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Evidence of charge carrier interaction aboveT. in the Nd; gCe, 1:CuQ,, s Superconductor
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Resistivity, thermopower, and magnetic susceptibility of the Nde, ,:CuQ,, s n-type superconductor have
been measured on samples with well-known charge carrier density. Superconductivity is achieved only for
charge carrier densities greater than a threshold value. When this value is approached, mobility drops to less
than a tenth of the value for nonsuperconducting samples, the effective mass increasasfton2®n,, and
susceptibility falls to lower values. All these phenomena are apparent well dowaus indicating a charge
carrier interaction abové, . [S0163-18208)01438-4

[. INTRODUCTION As direct proof of the validity of this argument, we can
quote that XAS measurements and point defect calculations
One of the striking features of the copper oxide superconare in fairly nice agreement in estimating the charge carrier
ductors is the remarkable dependence of their properties ottensity in this systerfy®
the charge carrier density. For example, for phiype oxide In this paper a study of the magnetic and transport prop-
superconductors a “universal relationship” holdelating erties in the Ng_,CgCuQ,, s HTSC system is presented as
the normalized critical temperatur@ (y=T./T. may to the  a function of the charge carrier density: in particular, con-
carrier density: T,y is zero until a critical charge density ductivity, thermoelectric power, and magnetic susceptibility
value is reached; it then rapidly approaches unity and after eesults of the NdgCey 1.CuQ,, 5 superconducting composi-
wide plateau drops to zefgwe will show in the following  tion will be discussed. All the investigated quantities display
that then-doped Nd_,Ce CuQ,, 5 high-temperature super- a bell-shaped trend with the charge carrier density, while the
conductor(HTSC) system follows this universal relationship expected one should be monotonic. This is apparernt at
too]. This behavior strongly suggests that the charge carrierT., and it is the authors’ opinion that it can be due to an
density should be considered as the actual “driving force”interaction between charge carriers abdye
of the transition between normal and superconducting states
and that in turn it can be singled out as the pertinent thermo-
dynamic variable to be explored for obtaining quantitative
data about the transport properties in HTSC's. The determi- Nd, gCe, 14CuQ,, s samples have been prepared by solid
nation of the charge carrier density could be a nontrivialstate synthesis in air at 1070 °C for 200 h with intermediate
problem in most HTSC systems where more than one band igrinding. Each material was found to be single phase, ho-
present at the Fermi level and/or the defect structure is madﬁogenous, well crystalline, and well sintered by x-ray pow-
intricate by the large number of chemical degrees of freeder diffraction and microscopic inspecti¢scanning electron
dom. In this respect, the-type Nd,_,CeCuQ,, s HTSC  microscopy, electron microprobe analysis, and optical mi-
may be considered as a model system because the numbergpbscopy. Further details have been reported elsewfére.
chemical degrees of freedom is very low indeed and because, Nd, gCe, ,<CuQ,, s samples for dc measurements have
about band structure, x-ray-absorption spectrosdofAS)  been cut into bars (204X 2 mn¥, | Xwx h), annealed for
and electron-energy-loss spectroscoffeELS) results  more than 50 h at 1173 K and 18<P(0,)<1 atm in a gas
strongly suggest that a unique band with a predominant Celow apparatus and fast quenched to room temperature by
d,2_,2 character is present at the Fermi le¥&1.As a con-  dropping the whole annealing apparatus in a water and ice
sequence, at a given Ce and oxygen content, the charge cafixture, keeping the gas flowing during the quenching. The
rier density in the conduction band is uniquely determined byquenching rate, as measured by a thermocouple near the
the defect equatiofis sample, was always greater than 50 °C/s down to 200 °C.
This procedure gives samples with a known and reproducible
carrier densityn, defined as the number of electrons per cop-

Il. EXPERIMENT

Ndyg+Ce—Cey+Nd+e’, per atom(or unit cel). dc measurements have been per-
formed in the 13X T(K) <290 range in a Leybold-Rok cry-
, L ostat, using the four-probe method, and a Solartron 1286
O'=2e'+30,. galvanostat.
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Nd; g<C& 1:CUQ,, s samples for the thermoelectric power n(e'/Cu)
(TEP) have been cut into disk€l3 mm in diameter and 3
0.12 0.090.08 0.06 0.04 0.03

mm thick), annealed with the same procedure described
above, and their flat faces have been coated with platinum
paint (Engelhard. Measurements have been performed at
300 K in a home-made apparatus; heating coil is used to
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produce a series of preset temperature differedceswhile
keeping constant the average temperature of the cell. After
having controlled the proportional behavior of the potential
differenceAE vs AT, the thermopoweta) is obtained as the
mean value oAE/AT. A correction for Pt thermopower has
been applied using the tabulated values from Cusak and
Kendall®

