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Normal-state Ettingshausen, Seebeck, and Hall effects in La22xSrxCuO4
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The room temperature values of the Ettingshausen (PE), Hall (RH), and Seebeck~S! coefficients as well as
of the electrical conductivity (s) have been measured for a La22xSrxCuO4 high-Tc superconductor (x
50.03–0.35). It was found that in the whole composition rangePE is of the order of 1027 m3K/J, which is
characteristic of typical metals. The Ettingshausen coefficient is positive forx&0.07 and negative for higher Sr
content. Both the Hall coefficient and thermopower decrease logarithmically, with increasingx, down to x
'0.3, thenRH changes sign butS remains positive, exhibiting a minimum. A short review of the interpreta-
tions of the Ettingshausen effect is presented. The behavior of the measured transport coefficients have been
described by a simple tight-binding-like model with a smooth variation of the Fermi surface curvature from
positive to negative, which explains the sign change inRH and the minimum inS. The sign inversion of the
Ettingshausen coefficient was interpreted as a result of a competition between two processes generating this
effect, called ‘‘scattering’’ and ‘‘curvature’’ mechanisms.@S0163-1829~99!00445-2#
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I. INTRODUCTION

The problem of normal-state transport phenomena
high-Tc ~HTC! superconductors remains a central challen
since their discovery. That is because the characteristic
pendences on temperature and composition of many tr
port properties may be regarded as a hallmark of the HTC
on par with their superconducting properties. For example
many of the HTC families the thermopower changes sign
optimal carrier concentration.1 The linearity of resistivity for
the optimally doped samples in a wide temperature regio
also one of their most well-known features.2 The Hall coef-
ficient for optimally doped samples varies as 1/T, which re-
sults in the 1/T2 dependence of the Hall mobilitymH . Then
it appeared that the 1/T2 dependence ofmH is more univer-
sal. It applies not only to the optimally doped, but also to
underdoped and overdoped materials.3

In this work we present the measurements of the Ettin
hausen coefficient, one of the less known transport coe
cients. Our aim was to complement the present knowledg
the normal state properties of HTC materials, and, hopefu
to search for some new universalities. The Ettingshausen
fect is a thermal analog of the Hall effect@the definition and
sign convention are shown in Fig. 1~a!#. The difference with
respect to the Hall effect lies in the fact that it is the te
perature difference that is measured in the direction perp
dicular to both the current and field directions, instead of
voltage difference. Measurements of the Ettingshausen e
were supplemented by measurements of the Hall effect
thermoelectric power.

In the present work we have chosen the La22xSrxCuO4
~LSCO! solid solution (x50.03–0.35), which exhibits the
full range of behavior versus chemical composition that
characteristic of the layered copper-oxide superconduct
The carrier concentration may be controlled by the Sr c
centrationx. One could therefore investigate the doping d
pendence from the semiconducting region (x&0.05),
through the underdoped (0.05&x&0.17) and overdoped
(0.17&x&0.30) regions with superconductivity, up to th
PRB 600163-1829/99/60~21!/14872~11!/$15.00
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heavily doped metallic region with no superconductivityx
*0.30).4 Moreover, LSCO has a simple crystal structu
with single CuO2 layers. It has no Cu-O chains as
YBa2Cu3O72d nor complicated modulation of the separatin
and spacing layers as in Bi- and Tl-based materials. T
LSCO is also attractive for our purpose due to a change
the sign of the Hall effect, which some authors observed
the Sr concentrationx'0.30.5,6 For all samples we have
measured the room-temperature values of the Ettingsha
and Hall effects as well as of the thermoelectric power. T
samples were also characterized by the x-ray and elect
resistivity measurements.

II. MODELS OF THE ETTINGSHAUSEN EFFECT

A. Definitions and thermodynamic relations
between transversal magnetothermal coefficients

The Hall and Ettingshausen effects are two of the fo
transversal magnetothermal effects:

¹F'5RH jW3BW , the Hall effect, ~1!

¹T'5PE jW3BW , the Ettingshausen effect, ~2!

¹F'5QN ¹T3BW , the Nernst effect, ~3!

¹T'5SRL ¹T3BW , the Righi-Leduc effect, ~4!

where RH , PE , QN , SRL are the respective coefficients
¹F' and¹T' are the transversal gradients of electrical p
tential and temperature, respectively, caused by the pres
of magnetic field (BW ) perpendicular to the electrical curren
( jW) or heat flux (qW ;¹T). All these coefficients are intercon
nected by three fundamental relations that were conside
by Bridgman7 in terms of thermodynamics of reversible pr
cesses:
14 872 ©1999 The American Physical Society
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PE5
TmT

kr
RH , ~5!

QN5
mT

r
RH , ~6!

SRL5
1

r
RH , ~7!

