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We report studies of the magnetoresistance anisotropy in �TMTSF�2PF6, that shed light on the origin of the
“rapid oscillations” �ROs�. We have found that �i� ROs exist only in the spin-ordered state and are absent in the
metallic state, �ii� decreasing temperature causes nonmonotonic variation of the RO magnitude, however, it
does not affect the frequency of ROs, �iii� the spin-ordered state, which had previously been believed to be
insulating, is not totally gapped �at least for finite temperatures�, �iv� the RO frequency depends only on the
magnetic field component that is normal to the a-b crystal plane. In our view, these results show that in the
spin-ordered states there remains a vestigial Fermi surface comprising closed orbits in the a-b crystal plane.
The orbits are quantized in magnetic field and give rise to the ROs. While decreasing temperature does not
change the size or orientation of the orbits, it does cause a depopulation of the delocalized states �closed orbits�
in favor of localized ones; this results in the disappearance of the ROs at low temperatures. Our data agree
qualitatively with a theory that considers the coexistence of two spin-density waves with two respective nesting
vectors. It is the coexistence of these two spin-density waves that gives rise to the closed orbits and, conse-
quently, causes the rapid oscillations.

DOI: 10.1103/PhysRevB.76.045109 PACS number�s�: 71.27.�a, 71.30.�h, 73.40.Qv

I. INTRODUCTION

The layered organic compound �TMTSF�2PF6 represents
a three-dimensional lattice hosting a low-dimensional elec-
tron system. Conduction in this material is highly aniso-
tropic, �xx :�yy :�zz�105:103 :1, along the a, b�, and c* crys-
tal directions, respectively �for reviews, see Refs. 1–4�. The
Fermi surface �FS� comprises two sheets directed perpen-
dicular to a, which are slightly corrugated due to a small
transfer integrals in the b and c directions. Owing to its
quasi-one-dimensionality �Q1D�, the electron system under-
goes a phase transition to a spin-density wave �SDW� state at
low temperatures �T�12 K�.

One of the most interesting features of the SDW phase in
this material is the oscillatory magnetoresistance periodic in
inverse magnetic field, 1 /B, the so-called “rapid oscillations”
�ROs�.5–9 Their existence, by itself, is puzzling because at
first sight, for a Q1D system, all electronic states are ex-
pected to be localized and, hence, quantum oscillations are
not expected to occur. Another puzzle is that the ROs have a
nonmonotonic temperature dependence:5–9 as T decreases,
their magnitude first grows, reaches a maximum, and then
vanishes; these features are clearly in contrast with those of
regular quantum oscillations �e.g., Shubnikov–de Haas oscil-
lations�.

Along with the disappearance of the ROs, in the same
temperature interval a number of other anomalies are ob-
served in studies of NMR,10 microwave conductivity,11 spin
susceptibility,12 specific heat,13 etc. This set of phenomena
provides evidence for an interesting transformation in the
spin-density wave system with temperature; this is currently
the focus of research interest and is far from being resolved.
Thus, the study of the ROs may shed light on the puzzling
phenomena associated with the transformation of the SDW
in this would-be simplest of 1D systems.

The oscillations have been extensively studied since the
early 1980s; they are thought to be related to the general
properties of low-dimensional physics, because ROs are ob-
served in almost all known Q1D organic compounds
�TMTSF�2X family �X=PF6,AsF6 ,ClO4,NO3, etc.�8,9,14–17

and in �DMET-TSeF�2AuCl2.18 Materials with noncen-
trosymmetric anions �e.g., ClO4, NO3, etc.� undergo a dou-
bling of the lattice periodicity due to anion ordering. The
corresponding energy gap in the electron spectrum is used in
various models �either in combination with or without a nest-
ing vector� proposed for the explanation of ROs. The models
are based on the formation and quantization of either closed
orbits or interference orbits.19–23 These models are evidently
inapplicable to materials with centrosymmetric anions �e.g.,
PF6, AsF6�, where no anion ordering occurs; for this reason,
more sophisticated models have been proposed.8,9,24,25

Almost all preceding studies of the ROs have been per-
formed at zero pressure. In order to verify the potential ex-
istence of the ROs in the metallic phase, we applied a pres-
sure P�0.6 GPa; this is known to suppress the onset of the
SDW and to stabilize the metallic state.3 Application of a
sufficiently strong magnetic field along c* breaks down the
metallic state and induces a cascade of field induced SDW
�FISDW� phases, �N= i , i−1, . . . �,1–4 which terminates in the
insulating N=0 phase; the latter is believed to be the same
SDW phase as that for zero pressure. Thus, at high pressures,
by varying the magnetic field we are able to explore both
metallic and insulating FISDW phases at a single tempera-
ture. To study the dependence of the magnetotransport on
magnetic field orientation under pressure, we rotated the
spherical pressure cell containing the sample,26 in situ in the
bore of a superconducting magnet.

