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Resonant X-ray scattering tensors are derived for the two inde-
pendent gold atoms in Wells’ salt (Cs;[AuCLJ[AuClL,]) from dif-
fraction intensities measured at several wavelengths near the
Au Ly, absorption edge using linearly polarized synchrotron radia-
tion. The scattering behavior is very different for the two sites as
a consequence of their distinct oxidation states and coordination
environments. A w-polarized resonance for the Au(TII) leads to a
highly anisotropic tensor for this site; the scattering amplitude
changes with polarization direction by as much as 7 electron units.
Such measurements are equivalent to obtaining polarization-de-
pendent X-ray absorption spectra for the individual crystallo-
graphic sites in materials with several distinct sites. Cesium gold
chloride, Cs,Au;Cl;, M, = B72.5, tetragonal, I4/mmm, a =
7.497(2), c = 10.885(2) A, V=611.8 A, Z =2, D, = 4.736 g
em™3, A(MoKa) = 0.71073 A, u = 310 cm™!, F(000) = 740,
T = 295 K, R = 0.023 for 247 reflections with I > o. @195

Academic Press, Inc.

INTRODUCTION

Wells’ salt, Cs,Au,Clg, has been known for many years.
Its structure was originally examined by Elliott and
Pauling with powder X-ray diffraction and it was found
to be related to that of perovskite (1). It is distorted from
that of an ideal perovskite by the presence of a commensu-
rate static charge density wave that produces two distinct
gold sites (see Fig. 1) linked by bridging chloride ions.
One of these sites has square planar coordination and the
other has linear coordination, formally corresponding to
the presence of Au(I1l) and Au(I), respectively. The com-
pound is a Robin and Day class II mixed-valence mate-
rial (2).

In the tast twenty-five years the isostructural (3) mixed-
valence gold halides, Cs,Au, X, (X = Cl, Br, and I) have
received considerable attention. This is a consequence of
their electrical properties and the phase transitions that

they display at high pressures. An array of techniques
has been employed to study these compounds, including
single-crystal X-ray diffraction both under ambient con-
ditions (4} and at high pressure (5), high-pressure
energy dispersive X-ray diffraction (6, 7), high-pressure
peutron diffraction (8), atmospheric-pressure (9—11) and
high-pressure (12-14) "Au Méssbauer spectroscopy,
X-ray photoelectron spectroscopy (15), conductivity
measurements as a function of pressure (16-19), optical
spectroscopy (20), ESR spectroscopy (21}, band structure
calculations (22-24), and X-ray absorption spectros-
copy (25).

When the initially tetragonal Cs,Au,Cl, is placed under
hydrostatic pressure at room temperature its resistivity
drops by nine orders of magnitude between atmospheric
pressure and 10 GPa (18). This decrease has been shown
by single-crystal X-ray diffraction (5) to be associated
with the movement of the bridging chloride ions toward
the midpoints between neighboring gold sites and a change
in electrical behavior from semiconducting to metallic at
arountd 6 GPa (18). At about 5.2 GPa the two gold sites
are equivalent by X-ray diffraction but the structure is
still tetragonal. This is consistent with a Jahn-Teiler type
of distortion of Au(Il) (¢°) in the structure (19). However,
high-pressure low-temperature '""Au Méssbauer spec-
troscopy suggests that there are still two distinct gold
environments in the compound at pressures up to 6.8 GPa
(13, 14). Very little work has been done on the correspond-
ing bromide,

The high-pressure behavior of Cs,Au,l; has been ex-
plored in more detail than that of the chloride or bromide.
It shows a semiconductor to metal transition (tetragonal
to tetragonal) at about 5 GPa and room temperature (7,
16) and a further metal to metal transition (tetragonal to
cubic) at about 6.5 GPaand 350 K (7, 16). Remarkably, the
high-pressure cubic phase is metastable at atmospheric
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FIG. 1. The structure of Cs;Au'AuCl;.

pressure and room temperature (16). '"Au Mossbauer
studies on quenched material (11} indicate the presence
of a single gold site in the cubic phase. High-pressure
Mossbauer work (12) at low temperature (4.2 K) shows
that the difference between the two gold environments
decreases as the pressure is increased, and at high pres-
sures (12.5 GPa) there is only one gold environment. The
sites become equivalent somewhere between 6.6 and
12.5 GPa.

