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An EXAFS Calculation Using Known Four-Body Correlations
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(Received 19 September 1995)

An EXAFS calculation has been performed for the zinc tetraimidazole molecular clu
which includes thermal four-body correlations, established from inelastic neutron scattering. P
contributions to the fine structure are shown at several temperatures. Decompositions of the th
damping in terms of the vibrational normal modes are given for individual scattering paths.
vibrational information permits a quantitative comparison between theory and experiment wi
recourse to fitting. Differences between theory and experiment persist, setting limits on the syste
errors still present in theory.

PACS numbers: 61.10.Ht, 33.20.Rm, 78.70.Dm
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Structural information is obtained from extended x-r
absorption fine structure (EXAFS) either by a comparis
of an unknown compound with a known model (usua
using Fourier transforms) or by fitting the spectru
directly toab initio theory [1,2]. If multiple photoelectron
scattering contributes to the EXAFS, then this implies t
inclusion of three- or more-body correlation functions
the analysis, which can only realistically be accomplish
using ab initio theory. Computer codes are available
generate the appropriate EXAFS signals theoretically
5] on which fitting algorithms can be built. However, i
order to test their accuracy, it is important to input bo
the staticand dynamic structural informationa priori.
Owing to the density of multiple scattering (MS) path
which may contribute to the final signal, fitting of therm
disorder parameters can produce artificial agreement w
experiment. Explicit inclusion of thermal paramete
thus provides a benchmark test of the accuracy of
theoretical models which underpin theab initio approach
to analysis. This is the first calculation of EXAFS to u
an experimentally determined vibrational spectrum, wh
in this case comes from the reliable inelastic neutr
scattering (INS) method.

The subject system in this work is the much studi
zinc tetraimidazole complex. It was chosen due to its b
logical significance and its extensive MS which exten
well into the EXAFS regime. Furthermore, its open stru
ture and light atoms make it a particularly stringent te
for the potential modeling. It typifies the type of sy
tem for which EXAFS is needed as a structural prob
The molecule consists of a central zinc atom with fo
five-membered imidazole rings coordinated in an appro
mately tetrahedral configuration. It is via INS from th
four protons attached to each imidazole ring that we c
sense and reliably determine the interatomic force fie
INS has a very important advantage that the mean squ
displacement amplitudes of atomic motion are directly
lated to the spectral amplitude. Consequently, a vib
tional force field may be established for the material su
that both the eigenvectors and the eigenvalues are con
tent with experiment. This is a far more sensitive test
0031-9007y96y76(4)y636(4)$06.00
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the validity of the dynamical information [6] than simpl
equating the eigenvalues to the INS, infrared, or Ram
peak positions. The product of such an analysis is
vibrational correlation function (VCF) which is a squa
matrix whose order is equal to the number of modes
the system, and it entirely describes all the many-bo
correlations within the harmonic approximation. INS h
a further advantage since it clearly identifies those mo
which are anharmonic and/or dispersive by spectral l
broadening [6]. Exhaustive INS studies on this molec
have established the force field and are presented e
where [7,8].

EXAFS calculations without free parameters have be
performed elsewhere using Debye and Einstein mod
[9,10], and cumulant expansions with and without sphe
cal wave corrections and MS [11–15]. However, t
full theory including MS and spherical wave propagato
even in the harmonic approximation is complex. Mo
recently, a MS treatment of general disorder effects
been given [16], including a many-body correlation whi
is based on a Taylor expansion of the amplitude and ph
of scattering in terms of the generalized path coordina
This approach provides a feasible and relatively sim
computational scheme to link INS to EXAFS. W
can explicitly calculate the temperature dependent fi
structure from dynamic information provided by INS
In addition, we are able to determine the partial effe
of thermal damping on individual scattering paths plu
for the first time, we obtain a clear description of th
contributions to the damping of MS paths due to the ma
orthogonal modes of vibration. Our aim is to calculate t
ab initio temperature-dependent total EXAFS spectra w
no free parameters and to compare this to experim
In this way, the quantum mechanical approximatio
involved in EXAFS can be measured.

