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Hall effect studies in YBCO films

A. L. Solovjov

B. Verkin Institute for Low Temperature Physics and Engineering,
National Academy of Sciences of Ukraine, 47 Lenin Ave., 310164 Kharkov, Ukraine
E-mail: solovjov@ilt.kharkov.ua

Received September 2, 1997

The longitudinal, p,(7), transverse, pxy(T), and Hall, p,(T) resistivities have been measured for

YBa,Cu,0, (YBCO) films, showing positive resistivity buckling and those with usual linear P, (1)

dependence. In the former case unexpected peak on p_(7) and unusual p,(T) dependence with double

sign change just above transition temperature T have been revealed. The data are analyzed using recent

theory for the sign of the Hall conductivity in strongly correlated systems.

PACS: 74.25.Ha

1. Introduction

Investigation of the Hall effect is known as a
useful method in getting reliable information about
specific normal-state properties of high-T, supercon-
ductors (HTS’s) [1], which are believed to be of
primary importance in deciphering their behavior in
the superconducting-state. Despite of a huge
amount of papers published on this problem, un-
usual temperature dependence of the Hall resistiv-
ity with sign reversal (SR) at the resistive transi-
tion [2] still remains controversial. Besides, there is
an evident dependence of the properties of HTS’s on
the carrier density in the CuO, planes, n, , which
is determined by oxygen doping and which leads to
spin gap opening [3] in the underdoped regime.
Another phenomenon in HTS’s, which also depends
on doping, is the enhanced electron-electron cor-
relation [4,5]. In slightly underdoped regime
(80 K < T, <90 K), where the features of the spin
scattering are not so pronounced, effects due to
electron-electron correlation are believed to be ob-
servable, both in the resistivity and Hall effect
measurements. However, the role of both mecha-
nisms in superconducting coupling in HTS’s is still
questionable.

2. Results and discussion

To further investigate this point, we carried out
resistivity and Hall effect measurements of YBCO
films with different oxygen content. In this paper
we report the results obtained on two YBCO films,
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designated below as samples S1 and S2, and on a
reference film (S3). The films were epitaxially
grown by pulsed laser deposition on SrTiO5 (100)
substrates and patterned into well-defined 4x0.2 mm
Hall-bar structures by standard lithography and
chemical etching techniques [6]. The Hall-bar ge-
ometry consists of current leads and three pairs of
transverse voltage contacts. To exclude uncertain-
ties due to geometric effect, the Hall data reported
here have been acquired using both the first and the
third pair.

The reference film with 7, = 90 K shows a typi-
cal dependence for such YBCO systems, which is
almost linear p,. (T) dependence in the normal state.
But St (T, = 86 K) and S2 (T, = 84 K) demon-
strate enhanced resistivity and slightly positive re-
sistivity buckling just above 120 K (S1) and 110 K
(82), respectively. Here T, is defined as the tem-
perature at which the approximated p, (T) drops to
zero. The enhancement of the resistivity and lower-
ing of T, suggest that the films are in a slightly
underdoped regime. On the other hands unusual
buckling can be attributed to the changes in spin-
fluctuation parameters, as it has been studied exten-
sively by Stojkovich and Pines [7].

The longitudinal resistivity p,. (T) was measured
and the transverse resistivity p, ()~ V., y/] .
which simultaneously has been o%served on the
transverse pairs of contacts even in the absence of a
magnetic field, was investigated. Simple algebra
yields (2—4) pm misalignment of opposite transverse
strips is enough to produce ny(100 K) = (0.5-1)Q,
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Fig. 1. Effect of magnetic field, B, = 600 mT, applied parallel
to the ¢ axis in opposite directions, in the ab plane transverse

resistivity, pxy(T), for sample S2 (dots and circles). Squares
correspond to pxy(T) without a magnetic field.

which is usually observed experimentally. To avoid
a suspicion of thermo-emf origin of the transverse
signal, we performed measurements with a very
small transport current, .., = 1077 A. No transverse
voltage has been observed in this case. Any other
intrinsic reasons that may cause the transverse sig-
nal have not yet been identified.

No unexpected peculiarities are revealed on the
P, (T) dependences of the reference film and St,
whereas S2 exhibits a pronounced p,,-vs-T peak at
the beginning of the resistive transition (Fig. 1,
squares). The peak starts to grow at T, >T,,
which is the temperature at which the magnetic
field begins to broaden the resistive transition
(Fig. 2, solid and dashed lines). The peak is clearly
seen on both pairs of contacts, suggesting its intrin-
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Fig. 2. p, (solid squares), p,, (solid line — B, =0, dashed

line — B,=600 mT) and dp,, /dT (squares — B, =600 mT)
vs T dependences for sample S2.
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sic nature. The magnetic field B, , of opposite
directions, along the ¢ axis and vice versa, notice-
ably suppresses the peak and shifts it slightly to-
wards low temperatures (Fig. 1, dots and circles).

There are several theoretical models [8,9] to
describe the appearance of the transverse voltage in
HTS’s. According to Glazman [8], vortices and
antivortices produced by the transport current can
attract each other at a relatively small current,
when the number of vortices is not too large. The
interaction gives rise to deformation of the vortex
trajectories. As a result, a nonzero transverse volt-
age should appear on the film since the trajectories
intersect the measurement contour. Unfortunately,
no dependence on the external magnetic field is
analyzed. The effect must disappear with increasing
transport current, which leads to the enhancement
of the number of vortices. However, no expected
dependence on current has been observed in our
experiments.

