PHYSICAL REVIEW B 70, 214201(2004)

Sliding spin-density wave in(TMTSF ),PFg studied with narrow-band noise
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We report narrow-band noig®&lBN) due to sliding motions of the spin-density wag&DW) condensate at
2.0 K in three samples ¢dTMTSF),PF; and the magnetic-field effects. Typical NBN spectra coming from the
saw-toothed-wave current oscillations are clearly observed. The periodic peaks due ke-thare-density
wave (CDW) collective excitation are found, together with the SDW moving with a faster velocity, revealing
that the sliding mode of the SDW is coupled witk-4CDW fluctuations. Observation of the interference peaks
gives evidence of spatially nonuniform dc current carried by the deformable SDW in domains. At large
currents the NBN spectrum drastically changes with increasing current and depends on applied magnetic field,
suggesting a dynamical phase transition from the plastic-flow phase to the moving-solid phase. In the moving-
solid phase the frequencies of the periodic peaks decrease with increasing current because the spatial coherency
grows rapidly. The current oscillations in this phase are interpreted in terms of the coexistencekpf@i2V¥
collective excitation with the phason.
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I. INTRODUCTION length. It was actually observed ifTMTSF),ClO,>6
(TMTSF),AsF;,” and(TMTSF),PF;.2 However, the reported

The Peierls instability of the Fermi surface drives the one-

dimensional conductor to a metal-insulator transition accom[\IBN spectra are not distinct when compared with those of

9 T .
panied by a formation of the density wave. One fascinatingCDW' Moreover, the Shapiro interference between the cur

. : N : t oscillations and the applied ac field was observed in
aspect of the density waves is the possibility of carrying en s
current by the collective motions of the density wave. Dy-(T'vrl—SF)zASF6 when the ac electric field was externally ap-

. . S
namics of the collective motions has been extensively stucP!ied under the bias of dc voltage greater tign” Within

ied, since the discovery of the nonlinear electrical responsEh_e.fr"’“‘nev‘_’Ork of these observed expenmental results, the
due to the sliding charge-density way@DW) in NbSe.! sliding motions of the SDW are very S|m|I<":1r t_o those of the
Below the threshold electric fiele, the density wave is CDW and understood by the classical depinning mechanism.

pinned by impurities and the electric current is transported_Recently, the coexistence of SDW wittke2and &g
by normal carriers thermally excited above the Peierls gapcPWWS Was found between 4 and 12 K(MTSF),PF; by

. ) 1 : .
When the electric fieldE exceedE;, the density wave slides Xy diffraction measurements; whe;g ke is the Fermi
and gives a nonlinear contribution to the electric current. IWWave vector and was evaluated to beaD:60.24 —0.0&

. A i 13 * * * . .
other words, a low-energy collective mode in the density®Y NMR. Here,a ,b’, andc' denote the reciprocal lattice

wave, which is related to the spatial variations of the phas¥€ctors. The coexistence ok2 CDW with SDW was ex-
and is called phason, plays a crucial role in the nonlineaP!ained theoretically in terms of the next-nearest-neighbor
conductivity. _Coulomb interaction, while the nearest_-ne|ghbor interaction
The sliding motions of the spin-density wa@®DW) con-  Induces the Ke CDW~1¢In the coexistent state ofkp
densate were first observed in the quasi-one-dimensional orPW and X: CDW the electron densities; with up spins
ganic conductotTMTSF),NO, by Tomi et al2 They found andn; with down spins are, respectively, written as
that the conductivity parallel to the one-dimensioaahxis n, = Asin(2Ke -1 + 0+ ) )
increased abovE+. Later, the nonlinear conductivity due to 1= F '
the sliding motions of the SDW condensate was studied alsand
in (TMTSF),PR;.34 _
Simultaneously the narrow-band noi@é¢BN) originating N =-ASiNZKg -1 +60-¢). ©)
from the current oscillations with a fundamental frequefcy A pure SDW corresponds o —n,, with the two waves out

given by of phase(¢$=0) when the amplitudes of the two waves are
Jsow the same as each othék;=A)). A coexistent SDW-CDW
= (1) state is obtained for an arbitrary phase shift Retweenn;
enSDW)\pin

andn; whenA,;=A,. For the collective modes of this coex-
appears in the sliding SDW state when the correlation lengtistent SDW-CDW state the dynamical part of phaksgives

is enough long. Herelgpyy is the current densityaspy the  rise to the sliding motion, i.e., a phason, and the dynamical
density of condensed electron, ang, the effective pinning  part of ¢ represents the relative motion of the density wave
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with opposite spins followed by amplitude of th&2CDW.
In this state, not only a phason mode but also a CDW col-
lective mode originating from the fluctuations ¢fhas low
energy at the boundary region between pure SDW state and
the coexistent SDW-CDW oné:*® Furthermore, it has been
theoretically pointed out that the phase mode at long wave-
length is coupled with thelkg-CDW fluctuations in the one-
dimensional quarter-filled SDW stat&s!®

Then, it is expected that the low-energy CDW collective
modes also contribute to the nonlinear conduction and the
NBN in the SDW state, but this has not been observed yet. In
this work, we measure the NBN in the SDW state of the
quasi-one-dimensional organic conductdif MTSF),PFg
with a quarter-filled band to study the collective excitations
and the magnetic-field effects on them.
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Il. EXPERIMENT

) ) ) FIG. 1. Current-voltage characteristics at 2.0 K in samples P32,
Single crystals were synthesized with the standard elegsss, and P56. The inset shows the conductance of samples P55 and
trochemical growth method. The standard four-probe methogsg as a function of current.

was applied to the NBN measurements. The current probe

contacts were attached onto thecrystal planes with gold When the applied voltage was about ten times greater than
wires of 20 um diameter by gold paint, and the distance vy, i.e., above 0.25 mA, we clearly observed periodic peaks,
between voltage contacts, with which the following resultswhose periodicity increased with increasing current. The
were obtained, was 0.2-0.5 mm. The samples were cooled RIBN spectra observed in sample P56 are almost the same
a rate of about 0.3 K/min in order to avoid the irreversibleones as reported frequently in the CDW states of the one-
resistance jump. The SDW transition was clearly observed alimensional conductofs2°We call it “stick-slip noise.” The
about 12 K by measuring resistance on the cooling procesghserved NBN spectra are much clearer than those reported
The temperature was kept at 2.0 K within £0.02 K by cool-by Hino et al®

ing the samples with a stream of cold helium gas and at 4.2 Figure 3 shows the frequencies of the periodic peaks in
K by immersing them in liquid He in the NBN measure- the NBN as a function of current. The fundamental fre-
ments. We measured the NBN spectra under various constagjiency and its harmonic frequencies seem to appear at a
electric currents at 2.0 and 4.2 K by using a spectrum andfinite currentl?, contrary to Eq(1). The 13(=0.237 mA is

