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Photoinduced phase transition in a mixed-valence gold complex
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We have found a photoinduced phase transition~PIPT! in the mixed-valence~MV ! gold complex Cs2Au2Br6

from the MV state~ambient pressure phase! to the single-valence~SV! phase~high-pressure phase! in the
pressure region from 6.4 to 6.8 GPa. We have observed an accumulation of the photoirradiation effect of each
pulse shot, and have ascribed it to stabilization of the photogenerated SV clusters due to the cooperative
Jahn-Teller instability of Au21 ions. The PIPT shows a distinct threshold behavior against the photon density
as well as the shots number, which has been interpreted in terms of the critical nucleation of the photoinjected
SV clusters. We further found that the phototransformed SV phase is not stable below 5.5 GPa, and changes
into the former MV phase after a long dead time of;104 s.
tro
h
er

s-
an
he
an

f
-

p
an

ho
x

er

ar
it
e

o
d

th
n
V
a

mi-
n
with

.
i.e.,

tal
y

n-

m,
ainst
ts
are
pro-

-
.
der
we
the

la-

Br

dia-
One of the recent topics of solid state physics is to con
the electronic and magnetic state of matters by lig
In the past, electronic and magnetic states of sev
compounds, e.g.,~In,Mn!As/GaSb,1 cobalt-iron cyanide,2

polydiacetylene,3 polythiophene,4 and Fe-based spin cros
over complex,5 have been reported to be transformed to
other state by photoirradiation. Among them, t
p-conjugated polymer systems, i.e., polydiacetylene
polythiophene, show photoinduced phase change from
low-temperature~LT! to high-temperature~HT! states4 as
well as that from HT to LT states.3 A characteristic feature o
photoinduced phase transitions~PIPTs! of these polymer sys
tems is existence of the critical photon density4,3 below
which no phase change is induced. We need more exam
of materials that show definite PIPT to derive and underst
the generic features of PIPTs.

Our strategy to search PIPT is to directly couple the p
toexcitation with the electronic phase transition. For e
ample, intense charge-transfer type excitations may trigg
melting of the charge-ordered state. Recently, Miyanoet al.6

has reported a photoinduced phase change from the ch
ordered insulating to conductive states in doped mangan
Pr12xCaxMnO3 (0.3<x<0.5),6 although current seems to b
essential for this phenomenon. Matsudaet al.7 have found
that photoexcited down spins destroy ferromagnetic spin
dering in films of doped manganites. Here, we have foun
PIPT in the mixed-valence~MV ! gold complex Cs2Au2Br6,
from the MV state to the single-valence~SV! phase in the
pressure region from 6.4 to 6.8 GPa. In this system,
charge-transfer-type electron transfers between the vale
skipped Au sites directly convert the MV region into the S
region, and hence can induce a macroscopic MV-SV ph
PRB 610163-1829/2000/61~1!/20~4!/$15.00
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transition. The present PIPT in gold complex shows a pro
nentmemoryeffect, or accumulation of the photoirradiatio
effect of each pulse shot. This makes a sharp contrast
the PIPT in polythiophene,4 in which the primary process is
completed within the duration of the exciting laser pulse~5
ns!.

A perovskitelike gold complex Cs2Au2Br6 shows a
pressure-induced phase transition from MV to SV states8,9

In the MV state, the Au cations take two valence states,
Au1 ~ten d electrons! and Au31 ~eight d electrons!, forming
linear AuBr2

2 and square AuBr4
2 molecules, respectively.10

These two kinds of molecules form with pseudocubic crys
structure (I4/mmm; Z52). Optical gap is characterized b
the charge-transfer of ad electron from the Au1 to Au31

sites.8 Valence disproportion in the MV phase vanishes u
der hydrostatic pressures, and the SV state with Au21 ions is
realized. In Fig. 1 is shown the electronic phase diagra
determined by high-pressure Raman spectroscopy, ag
pressure and temperature.11 The hatched region represen
the bistable region, where both the MV and SV phases
stable and can be converted by an appropriate pressure
cess.

