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Ultrafast photoinduced transitions of a one-dimensional Mott insulator into two distinct electronic
phases, metal and charge-density-wave (CDW) state, were achieved in a bromine-bridged Pd-chain
compound [Pd(en),Br](Cs-Y),H,0 (en = ethylenediamine and Cs-Y = dialkylsulfosuccinate), by select-
ing the photon energy of a femtosecond excitation pulse. For the resonant excitation of the Mott-gap
transition, excitonic states are generated and converted to one-dimensional CDW domains. For the higher-
energy excitation, free electron and hole carriers are produced, giving rise to a transition of the Mott
insulator to a metal. Such selectivity in photoconversions by the choice of initial photoexcited states opens a
new possibility for the developments of advanced optical switching and memory functions.
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Ultrafast changes of electronic states in solids by light,
called photoinduced phase transitions (PIPTs), are recently
attracting considerable attention as new mechanisms for
future optical switching and memory devices [1,2]. A key
strategy for realizing a PIPT is to photoexcite a material
located near a boundary between two different electronic
phases. Following this strategy, several PIPTs between two
nearly degenerate phases have been reported so far, e.g., the
neutral-ionic transition in tetrathiafulvalene-p-chloranil
[3-7], the insulator-metal transition in VO, [8-12], and
the charge- or orbital-order insulator to ferromagnetic metal
transition in manganites [13—19]. In some of these PIPTs,
transition behaviors were investigated using different exci-
tation photon energies, and it was observed that they
affected the transition efficiency [5,15,20,21] and transition
time [22]. A more exotic method of photocontrol is to
generate two different phases by the choice of the excitation
photon energy. This can provide a good opportunity for the
exploration of new optical switching and memory devices,
as well as for advanced studies of PIPTs. However, such
selectivity in PIPTs has hardly been achieved [23]. In the
present study, we show that by a choice of the photon energy
of a femtosecond laser pulse, a quasi-one-dimensional (1D)
Mott insulator can be changed either to a metal or a
charge-density-wave (CDW) insulator.

The material studied is a bromine-bridged Pd-chain com-
pound [Pd(en),Br|(Cs-Y),H,O (en = ethylenediamine,
Cs-Y = dialkylsulfosuccinate) [Fig. 1(a)] [24], which is
one of the halogen (X)-bridged transition-metal (M) com-
pounds (MX chains). In M X chains, M (Ni, Pd, Pt) ions and
X (ClI, Br, I) ions arrange alternately and the 1D electronic
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state is formed by the p, orbital of X and the d2 orbital of
M [25]. MX chains have two stable electronic phases, the
Mott-insulator phase (...X -M3+-X—-M3*-X~_..) in which
M3+ ions and X~ ions are regularly arranged, and the CDW
phase (.. X -M**-X"--M?>*--X—-M**-X"--M*"--X"..)
in which M>* and M** are alternately arranged with dimeric
displacements of X~ ions [26]. [Pd(en),Br](Cs-Y),H,Ois a
unique material that shows a CDW to Mott-insulator
transition [24]. With lowering temperature, the neighboring
Pd-Pd distance (L) along the chain axis b [open circles in
Fig. 1(b)] gradually decreases because of the suppression of
thermal motions of the alkyl chains, leading to the enhance-
ment of their packing through van der Waals attractions. At
T. = 205 K, this compound undergoes a first-order tran-
sition from CDW to Mott-insulator via a discontinuous
change of the optical-gap energy E, as well as L [Fig. 1(b)]
[24,27]. Suppression of the electron-lattice interaction
associated with the bridging Br ions due to the decrease
in L [28] is a main driving force for this transition. Hereafter,
we abbreviate [Pd(en),Br|(Cs-Y),H,0 as PdBrC5 [24].
Below T, two kinds of PIPTs can be expected
in PdBrC5. One is the photoinduced Mott-insulator
to metal transition [Fig. 1(c)], which was previously
observed in another 1D Mott insulator [Ni(chxn),Br|Br,
(chxn = cyclohexanediamine) [29], and a 1D organic Mott
insulator, bis(ethylenedithio)tetrathiafulvalene-difluorote-
tracyanoquinodimethane (ET-F,TCNQ) [30,31]. In those
transitions, photogenerated electron and hole carriers
act as free carriers because of the nature of the
spin-charge separation characteristic of 1D correlated
electron systems [32,33]. The other possible PIPT is the

