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A model for the chain-to-plane charge transfer in

YBa2Cu3O6+x
∗
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A model for the chain-to-plane charge transfer is proposed to account for the two plateaus, at 60 K and at 90 K,

of the Tc(x) characteristics of the YBa2Cu3O6+x high-Tc superconductor. It is assumed that the number of holes

transferred from a CuO chain of length l to two nearby CuO2 sheets is proportional to l (that is, to the number of

oxygen atoms in the chain), if the chain length is greater than, or equal to, a certain critical chain length, lcr, that is

required to trigger the charge transfer process. No holes are assumed to have been transferred from chains of length

l < lcr. The calculated Tc(x) dependence is found to be in excellent agreement with the experimentally reported Tc(x).

The critical chain length parameter is estimated to be equal to lcr = 11 (eleven oxygen atoms in a chain), which is a

greater value than that obtained in the previously proposed model for the chain-to-plane charge transfer (lcr = 4). The

results obtained out of the proposed model are briefly discussed.
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1. Introduction

The two plateaus, at 60 and 90 K, of the Tc(x)

characteristics of the YBa2Cu3O6+x high-Tc super-

conductor comprise a well-known phenomenon. Al-

though the latter plateau is commonly associated with

the x dependence of doping (p(x)) passing through the

optimal doping level of about 0.16, there is still an

ongoing debate over the cause for the 60-K plateau:

is it the stripe induced decline of Tc from a parabolic

(universal) Tc,univ(p) = Tc,max(1−82.6·(p−0.16)2) de-

pendence (around p = 1/8), or peculiarities associated

with the statistics of CuO chain ordering of the OII

phase? Since the doping cannot be convincingly mea-

sured experimentally between p ≈ 0.09 (Tc ≈ 60 K)

and p = 0.15, due to the system’s local scale non-

homogeneity driven by the OII phase and other or-

thorhombic phases like OV, OVIII, and OIII,[1,2] the

stripe effect on Tc(p) cannot be mapped accurately

enough onto the Tc(x) through p(x). Thus, the issue

of how much stripes affect Tc(x) is still largely unre-

solved. On the other hand, within the OII concept,

the doping p(x) is presumed to stay constant over the

regime of the 60-K plateau at a level of about 0.095

(corresponding to Tc ≈ 60 K through the Tc,univ(p)),

which is half of the doping at x = 1 (p ≈ 0.19).[1,2]

Recently, a model for the charge transfer from

CuO chains to CuO2 planes has been proposed,

which results in p(x) dependence with exactly such

properties.[3] According to this model, a chain of

length l is assumed to have created h(l) = µ(l−lcr+1)

holes in two nearby CuO2 sheets, where µ ≈ 0.19 and

lcr is the critical chain length parameter defined so

that no holes are transferred from a chain of length

l < lcr(h(l) = 0), but the charge transfer takes place

only when l is equal to, or, greater than, lcr. The

number of created holes per in-plain Cu (aka doping)

is then equal to

p =
n1

4

∞∑
l=1cr

µ(l − lcr + 1)f1(l)

+
n2

4

∞∑
l=lcr

µ(l − lcr + 1)f2(l), (1)

where n1 and n2 are the fractions of 3-fold coordinated

Cu(1) ions on two respective oxygen chain sublattices

of the OII phase; f1(l) and f2(l) are the corresponding

length distributions of CuO chains. The model (1) has

successfully explained both 60 K and 90 K plateaus

of the Tc(x), with the parameter lcr estimated to be

equal to 4 (lcr = 4).[3] It should be noted, however,

that the exact details of the charge transfer mecha-

∗Project supported by the Ministry of Education and Science of the Republic of Serbia (Grant No. 171027).
†Corresponding author. E-mail: vladimir matic@vektor.net; vmatic@vin.bg.ac.rs

