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Restoring Force and Displacement of the Pinned Spin Density Wave Condensate in (TMTSF) ,PF
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We report NMR spin echo measurements of the average spin density wave condensate displacement
at 4.2 K in (TMTSF),PF¢ when it is driven by an electric field below the depinning threshold over time
scales of 10-25 us. The displacement, which corresponds to internal deformations, varies linearly as a
function of the electric field and has a restoring force constant per electronic charge k =(1.3+0.3)
x107% N/m. At the depinning threshold the average condensate displacement is 0.46 +0.06 A. The
corresponding low frequency dielectric constant is (3.4 +0.7) x 10°, which is close to that obtained from

electrical transport measurements.

PACS numbers: 75.30.Fv, 72.15.Nj, 76.60.Lz

The dynamical response of spin density wave (SDW)
condensates in the so-called Bechgaard salts has been
firmly established by a variety of experiments conducted
in both dc and ac electric fields [1]. The conductivity was
found to be nonlinear above a well-defined threshold field
E7 [2] which is small (typically 3-5 mV/cm) in nominal-
ly pure specimens and increases rapidly with the impurity
concentration [3]. The observation of current oscillations
[4] and elastic anomalies [5] together with changes in the
NMR spectrum [6-8] give clear evidence for the transla-
tional motion of the condensate under the influence of the
applied electric field. In addition, a strongly frequency
dependent response has been found in the spectral range
well below the single particle gap [9,10].

These experimental results have been interpreted in
terms of a collective mode which is pinned to the underly-
ing lattice by impurities, with depinning occurring only
above a threshold field Ey. The results are similar to
those observed in several systems with a charge density
wave (CDW) ground state [11]. While many of the
essential features of the two broken symmetry ground
states are similar, there are important differences. The
most significant among these is that the CDW ground
state arises as a consequence of electron-phonon interac-
tions, while the SDW state is due to electron-electron in-
teractions. This difference significantly affects the collec-
tive mode dynamics.

In this Letter we report direct NMR spin echo mea-
surements of the static displacement of the SDW in
response to the force applied by an electric field below Er
and present a model for its interpretation. The response
of the collective mode in the frequency (w) range that ap-
plies for our experimental conditions, w/2x < 3 X 10* Hz,
is dominated by internal deformations of the SDW.
From this displacement, we obtain the corresponding
force constant k and the low frequency dielectric constant
E.

Our samples were grown using standard electrochemi-
cal methods and procedures to provide high quality ma-
terials. A laboratory built NMR spectrometer and cryo-
stats were used for the measurements. All of the spin
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echo measurements reported here were made on protons
in a single crystal sample of approximate dimensions
0.15%0.15%5 mm?3 (~250 ug) at 4.2 K in an external
field of 0.35 T, which is below the spin-flop transition
field Hsp=0.48 T [12]. Electrical contacts to the sam-
ple were made by silver plating the ends of the sample
and applying 50 um diam gold wires under tension. In
this way, cracking of the sample was minimized [13].

The model for SDW’s used to interpret our experimen-
tal results involves the following elements: The total
magnetic field at a nucleus located at r; is

B(r;) =Bo+B;+Bscos(q-rj+¢), )

where By is the externally applied field, B, is the dipolar
field of the other nuclear moments, Bscos(q-r;+¢) is
the field of the SDW, q is the SDW wave vector, and ¢ is
the phase of the SDW [11]l. When an electric field
E < E7 is applied along the chain direction (a direction)
of the sample, an average force per electron F= —¢FE is
applied to the SDW along the same direction as in the
classical particle model for a CDW [14]. Because of the
internal modes of the SDW and the presumed random
distribution of pinning centers, there will be a local dis-
placement of the SDW phase (x;). This situation corre-
sponds to a reversible displacement of the SDW by an
average distance X, which is related to F by F= —eF
= —kx; k is the corresponding restoring force constant.
Furthermore, we treat the displacement as instantaneous
on the 10 ~#-10 73 s time scale of the spin echo measure-
ment. Support for this latter assumption is presented
later in the paper.

