fig. 3a). In subsequent exposures (Figs. 3b-d) of the same area, however, the central
area is distinctly more x-ray dense than the spore periphery. Furthermore, the margins of the
spores also become more x-ray dense suggesting that the spore wall is now visible, although
since the images are of intact hydrated spores, the wall, and its effect on x-ray absorbency, should
be present over the entire image. In fact, in images of many spores, the ends of the spores are
denser than the lateral margins, thus giving the impression of ‘caps.' Further imaging causes the
size of the spores to be reduced, probably by contraction since the overall appearance remains
similar.

Images taken with an exposure time of less than 2 sec have a very poor signal to noise ratio. This
can be partially compensated for by combining data from several adjacent pixels, but this reduces
the resolution that can be achieved. Nevertheless it is useful to be able do this to ascertain if
either the x-ray dense central core or the spore margin is present before exposure to the x-rays or
whether both are the consequence of exposure to x-rays. Images taken with exposures as short as
0.1 sec appear to show that there is indeed a small increase in x-ray absorbency at the spore
margin and in the central region, suggesting that the cortex (the region between the central core
and spore margins) is the most radiation-sensitive. The appearance of spores after heat activation
was very similar to that of hydrated spores. However, unlike hydrated spores, there is an initial
increase in spore volume before exposure to soft x-rays causes an apparent loss of spore volume
(Fig. 2a). This increase in volume is also seen in images of spores which have been in growth
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media overnight (Fig. 2a). It is not clear why spores should increase in volume after exposure to
soft x-rays, nor why only activated and not hydrated spores should behave in this way.

When activated there are, within the spore population, two types of spores which are readily
identified by phase contrast light microscopy: those which are phase dark, and those which
remain phase bright. It is usually assumed that spores which are phase dark are about to
germinate and that this change in phase characteristics is associated with a loss of material from
the spores. Unfortunately, the transition to phase dark does not occur simultaneously, and indeed
some spores seem to be very recalcitrant. This makes biochemical and conventional electron
microscopy studies difficult as both require a large population of spores in which it is impossible
to distinguish the phase characteristics of individual spores. Soft x-ray microscopy, as available
on beamline 6.1, has the very real advantage of enabling spores to be studied by phase contrast
light microscopy before imaging, at higher resolution, with soft x-rays. Images of phase bright
and phase dark spores show that the transmittance of soft x-rays, through phase dark spores is
much greater than through those which are phase bright (Table 1) suggesting that there has,
indeed, been a considerable loss of material from those which are phase dark. In the second
exposures to soft x-rays there is a marked increase in soft x-ray transmittance (Table 1) but this
increase does not continue with further exposure, especially when the analysis of transmittance is
concerned with only the central core (Fig. 2b).

0.9
75% 0.8 —@— Spores in germinant
5. 0.7 —O— Activated spores
§ 70% E 06 —[1— Hydrated Spores
| —@— Spores in germinant Y s m— Dehydrated spores
E 65% T —O— Activated spores g :
::: —{3— Hydrated Spores "g' 0.4
= 60% T+ —@— Dehydrated spores o 0.3
o
55% ‘._._'——I—"‘.—_. 802
0.1
50% } } + t } ! 0+ t t + f + {
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Exposure [sec] Exposure [sec]

Figure 2. The effect of sequential exposure to soft x-rays on the size and transmission of bacterial spores. a) Effect
on volume where spores are assumed to be a prolate spheroid, and b) effect on transmission of soft x-rays.

Table 1. Comparison of x-ray transmittance through phase bright, phase However, the fact that the
dark and vegetative cells in the initial 2sec exposure and the second 2sec t ¢ it
exposure. In each case the the thickness of carbon (nm) required to PEESa AEAlEINEGICe

attenuate the soft x-rays has been calculated. through phase dark spores is

Phase bright Phase dark Vegetative so much greater than that

through phase bright spores

Initial 2sec exposure 136.6 81.3 17.8 smdicates that the padiation

2nd 2sec exposure 100.0 64.0 12.8 dose received by phase dark

spores is much lower than that
received by phase bright spores. And yet, at least during initial exposures, the apparent loss of
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material is as great from phase dark as from phase bright spores, showing that phase dark spores
are considerably more radiation-sensitive than phase bright spores. Preliminary data show that in
other respects phase bright and phase dark spores respond similarly when exposed to soft x-rays.
However, relatively few phase dark spores have been examined to date due to difficulties in
establishing the optimum activation and/or germination conditions at the ALS. This problem has
now been overcome, and it will be of considerable interest to determine if it is calcium that is lost
from the spores as they become phase dark. Biochemical analysis has shown that calcium,
probably as calcium dipicolinate, is lost from populations of spores during germination [8].
However, it is not clear if this is lost only from spores that become phase dark, or whether
calcium is lost from all spores regardless of their phase characteristics. Soft x-ray microscopy has
the potential for resolving this question. Knowledge of the means by which some spores fail to
activate and germinate is of considerable economic importance in the food industry, since
bacterial spores are very resistant and may not be killed during preparation whereas vegetative
bacterial cells, i.e. after germination, are relatively easy to kill. If all spores could be induced to

germinate, they could be killed thereby removing the potential health hazard.

Figure 3. Sequential soft x-ray microscopy of
hydrated spores. Exposure times were:

a) - 2sec (no prior exposure);

b )- 4sec (4sec prior exposure);

c)- 8sec (8sec prior exposure);

d) - 16sec (80sec prior exposure).

e) - 0.1sec with no prior exposure but with
6x6 binning of pixel data.

(Image size a-d: 4 pm x 4 ym
e: 2 um x 2.4 pm)

The present work has demonstrated that soft x-ray microscopy can be used to gain novel
information on the structural differences between dehydrated and hydrated spores due to its
ability to image material in an aqueous environment. In the future, as elemental discrimination
becomes feasible, the technique will be even more useful. However, this work has also shown
that bacterial spores, like many other biological specimens, are very radiation sensitive,
especially when hydrated, and that therefore cryo x-ray microscopy will be essential since
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elemental mapping requires that at least two images, be taken, often with long exposures, one on

either side of an absorption edge.
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Imaging Mammalian Cells with Soft X Rays: The Importance of
Specimen Preparation

John T. Brown and Werner Meyer-Ilse
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INTRODUCTION

Studies of mammalian cell structure and spatial organization are a very prominent part of modern
cell biology. The interest in them as well as their size make them very accommodating subject
specimens for imaging with soft x-rays using the XM-1 transmission microscope built and
operated by The Center for X-ray Optics on Beam Line 6.1 at the Advanced Light Source. The
purpose of these experiments was to determine if the fixative protocols normally used in electron
or visible light microscopy were adequate to allow imaging cells, either fibroblasts or neurons,
with minimal visible radiation damage due to imaging with soft x-rays at 2.4 nm. Two cell types
were selected. Fibroblasts are easily cultured but fragile cells which are commonly used as
models for the detailed study of cell physiology. Neurons are complex and sensitive cells which
are difficult to prepare and to culture for study in isolation from their connections with
surrounding cells. These cell types pose problems in their preparation for any microscopy. To
improve the contrast and to prevent postmortem alteration of the chemistry and hence the
structure of cells extracted from culture or from living organisms, fixation and staining
techniques are employed in electron and visible light microscopy. It has been accepted by
biologists for years that these treatments create artifacts and false structure. We have begun to
develop protocols for specimens of each of these two cell types for soft x-ray microscopy which
will preserve them in as near normal state as possible using minimal fixation, and make it
possible to image them in either a hydrated or dried state free of secondary addition of stains or
other labels.

EXPERIMENTS

Cultured WI38 human diploid fetal lung cells were used to test the efficacy of paraformaldehyde
vs. glutaraldehyde fixation. The cells are useful for imaging with soft x-rays because they grow
in culture attached to the surface and show a better defined nuclear morphology than other cells
which have a more rounded morphology. The cells were cultured directly upon the silicon nitride
membranes which are used as sample holders for x-ray imaging. The WI38 cell line is used as a
model system for studies of cell senescence. Since this cell line is not transformed, we used early
passage cultures. The cells of this line do not undergo apoptosis but they have a defined
replicative life span in that they change their morphology and cease mitosis after a certain
number of passages. Eventually their division rate in culture drops to zero. Cultures were raised
in Dulbecco’s Modified Eagle’s medium in 37°C incubator held at 5% carbon dioxide. The
medium was supplemented with 10% fetal calf serum. After 24 hours in culture the membranes
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with their attached fibroblasts were rinsed in PBS then fixed at a final concentration of 2%
paraformaldehyde in PBS. Following the fixation step the cells were permeabilized in 0.1%
Triton X100 in PBS. A final incubation at room temperature was carried out in 1% Triton X100.
Cells were washed and held in water until imaging. Cultures raised for glutaraldehyde fixation
followed exactly the same protocol steps up to the fixation. Fixation was carried out at room
temperature in 1% glutaraldehyde in PBS. This was followed by a 1% Triton X100
permeabilization at room temperature in PBS. Cells were then rinsed in PBS and water and kept
wet until the chambers were assembled for imaging.

Primary cultures of rat cerebellar neurons were prepared to study the effects of excitatory amino
acids, kainate and glutamate, on the uptake of cobalt. Cells prepared for this experiment were air
dried as part of the experimental design to be imaged in the XM-1 soft x-ray transmission |
microscope. Primary cerebellar neuron granule cells were cultured in 10% calf serum enhanced
modified Eagle’s medium. They had been excised from the rat brain and were suspended in the
medium and allowed to attach themselves to the silicon nitride membrane on which they were to
be exposed to cobalt in solution. Cells attached to the membranes were fixed with
paraformaldehyde, washed and dried. Imaging was done with the XM-1 at 2.4nm, within the
water window, with exposures of a few seconds to 180 seconds. Wet samples were placed into a
chamber composed of two silicon nitride windows held in a stainless steel holder which retains
liquid water for over two hours. Dried samples of the neurons were placed on a silicon nitride

window and they are exposed to helium during imaging.

Figure 1. Paraformaldehyde fixed, hydrated Figure 2. Rat neuron, Figure 3. Nucleolus of
fibroblast showing radiation damage. paraformaldehyde fixed, imaged  fibroblast. Fixed with
(Image size 10 pum x 8 pm) dry. glutaraldehyde imaged
(Image size 6 pm x 7 pm) hydrated.
(Image size 6 pm x 11
pm)
CONCLUSIONS

These experiments show that the fixation step is critical. Paraformaldehyde fixation of WI38
fibroblasts followed by permeabilization in detergent, Triton X100, is not adequate to fix the
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cells and prevent radiation damage in soft x-rays at short exposure times. Fibroblasts, maintained
in the hydrated state and imaged at exposures of a few seconds, show distinct radiation damage
or even complete dissolution of the cell (Fig. 1).

Paraformaldehyde has proven to be an unreliable fixative, and some substitute for it or additional
treatment must be applied to make it useful for viewing hydrated specimens. Rat cerebellar
neurons which have been cultured on silicon nitride membranes, paraformaldehyde fixed and
dried retain their external connections which are of morphological importance. They have the
ability to withstand relatively long exposures (Fig. 2).

For dried samples paraformaldehyde is a good choice. Even the most delicate and reactive cells
so treated retain their external form and connections to their neighbors. One percent
glutaraldehyde, a cross-linking fixative, is adequate for hydrated specimens of cultured
fibroblasts where fine details of morphology are important (Fig. 3).

Experiments are continuing to solve the problems which have arisen in imaging fragile cells with
soft x-rays. New procedures for fixation of fibroblasts and neurons are under way.
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INTRODUCTION

In concrete, alkali metal ions and hydroxyl ions contributed by the cement and reactive silicates
present in aggregate can participate in a destructive alkali-silica reaction (ASR). This reaction of
the alkalis with the silicates produces a gel that tends to imbibe water found in the concrete
pores, leading to swelling of the gel and eventual cracking of the affected concrete member.
Over 104 cases of alkali-aggregate reaction in dams and spillways have been reported around the
world. At present, no method exists to arrest the expansive chemical reaction which generates
significant distress in the affected structures [1].

By studying the reaction of silica gel in sodium hydroxide solutions and calcium hydroxide
solutions, Dent Glasser and N. Kataoka have distinguished four reactions for the silica
gel/sodium hydroxide/calcium hydroxide system [2,3]:

1) dissolution of silica by hydroxyl attack,
2) reaction of surface silanol (Si-OH) groups with hydroxyl ions (OH") in the solution,

3) binding of the sodium cations (Nat) and calcium cations (Cat) at negatively
charged sites on the silicate surface,

4) reaction of silicate species in solution with calcium ions in solution to form calcium
silicate hydrate (C-S-H).

Most existing techniques available for the examination of concrete microstructure, including
ASR products, demand that samples be dried and exposed to high pressure during the
observation period. These sample preparation requirements present a major disadvantage for the
study of alkali-silica reaction. Given the nature of the reaction and the affect of water on its
products, it is likely that the removal of water will affect the morphology, creating artifacts in the
sample.

The purpose of this research is to observe and characterize the alkali-silica reaction, including
each of the specific reactions identified above, in situ without introducing sample artifacts. For
observation of unconditioned samples, x-ray microscopy offers an opportunity for such an
examination of the alkali-silica reaction. Currently, this investigation is focusing on the effect of
calcium ions on the alkali-silica reaction.
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EXPERIMENT

Experiments were conducted at the x-ray microscopy XM-1, built and operated by the Center for
X-ray Optics (CXRO) at beamline 6.1 at the Advanced Light Source (ALS) at the E. O.
Lawrence Berkeley National Laboratory in Berkeley, California. Samples consisted of finely
ground particles of reactive silica in saturated calcium hydroxide solution. Chemical-grade silica
gel, ground ASR gel from the FURNAS Dam in Brazil, silica fume, and ground opal were used
as the reactive silicate required for the reaction. The solution, made from double distilled,
deoxygenated water, was used to simulate highly alkaline concrete pore solution Which reacts
with disordered siliceous aggregate. The pH of the solution was 12.2.

Samples were observed with soft x-rays at 2.4 nm
wavelength at a magnification of 2400x. Images were
recorded with exposures of 2 to 120 seconds. Samples
were observed dry and after the addition of the alkaline
solution. The effect of the solution on the silicate
samples was documented over time, from five minutes
after adding the solution to 2 weeks after adding the
solution to the ground silicates.

RESULTS

Reaction products were visible 5 to 25 minutes after the Sha Lo F
Figure 1 Reaction product of silica gel in

saturated calcium hydroxide solution was added to each samnrated caleiun hydraade soludion, 25

of the silicates. Reaction of the ASR gel with the minutes after the solution was introduced.
calcium ions was the fastest observed, with products (Image size: 102 pm x 104 ”mzm 106105)

visible 1 to 3 minutes after mixing. The reaction
appeared to stabilize in about an hour, with no changes in the reaction products visible after that
time.

Comparing the products of the reaction with the dry silicate morphology, the extent of the
reaction is clear. When dry, the silicates exhibit relatively smooth, clearly defined edges.
However, the products of each reaction were characterized by dendritic growth of lath like crystal
structures in either a diametrical or radial pattern, exhibiting much symmetry. Crystal structure
depicted in figure 1 exhibits a radial symmetry, while that in Fig. 2 is diametrical. In some
instances, the growth was sparse and delicate (Fig. 1), while other structures appeared more
dense (Fig. 2). It is not clear whether the reaction product is formed by a through solution or
topochemical reaction.

Largely, the structures resulting from the reaction of the silicate species and the calcium ions in
this investigation resemble structures described by Rashed [4] and Williamson [5]. Rashed
reported similar microstructures while examining the reaction of silica fume in concrete by
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scanning electron microscopy (SEM). This characteristic microstructure, termed 'sheaf of wheat'
morphology, appears to result from the reaction of silicates and calcium ions in the presence of
water in locations of relative emptiness, allowing such extensive crystal growth. The samples
prepared for this investigation were of high solution-to-silicate ratio, which would provide space
for crystal growth.

The branched crystal structure is thought to be a precursor to
calcium silicate hydrate (C-S-H), a complex crystal structure which
acts as a binder in concrete. The effect of the formation of a C-S-H
or its precursor is not certain. It has been proposed that such a
reaction product could provide additional strength to a concrete
member experiencing alkali-silica reaction. If this hypothesis is
confirmed, it can provide a basis for a methodology to control the
expansive alkali-aggregate reaction in concrete.

CONCLUSIONS

Saturated calcium hydroxide solution was reacted with several B b Dot
e : , ; ’ 0 s Figure 2 Sheaf of wheat
silicates to examine the role of calcium cations in the alkali-silica morphology resulting from the

reaction in concrete. From this investigation -- which included the = reaction of alkali-silica reaction
gel in saturated calcium

reaction of silica gel, alkali-silica reaction gel, silica fume, and hydroxide solution, 30 minutes

ground opal -- it is clear that silicates react with calcium ions in the aftlﬂt,the addition of the
solution.

presence of hydroxyl ions and water to produce a complex (Image: 6.2 pm x 10.4 pm)

crystalline microstructure characterized by bundles of lath like L

structure. This distinctive microstructure has been termed 'sheaf of
wheat' morphology by previous authors and is thought to be a C-S-H precursor. The effect,
beneficial or detrimental, of the growth of this reaction product is under investigation.
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INTRODUCTION

The secretion of proteins is a fundamental cellular process. The physical and biochemical
mechanisms that underlie this process have been studied with the view that they can serve as a
general model for how cells transport many different substances to and through their various
compartments and to the external environment.

In our work, we study the secretion of digestive enzymes by the acinar cell of the mammalian
pancreas. This is the classical system for studying such processes. The proteins that digest food
are stored in approximately micrometer sized vesicles, zymogen granules, within these cells.
There are two explanations for how these proteins are transported from within the granules to the
exterior of the cell during the process of secretion. One proposes that whole granules are lost
from the cell in discrete events [1], and the other proposes that partial and gradual emptying of
the granules accounts for protein secretion [2]. Of course, both mechanisms may occur. We are
attempting to assess to what degree each of these mechanisms account for protein secretion by
the organ. In order to do so, we have been determining whether physical changes in the granules,
such as mass loss, occur during secretion as the second model predicts, or if there is a simple
reduction in the number of granules as predicted by the first model.

The tools that have been available to date have not allowed such an assessment. They are unable
to measure quantitatively the protein content of individual structures on the size scale of
zymogen granules, or subcellular organelles in general. However, the absorption of soft x-rays is
highly sensitive to the content in the sample of carbon and nitrogen, the predominant components
of organic molecules — in this case, the proteins contained by the granules — permitting their
measurement at a resolution of tens of nanometers. Thus x-ray microscopy provides an excellent
means, indeed the only means developed, of both imaging and measuring the cellular distribution
of protein at the required resolutions for these and even smaller structures.

For these studies we are using the high resolution soft x-ray microscope developed and operated
by the Center for X-ray Optics at LBNL on beamline 6.1 of the ALS [3]. This instrument is well
suited to acquiring the large volumes of image data required to do a good statistical analysis on
the characteristics of populations of zymogen granules. Thus far, we have acquired nearly 3,000
images on this instrument, corresponding to approximately 400 cells containing about 25,000
zymogen granules. The relatively large population of individual granules we have measured
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should allow us to assess the changes that occur in these objects when secretion is augmented by
hormonal stimulation.

Figure 1. X-ray microscope image of a pancreatic acinus. Individual acinar cells are arrayed like pie wedges around
a central ductal space (D). Dark round objects in the apex of the cells are zymogen granules (z). Also visible are cell
nuclei (N) and nucleoli (n). Mitochondria (m) appear as thin, elongated objects slightly less dense than the granules.
Scale bar = 5 micrometers.

EXPERIMENT
Our goal is to measure the number, size, and protein content of zymogen granules within

pancreatic acinar cells, and determine how the population statistics of these parameters change
with time throughout the secretion process. We hope to determine whether protein is lost from
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the granules primarily by reduction in the number of granules, or by reduction in the protein
content of each granule. To this end, small tissue biopsies are removed from the pancreas of rats
at various time points following the administration of a drug that enhances secretion. These
tissue pieces are fixed, embedded in plastic, sectioned into 0.75 micrometer slices, and imaged
with the x-ray microscope. Simultaneously, overall protein secretion from the gland is monitored
in fluid collected from the cannulated duct of the pancreas.

We have found this sample preparation technique, which is similar to a standard one used in
histology labs, to be well suited to x-ray imaging. The infiltration of plastic into the tissue
appears to be highly homogeneous and does not adversely affect the natural protein contrast in
the sample. In addition, few radiation induced artifacts are observed.

In order to obtain a sufficiently large field of view for these samples, we have developed the
means to tile together smaller adjacent image fields into a large composite image. The
performance of the position readout scales on the sample stage results in a mean registration error
of about 60 nanometers, or less than two image pixels. Fig. 1 shows a composite image of a
pancreatic acinus acquired using the x-ray microscope. In addition to the zymogen granules,
other features of cellular ultrastructure can be seen, including mitochondria and nuclear
morphology.

Measurement of the large numbers of zymogen granules is made possible by an automated image
segmentation algorithm we have developed [4] for use as a first pass analysis tool on the image
data. Figure 2 shows the performance of the automated segmentation on the image of Fig. 1.

PRELIMINARY RESULTS

Although we are at the early stages in our data acquisition and analysis, our results so far appear
to confirm earlier observations using electron microscopy in which zymogen granules show a
decrease in mean diameter after a secretory stimulus has been administered [5,6]. In addition,
with the x-ray microscope we measured what the earlier studies could not: that there is a
corresponding reduction in granule protein content. Mass loss has previously been measured by
X-ray microscopy in isolated zymogen granules under certain conditions [7], and the present
study may indicate that the same process occurs within intact tissue as well.

Finally and significantly, the percentage decrease in granule mass appears to be approximately
equal to the percentage of the whole organ’s digestive protein content secreted. If verified by
more detailed and extensive measurements currently underway, this would indicate that protein
secretion under the conditions of this study primarily involves depletion of granules of their
protein contents, rather than their loss in toto from the cell.

CONCLUSION

While the understanding of secretory mechanisms such as those we have been studying is central
to understanding many cellular processes more generally, quantitative tools that allow for the
direct measurement of protein at high resolution are only now becoming available. The x-ray
microscope, particularly as it has been implemented at this facility, should help make possible
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both the quantitation of protein transport at the ultrastructural level during secretion, and the
acquisition and analysis of much larger volumes of samples than has been possible with existing
microscopic imaging instruments.

Figure 2. Automated image segmentation performed on the image of Figure 1. Objects detected by the algorithm are
highlighted. Accuracy is greater than 80%. Using the algorithm as a first pass data analysis tools makes possible the
measurement of the large numbers of objects required for good statistical power.
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INTRODUCTION

Soft x-rays, having a greater ability to penetrate biological material than electrons, have the
potential for producing images of intact, living cells. In addition, by using the so-called 'water
window' area of the soft x-ray spectrum, a degree of natural contrast is introduced into the image
due to differential absorption of the wavelengths by compounds with a high carbon content
compared to those with a greater oxygen content. The variation in carbon concentration
throughout a cell therefore generates an image which is dependent upon the carbon density
within the specimen. Using soft x-ray contact microscopy we have previously examined the
green alga Chlamydomonas reinhardtii, and the most prominent feature of the cells are the
numerous x-ray absorbing spheres, But they were not seen by conventional transmission electron
microscopy [1,2]. Similar structures have also been reported by the Gottingen group using their
cryo transmission x-ray microscope at BESSY [3]. Despite the fact that these spheres appear to
occupy up to 20% or more of the cell volume when seen by x-ray microscopy, they are not
visible by transmission electron microscopy. Given the difficulties and criticisms associated with
soft x-ray contact microscopy, the present study was aimed at confirming the existence of these
cellular inclusions and learning more of their possible chemical composition.

