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Applications of Circularly Polarized Photons
at the ALS with a Bend Magnet Source

Lawrence Berkeley Laboratory
Building 66 Auditorium

June 10-11, 1991
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Instrumentation and Preliminary Results of Polarization Measurements of
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Preface

Introduction

A two-day workshop on "Applications of Circularly Polarized Photons at the
ALS with a Bend-Magnet Source” was held at Lawrence Berkeley Laboratory on June
10 and June 11, 1991. The workshop addressed the dramatic increase in scientific
interest in the use of the polarization properties of synchrotron radiation. The use
of circular polarization to probe spin-dependent properties of magnetic solids and
thin films, for example, is a subject not only of academic interest to solid-state
physicists and materials scientists but also of considerable economic importance to
the magnetic materials industry. Moreover, turning transitions on and off by
varying the polarization is a powerful means of ascertaining state or band
symmetry.

Synchrotron radiation is naturally polarized. When observed in the plane of
the electron-beam orbit, radiation from a bend magnet is linearly polarized with the
E-vector in the orbit plane. Out of the plane, the radiation intensity decreases, but is
elliptically polarized: the E-vector has horizontal and vertical components that are
90° out of phase. The observation angle above or below the orbit plane determines
the sense and degree of circular polarization, with large angles producing essentially
100% circular polarization, albeit with low intensity. The scaling of circular
polarization and intensity with angle depends on the ratio of the photon energy to
the critical photon energy.

The Advanced Light Source (ALS), a third-generation synchrotron light
source optimized for the generation of high-brightness soft x-ray and ultraviolet
radiation, is now nearing completion at Lawrence Berkeley Laboratory in California.
Operations are scheduled to begin at this facility in 1993. It is one of several third-
generation sources planned or under construction for the production of XUV
radiation (Elettra in Trieste, Italy; the Pohang Light Source, Korea; and Bessy II in
Berlin) or hard x-rays (ESRF in Grenoble, France; the Advanced Photon Source,
Argonne National Laboratory; and SPring-8 at Harima Garden Science City, Kobe,

Japan).

The ALS features a storage ring with a very low emittance (less than 10
nanometer-radians) and long straight sections (typically 5 meters) for the
accommodation of insertion devices (undulators and wigglers). The low emittance
of the storage ring also makes bend magnets highly desirable sources of light with
superior brightness—well suited to experiments with circularly polarized photons.
ALS bend-magnet beamlines, with a critical photon energy of 1.56 keV at the
nominal storage-ring operating energy of 1.5 GeV, will provide high flux at photon
energies up to about 6 keV.
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Summary

The workshop emphasized XUV applications of circularly polarized photons:
C. T. Chen (AT&T Bell Laboratories) reviewed recent experiments that showed large
magnetic circular dichroism (MCD) signals in the core-level spectroscopy of
magnetic materials, providing a practical tool for investigating the local electronic
structure of ferromagnetic materials and chemically specific magnetic moments in a
wide range of systems. S. Cramer (U.C. Davis) described opportunities and an
apparatus for the site-specific spectroscopy of small concentrations of paramagnetic
metal atoms and clusters in protein molecules by means of MCD measurements
with florescence detection. P.A. Snyder (Florida Atlantic University) surveyed
chemical and biochemical vacuum-ultraviolet applications of the MCD of
molecules in magnetic fields and of natural circular dichroism and circular intensity
differential scattering (CIDS) of chiral molecules. M. Maestre (LBL) showed early
results of the angular dependence of ultraviolet and soft x-ray CIDS that indicated a
high sensitivity to structural features of biological structures and suggested the
technique could be used to study the higher-order structure of chromosomes. A.
Zettl (U.C. Berkeley) illustrated the uses of angle-resolved photoelectron
spectroscopy (PES) to map the electronic band structure of high-T. oxide
superconductors and of high-resolution PES to measure the superconducting energy
gap. J. Kirschner (Freie Universitidt Berlin) gave a broad review of MCD in core-
level PES and in valence-band PES of magnetic materials to probe magnetic
moments and to investigate magnetic effects on electronic structure, respectively.
Kirschner also discussed spin-resolved PES of nonmagnetic materials with circularly
polarized photons. And G.A. Sawatzky (University of Groningen) took a similarly
broad look at the use of core-level absorption spectroscopy with linearly and
circularly polarized photons to obtain high-resolution (millivolts) fingerprints of
the electronic structure of highly correlated systems that contain transition-metal
and/or rare-earth ions.

K-J Kim (LBL) presented an overview of sources of polarized synchrotron
radiation and a theoretical framework for characterizing it. This includes the
coherency matrix and the Stokes vectors that describe partially polarized radiation
and the Mueller matrix that relates the Stokes vectors before and after a generalized
scattering event. W.M. McClain (Wayne State University) described an instrument
and techniques for determining all the elements of the Mueller scattering matrix as
a function of scattering angle. These techniques are applicable when the wavelength
is comparable to the size of the scattering particle and hence should be extremely
useful in the XUV spectral region. E. Stern (University of Washington) reviewed
the roles of the exchange and spin-orbit interactions in the dielectric constant
(matrix) as a means for understanding element-specific, local magnetic properties in
ferro-, antiferro-, and ferrimagnetic materials, including disordered and complex,
multicomponent systems. And M. Blume (Brookhaven National Laboratory)
worked through the theory for describing transmission and small-angle scattering of
circularly polarized photons passing through matter with a matrix index of
refraction, including the case of photon energy near an absorption edge.

xXVvi



In the area of future uses for synchrotron radiation, D. Chemla (LBL) looked
forward to the exploitation of the spatial coherence and pulsed time structure of
undulator radiation in the XUV spectral region for nonlinear optical processes
analogous to those that have become so widely practiced at longer wavelengths by
means of lasers. He emphasized experiments requiring two beams, such as pump-
probe, time-resolved wave mixing, and multiphoton techniques. E. Commins (U.C.
Berkeley) concluded that the prospects were not good for XUV to replace visible
laser photons as a tool to study fundamental symmetries in atomic physics,
specifically parity nonconservation in atoms, which could provide constraints on
extensions of existing quantum field theories of elementary particles (i.e., beyond
the Standard Model). R. Laughlin (Stanford University) speculated on the
possibility of parity and time-reversal symmetry violations in high-Tc
superconductors. Such symmetry violations could support a novel theory of these
materials that has direct parallels with elementary particle theories and could
therefore provide an insight on what is beyond the Standard Model.

E. Gluskin (APS, Argonne) described instrumentation for and summarized
preliminary results of spectral and polarization measurements on a prototype
Advanced Photon Source undulator that is now in operation at the National
Synchrotron Light Source. He also compared the measured properties with
calculated values. J. Kortright (LBL) reported on early attempts to achieve phase
retardation (the difference in phase change of two polarization components) by
passing XUV radiation through free-standing transmission Mo/Si multilayer optics.
This is a possible means of converting linearly polarized bend-magnet radiation into
circularly polarized radiation. G. Schiitz (Technische Universitit Miinchen)
described techniques for measuring magnetic absorption (the spin-dependent part of
the absorption coefficient) and Bragg scattering on ferro- and ferrimagnetic materials
with circularly polarized hard x rays. Schiitz gave a comprehensive overview of
experiments of this type and suggested that some lessons from these experiments
could be extrapolated to the soft x-ray regime.

B. Kincaid (LBL) reviewed the status of the ALS construction project and
emphasized ALS features contributing to high spectral brightness. A tour of the
partially completed facility was conducted, allowing those attending to see for
themselves the advanced state of the project. The workshop concluded with a panel
discussion on how to exploit near-term and future scientific opportunities with
circularly polarized XUV synchrotron radiation. The discussion was chaired by J.
Stohr (IBM). To provide a framework for subsequent discussion, he divided the
science into three general areas—magnetic materials and phenomena, molecules
and macromolecules, and fundamental symmetries of matter—and noted that there
were two relevant photon-energy regimes—ultraviolet for probing valence band
phenomena and soft x-ray for core-level effects. The panel was asked to consider
what kinds of experimental facilities could initially service needs in these areas, to
balance the roles of advanced insertion devices and XUV optics in developing
future sources of circularly polarized synchrotron radiation, to distinguish carefully
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between experiments requiring high brightness and high flux, and to search for truly
unique opportunities for the use of circularly polarized photons.

Although the workshop focused on circularly polarized synchrotron
radiation from bend magnets, the development of advanced insertion devices
designed specifically to produce high-brightness, energy-tunable, circularly polarized
XUV radiation will provide new opportunities for research. Some of the many
possible types of insertion devices with these capabilities include the asymmetric
wiggler, the helical undulator, the elliptical wiggler, and the crossed undulator. At
the ALS, at least one straight section is being reserved for an advanced insertion
device of a type yet to be determined. Studies now under way will lead to a decision
that is sure to emphasize high brightness.
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CAN WE TRANSPOSE VISIBLE NONLINEAR-OPTICS TO X-RAYS ???
DANIEL CHEMLA

MATERIAL SCIENCES DIVISION LBL
PHYSICS DEPARTMENT UC BERKELEY

EXAMPLES OF NONLINEAR OPTICAL PROCESSES REQUIRING LIGHT
SOURCES WITH PROPERTIES SIMILAR TO THAT OF THE ALS:

BROAD CONTINUUM

HIGH BRIGHTNESS
PHOTON PULSES

TWO BEAM CONFIGURATION:
1) NARROW PUMP / CONTINUUM PROBE EXPERIMENTS
2) CIRCULARLY POLARIZED PUMP / PROBE EXPERIMENTS
3) TIME RESOLVED WAVE MIXING

4) TWO BEAM MULTI-PHOTON PROCESSES
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COMBINED EFFECTS OF VIRTUAL POPULATIONS AND
TWO PHOTON-INDUCED REAL POPULATIONS
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Experimental Differential Transmission Spectrum

Large detuning (80 meV), High excitation (10 GW /cm?)
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Measurement of Polarization Dephasing by Time Resolved

Four Wave Mixing

— ks =2k, —k
N
e 3 VS
T=t,— t, g |
Time Qeloy

Interpretation Based on Two Level System Model
(T. Yajima, Y. Taira J. Phys. Soc. Jpn. 47, 1620 1979)




Excitonic-molecules in large gap semiconductors

Photograph of the track of the beams originating from multiple scatterings. The
two bright spots are the tracks of the pump and the test beams. The other spots
correspond to beams scattered in the direction: ky = k, + N(k,—k;) and

ky =k + N(k;—k,) the nth-order scattering corresponds to a (2N + 2)-photon
process.
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CONCLUSION

ALREADY MANY OPPORTUNITIES WITH THE ALS AS IT SHALL BE IN 93

OTHER CHALLENGES:
EXPLOITING THE COHERENT PROPERTIES OF ALS

ps-TIME RESOLUTION BY PULSE COMPRESSION
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The Advanced Light Source

B.M. Kincaid

Lawrence Berkeley Laboratory
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The Advanced Light Source

The Advanced Light Source is the first of the new generation of synchrotron
radiation sources to be built. Expected to produce beam for scientific users in
the spring of 1993, it is a 1.5 GeV electron storage ring targeted for the VUV
and soft x-ray part of the spectrum and optimized for low emittance and high-
brightness undulator beamlines. Of the 12 long straight sections in the
storage ring, 10 are available for insertion devices. Four such devices are
being built as part of the ALS construction project. In addition, there are 48
bend magnet ports, 24 of them able to provide high-brightness synchrotron
radiation. Several participating research teams (PRTs) have been approved
for both insertion device and bending magnet beamlines. These PRTs
represent a wide range of scientific interests in materials, chemistry, structural
biology, and physics.

The small electron beam emittance, combined with the tightly focused and
collimated electron beam source in the bend magnets, makes the ALS bend
magnet beams ideal sources of circularly polarized VUV and soft x-ray light.
Work has been started on a future crossed-undulator insertion device that
will produce a high-intensity beam with variable polarization.

14



ADVANCED LIGHT SOURCE

Gl

What is the Advanced Light Source (ALS)?

National user facility

Provides UV and soft x-ray beams of unprecedented brightness

Broadly tunable with natrow spectral features
Partially coherent
30 psec time structure

Utilized by researchers from industry, academic, and national
laboratory communities

Technology (e.g., projection lithography)
Materials and surface science

Atomic and moleculat physics
Chemistry

Life sciences

Constriiction project begati in late 1986

Begin operations in spring 1993

Construction cost — $99.5 miillion

ALS

JM SPBMtg. 7/17/90 Pg.3
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Advanced Light Source
Project Organization

Safety _ Scientific Program
P. Johnson I Project Director Coordinatgr

QA | J. Marx F. Schlachter
A. Ozeroff  e———— ‘

I l

Project Depulg Director Project Manager Project Deputy Director
Accelerator Systems Construction Experimental Systems

B. Kincaid

A. Jackson R. Yourd

Asst. Pr%'ect Manager
J. Krupnick

Project Engineer
Mechanical Systems

Project Engineer

Project Manager
Electrical Systems

Conventional Facilities

J. Pickrell

H. Lancaster

A. Paterson
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50 - MeV Linac = IE /
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Fig. 2-1. Layout of the ALS accelerator complex showing the placement of the
50-MeV electron linear accelerator, the 1.5-GeV booster synchrotron, and the

storage nng.

