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We study a three-dimensional network of Josephson junctions in a magnetic field, which undergoes

a first-order melting transition of the triangular vortex lattice.
calculation of the resistance and current-voltage (/-V) characteristics.
resistance as a function of temperature as measured in untwinned YBa,Cu;0-.

We perform a Langevin dynamics
We find hysteresis in the
Close to the melting

temperature the -V curves are S shaped with hysteresis and show a melting transition when increasing
the current, driven by the blowing out of current nucleated vortex loops.

PACS numbers: 74.60.Ge, 74.50.+r, 74.60.Ec

Abrikosov demonstrated in 1957 [1] that there is a
lattice of vortices or flux line lattice (FLL) in type II
superconductors for magnetic fields suchthat H,) < H <
H.,. In high-T, superconductors, thermal fluctuations
can melt the FLL at a temperature 7T) well below
the mean field critical temperature T.(H) [2]. Brézin
et al. [3] have shown that this melting transition should
be first order. This was recently confirmed by Monte
Carlo simulations [4] in the three-dimensional (3D) XY
model. The first experimental evidence of a first-order
transition of the FLL was obtained by Safar er al. [5] in
untwinned YBa,Cu3;0, crystals: a sharp hysteretic jump
in the resistance was measured at very low bias currents,
as a function of temperature and magnetic field. This
result was reproduced by others, including the effects
of the direction of the magnetic field, twin boundaries,
and disorder [6—8]. However, in principle, a resistive
hysteresis can also be caused by dynamic processes
or disorder [9,10]. Recently, Jiang et al. [11] have
argued that current-induced nonequilibrium effects can be
invoked to explain some of their experimental findings on
the resistive hysteresis. In view of this, there is a need to
make a connection between the thermodynamical melting
phase transition and the behavior of nonthermodynamic
quantities such as the resistance. Here we use Langevin
dynamics simulation to compare the hysteresis in the
internal energy and first-order transition seen in Ref. [4]
with the resistive hysteresis and current-voltage (/-V)
characteristics calculated in the same model. We find
good correspondence when the bias current is low enough.
A new result is the existence of a current-induced melting
of the FLL and hysteresis in the /-V characteristics close
to Ty, which explain the resistive hysteresis.

The high-T, superconductors can be described, below
a mean field transition temperature TMF, by the ther-
mal fluctuations of the phase 6 of the superconducting
order parameter ¥ = |¥|e’. A lattice version of this
approach leads to the 3D XY model [12-14], with the
Hamiltonian
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H = =D Jucos[Ax0(r) — Au(r)], (1)
r,i

which has been studied both for zero [12] and finite
magnetic fields [14]. We consider a 3D stacked tri-
angular lattice [4] given by r = ria, + rna, + rZ,
with ry, ry, r3 integers, and & = a;, ap, as,z, with a; =
= —+2+Lpa=L12+ L5  The phase
difference is  Az0(r) = 6(r + @) — O(r). The
gauge factor Au(r) = % fH“A ~dl (®y = h/2e
is the quantum of flux) depends on the mag-
netic induction B =V X A = BZ [15]. This gives
A,(r) =0 and a frustration f in the xy planes:
3.,y plaquetteAs(r) = 27 f = 27Ba*\/3/4®,, with the
lattice constant a = ||. We consider an isotropic
lattice with J; = J for all @, where J = ®ja/1673 A2
with A the London penetration depth.

Current-driven XY models are usually studied by means
of a current-conserving overdamped Langevin dynamics
[13,16]. The current /,(r) in each bond of the 3D lattice
is given by the resistively shunted junction model

(I)O dAlag(l‘)
27R dt

+ 7),&(1',0’ (2)

I(r) = + Iosin[A;0(r) — Au(r)]

with Iy = 27wJ/®g and R the shunt resistance, consid-
ered isotropic. The thermal noise term has correlations
(’V][L(I', I)‘I]’a/(r/, l‘l)> = (2kBT/R)5ﬂ,,1/5r‘r/8(l‘ - I’). To-
gether with the condition of current conservation,

