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Systematic reduction of magnetization by an ac transverse field and of the anomalous
magnetization peak in a N-annealed TLBa,CuOg single crystal
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Measurements of magnetization of-nnealed THBa,CuO; were carried out by using a micro-Hall sensor
while applying a low-ac transverse magnetic fiélg. along theab plane in addition to a dc magnetic field
along thec axis. A systematic reduction of dc magnetization was observed, and further, an anomalous second
magnetization peak evolved with increasidig. We explained the observed reduction of magnetization due to
a dc electric field generated by an ac transverse field, which leads to the decay of the magnetization and then
interpreted the development of the second peak at flajfedue to the destruction of the vortex lattice by
strong point pinning and the subsequent optimal redistribution of two-dimensional vortices to the pinning
centers.
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I. INTRODUCTION although the penetration depth anisotropy is around 25 com-
pared to 250 of Bi-2218 Therefore, it is of interest to study
Vortex properties of high-temperature superconductorsiow an ac transverse magnetic field suppresses the magnetic
have been extensively studied by transport and magnetizanoment in less anisotropic Tl-2201 and to compare with
tion. One efficient method to investigate the vortex matter isearlier results on Bi-2212 and YBC¥% In this work we
measuring magnetization while dithering vortices by apply-analyzed the effects of an ac transverse magneticlglan
ing a small ac transverse magnetic field. When an in-plane age irreversible magnetization of an,{dnnealed TI-2201
magnetic field is superposed with the dc magnetic field alongingle crystal as a function of ac field and temperature. A
the crystallinec axis, the vortices will experience time- second anomalous magnetization peak was not observed
varying torque by an ac field. This vortex dithering causeswith H,.=0 in this N-annealed sample, which, on the
effective reduction of pinning energy, which, in turn, gives other hand, has been observed in previously studied
rise to a reduction of irreversible magnetization. Recently;TI,Ba,CuQ;,%** similar to TLBa,CaCyOg,'?
this experimental approach has been used to study the shi$i,Sr,CaCy0g,2313 and other materials'1> However, the
of the irreversibility line in YBaCu;0;_; (YBCO) (Ref. 1)  anomalous magnetization peak evolved with increasipg
and the nature of the second magnetization peak imspecially at high temperatures within our experimental win-
Bi,Sr,CaCuyQg (Bi-2212), in which an order of tens of gauss dow. We first explain the observed reduction of magnetiza-
of an ac transverse magnetic field significantly reduced théion by H,. using the model proposed by Brandt and
magnetizatiorf:®> Suppression of the magnetic moment hasMikitik, ® and interpret the development of the second peak at
been also observed in a different geometry where a dc field iinite H,. due to the destruction of the vortex lattice by
parallel to theab plane?® Theoretically, the magnetic behav- strong pinning followed by optimal redistribution of two-
ior of thin superconductors by a small ac transverse field hadimensional2D) vortices to the pinning centet§.
been treated by Brandt and Mikifikind Mikitik and Brandft.
The ac field periodically tilts the vortex in the critical state, Il. EXPERIMENTS
where magnetic induction is nonuniform. The tilt is not sym-
metric relative to the center of the sample, and this asymme- Single crystals of TBaCuO (Tl-2201) were grown by a
try leads to a shift of vortices toward the relaxed state duringelf-flux method, following a two-step method. In the first
each cycle. Thus the reduction of irreversible magnetizatiorstep, a 10 g polycrystalline pellet of TI-2201 was made from
is due to the cyclic distortion of the flux lines, which mac- a stoichiometric mixture of T3, BaO, and CuO and was
roscopically walk toward the relaxed state. fired at 850 °C for 15 min in a preheated furnace. Then, the
TI,Ba,CuG; (TI-2201) lies between YBCO and Bi-2212 pellet was reground and was mixed with additional 10%
in terms of anisotropy. Low-field magnetization studiesCuO and 15% TiO5; by weight. The additional CuO was
showed the different behavior in two different orientations ofused as a flux and J©; compensated for the loss of Tl
field parallel to thec axis andab plane, while in less aniso- during the crystal growth. The mixture was again pressed
tropic YBCO, similar behavior was observed for both field into a pellet and put into the preheated furnace at 930 °C.
orientations$ These results revealed that TI-2201 is in theThe crystal growth was performed inside a tightly covered
same class of Bi-2212 as the dimensionality is concernedrucible to minimize the loss of Tl. The temperature was
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lowered to 870 °C for 15 hr. Samples were later post an- 150 | ' H_=0,96,19.2,288G ]
nealed at 400 °C in Nenvironment for 24 hr and slowly

