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Anisotropic EXAFS in Ce§

P. Rabe, G. Tolkiehn, and A. Werner

Institut fiir Experimentalphysik, Universicdt Kiel, Kiel, Germany (FRG)

Polarized X-rays of the Deutsches Elektroncn-Synchrotron have boen
used to measure the anisotropic absorption of a GeS siangle crystal
at the Ge K-cdge. The orientation dependent radial structure
functions which have been calculated from the cxtended X-vay
absorption fine-structure (EXAFS) are used ro rvaluate the threer-
dimensional arrangement of rhe atoms in the crystal. An excellent

agreement of these results with X-ray diffraction data is obsecrved.

1. Tntroduction

The investigation of the extended X-ray absorprion fine-structure

is develloping to a standard routine for the evaluation of local
geomelrical structures (Stern 1974, Lytleetal 197%, Stern el al
1475, Martens er al 1978, Rabe 1978). EXAFS is caused by a super-—
position of the outgeing photoelectron wave with parts of it
backscattered elastically from the atoms surrounding the absorbing
atoms. Relative to the polarization vector of the X-rays the
electrons are emitted from the central atom into preferred directions
which depend on the final state symmetry. Tor polycrystalline or
amorpnous samples this angular dependence averages out. In this

case only isotropic radial structure functions can be studied.

In anisotropic samples such as single crystals with lower than

cubic symmetry the contributions ro EXAFS from different atoms
depend on the oricntation of Lhe sample relalLive to the electric
vector of the X-rays. Therefore the probing of bond leugths,
coordination numbers, Debye-Waller-Factors, and the type of scattering
atoms in selected directions in the crystal becomes feasible.

Only fow cxamples are known in which one has taken advantage of

Lthis effect for structural analysis (Heald and Stern 1977, Heald

and Stern 1978, Brown et al 1977)

For structura. investigarions utilizing the anisotropy of the EXAFS

an intense light source with a high degree of polarization is favourable.
Since high energy eleciron accelerators are available as light sources

in the ¥X-ray region many experimental difficulries due to low inten-

sities of the bremsstrablung of conventional X-ray tubes have been



overcome. Moreover the synchrotron radiation is well known to be
linearly polarized in the plance ol the e¢lectron orbit.  Therefore
electron-synchrotrons and storage tings are ideal sources for pola-

rization dependent experimenfts in the X-ray region.

1n this paper we report the analysis of the anisotropic absorption in

a GeS single crystal which forms a lavered strocture wirh orthorhombic

unit cell (Wyckoff 1968, Bissert and Hesse 1978) with a = 4.297 g,

b = 10.470 g, ¢ = 3.641 8. This crystal easily cleaves in the
a-c-plane. With the polarization vector ¢ in the a-c-plane an
angular dependence of the EXAFS is expected by rotating the crystal
around the b-axis, which is kept parallel to the X-tray beam.

In this configurarion the angular dependence cau be measured without
variation of the effective sample thickness. Such a variatiou would
pretend a polarization dependence of the EXAFS amplitudes which

is actvally only a function of the effective sample thickoess due to
higher Bragg orders, scattering background or sarple inhomogeneity

(Rabe et al 1979a).

In the next section we briefly deseribe our experimental setup.
In the following section the techniques to cvaluate the three-
dimensional arrangement of Lhe atoms in the crystal are discussed
in detail. Finally we compare our resuits with published X-ray

diffraction data.

ctri have been measured at the Deursches Elektronen=

The absorptrion s
Synchrarron (OFESY) in Hemburg. Due to the finite scurce and exit slit
size the degree of pelarizatioo of the synchrorron radiation amounts

ro at dcast 914, This value is further iucreased by the crystal
oonachTomator,  Tn our experiment we used a chamnel-cur §i(220)~crystal
with 2d = 3,820 &, The two Brugg retlections at the crystal slabs

lead to a rotal calculated polarization of 947 at the sample. 1In the
following discussion we shall neglect the small componrut with the
elecrric vactor perpendicultar to the horizownral plane-.  The menochro-
matic Ttadiarion is wonitored with rwo zrgon filled icnization chambors.
Details abour the experiwental setup are subject of a forrhcoming

paper (Rabe et al 197%a).

A several pm thick sample was drawn [ros bulk GeS sinple crystal

by adhesive tape, 1t wuas oriented after a Laye parttero vsing &
conventional X-ray loube.  The b-axis was aligoed parallel ro the
dircetion ot the X-ray Leam. The a~axis bhas been Ehnson ro bo
paralicl and perpendicular to the electric vector. Tae uncerrainty
for the alignment amounts Lo 3" for all axes. To reduce inlluences
of thermal vibrations of the atowms on the amplitudes of the EXAFS

the sample was cooled to liquid nitrogen temperature.



