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Since the advent of high brilliance synchrotron radiation sources, mag-
netic X-ray diffraction has become a standard microscopic probe for the in-
vestigation of magnetic structures, magnetic phase transitions and magnetic
disorder phenomena. Modern experiments highlight the complementarity of
this new probe to the standard neutron diffraction technique by taking ad-
vantage of the high momentum space resolution, the element sensitivity, the
possibility to separate spin- and orbital contributions etc. In this paper we
present selected experiments performed at HASYLAB which exemplify the
present possibilities of resonant and non-resonant magnetic X-ray diffraction.

PACS numbers: 75.25.-}-z, 75.40.—s

1. Introduction

Most of our present knowledge of the atomic structure of condensed matter
results from X-ray diffraction studies, which probe the interaction of the electric
field with the electric charge of the electron. However, since X-rays represent an
electromagnetic radiation and since in magnetic materials some electrons carry a
magnetic moment due to spin- and angular momentum, we naturally would ex-
pect a magnetic interaction in addition to the pure charge interaction. Even so
this interaction was well established in theory [1] since Klein-Nishina in 1929, the
first magnetic diffraction effect was demonstrated only in 1972 by de Bergevin and
Brunel [2] with a commercial X-ray tube. The same authors gave a classical pic-
ture of the interaction process, deduced the detailed polarization dependence and
presented measurements on ferromagnetic compounds in a subsequent paper [3].
However, since the magnetic interaction gives just a relativistic correction to the
cross-section, the amplitudes of magnetic diffraction are down by approximately
three orders of magnitude as compared to charge scattering, resulting in an inten-
sity ratio of about 10 -6 . Therefore magnetic X-ray scattering was considered an
exotic topic until the experiments on Ho by Gibbs et al. [4], which took advantage
of the high brilliance of a synchrotron radiation X-ray source thus compensating
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by a high photon flux at the sample position for the weak magnetic scattered in-
tensities. The polarization properties and the tunability of synchrotron radiation
offered new perspectives for magnetic X-ray investigations. This was again demon-
strated on Ho [5] by an attempt to separate spin- and angular momentum with
polarization analysis and by the observation of a resonance enhancement of the
magnetic signal at the absorption edges.

Nowadays, synchrotron radiation techniques for the study of properties of
magnetic materials are well established. Very widespread is the application of in-
coherent probes which measure a macroscopic ensemble average of local magnetic
properties. Among these we mention Kerr microscopy, measurements of the Fara-
day effect and the linear or circular X-ray magnetic dichroism. The Kerr- and
Faraday effect measure the rotation of the plane of polarization of an electro-
magnetic wave as it is reflected from or transmitted through a magnetic material,
respectively. Magnetic circular dichroism describes the difference in the absorption
of right- and left circularly polarized X-rays by magnetic materials. It measures
essentially the same quantities as the Kerr- and Faraday effect, namely the or-
bital and spin contributions to the magnetic moments with element and certain
site characteristics. Kerr microscopy and X-ray topography are used for magnetic
domain imaging. Absorption techniques become local microscopic probes when
the spin resolved X-ray absorption fine structure is observed. In analogy to classi-
cal EXAFS experiments, such measurements provide information about the local
environment, but are explicitly sensitive to the magnetic neighbours only. True
microscopic spatial resolution is obtained with the coherent probes, namely mag-
netic X-ray diffraction (as well non-resonant as resonant exchange scattering) and
nuclear resonant scattering. Magnetic scattering provides a wealth of information
on magnetic correlation lengths, the local magnetic moments and environment, the
magnetic structure and phase transitions. Magnetic reflectivity is the correspond-
ing probe for the investigation of magnetic thin films. Nuclear resonant scattering
yields information on hyperfine fields and might eventually become important for
the measurement of magnetic excitations. Resonant diffraction and absorption
techniques are intimately related by the optical theorem, which states that the at-
tenuation coefficient is proportional to the imaginary part of the forward scattering
amplitude. In this sense, diffraction experiments comprise absorption techniques,
but in addition they provide true atomic resolution. In this impressive list of
synchrotron radiation techniques we want to finally mention magnetic Compton
scattering for the determination of the spin resolved electron momentum density
and angular- and spin resolved photoemission, which gives the spin-resolved band
structure.

