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The discovery of high-Tc superconductivity in electron-doped' 
cuprate compounds is certainly a test for the theories proposed 
for the hole-doped systems. In this work It is shown that a 
s tallar charge transfer mechanism as the one proposed for hole- 
doped Cu02 and BtO^ systems allows pairing of the electrons In the

Cu02 layers. Only the aodlflcatlon of the parameter values, due to

the different T‘ structure without apical O'2 ions oust be taken
Into account. The observation of Cu * ions In Nd Ge CuO as well

2-« > a
as the presence of (J holes give support to this picture.2p

PACS numbers: 74.6S.+n, 71.38. M ,  74.70.Vy

The finding of high -temperature superconductivity (HTS) in 
L n ^ R ^ C u O ^  (where Ln =» Pr, Nd, Sm or Eu and R » Ce. Th)

strongly activates to test if the theories proposed for the hole- 
doped case can also be applied to these electron-doped cuprates. 
Although Bore experimental Information is necessary to confirm the 
n-character of these new superconductors some results suggest that 
this is the case. Here It Is shown that an analogous charge 
transfer (CT) mechanism as the one proposed for the CuO and 

s ^
Bi03 systeas can give rise to pairing of the electrons added In

the CuO layers. The necessary conditions remain the same as in
S

the hole-doped case : proximity of the metal (M * Cu or Bi) and 0 
levels, a gap In the electronic spectrum and Important M-0 
repulsion, with Inclusion of longer range Coulomb interactions In 
the electron-doped systems. We compare the three types of hlgh-Tc 
superconductors: hole-doped with magnetic and non magnetic 
metallic Ions, and the electron-doped compounds, in the strong 
coupling limit, and complete the analysis of this latter case with 
a  ¿econd order r-*r*urbat'.3ft calculation In the hopping t. with and 
without screening for the Coulomb Interaction.

The charge carriers In the previously known cuprate supercon­
ductors were holes. The insulating material was rendered metallic 
by substitution of a 2 * alkaline earth by a. 3* rare earth or by 
adding oxygen. As emphasised first by Eoery , It is energetically 
more favourable far these extra holes to go primarily on the 
planar 0* sites. Instead, Tokura, Taka?I and Ochlda1, starting 
from sen I conducting Ln CuO , replaced the Ln * ion by the higher

valency Ce ion and removed oxygen by annealing under reducing 
atmosphere. achieving superconductivity abruptly when the 
concentration arrives to a critical value. Although they 
confirmed the electron nature of the carriers deduced from their 
chenicai analysis by the Hall and Seebeck coefficients, they were 
w r y  cautions about the location of the sloped electrons: in the 
';«0a sheets ir mainly in- the Nd layers: '..\ey .were not able to rule

jut this last possibility. The cfcs<?rvati'in by :<-ray absorption

measurements by Tranquada et al.e of Cu’* ln W d ^ C e  CuO as well 

as the report of HTS ln L ^ C u O ^ F ^  (Ln - Pip, Nd)* see« to give 

support to the former hypothesis.
As ajso pointed out by &>ery10 the V  structure of these new 

materials without apical 0 Ions must favour the addition of 
electrons to fill the Cu 3d holes; wo are going to come back to 
this point in relation to our model parameter values The 
observation of holes . by NOcker et al. by EELS in

Nda-xCe«Cu0« ,ncreasln«  with Ce concentration Is In agreement with

our CT mechanism; however we must say that as ln the case cf the 
hole doped superconductors, they do not find by this experiment1’ 
clear evldetvce for Cu . Also first Cu 2p XPS core lines failed to 
identify Cu in Nd^Ce^CuO^. New systematic X-ray absorption

and core level photoemission measurements in “n-doped" 
superconducting cuprates. by Asenslo et al. show evidence of the 
presence in the vecinlty of the Fermi level of both, electrons ln 
(previously empty. In undoped and doped but not reduced samples) 
Cu 3d orbitals and, in a lower proportion, of holes in O

orbitals. **

The general Hamiltonian for HTS, proposed for the dynamics of 
the holes in the CuO layers and three-dimensional BIO 

S 3
compounds , that we use now also for the electron-doped case, can 
be written:

H * ♦ H’

where the first term in represents the energy of the M orbltais

(3d(x - y ) If M  * Cu. 6s if M * Bll. The second Is hh? 'W'rjy of
t us 0 ^ .rt-itats directed tcwar is their nearest-net c; --ovr «* ions.