3, Results and discussion

The absorption spectrum for “iia in the range of the Ge K-edge is
shown in Fig. 1. The structnre right at the edge does not show
any anisotropy. This white line which probably is cawsed by density

of states effects is omitted in the following data analysis.

Including the polarization dependence the fine-structure which

extends to about 1.000 eV beyond the edge can be described by

1 . -
) (k) = - ¢ 1 Ai(k)l‘l. sio (2kR; + 9 (k)

where the sum runs over all scattering atoms surrounding the absorbing
Ge atoms. The wavenumber k ol the electron wave is calculated from

the photon energy h. and some reference energy Eo through

(2 k =

The periodicity of the EXAFS oscillations ts determined by the

bond lengths Ri between absorbing and scattering atems and rhe

phase @.(k) the k depencence of which is characteristic for rhis
i

atom pair,

The amplirude [unction is given by
‘ : 2 2
{3) Ai(k) = ‘Fi(i,k)‘nxp(—ZRi/‘)exp(—Zni kY .

The k depencence of Ai(k) is mainly determined by the backscattering
amplitude |fi(4,k)i which in contrast to Qi(k) is & property of the

scattering atom only, Differences in fi(i,k) for different

atoms can be used to identify the scattering atom as we shall

see later. An addirional k-dependence in Ai(k) is caused ny the
distribution of the atoms around their equilibrium positions due

to thermal vibrations. This disorder is expressed by a Debye-Waller

factor wilh mean square rcelarive displacements The second

expotential considers the damping of the electron wave by inelastic

scattering processes chrough a mean free path i

Far K-edge aRsorption thi amisvtropy of x{k} is introduced by

N
(4) P, = 3R .

This rerm discribes the arientation of the erystal (ﬁi is the unit
vector, pointing from the absorbing atom to the scatterer) relative

to the electric vector .. For isotropic samples or samples with cubic
Symmetry Pi can be replaced by the number of atoms Ni al the distance
R, and the sum iv equ. | runs over all coordination spheres surrounding

the absorbing atom.

From the absorption spectra the fine-structures k-x(k) have been
extracted by a procedure described in detail elsewhere (Martens et al
1978, Rabe 1978). The resulling EXAFS spectra for clia and ¢ o

are shown in Fig. 2. In these spectra the statistical noise has

been eliminated by a Tourier filtering. This technique consists of

a Fourier transtormation of ;{k) to real space and a subsequent

inverse :rausformation te k-space alter truncalbing the Fourier

transform F(r) ar r = 6%, ‘This means thal the high frequency components
in k-space which show vp at large r values in real space have becn

removed from the experimental spectra.



The two k:x(k) spectra show signiticant difference in the whole k range.

In the case of <6 4 we observe a more rapid dampirg of the EXAFS al
high k values cowpared to rhe D 1¢ spectrum. This is the first erude
hint ahout relative cootributiuns from different scattering atoms

As we shall see later the Ge scatteringatroms lead to the dominanc

contribution to x(k) ar large k values

A quantitative analysis of these spectra is possible in

real space. In Fig. 3a and 3b we show the magrnitudes of the Feuricr
transforms |F(r),, i.e. the direction dependent radial structure
functions. These :F(r) have been calculated by weighting k:(k}

with a Gaussian window function which reaches 1/10 of its maximum
value at the boundaries ot the transformed k range (I.73-]s k g 123_1).
The effect of this window is a significant reduction of truncation
effects in F(r}. A slight broadening of the structures in real space

caused by the eftecrively reduced k-range has been tolerated.

Tn both cases a similar peak shows up at 22 The amplitude of this
peak increases by 20% in going from ¢ atos <. At larger distance
the siructures differ significantly. The peaks in F(r). do noL
appear at the positions expected from the geometrical sLructures.

They are shifted hy the k-dependent parts of the scattering phase Qi(k)
to smaller values compared to the true distances. This shift is
characteristic for the absorber and scatterer pait. It can be

evaluated from EXAYS spectra nf reference samples with known

interatomic distance as shall be discussed larter.

