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Rapid oscillation and Fermi-surface reconstruction due to spin-density-wave formation
in the organic conductor „TMTSF …2PF6
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Resistance and magnetic torque for the quasi-one-dimensional organic conductor~TMTSF!2PF6 have
been measured over a wide magnetic field and temperature ranges to investigate the correlation between
the rapid oscillation~RO! and the spin-density-wave~SDW! formation. The RO with the frequency of 220 T
is found in the resistance above 15 T for all the current directions and in theab-plane Hall resistance in
the SDW phase. The RO amplitude has a sharp peak around 3 K, which is associated with a maximum of
the normalized magnetoresistance. The magnetic torque shows a jump at the SDW transition tempera-
ture ~;11.5 K! with decreasing temperature, and then a broad maximum around 3 K~Tmax! suggesting
a subphase transition.Tmax slightly shifts to a high temperature with increasing magnetic field. A possible
mechanism of the RO is discussed on the basis of the Fermi surface reconstruction due to the SDW formation.
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I. INTRODUCTION

The quasi-one-dimensional organic conduct
~TMTSF!2X, where TMTSF denotes tetramethyltetrasele
fulvalene andX5ClO4, PF6, AsF6, ReO4, etc., have been o
great interest because of many fascinating properties, suc
superconductivity, quantum Hall effect, rapid oscillatio
~RO!, and field-induced spin-density wave~FISDW!
transitions.1 The stacked platelike TMTSF molecules yield
highly anisotropic Fermi surface with only open sheets. F
X5PF6 and AsF6, the ground state is the SDW phase
ambient pressure, but the SDW is suppressed and the s
conducting state is induced by pressure. The SDW stat
caused by the nesting of the two sheets of the o
dimensional~1D! Fermi surface@Fig. 1~a!#. The nesting vec-
tor Q for the PF6 salt is determined to be incommensura
Q~0.5, 0.2460.3,20.0660.2! by NMR experiments.2

In the SDW phase, the possibility of subphase transiti
has been reported. The spin-lattice relaxation rate 1/T1 of the
proton in the TMTSF molecule for the PF6 salt is found to
show sharp drops at 3.7 K~Tp1! and 1.8 K~Tp2! when the
magnetic field is larger than the spin-flop field~;0.5 T!.3

Below the spin-flop field, a sharp peak in 1/T1 is observed
around 3 K.4,5 These results suggest the presence of subp
transitions due to some change in the spin dynamics.3 These
transitions have been discussed in terms of some nes
vector change. Recently, 1/T1of Se NMR is also reported to
show a sharp decrease below 4 K.6 Another explanation of
the proton 1/T1 anomalies around 3 K has been given by
Clark et al.7 They measured the temperature dependenc
the proton 1/T1 carefully and claim that the 3.5 K anomaly
550163-1829/97/55~18!/12446~8!/$10.00
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due to a dynamic effect rather than a phase transition.
dielectric constant shows a strong frequency dependenc
the SDW phase for the PF6 salt,

8,9 and it is ascribed to a
critical slowing down towards a static glass transition nea
K.8 Long-time decay of the specific heat below 1 K indicates
the possibility of low-energy excitation of the disordere
SDW state,10 which seems consistent with the glas
transition picture. At a high frequency~16.5 GHz!, striking
changes in the dielectric constant and conductivity are s
for the PF6 and AsF6 salts near 4 K.11,12 These features are
discussed in the framework of quasiparticle and conden
pictures. Nonlinear electric conductivity experiments for t
AsF6 salt shows a drastic increase of the threshold elec
field around 3 K,13 which strongly suggests some change
the pinning mechanism. On the other hand, the RO, whic
periodic as a function of the inverse field, is seen in t
magnetoresistance in the SDW phase and disappears a
temperatures.14 This anomalous temperature dependence
the RO is expected to be correlated with the proposed s
phase transitions. A similar behavior of the RO is also o
served for the AsF6 salt.