Iyzer (Anritsu, model MS420R It is available between 10 much |arge|’ than the threshold curre(nt0.0l mA) esti-
Hz and 30 MHz. The magnetic field was applied along the

b’ direction using a superconducting mag@@kford, Tesla- P56 (TMTSIF)ZPF6 20K
tron).
IIl. RESULTS m, Jism
We show typical NBN spectra in three samples. 0-34mA
Figure 1 shows the current-voltage characteristics ob- w ‘ 0.33mA
served at 2.0 K in samples P32, P55, and P56. In sample w
P32, the nonlinear part of the current very rapidly increased = 0.325mA
above a definite threshold electric fidtg, and consequently = W 0.32mA
the threshold voltage; was clearly observed. We obtain that é’ w ’
V;=0.32Vat0Tand0.41V at10T in sample P32. On the = 0.31mA
other hand, the threshold voltage of samples P55 and P56 Eﬂ w
cannot be easily read from this figure. Then, we also show 0.3mA
their conductance as a function of current in the inset. We
obtain thatV;=0.03 V in sample P56 and 0.02 V in sample 0.275mA
P55. But, these results of samples P55 and P56 are problem- lo 25ma
atic, which will be discussed later. Next, let us discuss the
NBN spectra of these samples. 0.2mA
A. NBN in sample P56 ) 0.002mA
0 100 200

Figure 2 shows the NBN spectra at 2.0 K dAd0 T in
sample P56. No periodic peak was detected below 0.2 mA.
The baselines of the NBN spectra lie at about —140 dB.

Frequency [kHz]

FIG. 2. NBN spectra of sample P56 at 2.0 K whdrO T.
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FIG. 3. The frequencieB of the periodic peaks as a function of
in sample P56. Solid
—-0.23%kHz, wherel is scaled in mA and =1, 2, 3, 4, and 5.

current

mated from Fig. 1. The crystal of sample P56 was probablynarked increase of the applied voltage. Actually, only one
cracked in the cooling process from room temperature. Alseries of the sharp periodic peaks was observed and their

.2 0.25 0.3

.3 0.35
Current [mA]
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Consequently, the threshold voltage is observed to be dull

in thel =V curve. The excess currehipy, which is carried
by the SDW condensate, is estimated by

V |
lSDW:CY'_EnEa('__T), (4)

wherel is the total current supplied with a current source and
R, represents the ohmic-resistance part due to the normal

carriers in the resistand®® And, « is given asR,/(Ry+R;
+R), which depends ol andV above the threshold electric
field because of the inhomogeneity in sample. Heggs the
voltage applied to the entire sample.Rf is infinite, thel

-V characteristic for the ideal sample may be described, as

shown in Fig. 4b), with a rapid increase dfsp,y above the

threshold voltage. This behavior was observed in sample
P32. A similarl -V characteristic was observed also in the

CDW system of K ;M003.° Then, we may define the thresh-
old currentl;. Assuming that the part of the sample with

resistanceR in which the NBN measurements were done is

homogeneous fdE; and has the idedlV characteristic, we
may replaceV/R, by |y, becausel increases without a

though the cracking partly shuts current path off in a part offrequencies linearly increase as a functiorilefl%), suggest-

the one-dimensional linear chains, it also shunts current patliag that the part of the sample in which the NBN measure-
because the cracks occur along the linear chain. Thus, th@ents were done has a homogeneous threshold electric field

whole current flows dividedly in separated paths. Then, the=; and the SDW with a long correlation length is formed in

resistanceRy, parallel toR of a part of the sample in which this part. In the NBN spectra of the inhomogeneous CDW
the NBN measurements were done practically in the circuitsystem3d'-24several series of the fundamental and harmonics

should be taken into account, as shown in Fi@).4

(@)

logI

Iy

(b)

Vr

log Vv

were observed. When the homogeneity becomes worse, it
may be difficult to observe the NBN spectrum. If the thresh-

old electric field E$ of the other part of the sample with
resistanceR; is lower than tha{E;) of the part withR, the
total currentl increases rapidly bu¥ does not increase in
proportion tol. Then, the conductandeV obtained in the
circuit of Fig. 4a) seemingly increases when the electric
field is betweenEY and Er. Thus, the threshold becomes
indistinct. Moreover, the observed threshold currdfit
=l{/a becomes very large, becauRg and « decrease near

Er. We think that this happens on sample P56. In fact, the

voltageV hardly increased whehis increased from 0.25 to

0.33 mA, as seen in Fig. 1, i.e., when the periodic peaks
appeared. As will be mentioned later, on the other hand,
sample P32 is considered to be very homogeneous all over

the sample and its threshold curréfiis very small.

The substantial cross section of the part of the sample in
which the NBN measurements were done is approximately

given asaS below E$ and far aboveE;. Here, S is the
cross section of the entire sample. Assuming thas inde-
pendent ofV and the substantial cross section is giver8s
we estimate that A\;,=33A by using 13=li/a
=0.237 MA ngpw=1.40X 107 cm ™3, andS=3.6x 10°° cn?.

The SDW is pinned by nonmagnetic impurities in the
second-order pinning process, which gives,=\spw/2.2°

For magnetic impurities, the first-order pinning arises simi-

larly to the CDW case, which gives,=\spw- Assuming

FIG. 4. (a) The equivalent circuit for the NBN measurements in Mpin=Aspw= 2a(=14.6 A), the present result is in agreement
the present samples aio) the ideal current-voltage characteristic. with Agpy but a little bit larger than it. Herea is the lattice
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‘ -~ A A N £2:3 0 Current [mA]

‘% AT VAL 8.5mA FIG. 6. The frequencieB of the periodic peaks as a function of

M m O3 current in sample P55. Solid lines denote=¢f=7.6%(l
A W 6 mA —2.0kHz, wherel is scaled in mA and=1, 2, 3, and 4.
55mA
0 100 200 300 is contrary to Eq.(1). Usually the peak frequency of the
Frequency [kHz] NBN increases as the curreints increased, as seen in Figs.

2 and 3. The abnormal fundamental peak is split from the
FIG. 5. NBN spectra of sample P55 at 2.0 K wheir0 T.  second harmonic peak of the stick-slip noise. Abdye

Triangles denote the periodic peaks. =12.0 mA, the frequency of this fundamental of the abnor-

mal peak turns to the opposite direction, i.e., it increases with
constant of the axis in the normal state and only the com- INcréasing current. The frequency of the abnormal peak is
ponentke,(=m/2a) of the Fermi wave vector along thee approx!matgly 1.5 times the fundamental frequency of the
axis was taken into account, since the currents flowed alon tick-slip noise. Moreover, we can see a weak peak whose
the a axis. This discrepancy is probably due to the underesheduency is one half of the fundamental frequency when

o o : ; =13.5 and 14.0 mA, although the signal-to-noise ratio of the
timation by giving the substantial cross section of the samplé '
oS, y aving P spectrum below 35 KHz was small. On the other hand, the

pair of the fundamental seemingly joins into a close union as
well as that of the second harmonic abdyg but the com-
bined peaks are broad.