From these radial structure furnctions we can directly get some infor-

mations about the three-dimensional arrangement of the atoms in the

crystal.  The magnitude of rhe Fourier travsform is ditcetrly
properrional to the polarization factor
P 2 2
{3) (K £} = cos™ (o)) cas’y
Tae deflinition of the angles : and + {x shown in Fig. 4 where the
absorbing atom is localed at &, the scartering atom at B.  The angle
between a=axis and polarization vector is  denoted by €. From the
ratio ot the amplirudes of Lhe [irst peak we obrain a value of
” 50 o . ) 4 R - " . o co. .
w =47 + 17, The second peak at 2,84 in F(r} for .- a is reduced
5y about a faccor of 3 in going to ¢ from which we calculate
NG 0 . . . .
s o= 307 « 5. TFrom the fact that almost no contribution to iF(r)
for ¢ a is cbserved at 3.3R we conclude that the prominent structure
. > . .
at this distance in the case . ¢ is caused by scaltering atoms with
00, . : ~aces h
= 90" + 57, The relattvely large errvors in the last two cases had
to be introduced pecause contributions irom siLrong neighbouring peaks
may influcace the amplirtude of the central peak. We have summarized
these values in rtable 1. A comparison with angles derived from X-tay
diffraction data (Bissert and Hesse 1978) shows the excellent
agreement with our result Tt should be noted that these angles
are not uniguely detined from eur experiment. As we measured . (k)
. 0 .
only for the two values £ = 0 and ¢ = 90 we cannot determine the
. . , . )
sign of v. Furthermore inspecting eq. 5, the angles . and = +130
are equivalent and therefore lead to the same EXAFS iIn general.
No informations can be extracted from our data aboul the angle Y.

Tu principle this would be possible from an experiment where the

sample has been rotated around the vertical axis.



An identification of the type of scattering atom is possible through
the shape of the amplitude-function A(k) (Rabe et al 1979b). Apart
from the monotonous Debye-Waller factor the k-dependence of Alk) is
determined by the backscattering amplitude if(q,k) . The amplitude
function of the first isolated scattering shell calculated from the
inverse PFourier translorm carried out over the range as indicated

by a bar in Fiy. 3b is shown in Fig. 5. It has the typical shape

of a ligat element. The A(k) of Ge calculated in the same way from
the TXAFS of pure crystalline Ge is ilucluded in Fig. 3. Whereas
As(k) shows large amplitudes at small k-value and decreases
monotonously to higher k-values, AGe(k) has 2 maximum at k"~53‘l.
These differences can be used for an identificaticn of the scattering
atoms atr larger distances from the absorbing atem. A reduction of

the transformation ran

from ].TR_I <k € !ZR_] to SR_‘ v kow l-f

suoulé lead to a significant reduction of structures in (F(r)
attributed to S-scattering atons whercas peaks attvibuted to Co shells
should he almost unchanged.  The results of this Fourier transferm

are shawn in Fig. 3¢ and 3d. The 'F(r). from Fig. 3a and 3b have

seen included for comparison. Tue amplitudes of the first two structures

in (F(r) for +ha are reduced signilicantly as expecced for S-scattering

atoms.  On the ortaer hand the amplitude and the shape of the peak

N C e n . . .
arcound 3,84 iIs zlwost unckansed.  Ghercfore this structure 22s ©© be

attributed to Ce scattore

The asvimetyy polets ro he Yact that

slons

pore tran one shell of Co atoms vield comparable centri

£t this structure.

A s lar effect in the magnirude o the Tourier tr.

oxpecisd from o difterent weigatl of the Dine-stroeoure (k).

The radiai structure functions in 7Fig. 32-d Gave heer obrained

. . . . 3
from a Fourier transform of ki(k). A4 Fourice transZorm over k™ yx{k)
. . So-| so=1 .. . .
in the range 1.74 sk 128 (same as for Fig. 3a and 3b) emphasizes
the amplitude function A(k) at large k-values, i.e. Zavours the
contribution from Ge atoms. Fipg. 3e and 3! show the result.
Ag expecred rhe Ge attributed structures have inctreased compared

to rthe § neaks.

To explain the differeaces in the radial structure functions we have
made a graphic comparison ot our experimental (F{r) wirh the crystal
structure data i {eS derived {rom X-ray diifraction oxperiments
(Rinserr and Hesse 1978).  The bondlengths Ri between absorbing and
senllering atoms, tbhe angles + and v (eqg. 3}, and the coordinarior

2 -
cus @, TOS

nunbers n,, i.e. rthe auwber of ztoms with the same val
i

and K, are listed in rasle 1. The diflerent scattering shelis have

peen symbolized by verrical solid (S scattering atoms) and dashed

(Ge scatrering arcms) bars 1o Fig. 3

“or rais compariscen the peak posirion {represented >y the position

aof rhe 23rs) and the peak amplitudes (represented by the lengtas of

rhe nars) Tlr) had to be

aleulated. The differeance between

I bars

S sroms The shift of the bhars

Feprosent

o Ge

@ .
atewms {03038 has seen take:

Zrom a radial struciture funcrion of

al:

ne e [Rabe et al 1979¢) calculated lrom a Fourier transform

cf the CGe K-shell ENA

sver the same k-rarn as In Lhe case of GeS.

An sxeelle

agrecTaenr tetween Uhe pesk posttions in Fir) and
posirionmas calenlared from rhe receat ¥-ray diffraction results is

anserved.



