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The mixed-state Hall effect of twinned YB@us;O- crystals after heavy-ion irradiation clearly showed
that the strong pinning induced by columnar defects not only modifies the scaling behavior between
the Hall resistivity and longitudinal resistivity, but affects the temperature dependence of the Hall
conductivity. For the irradiated crystals, the scaling exponent at 4 T was found tb5he 0.1
compared t@.0 = 0.2 for the unirradiated one. The temperature dependence of the Hall conductivity of
the irradiated crystals exhibited a clear deviation from that of the unirradiated one at low temperatures.

PACS numbers: 74.60.Ge, 72.15.Gd, 74.25.Fy

The Hall effect in the mixed state has been one of thanodified their earlier work [17] to develop a unified the-

unsolved problems in understanding the flux motion ofory for the Hall effect including both the pinning ef-
type Il superconductors. One of the most controversiafect and the thermal fluctuations. They [16] explained
phenomena has been a sign reversal of the Hall effect netlre scaling behavior and the anomalous sign reversal
the superconducting transition temperatiireas tempera- of the Hall effect by specially taking into account the
ture or magnetic field is varied [1-13]. This sign reversalbackflow current due to pinning. In this case the scal-
of the Hall effect has been observed in most of the High- ing exponent8 then changes from 2 to 1.5 as the pin-
superconductors (HTS) such as ¥BasO, (YBCO) [1- ning strength increases, and the coeffici¢ng no longer
7], YBa,Cu,Og [8], Bi,Sr,CaCwuOg (BSCCO) [9], and pinning independent.
TI,Ba,CaCuy0Og (TBCCO) [10-12], as well as in some A decisive experiment that can test the role of pinning
conventional superconductors [1,13]. Furthermore, @n the Hall effect is to measure the Hall conductivity,
puzzling scaling behaviop,, = Apxx, between the Hall or resistivity in some cases, before and after heavy-
resistivity p,, and the longitudinal resistivityp,, has ion irradiation since columnar defects formed along the
been observed with scaling exponeh? < 8 <2 in  heavy-ion tracks are very effective pinning centers [18].
BSCCO crystals [9], TBCCO films [7,11], and YBCO The first attempt was made by Budhani, Liou, and
films [2]. Cai [11] on Ag-ion irradiated TBCCO films. They