Figure 5 shows the NBN spectra at 2.0 K in sample P55. The current dependence of the frequencies of the NBN
We observed a fundamental peak and its harmonics at smajpectra is shown in Fig. 6. The frequencies of the stick-slip
currents above about 6 mA. They are very sharp when comoise are linear tdgpy, assuming that$=IT/a=2.0 mA in
pared with the periodic peaks of sample P56. The frequengq. (4). This suggests that the circuit in Fig. 3 is applicable
cies of the periodic peaks are linearly proportional(to to sample P55, as well as sample P56. Using the sample
-19) except for the abnormal peaks, which will be discussectross sectionS=1.2x 1073 cn?, we estimate that i,
later. These facts suggest that the threshold electriclield =48 A, which is roughly in agreement witkgpy=14.6 A.
not distributed in the part of the sample in which the NBN  In Fig. 6 one can clearly see that the abnormal fundamen-
was measured and the SDW with a long correlation length isal peak and the second harmonic, which are denoted by
formed in this part. On the other hand, we read the thresholdquares, are split from the second and fourth harmonics of
current as 0.01 mA from the inset of Fig. 1. The currentsthe stick-slip noise, respectively, although the fourth har-
where we observed the periodic peaks in the NBN spectranonic of the stick-slip noise was not observed. The third
are much higher than the threshold current estimated frorharmonic peak of the abnormal peak, which is denoted by a
Fig. 1. We think that this can be explained by the equivalentriangle in Fig. 6, was observed near 300 KHz, but its fre-
circuit of Fig. 4, although we did not measure theV char-  quency is not perfectly equal to three times the fundamental
acteristic in this current region, unfortunately. frequency. Their frequencies decrease with increakibg-

The observed periodic peaks come from the stick-slipween 10 and 11.5 mA. Moreover, the fundamental peak and
noise. In addition to them, several new peaks were foundhe second harmonic one of the stick-slip noise, whose fre-
betweenl,’=9.0 andl,’=12.0 mA. The fundamental and its quencies increase with increasihgsplit in two peaks in this
harmonic peaks split in two peaks, respectively. Simulta-current region, respectively. The splitting strongly correlates
neously another abnormal peak and its harmonics, whickvith the appearance of the abnormal peak. The frequency of
have almost the same intensities as those of the stick-slithe low-frequency fundamental peak of the pair fits well with
noise, appear and their frequencies decrease with increasigs. (1) and (4), and then another high-frequency peak is
I. The frequency dependence uplors quite unusual, i.e., it regarded as a new peak.

B. NBN in sample P55

214201-4
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FIG. 7. (Color onling (a) NBN spectra of sample P32 at 2.0 K whei=0 T and(b) the current oscillations calculated by the inverse
Fourier transformation. Triangles denote weak peaks. The current oscillations were obtained by subtracting that at 0 mA. The oscillation at
0 mA originates from the limited frequency region in the measurements.

Abovel,’ the high-frequency peak seemingly was super-conductivitydl/dV aboveVy is enormous, and consequently
imposed on the low-frequency peak, because the formehe threshold voltaget was clearly observed in this sample.
peak, perhaps, broadened. Simultaneously the abnormal pedke excess currentp, which is carried by the SDW con-
turned into 3/2 times the fundamental frequency of the stickdensate, is very sharply increased abd4e Then, the fre-
slip noise in frequency, accompanying a weak peak at onguencies of the obsegved periodic peaks linearly increase as a
half of the fundamental frequency. These are denoted bfunction of Ispw(=I-17) below,;=0.245 mA, as shown in
double circles in Fig. 6. Fig. 8a). Here, we used the threshold curre§=l/a,

We also measured NBN spectra in this sample at 4.2 Kwhich was estimated as 0.012 mA from the nonlineaw
but we found no clear periodic peaks. This means that theseurve in Fig. 1. The threshold currei} is very small in
periodic peaks in the NBN spectrum existed only near 2 K.contrast with samples P55 and P56. The above-mentioned
result and thd =V curve indicate that the whole sample is
homogeneous for the threshold electric fi#ld and has a
unique value ofE; all over the sample. Thermy(=Ry/(Ry

Figure 7a) shows the NBN spectra at 2.0 K a0 in  +R;+R)) is independent o¥/, andV, i.e., constant, in con-
sample P32. The periodic peaks were not detected at 0 mAgast with the cases of samples P55 and P56.
but these were observed just above the threshold volfage The substantial cross section of the sample is nearly equal
When compared with the results of samples P55 and P56, the oS in the homogeneous sample. Using the entire cross
observed NBN spectra are complicated and the peak fresectionS=2.5X 1074 cn?, we estimate thakin=1.3 A, but
quency of the NBN is high, indicating that the SDW is slid- it is much shorter thakgpy=14.6 A. This is contrary to the
ing at a high speed. The spectra strongly depend on currentcases of samples P56 and P55 in which the estimgjgd
The current oscillations were calculated by the inverse Fouwas larger thamgpyy. We think that it comes from the intrin-
rier transformation, as shown in Fig(bj, assuming that the sic domain structure, which will be discussed later in detail.
phases are zero. The frequencies of the periodic peaks as aThe NBN spectrum broadens at 0.24 mA, just belgw
function of currentl are plotted in Fig. &). At 1;,=0.245 mA<I|=<1,=0.278 mA the NBN spectra are

The periodic peaks are sharp when the curieistsmall ~ complicated. One half of the fundamental periodicity appears
and their frequencies increase with increasingintil 1;  weakly at 0.25 mA. At 0.26 mA several weak and broad
=0.245 mA. The current oscillations exhibit the saw-toothednonperiodic peaks appear. Among them three peaks denoted
waves. by triangles are observed at abdui8, 2f/3, and 4/3, where

As shown in Fig. 1, the nonlinear part of the current veryf is the fundamental frequency of the strong periodic peaks.
rapidly increased abov¥y in sample P32. The differential At 1=0.27 and 0.275 mA a sideband is detectedf af’

