research papers

The XMaS beamline at ESRF: instrumental a single end station capable of providing a combination of flux and

. . wave vector resolution that would facilitate high-quality diffraction
develOpmentS and hlgh resolution studies of structural and magnetic scattering from single crystals,

diffraction studies whilst also allowing the investigation of multilayers and thin films by
means of grazing-incidence diffraction and reflectometry. In addition,

S. D. Brown, ° L. Bouchenoire, ”° D. Bowyer, ¢ ferromagnets would be studied by the white-beam technique (see

J. Kervin, 2 D. Laundy, M. J. Longfield, ac Collinset al.,, 1992 and Zukowsleét al., 1992 ).

D. Mannix, ° D. F. Paul,”¢ A. Stunault, #¢ The paper is structured as follows. After describing how the

P. Thompson, *° M. J. Cooper, be A Lucas, ¢ and scientific objectives dictated the overall design (section 1.1), the

detailed specification and operation of the beamline is discussed in
sections 1.2 and 1.3. Section 2 deals with later instrumental
developments, which have enhanced the experimental capabilities of
XMaS. Finally, in section 3, examples of recent scientific
investigations are presented: these have been chosen to illustrate the
flexibility of the facility and the quality of the science possible with
the unique combination of instrumentation on XMaS.
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. h 1.1 Scientific objectives of the beamline
Email: csmc@spec.warwick.ac.uk

The strong community interest in actinide magnetism, coupled

) S ) with the phenomena of resonant X-ray scattering (RXMS, see
The beamline, which is situated on a bending magnet at ESRRnnonet al, 1988) dictated that the flux of photons at actinide
comprises a unique combination of instrumentation for hlng_edge energies (~& keV) needed to be optimised. With this in
resolution and magnetic single-crystal diffraction. White-beamind, the beamline was aligned on the “soft” sector of the BM28
operation is possible, as well as focused and unfocusgénding magnet at the ESRF; this gives the emission spectrum a
monochromatic modes. In addition to an eleven-axis Hubgfitical photon energy of ~10 keV. In order to limit attenuation of the
diffractometer, which facilitates simple operation in both vertical angicident X-ray beam at the lowest energies, the number and thickness
horizontal scattering geometries, there is an in-vacuum polarisatign beryllium windows and air paths were minimised. The total
analyser and slit system, mirrors for harmonic rejection, sub 4.2tKickness of Be in the incident beam is 0.85 mm.
and 1 Tesla magnetic field sample environment, plus a diamond The need for tunablity and reproducibility for RXMS studies led
phase plate for polarisation conditioning. The instrumentatiq a double-crystal fixed-exit monochromator design. The complexity
developed specifically for this beamline is described, and its ugea variable-energy sagittally focusing monochromator was rejected

illustrated by recent scientific results. in favour of a flat crystal design with the focusing needed to attain
) ) ) ) ) high flux in a small spot size, provided by a toroidal mirror. The
Keywords: magnetism, diffraction, X-ray instrumentation. toroidal mirror, which is the second optical element, provides 1:1

focusing and is uncooled. The original optical design options were
discussed by Paukt al. (1995). In order to allow studies of
ferromagnets, using circularly polarised radiation, unfocused white
This beamline was originally conceived as a facility for the ukeam is provided for. This facility was exploited at an early stage of
community interested in X-ray diffraction studies, especially dfonstruction (Laundt al., 1998). The diffractometer can be used
magnetic materials (the acronym XMaS Stands){eray Magnetic with focused or unfocused beam, the latter pI‘OVIdIng hlghel‘ wave

Scattering). The objective was to build a simple, robust beamline wig§ctor resolution. Both horizontal and vertical scattering geometries
are readily available.

1. Introduction

Figure 1
The optics of the XMaS beamline. Details as described in the text.
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1.2 Specification of the beamline ~5x10" ps? in a focal spot size of 0.8 mm vertical by 0.3 mm
horizontal The Huber diffractometer provides four-circle capability
The optical elements are as shown in the schematic diagram in Fignlboth vertical and horizontal scattering geometries. The sample
On the XMaS beamline the monochromator is the first opticalrcles are aligned within a sphere error of less thanu@0and the
element. It is situated 24.5 m from the source point and is watefetector circles within 6Qum. The circles are driven though 20:1
cooled. To attain high precision and reproducibility (~0.0001°) theduction gear boxes. The diffractometer is mounted on a table with
goniometer is driven by a DC servo motor; this is essential for theansverse and vertical translations, the latter allowing movement
energy scanning required for RXMS investigations. The first crystaJetween the two incident beam positions.
which is an ESRF design, intercepts the full vertical fan of radiation
and is water-cooled through a series of galleries close to the
diffracting surface and parallel to the beam direction. The second
crystal is kinematically mounted in a crystal “cage” (an in-house
design) and is positioned by three linear actuators which are driven
by encoded stepper motors; this provides a constant exit height.

