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Collective spin-density-wave response perpendicular to the chains
of the quasi-one-dimensional conducto{TMTSF),PFg
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Microwave experiments along all three directions of the spin-density-wave model compdivid
TSH),PF; reveal that the pinned mode resonance is present alorgahdb’ axes. The collective transport is
considered to be the fingerprint of the condensate. In contrast to common quasi-one-dimensional models, the
density wave also slides in the perpendicutardirection. The collective response is absent along the least
conductingc™ direction.
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The electrodynamic response of quasi-one-dimensionakhich develops only along the chai®¥he aim of this study
materials with a density-wave ground state has been thois the search for indications of the collective electrodynamic
oughly explored during past decades. At low temperaturegesponse of the SDW in the perpendicular directions.
the optical conductivity develops an absorption edge in the Single crystals of the Bechgaard salt di-
infrared spectral range due to the opening of the singleftetramethyltetraselenafulvalerleexaflourophosphate, — de-
particle gap at the Fermi energy. A phason meégiecalled  noted as(TMTSF),PF;, were grown by electrochemical
pinned modg is usually found in the GHz range of fre- mahodd The properties of this family of organic conduc-
quency; it can be attnbute(_j to .the coIIe(_:tlve response of the,,s has been summarized by Jérdh@he dc resistivity
condensate pinned to lattice imperfections. At even Ioweg)(-l-) of (TMTSF),PF, along thea axis was measured on

frequgnmes{m the range of MHz, kHz apd even below, (_de needle-shaped samples with a typical dimensioi2of 0.5
pending on temperaturéternal deformations and screening , - .

X . X 0.1) mm? along thea, b’, andc” axes, respectively. Due
by the conduction electrons lead to a broad relaxational be-

havior. Numerous experimental and theoretical studies pert—he tncl:jr_uc ;symmetry%’ o*le_notes thel prOJﬁCt'%n (I)f tkteaxrzs
formed on model compounds for the formation of chargeg,erpef'n |cudar te, andc tI)S Uorg‘a to thea p?ne. T fe
density wavedCDW), like TTF-TCNQ, KpsMoOs, NbSg, - s CONCUTVIY Was Obiaiec on & narrow SHice cut om
or (TaSg),l, and the formation of spin-density waves 3.t Ick crysta fperpen (|jcu ar to tl € needle 355 *t_eotyéplca
(SDW), like (TMTSF),PF,, have been summarized in a Z'mensions of so-made Samples weee< ¢ =(0.

. : X 1.3xX 0.3 mn?. Due to the large sample geometry, the
number of reviews and monograph$ The generic conduc- b'-axi istivit o ed for the first time with b
tivity spectrum is plotted in Fig. 1 for the example of ~axis resistivity was measur ' Irst ime with bas-

(TMTSF),PF, ically no influence of thea andc” contributions and using
/2 e : standard four-probe technique to eliminate the contact resis-
Basically all the experiments and models focus on th

. . X ances. Also for the -axis transport, four contacts were ap-
transport along the highly conducting chains. However, real . . " :
. . : ) . -plied, two on each side of the crystal. In addition, the micro-
materials are three-dimensional: no matter how anisotropi S .
. . . Wave conductivity at 24 and 33.5 GHz was measured in all
they are, the interaction between the chains cannot be ne-
glected. In fact it is known that the three-dimensional cou- Frequency v (cm™1)

pling between the density wave formed on the chains is es- ot 10 10 1074 102 100 g2
sential to develop the ordered ground state at finite YN
temperature$® Some of the most studied density-wave sys- 103} (TMT3D2PFs V .

tems, Ky 3MoO5 and (TMTSF),PF;, in fact have a tendency
toward two-dimensionality; for our example of
(TMTSF),PF; the transfer integrals (4t,:4t,:4t;)
=(1.5:0.1:0.008 eV have been determined from band struc-
ture calculationg.In certain cases the dc transport was mea-
sured for the perpendicular directions. Similar to the resistiv-
ity along the highly-conducting axis, the density-wave
transition can in general also be observed by a sharp increase 10°?
of the resistivity perpendicular to the chaife$. Fig. 2). The

explanation is the opening of the single-particle gap over the

entire Fermi surface, or at least large parts of it. Very little, F|G. 1. Sketch of the frequency-dependent SDW conductivity
however, is known about the collective response Wil  composed using data along the chain axigT¥ITSF),PFs. (Ref.
sides sophisticated methods like narrow-band naiae best  4). The solid arrows indicate the position of single particle gap and
be observed by a threshold field in the nonlinear conductivitythe pinned mode resonance in the microwave frequency range. The
or by the pinned-mode resonance. It has been argued that tdashed arrow depicts the frequency range of the investigations pre-
density wave is a strictly one-dimensional phenomenorsented in this work.
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FIG. 2. Arrhenius plot of the temperature dependent dc resistiv- F|G, 3. Temperature dependent microwave resistivity of

ity of (TMTSF),PF; along thea, b’, andc™ directions. (TMTSF),PF; along thea, b’, andc” directions measured at 33.5
GHz.