The third and fourth terms describe on-slte Coulomb energies: the 
fifth rspresents intersite Coulomb repulsion between M and 0 Ions. 
These last interactions become t£g and G^when 0 displacements as

observed In 810^ compounds, are taken into account (fl̂  = Ti > 0 for

the cuprates, ^  < 0 for the blsmuthates; the detailed expression

13 given ln fief.Si. H* represents the hopping between 
nearest-neighbour M and 0 Ions (the chases of the atomic orcltai3 
viere chosen to have t > 0 for all directions). As correlations are 
essential, th« Interaction Hamiltonian is solved exactly and H’

included as perturbation. We define: „

4 * %  ' c* : c« -  -T- f fV  - c, « )

rMl l'* t>* distance between M-0. M-M aisa 0-0 ions at the x.

I positions, these ions being i-th aelghbours ard f(r ) Is a*
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eventual screening function. For simplicity In fcany discussions 
only the nearest-neighbour repulsion Cj between M and 0 ions Is

considered. The crucial role of this term. Inducing charge 
fluctuations due to the unusu&l covalency of the M-0 network In 
these perovskHer, has been first remarked by Varaa, Schmltt-Rink 
and Abrahasts , Jt has latter teen shown that the effective 
Interaction between 0 holes through such polarization could be 
attractive, leading perhaps to KTS. Although in the case of the 
p-type systems this term sufi ices to have binding of two holes 
added to the semiconducting cor-pound it Is well known that 
longer range Coulomb interactions must also be considered to 
prevent a local accumulation of charge when the concentration of 
holes Is Increased, the inclusion of «ore terns nod’.flying In turn 
the pairing conditions. Within the notation of Eq. (1) to dope CuO^

layers with electrons means to take out Cu 3d holes. In the strong 
coupling limit it Is trivial to see that nearest neighbour Cu1 
Ions yield repulsion, longer range Coulomb interactions must be 
then necessarily considered in order to relate two missing holes. 
We are going to see that in this case a similar CT mechanism 
al lows pairing.

We define the binding energy as the difference between the 
energy of two paired and two infinitely distant particles (holes 
or electrons) added to the stoichiometric compound:

W 2 E . {3)
The conditions to have.- pairing but not clustering of a third 

added particle are then:

1) < 0 (4.a)

2) Es ♦ Et < E3 (4. b)

Although the kinetic energy will compete against 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 strong coupling lialt (t=0). 
The t results for the hole-doped case have been given elsewhere 
and they ¿3 not modify the conclusions.

I) Hole pairing
a) Magnetic case

We start considering tne rij-hased oxides for which *1 and
if

A >0. Tor simplicity we take ft and 11 ■* m. The undoped
a p

semiconducting compound has one hole per Cu site; the 
antlferrooagnetlc ground state (In t order) Is progressively 
destroyed with doping by t processes. Here we discuss the 0* 
order results and then the spin does not take part. Fig.1(a) shows 
ths pairing of 0 holes by a CT mechanism induced by the 
neares;-neighbour M-0 repulsion G . The reordering of the

charges lowers the two added-hoies energy and condition 1 (Eq. 
4(a) 1 is ¿iven by:

4 < G  - 2G * 2G - 4G * 4G - ZG ♦. .. (S)
l  3 3 4 3 B

Then when only C is considered. E <•' 0 for A > G 5*= . Eut 
t b 1 *

condition 2 (E.j.4 (b)J Inhibiting the clustering of a third added

3

hole In the eapty 0 site neighbouring the Cu missing hole [site A 
in Fig. 1(a)}, reads:

C - G < 2G (6)
1 3  2  '  1

longer ra-ige tercss are compensated. Eq. 6 Implies that at least G
2

Bust be lncU;did. Hut then for an unscreened Couloab potential
Cf(r ) - 1 in Eq.3!, Eq.5 becomes:

4 < G (1 -2 X 0.707 + 3 > 0.S - . ..) (7)

and G} must also be taken Into account in order to verify this

Inequality. However for the Coulomb potential thls+ t_erm favours 
the formation of spatially^extended strings of Cu 0* pairs, as 
those found by SchQttler. Although G^ plays against thesm

additional charge transfers, it also kills the pairing. Mien G

and Gfl are Included the state with two charge transfers becomes

energetically more favourable (see Fig. 2(e) in Rev. 16). As 
these longer range Interactions are considered, more 
configuratiens competir.? In energy appear. Exact diagonallzatIon 
results for small clusters by Hlrsch et al. show how a G

2
interaction weakens the attraction. The Interval In which pairing 
is allowed by the CT mechanism of Fig. 1(a) Is drastically reduced 
but for some parameter values they still have pairing in a very 
small region, with addition of only Ga> i.e. a certain repulsion

between nearest-neighbor 0 sites.
The shape and range of the potential strongly affect the low 

energy configurations and the critical value G^.

