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Static and Dynamic Vortex Phases irYBa;Cu307—5
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Simultaneous magnetization, resistivity, aRél measurements on YB@wO,_s show the relation-
ship of the thermodynamic and dynamic behavior near the vortex lattice melting line. We find a
coexistence region of solid and liquid at melting, with a first order magnetization jump which is inde-
pendent of the vortex velocity. Sudden jumps and time dependent hysteresis le¥ therve in the
vortex solid phase are interpreted as a relaxation-pinning effect. [S0031-9007(96)01110-6]

PACS numbers: 74.60.Ge, 74.25.Bt, 74.72.Bk

The vortex system in high temperature superconductoremperature reading and to avoid comparing results
is characterized by a vortex liquid phase that covergrom two different experimental setups the sample was
a large area in the field-temperature plane. For cleamounted for transport measurements directly onto a ther-
systems the transition into the vortex solid phase has beeanometer and inserted into the sample space of a SQUID
predicted to be first order [1,2], whereas in the presence ahagnetometer. The SQUID voltage and the resistance of
pinning induced disorder this transition is believed to bethe sample were monitored simultaneously while slowly
continuous, possibly to a vortex glass [3,4] or Bose glasglrifting the temperature. During these measurements the
[5]. For high quality YBaCu;O,-s and By SrCaCuyOg sample was held stationary in the center of the SQUID
single crystals sharp features in the resistivity [6] andpickup coils.
discontinuous jumps in the magnetization [7—11] indicate Figure 1 shows the temperature dependence of the
a first order vortex transition. For both materials it is SQUID voltage and of the sample resistivity at low cur-
observed that the vortex melting transition is icelike, thatrent between 83 and 100 K in an applied fieldddf T ||
is, the vortex density in the liquid is higher than in thec. The SQUID voltage shows the expected variation for
solid.

In addition to these thermodynamic phases, various gq
dynamic vortex phases have been suggested to aris
in response to a driving Lorentz force. At least three
distinct dynamic phases have been discussed [12]: th
moving liquid and the elastically and plastically moving 60
solids. The extent to which dynamic behavior reflects the I
thermodynamic phase has been widely discussed. 1

In order to establish the connection between the ther § 49
modynamic melting transition and the behavior of the &
nonthermodynamic transport properties we present simul 2
taneous measurements of the magnetization, resistivity <
and |-V characteristics of an untwinned YBailkO;_;
crystal with various applied transport currents. The melt-
ing transition is seen as a current independent jump in th: .
magnetization and as the onset of non-Ohmic behavior it or
the resistivity. On decreasing temperature the onsets ¢
the resistive and magnetic transitions coincide. We ob s .
serve a first order transition from a moving liquid into a L L ,84, T(K) 8,4',4 R
stationary solid at low current densities and into a moving 85 90 95 100 105
solid at high current densities. A second type of dynamic T(K)
transition iS, observed _in the vortex solid, Cha'fa(?terizeq:IG. 1. Simultaneous measurement of the temperature de-
by sudden jumps and time dependent hysteresis i-the pendence of the SQUID voltage and the sample resistivity.
V curves which imply relaxation processes and stick-sliprhe dotted line represents a linear extrapolation of the low-

dynamics. These dynamic transitions do not have any intemperature variation of the SQUID voltage. Inset: Temper-
fluence on the magnetization. ature dependence of the SQUID voltage relative to the low-

