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One of the strongest justifications for the continued search for superconductivity within the single-band
Hubbard Hamiltonian originates from the apparent success of single-band ladder-based theories in predicting the
occurrence of superconductivity in the cuprate coupled-ladder compound Sr14−xCaxCu24O41. Recent theoretical
works have, however, shown the complete absence of quasi-long-range superconducting correlations within the
hole-doped multiband ladder Hamiltonian including realistic Coulomb repulsion between holes on oxygen sites
and oxygen-oxygen hole hopping. Experimentally, superconductivity in Sr14−xCaxCu24O41 occurs only under
pressure and is preceded by dramatic transition from one to two dimensions that remains not understood. We
show that understanding the dimensional crossover requires adopting a valence transition model within which
there occurs transition in Cu-ion ionicity from +2 to +1, with transfer of holes from Cu to O ions [S. Mazumdar,
Phys. Rev. B 98, 205153 (2018)]. The driving force behind the valence transition is the closed-shell electron
configuration of Cu1+, a feature shared by cations of all oxides with a negative charge-transfer gap. We make a
falsifiable experimental prediction for Sr14−xCaxCu24O41 and discuss the implications of our results for layered
two-dimensional cuprates.
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I. INTRODUCTION

Theoretical efforts to elucidate the mechanism of super-
conductivity (SC) in the cuprates have been overwhelmingly
within the one-band Hubbard Hamiltonian. Multiple recent
demonstrations of nonsuperconducting ground state within
the optimally doped two-dimensional (2D) Hubbard model
with nearest-neighbor particle hoppings [1–3] have led to
subsequent search for superconductivity within single-band
correlated-electron Hamiltonians that include next-nearest-
neighbor [4–6] and even longer range hopping [7]. These
approaches have also failed to find long-range superconduct-
ing correlations with hole doping (see, however, Ref. [8]).
Theoretical models that treat the one-band 2D lattice as
weakly coupled two-leg ladders [9,10] are considered promis-
ing, given the presence of quasi-long-range (quasi-LR)
superconducting correlations in the two-leg one-band ladder
[11–15]. Observation of SC in Sr14−xCaxCu24O41 (SCCO) for
10 � x � 13.6 [16–19], consisting of weakly coupled Cu2O3

ladders, is often interpreted as confirmation of the one-band
ladder-based theories [11–15].

The failure of single-band model calculations to find SC
in the layered systems and yet their apparent success in
explaining experimentally observed SC in SCCO, taken to-
gether, are mysterious. We therefore performed density matrix
renormalization group (DMRG) calculations to test whether
or not quasi-LR superconducting correlations persisted within
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a multiband ladder Hamiltonian [20,21]. Our calculations
found the same doping asymmetry detected in single-band
calculations in 2D [4–7], viz., the complete absence of quasi-
LR superconducting correlations on hole-doping for realistic
Coulomb repulsion of holes on O ions and O-O hole hopping
[20,21], and SC persisting even at large doping concentrations
on the electron-doped side [21]. The rapid decays of the
spin gap as well as superconducting pair correlations in the
hole-doped multiband ladder [21] are caused by the the strong
pair-breaking effect due to O-O hopping. Significant departure
from “traditional” approaches is therefore necessary to under-
stand the experimental observations in SCCO. We believe that
the experimental observations of one-to-two dimensional (1D-
to-2D) transition in SCCO (see below) is a clear signature of
a valence transition mechanism for superconducting cuprates
formulated recently [22]. We examine this issue in detail in
this paper. Our approach has strong parallels with valence
instability theories of the physics of heavy-fermion systems
[23–26] and provides a broad framework for understanding
“negative charge-transfer gap” materials that are of consider-
able recent interest [27–33].

