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Magnetic-field behavior of the spin-density-wave state in (TMTSF)2AsF6
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We report the 16.5 GHz microwave response of single crystal samples of (TMTSF)2AsF6 at temperatures

from 1.7—20 K as a function of external magnetic field. With the field applied along the hard (c*) axis

direction, striking changes are observed below T, in the microwave dielectric constant and conductivity, which

are similar to (but more clear than) those reported in the PF6 salt. Following small changes in the low-

temperature dielectric response, we are able to resolve the field dependence of the 3.5 and 1.9 K condensate

phase boundaries. For the field applied along the chain direction, no changes are observed. Emphasis is placed

upon the analysis of the H Tdiagr-am (H~~c ) and the series of subphases within the spin-density-wave

manifold.

I. INTRODUCTION

Studies of the (TMTSF)2X family of low dimensional

synthetic metals have attracted a great deal of interest
recently. ' These organic charge transfer salts exhibit a rich
plethora of exotic phenomena, including metallic behavior,
spin-density-wave ground state, field induced spin-density
waves, and superconductivity. The ability to manipulate the
dimensionality (and select the ground state) makes the Bech-
gaard family of salts very attractive compounds to study. The
salts with octahedral counterions (X=PF6, AsF6, SbF6, or
TaF6) are prototypes in this family of organic materials due

to the formation of the spin-density-wave (SDW) ground
state. This broken symmetry state is brought about by repul-
sive electron-electron interactions and Fermi surface nesting
considerations, which are responsible for the destruction of
the metallic conductivity and the stabilization of an antifer-
romagnetic state below 12 K. The strong anisotropy in the
low temperature magnetic susceptibility combined with the
absence of structural distortion at T, (Refs. 6,7) was crucial
in distinguishing the broken symmetry ground state in
TMTSF compounds from that brought about by electronic or
spin-Peierls processes.

In the high temperature phase, the electromagnetic re-

sponse of a representative salt such as (TMTSF)2PF6 con-
sists of a Drude relaxation (as expected for "metallic"
samples) and a gaplike structure in the far-infrared. " ' Be-
low T, , the frequency dependent conductivity has contribu-
tions from internal deformations and the pinning mode of the
density wave, as well as the temperature independent far-
infrared feature (which remains unchanged). " ' ' Because
the nature of the collective mode dominates the low tempera-
ture phase dynamics in these systems, microwave and milli-
meter wave dielectric studies are extremely important for
studying the density wave state in Bechgaard salts. The ma-

jor results accrued over the past decade ' ' can be sum-

marized as follows. Below T, , the excess conductivity ob-
served at ac frequencies has been attributed to the current
carrying capacity of the collective mode. The presence of

this mode results in a strongly frequency dependent dielec-
tric response. "' ' At the same time, the highly polarizable
nature of the ground state results in a large dielectric constant
(on the order of 10 ) at these frequencies. More recently,
we reported high precision microwave dielectric measure-
ments on the spin-density-wave state of (TMTSF)zPF6 and

(TMTSF)2AsF6. ' In addition to signalling the opening of
the SDW gap at 12 K, features in e& and o.

&
seem to an-

nounce changes in the condensate behavior below T, . We
have attempted to correlate structures in the dielectric re-
sponse with changes in other independent physical proper-
ties. The strong magnetic field dependence of the 3.5 K fea-
ture is curious and is the subject of continuing investigations.
The dielectric constant continues to rise at lower frequency
and has been estimated to reach a limiting (zero frequency)
value of =2X10 . The extraordinarily high value of E'i

has been attributed to the easily polarizable internal (q 4 0)
modes of the SDW condensate. More recent dielectric stud-

ies on (TMTSF)2PF6 at radio frequencies display a very
low temperature relaxation that is not well described by the

typical activated behavior. The shift in position with fre-

quency is attributed to a glassy transition with a limiting
value of =2 K. Low energy dielectric studies have also
been carried out on a series of TMTSF alloys
[(TMTSF)2(AsF6)&,.(SbF6)t ], where the disorder intro-
duced by the composite nature of the samples is used to
control the SDW pinning.

NMR measurements have also commanded sustained in-

terest during the past decade because they represent a pow-
erful technique for probing the nature of the broken symme-

try ground state in TMTSF-based organics. From
changes in the spin-lattice relaxation time (T, ) at ambient

pressure, instabilities are observed near 12.1, 3.5, and 1.9
K. This divides the low-temperature phase diagram into
three regimes, usually labeled SDW 1, SDW 2, and SDW 3,
respectively. The pressure dependence of these subphase
boundaries shows that SDW 3 competes directly with the
superconducting ground state. Less work has been devoted
to mapping out the magnetic field dependence of the sub-
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phases within the SDW manifold. In a recent study, the sharp
falloff in T, ' near 3.5 K has been shown to display a weak
magnetic field dependence between 0.25 and 1.25 T. ' This
structure has been attributed to the slowing down of phason
dynamics.