L /)
cooled to room temperature just before taking measurements. 100 /A\

Crystal dimension was 1:21.3x0.05 mnA. 501 &

The transition temperaturek, was 83 K as determined e \ §
from the zero-field-cooled and field-cooled magnetization in o O == p——
a magnetic field of 10 G applied parallel to theaxis. An o" ol \\ // ]
InSb Hall sensor of sensing area 20000 um? was used to \ /
measure the local magnetic field. The TI-2201 crystal was -100 | / i
mounted on the center of the Hall sensor unit and then in- T=40K
serted into a Cu-wire wound small solenoid such that the '153000 _2600 (') 20'00 2000
solenoid axis is perpendicular to thexis. In this geometry (@) H(G)

the ac magnetic field was in thab plane and dc field along
the ¢ axis of crystal. Magnetization loops were measured .
over a temperature range of 20<KT <80 K with varying 40t
H,c and its frequency. Details of the experimental conditions
were described elsewhet@he magnitude oH,, was varied

H =0,9.6,19.2, 28.8 G
ac .

20

up to 28.8 G, and the frequency of ac field was 101 Hz. &
T

= 0
Ill. RESULTS AND DISCUSSION o

The Hall sensor measures the component of local mag- 20
netic induction parallel to the crystalline axis B,, then

B,— uoH, whereH is the dc magnetic field, is proportional to T=70K

the sample magnetization. Comparing this method to the glo- 4_%00 -400 0 400 800

bal magnetization measurement by a superconducting quan- (b) H(G)

tum interference devicéSQUID) magnetometer showed a

good agreement between two different meth¥dsor con- FIG. 1. A systematic reduction of magnetization measured at

venience, we will use the word “magnetization” in the text in 40 K (a) and 70 K(b) with an increasing ac transverse magnetic
place ofB,— uoH, even though the measured data are merel)ﬁem H,c is shown. The relative reduction under the sdthg was
proportional to the real magnetization. much higher at 70 K, and an additional peak evolved with increas-
Figure 1 shows effects dfi,. on the magnetization at 40 N9 Hac
and 70 K. The systematic reduction of magnetization with
increasingH, is clearly observable, and the relative reduc-transfer of the flux in the direction perpendicular to the strip
tion under the samkl .. is much higher at 70 K. At 70 K, an direction. In the critical state during the dc field sweep up,
additional peak feature developed with increadihg which  the vortices “walk” toward the center of the strip and vice
was absent aH,.=0. Within our H,. range, such a peak versa during the field sweep down. Because of this slow
feature was observed only above 60 K. walking, the sheet curregdttends to relax with exponentially
In order to compensate the temperature effect on the sysn time after some transient time as
tematic reduction of irreversible magnetizatid, due to
H,., we normalized AM by AM at H,=0 [ie., J(t) = CI(O)exp(- t/7), (1)
AM(Hqe, T)/AM(0,T)]. Figure 2 shows a summary of whereC is a constant depending on the magnetic history, and

AMg(Hac, T)/AMo(0,T) at H=0 (remnant magnetization  j (q) is the critical current wherH,. is switched on. The
as a function of Hy, at various temperatures. The giaxation timer is given by

AMy(Hae, T)Y/AMy(0,T) at H#0 exhibited qualitatively

similgr depend_ence af,. as will pe shown in Fig. &). The . g AfH""C_ Hp 2
relative reduction of the magnetization becomes larger with TO= J.0) (2)

increasing temperature att},. due to lowering of the effec-
tive pinning energy. At lowH,, the normalized magnetiza- wheref is the frequency of the ac field amdis a constant
tion first slowly decreases, but after a threshold fieldHgf, depending on the ratio of the thicknedgo the widthw of
AM decreases monotonically within our ac field range. Atthe the strip, and in this casé~16d/w=0.6 using the
low-enough temperatures, a fieldlaf.=4.8 G was not high numerical value in Ref. 5. Equatio®) is valid whenH,.
enough to provoke any noticeable suppression . fully penetrates the slab artd, is the field of full penetra-
To understand the systematic behaviorAdl as a func- tion. For a infinite strip of thicknessd with isotropic critical
tion of T andH,., we adapted a model developed by Brandtcurrent densityj;, H,, is given asH,=j.d/2. However, for
and Mikitik.2 When a thin-strip superconductor is placed in athe layered superconductors, such as our sample or Bi-2212,
dc magnetic field normal to the strip, applying a weak acthe anisotropy of the critical current should be considered.
in-plane field leads to a generation of a dc voltage along th&Vhile J. in the denominator of Eq2) flows in the plane to
strip line. This dc voltage may be interpreted as generated bygive rise to the magnetic momerjt,associated withd, con-
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FG. 2 Relati ducti £ th lized FIG. 3. (a) Relative reduction of normalized magnetization at