© 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

117401-1



Chin. Phys. B Vol. 21, No. 11 (2012) 117401

nism are not in fact known, so that proposing that

h(l) = µ(l − lcr + 1), or, possibly, some other form

of the h(l) dependence, would be just a manifestation

of what is conventionally termed a phenomenological

approach to the problem. The fact that h(l) is a lin-

ear function reflects a generally accepted viewpoint

that the main source which attracts electrons from

CuO2 sheets (thereby creating holes in them) is the

electronegativity of chain ordered oxygen. Thus, the

more oxygen in a chain, the more holes will be cre-

ated in the sheets, and, consequently, h(l) is to be

a linear function. One could speculate, for instance,

that each in-chain O1− atom creates a sort of a po-

tential at the points of the CuO2 sheets positioned

above (below) the chain (whatever the nature of this

potential might be), so that the transfer of electrons

would be initiated only after the combined potential

of all of the chain’s oxygen atoms has reached a cer-

tain threshold value. In other words, all of the chain’s

oxygen might be expected to participate in creating a

strong enough condition (potential) that is needed for

the charge transfer to take place. However, from the

doping expression (1) it follows that not only the short

chains (l < lcr) are cut-off, but also the effect of the

first lcr − 1 oxygen atoms from long chains (l ≥ lcr) is

eliminated. Practically, the effect of a long chain hav-

ing, for example, a length l (l ≥ lcr), reduces to that

of a shorter chain of the length l − (lcr − 1), which

might raise some controversies over what particular

mechanisms the lcr-concept should in principle be a

reflection of.

2. Doping model

Led by such thoughts, we arrived at a notion that

reducing long chains by lcr−1 might not be at the core

of the lcr-concept, and for this reason we propose here

a new model to calculate doping in YBa2Cu3O6+x.

The model is given by

p =
n1

4

∞∑
l=lcr

µlf1(l) +
n2

4

∞∑
l=lcr

µlf2(l), (2)

where the sums run from lcr to ∞, implying that the

contribution of short chains, l = 1, 2, . . ., lcr − 1, is

again cut-off entirely, but the effect of long chains has

not been reduced by lcr − 1. Since the average chain

lengths, lav,1 and lav,2, on two respective oxygen atom

sublattices of the OII phase are given by

lav,1 =
2x1

n1
=

∞∑
l=1

lf1(l), lav,2 =
2x2

n2
=

∞∑
l=1

lf2(l),(3)

expression (2) can be written in the following form:

p = µx+
µ

4

[
n1

lcr−1∑
l=1

lf1(l) + n2

lcr−1∑
l=1

lf2(l)

]
, (4)

where x1 and x2 in x = (x1+x2)/2 are concentrations

of oxygen atoms on the two oxygen chain-site sublat-

tices. This expression is suitable for numerical calcu-

lations because the infinite summations in Eq. (2) are

now included in the first term, µx, on the right-hand

side and the finite number of terms in two sums of

Eq. (4) can be calculated numerically in a straightfor-

ward manner.

3. Results of numerical calcula-

tions

The theoretical model that has been commonly

used to describe the CuO chain ordering of the OII

phase is the two-dimensional asymmetric next-nearest

neighbour Ising (ASYNNNI) model.[4] For given x and

T , and for the values of the ASYNNNI model interac-

tions, V1, V2 and V3, that were proposed in Ref. [5], we

use the Monte Carlo method (MC) to calculate con-

centrations of oxygen atoms, x1 and x2, on two respec-

tive oxygen chain site sublattices (sometimes referred

to as α1 and α2) and the corresponding fractions, n1

and n2, of 3-fold coordinated Cu(1) ions (these corre-

spond to unlike V2 bonds). We also calculate the CuO

chain length distribution functions fs(l) (s = 1, 2),

l = 1, . . . , lcr, in a way that in each MC step the total

numbers of chains, Nch,1 and Nch,2, are counted, and

also the numbers of chains of the particular lengths

Nch,1(l) and Nch,2(l) for l = 1, . . . , lcr. The ratios

Nch,1(l)/Nch,1 and Nch,2(l)/Nch,2 are then calculated

and their equilibrated values (through the MC pro-

cess) are finally identified with the chain length dis-

tributions f1(l) and f2(l). The system size that the

calculations were made on consists of 200.×400 oxy-

gen sites on the α sublattice (comprised of both α1

and α2) and the same number of sites is attached to

the β sublattice (the one that interlaces α sites). The

fixed-chemical potential scheme (Glauber dynamics)

is used at practically all calculated points with just a

few exceptions made by using the Kawasaki dynamics

(fixed-x scheme) mainly to check the consistency of

the obtained results.