Numerous physical property measurements have been
used to characterize the low-temperature phase and establish
legitimacy for the instabilities observed by NMR. The ther-
modynamic studies provide the strongest indication that the
metal ~ insulator transition and the aforementioned changes
in condensate behavior (at 3.5 and 1.9 K) are related to true
phase transitions. ' However, in contrast to the 12 K tran-
sition, both specific heat and elasticity experiments show the
3.5 K feature to be weakly coupled to the underlying
lattice. ' There is evidence for a kinetic contribution to the
3.5 K transition as well. The low frequency dielectric mea-
surements point to a critical slowing down behavior (due to a
glassy transition) as the origin for the changing phason dy-
namics in this regime, ' ' with the large domain size being
responsible for the strongly non-Arrhenius relaxation behav-
ior. A strong increase in the threshold field is also observed
near 3.5 K. The disappearance of the Shubnikov —de Haas
magnetoresistance oscillations suggests a modification of the
Fermi surface near 3.5 K as well.

In order to gain additional insight into the nature of the 12
K phase transition and the underlying cascade of instabilities,
we have investigated the 16.5 6Hz microwave response of
(TMTSF)2AsF6 as a function of temperature and applied
magnetic field. Microwave dielectric studies are very impor-
tant for studying the broken symmetry ground state in the
Bechgaard salts because the collective mode resonates in this
energy regime and has been shown to dominate the low-
temperature dynamics. These particular studies were moti-
vated by the current evidence for different SDW states below
T, , and the expectation that the various SDW states should
respond differently in a magnetic field. The strong magnetic
field effects (H

~

c*) observed in e, and e2 of the PF6 salt
are even more clear in the AsF6 compound. This has al-
lowed us to follow several weak features and generate a dia-
gram which describes the H-T behavior of the SDW conden-
sate at low temperatures and magnetic fields. Our discussion
concentrates on the relationship between the low-
temperature dielectric features and similar anomalies in other
physical properties. One of the main goals of this paper is to
present a detailed explanation of the data which has allowed
us to generate the H-T diagram, although the diagram itself
has been published previously. We also take this opportu-
nity to summarize our results for both the AsF6 and PF6
systems.

II. EXPERIMENT

A. Sample preparation

Single crystals of (TMTSF)2AsF6 were grown by stan-
dard electrochemical methods. The shiny black needles had
typical dimensions of =0.25X0.0125X0.0043 cm, which is
significantly thinner than the PF6 samples used in the previ-
ous investigation. Our method of sample handling and for
fixing the crystal in the intended orientation has been de-
scribed elsewhere. The samples were cooled slowly to 4 K
to prevent microcracking and outright breakage, which was

evidenced by a sharp increase in the resonance frequency.
Unnecessary thermal cycling was avoided.

C. Data analysis

The results were analyzed within the framework of the
quasistatic approximation, " where the real and imaginary
parts of the dielectric function are given as

bcu~b~ ul ~ 1 l'
+ —~+ I 5

cu
g

cu N] i 2Q)
(P~ ~)2 ( 1 )2

and

( 1 I

( ~l
g 2Qg

~bee nl' ~ 1
~'' (2)

Here, N is the depolarization factor along the direction of the
electric field and u is the cavity filling factor. These param-
eters are determined from a knowledge of the sample and
cavity geometry. Although the quasistatic approximation is
derived strictly for situations where the field is uniform over
the sample, this constraint can be relaxed somewhat for prac-
tical use. In the case of our samples, 2X the penetration
depth is on the order of the sample thickness (=43 pm),

B. Microwave cavity measurements

We used a microwave cavity perturbation technique to
measure the complex dielectric function e*=e&+ie2 of a
(TMTSF)2AsF6 single crystal as a function of temperature
(in the range 1.7—20 K) and external magnetic field (0—7 T);
here, e& and e2 are the dielectric constant and the dielectric
loss, respectively. The conductivity, o.&, is related to the
lossy response as eoe2cu. The experiment was conducted in a
rectangular copper cavity operated at 16.5 6Hz in the
TE&02 transmission mode. The two quantities of interest in
this experiment are the perturbation of the resonance fre-
quency ( Bcu/co) and the quality factor [b.(1/2Q) j of the cav-
ity upon insertion of the sample at the electric field maxi-
mum (H„=O). The reference is, of course, the empty cavity.
All measurements were done with the electric field vector
parallel to the TMTSF chain axis direction. Using our appa-
ratus, frequency and bandwidth changes can be measured
with a sensitivity of better than 1 part in 10;5 mK preci-
sion was achieved in temperature control.

