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Theory for electron-doped cuprate superconductors:d-wave symmetry order parameter
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Using as a model the Hubbard Hamiltonian we determine various basic properties of electron-doped cuprate
superconductors like Nd,CeCuQ, and Py_,CeCuQ, for a spin-fluctuation-induced pairing mechanism.
Most importantly we find a narrow range of superconductivity and, similar to hole-doped cuggatgs,
symmetry for the superconducting order parameter. The superconducting transition tempérdireer
various electron doping concentrationare calculated to be much smaller than for hole-doped cuprates due to
the different energy dispersion and a flat band well below the Fermi level. Lattice disorder may sensitively
distort the symmetryl,>_,» via electron-phonon interaction.

It is of general interest to see whether the behavior of €= — 2t[ cosk,+ cosk, — 2t’ cosk,cosk, + u/2], (2)
hole-doped and electron-doped cuprate superconductors can

be explained within a unified physical picture, using for ex- re taken in accordance with photoemissiangle-resolved
ample the exchange of antiferromagnetic spin fluctuations a%hotoemission spectroscop(ﬁFE)PES] experirr?entéo The
the relevant pairing mechanism. While hole-doped superco chemical potential, describes the band filling. Here and in

ductors have been studied intensivelthe analysis of he followi t the latti tamt b Lt it
electron-doped cuprates remained largely unclear. One ex€ following we set the lattice constaat=b equal to unity.
In Fig. 1 the results fok, of a tight-binding calculation

pects on general physical grounds, if Cooper pairing is con- ,
trolled by antiferromagnetic spin fluctuations, trdtvave irg ?s)holg/vn. We chgose the pa;ramer:terSL3ﬁ mev fmdt ith
symmetry pairing should also occur for electron-doped -~ or comdp,ailson, hWeh gsoﬁs ow g N rgsu ts.bw'th
cuprates:® Previous experiments did not clearly support this =250 meV and’=0, which is o en used to describe the
and reported mainlg-wave pairing*~® Perhaps as a result of hoIe-dopgd supercpnductors. One immediately sees t'he Im-
this, so far electron-doped cuprates have received much le§9rtant difference: in the case of NCCO the flat band is ap-

attention than hole-doped cuprates. However, phase-sensitips0Ximately 300 meVbelow the Fermi level, whereas for

experiments and magnetic penetration depth measure_the hole-doped case the flat band lies very close to it. Thus,

ment&® have recently exhibited-wave symmetry Cooper using the resultings, in a spin-fluctuation-induced pairing
pairing. theory in the framework of the so-called FLEX

Lo 14716
In order to obtain a unified theory for both hole-doped and@Pproximation’~® we get a smallefT; for electron-doped

electron-doped cuprates it is tempting to use the same Hulsuprates than for the hole-doped ones. Furthermore, we also

bard Hamiltonian taking into account, of course, the differenic@lculate the doping dependentgXx), the symmetry of the
dispersions for the carriefd.Note, in the case of electron Order parametet(x), and some other basic properties like
doping the electrons occupy copplike states of the upper the dynamical spin sgscept|plllty. Earlier calculapons using
Hubbard band while the holes refer to oxygenlixestates the FLEX approximation, which were performed in the case
yielding different energy dispersion as used in our calcula-

tions. Then, assuming similar itinerancy of the electrons and 10f
holes the mapping on an effective one-band model seems to
be justified. We considdy as an effective Coulomb interac- L
tion. Hence, for the theoretical analysis of the superconduct- osL
ing properties of electron-doped cuprates we use as a models>
the two-dimensional2D) Hubbard Hamiltonian

N(!’l.85ce0. lScuo4 :

N
.................................... O ——
[l Y

Energy (e
(=)

H=—<% tij(CiJfTngﬂLCrgCig)JrUZ . (1)

Such a Hamiltonian has been successfully used for the hole- S ’ i ——
doped cupratéd*?in particular for the determination of the [0.0] [n/a.n/a] [+/8,0] [0.01
doping dependence of antiferromagnetic order for both elec- £ 1 Results of the energy dispersian of optimally
tron and hole doping? In Eq. (1) ¢, creates an electron with ~ electron-doped NCCO. The solid curve refers to our tight-binding
spin o on sitei, U denotes the on-site Coulomb interaction, calculation choosing=138 meV and’ =0.3. Dataopen dotsare
and t;; is the hopping integral. For the optimally doped taken from Ref. 10. The dashed curve corresponds to using
Nd,_,CeCuQ, (NCCO) the Fermi surface and dispersion =250 meV and’=0 and is typical for hole-doped cuprates.
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FIG. 2. Momentum dependence of the real part of the spin sus- FIG. 3. Calculatedl,._,.-wave symmetry of the superconduct-
ceptibility along the Brillouin zone(BZ) route (0,0)-(,0) ing order parameter &t/T.=0.8 forx=0.15 in the first square of
—(m,7)—(0,0) at T=100 K for o=0 (solid curve and w the BZ.
= w¢~0.47 (dashed curve The main contributions to the corre-
sponding pairing interaction come from,;, (along the antinodgs .
andQ,;, (along the “hot spots} as ilcl)ggtrated in Fig. 5. from th_e d_ouble-peak structure in Reat w~ws;=0.471

shown in Fig. 2. It means physically that the Cooper-pairing
of hole-doped superconductors, were rather successful in déteraction occurs mainly not for a spin-fluctuation wave
termining many physical quantitiés?-1° vector Q= (r,7) but mostly for w=ws; and for Q* = (

