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Vortex solid-solid phase transition in an untwinned YBa2Cu3O72d crystal
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Local magnetic measurements vs temperature in an untwinned YBa2Cu3O72d crystal reveal an abrupt in-
crease in the local magnetization at a field-dependent temperature, well below the melting line. At the same
field and temperature a pronounced kink is observed in the local magnetization vs field curves. The lineBk(T)
describing the locations of these anomalies in the field-temperature phase diagram divides the vortex solid
phase into two regions characterized by weak and strong pinning. A recently developed model describing the
vortex solid-solid disorder-induced phase transition explains quantitatively the observed behavior ofBk(T).
From this behavior we infer that the microscopic origin of pinning in YBa2Cu3O72d is fluctuations in the
charge-carrier mean free path.@S0163-1829~99!00922-4#
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The phase diagram of the vortex matter in hig
temperature superconductors is a subject of extensive
search. Recent experimental1–4 and theoretical5–8 works have
indicated the existence of at least three vortex phases: a
tex liquid and two distinct vortex solid phases, identified a
quasiordered and a highly disordered vortex solids. A vor
solid-liquid phase transition has been demonstrated
Bi2Sr2CaCu2O81d and YBa2Cu3O72d crystals in a variety of
experiments, including resistivity, magnetization, and calo
metric measurements.3,4,9 A vortex solid-solid phase transi
tion, associated with a sharp onset of a second magnetiza
peak, has been observed in Bi2Sr2CaCu2O81d ~Ref. 1! and
Nd1.85Ce0.15CuO42d crystals.10 In twinned YBa2Cu3O72d, the
usually observed smeared peak with unresolved onset
difficult to associate with a vortex phase transition. On
recently, measurements in untwinned YBa2Cu3O72d revealed
a well-resolved second magnetization peak,2,11 similar to that
observed in Bi2Sr2CaCu2O81d and Nd1.85Ce0.15CuO42d crys-
tals. However, the peak is still broad and the identification
a specific feature that would possibly mark a phase transi
remains unclear.

In this paper we present local magnetic measurem
in an untwinned YBa2Cu3O72d crystal as a function of tem
perature, field, and time, revealing anomalies occurr
along thesame line Bk(T) in the field-temperature plane
These include~1! an abrupt increase in the local magnetiz
tion vs temperature,~2! a pronounced kink in the magnetiza
tion vs field curves,~3! a marked change in the behavior
the magnetic relaxation rate with field,~4! a time-
independentfield Bk , unlike, e.g., the peak field that drift
with time to lower fields. The lineBk(T) divides the vortex
solid phase into two regions, characterized by strong
weak pinning at high and low fields, respectively. We ide
tify Bk(T) as a vortex solid-solid phase transition lin
equivalent to that found in Bi2Sr2CaCu2O81d ~Ref. 1! and
Nd1.85Ce0.15CuO42d.

10 It is interesting to note that unlike
Bi2Sr2CaCu2O81d where this line is temperature indepe
dent, and Nd1.85Ce0.15CuO42d where it decreases withT, in
YBa2Cu3O72d Bk is a nonmonotonicfunction of T. We pro-
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pose below a universal explanation for the behavior ofBk(T)
in all three systems, based on a recent model5–8 describing a
disorder-induced phase transition from a quasiordered vo
lattice to a highly disordered vortex solid.

The 0.530.330.02 mm3 untwinned YBa2Cu3O72d crystal
(Tc'93 K) was grown by quenching the tetragonal pha
during flux growth.12 An array of 11 Hall sensors~sensitivity
better than 0.1 G!, consisting of a GaAs/Al-Ga-As two
dimensional electron-gas layer, was in direct contact with
surface of the crystal. The active area of each sensor
10310mm2, separated by 10mm.