In our spin echo experiments an external current I(z) is
applied as a function of time ¢ along the chain direction
(a axis). It is related to the electric field by E=RI/I,
where R is the electrical resistance of the sample and / is
its length between electrical contacts along the a axis.
The corresponding change in ¢(r;) (6¢;) is

F.) 27x;
50 =g =

where A, =14.6 A [14] is the SDW wavelength along the

, (2)
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a axis. 1.8

For the condition Bs < By that corresponds to our ex-
periments [15], there is a change in the NMR frequency
(ws) caused by the component of Bs parallel to By (By)

(TMTSF)2PFe
"Hecho, 0.35T, 4.2K
1.4F7=50us, to=25us

1.6}

©
N
<
given by ~N 1.2
=
ws=yBicos(q-r;+¢) =yB,(r;), (3) <10 g
. . ~ 0.8
where y is the nuclear gyromagnetic ratio (proton 5
y=27x4.257%10° rad/sG). The change in the NMR @ 0.6
precession frequency (Sws) caused by a small (x;<1i,) 2 0.4
static displacement of the SDW is .
aws a Zﬂanx . Il Il 1 i I 1 L 1 i
5ws=—lxj= “—‘——JSIH(Q'U'HP) o’oo.o 01 02 03 04 05 06 07 08 09 1.0
9¢ Ox Aa
211/2 current I, (mMA)
=+ E’WB—"XI - M . 4) FIG. 1. Normalized spin echo height for protons in
Ao By (TMTSF):PFs as a function of total pulsed current at 4.2 K

. I /2 «f and 0.35 T. The constant value below the depinning threshold
For the spin echo measurements we apply a #/2 r IT=0.25 mA for the double /-pulse sequence (circles) shows

pulse at Fhe NMR frequ‘cncy to .the proton spin§ at timeé . the displacements induced for the two current pulses are
1=0, wait a time 7 (~ 7 the spin echo decay time), ap-  identical. The drop above /7 is caused by the sliding motion of
ply a second pulse (empirically adjusted to provide the  the depinned SDW. The drop in echo height for the single /
largest spin echo signal), and record the complex spin pulse below /7 is due to the lack of echo refocusing when the
echo signal S(¢) with height h(27) =RelS(27)] at the  second current pulse is absent. The solid line shows the fit by
time 2t after the first pulse [16]. The sequence is shown  the model developed in the text.
on the upper right of Fig. 1. It is first done with7=0 and
enerates an echo height we label ho(27). The additional . . L .
cgﬁect of the SDW displacement is measured by applying first dash.et.i line, Fig. 1), and (g) an identical pair of such
a pulsed current wave form during the time period 0-27 p‘l‘xlses divided between the intervals O-7 and 7-27
and recording the modified 4#(27). During this period (“double I pulse,” both t%ashed lines, Fig. .l). For the dou-
each spin will develop an additional precession phase  Ple I pulse, ®;(27)=0; i.e., Eq. (5) predicts that the ex-
whose rate is given by Eq. (4). The quantity we use to Fra dephasing by the SDW during the first current pulse
evaluate the corresponding effect on the echo amplitude is 'S canceled by the effect of the second current pulse, so
the total phase accumulated by each spin (®;) over the that there should be no change in £(27). This condition

time interval 0 <7 < 27: occurs if the SDW displacement is reversible and in-
’ , dependent of the placement of each current pulse within

‘ . . L .
®.00)=— [ swc(t)dt'+ Swe(t)dt' . (5) its respective time window. We have tested the latter re-
5(27) J:’ @s ff s quirement and find that it is satisfied. We have also test-

Equation (5) is based upon the assumption, discussed ed Eq. (5) with a variety of current pulse configurations.
later, that the effect of the second pulse is to reverse the The results, which are not discussed in detail here, sup-
additional phase accumulated because of the SDW dis-  port the assumption upon which it is based.

placement. This kind of experiment is similar to that For the single I pulse, #(27) is obtained by summing
done by Ross, Wang, and Slichter on a CDW system  the spin echo signal for all r;. There are two important
[171. variations to be taken into account: (1) The four

