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Abstract. Current-driven vortex dynamics of type-II superconductors in the weak-pinning
limit is investigated by quantitatively studying the current-dependent vortex dissipation of an
untwinned YBa2Cu3O7 single crystal. For applied current densities(J ) substantially larger than
the critical current density(Jc), non-linear resistive peaks appear below the thermodynamic first-
order vortex-lattice melting transition temperature(TM), in contrast to the resistive hysteresis
in the low-current limit(J < Jc). These resistive peaks are quantitatively analysed in terms
of the current-driven coherent and plastic motion of vortex bundles in the vortex-solid phase,
and the non-linear current–voltage characteristics are found to be consistent with the collective
flux-creep model. The effects of high-density random point defects on the vortex dynamics are
also investigated via proton irradiation of the same single crystal. Neither resistive hysteresis
at low currents nor peak effects at high currents are found after the irradiation. Furthermore,
the current–voltage characteristics within the instrumental resolution become completely ohmic
over a wide range of currents and temperatures, despite theoretical predictions of much larger
Jc-values for the given experimental variables. This finding suggests that the vortex-glass phase,
a theoretically proposed low-temperature vortex state which is stabilized by point disorder and
has a vanishing resistivity, may become unstable under applied currents significantly smaller
than the theoretically predictedJc. More investigation appears necessary in order to resolve this
puzzling issue.

1. Introduction

Recent experimental observations of novel vortex transport properties in various weak-
pinning type-II superconductors [1–10] have kindled renewed interest in the effects of
static disorder on the thermodynamic vortex phases and phase transitions [11–16]. In
the weak-pinning limit, measurements of thermodynamic quantities such as magnetization
and heat capacity have confirmed the existence of a first-order melting transition in both
Bi2Sr2CaCu2Ox [9] and untwinned YBa2Cu3O7 single crystals [10], while the resistive
hysteresis observed in untwinned YBa2Cu3O7 single crystals below the first-order vortex-
solid melting transition temperatureTM [1–3] has been attributed to the current-driven
non-equilibrium effects below the thermodynamic transition [3]. Another current-induced
phenomenon in weak-pinning systems is the ‘peak effect’, which refers to a peak feature
in the critical current density (Jc) as a function of the temperature or magnetic field [17–
21]. The peak effect has been observed just below the upper critical fieldHc2(T ) in
conventional superconductors such as niobium [17] and Nb3Ge films [18], and has been
attributed to the softening of the elastic moduli in the vortex lattice first by Pippard [19] and
then in a generalized way by Larkin and Ovchinnikov [20]. Recently similar peak effects

0953-8984/97/388085+16$19.50c© 1997 IOP Publishing Ltd 8085



8086 W Jiang et al

have been reported for conventional superconductors such as 2H-NbSe2 single crystals [4],
and for high-temperature superconductors (HTSs) such as YBa2Cu3O7 single crystals either
with very few twin boundaries [5, 6] or completely untwinned [7]. In the case of high-
temperature superconductors, it has been theoretically argued that the peak effect occurs
just below the vortex-solid melting lineHM(T ) rather than nearHc2(T ) [15], because the
shear modulusc66 in HTSs vanishes atHM [3, 15] due to large thermal fluctuations, and
the rapid decrease ofc66 associated with the softening vortex solid belowHM(T ) is known
to result in enhancement of the pinning and therefore the peak effect in the critical current
densityJc [15, 19–21].

In this paper, we report our quantitative investigations of the current-driven vortex
dynamics in the weak-pinning limit by studying an untwinned YBa2Cu3O7 single crystal.
We find that below the temperature where the peak ofJc occurs, the non-linear current–
voltage characteristics can be described in terms of the collective flux-creep model [15, 22,
23]. In addition, both coherent and plastic motion of vortex bundles in the high-current
limit are proposed to account for the peak effect inJc. We also investigate the effect of
high-density point defects on the low-temperature vortex phase and on the nature of the
vortex phase transition by means of proton irradiation of the same untwinned single crystal.
We find that the crystal, after proton irradiation, exhibits completely ohmic current–voltage
characteristics over a wide current range. Furthermore, neither resistive hysteresis nor a
peak effect is present after irradiation, suggesting that the low-temperature vortex state is
unstable against finite currents in the presence of high-density random point defects, and
that the scenario for a point-disorder-induced vortex-glass state at low temperatures [11]
needs further careful examination.