FIG. 1. ~a! The sign convention for a positive Ettingshaus
effect; ~b! the mechanism of the Ettingshausen effect in semic
ductors; ~c! the Ettingshausen effect in metals in the nearly fr
electrons picture—the ‘‘scattering’’ mechanism~black arrows de-
note drift direction!; ~d! the Ettingshausen effect in metals in th
case of the zero curvature of the Fermi surface—the ‘‘curvatu
mechanism~black arrows denote movement directions!. The left
panel shows different types of the Fermi surfaces enclosed by
distribution of the electrons energies (PE , the Ettingshausen coef
ficient; B, the magnetic field;E, the electric field;J, the electrical
current;¹T, the temperature gradient;e, the energy!.
wherek is the total thermal conductivity andmT is the Th-
omson coefficient. The above relations are presented in
form expressing all the coefficients in terms of the Hall c
efficient. As indicated in~Ref. 8!, the coefficients from pairs
(RH , SRL) and (PE , QN) should be necessarily of the sam
sign, whereas the sign relation between pairs is not stri
determined and depends on the sign of the Thomson co
cient. In case the thermal conductivity is dominated by
electronic contribution (k'ke) and supposing the validity o
the Wiedemann-Franz law, the first of the above relatio
may be simplified to

PE5
mT

L0
RH , ~8!

whereL0 is the Lorentz number.

B. Semiconductors

The Ettingshausen effect has a simple, intuitive expla
tion within the relaxation-time approximation for both sem
conductors and metals, however two different physi
mechanisms are dominating in these materials. As con
ered by Paranjape and Levinger,9 in case of semiconductor
the Ettingshausen effect may be especially large in mate
in which two type of charge carriers with opposite signs a
present, e.g., in intrinsic semiconductors@see Fig. 1~b!#.
Forced by the electric fieldEx electrons and holes move i
opposite directions, but in the presence of magnetic fieldBz
perpendicular to current direction they will turn toward th
same side of the sample. Hence, on this side the densit
the hole-electron pairs will increase above the thermal eq
librium value, whereas on the opposite side of the sam
this density will be decreased. Thus, on the side with
evated pairs density the processes of pairs recombina
will prevail over the creation processes. Therefore, the
ergy released in recombination acts will make this side h
ter. Analogically, the opposite side will be made colder d
to domination of creation processes, thus resulting in
lateral temperature gradient¹yT.

The approximate formula for the Ettingshausen effect
semiconductors obtained within the above picture is
following:9

PE5
Eg

ke

nemenhmh

~neme1nhmh!2
~me1mh!, ~9!

where gap energyEg is the difference between mean ener
of electronsEc and mean energy of holesEv ~this is the
energy released in each act of the hole-electron recomb
tion!, k is the total thermal conductivity,e is the elementary
charge, andne , me , nh , andmh denote carrier densities an
mobilities of the electrons and holes, respectively. It sho
be underlined that here that the carrier densities do not
clude the carrier signs and by the assumed conventioe
.0. Thus, the Ettingshausen coefficient for semiconduc
is always positive, irrespective of whether the dominant c
riers are electrons or holes. The Hall coefficient within t
same two-band model is given by

RH5
~neme

22nhmh
2!

~neme1nhmh!s
, ~10!
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wheres denotes the total electrical conductivity. Compari
the formulas forPE and RH a next conclusion may be for
mulated, that the Ettingshausen coefficient for semicond
tors is the highest when the Hall coefficient is close to ze
i.e., when the contributions to the electrical conductivity
electrons and holes are comparable. As seen from the
mula ~9!, the value of the Ettingshausen effect for semico
ductors is governed by gap widthEg and by the therma
conductivity ~for semiconductorsk is usually dominated by
the phonon contribution!. Typical measured values of th
Ettingshausen coefficients for semiconductors are posit
indeed, and of the order 1022–1024 m3K/J @Ge ~Ref. 10!;
Si ~Ref. 11!; PbSe, PbTe~Ref. 12!#.

C. Metals—nearly-free electrons model

As shown by Fieber, Nedoluha, and Koch~FNK!,8 the
Ettingshausen effect in metals has a quite different origin
its magnitude is governed by different material paramet
Physically, in the nearly-free electron~NFE! picture the
transversal temperature gradient within a metal sampl
caused by the dependence of the mean time between c
sionst of the charge carriers on their energy9 @an example
for nearly-free holes is shown in Fig. 1~c!#. Thet determines
the mean drift velocityy of the carrier with the particula
energye:

yW~e!5EW m~e!5EW et~e!/m, ~11!

where e and m are the electron charge and mass, resp
tively. In the magnetic field each moving carrier is subjec
to the Lorenz force where the value is also dependent on
carrier velocity,

FW ~e!5eyW~e!3BW . ~12!

In the steady state there is no electrical current in they di-
rection since the Hall voltageEy is developing compensatin
the Lorenz force. However, the compensation is exact o
for some intermediate energyē ( ē'EF), or for some inter-
mediate drift velocityyx( ē),

eyx~ ē !Bz52eEy . ~13!

