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Single-band model for the temperature-dependent Hall coefficient of high-T, superconductors
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We have studied the resistivity p and the Hall constant Ry on a series of compounds derived from
Bi,Sr,Ca,Cu,0; by oxygen treatment, Y, Ni, and Zn doping. We observe approximately quadratic tem-
perature dependence for the Hall angle as long as the resistivity is linear. We interpret the results in

terms of a one-band Fermi-liquid model.

The Hall coefficient Ry, of the high-temperature super-
conductors is strongly temperature dependent. A univer-
sal, approximately T~ ! behavior has been seen for
YBa,Cu;0,,! Bi,Sr,CaCu,04,> and La,_, Sr,CuO,.}
Compounds with similar structure but no superconduc-
tivity [like the metallic Bi,Sr,CuOg,* or the semiconduct-
ing yttrium-doped material Bi,Sr,Ca;_,Y, Cu,O; (Ref.
5)] have a roughly temperature-independent R;. There-
fore it has been hypothesized that the characteristic tem-
perature dependence of the Hall coefficient, together with
the approximately linear resistivity p(T) curve is
somehow related to the superconductivity in these ma-
terials.

In the Fermi-liquid picture the combination of aniso-
tropic scattering and interesting Fermi-surface topology
permits a temperature dependent Ry, and this is often
seen in systems as simple as aluminum. However, a
universal behavior, as observed in the high-T, materials,
is hard to explain in conventional transport theory. The
most common approaches are based on a two band mod-
el, where a near perfect cancellation of the first-order
contributions from the “electronic” and “hole” bands is
required. It is unlikely that this cancellation could occur
systematically over such a wide range of materials or be
independent of pressure.” Anderson® argued that this be-
havior cannot be understood in the framework of conven-

tional Fermi-liquid theory, and he interpreted the experi-
ments in terms of spinon-spinon scattering.

Ong and co-workers”® established that the Hall angle,
tan®y =Ry =Ry H /p exhibits T ~? dependence and that
the Hall conductivity o, =Ry H /p* exhibits T3 (Ref.
10) behavior, even in samples with higher impurity con-
centrations and reduced carrier densities, for which Ry
and p do not have simple T dependencies. Carrington
et al. have shown that superconducting cobalt-doped
YBa,Cu;0; crystals, with unusual curvature in p and Ry,
still give a good T2 dependence of the Hall angle.!! In
this work we report further results on four sets of sam-
ples, obtained by modifying Bi,Sr,Ca;Cu,O; in different
ways: (1) heat treatment in reduced oxygen pressure, (2)
yttrium, (3) nickel, and (4) zinc doping. Each series of
samples provides unique insight into the mechanism of
conduction in Bi,Sr,Ca;Cu,O5. Removal of oxygen, as
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well as Y doping, changes the carrier density and in-
creases impurity scattering. Ni and Zn are expected to
replace Cu, introducing scattering centers in the conduct-
ing CuO plane. Susceptibility measurements by Maeda
et al.'? show that, in contrast to Zn, Ni is magnetic in
these compounds. For each set of samples we measured
the resistivity and the Hall coefficient for temperatures
from 300 K down to T, (or 4.2 K) for nonsuperconduct-
ing samples). We provide a simple interpretation for the
results in terms of a single-band, conventional Fermi-
liquid picture.

Single-crystals were grown from a copper-oxide—rich
melt as described in detail elsewhere.!> The oxygen
deficiency of the samples is characterized by the oxygen
pressure during the heat treatment; the procedure is de-
scribed in Ref. 14. For the yttrium- and nickel-doped
samples, we report the composition as measured on the
crystals by electron probe analysis. For zinc doping mi-
croprobe measurements were not performed; the nominal
composition was 10% zinc relative to copper.

The crystals were cut into rectangular shape of typical
dimensions 1 mmX1 mm XS5 pum with the shortest di-
mension lying along the ¢ axis. The size of each sample
was measured using the calibrated eyepiece of a high-
power optical microscope. The thickness measurement is
the least accurate (~10%). This may influence the abso-
lute values of resistivity and Hall coefficient, but cancels
in the Hall angle. Six electrical contacts were fired onto
the samples; two “line” contacts running along opposite
edges and four “point” contacts, two on each remaining
edge. Resistances were ~ 1Q for both kinds of contacts.
With this configuration, simultaneous four-probe mea-
surements could be taken of the Hall voltage and resis-
tance. The Hall measurements were made in a 7-T mag-
netic field with current densities of ~10> A/cm?. To
reduce systematic errors the current polarity was re-
versed and the sample was rotated by 180° with respect to
the magnetic field. For temperatures above 100 K, the
Hall voltage was linear with both field and current up to
the highest values used—8 T and 1X 10° A/cm?.

