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Photoexcited dynamics of a spin-density-wave �SDW� state in an organic linear-chain compound bis-
�tetramethyl-tetraselenafulvalene�hexafluorophosphate, �TMTSF�2PF6, is investigated by optical pump and
terahertz probe experiments. After the ultrashort laser-pulse excitation, a sudden closing followed by a recov-
ery of the SDW gap is clearly observed in the far-infrared spectrum. The recovery time is found to diverge
toward the phase-transition temperature, TSDW, while the gap remains open at TSDW. The observed critical
slowing down behavior is interpreted in terms of three-dimensional fluctuation which enlarges near the phase-
transition temperature.
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The interplay between different ordered phases, such as
superconductivity �SC� and charge or spin-density-wave
�CDW or SDW� orders, is one of the central interests in
condensed-matter physics.1 Both CDW and SDW instabili-
ties could develop in the presence of Fermi-surface nesting,
while such instabilities may compete with other possible or-
derings, which provides a rich variety of ground states in the
phase diagram. The model example is a quasi-one-
dimensional �1D� organic conductor �TMTSF�2PF6 �TMTSF
denotes bis-tetramethyl-tetraselenafulvalene�, where SC and
the SDW ground states are neighboring each other in its
pressure-temperature phase diagram.2 The proximity of
SDW and SC phases indicates that SC pairing is mediated by
the exchange of spin fluctuations.3 Photoexcitation in these
symmetry-broken ground states is a very exciting phenom-
enon, which could result in a drastic modification of the elec-
tronic properties, as exemplified by the photoinduced phase
transition from SC4 and CDW5 to normal metals, or photo-
induced creep of CDW collective motion.6 Quasiparticle
�QP� dynamics has also been elucidated in CDW systems7,8

and in high-temperature superconductors9,10 through the
femtosecond pump and probe spectroscopy. In contrast to
these intensive studies in SC and CDW systems, however,
only a few examples have been reported on the photoexcited
dynamics in SDW systems,11 and the photoinduced dynamics
of spin fluctuation in SDW system remains an open issue.

Here, we investigate the photoexcited dynamics of the
prototypical SDW system in �TMTSF�2PF6. To investigate
the temporal evolution of SDW order after the photoexcita-
tion, we directly observe the SDW gap in the optical conduc-
tivity spectra by the terahertz time-domain spectroscopy
�THz-TDS�. The recovery dynamics of the SDW order
shows the three-dimensional �3D�-like critical Ginzburg-
Landau fluctuation behavior in a wide range of temperatures
near the SDW phase-transition temperature TSDW, reflecting
the anisotropic coherence length inherent to quasi-1D nature
of the electronic system.

The single crystals of �TMTSF�2PF6 are grown by elec-
trochemical oxidation, with the typical size of 4 mm in the a
axis and 0.7 mm in the b axis, respectively, where the a axis
is the electronic one-dimensional axis.12 b� axis is defined as

perpendicular to the a axis which is slightly tilted from the
crystallographic b axis because the crystal is triclinic. The
sample is mounted on a copper plate glued by the epoxy
resin Stycast 1266 with the a-b plane on its surface and
embedded in a cryostat. The measurement is performed by
using an output from a 1 kHz regenerative amplifier as a
light source for the optical pump and for the THz-TDS mea-
surement. The pulse width of the laser is 90 fs and the center
wavelength is 800 nm �1.55 eV�. A diffraction-limited spatial
resolution is achieved by the THz-TDS, making it possible to
measure the typically small samples, and the experimental
details are described elsewhere.13 The polarization of the
terahertz electric field is set to the b� axis.

