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Fluctuations in the Hall conductivity and dynamics of the order
parameter in YBa2Cuso7 b superconductors
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Fluctuation contributions to the Hall and longitudinal conductivities in YBa2Cu307 h epitaxial
films have been investigated. Two remarkable features were observed: (1) the fluctuation contri-
bution to the Hall conductivity, o „, changes sign at temperatures T*(H)) T, (H=O) and (2) the
ratio o,"„/o", , where o" is the fiuctuation longitudinal conductivity, shows a sharp minimum near
T,(H). These features may refiect an unusual behavior of the imaginary part of the relaxation time
of the order parameter in the vicinity of the transition temperature.

Thermodynamic fluctuations of the order param-
eter are known to afFect difFerent physical prop-
erties of the high-T, sup erconductors: the longi-
tudinal resistivity, magnetization, Ettinghausen
coefficient, heat capacity. Data on the Hall efFect in
the fluctuation region are scarce. Separation of the fluc-
tuation contribution to the Hall conductivity is difficult
because the Hall efFect is strongly temperature depen-
dent in the normal state. Assuming a linear temperature
dependence of R~ (where Rtr is the Hall coefficient) in
the normal state, Iye et aL reported that the fluctuation
Hall conductivity in EuBa2Cu307 p films has a sign op-
posite to the sign of the normal state Hall conductivity.
Hagen et at. found that fluctuations reduced the Hall
resistivity p „ from its normal state value and reported
a sign change of p „near the upper critical field H,2.
The sign change of p» has been attributed. ' ' to the
negative value of the particle-hole asymmetry parameter
Ao which is equal to the imaginary part of the relax-
ation time of the order parameter p: Ao =Imp. Aronov
and Rapoport have recently shown that in the region of
Gaussian fluctuations the sign of Ao for YBa2Cu307
should be positive.

In this paper I report on very careful measurements
of the Hall resistivity, p», and the longitudinal resistiv-
ity, p, in YBa2Cu307 g epitaxial films. The purpose
of this study is to obtain the Hall conductivity, o.», as
well as the longitudinal conductivity, u, and to sepa-
rate the fluctuation contributions to these quantities, o „
and o", respectively. The fluctuation Hall conductivity
o"„turns out to change sign, from a positive value corre-
sponding to the sign of the normal state Hall conductivity
o"„, to a negative value, which corresponds to the sign
of o „ in the mixed state. This occurs at temperatures
above the zero-field transition temperature. The ratio
cr"„(T)/cr" (T) at a fixed magnetic field has a minimum
near the mean-field transition temperature T, (H) as de-
termined from the scaling of the fluctuation conductivity
cr . This investigation can provide information about
anomalous behavior of the particle-hole asymmetry pa-
rameter in the vicinity of the transition temperature.

The epitaxial YBa2Cu307 b films have been prepared

at the Institute of Applied Physics (Nizhniy Novgorod,
Russia) by laser deposition onto SrTiOs substrates. Two
films with thicknesses of 1000 A. referred to below as
film 1 and film 2 have been used in this study and have
shown similar results. Data presented are those for film 1.
The midpoint zero-Beld transition temperature is approx-
imately 90 K; the transition width is less than 1 K. The
c axis is perpendicular to the substrate, the applied mag-
netic field H~~c. The Hall resistivity has been measured
by commutating the voltage and current probes as previ-
ously used by us for the investigation of Bi2Sr2CaCu20
single crystals. The voltage has been checked to be lin-
ear in the direct current for the current strength 100—
1000 pA within the whole range of magnetic fields (0.2
T& H &4 T) and temperatures (80 K& T &185 K). Most
of the data have been obtained at a current of 600 p,A
which corresponds to a current density j =1200 A/cm2.
The presence of eight probes on each film allows three
independent measurements of p „and two independent
measurements of p . The variations of p & and p ob-
tained on difFerent pairs of contacts on the same film do
not exceed 3% and 1%, respectively. Within experimen-
tal error these variations are temperature independent,
indicating high uniformity of the samples.