In order to investigate the pairing interaction we show in— §,7+ ). Furthermore, from Figs. 2, 3, and 5 we conclude
Fig. 2 results for the real part of the spin susceptibility at 100thatno d,,-symmetry component is present in the supercon-
K and U=4t in the weak-coupling limit foroe=0 (solid  ducting order parameter, since the dominatihg ,--type
curve and for w=ws~0.47 (dashed curve wg; denotes  pairing suppresses,, pairing. The ARPES study might test
the spin fluctuation(paramagnonenergy, where a peak in this.

Im x(Q,w) occurs. The commensurate peak of Re,w In Fig. 4 we present our results for the phase diagram
=0) atQ=(m,m) is in accordance with recent calculations T.(x) and Ty(x). We find in comparison to hole-doped su-
in Ref. 17, where it was pointed out that the exchange of spiperconductors smallef, values and that superconductivity
fluctuations yields a good description of the normal stateoccurs in a narrower doping range as also observed in
Hall coefficient R, for both hole- and electron-doped cu- experiment® Responsible for this are poorer nesting proper-
prates. Furthermore, we also find a linear temperature depeties of the Fermi surface and the flat band aroumadOj
dence of the in-plane resistivip,,(T) if we do not take into  which lies well below the Fermi level. The narrow doping
account an additional electron-phonon coupling. This will berange forT, is due to antiferromagnetism up xe=0.13 and
discussed later. Concerning the superconducting propertiespidly decreasing nesting properties for increasing

note that the lower tiny peak would favdy, pairing sym-
metry, but the dominating larger peak leadsdig 2> sym-
metry and is also pair breaking fdy, symmetry. Evidently,
the electron-doped cuprates are not closé,tppairing sym-

metry as stated previousk.This explains why the resultant 009 *r .
superconducting order parametéi(k,w) exhibits almost ff'
pured,z_,2 symmetry. ) S

In Fig. 3 we present our result for the superconducting@
order paramete#(k,w) calculated from the generalized Eli-
ashberg equations using the FLEX approximation. We showf™ qgod % 016 TR (R ¥ AF J
¢(k,0=0) for an electron dopingk=0.15 atT/T.=0.8,
where the gap has just opened. The gap function clearly ha
dy2_y2-wave symmetry. This is in agreement with the re-
ported linear and quadratic temperature dependence of th

in-plane magnetic penetration depth for low temperatures in >\"‘

the clean and dirty limit, respectivefy? and with phase- 0.3 ) 042 ) o1 ) 0
sensitive measuremerfté&srom our obtained result of a pure

d,2_y2-wave superconducting order parameter we expect a
zero-bias conductance pé&kZBCP) as recently observed  FiG, 4. Phase diagrami(x) for electron-doped cuprates. The
in optimally doped NCCORef. 20 and also in the hole- AF transition curve is taken from Ref. 13. The solid curve corre-
doped superconductotdNote, its absence in some other ex- sponds to our calculate, values obtained fron(k,w)=0. The
periments may be attributed to small changes in the surfac@set showsT(x) for the doping region 0.18x<0.12 and experi-
quality and roughned$or to disordef? The incommensu- mental data(squares from Ref. 26, circles from Ref. 27, triangle
rate structure in the order parameter close #Q0) results from 28). The dotted curve refers tBsxng.
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calculated Fermi surface for optimally doped NCCO. Note,
the topology of the Fermi surface for the electron-doped cu-
prates is very similar to optimally hole-doped
Bi,Sr,CaCyOg, 5 (BI2212), as was also pointed out re-
cently in Ref. 31. We estimate that mainly no phonons are
present along the edges- .25, 7)—(0.25m,7) bridging
Brillouin zone (BZ) areas, where the superconducting order
parameter,¢(k,w), is always positiveldenoted by+/+).
Note, attractive electron-phonon coupling bridgitig— ar-
eas (~0.57,—0.57)—(0.57,0.57) is destructive for
dy2_y2-symmetry Cooper pairing. However, due to poorer
nesting conditions, pairing transitions of the type+ are
somewhat contributing and then a mixed symmetty._,»
+ as} may occur®?

