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Anomalous magnetization in single-crystal Tl2Ba2Cu06: Evidence of dimensional crossover
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Magnetization as a function of field parallel to the c axis shows an anomalous secondary peak for a
single-crystal T128a2Cu06. The peak disappears above a crossover temperature T„, which is correlated with
a crossover in the irreversibility line H„„(T). For T)T„, H„„(T)~(1—T/T, ) with n=3/2; for T~T„,
H„„(T) increases with 1/T exponentially, an indication of melting of two-dimensional (2D) vortices. Com-
bined with magnetic-relaxation measurements at T&T„, we suggest the anomalous magnetization in this
system is due to dimensional crossover from 3D to 2D vortex structure.

The experimental observation of anomalous magnetiza-
tion M(H), which shows an increasing critical current
with increasing field, in the field parallel to the c-axis
direction has been first reported in single crystals of
YBa2Cu307 (Refs. 1 and 2) and T12Ba2Cu06. A similar
effect has been observed in many high-quality single
crystals such as Laz Sr Cu04 Y, BizSrzCaCuz08, '

Nd, s5Ceo i5Cu04 ~, YBa2Cu40s, and Ge/Pb
superlattices. The enhancement of the critical current has
been initially explained in terms of pinning by oxygen-
deficient sites. Models based on collective pinning, effects
of surface barrier, ' lattice matching between vortex and
defect structure, and dimensional crossover have been
proposed. The mechanism giving rise to the anomalous ef-
fect often referred to as "fishtail" remains controversial.

To understand the origin of the anomalous magnetiza-
tion, especially in the highly anisotropic system like
TlzBazCu06, we have performed extensive magnetic hyster-
esis measurements, combined with measurements of an irre-
versibility line on the same sample. We report a strong cor-
relation found between the fishtail magnetization and the
irreversibility line. The anomalous magnetization disappears
above a crossover temperature T„, which separates two dif-
ferent regimes on the irreversibility field line H„,(T). For
T)T„, H„,~(1—T/T, )" with n=3/2; for T(T„, H„,
increases with 1/T exponentially, an indication of two-
dimensional (2D) vortex melting. These results combined
with the magnetic relaxation measurements at low tempera-
tures provide clear evidence of dimensional crossover as the
mechanism for the anomalous fishtail magnetization in the
TlzBazCu06 system.

Single crystals of TlzBazCu06 were grown using a solid
state self-flux method. Several crystals were used in the
measurements with average dimensions of 1 XO.SX0.1 mm.
Extensive measurements were made on a crystal with
T,= 92 K. The transition width measured at 1 G was about 2
K. Measurements were performed using a Quantum Design
magnetometer with low-field options. A typical hysteresis
loop was measured after the sample was zero-field cooled
(ZFC) to a set temperature and the magnetization was mea-
sured with the superconducting magnet in the persistent
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FIG. 1. An overlay of magnetic hysteresis loops at low tempera-
tures T= 32, 38, and 42 K. The inset is a similar hysteresis loop at
T=25 K.

mode. Magnetization relaxation measurements were per-
formed by measuring the magnetization as a function of time
in a constant magnetic field after the sample was ZFC from
above T, to a given temperature. After degaussing and mag-
net resetting (quenching), the remanent field was typically
5—10 mG. Samples were placed with the field parallel to the
c axis.

Shown in Fig. 1 is an overlay of magnetic hysteresis loops
measured at low temperatures (T=32, 38, and 42 K).
Clearly, two peaks are observed in the field ascending
branch. The first peak at H~ corresponds to the Meissner
effect, followed by rapid penetration of vortices for
H&H~; the magnetization M reaches a local minimum in
magnitude at H;„; M increases anomalously with increas-
ing field for H)H;„and the second peak is reached at
H . M decreases to a negative and nonzero value at high
field H&H, „.On the descending branch, a mirror image of
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FIG. 2. An overlay of magnetic hysteresis loops at high tem-

peratures T=48, 52, 55, 58 and 62 K. The inset is a plot of
H;„(T) versus T

the second peak is obtained at H,„.M dips to a minimum
value at H;„and rises to a remanent value at H=O. With
increasing temperature, both H,„and the width of hyster-
esis loop defined by AM=M+ —M at H,„decrease.
However, H;„ is almost a constant (—450 6) in this tem-
perature range.

At lower temperatures, a similar magnetization curve is
observed, as shown in the inset of Fig. 1.A change in slope
in M(H) is observed for H)H~, followed by a much
broader secondary peak. On the descending branch, the sec-
ond peak and the dip are again clearly visible.

At higher temperatures, the magnetization curve changes
drastically with increasing T. Plotted in Fig. 2 is an overlay
of magnetic hysteresis loops at T= 48, 52, 55, 58, and 62 K.
At T=48 K, the magnetization at the second peak has
smaller magnitude than that of the first peak, in contrast to its
low temperature counterpart. At T=52, 55, and 58 K, the
second peak evolves into a shoulderlike shape. At T=62 K,
the second peak has disappeared completely. The inset shows
the temperature dependence of H;„, which increases with
increasing T toward the crossover temperature (- 60 K) and
saturates at lower temperatures. At T=55 K, H;„ is about
600 G. It is noted that the error bar in H;„ increases near 60
K as the local minimum becomes less well defined.