b) Non magnetic case
Thi3 case has been studied in detail. In Refs.5 and 18 in 

connection with the BaBlO based superconductors. In fact, the
3 IQ

similar M-0 network and the presence of 0 holes as well as a 
positive See beck effect in BaPb Si O, and In 8a K BIO

1- » *  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 0  displacements is to create negative centers at the

?t gi'-'p,! -ise to charge-ordered imt-ad of cr­
ane i ferromagnetic Insulator for the undoped compound:

\  * \  ~ z(2A_B) ” « A’ « 0 (8)

where z is the coordination number of the M Ions and A' the 
iiffer»nc; between the diagonal energy gain (2A for any displaced
0 ion) and the loss at* elastic energy (B). Defining as G [ the

Couiomb Interactions in the distorted case, it is straightfirvari 
to see that the crttlsal value for pairing G^ also increases with

longer ’ range Coulomo interactions, necessary to prevent local
accumulation of the added 0 holes. This conclusion is unchanged in
2 and 3 dimensions, .although it Is this last case that would
oorrsssend to HaPb 31 0 and Sa K 910 systems, for six.cl loitv x j :--x x s

I fci sketches the pairing of holes in 2 diaenstens by a
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blexcltonic mechanism and the Inter, ctlons we consider to prove 

2 c9* 2A ♦ 4 A’ -  *  4 Gg+ 2 Gg* 16 fi4 - 16 Gs+ 8 &e... <

< 2 (e ♦ A* ♦ 2 5 + 4 £  + 2 £  ♦ ... ) (9)• 1 4  8

this yielding:

4 + A* - 11/2 

C« > 2 - 1.414 - O.S + ... (10)

for the unscreened Coulomb potential, the inclusion of 5^ being 

necessary to verify Eq.4 (b) In this t * 0 llolti

2 £ <  G *  2 £  (11)
S 3  7

Although from band structure calculations it has been
suggested that also in this case, doping with electron must lead
HTS, the three dimensionality of these systems (each Bi atoa
having 6 nearest-neighbour 0 as In the case of cuprates with
apical 0 atoas of the T structure) should play against this 
possibility.

II) Electron pairing
Although as we have-already said, «ore experimental results 

still are necessary to confirm the n-character of the carriers in 
these electron-doped cuprates, we aré now going to discuss the 
pairing of electrons in Cu02 layers.

We have the saae layered structure of Fig. 1(a), with 4 and
*  > 0, with one hole at each Cu site for the undoped semlconduc-

ting compound. Mow Instead of adding holes In the 0 sites, we 
extract holes from the Cu sites, in the CuO^ plane there Is no

other possibility. G3 is therefore the lowest range interaction

relating two Cu ions, but It is straightforward to see that 
nearest-neighbour Cu1* tons yield repulsion. Fig.2 shows pairing 
of next nearest neighbour electrons by a  CT mechanism analogous to 
the one proposed for the hole doped case. In the t=0 limit, Eq.
ita) rfiacc.

A < - Ü <• 4G - 2C- ♦ ¿G - 2G *. . . (12)
1 3 4 S 8

Considering again an unscreened Coulomb potential, the 
inclusion of G is necessary to preserve the lattice stability

against CT processes In the undoped system, the critical value up 
to this term being In this case:

G > 9.43 A (13)
C

We must now verify that there Is no charge clustering when a 
third electron is added. Eq.4 (b) requires:

-2 G . «■ G < 0  (1 4 )
3  a

I.e. while If only terms up to G^ are considered there Is no 

■energy ,;:*ference. 0^ yields an energy gain fir a distant third 

•fcjded particle. C , playing against palrir.g *r. boch Sqs.¡2 ar.d 11,
O

nust be Included with Gg for an unscreened Coulomb potential as

the values of both Interactions are very similar. However, in that 
case the transfer of the Cu hole in site A to the upper 0  atom 
becomes more favourable.

Then considering that Coulomb correlations up to are

Important and that longer range ones are completely screened, 
pairing of electrons Is obtained by the CT mechanism as sketched 
in fig. 2, very similar to the one proposed for the previous 
cases. However as said before the T’structure of these new 
compounds, without apical 0" Ions must favour the electron 
doping, in our notation this implies that A although positive must 
be considerable smaller that in the case of the T-phase structure 
with Cu-O octahedra in the p-type superconductors. This is, to add 
electrons in a CuO^ layer Is only possible In the Cu sites and it

Is easier in this new case; the contrary occurs when holes are 
added in these systems.

