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Abstract. We have developed measurements of the mode-locking (ML) resonance with pulsed
currents, which generates much less heat than the conventional one with continuous currents.
Here, we present the experimental details of the pulsed ML measurement. Using this technique,
we have succeeded in determining the dynamic melting field of a driven vortex lattice for a
weak-pinning thick amorphous Mo,Ge;_, film down to 0.05 K. We construct an ideal vortex
phase diagram in the absence of pinning near zero temperature as a function of magnetic field.

1. Introduction

Since the discovery of high-T, cuprates, equilibrium vortex states in the field-temperature (B—1T)
plane have been thoroughly studied. While melting of the vortex lattice with increasing T" and B
has been well established, the true vortex-lattice melting in the limit of T" = 0, which is induced
by strong quantum fluctuations [1-17], remains unclarified despite its fundamental significance.
Part of the reason is that the pinning effect unavoidably contained in actual samples gives rise
to the order-disorder transition from the ordered (or weakly disordered) vortex-lattice phase
(OP) to the disordered vortex-glass phase (DP) [18-20]. This is associated with the peak effect
at B), where Bj, is determined from a peak in the depinning current [21-27]. The emergence of
DP masks the observation of the true melting transition of the vortex lattice. To overcome this
difficulty, in our earlier work we have performed the measurement of the mode-locking (ML)
resonance [28-38], which enables to probe melting of the moving lattice decoupled from the
underlying pinning potential [28-30,39-41].

However, the ML measurement could not be carried out at low enough T, eg., T' < 1
K, because the fast vortex motion generates more heat than the conventional transport
measurement. Quite recently, we have developed the pulsed ML measurement that generates
much less average heat, by three orders of magnitude, than the conventional one [42]. In this
paper, we present the experimental details of the pulsed ML measurement. Hopefully, this
method will be widely used to detect the dynamics of the fast-driven elastic object, as well as
vortex matter, interacting with the substrates that may generate large heat.
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By using this method, we determine the dynamic melting field B dyn( ) of the driven vortex
lattice in a weak-pinning amorphous (a-)Mo,Ge;_, film near T = 0. We construct an ideal
vortex phase diagram in the absence of pinning, at T = 0 as a function of magnetic field B,
which will be compared with the conventional one with weak pinning. Since the a-Mo,Ge;_,
film is a typical, conventional type-II superconductor with weak pinning, the results obtained in
this work are helpful to understand the vortex states at low T for a variety of superconductors.
More detailed data, analysis, and discussion have been given in Ref. [42].

2. Experimental details

An a-Mo,Gej_, film with thickness of 330 nm was fabricated by rf sputtering on a Si
substrate held at room temperature [29-32]. The linear resistivity p and dc current-voltage
(I — V) characteristics were measured using a standard four-terminal method. The mean-field
transition temperature T,y defined by a 95% criterion of the normal-state resistivity [11, 12],
p(Tw) = 0.95p,, and the zero-resistivity temperature T; are 6.1 and 6.0 K, respectively. The
equilibrium melting field B.(7T") and the upper critical field B.o(T") are determined from p(B.) —0
and p(Be2) = 0.95p,, respectively.

Figures 1(a) and (b) illustrate schematically the time evolution of the applied current I in the
continuous-current mode used previously and the pulsed-current mode developed in this work,
respectively. In the continuous mode, the dc current with fixed magnitude superimposed with
the ac current I,; is applied to the vortex system. The dc voltage V' induced by the vortex
motion is averaged over ten seconds and recorded. Then, the magnitude of the dc current [ is
increased in a step-by-step manner, as illustrated in figure 1(a). In the pulsed mode, on the
other hand, the square pulse with duration of 1 ms is applied and its repetition time is set to 1
s, as shown in figure 1(b), which makes the duty ratio as small as 0.1 %. The voltage signal due
to the vortex motion is again averaged over 10 s and recorded. In our ML measurement, the ac
current I,y with a frequency fe.+ of up to 50 MHz is superimposed on the dc I pulse with 1 ms
width. Hence, the number of cycles for superimposed I,; should be adjusted depending on feu.
For fest =50 MHz used in this work, for example, we apply I,y over a duration of 50,000 cycles.