Multiple experimental research groups have maintained
that SC in SCCO is 2D and is likely outside the scope
of ladder-based theories [11–15]. SC in SCCO results not
from mere substitution of Sr with Ca in Sr14Cu24O41, but is
pressure driven [17–19,34,35]. At x = 11.5 SC is realized un-
der pressure P = 3.5–8 GPa, with maximum superconducting
Tc = 9 K at 4.5 GPa. The ambient pressure resistivity ρc along
the ladder leg direction (c axis) decreases with temperature at
ambient pressure for temperature T > 80 K, with an upturn
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FIG. 1. (a) Schematic of the coupled two-leg multiband Cu2O3

ladders investigated numerically. Intraladder (tdp, tpp) and interladder
(t ′

pp) hopping parameters are indicated. (b) Intraladder hole hopping
between leg oxygen OL and rung oxygen OR at ambient pressure
involving the hole on the Cu ion. (c) Direct intraladder hole hoppings
between O ions without involving the hole on the Cu ion. The hole
occupancy of the Cu ion in this case is irrelevant.

at lower T . The resistivity ρa along the ladder rung direction
(a axis) is incoherent even at high T at ambient pressure.
This changes dramatically for P > Pc = 3.5 GPa in the state
immediately preceding SC; here ρc is metallic at all T , its
magnitude at 300 K being nearly one-third of that at ambi-
ent pressure. The decrease in ρa is even more dramatic for
P > Pc. ρa/ρc drops by a factor of ∼4–5 at T near 50 K,
where a maximum in this ratio occurs at ambient pressure.
The pressure-induced SC is an insulator-superconductor (I-
SC) transition that has remarkable similarity with the SC-I
transition in 2D cuprates under Zn substitution of Cu, in that
the “average resistivity” (ρcρa)1/2 of SCCO immediately prior
to SC is the universal 2D resistivity [17] h/4e2 characteristic
of 2D SC-I transitions [36].

Experimental determination of nonzero spin gap �s for all
x in SCCO [19] is cited in support of one-band ladder theories
[11,12]. NMR measurements, however, consistently reported
the appearance of gapless spin excitations [19,34,35,37] at the
superconducting composition for P � Pc. Pressure-dependent
measurement of relaxation time T1 has found that �s is
pressure independent until Pc is reached, following which it
suddenly approaches zero exactly as there occurs a large jump
in the superconducting Tc [35]. Taken together, the observa-
tion of universal 2D resistance [17] and �s → 0 indicate a
true phase transition at P = Pc.

Experimental research groups have conjectured that
pressure-driven hole transfer from the CuO2 chains to the
Cu2O3 ladders is behind the two-dimensionality and vanish-
ing of �s [18,19,38,39]. The extent of hole transfer from
chains to ladders, caused by Ca substitution of Sr, is small
[40]. Whether or not pressure-induced additional hole-transfer
by itself is sufficient to lead to two-dimensionality has not
been probed theoretically.

We report here DMRG calculations (see Supplemental
Material (SM), S.1 [41] and references [42,43] therein) of

intraladder versus interladder coupling strengths for coupled
Cu2O3 ladders within a multiband Hubbard model. The 90◦
Cu-O-Cu interladder linkage implies that the effective inter-
ladder Cu-Cu hopping integral is tiny [18,44]. The absence
of noticeable deformation of the ladder structure up to 9 GPa
[18] indicates that the interladder Cu-Cu coupling continues
to be weak under pressure. Interladder coupling therefore
originates from hole hopping between O ions occupying dif-
ferent ladders. The possibility then exists that inclusion of
realistic O-O hopping [45] might indeed find increased two-
dimensionality with increased doping. We show conclusively
that pressure-driven increased hole concentration in the lad-
ders, which has no other consequence, fails to reproduce
the observed increase in effective dimensionality. We then
show that two-dimensionality can be understood only within
the proposed valence transition theory of layered cuprates
[22], wherein the insulator-to-conductor transition is driven
by a sharp decrease in Cu-ion ionicity from nearly +2 to
nearly +1. Nearly all holes, including the ones previously
occupying the Cu dx2−y2 orbitals, now occupy the 2D O
sublattice.

