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We report an optical modulation of the effective on-site Coulomb energy U on a dimer (Ugjye,) for
achieving the Mott insulator-to-metal transition in x-(BEDT-TTF),Cu[N(CN),]Br, as investigated by
pump-probe spectroscopy. A reduction of Uy, is optically induced by molecule displacement in the
dimer under intradimer excitation. The mechanism of this metallization differs greatly from the
photodoping-type mechanism reported previously. In contrast, a faster transition via the photodoping

mechanism is detected for interdimer excitation. A metallic-domain-wall oscillation originating from the
modulation of Uy, was also observed near the critical end point of the Mott transition line.

DOI: 10.1103/PhysRevLett.103.066403

The Mott insulator-metal transition is a central issue in a
highly correlated electron system. In this transition, inter-
site transfer energy ¢ competing with on-site Coulomb
energy U can be controlled by modulating the correlation
strength U/t. Mott insulator-metal-superconductivity tran-
sitions in transition metal oxides [1] and organic com-
pounds [2,3] are induced by controlling electronic band
filling (filling control, FC) and ¢ (bandwidth control, BC).
A k type (BEDT-TTF),X salt [where BEDT-TTF is bis
(ethylenedithio)-tetrathiafulvalene and where X denotes a
counter anion] [4] is a typical two-dimensional organic
Mott insulator system. Figure 1 shows that the BEDT-
TTF layer has a unit comprising a pair of BEDT-TTF
molecules (BEDT-TTF dimer). If an effective on-site
Coulomb energy Ugime, 1S larger than a critical value,
which is usually of the order of the bandwidth and propor-
tional to interdimer (or equivalently intersite) transfer en-
ergy t, then electrons are localized on each dimer site in a
Hubbard model, forming a dimer Mott insulator. Various
electronic properties have been observed using physical
and chemical methods for tuning of bandwidth [5-10]. The
BC phase diagram of « type (BEDT-TTF), X salt as shown
in Fig. 1, comprising Mott insulator and metal (supercon-
ductor) phases separated by a characteristic curved bound-
ary, is drawn by changing chemical pressure through
deuteration of BEDT-TTF and substitutions of X, or by
changing of external pressure.

Optical excitation is another technique for inducing an
insulator-to-metal (I-M) transition [11,12]. Mechanisms of
photoinduced I-M transitions (PIMTs) have been classi-
fied into FC type [13,14] or BC type [15], which are
triggered by photocarrier doping (FC type) or nonlinear
excitation of phonon modulating ¢ (BC type). Further, a
third type of PIMT—caused by optical modulation of
Ugimer—1s expected to be achieved in the dimer Mott
insulator, having an intradimer degree of freedom.
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Because Udimer = %[1 - Vl + (4tdimer/U)2] + 2tdimer =
2t gimer TO1 U 3> tgimer [4], Ugimer 18 €Xpected to be optically
controlled by the modulation of 74;,e,, Where zg;., i the
intradimer transfer integral.

In this Letter, we report PIMT in an organic dimer Mott
insulator under intradimer and interdimer excitations, as
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FIG. 1 (color online). Optical conductivity o(w) spectra of
d-Br [light gray (red)] and h-Br [dark gray (blue)] at 10 K,
together with the molecular arrangement of the BEDT-TTF layer
(ac plane). The phase diagram of k-(BEDT-TTF),X as functions
of external pressure and Ugime /! i drawn by changing the
deuteration of BEDT-TTF and substitutions of X. (AF denotes
antiferromagnetic.)

© 2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.103.066403

PRL 103, 066403 (2009)

PHYSICAL REVIEW LETTERS

week ending
7 AUGUST 2009

investigated by femtosecond midinfrared spectroscopy. For
intradimer excitation, the PIMT is driven by optical modu-
lation of ~0.4%-0.7% of Ugjmer, resulting from small
intradimer molecular displacement. Furthermore, for inter-
dimer excitation, an FC type PIMT mechanism is observed
to occur.

