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The Hall effect of epitaxial YBazCuzO7—» (T: &~ 90K) and BizSr2CaCu20y (Te ~ 80K) films has
been investigated. In both compounds the Hall coefficient Ry (B || ¢ axis) in the normal phase is
positive and exhibits a strong temperature dependence, which is more pronounced in YBa;CuzO7_5
than in BizSr2CaCuz0y. On the basis of a renormalized two-dimensional tight-binding band struc-
ture the normal-state Hall coefficient Ry has been calculated as a function of doping concentration
and temperature using the relaxation-time approximation. Strong correlation effects are considered
to some extent via doping-dependent nearest- and next-nearest-neighbor hopping terms leading to
band-narrowing effects. The consideration of the latter term strongly influences the Hall coefficient.
The Hall effect has been explored for two quite different models: (i) doping creates holes close to
the top of an effective oxygen band, which is located between the lower and the upper Hubbard
band; (ii) doping creates holes in a less than half-filled antibonding CuQO; subband. The influence
of the relaxation time 7(k) on the Hall coefficient has been explored by considering two simple
choices, namely a k-independent 7o, and 7(k) = I(T,6)/|v(k)| (! is the mean free path and & the
doping concentration). Depending on the relaxation time different results have been obtained for
the Hall coefficient. Assuming that holes are doped in the oxygen band and 7(k) lu(k)|~! a good
agreement between theory and experimental data of BiySr2CaCuz0, has been achieved, whereas for
YBazCuzO7—5 the pronounced temperature dependence of Ry is qualitatively reproduced. A com-
parison between the predictions of the Hall effect and the corresponding Fermi surfaces is made. We
have also calculated some band parameters including the Drude plasma energy, the Fermi velocity,
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and the carrier effective mass.

I. INTRODUCTION

Besides their high T.’s and striking superconduct-
ing features the cuprate superconductors exhibit a large
number of anomalous normal-state properties, which
seem to be a hallmark of them. An understanding
of these unusual properties in the normal phase may
provide some clues for the mechanism of superconduc-
tivity. Among various other transport phenomena the
Hall effect is considered to be a very important quan-
tity that provides valuable information about the elec-
tronic structure of the high-T, superconductors (HTSC)
in the normal state. Recently, the Hall effect has stim-
ulated immense efforts of both experimental and theo-
retical investigations.! While on the experimental side
a consolidation of results for different families of HTSC
has been achieved, there is up to now no commonly
accepted consensus about the theoretical interpretation
of the normal-state Hall effect. Investigations on the
Hall coefficient of the Lay_,Sr,CuO4 compound? suggest
that Ry varies as 1/x in the small doping regime. Re-
sults of a conventional band-structure calculation® pre-
dict a doping dependence of the Hall coefficient, which
is not compatible with experiment. Based on this and
other observations, it has been claimed that Fermi-liquid
theory for the normal state is not adequate. Concern-
ing the Hall effect for small x strongly correlated mod-
els (e.g.,Ref. 4) are more promising. On the other
hand, if the doping is large, angle-resolved photoemis-
sion spectroscopy measurements®~7 (ARPES) in some of
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the copper-oxide superconductors indicate a large Fermi
surface, which in turn seems to be consistent with band-
structure calculations.® Opposed to this experimental
fact, some of the strongly correlated models predict very
different shapes of the Fermi surface. This is especially
true for small doping concentrations. Therefore, it ap-
pears that these two types of experiments provide con-
flicting information about the electronic structure in the
normal state. Moreover, high-T, superconductors reveal
an unusual temperature dependence of the Hall effect,
which is also a very puzzling phenomenon.

In this paper the Hall coefficient in the normal phase
is investigated both experimentally and theoretically.
We report a comparative study of Hall effect measure-
ments carried out on several epitaxial YBasCuzO7_
and BiySraCaCuz0, films, which have been prepared
by pulsed laser ablation. The Hall coefficient has been
calculated within the framework of a renormalized two-
dimensional (2D) tight-binding model on a square lattice,
which might be a reasonable starting point for cuprates
in the regime of high doping concentrations. Our ap-
proach is based on the conventional Boltzmann trans-
port equations, i.e., the relaxation-time approximation.
Here we focus our discussion to both the doping as well
as the temperature dependence of the normal-state Hall
coefficient. Due to the lack of a precise knowledge about
the relaxation time 7(k) describing the complicated scat-
tering processes in the HTSC we have investigated two
simple approaches for it. As will be discussed in detail be-
low, the choice of 7(k) as well as the consideration of the
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next-nearest-neighbor hopping term in the tight-binding
model strongly influence the predicted Hall coefficient.
The interpretation of the Hall effect has been made for
two different models. In the first model the tight-binding
dispersion describes an effective oxygen band, in which
the doped holes are introduced close to the top of the
upper band edge. In the second model we assume that
additionally doped holes are created in the antibonding
CuO; band. In this case the band is less than half filled.
The Hall coefficient has been calculated for various pa-
rameter sets and is compared to experimental data. The
difficulties and problems that arise with respect to the
interpretation of the Hall effect and the corresponding
shapes of the Fermi surfaces for the two different models
are outlined. Finally, we briefly discuss some calculated
band parameters.

This paper is organized as follows. In Sec. II we intro-
duce our model for the electronic structure of the CuO,
planes. A brief review of the formalism is given, which is
used for the calculation of the Hall effect. Here also some
theoretical results on the doping and temperature depen-
dence of the Hall coefficient are discussed. Section III
deals with the experimental details of the measurements.
In Sec. IV we present experimental data and compare
them to theory. In Sec. V we summarize our results.

