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The electric and thermomagnetic transport properties of an underdoped, an optimally doped, and an over-
dopedc-axis oriented, epitaxial Nd ,Ce,CuQ,.., thin film have been investigated in the temperature range
from 4.2 K to 300 K and in magnetic fields up to 11 T oriented perpendicular to the @la@es. In the normal
state, the resistivity, Hall coefficientR,, and magnetoresistivith p/p(B) can be described quantitatively
within a simple two-carrier model if the existence of an electronlike and a holelike band is assumed, where
each of the two groups of charge carriers is characterized by a temperature-independent Hall coefficient. A
corresponding analysis of the thermoelectric effects appears to be more difficult since they depend on more
subtle details of the band structure and the scattering mechanisms. In the superconducting regime, the critical
field B} (T) determined from the shift of the resistive transition in an external magnetic field exhibits a positive
curvature. In contrast, an analysis of the fluctuation conductivity and the transport entropy of magnetic flux line
S, consistently gives higher values for the upper critical fiBlg(T). The fluctuation conductivity clearly
exhibits two-dimensional scaling behavior, indicating that the quasi-two-dimensional nature of the single-layer
compound Nd_,CgCuQ,., might be responsible for the difference betw&j(T) andB.,(T). The order
of magnitude ofS,, is consistent with the predictions of the Ginzburg-Landau theory. We derived material
parameters a8.,(0), thein-plane coherence length,,(0), the Ginzburg-Landau parametetr, and the
London penetration depth(0). We also present experimental data on the Hall effect in the mixed state.
[S0163-18298)00341-5

I. INTRODUCTION thermore, with increasing electron doping a sign change
from negative to positive can be observed Ry as well as
New questions but also new hopes for a better underfor S (compare Sec. I\

standing of the high-temperature superconductbiiESC’s) Still, we do not know if the phenomenon of superconduc-
were raised by the discovery of a new family of cupratestivity in p-type andn-type HTSC'’s can be understood within
characterized by the compositioR,_CeCuQ,., (R a.common scheme. Frqm this background evolved the inten-
—Nd,Pr,Sm,Eu)t? The substitution of the trivalent rare- tion to perform a detailed analysis of an extended set of
earth elemenR by Ce (presumable valence 4uggested that ransport coefficients in the normal as well as in the super-

electron doping of the CuOplanes is necessary to change conducting — state  for ~a series of high-quality
ping uop 4 J Nd,_,CgCuQ,. thin films of different doping. In the fol-

R,CuQ, into a superconducting compound. Therefore, thi 3 » il d ibe th | der i i
class of HTSC's is usually referred to as the eIectron—dopeg{lmNIng section we witl describe the samples under investiga-
lon whereas Sec. Ill summarizes the experimental setup.

or n-type cuprates in contrast to the majority pitype The experimental results for the normal-state properties and

HTSC’s. The superconductmg as well as the normal—statcﬁqeir discussion are given in Sec. IV. Correspondingly, Sec.
tr_ansport properties of the eIectron_—doped cuprates are Vety yaais with the superconducting state of the NCCO thin
d|ffere_n_t from those ofp-type mgterlals as YBEWO,_;. films, followed by a summarySec. V).

Quantities such as the penetration depth and the surface re-
sistance of optimally doped NgCe 15CUO.+y (T,

~24 K) seem to exhibit BCS-like temperature dependences
for small T and therefore favorsswave pairing in this The intention of our experiments was to perform a
material®* Phase sensitive tests of the pairing symmetry indoping-dependent study of the normal- and superconducting-
Nd,_,CgCuQ,., (NCCO) (to our knowledgehave not yet state transport properties of NdCeCu0,., thin films.
been reported probably due to difficulties in preparing superHere, we have to distinguish the effects of changing the Ce
conducting grain boundary junctions for this material. In thecontent on the one hand and the oxygen content on the other
normal state the resistivity of NCCO exhibits a quadratichand. It is widely believed that the Ce substitution for Nd
dependence on temperature. For optimally doped samplesitroduces additional electrons into the Gu@anes. There-

the Hall coefficientRy and the thermopowes are negative fore, this class of cuprates is referred to as the electron doped
with complex T dependences. The magnetoresistivityHTSC's. [Some authors argued that an increase of the Ce
Apl/p(B) and the Nernst effect are very pronounced. Fur{fraction in NCCO might lead to an effective hole doping of

Il. SAMPLES
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resolved photoemission spectroscopfRPES measure-
ments indicate that an increasing Ce content results in a pro-
gressive filling of the Brillouin zon&] The oxygen content
plays a somewhat different role. After the deposition process, —

the CuQ planes. We do not take this standpoint since angle- )
CL_'Q

thin films apparently contain interstitial oxygen, which has to 2 mm
be removed in order to obtain optimal superconducting prop-

erties. Further reduction leaves an increasing number of oxy- B ~Ncco
gen vacancies and finally leads to a decomposition of the

material. Nevertheless, a reversible variation of the oxygen Ag

content seems to be possible in a certain range from the
underreduced to the overreduced regfeThere is a re-
markable resemblance between the temperature-dependent _ _ _
resistivities p(T) of under-reduced NghCe15CUO, -, 1. The Hall bridgesA, _B, and the_maln bridgeC were
samples and underdoped N¢CeCuO,., samples X 100 pum and 500 um wide, respect!vely, and about 5 mm
<0.15, optimal oxygen contenas can be seen by compari- long. Silver pads served as electrical contacts for current
son of Fig. 1a) in Ref. 6 and Fig. 6 in Ref. 8. This might be eads(a—f) and voltage probe€l—6). Isolated contact pads
interpreted as an indication that removing oxygen also lead8n _the substrate were introduced as final heat sinks for the
to electron doping of the Cu@planes in NCCO(The dis-  WIrNng.
cussion of our experimental data will give further evidence
for this interpretation. In contrast, there are more pro-
nounced differences between the resistivities of overreduced
Nd; s5C& 15CUO, ., samples[see Fig. 1b) in Ref. § and The measurements were performed in an automated su-
overdoped Ngl ,CeCuQ,., samples x>0.15, optimal perconducting 11-T system where the magnetic field was
oxygen content; see Fig. 6 in Refl.. 8/hereas the resistivity oriented perpendicular to the thin films in tlzedirection
decreases with progressive Ce doping, it increases rapidl=c direction of the samplesThe basic experimental setup
with further oxygen reduction. The latter observation mightalready has been described in Ref. 10 and has been used for
be partly ascribed to the disorder introduced by additionaktudies in the mixed state of YB@u;O;_s and
oXxygen vacancies. Bi,Sr,CaCyOg, . Here we used a new sample holder that
In this paper we report on measurements on three epitaxallowed a continuous adjustment of the thermal coupling of
ial, ¢ axis oriented NCCO thin films. They were grown by the sample to the liquid-helium bath.In this way a tem-
molecular-beam epitaxy on SrTiGubstrates. The thickness perature range between 13 K and 300 K was accessible with-
of the films was 90—100 nm. Details of the growth processut interrupting the experimental session or exposing the
and the microstructure of the samples can be found in Refsample to exchange gas. At lower temperatures we used a
8 and 9. small amount of helium gas in the sample chamber since the

. . establishment of a temperature gradient across the sample
Optimally doped sampl€E96-353. This oxygen-reduced requires a stronger thermal coupling to the liquid-helium

Nd1-85CQ)-15CUQ4iV thin film had on optimur_n_ Ce and OXy- aih | this temperature range the exchange gas was not
gen content with respect to a maximum critical temperature i~ for the measurements because the sample was
thafc was found to bech24 K. The sample showed gpjg|qeq against the cold surrounding by copper sheets.

resistivities  of p(30 K)~26 ufdcm and p(300 K) The electric transport coefficients have been determined

FIG. 1. Hall-bar geometry of the samples.

IIl. EXPERIMENTAL SETUP

~210 pQcm. i ) using dc current sources and nanovoltmeters. After changes
Underdoped sampléE95-458. In comparison with the ¢ yomnerature, external magnetic fied or applied current
optimally doped sample this N@:Ce 15CuO,., thin film | yhe system was allowed to stabilize before data points were

