PHYSICAL REVIEW B 79, 153103 (2009)

Propagation of a ballistic nuclear wavepacket on an adiabatic potential surface of a
one-dimensional Br-bridged Pd complex without a self-trapped exciton state
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The photoexcited state of one-dimensional Br-bridged Pd complex, which is a Peierls insulator, was studied
using a femtosecond luminescence spectroscopy from near to mid-infrared region. The ultrafast decay with a
time constant of 240 =40 fs at all photon energies and delay of the maximum positions up to 160 fs with
decreasing the photon energy were observed. These behaviors are ascribed to a slide down motion of the
nuclear wavepacket on an adiabatic potential energy surface leading to the Mott-insulator domain without a
local potential minimum corresponding to a self-trapped exciton.
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The dynamical study on the generation of a new phase
through the excited electronic states is of a central impor-
tance in the photoinduced phase transition (PIPT) phenom-
ena. Generally, the PIPT is expected near the boundary be-
tween two stable or metastable phases separated by an
energy barrier in the electronic ground state.! Investigation
of the motion of the nuclear wavepacket (WP) on the adia-
batic potential energy surface in the excited electronic state
is the most direct way for understanding the mechanism of
PIPT. The family of one-dimensional (1D) halogen-bridged
transition metal complexes (M-X) provides versatile model
systems for this aim, because the physical parameters, i.e.,
transfer energy ¢, on-site Coulomb repulsion energy U,
nearest-neighbor repulsion energy V, and electron-lattice in-
teraction S in the extended Peierls-Hubbard model, can be
controlled by replacement of halogen ions (X:Cl,Br,]), tran-
sition metal ions (M:Pt,Pd,Ni), ligand molecules, and
counter ions.?> The isolated 1D chain, which consists of
alternate halogen X and transition metal M ions, plays a pri-
mary role in physical properties through electron transfer and
lattice deformation along the chain. When § is large in com-
parison with U, which corresponds to the case for Pt-X and
Pd-X, the ground state has a charge density wave (CDW)
phase, i.e., a sequence of (-M**-X"-M?*-X"-) with alternate
displacement of halogen ions. Variety of metastable states,
such as self-trapped excitons (STE), solitons, and polarons,
are known to be produced via photoexcitation and have been
extensively investigated mainly in Pt complexes.®'0 In
contrast, the Ni-X system, in which U is more dominant than
S, has a Mott-insulator (MI) type ground state
(-Ni**-X~-Ni**-X~-), which exhibits homogeneous charge
distribution without lattice distortion.’ The target material in
this Brief Report [PdBr(chxn=cyclohexanediamine),]|Br,,
which we abbreviate as Pd-Br(chxn) throughout this Brief
Report, is located close to the phase boundary of CDW and
MI between Ni-X and Pt-X in the phase diagram drawn on
the S-U plane. This material has a CDW ground state. Thus
the Pd-Br(chxn) potentially becomes a candidate of PIPT
material, which has a hidden nearly degenerated ground state
accessible via photoexcited state. Indeed Iwano!’'? calcu-
lated the adiabatic potential energy surface, where the ex-
cited state produced by one photon excitation can relax to the
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MI domain without suffering a potential barrier, as con-
trasted to Pt-X system, where a shallow localized bound state
(STE) exists. Matsuzaki et al.'3 reported pump-probe reflec-
tance measurements on this material, where they assigned
the reflectivity change induced by the photoexcitation to the
appearance of the MI domain. Observation of the relaxation
path on the adiabatic potential energy surface is a challeng-
ing issue for understanding the PIPT process and the compe-
tition among the excited states; STE, solitons, polaron and
MI domain.

In this Brief Report, we study [PdBr(chxn
=cyclohexanediamine), |Br,, by using femtosecond lumines-
cence spectroscopy, which enables us to trace the motion of
the nuclear WP in the excited states. The result indicates the
ballistic nuclear WP motion, which reflects the adiabatic po-
tential energy surface without a barrier as predicted near the
phase boundary.

