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The properties of materials used in various domains of science and en-
gineering are directly correlated to the microstructure. Crystal-
lography is devoted to the investigaton of microstructure of substances
and materials by a variety of diffraction and spectroscopic methods.
Several examples related to research in the department of materi-
als science at the Technical University of Darmstadt are presented.
The structure and dynamics of aromatic host molecules in catalyti-
cally active zeolites are investigated by X-ray and neutron diffraction
and NMR-spectroscopy combined with inelastic neutron scattering.
Surfaces and interfaces of semiconductors and thin superconducting
films are studied by grazing incidence techniques. By examination of
the reflectogram details on thickness, composition, surface roughness
and a possible modification of these values are obtained.
Transmission electron microscopy provides complementary informa-
tion on the structure of interfaces, especially through the support of
simulated images by a multi-slice method. Work is presented on
CoSiy-films on Si and wafers of GaAs with LaBg films. Modification
of these wafers by ion mixing techniques is attempted. Furthermore,
surface hardening of steel by ion implantation (carbon and nitrogen)
is a way of improving tribological properties. Grazing incidence pro-
vides results on the formation of different carbides as a function of
depth. Superconducting films of BigSroCaCugOg on SrTiO3 showed an
improvement by a factor of 10 in critical current density by creating
holes (Xe, Au, U-irradiation) as pinning centres. The examination by
TEM revealed an amorphization of the channels with clear bounda-
ries between the channel and nonirradiated material.

* Based upon the lecture presented at the Fourth Croatian-Slovenian Crystallographic Meeting,
Trakoscan, Croatia, Sept 28 — Sept 30, 1995.
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INTRODUCTION

The development of »new materials« constitutes an important challenge
in various fields of science and engineering. Whereas the preparative chem-
ist invents new substances, the engineer on the other end of the scale wants
a well characterized material with known structure and properties.

Crystallography has invented a wide range of techniques which are in-
strumental in the procedure from a chemical substance into a material.
Many of these techniques are based on X-ray diffraction but electron micros-
copy, neutron scattering or spectroscopic methods have made important con-
tributions. It is not the intention of the present paper to give a comprehen-
sive review of all these fields. We shall present some examples that are
related to the present research work of our laboratory. Additional informa-
tion on the application of X-ray crystallography in chemistry is given in a
volume devoted to the celebration of the detection of X-rays in 1895 by
Rontgen.! .

We shall report here mainly on X-ray techniques devoted to the charac-
terization of surfaces and interfaces and describe the complementary use of
electron microscopy in this field. We shall add a chapter on the magnetic
properties of superconducting material and a brief summary of our results
on host-guest interactions in micro- und mesoporous zeolites.

HOST-GUEST INTERACTION IN ZEOLITES

Whereas the channels and voids of natural zeolites are filled with cat-
ions and water molecules, catalytically active materials are produced by
either ion exchange of natural species or by direct synthesis.

A great variety of ions or organic molecules may be introduced into the
cavities and thus materials for different applications are produced. The de-
composition of Pt(NH,),?* in zeolite NaX yields nanocrystalline platinum
clusters applicable in catalysis.?

Adsorption of dye molecules produces pigments.®

Polar aromatic molecules like nitroaniline are of potential use for non-
linear optics (NLO). As demonstrated by Caro et al.,* the alignment of these
molecules in the channels of zeolites is feasible and produces a NLO-effect.
A more detailed review of zeolitic materials has been given by Kauéi¢ in this
journal.®

The framework of zeolites consists of TO-tetrahedra, where T = Si, Al
in natural species. The tetrahedra are connected by common oxygen atoms.
The charge balance is achieved by cations like Na, Ca, Ba, K in the voids.
The technical application requires introduction of organic molecules into the
holes.
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Our investigations are
concerned with the structure
and dynamics of these aro-
matic molecules in faujasite
type zeolites. Figure 1 shows
diffraction patterns of m-dini-
trobenzene in zeolite NaY by
X-ray (Figure la) and neutron
diffraction (Figure 1b). The
difference curve presented in
the figures below the observed
pattern is due to the contribu-
tion of the aromatic molecule.
The molecule was located by a
grid-method, which allowed a
careful search of reciprocal
space in the relevant density
map. The full pattern was re-
fined by Rietveld difference
techniques. The position of the
molecule is presented in Figure
2.5 Furthermore, the position of
the molecules within the zeolite
was calculated based on mo-
lecular mechanic models and
reasonable agreement was ob-
tained for xylenes, toluenes’
and nitrobenzenes.®

