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Shapiro Interference in a Spin-Density-Wave System
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We report on the observation of interference between intrinsic voltage oscillations generated by sliding
spin-density waves and an externally applied ac current in (TMTSF)2AsF6 (TMTSF denotes tetra-
methyltetraselenafulvalene).

PACS numbers: 72. 15.Nj, 75.30.Fv

The understanding of the collective response' of spin-
density waves (SDW's) to electromagnetic excitations
has progressed significantly in the last few years. While
the SDW state occurs in a variety of materials, the most
prominent model systems are in the family of organic
linear-chain compounds (tetramethyltetraselenafulva-
lene)qX or (TMTSF)zX (Ref. 2). The systems with cer-
tain anions (A =N03, PFs, AsFs, SbFs) undergo a met-
al-insulator transition in which the whole Fermi surface
is destroyed by the formation of SDW's.

The first piece of evidence of a collective SDW re-
sponse was the observation of frequency-dependent con-
ductivity in (TMTSF)2PF6 at frequencies much smaller
than the gap in the single-particle excitation spectrum.
Not much later Tomic, Cooper, and Jerome observed a
nonlinear dc conductivity above a well-defined threshold
field in (TMTSF)2N03. The threshold tield has been
sho~n to be proportional to the concentration of defects
created by x-ray irradiation, proving the importance of
lattice defects in SDW pinning.

Even more convincing evidence of a collective SDW
response may arise from the observation of coherent
effects like voltage oscillations in the nonlinear region or
interference phenomena in the presence of combined ac
and dc excitations. These effects are general and distinc-
tive features of charge-density-wave (CDW) conduc-
tion, and —by the close analogy between CDW's and
SDW's —their presence is also expected in SDW sys-
tems.

The voltage response of a CDW system to a dc current
above the nonlinear threshold contains an oscillating
component, often referred to as narrow-band noise, with
a frequency vo proportional to the current density jhow
carried by the CDW. Assuming that during one period
of the oscillations the CDW (or SDW) is displaced by
one wavelength, the proportionality constant is given in
the low-temperature limit by

j

cow�(sow)/vo

=2« ~,
where fl ~ 1s the number of conducting cha1ns cl osslng
unit cross-sectional area. Equation (1) has been veri-
fied " in CDW systems with high accuracy. Although
the origin of these oscillations is still debated, most prob-
ably they arise' from the creation and motion of topo-

logical defects of the CDW condensate. Recent conduc-
tion noise measurements by Nomura et a/. " in the SDW
state of quenched (TMTSF)2C104 indicate the presence
of a peak in the noise spectrum, which moves towards
high frequencies upon increasing the current.

If a CDW sample is driven by an alternating current
with frequency v1 superimposed on a dc bias, an interfer-
ence is observed' between the two frequencies vo and v~

whenever their ratio can be expressed as the ratio of two
small integers: vo/vi p/q. The interference appears as
a peak in the differential conductivity as a function of
electric field. Such a peak corresponds to a step in the
current-voltage characteristics, which —by a rather for-
mal analogy with the Shapiro effect in Josephson junc-
tions —is often called a Shapiro step. If the ratio p/q is
integer, the interference feature is called "harmonic";
otherwise it is "subharmonic. "

In this paper we report on the observation of both har-
monic and subharmonic interference in the spin-density-
wave conductor (TMTSF)qAsF6. Based on an estimate
of the current distribution in the sample, supported by
the measured spectral distribution of the conduction
noise, we argue that the ratio jsow/vo may agree with
the expectation described by Eq. (1).

We have studied three (TMTSF)2AsF6 single crystals
prepared by P. Batail and co-workers using the standard
electrochemical growth procedure. The crystals have
regular rectangular shapes with typical dimensions of 2
mm x 100 pm x 50 pm. Four electrode contacts have
been applied to the samples by first evaporating gold
pads on one or four crystal surfaces, and then tightening
12.5-pm-diam gold wires against the pads by soft
spr1ngs.

No spurious resistance jumps have been observed upon
cooling the sample. The SDW transition temperature is
T, =11.5 K with a transition width of 0.2 K, defined as
the width at half maximum of the peak in —d(inR)/dT.
The ratio of the room-temperature resistance to the
resistance minimum above T, is about 150.

The nonlinear conductivity below T, has been investi-
gated either by a pulsed-current method, or—when
pulsed measurements indicated that the self-heating of
the sample was negligible up to a given current —by a
continuous-current lock-in technique. In the latter case
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FIG. 2. DiAerential resistance vs frequency of the applied ac
current for constant dc current Id, (T =4.2 K).
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FIG. l. DiAerential resistance vs electric field with an ap-
plied ac current of frequency v~ (T=4.2 K). Three ditferent
interference features are indicated by arrows. The curves are
shifted with respect to each other for clarity. Inset: dV/dl vs
electric field without ac current.

the current on the sample was modulated at a low fre-
quency (83 Hz), and the differential resistance dV/dI
was measured by the lock-in amplifier as a function of
the time-averaged current measured on a reference resis-
tance. The sample voltage was then determined by in-
tegrating the dV/dI curve. The amplitude of the current
modulation was about 1% of the nonlinear threshold.