C. NBN in sample P32

214201-5



SEKINE et al. PHYSICAL REVIEW B 70, 214201(2004)
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P32 (TMTSF),PF, 1 ; 0T 028 mA I 15 dB
6001 0T,20K 00 o I L : ‘
o] ol
5 ?_ §IIIIIIIII|II||
[
. o 5
400 e © 5 -
B A 10T 0.18mA H//b
e - & NERRRERNEN
200 o4 A AAO
o
~ 2 %064 : . ) )
Z — 0 200 400
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fu; 600 i ?'OK Fo o FIG. 9. NBN spectra of sample P32 whén0.28 mA andH
3 BilG ° . =0 T and wheri=0.18 mA andH=10 T.f’ represents the interval
AA O frequency of the periodic sidebands and the two cases hold that
o SCEEE f=f/8.
o a
400 o o© N -
(o)
o A ° at 1=0.28, 0.285, and 0.29 mA. In order to see the weak
00 O (o] . . . .
g M oo, periodic sidebands more clearly, we show a typical case
200 o5lag ,4° ° when1=0.28 mA in Fig. 9.
A‘\&&SQQ The interval frequency’ of the weak periodic sidebands
a8 ~~. is equal tof/p, wheref is the fundamental frequency of the
(b) , , strong periodic peaks and is an integer. The case df
81 Laom—" 02 L(0T) 0.3 =0.28 mA in Fig. 9 stands fof’ =f/8(p=8), and the cases
Current [mA] of 1=0.285 and 0.29 mA stand f@=7 and 6, respectively.

This indicates existence of two density waves with almost
. i : - . the same velocity, which are interfering strongly with each
g‘;zviaz ?5:;?0&[1) (l)r;te(r;;ar\l;r?e\év;:h_?i p;ar]r:jo((ntl)l)(: VSEZEZT lsoaqule other. Far abové, the periodic sidebands around the strong

j . ~ " periodic peaks disappear. Probably, the SDWs moving with

Solid lines denotd&=¢f=137% (I -0.012kHz, wherel is scaled in . lociti beain t lid h 1l t i
mA andf¢=1 and 2. A dashed line is drawn as a guide for the eyesyarlous velociies begin (o slide conerently at a uniorm

A closed triangle at=0.21 mA denotes the remainder which was spe'ed. all over th? sample aboilg because the observed
observed in the case b£0.2 MA. periodic peaks quickly sharpen with increasingHowever,
the current dependence of the frequency is contrary to Eqg.

around the fundamental peakfatand they seem to interact (1). And, the current oscillation changes from the saw-
with each other. We also see a very weak and broad peak sdothed wave to the bipolar-pulse-type wave, as shown in
f'. It is recognized that beats appear in the current oscillarig. 7(b). Moreover, the periodic peaks weaken in intensity
tions at 0.27 and 0.275 m&-1,). at large currents.

These facts suggest the existence of two density waves We briefly summarize in sample P32 that the SDW slides
sliding with a fast velocity and a slow one in the adjacentwith plastic deformations, resulting in spatially nonuniform

domains’® When the slow SDW generating a peakfatf  dc currents. At large currents the SDW begins to move co-
—f’ in NBN spectrum interacts and interferes strongly withherently in the whole sample.

the fast SDW generating a peak fatwe may observe two
peaks with frequencies df+f'=2f-f; and f'=f-f;. The
slow SDW is almost incoherent because the peak$ ahd
f+f are weak and broad, while the fast SDW is more co- Similar NBN spectra were obtained in sample P32 when a
herent. Especially, not only when the velocity of the fastmagnetic field of 10 T was applied along tlé axis, as
SDW is close to that of the slow SDW but also when theshown in Fig. 10a). The current oscillations calculated by
latter is approximately 1/2 or 2/3 times the former, the in-the inverse Fourier transformation are also shown in Fig.
terference is strong. Thus, the fast SDW slides more slowlylO(b). Theb’ axis is approximately parallel to the easy axis
while the slow SDW slides more rapidly. At=0.27 and of magnetizatiorb".?” Although the energy band is split by
0.275 mA the weak peak dt sharpens and increases in the Zeeman effect when a magnetic field is applied, the nest-
intensity, approaching the fundamental peak.athe SDWs ing of the Fermi surface remains unchanged in pure SBW.
with slower velocities gradually are joined in the coherentOn the other hand, when the magnetic field was applied
SDW at a high speed. Finally, the combined peak grows as along thec” axis, the field-induced SDW was observed. It is
fundamental peak of the periodic peaks and sharpens quickiyue to the fact that the Fermi surface becomes more one-

FIG. 8. The frequencieE of the strong periodic peak®) and

D. Magnetic-field effects

with increasingl abovel,. dimensional by the application of magnetic fiéfdt should
Moreover, many sidebands with a periodicityféfappear be noted that the present magnetic effect does not come from
around the fundamental and the harmonics just abbgvee.,  the well-known fact of the change in the nesting responsible
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FIG. 10. (Color onling (a) NBN spectra of sample P32 at 2 K wheét=10 T and(b) the current oscillations obtained by the inverse
Fourier transformation. Triangles denote the weak peaks. The current oscillations were obtained by subtracting those at 0.13 mA. The
oscillation at 0.13 mA originates from the limited frequency region in the measurements.

for the field-induced SDW by the application of magnetic 3.5 K, SDW2 between 3.5 and 2 K, and SDW3 below 2K.
field. In NMR studies332 two anomalies ofT;* were found at

All the spins are canted at 10 T, because the applied magbout 3.5 ad 2 K besides the SDW transition temperature of
netic field is higher than the spin-flop critical field. 12 K. The corresponding anomalies were observed by heat

=0.45 T, but the magnetization is not saturated?y&.The  capacity3®34 dielectric constant33 magnetic
NBN spectra were observed even when all the spins wergysceptibility8 and magnetotranspott. Recently, Ka-
canted. goshimaet al'? reported by x-ray measurement that the su-

However, the region from I;(=0.193mA 10  peyattice reflections due tokg and 4. CDWs disappeared
12(=0.235 mA), where the NBN spectrum broadened andpgioyw 3-4 K. They stated that the SDW1 and SDW2 sub-

several weak broad peaks appeared due to the interferenggases are the coexistent SDW-CDW state, but the amplitude
between a fast CDW and a slow one, shifted to smaller CUr5¢ CDW is very small in the SDW2 subphase. And, the

rents, as shown in Figs.(® and 1@a). The fundamental
frequency jumped dt andl,. The periodic sidebands with a
regular interval frequencl/ were observed nedy andl,. A
typical case ofl=0.18 mA at 10 T, shown in Fig. 9, holds
that f’:f/E_B, vyheref is the fundamental frequency of the periodic peaks were not observed in sample P55

strong periodic peaks. The caseslef0.19, 0.24, and 0.25 The observed NBN spectrum of sample P56 in Fig. 2 is a

mA stand forf’=f/8,f'=f/6, andf’ =f/5, respectively. This iypical one, so-called “stick-slip noise,” which has been fre
S ests existence of two density waves slidin ith almos 1 2R 3 ; )
ug9 X! " 'y wav 1aing Wi uently observed in the case of CCMR

the same velocities, and they interact and interfere strongl . ; . o
y g{?‘ The stick-slip noise originates from the saw-toothed

with each other. The SDWs begin to slide coherently above The Four ) Fth hed h .
I,, and then the frequencies of the strong periodic peaks d vave. The Fourier series of the saw-toothed wave shown in

crease with increasinlg The current dependence of the fun- ig. 11(b) is written as