Spectroscopic experiments on compounds with more
than one environment for a given element, such as
Cs,Au,Cl;, produce spectra that are averages over the
different environments and orientations in the solid. While
techniques such as X-ray absorption spectroscopy are
potentially powerful tools for obtaining local structural
and electronic parameters, much of this information is lost
when the spectra are averaged. In the case of crystalline
materials and X-ray absorption spectroscopy it is possible
to overcome this limitation by combining the **absorption
measurement’’ with a crystallographic experiment.

The X-ray scattering factor of an atom is not indepen-
dent of the incident radiation’s energy. The variation with
encrgy is described by the anomalous scattering terms
f(E)y and f"(E), which are closely related to the X-ray
absorption cross section for the atom responsible for the
scattering. It has been demonstrated by several workers
that it is possible to obtain estimates of f'(F) and f*(E)
from crystaltographic data for compounds containing
multiple environments for an element. The samples stud-
ied have included mixed-valence compounds such as
Eu,0, (26), GaCl, (27, 28), YB,Cu,0,; (29-31), a-Fe,
POs; (32), (u-dioxo)(Mn-(2,2’-bipyridyl),),(BF,), - 3H,0O
(33), Co;0, (34), and materials with multiple coordination
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environments for the element in a single oxidation state,
for example, Y;Ga;0,, (35). These experiments are in
many ways equivalent to performing a crystallographic
site-specific X-ray absorption measurement. Some of the
work that has been done has employed an EXAFS-style
analysis of the fine structure that is seen in the diffraction
data as a consequence of the variation of ' and f* with
energy (31, 34, 36, 37). This fine structure is usually re-
ferred to DAFS (diffraction anomalous fine structure).

It is well known that the X-ray absorption spectra of
many materials display a dependence on the polarization
of the incident photons as a consequence of an anisotropic
coordination environment around the absorbing site(s).
As the energy-dependent component of the scattering fac-
tor is closely related to the X-ray absorption coefficient,
it is also dependent on the beam polarization. Diffraction
experiments can be used to look at the polarization depen-
dence of an absorbing site even when the material is mac-
roscopically isotropic (38, 39) or the sample is in powder
form (34)! For example, the polarization dependence of
the scattering from Br in NaBrO, has been examined (38).
In this case the focal environment around the absorber
(BrO;) is highly anisotropic but the crystals are cubic and
hence macroscopically isotropic.

ANISOTROPY OF DIFFRACTION

In the dipole approximation, the resonant scattering
factor of an anisotropic atom is a tensor of second rank
(39-41). For an atom in a site of uniaxial symmetry this
tensor can be represented by a matrix,

fotfatifa 0 0
f= 0 fotfrtifz 0 - 1]
0 0 fotrotifs

For each combination of unit polarization vectors e, and
e, of incident and scattered rays the amplitude scattered
by the atom is f = effe,. The parameters in this matrix,
which are sensitive functions of wavelength, can be de-
rived from intensities measured in diffraction experiments
with polarized X-rays and a variety of crystal orientations.

