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We examine an unusual phenomenon where, in tilted magnetic fields near magic angles parallel to
crystallographic planes, a “‘giant” resonant Nernst signal has been observed by Wu et al. [Phys. Rev. Lett.
91, 056601 (2003)] in the metallic state of an organic conducting Bechgaard salt. We show that this effect
appears to be a general feature of these materials and is also present in the field-induced spin density wave
phase with even larger amplitude. Our results place conditions on any model that treats the metallic state

as a state with finite Cooper pairing.
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The Bechgaard salts, (TMTSF),X (X = PF,, ClO,,
AsFg, ReQy, etc.), continue to attract attention due to the
proximity of different ground states including antiferro-
magnetic spin density waves (SDW), unconventional
superconducting (SC) and metallic states, and magnetic
field-induced spin density wave (FISDW) states [1,2].
Recently, arguments have been made for the coexistence
of the SDW, SC, and metallic states along phase bounda-
ries [3-5], for the possibility that the metallic state is an
unconventional SDW phase [6], and even for the survival
of p-wave Cooper pairing in the metallic state [7].

Most studied are (TMTSF),PFs and (TMTSF),ClO,.
These materials are quasi-one-dimensional (Q1D) organic
conductors with transfer integrals of order 250, 25, and
0.25 meV for the a, b, and c axis directions, respectively. In
the SC state, for magnetic fields aligned in the ab conduct-
ing plane, the critical field H., exceeds the Pauli limit
[8,9], and no change of the electron spin susceptibility in
Knight shift is observed below T, [10], suggesting p-wave
pairing in these materials. Above H,, in the metallic state,
“Lebed magic angle” effects [11] were first observed in
(TMTSF),Cl0, [12,13] [and later in (TMTSF),PFq [14]]
as dips at magic angles in angular dependent magnetore-
sistance (ADMR) data for tilted magnetic field in the bc
planes, perpendicular to the most conducting a axis. The
magic angles occur when tand = 1.1p/q, where 6 is the
angle between the field and ¢ axis, and p, g are integer
values of the ¢ and b unit cell parameters, respectively
[12,13]. Above a threshold field Hy,, the FISDW state (with
a cascade of subphases) is stabilized due to the quantized
nesting of the Q1D Fermi surface [1,15].

In this Letter, we examine the longitudinal [Seebeck or
thermoelectric power (TEP)] and transverse (Nernst) ther-
moelectric effects in the metallic and FISDW phases in
(TMTSF),ClO, (hereafter ClO4). The Nernst effect, an
analogue of the Hall effect, is the transverse voltage in-
duced by a temperature gradient in a magnetic field. A
large Nernst signal can be induced by a phase slip in the
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vortex state [16,17], while a very small Nernst effect is
expected for quasiparticles in normal Fermi liquids with
one charge carrier [18,19]. When more than one type of
carrier is involved, the Nernst effect can be finite and of
order (kg/e)(T/Tp)(w,7), where kgTp is the Fermi energy,
w. is the cyclotron frequency, and 7 is the scattering
time —estimated to be a few nV/K for the Bechgaard salts
[20]. However, a giant ( ~ uV/K) resonant Nernst effect
in (TMTSF),PF; (hereafter PFy) has been reported by Wu
et al. [20]. Here large negative dips and positive peaks are
observed as the field angle is swept through magic angles
in a narrow range. The effect was originally attributed to an
electrical current “‘lock-in” at the magic angle where
metallic (“‘coherent’) behavior appears, and to nonmetal-
lic (“‘non-Fermi liquid””) behavior away from the magic
angle [20]. Currently, a model has been proposed by Ong
et al. [7] involving finite Cooper pairing in the metallic
phase. Here the symmetry of pairs of fluctuating pancake
vortices in the crystallographic planes will be broken by
induced vortex density for finite in-plane field away from
the magic angle directions. This can account for the mag-
nitude and resonant nature of the Nernst signals [7]. We
find that ClO, exhibits a resonant Nernst effect not only in
the metallic state, but also at higher fields in the FISDW
state, with a greatly enhanced magnitude. These new find-
ings place conditions on models proposed to explain the
anomalous Nernst signal in these materials.
Superconductivity appears at ambient pressure in ClO,4
below ~1 K when cooled slowly (10-15 mK/ min in this
work) through the anion ordering (AO) temperature Tpq ~
24 K. Here the tetrahedral ClO,4 anions order, doubling the
unit cell along the b axis. Although no AO occurs in PFg,
pressures above 6 kbar are necessary in PFg to stabilize the
metallic and superconducting ground states. Under these
respective conditions, both materials exhibit a metal-to-
FISDW transition above a threshold magnetic field (Hy, ~
4 T for Cl1O, and Hy, ~ 7 T for PF, at 10 kbar) for B || c.
In the present work, the sample is placed in an evacuated
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holder sealed at room temperature and the Nernst signal is
measured along the b axis with AT || a axis (Fig. 1). The
sample is rotated around the a axis so that the magnetic
field (either forward or reversed) is in the bc plane. The
TEP (Nernst) signal is derived from AV,/AT (AV,/AT),
where AV, (AV,) is the longitudinal (transverse) voltage
drop and AT is the temperature gradient. The final results
are obtained by averaging the signals from the positive and
negative field runs assuming that the TEP (Nernst effect) is
an even (odd) function of the magnetic field.