The Zeiss focusing mirror (length 1200 mm, width 120 mm) was
machined from single crystal silicon to a cylindrical cross section of
radius 116 mm. It is bent pneumatically to a toroidal form of radius
5.5 km and is situated 26 m from the source point to provide 1:1
focusing at the sample position. The mirror is rhodium-coated, and is
set at a grazing incidence angle of 4.5 mrad, leading to an upper
energy cut-off ~15 keV.

The layout of the equipment in the experimental hutch is shown
schematically in Fig. 2. The upper beam pipe carries the focused
monochromatic beam which is inclined at 9 mrad to the horizontal, 2 / 6 8 10 12 14 16
while the lower horizontal beam pipe delivers white or unfocused Pholon Energy (keV)
monochromatic beam. The vessel, which is at 49 m from the source,
contains two mirrors for harmonic rejection (see section 2.1). A
particular feature of the beam delivery system is the modulgigure 3 ) )
assembly of attenuators, beam monitors and in-vacuum slits, situatd@ measured monochromatic flux at the sample posifibepmpared to the

. redicted values (continuous line) for an operating current of 200 mA.
50 m from the source. These modules can be placed in any sequé)nce
and are interchangeable between upper and lower beam paths. The

phase plate assembly (see section 2.2) can be used to manipulate th9\/hen focused monochromatic beam is used the table can also be
polarisgtion of the beam incident upon the sample. It is positio.ngﬂed to 9 mrad in alignment with the incident beam. The detector
'm."?e‘?"ate'y before the te]espopm vacuum flight path, whic rm accommodates a conventional and an evacuable polarisation
mlnlrrr]uses the alré)a}tlh of tfhe |nC|de;]nt beaf“-f d radiati analyser; the latter being described in section 2.3. In addition to a
sarr-ll— Ig ”(‘g;is;:eis S#())(W?] ir:?:r?oc 3r0rr]2?rt]'%"§ggst% oriy'aggﬂ d\?\fidtt fandard sample goniometer te circle can hold a conventional
Th P dp i ) d 9. 5 t with th d" ; 3 flux fi isplex cryostat with base temperature ~10 K and a specially adapted
nese dala are in goo agreemerj W € predicted Tux Tiguigze capable of temperatures below 2 K (see section 2.6); all can be
within the accuracy of the model’s assumptiorsg. for mirror ted on a motorised precision XYZ mount (section 2.5). A 1.6

" o
rqughness. The ac.“‘f'i' flux at t.he sample position dependg on the.lsj la electromagnet can provide fields parallel and perpendicular to
widths used to limit the primary divergence and varies fror{he incident beam (section 2.6)

experiment to experiment. Typically, with full illumination of the
monochromator AE/E varies from $10* at 3 keV to 310* at 15
keV. Thus the maximum flux at the sample position at, say, 10 keV is
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Figure 2
Beam conditioning in the experimental hutch
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1.3 Operation of the beamline 100000

The XMasS facility became available for users in April 1998. The % 30000
ESRF provides approximately 200 days per year of user beam, 4 [ )
mainly in  “continuous” or “2/3rds” fill modes that produce the T
maximum circulating current of 200 mA; in addition 16 bunch = 60000 | ]
(90 mA) and single bunch (10 mA) modes are also available for some § (@)
25% and 10% of the user beamtime, respectively. Beam lifetimes are & 40000 | ]
generally greater than 40 hrs and two refills per day are the norm. 3
Typically the storage ring operates for 6 days per week and most of 3
the investigations on XMas$ require a full 6 day period. Thus, when & 20000 | -
allowance has been made for commissioning, maintenance, repairs =
etc. approximately 30 experiments per year are carried out. The 0 i
majority of experiments (~65%) are performed with focused 2.49 2.50 251

monochromatic radiation on single crystals and exploit the full
angular capabilities of the diffractometer.
Approximately 30% of the experiments use grazing incidence
X-ray diffraction or reflectometry to study multilayers, thin films and 10000

L (rlu) (r.l.u.)

surfaces. Here the capability of the instrument to operate alternately

in vertical and azimuthal scattering geometries with minimal 2 »

downtime is critical. A minority of the beamtime (~5%) uses the ) 8000 | » ¥ .

white beam together with a magnetic field sample environment andit (b)

takes approximately 1 day to switch to this mode of operation. ‘Z 6000 L » ] ]
g ;
— L ]

2. Instrumental developments ?é 4000 > 7
= L ]

2.1 Mirrors for harmonic rejection § 2000 L . % i
= . oo

Initial measurements performed at relatively low energies of the 1.'

uranium M, and My edges (at 3.55keV and 3.73keV, respectively) (1)7 6 ]'7 7 17' 3 17' 9 3.0

proved problematic due to harmonic contamination from the ' ’ ’ ’ '

monochromator, exacerbated by preferential absorption of the Si B (degrees)

