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Temperature dependence of the second magnetization peak
in a deoxygenated YBa2Cu3O6.65 single crystal
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We report on magnetic measurements carried out in a YBa2Cu3O6.65 deoxygenated single crystal with
superconducting transition temperatureTc562.5 K. The so-called fishtail or second magnetization peak (Hp)
has been observed in magnetization curves from 60 K down to 1.8 K. In the region 6 K,T,60 K, Hp

increases with a positive curvature as the temperature is lowered. ForT,6 K, Hp increases linearly with
temperature and an extrapolation toT50 givesHp(0)52.9 T. This value occurs just above a decoupling field
Hd , above which there is a change in the temperature dependence of the irreversibility line, a departure from
the relation (12T/Tc)

m. Magnetic relaxation measurements for fields in the region of the second magnetiza-
tion peak indicate a change in the mechanism originating the second peak below 5 K. At higher temperatures
the peak position changes with time. For temperatures lower than 5 K there is no differences in relaxation
below and aboveHp , and the position of the peak does not change with time.@S0163-1829~99!14525-9#
a
iat
r
rs
n
a
e

m
h

m
t
te

S’

ed
a
b

-
a
ry
e

a
te

o
st
-
e

for

-

ge

eld-
ion
ne-
ve
ci-
at

a
eti-

-
Ref.

s.

tum

at

.
ex-
by
The fishtail or second magnetization peak is a feature
pearing in isothermal magnetization curves for intermed
fields which resembles a fishtail shape and has been obse
in conventional1,2 and high-temperature superconducto
~HTS’s!.3 Application of the Bean model to a magnetizatio
curve exhibiting a fishtail produces a peak in the critic
current density which is of major application importanc
The understanding of the mechanism leading to the for
tion of the second magnetization peak is not yet clear and
been the subject of numerous investigations.3–7 On the other
hand, the literature lacks in flux dynamics studies of the te
perature dependence of this feature in a wider range of
(H,T) phase diagram. Such a study will certainly contribu
to a better understanding of the vortex dynamics in HT
and is the subject of this work.

Among copper-based HTS’s, deoxygenat
YBa2Cu3O72x crystals are of particular interest, providing
continuous variation of most superconducting properties
varying the oxygen deficiency in the system.9,10 Particularly,
the reduction of the critical temperatureTc and upper critical
field Hc2(0), ascompared with the fully oxygenated com
pound, allows a study of their rich magnetic phase diagr
(H,T) down to low temperatures without requiring ve
large magnetic fields.11 In this work we have studied th
temperature, field, and time dependence of the second m
netization peak in the phase diagram of a deoxygena
YBaCuO crystal withTc562.5 K. The final purpose of the
work is to extend the study presented here to lowerTc crys-
tals. Our measurements allow the observation of the sec
magnetization peakHp , in curves of magnetization again
field M vs H from 60 K down to 1.8 K. At higher and inter
mediate temperaturesHp increases with a positive curvatur
PRB 600163-1829/99/60~1!/102~4!/$15.00
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as T is lowered, as previously observed in the literature
YBa2Cu3O72x and other HTS’s.5–8 A change in curvature in
the temperature dependence ofHp occurs at low tempera
tures, withHp increasing linearly with temperature asT is
lowered. Extrapolation of the linear behavior toT50 gives a
field which falls just above a region of fields where a chan
of behavior in the irreversibility line~IL ! is observed. Such
change in the IL has been associated with a magnetic-fi
induced decoupling of the vortex state. Magnetic relaxat
measurements for fields in the region of the second mag
tization peak show differences in relaxation behavior abo
and belowHp . These differences, which have been asso
ated with the origin of the second magnetization peak
higher temperatures,6 disappear below 5 K, evidencing that
different mechanism is responsible for the second magn
zation peak at low temperatures.

