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ELECTRON AND HOLE-DOPED HIGH-TEMPERATURE SUPERCONDUCTORS:
A COMMON C:\3GE TRANSFER MODEL

G.A. Medlpa as! M.D. Nafiez Regueliro
Centro Aténmlco Earlleche and Instituto Balselro
3400 S.C. de Barlicche, Argenti.a

The dlscovery of high-Tc superconductivity In electron-doped-:

cuprete compounds is certalnly a test for the theorles proposed
for the lole-doped systexs. In this work 1t is shown that a
gimllar chargs transfer mechanisa as the one proposed for hole-
doped Cuﬂ!2 and nto, systems allows pairing of the electrons in the

Cu0, layers. Cnly the sodification of the parameter values. due to

the different T' structure without apical 0 fons aust be taken
into account. The observatlion of Cu  lons In Ndz_‘Ce'Ctnz as well

as the presence of t:lm holes glve support to this picture.

PACS numbers: 74.65.+n, 71.38,+1, 74.70.Vy

The finding of high -temperature superconductlvity (HTS) ‘I..g
Lna_-Rwa‘_v (whers Ln=Pr, Nd, Sa or Eu and R = Ce, Th)

strongly motivates to test If the theories proposed for the hole-
doped case can also be applled to these electron-doped cuprates.
Although more experimental information is necessary to conflrm the
a-character of these new superconductors some results suggest that
this is the case. Here it 1s shown that an analogous charge
transfer (CT} mechanism as the one proposed for the Cuoz and

9103' systens can give rise to pairing of the electrons added in
the Cuﬂ!z layers. The necessary conditions remain the same as in

the hole-daped case ’: proximity of the metal (M = Cu or Bi) and 0.

levels, a gap in the electronic spectrum and lmportant M-O
repulsion, with Ilnclusion of longer range Coulomb interactlons in
the electron-doped systems. We compare the three types of hlgh-Tc
supercenductors: hole-doped with magnetic and non magnetic
metallic lons, and the electron-doped compounds, Iin the strong
counling limlk, and compiete the analysis of this latter case with
A <econd order perturbation calculetisn in the hoppline t, with and
Wwithout screening for the Coulomb interaction.

The charge carriers ln the previously known cuprate supercon-
ductors were holes. The in-ulating material was rendered metalllc
by substitution cf a 2" aikallne earth by a 3° rare earth or by
adding oxygen. As emphasized flrst by Emery , 1t 1s energetically
more E‘avgs:rabie for these extra holes to go prila.r{.l:.r on the
planar 0 " sites. Instead, Tokura, Takagl a.:'\p Uchida ', starting
from sem!sonducting ant:;:o.. replaced the Ln~ {on by the higher

vaiency (e ion and removed oxygen by annealing under reducing
atmosphere. achieving superconductivity abruptly when ¢t

concertration arrives to a critlcal wvalue. Although they
confirmed the e=lsctron nature of the carriers deduced from their
chemical anelysis by the Hall and Seebecik coefflicients, they wers
vary cayticns abeut the locatlen of the doped electrens: in the
':“‘33 sheet8 =r sainly in "ne Nd layers: <ney were not atle %c rule

aut this last possibillty. The <ztservatica by (-ray absorgptlon

measuremcnts by Tranqueda et al.® of cu' in IldhCanCl.ﬂ. as well
2s the report of KIS in LnCu0, F_(Ln = Pr, Nd)® seem to give

support to the former hypothesis.

As also pointed out by Emery'® the T structure of these new
materials’ without aplcal O - lons must faveur tae ‘wddition of
electrons to fill the Cu 3d holes; we are going to come back to
this polnt in relation to our model pnruatir values. The
abservation of 02p holes by MNicker et al.’ by EELS 1{n

Hdz_nCe.Cuo‘ increasing with Ce concentration is in agreement with

our CT mechanism; however we must say that as In the case ef t!ﬁ
hole doped superconduﬁtot‘s. they do not find by this experiment
clear evldnrﬁe for Cu . Alsc f;&rst Cu 2p XPS core lines falled to
identify Cu  in Edane'CuO‘. New systematic X-rey absorption
end core level photoemlssion nasur“ents in  “n-daped”
superconducting cuprates, by Asensio et al. = ghow evidence of Lhe
presence in the vecinity of the Ferml level of both, electrons in
(previously empty, in undoped and doped but not reduced samples)
Cu 34 orbitals and, in a lower proportion, of holes in O
orblitals. i
The general Hamiltonlan for :+ proposed for the dynamics of
the holes 1In the (':u(:l2 layers® and three-dimensional BIOJ

conpomldss. that we use now also for the electron-doped case, can
be written:

