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Abstract

In the Temperature-Pressure phase diagram, the quasi-one-dimensional conductor, HMTSF-TCNQ,
the ground state at ambient pressure is an insulator of charge density wave (CDW) below 30 K,
while it shows a good metallic nature at higher temperature. The CDW insulating state is sup-
pressed by a pressure of 1 GPa, which is considered to be a quantum critical point. Neither at 0 -
0.5 nor 2 GPa but only around this critical point in pressure, field-induced phases appear from 0.2
T through 10 T, where R,y is almost constant and Ry is very low. These phenomena are achieved
when the magnetic field is applied along the least conducting axis. The behaviors are consistent
with a kind of Quantum Hall Effect (QHE). The field-induce phase accompanied by the QHE might
be the field-induced CDW (FICDW) similar to that of FISDW, observed in (TMTSF).X salts. This pa-
per presents the latest result of the Hall effects reviewing the history of the authors’ work on this
material from preliminary to the latest ones.
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1. Introduction

It is commonly observed that the highly correlated system has an insulating ground state at low pressure in the
temperature-pressure phase diagram. And this insulating state is suppressed by increasing pressure or by doping,
and such pressure (or doping value) is likely to be “the quantum critical point”. Those insulating states are either
magnetic (antiferromagnetic Mott insulator, or spin density wave (SDW)) or non-magnetic (charge density wave
(CDW), or charge order (CQ)) in either case of organic or inorganic materials. Around the pressure of the quan-
tum critical point, the superconductivity is frequently found.

In the case of the first organic superconductor, (TMTSF),PF, the insulating phase is a spin density wave
(SDW) below 12 K at ambient pressure. When the SDW is suppressed by a pressure of 0.65 GPa, superconduc-
tivity appears [1]. The suppression of SDW by pressure is understood as a recovery of the Fermi surface by de-
nesting with increasing pressure. At the pressure where SDW is suppressed, superconductivity appears in
(TMTSF),PFs. By then applying a magnetic field, superconductivity is suppressed, and successive magnetic-
field-induced SDW (FISDW) transitions appear, which is schematically shown in Figure 1.

The FISDW is interpreted as the recovery of nesting due to one-dimensionalization by a strong magnetic field.
But since this nesting is imperfect, and a resultant small 2D Fermi pocket provides a cascade of phase transitions.
But if the imperfect nesting produces just simple robust 2D Fermi surfaces, only Shubnikov de Haas (SdH) os-
cillations should appear. But if the system can generate a band gap for certain interval of magnetic field, by se-
parating completely filled lower Landau levels and completely empty higher ones, a gain in energy is kept in the
electronic states, then the quantum Hall effect (QHE) occurs instead of SdH oscillations. The new type of quan-
tum Hall effect (QHE) [2] is quite different from the conventional QHE seen in GaAlAs.

Since the scenario of the QHE is discussed in terms of nesting of 1D Fermi surface for SDW, it is of great in-
terest to see if the field-induced phase scenario holds for CDW. For this purpose, we studied the quasi-one-di-
mensional (Q1D) organic conductor, HMTSF-TCNQ, shown in Figure 2, where HMTSF and TCNQ are the ab-
breviation of hexamethylenetetraselenafulvalene and tetracyanoquinodimethane, respectively. The CDW (Tcpw
= 30 K at ambient pressure [3]-[5]) of this crystal is relatively easily suppressed by the pressure of ~1 GPa in
agreement with the very old work [6]. (We note that for TTF-TCNQ 10 GPa are required to suppress the CDW
phase [7].) Hence with HMTSF-TCNQ, it is easy to use a simple pressure clamp apparatus in high magnetic
fields. Our studies on HMTSF-TCNQ show magnetoresistance (MR) kinks around ~1 GPa, but neither at am-
bient pressure nor at 2 GPa [8]-[12]. This feature implies that a scenario similar to that of FISDW in
(TMTSF),PFg holds. We have been very much interested in whether or not the similar scenario holds for CDW.

Temperature

Metal Fleil’d-lnduced Phases

Magnetic Field

Pressure

Superconductivity, if any

Figure 1. Schematic diagram of a 1D conductor. The insulating phase is either
a SDW or CDW. The inset images show pairs of 1D Fermi surfaces in the 1st
Brillouin zone. In the case of HMTSF-TCNQ, there are both electron and hole
FS (Fermi surface) pairs in the 1st Brillouin zone (but just one pair is shown to
avoid busy figure). At P, and B = 0, two pairs of FS are there, in FI
(field-induced) phase one pair of FS and a straw-shaped 2D FS (not shown),
and in higher in B, straw-shaped FS disappears by the Landau quantum limit
and leaving one pair of 1D FS. Orientation of the magnetic field is parallel to

the least conducting axis.
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Figure 2. Schematic view of the crystal model of HMTSF-TCNQ. Both
HMTSF and TCNQ molecules stack themselves along the 1D-axis. Since the
axis indexing for a, b and c is different among the bibliography, to avoid con-
fusion, we adopt the naming of x, y and z axes for the most conducting to the
least conducting axes.