The carriers with energye. ē will tend to turn to one side of
the sample~hot side!, whereas the carriers withe, ē will
turn to the other side of the sample~cold side!, thus resulting
in a transversal temperature gradient¹Ty . Though in gen-
eral, t(e) and thus the drift velocityy(e) may be either
increasing or decreasing the function of energy, so the ca
ers with, e.g.,e. ē may be deflected to any side, dependi
on the slope of thet(e) dependence.

This pictorial model of the Ettingshausen effect in met
was described by a formula derived in Ref. 8 for a parabo
band,

PE5
T

nH
S ] ln@t~e!#

]e D
e5z

5eRHTS ] ln@t~e!#

]e D
e5z

,

~14!

wherez is the chemical potential andnH is the carrier den-
sity determined by the Hall effect. We would like to emph
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size that nownH includes the charge sign. As seen, the s
of the Ettingshausen effect for metals is a product of
signs of the Hall coefficient and of the]t(e)/]e derivative at
the Fermi surface. Since for the parabolic bandmT
;T(] ln t)/]e,8 we again obtain the relation betweenPE and
RH in the form derived by Bridgman~see Eqs. 5 and 8!.

In analogy to the considerations for the thermopow
from Ref. 13 two simple cases may be regarded. At l
temperatures (T!QD , whereQD is the Debye temperature!
we could deal with nearly-free electrons scattered from n
magnetic impurities. Provided that mean-free pathl is energy
independent, one could obtain thatt(e);e21/2 ~Ref. 14! and
thus dt/de,0. This could be intuitively explained in the
following way: the high-energy carriers are stronger sc
tered and, for this reason, they have lower drift veloci
Therefore, in that case the Ettingshausen effect will have
opposite sign to the Hall effect. As shown in Refs. 8 and
in this approximation the formula~14! for the Ettingshausen
effect in metals may be simplified to the form

PE52
T

2nHEF
52

eTRH

2EF
, ~15!

whereEF is the Fermi energy andnH is positive for holes.
The second case refers to high temperature (T.QD). As-

suming elastic electron-phonon scattering one obtainst(e)
;e3/2 and dt/de.0. The Ettingshausen coefficient may
that case be expressed as

PE5
3T

2nHEF
5

3eTRH

2EF
. ~16!

As seen, if the parabolic band can be assumed then at s
ciently high temperature the Ettingshausen and Hall coe
cient would have identical signs.

Typical values of the Ettingshausen coefficients for m
als are much lower then for the semiconductors and are
the order 1027–1028 m3K/J. A negative Ettingshausen co
efficient was observed for Ag, Cd, Cu, Fe, Zn, and A
whereas it was positive for Al, Co, and Ni. The Etting
shausen effect and the Hall effect have opposite signs for
Cd, Fe, Ni, and Zn, whereas the same signs for Ag, Co,
and Au.7,16 The Ettingshausen coefficient is much higher f
semimetals@;1024 m3K/J for Sb and;1023 m3K/J for
Bi ~Ref. 7!# and for rare earths@;1023 m3K/J for Y, Gd,
Tb, and Dy~Ref. 17!#.

D. Metals—general model

If the parabolic band cannot be assumed then the form
for the Ettingshausen effect in metals should be used in
more general form derived in8

PE52
T

ne f ft
@t f k#e5z8 , ~17!

where ne f f is the effective density of free electrons (ne f f
includes the electron charge sign, i.e.,ne f f,0). The function
f k ~by FNK called as ‘‘Freiheitszahl’’—the freedom numbe!
is defined by a modified acceleration equation,18
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dyWg

dt
5

FW

me
f k , ~18!

whereyWg51/\¹kE is the group velocity of electron,FW is the
force, andme is the free-electron mass. In general,f k is a
tensor,

f i j 5meS 1

me f f
D

i j

5
me

\2

]2E

]ki]kj
,

whereme f f is the effective mass. After transformation to th
main axes the average value off k may be expressed by@for
a two-dimensional~2D! case applicable for HTC supercon
ductors#,

f k~kx ,ky!5
me

2\2 S ]2E

]kx
2

1
]2E

]ky
2 D . ~19!

The function f k5const.0 for case of nearly-free electron
~the bottom of the band! and f k5const,0 for nearly-free
holes~the top!. In order to use it for calculations of transpo
coefficients,f k should be averaged over the Fermi surfa
This can be done in analogy to the standard considerat
for the Hall coefficient,19 using the group velocityyg as a
weighting function:

f̂ k5

E f kygdS

E ygdS
. ~20!