A number of theoretical predictions concerning the Hallobserved that the scaling behavior remains unaffected
effect in the mixed state have been presented. Dorsegven after irradiation and the sign anomaly diminishes
and Fisher (DF) [14] first developed a scaling theorywith increasing defect density. So they suggested that
for the Hall resistivity near the vortex-glass transition.pinning is not responsible for the sign reversal. Later
They showed that the Hall and longitudinal resistivitiesSamoilov et al. [7] measured the Hall conductivity of
should scale with a universal power, which were ob-YBCO single crystals and TBCCO films before and
served by Lucet al. [2] in YBCO films, and further pre- after Pb-ion irradiation, and argued that the pinning
dicted that the nonlinear Hall electric field should scaleenhancement does not modify the behavior of the Hall
with a universal power of current at the vortex-glass tran-conductivity. In this Letter we report a systematic study
sition, later confirmed by Woltgenst al.[3]. Then a of the mixed-state Hall effect of twinned YBCO single
phenomenological model resulting jn, = Ap2, in the  crystals before and after heavy-ion irradiation and will
thermally assisted flux-flow region has been put forwardunambiguously show that strong pinning induced by
by Vinokur et al. [15], where the coefficiend was as- heavy-ion irradiation indeed modifies the mixed state Hall
sumed to be pinning independent. Their results seem teffect in YBCO crystals.
be in agreement with scaling exponents of both weakly The single crystals of YBCO were grown by the stan-
pinned systems of BSCCO single crystdl8 = 2.0 =  dard flux technique. The crystals were cleaved by bar-
0.1) [9] and rather strongly pinned systems of heavy-shaped samples suitable or Hall effect measurements. The
ion irradiated TBCCO filmgB = 1.85 + 0.1 and~2.0)  crystals have typical dimensions bfx 0.8 X 0.03 mn?.
[7,11]. Recently, Wang, Dong, and Ting (WDT) [16] The electrical contacts<0.1 (}) were made by Ag evap-
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oration followed by annealing at 40C in O, atmosphere together, but they begin to deviate fer< 0.6, showing
for 12 h. The samples from the same batch were irradithe region of effective pinning due to columnar defects.
ated at OC by 740 MeV Sn and Xe ions, which were Note that kink structure, known as the characteristics of
produced by the Argonne Tandem Linear Acceleratotwin-boundary pinning [20], near the foot of transition
System at the Argonne National Laboratory. The ionof the unirradiated sample is no longer observable in the
beam was aligned approximately parallel to #eaxis irradiated one. Similar disappearance of kink in electron-
of the samples, and a thin gold foil was inserted in therradiated YBCO crystal has been reported [19]. The
beam line to make sure a uniform beam profile appearedther crystals withB, = 1 and 3 T dose showed simi-
over the sample width. The irradiation dosesok 10'°,  lar behavior.
1 X 10", and 1.5 x 10" ions/cn? were chosen so that ~ The corresponding Hall coefficienis,, /B are shown
the matching fields3, correspond to~1, 2, and 3 T, re- in Fig. 2. Sign reversal of the Hall effect was observed
spectively. YBCO crystals of 1 and 2 T doses are irradi-in both irradiated and unirradiated samples as temperature
ated with Sn ions, whereas 3 T dose crystal is irradiateds lowered. Here agaiw,,/B curves for both samples
with Xe ions. The Hall resistivityp,, and longitudinal closely follow each other for > 0.6 similar to the case
resistivity p,, were measured by standard five-probe dcof the longitudinal resistivity. After irradiation the onset
method and magnetic fields were applied parallel to thef p,, as well as the negative peak positions shift to
¢ axis of YBCO crystal. The current density used for higher temperature, and the depths of the negative peaks
these measurements wag0 A/cm?. Cryogenic coaxial are reduced. The locations of negative peakypgf/B
cables are used for voltage leads to minimize the extrinsiare shown as arrows in Fig. 1.
noise pickup. In Fig. 3, we show the scaling behavior between the
Typical resistive transitions of two crystal8, = 0  Hall resistivity p., and longitudinal resistivity.,, p, =
(Unirradiated) and 2 T, are shown in F|g 1l as a funcﬂpﬁ, for Crystals OfB¢ = 01 11 2, and 3 T dose. The
tion of reduced temperature= 7'/T. in magnetic fields scaling behavior holds in the temperature region below
of 2 and 4 T. Enhancement of the onset temperaturghe negative peak of,, where pinning is effective, i.e.,
of px In magnetic fields due to enhanced pinning is, < 0.4. The striking difference between the irradiated
clearly visible, in agreement with the related worksang unirradiated samples is their scaling expongnt
[7,11] on samples containing columnar defects. Therhe scaling exponent of the unirradiated crystal showed
figure is presented in reduced temperatuend reduced gradual increase with the applied magnetic field. For 1 T,
resistivity r = p.«(T)/p.(Tc) in order to account for g js 1.5 = 0.1, but increases td.75 + 0.1 for 2 T (not
the difference of7. and normal state resistivity [19]. shown in the figure), and become$ =+ 0.2 for 3 T and
T.'s determined as the peak temperaturesd®/dT  higher fields as shown in Fig. 3(a). Also shown are two
curves are 93.8 and 93.1 K, respectively, 85 =0  solid lines of8 = 1.5 andB = 2.0 for the reference. For
and 2 T dose crystals. At higher temperature where 3| three irradiated crystals, however, field independent
0.6, |Ongitudina| resistivities of both SampIeS are Closelyﬁ = 1.5 = 0.1 was observed for fields from 2 to 4T as
shown in Figs. 3(b)-3(d). We also measured the Hall
resistivities for 6 T field, but the signal to noise ratio from
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FIG. 1. Longitudinal resistivity of two twinned YB&u;0O, 0.90 0.92 0.94 0.96 0.98 1.00
single crystals, B, = 0 (unirradiated, open symbols) and T/IT,