II. THEORY
A. Electronic structure of the metallic phase

It is widely accepted that the electronic structure of the
HTSC is dominated by the quasi-two-dimensional CuO,
planes where strong correlation effects in the Cu3d or-
bitals play a crucial role. Depending on the hole dop-
ing concentration § (here we restrict our discussion to
the hole-doped cuprates), high-T superconductors evolve
from an antiferromagnetic insulator for very small § to
a metallic phase, in which the superconducting phase
transition takes place, for larger values of the hole dop-
ing. Much of the theoretical efforts have focused on
strongly correlated models such as the large-U one-band
Hubbard model,® the t-J model,® the multiband Hub-
bard model,!! or the Anderson lattice Hamiltonian,?
etc. These models are very promising for an under-
standing of the nature of the electronic states in the
small doping limit that is, near the charge transfer or
Mott-Hubbard transition, respectively. Presumably, an
increase of the hole-doping concentration gradually re-
duces the dominance of strong correlation effects. Cur-
rently a central issue is whether or not strong correlations
are still present in the heavily doped systems. In this
doping regime the predictions of the conventional band-
structure calculations® seem to describe the electronic
structure near the Fermi energy quite well. In this paper
our goal is to calculate the normal-state Hall coeflicient
Ry (T,8) on the basis of a simple model. We propose
for the quasi-2D electronic structure of the HTSC the
following tight-binding energy-dispersion relation:

e(k) = —2t[cos (kza) + cos (kya)]
—4t* cos (kza) cos (kya), (1)

where
t=1t6 *=1t*6 (2)

denote the renormalized nearest- and next-nearest-
neighbor hopping terms, § the doping concentration (per
site), and a the lattice constant. Strong correlation ef-
fects are accounted for by means of more or less phe-
nomenologically introduced renormalization factors in
the hopping terms, which lead to band narrowing. The
renormalization factors have been adopted from early
calculations on the large-U one-band Hubbard model,3
where the constraint of no doubly occupied sites is ap-
proximated on the mean-field level resulting in the renor-
malized nearest-neighbor transfer term . Additionally,
for the next-nearest-neighbor hopping term t* we assume
the same renormalization. It is worth noting that there
is a close resemblance of the dispersion (1) to the result-
ing Cu-fermion quasiparticle band,'* which have been de-
rived from the three-band CuO2 model using the Uy = oo
mean-field slave-boson approach. Here the effective hop-
ping terms are essentially functions of the bare parame-
ters tpq, tpp, Eq, Ep and the doping concentration . ¢4 is
the Cu-O hopping, t,, the direct O-O transfer term, and
E4,E, are the atomic levels on Cu and O, respectively.
In our study we treat both transfer integrals as free pa-
rameters, i.e., t > 0, while t* takes positive or negative
values. Of course our model, which also completely ne-
glects the three-dimensional coupling of the CuO» planes,
is certainly a strong simplification of the electronic struc-
ture of high-T, superconductors. Nevertheless, we be-
lieve that the essential ingredients of the nature of the
electronic states in the large doping regime, far above
the metal-insulator transition, are considered. A simi-
lar tight-binding band with fixed transfer terms has been
proposed in Ref. 15. On the basis of the more familiar
tight-binding scheme with t* = 0 the superconducting
transition temperature T, has been calculated assuming
that the Fermi energy is located very close to or exactly
at the van Hove singularity.1®

In the following we examine two quite different models
to interpret the energy dispersion (1) for the HT'SC. In
the first approach the band structure describes a band,
which we term for the sake of descriptiveness an effective
oxygen band. This band is located between the lower
and the upper Hubbard subbands. For small values of
the hole doping concentration § the Fermi energy is lo-
cated close to the upper band edge, i.e., the band con-
tains 2 — § electrons per site [see Fig. 1(a)]. We want
to emphasize that this simple picture must not be taken
too literally, because the Cu3d orbitals complicate the
situation. In the second case the band structure is re-
lated to an antibonding CuO; subband [Fig. 1 (b)] result-
ing from the hybridization of the d;2_,2 copper orbital
with the neighboring p, and p, oxygen orbitals as well
as from direct oxygen-oxygen hopping processes. Here
the band is less than half filled for § > 0. It should
be mentioned that the latter interpretation is closely re-
lated to the results found by band-structure calculations.
We shall not pay too much attention to the correct as-
signment of the above dispersion to the two approaches.
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(b)

FIG. 1. Schematic plot of the band structure for doped
CuO; planes. (a) Diagram illustrates the case where doped
holes are induced in the O 2p band, which is located between
the splitted Cu3d bands. U denotes the on-site Coulomb
interaction and A is the charge-transfer energy. (b) Band
picture for a less than half-filled antibonding CuO2 band.

In our study it is more important to concentrate on the
different assumptions about the band filling. In Fig. 2
the density of states (DOS) N(E) of the dispersion (1)
is plotted for typical parameters, which below are also
taken for numerical calculations of the Hall effect. The
characteristic 2D van Hove singularity is apparent. For
t > 2| t* | the logarithmic singularity in the DOS is due
to the saddle points at (kg, ky) = (0, £7a) and (£7a,0).
One may ask whether such a singularity in the DOS can
be observed experimentally (e.g., by photoemission spec-
troscopy) and furthermore, whether the sharp peak will
still be preserved if an interplane coupling is introduced.
These interesting questions cannot be discussed in detail
in the present study. Here, we briefly point out the fol-
lowing: It is generally assumed that any interlayer cou-
pling mechanism will broaden the singularity. But, as
has recently been pointed out by Markiewicz,'” there are
some forms of interlayer coupling, which have no effect at
all on the van Hove singularity. Of course a finite trans-
fer term t, between neighboring planes, which causes an
energy dispersion along the z direction, certainly influ-
ences the DOS. Depending on the magnitude of ¢, the
logarithmically divergent van Hove singularity of the ex-
act two-dimensional system will be more or less smeared
out. In this context the reader is referred to Ref. 18,
in which the role of the van Hove singularity on T, and
on some normal-state properties in HT'SC is pointed out.
Moreover, it should be noted that the sharp peak in the
DOS can also easily be smeared out by various structural
defects.
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FIG. 2. Density of states N(F) vs energy. The van Hove
singularity occurs at E = 4t"6 = +0.192 e¢V. Additionally
shown is the derivative of the Fermi distribution function at
T = 300K, where a chemical potential of 4 = 0 eV has been
chosen.

distribution function (Fig. 2), which is considerable on
the scale of the bandwidth (of the order of 1eV), indi-
cates a strong influence of the temperature on transport
properties.

