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Electronic structure of the gold complexes CsAu,Xg (X=I, Br, and Cl)
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Electronic structures of halogen bridged mixed-valeid¥ ) complexes C#Au,Xg (X=I, Br, and C) 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 be¥oaV are due to the
intermolecular transitions from AG, to AuX,; molecules, while the others are assigned to the intramolecular
transitions. The optical gay,,increases from 1.31 eV fot=I to 2.04 eV forX=ClI, due to enhancement of
the nearest-neighboring Coulomb repulsiand the Jahn-Teller distortion of Xy (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.[S0163-18209)11511-X]

I. INTRODUCTION tematic study of the electronic structures with variation of

Mixed-valence metal complexes are attracting current in-the halogen ions has not been reported. Application of hy-

. s . . drostatic pressure also affects the electronic structure of the

terest due to their characteristic physical properties. Amon V state via modification of the physical parameters. A
them, platinum complexes have been extensively studie r . o

X 5 . 7 . pressure-induced tetragonal-to-tetragonal phase transition is
both experimentalf{r® and theoretically’ to clarify the na-

. reported at 5.5, 9, and 11 GPa fot=I, Br, and CI,

ture of the electronic state. In these systems, the Stronﬂaspectivelyz.o To clarify the nature of the high-pressure
eIect_ron—phonor_1 coupling |_nduces a+charge density Wavephase, especially on the valence states of Au atoms, we have
that is, alternation of the divalend®f*) and tetravalence

p ) also performed a high-pressure Raman measurement, which
(PET)  sites. In [Pt(en),][PteN) Xz](ClO)s (€N 5 one of the most sensitive probes for the local symmétry.

=ethylenediamineX=I, Br, and C),%° the optical gap cor- oy results indicate that the structural transition is of first-
responds to the charge-transt@T) transition between the orger and accompanies changing of the unit cell, i.e., trans-
neighboring Pt sites, and increases with changingXhe formation of the electronic state from the MV state to the
ions from I" to CI”. Similarly to the chemical substitution, single-valencgSV) state.
application of hydrostatic pressure affects the electronic state The paper is organized as follows. After describing the
of this systent?~*4 experimental procedure in Sec. Il, we present the chemical
Gold complex CsAu,Xs (X=I, Br,and C) is another ex-  substitution and pressure effects on the electronic state in
ample for the mixed-valeno@V) metal complexe$>~8In  Sec. III. First, the overall feature of the electronic structure is
this system, the Au cations separate into two valence stategresented, and the observed transitions are classified into in-
i.e., Au" and A", and form linear AX, and square A¥;  termolecular and intramolecular typéSec. Il A). We fur-
molecules. These two kinds of molecules align alternately irther discuss the systematic change of the opticalgapand
the tetragonal latticel@/mmm Z=2)*"*and hence this oscillator strength with chemical substitution of th¥ ions
system can be viewed as a molecular system. Kojima anih terms of the cluster modéBec. 11l B). We performed a
Kitagawa® have investigated the electronic structure forhigh-pressure Raman measurement, and have found a
CsAu,lg, and found three optical transitions in the visible MV-SV transition in CsAu,Brg induced by an external pres-
region. They have assigned them to the intermolecular CBure of~7.3 GPa(Sec. Ill Q. We summarize our results in
transitions from AuJ to Aul, molecules. However, a sys- Sec. IV.
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FIG. 1. Polarization dependence of reflectivity spectra for 5dx2-y? z
CsAuylg at 300 K. Solid and broken curves represent the spectra
with polarizatipn pe_rpendicule_\rE(_L c) and parallel Elic) to the Sdyz,5dzx | Sdxy
crystallographiac axis, respectively. Sdxy Sdyz,5dzx
Il. EXPERIMENT - >
+ 3+
The complexes GAu,Xg (X=I, Br, and C) were syn- P ru P s