2. Experimental procedure

The sample studied in this work was an untwinned YBa2Cu3O7 single crystal with
dimensions of 0.5 mm× 0.5 mm× 20 µm, the same as was used in our previous resistive
hysteresis studies [3]. The onset of the superconductivity was atTc = 93.44± 0.03 K and
the normal-stateb-axis resistivity wasρn(Tc) = 25 µ� cm atTc. The dc current–voltage
characteristics were measured using a standard four-terminal method. The measurements
were performed in applied magnetic fields (H ) from 1 to 90 kOe and for angles (θ ) from 0◦

to 90◦, whereθ is defined as the angle between the applied field and the samplec-axis. The
applied current densityJ was always transverse toH and parallel to the crystallineb-axis.
The resistivity, defined asρ ≡ E/J , was obtained from the electric field versus current
density (E–J ) isotherms. The voltage resolution was∼50 nV, and the range of the current
density was from 103 A m−2 to 107 A m−2. The same sample was subsequently irradiated
with 3.0 MeV protons using a fluence of 5×1015 protons cm−2, and the irradiation resulted
in point and small cluster defects of a volume densitynp ∼ (3×10−8 m)−3 [24, 25]. Similar
measurements of the resistivity and the current–voltage characteristics were performed to
investigate the effects of high-density random point disorder on the vortex dynamics.

3. Results

Illustrated in figure 1 are the temperature-dependent resistivity curves taken with different
applied currents near the vortex-solid melting transition and forH = 50 kOe andθ = 0◦.
In the low-current limit (J < 1.5×105 A m−2), theρ–T curves exhibit hysteretic behaviour
(not shown in figure 1) upon cooling and heating, as reported previously [3]. However,
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Figure 1. Non-linear resistivity (ρ) versus temperature (T ) curves of the as-grown untwinned
YBa2Cu3O7 single crystal taken at different current densities and forH = 50 kOe, and for
H ‖ ĉ. The solid lines are the theoretical fitting curves obtained using equation (1) and with
µ = 1.28. The inset shows the ohmicρ–T curve over a larger temperature range and taken at
J = 7.5 A cm−2. The box indicates the temperature window shown in the main figure.

for higher current densities (J > 1.5 × 105 A m−2), the hysteretic behaviour gradually
disappears, and a resistive peak occurs and becomes more pronounced with increasingJ

until J ∼ 2.4× 106 A m−2. We note that both a peak and a ‘dip’ in the resistivity occur at
temperatures lower than the thermodynamic vortex-solid melting temperatureTM , whereTM
has been identified according to reference [3]. The non-linear vortex response near the peak
region is further illustrated by the electric field (E) versus current density (J ) isotherms in
figure 2(a) forH = 50 kOe andH ‖ ĉ. We note that the temperature interval within which
the current-dependent resistive peaks occur (see figure 1) corresponds to the occurrence
of non-linearE–J isotherms in figure 2(a). In general, the peak effect always exists if
H < 90 kOe for fields along thec-axis. On the other hand, for fields in theab-plane the
peak effect can be observed only ifH > 10 kOe.

4. Analyses using the collective flux-creep model

To obtain a better understanding of theE–J characteristics, we examine the low-temperature
E–J isotherms which show vanishing resistivity asJ → 0. This non-linear behaviour is
consistent with the bundle-hopping resistivity of vortices proposed by the collective flux-
creep model [15, 22]:

ρ(T , J ) = ρ0(T ) exp

[
−
(
Jvb(T )

J

)µ]
(1)

where Jvb is a characteristic current density related to the correlation length of vortex
bundles, andµ is a positive exponent. Assuming that the exponentµ is constant for given
H and θ , we apply equation (1) to our data by using the fitting parametersµ, ρ0(T ) and
Jvb(T ), and find that the resistivity agrees well with the collective flux-creep model. We
note thatµ > 0 yields a vanishing resistivity in the small-current limit. As a demonstration,
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Figure 2. (a) A representative set of electric field (E) versus current density (J ) isotherms for
the sample forH = 50 kOe andH ‖ ĉ. The temperature increment1T of two consecutive
isotherms is 0.02 K within the region indicated by the arrows. (b) Representative theoretical
fitting curves (solid lines) for theE–J isotherms obtained with the use of the collective flux-
creep model of equation (1) and a fitting parameterµ = 1.28. The inset shows theµ-values
for different magnetic fields and orientations. (c) Representative theoretical fitting curves (solid
lines) for theE–J isotherms, obtained using the empirical formulaE ∝ (J − Jc)α .

five representativeE–J fitting curves are plotted as solid lines in figure 2(b) together with
the original data points forH = 50 kOe andθ = 0◦. In addition, the solid lines in figure 1
are also fitting curves for theρ(T , J )–T data, obtained with the use of equation (1). The
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Figure 2. (Continued)

µ-values thus determined are shown in the inset of figure 2(b) for the results taken with both
H ‖ ĉ andH ⊥ ĉ. According to the collective flux-creep model [22, 23], the magnitude
of µ varies with the range of vortex correlation. Although the accuracy of theµ-values is
limited by the finite current range of our experiments, all of theµ-values derived from the
E–J data fall between the theoretical values of7

9 for large vortex bundles and52 for small
vortex bundles, in general agreement with the collective flux-creep model [22, 23].

