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Effects of the weak point disorder on the vortex matter phase diagram are studied by an irradiation of 2.5
MeV electrons in untwinned YBa2Cu3Oy single crystals. We find that the point disorder lowers the critical
point Hcp of the first-order vortex lattice melting lineHm(T) and has an opposite effect on the vortex glass
phase boundary above and belowHcp. Below Hcp, the field-driven disordering transition lineH* (T) between
the Bragg glass and the vortex glass phases shifts to lower fields and the vortex glass phase is expanded after
irradiation. Near the vortex liquid-to-glass transition lineHg(T) aboveHcp, on the other hand, the vortex glass
phase is reduced after irradiation, indicating the enhanced vortex wandering by the point disorder in the critical
region.
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In the mixed state of high-temperature superconductor
has been demonstrated that the vortex solid in clean sys
undergoes a first-order melting transition into the vortex l
uid due to strong thermal fluctuations.1–8 The vortex lattice
melting line Hm(T) terminates7,9 at a critical pointHcp and
changes to a continuous second-order vortex glass9,10 transi-
tion line Hg(T) aboveHcp. Recent experiments11–20 have
shown that the vortex matter phase diagram is more com
cated and the vortex solid is divided into at least two disti
phases by a characteristic fieldH* (T) at which the posi-
tional correlations of the vortex lattice are significan
reduced11,12 and the magnetization shows steep increase
ward the second peak in Bi2Sr2CaCu2O8,13,14

YBa2Cu3Oy ,16–19 and Nd1.85Ce0.15CuO4.20 These results are
supported by both several theoretical studies21–25 and nu-
merical simulations,26 andH* (T) is interpreted as the field
driven disordering transition line between a relatively o
dered vortex lattice~or the Bragg glass! phase at low fields
and a highly disordered vortex glass phase at high fields.
stability of the Bragg glass phase with quasi-long-ran
translational order and the nature of the vortex system
determined by the delicate balance between th
energies,21–26namely, the vortex elastic energyEel , the vor-
tex pinning energyEpin , and the thermal energyEth . There-
fore, the degree of the disorder in the system related to
value ofEpin is an important parameter to understand det
of the vortex matter phase diagram.

Fendrichet al.27 have reported that the first-order vorte
lattice melting transition in untwinned YBa2Cu3Oy was de-
PRB 610163-1829/2000/61~5!/3649~6!/$15.00
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stroyed by the introduction of the point disorder by the ele
tron irradiation. Although the increase of viscosity of th
vortex liquid has been discussed in terms of the vor
entanglement,27 the effect of the point disorder on both th
field-driven disordering transition lineH* (T) in the vortex
solid phase and the vortex glass transition lineHg(T) above
Hcp remains unanswered.

In this paper, we investigate effects of the electron ir
diation on the vortex matter phase diagram and on th
transition lines ofHm(T), Hg(T), andH* (T) in untwinned
YBa2Cu3Oy . We find an opposite effect on the vortex gla
phase boundary above and belowHcp. We show thatHcp

andH* (T) shift to lower fields and the vortex glass phase
stabilized by the introduced point disorder belowHcp. These
results give a strong support for the field-driven disorder
transition scenario.21–26 We also present thatHg(T) above
Hcp shifts to lower temperatures and the vortex glass phas
reduced after irradiation, indicating the enhanced vor
fluctuations in the critical region.

