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Pinning Strength Dependence of Mixed-State Hall Effect in YBa2Cu3O7 Crystals
with Columnar Defects
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The mixed-state Hall effect of twinned YBa2Cu3O7 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 to be1.5 6 0.1
compared to2.0 6 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
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The Hall effect in the mixed state has been one of
unsolved problems in understanding the flux motion
type II superconductors. One of the most controver
phenomena has been a sign reversal of the Hall effect
the superconducting transition temperatureTc as tempera-
ture or magnetic field is varied [1–13]. This sign rever
of the Hall effect has been observed in most of the highTc

superconductors (HTS) such as YBa2Cu3Ox (YBCO) [1–
7], YBa2Cu4O8 [8], Bi 2Sr2CaCu2O8 (BSCCO) [9], and
Tl 2Ba2CaCu2O8 (TBCCO) [10–12], as well as in som
conventional superconductors [1,13]. Furthermore,
puzzling scaling behavior,rxy  Ar

b
xx, between the Hall

resistivity rxy and the longitudinal resistivityrxx has
been observed with scaling exponent1.7 , b , 2 in
BSCCO crystals [9], TBCCO films [7,11], and YBCO
films [2].

A number of theoretical predictions concerning the H
effect in the mixed state have been presented. Do
and Fisher (DF) [14] first developed a scaling theo
for the Hall resistivity near the vortex-glass transitio
They showed that the Hall and longitudinal resistiviti
should scale with a universal power, which were o
served by Luoet al. [2] in YBCO films, and further pre-
dicted that the nonlinear Hall electric field should sca
with a universal power of current at the vortex-glass tra
sition, later confirmed by Wöltgenset al. [3]. Then a
phenomenological model resulting inrxy  Ar2

xx in the
thermally assisted flux-flow region has been put forwa
by Vinokur et al. [15], where the coefficientA was as-
sumed to be pinning independent. Their results seem
be in agreement with scaling exponents of both wea
pinned systems of BSCCO single crystalssb  2.0 6

0.1d [9] and rather strongly pinned systems of heav
ion irradiated TBCCO filmssb  1.85 6 0.1 and,2.0d
[7,11]. Recently, Wang, Dong, and Ting (WDT) [16
0031-9007y96y76(16)y2993(4)$10.00
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modified their earlier work [17] to develop a unified th
ory for the Hall effect including both the pinning e
fect and the thermal fluctuations. They [16] explain
the scaling behavior and the anomalous sign reve
of the Hall effect by specially taking into account th
backflow current due to pinning. In this case the sc
ing exponentb then changes from 2 to 1.5 as the pi
ning strength increases, and the coefficientA is no longer
pinning independent.

A decisive experiment that can test the role of pinni
on the Hall effect is to measure the Hall conductivit
or resistivity in some cases, before and after hea
ion irradiation since columnar defects formed along
heavy-ion tracks are very effective pinning centers [1
The first attempt was made by Budhani, Liou, a
Cai [11] on Ag-ion irradiated TBCCO films. The
observed that the scaling behavior remains unaffec
even after irradiation and the sign anomaly diminish
with increasing defect density. So they suggested
pinning is not responsible for the sign reversal. La
Samoilov et al. [7] measured the Hall conductivity o
YBCO single crystals and TBCCO films before an
after Pb-ion irradiation, and argued that the pinni
enhancement does not modify the behavior of the H
conductivity. In this Letter we report a systematic stu
of the mixed-state Hall effect of twinned YBCO sing
crystals before and after heavy-ion irradiation and w
unambiguously show that strong pinning induced
heavy-ion irradiation indeed modifies the mixed state H
effect in YBCO crystals.

The single crystals of YBCO were grown by the sta
dard flux technique. The crystals were cleaved by b
shaped samples suitable or Hall effect measurements.
crystals have typical dimensions of1 3 0.8 3 0.03 mm2.
The electrical contactss,0.1 Vd were made by Ag evap
© 1996 The American Physical Society 2993
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oration followed by annealing at 400±C in O2 atmosphere
for 12 h. The samples from the same batch were irra
ated at 0±C by 740 MeV Sn and Xe ions, which wer
produced by the Argonne Tandem Linear Accelera
System at the Argonne National Laboratory. The
beam was aligned approximately parallel to thec axis
of the samples, and a thin gold foil was inserted in
beam line to make sure a uniform beam profile appea
over the sample width. The irradiation doses of5 3 1010,
1 3 1011, and 1.5 3 1011 ionsycm2 were chosen so tha
the matching fieldsBf correspond to,1, 2, and 3 T, re-
spectively. YBCO crystals of 1 and 2 T doses are irra
ated with Sn ions, whereas 3 T dose crystal is irradia
with Xe ions. The Hall resistivityrxy and longitudinal
resistivity rxx were measured by standard five-probe
method and magnetic fields were applied parallel to
c axis of YBCO crystal. The current density used f
these measurements was,20 Aycm2. Cryogenic coaxial
cables are used for voltage leads to minimize the extri
noise pickup.