Our specific measurements can be summarized as fol-
lows: we have made both temperature and magnetic-field
sweeps of the two experimental parameters, concentrating on
the 1.7—7 K and 0—3 T range. A few runs were made to
higher temperature and field. For the temperature sweeps,
B~/co and h(1/2Q) were measured at intervals of 0.15 K at
a rate of 0.6 K/min; a static external magnetic field could be
applied along the hard (c*)or chain (a) axis direction of the
crystal. The field sweeps were taken at =0.05 T/min at con-
stant temperature (~0.15 K). In certain runs, a glitch is ob-
served near 0.2 T, which we attribute to Eddy heating.
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FIG. 1. 6(1/2Q) (solid line) and (u/N + Bar/ru) (double-
dashed line) as a function of temperature at 16.5 GHz.

suggesting that the field is nearly uniform over the crystal
and that the quasistatic approximation is appropriate here.

To illustrate the size of the two important contributions in

Eqs. (1) and (2), some typical zero field data are displayed in

Fig. 1. The experimental frequency shift has been corrected
for the thermal expansion, as described previously. The
term (u/N + Bcu/cu) is finite in the normal state and climbs
steeply in the SDW phase, eventually growing to dominate
the lossy term. Although measurements on certain AsF6 crys-
tals resulted in raw data curves which were similar to those
reported previously for the PF6 salt, we have specificaLly
chosen to present data from an unusual sample for which
8'~/tu and A(I/2Q) appear drastically different from the
norm. (For instance, in this sample, evidence for the metal
—+ insulator transition appears primarily on the frequency
shift. ) Our goal is to illustrate that neither bru/co nor
b (1/2Q) are general features of the AsF6 response: they
must be combined to calculate e& and cr&.

Our method of analysis differs from the usual treatment of
microwave cavity data on the Bechgaard salts, "' '
where it is customary to relate the real part of the surface
impedance to the "microwave resistivity" as

to apply the approximation with confidence. For our
samples, R, and X, cannot be placed in perfect coincidence,
even in a limited temperature range near 12 K (Fig. 2), dem-
onstrating the broad inapplicability of the "microwave resis-
tivity" approximation to these samples. Thus the frequency
shift will have a unique and important contribution to the
dielectric response. This contribution is especially critical be-
low T, . A similar result could also be anticipated from
sample thickness considerations or by noting the clear
change in 8'culco at T, .

D. Generation of the 0-T diagram

We constructed the 16.5 6Hz H-T diagram for
(TMTSF)zAsF6 following small anomalies in e& and o&
which seem to define changes in condensate behavior. We
believe that these low-temperature features can be attributed
to changes in the density wave dynamics because the dc
conductivity (which measures the quasiparticle contribution)
is structureless below T, . That these features are observed
well below T, (where q. uasiparticle effects are expected to be
frozen out) provides additional support for our procedure.
However, Hall mobility measurements indicate a possible
coupling between the density wave and normal carriers in
this regime, " and such a possibility should not be neglected
in further analysis. Motivated by the fact that e& might be
expected to show the largest variation at a phase transition,
we have taken the maximum of Be, /BT (or Be, /BH in the
case of field sweeps) as the signature of the transition. Other
reasonable choices (such as the maximum in o., or
Ba., /BT) result in a qualitatively similar diagram, although
the resulting phase boundary temperatures are slightly offset.
Similar changes in condensate behavior can also be surmised
from examination of either 8~/co or b, (1/2Q) alone, al-

though an effort was made not to rely too heavily on the
individual quantities because the correct dielectric response
is provided by a mixture of both contributions. Error bars on
the points determined by temperature sweep are ~0.2 K in

2R,

P pCO

Here, R, is the surface resistance (which is determined solely
from the lossy response), pp is the permeability of free
space, and co is the angular frequency. Neglect of the surface
reactance term, X, , is generally a practical consideration,
resulting from the difficulty of an accurate measurement of
the frequency shift. "' ' Because we are not limited by con-
straints on the measurement precision of 8'~/co, we can test
whether it should be included in the analysis. As discussed in
the following paragraph, we believe it should.