The integrations go over the Fermi surface. Now, bothf̂ k and
ne f f can be expressed in terms of elements of the conduc
ity tensor;

f̂ k~e!52
me

ueut
sxy

syy
52

me

2\

E yg
2~1/r!dS

E ygdS
, ~21!

ne f f~e!52
me

e2t
sxx52

me

8p3\
E ygdS, ~22!

where 1/r denotes the Fermi surface curvature (r is the ra-
dius of the Fermi surface!. The above formula was derive
under the assumption that the relaxation timet depends only
on energy:t5t(e). The case of low-field limit (vct!1, vc
is the cyclotron frequency! is also assumed. The conductiv
ties s i j are expressed by standard formulas19 ~here adapted
for the 2D case and square symmetry!:

sxx5syy5
e2t

8p3\
E ygdS, ~23!

sxy5
e3t2

4p3\2E yg
2~1/r!dS. ~24!

We would like to underline that the assumption of the 2
case allows us to treat the Fermi surface curvature at a
.
ns

v-

r-

tain point as a single number. In the 3D case the curva
should be described by two numbers.

Physically,f̂ k is a measure of the average curvature of
Fermi surface. It is easily understandable, if the Hall coe
cient RH is expressed in terms of thef̂ k function,8

RH5
sxy

sxxsyy
5S f̂ k

ueune f f
D

e5z

, ~25!

wherene f f includes the electron sign, as in Eq.~17!. Near the
band edges, in the NFE approximation,f̂ k'const and the
formula for the Hall coefficient may be simplified to th
classical expression

RH'
1

enH
, ~26!

where

nH5 f̂ kne f f5
me

me f f
ne f f ~27!

is the so-called Hall concentration; thenH,0 for nearly-free
electrons~the bottom of the band!, nH.0 for nearly-free
holes~the top!.

The generalized formula forf̂ k allows the calculation of
the Ettingshausen coefficient besides the NFE approxi
tion. The formula~17! may be expanded to the form:

PE52
T

ne f f
F ] ln t

]e
f̂ k1

] f̂ k

]e
G

e5z

. ~28!

In the NFE case~i.e., near the band edges! f̂ k is constant, the
second term in the above formula disappears and it redu
to the formula~14!. In the middle of the bandf̂ k is energy
dependent. However, taking into account thatf̂ k.0 near the
bottom of the band andf̂ k,0 near the top, one could expe
that ] f̂ k /]e,0 @assuming that the dispersion lawE(k) is
monotonic between the bottom and top of the band#. Thus,
the new contribution to the Ettingshausen effect provided
the second term is always negative, irrespective of the lo
tion of the Fermi level within the band. It is worth emph
sizing that this contribution is independent of the scatter
mechanism.

Physically, both contributions arise from the dispersion
electrons energies around the Fermi energy~the width of this
dispersion is proportional toT). As explained in the previous
subsection, the first term is caused by the fact that electr
of different energy have differentt and, hence, different drift
velocity. In magnetic field this results in deflecting electro
of different energy to different sides of the sample@see Fig.
1~c!#. We will call this the ‘‘scattering’’ mechanism. The
second term, however, is caused by the fact that in the m
netic field electrons of different energy are moving alo
isoenergetic surfaces of different average curvature. Th
their trajectories are differently influenced by the magne
field. We will call this the ‘‘curvature’’ mechanism. This
mechanism is dominating in the case whenf̂ k'0 ~i.e., RH
'0) or, in other words, for the Fermi surface of nearly ze
average curvature@see Fig. 1~d!#. In this case the first, ‘‘scat-
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tering’’ term in formula ~28! disappears. SinceRH'0, no
transversal voltage develops between sides of the sam
(Ey'0). The electrons of some intermediate energyē ( ē
'EF), i.e., moving along the isoenergetic surface with ze
average curvature, will not be deflected by the magn
field. However, the electrons withe, ē ande. ē will move
along surfaces of electronlike and holelike curvatures,
spectively. Therefore, they will be turned in opposite dire
tions and the transversal temperature gradient will deve
Since the ‘‘hot’’ electrons (e. ē) are always moving along
holelike isoenergetic surfaces then the sign of the Etti
shausen effect will be always negative.

We also would like to stress that in the case descri
above the Bridgman relation connectingPE andRH @Eqs.~5!
and~8!# is no more valid~herePEÞ0, whereasRH50). It is
not a surprise, since the Thomson coefficient, which is
pressed by8

mT'2
p2kB

2T

3ueu
@t f k#e5z8

t f k
, ~29!

would exhibit a singularity iff̂ k'0 ~and, thus,RH'0), but
the productmTRH may have a finite value.

III. SAMPLES AND EXPERIMENT

Polycrystalline samples of La22xSrxCuO4 were produced
following the standard solid-state technique from high-pur
La2O3, SrCO3, and CuO substrates. The powders we
mixed and prefired in air at 950 °C for 24 h. After pulver
zation, the materials were mixed, pressed and sintere
1000 °C for 60 h. Then they were regrounded, pelletized a
except one sample, refired at 1050 °C for 72 h in air un
pressure of 1 bar. Only the sample of La1.65Sr0.35CuO4 was
sintered in oxygen under the pressure of 300 bar at 1000
for 48 h. All products were confirmed to be single phase
powder x-ray diffraction. The lattice constants at room te
perature were plotted against the Sr content in Fig. 2~a!, they
agree well with the previous reports.5 The observed system
atic change of the lattice parameters upon doping guaran
the well-controlled stoichiometry. The superconducting cr
cal temperatures, determined by electrical resistivity m
surements results, are presented in Fig. 2~b!. The resistivity
curves are shown in Fig. 3.