. ) . temperature extrapolation and temperature dependence of the
The Sample IS an untwmned single crystal of \%Ba resistivity on an expanded temperature scale. The vertical lines
CwO;-5 with dimensions of 1.1 X 0.7 X 0.22 mm’  mark the onset temperature, zero-resistance temperature, and
and a mass of 1.286 mg. In order to achieve an accuratemperature of completed magnetic transition.
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the magnetization: a temperature independent voltage ithe magnetic transition occurs at a much lower temper-
the normal state and the onset of a sizable diamagnetature,7,, than the zero resistance temperatdre, The
signal near the mean-fielfi., of about 90 K. Since the magnetic width,7,, — 7y = 200 mK, is 5 times larger
baseline of the SQUID voltage is subject to unknownthan the resistive width,, — 7, = 40 mK. Similar be-
long term drifts, these measurements are not suitableavior occurs in a field of 6.5 T [inset of Fig. 2(b)]. Since
for precise absolute determinations of the magnetizatiorthe slope of the melting line is about 0.5K [8] a tem-
However, they allow the accurate investigation of sharpgerature width of 200 mK corresponds to a magnetic field
relative variations in the magnetization, as occur at thevidth of about 1 kG, too large to be accounted for by
melting transition near 84 K. The inset shows on an exgeometrical effects or finite demagnetization factors. In-
panded temperature scale the variation in the magnetizatead, we attribute the magnetic width of the vortex melt-
tion as reflected in the SQUID voltag&sq, with respect  ing transition to a spread in transition temperatures caused
to a linear extrapolation of the low temperature variation by chemical inhomogeneities. These inhomogeneities are
U§Q, which is indicated as a dotted line in the main panelreflected in the magnetic width (10%—90%) of the super-
In order to facilitate the comparison with the resistivity conducting transition af. of 0.5 K when measured on
the magnetization data in the inset (and in all followingwarming in1 G || ¢ after zero-field cooling. We do not
figures) are plotted as (Usq — USQ). A distinct jump  believe that pinning is responsible for the width of the
in the SQUID voltage of about 60 mV is seen consistentmagnetic transition, as discussed below.
with an earlier report [8] on the same crystal. Atlow cur- The variation of the magnetization reflects the fraction
rent, the onset temperatur@s, of the resistive and the of solidified vortices: it is zero at temperatures ab@yg
magnetic transitions coincide, whereas the completion ofnd unity at temperatures beldfy. In the transition re-
gion betweerf,,, and7; a two-phase region of coexisting
T AR AN Ty liquid and solid is realized. This progression of solidifica-
e o 10.00 tion allows for an interpretation of the transport behavior.
‘ 1 At low current densities the resistivity goes to zero within
the coexistence region at a sdliidjuid ratio which for the
data in Fig. 1 is 20% solitB0% liquid. This is sugges-
tive of the percolative development of a superconducting
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g 8, path across the sample [13], which would occur at 16% in
& A «% athree dimensional system.
) 020 % The behavior at high current densities is shown in
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the main panels of Fig. 2 for applied fields of 4.2
; and 6.5 T, respectively. For these measurements the
17030 magnetic field has been applied at temperatures above
the melting transition. Data were taken subsequently
] on cooling and warming. The resistive transitions show
86040 the familiar non-Ohmic broadening, and zero resistance
occurs at temperatures below the coexistence region. This
indicates a transition at melting from a moving liquid
into a moving solid. At the highest current densities
" the resistive transition is almost fully suppressed and the
SC resistivity has nearly reached the level of the liquid state.
= In contrast, the magnetic transition does not change with
2%  current density as shown in the inset of the top panel
<

on an expanded scale. The transition temperature and
transition width are current independent to within 50 mK,
and the jump height is constant within 15% implying that
at low and high current densities the same thermodynamic
] transition occurs involving the same number of vortices.
1-0-24 The thermodynamic melting transition in our relatively

] clean sample is not affected by the motion of the vortex
system.

The resistive transition at high current shows new
features which can be interpreted with the magnetic data.
ted as—(Usq — Uso) and of the resistivity at various transport T.h.e temperature dept_andeﬁce of the resistivity can be
current densities in an applied field 42 T || ¢ (upper panel) divided into three regimes: a weak dependence in the

and 6.5 T || ¢ (lower panel). The insets show the transitions Vortex liquid state, a steep decrease in the transition
on expanded temperature scales. region, and a weak dependence in the solid phase that
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FIG. 2. Temperature dependence of the SQUID voltage plot
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gradually approaches zero. As indicated by the dotted 3.0r——————— T
lines in Fig. 2 the resistive transition region coincides I H=42Tlic M

with the coexistence region in the magnetic transition. T=825K

This suggests that the steep temperature dependence

the resistivity is a manifestation of the rapid growth of 54
the vortex solid phase which is pinned more effectively '>;
through its finite shear modulus than is the liquid. =»
Once solidification is completed ne&y the temperature
dependence of the resistivity crosses over to that of the
moving solid. The offset in the resistivities between the

liquid and solid phases is a measure of the enhancel
pinning in the vortex solid. At high current the offset
resistivity is nearly reduced to zero indicating that pinning

is effectively eliminated from the moving vortex solid, 0.0 | foon@nin Sastsinetvoos —————
consistent with neutron diffraction experiments on other " H=42Tlic’ "o iup | & I down ®)
materials [14] and with general theoretical expectations < 10 T=8K 22 s e
[12]. Therefore, the magnetization data at high current £ A% o oby mg P L pl At &
Lo . . . o o Og s . o a4
reflect the intrinsic behavior in the absence of pinning. g o ot ps g ot e — ]
The current independence of the width and the height of = 5% & 2. B Lo e
the magnetic jump shows that pinning which is active at  _4qL L I
low current is not strong enough in our relatively clean 0 0.01 |S(A§"°2 0.03 0.04

sample to alter the thermodynamic transition at melting. o _
A sharp hysteresis in the temperature dependence &fG. 3. Upper panel:I-V characteristics taken at various