In the crystal structure of Cs,Au,Cl; (1, 4) (Fig. 1)
each kind of Au atom is in a special position that
requires the unique direction of its uniaxial tensor to
lie along the crystallographic ¢ axis. For [ even, the
structure factor depends on the sum of the two tensors;
for [ odd, it depends on the difference. Thus to determine
the individual tensors one needs data for both even and
odd [ values. As in K,PtCl, (42) there is an orientation
for each hkl (called the ‘‘m setting’’), for which the
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TABLE 1
Diffraction Experiments and Resulting Tensors
E (V) 11914.7 11920.9 119225 11923.1 119249 11928.3
N 187 439 230 141 197 364
R (%) 35 4.7 3.7 4.2 4.1 4.8
K -0.025 -0.190 -0.220 ~0.380 ~0.355 -0.010
Bran 65 7 45 35 7 7
Lnax 1 3 3 3 1 3
Aul)
S —16.7(3) —18.2(2} —18.72) —t7.9(3) ~16.1{5 —=17.2(2}
fe ~-16.7(3} —18.641) —19.2(2) —18.92) =17.2(3) =772}
fr 4.5(5) 5.42) 5.8(3) 6.0(3) T 9.1(5)
i 3.98) 6.9(4) 8.2(3) 7.8(4) B.(5) 9.733)
Au(llD
I ~-18.K42) —20.8(1) -20.9(2) -19.%3) —14.0(5) =14.5(2)
fo -16.3(2) —t7.9(1) —18.3(2) —18.3(2) —18.7(3) —18.%2)
i 6.0(5) 8.4(2) 9.9(2) 11.0{3) 12.9(6) 6.9(4)
fo 4.7(7) 5.0(3) 5.4(3) 5.4(3) 5.5(3) 6.3(2)

Note. R = E|AFI/Z|F,| for N observations; K is the parameter for dichroism.

scattering of linearly polarized radiation depends only
on the w components of the tensors. There is also a
o setting,”” 90° in azimuth from the # setting, for
which the scattering depends to the greatest extent on
the ¢ components. Only in the case of 440 reflections
is this ¢ dependence complete.

EXPERIMENTAL

A sample of Cs,Au'Au''Cl, was prepared using a proce-
dure closely related to that of Wells (43). Under flowing
nitrogen 4.85 g of HAuCl, was heated to 225°C. This
produced a mixture of AuCl and some gold metal. Then
19.86 g of CsCl dissolved in a small amount of 1 : 1 hydro-
chloric acid was added to the thermal decomposition prod-
ucts and the mixture was boiled. A further 250 cm?® of
[:1 hydrochloric acid was then added and the mixture
was heated again so that the initially formed black solid
(Cs,Au,Cly) dissolved, leaving behind the gold metal, The
solution was decanted and allowed to cool. The initially
recovered small crystals were subsequently recrystallized
from a solution containing 5 g CsCl in 50 cm® of 1:1
hydrochloric acid.

A crystal (.09 X .15 x .22 mm with 9 faces) was selected
and glued to a glass fiber. Intensities of 938 nonzero re-
flections (264 independent) with # < 30° were measured
with MoK« radiation using an Enraf-Nonius CAD-4 dif-
fractometer. Transmission factors calculated by analyti-
cal integration ranged from 0.057 to 0.12. Extinction re-
duced some intensities by more than a factor of 3, and
17 strong reflections were deleted. An empirical correc-
tion for extinction in the least-squares refinement in-
creased the Fj of the strongest remaining reflection by
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37%. Atomic scattering factors were taken from Interna-
tional Tables for X-ray Crystallography (44) with disper-
sion corrections for all atoms calculated with the program
of Cromer (45). A full-matrix least-squares refinement was
carried out, minimizing 2 w(|Fy — |kF.[?, where k is a
scaling factor, w = [oc'(F)] %, ¢'(F) = ([c(F)]* +
[0.04 x F?1? + [5.0]%)%, and o (F?) is obtained from count-
ing statistics. The final cycle of refinement converged,
giving R, = 0.026 and R = 0.023. The atomic coordinates
(CI(1), z = 0.2904(3); CI(2), x = 0.2165(2)) agree with
those of Tindemans-Van Eijndhoven and Verschoor (4).
Observed and calculated structure factors for this refine-
ment, and anisotropic temperature factors are available
as supplementary material." Our thermal displacement
parameters are on average about 10% larger than those
previously reported, perhaps because of a different
amount and treatment of absorption and extinction. Ex-
tinction is not mentioned in the previous work,