B8 SF BB‘ -
QFA'SD g o~
QF

0 1 2 3

C - - o 3

Scale (meters)

Fig. 2-2. Onc superpeniod of the ALS trniple-bend achromat latice contains
three combined-function (bending and focusing) magnets (B), six quadrupole
focusing magnets (QF and QD), and four sextupole magnets (SF and SD).
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ADVANCED LIGHT SOURCE

ALS
Major Specifications for
Accelerator Systems
* Injector
- Linac 50 MeV
-~ Booster 1.5GeV,1Hz

* Storage Ring Optimum Energy 1.5 GeV
J Maximum Current (multibunch mode) 400 mA

« Maximum Current (single bunch mode) 7.6 mA

 Horizontal Emittance < 108 m-rad
e Straight Sections | 12
* Time Structure (2 sigma) 20-50 psec
e Lifetime > 6 hours

 High Position and Angular Stability
e Minimum Longitudinal Jitter

» Flexible Modes of Operation

— variable energy 1.0 to 1.9 GeV
—  variety of operating modes: multibunch, few-bunch, single-
bunch

18
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Experimental Systems Scope

¢ Construction Project

Four insertion devices
Two I. D. beamlines
One bend magnet front end system

Storage ring diagnostic beamline
e R&D

SSRL beamline VI used as ALS prototype

Deformable mirror optics

Undulator technology, advanced magnetic measurements
Precision optical metrology for SR optics

High stability photon beam position monitoring and feedback systems

e User interactions

ALS
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Evolution of Synchrotron Radiation

Todays
Synchrotrons:

Circular
electron
motion

1¢

Continuous e~
~ trajectory
“bending”’

Photons

“X-ray
light bulb”
“Bending
magnet P
radiation’’
hv

Tomorrows
Synchrotrons:

/Many straight

sections
(periodic magnets)

« Tightly controlled

electron beam/

"*Undulator” .
and
“‘wiggler’’
radiation

Ultraviolet

-ray

* Partially
coherent
e Tunable

XBL 888-8937A
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ADVANCED PHOTON SOURCE

TABLE ll: Comparison of Approximate Heat Flux
Levels
in Various Physical Processes

Process of Component Aprox, tHeat Flux (wimnd)
Meteor re-entry 100 to 500 AFS
Fusion reactor components 0.05 to 80

Sun’s surface | 60

Commercial plasma jet 20

Interior of rocket nozzle 10 & ALS

Fission reactor cores t {0 2

27
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Personnel safety

shutter
Fast valve
Photon shutter
Photon position \ ——
monltor il
|
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Spherical Grating Monochromator
Beam Line for a 8 cm Period
Undulator at the ALS
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Storage ring
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ABSORPTION INTENSITY (ARB. UNITS)
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Advanced

e
' Light Commissioning Schedule

Source

ELEMENT FY91 FYg2 FY83

GTL/Linac/LTB1  |es—

LTB2/Booster/BTS1 | | @ s
BTS2/ Storage Ring _

Experimental Facilities —
IDA/US5.0 L
e /uss BEEEEENE
B.M. Front End - _
I.D. Front Ends —

I.D. Branch Lines

Project Completion: 3/31/93 A
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Exploiting the Polarized Nature of Synchrotron Radiation

K.J. Kim

Lawrence Berkeley Laboratory
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Exploiting the Polarized Nature of Synchrotron Radiation

Kwang-Je Kim

Synchrotron radiation is inherently highly polarized, and this fact makes synchrotron
radiation useful for probing the directional and/or helical nature of the matter via polarization
sensitive experiment. Here we summarize briefly the nature of the polarization experiments and the

polarization characteristics of synchrotron radiation.

1. Experiment with partially polarized radiation

Partially polarized radiation is characterized by the Stoke’s vector S = (S, S, S2, S3),
where Sy is the total intensity, Sy, So are respectively the partial intensities polarized linearly along
the x-direction (the propagation direction is assumed to be in the z-direction) and along the
direction 45° from the x-direction in the x-y plane, and S3 is the partial intensity with circular
polarization [1]. The quantities (P1, P2, P3) = (§1/Sp, S2/So, S3/S0) are some times referred to
as the degree of the polarization in the respective directions. In general, P12 + P2 +P32< 1.

A general light scattering experiment can be thought of as a study of the transformation of

the Stoke’s vector from the initial value S to the final value S’

S'=MS

Here M is a 4x4 matrix known as the Mueller matrix, which is the properties of the
sample. An experiment leading to a determination of every element M;; of the Mueller matrix (there
are ten independent elements [2]) may be termed as the "complete” experiment . An example of the

simpler experiment is to measure the final intensity

So = MpoSo + Mo1S1 + Mp1S2 + MS3

29



The element Mg3 represents the helical characteristics of the sample, and can be determined by
measuring the final intensities S'p+ corresponding to the incident radiation of opposite helicities,
S3=%P3 S, This type of experiment is called the circular intensity differential scattering (CIDS).
These discussions show that a determination of the Mueller matrix requires, in general, the
ability to modulate the polarization [3]. In particular, to determine the helical properties it is
necessary to have circularly polarized light which can be modulated between opposite helicities.
Synchrotron radiation provides such capabilities in wavelength regions not available with

conventional lasers.
2. Polarization Characteristics of Bending Magnet Sources.

The radiation from a bending magnet is of the form

where Ex (Ey) is the field amplitude in the horizontal (vertical) direction, 7 is the electron’s kinetic
energy in unit of the r;:zst energy, V is the vertical angle, K’s are the modified Bessel functions, and
= Cy%)c) (1 ¥ (W)Z)S , @ = radiation frequency and @ = the critical frequency. We see from this
that,when y # 0, the vertical component is non-vanishing and is 90° out of phase with respect to
the horizontal axis. This implies that the radiation is elliptically polarized, the ratio between the

minor and the major axis of the polarization ellipse being given by r= E,/iE, The corresponding

Stoke’s vector is
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py=deft poof, Py
) 1+12 . ¢ 1+r2

The fact that P, = 0 implies that the polarization ellipse lies along the horizontal direction.
The sign of r, and hence P3, can be reversed by reversing the sign of y. Therefore the circular
polarization can be modulated by collecting the radiation alternately from above and below with
respect to the orbit plane. However, the sign of the linear polarization P; can not be reversed since
0<r2<l.

Figure (1) shows the polarization and flux characteristics of the ALS bending magnet. The
PRT AO018 is a proposal to exploit the polarized nature of the ALS bending magnet radiation using
the double-headed Dragon monochrometer developed by C. T. Chen [4]. The beam line will
provide a powerful tool for the study of the magnetism in condensed matter physics as well as the

biological samples.
3. Special devices for enhanced polarization capabilities

Recently, several novel types of synchrotron radiation sources have been developed for
higher flux and for more versatile polarization control. Table 1 gives an overview of such devices.
The devices are classified according to the usual classification scheme; bending magnet, wigglers
and undulators. In the following, these devices are discussed briefly, referring to the literature [5]
for more details.

Each device in the Table has different merits. Thus the wiggler type of the devices will
produce intense flux of elliptically polarized radiation over a broad spectral range. However, in
wiggler type devices, the direction of the linear component of the polarization can not be
modulated, being fixed in the horizontal direction. This could be a drawback for some experiments
aiming for a complete determination of the Mueller matrix.

The undulator type of devices will provide higher brightness (in a small phase space area).
The spectrum is concentrated in narrow peaks, but the peaks can be tuned by changing the magnet
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gaps. The undulator devices can be further classified into two groups; those based on the helical
field (helical undulators) and the crossed undulator based on the interference principle. A clever
scheme for a helical undulator due to P. Elleaume (referred to the planar-helical undulator in
Table 1) is to separate the magnet producing the vertical and the horizontal field on two different
(top and bottom) jaws, making it possible to accommodate a conventional flat vacuum chamber.

Some of the helical undulators (Tilt-pole undulator, Cross-overlapped undulator and
Planar-helical undulator) have the capability of modulating the polarization by mechanical motion.
The Stoke’s vector for these devices and the crossed undulator is of the form

P;=0, P2 =P cos a, P3 =P sin a.
Here P is the degree of the polarization and « is the polarization phase determined by the relative
position of the magnets in the case of helical undulators and by the modulator current level in the
case of the crossed undulator. Note that the sign of either P; or P3 can be reversed by changing «;
thus both the linear and the circular polarization can be modulated. Helical undulators produce a
nigh degree of polarization (P ~ 1). For a crossed undulator, there is some reduction in the degree
of polarization P due to the angular smearing from the electron beam emittance and the opening
angle of the pinhole. However, it turns out that the crossed undulator produces a significant
amount of polarization even at very high photon energies where the angular effect is expected to be
maximum. Figure 2 shows the performance of the crossed undulator in the limiting case of the
vanishing photon wavelength and a large angular opening, assuming that N is large and that the
effect of the modulator section can be neglected.

The crossed undulator can be operated at higher harmonics in contrast to the helical
undulators. This is an important feature to reach high photon energies with low energy electron
machines. Also, the polarization of the crossed undulators can be modulated electromagnetically
by modulating the current in the modulator magnet between two planar undulators, while the

modulation is mechanical for the helical undulators.
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Insertion Devices for Variable
Polarization

e Bending Magnet
Off plane observation(y #0). BESSY, SRC, ..

o Wiggler
Asymetric wiggler (Goulon, Elleaume, Rauox),
HASYLAB, LURE,..

Elliptical wiggler (Yamamoto, Kinoshita), KEK

e Undulator
Devices based on helical field:

Helical U..bifilar windindgs(Madey),
permanent magnet(Halbach)
Tilt-pole U(Halbach)
Cross-overlapped U(Onuki), ETL
Planar-helical U(Elleaume),ESRF
Modified planar-helical U(Diviacco, Walker),
Elettra
Device based on interference effect:

Crossed U(Moissev,Nikitin, Fedorov), (Kim)
BESSY, SRC

Issues:
Modulation versatility(mechanical, electrical, not
possible)
Vacuum chamber constraints( achievable K)
Sensitivity to electron beam emittance
Effect on electron trajectory
Use of harmonics

Table 1
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Crossed Undulator(N+N) Performance in the Short Wavelength Limit
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Polarization of Bending Magnet Radiation
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Insertion Devices for Variable
| Polarization

e Bending Magnet
Off plane observation(y #0 ). BESSY, SRC, ..

o Wiggler
Asymetric wiggler (Goulon, Elleaume, Rauox),
HASYLAB, LURE,..
Elliptical wiggler (Yamamoto, Kinoshita), KEK

e Undulator
Devices based on hefical field:

Helical U..bifilar windindgs(Madey),
permanent magnet(Halbach)

Tit-pole

Cross

U(Onuki),ETL
Planar-hefical U(Elteaume),ESRF
Modified planar-helical U(Diviacco, Walker),
Elettra
Device based on interference effect:

Crossed U(Moissev,Nikitin, Fedorovz?, (Kim)
BESSY, SRC

Issues:
Modulation versatility(mechanical, electrical, not
possible) |
Vacuum chamber constraints( achievable K)
Jvity to electron beam emittance
Effect on electron trajectory
Use of harmonics
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Variably Polarized Radiation can be
Generated with @
Crossed Undulators in Low Emittance
Storage Rings

Crossed Planar ‘ 0°

Undulators 5 l

(L

N

NSUSNGIE) / % 110 —%%@ }l;@

.'.".'
0=/ il
Monochromator
- n/2 @
Variable Phase Delay

l/x (Electron Path Length Modulator, 1 KHz)
PN N - /\v/\\/,/\

XBL 8311-4539-A



Crossed Undulator Performance

e Modulation of the polarization is achieved
electromagnetically (rather than mechanically).

—-—» fast modulation ( 1 kHz)

e Unlike helical undulators, operation at higher
harmonics is possible for higher photon
energies.

e As the device is based on the interference,

the degree of polarization is sensitive to the
electron beam angular divergence. The

expected degree of polarization for typical
next generation storage rings is
290 % for € <10 8V

2 50 % for 100 eV < & < 500 oV

230 % for €2 10 keV
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ESRF
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SXMCD Measurements with a Dragon

C.T. Chen

AT&T Bell Laboratories
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SXMCD Measurements with a Dragon*

C.T.Chen
AT&T Bell Laboratories, Murray Hill, New Jersey

June 10,1991

e Motivation: why MCD in soft-x-ray region?

e Dragon beamline and experimental setup

e Fe, Co, Ni and relativistic tight-binding calculation
e Transition metal and rare earth compounds

Ultrathin Ni films on Cu(001)

e Conclusion and outlook

t
In collaboration with F. Sette, L. H. Tjeng, P. Rudolf, G. Meigs,

Y.Ma, S. Modesti, N. V. Smith (Bell Labs) and Y. U. Idzerda (NRL)
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Motivation

« Visible light magnetic circular dichroism (MCD) or MOKE

has been widely utilized in magnetism research
Neither elemenmt nor Srfe specific; Kegorres JOOS !