The local zero-field-cooled magnetizationmzfc and the
field-cooled magnetizationmfc of the YBa2Cu3O72d sample
were measured as a function of temperature at a cons
field, in the range 1–55 kG. In order to compensate for
temperature dependence of the sensors’ background, we
tract mfc from mzfc . Figure 1 presentsDm5mzfc2mfc for
three representative fields: 8, 16, and 40 kG applied para

FIG. 1. The difference between the zero-field-cooled and
field-cooled local magnetization in untwinned YBa2Cu3O72d plot-
ted vs temperature for 8, 16, and 40 kG fields applied parallel to
c axis. The abrupt increase atTk'71 K for the 16-kG curve is
marked by an arrow. The inset shows data for several fields
tween 11 and 25 kG.
106 ©1999 The American Physical Society



a
is
t
-
-

ob
ve
e
s

ea
e
th

te

at

Fi
d
in

in
e

,

a

ate

er
n
m

h
evi-

ks.
nt
the

ag-

.

in
-

e-
a
red
s-
de-
the

s

-

er-

-
a
u
b
h

in
te

-
c.

PRB 60 107BRIEF REPORTS
to thec axis. The 16-kG curve exhibits an abrupt increase
Tk'71 K, as indicated in the figure. A similar feature
observed for all fields between 11 and 25 kG, see inse
Fig. 1. The temperatureTk increases with the field, as de
scribed in Fig. 2~solid circles!. This feature disappears be
low 11 kG and above 25 kG where a smooth curve is
served, as represented in Fig. 1 by the 8- and 40-kG cur
respectively. Note, however, the change in the shape of th
two curves. While the 40-kG curve exhibits a linear increa
over a wide temperature range, the 8-kG curve is nonlin

The local magnetization of the same sample was m
sured as a function of field at a constant temperature, in
range 40–90 K. Typical results, forT560 K, are shown in
Fig. 3. A well-resolved second peak, similar to that repor
for Bi2Sr2CaCu2O81d ~Ref. 1! and Nd1.85Ce0.15CuO42d,

10 is
observed here. We call attention to the pronounced kink
field Bk in between the onset fieldBon and the peak fieldBp
as indicated in Fig. 3. The temperature dependence ofBk is
shown by open circles in the magnetic phase diagram of
2, together with the irreversibility line~crosses—determine
from the coincidence of the ascending and descend
branches of the magnetization curves! and the melting line
@diamonds—determined by a discontinuity inDm(T) in the
reversibleregime#. A central result of this work is that the
line defined byBk ~open circles! coincides with the line de-
fined by Tk ~solid circles!, suggesting a phase transition
the vortex system across this line. Evidently, the line defin
by Bk(T) divides the irreversible phase into two regions
suggesting thatBk is a transition line between twosolid
phases of the vortex system.

Also shown in Fig. 3 is the evolution of the second pe
with time in the time range 10–3000 sec~solid squares! and

FIG. 2. Magnetic phase diagram for the YBa2Cu3O72d crystal
showing the temperatureTk of the abrupt increase inm(T) ~solid
circles!, the kink fieldsBk in m(H) curves~open circles!, the peak
field ~triangles!, the onset field~dots!, the irreversibility line
~crosses!, and the melting line~diamonds!. Noisy data in the revers
ible regime was averaged in order to reveal the jump in the m
netization associated with the melting. This process yielded res
consistent with curves obtained in Refs. 4 and 9. No jump could
revealed above 20 kG. Solid line is a theoretical fit. Inset: T
vortex solid-solid transition lineBk(T) in Bi2Sr2CaCu2O81d and
Nd1.85Ce0.15CuO42d. Solid lines show theoretical fits. Note that
some Bi2Sr2CaCu2O81d samples, e.g., doped and electron irradia
Bi2Sr2CaCu2O81d ~Ref. 16!, Bk increases with temperature.
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the relaxation ratedm/d ln t vs field ~triangles!. Both the
onset field and the peak field drift with time~to higher and
lower fields, respectively!, whereas the kink fieldBk is time
independent. As indicated in the figure, the relaxation r
dm/d ln t ~triangles! exhibits a minimum atBk , a behavior
consistent with the observation of time independentBk .