Whereas diffraction tech-
niques present only the static
position of a molecule in the
channel of zeolites, the dy-
namics and the motion are
studied by spectroscopic meth-
ods. Nuclear magnetic reso-
nance® and inelastic neutron
scattering® cover different
time-scales and are, therefore,
complementary for a detailed

investigation of the dynamics.

a) X-ray diffraction

LA ot b,

1950 2400 2850 3300 IS 4200 1.550 5100 5550 8000

20

b) neutron diffraction T

135 2400 28SC 100 I 4200 B3 SIO0 S550 6000

20

Figure 1. a) X-ray diffraction pattern of zeoli-
te NaY loaded with m-dinitro benzene, b)
neutron diffraction of the same material. The
intensity difference due to aromatic molecules -
is shown below.

Thus, a complete picture of the motion of paraxylene in zeolite NaX has
been established. Whereas the whole molecule moves almost freely at room
temperature in the channel, freezing in of the aromatic molecule is observed
at about 160 K but the two CHj-groups still rotate and their motion persists
down to 4 K, as found by quasielastic neutron scattering.



1056 H. FUESS

Distance NO,-SII,

2 molecules / sc

Distance
| NO,-sIl

| 42A.36A |

e
Distance

Water - SIV

3.6A

Distance NO, - SIV
3.2A,32A,43A

Figure 2. Arrangement of m-dinitrobenzene in the supercage of faujasite NaY, dif-
ferent loadings and water content.

SURFACE X-RAY DIFFRACTION

The characterization of surfaces and interfaces is a prerequisite for the
preparation of a variety of materials, especially for semiconductors but also
for the whole class of nanostructured materials. Whereas X-ray techniques -
are non-destructive, the preparation techniques for transmission electron
microscopy (TEM) studies need preparation techniques that may modify the
specimen.

Reflectometry

Investigation of the surfaces of materials by X-ray diffraction is deter-
mined by absorption and reflectivity of this radiation. The method is based



CONTRIBUTIONS OF CRYSTALLOGRAPHY TO MATERIALS SCIENCE 1057

on the index of refraction of the material under study and of the differences
in this index between materials.

n=1-0+1if

where § is proportional to the the real part () and f proportional to the
imaginary part (f) of the atomic form factor (f = f, + f + if”). The numerical
value of the refractive index is slightly smaller than unity, e.g. for Fe and
CuKo — radiation n = 0.9975. Any material is therefore less dense than air
for the scattering of X-rays from surfaces hence total reflection occurs for
small angles of incidence. The critical angle for total reflection is given as

0, = 28

and amounts to several minutes (e.g. ®, = 37" for Fe) for most surfaces.
Above the critical angle, radiation penetrates into the material and is re-
flected at any new interface. X-rays reflected at the surface and at interfaces
may interfere and produce a reflectogram, as presented in Figure 3. Evi-
dently, the interference depends on the thickness of the film, which is thus
easily determined from the pattern. Furthermore, information on the den-
sity of the material and on the roughness of surfaces and interfaces may be
deduced. Reflectometry requires fairly smooth and regular surfaces and is
therefore widely applied for the investigation of semiconductors. Figure 4
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Figure 3. Reflectivity (log R) as a function of the angle of incidence for CoSig on Si.

