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We present data on the Hall conductivity 0zy in T12Ba;CaCu;Os thin films. It has been found that
the Hall conductivity consists of two terms. The first one is inversely proportional to the magnetic
field strength, in agreement with theories for motion of a single vortex. This term changes sign from
negative near T to a positive value at low temperatures. The second term is field independent and

has been attributed to be due to the normal Hall effect in the vortex cores.

A number of theoretical predictions!™* have been
made concerning the behavior of the flux-flow electric
transport coeflicients in type-II superconductors. In real
systems, the vortices can be pinned by disorder which
prevents the flux to flow. Even in highly anisotropic Bi-
and Tl-based high-temperature superconductors, pinning
becomes important as temperature (7') and/or magnetic
field (H) decrease. As a result, the vortices become im-
mobile, and both the longitudinal and Hall resistivities,
Pzz and pgy, respectively, decrease rapidly. This makes
it difficult to compare data on p,, and p,, with theory
for the viscous flux flow (VFF).1—*

A brilliant way to get information about the VFF
over the whole H-T diagram in the mixed state has
been provided by Vinokur, Geshkenbein, Feigel’'man, and
Blatter® who have shown that the Hall conductivity
Ozy = Pay/P2e (| Pzy | < pze) is independent of disor-
der. In particular, it follows from their theory® that

@ 2
cy = ; 1
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where B is the magnetic induction, &9 = wh/e is the flux
quantum, « is the bare Hall drag coefficient, and thus all

pinning effects are located in p2_ term.

For epitaxial YBay;Cu3O7 films Luo et al.® observed a
scaling behavior pgy ~ p5,, with 8=1.740.2, and inter-
preted this result in terms of the glassy scaling near the
vortex-glass transition. In Ref. 5, the scaling of the Hall
resistivity was viewed as a general feature of any disorder-
dominated vortex dynamics, and the deviation of 8 from
2 was attributed to the temperature dependence of a near
the transition temperature T.. Using Bi;Sr,CaCuyOs
single crystals, the resistivities were probed at tempera-
tures significantly below T, (Ref. 7) but still above the
vortex-glass critical regime. It was found” that 8=2+0.1,
in excellent agreement with Eq. (1).

In this paper we report data on the Hall conductiv-
ity of Tl;Ba;CaCuz0s. Our key finding is the low-field
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behavior of the Hall conductivity, o4y ~ 1/H, which is
consistent with the theoretical results for the viscous mo-
tion of a single vortex.>* Also, there is another, field-
independent contribution which is related to the normal
Hall effect in the vortex cores. Besides, we find out the in-
terrelation between the field-independent component of
the tangent of the Hall angle (as determined from the
high-field data) and the low-field behavior of the Hall
conductivity.

The Tl,Bay;CaCuy0g films with thickness of 300 nm
were grown by laser ablation on (001) LaAlO3 substrates
(Ref. 8). X-ray 6-26 scans showed that the films are sin-
gle 2:2:1:2 phase and c-axis oriented. A small broadening,
less than 1°, in film peaks detected by ® scans indicated
almost perfect alignment in the a-b plane. Compositional
element analysis was performed by secondary ion mass
spectroscopy through the film and indicated uniform dis-
tribution of all elements up to the substrate interface.
Critical current density at 77 K was 2x10%® A/cm?. A
3.5x0.75 mm? strip with six gold covered contacts for
in-plane resistivities measurements was patterned. Two
samples were made under identical conditions and had
shown similar results. Data presented below are those
for one of the films. The magnetic field (ranging from
0.1 to 5 T) was directed perpendicular to the film sur-
face. The Hall resistance was obtained by switching the
pairs of contacts, see Ref. 7. This procedure is equiva-
lent to a reversal of the magnetic field. We measured py,
and p,, at direct current up to 4 mA, with reversal of
the current. Both the Hall and longitudinal resistivities
were Ohmic at these currents. No signs of inhomogeneity
were observed as checked by resistivity measurements for
different combinations of leads. Because piy < p2,, the
Hall and longitudinal conductivities have been calculated
as Ogy = Poy/p2, and 04z = 1/p,,, respectively.

Figure 1 depicts the temperature dependence of the
longitudinal resistivity for magnetic fields up to 5 T. At
zero magnetic field, the longitudinal resistivity drops to
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FIG. 1.
T.

pzz vs T in magnetic fields of 0, 0.15, 1, 3, and 5

1073 uQcm at T ~101 K, the transition width is of about
5-7 K. No contribution due to the c-axis conduction in
form of a “knee” in the p,,(T) dependences has been
observed.

