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Transition from Activated to Diffusive Behavior in the Vortex-Liquid State in YBa2Cu307
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In the vortex-liquid state in YBa2Cu307, there exist two distinct dissipative states separated by a field

H&. Below H&, the resistivity is strongly field activated, with a prefactor that is anomalously enhanced
over the normal-state resistivity p/v by —12 orders of magnitude. At H&, the prefactor collapses to a
temperature-independent value equal to p/v, and the vortex motion becomes diAusive. The existence of
the HI, boundary is also rejected in the anomalous behavior of the Hall resistivity.

PACS numbers: 74.60.Ge, 72.20.My, 74.60.Ec, 74.70.Vy

The nature of vortex motion and dissipation in the ox-
ide superconductors is a subject of strong current in-

terest. ' For a range of fields and temperatures, the
resistivity shows strongly activated behavior, with a
temperature-dependent activation energy U(T). ' The
existence of different phases of the flux lattice was ini-

tially suggested by mechanical-oscillator experiments.
These studies have been interpreted in terms of a vor-
tex-glass phase or an entangled phase. Recently, Koch
et al. and Gammel, Schneemeyer, and Bishop have re-
ported evidence, from current-voltage (I V) studie-s on

YBa2Cu307, for a vortex solid-to-liquid transition at a
"melting field" Hg Worthington, Holtzberg, and Feild
(WHF) have further proposed a phase boundary line

that occurs at the higher field Hq. Although the regime
between Hg and HI, has been discussed in terms of a
"pinned" liquid, much remains obscure. In YBa2Cu3-
07 the situation is confused by the lack of an accurate
description of the field dependence of the resistivity.
Previous studies' ' ' have been, by and large, measure-
ments of p versus temperature in a constant field.
Such results are dificult to analyze because of the strong
temperature dependence of the activation energy near
T„as noted by Palstra et al. ' Convicting conjectures
on the field dependence exist in the literature.

We report here detailed measurements of p and the
Hall resistivity p„y in three (microtwinned) single crys-
tals of YBa2Cu307 in intense fields. All measurements
are performed in the "liquid" state above Hg, where pre-
vious studies show that the I-V curves are Ohmic. We
find strong evidence that the field HI, separates two dis-
tinct vortex phases in the liquid state. Previously, WHF
identified HI, by a shoulder in the curve of p versus
temperature (T) in fixed field. Although a transition
was proposed to occur at Hk, no supporting evidence
was presented. We find that the dissipative mechanisms
are, in fact, qualitatively diA'erent in the two phases. As
the field is varied, the dissipation abruptly changes from
strong activation to diff'usive behavior when H~ is ex-
ceeded.

Contacts to the crystals with low resistances ( (0.1

&) were formed by evaporating silver contact pads, and
then annealing at 500 C for 2 h. The magnetic field,
parallel to c, is slowly swept from +15 to —15 T while

the temperature is regulated to a stability of ~ 30 mK.
In Fig. 1, we display the field dependence of the Hall
resistivity p,y (upper panel) in sample l. As reported
previously, '' the Hall resistivity shows a striking nega-
tive minimum in weak fields. In high fields, however, it
approaches a linear dependence on field, with a slope
slightly larger than that of 93 K (dashed line). The
resistivity (lower panel) displays a deceptively smooth in-
crease with field. Close examination of the curves shows
a break in slope of the field Ht, (indicated by the ar-
rows). A more revealing way to view the data is to plot
logp„against I/H (Fig. 2). In the high-field limit (up-
per panel) logp, „ is now observed to vary linearly with
1/H (dotted lines). In the opposite limit of weak fields
(lower panel), logp„, also varies linearly with 1/H, but
with a slope that is an order of magnitude larger. Evi-
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FIG. 1. Upper panel: Field dependence of the Hall resistivi-

ty (Jl c, Hllc) at various temperatures (sample l). The resis-

tivity p„, measured simultaneously, is displayed in the lower

panel. At the field Ht, (where the curve breaks from the dotted
line), a transition to diffusive motion occurs. Ho is the field at
which p, , exceeds 0.01p/v.
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In contrast, the vortex motion below Hi, is strongly ac-
tivated in both field and temperature. As shown in the
lower panel of Fig. 2, logp, „ is linear in 1/H over a large
range in p„(3-4 decades). As mentioned above, the
sharp change in slope signals a qualitative change in the
dissipative process. A more striking diAerence between
the two field regimes is seen in the prefactor of p . In-
stead of the temperature-independent value obtained
above H&, the prefactor pp(T) below Hq increases ex-
ponentially with reduced temperature. In this regime,
we write the full expression for the resistivity as

89.6K-
p, (T,H) =po„es"exp[ —a(I —r)'/THj (2)
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where a =5.55 x 10 T K, q = 1.70, and po, =p~. The
prefactor po(T) =po, es ' increases rapidly with 1

—
&, at-

taining values that are 13 orders of magnitude larger
than p~. [Figure 3 (upper panel) shows how g(T) varies
with T ]This gian. t enhancement provides, arguably, the
strongest evidence to date that vortex motion in this re-
gime is incompatible with models invoking thermal ac-
tivation of single vortices, all of which predict a prefactor
either equal to p~ or p~H/H, 2 (Ref. 12). The observed
activation energy U(T, H) =a(1 —t)~/H is very large.

