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Abstract X-ray Absorption Fine-Structure (XAFS)
measurements in the temperature range 20-473K at the
Fe K-edge of synthetic almandine (Fe3Al2Si3O12) allow
us to determine the temperature dependence of the
XAFS Debye-Waller (DW) factors for each of the two
crystallographically independent Fe2O bond distances
(Fe(1)2O and Fe(2)2O). The vibrational anisotropy of
Fe21 in the dodecahedral X-site has been documented.
The XAFS DW factor of the longer Fe(2)2O bond is
larger and has a greater T-dependence than the shorter
Fe(1)2O bond, which remains constant over the mea-
sured T range. The XAFS DW factors are compared with
the uncorrelated part of the DW factors derived from a
single-crystal X-ray diffraction (XRD) study on al-
mandine and are interpreted on the basis of the Einstein
model. A comparison with diffraction data shows that
the shorter Fe(1)–O bond is significantly affected by
correlation in the atomic displacements.

Introduction

The structure of garnet (space groupIa3d, general for-
mula X3Y2Z3O12) can be described as a three dimension-
al framework consisting of corner-sharing SiO4 tetrahe-
dra and YO6 octahedra (where Y is mainly Al, Fe31,

Cr31). The structure also contains triangular dodecahe-
dra, XO8, consisting of eight oxygens coordinating diva-
lent cations (mainly Mg, Fe21, Ca, Mn21). Each dodeca-
hedral site shares two edges with tetrahedra, four with
octahedra and four with other dodecahedra (Novak and
Gibbs 1971; Meagher 1982; Armbruster et al. 1992;
Merli et al. 1995; Ungaretti et al. 1995 and references
therein). In almandine, Fe3Al2Si3O12, the octahedral site
is fully occupied by Al and the large dodecahedral X-site
is occupied by Fe21. The Fe21 site has 222 point symme-
try with two crystallographically independent X2O
bonds (labelled X(1)2O and X(2)2O, where the former
is shorter than the latter).

The vibrational properties of the X-site cation in dif-
ferent garnets has been studied primarly through single-
crystal X-ray diffraction (XRD) studies (Pyrope:
Meagher 1975; Armbruster et al. 1992; Armbruster and
Geiger 1993; Prencipe 1994; Pavese et al. 1995.Grossu-
lar: Lager et al. 1987; Prencipe 1994;Almandine: Arm-
bruster et al. 1992; Geiger et al. 1992;Andradite: Arm-
bruster and Geiger 1993). Geiger et al. (1992) undertook
a combined Mössbauer and single-crystal XRD investi-
gation on end-member synthetic almandine in the tem-
perature range 100–500K. Based on a difference mean-
square displacement parameter analysis (Chandrasekhar
and Bürgi 1984), they computed theDU5UFe2UO val-
ues (each U being the component of the XRD atomic
displacement parameter in the bonding direction) along
the two crystallographically independent Fe2O bonding
vectors and concluded that the motion of Fe in the dodec-
ahedral cavity is strongly anisotropic. TheDU values
along the longer Fe(2)2O vector are larger and more
strongly T-dependent than those along the shorter
Fe(1)2O bond. They concluded that the Fe cation is dy-
namically disordered and vibrates in an anisotropic man-
ner, giving rise to a “rattling motion” (see Fig. 1). The
T-dependence of theDU’s also suggests a deviation from
rigid-body behaviour (Dunitz et al. 1988; Bürgi 1989) of
the dodecahedron, as compared to rigid-body behaviour
of the SiO4 tetrahedron and the AlO6 octahedron (Geiger
et al. 1992; Prencipe 1994).
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tential of XAFS as a probe of the vibrational properties
of atoms in solids must be, therefore, based on an analy-
sis of the temperature dependence of the XAFS ampli-
tude (e.g. Beni and Platzman 1976; Sevillano et al. 1979;
Tranquada and Ingalls 1983; Balerna and Mobilio 1986;
Lottici et al. 1988a, b; Dalba et al. 1995a).

