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Abstract

The SDW phase of (TMTSF),PF¢ was investigated by the electron tunnelling spectroscopy using a low temperature STM. Below
Tsow=12 K, the tunnelling differential conductance shows the energy gap structure associated with the SDW state. The functional form of
the spectrum is explained by the mean field theory for quasi-one dimensional conductors. We obtained the SDW gap Aspw=2.3 meV and
the imperfect nesting parameter £=1.8 meV. The temperature dependence of the zero bias tunnelling conductance below Tgpyw is also
explained by the electronic density of states for the imperfect nesting. The pseudogap structure was observed above Typw.
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1. Introduction

A lot of quasi-one dimensional conductors undergo the
density wave (DW) state, which is the charge density wave
(CDW) or spin density wave (SDW), resulting from the
nesting of the Fermi surface {1]. In the DW state, the
energy gap is formed at the Fermi level similarly to
superconductors. The electron tunnelling spectroscopy is
useful in investigating such condensed states as the DW
and superconducting state since the electronic density of
states can be obtained directly with high energy resolution
[2]. Among tunnelling methods, an STM has advantages
due to non-contacting tip configuration. There is less
disturbance to the sample surface.

In organic quasi-one dimensional conductors, the
superconducting phase of (TMTSF),ClO, was studied by
the junction method [3]. We reported the tunnelling
spectroscopy using an STM on the SDW phase of
(TMTSF),PF; and indicated that the tunnelling spectrum is
consistent with the electronic density of states for the
imperfect nesting DW state [4].

In this article, we present the tunnelling spectrum
obtained by an STM at various temperature and discuss

about the pseudogap above the SDW transition temperature.

2. Experimental

Single crystals of (TMTSF),PFs, which are ribbon shape
along the g-axis, were synthesized electro-chemically. The
SDW transition temperature was determined as Tspw=12 K
from the resistive transition. As grown surface of the a-b
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plane was investigated by a low temperature STM. The
tunnelling differential conductance was directly obtained
by the lock-in detection.

3. Results and Discussion

Figure 1 shows tunnelling differential conductance at
4.2 K. The spectrum clearly shows the energy gap structure
associated with the SDW state. The conductance within the
bias voltage of V=4 mV is well reduced. The conductance
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Fig. 1. The tunnelling differential conductance at 4.2 K. The solid line
represents the calculation described in the text with parameters of 4 spw
=23 and so=1.8 meV.
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Fig. 2. Temperature dependence of the tunnelling spectrum. The zero
conductance line of each curve is shifted by two divisions for clarity.

at zero voltage is abut 20 % of that at ¥=7 mV. In contrast
to the isotropic gap case, the conductance inside the gap is
finite suggesting the gap anisotropy. In explaining the gap
anisotropy, we examine the mean field theory for quasi-one
dimensional conductors [5]. The calculated curve, which is
based on the electronic density of states for the imperfect
nesting DW state [6], is shown in Fig. 1 as the solid line.
The fitting is satisfactory. Both the zero bias conductance
and a slight constriction near =1 mV are reproduced by
the calculation taking into account the thermal smearing.
From the fitting, we obtain the SDW gap parameter A gspw
and the imperfect nesting parameter ¢, as 2.3 and 1.8 meV
respectively. The transition temperature for the perfect
nesting T, is estimated as T,=15 K from the mean field
relation of 2 4 spw/kpT=3.52. These parameters are almost
consistent with that in our previous report [4]. It is
confirmed that the density of states for the SDW phase is
explained by the mean field theory with the imperfect
nesting.

We found the pseudogap structure above Tspy. Figure 2
shows the temperature dependence of the tunnelling
spectrum, At 7=85 K, the conductance is flat suggesting the
metallic phase. Below 7=80 K, the spectrum shows the dip
structure around the Fermi level. The conductance near
zero voltage decreases with decreasing temperature. At
Tspw of T=12 K, the SDW gap structure is unclear. Far
below Tgpw, the gap structure associated with the SDW
state becomes pronounced.

In order to discuss abut the origin of the pseudogap, we
plot the temperature dependence of the zero bias
conductance which is normalized by the conductance at
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Fig. 3. Temperature dependence of the normalized zero bias conductance.
The solid line represents the calculation described in the text.

V=20 mV in Fig. 3. The zero bias conductance decreases
gradually with decreasing temperature below 80 K. There
is a shoulder around Tspw=12 K. Below Tgpw, the zero bias
conductance decreases rapidly associated with the
development of the SDW gap structure. This temperature
dependence below Tspy is explained by the thermal
smearing of the electronic density of states for the SDW
phase with parameters of 4 pw=2.3 and ¢ (=1.8 meV
obtained above. The solid line in Fig. 3 represents the
calculation in which the temperature dependence of 4 spw
is taking into account. It is suggested that the SDW gap
vanishes at Tspw. We conclude therefore that the decrease
of the electronic density of states around the Fermi level
above Tgpy is not due to the SDW gap. Moreover, a clear
anomaly around Tspw suggests that the pseudogap is not
due to the fluctuation effect.

For the normal phase of (TMTSF),PFs, Schwartz et al.
[7] reported that the optical conductivity spectrum shows
the drastic deviation from a simple Drude response. They
explained such a non-metallic like behaviour in a view of
the Tomonaga-Luttinger liquid. The pseudogap observed in
the present tunnelling spectrum might have a relation to the
deviation from the Drude response in the optical
conductivity. We are now searching for the origin of the
pseudogap.
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