Many of these topics are discussed in detail in a recent textbook [6]. In
what follows we will concentrate on magnetic X-ray diffraction. We will introduce
some basic concepts of non-resonant and resonant diffraction in Sec. 2 and present
results of non-resonant diffraction at high photon energies in Sec. 3. Examples of
resonance exchange scattering experiments performed at HASYLAB are given in
Sec. 4. A summary of some important features of magnetic X-ray scattering is
given in Sec. 5.
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2. The cross-section for magnetic X-ray diffraction

The cross-section for non-resonant magnetic X-ray scattering has been dis-
cussed in various approximations by several authors. Here we follow a presentation
given by Blume [7] and Blume and Gibbs [8] based on a non-relativistic treatment
in second-order perturbation theory. At moderately high X-ray energies, the elas-
tic cross-section for scattering of photons with incident polarization e into a state
of final polarization e can be written as

Here re = e2/mc2 = 2.818 fm denotes the classical electron radius, a c =
h/mc = 2.426 pm — the Compton length of an electron. The scattering ampli-
tudes (fc ) and (fm) are given as matrices which describe the polarization depen-
dencies of charge and magnetic scattering, respectively. Here we discuss the case
of linear polarization, described by unit vectors perpendicular to the wave vectors
of incident and scattered photons, k and k'. σ-polarization corresponds to the ba-
sis vector perpendicular to the scattering plane, π-polarization corresponds to the
vectors in the k, k' plane. The basis vectors for the components of the magnetic
moment of the sample and for the polarization states are defined as follows:

Here Si = SE(Q) and Li = L=(Q) (i = 1, 2, 3) denote the components of the
Fourier transform of the magnetization density due to the spin and orbital angular
momentum, respectively. p(Q) denotes the Fourier transform of the electronic
charge density distribution.

As can be seen from Eq. (1), magnetic scattering is a relativistic correc-
tion to charge scattering. For coherent elastic Bragg scattering, the ratio between
the magnetic and the charge amplitude is determined by the momentum transfer
and therefore we have written the pre-factor for the magnetic amplitude in the
cross-section (1) as γc/d which emphasises that for a given Bragg reflection the
ratio between magnetic and charge scattering is virtually independent of photon
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energy, at least to within the approximations leading to (1). Equation (1) contains
three terms: pure Thomson scattering, purely magnetic scattering and an inter-
ference term. The latter becomes important if charge- and magnetic scattering
occur at the same position in reciprocal space, which is the case for ferromagnets.
Equations (3) and (4) show that magnetic scattering can be discriminated from
charge scattering by a polarization analysis experiment, where the off-diagonal
terms σ -> a' or π -> v' are being measured, Finally, Eq. (3) shows that the spin
and orbital contributions have different angular- and polarization dependencies
and can therefore be distinguished in principle.

For what follows it is of interest to examine the high energy limit of the
purely magnetic diffraction cross-section. In this limit, the cross-section becomes
virtually independent of polarization and is sensitive only to the component of the
Fourier transform of the spin density distribution perpendicular to the scattering
plane

Thus at high photon energies around 100 keV, the pure spin density distribu-
tion becomes accessible without polarization analysis, while in neutron diffraction
always the sum L + 2S is being measured.

