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ABSTRACT

The dominant term in the x-ray Compton cress-section of an electron
is the interaction of the photon and the electron's charge. Platzman
and Tsoar many years-ago pointed out that there is also an interaction
between an x-ray and the electron's spin and in principle this inter-
action can give information on the momentum distribution of the unpaired
spin electrons in the solid. Unfortunately the spin sensitive term is
not only small compared to the charge term, but in addition couples to
the photons in first order only with that components of the x-ray beam
that is circularly polarized. A lack of intense sources of circularly
polarized x-rays combined with the relative small size of the spin
sensitive term makes measurements of the momentum distributions of
unpaired spin electrons difficult resulting in little experimental
progress initially made in spin or magnetic Compton scattering.

In the past several years interest in spin sensitive Compton
scattering has been revived due in large part to the availability of
intense beams of high energy photons from synchrotron radiation
sources. The radiation from storage ring sources has well defined
polarization states; highly linearly polarized in the orbital plane and
elliptically polarized above and below the plane of the orbit of the
circulating particles. The high flux and unique polarization properties
of synchrotron radiation sources have greatly facilitated measurements
of the momentum distributions of the unpaired spin electrons in ferro-
magnetic solids. Recent results of the work of several groups will be
presented along with some thoughts on the impact that the next
generation of storage rings, such as the Advanced Photon Source, and
insertion devices specifically designed to produce circularly polarized
x-ray beams will have on the field of magnetic Compton scattering.

*This work supported by the U.S. Department of Energy, BES-Materials
Science, under contract no. W-31-109-ENG-38.
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INTRODUCTION

For over fifty years Compton scattering has been used as a tool in
the study of electronic momentum distributions in condensed systems.
After the initial work by Duraond and Kirkpatrick in the 1930's, however,
there were few significant advances in the experimental technique until
the advent of the high resolution solid state detector (SSD) in the
196O's. SSD's permitted the use of high energy (although low flux)
radioactive gamma sources which markedly improved the quality of the
data and extended the range of sample materials that could be studied.
In the last decade work has proceeded to develop the necessary apparatus
to extend Compton scattering experiments from investigating the momentum
distribution of all the electrons to selectively looking at only the
unpaired spin electrons. To progress further researchers need the mag-
netic Compton scattering equivalent of the SSD. It is my opinion that
the new generation of high energy synchrotron radiation sources to be
built will provide that impetus. The copious quantities of highly
(linearly and circularly) polarized, collimated, short wavelength x-rays
these storage ring sources can provide are precisely what is needed for
progress in this area.

THEORETICAL BACKGROUND

When an incident beam of monochromatic x-rays strikes an atom, some
of the photon's energy can be transferred to an electron. If this elec-
tron were at rest, the energy spread of these inelastically scattered
photons would depend-only on the energy width of the incident beam. In
any real material, however, the electron will not be a rest and the en-
ergy spread of the Compton scattered photons will be Doppler broadened
by the electron's velocity. Hence the line shape of the inelastically
scattered photons, the so-called Compton profile, contains information
on the velocity or momentum distribution of the electrons in the sample.
(A more detailed analysis of the relationship between the shape of the
Compton profile and the momentum distribution of the electrons and the
approximations under which this relationship holds can be found in sev-
eral recent articles.1'2) Utilizing the Born approximation, the
differential cross-section for scattering of x-rays from a single elec-
tron can be written as^:

(1)

where r is the classical radius of the electron, (o-jdup). the incident
(scattered) x-ray frequency, to-wi-u^i a n d S(J<,«) is the generalized scat-
tering factor. S(k_,oi) can be expressed as:

where Mmn are the matrix elements <m|e -*-|n>. In 1970 Platzman and
Tsoar showed that when relat ivis t ic effects are taken into account, Mmn

can be written (to order hw/mc2) as

mn A6mn + ^mcMmn - A6mn + ^mc^'Smn (3a)



where

A - (E^Gg), (3b)
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and c is the electron spin. The first term yields the standard Thompson
cross-section and the second leads to the spin-dependent effects. Two
things are immediately apparent: (1) the magnetic or spin term is scaled
relative to the charge term by the factor (hwj/mc2) and (2) the terms are
out of phase by 90°. The physical origin of these factors comes about
due to the different interactions that are involved in the electronic and
the spin scattering. When eqn. 3a is squared to produce the differential
cross-section; the cross term, i .e . the term linear in the spin, will
vanish unless A has an imaginary component. In this single electron
model, this occurs only if the polarizations are complex; namely circu-
larly polarized x-rays are required to pick up the leading magnetic scat-
tering term. It should be noted that the pure magnetic term, the term
proportional to (_B"_o_) , does not require circularly polarized x-rays to
be observed. However, as shall be seen later this term is very small
compared to the electronic scattering intensity and is not amenable to
the technique that will be employed to isolate the spin from the charge
scattering since i t is an even function of the spin.

The explicit form for the differential cross-section, to first order
in the spin, is given below following the notation of Lipps and Tolhoek.

(1-cos4>) (Ub)

* ( a ) - - (1-coat)o-iKcoat + k

where k,(k2) is the incident (scattered) wavevector, P.(P ) the linear
(circular) degree of polarization and t the scattering angle. The infor-
mation on the momentum distribution are contained in the J^P , ) :

J ± < P J * / / I [n+(p.)±n+(p)]dp dp (5)
z bands y

where nt(g) (n+(g)) is the spin-up (spin-down) momentum distribution.
As can be seen from the above equations, with a typical incident x-ray
energy of tens of kilovolts, the ratio of the spin-to-charge Compton
intensities is only a few percent. This problem is further compounded in
an atom where essentially all the electrons contribute to the charge
scattering but only those unpaired spin electrons participate in the
magnetic scattering. Henue, even in Fe, which is a relatively low z
material with a high moment per atom (2.2 pB)• the spin component of the



Compton profile is less than one percent of the entire profile. From an
experimental viewpoint then, one of the major challenges in measuring
spin dependent Compton profiles is the problem of extracting it from the
much larger electronic component. The most common technique in use is
that of a spin flip method. Data is taken first with the spins aligned
in one direction (spin-up) and then reversed (spin-down). From equations
1 it can be seen that the spin flip will have no effect on the *0 and *^
but will change the sign of the spin dependent term. Subtraction of
spin-up and spin-down data will then eliminate the charge contribution
leaving a remainder proportional to the differences in the spin-up and
spin-down momentum distributions. This spin flipping is achieved by an
application of an external magnetic field on the sample.

Note that a sign reversal can also be produced in the spin dependent
term if the handsdness of circularly polarized radiation is changed.
This technique would also serve as a means to isolate the spin dependent
Compton profile and might be particularly useful for those materials
where it is difficult to reverse the direction of the moment with exter-
nal magnetic fields. One can also get the individual Compton profiles
from subtracting data taken in a spin-up (or spin-down) configuration
from a pure electronic Compton profile of the same material. (A pure
electronic Compton profile can be obtained by orienting the sample so
that the moment is perpendicular to the scattering plane for example.)
Regardless of the technique employed, the key to success of these methods
is large quantitites of circularly polarized x-rays.

SOURCES OF CIRCULARLY POLARIZED X-RAYS

The pioneering experimental measurements of spin dependent momentum
distributions were performed using nuclear oriented radioactive sources.
When sufficiently cooled and placed in an external magnetic field, it is
possible to enhance the probability of those nuclear transitions that
emit circularly polarized gamma rays. Starting initially with "Co
sources (122kev) and later switching to ^ O s (129 kev) sources, Sakai
and coworkers'' have achieved a degree of circular polarization of 0.80
and fluxes of about 10 photons/cm onto the sample; the count rate being
limited by self heating effects of the radioactive source. With these
count rates data collection times of several hundred hours are necessary
in order to collect one magnetic Compton profile.