Pd-Br(chxn) has the CDW ground state accompanied by a
lattice distortion corresponding to the displacement of the Br
ions.* Furthermore, Takaishi e al.'* reported a direct obser-
vation of local valence image of Pd-Br(chxn) by STM,
where they found a phase mismatch of the CDW domain,
which is in other words a spin soliton, or a Pd3* at the do-
main wall. Judging from these experimental results, the
physical properties of Pd-Br(chxn) would be expected to be
similar to that of Pt-X and other wide-gap Pd-X systems.
Thus it is expected that the photoexcited states of the Pd-
Br(chxn) relax to the STE as observed in Pt-X and other
Pd-X systems. However, the narrow band gap (0.72 eV) and
the small Peierls distortion in Pd-Br(chxn) suggest that the
magnitude of § is relatively small and the CDW state is less
stable.>*!5 In fact, doping of the Ni ion on Pd-Br(chxn),
which increases U, induces the MI phase at a concentration
of 15%, indicating that Pd-Br(chxn) is located near the phase
boundary between Peierls and Mott insulators on the phase
diagram.*!3 In other words, S and U are competing critically
each other in Pd-Br(chxn). As mentioned above, Iwano'""12
predicts that the photoexcited state relaxes to the MI phase,
which exists as a metastable state in Pd-Br(chxn), based on a
calculation using the extended Peierls-Hubbard model.

The single crystals of [PdBr(chxn),|Br, were prepared by
the electrochemical oxidation technique.'”> The sample was
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FIG. 1. The closed circles, open squares, and open triangles
correspond to the luminescence time evolutions, whose polarization
angles are 0°, 45°, and 90° with respect to the 1D chain, respec-
tively. The luminescence photon energy is 0.9 eV and the excitation
light is polarized parallel to the 1D chain. The inset is an optical
conductivity spectrum of E//1D chain reproduced from Ref. 4.

excited at 1.55 eV using 65 fs pulses from an amplified Ti-
:sapphire laser pulse (200 kHz repetition rate). The time-
resolved luminescence measurements were carried out using
a femtosecond up-conversion technique. Paraboloidal mir-
rors were used to collect and to refocus the luminescence
onto a nonlinear-optical crystal (LIO). The luminescence
light was frequency mixed in LIO with variably delayed fun-
damental frequency pulses from the Ti:sapphire amplifier.
The up-converted sum-frequency signal was spectrally fil-
tered by a double grating monochromator and detected with
a cooled photomultiplier tube (Hamamatsu Photonics R943—
02) coupled to a photon counting system. All measurements
were conducted at room temperature. The system has sensi-
tivity between 0.23 and 1.3 eV, and the overall time reso-
lution of this system was about 100 fs and the time interval
of the measurement was 40 fs. The difference of the sensi-
tivity at each energy was calibrated by using the sum-
frequency signal between the light from a tungsten lamp with
a sapphire window and the fundamental Ti:sapphire laser
light in CW operation. We defined the time origin as a center
of the sum-frequency waveform between the gate pulse and
the reflection of the pump pulse from the sample surface.
The penetration depth of the pump pulse and the escape
length of the luminescence introduce an additional delay in
the luminescence signal in the backward scattering configu-
ration. This error on the order of 10 fs was also corrected
using the optical conductivity data in Ref 4. The excitation
density in this work is 10 per Pd site, which is low enough
to allow us to regard the process as a local one photon exci-
tation.

The optical conductivity, which is reproduced from Ref 4,
is shown in the inset of Fig. 1. This broad absorption band at
0.72 eV with a bandwidth of 0.4 eV has been assigned to the
lowest charge transfer (CT) exciton, in which an electron
transfers from Pd** to Pd*". According to the theory on
Pt-X,'¢ the broad bandwidth at a finite temperature is as-
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FIG. 2. The time evolutions of the luminescence observed in
Pd-Br(chxn) at room temperature. The photon energies are indi-
cated on right side. The luminescence intensity is shown in a unit
proportional to photons/second/eV. The multiplication factors are
indicated near the curves.

cribed to a thermal fluctuation of the lattice strongly coupled
to the electronic state. The excitation energy in our experi-
ment (1.55 eV) corresponds to the upper tail of the CT exci-
ton band. The excitation pulse generates high energy exci-
tons or free electron-hole pairs in the conduction band. In our
previous work, the WP oscillation on the adiabatic potential
surface was observed under excitation at the high energy tail,
1.2 eV higher than the CT absorption peak in Pt-Br,!” which
is very similar to the situation in Pd-Br(chxn). This means
the excess energy of the photogenerated exciton is lost
within a very short time compared to the oscillation period,
before starting the propagation on the adiabatic potential sur-
face. Otherwise the oscillating feature would be smeared out
and no oscillation signal should be observed. Thus in Pd-
Br(chxn), too, we can expect that the excited state produced
by the 1.55 eV photon will immediately relax to the exciton
and start the motion of the WP.

