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A nonlinear transport behavior was observed in the magnetic-field-—induced spin-density—wave state
above B=7.5T at T=1.5 K in (TMTSF),ClO4. The nonlinearity appeared in the transverse conduc-
tivity, but not in the Hall conductivity. The threshold electric field was very small and undetectable in
some samples. The sliding spin-density wave is one of the plausible mechanisms of this nonlinear trans-
port. Small-period oscillations with the period A(1/B) =0.004 T ~!, similar to the Shubnikov—de Haas
effect, showed a decrease in amplitude with increasing electric field.

PACS numbers: 72.20.My, 75.30.Fv

Many novel electronic properties have been found in
the tetramethyltetraselenafulvalinium family of organic
conductors, (TMTSF),X (X =PFs, ClO4, ReOy, etc.).
Among them, the magnetic-field-induced spin-density-
wave (MFISDW) phase transition is one of the most re-
markable phenomena found in this system.'"® The
spin-density-wave (SDW) state is stabilized by the or-
bital effect of magnetic fields, and the SDW state con-
sists of many subsidiary phases (subphases). When a
magnetic field is applied parallel to the ¢* axis of a slow-
ly cooled (TMTSF),ClO, sample®® [or (TMTSF),-
PFe,''2 (TMTSF),Re0,° under high pressurel] at suffi-
ciently low temperatures, the normal metallic phase un-
dergoes a second-order phase transition into one of the
SDW subphases at a certain threshold By, and several
first-order phase transitions between different subphases
occur successively above Byy,.

The mechanism of this phenomenon has been basically
explained by various authors.'%"'* The electron system
of (TMTSF),X can be regarded as an anisotropic two-
dimensional (2D) electron gas with open Fermi surfaces.
Under a magnetic field perpendicular to the 2D plane,
electrons near the Fermi level carry out a periodic
motion (wave vector G =eBb/hc) along the open orbit
(call it the x direction), and lose the degree of freedom
of the motion perpendicular to this periodic motion (y
direction). Consequently, the electron energy dispersion
becomes one dimensional (1D) along the x direction.
Because of the periodicity of the electron motion, the
wave vector G plays a role of reciprocal-lattice vector in
this 1D dispersion. At sufficiently low temperatures,
such a system is unstable against an infinitesimal period-
ic potential with the wave vector which connects two
“Fermi points” in this 1D dispersion. The x component
Qx of the allowed nesting vectors is not only 2kg, but
also 2kg+nG (n an integer), and the corresponding y
component Q, is determined by the condition that the
Fermi surface is tangent to itself when translated by Q.!°
This nesting vector Q is generally incommensurate with
the lattice potential. Each nesting vector with different n

corresponds to a different SDW subphase. In the nth
subphase, the nesting vector Q opens an SDW gap at
|k, | =kg+nG/2 in the 1D dispersion, and further sub-
sidiary gaps at |k,| =kg+mG/2 [m an integer (#n)]
by the periodicity of the electron motion. These subsidi-
ary gaps correspond to gaps between neighboring Lan-
dau levels of the valleys below and above the gap pro-
duced by the nesting. The Fermi level is always located
at the center of one of these gaps. In other words, n
Landau levels of the carrier pocket are always fully oc-
cupied in the nth MFISDW subphase. This situation is
very similar to the integral quantum Hall state in the 2D
electron gas formed in metal-oxide-semiconductor or
semiconductor heterostructures.

Despite the basic understanding of the MFISDW in
(TMTSF),ClO; as mentioned above, there remain
several unsolved problems concerning the details of the
phenomena, such as the new phase transitions at higher
fields, !> the origin of the small-period oscillations, ! etc.

In this paper, we report the first observation of a non-
Ohmic transport behavior in the MFISDW state of
(TMTSF),ClO,4. The magnetotransport measurements
were carried out with a current along the a axis (x direc-
tion) in static magnetic fields up to 15 T applied to the
c* axis (z direction). The typical size of the sample was
4%0.3x0.2 mm?>. Six gold lead wires (25 um in diame-
ter) were bonded on the samples by gold paint. Gold-
paint current contacts covered the two end surfaces
[(100) surfaces] and two pairs of voltage contacts were
put on the (010) surface for both magnetoresistance and
Hall-resistance measurements. The size of the painted
voltage contacts was about 0.1 mm in diameter. To
achieve the relaxed state, the samples were cooled at
speeds of less than 0.2 K/min around 24 K, and annealed
at about 20 K for ordering of the ClO4 anions.