(111) reflection in the beryllium windows compared to the (333) angure 4
(444) harmonic reflections. A double mirror harmonic rejectiofthe need for harmonic rejection: In (a) the upper line represents the total
assembly was designed and installed to overcome this problem. ‘Efg@al into the detector when the 0 0 2.5 satellite of kkASe ,is studied at
pyrex mirrors are Pd-coated over half their width to cover the energy28 keV. The lower line is the actual signal when the second crystal of the
range 615 keV, no coating is necessary at lower energies. Th®nochromator is detuned to give some harmonic rejection. The dominant
angular range is-4 mrad. contribution to the total signal still comes from4 _conta_mination. (b) The
Fig. 4 compares the best harmonic rejection that could be achieéi§ energy signal selected by the harmonic rejection mirrors.

by de-tuning the monochromator (upper diagram) and the
performance using the harmonic-rejection mirror assembly (lower i 1
diagram). The large harmonic contamination, although removable |
with use of a single channel analyser, still contributes to the dead-
time of the detector, as is apparent from the flat topped peak in (a).
The single channel analyser confirmed that, within experimental
error, the measured signal in (b) is solely due to the fundamental
wavelength.

2.2 Phase plate for polarisation conditioning

The incident linear polarised radiation can be converted into
circular polarisation (P) either from X-rays emitted above/below the
electron orbit or using a quarter phase plate. The latter technique is
the only way to look at highly anisotropic magnetic materials for
which the direction of the sample magnetisation cannot be reversed.
The phase plate assembly is situated upstream of the diffractometer.
The diamond crystal is mounted on a Huber goniometer and is driven
to the quarter wave plate conditions, for maximug Rith a# and a
x circle. The former rotation stage, which moves the crystal off the
Bragg condition, has an accuracy ofl@egrees (0.36 arcseconds). It
is orthogonally mounted on thecircle. They circle sets the optical
axis of the diamond at 45° to the incident and plane polarization, with
an accuracy of £10 arcseconds. A counter balance was also mounted
onto the arm of the circle. These two circles are positioned uporrigure 5
two translation stages giving horizontal and vertical adjustmefhe diamond phase plate assembly.

1174 s D.Brown eta. - The XMaS beamline at ESRF J. Synchrotron Rad. (2001). 8, 1172—1181



research papers

within 10 pum. All the motors are controlled from SPEC softwareat, or close to, 45 The second rotation axis allows rotation of the
which is also used elsewhere on the beamline. &foircle has an diffracting plane of the analyser crystal about the beam. Any
encoder installed. component of the incident polarisation lying in the diffracting plane
Fig. 6 shows the possible values of B +V(1-P-P%-P,) will go to zero on charge scattering f;ags= 45.
deduced from our polarisation analyser data (dotg), deing the The third linear axis allows translation of the detector in@ 2
unpolarised component at 7.833 keV. The 0.78 mm thick diamogdometry in order to track the diffracted beam. Conventionally, for
crystal was operated in Laue transmission using the (11-1) diffractipgrtical scattering experiments, the incident polarisation is referred to
planes which make a 19.47° angle with the [111] direction normal #& o polarised and any component orthogonal toiie.(vertically
the phase plate surface. At this energy, the diamond converted daarised) as7 polarised. Thus, by positioning the rotation about
99.87(x1)% linearly polarised incident beam into 99.85(x1)%he beam such that the diffracting plane of the analysing crystal is
circularly polarised X-rays. The high accuracy of these figurggtical, one is sensitive only to the polarised component and

derives from the fact that it iEl-P) that is measured by scattering inconyersely a horizontal analyser crystal diffraction plane measures
the orbital plane at 90°. For this test measurement the beamljjg 7component.

divergence was restricted to 1 arcsec and the model is convoluted
Wlth a GaUSSian fUnCtiOn Of thlS Wldth 2.4 In-vacuum tube slits

These slits were developed in order to define the incident or
outgoing beam at a position very close to the sample. The design
adopted satisfies three basic requirements, which are to define a
footprint on a sample, to reduce background scatter and to enable
isolation of small regions of interest on the sample. The assembly
may equally well be mounted on the incident or diffracted beam path.
In order to avoid possible collisions with the diffractometer, all of the
actuation mechanics are spatially separated from the sample position,
with the four independent slit jaws positioned by a system of levers
as shown in Fig. 8. The maximum overall opening aperture of the

Circular Polarisation Rate, Pc (%)
2888488838388
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Offset angle (arcsecond)

Figure 6

Circular polarisation of the beam conditioned by the diamond phase pite (
compared to the modelled polarisation (solid line), as a function of the off-set
from the Bragg angle.