The electric-field dependence of the differential resis-
tance at 4.2 K is shown in the inset of Fig. 1. The resis-
tance is constant at low fields, and a strong nonlinearity
sets in above a fairly sharp threshold field FT = S mV/
cm, a value close to those measured ' on high-purity
(TMTSF)2PF6 samples. The threshold field increases
monotonically with temperature. A detailed characteri-
zation of the nonlinear conductivity in a wide tempera-
ture and electric-field range will be published else~here.

To observe the interference between an externally ap-
plied frequency v~ and the internally generated frequen-
cy vo the sample has been driven by a radio-frequency
current I„superimposed on a dc bias Id„and the dif-
ferential resistivity has been measured by the lock-in
technique described above using a third, low-frequency,
low-amplitude current. dV/dI versus electric-field curves
measured with different ac frequencies are shown in Fig.
1. The amplitude of the ac current was 220 pA, about 4
times the threshold current. At least three interference
peaks are clearly identified in the spectra. The peaks
move towards high dc currents as the frequency is in-
creased. No complete mode locking is observed, i.e., the

c: 200

~ 100

00 500 1000
Frequency (kHz)

'1 500

FIG. 3. Solid symbols: SDW current at the interference
features vo/v~ = I/2, 1/I, and 2/I as a function of the frequency
of the applied ac current. The ratio of the slopes of the
straight lines is 2:l:0.48. Open symbols: SDW current vs the
frequency of the peak in the conduction noise spectrum.

peak value of the differential resistance at the interfer-
ence is smaller then the low-field "normal" resistance
&n.

Another representation of the phenomenon is obtained
when the diA'erential resistivity is measured as a function
of v~ at a constant dc current. Such frequency scans are
shown in Fig. 2. Since the background is Hatter in this
case, even more interference peaks are resolved. As the
SDW current changes only slightly with v~, the peaks
are easily indexed on this plot. With the reasonable as-
sumption that the largest peak corresponds to v~/vo
=1/I, we identify the peaks v~/vo=l/3, I/2, I/1, 3/2,
2/1, and 3/1.

The nonlinear current carried by the SDW's is calcu-
lated as Isow=I —V/R„. Figure 3 shows the SDW
current at the interference peaks indexed as 1/2, I/1, and
2/1 as a function of v~. All three curves are fairly linear
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FIG. 4. Conduction noise spectra for various dc currents. A
base line measured with zero current is subtracted from the
spectra. The threshold current for nonlinear conductivity is
ly. =50 pA. (T =4.2 K.)

and the ratio of the slopes of the linear fits is 2.0:1:0.48.
The internally generated frequency vo that leads to the

interference can be observed directly, i.e., without an
externally applied ac current by measuring the frequency
spectrum of conduction noise. Noise spectra obtained by
Fourier transforming time records of the voltage re-
sponse to various dc currents are shown in Fig. 4. The
noise power is distributed over a wide frequency range
from zero to an upper cutoff frequency. The noise am-
plitude increases quasimonotonically with frequency and
has a maximum at the cutoff' frequency. The position of
this peak is indicated together with the position of the in-

terference features in Fig. 3. The noise peak is close in

frequency to the 1/1 interference feature. The slight
difference is easily attributed to the increased coherence
of the conduction noise in the presence of the ac current,
a phenomenon well known in CDW systems.

By counting the conducting chains crossing unit cross-
sectional area, Eq. (1) yields a current-to-frequency ra-
tio of jsow/vo =3.1 X 10 Acm /Hz. Estimating the
SDW current density as jsnw =Isow/S, where S is the
cross section of the sample, we get jsDw/vo =1.5X 10
Acm /Hz, i.e., about 20 times smaller than the predic-
tion of Eq. (1). However, the wide distribution of the
conduction noise power and the incompleteness of the
mode locking suggest an inhomogeneous current distri-
bution along the sample cross section. In fact, the inho-

mogeneity is a direct consequence of the high conductivi-

ty anisotropy and the contacting method of injecting
current on one side of the crystal only.