The values of doping are calculated from Eq. (4)

at different isotherms (T = const) for several char-

acteristic values of oxygen content x within the in-

terval of the 60 K plateau of the Tc(x) (that is, at
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0.50 < x < 0.60). In addition, doping is also calcu-

lated for a number of values of the cut-off parameter

lcr from Eq. (4), and these lcr-dependences of p are

shown in Fig. 1 (for different values of x and at three

isotherms).
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Fig. 1. Calculated curves of p(lcr) dependences at three

isotherms (τ = kBT/V1 = const) for several values of oxy-

gen concentration x, which span the interval 0.50 < x <

0.60. Calculated values of p(lcr) at τ = const = 0.45 are

shown in the top plot, at τ = const = 0.35 in the middle,

and at τ = const = 0.40 at the bottom section.

It can be seen from the three plots in Fig. 1 that

at a given T = const (or, at τ = kBT/V1 = const)

the p(lcr) curves of all x ∈ (0.50, 0.60) intersect at a

well defined value of lcr; we call this value the op-

timal critical chain length, lcr,opt, for the particular

isotherm. It also follows from Fig. 1 that the so-

defined parameter lcr,opt depends on the temperature

in a way that it increases with temperature lowering.

In Fig. 2 are shown the values of the lcr,opt(τ) de-

pendence, which are calculated in the same way as in

Fig. 1. It can be inferred from Fig. 1 that the rele-

vance of the lcr,opt quantity lies in the fact that, when

at a certain isotherm τ = const the lcr parameter of

Eq. (4) is taken to be equal to lcr,opt(τ), then the re-

sulting p(x) will display a constant section over the

interval 0.50 < x < 0.60. As the critical temperature

Tc and doping p are inter-connected by the empiri-

cal relation Tc(p) = Tc,max(1 − 82.6 · (p − 0.16)2),[2]

the constant doping p(x) = const at 0.50 < x < 0.60

inevitably implies the constant Tc(x) over the same

interval. This kind of p(x) and/or Tc(x) behaviour

is shown in Fig. 3 for the case τ = const = 0.45,

lcr = 11 (= lcr,opt(τ)), and µ = 1.192. From the

bottom graph of Fig. 3 it can be seen that the ob-

tained Tc(x) reproduces fairly well both plateaus, at

60 K and at 90 K, of the experimental Tc(x) given

by Jorgensen et al.[7] (with the latter plateau being

obviously related to the p(x) passing across the opti-

mal doping level p = 0.16). As for the parameter µ

it should be noted that it is nothing but the doping

at x = 1, i.e. p(x = 1), as it can be inferred from

Eq. (4), so the obtained µ = 0.192 is in a very good

correlation with the experimental findings in Refs. [1]

(p(x = 1) = 0.194) and [2] (p(x = 1) = 0.187). On the

other hand, that the τ = const = 045 isotherm can be

taken as a very good representative of the room tem-

perature (≈ 290 K, or so), it can be seen from the fact

that ∆τ = 0.1 corresponds to ∆T ≈ 100 K.[5] Fur-

thermore, the experimental results point to the top of

OII phase to be lying somewhere between ∼ 120 ◦C

and ∼ 140 ◦C,[8] while theoretically it corresponds

to τ = 0.58.[9] Therefore, the difference ∆τ = 0.13

(= 0.58 − 0.45) corresponds to ∼ 130 ◦C, which is in

accordance with the experimental findings in Ref. [8].