We used the deuterated k-(d-BEDT-
TTF),Cu[N(CN), |Br (d-Br, where d represents the deu-
teration) and k-(d-BEDT-TTF),Cu[N(CN),]|Cl (d-Cl)
which are positioned as insulators, respectively, near to
and away from the first-order I-M phase boundary,
although hydrogenated «-(h-BEDT-TTF),Cu[N(CN),|Br
(h-Br) is a metal (Fig. 1). Single crystals of d-Br, d-Cl, and
h-Br (typical size: 1 X 1 X 0.5 mm) were prepared using a
method described in the literature [5]. Then reflection-
detected pump-probe measurements were performed using
a Ti:Al,O3 amplifier system with custom-made optical
parametric amplifiers. The pump and probe photon ener-
gies were 0.89, 0.63, and 0.32 eV (pump) and 0.1-0.7 eV
(probe). The time resolution was 150 fs.

Optical conductivity o(w) spectra of the dimer Mott
insulator d-Br and metallic /-Br are obtained by carrying
out a Kramers-Kronig transformation of the reflectivity (R)
spectra, as shown in Fig. 1. The peak at 0.45 eV and a lower
energy shoulder are attributable to the intradimer (bonding
to antibonding) transition and interdimer Hubbard gap
transition, respectively [16]. Insets of Figs. 2(a) and 2(b)
show the differential spectrum between h-Br and d-Br at
10 K [AR),-4/Ry; light gray (red) curve] and that for d-Br
between 80 and 10 K [AR\.n,/R1o; dark gray (blue) curve],
which reflect the I-M transition and the temperature in-
crease, respectively. The characteristic increase in
AR;_;/R; around <0.4 eV [light gray (red) shade] is
attributable to a Drude-like reflection, although the de-
crease in AR, /Ry around 0.2-0.6 eV [dark gray
(blue) shade] reflects the thermal excitation of carriers
against the small activation energy.

Figures 2(a) and 2(b) show transient reflectivity (AR/R)
spectra of d-Br and d-Cl at time delays #, of 0.1 and 2 ps,
respectively, under excitation at 0.89 eV. Actually, intra-
dimer bonding to antibonding transition mainly contributes
to o(w) at 0.89 eV. For d-Br, immediately after photo-
irradiation, AR/R shows a negative value attributable to
bleaching of the intradimer transition by the photocarrier
generation. Then the amplitude of the Drude-like reflection
at <0.4 eV increases. The AR/R spectrum at t; = 2 ps is
analogous to AR,_;/R, indicating the occurrence of
PIMT. On the other hand, for d-Cl, AR/R decreases at
<0.4 eV for any time delay, indicating that the PIMT does
not occur at all. The efficiency of PIMT for d-Br was
estimated as 50 dimers/photon from the fact that AR/R
at 0.3 eV was approximately 10% of AR),_;/R ;; the photon
density was 0.1 mJ/cm? (i.e., 1 photon/500 molecules).

Figure 3(a) shows time evolutions of the AR/R for d-Br
observed at 0.26 eV, which indicate generation of the
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FIG. 2 (color online). (a, b) AR/R spectra at t; = 0.1 ps and
2 ps for d-Br (a) and d-Cl (b) under excitation of 0.89 eV. Insets
of (a) and (b) present differential spectra between h-Br and d-Br
[(a) AR;-;/Ry; light gray (red) curve] at 10 K and between 80
and 10 K [(b) ARp/R1o: dark gray (blue) curve] of d-Br.

metallic state. The time profile, which reflects metalliza-
tion, is reproduced by the equation % = —Aexp(— T—’g) +
Bexp(— T—’l) as shown by the solid green curve, where A =
—1.44, 7, = 1.1 ps, B = 2.44, and 7; = 70 ps. It is note-
worthy that the generation time of the metallic state 7, is
considerably longer than the time scale (ca. 40 fs) of the
intersite charge transfer, suggesting that the I-M transition
occurs because of the intermolecular motion and not the
photocarrier doping [17,18].