Figure 1�a� shows the temperature dependence of the con-
ductivity spectra retrieved from the complex reflectivity de-
termined by THz-TDS. Please note that the spectra are nor-
malized by the metallic conductivity at 15 K. By measuring
the reflectivity and the phase change with respect to the
value at the metallic state above TSDW, we could avoid the
phase uncertainty problem between the sample and the ref-
erence mirror peculiar to reflection-type THz-TDS
measurements.13 We use the Drude parameters of the metal-
lic phase in Ref. 14 in the analysis and plot the normalized
conductivity comparing the two reflectivity spectra at differ-
ent temperatures. A clear suppression of the conductivity in
the low-frequency range and a slight increase in the higher
frequency side can be seen upon cooling, indicating the
opening of the SDW gap. Figure 1�b� shows the temperature
dependence of the value of the SDW gap estimated from the
photon energy below which the optical conductivity becomes
smaller than the metallic one at 15 K as indicated by arrows
in Fig. 1�a�. The value of the gap at each temperature is
normalized by that at T=4 K�TSDW and corresponds to the
amplitude of the SDW order parameter. Also shown is the
SDW gap extracted from the FTIR spectroscopy reported in
Ref. 14. The good agreement ensures the validity of THz-
TDS in obtaining the optical conductivity spectrum without
resorting to the Kramers-Krönig analysis for typically small
organic crystals �0.7 mm in the present case� whose width is
only twice the wavelength of the probe terahertz beam. As
previously pointed in Refs. 14 and 15, the SDW gap opens
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already at temperatures approximately 2 K above TSDW
which is determined from the dc resistivity measurement
shown in Fig. 1�c� and could be related to the pseudogap due
to the three-dimensional fluctuation effects. Please note that
the measured dc resistivity is much larger than the value
reported in Ref. 16 due to the formation of cracks during the
cooling process, while the terahertz optical responses do not
change during the repeated heat cycle between 4 K and room
temperature for more than 30 times.

We next investigate the photoinduced changes of the con-
ductivity spectrum. The pump pulse is loosely focused onto
the sample with a spot size of �1.5 mm in diameter, which
is sufficiently wider compared to the tightly focused tera-
hertz probe beam �less than 0.7 mm in diameter depending
on the wavelength� so that the uniform excitation condition
is achieved. Figure 2�a� shows the conductivity spectra at 3
ps after the excitation with the indicated excitation-power
densities. The lattice temperature is kept at 4 K. Apparently,
the SDW gap diminishes as the excitation-power density in-
creases and almost closes around 27.4 �J /cm2. The ob-
served excitation-power dependence of the conductivity
spectra is very similar to the temperature dependence shown
in Fig. 1�a�. This similarity suggests that the electronic dis-
tribution described as an effective temperature Tini

� is estab-
lished within 3 ps after the laser-pulse excitation, thereby
inducing the ultrafast closing of the SDW gap.

Figure 2�b� describes the pump and probe delay depen-
dence of the conductivity spectra for 13.7 �J /cm2

excitation-power density and shows that the SDW gap recov-
ers gradually from 3 to 400 ps. By comparing the conductiv-
ity spectra in Fig. 2�b� with those in Fig. 1�a�, we estimate
the effective temperature T� of the electronic system in each
delay time. We observe that T� increases within 3 ps after the
photoexcitation, followed by a gradual decrease, and finally
after 400 ps, the spectral shape becomes almost similar to
that without the excitation, although a slight reduction in the
gap energy is discerned. Figure 3 summarizes the excitation-
power dependence of the effective temperature at several de-
lay times. We also plot the local thermal equilibrium tem-
perature, Teq, assuming that all the absorbed pump-laser
power contributes to the increase in the sample temperature,
by using the reported values of specific heat,17 reflectivity,
and absorption coefficient for the pump pulse.18 Clearly, the
estimated effective temperature just after the excitation is far
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FIG. 1. �Color online� �a� Temperature dependence of the con-
ductivity spectra of �TMTSF�2PF6. Each spectrum is normalized by
the metallic conductivity spectrum at 15 K reported in Ref. 14.
Polarization of the probe terahertz electric field is set to the b�-axis.
Lines are guides to the eye. �b� Temperature dependence of the
SDW order parameter as evaluated from arrows in Fig. 1�a�. The
data obtained by FTIR measurements in Ref. 14 are also plotted.
Theoretical curve calculated by the BCS theory is also shown. �c�
Temperature dependence of the dc resistivity, where the metal-to-
insulator transition is clearly observed at 12.1 K.
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FIG. 2. �Color online� Ultrafast laser-pulse induced conductivity
spectra of �TMTSF�2PF6 at T=4 K. �a� Excitation-power depen-
dence at 3 ps after the excitation. �b� Temporal evolution of the
spectra at 13.7 �J /cm2 excitation-power density.
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FIG. 3. �Color online� Excitation-power and time-dependent
electron temperature T� �circles� estimated by comparing the con-
ductivity spectra with those of the temperature dependence in Fig.
1�a�. The local thermal equilibrium temperature Teq �line� is esti-
mated from the specific-heat value as described in the text.
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above Teq, and it approaches to Teq in the time scale of
�400 ps. These results suggest that the observed temporal
change of the spectra is caused by the instantaneously pro-
duced nonequilibrium electronic distribution which closes
the SDW gap, followed by the subsequent relaxation. Teq is
considered to decrease in a much longer time scale because
the thermal diffusion coefficient is small enough,19 while it
reaches to the bath temperature �4 K� within the repetition
rate of the laser pulse �1 ms� since no changes are observed
in the conductivity spectra before the laser-pulse excitation.