Figure 1 shows the angle dependence of the Nernst
signal (N) at different fields at 0.4 K. The down arrows
indicate the FISDW threshold angle (6,,) determined by
H, = Hcosly, = Hy,, where Hy, (about 3.9 T at 0.4 K) is
the threshold field. Resonant Nernst signals are observed in
both the metallic (@ > 64) and FISDW (6 < 6,) states.
The Nernst signal increases as the sample undergoes a
phase transition between the metallic and FISDW states.
In the FISDW state, additional structure related to the
cascade of FISDW subphases appears as H | increases
for & — 0. For example, the positions of the dips above
H, > Hy (marked as short vertical lines) satisfies H| ~
4.2 T. The anomalies due to the FISDW subphases will be
discussed later. In contrast to the Nernst effect, the low
temperature TEP signal does not show noticeable changes
at magic angles in the metallic state as shown in the inset of
Fig. 1.

In the metallic phase, the positions of dips at —52°
(0, "), peaks at —43° (9,.") and zeros at —48°
(0,,V) in Fig. 1 are field independent, and the midangle
(0,,V) is the magic angle for p = g = 1 where the field is
along the 2b + ¢ direction (consistent with anion order-
ing). Hence the resonantlike behavior with sign changes of
the Nernst effect around the magic angle for ClO, is
similar to that of PF¢ at 10 kbar [20]. For the magic angle
0,,9 for B || ¢* the Nernst signal appears to be resonant (as
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FIG. 1. Angle dependence of the Nernst signal at different
fields at 0.4 K. See text for the meanings of arrows and vertical
lines. Left inset: the contact configuration. Right inset: the angle-
dependent TEP (S) at 0.4 K and 5 T.

it is in PFg where it is accessible below Hy,), but due to the
lower Hy the additional complications of the FISDW
subphases make systematic analysis difficult.

The normalized peak-to-peak Nernst data (NppN =
Npp /H) in the metallic state are shown in Fig. 2. For the
values around 6,,(V, N,V grows gradually, initially fol-
lowed by an abrupt increase for fields higher than 4.5 T and
temperatures lower than 0.8 K. This nonmonotonic behav-
ior strongly suggests that normal Fermi liquid picture is not
valid even in the metallic state. The maximum N, in Cl1O,
is about 4 uV/K at 5.2 T and 0.4 K (for the first magic
angle ,,'V), which is of same order of magnitude as PF
even though PFy was measured along the a axis with AT ||
b axis [20].

The angular dependences of the Nernst effect at higher
fields are presented in Fig. 3(a), where, in the inset, a
summary of all data clearly shows the equivalence of the
resonant Nernst periods for both metallic and FISDW
phases. The resonant signal is evident for the second
(p/q = 2) magic angle, and the positive peaks for the third
(p/q = 3) magic angle is also observed. The up arrows
indicate 6y, and the down arrows show the angle below
which the Nernst signal is angle independent. The down
arrows follow H; = H cosf, where H|, = 6.5-6.9 T.