Zl,&(r) - Iﬂ(r - ,&) = A,& : I,&(r) = cht(r)s (3)
o

this determines the full set of dynamical equations. The
boundary conditions are periodic along the % (&) and %
directions, and open in the @, direction, with a current bias
I in the so-called [011] current injection direction [17].
This corresponds to lexi(r) = I(8,,0 — 8,,1,). From (2)
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and (3) we obtain

d0(r) _ 2m
dt (I)o
20 8H
X N Iex(x') + —
;G(r,r)[l )+ B S

— A, n,L(r’,t)] @

Here the 3D Green’s function is the solution of Ay -
713 ApG(r,r’) = 8, under the given boundary condi-
tions. We simulate Eq. (4) with the same algorithm as
in Ref. [13] with a time step of At = 0.057, with 7, =
®o/27 R Iy and with an integration time ti,; = 5 X 1037,
after a transient of 1037,.

The choice of a triangular network in the xy planes
is the most convenient lattice discretization: (i) there is
no frustration between the ideal triangular FLL and the
periodic pinning potential of the Josephson lattice, as
there is in cubic networks [4], (ii) it has the lowest single
vortex pinning barrier with a critical depinning current of
I. = 0.0421y (I, = 0.11j in a square network) [17], and
(iii) it has the largest Josephson current (above which
the whole network dissipates, equivalent to the depairing
current of continuous superconductors) I; = 2[, for the
[011] current injection direction (I; = Iy in a square
network) [17]. We note that the model considered here
does not have any random pinning. The weak pinning
present here is introduced by the periodic discreteness
of the array geometry. We consider a field of f = 1/6
vortices per plaquette and a system of size 18 X 18 X
18. These parameter values and model system are the
same as in the Monte Carlo simulation of Ref. [4]: see
their Fig. 1 for a plot of the unit cell of the vortex
ground state. It was carefully determined in [4] that
the FLL melting transition is first order, with hysteresis
in the average energy around the melting temperature
Ty = 1.175 (in units of J).

We calculate the normalized voltage drop
along the direction of the current as v =
N DN 2r.n(0(r1, Ly, r3) = 6(r1,0,r3)). In Fig. 1(a)
we show the dc resistance R = v/i for a low current
i = 0.01 (currents are normalized by Ip) as a function
of temperature. We increase the temperature in steps
of AT = 0.01 from the FLL ground state at 7 = 0,
taking as initial condition of each step the final state of
the previous step (adiabatic sweep). For very low T we
have R = 0 since we are well below the critical current
i.(T = 0) = 0.042. At higher temperatures T = 1 there
is a small finite R due to thermally activated vortex
motion. At a temperature 7, = 1.20 there is a sharp rise
in R of about 1 order of magnitude. When we decrease
the temperature from a disordered initial condition at
T = 1.5, also in an adiabatic sweep with AT = —0.01,
we find a sharp drop in R at 7- = 1.15. Thus we
obtain the hysteretic cycle in R shown in Fig. 1(b). A

very similar hysteresis was seen in the experiments [5—
8,11]. The hysteresis loop occurs around the equilibrium
melting temperature, 7- < Ty < T+. (In Ref. [11]
the resistive hysteresis was interpreted to be below Ty;
however, higher currents can shift 7+ very close to
Ty see below.) The resistive hysteresis has about the
same size in temperature as the hysteresis in the internal
energy in the equilibrium simulations of Ref. [4]. This
shows that there is a strong correspondence between the
first-order character of the equilibrium melting transition
and the resistive hysteresis at low bias currents. We
also show in Fig. 1(a) the helicity modulus Y, along
the z direction (proportional to the superfluid density)
[14,18]. It vanishes at about 7, when increasing T, thus
indicating the vanishing of superconducting coherence,
and it has the same hysteresis as R when decreasing
T [19]. We have also calculated the vortex struc-
ture function: S(k) = LnL;sz Sk, r3)n (=K, r3)).
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FIG. 1. (a) Left scale, squares, full line: resistance R = v/i