had a higher oxygen conter{iVith our notation we assume taken. Currents were in the range-160 A corresponding
that oxygen reduction causes electron doping of the LuOy, ¢yrrent densities of 20-120 A/@mThe measurements
planes) This film had a critical temperature &fc~19 K e heen performed for both directions ofand B. In
and resistivities ofp(30 K)~55 nQcm and p(300 K)  nagnetic-field sweeps at constantdata points were taken
~240 pQcm. . . for both sweep directions. The appropriate direction averages
Overdoped sampléE96-368. The overdoping in this ot the electric voltages across the main bridge and the Hall
sample was accomplished by an increased Ce conteQns have been taken to isolate the longitudinal and trans-
whereas the oxygen content was optimal. ThiSyersa effects. An analysis of the magnetoresistivity
Ndi82ceb-18cuo4ty thin film had a C”“Eal temperature of 4 ,/,(B) requires a careful determination of the temperature
Tc~20 K and resistivities 0fp(30 K)~22 uQem and  j,'the presence of the external magnetic field. We used Pt100
p(300 K)=~220 nQcm. sensors from about 100 K to room temperature and carbon
The low resistivities, the sharp resistive transitions into theglass resistors at lowdrto measure and control the tempera-
superconducting statsee Sec. Y, and the high critical tem- ture. The magnetic-field dependence of the temperature sig-
perature of the optimally doped sample confirm the highnals of these sensors caused corresponding temperature
quality of the thin films under investigation. The films were changes during magnetic-field sweeps. The experimental
patterned into a Hall-bar geometry by standard photolithodata were corrected afterwards for these temperature
graphic methods and Ar-ion-beam etching as shown in Figchanges. The magnetic-field dependence of the platinum sen-
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sors was known in the temperature range between 90 K anok divided into two dominating zones corresponding to the
150 K from previous measurements with a capacitance tentwo types of charge carriers. In the following we will briefly
perature sensor. We used tabulated values for the two sens@state the main aspects of the Drude-type two-band model
types to extend the magnetic-field-dependent corrections afs well as the calculations in Ref. 21. Afterwards we will
the measured temperature to the whdlerange of our present an analysis of the thermomagnetic effects similar to
investigations>*3This turned out to be sufficiently accurate that of the electric transport coefficients given by Harris and
due to the large magnetoresistivity observed for NCCOco-workers. We will describe the Seebeck coeffici8nthe
With our procedure, even at 300 K the relative error forNernst coefficientr, and the magnetothermopowAIS(B)
Aplp(B) in this material was estimated to be no larger thanas conductivity-weighted averages on the FS. These expres-
10%. sions can be translated back into a two-carrier picture leading
The thermoelectric effects also have been measured byta a more realistic two-band model that in principle might be
dc method. The sample was mounted between two goldsuitable to isolate the thermopowers of the single zqoes
plated copper blocks that were seperated by about 5 mm. Byand$ from measurements of the thermomagnetic effects. If
adjusting a temperature difference between these coppéhe n-type systems, indeed, can be described within such a
blocks a temperature gradient could be applied inXt#-  simple two-carrier picture, this might have implications for
rection (as defined by Fig.)1 We used the Hall bars of the our general understanding of high-temperature superconduc-
sample itself as resistive temperature sensors to determiniwity. A quantitative analysis of experimental data on NCCO
VT with high accuracy. The temperature gradient across thwill be given in the following subsection.
sampe was typically 1-2 K/cm. Again, measurements have We consider a geometry with an external magnetic field
been performed for both directions Bf{ T and the external B=Be, applied perpendicular to they plane of conduction
magnetic fieldB as well as for both sweep directions. For anin a two-dimensional metal with tetragonal symmetry
evaluation of the absolute thermopower of the NCCO(e,=e,xeg, with g (i=x,y,z) the unit vector in the direc-
samples the contribution of the copper leads to the measurdibn). The transport coefficients will be defined via the linear
Seebeck voltag&;c= Sycco— Scu eadshas to be known. We  response of the system to small applied fields or currents:
therefore determined the thermopower of the copper wiring
relative to a lead film on SrTi© The absolute thermopower _niia
of lead was tabulated by RobetfsAbove 70 K the absolute E=pj+S VT, @
thermopower of the copper leads was in very good agree-
ment with that of pure copper as reported in Ref. 15. At low j= o E-L-VT. 4.2
temperatures the thermopower of the wiring was known with

high accuracy from measurements against NCCO in the Sysere p § ¢, andL are tensors of rank 2 for the resistivity,
perconducting state. Further details of the experimental setUermopower, conductivity, and thermoelectric conductivity,

can be found in Ref. 11. respectively. These are related py: o andS=p-L. Be-
cause of the fourfold symmetry assumed in our system, for
IV. NORMAL-STATE TRANSPORT PROPERTIES all such tensoré we haveAXX=Ayy andAyxz _Axyv where

A. Theoretical background the first indexk of A, corresponds to the direction of the
L “driving force” on the right-hand side of Eq€4.1) (j,VT)
Several authors suggested a two-carrier picture to account, (4.2 (E,VT), wheread refers to the resulting compo-
for the observed temperature an.d dopmg dependences of trﬁ%m of the vectors on the left-hand sidE &ndj, respec-
”Orma"St?gig transport - properties - in the eIec_:tron_—dopeﬂvely)' In the limit of small magnetic fields, the components
cuprates: The main aspects of the two-carrier picture A, can be expanded in powers Bf Whereas the symmetric

can already be demonstrated in its most basic form, th P, P
. ’ arts of these tensofdescribing the longitudinal effegtare
Drude-type two-band model. Here, each band is charactef; S ot the (dles 9 ord o

: . S ven functions of the magnetic field, the antisymmetric parts
ized by a S”."a” set 9f transport coefﬂme_nts. The simplicity Of(describing the transversal Hall effectre odd functions of
the model in principle allows one to isolate the transport

" f the sinale bands f ts of a di B. We consider contributions up to quadratic orderBirin
properties ol the single bands from measurements of a digy,q symmetric and up to linear order in the antisymmetric
crete set of transport coefficients. But there are some arg yart of all tensors. In particular we gepy=p[1
ments against such a simple treatment of the transport pro % Aplp(B)], po=R B S,=S+AS(B), and SX;( —po

A R .. ’ Xy~ "HP X ! y—

erties Of.NCCO' In parhcglar, the origin of the proposed WO\ith the resistivity in zero magnetic field, the magnetore-

conduction bands remains unclear. Measurements of the .. . 2 ="
; ; sistivity Ap/p(B)=B*, the Hall coefficienRy, the Seebeck

Fermi surface(FS) by ARPES only resolved a single hole- coefficient in zero magnetic fieldS, the magnetother-

like FS, although the resolution might not be sufficient tomO ower AS(B)=B2, and the Nerns,t coefficient. In a

disclose parts with electronlike curvatr& These findings simFi)Iar way o denotes the conductivity fB=0. etc.

are consistent with band-structure calculatihs<Conse- Let us Z&sider the case of two ir)lldepe_nd’ent .conduction

guently, we have to assume that there is only one FS of - .

single band present with possibly strongly varying Iocalgands' The transport coefficients of the combined system can

properties. Harriet al. derived expressions for the electrical be determined from th_o_s_e of the mgjmdual bands if we as-
transport coefficients of a two-dimensiori@D) metal with sume that th? qqnducnw_nes of the single bands add up to the
tetragonal symmetry within standard Boltzmann theory using}Otal conductivities, leading to

a relaxation time approximatictl. Their results can be re- o R

garded as justifications for the two-band model if the FS can p=(c"+o )% 4.3
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é:’;, (o8 +0 -8), (4.4) nal g!ectric field or_ter_nperatgre gradient in the presence of an
additional magnetic field. Witky,=f,—f(e,) the deviation

where + and — refer to the two bands, respectively. As a of f, from the Fermi distribution fo( €,) =[ 1+ exp{(e
starting point we want to adopt a Drude-type picture where— w)/(kgT)}] 7%, €, the energy of an electron in the stte
each of the bands consists of charge carriers with identicgl, the chemical potentiale the electron charge, and
properties, respectively. If a transport current is applied to an- (1/4)V,e, the group velocity, the Boltzmann equation is
isolated band of this type, all carriers are assumed to movgiven by
with the same drift velocity. Consequently, there is no mag-
netoresistivity for the single band because for all charge car- dfy
riers the Hall electric field exactly cancels the Lorentz force dat
due to the magnetic field. In case of an applied temperature
gradient we could argue in a similar way. Here, the thermod- df, le|
iffusion of the charge carriers due to the temperature gradient — =— —(e)vy Fy+ — W X B)- Vg,
is compensated by the drift current due to the Seebeck elec- dt drift J€ h
tric field. Since there is no net current and all currents are (4.11
carried by identical particles, we might assume as a first
approximation that there are no observable magnetic-field Fk=[ —|e|E- S 'MVT
effects at all. Returning to our two-band model, this leads to T

+ -+ - + — ;
(Aplp)".(Aplp)” v, v ’ﬁs _,ASh~(I). Starting  from  Again. we only consider small applied fields or temperature
Egs. (4.3 and(4.4) and collecting the lowest-order terms in o jients. In general, a detailed knowledge of the scattering

_ dfy
S dt

collision

drift

Jf

B we get the well-known expressions processes is required to formulate the collision term in Eq.
p=(0t+a) L, (4.5 (4.11). The solution of the Boltzmann equation is consider-
ably simplified if a relaxation-time approximation is justi-
(O’+)2R; +(O'_)2R|; fied, i.e.,
Ry= (0" +0°)? ; (4.9 df, o
— =—_ (4.12
Ap oo (c"Ri—0"Ry)? _COlHS,ion o ‘
—= B2, (4.77  where the local relaxation timg, is independent of the cause
p (0" +07)? for the deviations from the equilibrium distributiofE( VT,
and B) and therefore independent gf,. Then, g, can be
_ oc'S"+o"S” determined by an iterative procedure. We first consider the
S= ot+o- (4.8 caseE+0, VT=0. To lowest orderg, is due to the electric

field, whereas the magnetic induction causes higher-order

ot o (S =S ) (o R~ R;) o corrections:
v=- + —\2 ! ' of
(o) g<k°>=(—&—j(ek> ni (~|elB),
oo (RE+RY)
AS= u# B?. (4.10 e 4.13
o to =1 XB)- Vg Y, n=123,....

