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Suppression of broadband noise at mode locking in driven vortex matter
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We measure voltage noise generated by current-driven vortices for fields corresponding to the solid phase
when at equilibrium including the peak-effect regime, focusing on a change in broadband noise (BBN) as the
vortex system undergoes a mode-locking (ML) resonance. For all the fields steplike structure indicative of ML
is observed in the I-V curves. We find that BBN at high frequencies (but well below the ac drive frequency) is
suppressed inside the ML steps. The results are consistent with the view that the mode-locked state is a frozen

solid pinned in the moving frame of reference.
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When an object moves in a periodic potential in the pres-
ence of combined dc and ac forces, steplike structure analo-
gous to Shapiro steps found in Josephson junctions appears
in the force-velocity (F-v) characteristics. This phenomenon
called a mode-locking (ML) resonance has been observed in
several physical systems with many degrees of freedom,
which include the charge density waves,!?> spin density
waves,? and driven vortices in type-II superconductors.*~
The steps in the F-v curves appear, when the internal fre-
quency f;,; of the system locks to the external frequency f,,,
of the ac drive, more precisely, when the relation gf;,
=pf. 18 satisfied, where p and ¢ are the integers. The ML
resonance for driven vortices has been observed not only in
superconductors with periodic pinning®’ but also in those
with random pinning,*®° such as amorphous films studied in
this paper, where a periodicity can be induced dynamically
as a result of the coherent motion'!!* of a vortex lattice.

It is well known that, in the presence of random pinning,
several dynamic phases of driven vortices with different tem-
poral, positional, and orientational orders are realized de-
pending on the amplitude of F and v. Some of them, includ-
ing plastic and smectic flows,'* accompany large broadband
noise (BBN) due to pinning induced incoherent flow of vor-
tices, as seen in numerical simulations.'>!® In experiments,
BBN has been clearly observed not only near the critical
current /. but also in a moderate dc current range well above
I, where the influence of random pinning is effectively re-
duced and elasticity is locally recovered by driving force.
Thus, an interesting question arises as to how BBN changes,
when the moving vortex matter is mode locked. It has been
shown earlier for the CDW condensate' that ML yields a
decrease in the narrowband noise width, which scales with
the BBN amplitude. For a driven vortex system, it has been
predicted numerically that BBN should be suppressed at
ML,'” while no experimental verification has been reported
so far. It is also known that largest BBN due to driven vor-
tices appears in the peak-effect (PE) regime.!®2° This is be-
cause pinning for vortices is enhanced by softening of the
vortex lattice just prior to melting or disorder-induced de-
struction of long-range order.”! Here we perform the mea-
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surements of BBN generated by the current-driven vortices
for fields corresponding to the solid phase when at equilib-
rium including the PE regime of a thick amorphous
(a-)Mo,Ge,_, film, focusing on a change in BBN as the sys-
tem undergoes ML.

For all the fields steplike structures (Af) indicative of ML
are observed in the dc current-voltage (I-V) curves in the
presence of superimposed ac drive. The spectral shape at low
frequencies f is of Lorentzian type, while at high f (but well
below the ac drive frequency f,,,) it is almost white. By
changing 7, BBN at high f shows clear suppression or disap-
pearance inside the ML steps, although the suppression as
well as ML is degraded just prior to (dynamic) melting. The
results are consistent with the view that the mode-locked
state is a frozen solid pinned in the moving frame of
reference.!” The preliminary data related to present work
have been reported elsewhere.??

We prepared the 330-nm-thick a-Mo,Ge,_, film by rf
sputtering on a Si substrate held at room temperature.'® The
mean-field transition temperature 7., defined by a 95%
criterion,? i.e, the linear resistivity p decreases to 95% of the
normal-state resistivity, is 5.86 K and the zero-resistivity
temperature 7. is 5.78 K. We measured p, I-V characteristics,
and the voltage noise spectrum Sy(f) induced by the currents
using a four-terminal method. The ac (rf) current I,, was
applied through an rf transformer. The frequency f,,, and
amplitude of 7, are 10 MHz and 0.07-0.50 mA, respec-
tively. In measuring Sy(f) over a broad frequency range f
=1 Hz-40 kHz, the voltage enhanced with a preamplifier
was analyzed with a fast-Fourier transform spectrum
analyzer.”> We obtained the excess noise spectra Sy(f) by
subtracting the background contribution, which was mea-
sured with /=1,,=0.** The sample was directly immersed
into liquid “*He. The field B was applied perpendicular to the
plane of the film.