as a function of temperature T for a bias current i = 0.01 and
integration time #,, = 50007;. Dotted line: R vs T for the
same i but tl,, = 5007,. Right scale, triangles, dashed line:
helicity modulus along the z direction Y, vs T, for i = 0.01.
Insets: intensity plots of the vortex structure factor S(k), for
T = 1.0 (left), and for T = 1.35 (right). (b) Left scale: R vs
T, for i = 0.01 (squares, full line) and for i = 0.02 (triangles,
dashed line). Right scale, stars, dotted line: intensity of the
Bragg peak Sg vs T. Results for a 18 X 18 X 18 lattice with
field density f = 1/6 flux quanta per plaquette.
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The vorticity along the direction » is n;(R,z) =
_Eplaquetlenint{[Aﬁ.o(r) - Aﬂ(l‘)]/27T} for vl
nint[x] is the nearest integer to x. Intensity plois of
S(k) are shown in the insets of Fig. 1(a) for tempera-
tures below and above T);. We see that below Ty
there are Bragg peaks which disappear above Ty. In
Fig. 1(b) we show the intensity of one of the Bragg peaks
of the f = 1/6 vortex lattice, Sg = S(k = G), with
G = 1731 (—‘/g——fc + 1751) when increasing 7 for i = 0.01.
There 1s a sharp drop at 74, indicating melting of the FLL.
The simultaneous vanishing of S and Y, shows that the
FLL melts into an entangled liquid [2,18]. The resistive
hysteresis depends on the integration time (analogous
to a time of “measurement”) and the bias current. In
Fig. 1(a) we show as a dotted line the resistance calculated
with /,, = tin/10. For a fast integration the hysteresis
loop around T, is larger due to the metastability of the
supercooled and overheated phases. In Fig. 1(b) we
show the resistive hysteresis for a larger bias current
i = 0.02. The loop shifts to lower temperatures (not
longer centered around Ty, but yet T, (i) = Ty), and
the size of the loop is slightly smaller than for i = 0.01.
Larger currents further reduce the size of the loop, but
then we are in a nonlinear current regime. Experiments
by Jiang et al. lead to the conclusion that the resistive
hysteresis is due to a current-induced effect, because of
the absence of “subloops” in the hysteresis (see Ref. [11])
upon partial cooling and heating. However, subloops
have been observed recently in very clean samples [20].
Our results on the hysteresis dependence on fj,, suggest
the existence of subloops in this model.

A better understanding of the origin of the resist-
ive hysteresis can be obtained by studying the 7-V curves.
In Fig. 2 we show a set of I-V curves for different
temperatures. This can be compared with the experiment
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FIG. 2. Current-voltage characteristics for different tempera-
tures and the same model parameters as in Fig. 1. From top to
bottom 7 = 1.3,1.22,1.17,1.12,0.8 (T, = 1.175).
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of Kwok et al. [8] (see their Fig. 4). For T > Ty our
I-V curves show Ohmic linear behavior down to the
lowest currents for the vortex liquid state. On the other
hand, for T << Ty the I-V curves show a downward
curvature, evidencing a critical current. In this model,
the vortex lattice is pinned at low currents by the periodic
pinning potential of the discrete Josephson network. At
temperatures very close to Ty (in the region of the
resistive hysteresis loop) the /-V curves show an S shape
also seen in the experiments [8]. Here there are two
regions of linear “Ohmic” dissipation, for low and high
currents. The linear region at low currents corresponds
to the thermally activated flow of the vortex lattice. The
linear region at high currents was interpreted as due to
flux flow of the unpinned vortex lattice by Kwok et al.
However, an analysis of the S-shaped /-V curves shows
that it corresponds to the flow of the vortex liquid, as we
now discuss.

In Fig. 3(a) we show the I-V characteristics for T =
1.170, very close to Ty, = 1.175. We start withthe T = 0
FLL as initial condition, then increase 7T to T = 1.170.
From that state the current is increased in an adiabatic
sweep with steps of Ai = 0.005. We see that when
increasing the current the /-V has a kink at a characteristic
current iy (also seen in the experiments [8,12]), above
which it becomes linear. In Fig. 3(b) we see that the
intensity of the Bragg peak Sg has a sharp drop at this
same current iy;. This means that the vortex lattice melts
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FIG. 3. (a) Voltage v as a function of current i for T =