Further experimental study of the doping dependence of
the oxygen-isotope effect are necessary for a better under-
standing of the role played by the electron-phonon interac-

FIG. 5. Calculated Fermi surface féoptimally dopedl NCCO. tion_. For example, if due to structural distortion and oxygen
The + (—) and the dashed lines refer to the signs of calculatec€ficiency in the Cu@plane the phonon spectruf(q, )
momentum dependendsee Fig. 3 of the d,2_,2 gap function changes significantly, then this affects the isotope coefficient
¢(k,0=0) and its nodes, respectively. ag and reduced .. Possibly the reported large isotope effect
of ay=0.15 for slightly changed oxyg%n34content, ie.,
In order to understand the behavior Bf(x) in under- :ﬂlbﬁfaéaf un%gaﬁt Ct?]lljrl]clj( bo?‘ rtﬁ:t?)?(;get: dut-éfs- p?;r&;):

doped eIe_ctron-doped cuprate_s we have calculated tr\%ode which becomes active if,Gs replaced by Qg.% A
quper-pal_r coh_ergnce lengt, i.e., the size of a Cooper further signal of a significant electron-phonon' coupling
pair, and find similar values for electron-doped and hole-

doped superconductoréfrom 6 A to 9 A). If due to :r(;ggiwk;;%the quadratic temperature dependence of the
strong—couplllingr]]Iifgtime Egsds the superfluid densigbe- In summary, our unified model for cuprate superconduc-
comes small, the distanckbetween Cooper pairs increases. ;. ..., . '

. T tivit Ids for electron-doped tes, as for hole-doped
If for 0.15>x>0.13 the Cooper pairs do not overlap signifi- ity Yyields for eleciron-doped Cuprates, as 1ar hole-cope

: ) . ones, pured,2 2 symmetry pairing in a good agreement
pantly, |.?2.hd2/5§102>1, then Cooper-pair phase fluctuations 9€lyith recent experiments.® In contrast to hole-doped super-
important. **~Thus we expect_the Same as for hOIe'dOpE“jconductors we find for electron-doped cuprates smadiler
superconductorsT .«ng. Assuming thatng increases ap-

mately v f 013 tox~=0.15 imat values due to a flat dispersian around ¢r,0) well below
proximately finéarly fromx=1.15 tox=0._5 We estimale & 1ne Fermij level. Futhermore, superconductivity only occurs
T. which is smaller than that calculated frog(k,w)=0;

he dashed i Fi 4. A for a narrow doping range 0.:8>0.13, because of the
see_t € dashéd CUrve In 1g. 4. AS a CONSEqUENCe, MOreé Expqet of antiferromagnetism and, on the other side, due to
periments determining . for x<0.15 should be performed

heck he U liferor poorer nesting conditions. We getAZkgT.=5.3 for x
to ((:)ec ont Ie emudra scaling ns. keni f th =0.15 in reasonable agreement with experinfeite argue

N general grounds we expect a weakening of ey, it e electron-phonon coupling becomes important, for
dy2_y2-pairing symmetry if we include the electron-phonon xample due to oxygen deficiency, then theave pairing
inte_raction and if this plays a significant role. The at_)sence 0 nstability competes witluixz_yz-wavé symmetry. This might
an isotope effect ¢o=dInT/dInM~0.05) for dopingx gy 1ain 5 possibles-wave symmetry order parameter as re-
=0.15(see Ref. 2}33uggests.the presence of a pde_ > _ported in earlier measurements.
symmetry. We know from Fig. 2 that phonons connecting” o, resuits seem physically clear in view of the discus-

the Fermi surface with wave vect@q—(7,m) will add  gjon presented in connection with Figs. 2 and 5, in particular.
destructively to the spin fluctuation pairifiglf, due to the  \1oreqver. the important input of the calculation, namely the
exchange of spin fluctuationsdgz_2-symmetry instability dispersione,, was taken in agreement with ARPES mea-
is the dominant contribution to the pairing interaction, angrements. The canonical value used for the strength of the
additional electron-phonon coupling with wave Vectti  effective Coulomb interactiot is in accordance with this.
=(0.57,0) would be also pair building. Note, we generally 1,5 it is no surprise that by also calculating yg, ») we
expect that due to the poorer nesting the pairing instabilityy4in reasonable agreement with inelastic-neutron scattering
due to electron-phonon and spin fluctuation interaction beq,aasurement?. This sheds light on the general validity of
come more easily comparable. In this case the electrons, results.
phonon coupling would definitely favarwave symmetry of
the underlying superconducting order parameter. This can be It is a pleasure to thank R. Hackl, M. Opel, R. Prozorov,
analyzed in detail by adding a terafF(qg,w) to the pairing L. Alff, K. Scharnberg, and T. Dahm for useful discussions.
interaction®° One of us(I.E.) would like to thank the German Academic
To continue the discussion why the symmetry of the ordeiExchange Servicé€DAAD), the Freie UniversitaBerlin, and
parameter depends for electron-doped cuprates more sengussian Scientific Council on SuperconductiviGrant No.
tively on electron-phonon interaction, we show in Fig. 5 the98014 for financial support.
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