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Photoinduced Metallic State Mediated by Spin-Charge Separation
in a One-Dimensional Organic Mott Insulator
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Charge dynamics in a one-dimensional (1D) Mott insulator was investigated by fs pump-probe
reflection spectroscopy on an organic charge-transfer compound, bis(ethylenedithio)tetrathiafulvalene-
difluorotetracyanoquinodimethane (ET-F,TCNQ). The analyses of the transient reflectivity changes
demonstrate that low-energy spectral weight induced by photocarrier doping is concentrated on a
Drude component being independent of the doping density, and midgap state is never formed. Such
phenomena can be explained by the concept of spin-charge separation characteristic of 1D correlated

electron systems.
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The electronic structures of Mott insulators exhibit large
variations with respect to carrier doping [1]. A typical
example is the insulator-metal transition in the
perovskite-type cuprates due to the carrier doping to the
CuO, layers [2,3]. As demonstrated in underdoped cup-
rates such as La, ,.Sr,CuO, (Nd,_,Ce, CuQ,) with x <
0.05, the motion of holes (electrons) disrupts the antiferro-
magnetic spin background through the coupling of charge
and spin degrees of freedoms, resulting in a midgap ab-
sorption (the incoherent part). Further carrier doping gives
rise to the metallic state, although the Drude weight is
small as compared to the midgap absorption [3]. Two-
dimensional (2D) and 3D Mott insulators of other 3d
transition metal oxides also exhibits similar doping depen-
dence [1].

Previous theoretical studies suggested that in half-filled
1D Mott insulators, the spectral weight of the gap-
transition is transferred to the Drude component by the
carrier doping, irrespective of carrier density [4,5]. Such a
feature originates from the spin-charge separation charac-
teristic of 1D strongly correlated electron systems (SCESs)
[5,6] and is in contrast with 2D and 3D SCESs [7-9].
However, 1D SCESs in which the amount of carriers can
be widely controlled through chemical modifications have
not been reported. Photoirradiation is another effective
method for the control of the carrier density [10-14].
Photocarrier doping on 1D Mott insulators was studied in
the Br-bridged Ni-chain compound [12]. The results re-
vealed that for the small carrier doping with an excitation
less than 0.05 photon (ph.)/Ni, a midgap absorption is
formed. This result indicates that carriers are localized
due to electron-lattice (e-I) interaction [12]. Further carrier
doping with an excitation larger than 0.1 ph./Ni induces a
metallic state. From the experimental viewpoint, therefore,
charge dynamics and metallic behavior for the small car-
rier density in 1D SCESs have not been clarified.
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In this Letter, we report the first demonstration of the
photoinduced metallic states irrespective of the photocar-
rier density in a 1D Mott insulator using the fs pump-probe
(PP) reflection spectroscopy technique on an organic
charge-transfer (CT) compound, bis(ethylenedithio)-
tetrathiafulvalene-difluorotetracyanoquinodimethane (ET-
F,TCNQ). Photoinduced reflectivity changes exhibit no
midgap absorption, but exhibit a Drude response, even
for the small excitation-density (0.003 ph./site). In
ET-F,TCNQ, the suppression of the e-/ interaction enables
us to observe clearly metallic states mediated by the spin-
charge separation. For a larger excitation density
(0.095 ph./site), the decay time of the metallic state de-
creases significantly to less than the time resolution
(~ 180 fs), attributable to the strong electron-electron
(e-e) scattering. The dynamics of the photoinduced metal-
lic states will be discussed with respect to the analyses of
transient reflectivity spectra.

ET-F,TCNQ, is a segregate-stacked CT compound [15],
the crystal structure of which is presented in the inset of
Fig. 1(b); each acceptor (A) molecule (F,TCNQ) is iso-
lated from neighboring A molecules and donor (D) mole-
cules (ET). The CT interaction is effective only between
neighboring ETs. An electron is transferred from an ET to
an F,TCNQ, such that half-filled ET chains dominate its
electronic properties. The electrons are localized at each
site [Fig. 1(c)-i] because of large U on ET that overcomes
the electron transfer energy, 7, between the neighboring
ETs. Thus, the compound becomes a Mott insulator.
Organic compounds with half-filled 1D SCESs sometimes
exhibit molecular dimerizations due to the spin-Peierls
(SP) mechanism [16,17], which is a consequence of the
strong spin-lattice (s-/) interaction. Exceptionally,
ET-F,TCNQ exhibits no SP dimerization even at low
temperatures, but exhibits an antiferromagnetic transition
at 30 K [15], indicating that s-/ interaction is very weak.
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FIG. 1 (color online). (a) The molecular structures of ET and
F,TCNQ. (b) The &, spectrum for E || a (the stacking axis) of
ET-F,TCNQ; the inset is a view of the crystal structure along the
normal to the ab plane. (c) Schematic view of (i) Mott insulator
state of the ET* chain, (ii) photocarrier doping, and (iii) photo-
induced conducting state.

