
PHYSICAL REVIEW B VOLUME 51, NUMBER 13 1 APRIL 1995-I

Microwave dielectric studies of the spin-density-wave state in (TMTSF)2PF6
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We have investigated the 16.5 GHz microwave response of single-crystal samples of (TMTSF)&PFs
at temperatures from 1.7 to 15 K as a function of external magnetic field. For the magnetic field
applied along the chain direction, the microwave response does not change with field. However, with
the field along the hard (c') axis direction, striking changes are observed below T, in the microwave
dielectric constant and conductivity. The 4 K feature, present with good amplitude in oq at zero
field, moves toward higher temperature and dampens with increasing magnetic field; at H=10 T,
it has disappeared. The local maximum near 4 K in oz is accompanied by a sharp decrease in
ez. The orbital effects are discussed within the framework of quasiparticle effects on Fermi-surface
nesting properties as well as within a model for magnetic-field effects on the spin-density-wave
condensate. Emphasis is placed upon the analysis of the 4 K feature, the implications for the second
spin-density-wave phase, and the possible relationship to a glassy transition.

I. INTRODUCTION

The subject of broken symmetry ground states has re-
ceived a great deal of attention in recent years. This
interest has been exemplified by a large number of stud-
ies on charge-density-wave materials where the periodic
modulation of charge is accompanied by a lattice distor-
tion and the transition itself is driven by electron-phonon
interactions. More recent interest has concentrated on
spin-density-wave (SDW) systems, s where the transition
is brought about by electron-electron interactions and
the rich variety of low-temperature phenomena are mag-
netic in origin. Despite this fundamental di8'erence, nu-
merous studies have noted a similar electromagnetic re-
sponse in SDW and CDW phases. Both systems are
characterized by low-&equency internal deformations of
the density wave, a low-energy collective mode (resonat-
ing at finite frequency due to impurity pinning), and an
interband or interbandlike transition at higher energy. '

Consequently, studies of SDW systems not only increase
our understanding of the competition between magnetic
and superconducting ground states, but they allow for a
comparison of collective mode dynamics as well.

The Bechgaard family of organic salts [based upon
tetramethyltetraselenafulvalene (TMTSF)] (Ref. 9) have
been prototypical materials for the study of broken-
symmetry SDW ground states. Of the Bechgaard salts,
the PF6 compound has been the most extensively stud-
ied. Widely celebrated as an 0.9 K superconductor under
modest pressure, (TMTSF)2PFs is metallic at ambient
pressure, with a maximum dc conductivity of —6 x 10
0 i cm i just above 12 K.g The ultimate value of o'i (as
well as the transition temperature itself) is weakly de-
pendent upon the counterion identity. Structural studies
show that the TMTSF molecules are slightly dimerized

along the chain axis (a) of the material; transverse over-

lap integrals are weak but important enough to slightly
warp the Fermi surface.

The normal (T ) 12 K) state electromagnetic response
of (TMTSF)2PFs has been analyzed as a combination
of a low-&equency Drude response and a temperature-
independent gaplike feature in the far in&ared. ' ' The
Drude relaxation time has been estimated to be of the
order of 3 cm, putting (TMTSF)zPFs in the clean limit
at these temperatures. The metallic nature of the PF6
salt is also revealed in the microwave dielectric properties
as the low-&equency lossy response is not a function of
&equency in the range 7—60 0Hz. ' The microwave
results suggest that (TMTSF) 2PFs is in the dirty limit,
in contrast to the optical estimate of w given above.

(TMTSF)2PFs undergoes an antiferromagnetic phase
transition at = 12 K, below which a series of instabilities
develops. The strong anisotropy in the low-temperature
magnetic susceptibility ' combined with the absence
of structural distortion at T, (Refs. 19, 20) was crucial
in distinguishing the broken-symmetry ground state in
TMTSF compounds from that in CDW materials. The
modulation of the spin density is weakly incommensurate
with the lattice i and is given as S(r) = Sicos(Q. r+ P),
where Si and P are the SDW amplitude and phase, re-
spectively. Impurity pinning causes the collective mode
to resonate at Gnite &equencies. Upon application of
an external electric Geld, the collective mode can be de-
pinned and carry current. ' ' 3 TMTSF-based molecular
crystals have been the subject of numerous experimen-
tal and theoretical studies, 4 due to the novel ground
state.