METHODS

For imaging, 2 pl of the spore suspension was placed between two120nm thick, Si3N; windows.
After selecting fields of view using light microscopy, the field coordinates were recorded and the
cells imaged with soft x-rays using XM-1 on beamline 6.1 at the ALS, Berkeley, USA [4] using
monochromatic soft x-rays (2.4 nm). For investigations of the oxygen content, images of air-
dried material were taken on and below the oxygen absorption resonance energy (2.325 and
2.300 nm equivalent to 533 and 539 eV).

RESULTS & DISCUSSION

Soft x-ray transmission images of hydrated Chlamydomonas cells show, as with soft x-ray
contact microscopy, that each cell contains several x-ray dense spherical inclusions (Fig. 1a).
Because these spheres are denser than the surrounding cytoplasm, it is unlikely that they could be
vacuoles since the carbon content would be expected to be less in the vacuole than in the
surrounding cytoplasm. If these spheres are imaged a second time, clear evidence of their

Beamline 6.1.2 Abstracts ¢ 26



radiation sensitivity can be seen (Fig. 1b) as they appear to collapse leaving an x-ray dense
deposit. This may be the membraneous material which previously surrounded these inclusions
but which, when exposed to soft x-rays, is damaged such that the contents are lost and the
remaining membrane then collapses. The sensitivity to soft x-ray exposure is particularly evident
when the spheres were extruded from the cells by the pressure of the two silicon nitride windows
(Fig. 2a-b).

Figure 1. Soft x-ray images of Chlamydomonas. a) Image of a hydrated cell showing x-ray dense spherical
inclusions; 1sec exposure without previous exposure. b) 2sec image taken of the same area (total pre-irradiation
equal to 3sec), the spherical inclusions have collapsed but x- ray dense deposit still remains.

(Image sizes: 5.4 ym x 4 pm) (60214012/14)

o S RN

Figure 2. Soft x-ray images of the spherical inclusions which were extruded from cells of Chlamydomonas by the
pressure of the two membranes in the specimen holder. a) Initial image; 0.2sec exposure without previous exposure.
b) Second 1sec image taken of the same area (total pre-irradiation equals 1.4sec), the spherical inclusions have

collapsed but x-ray dense deposit still remains.
(Image sizes: 10 pm x 10 pm ) (60216048/51)

Spheres could not be identified in cells fixed in glutaraldehyde (i.e. as used in preparing for
electron microscopy) since the increased density of the cytoplasm, due to the uptake of the
glutaraldehyde, reduced the contrast between it and the spheres. In cells in which the increase in
density was minimal, the spheres could still not be seen.
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In dried material the spheres are visible
when imaged at 539 eV and not at 533 eV
photon energy, which indicates that
oxygen is abundant in these spheres (Fig.
3). Since this material is dry the oxygen
cannot be associated with the water
content but other possibilities would
include phosphates. There are reports of
Chlamydomonas cells containing calcium
polyphosphate granules [5], but the
spheres seen in the present study appear to
be too large. Furthermore, it is reported
that the calcium is present in an insoluble
form only in the gametes of
Chlamydomonas, and in the vegetative
cells (as used in the present study) calcium
is diffuse within the cell [6]. When imaged

a)

Figure 3. Soft x-ray images of dried Chlamydomonas cells
taken below

(a: 533 eV=2.325 nm) and

at the oxygen absorption resonance

(b: 539 eV = 2.3 nm).

Image sizes: 3 ym x 5 pm. (61215051/52)

at 2.4 nm, the amount of calcium that would be required to produce the relative x-ray absorbance

of these spheres, compared to the cytoplasm, would be high. It would be expected that, if such

levels of calcium existed, they would be detectable when imaging either side of the calcium edge

(346 eV). However, no such absorption difference was detected (data not shown). Therefore our

preliminary investigations suggest that calcium is not a major constituent of the spheres. Other

possibilities could include some metal oxides since, under certain environmental conditions

Chlamydomonas cells may accumuldte metals such as manganese [7]. Once again, it is surprising

that such large structures as these spheres are not seen by transmission electron microscopy.
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INTRODUCTION

Associations between intracellular organisms and host cells are complex and particularly difficult
to examine. X-ray microscopy provides transmission images of subcellular structures in intact
-cells at resolutions superior to available methodologies. The spatial resolution is 50-60nm with a
1 micron depth of focus, superior to anything achievable with light microscopy. Image contrast is
generated by differences in photoelectric absorption by the atoms in different areas (i.e.
subcellular structures) throughout the full thickness of the sample. Absorption due to carbon
dominates among all the elements in the sample at 2.4 nm x-ray wavelength. Thus images show
features or structures, in a way not usually seen by other types of microscopy.

We used soft x-ray microscopy to investigate structural development of Plasmodium falciparum
malaria parasites in normal and genetically abnormal erythrocytes, and in infected erythrocytes
treated with compounds that have anti-malarial effects. X-ray microscopy showed newly
elaborated structures in the cytosol of unstained, intact erythrocytes, redistribution of mass
(carbon) in infected erythrocytes, and aberrant parasite morphology. Better understanding of the
process of intracellular parasite maturation and the interactions between the parasite and its host
erythrocyte can help device new approaches to the control of this deadly disease.

Falciparum malaria infects hundreds of millions of individuals every year, with an even greater
number at risk. The World Health Organization estimates there are 300-500 million clinical
cases, 800 million people at risk, and 2.7 million deaths, (1-2 million deaths of children in Africa
alone) attributable to malaria every year. Malaria remains a serious public health problem, with
emerging parasite resistance to many of the available, standard drug therapies, and mosquito
resistance to many insecticides.

The life cycle of malaria is a complex one. Infection of the human host is initiated when a female
Anopheles mosquito carrying the parasite introduces sporozoites during a blood meal. The
sporozoites invade hepatocytes within minutes and remain there, multiplying many thousands-
fold for approximately 2 weeks. Merozoites rupture cells and escape from the liver and within
minutes must invade red blood cells. The parasite develops in the red blood cell through the ring
stage to a trophozoite and metabolizes hemoglobin, synthesizes many new proteins, lipids and
membranes to ensure its survival in the cell. At about 40 hours post-infection, the multinucleated
schizont develops and at about 48 hours the red blood cell ruptures, releasing 6-24 new
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merozoites which reinvade red blood cells to continue the erythrocytic cycle. The clinical
symptoms (i.e. the morbidity) and the mortality of malaria are the result of this repeated rupture
and re-invasion of red blood cells.

The parasite is so small, ranging from 1 to 5 or 6 throughout the erythrocytic stages, that the
resolution offered by transmitted light microscopy is inadequate to visualize the small organelles
and structures within this organism. On the other hand, the thickness of the infected erythrocyte
necessitates serial sectioning for examination by electron microscopy. In addition, there is
significant sample preparation time involved in fixing, embedding, and sectioning the cells for
electron microscopy, particularly when a large number of cells must be examined. Thus, the
intraerythrocytic location of the parasite and its size make x-ray microscopy a valuable tool to
investigate structural development of this pathogen.

RESULTS

We have conducted several sets of unique experiments with malaria infected red blood cells with
the soft x-ray microscope XM-1, built and operated by the Center for X-ray Optics at beamline
6.1 at the ALS. We have generated the first images of the entire intraerythrocytic cyclé in normal
human erythrocytes and have used these to evaluate normal development of structures and
organelles within the parasite as it matures. We studied hundreds of parasites in images (Fig. 1)
collected at 6 hour intervals throughout the 48 hour life cycle in normal and in pathologic red
blood cells showing the immature ring stage, the more mature trophozoite and the multinucleated
schizont.

Figure 1. Life cycle of malaria in human red blood cells. The images show from left an uninfected blood cell, a
newly infected cell, and a 12- hour old parasite. (Image sizes: 7 pm x 7 pm)

Data obtained with improved resolution and unique contrast from photoelectric absorption in x-
ray microscopy allowed us to develop new insights into intraerythrocytic parasite development.
One of the most interesting outcomes of these studies in normal red blood cells was the
documentation in intact, unstained red cells, of the existence of a tubular structure surroumding
the parasite and protruding into the red blood cell cytosol (Fig. 2). This tubulovesicular
membrane network is thought to have a role in the import of nutrients to the parasite. Similar
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structures had been visualized by fluorescent lipid labeling [1], and vesicles and clefts that are
probably homologous were seen in thin section transmission electron microscopy [2], but we
have now confirmed that these are not artifacts of staining or other preparative techniques which
may alter such membrane bound structures.

We then investigated parasite development in two different
unfavorable environments, protease inhibitor treated erythrocytes
and genetically abnormal elliptocytes. P. falciparum malaria
parasites transport hemoglobin from the host erythrocyte cytosol
into their acidic digestive vacuoles as an energy source and to
derive free amino acids for protein synthesis. Parasite cysteine
and aspartic proteinases function as hemoglobinases in the
parasite digestive vacuole to hydrolyze globin [3, 4]. Protease
inhibitors block globin hydrolysis, causing the digestive vacuole

to expand and fill with undegraded globin, ultimately resulting in
Figure 2. Tubular structure death of the parasite. By bright field and electron microscopy,

protruding from the parasite into the .. 5 . s
red blood cell cytosol seen witha  digestive vacuoles appear enlarged and filled with material that

young parasite. does not detectably differ from the contents of the red blood cell
(Image size: 7 ym x 7 pm)
cytosol [4].

The effect of cysteine protease inhibitors on structural development of intraerythrocytic parasites
has not previously been defined beyond the observation of enlarged digestive vacuoles (figure
3.). We detected increased carbon density in the vacuoles, structure surrounding the parasites,
and in smaller spheres within the parasite cytoplasm.

Figure 3. Protease inhibitor treated malaria parasites in human red blood cells. The image on the left shows a ZFR
(ZFR courtesy of Prototec Inc., Dublin, CA) treated cell; the other two are Leupeptin treated.

(Image sizes: 7 um x 7 pum)

A decrease in the mass of the erythrocyte cytoplasm would be expected if material were
transported from the cytosol, sequestered in the parasite digestive vacuole and not replaced by
equivalent mass released from the parasite. In x-ray images, obvious depletion of hemoglobin,
which normally comprises >95% of the red blood cell contents, is indicated by the decreasing
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carbon density of erythrocyte cytosols. The average mass of infected erythrocyte cytosols at hours
30 and 36 was reduced to approximately 50% of the mass of newly invaded red blood cells, as
measured from a subset of our images. This initial data demonstrates that the translocation of
hemoglobin in infected erythrocytes can be quantitated by analysis of x-ray images.

Figure 4. Malaria parasites in protein 4.1 deficient red blood cells. (Image width: 8 um)

Red blood cell membrane abnormalities can reduce rates of infection and parasite survival [5].
Hereditary elliptocytosis is a relatively rare red blood cell disorder that can be caused by protein
4.1 deficiency. Protein 4.1 is an 80kD erythrocyte protein that binds to spectrin and actin in the
erythrocyte skeleton to provide mechanical stability to the erythrocyte membrane. Erythrocytes
that are totally deficient in skeletal protein 4.1 do not support the intraerythrocytic development
of P. falciparum as well as do erythrocytes with normal membranes [5, 6]. Yet earlier
investigations of parasite development in these abnormal erythrocytes did not detect
morphological aberrations [6-8]. With higher resolution x-ray microscopy, it is apparent that
great disorganization in parasite structure, with internal partitioning and aberrant forms, results
from maturation in these abnormal erythrocytes (figure 4.). Our studies demonstrate for the first
time that an abnormal erythrocyte membrane has a direct effect on the structure of
intraerythrocytic P. falciparum parasites.

CONCLUSIONS

The previously undetected and often unexpected changes we observed in malarial parasites
demonstrate that x-ray microscopy is a valuable approach to the investigation of intracellular
organisms and subcellular structures in intact cells, omplementing to other microscopy
technologies. We have gained new insights into intraerythrocytic development of P. falciparum
malaria parasites, including the detection of 1) newly elaborated structures in the cytosol of
unstained, intact erythrocytes, 2) redistribution of mass (carbon) in infected erythrocytes and, 3)
aberrant parasite morphology in adverse environments. We have obtained unique measurements
of parasites throughout their intraerythrocytic maturation, and measurements of the effects of
parasitization on the red blood cell.
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Investigations of normal red blood cells showed morphological anomalies in parasites treated
with potential chemotherapeutic agents. Parasites that matured in erythrocytes with a membrane
skeletal defect were also disorganized. We can recognize previously undetected concentrations of
hemoglobin and perhaps other proteins in the abnormal digestive vacuoles. In addition, we have
shown that an abnormal host erythrocyte skeleton affects structural development of parasites.
This finding demonstrates conclusively for the first time that 4.1 prdtcin of the erythrocyte
membrane plays a role in normal paiasite structural development.
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Calibration and Standards Beamline 6.3.2 at the ALS

J. H. Underwood, E. M. Gullikson, M. Koike, P. J. Batson, P. E. Denham, K. D. Franck,
R. E. Tackaberry and W. F. Steele

Center for X-ray Optics, Emest Orlando Lawrence Berkeley National Laboratory,
University of California, Berkeley, California 94720, USA

INTRODUCTION

More sophisticated optics for the x-ray, soft x-ray and far ultraviolet spectral regions being
developed for synchrotron radiation research and many other applications, require accurate
calibration and standards facilities for measuring reflectivity of mirrors and multilayer coatings,
transmission of thin films, bandpass of multilayers, efficiency of gratings or detectors, etc. For
this purpose beamline 6.3.2 was built at the ALS. Its energy coverage, versatility, simplicity and
convenience also make it useful for a wide range of other experiments.

BEAMLINE 6.3.2

M1 (spherical)
9=25° -

<t hor. 1.85 mr.
0\\

=l - M2 (spherical)
0 = 2°, ver. 0.44 mr.

172° deviation slit

Figure 1. Schematic diagram of the layout of beamline 6.3.2 at the Advanced Light Source.

Fig. 1is a schematic view of the beamline. The principal components are:
The four jaw aperture consists of four water cooled copper plates mounted on UHV feed-

throughs which can be inserted into the beam as far as required to determine the horizontal and
vertical acceptance. '

Beamline 6.3.2 Abstracts ¢ 36




The horizontal focusing mirror (M1) re-images the bending magnet source, horizontally at unit
magnification, on the sample at the center of the reflectometer chamber. It is made from single
crystal silicon, is gold-coated and is cooled by thermally contacting one side to a water cooled
stainless steel block. This simple and effective cooling method leads to negligible thermal
distortion.

The monochromator. Reliability of the wavelength and intensity calibrations require a high
resolution, high throughput monochromator that is simple and compact, with a stable accurately
determined geometry. These requirements are met by a varied line spacing plane grating
monochromator [1] (VLS-PGM) design in which the grating operates in the converging light
produced by a concave spherical mirror at 10:1 demagnification. The large spherical aberration of
the mirror is corrected by adjusting the variation of grating ruling [2]. Because excellent source
ALS stability has been achieved, an entrance slitless design carries no penalty of drifts in
wavelength calibration during scans. Wavelength shifis caused by source motions arising from e.g.
changes in the storage ring operation parameters, can be easily calibrated using the zero order
image. This design has many practical advantages;

i) Optimization of the line space variation corrects all M2 aberrations, and the monochromator
reaches resolution limited by the vertical source size of the ALS. ii) The demagnification allows
a very short beamline, hence low cost and high mechanical stability. The increased vertical -
divergence allows better f-number matching for optics following the exit slit. iii) Wavelength is
scanned by simple rotation of the grating; no other motions are needed. iv) Entrance slitless
operation allows maximal flux collection, simplifying mechanical design and alignment and further
shortening the beamline. v) The zero order is focused at the exit slit. This feature is extremely
valuable for set-up and alignment. This image is also used to monitor vertical motions of the ALS
source, to calibrate wavelength shifts. vi) All optical surfaces required are either plane or
spherical, simplifying fabrication and reducing cost.

M2 is made from single crystal silicon. The three interchangeable gratings (300, 600 and
1200 I/mm), are mechamcally ruled and blazed. The end of the grating sine bar can be positioned
within 20 nm with a precision engraved glass scale This allows, for example, a wavelength step
size of 3 parts per million at 130 A

The exit slit can be closed to a width of a few microns to allow for the small linear dispersion.
"Adjustments for position, parallelism and tilt are incorporated to optimize performance; each of
the four slit corners is independently actuated through a feedthrough and its position sensed to

0.1 um by a capacitance micrometer.

The monochromator mechanical/vacuum design was developed to have high stability and
precisely known geometry, which allows absolute wavelength calibration. The optical
components are mounted on three pedestals on a baseplate outside the vacuum chamber. A
flexible bellows surrounds each pedestal. This prevents the vacuum system from transmitting
bending moments to the baseplate.

The vertically focusing mirror (M3) re-images the exit slit, at unit magnification, in the center
of the reflectometer chamber. This mirror, polished from polycrystalline silicon, has variable
elliptical curvature to re-image the slit in an auxiliary experimental chamber behind the
reflectometer, or at infinity to generate parallel light.
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EXPERIMENTAL FACILITIES

The reflectometer is a two-axis goniometer. One axis (0-motion) carries the sample, for example
a mirror, at the center of the reflectometer vacuum tank. The other (¢p-motion) carries the detector
on a rotating arm. Independent linear motions translate the sample in three orthogonal directions
(x, y, z) with a position accuracy of 10 um. The valve at the front of the reflectometer has a glass
window to allow sample positioning and alignment at atmospheric pressure, using visible
synchrotron light. The reflectometer is isolated from the monochromator by a differential ion
pump and is equipped with a vibration isolated cryopump with high pumpmg speed to allow
fast turn around of samples

The beamline contains two filter wheels in which thin foils can be mounted to filter unwanted
radiation or for the purpose of measuring transmission. A flange is provided at the back of the
reﬂectometer for the attachment of additional auxnhary experlments

The experiment control and data acquisition are 1mplemented with LABVIEW'rM software..
All monochromator and reflectometer functions (except sample changing) and data acquisition are
controlled and displayed at the workstation. The software provides the capability for scanning
monochromator wavelength or energy, and for scanning any of the reflectometer motions.

SELECTED RESULTS

The beamline has been operating since 150 ,
February 1995, and the flux, resolution, N, Is-n*
wavelength calibration, scattered light and , NAL = 7000
higher order contamination have been charac-
terized. The monochromator resolution was
measured using the spectrum of the 1s-g*
vibrational states of molecular nitrogen. Fig.
2 is a (source size limited) spectrum using
the 300 I/mm grating, showing a resolution of
about 7000.

Ion Current (pA)
o 3
3

g .

Fig. 3 shows reflectivity curves of a normal 0 » o o 403
incidence Mo/Si multilayer mirror. The mea- Photon Energy (¢V)
surements at the beamline are compared with v
measurements made on the identical sample

- ege, e . i . i 30 mtorr.
at the BESSY-PTB facility in Berlin. Figure 2. Absorption spectrum of N gas at o
A more complete description of the beamline
is given in reference [3].
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CONCLUSIONS

0.8
Several of the other abstracts in this report _ ALS
volume describe work done wholly or par- 0.6- : P18
tially at this facility. The beamlineisa- o
well-characterized and user-friendly re- € oa.
source which is proving itself tobe useful, §
not only for Calibration and Standards, but E
for a wide variety of other investigations 02+
requiring soft x-rays in the range 50- ]
1000eV. L AR O N
125 13.0 135 14.0 - 145
Wavelength (nm)
Figure 3. Reflectivity vs. A of a normal incidence Mo-
- Si multilayer measured at Beamline 6.3.2 and
BESSY-PTB in Berlin, Germany. The measurements
agree in reflectivity to 0.6% and in wavelength to
0.008 A. (Data courtesy of D. Gaines and D. Stearns,
LLNL)
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Soft-X-Ray Magneto-Optical Kerr Effect and
Element-Specific Hysteresis Measurement

J.B. Kortright and M. Rice _
Materials Sciences Division, Lawrence Berkeley National Laboratory, University of California, Berkeley, CA
94720, USA

INTRODUCTION

Interest in the utilization of x-ray magneto-optical properties to provide element-specific magnetic
information, combined with recent development of tunable linear polarizers for spectroscopic
polarization measurement,’ have led us to the study of magneto-optical rotation (MOR) near core
levels of magnetic atoms in magnetic multilayer and alloy films. Our initial observation of Faraday
rotation (in transmission) demonstrated that for Fe MOR is easily measured and is larger at its L3
resonance than in the near-visible spectral regions.? This work also demonstrated that the
spectroscopic behavior of the MOR signal in transmission, resulting from the differential
refraction of left- and right-circular components of a linearly polarized beam, is related to the
magnetic circular dichroism (MCD), or differential absorption, as expected by a Kramers-Kronig
transformation. Thus MCD measurements using circular polarization and MOR measurements
using linear polarization can provide complementary, and in some cases equivalent, information.

On beamline 6.3.2 we have begun to investigate soft x-ray MOR in the réflection geometry, the x-
ray magneto-optic Kerr effect (XMOKE). Early measurements have demonstrated the ability to
measure element-specific hysteresis loops and large rotations compared to analogous near-visible
measurements. We are investigating the spectral dependence of the XMOKE signal, and have
initiated systematic materials studies of sputter-dep051ted films of Fe, Fe,Cri« alloys, and Fe/Cr
multilayers.

EXPERIMENT
A solenoidal electromagnet (Figure 1) was constructed that can be mounted onto the sample stage

in the reflectometer on beamline 6.3.2 . Linearly polarized x-rays enter one end of the solenoid,
reflect off of the sample centered in the magnet at glancing angle, and exit the magnet

Figure 1. Solenoidal electromagnet providing variable,
uniform field at the sample, which is at the center in
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through the other end of the solenoid. The polarization of the reflected beam then is analyzed by
a tunable multilayer polarizer housed in a polarimeter” bolted onto the downstream port of the
reflectometer. The grazing incidence angle 0 was limited to < 2° because of constraints in
positioning the polarimeter on the reflectometer. An applied field of +/- 2.5 kOe can be varied
continuously to produce element-specific hysteresis loops, although the uncooled magnet cannot
operate continuously at such high fields. '

RESULTS

A hysteresis loop measured 10 eV below the Fe L; line from an Fe film at 2° incidence angle is
shown in Figure 2. Data have been normalized to the Kerr angle, that is the deviation of the plane
of polarization produced by the magnetized sample. The measured Kerr angle of nearly 10° in the
soft x-ray is over an order of magnitude larger than that measured from Fe in the near-visible
region, where the maximum Kerr angle is about 0.5° at 830 nm. It is interesting that such large
effects are observed so far below the L; line, since we know that the largest specific rotation, i.e.,
the rotation per unit thickness, occurs on the leading edge of the L; line (consistent with the
Kramers-Kronig dispersion relation). This is understood by realizing that the penetration depth is
a function of the optical constants which are strongly varying near the Fe L, 3 resonances. The
critical angle for total external reflection is given by 8¢ = (25)" where & is the real correction in
the complex refractive indexn=1- 8 - i-B. Well away from the L; edge the incidence angle of 2°
falls below the critical angle, severely limiting the penetration depth. In a limited region below the
L; line 8 becomes negative and total external reflection no longer occurs, leading to a much
increased penetration depth. The observed XMOKE signal depends both on the specific rotation
and the penetration depth, and it is the large penetration depth at 10 eV below the L; line that
contributes to the large observed signal there, even though the specific rotation is not at its -
maximum. We are continuing to analyze the spectral dependence of the XMOKE signal for Fe
films and other samples.