k
h
If R;,S*>0 andR;,S™ <0, the signs oR,; andS depend . ) ,
dtis convenient to map thke space in terms of the energy

on the magnitude of the coefficients for the individual band

as well as on the weights of the single bands given by theif"d the arc length parametrizatianof the corresponding
conductivities. The Nernst coefficientturns out to be nega- constant energy curvgk=k(e,s)]. In our geometry the tan-

tive, therefore carrying the same sign as for a type-Il superdential vector of the constant energy curves is giveneby
conductor in the mixed stateompare Sec. ¥ » and the = — (XB)/(viB). Therefore, the magnetic-field induced
(positive magnetoresistivityA p/ p(B) in principle can reach chnanges of the d'St”E‘ftl'O” function can be expressed as
large magnitudes, wheredsS(B) can be small even if the gk =~ (le[B/A)las(gl" "), ‘where | = nw) is the local
Nernst coefficient is large. Not only the large valuesaind ~ Mean free path. The electric transport coefficients can be
Aplp(B) but also the doping and temperature-dependen@e€termined from the current densitythat is induced byg

sign changes of the Hall coefficieRt; and the thermopower ==i9": i=(—€|/27°4) [s,Q(vi/vi)dsde (BZ is the
Sobserved in NCCO can easily emerge from such a moddsrillouin zone). g, (") causes a contributigjt’ of the orderB'

with two conduction bands of oppositely charged quasiparti0 the total current density The main longitudinal contri-
cles. bution is due to the electric field and given #§). Here,

For a two-dimensional system with fourfold symmetry, j")«B is perpendicular t9°) and the lowest-order term in
Harris etal. used standard Boltzmann theory and athe Hall current, whereai$? is to lowest order responsible
relaxation-time approximation to express electric-transporfor the magnetoconductivity. The integral fpin good ap-
coefficients in terms of local properties of the #3n prin-  proximation reduces to a line integral over the Fermi curve
ciple, the Boltzmann equation allows the determination ofk(s)=k(u~eg,s).Z If ¢ is the angle between the electric-
the distribution functiorf,=f (k) that is caused by an exter- field direction and the normal of the Fermi surfaeg
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=vy /vy, the conductivity in zero magnetic field is given by Here,a(s)=(dd/ds)(s) is the local curvature of the Fermi
0=J'x(°)/Ex=stt~T(S)dS with the local conductivity on the CUrve that is positive for an electronllke_ and _ne_gatlve for a
Fermi surface holelike section of the Fermi surface. This definitionagk)

can easily be interpreted geometrically. Corresponding to the

e? new local conductivity in Eq(4.18 we define the local con-
o(s)= 5 [(s)coSO(s). (4.14 ductivity weight 3 (s)=o(s)/oc and the conductivity-
2mh weighted average over the Fermi surfacd=(s))s

= [es2(s)F(s)ds. In terms of this conductivity weighted

Harris et al. defined a local conductivity weighty, average we get

=0o(s)/o and a conductivity-weighted average over the

Fermi surfacd F(s))s = [ <> (S)F(s)ds. Furthermore, they _Pxy  Oxy

introduced the local Hall angle O~ ra =(0(s))s - (4.20
- le|B d[I(s)sind(s)] The difference between Eq#4.14), (4.15 and our defini-
0(8)=~| 7 cos 3 s (4.19  tions of the local conductivity equatiof.18 and the local

Hall angle equatioit4.19 result in a modified expression for
to deduce the global Hall angi®, and the magnetoresistiv- the magnetoresistivity. Starting fromo(B)=j,2/E, we

ity to lowest order inB: are lead to the following definition of the local magnetocon-
~ ductivity:
0u=(0(s))3, (4.19
" Ao o (lelBydr s
Ap o i b B e B
—=(0(3))3 = (0(9))5 - (4.1 o _
p The magnetoresistivity is then given by
This formally very nice result is only achieved by the intro- A A
duction of the not very illustrative definition of the local Hall 2p__ 29 —(6y)? (4.22
angle in Eq.(4.15. p o
In the following we want to motivate a different definition ) )
of the local properties that in a certain way will simplify the _ le[B ﬂ L TCA(S) D — ( B(S))2
treatment and the interpretation of the transport integrals. g ds s [(6(s)7)s—(b(s))s].

Due to the assumed fourfold symmetry of the FS, integrals

over constant energy curves in our case actually are indepein this form it is more transparent how variations of the local
dent of the electric-field direction. Therefore, before carryingmean free path and the local curvature of the Fermi curve
out the integration oves, we calculate the direction average [see Eq(4.19] contribute to the magnetoresistivity.

of the integrand{F(8)) 4= (1/27) [3"F(9)d¥d. [This can In the following we will extend our discussion to the case
also be seen from our transport integrals. There are onl@f an applied temperature gradient. For this purpose we have
terms that are either proportional B (9)=sin®cosd or  to perform the following substitution in Eq4.13: —|e|E
proportional toF () =co£d. If we compare the contribu- —[(e—x)/T1(=VT). FromL=,(/(-V,T) we find with
tions to the integrals a ands’ =s+Lrg4 (Lgs being the Boltzmann’s constarkg :**

length of the Fermi curye we see that~; changes sign

whereasF,(§(s'))=cog(9(s) + m/2)=sirtd(s). All other L A(T)( d U)

factors in the integrals are identical atand s’. Integrals d ymE '

containing F; vanish, wherea$, can be replaced by the F 4.23
factor 1/2] In this way we are able to define local transport w2 ke '
coefficients that only reflect properties of the Fermi surface A(T)= ?(kBT)(E)'

and the corresponding electronic states. Again, the conduc-
tivity can be expressed as an integsat [so(S)ds, where  Relations of identical form hold betwer, ando,, as well
the new defined local conductivity is given by as betweem\L and Aco. For the energy derivative of the
conductivity we get
e’ e? I(s)

2W2ﬁ<|cos’-ﬁ)ﬂ= —. (4.18 (d ) :j (s
E

o(s)= dinl(s) «a(s)
J’_

de  hu(s

2m%h 2

de

))ds, (4.29

(In the following, local quantities will be indicated by their
arguments where they have to be distinguished from total where the first term inside the parentheses comes from the
transport  coefficients. From crxy=jy(l)/Ex and  energy dependence of the local conductivity, whereas the
(I'sin 9 41 cos9)),=—(1/2)I(d9/ds) we find the local Hall second term accounts for the energy dependence of the size
conductivity oyy(s)=—o(s)6(s), where the local Hall of the Fermi surfacénote that the local conductivity is nor-
angle (s) is now given by malized to unit length of the Fermi curveThe Seebeck
ol coefficient in zero magnetic field now reads
e
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with the local thermopower

dinl(s) «a(s)
S(s)=—A(T) de o(s)) (4.26
From the energy derivative ef,, we find
Lyy=—0(8(8)[S(s)+U(s)])s, (4.27

whereU(s) results from the energy dependence of the local

Hall angle:
dinl(s) din a(s)
U(s)=—A(T)( de + de (4.28
B dinl o 1 dz( 1)
= AD G TR T a g o

Thus, the normalized Nernst voltagg /V,T is given by

Sxy: pxyl—+p|-xy (4.29

=(6(5))s(S(8))s =(O(s)[S(s) +U(s)])s -

This is in disagreement with the result of Clayhkq. (8)
of Ref. 24:S,,=(6)s(S)s —(6S)s], which can be simply
understood as the generalization of E49). In contrast, Eq.
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FIG. 2. Normal-state resistivities and superconducting transi-
tions of the NCCO samples.

the isotropic case, Eq$4.29—(4.31) suggest the following
ansatz for the single zones={+,-): S,=S —(6},)?U’,
S,y=—0U', 6,=0'RB. This ansatz leads to additional
terms in Eqs(4.9) and(4.10. Now, each zongor band i is
characterized by the four parametgrs R, S, and U'.
Therefore we have to make further assumptions to determine
these parameters from the six measured quantities. In our

(4.29 emphasizes that even in the isotropic case there is Bodel the Hall coefficient for a single zone only reflects
nonvanishing Nernst effect. In the isotropic case the locageometric properties of the FS and should be independent of

guantities are independent sf and we getv=—6,U/B=
—oRyU. [Assuming thatJ is dominated by ¢ In 7/d€) and
taking the 3D-expressions=née’7/m* andRy=1/ne, we
recover the familiar resultv=—(7?k3T/3m*)(37/de€).]

Within our model we can also determine the magnetotherZ0nes or

mopower. FromAL = —A(T)(dAolde)EF we find

AL Ao )
& (897 ~@ueHes-am
|e|B)2 dinl <d|)2 2
X T 2 de d_S +1 E 2. (4.30

The magnetothermopower then can be calculated from

Ap AL L

_aro At by
AS= =S+ -0y (4.3))

(o
In contrast to the magnetoresistivityS also does not vanish
in the isotropic case, where we findS(B)=—0ﬁU=
—(0?R3U) B2,

Equations(4.5) to (4.10 suggest that the two groups of
charge carriers can be roughly characterized by six para
etersp'=1/o', R, andS (i=+
of the six quantitiep, Ap/p, Ry, S, AS, andv we could in
principle isolate the contribution of the single zonés

temperature. Similarly, we have)'=S+2A(T)(a'/%v')

=S —W'T, where the new defined again should be inde-
pendent ofT. From measurements at different temperatures
it should be possible to isolate the contributions of the single
bands. In a first step'(T) and R, have to be
determined from the experimental data,,(T,B) and
pxy(T,B). In a second stef'(T) and W' follow from the
electrical properties of the single zones and the experimen
tally observed thermomagnetic effects.