NMR has been a powerful technique for probing the
nature of the broken-symmetry ground state, ' The
spin-lattice relaxation time T~, displays a strong di-
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vergence near 12 K due to critical SDW Quctuations,
whereas the relaxation in the ordered phase is presum-
ably due to phason excitation. The observation that
the SDW phase can be divided into a series of subphases
has generated a lot of interest. ' From changes in the
spin-lattice relaxation time, instabilities are observed at
12 K, 3.5 K, and 1.9 K at ambient pressure. This di-
vides the phase diagram into three regimes, usually la-
beled SDW 1, SDW 2, and SDW 3, respectively. The
sharp fall-off in Ti near 3.5 K has recently been at-
tributed to a slowing down of phason dynamics. 44'4 The
application of a weak transverse magnetic Geld does not
seem to strongly affect the temperature at which the pro-
ton relaxation rate drops at low fields (0.35—0.9 T), but
the transition temperature seems to move slightly higher
for H = 1.48 T. The disappearance of the Shubnikov-
de Haas oscillations in the same temperature range
suggests a significant modification of the Fermi surface
and perhaps a transition to a state without closed orbits.
With increasing pressure, the SDW phase boundaries
display increasing downward curvature, with the low-
temperature broken-symmetry states (SDW 2 and SDW
3) competing with the superconducting ground state.
Thus, interest has focused. on factors which influence the
competition between these two states, with the ultimate
goal of stabilizing the superconducting state.

Specific heat studies of the 12 K transition in the PF6
salt have shown that the thermodynamic response is
not mean-field like and that the critical regime for three-
dimensional (3D) fluctuations is on the order of 0.3 K. No
change in the size of the fIuctuation regime is detected
in the presence of a transverse magnetic field, suggesting
that the transverse coherence length of the SDW is un-
affected by the Geld. Thermodynamic studies have also
concentrated on the cascade of SDW transitions below
T, correlating changes in the excess lattice specific heat
with the three aforementioned SDW phases observed by
NMR. In particular, their results show that the tran-
sition near 3.5 K is weakly coupled to the lattice. More
recently, thermal annealing calorimetric studies have sug-
gested the intriguing possibility of a relaxational glass
transition at low temperatures in the PF6 salt.

The low-energy electromagnetic response of the
TMTSF salts in the low-temperature phase can be
characterized by three distinct contributions: inter-
nal deformations, the collective mode response, and
the temperature-independent far-in&ared feature. ' '

The SDW phase of the PF6 salt has been the subject of
numerous microwave investigations because of the prox-
imity of the collective mode to this frequency regime.
Early experiments conclusively measured excess conduc-
tivity in the SDW state at ac &equencies compared
to dc and showed that the additional current-carrying
capacity was due to the contribution of the collective
mode. ' ' The microwave resistivity displays an up-
turn at T and a continuous rise in the low-temperature
phase, although the detailed features in the SDW state
are unclear due to the difIiculty of these first measure-
ments. Later investigations showed that (TMTSF)2PFs
displays a strongly &equency-dependent response in the
microwave and millimeter regimes; various structures ap-

pear in the microwave resistivity depending on the probe
energy. ' 4 When the frequency response is measured
at constant temperature, a clear Lorentzian signature of
the collective mode is observed below T, . ' At 10 Ky
the resonance is centered at 0.08 cm; the collec-
tive mode resonance moves out to higher energy (- 0.35
cm ) at 2 K because impurity screening is reduced as
the quasiparticle &eeze out. Presently, there are unre-
solved problems regarding the missing oscillator strength
when the Drude contribution collapses to the collective
mode at T, . ' ' ' More recent radio frequency dielec-
tric studies show that ei displays a very slow low-
temperature relaxation that is not well described by the
typical activated behavior. Combined with the aforemen-
tioned specific heat efFects, the shift in amplitude with de-
creasing frequency is attributed to a glass transition with
a limiting value of 2 K. Despite these extensive studies,
questions still exist regarding the microwave dielectric re-
sponse of (TMTSF)2PFs in the low-temperature phase.
For instance, there is no information available on the
thermal dependence of the dielectric constant at these
&equencies. Furthermore, no microwave measurements
have been done in the presence of an external magnetic
Geld.