Shown in Fig. 3 is a plot of AM at H,„as a function of
temperature in a semilog scale. AM decreases with increas-
ing temperature almost exponentially at low temperatures
(T(50 K). For temperature above SS K, we have used
AM as the width in the hysteresis loop at about 700 G, due
to the difficulty in identifying the second peak. Clearly, there
is a crossover at about 60 K in the temperature dependence
of AM(T). The solid line is a fit to hM(T)
= AMp exp( T/To) with To= 10 K. —Plotted in the inset of
Fig. 3 is a semilog plot of the second peak field H,„as a
function of T. Again, an exponential dependence is ob-
served, the line is a fit to H,„(T)=Hoexp( —T/Ti) with
Ts= 20K

To correlate the anomalous magnetization with other
physical quantities, we have performed extensive magnetic
measurements to determine the irreversibility field H„as a
function of T. Using the criterion where M in both ascending
and descending direction coincides with each other, we have
obtained an irreversible field H„„(T), as shown in Fig. 4.
The open circles are the experimental results plotted in the
semilog scale. The dashed and dotted lines are theoretical
models. With decreasing temperature, H„,(T) increases rap-
idly. The temperature dependence shows a crossover from
negative curvature to positive curvature in the semilog scale.
The crossover temperature of about 60 K is the same as the
temperature where the anomalous magnetization disappears.

To probe the vortex dynamics of the fishtail magnetiza-
tion, detailed magnetic relaxation measurements have been
performed at different fields and temperatures (T~60 K).
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FIG. 4. A plot of irreversibility field H„„(T) as a function of T
in a semilog scale. The dashed and dotted lines are theoretical fits.

FIG. 3. AM versus T in a semilog scale. The inset is a plot of
log&0 H,„versus T.
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FIG. 5. The normalized relaxation rate S versus 0 at T= 38 K.
The inset is a plot of hysteresis loop at the same temperature.

M(t) does not decay linearly with lnt as in conventional
superconductors, rather it can be well fit by the collective
pinning theory' M(t) =Mp[1+ (pk&T/U)ln(tltp)]
where p, is an exponent defined in U(j)~j ~, U is the
pinning barrier, t is the measuring time, and 1/to is the at-
tempt frequency. Shown in Fig. 5 is a plot of the normalized
relaxation rate for different fields at T= 38 K. The normal-
ized relaxation rate is defined by S= —d lnM(t)/dint
= T/U+ p, Tln(tjto). The inset displays the fishtail magnetiza-
tion at the corresponding temperature of 38 K.

The normalized relaxation rate S decreases with increas-
ing field for H&H, „,above which S increases sharply with
increasing field. An approximate correspondence between
the minimum in S and the secondary peak in M(H) is ob-
served. The exponent p, extrapolated by fitting the collective
pinning theory is about 2 at H;„, and p, decreases to about
0.5 at H, „~ It is also noticed that for a similar initial mag-
netization M(H) on both sides of the second peak, S is much
larger when H)H,„ than when H(H

The crossover in H„„(T) has been discussed recently in
the Bi2Sr2CaCu208 system' as evidence of dimensional
crossover. For Josephson-coupled layered superconductors
(JCLS) with moderate anisotropy, the mean-squared
thermal vortex fiuctuation displacement (u ) for
B)P jko(Jlij=ys), is given ' by (u )=(87rk, bktiT/

PpsB)In[BR~/Pp], where y=k, jX,b is the anisotropy con-
stant, and s is the separation between the superconducting
layers. Using the Lindermann melting criterion

(u )=era =ct Pp/B, where a is the intervortex distance
and cz is the Lindermann number, the melting line has been
obtained

4 o ' Woes's

At low temperatures, the exponent in Eq. (1) is dominated by
the 1/T term. Using Ii.,b ho=2000 A, we obtain el=0.17

and y= 190, in agreement with the limits 0.1»cz» 0.4. The
fit to the JCLS model [Eq. (1)]is shown as the dashed line in

Fig. 4.
At high temperatures and for B~~B„,3D-like vortex Auc-

tuation is expected with the melting line given by
B (T)=Bp(T, /T 1)"—with n =2 for pure thermal fiuctua-
tion. In our case, we find n=3/2. The fit is shown as the
dotted line in Fig. 4. The almost universal temperature de-

pendence of the irreversibility line with the exponent
n=3/2 has been mostly attributed to a depinning energy.
Recently, the same 3/2 exponent has been successfully fit

with a quantum fluctuation model. By combining both
quantum fluctuation and thermal fiuctuation, the melting
line is given by a universal function' B (8) =46I /(1
+$1+4QH), where 8~(1—T/T, ) and Q measures the
relative strength of quantum fluctuation. The universal func-
tion gives the same quality of fit as that of the power-law
with n = 3/2 within our experimental errors.