* Prediction of Ni 3p—3d) MCD --- Erskine & Stern (1975)

« Observation of magnetic x-ray dichroism (MXD) effect using
linear polarized soft-x-rays --- van der Laan et. al. (1986)

* Observation of MCD effect using circularly polarized
hard-x-rays --- Schutz et. al. (1987)

* Great demand for soft-x-ray MCD (SXMCD)

- Dipole permitted 2p—3d and 3d—4f transitions of
3d TM and 4f RE elements --- <if> and large Al/I

- Investigate the local electronic structure of ferromagnetic
systems --- SDDOS, exchange splitting, spin-orbit and
Zeeman effects

- Probe element and site specific magnetic moments in

wide spectrum of magnetic samples --- thin films,
multi-layers, compounds, disorder and impurity systems
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Q) DRAGON BEAMUINE SET-UP (SIDE VIEW)

ay

" /""OFF |
| [ ' ORBIT

SOURCE

| i SAMPLE
v —1
VFM b ,\, 4—|—>
I N — 4".
ENTRANCE |
suIT SCANNING MOVABLE
GRATING EXIT SLIT

b) ENO STATION SET-UP

{
: B-METAL SAMPLE CHAMBER|

|
1
| smieLoeo | INi(111) sampLE
| AMBER | 2 |
U PRANEERY  iEen TIEK) QUARTZ WINDOW.
! |
[10'*0 TORR 10"’ TORR .REMOVABLE
! PERMANENT
—x ' S Nl  MAGNET
! (ATMOSPHERIC
! | PRESSURE)
RCULARLY \ GOLD . J
POLARIZED N MESH| _gias +BIAS SAMPLE
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(0) DOUBLE HEADED DRAGON (TOP VIEW)

| SAMPLE
HFM, VFM; ~ GRATING \
HF My T
VFM, ENTRANCE MOVABLE
SLIT EXIT SLIT
“— SOURCE

(b) CIRCULAR POLARIZATION (SIDE VIEW)

(c) LINEAR POLARIZATION (SIDE VIEW)
VFM; 2
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MCD INTENSITY (Arb. Units)

ABSORPTION INTENSITY (Arb. Units)
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Comparison to Calculations

e Compare to exchange-split-valence-band-model
Erskine and Stern (1975)

Theory Expt.
XAS(L3)/XAS(L3) 2 2.551+0.10
MCD(L3)/MCD(L,) -1 -1.60+0.10
MCD(L3)/XAS(L3) 25% 12.5%+2.5%

MCD(L,)/XAS(L ) 50% 20.0%+4.0%

where: XAS: C; +0_
MCD=06, - 0O_

e The simple model predicts strong Ni core-level MCD effect,
it is unable, however, to explain the observed intensity
ratios and fine structures.

e To make the calculated XAS and MCD ratios different from
2 and -1 respectively, the population of 3d states with
opposite m; must bz different.

The orbital magnetic moment is nonzero!

e Perform a relativistic tight binding calculation:
Slator-Koster + spin-orbit interaction + cir. dipole transition

67



80

(Ad) ADHY3N3T

90

LAY co 80 90

1 ' i '\

(Ad) ADH3AN3

¥0 co

L i

CL a0 ad

veacaa
P2
ey

(Aurserers) SOQ

(Aursarers) soqQ

\M\“rmwﬁx“uch.
o:3%

co vo-

00
(Ayrsarers) SOQ

20

Y0

(Ayrsaels) sog

68



3.0
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C. A. Ballentine et al.
Ak PAye. A4Y, 57 c/5£9)
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Temperature.and. thickness-dependent magnetization of
epitaxial Ni layers on Cu(111). Note the striking dependence of
Curie temperature on film thickness



Conclusion

¢ The feasibility of circularly polarized radiation in the
soft-x-ray region (150 - 1500 eV)

e Observation of strong MCD effects at the L, 3 edges of Fe,
Co and Ni --- dipole-permitted transitions to final states of
magnetism importance (2p—3d of TM and 3d—4f of RE)

¢ A new vantage point from which to examine core-hole and
valence-valence correlation effects --- SDDOS, exchange
splitting, L-S coupling and MCD fine structures

Outlook

e SXMCD as a practical tool for probing chemical specific
magnetic moments of wide range of samples
--- surfaces, thin films, multi-layers, alloys, compounds,
disorder, impurity and paramagnetic systems

e The Double-headed Dragon
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A Split-Coil Superconducting Magnet for Soft X-Ray MCD Experiments on
Paramagnetic Samples

S.P. Cramer

University of California, Davis
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Abstract
S. P. Cramer

X-ray magnetic circular dichroism of metals in proteins is an attractive new
technique. It offers the potential for site specific spectroscopy (since it will only sense
paramagnetic species). The relative spin orientations of metals in clusters can also be
determined. We plan to build a 6 Tesla magnet with split coils and a cold UHV bore to
conduct XMCD experiments. Samples will be maintained at 2 Kelvin with a pumped
helium cryostat. Fluorescence detection will be used to examine dilute metals in enzymes

such as nitrogenase, hydrogenase, and photosystem IIL
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Applications of
Circular Polarization

( LigsFes50,,

(a) Fe Lo 3 Photoabsorption

(b) Fe Circular Magnetic Dechroism

T
scale x2.5

Chen,%t'f“w ALY
- X-Ray Magnetic Circular Dichroism

%ot - resolution of

T spin-coupled atoms
B T - orientation of
V

individual spins

81



BIO INORGANIC XMcD

APPL\CATIONS

(D) "SHARPEN' L-EDGE SPecTRA

A

@-) ODNTANGLE MIXTORES

Cs) L

?
@ RELRTNC ELECTROCHEM ICAL

SPIN ORIEDTATIONS PoTenT /AL

" G




MANY ENZYME S CoNTAIN
PARAMAGLET IC METAL CLUSTERS

N/TRoée:uﬁse. | Nz —p 2NI-/3
re> Mo
HYDRO G ENASE Hy = i*+ qe
3_
N~ /;_a__L_s/Ff
L/l-r'
P//o?‘osquem_,-?_- 240 dhv +4I~/+

Ma - —Ma “'43'
c‘ ;
Mn- - Mn

CqyTocHRome Ox 1DASE &Z —_— ZI{LO

Cu—"Fe

83



A Mixed Valence Application

- aqquo complex shows expansion at water site [Mn(il)]

- all pyridine complex yields symmetric crystal
structure at room temperature

- is compiex Mn(ll), Mn(lll), Mn(lll) or delocalized?
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Nitrogenase

N,+8e-+8H +nMgATP ->2NH;+ H,+nMgADP

- 220,000 m.w. protein
- ~28 Fe & 2 Mo(or V)
- first crystallized early '80's

e Fe-Mo cofactor
<4 .1 Mo(V), ~6Fe, S

gp P-clusters
@ 8 Fe (tot)

at least 14 different Fe
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Troubles for Proteins

Ip=1I-521073. 53}0'3; 521071 . /521071 . 521071 ~ [ 210~ é I
Fen w escape a window

- Path Length - —~ 8000 Angstroms for manganese L
- Diluteness - ~ 0.5 % absorption by Mn

- Diluteness requires fluorescence detection for
background rejection

- Fluorescence yields arelow - -05%
- Limited collection solid angle

- Possible fluorescence absorption by ice buildup
and windows

- Possible radiation damage

INTERESTIN G SAMPLES FREQUENTLY
~ (/00 ppm or Pess
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| Problem-Solving I

sensitive Ge array detector
focussed beam and glancing incidence geometry

eliminate windows (beamline, chamber, sample,
and detector)

4K cryostat operation to reduce sample damage
filters to remove oxygen fluorescence

O detectors

\ beam
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Low Energy Ge Detector Resolution
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MnO Fluorescernce
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|Detector Plansl

100 Element Si Array Detector -
Electronics and Controls

WOOO0OOCT O] sfvostar
OCO0000010]

Be WINDOW

;] PREAMP POWER
T
o
. 1
iEiEiEii

S cm

- ALS device will emphasize high
resolution (~100 eV) for soft x-rays

- UHV compatible

- prototype being built at NSLS with
Instrumentation Division and Canberra

| - joint electronics/software development
with BNL and SSRL
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P10 STATE sensiTiviTy
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S=1/2 Magnetization Curves
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WHAT  WEg MNEED

O mors Frux
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Instrumentation and Preliminary Results of Polarization Measurements of
Undulator Radiation in the Soft X-Ray Region

E. Gluskin

Argonne National Laboratory
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Instrumentation and Preliminary Results
of Polarization Measurements
of Undulator Radiation in the Soft X-Ray

Region

E.Gluskin, APS Argonne National Lab

This work is sponsored by U.S. Department of Energy,
BES-Materials Sciences under Contract W-31-109-ENG-38
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Efficient use of the radiation from new
generation synchrotron radiation- sources requires
development of instrumentation for the complete
characterization of various radiation properties. At
present, very little instrumentation is available to
measure polarization in the energy region between
100-1000 ev.

One approach based on the multilayer usage as
a polarizer for the soft x-ray wavelength region is
discussed in this talk.
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OUTLINE

spectral and polarization properties of
undulator radiation: calculations;

instrumentation for measurements of these
properties:

monochromator, polarimeter;

polarizers characterization;

experimental results: spectral and
polarization data for APS-NSLS U5
undulator radiation;

discussion and conclusion.
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U5 Undulator and Experimental Set-up

Parameters
Undulator period: M =  7.5cm
Number of periods: N = 27
Deflection parameter: K = 230
Distance |
Undulator - Pinhole: 54 m
Pinhole - Polarimeter: 1.7 m
My 2
A = (1 + 82 1+ 120%)
2ny2
A - radiation wavelength
) relativistic factor
B -  observation angle

For y=1.5+103 and ¥+6 = 1 beam size at pinhole: 3.6 mm
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S0t

US Undulator: No emittance case (30 s CPU on VAX).
Flux on-axis through a Imm x 1mm pinhole at 5.4 m from the source.

8.0 10'!

| 4 | 4 LJ I L L4 L | ' L4 LJ L LE l  J L § ¥ L4 l L L | | | ]

Energy: 0.750 Gev 1

I Undulator period : 7.5 ¢m )
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Ref: Roger J. Dejus, The Advanced Photon Source, ANL.
R.P. Walker, Rev. Sci. Instr. 60 (7), July 1989. '
S.Krinsky et.al. in Handbook on Synchrotron Radiation, vol 1. (1983), pp. 146-158.



901
Flux (ph/s/0.1%bw/mA)

US Undulator: Emittance included (2 min CPU on VAX).
Flux on-axis through a Imm x Imm pinhole at 5.4 m from the source.

4.0 10'!

X | L} l L | L | LS ‘ L] L L v l L L K L l L { 4 L] L
X Energy: 0.750 Gev .
. C : 1.022 mm, oy: 0.0704 mm -
3.0 10! L oxp: 0.0881 mrad, Gyp: 0.0128 mrad ]
: Undulator period : 7.5 cm -
. : # of periods: 27 .
- Deflection parameter K: 2.30 -
20 10" [ .
1.0 10 [ .
0 1 PRI W R S —u .L1
50 60 70 80 90 100
Energy (eV)

Ref: Roger J. Dejus, The Advanced Photon Source, ANL.
R.P. Walker, Rev. Sci. Instr. 60 (7), July 1989.
S.Krinsky et.al. in Handbook on Synchrotron Radiation, vol 1. (1983), pp. 146-158.



H.Kitamura, Jap. J. of Appl. Phys., vol. 19, No.4, 1980, p. L185
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US Undulator Spectra, Vertical Scan
1 mm Pinhole
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US Undulator Spectra, Horizontal Scan
1 mm Pinhole
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Soft X-ray Phase Retardation Using Multilayer Optics

Jeffrey B. Kortright
Center for X-ray Optics
Lawrence Berkeley Laboratory

Optical elements having specific polarization properties, such as linear polarizers and quarter-
wave plates, are required to fully characterize and exploit the polarization of photon beams. In
addition, such optical elements can be used to generate beams with specific polarization states, and to
modulate those states, thus easing the demands on complex and expensive sources capable of
polarization control. The realization of such optics for the soft x-ray region, especially phase
retarders, is an area of ongoing research.

The polarization dependence of Thompson (charge) scattering, together with the enhanced
reflectance of multilayers, provide several useful phenomena which can be used to control the
polarization of extreme ultraviolet and soft x-ray beams. Linear polarizers result by adjusting
conditions so that the multilayer Bragg reflectance peak is very close to 45° (total scattering angle-
90°), so that the component of the radiation field with electric vector in the scattering plane is
extinguished by its extremely small reflectance at this angle. Such linear polarizers have been
investigated by various groups and can produce beams with a high degree of linear polarization.

Phase retardation, or the difference in phase change of two components on interaction with a
sample or optic, can be obtained using either the reflected or transmitted beam after interaction with 2
multilayer,’ as in Figure 1. Calculations, illustrated in Figure 2, show that a beam with hy = 100 eV
transmitted through an ideal free-standing multilayer can experience pbase retardations approaching
90°. Recent experiments confirm these predictions by measuring large phase retardations on

transmission through free-standing Mo/Si multilayers at hy = 98 eV.? These free-standing structures

124



Transmiltance

Symmetric
refiection

Figure 1. Multilayer x-ray interference coatings offer different possibilities to obtain phase

Transmission

retardation in both reflection and transmission geometries [from ref. 1].