Finally, we want to make some remarks on the limitations
of our treatment of the thermomagnetic effects. First of all, it
is far from established that the relaxation-time approximation
is justified for NCCO in the temperature range of interest. In
general, we have to distinguish between an electric scattering
time 7¢' and a thermal relaxation time]' because inelastic
scattering plays a different role in restoring the equilibrium
distribution in the case of an applied electrical field on the
one hand and in the case of an applied temperature gradient
on the other hand. If electrons are predominantly scattered
by phonons, the relaxation-time approximation generally
fails for temperatures below the Debye temperai@e.??
Furthermore, we have neglected any phonon drag effects: An
applied temperature gradient also leads to changes of the

rTbhonon distribution function that might considerably affect
,—). From measurements hq thermoelectric effects via electron-phonon interaction.

We will return to these problems when discussing the experi-
mental results.

bands to the total transport coefficients. Such a procedure

might help to identify the physical origin of the two groups
of charge carriers if the underlying model is justified. On the

one hand, we can indeed regard E¢$.20, (4.22, and
(4.295 as justifications for Eqs(4.6)—(4.8) On the other
hand, Eqs(4.9) and(4.10 do not take into account the real

B. Experimental results

The normal-state resistivities and the resistive transitions
into the superconducting state of the three NCCO thin films
are shown in Fig. 2. For all samplgsroughly exhibits a

physical origin of the thermomagnetic effects. Starting fromquadratic dependence on temperature. This has been inter-
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FIG. 5. Kohler plot of the magnetoresistivity data for the opti-
preted as an indication for dominating electron-electron scatmally doped sample. The inset displays the same data on a double-
tering in this materialsee Ref. 25, and references theyein |ogarithmic scale.

Indeed, at intermediate temperatures the resistivities can be
well fitted to p(T)=po+AeeT>, Whereas there is excellent scribed by power laws. A corresponding statement is true for
agreement with the corresponding 2D formyéT)=po  the magnetoresistivity. At high temperaturkp/p is small-
+K(T/Tg)?In(Te/T) for T>150 K. Here, Fermi tempera- est for the underdoped and largest for the overdoped sample.
tures Te= ep /kg between 5000 K and 6000 K were found with decreasing temperature there is a tendency for satura-
for the different samples. At first sight, the resistivity of tion of Ap/p before superconducting fluctuations lead to a
NCCO does not change very much with increasing dopingrenewed increase. The normal-state magnetoresistivity of the
Basically, the differences could be simply interpreted as aNCCO thin films in good approximation obeys Kohler's rule
reduction of impurity scattering from the underdoped to thealthough there are increasing deviations with increasing dop-
overdoped sample. But we will see that there are real dopinghg. In Fig. 5, a Kohler plot ofAp/p is shown for the opti-
effects when we turn to the Hall effect and the magnetoremally doped sample. Clearly, there are considerable contri-
sistivity. butions to the magnetoresistivity from superconducting
The temperature dependences of the Hall coeffid&gnt  fluctuations at temperatures below 50 K. Therefore we have
and the magnetoresistivithp/p measured in a magnetic restricted the quantitative analysis of the electric transport
field of 11 T are shown in Fig. 3 and Fig. 4, respectively. At properties within the two-band model T&=50 K. The fact
high temperatures all samples display a negative Hall conthat Kohler's rule is not severely violated for our samples
stant. With decreasing temperatuRy, reaches a minimum can be interpreted as a first encouraging test for the validity
and finally increases again towards positive values. Increasf our classical two-carrier picture.
ing electron doping results in a shift &, towards positive As discussed in the previous subsection we assumed two
values, leading to a positive sign of the Hall constant for thebands(or zones of the Fermi surfacéhat can be character-
overdoped sample at low temperatures. The temperature dgred by temperature-independent Hall coefficieRts and
pendences oRy and the cotangent of the Hall angle @&t  R_  respectively. As a result of our fitting procedure we get
are complex for all samples and cannot be satisfactory dgpese two coefficients and the temperature-dependent resis-
tivities of the two bandg *(T) andp(T). We fitted experi-
: mental data from magnetic-field sweeps at different tempera-
10™ AN —a— overdoped 5 tures in the range 50 KT=<300 K. The t_wo-band model i.s _
‘\:& —e— optimally doped in very good agree_ment with the prerlmental data. This is
e —=— underdoped demonstrated by Fig. 6 for the optimally doped sample. For
. \\ the underdoped sample the fit was even better whereas it was
T ) somewhat worse for the overdoped NCCO thin film. This
i \A exactly reflects the degree to which the three samples obey

-\ \ Kohler’s rule. Finally, the derived transport coefficients for
the individual bands are summarized in Fig. 7. In addition to

\ p'(T) and Ry (i=+,—) we have plotted x'(T)
XA E =R},/p'(T)=6},/B which is a measure for the mobility of
. the charge carriers in the isotropic case. As we can see from
30 100 300 Eqg. (4.19 in the more general case this quantity corresponds
T (K) to the(local) product of the mean free path and the curvature
of the FS:u'=(e/h)!'a'. Before discussing the results in
FIG. 4. Temperature dependence of the magnetoresistivity. ThEig. 7 we will first turn to the thermomagnetic effects in the
connecting straight lines are guides to the eye only. normal state of our NCCO samples.

Ap/p
5
n

107 E
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the optimally doped sample there is a multiple sign change
T of the thermopower for the overdoped sample. The Nernst
coefficient »(T) as derived from the data fd8=11 T is

. displayed in Fig. 9. Corresponding to our definitioregfthis
coefficient is negative for all samples and temperatures. The
magnitude ofv decreases with increasing electron doping.
The relative drop of v| for the underdoped sample at low
temperatures seems to be related to its larger residual resis-
T tivity. All samples display a very large magnetothermopower
of negative sign. In Fig. 1A S(B) at different temperatures

is plotted for the optimally doped sample. Below 100 K there

B are clear saturation tendencies at large magnetic fields, i.e.,
beside theB? term higher-order contributions tS(B) be-
come important. Correspondingl$,,(B) displays slight de-

_ viations from the linear behavior in this temperature range.
Nevertheless, we tried to evaluate our two-carrier model as it
was described in the previous subsection, but we did not
succeed to fit the model to the experimental data. Obviously,

@ [T T

E96-353

& O e the origin for the large magnitude &fS(B) is not properly
~ 0.8r T (K) X . taken into account by our simple model. This does not nec-
s essarily mean that the general idea of two-band conduction
< 04k i in NCCO fails. As we have already pointed out in the theo-
retical discussion, our model depends on the validity of the
00 relaxation-time approximation. Also, phonon drag effects

seem to play an important role for the thermoelectric effects
1'0 12 in NCCO as is suggested by the local minima of &(d)
data in Fig. 8 at temperatures below 100 (Konsiderable
phonon drag effects have been reported for pktgpe cu-
i ; 26 .

FIG. 6. Fit of the two-band model to experimental data for thePrate YBaCu;O;_;.“°) The position of the(suppose
optimally doped sample. The legend for the Hall datgdnalso ~ phonon-drag peaks coincides with the temperature range
applies to the magnetoresistivity data(in). The inset in(b) dis-  Where the large magnetothermopower is observed. Possibly,
plays the resistivity in zero magnetic field. Here, the solid line cor-a detailed analysis of the phonon-drag contribution to the
responds to the experimental data and the filled circles to the fittethermopower of NCCO might even help to clarify the sig-
values of the theory. nificance of electron-phonon interaction for superconductiv-

ity in NCCO. Finally we want to point out that according to

The temperature dependence of the Seebeck coeffigienta previous study the large magnetothermopower does not
is shown in Fig. 8. Similar to the behavior of the Hall con- seem to be a spin-related effect sink§(B) is small if the
stant, S shifts towards positive values with increasing elec-external magnetic field is oriented parallel to the GuO
tron doping. Wherea$ is negative for the underdoped and planes in the direction of the temperature gradfnt.

B (T)

T T 0.020
400 4 1o} N
—a— overdoped / —a— overdoped 0015k \ —a— overdoped
s00l —e— optimally doped —e— optimally doped y - —e— optimally doped
—m— underdoped 6 8t —=— underdoped \ —=— underdoped
124 -
§ e 0ot
2 200 5 o =
o ; = £ \
0.005f =
100F = T
. ne \-\A\:Qg
I\-\.
° \ \ \ . \ \ . \ \ . 0.000 \ \ \ \ L
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
800 -10 0.025
12}
so0l —a— overdoped 0.020 —a— overdoped
—e— optimally doped —e— optimally doped
—n— underdoped 4r —=— underdoped
- pe ) o015} P
g 400 F 4 "E 16} —A4— overdoped A
% £ —e— optimally doped =t o010k
: "; 8l —a— underdoped e
200+ " 1 €«
— 20k 0.005}
et
ol \ \ \ . \ ool \ . \ \ . 0.000 — \ \ \ \ \
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300

FIG. 7. Derived electrical transport coefficients of the single bands. The straight lines are guides to the eye. The temperature indepen-
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FIG. 10. Magnetothermopower at different temperatures for the

FIG. 8. Temperature dependence of the Seebeck coefficient. optimally doped sample.