The temperature dependence of the peak fieldBp , in the
short-time limit, is also included in Fig. 2~triangles!. As
mentioned above, the peak field drifts with time to low
fields, indicating thatBp(T) cannot be a phase-transitio
line; it probably signifies a crossover in the dynamics, fro
elastic to plastic flux creep, as discussed by Abulafiaet al.13

Note that the temperature dependence ofBp is qualitatively
different from that of the phase-transition lineBk . The lines
Bk(T) andBp(T) meet at approximately 73 K above whic
the anomalous second peak splits into two peaks, as pr
ously reported by Deligianniset al.11 A kink in the magne-
tization curve is now observed in between the two pea
The Bp and theBk data of Fig. 2, above the crossing poi
T573 K, represent the location of the lower peak and
kink that appears above it, respectively.

The Bk(T) curve of YBa2Cu3O72d, Fig. 2, is markedly
different from the corresponding curves obtained, from m
netization curves, in Bi2Sr2CaCu2O81d ~Ref. 1! and
Nd1.85Ce0.15CuO42d ~Ref. 10! crystals, see inset to Fig. 2
While Bk(T) is approximately constant in Bi2Sr2CaCu2O81d
and decreases monotonically with temperature
Nd1.85Ce0.15CuO42d, it is a nonmonotonic function of tem
perature in the untwinned YBa2Cu3O72d. These pronounced
differences can be explained quantitatively within the fram
work of a recent theory5–8 describing a mechanism for
disorder-induced phase transition, from a relatively orde
vortex lattice, to a highly disordered vortex solid. The e
sence of this theory is that the vortex phase diagram is
termined by the interplay between three energy scales:
vortex elastic energyEel , the energy of thermal fluctuation
Eth , and the pinning energyEpin . At low temperatures,
where Eth is relatively small, the vortex solid-solid phase
transition lineBk(T) is the crossing line betweenEel(B,T)
andEpin(B,T) surfaces. Both energies depend on the sup
conductor parameters—the penetration depthl, the correla-
tion length j, the pinning parameterg, and the anisotropy
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FIG. 3. Local magnetization of the YBa2Cu3O72d sample as a
function of field as measured atT560 K. The solid squares de
scribe the evolution ofm(B) with time between 10 and 3000 se
The relaxation rate~right-hand ordinate! is indicated by triangles.
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ratio «. In Bi2Sr2CaCu2O81d, Bk persists up to only 40 K,
well below Tc . In this temperature range (T!Tc) all the
superconductor parameters are almost temperature inde
dent. As a result, the line defined byEel5Epin is approxi-
mately temperature independent. In Nd1.85Ce0.15CuO42d (Tc
'23 K) and YBa2Cu3O72d (Tc'93 K) Bk persists up to at
least T/Tc50.93 and 0.86, respectively, and therefore
temperature dependence of the superconductor param
affect Epin(T) andEel(T), and consequentlyBk(T). As dis-
cussed below,Bk(T) depends strongly on the specific micr
scopic pinning mechanism—different mechanisms m
cause either an increase or a decrease ofBk with tempera-
ture. As a matter of fact, the specific behavior ofBk(T) may
serve as a probe for the microscopic pinning mechani
Thus, the decrease ofBk(T) in Nd1.85Ce0.15CuO42d up to the
close vicinity ofTc , and the weak increase ofBk up to 66 K
in YBa2Cu3O72d, both find a natural explanation as
disorder-induced phase transition, taking into account dif
ent origins for the pinning mechanism in these particu
samples. Quantitative fits of the experimental data for
three samples show good agreement with the theoretical
dictions. A detailed explanation of the fit procedure is o
lined in the next paragraphs.