B. Hall coefficient in the relaxation-time
approximation

Whether the normal state of the HTSC can be de-
scribed by a more or less conventional Fermi liquid (FL),
a marginal FL,'° or not a FL at all,?° is currently a cen-
tral topic of discussion. A comparison between different
Fermi-liquid schemes and their applicability to normal-
state properties of HT'SC can be found in the review arti-
cle of Levin et al.2! On the basis of the Boltzmann trans-
port theory, more precisely using the relaxation-time ap-
proximation, we try to interpret the doping and tempera-
ture dependence of the Hall coefficient. In this approach
Ry is derived from an expression, which involves first
and second derivatives of the energy dispersion. Thus,
for a band structure like that of Eq. (1) the Hall number
nyg = (eRg)~! is, in general, not simply related to the
real carrier concentration n. Moreover, the sign of Ry at
T = 0K, i.e., whether it is electronlike (Rg < 0) or hole-
like (R > 0), is essentially determined by the curvature
of the Fermi surface. The Hall coefficient in the weak
field limit, which corresponds also to our experimental
set-up, is given by

Regardless of whether there is a diverging or a broad- Ry =RE =FE,/(juB,) = 0zyz/(Ozz04y). 3
ened van Hove singularity in the DOS already at this " oz v/ (G:Bz) e/ w) ®)
stage, the thermal broadening (—8f/9FE) of the Fermi The formulae for the transport coefficients are :22

1
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where V' is the normalization volume, 7(k) denotes the
relaxation time, fva(k) = 0¢/0ky (@ = z,y), and
f = {exp[(e — u(T,8))/kpT] + 1}~! is the Fermi dis-
tribution function. In order to obtain some insights on
the influence of the relaxation time 7(k), which, in gen-
eral, might be a very complicated function, on the Hall
coefficient, we examine two simple approaches for it:

(k) = 7(T,6) = 7o, (6)
k) (T, 6)

(o)1 fu2(ie) + 0300

The choice of a k-independent 7o has no influence on Ry,
while in the second case there is certainly one. In the for-
mula for 7; an anisotropic scattering of electrons might
be partly reflected. In the following the k-dependent re-
laxation time 7; will be termed as constant-l relaxation
time. Note, that the mean-free path I(T,6) cancels out
in expression (3). Therefore, the origin of a possible tem-
perature dependence of the Hall coefficient in our model
only comes from the Fermi distribution function. In the
present study we do not address the unusual T linear-
ity of the in-plane resistivity, which requires a detailed
knowledge of the relaxation time. The evaluation of the
Hall coefficient R (T, ) has been performed numerically
for t > 2| t* | using standard methods to convert the 2D
k summation into an integration over constant energy
surfaces. The temperature dependence of the chemical
potential 1£(T', §) has been taken into account. This quan-
tity has been determined numerically for a given value of
T and 6 from the average number of electrons per site

(k) =

= 1. (7N

2 1
"N L axp{le = T ON/RsT) + 1 ®

where N is the number of sites. In the case of the oxy-
gen band n is given by 2 — 6, while for the antibonding
CuO, subband it corresponds to n = 1 — 4. In the fol-
lowing we discuss some theoretical results of the doping
and temperature dependence of the Hall coefficient.

C. Theoretical results of Rg(6) at T =0K

In Figs. 3 (a) and 3(b) we show the normalized Hall
coefficient Rge/Vy (Vo is the volume of the unit cell in
the model) as function of the hole doping § for different
ratios t/t* at T = 0K. It should be stressed that the Hall
coefficient Ry (6,7 = 0) depends only on the ratio t/t*.
This does not longer hold for finite T'.

1. Results for the constant relazation time 7o

Examining the oxygen band [Fig. 3(a)] a negative
value t/t* = —3 leads to a positive Hall coefficient in the
whole doping range of interest. The calculated Ry (8) can
be nicely fitted by the formula for free electrons (holes).
A variation of t/t*, supposed that the ratio remains neg-
ative, does not alter the predicted Ry-curve in the rel-
evant doping range. For these hopping parameters the
corresponding Fermi energy Er is far above the van Hove

singularity. Thus the magnitude of Ry (§) is essentially
determined by the enclosed Fermi surface volume yield-
ing this simple result. In contrast to the previous case
a strongly decreasing Hall coefficient has been found for
a positive value t/t* = 2.5. In the small doping regime
Ry (6) is proportional to 6=, while for larger 6 a pro-
nounced deviation from the free-electron behavior can
be seen including a sign change of Ry at § = 6. ~ 0.38.
This critical doping concentration 6. depends sensitively
on the choice of the parameters ¢ and t*. The larger the
value t/t* the higher §,. For completeness we note that in
the usual tight-binding band (¢t* = 0) the Hall coefficient
changes sign at § = 1.0. It should be pointed out that a
similar strong variation of the Hall coefficient as function
of the doping concentration including a sign reversal has
been observed experimentally in Lag_ 251r;Cu04.2 In this
compound the hole doping concentration 6 is, in a rather
wide doping regime, identical to the Sr concentration x.
Despite the qualitatively good agreement between theory
and experiment one should keep in mind that our simple
model is presumably not applicable in the small doping
regime.