thesized using the same method as reported in Ref. 22. g1 2. Schematic electronic structure for,88,15 Solid and
Single crystals were recrystallized from hydrochloric acidproken arrows are for the intermolecular and the intramolecular
solution using an H-type doublet test tube of glass. The obgansitions, respectively.
tained crystals were bronze-color square plates, typically
2X2 mnt (ab plang in area and 1 mnfc axis) in thickness.  C) are assigned to intermolecular transitions from the;Aul
The crystallographicc axis is easily determined using di- o Aul, molecules. The fine structures are due to the crystal-
chroic nature of the crystal. field splitting of the Aufl level as a result of Jahn-Teller-
In reflectivity R(w) measurements, a halogen—tungstentype lattice distortion(site symmetryD,;). In Fig. 2 is
lamp (0.6-3.1 eV and a xenon lamg2.5-5.5 eV were  ghown the spliting of the & levels for Au* and AG*.
used. Light from the lamp was focused with a concave MirKojima and Kitagaw® have performed a group theoretical
ror on the entrance slit of a grating monochromator. Theanalysis on the electronic transitions from Ato AuS* sites,
monochromatic light was passed through a polarizer and gnq found three optical transitions related to tree|&vel.

sharp-cut filter, and was focused on the (bc) surface of Judging from polarization dependence, A, B, and C are as-
the sample. Reflected light from the sample was focused ON&gned to the transitions of dB@—y2—5dx2—y2, 5dxy

Si(1.1-5.5 eV or a Ge(0.6—-2.0 eV photodiode. The abso- —5dx2—y? and 5yz5dzX) —5dx’—y?, respectively. In
lute reflectivity was obtained by comparison with the reflec-iig study, we observed higher-lying weaker bands, i.e., D

tance spectrum of an Al mirror. and E, which can be assigned to intramolecular transitions of
High-pressure Raman measurements were performed gie Ay~ and Aul molecules to the Auslevel, respec-

300 K using a diamond anvil cell and liquid paraffin as a e\, |t is noted that the If state participates in these two
pressure medium. The applied pressure was monltored_ USIREhnsitions via the strong-d hybridization with the Aufl
the luminescence peak of a small piece of ruby placed in th tate?

gasket hole. At 300 K, pressure inhomogeneity IS estimated ;5 gptained electronic structure is schematically shown
to be .0'2 GPa aboye 6 GPa._ The sample was e_xcned_ at 514”? Fig. 2. The 9l state of the Au] molecule is occupied,
nm with an argon ion laser in a backward configuration. To ile the 5dx2—v2 state is empty for the Adl molecule
avoid the sample damage, the laser power density was ke%I € the xdx=—y= stale IS emply for the Ay '
below 50 W/cm. Scattering light was detected with a double € lower-lying three optical transitioriroken arrowsare

monochromator equipped with a photon counting system. characterized by the charge-transfefl) type from Auk, to

Aul, molecules, while the higher-lying two transitiotsolid
Il RESULTS AND DISCUSSION arrowg are of the intramolecular type.

A. Overall feature of the electronic structure B. Charge-transfer transitions in the mixed-valence state

Before describing the details of the electronic structures Chemical substitution of halogen ions significantly affects
for Cs,AULXg, let us survey the overall feature of the reflec-the electronic  structure. Figure 3 showR(w) for
tivity R(w) spectra. Figure 1 shows the polarization depenCs,Au,Xg (X=CI, Br,and ) for EL ¢ at 300 K. Substitution
dence ofR(w) for CsAu,lg at 300 K. Three band6A, B,  of Br~ (or CI") ions for I” ions does not change the overall
and D are observed foELc and two band$C and B for  feature of the spectra, but induces a blue-shift of the peak
Elic. The lower-lying three bands below3 eV (A, B, and  energies. In order to estimate the optical parameters pre-
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TABLE I. Resonance frequenay;, oscillator strength; per Au

Cs,AUzXs Elc P g?iré:gocl:;jamping constaht, (i=A and B for CsAu,Xg (X=I,
i -«=- calc. ’ )
0.2 B X [O]] (E\/) fi Fi (eV)
L | i=A 1.31 0.83 0.32
E o . i=B 1.82 1.69 0.92
= | X=Br B i=A 1.60 0.71 0.41
5 i=B 2.10 1.32 1.17
wo.2 i=A 2.04 0.58 0.54
B+ cl i=B 2.50 1.01 1.24
T 9
X=Cl
tween A and B bands, which is a crude measure of the
0.2 crystal-field splitting, is nearly the sante 0.5 eV) for all the
B complexes. Thef value per Au pair decreases frofy