Near the transition, for temperatures below the depinn
temperatureTdp ~defined below!, Eel5««0cL

2a0 and Epin

5Udp(L0 /Lc
0)1/5, where«05(F0/4pl)2 is the vortex line

tension, cL50.1– 0.3 is the Lindenmann number,Udp
5(g«2«0j4)1/3 is the single vortex depinning energy,L0
'2«a0 is the characteristic length for the longitudinal flu
tuations, Lc

05(«4«0
2j2/g)1/3 is the size of the coherentl

pinned segment of the vortex, andg is the disorder param
eter. The equationEel5Epin then yieldsBk5B0@U0 /Udp#

3,
whereB05cL

2F0 /j2 and U05cL««0j/211/6. Thus, the tem-
perature dependence ofBk has its origin in the temperatur
dependence ofj, l, and g. While the temperature depen
dence ofj andl is universal, that ofg depends on the pin
ning mechanism. Pinning may be caused by spatial fluc
tions of Tc ~‘‘ dTc pinning’’! or of the charge-carrier mea
free pathl ~‘‘ d l pinning’’! near a lattice defect. Spatial varia
tions of Tc lead to a spatial modulation of the linear an
quadratic terms in the Ginzburg-Landau~GL! free-energy
functional, whereas variations of the mean free path af
the gradient of the order parameter in the GL functional~for
further discussion, see Ref. 14, p. 1141!. Our fitting proce-
dure demonstrates that the temperature dependence ofBk(T)
determines unequivocally which one of these two pinn
mechanisms dominates, as these two pinning mechan
give rise to qualitatively different behavior ofBk(T): For
dTc pinning g}1/l4 and

Bk~T!5Bk~0!@j~T!/j~0!#235Bk~0!@12~T/Tc!
4#3/2,

~1!

i.e., Bk decreases monotonically withT, whereas ford l pin-
ning g}1/(lj)4, and

Bk~T!5Bk~0!j~T!/j~0!5Bk~0!@12~T/Tc!
4#21/2, ~2!

i.e., Bk increases withT. The solid line in the inset to Fig. 2
shows a one-parameter fit of Eq.~1! to the Bk data for
Nd1.85Ce0.15CuO42d, yieldingBk(0)5270 G. The increase o
Bk with temperature observed in YBa2Cu3O72d indicates a
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d l -pinning mechanism, supporting the conclusions of Gri
senet al.15 A one-parameter fit of Eq.~2! fits well the Bk

data for YBa2Cu3O72d up toT566 K, as shown by the solid
line in Fig. 2, yieldingBk(0)511 kG. Above 66 K,Bk(T)
exhibits a dramatic increase, which may be attributed t
strong decrease of the pinning energyEpin , suggesting that
for our YBa2Cu3O72d the depinning temperatureTdp

566 K. ~At Tdp, the amplitude of the vortex line therma
fluctuations becomes comparable toj and, as a result, the
effective disorder is dramatically weakened.! This value of
Tdp will be further justified below. To fit the data aboveTdp

we note that at 66 K, at the solid-solid transition field,Eel

5Epin'80 K, both comparable tokT, and thus one must tak
into account the contribution of the thermal energy. Th
may be accomplished by introducing the strong therm
smearing of the pinning disorder through an exponential
crease of the Larkin length,Lc5(Tdp/T)Lc

0 exp$c@(T/Tdp)
3

21#% for T.Tdp, wherec is a number of order 1.7,14 Intro-
ducing this expression ofLc in Epin5Udp(L0 /Lc)

1/5, and
equatingEpin to Eel , yields the solid line in Fig. 2 betwee
66 and 75 K, using thesameparameters as above, i.e.,Tdp

566 K andBk(0)511 kG. This approach is valid only in th
vicinity of Tdp. Our calculations show that above 75 K,Lc

.L0 and the pinning energy is now given byEpin

>Agj2L0,6 i.e., no longer dependent onLc . Therefore, the
fast decrease ofEpin with temperature is moderated, and th
increase of the superconducting parameters with tempera
causesBk to decrease.