The temperature dependence of the Hall conductivity
is shown in the inset in Fig. 1. Because p „&(p, the
Hall conductivity has been calculated as cr „=p „/p2
In the normal state, u» is positive, proportional to the
magnetic field strength, and strongly increases with de-
creasing temperature. As the temperature is lowered to
the superconducting region, the Hall conductivity be-
comes negative and increases rapidly in magnitude, in
agreement with the observation by Luo et al. that the
decrease of

~ p „~ is slower than p in YBa2Cu307
in the mixed state. In agreement with single-crystalline
YBa2Cu307 g data by Chien et al. , the Hall conductiv-
ity in epitaxial films at T )110K closely follows the rela-
tion rr» H/T, where H is the magnetic field strength.
This is demonstrated in Fig. 1 where the temperature
dependences of 0 „T are plotted, although one can see
slight deviations from the above relation with increasing
temperature, in agreement with Ref. 15.
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FIG. 1. Temperature dependence of o „T in various
magnetic fields as indicated. Inset: Temperature dependence
of cr „ in a magnetic field of 4 T.

FIG. 2. Temperature dependence of a,„T /H near T, in

magnetic fields of 2 T and 4 T. Inset: Temperature depen-
dence of o"„in magnetic fields of 2 T and 4 T.

Such a striking power law of the Hall conductivity can
be explained within the theory by Anderson in terms
of spinon-spinon scattering, resulting in a T law for the
cotangent of the Hall angle (cot8 = p /p „), and in
terms of holon-spinon scattering, resulting in p which is
linear in T, if scattering by impurities is not very strong.
Another insight into the Hall effect in YBa2Cu307 g pro-
posed by Carrington et al. is based on Fermi-surface
calculations by Pickett et al. This model involves a
square Fermi surface with rounded corners. The unusual
behavior of the Hall conductivity in the normal state may
arise if the mean free paths on the curved and flat parts
have different T dependences, but no concrete prediction
for these dependences has been provided. Nonetheless,
the relation 0

&
——aH/T is approximately valid over

a wide temperature range (up to 185 K, as one can see
from Fig. 1, and up to 360 K as seen in Ref. 15). We
find a=12 (pA cm T) iKs and 10.8 (pO cm T) iKs for
film 1 and film 2, respectively. The deviation bo „/H
of the Hall conductivity from the relation o „=aH/Ts
between 110 K and 185 K and 1 T and 4 T is less than
1.5x10 (pA cm T)

The temperature dependence of o „T near T, is pre-
sented in Fig. 2. To show data for different magnetic
fields, the Hall conductivity is divided by the magnetic
field strength. To obtain higher resolution, data of Fig.
1 have been smoothed over a window of seven points (0.6
K). On cooling below 110 K—105 K, a pronounced devia-
tion from the relation o „1/T occurs. As the temper-
ature is lowered 10 K (from 105 K to 95 K), this deviation
reaches a value of Ao „/H = 5.5x10 (pO cm T)
For the same temperature range fluctuations are known
to contribute significantly to different physical properties
of YBa2Cu307.. the longitudinal resistivity, magnetiza-
tion (see, e.g. , Ref. 1), Ettinghausen coefficient, specific
heat. It is natural to attribute the deviation from the
relation o „=aH/T to a fluctuation effect also. The
maximum in T dependence of o &T is shifted to lower
temperatures and decreases in magnitude with increas-

ing magnetic field. Measurements at a current of 3 mA
have indicated that the latter result is not an artifact of
the smoothing procedure.

In Fig. 2, inset, the temperature dependences of the
fluctuation part of the Hall conductivity cr"„=o» —o"„,
with o"„=12H/T (pA cm) i, are shown for magnetic
fields of 2 T and 4 T (data for o „are not smoothed). At
T* =92 K, o."„changes sign. This temperature is higher
than the transition temperature in zero magnetic field.
Chien et al. have also observed an increase of cr»T on
cooling below 105 K—110 K which they have attributed
to a fluctuation effect, but data at lower temperatures
have not been presented.