Typical resistive transitions of two crystals,Bf  0
(unirradiated) and 2 T, are shown in Fig. 1 as a fu
tion of reduced temperaturet  TyTc in magnetic fields
of 2 and 4 T. Enhancement of the onset tempera
of rxx in magnetic fields due to enhanced pinning
clearly visible, in agreement with the related wor
[7,11] on samples containing columnar defects. T
figure is presented in reduced temperaturet and reduced
resistivity r ; rxxsT dyrxxsTcd in order to account for
the difference ofTc and normal state resistivity [19
Tc ’s determined as the peak temperatures ofdRydT
curves are 93.8 and 93.1 K, respectively, forBf  0
and 2 T dose crystals. At higher temperature wherer .

0.6, longitudinal resistivities of both samples are clos

FIG. 1. Longitudinal resistivity of two twinned YBa2Cu3O7

single crystals, Bf  0 (unirradiated, open symbols) an
2 T dose (solid symbols), shown as a function of redu
temperaturet  TyTc in magnetic fields of 2 and 4 T. Arrow
indicate the negative peak positions of the Hall resistiv
shown in Fig. 2.
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together, but they begin to deviate forr , 0.6, showing
the region of effective pinning due to columnar defec
Note that kink structure, known as the characteristics
twin-boundary pinning [20], near the foot of transitio
of the unirradiated sample is no longer observable in
irradiated one. Similar disappearance of kink in electr
irradiated YBCO crystal has been reported [19]. T
other crystals withBf  1 and 3 T dose showed sim
lar behavior.

The corresponding Hall coefficientsrxyyB are shown
in Fig. 2. Sign reversal of the Hall effect was observ
in both irradiated and unirradiated samples as tempera
is lowered. Here againrxyyB curves for both sample
closely follow each other forr . 0.6 similar to the case
of the longitudinal resistivity. After irradiation the ons
of rxy as well as the negative peak positions shift
higher temperature, and the depths of the negative p
are reduced. The locations of negative peaks ofrxyyB
are shown as arrows in Fig. 1.

In Fig. 3, we show the scaling behavior between
Hall resistivityrxy and longitudinal resistivityrxx , rxy 

Ar
b
xx , for crystals ofBf  0, 1, 2, and 3 T dose. The

scaling behavior holds in the temperature region be
the negative peak ofrxy where pinning is effective, i.e.
r , 0.4. The striking difference between the irradiate
and unirradiated samples is their scaling exponentb.
The scaling exponent of the unirradiated crystal show
gradual increase with the applied magnetic field. For 1
b is 1.5 6 0.1, but increases to1.75 6 0.1 for 2 T (not
shown in the figure), and becomes2.0 6 0.2 for 3 T and
higher fields as shown in Fig. 3(a). Also shown are t
solid lines ofb  1.5 andb  2.0 for the reference. For
all three irradiated crystals, however, field independ
b  1.5 6 0.1 was observed for fields from 2 to 4 T a
shown in Figs. 3(b)–3(d). We also measured the H
resistivities for 6 T field, but the signal to noise ratio fro

FIG. 2. Hall coefficient of two twined YBa2Cu3O7 single
crystals, Bf  0 (unirradiated, open symbols) and 2 T do
(solid symbols).
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FIG. 3. Scaling behavior,rxy  Arb
xx , between the Hall

resistivity rxy and longitudinal resistivityrxx of YBa2Cu3O7

crystals withBf  0 (a), 1 (b), 2 (c), and 3 T dose (d). Soli
lines are power-law dependences ofb  1.5 and 2.

the irradiated samples was not large enough to estimab

with reasonable accuracy.
According to Vinokuret al. [15], scaling behavior of

the Hall resistivity in the mixed state of HTS is
general feature of any vortex state in the presence
the quenched disorder and thermal noises. Using
force balance equation for a stationary moving vorte
they argued that pinning just renormalizes the drag fo
term, not affecting the Hall conductivity term. Their ma
results are that Hall conductivitysxy sørxyyr2

xxd does
not depend on disorder and the scaling exponentb is
exactly 2, which can be summarized as

rxy  ar2
xxyF0B , (1)

where F0 is the flux quantum, anda is a pinning
independent parameter related to the Hall angle.