© 2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.113.096403
http://dx.doi.org/10.1103/PhysRevLett.113.096403
http://dx.doi.org/10.1103/PhysRevLett.113.096403
http://dx.doi.org/10.1103/PhysRevLett.113.096403

PRL 113, 096403 (2014)

PHYSICAL REVIEW LETTERS

week ending
29 AUGUST 2014

(a)

Mott insulator Pd3 Br
1y ofegefsse; é ofogo
O
o N

0*0;0? éOOOéO
@ Br Metal L
°C Y Y Y Ay X

H

(d)

(b) Mott insulator
30.9 T T T .f.é.f'é.ﬁ.é'
W I w_

>

% 5'34.@ e@h

S 532 3 ’

a 53 §ofofo€oaofoéo
= 528,“5 e *—
'%. 52 o Ccbw — Pd2+ Pdé+
© 5241: 05000?0.0;000

5.22

0 100 200 300
Temperature (K)

o 5 00050.0 ﬁ 000

> « > « -> <«
FIG. 1 (color online). (a) Crystal structure of
[Pd(en),Br](Cs-Y),H,0. H atoms of Cs-Y are omitted for
clarity. (b) Temperature dependence of the optical-gap energy
E, and the Pd-Pd distance L (open circles: cooling run, open
squares: heating run) [24]. Schematics of (c) photoinduced Mott-
insulator to metal transition and (d) photoinduced Mott-insulator
to CDW transition.

photoinduced Mott-insulator to CDW transition [Fig. 1(d)],
since Mott-insulator and CDW phases are nearly degenerate
in PdBrC5. We show that this transition can be driven via
the creation of a Pd**-Pd** pair as the precursor state of
CDW by a resonant excitation of the lowest excitonic state.

Single crystals of PdBrC5 were prepared following a
previous report [24]. For pump-probe measurements, a
Ti: Al,O5 regenerative amplifier (RA) was used as a light
source (1.55 eV, pulse width of 130 fs, and repetition rate
of 1 kHz). The output from the RA was divided into two
pulses, which were used as excitation sources for two
optical parametric amplifiers (OPAs). From two OPAs,
pump (0.56 eV) and probe (0.1-2 eV) pulses were obtained.
For the 1.55 eV pump, the output from the RA was directly
used. The delay time 7, of the probe pulse relative to the
pump pulse was controlled by changing the path length of
the pump pulse. The temporal resolution of the system was
~180 fs. Polarized Raman spectra were measured using a
Raman spectrometer equipped with a He-Ne laser and an
optical microscope.

In Figs. 2(a) and 2(b), we show using solid lines the
polarized reflectivity (R) spectra of PdBrC5 at 12 K with
the light electric field E parallel (||) to the chain axis b.
The imaginary part of the dielectric constant &, [solid
lines in Figs. 2(c) and 2(d)] was obtained by using the
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FIG. 2 (color online). (a),(b) Reflectivity (R) spectrum
(thick solid lines) and its photoinduced changes (AR) of
[Pd(en),Br](Cs-Y),H,O at 12 K; (a) 1.55 eV pump and (b)
0.56 eV pump. Arrows indicate pump energies. (c),(d) Spectrum of
the imaginary part of the dielectric constant (&, ) (thick solid lines)
and its photoinduced changes (Ag,) at 12 K; (c) 1.55 eV pump
and (d) 0.56 eV pump. Pump and probe lights are || b.