1.170. Squares, full line: increasing the current from an ordered
vortex lattice at i = 0, and then decreasing the current. Stars,
dotted line: increasing and decreasing the current from an initial
state at i = 0.01 corresponding to the upper branch of the R vs
T calculation in Fig. 1(b). The inset shows the melting current
iy vs T. (b) Left scale, stars, full line: S vs i, when increasing
the current. Right scale, squares, dotted line: vortex excitations
Ry /Ny VS Q.
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when increasing the current. Therefore, the linear part of
the -V curve at high currents corresponds to a flowing
vortex liquid, for T close to 7). When decreasing the
current from i >> iy toi = 0, we see hysteresis below iy,
since the voltage continues to be almost linear with i down
to very low currents. Therefore the vortex liquid state
is “supercooled” when decreasing the current below iy,.
This result correlates with the hysteresis in the resistance in
Fig. 1. For example, we take as initial condition the state
in the supercooled branch of the resistance in Fig. 1(b)
at 7 = 1.170 and i = 0.01, and from this point we both
increase or decrease the current. This is shown as dotted
lines in Fig. 3(a): the resulting points lie close to the ones
obtained above when decreasing the current from i << iy,.
Worthington et al. [21] have suggested a current-induced
melting mechanism in their S-shaped 7-V characteristics.
They attribute the melting to a heating noise induced by
random pinning forces. However, there is no randomness
in the model considered here. Moreover, Koshelev and
Vinokur [9] have shown that the effect of random pinning
is to melt the FLL when decreasing the current. Note that
this occurs at large currents in a nonlinear regime, and that
it gives a clockwise hysteresis loop in the R vs 7' curve,
instead of the anticlockwise loop seen here at very low
currents.

In order to understand the physical origin of this cur-
rent induced melting, we examined the thermally induced
vortex excitations. We calculate the average number of
extra vortices along the z direction, n, = {|n,(R,1)|) —
f, where the average is over space and time, and the
average vortex excitations in the xy directions n,, =
Si-i{lna, (R, )y [n:(R,1)) = f and (na(R, 1)) = O be-
cause of vortex number conservation]. In Fig. 3(b) we
plot n;/ny, as a function of current. We see that n./n,,
increases when increasing i up to iy, and then is almost
constant for i > iy;. Then as the current is decreased be-
low iy, 1,/ nyy Temains constant at its vortex liquid value,
reflecting the hysteresis seen in the /-V curve; n,, and
n, show similar behavior independently. This indicates
that the effect of the current is to blow out thermally in-
duced vortex loops, and to orient the loops in the plane
perpendicular to the current, thus increasing both n, and
ny,. These two effects increase with increasing current
and tend to disorder the FLL, inducing melting at i, (7).
We have observed this phenomenon for 7' close to Ty, in
the range 1.12 < T < 1.19. Even when iy (T) decreases
with temperature [see inset in Fig. 3(a)], it does not vanish
at Ty but at a higher temperature 7 = 1.20 in the over-
heated region. On the other hand, at 7 < T); and for
large currents { > i., there is a flow of an ordered vor-
tex lattice. We find that this flowing lattice melts when
increasing T at Ti°% = 1.15, and then it freezes when
decreasing T at T{°% = 1.10. This suggests that iy (7)
should diverge at Tflov,

In conclusion, our results show how a first-order vortex
lattice melting transition correlates with a hysteresis in

the resistance. Our results compare very well with
the experimental measurements [5—8,11] in untwinned
YBa,Cu;0; crystals [22]. Moreover, we find a new
current induced vortex lattice melting caused by the
blowing out of vortex loops. A measurement of hysteresis
in the I-V characteristics close to the melting temperature,
complemented with neutron diffraction measurements of
the vortex structure, would confirm this scenario.

D.D. acknowledges fruitful discussions with H. Safar.
We acknowledge L.N. Bulaevskii for a critical reading
of the manuscript. This work was performed under the
auspices of the U.S. Department of Energy.

[1] A.A. Abrikosov, Zh. Eksp. Teor. Fiz. 32, 1442 (1957)
[Sov. Phys. JETP 5, 1174 (1957)].

[2] G. Blatter et al., Rev. Mod. Phys. 66, 1125 (1994).