During the thermopower measurements the samples w
clamped between two copper blocks, one of which was k
at a temperature a few degrees higher then the othe
,DT,4 K). The absolute TEP was obtained relative to t
Seebeck coefficient of copper.

The Hall effect was measured by a standard method a
magnetic field of 12 T. The samples have been cut into
shape of slabs of thickness of 0.25–0.35 mm, width of 2.5
mm, and length of 9–10 mm. We have been rotating
sample by 180° and reversing the current direction m
times to exclude the influence of mismatching of the H
contacts positions and of detrimental emf’s.

The shape of the samples using the Ettingshausen-e
measurements was identical to that used for the Hall-ef
investigations. The experimental setup is shown in Fig.
Since the weak thermal gradient due to the Ettingshau
effect may be easily overridden by the Joule and Thom
le
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effects, special measures have been taken to extract it f
the background. The ends of the sample~A! were thermally
anchored to a large copper block~C! through smaller coppe
blocks~B! to carry away the Joule heat. The transversal te
perature differenceDT has been measured by a different
thermocouple. The temperature of the copper block~C! has
been measured by a carbon-glass thermometer (E). To
eliminate the influence of the thermal gradients due to
Joule and Thomson effects the odd symmetry of the Etti
shausen temperature difference with respect with the di
tion of the magnetic field and electrical current has be

FIG. 2. The lattice parameters~a! and the critical temperature
~b! for La22xSrxCuO4.

FIG. 3. The electrical resistivity for La22xSrxCuO4.
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exploited. More details regarding the measurements of
Ettingshausen effect have been presented in Ref. 20.

IV. RESULTS

The samples withx50.03 and 0.05 are nonsupercondu
ing and exhibit a sudden increase of resistivity for tempe
tures below;50 K ~see Fig. 3!. The first superconducting
sample (Tc528.6 K) with x50.10 is underdoped and re
veals semiconductorlike temperature dependence of the
sistivity. The sample withx50.15 is closest to the optima
doping—it has the highestTc536.0 K among all samples
The samples withx50.20, 0.25, and 0.30 are overdope
their values ofTc are gradually decreasing~30.2, 18.0, and
10.2, respectively! and they reveal a metal-liker(T) depen-
dences. The last overdoped sample withx50.35 is nonsu-
perconducting and it exhibit the lowest resistivity among
the samples.

Figure 5 presents the room-temperature values of the e
trical conductivity~a!, the thermopower~b!, the Hall coeffi-
cient~c!, and the Ettingshausen coefficient~d! for all samples
of La22xSrxCuO4 versusx, the Sr concentration. As seen
Fig. 5~a!, the values of the room-temperature conductiv
increase monotonically as the Sr contentx is growing. The
room-temperature values of the thermoelectric powerS @Fig.
5~b!# are logarithmically decreasing withx down to the value
of x50.20. The smallest value ofS was observed forx
50.30, whereas the sample withx50.35 is breaking the
tendency: its value ofS is higher than that for the precedin
sample withx50.30. All the measured values are positiv
thus the whole series of La22xSrxCuO4 clearly distinguishes
itself from the majority of HTC superconductors familie
whereas for the in-plane TEP a crossover from positive
negative values were observed nearby the optimal doping1,21

Similar to the thermopower, the room-temperature val
of the Hall coefficientRH @Fig. 5~c!# are positive and they
are logarithmically decreasing withx. The heaviest over-
doped sample withx50.35 is also an exception, in contra
to all other samples itsRH value is negative~this is in accor-
dance with observations of other authors5,6!. However, as
shown in the inset, in the linear scale the variation ofRH in
the vicinity of the point of the sign inversion may be r
garded as smooth and monotonic. It is obvious that th
1/RH cannot be simply used for calculation of either carr

FIG. 4. Experimental setup for the Ettingshausen-effect m
surements. See text for details.
e

-
-

re-

,

l

c-

,

o

s

re
r

concentrationn or the mobility m. Otherwise,n would di-
verge to infinity orm would approach zero for the Sr con
centration whereRH'0 (x'0.32), in clear contrast to the
observed smooth variation of electrical resistivity. Since b

-

FIG. 5. The room-temperature values of different transport
efficients for a series La22xSrxCuO4 samples (x50.03–0.35): the
electrical conductivity~a!, the thermoelectric power~b!, the Hall
coefficient ~c!, and the Ettingshausen coefficient~d!. The inset in
panelc shows, in the linear scale, the Hall coefficient in the vicin
of the Sr concentration, whereRH changes sign.
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RH and S vary logarithmically with Sr doping, their linea
mutual dependence may be expected. It is shown below
Fig. 9~a!, where an almost linear dependence over two ord
of magnitude, both inRH andS, may be seen.