Comparison oof experimentaol and fitted curves. Thickness of CoSig (19.6 nm), rou-
ghness (3.2 A surface, 3.4 A interface).
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Figure 4. Reﬂectométry of LaBg on GaAs; a) as prepa-
red; b) 700 °C, 5 s; ¢) 500 °C, 30 s.
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gives two reflectograms
from a wafer prepared by
molecular beam epitaxy of
LaBg on GaAs with an ad-
ditional covering prepara-
tion of Ni. Figure 4a pre-
sents the untreated, as
prepared sample and Fig-
ure 4b after thermal treat-
ment at 700 °C for 5 sec.
The thickness in both
cases of the various layers
is fairly similar, as indi-
cated in the figure, the dif-
ference in the curve stems
from a considerable rough-
ness in the non-treated, as
prepared material (Figure
4a). The angle of total re-
flection is clearly indicated
in both figures. The experi-
mental patterns are fitted
and thickness, roughness,
and density are applied as
fit parameters. In the case
of Figure 4b, the fit revealed
a new additional layer be-
tween LaBg and GaAs. Dif-
fraction experiments at gra-
zing incidence produced
Bragg peaks which were
indexed as LaAs. Temper-
ing at 700 °C did change
the pattern but not the
presence of that layer
whereas a thermal treat-
ment for 30 sec at 500 °C -
(Figure 4c) resulted in a
product that did not show
any intermediate layer. So,
direct evidence, mnon-de-
structive, of the presence
of a new phase and of the
optimal conditions for the
preparation of the wafer
was obtained.!?
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Grazing incidence diffraction

Due to absorption, the penetration of X-rays in material is limited but
still amounts to several um for Cu Ko radiation. It is therefore not normally
suited for an investigation of surface effects. But at low incidence angles,
the dependence of the penetration length p may be varied as a function of
the incidence angle «

p ~ sin a/ud

with u the linear absorption coefficient and & the density of the material.
As the incidence angles are rather small, the method is known as grazing
incidence. In Figure 5, a diffraction pattern obtained by grazing incidence
on steel is displayed.!!

Carbon atoms were implanted into the surface by an ion accelerator
(50KeV and a dose of 10'® atoms/cm?). It is evident from Figure 5a that car-
bides were produced in the surface and the adjacent layers as predominant
species whereas martensitic steel is only detected at a depth of about 100 nm.
The formation of carbides on the surface of a highly alloyed steel is known
to improve the abrasive properties of steel. The grazing incidence method
thus presents a valuable tool for studying the structural details of that im-
provement.
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Figure 5. Grazing incidence measurement on highly alloyed steel. Above: penetration
of 100 nm with ¢-Fe3C and martensite, below: penetration of 25 nm showing only
g-FesC.
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Real structure of thin films

Thin films of ceramic high temperature superconductors are prepared by
various methods (CVD = chemical vapour deposition,'? laser ablation'®) on
different substrates. In the superconducting phase, films of YBa,Cu30,_5are
crystalline with orthorhombic symmetry. Two reflections are due to the dif-
ference in the lattice constants (a = 3.82 A, b = 3.86 A) in the orthorhombic
phase. The c-axis is perpendicular to the surface of substrate and film. The
lattice constants of SrTiOj (@ = 3.905 A) and NdGaO; produce a fairly good
epitaxial growth. X-ray diffraction revealed (Figure 6) an additional splitting
of each individual reflection, thus reflecting the twinning of the crystalline
film. The precise form of the reflection is related to the interplay of the lat-
tices in reciprocal space for the 2k2 lattice plane. The lattices correspond to
two twin individuals, the twinning axis is [110]. These reflections were ob-
served by W-scans on a four-
circle diffractometer* and
NdGaO3 as substrate. A
treatment of the supercon-
ducting film in reducing at-
mosphere produces a single
spot which correponds to the
nonsuperconducting tetrago-
nal phase. Subsequent treat-
ment in oxygen brings the
original picture hence the or-
thorhombic structure back
(Figure 7, first row). The de-
pendence of the real struc-
ture on the substrate is dem-
onstrated in Figure 7 (second
row) where MgO (lattice pa-
rameter a = 4.21 A) is used
as a substrate. The rela-
tively large differences in
lattice constants between the
deposited superconductor ma- -
terial and the substrate pro-
duce a smeared out electron
density.