In Fig. 1(a) we plot the (dc) critical current I, (open
circles) at 4.0 K against B, where I, is defined as a threshold
current at which the vortices start to move. The values of /.
for different B are extracted from the I-V curves using a
1077 V criterion. We also plot a “dynamic” critical current
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FIG. 1. (Color online) (a) Critical current /. (open circles) and
dynamic critical current I, 4, (full circles) at 4.0 K against B. Ver-
tical dashed lines represent the location of B, 4, (left) and B,
(right). Inset: B, (squares) and B,, (circles) against 7. (b) B depen-
dences of Sy, /V (full circles) and Sy,./V (open circles)
for 40kHz at 4.0K. Open triangles correspond to
Symr! V(=Sy,p/V) for 100 Hz. A shaded zone represents the
background level. Inset: Schematic illustration of determination of
Syyr!V and Sy !V at Iy (a vertical dashed line). Other lines
are guides for the eye.

I, 4yn» which is determined by linear extrapolation of the flux-
flow (linear) part of I-V curves to the zero voltage. It has
been shown recently that /. 4, reflects the pinning strength
for driven vortices in the flux-flow state.'” One can see a
broad peak of I.(B) in the field region B=2.6-4.1 T (the
peak field B, is =3.5 T) and a more pronounced peak of
I, 4y(B) in B=3.9-4.6 T. The peak field B, ;,,(=4.2 T) of
I, 4y, s higher than that of B, of I.(B) and very close to a
field ~4.1 T where I, vanishes, consistent with recent
results.'? All of the data were taken at 4.0 K in B=2.6 T (the
onset of the peak in 1.), 3.5 T (=B,), 3.9 T (the onset of the
peak in 7, 4,), and 4.1 T (just prior to B,, 4,). In the inset of
Fig. 1(a) we plot the upper-critical field B,, defined by a 95%
criterion 2 and B, against 7.

Shown in Fig. 2(a) are the I(V) curves measured with
superimposed (10 MHz) rf currents of different amplitudes
(1,/=0.135-0.252 mA) at 40 K in 3.5 T (=B,). The step-
like behavior suggestive of ML is observed at the two volt-
age levels V,; V,=0.58+0.04 mV and V,=1.13£0.04 mV.
The location as well as the existence of the steps can be more
clearly seen by plotting the differential conductance dI/dV
against V, as shown in Fig. 2(b). Assuming a triangular vor-
tex array moving in the direction parallel to one side of the
triangle(s), i.e., the lattice period a in the direction of vortex
motion is equal to the nearest-neighbor distance of the trian-
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FIG. 2. (Color online) (a) I(V) curves and (b) dI/dV vs V at 4 K
in 3.5 T measured with superimposed (10 MHz) I,;, which is listed
in (a). Vertical dashed lines represent the location of the first (left)
and second (right) ML steps. The inset of (a) illustrates a schematic
diagram of triangular vortex arrays, where an arrow indicates the
direction of the vortex motion. (c) V dependence of Sy/V at 10 kHz
(diamonds) and 40 kHz (circles) measured with superimposed
(10 MHz) 1,;=0.230 mA at 4 K in 3.5 T. Other lines are guides for
the eye.

gular vortex array, (2P,/\3B)!2, as schematically illustrated

in the inset of Fig. 2(a), a fundamental voltage step (p=g¢
=1) is calculated to be V;;;=0.57£0.02 mV from the equa-
tion V,,,=lvB=I(p/q)f,,aB, where @ is the flux quantum
and [ is the distance between the voltage probes. The value
of V,,;=0.57 mV thus calculated well coincides with the ob-
served V;=0.58+0.04 mV, V,/2=0.57£0.02 mV, and
V4/3=0.57+0.01 mV (not shown here). These results indi-
cate that the steplike structures in the I(V) curves indeed
correspond to ML of the driven vortex lattice. For 1,,=0,
such steps are no longer visible. The similar smooth steps
indicative of ML are observed in other three fields studied
(e.g., up to the fifth steps in 2.6 T). We note, however, that
not only in this work but also in previous work studying
different superconductors*~'” one cannot observe a sharp
step structure with dV/dI=0, such as reported in the CDW
condensate. This probably reflects the fact that in the CDW
system the sliding motion is nearly one dimensional (1D),
while in superconductors the vortex motion is more 2D like,
having the transverse degree of freedoms, which makes ML
incomplete.