) Y : : =0.83 (fg=1.69) for X=I to f,=0.58 (fg=1.01) for
00 10 20 30 40 50 X=Cl, due to the decreasing hybridization between thedAu5
PHOTON ENERGY (eV) andXnp orbitals. Similar chemical substitution effects on the
oscillator strength have been reported in the halogen-bridged
MV platinum complexes, [Pt(en),][PtX,(en),]
(ClOy), (en=ethylenedyaminex=I, Br, and Cl)®

Now let us discuss the chemical substitution effect on the
cisely, the spectra were analyzed with a two-Lorentz oscilla®Ptical gap in terms of the Jahn-Teller splittitg, on-site

tor model. According to the model, the dielectric functien (U) and nearest-neighboringy) Coulomb repulsions. Here,
is expressed as we will consider an isolated cluster of seven molecules,

namely a square Aug¢lmolecule surrounded by six linear
AuCI; molecules[see Fig. 4a)]. In the ground state, elec-

FIG. 3. Reflectivity spectraBLc) for CsAu,Xg (X=I, Br,
and C) at 300 K. Open circles are the best-fitted results with a
two-Lorentz oscillator model.

. 47TaAwi
e=€;—ler=€,+——5—""7"
' C wi— w'+ Taw (a) ground state

N 477'an§ n I“ I'
05— w’+iTgo’ I 8 I
i H
where ¢;, w;j, andI’; (i=A and B) are the polarizability,
resonance energy, and damping constant, respectively. The ”i
refractive indexn, extinction coefficient, and reflectivityR I“ It egelectron
can be calculated as O halogen ion
- Auion

\/E%'f‘ E%‘f’ €1

2 _ N
Mw)=—">% — @ II I,

v
VeEi+es—€ ] -U*I O?ZO ' In
K2(w) = #' 3 S
2 Hi
and i*
(n(w)— 1)2 + 2 () (c) single-valence state
= 2, 2 . 4
(N(w)+ 1)+ k(w) t
The oscillator strength; is expressed as R EL'
, ! rI 0?20 : It
_ajwiMg ST o S i
e N082 ' © ?I i

whereNj is the reciprocal of the unit cell volume), ande

are the mass and charge of an electron, respectively. Open
circles in Fig. 3 show the best-fitted spectra. The obtained FIG. 4. Schematic picture fofAuX;)(AuX;)s cluster: (a)
parameters are listed in Table I. The energy difference beground state(b) photoexcited state, an@) single-valence state.
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TABLE II. DistanceL between the neighboring Au sites and
halogen displacements from the central position for z CsrAAuxXG —Bi (2 x=Cl
CsAuXg (X=I, Br, and C). 5 e(atb, a-bc
s | iefa+b, atb)c g
X L (A) s(A) 26/L Ref. <
= 4+
| c 6.046 0.437 0.145 16 E
ab 5.858 0.283 0.097 16 E
Br c 5.654 0.424 0.150 17 E
ab 5.487 0.305 0.111 17 =
c 5.440 0.439 0.161 18 0
cl ab 5.300 0.355 0.134 18 g (b) X=Br
=
<
tron pairs are localized at the alternating Au sites due to gain 2
of the Jahn-Teller-type lattice distortion. In this model, the -
excitation energyEy,, is expressed aS—U+ 11V, where §
the last term comes from the nearest-neighboring Coulomb =
repulsionV [see Fig. 4b)]. Table Il lists the typical lattice Z o

| L 1 ! i " !
parameters for Gau,Xe, 26 8i.e., intersite distancé and 100 200 300 400
halogen displacement from the central position between
the neighboring Au sites. With decreasing atomic number of

th? hal((j)gen lons, "e'a mhthe Olrder o;_f, I_Br_, and CI, thell‘ FIG. 5. Raman scattering spectra for,89,Xg at 300 K: (a)
value decreases and the value & increases. Resultant X=Cl and (b) X=Br. Solid and broken curves are the spectra with

ggggpv%ijment oV and S is expected to increasBg,, @S configurations ot(a-+b,a—b)c andc(a+b,a-+ b)c, respectively.
Here, let us consider the highly photoexcited state. If

many electrons were photoexcited onto the*Asites, the

smaller number of electrons at the Awsites would reduce

the excitation energy. In an extreme case where half of th

electrons are photoexcited, the energy difference from th

MV ground state isSAE=S—U+6V per one electron pair

[see Fig. 4c)]. Note that theAE value is much smaller than cant resonant effect in the Raman spectra ofAQsBrg, re-

the optical gap, implying a possible photoinduced phase tranf'lecting strong electron-lattice interaction &

sition from the MV state to a SV state via the highly photo- Figure 6 shows pressure dependent. Raman spectra for

