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Electronic structure of the gold complexes Cs2Au2X6 „X5I, Br, and Cl …
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Electronic structures of halogen bridged mixed-valence~MV ! complexes Cs2Au2X6 (X5I, Br, and Cl! have
been investigated by means of reflectivity measurements. We have observed five polarization-dependent opti-
cal transitions in the energy range of 0.6–5.5 eV. The lower-lying three bands below;3 eV are due to the
intermolecular transitions from AuX2

2 to AuX4
2 molecules, while the others are assigned to the intramolecular

transitions. The optical gapEgap increases from 1.31 eV forX5I to 2.04 eV forX5Cl, due to enhancement of
the nearest-neighboring Coulomb repulsionV and the Jahn-Teller distortion of AuX4

2(S). We further investi-
gated external pressure effects on the electronic state, and found pressure-induced disappearance of the Raman-
active Au-Br stretching modes, which indicates an electronic phase transition from the MV state to a single-
valence~SV! state.@S0163-1829~99!11511-X#
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I. INTRODUCTION

Mixed-valence metal complexes are attracting current
terest due to their characteristic physical properties. Am
them, platinum complexes have been extensively stud
both experimentally1–5 and theoretically6,7 to clarify the na-
ture of the electronic state. In these systems, the str
electron-phonon coupling induces a charge density wa
that is, alternation of the divalence~Pt21) and tetravalence
~Pt41) sites. In @Pt(en)2] @Pt(en)2X2#(ClO4)4 ~en
5ethylenediamine,X5I, Br, and Cl!,8,9 the optical gap cor-
responds to the charge-transfer~CT! transition between the
neighboring Pt sites, and increases with changing theX2

ions from I2 to Cl2. Similarly to the chemical substitution
application of hydrostatic pressure affects the electronic s
of this system.10–14

Gold complex Cs2Au2X6 (X5I, Br,and Cl! is another ex-
ample for the mixed-valence~MV ! metal complexes.15–18 In
this system, the Au cations separate into two valence sta
i.e., Au1 and Au31, and form linear AuX2

2 and square AuX4
2

molecules. These two kinds of molecules align alternately
the tetragonal lattice (I4/mmm; Z52),15–18 and hence this
system can be viewed as a molecular system. Kojima
Kitagawa19 have investigated the electronic structure
Cs2Au2I6, and found three optical transitions in the visib
region. They have assigned them to the intermolecular
transitions from AuI2

2 to AuI4
2 molecules. However, a sys
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tematic study of the electronic structures with variation
the halogen ions has not been reported. Application of
drostatic pressure also affects the electronic structure of
MV state via modification of the physical parameters.
pressure-induced tetragonal-to-tetragonal phase transitio
reported at 5.5, 9, and 11 GPa forX5I, Br, and Cl,
respectively.20 To clarify the nature of the high-pressur
phase, especially on the valence states of Au atoms, we
also performed a high-pressure Raman measurement, w
is one of the most sensitive probes for the local symmetr21

Our results indicate that the structural transition is of fir
order and accompanies changing of the unit cell, i.e., tra
formation of the electronic state from the MV state to t
single-valence~SV! state.

The paper is organized as follows. After describing t
experimental procedure in Sec. II, we present the chem
substitution and pressure effects on the electronic stat
Sec. III. First, the overall feature of the electronic structure
presented, and the observed transitions are classified int
termolecular and intramolecular types~Sec. III A!. We fur-
ther discuss the systematic change of the optical gapEgapand
oscillator strengthf with chemical substitution of theX ions
in terms of the cluster model~Sec. III B!. We performed a
high-pressure Raman measurement, and have foun
MV-SV transition in Cs2Au2Br6 induced by an external pres
sure of;7.3 GPa~Sec. III C!. We summarize our results in
Sec. IV.
7925 ©1999 The American Physical Society
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II. EXPERIMENT

The complexes Cs2Au2X6 (X5I, Br, and Cl! were syn-
thesized using the same method as reported in Ref.
Single crystals were recrystallized from hydrochloric ac
solution using an H-type doublet test tube of glass. The
tained crystals were bronze-color square plates, typic
232 mm2 ~ab plane! in area and 1 mm~c axis! in thickness.
The crystallographicc axis is easily determined using d
chroic nature of the crystal.