The "microwave resistivity" framework is very useful
when considering highly conducting samples of sufficient
thickness (such that the penetration depth (& than the sample
thickness), but one must demonstrate that X, = R, in order

0

I

0 2 4 6 8 10 12 14 16 18 20
Temperature (K)

FIG. 2. The surface resistance (solid line) and the surface reac-
tance (double-dashed line) of (TMTSF)2AsF6 as a function of tem-

perature at 16.5 GHz. The lack of long-range coincidence of R, and

X, indicates the inapplicability of the "microwave resistivity ' ap-
proximation to our samples.
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FIG. 3. 16.5 GHz conductivity of (TMTSF)2AsF6 calculated
within the quasi-static approximation (solid line) and the "micro-
wave resistivity" approximation (double-dashed line) as a function
of temperature. The dc conductivity (dashed line) is also shown.
Note that the level of 1/p;„, and o.d, has been normalized to our
data at 12 K.

the "worst cases, " whereas for the "best cases" (when the
transition is sharp), error bars are =~0.05 K. The derivatives
of e1 are also less reliable near the low-temperature sweep
limit. Consequently, the points below 2 K and 0.5 T on the
H-T diagram represent our "best estimate" of the position of
the dielectric anomaly taken directly from the upturn in ei
(rather than by the derivative method). Significantly greater
noise was obtained on the field sweep runs; that, combined
with the difficulty in distinguishing a transition based upon
very small differences in e1, lead to significantly increased
error bars on these points (~0.2 T and ~O. I K).

III. RESULTS

A. Zero field measurements

Figure 3 displays the zero field temperature profile of the
16.5 6Hz conductivity in (TMTSF)2AsF6. The microwave
conductivity is high in the normal state and in reasonable
agreement with the thermal dependence of the dc conductiv-
ity. o.

1 decreases below 12 K, but more gradually than in the
PF6 salt. This observation is in agreement with recent dc
conductivity results. A local maximum in o.i is observed
near 3.5 K, which is absent when Bc'/cu is neglected from
the analysis. A similar feature was observed in the PF6
compound.

Considering the important role that microwave dielectric
studies have played in discerning the unique properties of the
broken symmetry ground state in TMTSF systems during the
past decade, it is useful to compare our conductivity data
with earlier results based upon the "microwave resistivity"
approach and to clearly motivate what prompts us to engage
in a different method of analysis. To this end, we have cal-
culated the "microwave resistivity" [which depends solely
on the lossy response as shown in Eq. (3)] in the manner of
the previous authors11, 12,15-21 and plotted it
(o. ;„,= I/p;„, ) alongside our data and the scaled dc con-
ductivity of Traetteberg et al. ' in Fig. 3. Neglect of the fre-

FIG. 4. Excess conductivity of (TMTSF)zAsF6 (solid line) and

(TMTSF)2PF6 (double-dashed line) as a function of temperature at
zero fieM and 16.5 GHz. The cusp near 12 K is due to slope mis-
matches between o„and crd, .

quency shift in the data analysis substantially alters the low-
temperature phase conductivity profile. The difference
between the various curves is even more striking than that
reported earlier for the PF6 salt.

Subtraction of the dc conductivity (which is related to the
quasiparticle contribution) from the microwave conductivity
leaves us with a better measure of the excess ac conductivity
and a clearer picture of the collective mode contribution to
the transport below T, . Such a separation is based upon the
assumption of a "two-component" (free carrier + conden-
sate) model and its applicability to the low-temperature di-
electric properties of the Bechgaard salts. It also assumes the
quasiparticle contribution is frequency independent in this
range, and it ignores any interaction between free carriers
and the density wave. The dc conductivity was obtained from
the literature ' and normalized to our data above T, . Natu-
rally, it would be preferable to use the dc response from the
same sample, but we are not equipped to make these mea-
surements in our lab. In addition, it is difficult to obtain a
"universal" dc conductivity from the literature, so the sub-
traction is intended to provide only a qualitative indication
of this difference. We display tr„-o.d, in Fig. 4. Qualitatively
similar behavior is observed for both the AsF6 and PF6 salts.

An additional advantage of treating the data based upon
Eqs. (1) and (2) (as opposed to the "microwave resistivity"
approximation) is the accessibility of the real part of e*. We
display the zero field 16.5 GHz dielectric constant of
(TMTSF)2AsF6 (together with the temperature derivative of
e&) in Fig. 5. As expected, et is large (= 3 X 10 ), consis-
tent with the highly polarizable nature of the condensate at
microwave frequencies and in reasonable agreement with
that obtained for the PF6 salt. In the low-temperature
phase, ei displays a downward slope at intermediate tem-
peratures, with an infIection near 8 K, a sharp drop near 3.5
K (concomitant with a local maximum in the lossy re-
sponse), and a slight upturn at lower temperatures (=1.8 K).
As for the PF6 salt, e1 seems to be accessible in the normal
state, and we attribute the sharp increase of e1 at 12 K
(T,) to the opening of the spin-wave gap. The shape of e,
above 12 K is probably more realistic than that reported for