If we adhere to the idea of two-band conduction in ] ] _ _
NCCO, the doping dependence of the thermopo@and the ~ 9Ives con_fldence_ tha.lt.the two-carri@r t.wo—zone) picture is
large negative value of suggest that the two zones or bandsin @ certain way justified. In the following, we will therefore
have thermopowerS*>0 andS™ <0, respectively, that al- Presume that the derived transport coefficients in Figaridl
most cancel for the total system. In this cad&(B)/S(0) 0@ certain extent in Fig. ¥eally describe two dominating
can achieve large values and reflect subtle details of the barffOUPs of charge carriers. _ _
structure and the scattering mechanisms. In particular, AS @ first result we find that electronlike and holelike
AS(B) might be more sensitive to superconducting fluctua-harge carriers are equally important for the transport prop-
tions than the magnetoresistivity. This possibly contribute$ties of NCCO. This is in contrast to the analysis of Crusel-
to the failure to fit the experimental data on the thermomag!aset al.on experimental data for a SmCe)1SCUQ, single
netic effects to the two-band model. We might still try to get ¢'ystal-* These authors concluded that the conductivity of
a rough estimate for the thermopower of the single bands b§’® holelike band is dominating. The discrepancy is probably

introducing additional assumptions and fittisg= S(B=0)
and S,y(B) alone. For example, we might assume that for T - - - - T
both bands the thermopower is dominated by the energy de-

pendence of the mean free path. From E4<26) and(4.28 6 a_ —a— overdoped
we then findU'=S (i=+,—). The result of the corre- \ —e— optimally doped
sponding fitting procedure is shown in Fig. 11. ' \ —s— underdoped

In principle, the ambitious aim of our discussion should ~_

.~ ‘\\ ]

be the disclosure of the origin of the electronlike and hole- o
like contributions to the transport properties. Unfortunately, \0\ ‘\
such a discussion would have a very speculative character at '\- e .
this time. After all, it is surprising that the electric transport /'\'\ \,

coefficients of NCCO in the studied doping range can be 2r '\ T
described quantitatively within such a simple model. This

S* (nV/K)
£

1
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FIG. 9. Temperature dependence of the Nernst coefficient. The
connecting straight lines are guides to the eye only. FIG. 11. Derived thermopowers of the single bands.
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\

due to the fact that they only fitted the resistivity in zero

magnetic field and the Hall effect while assuming certain tar

T
S —
A

temperature dependences for the resistivities of the single 10l .\. \A\ ]
bands. Consequently, they observed only qualitative agree- ' \ 4
ment of the magnetoresistivity data with their derived single- 09} —a—overdoped '\. §
band parameters. o _ ) —e— optimally doped T |
Secondly, our analysis did not reveal any severe differ- S ggt _ . underdoped 4
ences between the doping effects by changing the oxygen *a ]
content on the one hand and those by changing the Ce con- 0.7} .
tent on the other hand. Both ways of doping the NCCO thin \'\_
films resulted in consistent variations of the transport prop- 061 \.\ q
erties of the isolated bands. Therefore our assumption that ]

50 100 150 200 250 300
T (K)

oxygen reduction is accompanied by electron doping of the 0.5
CuG, planes seems to be justified. As a consequence, it
should be possible, at least within certain limits, to compen-
sate deviations of the Ce concentration from its optimal FIG. 12. Ratio of the resistivity of the holelike band to the
value by adjusting the oxygen content. This scenario opens Rsistivity of the electronlike band.
possible explanation for the extended superconducting con-
centration range that has been observed for
Pr,_CgCuQ,., single crystals by introducing a new re-
duction proceduré® though these findings still have to be
confirmed by further studies.

In detail, the doping dependences for the single bands a
as follows: For the electron band the mobility <l a™

Finally, we will add some remarks on the thermopowers
of the isolated bands, as shown in Fig. 11, although the plot-
ted data can only be regarded as a first estimate for these
r%uantities. WhereaS" andS~ shift towards positive values
with progressive electron doping, they exhibit different tem-

-+ .
basically is independent of doping. This might be an indicaPerature dependences. F&r roughly a linearT dependence

tion that for the corresponding zone of the FS there are ng@" be observed, where the magnitude increases with de-

drastic changes of the group velocity, the scattering time, anarteagngﬂt_esrgperature. t‘!’he E'Im”?”t'es :0 tkt1e$§hetrrr]not|c:1ower of
the curvature with increasing filling of the Brillouin zone. p-type S aré noticeable. n contrast$o, the ther-

The changes oR, andp™ could be ascribed to an increase mopowerS " displays a relative minimum that we have in .
. ; . terpreted as a phonon-drag effect. A more detailed analysis
of the size of the electronlike zone. In contrast, there is a X .
) . o . . of the thermomagnetic effects has to be performed in order to
considerable increase of the mobility with progressive dop-,_ .. . o !
. X X ... clarify if the influence of the phonon system is indeed dif-
ing for the holelike section of the FS whereas the resistivity . . ; '
) “ferent for holelike and electronlike charge carriers. This re-
does not change very much. The most simple way to explain__: . . . ,
. L . mains an interesting and challenging task for future studies.

this behavior is to assume an increase of the curvature of the

holelike zone. Of course, the situation can be much more

complicated. For example, we might think of a rapid increase V. SUPERCONDUCTING-STATE

of the group velocity when the FS is shifted away from a TRANSPORT PROPERTIES

saddle point or of a decrease of the relaxation rate when the

FS moves away from a region with strong scattefiag with A. Theoretical background

the magnetic BZ bOUndary in the case of Scattering by anti- In the mixed Statep-type HTSC's exhibit transport prop-
ferromagnetic spin fluctuations erties that differ in many respects from those of the classical

We will close the discussion of the electric transport prop-BCS superconductors. On the one hand, the layered struc-
erties of the single bands by a comparisionpdf(T) and  ture, the high critical temperatures, and the small coherence
p~(T). Roughly, both quantities share a quadratic depentengths in the nm range cause a very rich phenomenology of
dence on temperature as it was observed for the total systefortex dynamics. Here, superconducting fluctuations play an
To emphasize the differences we have plotted the ratigmportant role. Depending on the degree of anisotropy and
p"lp~=0"lo" in Fig. 12. By comparison with Fig. 3 we pinning, different(phasg transitions of the vortex lattice
see how small changes of the ratio of the conductivities ohave been reported. The most prominent example probably is
the two groups of charge carriers result in the observed comhe broadening of the resistive transition in external magnetic
plex temperature dependence of the Hall coefficRgt A fields. On the other hand, there is strong evidence fdr a
more careful analysis reveals that (T) can be very well wave pairing symmetry in thp-type cuprates. A discussion
approximated by the simple expressipn(T)=a+bT?in  of the mixed state of a-wave superconductor is still at the
the entire temperature range and for all samples. Similar t@eginning. The vortex structure should also be affected if the
the total systemp™(T) exhibits deviations from this form superconductor is in the clean or even superclean limit as it
and is better described by the corresponding 2D formula fors discussed for certain hole-doped HTSC'’s. Consequently,
dominant  electron-electron  scattering p*(T)=pg we have to introduce considerable modifications of concepts
+K(T/Tg)?In(T:/T) for T>150 K. We do not think that that have been established for classical BCS superconductors
these findings should really be interpreted in terms of differ-in the dirty limit.
ences in the dimensionality of the two bands. Possibly, these In the case of the electron-doped HTSC's such as NCCO
details depend on our simple model or on small errors in theve probably deal with as-wave superconductor. Therefore
determination of the magnetoresistivity. we possibly do not have to cope with the complications of
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d-wave pairing. But still the strong anisotropy distinguishescarries entropy and has a strong influence on the electrical
this material from classical three-dimensional BCS supertransport properties: the magnetic flux lines. Whereas the
conductors. Also, NCCO is not in the dirty limit. In this thermodiffusion of quasiparticles is mainly responsible for
paper we will concentrate on certain aspects of thahe Seebeck effect in the mixed state, the diffusion of vorti-
superconducting-state transport properties of NCCO. Hereses predominantly results in a transversal voltage, i.e., in a
we will give a very brief overview of theoretical concepts Nernst effect® In an applied temperature gradient a vortex

that we used in our studies. experiences the thermal force per unit length
A major point will be the determination of the upper criti-
cal field from different measured quantities. Typical values Fin=—S,VT, (5.3

reported forB,(0) are not significantly higher tha8 T for . :
NCCO. Therefore, this material can be driven into the nor_v_vhere8¢ is the transport entropy per unit length of the flux
mal state with accessible magnetic fields even at low tem!—'ne' (In the following we will assume the same geometry as

peratures. The most simple way to determiyg is from the in the dlscuz_smn.of th? r&qrm;;s.tate. prop%rtlr(]es: The telm-
shift of the resistive transition in an external magnetic field Perature gradientis applied in thelirection and the externa

This method gives reasonable values for classical BCS SLpjagnetic field is oriented perpendicular to our thin films in

perconductors but does not work fpitype HTSC'’s due to thezorc directi_on) Without_pinning, the thermal force is
the broadening of the resistive transition. In contrast, for’@lanced by a viscous damping forem,=Fy. The vortex