For the experiments reported here, two particularly  different values of By for the inequivalent methyl group
simple current wave forms were used: (1) a constant  protons [15], and (2) the different values of x; caused by
current of amplitude 7o (constant local displacement xo;)  internal distortions of the SDW. For a subset of protons
and duration ¢ during the period 0-7, (“single I pulse,” = with the same values for xo; and By, the height of the
J spin echo is given by

hs (27, By, x0;) -2 o dB cos 2myButoxo; 1— B 1" =Jo(u) )
ho(27) =B, Jo /i —(B/B))? Aa By o
where
u=2ryBytoxo;j/\a ¢))

and Jo is the Bessel function of order zero. Up to u=1.7, Jo(u)=1— s u?+ g u* is an excellent approximation
(justified later). When the distribution of u, P(u), is taken into account,
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hg(27)
ho(ZT)

= [ P owrdu

=[Pl =y u+ & uldu. ®)

If P(u) is very narrow, the experimental measurement of
hg(27) as a function of Iy can be fitted with

_ 4
A | ya
10] 10], ©)

? 1
13+—
o7 64

hy(27) =ho(27) [1 -B [ll
0

where B=% and 7 is the volume average of u. If, on the
other hand, P(u) is broad, the numerical coefficients in
Eq. (9) are changed accordingly. We have carried out
this calculation for the case of a uniform distribution in u
from zero to twice the mean value, which is very broad
indeed. In that case, the only significant effect on Eq. (9)
is that B changes from § to +. This means that the echo
height is not very sensitive to the width of the distribution
for u.

For the alignment of By used in this experiment (54°
from the b' axis) By has a rather broad distribution, with
a mean value B;=8.4 G (examination of the line shape
recorded in our experiments indicates By=17.6 G). Since
this width will be augmented by variations in xg;, we ap-
ply the “broad” limit (8= %) and analyze the data treat-
ing &/ly as a single parameter that is varied to fit the
data. It will also be assumed that By and xo; are un-
correlated, so that @ =Q2ryro/As)Bixo (Xo is the volume
average).

An example of measurements using these two current
wave forms is shown in Fig. 1, where the normalized echo
height h(2t)/ho(27) is plotted as a function of I¢ for
protons in (TMTSF),PFg at 4.2 K and B =0.35 T using
the single and double current pulse wave forms indicated
in the figure. For the double /-pulse measurement (open
circles) there is no change in echo height up to the
threshold current I3 =0.25%+0.02 mA (Er=3.5*09
mV/cm determined from a two-probe electrical measure-
ment). This result indicates that there is a reversible dis-
placement of the SDW condensate for /o </t in agree-
ment with Eq. (5). For Io> Ir, there is a reduction in
the echo height that is caused by SDW depinning; the
phase accumulation of the nuclear spins during the two
current pulse periods no longer cancels. The same depin-
ning threshold is seen in the dc current-voltage charac-
teristics of this sample, which is independent confirmation
that the onset of the change in echo height is caused by
depinning of the SDW. The fact that the change in slope
is so abrupt is evidence for a single depinning threshold
value throughout the volume of the sample.

The behavior of the echo for the single /-pulse mea-
surement (open triangles) drops monotonically through-
out the region where the double /-pulse behavior shows
that the SDW displacement is the same for both pulses.
We ascribe this behavior to the static displacement de-
scribed by Egs. (6)-(9). The solid line shows the fit of
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Eq. (9) to the data using i/Io=4.3 mA ™' and g=17%.
From Io7=0.25%+0.03 mA (subscript T indicates at
threshold) we obtain the threshold value for i; iy =1.08
+0.12. This value for &r justifies using the series ap-
proximation used in Eq. (9). Equation (7) and the values
By =8.4 G [15], 10=25 us then give Xor =0.46 =0.06 A
(60=0.19£0.03 rad) for the average condensate dis-
placement at the depinning threshold.

From the value for xo7, /=4 mm, the sample resis-
tance R=5.7 Q at 4.2 K, and the relation k =elorR/
IXor we obtain k=(1.3£0.3)x107° N/m for the low
frequency restoring force constant of the condensate.