In addition to the exponentµ described above, the quantitiesρ0(T ) and Jvb(T ) are
worth considering. We note that the expression limJ�Jvb [ρ(T , J )] = ρ0(T ) holds according
to equation (1), and thatρ0(T ) has a temperature dependence that is similar to but much
weaker thanρ(T ), as shown in figure 3(a). Furthermore, the characteristic current density
Jvb(T ) illustrated in figure 3(b) shows a distinct peak at the temperature where a minimum
in ρ(T ) occurs. This temperature dependence ofJvb(T ) is analogous to the behaviour of
the critical current densityJc [6], whereJc is determined according to the empirical relation
E(J ) ∝ [J − Jc(T )]α, with α being a temperature-dependent exponent, whereJc(T )→ 0
and α(T ) → 1 asT → T −M . The resultingJc(T ) curves are shown in figure 3(b), and
the corresponding fitting curves for theE–J data are shown in figure 2(c). We note that
both the expression given as equation (1) and the empirical relationE ∝ [J − Jc(T )]α
are consistent with our attribution of the dissipation belowTM to the current-driven vortex
motion in the vortex-solid state, because bothJvb andJc are finite only ifT < TM . It is
also interesting to compare our empirical relation with the current–voltage characteristics
of charge-density-wave (CDW) behaviour in the mean-field approximation for a strong-
pinning system, whereE ∝ [J − Jc]3/2 is satisfied [26]. Such behaviour has been reported
for YBa2Cu3O7 melt-textured samples and twinned crystals [21] where significant pinning
defects are present. Although the mean-field CDW behaviour is similar to our current–
voltage characteristics, we note that the powerα for our untwinned single crystal is always
smaller than 3/2 for all of the temperatures of our investigation. This difference may be
attributed to the weak-pinning nature of the untwinned YBa2Cu3O7 single crystal.

The correlation betweenJvb andJc can be understood in the context of the collective
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Figure 3. Representative data for (a) theρ0–T andρ–T curves forH = 50 kOe andH ‖ ĉ
are compared with (b) the correspondingJvb(T ) andJc(T ) data. Note the strong correlations
between the peak feature inρ(T ) and those inJvb(T ) and Jc(T ). The different regimes of
vortex motion are as indicated.

flux-creep theory [23] by means of the following consideration. (For simplicity, we shall
ignore the electronic mass anisotropy for the time being.) In the case of small-bundles
pinning, which corresponds to either small magnetic fields or large applied currents, the
characteristic current is given byJvb ≈ J0(ξ/a0)

2(a0/Lc)
3/5, whereJ0 is the depairing

current density,Lc is the longitudinal correlation length of the vortex bundle, anda0

is the Abrikosov vortex-lattice constant [23]. TheJc-value near the crossover to small-
bundle pinning is given byJc ∼ J0(ξ/a0)

2, according to section IV.B.1 of reference [23].
Therefore we find thatJvb ≈ Jc(a0/Lc)

3/5. In the case of large-bundle pinning either at
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high fields or under small applied currents, it is found thatJvb ≈ (J0/κ
2)(a0/Lc)

3/5, andJc
is approximated byJc ∼ (J0/κ

2)(a0/Lc)
6 [23]. Therefore we obtainJvb ≈ Jc(Lc/a0)

27/5

in the large-bundle pinning limit [23]. The quantityLc is less temperature dependent than
Jc below the vortex-solid melting temperatureTM , and thereforeJvb ∝ Jc is approximately
valid for T < TM , consistent with our data in figure 3(b). Furthermore, the empirical result
Jvb(T ) > Jc(T ) for all fields suggests thatLc < a0 in low fields andLc > a0 in high fields.