52 MAGNETIC-FIELD BEHAVIOR OF THE SPIN-DENSITY-WAVE . . . 15 987

—3.543

I

C3

CQ
1

CQ

—3.545
3
3

—3.547

—3.549

0 2 4 6 8 10 12 14 16 18
Temperature (K)

3 ~ 5 5 1
l I, I

I
'

I

'

I

'

I

'
I

'

I

'

[

FIG. 5. Solid line: 16.5 GHz dielectric constant of (TMTSF)2
AsF6 as a function of temperature taken at zero magnetic field.
Double-dashed line: Be& IBT, illustrating how points in Fig. 10
were determined.

the PF6 compound. However, significant errors in this
quantity are likely to be present above T, (see Ref. 23 for a
discussion), and e, should not be considered reliable there.

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)2AsF6 at 16.5
GHz. Although we have studied two separate configurations
(H~~ c* and H~~a), we concentrate primarily on the data taken
in the presence of the transverse field.

1. H along the hard axis direction

The experimental frequency shift and the change in band-
width of (TMTSF)2AsF6 as a function of external magnetic
field applied along the hard axis direction (c*)of the crystal
are displayed in the upper and lower panels of Fig. 6, respec-
tively. The clear correlations in the data emphasize the fact
that Ba/to and b, (1/2Q) are not independent quantities.

There are three main features of interest in Fig. 6. At zero
field, the metal~insulator transition is observed at =12.1 K.
T, increases to =12.2 K at 3 T. While the transition is evi-
denced by a sharp change in 6~/co, it is not clearly observed
on the bandwidth for this sample. The second structure pre-
sents itself as a local depression in the frequency shift and as
a maximum on the bandwidth near 3.5 K. At low applied
field, this feature broadens and moves to higher temperature
with increasing field. Similar behavior is observed in the
PF6 compound. Evidence for a third structure appears near
2 K in the raw data; it displays weaker field dependence than
the 3.5 K feature.

The 16.5 GHz dielectric constant as a function of tem-
perature for various magnetic fields is shown in Fig. 7. The
strongest changes are observed at low temperature, where
curves taken at different fields illustrate the progressive
changes in e, with H

~

c*.To highlight the low-temperature/
low-field response, we also display a three-dimensional

2.0—
C3
CV

1.6

C)
1 a2

I~ a~
0 2 4 6 8 10 12 14 16 18

Temperature (K)

FIG. 6. Upper panel: experimental 6culco as a function of tem-
perature and magnetic field at 16.5 GHz; lower panel: 5(1/2Q) as
a function of temperature and magnetic field at 16.5 GHz. The
external magnetic field is applied along the hard axis (c*)direction.
Selected field strengths: H = 0, 0.2, 0.5, 0.8, 1.0, 1.4, 1.8, 2.5, 3.0,
7 T. Curves change monotonically with increasing H.

close-up view of the H-T behavior of the 16.5 GHz dielectric
constant in Fig. 8. The aforementioned local depression in
Bcu/co manifests itself as a rapid decrease in e& near 3.5 K.
With increasing field above =0.5 T, the sharp drop in e&

becomes less prominent and moves to higher temperature,
tracking the local maximum in o.i . The width of the
anomaly increases considerably as well, indicating a reduced
sample polarizability in the presence of a field. As expected
from the two experimental quantities in Fig. 6, a second
feature becomes evident in e& near 2 K and moves to higher
temperature with increasing H. At 7 T, the second structure
is centered near 6 K, in excellent agreement with results on
the PF6 salt.

The 16.5 GHz conductivity for (TMTSF)2AsF6 displays
complementary behavior as a function of H and T. In the
absence of the magnetic field, the 3—4.5 K regime is charac-
terized by a small local increase in the conductivity. Above
0.5 T, this feature broadens, weakens, and moves to higher
temperature, behavior which (in combination with the afore-
mentioned behavior of e, ) seems to define a phase boundary
between SDW 1 and SDW 2. The local maximum in cr& is
difficult to discern by 3 T. In the PF6 sample, the analogous
feature weakens near 4 T and is completely disappeared at 10
T. In a similar manner, the 2 K feature is present as a small
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FIG. 7. 16.5 GHz dielectric constant of (TMTSF)2AsF6 as a
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change monotonically with increasing H.

downturn at low fields and "grows in" clearly above = 0.5 T
and moves to higher temperature with increasing field. It
displays good amplitude at stronger fields (up to 7 T).