H=H + W
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where the first tera in H_  represents the energy of the'M orbitais

2
(3d(x>~ ¥*) 1f M = Cu. Bs If M = Bil. The second 1s the enarzy of
tie & irbleais girected tewards their nearest-nelc' . oor ¥ 1gng.
The third and fourth terms describe on-site Coulomb energies: the

T1fth represents intersite Coulomb repulslon between M and O iens.
These last interactions become ‘E' and ﬁuuhen O displacements as

absecved In BIC, compcunds, are taken into account (ﬁ' = U> 0 for
the cuprates, 'i" < O for the bismuthaies; the detalled expression

is glven In fef.5}. H' rcepresents the hopping betweea
nearesi-nelghbour M ard O lons (the thases of the atomic orcitaiz
were chosen to have t > 0 for all directicas). As cerreiztiors are
assentiail, the !nteractlon Hamiltonlan A, la solved miactly and H

lacluded as perturbation. We define:
- - -

A= c’ <, ; c“= —:-“ flr 1= G‘ (2}

shere e I3 the c2lstance betimen M-0. M-M ara 0-0 ilons at the k.

i posltions. thess lons betng i-th zelghbors and f!rk} s an



eventual screening function. For simplicity 1In bany discussions
only the nezrest-neighbour repulsion C’ between M and O ions is

considered. The crucial role of this term, Inducing charge
fluctuatlions due to the unusual covalency of the M-0 retwork in
these pet‘ovs!i‘gtes has been flrst remarked by Varma, Schmitt-Rink

ard Abrahams'~, It tas latter tesn shown that the effective
fnteraction between O holes througsh such polarizatlon could be
attractlve, leading po 55 to HTS., Although in the czse of the

p-type systems thi: nosufiices to, ptave binding of two holes
added to the semiconducting corpound ', it 1s well known that
longer range Coulomb interactlons must alsa be considered to
prevent a local accumulation of charge when the concentration of
holes 1s lncreased, the incluslon of more terms mod|fliying In turn
the pairing conditlons. Within the notation of Eq.(1) to dope Cqu

lzyers with electrons means to take out Cu 3d holes. In the strong
coupling limit it 1s trivial to see that nearest nelghbour [
fons yleld repulsion, longer range Coulomb interactlons must be
then necessarily conslidered in order to relate two missing holes.
We are going to msee that in thils case a simllar CT mechanism
allows pairing.

We defline the binding energy as the difference between the
energy of two palred and two {nflnitely distant particles (holes
or electrons) added to the stolchlometric compound:

E‘ = l-:il -2 E‘ (3)
The conditions to have: pairing but not clustering of a third
added particle are then:

1) E‘ <0 ’ (4.2)
2) Ez + F.t < Ea (4.b)

Although the kinetic energy will compete agalinst clustering
of particles we must verify also this last condition to ensure
pairing. We next compare the three different types of high
temperature superconductors in the streng coupling limit {t.=01;
The t” results for the hole-doped case have been given elsewhere
and they > not modlfy the conclusions.

1) Hole pairing
a) Magnetic case

We start considering the Cn-based oxides far which fin and
A >0. For staplicity we take ﬁn and 'tloan. The undoped

semlconducting <compound has one hole per Cu site; the
antiferromagnetlc ground state (in t* order) s pmmssiveltg
destroyed with doping by L° processes. Here we dilscuss the O
order results and then the spln dces not take part. Fig.lla) shows
the paicing »f O holes by a CT mechanism induced by the
neares:-aelghoour M-0 repulslion Gl. The recrdering of the

charges lowers the two added-holes energy and candition 1 (Eq.
4{al)] is given by:

4 fGl —ZG,‘+ZGJ-4G‘*4G=-ZGB'... (s)

Thea when only & 13 considersd. £ < O for A% ¢V 3. But
2

(]

condition 2 [Eq.4 {b)] Inhltiting the ciustering of a Lhird =2dded

hole in the empty O site nelghbouring the Cu missing hole [site A
in Flg. i(a)], reads: .