Needless to say, these studies were extraordinarily difficult and
progress in the area of experimental determined spin dependent Compton
profiles was slow. Clearly if any major inroads were to be made, new
sources of high intensity, circularly polarized x-rays were required.
Fortunately x-rays generated from high energy storage rings have been
able to supply that increased flux. The possibility of exploiting the
unique properties of synchrotron radiation for use in magnetic Compton
scattering studies is still in its infancy. Interestingly enough two
different methods of obtaining circularly polarized radiation has already
been successfully employed to obtain magnetic Compton profiles with
statistical accuracies comparable to (or better) that the original data
taken with gamma ray sources but with measurement times an order of
magnitude less! Figure 1 shows the polarization properties of the radia-
tion emitted from a dipole magnet. On axis, that is in the plane of the
orbiting particle, the radiation intensity is a maximum and the polariza-
tion is nearly completely linear. As one goes above (below) the orbital
plane, the radiation becomes increasingly right hand (left hand) cir-
cular polarized; but with a loss of fluxnas_compared to the on-axis
intensity. Cooper and his colleagues''1 U'1:J working at the Synchrotron
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Degree of circular polarization is plotted as a function of
height above (or below) the orbital plane 30 meters from an APS
band magnet. Also plotted is the height dependence of the flux
normalized to the on-axis flux valve. This has been calculated
at 39 keV, twice the critical energy of the bend magnet radia-
tion. The effects of finite emittance and slit size have been
neglected in these calculations.

Radiation Source (SRS) at Daresbury, UK have exploited this property of
the radiation by arranging their apparatus to see only radiation above
(or below) the orbital plane. Using this "inclined view" geometry they
have collected data on several transitions metal ferromagnets and
recently collected the first directional spin dependent Compton pro-
files. (See section on EXPERIMENTAL DATA for further details). With the
srtS running at 2.5 Gev and 100 ma they obtained, from a high field
superconducting wavelength shifter, an intensity at the sample of 10
photons/cm^ with the degree of circular polarization about 0.80 at 60
kev.

The standard technique for increasing photon flux at storage ring
sources is through the introduction of insertion devices; wigglers or
undulators. Insertion devices are magnetic structures with alternating
magnetic field directions perpendicular to the orbital plane of the part-
icle. As the particle travels through the insertion device it is forced
to oscillate back and forth (The magnetic fields are carefully trimmed so
that the particles net deflection after going thought the device is
zero.) In the case of a wiggler, one can think of each pole as a source
point of radiation, so that if a device has N poles, the photon flux is N
times that of a single dipole source point. Unfortunately these alter-
nating fields, the very origin of the increased flux, destroy the circu-
lar polarization above and below the orbital plane. Because they produce
alternately righthand and lefthand polarization above the orbital plane,
the resulting off-axis radiation from wigglers is almost totally unpolar-
ized. However, one can make use of the ample quantity of linear polar-
ized x-ray3 by conversion of the linearly polarized..radiation to circular
polarized radiation via x-ray phase plates. Mills has successfully
produced circularly polarized x-ray3 at HO kev with a degree of circular



polar iza t ion between 0.40 and 0.70 with an x-ray phase plate and used
these x-rays to collect spin dependent Compton profi les of the t rans i t ion
ferromagnets (Fe, Co, and Ni) and Gd. This data was collected at the
Cornell High Energy Synchrotron Source (CHESS) on a dipole source (5.5
Gev and 25 ma) with an incident beam in tens i ty of greater than 10'
photons/cm .

EXPERIMENTAL SET-UP

The general experimental set-up is shown in Figure 2. As can be
seen from equations 1 for a given incident x-ray energy, the spin
contribution to the cross-section is maximized in a back scattering geo-
metry with the spin direction parallel to the incident beam. (See Fig.
3) An electro-magnet is used to align and reverse the spins in the
sample. Deponding on the details of the experiment, either a reflection
or transmission geometry can be used.