Following Benfattoet al. [17], we write thenth partial
contribution to the spherically averaged EXAFS fine stru
turexnskd as

xnskd ­ Ansk, rd sincnsk, rd , (1)

wheren runs over all paths including MS,Ansk, rd is an
© 1996 The American Physical Society
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amplitude function, andcnsk, rd is a total phase function
both of which are in turn functions of generalized coor
natesr and photoelectron wave numberk. Using a first-
order Taylor expansion ofAn andcn, Benfatto, Natoli, and
Filipponi [16] were able to obtain an analytical expressi
for the statistical average ofxn over all configurations of
thenth path based on a multivariate Gaussian distribut
of the disorder, which in general can be both static a
dynamic. In our specific case, we consider only therm
dynamic disorder within the harmonic approximation
which case the Gaussian distribution is exact. The confi
rationally averagedxnskd is then written in normal coor-
dinates,Q, as

kxnskdl ­ Ansk, QdjQ­0f1 1 F2
1 skdg1y2

3 e2F2skd sinfcnsk, QdjQ­0 1 F1skdg , (2)

whereF1skd andF2skd involve the derivatives ofAn and
cn with respect toQ summed over the3N 2 6 normal
modes ofN-atom molecular cluster and are given by

F1skd ­
3N26X
i­1

∑
1

Ansk, Qd
≠Ansk, Qd

≠Qi

≠cnsk, Qd
≠Qi

∏
Q50

fMgii

(3)

and

F2skd ­
1
2

3N26X
i­1

µ
≠cnsk, Qd

≠Qi

Ç
Q­0

∂2

sMdii , (4)

andM is the diagonalized vibrational correlation functio
whose elements are given by

fMgii ­ kQ2
iil ­

"

2vi
coth

µ
"vi

2kBT

∂
, (5)

wherevi is the vibrational eigenvalue which correspon
to the eigenvectorQi , andT is the temperature. All tha
remains is to evaluate the coefficientsAn, cn, F1, and
F2 for two static configurations, and these come fro
ab initio MS calculations. The derivatives inF1 and
F2 are established numerically for each normal mode
calculatingAn andcn at the equilibrium (denotedQ ­ 0)
and at a root mean square displacement inQ-configuration
space. The first-order truncation of the Taylor expansi
used to derive Eq. (2), was justified by explicit calculatio
for the temperatures and force field used here.

All codes currently available [2–5] solve the scatteri
problem of a suitably dressed electron moving in and
tween muffin-tin (MT) potentials. In this particular cas
we chose the MSXAS package [4], in which the o
electron MT potential is constructed by solving Poisso
equation for the spherically symmetrized overlapped f
atom electron densities in the crystallographic configu
tion of zinc tetraimidazole. The MT radii were chose
using the Norman criterion times a factor of 0.8. The
parameters were the default for the code, and resulte
no overlap in the MT radii between the zinc and nitr
gen atoms, but a 0.25 to 0.3 Å overlap of MT spheres
atoms within the imidazole ring. The final state pote
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tial sensed by the photoelectron was constructed using
Z 1 1 approximation with the exchange-correlation (XC
potential from Hedin and Lundqvist [18,19]. Within th
MT approximation, the scattering was calculated using
partial wave phase shifts and retains all curved wave
fects. No jS0j

2 term was included to model the multi
electron excitations in the photoabsorbing atom, but
imaginary part of the emitter phase shift was include
Core hole lifetime effects were modeled assuming a va
of 0.95 eV.

Figure 1 is a schematic of one imidazole branch
cluding the central zinc. Two inequivalent imidazo
branches were considered in the dynamical analysis
to the twofold crystallographic symmetry. All of the pos
sible 160 intrabranch paths up to order 3 were calcula
and the 60 most important were retained based on
peak amplitudes of thek3-weighted partial contributions
in the rangek ­ 4 18 Å21. Interbranch scattering wa
neglected apart from the strong Zn-N-N-Zn double sc
tering path, where the nitrogen atoms (N) are direc
bonded to zinc. We also found that many paths not
cluded in this calculation made a contribution in the lo
k part of the spectrum. The difference between our p
subset and a complete calculation including all scatter
up to fifth order was less than 3.5% in the total EXAFS

Figure 2 shows the calculatedk3-weighted partial con-
tributions to the total EXAFS from the seven most im
portant paths in one imidazole branch. The solid lin
show the configurationally averaged signals,kxnskdl, at
seven temperatures between 20 and 300 K compared
the static scattering signal,xnskd. It is clear from Fig. 2
that MS terms survive out tok ­ 18 Å21 when the full
vibrational analysis is performed and confirms earlier c
culations [20,21] which did not benefit from the appr
priate dynamic information. It can also be seen that
damping is most pronounced at highk. An examination
of the F1 and F2 terms of Eq. (2) shows that the large
values ofF1 generally occur at lowk, and they normally
do not contribute more than 0.04% to the amplitude
the signal, although some exceptions for small amplitu
paths have been observed, e.g., path 1 4 5 1. Co
quently, the damping is dominated byF2 and the expo-
nential term which contains it has the form of the norm
Debye-Waller type term.