New equipment will in the future enable measurements at larger incidence angles that will increase
the penetration depth by moving well above 6¢ for most materials above about 100 eV. These
increased penetration depths will enable studies of magnetic regions well away from the surface,
including buried magnetic layers and interfaces.
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[ Fe film (510 A), 6 = 2°, 10 eV below L -
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Figure 2. XMOKE hysteresis loop for an Fe film § s : : 3
shows Kerr angles over an order of magnitude :".9 SE o E
larger than observed in near-visible spectral ) F : 3
regions. The large effectsinthe soft x-rayresult o O F : E
both from the selective coupling to the empty 3d oy : o .
states responsible for magnetism inFeand from < -5 | : 3
large penctration depths in a limited region below  § - : vy ]
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Figure 3. Hysteresis loops showing the separate Fe (left) and Cr (right) magnetization response for a sputtered,
polycrystalline Fe(20A)/Cr(19A) multilayer. The photon energy was tuned just below each elements L; white line
as noted. Cr exhibits a net moment oriented opposite to that of Fe. Both Cr and Fe share a common coercive
feature, but only Fe shows a reversible region to higher fields prior to saturation.

Element-resolved hysteresis loops showing the separate magnetization response of Fe and Cr in
an Fe/Cr multilayer sample are shown in Figure 3. Fe/Cr and similar multilayer systems have
received much study recently because of the oscillatory coupling of the ferromagnetic (Fe) layers
as a function of the non-ferromagnetic (Cr) layer thickness, and its influence on magneto-
resistance. Our samples were grown by sputtering onto room temperature Si wafer substrates and
are polycrystalline with <110> texture. The element-resolved hysteresis loops were obtained with
0 = 2° and hv several eV below the respective L; lines as noted. Under such conditions the
effective penetration depth is greater than the period of the multilayer, so that many periods
contribute to the observed signal. .

The individual Fe and Cr hysteresis loops provide much more information than would a traditional
hysteresis measurement, that would average over the entire sample to yield the net magnetic
response. The Fe signal has two distinct components. At higher applied fields is a reversible
region in which the Fe magnetization traces the same path with increasing and decreasing fields
but is not saturated. Together with results from other samples, this region indicates that adjacent
Fe layers are not coupled ferromagnetically at this Cr layer thickness. Rather, adjacent Fe layers

‘may show antiferromagnetic or non-colinear coupling, and the reversible change results from

rotation of the magnetization in adjacent Fe layers toward the saturated (ferromagnetic) condition.
The Fe loop also exhibits an open region with associated coercive field. The Cr signal exhibits
only one feature, a small open loop oriented opposite to the open part of the Fe loop. Thus Cr in
the sample exhibits a net moment oriented opposite to that of the Fe responsible for this part of
the loop. One interpretation of these results is that the Cr moment and the coercive part of each
loop result from the interface regions of the multilayer, where Fe and Cr atoms must exhibit some
degree of intermixing. This interpretation is consistent with separate measurements of FexCry.«
alloy samples, which reveal Cr to have a moment oriented opposite to that of Fe in Fe-rich alloy
samples. By itself, Cr is an antiferromagnet and shows no net moment in XMOKE measurements.
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Other groups have measured element-specific hysteresis loops using soft x-ray MCD in
conjunction with fluorescence detection.* Fluorescence yields are very small in the soft x-ray,
and collection effieciencies are far from unity. The XMOKE technique is relatively efficient,
utilizing all specularly reflected photons that have interacted with the sample.

CONCLUSIONS

These early results demonstrate that soft x-ray magneto-optical rotation measurements in the
reflection geometry are possible, and offer capabilities and information complementary to other
near-visible and soft x-ray magneto-optical techniques. Generalizing from our Fe result, MOR is
larger at core resonances in the soft x-ray than in near-visible regions because dipole transitions
provide selective coupling to the empty states associated with magnetism. Working at core
resonances also provides element specificity, allowing dissection of the aggregate magnetic
response of a complex sample into its constituent pieces. Through choice of incidence angle and
energy, large penetration depths can allow study of regions well below the surface, including
buried layers and interfaces. Relying on specular reflection, XMOKE is an efficient measurement
of magnetic effects and is immune to perturbing effects of varying external fields.

Compared to the transmission (Faraday) geometry, the reflection (Kerr) geometry has added
complexity in the spectral response near resonances resulting from the rapidly varying penetration
depth. This will complicate the application of sum rules to XMOKE spectra to resolve spin and
orbital contributions to elemental moments.

We are proceeding to build a dedicated endstation for soft x-ray MOR measurements. The new
device will feature a larger electromagnet external to the vacuum to provide higher field
capability, and the ability to work both in transmission geometry and in reflection geometry with
incidence angles greater than 10° to increase penetration depths. MCD measurements will also be
possible using this apparatus, which will make use of bending magnet and undulator beams.
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Anisotropy of the Nitrogen Conduction States in the Group III
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INTRODUCTION

Group I nitrides (AIN, GaN, and InN) consists of the semiconductors which appear recently as a
basic materials for optoelectronic devices active in the visible/ ultraviolet spectrum as well as high
-temperature and high -power microelectronic devices [1,2]. However, understanding of the basic
physical properties leading to application is still not satisfactory. One of the reasons consists in
unsufficient knowledge of the band structure of the considered semiconductors. Several
theoretical studies of III-nitrides band structure have been published [3, 4, 5] but relatively few
experimental studies have been carried out [4, 5,6], particularly with respect to their conduction
band structure. This motivated us to examine the conduction band structure projected onto p-
states of the nitrogen atoms for AIN, GaN and InN. An additional advantage of our studies is the
availability of the studied nitrides in two structures, hexagonal (wurtzite) and cubic (zincblende).
This offers an opportunity to gain information about the role of the anisotropy of electronic band
states in determining various physical properties.

EXPERIMENT

The x-ray absorption measurements (nitrogen K-edge) were performed at the beamline 6.3.2
Advanced Lights Source (ALS), using a total photocurrent measurement technique. The high
level of linear polarization (~98%) and the high resolution of new designed varied line space
grating monochromator [7] made it possible to measure the nitrogen K-edge of epitaxially grown
layers of III - nitrides for two geometries. In the transverse electric polarization geometry, the
electric field vector of the synchrotron radiation, E, was perpendicular to sample normal (E-Ln)
and in the transverse magnetic polarization geometry, E was parallel to sample normal (E || n).
Samples were mounted onto a conducting indium foil which was isolated from the samples holder
in the ultra high vacuum reflectometer. Thickness of epitaxial layers used in our measurements
was between 0.05 and 1 um. The hexagonal GaN and InN films were grown by molecular beam
epitaxy (MBE) on sapphire substrates. Electron microscopy and x-ray investigations confirm that
our epitaxial hexagonal layers were oriented with the surface normal parallel to the c-axis. The
nucleation and growth of hexagonal AIN and cubic GaN and InN films were performed in MBE
system on singular (001) n+ GaAs substrates. Transmission Electron Microscopy (TEM) cross-
section and x -ray diffraction studies of the two latter samples have clearly shown formation of
cubic phase. However, an asymmetry of distribution of stacking faults (SF) in two perpendicular
[110] directions in the cubic GaN was observed. The higher density of SF was observed for the
[110] direction parallel to the major flat plane of GaAs. In the perpendicular direction much less
of SFs were observed [8]. In thé case of cubic InN film TEM investigations showed that
subsurface layer of InN has not that much planar defects (mainly SFs) as the cubic GaN film.
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Figure 1. The N K-edges for hexagonal epitaxial. v
layers of group III nitrides recorded for E +c (solid
line) and E || ¢ (dashed line) polarization geometry.
a) for AIN, b) for GaN, ¢) for InN.

Figure 2. The N K-edges for cubic epilaxial la.yers

of group I nitrides recorded for E+ ¢ (solid lin¢c)

w w0 410 20 430 4“0 and E || ¢ (dashed line) polarization geometry. a) for
ENERGY (eV) GaN , b) for InN.

The x-ray absorption spectra can be crystallographic orientation dependent. This is due to the
scalar multiplication in the matrix element of the absorption cross-section between polarization
vector of the photon and the position vector of the electron. Transition of the 1s electron to the
final p, -states is forbidden if the electric field of the absorbed light is perpendicular to the c-axis
(EL c). Whereas, transition of the 1s electron to the final p,,, -states is forbidden if the electric
field of the absorbed light is parallel to the c-axis (E || ¢). Therefore, our absorption studies are
not only element and orbital symmetry specific but also orientation dependent that means, project
the particular conduction states separately along specific crystallographic directions. The nitrogen
K-edge from hexagonal AIN, GaN, InN epitaxial layers measured for different polarization
geometry are presented in Fig. 1. All spectra have been normalized to the same intensity level
corresponding to the energy value just before the onset of the edge (where no polarization
dependence was suspected). The shape and the energy position of the characteristic spectra
features differs considerably in the investigated energy range (40 eV from edge) depending on the
cation atom. For the same cation the shape of spectra depends on the polarization indicating the
strong anisotropy of the conduction band states distribution in the ab-plane (pyy-states) and
along, the c-axis (p-states). The N K-edges from GaN and InN cubic layers are presented in Fig.
2. As can be deduced, due to isotropic arrangement of atoms, we do not expect anisotropy in the
conduction states distribution for cubic layers. Indeed, the spectra in both polarizations are almost
identical but different from spectra for the GaN and InN in the wurtzite structure.
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CONCLUSION

Concluding, the most important finding of this studies consists in demonstrating the anisotropy
of the nitrogen conduction band states for the hexagonal group-1II nitrides (wurtzite structure).
The anisotropy is the highest in AIN and the lowest in GaN semiconductor. InN represents the
intermediate case. The detailed comparison of our data with the prediction of the theory is
under preparation. It is natural to expect that our findings will inspire studies pointing out a
role of this anisotropy in determination corresponding physical properties of the constdered
nitrides. Situation here is much less understood than in the case of e.g., high temperature
superconductors where the important contribution of the conduction band anisotropy to the
mechanism of the superconductivity was intensively studied [9]. '
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INTRODUCTION

Synthesis of boron-carbon-nitride (BCN) hybrid alloys has been attempted extensively by many
researchers because the BCN alloys are considered an extremely hard material called “super
diamond,” and the industrial application for wear-resistant materials is promising [1]. A
mechanical alloying (MA) method of hexagonal boron nitride (4-BN) with graphite has recently
been studied to explore the industrial synthesis of the BCN alloys [2]. To develop the MA
method for the BCN alloy synthesis, it is necessary to confirm the chemical reaction processes in
the mechanical milling systems and to identify the reaction products. Therefore, we have
attempted to confirm the chemical reaction process of the #-BN and graphite in mechanical
milling systems using x-ray absorption near edge structure (XANES) methods.

EXPERIMENTAL ' - milling time = 0 Sh

A mixture of h-BN and graphite was mech- -
anically milled up to 160 h in an argon atmo-
sphere to prevent oxidation. The particle - ——-'(\—

5

size of the milled products can be estimated 2h

to be several nanometers from the x-ray

|

diffraction peak width. Chemical stoichio- 21 5h
metry of boron, carbon, and nitrogen was S _J\W\J
maintained as 1: 1: 1 during the milling. <
XANES spectra in B-K and N-K edges were = '
taken at BL-6.3.2 [3] by monitoring the total -~ '@
photoelectron yield with the energy resolu- £
tion of EAE > 5000. -

40 h
RESULTS AND DISCUSSION

80 h

XANES spectra of the mechanically milled

- products in the B-K edge are shown in Fig.
1. In the initial stage on the milling reaction
up to the 20-h milling, the 192-eV peak is
drastically enhanced. This spectral feature

190 192 194 196 198 200

shows the decomposition of the hexagonal Photon energy / eV

structure of A-BN crystal. The enhancement Fig. 1 B-K XANES spectra of mechanically milled
mixture of A-BN and graphite. Milling time is from
0.5 h to 160 h.
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of the 192-eV peak intensity can be explained
‘by a B1s-B2p*(n*) transition on the boron
atoms diffused with nitrogen atoms in sp?
structure [4]. After the initial stage, the 192-
- eV peak decreased gradually while three other
peaks appeared at 192.5, 193 and 194 eV
with increasing intensity. These multiple-
peak figures may show that the local
environment of boron atoms is changed into
an amorphous state [5]. In the final stage,
the 194-eV peak becomes dominant and the
B2p* edge structure in sp3-boron atoms can

_ be observed beyond the 196 eV region. This
spectral feature shows that the conformation
of boron atoms is changed from sp? to sp3
structure and new chemical bonds may be
formed on boron atoms by the long-term
milling. XANES spectra in the N-K edge of
the same samples, shown in Fig. 2,
demonstrates that the local environment of
nitrogen atoms is also changed by the
mechanical milling. The spectral feature of
the final stage of 160-h milling is similar to
that of cubic BN or CNx compounds.-
Therefore, the conformation of nitrogen
atoms is also changed from sp? to sp3 struc-
ture by the long-term milling, and C-N bonds
may be formed in the final stage.

CONCLUSION

Intensity (arb. units)

390

' milling time
__/_/\/\—2—2»
__/\"/\/\‘S‘h\‘

10 h

400 410 420
Photon energy / eV

430

Fig. 2'N-K XANES spectra of mechanically milled
mixture of h-BN and graphite. Milling time is from
Mechanical milling reaction of A-BN with 0.5 h to 160h.

graphite consists of two steps. Amorphous

BN and graphite nanoclusters are formed in

the first step (up to 20-h milling). In the sec-

ond step, the conformation of boron and

nitrogen atoms can be changed from sp? into sp3 structure, and chemical bonds among boron,

carbon, and nitrogen atoms may be rearranged.
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ABSTRACT

Perovskite-type titanates, such as Strontium Titanate (STO), Barium Titanate (BTO), and Lead
Titanate (PTO) have been widely studied because they show good electric and optical properties.
In recent years, thin films of Barium Strontium Titanate (BST) have been paid much attention as
dielectrics of dynamic random access memory (DRAM) capacitors [1]. BST is a better insulator
with a higher dielectric constant than STO and can be controlled in a paraelectric phase with an
appropriate ratio of Ba/Sr composition, however, few studies have been done on the electronic
structure of the material. Studies of the electronic structure of such materials can be beneficial,
both for fundamental physics research and for improving technological applications.

BTO is a famous ferroelectric material with a tetragonal structure, in which Ti and Ba atoms are
slightly displaced from the lattice points. On the other hand, BST keeps a paraelectric phase,
which means that the atoms are still at the cubic lattice points. It should be of great interest to
see how this difference of the local structure around Ti atoms between BTO and BST effects the
~ electronic structure of these two materials.

In this report, we present the Ti Ly 3 absorption spectra of STO, BTO, and BST measured with
very high accuracy in energy of the absorption features.

EXPERIMENTAL

STO and BTO powders were commercially available ones with over 99.9% purity. BST powder
was obtained from a commercially available sputtering target ceramic, which was purchased from
Mitsubishi Materials Co. Ba/Sr molar ratio of the powder was analytically determined to be 1,
and x-ray powder diffraction revealed that the material remains a cubic structure.

The x-ray absorption measurements were carried out on Beamline 6.3.2 at the Advanced Light
Source (ALS), an entrance slitless bend magnet beamline equipped with a Hettrick-Underwood
type varied line space (VLS) grating monochromator [2]. The energy resolution of the
monochromated photons was set at E / DE = 3000 around the Ti L-edge energy region. The
powder samples were spread onto an indium foil, and the absorption spectra presented in this
work were obtained in step scanning the monochromator and measuring the total electron yield
(photoelectron, Auger and secondary) from the sample (foil). The monochromator in BL6.3.2
was constructed and assembled in a manner that provides absolute energy measurements [2,3].
The photo-currents from the third mirror were monitored as the incident photon flux monitor.
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RESULTS AND DISCUSSIONS

Figure 1 shows the x-ray absorption
spectra around Ti Lj 3 edge of STO,
BST, and BTO. The three spectra
are quite similar to each other, and
show four distinct peaks which
correspond to the transition of Ti
2p3/2 - Ti 3d and Ti 2p1/2 - Ti 3d.
Energy shifts of as much as 0.3 eV
are observed between the peaks of
STO and those of BTO, and the
peaks of BST resemble the middle
energy. From these results, it can be
predicted that the distortion of TiO6
clusters due to the tetragonal crystal
structure in BTO does not affect the
fine structure of Ti 3d levels.
However, the Ti - O bond length has.
some effects on the energy levels of -
‘those states.. Besides those eminent
‘peaks, two weak pre-edge peaks are
observed on all three spectra.
According to the band structure
calculations {4], the lowest
unoccupied molecular orbital
(LUMO) is mainly formed by Ti 3d
orbital in these materials. However,
O 2p orbital, which is just few eV
below the Ti 3d orbital, may perform
as transition states for the excited Ti
2p electrons.

REFERENCES

Relative Intensity
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2 [ 459.95 46535

0 b——r—1rrr——rrrrr
450 455 460 465 470 475
Photon Energy (eV)

Figure 1. The Ti L-edge absorption spectra of SrTiO3
(STO), Ba0.5Sr0.5TiO3 (BST), and BaTiO3(BTO)
powders. The peak energies are indicated on each peak.
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INTRODUCTION

Inner-shell excitation and associated decay spectroscopies are site specific probes of
electronic and geometrical structure and photoionization dynamics. X-ray absorption probes
the geometric and electronic structure, while time-of-flight mass spectrometry with multi-
coincidence detection provides information on the photofragmentation dynamics of the
initially produced inner-shell state. Auger decay of inner-shell excited and ionised states is
an efficient source of multiply charged ions. The charge separation and fragmentation of
these species, studiéd by photoelectron-photoion-photoion coincidence (also called charge
separation mass spectrometry [1]) gives insights into bonding and electronic structure. In
molecules, the dependence of the fragmentation process on the X-ray energy can reveal
cases of site and/or state selective fragmentation. At the ALS we have examined the soft X-
ray spectroscopy and ionic fragmentation of a number of molecules, including carboranes,
silylenes, phosphorus halides, SF, and CO,. Our work is illustrated using results from the
carborane [2,3] and PF, [4,5] studies.

T T T T T T T T T T T T YT

EXPERIMENT B1s

Experiments were carried out at ALS
beamlines 9.0.1 and 6.3.2. Total yield spectra
were recorded using a biased channeltron
(for &) placed close to the intersection of the
X-ray beam with an effusive gas jet, or the
channelplate at the end of the time-of-flight - L
drift tube (for i*). Mass spectra were recorded 205 eV
using either pulse extraction, which provides L B L B
more quantitative yields, or photoelectron Cis
coincidence, which is better for investigating
charge separation mechanisms. Because of
relatively limited extraction fields there is
significant kinetic energy discrimination in
the ion and electron detectors such that lower
kinetic energy species are emphasised. The

closo-carboranes

time correlation among cation signals from a
single core excitation event are detected

PRV DN SR S VAN S SR T

285

290

295

" 300 eV

using a custom-built multistop time-to-digital

converter. Figure 1. Total ion yield spectra of ortho-, meta- and

para-carborane in the B 1s and C 1s regions.
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RESULTS
A. Carboranes

The spectroscopy and ionic fragmentation of three isomeric carborane cluster compounds
was measured. closo-1,2-orthocarborane is being used as a source compound for chemical
vapour deposition (CVD) of boron carbide thin film semiconductors [6]. Understanding the
electronic excitations and the preferred fragmentation pathways of this species and its meta
and para isomers could help in understanding electron- and photon-induced decomposition
at the molecular level. The B 1s and C 1s spectra of ortho-, meta-, and para-carborane are -
compared in Fig. 1. Although the overall shape appears isomerically independent, there are
differences in the fine structure of the lowest energy discrete excitations. These differences
have been explained by detailed comparison to ab initio GSCF3 calculations [2].

Sample PEPICO (electron-start time-of- """"‘F""""m"""""""
H PEPICO

flight mass spectra), PIPICO (ion auto-
correlation), and PEPIPICO (multi-stop
PEPICO) mass spectra of meta-carborane
are given in Fig. 2. Spectra of this quality,
collected at closely spaced energies in the .
C 1s and B 1s regions were used to 01
generate partial ion and ion pair yields for
all three species [3]. Core hole decay leads
to extensive ionic fragmentation, including
large amounts of multiple ionisation,
almost all of which ends up as ion pairs.
PIPICO (ion-ion autocorrelation) spectra of
large molecules are very complex because

2 3 4

Flight time (us)
T T T Y
L e PIPICO

3 8 Y#N"O

H'/(M-H)"

PPN I ETAT I S N AP UP N APSTSTE S W O ST A AR SO AT A

0 1 2 3 4 5 6

of superposition of many ion pair signals. Differerence In fiight time (s)
The PEPIPICO t,/t; plot is very effective in
separating these overlapping signals. Each . H'B* YNy pEPIPICO

peak in this plot is easily identified by the
flight times of each ion involved.

The relatively strong signals of Y3 and Y¢"
(where Y indicates a cluster vertex, either a
CH or a BH species) in the PEPICO mass

spectrum can be rationalised by a greater T L ST 6
stability of planar trigonal and octahedral 0 :

structures which arise by rearrangement of . 2

the ions initially formed. Overall there is Ny s

little difference among the B 1s or C 1s ) 0

partial yields of the isomeric species and  Figure 2 PEPICO, PIPICO and PEPIPICO signals of B
relatively little change in individual ion or  1s ionised meta-carborane recorded at 192 eV. The peak

ion pair yields aside from a major stepup  ©f the H'/B* signal is off-scale by 30%.
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or step down in specific channels at the onsets of B 1s core excitation and ionization. Thus
any selectivity among these three species which may exist with regard to properties of boron
carbide films prepared by X-ray assisted CVD [6] is likely to be associated with specificity
of the chemistry of fragments rather than selectivity in the initial excitation.

B. P 2p Excited PF;

The 2p (L,3) excitation spectra of third row elements and their compounds are generally
characterized by the presence of two closely related manifolds of excited states, associated
with the 2ps/, (Ls) and 2py.; (L) spin-orbit coupled ion core. The spin-orbit splitting varies
little among compounds of a given element. However PF; has an unusual P 2p spectrum in
that it has a sharp line at 136.5 eV without an obvious spin-orbit partner state, although a
very weak feature at 135.6 €V has been proposed as the 2ps;, spin-orbit partner state [7]. In
our study of P 2p excitation and ionic fragmentation of phosphorus compounds at the ALS
we observed an unusual signature in the PF;" parent ion yield (see Fig. 3), namely only a
single line at 136.5 eV, with negligible intensity at 135.6 eV. This has lead to a significant
clarification of the assignment of the P 2p spectrum of PF; and the identification of a general
inner shell spectroscopic phenomenon which has previously been overlooked [4].

A complete description of P 2p excitation
requires an intermediate coupling
treatment with both spin-orbit interaction
and electron-electron repulsion. One can
interpret P 2p spectra through limiting
approximations: (a) LS coupling in which
spin-orbit coupling is ignored. Here core-
valence exchange interaction gives rise to a
singlet-triplet (S-T) splitting; (b) (jj)
coupling in which the P 2p spin-orbit (S-
O) splitting is assumed to be constant in all
P 2p excited states (characteristic of the ion
core) and core-valence exchange is
ignored. These two limits must connect
smoothly through the regime of
intermediate coupling. Using scheme (a), if
‘the S-T separation for a given state is small
compared to the S-O splitting, transitions
to this state will appear in both the "2p;5,"
and "2p;" manifolds. In contrast, if the S-
T splitting greatly exceeds the S-O splitting
only one transition might be observed and
the LS description should be more
appropriate. Non-relativistic ab initio
calculations of PF; were carried out using

of PF,
Total lon Yield

2pnl

) 4 ,
’ g )
o8|
[ PF,’
os} 3
s Partial ion yield

Oscillator strength (102 eV™")

o-o.».-l..,..l....l.-..