In order to provide further information on the nature
of the 12 K phase transition and the underlying series of
SDW instabilities, we have investigated the 16 GHz mi-
crowave response of (TMTSF)2PFs as a function of tem-
perature and applied magnetic Beld. Because the manner
in which the dielectric properties change with tempera-
ture is a fundamental material property, such measure-
ments provide an important low-frequency characteriza-
tion of this series of phase transitions. We compare our
zero-Geld results to previous reports on the microwave
resistivity of (TMTSF)2PFs, and suggest that the pro-
nounced difFerences in the SDW state are related to the
manner in which the data are treated. Furthermore, to
our knowledge, this is the Grst report of magnetic-field
effects on the SDW condensate in the PF6 salt as mea-
sured by a microwave probe. The strong magnetic-field
effects observed in the dielectric response in the SDW
regime below 12 K are likely to be essential to the com-
plete understanding of the nature of the magnetic ground
state in the TMTSF compounds and the driving forces
of the SDW 1 + SDW 2 transition near 3.5 K.

II. EXPERIMENTAL DETAILS

A. Saxnple preparation

Single crystals of (TMTSF)2PFs were grown by stan-
dard electrochemical methods. The shiny black needles
had typical dimensions of 0.25 x 0.017 x 0.0085 cm .
For the measurement, a sample was positioned inside a
quartz capillary and held in place with cotton threads
to ensure that it did not turn out of the intended ori-
entation. The encapsulated crystal was subsequently at-
tached to a quartz rod which ran through the cavity,
allowing the sample to be easily inserted into and. with-
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drawn &om the cavity.
The samples were cooled slowly to 4 K to prevent mi-

crocracking and outright breakage, which was evidenced
by a sharp increase in the resonance &equency. In gen-
eral, crystals of the same batch yielded similar dielectric
properties; however, we did notice changes in the SDW
response (but not the normal state properties) after re-
peated cycling to room temperature. Consequently, ther-
mal cycling was avoided and measurements were gener-
ally taken on an unannealed sample, if possible.

B. Microwave cavity measurements

We used a microwave cavity perturbation technique to
measure the complex dielectric function e* = ei + i62
of a (TMTSF)2PFs single crystal as a function of tem-
perature (in the range 1.7—15 K) and external magnetic
field (0—10 T); here, cq and e2 are the dielectric constant
and the dielectric loss, respectively. The conductivity
o.i is related to the lossy response as ~oe2~. For the
measurements reported here, the microwave experiment
was conducted in a rectangular copper cavity operated
at 16.5 GHz in the TEi02 transmission mode. Zero-field
data were also collected at 13 GHz in the TEioi mode.
All measurements were done with the electric-field vec-
tor parallel to the TMTSF chain axis direction. What
we measure in this experiment is the perturbation of the
resonance frequency (—) and the quality factor (4&&)
of the cavity upon insertion of the sample at the electric-
field maximum (JI, = 0 here). These two parameters
were measured at temperature intervals of 0.15 K be-
tween 1.7 and 15 K at a rate of 0.6 K/min in order to ob-
tain the thermal dependence of the dielectric constant. A
static external magnetic field could be applied along the
chain axis (a) or hard axis (c*) direction of the crystal.
Using our apparatus, &equency and bandwidth changes
can be measured with a sensitivity of better than 1 part
in 10; 5 mK precision was achieved. in temperature
control.

tion is strictly valid when the Geld is uniform over the
sample. In the case of our samples, the penetration depth
is on the order of the sample thickness ( 8.5 pm), sug-
gesting that the quasistatic approximation is appropriate
in this case.

This method contrasts the more common approach to
the analysis of microwave cavity data, '

where it is usual to relate the real part of the surface
impedance to the "microwave resistivity" as

2RP=
Po(d

Here, R, is the surface resistance (which is determined
solely &om the lossy response), po is the permeability of
Bee space, and u is the angular &equency. This expres-
sion derives &om the more general relation

(4)

where X, is the surface reactance and P is a constant
related to sample and cavity geometry. If o.i )) u2,

1B, = X, = (you/2oq) ~. The surface impedance frame-
work is very useful when considering highly conducting
samples of sufficient thickness, but one must demonstrate
that X, = R, in order to employ it. Neglect of the surface
reactance term X, is generally a practical consideration,
resulting &om the difficulty of an accurate measurement
of —. ' We are not limited by constraints on the pre-
cision of —here. Our measurements (on these samples)
show that R, and X, cannot be placed in perfect coin-
cidence, even in a limited temperature range near 12 K
(Fig. 1). The different temperature dependence of R,
and X, (both above and below T, ) demonstrates the im-
portance of the frequency response in the description of
ei and o.i and the broad inapplicability of the "microwave
resistivity" approximation to our samples.