YBa2Cu3Oy single crystals were grown by a self-flu
method using yttria crucibles and were detwinned by ann
ing at 450 °C under a uniaxial pressure.28 According to the
relation between a doping level and an anneal
temperature,29 a sample in this study was a slightly ove
doped single crystal of untwinned YBa2Cu3Oy . The un-
twinned single crystal with dimensions of 0.6630.5530.07
mm3 showed a superconducting transition atTc.92 K. A
Hall probe magnetometry was performed by measuring
3649 ©2000 The American Physical Society
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magnetic flux density at the center and the outside of
sample using two Hall probes.16 The resistivityr was mea-
sured by dc four-probe method using a Keithley 2001 m
timeter and a Keithley 1801 preamplifier with a noise lev
of ;0.1 nV under a current densityJ.1 A/cm2. The mag-
netic field (Hi the c axis! up to 27 T was generated by
hybrid magnet system at High Field Laboratory for Sup
conducting Materials, IMR, Tohoku University. An irradia
tion of 2.5 MeV electrons was performed with the Dynam
toron electron accelerator in JAERI at Takasaki. A very lo
dose (131018 e/cm2) of electron irradiation was chosen t
study the effect of weak point disorder on the vortex ma
phase diagram; the value is an order of magnitude sma
than the one of the previous study.27 Since the irradiation and
the measurement were repeated twice using the same cr
the total irradiation dose was 231018 e/cm2. TheTc change
after the second irradiation wasDTc;0.4 K.

Figure 1~a! shows the magnetization (M -H) curves of
untwinned YBa2Cu3Oy before electron irradiation. The mag
netization shows a steep increase at a characteristic fieldH*
and a remarkable second peak atHp . As shown in Figs. 1~b!
and 1~c!, H* is defined by a sharp peak in the magnetic-fie
derivativedM/dH, indicating the drastic change of the vo
tex state. The steep increase of the magnetization
H* is remarkable in the local magnetizatio
measurements,13,16,19,20as compared with the bulk magnet
zation measurements.17,18 Although the peak indM/dH be-
comes broader in the high-temperature region near the c
cal point due to the thermal smearing effect,H* still behaves
as a characteristic field such as the onset of the broad se

FIG. 1. ~a! Magnetization curves of untwinned YBa2Cu3Oy be-
fore electron irradiation. A characteristic fieldH* is defined by a
sharp peak in the magnetic-field derivativedM/dH at ~b! low tem-
peratures and~c! high temperatures.
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peak. In addition, a partial magnetization loop technique
been applied to the broad second peak recently and
concluded that the onset of the second peak correspond
the field-driven disordering transition line.18 With increasing
temperature,Hp(T) andH* (T) increase and terminate at th
critical point (m0Hcp.11 T! of the first-order vortex lattice
melting line as mentioned below.

The magnetization curves in Fig. 1~a! show an additional
structure around 14.5 T. In our hybrid magnet system,
magnetic field is applied by using the superconducting m
net below 14.5 T and the field by the water-cooled magne
superposed above 14.5 T. The sweep rate of the super
ducting magnet is reduced in the field range 11.5–14.5 T
a sweep rate (.10 mT/s! of the water-cooled magnet i
about two times larger than that of the superconducting m
net. Therefore, the additional structure around 14.5 T res
from the relaxation effect due to the different sweep rate

Figure 2 showsM-H curves of untwinned YBa2Cu3Oy
before and after electron irradiation with different irradiatio
dose. The electron irradiation effect on the magnetizat
strongly depends on the temperature region which is cha
terized by a temperatureTcr of the critical point on the first-
order vortex lattice melting line. The inset of Fig. 2~c! shows

FIG. 2. Magnetization curves of untwinned YBa2Cu3Oy before
and after electron irradiation with different irradiation doses
three different temperatures:~a! T,Tcp, ~b! T.Tcp, and ~c! T
.Tcp. Inset: Schematic drawing of the measured temperature
gion in theH-T phase diagram.
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a schematic drawing of measured temperatures in theH-T
phase diagram. Figure 2~a! shows magnetization curves i
the low-temperature region belowTcp.75.5 K. With in-
creasing irradiation dose,H* andHp shift to lower-field re-
gion and the jump height of the magnetization atH* be-
comes smaller. The hysteresis width in the magnetiza
curve, which is proportional to the critical current densi
increases after irradiation in the low-field region belowHp ,
however it slightly decreases aboveHp .