It should be noted that until recently it was difficult to obtain high quality crystals of HMTSF-TCNQ, i.e.
most of the samples consisted of many small, oriented crystallites mimicking a single crystal morphology. Such
crystals had broad Bragg spots, and the signature of the CDW transition in the resistivity was neither sharp nor
large. More recently, one of authors (R.K.) succeeded in synthesizing high quality single crystals, and our un-
derstanding of the field-induced phase has very much advanced or even renewed as a result. The purpose of this
paper is to review the history of the refinement of the data to avoid confusion with preliminary data, together
with the recent results on Hall effect, to discuss the magnetic field-induced phase of this material.

A field-induced CDW in a two dimensional conductor was discussed previously for
a-(BEDT-TTF),KHg(SCN), and a-(BEDT-TTF),TIHg(SCN), [13] [14], where 1D and 2D Fermi surfaces coex-
ist even below Tcpw Where the Fermi-surface reconstructs. In the present case, field-induced phases are indi-
cated by the clear presence of 1D Fermi surfaces and 2D straw-shaped Fermi surfaces.

2. History of Our Study on the Field-Induced Phases in HMTSF-TCNQ

Although the facts that the CDW transition at ambient pressure occurs at 30 K and that the field induced phase
transition is observed neither at ambient pressure (or even up to 0.5 GPa) nor at 2 GPa but at around 1 GPa are
unchanged, data quality has become very much improved by the refinement of the crystal quality. Having the
latest and the most refined measurement, we thought it important and timely to provide a table of figures how
the magneto resistance (MR) behavior has improved with the refinement of the crystal quality.

The batch of samples we studied were classified into three stages. Stage I: we started a preliminary study with
the samples made in 1970™. Stage 11: samples made by the co-author (R.K.) but with unsatisfactory quality with
poor Bragg spots. However those samples were produced with the best effort at that time. Stage I11: samples by
R.K. with a refinement with a new idea of crystal growth. We could obtain samples with sufficiently beautiful
Bragg spots. Further all the samples were examined by X-ray before the transport study, and many of the puz-
zled problems were solved [15].

Studies in high magnetic field were carried out with the clamp type pressure cell, with samples immersed in
the pressure medium Daphne 7373. Electrical contacts were made with 10 um gold wire and carbon paste some-
times with and sometimes without gold deposit on samples. Four terminal methods were used with ac current
from 10 pA to 100 pA. Pressure at low temperature for later works was calibrated against the superconducting
transition temperature.

Figure 3(a) is the MR of the sample from Stage | with the pressure of about 1.4 GPa at low temperature (inset
pressure value is of 300 K) [8]. The MR of Ry, shows undulations with hysteretic curves, which continued up to
the maximum studied field 31 T. Figure 3(b) and Figure 3(c) show the MR of R,y of the Stage Il samples at
around 1.3 GPa at low temperature [10]. The smooth undulation in MR observed in the samples of Stage I is
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Figure 3. (a) Magnetoresistance (MR) of R, in Stage I. (b) MR of R, in Stage Il with B//y. () MR of R in Stage Il with
B//z. (d) MR of R, in Stage Il with B//y at p = 2 GPa. (e) MR of R,, of Stage Il on linear scale, and (f) logarithmic scale.
Copyright permission is requested for Ref. [8] for (a), for Ref. [10] for (b), (c), and for Ref. [15] for (e) and (f).

unseen, but instead, kinks are observed. Especially the Figure 3(b) is very reminiscent of the MR of the FISDW
in (TMTSF),CIO, [16]. However, it was very puzzling that kinks in MR were observed in two directions (i.e.
B/ly and B//z) although the bending direction of the kinks were opposite. This puzzle was solved by the precise
analysis of AMRO (angular dependence of MR oscillations), which was carried out with the samples of Stage I,
which will be described later. The conclusion from that is that the FI phase is ruled only by the z-component of
the magnetic field [15], and around 1 GPa, FI phase is seen between 0.2 T and 10 T. The MR of R,, is shown in
Figure 3(e) and Figure 3(f), which show the same data each other but in a linear and logarithmic scale for R,,.
Although it is not fair to compare R,y for Stages | and Il, and R,, for Stage Ill, it is possible to detect the ano-
malous fields in either ways.

The phenomena that have been unchanged from the preliminary to the latest resultsare that: 1) the events oc-
cur neither at ambient pressure nor at 2 GPa as shown in Figure 3(d), which proved that the phenomena is spe-
cific only around the critical pressure; 2) typical FI phenomena occur between 0.2 T and around 10 T at ~1 GPa;
3) magneto resistance is larger at lower temperature; 4) specific fields are unchanged with temperature between
0.3 Kand 4.2 K, where we have intensively surveyed.

