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Scaling behavior and mixed-state Hall effect in epitaxial HgBaCaCu,Og, 5 thin films
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We have measured the mixed-state Hall effect in superconducting J8gBayOq .. 5 thin films. We found
that the Hall resistivityp,, shows a double sign reversal in low fields, then shifts to positive without changing
the general shape in higher fields. At the higher field region, the Hall condugtiyitg observed to be the sum
of two terms,C,/H andC,H, whereC, andC, are field independent. The scaling behavior betwegnand
pyx (longitudinal resistivity shows a strong dependence on fields. The scaling equﬁlmtpxyzApfx
increases from 150.1 to 1.9-0.1 as field increases from 1 to 5.5 T. The field dependence of tangent of the
Hall angle is linear only in the flux-flow regime, different from Bi- and Tl-based cuprates.
[S0163-18297)01201-0

INTRODUCTION Dong, and Ting* explained the scaling behavior and the
anomalous sign reversal of the Hall effect by taking into
Since the discovery of a family of Hg-based hih- account the backflow current due to pinning. In their model
superconductors? a number of studies have been reportedthe scaling exponeng may change from 2 to 1.5 as the
on these materials including the temperature dependence Bfning strength increases, and this is found to be consistent
the thermoelectric powérthe normal-state Hall effeftthe  With the result of Ref. 21. _ .
irreversibility line>® and the critical current densify? How- Hg-based cuprates are a very interesting system for un-
ever, the Hall effect in the mixed state of Hg-based superderstanding the role of pinning. For example,
conductors remains to be one of the unsolved problems ihli9B&CaCuyOs. ; (Hg-1212 has a similar crystalline struc-
understanding of flux motion of type-Il superconductors. ~ ture as TIBaCaCuyOg. 5 but higherT, (~125 K). In particu-
The sign reversal of the mixed-state Hall effect has beef@r, the irreversible line of the Hg-based system is ranged
observed in most of the highs superconducto?s’®as well ~ between that of YBCO and Bi-2212/TI-221Ref. § and the
as in some conventional superconducfof$While only a  Pinning stre_ngt_h strongly_ depends on applied field. The un-
single sign reversal is observed in Y®&aLO; (YBCO) purterbed pinning potenztéauo.of t_he _Hg—based system vglas
crystald® and fims® the double sign change has observed as) o(H)=1/H,%® which is similar to the YBCG;
been observed in BSnLCaCuO, (Bi-2212 crystalstt ~ While Ug(H) is proportional to 14/H (Ref. 30 for Bi-2212
TI,Ba,CaCyOg (TI-2212) films,>*% and TLBa,CaCu0,, and TI-2212 systems.
(TI-2223) films * Furthermore, an interesting scaling behav-  In this paper, we report a clear observation of the double
jor between the Hall resistivity,, and the longitudinal re- Sign reversal in the mixed-state Hall effect of high-quality
Sistivity pyx, pxy=Ap £, has also been observed with the Hg-1212 films and the magnetic-field dependence of the Hall
scaling exponent3~2 in Bi-2212 crystals' and TI-2212 scaling behavior.
films,** B=1.5-2.0 in YBCO film&° and crystalg?®

It is now generally accepted that the mixed-state Hall ef- EXPERIMENT
fect in type-1l superconductors in magnetic fields consists of
two contributions, quasiparticle and hydrodynartfic?! The The fabrication process of Hg-1212 films used in this

sign of the quasiparticle term remains the same as that in thetudy is similar to that described in detail by Yun and Wu.
normal state, but the hydrodynamic term can be negative ifror films on SrTiQ grown from the same batch, the midtran-
the mixed state so that the sign reversal takes place. Dorsesjtion temperatureT.) ranges 123—124 K with the transition
and Fishe? showed that the scaling behaviey, = Ap B.is  width of 2-3 K in a zero field. The critical current density at
a general picture near the vortex-glass transition but were ndt7 K is ~10° A/cm?. The x-ray-diffraction analysis shows a
be able to obtain the exact estimation of the scaling expohighly c-axis-oriented Hg-1212 phase normal to the plan of
nent. A model proposed by Vinoket al?® suggests that the substrate. The films with~0.8 um thickness have typical
scaling exponent should be 2 in the thermally assisted fluxdimensions of &4 mn?. The electrical contact$<1 Q)

flow (TAFF) region regardless of the pinning. Their results were made by sputtering Ag followed by annealing at 350 °C
were in fair agreement with scaling exponents of bothfor 20 min under @ atmosphere.