Figure 1 shows the polarization characteristics of the lu-
minescence at a photon energy of 0.9 eV under the excitation
light polarized parallel to the 1D chain. There is no lumines-
cence signal at an angle of 90° with respect to the 1D chain,
i.e., the luminescence is polarized parallel to the 1D chain. In
the case of the excitation light polarized perpendicular to the
1D chain, no luminescence was observed in any polarization.
These results suggest that this luminescence originates from
the CT transition along the 1D chain.

Figure 2 shows time evolutions of the luminescence in-
tensity. The spectrum of the transient luminescence is shown
in Fig. 3(a) (closed circles), which is derived from the data in
Fig. 2 by integrating the signal from —0.7 to 1.3 ps.

The circles in Fig. 3(b) show the peak position of the time
evolution curves in Fig. 2 at each energy as a function of the
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FIG. 3. (a) The gray line indicates optical conductivity spec-
trum, which is reproduced from Ref. 4. The closed circles indicate
the integrated transient luminescence spectrum obtained from the
data in Fig. 2. (b) The peak position of the luminescence waveform
as a function of the luminescence photon energy. (c) The time-
resolved spectrum of the luminescence constructed from the data in
Fig. 2.

luminescence photon energy. The peak positions are obtained
from the curve fitting assuming a function

I(1) =A{1 —exp(— %)}exp(— t;zto).

The fitting coefficients, 7, and 7,, are rise and decay time
constants, respectively. We observed the luminescence at 0.3
eV, at which the optical conductivity reaches zero. The lumi-
nescence maintains comparable intensity even at 0.23 eV.
This result strongly suggests that the large lattice relaxation
proceeds in Pd-Br(chxn) just as in the case of Pt-X Although
an intense luminescence peak due to STE is observed in
Pt-X, the integrated luminescence spectrum shows no peak
structure in the Stokes side as shown in Fig. 3(a). Wada er
al.? investigated the relation between the CT absorption and
the luminescence energy systematically on several kinds of
the Pt-X and some other Pd-X. They found an empirical rule,
that is, the luminescence energy is proportional to the CT
absorption energy and the ratio of the former to the latter is
(1/2.3). Therefore, if the STE state had existed in Pd-
Br(chxn), the peak energy of the luminescence band would
be about 0.31 eV, which is well within our measurement
region, according to this rule. Normally, the STE lumines-
cence intensity is orders of magnitude larger than the hot
luminescence. From the absence of any indication of an iso-
lated luminescence band down to 0.23 eV, we can conclude
that Pd-Br(chxn) has no STE state.
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FIG. 4. The solid lines indicate the potential energy surfaces,
which are reproduced from Refs. 11 and 12 in Pd-Br(chxn). The
horizontal axis, 1p=domain size, indicates the size of the MI do-
main. The luminescence energies and the peak delay times are in-
dicated at the bottom and the top of the dashed arrows, respectively.

We discuss our results comparing with the WP dynamics
in Pt-X. The time evolution curves of the luminescence in
Pd-Br(chxn) are very different from those of Pt-X. In Pt-X,
the STE luminescence shows a slow rising at the center of
the luminescence band and corresponding decay profiles on
both sides, reflecting a cooling process.'® In addition, a
waveform reflecting the nuclear WP oscillation with dephas-
ing is observed.!®?! In contrast, the luminescence time evo-
lution of Pd-Br(chxn) shows none of these features as shown
in Fig. 2.