In Fig. 2 (lower part) we plotted logp,, vs logp., at
different magnetic fields, with a slope reaching 2 under re-
sistivity (and temperature) decrease. Very similar curves
have been obtained previously on BiySryCaCu;Og single
crystals” and together with Fig. 2 deliver strong experi-
mental support to the theory by Vinokur et al.’

We would like to emphasize here that the theory®
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FIG. 2. Top: The Arrhenius plots of the longitudinal and
Hall conductivities at H=5 T. Data for Bi>Sr2CaCuOs single
crystal (sample 1 from Ref. 7) are depicted by the dashed line.
Note that o4y is multiplied by the factor of 10°. Bottom: The
log-log plots of p.y Vs pz- dependences in magnetic fields of
3 and 5 T. Also shown are data for Bi2SroCaCu,Os single
crystal (sample 1 from Ref. 7). Curves are shifted along the
vertical axis for the sake of clarity. Solid lines represent a fit
to the resistivity squared dependence [Eq. (1)].

does not predict the independence of the Hall conduc-
tivity upon temperature but states that in the pinned
regime 0, should be a much weaker function of tem-
perature than the longitudinal conductivity. This is il-
lustrated by upper part of Fig. 2 where we show the Ar-
rhenius plots for the Hall and longitudinal conductivities,
Ozy and o,,, respectively, in a field of 5 T. Upon cool-
ing, 04y increases in the normal state, exhibits a min-
imum (which evolves into the sign-change behavior at
lower magnetic fields), and then increases rapidly as ex-
pected for the VFF regime near T..> As the temperature
is lowered to the thermally activated flux-flow (TAFF)
regime where 0., exponentially grows (with the activa-
tion energy U ~70 meV), the Hall conductivity becomes
a weaker function of 7' and apparently does not demon-
strate activation behavior.

The temperature range available for the measurements
of pgy is much narrower than that for p,, because in
the TAFF regime the Hall angle scales to the longitudi-
nal resistivity [see Eq. (1)] and therefore exponentially
goes to zero: tanfy = pgy/pPze X pgz x exp(—=U/T).
That is why we are not able to present data for o,
of Tl;Ba;CaCu;0s films over the whole TAFF region.
For single crystalline Bi;SrpCaCu;0g used by one of us
previously” the activation energy was U~35 meV at H=5
T which is lower than for Tl,Ba;CaCuyOg films used in
this study. This allowed measurements down to lower
temperatures. The Hall conductivity for BiySr,CaCu,Og
depicted by the dashed line in the upper part of Fig.
2 is similar to that for Tl;Ba;CaCu,0g for 1000/7'<50
K~!. There is definitely no reason for 04y of these two
compounds to have different temperature dependences at
lower temperatures, while the tendency to saturate can
be easily understood for both compounds.®

In Fig. 3 (lower part) the temperature dependences
of the Hall conductivity at magnetic fields below 1 T are
shown. While in the normal state o, is positive and pro-
portional to the magnetic strength, it is negative in the
mixed state and its magnitude increases approximately
as H™! at low fields as seen in the inset in Fig. 3 where
data for o,y H at H <0.22 T collapse, within experimen-
tal error, onto a single curve.

Analysis of the magnetic field dependences of the Hall
conductivity (Fig. 3, top) over the whole mixed state
region reveals that o, contains a H™! term that is neg-
ative near T, and changes sign on cooling between 85
and 80 K and a field-independent positive contribution.
A fit represented by solid lines in the top panel of Fig.
3 describes very well the whole set of data for 0., as a
sum of these two components. The first component varies
from —119/H Q@ 'cm™! at 98 K to 9800/H Q !cm™!
at 70 K. The second component increases from zero on
cooling below T.. Below 80 K it is nearly temperature
independent and equals to 750450 Q' cm™!.

Such a behavior of the Hall conductivity was pre-
dicted in Refs. 3 and 4. Theories®* start from the time-
dependent Ginzburg-Landau (TDGL) equations in which
the order parameter relaxation time is taken to be com-
plex. The Hall conductivity is related to the dimension-
less Hall coefficient as=a/(whn,) (where n, is the super-
fluid density) as®
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m Q2 ch (T)
Oy = T g B (2) 0.020 |
with m the effective mass of the Cooper pair, x the
Ginzburg-Landau parameter, H.2(T) the second critical 0.015
field. The coefficient as in turn is a linear combination
of the imaginary part of the order parameter relaxation
time (v2) and the normal-state Hall conductivity o7, (ho), x 0.010 r
where hg is the field in the vortex core. We can ascribe Q’i
the first component of o, to be due to nonzero ;. The \0.00S =
normal Hall effect in the vortex cores gives a contribu- Q’:
tion o7, (ho) He (Refs. 1 and 3) that is field independent
at large magnetic fields and can be associated with the 0.000
second component of o,.
It is interesting to compare data on the Hall conduc- —0.005 + \
tivity with the high-field behavior of the Hall angle . \
The temperature dependences of the tangent of the Hall AN
angle are shown in Fig. 4. tanfy increases in the nor- —0.010 — — I