SDWS3 subphase is a pure SDW state. Then, the temperature
of 2 K where we clearly observed the periodic peaks in the
NBN spectra is near the phase-transition temperature be-
tween the SDW2 subphase and the SDW3 one. At 4.2 K the

damental frequency below; fits an extrapolated line ob- )
tained from that abové,, which is denoted by a dashed line 2
in Fig. 8b). They are linked with each other except for the El €Sm(277€ft)' ©

current region of < I <lI,.
Then, the intensity of théth harmonic of the saw-toothed
V. DISCUSSION wave is given as ¥P and agrees with the NBN observed
It has been proposed that the SDW stat€TMTSF),PF;,  when 1=0.31 mA in sample P56, as shown in Fig.(41
is divided into three subphases: SDW1 between 12 andlthough the intensities of the harmonics a4 deviate
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% FIG. 12. The schematic diagram for the coexistent statekpf 2
= SDW and 4= CDW near pure SDW state. The solid and dotted
3 lines denote B- SDW and 4 CDW, respectively. Arrows denote
§ the magnitudes of the spin at the TMTSF-molecule sites, and circles
5 those of the charge density.
0 0.1 0.2
(b) Time [msec] On the other hand, the splitting of the stick-slip noise at

I,"<I=<1," suggests that a part of th&2SDW moves with
a fast velocity and almost the remaining part of the 3DW
moves with a slow velocity which fits Eql). The appear-
ance of the R- SDW with a fast velocity strongly correlates
with the &g-density wave sliding slowly.

The phase boundary between the SDW2 and the SDW3
largely from 1/#2. Of course, the current oscillations by the subphases lies around 2 K, and the amplitudes of kaea@d
inverse Fourier transformation exhibit the saw-toothed wave4k. CDWs are considered to be small at 2.0 K. There are two
as seen in Fig. b). Littlewood*® showed in the numerical dimers of TMTSF molecule in a unit cell of the SDW state of
simulations for the sliding CDW that the motion of the CDW (TMTSF),PFR;. Neglecting the effect of thekz CDW, the

occurred via local jumps of a wavelength at impurity sites in qayistent staté] | 1 1) of 2ke SDW and 4= CDW, which is

the sample when the deformable CDW was pinned by ran- 14-18,40 ; .
dom impurities in applied electric fields greater tHan i.e., near the pure SDW state | 11), Is schematically

the deformable CDW slides like as an inchworm does. Théjrasvnrlz:]r;nl;l% zir?d his co-workér'9studied theoretically the

s%\l/v-toothedfwave .obllserved_m thef prr]esgn]E eXpet:;mgrgV‘\)/ro%bllective modes in the one-dimensional quarter-filled SDW
s e S o s gy . SLEE and poinid ol hat e phase mode t ong e
tion is well known. The stick-slip motion is observed when length is coupled with the I¢_—C_:DW fluctuations even in
the kinetic friction coefficient decreases with increasing vePure SDW. state. Thus, the sI|d|n.g.mode of the BDW is
locity in the low-velocity regior?® The current oscillations accompanied bylg: CDW. Then, it is probable that theka
FgIDW has a phase degree of freedom and it follows 2

showing the saw-toothed wave correspond to the stick-sli . .
motion. SDW. We think that the abnormal fundamental and harmonic

In sample P55 we observed the stick-slip noise, whos®€aks whose frequencies decrease with increasiagse
fundamental frequency is written as E@s) and (4), in the ~ from the sliding mode of thelk¢ CDW.
whole current region. In addition to it, we found the abnor-  The spin density at thgh TMTSF-molecule site; along
mal periodic peaks whose frequencies decreased with irthea axis in the X- SDW state accompanied bk4CDW is
creasingl. This is quite unusual behavior. Usually the peakdescribed by’
frequency of the NBN increases as the curieistincreased. o .
At I, <I<l,’, the abnormal periodic peaks are split from Njj = My = 2ASINkeo + 6), ©)
the second, fourth, and sixth harmonics of the stick-slipand the 4gc-electron density with spiwr is described by
noise. A possible explanation is given in terms of the exis- .
tence of a density wave with &4wave number. As will be Ny =3~ Ccodakex; +6'). )
discussed Iate_r in o:cetﬁul, otherlpo(;ssmllltleﬁ, e_.g.l, e;fects of th%ere, T is the amplitude of the ki CDW. Below I
temperature rise of the sample due to the joule heating andg o ma the 4 CDW slides with the same velocity as the
the decrease dfpyy in a narrow part of the sample when the k- SDW does. i.e
total currentl is increased will be excluded. The decrease of2 F T
the frequency with current indicates that the velocity of the do 1de 2
4kc-density wave equal to thekg SDW gradually decreases dat = 2 dt = 2Kexvspw = N

. . . ’ . . . SDW
with increasingl abovel,’. We think that it is evidence for
the existence of the collective mode of thig-4lensity wave They keep the mutual phase difference constant in sliding. It
in the SDW state. is feasible that thelk} SDW and 4 CDW move with dif-

FIG. 11. (Color online (a) Comparison between the NBN spec-
tra of sample P56 wheh=0.31 mA and the Fourier components
(light brown bar$ of the saw-toothed wave given as E§), and(b)
the current oscillation calculated from the NBN spectrgsolid
line) and the saw-toothed waydashed ling