1
01 ¢
0.01 ¢
Mo/Si multilayer
9.0 nm penod
0.001 f 20 periods 1
hv = 900 eV 3
0.0001 4 L . y
0 20 40 60 80

8 (degrees)

Figure 2. Calculated transmitted intensity for ¢ and x components through a Mo/Si multilayer is in

Phase Retardation (degrees)

(b)

sasalaaaa

20

40
6 (degrees)

60

80

(a). The phase retardation, or difference in phase for the two components on transmission is is (b).

are not ideal, however, and there is room for improved sample preparation techniques, which may

lead to improved performance of transmission multilayer phase retarders. Other experiments are

investigating the reflection multilayer case for phase retardation.?

As hv increases above 100 eV into the soft x-ray, the magnitude of phase retardation

obtainable with transmission multilayers decreases as the optical constants of materials decrease and

since multilayers having smaller periods are less ideal. The high energy limit of multilayer phase

retarders is not established at this point. For a range from less than 300 eV to at least 3000 eV there
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are ro demonstrated optica: techniques to obtain significant values of phase retardation.

This work was supported by the Director, Office of Energy Research, Office of Basic Energy
Sciences, Materials Sciences Division, of the U.S. Department of Energy under Contract No. AC03-
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Polarization control with soft x-ray optics?

linear polarizer
. = considerable experimental capabilities
phase retarder (e.g., ‘4-wave plate)
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Qverview of talk:
O  simple physics underlying soft x-ray polarization phenomena presented here
O  theoretical examples of what ideal total reflection and multilayer mirrors can do
O  early experimental results of soft x-ray phase retardation with multilayers

O  summary and prospects for future



6C1

Polarization dependence of Thompson (charge) scattering

provides basis for polarization control with optics.

ﬁ
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Total reflection mirrors

offer little promise as phase retarders in soft x-ray.
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Multilayer mirrors provide increased reflectance,

and additional phase retardation effects.

J.B. Kortright and J.H. Underwood, NIM, A29], 272 (1990)
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Measurement of phase retardation of transmission sample

uses two linear polarizers.

collaborators M Yamamoto, M. Yanagihara, H. Kimura and T. Namioka
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Conclusions from first transmission multilayer phase retarder measurements

O  Calculations predict larger phase retardation for transmission than for reflection.

O  Free-standing transmission multilayers can be made, but are not perfect.

T = 25

O  Measured 50° retardation, compared to 75° predicted for ideal structure.

- O Further study warranted.
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Other considerations of transmission multilayer phase retarders

O  Modulation of polarization is possible (e.g., left < right).

O  Multilayer phase retarders are chromatic.

Tuhability of order of multilayer bandwidth (1 - 10%)
© Difficulties obtaining significant retardation to éhorter A:
- optical constants oc A2, less contrast

- multilayers are less ideal as d decreases (d = A/2sin(45°))

©  Durability of free-standing transmission structures
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Summary and future directions: Optics offer significant capabilities

Optical elements
O  linear polarizers exist
O linear phase retarders with significant retardation appear feasible

=  can think of extending traditional optical techniques into EUV/soft x-ray

Applications
O  analyze polarization state of synchrotron beam, or signal from sample

O  generate beams with specific polarization properties of use in experimentation

BEND MAGNET - comoed _fiueen /wwr
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CHEMISTRY, CHEMICAL PHYSICS, AND BIOCHEMISTRY

Patricia Ann Snyder

A source of modulated circularly polarized synchrotron radiation is needed in
a number of areas of research in chemistry and biochemistry. In general,
these types of experiments entail the measurement of small differences in
large numbers with the result that modulation techniques are necessary
unless the signal is unusually large. To date, there have been two approaches
to synchrotron radiation research that requires variable polarization. The
first is to convert the linear polarization of synchrotron radiation to
modulated circular polarization through the use of a modulated quarter wave
retarder.! (Beamline and monochromator design are important for obtaining
linear polarization.) This approach (pioneered by P.A. Snyder) has been used
very successfully to study natural and magnetic circular dichroism with
synchrotron radiation.1-6 It is a modification of methods pioneered by
workers using conventional sources in the vacuum ultraviolet;7-15 however,
the use of synchrotron radiation allows measurements to be made to higher
energies and with better resolution. Since the initial measurements, a
number of other investigations have used this approach with synchrotron
radiation,16-23 but. were limited to wavelengths longer than 125 nm because
the quarter wave modulator is constructed of calcium fluoride.

The second approach is to use out-of-plane polarization of synchrotron
radiation. As you go out of plane, the radiation becomes elliptically and then
circularly polarized. Unfortunately, as you go out of plane, the intensity
decreases, and large horizontal acceptances are needed for the
monochromator. (Fifty milliradians has been used.) In addition, the ability
to modulate becomes more difficult. However, this method has the
advantage that it is not limited by the transmission of calcium fluoride. It has
been used successfully by Heinzman et al. for spin-resolved photoelectron
studies,?425 but an attempt to use it for natural circular dichroism
measurements in the vacuum ultraviolet region was unsuccessful.26
Recently, however, the use of this approach was demonstrated for
photoelectron studies of carbon monoxide adsorbed on a Pd (111) surface.?’
The signal was predicted and observed to be relatively large.

A source of modulated circularly polarized radiation at high energies
could be used for development of the following areas of research in
chemistry, chemical physics, and biochemistry:

1. Magnetic circular dichroism measurements
a. Study of electronic structure

b. Study of interactions
c. Magnetic circular dichroism near absorption edges
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Analytical uses

Comparison with theory

Perhaps information about predissociation

Understanding photochemistry

Studies of electronic structure changes as one goes from gas, to matrix,
to solid

@ e A

2. Natural circular dichroism measurements

Study of electronic structure
Conformational information

Kinetic studies _

Comparison with theory

Two-photon circular dichroism

Circular dichroism near absorption edges
Interactions between molecules

R ™0 an o

3. Circular intensity differential scattering (structural information on chiral
objects)

4. Fluorescence circular dichroism measurements

a. Interactions
b. Fluorescence of metal in a chiral environment

5. Linear and circular differential imaging (microscopic image without
staining or destructive treatments)

6. Stereochemical photosynthesis.

At this time, my particular interests are circular intensity differential
scattering (CIDS) experiments and magnetic and natural circular dichroism
measurements near absorption edges. The CIDS measurements are being
made in conjunction with M. Maestre and C. Bustamante, pioneers in CIDS
measurements in the visible region.28 In fact, we will be carrying out
feasibility experiments at the Synchrotron Radiation Center, University of
Wisconsin-Madison, using my vacuum chamber, electronics, and
computerized data collection system for vacuum ultraviolet magnetic and
natural circular dichroism measurements. A CIDS attachment that fits into
my vacuum chamber with a computer-controlled photomultiplier will be
supplied by Dr. Maestre. In March 1991, CIDS feasibility experiments were
carried out at Aladdin by M. Maestre, E. Rowe, R. Hansen, and P. Snyder. The
results of these experiments will be presented by M. Maestre at this workshop
(Applications of Circularly Polarized Photons at the ALS with a Bend Magnet
Source).

The investigation of natural and magnetic circular dichroism
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measurements in energy ranges not previously available will allow
comparison of experiment with theory and allow investigation of electronic
structure in a totally different way. Clearly, the statements that certain effects
in the lower energy range are due to higher energy transitions will finally be
tested. Some investigators have already carried out exploratory circular
dichroism (or optical rotation) measurements.29-37 It is clear that the
opportunities for investigations with modulated circularly polarized light at
high energles are indeed exciting.
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Complete Polarization Studies of Light Scattering
by Particles Near Wavelength Size:
Theory, Model Calculations, and Experiments

W. M. McClain
Wayne State University, Detroit, Michigan, 48202

Orientationally random ensembles of particles larger than several tenths of
a wave in size alter the polarization of scattered light in a way that is never seen
in small particle scattering. The multipole expansion of all electromagnetic
properties about a single point within the particle fails to account for observed

phenomena in such large particles; in particular, the Mueller scattering matrix [1]

elements M,,, M,,, M,,, and their transposes are always predicted by multipole

expansion theories to be exactly zero, even when very high multipoles are
included. But in reality, these properties are nonzero and easily measureable for
particles near wavelength size; they may be 25% or more of M, ,, the total
scattered intensity. Their measurement involves the use of both circularly and

diagonally polarized photons.

The mechanism by which these elements achieve nonzero values is revealed
by a dipole array model of the particle. A particle of any shape is modeled as a
lattice of point polarizabilities filling the volume of the particle. The
polarizability on each lattice point responds only as a dipole to the total local
electric field (the sum of the incident wave plus the dipole fields of all the other
points in the array). When the radiation at the detector is summed up over all the
points of the array, the particle as a whole emits its scattered light by means of
electric and magnetic dipoles, quadrupoles, octupoles, etc., up to multipoles so
high they have no names.

The key thing in modeling M,,, M,,, M,,,
the retarded part of the dipole-dipole interaction in the model. The dipole-
dipole interaction appears most simply in the formula

and their transposes is to include
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where E; ~ is the electric field in direction i at point (a) due to oscillating

(ab)

e . b) . .. . . . . .
polarization P 1'( ) in direction j at point (b), and where T, i is the interaction

tensor, given by [2]

-3
Tii (ab)=(r (ab)) exp[i k r(ab)]x

[(1— i kr'®) (3u,.(ab)u;ab)— 5. j.)+(k r“""’)z(ai .- uf.""”uf.""”)] .

(ab) . . . . ab) . .
Here 7 is the distance between lattice points a and b, and u®) is a unit

vector pointing from a toward b, and k is 2x divided by wavelength A. The
static part is obtained by setting k = 0; the "retarded” part is everything else; it
accounts properly for delays in the interactions caused by the finite speed of light.

The main point here is that even the static part of 7, j =) is incapable of
producing nonzero orientation averaged values in M,,, M,;, M,,, and their
transposes; only the retarded part is effective. We therefore call these six
Mueller elements the "retardation elements"”.

After averaging over all orientations of the model particle, the Mueller
scattering matrix may be expanded in powers of wavelength A and particle
diameter d [3] . The asymptotic behavior at long wavelength is given by

1 1 (d/l)4 (d/ ]
IEEEH 1 (D (di

orientation '14 (d/ 1)4 (di ))4 ] (dy 1)5

L (d/A (dr D CI R

(M)
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Two facts are immediately apparent from this result. First, the retardation
elements are hypersensitive to particle diameter, going like d*4 or d°; and second,
their intensity goes like the eighth or ninth power of 1/A . This is why these
Mueller elements are never observable when (d/A) is near 1073, as for molecules
of normal size scattering visible light. Even for protein molecules scattering UV
light, this ratio is no more than 102, Clearly, if these effects are ever to be seen
in molecules of ordinary size, or even in enzymes, it must be with synchrotron
wavelengths.

A third important fact has emerged from modeling studies [4]: The
dependence of the retardation elements on scattering angle is hypersensitive to
particle shape as well as to particle size. Here we begin to envision scattering of
ALS wavelengths by enzymes in order to follow very subtle shape changes as a
function of time, upon introduction of a substrate or prosthetic molecule into an
aqueous solution of enzyme. Such studies would be complementary to NMR
studies of these systems, since the NMR responds to very local interactions, while
retarded scattering studies would respond best to overall shape changes.

We have constructed an instrument to measure the whole Mueller
scattering matrix as a function of scattering angle; the light source is a He-Ne
laser, and there are two rotatable retardation plates in the incidence arm and a
similar pair in the detection arm. These four rotatable retardation plates (with
two positions each) provide sixteen different polarization experiments at each
scattering angle.

A similar experiment could be set up using synchrotron radiation if we had
available an undulator with complete polarization control, as described at this
conference by K. J. Kim [5], and the retarder plates described by J. B. Kortright
[6]. It is not necessary that such elements be perfect; imperfect elements are just
as useful as perfect ones, provided we know the Stokes parameters of the
undulator light and the Mueller matrices of retarders.

Fig. 1 shows our measured Mueller matrix for tobacco mosaic virus
(TMV) suspended in water. TMYV is a rigid rod 3000 A long and 180 A in
diameter. The light is 6328 A in air, or 4758 A in water, so the maximum d/A is
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about 3000 / 4758 = 0.63. Each virus consists of thousands of identical proteins
stacked helically around an RNA core, and much care has been taken to assure
that we have only whole, unbroken viruses in our sample. The water is
conductivity water, to minimize virus aggregation, and the concentration of virus
is as low as possible, about 2x1012 particles per cm3.

The dipole Mueller elements (11, 12, 21, 22, 33, and 44) of Fig. 1 show
roughly the expected uninteresting behaviour. The nondipole lements 34 and 43
are easily measureable and do not at all resemble the sin2(6) longwave angular
behaviour of this element, indicating that we are well out of the longwave
asymptotic regime. But it is in the helicity quadrants (upper right and lower left
quadrants) that we find the most interesting feature. Three of the helicity
elements in each quadrant show nothing, but elements 23 (in the upper helicity
quadrant) and 32 (in the lower helicity quadrant) are quite definitely nonzero.
These signals may be due to the helical character of this virus. Note in particular

that elements 14 and 41, often measured as helicity indicators, are useless in this
case.