NN @ efatlvg red:ctlon N t. € hormaiize remn\‘jlvr_lthmag- various dc magnetic fields as a functionldf, measured at 40 K.
netlzgtlon as a function OFlc at.varlous tgmpgratures. Ith in- Qverall behaviors are quite similar to Figi@® except the role of
creasing temperature, _the relative reduction increases SyStemaIEmperature has been replaced by a dc figlgA plot of magneti-
cally. L_|ne§ are a g]]‘wde_ to t:'e fﬂebﬁ?ﬂcal&ng ofrhrerr_lnant zation as a function ofH,.—Hy)/AMy(0,T). The inset shows
magnetization as a u_nctlon d ac~Hp) o(0.T). The inset threshold fieldsH,, used for the plot as a function &My(0,T).
shows full penetration fieldsl,, with error bars used for the plot as

a function ofAMo(0.T). critical state. With increasingH,,, only strongly enough
sists of contributions from both in-plane and out-of—planepi””ed vortices will survive and the irreversible magnetiza-
current component considering the ac-field penetration intdlon decreases accordingly. In this case, the relaxation equa-
the samplé’ Since the magnetic field penetration from the 0N of Eq. (1) is not directly applicable to describe our re-
side is much easier than the penetration from the flat surfac8UltS because the theory does not account for the pinning
the penetration field is determined by the product of theefféct. However, the relaxation rate given in £2) can be a
c-axis critical current densityj., and the width of the Mmeasure of the pinning strength because the rate is inversely

sample, as have been verified for Bi-2212 single crystals oproportional to the critical current, a quantity proportional to
the similar shape to our crystasThenH,=j., w/2 for the the pinning potential in the first order. Therefore, analyzing
present geometry. the systematic suppression of the magnetizatiorHQy in

In just a few cycles oH,. after H, is switched on, the t€rms of the(Hac—.Hp)/Jc(O) would be a ugeful exercise. In
magnetic moment decays exponentially to the equilibriunPrder to apply this concept to the experiment data, we re-
value as observed in YBCO in accordance with .14 In placedJ.(0) by AMy(0,T) because the decay occurred dur-
our experimentH,. was turned on all the time throughout ing the first 5 s wherH,.=0 can be safely neglected when
the field sweep and measurement procedure, thus all tHeompared to the much faster decay in the presende,of
shaken, weakly pinned vortices had already been washed out Figure 2b) is the plot of AMg(Hac, T)/AM(0,T) versus
by H,. when we took the first local field measurement, which(Hac—Hp)/AMg(0,T) from 20 to 70 K withH, determined
is about 5 s after the dc magnetic field settling. Hence, whafrom the onset of the decreasing part AMo(Hqe, T)/
we measured is the local magnetic field at the center of th&My(0,T). One can see a collapse of the data of different
sample in the just formed critical state consisted of the untemperatures on a single curve, which agrees well with our
shaken, strongly pinned vortices. The magnetic relaxatiomssumption that! is a good indicator for the fraction of
measurement with continuoi,. exhibited the logarithmic  shaken vortices, and this agreement further suggests that the
time dependence, different from the exponential time dependecrease of the magnetic moment is due to the generation of
dence in Eq(1). This result supports that we are in the newthe dc electric field by the ac magnetic field applied normal
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to the main dc field.If we put the scaling behavior of Fig. sition is somewhat questionable. On the other hand, the

2(b) in the form of equation, it can be written as matching of 2D vortices with the microstructural defects,
where the dimensional crossover of the vortex structure with
AMo(Hao T) F( Hac—Hp ) (3  increasing dc field i@ priori condition}® has been used to
AMo(0,T) AMy(0,T) /" explain the increase of the peak after oxygen annealing and

the absence of the peak after vacuum annedfifithe basic
idea was that in the formation of a 3D structure, vortices may
not fully utilize the existing defect configurations and the
eak occurs as a result of destruction of the 3D vortex lattice
hile increasing the pinning effect by transforming to 2D
vortices.

However, just a simple extension of this case may not be
readily applied to the less anisotropic TI-2201, where the 3D
to 2D crossover field is up in the tesla region. Instead a
pinning-induced transition to disordered vortex phases can
be a candidate for the occurrence of the second peak in the
L presence ofH,. The destruction of the vortex lattice by
in Fig. ), for example, for 40 K. The role of temperature ,,qom noint pinning has been considered as a mechanism
in Fig. 2@) has been replaced by the dc magnetic field. Aq¢ yne second peak in layered superconductors by Koshelev

systematic reduction afM, with an increasing dc field can and Vinokur'® For TI-2201,ab-plane penetration depthy,
be understood by replacing the zero-field magnetization iR g nm aﬁd the interla ér spacisais 1.15 nm(Ref '
Eqg. (3) with the finite-field magnetization yel spaciegs = (Ret. 8.