Additional structures due to the FISDW subphases also
appear with the resonant behavior. In principle, the reso-
nant Nernst signal can be differentiated from the FISDW
subphases since the latter should occur at a certain H |
while the former is depending only on angle. In Fig. 3(b),
the angular dependence of the Nernst effect at selected
fields from both Figs. 1 and 3(a) is plotted against H .
There are two different features: (1) anomalies associated
with the FISDW subphases whose positions do not change
and (2) peaks and dips where the condition H, =
H cosf,. (- is satisfied. For some values of H these
features coincide, and this makes it difficult to isolate the
resonant Nernst signal from the FISDW subphases. This
also may influence the apparent width of the Nernst reso-
nance, which may be smaller than it appears in the inset of
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FIG. 2. The normalized peak-to-peak Nernst signal [N(6,,) —
N(0,,_)]/H in the metallic state. (a) Field dependence at
0.4 K for p/g =1 and 2 (inset). (b) Temperature dependence
at 5 K and 5.5 T. The data point at 0.4 K and 5.5 T () is for
the negative peak at § = 6,,_ () (since 6, , (V) was in the FISDW
state).
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FIG. 3. (a) The angle dependence of the Nernst effect for

representative fields, offset for clarity. The solid lines indicate
the magic angles (6, for p/q =1 and 6,,%) for p/q =2)
obtained from the ADMR measurements. The dotted lines
indicate the angles where the Nernst signal shows a dip or
peak in the metallic state. Inset: Nernst data for all fields between
5 and 18 T without offset. (b) The Nernst signal as a function of
H |, offset for clarity. The dotted vertical lines indicate anoma-
lies associated the FISDW transitions. The resonant Nernst
signals are labeled as mn + (—) indicating peaks (dips) at
p/q = n magic angles.

Fig. 3(a). If we compare the width of the resonance in
the metallic state where the subphase effect is absent, the
peak-to-peak angle (6,,+ — 6,,-) is ~9° in ClIO4 and ~5°
in PFq.

In Fig. 4, the field dependence of the Nernst effect is
shown for fixed angles 6 = 0, 6,,, ", 6,,V, and 0,,_ ) vs
H, = Hcos#.For § =6, and 0,,_, the resonant Nernst
signal becomes apparent above H;, = 2.3 T for § = 0,,_
and 3.1 T for § = 0,,, in the metallic state. In the FISDW
state above Hy,, the Nernst signal changes sign for small
variations around the magic angle, and its magnitude at
6 =26,_ and 6, is even larger than at § = 0°. Even
when the Nernst signal changes sign, the FISDW subphase
transitions are clear at all angles, as shown in the upper
inset of Fig. 4. At higher fields above H, = 6.5-6.9 T,
the Nernst effect is small for any field direction. Al-
though perhaps coincidental, this field is in the range where
the Hall resistance makes its last sign reversal above the
Ribault anomaly [21] and enters the positive Hall
(N = 1) state as shown in the lower inset of Fig. 4. The
high field resonant Nernst signal for H || ¢* is also sup-
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FIG. 4. The Nernst signal as a function of H, (= H cosf).
Upper inset: positions of dips at different angles. Lower inset:
Hall resistance and Nernst effect on the same sample for § = 0.

pressed in PFy, when the sample is in the FISDW state
(02K,H, =75T)[20].

In the metallic phase, ClO, and PFg show a similar
resonant Nernst behavior around magic angles, even with
anion ordering in the case of ClO,4, and even though the
present and previous studies were for the off-diagonal and
diagonal configurations, respectively [22]. This includes
similarities in the amplitude and the field and temperature
dependence of N,,. We have further shown that the reso-
nant Nernst effect persists in the FISDW phase of ClO, in
fieldsup to H; ~ 6.9 T.