The values of Ettingshausen coefficient are shown on
last bottom panel@Fig. 5~d!#. The coefficients are positive fo
the two nonsuperconducting samples with low Sr concen
tion (x50.03 and 0.05!. For all other samples the sign of th
Ettingshausen effect is negative and the coefficient values
weakly dependent on Sr content~the crossover Sr concentra
tion may be assessed asx'0.07). All the values are of the
order of 1027m3K/J, which is typical for good metals~see
the Introduction!, however an important comment should
made to this statement. Namely, it was indicated in num
ous papers that far aboveTc the total thermal conductivityk
of the HTC superconductors is not dominated by the elec
contributionke , as for typical metals. Different evaluation
have shown that the ratioke /k is usually of the order of
0.0120.1 for polycrystalline samples@e.g., for YBa2Cu4O8
~Ref. 22!, for RBa2Cu3O7 ~Ref. 23!# and at most of the sam
order as the phonon contribution (kph) for good quality
single crystals @e.g., for YBa2Cu3O7 ~Ref. 24!#, for
Bi2Sr2YCu2O8 ~Ref. 25!#. The phonon contribution domi
nates also for the nonsuperconducting but metallic co
pound of PrBa2Cu4O8.26 Similar observations have bee
also made for La22xSrxCuO4,27,28 where ke /k;0.01 have
been assessed assuming the applicability of the Wiedem
Franz law. Thus, for HTC materials in the normal state
actual thermal conductivity is much higher than that e
pected by FNK model,8 where onlyke has been taken into
consideration. Therefore, if the transversal Ettingshau
temperature gradient is shortened additionally bykph , then
the measuredPE values will be considerably suppressed
respect to FNK model predictions. In other words, to be a
to compare the experimental results forPE with the model
predictions they should be corrected by thek/ke factor. One
could expect that this factor may be especially pronoun
for La22xSrxCuO4 samples with low-Sr concentration.

V. PHENOMENOLOGICAL MODEL

Figure 6~a! presents the ratio of the number of holes p
formula unit evaluated from the Hall coefficient,nf .u.
51/(2VeRH) ~the unit-cell volumeV contains two formula
units of La22xSrxCuO4) to the Sr contentx. Since the La13

ions are replaced by Sr12 ions, the Sr content may be re
garded as the number of holes added per formula unit du
La/Sr substitution. As seen,nf .u. and x are approximately
equal only for low Sr concentration, forx&0.10 ~as already
observed in Refs. 5 and 29!. For higherx values (x.0.10!
the charge carrier concentration indicated by the Hall coe
cient is significantly higher thanx. To explain this one has to
abandon the nearly-free electron picture and use a more
eral formula for the Hall coefficient from Eq.~25! taking into
account the geometry of the Fermi surface. If one interp
the number of holes introduced by the La/Sr substitution
the effective number of free electronsne f f one could calcu-
late the experimental values@see Fig. 6~b!# of the freedom
number f̂ k @see Eq.~27!#,
in
rs

e

a-

re

r-

n

-

n-
e
-

n

e

d

r

to

-

n-

ts
s

f̂ k5
ne f f

nH
'2

x

nf .u.
. ~30!

In terms of this approach the change of the Hall coeffici
sign in the function of Sr doping may be interpreted as
passage through the Fermi surface of zero-average curva
( f̂ k50) while the Fermi energy is changing. On the oth
hand, for low-Sr concentration the measuredf̂ k'21, as for
nearly-free holes withume f fu'me . This assumption is sup
ported by recent ARPES experiments on La22xSrxCuO4,30 in
which the inversion of the curvature of the Fermi surface w
directly observed. The above picture may be described b
simple tight-binding model,

E~kx ,ky!52~coskx1cosky!, ~31!

where kx and ky are normalized wave vectors. The abo
model will be called modelA. The Fermi surfaces for this
model are presented in Fig. 7~a!. It is assumed that the ban
filling n'(12x), i.e., the completely filled band corre
sponds tox50. The freedom numberf̂ k calculated in the
model A is presented in Fig. 6~b!. However, the crossove
from positive to negative values off̂ k ~i.e., change of theRH
sign! occurs atx50.5. Therefore, we have constructed
second, modified model in order to adjust the crossover p
to the experimentally observed valuex'0.32. To be more
realistic we have chosen the form of the correction term
the modelA in such a way as to reproduce the ‘‘squeeze’’

FIG. 6. ~a! The ratio of the charge-carrier concentration p
formula unit nf .u. ~calculated fromRH) to the Sr concentrationx;
~b! experimental~points! and theoretical values~lines! of the free-

dom numberf̂ k for a series of La22xSrxCuO4 samples.
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the series of Fermi surfaces related to differentx values
along the diagonal of the Brillouin zone observed in ARP
experiments.30 Finally, we have chosen the following form
of the modified dispersion law:

E~kx ,ky!52~coskx1cosky!20.17~cos 2kx1cos 2ky!.