2.3 Polarisation analyser

The three-axis XMaS polarisation analyser, pictureg,
schematically in Fig. 7, has been designed to facilitate the studygdhematic picture of the in-vacuum tube slits. The left hand cut-away diagram
changes in the polarisations of the X-ray beam after diffraction frogAows the lever arm actuator mechanism.
the sample. The in-vacuum design allows the device to be used at low
energies (~3 keV) which is particularly useful, for example, in
experiments performed at uranium M-edges. Theaxis allows %" realie B ot ot
alignment of the analyser crystal to a diffracting condition, Bi§hgg 10 0.05 X 0.05 mm F‘ =

ure 8
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Figure 9
Use of the tube slits to select a single crystallite in a Mpfwowder. High
— background (1bcps) is evident in the powder peak (poimts) obtained with
B Tkt the slits wide open. [NB No attenuators were used in this scan, hence the

suppression of the peak at 6 r.l.u. at count rates’efi® due to detector

saturation.] When the slits are narrowed down to select one crystallite (lower
Figure 7 trace - continuous line), the background is removed and a dynamic range of
Schematic diagram of the thee-axis in-vacuum polarisation analyser. six decades was recorded with attenuators.
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slit assembly is 4 mm x 4 mm and each jaw can be independerglyrings. Calculations indicate that this combination should provide
positioned to micron precision. The slit assembly may be mounted the resolution and rigidity required for the XMasS diffractometer.

X-95 compatible optical rail and is therefore interchangeable with

other beamline modular components. Motion is provided to the lever§ Sample environment

through in-house designed miniature linear vacuum feed-througzhs o )
with limit switches fitted on all translations. .6.1 Magnetic field The magnet at the XMaS beamline, supported

The value of the use of the tube slits is shown in Fig. 9. The updé?m the base of the Huber diffractometer, fits within the Eulerian

line shows the “powder” pattern obtained from a sample of NmALS:radle as shown in Fig. 11. The geometry allows the magnet to be
with the slits wide open. The general background is ~8xggs. Oriented in one of two positions 9Gapart, about the vertical axis.

When the slits are closed down to 50n x 50 um one single 'hus both transverse and longitudinal fields may be applied, allowing
crystallite is illuminated and the signal is six orders of magnitud&€ separation of spin and orbital contributions to magnetic scattering

above background. The count rates (up tdd) are still sufficient Signals. The geometry of the yoke allows for the maximum number
for single crystal studies of material that is only available iff field turns within the geometrical constraints of the diffractometer.

“polycrystalline” form. With a further mounting position it is possible to provide a vertical
field if required. It can deliver a field of 1.0 T in an air gap of 50 mm.
2.5 Precision sample mount To achieve this with a magnet of manageable size, water-cooled

hollow conductors have been used for the coils. A magnetically

A new motorised mounting system for the APD cryostat has beéfficient yoke configuration occupies the lower half of the vertical
designed to fit into the Huber 44D circle, as shown in Fig. 10. The Scattering plane, leaving the other half open for the cryostat and
present mount utilises dovetail linear slides for the X and ¥cattered beam. The yoke and poles have been manufactured from
translations, driven by manually adjusted screw threads. TheARMCO grade iron. The gap set at 50 mm, the homogeneity of the
translation consists of a sleeve and cylinder linear guide adjusted bjedd in the middle of the gap in a co-axial cylinder, a =5 mm, r =
large threaded ring. These slides and the way that they are adjugtédmm is within 2% of the central value. Conical pole tips can be
makes precise and reproducible movements very difficult to obtaffiounted on the adjustable poles and, with a 2.5 mm gap, a field of
Since these adjustments are usually not motorised, many hoursL&T is achievable at a current of 250 amps.
useful beamtime can be lost trying to find a "sweet spot" on a
crystalline sample. Also, problems are encountered with this type of
mount whilst tightening the screws to lock these translations in place
During cooling the cryostat contracts, sometimes by more than-™~
0.5 mm and sample alignment afterwards is very difficult. However,
once the cryostat is fixed in place it is very stable.

mﬁl

Mounting point for Cryostat

Motor y

Ring Cam \
FF[[ - . “' 7 Motor z
Mo LT LT
y-stage ll-_ d

Motor x
x-stage

Cam drive for x

Figure 10
The motorised XYZ mount.

The new mount fixes to the diffractometer in exactly the same
manner as the Huber design and has the same translation limits. Tk
three linear translations (X, Y and Z) are mounted onto high precision
linear bearings. The independent X and Y movements are obtained b
mounting a cam onto the shaft of a stepper motor with a 100:1
harmonic drive gearbox to minimise backlash. This cam is mounted¥
within two linear bearings, thus allowing movement perpendicular to
the axis of the motor (X and Y) with a minimum of backlash. The Z =
translation is guided by high precision linear bearings and driven by a*
stepper motor with a 100:1 harmonic drive gearboa a large Frigyre 11

toothed ring cam. The cryostat and Z stage are mounted upon Ca#® 1-1.5 T electromagnet, which fits inside the chi circle, shown with the
followers and as the large toothed cam turns this provides thefidd parallel to the incident and scattered beams in the upper and lower
translation. This stage is held in place on the cam by eight stropigtures, respectively.