Valence transition has been widely discussed in the context
of neutral-to-ionic transition in organic charge-transfer solids
[46–50] and in heavy-fermion materials [23–26]. Following
valence transition, cuprates have a negative charge-transfer
gap, meaning that charge-transfer absorption in the ground
state involves hole transfer from the O anion to the Cu cation
and not the other way around. One hole is transferred from Cu
to the O sublattice, giving an average hole density of one-half
hole per O atom. The system now behaves as a nearly 1

4 -filled
2D O band of interacting holes, with the closed-shell Cu1+

ions playing a negligible role.
In what follows we develop our theory and present the

results of our DMRG calculations in steps. In Sec. II we
present the multiple-band model Hamiltonian for coupled
Cu2O3 ladders. Section III A reports computational results
within the Hamiltonian for standard parameters. It is shown
that the standard model fails to explain the experimentally
observed 1D-to-2D transition. The obvious implication is that
SC in SCCO is therefore not currently understood. Theoreti-
cal models that consider layered cuprates as coupled ladders
[9,10] therefore do not resolve the impasse [1–7] the field of
cuprate SC is facing. We then present the physical arguments
behind the valence transition mechanism that are essential
for understanding the dimensional crossover (Sec. III B) and
follow up with explicit calculations (Secs. III C and III D).
Finally, in Sec. IV we present our conclusions, where we
arrive to our key argument that doped cuprates are prime can-
didates for being in the negative charge-transfer gap category.
In the Appendix we discuss the current knowledge base on
oxides that are known to have negative charge-transfer gaps,
emphasizing in particular a central feature that is common to
the cationic components of all such compounds, and how that
feature is shared by cuprates. Additional data are available in
the Supplemental Material [41].

II. COUPLED LADDER MODEL

In Fig. 1(a) we show the schematic of the cou-
pled multiband ladders we consider. The Hamiltonian is
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written as

H = �dp

∑

μ,i,σ

p†
μ,i,σ pμ,i,σ −

∑

μ,λ,〈i j〉,σ
tdp(d†

μ,λ,i,σ pμ, j,σ + H.c.)

−
∑

μ,〈i j〉,σ
tpp(p†

μ,i,σ pμ, j,σ + H.c.)

−
∑

μ �=μ′,〈i j〉,σ
t ′
pp(p†

μ,i,σ pμ′, j,σ + H.c.)

+ Ud

∑

μ,λ,i

d†
μ,λ,i,↑dμ,λ,i,↑d†

μ,λ,i,↓dμ,λ,i,↓

+ Up

∑

μ, j

p†
μ, j,↑ pμ, j,↑ p†

μ, j,↓ pμ, j,↓. (1)

Here d†
μ,λ,i,σ creates a hole with spin σ on the ith Cu dx2−y2

orbital on the λth leg (λ = 1 and 2) of the μth ladder (μ = 1
and 2); p†

μ, j,σ creates a hole on the rung oxygen OR or leg oxy-
gen OL; tdp are nearest-neighbor (n.n.) intraladder rung and
leg Cu-O hopping integrals, and tpp and t ′

pp are n.n. intra- and
interladder O-O hopping integrals, respectively [Fig. 1(a)]. Ud

and Up are the on-site repulsions on the Cu and O sites.
First-principles calculations of the parameters for the un-

doped 2D insulating compounds [45] found Ud = 8, Up = 3,
tpp = 0.5, and �dp = 3 in units of tdp, close to other cal-
culations. �dp is assumed in nearly all existing theoretical
work as a fundamental quantity that is the difference be-
tween one-electron site energies of Cu and O ions. Based
on explicit discussions in the context of neutral-to-ionic tran-
sition [46–50] and heavy fermions [25,26], we argue that
over and above one-electron atomic quantities, �dp also de-
pends on long-range many-body interactions that are strongly
carrier-concentration dependent (see below) [22,51–53]. De-
termination of precise doping-concentration dependence of
�dp is outside the scope of first-principles calculations and
therefore has not been attempted. Semiquantitative estimates
of �dp can, however, be made from comparisons against
known reference compounds. For example, experimentally,
�s in SCCO for x = 12 [35] is smaller than that in SrCu2O3

[54] by a factor of 4–5. Presumably this is due to the com-
pletely undoped nature of SrCu2O3 and a small nonzero hole
concentration in the ladder layer of SCCO. �s is nearly the
same for undoped single and coupled ladders (S.2, Fig. S2
[41]), but decreases rapidly with �dp. Assuming �dp in
SrCu2O3 is comparable to that in 2D cuprates, we conclude
that for SCCO at ambient pressure �dp ∼ 1.0–2.0.