To date-all.magnetic Compton scattering profiles have been collected
with energy dispersive solid state detectors due to the dearth of magnet-
ically scattered photons. This has necessarily resulted in experimental
data being of 'modest' momentum resolution; typically 0.7 to 0.9 a.u.
(Recall that Compton profiles are generally only several au's wide!).
With current detector technology, improvements in momentum resolution
will be difficult to achieve unless large increases in the flux of cir-
cularly polarized x-rays can be made available so that SSD's can be re-
placed with energy dispersive crystal analyzers.

Remotely .
Controlable

Power Supply

Source of Circularly
Polarized X-rays

Ge Solid
State Detector

Fig. 2 Schematic of the experimental layout for magnetic Compton
scattering. Shown here is a reflectance geometry (entrance and
exit beam on same side of sample); however, in some instances a
transmission geometry (entrance and exit beams on different
sides of the sample) is more advantageous.
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The magnetic-to-electronic cross section ratio for a single
electron plotted as a function of scattering angle <f for several
different apin orientations i>. The spin is assumed to lie in
the scattering plane, i(/-0 is along the incident beam direc-
tion. These were calculated for an incident x-ray energy of 40
keV. The ratio scales directly with the photon energy.

EXPERIMENTAL DATA

Because of the experimental difficulties involved, to date mag-
netic Compton scattering experiments have been limited systems of
relatively high magnetic moments per atom and lo,' atomic numbers, i.e.

F e 7,8,9,i2,13> C o 12,,3> jji
 1 2 and MnFegOj, 8, w.th the single exception

being gadolinium. A representative sampling of that data is shown in
Figs. 4, 5 and 6. All data from the pure ferromagnetic transition metals
show a dip in the momentum distribution about pz-0; a manifestation of
the relative abundance of the negative spin density far from the atomic
core location. This dip has been also been predicted from theoretical
studies '^ and the source of this reverse magnetization has been asso-
ciated with the sp electrons. In the calculations for Fe, where a major-
ity of the theoretical work has been carried out, the negative spin com-
ponents Is consistently underestimated. Some recent work by Cooper and
colleagues'0 have indicated where the discrepancy between the measure-
ments and the calculations may lie. They have recorded, for the first
time, directional Compton profiles and have been able to compare them
directly with calculations, identifying the crystal orientations where
the major differences appear. (See Fig. 6).

In an attempt to contrast the difference in the profiles between
intinerate and localized spin electrons, Sakai and Sekizawa have mea-
sured the spin dependent Compton profiles of Fe and ferrimagnetic Mn
ferrite. Contrary to what might be expected in a ferrimagnetic insu-
lator, they found that Mn ferrite also displayed the characteristic dip
about pz-0 normally associated the the itinerate nature of the unpaired
spin electrons. They have conjectured that this may be due to different
momentum distributions of the 3p and ila electrons between Mn+^ and F e " .
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Fig. 4 Fe, Co and Ni magnetic
Compton profiles col-
lected using circular
polarized synchrotron
radiation producted with
an x-ray phase plate.
The solid lines in the Fe
and Ni plots are theo-
retical calculations by
Wakoh and Kuba and
Rennert et al respec-
tively. Data accumu-
lation time for the Fe
profile was 14 hours.
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Fig. 5 Magnetic Compton profile of M-nFegO^
collected using a radioactive
'91(33 source. The solid line is the
experimental data after a smoothing
routine had been applied. Data accumu-
lation time was 333 hours.
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Fig. 6 Directional magnetic Compton profiles
for Fe taken with off-axis synchrotron
radiation. The solid line is an APW
calculation10 convoluted with the ex-
perimental resolution function. Data
collection time for each profile as
about 20 hours.

Preliminary investigations into the spin Compton profile of Gd, a
rare earth ferromagnet with atomic-like magnetism, has indicated that '
the dip about the origin is absent in this material; showing infact that
a l l spin-dependent Compton profiles don't look alike.