At the concentration we used, each 300 nm rod virus has on average an 800
nm cube to itself. This weakens, but probably does not entirely prevent, nematic
alignment of the viruses. Fluctuating alignment domains may be the reason we
see so much noise in the forward part of the 23 and 32 curves. We know that
the retardation elements are also hypersensitive to partial alignment of
particles [7].

Crude models (50 subunits or fewer) give crude fits to the general shape of
all the dipole elements and of 23 and 34 and their transposes. But the weakness
of 13 is not predicted, and we have no explanation for it as of now. More
elaborate modeling is under way. .

These results show interesting new phenomena are to be seen in elements of
the Mueller matrix that have so far been little exploited. It should be possible to
extend these experiments into the size range of proteins using the polarization
modulated undulator and the shortwave retarders described at this conference.
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*Lawrence Berkeley Laboratory, Berkeley
tChemistry Dept., University of Oregon
SChemistry Dept., Florida Atlantic University
#Synchrotron Radiation Center (SRC), Wisconsin

Summary

We propose the use of recently developed techniques of circular intensity
differential scattering (CIDS), as extended to the soft x-ray region of the
spectrum (16 to 500 eV), to study the higher-order organization of the
eukaryotic chromosome. CIDS is the difference in scattering power of an
object when illuminated by right circularly polarized electromagnetic
radiation versus left circularly polarized electromagnetic radiation of arbitrary
wavelength. CIDS has been shown to be a very sensitive measure of the
helical organization of the scattering object, e.g., the eukaryotic chromosome.
Preliminary results of measurements of samples of bacteriophages and
octopus sperm done at SRC show the technique to be very sensitive to the
dimensional parameters of the particles interrogated by circularly polarized
light.

I. CIDS studies at shorter wavelengths (200 to 392 eV). The scaling
law for CIDS.

We have performed a series of computations to estimate the feasibility of
detecting CIDS in the soft x-ray region. This requires a knowledge of the
‘magnitudes of the atomic polarizability at these high frequencies as well as
their intrinsic anisotropies. The latter are not known because systematic
studies of polarized x-ray diffraction using synchrotron sources have started
only recently (Templeton & Templeton, 1982).

The strategy in these computations has been as follows:

1) Assume that the intrinsic atomic polarizability is perfectly spherically
symmetric, allow polarizable groups to couple to each other to generate
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some degree of anisotropy, and then proceed to calculate the CIDS for
randomly oriented scatterers.

2) Carry out a series of computations assuming some degree of anisotropy to
establish the minimum anisotropy in the atomic polarizability required to
observe the CIDS signal.

In all the cases studied, we found that scheme (1) gives CIDS values much too

small to be measured with the polarization methods used at present. Thus,

intergroup coupling mechanisms are not enough to generate the necessary
anisotropy to yield CIDS values in the region of 100 eV or at higher energies.

To carry out strategy (2), we have chosen a very simplified model for
performing the computations. The chiral scatterer is modeled as a
hypothetical carbon helix formed by arranging carbon atoms in a chiral
fashion. In the computations, the pitch, radius, number of groups per turn
and number of turns of the helix are variable, as are the polarizability
anisotropies. The wavelength of the incident light was chosen to be 31.6 A.
This choice corresponds to the desire for using wavelengths between the
oxygen absorption K-edge (24 A, 511 eV) and the carbon K-edge (434, 280 eV),
corresponding also to the spectral window in which x-ray absorption by water
is minimal. The computations have been carried out within the first Born
approximation for an ensemble of helical scatterers randomly oriented in a
medium. Given the crudeness of the model, no attempt has been made to
take into account the scattering background of the suspending solvent,
although, because of its non-chiral structure, such background is expected to
subtract away in calculating the CIDS ratio of the two incident circular
polarizations. At x-ray frequencies, the electrons involved in the scattering
process are the single-atomic-core electrons, whose binding energies are high
enough to interact with the high-energy photons.- The polarizabilities for the
carbon atoms were calculated from the formula:

2.2
a= f1 +ify)
4n2mc?

where A and ¢ are the wavelength and the speed of light in vacuum,
respectively, e and m are the charge and mass of the electrons, and f; and f; are
the atomic scattering factors (Henke et al., 1982). We have found that the
maximum CIDS depends strongly on the polarizability anisotropy according
to:

CIDS a (polarizability anisotropy)*
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where | is the scaling parameter. Figure I(a) shows this behavior obtained
through computer simulations for a collection of randomly oriented helices
with a pitch of 31.6 A and a radius of 20 A. These dimensions were chosen so
as to maximize the CIDS values. The curves correspond to different numbers
of helical turns but the same values for pitch and radius. Notice that, in
general, the magnitude of the signal increases with increasing value of the
polarizability anisotropy as well with the number of turns in the helix. The

value of p for these computer simulations was 2. The area inscribed in the
inner quadrant corresponds to the range of polarizability anisotropies too

small to render the measurement of CIDS feasible. Notice that for A = 31.6 A
(40 eV), measurable values of CIDS (greater than 10-4) can be obtained only for
atomic polarizabilities above 1/1000, i.e., for cases in which the values of the
polarizabilities along the axes differ by at least one part per thousand. These
anisotropies, while certainly common in the visible range of the spectrum
involving the outer electronic shells, are unlikely in the soft x-ray regions.

The meaning of the scaling relationship is that the exponent p is quite
independent of the details of the calculation such as the number of turns of

the helices. More importantly, | is also independent of the pitch and the
radius of the helix as long as the ratio of these helical parameters to the
wavelength of light is maintained, i.e., as long as they are scaled
proportionately. This is depicted in Figure 1(b), where a plot similar to that of

Fig. 1(a) is shown for A = 252 A (49 eV), P =252 A, and R = 140 A. Notice that
again the slope is independent of the number of turns of the helices and, in
all cases, is also equal to 2. Here it is seen that values of anisotropies greater
or equal to 1% are necessary to detect CIDS signals. At these intermediate
energies, however, these anisotropies are not so unlikely, and the detection of
optical activity effects might be possible. Figure 2 shows an example of CIDS
patterns calculated for carbon helices at an incident wavelength of 31.6 A.

The two patterns are mirror images of each other and correspond to the two
enantiomers of the model. The polarizabilities had a geometrical anisotropy
of 6%, well above that needed for detection.

II. CIDS measurements in the 3000 to 2000 A wavelength region of
bacteriophages, sperm cells, and polystryrene spheres at the
Synchrotron Radiation Center, Wisconsin.

CIDS measurements of the following samples—extended to the UV region—
were carried out using the Aluminum Seya monochromator at the SRC :

1) T4 and T7 bacteriophages, particles approximately 800 A and 500 A in
diameter.
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2) The helical sperm of the Mediterranean octopus Eledone cirrhosa, a
structure that has a lefthanded helical superstructure with a pitch of about

0.65 my and a length of about 43 my.

3) Polystyrene spheres 5.85, 0.45, and 0.19 my in diameter.

The results showed that both the Eledone cirrhosa and the T7 bacteriophage
had differential scattering structure that varied with wavelength in the 3000
to 2000 A range. T4 phage showed little change in its CIDS. Unexpectedly, the
most structure was shown by the differential scattering of the polystyrene

spheres. As shown in the three graphs of the CIDS of 0.45-mp-diameter
spheres, the scattering lobes are rich in structure (both positive and negative
lobes) and show a strong dependence on the ratio of wavelength to the
diameter of the sphere. At present, there is no theoretical explanation for this
surprising behavior of the CIDS signal when the measurements are done at
wavelengths of dimensions corresponding to those of the scattering object.

II1. Conclusions

The differential scattering of circularly polarized and linearly polarized light
can occur at any wavelength. No absorption bands or edges are required. In
particular, the angular dependence of CIDS provides structural information
about chiral organization. Experimental results for this new method have
been obtained on bacteriophages, helical sperm cells from an octopus,
cholesteric liquid crystals, and spinach chloroplasts. Recent measurements in
the UV region of the spectrum have indicated the extreme sensitivity of the
measurement to dimensional parameters not necessarily reflecting helical
organization.
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Figure Legends

Figure 1(a): Log-log plots of maximum CIDS (scattering angle = 180 degrees)
vs. polarizability anisotropy. Each line corresponds to a different number of
helicgl turns with all other variables constant. The incident wavelength is
31.6 A. '

Figure 1(b): Log-log plots of the maximum CIDS at (scattering angle = 180
degrees) with incident wavelength of 252 A.

Figure 2: Calculated CIDS for a suspension of hypothetical carbon helices

illuminated with circularly polarized radiation of A = 31.6 A. The mirror
image curves are produced by identical structures but with opposite
handedness. The helix pitch is 31.6 A (solid line, righthanded).

Figure 3: Plot of the CIDS signal (1 volt = 27% differential scattering) of

0.45-mp-diameter spheres as a function of the scattering angle 0 degrees
corresponding to the forward direction of scattering, i.e., parallel to the light
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beam. This scattering plot was measured at a wavelength of 2300 A.

Figure 4: CIDS of the above 0.45-mu spheres, measured at 2267.8 A. The
differential scattering envelope is showing positive scattering lobes. By the
time that the wavelength reaches 2210 A, the pattern inverts and becomes
wholly positive.

Figure 5: CIDS of 0.45-my-diameter spheres at A = 2210 A. The differential
scattering pattern is positive, and the number of lobes has been reduced. The
critical wavelength at which the CIDS pattern was mostly symmetrical about
the zero line was determined to be at 2267.8 A, approximately half the
nominal size of the diameter of the sphere.
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Simple Physics behind Magneto-Optics in the Soft X-Ray Regime

E.A. Stern

University of Washington
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Magnetism Studies with the ALS

E.A. Stern

Using circularly polarized radiation opens the possibility of studying magnetism in
ferri- and ferromagnetic materials. The exciting aspect of using the ALS is that one can
study the local magnetic properties in disordered and complicated materials. The
information that can be obtained from such measurements is the exchange and open-orbit
interaction in the empty states above the Fermi energy. The ability to obtain information
on these states is due to the fact that the initial state is a core level with well known
properties; thus, the experimental result depends only on the final-state properties, which
can be inferred from the measurement.

The element specificity of this information is a strength of the ALS that permits the
study of disordered materials with many types of atoms. Such detailed studies will
provide experimental evidence to help in understanding the fundamental properties of

disordered and surface magnets and to test theoretical calculations.
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Using Photons to Determine the Electronic Structure of Oxide Supeconductors

A. Zettl

Lawrence Berkeley Laboratory
and
Physics Department, University of California, Berkeley
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Superconductors and the ALS.
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EXPERIMENTAL RESULTS ¢

FLUA QUANT\ZATION: G = 28

SHAPIRO STEPS: cg_ = 2&

= We HAVE A
PAIRING MECHANISM
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WHAT ABOUT BINDING ENERGY OF

ELECTRON PAIRS?

BCS THEORY PREDICTS

BINDING ENERGY (=2A) = 3.5kp T.
T — N\  e—

(EncRGY GAP CONSTANT

IN DENSITY OF STATES)

HOW CAN ONE NEASURE 2A°?
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ENERGY GAP |N ExXCQATION SPECTRUM

W "
NORMAL.

DENSITY oOF
STATE S

24 SUPERCONQUCnM(,-

DENSITY OF
STATE S
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METHODS TO DETERMINE. 24

1= A=3-$'l<872/ To = 100K
= A x 3SmeV

= 290 cm”'  (FIR)

CAN USE (FCR CONVENTIOMAL SC%)

1) FIR. ARSORPT\ON)

2) TUNNE LIMG- SPECTRESCOPY

3) SPeEcCiFc aepc-

4) W TRASONIC ATTE NUATION

5) PROTOEMISSION ¢
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Single Crystals — YBa,Cu,O,

40x lens (.25 mm) 7/28/87 CK

195



Usual Results

2

y
i

]
i

Q\\
N
SN

N\

N
Y

Band structure of Bi,Sr,CaCu,O, determined by the angle-resolved
photoemission withhw =18 eV (circles) and 40 eV (squares). Note that
the experimental results with ho = 18 eV are shown only for the I'X
directioninthehigh-binding energy region. Abandstructure calculation
(Katayama-Yoshida et al.) is shown by thin, solid lines for comparison.
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200 meV Resolution

-

Bi2Sr2CaCuz0s : MX

hw=18 eV

Intensity (arb.units)v

——

I

[V DEEUI SHENPUSUE SH S S

7 6 5 4 3 2 1 Ef
Binding energy (eV)

Angle-resolved photoemission spectra of Bi_Sr,CaCu,O,
measured in the direction of I'X usinghw =18 eV. Polar
angle referred to the surface normal is indicated on each
spectrum. (Katayama-Yoshida et al.)
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TO OBSERVE ENEREY GAP STRUCTVRE :
NEED Good KESorum oA 1

™HS STUDY .