135 140 145 eV

Figure 3. Comparison of the partlal yield of PFs* to the
total ion yield spectrum of PF;. ,

Beamline 6.3.2 Abstracts * 54




the GSCF3 code. These results indicate that the (e",e) A, and (e",e) 3A1 P 2p excited states
are separated by 2.38 eV. Since this is almost three times larger than the P 2p S-O splitting
(0.9 eV), the appropriate description for this particular state must be one much closer to LS
than (jj) coupling. Thus, to a good first approxxmatlon one expects only one, not two
transitions, as observed (excitation from the 'A; ground state to the AP 2p excited state is
spin forbidden). Alternatively one might describe the phenomenon in terms of a very large
core-valence exchange interaction in the (¢”¢’) 'A, state such that the S-O intensity ratio is
totally skewed in favor of the 2p;;, component. The two descriptions are closely related. The
existence of only one strong resonance at 136.5 eV in the PF;" yield is strong support of this
interpretation. A complete discussion of the time-of-flight mass spectra, partial ion yield
signals, and PEPIPICO of PF; in the P 2p region will be presented elsewhere, in comparison
to results for PCl; and CF;PCl; [5]. Similar, single-peak P 2p excited states have been
identified in PCl; and CFsPCl, [5], and corresponding S 2p states have been identified in
the S 2p spectrum of SF; [8].
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The K-Shell Auger Decay of Atomic Oxygen
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The aim of the present research is to
understand the interaction between the ' .

ejected photoelectron and Auger electron 2009) » “""'P_f, 3]" ‘PSP§
produced by the Auger decay of a 1s hole in :j o 3 5
atomic oxygen, and to understand the L
influence this interaction has on the shape of 10|
the ionization cross sections. To accomplish : 5
this we have measured the relative ion yields af
(ions/photon) in the vicinity of the oxygen K- 2} J [
ol

shell (525 - 553 eV) for O" and O* (Fig. 1).
The measurements were performed at the
ALS on beanl!ine, 6.3.2.

Cross Section (Mb)

The atomic oxygen was produced by passing
molecular oxygen through a microwave- L
driven discharge. The apparatus used in the ol J .
present study has been previously discussed in

detail [1]. The major difference in the Photon Energy (eV)
experimental setup was the use of a mixture '

 of 20% molecular nitrogen and 80% Fig. 1 Photoionization cross sections of O* and O**

molecular oxygen passing through the glass produced by the decay of a 1s hole in atomic oxygen. The
* flow assembly (Fig. 2). The flow assembly resonance lines represent the transitions 1s'25*2p°C’P),

consisted of a short quartz tube, coated with 15'25%2p*(‘P)np, and 15'25°2p'("P)np with n=3-6.
phosphorous pentoxide (P,0o), in which the

.microwave-driven discharge takes place, and a long “T” shaped, Teflon coated, Pyrex tube,
which transports the atoms to the interaction region. An increase of 30% in the amount of atomic
oxygen transported to the interaction region was seen when using the coated flow tubes instead of
clean flow tubes. An additional Pyrex tube with a 1.5 mm orifice on one end was used to separate
the high pressure discharge region from the low pressure photoionization interaction region. With
the microwave-driven discharge on, a 180° electromagnetic mass analyzer, with a resolution of 1
mass in 50, was used to identify the various degrees of ionization produced. Data were taken in 5
to 20 meV steps. The photon energy scale was calibrated with respect to the O K-edge resonance
features in molecular oxygen near 541 eV [2], and verified by a scan over the Ar resonance lines
near the L,;-edge [3], which showed an error of 34 meV. A time-of-flight mass spectrometer

: Ty
525 530 535 540 545 550
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was used in conjunction with the microwave discharge system to determine the branching ratios
between O" and O*" at the 15'25°2p’(°P) resonance, 526.79 eV.

A Rydberg analysis of the two series leading

‘ o A 2 4 e e s Cavity
to the [15]25°2p*(*P) and [1s]252p*CP) limits o \

Microwave P, Ojcoated

Quartz tubing
N+ 0,

were obtained. This analysis shows some Pyrex tubing ~~. -2 2

differences to the recently published results by
Menzel et al. [4]. The energy position of the
main 1s'2s*2p°(*P) resonance differs by

approximately 1 eV from our value, all I:l
members of the (P)np series differ by 0.3 eV, Silicon
but the members of the (*P)np series agree Diode
with ours. The molecular resonance at 530.5

eV and those between 539 eV and 543 eV,

measured with the microwave discharge off

show identical results in both experiments.
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INTRODUCTION

Semiconductor nanocrystals have been the focus of much attention in the last ten years due
predominantly to their size dependent optical properties. Namely, the band gap of nanocrystals
exhibits a shift to higher energy with decreasing size due to quantum confinement effects. Figure
1 shows this shift of the onset of absorption of CdSe nanocrystals. Research in this field has
employed primarily optical techniques to study nanocrystals, and in this respect this system has
been investigated extensively. In addition, we are able to synthesize monodisperse, crystalline
particles of CdS, CdSe, Si, InP, InAs, as well as CdS/HgS/CdS and CdSe/CdS composites.
However, optical spectroscopies have proven ambiguous in determining the degree to which
electronic excitations are interior or surface admixtures or giving a complete picture of the
density of states. Photoemission is a useful technique for understanding the electronic structure
of nanocrystals and the effects of quantum confinement, chemical environments of the
nanocrystals, and surface coverages. Of particular interest to us is the surface composition and
structure of these particles, for we have found that much of the behavior of nanocrystals is
governed by their surface [1,2]. Previously, we had performed x-ray photoelectron spectroscopy
(XPS) on CdSe nanocrystals [3,4]. XPS has proven to be a powerful tool in that it allows one to
determine the composition of the nanocrystal surface. Specifically, we were able to investigate
the coverages of capping groups on the surface of the nanocrystals, effects of oxidation, and the

Bulk CdSe Band Gap

1.5 20 25 3.0 3.5
Energy (eV)

Figure 1:'Optical absorption spectra of several sizes of
CdSe nanocrystals.

Beamline 6.3.2 Abstracts ¢ 58




influence of varying chemical environments by examining core level peaks and their chemical
shifts.

Currently, we are employing photoemission to a further extent in.order to study size effects on
core level lineshape and valence band density of states. Much of this work is currently in
progress both on-line as well as off-line.

EXPERIMENTAL

Recently, photoemission studies of semiconductor nanocrystals was made possible by the
implementation of a novel synthetic technique [5]. Hexanedithiol chains are used as organic
linkers between the nanocrystals and a metal substrate. First, these organic chains are allowed to
self-assemble onto a gold layer. The samples are then placed into a nanocrystal solution which is
stirred for a long period of time, allowing the crystallites to attach themselves to the exposed end
of the organic chain. These organic layers make an electrical contact to nanocrystals because
they provide a short pathway of approximately 10A in length through which electrons can tunnel’
from a conducting substrate. Since in this form the nanocrystals do not charge, the samples are
suitable for electronic spectroscopies such as photoemission.

For both studies, the photoemission experiment was performed in a ESCA chamber with a base
pressure of 510" torr. The radiation source was either a conventional Mg anode (Ko) or
synchrotron radiation from beamline 6.3.2 (bend magnet) in the range of 50-500eV.
Photoelectrons were detected in a hemispherical electron energy analyzer which had a resolution
of 25 meV. Ultimate resolution was determined by the radiation source, which was 695 meV for
the Mg anode and ~100meV for the synchrotron beam.

INVESTIGATIONS OF CORE LINEWIDTHS AND BINDING ENERGY VERSUS SIZE

By examining the linewidths of peaks in the photoelectron spectrum, we would obtain
information on the intrinsic lifetimes of charge carriers in nanocrystals. The excited
photoelectron state can decay in several ways, radiatively by x-ray emission or nonradiatively by
Auger or other processes. Furthermore, we speculate that these lifetimes are strongly influenced
by the size of the particle: a hole created in the photoelectron process can be quenched more
rapidly in larger particles due to increased interatomic electronic relaxation, or screening. We
have the means to alter the size of our particles systematically, therefore we can study the hole
lifetime as a function of nanocrystal size. Previously, we were unable to analyze linewidths of
photoelectron peaks because the resolution of an ESCA system is limited largely by its x-ray
source. Standard x-ray anodes (Mg, Al) have a resolution of approximately 750 meV, while it is.
estimated that intrinsic linewidths of peaks are comparable or less. Consequently, these sources
are not suitable for examining lifetimes and a higher resolution light source is necessary. We can
synthesize CdSe and InAs particles from 20A to 60A in diameter, with a size distribution as
narrow as 1.5A. Therefore, these particles are most suitable for examining the widths of the Cd-
and Se 3d cores of CdSe or the In 3d and As 2p cores of InAs.

The hole screening also has an effect on the core level energy. Studies on gas phase Ar clusters
by Méller and co-workers show that this size-dependent hole screening shifts the binding energy
of the Ar 2p level to higher energies with decreasing cluster size [6]. We have been working
towards observing such an effect in our nanocrystals. '
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INVESTIGATION OF VALENCE BANDS VERSUS SIZE

We are also utilizing x-ray and ultraviolet photoemission experiments to study the valence band
as a function of size of the particle [7]. As the size of the nanocrystal is decreased, the valence
band shifts to higher binding energy. We are interested in obtaining the density of states (DOS)
in both the valence and conduction bands and seeing how they evolve as a function of the size of
the nanocrystal. Optical spectroscopy is limited to examining only the gap between the valence
and conduction bands within constrictions of selection rules. Photoelectron spectroscopy, _
however, enables one to obtain a picture of the entire valence band. In our experiments on the
beam as well as off-line, we have determined a method to obtain the valence DOS of CdSe and
InAs nanocrystals without the DOS from the substrate (the hexanedithiol on Au). Figure 2a
shows a valence band taken of CdSe nanocrystals on a hexanedithiol substrate. The spectra in 2b
is obtained by subtracting the hexanedithiol on Au background, therefore it is characteristic of
the CdSe nanocrystal only. We have repeated this experiment on other substrates (for example,
indium tin oxide, ITO) to confirm that this spectrum is of the nanocrystals. Thus far we have
been able to do so using a conventional x-ray source, which has a resolution that obscures any
size effects of the nanocrystals. We are interested in how the valence DOS evolves with the size
of the particle, and seeing if it exhibits predicted 0-D behavior. If it were possible to isolate the
surface DOS (8] it would be interesting to watch its evolution with size of the nanocrystal. For
example, does the surface DOS reflect the approximate surface to volume ratios for a given size
quantum dot? Where does it lie in energy relative to the band gap? As aforementioned, we have
the chemical ability to alter the surface of the particle and thus look at which states in the valence
band are affected. Another interesting property that can be obtained by UPS is the way the
valence energy levels of the nanocrystal line up with the substrate Fermi level [9]. What is the
offset between the Au Fermi level and the top of the valence band in CdSe? Is there band
bending? These questions are necessary for the understanding of transport in these systems, and
currently we are working in collaboration with the McEuen group to understand the behavior of
this system [10].
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ORIENTED CRYSTALLITES AND PHOTOELECTRON DIFFRACTION

Current work is underway to orient a monolayer of nanocrystals on a plane. Many {11, 12, 13]
have devised novel methods to align particles on substrates such that their optical axes are
oriented in a single direction relative to the plane. The nanocrystals on our self assembled
monolayer samples are randomly oriented, thus their photoelectron spectra represent an
averaging over a random distribution. With aligned particles we would have the potential to
perform another order of photoemission experiments that would resolve the question of the
nanocrystal’s surface. Photoelectron diffraction (XPD) would allow us to determine the both the
atomic positions (by scanning in angle) and bond lengths (by scanning in energy) of the surface
atoms. Thus it would give us the most complete picture of the surface. Figure 3 shows a high
resolution transmission electron micrograph of a CdSe nanocrystal. From the image, we can see
the interior lattice structure, which we have determined to be identical to that of bulk CdSe.
However, the image tells us nothing about the surface structure, since essentially it is a two-
dimensional projection of a nanocrystal. Although we can predict beforehand what surfaces will
be more stable than others, we do not know exactly what the surface looks like.
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Postcollision Interactions in the Auger Decay of the Ar L-Shell
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'Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE 68588-0111, USA
Department of Chemistry, University of Nevada, Las Vegas, NV 89154, USA

The photoionization cross sections for Ar*
through Ar*, produced by the Auger decay
of an inner shell 2p hole, have been
measured between 242 eV and 253 eV on
beamline 9.0.1 and 6.3.2 (see Fig. 1). In
this study we are interested in near threshold
phenomenon involving postcollision
interactions (PCI), which are related to the
Auger decay of a vacancy in the Ar L-shell.

During an Auger decay a postcollision
interaction can occur causing the out-going
photoelectron to be retarded thus losing a
certain amount of energy. If the retardation
is sufficiently large the photoelectron will
not escape. This result produces a singly
charged ion, which normally would not be
present.

Such evidence of electron capture by the
PCI effect was first shown clearly by
Eberhardt ef al. [1] and, with higher
resolution, in the present work (see Fig. 2).
However, capture of the photoelectron is
expected to be 100% exactly at the L, ,
thresholds [2]. Thus, from our results
shown in Fig. 3 we would have expected
the Ar** signal to be zero at threshold, but it
is not! We can explain this anomoly on the
basis that during the Auger decay the
photoelectrons are captured into high lying
excited states of Ar*, which subsequently
decay through autoionization yielding Ar**.
~ Our predicted results for Ar** produced in
this manner are shown in Fig. 3 by the
shaded areas. Future work in this area will
seek experimental evidence to verify this

- prediction.
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Figure 1. Photoionization cross sections of Ar* through Ar*
produced by the decay of a 2p hole in argon. The resonance
lines represent the transitions 2p~'(35?3p%)nd, (n + 1)s, where
n 2 3. The instrumental resolution was 80 meV for the Ar*
and Ar** spectra and 54 meV for Ar** and Ar*.
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Figure 3. The Ar** continuum. The predicted Ar** yield is given by
the probability function (1 —~ P). If electron recapture is 100% at
the L, ; thresholds (P = 1), then the Ar** yield is represented by the
unshaded area under the dashed line. The disagreement with the
experiment implies that at threshold 67% of the recaptured
electrons must be emitted. That is, the Ar** yield must be
represented by the curve (1 — P) with P = 0.33 at threshold. This
curve is shown by the solid line. The shaded area represents the
contribution to Ar** by electron reemission.
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The Ratio of He?*/He* from 80 to 800 eV

J.A.R. Samson, W.C. Stolte, Z.X. He, J.N. Cutler, and Y. Lu
Behlen Laboratory of Physics, University of Nebraska, Lincoln, NE 68588-0111, USA

The importance of studying the double ionization of He by single photons lies in the fact that He
presents the simplest structure for the study of electron correlation processes. Even so it has
proved a challenging problem to understand and describe theoretically. Surprisingly, it has also
proved difficult to agrée experimentally on the absolute values of the He*/He* ratios [1-7]. The
availability of new synchrotron facilities with high intensity light outputs have increased the
experimental activity in this area. However, by the very nature of those continuum sources
systematic errors occur due to the presence of higher order spectra and great care must be

exercised.

We have measured the He**/He" ratios over a period of 5 years, the last three at the ALS utilizing
beamlines 9.0.1 and 6.3.2. The sources of systematic errors that we have considered include,
scattered light, higher order spectra, detector sensitivity to differently charged ions, discriminator
levels in the counting equipment, gas purity, and stray electrons from filters and metal supports.
The measurements have been made at three different synchrotron facilities with different types of
monochromators and their potential for different sources of systematic errors. However, our data
from all these different measurements agree within a few percent of each other, as can be seen in

Fig. 1.
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Figure 1. Measurements of the He**/He" ratio taken at various synchrotron facilities.
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Figure 2. Photoionization cross section for He**. The solid line represents our experimental data. The open circles
are the theoretical results of Pont and Shakeshaft [9].

From the above results and our precision total photoionization cross sections for He we can obtain
the absolute photoionization cross section for He?* [8]. These results are shown in Fig. 2 by the
solid line and compred to the recent theoretical results of Pont and Shakeshaft [9]. We find similar
near perfect agreement with several of the latest calculations [10-12].
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Reflectance Measurements on Clean Surfaces for the Determination of
Optical Constants of Silicon in the EUV/Soft-X-Ray Range
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INTRODUCTION

The response of a given material to an incident
electromagnetic wave is described by the energy
dependent complex index of refractionn = 1 — 6 +:4.
In the extreme ultraviolet (EUV)/ soft x-ray spectral
region, the need for accurate determination of n is
driven by activity in areas such as synchrotron based
research, EUV/x-ray lithography, x-ray astronomy
and plasma applications. Various methods are used in 1000 75 00 250 0
order to determine the optical constants &, A such as . Elsciron Binding Energy (V)
reflectance measurements, angle dependent electron sx10t
yield, transmission measurements, interferometry
and ellipsometry. In this work, the method of angle
dependent reflectance is evaluated and implemented
in order to obtain the optical constants of Si in the
region around the L , 3 edge (99.8 eV). Silicon is
among the materials of particular importance.for
practical applications in the EUV/soft x-ray range,
due to its implementation as filter and spacer material 1000 7% S0 250 o
in multilayer mirrors, for energies below the L 2 3 Etectron Biading Encrgy (6V)

edge. The refractive index of Si in this energy range  Figure 1. XPS survey scan results for a Si(111)
has been investigated by previous experimenters wafer, “as received” (top) and after H-passivation
[1,2,3] using various methods. The discrepancies - (bottom).

among their data arise mainly due to the surface

quality of the samples used for measurements and the inherent difficulties of each method. Angle
dependent reflectance measurements have the advantage that both § and # may be deduced
experimentally, and thus provide an important test of the tabulated values [4] of 6 generated using
the Kramers-Kronig relations. In addition, measurements may be performed on bulk samples
without the need to fabricate the free standing thin films required for transmission measurements.

Number of Photoelectron Counts
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EXPERIMENT

The samples investigated include crystalline silicon ((111) and (100) orientations) and amorphous
silicon. The reliability of reflectance data depends on the quality of the sample surface. The most
serious sources of error are: 1) surface roughness, 2) the presence of native oxide and organic
contamination on the sample surface. For these reasons, particularly smooth samples were used
and a cleaning treatment was applied to the sample surfaces, prior to the measurements. The
cleaning procedure includes UV cleaning (for organic contamination removal) and subsequent

- HF:ethanol dipping of the samples, which results in H-passivated surfaces [5,6]. The samples were
investigated before and after cleaning was applied, using the X-ray Photoelectron Spectroscopy
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(XPS) method, in order to determine the effectiveness of the H-passivation technique, as shown in
Fig. 1.

Two instruments were used for the reflectance measurements on the H-passivated silicon samples:
1) The EUV/soft X-ray reflectometer is described in detail in [7]. The instrument uses a laser
produced plasma source and a spherical grating monochromator to produce continuously tunable
radiation in the range 30<E<300 ¢V. 2) Beamline 6.3.2 at the ALS is described in [8]. This
beamline is using radiation from a bending magnet in the energy range S0<E<1000 eV. The
optics consist of a plane grating monochromator, a reflectometer chamber (10~2 Torr base
pressure) and refocusing mirrors to provide a small spot on the sample. Data were collected in
the form of reflectance curves (R vs. angle of incidence) for a number of energies in the region
50-180 eV. The reflectance data vs. angle at each energy were fitted in order to obtain the optical
constants 6, § by means of a least squares fitting algorithm, using the Fresnel equation.

RESULTS

It is shown that the method of least squares fitting in order to derive the optical constants 4, § from
experimental data is reliable only in regions where g is sufficiently below 8, while it is producing
results with large uncertainties in the energy range where § > 6, as shown in Fig. 2. The effect
of the 3/6 ratio in the fitting of a reflectance curve has a purely mathematical nature, thus, the
above reliability criteria should apply to the fitting of reflectance data from any material in any
energy range. However, the exact value of §/6 which marks the boundary between reliable and
uncertain fitting should depend on the particular experimental conditions and therefore it has to be
determined separately in each case.

In this experiment, reliable data are obtained in the range 50 - 90 eV (below the silicon L, 3 edge),
corresponding to 8/6 < 0.5. It is shown that crystalline Si exhibits structure from 60 to 80 eV,
also observed in previous transmission data. Furthermore, the fitted values for é are compared
to the tabulated values [4]. It is demonstrated through the sum rule that the tabulated values in
[4] should overestimate 6 because of missing oscillator strength in the absorption coefficient data
used. This effect is verified by the present reflectance results for 8.

The above discussion suggests that least squares fitting of reflectance data may not be a suitable
“method for the determination of the refractive index in certain energy regions; different techniques
should be explored in the regions where the fitting algorithm becomes problematic. Particularly
for silicon, there is a need for improved measurements in the region above the L, 3 edge, where

* the available absorption data are poor and the reflectance method fails to provide reliable results.
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Figure 2. Left: The optical constants § (O), 8 (Q), for a Si(100) sample measured at the ALS beamline 6.3.2. The
values for 8, # (dash) from the atomic tables [4] are also shown. Right: Contour plots of the least squared error
generated with the data on the Si(100) sample. The energies shown are 60, 70, 80, 95, 105, 130, 150 and 180 eV in
a § — B axis system. Each contour area is enclosing the optical constant pairs fitted by the least squares algorithm
within +10 of their true values. When the contour areas become large, then the fitting is uncertain. This is true for
the energies above the edge in this experiment.
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INTRODUCTION

Magnetic effects on X-ray scattering (Bragg diffraction, specular reflectivity or diffuse scattering)
are a well known phenomenon [1], and they also represent a powerful tool for investigating
magnetic materials since it was shown that they are strongly enhanced when the photon energy is
tuned across an absorption edge (resonant process) [2]. The resonant enhancement of the
magnetic scattering has mainly been investigated at high photon energies [3], in order to match the
Bragg law for the typical lattice spacings of crystals. In the soft X-ray range, even larger effects
are expected, working for instance at the 2p edges of transition metals of the first row or at the 3d
edges of rare earths (300-1500 eV), but the corresponding long wavelengths prevent the use of
single crystals. Two approaches have been recently adopted in this energy range: i) the study of
the Bragg diffraction from artificial structures of appropriate 2d spacing [4]; ii) the analysis of the
specular reflectivity, which contains analogous information but has no constraints related to the
lattice spacing [5]. Both approches have their own specific advantages: for instance, working
under Bragg conditions provides information about the (magnetic) periodicity in ordered
structures, while resonant reflectivity can easily be related to electronic properties and absorption
spectra. An important aspect common to all the resonant X-ray scattering techniques is the
element selectivity inherent to the fact of working at a specific absorption edge: under these
conditions, X-ray scattering becomes in fact a spectroscopy.

EXPERIMENT

In August 1996, we performed preliminary measurements to test the feasibility of resonant
magnetic scattering experiments using elliptically polarized photons on beamline 6.3.2 at ALS. In
order to change the polarization state of the light without changing either the optical alignement of
the beamline or the calibration of the energy scale, we simply modified the position of the vertical
jaws that define the angular acceptance at the entrance of the monochromator. Linearly polarized
light is obtained when selecting a vertical accepted angle symmetric with respect to the orbit plane
of the electrons in the ring. To have elliptically polarized light of positive (negative) helicity, only
the portion of the beam emitted above (below) the orbit plane should go through the
monochromator. A good compromise between flux and polarization rate was found accepting the
beam within the 0.2 + 0.05 mrad angular range above the orbit plane.