.
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FIG. 3. Normalized Hall coefficient vs doping concentra-
tion 6 at T = O0K. The curves labeled by the open symbols
have been calculated for 7o, while the solid symbols are the re-
sults assuming the constant-! relaxation time. The thin solid
lines are guides for the eyes. Thick solid lines illustrate the re-
sult for the free-electron (hole) gas. (a) Doping creates holes
in the O2p band. The parameters are t/t* = —3.0 (open
and solid circles) and t/t* = 2.5 (open and solid squares).
(b) Doping induces holes in the antibonding CuO2 band.
The parameters are t/t* = —3.0 (open and solid circles) and
t/t* = —3.5 (open and solid squares). Note the logarithmic
scale in (a).
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Concerning the results on the CuO; subband [Fig.
3 (b)], there is also a pronounced dependence of Rp(6)
on §. For the ratio t/t* = —3 the Hall coefficient in the
small doping regime is nearly the same as that of the
free-electron gas [but now oc (1 + 8)71], while for larger
6 a significant deviation is seen including a sign rever-
sal of Ry at 6. = 0.47. Once more the critical doping
concentration can be sensitively varied by the hopping
parameters ¢t and t*. Concerning the prediction of the
Hall coefficient for t/¢* = —3.5 there is already for very
small § a slight deviation from the (1 + §)~! behavior.
In this case the corresponding Fermi energies are close to
the van Hove singularity. For positive values of the ratio
t/t* and 6 > 0 the Hall coefficient is always negative (not
shown here).

2. Results for the k-dependent relaxation time 7

In contrast to the results found for g, the choice of the
constant-/ relaxation time 7; leads to some characteristi-
cally different predictions of the Hall coefficient. Assum-
ing that excess holes are introduced in the oxygen band
the ratio t/t* = —3 yields the same behavior of Ry as in
the case of 7. For the ratio t/t* = 2.5 the Hall coefficient
is in a wide range a slowly decreasing function of §. How-
ever, close to 6. = 0.58, which is significantly larger than
the corresponding value found for the constant relaxation
time 79, Ry abruptly varies in magnitude followed by a
sign change.

In the case of the CuO5 band the overall behavior is
very similar. It should be noted that for 7; the sign
change of Ry occurs exactly when the Fermi energy
passes through the van Hove singularity. In general, this
is not the case for 7y (with the exception t* = 0). The
origin of these pronounced differences of the Hall coeffi-
cient is essentially due to the strong influence of the k
dependence of the relaxation time on the transport co-
efficient (4). Despite the fact that the particular choice
of 7; is phenomenological the results clearly illustrate the
sensitivity of the Hall coefficient on the relaxation time.

D. Theoretical results of Ry at finite temperatures

Now we turn our attention to the temperature de-
pendence of the Hall coefficient within our tight-binding
model. In Figs. 4(a) and 4(b) we plot the normalized
Hall coefficient as function of T, which is also accessi-
ble experimentally, for fixed hopping parameters varying
the doping concentration §. The bandwidths (W = 8t6)
of the oxygen and the CuO; band range from 0.48 eV
(6 =0.2) to 0.84 eV (6 = 0.35) for the choice t = 0.3 eV,
t* = 0.075 eV, and from 0.64 eV (§ = 0.2) to 1.12 eV
(6 = 0.35) for t = 0.4 eV, t* = —0.16 eV, respectively.
In both cases a considerable temperature dependence of
Ry is seen. We would like to stress again that this comes
solely from the temperature dependence of the Fermi dis-
tribution function. At first glance the strong dependence
of Ry on T seems surprising, but is essentially a result
of the small bandwidths of the order of 0.5-1.0 eV. This
characteristic feature has to be combined with the fact
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that the thermal broadening (—8f/0F) of the Fermi dis-
tribution function (see also Fig.2), which enters in the
formulae for Ry, is considerable (even for moderate T")
on the scale of the corresponding bandwidths. Therefore,
also such areas of constant energies in k space, which are
not located in the immediate vicinity of the Fermi surface
and which may have very different curvatures, contribute
to the Hall coefficient resulting in the pronounced tem-
perature dependence of it. Depending on the location of
the chemical potential g in the tight-binding band (and
of course on T') it is possible that even both the holelike
and electronlike orbits in the Brillouin zone contribute
to Ry. This is especially true when p is close to the
van Hove singularity.

Besides the apparent differences in the magnitude of
the Hall coefficient at ' =~ 0K for both doping cases,
there is also a strong influence of the choice of the relax-
ation time on the detailed behavior of the Ry (T') curves.
Moreover, Ry (T) is also dependent on ¢t and t*. In the
case of the oxygen band the Hall coefficient varies more
rapidly with increasing temperature for 75 than for 7;.
In the former, Ry is a decreasing function of 7', while in
the latter it increases first in the low-temperature regime

T T ! I
(a)
T _
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S 3 =
o> 4 |
E R S = —
e — o
= T
1 —
0 ' : | |
1.6 ' ' | |
1af ® -]
1.2 6=02 -0
e L.~ l-TZziTeT
> CIEEEET
S
Q
T
=

0.0 | 1 1 1
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FIG. 4. Normalized Hall coefficient vs temperature for
fixed transfer terms varying the doping concentration §. The
dot-dashed curves are the results for 79 and the solid lines are
for 7;. (a) Doping creates holes in the O 2p band. The param-
eters are t = 0.3 eV, t* = 0.075 eV, and § = 0.2,0.25,0.3,0.35
(on the left-hand side from top to bottom). (b) Doping
induces holes in the antibonding CuO2 band. The cho-
sen parameters are t = 0.4 eV, t* = —0.16 eV, and § =
0.2,0.25,0.3,0.35 (also from top to bottom).
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before it slightly decreases at higher temperatures. It
should be pointed out, that for negative values of t* and
for the relevant doping concentrations, say 0 < § < 0.5,
the calculated Hall coefficient is essentially an increasing
or nearly constant function of T" for both relaxation time
approaches (t and t* are comparable to the above ones).
Assuming that doping creates holes in the CuO4 subband
and a constant relaxation time, the Hall coefficient in-
creases monotonically with increasing temperature, while
for the constant-l relaxation time and the same parame-
ters Ry is first a decreasing function of T" before it slowly
increases at higher temperatures. In general, the tem-
perature dependence of Ry gradually becomes less pro-
nounced by increasing the hole-doping concentration 6.
The results illustrate that even within a simple one-band
model a strong temperature dependence of the Hall co-
efficient is predicted, whose detailed behavior depends
sensitively on the choice of the relaxation time and on
the transfer terms ¢ and t*.