5. Current-driven vortex dynamics

To understand the current-driven vortex dynamics at different temperatures, we consider
the correlation between theρ(T ) and Jc(T ) data in figures 3(a) and 3(b). We note that
Jc(T ) first decreases with increasing temperature, and then begins a sharp upturn at the
‘predominantly coherent motion temperature’Tpc (to be elaborated later) whereρ(T ) is at a
local maximum value, reaching a peak value at the ‘plastic motion temperature’Tpl where
ρ(T ) dips to a local minimum, and finally decreases rapidly to zero at approximately the
thermodynamic temperatureTM [3] in the small-current limit (J < 103 A m−2).

Figure 4. Schematic illustrations of the suggested current-driven vortex-bundle motion in various
temperature regions. With increasing temperature, the vortex motion begins with (a) coherent
motion of depinned vortex bundles, and then (b) becomes predominantly coherent motion with
a defected lattice. Further increase of temperature leads to (c) plastic motion, and eventually
(d) the vortex-liquid state before conversion into the normal state. We note that the possible
dimensional crossover along the direction ofH is not explicitly illustrated.

On the basis of the experimental information, we propose the following scenario for
the different regimes of current-driven vortex dynamics. ForT < Tpc, the presence of
an external current densityJ � Jc results in coherent motion of depinned vortex bundles
[27] and therefore finite resistivity. The coherently moving bundles consist of a nearly
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regular vortex lattice because the large applied current effectively ‘heals’ the defect-induced
inhomogeneous vortex structure, as illustrated in figure 4(a). As the temperature increases to
Tpc < T < Tpl , the moving vortex bundles become increasingly softened due to the rapidly
decreasingc66 [15, 20], and therefore may be partially pinned by local defects [15, 20],
resulting in the onset of plasticity with smaller and defected vortex bundles which undergo
predominantly coherent motion [28], as illustrated in figure 4(b). The occurrence of partially
pinned vortex bundles gives rise to an increasingJc (the peak effect) and therefore decreasing
vortex dissipation. With further increase of the temperature, the increasing plastic motion
of vortices atT > Tpl involves continuing break-ups of vortex bundles, as shown in figure
4(c). Therefore the resistivity rises rapidly betweenTpl and TM [28]. Near the melting
temperature (T → T −M ), the root mean square amplitude of the vortex-lattice displacement√
〈u2〉 approaches the Lindemann criterion,

√
〈u2〉 ∼ cLa0, where cL is the Lindemann

constant [2]. Thus, a vortex-solid melting transition takes place atTM , above which in
the vortex-liquid state (figure 4(d)) both the long-range shear modulusc66 and the critical
current densityJc vanish. The resistivity continues to rise aboveTM until vortex fluctuations
associated with the melting transition subside, and the resistivity becomes independent of
the current at a temperatureTlin slightly aboveTM .

The above description of the current-induced vortex dynamics only focuses on the
qualitative two-dimensional behaviour of vortex bundles. If we compare the temperature
dependence of the longitudinal vortex correlation lengthLc with the sample thicknessd,
an interesting dimensional crossover in the vortex correlation may occur, as predicted by
the following consideration. SinceLc is related to the transverse correlation lengthRc via
the relationLc ≈ Rc(c44/c66)

1/2, and sincec66 vanishes at the melting transition line of
untwinned YBa2Cu3O7 single crystals [1–3] and at the glass transition line of twinned
YBa2Cu3O7 single crystals [29, 30], while the tilt modulusc44, although significantly
reduced in this regime [31], remains finite untilT → T −c , we find thatc66 decreases
more rapidly thanc44 nearTM . Hence, a dimensional crossover of the vortex correlation
is likely to occur slightly belowTM and near the peak ofJc(T ), from a three-dimensional
vortex correlation withLc < d at low temperatures to a two-dimensional correlation with
Lc > d at high temperatures. This conjecture of dimensional crossover associated with the
longitudinal vortex correlation [21] is complementary to the varying vortex dynamics from
coherent vortex motion to plastic motion.

By plotting in theH–T diagram the characteristic temperaturesTpc, Tpl and Tlin for
different fields, together with the thermodynamic vortex-solid melting transition temperature
TM , we find that all three curves forHpc(T ), Hpl(T ) andHlin(T ) in figure 5 converge to
the thermodynamic melting lineHM(T ) in high fields, although in the low-field limit the
peak effect is found to occur at temperatures substantially (more than 0.5 K) lower thanTM .
The convergence ofHpc(T ), Hpl andHM(T ) in high fields is consistent with the stronger
elasticity and larger vortex bundles which minimize the occurrence of plastic motion.