Uspw- (8
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ferent velocities. Thus, abovg’ the velocity(vcpw) of the  mated \;,=1.3 A but it is much shorter thamgpy
4k: CDW becomes slower than thatyp,,) of the & SDW.  =14.6 A. This suggests that the observed spectra come from
Their mutual phase relation changes as time passes. It #§e SDW sliding fast, but we could not observe slow SDWs
probably due to existence of the impurity centers, which playpecause they were incoherently sliding. In fact, the funda-
different roles in the pinning mechanism between CDW andnental peak shifted largely whémwas increased from 0.2 to
SDW, and the difference becomes conspicuous when the§.21 mA, and the weak remainder, denoted by a closed tri-
move with fast velocities. angle in Figs. 7@ and &a), remained observable at the same
The & SDW is sliding faster than when it slides together frequency. This suggests that there are several SDWs sliding
with the 4 CDW at the same velocityvspy, i.€., With various velocities in sample P32. At <Is<l,
vEpw™ Uspws SO that the total currents carried are equal to=0.278 mA the coexistence of the fast and slow SDWs in-
those when they move with the same velocity. Then, wederacting and interfering with each other was confirmed, too.
observed that a SDW was sliding with a fast velocity along a/Ve observed a sideband &t f’ around the fundamental of
bundle of the one-dimensional chains and another SDW waie strong periodic peaks and a very weak broad pedk at
sliding with a slow velocity along another bundle of the They are generated by interfering between two waves with
chain atl,’<1<1,'=12.0 mA in sample P55. In the latter frequencies off andf,;=f-f’, i.e., the frequencie$xf" of
part the X- SDW slides together with thekd CDW at the  the sideband correspond te f; and X -f,. The pairs of the
same velocity spw. sideband approach each other in frequency with incredsing
Above |,’ the abnormal peak turns to increase in fre-We also observe a sideband dt-2'=f+f, and X +f’=3f
quency with increasing, and then the frequency is approxi- —f1 around the second harmonic peak &ti2 the cases of
mately equal to 3/2 times the fundamental frequency of thd=0.22 and 0.23 mA whehi=10 T in Figs. 8b) and 1Qa).
stick-slip noise. Moreover, we observed a weak peak at & general, we suppose that the sidebands appear strongly at
half of the fundamental frequency. This fact suggests that théf£f;. The fast and slow SDWs are sliding in the adjacent
2k SDW at a speed affpy(~vspw) and the & CDW ata  domains and generating strong periodic peakgfagnd a
speed ofvip,/2 interact strongly and interfere with each Weak peak af;. At the domain-boundary region they super-
other. Using Eqs(6) and(7) and @’ =0+, (v, is a constant ~ IMpose on each other and generate the following current os-

this interference generates the following waves: cillations with frequencies off+f;:
(=) + (ni/T + njll - %) Asin(2mreft) X A’sin(2nfit + 6)
_ : o _ AA
XSiN(3KeXj + 0+ ), 9

(10

wherey=1vy,/2+m/4. The ¥ density wave described by the
second term in Eq(9), which stands for the relation of whered is the phase difference.
dé/dt=3krwpn, generates a peak at about 3/2 times the Near |, they interact and interfere strongly with each
fundamental frequency of the stick-slip noise in the NBNother, together with an intensity transfer from the fundamen-
spectrum. tal of the periodic peaks to the weak broad peak,afThe

The weak periodic peaks with a half of the periodicity coherency of SDW generating the peakfatgrows in the
probably are expected to appear owing to the higher-ordedlomain with increasing, because the peak sharpens. Above
interference. I, the combined peak grows into a fundamental peak of the

We think that this interference gives a strong piece ofperiodic peaks. At that time, we observed the periodic side-
evidence of the K- density wave, because &2SDW slid-  bands at'f+mf’ around the fundamental and the harmonics
ing at a speed of&Zpy, could not generate a peak at aboutat ¢f, as shown in Fig. 9, wheren=1,2,...,p—1. These
3/2 times the fundamental frequency of the stick-slip noisefrequencieg{f+mf’) are rewritten a$({ + m)f = mf;}. From
i.e., ~3f/2, in an interference. If thekk SDW sliding at a the experimental result we obtain thét=|f-f,|=23.7
speed of 2gpyy Slowed its speed down tevgpy, the inter-  —25.8 KHz andf’ hardly changes with increasingbovel,.
ference between twok2 SDWs with almost the same ve- Then, this indicates that two density waves almost coherently
locities induced the appearance of many sidebands with slide at almost the same velocities in two adjacent domains
periodicity of f/p, as seen in sample P32 in Fig. 9. just belowl,, which interfere strongly with each other. The

These results suggest the existence of the internal distotwo domains unite with each other abolsg and then the
tions and of the collective mode of th&k4 CDW in the interference between the two strong periodic peaks gives rise
SDW of (TMTSP),PF;. Moreover, the SDW is deformable to lots of sidebands around the strong periodic peaks. The
and not coherent in the whole sample, i.e., there is a posscoherency grows rapidly in the whole sample abbyeand
bility that the SDWs slide with different velocities in differ- consequently the periodic peaks sharpen. This process aver-
ent domaing® ages the velocities of the fast SDW and the slower SDWs

In sample P32 the NBN spectra are very complicated. Theand then the velocity of the SDW governing the NBN spec-
frequency of the fundamental increases with increabibg-  trum is decreased. As a result, the fundamental frequency of
low I;=0.245 mA at 0 T, and the current oscillations exhibit the periodic peaks decreases with increasirigoreover, the
the saw-toothed wave due to the stick-slip noise. We estieurrent oscillations change from the saw-toothed wave to the
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P32 (TMTSF)L,PF, 20K 029 mA tion spectrum vanished at a critical value\¢f correspond-
15dB ing to the phase boundary.
This low-energy(fw;) CDW collective excitation mode,
which is described by the dynamical part &f

5¢: ¢Osin wot, (12)

can also contribute to the nonlinear transport phenomena.
Here, ¢q is the amplitude of the CDW excitation. Then, the
intensity of thefth harmonic of the NBN is given as

Signal Level [dB]

0 200 400 600
Frequency [kHz]

o 1 T
> 2A€{?f cog{ ¢pgsin wot)dt}sin £(27mft + 6p)
=1

0

)

® s = 3 2A,3(Edo)sin (2t + Gy), 13
=1

whereT is the time of observation angj is the zeroth-order
Bessel function.
Assuming that the coefficiem, is independent of, the
© x0.25 calculated current oscillation is displayed in Fig(h3when
0 0.01 0,02 0.03 the Fourier components are summed up(tod. It agrees
Time [msec] well with that obtained by the present experiment when
=0.29 mA. If we measure the NBN spectrum by much
higher frequency, the current oscillation should correspond to
that shown in Fig. 1&), in which the Fourier components
were summed up t6=100 in Eq.(13). At present we think
that the NBN spectra at large currents come from the sliding
mZk,: SDW together with the Z-CDW excitation. Since the
. : . frequency of Re-CDW excitation is low in the vicinity of
dotted ling calculated by summing the Fourier components up to
(€=4 in Eq?(lS), and(c) tr{e bipolar-gpulse-type wave (E)alculated FE)y the phase boundary between the SDW2 and .SD.W3 sub-
summing the Fourier components upfs 100 in Eq.(13). phases, the NBN spectra due to the CDW excitation were
able to be detected around 2 K. These facts lead to the point
that not only the phason but also th&-ZCDW excitation
eplays important roles in carrying the nonlinear current at
large currents.
At I;=<I=<I, the NBN spectrum drastically changes,
which suggests that a dynamical phase transition occurs.
Balents and Fishét and their co-workef€ studied theoreti-

Current Ocillation [V]

FIG. 13. (Color online (a) Comparison between the NBN spec-
trum of sample P32 wheh=0.29 mA andH=0 T and the Fourier
componentslight brown bar$ of the bipolar-pulse-type wave given
as Eq.(13) assuming that,=0,¢y=0.157, andA, is independent
of ¢; (b) comparison between the current oscillation calculated fro
the NBN spectrum(solid line) and the bipolar-pulse-type wave

bipolar-pulse-type wave, which is shown in the typical cas
of 1=0.29 mA in Fig. 13.