1176 s D.Brown etal - The XMaS beamline at ESRF J. Synchrotron Rad. (2001). 8, 11721181
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2.6.2 Low-temperature displex cryostat In addition to a commercial 3.1 Magnetism

standard two-stage displex cryostat, which operates down to ~10 K

and mounts on the chi circle of the diffractometer, a specially adap@®d.1 Magnetic thin fims The growth of single-crystal Ce/Nd
three-stage displex capable of sample temperatures down to 1.7 KUgerlattices using MBE allows the complex magnetic interactions
in routine use. This novel device, which is being developed by tihetween the different constituents of the superlattice and the
cryogenics Laboratory at $titut Laue Langevin, Grenoble, may beinequivalent sites of the DHCP structure to be studied (see &off
operated over a wide range of angles without degradation of b&$e 1999). The high signal-to-background and nari@wesolution
temperature. The three-stage device is ~40 mm longer than a stan#iz@je X-ray magnetic resonant scattering (XMRS) ideal to investigate
displex and requires little adaptation of the mount to fit it onto the ciicommensurate magnetic ordering in thin-film samples. For a

circle. An example of its use is given in section 3.1. superlattice of composition [G#Ndsg]se, ordering of the Nd
hexagonal moments is detected beldw~ 18 K with a sinusoidal
2.7 The diffractometer modulation in the basal plane and an antiferromagnetic coupling

between adjacent hexagonal planes. However, in contrast to bulk Nd,
The 1l-axis Huber diffractometer is depicted in Fig. 2. Thghese sites remain in a transversg thagnetic structure down to the
vertical translation exists to permit alignment of the sample to tiiise temperatufB~ 1.7 K, and the antiferromagnetic ordering on the
three possible beam positions: white unfocused; monochromadithic sites is suppressed. Fig. 12 shows abrupt changes in the
unfocused (both at20 mm); monochromatic focused (at +225 mm)intensity and ordering wave vector beldw~ 6 K, as a function of
Since the mirror deflects the monochromatic beam upwards througnperature. It is correlated with the onsetosfixis ferromagnetic
9 mrad, the facility to tilt (+1 deg) is provided in order to maintairordering on the cubic sites determined in complementary neutron
orthogonality between the focused beam path and all horizontal cirgtedies. The top panel shows the change in the magnetic modulation
axes. A horizontal translation (z) is present to facilitate sampénd the lower panel shows the change in the antiferromagnetic order
alignment. The eight circles have a resolution of 1 arcsec apdrameter. The decrease in intensity at low temperature reflects the
absolute accuracy of 280 arcsecs. The sphere of confusion igransfer of magnetic scattering intensity to the ferromagnetic
30 um with unsupported loads up to 10kg. With the use of SPEmponent of the magnetic structure. The effect of the epitaxial
software, orientation matrices may be defined in either vertical efrain in the Nd blocks is, therefore, related to the application of
horizontal four-circle scattering geometries. In either of theggessure to bulk samples. This superlattice forms a coherent magnetic
geometries the two out-of-scattering-plane circles may still be drivesiructure, and further XMRS studies are planned to determine the
It is equipped with a conventional Huber analyser, which carriespgagnetic ordering and electronic state of the Ce.
small analyser crystal goniometer head. The in-vacuum polarisation
analyser stage has been described in section 2.3 3.1.2 Lanthanide magnetism The spatial ordering of higher-order
multipoles of the lanthanide and actinidelectron wavefunctions
can be investigated directly by resonant X-ray scattering: neutrons do
3. Science on the beamline not directly couple to theseelectron quadrupolar interactions and so
can only provide direct information on the magnetic dipolar ordering.
The erXIbIIIty of the XMaS beamline allows a wide range OmeGa& undergoes a first-order phase transition to an anti-
experiments to be performed. The major interest lies in magnetisgroquadrupolar structure belowo 4.29 K, slightly before the
and magnetic scattering, but, also, the beamline is well suited fg{set of antiferromagnetism af E 3.26 K. (Czopniket al, 1985;
studies of thin films and surfaces. In addition, some materials scienggrin et al, 1987). We have investigated these two phases using
studies are performed. Below, examples of some recent results freipay resonant scattering at XMaS. The antiferroquadrupolar order
these scientific areas are highlighted. and antiferromagnetism occur at the same propagation wavevector
g = (0 Y2 ¥%); however, the scattering from magnetic dipoles and
‘ ‘ ‘ ‘ electric quadrupoles can be separated using polarisation analysis. The
01307 [Ce,o/Ndyls ] resonant scattering at the (0 0.5 1.5) position dr (lower panel)
Nd Ly . and grr(middle pané), in the vicinity of the Tm I3 absorption edge,
is shown in Fig. 13. The circles in the top panel are the absorption
e | coefficients taken from the measured fluorescence. Since dipole
’ o resonant X-ray magnetic scattering is forbidden in the channel,
o the observation of such scattering arises purely from the
. - | antiferroquadrupolar ordering.