FUTURE DIRECTIONS

Unless more potent sources of circularly polarized x-rays become
available so that detailed and systematic studies of materials can be
undertaken, magnetic Compton scattering experiments will soon be re-
legated to that class of experiments which I call proof of principle;
i.e. interesting from a experimental viewpoint but of little use to the
better understanding of the physical properties of the sample. 1 believe



that storage ring sources can provide that increase in flux required to
take this technique from a proof of principle status to a useful and
incisive tool for the study of the momentum distributions of the unpaired
spin electrons in condensed matter systems. The next generation of
synchrotron radiation sources, the Advanced Photon Source (APS) to be
built at Argonne and the European Synchrotron Radiation Facility (ESRF)
being built at Grenoble, are high energy storage ring3 (6-7 Gev) that
have been specifically designed for use with insertion devices. Both
these facts are important to Compton scattering researchers; the high
beam energy meaning increased flux at shorter x-ray wavelengths and the
compatibility with insertion devices meaning the possibility of tailoring
the emitted radiation to the specific needs of the experimenter. Many
advances are being made in the area of exotic insertion devices designed
explicitly for the production of circularly polarized x-rays. Helical1-*
undulators, crossed planar undulators, crossed-retarded field undula-
tors and wigglers ' and asymmetric wigglers have all been proposed for
the production of intense beams of circularly polarized x-radiation. In
the very near future a distorted helix wiggler is to go on the 6 Gev
accumulator ring, TRISTAN, at KEK in Japan for the production of high
fluxes of elliptically polarized x-rays at energies between hO and 60 °
kev. We excitedly await the the results from this new insertion device
design.

The construction of these new storage ring sources has precipitated
a renewed interest in x-ray optics; in particular short wavelength x-ray
optical components. ̂ Many of these novel components can be installed at
currently operating-synchrotron radiation sources. For instance, only
recently has work been done on x-ray phase plates that operate at ener-
gies above 10 kev and this study was one a dipole magnet source which had
a critical energy (half power point) of -10 kev. The transfer of the
same device to the wiggler beamline at CHESS should afford a 50 fold
increase in intensity due to the higher critical energy (29 kev) of the
wiggler. (One of the experimental obstacles of working on these high
field insertion devices is the handling of the power they put out, often
many kilowatts!) Focusing optics can produce considerable increases in
flux on the sample over that of the flat double crystal monochrometers
available on most x-ray beamlines. Here the problem is one of producing
efficient focusing optical components capable of working at U0 kev and
above. An optimized match of the band-pa3s of the monochromator to the
resolution of the detector can significantly Improve the quality of mag-
netic Compton scattering profiles. Given the current energy resolution
of solid state detectors (several hundred ev In the energy region of
interest) experimental momentum resolution Is not compromised if the
bandpass of the monochromated radiation is increased from the current
value of several ev's (typical of perfect single crystal monochromatora)
to that approaching the detector resolution. In thi3 fashion an order of
magnitude increase in flux on the sample realizeable with virtually no
effect on the resultant momentum resolution. To increase the momentum
resolution over what one can obtain with a SSD, dispersive analyzing
crystals are required. Analyzing crystals used in a transmission mode in
conjunction with a 1D detector (film, image plates, wire detectors,
CCD's) can provide momentum resolutions to better that 0.1 au but at an
exorbitant cost in counting rates. The effective operation of x-ray phase
plates, focusing optics, wide band-pass monochromators and analyzing
crystals (or perhaps even combinations of these devices) at short x-ray
wavelengths presents a stimulating challenge to designers of modern x-ray
optical components. Concurrent with improvements in the area of x-ray
production and optical components, advances in semiconductor micro-
fabrication techniques are allowing detectors to be produced with
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resolutions 10 times better that currently available SSD's. The con-
verge of all these technologies, insertion device development, x-ray
optical components, and detector development in the next several years
will most certainly produce new and thought providing studies in the
field of spin-dependent momentum distribution measurements.
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