III. COMPUTATIONAL RESULTS

A. Failure of the standard model

We measure effective dimensionalities from bond orders,
which are expectation values of charge transfers between ions.
Bond orders, though not direct measures of dc resistivity,
measure the electronic kinetic energy in any direction and are
related by the sum rule to the frequency-dependent optical
conductivity. We calculate, (i) the n.n. Cu-O bond order BCu-O

leg
along the ladder legs at the interface of the two ladders,
〈∑σ d†

μ,λ,i,σ pμ, j,σ + H.c.〉, (ii) the intraladder bond order

BO-O
intra between n.n. OR and OL, 〈∑σ p†

μ,i,σ pμ, j,σ + H.c.〉, and

B
O-O

intra

B
O-O

inter

B
Cu-O

leg

0.1 0.2
0

0.1

0.2

0.3

B

FIG. 2. Calculated bond orders B (see text) for �dp = 1 (dashed
lines) and �dp = 2 (solid lines) versus hole doping δ in the 8 × 2
coupled ladder with t ′

pp = 0.5.

(iii) the interladder bond order BO-O
inter, 〈∑σ p†

μ,i,σ pμ′, j,σ +
H.c.〉, where μ �= μ′ and i and j are n.n. We also calculated
n.n.n. bond orders along the ladder legs at the interface of
the two ladders, BCu-Cu

leg = 〈∑σ d†
μ,λ,i,σ dμ,λ,i+1,σ + H.c.〉 and

BO-O
leg = 〈∑σ p†

μ,i,σ pμ, j,σ + H.c.〉. Our DMRG computations
are for coupled ladders consisting of 8 and 12 Cu-O-Cu rungs
(hereafter 8 × 2 and 12 × 2 ladders), consisting of 76 and
116 total ions, respectively, with open boundary conditions
along both ladder leg and rung directions. Bond orders being
single-particle operators exhibit negligible finite-size effects
(see Sec. S.3, Tables I and II, and Fig. S4 [41]).

We first test the simple conjecture that increase in effective
dimensionality is a consequence of hole transfer alone from
chains to ladders [18,19,38,39]. We consider dopings δ, where
1 + δ is the average hole concentration per Cu ion (δ = 0
for the undoped ladders). In Fig. 2 we show bond orders
for the 8 × 2 coupled ladder, for �dp = 1 and 2. BCu-O

leg and
BO-O

intra, taken together (but not simply additively), measure
intraladder hole transport, while BO-O

inter measures interladder
transport. For both �dp all bond orders exhibit rather weak
increase with δ. For δ � 0.125 the small increases in in-
traladder bond orders BCu-O

leg and BO-O
intra with δ are relatively

more significant than the increase in BO-O
inter. Our results in this

region of δ are in agreement with the conclusion in Ref. [18],
viz., increased δ increases anisotropy and not otherwise. In
Sec. S.3 [41] we have presented partial results of calculations
of the bond orders for t ′

pp = 0.3, for which the interladder O-O
bond order also remains almost δ independent. The very large
pressure-driven decrease [17] in ρa/ρc at low T thus cannot be
understood within the hole-transfer conjecture [18,19,38,39].

An interesting feature of Fig. 2 is the much larger BO-O
intra

relative to BO-O
inter, for both �dp. This larger magnitude is as-

cribed to the additional paths via Cu ions that holes can take
when hopping from OL-to-OR of the same ladder. In Figs. 1(b)
and 1(c) we give the schematics of the intraladder OR-to-OL

hole transfers, involving and not involving the hole on the Cu-
ion, respectively. The much larger calculated BO-O

intra in Fig. 2
implies that hole transfers via paths in Fig. 1(b) dominate
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FIG. 3. Schematic diagram of the competition between the two
distinct ground states. The vertical axis depicts energy.

overwhelmingly over the path in Fig. 1(c). Bond orders and
the true interladder coupling strengths therefore depend not
only on the magnitudes of the hopping integrals but also on
the charge density of the ions involved. In Sec. S.4, Tables III
and IV [41], we give the Cu and O ion charges for both �dp.
The very small O-ion charges explain the small magnitudes of
BO-O

inter.