In crystalline solids, the XAFS DW is fundamentally
different from that in XRD. The former is particularly
sensitive to short-range correlations of atomic motions
whereas, in the diffraction experiment, the influence of
local inter-atomic correlation effects on the DW factor is
lost through long-range averaging. A comparison be-
tween the two techniques deserves further discussion.
The DW parameter, as measured by XAFS, is defined as:

s2
j 5k| (uj2uo) ?Ro

j | 2l
5k(uj?R

o
j )

2l1k(uo?R
o
j )

2l22 k(uj?R
o
j ) (uo?R

o
j )l (2)

whereuo anduj are the displacement vectors of the ab-
sorbing and backscattering atoms from their equilibrium
positions, respectively, whileRo

j 5RyR and R is the equi-
librium distance between absorbing and backscattering
atoms. The angular brackets refer to a canonical average.
The XAFS DW factor is a Mean SquareRelativeDis-
placement (MSRD) between absorbing and backscatter-
ing atoms, whereas from the XRD experiment one may
obtain the Mean SquareabsoluteDisplacements (MSD)
of atoms along the bond direction (first two terms of eqn.
2). The difference MSRD-MSD (third term) is called the
Displacement Correlation Function (DCF), and is a mea-
sure of the degree of in-phase vibrational motion of the
atoms along the bond direction. This term vanishes if the
absorbing atom and the backscattering atom vibrate in-
dependently. If, on the contrary, the two atoms move as a
rigid unit, the last term will reduce strongly the ampli-
tude ofs2

j .
Hence, the combination of XRD and XAFS data per-

mits an estimate of the extent of the correlation in motion
along interatomic vectors.

Although such combined studies are useful in obtain-
ing information on local vibrations and bond strengths
in materials, existing examples in the Material Sciences
literature are few (e.g. Dalba et al. 1990, 1995a, b; Li
et al. 1993) and this study is the first application to crys-
talline solids of geological interest.

Experimental details and data analysis

The synthesis methods for almandine are described in
Geiger et al. (1987).

For the XAFS measurements, polycrystalline garnet
was finely ground in an agate mortar and deposited on a
Millipore membrane by a sonication technique, or, for
the samples studied at high temperature, directly sedi-
mented on kapton tape. The layer thickness was chosen
to optimize the signal-to-noise ratio, based on the rela-
tion between the packing coefficient of crystallites and
the absorption coefficient.

Fig. 1 A plot of the Fe21 dodecahedral site in almandine showing
the difference between the atomic mean-square displacement
parameters between 500 and 100 K as determined from single-
crystal X-ray refinements. The projection is approximately along
one of the two-fold axes. The eight surrounding oxygens show
little positional disorder, while the Fe21 cation shows measurable
dynamic disorder in the plane of the longer Fe(2)2O bonds (from
Geiger et al. 1992)

To the best of our knowledge, no T-dependent investi-
gation of garnet has been performed by means of X-ray
Absorption Fine Structure (XAFS) measurements. This
technique, when combined with XRD, can provide com-
plementary information on local atomic displacements.
This study is the first example of such a combined ap-
proach and it aims specifically to elucidate the vibra-
tional properties of Fe21 in the dodecahedral site of al-
mandine. The T-dependence of the Debye-Waller (DW)
factors of the first two shells of oxygen atoms coordinat-
ing the Fe21 cation is studied in the range 20-473 K. The
results are interpreted on the basis of the Einstein model
and are compared with XRD results. In addition, the ex-
tent of the correlation between the motion of the Fe and
O atoms along the two crystallographically independent
Fe2O bonds is discussed.

The Debye-Waller factor in XAFS and XRD

The amplitude of XAFS oscillations is damped because
of disordering effects (dynamic and static). These ef-
fects are taken into account by a single parameter, the
so-called XAFS DW factor (s2) (Lee et al. 1981), which
can be written as the sum of the two contributions:

s25s2
stat1s2

vibr (1)

The static term is T-independent, while the dynamic con-
tribution is sensitive to temperature variations. The po-
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results, due to the strong overlap of the two Fe2O coor-
dination shell XAFS signals. This makes the use of stan-
dard method of amplitude-ratio and phase-difference
(Dalba et al. 1990, 1995a, b) impossible. On the other
hand, even in the case of strong anharmonic systems (e.g.
Ag-I, where the Einstein frequency is only 2.6 THz), the
anharmonicity correction is less than 20%, a value which
would not significantly change the final results of our
data analysis.