We have found the following:
�i� ROs exist only in the spin-ordered �SDW or FISDW�

state and are absent in the metallic state �this is in contrast to
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those found in other TMTSF compounds with noncen-
trosymmetric anions�.

�ii� RO magnitude changes strongly and nonmonotoni-
cally with temperature, whereas the frequency of ROs is in-
sensitive to temperature.

�iii� The spin-ordered state, which is believed to be
insulating,1–4 is not totally gapped �at least for finite tempera-
tures�.

�iv� The ROs are determined only by magnetic field com-
ponent that is normal to the a-b crystal plane.

These results, we believe, demonstrate the following:
�i� In the spin-ordered states, there remains a vestigial

Fermi surface comprising closed orbits in the a-b crystal
plane.

�ii� The closed orbits are quantized in magnetic field and
give birth to the ROs.

�iii� Decreasing temperature does not change the size or
orientation of the orbits but does cause depopulation of the
delocalized states �closed orbits� in favor of the localized
ones; this results in the disappearance of the ROs.

Our data agree qualitatively with a theory25 that considers
the coexistence of two SDWs with two respective nesting
vectors. It is the coexistence of the two spin-density waves
that gives rise to the closed orbits and, consequently, to the
rapid oscillations.

II. EXPERIMENT

Two samples �of typical size 2�0.8�0.3 mm3� were
grown by conventional electrochemical techniques. 25 �m
Pt wires were attached using graphite paint to the sample on
the a-b plane along the most conducting direction a. The
sample and a manganin pressure gauge were inserted into a
miniature spherical pressure cell with an outer diameter of
15 mm �Ref. 26� filled with Si-organic pressure transmitting
liquid.27 The pressure was created and fixed at room tem-
perature. The pressure values quoted throughout this paper
refer to the helium temperatures, which were determined as
described in Ref. 28. The cell was mounted in a two-axis
�� ,�� rotation system placed in He4 in a bore of either 17 or
21 T superconducting magnets. The rotation system enabled
the rotation of the pressure cell �with a sample inside� around
the main axis � by 200° �with an accuracy of �0.1°� and
around the auxiliary axis � by 360° �with accuracy of �1°�;
this allowed us to set the sample at any desired orientation
with respect to the magnetic field direction within 4	 sr. The
sample resistance Rxx was measured using a four probe ac
technique with an excitation current of 1–4 �A �to avoid
nonlinear effects in the SDW state� at a frequency of
16–132 Hz. In additional studies of the electric field effect
on ROs, we applied currents up to 1 mA. The out-of-phase
component of the measured voltage was found to be negli-
gible in all measurements, indicating good Ohmic contacts to
the sample.

A. On the existence of oscillations in various domains of the
P-B-T phase space

Figure 1 shows the magnetoresistance measured at fixed
temperature T=4.2 K for various pressures. At low pressure,

0.5 GPa, the sample is in the SDW state. This is illustrated
by the temperature dependence of the resistance at zero mag-
netic field shown in the inset to the figure. As temperature
decreases below �6 K, the resistance sharply rises �see the
upper curve in the inset�, signalling the transition from a
metallic to an insulating state; this is in accord with the
known phase diagram.3 In this insulating SDW state, at T
=4.2 K, as magnetic field increases, the resistance starts to
oscillate above a field of approximately 10 T �see the upper
curve in the main panel�. For higher pressures P�0.6 GPa,
the sample remains metallic at zero field, down to the lowest
temperatures. This is demonstrated by the monotonic tem-
perature dependence of the resistance with dR /dT�0 for
P=0.75 GPa in the inset to Fig. 1 �lower curve�; for P=1
and 1.5 GPa, the temperature dependences are similar to that
for P=0.75 GPa and only slightly shifted down in the resis-
tance.