Kramers-Kronig transformation (KKT) of the R spectra
[34]. The &, spectrum exhibits a sharp peak at 0.585 eV
corresponding to the Mott-gap transition. More strictly,
this peak is attributed to a 1D exciton, expressed as
(Pd**,Pd*") — (Pd**, Pd*"), since the excitonic effect
is effective in most of the M X chains [28,35]. Hereafter, we
call this exciton the Mott-gap exciton.

In Fig. 2(a), the spectra of photoinduced reflectivity
changes (AR) using the 1.55 eV pump are presented for
typical delay times #,;. Electric fields of the pump and probe
lights are || b. The averaged photon density (x,,) of a pump
pulse absorbed within the absorption depth (1210 A) is
0.011 photon (ph)/Pd [36]. The evaluation procedures of
Xph are detailed in the Supplemental Material S1 [37]. R in
the mid-IR region below 0.4 eV shows noticeable increase
with decrease in energy for each t,; value in common, being
reminiscent of a Drude response, while R decreases over
a wide energy region (0.4-2 eV) showing spectral weight
transfer to the IR region. To get more detailed information
on the transient electronic-state changes, we calculated the
photoinduced change, Ag,, by KKT of the R + AR spectra
[colored lines in Fig. 2(c)] [43]. The spectral intensity of
Ag, at t; = 1 ps monotonically increases with decreasing
energy, suggesting the formation of a metallic state. Such a
spectral feature is almost unchanged up to 500 ps.
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To achieve the photoinduced Mott-insulator to CDW
transition, we next set the pump photon energy at 0.56 eV
corresponding to the Mott-gap exciton. AR and Ae,
spectra for t; = 1-500 ps (x,, = 0.029 ph/Pd), shown in
Figs. 2(b) and 2(d), respectively, are considerably different
from those collected using the 1.55 eV pump [Figs. 2(a)
and 2(c)]. Ag, spectra have small intensities below 0.2 eV
and exhibit a clear peak structure at around 0.4 eV. We
ascertained that time profiles of AR for the 1.55 and 0.56 eV
pump are much different even at the same excitation-photon-
density (xp,). This demonstrates that different photores-
ponses of the 1.55 and 0.56 eV pump (Fig. 2) are not due to
the difference in x,,(= 0.011and 0.029 ph/Pd). The x,
dependences of AR for the 1.55 and 0.56 eV pump and AR
spectra for t; < 1 ps are presented in the Supplemental
Material S2 [37].

To characterize the observed photoinduced states, we
analyzed the &, spectra at r; = 1 ps in Figs. 3(a) and 3(b).
We assume that these spectra consist of two components,
the original Mott-gap-exciton transition with a Lorentzian
spectral shape (blue area) and the other component origi-
nating from the photoinduced state (green or red areas). The
details of the analyses are reported in the Supplemental
Material S3 [37]. For the 1.55 eV pump, the blue area
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FIG. 3 (color online). (a),(b) &, spectra along b at 12 K and at
ty = 1 ps in [Pd(en),Br](Cs-Y),H,0:; (a) 1.55 eV pump and (b)
0.56 eV pump (thick solid lines). Blue shaded areas show the
responses of the Mott-insulator state. Green shaded area in
(a) shows the response of the photoinduced metallic state. Red
shaded area in (b) shows the response of the photoinduced CDW
state. Thin solid line is the fitting curve. (c) Calculated E, as a
function of the transfer energy ¢,. (d) Optical-gap energy E, and
(e) frequency Af) of the symmetric Pd-Br stretching mode as a
function of the Pd-Pd distance L.

depicts the reduced Mott-gap-exciton transition with a peak
at 0.57 eV and the green area depicts metallic behavior.
In contrast, for the 0.56 eV pump, the spectrum was well
reproduced by the sum (the solid line) of two Lorentzian
components with peaks at 0.57 eV (blue area) and 0.41 eV
(red area). This suggests that a metastable state, charac-
terized by the 0.41 eV peak, is photogenerated. The CDW
state is a plausible candidate for this metastable state.