For Bi2Sr2CaCu2O81d ~inset to Fig. 2!, Bk is found only
at relatively low temperatures, over a small range ofT/Tc ,
and therefore it shows no temperature dependence. In
particular case, the data may be fitted with either Eq.~1!
or Eq. ~2! with one parameter,Bk(0)5360 G. We note that
in some samples, e.g., doped and electron irradia
Bi2Sr2CaCu2O81d,

16 Bk increases with temperature, sugge
ing a d l -pinning mechanism in these samples.

As it is clear from Figs. 1 and 2, the local magnetizati
vs temperature exhibits an abrupt increase only in a limi
field range, corresponding to the increasing branch ofBk(T).
Crossing this branch by raising temperature at a cons
field corresponds to a phase transition from a disordered
tex state with a relatively high persistent current to a qua
ordered state with low current. This phase transition is
companied by a burst of flux lines penetrating the samp
manifested by an abrupt increase in the magnetization. T
feature is absent in further raising the temperature to cr
the Bk(T) line along its decreasing branch. This is becau
the system transforms from a quasiordered to an highly
ordered state, i.e., flux should be expelled from the sampl
process that is impeded by the presence of an external fi
The transition in this case is manifested by a slight decre
in dm/dT indicated by small solid circles in the descendi
part of Bk(T); see Fig. 2. For fields larger than 25 kG an
smaller than 11 kG, raising temperature does not lead
crossing of theBk(T) line and thus no sign of a phase tra
sition is observed inm(T) measurements. Similar argumen
explain our observation of a change indm/dT in
Nd1.85Ce0.15CuO42d on crossing itsBk line,17 and the absence
of such anomalies in them(T) curves of Bi2Sr2CaCu2O81d.
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As we have mentioned, the three fields indicated in Fig
Bon, Bk , andBp , characterize the anomalous second pea
the untwinned YBa2Cu3O72d. We identifiedBk as a transi-
tion field between two vortex solid phases,10 and Bp as re-
lated to a dynamic crossover from elastic~collective! to plas-
tic flux creep. The onset fieldBon may be interpreted a
signifying a dynamic crossover between two different colle
tive creep regimes. For example, a crossover from a sin
vortex regime belowBon ~where the pinning energyU does
not depend on field! to a small bundle regime aboveBon
~whereU increases sharply with field! can lead to a sharp
increase in the magnetization.14,18 Similarly, a crossover
from small to large bundles,14 which may occur at high tem
peratures, would give rise to an increase in the magnetiza
in the quasiordered state. Thus, we conclude that diffe
mechanisms govern the shape of the second peak: At
fields, aroundBon, m(H) is determined by a crossove
within collective states; a solid-solid phase transition sha
the m(H) curve atBk ; at high fields, aroundBp , m(H) is
determined by a crossover from collective to plastic cre
The splitting of the second magnetization peak at high te
peratures may be related to the complex dynamic beha
observed in our sample and requires more investigations

In summary, local magnetic measurements in an
twinned YBa2Cu3O72d crystal as a function of temperatur
field, and time, exhibit anomalies along thesameline Bk(T),
identified as a transition between two vortex solid phas
similar to that reported for Bi2Sr2CaCu2O81d and
Nd1.85Ce0.15CuO42d. The temperature dependence of t
phase-transition lines in these three systems, though m
edly different, can be quantitatively explained on the basis
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the same model describing a disorder-induced phase tra
tion, from a quasiordered to an highly disordered vort
solid phase.

The vortex phase diagram obtained in this work for u
twinned YBa2Cu3O72d supports the validity of the phase dia
gram recently published by Nishizaki, Naito, an
Kobayashi.2 The novel results of the present work can
summarized as follows:~a! The observation of a pronounce
feature—a sharp kink in the magnetization curves—that s
nifies the disorder-driven phase transition.~b! Field, tem-
perature,and time-dependent measurements reveal ano
lies occurring along the same lineBk(T). ~c! The Bk(T)
data can bequantitatively fitted to a model describing a
disorder-induced transition from a quasiordered to a hig
disordered vortex solid phase.~d! The same model can ex
plain the markedly different behavior of the transition lin
obtained in three different systems, namely, YBa2Cu3O72d,
Nd1.85Ce0.15CuO42d, and Bi2Sr2CaCu2O81d. ~e! The quali-
tative behavior ofBk(T) determines unequivocally the m
croscopic origin of the pinning mechanism, distinguishi
between pinning arising from spatial fluctuations ofTc or of
the charge-carriers mean free path.
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