The studied single crystal of YBa2Cu3O72x , with x
50.35 andTc562. 5 K, was grown by the self-flux proce
dure. Details of the sample preparation are described in
9. The sample dimensions are approximately 1 mm31 mm
30.2 mm, with thec axis perpendicular to the larger plane
The sample exhibits a sharp transition widthDTc&1.0 K.
The experiment was conducted with the magnetic fieldH
applied parallel to thec axis of the sample. IsofieldM vs T
curves were obtained with a 5-T superconducting quan
interference device~SQUID! magnetometer~Quantum De-
signs MPMS!. IsothermalM vs H curves were obtained with
the SQUID magnetometer at higher temperatures and
lower temperatures with an extraction magnetometer~Quan-
tum Design PPMS!, allowing magnetic fields up to 9 T
Magnetic relaxation measurements were made with the
traction magnetometer. All measurements were obtained
102 ©1999 The American Physical Society
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cooling the sample from aboveTc to the desired temperatur
in a zero magnetic field. Magnetic measurements perform
for Huuc axis allow the determination of the upper critic
field Hc2(T), irreversibility line Tirr (H), and the second
magnetization peak Hp(T). The irreversible point
(Hirr ,Tirr ) is determined from isofieldM vs T curves as the
point where magnetization lost linearity,12 which coincides
with the onset of large deviations in the dipole fit of th
SQUID signal.13

All high-field M vs T curves present a distinct roundin
around M'0 that makes difficult the determination o
Tc2(H). This rounding has been associated with lowest L
dau level~LLL ! fluctuations.14 Values ofTc2(H) were ob-
tained by performing two-dimensional~2D! LLL fluctuation
scaling on the high-field data, whereM scales with (TH)1/2

and T is replaced by@T2Tc2(H)#/(TH)1/2. The optimum
temperature regions for the scaling are 59–64 K for 1
55–71 K for 2 T, and 50–80 K for 3, 4, and 5 T data. T
above temperature intervals give an estimate of the 2D
tex liquid phase region. The values ofTc2(H) obtained from
the LLL scaling produceddHc2(T)/dT520.90 T/K for
Huuc axis. The Werthamer-Helf-Hohenberg formula atT
50 givesHc2(0)50.693TcudHc2(T)/dTu. In the anisotropic
Ginzburg-Landau limit forHuuc,15 Hc25F0/2pjab

2 , where
jab is the coherence length in theab plane, so we estimate
Hc2(0)'39 T andjab(0)'29 Å for our studied sample. I
is interesting to compare these values with the estimated
ues for fully oxygenated YBa2Cu3O72x , with Tc593 K,
Hc2(0)'120 T andjab(0)'16 Å.16

Values ofHc2(T), IL( Hirr ,Tirr ), andHp(T) are plotted
as a function of temperature in Fig. 1. The left inset of t
figure shows isothermalM vs H curves at selected temper
tures. The values ofHp(T) for each data curve are extracte

FIG. 1. Magnetic phase diagram of the studied sample, show
the second magnetization peakHp(T), irreversibility line
IL( Hirr ,Tirr ), and upper critical fieldHc2(T). Solid lines onHp(T)
and IL correspond to fits performed in the data, wheret5T/Tc .
The solid line onHc2(T) is only a guide to the eye. The dotted lin
at 2.5 T represents the expected decoupling line separating 3D~be-
low! from quasi-2D ~above! vortex states. The left inset show
isofield M vs H curves at 1.8, 5.2, and 12 K. The right inset sho
an enlarged plot ofHp(T) at low temperatures.
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from the maximum diamagnetic value of the magnetizat
second peak, measured in the field increasing branch.
maximum is obtained by fitting a polynomial to the pe
region and the error bars are estimated by eye. This pro
dure is carried out over estimating the actual error, which
the largest at 1.8 K (60.17 T) where the peak is less pro
nounced.. The low-field region of the IL follows the relatio
Hirr '(12Tirr /Tc)

n with n51.39. The power law region o
Hirr is obtained by plotting ln@(12Tirr /Tc)# against ln@H#,
which is valid for fields in the region 0,H,2.0 T. Above
Hd52.5 T the IL deviates from the power law fit. A simila
behavior has been found in deoxygenated YBaCuO sin
crystals withn51.5,11 deoxygenated Y123 thin films,17 and
various other anisotropic HTS’s.18 The departure from the
experimentally observed power law has been associated
a theoretically predicted field-induced decoupling of the v
tex state in to quasi 2D vortex pancakes.19