Figure 2 shows schematically the electrical circuit for the pulsed ML measurement, where
the independent ac- and dc-pulse sources are used. The voltage enhanced with a preampliﬁer is
recorded with a fast-Fourier transform (FFT) spectrum analyzer, which enables to measure V()
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Figure 1. Schematic diagrams of the time evolution of the applied current I in (a) the
continuous-current mode used conventionally and (b) the pulsed-current mode developed in
this work, respectively. The ac current I,.; superimposed on I is not shown in (a) and (b). The
lower diagram in (b) schematically illustrates the enlarged view of individual I pulses.
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Figure 2. Schematic illustration of the electrical circuit used for the pulsed ML measurement.

with a voltage resolution as small as 0.01 mV. Since the time resolution of our FFT analyzer is
25 ps, the duration of the dc pulse should be longer than about 1 ms to ensure the accuracy of
the ML measurement. The dc pulse is also used as a trigger signal to synchronize all the devices.
In addition, we connect a capacitor and a coil with the ac and dc pulse sources, respectively, to
prevent each pulse signal from penetrating the other pulse source.

Figures 3(a) and (b), respectively, show the set of waveforms for the voltage pulse V() and
current pulse /(t) with different amplitudes superimposed with fixed 50 MHz I,y measured in
the pulsed current mode at 0.05 K in 8.0 T. Here, I(t) of a given amplitude and corresponding
V(t) are indicated with the same color. A representative waveform of V' (¢) selected from the
data of figure 3(a) is shown in figure 3(c). The waveform of V' (¢) as well as that of I(t) exhibits
a plateau-like behavior and hence I — V' characteristics are readily obtained from the plateau
values. In the pulsed mode, the heat dissipated in the sample is estimated to be a few tens
nW at around the first ML resonance step (see below). This leads to an increase in the local
temperature of a few tens mK at 0.05 K [42], which will not affect the discussion that follows.

Now, we examine the experimental resolution of the ML measurement in the pulsed current
mode in comparison with that in the continuous current mode. The solid and open circles
in figure 4(a) show the dc I-V characteristics superimposed with 40 MHz I,y at 4.1 K in 4.0
T, corresponding to OP near B, measured in the pulsed and continuous modes, respectively.
Figure 4(b) displays dI/dV versus V, where symbols correspond to those in figure 4(a). In
this temperature and current-voltage range, heating effects caused by the vortex motion are
negligibly small even if the continuous current mode is used. Figures 4(a) and (b) clearly show
that the pulsed ML measurement yields the same result as the continuous one as long as the
heating effects are not important and that the experimental resolution of ML in the pulsed mode
is of the same level as that in the continuous mode [42].

3. Results and discussion

When a vortex lattice is driven at a given dc velocity v through a random pinning potential,
it experiences a velocity modulation with a frequency f;,; determined by the ratio of v to a
lattice constant in the flow direction a, fins = v/a [41]. When the lattice is driven under the
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Figure 3. The set of waveforms for (a) the voltage pulse V() generated by the vortex motion
at 0.05 K'in 8.0 T and (b) the current pulse I(t) with different amplitudes on which 50 MHz I,
with fixed amplitude is superimposed. Here, I(t) of a given amplitude and corresponding V()
are indicated with the same color. (c) A typical waveform of V' (¢) selected from the data in (a).
All the waveforms show a plateau-like structure.
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Figure 4. (a) Dc I-V characteristics at 4.1 K in 4.0 T measured in the pulsed (black solid
circles) and continuous (black open circles) current modes, and those taken with superimposed
40 MHz I,y in pulsed (red solid circles) and continuous (red open circles) current modes. (b)
dI/dV versus V, where symbols correspond to those in (a). Horizontal full and dashed lines
mark the location of the ML resonance expected for the perpendicular and parallel orientations,
respectively. Other lines are guides for the eye [42].
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influence of externally applied dc and ac forces, a steplike structure analogous to Shapiro steps
found in Josephson junctions appears in the I — V' characteristics [28-30,33-38], where I and V'
correspond to the dc driving force and the average velocity of vortices, respectively. The steps
occur when the internal frequency fi,: = v/a of the system locks to the external frequency feu
of the ac drive I,y or when the relation qfins = pfest is satisfied, where p and ¢ are integers.