A previous and independent determination of the
temperature-dependent thermal expansion in the a crys-
tallographic direction ' allows us to account for

C. Data analysis
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The results were analyzed within the &amework of the
quasistatic approximation, where the real and imagi-
nary parts of the d.ielectric function are given as

and

Here, N is the depolarization factor along the direction of
the electric field and n is the cavity filling factor. These
parameters are determined &om a knowledge of the sam-
ple and cavity geometry. The quasistatic approxima-
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FIG. 1. The surface resistance (solid line) and the surface
reactance (double-dashed line) of (TMTSF)qPFq as a func-
tion of temperature at 16.5 GHz. The lack of long-range co-
incidence of R, and X, indicates the inapplicability of the
surface impedance approximation in our samples.
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changes in sample geometry with temperature. We
correct the experimental &equency shift using a Tay-
lor series expansion of the sample length as (—)„,
(—),„~t(1—3—). It should be noted that + varies

smoothly with temperature, ' and so no additional
"features" were introduced as a result of this procedure.

A proper accounting of the &equency shift within the
quasistatic approximation relies not only on an accurate
measurement of —,but also upon a realistic choice of

This is because it is the difl'erence between these
two quantities (—is negative) that appears in Eqs. (1)
and (2). Our method for determining ~ is as follows.
First, we calculate ~ &om a knowledge of sample di-
mensions by approximating the sample geometry as a
prolate ellipsoid. Second, we choose the level of ~ with
respect to the expansion-corrected &equency shift. The
fact that ~ is the limiting value of —in the case of in-
finite conductivity allows us to attach a lower bound to
the relative level of this curve. The expansion-corrected
&equency shift itself provides also a hint for the level of
—~, as it displays a clear change of slope at T . We il-
lustrate this behavior in the upper panel of Fig. 2. The
level of ~ which reproduced the thermal dependence of
the normal state dc conductivity was determined to be
the optimal choice.

The expansion-corrected &equency shift seems to di-
verge &om —~ above T, suggesting that ei may be ac-
cessible in the normal state even though the conductivity
is high. However, the error bars on this quantity are large
because A(~&) and (~ + —) are small and of similar
magnitude. In addition, any measurement uncertainty
in the &equency shift or thermal expansion will be mag-
nified because we are taking the di6'erence between two
small quantities to calculate (~ + —). The size of the
error bars on eq in the high-temperature phase also de-
pends on how ~ is chosen. Small changes in ~ do not
modify the overall temperature dependence of the dielec-
tric response below T .

With this choice of ~, the term (~ + —) is finite in
the normal state and climbs steeply in the SDW phase.
It is small near the transition, nearly equal in magnitude
to the A( —) term at intermediate temperatures (7—102Q
K), and it grows to dominate the response of ei and oi
at low temperatures (below 4 K). Some typical zero-field
data are displayed in the lower panel of Fig. 2.

III. RESULTS

A. Zero-field measurements
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FIG. 2. Upper panel: ~ of (TMTSF)&PFe corrected for
thermal expansion (solid line) as a function of temperature at
16.5 GHz. The double-dashed line shows our selection of —~.
Lower panel: b, (—) (solid line) and (f + —) (double-dashed
line) as a function of temperature at 16.5 GHz.

In this section, we present the zero-field tempera-
ture profile of the microwave dielectric properties of
(TMTSF) 2PFs as calculated using the quasistatic ap-
proximation. Our discussion concentrates on a compari-
son with previous data.

The expansion-corrected &equency shift, shown in the
upper panel of Fig. 2, is characterized by a small positive
slope in the normal state, a sharp change of slope at T,
and a steady ascent in the SDW state, with a change in
curvature near 8 K and a pronounced depression centered
near 4 K. The local minimum near 4 K is present with
good amplitude in all of our samples; it is about 2 K wide
at zero Geld. The change in bandwidth at 16.5 GHz is
shown in the lower panel of Fig. 2. It is characterized
by a sharp increase at T, a plateau region between 5
and ll K (punctuated by a local maximum near 8 K),
and a strongly increasing absorption below 5 K; A(z&)
decreases again below 2.5 K. Certain variations in the
raw data arise from sample to sample due to differences
in crystal geometry. When the data are mixed together
to yield Oq and eq, similar properties are obtained.