NCCO there is no broadening but a real shift of the resistivd'OVE€S opposite to the applied temperature gradient leading

transition in an applied magnetic field. Although supercon-l© @n averaged electric field=—v,XB in the negativey

ducting fluctuations lead to a rounding of the transition, it isdiréction. The vortex entropy can be determined from mea-
still possible to deduce a critical field from the position of the SUrements of the normalized Nernst electric fieg],
transition, e.g., by extrapolating its steep part to the normal— Ey/VxT if the damping coefficient; is known. This coef-
state value. Another possibility to determine the upper critificiént can be inferred from the flux-flow resistivityy;
cal field is a fluctuation analysis of the resistivity. Since fluc- = #0B/ 7, where$o=h/2e is the flux quantum. We get
tuation theories usually are formulated in the framework of

the time-dependent Ginzburg-Landa@GL) theory, this S, =— ¢03<y_ (5.4)
method is restricted to temperatures not too far frogiH ¢ Pt

=0). Not too close tol., fluctuations are small and it is
sufficient to treat the linearized GL equation leading to the ken int ‘b lized d . ficRnt
theory of the so-called Gaussian fluctuations. In the case €n Into account by a normalized damping coetticient.
NCCO a corresponding fluctuation analysis of the magne- he transport entrgpy c(;an be condne_cteg to the revle(r5|ble
toresistivity aboveT. is complicated by the large normal- g]rr?glqde;lz:gggﬁt,\é?_ Lhzgﬁfﬂu found in the framework: of
state contribution ta\p/p. Close toT., the nonlinear term P

in the GL equation has to be taken into account leading to BoM(T)

the so-called critical fluctuations. In this critical region ar- Sy(T)=— O—L(T)_ (5.5
round T, the fluctuation conductivityo,. cannot be ex- T

pressed in a closed form. Instead, scaling relations have be

; 29-31 ; ot
derived foro - Such scaling forms only exist in the to T, and 0 afT = 0.3 For low temperaturek(T) is difficult

limit of two and three dimensions, not for layered systems, coicylate and depends on material specific parameters.
with arbitrary coupling of the superconducting planes. U”ahWithin GL theory, Abrikosov found in the high-field limit
and Dorsey derived the following scaling relations for the(H ,—H<H,)

C C

fluctuation conductivity:

oo _ [T\ [T-Tea(H)
Ttuc™ | | 2D (TH)12

Pinning does not change this relation as long as it can be

‘F—ﬂere,L(T) is a numerical factor that takes the value 1 close

(5.6

Ny T)_ HCZ(T)_H
). (5.1 (  Ba(2k?—1)+1’

wherex is the Ginzburg-Landau parameter gk~ 1,16 for
o [ TP\ T—Te(H) a hexagonal vortex lattice. Close Tq, the vortex transport
Tiuc™ | | 3D W : (5.2 energy per unit length of flux lin&) ,=TS, is given by

Here, we have already included all material specific param- Heo(T)—H
eters in the scaling function®,p, and F5p . Close toT, we Ug(T)= ¢om (5.7
haveT ,(H)~T.+H/(d HigldT)TC. Thus, the scaling forms Ba(21 )
(5.1) and (5.2) depend on the two parametef and  with Hey(T)~(T—Tc)(dH.,/dT)r . Close to the critical
(dHE/dT)r_. These parameters can be determined for aemperaturel) , as well asS,~U /T therefore depend lin-
given 2D or 3D sample by fitting the appropriate scalingearly on temperature and external magnetic figd woH.
relation to the experimental data. For fixedB, linear extrapolation ol ,(T) or S,(T) to zero
The thermomagnetic effects in the mixed state are alsg@ives T.,(B). In addition to the upper critical field, the
suitable for a determination of the upper critical field. In Ginzburg-Landau parameter can be derived from experi-
contrast to the normal state, where these effects result fromental data otJ ,(T) or Sy(T). For extreme type-Il super-
the diffusion of quasiparticles, there is another species thatonductors £>1) we get
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FIG. 13. Resistive transitions of the NCCO thin films in external magnetic fiedig(T) for the underdoped sampléy) p(T) for the
optimally doped samplec) p(T) for the overdoped sampléd) p(B) for the optimally doped sample.

~ [P

N\ 23
where @U,/dT) is evaluated for small magnetic fields and
temperatures close fB.. In principle, the discussion of the

optimally doped samplg, increases again for smail Cor-
responding effects can also be observed for other transport

coefficients(compare Fig. 3 foRy or Fig. 20 forS). This
sometimes has been attributed to localization effects. For all

samples an increase of the external magnetic field results in a
shift of the resistive transition to lower temperatures without

transport energy can be extended to the intermediate ﬁelgppreciable broadening. For given temperature we have de-

regime, e.g.,

transitions in external magnetic fields. In Figs(d313c)

ing. Figure 18d) gives exemplanp(B) transitions for the

by using the Hao-Clem
magnetizatiori®*’ This has not been necessary in the case o
NCCO. For highx materials deviations from the linear GL
result can only be observed f& considerably smaller than

the upper critical field.

B. Experimental results

result for theFned a resistive critical fieIdB:; as the value of the applied
ield wherep(B) has reached half of its normal-state value.

CorrespondinegB;r data can be deduced frop{T) curves

for fixed magnetic fields. In Fig. 14 we have pIotth(T)

for all samples as derived for all measure(l) and p(B)

transitions. We observe a positive curvaturijf(T) that
decreases with increasing doping. This finding is indepen-

A first characterization of the NCCO samples in thedent of our 50% criterion for the definition &7 . In Fig. 14

mixed state can be carried out on the basis of the resistivare have indicated the width of the resistive transition for the
optimally doped sample as error bars. Here, the transition

we have plottedp(T) curves for different applied fields, width has been determined by extrapolating the sharp rise of
where the order of the graphs corresponds to increasing dojp-to its normal-state value on the one side and to the value 0

on the other side. This is approximately equivalent to a 10—

optimally doped sample. The data indicate an increase d0 % criterion. Measurements of the resistive critical field of
metallic properties with progressive doping in that sense thatlectron-doped cuprates have ng%egn reported for temperatures

the normal-state resistivitp,, (measured in high magnetic below 4.2 K with similar result
fields) as well as its saturation tendency at low temperatures The observation of a positive curvature is not restricted to
studied overdoped

decreases. Remarkably, an almost linealependence qgf,

n-type HTSC's.

Mackenzie et al.

is observed for the overdoped sample in the low-temperaturél,Ba,CuQ; single crystals in magnetic fields up to 18 T and
range down to 4.2 K. In contrast, for the underdoped and théemperatures as low as 12 MfkThe samples exhibited,
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- - ) FIG. 15. 2D scaling of the fluctuation conductividy,,. for the
FIG. 14. Resistive critical fields for NCCO samples. The erroroptimally doped sample withT,—24.4 K and dBCZIdT)TC:

bars for the optimally doped sample correspond to the transition : . .
widths. —0.40 T/K. The plot contains all experimental data with<Ib

<28 K, 1=B<5 T, and 0.006,< o0 .<1.20,. The same data
are shown in the inset on a logarithmic scale.
values of typically 20 K. Interestingly, the normal-state re-
sistivities showed a quadratic dependence on temperaturgagnetoresistivity at higher temperatures where fluctuation
similar to that of our NCCO samples. Also, an applied mag-contributions can be neglected. For the optimally doped
netic field caused no broadening but a shift of the resistivgsample, this is reasonably fulfilled even for magnetoresistiv-
transition. Down to the lowest temperatures, which correity data atT=26 K that are not shown in Fig. 5. Therefore,
sponded to less than 0.004, the derived critical fields ex- we can assume that superconducting fluctuation contribu-
hibited a positive curvature with no indications for a satura-tions too are effectively suppressed in magnetic fields of 11
tion, resulting in a rapid increase Bf; at low temperatures. T: o,(T,B=11 T)~0, i.e., p(T,B=11 T)~p,(T,B
At the same time, Osofskgt al. obtained similar results on =11 T). With Ap,/p,(u) and p(T,B=11 T) known, the
Bi,Sr,CuQ, thin films*" Later, Ovchinnikov and Kresin fluctuation conductivityoy,¢(T,B) can be calculated from
found very good agreement with this data when they in-p(T,B) via
cluded scattering on magnetic impurities into the calculation

of the upper critical fieldB.,.*> However, there are still Thue(T,B)=p(T,B) 1= p(T,B) 1, (5.9
some doubts if the fiel&j; defined above can really be iden-
tified with B.,. A study of the specific heat in JBa,CuO; 1+Ap,/pa(u(T,B))

resulted in higher critical fields than is suggested by the po- pn(T,B)~p(T,11 1) 1+Ap,/py(u(T,11 T)’

sition of the resistive transitioff For then-type cuprates the

uppgr_critical fi(zllld‘wvvas Qetermined from the fluctuation con- u(T,B)=(B/py(T,0)%~(Blp(T,11 T)2.