III. EXPERIMENTAL METHOD

In the present study epitaxial thin films of
YBayCu3zO7_, and BisSraCaCuz0, (hereafter 1:2:3 and
2:2:1:2) were investigated. Both types of films were pre-
pared by pulsed laser ablation onto (100) SrTiOjs sub-
strates. The details of the preparation procedure are
described in Refs. 23 and 24. Several studies have been
already reported on these 1:2:3 and 2:2:1:2 including e.g.,
anisotropic critical currents,?®26 normal-state transport
properties,?” influence of irradiation effects,?® infrared
reflectivity (FIR),?° high-frequency conductivity,3® and
conversion-electron M&ssbauer spectroscopy (CEMS).3!

In the case of 1:2:3 the Hall bar has been patterned by
photolithography and wet etching, while for the 2:2:1:2
samples it has been shaped mechanically. The trans-
port measurements were carried out by a standard dc
method. The temperature was measured by a platinum
resistance thermometer. Typically, the sample current
densities were in the range of 100-500 A /cm? for resistive,
and ~5000 A /cm? for Hall effect measurements. The Hall
voltage for the configuration B || ¢ axis (j || ab plane) was
measured at fixed magnetic fields up to 5 T, while slowly
sweeping the temperature. The signal due to the mis-
alignment of the Hall contacts was eliminated by apply-
ing the magnetic field in two orientations perpendicular
to the film surface.

IV. RESULTS AND DISCUSSION

A. Experimental results

The temperature dependence of the in-plane resistiv-
ity p of the samples, which are used in the Hall effect
measurements, are shown in Figs. 5(a) and 5(b). The
superconducting transition temperatures T, of the 1:2:3
samples are in the range of 88 — 90 K (zero resistance, see
also Table I where some parameters are listed). The resis-
tivity in the normal state is linear in 7. However, a closer
look at the 1:2:3 curves reveals a slight upward curvature
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in the high-temperature regime. The extrapolated resis-
tivity curves intercept close to zero residual resistivity at
T = 0K. The rounding of the resistivity above T, has
been attributed to superconducting fluctuations.3? The
2:2:1:2 films have a T, =~ 80 K and exhibit also a linear-7T
behavior far above T, without any deviation from linear-
ity at higher temperatures.

The Hall coefficients versus temperature of the 1:2:3
and 2:2:1:2 samples are shown in Figs. 6 and 7. The
normal-state Hall coefficient in all samples is holelike
and strongly depending on temperature. The Hall co-
efficient increases as the temperature is reduced, show-
ing a maximum slightly above T, before it decreases at
lower temperatures. In the superconducting phase tran-
sition the Hall coefficient exhibits a peculiar behavior in-
cluding a sign reversal, which will be discussed in more
detail in a forthcoming paper. The temperature depen-
dence of Ry is stronger in 1:2:3 than in 2:2:1:2. The
overall features of the Hall coefficient are in good agree-
ment with reported data on high-quality 1:2:3 (Refs. 33
and 34) and 2:2:1:2 Ref. 35 samples (for a comprehensive
overview about the Hall coefficient in HT'SC see also Ref.
1). In this context it is worth noting that the temper-
ature dependence of the normal-state Hall coefficient of
high-quality single crystals is slightly more pronounced
than in our epitaxial films. Presumably, this fact can be
attributed to the lower concentration of structural defects
in single crystals. In the case of 1:2:3 the reciprocal Hall
coefficient can be approximated by R (T) = a(T + To)
in the temperature range of 130K up to about 200K,
while at higher temperatures a significant deviation is
observed. Recently, this behavior was also observed in
YBayCu3zOr_, single crystals.3® The deviation from lin-
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FIG. 5. Temperature dependence of the resistivity of the
1:2:3 (a) and of the 2:2:1:2 (b) samples.
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TABLE 1. Properties of the YBa;Cu3zO7_, and BizSr,CaCu20, films.
Te p(100K) a To
Compound  Sample (K) (12 cm) (C/cm®K) (XK) nyx (100 K)  n}% (250 K)
1 89.9 49.9 8.18 12.1 0.53 1.13
1:2:3 2 88.5 51.2 8.99 17.2 0.61 1.28
3 88.9 79.5 5.28 17.6 0.36 0.75
1 80.0 124.0 1.35 365.1 0.54 0.60
2:2:1:2 2 77.1 199.0 1.06 383.1 0.44 0.48
3 80.2 220.3 0.98 363.8 0.41 0.44

earity of both the resistivity (at slightly higher T") as well
as of R5'(T) might be associated to oxygen reordering
in the CuO chains. Contrary to the 1:2:3 compound the
inverse Hall coefficient of the 2:2:1:2 films can be nicely
fitted to the above expression in the whole temperature
range.

In nonmagnetic normal metals, more precisely such
metals as can be described fairly well by the free-electron-
gas model and that do not display any peculiarities in the
scattering mechanism, the Hall number ny = (Rge)~!is
a measure of the carrier concentration. However, due to
the strong variation of the experimental Ry curves with
temperature such a relationship is questionable. Note
also the general remarks and the results on the normal-
state Hall coefficient for a more complicated band struc-
ture in the preceding sections. Therefore, in order just
to get some ideas about the carrier concentration in the
1:2:3 and 2:2:1:2 samples, which in the following is also
needed for a comparison with theory, we determine the
sheet-hole concentration per Cu-site n}; = Vp/(mRpe)
at two temperatures (see Table I). Here Vp denotes the
volume of the unit cell and m is the number of CuO,
planes per unit cell. The corresponding values are as fol-
lows: Vo = 178 A3, m = 2 for 1:2:3 and Vp = 460A3,
m = 4 for 2:2:1:2, respectively.
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FIG. 6. Temperature dependence of the Hall coefficient of
several 1:2:3 films for B || ¢ direction (B = 5T). The inset
shows the inverse Hall coefficient R5;'(T) vs temperature.