In reflectivity R(v) measurements, a halogen-tungst
lamp ~0.6–3.1 eV! and a xenon lamp~2.5–5.5 eV! were
used. Light from the lamp was focused with a concave m
ror on the entrance slit of a grating monochromator. T
monochromatic light was passed through a polarizer an
sharp-cut filter, and was focused on theac (bc) surface of
the sample. Reflected light from the sample was focused
Si ~1.1–5.5 eV! or a Ge~0.6–2.0 eV! photodiode. The abso
lute reflectivity was obtained by comparison with the refle
tance spectrum of an Al mirror.

High-pressure Raman measurements were performe
300 K using a diamond anvil cell and liquid paraffin as
pressure medium. The applied pressure was monitored u
the luminescence peak of a small piece of ruby placed in
gasket hole. At 300 K, pressure inhomogeneity is estima
to be 0.2 GPa above 6 GPa. The sample was excited at 5
nm with an argon ion laser in a backward configuration.
avoid the sample damage, the laser power density was
below 50 W/cm2. Scattering light was detected with a doub
monochromator equipped with a photon counting system

III. RESULTS AND DISCUSSION

A. Overall feature of the electronic structure

Before describing the details of the electronic structu
for Cs2Au2X6, let us survey the overall feature of the refle
tivity R(v) spectra. Figure 1 shows the polarization dep
dence ofR(v) for Cs2Au2I6 at 300 K. Three bands~A, B,
and D! are observed forE'c and two bands~C and E! for
Eic. The lower-lying three bands below;3 eV ~A, B, and

FIG. 1. Polarization dependence of reflectivity spectra
Cs2Au2I6 at 300 K. Solid and broken curves represent the spe
with polarization perpendicular (E'c) and parallel (Eic) to the
crystallographicc axis, respectively.
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C! are assigned to intermolecular transitions from the Au2
2

to AuI4
2 molecules. The fine structures are due to the crys

field splitting of the Au5d level as a result of Jahn-Teller
type lattice distortion~site symmetryD4h). In Fig. 2 is
shown the splitting of the 5d levels for Au1 and Au31.
Kojima and Kitagawa19 have performed a group theoretic
analysis on the electronic transitions from Au1 to Au31 sites,
and found three optical transitions related to the 5d level.
Judging from polarization dependence, A, B, and C are
signed to the transitions of 5dx22y2→5dx22y2, 5dxy
→5dx22y2 and 5dyz(5dzx)→5dx22y2, respectively. In
this study, we observed higher-lying weaker bands, i.e.
and E, which can be assigned to intramolecular transition
the AuI4

2 and AuI2
2 molecules to the Au6s level, respec-

tively. It is noted that the I5p state participates in these tw
transitions via the strongp-d hybridization with the Au5d
state.23

Thus obtained electronic structure is schematically sho
in Fig. 2. The 5d state of the AuI2

2 molecule is occupied,
while the 5dx22y2 state is empty for the AuI4

2 molecule.
The lower-lying three optical transitions~broken arrows! are
characterized by the charge-transfer~CT! type from AuI2

2 to
AuI4

2 molecules, while the higher-lying two transitions~solid
arrows! are of the intramolecular type.

B. Charge-transfer transitions in the mixed-valence state

Chemical substitution of halogen ions significantly affec
the electronic structure. Figure 3 showsR(v) for
Cs2Au2X6 (X5Cl, Br,and I! for E'c at 300 K. Substitution
of Br2 ~or Cl2) ions for I2 ions does not change the overa
feature of the spectra, but induces a blue-shift of the p
energies. In order to estimate the optical parameters

r
ra

FIG. 2. Schematic electronic structure for Cs2Au2I6. Solid and
broken arrows are for the intermolecular and the intramolecu
transitions, respectively.
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cisely, the spectra were analyzed with a two-Lorentz osci
tor model. According to the model, the dielectric functione
is expressed as

e5e12 i e25e`1
4paAvA

2

vA
22v21 iGAv

1
4paBvB

2

vB
22v21 iGBv

, ~1!

wherea i , v i , and G i ( i 5A and B! are the polarizability,
resonance energy, and damping constant, respectively.
refractive indexn, extinction coefficientk, and reflectivityR
can be calculated as

n2~v!5
Ae1

21e2
21e1

2
, ~2!

k2~v!5
Ae1

21e2
22e1

2
, ~3!

and

R5
~n~v!21!21k2~v!