In view of the fact that the temperature dependences
of the Hall conductivity and/or of the Hall coefficient
in the normal state are not completely understood, the
question arises: To what extent does the calculated ex-
cess Hall conductivity depend on a fitting procedure for
the normal state Hall conductivity? For instance, one
might take into account a small deviation from the law
o „Ts/H =const in the normal state, say, in the form
o „Ts/H = P„n„T" (n„are constants, n=0, 1, 2).
This procedure would change the result for cr"„/H by a
minor value (2x10 s (pO cm T) i at 85 K( T (100 K.
Iye et al. used a linear temperature dependence for RH
to calculate o „ in EuBa2Cu307 g films and reported a
o. „with negative sign. Although, as it has been pointed
out by Chien et al. , the Hall current rather than the
Hall coeKcient itself is the source of the anomalous Hall
effect in the normal state and a linear temperature depen-
dence does not provide an accurate description of data
for RH, it follows from the data by Iye et al. also that
there is a temperature region where o"„)0. Thus, at
T=90 K (9 K higher than the zero resistance T, of their
film) their approximation for o „at H=5 T gives 59.4 (0
cm) i, whereas the experimental value is approximately
62—63 (0 cm) . So, independent of the approximation
for o. „,both the analysis of data presented in this paper
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and data previously published ' show that at temper-
atatures well above T~ the sign of 0"„ is positive and
corresponds to the sign of 0."„and that on cooling the
sign of o."„changes and. corresponds to the sign of o~„ in
the mixed state.

Two contributions to the Quctuation Hall conductivity
are known to exist: One comes from currents carried by
the superconducting fluctuations [the Aslamazov-Larkin
(AL) process], while another comes from additional scat-
tering by the fluctuations [the Maki-Thompson (MT)
process] (see Ref. 19). The MT term for the Hall con-
ductivity has the same sign as o „ in the normal state
and therefore cannot explain the sign change of the fluc-
tuation Hall conductivity.

Fukuyama et at. , Abrahams et al. , and recently
Ullah and Dorsey have discussed the Huctuation Hall
conductivity in terms of dynamics of the order param-
eter, within the time-dependent Ginzburg-Landau (GL)
equation. They have shown that the nonvanishing AL
term for o. „appears if there is an imaginary part of the
order parameter relaxation time (Ao g 0). A micro-
scopic mechanism breaking particle-hole symmetry and
resulting in a nonzero imaginary part of the order pa-
rameter relaxation time was considered in Ref. 19 Ap

turned out to be proportional to the energy derivative
of the density of states at the Fermi level. Within the
Hartree approximation, Ullah and Dorsey have calcu-
lated di8'erent transport properties of a superconductor
near T, in a magnetic field. They have found that in
three-dimensional (3D) systems o" H / T / should be
a function of [T —T,(H)]/(TH) / only, provided that
I'o ——Rep is a constant (see Refs. 10,19). The scaling
functions for o"„are the same as those for 0",apart from

the replacement of I'o by Ao: o."„/o" = Ao /I'o
Scaling of the longitudinal conductivity has been ex-

perimentally observed by Welp et at. Following them,
we show a 3D scaling plot for o" in the main frame of
Fig. 3, while the inset depicts the data before scaling.

We obtained o" by subtracting the normal state contri-
bution cr" = 1/p" from the measured data, where the
normal state resistivity p is assumed to be linear in
temperature. This linear behavior is found between 130
K and 300 K, namely, p" =1.24T+7.3 @Oem for film
1 and p =1.33T+11.1 @Oem for film 2. Below 130 K
dp /dT deviates significantly. From the scaling proce-
dure we obtain the values of T, (H) as fit parameters de-
picted by the closed circles in the inset in Fig. 4. They lie
on a straight line with slope 1.4 T/K, in good agreement
with Ref. 1.

Next we consider the ratio of o"„ to o" plotted in

Fig. 4. According to theory, ' the AL term in the
Hall conductivity is more singular than in the longitu-
dinal conductivity, while for the MT process the diver-
gence of o"„ is the same as that of o" . Aronov and

Rapoport have considered the eKect of the Gaussian
Huctuations on the Hall conductivity and have shown
that for YBa2Cu307 g the AL term should have the same
sign as 0 „ in the normal state. So concentrating on the
high-temperature results in Fig. 4, from the fact that o"„
is positive and that o'"„/a'" increases with decreasing
temperature, we conclude that in the region of Gaussian
Buctuations there is a noticeable positive contribution to
o. „due to the AL process. On further cooling the ratio
o"„/o" starts to decrease and changes sign because of
the sign reversal of 0"„.It only remains for us to assume
that on cooling, the AL term changes sign from positive
to negative.