On the other hand, WDT [16] recently developed
new theory for the flux motion for the mixed-state Ha
effect. They included both pinning-induced backflo
and thermal fluctuations in the force balance equati
Then, an additional transverse term proportional toFp 3

n with Fp pinning force andn a unit vector in the
direction of magnetic field, induced due to the backflo
current inside the normal core, appears in the drag fo
This transverse term is the main difference between t
models. After time averaging the vortex velocity, th
Hall scaling is given by

rxy  sb0r2
xxyF0Bdhhs1 2 g d 2 2gGsnLdj , (2)

where b0  mmHc2 with mm being the mobility of the
charge carrier andHc2 being the upper critical field,
h is the usual viscous coefficient,g  gs1 2 HyHC2d
is proportional tog, the parameter describing conta
force on the surface of core withH the average mag-
netic field over the core, andGsyLd is the coefficient
of the time average of pinning forcekFpl  2GsyLdyL.
of
e
,
e

.

e.
o

When g , 1 in the region of relatively high tempera
tures [16], the negative Hall effect appears if pinning
not negligible.

For the Hall scaling behavior, there are two distin
regimes according to Eq. (2). For systems with we
pinning, that is GsyLd ,, hHyHc2, Eq. (2) becomes
rxy , Ar2

xx , resulting in the same scaling exponent
Eq. (1). But in case of strong pinning, that is,GsyLd ..

hHyHc2, the scaling exponentb is no longer 2. Since
GsyLd , y

21y2
L in the strong pinning case [21], scalin

behavior modifies torxy , Ar1.5
xx . Between two limiting

regimes,1.5 , b , 2.0 is expected [16].
Comparing our results in Fig. 3 with both theories, w

find that the model by WDT [16] explicitly including the
pinning-induced backflow effect is in better agreeme
with the data. For the unirradiated crystal, the experime
tal results indicate that for 1 T or lower fields most of th
vortices can be pinned strongly, in a small current lim
by the twin boundaries or other intrinsic defects; thusb

is 1.5 of the strongly pinned system. But for fields.2 T
where the density of vortices sufficiently outnumbers t
density of pinning centers,b becomes 2 presumably be
cause this case is closer to the relatively weakly pinn
system. For the irradiated crystals with the addition
columnar defects present, our data show that most of
vortices are strongly pinned up to 4 T even in aBf  1 T
sample so thatb becomes 1.5. The WDT model coul
imply thatb can approach 2.0 for fields..Bf for irradi-
ated crystals. However, the interaction between vortic
which should be important in high fields, is not include
in the WDT model.

Our results of the unirradiated crystals are not inco
sistent with the earlier work on YBCO films. The dif
ference is that films usually contain a higher density
strong pinning centers than twinned crystals; thusb for
films seems to remain unchanged even in higher fiel
Luo et al. [2] reported thatb  1.7 6 0.2 for all fields
.1.4 T. Wöltgens et al. showed that scaling behavio
obeys rxy , Ar2.060.2

xx near the vortex-glass transition
over a wide range of current densities [3]. However, in
small current regime that corresponds to the present w
dow of the experiment, the data clearly show that the sc
ing exponent is less than 2.0, consistent with our result

Similar measurements on epitaxial TBCCO films co
taining columnar defects were made by Budhani, Lio
and Cai [11] and Samoilovet al. [7]. They both observed
that the same scaling behavior persists even after irra
tion. Since the vortex structure of TBCCO is known to b
two dimensional in the region where the scaling law hol
and thin films inherently contain higher defects, the pi
ning enhancement may not be as dramatic as the cas
YBCO crystals. No work has ever been reported on t
scaling behavior of the Hall resistivity in YBCO crystal
after heavy-ion irradiation.