15,16

The RO for the PF6 and AsF6 salts is detected only in the
SDW phase. In contrast to these salts, the RO for the C4
salt is observed in both the SDW and metallic~M! phases.
The ClO4 salt undergoes the ClO4 anion order at 24 K with
the superlattice~0,0.5,0! because of its lower symmetry. Th
superlattice potential separates the original Fermi surf
into two zones and two pairs of open sheets of Fermi surf
are consequently formed. The magnetic field along thec*
axis leads to the cascadelike FISDW transition. The fi
FISDW transition occurs at about 8 T. According to a ne
12 446 © 1997 The American Physical Society
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55 12 447RAPID OSCILLATION AND FERMI-SURFACE . . .
phase diagram,17 the FISDW phase survives up to 31 T an
a new phase boundary in the final FISDW phase is pres
In theM phase, the RO is well understood in terms of qua
tum interference~QI! effect.18 Two open sheets of the Ferm
surface formed due to the anion order are very close to e
other. Therefore, the magnetic breakdown~MB! easily takes
place between the two sheets where the electrons tr
along the same direction. This is the main reason why the
is possible in theM phase. This interference is not expect
for the PF6 salt, because of no anion order. The origin of t
RO in the main FISDW region between 8 and 28 T for t
ClO4 salt is still unclear. In the highest-field FISDW pha
above 28 T, the reconstructed Fermi surface, based on
calculated band structure, gives the possibility of conv
tional SdH or dHvA effects coming from the MB close
orbits.19 The temperature and field dependence of the RO
explained by Lifshitz-Kosevich~LK ! formula with reason-

FIG. 1. ~a! Schematic Fermi surface based on the original ba
structure calculation for~TMTSF!2PF6. The warping of the 1D
Fermi surface along theb* direction is exaggerated. The thick a
row shows the commensurate nesting vectorQ0~1/2,1/4,0!. The re-
constructed Brillouin zone~BZ! boundary is also shown. The close
and open small circles indicate the reciprocal-lattice points in
original and reconstructed BZ’s, respectively.~b! Reconstructed
Fermi surface by the nesting. Electron and hole pockets forme
the imperfect nesting are shown.~c! Possible electron and hol
orbits by the magnetic breakdown~MB! and Bragg reflection~BR!
processes.~d! Two possible alternative trajectories causing quant
interference.
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able parameters. In the highest-field FISDW phase,
Fermi-surface sheets are expected to be almost perfe
nested with each other. In this sense, the electronic stat
the SDW phase for the PF6 salt may be similar to that in the
highest-field FISDW phase for the ClO4 salt.

Extensive studies have been made to understand
mechanism of the RO for the TMTSF system so far. Ho
ever, the mechanism of the RO in the SDW phase is still
open question. In order to investigate the mechanism of
RO, and the relation between the SDW phase and the
we have made magnetoresistance and magnetization ex
ments over wide magnetic field and temperature ranges
the PF6 salt.

II. EXPERIMENT

The single crystals of the PF6 salt were synthesized elec
trochemically. The typical dimension of the single crystals
;3.030.530.5 mm3. The magnetic torque was measured
a torque magnetometer developed by Chaparalaet al.20 The
magnetic field is tilted from thec* axis ~perpendicular to the
conduction plane! of the sample by about 10° to detect larg
torque. The resistance was measured with electric cur
along all the crystal axes~a, b, andc! by a low-frequency
ac technique. The magnetic field is applied along thec* for
the resistance measurements. Thin gold wires~f10 mm!
were attached to the sample using a silver paint. The s
sample is used for the resistance measurements with the
rent parallel to thea andc axes~I ia and I ic!, and for the
ab-plane Hall resistance measurements. All the resista
measurements were performed within a current region wh
the I -V property is linear. Different samples from the sam
batch were used for theb-axis resistance and the magne
torque measurements. The sample temperature was
trolled in 3He and 4He cryostats and measured by the v
por pressure and a calibrated Cernox sensor.