2 T dose (solid symbols), shown as a function of reduced

temperature = T /T, in magnetic fields of 2 and 4 T. Arrows FIG. 2. Hall coefficient of two twined YB#us;O; single
indicate the negative peak positions of the Hall resistivitycrystals, B, = 0 (unirradiated, open symbols) and 2 T dose
shown in Fig. 2. (solid symbols).
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When y ~ 1 in the region of relatively high tempera-
¢ tures [16], the negative Hall effect appears if pinning is
not negligible.

For the Hall scaling behavior, there are two distinct
regimes according to Eqg. (2). For systems with weak
pinning, that is'(v;) << nH/H., Eq. (2) becomes
pxy ~ ApZ,, resulting in the same scaling exponent as
Eqg. (1). Butin case of strong pinning, that I8(v,) >>
nH/H.,, the scaling exponeng is no longer 2. Since
F(vy) ~ vy *in the strong pinning case [21], scaling
% behavior modifies tg,, ~ Apl>. Between two limiting
. ot © , regimes,1.5 < B < 2.0 is expected [16].
10° 10°® 10° 10° 10 Comparing our results in Fig. 3 with both theories, we
find that the model by WDT [16] explicitly including the
pinning-induced backflow effect is in better agreement
FIG. 3. Scaling behavior,p,, = Ap#, between the Hall withthe data. For the unirradiated crystal, the experimen-
resistivity p,, and longitudinal resistivityp.. of YBa,CusO7;  tg] results indicate that for 1 T or lower fields most of the
ﬁ%sstaa{fe"‘g?ﬁgr_zve éaé)ﬁ Qnété)ﬁczeé%ffnlds?’aﬁ ddgse (d). Solid yortices can be pinned strongly, in a small current limit,

' ' by the twin boundaries or other intrinsic defects; thgis
is 1.5 of the strongly pinned system. But for field@ T

the irradiated samples was not large enough to estiate wher_e the d.engity of vortices sufficiently outnumbers the
with reasonable accuracy. density of pinning centers3 becomes 2 presumably be-

According to Vinokuret al. [15], scaling behavior of Ccause this case is_ cIo;er to the relativgly weakly p!nned
the Hall resistivity in the mixed state of HTS is a System. For the irradiated crystals with the additional
general feature of any vortex state in the presence diolumnar defects present, our data show that most of the

the quenched disorder and thermal noises. Using th¥ortices are strongly pinnedupto4 Tevenigga= 1T
force balance equation for a stationary moving vortexSample so thag becomes 1.5. The WDT model could
they argued that pinning just renormalizes the drag forc&MPly that 8 can approach 2.0 for fields>B,, for irradi-
term, not affecting the Hall conductivity term. Their main ated crystals. However, the interaction between vortices,
results are that Hall conductivity, (=p,,/p2,) does which should be important in high fields, is not included
not depend on disorder and the scaling expongnis  in the WDT model.

10°®
107
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exactly 2, which can be summarized as Our results of the unirradiated crystals are not incon-
5 sistent with the earlier work on YBCO films. The dif-
Pry = @py/PoB, (1) ference is that films usually contain a higher density of
where @, is the flux quantum, andr is a pinning Strong pinning centers than twinned crystals; titugor
independent parameter related to the Hall angle. films seems to remain unchanged even in higher fields.