In the metallic state, as the magnetic field rises, the
sample experiences a transition to the FISDW state. This is
clearly seen on the curve for P=0.75 GPa as a sharp factor
of 50 increase in the resistance at a field of about 13 T �see
the main panel of Fig. 1�. Immediately after the transition to
the spin-ordered state, the magnetoresistance starts to oscil-
late. As the pressure increases further, the onset of the
FISDW state shifts to progressively higher fields �see curves
at P=1.0 and 1.5 GPa�. Importantly, there are no oscillations
seen at the same temperature for two lower curves �1 and
1.5 GPa� over the whole range of magnetic fields corre-
sponding to the metallic state.

The magnetoresistance data at P=0.75 GPa are analyzed
in more detail in Fig. 2. These data show well-pronounced
oscillations and a clear border �at B�13 T� between the me-
tallic and spin-ordered states; therefore, it can be used to
double check whether or not the oscillations persist to the
metallic state. The oscillations in the FISDW state are so
large ��20% at 18 T� that can be easily extrapolated to
lower fields. For this extrapolation, we used the empirical
field dependence of the RO amplitude measured at P
=0.5 GPa �see Fig. 1� and scaled down �using one fitting
parameter� to fit the data at P=0.75 GPa in the field range of
14–19 T. The extrapolated oscillations are shown by dotted

×

×

×

Ω

Ω

FIG. 1. �Color online� Magnetoresistance Rxx measured at T
=4.2 K for B �c* at different pressures. Scaling factors and pressure
values are indicated next to each curve. The inset shows the tem-
perature dependence of Rxx at B=0 for two pressures.
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line in Fig. 2. It appears, however, that no oscillations can be
seen in the metallic state either in Rxx�B� or in its derivative
dRxx /dB�B� �as shown in the inset to Fig. 2�. This confirms
that the oscillations �i� occur along with the onset of the
FISDW state and �ii� set in a steplike fashion, with a nonzero
amplitude. It follows from the data presented in Figs. 1 and 2
that, at a given temperature and magnetic field, the existence
of the ROs depends on whether the system is in the spin-
ordered or in the metallic state.

Figure 3 shows the temperature evolution of the magne-
toresistance for a fixed pressure P=1.0 GPa. At high tem-
perature T=4.2 K, the system is in the metallic state and the
oscillations are missing. As temperature decreases, the sys-
tem undergoes transition to the FISDW state; this is con-
comitant with the appearance of the magnetoresistance oscil-
lations. As above, we conclude that, for a given pressure and
magnetic field, the existence of the ROs depends on whether
the system is in the spin-ordered or in the metallic state.

An interesting question is whether the ROs exist only in
the SDW and N=0 FISDW phases or is a more general phe-
nomenon, intrinsic also to other �N�0� FISDW phases. In

order to elucidate this issue, we present in Fig. 4 the deriva-
tive of the resistance with respect to the inverse magnetic
field dR /d�1/B�. In this way, the short-period rapid oscilla-
tions are magnified as compared with the monotonic back-
ground magnetoresistance and the FISDW transition N
=0⇔1 �see a 
-shape peak in Fig. 4�. Figure 4 clearly dem-
onstrates that ROs exist not only in N=0 but also in N=1
phases, though their magnitudes are much weaker in the lat-
ter case. The inset to Fig. 4 demonstrates that ROs in the
N=1 phase are an extension of those in the N=0 phase and,
hence, ROs in both phases have a common origin. The total-
ity of our experimental data taken on two different samples
in the ranges of temperature �1.4–8 K�, magnetic field �up to
20 T�, and pressures �0–1.5 GPa� proves that the ROs in
�TMTSF�2PF6 are intrinsic only to the spin-ordered state
and hence are caused by nesting.

B. Existence of delocalized states in the spin-ordered phase

Figure 5 shows two examples of the oscillatory part of the
magnetoresistance 
Rxx plotted versus the inverse magnetic
field for two pressure values. For these two examples, as well

Ω Ω

FIG. 2. �Color online� Magnetoresistance Rxx measured at T
=4.2 K for B �c* at P=0.75 GPa �continuous line�. Dotted curve
shows the extrapolation of the oscillatory magnetoresistance to
lower fields, as explained in the text. Inset shows the derivative
dR /dB that demonstrates a steplike onset of the oscillations at the
FISDW transition �B�13 T�.