AU PHOTOEMISSION (Key=2(-2eV)
O Tey

FESOLLUTION = QA0 wmeV

PNVATERIA L ¢ SINGLE CRYySTA L
Bierz Ca C“z OS_
Te = ¥F¥ &

TEMPERATIRE S - T =(05 I
T=1s k&
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Imer, Petroff, Zettl, et al., PRL

INTENSITY (arb. units)

o ! { R} 1
Jal hv=212ev
e Wy
R Cu Cw
- 15K
bl S
“'IM,'.‘ :
% 1
.(fl ‘~..‘MW1S K T L\
>, gy
Y S1
N.. 105K T>5Tc
[ ) S
S2
+ 1SK
(f,’,.\_ T Tt
~s2
“.. 105K _
( f ’ V. T 27 c
'.M'N".\, . \‘ Cu
. 105K Cw
| 1

1 |
-100-50 E¢ S0 100
ENERGY (meV)

Photoemission spectra of Bi-Sr-Ca-Cu-O samples (S1, S2) in the
normal state [(c) and (e)] and the superconducting state [(b) and (d)].
Reference spectra of Cu [(a) and (f)] recorded under identical
conditions. Note that the 200 meV energy range of these spectra
corresponds to two data points around E, in the wide energy range
spectrum of the preceding figure.



BCS DENSITY of STTES
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FIT:

Convolute DOS
with 20 meV
Gaussian (resol)
and Fermi FN.

User 2A as fitting
parameter.

(arb. unils)

Photoemission
Petroff, Zettl, et al., PRL

INTENSITY

(3)

(b)

(c)

l |
Bi-Sr-Ca-Cu-0
hv=21,2eV

St
¢ 15K
¢ 105K

- B[S
15K

wa Normal
state

105K

|

-100 -5

ENERGY (meV)
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We observed the gap as expected from BCS theory.

However, gap size:

Predicted: | 2A = 3.5 KT,

Measured:| 2A =8 K. T,

The gap size is over twice that expected from
conventional theory.
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ADDITIONAL. PHOTOEMISSION
PosSsS\@luiTiEe s .

.) ANGULAR RESOWVED
CAN PROBE D\FFEREBNT CRYSTA\
DiRECTIONS

2) PHOTON POLARV\ZEATION

SPIN CRBIT CCUPLIN & OTHEA

POLAR\ZATION — DEPENDEN T

EXCIATION | TRAVUSPORY, TRANSMISS/ On
PHENOME A |
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B.O. Wells et al.

i hy = 19 eV ]

=~ /= 20K A -

| /- 50K | | —<upeR -

r | condecning

1 = NORMAL

—:g 1_.Cuwn-0
- | PLANES
4 7
B ;
< -
= _;
| Bio
LAYERS

=3 9.2 - o5 oo
Energy Relative 1c 2. (eV)

=J.4

Photoemission spectra showing the opening of a superconductiong gap along both the I-X and
the I-M directions in k space for the 12-atm-O_-annealed sample.

2A/KBTc Cu-O Planes

2A/K,T_ Bi-O Planes : Larger!
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I ) § I T ] ) | I "l L | ] 1 4 l T
| /= Clean Surface
/ +12A AU A
at
c
= I
Q
O punm
o)
QD
N F
=
g b
(®) .
- 03]
=
-X @- Sr
— @- Cu
! Q- Ca
-0
RUUOR JUUSVEUUM FUUTTTUUN JUUSTTUTEE I JUNT CRUTUTUUY JUTUTUOE DUTOT
-0.4 -0.2 0 0.2 -0.4 -0.2 0 0.2

Energy Reiative to E ¢

Photoemission spectra of the states at the Fermt lev-
el along both lhc I'-X and the I'-M directions before and after
deposition of 7 A of Au. Spectra were taken at 20" K with
19-eV photons and are normalized to incident photon flux. In-
set: A schematic representation of the experiment. The actual
Au overlayer is not continuous but consists mostly of isolated
Au atoms. Arrows indicate the layers from which we believe
each feature originates.
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PHOTOEMISSION INTENSITY v(arbitrary units)

D.S. DE ssaAUu ET.AL,

i I i ] 1 ] i T LI
Ha reduced BixSroCaCuzOg,s (Tc=91K)

— 10K
— 80K
— 100K

b) 15°(£4°) I'-X

BCS
Expected

Y

0.4 0.3 0.2 0.1

.1111L41L111441l111111141!1111 ol 1 1 Lt

-0.4 -0.3 -0.2 -0.1 0.0 0.1

ENERGY RELATIVETO Eg (eV)

ANOMALOUS  SPECTRAL WELGHT
TRANSFER. (NOoR -BCS - Luae)
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in tenéity (au)

energy below E_ (eV)

Photoelectron spectra from Pd(111) for circularly polarized synchrotron
radiation at hv=16eV. The solid line is the photoelectron intensity I at normal
photoemission, which is separated into the partial intensities I, and /. by means of the
spin polarization P {19].
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Symmetry-resolved band mapping of Ir(111)[17) in comparison with the
calculated band structure [36]. The mapping points have been obtained from the spin-
resolved partial photoelectron spectra. Bands with full symbols yield positive polarized-
electrons and correspond to As symmetry, while bands with open symbols (negative
polarization) are characterized by A,.s. The calculated band structure has to be corrected
by a 0.8 eV broader band gap (difference between dashed and full band curves) in order to
map the uppermost band between 15.1 and 16.3 eV photon energy well.

CAN RESOLVE DIEFFER®mNT BANDS
wWwTh  SPId ANALYSLS
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UNVSVUAL PAVR STATES MAY LEAD

T  MANY SURPRISES (A SPIN -
RESOLUGD PHOTOEMISSION .

(NOT YET PERFORMED)

ALS ¢ GOOD SOURCE OF Protods 1

FOR- PHOTOEAISSION (GrCcuLArR PoLar.)

PHOTOEMISSION N SUPERCONDUCTORS ©

NEW FELD (BEXPERWENTAL ¢
THEoRET\CAL) ‘

WNTE - GAP STRUCTVRE. N Couuemmonm;

SUPERCCONDUCTORS HAS NoOT BEEay 1
INVESTIGATED UIA PO EMEsSon
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Magnetic Scattering, Anomalous Dispersion, and Circular Dichroism

M. Blume

Brookhaven National Laboratory
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MAGNETIC SCATTERING, ANOMALOUS DISPERSION,
AND CIRCULAR DICHROISM

M. Blume

Brookhaven National Laboratory
Upton, NY 11973

Circular polarization is of importance in probing properties of matter that are either not
time-reversal invariant (magnetism) or not parity conserving (chirality). This talk
includes a discussion of transmission and small-angle scattering experiments (i.e., those
below a Bragg cutoff that would be appropriate for an ALS bending magnet). Such
experiments include absorption as a function of polarization, change of polarization as a
function of transmission, and small-angle scattering about a surface reflection as a function
of polarization. The latter experiment might be used to study “magnetic roughness” of
surfaces, for example.

Also discussed are the intensity and final polarization of radiation transmitted through
matter with a matrix index of refraction. It is pointed out that there are phenomena in
which rotation of polarization and absorption do not commute. The calculation of the
index of refraction near absorption edges is described, and symmetry arguments are used to
give explicit forms for the indices. These phenomena may also be of use in providing
polarization and analysis for soft x rays.
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LOG(INTENSITY)

X-RAY RESONANT EXCHANGE SCATTERING

M — Edge, (0,0,5/2)
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ENERGY (KeV)
() raw dato + abs.corr colc.
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Hannor, Trammel/l, Blume , G}“S, RL 4_/ J2us (8F).
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Can ALS Photons be Used to Study Fundamental Symmetries in Atomic Physics

E.D. Commins

University of California, Berkeley
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ALS CIRCULARLY POLARIZED PHOTON WORKSHOP JUNE 10-11, 1991

Outline of Lecture by E.D. Commins on the topic:

Can ALS Pl I I iy Fund IS ies in Atomic Physics?

Many persons have asked whether circularly polarized photons in the extreme
ultra-violet and soft X ray regions might usefully be employed to extend the
investigation of parity non-conservation in atoms. This lecture is an attempt to provide
some background information that may help the reader to answer that question.

Parity nonconservation ( the breakdown of mirror symmetry) was first observed
directly in nuclear beta decay and other charged weak interactions in 1957. It came as a
great surprise, and was a momentous event in physics. The knowledge gained from this
and other discoveries ultimately led to a great theoretical advance in the late 1960's -
invention of the Standard Model, in which the weak and electromagnetic interactions
are unified. The creators of the standard model, S. Weinberg, and independently A. Salam,
proposed a class of hitherto undiscovered neutral weak interactions, as part of the new
scheme.

The first neutral weak interactions were observed in 1973. During the ensuing
decade a whole series of dramatic experiments were performed on neutral weak
phenomena to elucidate and verify the predictions of the standard model. These
culminated in direct observations of the "carriers" of the charged and neutral weak
interactions: the massive intermediate vector bosons Wt and Z° respectively.

Among the neutral weak phenomena predicted in the standard model was parity
nonconservation (PNC) in atoms. This arises from the interference between the
electromagnetic interaction (photon exchange) and the neutral weak interaction (Z°
exchange) that couple an atomic valence electron to the nucleus. The first observations of
PNC were made with optical rotation experiments in bismuth (Novosibirsk, 1978).
These were followed soon therafter by other optical rotation observations in lead and
eventually thallium, and by Stark interference experiments in thallium and cesium, at
various laboratories in France, Britain, the USSR, and the USA. These experiments have
all been done with lasers in the visible or near ultraviolet range.

The results of all this work, particularly in cesium, where atomic theory and
experiment have reached the highest state of perfection, are in excellent agreement with
the standard model, which in the meanwhile has been established beyond doubt as the
correct description of "low-energy” neutral weak phenomena.

Although there is no longer any doubt about the standard model, there are still
several good reasons for pursuing PNC experiments, provided that they can be done with
sufficient precision on atoms amenable to unambiguous atomic-theoretical analysis. The

226



point may be made with reference to cesium, where the experimental uncertainty in the
effect is 3%, and the atomic- theoretical uncertainty is 1%. If the combined uncertainty
could be reduced to about .5 %, comparison with predictions of the standard model would
be sensitive to radiative corrections, including several "non-standard" ones indicative of
physics beyond the standard model. Furthermore, while all the first generation
experiments have detected the dominant PNC effect, there are nuclear spin-dependent
contributions beyond the dominant one, including that arising from a nuclear anapole
moment, and this goal, while not of comparable importance to the first one, is certainly
of considerable interest.

To detect the PNC effect, one must observe a forbidden optical transition, in practise
always an M1 transition with amplitude M, which in the presence of an external
electric field also acquires a Stark-induced E1 amplitude Eg. By virtue of parity
violation, the initial and/or final atomic states acquire small admixtures of states of
opposite parity, so that even in the absence of an external E field, there exists in addition
an extremely small parity violating E1 amplitude Epyc. Heavy atoms are favored for
observation because Eppyc scales roughly as Z3. In the cesium and thallium Stark-
interference experiments one observes interference between Eg and Eppc amplitudes
and the experimental outcome is a determination of Epnc/Es. In other experiments,
the quantity of interest is Eppc/M.

Experiments have been proposed and tried in the past with hydrogen and Het+. These
hydrogenic atoms have the special feature that the 22S4,o and 22P 4o states are
nearly degenerate, being separated only by the Lamb shift. Thus, in principle, even
hydrogen, with Z=1, might exhibit an observable PNC effect. The advantage is of course
that hydrogenic wave-functions are known exactly- there is no atomic theoretical
uncertainty. The disadvantage, so far, has been experimental: low signal, high
background, fatally large and complicated systematic errors. One can imagine employing
ALS circularly polarized photons to study parity violating circular dichroism in the
1281 /2 - 2281 /2 transition in hydrogenic ions. This proposal appears at first to have
a number of attractive features. However, it and other proposals for the use of ALS
founder because the intensity per unit bandwidth is about nine orders of magnitude less
than that which can be obtained from a cw dye laser operating at the cesium transition.
Therefore, at present, the answer to the question posed in the title unfortunately appears
to be no.
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CAN ALS PHOTONS BE USED TO STUDY FUNDAMENTAL
SYMMETRIES IN ATOMS?

« PARITY NONCONSERVATION & Z T)
- P,T ODD EFFECTS % C 4)

 VIOLATIONS HERE ARISE FROM BASIC LAGRANGIAN
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BRIEF HISTORY:

GRAVITY
EM
STRONG
WEAK

1957 PARITY VIOLATION IN CHARGED WEAK INTERACTIONS:
NUCLEAR BETA DECAY
MUON DECAY
PION DECAY

1958 V-A LAW

1967-68 STANDARD ELECTROWEAK MODEL

1973 NEUTRAL WEAK CURRENTS FIRST OBSERVED

1973-83 ELUCIDATION OF STANDARD MODEL

1983 OBSERVATION OF W, Z

229



PARITY NONCONSERVATION IN ATOMS- THE MAIN IDEAS

o ah

NeurRaL WeAK

ESSENTIAL FEATURES OF NEUTRAL WEAK AMPLITUDE:
- SHORT RANGE (My = 93 GEV/C?): e at nucleus.