- < i
C.l G;, E‘I.‘;a (8)
longer r=-ze .orns are compensated. Eq.6 lmplles that at least G:
must te Inciided. Eut then for an unscreencd Coulomb potentlal
if(r“- = 1 in Eq.31, Eq.5 tecomes:
A <GC(1-2x0707+3x05-...) (7)

and Ga must also be taken into account in order to verify this

lnequality. However for the Coulomb potential ‘thls‘ tera favours
the formation of spatlally“extended strings of Cu O palrs, as
those found by Schilttler. Although G‘ plays agalnst these

additional charge transfers, It also kllls the palring. When t:s
and G‘ are Included the state with two charge transfers becones

energetically more favourable (see Flg. 2(e) In Rev. 16). As
these longer  range interactions are consldered, more
configuraticns competirgz In energy appear. Em} diagonalization
results for small clusters by Hirsch et al.'!” show how a Ga

interaction weakans the attraction. The interval in which pairing
is allowed by the CT msechanism of Filg. 1(a) 1s drastically reduced
but for some parameter values they still have pairing in a very
small region, with addition of only Ga. f.e. a certain repulsion

between nearest-neighbor O sites.
The shape and range of the potential strongly affect the low
energy configurations and the critical value Gﬂ.

b} Non magnetic case
This case has been studled In detail in Refs.5 and 18 |in
connection with the aamoa based superconductors. In fact, the

similar M-0 nstwork and the presence of gnho‘hes‘a as well as 3

positive  Seebeck effect in BaPb_ 81 0.° and in Ba K B10°
5 1-x = 3 1-x x 3

suggest a common pairing mechanism for these non magnetic systems
and the cuprate compounds. Considering that the effect of the
observed O displacements is to create negatlve ﬁ' centers at the

21 si*es, giv'neg rise to a  charge-crdered irstsad 2f on
ant {ferromagnetic lnsulator for the undoped compound:

ﬁtsu’-z(z;.-a)-u.-zrco (8)

where z is the :-oordination number of the M lons and A' the
4ifferanc: btetwmen the diagonal energy gain (2A for any displaced
D ionl and the loss of elastic erergy (B). Definlng as Gl the

Zouiomb interactlcns ln the distorted case, it is strailghtfzrward
to see tha: the critizal wvaiue for pairing ce also lncreases with

longer ' range Coulomo intersctions, necessary to pravent lacai
accumuiatlion of 4e adied O hoies. This cancluslion 1s unchanged !n
2 and J dimesslcns, altheugh (t Is this iz2st case tha: culd
zorsespend Lo Ea?b__xi’-.‘-bz and Ea_‘xK‘Btc-j systeas, far singlizity

.".‘;.t ‘k) siewches she pairing of hoies in 2 dimenslcns =y a



blexcitonic pechanlsa a.nd the inter. ztlons we consider to prove

Eq.4 (&):
2c 28+ 4N - U +4c+2c+1ac -13(‘,‘436.... <

<2(:.0A'tzﬁl-wlﬁl*-zﬁs*..-) ()

this ylelding:
A+ A - U /2
O e T e (10}

for the unscreened Couloab potentlial, the Incluslion of G_f being
necessary to verify Eq.4 (b) in this t = O lisit:

zc..:a,.zc, (11}

Alt.hgxg.h from band structure calculations (It has been
suggested™ that alsgo in this case, doping with electron must lead
HTS., the three dimensicnality of these systems (each Bl atom
having 6 nearest-nelghbour 0 as 1ln the case of cuprates with
aplecal 0O atoms of the T structure) should play agalnst this
pessibility.

[1) Electron pairing

Although as we have 'already sald, wore experimental results
st1lll are necessary to conflrm the n-character of the carrliers in
these electron-doped cuprates, we are now going to discuss the
pairing of electrons in l‘.‘tlJ2 layers.

We have the same layered structure of Flg. 1(a), with A and
'&x > 0, with one hole at each Cu site for the undoped semlconduc-

ting compound. Now instead of adding holes In the O sites, we
extract holes from the Cu sites, in the Cuoa plane there |s no

ather possiblility. Ga i{s therefore the lowest range interaction

reiating two Cu lons, but 1t is straightforwvard to see that
aearest-neighoour Cu lons yleld repulsion. Fig.2 shows pairing
of next nearest nelghbour electrons by a CT mechanisam analogous to
trm one proposed for the hole doped case. In the t=0 limlt, Eq.
14a} reads:

é<-u1+-¥ﬂa-au"24!‘2ﬂa+... (12)

Considering agaln an unscreened Coulomb potential, the
inclusion of G‘ is necessary to preserve the lattice stabllity

agzainst CT proceszes ln the undoped system, the critical value up
to this term being in this sfse'
>3.43 A (1)

We must now verify Hn* there !s no charge clustering when a
thlrd elesctran ‘s added. Eq.4 (b) reguires:
-ZGS - Ga <9 (14}

1.8, wWhils if only terms up to G‘ are cznsidered there s no
arergy .. fearerce, G! yields an erergy aln far a distant third
wided partizie, Ge' playlng agalnst pailring '-..:'.Ibﬁv’..‘l £gs. 12 aad 14,
nust be lacluded with G: for an unscreened Cculomb potentia!l as

the values of both Interactlons are very similar. However, in that
case the transfer of the Cu hole ln site A to the uppet- O atom
becomes more favourable.