Vortex dimensional crossover as suggested from the irre-
versibility line has been indeed observed by microscopic
probes such as neutron-scattering measurements and muon-

spin rotation measurements in Bi2Sr2CaCu208 . The cross-
over field from 3D to 2D as seen from the change of line
shape is about 500 6 at low temperatures. Using y = 190
obtained for T12Ba2Cu06, the crossover field can be esti-
mated B„=4$pjkj=1 kG, which corresponds to the
boundary separating the different regimes of H„„(T). At
high temperatures, magnetic vortices encounter 3D melting
first; ' at low temperatures (T(60 K) and high fields

(H)B„), vortices assume 2D structure and 2D melting is
crossed first as H is increased. Below the melting line, 2D
vortex structure is expected. Consequently, the fishtail mag-
netization is in the 2D vortex regime.

To describe the motion of 2D vortices, one has to consider
intra- and interlayer interaction between vortices. When the
interaction between the vortices becomes stronger than the
single-vortex pinning energy Uz, collective motion will
dominate. In the 2D collective pinning theory, the pinning
energy as function of current has been derived when the
hopping distance u(j) is much smaller than the lattice
constant a (Ref. 22) with U(j)=Ui(j, /j )~, where

Ui=(eo/U~)((/ap) is the pinning energy at the critical
state with op= Pod/(4m'), g is the coherence length and

j, is the critical current for the vortex bundle. The current
decays with time according to j(t) =j,[Ui /Tln(t/tp)] t~ The.
exponent p, changes from 7/4 for large j, to 13/16 for inter-
mediate j, . For small j, , corresponding to a large hopping
distance u(j)~a, p, is 1/2. However, the crossover be-
tween these critical exponents remains to be solved.

The experimental observation of lowest relaxation rate
S(H) at the second peak field supports strongly the picture of
2D collective motion. With increasing field, the vortex
bundle has to overcome an increasingly larger pinning bar-
rier. The large barrier decreases the relaxation rate, combined
with the decreasing critical current, a peak in the measured
(t=100 s) magnetization is quite expected. The exponent
p, obtained experimentally changing from about 2 to 1/2 is in
an agreement with the predicted values. The exponential
temperature dependence of the critical current (~b,M) at
the peak field and H,„(T) is consistent with the collective
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pinning theory. Using To=U, /1n(t/to) and ln(///o)=10',
we find a reasonable barrier height U, of order of —100 K.

Thus, the anomalous magnetization in T128a2Cu06 ob-
served at low temperature provides clear evidence of dimen-
sional crossover. At low field, the Josephson or magnetic
interaction between 2D vortices in different layers is strong
enough to form 3D vortex lines. Vortex penetration and re-
laxation are governed by 3D dynamics. At the crossover
field, in this case we identify it to be H;„, strong in-plane
interaction dominates the interlayer coupling and vortices are
quasi-2D like. The almost constant value of H;„at low tem-
perature (T(40 K) demonstrates the nature of crossover.
The peak effect in magnetization is due to collective pinning
of 2D vortices. The disappearance of the anomalous magne-
tization above the crossover temperature is due to the fact
that the melting field of 3D vortex solid is below the cross-
over field. The difference between the crossover field ob-
tained from M(H) at low T and the 1 kG value from

H„,(T) may be due to the temperature-dependent y. The
increasing H;„with increasing T suggests that y decreases
as T increases, contrary to a recent model in which y
increases with increasing T.

A possible alternative model for the observed anomalous
magnetization is that there are oxygen-deficient low-T,
phases in the crystal studied, as suggested initially for the
fishtail in YBazCu307 „.' In this model, the oxygen-
deficient sites are driven normal under high field (-H, 2),

thus becoming strong pinning centers. The exponential tem-
perature dependence observed in b,M(T) could be consistent
with a log-normal distribution of T . However, recent stud-
ies on high-quality single crystals ' point to a more in-
trinsic mechanism responsible for the fishtail magnetization.
In the case here, the extremely small field at the second peak
compared to H, 2 and its exponential temperature dependence
rule against this possibility. If the oxygen-deficiency model
were correct, one would also expect the peak field to be
smaller in lower T, samples. A recent study on a crystal with

T,= 34 K shows a considerably larger peak field at the same
reduced temperature, contrary to the secondary phase
model. Transport measurement on the same crystal (T,= 92
K) indicates a very high quality of this material.

In summary, magnetic hysteresis measurements on a
single crystal of T128a2Cu06 show an anomalous fishtail-

type magnetization at low temperatures (T(60 K). At high
temperatures (T~60 K), the fishtail magnetization disap-
pears. The crossover temperature corresponds to a crossover
in the temperature dependence of the irreversibility line

H„,(T). Combined with the magnetic relaxation measure-
ments, we suggest the anomalous magnetization at low T is a
result of dimensional crossover in the vortex structure.
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