Single crystal of Cs2Au2Br6 was recrystallized from ac
etonitrile solution using anH-type double-test tube of glass
Detailed synthesis procedure is described in Ref. 9. In or
to probe the photoinduced change on the volume ratio,
have adopted the Raman spectroscopy. Intensity of
Au-Br stretching mode is known to be proportional to re
tive volume of the MV state, i.e.,VMV /(VMV1VSV), be-
cause the mode is deactivated in the SV state, where the2

ions are located at the centrosymmetric position.8 High-
pressure Raman measurements were performed using a
20 ©2000 The American Physical Society
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mond anvil cell and liquid paraffin as a pressure medium
tiny crystal sample, 0.1 mm in thickness and 0.230.2 mm2

in area~ab plane!, was placed in the gasket hole~0.3 mm in
diameter!. Magnitude of the applied pressures were mo
tored with the luminescence of a small piece of ruby plac
in the gasket hole. The probe laser power was kept be
50 W/cm2. Scattered light was detected with a doub
monochromator equipped with a photon-counting syste
The excitation light source is a dye-laser pumped by an
cimer laser, whose pulse duration and frequency are;20 ns
and;10 Hz, respectively.

Figure 2~a! shows Raman scattering spectra f
Cs2Au2Br6 in the bistable region at 300 K. Before photoe
citation @upper spectra of Fig. 2~a!#, the system is in the MV
phase with the intense Au-Br stretching mode. The Ram
signal completely disappears~middle spectra! after photoex-
citation with 2000 pulse shots, due to the PIPT into the

FIG. 1. Electronic phase diagram for Cs2Au2Br6 against pres-
sure and temperature~cited from Ref. 11!.

FIG. 2. Raman scattering spectra in the bistable region at 30
for Cs2Au2Br6 before ~upper spectra! and after~middle spectra!
photoexcitation: Initial states are the MV~a! and SV ~b! phases,
respectively. Excitation energyEexc is 1.9 eV and pulse duration i
20 ns. Photon density per pulse is 3.631016 cm22. 2000 pulse
shots are irradiated through the diamond window. The bottom s
trum was measured after pressure annealing.
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phase. The excitation energyEexc and photon density are 1.
eV and 3.631016 cm22 per pulse, respectively. With thi
excitation condition, 80% Au atoms are excited into t
Au21 states per pulse~if we neglect relaxation of thed elec-
trons.!. Disappearance of the Raman signal is not due
deterioration of the sample surface. In fact, the PIPT can
repeated several times with the same crystal. The bot
panel of Fig. 2~a! shows an example: The Raman sign
nearly recovers after pressure-annealing procedure, tha
the pressure is released down to;3 GPa and then increase
up to 6.1 GPa. The photoinduced phase transition of pre
system is one way, i.e., only from the MV to SV phases@see
Fig. 2~b!#. This is perhaps due to the different electron
structures in each phase. In the MV phase, the spec
weight due to the charge-transfer-type excitation is do
nated in the visible region.8 The spectral weight, however
transfers into the infrared region in the highly conductive S
phase.

We show in Fig. 3 a schematic picture for the observe
PIPT in the gold complex. In the MV state@Fig. 3~a!#, Au1

and Au31 states alternate three dimensionally. The photo
radiation, however, transfersd electrons from Au1 to Au31

sites8 and produces Au21 pairs; Au11Au31→2Au21. Such
Au21 pairs would form cluster states@see Fig. 3~b!# if the
photon density were large enough. Here, we discuss p
nomenologically nucleation processes of the phase transi
The first-order phase transition is known to be trigger
when the clusters of the second~SV! phase grow up to the
critical valuer c52s/DE, wheres and DE are the surface

K

c-

FIG. 3. Schematic structures of perovskitelike gold comp
Cs2Au2Br6 for ~a! mixed-valence~MV ! state,~b! nucleation of the
single-valence~SV! cluster after photoexcitation and~c! SV state.
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energy and the difference in the free energy between
phases.12 With increase of photon density, or shots numb
the sizer of the photogenerated SV clusters increases
reaches to ther c . „Note that relaxation time of the photo
generated SV clusters is longer than the frequency of
laser pulse (50.1 s), because the PIPT of the present s
tem shows shot number dependence@see Fig.4~b!#.… Accord-
ingly, the macroscopic MV-SV phase transition is triggere
as observed in Fig. 3~c!.