In the insets of Fig. 3 we display typical noise spectra
Sy(f)/V (Sy divided by V) at 4.0 K in 3.5 T in the presence
of dc current, I=0.170 mA (top) and 0.350 mA (bottom), but
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FIG. 3. (Color online) Noise spectra Sy(f)/V at 4 K in 3.5 T in
the presence of (10 MHz) /,,=0.230 mA and / (listed in the figure)
that covers the first step region. A horizontal dotted line indicates
the background level. Insets: Sy(f)/V with I=0.170 (top) and
0.350 mA (bottom) in the absence (black lines) and presence [green
(dark gray) lines] of 1,,=0.230 mA. Arrows indicate f.(=v/w).

in the absence of I, (black lines). Overall spectral shape is of
Lorentzian like with a corner frequency, which nearly coin-
cides with a time-of-flight frequency (indicated with an ar-
row) calculated from f.=v/w, where w is the sample width.
Also shown with green (dark gray) lines are Sy(f)/V in the
presence of (10 MHz) [,,=0.230 mA superimposed on I.
When 1, is superimposed, Sy(f)/V at low f(<2 kHz)shows
a trend to decrease, while that at high f(>10 kHz) shows an
increase and takes almost a f-independent value. The de-
crease of noise at low f with the application of I, is quali-
tatively explained in terms of reduced pinning effects by the
ac drive, while it remains unclear what causes unusual
f-independent noise at high f. Further measurements up to
much higher f(>>10* Hz) may be needed to clarify the ori-
gin. Independent of this fact, we note that Sy(f)/V at high f
contains important information on the vortex dynamics asso-
ciated with ML, as described below.

In the main panel of Fig. 3 we depict Sy(f)/V at 4.0 K in
3.5 T in the presence of /,,=0.230 mA and dc [ that covers
the first step region (AI;=0.120-0.170 mA, 'V,
=0.58+0.04 mV).?> With increasing I from 0.120 to
0.145 mA(=I1,,,.), S\W(f)/V at high f(>10 kHz) decreases
down to =6 X 107'® V/Hz, which is close to the background
level (~1071% V/Hz). With further increasing 1, Sy(f)/V then
increases. At low f(<1 kHz), on the other hand, we do not
find any clear change in Sy(f)/V associated with ML (at /
=~ I,,,.) within experimental uncertainty. The results suggest
that BBN at high f probes sensitively the change in vortex
dynamics associated with ML. In order to see the change in
more detail over the broad V including the second step, we
plot S\(f)/V at f=10 kHz (diamonds) and 40 kHz (circles)
against V in Fig. 2(c). One can clearly see suppression of
Sy/V both at the first and second ML steps.

We now examine how ML and magnitude of noise ob-
served around B, change in lower and higher fields. In Figs.
4(a)-4(d) we plot V (top), dV/dl (middle), and S,/V at
40 kHz (bottom) against I, which covers the first step region,

PHYSICAL REVIEW B 76, 172503 (2007)

124 K @{dK 4K () ‘I‘K - (d)

“I10MHz . [10MHz .10 MHz 0 MHz
08126 T 35T . 3.9 T ot V
0.4 ' : : .
: . : : :

I;=0277 mA |/, =0.204 mA I;=0.248 mA

I;=0.215 mA

S
g

Sy(40kHz) /V (V/Hz) dV/dI(Q) V (mV)

0 01 020 01 020 01 020 01 02
I (mA) I (mA) I (mA) I (mA)

FIG. 4. (Color online) (a) I dependences of V (top), dV/dI
(middle), and Sy(f)/V for f=40 kHz (bottom) at 4 K in the pres-
ence of superimposed (10 MHz) (a) 1,,=0.277 mA in B=2.6 T, (b)
0.204 mA in 3.5 T, (c) 0.215 mA in 3.9 T, and (d) 0.248 mA in
4.1 T. A vertical dotted line in each figure represents the location of
11y in the first ML step. The background level is indicated by
shading.