The same crystal was used at the SSRL (Stanford Syn-
chrotron Radiation Laboratory) on Line 1-5 (a bending-
magnet line with a Si(111) double-crystal monochromator
and no focusing, 40-90 mA ring current at 3 GeV) with
a CAD-4 diffractometer (46), w-scan range of 0.3° or 0.5°,
and scan time of 30 sec or less. Each reflection in one
octant of reciprocal space, starting with / = 0 and up to
the maximum / and @ stated in Table 1, was measured at
the 7 and o azimuthal settings described above. Measure-
ments were deleted if too weak for good counting statis-
tics, if too strong for the detector, if repeated scans failed
to check, or if extinction was excessive. After normaliza-
tion for beam intensity according to an ion chamber, peri-
odic measurements of a standard reflection varied by as
much as 23%. Four of the six data sets were adjusted for
these changes by interpolation. Since the ion chamber
intercepts more of the beam than does the crystal, it is
less sensitive to shifts of the beam position. Transmission
factors calculated by analytical integration (assuming iso-
tropic absorption) ranged from 0.019 to 0.14. The effect
of dichroism on transmission was ¢stimated as described
by Templeton and Templeton (47) using the empirical K
values listed in Table 1. The photon energy scale is based
on 11.9212 keV for the K-edge inflection of metallic Au
(48). In addition to the diffraction measurements, polar-
ization-dependent absorption spectra, measured using a

! See NAPS document No. 05223 for 3 pages of supplementary mate-
rial. Order from ASES/NAPS. Microfiche Publications, P.O. Box 3513,
Grand Central Station, New York, NY 10163, Remit in advance $4.00
for microfiche copy or for photocopy, $7.75 up to 20 pages plus $.30
for each additional page. All orders must be prepaid. Institutions and
organizations may order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign orders add $4.50
for postage and handling, for the first 20 pages, and $1.00 for each
additional 10 pages of material, $1.50 for postage of any microfiche
orders.
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FIG. 2. Au Ly fluorescence spectra of Cs,Au'Au''Cl; measured
parallel and perpendicular to the crystallographic ¢ axis.

fluorescence technique, were recorded for the single crys-
tal of Cs,Au,Clg while it was mounted on the diffrac-
tometer (Fig. 2).

Eight tensor components and a scale factor were deter-
mined by least-squares analysis of each synchrotron data
set with all the structural parameters fixed at the values
determined from the MoK«a data. An extinction parameter
and the dichroism parameter X were determined by trial
and error. Care was necessary in the choice of initial f”
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FIG. 3. The real and imaginary parts of the anomalous scattering
tensor for the Au(l) site, The open circles are the m component and the
closed circles are the & component.
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FIG. 4. The real and imaginary parts of the anomalous scattering
tensor for the Au(lll) site. The open circles are the = component and
the closed circles are the o component.

values because with some of the data sets alocal minimum
exists for interchange of f7 for the two Au atoms. The
agreement of F, and F, was not as good when the parame-
ters of Tindemans-Van Eijndhoven and Verschoor (4)
were used. The results are listed in Table 1 and plotted
in Figs. 3 and 4.

DISCUSSION

An examination of Figs. 3 and 4 shows that the two
gold sites have very different scattering behavior. In the
case of the Au(I) site there is a modest anisotropy which
corresponds with somewhat stronger resonance absorp-
tion for polarization along the crystallographic c direction.
The scattering factor tensor for the Au(lll) site is highly
anisotropic with behavior in the a—b plane that is mark-
edly different from that observed for the Au(l). In particu-
lar, the pronounced peak inf?. , along with the correspond-
ing derivative-like feature in £}, , at about 11925 eV implies
the presence of a strongly m-polarized transition at this
energy for the Au(IIl). It should be noted that f” is linearly
related to the photoelectric absorption cross section, o,
(f" x oF) and f'(E) is connected to f"(E) via the Kram-
ers—Kronig relationship (49, 50).