The peak energy (0.41 eV) of the photoinduced state
using the 0.56 eV pump is, however, smaller than that of the
CDW state (>0.66 eV) for T > T, = 205 K [Fig. 1(b)].
We can attribute this difference to the temperature depend-
ence of the Pd-Pd distance, L. Figure 3(d) shows the
optical-gap energy E, corresponding to the CDW-gap
exciton as a function of L, which was deduced from
Fig. 1(b). With a decrease in L, E, linearly decreases in
the CDW phase. Such a linear relatlon is well known in
MX chains with CDW and is explained by the extended-
Peierls-Hubbard model [28]. Taking the L value (~5.22 A)
at 12 K into account, E, of the photoinduced CDW state
is expected to be close to 0.4 eV [see the broken line
in Fig. 3(d)].

To confirm this interpretation, it is important to dem-
onstrate that the variation of £, across the CDW and Mott-
insulator boundary can be explamed by reasonable changes
in physical parameters due to the decrease in L. For this
purpose, we adopted the extended-Peierls-Hubbard model
with physical parameters, the on-site Coulomb repulsion
U, the intersite Coulomb repulsion V, the electron-lattice
interaction S, and transfer energy f,. The Hamiltonian is
given by

H = —tOZ(CLIGC,‘, + HC) + UZI’I[THN
Lo 1

S
+VY iy = S (g —a)m + 526112» (1)
1 1 1

where C,,(C;}) is the operator for 4d . electrons with spin &
at the [/th Pd site, n; is its number operator, and ¢g; is a
dimensionless displacement of the [/th Br ions from the
midpoints between the neighboring two Pd ions. § is
expressed as a®/K, where a is the original electron-lattice
interaction coefficient and K is the elastic constant. In order
to reproduce the L dependence of E;, we calculated the gap
energies by adjusting U, V, S, and ¢, in the framework of
the 16-site exact diagonalization and the optimization of the
displacements of Br ions [44,45]. In this procedure,
we assumed that with a decrease in L, f, increases from
1to 1.4 eVand S rather decreases from 0.275 to 0.255 eV as
S =0.275 — (to — 1)x0.05 in units of eV [46] because of
the hardening of the elasticity. With U = 3.4, V = 1.35,
and 1, = 1.05-1.4 eV, we obtained the gap energies of the
two states as a function of 7, and the phase boundary as
shown in Fig. 3(c), which are fairly consistent with the
result in Fig. 3(d).
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In order to further check the validity of those theoretical
analyses, we calculated the 7, dependence of the frequency
72 of the symmetric Pd-Br stretching mode illustrated in
the inset of Fig. 3(e), since the L dependence of A{) was
obtained by the previous Raman studies [Fig. 3(e)]. The
calculation results could reproduce the important features
of the experimental results; the frequency (~130 cm™!) at
room temperature decreases by about 15% near the phase
boundary (~110 cm™!). The decrease in the frequency is
caused by the reduction in the bridging-Br displacements,
which overcomes the effect of the hardening of the elasticity.
The details of the Raman-mode frequency calculation are
reported in the Supplemental Material S4 [37].