As has been noticed above, the imaginary part of the
order parameter relaxation time is positive and thus can-
not explain the sign change of ~"„ in superconducting
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FIG. 3. 3D scaling of o" . Inset: Temperature depen-

dence of o" at H=l T, 2 T, 3 T, and 4 T (from right to
left).

FIG. 4. Temperature dependence of o."„/cr" in various
magnetic fields as indicated. Data for H=3 T and 4 T are
not shown above 89 K and 105 K, respectively. Arrows mark
the positions of T, (H) determined from 3D scaling of o" .

Inset: The H-T diagram for the Hall effect in YBa&Cu307 —b.

Open circles and triangles indicate loci for the sign reversal of
o"„and o. „, respectively (solid lines are guides for the eye);
diamonds indicate loci for the minima in the temperature
dependences of o"„/o"; solid circles: H 2(T) as determined
from scaling of n." .
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YBazCus07 g (Ref. 12) if only Gaussian fluctuations
are considered. We should point out a reason why the
Aronov-Rapoport theory breaks down. One can as-
sume that the sign of the particle-hole asymmetry pa-
rameter in the critical region is opposite to that in the
region where the fluctuations do not interact. The critical
region in high-T superconductors is strongly broadened
in comparison with the "conventional" superconductors
due to large anisotropy, a large Ginzburg-Landau param-
eter K, and a high transition temperature (see Refs. I,
21). It is quite possible that interactions between the
fluctuations become important at temperatures a few K
above T, (Ref. 21) and result in the sign change of Jio

As has already been mentioned, within the Hartree
approximation the temperature dependences of o"„/cr"
(Fig. 4) are those of Ao .2 In the nearest vicinity of
T, (H) marked by arrows in Fig. 4 there is a remarkable
minimum in the temperature dependences of cr"„/a'" in
a fixed magnetic field. This observation probably reflects
anomalous behavior of the imaginary part of p and thus
a drastic change in the dynamics of the order parameter.

In addition to the ordinary AL term which comes from
the nonzero Ao, the AL diagram with skew scattering
gives also a nonvanishing contribution to the Hall con-
ductivity if this diagram is considered to the next order,
i.e., if the four-point skew-scattering vertex is involved.
The fluctuating part of o~„ in this case has been shown
to have a minus sign due to the next order of the GL
Hamiltonian. The skew-scattering rate is proportional
to the impurity concentration and spin of the spin-orbit
interaction producing the skew scattering, but this spin
has not been assigned in Ref. 22. This consideration
is beyond the Hartree approximation used in Ref. 2. It
would be desirable to have a realistic theoretical estimate
of the skew-scattering rate in high-temperature supercon-
ductors. Usually, however, vertex corrections are small;
see, e.g. , Ref. 23.

The inset in Fig. 4 shows the H-T diagram for the

Hall effect in YBazCus07 h. The temperatures T*(H)
(open circles) at which the superconducting fluctuations
give rise to the sign reversal of 0 „are significantly higher
than the mean-field transition temperatures given by the
solid circles. On cooling below T*(H) the strong nega-
tive increase of 0"„eventually leads to the sign reversal
of the Hall conductivity at a temperature denoted by the
open triangles in the inset in Fig. 4. Also this temper-
ature is seen to be larger than T,(H) which represents
the mean-field transition temperature. This proves that
the sign anomaly of the Hall eKect needs an explanation
in terms of general properties of the dynamics of the or-
der parameter, both in the fluctuation regime and in the
mixed state. This phenomenon occurs at relatively high
temperatures [above T, (H)j and therefore is not consis-
tent with a suggestion by Wang and Ting who have
associated the sign anomaly with pinning.

To conclude, we have shown that the fluctuation
Hall conductivity changes sign at T ) T, (H = 0) in
YBa2Cu307 g. Within the theory by Ullah and Dorsey, 2

the data provide evidence that the imaginary part of
the order parameter relaxation time Ao changes sign
at T ) T,(H = 0) and has a minimum at T = T, (H).
It is probable that one should also take into account cor-
rections due to the skew-scattering mechanism as pro-
posed by Aronov and Hikami. It is clear that to ex-
plain the data presented in this paper phenomenological
approaches are not appropriate but a microscopic theory
extended to the critical region is required.
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