Samoilov et al. [7] also reported the Hall conductiv
ity of YBCO single crystals before and after Pb-io
2995
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irradiation (Fig. 3 of Ref. [7]). Since the Hall con-
ductivity according to Vinokuret al. [15] is given as
sxy  rxyyr2

xx  ayBF0, one can examine the validity
of Eq. (1), i.e., independence ofa on pinning, by plotting
sxy before and after irradiation. In their plot, howeve
sxy is shown as a function of temperature. Althoug
their data are definitely valid, the conclusion thatsxy is
unaffected by irradiation based on their plot seems m
leading. We argue that in order to compare the physic
properties of samples with differentTc, one should plot
the data in thereducedtemperature scale, not in the rea
temperature scale. Thus we plot the Hall conductivity
Bf  0 and 2 T dose as a function ofreducedtempera-
ture in various magnetic fields in Fig. 4. The Hall con
ductivity of Bf  2 T follows that of the unirradiated one
until it sharply deviates at low temperatures. This unam
biguous drop at low temperatures is further evidence
the dependence on the pinning of mixed-state Hall effe
We point out that if the data by Samoilovet al. [7] were
replotted as a function ofreducedtemperature after cor-
recting theTc decrease of,0.3 K after irradiation, their
Fig. 3 would be consistent with our Fig. 4. The direc
tion of deviation ofsxy after irradiation is also consis-
tent with Eq. (2). The presence of stronger pinning w
makesxy more negative, and this is exactly what we ob
served. As a final note, it is meaningful to investigate th
relationship between the critical exponents of the longit
dinal and the Hall fields near the vortex-glass transitio

FIG. 4. Hall conductivity of YBa2Cu3O7 crystals withBf 
0 (open symbols) and 2 T dose (solid symbols) as a function
reduced temperature in magnetic fields of 2, 3, and 4 T. T
Hall conductivity of Bf  2 T shows a sharp deviation from
the unirradiated one at low temperatures.
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within the context of the DF model [3,14] for the crysta
samples, but such an attempt was limited by the sensitiv
of the conventional transport technique since it requir
much higher sensitivity to probe the vortex-glass scali
behaviors in crystals.

In summary, we showed that strong pinning induc
by heavy-ion irradiation indeed modifies mixed-state H
effect in YBCO crystals. The scaling exponent of th
Hall effect for the irradiated crystals was found to b
b  1.5 6 0.1, different from that of the unirradiated
crystal. The Hall conductivity was also changed aft
irradiation. These results are in good agreement with
recent theory including both the backflow effect due
pinning and thermal fluctuations whereb should decrease
from 2.0 to 1.5 as the pinning strength increases.

This work in Korea is supported by MOST, KOSEF un
der Contract No. 951-0209-044-2, MOE under Contra
No. BSRI-95-2437, and No. BSRI-95-2416, and the wo
at Argonne is supported by DOE under Contract No. W
31-109-ENG-38 and NSF-STC under Contract N
DMR 91-20000.

[1] S. J. Hagenet al., Phys. Rev. B41, 11 630 (1990).
[2] J. Luo et al., Phys. Rev. Lett.68, 690 (1992).
[3] P. J. M. Wöltgenset al., Phys. Rev. Lett.71, 3858 (1993).
[4] J. P. Riceet al., Phys. Rev. B46, 11 050 (1992).
[5] J. M. Harriset al., Phys. Rev. Lett.71, 1455 (1993).
[6] M. N. Kunchur et al., Phys. Rev. Lett.72, 2259 (1994).
[7] A. V. Samoilov et al., Phys. Rev. Lett.74, 2351 (1995).
[8] Y. X. Jia et al., Phys. Rev. B47, 6043 (1993).
[9] A. V. Samoilov, Phys. Rev. Lett.71, 617 (1993), and

references therein.
[10] S. J. Hagenet al., Phys. Rev. B43, 6246 (1991).
[11] R. C. Budhani, S. H. Liou, and Z. X. Cai, Phys. Rev. Le

71, 621 (1993).
[12] A. V. Samoilovet al., Phys. Rev. B49, 3667 (1994).
[13] A. W. Smith et al., Phys. Rev. B49, 12 927 (1994).
[14] A. T. Dorsey and M. P. A. Fisher, Phys. Rev. Lett.68, 694

(1992).
[15] V. M. Vinokur et al., Phys. Rev. Lett.71, 1242 (1993).
[16] Z. D. Wang, J. Dong, and C. S. Ting, Phys. Rev. Lett.72,

3875 (1994).
[17] Z. D. Wang and C. S. Ting, Phys. Rev. Lett.67, 3618

(1991); Phys. Rev. B46, 284 (1992).
[18] For example, L. Civaleet al., Phys. Rev. Lett.67, 648

(1991).
[19] J. A. Fendrich et al., Phys. Rev. Lett.74, 1210 (1995).
[20] W. K. Kwok et al., Phys. Rev. Lett.73, 2614 (1994).
[21] V. M. Vinokur et al., Phys. Rev. Lett.65, 259 (1990).