The disappearance of the STE state is supported also
from the observed short lifetime of the luminescence
(24040 fs). In Pt-Br, the oscillation period of the STE is
290 fs (Refs. 20-22) and a similar oscillation period of STE
is expected in Pd-Br(chxn), because this oscillation origi-
nates from the vibration of the bridging halogen ions. Thus
the observed lifetime is shorter than one period of STE os-
cillation, if it ever exists. In other words, STE state cannot be
defined within this short lifetime.

From these discussions, we are forced to the relaxation
process accompanying a large lattice distortion without the
STE state. Since the CDW ground state of Pd-Br(chxn) is
located near the boundary between the Peierls and the Mott-
insulator phases in the phase diagram,*!> the MI domain can
exist as a metastable state. It is predicted that a photoexcited
state relaxes to the MI without a potential barrier, i.e., the MI
phase domain appears in the CDW ground state in Refs. 11
and 12. Figure 4 shows the adiabatic potential energy surface
of Pd-Br(chxn), which is reproduced from Refs. 11 and 12.
In this diagram, the abscissa is not an ordinary configuration
coordinate axis, but the size of the MI domain. This curve
represents the energy along the valley on the potential energy
surface in the multidimensional configuration coordinate
space. In the MI domain, all the Pd ions take trivalent state
and the Peierls displacements of the Br ions are released. The
STE state is viewed as a minimal MI domain consisting of
two trivalent ions. The potential surface has a local mini-
mum, i.e., STE in Pt-X and other Pd-X complex. In contrast
in Pd-Br(chxn), the potential surface is opened toward the
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direction of expansion of the domain size at that point. Thus
the STE state does not exist and the photoexcited state re-
laxes to the new state, i.e., the MI domain.

Under the condition mentioned above, the dynamical re-
laxation process will be as follows. The luminescence time-
evolution curves, which show delays of the peak position
with decreasing photon energies, reflect the WP propagation
on the potential surface. The domain of the MI phase would
spread broader accompanying a release of the deformation
energy, because there is no potential barrier as shown in Fig.
4 and this dynamics corresponds to the slide down motion of
the WP. The time evolution (see Fig. 2) of the luminescence
below band edge (0.3 eV) reflects the propagation of the WP
into the gap where there is no electronic states before exci-
tation. In other words, the release of the Peierls distortion
means decrease in the dimerization order parameter, which in
turn decreases the gap energy in a band picture, but due to
the strong electron correlation energy on the metal site, the
system becomes again MI. The move of the luminescence
energy toward low energy corresponds to the decrease in the
gap (2A) energy.?®?*

The delay of the peak position reaches 160 fs at 0.23 eV
as shown in Fig. 3(b). Figure 3(c) also shows the shift of the
WP position to the low energy side at 180 fs. Based on the
energy diagram in Fig. 4, the transition energies of 0.5, 0.3,
and 0.23 eV correspond to the domain sizes of 2.5, 5, and 7
metal sites, respectively. We have to note that this diagram
gives only a rough estimation, because a slight energy dif-
ference yields a large error in the domain size at lower ener-
gies. It is meaningful to compare this domain size with the
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size of the spin soliton, which is also constructed from Pd3*
sites. The direct observation of the spin soliton spreading 10
Pd** site has been reported in Ref. 14, which is comparable
to the size of the photogenerated MI domain.

Comparison of the Pd-Br(chxn) system with the trans-
polyacetylene, which is a famous Peierls system possessing
soliton states, may be useful.>* The soliton pair is immedi-
ately generated from an e-h pair within the time scale of 100
fs in trans-(CH)x.22® These solitons make recombination
after random walk. The large lattice relaxation energy result-
ing from the STE-like lattice deformation can readily assist
the growth of the Pd** domain, instead of stabilizing the STE
state. Our experimental result indicates that the time scale to
stabilize the MI domain is larger than 160 fs, which is the
peak position on the time-evolution curve at our lowest ob-
servable energy, 0.23 eV (see Fig. 2).

To conclude, we performed femtosecond luminescence
spectroscopy in [PdBr(chxn),]|Br, and observed a transient
luminescence from near to mid-infrared region. The large
Stokes shifts and the ultrafast decay of the luminescence in-
dicate existence of a large lattice relaxation and the nonex-
istence of a local potential minimum corresponding to STE
on the relaxation path, respectively. We attributed the ballis-
tic nuclear WP dynamics to the relaxation process from the
Peierls insulator toward the MI domain.