The sliding motion of the SDW coexisting with the2
CDW, which is described by Eqé€2) and(3), may generate
the following current oscillation wheA;=A =A:

o cally the dynamical phase transition from the plastic-flow
> Afsin€(2mft + 6y + @) + sin€(2nft + 6y — @)} phase, which consists of spatially nonuniform dc current, to
(=1 the moving-solid phase with coherent elastic flow as the ve-
w locity of a driven CDW state is increased. In the moving-
= 2A,codld)sinf(2mft + 6. 11 solid phase, despite the absence of true spatial long-range
Z’l cotle) (2 2 @D order and periodicity, the CDW has long-range temporal cor-

) relation. Recently this dynamical phase transition was ob-
The present NBN spectra were observed in the narrow tenseryed in the sliding CDW state of Ta& In the vortex

perature region near 2 K. This temperature region lies at theyttice of type 11 superconductor a similar dynamical phase
boundary between the SDW2 and SDW3 subphases. Theansition was theoretically studied by Koshelev and
SDW2 subphase is the coexistent SDW-CDW state but thgjinokur44 and it was observed in Nb and NbS#y neutron
amplitude of CDW is very small, and the SDW3 subphase igjiffraction45-47 In the present SDW state, there exists not
a pure SDW state. Thus, the static part of CDW coordigate only a sliding degree of freedom but also a degree of
may be regarded as zero. On the other hand, Tomio anfleedom for the relative motiogh. Although this dynamical
Suzumurd’ theoretically studied the collective modes of the phase transition cannot be simply applied to the present
SDW in a one-dimensional electron system with a quarterSDW state, we think that a similar dynamical phase transi-
filled band by the extended Hubbard model, taking into contion occurred at,. The NBN spectra alt; <I <1, are due to
sideration the next-nearest-neighbor interacnThey in-  the precursor of the phase transition whd¢n0 T. As stated
dicated that the CDW excitation with a low energy existedbefore, the SDW sliding at a high speed in a part of the
even at pure SDW state near the phase boundary of the ceample is almost coherent, while the CDWs in the remaining
existent SDW-CDW state, and the gap in the CDW excita-part with lower velocities are incoherent. Then, the observed
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| P32 (TMTSF),PF, 20K  023mA 10T ] locities, and consequently,/f becomes a commensurate

IRRRRRRRRRRRRRRRRRR
el

TR | value (=9/11). We think that the appearance of the periodic
21, 115 4B sidebands at=0.23 mA represents a precursor of the phase
1 transition from the plastic-flow state to the elastic-flow one.
Taking into consideration the frequency jump of the main
peak ati; andl, in addition to the above-mentioned facts, the
LTTLITITT L] 0195mA 10T - phase transitions are a first-order type. o
¥ Fe2f)] Just belowl; and just abové, we observed weak periodic
I+ sidebands around the strong periodic pe@hks typical case
1 is shown in Fig. 9, indicating the strong interference be-
X ) ) ) , , tween the sliding SDWs at almost the same speed in a com-
0 200 400 600 bined domain. The coherency grows rapidly in the whole
Frequency [kHz] sample, and then the moving-solid phase is formed in the
sliding SDW state whemh goes beyonds,.
The NBN spectra reported here were measured under con-
stant electric currents. Self-heating by the joule heat may be

- a problem in all such measurements with constant currents.
periodic peaks come from the former, and consequently theije opserved the unusual periodic peaks AtI<l,’ in

fundamental frequency is much higher than the expectedample P55 and dt=1, in sample P32, whose frequencies
value of Eq.(1). After the dynamical phase transition 8t  decreased with increasing current in the large current re-
the coherency grew rapidly in the whole sample and then thgions. The fundamental frequenéyof the periodic peaks in
periodic peaks became very sharp. Simultaneously, the okhe NBN is independent of temperature, assuming that the
served fundamental frequency decreased with increalsing density of condensed electran,, does not change. No-
and approached quickly the expected value of@y.More-  muraet al® observed that the peak did not change in fre-
over, the relative motion also became coherent, and we weiguency but broadened with increasing temperature in the
able to detect thekz-CDW excitation. _ NBN of (TMTSF),ClO,. When the temperature is increased
When the magnetic field is applied along theaxis all  towards the critical temperaturegpy, is expected to de-
the spins are canted. The magnetic field probably helps tgrease, resulting in the increase of the fundamental frequency
gI’OW the COheI’ency in the SDW State, which decreased thﬁ, as written in Eq(l) It is Contrary to the current depen_
current region betweeln andl, where the nonperiodic broad dence of the unusual peaks in frequency. Moreover, we ob-
peaks appeared due to the interference, i.e., the dynamicgbryed that the periodic peaks including the abnormal peri-
phase transition took place at small current. However, thedic peaks are very sharp Bt <I<I,’ in sample P55. In
current dependence of the fundamental frequency of the pemmple P32 the periodic peaks sharpen with increasing cur-
riodic peaks below, fits the extrapolated line obtained by rent abovel,.
the current dependence abolg as seen in Fig. ®). The Kang et al reported that the threshold electric fiefid
state observed beloW is regarded as a quasi-elastic-flow \yas constant below 4.2 K and it increased as the temperature
state, but it is unstable. In this current region, the plastic-flowyas increased above 4.2 K in most pufEMTSF),PF;
state competes with the quasi-elastic-flow state, and th@amples. The increase & reduceslspy, leading to a de-
former appears betwedn and|,. crease of the peak frequency of the NBN spectrum. How-
We expand the NBN spectra at 0.195 riAl,) and 0.23  eyer, we observed no indication of increaseEfin the |
MA (~I) whenH=10 T in Fig. 14. Wher1=0.195 mA the v/ characteristic of sample P32 in Fig. 1. The nonlinear
strongest peak appeared fat286 KHz. We also observed current very rapidly increased above a threshold voltdge
two weak peaks at about 473 and 656 KHz, which do notyithout a marked increase of the applied voltagémplying
correspond to 2and ¥, i.e., they are not the second and that V; does not change as the total curréris increased,
third harmonics. Their frequencies are writtenfasfy and  taking into account that sample P32 is very homogeneous
f+2fo, wheref, (~185 KH2) fits the extrapolated line de- and possesses a homogeneBydistribution, as discussed
noted by the dashed line in Fig(. Moreover, we observed in Sec. Ill C. The result of thé—V characteristic and the
periodic sidebands around the main peak=286 KHz be-  sharpening of the abnormal periodic peaks with current
low 400 KHz. Thus, this state &=0.195 mA is regarded as abovel, denies the effect of the temperature rise by the joule
a mixed state of the plastic-flow state and the quasi-elastimeating in sample P32.
flow one. Surprisingly, at=0.20 mA, i.e., just abové,,f, Unfortunately, we did not measure theV characteristic
approaches/2 owing to the mutual adjustment in their ve- of sample P55 in the region where the abnormal periodic
locities and then the peak &t 2f, may be regarded as the peaks were found. If the threshold electric fi€ld changes,
second harmonic off2 the fundamental frequendyof the stick-slip noise does not
At 0.23 mA(~I,) we observed a sidebandfatf’ around linearly increase as a function dgp,. However,f of the
the main peak at and a very weak peak &t=f—f; due to  stick-slip noise fits well with Eqs(1) and(4) even at large
the interference between the two waves witland f;, as  currents in sample P55, suggesting that e did not
mentioned above. We notice other several weak peaks poshange. Kangt al? reported thaE; was constant below 4.2
sessing a periodicity of’/2=(f-f;)/2, which corresponds K and our experimental result showed that the NBN peaks
to f/11. Probably the mutual adjustment works on their ve-were not observed at 4.2 K. These facts support thaEthe