In addition, on the right-hand side from x = 0.50 ex-

perimental results show that the OII phase disappears

at x = 0.62.[8] That is again in a very good correla-

tion with the theoretical phase diagram according to

which the edge of the OII phase occurs at x ≈ 0.63[9]

(at τ = 0.45 = const).
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Fig. 2. Calculated values of the lcr,opt(τ) dependence for

the ASYNNNI model interactions from Ref. [5].

Perhaps the most important aspect of what is pre-

sented in Fig. 3 is the obtained result lcr = 11. The

relevance of this result will be expounded in the fol-

lowing section.
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Fig. 3. Calculated p(x) (top graph) and Tc(x) =

Tc,univ(p(x)) (bottom graph) dependences at τ = const =

0.45 for lcr = lcr,opt(τ) = 11 and µ = 0.192. The solid

line stands for the experimental Tc(x) of Ref. [7].

4. Discussion and conclusions

The shortest CuO chain that can exist in the basal

Cu–O plane is the one that consists of a single oxy-

gen atom. Due to its well defined tendency to become

O2− the oxygen will then take away two electrons from

two nearest neighbours Cu(1) ions (transferring them

from Cu1+ into Cu2+), so there would be no need for

any additional charge to be taken from some more

distant part of the structure. When another oxygen

atom is brought in to form a chain of length l = 2

there is only one electron available in the neighbour-

ing Cu(1) ion, so there is a potential for attracting an

electron from a remote region of the lattice (presum-

ably from one of two nearby CuO2 layers). Generally,

a chain of length l would thus comprise l−1 O1− ions

(this is of course a simplified picture, as there is still

an ongoing debate over what might be the true na-

ture of the missing electron (or, a hole), i.e. whether

it is of O 2p character, or of Cu 3d, but such a de-

scription is nonetheless useful for plain chemical-like

reasoning that will be employed below). Therefore,

the electronegativity of chain-ordered O1− is the ac-

tual source that attracts electrons from CuO2 layers

(thereby creating holes in them), but the problem here

is that they are not 100% effective. We know that from

the measured doping at x = 1 (p(x = 1) ≈ 0.19,[1,2])

at which concentration practically, each oxygen atom

is O1− (very long (infinite) CuO chains along b axis

with no vacant segments between them). This means

that an average efficiency of O1− in dragging down an

electron from the CuO2 layer above, or, bringing it up

from the layer below, is around ∼ 38%. However, as

the details of the charge (electron) transfer mechanism

are basically not known, the only remaining option is

to address the problem in a phenological way. With

this kind of thinking kept in mind it is surely not a

strange idea that a chain of length l = 2 (including one

O1− in it) might still not have enough capability to

initiate the electron transfer. A chain of length l = 3

(two O1−) would be probably closer to the threshold

of the charge transfer to be triggered, but whether it

is enough is an open question. A similar reasoning

can be applied as well to chains with l = 4, 5, . . . , so

that a widely accepted estimate for what lcr would be

equal to is, generally speaking, yet to be achieved.

It should be pointed out, however, that some the-

oretical work on lcr has nonetheless been done. In

Ref. [10] it was suggested that the charge transfer

would already start from chains of length l = 3 (i.e.

lcr = 3), while in previous publications it was ob-

tained lcr = 4.[3,6] It should be noticed that the latter

result is obtained by use of model (1), according to

p ∼ µ(l − lcr + 1), so that the present result lcr = 11

(obtained by p ∼ µl, for l ≥ lcr) can be viewed as

pointing to a conclusion that the estimate for lcr is,

at least, model dependent. Secondly, a rather large

value lcr = 11 gives a very accurate prediction of both

60 K and 90 K plateaus of the Tc(x), and, moreover,

the whole calculated Tc(x) (the bottom part in Fig. 3)

accords well with the experimentally reported one.[7]

Therefore, the main result of this study would be that

the critical number of oxygen atoms linked in a chain,

which is required to trigger the chain-to-plane charge

transfer, could be as high as lcr = 11.
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