[3] E. Brézin et al., Phys. Rev. B 31, 7124 (1985). See also
M. A. Moore and T.J. Newman, Phys. Rev. Lett. 75, 533
(1995).

[4] R.E. Hetzel et al., Phys. Rev. Lett. 69, 518 (1992).

[5] H. Safar er al., Phys. Rev. Lett. 69, 824 (1992).

[6] W.K. Kwok et al.,, Phys. Rev. Lett. 69, 3370 (1992);
M. Charalambous et al., ibid. 71, 436 (1993).

[7] H. Safar et al., Phys. Rev. Lett. 70, 3800 (1993); W.K.
Kwok et al., Phys. Rev. Lett. 72, 1088 (1994).

[8] W.K. Kwok er al., Phys. Rev. Lett. 72, 1092 (1994).

[9] A.E. Koshelev and V.M. Vinokur, Phys. Rev. Lett. 73,
3580 (1994).

[10] S. Bhattacharya and M.J. Higgins, Phys. Rev. B 52, 64
(1995).

[11] W. Jiang et al., Phys. Rev. Lett. 74, 1438 (1995).

[12] S.R. Shenoy and B. Chattopadhyay, Phys. Rev. B 51,
9129 (1995), and references therein.

[13] D. Dominguez et al., Phys. Rev. Lett. 75, 717 (1995).

[14] Y.H. Li and S. Teitel, Phys. Rev. B 47, 359 (1993); 49,
4136 (1994); T. Chen and S. Teitel, Phys. Rev. Lett. 74,
2792 (1995); G. Carneiro, ibid. 75, 521 (1995).

[15] We neglect fluctuations in B, valid for ay = (®¢/B)'/? <«
A [4,14].

[16] J.S. Chung et al., Phys. Rev. B 40, 6570 (1989).

[17] W. Yu and D. Stroud, Phys. Rev. B 49, 6174 (1994).

[18] R. Sasik and D. Stroud, Phys. Rev. Lett. 72, 2462 (1994).

[19] Also Y, and Y, (not shown) vanish at T, with the same
hysteresis. In simulations in cubic networks, Li and Teitel
[14] found that Y,, vanishes at a lower T than Y, for a
dilute FLL with f = 1/25. For a higher field density,
f = 1/5, they found a single transition, as seen here for
f = 1/6. Simulations in other model systems also show
a single phase transition to an entangled liquid [18].

[20] W.K. Kwok et al. (unpublished). Subloops were also
seen in the samples of Refs. [5,7] [H. Safar (private
communication)].

[21] T.K. Worthington et al., Phys. Rev. B 46, 11854 (1992).

[22] W.K. Kwok er al. (unpublished) have recently observed
a jump in the magnetization of YBa,Cu;0O; at the
same temperature of the jump in resistivity. See also
H. Pastoriza et al.,, Phys. Rev. Lett. 72, 2951 (1994).

4673



R

0,05 Eooreetiie et eastaae et esesteessnstieneannn] =0.2
0.90 1.00 1.10 1.20 1.30 1.40 1.50

T
0.20 - ' ' T - ' ™30.10
(b) ¢ 1
. G R—
¥ 2 i - R
0.15f ” H B
i ] k¥
= 0.10f c}-,g’l ! 0 i=0.01 40.01¢
T » i=0.02
I
0.05}- H
it 5 T
0.00 1 ; l.“ . . ;
1.12 1.14 1.16 1.18 1.20 1.22 1.24
T

FIG. 1. (a) Left scale, squares, full line: resistance R = v/i
as a function of temperature T for a bias current i = 0.01 and
integration time t;,, = 50007,. Dotted line: R vs T for the
same i but r{,, = 5007,. Right scale, triangles, dashed line:
helicity modulus along the z direction Y. vs T, for i = 0.01.
Insets: intensity plots of the vortex structure factor S(k), for
T = 1.0 (left), and for T = 1.35 (right). (b) Left scale: R vs
T. for i = 0.01 (squares, full line) and for i = 0.02 (triangles,
dashed line). Right scale, stars, dotted line: intensity of the
Bragg peak Sg vs T. Results for a 18 X 18 X 18 lattice with
field density f = 1/6 flux quanta per plaquette.