Figure 3 displays the thermal dependence of the 16.5
GHz conductivity. In the normal state, the microwave
conductivity is high and within an order of magni-
tude of the value obtained &om previously reported
dc measurements. ' After a sharp drop at 12 K) Oy

decreases gradually. In agreement with previous ac
experiments, the microwave conductivity is more than
an order of magnitude higher than the dc conductiv-
ity due to the current-carrying capacity of the collective
mode. Thus, the quasi-particle contribution to the con-
ductivity is small in the low-temperature phase and the
microwave conductivity is dominated by the collective
mode response. A local maximum is observed near 4 K,
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FIG. 3. 16.5 GHz conductivity of (TMTSF)&PFs calcu-
lated within the quasistatic approximation (solid line) and
inverse of the "microwave resistivity" (double-dashed line) as
a function of temperature. The dc conductivity (dashed line)
is also shown. Note that the level of 1/p;„o and o's, has
been normalized to our data at 12 K.

FIG. 4. 16.5 GHz dielectric constant of (TMTSF)2PFs as
a function of temperature and applied magnetic field. The ex-
ternal magnetic field (H = 0, 1, 2, 4, 7, 10 T) is applied along
the hard axis (c') direction. Curves change monotonically
rvith increasing H.

which is absent when —is neglected &om the analysis.
Zero-Beld measurements at 13 GHz confirm the presence
of this structure. We will discuss the 4 K feature at length
in subsequent sections. oi begins to decrease near 3.5 K.
Because the dc (single-particle) conductivity is feature-
less in the SDW regime, the 3.5 K structure must be re-
lated to condensate efFects. Ideally, upon subtraction of
the quasiparticle contribution, we could isolate the SDW
contribution to the conductivity. Unfortunately, dc con-
ductivity measurements are not available for our samples.

Considering the large number of dielectric studies that
have been undertaken on TMTSF systems during the
past decade, it is worthwhile to compare our conductivity
data with earlier results. To illustrate the difFerence, we
have calculated the "microwave resistivity" in the man-
ner of previous authors and plotted it (O';„=I/p;„)
along side our data and the scaled dc conductivity of
Tomic et al. in Fig. 3.

The inverse of the "microwave resistivity, " calculated
with the simplified analysis of Eq. (3),s i

is in reasonable agreement with previously reported re-
sults. However, the overall shape of I/p;„ is unlike
that which is obtained &om an analysis based upon the
full quasistatic approximation particularly at low tem-
perature. The curves in Fig. 3 highlight the fact that
oi contains more than just A(~&); it is a complicated
function which must include both the &equency and the
bandwidth contributions to account for the total dissipa-
tion. Furthermore, by analyzing only the lossy response,
the aforementioned authors are unable to determine the
real part of the dielectric constant ei.

We display the zero-field 16.5 GHz dielectric constant
of (TMTSF)2PFs (together with data taken in the pres-
ence of a transverse magnetic field) in Fig. 4. At 16.5
GHz, ei is large (= 10 ), consistent with the highly po-
larizable nature of the condensate at this &equency and
in reasonable agreement with the trend expected &om
radio &equency dielectric measurements as well as

previous microwave studies. ' In the low-temperature
phase, the zero-field curve displays a plateau at interme-
diate temperatures, a sharp drop near 4 K (concomitant
with the local maximum in the lossy response), and a
slight upturn at lower temperatures. We attribute the
sharp increase of ei at T to the opening of the SOW
gap. Similar behavior was observed at 13 GHz. Because
B, g 4, (Fig. 1), it appears that ei may be accessible
in the normal state as well. However, we have no ex-
planation for the unexpected rise of ci above 12 K. As
discussed in Sec. II C, significant errors in this quantity
are likely to be present in the normal state. Thus, we do
not consider the thermal dependence of eq reliable in this
regime.

B. Magnetic-field efFects

In this section, we present the change in frequency
and bandwidth, as well as the dielectric response,
as a function of temperature and magnetic field for
(TMTSF)2PFs at 16.5 GHz. Here, we consider two sep-
arate cases: H

~~

c* and II
~~

a. Our later discussion
concentrates primarily on the data taken in the presence
of the transverse field (J to the conducting planes), as it
is the most interesting.

H along the hard aai8 direction

The experimental &equency shift and the change in
bandwidth as a function of external magnetic field along
the hard axis direction (c') of the TMTSF crystal are
displayed in the upper and lower panels of Fig. 5, re-
spectively. The clear correlations once again emphasize
the fact that —and b, (z&) are not independent quanti-
ties.