Ω

Ω

FIG. 3. �Color online� Magnetoresistance Rxx measured at P
=1 GPa for two temperatures, T=4.2 and 2.0 K, with B �c*. Vertical
arrows mark two FISDW phase transitions N=2↔1 and N=1↔0
�Refs. 3, 4, and 29�. The inset blows up the oscillatory part of
Rxx�B�.

⎬⎭ ⎫

Ω ⎭⎫ ⎬

FIG. 4. Derivative of the resistance dRxx /d�1/B� versus inverse
magnetic field at T=2.0 K and P=1.0 GPa. N=0 and N=1 desig-
nate two FISDW phases; the oscillation numbers are indicated next
to the oscillation minima. The inset shows the RO number versus
the inverse field.

δ
Ω

δ
Ω

FIG. 5. �Color online� Oscillatory part of the magnetoresistance

Rxx versus the inverse magnetic field at T=4.2 K for �a� P
=0.5 GPa and �b� P=0.75 GPa. Vertical lines are equidistant in
1/B.
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as for all other pressures and temperatures, studied in our
experiment, the oscillations are periodic in 1/B. Even at the
FISDW transition N=0⇔1, the periodicity of the oscilla-
tions does not change �see Fig. 4�.30 It is therefore likely that
the ROs originate from Landau quantization. This is in con-
trast to the quantized nesting model,1–4 wherein the spin-
ordered state should be a totally gapped insulating state. The
1/B periodicity of the oscillations thus strongly suggests the
existence of delocalized carriers �and therefore closed orbits
in the Brillouin zone�.

The existence of the delocalized carriers in the spin-
ordered state may be also deduced from the data shown in
Fig. 6 that demonstrates the monotonic dependence of the
background magnetoresistance Rbg=Rxx−
Rxx on inverse
temperature. For a totally gapped insulator, the temperature
dependence is expected to have an activating or hopping
character, R�exp�T0 /T�p. The experimental data indeed
have an approximately activated character. However, neither
activated �p=1� �dash-dotted line in Fig. 6� nor hopping �p
=1/2 ,1 /3� temperature dependences can model the data
over the whole temperature range T=1.4–8 K of the spin-
ordered state. Taking the exponent p as a fitting parameter,
one can achieve an approximate fitting only with p as low as
1/8 or 1 /7, the values which have no apparent physical
meaning. The lack of agreement is clearly caused by a “low-
temperature” saturation of the data, which contrasts with
hopping or activating dependences.

The saturation can be modeled by a straightforward addi-
tion of a “metallic conduction” component Cm to the
temperature-activated �hopping� conduction of an insulator,

�xx = �ins + �met = A exp�− T0/T� + Cm. �1�

The examples of fitting using Eq. �1� with two values Cm
=C1 and C2 are shown by dashed lines in Fig. 6. The fit with
constant C2 provides good agreement with the experimental
data at high temperatures, whereas the fit with C1 provides

correct slope of the R�T� at low temperatures; however, nei-
ther choice of the fitting constant Cm can provide quantitative
agreement with the data in the whole range of temperatures.
Nevertheless, this simple model reflects the main feature of
the experimental R�T� dependence and qualitatively explains
the crossover from the high-temperature-activated law to the
low-temperature saturation of the data.

The two experimental results described above, �i� the 1/B
periodicity of the oscillatory part of the magnetoresistance
and �ii� the violation of activated temperature dependence of
the background magnetoresistance, point at the existence of
delocalized states (closed orbits) in the spin-ordered phase.
These are the orbits that are quantized in a magnetic field and
give rise to the rapid oscillations.

C. Magnetoresistance oscillations in a tilted field

The existence of the delocalized states in the spin-ordered
phase raises the question on the geometry and orientation �in
momentum space� of the corresponding Fermi surface re-
sponsible for the ROs. To address this issue, we measured
the dependence of the frequency of the magnetoresistance
oscillations on the magnetic field orientation. Examples of
Rxx�B� curves at T=4.2 K for a magnetic field tilted in the
c*-b� plane are shown in Fig. 7�a�. When the field is tilted
from the c* axis ��=0�, the frequency of oscillations �in in-
verse field� increases as 275/cos��� T �see the inset to Fig.
7�b��. The same angular dependence has been obtained for
tilting the field from c* axes in other planes �the correspond-
ing results are not shown�. This angular dependence is evi-
dence that the closed orbits are (i) two dimensional and (ii)
lie in the a-b crystal plane.