— ; : ; The temperature dependence of the dipole resonance afdhe
and oTt intensities are compared in Figure 14. From the temperature
dependence we ascribe tlwer scattering as arising predominately
} from the magnetic order and thego from the antiferroquadrupolar

order. The difference in the temperature dependence suggests that

¥ | quadrupole ordering is driving the ordering of the magnetism.

t Furthermore, the widths, in reciprocal space, of the magrmtic
| scattering peaks are much greater than those of the
‘ ‘ ‘ e antiferroquadrupolero scattering peaks which also suggests that the
4 8 12 16 antiferroquadrupole interactions frustrate the long range ordering of

Temperature (K) the magnetism in this system. This study exploited fully the unique
i combination of instrumental facilities available on XMa$S (sub 4.2 K
Figure 12 temperature, azimuthal scattering geometry, polarisation analysis,

The temperature dependence of the ordering wave vegi@pper panel) and g
integrated intensity (lower panel) of the magnetic reflection at Qu=cg 3) magnetic fieldetc). Further measurements are planned at XMasS on

for the [CaoNdsg]so superlattice (Leet al, 2001; see section 3.1.1). the study of this fascinating interplay of ordering in TmGa
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electrons. Previous neutron diffraction studies (Rakhetlad, 1976)

] predicted a delocalised spin moment aligned parallel to the3nlin
moment although magnetic Compton scattering data (Zukoefski

4 al., 1997) showed an antiparallel polarisation. This X-ray diffraction
study was performed in order to test the ability of the KKR
1 calculation to describe the high-order magnetic form factors, since
the conduction electron delocalised moments are difficult to infer
7 from form factor data. The experimental technique uses the
suppression of charge scattering at 90° in the orbital plane of the
synchrotron to maximise the ratio of magnetic to charge scattering. In
fact the experiment is carried out with the white beam extracted at an
} f f f i angle between Zrad and 1Qurad above or below the orbital plane

xS ] and the energy-sensitive detector at 90° horizontally (Lawtdsl.,
~< 300 |- A 1998). The magnetic field is aligned alternately parallel and anti-
= 250 |- am ] parallel to the incident beam direction. In that case the r&iof the
E 200 - | magnetic form factorf(K)y to the charge form factof(K)c is
£ measured.
150 ]
= f (K) P
> 100 | . R = E M _C
s sof g mc2 f(K)C 1—PL
o - , , , — whereE is the photon energy arf® andP, are the degree of circular
350 ° 1 and linear polarisation, respectively. This equation shows that the
e 300 - 4 higher-order reflections, which will occur at higher photon energies,
i - ago ) are enhanced by the factBfmé, neutron data only extend typically
g to 1 A Fig. 15 shows that the X-ray data at small momentum
200 | ] transfer are in agreement with both the neutron data and the KKR
2150 F . calculation but there is a tendency for the higher-order reflections,
* 100 - ] | that sample the magnetisation density near the core, to deviate from
5 t dipole the modelled values. Full analysis of these data will appear
E Hr t quadrupole 1 elsewhere.
= o 1t non-res i
8.61 8.63 8.65 8.67 8.69
Energy (keV) CUZMI'IAl
Figure 13 ] . ) @  Xray data (ESRF)
Energy dependence of resonant scattering from Tyn@a described in the 0.8 B noulrondata -
text. e £ [t KKR theory
£
1.2 . . %
S 06 .
1.0 1 g
8
E S
£ 08 1 8041 " .
3 9, no
~ 0.6 r . ] y
> = .
= 3] S
2 G 02 e —
":_E 04 b “q:';
® Dipole om 2 ¢ ;}, 1
0.2 - ® Dipole oo : = "o a e ¢
-0.0 - T —
| - S
o . : . =~ - . BEEe®E o
5 20 25 30 35 40 45 8 08 [ [F[F [
-0.2 = ‘ =
Temperature (K) 0.0 0.5 1.0 1.5 2.0
Figure 14 sin(0)/A
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upper and lower data sets are twandon scattering channels, respectively,Figure 15
separated by polarisation analysis. Comparison of the magnetic form factor of the Heusler alloy;,MhAI, as

measured in the present X-ray study) (and by neutron diffraction )
(Rakhecheet al., 1976). The red line is the predicted form factor calculated
according to the KKR-CPA method (Kaprzyk: unpublished). The values of the
3.1.3 White beam studies of ferromagnets Heusler aIons are momentum transfer sié/ % are expressed Al
interesting magnetic systems because they possess ferromagnetic

order even though their constituent elements are not bk 4 Actinide magnetism High-resolution studies of lattice behaviour
ferromagnets. The localised moments are associated wittBdhecan be a valuable complement to diremtagnetic scattering
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measurements. The magnetic properties of Hieactinides are beamline and permits both high-angle diffraction and low-angle
especially interesting, presenting aspects similar talfHanthanides reflectivity studies of the crystal surface under electrostatic potential
and 3d transition metals. Detailed studies of the NaCl-structure U¥ontrol. Fig. 18 shows some representative results for a Au (111)
compounds, where X is either a pnictide or chalcogenide, haserface in acid solution containing Ni cations. The main part of the
demonstrated a wide range of spin structures and phase transitiondigére shows reciprocal space scans along the <1 1 0> direction
recent investigation of the U(Asx Se() solid solutions (Longfielcet through the (1, 0, 0.2) reciprocal lattice point made at two electrode
al., 2001) used the XMaS instrument to study magnetostriction in tpetentials, 0.35 V, where the surface is unreconstructed;-a:0dV,
antiferromagnetic phase. As shown in Fig. 16, the (006) chargehere Ni has been electrodeposited onto the surface and incorporated
scattering Bragg peak of an x = 0.18 sample splits at the transitiomo the Au-(23 xv3) surface reconstruction (Warg al, 1992). At