6. Bulk pinning and the onset of plastic motion

Next, we consider the quantityρ0(T ) at T 6 Tpc, which corresponds to the dissipation
associated with the coherent motion of completely depinned vortex bundles in the high-
current limit, limJ�Jc [ρ(T )] → ρ0(T ). We note that the resistivityρ(T ) for a given current
density J > Jc is nearly constant forT 6 Tpc, and ρ(T ) decreases rapidly aboveTpc,
whereTpc is the onset of plasticity, while the vortex motion is still predominantly coherent
[28]. Thereforeρ0(Tpc) may be considered as the maximum resistivity associated with the
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Figure 5. The H–T vortex phase diagram showing the thermodynamic phase transition line
HM(T ) and various other crossover linesHpc(T ), Hpl(T ) andHlin(T ). The inset shows a
close-up view of the phase diagram in the lower-field limit, with various vortex regimes as
indicated.

coherent motion of completely depinned vortex bundles. The current density required to
maximize the resistivity is the plastic current densityJp = c66/(Brp) [15], with rp being the
average separation of the point defects, andB the magnetic induction. Assuming a vortex
drift velocity v, we may express the maximum resistivity atTpc by the following formula
(in CGS units):

ρ0(Tpc) ≈ vB

Jpc
= vB2rp

c66c
. (2)

The physical significance ofρ0 suggested in equation (2) may be verified by considering the
magnetic field and angular dependence ofρ0(Tpc). We may assume that the current required
to induce the onset of plastic motion is predominantly determined by the hard-axis shear

modulusc⊥66(θ) = c0
66/εθ [32], whereεθ =

√
cos2 θ + ε2 sin2 θ , ε2 is the mass anisotropy

ratio defined asε−2 ≡ (mc/mab) [23, 33], andc0
66 ≈ 80B/(8πλ)2 ∼ B[1 − (T /Tc)].

(We note that the mean-field expression forc0
66 is used here, because we are considering

the dynamic process of vortex depinning in the large-current limit. This consideration is
different from that for the thermodynamic melting transitions, where the shear modulus under
thermal equilibrium should be renormalized by the thermal fluctuations and should vanish
atTM rather thanTc.) Next, the drift velocityv may be approximated byv ∝ [Hc2(T , θ)]−1,
similarly to in the Bardeen–Stephen model [34], sov ∼ εθ [1 − (T /Tc)]−1 because
Hc2(θ) ∝ ε−1

θ [23]. Thus, we find that the saturation resistivity atTpc follows

ρ0 ∝ Hε2
θ

[1− (Tpc/Tc)]2

whereB ≈ H has been assumed.
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Figure 6. The magnetic field dependence ofρ0 is shown for bothH ‖ ĉ andH ⊥ ĉ. The
inset demonstrates the empirical relationρ0(Tpc)H

−1[1− (Tpc/Tc)]2 = α0+ α1ε
2
θ that approx-

imately accounts for most data taken at different magnetic fields (H ) and angles (θ ).

The magnetic field and angular dependences ofρ0 are shown in figure 6. We find
that ρ0 for most fields and angles follows a similar behaviour, as illustrated in the
inset of figure 6 where allρ0(H, θ) data approximately satisfy the generalized empirical
relation ρ0(Tpc)H

−1[1 − (Tpc/Tc)]2 = α0 + α1ε
2
θ , and the fitting parameters areα0 ≈

1.57× 10−10 � m kOe−1 andα1 ≈ 6.29× 10−10 � m kOe−1. We remark that our estimate
made using equation (2) forρ0(Tpc) is only approximate, especially with uncertainties
in the drift velocity v. This uncertainty may be responsible for the additional angle-
independent termα0, as well as the deviation of oneρ0-value from the empirical relation
ρ0(Tpc)H

−1[1− (Tpc/Tc)]2 = α0 + α1ε
2
θ in the high-field limit. However, we consider the

general agreement of equation (2) with mostρ0(H, θ) data reasonable support for the onset
of plastic motion atTpc.

7. Effects of high-density random point defects

In the previous sections we have studied the current-driven vortex dynamics in the limit
of weak point disorder in an untwinned YBa2Cu3O7 single crystal. It appears that the
weak point disorder contributes to collective pinning of vortex bundles, as manifested by
the occurrence of the peak effect under large currents, and by the diverging energy barrier
for vortex motion in the low-current limit. Furthermore, the disorder is sufficiently weak
that the vortex-solid–liquid phase transition has been found to be first order [1–3, 8–10,
13]. A natural follow-up is to investigate whether increasing point disorder eventually leads
to a thermodynamically stable ‘vortex-glass’ state at low temperatures, with a vanishing
resistivity in the low-current limit and a second-order glass-to-liquid transition at a finite
temperatures below theHc2(T ) line [11]. This approach is in contrast to those followed
in previous reports of second-order ‘vortex-glass’ transitions in both twinned YBa2Cu3O7
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single crystals [29, 30] and thin films [35], in which stronger pinning defects other than
the random point disorder may be much more important and ultimately responsible for the
observed second-order, glassy vortex phase transitions.