The ET chain is formed from the side-by-side coupling
between neighboring ETs. Such a molecular arrangement
is known to suppress e-I interactions as well as s-/ inter-
actions [15], resulting in negligible polaronic effects on
carriers. Therefore, ET-F,TCNQ is a good candidate for
the study of the charge dynamics characteristic of 1D
SCESs.

Single crystals of ET-F,TCNQ were grown from recrys-
talization as outlined in a previous report [15]. In the fs PP
reflection spectroscopy, the laser source is a Ti:Al,O4
regenerative amplifier. The wavelength, the pulse width,
and the repetition frequency of its output are 800 nm
(1.55 eV), 130 fs, and 1 kHz, respectively. The output
was used for the pump light and for the excitation of an
optical parametric amplifier from which the probe light
(0.08 to 2.5 eV, 130 fs) was obtained.

Figure 1(b) is the spectrum of the imaginary part of the
dielectric constant &, for the electric filed of light (E)
parallel to the ET stacking axis a (E || a), obtained from
the polarized reflectivity (R) spectrum using the Kramers-
Kronig transformation (KKT), as presented in the upper
part of Fig. 2(a). A clear peak at ~0.7 eV corresponds to
the Mott-gap transition expressed as (ET',ET")—
(ET*2, ET%) [Fig. 1(c)-(ii)] [15]. No structures are ob-
served for E || b and E || ¢ in this region. This indicates
the strong 1D nature of the ET chain.

Photoinduced R change (AR) spectra for the 1.55 eV
pump are presented in Fig. 2(a). The electric fields of both
the pump and probe lights are parallel to a. The lower
(upper) spectra are the results for the weak (strong) exci-
tation with N, = 0.003 (N, = 0.095) ph./ET. Here, N,
is defined as the averaged photon density within the ab-
sorption depth [, ( ~ 5800 A) of the pump light, expressed
by (1 —R,)(1 —1/e)Ne/l,, and R, (~0.053) is the
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FIG. 2 (color online). (a) Photoinduced reflectivity changes
(AR) of ET-F,TCNQ for the 1.55 eV pump and the photon
densities of Nph = 0.003 and 0.095 ph./ET. The pump and
probe lights are polarized parallel to a. The upper solid line
represents the polarized R spectrum along a. (b) Experimental
(circles) and calculated (solid lines) time profiles of AR at
0.12 eV. (¢) Nph dependence of AR at 0.12 eV and at 1, =
0 ps. The broken line shows a linear relation.

reflection loss and N, is the areal excitation photon den-
sity. [, is obtained from KKT of the R spectrum in
Fig. 2(a). In both the weak and strong excitations, R
decreases in the gap-transition region and increases in the
IR region, indicating that the spectral weight of the gap
transition is transferred to the inner-gap region. AR mo-
notonously increases for a decreasing energy, suggesting
the formation of a conducting state [Fig. 1(c)-(iii)].
The energy position at which AR crosses zero for Nph =
0.095 ph./ET is higher than that for N, = 0.003 ph./ET.
Such an energy shift indicates that the response is not due
to a midgap state but to a Drude-type metallic state.