In Figs. 1 and 2 we show the resistivity and Hall
coefficient for representative samples of each set. Note
that oxygen deficiency and yttrium doping lead to a pro-
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nounced increase of the Hall coefficient and to an upturn
of the low-temperature resistivity. Qualitatively, this can
be understood as a consequence of the reduced carrier
density and electron localization at low temperatures.
The Ni and Zn doping do not change the Hall effect
dramatically, but the resistivity is shifted to higher
values, indicating extra impurity scattering. Attempts to
increase Ni and Zn content further resulted in multiphase
samples of drastically different chemical compositions.

In Fig. 3 the cotangent of the Hall angle, calculated
from the resistivity and Hall coefficient, is plotted. Note
that increased resistivity and increased Hall coefficient
lead to rather similar Hall angles.

As a starting point for the interpretation, we use Ong’s
results on the transport properties of the two-dimensional
electron gas.!* The electron transport is treated in the
Boltzmann equation, and the scattering is represented by
a scattering time 7,, depending on the electron wave
number k. The conductivity o0 =1/p is expressed as

o=e?/(2mh) [ds1, (n

where h/e?=26 kQ, the integration is over the Fermi

surface (Fermi “line” in two dimensions), and
4 -
Bi,Sr,Ca;_xYxCu,0g 25
3t X=0.47 ?g
2 -

X=0.38 410

1 7(0%5
—

Reduced Oxygen

{6
14
42

SHEET RESISTANCE (kQ)

PURE ]
00 100 200 300
TEMPERATURE (K)

FIG. 1. Resistivity as a function of temperature for four sets
of Bi,Sr,Ca,;Cu,0; single crystals with different dopants. The
right axis of each panel rescales the resistivity into sheet resis-
tance as defined by pgpeet =Pmeasurea/d Where d =15 A is the dis-
tance between CuO planes. Panel (a) shows samples where yt-
trium has partially replaced calcium by the amount x. For
panel (b), samples were annealed in various partial pressures of
oxygen; the numbers belonging to the various symbols indicate
oxygen pressure in mm of Hg. Panel (c) shows the data for crys-
tals in which nickel has replaced copper by the amount x. Panel
(d) displays data for samples in which zinc has partially replaced
copper. The two Zn-doped samples, denoted by 4 and B, had
the same nominal 10% Zn composition.
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FIG. 2. Hall coefficient Ry, as a function of temperature, for
the samples identical to those in Fig. 1. The apparent reversal
of the magnitude of Hall coefficients of the x =0.03 and 0.05
samples is probably due to the inaccuracy of thickness measure-
ment.
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FIG. 3. The cotangent of the Hall angle, defined as p/RyH,
is plotted as a function of temperature squared for the four
doped series. The data are generated from Figs. 1 and 2 using
the magnetic field of 7 T. The lines are drawn as guides to the
eye and suggest linearity in T2 for the cot®y. Note that all data
are plotted on the same scale.
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I =|vgp(k)r| is the mean free path. The Hall conduc-
tance is
og=(el/nHA/®,, )

where ®,=h/2e =2.07X10"7 Gauss cm® is the flux
quantum, H is the magnetic field, and A4 is an area
scanned by the v(k)7, vectors as k varies along the Fer-
mi surface.

In Fig. 4 we illustrate the construction of area A4 for a
nearly half-filled tight binding band and isotropic relaxa-
tion rate 7. For the “straight” segments of the Fermi sur-
face vp=v, is relatively large, and its x and y com-
ponents are approximately equal; the corresponding
mean free path is /,. For the “corners” the Fermi veloci-
ty is small, and the direction scans over a wider range of
angles. The shortest mean free path is [, =v,7. The cor-
responding points in the vp7 plot make a four pointed
star; the area of this star is approximately 4V'21,1,. The
closer the band is to being half filled, the longer the
points of the star will be.