B. Comparison of experiment and theory

In the following the unusual temperature dependence
of the Hall coefficient, which has been observed in the
1:2:3 and 2:2:1:2 films, is compared to the results of
our calculations based on the renormalized tight-binding
model. Before doing this, it should be emphasized that
the simple dispersion (1) for the electronic band structure
neither considers the quasi-one-dimensional CuO chains
in YBayCu3zO7_, nor any influence of the BiO, planes
in BizSr2CaCuz0,. The calculations of the Hall coeffi-
cient were done for fixed hopping parameters ¢t and t*
varying the doping concentration é. The latter is not re-
liably known for 1:2:3 and 2:2:1:2. For 1:2:3 (T, =~ 90K)
the hole concentration 6 has been chosen to be close to a
sheet-hole concentration of 0.20-0.25 per Cu site, which
Shafer et al.37 found experimentally by iodometric titra-
tion. In the case of the 80K 2:2:1:2 compound we have
assumed similar values. For ¢ we take such values, which
lead to a reasonable bandwidth of =~ 0.6 — 1.2 eV. Then
the next-nearest-neighbor term t* has been chosen to fit
the experimental data as well as possible. At this stage it
should be noted that the corresponding bandwidths pre-
dicted by conventional band-structure calculations are,
in general, significantly larger.® The volume of the model
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FIG. 7. Temperature dependence of the Hall coefficient

of several 2:2:1:2 films for B || ¢ direction (B = 5 T for the
upper curve, B = 3 T for the two lower curves). The inset
shows the inverse Hall coefficient R;'(T) vs temperature.
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unit cell Vb = Vb /m entering in the calculations is 89 A3
for 1:2:3 and 115 A3 for 2:2:1:2, respectively. Figure 8
displays the data of the 1:2:3 samples as well as the the-
oretical curves for a certain choice of parameters.
Firstly, we concentrate on the results found for the k-
dependent relaxation time 7; assuming that excess holes
are created close to the top of the O 2p band. The eval-
uated Hall coefficients for ¢ = 0.40 eV and t* = 0.175 eV
[the corresponding bandwidths W = 8t§ vary between
0.8 €V (6§ = 0.25) and 1.12 eV (6§ = 0.35)] are positive
and of the correct magnitude. Moreover, similarly to the
experimental data, the calculated Ry is also a strongly
decreasing function of 7', but concerning the detailed
temperature dependence there are significant differences.
The pronounced curvature of the experimental data is
only qualitatively reproduced. For the same choice of
parameters, but assuming a constant relaxation time 79,
the evaluated Ry curves (for clarity not shown here) are
essentially negative in the same temperature range. Ad-
ditionally shown in Fig. 8 (a) is the Hall coefficient for
70 and a different choice of the parameters t = 0.30 eV
and t* = 0.075 eV. Ry (T) is also of the correct magni-

0.0 1 E_ | 1 1 |
0 50 100 150 200 250 300
T (K)
FIG. 8. Comparison between theory and experimental

Hall coefficient of the 1:2:3 samples. (a) Doping creates holes
in the O 2p band. Solid lines are the predictions for the param-
eters t = 0.40 eV, t* = 0.175 eV, and 6§ = 0.25,0.3,0.35 (from
top to bottom) assuming 7. The dot-dashed lines are the
results for 7o and the parameters t = 0.30 eV, t* = 0.075 eV,
6 = 0.3 (upper curve), and § = 0.35 (lower curve). (b) Doping
creates holes in the antibonding CuO; band. Calculations for
7, and the hopping terms ¢ = 0.40 eV, t* = —0.16 eV and
different doping concentrations § = 0.2,0.25,0.3,0.35 (from
top to bottom).

tude and a slightly decreasing function of temperature;
however, note the opposite curvature of the graphs.

Next we turn to the temperature dependence of the
predicted Hall coefficient for the case that holes are doped
in the antibonding CuO: subband and the constant-l
relaxation time 7; [Fig. (8b)]. For the transfer terms
t = 0.40 eV and t* = —0.016 eV the Hall coefficient
is first a decreasing function of T' before it slightly in-
creases at higher temperatures. But in comparison to
the experiment the predicted Ry is too small in magni-
tude. The reason is, roughly speaking, due to the higher
carrier concentration (1 + §). Assuming 79 the predicted
Hall coefficient (not shown here) is an increasing function
of T and thus in strong contradiction to the experiment.
In this context it should be emphasized that Hall effect
measurements on c-axis oriented YBayCugOgy, films3®
and single crystals3® reveal a much lower value of the
normal-state Hall coefficient opposed to the 1:2:3 system.
In this compound a rapid decrease of Ry just above T
is seen, while at higher temperatures, say for T > 150K,
the Hall coefficient slightly increases. Quite remarkably,
the overall behavior of these Ry (T) curves is qualita-
tively reproduced by the ones with 6 ~ 0.30 — 0.35 in
Fig. 8 (b). In order to provide a direct comparison of the
Hall data of YBayCuyOg4, and the predictions one has
to multiply the theoretical curves for YBasCuzO~_; by
the factor 1.12 (the ratio of the corresponding volumes
of the unit cells).