~n~v!11!21k2~v!
. ~4!

The oscillator strengthf i is expressed as

f i5
a iv i

2m0

N0e2 , ~5!

whereN0 is the reciprocal of the unit cell volume,m0 ande
are the mass and charge of an electron, respectively. O
circles in Fig. 3 show the best-fitted spectra. The obtai
parameters are listed in Table I. The energy difference

FIG. 3. Reflectivity spectra (E'c) for Cs2Au2X6 (X5I, Br,
and Cl! at 300 K. Open circles are the best-fitted results with
two-Lorentz oscillator model.
-
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d
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tween A and B bands, which is a crude measure of
crystal-field splitting, is nearly the same~;0.5 eV! for all the
complexes. Thef value per Au pair decreases fromf A
50.83 (f B51.69) for X5I to f A50.58 (f B51.01) for
X5Cl, due to the decreasing hybridization between the Aud
andXnp orbitals. Similar chemical substitution effects on t
oscillator strength have been reported in the halogen-brid
MV platinum complexes, @Pt(en)2] @PtX2(en)2#
(ClO4)4 (en5ethylenedyamine,X5I, Br, and Cl.!8

Now let us discuss the chemical substitution effect on
optical gap in terms of the Jahn-Teller splitting~S!, on-site
~U! and nearest-neighboring~V! Coulomb repulsions. Here
we will consider an isolated cluster of seven molecul
namely a square AuCl4

2 molecule surrounded by six linea
AuCl2

2 molecules@see Fig. 4~a!#. In the ground state, elec

TABLE I. Resonance frequencyv i , oscillator strengthf i per Au
pair, and damping constantG i ~i5A and B! for Cs2Au2X6 (X5I,
Br, and Cl!.

X v i ~eV! f i G i ~eV!

I
i 5A 1.31 0.83 0.32
i 5B 1.82 1.69 0.92

Br
i 5A 1.60 0.71 0.41
i 5B 2.10 1.32 1.17

Cl
i 5A 2.04 0.58 0.54
i 5B 2.50 1.01 1.24

FIG. 4. Schematic picture for~AuX4
2)(AuX2

2)6 cluster: ~a!
ground state,~b! photoexcited state, and~c! single-valence state.
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tron pairs are localized at the alternating Au sites due to g
of the Jahn-Teller-type lattice distortion. In this model, t
excitation energyEgap is expressed asS2U111V, where
the last term comes from the nearest-neighboring Coulo
repulsionV @see Fig. 4~b!#. Table II lists the typical lattice
parameters for Cs2Au2X6,16–18 i.e., intersite distanceL and
halogen displacementd from the central position betwee
the neighboring Au sites. With decreasing atomic numbe
the halogen ions, i.e., in the order of I2, Br2, and Cl2, theL
value decreases and the value ofd/L increases. Resultan
enhancement ofV and S is expected to increaseEgap, as
observed.

Here, let us consider the highly photoexcited state.
many electrons were photoexcited onto the Au31 sites, the
smaller number of electrons at the Au1 sites would reduce
the excitation energy. In an extreme case where half of
electrons are photoexcited, the energy difference from
MV ground state isDE5S2U16V per one electron pai
@see Fig. 4~c!#. Note that theDE value is much smaller than
the optical gap, implying a possible photoinduced phase t
sition from the MV state to a SV state via the highly phot
excited state. Such a SV state is achieved by applicatio
an external hydrostatic pressure~vide infra!.

C. Single-valence state induced by an external pressure

Before describing details of the pressure effects on
Raman spectra, let us consider the Raman activity of
Au-X stretching modes. Cs2Au2X6 crystal consists of linea
AuX2

2 ~site symmetryD4h) and square AuX4
2 (D4h) mol-

ecules. The other vibrational modes, such as bending-
modes and vibrational modes of the heavy Cs1 ions, would
occur in the lower-frequency region below;100 cm21. The
group theoretical analysis tells us that enumeration of
Au-X stretching modes for the square AuX4