FIG. 2. Upper panel: Plot of logp, , against 1/H, amplifying
the regime above Hi, in sample 1 (J—3 A/cm'). The dotted
lines indicate the convergence of logp„ to a common point.
Lower panel: Plot of logp, , vs I/H, emphasizing the region
below HI, in sample 2. Logp, , is linear in 1/H over 3 to 4 de-

cades in p,-,-. The intercept logpo at H ' =0 is strongly tem-
perature dependent. (Arrows indicate Hq). 0
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dently, an abrupt change in slope occurs at the crossover
field Hi, (arrows).

We first discuss the high-field regime. Because 1ogp
is linear in 1/H, we may write

p„(T,H) =poexp[ —a'(1 —t )~/Hj (H )Hq ),
where r =T/T, . From the data, a' and q' have the
values 146 T and 1.50, respectively. [Near H&, Eq. (1)
becomes invalid because of the rapid change in slope. ]
An interesting feature in Fig. 2 (upper panel) is the con-
vergence of the high-field curves to a common value very
close to p~, in the limit I/H 0 (see dotted lines).
Thus, the prefactor po in Eq. (1) is temperature indepen-
dent and =pz. Identifying the expression within curly
brackets in Eq. (1) as the activation energy U' divided by
k8 T, we find that U' & k~ T, so that vortex motion is

diffusive in the high-field regime. [At HI„ the ratio
p „/p~ varies from —0.3 at 74 K to —0.8 at 89 K.
Contrary to WHF, flux flow, of the Bardeen-Stephen
(BS) form p~H/H, 2, is not observed at any field or tem-
perature in this regime (H, 2 is the upper critical field). ]

0

0.1

0.0

—0.1

—0.2

-0.3
—0.4

0

I I I I I

80 85
Terrrper a.t.ure (K)

89.8K

81.4K 80K 77.3K 73.8K
d%~ g ~ Q ~

'7 V
V

0 V V
~ ~~~ a

PC"

H

5 10
Field (Tesla)

FIG. 3. Upper panel: Temperature dependence
factor po(T) in sample 2 obtained by extrapolating
lines in Fig. 2, lower panel, to H ' =0. Below 85
enhanced over the value of p/v by 11 to 13 orders of
Lower panel: Field dependence of the anomalous
Hall resistivity p,",. at various temperatures (sample
indicate Hq determined from Fig. 2.
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[It is instructive to compare U with the condensation
energy in the region surrounding a single vortex disk,
Ud;, k =2.34X 10 (1 —t) / /8 K. ' ] U is a factor 1 to 3
larger than Ud;, k. The surprisingly large energy scale
(—20 eV) set by Ud;, k implies that thermal activation of
single vortices would lead to an essentially unobservable
p„(—10 '

p 0 cm), if the prefactor were = pjv (see
also Ref. 10). Our analysis shows that the small ex-
ponential is, in fact, compensated by a very large prefac-
tor, so that the observed p „ falls in the range of
10 p~. The large prefactor suggests activated vortex
motion that is correlated over very large volumes. This
favors models invoking line entanglement or glassy be-
havior, over single-vortex activation models. When the
field Ht, is exceeded, the prefactor collapses over several
orders of magnitude to the value pjv. This remarkable
contraction, together with the sharp change in activation
energy, signals a transition between different vortex
states at H~.

A second interesting feature in Fig. 2 is the linear
variation of logp„, vs 1/H over 3 to 4 decades in p„when
H is below Hp. As noted by Palstra et al. ,

' there is no
evidence for a "threshold" field for the onset of dissipa-
tion, apart from the melting field Hg, which lies below
our range of measurements. (For later discussion, how-

ever, we find it convenient to define the onset field Hp as
where p„=0.01pz. Although not an intrinsic quantity,
Hp is often treated as the closest analog of the "depin-
ning" field H~, which has an intrinsic meaning in low-T,
superconductors. )

We discuss the Hall effect next. In type-II supercon-
ductors, a Hall signal arises because the vortex-line ve-

locity makes a small angle OH with the Lorentz-force
direction Jx H (J is the current density). In convention-
al superconductors (e.g. , 2H-NbSe2), ' both p„and p,~
increase linearly with the reduced field (H-H~) when
the depinning field H~ is exceeded. The Hall resistivity
and Hall angle are well described by

dependence of p„~ in the normal state). Subtracting this
component from the total p~y, we obtain p„~, which is
displayed in Fig. 3 (lower panel).