Zﬁcg;i rsntglt iyﬁf;;a?ingrs;zzézeafnmz;’ed by application OészAuzBr@ .The high—prgssure Rgman_ measurements were
' performed in an unpolarized configurati#hintensity of the
strongestB,; mode is plotted in Fig. (&) against pressure.
C. Single-valence state induced by an external pressure Open and closed circles show the data obtained in the
gressure—applying and pressure-reducing runs, respectively.

RAMAN SHIFT (cm™)

Frequencies of the stretching modes are significantly reduced
in CsAu,Brg [see Fig. )], as compared with that in
CsAU,Clg. The ratioswa,.g/ wa,u.c) Of the frequencies are
%.61 and 0.67 for the lower-lying and higher-lying,
fhodes and 0.60 for thB,, mode, which are all close to the
ideal value[0.67=(m¢;/mg,)Y?]. We also found a signifi-

Before describing details of the pressure effects on th
Raman spectra, let us consider the Raman activity of th
Au-X stretching modes. GAu,Xg crystal consists of linear

Ithough the intensity is almost constant belevd GPa, it
sSuddenly decreases around 6 GPa and disappears aljo8e
GPa(open circles This indicates that the Brions shift to

ecules. The other vibrational modes, such as bending-ty the central position between the neighboring Au sites under

- p . .
modes and vibrational modes of the heavy’ Gans, would &essure above-7.3 GPa. In this structure, enumeration of

. . Y the Au-X stretching modes would change irig+ A,,, and
occur in the lower-frequency region belowl00 cni . The the Raman-active modes should disappear. In other words,

. _ ' e two Au sites become equivalent and a single-valence
Au-X stretching modes for the square Xy molecule is gy state is achieved. The steep drop of the intensity as well
A1gtBigtE,, and that for the linear A, molecule is a5 the prominent pressure hystere@iatched regionindi-
A1gt Az, Among them, three modes, i.e Ag;+Byg, are  cates a first-order nature of the MV-SV transition.

Raman active. Figure 5 shows the Raman spectra for ginglly, let us discuss pressure-induced shifts of the Ra-
CAUXs (X=CI and By at ambient pressure. TWhis  man modes. In Fig.(B) are shown the pressure-shifts of the
modes are observed in thga+Db,a+bjc configuration, B, mode andA,, mode. The former and the latter are due to
while oneB,4 mode is observed in the(a+b,a—-b)c con-  the Ay-Br stretching vibrations in the AuBrand AuBg
figuration. Judging from the longer Au-Cl boit#.295 A N molecules, respectively. Open and closed circles stand for
the AuCl; molecule as compared with the bof@i281 A in  the pressure-applying and pressure-reducing runs, respec-
the AuCl, molecule;® the lower-lying two modes, i.e., tively. As indicated by the eye-guided curve in Figb)7 the

By (297 cm’) and Ay (2.99 cm') modes, are as- B,, mode shows a significant softenirig-2.1 cn Y/GPa,
cribed to the square Augl molecule. The higher-lying making a sharp contrast with a slight hardening of g

Ay (324 cn'Y) mode is due to the linear AuCimolecule.  mode. A similar softening 0B,y (—5.8 cm YGP3g is also
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FIG. 6. Pressure dependence of the Raman spectra f(}peAu-Brstretching modes for &&u,Brg. Open and closed circles

CsAu,Brg at 300 K with the unpolarized configuration. The left show_the data obtaiqed in the pressure-applying and pressure-
and right spectra are for the pressure-applying and pressuré-educ'ng runs, respectively. Curves are the guide to the eyes. Hatch-

reducing runs, respectively. ing represents a pressure hysteresis.

observed for C#Au,Clg (not shown.?> The softening sug- cribed to the enhanced and S values. We further observed

gests weakening of the Au-Br bonds with the Jahn-Telle pressure-induced transition from the MV state to the SV
distorted AuBj molecules. state.
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