Measurements were performed on ex-situ deposited metallic layers, as well as on multilayers and
crystals. The samples were magnetized along the intersection between the surface and scattering
planes by a permanent magnet placed behind the sample holder. The magnet could be rotated in
vacuum around the axis normal to the sample surface, using a stepper motor. In this way we could
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change at each scan the relative orientation between photon helicity and sample magnetization,
without affecting the sample alignment. In the end station of line 6.3.2 the scattering plane is
vertical (i.e. orthogonal to the plane of the ring). The sample and the detector can be rotated
around the same axis in an independent or coupled (6/20) mode. We performed both energy scans
at fixed scattering angles, and 6/20 scans at fixed photon energy.
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Figure 1. Reflectivity curves (left) taken at different angles of incidence as a function of the photon energy, over a
range including the 2p absorption edges of both Fe and Co. The sample is a 11.5 A Fe / 20 A Co multilayer. The
right panel reports the corresponding asymmetry curves, i.e. the difference divided by the sum of reflectivity
measured for a sample magnetization parallel or anti-parallel to the photon helicity.

RESULTS

Fig. 1 reports the magnetization averaged reflectivity curves for an Fe/Co multilayer (11.5 A Fe /
20 A Co, Fe terminated), measured at different angles of incidence 6 over a photon energy range
including both Fe and Co L, ; edges. The right panel of Fig.1 shows the corresponding magnetic
part of the resonant scattering, presented as the asymmetry ratio (I' - I') / (I' + T'), where I is the
intensity for the photon helicity (anti-) parallel to the magnetization. The strong angular
dependence of both reflectivity and asymmetry curves is related to the interference between the
real and imaginary parts of the refractive index through Fresnel’s equations. It can also be noted in
Fig. 1 that for 6 = 1 deg. the reflectivity is almost constant out of the Fe 2p energy region, and the
signal from Co (second layer) can hardly be detected. Fig. 2 shows in more detail the reflectivity
spectrum measured at 6 = 5 deg. for a different Fe/Co multilayer (21.5 A Fe / 29.5 A Co): the
curves for opposite magnetizations and their difference are reported in the left panel, while on the
right we have the asymmetry ratio. Some fine structure can be observed in the reflectivity at the Fe
2p edges: it is not related to noise, but it might originate from the oxidation of the Fe top atomic
layers, as suggested by absorption spectroscopy data. On this same sample, we also measured the
magnetic effects on Bragg diffraction when the photon energy approaches the 2p resonances.
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Figure 2. Resonant reflectivity curves for opposite magnetization directions in a 21. SAFe/ 295ACo multllayer
The difference (x 5) and the asymmetry ratio (right panel) curves are also reported.

Fig. 3a shows a few examples of a series of 6/26 scans taken for various photon energies just _
below the Fe 2ps;, edge. Apart from an increased intensity, there is also an evident enhancement of
the variation with the magnetic field when the photon energy gets closer to the edge. We report in
Fig. 3b the result of a 6/20 scan taken at 704 eV, together with the corresponding asymmetry ratio
(3c). Even if the analysis of these data is still in progress, a few remarks can be made about Fig. 3 :
i) taking the nominal values for the multilayer spacing (51 A) and for the photon energy (e.g. 704
eV in Fig. 3b), one gets Op values in excellent agreement with the experiment; ii) it appears that
the main diffraction peak is-always flanked by weaker shoulders, also showing a dependence on
the magnetic orientation: this could be related to a spread in the layer thicknesses, and/or to
interface mixing; iii) larger magnetic effects are expected at the exact 2ps» photon energy (about
709 eV for Fe), but we could not see a diffraction peak there. The reason is that for our sample a
photon incident at 9 degrees has to travel through approximately 275 A of Fe to be reflected at
the first Fe/Co interface and come out again. This distance is much larger than the absorption
length at the maximum of the Fe L; edge, hence photons of 709 eV can hardly feel the periodic
structure of the multilayer. In general, the Bragg peak is bound to get broader at resonance, but, if
measurable, data can easily be corrected for absorption and still give very useful information [4].

Beamline 6.3.2 Abstracts ¢ 71




] 1 T T T T T Y T T T 3 10
30 j
25 ]
45
2.0 1
~—~
& ]
.ﬁ -
C b S A7 Lo evi i A gttt Bl
515 10
-é 5 )
w 1.0
S’
> F 45
& 05
c -
Q
gt
€00
| 215Fe/29.5Co 11
051 multilayer
o L A A " 1 A " i i
18 19 20 21 18 19 20 21 18 19 20 21

Scattering Angle 26 (deg.)

Figure 3. 6/20 scans at different photon energies close to the Fe L; edge. Continuos and dotted lines are for opposite
magnetization directions. For hv = 704 ¢V we also report the difference curve (b) and the asymmetry ratio (c).

CONCLUSIONS

We performed preliminary experiments on Fe/Co multilayers, measuring both specular reflectivity
and Bragg diffracion at the 2p resonances. We have shown that the monochromator and the end
station of beamline 6.3.2 at ALS are perfectly suited for resonant magnetic scattering experiments
in the soft X-ray range. The location of the beamline on a bending magnet source gives, at the

. price of a lower flux, the possibility of covering a wide energy range with only smooth variations
of the incoming intensity. Together with the easy tunability of the polarization state, this represents
a major advantage, for this kind of spectroscopy, of a bending magnet over an insertion device
delivering high flux in narrow energy bands.
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Role of 3d Electrons in Formation of Ionic-Covalent Bonds
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INTRODUCTION

In the II-VI compounds doped with transition metals (diluted magnetic semiconductors) a
substitution of cation by the introduced magnetic ion leads to hybnidization of its 3d states with
the sp states of the host semiconductor. The degree of hybridization of the 3d states and its
interaction with the host matenial band states has been a subject of numerous discussions [1].
Inner shell absorption spectroscopy provides very useful means of electronic structure analysis
in a wide variety of systems. Due to its selectivity for atomic species and the selection rules for
electron transitions, the soft X-ray absorption technique offers quite unique opportunity to
measure directly the site-selective local density of the unoccupied d states in the compounds
studied.

EXPERIMENT AND RESULTS

We report the near-edge soft X-ray absorption spectra for Zny_xMyS compounds, where M is
Mn, Fe, Co or Ni, and x ranges within the M solubility limit. These include the S- Ly 3 and L3
absorption edges of transition metals, measured in the total electron yield mode at the’bending
magnet beamline 6.3.2 at the Advanced Light Source. The observed changes of the local
density of the 3d and s antibonding states, detected in the experiment, indicate that the 3d
states effectively participate in formation of the ionic-covalent bond between metal and anion.
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Figure 1. a) L, 3 edge of S absorption for Znj_,Mn,S normalized at the maximum intensity, x=0.0 - bold line,
x=0.05 - middle line, x=0.2 - dotted line, x=0.3 - thin line; b) L3 -edge of Mn absorption for Znj_ Mn,S
normalized at the maximum intensity, x=0.05 - dotted line, x=0.33 - bold line, x=1.0 - thin line;
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Figure 2. L 3 edge of S absorption for Zn)_4NiyS normalized at the maximum intensity, x=0.0 - bold line,
x=0.01 - dotted line; L3 -edge of Ni absorption for Znj_4Ni,S normalized at the maximum intensity, x=0.01 -
dotted line, x=1.0 - bold line.

The most pronounced changes in sulfur and metal absorption edges were found for Mn- (Fig.
1) and Fe- doped compounds, whereas in the case of Ni dopant (Fig. 2) the effect became the
weakest. On the contraty,'*such behaviour has not been noticed when investigating the
unoccupied p-like local DOS in the same materials [2]. Recent results prove that the degree of
hybridization between the 3d states of M and the s states of the matrix anion depend on the 3d
shell filling The above evidence was additionally supported by the effective charge transfer
estimated from the chemical shifis of the transition metal K-edges. The amount of charge
shows direct contribution of the 3d electrons to the ionic bond between cation and anion which
also decrease with 3d orbit filling. Therefore, increased occupation of the 3d orbit results in
lowering of the contribution to the ionic-covalent bond given by the 3d electrons, which tend
to exhibit more core-like character. This can explain a drastic decrease of the solubility limit of
the investigated transition metals admixed to the ZnS matrix. The solubility limit, which equals
x=0.6 in the case of Mn, falls down to x=0.03 when the Ni dopant is introduced into cation
sublattice.
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INTRODUCTION

X-ray absorption measurements are a well-known probe of the unoccupied states in a material.
The same information can be obtained by using glancing angle X-ray reflectivity. In spite of
several existing band structure calculations of the group III nitrides [1] and previous optical stu-
dies in UV range [2, 3, 4], a direct probe of their conduction band densities of states is of inter-
est. We performed a joint experimental and theoretical investigation using both of these xperim-
ental techniques for wurtzite GaN. A more complete account of this work can be found in [5].

EXPERIMENT AND RESULTS

X-ray absorption and X-ray reflectivity spectra for different incident angles have been

collected at the bent magnet 6.3.2. beamline of the Advanced Light Source (ALS). The high
photon flux in the N K-edge region and the high energy resolution at this beamline allowed us to
resolve fine structure of the X-ray absorption spectra at the K-edges of nitrogen and M 3-edge
of Ga and to detect reflected signal even for angles significantly differing from the optimal
glancing angle. For measurements in the absorption mode, the direct photocurrent from the
sample, positioned perpendicularly to the X-ray beam, was measured as 4 function of the
incoming radiation energy. In the reflection mode, the radiation was detected by GaAsP.

Three kinds of GalN samples were used in X-ray absorption experiments to verify the low -
senstitivity of the photocurrent detection method to the sample surface roughness and
contaminations. GaN powder (with particle size smaller than 20 uym available commercially),
epitaxial film of about 1 um thick grown by molecular beam epitaxy (MBE) on sapphire
substrate, and bulk single crystal of GaN, grown by a high pressure, high temperature method.
The latter sample had the form of a platelet perpendicular to the hexagonal c-axis. The

epitaxial films had the same orientation.

First-principles calculations of the (polarization averaged) dielectric response € »(®)
contributions from the relevant core-level to conduction band transitions and derived spectral
functions are used to interpret the data. These calculations are based on the local density
approximation (LDA) and use a muffin-tin orbital basis for the band structure and matrix
elements. The angular dependence of the X-ray reflectivity was studied and shown to be in
good agreement with the theoretical predictions based on Fresnel theory and the magnitude of
the calculated X-ray optical response functions (Figs. 1 and 2). The measured intensity of the
reflected beam varies drastically with the value of angle 0. The glancing angle corresponding to
the maximum of intensity is equal to 5.39. The rapid decrease of intensity with increasing
angles is easily understood on the basis of the Fresnel equations. In fact, the reflectivity would
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vary inversely with 4. The rapid decrease of signal amplitude for angles below 5.39 is an
indication of the rapid decrease of the penetration depth into the bulk. Therefore, for small
angles, the oxygen and carbon contamination layers of the surface may overwhelm the GaN
signal and only an increase of the background signal can be seen. The simultaneously measured
photocurrent for different angles also shows a drastical change of the N K-edge shape and
intensity. Besides the obvious variation of the intensity there are also more subtle changes of
the spectral shape with angle. One can see that at the larger angles, the spectrum resembles the
photocurrent measurements more closely as expected from the theoretical considerations. At
the lower angles the characteristic negative dip before the on-set of the spectrum can be seen
and maximum intensity is shifted towards higher energies. The calculated spectra at a series of
angles are shown in Fig. 2. First of all, we see again that the required intensity multiplication
factors vary roughly as expected (64). Secondly, we see that the shoulder A and peaks B and C
increase with increasing angle while the peak D decreases. This is consistent with the data and
it shows that the Fresnel theory accounts well for the angular dependence.
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Fig. 3 shows the N-K-edge X-ray absorption spectrum of GaN as measured by total
photocurrent compared to the calculated spectrum. The spectrum shown is Ilo after fitting Io
to a straight line in the energy range of interest. While the relative peak intensities are
somewhat different and also different from the spectrum extracted from X-ray reflectivity, the
peak positions are in good agreement at least up to 10 eV above the edge. One expects the

N K-edge spectra to be essentially proportional to the N 2p partial density of states (PDOS).

- By comparison to the band structure, we can to some extent associate the peaks in partial
density of states to van Hove singularities at specific points in the Brillouin zone. Fig. 4 shows
the band structure of GaN along with the total and N 2p partial density of states. The valence
band maximum is chosen as energy reference. For the present purposes only the conduction
band is of importance. Several k-points or rather the "flat band" regions near to them
contribute to each peak. For the first 3 peaks (A—-C), no significant differences between theory
and experiment are found, indicating that the self-energy correction is approximately constant
in that energy range. This is consistent with a previous UV-reflectivity study [6]. In contrast,
the GW calculations of Rubio et al. [7] indicate a gradually increasing self-energy shift with
increasing energy in the conduction band. The present comparison between LDA theory and
experiment does not seem to give any evidence of such a systematic increase in self-energy
correction. Fig. 5 shows the Ga-Mp 3 X-ray absorption spectrum both as measured directly
from total photoyield and by KK analysis of the reflectivity data, compared to the calculated
results. The separate My and M3 contributions are also indicated. Good agreement is obtained.
The shift applied to the theoretical spectrum in this case is 10.7 eV. This results in a binding
energy of the Ga 3p3/2 state with respect to the valence band maximum of 101.9 eV in good
agreement with the XPS results which gave 102.6 eV. Our calculated spin-orbit splitting
between Ga 3p1/2 and 3p3/2 of 3.65 eV is also in good agreement with the XPS result of 3.7
eV . We note that the A an B peaks correspond to the Ga M3 spectrum while the C peak is an
overlap of the first peak of the My spectrum and the third (much weaker) peak of the M3
spectrum, peaks D and E correspond to the M spectrum. From the Ga M3 3 spectrum we
deduce the same equal 2 eV spacing between the first three peaks in the conduction band as
was deduced from the N K-spectrum. The peak positions are about 108, 110 and 112 eV for
A, B, C corresponding to M3 and 112, 114 and 116 eV for C, D, E in the My spectrum.
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CONCLUSION

We have performed a systematic study of the NK and Ga M3 3 edge spectra in GaN. Aside
from some small discrepancies, consistent results were obtained for the peak positions

- from two different experimental techniques employed to probe these spectra: glancing
incidence angle X-ray reflectivity combined with Kramers-Kronig analysis and total
photocurrent measurements of the X-ray absorption. Both sets of experimental data agree
well with calculated spectra, especially for the transitions to the lower conduction band states
up to about 10 eV above the conduction band edge. Even up to 20 eV above the conduction
band minima the agreement in spectral shape is rather good with maximum discrepancies
between theory and experimental peak positions of about 1 eV. The good agreement in peak
positions and the assignment of the peaks to the band structure features allows us to conclude
that the self-energy correction beyond the LDA band structure consists essentially of a constant
shift for the conduction bands up to about 10 eV above the conduction band minimum.
Further differences between theory and experiment may arise from core-hole final state and
other many-body effects not included in the present theoretical treatment. Future work to
address these questions is planned.
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INTRODUCTION

Titanium silicide has the lowest resistivity of all the refractory metal silicides and has
good thermal stability as well as excellent compatibility with Al metallization.It is used as
an intermediate buffer layer between W vias and the Si substrate to provide good
electrical contact in ULSI technology, whose submicron patterned features form the basis
of the integrated circuits of today and tomorrow, in the self aligned silicide (salicide)
formation process.[1] TiSi; exists in two phases: a metastable C49 base-centered
orthorhombic phase with specific resistivity of 60-90 pQ-cm that is formed at a lower
temperature (formation anneal) and the stable 12-15 pQ-cm resistivity face-centered
orthorhombic C54 phase into which C49 is transformed with a higher temperature
(conversion anneal) step.[2,3] C54 is clearly the target for low resistivity VLSI
interconnects. However, it has been observed that when dimensions shrink below 1\mic
(or when the Ti thickness drops below several hundred angstroms), the transformation of
C49 into C54 is inhibited and agglomeration often occurs in fine lines at high
temperatures. This results in a rise in resistivity due to incomplete transformation to C54
and because of discontinuities in the interconnect line resulting from agglomeration.
[4,5] Spectromicroscopy is an appropriate tool to study the evolution of the TiSi2
formation process because of its high resolution chemical imaging ability which can
detect bonding changes even in the absence of changes in the relative amounts of species
and because of the capability of studying thick ‘as is’ industrial samples.

poly-Si
substrate

Si02
substrate

OeV, 800C OeVv,1000C

Figure 1. 100 pm X 100 pm , 1 pum step images of SRAM sample after Ti deposition and silicidation
acquired with 0 eV photoelectrons after each anneal.
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2575 eV,1000C 20.25 eV, 1000 C

Figure 2. 100 um X 100 um , 1 pm step images acquired after the conversion anneal using
the unshifted (left panel) and oxide-shifted Si 2p core level photoelectrons.

We have observed the formation of TiSi; in a patterned SRAM (static random access
memory) sample from IBM using the photoelectron spectromicroscope MAXIMUM [6]
on ALS Beamline 6.3.2. The sample region studied consists of 200 nm thick polysilicon
features patterned atop a 400 nm thick isolation oxide with 50 nm wide silicon nitride
sidewall spacers. The sample was chemically cleaned by etching in a 1:200 solution of
HF in H,O for 10 min, before being placed into vacuum. Approximately 30 nm Ti was
deposited by evaporation on the surface and the sample was subjected to a ~800 C
formation anneal for 30 sec and then to a momentary ~1000 C conversion anneal to form
TiSi,. Figure 1 shows secondary electron images of similar areas of the sample taken
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Figure 3. EDC’s of the Si 2p acquired at points A and B as
marked in Figure 2. A strong oxide-shifted signal is present at
point B but not at A.
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Figure 4. SEM micrographs of silicided sample showing lateral silicide growth and
agglomeration.

before and after the conversion anneal. After the 1000 C step, bright colored regions are
present next to the silicided polysilicon regions. To investigate lateral differences in
chemistry, further photoelectron images of the region shown in the right panel of Figure 1
were acquired using the Si 2p core level photoelectrons. In Figure 2, the left image was
acquired at 25.75 eV, the energy of the unshifted Si 2p, and the right image was acquired
at 20.25 eV, the energy of the oxide-shifted Si 2p. Point A is on a silicided polysilicon
pad and B is on a bright region just outside the pad. Energy distribution curves (EDCs) of
the Si 2p core level taken at A and B are shown in Figure 3 and reveal that there is a
higher oxide signal at B than at A, where the unshifted signal is higher. Indeed, the bright
border regions are not visible in the 25.75 eV image since they have a lower signal than
the silicide polysilicon regions. The border regions do, however, have a higher oxide
signal, which leads to their being bright in the 20.25 eV image.

These changes result from agglomeration of TiSi, which has grown laterally a short
distance onto the SiO, substrate from the polysilicon regions. The agglomeration of the
silicide film exposes the underlying oxide substrate, thus leading to a higher oxide signal
level in the lateral silicide regions. Agglomeration is not unexpected for the high
temperature conversion anneal used, and was confirmed by SEM analysis of the sample.
Micrographs showing lateral silicide growth and agglomeration in this SRAM sample are
shown in Figure 4.

Clearly, spectromicroscopy is an effective way of studying the technologically important
problem of TiSi, formation. We are planning on carrying out higher resolution
experiments that will allow us to not only study local variations in the silicidation
reaction, but also to definitively correlate chemical changes with the lateral distribution of
C49 and C54 phases in patterned samples. We have already carried out preliminary
experiments to this end at SSRL.[7] Future experiments will be carried out on ALS
undulator beamline 12.0, where the MAXIMUM endstation is currently being
permanently installed.
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INTRODUCTION

An in-line polarimeter including phase retarder and linear polarizer was designed and
commissioned on undulator beamline 7.0 for the purpose of converting linear to circular
polarization for experiments downstream. In commissioning studies, Mo/Si multilayers at 95 eV
were used both as the upstream, freestanding phase retarder and the downstream linear polarizer.
The polarization properties of the phase retarder where characterized by direct polarimetry and by
collecting MCD spectra in photoemission from Gd and other magnetic surfaces.

The resonant birefringence of transmission multilayers results from differing distributions of s- and
p-component wave fields in the multilayer when operating near a structural (Bragg) interference
condition.” The resulting phase retardation is especially strong when the interference is at or
near the Brewster angle, which is roughly 45° in the EUV and soft x-ray ranges.

EXPERIMENT

The polarimeter is shown schematically in Figure 1, and is conceptually similar to a device already
in use at the ALS (described in ref. 3). The new apparatus is installed between the exit slit and
refocusing mirrors on beamline 7.0, at a point where the beam is defocused. Following an
entrance aperture and I, grid is the transmission phase retarder, whose incidence angle 6 and
azimuthal angle or can be varied continuously. On a separate azimuthal stage rides the tunable
linear polarizer formed by a multilayer with laterally graded period set to reflect at 45° into a Si
diode detector. Continuous tuning of the polarizer is achieved by translating it along the period

Figure 1. Schematic of the polarimeter. A free- I
standing transmission multilayer forms the phase
retarder, and a reflection multilayer acts as a
linear polarizer. The polarizer can be translated \
out of the beam, allowing it to pass to downstream

experiments. The entire apparatus can likewise

be translated out of the beam when not in use,

allowing the beam to transit the polarimeter

uninterrupted. Translation

Tunable
polarizer

Tunable
retarder

Pinhole
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gradient. Additional translation of the polarizer stage has been added to the current design so the
polarizer can be entirely withdrawn from the beam, allowing it to pass through the retarder only
to downstream experiments. These motions occur inside of a vacuum chamber housing the
optics. In addition, the entire chamber can be translated laterally to withdraw all optical elements
from the beam, allowing it to pass uninterrupted through the device. In-line operation of the new
apparatus is facilitated by side-mounted feedthroughs to actuate all motions; the earlier version
introduces azimuthal rotations from the downstream end, thus precluding in-line operation.

95 eV was chosen for initial operation of the phase retarder because Mo/Si multilayers perform
very well just below the Si L, 3 edge at 100 eV. Mo/Si multilayers formed both the free-standing
phase retarder (d = 87.4 A, N = 30) and linear polarizer (d = 92.0 A, N = 30). The calculated
retardation showing the general form of the expected phase difference between transmitted s- and
p-components for this retarder is shown in Figure 2a. The Bragg condition occurs just above 50°,
and a resonance in retardation is clearly evident about this condition.

RESULTS

After initial alignment of the polarimeter to place the optical (azimuthal) axes of the retarder and
polarizer along the beam direction, polarizer scans were made to analyze the polarization of the
beam transmitted through the retarder at different incidence angles. Figure 2 shows two such
scans, one with Og near normal incidence and the other with Or on the low angle side of the Bragg
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Figure 2. (a) shows calculated phase retardation of i 2
transmitted s- and p-components vs. incidence angle O near 90° P, =0.94
on the retarder. The resonance across the Bragg 4 X
peak near 50° is used to convert linear to circular

polarization. (b) shows intensity measured in a
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data points, and lines are fits to the data yielding the :
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resonance near the larger retardation peak. (Note that the large retardation peak near 15° occurs
at the critical angle for total reflection and is not useful because of low transmission.) Following
standard procedures to analyze rotating polarizer scans,* we fit the data to obtain the first 3 of 4
Stokes parameters (So, S, Sz, S3) that provide directly the degree of linear polarization Py, = (S,
+ 8,2)"/S,. The degree of circular polarization Pc = Sy/S, is obtained indirectly from P, + Pc* =
1, assuming no unpolarized component. Polarization measurements at several beamlines at the
ALS support the assertion that any unpolarized component is present at levels comparable to
measurement uncertainty of about 0.01 in P;? and PS2

The polarization of radiation transmitted through the retarder shows the expected behavior. Near
normal incidence (Fig. 2b), the transmitted radiation is predominantly linearly polarized.
Incomplete linear polarization may result from residual birefringence near normal incidence or
from imperfect optical alignment of the apparatus evident in the data. With Og near the Bragg
peak (Fig. 2c), the transmitted beam is predominantly circularly polarized.