Since one purpose of this paper is to compare recent mi-
crowave dielectric results on TMTSF-based SDW systems, it
is important to note that the structure near 2 K in the AsF6
salt also seems to appear very weakly in the PF6 compound,
although it was not reported in Ref. 23. Careful derivatives
of the temperature sweep data do manage to resolve similar
behavior as described above, although it is not at all obvious,
and it is easily missed without the benefit of comparison to
the AsF6 salt.

FIG. 8. Close-up three-dimensional plot of the 16.5 0Hz dielec-
tric constant of (TMTSF)2AsF6 as a function of temperature (1—7
K) and magnetic field (0—3 T). The external magnetic field is ap-
plied along the hard axis (c*)direction.

FIG. 9. 16.5 GHz conductivity of (TMTSF)2AsF6 as a function
of magnetic field (H ii

c*) at constant temperature. From top to
bottom, the data are taken at 2.06, 2.24, 2.42, 2.61, 2.82, 3.11, and
3.35 K. For clarity, the curves have been shifted by an arbitrary
constant.

We show the 16.5 6Hz conductivity as a function of ap-
plied magnetic field at various temperatures below the glassy
transition in Fig. 9. A weak structure in o.

&
near 0.5 T seems

to provide evidence for a subtle change in condensate behav-
ior within SDW 2. As might be expected, E'& displays a
complementary change in the 0.5 T field range. The possible
origin of this unexpected regime is discussed in more detail
elsewhere.

The H-T diagram for the condensate behavior of
(TMTSF)2AsF6 at 16.5 6Hz (obtained for H~~c*) is shown
in Fig. 10. As discussed in Sec. II D, these points were de-
termined using derivatives of e& to locate changes in conden-
sate behavior. For comparison, we have also included some
data taken on the PF6 salt: the maximum of T, ' taken at
different applied fields (H~~c*) from the NMR study of Clark

31et al. and the lattice specific heat anomalies of Lasjaunias
26et al. The zero field condensate boundaries are observed at

=12.12, =3.40, and =1.85 K. These values are in excellent
agreement with the anomalies observed in the lattice specific
heat measurements.

As shown in Fig. 10, the condensate boundaries move to
higher temperature and broaden slightly with increasing
magnetic field. The 3.5 K boundary weakens significantly
with applied field as well. Similar behavior for the SDW
1—+SDW 2 line can be inferred from the NMR relaxation
time data of Clark et al. ' Additional NMR data ' was dis-
qualified from appearing in our plot because the direction of
the applied magnetic field was either not along c* or un-
known. The weak 0.5 T boundary within SDW 2 (obtained
from the data in Fig. 9) is also indicated.

Finally, we mention that, based upon following the field
dependence of a much weaker inAection in e&, we find evi-
dence for a small change in the SDW condensate behavior in
both the AsF6 and PF6 salts near 8 K. The position of this
anomaly is nearly field independent, and it seems to disap-
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FIG. 10. The H-T behavior of the SDW condensate of
(TMTSF)zAsF6 at 16.5 6Hz. The external magnetic field is applied
along the hard axis (c*) direction. Filled triangles: position of di-

electric anomaly as determined by temperature sweep at constant
field; filled squares: position of dielectric anomaly as determined by
magnetic-field sweep at constant temperature; open triangles: posi-
tion of the low-temperature/low-field dielectric anomaly as esti;
mated from temperature sweeps at constant fields; open circles:
NMR data of Clark et al. (Ref. 31); open stars: specific heat data of
Lasjaunias et al. (Ref. 26). Note that the data in Refs. 31 and 26
were obtained on the PF6 salt.

pear above 4 T for H
~~

c*. Early static susceptibility
studies also suggested a transition in this temperature
range, although the observation received scant attention.
More recent experiments have detected a decrease in the
nonlinear conductivity between 6 and 9 K; however, the
lack of magnetic field dependence in o.~D~/o. „seems to ar-

gue against any direct correlation between the two measure-
ments.