The effects of large point disorder are studied by subsequently irradiating the same
untwinned single crystal with 3.0 MeV protons using a fluence of 5×1015 protons cm−2. As
stated earlier, this irradiation condition created point and small-cluster defects of a volume
densitynp ∼ (3× 10−8 m)−3 [24, 25]. After proton irradiation, we find neither a peak
effect at high currents (see figure 7) nor resistive hysteresis at low currents. Furthermore,
the correspondingE–J isotherms, as shown in the inset for the representative data in
figure 7 taken atH‖c = 50 kOe, are mostly ohmic for the entire temperature range and
for all currents. Such an observation disagrees with the vortex-glass hypothesis [12] which
asserts that a true low-temperature thermodynamic glassy phase characterized by a vanishing
resistivity appears in the small-applied-current limit.

Figure 7. Comparison of the ohmicρ versusT curves of the untwinned YBa2Cu3O7 single
crystal before and after 3 MeV proton irradiation. Note that the nearly completely ohmic
behaviour after irradiation, shown in the inset, is in sharp contrast to the significantly non-
linearE–J isotherms in figure 2 before irradiation. The averaged temperature increment of two
consecutive isotherms in the inset is1T = 0.14 K.

To yield a better quantitative understanding of the disappearance of non-linear current–
voltage characteristics after proton irradiation of the single crystal, we perform the following
analyses which consider the reduction of the vortex correlation lengths as the result of high-
density point defects after proton irradiation. By comparing various characteristic lengths
of vortices with the disorder characteristic lengthLcc [23], we shall argue that the vortex
pinning mechanism in the proton-irradiated sample involves single-vortex pinning [23].
However, we find that the observed experimentalE–J data cannot be explained with either
theE(J ) behaviour quantitatively predicted by the collective flux-creep theory in the single-
vortex pinning limit, or by the current dependence qualitatively proposed on the basis of
the vortex-glass scenario [11].
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Let us first consider the disorder characteristic lengthLcc for a given disorder parameter
γ which is determined by the strengthfpin and densitynp of the pinning sites [23]:

Lcc ≈
[(

80

4πλ

)2

ξε2

]2/3/
γ 1/3 γ ≈ f 2

pinnpξ
2 (3)

wherefpin is the pinning force, andλ is the magnetic penetration depth. If we further
assume that the pinning force per point defect can be approximated by the spatial variation
of the condensation energy in a volumeξ3 over a distance∼ξ , so thatfpin ≈ (H 2

c ξ
2), and

use the empirical valuen−1/3
p ≈ 30 nm, as well as the material parameters for YBa2Cu3O7:

ξ(0) = 1.2 nm, λ(0) = 140 nm,ε−2 = 60 [36], we obtainLcc ≈ ε4/3(4np)−1/3 ≈ 1.2 nm.
Thus,Lcc is approximately equal to the CuO2 layer separationd ≈ 1.2 nm in YBa2Cu3O7,
and is much smaller than the quantityεa0 for all fields (up to 90 kOe) accessible in our
experiments. It has been argued [23] that the vortex system is in the single-vortex pinning
regime if Lcc < εa0, and therefore theLcc-value of our proton-irradiated untwinned single
crystal is consistent with this criterion.

The critical current density in the single-vortex pinning regime can be estimated from
the expressionJc ≈ J0(εξ/L

c
c)

2 ≡ Jsv [23]. Hence, for temperatures of∼0.9Tc, we
obtainJc ∼ 1010 A m−2, which is much larger than the current densities accessible in our
experiments. The conditionJ � Jc ≈ Jsv is therefore satisfied for our measurements,
and the corresponding prediction forE(J ) yieldsE ∝ exp[−U(J )/(kBT )], whereU(J ) ≡
Uvb(Jvb/J )

µ, and the quantities ofUvb, Jvb andµ are positive constants dependent on the
range of vortex correlation [23]. In the context of collective flux-creep theory, we consider
the values ofµ and Jvb for the experimentally relevant current range between 103 and
107 A m−2 by first defining the characteristic current densities for the single-vortex (sv),
small-bundle (sb), large-bundle (lb) and charge-density-wave (CDW) regimes [23]:

Jsv ≈ J0

[
εξ

Lcc

]2

Jsb ≈ Jsv
[
Lcc

εa0

]7/5

Jlb ≈ Jsb
[εa0

λ

]2
JCDW ≈ Jlb

[
ε3ξ5

a2
0(L

c
c)

3

]9/5

.