three directions. The crystals were placed onto a quartz sub-
strate and positioned in the maximum of the electric field ofwhat lower value is observed for the least conducting direc-
a cylindrical copper cavity. Along tha direction the nat- tion. These data are in good agreement with earlier
urally grown needles were used, because this geometry findings?-1%and estimations by mean field theoty{T=0)
best for precise microwave measurements. As describe€d3.53Tgp,,/2~21 K.
above, a slice was cut from a thick single crystal to measure Also in the microwave data, the SDW transition at 12 K is
in b” direction. In order to perform microwave experimentspresent in all three directions. The temperature-dependent
along thec™ axis, a crystal was chopped into several piecesesistivity measured at 33.5 GHz is plotted in Fig. 3 in the
(approximately cubes of 0.2 mm corner giznd arranged Arrhenius representation. Up to six samples of different
up to four as a mosaic in such a way that a needle-shapeshtches have been studied for each orientation; the sample-
sample of abou0.2x 0.2x 0.8) mm® was obtained. By re- to-sample spread is within the uncertainty to determine the
cording the center frequency and the halfwidth of the resoslope. Similar results are obtained at 24 GHz, but both fre-
nance curve as a function of temperature and comparinguencies are too close to allow for any conclusions on the
them to the corresponding parameters of an empty cavity, thigeequency dependence. Most surprisingly, the activation en-
complex electrodynamic properties of the sample, like theergy along thea andb’ axes is much smaller compared to
conductivity and the dielectric constant, can be determinethe dc behavior, while for the" orientation the results at
via cavity perturbation theory; further details on microwavemicrowave frequencies perfectly agree with the dc profile.
measurements and the data analysis are given in Refs. 9 amight below Tgpy, the activation energies obtained for the
11. three directions are (5.9+0.9 K, (6.0x0.3 K, and

In Fig. 2 the temperature dependence of the dc resistivity20.7+0.4 K. The significantly reduced values of the acti-
is plotted. When the SDW ground state developsTady,  vation energy for the andb’ directions compared to dc data
=12 K a sharp increase @{T) is observed along tha, b’,  infer a strong frequency dependent response which is asso-
andc’ directions. ForT<Tgpy an activated behavigs(T)  ciated with the collective mode contribution to the electrical
«exp{A/T} can be identified, with a single-particle energy transport.
gap of 27.1 K, 27.4 K, and 20.5 K alorgg b’, andc” direc- Based on an extensive microwave study along the chain
tions, respectively. On cooling down furthGomewhat be- direction, it was proposédhat due to impurity pinning the
low 6 K) the activation energy is slightly reduced giving collective SDW response ifTMTSF),PF; is located around
values of 20.8 K, 21.3 K, and 18.4 K in the three orienta-5 GHz. The conductivity below the energy gap decreases
tions. At very low temperatures a saturationgf) is ob-  exponentially with decreasing temperature, except in the
served since a finite number of metallic carriers remains dueange of the pinned mode. As can be seen from Fig. 1, the
to the nonperfect nestingWhile for thea andb’ axes the present microwave experiments are performed in the range
activation energy is identical within the error bars, a somewhere the collective mode is still very pronounced, i.e., on
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ks These results can be explained by looking at the actual
/ Fermi surface of TMTSF),-PF; which is not strictly one
/ g dimensional but shows a warping in the directiorkgfand

5 Q \ Qj(zk”’"/b’o) much less ink.), as depicted in Fig. 4. From NMR

\ 0/7 k. experiment¥’ it is known that the SDW corresponds to a

wave vector Q=[0.5a",(0.24+0.03b",(-0.06+0.20c"];
which is incommensurate with the underlying lattice. Most
important in this context, is an appreciable componerd of
FIG. 4. Schematic Fermi surface nesting of a quasi-onein theb axis. The tilt of the nesting vector is responsible for
dimensional system with interchain coupling in thelirection. the similar collective SDW response found in the microwave

the shoulder of the pinned mod Y the t experiments along tha andb’ directions.
€ shoulder of In€ pinned mode resonance. Hence the 1em-,, o mper of papers, Maki and Virosztek studied the

perature dependent microwave conductivity is caused by twg . . . o
opposing effects(i) the exponential freeze-out of the back- gollecnve tranqurt of SDW in organic .conductors, In par-
ground conductivity caused by the uncondensed conductioficular they considered charge- and spin-density-wave sys-
electrons, andii) the build-up of the collective contribution. t€ms in the presence of long-range Coulomb interaction and
It was suggested that this mode does not gain much Spectrﬁgund significant differences if the nesting vector deviates
weight as the temperature decreases, but the width and cenféem the chain direction®*® More detailed investigations,
frequency changes slightlyThe most surprising discovery however, are needed to calculate and also measure the influ-
of our investigation is the presence of the enhanced microence of pinning, the nonlinear conduction, and the spectral
wave conductivity not only along the chains, but also per-weight of the collective mode perpendicular to the chains.
pendicular to them. This implies that the pinned mode reso- In conclusion, the enhanced conductivity found by micro-
nance is present in the direction in a very similar manner wave experiments ofifMTSF),-PF; evidences a collective
compared to thea axis. Our conclusions are supported by transport not only along the chains, but also in the perpen-
previous studies of Balic&%on the nonlinear transport in the dicularb’ direction. In contrast to the present view, the slid-
field-induced spin-density-wave phasdp=8.5kbar, B jng SDW condensate is not confined to the chains but it is a
=7.23 T,T=0.37 K) which indicate that the phason mode is yyo-dimensional phenomenon. This conclusion, in fact,
responsible for the break down of the quantum—HaII—effectshomd hold for most of the spin and charge density wave
regime. Current models assume that the density wave capaterials. Similar investigationéincluding studies of the
slide only along the chain directidhour findings, however, |y characteristic on the quasi-one-dimensional CDW
give clear evidence for a collective contribution to the con-model compound KsM0O; are in progress.

ductivity in the perpendicular direction. No indications of a '

collective response is observed along thelirection. Hence We thank G. Untereiner for the crystal growth and sample
the sliding density wave has to be considered a twofpreparation; B. Salameh helped with the dc experiments. The
dimensional phenomenon with severe implications on thevork was supported by the Deutsche Forschungsgemein-
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