Both the initial linear variation and the sharp mini-
mum noted for p„y are more prominently observed in

p y, particularly near T, . Moreover, the anomalous con-
tribution is seen to extend down to 74 K (which is not as
apparent in Fig. 1). ' Inserting the values of Hk de-
duced from p„, (arrows), we find that Ht, occurs near
the minimum in p~~. In low fields, p„~ is observed to in-
crease very rapidly, starting near Hp. Although p y ap-
pears to be roughly linear in the reduced field (H Hp),
it actually increases exponentially with field in close
similarity with p„„[Eq. (2)]. The position of Hk actual-
ly indicates where p y first deviates significantly from the
exponential increase. In the diffusive regime above HI„
p ~ decays gradually to zero (i.e. , p J approaches the
conventional NV behavior). Thus, the unusual Hall be-
havior is intimately associated with crossing the phase
boundary at Hl, .

To relate our results to previous work, we refer to the
vortex phase diagram of YBa2Cu307 in Fig. 4. Data for
Ht, determined from p J and from p„, (at two diA'erent

15

p,y =pp/y(H Hp)/H, 2, taneH—=p, (3)
'UO

where the parameter P is independent of field, but varies
linearly with the reduced temperature (1 —t) Its mag-.
nitude in 2H-NbSe2 (Ref. 14) is in good agreement with
the Nozieres-Vinen' (NV) value p~v =eH, 2r/m. (r
and m are the electron relaxation time and effective mass
in the vortex core. )

Although our results for p„ in YBa2Cu307 are incom-
patible with the conventional BS form (ptvH/H, 2) at all
fields, the Hall resistivity appears to approach the behav-
ior in Eq. (3) in intense fields (Fig. 1, upper panel).
Since the observed electric fields are additive in the
mixed state, it is convenient to separate the observed p y
into the "conventional" part [Eq. (3)], and an anomalous
part p,„viz., p y =pzy+pzy To determine p y„, we drawA p 0

a straight line through Hp at each temperature, with
slope proportional to 1/T (refiecting the temperature
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FIG. 4. Phase diagram of the vortex system in YBa2Cu307.
The solid line, Hi =170.5(1 —t) ~t' T, is a fit to the data for
Hi The open triangles (open .circles) are Hi determined from
the crossover field in p„„- (minimum of p,", ) taken with 1=85
A/cm . The solid triangles are determined from the kink in the
p, „data observed with low J (3 A/cm ). The "onset" field Ho
(not intrinsic) is indicated by the small solid circles and fitted
by Ho=115.3(1 —t) ~ T (dotted line). The melting line H, is
located by data from Koch et al. (Ref. 5) (asterisks) and Gam-
mel, Schneemeyer, and Bishop (Ref. 6) (asterisks in circles).
The H, i line is identified by kinks in our data for p, , (solid
squares) and p,",. (open squares).
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J's) are displayed. Also shown are the "solid-liquid"
melting line Hs(T) and the nonintrinsic line Hp. The
"irreversibility" line determined from ac susceptibility
measurements is frequency dependent. At high frequen-
cies (40 MHz) ' it approaches the position of the Hp
line, whereas at low frequencies (100 Hz) ' it lies closer
to Hg.

Our results suggest the following physical picture. As
the field is increased from zero at fixed temperature, the
vortex solid undergoes a melting transition at the field

Hg, as previously proposed. ' ' From our studies, the
liquid state above Hg possesses a number of unusual

transport properties. Between Hg and Hj„p increases

by 3 to 4 decades with field, as described by Eq. (2). In
this state, the anomalously large prefactor (compensat-
ing the large activation energy) suggests vortex motion
that is correlated over very long length scales, rather
than thermal activation of individual vortices. The
anomalous part of the Hall voltage is negative, and in-

creases exponentially like the resistivity. Together, the
giant prefactor and the anomalous Hall signal may pro-
vide a rather stringent test for the correct model. When

Hj, is exceeded, the correlated liquid state makes a tran-
sition to a second state in which vortex motion is diA'u-

sive. At present, the evidence is insufticient to distin-

guish a real phase transition occurring at HI, from a rap-
id change in the vortex dissipation mechanism. (The
former would involve a diverging coherence length and
an identifiable order parameter. ) However, the observed
collapse of the prefactor over 12 orders of magnitude and

the abrupt change of the activation energy make the
phase-transition case an attractive possibility. Above

Hp, the vortex liquid loses all correlations responsible for
activation of large coherent volumes. The small value of
U' above Hj, [U' is —20 times smaller than Ud;, k (Ref.
13)] and the collapse of the prefactor to a constant close
to pz suggest the picture of weakly interacting vortices

diffusing in a disordered potential with average barrier
heights smaller than kBT.
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