weakly pinned systems of Bi-2212 crystd}8=2.0+0.1),! The Hall resistivityp,, and the longitudinal resistivity,,

and rather strongly pinned systems of heavy-ion irradiatedvere measured in a 5.5 T superconducting magnet system
TI-2223 films (8=1.85+0.1),* but not with the recent re- using the standard five-probe dc method. The magnetic fields
sults of heavy-ion irradiated YBC@3=1.5+0.1).1°> Wang,  were applied parallel to the axis of Hg-1212 films, ang,,
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FIG. 1. Temperature dependence of the longitudinal resistivity FIG. 3. Tangent of Hall anglétan®) in Hg-1212 films. Peak
in Hg-1212 films. Fields from top to bottom are 5.5, 4, 2, 1, and Ojocations shift to the lower temperature while the dip is located at
T. the constant temperature 116 K. The linear field dependence of

. ) ] tan® was observed in the region aboVé which is marked by an
was obtained from the antisymmetric part of the Hall voltagearrow. Inset shows the field dependence of@aas a function of

under the magnetic-field reversal. The current density usegmperature, in which the data poiipen circlg at 106 K and 1 T
for these measurements wa®50 A/cnt. Both Pxy @nd py, indicates nonlinear behavior beloli .
were observed to be linear at those currents.
with the applied field, and only weakly depends on tempera-
RESULTS AND DISCUSSION ture. For the magnetic field2 T, along with the temperature
N decrease below, p,, becomes negative showing a nega-
The temperature dependence @f near the transition tjve dip. Higher fields drive the dip to positive. On further
temperature for the magnetic fields up to 5.5 T are shown il&oo“ng’pxy becomes positive with a peak at a low tempera-
Flg 1. TC is 123.7 K with the transition width of 2.6 K. ture and then gradua”y decreases'ﬁezero_ The genera|
The zero-resistance temperatur@s ;) in the limit of our  trends of these results, including the double sign reversal, are
instrument resolution in magnetic fields of 1 and 5.5 T weresimilar to the earlier reports on Bi-221Ref. 11 and TI-
90 and 48 K, respectively. It is interesting to compare thep212 (Refs. 12 and 18samples. However, the field depen-
relative transition temperature with B|-2212, T|-2223, anddence of the location of positive peak shows a different be-
YBCO compounds at the same field. The reduced zerohavior. As the field increases, the peak position shifts to
resistance temperature3 (;eo/T¢) at 1 T are 0.40, 0.58, |ower temperature while it is located at a constant tempera-
0.73, and 0.94 for Bi-2212 crystals TI-2223 films* Hg-  ture for Bi-2212 and TI-2212 systems. Furthermore the dip is
1212 films, and YBCO crystalS, respectively. These results deeper than TI-2212 and Bi-2212 systems.
show that the pinning strength of Hg-1212 ranges between The temperature dependence of the tangent of the Hall
Bi-2212/T1-2223 and YBCO. angle (tan®) is shown in Fig. 3. As the temperature de-
In Fig. 2, the corresponding Hall resistivitigs, are  creases, a dip at higher temperatufg)(and a peak at lower
shown.p,, in the normal state is positive, linearly increasestemperature T,) are observed. Even thoudFy is located
near the constant temperature of 116 K, significantly
shifts to lower temperature with increasing fields, which is
different from the reported data in highly anisotropic Bi- and
Tl-based superconductdts?whereT, is located at a con-
stant temperature as fields increase. In the flux-creep region
(T<Tp), tan® shows a complicated field and temperature
dependence. In the region of flux flow$ T,), however, the
regular displacement between curves of @ameflects the
linear dependence of ta@h on field and their broad features
are similar to Bi-2212Ref. 1)) and TI-2212%?
According to Samoilo¥* and Hagen, Lobb, and Greette,
in the strongly anisotropic systems, t@n(H,T) consists of
two terms as follows;

3.0 —1 v v 1 r T 1 r v r7T

60 80 T (Il())o 120 140 tan®(H,T)=b(T)H+a(T), (1)
whereb(T) is weakly dependent on the temperature and re-
FIG. 2. Temperature dependence of the Hall resistivity in Hg-lated to the normal-state Hall effect in the vortex core, while
1212 films. The double sign reversal is clearly observed belowa(T) is strongly temperature dependent. The inset of Fig. 3
H=2T. is clearly in agreement with this feature. However, &n
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FIG. 5. Temperature dependence of interc8pt(solid squarg
and slopeC, (open circlg of Hg-1212 films. Inset shows, H vs
H?2, higher field data show a good fit to the linear behavior.