The undulating behavior with hysteresis from Stage | samples might be caused by the rounding of sharp kinks
with hysteresis observed in Stage Il samples. From the results with Stage 11 samples, we obtain a tentative image
that the FI phase is related to three dimensional Fermi pocket since MR anomalies were seen in both (any, as a
result) angles of the magnetic field in the y-z plane. However, by examining the Stage 11l samples, we reached
the conclusion that the FI phase is related to two dimensional Fermi pocket, which is of straw-shape whose axis
is orienting to the z-direction. The reason for the apparent observation of kinks in both (any, as a result) angles of
the magnetic field in the y-z plane was solved by the AMRO (angular dependence of magnetoresistance oscilla-
tions) of the R, and the precise MR measurement with the sample rotation of high quality samples of Stage Il1
in magnetic field, which will be explained later. The sample rotation was carried out by the rotation of miniature
pressure cell in magnetic field.
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Figure 4(a) shows the AMRO of R, rotated in the B//y-z plane in several fields from 2 to 31 T at 0.3 K [15].
One can find easily the region of gigantic MR and its boundary from the region of low MR. By plotting the z-
component of the boundary fields, it turned out that the transition takes place at B, = 10 T as shown in Figure
4(b). We carried out the AMRO study in the same way in the B//x-z plane in several fields (not shown). And we
obtained the similar results as Figure 4(b). We could conclude that the 10 T transition is ruled by the straw-
shaped FS. From the result of Figure 3(e) and Figure 3(f) and it extended measurement up to 45 T, we could
judge that there is no structure in MR with B//z above 10 T. We conclude then that 10 T is the field of quantum
limit of the lowest Landau level [15].

There is a fine oscillation in the AMRO in Figure 4(a). By analyzing precisely the fine structure, it turned out
that there is typical Lebed-Osada oscillations, which demonstrate existence the 1D Fermi surface. Further,
Lebed-Osada oscillations exist below and above the 10 T transition. And the Lebed-Osada oscillations are less
distinctively pronounced below the 10 T transition [15]. Therefore we established the model that below B//z = 10
T, there is a coexistence of 1D and 2D FS, above 10 T the 1D FS survives and the 2D FS disappears due to the
quantum limit of the lowest Landau limit.

Figure 5(a) shows the R, of the Stage 1l sample [12]. And with the Stage 111 samples, the result has settled to
Figure 5(b). What is unchanged all through the stages is that R, is linear and negative close fromB =01t00.2 T
and rather flat nature up to certain field, i.e. 10 T finally. Above 10 T, the result was quite different. This is asso-
ciated with the clear appearance of 10 T-transition due to the beautiful crystalline nature in the Stage 111 samples.
As shown in Figure 5(c), R« is almost zero up to 10 T. Together with the flat nature of Ry, these phenomena
favor the quantum Hall effect. A difficulty is that there is not more than two steps. Maybe it is due to the coexis-
tence of 1D and 2D FS’s.

Summarizing the final results of MR, AMRO and Ry, present idea for ~1 GPa is the following; for 0 < B, <
0.2 T two pairs of 1D FS recovered by de-nesting by pressure; for 0.2 T < B, < 10 T one pair of FS become
nested by one-dimension alization by high magnetic field like in (TMTSF),X salt. However imperfect nesting
leaves a straw-shaped 2D FS. Other pair of 1D FS survives. Above 10 T the lowest Landau level at the
straw-shaped 2D FS becomes in the state of Landau quantum limit.

Figure 6 shows the MR measured at lower pressure of ~0.7 GPa. Then the quantum limit transition is reduced
from 10 T at 1 GPa to 2 T. At lower pressure, FS should be more 1D-like, i.e. the nesting of the FS might be
more easily nested. This means that the FS pocket is smaller at 0.7 GPa than that at 1 GPa, so the Landau quan-
tum limit is more easily achieved at low field of 2 -3 T.

3. Summary

Back to the original motivation to see if the Fl-phase is similar to that in (TMTSF),X. We have to take note the
difference. HMTSF-TCNQ has two pairs of 1D FS. One is of electrons and the other of holes. Charge transfer is
0.74, which is not commensurate at least at ambient pressure. Electron correlation might not be large. Compared
with that, (TMTSF),X has only one 1D FS of holes. Charge transfer is 0.5, SDW is not commensurate but close
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Figure 4. (a) AMRO, taken in the B//y-z plane at 0.3 K at 1.1 GPa. It is obvious that the gigantic MR state is located
around B//z, and with its clear boundary; (b) The boundary field is shown to be ruled by the same value (10 T) of the z-
component of mangetic field. Copyright permission is requested for Ref. [15].
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Figure 6. (a) R, taken at 0.7 GPa of Stage Il samples. 10 T transition (quantum limit) at 1 GPa occurs at 2 T; (b) Quan-
tum limit field is plotted in the B-P phase diagram.

to commensurate [17]. Electron correlation is non-negligible so long as it exhibits SDW. But our conclusion is
that in many senses probable FICDW is quite similar to the FISDW of (TMTSF),X since the scenario of the
quantum Hall effect explained for (TMTSF),X seems to explain the phenomena seen in HMTSF-TCNQ.
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