This work was supported in part by the Grant-in-Aid for
Scientific Researches (B) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.

K. Nasu, Relaxations of Excited States and Photoinduced Struc-
tural Phase Transitions, Springer Series in Solid State Science
Vol. 124 (Springer, Berlin, 1997).

2Y. Wada, T. Mitani, M. Yamashita, and T. Koda, J. Phys. Soc.
Jpn. 54, 3143 (1985).

3H. Okamoto, K. Toriumi, T. Mitani, and M. Yamashita, Phys.
Rev. B 42, 10381 (1990).

4H. Matsuzaki, K. Iwano, T. Aizawa, M. Ono, H. Kishida, M.
Yamashita, and H. Okamoto, Phys. Rev. B 70, 035204 (2004).

5Y. Wada, T. Mitani, K. Toriumi, and M. Yamashita, J. Phys. Soc.
Jpn. 58, 3013 (1989).

ON. Kuroda, M. Sakai, Y. Nishina, M. Tanaka, and S. Kurita,
Phys. Rev. Lett. 58, 2122 (1987).

7N. Kuroda, M. Kataoka, and Y. Nishina, Phys. Rev. B 44, 13260
(1991).

8H. Okamoto, T. Mitani, K. Toriumi, and M. Yamashita, Phys.
Rev. Lett. 69, 2248 (1992).

9H. Okamoto and M. Yamashita, Bull. Chem. Soc. Jpn. 71, 2023
(1998).

10A. Mishima and K. Nasu, Phys. Rev. B 39, 5758 (1989).

K. Twano, Phys. Rev. B 70, 241102(R) (2004).

12K. Iwano, J. Phys.: Conf. Ser. 21, 38 (2005).

I13H. Matsuzaki, M. Yamashita, and H. Okamoto, J. Phys. Soc. Jpn.
75, 123701 (2006).

148 Takaishi, H. Miyasaka, K. Sugiura, M. Yamashita, H. Mat-
suzaki, H. Kishida, H. Okamoto, H. Tanaka, K. Marumoto, H.

Ito, S. Kuroda, and T. Takami, Angew. Chem. Int. Ed. 43, 3171
(2004).

ISM. Yamashita, T. Ishii, H. Matsuzaka, T. Manabe, T. Ka-
washima, H. Okamoto, H. Kitagawa, T. Mitani, K. Marumoto,
and S. Kuroda, Inorg. Chem. 38, 5124 (1999).

16K Twano, Prog. Theor. Phys. 113, 143 (1993).

7K. Yasukawa, Y. Takahashi, T. Suemoto, and S. Kurita, J. Phys.
Soc. Ipn. 76, 084707 (2007).

18S. Tomimoto, H. Nansei, S. Saito, T. Suemoto, J. Takeda, and S.
Kurita, Phys. Rev. Lett. 81, 417 (1998).

19T, Matsuoka, J. Takeda, S. Kurita, and T. Suemoto, Phys. Rev.
Lett. 91, 247402 (2003).

208, Tomimoto, S. Saito, T. Suemoto, J. Takeda, and S. Kurita,
Phys. Rev. B 66, 155112 (2002).

218, L. Dexheimer, A. D. Van Pelt, J. A. Brozik, and B. 1. Swan-
son, Phys. Rev. Lett. 84, 4425 (2000).

228. L. Dexheimer, A. D. Van Pelt, J. A. Brozik, and B. I. Swan-
son, J. Phys. Chem. A 104, 4308 (2000).

23S. Brazovskii and N. Kirova, JETP Lett. 33, 4 (1981).

24 A. I. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su, Rev.
Mod. Phys. 60, 781 (1988).

25C. V. Shank, R. Yen, R. L. Fork, J. Orenstein, and G. L. Baker,
Phys. Rev. Lett. 49, 1660 (1982).

267, Vardeny, J. Strait, D. Moses, T.-C. Chung, and A. J. Heeger,
Phys. Rev. Lett. 49, 1657 (1982).

153103-4