As the temperature is changed, neither the frequency nor
its angle dependence varies �see Fig. 7�b��. This is illustrated
further in the inset to Fig. 7�b�, where data for T=4.2 and
2 K coincide with each other and follow the same angular
dependence, 275/cos���. We conclude that neither the size
nor the orientation of the closed orbits change with tempera-
ture.

D. Temperature dependence of the oscillations

The normalized amplitude of oscillations, 
R /R, exhibits
a nonmonotonic temperature dependence that is illustrated in
more detail in Fig. 8. The oscillation amplitude slowly rises
as T decreases from a high temperature, reaching a maxi-
mum at �3 K, and then sharply falls �see Fig. 8�b��. The
oscillation amplitude reflects the population of the delocal-
ized states �closed orbits� and, hence, its T dependence �Fig.
8�b�� signals a temperature-dependent redistribution of the
carriers between the delocalized and localized states, because
the size of the closed orbits in momentum space does not
change with temperature �see Sec. II C�.

We propose that the measured T dependence of the oscil-
lation amplitude is indicative of the occupation of the “me-
tallic” two-dimensional �2D� orbits, and its decrease �as T
falls� causes the disappearance of the oscillations. Hence, the
metallic contribution �met to the two-component conduction
model �Eq. �1�� should be taken to be temperature dependent.

Ω

FIG. 6. �Color online� Temperature dependence of the back-
ground magnetoresistance at P=0.75 GPa at a magnetic field of
15 T. The bold line shows experimental data; dashed lines C1 and
C2 are examples of data fitting using a two-component conductivity
model �Eq. �1�� with T-independent metallic term, C1 and C2, re-
spectively �C1�C2�. The dash-dotted line shows the T-activated
conduction of a single component insulator with 12 K energy gap.
Empty and filled circles show examples of fitting using a two-
component conductivity model �Eqs. �2� and �3�� with T-dependent
metallic term �described further in Sec. II D�.
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It is reasonable to assume that �met is proportional to the
concentration of the delocalized carriers nm which contribute
to the ROs, i.e., to the occupation of the 2D closed orbits
with delocalized states. To estimate nm versus temperature,
we use an exponential function to describe the T-dependent
carrier occupation,

nm�T� = n0 + n1 exp�− T0/T� . �2�

This equation contains three fitting parameters: n0 the occu-
pation number at T=0, n0+n1 the occupation number at T
=�, and T0 the crossover temperature.

Although we do not think that the Lifshits-Kosevich for-
mula for the 2D case31 may describe the RO amplitude, it
certainly may have some physical relevance. We therefore
attempted to fit the occupation number empirically, by con-
sidering the nonmonotonic T dependence of the RO ampli-
tude �Fig. 8�b�� as a product of �i� the growth of the carrier
occupation with temperature and �ii� the decay of the ampli-
tude of quantum oscillations with T,

nm�T� = n0 + n2�
R

R
	

RO

 2	2kT

�c sinh�2	2kT/�c�
�−1

. �3�

In Eq. �3�, �
R /R�RO is the measured RO amplitude, the term
in square brackets is the anticipated temperature decay of the
quantum oscillations in the 2D “metal” with a fixed carrier
density, the cyclotron mass is 1.55me,

32 and n0 and n2 are the
fitting parameters.

The filled and empty circles in Fig. 6 show the results of
fitting with Eqs. �2� and �3�, respectively. As seen, both mod-
els fit the experimental data equally well. It also follows
from the above fitting that the relative proportion of the de-
localized states is of the order of a few percent. Moreover,
using Eq. �2�, a successful fit can be achieved by using only
two variable parameters, fixing n0=0. Based on our experi-
mental data and the above models, we cannot conclude
whether or not the amount of delocalized states vanishes to
zero at zero temperature. However, the above comparison
confirms our conjecture that the occupation of the 2D closed
orbits, that provide metallic conduction, diminishes as tem-
perature decreases and, hence, causes the disappearance of
the rapid oscillations.

III. DISCUSSION

Before comparing with theoretical models, we summarize
our experimental results as follows:

�i� Rapid oscillations exist only in the spin-ordered state
and are missing in the metallic state. This points at an inti-
mate relation between the ROs and the spin ordering.