Typical magnetoresistance traces for different current
values are shown for sample 1 in Fig. 1. A sharp in-
crease of resistance at B=6 T is the manifestation of the
second-order transition from the normal metallic phase
to one of the SDW subphases. The small kinks at
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FIG. 1. Transverse magnetoresistance of (TMTSF),ClO, at
T=1.5 K for different current values in sample 1. The field
positions of phase transitions are indicated by large arrows.
Small arrows show small-period oscillations. Inset: The mag-
netoresistance in another sample, 2.

B=6.6 T and 7 T correspond to the first-order transi-
tions between different subphases. The small-period os-
cillatory structures appeared superposed on the magne-
toresistance above 13 T as shown by small arrows. Their
fundamental period is A(1/B)=0.004 T ! It is seen
that above 7.5 T the magnetoresistance shows a remark-
able dependence on current value. As the current was
increased, the resistance increased gradually and saturat-
ed for sufficiently large current values. The field posi-
tions of the phase transitions, indicated by large arrows,
showed no change for the different current values.

The inset of Fig. 1 shows magnetoresistance traces for
another sample (2) which has a larger residual resistivity
ratio (RRR > 200). In the limit of zero electric field,
the magnetoresistivity p,, around 10 T becomes very
small and appears to tend to almost zero. This is reason-
able if we consider the theoretical prediction that the
density of states at the Fermi level is always zero at the
MFISDW state. The nonlinearity appeared above the
same field as in sample 1 (7.5 T), but more remarkably
in this sample than in sample 1. A similar nonlinearity
was observed in all of the five samples investigated in the
present study.

Figure 2 shows the Hall resistance for sample 1. It
has been reported that the Hall resistance has a steplike
magnetic field dependence similar to the quantum Hall
effect at sufficiently low temperatures.® In these traces,
the steplike structures are smeared out because of the
relatively high temperature. It is seen that the Hall
resistance has no explicit dependence on the current
value. The inset of Fig. 2 is the curve of current (/)
versus Hall voltage (Vy) at 14.9 T. It should be noted
that this /-V'y characteristic is nearly Ohmic.

The magnetoresistivity py, and the Hall resistivity py,
are represented by conductivity tensor components oj;:
pxx =0,/ (0xx 0y, +03),  pxy=—0x/(0xx0,+03).

1564

Hall Resistance (arb. units)

IS S

5 10 15
Magnetic Field (T)

FIG. 2. Hall resistance of (TMTSF),ClO; at T=1.5 K for
different current values in sample 1. Inset: The current vs
Hall-voltage curve at B=14.9 T.

According to Oshima ef al.,® | oy, | 2 04y, 0y =50, in
the field region B=8 T. Therefore, the of’,v term is
dominant in the denominator of py, and py,. The non-
linearity appears drastically in pxx‘—“cyy/ofy, but not ex-
plicitly in py, = —1/oy,. Therefore, the nonlinearity can
be ascribed to that of o,,. As the electric field is in-
creased, the transverse conductivity o,, increases gradu-
ally and saturates for sufficiently high electric fields
(E=100 mV/cm). The Hall conductivity o,, has no
nonlinearity versus electric field. '

Figure 3 shows the electric field dependence of the
resistance for sample 2 at several magnetic fields. The
value of the electric field strength may include some un-
certainty because of the finite size of the contact area
and the inaccuracy of the estimation of the sample cross
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FIG. 3. Electric field dependence of the transverse magne-
toresistance R,y (~Gxx/a§y) for sample 2 at several magnetic
fields. Inset: The raw /-V curves.
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section. The raw data of the I-V curve are shown in the
inset. In the normal phase and the low-field SDW sub-
phase, the resistance shows an Ohmic behavior. The
nonlinearity appears in magnetic fields above 7.5 T at
1.5 K. Above 10 T the resistivity p,, (nearly proportion-
al to o), because oy, is constant versus electric field) in-
creases from about zero to a saturated value as the elec-
tric field is increased. The threshold electric field for the
nonlinear transport properties is not distinctly seen in ei-
ther sample 1 or 2. In another sample (3), however, it
was observed at about 0.5 mV/cm. This fact suggests
that there is a sample-dependent threshold electric field
and that it is undetectably small in most of the samples.