If we assume a triangular vortex array, i.e., Abrikosov lattice, moving in the direction
perpendicular to one side of the triangle(s), which we call the perpendicular orientation, we

can calculate the value of the fundamental voltage step (Vpp/zm ) for a given B, satisfying the

subharmonic resonant condition of p/q = 1/2, to be le/ezrp = Ifout(V/300B/2)'/2, where [ is
the distance between the voltage contacts and @ is the flux quantum [29, 31, 32, 36, 37]. The
location of le/e;p is indicated by a full horizontal line in figures 4 and 5. When the vortex

lattice is moving in the direction parallel to one side of the triangle(s), which we call the parallel
orientation, the fundamental voltage step is calculated to be le/alm = (2/ \/§)V1p/€2rp . This is
illustrated with a dashed horizontal line in figures 4 and 5. The observed ML resonance voltages
in figures 4(a) and 4(b) nearly agree with the calculated values for the parallel orientation. This
is consistent with previous work in which the lattice orientation favors the parallel one when the
field is increased to around B, [32, 43].

Let us present the data of the ML resonance acquired using pulsed currents at 7" =0.05 K,
corresponding to T'/T,y = 0.01, which is the lowest temperature attained in this work. Figure
5(a) shows the I-V curves measured with superimposed 50 MHz I,; of different amplitudes
listed in the figure (I, = 0.31 - 2.77 mA) at 0.05 K in 8.0 T, which corresponds to OP prior to

95T

% 105T
00 10 20
V (mA)

Figure 5. (a) I-V curves at 0.05 K in 8.0 T taken with superimposed 50 MHz I,.; of different
amplitudes listed in the figure. Black circles represent the I-V data measured in the absence of
superimposed I,.y. The location of le/e;p and le/alm is indicated with horizontal full and dashed

lines, respectively. Inset: AI plotted as a function of I.y. (b) dI/dV versus V' curves measured
with superimposed 50 MHz I,.¢ for different B [42]. A short arrow marks the location of the

observed ML peak at each B. Short full and dashed lines indicate the location of V’5? and

Vpara ivel 1/2
11 , respectively.
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B, (=10 T). Black circles depict the I-V data taken in the absence of superimposed I f, showing
the smooth curvature. In the presence of superimposed I,.r, by contrast, we observe the step-
like structure at around a voltage marked with a horizontal full line. Here, the location of the
calculated Vf/e;p and le/alm is indicated with the horizontal full and dashed lines, respectively.
The ML resonance is more clearly seen by plotting dI/dV against V', as shown in figure 5(b).
To quantify the strength of the ML resonance, we extract the width of the current step Al at
the ML resonance in the I-V characteristics by integrating the peak of dI/dV versus V curves
with respect to the flux-flow baseline [31, 32, 36, 37]. As shown in the inset of figure 5(a), thus
obtained A exhibits a maximum as a function of I,., consistent with earlier work that AI(/, )
is given by a squared Bessel function of the first kind [28, 36]. In the following discussion, we
will deal with the data corresponding to the maximum resonance Al qz.