�ii� The 1/B periodicity of oscillations and the nonacti-
vated �nonhopping� temperature dependence of the resis-
tance suggest the existence �in the spin-ordered state� of the
closed orbits in momentum space that provide metallic con-
duction at finite temperatures. These orbits are quantized in
perpendicular field and give rise to the ROs.

�iii� The oscillations exist not only in the SDW and
FISDW N=0 phases but also in the higher order FISDW

θ ×

θ ×
θ ×

θ ×

θ ×
θ ×
θ ×
θ ×

Ω

θ

FIG. 7. �Color online� Magnetoresistance Rxx�B� for various
magnetic field orientations at P=0.75 GPa: �a� for T=4.2 K and �b�
for T=2 K. � designates the tilt angle in the c*-b� plane ��=0 for
field orientation along c*�. For clarity, the curves in panel �a� are
scaled individually �the scaling factors are shown next to each
curve�. The dashed curve on the panel �a� connects the maxima of
corresponding oscillations. The inset to panel �b� shows the angular
dependence of the oscillation frequency for T=4.2 K �triangles� and
2 K �dots�. Continuous curve depicts the 275/cos��� dependence.

FIG. 8. �Color online� �a� Examples of the oscillatory compo-
nent of the magnetoresistance �R−Rbg� /Rbg for B �c*. The curves
for 4.2, 3.2, and 2.0 K are offset vertically, by 30%, 20%, and 10%,
respectively. �b� Temperature dependence of the oscillation ampli-
tude at B�17.5 T �marked on panel �a� with a dashed line�. Vertical
arrows show the temperature values at which the angular depen-
dence of the oscillation frequency was measured �data shown in
Fig. 7�. Pressure P=0.75 GPa for both panels.
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phase N=1. The oscillation frequency does not change at the
N=0⇔1 transition; however, their amplitude essentially
weakens and the phase possibly changes.30

�iv� The oscillation frequency behaves as 1/cos � as the
magnetic field is tilted from the c* axes in any direction. This
proves that the closed orbits lie in the a-b crystal plane.

�v� Decrease in temperature causes the amplitude of the
ROs to diminish; this directly shows that the occupation of
the delocalized states decreases �and may even vanishes� as
T→0.

�vi� Despite drastic changes of the RO amplitude, the fre-
quency of the oscillations and its angular 1 /cos � depen-
dence do not change with temperature. Therefore, neither
areas �in momentum space� encircled by the closed orbits nor
orientation of the orbits vary with temperature.

�vii� As T→0, the oscillation amplitude weakens,
whereas the oscillation frequency does not change. This in-
dicates that the temperature drop causes redistribution of the
carriers from a delocalized to a localized subsystem.

The experimental results described above fit best to theo-
ries which consider the influence of umklapp processes on
spin ordering.24,25 Such processes can exist in a half-filled
band with an energy spectrum consisting of two phase-
shifted warped Fermi contours.33 In the Yamaji model,24 the
umklapp processes lead to minigaps in the energy spectrum.
For ideal crystal with kF exactly equal to 	 /2a, the minigaps
would fall in Landau gaps and would be invisible in trans-
port. Due to imperfections, such as impurities, nonstoichiom-
etry, dislocations, etc., kF deviates from the ideal 	 /2a value
and minigaps split off the Landau gaps. Oscillations of the
minigap parameters with field is the origin of the oscillations
in resistivity in the Yamaji model.

In the Lebed model,25 the umklapp processes result in the
appearance of an auxiliary nesting vector Q1 beyond the pri-
mary nesting vector Q0: Q1=Q0−2	 /a=Q0−4kF, as shown
in Fig. 9. Correspondingly, in addition to the main gap �0
caused by Q0, the second gap �1 appears in the energy spec-
trum. The calculations in Ref. 25 are performed for T��0
��1. This theory25 presumes a commensurability of only the
x component of the nesting vector with the lattice, in contrast
to other models.8,9 The main spin-density wave with nesting
vector Q0 is responsible for the localization of the majority

of the carriers, whereas the auxiliary spin-density wave with
nesting vector Q1 is responsible for the appearance of the
delocalized carriers occupying closed orbits in momentum
space. The auxiliary SDW has a smaller amplitude because it
is caused by umklapp processes. The coexistence of the two
SDWs is the origin of the oscillations.

Despite both theories24,25 give correct value of the RO
frequency �see below�, they differ essentially in several other
predictions.