There are several puzzles: the large value of the Nernst
effect in the “metallic state’” in magnetic fields and what
type of excitation, superconducting vortex, or otherwise, is
acting, its enhancement in the FISDW state, the resonant
nature of the Nernst signal, and its ultimate attenuation in
higher magnetic fields. Based on previous transport stud-
ies, several key factors of the problem appear to be well
established, namely, that for fields along magic angles
there is coherent, metallic transport, and away from the
magic angles the transport shows non-Fermi liquid behav-
ior [23]. Combined with independent spectroscopic inves-
tigations [24], which show that both PF¢ and CIO, lie in a
regime close to dimensionality crossover between 1D non-
Fermi liquid and 2D Fermi liquid behavior, the possibility
that the magnetic field stabilizes the 2D Fermi liquid at the
magic angles, but drives the system into an incoherent state
away from magic angles, is not unreasonable [25].
Moreover, recent theoretical work has shown that dimen-
sional crossover predicts the dips in the ADMR at the
magic angles without invoking superconductivity [26]. In
addition, for fields aligned near magic angles, coherent
currents between chains of some form can in principle
lead to Lorentz-type forces that would produce resonant
transverse (Nernst or Hall) signals.

In addition to the high T, cuprates [17], there are reports
of large (although nonresonant) Nernst effects in organic
[27,28] and inorganic [29,30] materials. In these materials
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the large Nernst effects were attributed to the quasipar-
ticles, rather than vortices, in the density wave states
[28,29] or near the quantum critical point [30]. Hence in
the case of the Bechgaard salts, it is possible that a non-
superconducting mechanism leads to the large value of the
Nernst signal. An unconventional spin density wave
(USDW) theory [6] has been proposed to describe the
metallic state in PFq. Although the USDW theory yields
the Nernst effect, peaks, and not resonant structures, are
predicted at the magic angles in this model.

In light of the above discussion, the superconducting
vortex model is attractive since it provides excitations that
not only yield a resonant Nernst signal and smaller non-
resonant Seebeck amplitude, but also carry high entropy
that produces large Nernst amplitude. However, there are
several aspects of the vortex model that need to be ad-
dressed. The condition N > S, discussed by Ong et al.
[7] for PFg under pressure suggests that vortex flow causes
the Nernst signal. However, in all studies of the S,, on
ClO; in the standard longitudinal configuration in vacuum
of which we are aware [31] including our own, S, is of the
order 2 to 4 'V, so the condition N >> §,, is not strictly
satisfied. Furthermore, the angular dependence of S, does
not show any noticeable changes at the magic angles, and,
recent /’Se NMR investigations [32] show no systematic
change in the spin-relaxation rate for rotations through the
magic angles.

The Nernst effect signal in the FISDW state can be
modeled by considering two parallel conduction channels,
one from the nested gapped Fermi surface and the other
from electron or hole carriers responsible for the Landau
quantization [33]. The former carriers should be activated
across the gap, so the resistance and thermoelectric tensor
will be divergent with decreasing temperature, while the
latter carriers may retain the character of the metallic state.
The total Nernst effect will be Ny = (0 pspwNrspw +
OMetaNMeta)/ (TEISDW T SMetal)s Where Teispw  (OMetal)
and Ngspw (Nmerm) represent conductivity and Nernst
signal in the FISDW (metallic) state, respectively. Since
the contribution to the total Nernst effect of the FISDW
carriers is the weighted by their conductivity, the behavior
of the metallic carriers may survive in the FISDW state.
The suppression of the Nernst signal at higher fields may
be explained if one assumes oggpw becomes very small at
that field region. Another model to explain the suppression
involves collective transport (no heat current accompany-
ing the electrical current) when the FISDW state is stabi-
lized at higher fields [33].

In summary, we find the resonant Nernst effect is a
general feature of several members of the Bechgaard salts
in both their metallic and FISDW phases, where compari-
sons can be made. The coherent-incoherent picture at or
near magic angle planes seems to be a robust description,
based on both experimental and theoretical treatments.
What remains to be settled is the nature of the excitations

that are present in the 2D planes which cause the large
Nernst signal. Our finding that when the FISDW gap opens
the Nernst signal is enhanced suggests that electron and
hole excitations in the presence of an energy gap may
provide the mechanism for a large Nernst signal, without
the need to invoke superconductivity. Even in the metallic
state, a “‘correlation gap” [24] should appear away from
the magic angles that could enhance the Nernst signal. We
note that high sensitivity torque magnetization and Hall
effect measurements at the magic angles would be useful to
advance our understanding of this phenomena, since in the
case of a vortexlike excitation, both should show resonant
behavior. At present torque [12] and Hall [14] measure-
ments are still inconclusive in this respect.
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