Figure 9 shows the Hall coefficients of the 2:2:1:2 films
versus temperature as well as some theoretical curves.
The calculations were performed for the parameters ¢t =
0.45 eV and t* = 0.18 eV (the bandwidths W range from
0.99 to 1.26 eV) assuming the constant-! relaxation time
and that holes are doped at the top of the O2p band.
In the following we present the results only for this sit-
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FIG. 9. Comparison between theory and experimental

Hall coefficient of the 2:2:1:2 samples, assuming that holes
are doped in the O2p band. The solid curves are the re-
sults for the parameters ¢ = 0.45 eV, t* = 0.18 eV, and
6§ = 0.275,0.3,0.325,0.35 (from top to bottom) assuming 7;.
The dot-dashed line is the result for t = 0.3 eV, t* = 0.075 eV,
and 6§ = 0.3 taking 7o.
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uation because doping in the antibonding CuOs band
leads to predictions for the Hall coefficient, which are
much smaller in magnitude than the experimental data.
It can be clearly seen that the calculated normal-state
Hall coefficients for the chosen parameters are in good
quantitative agreement with experiment. This concerns
the sign and the magnitude of Ry as well as its detailed
temperature dependence. The fine tuning of Ry (T) de-
pends sensitively on the choice of the next-nearest hop-
ping term t* for fixed t. In order to achieve a good fit
to the 2:2:1:2 data the particular choice of the renormal-
ization factor in the energy dispersion (1) is not crucial.
Taking the usual tight-binding model with fized transfer
terms, which of course are smaller than the above ones
(say t = 0.1 — 0.125 eV, t* = 0.04 eV) to retain the
bandwidths of W = 0.8 — 1.0 eV, also provides a rather
good agreement. It should be mentioned that the as-
sumption of 79 and the choice of the parameters t = 0.3
eV, t* = 0.075 eV, and § = 0.3 leads to a fairly good de-
scription of the Hall data. If one takes the fitted doping
concentrations 6 seriously—some objections will be dis-
cussed below—our study indicates that the experimen-
tally determined values for n}; (Table I) are larger.

In the present study all calculations have been per-
formed for the exact two-dimensional system. A more
realistic model should also take into account a small in-
terlayer coupling between adjacent CuQ; planes (see also
the discussion of the role of the interplane coupling on the
DOS in a preceding chapter). This can be done, e.g., by
introducing a transfer term t,(t, << t), which results
in an energy dispersion along z direction.® It is com-
monly believed that a small interlayer coupling does not
significantly influence the transport properties along the
CuO, planes. Concerning our results on the Hall com-
ponent Rfyz(é, T), which have provided a qualitatively
good fit to the experimental Hall data, we also believe
that they would not be significantly altered. The rea-
son is, as has already been mentioned, that the origin
of the pronounced temperature dependence of Ry in our
simple one-band model is due to the narrow bandwidths.
Therefore also in the modified band-structures, which,
in comparison to the original tight-binding bands, have
slightly broader bandwidths, such areas of constant en-
ergies in the Brillouin zone with different curvatures still
contribute to the Hall coefficient leading to a pronounced
temperature dependence of it. In this context it is worth
noting that calculations?!42 for the other Hall compo-
nents Rﬁz and Rﬁ;y of the 1:2:3 compound predict a
negative sign.

C. Fermi surfaces

If we restrict the discussion only to the strong tem-
perature dependence of the Hall coefficient in the nor-
mal state of the 1:2:3 and 2:2:1:2 samples, it seems at
first glance that the simple renormalized tight-binding
model, assuming that holes are created close to the top
of the effective oxygen band and the constant-{ relax-
ation time, provides a rather good description. How-
ever, any model for the Hall effect in HTSC has to be
consistent also with the observed Fermi surfaces (FS)
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in the normal state. The existence and particularly the
shape of the FS in HTSC [e.g., for YBay;Cu3QOg.9 (Ref. 5)
and BizSryCaCuz Oy (Refs. 6 and 7)] has been clearly es-
tablished by angle resolved photoemission spectroscopy.
These experimental results indicate large FS satisfying
Luttinger’s theorem,*3 i.e., the Fermi surface volume con-
tains 1+ 6 holes. Concerning this feature, there is a strik-
ing similarity between experimental data and the predic-
tions of conventional band theory. The corresponding
shapes of the Fermi surfaces of our model are shown in
Figs. 10(a) and 10(b) for different parameters. Taking
the same parameter set, which has provided a qualita-
tively good fit to the Hall data of the 1:2:3 films, the pre-
dicted small Fermi surfaces are in strong contradiction to
the photoemission data. This is also true for the choice of
parameters, which lead to a good fit to the Hall coefficient
of the 2:2:1:2 compound. In the other case, assuming
that additional holes accumulate in the CuO, subband,
the overall shape of the Fermi surface seems to be in
good agreement with photoemission experiments. How-
ever, as has been already pointed out, this picture would
be incompatible with the Hall coefficient. A compre-
hensive discussion of this striking problem can be found
in Ref. 44. It has been mentioned that doping in the
antibonding CuO2 band, assuming the constant-/ relax-
ation time, may describe the observed Hall effect in the
YBayCuyOgy, compound quite well. Furthermore, the
corresponding large Fermi surface is also consistent with
recent results of band-structure calculations.*® Therefore,

M
6=0.25
6=0.35
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FIG. 10. Fermi surfaces for different hole doping con-

centrations 8. (a) Doping creates holes in the O2p band.
The parameters are t = 0.40 eV, t* = 0.175 eV, and § =
0.25,0.3,0.35 (from outer to inner curve). (b) Doping creates
holes in the CuO2 band. The Fermi surfaces are plotted for
t=0.40eV, t* = —0.16 eV, and § = 0.25,0.3,0.35.
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it would be very interesting to perform experiments (e.g.,
ARPES) on this system in order to reveal its electronic
structure.

Concerning the unusual doping and temperature de-
pendence of the Hall coefficient in the normal state
of the p-doped HTSC several approaches have been
suggested.?® On the basis of conventional band-structure
calculations,341:42 a simple tight-binding model,*° which
also considers the interplane coupling, and strongly corre-
lated models*1447752 some normal-state transport prop-
erties, including the Hall coefficient, have been investi-
gated. It is worth noting that in some of the strongly
correlated models,3%%! which consider the coupling of
fermions to spinless bosons via a gauge field, a com-
pletely different origin (compared to our approach) of
the unusual temperature dependence of the normal-state
Hall coefficient has been suggested. This is also the case
for the non-Fermi-liquid-based approach of Anderson.52
Here, in the two-dimensional Luttinger-liquid theory two
quite different relaxation times, namely, a transport scat-
tering rate 7, and a transverse (“Hall”) relaxation rate
7, , have been introduced in order to correlate the anoma-
lous in-plane resistivity and Hall coefficient. The predic-
tions of this model for the Hall angle are in good agree-
ment with data on both pure and doped single crystals
(see, e.g., Ref. 53).