The amplirudes of the peaks have been calculared trom

k)
- / 1 ,
(6) U. =3 (R.o)" == cup(-2R./°) E,
L 1 R 2 1 1

i

The weighting factor Ei considors the influence of diffvrences

in ffi{ﬂ,k): for the different atomic species, § and Ge, on the
amplitudes of peaks in F(r)'. In det2il the values for the .
have been determined in the tollowing way: 1) EGe has been calcu-
lated from 'F(r); of crystalline Ge which was obloined trom o
Fourier trausform of che EXAFS uvver the sume spectral ranges osing

the gsame rransformarion windows as used 1o the case of CeS.

covariacieas o the correlatien ot Lhe a2rozic motion with direcrion
. . 2 . C e .
and radial disrance resultizg oo ditlerent ;osor different 1

-r ard Rabe 1979). Especially in strong

C3oi ad Plaseman 1476, Bal
covalert sands the nearest peighbour motions are Kaown ta he highly
corretated and large differences are expected berween nearest and
next pearest ueighbonrs (Rabe er al 1979¢) Usirg the backscattering
amptitude (7 ,k)  ior 5 culculated hy Teo and lee (1979) we have
. . 2 ,
decormived the vean square relative displacement - tor rhe vearest
. 2

weiphbaurs from the slope of a plot of 1n (afk)/ [ f(7,k) ) versus k.

. 2 e gl - . .
The resule is 7 = (8-3) 10 4. To account for the decrvased amplitude

2 . s . -3¢2
of the second peak an additional 7 of approximateiy 5x10 37 has to

ES has been taken from the first structure of F(r) of GoS for

g e . . 0

© ¢. The acLual height of the peaks in F{r); also depends on

the Debye-Waller facters {(cf. eq. 3} which are unknown for the

- . . - . 2

1 - 2 neighbours. Therefore differences in the 5 have not been

taken into account in the E;. ii) For Afa valuc of bR tas been used.

1

iii) (R)° has been calculated from eq. 5 using the angles . and

listed in table i. Depending on the direction of the pularization
PO [ i L

veclor between seven (- c¢) and eleven (-, a) shells of atoms in tne

spacial range O - F =« 5% yield contributions to the EXAFS. Accordiung

to this complicated structure only the nearest neighbours are resolved

completely. Nevertheless the overall agreement of the peak heights

between the experimental F(r) and the caleulated radial structure

is quite satisfacrory.

For the sccond § shell at r = 2.7 the amplirude seems ro be

overestimated by the calculation. This tact is probably due

ased.
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4. Conclusion

The good agreement of the anisotropic EXATS results with X-ray
Jdiffraction data shows the feasibility of direction dependent
structure studies by EXAFS wirh polarized radiation  Clearly
the various wel! established diffraction technigues «ill usually
be favoured for systems with long range periodic order.
Nevertheless EXAFS directly yields partial pair correlation
functions for the surrounding of the absorbing atom wihich may

be useful for the interpretation of diffraction data.
Additionally the anisotropic EXArS can yield valuable structure
information about oriented sanmples, which are not avajlable as

perfect crystals in the sense ot X-ray diffraction.
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Figure captions
Table caption

Fig. 1: Absorption specrrum of GeS ar the Ge K-edge ior the
Table |: Boudiengths Ri between central Ge and scatter, angles

. electric vector 7 parallel a.
2 and y defined in Fig. 4, coordinatior number ni and

type of scatterer as determined by X-tray diffracrion ) X ) . -
Fig. 2: Fourier filtered finestrucrures k-y(k) for . paraliel a

(Risscert and Hesse 1978) and by EXATS. N
and & parallel c.

Fig. 3: Magnitude of rae Fourier transform ;T‘(r)i calculated from

no. . . . . A -
s(k)k with a Gaussian window Function and different transformed

K-ranges.
ayand b) 1787 cx 1287, n= gy
¢) and @) 3870 ok . 1287 n =1y

e¢) and f) 1.73_1 ~ ko= IZE-I, n =3,

Tig. 4: Definition of the angles -« unc » used i tuxt.

¥ig. 5: Experimental amplitude functions A(k) for Ge and S scatterers

calculated from an juverse Fourier transform.



My (arb. units)

glia

1

11.0

13

12 13 14

" E(keV)

R, |-?‘1. deg, ‘ tdng n, element

’ diffr EXATS diffr. diffr. diffr. LXAFS
2.4407 0 76.97 i S
2.4414 48.72 47+1 7.1 2 S S
3.269 34,0 30+5 5.30 2 5 s
3,278 O 6Q.64 1 S
3.322 59.05 50.28 2 Ge
3.641 90 90+5 0 2 Ge Ge
3,887 40.28 43,58 4 Ge
3.924 0 46.73 1 S
4,297 o 0+10 0 2 Ge Ge
4.384 81.41 32.85 2 S
4.4377 Q 32.4 1 S
4.4852 29.60 34.73 2 Ge
4.8991 66,18 35.67 2 8

115
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