III. EXPERIMENTAL RESULTS

A. Resistance and RO

Figure 2 shows the temperature dependence of the re
tivity for I ia, b, and c axes. The contact configuration
also shown. The larger resistivity than the reported value
probably due to mechanical kinks. For all the current dire
tions, the resistance shows a steep increase just belowTc ,
which is due to the decrease of the carriers by the Fer
surface nesting. The resistance increases exponentially
an activation energy of about 16 K in the range betwee
and 8 K, but it saturates below;1.5 K. The overall behavior
is consistent with previous reports.3,9,21

Figure 3 shows the magnetic-field dependences of
a-axis resistance at various temperatures. The magnetic
is applied parallel to thec* axis ~perpendicular to theab
plane!. The magnetoresistance is positive in the whole te
perature range. The RO is seen at high magnetic fields in
temperature range between 1.4 and 10 K. We note that
magnetoresistance seems the largest around 3 K. This be
ior is closely correlated with the temperature dependenc
the RO, as shown later. To see the RO more clearly,
plotted the derivative curves of the resistancedR/d(1/B)
~inset of Fig. 4!. The RO is periodic as a function of th
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12 448 55S. UJIet al.
inverse field. The Fourier transform~FT! spectra of the RO
between 15 and 30 T are shown in Fig. 4. The FT analy
shows that the second harmonic is slightly included in ad
tion to the fundamental oscillation with the frequency of 2
T. The frequency agrees with the result reported by Ulm
et al.14 The frequency is temperature independent.

FIG. 2. Temperature dependence of the resistivity forI ia,b,c
axes and contact configuration corresponding to each measure
Inset: Conductivity vs 1/T. The dotted line shows the thermal ac
vation behavior withD516 K.

FIG. 3. Magnetic-field dependence of the resistance forI ia at
various temperatures. The magnetic field is applied parallel to
c* axis.
is
i-

t

The RO can be observed for all the current directions.
comparison, the data at 3 K are shown in Fig. 5.
R(B)/R(0) is the smallest forI ic and the largest~up to
;300! for I ib. The magnetoresistance keeps increasing u
30 T for all the current directions. This point will be dis
cussed later. The RO normalized by the nonoscillatory ba
groundR0 is plotted in the inset. The RO amplitude rises

nt.

e

FIG. 4. FT spectra of the derivative curve of thea-axis resis-
tance in the magnetic-field range between 15 and 30 T. The fun
mental frequency is 220 T. Inset: Derivative curves of the res
tance.

FIG. 5. Normalized resistance at 3 K for I ia,b,c axes. The field
is parallel to thec* axis. Inset: Oscillatory part of the resistanc
normalized by the nonoscillatory backgroundR0.
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55 12 449RAPID OSCILLATION AND FERMI-SURFACE . . .
to 4% around 28 T forI ia and I ib, but is only 1% forI ic
~note that the same sample is used for theI ia and I ic ex-
periments!. The slight frequency difference is probably du
to a sample alignment.

Figure 6~a! shows the temperature dependence of the n
malized magnetoresistanceR(B)/R(0) for I ia,b,c axes at
30 T. As the temperature decreases,R(B)/R(0) gradually
increases, has a maximum around 3 K, and then ste
drops below 2.5 K. The temperature dependence of the
amplitude with the fundamental frequency~220 T! divided
by the background resistance at 20 T, which is the ce
field of the FT region, is presented in Fig. 6~b!. The oscilla-
tion amplitudes have maxima at the same temperature,;3.5
K, and quickly go down below it. The second harmon
shows similar behavior. The fact that the RO amplitude ha
maximum was first observed by Ulmetet al.14 They reported
that the RO vanishes very quickly between 4.2 and 5 K,
pointed out the possibility of a phase transition. In our ca
the temperature of the amplitude maximum is lower th
their result. Recently, the maxima of the normalized mag
toresistance and the RO amplitude forI ia are also reported
for the AsF6 salt.

15,16

A similar sharp maximum of the RO amplitude has be
observed in the SDW phase for the relaxed ClO4 salt.