We show now how the t * 0 limit results are modified when the 
hopping term H* is included. In second order perturbation theory:

..*1 28 16 
Ei = “ ex " 1 1* i'V G - 4 S V 4 G '  * T T i T K :  *

^ 1 3  4 3 4

4 . 8 . - 8 )
4 ♦ G - 3 G  + 4fc A  ♦ G -3G V  3G A ♦ G -46 ♦ 3G |

1 3 4  1 3 4  t 3 4 J

-car
K<a)+ Eta’ / r Eca>- e '*'

2
A B _ / * ....*. ♦ ta

2 / 1 2

(15)

where:
S O _____ e 6
4G>4G ' A-3G *4G 4*C -3G *4G

3  4 3  4 1 3  4

12 12 2 2
* A+G -3G +3G * A+G -4G +3G * A+G -3G +2G * A-2G +4G

1 3 4  1 3 4  1 3 4  3 4

E*21» -2c +A+G -12G »-2C -t*
B * 1 3 *

S 10
4+G -36 *4G A*C -3G -2G

3 « *

- 59 * 4
4+G -4G +4Ga 4-3G +4C

14 3 4 4
ÁVrr -4C *3G_ _ _ A+G -2G *2r-

¿ 1 * I , 3 j* ‘ . 3 2 *

* A-G ♦ C -d +3G * 4-G *G +20 *11 * - A-tí +G -2G' *U * A+G -2G *
1 2 3  4 1 3  4 P 1 3  4 K 3 4

* s-arsr * tésr * szr¿ártgr * &~ŝ é
3  t  « 1 3  4 2  3  «

(2J
taking Into account the energies of two next-nearest -

neighbour Cu electrons without and with CT. Fig.3 shows how for 
Coulomb interactions up to G^ the hopping helps electron pairing.

Fig. 4 shews the saae second order perturbation calculation when a 
straight-line potential Is considered. In this case G_ is

increased by the hopping.
To conclude, assuming that correlations are cf essential 

relevance, we have saewn In the strong correlation limit, that \ 
CT Kechanlsat yields pairing of the electrons in the CuOa layers.

S



Tho recent observation of Cu ions In the 'superconducting 
samples and simultaneously of 0  holes In a  lower proportion gives 
support to this picture. Also the fact that the eaount of electron 
doping Is larger than the Ce concentration (In a  3/2 ratlol) is 
In. agreement. Of course this is Just a  slapllfU l Ionic approach 
to these complex systems. and parameters and results must to 
Modified -we expect only quantitatively- by hopping, hybridization 
and other teras present In the real case.

Although similar, the polarized structure for Cu electrons Is 
not Identical to the one binding pairs of 0  holes. I.e. there is 
no exact electron-hole syaaetry. Cn tha other hand the different 
structure of both types of superconducting cuprates ( f  and T) 
Hust also Imply changes In the paraneter values, that se«a to be 
nore restricted in this new case. This agrees with the 
experlaental results that seea to point out differences in the 
details of the pairing In both cases. As an example. although the 
antlferroaagnetlc order of the CuO layers In the parent coapound

is progressively destroyed with electron doping as in the cas^ 
of hole doping, the sudden appear«nee of the superconductivity 
contrasts w!th the linear behaviour of Tc with the hole 
concentration*". The coherence length of these new "eventually" n- 
doped cuprates is larger than the one observed for the p-type 
superconductors, as obtained In this calculation (compare Figs.2 
and l (all.

The necessary conditions to have electron pairing remain the 
sa*e of Ref. 5 for hole doped cuprates and bisauthates: proximity 
of the metal and 0 levels, a gap in the excitation spectrum and 
important M-0 repulsion, with inclusion of longer range Coulomb 
energies in this new case. Although more experlaental results are 
necessary, it is satisfactory to have a common theory for all 
types of hlgh-Tc superconductors.
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Figure captions
Fig: 1 - Charge rear,-angoBent When two holes are addfed to the 

insulating parent compound, a) Cu oxides plane structure,
b) B1 oxides case. Also indicated Interactions discussed 
in the text.

Fig.2 - Sa-;j as In Fig. I (a) but when two electrons are added.
Site A: energetically nost favourable location for the 
clustering of a  third added particle.

Fig.3 - Binding energy for a  pair of electrons considering a 
Couloeb potential up to G. as a function of G . for U  ,

4 1 O
1i -* m, and indicated values of t/&. 
p

Fig.4 - Same as Fig.3 for a straight-line potential between C { » c 

and Gg » 0.
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