Figure 6. X-ray reflections of YBagCuzO7 and
NdGaOs- substrates. Splitting of reflections in the
hk2 plane.
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Figure 7. Splitting of YBCO-reflection on SrTiOs. First row: a) original; b) reduction
in Ng; ¢) reoxidation 12 h; d) reoxidation 24 h. Second row: YBCO on MgO, the same
sequence as in the first row. Third row: Irradiation by 20985 1.4 GeV, a) 302 — Re-
flection group; b) 1010/cm2; c) 1011/cm2; d) 5 x 10"em?. Fourth row: YBagCugFe 07,
a) x = 0.002; b) x = 0.005; ¢) x = 0.01; d) x = 0.02; e) x = 0.03.

Substitution of Cu by other 3d-elements or aluminium is known to de-
stroy superconductivity. An amount of 3% Fe leads to a tetragonal symmetry
(Figure 7 fourth row). This corresponds well with the orthorhombic-tetrago-
nal transition observed for the powder of YBa,Cus Fe O, s° where this
transition has been observed for similar values. Irradiation by heavy ions
may improve the critical current due to the pinning of the lattice vortices.
The epitaxie between substrate and film is, however, modified, as demon-
strated by the appearance of the observed reflections (Figure 7, third row)
after irradiation with Xe-ions. The evolution of the electron density as a
function of dose reveals a gradual degradation of the reflected intensity and
even a rearrangement of the film on the substrate for higher doses.
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TRANSMISSION ELECTRON MICROSCOPY OF INTERFACES

As stated above, irradiation of superconducting films by accelerated
heavy ions may enhance the critical current. Films of BiySryCaCuyOg on
SrTiO; were irradiated by Au, Xe, and U-ions at the Gesellschaft fiir
Schwerionenforschung, Darmstadt. Doses up to 10'%/cm? were applied. A
channel of amorphous material was thus produced, which acts as an effec-
tive pinning centre. Figure 8 shows the relative sharp edge between the

Figure 8. Film of BiaSr2CaCu20g on SrTiOgs-substrate, irradiated by U-ions.
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channel and the crystal structure of layered material.!® The radiation dam-
age is considerably less pronounced in the substrate. High resolution elec-
tron microscopy was also applied to elucidate the interface structure of the
semiconductor CoSi, on Si. Simulations based on a multislice method were
carried out as a function of thickness and defocus (Figure 9), which produced
a suitable model for the interface structure. Thus, a model of the interface
was elaborated, showing the detailed environment of the atoms at the in-
terface and the gradual change of the structure of Si to the structure of
Co8Si,.!” The microstructure of nanocrystalline materials is of particular im-
portance, especially as far as a relation between the interior and the surface
is concerned. Distinction between bulk and surface is somehow difficult
since about 30% of all atoms have to be considered as the surface for particle
sizes of 10-30 nm.
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Figure 9. TEM-image of the interface of CoSi2 on Si. Inlet: Simulation of interface
structure.
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Figure 10. TEM-image of nanocrystalline ZrOg grain boundaries after sintering.

The arrangement of atoms in the surface region is, however, responsible
for an understanding of diffusion and sintering processes. In Figure 10, the
image of the two grains of ZrO, which are sintered shows a grain boundary
with bend lattice fringes. In all observations, angles between adjacent lattice
fringes in sintered grains are smaller than 15°. Angles greater than that
value seem, therefore, to be unfavourable for sintering. From lattice image
simulations, a lense shaped form of the nanoparticles has been deduced. A
careful study of lattice image simulations revealed a difference between the
structure in the interior of a grain and at the surface, a difference possibly
due to different modifications of ZrO,.!8
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MAGNETIC PROPERTIES OF SUPERCONDUCTORS