Preliminary data were collected at DCI EXAFS3
(LURE, Orsay, France, operated at 1.85 GeV) and PULS
(ADONE, Frascati, Italy, operated at 1.5 GeV). The Fe
K-edge XAFS spectra, reported here, were collected in
transmission mode at seven different temperatures rang-
ing from 20 to 473 K at GILDA-CRG (ESRF, Grenoble,
France), operated at 6 GeV. A double crystal Si(311)
monochromator was used to produce an unfocused
monochromated beam; a detuning of 80% was applied to
eliminate higher harmonics. The data were recorded
with a spacing of 0.2 eV in the XANES (X-ray Absorp-
tion Near-Edge Structure) region and 2 eV in the EXAFS
(Extended X-ray Absorption Fine Structure) region. The
reproducibility of the spectra was checked by comparing
the data recorded at the same temperature to those ob-
tained on the other two beamlines.

The experimental data (Fig. 2) have been analyzed us-
ing standard background subtraction and Fourier Filter-
ing, whereas the determination of the structural parame-
ters has been accomplished through FEFFIT (UWXAFS
package – Newville and Stern 1996), which uses theoret-
ical phase functions and amplitudes from FEFF6 soft-
ware (Rehr et al. 1991; Mustre del Leon et al. 1991) to
simulate all possible single and multiple scattering paths
of the photoelectron. The reliability of the theoretical
phases and amplitudes was assessed by applying them to
Fe2O3 which was used as a standard compound with a
known structure. The modulus and the imaginary part of
selected Fourier Transforms (FT) at different tempera-
tures are shown in Fig. 3.

To accurately determine the structural parameters rel-
ative to the X-site of almandine, a multiple-shell fit in the
range from 0.6 to 3.2 A˚ was performed. Fig. 4 shows the
corresponding fit to the back-FTx(k).

A more sophisticated data analysis based on the cu-
mulant expansion (Bunker 1983) did not give reliable

Fig. 3 Modulus (thick lines) and imaginary part (thin lines) of the
Fourier Transform of k2x(k) at selected temperatures. The first
peak (centered at about 1.8 A˚ ) is due to the strong overlap of the
first two Fe2O coordination shells; the peaks at higher R values
can be attributed to the outer coordination shells of iron in alman-
dine (23Fe2Si; 43Fe2Al, 83Fe2Fe; 4143Fe2O, etc.)

Fig. 4 Fit (dotted line) to the back Fourier Transform of the 77K
data (full line) shown in Fig. 2 performed in the range 0.6–3.2 A˚Fig. 2 XAFS signal of almandine at selected temperatures
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Results and Discussion

Temperature dependence of the XAFS spectra

As shown in Fig. 3, the structural features of the al-
mandine spectra, in terms of the peak positions and
shapes of the FT, remain essentially unchanged over the
measured temperature range, implying that no phase
transformation occurred. The effect of temperature is
largely on the height of the FT peaks, which decrease
measurably for all the coordination shells with increas-
ing temperature. We analyse the first two coordination
shells, both consisting of 4 oxygen atoms, which are
strongly overlapping in the first peak of the FT. The re-
sults of the XAFS analysis relative to the first peak
shown in Fig. 3 are reported in Table 1. The two calculat-
ed bond distances Fe(1)2O and Fe(2)2O are in good
agreement with those determined from XRD (Geiger
et al. 1992). At all temperatures, the differences between
XAFS and XRD bond distances are smaller than the
combined standard deviations of the measurements.