Referring to the upper panel of Fig. 5, the magnetic-
field dependence of —is quite strong at low tempera-
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FIG. 6. 16.5 GHz conductivity of (TMTSF)2PFs as a func-
tion of temperature and applied magnetic field. Solid line, H
= 0; double-dashed line, H = 10 T. The external magnetic
field is applied in the hard axis (c*) direction.
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FIG. 5. Upper panel: experimental —as a function of
temperature and magnetic field at 16.5 GHz. Lower panel:
A( —) as a function of temperature and magnetic field at2Q
16.5 GHz. The external magnetic field (H = 0, 1, 2, 4, 7,
10 T) is applied along the hard axis (c') direction. Curves
change monotonically with increasing H.

ture. With increasing Geld, the pronounced depression
centered near 4 K broadens and shifts to higher tem-
perature; at the same time, the amplitude weakens con-
siderably. The largest changes in the behavior of the 4
K feature occur at lower fields (H ( 4 T). At H = 10
T, we detect no trace of the depression in the frequency
response.

Referring to the lower panel of Fig. 5, the striking
changes in the dissipation as a function of applied mag-
netic field can be characterized as the movement of ab-
sorption amplitude to higher temperature. This process
is illustrated by the behavior of the 2 K maximum in the
H = 0 curve of b, (~&), which broadens, shifts slightly
downward in position, and subsequently moves to higher
temperature with increasing Geld. At the same time, the
zero-Beld minimum near 5.5 K becomes less pronounced
and moves, in concert with the 2 K maximum, to higher
temperature with increasing field. By H = 4 T, the small
local maximum near 8 K is lost. At 10 T, A( z&) displays
only a broad maximum near 5.5 K. In the normal state,
A(~&) rises with increasing field, indicative of the mag-
netoresistance in the microwave conductivity (Fig. 6).

The 16.5 GHz conductivity and dielectric constant as
a function of temperature and magnetic Geld are shown
in Figs. 4 and 6. For the conductivity (Fig. 6), we dis-
play only the H = 0 and 10 T curves to better highlight
the observed differences in o.i, particularly with regard

to the interesting low-temperature feature. In Fig. 4,
we show several curves taken at different fields to display
the progressive changes in ei with H

~~

c*. In the fol-
lowing paragraphs, our comments will refer first to the
conductivity and then to the dielectric constant.

The application of the magnetic Geld in the hard axis
direction has a pronounced effect on the normal state mi-
crowave properties of o.i. At 14 K, we observe a normal
state microwave magnetoresistance of about 1470 at 10
T, somewhat less than previous dc measurements. The
magnetic-field dependence of the transition temperature
is also of interest, as it provides insight into the nature of
the nesting transition and the role of the spins. Within
a variety of theoretical &ameworks, T, is predicted
to increase as H; such an increase is usually taken as an
indication of an improvement in Fermi-surface nesting.
Our experimental accuracy is not high enough to distin-
guish such a functional form &om any other, as our data
were taken at temperature intervals of 0.15 K. However,
it is clear that T does increase slightly with H applied
along the hard axis direction; we Gnd that bT is typically
-02Kat 10T.

In the low-temperature phase, the microwave response
is dominated by the collective mode; the quasiparticle
contribution to ai is small, as evidenced by the low dc
conductivity. Directly below the 12 K transition, the
magnitude of the 16.5 GHz magnetoresistance is signiG-
cantly less than that reported in dc measurements.
We find that Oi differs from the zero-Geld level by a fac-
tor of 1.3, compared with a factor of 20 in the dc
experiment. In zero Geld, the 3—4.5 K regime is char-
acterized by a small local increase in the conductivity,
signaling the approach to the SDW 1 + SDW 2 transi-
tion. Because the quasiparticle conductivity is featureless
at low temperature, ' this behavior must be related
to the collective mode response. With increasing mag-
netic field, the structure broadens, weakens, and moves
to higher temperature, likely defining a phase boundary
between SDW 1 and SDW 2. As shown in Fig. 6, the
local maximum has completely disappeared at 10 T. Near
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7 K, the two curves in Fig. 6 are slightly inverted. The
small crossover is likely due to amplitude originally as-
sociated with the 4 K depression in —which has moved
out toward 7 K with applied field (upper panel, Fig. 5).
Below the SDW 2 transition (3.5 K), the microwave con-
ductivity is characterized by a gradual but continuous
decrease; oi is lower overall in the presence of the 10 T
transverse magnetic-field.

The magnetic-Geld dependence of ei is shown in Fig.
4. In the SDW state, the zero-Geld curve of the dielectric
constant appears relatively Hat at intermediate temper-
atures (5—10 K) with a strong decrease near 4 K and a
narrow minimum centered at 2.5 K. With increasing Geld. ,
the sharp drop in ~~ weakens and moves to higher tem-
perature, tracking the 4 K feature in o.i. The width of
the anomaly increases considerably as well, indicating a
reduced sample polarizability in the presence of the Geld.
There appears to be little systematic Geld dependence to
ei in the normal state, as might be expected considering
the size of the error bars here.