The main fact in the magnetic phase diagram of Fig. 1
the behavior of theHp(T) line showing a curvature chang
at T.6 K. It will be shown with relaxation measuremen
that the flux dynamics changes below this temperature.
T*6 K, Hp follows the common trend previousl
observed,5–8 showing a positive curvature with decreasin
temperature. ForT&6 K, Hp increases linearly as the tem
perature is lowered. This low-temperature behavior is
larged in the right inset of Fig. 1. Assuming that the seco
magnetization peak exists below 1.8 K we perform an
trapolation of the linear behavior toT50 to obtainHp(0)
52.960.07 T. For temperatures above 20 K,Hp(T) fol-
lows the relation (12T/Tc)

m with m51.5. In the tempera-
ture region 6 K,T,20 K the curvature ofHp(T) is posi-
tive but does not follow the power law. It is important t
point out that the breakdown of the power law behavior b
low 20 K as well as the linear behavior ofHp(T) below 6 K
were not previously reported in the literature.

Another important point to be noted in Fig. 1 is that th
linear portion of Hp(T) crosses the decoupling field,Hd
52.5 T. This represents an expected decoupling line ab
which vortex lines behave as quasi-2D pancakes. In rela
to Hp(T), the second magnetization peak observed in the
system Ba12xKxBiO3 ~Ref. 7! follows a temperature behav
ior similar to that observed in YBa2Cu3O72x , suggesting
that the latter is also 3D. Thus, observation of the sec
magnetization peak just above the expected decoupling
opens a question about the interpretation made for the de
tion from the power law observed in the IL. Measureme
of the second magnetization peak at low temperatures
other anisotropic samples could clarify this point.

Figure 2~a! shows relaxed magnetization curves, me
sured 600 s after the field is stabilized. The data are show
selected temperatures, for fields above and belowHp . It is
worth mentioning that the data at 1.8, 2.5, 3.3, 5.2, 8.5,
12 K were measured twice and the reproducibility is with
the equipment sensitivity. Large relaxation effects are
served down to the lowest temperatureT51.8 K. Measure-
ments at 1.8 and 12 K confirmed that relaxation effects
the same on the field increasing and decreasing branc
The curves in Fig. 2~a! clearly show differences in relaxatio
for fields above and belowHp at T.8 K, which indicates
that there are two distinct mechanisms controlling flux cre
Most important, there are no apparent differences in rel
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FIG. 2. ~a! Isofield M vs H curves and the respective relaxed curves obtained in the region of the second magnetization peak a
temperatures. The relaxed curves are measured 600 s afterH is stabilized.~b!, ~c! magnetic relaxation measured during 4500 s for fields
the region ofHp , plotted with theM vs H curves forT520 and 1.8 K.
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ation for fields above and belowHp for temperatures below
5 K ~1.8, 2.5, and 3.3 K!. At 5.2 K the differences are ver
small, while for the curves at 8.5, 12, and 20 K relaxation
larger aboveHp . As observed in Ref. 6, plastic pinning con
trols creep for fields aboveHp while collective pinning is the
dominant mechanism for fields belowHp . The absence o
differences in relaxation in theM vs H curves below 5 K
indicates that only one mechanism, possibly plastic pinn
is controlling creep on the second magnetization peak. T
fact suggests that the pinning mechanism changes below
Hp(T) line as the temperature is lowered for a fixed value
field.

We have verified this point by conducting magnetizati
measurements as a function of time during 4500 s in
temperature region 1.8–20 K, with applied fields of 1, 1.5
and 3 T. The results plotted as ln(M) vs ln(t) show a linear
behavior. The magnetization rateS5d@ ln(M)#/d@ln(t)# is ob-
tained for each curve, and plotted in Fig. 3 as a function
temperature forT,8 K. The inset shows the same plot e
tended to 20 K. An increase of the rate for 1 and 1.5 T d
is observed at lower temperatures, which confirms
change in the mechanism of creep mentioned above, oc
ring below 8 K for 1 T and below 5 K for 1.5 T. By tracing
a vertical line atH51 T in Fig. 2~a! crossing allM vs H
s
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curves it is possible to see that the relaxation regime chan
twice as temperature drops below 20 K. At 20 K, a 1 Tfield
is aboveHp and as claimed in Ref. 6 this corresponds to
region of plastic pinning. At 12 K, 1 T is below Hp , corre-
sponding to a region of collective pinning.6 At 3.3 K relax-
ation at 1 T increases when compared to the 8.5 K curve a
also there is no differences in relaxation below and ab
Hp . Thus the increase in the relaxation rate at approxima
8 K evidences a new change in the pinning mechanism.
anomaly observed in the magnetization rateS is shifted to
lower temperatures at 1.5 T and is not observed for the 2
3 T. In fact, for H52 T the Hp(T) line is crossed in the
linear region andH53 T lies aboveHp(0), a region where
plastic creep is expected.6 The latter fact is in accordanc
with the absence of differences in relaxation below a
aboveHp for temperatures below 5 K in the M vs H curves,
and suggests that plastic creep is dominant forT&5 K be-
low the Hp(T) line.