19 For
the ClO4 salt, the RO has a steep decrease below 2 K
large hysteresis due to the FISDW transition is observed
the magnetoresistance below 2 K and the normalized mag

FIG. 6. ~a! Temperature dependence of the normalized mag
toresistanceR(B)/R(0) at 30 T.~b! Temperature dependence of th
RO amplitude with the fundamental frequency. The amplitude
obtained from the FT in the field range 15–30 T~inset of Fig. 4!.
The amplitude is divided by the background resistance at 20 T
then normalized by the maximum value.
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netoresistance does not change very much below 218

However, for the PF6 salt, no hysteresis is found and th
temperature dependence of the RO is clearly correlated
that of the magnetoresistance.

B. Hall resistance

Figure 7~a! shows the Hall resistance in theab plane at
various temperatures. The absolute value of the Hall re
tance below 2 K is somewhat ambiguous because of the h
ab-plane resistance. At 1.6 K, the Hall resistance quic
goes up with increasing field, has a peak at;2.5 T and then
decreases. As temperature increases, the peak bec
broad, and the field where the Hall resistance has a p
shifts to a high field. A kink behavior is seen around 2.5
above 1.75 K and remains there up to 3.4 K as shown
arrows. The RO can be observed above;15 T at tempera-
tures between 1.8 and 7 K. At 1.6 K, the RO is less than
noise level.

The temperature dependence of the Hall resistanc
shown in Fig. 7~b!. The Hall resistance monotonically in

e-

s

d

FIG. 7. ~a! Hall resistance in theab plane at various tempera
tures. Arrows indicate the kink position in the Hall resistance.~b!
Temperature dependence of the Hall resistance.~c! Temperature
dependence of the RO amplitude at 27 T.
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12 450 55S. UJIet al.
creases with decreasing temperature below 5 T, but h
maximum around 2 K above 5 T. The RO amplitude in th
Hall resistance has a sharp peak at 2.5 K@Fig. 7~c!#, which is
similar to those in thea-, b- andc-axis resistance. The sec
ond harmonic is not evident in the Hall resistance.

From the relationRHall51/neffec in the high-field limit,
whereRHall is the Hall resistivity, we can estimate the effe
tive carrier concentrationneff. neff is given bynp2ne , where
np and ne are the hole and electron carrier concentratio
respectively. Figure 8 presents the temperature depend
of neff at several fields. For comparison, the conductivity
I ia is also shown in arbitrary units. The field dependence
the Hall resistance and calculatedneff at 2.4 K is shown in
the inset of Fig. 8. BelowTc , neff steeply decreases wit
decreasing temperature. This behavior qualitatively agr
with the temperature dependence of the conductivity. Ju
ing from the stoichiometry~one carrier in one unit cell!, the
carrier concentration is estimated to be 1.431021/cm3. The
experimental value;1020/cm3 at ;15 K may be rather
small as compared with the estimated value. We believe
this difference is within the experimental error because
contact configuration and the sample shape are not ideal
note thatneff is much smaller than that expected from t
conductivity at lower temperatures.

C. Magnetic torque

Figure 9 shows the temperature dependence of the m
netic torque at various fields. We see a steep increase o
torque around 11.5 K~ Tc!, which is ascribed to the trans
tion to the SDW phase. This transition shifts to a high te

FIG. 8. Temperature dependence of the effective carrier con
tration neff derived from the Hall resistance at several fields. T
conductivity along thea axis is shown by a solid line for compar
son. Inset: Field dependence of theab-plane Hall resistance an
neff at 2.4 K.
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perature as the field increases, which is consistent with
results reported by a few groups.22,23This behavior is under-
stood in terms of the stabilization of the SDW state by t
magnetic field. In addition to this transition, a broad ma
mum is seen around 3 K. The data around 3 K are expanded
in the inset. The maximum positionTmax also shifts to a
higher temperature with increasing field.

The magnetic torque measured by this technique is gi
by B(M i

22M'
2 )/MwhereM i andM' are the components o

the magnetization parallel and perpendicular to thec* axis,
respectively, andM the component along the field. The ma
netization has been measured for the PF6 ~Ref. 24! and
AsF6 salts.