2. M along the chain axi8

The experimental frequency shift and the change in
bandwidth as a function of external magnetic field along
the TMTSF chain direction (a) are displayed in the upper
and lower panels of Fig. 7, respectively. No significant

—4.2 62

magnetic-field dependence of these experimental quanti-
ties was observed. (We believe that the small changes
below 2 K are due to minor sample misalignment with
respect to H. )

Due to the absence of field eKects on —and A(z&) in
the H

~~
a configuration, no magnetic-field dependence is

obtained in either oi or ei. Both quantities display the
same behavior as the zero-Geld curves shown in Figs. 4
and 6. Despite the lack of Geld dependence in the dielec-
tric response, two interesting observations can be made.
First, with the external magnetic field along the TMTSF
chain direction, no microwave magnetoresistance was de-
tected in the normal state or SDW state at 16.5 GHz, in
agreement with previous dc results (although a more
limited temperature range was explored in those mea-
surements). Second, within our experimental error, T,
does not change with magnetic field in agreement with
recent calculations, but in contrast to data obtained in
earlier magnetic susceptibility measurements which re-
ported a slight increase in T, for H

~~
a. We have no

explanation for this discrepancy.
It is well known that the eR'ect of an applied magnetic

Geld is to conGne the electrons in the direction orthogo-
nal to the Geld, thus reducing the overall dimensionality
of the system. The fact that no changes were observed in
the two experimental quantities —and A ( z& ) as a func-
tion of H indicates that the external Geld produces no
additional localization when applied along the TMTSF
chain axis direction. This is because motion along c* is
incoherent due to the small value of the hopping inte-
gral (t ~ (( 10 K). Thus, further confinement results in
limited change to the dielectric response.

—4.2 64
IV. DISCUSSIC3N
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FIG. 7. Upper panel: experimental —as a function of
temperature and magnetic field at 16.5 GHz. Lower panel:
A(~&) as a function of temperature and magnetic field at
16.5 GHz. The external magnetic field (H = 0, 1, 2, 4, 7, 10
T) is applied along the TMTSF chain axis (a) direction.

First, we consider the Fermi-surface nesting problem
and the direct role of free carriers in determining the
dielectric response in (TMTSF)2PFs. Within this
model, a gap forms in part of the Fermi surface below
T, although pockets of electrons and holes may remain
gapless due to imperfect nesting conditions. ' The
sharp drop of the microwave conductivity at T and the
gradual decrease of O.i in the SDW phase are in quali-
tative agreement with what one might expect from the
opening of a spin-wave gap at 12 K and the gradual freez-
ing out of remaining free carriers at lower temperature.
The sharp increase in ei through T clearly demonstrates
that quasiparticle efFects dominate the dielectric response
in the normal state. However, our results are in contrast
to what is typically observed at a metal-insulator transi-
tion in a CDW system (such as the perylenes), where
ei rises rapidly at T and then drops rapidly as the gap
opens fully in the low-temperature phase. This diBerence
implies that the low-temperature dielectric response in
the PF6 salt is due to more than free carrier eAects. Ap-
plication of a transverse magnetic Geld ' ' acts
to reduce the interchain overlap integrals and improve
Fermi-surface nesting. With H

~~
c', the 16.5 0Hz con-

ductivity (Fig. 6) is reduced in the temperature regime



8354 J. L. MUSFELDT, M. POIRIER, P. BATAIL, AND C. LENOIR

just below T . Whether the magnetoresistance in the con-
densed phase just below T, is a residual effect (left over
from the normal state) or distinct in its own right is still
an open question, but in either case, it is orbital in na-
ture. The increased transition temperature with applied
field (II

~~
c*) is also consistent with this proposal.

There has been some discussion in the past that the
3.5 K phase transition (SDW 1 ~ SDW 2) might be
a second nesting transition, perhaps to a ground state
with a slightly different wave vector, ' accompanied
by a change in orbital motion. However, if the local
maximum in oi (or the corresponding sharp drop in ei)
is taken to represent a boundary between the two con-
densed phases, the strong stabilization of SDW 2 (at the
expense of SDW 1) in the magnetic field is quite rapid,
suggesting that the 3.5 K feature is not a nesting tran-
sition in the same spirit as the metal —+ insulator tran-
sition at T . That the anomaly moves to higher tem-
perature with increasing field is in agreement with the
trend expected from NMR measurements, '4" but in ap-
parent contrast to the disappearance of the high field
Shubnikov —de Haas oscillations at 3.8 K. Recent the-
oretical work, based upon a changing wave vector from
SDW 1 M SDW 2 ) has also proven unsatisfying.