~32!

The modified model will be called modelB. It should be
treated as a result of matching of the initial modelA to the
experimentally determinedx value, for whichRH changes
sign. The Fermi surfaces for this model are presented in
7~b!, the freedom numberf̂ k is shown in Fig. 6~b!.

FIG. 7. The Fermi surfaces for theA andB models described in
the text. The calculations have been performed for the band-fil
valuesn, corresponding to the Sr concentrationx in the investigated
La22xSrxCuO4 samples (12n5x), as well as for 12n50.5 and
0.75.
g.

We have to emphasize that both models should be tre
as only illustrative. The LaCuO4 is frequently regarded as
charge-transfer insulator with a half-filled Hubbard band.31,35

In this picture the Sr/La substitution introduces holes into
lower Hubbard band and makes the system metallic. Th
fore, our phenomenological model may be regarded jus
an effective model for the lower Hubbard band, in which t
strong electron correlations making the LaCuO4 insulating
are effectively described by a single tight-binding band. W
have proven that more realistic models, e.g., a simple
including only a second-nearest-neighbor hopping@E(k)5
22t(coskx1cosky)24t8coskxcosky, Refs. 31 and 35# or
more complicated models~e.g., Refs. 32,33,34!, are not able
to explain all compositional dependences of the transp
coefficients.

Both modelsA and B were used for calculation of al
measured quantities:s, S, RH , andPE . The results are pre
sented in Fig. 8. The electrical conductivity@Fig. 8~a!# was
calculated using Eq.~23!. The solid lines present the resul
of the simplified approach wheres;ne f f , not taking into
account the dependence of the relaxation timet on energy.
However, for low-Sr concentration we could use a near
free-holes picture withume f fu'me . In this case we could use
a high-temperature approximationt(e);e3/2 for the
electron-phonon scattering, as in the formula~16!. The re-
sults of thes;tne f f calculations are presented as dash
lines. It can be seen that the results of both models gene
reproduce the experimental data@see Fig. 5~a!#. However, for
a more precise description a knowledge about the realt(e)
dependence would be necessary.

The thermoelectric power was calculated using Eq.~23!
and the Mott-Jones formula

S52
p2kB

2T

3ueu S ] ln@sxx~e!#

]e D
e5z

, ~33!

where kB is the Boltzmann constant. The results are p
sented in Fig. 8~b!. As for electrical conductivity, the solid
lines present the results of the simplified approach whers
;ne f f , neglecting the energy dependence of the relaxa
time. However, as shown by the dashed line~for model B
only!, taking into account the power-law dependence
t(e);e3/2 does not alter significantly the calculatedS(x)
dependence. As we can see, both modelsA andB are able to
reproduce the logarithmic dependenceS(x) observed experi-
mentally forx,0.20 @see Fig. 5~b!#. Additionally, modelB
is also able to reproduce the minimum in theS(x) depen-
dence observed atx'0.28.

The Hall coefficient was calculated using formula~25!
and the results are presented in Fig. 8~c!. No correction for
the relaxation time was necessary, sinceRH is independent
of t if it depends only on energy@t5t(e)#. Similar to the
case of the thermoelectric power, both modelsA and B are
able to reproduce the logarithmic dependence ofRH on the
Sr content observed forx&0.30 @see Fig. 5~c!#. However,
modelB is able also to explain the change in the Hall co
ficient atx'0.30 @see the insets in Figs. 5~c! and 8~c!#. The
mutual dependence betweenRH andS is shown in Fig. 9~b!.
As we can see, modelA is able to reproduce only the linea
ity of the experimental dependence forx&0.25 @see Fig.

g
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FIG. 8. Different transport coefficients for a serie
La22xSrxCuO4 samples (x50.0320.35) calculated withinA andB
models: the electrical conductivity~a!, the thermoelectric power~b!,
the Hall coefficient~c!, and the Ettingshausen coefficient~d!. The
solid lines—no electron scattering taken into account; the das
lines—a NFE, high-temperature approximation for elastic electr
phonon scattering, applicable only for low-Sr content. The inse
panelc shows, in the linear scale, the Hall coefficient in the vicin
of the Sr concentration, whereRH evaluated in the modelB changes
sign.
9~a!#, whereas modelB is able to qualitatively explain the
U-turn observed in the experiment nearx50.30.