The amplitude of the small-period oscillations super-
posed on the magnetoresistance above 13 T has a large
electric field dependence. When the oscillatory part
Aposc of the magnetoresistance was extracted from the
background, it was found that Ap.. decreased as the
electric field was increased. Although the oscillation
looks similar to the Shubnikov-de Haas effect, it is con-
sidered to arise from a different origin.!> Recently, a
theory explaining the small-period oscillations in terms
of the oscillation of tunneling probability was present-
ed.'® The observed electric field dependence of the
small-period oscillations suggests the participation of
some kind of tunneling mechanism. !’

As a mechanism of the nonlinearity, an increase of the
electron temperature can be excluded because of the fol-
lowing facts: The phase-transition field positions, which
have a large temperature dependence,”® showed no
change for the different current values. The Hall resis-
tance, whose amplitude depends on temperature,“'5 was
almost Ohmic and independent of the current value.
The nonlinearity occurs only in the magnetoresistance
above 7.5 T and not below. The electric field dependence
of the small-period oscillation amplitude is opposite to its
temperature dependence.'®> The Ohmic Hall resistance
and abrupt appearance of nonlinearity above 7.5 T
discount the possibility of a non-Ohmic contact effect.

The conductivity o,, (~p,,) saturates in all the sam-
ples at £ =100 mV/cm. This electric field is too small to
satisfy the condition eE{r)=A for tunneling through the
gap at the Fermi level,!® if we assume A=1 meV and the
magnetic length /=(hc/eB)'? as the spatial extent of
the wave function, (r). Therefore, the single-particle
Zener tunneling of the SDW quasiparticle through the
gap at the Fermi level is ruled out as the origin of the ob-
served nonlinear transport. The Ohmic Hall conductivi-
ty oy, rules out the possibility of single-particle processes
caused by the effective carrier number change, such as
the impact ionization as in semiconductors. The non-
linearity seems to have a different origin from that ob-
served in the Anderson-localized 2D electrons in the
quantum Hall regime, because the I-V characteristics
have quite a different shape in the quantum Hall case.!®

An anomalous nonlinear transport has been reported

in the normal state just above the superconducting criti-
cal current value at B=0 in (TMTSF),Cl04.2° In the
present case, the resistance was completely Ohmic in the
normal state below By, and the field of the nonlinear re-
gion is much higher than the superconducting critical
field at 7=0.

A similar nonlinear conduction, with no clear thresh-
old field, has been reported for (TMTSF),PFg,?!"?? and
was considered to be due to an extrinsic origin, like mi-
crocracks in the sample.?? In this case, the nonlinear
transport was observed both below and above the SDW
transition temperature (12 K),?' in contrast to the case
of (TMTSF),ClO4. Moreover, in the present experi-
ment, the nonlinearity disappeared at a higher tempera-
ture (T=4.2 K). Therefore, extrinsic origins are not
likely in the present case.

The non-Ohmic transport phenomenon is reminiscent
of those observed in quasi-1D compounds such as
NbSe; 2} or K¢3MoOs;, whose nonlinearity is ascribed
to the electric-field depinning of charge-density-wave
(CDW) condensates. In such a case, the sliding mode of
CDW carries a nonlinear current along the 1D direction,
but no Hall current, so that the Hall conductivity does
not show a nonlinearity.?* This characteristic is common
with the present observation.

In incommensurate SDW systems, there also exists a
sliding mode which contributes to the conductivity in a
similar manner as in CDW systems.?® In contrast to
CDW, however, the nonmagnetic impurities do not pin
the sliding SDW mode in first order because of the uni-
form charge density in SDW.?® Therefore, the pinning
force of SDW is much weaker than in the CDW case.
This is consistent with the present observation that the
threshold field is very small if present. From all these
considerations, it is very probable that the observed non-
linearity is caused by the sliding motion of the SDW.

Recently, nonlinear magnetotransport has been report-
ed for other density-wave systems. Nonlinear conduc-
tion, with rather gradual onset, was observed in the
high-magnetic-field phase of graphite.'® One of the pos-
sible origins of this phase is considered to be a mag-
netic-field—induced CDW state which has a uniform
charge density throughout the crystal as a result of the
superposition of two CDW’s with opposite phases.?’ In
NbSe;, it was reported that the threshold electric field
for CDW motion is reduced at high magnetic fields and
low temperatures.?® It is not clear at this moment
whether the observed nonlinearity in the present study is
related to these phenomena or not.

In conclusion, we observed a non-Ohmic transport in
the MFISDW state for the first time. This nonlinearity
appeared only in the diagonal conductivity, and not in
the Hall conductivity. The threshold electric field is very
small. The sliding SDW may be a plausible mechanism
of the observed nonlinear characteristics.
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