The oscillating structure in the time evolution of
AR/R at 0.26 eV also shows the contribution of the
intermolecular coherent motion to the PIMT. The time
profile and Fourier transformed spectrum of the oscil-
lating component AR, ()/R for d-Br are shown in
Figs. 3(b) and 3(d), respectively. Analyses were carried
out using the equation ARy () =X} A[l—
exp(—t/7,;)]exp(—t/7;) cos(w;t — ¢;), and the oscillat-
ing frequencies w;(i = 1-4) were estimated to be 16, 27,
45, and 59 cm™~!. Here, 7,;, 7;, and ¢; represent the rise
and decay time constant and the initial phase for each
oscillation, respectively. Actually, ¢; is smaller than
0.17r, indicating a cosinelike oscillation, which is detected
in the photoinduced phase transition, and is attributable to
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FIG. 3 (color online). (a) Time evolutions of AR/R for d-Br
detected at 0.26 eV under excitation at 0.89 eV (red circles with
green fitted curve), 0.64 eV (solid curve), and 0.32 eV (dashed
curve). (b) Time profile of the oscillating component of AR/R
for d-Br (0.89 eV excitation). (¢, d) The 27 cm™' (b) and
45 cm™! (c) cosinelike oscillations, which were obtained
through analysis (see the text). (e) Fourier transformed spectra
of the oscillation for d-Br and d-Cl. (f) Classical trajectories
representing coherent phonon dynamics in the potential surface.
A and B, respectively, denote the excited Mott insulator state and
the photoinduced metallic state.

the displacive excitation of the coherent phonon in the
photoexcited state or the photoinduced metallic state
[14,17,18], and not in the ground state. Among these
oscillations, the 27 cm™' and 45 cm™! modes are not
detected in d-Cl, as shown by the dashed curve in
Fig. 3(e). Accordingly, these two modes are related to the
PIMT. It is noteworthy that the 27 cm™! mode shows a
finite rise time of 7,, = 1 ps [Fig. 3(c)], which is iden-
tical to the time scale of metallization fg, whereas the
45 cm™! mode appears instantaneously [Fig. 3(d)].
Therefore, as shown by the classical trajectories in the
q1(45 cm™1)—g,(27 ecm™!) potential surface [Fig. 3(f)],
the 45 cm™! mode phonon is considered to be induced
along the g, axes [light gray (red) curve] immediately after
generation in the photoexcited insulator state (A); then the
27 cm~! mode oscillates along the g, axis [dark gray
(blue) curve] in the metallic state (B). Observation of the
27 cm™! mode in the Raman spectrum of metallic 4-Br
[19] supports the above mentioned consideration. Possible
candidates for such coherent low-frequency phonons are
intradimer molecular motions, which effectively modulate
the #4imer» 1.€., the intradimer molecular displacements such
as stretching and libration, which are triggered by the
bonding to the antibonding excitation, causing a decrease
in fgimer and Ugimer/2; this results in metallization.

To confirm such U g, modulation in the PIMT mecha-
nism, we also investigated the PIMT dynamics under

interdimer Hubbard gap excitation. The black solid and
dashed curves in Fig. 3(a) denote time evolutions of AR
(r)/R under excitation at 0.64 eV and 0.32 eV, respectively.
In these energy regions, contributions from both intradimer
and interdimer transitions are substantial, although the
interdimer component becomes dominant at lower ener-
gies. Even at these excitation energies, increases in reflec-
tivity at 0.26 eV are detected, confirming the occurrence of
the PIMT. However, the buildup time of the PIMT differs
from the result of the 0.89 eV excitation; i.e., the immediate
(< 0.2 ps) response is detected for 0.64 and 0.32 eV ex-
citations. Such ultrafast responses are attributed to the
photocarrier doping or, equivalently, the FC type mecha-
nism. Moreover, for the (.32 eV excitation, a fast decay of
0.4 ps is observed. Such rapid decay is attributable to the
ultrafast relaxation of the metallic state, which has been
reported in other FC type PIMTs [12—14]. Therefore, the
optical modulation of Uy, through the intradimer mo-
lecular displacement is confirmed to be induced solely in
the case of the intradimer excitation, although the ultrafast
FC type PIMT occurs for interdimer excitation.