At each temperature the XAFS DW factor relative to
the longer Fe(2)2O bond distance (s2

2 )is larger than the
one relative to the shorter Fe(1)2O bond (s2

1 ). More-
over, s2

2 has a larger T-dependence thans2
1, which re-

mains, in comparison, almost constant over the measured
temperature range. These results confirm that the dy-
namic disorder in the X-site of almandine is strongly
anisotropic; moreover, the temperature behaviour of the
bond distances is in excellent agreement with those based
on the analysis of XRD data (Geiger et al. 1992).

Comparison with the DW factors from XRD and
vibrational analysis

A comparison of absolute DW factors between XAFS
and XRD is difficult, as they, in both techniques, are
known to be affected by correlations between fit parame-
ters and by subtle assumptions made during the data
analysis. In this work, for example, the DW factors are
obtained from an analysis of XAFS spectra using theo-
retical scattering amplitudes. The reliability of the fitted

DW factors depends on the calculated scattering ampli-
tudes and on the value of the amplitude reduction factor,
S2

0, due to multi-electron excitations. Variations in these
parameters can result in a rigid shift of up to 20% in the
absolute DW values. Moreover, the strong overlap be-
tween the two first shells (corresponding to the first peak
of Fig. 3, centered at about 1.8 A˚ ), could produce a slight
overestimation of the DW factor of the second shell. In
XRD, on the other hand, the atomic displacement
parameters (a.d.p.) are influenced by the refinement pro-
cedure, especially absorption and extinction corrections,
and by parameter correlation during the least-squares
minimization. Absolute a.d.p. are difficult to obtain in
XRD, and neutron nuclear scattering is commonly con-
sidered to be more reliable, as the resulting a.d.p. are
unaffected by the atomic charge distribution and bond-
ing effects.

To avoid the problems concerning the estimation of ab-
solute DW factors and to make the comparison of the DW
values obtained by the two different experimental tech-
niques possible, we will use in the following discussion
relative values normalized to thes2 value obtained for
the lowest temperature, T0, for each technique (20K and
100K for XAFS and XRD experiments, respectively).

The temperature dependence of the DW factor is de-
termined by the local vibrational dynamics related to the
relative motion between the absorbing and the backscat-
tering atoms. A fit using a single vibrational frequency
characteristic of the bond calculated using the Einstein
model is the simples approach (see, for example, Sevil-
lano et al. 1979). The fitting parameternE (Einstein fre-
quency) may then be related to an effective bond
strength, even if the relationship to the true vibrational
frequencies is not that strictly present in complex sys-
tems. The differencesDs2 (T) between the MSRD at a
given temperature and that at T0520K have been fitted
for both shells by:

Ds2(T)5hy2mnE[coth(hnEy2kBT)2coth(hnEy2kBT0)] (3)

wherem is the reduced mass of the Fe2O atomic pair.
The Einstein frequenciesnE56.1 THz and 13.1 THz

or, in wavenumbers, 207 cm21 and 437 cm21 are ob-
tained for the longer and the shorter bonds, respectively.
These results reflect the different effective bond-stretch-
ing force constants which characterize the two crystallo-
graphically independent X2O bonds in the dodecahedral
site of garnet (Hofmeister and Chopelas 1991; Prencipe
1994). These relatively large force constants, with re-
spect to typical anharmonic systems (Dalba et al. 1990,
1995a, b), support the adopted assumption of a negligi-
ble effect of anharmonicity on the different thermal be-
haviour of the two Fe2O bonds.

The Einstein based curves are shown in Fig. 5 a, b
together with theDMSD5MSDT-MSD100K results as ob-
tained from XRD. One observes a good agreement be-
tween the T-dependence ofDMSRD andDMSD for the
longer Fe(2)2O bond, with a negligible contribution of
the correlated motion (Fig. 5b). On the other hand, the
DMSRD for the shorter bond is significantly lower than

Table 1 Results of the XAFS analysis at the different tempera-
tures. The coordination numbers of the two oxygen shells were
kept fixed to the crystallographic value (4). The Rfit in the last
column is the statistical error factor for the fitting procedure of
FEFFIT

T(K) s2
Fe(1)2O s2

Fe(2)2O RFe(1)2O RFe(2)2O Rfit

(Å2) (Å2) (Å) (Å)