The sense of circular polarization can be changed from left- to right-circular by rotating the
retarder in a prescribed manner keeping the incidence angle Oz fixed. Data in Figure 2 were
collected with the retarder azimuth at 45° with respect to the incoming linear polarization, thus
resolving the incident linear beam into equal amounts of s- and p-components at the retarder. By
rotation the optic azimuthally about the beam axis to -45°, equal amounts of s- and p-components
are again incident on the optic, but the two components have exchanged roles resulting in
helicities of opposite sense in the two different settings.

Photoemission experiments downstream verify the performance of the phase retarder and have
begun to use its circular polarization routinely. Figure 3 shows valence band photoemission from
a clean gadolinium surface excited by circular polarization at 95 eV having opposite helicity.
Large shifts in the 4f level are seen, leading to the large MCD (difference) signal in the bottom
panel. Under these operating conditions, a loss in flux by roughly a factor of 40 resulted from
absorption in the multilayer together with losses in the grid and some occlusion of the beam by the
entrance aperture. Even so, the intensity of circular polarization exceeds that available from out-
of-plane bending magnet radiation.

1.2

_ [~ % Gd 4f hv=95eV
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Figure 3. Photoemission spectra (along normal) g

from an ultrathin Gd film grown on Y (0001) ‘E’

taken with photons of opposite helicity is shown g

in the top. Changing the sense of circular

polarization is accomplished by rotating the
phase retarder about the beam to a symmetric 02
position with respect to the incoming polarization. 0.1
The MCD (difference) spectrum is shown in the '

bottom. Magnetization lies in-plane. g
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CONCLUSIONS

This work demonstrates that phase-retarding optical elements can be useful for conversion of
linear to circular polarization. To our knowledge this is the first dedicated, in-line phase retarder
and polarimeter based on multilayer optics. Free-standing transmission Mo/Si multilayers perform
well as retarders up to 100 eV, and it is expected that other multilayer materials will produce large
retardation up to 150 eV or so. As energies increase into the soft x-ray the effects of
imperfections significantly reduce the interference effects resulting in phase retardation, making
near quarter-wave plate operation with multilayers impossible. Other means are currently being
investigated to convert linear to circular polarization at higher energies in the soft x-ray range of
undulator beamline 7.0.
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The brightness of the Advanced Light Source will be exploited by
several new instruments for materials science spectromicroscopy
over the next year or so. The first of these to become operational is a
scanning transmission x-ray microscope with which near edge x-ray
absorption spectra (NEXAFS) can be measured on spatial features of
sub-micron size. Here we describe the instrument as it is presently
implemented, its capabilities, some studies made to date and the
developments to come.

This work builds on many years of research [1], developing this
technique at the National Synchrotron Light Source at Brookhaven
National Laboratory.

The Scanning Transmission X-ray Microscope makes use of a zone
plate lens [2] to produce a small x-ray spot with which to perform
absorption spectroscopy through thin samples. Figure 1 shows the
main components of the microscope. The x-ray beam from ALS
undulator beamline 7.0 emerges into the microscope vessel through a
silicon nitride vacuum window 160nm thick and 300pum square. The
vessel is filled with helium at atmospheric pressure. The zone plate
lens is illuminated 1mm downstream from the vacuum window and
forms an image in first order of a pinhole which is 3m upstream in
the beamline. An order sorting aperture passes the first order
converging light and blocks the unfocused zero order. The sample is
at the focus a few mm downstream of the zone plate and mounted
from a scanning piezo stage [3] which rasters in x and y so that an
image is formed, pixel by pixel, by an intensity detector behind the
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sample. Absorption spectra are measured point-by-point as the
photon energy is scanned by rotating the diffraction grating in the
monochromator and changing the undulator gap.

Presently, the microscope performs as follows:

The spectral resolution is typically 1 part in 3000, although the
beamline can deliver photons at higher resolution (up to one part in
8000). The zone plates now in use are 200um in diameter with an
80nm wide outer zone. The.first order focal length of these zone
plate lenses is 4mm at the carbon K edge (300eV). The measured
spot size is approximately 150nm FWHM which is about 50% larger
than the theoretical diffraction limit. Figure 2 shows a gold test
pattern imaged with this scanning microscope.

The instrument can operate with 107 photons s-! in the focused spot.
This flux is sufficient to allow the use of an analog silicon diode as a
detector, the diode current (averaged over a time window of 10 or
20 milliseconds per pixel) provides the pixel intensity in the image.
An alternative photon-counting gas proportional counter with a
silicon nitride window is provided. This is used at greatly reduced
intensity (3 *10> photons s-!) for samples which are prone to
radiation damage. Spectra are measured as the photon energy is
scanned with a dwell of hundreds of milliseconds per energy point in
order to average out the effects of beam intensity variations (a few
percent at frequencies from about 5Hz to 20Hz). The photo-current
from the metal order sorting aperture provides a normalization
signal which can correct for slow changes in beam intensity from one
scan to the next. The absorption spectra of a sub-micron region on
the sample is measured by acquiring a spectrum through the sample,
then repeating the spectral scan with the sample removed. At the
carbon K edge the instrument delivers a spectrum with a 20% dip
due to carbon absorption on the windows and mirrors. There is a
small dip at the oxygen K edge. Nitrogen 1s spectra can also be
measured, at high beam intensity, despite the nitride windows which
reduce the spectral signal by about a factor of ten at the nitrogen
edge.

The most difficult aspect of the microscope operation is the need to
translate the zone plate along the direction of the photon beam in
order to remain focused through the range of an absorption
spectrum. This motion should occur precisely along the optical axis of
the zone plate system, which is the line from the center of the
pinhole through the center of the zone plate. Use of the beamline by
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other experiments results in continued realignment of the beam into
the microscope and the possibility of the pinhole being placed
differently each run. The microscope control software includes a
feature to compensate for misalignment by shifting the sample
transversely to match the unwanted transverse motion of the zone
plate with respect to the optical axis as it is translated along the
beam direction during a spectral scan. By careful tuning of this
algorithm, features can be measured as small as 0.5um.

Two areas of research seem promising at present. One is polymer
science, measuring the distinctive absorption spectra of large organic
molecules at the carbon, oxygen and nitrogen K edges. In these
experiments great care must be taken to avoid the effects of
radiation damage and NEXAFS is superior to electron energy loss
techniques which cause more damage [4]. A second area of unique
application is the study of the chemistry of hydrated species by
absorption spectroscopy. Here we take advantage of the environment
of the microscope, which is usually operated in helium at

atmospheric pressure, so that it is possible to measure samples which
contain water. Hydrated species are very common in environmental
science and various trial programs are beginning.

As an example, figure 3 shows some measurements made on
sectioned Kevlar fibers at the nitrogen K edge. This illustrates the
measurement of polymers in a controlled environment, where the
removal of atmospheric nitrogen is essential in order to obtain
reliable spectra. These measurements were made at full intensity
through the nitride windows, which cause the intensity to drop about
a factor of ten at the nitrogen edge, so that very careful
normalization is required.

[1] S. Williams, C. Jacobsen, J. Kirz, J. Maser, S. Wirick, X. Zhang, H. Ade
and M. Rivers, Rev. Sci. Instrum. 66(1995)1271
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J. Vac. Sci. Tech.13 (1995) 2529
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New York 11664.
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press.

Beamline 7.0.1 Abstracts ¢ 90



Order Sorting Aperture (OSA)

y Specimen
L /
|
" (ﬂ_ X-ray window
O T
X-ray detector

Heli I
elum vesse \ e Zone Plate
Coarse X-Y scanning

| | — Fine X-Y sconning

= ] <= X-rays
GEL— ) |}
SN LLES
IL' = o i /P z-mation (coarse)

N - ZP z-motion (fine).

IR
N Verticdl support bukhead
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Fig2. Part of an image of a test pattern made by electron beam
lithography in gold on a silicon nitride membrane. The profile of
image intensity across the etched edge of a silicon wafer is also
shown and gives a measure of the size of the x-ray spot; 150nm

FWHM.
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Figure 3. Transmission NEXAFS images of a sectioned Kevlar fiber
with radially oriented hydrogen-bonded sheets between adjacent
polymer chains shows the sensitivity to the relative orientation
between the x-ray polarization plane and the molecular orbitals of
nitrogen in the molecule. Nitrogen 1s electrons can be excited into
these orbitals only when the orbitals are oriented parallel to the
electric vector of the linearly polarized light. m* orbitals are sharp
peaks, the o* transition give broader peaks at higher energy. The m*
and o* orbitals are pependicular and each gives a cosine? intensity
distribution with opposite contrast around the fiber, with respect to

the horizontal polarization plane.
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INTRODUCTION

The theory of electron bands, which arises from basic quantum mechanical principles, has
been the cornerstone of solid state physics for over 60 years. Simply put, an energy band is an
electron state in a solid whose energy varies with its momentum (similar to, but with a more compli-
cated dependence than, how a free electron’s energy is proportional to its momentum squared).
Much attention over the last 15 years has been given to the study of band structure of surfaces and
interfaces, especially as the applications of these two-dimensional systems have become increasingly
important to industry and science.!

The ultraESCA endstation at beamline 7.01 at the Advanced Light Source was developed for
very high-energy- (~50 meV) and angular- (<1°) resolution photoemission studies of materials.?
The high flux (typically 10'? photons/sec) makes the detailed study of the evolution of bands pos-
sible. We are interested in learning how, when one forms a chemical bond between a metal and an
overlaying atom or molecule, the resulting charge transfer to or from the adsorbate affects the sur-
face bands. In some cases of interest, intermediate coverages lead to different band structure than at
the extremes of clean and saturated surfaces. Surfaces of tungsten are particularly interesting, as
their atomic geometry has been shown to be exquisitely sensitive to both the surface vibrational and
electronic properties. In this study, we looked at the surface bands of tungsten ((110) surface, Figure
1), as a function both of coverage and mass of overlaying atoms. The adsorbed atoms were hydro-
gen and the alkali atoms lithium and cesium.

EXPERIMENT

The tungsten crystal was cleaned in ultrahigh vacuum using standard surface science tech-
niques. Care was taken to refresh the clean surface after about 20 minutes to ensure no residual
gases contaminated the sample. The experimental geometry is discussed in another abstract in this
report. Experiments were carried out at Beamline 7.01; the electron spectrometer has an overall
angular resolution was better than +/- 0.5 degrees, and the total energy width was kept less than 60
meV; under these conditions spectra of adequate statistics could be acquired in about 30 seconds.
Hydrogen exposure was carried out by backfilling the chamber with hydrogen molecules. Alkali

exposure was from getter sources (SAES Getters). Coverage was calibrated according to the W 4f
surface core-level shifts,? as well as from the alkali surface

core-level shifts in the case of Li and Cs. T e sl \‘
RESULTS

Figure 2 shows the basic idea of the experiment. A
photoelectron spectrum (Fig. 2(a)) acquired at angle 6 from
normal emission is comprised of features, which are identi-
fied as either surface- or bulk-related. (For simplicity, we
will refer to these features as “states” although some of the
surface features are more properly termed “resonances.”)
The energy and the angle 6 of each point have been con-
verted to kj, electron momentum parallel to the surface.

(110) surface plane

Figure 1. The (110) surface of tungsten.
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Figure 2. Basic types of spectroscopy used in this experiment. (a) Photelectron spectrum of the valence band for a
particular emission angle 6. (b) A mapping of many such spectra into an image relating electron band energy to momen-
tum parallel to the surface, called a band structure plot. (c) Angular map of electrons at zero binding energy (Fermi
Level). The intensity along the arrow in (c) is the same as the zero-energy intensity in (b).

When such spectra are repeatedly acquired over a range of angles, each peak’s energy varies with its
momentum, and the resulting energy vs. momentum data are plotted in an intensity map (Fig. 2b),
which immediately shows the electronic band structure along a particular azimuth angle ¢. An
alternate way to probe the momentum space is to window the electron detector at the zero-energy, or
Fermi-edge level (illustrated by the rectangle in Fig. 2(a)) while sampling both angles 8 and ¢. In
this way, one gets a map (see Fig. 2(c)) of the Fermi-Level crossings of the bands in Fig. 2(b). The
connection between Figs. 2(b) and (c) is that the intensity along the white arrow in (c) is the same as
the intensity near zero energy of (b). In both (b) and (c), the white lines indicate directions of high-
symmetry in momentum space.

Figure 3 compares (a) clean to (b) 1/2 and (c) 1 monolayer (ML) hydrogen on this surface
band structure. Some bands are completely removed, some new bands are created, and others are
modified only by an approximately rigid shift in the binding energy direction, which evolves
smoothly with hydrogen coverage.# The significance of 1/2 ML is that at this coverage, each W
surface atom is accompanied on the average by one hydrogen atom. We observe that the bands
which are removed by 1 ML hydrogen are essentially gone already at 1/2 ML. In a molecular
picture, what’s happening is that the bands that are eliminated are associated with tungsten dangling
orbitals which bond directly with hydrogen; the new bands that are created are associated with these
new hydrogen-tungsten orbitals, and the bands which shift are essentially unaltered orbitals whose
occupation changes as charge is transferred from the hydrogen atoms into the substrate bonds.
Complications with this simple interpretation will be discussed in greater detail in a future publica-
tion. One should remember that although the data may be interpreted through charge transfer (a real-
space property), we measure changes in momentum-space; theoretical modeling is needed to assert
the spatial distribution of charge.
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Figure 4 shows the effect of hydrogen and lithium adsorption on the Fermi level crossings.
The small elliptical figure #1 (among others) in the clean sample’s pattern (a) is removed upon 1 ML
hydrogen saturation, while there are two surface states #2-3 which split off from the bright bulk-
tungsten-related feature in the center. The rate at which they move away from the center as a func-
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tion of hydrogen coverage can be directly
related to the rate that charge is transferred
into the underlying bands.

Chemically speaking, lithium is identical
to hydrogen, so one expects similar results.
The differences are striking however. The
lithium coverage in (c) is only 1/3 that of
hydrogen in (b), but already the surface
bands have moved roughly the same
amount. This suggests a much greater
transfer of charge from Li to tungsten bands
relative to H. In (d), the bands have moved
even further out from the center. The
excess charge transfer is associated with a
corresponding lack of interaction with the
elliptical figure #1, which survives Li
coverage apart from only a small change in
size. This shows that Li does not interact
chemically with the same tungsten orbitals
with which hydrogen interacts. Results for
cesium, not presented here, come to similar
conclusions, although with less overall
band motion than in the lithium case.

DISCUSSION

We presented above some examples
showing the rich information on chemical
bonding and charge transfer one can extract
from band structure measurements. In
addition to information on electron charge
transfer and bonding which we presented
above, there are other issues as well, espe-
cially related to the exact nature of the
Fermi level crossings in Fig. 4, for ex-
ample. For metals in general, many impor-
tant properties such as magnetism, vibra-
tions, superconductivity, etc., depend
intimately on the response of electrons at
the Fermi level to electromagnetic distur-
bances. This electron response is called
screening, and its strength depends on the
individual and relative momenta of the
electrons involved. The precise shape of

Figure 3. The effect of hydrogen on the band structure. (a) Clean the contours in figure 4(b), for example, are

tungsten (b) 1/2 ML hydrogen. (c) 1 ML H.
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Figure 4. The effect of hydrogen or lithium on the fermi level crossings. (a) clean tungsten (b) after saturating with 1
ML of hydrogen. (c) after depositing ~0.3 ML of lithium. (d) after depositing ~0.6 ML of lithium. Note the images have
slightly different intensity scales.

vibrations of the interfacial tungsten atoms in the presence of hydrogen, an issue which we are
currently examining. Such anomalies can be strong enough to force a dramatic surface reconstruc-
tion which has been suggested.’

In the future, we hope to expand the study by correlating the electronic properties of these
systems with structural studies using x-ray photoelectron diffraction.® We also want to expand the
study to other alkalis as well as atoms in other columns of the periodic table.
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Polyurethane polymers are a versatile class of materials which have numerous
applications in modern life, from automotive body panels, to insulation, to household
furnishings. Phase segregation helps to determine the physical properties of several types
of polyurethanes. Polymer scientists believe that understanding the connections between
formulation chemistry, the chemical nature of the segregated phases, and the physical
properties of the resulting polymer, would greatly advance development of improved
polyurethane materials. However, the sub-micron size of segregated features precludes
their chemical analysis by existing methods, leaving only indirect means of characterizing
these features. For the past several years we have been developing near edge X-ray
absorption spectromicroscopy to study the chemical nature of individual segregated
phases. Part of this work has involved studies of molecular analogues and model
polymers, in conjunction with quantum calculations, in order to identify the characteristic
near edge spectral transitions of important chemical groups [1]. This spectroscopic base
is allowing us to study phase segregation in polyurethanes by taking advantage of several
unique capabilities of scanning transmission x-ray microscopy (STXM) - high spatial
resolution (~0.1 um), high spectral resolution (~0.1 eV at the C 1s edge), and the ability
to record images and spectra with relatively low radiation damage.

styrene acrylonitrile (SAN)

urethane
CN

286.2 eV 286.7 eV

dark = PIPA dark = SAN
Photon Energy (eV) (urethane) (styrene acrylonitrile)

Figure 1. (left) C 1s spectra of SAN and urethane (=carbamate) filler materials. (right) STXM images of a
polyurethane polymer containing SAN and carbamate-based fillers. Spectral differences in the 286-287 eV
region allow one to distinguish particles, which are indistinguishable at other energies in the C 1s region.
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The beamline 7.0 STXM at ALS is being used to study microtomed sections or cast films
of polyurethanes. Additional experimental details on the zoneplate microscope and
beamline can be found elsewhere [2]. A related study of polyethylene terephthalate
involving a direct comparison of STXM and electron energy loss spectroscopy in a
transmission electron microscope (TEM-EELS) has shown that, for C 1s spectroscopy,
the STXM technique has 500 times less radiation damage than TEM-EELS carried out
under similar spectral and spatial resolution [3]. However, experiments with the bright
X-ray beam at the ALS STXM have shown that, although the radiation damage to beam
sensitive polymers is lower than with other techniques, one still needs to be wary of
damage [4]. The development of a high performance gas proportional counter has aided
our polymer studies at the ALS.

One method used both to reduce product cost and to control the microstructure and thus
the physical properties of polyurethane polymers is the addition of filler particles of
various types. Spectroscopic differences between various fillers in polyurethanes can be
imaged with STXM by selecting the incident photon energy. Fig. 1 shows an example in
which two chemically different segregated particles in a polyurethane are differentiated
by imaging at characteristic transitions with highly monochromatized X-rays. There is
only 0.5 eV energy difference between characteristic transitions for styrene acrylonitrile
(SAN) (286.7 eV), and PIPA, a carbamate-based filler (286.2 eV), but that is enough for
STXM to distinguish these particles, even in the presence of a matrix that contributes
signal in the region of interest.
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STXM can also be used to quantify the | A NSLS
amounts of various components using I
spot analysis. The relative amounts of
urea and carbamate (urethane) in
polyurethanes is closely linked to
formulation and processing, and thus it
is an important quantity to measure.
Analysis of this ratio is complicated by
the presence of polyol (polyether chains)
in the polymer which contributes signal
in the same spectroscopic region. Using
polymer reference standards with known
chemical composition, we have isolated
the spectral signal corresponding to the
urea and urethane components (which is i
only about 20%) and then quantified the S FEETE FERWE FTTeS PETw
amounts of these two components as 0.05 0.0 0.15 0.20
shown in Fig. 2. We have carried out Mole Fraction from synthesis
validation checks on polyurethane Figure 2. Correlation of peak heights of n*(CO) signals
standards at both the ALS and NSLS from urea and urethane, with the urea and urethane content
STXM facilities to confirm the predicted from the formulation. Note the good agreement
for results from NSLS and ALS.

O ALS

Urethane

Urea

n*(C=0) Peak Amplitude
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reproducibility of these results. This has been a major accomplishment of our work.

STXM provides a tool that allows chemical composition in complex materials to be

studied for the first time at sub-micron scale with low radiation damage.

The BL 7.0 STXM at the ALS is a powerful tool for measuring the microstructure of

radiation sensitive organic polymers using spectromicroscopy. Presently we are:

e extending our measurements to other core edges, including N 1s, O 1s and F 1s;

e investigating alternative detection methodologies such as electron and fluorescence
yield to complement the transmission detection; and

e exploring the advantages of STXM spectromicroscopy for polymer characterization
by investigating different classes of polymer materials.

Based on the pioneering work of Ade, Kirz and collaborators at the NSLS X-1A STXM,
as well as our work and that of others at the ALS BL 7.0 STXM, it is clear that scanning
X-ray transmission microscopy using soft X-rays can provide information about the
chemical origin of phase segregation in radiation-sensitive materials on a sub-micron
scale. This information is difficult or impossible to obtain by other means.
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The (7 x 7) reconstruction of the Si(111) surface arises from a lowering of energy through the
reduction of the number of dangling bonds. This reconstruction can be removed by the adsorp-
tion of atoms such as hydrogen which saturate the dangling bonds, or by the incorporation of
atoms, such as arsenic which, because of the additional electron it possesses, can form three
bonds and a nonreactive lone pair orbital from the remaining two electrons. Core and valence
level photoemission [1,2] and ion scattering [3] data have shown that the As atoms replace the
top silicon atoms. Previous core level spectra were interpreted in terms of a bulk and a single
surface doublet [1]. Our present results demonstrate that the core level spectrum contains two
more lines. We assign these to subsurface silicon layers which also experience changes in the
charge distribution when a silicon atom is replaced by an arsenic atom.

A representative spectrum of the Si 2p core level of Si(111)-(1 x 1):As is shown in Figure 1.
The data were recorded on beamline 7.0, with Si(111) wafers that were cleaned by a careful
flashing procedure, and exposed to a beam of As, at a temperature of about 300 C. The spectrum

Si(111)-(1x1):As
Si2p

normal emission
ho=178 eV

bulk bulk

surface surface

A LA A\
TN T Y WY T A VAV N L
VIO UV TN VT WL

| R 2 T T T T

binding energy rel. bulk Si 2p (eV)

Figure 1: Si 2p core level spectrum of Si(111)-(1 x 1):As with a two-line (right) and
four-line fit (left). Also shown are the residuals which clearly demonstrate that more
than one surface core level line contribution is present. The lines in the residuum denote
the scatter expected from the counting statistics.

is characterized by three sharp peaks, which from their intensity dependence with kinteic energy
contain bulk and surface contributions. The right-hand side shows a line shape analysis in terms
of one bulk and one surface line, shifted to higher binding energies by about 0.75 eV such as
proposed previously. The residual clearly shows that this model function cannot properly des-
cribe the spectrum. The left-hand side has a fit in terms of two additional lines (shown in grey).
All lines are numerical convolutions of Lorentzians and Gaussians, and the parameters (descri-

bed in more detail below) were optimized by a nonlinear least squares algorithm based on the
Levenberg-Marquardt recipe.
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While the weaker lines do not give rise to separate peaks or clear shoulders in the spectra, their
presence can be deduced in a straightforward way nevertheless. The (Lorentzian and Gaussian)
width of the bulk peak can be derived unambiguously since the additional contributions have
only a small contributions to this line. The width of the surface peak can likewise be deduced
from the peak at highest binding energy which is hardly influenced by the bulk or the smaller
lines. Thus the Gaussian and Lorentzian widths for the surface and bulk contributions are deter-
mined experimentally. Spin-orbit splitting and branching ratio are also derived from these in-
tense lines. Thus the only free parameters which remain are the intensities and the peak
positions. As seen on the right-hand side of Figure 1, attempts to fit with a bulk and one surface
lines leads to large (a factor 20 larger than the statistical deviations) and systematic oscillations
in the residuum. These oscillations cannot be removed by the addition of one more line with the
width and branching ratio of the surface component, such that we are forced to include two lines
as shown in Figure 1. The positions of these lines were arrived at in the following way. First,
the least squares were optimized simultaneously for two spectra recorded at photon energies
where the surface sensitivity is different, such that the intensities of surface and near-surface
components are different. Secondly, a set of 40 spectra recorded over a photon energy range of
120 eV was fitted, and the peak positions for the smaller peaks were compared. This resulted in
a set of stable fit parameters where the peak positions of the smaller peaks varied by only *+ 20
meV. The core level shifts with respect to the bulk line are then -0.75 eV for the line marked
“surface*, -0.49 eV for line “A*, and -0.28 eV for line “B“.