IV. DISCUSSION

Several aspects of our data for the PF6 and AsF6 salts
demonstrate that quasiparticle effects dominate the dielectric
response in the transition regime. For example, both the
weak increase in T, with applied field and the sharp change
in e, at 12 K (due to the opening of a spin-wave gap) are

2. H along the chain axis

No significant magnetic-field dependence of the raw data
is observed when the external field was applied along the
TMTSF chain direction. Thus no field dependence (H ~~ a) is
obtained in either o.i or e&. That the magnetic field fails to
induce additional localization effects is due to the strong an-

isotropy in the band structure. A similar result was obtained
for the PF6 salt. For the external magnetic field in this
configuration, the H-T diagram consists of vertical lines
which define condensate phase boundaries near 1.85, 3.4,
and 12 K. No 0.5 T anomaly was observed within SDW 2 for
H

~~
a. A weak line would also be drawn near 8 K, defining a

less-clear change in condensate behavior. Such an H-T dia-
gram is obviously less interesting than that reported for the
H

~~

c* case.

expected within the "Fermi nesting" framework. How-
ever, the role of the free carriers below T, is less clear. Qua-
siparticles likely contribute to the low temperature conduc-
tivity in a modest way due to imperfect nesting, which
causes small regions of phase space to remain gapless.

To quantify various contributions to the conductivity be-
low T, , we have calculated a.„-o.d, for both the AsF6 and

PF6 salts (Fig. 4). Whereas the low-temperature features are
similar in both cases, the AsF6 salt displays a larger "excess
conductivity" directly below T, than does the PF6 com-
pound. We discuss this result from a "purely quasiparticle"
and a "purely condensate" point of view, although it is im-
portant to note that such a subtraction may not be valid near
T, and that the results of Fig. 4 may simply reflect the dif-
ferent electronic temperatures as a function of frequency.

From a "purely quasiparticle" point of view, non-nested
carriers hopping over a small gap may contribute signifi-
cantly to the "excess ac conductivity" below 12 K. Thus the
curves in Fig. 4 could be interpreted in terms of poorer nest-
ing properties for the AsF6 salt (as compared with the PF6
compound). The conductivity due to such a free carrier con-
tribution is expected to decrease with temperature as the gap
widens and the remaining "non-nested" carriers freeze out. "
From a "purely condensate" point of view, the larger "ex-
cess ac conductivity" near 10.5 K may reAect a different
pinning frequency or a substantially different defect concen-
tration in the AsF6 compound. The larger threshold field for
the AsF6 salt (as compared to the PF6 salt) recently reported
in Ref. 48 seems to support this hypothesis. (Here, we as-
sume that our 16.5 GHz probe frequency is larger than the
center frequency of the collective mode. ') An increase in the
pinning frequency with decreasing temperature" could
also explain the falloff of the data in Fig. 4. However, it is
difficult to fully ascribe the "excess ac conductivity" to con-
densate effects as the frequency dependence of the quasipar-
ticle conductivity is unknown and the nesting at 12 K is
imperfect. Strong interactions or impurity effects can also
cause a breakdown of the two-component picture. Clearly, it
will not be straightforward to discriminate between quasipar-
ticle and condensate effects in the temperature regime near

T. .
In contrast to the behavior near T, , the 3.5 K decrease in

e, (and the corresponding local maximum in a.t) is probably
unrelated to quasiparticle effects, as it occurs far from T,
where free carrier effects are mostly frozen out. That the dc
conductivity is featureless in the low-temperature phase pro-
vides additional support for this supposition, although a
complex interaction between normal and condensate pro-
cesses cannot be ruled out. " Previously, it was suggested
that the sharp drop in the dielectric constant near 3.5 K in the

PF6 compound may be a signature of changing condensate
behavior. Characterization of the dielectric response in the
AsF6 salt, combined with the recent annealing and kinetic
studies by several French authors, ' ' indicates that the
SDW 1 ~ SDW 2 transition is driven by glassy dynamics.
An increase in the threshhold field near T also indicates a
possible change in the density wave dynamics. The struc-
ture in the dielectric response near 2 K also seems unrelated
to quasiparticle effects.

The dielectric constant displays a sharp drop at the glass
transition temperature, Tg, due to the reduced sample polar-
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izability sensed by our fixed-frequency experiments as the
phason dynamics slow. Within the framework of Adam and
Gibbs for a relaxational transition, ' the reduced sample po-
larization at Tg is accompanied by a diverging coherence
length, (, . ' Here, (, defines the scale over which long-
range spatial correlations take place. ' ' For the PF6 salt, the
cooperativity domain is estimated to be on the order of 700
molecular units. ' In addition, (TMTSF)zPF6 exhibits a rap-
idly changing (and strongly non-Arrhenius) relaxation time
with probe energy in the kHz regime. This behavior has
been associated with the slowing down of the phason dynam-
ics. Unfortunately, it is difficult to relate our micro~ave data
to the low-frequency dielectric studies of Lasjaunias et al.
because the measurement frequencies are several decades
apart. As discussed elsewhere, the higher frequency mea-
surements may be unrelated to the lower energy cooperative
relaxation, as they provide a more local probe of the collec-
tive mode polarization. The dielectric response at 3.5 K can
also be thought of in terms of collective mode pinning. In the
weak pinning limit, the transverse Fukayama-Lee-Rice
(FLR) length, Lr, characterizes the length scale over which
the SDW is pinned. ' As the "system viscosity" increases
upon approach to Tg, the extent of the density wave undu-
lations (as measured by Lr) decreases, leading to a drop in