(~60 K) to the low-temperature (tetragonal) incommensurate phage35 V the scan shows only a single peak due to the Au (1) 0,

At 12 K the tetragonal distortio(c-a)/c = 2.3x10". Such studies of crystal truncation rod [CTR]. Stepping the potentiat1o0 V causes
lattice distortions accompanying changes in magnetic orderingdecrease in intensity at the CTR position and the appearance of
provide extremely valuable information, but require very good wawenother peak due to one of the three rotational domains of the (23 x
vector resolution. To achieve the results of Fig. 16, with an X-ray3) reconstructed phase. By monitoring the kinetics associated with
energy of 8 keV, a Ge (111) analyser was required, with the incideAk growth of the reconstruction peak it is apparent that, in addition to
vertical beam size reduced to af. the reconstruction of the Au surface, Ni is also incorporated into the
surface reconstruction. This is in agreement with previous STM
experiments (Molleet al., 1996). At sufficiently negative potentials

a thin Ni film can be deposited onto the Au surface and it has been
shown that the (23 x/3) mixed Ni-Au adlayer forms the transition
between the Au (111) lattice and the overlying Ni (111) film. This is
confirmed by energy-dependent surface X-ray diffraction results,
illustrated in the inset to Fig. 18. The X-ray intensity at the (1, 0, 0.2)
CTR position is constant as the incident X-ray intensity is scanned
through the Ni K adsorption edge (8.33 keV). As shown in the inset
to Fig. 2, however, the intensity at the (1.022, 0.022, 0.2) position
(the reconstruction peak) shows a clear dependence on the incident
X-ray energy, consistent with the presence of Ni in the interface
adlayer.
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Magnetically induced splitting of th®06) Bragg peak in U(A$2S&.1g). The

> \
L
upper diagram shows the temperature evolution. Figure 17

A sectional view through the electrochemical X-ray scattering cell. For the

3.2 Thin film, surfaces and electrochemistry. i;ﬁg:?::éiﬁ:i‘;?ﬁ;i vtvr;i SA%IU(E(;?L)W?“S a modified Watts bath containing Ni

The XMasS beamline is well suited to a variety of surface X-ray

scattering experiments, especially as the diffractometer can e -
accommodate different sample environments whilst retaining a oz~ 036V O 7y ol
flexible scattering geometry. For example, the temperature-dependent o alliil : ot8) .‘M;‘
ordering of gold nanoparticles evaporated onto silicon substrates has ‘ ] oteBhad &

been studied by grazing-incidence X-ray scattering and key 2085

differences in the in-plane and out-of-plane ordering have been
identified (Nicklin et al, 2001). Similar measurements on semi-
crystalline polymer films on silicon have identified new surface
effects, such as faster kinetics and preferred orientation, that were not
predicted from the known bulk polymer behaviour (Kawagiaal,
2001).

3.2.1 Surface electrochemistry ~ Several experiments on surfaces in
an electrochemical environment have also been performed. Fig. 17 087
shows a schematic of the electrochemical cell, which was used {Q4e 18

these experiments. The surface under stedy.gingle crystal Au, Pt Reciprocal space scans along the <1 1 0> direction through the (1, 0, 0.2)
or Ni) forms the working electrode of a 3-electrode cell designed TR position. At —1.0 V the second peak arises due to the (28

that the sample surface forms the highest point and is thus access#atenstruction of the Au(111) surface. The inset shows a scan of the incident
to the incident X-ray beam. The surface is contained within a liquitray energy at a fixed reciprocal lattice point, (1.022, 0.022, 0.2), shows the

environment by a reservoir of electrolyte trapped by a thippak due to the reconstructed phase. The changes indicate that Ni is
polypropylene film. This cell fits into the Huber goniometer on th&corporated into the Au surface reconstruction.
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These results can be extended to study phenomena such as sudaaol of the chain microstructure and alignment. By contrast, a
oxidation and catalytic reactivityn situ, as the surface reaction canrecently developed alternative, poly(9,9-dioctylfluorene) (PFO), a
be carefully controlled by the solution species and/or the appliednjugated liquid-crystalline polymer made up of an aromatic
electric potential at the interface. backbone of repeated linked benzene rings with long aliphatic side-
chains, has a structure offering some ability for control through
thermal processing. It emits light in the blue region of the spectrum.