Subsurface core level shifts are not unexpected since the modifications of the electronic struc-
ture and/or of photohole screening are likely to decay into the bulk and not just to affect the top-
most substrate atoms. However, their detection is difficult because of the strong bulk and
surface lines, and the fact that they are weaker in view of the larger distance of the emitting
atoms from the surface. To our knowledge the only case where subsurface core level shifts have
been inferred from a precise analysis of high resolution core level spectra is the Ta(110) surface
[4]. We assign the atoms giving rise to peaks “A“ and “B“ to the second Si layer. As the charge
flow from the topmost silicon atom towards the As atoms as inferred from the direction of the
core level shift, might continue into the second layer, a sequence of decreasing magnitude of the
shift could be related to the increasing distance to the As atom. The line intensities, when aver-
aged over a large range of photon energies in order to average out diffraction effects, actually
show that peak “B“ is the more intense one throughout. This points towards a reverse assign-
ment, suggesting that the charge rearrangment occurs in an oscillatory manner; an observation
important for line assignment which merits further investigation.

The detection of subsurface components suggests that the adsorption of arsenic leads to charge
flow also in the second double layer of the Si(111) surface. In view of the difference in atomic
radius between As and Si, it was suggested that the (1 x 1):As surface is strained. The presence
of charge rearrangement up to the second double layer implies that the atomic coordiantes also
exhibit deviations from their ideal Si(111) counterparts, which might be detected through a
LEED I/V or photoelectron diffraction analysis.
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Direct Surface Magnetometry with Photoemission
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Element specific surface magnetometry remains a central goal of synchrotron radiation based
studies of nanomagnetic structures. One appealing possibility is the combination of x-ray
absorption dichroism measurements and the theoretical framework provided by the "sum rules."
[1] Unfortunately, sum rule analyses are hampered by several limitations [2], including
delocalization of the final state, multi-electronic phenomena and the presence of surface dipoles.
An alternative experiment, Magnetic X-Ray Dichroism in Photoelectron Spectroscopy, holds out
promise based upon its elemental specificity, surface sensitivity and high resolution.
Computational simulations by Tamura et al. [3] demonstrated the relationship between exchange
and spin orbit splittings and experimental data of linear and circular dichroisms. Now we [4] have
developed an analytical framework which allows for the direct extraction of core level exchange
splittings from circular and linear dichroic photoemission data. By extending a model initially
proposed by Venus [5], it is possible to show a linear relation between normalized dichroism
peaks in the experimental data and the underlying exchange splitting. Since it is reasonable to
expect that exchange splittings and magnetic moments track together [6], this measurement thus
becomes a powerful new tool for direct surface magnetometry, without recourse to time
consuming and difficult spectral simulations. The theoretical derivation will be supported by high
resolution linear and circular dichroism data collected at the Spectromicroscopy Facility of the
Advanced Light Source. [7,8]
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Double ionization of an atom by a single photon is the simplest and most fundamental
many-electron process. The ejection of two electrons following the absorption of one photon is
strictly prohibited in an independent electron approximation. Thus determining the
probability of double photoionization alone is already a challenging test of our understanding
of electron-electron correlation. Furthermore, in the slow breakup of a bound system into
three charged particles, the final state wave function must represent a high degree of few-body
Coulomb correlation involving the simultaneous interaction of all three particles. The case of
double photoionization is again particularly well suited to study this problem as the energy
and the angular momentum delivered to the system can be very well controlled.

Helium, as the most basic three body system, has been the target of extensive studies over
the past decades. The purpose of this project has been to study double and single ionization
using cold target recoil ion momentum spectroscopy (COLTRIMS). This technique has been
widely applied within the area of ion-atom collisions to study the dynamics of energy and
momentum transfer in collisions between few-electron systems [1], and the entire technical
machinery has been transferred to photon-atom collisions [2]. The technique uses space- and
time-imaging of Het and He™* recoil ions created in photon-He collisions to measure the full
momentum vector of each ion produced. Event-mode recording is used and a solid angle of
nearly 47 is realized, allowing an extremely high data-collection efficiency. In order to reduce
the initial momentum spread of the He target a precooled supersonic He jet is used.

For the case of single ionization of He, determination of the Het recoil momentum is
equivalent to determination of the photoelectron momentum vector. Fig. 1 shows an image of
a typical momentum distribution obtained at a photon energy of 80 eV. When double
ionization occurs, the channel is uniquely identified by the production of a Het* ion but a full
determination of the final state of the system requires that in addition to the ion mnomentum
the momentum vector of one of the photoelectrons also be determined. This is accomplished
using a second imaging detector opposite the ion detector which performs the complimentary
momentum vector measurement of one electron. The experiment is run in two-bunch mode,
requiring a timing pulse from the beam clock to measure the electron and ion flight times.

Two major projects have been completed to date and published in refs. [3] and [4].
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Summaries are given here.

Ratio of Single to Double ionization of He be-
tween 80 and 400 eV

The ratio of double to single ionization
(R=0t*/o%) for He has been studied ex-
tensively in recent years (for a review, see
[5]). In spite of this intense work, the vari-
ous data sets reported over the last 30 years
from threshold (79 eV) to a few hundred eV
above are in substantial disagreement. We
have used COLTRIMS to remeasure this ra-
tio for photons between 85 and 400 e€V. The
technique allows the elimination of all known
systematic errors discussed previously in the
literature on this subject. A detailed discus-
sion about systematic errors can be found in
[3]. The results are shown in fig. 2, where
they are compared to previous experimental
work and to current theoretical calculations
(refs. 9-12in [3]). Our results are about 25%
lower than most of the earlier data (refs. 4-
7, 13-18 and 23 in [3]), but are in excellent
agreement with the most recent calculations.
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Figure 1: Momentum distribution of Het ions
produced by 80 eV photons. The X axis is the
direction of the electric field vector of the lin-
early polarized light. The Y axis is the direc-
tion of the gas jet. The data are integrated over
a momentum range of £0.3 a.u. in the direction
of the photon beam, the Z axis.
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Figure 2: R as a function of photon energy. Full circles: this work (ALS). The open circles in (b) are
the same data as in (a) but scaled down by 1.3. V, A, L stand for results obtained in the velocity,

acceleration or length form, respectively. The references for the theories and all the older experiments

can be found in [3].

Beamline 7.0.1 Abstracts ¢ 104



Fully differential cross sections for double photoionization of He measured be recoil ion
momentum spectroscopy

Several previous experiments have reported differential cross sections for coplanar geometry
and for selected cases of equal and unequal energy sharing (refs. 1-6 in [4]). In our work we
have for the first time determined fully differential cross sections for double ionization of He
near threshold. Here we understand the word fully to mean that, apart from electron spins,
the final state of the system is completely kinematically determined and we sample the
complete momentum space (47 solid angle) for the ion and one of the electrons. This means
that the final momenta of all three particles are determined for every double ionization event,
with no necessity to choose a priori a particular angle or energy for either electron. Thus the
entire final five-dimensional momentum space of the escaping three particles is sampled
without prejudice, and the physical process itself determines which parts of this space are the
most important.

The results (fig. 3) show that, at an energy of only 1 eV above threshold, the ”collective”
behavior of the outgoing system is evident in the correlated momenta of the outgoing
electrons. The left and right parts of the figure show the data in terms of the Jacobi
coordinates ky = k1 + k2 and kg = %(kl — k2), where kj and k2 are the momentum vectors
of the two electrons. The left figure shows that the recoil ion momentum, the negative of ki,
has a dipole-like distribution, reflecting the dipole-dominated interaction operator. Departure
from a pure dipole shape is caused by the absorption of angular momentum into the internal
motion of the electron pair, the kg motion. The right figure shows the corresponding kg
distribution. We emphasize that this shows the correlation between the motion of the two
electrons, not the motion of the individual electrons. The data reveal that the electrons are
preferentially emitted in a direction perpendicular to the recoil momentum. This can be
intuitively explained as the result of the electrons trying to move in such a way that neither
falls into the He™ potential, thereby producing single rather than double ionization. These
data were found to be in good agreement with a fourth-order Wannier calculation and give an
experimental basis for the choice of quantum numbers of the Wannier state populated in the
photoionization. In our most recent experiment we obtained fully differential cross sections at
20 eV above threshold. These data show that the Wannier description is still in good
agreement with the experiment at this energy. Further detail is given in the publication.

In the future we plan to probe the capabilities of COLTRIMS for the study of other systems.
Initial projects include:

1) double photoionization of Ne very near the double ionization threshold (62.5-64.5 eV
photon energy). In this energy range only the ground state of the Ne*t* ion can be populated,
so the situation is similar to that in He. (Three J values can be populated, however). We wish
to investigate to what extent the Wannier patterns observed for He remain for a system in
which two of the three potentials are no longer pure Coulomb in nature.

2) fully differential cross sections for the three body break up of H, — p + e~ + H close to
threshold. Our experimental technique allows us to measure the energy and angular
distribution of the photoelectron with respect to the alignment of the molecular axis with 4x
solid angle, delivering the most complete picture of the physical process possible. Such fully
differential cross sections will show the details of the electronic motion from the bound to the
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Figure 3: Density plots of projections of the momentum spectra from double ionization of He by 80.1 eV
photons. The z and y components of the momentum are plotted on the horizontal and vertical axes,
respectively, the polarization vector of the photon is in the z direction and the photon propagates in
the x direction. Only events with -0.1< k., <0.1 are projected onto the plane. (a) The recoil (or —k¢)
momentum distribution. The outer circle indicates the maximum calculated recoil momentum, and
the inner circle is the locus of events for which the ky motion has half of the excess energy. (b) The
distribution of single electron momenta (kj or kg). The circle locates the momentum of an electron
which carries the full excess energy. (c) The relative electron momentum (or kg ) distribution. The
circle identifies the maximum possible value for kg.

continuum state in the aligned molecular environment like the secondary scattering of the
electron at the nuclei of the molecule. Our very high resolution for the ion momentum
measurement allows to see the effects of the electron recoil on the nucleus. This will identify
from which of the two centers the electron has originally been emitted.

3) ratio of single to double ionization probabilities for Mg. This is an extension of the He
results discussed above to other systems. No other analogous two-electron system has been
studied. We choose Mg because of the convenience of constructing an appropriate oven for
producing the atomic beam target. We give up the very high momentum resolution in the
direction of motion of the target beam which we have with the cold supersonic He jet, but
believe the basic COLTRIMS geometry will remain useful, allowing control of such problems
as scattered light, secondary processes, etc. in the same way as for He.
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Exploring Synchrotron Radiation Capabilities: The ALS-Intel CRADA
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Synchrotron radiation spectroscopy and spectromicroscopy were applied, at the Advanced
Light Source, to the analysis of materials and problems of interest to the commercial
semiconductor industry. We discuss some of the results obtained at the ALS using existing
capabilities, in particular the small spot ultra-ESCA instrument on beamline 7.0 [1] and the
AMS (Applied Material Science) endstation on beamline 9.3.2 [2].

INTRODUCTION

The continuing trend towards smaller feature size and increased performance for
semiconductor components has driven the semiconductor industry to invest in the
development of sophisticated and complex instrumentation for the characterization of
microstructures. Among the crucial milestones established by the semiconductor Industry
Association are the needs for high quality, defect free and extremely clean silicon wafers,
very thin gate oxides, lithographies near (.1 micron and advanced material interconnect
structures. The requirements of future generations cannot be met with current industrial
technologies. The purpose of this ALS-Intel CRADA (Cooperative Research And
Development Agreement) is to explore, compare and improve the utility of synchrotron-
based techniques for practical analysis of substrates of interest to semiconductor chip
manufacturing. The first phase of the CRADA project consisted in exploring existing ALS
capabilities and techniques on some problems of interest. We discuss here some of the
preliminary results obtained on Intel samples.

EXPERIMENTS AND RESULTS

We performed a high energy resolution XPS study on thin blanket titanium nitride (TiN)
films using the scanning ultra-ESCA spectromicroscope on beamline 7.0 [1]. In addition to
its original use as an antireflection coating, titanium nitride has been recognized as an
important materials component of metallization structures used in advanced microelectronic
devices[3]. It improves adhesion and it is an excellent barrier against diffusion. TiN must
conform to the extreme topographies used in devices in order to guarantee void-free plug
formation and low junction leakage. It also needs to be very thin in order to reduce
interconnect stack thickness and minimize contact and via resistance. However, deposition
parameters influence the TiN electronic and chemical properties. Thus, it is important to
understand the relationship between these deposition parameters and the electronic and
chemical properties and ultimately the way TiN behaves as an adhesion layer and a
diffusion barrier. It is also important to study the feature size dependence of its properties
because step coverage will only become more challenging as feature sizes decrease and the
aspect ratios increase.
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Figure 1 shows XPS Ti 2p core level peaks
from four different TiN films plus a TiN single
crystal used as a reference after sputtering the
first surface layers. The films were deposited
by reactive sputtering at different N/Ar ratio
from 10/90 to 90/10. A low N/Ar ratio may
give a better conformality associated to a low
sputtering rate. However, the sputtering
process may be too slow and inefficient and
allow a higher impurity level. By contrast, a
high N/Ar ratio may result in a high sputtering
rate with an excessively low conformality and
undesired stoichiometry. The Ti2p structures
in Fig.1 are the convolution of at least two
Ti2p components. The main component on the
lower binding energy side has been identified
as Ti2p in a TiN, bonding. We observe a shift
of this component towards higher binding
energy for increasing x values, whereas a shift
in the opposite direction was observed in the

hv=700 eV, PE=6 eV N/Ar=
after sputtering TiNx

Ti 2p TiO2

(70/30)

Photoemission intensity (a.u.)

e 50/50
”""‘“""/\“ = 10/90
EEREREENERUERE D LI
-470 -460 -450
Binding energy (eV )

Figure 1. XPS Ti 2p peaks from TiN film
with different N/Ar ratios. The signal from a
single TiN crystal is taken as a reference.

corresponding N1s core levels. The observed shifts are consistent with the expected
increase of ionicity in TiN, as nitrogen atoms are added to the TiN, compound. The higher
binding energy side component should correspond to some Ti oxidation state (TiO, with
0<x<2), since we found clear evidence for the presence of oxygen even after sputter
cleaning the surface. Oxygen was also found in the TiN single crystal spectra after

sputtering.

The need of a good set of XPS data on a clean
reference sample for a correct assignment of
the XPS peak justified the experiments
performed on beamline 9.3.2 using the
Applied Materials Science chamber.[2] The
main purposes of this experiment were to test a
new cleaning procedure which reduces the
oxygen and carbon signals and to see how
valuable could be a valence band study of TiN
films when used to probe the sample
stoichiometry and composition. The TiN single
crystal surface was first slightly argon etched
to remove the natural protective titanium
dioxide coating. Then, it was flashed at
approximately 700 C for few seconds. Figures
2 and 3 show the oxygen 1s and the titanium
2p XPS core levels. The oxygen peak signal
was strongly reduced after the annealing and

Illlljllllllllllllllll

O1is TiN single crystal
hv=600 eV

after heating

after sputtering

as received

Photoemission intensity (a.u.)

50 60 70 80 90
Kinetic energy (eV)

Figure 2. XPS O 1s peaks from a TiN
single crystal. Heating the sample at =700°C
has removed most of the oxygen signal.
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the corresponding Ti 2p core levels show a
strong change of the peak shape after
sputtering and flashing. The second
component at the lower kinetic energy side
which appears after flashing the sample, may
be attributed to a satellite feature as reported by
Porte et al.[4] The authors performed a XPS
analysis on contaminant-free TiN, samples for
different stoichiometry (0<x<0.97). For
x>0.75, they found a second component at the
higher binding energy side of the Ti2p doublet
line, which is almost completely absent for
lower x values. This component was
interpreted as a satellite structure related to the
decreasing screening ability of the conduction
electrons when the composition approaches the
stoichiometric value.

Another challenging experiment we performed
on beamline 7.0, which took the advantage of
the microscopic capabilities of the ultra-ESCA
spectromicroscope and of synchrotron
radiation, was a depth profiling analysis of a
blanket multiple AV/T/TiN/SiO, interface.

We needed to understand the chemistry of

the interfaces involved, in particular the

AVTi interface. Since the sample was a
blanket multiple interface, one could
simplisticly argue that there was no need for

a microscopic XPS. However, an important
point which should always be considered
when doing depth profiling with a sputter
gun, is the extreme difficulties in obtaining
uniform sputtered areas over a millimeter
scale. When XPS depth profiling is
performed with a conventional source, the
collected signal is integrated over all the
probed areas and does not necessarily
correspond to the chemistry under
investigation.

Our micro-XPS analysis showed evidence of
the formation of a Ti,Al alloy at the Ti/Al
interface when looking at the Ti2p core level
peak (see Fig.4). Nitrogen was present in both
Ti and TiN layers, but where there was the

. | ' 1 ¥ |
i TiN single crystal
L hv=600 eV

after sputtering

as received

Photoemission intensity (a.u.)

8

120 140 160
Kinetic energy (eV)

Figure 3. XPS Ti 2p peaks from a TiN
single crystal.
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Ti2p

i| metallic

higher sputtering rate Ti
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Binding energy (eV)

Photoemission intensity (a.u.)

Figure 4. XPS Ti 2p peaks from a
AVTV/TiN/SiO, multiple stack at the AL/Ti
interface taken in two different x,y positions.
The top spectrum corresponds to a region
where the sputtering efficiency was higher.
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evidence of Ti,Al alloy formation, no nitrogen was present. Although the corresponding Al
2p core level binding energies were not consistent with the expected values for the Ti; Al
alloy[5], this was expected since the escape depth for Al2p and Ti2p at the given photon
energy (800 eV) is quite different and we were probably comparing different sample layers.
The different behavior for the Ti2p and the Al2p core levels at 800 eV, in fact, suggests that
the chemistry changes rapidly at the interface and it is very complex.

Another topic of great interest for the semiconductor industry is the search for new low
dielectric constants materials (low “k” dielectrics). The chip speed is limited by both the
resistance of the metal line and the surrounding insulator. Reducing the metal resistance or
the insulating capacitance both push towards the same direction: reaching a higher chip
speed. Reducing capacitance also helps minimize crosstalk between adjacent metal lines, an
increasingly severe problem.[6]

The push to get to lower dielectric constants has led the industry to investigate two basic
approaches. The most easily implemented one, which has the attraction of using existing
tools, is to introduce fluorine into more or less standard plasma oxide deposition processes,
resulting in fluorinated silicon oxides (SiOF). Although there is an important tradeoff
between the amount of fluorine added and the stability of the film, dielectric constants of
3.5 and also 3.2 seem to be achievable with acceptable film stability. The other approach is
to use carbon based polymers with designer chemistries tailored to achieve the combination
of low dielectric constant and high thermal stability. This approach may ultimately allow a
more dramatic reduction of the dielectric constant to perhaps 2 or less. For all of these
materials it is important to study their potential for performance improvement against
thermal, electrical, chemical and mechanical stability issues which pose reliability risks and
interfere with their incorporation into the interconnect system. In all cases, the integration
of such materials will be a major development in materials science compared with the well
understood integration of plasma and

CVD (Chemical Vapor Deposition)

SiO,. In the case of the fluorinated (TSRS SRR RS ALY RELE "

silicon oxides, for example, the » =

higher the fluorine content, the lower 04F . -

the dielectric constant. However, the 2 F seigials
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. . igure 5. Fluorine over oxygen ratio vs.
profiling XPS study on two SiOF films sputtering time for two SiOF films produced
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procedures (sample A and B). One SiOF Sample b was also in situ annealed.

film was capped after deposition in order to

20 40 60 80 100

Beamline 7.0.1 Abstracts ¢ 110



prevent water absorption. Figure 5 shows the fluorine over oxygen ratio as a function of
the sputtering time for the two unannealed samples A and B and for sample B after
annealing under UHV. Sample A shows the highest F/O ratio and also the strongest
variation as a function of the depth profile. The first point value, corresponding to the as
received sample, is not surprising since sample A was nominally capped. However, the
F/O ratio increases rapidly reaching a maximum after 50’ sputtering and then it drops and
remains quite constant. Different is the behavior of sample B for which the F/O value is
quite uniform throughout the film both before and after annealing. Although the sputtering
process may have changed the original composition of the film by disrupting some surface
chemical bonds, the inhomogeneities observed in the film A should be intrinsic to the film,
since the same process does not produce the same effect on the film B.
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INTRODUCTION

Uranium materials display a wide range of thermal, electrical and magnetic properties, often exotic
[1]. For more than a decade there have been efforts to use photoemission spectroscopy to
develop a systematic and unified understanding of the 5f electron states giving rise to this
behavior. These efforts have been hampered by a paucity of systems where changes in transport
properties are accompanied by substantial spectral changes, so as to allow an attempt to correlate
the two kinds of properties within some model. We have made resonant photoemission
measurements to extract the 5f spectral weight in three systems which show varying degrees of
promise of permitting such an attempt, Y1.xUxPd3, U(PdPt;x)3 and U(PdxCu;.x)s. We have
also measured U 4f core level spectra. The 4f spectra can be modeled with some success by the
impurity Anderson model (IAM), and the 5f spectra are currently being analyzed in that
framework. The IAM characterizes the Sf-electrons of a single site by an f binding energy €f, an
f Coulomb interaction and a hybridization V to conduction electrons. Latent in the model are the
phenomena of 5f mixed valence and the Kondo effect.

EXPERIMENT

Resonant photoemission measurements were performed near the U 5d edge on cleaved
polycrystalline uranium-alloy samples at the Advanced Light Source Beamline 7.0.1.2. A large
order-of-magnitude cross-section enhancement of U 5f at the U 5d edge allows the U 5f spectral
weight to be isolated from alloy contributions by subtraction of on- and off-resonance valence
spectra. Spectromicroscopy was used to verify the quality and homogeneity of the cleaved
samples. First, the sample was aligned and characterized with a standard laboratory x-ray source
using a raster-imaging capability of the spectrometer with a 400 pm analysis area. Then the
surface was probed further with a 100 um focused synchrotron beamspot using a 60 meV total
instrumental resolution.