in the presence of superimposed (10 MHz) /,,in B=2.6, 3.5,
3.9, and 4.1 T, respectively. Here, we focus only on the first
ML step and in each B we select /,; yielding a maximum step
width AI,. Suppression of BBN [S§(40 kHz)/V] at ML is
clearly visible for all fields. For 2.6, 3.5, and 3.9 T the mini-
mum (base) values of Sy/V(=Sy ,,/V=~3x107'% V/Hz) at
an intermediate current (=I,,,,) in each ML step are close to
each other, which are again near the background level shown
with a shaded zone. By contrast, Sy, /V(=1
X 1015 V/Hz) for 4.1 T is remarkably larger. We also notice
that in the 7 region outside the ML step S}(40 kHz)/V shows
a trend to increase with increasing B.

Let us discuss comparatively the field dependences of
Symr!V (mode-locked state) and Sy,,,,,/V (mode-unlocked
state) taken at the same Iy,,;. Here, Sy, /V is extracted
from the smooth interpolation of the data of S(I)/V outside
the ML step shown in Fig. 4 (bottom panels) to I— I, as
schematically illustrated in the inset of Fig. 1(b). The differ-
ent values of Sy(I)/V at both ends of the current step A, are
indicated with error bars. It is seen from Fig. 1(b) that
Sy.umr!V (open circles) increases with B and grows rapidly,
as the peak field B, 4, for the dynamic /. 4, is approached,
which is similar to the behavior of /. 4,,,(B) near B), 4, in Fig.
1(a). As demonstrated experimentally, the peak in I, 4, oc-
curs close to the thermally induced, dynamic melting transi-
tion of driven vortex lattice.'” Thus, these results suggest that
BBN at high f(=40 kHz) may probe increased thermal-
shaking effects for vortices just prior to dynamic melting. On
the other hand, at low f(<1 kHz) the field dependence
of BBN is markedly different. The typical data of
Symr! V(=Symr! V) at 100 Hz is plotted in Fig. 1(b) with
open triangles, which shows the similarity to I.(B) rather
than to I, 4,,(B). This is consistent with previously reported
work in which the generation of low-f BBN near B, has been
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observed in various dc-current-driven vortex systems.?02!

The most striking finding in this paper is that, except B
=~ B, 4> Once the driven vortex system is mode locked, BBN
at high f decreases sensitively down to the base values near
the background level (indicated by shade), as shown with
full circles in Fig. 1(b). In the vicinity of B, ,,,, where the
ML step in the I-V curves is degraded and Sy . /V takes
relatively large values, Sy, /V does not fall down to the
background level. According to the simulation by Kolton,
Dominguez, and Grgnbech-Jensen,!” inside the ML step
(mode-locked state) the vortices are localized, oscillating
around their “equilibrium” position seen from a frame of
reference moving with velocity determined by V), at the step
position. Thus, the mode-locked state is a frozen solid pinned
in the moving frame, where only small noise should be gen-
erated. Just above (or below) the “depinning” from the ML
step some vortices are delocalized, producing coexistence of
mode-locked and mode-unlocked channels of flow within the
sample. This could be interpreted as a 1D “plastic” depinning
or shear slip from the mode-locked state, where relatively
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large BBN should be generated. Suppression or disappear-
ance of high-f BBN at ML observed over the broad fields
corresponding to the solid phase when at equilibrium (in the
absence of drive) is consistent with the view of the frozen
solid at ML (or ML freezing), although ML does not look
complete due probably to the 2D nature of vortex motion,
e.g., switching motion of vortices between neighboring flow
channels. Degradation of ML and insufficient suppression of
BBN at ML observed in the vicinity of B, 4, are attributed to
an increased number of mode-unlocked channels in the
sample just prior to (dynamic) melting.

To summarize, we report on BBN generated by driven
vortices in the presence of dc and ac currents. We observe
steplike structure indicative of ML in the /I-V curves and
suppression of high-f BBN inside the steps. Just prior to
dynamic melting this feature is less pronounced associated
with degradation of ML. The results are consistent with the
view that the mode-locked state is a frozen solid pinned in
the moving frame of reference.
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