To characterize the photoinduced metallic state, we
analyzed AR spectra using a simple Drude model. When
a single crystal is irradiated with light, the amount of
absorbed photons and the number of generated carriers
decreases as the distance z from the crystal surface is
increased, depending on [, as illustrated in Fig. 3(a). To
take these effects into account, we assume that the carrier
density N.(z) is expressed by N.(z) = N.(0) exp(—z/1,),
where N_(0) is the carrier density at the surface. We also
assume that the effective masses of electron and hole
carriers (m, and mj) are equal to the free electron mass
mg. On the basis of these assumptions, the dielectric con-
stant can be expressed as follows [18],
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FIG. 3 (color online). (a) Illustrations of the carrier density N,
as a function of the distance z from the surface. (b) Experimental
(circl~es) and calculated (broken lines) AR spectra at r; = 0 ps
for N, = 0.003 and 0.095 ph./ET. (c) Experimental (solid
mark~s) and calculated (broken lines) AR spectra at various ¢,
for N, = 0.095 ph./ET. The arrows indicate the energy posi-
tions for AR = 0.
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where vy is the damping constant. &,(= 5.5) is the static
dielectric constant obtained from KKT of the R spectrum,
and N,(0) is related to the averaged carrier density N,
within /,, as N, = (1 — 1/e)N,(0). From Eq. (1), we can
calculate AR using the two parameters N, and y. As
plotted in Fig. 3(b), the analytical results (broken lines)
are in agreement with the experimentally determined AR
spectra (circles) with the parameters of y = 0.34 eV and
N.=0.005/ET for N, =0.003 ph./ET and y=
0.47 eV and N, = 0.059/ET for 1\7ph = 0.095 ph./ET.
This demonstrates that the formation of the metallic state
is independent of the carrier density.

The dynamical processes of the photoinduced metallic
state were also investigated. Time profiles of AR at 0.12 eV
are presented in Fig. 2(b). It is found that the response time
is very short, that is, AR recovers within 4 ps for Nph =

0.003 ph./ET and within 1 ps for N, = 0.095 ph./ET.
The decay time of AR seems to be comparable to the pulse
width (~ 130 fs). Thus, we analyzed the time profiles
using temporal Gaussian profiles of the pump and probe
pulses, and the corresponding convolution integrals. Here,
we adopt two exponential functions as follows,

4 t—t, 17
—\ar, (SA, =1
[ S (30 )

2

To, the parameter associated with the pulse duration, is set
tobe 140 fs. 7;, and A; (i = 1, 2) are the decay time and the
relative weight of each exponential component, respec-
tively. By using 7y =114fs (A; =0.72) and 7, =
1.72 ps (A, = 0.28) for N, = 0.003 ph./ET and 7, =
27 fs (A; = 0.81) and 7, = 320 fs (A, = 0.19) for Nph =
0.095 ph./ET, the experimental time profiles were repro-
duced well as shown by the solid lines in Fig. 2(b).

The decay of AR for Ny, = 0.003 ph./ET is much
longer than that for Nph = 0.095 ph./ET. This may be
explained by the fact that carrier recombination rate de-
creases as the carrier density is decreased. To confirm this,
we focus on the time dependence of AR spectra in the IR
region for Nph = 0.095 ph./ET shown in Fig. 3(c). As

indicated by the arrows, the energy at which AR is zero
decreases with time. When we assume a Drude model, the
crossing position is a rough measure for the plasma fre-
quency. That is, the decrease of the energy at which AR is
zero is directly related to the decrease in the carrier density.
In fact, the AR spectra for t; > 0 ps is reproduced using
Eq. (1), as indicated by the broken lines in Fig. 3(c). The
fitting parameters N, (triangles) and 7y (squares) were
plotted in Fig. 4, with the experimental (open circles)
and calculated (solid line) time profiles of AR.

As in Fig. 4, y (the mean free time 7 = 1/v) changes
from 0.5 eV (8 fs) to 0.12 eV (30 fs) with time. A sharp
decrease of y, up to t; ~ 0.5 ps, corresponds to a steep
decrease of N., attributed to the suppression of the e-e
scattering because of the decrease in the carrier density. In
this case, 7 should be smaller than the decay time of N...
From the analyses presented above, it is possible to express
the inequality 7 < 7. To be exact, y will be a function of z
when y depends on the carrier density. Our spectral analy-
ses neglect this effect. Thus, we should consider y as an
averaged value. Moreover, it is natural to consider that the
decay rate of AR changes with 7,;, depending of the carrier
density. Therefore, our analyses using Eq. (1) are not
perfect but rather formal; 7 < 7, is, however, consistent
supporting our interpretations.