(4)

ForT = 0.91Tc andH = 50 kOe, we find thatJvb = Jsb andµ = 3/4 if the applied current
density satisfies the conditionJlb < J < (a0/λ)

2Jsb [23], where the characteristic currents
are estimated asJlb ∼ 105 A m−2 and (a0/λ)

2Jsb ∼ 107 A m−2. Similarly, Jvb = JCDW

andµ = 1/2 if 0 < J < JCDW [23], whereJCDW ∼ 104 A m−2. Consequently, we find that
over the entire experimental current range, the functional forms ofE(J ) as predicted by
the collective flux-creep theory all assume non-linear and diverging energy barriersU(J )

for J � Jc, in sharp contrast to our experimental data shown in figure 7. Furthermore,
within our voltage resolution there is no evidence in theE–J isotherms for a second-order
vortex-glass transition [11] in this proton-irradiated untwinned YBa2Cu3O7 single crystal, in
contrast to theE–J isotherms in thin films [35] and twinned crystals of YBa2Cu3O7 [29, 30],
which exhibit divergingU(J ) at low temperatures, power-law dependence near the glass
transition temperature, and thermally activated flux-flow (TAFF) behaviour above the glass
transition and below theHc2-line [29, 30, 35]. We also note that for the twinned YBa2Cu3O7

single crystals, consistent experimental evidence of second-order glass transitions has been
manifested in measurements of the complex conductivity and magnetic susceptibility [30],
in addition to theE–J isotherms [29, 30]. Such consistent manifestation of second-order
glass transitions isnot observed for theuntwinnedYBa2Cu3O7 single crystal.
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Although neither collective flux-creep theory nor the vortex-glass scenario can
explain the current–voltage characteristics of the data for the proton-irradiated untwinned
YBa2Cu3O7 single crystal, we remark that in the context of single-vortex pinning due to
large point disorder, the absence of resistive peaks belowTM may be understood by noting
that in the single-vortex pinning regime, individual vortices are either pinned or completely
depinned, so plastic motion which involves break-ups of vortex bundles cannot occur. Thus,
the peak effect associated with softening of vortex bundles belowTM is not observed in the
presence of strong pinning and/or high-density point defects. Our experimental results for
the proton-irradiated untwinned YBa2Cu3O7 single crystal therefore suggest that the resistive
peak effect originates in the motion of softened vortex bundles belowTM for systems with
weak pinning and small elasticity.

According to equation (3), the disorder characteristic lengthLcc decreases with increasing
point disorder. Hence, collective motion of three-dimensionally correlated vortex bundles
with a diverging energy barrierU(J ) ∝ J−µ (µ > 0) may be achieved if the point
disorder density (np) is reduced. However, we caution that the presence of a diverging
energy barrier at low temperatures, although suggestive, is not a sufficient condition for
the existence of a second-order vortex-glass transition. We also note that earlier reports
of experimental evidence for vortex-glass transitions in thin films [35] and twinned single
crystals of YBa2Cu3O7 [29, 30] may be largely associated with correlated disorder, such as
twin planes or screw dislocations, rather than random point disorder in the samples. The
significant differences between the ‘vortex-glass’ critical exponents for twinned YBa2Cu3O7

single crystals [29, 30] and those for YBa2Cu3O7 epitaxial films [35] are strongly suggestive
of different universality classes of vortex phase transitions due to different types of correlated
disorder. It is likely that the second-order vortex phase transitions observed in YBa2Cu3O7

epitaxial films [35] are in fact Bose-glass transitions incurred by line disorder such as
screw dislocations [12], whereas those in YBa2Cu3O7 single crystals [29, 30] areXY -like
transitions due to the twin planes [37].