PR ; ; temperatures for increasing and decreasing dc currents as
the resistivity between warming and coolinglatA /cn? indicated by the arrows. The inset shows the sharpness of the

in a _ﬁ_eld ,Of 42T i”dicate_s a Second_ type of dYr‘,ar_nicjump in the voltage when measured with current increments of
transition in the vortex solid. On cooling the resistivity 50 ,A. Lower panel: Current dependence of the magnetization
approaches zero smoothly, whereas on warming the rder increasing(O) and decreasingA) current. The SQUID

sistivity stays zero to higher temperatures followed by avoltage has been corrected for a monotonic background caused
slight increase to a small nonzero value and then a jumf. the baseline drifts and by the magnetic moment created by
. . . e applied current.
up to the cooling curve. This hysteresis does not appear
when the temperature is increased before the sample re-
sistance has reached zero. Similar hysteretic effects haveversible, whereas for currents beldw the dynamic
been reported in the transport properties of IBwmate-  branch describes decreasing current and the static branch
rials [15] and have generally been associated with plastilcreasing current. The realization of these states depends
motion of the slowly moving vortex solid. Resistive hys- on history. The voltage jumps occur into a fairly rapidly
teresis has been observed at the thermodynamic meltingoving state with an average velocity about 10% of that
transition between the vortex liquid and solid phase [6].in the liquid state. The jumps in tHeV curves are sharp
For the present sample at 84 K, 4.2 T, and at a currenwithout any structure or intermediate points as can be seen
density of0.065 A/cm? hysteresis at the melting transi- in the inset to Fig. 3. The current dependence [Fig. 3(b)]
tion is less than 30 G in magnetic field corresponding to as well as the temperature dependence [Fig. 2(a)] of the
hysteresis in temperature too small to be discernible in thenagnetization show that there is no magnetization feature
data of Figs. 1 and 2. The hysteresis at melting is readwithin our resolution of 10 mV that correlates with the
ily suppressed with increasing current. In contrast, thesoltage jumps. This is consistent with our interpretation
hysteresis discussed here occurs at the dynamic transitiarf the voltage jumps as reflecting dynamic behavior in the
from a stationary to a moving vortex solid at temperaturesolid phase.
well below melting. It is more pronounced at higher cur- As mentioned above, the hysteretic behavior occurs
rents that are strong enough to dislodge the vortex solid.only if the sample has been at zero voltage, that is,
The hysteretic effects can be studied in more detail ain a pinned vortex state. In fact, the critical current
fixed temperatures and fixed field usinly characteristics increases with the time the system was held at zero
as shown in Fig. 3(a). Thé-V characteristics consist current as shown in Fig. 4. This aging process can be
of two branches, a static branch at zero voltage and anderstood as relaxation of the vortex system into lower
dynamic branch following the traditional smooth non-energy metastable pinning states with time [16]. Elastic
Ohmic I-V behavior. For currents increasing from zeroand plastic deformations of the vortex system at rest
we observe a sharp jump of the voltage from the stati@llow it to relax locally into deeper pinning potential
branch to the dynamic branch at a critical current This  wells, increasing the critical current necessary to depin
jump occurs at higher values df as the temperature the system. By this aging process the vortex system traps
is decreased. At currents above the I-V curve is itself. The time spent at rest determines the typical barrier
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lattice melting line of YBaCuwO;-5. The melting tran-
sition is seen as a current independent jump in the mag-
netization and as the onset of non-Ohmic behavior in the
resistivity. The onsets (on decreasing temperature) of the
magnetic and resistive transitions coincide, and the width
of the magnetic transition marks a coexistence region of
vortex solid and vortex liquid. Time dependent and hys-

teretic jumps in thd-V curves in the vortex solid state
indicate relaxation processes and slip-stick dynamics.
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FIG. 4. Time dependence of théV characteristics. 7,
denotes the time the system was held at zero current. The
inset shows the time dependence of the critical current density
for two data sets at 82.0 and at 82.5 K, respectively. Here, the
time ¢ is the sum of,, and the time taken to ramp the current
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to its critical value.
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