It is valuable to comment on the reflectivity values for
the photoinduced metallic state. The broken lines in
Fig. 3(b) indicate that R + AR at 0 eV was 0.21 for ]\7ph =
0.003 ph./ET and 0.35 for N, = 0.095 ph./ET, much
smaller than 1. When the carrier density is inhomogeneous,
the reflectivity never reaches 1 even when assuming a

AR(tg) ., .
R > A

i=1,2
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FIG. 4 (color online). Time dependence of the carrier density
N, (triangles) and the damping constant y (squares) for Nph =
0.095 ph./ET. The open circles are the time profiles of AR at
0.12 eV, and the solid line is a fitting curve (see text). The inset is
the simulated time profiles of AR for various pulse widths (7).

Drude response. Furthermore, the decay time of carriers,
71, is smaller than the pulse width. In this case, AR at t; =
0 ps is affected by the relaxation processes during the
pulse. The magnitude of AR, therefore, should be en-
hanced if instantaneous photocarrier doping is performed.
We simulated time profiles of AR at 0.12 eV for different
values of 7y in Eq. (2) with the parameters of 7; = 27 fs
(A; = 0.81)and 7, = 320 fs (A, = 0.19), presented in the
inset of Fig. 4. When we assume 7, = 0 fs, that is, the
excitation by a é-function pulse, the magnitude of AR is 3
times higher than that for 7, = 140 fs, and thus, R + AR
exceeds 0.5 at 0.12 eV.

We can now discuss the nature of the observed metallic
states. For N, = 0.003 ph./ET, AR at t; = 0 ps is only
—0.03 at 0.7 eV; thus, the original peak due to the Mott-gap
transition is not so changed. It suggests that most of the
electrons are still localized on each site. For Nph =
0.095 ph./ET, AR att; = 0 psis ~ — 0.2 at 0.7 eV where
the original peak almost disappears, so that the Mott gap is
collapsed. Such a change in the increase of the carrier
density occurs continuously since the excitation-density
dependence of AR at 0.12 eV in Fig. 2(c), which is a crude
measure of the Drude weight, does not exhibit any symp-
toms of critical behaviors. This suggests that the photo-
induced insulator-metal transition in ET-F,TCNQ is not a
first-order transition but a continuous one. As reported in
the theoretical studies, for the carrier doping of a half-filed
1D Mott insulator with a finite U, all of the spectral weight
removed from the gap transition is transferred to the Drude
component, irrespective of the amounts of carriers [4,5].
That is due to the spin-charge separation [5,6]. The theo-
retical studies also indicated that for the half-filled case, the
Drude weight starts to increase continuously from zero and
gradually enhances with the carrier density [5]. All the
results for ET-F,TCNQ are fairly consistent with these
theoretical predictions.

To obtain information on the pump-energy dependence
of the response, the AR spectrum was also measured under
a resonant excitation of the gap transition. The results
showed that the insulator-metal transition occurred and
that the spectral shape of AR and its time dependence
were almost equal to those obtained for the 1.55-eV
pump. When there is a strong excitonic effect, excitons
will produce an optical response different from the Drude
response. Thus, our results suggest that the excitonic effect
is very small in ET-F,TCNQ.

So far, the photocarrier doping on 1D Mott insulators
was investigated in the Br-bridged Ni-chain compound,
[Ni(chxn),Br]Br, (chxn = cyclohexanediamine) [12,14].
Through an excitation of less than 0.05 ph./Ni, a midgap
absorption due to small polarons was observed. Other 1D
Mott insulators such as Sr,CuO; [19] and an SP system of
K-TCNQ [20] also exhibited similar midgap absorptions.
In contrast, in ET-F,TCNQ, the Drude-type metallic state
was formed even for a small carrier density. Thus, the
result for ET-F,TCNQ is the first unambiguous demon-
stration of the metallic state caused by the decoupling of
spin and charge degrees of freedoms.

In summary, the suppression of the electron-lattice in-
teraction in ET-F,TCNQ enables us to observe charge
dynamics for photocarrier doping in a 1D Mott insulator.
A weak photoexcitation can induce a metallic state. That
can be explained by the concept of the spin-charge sepa-
ration. For a larger photoexcitation, the decay time of the
metallic state is significantly lower, suggesting that
electron-electron scattering plays an important role.
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