25 Above the spin-flop field, the magnetization
almost isotropic in the metallic phase but becomes more
isotropic in the SDW phase. Thec-axis component of the
static magnetization~ M i! is larger thanM' . Therefore,
M i

22M'
2 is expected to be positive and larger in the SD

phase than in theM phase. This is consistent with the torqu
results.

The change of the torque atTc grows rapidly as the field
increases. However, the peak height at 3 K does not seem
sensitive to the applied field. No significant hysteresis h
been found at 3 K andTc , suggesting that both transition
are the second order in nature. We have tried the tor
measurements for three different samples up to 30 T, bu
RO has been found in the torque.

D. T-B phase diagram

The maximum in the magnetization around 3 K suggests
the presence of a subphase transition in the main S

n-
FIG. 9. Magnetic torque measured by a cantilever techniq

The magnetic field is tilted from thec* axis by about 10°. The
arrow shows the SDW transition. The inset presents the expan
picture around 3 K, where the maxima are evident. The data in
inset are shifted.
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55 12 451RAPID OSCILLATION AND FERMI-SURFACE . . .
phase. In Fig. 10,Tmax, where the torque has a maximum
andTc determined from the torque and resistance meas
ments are shown.Tc quadratically increases with increasin
field, which is consistent with the reported results.22,23 The
temperatures~ Tp1 andTp2! where some experiments sho
anomalies are also shown. According to the dielectric c
stant experiments,11,12 both the temperatures increase w
increasing field as shown by dotted lines. At present, it is
obvious whetherTmax corresponds toTp1 or Tp2.

IV. DISCUSSION

A. Possible mechanism of RO

The RO is observed in the resistance for all the curr
directions and in theab-plane Hall resistance. The RO am
plitude steeply decreases below;3 K, which is probably
related to a subphase transition as suggested from se
experiments. In this section, we discuss the reconstructio
the Fermi surface due to the SDW formation and a poss
mechanism of the RO.

The NMR andmSR experiments show that the SDW p
riodicity is incommensurate2,26,27although very close to the
commensurate one,Q0~1/2,1/4,0!.

2 Provided with the com-
mensurate nesting vectorQ0, we can reconstruct the Ferm
surface in the SDW phase as shown in Fig. 1~b!. The original
Fermi surface is based on the band calculation,28 but the
warping along theb axis is exaggerated. In the reconstruct
Fermi surface, the two different small pockets, electron a
hole pockets are formed as long as the nesting is not per
The reconstructed Fermi surface is accidentally very sim
to that for the ClO4 salt, in which the nesting vector~1/2,0,0!
is assumed.19

The resistivity exponentially increases with decreas
temperature belowTc and has very large values at low tem

FIG. 10. Temperature-field phase diagram.Tmax, where the
torque has a maximum, andTc determined from the magneti
torque and resistance measurements are shown. The solid
shows theB2 dependence. Temperatures~ Tp1 and Tp2!, where
several experiments show anomalies, are also shown.
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peratures. This fact shows that the pockets formed by
imperfect nesting should be very small. It is probably impo
sible to observe the low-frequency SdH oscillations cor
sponding to such very small pockets. As long as the nes
vector is close toQ0, the electron and hole pockets mu
have the same area, i.e., this system is compensated. O
other hand, if the magnetic field is high enough, magne
breakdown~MB! takes place. In this case, as shown in F
1~c!, two large MB orbits ~electron and hole orbits! are
formed. If the sample quality is high enough, we shou
observe the SdH oscillations corresponding to those MB
bits in all the components of the resistivity tens
~rxx ,ryy ,rxy, . . . ). The MBorbits may be as large as 3% o
the original Brillouin zone, which corresponds to the R
frequency~220 T!. Both the electron and hole MB orbits als
have the same area, so that the system remains compen
Therefore, the magnetoresistance should not saturate fo
the current directions. Actually, the magnetoresistance d
not saturate up to 30 T in the range between 3 K andTc for
all the current directions. The possibility of the MB is di
cussed later.

