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Single-band model for the temperature-dependent Hall coeScient of high-T, superconductors
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We have studied the resistivity p and the Hall constant RH on a series of compounds derived from
Bi2Sr&Ca&Cu208 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 RH of the high-temperature super-
conductors is strongly temperature dependent. A univer-
sal, approximately T ' behavior has been seen for
YBa2Cu307, ' Bi2Sr~CaCu208, and La2 „Sr„Cu04.
Compounds with similar structure but no superconduc-
tivity [like the metallic Bi2Sr2Cu06, or the semiconduct-
ing yttrium-doped material Bi2SrzCa, „Y„Cu20s (Ref.
5)] have a roughly temperature-independent RIt. 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 RH, 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,
taneH =Rtt =RHHIp exhibits T dependence and that
the Hall conductivity oH=RHHlp exhibits T (Ref.
10) behavior, even in samples with higher impurity con-
centrations and reduced carrier densities, for which R~
and p do not have simple T dependencies. Carrington
et al. have shown that superconducting cobalt-doped
YBa2Cu307 crystals, with unusual curvature in p and RH,
still give a good T dependence of the Hall angle. " In
this work we report further results on four sets of sam-
ples, obtained by modifying Bi2Sr2Ca&Cu208 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 Bi2Sr2Ca&Cu208. Removal of oxygen, as

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%%uo zinc relative to copper.

The crystals were cut into rectangular shape of typical
dimensions 1 mmX1 mmX5 pm with the shortest di-
mension lying along the c 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 —10 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 1 X 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-

14 297 1992 The American Physical Society



14 298 KEN DZI ORA, MAND RUS IHALY AN

ient a

D FORRO

15
2Sy,C~

Poooo p
X=O 47

+-+++++++

oopp ppp

5-
X=p 3g"

+

++++++~

I

'&a
Reduced O

0.03 g g ~
magen

~ '~ ~ ~ ~ y0 ~

0 2 +x xxx ~
x+

x
X ~ ~ ~ ~ gg

x
~

x ~
~ ~ ~ ~

x ~

x ~
~ ~

76p

3- Bi2 2CP, Cu N xo2-x ~x 08

~ 2
X=005

o
a X=p 00.

E)

1-
E)Ej

'X=o.03

inc Do ed
PURE

--= ~+~ ~.B
n~++

A' ~(&ng) fd, I

ere h le 2= 26
surface

kQ& the in
(Fermi " »tegratjon

'

ine"
is over

two d'
the Fermi

4

tmeQa jpt a) and
Op 100 200

PERATURE K)

2C

30p

25

X=p 47
20

-15
X=p 38 1p

X=p p

the sam 1

efficient R»1 co

pf the m
tlcal to those

unction of tern

P es iden
'

H, asa f

magnitude pf H
o in Fig. 1 Th

Perature, fp

samples js
ment.

1s probabl d
fficients of h

p rent rever 1

y ueto the j
t e x=o

rsa

emaccuracy pf h
3 and 005

t jckn s measure

1 -(a)

~Reduced

5

Oxxggen

~0 p3 4
LLJ

V

760
2 z

I—

-6~
LLJ

4
LLJ
W

0.8
E06

0.4-
E

O. 2-(b)

oo8
w06
(/)
w p4-
Ct

0 2-(c)

80O

00&L
~2SyPCP, y C u2O

0 ~x-c 47

Bi~S qCp~Cu Ni„O

200
I

X

Reduced Ox

0.2
xggen

6QO—

0.0

08 Z

0.6-
nc Do

0,4-
4

02- (d)

100
TpMp

OQ

FI~ I R

ERATURE (K)

ofgj
tyasa r ours

efined b
ca es the resj

oPants.

tancebe tw
'"" P

stjvjty int
e

e ween Cu
"' measured/d w

p sheet r

triumh
planes. p

ere d =15 ' 1s-

s Partial}
~ anel (a) sh

A 1s the d'

panel(b)
y replaced

~ ows sam 1

1s

samples w
ca lcium b

P es where

ygen;t he n
re annealed in

y the amount

gP« ssu
pnging to th

Partial pre

a»jnwh h
.

m fHg. pre in m
e varr1ous symbo

ssures p

(d'1c nikee ha
anel (c) show

ols indicate

)display s dat
s replaced cp

o s the data fpr

thesam
p Zn-doped

zinc has ar
'

. anel

en pminal 10&
amples, de

P t1ally repla

,n cp
~ enoted by ~

aced

Position.
y and g, had

~ 400
~ 2OO
I/

600—
o 400-

300
200

I I

I

60Q — Zinc Do doped

4OQ

200

0
0

( EMPERP, TUR
2

8 10
'E ' (~0'K')