mal state (see remark 9), passes through a minimum and
increases again with decreasing temperature in the VFF
regime. On further cooling, the pinning tends to decrease
the Hall angle from its VFF value because in strongly
pinned regime the vortices creep in the direction of the
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FIG. 3. Top: The magnetic field dependences of the Hall

conductivity at various temperatures as indicated. Solid lines
represent a fit to the data as described in the text. Bot-
tom: The temperature dependences of the Hall conductivity
in magnetic fields as indicated. Inset: The temperature de-
pendences of 0., H at H=0.1, 0.15, and 0.22 T. Solid line is
a fit to the data on the Hall angle as described in the text.
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FIG. 4. The temperature dependences of the tangent of
the Hall angle in magnetic fields ranging from 1 to 5 T. Dashed
line represents the behavior of the “zero-field” Hall angle ob-
tained from the extrapolation of the high-field data (see in
the text). Inset: The tanfy(H) dependences at T=75, 83,
90, and 98 K. Solid lines are linear fits of the high-field data.
Lorentz force only. It has been previously established!®:!?
that in strongly anisotropic Tl- and Bi-based supercon-
ductors in the VFF regime tanfy consists of two terms:
tanfyg = a+bH, where a is strongly T dependent, while b
weakly depends upon the temperature. Such a behavior
is clearly seen in Fig. 4.

The dashed line in Fig. 4 represents the behavior of
the “zero-field” component of tanfy [a(T) dependence]
obtained as the intersections of the tanfy(H) depen-
dences linearly extrapolated from high magnetic fields,
with the ordinate axis (Fig. 4, inset). The inset in Fig.
4 shows that at low fields, the vortex dynamics is dom-
inated by disorder which makes the Hall angle to go to
zero. One can think, however, that data on the coefficient
a obtained as described above are not strongly influenced
by disorder and can be compared to the VFF low-fields
value:34

tanfy = 2, 3)
Qi

where a; is the dimensionless viscous drag coefficient
which is temperature and field independent (see Ref.
3). As the component of o, arising from the normal
Hall effect can be neglected at low magnetic fields,'?
the dashed line gives the temperature dependence of the
imaginary part of the order parameter relaxation time
v2. Comparing Egs. (2) and (3), we see that the coeffi-
cient a(T) (“zero-field” component of the tangent of the
Hall angle) should be proportional to o,y H/Hc(T) o
o.yH/(1 —T/T.). It seems to be confirmed by findings

of Figs. 3 and 4: (i) As temperature increases, the co-
efficient a(T) changes sign from positive to negative at
83 K, just where the H!-term in the Hall conductiv-
ity (see Fig. 3, top panel) changes sign. (ii) The solid
line in the inset of Fig. 3 represents a fit of o, H to a
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form Ya(T)(1 — T/T.) (with the coefficient Y=3.5x10°
TQ 'cm™! and T,.=:101.5 K) which describes well the
low-field data on the Hall conductivity in the mixed state.

Finally, we would like to note that the Noziéres-Vinen
model? also predicts the H~! dependence for the Hall
conductivity. However, this model is not able to get the
sign reversal of the Hall conductivity and, strictly speak-
ing, is valid at T=0 only. In Refs. 3 and 4 the sign rever-
sal of 0y is related to negative value of a;—a parameter
which appears in the TDGL equations and can be ob-
tained from comparison with our experimental data.

To sum up, the presented data on the Hall conductiv-
ity in T1;BayCaCuy0g superconductor provide evidence
that o, in the mixed state is in agreement with the the-
ories of the viscous flux motion and is not influenced by

disorder. We have found that the Hall conductivity at
low magnetic fields is approximately proportional to the
inverse magnetic field strength. We have shown that ana-
lyzing either high-field data on the Hall angle or low-field
data on the Hall conductivity, one can get a consistent
description of the behavior of the imaginary part of the
order parameter relaxation time, within the TDGL ap-
proach to the motion of a single vortex.
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