Susceptibility measurements were performed by a Metro-
nigue Ingenierie Atne superconducting quantum interference
device (SQUID) susceptometer, working &t=40 G either
in zero-field-coolingZFC) and field-cooling(FC) conditions
in the temperature range 3.2-250 K. The samples were
sintered in the shape of a cylinderh£3 mm,
diamete=6 mm). With this sample geometry and the ap- Log,,[P(O,)/atm]
plied fieldH parallel to the cylinder axis, the demagnetizing
field and single-ion diamagnetic contribution are negligible. FIG. 1. Conductivity(o) at 290 K (circles, 200 K (squarey
The density of each sample was determined by measuringnd 100 K(triangles for Nd; g-Ce, 1:Cu0,. s sSamples annealed at
the buoyancy of the solid body when immersed in a liquid 0f900 °C under various oxygen partial pressures. Here and in the
known density(ethyl acetate using a Mettler ME-40290 following figures, open and solid circles, unless expressly indicated,
density determination kit and a Mettler AE-163 balance. Theefer to samples that are nonsuperconductors and superconductors,
density of each sample was averaged on at least four meéespectively, at lowT; for the latter samples, th&; value is given
surements. Knowing the density, it was possible to estimat® brackets.
the Meissner fraction of the superconducting samples, which
resulted to be of the order of 15—-20 %. from the present work are plotted together with data for vari-
ousp-doped cuprate superconductors, as taken from Ref. 1.

According too=[e’]qu (gq=electron charge anfle’]
=carrier density defined as the number of electrons per unit
The conductivity behavior was fully discussed in a previ-
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lll. RESULTS

ous papef. Here the analysis will be limited to the depen- 1.2

dence on the annealirig(O,). The conductivity at 290 K for i

variously annealed samples of N@Ce, :CuQ,. s is dis- 10 i

played in Fig. 1(circles, as log(o/Q "t cm™1): here and s

in the following figures, the oxygen partial pressure is ex- i

pressed as lgg P(O,)/atm]. It can be pointed out that the 0.8 -

trend of Fig. 1 is fulfilled at any temperature in tfg, § [

<T (K)<290 range: see, for example, the open symbols S 06 [

in the same figure referring to 200 ¢squaresand 100 K ~ 1

(triangles. The actual oxygen content should decrease with B~ 0.4 i

decreasing oxygen partial pressure at fixed temperature. This o F

in turn should give rise to additional electronic charge carri- :

ers, and the conductivity should increase monotonically. 0.2 -

While the expected trend is apparent for “nonsuperconduct- i

ing” samples(open symbols a sharp decrease ofis found 0.0 - @@i@ ottt Vg
for “superconducting” sampleésolid symbol$. Here and in 0.00 0.05 0.10 0.15 0.20 0.25 030 0.35

the following, the term “superconducting*‘nonsupercon-
ducting”) refers to samples that at some temperature display
(do not display a superconducting transition disregarding
their actual state: as a matter of fact, samples with Chargﬁ'e
carrier densityn lower than~0.07 electrons per copper at-
oms[i.e., annealed aP(0,)=10 Bam_‘] are “nonsupercon-  present work; open circles, YBAu,0,_; (Ref. 11; open squares,
ducting.” As was stated previously, then-doped gj,sp,CaCcy0Os, s (Refs. 12 and 18 open up triangles,
Nd; g=Ce 15CUO, . 5 system follows the same universal rela- Bj,Sr,Ca,Cu0,0.5 (Ref. 14; open down triangles,
tionship proposed by Zhang and Sator the p-doped super- La,_,Sr,CuQ,, 5 (Ref. 19; open hexagons, JBa,CuQs, 5 (Ref.
conductors. This is shown in Fig. 2 in whidh,  data are  16); open diamonds, TIB£aCy0,_s (Refs. 17 and 18 as quoted
plotted as a function of the charge carrier content: datay Ref. 1. The solid line is a guide to the egrRef. 1).

[Carriers]/[Cu]

FIG. 2. “Universal relationship” betweeil, y and charge car-
r content, expressed as the number of charge carriers per copper
atom. The meaning of the symbols is as follows: solid circles,
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FIG. 3. Carrier mobility(x) as a function of the annealing oxy- FIG. 4.

. C Thermoelectric power (¢) at 300 K for
gen partial pressure for NgCe, 1.Cu0,, s Samples, as in Fig. 1.