The large value of e~ in the low-temperature phase and
the strong dispersion near 4 K suggests that the dielec-
tric response of the (TMTSF)2PFs salt is due to more
than just quasiparticle effects. The absence of structure
in the dc conductivity also shows that the role of quasi-
particles is minimal here. Thus, a recent report by Bjelis
and Maki is interesting, as it shows that local impuri-
ties and thermal Quctuations alone can deform the SDW
and change the spatial and phase variations of the gap.
Such local variations are stabilized in the presence of a
magnetic field. The fluctuations lead (independently of
Fermi nesting considerations) to orbital coupling effects,
which increase linearly with applied field. Thus, within
this model, H acts directly on the condensate to induce
a-6 plane orbital effects.

Because the condensate fraction increases with de-
creasing temperature, we expect to most easily dis-
tinguish condensate &om quasiparticle effects at low
temperature. To this end, the drop in e~ near 4 K is an
excellent candidate for consideration within the model of
Bjelis and Maki. However, the weakening (rather than
strengthening) of the 4 K structure with II is an unex-
pected complication, and suggests that magnetic-field ef-
fects on the condensate polarizability are not completely
understood.

A final possibility for the physical origin of the chang-
ing condensate behavior near 3.5 K in (TMTSF)2PFs
has been suggested by Lasjaunias et al. The authors re-
cently presented a low-&equency dielectric study in which
the behavior of (TMTSF)2PFs near 3.5 K is shown to
be characteristic of a relaxational transition in a glassy
material. The relaxation time displays a critical slowing
down at low frequencies (less than 500 kHz) to a limit-
ing value of —2 K. Within the proposed model of the
glassy phase, the SDW is pinned on random impurities,
but there are clusters where the phase is coherent. It
is the large domain structure which is responsible for the

low-&equency relaxation, with the mean relaxation time
dependent upon the average size of the cluster.

The aforementioned maximum in eq is absent in our
microwave dielectric data, suggesting that there may be
one part of ei which saturates at low frequency (perhaps
related to the slow cooperative relaxation of large SDW
domains and internal deformations) and another part
which we are measuring at 16.5 GHz. The lower-energy
cooperative motion is not observed because the long-
range relaxation cannot follow the comparatively high-
frequency perturbation used in our measurements.
Thus, the higher-&equency measurement would be ex-
pected to provide the more local probe of the collective
mode polarization. Magnetic-field effects provide an ad-
ditional complicating factor to the interpretation of low-
&equency dielectric data. The application of an exter-
nal magnetic field will affect the phase coherence inside
the cluster, likely changing the characteristic length over
which the SDW is pinned.

V. CONCLUSION

We have reported the 16.5 GHz dielectric response of
the quasi-one-dimensional Bechgaard salt (TMTSF) 2PFs
at temperatures above and below the 12 K antiferromag-
netic phase transition as a function of external magnetic
field. Data were collected with the magnetic field along
the TMTSF chain direction as well as along the hard axis
direction.

For the magnetic field applied along the chain direc-
tion, the microwave response of (TMTSF)2PFs does not
change with field. That the magnetic field fails to in-
duce additional localization effects is due to the strong
anisotropy in the band structure. However, with the field
along the hard axis direction, striking changes are ob-
served in the microwave dielectric constant and conduc-
tivity. Our discussion has concentrated on the relation-
ship between the dielectric features and the interesting
series of instabilities which develop at low temperature.
While quasiparticle effects are important in the normal
state and at the 12 K transition, condensate effects dom-
inate the dielectric response below T . Although it re-
mains to understand the observed magnetic-field depen-
dence of the 4 K feature, the transition seems to define
a phase boundary between SDW 1 and SDW 2.

A more general question arises as to the relationship
between the 4 K maximum and the 3.5 K fallofF in
the 16.5 GHz microwave conductivity and that observed
via other experimental techniques, particularly the low-
&equency dielectric response. ' 5' ' ' It would be
fortuitous if the various signatures near the SDW 1 ~
SDW 2 transition were independent. Thus, the unifica-
tion of these observations is a powerful motivation for
further study of the TMTSF-based charge transfer salts.
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