In the intermediate-temperature region nearTcp, the char-
acteristic feature in the magnetization changes drastically
fore and after irradiation as shown in Fig. 2~b!. Before irra-
diation, the magnetization decreases monotonically w
increasing field and the irreversibility fieldH irr is much
smaller than the vortex lattice melting fieldHm, similarly to
previous results.3,5,16Melting fieldsHm andHg expressed by
arrows in Fig. 2 were derived from the resistivity measu
ment as mentioned below. After irradiation, however, t
second peak appears just belowHg and the magnetization
shows the irreversible property up toHg . AlthoughH irr and
Hg decrease with increasing point disorder, the hyster
width increases, indicating the enhanced pinning force a
irradiation in the vortex solid phase.

In the high-temperature region aboveTcp @see Fig. 2~c!#,
the magnetization shows reversible property in the wide fi
region belowHm. Since the magnetization hysteresis is
dependent of the irradiation dose, the introduced point dis
der is not effective as the pinning center. The extrem
weak vortex pinning aboveTcp is related to the anomalou
irreversibility line16 due to the thermal smearing effect on t
disordered potential1 or the depinning transition.15,30

Figure 3 shows the normalized resistivityr/r(Tc) versus
temperatureT/Tc before and after electron irradiation. Th
unirradiated sample shows the sharp resistive drop due to
first-order vortex lattice melting transition belowm0Hcp
.11 T. Although the vortex lattice melting transition re
mains after irradiation in the low-field region, the transitio
temperatureTm(H) slightly shifts to lower temperatures. Th
behavior is contrary to the results by Fendrichet al.27 who
have reported that the vortex lattice melting transition w
completely destroyed by the electron irradiation with a do
of 131019 e/cm2; the value is an order of magnitude larg
than one in this study. In the vortex liquid phase just abo

FIG. 3. Normalized resistivity versus temperature in untwinn
YBa2Cu3Oy before and after electron irradiation.
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Tm, the resistivity decreases after irradiation27,31because the
viscosity in the vortex liquid increases by the introduc
point disorder.

Above the critical pointHcp, the signature of the first-
order melting transition disappears and the transition
comes the second-order glassy transition. The vortex g
theory10 predicts the temperature dependence of the lin
resistivity r(T)}(T2Tg)

s near the glass transition temper
ture Tg , wheres is the critical exponent. As shown in Fig
4~a!, the linear resistivity aboveHcp is well described by this
equation and a plot of@](ln r)/]T#21 versus T shows a
straight line in the critical region of the glass transition10

The inset of Fig. 4~a! shows the critical exponents as a
function of the magnetic field aboveHcp before and after
electron irradiation. The critical exponent obtained from t
slope 1/s in Fig. 4~a! is independent of both magnetic fiel
and irradiation dose in the high-field region well aboveHcp,
except for the slightly smaller value ofs in the vicinity of
Hcp. The averaged value of the critical exponents56.9
61.2 in high fields is consistent with the previously report
value for single crystals of untwinned YBa2Cu3Oy (s56
2761),9,32 twinned YBa2Cu3Oy (s56.561.5),33 and
Bi2Sr2CaCu2Oy (s5761).34 The result agrees well with the
vortex glass theory,10 so vortices in the liquid phase are fro
zen into the vortex glass phase with decreasing tempera
Contrary to the above result, earlier experiments on
twinned YBa2Cu3Oy irradiated by electron27 and proton35,36

did not show evidence of the vortex glass transition and
field-dependent critical exponent (1.2,s,4.5) was

d

FIG. 4. ~a! The inverse logarithmic derivative of the resistivit
at 13 T in the vicinity of the vortex glass transition temperatureTg