) ~ Grazing angle diffraction techniques were employed to probe the
3.3.1 Stacking faults in cobalt alloy films =~ Crystallographic defects in syrface and bulk regions of PFO samples. Two scattering geometries
polycrystalline Co-alloy thin films, which may be used as magnetigere employed which are sensitive to (A) surface normal and (B) in-
recording media, have been studied on XMaS (Hollovetyal, plane correlations. PFO samples annealed at 130°C an2Q8TTC,
2001) The structure Of the f||mS iS SUCh that the Underlayers maSk wn from Calorimetric measurements to have diﬁerent ||qu|d
Co diffraction peaks necessary for the analysis of crystallograpl§stalline states, were investigated, as shown in Fig. 20. The data
defects; therefore grazing-incidence X-ray scattering (GIXS) wafow that the buried interface with the substrate defines a unique
used to restrict the X-ray penetration depth to the Co-alloy laygfientation in the polymer film and that the two phases both show
which is typically between 100 A and 250 A. Since the defects gfdering normal to the interface whereas the crystalline phase alone
interest occur in the plane of the film the in-plane diffraction datgisplays in-plane ordering (Kaware al., 2001). Grazing-incidence
were fitted to quantify the level of stacking faults. This was possiblgydies of the surface ordering, which is particularly important given
to an accuracy of 1% using high-resolution XMaS data. Fig. Ifle role of the interface in potential electronic applications, are in
shows GIXS scans for two films with different growth textures of thﬁrogress.

Co-alloy. An overall estimation of the amount of film in an fcc-like
environment can be obtained by fitting the dagay. 13% + 1% for
the 1120 film (upper data set) and 8% + 1% for the 1010 film (lowe

3.3 Materials science

data set). In each case the stacking model produces the excel?% .
straight-line fit to the data sets. These results lead to a quantitat —=—130C 30 min
assessment of the effect of stacking faults on the magnetisati®®| ‘= H —«— 200C 30 min
reversal) provide a fundamental understanding of the underpinni ] 1 |
role of magnetocrystalline anisotropy in the magnetisation reversal 37 o %, |
Co-based thin films (Holloway & Laidler, 2000) and in determining "..v'""-t_ J
the origins of time-dependent magnetisation in these technologica % 7 P My “
important materials (Weller & Doerner, 2000). 1 "’% S P X
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Figure 19 0
GIXS data for two Co-alloy thin films with different growth textures of the 4 c B 10 1
Co-alloy. The upper and lower curves are stacking model fits to the data 1 o8
1120 and 1010 films, respectively. The stacking fault pattern is analysed ...
terms of the percentage of the alloy with an fcc-like environment in each
Figure 20

phase. [Taken from Hollowast al.(2001).]
Grazing-incidence scans for samples in the two liquid-crystalline phases of

PFO. The upper and lower diagrams relate to surface normal and in-plane
scans, respectively. The higher-temperature phase shows nematic liquid-

3.3.2 Electroluminescent polymers Electroluminescence from . X ; :
talline ordering whereas the lower-temperature phase is crystalline.

organic ultrathin layers has been explored for several decades Befe
interest in conjugated polymers, attractive in view of their robustness
and processability, has mushroomed since 1989 when Richard Friend
et al. generated yellowgreen light from a poly(phenylene vinylene)
(PPV) light-emitting diode (Burroughest al., 1990). The process 4. Summary

relies on charge conductiomia delocalised p-electrons along a . . '
molecular framework of alternating single and multiple bonds. PP the first 3.5 years of operation, the instrumental developments

formed by thermal conversion from precursors, offers little scope fdescribed in this paper have ensured that the XMaS beamline is a
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unique, internationally competitive facility. The results in section 8off, J. P., Sarthour, R. S., McMorrow, D. F., Yakhou, F., Stunault, A,
above are merely a representative selection of the work on the sciencédliante, A, Ward, R. C. C. & Wells, M. R. (1999)1. Phys. Condens.
performed and were chosen to illustrate the use of the diversé"atter'Jll'P'-l_3rg"-146”- .1 B V. & Gibbe. . (168Bhvs. R
instrumental features of the beamline. Further details of those studi e”tsrgl 1245 rammell, G. T., Blume, M. & Gibbs, D. (1988jys. Rev.
can be obtained from the |.nd|\./|dual author.s and further |nformat|q_|rbnoway’ L. & Laidler, H. (2000)J. Appl. Phys87, 5690.
about the beamline and its instrumentation can be found at ¥i§ioway, L., Laidler, H., Telling, N. D. & Wu, S. Z., (2001}1. Appl. Phys.
websitewww.esrf.fr/exp_facilities/BM28/xmas.html. In the press.
Kawana, S., Durrell, M., Lu, J., Macdonald, J. E., Grell, M., Bradley, D. D.
C., Jukes, P., Jones, E. R. A. L. & Bennett, S. L. (200Rplymet
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