Now, we focus on the field dependence of the ML resonance at 0.05 K. Shown in figure
5(b) are the dI/dV versus V curves measured with superimposed 50 MHz I, for different B.
Short vertical full and dashed lines represent the location of Vl%rp and le/alm expected for the
perpendicular and parallel orientations, respectively. A short arrow marks the position of the
observed ML peak in individual fields indicated in the figure. The peak structure is visible over
the broad B up to about 10.3 T but vanishes at B 210.5 T. By plotting Al,,,, against B, we
find that at both 0.05 and 0.4 K, Al,,,, takes a sharp peak around B, (=10 T) and rapidly falls
to zero at a certain field just above B, [42]. The sharp peak structure in Al,,, found around
near B, implies the temporal recovery of the ML resonance, which is most likely attributed to
the growth in the portion of the ordered domains with parallel orientation [43]. The subsequent
sudden drop in A4 shows the rapid collapse of the lattice order, indicating a sharp melting
from a moving lattice into a moving liquid. To identify the dynamic melting field B, 4, at each
temperature, we determine B, 4., from a simple linear extrapolation of Al;q, to zero. Then,
we evaluate the dynamic melting field B?,?jyn in the limit of the infinite velocity (v — 00) as a
field at which fe_xi versus Be gyn(fert) extrapolates linearly to f;c% — 0. Thus obtained values of

c(:).,ilyn at 0.05 and 0.4 K are 10.5 and 10.4 T, respectively.

By plotting Bco,(ziyn
the static vortex phase diagram over the entire B and 7" range [42]. From a simple extrapolation
of the BLY, (T) curve to T' = 0, we are able to obtain By, (0), as well as B,(0), B.(0) and
B.2(0), thus constructing the phase diagram of an ideal vortex system without pinning at 7' =0
as a function of B. This is illustrated in figure 6(a). For comparison, the similar 7" = 0 phase

(T') and B.o(T') in the B—T plane, we now complete the dynamic as well as

0 Bg.dyn (0) Bc2 (0)
() ‘ | | B
WITHOUT VORTEX LATTICE 3
QVL | NORMAL
PINNING ©oP) :
QVL
(b) ‘
WEAKLY DISORDERED
WITH :
WEAK VORTEX LATTICE DP | NORMAL
PINNING (OP) ‘
1 % 5
0 B,0)  B(0) Bo0)

Figure 6. (a) The T' = 0 equilibrium phase diagram with respect to B for an ideal vortex
system without pinning and (b) that in an actual system with weak pinning [42].
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diagram for a real system with weak pinning, which is constructed based on the data of B, (T),
B.(T), and Beo(T) at T'— 0, is shown in figure 6(b).

From figures 6(a) and (b), one can trace how the equilibrium phase diagram for the ideal
pinning free system alters as a small amount of pinning centers is introduced into the system.
In the absence of pinning, only the vortex-lattice phase (OP) and the vortex-liquid phase exist,

where the melting field of the vortex lattice is identified as Bg‘ilyn(O) and the vortex-liquid phase

at T" —0 is considered to be a quantum vortex liquid (QVL) [11, 12]. When the weak pinning
centers are introduced into the system, DP (or the vortex-glass phase) emerges just above

OP. The upper bound of OP is slightly suppressed from Bg‘élyn(()) =10.5 T to B,(0) =10.0 T,

indicative of pinning-induced disordering of the vortex lattice. On the other hand, the “melting”
field between the vortex solid phase (DP) and the QVL phase is remarkably pushed up from

Bg‘jiyn(O) =10.5 T to B.(0) =12.4 T, leading to a significant suppression of the QVL phase. This

result is explained in terms of the enhanced pinning effect at low 7. We have indeed found that

at high temperatures (T' 23 K), B2y, ,(T) is very close to Be(T'). This is because at high T,

thermal-fluctuation effects on vortex pinning are so strong that the melting field Bgf’iyn(T) in
the absence of pinning stays almost unaffected by the introduction of a small amount of pinning,.

4. Conclusion
We have developed and presented the pulsed ML measurement that generates much less heat

than the conventional one and successfully determined the dynamic melting field B2, (T) of

the driven vortex lattice for the thick a-Mo,Ge;1_, film in the limit 7" — 0 and infinite velocity
v — o0o. From the dynamic as well as equilibrium B — T phase diagram at low T', we have
mapped out an ideal vortex phase diagram in the absence of pinning, at 7' —0 as a function of
B. We hope that the pulsed ML technique developed and detailed in this paper may be widely
used to explore the dynamics of the fast driven vortex matter and elastic objects interacting
with random substrates that may generate large heat.
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