As shown in Fig. 10, there is a strong stabilization of the
glassy phase with applied magnetic field. Whereas the 3,5
K boundary does not move at low fields, it varies greatly
above = 0.5 T, suggesting that the length over which the
density wave is pinned undergoes a fundamental change in
the 0.5 T field regime. This effect may be related to the
glassy domain structure below 3.5 K.

We can gain a preliminary understanding of the magnetic-
field dependence of the glassy (SDW I~SDW 2) boundary
within a model developed by Bjelis and Maki in which the
field acts to reduce the effective transverse Fermi velocity,
U2, with direct consequences for condensate induced a—b
plane orbital motion. Two important length scales emerge
from the analysis. The first is the transverse thermal coher-
ence length, (,„, which describes fiuctuations of the order
parameter near the transition temperature. The second is the
transverse FLR coherence length, Lz, which defines a length
scale over which the density wave is pinned. Because appli-
cation of a magnetic field (H

~

c *) reduces the effective
Fermi velocity, both (,h b

—U2IT —t„IT and Lr —(U2 I
v2) decrease with H. Consequently, the fiuctuations and
spatial distortion of the phase (which must be overcome to
achieve glassy cooperativity) are reduced with H. There-
fore, the glass transition temperature, which measures the
energy scale for cooperativity, is expected to increase with
applied field. That the SDW 1—&SDW 2 boundary rises su-
pralinearly with H (Fig. 10) seems to indicate a more impor-
tant role for pinning considerations.

Despite the slowing down of phason dynamics at Tg the
dielectric response is not static at low temperature. We at-
tribute the slight upturn in e& near 1.9 K to the SDW 2 ~
SDW 3 transition. The magnetic-field effects here are weaker
than at the 3.5 K glassy boundary. As shown in Fig. 10, the
transition temperature increases slightly with applied field,
reaching =6 K at 7 T. Although less is known about the
SDW 2~SDW 3 transition, it is also associated with lattice

specific heat and NMR anomalies in the PF6 salt. ' Our
data are consistent with previous zero field results, but addi-
tional NMR data is clearly needed for comparison. The pos-
sibility that the 1.9 K feature is a secondary relaxation of the
glassy structure should be examined in future work.

In addition to resolving the magnetic-field dependence of
the aforementioned condensate boundaries, we observe pre-
liminary evidence for a weak low-temperature/low-field re-
gion within SDW 2. The 0.5 T structure does not seem to
be directly related to the spin-Aop transition due to the direc-
tion of the applied field (which is inconsistent with the mag-
netic susceptibility results ) and the limited temperature
range of the boundary. Aside from noting that the approach
to this phase seems to correlate with the appearance of a
local maximum in o.

&
for both the AsF6 and PF6 samples, we

have made little progress in understanding the specific nature
of the low field regime. Due to the small sample size and the
weak signal level of the 0.5 T boundary, the methods that can
be brought to bare on this problem are limited.

V. CONCLUSION

We have reported the 16.5 GHz dielectric response of the
quasi-one-dimensional Bechgaard salt (TMTSF)2AsF6 at
temperatures above and below the 12 K antiferromagnetic
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.
These are the first microwave dielectric measurements that
have been reported on the AsF6 salt in the presence of a
magnetic field.

In general, the response of the AsF6 compound is in good
agreement with results obtained for the PF6 salt. In both
cases, quasiparticle effects are important in the normal state
and near the 12 K transition, ~hereas condensate effects
dominate e& and e2 well below T, . Field and temperature
sweeps concentrating in the 1.7—7 K and 0—3 T range have
allowed us to construct an H —T diagram, which illustrates
the complex behavior of the condensate at low temperatures
and applied fields (H

~

c*).In addition to mapping out the
behavior of the glassy (SDW 1—+SDW 2) and SDW
2~SDW 3 boundaries in a magnetic field, these measure-
ments seem to reveal a weak low-temperature/low-field
phase within SDW 2. Comparing the condensate phase
boundaries obtained from changes in e& with previous NMR
and specific heat results, we find good agreement, It is our
hope that this work will stimulate further NMR investiga-
tions of the type reported in Ref. 31, which might be used to
map out larger areas of the H-T diagram and characterize the
various condensate regions.
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