« NEUTRAL WEAK CURRENT-CURRENT INTERACTION
VIOLATES PARITY:

JIN = (Vg + Ag)(VN + Ay) =

VeVN + AeAN + VeAN + AeyN

~N——

Scalar Pseudoscalar
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STREAMLINES OF CONSTANT jg

22pyp + ie 22517
mj = 1/2

Hydrogen
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*Ag VN NUCLEONS ADD COHERENTLY

EFFECTIV:= PSFLINOSCALAR HAMILTONIAN IS:
G
H, = SElye() ysye(r)]- pu(r)-Qu
v
Qw = Z(1 - 4 sin2 dy) -

* MATRIX ELEMENTS OF Hjq:

<Sq/2 | Hy | Pyo> = Z3 (ROUGHLY)

* Vg Ay PROPORTIONAL TO (ODD) NUCLEON SPIN
EFFECTIVE PSEUDOSCALAR HAMILTONIA@

<Sl/2| H, | P1/2> _1- 4 Sinzew

~ ~102 to 10°3
S H, P> Z to 10
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THERE EXISTS ANOTHER EFFECT WITH SAME SIGNATURE AS,
Hs ... BUT 5 TO 10 X LARGER! |

PARITY VIOLATION IN NUCLEUS
(W,Z EXCHANGE BETWEEN NUCLEONS —

AXIAL VECTOR POTENTIAL GENERATED BY NUCLEUS
WITH SPIN | # 0.

\{\ =al %3(@ a = "ANAPOLE MoMENT "
oI = coust- f«‘ A AT

‘-/’o = UNPERTURBED NUCLEON WAVE-FUNCTION

ATOMIC ELECTRON INTERACTS WITH A IN NORMAL WAY:

DIRAC EQUATION:
H = oi.(,g- 3.6) + w Xy

2COMPONENTREDUCTION — 0~ .6 0 o
0 Jet R
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How To OBSERVE Pwe !

+ OPTICAL ROTATION EXPERIMENTS

BISMUTH
NOVOSIBIRSK 1978
MOSCOW
OXFORD
SEATTLE

LEAD
SEATTLE

« STARK INTERFERENCE EXPERIMENTS
CESIUM
ENS (PARIS)

JILA, BOULDER <

THALLIUM

BERKELEY
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PNC - HOW TO OBSERVE?

INABSENCEOFPNC H= HcouLomB
(MIRROR SYMMETRIC)

7S Ta
' L__F’za
653,
t24
6S l {
F=3

CESIUM (Z=55,N=78)

« WITHOUT PNC 539 nm TRANSITION IS PURE M1

* WITH PNC, 6S, 7S STATES HAVE SMALL ADMIXTURE OF

nP1/2

* TRANSITION AMPLITUDE (539 nm) - M1 + Ep

« IN EXTERNAL E FIELD —» M1 + Ep + ESTARK

- OBSERVE INTERFERENCE BETWEEN Ep, ESTARK:

REQUIRES SPECIAL ARRANGEMENT OF E,B FIELDS, POLARIZATION OF LIGHT
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INTERFEROMETER

MIRROR
\

FOCUSING

ppihiyg

i

DETECTOR

i
mi
=}

LASER BEAM
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STARK INTERFERENCE RESULTS  CESIUM

BOULDER M.C.NOECKERETAL PHYSREVLETT
61,310,1988

F=4 - F'=3 Im Ep/B = -1.639(47)(08) mV/cm
F=3 —» F'=4 Im Ep/Bp = -1.513(49)(08) mV/cm

Av Im Ep/B = -1.576(34) mV/cm
Difference .126(68) mV/cm
THUS:
ANAPOLE + Hp CONTRIB: K= 0.72(39)

KTHEO = -30 - .38
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= 2 HYDROGEN

ADVANTAGES © - H{DROGEW  (FAsSY To eAmumr;)
* SMALL ENERGY DENCHINATOR
DISADYANTAGES: SMAw E N
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SVSTEMATIC ERRON
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HYDROGENIC  IONS |

"Z; IS = 2€ CIRC.
PHoTON ENERGY DICHROISM
| | o . < e,\/ 4.0&.(0’4
_S

3 2.60 eV 2.6 10
e lcdo eV % 4. 105
IS 2340 eV 4.5. 16~
20 4160 eV _2.940-e
295 8500 eV | 2.1 .15°%

30 93¢0 eV 1.6 1075
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REACTION SIN2 oy REL. WT.  q2 (GeV/c)2

il
I PNC in Cs .219 + .007 t@ .06 5x10°6
vpe—-vye 223 + .018 + .002 16 4 x 1072
VuP = vy P 210 + .033 .06
SLAC POL e7/D 221 + .015 + .013 .08 7
pN .25 + .08 .01 90

DEEP INELASTIC
vN .233 + .003 +.005 1 102

W,Z PRODUCTION @ 75 104

=™ Now MUceHd BETTER
C L.EP>
ALL DATA .230 + .0048

- RADIATIVE CORRECTIONS MUST BE INCLUDED TO REACH
PRESENT GOOD CONSISTENCY (THE STANDARD MODEL WORKS!)

- THE RANGE OF q21S ABOUT 109

SIGNIFICANT
GF g o K ’

£
E‘STERK KZ E

- DEEP INELASTIC v N DATA IS STATISTICALLY MOST
Pl
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THE BOTTOM LINE:

INTENSITY OF CIRCULARLY POLARIZED PHOTONS IN
BANDWIDTH OF ATOMIC TRANSITION:

A.L.S. ~ 108 . 109
CW DYE LASER 107-10
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Possible P,T Violations in High-T Superconductors

R.B. Laughlin

Stanford University
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Magnetic Absorption and Bragg Scattering of Circularly Polarized “Hard”
X-Rays in Ferro(i)magnetic Materials

G. Schiitz

Technische Universitit Miinchen
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THE , INCLINED VIEW " - METHOD
The source of circularly p%Z_. X-rays :

left circ.pol

plane
,ln. pol

«——— Ring

\ n'g/z't circ.pol.

DORISTT storage ring 356V, 100mA

. . aldeal
% 1.0 17 o real
€
E s s
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3 (/]
& o} : Iph~404 Ph/s.ev
1.0 -~ .
- | IRI~ 0.8 E,-8ke\
= 05
,0'.‘41.‘4‘.f‘,;l.1ﬂ..‘5
0 a1 a2 Yimrad)
2 ¢ 6 mm  in25m distarce

from the Source
po/nt
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. Basic” Queslion:

Existence of a spir-deperdent  part
of the photoabsorplion Cockfrciens

as M : Mo T fMe 2222
I, 'Pr/}zC/'/z/e of _measurement

[in the lransmissiorn mode ]

h—d — , R>0
p ubapap.af

o o G =

—_a3ad

P40
e o RPN

'l9 \Mvm\/\,wr\,\_ﬁ\,\ﬂb
-y e -

(arget

the C MXD -sigrzal
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= Two bearm” lLransmission mocde :

performec(
gt HASYLAD, inciclent [T, ,T,7] and

' transmutted intensities
[To, I,] 7’0)‘ two fielcl

lonization Chambers recs.

, Monochro Io‘ I; Ioz IZ
DORIS P
Ring -
B=
cl/recé/orm B am‘( 65 (-, 9
Left- ‘and right N o |
cu-cu,la/’[)/ pol ML sample ; |
-t
xS Ptle 20at re[erence

measured

Value: e . 0 (Lo/T)" - 0n (T,/1) 4
Mo O (LI +en (T,/I,)" R
4
p~+02 d@g"e@ 0/ C//C‘
G.Schate et al. palarization
PRL 5% ¥3¥(198%)
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PRINCIPLES OF MEASUREMENTS

—» Fluorescence  detection

perform ed
al DARES BURY

Measured value , Flypping ratw” B is

. - Fyped
L -L . du M
L +1 M Mo
2 means parellel (+) arc anrtparalle!

orierntation of protor-Spin and o7
of magretic electrores i tre Sample

[SP Collins et al.
|J. Phys. Cond. Mat.1,323 (1989)
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—» Transmussion m@t’%‘od

in the o
Lenergy dispersive
mocde;

. 4

'(Electromcsg_ =

! (=

. o

‘ 3

c

Fast £

memories o~
Ny

Eiomputcr/ Storagej

Schematic layout
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. LS AN Energyv-Dispersive
D«‘Chr Olsr!} Spectrometer.

. T

F. Baudelet etal.
PRB, 1990 i press

Measured velue (/b¢+ - ) x
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Experiments performed eaf HASYLAB

_c/rcuZaréy pdlar/'zecz X-ray avarlable ”
an energy range |E, = 5...30 KeV|

K-edges L-edges M edges

Z=21 Sc K 4.5 KeV Z>51 SbL; 44KeV |Z2>82 UM,; 4.3 KeV

1. 5p-Elem. 5{-Elem.
4p-Elem. 2 |
4d-Eleﬁ1. 3.

Sp-Elem. 5{-Elem.

Z=51 Sb K 30.5 KeV
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' Ty pical reswlls:
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1.0 f
& 1089,
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0.0} 1 eal [-edges i/,
40 0 10 20 30 much ldfgC’f
R AL
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2 1 1

1
-10 0 .10 20 30

266



T/‘LeOry O/[_S;o/h- depend.ent
absorption

o electronic Structure describeqd
via WKKR method = band structure

* Spin-orbit coupling + magnetizaton

are leken into

acccunt by the Dirac

equation  for Spin-dependent potential

] COI’ZI‘I@CZ./.O/? Of nu R wirlh 6f€€/2/a,ch/'o,?
methoel ( for alloy, impuritres ...)

o Absorption process in the S/by/e
_partical moclel

M W ~ Z P 1 H'$31F

ﬁ

Féepreser ¢ af/bn

the final statles
by Greerns furcton

- -2

K
relativistsre /0/‘/9;

of frt0lcr -electron
mnteractsys

Ax

® EJ terms Incluclec] by glomic Hartree
Fock-calculations with relativistic correctiprn s

for refererz ces see:

> P Durham ,The el Structure of
Complex System * (Plenurm Press.N.Y)

¥ H.Ebert ot al- Z.Fhys 8B73,67(71988)
™ PStrange etal . J. Phys. Cond. Mok,

2959 (19%a)
> B zarra, m. Altarelli PRLGY 1286 (90)

~» R.0.Cowan *The Thearl of Atomuc Spec.

(Univ. ofcalif. Press Berkeley, 1981)
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..in many cases well wrder-
stoocl from theory

_ —_—
':‘3' H.E.ct ac 7988

: Z.Prys. B42 2744
2 H.Eberl et al.

& 10 (voll relat/vistisch)
%’ 05 PCarra et .

1 0.0

- Absorption
S—‘ -y

L,
HE. et auggo; ' ' H.E.R Zeller ==
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% 145 294419 /3o)~
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° S |
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priv. Mitt. 1 ]

“e 1 1 [\ [
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The origin of Sprr-dependent
absorption carn be wrderstood

by the ¢ection of a _,;,_0/}2_7)0[ arrzeq
protoelectiron after absopption

of a ,c__/_/;gg_=lcg__r=z_z_,ﬁol [oR0Lor 172 @K

a/Z/QOZCZ/'/Zéc/ al om/c core Jz‘czée

fora flee _atom the photoelectron
polanza tion R can easily
be calculaled

Absorption tran-
edge Sition /Oe
K 15 — P £ +001 | only
wectkly

L, 28 —p -01.-02 -

| _ -0 [ ared
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Lq 2py, 0 +0.25 | dependent
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—$ " S'I-m/jll.f/‘ed “ theory
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M~ Myt g (E) ]
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Theoretical dernsit y Measare';/ P-L g
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- Spie palarizatiorn _of .
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Theoretlsche Aspekte.
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Photoemission with Circularly Polarized Synchrotron Radiation from Magnetic
and Non-Magnetic Solids

J. Kirschner

Freie Unive}sitﬁt Berlin
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Spin-Resolved Electron Spectroscopy

J. Kirschner

Freie Universitat Berlin, Institut fur Experimentalphysik
Arnimallee 14
1000 Berlin 33, Germany

The information contained in the electron spin, being a vectorial quantity, strongly
complements traditional electron scattering or electron emission techniques. In this
talk, I will focus on angle-resolved photoemission from surfaces and thin films—
both magnetic and nonmagnetic. Spin-polarized electrons from nonmagnetic
materials are observed by using circularly polarized UV or soft x-ray photons, where
the spin polarization comes about by spin-orbit coupling in the initial and/or final
states. Examples of this effect may be found in heavy materials (e.g., Pt) as well as in
light elements (e.g., Cu). The polarization analysis yields information on the
relativistic symmetry properties of the wave functions in the near-surface region
and their hybridization properties.

In ferromagnetic materials, the spin-polarization is determined by the exchange
splitting of otherwise degenerate bands. Hence, the polarization analysis of
photoelectrons provides detailed information on the spin character of the bands. As
an example, we studied the magnetic properties and the electronic structure of thin
epitaxial cobalt films on Cu(00I).