Then consldering that Coulomb correlations up to c are

lmportant and that longer range ones are coampletely scmemd
peiring of electrons ls obtalned by the CT mechanism as sketched
in flg. 2. wvery similar to the ore proposed for the previous
cases., However 2s said before the T'structure of these nev
compounds, without apleal O lons must favour the electron
doping, in our notation this implles that A although positive must
be conslderable smaller that in the case of the T-phase structure
with Cu-O0 octahedra in the p-type superconductors. This is, te add
electrons in a Can layer is conly possible In the Cu sites and it

is easier in this new case; the contrary occurs when holes are
added in these systeas.

We show now how the ¢ = 0 limit results are modified when the
hopping term H' is included. In second order perturbatlon theory:

(E1] 2 28 16
E"= ~¢ =~ 4G~ t'¢{~ + B
1 X [noclqc;ﬁ: LI SO

. 4 2 8 . 8 }
I * E —ﬁ: +* u: z +* z: -Eﬁ - ﬁ i * E 'iz_T‘.
1 2 4 1 3 4 1 3 4

E(R'I‘ Em (2) EI\QI
e [‘2 ]«t’ - (15)
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g'? taking Into account the energles of Ltwo next-nearest-

neighbour Cu electrons wlthout and with CT. Flg.3 shows how for
Coulomb interactisns up to G‘ the hocring helps slectron pairing

Fig.4 shoews the same second order per:urbatlon caiculatlon whea a
stralight-line poteatial 1Is Gconsidered, In Lhis case & & is

increased by the hopping. -
To conclude, assumlng that carrelaticns are cf esseatiai

“relevance, we have snown in the strong orreiatlan ilmlt, %hat a

CT mechanisa ylelds qalring ef the electrons ln the f::at!2 iayars.



The recent observation'' of Cu'® lons in the 'superconducting
samples and slmultancously of O holes In a lower proporiion glves
support to this picture. Also the fect that the amount of elegiron
doping 13 larger than the Ce concentration (in a 3/2 ratlol)™ 1is
in, agreexent. Of course this is Just a sisplificd lonic approach
to these complex systems, and parsmeters and results nmust be
modified -we expect only quantitatively- by hopping., hybridization
and other teras present in the real case.

Although simllar, the polarized structure for Cu elecirons ls
rot 1dentical to the one binding pairs of O holes, l.e. there Is
no exact electron~hole symmetry. Cn tha other hand the different
structure of both typedi of superconducting cuprates (T' and T)
must also lmply changes in the parameter values, that seem to be
more restricted "in this new case. This agrees with the
experimental results that seem to point out differences in the
details of the pairing in both cases. As an exasple, although the
antiferromagnetic order of the m’ layers in the parent compound

is progressively destroyed with electron doping’ as in the casg
of hole doping. the sudden appearence of the superconductivity

contrasts w!;g\ the 1linear behaviour of Tc with the bole
concentration The coherence length of these new “eventually” n-
doped cuprates® 1s larger than the one observed for the p-type
superconductors, 23 obtalned in this calculatton (compare Figs.2
and 1 (a}].

The necessary conditlons to have electron pairing remaln the
same of Ref.5 for hole doped cuprates and bismuthates: proximity
of the metal and O levels, a gap In the excitatlon spectrum and
important M-O repulsion, with Inclusion of longer range Coulomb
energies in this new case. Although more experimental results are
necessary, it is satisfactory to have a common theory for all
tyres of hlgh-Tc superconductors.
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Flgure ceptions

Fig.1 - Charge rear.angement when two holes are added to the
insulecing parent compound. a) Cu oxldes plane structure,
b) Bi oxides case. Also indicated Interactlons discussed
in the text.

Fig.2 - Ssi» a3 In Fig.1l (a) but vwher two electrons are added.
Eite A: energetically most favourable locatlon for the
clustering of a third added particle.

Fig.3 - Binding energy for a pair of electrons considering =
Couloeb potential up to G‘ as a function of Gl. for 11‘.

u’ + =, and indicated values of t/A.

Fig.4 - Same as Fig.3 for a straight-l1ine potential between G‘ s G
and G' = 0.
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