On the other hand, WDT [16] recently developed aluo et al.[2] reported that3 = 1.7 + 0.2 for all fields
new theory for the flux motion for the mixed-state Hall >1.4 T. Woltgenset al. showed that scaling behavior
effect. They included both pinning-induced backflow Ob€ys p., ~ Ap’**? near the vortex-glass transition
and thermal fluctuations in the force balance equatior@ver a wide range of current densities [3]. However, in a
Then, an additional transverse term proportionaF jox small current regime that corresponds to the present win-
n with ¥, pinning force andn a unit vector in the dow of the experiment, the data clearly show that the scal-
direction of magnetic field, induced due to the backflowind exponent is less than 2.0, consistent with our results.
current inside the normal core, appears in the drag force. Similar measurements on epitaxial TBCCO films con-
This transverse term is the main difference between twéaining columnar defects were made by Budhani, Liou,

models. After time averaging the vortex velocity, theand Cai[11] and Samoilogt al. [7]. They both observed
Hall scaling is given by that the same scaling behavior persists even after irradia-

2 _ _ tion. Since the vortex structure of TBCCO is known to be
Pry = (Bopr/PoB)n(l —¥) — 29T (vr)},  (2) two dimensional in the region where the scaling law holds
where By = u,He» with u,, being the mobility of the and thin films inherently contain higher defects, the pin-
charge carrier andd., being the upper critical field, ning enhancement may not be as dramatic as the case of
n is the usual viscous coefficiery; = y(1 — H/H¢;)  YBCO crystals. No work has ever been reported on the
is proportional toy, the parameter describing contact scaling behavior of the Hall resistivity in YBCO crystals
force on the surface of core withH the average mag- after heavy-ion irradiation.
netic field over the core, and'(v,) is the coefficient Samoilovet al.[7] also reported the Hall conductiv-
of the time average of pinning for¢&,) = —I'(v )v,. ity of YBCO single crystals before and after Pb-ion
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irradiation (Fig. 3 of Ref.[7]). Since the Hall con- within the context of the DF model [3,14] for the crystal
ductivity according to Vinokuret al.[15] is given as samples, but such an attempt was limited by the sensitivity
Ty = pay/pl = a/Bd,, one can examine the validity of the conventional transport technique since it required
of Eqg. (1), i.e., independence af on pinning, by plotting much higher sensitivity to probe the vortex-glass scaling
oy, before and after irradiation. In their plot, however, behaviors in crystals.

oy, is shown as a function of temperature. Although In summary, we showed that strong pinning induced
their data are definitely valid, the conclusion that, is by heavy-ion irradiation indeed modifies mixed-state Hall
unaffected by irradiation based on their plot seems miseffect in YBCO crystals. The scaling exponent of the
leading. We argue that in order to compare the physicaHall effect for the irradiated crystals was found to be
properties of samples with differefii., one should plot B = 1.5 + 0.1, different from that of the unirradiated
the data in theeducedtemperature scale, not in the real crystal. The Hall conductivity was also changed after
temperature scale. Thus we plot the Hall conductivity ofirradiation. These results are in good agreement with the
By =0 and 2 T dose as a function ofducedtempera- recent theory including both the backflow effect due to
ture in various magnetic fields in Fig. 4. The Hall con- pinning and thermal fluctuations whegeshould decrease
ductivity of B4, = 2 T follows that of the unirradiated one from 2.0 to 1.5 as the pinning strength increases.

until it sharply deviates at low temperatures. This unam- This work in Korea is supported by MOST, KOSEF un-
biguous drop at low temperatures is further evidence ofler Contract No. 951-0209-044-2, MOE under Contracts
the dependence on the pinning of mixed-state Hall effectNo. BSRI-95-2437, and No. BSRI-95-2416, and the work
We point out that if the data by Samoil@t al. [7] were  at Argonne is supported by DOE under Contract No. W-
replotted as a function afeducedtemperature after cor- 31-109-ENG-38 and NSF-STC under Contract No.
recting theT. decrease of-0.3 K after irradiation, their DMR 91-20000.
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