The carrier concentrationneff derived from the Hall resis-
tance decreases more quickly belowTc than the conductivity
s ~Fig. 8!. In the diagonal conductivity~s5ne2t/m* !, the
number of carriersn is given bynh1ne in contrast toneff
5nh2ne in the Hall conductivity. If the system is compen
sated, we can expectneff!n. This explains the fact tha
neff is much smaller than that expected froms at low tem-
peratures~Fig. 8!.

If the observed RO is the conventional SdH oscillatio
the effective mass is approximately derived from the te
perature dependence of the RO amplitude on the assump
of a constant Dingle temperature, i.e., scattering time. Fig
11 shows so-called mass plots, i.e., the normalized amplit
divided by temperature is plotted against temperature. In
temperature range, the scattering time is not expected to
pend on temperature strongly. The solid lines are the ca
lated results with the LK formula.29 The effective mass ob
tained ranges from 0.8m0 to 1.3m0. The different effective
masses for different current directions are unphysical
cause the SdH oscillations result from the same cyclot
motion. The mass plot for the SdH oscillation is strictly val
only when one current path is present in the system. In
dition to the MB process, the thermally activated process
the conductivity, which is current direction dependent a
causes a nonoscillatory temperature-dependent backgro
is present in parallel, so that it is difficult to obtain the co
tribution of the MB process only. This is a possible reas
why the effective mass seems different for each current
rection. For the ClO4 salt, the temperature and field depe
dence of the RO has been analyzed in the SDW
M phases.18,19The behavior of the RO is well explained o
the assumption of the effective mass of 1.0–1.3m0. There-
fore, the obtained mass for the PF6 salt may be reasonable i
spite of the oversimplified analysis.

The RO amplitude steeply decreases with decreasing t
perature below;3 K. If this transition is caused by a sligh
change of the nesting vector as suggested from the N
experiments, the area of the closed orbits changes bec
the formation of the closed orbits is very sensitive to t
nesting vector. It should cause a significant phase smea

ine



m
te
n
nt

ie
t-
w
n-
e
ea
in
ta
tu
is
b
o
s
de
or
n

he

on

ce
b

so
ed
e

e

.
the
of

-

rmi

.e.,

-

by
-

w-

rs,
bove

so
ance

y
er
h

c

for
e

12 452 55S. UJIet al.
effect on the SdH oscillation. In addition, the carrier co
pensation is removed by the change of the nesting. The s
decrease of the RO amplitude and the normalized mag
toresistance below 3 K for all the directions seems consiste
with this picture.

An alternative picture with respect to the 3.5 K anomal
is a glass transition.8–10 The dielectric constant and hea
capacity experiments suggest some critical slowing do
around 3 K. Within this model, the SDW is pinned on ra
dom impurities, and many grains, where the SDW phas
coherent, are present. The origin of such grains is not cl
If there exist many metastable configurations of the gra
the fluctuation from one metastable state to another may
place within a characteristic time scale. As the tempera
decreases, the fluctuation will be frozen. If such grains ex
the grain size must be much larger than the cyclotron or
whose radius is about 200 A at 25 T, for the observation
the SdH oscillation because of scattering of the electron
the grain boundaries. It is not clear whether the rapid
crease of the RO amplitude and the normalized magnet
sistance below 3 K is consistent with the glass-transitio
model.

Another possibility of the mechanism of the RO is t
quantum interference~QI! effect.29,30As shown in Fig. 1~d!,
there are two alternative trajectories for the electron moti
When one electron travels from pointA to point B, the QI
occurs. In this case, however, the temperature dependen
the amplitude in this temperature range is expected to
much smaller than the experimental results. For compari
the temperature dependence of the RO amplitude observ
theM phase for the ClO4 salt is shown in Fig. 11. We hav
claimed that the RO in theM phase for the ClO4 salt is
caused by the QI effect and the temperature dependenc

FIG. 11. Mass plots forBic* . The RO amplitude normalized b
R~20 T! and then divided by temperature is plotted against temp
ture. The solid lines are the calculated results with LK formula. T
obtained effective mass ranges from 0.8m0 to 1.3m0. The normal-
ized RO amplitude divided by temperature in theM phase for the
ClO4 salt is shown for comparison, which results from the QI effe
~Ref. 18!.
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the RO amplitude results from that of the scattering time18

The large difference of the temperature dependence from
ClO4 case suggests that the QI is not the main mechanism
the RO for the PF6 salt.