If the X-ray energy is tuned to the absorption edge of magnetic elements,
resonance phenomena occur due to second-order perturbation theory [9]. Electric
multipole (predominantly dipole and quadrupole) operators induce virtual tran-
sitions between core levels and unoccupied states above the Fermi energy. These
processes become sensitive to the magnetic state due to the difference in occupa-
tion of minority and majority bands leading to resonant exchange scattering [10]
as illustrated schematically in Fig. 1. Intensity gain factors of typically 50 are ob-
tained for the lanthanide LII and LIII edges. At the Mw edge of actinides this
intensity gain can be as high as seven orders of magnitude [11]. Resonant diffrac-
tion should allow a spectroscopy of the electronic states above the Fermi edge and
renders magnetic diffraction sensitive to the magnetic species.

Close to the absorption edges, an energy dependent amplitude has to be
added to the expression (1) for the scattering cross-section. In dipole approxima-
tion. this amplitude reads

fo is independent of the magnetic state (i.e. the conventional anomalous charge
scattering), while fcirc and flin are the amplitudes connected for the special case of
forward scattering with circular and linear dichroism, respectively. All three ampli-
tudes have different polarization properties. fcirc depends linear on the magnetic
moment m, while depends quadratic on m. Therefore for antiferromagnets
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Fig. 1. Schematic diagram illustrating the effect of resonance exchange scattering at a
lanthanide L111 absorption edge. The sensitivity to the magnetic state results from the
exchange splitting of the 4f and the conduction band.

only f c i rc gives a contribution at positions in reciprocal space separated from the
main charge reflections by the magnetic propagation vector. Finally, for a simple
one level excitation, the energy dependence of the amplitudes is contained in the
oscillator strength s

Here w denotes the photon energy, tyres — the position of the absorption
edge and F — the resonance width. The phenomenological parameter am gives
a measure for the amplitude of the resonance and stands for the product of the
transition matrix elements.

3. High energy non-resonant magnetic X-ray diffraction
Because of the resonance enhancement, most magnetic X-ray diffraction

studies nowadays deal with resonant exchange scattering. However, for transition
metal ions, only Kedges lie in the range of hard X-ray wavelengths, where atomic
resolution is achievable. Due to the dipole and quadrupole selection rules and the
small overlap between core 1s-states and the magnetic sensitive 3d or 4p energy
bands, resonance enhancements are negligible at transition metal Kedges and one
is left with neutron- or non-resonant magnetic X-ray scattering. Here we discuss
a new method which might overcome these difficulties, namely the non-resonant
magnetic scattering of very hard X-rays with energies above 80 keV [12-14]. From
(5) it follows that with high energy X-ray diffraction one can determine the spin
density distribution independent of the polarization of the incident beam and with-
out analysis of the final polarization after scattering. While in neutron diffraction
only the total magnetic moment, proportional to the sum L + 2S is accessible,
X-ray diffraction in the conventional energy range requires polarization analysis
to separate the spin momentum S(Q) from the orbital angular momentum den-
sity L(Q).
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Fig. 2. Representative scans of the magnetic 300-reflection of MnF2 at T = 5 K. The
X-ray energy was 80 keV. Part (a) shows a transversal scan, part (b) a longitudinal scan
taken in three-crystal mode with a Si 311 analyser.

Fig. 3. Reduced magnetization versus reduced temperature close to the magnetic phase
transition of MnF2 in a double logarithmic scale. The solid circles are experimental data
points, the line represents a refinement according to (9). The inset shows the temperature
dependence of the intensity of the magnetic 300 reflection in the expanded temperature
range 5 to 80 K.

The additional principal feature of high energy magnetic X-ray diffraction is
the drastic increase in penetration depth. For 3d transition metals, the absorption
length 1/µ increases from some µm at 8 keV to several mm at 80 keV. This leads
to a volume enhancement of the signal which is only partly compensated by the
A 2 term for the reflectivity. Moreover, true bulk properties become accessible, a
point especially important for studies of magnetic disorder phenomena. Neutron
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and photon experiments of bulk properties from the same crystal become possible,
where one advantage of the X-ray study is the high intrinsic resolution of about
10 -3k-1 longitudinal and 2 x 10-4k-1 transversal. For a detailed discussion of
the general aspects of high energy synchrotron radiation experiments we refer to
Schneider [15].