Next, we discuss the dynamics of the observed PIPTs.
In Fig. 4(a), we show the time profiles of AR/R at 0.16 eV
for the 1.55 eV pump and at 0.32 eV for the 0.56 eV pump
at the same x,;, value (0.0066 ph/Pd), which reflect the
dynamics of the photoinduced metal and CDW states,
respectively. From AR/R for the 1.55 eV pump, we can see
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FIG. 4 (color online). (a) Time profiles of AR/R at 12 K in
[Pd(en),Br](Cs-Y),H,0 for x,, = 0.0066 ph/Pd. (b) Oscillatory
component ARgsc/R (open circles) extracted from AR/R by the
0.56 eV pump and 0.32 eV probe shown in (a). The upper solid
line is a fitting curve, which is the sum of the three damped
oscillations shown in the lower part. The inset exhibits the
symmetric Pd-Br stretching mode responsible for the 90 cm™
oscillation. (c) Fourier power spectrum of the oscillatory com-
ponent shown in (b) (open circles) and the fitting curve (solid
line). (d) Polarized Raman spectrum for the 1.96 eV excitation
at 210 K (CDW). x corresponds to the b axis and z z is normal to

the bc plane.

that the metallic state is formed within the time resolution
and its primary decay for r; <1 ps is very fast. For
ty, > 1 ps, the metallic state decays with a time constant
of ~100 ps. From AR/R for the 0.56 eV pump, we find that
the CDW state is also formed within the time resolution. It
decays with a time constant of ~500 ps, indicating that the
photoinduced CDW state is more stable than the photo-
induced metallic state. In the time region up to 5 ps, a
coherent oscillation was observed. As shown in Fig. 4(b)
(the upper solid line), the time characteristic of the oscil-
latory component (open circles) was well reproduced by
assuming three damped oscillators (the lower three solid
lines). The details of the analyses are reported in the
Supplemental Material S5 [37]. We show in Fig. 4(c)
the Fourier power spectra of the oscillatory component
(open circles) and its fitting curve (the red line), which are in
good agreement with each other. The main oscillation
with 90 cm™! is of a cosine-type, which is attributed to
the coherent oscillation driven by a displacive-excitation
mechanism [47]. Since the CDW states accompany the
bridging-Br displacements, it is reasonable to assign this
90 cm™! oscillation to the symmetric Pd-Br stretching
mode in the photogenerated CDW domains [see the inset
of Fig. 4(b)]. In fact, the spectral shape of the Fourier power
spectrum [Fig. 4(c)] is very similar to that of the corre-
sponding Raman band at 210 K [Fig. 4(d)]. However, the
peak is located at 110 cm~!. This discrepancy in the
frequency can be understood again by considering
the temperature dependence of L. Since the frequency of
this mode decreases with a decrease in L [the broken line
in Fig. 3(e)] [48], we can consider that the oscillation
frequency in CDW domains is decreased from
~110cm™" (L~5.27A) at 210 K to ~90cm~! (L~5.22A)
at 12 K. The coherent oscillation due to the symmetric
Pd-Br stretching mode itself is strong evidence for the
occurrence of the Mott-insulator to CDW transition.

Finally, we discuss the conversion efficiency ® of the
Mott-insulator to CDW transition. In the case of the resonant
excitation [Fig. 3(b)], ® could be evaluated by the decrease
in the integrated spectral weight of the Mott-gap exciton
transition. The conversion fraction from Mott insulator
to CDW is 34% at t; =1 ps for x,, = 0.029 ph/Pd,
giving ® ~ 12 Pd sites/ph. Such a large ® is attributed
to the close energies of the Mott-insulator and CDW states
and also to the collective nature of CDW (see the
Supplemental Material S6 [37]).

In summary, we demonstrated that the Mott insulator
could be selectively converted to the transient metallic state
or CDW state by high-energy excitation and resonant
excitation to the Mott-gap exciton, respectively, using
femtosecond laser pulses. For the photoinduced Mott-
insulator to CDW transition, a large CDW domain (~12
Pd sites) is formed within the time resolution from an
excitonic state and subsequently stabilized by the dimeric
Br displacements, accompanied by the coherent Pd-Br

096403-4



PRL 113, 096403 (2014)

PHYSICAL REVIEW LETTERS

week ending
29 AUGUST 2014

oscillations. The pump-photon-energy-dependent phase
transitions presented here will open new possibilities for
developing selective controls for optical switching and
memory devices.
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