before and after electron irradiation. Inset: Magnetic-field dep
dence of the critical exponents aboveHcp. The solid curves are
guides to the eye.~b! Reduced temperature dependence of the a
vation energy at 13 T before and after electron irradiation.
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observed.27,35 However, Petreanet al.37 have recently sug-
gested that there is a threshold of the pinning disorder
the sufficiently large pinning is required in order to obser
the vortex glass transition with the universal critical exp
nent; the result by proton irradiation37 is consistent with the
present study@see inset of Fig. 4~a!# because the obtaine
critical exponent increases only in low fields nearHcp and
becomes constant with increasing effective disorder in h
fields. In addition, the activation energyU0 (.1000 K at 13
T! for untwinned YBa2Cu3Oy in this study, which is shown
below @see Fig. 4~b!#, is larger than that in previou
reports.27,35 These results indicate that the vortex glass tr
sition with the field-independent critical exponent is obse
able when the disorder density and the applied magnetic
are higher; this situation has been predicted by the re
theory.38

The vortex glass transition temperatureTg determined by
the extrapolation@see Fig. 4~a!# decreases after irradiation
At m0H513 T, for example,Tg decreases,DTg;3 K, after
the second electron irradiation; the value is considera
larger thanDTc;0.4 K. Figure 4~b! shows the local slope in
the Arrhenius plots2](ln r)/](T21), namely the activation
energyU, as a function of the reduced temperature bef
and after electron irradiation. With decreasing temperat
the activation energy shows a plateau34,35 with a value of
U0.1000 K and changes to a divergent behavior bel
T/Tc;0.82, indicating the crossover from the Arrhenius
the vortex glass regime. Although the crossover tempera
is almost disorder independent, the divergence of the act
tion energy is suppressed by the irradiation. Therefore
critical region of the vortex glass transition is enhanced
the point disorder introduced by electron irradiation. In t
low-field region nearHcp, however, the critical region of the
vortex glass transition becomes narrower, so the meas
resistivity cannot reach the critical region because of the l
ited accuracy; in this case, the estimated value ofs would be
unreliable.

Figure 5 shows the magnetic field versus tempera
phase diagram in untwinned YBa2Cu3Oy before and after

FIG. 5. Vortex matter phase diagram in untwinned YBa2Cu3Oy

before and after electron irradiation. Three different phases, i.e.
vortex liquid, the vortex glass, and the Bragg glass, are divided
transition linesHm(T), Hg(T), andH* (T). The solid curves are fit
to the field-driven transition lineBdis(T).
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electron irradiation. The vortex matter phase diagram
markably depends on the irradiation dose near the crit
point. The characteristic fieldsH* (T), Hg(T), andHcp shift
to lower-field region with increasing point disorder, how
ever, three transition lines ofH* (T), Hg(T), and Hm(T)
always terminate at the critical point independently of t
irradiation dose. The vortex matter phase diagram before
radiation is discussed in a previous paper16 andH* (T) con-
nected withHcp is interpreted as a field-driven disorderin
transition line21–26 between the vortex glass phase and
topologically ordered Bragg glass phase with quasi-lo
range translational order. Beyond the disordering transit
line, dislocations are induced by the randomly distribut
disorder and the Bragg glass phase undergoes a trans
into the disordered vortex glass phase. In the Bragg g
phase, elasticity of vortices is strong, so the volume pinn
force is reduced. In the vortex glass phase, on the other h
vortices have an additional effective degree of freedom
to free dislocations and can adapt more easily to the pinn
potential, indicating the strong volume pinning force. The
fore, the magnetization and the critical current density sh
steep increase at the field-driven disordering transition li
Since the Bragg glass is the almost perfect vortex lattice
far as translational order is concerned in spite of a fin
pinning force, it is reasonable that the Bragg glass phas
suppressed and the vortex glass phase is enhanced b
introduced point disorder as predicted in recent theories.21–26

As mentioned above, the field-driven disordering tran
tion line H* (T) is connected with the critical pointTcp and
divides the vortex solid into two regions. However, in th
high-temperature region aboveTcp, H* (T) turns down and
meets the vortex lattice melting lineHm(T) below Hcp for
irradiated YBa2Cu3Oy . This feature is observed only in th
crystal with relatively strong pinning force, becauseH* (T)
disappears atTcp for unirradiated YBa2Cu3Oy . SinceH* (T)
aboveTcp decreases alongHm(T) and disappears, the secon
peak effect just belowHm(T) is closely related to the en
hanced vortex pinning due to the vortex lattice soften
prior to the vortex lattice melting as reported previously.39–41