Our measured value for Xor can be compared with
measurements of the low frequency dielectric constant,

8=|+I’l€f01‘/€0E7‘ (IO)

(SI units), on similar materials. In Eq. (10), n=1.4
x102" m ™3 is the density of the condensate [18]. In
another paper, we have determined that the entire con-
densate slides above threshold in this sample [19]. Two
transport measurements of & that are useful for compar-
ison with our value of Xor have been reported, one for
(TMTSF),PFg at 2 K [20] and another for (TMTSF),-
AsFg over the temperature range 1.5-5 K [3]. Compar-
ison of the two results at 2 K shows that the dielectric be-
havior of both materials is nearly the same, as expected
on the basis of all the other similarities shared by these
materials [18]. A prominent feature of the behavior of
the latter material is that the dielectric constant as a
function of frequency has about the same shape at
different temperatures, but it is rapidly scaled to higher
frequency as T is increased [3]. We therefore compare
our results at 4.2 K with those of Traetteberg et al. [3] at
the same T. The first point for the comparison is that the
rolloff from the dc value occurs at around 10° Hz. Since
Fourier analysis of our 10-25 us current pulses shows
that almost all of the components are below 3 X 10* Hz,
our experimental conditions correspond to the dc value of
€. Substitution of the experimental values into Eq. (10)
then gives for our NMR result ¢=(3.4+0.7)x10°,
which is close to the value 1.8 10° obtained from trans-
port measurements on (TMTSF);AsF¢ at the same tem-
perature [3]. Thus, both methods give values that are in
reasonable agreement.

One of the results of this work is that the 0.46 A aver-
age displacement of the SDW at the pinning threshold is
only about 3.1% of A,. It corresponds to a small fraction
of the pinning potential wavelength before the depinning
threshold is reached. (It is argued elsewhere that the pin-
ning potential period is Ao/2 [19] or A, [7].) This small
value suggests that depinning is initiated in a small part
of the sample and proceeds by an avalanche process.

There are several comments to be made about our re-
sults and the method used to obtain them. The first is
that the SDW displacement measurement is independent
of assumptions made about the transport properties of the
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material. Also, it can be made in the presence of a rela-
tively large background current from the normal carriers.
It is a rather sensitive measurement: The displacement in
this case is measured to an accuracy of about 0.06 A.
For nuclei with a longer spin echo decay time, it should
be possible to measure correspondingly smaller displace-
ments of the local magnetic field structure. From mea-
surements of the amplitude of the NMR signal as a func-
tion of a steady current, we find that heating by /g is
negligible in this experiment. Also, we have varied ¢g
over the range 5-25 us. For the range 10-25 us we get
the same values for I, Xor, and k within our experimen-
tal error. However, for to=5 us, we find a somewhat
smaller k and a 40% larger value of Ir. It is not yet clear
whether these effects are intrinsic to the SDW or artifacts
of our electronic instrumentation. Two additional mea-
surements indicate that memory effects do not play a
significant role in the results reported here. The first is
that the same value of k is obtained when the direction of
Iq is reversed for the second pulse (the analysis is modi-
fied accordingly). The second is that at 4.2 K we observe
significant SDW condensate memory effects in the trans-
port response [21] and the spin echo behavior only when
long duration (>>25 us) current pulses above the depin-
ning threshold are used.

Other measurements made during the same run (not
discussed in detail here) show that almost all of the spins
in the sample experience a reversible displacement of the
SDW for I <Ir and a broad distribution of velocities
when the SDW is depinned by I > I7. The first observa-
tion indicates that the displacement is not associated with
domain walls between commensurate regions. These con-
ditions also indicate that the SDW displacement obtained
in this measurement represents a bulk property of the
sample.

In conclusion, we have presented a proton spin echo
measurement of the displacement of the SDW in a high
purity sample of (TMTSF),PFg at 4.2 K when an electric
field below the depinning threshold is applied. A model
to obtain the value of the displacement is described. It is
observed that the displacement below depinning, which is
due to internal modes, is reversible. An average displace-
ment of 0.46+0.06 A is found at the depinning thresh-
old. It corresponds to a restoring force constant of (1.3
+0.3)x107% N/m and a dc dielectric constant of (3.4
+0.7)x10°.
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