ductivity o,c. > Again, these values were larger than

BY . In Ref. 44 a 2D scaling behavior ofy,; was deduced ~We restricted the scaling fit of . according to Egs(5.1)

for Smy gCey;:CUO, single crystals, whereas 3D scaling and(5.2) to temperatures not too far froiin, and to interme-

was reported for NCCO thin films in Ref. 45. We do not diate magnetic fields. On the one hand, E89) does not

believe that there is a substantial difference in the dimensiorgive the correct fluctuation conductivity f@—11 T. On

ality of these materials. Instead, we should emphasize thdhe other hand, the scaling forms of E¢S.1) and(5.2) are

the determination ofr,,. requires a good knowledge of the Valid only in the lowest Landau-level approximation, i.e., at

normal-state resistivity' especia”y fd’r>'|’c where fluctua- hlgh magnetlc fields. In addition we restricted the fit to

tion contributions too are relatively small. A certain short- 0-0037,=<0fjy,c<1.20, in order to limit the influence of pin-

coming of the quoted two papers is that the pronounce(ﬂ“”g that starts to determine the resistive transition at large

normal-state magnetoresistivity has not been taken into ad@lues ofoy,.. For all samples the fluctuation conductivity

count properly. was considerably better described by the 2D scaling form of
In the case of our NCCO thin films we have adopted theEd. (5.1). In Fig. 15 we have plotted the 2D scaled fluctua-

following procedure to determiney,,c. On the one hand, tion conductivity for the optimally doped sample. 3D scaling

the normal-state magnetoresistiviyp,,/p, of our samples did not result in such a good fit and the obtained values for

is known with considerable accuracy since Kohler's rule is(dBe2/dT)r were unreasonably high. Only for the over-

obeyed.Ap,/p, is fitted as a function ofi=(B/p,)?2 by a  doped sample this quantity started to develop towards real-

polynomial of low order. This is done foF=50 K where istic values. This might be an indication that NCCO gradu-

superconducting fluctuations are small. On the other handjlly changes from a 2D to a 3D system with increasing

we know from the Kohler plot, also, that magnetic-field- electron doping.

induced changes gf in the limit of very highB are basically The 2D scaling ofoy,, for the optimally doped sample

given by the normal-state magnetoresistivity. In Fig. 5 wewas somewhat better than for the other samples. Due to dif-

see forT=40 K thatAp/p at high fields is parallel to the ferent circumstancesy,,. could not be determined as accu-
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tropy for the optimally doped sample on a linéay and a logarith-
FIG. 16. Temperaturéa) and magnetic-field dependen(® of mic scale(b).

the normalized Nernst voltag8,,=E,/V,T for the optimally

doped sample.
order of progressive electron doping.,(0)~8.4 T, 6.8 T,

rately for the latter samples as for the optimally doped fiIm.,i?\r)slyg'3 T andg,y(0)~63 A, 70 A, and 100 A, respec-

For the underdoped thin film, fluctuation effects were com- In the following we will turn to the determination of the

paratively large so that the approximationy,(T,B upper critical field from the transport entroggr energy of

=11 T)=~0 did not work as well as for the other samples. . . .
This also can be interpreted as a signature of a pronouncenaagneuc flux lines. In Figs. 18 and 16b) the temperature

. . nd magnetic-fiel nden f the normaliz Nern
2D character of this material. In the case of the overdopeél d magnetic-field dependence of the normalized Nernst

o - L voltage S,,=E,/V,T is shown for the optimally doped
NCCO, thin f||m3 deviations of the magnetore5|st|V|ty_ from sample. The large normal-state contribution can easily be
Kohler's rule did not allow an accurate extrapolation of

Aol to low temperatures. For the optimally doped identified on grounds of its linear dependenceBinAs ex-
Pn’Pn emp ) P y dop pected, the superconducting contribution due to the thermod-

sample we obtained~24.4-0.2 K and @B.,/dT)y ~ iffusion of magnetic flux lines has the sartreegative sign.

—0.40£0.01 T/K. Here, we fitted experimental data with Thjs contribution increases when the superconducting state is

15 K<T=28 Kand 1 &B=5 T. The errors were esti- gntered by reducing the temperature or external magnetic

mated by varying the temperature and magnetic-field ranggq|q. ts magnitude reaches a maximum bef6yg goes to

and the error weight in our fitting procedure. The small error. ero due to pinning of the vortices. From general thermody-

valugs reflect that with the gbove parameters a reasonab S mic arguments we expes},—0 for T—0 even without
scaling was observed even in the magnetic-field range be'innin When calculating the vortex transport entr
tween 0.2 T ad 1 T aswell as for temperatures down to 10 P 9. 9 P Ry

K. For the underdoped sample we obtaindd~19.2 =— oSy /p, pinning effects basically drop out. But we still

have to correct this experimental quantity for normal-state
+ ~ —
~0.2 Kand dBCZ/dT)Tc 0.63+0.06 T/K, whereas for contributions that are neglected in E§.4). Here we assume

the overdoped thin filnMT;~20.5-0.2 K and 0Bc,/dT)r,  that the normal-state contribution at small fields can simply
~—0.23£0.03 T/K were derived. Within the Werthamer- pe determined by extrapolating,(B) from higher fields.
Helfand-HohenburgWHH)-theory*® the upper critical field ~ This appears reasonable since it is equivalent to the assump-
at T=0 can be calculated @B:,(0)~0.69T¢[dB.,/dT|;.  tion that the normal-state contribution ®, is given by

The in-plane coherence length follows ag.,(0)  (p/pn)Siy=(0n/0)S;y, whereS), is the normalized Nernst

= o/2mB;,(0). For thethree samples we obtain¢ith the  voltage in the normal state. Because to lowest o@]]gris
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FIG. 18. Temperature dependences of the vortex transport en- (c)
tropy S, (&) and the vortex transport enerdy, (b) for the opti- 2F 8
mally doped sample after correction of the normal-state contribu-
tions.
proportional toB we performed a linear extrapolation of the
high-field regime ofS,(B) to approximate the normal-state = 1t _
background. o
The correcteds,(B) data for the optimally doped sample m
are plotted in Fig. 1(&). It is very difficult to determine the
upper critical field by linear extrapolation &(B) to zero.
Instead of a linear dependence Bnas suggested by the GL ot i
theory, we observe an almost exponential decreas,@) , , ,
with increasing field. In Fig. 1(b) the vortex transport en- 10 15 20
tropy is plotted on a logarithmic scale. We do not believe T (K)
that the data already correspond to the low-field regime
where deviations from linearity are expect&d’*’Instead, FIG. 19. Comparison of the temperature dependences of the

fluctuation effects might play an important role even at lowupper critical fields derived from different transport properties. The
temperatures. Of course, the detailed magnetic-field depempper critical fieldB}'*(T) has been assumed linear Thcorre-
dence of ourS,(B) data sensitively depends on the correc-sponding to the approximation in the scaling analysisrgfio(T).
tion procedure for the normal-state contribution. ThereforeThe plots(a)—(c) are in the order of increasing electron doping.
the exponential dependence of the vortex entropfs onight
be an artifact, although this feature was observed for alfjuantities to zero. There are two systematic sources for er-
samples. For the same reason we did not try a fluctuatiorors in the determination of the upper critical field. First of
analysis of the transport entropy. all, S,(T) andU 4(T) are linear inT only close to the critical
For the optimally doped sample, the corrected quantitiesemperature for a given magnetic field. On the low-
S4(T) and U 4(T) for different applied fields are given in temperature side, both quantities finally have to go to zero as
Figs. 18a) and 18b), respectively. Obviously, theT- T approaches zero. Therefo8,(T) and U 4(T) gradually
dependent data are better suited for an analysis within thBlatten with decreasing temperature. On the high-temperature
high-field GL formalism becaus8,(T) andU 4(T) at least  side, superconducting fluctuations also lead to a flattening of
partly exhibit a linear dependence on temperature. For &,(T) andU 4(T). Therefore, the linear extrapolation results
given magnetic field we have determined the correspondin transition temperatures that are too high except for a cer-
transition temperature by linear extrapolation of these twdain intermediate magnetic-field range. This problem is more
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TABLE I. Comparison of different material parameters. The order of the sanfpledo bottom corre-
sponds to increasing electron doping.

Sample Te —(dBg/dT)y, Bc2(0) $a0(0) —(dU,/dT)+, K A (0)
K) (T/K) W) A) (I/Km) A)
E95-458 19.2 0.63 8.4 63 1013 61 3800
E96-353 24.4 0.40 6.8 70 310718 30 2100
E96-368 20.5 0.23 3.3 100 7018 31 3100

severe for the determination of the upper critical field fromvalue which was taken for small magnetic fiel@s2-0.5 7
the transport energy becausk,=TS, contains an addi- and T close toT.. The highest valuedU,/dT)~—3.2
tional factor T. This can be seen by comparison of Figs.x10 ** J/K m was found for the optimally doped sample
18(a) and 18b). that is comparable to that of YB&WwO; 5(—2.5