These results indicate thatH* (H) merges with bothHm(T)
and the premelting peak effect at the critical point for irra
ated YBa2Cu3Oy . The region betweenH* (T) and Hm(T)
aboveTcp is very narrow in the present study, so the res
above mentioned is completely different from the recen
reported second peak29,42which intersectsHm(T) well below
Hcp for optimally doped and slightly underdope
YBa2Cu3Oy .

Applying the Lindemann-type criterion,22,23 temperature
dependence of the disordering transition line is given
Bdis(T).Bdis(0)(Tdp

s /T)10/3exp@(2c/3)(T/Tdp
s )3# for T.Tdp

s .
Here, Tdp

s is the single vortex depinning temperature,1 c a
constant of order unity,1 and Bdis(0) the transition field for
T!Tdp

s . The disordering transition line increases expone
tially in the high-T region, because the smoothing of th
quenched disorder potential by thermal fluctuations beco
greater above the depinning line.1 As shown by the solid
curves in Fig. 5, the experimentally determinedH* (T)
agrees well with this model using the reasonable parame
Bdis(0).0.93, 0.65, and 0.5 T andTdp

s .37.8, 39.2, and 40.5
K for unirradiated, first-irradiated, and second-irradiat
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samples, respectively. In a previous paper16 the value of
Bdis(0) is estimated to be 126 T using the parameters fo
YBa2Cu3Oy and the reduction ofBdis(0) is expected with
increasing disorder.21–26 Both decrease inBdis(0) and in-
crease inTdp

s are consistent with the enhanced vortex pinni
after electron irradiation. Therefore, the vortex glass phas
stabilized by the introduction of the point disorder and t
strong pinning region is expanded to the lower fields. The
results of electron irradiation effect provide further eviden
of the field-driven disordering transition scenario21–26 as a
possible origin ofH* (T), which have been discussed in pre
vious papers.14–20

The reduction of the vortex glass transition lineHg(T)
and the increase of the critical region after irradiation res
from the enhanced vortex fluctuations by the introduc
point disorder. Since the randomly distributed point disord
induces vortex wandering, the vortex liquid phase and
vortex entangled state35 are stabilized by the combination
effect of the thermal and disorder fluctuations in the critic
region of the vortex glass. The vortex glass transition a
function of the pinning strength is discussed theoreticall25

and the decrease ofTg with increasing point disorder is ex
pected for the system with weak pinning. Thus, the electr
irradiation effect on the vortex glass transition temperature
consistent with the recent theory.25 In addition, the behavior
of Hg(T) after electron irradiation is different from the
heavy-ion irradiation effect, because the correlated disor
d
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suppresses the vortex fluctuations andHg(T) increases with
increasing columnar defect. These results indicate that
fects of the introduced point disorder depend on the region
the vortex matter phase diagram; the vortex pinning for
increases and the Bragg glass phase is suppressed nea
field-driven disordering transition lineH* (T) below Hcp,
and the vortex liquid is enhanced near the vortex glass tr
sition line Hg(T) aboveHcp.

In conclusion, we have investigated the electron irrad
tion effect on the vortex matter phase diagram in untwinn
YBa2Cu3Oy . We have found that the vortex matter pha
diagram is drastically changed nearHcp and H* (T) con-
nected withHcp shifts to lower fields by the point disorder
indicating the reduction of the Bragg glass phase, i.e.,
enhancement of the vortex glass phase. These results pro
further evidence of the field-driven disordering transitio
scenario. We have shown the opposite effect on the vor
glass phase boundary thatHg(T) aboveHcp shifts to lower
temperatures and the vortex glass phase is reduced by
point disorder due to enhanced vortex wandering in the cr
cal region.
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