8. Comparison with other related experiments

Comparing with previous reports of resistive peaks in similar systems [5, 6, 21], we note the
following new aspects of this work. First, our quantitative analysis of theE–J characteristics
in the as-grown untwinned YBa2Cu3O7 single crystal provides evidence for the motion
of vortex bundles with finite elastic moduli, and the physical origin of the peak effect
is attributed to the motion of softened vortex bundles below the thermodynamic melting
transitionTM . Various types of current-driven vortex dynamics atT < TM are proposed,
and the possibility of an accompanying dimensional crossover in the vortex correlation is
also discussed in the context of the different temperature variations inc66 and c44 near
TM . The latter viewpoint of a dimensional crossover near the occurrence of the peak effect
is analogous, but not identical, to that described in reference [21]. Second, the general
agreement of the angular and magnetic field dependence ofρ0 with equation (2) provides
further quantitative support for the existence of current-driven plastic motion belowTM .
Finally, the effects of a large degree of point disorder on the vortex phases and dynamics of
untwinned YBa2Cu3O7 single crystals are also investigated and compared with the collective
flux-creep theory and vortex-glass scenario. We have shown that for a sufficiently large
density of point defects, the vortex correlation is significantly reduced, and the vortex
system at low temperatures may be characterized as in the single-vortex pinning regime. In
contrast to the case for the as-grown untwinned crystal, we find neither resistive hysteresis
at low currents nor a peak effect at high currents for the sample after proton irradiation.
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Furthermore, the current–voltage characteristics at all temperatures belowTc appear to be
ohmic, even for applied current densities much smaller than the theoretically predictedJc
(see section 7). This finding is in contrast to the diverging energy barrier for vortex motion
based on either the collective flux-creep theory [23] or the point-disorder-induced vortex-
glass model [11]. The puzzling low-temperature ohmic current–voltage characteristics for
the sample with a large degree of point disorder seem to suggest that the vortex system
for a high density of point defects cannot form a stable vortex-solid phase, at least in the
presence of finite applied currents. In other words, the system appears to be liquid-like,
with a negligible—if there is any—critical current density, so theE–J data appear to be
in the flux-flow regime for all experimentally accessible currents. Although we cannot
rule out the possibility of a stable vortex-glass phase at much lower temperatures and/or
under much smaller applied currents, the discrepancy between the theoreticalJc and our
observation of ohmic behaviour atJ � Jc for the proton-irradiated untwinned YBa2Cu3O7

suggests the need for further theoretical and experimental studies in order to resolve this
issue.

9. Conclusion

In summary, we have investigated the current-driven vortex dynamics of an untwinned
YBa2Cu3O7 single crystal under different densities of point disorder and over a broad range
of temperature, magnetic field strength and orientation, and current density. For the as-
grown untwinned sample which is in the weak-pinning limit, non-linear resistive peaks are
observed atJ > Jc. These resistive peaks are found to be correlated with the peak effect
in the critical current density (Jc) below the vortex-solid melting transition. In addition, the
current–voltage characteristics in the same temperature range are analysed and are found to
be consistent with the collective flux-creep model for the motion of vortex bundles. With
increasing temperature, the resistive peak effect can be understood in terms of a current-
driven coherent vortex motion at lower temperatures, followed by a decrease in dissipation
due to partial pinning of softened vortex bundles, then a rapid rise in the dissipation due
to plastic vortex motion, and finally a thermally induced melting transition above which
the shear modulus vanishes. Comparing our results with similar observations for various
superconducting systems, we conclude that the peak effect is a current-induced phenomenon
common in both conventional type-II and high-temperature superconductors.

We have also investigated the effects of high-density random point defects on the current-
driven vortex dynamics through proton irradiation of an untwinned YBa2Cu3O7 single
crystal. We find that neither resistive hysteresis at low currents nor a peak effect at high
currents exists after proton irradiation. Furthermore, we find that within our experimental
resolution, there is no visible energy barrier to vortex motion, in sharp contrast to the
vortex-glass scenario which asserts a point-disorder-induced stable-thermodynamics vortex
phase with a diverging energy barrier in the low-current limit. Comparing this finding
with previous reports of ‘vortex-glass’ transitions in YBa2Cu3O7 twinned single crystals
[29, 30] and epitaxial films [35] (including our own work on YBa2Cu3O7 twinned single
crystals [30] which consistently manifested the same class of second-order glass transitions
in measurements of the current–voltage characteristics, complex conductivity, and magnetic
susceptibility), we conjecture that the high-density point defects, in the absence of other
correlated disorder, may result in a low-temperature liquid-like state which is unstable
against finite applied currents. Although it is possible that a thermodynamically stable
vortex-glass phase may exist at much lower temperatures and/or under applied currents
much smaller than those used in our measurements, the experimental data reported in this
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work on a proton-irradiated untwinned YBa2Cu3O7 single crystal clearly indicate that the
critical current of the vortex glass, if exists, is much smaller than the theoretical prediction.
This finding calls for further investigation of the current-driven vortex dynamics of extreme
type-II superconductors.
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