In Fig. 3, the breakdown of the contributions to theF2

functions from the 105 vibrational normal modes is show
for the same seven paths as in Fig. 2. The 105 compon

FIG. 1. One imidazole branch defining the atomic labeling
637
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FIG. 2. k3-weighted partial contributions to the total EXAF
due to the seven most important scattering paths in one of
imidazole branches. Calculated signal with no treatment
thermal disorder (dashed line) compared to the configuration
averaged signals at seven temperatures between 20 and 30

of each of the bar charts are ordered from left to right
increasing frequency and were evaluated atk ­ 12 Å21

and 20 K. It is evident from Fig. 3 that for most path
the dominant source of the damping is due to the cluste
four modes, numbered 18–21, which correspond to the
N tetrahedral stretch modes of the molecule and occu
the range225 300 cm21. The lowest frequency modes
numbered 1–12, correspond to whole imidazole libratio
below 160 cm21 and may be anharmonic and/or dispe
sive, but, as may be seen from Fig. 3, they do not contrib
more than (5–10)% to the total ofF2 for the path except in
a few cases, such as paths 1 5 1 and 1 4 6 5 1 where the
tribution is about 20%. The modes above160 cm21 are
believed to be harmonic and nondispersive due to the
sence of line broadening in the INS spectrum. Modes 2
105 correspond to the internal imidazole ring vibratio
(.600 cm21) of which only the in-plane modes, numbere
46–105 (.900 cm21), contribute. Thus, the damping du
to the internal imidazole modes is small but not insigni
cant (e.g., for the Zn-N backscattering path 1 4 1 at 20
35% of theF2 term is due to internal ring modes). A no
table anomaly is the path 1 46 5 1 (see Fig. 3), where the
damping due to internal imidazole vibrations at 20 K e
ceeds that due to low frequency skeletal modes.

Experimental data were measured at the magic an
[22] on the EXAFS beamline of EMBL for seven temper
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FIG. 3. Normal mode contributions toF2.

tures. The measured energy resolution of the spectrom
was 1.7 eV, and the data were absolutely energy calibra
[23] to 60.2 eV over the entire spectrum. The superpos
partial signals for the entire molecule were added to gen
ate the total EXAFS at seven different temperatures wh
are plotted together with the experimental data in Fig.
Although there appears to be coarse agreement betw
theory and experiment, there are also trends of disag
ments. In particular, it is clear that the amplitude of t
calculated signal at highk is less than the measured signa
This can be traced to at least two sources of error. The
is the overestimate of the imaginary scattering compon
by the Hedin-Lundqvist XC potential. Second, a closer
spection of the amplitude of scattering showed that ma
of the potentials exhibited an amplitude fluctuation caus
by the MT discontinuity. The modulation was of the ord
of 625% of thek3-weighted amplitude and extends to hig
k. Thus, it is clear that for open clusters containing lo
Z scatterers, the perturbation caused by the MT appro
mation is a problem in both the EXAFS as well as t
XANES region. However, these two points are not suf
cient to explain the lack of general agreement. In parti
lar, features appear overemphasized in the lowk region.
This is in agreement with a previous study in this ener
regime, despite a completely different code being used
generate the scattering phase shifts and partial fine st
tures [20]. Also, it should be noted that in the previo
study potential discontinuities at the MT boundaries h
been removed and inelastic loss was modeled with a c
stant imaginary self-energy of the photoelectron.
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FIG. 4. Experimental and calculated (dashed) EXAFS of
zinc tetraimidazole tetrafluoroborate compound.

We conclude that the quality of the effective one ele
tron potentials used in this study of light atom scatter
EXAFS are inadequate for meaningful structural det
mination for atoms lying beyond the first shell as the
contribute scattering signals comparable to the size of
discrepancies between theory and experiment which h
been observed. As such this study points to the n
to developpotentials free from muffin-tin effects pos-
sibly incorporating self-consistency in the electron de
sity which are transferable between similar materials [2
We also conclude that extensive fitting of path varianc
which is currently employed, is not justified by the qual
of the physical approximations.

*Also at EMBL cyo DESY, Notkestraße 85, 2260
Hamburg, Germany.

†Present address: ESRF, B.P. 220, F-38043 Gren
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