But so far, no satisfactory explanation of the doping as
well as the temperature dependence of Ry in the normal
state of the HTSC, which is, furthermore, also consis-
tent with the large Luttinger Fermi surface, has been
achieved.

D. Normal-state properties

For the sake of completeness we have calculated some
other normal-state properties within our simple model
taking those parameters, which have provided a rather
good fit to the Hall data. We focus here only upon the
density of states at the Fermi energy Er, the Fermi ve-
locity, the Drude plasma energy, and the effective mass
defined by

6001
vr = ((v3) + ()2 = (2(2)) 2, (10)

Ame?h?

0

(thm)2 = (thyy)2 = N(EF)@%% (11)

mot =my, =h *(0°E/0k2). (12)
Here (A) (A = v2,0?E/0k2) denotes the Fermi surface
average:

(A)N(Br) = = 3~ AGS(e(k) - Er). (13)
k

The obtained results are listed in Table II. It should
be noted that typical values for the Drude plasma en-
ergy and the Fermi velocity are significantly smaller than
those predicted by band-structure calculations, which is
essentially due to the narrow bands. The effective mass of
the carriers is in good agreement with such values found,
e.g., in ARPES measurements.”

V. SUMMARY AND CONCLUSIONS

We have performed Hall effect measurements on sev-
eral epitaxial YBayCu3zO7_, and BiySroCaCuz0, films.
The Hall coefficient in the normal state is holelike and
exhibits a strong temperature dependence. In con-
trast to BiaSroCaCu,0O, the variation of Ry (T) in
YBayCuzOy_, is more pronounced. A significant devia-
tion of the Ry'(T) curves from linearity at higher tem-
peratures has been observed in YBa;CuzOy_,. Within
the framework of a simple renormalized two-dimensional
tight-binding model on a square lattice, which takes
into account also the next-nearest-neighbor hopping, the
normal-state Hall coefficient has been calculated as func-
tion of doping concentration and temperature using the
relaxation-time approximation. The calculations have
been performed for two choices of the relaxation time
7(k), i.e., a constant relaxation time 79 and the constant-
1 relaxation time 7, = (T, 8)/|v(k)|. Strong correlation
effects are accounted for by doping-dependent hopping

N(Ef) = 2 Z é(e(k) — Er), 9) terms leading to band-narrowing effects. The interpreta-
N k tion of the Hall effect was done for two quite different as-
TABLE II. Calculated band parameters for copper-oxide superconductors. The calculations
have been performed for different theoretical approaches. m. denotes the bare electron mass.
YBazCuzO7-,>  BizSr2CaCuz0,®  YBazCugOgys® Unit
N(EF) 7.59 4.59 5.65 states/(eV cell)
(both spins)
RE (10,7 =0) - 0.121 0.307 0.492 (1072 cm?®/C)
RE (n,T=0) 1.254 1.732 0.480 (1073 cm®/C)
AQpre 0.794 0.850 1.42 (eV)
(v2)1/? 3.07 4.81 6.73 (10° cm/s)
Mz /Me 4.79 4.01 3.92

2t = 0.40 eV, t* = 0.175 €V, and § = 0.3; doping in the O 2p band.
bt = 0.45 eV, t* = 0.18 eV, and § = 0.325; doping in the O 2p band.
°t = 0.40 eV, t* = —0.16 eV, and § = 0.3; doping in the antibonding CuO; band.
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sumptions about the hole doping. One approach assumes
that additionally doped holes are created in an effective
oxygen band, while in the second they are doped into an
antibonding CuO5 subband. It has been shown that the
next-nearest-neighbor hopping t* as well as the choice
of the relaxation time, strongly influence the predicted
Hall coefficient. Depending on t/t* the critical doping
concentration 8., where the sign change of the Hall coef-
ficient occurs, can be varied in a wide range. Concerning
the predicted strong temperature dependence of Ry in
our one-band model it should be stressed that it is only
due to the Fermi distribution function. The origin is
essentially attributed to the narrow bands of the order
of 0.5-1.0eV. In the case that doped holes are created
in the effective oxygen band the theoretical results are
in good quantitative agreement with the observed Hall
coefficient of the BipSroCaCu0, samples for a reason-
able choice of parameters. Assuming the constant-l re-
laxation time and that holes accumulate in the oxygen
band also the strong temperature dependence of Ry of
the YBap;Cu3zOr_, films can be qualitatively reproduced.
The estimated carrier concentration of both systems is
(2.8—3.9)x102! cm~3 for 1:2:3 and (2.1—3.0)x 102! cm—3
for 2:2:1:2, respectively. However, the predictions for the
shape of the Fermi surfaces are not compatible with the
large Luttinger Fermi surfaces observed by photoemission
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experiments. These experimental Fermi surfaces seem to
be compatible with the case that doping creates holes
in the less than half-filled CuO, band, but as has been
shown in our investigation there is no agreement with
experimental Hall data. Here the theoretical Hall coeffi-
cient is much smaller than the experimental ones. This
contradiction is a serious problem for our model. Quite
remarkably, the predictions in the latter case seem to be
consistent with the unusually small Hall coefficient ob-
served in the YBapyCuyOg4,; compound. Moreover, the
corresponding large Fermi surfaces are comparable to the
predicted ones by band-structure calculations.

Finally, we have also calculated some band parameters
for those transfer terms and doping concentrations, which
have provided a good fit to the Hall data. Typical values
are (3 — 7) x 10%cm/s for the Fermi velocity, 0.8 — 1.4
eV for the Drude plasma energy, and 4 — 5m, for the
effective carrier mass.
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