To test the potential of the new method we conducted at HASYLAB and
ESRF experiments on the antiferromagnetic model system MnF2. The X-ray en-
ergy was 80 keV and we used a three-crystal setup with annealed Si 311 crystals
as monochromator and analyser. The scans shown in Fig. 2 demonstrate the high
peak count rate of 12000 counts/second, the good peak-to-background ratio of
230:1 and the excellent Q space resolution obtained for the magnetic 300 Bragg
reflection. By varying the path length of the beam through the crystal, the effect
of volume enhancement of the intensity diffracted by magnetic reflections could be
demonstrated. The Q dependence of the magnetic and charge reflections has been
measured and agrees well with theory. With a rotation around the scattering vec-
tor, the spin component S2 can be made to zero and with it vanishes the magnetic
scattering in full agreement to (5). Figure 3 shows a measurement of the tempera-
ture dependence of the sublattice magnetization. In the critical region close to the
Neel temperature TN , the reduced sublattice magnetization m = M(T)/M(T = 0)
follows very accurately a power law behaviour

as a function of the reduced temperature r = (TN — T)/TN. The value of the
critical exponent is /3 = 0.333(3) with TN = 67.713(2) K.

4. Resonant exchange scattering in transition metal
and lanthanide compounds

As an example of the effect of resonance exchange scattering, we show in
Fig. 4 raw data taken at the W1 beam line at HASYLAB for the LII resonance
of GdS. Due to the high absorption cross-section of Gd for thermal neutrons,
no detailed neutron diffraction studies exist for GdS. With X-rays a comfortable
count rate of about 3000 photons per second was obtained for the 9/2 1/2 1/2
reflection on resonance and we could verify the assumed type II antiferromagnetic
ordering on the fcc lattice. While resonant exchange scattering can in principle
give information about the density of unoccupied states above the Fermi level,
most resonance line shapes can well be approximated with the simple two-level
model of Eq. (8). This is also true for the resonance shown in Fig. 4, where only
a small asymmetry remains after absorption correction.

One of the most structured resonances observed so far occurs at the K-edge
of manganese in the perovskite type compound RbMnF3 [16]. We measured the
integrated intensities of the magnetic 1/2 1/2 5/2 Bragg peak at 20 K well below
the Neel temperature TN = 54.5 K as a function of photon energies in the range 6.5
to 6.65 keV. At the absorption edge of 6.539 keV a small resonance enhancement
by a factor of roughly two was observed. A second resonance follows about 5.5 eV
above the first. Both resonances have a width of 4 eV. As a third feature a much
weaker and broader enhancement occurs about 45 eV above the edge. Possible
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Fig. 4. The resonance enhancement of the magnetic signal at the 9/2 1/2 1/2 super-
structure peak of GdS at the Gd LII edge measured at 4.2 K. The top diagram shows
raw data of rocking curve scans- at various photon energies. The bottom diagram shows
as a function of photon energy the integrated intensities together with the structure of
the absorption edge.

mechanisms for these resonance features are dipolar (1s-4p) and quadrupolar
(1s-3d) transitions followed by a multiple excitation involving both the is and 3p
inner shells.