An important difference between the low- and hig
temperature behavior inM vs H relaxed curves refers to th
position of the second magnetization peak. AtT>8.5 K, the
second peak position in the relaxed curves is clearly shi
to a lower field value as compared to the unrelaxed curv
At 1.8, 2.5, 3.3, and 5.2 K the position ofHp(T) is un-
e
FIG. 3. Magnetization rated@ ln(M)#/d@ln(t)#, plotted in the low-temperature region for fieldsH51, 1.5, 2, and 3 T. The inset shows th
same data extended to higher temperatures.
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changed in the relaxed curves. These differences can be
ter visualized in Figs. 2~b! and 2~c!, showing relaxed mag
netization measurements for 4500 s at 20 and 1.8 K.
differences inHp due to relaxation in Fig. 2~a! are.0.12 T.
This value is much higher than the error inHp for T
.3.8 K. The values ofHp are the same at 1.8 K@Fig. 2~c!#
and differ by 0.21 T at 20 K@Fig. 2~b!#. The time depen-
dence of the peak position at 20 K indicates that the sec
magnetization peak at higher temperatures is determine
dynamic effects, and not by the critical current dens
Jc(H). This effect was first observed in Ref. 6, where t
authors assumed a plastic creep model occurring for fi
H.Hp , and obtain a time dependence for the second m
netization peak,Hp'1/ln2(t/t0), which explains the shift of
Hp to lower fields with time. Based on this model, they al
obtain a temperature dependence of the typeHp'@1
2(T/Tc)

4#1.4 not followed by our data. The error due to th
time dependence ofHp(T) is &0.05 T for temperatures
above 20 K, estimated from a combination of delay meas
ing time and increasing magnetization rate at higher te
peratures. With this error added to the values ofHp the
power law expression forHp(T) still holds, with the expo-
nentm varying from 1.3 to 1.5.

It should be pointed out that based on the observation
Hp(T) is time dependent, to obtain a precise temperat
dependence ofHp(T) loses its meaning. The time window
probing the magnetization measurement depends on
perature; thereforeHp(T) determined at different tempera
tures comes from values of magnetization measured at
ferent times. Below 5 K the peak position is not time
dependent, implying that the second magnetization pea
related to the critical current densityJc(H). Thus, this result
ro
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presents evidence that there is a change in the origin of
second magnetization peak at lower temperatures. The
gion in temperatures where this change occurs correspo
to the linear part ofHp(T), which is not time dependent. I
may also be noted that the rate of relaxation in Fig. 3 h
approximately the same value for all fields as the tempe
ture approaches 1.8 K. This behavior suggests that below
K the system may enter a regime of quantum creep.20

In conclusion, the magnetic phase diagram of a deoxyg
ated YBa2Cu3O6.65 single crystal withTc562.5 K was de-
termined from magnetic measurements. Isothermal magn
curves showed the existence of the second magnetiza
peak from 60 K down to 1.8 K. An extrapolation gives
value forHp(T50) just above the expected decoupling fie
RelaxedM vs H curves measured for fields in the region
the second peak show that at higher temperatures the m
nitude of the relaxation is higher aboveHp , whereas the
relaxation at lower temperatures is the same for fields ab
and belowHp . The position ofHp(T) is found to be time
dependent at higher temperatures, but time independen
low 5.2 K. This time independence ofHp(T) at low tempera-
tures and the differences in relaxation above and belowHp at
higher temperatures indicate a change in the origin of
second magnetization peak at low temperatures. The re
ation data also give evidence for another change in
mechanism of pinning in the region below theHp(T) line,
possibly from collective to plastic, occurring below 8 K.
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