The copper ions in yttrium barium cuprate (YBCO) occupy two different
crystallographic sites, which are named Cu(1) and Cu(2) in the literature.
The crystal chemistry of this system has been discussed in many details and
will not be repeated here. Substitution of Cu by other 3d-elements (Fe, Co,
Ni) or trivalent cations like Al takes place in most cases in the Cu(1)-posi-
tion. The magnetic ordering of Cu in YBCO was established, and an antif-
erromagnetic spin arrangement was detected. Furthermore, a phase transi-
tion from one antiferromagnetic structure (AF I) to another at low
temperature (AF II) was reported. Careful neutron diffraction studies on an
Al-doped single crystal of YBCO and on a crystal of undoped material were
recently carried out by our group in collaboration with Riso National Labo-
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Figure 11. Antiferromagnetic structure of Al-doped YBCO. Above: Intensity of magnetic
h + 1/2, k + 1/2, l-reflection and model of AF 1. Below: Intensity of 2 + 1/2, k& + 1/2,
[ + 1/2 reflection and model of AF II structure.
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ratory in Denmark. It was demonstrated that the magnetic phase transition
only occurs for the doped material.’® No such transition was observed for
the undoped material?’ in contrast to previous reports. The only possible ex-
planation for that finding is the conclusion that the material previously de-
scribed was most probably contaminated by Al which occurred in those ma-
terials as a consequence of crystal growth in corundum crucibles.

The magnetic structure of the doped material is presented in Figure 11
for the two phases. Only Cu(2)-atoms are involved and carry a magnetic mo-
ment of p~ 0.5 ug. No moment of Cu(1) is observed and an examination of
the intensity of the nonmagnetic reflections by neutron and X-ray reflections
revealed a replacement of Cu(1l) by Al atoms. As Al possibly can not adapt
to the linear chain arrangement of Cu(1) but prefers tetrahedral environ-
ment, a cluster model for the Al ordering has been proposed which has been
checked for various oxidation-reduction conditions.?!

CONCLUSION

Crystallographic techniques and methods have a considerable impact on
the precise determination of structural details. As the details of the micro-
structure influence physical and chemical properties of materials to a great
extent, crystallographic methods have to be developed further in all fields
of materials science.
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Forschungsgemeinschaft, the Bundesminister fiir Forschung und Technologie and
the Fonds der Chemischen Industrie, Germany.
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SAZETAK
Doprinos kristalografije znanosti o materijalima

Hartmut Fuess

Svojstva materijala vaznih u raznim podrudjima znanosti i tehnike izravno ovise o
mikrostrukturi. Kristalografija je znanstvena grana u okviru koje se istrazuje mikro-
struktura tvari i materijala raznolikim difrakcijskim i spektroskopskim metodama.

U radu se navodi nekoliko primjera iz okvira istrazivanja materijala u Tehni¢koj
visokoj §koli u Darmstadtu. Pomoéu rentgenske i neutronske difrakcije te spektro-
skopije NMR i neelasti¢nog rasprSenja neutrona istrazuje se struktura i dinamika
aromatskih molekula u katalitickim aktivnim zeolitima.

Povrsine i grani¢ne plohe poluvodica i tankih poluvodiékih filmova proudavaju
se u difrakcijskim metodama, gdje upadno zraéenje zatvara mali kut s povrsinom.
Analizom difrakcijske slike izvode se podaci o debljini i faznom sastavu tankog filma
i o reljefu povrsine.

Pomocu transmisijske elektronske mikroskopije (TEM) dobivaju se dodatni po-
daci o strukturi grani¢nih ploha, posebnom primjenom simulirajuéih slika uzorka po-
dijeljenog u slojeve. Prikazano je istraZivanje tankih filmova CoSig2 na Si te LaBg na
GaAs, uz njihovu modifikaciju zamjenom iona. Opisuje se i poveéanje tvrdoée
povrsinskog sloja celika primjenom implantacije iona (ugljik, dusik). Difrakeijskim
metodama, gdje upadno zradenje zatvara mali kut s povrSinom uzorka, dobivaju se
podaci o stvaranju raznih karbida pri razli¢itim dubinama u uzorku. U supravodi-
¢kim filmovima BigSraCaCu20sg na SrTiOs povecana je gustoéa elektri¢ne struje za
red veli¢ine uvodenjem praznina (ozradivanje sa (Xe, Au, U)). Primjenom TEM
opaZeni su amorfni stupci u uzorku, s jasnim granicama izmedu tih stupaca i neoz-
nacenog dijela uzorka.