Signal Level [dB]

FIG. 14. NBN spectra of sample P32 whén0.195 mA and
H=0 T and when =0.23 mA andH=10T.
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did not increase aswas increased in sample P55. crease oflgp,y flowing in a part of the sample, it is necessary
Lyding et al*® studied NBN in the CDW system of Nb$e to consider the SDW sliding at a speed of just twice the
in the presence of a thermal gradient, and they observegelocity of the usual SDW below, . It is, however, very
multiple splitting of the noise peaks with increasing temperadifficult to interpret the peak at about 3/2 times the funda-
ture gradient. In this case the periodicity of the splitting mental frequency of the stick-slip noise abdyein terms of
peaks should be broken in contrast with the unusual periodithe coexistence ofk2 SDWSs with almost the same veloci-
peaks observed in the present experiments. Of course, it ifes. As stated before, the appearance of the peak at about
impossible to give rise to temperature gradient so as to keepf/2 can be interpreted by the interference between
the average temperature unchanged. Then, the appearancekf-density wave andig SDW. At present we think that this
the unusual periodic peaks does not originate from the teminterference gives a strong piece of evidence for the coexist-
perature rise and gradient. ence of the collective mode ok4-density wave in the SDW
In organic materials the sample cracking is difficult to state.
avoid in the cooling process, which may lead to nonuniform
current flows. Moreover, when the distribution of the thresh- V. CONCLUSION

old electric fieldEt is inhomogeneous in the sample, differ- We studied narrow-band noidiBN) in the SDW state of

ent excess currentgpy, Which are carried by the SDW con- : .
densates may flow in different parts of the sample. Then, th‘gMTSF)ZPFﬁ' Typical NBN_spt_actra coming from the saw-
toothed-wave current oscillations were clearly observed,

current densitygpy carried by the SDW condensate might hich i dersiood in t f the sticksl| ton in cl
decrease in a part of the sample even when the total currefff'c" IS unaerstood in terms of the Suck-slip motion In clas-
cal dynamics. Moreover, we obtained evidence of the exis-

| is increased, leading to the unusual dependence of the NBR ) e .
frequency on the total current. On the other hand, as merience of the k:-CDW collective excitation together with the

tioned before, thé—V characteristic suggests that the distri- coexistence of thekz SDWs with a fast velocity and a slow

bution of the threshold electric field; is very homogeneous one. This fact indicates that the&4CDW fluctuations ac-

in the whole of sample P32. Then, sample P32 has a homd2mpany the phason mode at .Iong wavelength. Spatially
geneous resistivity, neglecting the intrinsic domain struc- nonuniform dc currents are carried by the deformed SDW.

ture of the sliding SDW state. Sindé=pJL, whereld is the The fast SDW generating shqrp periodic p.eaks in the NBN
current density flowing in the part of the sample with resis—SpeCtrum. and the slow SDW n another adjacent domain in-
tanceR in the circuit of Fig. 4a) and L is its length, the terfere \_N'th each other, resultmg In émergence of the weak
measured voltag¥ is independent of the cross section of the bhroadl gdegbgo\(/:is aroundghe réwal_né)_erlqdm pheak_s. _Thelpeak of
part of the sample in which the NBN were measured. In thd"€ SIOW Is very broad, Indicating that it is almost
|-V characteristic of sample P32, the total currénwas mcoherent..At .Iarge currents, the NBN spectrum Iarge]y
increased by applying an almost constant voltate V. changed with increasing current and depends on applied

There is no possibility 0B,y decreasing under the almost magnetic field, suggesting a dynamical phase transition from

constantV in the homogeneous samples even if the fractionthe _plaSt'CTﬂOW phase to the movmg-sohd _phqse. In the
: -gnovmg-solld phase the frequencies of the periodic peaks de-
creased with increasing current, because the spatial coher-

changed. Moreover, under a magnetic field of 10 T the de- I h | d v the fund
crease of the frequencies of the NBN peak with current waSney gréew all over the sampie, and consequently the tunda-

observed even at small currents, suggesting that this ph<5|jenta| _frequencyf decreases_ and approaches the expected
nomenon is intrinsic. value given by Eq(1). The bipolar-pulse-type waves were

The |-V characteristic of sample P55 suggests that thé)bserved in the current oscillations at this phase, which is
threshold electric field&, are widely distributed all over the MterPreted in terms of the coexistence of the-ZDW col-

sample. Several series of the fundamental and harmoni ctive excitation with the phason mode in the SDW'sta.te.
were observed in the NBN spectra of the inhomogeneou e coherency of the SDW is developed by the application

CDW systemg1~24This is due to the fact that the electric of magnetic field along the’ axis, resulting in the compet-
ing between the plastic-flow phase and the moving-solid

field component along the chains is inhomogeneous and dif
ferent currents flow in the different parts of the sanfle. phase at small currents.

Howeyer, all the _frequencie_s of the NBN peaks reported ACKNOWLEDGMENTS

there increased with increasing current. As far as we know,
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