B. Field dependence of RO

In the model shown in Fig. 1~c!, the MB process is nec
essary for the observation of the RO. The MB probability29

is given by

p5exp~2B0 /B!,

B0'
mcc

\e

D2

EFsin~2u!
,

whereB0 is the MB field,D is the energy gap, and theEF is
the Fermi energy before the SDW formation.u is the scat-
tering angle at the gap. It is not easy to estimateu precisely
because it is very sensitive to the shape of the original Fe
surface. The term sin~2u! may range from 1 to 0.05. The
NMR andmSR results shows that the order parameter, i
the energy gapD is almost constant below 10 K.2,27 Assum-
ing D516 K ~Fig. 2!, andEF50.1 eV,B0 is estimated to be
only 3 T even for sin~2u!50.1. This suggests that the MB
easily takes place. The orbits shown in Fig. 1~c! include four
MB and two Bragg reflection~BR! processes. The BR prob
ability is ~12 p!, so the total probability of the cyclotron
motion along these electron and hole orbits is given
p4(12p)2. In Fig. 12, the field dependence of the RO am
plitude and the fitted result for the 4-K data~solid line! are
shown. In this calculation, we usedmc~effective mass
51.0m0, x ~Dingle temperature!58 K, and B053 T. The
agreement with the experimental result is satisfactory. Ho
ever, the field dependence of the RO below 2 K cannot be
reproduced well by this model with the same paramete
because the field dependence is much smaller than that a
2 K.

The reconstructed Fermi surface is very complicated,
that the field dependence of the resistance and Hall resist

a-
e

t

FIG. 12. Magnetic-field dependence of the RO amplitude
I ia. The solid line is the fitted result with the LK formula on th
basis of the MB and BR processes.
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cannot be compared with the calculation for a stand
model.29 However, we can expect that the MB effective
increasesneff with increasing field. The increase ofneff at
high fields~ B.20 T! shown in the inset of Fig. 8 may b
due to the MB effect.

The Fermi surface shown in Fig. 1~c! is reconstructed on
the assumption of the commensurate nesting vector. Wh
is incommensurate, the reconstructed Fermi surface ca
be displayed, because of the mismatch between the la
periodicity and the SDW modulation. However, as long
the SDW modulation is very close to the commensura
similar MB orbits may be formed, i.e., the SdH oscillatio
corresponding to the MB orbits as shown in Fig. 1~c! may be
observable.

V. CONCLUSION

We have reported the resistance and the magnetic to
results over wide field and temperature ranges
~TMTSF!2PF6. Assuming the commensurate nesting vec
close to the incommensurate one determined by the N
experiment, we reconstructed the Fermi surface based on
calculated band structure in the SDW phase. In the rec
ys

k
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th
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K.

B

B

lid

u
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ys

e

d

it
ot
ce
s
,

ue
r
r
R
the
n-

structed Fermi surface, small electron and hole orbits
formed, whose areas are almost the same, i.e., the carri
the system is almost compensated. At high fields, the
takes place, so the carriers travel along the large MB clo
orbits. The system still remains compensated. This mo
explains well the large magnetoresistance for all the curr
directions and the large Hall resistance in the tempera
region where the RO is seen. We proposed that the RO
ascribed to the conventional SdH oscillation coming fro
the MB orbits in the reconstructed Fermi surface. The te
perature and field dependence of the RO is consistent
this model. The steep decreases of the RO amplitude and
normalized magnetoresistance blow;3 K are understood in
terms of some change of the nesting vector.
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