�1� Within the framework of the Lebed theory, the ROs
should arise only in the spin-ordered phase, as a result of the
coexistence of the two spin-density waves with two nesting
vectors, respectively. In the Yamaji model, the oscillations
may be expected to exist both in metallic and spin-ordered
states. Our experiment firmly demonstrates that ROs exist
only in the spin-ordered phase and are absent in the metallic
state.

�2� In the Yamaji model, ROs arise due to crystal imper-
fections. In contrast, in the Lebed theory, crystal imperfec-
tions would cause broadening of the energy contours and
decaying of the oscillations. Experimentally, the amplitude
of ROs is the largest for the highest quality samples; it di-
minishes as the sample quality deteriorates.

�3� In the Yamaji model, transport occurs via tunneling
through the minigaps and, hence, the RO magnitude should
depend on electric field E as exp�−E0 /E�, with E0

�40 mV/cm.24 In contrast, there is no electric field depen-
dence of the RO amplitude in the Lebed theory. In our ex-
periments, by increasing current through the sample we ob-
served that electric field up to E=20 mV/cm did not affect
the RO amplitude within �1% accuracy.

The above experimental results are in agreement with
theory25 and seems to disagree with Ref. 24; therefore, we
perform further more detailed comparison only with the
former theory.

The auxiliary SDW is caused by umklapp processes and
therefore has a small amplitude. This agrees with our fitting
�Eqs. �2� and �3��, where the proportion of the delocalized
states was estimated to amount to a few percent. The oscil-
lation amplitude drastically weakens at the transition to
higher order FISDW phase N=1. This is consistent with de-
terioration of nesting and weakening of the corresponding
SDW amplitudes Q0 and Q1.

The model explains the existence of closed orbits
�d-e-f-g-d� in momentum space as illustrated in Fig. 9.34

Moreover, according to the theory,25 no magnetic breakdown
is required for the formation of the closed orbits and, hence,
for the appearance of the oscillations in �TMTSF�2PF6. The
orbits are two dimensional and lie in the a-b plane, which is
also in agreement with our data. It is the magnetic field quan-
tization of the closed orbits in momentum space that gives
rise to the rapid oscillations. In the theory, the size of the
closed orbits in momentum space depends only on the warp-
ing of the FS �i.e., on the tb transfer integral� and is indepen-
dent of temperature and magnetic field. This is again in ac-
cord with our data. The frequency of the oscillations
calculated on the basis of the model, 4tb / �	ebvF�, equals to
286 T, where e is the elementary charge, b=6.7 Å, vF
=1.11�105 m/s �as follows from the cyclotron resonance
measurements32�, and tb is taken to be 200 K. The experi-

FIG. 9. Schematic view of the first Brillouin zone with a corru-
gated open Fermi surface �two bold lines�. The thick arrow shows
the primary nesting vector Q0, and the dashed arrow shows the
auxiliary nesting vector, involving the umklapp processes Q1=Q0

−2	 /a=Q0−4kF �Refs. 22 and 25�.
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mentally measured frequency at P=0.75 GPa is 275 T �see
the inset to Fig. 7� that is very close to the calculated value.

Thus, the theory explains qualitatively and, in part, quan-
titatively almost all of our experimental results, except for
the diminishing of the oscillation amplitude with decreasing
temperature. In order to explain this experimental fact and
complete the picture, the theory should be amended to ac-
count for the temperature dependence of the effectiveness of
umklapp processes.

In summary, we studied the magnetoresistance in the spin-
ordered phase of �TMTSF�2PF6. We have found that in this
supposedly purely insulating phase, there exist delocalized
carriers �at least, at finite temperature�. These carriers occupy
two-dimensional orbits in momentum space, lying in the a-b
plane. The closed orbits in momentum space are quantized in
a perpendicular magnetic field giving rise to the rapid oscil-
lations. Temperature decrease does not change the size or
orientation of the closed orbits, but it does cause a redistri-

bution of carriers from the delocalized to the localized states
and, hence, the disappearance of the ROs. Our data agree
qualitatively with a theory that considers two coexisting
SDWs with two nesting vectors, respectively. In the theory,
the second �auxiliary� spin density wave is formed due to
umklapp processes; in order to fit all our experimental data,
its amplitude should weaken as temperature decreases. Our
results thus shed light on the origin of the “rapid oscilla-
tions” in �TMTSF�2PF6.
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