20 0.008(1) 0.011(2) 2.211(7) 2.340(12) 0.03
77 0.008(1) 0.011(2) 2.213(7) 2.347(10) 0.02

100 0.008(1) 0.011(2) 2.210(8) 2.350(12) 0.02
200 0.008(1) 0.015(2) 2.216(7) 2.354(13) 0.02
300 0.008(1) 0.017(3) 2.216(7) 2.352(15) 0.04
373 0.009(1) 0.023(4) 2.219(8) 2.348(21) 0.04
473 0.011(2) 0.026(4) 2.216(8) 2.366(26) 0.04
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Fig. 5 Temperature-dependence ofDMSRD (open squares) (fit-
ted with the Einstein model) andDMSD (black solid squares) re-
lative to the shorter Fe(1)2O bond (a) and the longer Fe(2)2O
bond (b)

the DMSD from diffraction, indicating large in-phase
Fe2O motion along this direction (Fig. 5a).

Static disorder

The XAFS DW factor determined as a fitting parameter
in the data analysis contains both static and dynamic dis-
order components of each coordination shell around the
absorbing atom (Eq. 1). The term accounting for the stat-
ic disorder is T-independent; hence, an extrapolation to
0K of the s2 values can, in principle, be used to assess
whether static disorder is present. However, as recently
discussed (Li et al. 1993; Prencipe 1994; Pavese et al.
1995), such an extrapolation is not a trivial task, be-
cause:
a) the T-dependence of the XAFS DW factors is linear in
the high-T range and generally flattens at low tempera-
tures. This effect is due to a zero-point contribution,
which can be a substantial contribution (up to 40–60%)
of the total a.d.p. for silicates in the temperature range
0-273K (Smith et al. 1986; Pavese et al. 1995). For this
reason, high-T data, only, should be used to estimate the
static contribution to the disorder parameter;
b) the experimental XAFS DW factors should, in princi-
ple, not be affected by correlations with others parame-
ters, but this condition, as previously discussed, is not
usually met.

Given these possible biases in the experimental data,
the estimation of the static disorder effect, based on a
linear extrapolation to 0K from high-T values, can be
assessed only qualitatively. Figure 6 shows the linear fit-
ting of the XAFS DW factors determined for the two
shells in the range 300–473K. Thes2 values extrapolated

Fig. 6 Linear fitting of the XAFS DW factors (MSRD) deter-
mined for the first two coordination shells in the temperature
range 300–473K

to 0K (2.63 1023 and 2.65 1023 for the Fe(1)2O and
Fe(2)2O bond distances, respectively) correspond to
less than 2% of the bond distances. These values suggest
that static disorder contributes, at most, as a minor per-
centage of the total disorder in the dodecahedral site of
almandine. This is also in agreement with the conclu-
sions of Geiger et al. (1992) based on T-dependent XRD
and Mössbauer measurements.

Conclusions

XAFS measurements at the Fe K-edge in almandine al-
lowed us to determine the temperature dependence of the
XAFS DW factors for the first two coordination shells
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around Fe21. The main results of this investigation can be
summarized as follows:
a) The anisotropy of motion of Fe21 in the dodecahedral
site has been confirmed. The MSRD of the longer
Fe(2)2O bond is larger and more T-dependent than that
of the shorter Fe(1)2O bond, whose length remains con-
stant in the measured T-range.
b) The different slopes of thes2(T) curves for the two
shells were interpreted on the basis of the Einstein mod-
el. The frequencies so determined reflect the significant-
ly different effective bond-stretching force constants
characterizing the two crystallographically independent
Fe2O bond vectors.
c) A comparison between the thermal disorder parame-
ters probed by XAFS and XRD reveals a good agreement
between the T-dependence of the MSRD and the MSD of
the longer Fe(2)2O bond, with a negligible contribution
of correlated motion. Conversely, a large in phase motion
characterizes the shorter Fe(1)2O bond.

This investigation confirms the complementary nature
of XAFS and XRD experiments and the potential of com-
bined investigations in clarifying the interatomic corre-
lation part of atomic displacement parameters.
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