Nd; g£Ce 1CU0,, s Samples annealed at different oxygen partial
_ ) ) _ pressures. The line is a guide to the eye. The error bars refer to
volume and to the pertinent quasichemical point defectstandard deviations on a set @ least three measurements.
equilibria, as the charge density is known, we can extract
from the conductivity the mobility ternu; i.e., we can ex- approach, the inset in Fig. 5 shows the same plot in a wider
tract information on the nature of the charge carriers. Ther range. The data points are well interpolated by a straight
data displayed in Fig. 3, as lgiu/cm?V='s™), for T |ine passing through the origin.
=290 K are then obtained. The sharp decrease in conductiv- At Jow oxygen partial pressurgP(O,)=2x10"°atm,
ity of superconducting samples is entirely accounted for by dower curve in Fig. §, the deviation from linearity is dra-
decrease in mobility. At lower temperatures, the same trenghatic. Using the slopes as a measurexdf in the spirit of
of mobility is obtained, except for the sample annealed athe approach of Khlopkiret al, the effective mass changes
P(O)=1atm, which presents a sharp increase of mobilityfrom 9m, at 773 K to 2%, at T=1173 K. Samples
which can be ascribed to an Anderson localization of chargguenched fronT=1173 K andP(0,)=2x10"° atm are su-
carners. o _ _ _ perconductors witf .= 21 K. For all the other external con-

A further insight into this behavior can be obtained by gitions of Fig. 5, no superconductivity is found. The onset of

looking at the thermoelectric power data. The TEP data argyperconductivity is clearly associated with more than a dou-
plotted asa vs annealingP(O,) in Fig. 4. Increasing the

carrier concentratiom [i.e., lowering the annealing(0O,)],

a increases, reaches a limit value aroumd0.07[annealing
P(0O,)~10 2 atm], and then remains roughly constant: the
trend of a vs annealing?(0O,) is therefore nicely related to / D
the same trend ofr. According to Ref. 19, all models pro- ’
posed in the literature for the Seebeck coefficient are valid
only in the limit of high temperature, as they can be recon-
nected to the original Mott’'s formulation, which gives cor-
rect results forT> 0, . Therefore, in order to explain this
anomalous behavior, measurements in a higher-temperature
range (773XT<1073 K) are required. The samples have
been equilibrated for more than 10 h at various temperatures
andP(0,)=2x10° and 0.2 atm(air) before the measure- 4 o : !
ments. TEP data for this temperature range are reported in SIO‘EK) 1000
Fig. 5 asan vs T. Using the approach by Khlopkiet al,?° 1 ' '

an is proportional tom*T wheren is the charge carrier 700 800 900 1000 1100 1200 1300
density here expressed as number of charge carriers per unit T(K)

cell and m* is the effective mass. Only slight deviations

from linearity are found for thd and P(O,) ranges, giving FIG. 5. an for Nd, g£Cey 1£CuQ,, 5 Samples in equilibrium with
rise upon quenching to nonsuperconducting samaliesup-  air (circles and P(0,)=2x10"° atm (squarek as a function ofT.
per curve in Fig. b The effective mass is constant and is The dotted lines are guides to the eye. In the inset themivs T
roughly equal to &,. As direct proof of the validity of our plot is shown in a widefl range.

[m} oe

air

| P©O)=2:10%atm

g
=

-3

aen (WK™

oen (pVK'l)
T

—_
=
T

(==

L




9388 M. SCAVINI et al. PRB 58

6 = 5.50
K _ 545 |
) Gy Or
- > § 5.40 |-
m % = —
t %
S 5 g =50 - “DE 5 35 -
2 P S 530 |
g 4L q'" S .00 L =
8/ D % | | ! \0%/ 5 25 i
o2 ?& 0 100 200 =2 520 |
= . T(K <
= :Y X) S 5.15 -
L™ 5.10 |
20 &h&& 5.05 1
L t 1 L ? 5.00 L 1 1 1 1
50 100 150 200 250 300 0.02 004 006 008 0.10 0.12
T(K) n
FIG. 6. Magnetic susceptibility of N¢Ce, 1:CUO,, 5 Samples FIG. 7. Magnetic susceptibility at 50 K for Ng:Cey 15CuQ, 5

annealed at 900 °C an&®(0,)=10"®atm (squares and 1 atm samples annealed under differeR{O,) and, therefore, having
(circles. Open and solid symbols refer to zero-field-cooled anddifferent charge carrier densities. Open and solid symbols
field-cooled measurements, respectively. In the inset the same piggfer to nonsuperconducting and superconducting samples,
is shown in a widefT range(only the zero-field-cooled measure- respectively: the line is a guide to the eye; the error bars refer to a
ments are shownthe solid and dotted lines refer to samples an-mean erron(~3%) that, according to our experience, is associated
nealed atP(0,)=1.8< 107 % and 1 atm, respectively. with the measurement.