The closing and recovery mechanism of the spectral gap
by the optically induced nonequilibrium QPs distribution has
been studied theoretically20,21 and experimentally22 in super-
conductors, and theoretically in SDW systems23 based on the
BCS theory. In the present case, the intramolecular �highest
occupied molecular orbital to lowest unoccupied molecular
orbital� excitations caused by the pump-laser pulse are con-
sidered to relax rapidly, thereby yielding a large number of
high-energy QPs whose energies finally settle close to the
gap energy � where the density of states is large. Through
the frequent emission or absorption of the phonons with the
energy greater than 2� that occurs during the initial relax-
ation process of QPs, QPs and high-frequency phonons �with
energy ���2�� are considered to form a near-steady-state
distribution, whose temperature can be described as Tini

� . Ac-
cordingly, the single-particle gap closes to the value repre-
sented as ��Tini

� �21 in the time scale less than 3 ps in the
present case of �TMTSF�2PF6. On the other hand, the
phonons with energy ���2� would stay in the same energy
distribution as the one before the laser-pulse excitation. Ac-
cordingly, the QPs near the gap are prevented from the re-
laxation across the gap because of the small numbers of low-
energy phonons with ���2�, so-called phonon-bottleneck
effect.24 The final QPs relaxation step across the gap accom-
plishes by the phonon-phonon scattering which induces en-
ergy transfer from high-frequency phonons with ���2� to
phonons with ���2�, and the local thermal equilibrium
condition is then achieved. As a result, the temperature of the
electronic system decreases, and accordingly the single-
particle gap opens again. The QPs relaxation model de-
scribed above is considered to be valid when T� is far below
TSDW, where the SDW long-range order well develops.

Figure 4�a� shows the temperature dependence of the tem-
poral evolution of the terahertz reflectivity change. Here, we
plot the peak amplitude of the reflected terahertz electric
field which we consider well represents the SDW gap behav-
ior because the peak of the reflected pulse monotonously
decreases when the gap opens. The excitation-power density
is kept at low level of 2 �J /cm2 to suppress the final local
equilibrium temperature Teq as low as possible, which is es-
timated to be only �0.1 K higher than the bath temperature
T when T�10 K. In all the curves, the reflectivity sharply
increases at t=0 indicating that the SDW gap closes instan-
taneously. While the recovery time is nearly constant from 4
to �10 K, it dramatically increases above �10 K. Near
TSDW, we cannot detect any decay of the reflectivity during
our measurement time scale �up to 400 ps�. The experimen-
tally observed decay curves in Fig. 4�a� can be well fitted by
a single exponential function with a constant term, �E�t�
=A exp�−t /	�+B, where the first term represents the gap re-

covery and B represents much slower dynamics presumably
due to the heating of the sample. The ratio B /A is quite small
at the weak excitation density of 2 �J /cm2 and is consistent
with the small temperature increase of Teq�0.1 K. Figures
4�b� and 4�c� show the temperature dependence of the gap
recovery time 	 deduced from the fitting. Apparently, 	 di-
verges toward TSDW and scales as 	
 �1−T /TSDW�−�, with
�=1.2�0.3.