2 molecule is
A1g1B1g1Eu, and that for the linear AuX2

2 molecule is
A1g1A2u . Among them, three modes, i.e., 2A1g1B1g , are
Raman active. Figure 5 shows the Raman spectra
Cs2Au2X6 (X5Cl and Br! at ambient pressure. TwoA1g
modes are observed in thec(a1b,a1b) c̄ configuration,
while oneB1g mode is observed in thec(a1b,a2b) c̄ con-
figuration. Judging from the longer Au-Cl bond~2.295 Å! in
the AuCl4

2 molecule as compared with the bond~2.281 Å! in
the AuCl2

2 molecule,18 the lower-lying two modes, i.e.
B1g (297 cm21) and A1g (2.99 cm21) modes, are as
cribed to the square AuCl4

2 molecule. The higher-lying
A1g (324 cm21) mode is due to the linear AuCl2

2 molecule.

TABLE II. Distance L between the neighboring Au sites an
halogen displacement d from the central position for
Cs2Au2X6 (X5I, Br, and Cl!.

X L ~Å! d ~Å! 2d/L Ref.

I
c 6.046 0.437 0.145 16

ab 5.858 0.283 0.097 16

Br
c 5.654 0.424 0.150 17

ab 5.487 0.305 0.111 17

Cl
c 5.440 0.439 0.161 18

ab 5.300 0.355 0.134 18
in
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Frequencies of the stretching modes are significantly redu
in Cs2Au2Br6 @see Fig. 5~b!#, as compared with that in
Cs2Au2Cl6. The ratiosvAu-Br /vAu-Cl of the frequencies are
0.61 and 0.67 for the lower-lying and higher-lyingA1g
modes and 0.60 for theB1g mode, which are all close to th
ideal value@0.675(mCl /mBr)

1/2#. We also found a signifi-
cant resonant effect in the Raman spectra of Cs2Au2Br6, re-
flecting strong electron-lattice interaction.

Figure 6 shows pressure dependent Raman spectra
Cs2Au2Br6. The high-pressure Raman measurements w
performed in an unpolarized configuration.24 Intensity of the
strongestB1g mode is plotted in Fig. 7~a! against pressure
Open and closed circles show the data obtained in
pressure-applying and pressure-reducing runs, respecti
Although the intensity is almost constant below;4 GPa, it
suddenly decreases around 6 GPa and disappears above;7.3
GPa~open circles!. This indicates that the Br2 ions shift to
the central position between the neighboring Au sites un
pressure above;7.3 GPa. In this structure, enumeration
the Au-X stretching modes would change intoEu1A2u , and
the Raman-active modes should disappear. In other wo
the two Au sites become equivalent and a single-vale
~SV! state is achieved. The steep drop of the intensity as w
as the prominent pressure hysteresis~hatched region! indi-
cates a first-order nature of the MV-SV transition.

Finally, let us discuss pressure-induced shifts of the R
man modes. In Fig. 7~b! are shown the pressure-shifts of th
B1g mode andA1g mode. The former and the latter are due
the Au-Br stretching vibrations in the AuBr4

2 and AuBr2
2

molecules, respectively. Open and closed circles stand
the pressure-applying and pressure-reducing runs, res
tively. As indicated by the eye-guided curve in Fig. 7~b!, the
B1g mode shows a significant softening~22.1 cm21/GPa!,
making a sharp contrast with a slight hardening of theA1g
mode. A similar softening ofB1g ~25.8 cm21/GPa! is also

FIG. 5. Raman scattering spectra for Cs2Au2X6 at 300 K: ~a!
X5Cl and ~b! X5Br. Solid and broken curves are the spectra w
configurations ofc(a1b,a2b) c̄ andc(a1b,a1b) c̄, respectively.
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observed for Cs2Au2Cl6 ~not shown!.25 The softening sug-
gests weakening of the Au-Br bonds with the Jahn-Te
distorted AuBr4

2 molecules.

IV. SUMMARY

We have systematically investigated the variation of
electronic structures of Cs2Au2X6 with changing the halogen
ions from I to Cl. The observed optical transitions are cl
sified according to intermolecular and intramolecular typ
Variation of optical gap with chemical substitution is a

FIG. 6. Pressure dependence of the Raman spectra
Cs2Au2Br6 at 300 K with the unpolarized configuration. The le
and right spectra are for the pressure-applying and press
reducing runs, respectively.
,
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.

cribed to the enhancedV andS values. We further observed
a pressure-induced transition from the MV state to the S
state.
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