bling of the effective mass valus a temperature well above (1070 °C and air atmospherand the grain boundaries and
Te. size are determined by the sintering processes. The annealing
In Fig. 6 the susceptibility per unit volume of two typical step of each sample was performed at much lower tempera-
samples wit=0.03[annealed aP(O,)=1 atm] and 0.116  ture (900 °Q. At this temperature, the grain boundary and
[annealed aP(0,)=1.8x10 %atm] is shown. The critical size do not change anymore, as demonstrated by microscopic
temperature§ . obtained from susceptibility well agree with inspection. If grain boundary and size or weak link contribu-
the evaluations previously obtained from conductivity. As ations existed, they should give origin to systematic errors, for
further confirmation that there seems to be a precise value @&xample, to a constant additive term to the resistivity of each
n (number of carriers per copper atpat which the magnetic sample. This cannot change the meaning of the results re-
and transport properties change in behavior, in Fig. 7 theorted above. Moreover, the transport property trend is fol-
susceptibility at a fixed temperatuf80 K) is shown as a lowed by susceptibility as well. As grain boundary effects on
function of n. It is apparent that the susceptibilityhas a  susceptibility are negligible, this provides confirmation that
maximum around 0.06 and drops to significantly lower val-the results discussed in this paper correspond to a bulk phe-
ues forn greater than 0.07. Although the behavior shown innomenon.

Fig. 7 could be also indicative of different crystal figldF) The experimental results show that increasing the charge
contributions for each samplsee, for instance, Ref. 2lthe  carrier density, the mobility of charge carriers initially re-
good agreement between magnetic and transport resultsains roughly constant, but presents a sudden decrease at a
make us confident that the effect is genuinely due to thehreshold value, which well agrees with the critical value for
approach toward the critical value=0.07 of the charge car- superconductivity: the mobility of charge carriers is much
rier density. lower in Nd, g£Ce, 1:CuQ,, s samples, which give rise to su-
perconductivity with respect to nonsuperconducting samples.
The mobility drop corresponds to an increase of the effective
mass from @, to 25m,, as measured by the slope of the

Evidence of two types of charge carriers in this systemvs T plot and to a similar drop of susceptibility. It is impor-
has been reported previougRThis evidence is achieved by tant to note that all these phenomena are apparent at tempera-
comparison of the transport properties of samples on the asdres well abovd .. ; i.e., they refer to the normal-state prop-
cending and descending parts of fhevs n plot. A similar  erties of this system. This is not trivial, as the complete
comparison is not possible for the results of the presentomprehension of the normal-state properties of supercon-
work, because all samples belong to the ascending part of thiuctors is a prerequisite for the understanding of the phe-
plot. nomenon of superconductivity.

It is important to note that all the transport results de- It is the authors’ opinion that the previously discussed
scribed above cannot be explained by grain boundary oexperimental evidence can be symptomatic of a charge car-
grain size phenomena, nor by the formation of weak linksiier interaction in the normal state. Naively, this can be un-
between grains. In fact, the samples have all been chemicallyerstood by considering that charge carriers fill the upper
synthesized and then sintered in the same conditiondlott-Hubbard band. The dispersion relation in thepace of

IV. DISCUSSION AND CONCLUSIONS
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this band is determined by the short-rangd 8lectron- on mobility found in this system may be relevant also for the
electron interaction. The effective mass of the charge carrierp-type superconductors. As a matter of fact, the available
is in turn determined by the curvature of this band, and thereliterature dat&?* show an opposite behavior, i.e., that in
fore, by the 3i electron-electron interaction. Therefore, this p-type superconductors the mobility in the normal state
suggests that the above increase of the effective mass igeaseswith increasing charge carrier density. It should be
probably due to an interaction of the charge carriers themnoted, however, that the appearance of superconductivity is
selves. It should be noted that agyantitative correlation accompanied ip-type superconductors by other phenomena,
between transport and susceptibility results must be inferreg, example, structural phase transitions. These phenomena

starting from a detailed model for the interaction betweenmake difficult any direct comparison with the present results.
charge carriers, and such a model is still absent. Further ex-

perimental work(muon scattering and heat capacity mea-
surementsis planned by the present group aiming at clari- ACKNOWLEDGMENTS
fying the nature of the charge carrier interaction.

As a final comment, it could be noticed that the same Professor D. Gatteschi is acknowledged for helpful dis-
universal relationship relating \ to n that holds forp-type  cussions. Dr. A. Caneschi, Dr. R. Sessoli, and Dr. C. San-
superconductors is followed also by then-type gregorio are gratefully acknowledged for help in the experi-
Nd,_,CeCuQy, s This may suggest that the present resultsmental work on magnetic measurements.
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