Consistently with above arguments, the PIPT show
threshold behavior against the excitation photon density
shots number. In Fig. 4 is shown relative Raman inten
I /I 0, whereI 0 is the intensity before photoexcitation, again
~a! photon density~shots number is fixed at 1000! and ~b!
shots number~photon density is fixed at;2.431016cm22).
The I /I 0 value represents the relative volume, i.
VMV /(VMV1VSV), of the MV phase. In Fig. 4~a!, the I /I 0
value is nearly constant (;1) in the weak excitation condi
tion, but suddenly drops down to;0.2 when the photon
density exceeds the critical value (;231016 cm22). Simi-
lar threshold behavior is also observed in the shots num
dependence of theI /I 0 value @see Fig. 4~b!#: the intensity
drops around 200–400 shots.

Thus observedmemory effect, or accumulation of the
photoirradiation effect of each pulse shot, is perhaps ascr
to the electron-lattice interaction inherent to the present s
tem. Actually, the lattice constantc shrinks by;1.6% at the
pressure-induced MV-SV phase transition, reflecting
Jahn-Teller instability of the Au21 ions in the SV phase.9

FIG. 4. ~a! photon density and~b! shots number dependence
relative Raman intensityI /I 0 of the Au-Br stretching mode, wher
I 0 is the intensity before photoexcitation. The Raman mode is
activated in the photogenerated SV phase.
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Such a strong Jahn-Teller instability inherent to the Au21Br6

octahedra could stabilize the photogenerated SV cluster
the sea of the MV region. This makes a sharp contrast w
the PIPT in polythiophene,4 in which the primary process is
completed within the duration of the exciting laser pulse~5
ns!.

Effect of the electron-lattice interaction can be seen in
recovery process from the photogenerated SV phase u
pressures below 5.5 GPa. The photogenerated SV pha
not stable in this pressure region~see Fig. 1!, and changes
into the stable MV phase. In Fig. 5 is shown temporal ev
lution of the Raman intensityI /I 0 after photoexcitation with
300 pulse shots att50 s. The open and closed symbo
mean that the crystal is in the MV and bistable regions,
spectively. Photoexcitation att50 s reduces theI /I 0 value,
indicating transition into the SV phase. At 5.5 GPa near
low the MV-SV phase boundary, theI /I 0 value slightly in-
creases from;0.4 at t50 s to ;0.5 at t513104 s, and
then discontinuously jumps up to;1. Here, let us define the
critical time tc as the time whereI (t)/I 0 becomes@11I (t
50)/I 0#/2. Photogenerated SV domains divides the M
phase into parts, as schematically shown in the inset of
5. The large lattice distortion around the MV-SV pha
boundary prevents the MV cluster from spreading, a
causes the long dead timetc . The cluster size finally reache
to r c at tc , and the SV-MV phase transition is triggere
Slight increase of theI /I 0 value seen fort,tc may reflect
growth of the MV clusters~see Fig. 5!. With further decrease
of pressure, the MV phase becomes more stable (DE in-
creases! and hencer c(52s/DE) becomes smaller. Conse

-

FIG. 5. Temporal evolution of the relative Raman intensityI /I 0

of the Au-Br stretching mode. 300 pulse shots with photon den
P52.531016 cm22 (Eexc51.9 eV) are irradiated att50 s.
Open symbols are the data obtained below the MV-SV ph
boundary: circles, squares, and triangles are the data at 5.0, 5.3
5.5 GPa, respectively. Filled circles means that the data were
tained within the bistable region~at 6.5 GPa!. Schematics shows
shrinkage of the SV domains.
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PRB 61 23BRIEF REPORTS
quently, the recovery process is much accelerated:tc;0.5
3104 s at 5.3 GPa andtc;0.23104 s at 5.0 GPa.

In summary, we have found a photoinduced phase tra
tion ~PIPT! in the mixed-valence~MV ! gold complex
Cs2Au2Br6, from the MV state to the single-valence~SV!
phase in the pressure region from 6.4 to 6.8 GPa. In
system, the charge-transfer type excitation directly crea
the SV clusters in the sea of the MV phase, and would tr
ger the phase transition if the size exceeded the critical ra
e
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r c . The observed memory effect, or accumulation of t
photoirradiation effect of each pulse shot, suggests that
electron-lattice interaction is the key for the present PIPT
the mixed-valence gold complex.
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