The Ettingshausen coefficient was calculated using
~28!. The results are shown in Fig. 8~d!. The calculations
have been performed in two approximations applicable
two Sr-content regions. For low-Sr concentration (x&0.10)
we have assumed thet(e);e3/2 dependence, as explaine
above. As shown by dashed lines, both modelsA andB are
able to reproduce the observed change ofPE sign from posi-
tive to negative for higherx values @see Fig. 5~d!#. This
change is the result of a competition between the two mec
nisms of the generation of the Ettingshausen effect in met
which were described in Sec. II and illustrated by Figs. 1~c!
and 1~d!. For lowerx values the transversal temperature g
dient is caused mainly by the dependence of the relaxa
time t on the charge carriers energy@the ‘‘scattering’’
mechanism described by the first term in Eq.~28!, see Fig.
1~c!#, which gives a positive Ettingshausen coefficient@com-
pare formula~16! for nearly-free charge carriers in the high
temperature limit, which foresees positivePE for holes#. For
higherx values the second mechanism is prevailing. Here
transversal temperature gradient is caused mainly by the
that electrons of different energy are moving along isoen
getic surfaces of different average curvature@the ‘‘curva-
ture’’ mechanism, see second term in the Eq.~28! and Fig.
1~d!#.

In the region of high-Sr concentration (x*0.25) we could
assume thatf̂ k'0 and neglect the first term from formul
~28!. Thus, in this region the Ettingshausen effect is on
caused due to the dependence of average Fermi surface

ed
-

n

FIG. 9. The mutual dependence between the Hall coefficient
the thermopower:~a! experimental data,~b! calculated within theA
andB models.
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vature on the charge-carriers energy~the ‘‘curvature’’
mechanism!. In this manner, both modelsA andB ~see solid
lines! are able to explain the experimentally observed ne
tive and weakly variable values of the Ettingshausen coe
cient for high-Sr concentration.

Two remarks have to be given concerning the region
low Sr concentration. As emphasized in Sec. IV, the Ettin
shausen effect generated by the metallic mechanisms@Eq.
~17!# may be sufficiently depressed if the phonon therm
conductivity is comparable to the thermal conductivity d
to electrons. This true for the case of La22xSrxCuO4, there-
fore it seems to be impossible to experimentally observe v
large values of the Ettingshausen coefficient, which might
predicted by Eqs.~28! or ~16! (PE→` if EF→0, i.e., PE
→` if x→0). The second remark concerns the fact thatPE
values are positive for very low-Sr concentration. In th
range the La22xSrxCuO4 undergoes a transformation to th
charge-transfer insulator forx→0. Thus, in the vicinity of
this transformation the ‘‘semiconductor’’ mechanism of t
Ettingshausen effect generation@see Eq.~9! and Fig. 1~b!#,
which results in large, positivePE values, cannot be her
ruled out. This approach may be used as a concurrent ex
nation of the positive sign of the observed Ettingshau
coefficients for low x values if the assumption oft(e)
;e3/2 is not appropriate.

VI. SUMMARY

The room-temperature values of the electrical conduc
ity s, the thermoelectric powerS, the Hall coefficientRH ,
and the Ettingshausen coefficientPE have been measured fo
a series of La22xSrxCuO4 samples (x50.03–0.35). It was
observed that with increasing Sr contentx: ~i! s increases
monotonically by one order of magnitude over the who
composition range;~ii ! S decreases logarithmically by tw
orders of magnitude down tox50.25, then a wide minimum
was observed nearx50.28, S remains positive for all com-
positions;~iii ! RH is positive and decreases logarithmica
m

.

Y.
-
-

f
-

l

ry
e

la-
n

-

by two orders of magnitude down tox50.32, thenRH
changes sign into negative; an almost linear relation betw
S andRH was observed for all compositions with an exce
tion of x50.35, for whichS and RH are of opposite signs
~iv! PE is of the order of magnitude characteristic for meta
for all compositions;PE is positive for low-Sr concentration
(x50.03 and 0.05) and negative for all other compositio

To analyze the behavior of all measured transport coe
cients, a simple, tight-binding-like model was constructe
The model effectively describes the crossover from
charge-transfer insulator (LaCuO4) to the metal while sub-
stituting the La13 by Sr12 ions. An evolution of the average
curvature of the Fermi surface from positive to negative v
ues is also described by the model. It has been indicated
the nearly-free-electrons picture may used only for low
concentration (x&0.10). The conclusions may be summ
rized as follows:~i! s grows andS and RH fall down with
increasing Sr contentx mainly due to the increase of th
effective electron concentrationne f f ; ~ii ! RH changes sign
and S exhibits a minimum nearx'0.3 because of the sign
change of the average curvature of the Fermi surface;~iii ! for
high Sr concentrationPE is negative due to the dominatio
of the ‘‘curvature’’ mechanism~carriers of different energies
move along isoenergetic surfaces of different curvature!;
~iv! for low-Sr concentration the ‘‘scattering’’ mechanism
dominating, what results in the positivePE sign ~carriers of
different energies move along holelike isoenergetic surfa
of the same curvature, but the higher-energy carriers
stronger scattered!.
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