The key to the interpretation of the experimental re-
sults is that the conductivity, Eq. (1), and the Hall con-
ductivity, Eq. (2), have fundamentally different dependen-
cies on the parameters /, and /,. The conductivity is de-
rived as a weighted average of large and small / values; it
is dominated by the large ones:

o=~(e2/h)2V2/mkgv T ~1; . 3)

Here kp=~m/a, where a is the lattice spacing. The
relevant integration length is estimated to be 42k g On
the other hand, the Hall conductivity depends on the
product of the large and small numbers

o =~(e2/h)(H /®y)4V 20 0,11y~ 11, . 4)

In our approximate treatment the Hall angle depends on
the short / alone,

tan®@y =0y /0 =2w/kp(H /Pyv,7~1, . (5)

We represent the temperature dependence of the relax-
ation rate by 1/7,= AT?+ BT +C. One may either view
this expression as a Taylor expansion, or attribute specific
processes to the various terms, as we will later attempt to
do. For isotropic 7, the Hall coefficient is independent of
temperature.!> To obtain the required temperature
dependence we postulate that the coefficients 4, B, and
C, depend on k, and in such a way that for high Fermi
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FIG. 4. Schematic representation of the Fermi surface and
the [ (mean free path) curve for a nearly half-filled band.
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velocities the BT then dominates while for low Fermi ve-
locities the AT? term dominates. Therefore
l,=v,7,=v,/BT and l,=v,7,=v,/AT* As long as
1, >>1, the conclusions of the previous paragraph prevail,
but /; and I/, will have different temperature dependen-
cies. Consequently, from Egs. (3)-(5) we obtain o ~1/T,
tan®@y~1/ T2, and o a~1/ T3. The Hall coefficient will
show Ry ~1/T.

The various terms in the temperature dependence of
the relaxation rates can be tentatively identified as fol-
lows. The constant term is due to impurities, and it is ex-
pected to be isotropic. The quadratic temperature depen-
dence most likely arises from electron-electron scattering;
in our case this term may be important for the parts of
the Fermi surface with low Fermi velocity. The linear
term may be due to electron-phonon interactions as long
as the temperature is not much smaller than the Debye
temperature. Alternatively, or parallel to the phonon
processes, electron-electron scattering may lead to a
linear temperature dependence of 1/7 for the “nested”
(i.e., high Fermi velocity) parts of the Fermi surface, as
suggested by Virosztek and Ruvalds.!® The anisotropy in
the temperature dependence of the relaxation rate natu-
rally follows from the nested Fermi-liquid picture, since
the “corners” of the Fermi surface are not nested, and no
linear contribution is expected in the temperature range
studied here.

To make more specific numerical comparison to the
data, we rescale the experimental resistivities to the sheet
resistance (Fig. 1, right-hand scale). We will consider the
CuO double layers, separated by a distance of d =15 A,
to be quasi-two-dimensional; therefore, the sheet conduc-
tance is related to the measured conductivity by
0 =0 peasd- A typical mean free path evaluated from the
conductivity of (100 pQcm)™! is v,7;=(0 pessdah)/
(1V2e%)=14a, a reasonable number for Boltzman trans-
port. From Eq. (5), and from the measured Hall angles
(cot®y =100) we can obtain an estimate for the shorter
mean free path: v,7,=kp/mtan®@g(P,/H)=S5.4a.

For the doped samples we see a significant deviation
from the “ideal,” power-law temperature dependence of
Ry and o, while the p(T) and cot®y vs T? still make
reasonably straight lines. Impurity scattering (the con-
stant term C in the relaxation rate) offers a possible ex-
planation of this phenomenon: a temperature-
independent term in the relaxation rate leads to a shift of
the p(T) and cot®y(T) curves, while Ry and oy are
influenced in a more complicated way. If impurity
scattering dominates both 7, and 7,, the Hall coefficient is
expected to saturate at the temperature-independent
value of Ry =m%/(V2e)ky v, /v,). Saturation is clearly
observed around 100 K for the Y- and O,-doped samples.
The present interpretation is unable to deal with the low-
temperature upturn of resistivity in highly doped sam-
ples; we believe it is due to electron localization.’

In conclusion, we have presented experimental results
for the Hall coefficient and resistivity of a family of high-
T, superconductors and discussed the results in terms a
single-band Fermi-liquid model with anisotropic relaxa-
tion rates. In this model the Hall angle and the resistivity
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have simple relationships to the mean free path at
different parts of the Fermi surface. Although we used a
nearly half-filled tight binding band to illustrate our
point, the interpretation does not rely exclusively on this
band structure. The model may have observable conse-
quences on other experiments, like Raman scattering,
which are sensitive to anisotropic electron relaxation.
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