The current distribution in the linear region is easily
calculated by solving the boundary problem in a simple
model where the sample is infinite in the a direction and

semi-infinite in the c direction (best and worst conduct-
ing directions, respectively), and the current is injected
along two lines on the (a,b) surface parallel to the b
direction. In the plane halfway between the current in-

jection lines —where the current distribution is the most
homogeneous —the current density is maximal at the
(a,b) surface and decays as a Lorentzian as a function
of the distance from the surface. The penetration depth
of the current defined as the half-width of the Lorentzian
is k = (L/2)(a, /o, ) '~, where L is the distance between
current injection lines, and o., and o, are the conductivi-
ties in the respective directions. Taking cr, /o, = 10
(Ref. 14) and the actual distance between the current
contacts of our sample, L =1.6 mm, the penetration
depth is X =8 pm, i.e., about 10% of the thickness of the
sample, t =75 pm. This calculation is in agreement with

the measured room-temperature (RT) resistance. As-

suming a homogeneous current distribution, o.RT =120
(Ocm) ' is obtained, much smaller than oRT= 700
(Qcm) ' measured by silver-painted contacts covering
all sides of the sample. Using the inhomogeneous cur-
rent distribution calculated in the surface-contact model,
however, we recover a conductivity aRT =770 (0 cm)

The distribution of the SDW current is much more
difficult to estimate, not only because of the nonlinearity
of the problem, but also because of the a priori unknown
nonlocal dependence of jsDw on electric field. The ob-
served conduction noise spectra suggest an SDW current
distribution extending from zero to a maximum, in

agreement with the surface-contact model. The presence
of the peak at the high-frequency end of the spectrum is

also understood since the current distribution is the most
homogeneous at the surface where jsDw is the highest.
It is also clear that because of the finite threshold field
and the nonlinearity of conductivity, the SDW current is

even more inhomogeneous than the normal current. The
measured Isnw/vo ratio may then well be in agreement
with Eq. (1).

A trivial way to improve the homogeneity of the
current distribution is to apply the gold pads for current
injection to all sides of the crystal instead of only one
surface. We have measured two samples prepared this
way. In both cases, however, the conduction noise spec-
tra consisted of several peaks not harmonically related.
Increasing the current, more and more new peaks ap-
peared at low frequencies even when the electric field
was several times higher than the nonlinear threshold, in-

dicating a partial depinning of SDW s even in such high
electric fields.

In conclusion, we have measured the interference
between the voltage oscillations generated by sliding
SDW's and an externally applied ac current. A11 main
features of the phenomenon observed in CDW systems
exist in the SDW system investigated. Both harmonic
and subharmonic interference features are observed with

frequencies proportional to the current carried by the
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SDW. The frequency of the fundamental interference is
close to the frequency of the peak in the conduction noise
spectrum. As the SDW current Aowed in only a fraction
of the sample cross section, no quantitative determina-
tion of the current-density to noise-frequency ratio was
possible. An estimate of the current distribution, howev-

er, suggests that the ratio may be equal to that observed
in CDW systems. The new data presented in this study
provide firm evidence for the existence of a novel collec-
tive transport in a SDW condensate.

We are grateful to P. Batail and C. Lenoir for prepar-
ing the samples. Useful discussions with K. Maki and G.
Griiner are acknowledged G..K. acknowledges a visiting
researcher position from CNRS. This research was part-
ly supported by ESPRIT fund No. 3121 DG XIII.

"' On leave from the Central Research Institute for Physics,
H-1525 Budapest, Hungary.

'For a review see G. Gruner and K. Maki, Comments Con-
dens. Matter Phys. (to be published).

2D. Jerome and E. Schultz, Adv. Phys. 31, 299 (1981).
3W. M. Walsh er al. , Phys. Rev. Lett. 45, 829 (1980); see

also D. Quinlivan et al. , ibid 65., 1816 (1990).
4S. Tomic, J. R. Cooper, and D. Jerome, Phys. Rev. Lett. 62,

462 (1989).
5W. Kang, S. Tomic, and D. Jerome, Phys. Rev. 8 43, 1264

(1991).
For a revie~ see G. Gruner, Rev. Mod. Phys. 60, 1129

(1988).
7R. M. Fleming and C. C. Grimes, Phys. Rev. Lett. 42, 1423

(1979).
sS. E. Brown and G. Griiner, Phys. Rev. B 31, 8302 (1985).
9A. Janossy er al. , Phys. Rev. Lett. 59, 2349 (1987).

' N. P. Ong, G. Verma, and K. Maki, Phys. Rev. Lett. 52,
663 (1984).

' 'K. Nomura et al. , Solid State Commun. 72, 1123 (1989).
' P. Monceau, J. Richard, and M. Renard, Phys. Rev. Lett.

45, 43 (1980).
'3W. Kang er al. , Phys. Rev. B 41, 4862 (1990).
'"D. Jerome ei al. , J. Phys. (Paris), Lett. 41, L95 (1980).

1925