The above observations are consistent with both our
polarized fluorescence spectra obtained for a single crys-
tal sample of Cs,Au,Cl, and the unpolarized X-ray absorp-
tion experiments performed on the salts Bu,NAuCl, and
Bu,NAuCl,, by Tanino and Takahashi (25). Our fluores-
cence spectra show a m-polarized (in the crystallographic
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FIG. 5. The real and imaginary parts of the anomalous scattering
tensor for Pi(I1) in K,PtCl, (42). The open circles are the m component
and the closed circles are the o component.

a—b plane) resonance at 11924 eV (Fig. 2) and the unpolar-
ized studies on the butyl ammonium salts show that only
the Au(lll) compound has a strong pre-edge transition.

The presence and origin of strong near-edge features
in the L, spectra of many transition metal complexes is
well established. The transitions are thought to be local-
ized 2p — nd in nature (51) and the magnitude of the
““white line’” or pre-edge feature is related to the J orbital
occupancy at the metal site (52, 53). Consequently, a 4"
ion like Au(l} is not expected to show a significant pre-
edge feature, but Au(l1l}, which is &, should show a pre-
edge feature. For a square planar ¢° metal complex the
lowest unoccupied orbital is the d2_p2. In the case of
Cs,Au,Clg, this vacant orbital lies in the crystallographic
a-b plane, giving rise to a 2p — 5d,2_,» transition polarized
in this plane (51).

It is interesting to compare our determination of the
tensor components for Au(Ill) in Cs,Au,Clg with those
previously determined for Pt(II) in K,PtCl, (see Figs. 4
and 5) (42). The general features of the two sets of mea-
surements are the same. However, the maximum in f"
(E) for the gold compound is not as great as that for the
platinum compound, and the minimum in f](E) is not as
low for the gold compound as it was for the platinum
compound. These differences are too large to be a conse-
quence of experimental errors. However, an explanation
can be found in the electronic structures of the com-
pounds. The pre-edge feature observed for Pt(II) com-
pounds, such as Ptl,, is often stronger than that found
for Au(IIl) compounds, like AuCl, (53). This difference
can be rationalized by considering  orbital occupancies.
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While both compounds have a formal & electron configu-
ration, the vacant orbital involved in the pre-edge transi-
tions is not purely metal d in character; it also has a
contribution from the ligand orbitals. It is likely that the
metal d orbitals will be lower in energy in the Au(IIl)
complex than in the Pt(II) complex due to the higher
formal oxidation state of the gold, consequently the
LUMO (lowest unoccupied molecular orbital) for the gold
complex will have less metal d character than the LUMO
for the platinum complex. This increased d orbital occu-
pancy in the case of the gold compound leads to the lower
intensity of the pre-edge feature and to the differences
observed between the anomalous scattering behaviour for
the Au(Ill) and Pt(II) species.

Our experiment demonstrates that it is possible, using
anomalous scattering diffraction, to obtain site-specific
information about the anisotropy of the local electronic
environment of atoms in solids containing more than one
type of environment. Anomalous scattering diffraction is
potentially a very useful approach as more information
is available from this experiment than from a simple com-
bination of crystallography and polarized X-ray absorp-
tion spectroscopy. We have only determined the compo-
nents of the scattering tensors at a small number of
energies in the vicinity of the absorption edge, however, it
is now feasible to determine their values at many different
energies in a reasonable amount of time. This could be
done using either scanning monochromator techniques or
by employing an over-bent focusing monochromator and a
position-sensitive detector (54—56). The former approach
has already been employed for DAFS experiments on
simpler compounds than the one discussed in this paper
(31, 34, 36, 37). With recent and projected advances in
both synchrotron radiation sources and instrumentation
many exciting experiments that combine the power of X-
ray absorption and diffraction in a synergistic fashion will
soon be possible.
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