The growth was studied by means of electron diffraction, Auger spectroscopy,
and scanning tunneling microscopy. Cobalt grew in the layer-by-layer mode, with
the lateral lattice constant determined by the copper substrate in the face-centered
tetragonal crystal structure. The tetragonal distortion was perpendicular to the
surface and amounted to a few percent as determined by LEED studies.

The electronic structure was studied by means of spin-polarized photoemission
using circularly polarized synchrotron radiation. In the first few monolayers, there
is a transition between two- and three-dimensional electronic structure, which is
almost completeély established at a thickness of SML. Spin-resolved bands were
mapped out and compared to fully relativistic theoretical calculations. The use of
circularly polarized light permits the observation of spin-orbit coupling effects in the
valence band of cobalt as well as of the substrate.

The coupling of cobalt double layers with a copper intermediate layer was studied
as a function of the thickness of the interlayer and the thickness of the top-layer
cobalt. We observed ferromagnetic/antiferromagnetic oscillatory exchange coupling
with a rather short period (3 to 4 ML Cu). These data were obtained by the magneto-
optic Kerr effect as well as by a new effect, termed “magnetic dichroism in
photoemission,” which owes its existence to an interference between spin-orbit and
exchange interaction in the occupied (or unoccupied) electronic states. The
extension of these studies into the soft x-ray regime, i.e., the emission from core
levels, is briefly discussed.
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Why Circular Polarized Bending Magnet Radiation

1)

2)

3)

MCD in photoemission: Determination of magnetic moments on atomic scale
(from core levels) — element-specific
— ferro -- ferri-magnets binary antiferromagnets

— surface-sensitive

valence bands: — exp. analysis of double-group symmetries of wave
(non-magnetic; spin- functions
polarization analysis) — analysis of hybradiation of wave functions

— measurement of spin-orbig interaction

MCD in valence band photoemission from ferromagnets:
(inteference of spin - orbit and exchange interaction)
— detailed information on spin-orbit relativistic bandstructure

~ imaging of magnetic surface domains in photoemission microscope
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"matrix element effects” in spinpolarized photoemission
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Applications of Polarized X-Ray Absorption to the Study of Highly Correlated
Systems |

G.A. Sawatzky

University of Groningen
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G.A. Sawatzky

Laboratory of Applied and Solid State Physics
Materials Science Centre

University of Groningen

Nijenborgh 18

9747 AG Groningen

The Netherlands

Highly correlated systems containing transition metal (TM) and/or rare earth
(RE) ions with open “core-like” valence electron states play an extremely
important role in a wide variety of optical, electronic, magnetic, magneto-
optical, and catalytic applications and are also important in biology. A basic
understanding of the relationship between the properties and the chemical
composition, electronic structure, and atomic structure is of utmost
importance in the search for new materials with exceptional properties.
Obviously, this understanding is far from complete since we are continually
being surprised by reports of new, sometimes impossible (according to
traditional knowledge) properties.

The modern developments in surface and thin-film science add a new
dimension to materials preparation and modifications, which I am sure will
again surprise us with discoveries of exotic properties.

Synchrotron radiation will play an even more dominating role in the study
of such materials. Core-level x-ray absorption-edge structures involving the
core-like open-shell valence shells can, if carried out at high resolution,
provide a detailed fingerprint of the atomic and near-ground-state electronic
structure. Utilizing linear and circular polarization, x-ray absorption provides
direct information on the local point group symmetry, the local magnetic
moment, and the crystal field splittings as well as their temperature
dependence when combined with the now-available renormalized atom
calculations. Of great importance is the fact that this information is site-
specific and can be obtained for every TM or RE element in the material.

Actually, this is also a surprise. Who would have thought that a
spectroscopic technique at an energy of KeV’s and a resolution of 0.2 eV
would be capable of obtaining information on a milli-electron-volt scale—for
example, the temperature- and field-dependence of the local magnetic
moment of an atom absorbed on a magnetic material?
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X-ray absorption spectroscopy can be either bulk- or surface-sensitive,
depending on the type of detection used. A coverage of 0.1 monolayer can
easily be studied. New developments will make measurements at high fields
and low temperatures possible and will also provide detailed information on
paramagnetic systems.

The ALS source, with its high brightness, combined with state-of-the-art

monochromators.can play a leading role in developing this wide field of
applications and answering extremely interesting basic-science questions.
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10Dq ranges from 0.0 (bottom) to 2.4 eV.
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de Groot et al. Fig. 7
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de Groot et al. Fig. 9

Lrke ?karc 2 Lnaar.

intensity

relative

453 458 463 46
Energy (eV)

JanB 1590 | BG 4228 | de Groot 19140

351



p - Polarization

§ = 90°

—

CaF, (111)

Surface

Surface (Csv)

( normalized to maximum )

Buk (O,)

Caiculated Ca 2p absorption

s - Polarization

Surface (CMJ:

345 347 349 351 353
Photon energy (eV)

352

ﬁhmﬁel
el el
/M,n&kv
43, 4877
/787!

Hf\-‘tt‘\



ABSORPTION INTENSITY O3 + O-

MCD INTENSITY O3 - O-

100

a
O

(o))
O

H
o

N
O

@)

-10

-15

-20

(a)

%, /z.
!

——MEASUREMENT
= CALCULATION

FE= 251 > onbinal mam
f‘&&fﬁgﬁ& s/
b V' CheneTal PR ‘

NICKEL Lz 3 EDGES —

—— MEASUREMENT
— CALCULATION

1 | !

850

870
PHOTON ENERGY (eV)

353

890



Q0 edoe 717 3dedse E
| .SP"H fmpg ’ 52 ’n oré«'[))/oﬁ
- A) 5J-T a/ iraunc/ S‘/c.!/; (/(’dreear._/'é.r)

-~

- (v SZaZ /eZJ < N/
Y / /01/71(777) [/01)5—7

= (V‘ S’Za.[ ’
/ /00:/’) o e Y /77/)74[;/

q—

= Suvkce ren:ZAVG_

flove delail //o /21. dep.

354



” P me’
7 n Icnera[ . 7}[ [D(I>_—>3J§[["III)
/77«»7)/ 5'/-&/:.‘: 042‘4 Sars? & T’ (anfez‘s-t)

2
J | r, ¢e) tps 2
U4 / = C
NV (ﬂ p _”,) <« T 1 e“Ntas D)
Q e I o2
/7°lqralf‘ trTon il -3 xay

7/

We Ca /m’Z‘ reso/ve var iowus /7

e. 2 5/’1-,./:" ;L - &7-
R i r. I\ 2
: -/;Sdrm,r,ﬂ, = £ (ﬂm_”,)K T

3/‘ s//n,éo[ . /7*1»1"/7,=0 I;f’-e/—i‘/
. e /ov 2 /)o[ 17220 [7=2/7

2 ﬂo[

! 2 2
z>'=(f7;f7);< u - >
rx -

z'n /77¢Ih¢[ie /l'e[_c/
1T -7
Bollrrrarn fee lov e §<e /kr" e /5

e
e - j/qc/#//éf /s r‘ec/ucec/ [en?ﬁ.

J /7
/omZzZ-m/fcn Z = 2 e /‘: scnhll Tt o]

723 sinhl Yae)

355



«r[roni Corre/a//an ée/:.)eeﬁ

We can vesolve ad Nol' d/7f

-y

:‘L' ro ¢ F Je Groog f[es,‘s /(/(7'/77QX en

for /'G_ :—J [c‘no‘f;‘a[ S‘/:c/pe)

m - o + |
- O, o 0
o Je o
‘ J 2Tl
t | (Te3)(T+1) (2Te3)(Tt
O Zavc( esz /ar
<

/dlﬁ vare earZ‘As

[arjc I aS

356



Z/'heak /Jo[ = </727
Cr)/s'Ze[ /'e[JS a/ [auer /44h

Cué/d J‘/r’h/neZV caa Lo .S/"a/'e_s]

/74-( -7

A[so Jfao// Anz; erra/najhe[s.'

C/‘rcu/ac»/aoz L </7>,
/;(a ”ajne/}c pc'c/rof:nv

Zera/or anz(} erro /7'7¢jnef

357



”ajﬂe‘f/'c 0/'4/1«'0/‘& /77

3f

Exa}n‘)/a[e }/5 \‘/‘n 0rc/¢—'r(d (7—< 7;, Zv)
Js3/y Ma7 allpaed - 7%13(I= ?/1)

+ /5,
d ? —-*—f’lg
fs;,\

T O 2p0l ( feaiie 77)
/oo /[“1' e
/1500eV (AE~p.5f
J{ //x\:- AHIJ;{ fm» z/voL nol alloed
onb et E v °
WA S fe D el astowed
i
[T-= /3
5 [ * 5’/1. T
/ — "', a °
LA f,//:#,. ~f00K + BmeY ~ T, .,
::t: +"/a J,

Al >> J

Reules i JThole/ul PR/ 87 1o (172S5)

GOCJé‘w[) fzes.'s No')'lhe om (/f&’f.)
Cavra e/l PRL (1?50)
'Z/'ncarﬁd( ]0"— </727 [ anfc:/erré‘- Y

Cl'rcwld‘cw/:a[ ]D’L /177 [/(rrc c‘“;/evra' ]
[XAS rs Surface sensc/ rve !‘.j ,

358



Yb*

¢ magnetic field

]'J
-
hade Sl

fo o=

o =

,&

e G

e = o

v

o o=~

I.I*‘l.l o= =
<

o == of
- -

huls i

1

=

b oo o

o -

- T.I.A

IIJ

W

J3’'=5/2

772

q

.EEI-
:w N

359



Sacchi et al. (LURE)
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The linear polarization dependence of the M, edge of Dy for
a 0.1 ML Dy/Si (111) interface at 50 K (a) is compared with
model calculations based on the C_, (b) and magnetic (c)
induced splittings. T, is always optimized at o. = 10°.
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edge at o = 10° (a) is compared to the C_, and H model
calculations.
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Phys. Rev. Lett. 55, 2086 (1985)
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MXD SPECTRA OF Tb IRON GARNET

Tb,Fe0p,
50K

ABSORPTION

ENERGY (V)

Experimental M, absorption spectraof Th,Fe O, ,at 50K for
various values for the angle between the x-ray polarization
vector and the [111] direction of magnetization. The solid
curves are theoretical fits with a 0.4-eV FWHM Gaussian
and a 0.3-eV FWHM Lorentzian broadening.
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Vander Laan et al.
Phys. Rev. B

AN OF
LY.
AN
\ PV,
AN—

o™
% B
N
' <
L
S
-
.
o
- =li

%

B
«®q
L <

4

Ansuaiug




/901. ,Oe/o

é_f_f__ff_r A </717 g CV/J[&I///:’CZJ /otoeu»
Chan codbi e

- An!;/erramaj ne/;'.rf‘h
/Crsm 7— Jep jez CV/J[d.//,'e[J

ovr e€xc¢ lak:i 4 5'/.7/.',//7'7-5'

_(./'V‘ch{al—— £ 7> /7(4"6(7 /7747ne/:‘¢

/“;rro - /:erri - :g' ‘rea L/L . '\i
Anliferro v H2 Ihll.(o/o . A
( r a/é[/) en@enee — J:xd.)

(./pamnve;/;e./;z fons rh H )
/-?0 7‘416‘ Jc/?ara./;/zz /ar €a¢/) e/emenz‘"

fur/ecejéa//r AN era,Zfakz
face [bull o -
67 é(ea/ron) /O/o/;n) com /,eZJ -

368



Examﬂ/f.? ol Felwre [nfere.sZ‘

/) Tﬂana/ Raxe Earllé 4‘/77/.74”-:'_/.‘:'(.:‘ A o1 Serm‘conJ.J

Z;)S-/, /776[&[5 ""10641 /90:‘)1./ jroa/o J‘//nlne/r//
- j /ac[or.s

= Cr)/s Za.[/ieg .S‘/)Z/i-fh

/)/74 zn - /oo f/:w’rx

- Fondo raAZenv [ obal /4/ ens
Jo docal’momen T</ J
(.Z C[a rrn /7/7/17’414 ’rs A’oHC/o /cc ¢~ Au No/ f-(

XY neav)(/er/n ‘on ve/ehce [uafuaflam)
I'4

]

2) /7ac‘ne/:c ma/’r.a/.sv
S - </‘7>(7'/7‘) /ora.lll:

- :[41 e[d-f Ans ,Zm
- Q@ b 7«[ on/nbu/rohbs /0//

42‘/77/0r[¢»7 or Aargrnvafne/s as well
asS recor h&—-
- 00 Az c’s Aave & /ccaz ?
/7a ne Zc 1170/n enl on C‘a/oh .
an 8¢ ara/e/ e/eririine
Canfn wlrons’ Jo X a[So f‘e

Va#n V(ecé /‘U’ZI

369



3. Scvdaces - Aloris on Scerfaces
( lor melals /741;,://’ Local
72701menld U PN @ ree afo:w

alwa S /77&//':/:'_5 ( anc/.s rule)
Jur/aec ? L{f y > “(6«44

We,% < L‘/éuz&. )
= Céar 4 /;fans,/er }4/0
o'r s

tonle rnsétlda

- [Tl /i Za/ Ers

370



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720