Th
is Plotted as

gent Pf the He cptan

o
s a «nctjon

all angle d

ped series. T
n of tempera

efined as /'R

magnetic field
are generated f

red for the fo

suggest line
. e lines are

and 2 us1n

are Plotted
arity in T~ f

drawn as

e on the sam
or the cpto

guides to the

arne scale
"H- Not et atall data

ounced incr
of th

ncrease of the
e low-tern

e Hall cpeffi

be un
perature r

'
c nd

nderstood
resistivity

to an uptur

densi
as a cpnse

ualitativel
urn

Th
y and elect ron lo

. . erequence pf th
y, this ca

dram
e Ni and Z

calizatip
uced ca

n dp

n at low t
rner

ramatica]ly b
P g do not h

temperature

val
ut the

c an e
es.

ues indic
'

resistiv t
' g the Hall ff

increase N
g xtra im

shifted tp h'

atin e
'y is

e ect

sam 1

and Zn cont
ty scattering. A

o higher

'ncreased resi
all coefficien

calculated

lead to rathe
'

tivity and i
' is Plotte

A
r similar H

increased H
Note

s a startin
all angles.

all coefficje

result
'"g Point for t

n the tr
e inter

cient

electr
transport

rpretation

B
' eon gas. 15 T

properties f
we use 0

oltzmann
electron t

o the
ngs

d»e

n equatipn,
ransport

'
ensiona]

scattering
t', and the scatt

'
is treated in th

umber k. Th
1

dependin
reP~esented

e cpnductiv'
g on the ele

by

j»ty o =Ig
ectroz waze

P exPressed as

46



46 SINGLE-BAND MODEL FOR THE TEMPERATURE-DEPENDENT. . . 14 299

o =(e /h)(2W2/m)kzu&r&-it . (3)

Here k~=ml awhere a is the lattice spacing. The
relevant integration length is estimated to be 4~2k+. On
the other hand, the Hall conductivity depends on the
product of the large and small numbers

o H =(e /h)(H/4z)4/2 &vur&2r 21&lz . (4)

In our approximate treatment the Hall angle depends on
the short 1 alone,

tan8H =crH Icr =2m Ikz(HI@0)v2r —12 . (5)

We represent the temperature dependence of the relax-
ation rate by 1/v&= 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 ~& the Hall coefficient is independent of
temperature. ' To obtain the required temperature
dependence we postulate that the coefficients A, B, and
C, depend on k, and in such a way that for high Fermi

L'

FIG. 4. Schematic representation of the Fermi surface and
the I (mean free path) curve for a nearly half-filled band.

1 =~vz(k)r&~ is the mean free path. The Hall conduc-

tance is
oH=(e Ih)HA /40, (2)

where 40=h/2e =2.07X10 Gauss cm is the ffux

quantum, H is the magnetic field, and A is an area
scanned by the vz(k)r& vectors as k varies along the Fer-
mi surface.

In Fig. 4 we illustrate the construction of area A for a
nearly half-filled tight binding band and isotropic relaxa-
tion rate ~. For the "straight" segments of the Fermi sur-
face vF=v, is relatively large, and its x and y com-
ponents are approximately equal; the corresponding
mean free path is 1&. 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 12 =u2r. The cor-
responding points in the vF~ plot make a four pointed
star; the area of this star is approximately 4&2/, 12. 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 can-
ductivity, Eq. (2), have fundamentally different dependen-
cies on the parameters 1, and 12. The conductivity is de-

rived as a weighted average of large and small 1 values; it
is dominated by the large ones:

velocities the BT then dominates while for low Fermi ve-

locities the A T term dominates. Therefore
1) =v)'r) —v) /BT and 12 =vz'r2=v2/AT . As long as

I, ))I2 the conclusions of the previous paragraph prevail,
but I& and lz will have different temperature dependen-
cies. Consequently, from Eqs. (3}-(5)we obtain o -1/T,
tan8H —1/T, and oH -IIT . The Hall coefficient will

show RH —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 I/~ 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
o =o „,d. A typical mean free path evaluated from the
conductivity of (100 IMQcm} ' is u&r&=(om, »dah)l
(lee~)=14a, a reasonable number for Boltzman trans-
port. From Eq. (5), and from the measured Hall angles
(cot8H =100) we can obtain an estimate for the shorter
mean free path: v2rz=kzle tanSH(40/H) =5.4a.

For the doped samples we see a significant deviation
from the "ideal, " power-law temperature dependence of
RH and oH, while the p(T) and cot8H 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 cotSIt(T) curves, while RH and crH are
influenced in a more complicated way. If impurity
scattering dominates both 'p, and r2, the Hall coefficient is
expected to saturate at the temperature-independent
value of RH =n. /(&2e)kz (v2/v, ). Saturation is clearly
observed around 100 K for the Y- and 02-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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