One possible mechanism to explain the observed diver-
gence of 	 may be the phonon-bottleneck effect, as often
described in superconductors.10,24 In this mechanism, the QP
relaxation time across the single-particle gap is proportional
to 1 /��T� in the low pump fluence limit, and accordingly it
diverges toward the phase-transition temperature where �
approaches to zero. However as confirmed in Fig. 1�b�, �
remains open at TSDW, which contradicts with the above in-
terpretation. The discrepancy can be attributed to the critical
fluctuation effects near the phase-transition temperature
TSDW. In �TMTSF�2PF6, the anisotropy of the coherence
length inherent to the quasi-1D electronic system signifi-
cantly enlarges the Ginzburg critical width T which gives
the temperature region where the three-dimensional fluctua-
tion effects become dominant in the units of �1−T /TSDW�,
making a contrast with the 3D BCS superconductors. The
calorimetric measurement25 gives the estimation of T about
0.1 which shows an agreement with our temperature range in
Fig. 4�c� where the power-law divergence of 	 is observed.
In the critical regime with the long-range fluctuation, the QP
relaxation across the single-particle gap becomes less rel-
evant. Instead, the relaxation process would reflect the ther-
malization of the optically induced fluctuation, presumably
the low-energy collective excitations such as magnons. The
relaxation dynamics for such collective excitation can be
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FIG. 4. �Color online� �a� Temporal evolution of the photoin-
duced terahertz reflectivity change �E /E at the indicated tempera-
tures. Every curve can be well fitted by the relation �E /E
=A exp�−t /	�+B �dotted lines�, where the origins of the two com-
ponents are described in the text. �b� Temperature dependence of
the relaxation time 	. The error bars originate from the uncertainty
in the determination of the constant term B in the fitting process.
�c� The logarithmic plot of the data in �b� as a function of
�1−T /TSDW�. Dashed line shows the fitting with the power law,
	
 �1−T /TSDW�−� with �=1.2��0.3�.
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characterized by the dynamical scaling relation 	
 �1
−T /TSDW�−z� near the critical point, where z�1.526 and �
�0.7,27 respectively, and thus z��1.05 for the 3D Heisen-
berg antiferromagnetic model. The critical exponent of �
=1.2�0.3 observed in the experiments is close to this value,
indicating the 3D nature of the SDW order. A similar critical
behavior described by the 3D Heisenberg antiferromagnetic
model has been also observed in the line width broadening of
the electron-spin-resonance signal.28 The pseudogap behav-
ior observed above TSDW in Fig. 1�b� would also be the con-
sequence of the fluctuation and would reflect the develop-
ment of short-range coherence above TSDW.14,15 Proton
nuclear magnetic resonance29 and muon-spin-rotation
experiments30 show that the SDW order well develops at
TSDW, which is consistent with the development of the short-
range coherence above TSDW.

In summary, our results show directly the dynamics of the
SDW gap closing and recovery in �TMTSF�2PF6 after the
instantaneous photoexcitation. At electronic temperature far
below TSDW, the dynamics can be described by the relaxation
of excess QPs injected by the optical pulse as predicted in

the BCS mean-field theory. However in the vicinity of TSDW

where fluctuation effect becomes important, the relaxation
rate of the order parameter is described by the dynamical
scaling relation or the critical slowing down, in accordance
with the 3D Heisenberg antiferromagnetic model. Impor-
tantly, the relaxation dynamics of the photoinduced fluctua-
tion near TSDW is governed by long-range fluctuation which
diverges at TSDW, while the gap in the conductivity spectrum
develops already above TSDW reflecting the short-range co-
herence. Such direct access to the dynamics of QPs or col-
lective excitations enabled by THz-TDS would be promising
for the further investigation on the density wave states, the
superconducting states, and other symmetry-broken ground
states in low-dimensional electronic systems and also for the
optical control of the electronic phases.
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