Next, we roughly evaluate the photoinduced intradimer
molecular displacement and corresponding change in
Ugimer (AUgimer) more quantitatively. Here, Ui, and ¢
of pristine samples are calculated as Uginer = 2fgimers ! =
|t, + t,1/2, where t, and t, are anisotropic interdimer
transfer integrals calculated using the extended Huckel
method with structural data [20]. In the past, Ugiyer/? for
the phase boundary was also estimated from precise studies
of the phase diagram of «-[(h-BEDT-TTF),_, X
(d-BEDT-TTF), ],Cu[N(CN),|Br [21]. Considering that
U gimer/t values for d-Br and the I-M boundary are calcu-
lated as 7.25 and 7.2-7.22, respectively, as shown in Fig. 1,
observation of PIMT reveals that the change of Ugiype/?
upon PIMT is approximately 0.4%—0.7%. Therefore,
Ugimer 18 estimated as ~0.4%-0.7% because the photo-
induced change in Ugype,/t is mainly attributable to the
AUgimer- Such a small change of Uy, is indicative of
small molecular displacements. If we simply assume that
the intradimer relative molecular distances are changed for
reducing fgimer t0 ~Ugimer/2, the magnitude of the dis-
placement is as small as 0.05% of the molecular distance
in the dimer. Further, Ui,/ for d-Cl is 7.87; therefore,
AU gimer must be greater than 9% for inducing the PIMT. A
very large displacement of 0.5% is necessary for obtaining
such a large AU giyer Value, which might be the reason why
the PIMT is not detected in d-Cl.

Next, we discuss the slower dynamics occurring after the
PIMT is completed. The photoinduced I-M domain wall
(DW), which is a highly nonequilibrium state, is expected
to exhibit novel properties near the critical end point of the
first-order phase boundary in Fig. 1 [5,6]. The inset of
Fig. 4(a) shows time evolutions of AR/R at 0.31 eV, in-
dicating generation of the metallic state. The most impres-
sive feature of the time evolution is the oscillating structure
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FIG. 4 (color online). (a) Time evolutions of AR/R (inset) and
the oscillating component detected at 0.31 eV for the slow time
domain, together with a schematic illustration of the oscillating
photoinduced metallic domain. (b) Amplitude spectrum of the
photoinduced metallic state is shown by the red circles. The solid
curve represents AR;,_;/Ry. (c) Oscillating amplitude as a func-
tion of temperature.

with a period of 340 ps, which is estimated from the
oscillating component shown by light gray (red) circles.
The frequency of oscillation is independent of the probe
energy. The amplitude spectrum shown by the red circles
portrayed in Fig. 4(b) is analogous to the AR;_;/R  (solid
curve in Fig. 4(b)]. Accordingly, such a long-period oscil-
lation is attributable not to propagating or standing acous-
tic waves [22] but to the coherent modulation of the
metallic volume fraction, suggesting the oscillating DW
motion. Such interpretation using the DW picture is sup-
ported by the real-imaging observation of the phase sepa-
ration near the phase boundary in the BC Mott transition
[23]. The DW oscillation of such a kind is considered to be
driven by the thermodynamic instability of the photoin-
duced state. Usually, it is disturbed by the I-M energy
difference, potential barrier, and dephasing process occur-
ring via an electron-lattice interaction. However, for the
PIMT in d-Br, the I-M energy difference and the barrier
height between phases are tuned to be very small near the
characteristic curved phase boundary and the critical end
point at 3540 K because the molecular displacement with
the I-M transition is very small. In fact, the oscillating

amplitude shows a maximum at approximately 25 K, as
shown in Fig. 4(c).

In summary, our results demonstrate the optical modu-
lation of Uiy and the resultant PIMT in the dimer Mott
insulator «-(d-BEDT-TTF),Cu[N(CN),|Br. Under intra-
dimer excitation, the PIMT is driven by the intradimer
molecular displacements, which decrease Uyg;ye, by ap-
proximately 0.4%—0.7%. Such a small molecular displace-
ment with the PIMT enables the detection of an oscillating
DW motion. Furthermore, an FC type ultrafast PIMT is
detected under interdimer Hubbard gap excitation.
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