Since\,/s(=70) is larger than the anisotropy of 25, TI-
AMy(Hae T) Hac— Hp 2201 belongs to the case of a not-too-weak Josephson
AM.(0.T) BEAURY omn) (4) coupling. There are three different field regimes in this

RS HAS caset® At fields lower than a typical field By

Figure 3b) shows a universal behavior of =2®y/(\;pm?IN[0.1¥%/In(\b/r,)], the magnetic coupling
AMy(Hye, T)Y/AMG(0,T), given by Eqg.(4). A good collapse between 2D pancake vortices dominates and ald®yg,
of curves from different dc fields to a single curve was ob-the Josephson coupling dominates, and the crossover
served similar to Fig. @). The inset showsH, versus from 3D to the quasi-2D regime takes place at the field
AM(0,T), and they also exhibit a rough proportionality. If Byc,~ 4P/ (ys)?, wheredy is the flux quantum and,, is the
we combine both data of Figs(l§ and 3b) into a single wandering distance of pancake to explore the local minima
plot, they fall onto a single curve showing that E4) is an  of the random potential. If we sat,,=140 nm at 70 K and
applicable scaling relation regardless of temperature or a dg,=0.1ys, the B;_,~600 G, which is higher than the ex-
magnetic field. Again the relatively good agreement of theperimental peak field of 100 G at 70 K. The 3D to 2D cross-
data with Eq(4) supports that the walking flux-line model is over field By, for TI-2201 is of the order of tesla, much
useful to understand the effect of an ac transverse magnetiigher than the Bi-2212 case due to smaller anisotropy. From
field on the suppression of the magnetization. this estimation, the peak is in the 3D magnetic regime, al-

As mentioned earlier, a dir peak in the magnetization though the Josephson coupling is not too weak. Thus TI-
loop evolved asH,. is increased at high temperatures, as2201 is in a category of the intermediate region where the
shown in Fig. 1b). The dip started to appear at differéti,  Josephson coupling dominates at small scales and the mag-
depending on the temperature, and the onset ac fields weretic coupling dominates at the interaction length scale. In
roughly 4.8, 9.6, and 28.8 G at 80, 70, and 60 K, respecthis region, the destruction of the Bragg glass phase by
tively. The peak position was also dependent on the temperstrong pinning occurs at the fiell
ture andH,.. The peak effect, or fishtail feature, has already
been observed in oxygen-overdoped TI-220dnd the phe- - &(@)3/”_2,7}[)
nomena were interpreted as a possible dimensional crossover )\gb Ys Up '
from 3D to 2D vortex structuf® or an intrinsic pinning
mechanism independent of oxygen defect concentratfdfis. whereT2 is the melting temperature of for a single pin-free
we compare the peak fields to the results of TI-2201 of &D layer andU,, is the pinning energ$ In the presence of
similar T, by Xu et al,'* they are in fairly good agreement, an ac field, the effect of all the shaken, weakly pinned vor-
suggesting that the dip feature is reminiscent of the peakices is removed and only the strongly enough pinned vorti-
effect. Our crystals were annealed i, Mo the oxygen con- ces contribute to the irreversible magnetization. Thus the
tent would be different from those of previous works, and itmagnetic loops measured with high-enough. correspond
may tell why no peak effect was observed in a zero ac fieldto the case of strong pinning th[$>Tﬁ1D; that is, pinning
For Bi-2212, the second magnetization peak was attributets strong enough to destroy the 2D lattice in a single layer. If
to many phenomena. Among them, the nature of the second,, is sufficiently larger tharTran, thenB, can be around the
peak was intensively considered as a disorder-driven vortegeak field 100 G. At the peak, the the vortex lines are de-
solid-solid first-order transitiod.But understanding such a stroyed and the magnetization sharply increases as a result of
broad peak in Fig. (b) in terms of the first-order phase tran- each pancake choosing the optimum location to form an

whereF is a scaling function. The inset of Fig(t8 shows
the resultedH, versusAM(0,T). The errors occurred while
taking the onset values dfl,,, shown as error bars. The
values at the symbols were used to plot the main panel
Fig. 2b). The rough proportionality betweerd, and
AMo(0,T) is expected from the relation thiel,=j., w/2 and
jor e If we putH,~7 G for 20 K, jo, ~1Xx 10? A/cm?,
which is similar to the results of Bi-2212 at 25 (Ref. 17.
The scaling behavior of magnetization ldt=0 can be
extended to the finite dc field case. THg. dependence of
irreversible magnetization at finitd, AM, is summarized

B, 5
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en7tangled solid phase above the peak. Koshelev andc electric field byH,. At high-enough temperatures a sec-
Vinokur'® suggested that the entangled solid above the peatind peak evolved at finitel,., and this sharp increase of the
would be a glassy phase, different from the quasiorderedhagnetization was interpreted as that for strong pinning; the

Bragg glass below the peak. vortex lattice is destroyed at the peak field and each 2D
pancake vortex chooses the best pinning center by forming
IV. SUMMARY the entangled glass phase above the peak.
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