FIG. 4. Temperature dependence of the Hall conductiwjtyof . ) . .
Hg-1212 films. Inset is magnified at the temperature region of 100-C1, and if C; dominatesC,, the negative Hall sign can take
130 K for the sake of clarity. place. However, the reason that the negative Hall behavior

due to the vortex motion can happen with varying tempera-

cannot be linearly fitted below the temperatiifeindicated  ture still remains as an unsolved problem. We expect that the
as an arrow in Fig. 3. For example, the data pdiopen  theory®~?°can be extended to yield the temperature depen-
circle) at 106 K and 1 T in thénset is no longer linear with dence of the coefficient§; andC,.
the applied field. Abovel*, the normal-state Hall effect in A plot of the scaling behavior betwees, and p, is
the vortex core is still dominant, this fact implies that the sShown in Fig. 6, for the fields of 1, 2, 4, and 5.5 T. Simgg
pinning is negligibly weak compared to the driving Lorentz data bele 2 T have a negative value in a certain temperature
force. In other words, pinning seems to play an importanfegion, we have plotted using the absolute valug,9f The
role belowT*. In case of the highly anisotropic systems sucheéxponentg in the power law,p,,=Ap%,, can be deduced
as Bi-2212(Ref. 11 and TI-2212}* tan® deviates from the from the slope of the solid lines in Fig. 6. The field depen-
linear field dependence belaW, which is much lower than dence of the scaling behavior, which is different from the
T* as indicated in Fig. 3. reported data on Bi-221ZRef. 11 and TI-2212'? was

Based upon the time-dependent Ginzburg-Landau theorglearly observed. The scaling exponent changes from 1.5
Dorsey and co-worket§® and Kopnin, Ivlev, and *0.1t01.9-0.1, as the fields increase from 1 to 5.5 T. This
Kalatsky”® proposed theoretical results of the mixed-stateresult is in good agreement with our earlier détqn the.
Hall effects. The Hall conductivity,, can be described by twinned YBCO crystals without columnar defects, in which

the sum of two contributions: B changes fromp~1.5+0.1 to 8~2.0+0.1 as fields in-
crease. This observation implies an important physical mean-
oyy=C1/H+C5H, (2 ing of the Hall scaling behavior as discussed below.

h h Hicients. andC lated to th . ¢ Considering the force balance equation for a stationary
where the coeflicients, andC, are related to the motion o moving vortex, Vinokuret al?® proposed a universal scaling

vortices and quasiparticles, respectively. BGthandC, are 2 _ o
ndependont o flds, bt expeced o depend o e e, L 1 i A rec 0 0T U AL
perature. fC, and C2. have .oppo'sne sIgns, then the Hall presence of the quenched disorder and thermal noises in the
effects can change sign ak s varied. Figure 4 shows th_e_ mixed-state of a type-ll superconductor. They showed that
plot of the temperature dependence of the Hall conductivity, o s.ajing exponent should be 2 regardless of the pinning in
as a function of magnetic field. The inset in Fig. 4 is magni- AFF region, wherex is a slowly varying function of tem-
fied at the temperature region of 100-130 K for the sake o erature. Or; the other hand, Wang, Dong, and ¥ify
clarity. To test the validity sz Eq(2), we fit our data szs?ng (WDT) recently developed a g,eneral t,heory c;f the flux mo-
the equationr,,H=C,+ C,H®. The plot of o H VSH™is o including both pinning-induced backfiow and thermal
shown in the inset of Fig. 5. In making these fits, we havey .y jations in the force balance equation. The additional
exclud_ed tle_l T df%ta since these data are ff"“ from a .“nealiransverse terrfr, Xn with F, being the pinning force and
behav!or. Higher field data show a good fit to_the IInearbeing a unit vec?or in the d?rection of magnetic field, is pro-
behavior. The temp_erature dep.en.dence. qf the mtgr@qpt duced by backflow current inside the normal core. Their
and the slop&€, obtained from this linear fit is shown in Fig. 2. tacult is summarized by