An application of resonance exchange scattering lies in the investigation of
the critical behaviour at magnetic phase transitions. Here the small cross-section
for magnetic X-ray scattering eliminates extinction effects which can play a role
for the Bragg component. Moreover, the high Q-space resolution permits a better
separation of the critical Bragg- and diffuse component. We have utilized these
features in an investigation of the critical behaviour of the sublattice magnetiza-
tion of the antiferromagnets GdS and EuTe [17]. Due to the spherical symmetric
ground state of the magnetic Eu 2+ or Gd3+ ions, both compounds are expected
to show an exponent ,Q of the sublattice magnetization typical of 3d Heisenberg
systems, i.e. Q = 0.367 (for a definition of ,(3, see (9)). However, both GdS and
EuTe crystallize in a rock salt structure, where the magnetic ions occupy sites on
an fcc lattice, which results in a high degree of frustration in case of antiferromag-
netic couplings. Such highly frustrated antiferromagnets are believed to belong
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Fig. 5. Double logarithmic plot of the square root of the intensity of the magnetic
9/2 1/2 1/2 superstructure peak of EuTe versus reduced temperature as defined in (9).
The data were taken with the X-ray energy tuned to the Eu LII resonance. The inset
shows a measurement over a wider temperature range.

to new universality classes. Indeed, with resonant magnetic X-ray scattering we
found marked deviations from the expected critical exponent for both compounds.
Figure 5 shows the data for EuTe. We were , able to approach the phase transition
at TN = 10.0 K as close as 0.01 K with a stability in the mK range. Our data
clearly indicate a crossover behaviour from a critical exponent ,0 = 0.28(1) ob-
served earlier with neutron diffraction [18] to a much larger exponent a > 0.6 very
close to TN.

5. Summary

The above examples clearly demonstrate that X-ray diffraction from mag-
netic materials has become a microscopic probe of magnetism, complementary
to the traditional probe of neutron scattering. First, it allows the investigation
of strongly neutron-absorbing materials (compare our measurements of GdS and.
EuTe). Second, it stands out by the high momentum-space resolution of typically
10 -4 .-1 , about one to two orders of magnitude better than a standard neutron ex-
periment. This is of advantage for the investigation of incommensurate structures,
magnetic disorder phenomena which involve a broadening of the magnetic Bragg
reflection or critical scattering. In critical scattering investigations of the sublat-
tice magnetization, the magnetic Bragg peak can be well separated from critical
diffuse scattering (see our examples of EuTe and MnF2). For measurements of the
critical diffuse scattering, the high Q-space resolution permits a detailed line shape
analysis and a closer approach of the phase transition. Moreover, due to the high
incident energy the full integration over the energy spectrum of magnetic fluctua-
tions is guaranteed. Third, X-ray diffraction is a perfect tool for the investigation
of near-surface phenomena and ultimately of surface magnetism.

Considering non-resonant and resonant scattering, some specific applications
are opened for each technique. In the case of resonance-exchange scattering, most
evidently the resonance-enhancements at the absorption edges allow the investi-
gation of samples with very small magnetic moments. In principle a "magnetic"
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spectroscopy of the unoccupied levels above the Fermi edge should be possible
(compare our discussion of the results for GdS and RbMnF3). Finally the resonance
effects render magnetic scattering element specific. In alloys and mixed crystals it
is now possible to investigate the magnetic order of the various magnetic elements
separately. The big drawback of resonant scattering is, however, that as for any
second-order perturbation process the scattered intensity is not easily interpretable
in a simple and fundamental quantity such as the magnetic moment. This is one
reason why non-resonant scattering remains essential. It permits the separate de-
termination of the spin- and angular moment contributions to the form factor. The
rich cross-section of non-resonant scattering gives complementary information to
neutron diffraction in the case of complicated magnetic structures. As a special
case of non-resonant scattering we introduced the diffraction of high-energy X-rays
with energies around or above 100 keV. The large penetration power makes this
radiation a true volume probe just like neutron scattering. A simple sample envi-
ronment without specific X-ray transparent windows can be used and X-ray and
neutron diffraction experiments can be performed from the same bulk crystal. A
volume enhancement of the signal is obtained, independent of composition. The
short wavelength and the small cross-section eliminate extinction effects, which
allows precision measurements of structure factors within the first Born approxi-
mation. Finally, the simple form of the cross-section (5) makes possible a mapping
of the spin momentum distribution alone without polarization analysis.
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