The high flux delivered by the undulator beamline allows rapid characterization of the alloy
surface with high resolution before appreciable impurities diffuse from the bulk to the surface.
Sample homogeneity within the small probe spot is equally important to resolution and surface
cleanliness in enhancing the sharpness of the spectra obtained. In addition the high flux allowed
measurement of weak uranium intensities down to 1% dilution with good statistics in the

Y 1.xUxPdj3 system. With the higher resolution and strong signal intensities, new spectral features
have been obtained in comparison to previous synchrotron measurements on these alloy systems
with instrumental resolutions in the range 0.14 to 0.2 eV and greater.
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RESULTS

In Y;.,U,Pdj it is known from previous work [2,3] that well-defined U4+ ions are replaced by
Y3+ ions. The number of conduction electrons then decreases and the chemical potential is
lowered, so that the main weight of the f~spectrum (and core levels) moves toward the Fermi
energy Ep. Consistent with the Anderson model, this decrease of €f leads for x<0.3 to Kondo
effects which were found to show non-Fermi liquid departures from usual behaviors [4].
Movement of the central weight of the U 5f spectra shown in Figure 1 is consistent with previous
lower resolution measurements. In addition, finer structures in the U 5f spectral shape are
revealed, most importantly, a previously unobserved Er peak which increases in relative spectral
weight as x decreases. Such Er weight growth correlated with Kondo behavior is expected in the
TIAM and has not been observed before in photoemission on uranium materials.
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Figure 1. U 5fspectral weight for the Y.xUxPd3
system obtained from the difference spectra of hv=108
and 102 eV. Spectra were not measured for 0.5<x<0.9,
which is a mixed phase region.
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Figure 2. U 5f spectral weight for the U(PdxPt]_x)3
system obtained from the difference spectra of hv=108
and 102 eV. Mixed crystalline phases exist for x=0.5
and 0.63.
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The two endpoint materials of the U(Pd,Pt)3 system are very different, including their crystal
structures. UPt3 is a heavy Fermion superconductor with 5f spectral weight known to peak at Eg
[6], whereas UPdj is one of few uranium intermetallic compounds that shows a gap around Eg
with small f-electron density at Eg. A desired goal of studying this alloy system is to correlate
core- and f-level spectroscopy to a continuous tuning of the conduction electron density contrib-
uted by Pd and Pt. Whereas qualitatively the shifting of the U 5f spectral weight in Figure 2
looks very similar to that of (Y,U)Pd; in Fig. 1, a more careful examination reveals a
discontinuous jump between x=0.4 and x=0.5. This spectral discontinuity correlates with x-ray
diffraction data on these samples that indicate a change from the UPt3 structure for x<0.4 to a
significant mixture of crystalline phases for x=0.5 and 0.63, and the UPd3 structure for x>0.77.
This lack of a smooth transition between the different UPd; and UPt;3 crystal structures
complicates interpretation of the observed spectral variations. The UPt; 5f resonant
photoemission pectrum, measured previously [5] at lower resolution, is resolved for the first time
into two distinct peaks. The peak at Eg was observed previously [6] only at lower photon
energies where the strength of the Pt emission obscures the deeper binding energy peak so that the
complete U 5f lineshape cannot be discerned. The relative weight of this sharp feature near EF is
seen to decrease upon Pd substitution, while still in the UPt3 phase.

The same general behavior is seen also for
U(PdyCuy_x)s in Figure 3. Upon Pd substitu-
tion, the sharp U 5f peak nearest Er decreases
in relative weight to a higher binding energy
peak that remains nearly constant in energy
while in the UCus crystalline phase. Again, a
mixed alloy phase occurs for x=0.6 (not
measured), and the spectrum for UPd4Cu
(x=0.8) begins to resemble that of UPd3.

U(Pd,Cu,_)s

CONCLUSIONS

0.4 Systematic variations in the U 5f spectral
weight in three different U alloy systems have
been measured with resonant photoemission.
The growth of a narrow 5f peak at the Fermi
level in (Y,U)Pds, not previously observed,
correlated with movement of the main 5f
spectral weight towards Eg and the onset of
Kondo transport behavior is generic to the
impurity Anderson model and gives promise to
its application to the understanding of actinide
electronic structure. High resolution photo-
emission reveals new 5f spectral features in the
U(Pd,Pt)3 and U(Pd,Cu)s systems, but the

U 5f Intensity (Arb. Units)

UCus

2.0 -1.0 0.0

Binding Energy (eV)

Figure 3. U 5fspectral weight for the U(PdxCui.x)5
system obtained from the difference spectra of hv=108
and 102 eV. A mixed crystalline phase exists for
x=0.6.

presence of a discontinuity with stoichiometry
does not allow a simple qualitative interpreta-
tion of the spectral variations.
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INTRODUCTION

Angle-resolved photoemission (ARP) of valence bands is a mature technique that has
achieved spectacular success in band-mapping metals, semiconductors, and insulators.] The
purpose of the present study was the development of experimental and analytical techniques in
ARP which take advantage of third generation light sources. Here we studied the relatively
simple Cu surface? in preparation for other metals. Copper and related metals themselves are of
current interest, especially due to its role as an interlayer in spin valves and other magnetic
heterostructures.3major goal of this study was the development of a systematic technique to
quickly (i.e. in a few hours of synchrotron beamtime) measure the FS and separate it into bulk
and surface FSs. Often, one needs to avoid bulk features altogether, which one can achieve by
carefully mapping their locations in k-space. We will also show how we systematically map
Fermi surfaces throughout large volumes of k-space, and, by processing the resulting volume
data sets, provide intuitive pictures of FSs, both bulk and surface.

Recently, imaging of the FS has been achieved by either scanning the photoelectron
emission angle (either by rotating an angle-resolved detector# or the sampleS) or using display-
type analyzers.%7 Usually these experiments are done at only one or several discrete photon
energies and for restricted ranges of emission angle and therefore only map the FS vs. kll.
While some experiments have been done with continuously scanned photon energies,8 which
probes the FS along k| , these have been performed at only a few discrete emission angles. In
this paper, we present results for simultaneous photon-energy- and angle-dependent scans
which probe ~uniformly in both kj and k. For sufficiently high photon energies (>60 eV or
s0), one can assume free-electron final states, which greatly simplifies data interpretation.
However, this requires high angle- and photon energy-resolution. In addition, to acquire data in
a reasonable amount of time requires the high brightness of an undulator beamline. Taken
together, these requirements can only be met by a third-generation synchrotron such as the
Advanced Light Source.

EXPERIMENT AND DISCUSSION

A single-crystal Cu(001) sample was cleaned with standard techniqes. Experiments
were performed at the SpectroMicroscopy Facility (Beamline 7.0.1.2) of the Advanced Light
Source.%-10 The instrument consists of a commercial, hemispherical electron analyzer and a
five-axis sample goniometer mounted inside an ultra-high vacuum chamber. The angle be-
tween the photons and the electron analyzer was held fixed at 60° and the sample was rotated in
azimuthal (@) and polar (6) angles. The total angular acceptance, as measured by the FWHM of

the Cu(001) surface state at X, was better than 1.3°. For FS mapping, the analyzer had a 0.4
eV wide window centered at the Fermi edge. Reducing the energy window’s width had little
effect on the sharpness of the features observed. The data were taken within a 45° sector,
which was then symmetrized using the known 4-fold rotational and mirror-plane symmetries of
the Cu(001) surface. Note that this procedure only approximates the full 2t emission, because
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(b)

Figure 1. Angle-resolved photoemission measurements of the Cu Fermi Surface at hv=83 eV. The normal
emission direction [001] is upwards. (a) Schematic illustrating the constant k-surface (large hemisphere) intersect-
ing various Fermi Surfaces in the extended zone scheme. (b) Experimental intensity profile for ~2x solid angle,
mapped onto the constant-k hemisphere as described in the text. Light shading means high photoemission yield.

the fixed photon polarization vector breaks the mirror plane symmetry, leaving only 4-fold
rotational symmetry. This generally has ~10-20% affect on intensities.

Fig. 1(a) shows a schematic of FS mapping for Cu(001) at fixed photon energy. For
sufficiently high photon energies, the final states are free-electron-like, and the initial state
momentum K;j;, is related to the measured kinetic energy KE and momentum Ky by

Ky = ko5 KEi =KE, +V, (1la;b)

k.. [A™"1=0.5124 [KE, [eV] (1c)
{out {out

The parameter V,, is the experimentally-determined inner potential. Therefore an angular
pattern obtained at constant kinetic energy appears in k-space as a hemisphere of constant
radius ki, (shown in Fig. 1(a) for photon energy hv=83 eV) cutting through the known bulk FS
of Cu. This surface, shown in the extended Brillouin zone (BZ) scheme, consists of a bee-
lattice of approximately spherical-shaped structures. In this figure, normal emission is in the
up-direction. The intersections of the constant-kj, hemisphere with the FS is detected experi-
mentally using the configuration discussed above. The result of the experiment is shown in

. Fig. 1(b), which was mapped using V,=8.8 eV. In this figure the bright lines correspond to high
intensity at the Fermi level. The largest polar angle measured was 6=80°, but due to the V,
term in Eqn. 1(b), the largest polar angle within the crystal was closer to 70°. The various
round features may be understood from Fig. 1(a) as due to various degrees of intersection
between the constant-kj, hemisphere and the ~spherical FSs. The FS in the BZ marked by a
square (M), for example, is cut nearly in half and results in a large, round cross section in Fig.
1(b), while those labelled with a diamond ( ¢) are only slightly intersected, resulting in smaller
cross sections. The surface marked with a triangle (A) is not intersected at all, while the surface
marked with a circle (®) is intersected tangentially across the top, resulting in high intensity at
the top of Fig. 1(b). The sharp cusp-like features near normal emission at the top of Fig. 1(b)
appear to be images of the necks of some of the FSs, although some of the intensity may be due

out

to the X surface state discussed later.
By varying the photon energy, one can access values of kj, within the two nested
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Figure 2. Volume data set of Fermi Surface. (a) Schematic showing the volume of k-space which can be accessed
in a typical experiment. (b) Volume data set obtained for Cu(001), with some interesting slices highlighted. (c)
Various slices of constant k| for extracted from the data set.

hemispheres illustrated in Fig. 2(a). This entire volume was mapped out for Cu(001) (within a
45° sector) for koui=4.0 to 7.7 A-1in 0.1 A-1 steps. This corresponds to a photon energy range
of ~60 to 225 eV. Having acquired this data, transformed it according to Eqn. 1 into Kkj,, and
symmetrized it in the fashion of Fig. 1(b), the data were interpolated into a uniform, 0.1 A-1
spaced grid of ky, ky, and k; within the crystal. This volume data set may then be sampled with
arbitrary cuts, as illustrated in Fig. 2(b). A computer animation was also produced, in which
each movie frame corresponds to a slice of constant k,. Plotted in these fashions, one achieves
very intuitive images of the FSs, which, especially for large polar angles, can be difficult to
perceive from single-photon-energy images like Fig. 1. For example, the alternate stacking
sequence (each “layer” of BZs stacked 45° with respect to each other) is clearly evident in
Figs. 2(b,c).

Finally, we consider the maps one obtains for constant ¢, but variable 6 and hv.> Repre-
sentative examples are shown in Fig. 3. In these figures, up is the direction of normal emission,
and ¢ is selected to include high-symmetry directions. The utility of acquiring these plots for a
new system one is studying cannot be overestimated. They both show the FSs as well as
highlight some of the limitations of the simple interpretation we have been using. Fig. 3(a)
shows FS data for parts of 5 different BZs. The arrow indicates an instance of “Zone-Selec-
tion” rules, whereby the transition intensity near the arrow is much weaker than at the similar
point across the BZ at ~5.2 A-1. This is attributed to a final state effect. The white dashed line,

which points along the [101] symmetry direction, indicates a direction in k-space where the
transition intensity is weak. Since these regions extend over more than one zone, it appears to
be a more strict symmetry-selection rule, probably to be understood with matrix-element
calculations which will be reported elsewhere. This calculation should also apply to the other
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Figure 3. Polar-scan slices of Fermi Surface data for Cu(001) for kil pointing towards (a) [100] and (b) [110].
The features associated with arrows and lines are described in the text.

intensity variations apparent in the figure. Similar effects at other directions in k-space are
seen in the volume data set of Fig. 2, which covers a larger volume of k-space. In Fig. 2(c), at
k1=3.2 A-1 for example, the dark and light intensity from Fig. 3(a) appear as dark and light
circular bands. Other anomalies in these figures will be discussed later.1!

Fig. 3(b) shows another slice in k-space along kj=[110]. The most prominent features

are a series of vertical lines, which pass through the bulk L-points, or surface X points. These
lines clearly resemble crystal truncation rods in x-ray diffraction and correspond to surface
states. The immediate identification of these surface states in energy-dependent scans is one of
the principle reasons to perform the experiments in Fig. 3.

To summarize, we have developed a data acquisition system, together with online
visualization and processing, for Fermi surface and band mapping of crystalline materials.
While we presented details here for Cu, we have also undertaken studies of unrelated systems,
some of which are presented elsewhere in this activity report. While the energy and angular

resolution in this study were relatively modest, we have also pushed these to more demanding
levels.
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INTRODUCTION

The development of photoelectron holography has promoted the need for larger photoelectron
diffraction data sets in order to improve the quality of real-space reconstructed images (by
suppressing transformational artifacts and distortions) [1-3]. The two main experimental and
theoretical approaches to holography, the transform of angular distribution patterns for a coarse
selection of energies or the transform of energy-scanned profiles for several directions, represent
two limits to k-space sampling. The high brightness of third-generation soft x-ray synchrotron
sources provides the opportunity to rapidly measure large high-density x-ray photoelectron
diffraction (XPD) data sets with approximately uniform k-space sampling. In this abstract, we
present such a photoelectron data set acquired for Cu 3p emission from Cu(001) [4].

Cu(001) is one of the most well-studied systems for understanding photoelectron diffraction
structure [5] and for testing photoelectron holography methods [6-8]. Cu(001) was chosen for
this study in part due to the relatively inert and unreconstructed clean surface, and it served to
calibrate and fine-tune the operation of a new synchrotron beamline, electron spectrometer and
sample goniometer [9]. In addition to Cu, similar ‘volume’ XPD data sets have been acquired for
bulk and surface core-level emission from W(110), from reconstructed Si(100) and Si(111)
surfaces [10], and from the adsorbate system of c¢(2x2) Mn/Ni(100) [11].

EXPERIMENT

Measurements were performed at the SpectroMicroscopy Facility (Beamline 7.0). The photo-
electron diffraction system consists of a high precision two-axis goniometer for sample rotations
and a PHI Omni 4 hemispherical electron spectrometer with multi-channel detection and variable-
aperture input lens set for an angular acceptance less than £1°. For rapid scanned-angle XPD
measurements of bulk Cu 3p, a 0.4 eV wide energy-window was used to take 'snapshots' of the
peak and higher kinetic energy background intensities at each sample direction. With dwell times
less than 1 second per angle, a 482 point angular intensity pattern could be obtained in less than
15 minutes including ~50% motor motion overhead. Angular distribution patterns were acquired
within a 45° azimuthal sector and then mirror- and four-fold symmetrized for Cu(001) to display
the full angle hologram. Uniform increments in polar angle to 80° from normal emission and"
constant solid angle azimuth steps (inversely proportional to polar angle) were used to uniformly
sample directions. Automated experimenter control of the undulator gap allows scanned-photon
energy experiments to be routinely performed; however, the greater time overhead for undulator
and monchromator exit slit motions make this data acquisition mode less efficient. For this reason
the large Cu 3p XPD data set was acquired by sequential measurement of constant-energy
angular distribution patterns.
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RESULTS

The full Cu 3p XPD data set is represented as a cylindrical volume in Fig. 1. The cylinder is cre-
ated by stacking 58 angular patterns acquired for an electron momentum range of 3.1 to 8.8 Al
with 0.1 A-1 steps (37-295 eV kinetic energy range). The full volume represents greater than
185,000 intensities, resulting from the symmetrization of ~28,000 measurements acquired in less
than three 8-hour synchrotron shifts. The angles and energies in Figures 1-3 correspond to
coordinates outside the crystal and have not been corrected for refraction at the surface due to the
crystal inner potential. Cutaways in the cylindrical volume in Fig. 1 show the interior diffraction
structure. To highlight the richly detailed intensity variations, contrast has been enhanced by (a)
correcting each pattern for inelastic attenuation near grazing emission, (b) normalizing each pattern
to a constant integrated intensity, and (c) saturating the intense low kinetic energy peak at normal
emission.

A second way of visualizing the data set is by playing a movie sequence of each diffraction
pattern. Figure 2 shows a much coarser sampling of ten angular diffraction patterns extracted
from the data volume. Energies with ~0.7 A-1 separation have been chosen to maximally
illustrate the wide variety of angular patterns. A third way of visualizing the data set is by
extracting energy dependent slices at fixed azimuths. Figure 3 shows energy-polar angle slices in
two high symmetry azimuths separated by 45°. The slices are additionally mapped into a ky-k;
coordinates in order to illustrate the polar emission angle.

Large intensity oscillations along the 45° polar emission angle in the {100} planes are observed
for energies greater than 100 eV. These energy oscillations are recognized as arising from

Figure 1. Cylindrical representation of the full Cu(001) Cu 3p volume XPD data set with cutaways to show
interior diffraction structure. The vertical dimension is linear in electron momentum from k=3.1 to 8.8 A-1. The
radial dimension is linear in polar emission angle from 0° to 80°.
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Figure 3. (above) Energy-dependent slices in the [110]
(top) and [100] (bottom) emission planes mapped into
k-space.

Figure 2. (left) Sampling of ten angular distribution
patterns with kinetic energies: 39, 52, 67, 84, 111,
142, 176, 214, 250 and 295 V.

back-scattering from nearest-neighbor atoms [12] along the [101] crystal axis. The path length
difference for back-scattered photoelectrons (twice the near-neighbor bond distance) determines
the dominant k-space period of the oscillations. The (100) energy slice in Fig. 3 also illustrates
the angular width (~20°) of this cone of back-scattered intensity. For kinetic energies above 200
eV, the angular patterns in Fig. 2 begin to show the consistent appearance of arcs resulting from
emission from atoms in deeper layers below the surface and Kikuchi-like scattering from atoms
lying in low-index crystal planes [5].
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Below 100 eV, rapidly varying diffraction structure is observed both in the dramatic changes in
the angular patterns and in the outwardly sweeping intensity for decreasing energy in the energy
slices. Additionally, an intense normal emission peak at 50 eV kinetic energy is observed. Con-
tributing factors to this low energy diffraction behavior include: (i) the enhanced importance of
multiple-scattering, (ii) rapid changes in the electron scattering factor, (iii) increased surface sensi-
tivity, and (iv) the increasing effect of surface refraction. The detailed origins of these low energy
features are being explored with single- and multiple-scattering calculations.

CONCLUSIONS

The continuous energy and angular variation of photoelectron diffraction intensities has for the
first time been experimentally measured and visualized. The k-space range for the example
presented, Cu 3p emission from Cu(001), illustrates the progression from low energies
dominated by multiple-scattering to medium energies exhibiting strong back-scattering features.
The detailed explanation of the rich diffraction structure will provide a test for scattering
simulations. In addition, the data will be used as an experimental test bed for real-space
reconstruction algorithms, where optimal k-space sampling, energy range selection, algorithm-
specific artifacts and other issues are of concern [8].
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Although Gabor originally proposed using electrons in holography to form atomic-resolution
images [1], it is only very recently that photoelectron diffraction data have been discussed as a
practical method for achieving this [2,3]. Such data enable recording both the amplitudes and
phases of the scattered waves (relative to a direct reference wave), thus in principle permitting the
holographic reconstruction of atomic positions [2,3]. Photoelectron holography thus holds much
promise of at least providing approximate starting structures that can be refined by more
conventional comparisons of multiple-scattering calculations with experiment via R-factors.
Criteria for optimizing the taking of such data and their holographic inversion have recently been
published [4]. In the present study, such holographic photoelectron diffraction patterns have been
measured for surface and bulk core-level-shifted W 4f,, photoemission from W(110) on ALS
beamline 7.0, yielding a data set of unprecedented size and quality. These data have been
compared to multiple scattering theory [5], and used as a test case, since the W(110) surface is
known not to exhibit significant relaxation in its interlayer spacings relative to the bulk [6]. We
have analyzed these experimental and theoretical results holographically in order to demonstrate
the capabilities and limitations of photoelectron holography as a structural probe.

The experimental geometry at ALS beamline 7.0 is shown in Fig. 1(a). The W 4f,,, photoelectron
peak can be resolved into surface and bulk core-level-shifted components, as shown in Fig. 1(b).
For each energy E (or wavenumber k) and direction studied, the W 4f,,, peak was divided into
surface and bulk emission intensities by integrating the areas under the higher-energy and lower-
energy flanks of the two W 4f,,, peaks, respectively, as shown by the shaded areas in Fig. 1(b).
The brightness of the ALS undulator radiation permitted taking one of these spectra in ~10 sec,
and doing the simpler area integration over bulk, surface, and high-energy background in ~1 sec.

Figures 2 and 3 respectively show the raw surface and bulk /(k) data sets in k-space, for kinetic
energies in vacuum of £ = 39eV to 309¢V (wavenumbers k = 3.2A™ to 9.0A™), for a polar
takeoff angle range of 10° < 0 < 90°(= surface normal). A total of ~20,000 unique intensities in
the symmetry-reduced 1/4th of the solid angle above the sample was measured.

Figures 4(a) and 5(a) show holographic images reconstructed from the normalized surface and
bulk % (k) data sets of Figs. 2 and 3 in the vertical (112) plane, using the original multi-energy
algorithm proposed by Barton [3a], and Tong and co-workers [3b]. The emitter position is
indicated by a dashed square, and the ideal positions of the neighboring atoms are indicated by
circles.
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1. Experimental details
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Figure 1. (a) Experimental geometry, including the orientation of the sample (where @ is the surface normal)
with respect to the horizontal polarization vector (€ ) of the incident excitation radiation /v, and the exit
photoelectron direction. (b) Typical W 4 £, , x-ray photoelectron spectrum from W(110), indicating the surface
and bulk core-level-shifted contributions used to generate the /(k) intensity data points of Figs. 2-3.

2. Surface 3. Bulk

-3.8 A-1

2[111] [001]

Figures 2-3. Volume representations of the normalized intensity data sets /(k) for W 4 £, , emission: 2 =
surface and 3 = bulk. The vertical scale is wavenumber varying from 3.84™ to 7.4A™ (corresponding to 56 eV
to 211 eV in energy) and each plane is a stereographic projection of a nearly full-hemisphere data set taken over
0°<6<80° and ¢ varying over 360°. The energies and polar angles have here all been adjusted to be inside the

surface, using an inner potential of V;, = 14eV.
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Figures 4(b) and 5(b) show the equivalent images reconstructed from a fully-converged multiple
scattering calculation [5]. There is in general good agreement between experiment and theory.
Both surface images very well resolve the backscattering atom below the emitter, and reasonably
well resolve the forward scattering atoms above the emitter. The two bulk images exhibit
artifactual peaks near the emitter, but agree in the general elongated and slightly doubled shape of
the forward scattering images, which are weaker in experiment as compared to theory.

[110] (A)—>

0 6
1} Ay——

[7?1] (A)——»6
Figure 4. W(110) atomic images in the vertical (112) plane, as reconstructed from (a) the experimental W 4f,,
surface-emission data set of Fig. 2; and (b) corresponding multiple scattering calculations. The surface emitter
site at the origin is indicated by a dashed square, and the positions of the scatterers (assuming no surface
relaxation) are indicated by circles. The nearest and next-nearest scattering positions have been labeled in panel

(a). Axes are marked off in 1A units. Image intensities for z < -3.5A have been rescaled, with the scale factors
indicated on the figures.

[170} (Ay——>

0 0 6
[001] (A)——> [001] (A)———
Figure 5. As Fig. 4, but for the bulk emission data set of Fig. 3, (110) plane, and its corresponding multiple

scattering simulation. Image intensities for z < —1.5A have been rescaled, with the scale factors indicated on
the figures.

Although encouraging in several respects, particularly for the case of the surface emitters, both
the experimental and theoretical images of Figs. 4-5 suffer from image aberrations and artifacts
arising from anisotropies in the photoelectron reference wave and the resultant scattered waves,
and possible residual multiple scattering effects. Several modified reconstruction algorithms have
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been proposed to account for the anisotropies mentioned, and these are found to exhibit varying
degrees of success in improving such holographic images [4a,4b], including those for the present
data [7]. Although further research into improved imaging algorithms and more tests against
experimental data for other reference cases would certainly be worthwhile, the present data and
analysis indicate that photoelectron holography can provide good-to-excellent ab initio estimates
of the positions of the atoms beside and below surface emitters, and fair-to-good estimates of the
positions of the atoms above bulk emitters. Such estimates could then be refined, using R-factor
comparisons of experiment with model diffraction calculations for various structures.
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