In Fig. 19 we have plotted the upper critical fiel§? ~ x 10~ J/K m).X° For the underdoped sample we derived
and B_y that have been derived by linear extrapolation of(dU,/dT)~—1.2X 107 g/l*g m and for the overdoped
Sy(T) andU 4(T), respectively. This procedure did not work film (dU,/dT)~—1.7x10"* J/Km. The order of magni-
well for the underdoped sample due to pronounced supercofvde of dU,/dT) is consistent with the predictions of the
ducting fluctuation contributions to these quantities. Becaus&L theory. Consequently, there are no indications for a re-
fluctuation effects decreased with progressive doping, the dégluction of the vortex transport entropy due to a quasiparticle
termination of the upper critical field by this method was Pound-state guantization in the vortex core as suggested by
most definite for the overdoped sample. This can also bdianget al.™ These authors obviously us&j data from the
seen in Fig. 19 by comparison with the upper critical fieldfluctuation regime to perform their analysis. From
B!Y® that has been derived from the scaling of the fluctuatioldYs/dT) and Eq.(5.8 we derived Ginzburg-Landau pa-
conductivity. For temperatures not too far frofg, there is rametersc=61, 30, and 31 for the underdoped, the optimally
good agreement between the differently derieg data for ~ doPed, and the overdoped sample, respectively. The London
the optimally doped and the overdoped sample. This givegenetranon depth is minimal .for the optlmally doped sample.
some confidence that the fluctuation analysis results in alf! the order of progressive doping we founi(0)

accurate value for the underdoped sample, also. In the fol= xéap(0)=3800 A, 2100 A, and 3100 A\(0)=2100 A .
fluc Is about 60% larger than values that have been determined

lowing, we will therefore regar®., - as the correct upper . )
i : - o ; : from the surface resistandén Ref. 3: A(0)~1300 A for
critical field of our samples. The resistive critical fleEBq is N, iCéo 26CUO; ., thin films on LaAIGy |. The material pa-

P i 1 *
zélso SI:'.O\;]VU n F'gi d19. (b)lbvllouslﬁsfp dqes n(t)t correstpond_lf(r)]_ rameters that have been derived for the three samples are
c2 WHICR IS consideraply farger for given temperature. tNiSg,, ., marized in Table 1. A similar listing for the-type

supports findings as given in Refs. 43-45. In patrticular, th , :
theory of Ovchinnikov and Kresin does not seem to agply. T;Eﬁg ii REfB?SUSOLﬁ and BpSRLCaCyOg.x can be

Possibly, the two-dimensional character of NCCO is respon- We also performed measurements of the Seebeck effect in

; i *
sible for the dlffefenfces beftwrt]a.ﬁp and B92. Thr(]ere are  ihe mixed state. In the dirty limi§~(p/p,)S, is expected,
some arguments in favor of this assumption. The order Ofypares s the thermopower in the normal state. Deviations

magnitude of .superco.ndL.Jcting fluctuations as well as OUE-om this relation have been observed in fhiype HTSC's,
scaling analysis oérq,. indicate that the underdoped sample \ich have been ascribed to a reduction of the guasiparticle

has a pronounced 2D character, which diminishes with in'scattering rate in the superconducting reghh®-52Unfor-

creasing electron doping. With progressive doping we alsqnately ‘the large magnetic-field dependence of the normal-
observe a decrease of the positive curvature8p(T) as  state thermopower did not allow a detailed analysis of the
well as a reduction of the discrepancy betw&nandBc,.  Seebeck effect in the mixed state of NCCO. Exemplary ex-
Fina”y, we compare the resistive critical field in Flg 14 with perimenta| data for the 0pt|ma||y doped Samp|e are given in
the B,»(0) values that have been derived within our scalingrig. 20. The sign changes &ffor certain temperatures and
analysis ofoy,c and the WHH theory. For all samples, ex- magnetic fields obviously have nothing to do with the entry
trapolation to low temperatures indicates thtmight take into the superconducting regime but are related to a sign
on the same value &t=0 asB.,. Summing up it may be change in the normal state. In high magnetic fields the slope
said that the positive curvature of the resistive critical fieldof S(T) changes its sign at about 12 K. This seems to be
B;(T) does not necessarily conflict with the idea of classicalrelated to similar features in the resistivity and the Hall co-
superconductivity in NCCO. However, the quasi-2D characefficient. The sharp double-peak structures that have been
ter of this material and the resulting fluctuation effects haveobserved for this sample in the foot of the superconducting
to be taken into account. transition are artifacts that have technical reasons.

To complete our discussion of the Nernst effect in the We will close our discussion of the superconducting-state
mixed state we have determined the Ginzburg-Landau paransport properties with some remarks on the Hall effect.
rameterx according to Eq(5.8). Because superconducting The magnetic-field dependence of the Hall coefficregtfor
fluctuations and the numerical factbXT) in Eq. (5.5 re- the optimally doped sample is plotted in Fig. 21. There are
duce the slopédU,,/dT|, we have determined its maximum no indications for a sign change &, when entering the
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superconducting state. Also, the scaling behavior of the Hall § 10 . ggigi%‘ —— 45K |
effect in NCCO is different from that gf-type HTSC's. In G . ‘igiﬁia —— 55K
YBa,Cu;O;_ 5 pxy(T,B)%Apix(T,B) with A~const was > . 'vgggiig —a— 7.0K |
found. This corresponds to a Hall conductivity,~ — A that Z o5} " W 170K —— 9.0K A
is constant in the relevant temperature and magnetic-field g e ——19.0K ——11.0K
range. Indeed, a magnetic-field-independent Hall conductiv- ° e ——21.0K -—13.0K
ity is expected in the mixed state within the Bardeen-Stephen 00F —e—230K ——15.0K |
model. In Fig. 22 we have plotted,,(B) for our NCCO thin 6 2 "‘ é é 1'0 10
films. The data correspond to the magnetic-field range with
pxx(B)=0.1p, for the underdoped sample ang,(B) (c) . . . . . .
=0.2p, for the optimally doped and the overdoped sample. 00 -, .
In case of the underdoped sample a linear behavior of ”‘*%% E96-368 ]
ayy(B) can be observed over the entire magnetic-field range 051 / .::.:‘ e |
whereas deviations from this behavior increase with progres- —~ _, 4| / , e )l
sive doping. Therefore, the dominance of the normal-state g ' ./';"'lialgxf:;&;;?ifjfxxx" N
contribution toay, for the underdoped sample is possibly & .15} / / "‘i;;:;:::;niiiynm 00
caused by the two-dimensional nature and the resulting pro-% "lG;;II:-v.,v“ T
nounced fluctuation effects. Again, this might be regarded as T 2.0 TTIROK g T e ]
an indication for the importance of the dimensionality for the %05l e “7’-85 J :::;-gi ]
resistive transition of these materials. However, we do not ® “7[ | o . _ 30k S ]
have a detailed understanding of the Hall effect in the mixed 30F =45k  ——— 110K RO
state of NCCO. Here, we have not discussed the influence of L 1 L ) L L
pinning (which is expected to increase if we change from a 0 2 4 6 8 1012
2D to a 3D system since it has been argued that pinning in B (T)

FIG. 22. Hall conductivitieso,(B) for the three NCCO

' ' ' C 45K samples in the order of increasing doping. Note thgt=
e 2 2
0.0 ?\U!c,.-\:\'.\:\o.—--x\:ls\:\. o ?gi 4 _pxy/(pxx+ pxy)'
i LR —— 9.0K .. . .
x \ \ \\\\ \\\\ e 11.0K general does not affect the Hall conductivity in the mixed
~ \ | [ \ ——13.0K state of type-Il superconductots.
Q -05f YU '\\AX- ——15.0K ]
E | \ \x\ MR \\ —x—17.0K
E \ \ \‘\ x\&\\'\ 0\‘\:\'\\‘\ 180K VI. SUMMARY
= LN S e e ——21.0K . . .
o 10F N R e ants s tasese s 23.0K i We have studied the electric and thermomagnetic trans-
nn;;;;.;;;;;;;;;;;;Eﬁzzz;.tt:ifﬁiiiiifggggmm port properties of an underdoped, an optimally doped, and an
F96.353 gf???ggf?ﬁfﬁfﬁffﬁfeefﬁ overdopedc-axis oriented, epitaxial NCCO thin film in the
. . . . e normal as well as in the superconducting state. In the normal
5 2 4 6 8 10 12 state, the electric transport coefficieptsRy , andAp/p(B)

B (T)

can be well described within a simple two-carrier model,
where each of the two groups of charge carriers is character-

FIG. 21. Magnetic-field dependence of the Hall coefficient ~ ized by aT-independent Hall coefficient. The derived trans-

for the optimally doped sample.

port coefficients of the isolated bands exhibit systematic dop-
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ing dependences. Based on an analysis for a 2D metal withort entropy. Extrapolation to low temperatures suggests that
tetragonal symmetry within standard Boltzmann theory, theB* (T=0)=B,(T=0). The quasi-two-dimensional nature
two-band model was extended to the thermomagnetic efof the single-layer cuprate NCCO seems to be responsible
fects. This model does not result in a satisfactory descriptiofyy the discrepancy betweeB: andB.,. Finally, the order

of the experimental data. Obviously, the relaxation-time ap magnitude of the vortex transport entroBy is consistent
proximation does not provide a good basis for an understamﬁmh predictions of the GL theory. Our results therefore sug-

mt(ﬂ o;the tthetr)m(srrllagne:lc eﬁectstPﬁono?thag efg‘ﬁcts prob agest that the superconducting transport properties of NCCO
ably have 10 be taken into account. Nevertneless, the normay,q, might be understood within classical concepts if the

state transport properties of NCCO possibly can b ayered structure of this material is taken into account.
understood within a two-band model. An open question re-

mains the physical origin of the two conduction bands.

In the superconducting regime, the critical fie&j(T),
derived from the shift of the resistive transition in external
magnetic fields, displays a positive curvattB%. is not iden- One of the authoréF.G) would like to thank R. P. Hue-
tical with the upper critical fieldB., that results from an bener and N. Schopohl for many helpful discussions and
analysis of the fluctuation conductivity and the vortex trans-critically reading the manuscript.
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