5. As the temperature decreases frog C, becomes nega-

tive, and then reaches a minimum at 115 K. On further cool- Bop2, L

ing, C, abruptly increases toward positive, whilg monoto- Py~ HB {n(1—=7y)—29I'(v)}, 3
nously increases with decreasing temperature. According to 0

Eq. (2), the sign of mixed-state Hall effect is decided by thewhere By=uH¢> With w,,, being the mobility of the charge
competition betweerC, and C,. In the region of negative carrier and H., being the upper critical field,
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10 . i i , pinning strength decreases with increasing field, which is
- consistent with the observed field dependence of the pinning
10*F . o7 B=1.9 <10 1 energy?® This result is also consistent with our earlier work
wsb - , ] on the twinned YBCO crystals.
_ . At this point, we discuss the previous work on the Hall
§ 10%} N scaling behavior. Budhani, Liou, and &4ieported the Hall
g . scaling in TI-2223 films. If we get the scaling exponeght
= 0 1 from Fig. 3 in Ref. 14, a log-log plot of,, Vs p, for the
= otk ] sample without columnar defectseti T data can be better
fitted with the scaling exponent of 1.5 rather than 1.85 as the
10°F 3 authors claimed, while th7 T data are well fitted with 1.85.
1010 p . . . Thus we argue that their results are consistent with the
10°8 107 106 1075 104 1078 present data as well as our earlier work in YBCO crystals.
P, (Qcm) However, the present result seems to be inconsistent with the

earlier work on Bi-2212 crystals reported by Samoitov.
Based on the Hall scaling result in whighis independent of
the field up to 5 T, Samoilov concluded that the Hall scaling
behavior is universal in the TAFF regime. But the Bi-2212
crystal may not be an appropriate material to investigate the
role of pinning in different fields, because its pinning is the
weakest among Hg, Tl, and Bi compounds and it is weakly
field dependent as reported by Zavaritsky, Samoilov, and
Yurgens?® in which the pinning potential decreases slightly
om 35 to 56 meV with increasing fields from 0.3to 5 T.

FIG. 6. Scaling behaviorpxyzApfx, betweenp,, and p, in
Hg-1212 films. The scaling expone@tsignificantly increases from
B=1.5x0.1 to 1.9:0.1 with increasing field. The solid lines are
power laws,8=1.5 andB=1.9, for the sake of clarity.

y=1y(1—H/Hc,) with H being the average field over the

core andy as the parameter describing the contact force o
the surface of core, which depends on temperature in th
following way: y~0 for &l1<1 andy~1 for &1=1 with | as

the mean free path of the carrier, alig) ) is the coefficient CONCLUSIONS
of the time average of pinning forgg,)=—T"(v,) v, . At ] ] .
the region of relatively high temperaturég~1), Eq. (3) We have shown the double sign reversal in the Hall resis-

predicts a negative dip ip,, if the field is low enough and tiVity pxy and strong pinning-strength dependence of its scal-
the pinning is relatively strong, that is, a double sign reversalnd behavior in the mixed state of the high-quality Hg-1212

can be observed. As the field increases, the negative dip $ims. The magnetic-field dependence of the tangent of the
pxy Changes to positive since decreases with increasing Hall angle was observed to be nonlinear in the flux-creep
field. In the relatively strong pinning system like Hg-1212, fegion, different from the results observed in Bi- and TI-

the depth of the dip is deeper than weak pinning system8ased compounds. At the higher field region, the Hall con-
such as Bi-2212Ref. 11 and TI-2212'? The data shown in ductivity oy, has been well fitted tar, H=C;+C,H",

Fig. 2 are in good agreement with this picture. whereC, andC, are field independent. The scaling exponent

According to Eq.(3), there are two distinct regimes for 81N p,y=Ap%, increased from 1.50.1 to 1.9:0.1 as fields
the Hall scaling behavior in the region gf-1. For the weak increased from 1 to 5.5 T. These results are consistent with

pinning regime,I'(v,)<7H/H,, in relatively high fields, the recent theoR} including both the backflow effects due to
Eq. (3) becomesp,,~Ap 2, having the same scaling expo- Pinning and thermal fluctuations.
nentB=2 as the model by Vinokugt al?® But for the strong
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