Another theoretical approach to the problem has
been proposed by Doornbos et al. [9]. They have
shown that inhomogeneity of oxygen impurity con-
centration in high-T', oxides leads to spatial fluctua-
tion in the charge carrier density and, consequently,
to fluctuation in T, . Because of the very short
coherence length in HTS’s, different inhomogenei-
ties, even with very small characteristic lengths,
may deeply affect the superconducting properties.
To model an inhomogeneous high-T', superconduc-
tor they considered a square, two-dimentional, ran-
dom resistor network (RRN). Because the resistivi-
ties and T/s of the resistors are expected to be
different, there must be a transverse component of
the transport current producing the peak just at the
beginning of the resistive transition. When activa-
tion energy U is considered to be constant, but T,
is randomly distributed, the anomalous peak must
decrease with increasing magnetic field, as we ob-
served in our experiments. It has been shown [10]
that very moderate T, difference, of the order of 1
K or less, is large enough to produce the effect.

Mosqueira et al. [10] used a model [11] similar
to RRN to account for their results obtained in
measuring the longitudinal resistivity, p, (T), in
YBCO single crystals. The oxygen-deficient crys-
tals, with 7, between 85 K and 90 K, showed a
similar resistivity peak being quenched by a mag-
netic field in the same manner as in our measure-
ments. The only difference is that the value of the
transverse voltage measured in our experiments is
much smaller. In the framework of the RRN model
this suggests the fact that a transverse component of

the transport current, I, , which produces the
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transverse voltage, is rather small, approximately
(1-5)00741 +r » Which seems to be a reasonable va-
lue. Thus the RRN model [9] enables us to phy-
sically reasonably explain the appearance of the
transverse resistivity peak. We also think that ob-
servation of the peak may be viewed as additional
evidence that the sample is underdoped. No peaks
have been observed on films with 7, = 90 K. Mo-
reover, as has been demonstrated by Mosqueira et
al. [10], after re-oxygenation the crystals showed
T,290 K and all peaks disappeared.

As Fig. 1 shows, magnetic field of both opposite
direction noticeably affects the resistivity curve in
the normal state (Fig. 1, dots and circles). One-half
of the distance between these two curves determines
the Hall-resistivity,

P = (V,,/T,) =Ry(Nd™'B,, (D

where d is the sample thickness. Thus, the Hall
coefficientRy; can be easily determined. In high-T
oxides Ry; turnes out to be temperature dependent
[12]. Usually measured experimentally, pg(T) ~
~ Ry(T) starts to noticeably grow at about 240 K
and reaches its maximum level just above T, as
the temperature is lowered. Below T, , py(T) rap-
idly decreases, becomes negative, and then comes to
zero at T (H), thus giving rise to the sign reversal
(SR) of the Hall resistivity. Both S1 and S3 show
the usual p,(T) dependence with the SR effect. But
S2 exhibits unusual, almost linear, p,(T) depend-
ence with a positive slope and unexpected double
sign reversal (Fig. 2, solid squares), which was
observed experimentally on YBCO films for the
first time. As has recently been shown [13], the
linear py(T) dependence can be considered as addi-
tional evidence for enhanced electron-electron cor-
relation in the sample.

To account for the SR effect different flux-flow-
based models (see, for example, Hagen et al. [2]
and the bibliography cited there), are commonly
used. The authors [2] have concluded that due to
the specific interplay between the Magnus force and
the drag force, vortex velocity v, should generate a
Hall voltage, whose sign is opposite to that of the
normal state. But the double sign reversal effect
does not seem to be explained by the models.
Moreover, recent theory concerning the Hall effect
in strongly correlated (SC) systems [14] is believed
to be more appropriate. Using the Hubbard #-J
model, Rojo et al. [14] have analyzed the Hall
current as a function of the filling fraction, n =
= NP/NS , where N and N are the total particle
number and the number of sites in the considered
lattice, respectively. In the framework of this ap-
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proach, the t—J Hamiltonian have to include the
Hubbard repulsion,

H=GYS (n - @) - @), (2)
;0

which suggests a clear dependence on n; with [&0O
being the mean particle number. Finally, the result
was found to be strongly dependent on the corre-
lation parameter G/t. When G/t = 0, the equilib-
rium Hall current changes sign at half filling as the
Fermi surface changes its shape from electron-like
to hole-like shape. As a result, the usual SR effect
is observed. In the strongly correlated limit
(G/t >> 1) an additional sign change should occur
below half filling, which is entirely due to the
correlation, as we have observed experimentally.
The results are found to be the same for fermionic
and bosonic systems.

To see the applicability of the SC theory to real
samples, we should remember that there are many
Cooper pairs, which are bosons, in the supercon-
ducting state, whereas there are no Cooper pairs in
the normal state. Thus, a strong rearrangement of
the filling fraction of bosons is expected at the
resistive transition, which gives rise to the SR
effect. As Fig. 2 illustrates, the Hall resistivity
always changes sign at the mean-field transition
temperature Tgﬂf , which is defined as the tempe-
rature at which dp, /dT vs T (Fig. 2, hollow
squares) has a maximum or p, (T) has the inflection
point. This result suggests a half filling of the
bosonic lattice at Té"f , which seems reasonable. In
accordance with the SC theory, the observation of
the double sign reversal with an additional positive
peak below half filling (Fig. 2) should be consid-
ered as an indication of enhanced electron-electron
correlation in the sample with G/~ 2-3. More-
over, we consider the other observed peculiarities
demonstrated by S2 as additional clear signs of
enhanced electron correlation in the sample.

In conclusion, the observed phenomena were
found to be in good agreement with the RRN and
SC theories. Consequently, the enhanced electron
correlations [1,5] should definitely be taken into
account in the consideration of scattering and cou-
pling mechanisms in high-T_ superconductors.
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