B. Valence transition and negative �dp

It follows that two dimensionality requires substantial
increase in hole population on the O sublattice, which is
intrinsically 2D unlike the Cu sublattice. This can only orig-
inate from significant change in �dp, including even change
of sign which would correspond to transition from positive to
negative charge-transfer gap. A negative charge-transfer gap
has been found in several different materials, based largely
on extensions to DFT [27,28,30–33] (see the Appendix).
Here we approach it from the ionic limit, which allows
easier visualization of the boundary between positive and
negative charge-transfer [46–48]. Negative charge-transfer re-
quires that the transition metal cation M can exist in two stable
proximate oxidation states, usually Mn+ and M (n−1)+. When
the energies of these two states are close, transitions between
the two can be driven by tuning parameters like temperature or
pressure. We argue that this is most likely when the ionization
energy of M (n−1)+ is unusually large (see Ref. [41], Sec. S.5).

Figure 3 gives a qualitative understanding of the bound-
ary between positive and negative charge-transfer gap in the
context of cuprates. We compare the relative energies of for-
mation of two different extreme states, both with the same
overall charge on the ionic unit cell [CuO2]2−, starting from
the same initial state, consisting of isolated Cu1+, O1−, and
O2− ions. One of the the final states is the “usual” one with
Cu-ion charge 2+ and both O ions with charge 2−. There ex-
ists a competing configuration where the charge on Cu is 1+,
and one of the O ions has charge 1−. The latter is the negative
charge-transfer gap state. It is understood that the ionic charge

2− on the unit cell is balanced by other components of the
crystal. It is also assumed that the system has a few additional
holes on the O sublattice in some of the [CuO2]2− units, as
would occur in the so-called Emery model, but these are not
essential for our discussion.

Figure 3 gives the various steps through which the final
states are arrived at, starting from isolated ions. Creating Cu2+

requires the second ionization energy of Cu, I2 (step 1 in
Fig. 3). As shown in Fig. S6(c) [41], I2 for Cu is signifi-
cantly larger than usual because of the closed-shell nature of
Cu1+. Additional energy is required to convert O1− to O2−,
as the second electron affinity of O, A2, is positive. These
energy inputs create the free cation Cu2+ and two free O2−
anions, which are at very high energy relative to the initial
state. Madelung energy EM,2 is gained, however, in step 3,
as the ions are brought together. The overall system has en-
ergy below the initial state with free ions and the state is
therefore stable. As indicated in Fig. 3, the alternate state
[Cu1+O2−O1−]2− is arrived at from the initial state with a
smaller Madelung energy gain EM,1 (step 4). In cuprates and
other oxides where the number of anions is larger than the
number of cations, this alternate state with charge carriers
occupying a non-half-filled band of anions is conducting. This
is step 5 in the schematic, where additional energy gain occurs
due to charge carrier delocalization. Collecting the energy
differences gives the inequality [22]

In + A2 + �EM,n + �(W ) ≷ 0, (2)

where In is the nth ionization energy of M (M (n−1)+ →
Mn+ + e). �EM,n = EM,n − EM,n−1, where EM,n and EM,n−1

are the per cation Madelung energies of the solid with the
cation charges of +n and +(n − 1), respectively. �(W ) =
Wn − Wn−1, where Wn and Wn−1 are the per cation gains
in one-electron delocalization (band) energies of states with
cationic charges +n and +(n − 1), respectively. The larger
right-hand (left-hand) side favors Mn+ (M (n−1)+) with positive
(negative) charge-transfer gap. Distinct near-integer oxidation
states, as opposed to mixed valence requires that the two
largest terms in Eq. (2), In and |�EM,n|, are much larger than
|tdp|, even as the overall charge-transfer gap is comparable to
|tdp| [46–50]. This is true in the cuprates where I2 and |�EM,n|
are close to several tens of eV and |tdp| ∼ 1 eV.

Equation (2) has seen extensive applications in the context
of neutral-to-ionic transition in organic charge-transfer solids,
where due to effective one-dimensionality of the crystals the
transition is between insulating states [48]. However, in this
case, because one of the two oxidation states being compared
is metallic, the concept of fixed doping-induced “site ener-
gies” is erroneous, as EM,1, EM,2, and �(W ) are all strongly
carrier-concentration dependent. The relative energies of the
final states with two ionicities cannot be easily determined
from first-principles calculations, and comparing with experi-
ments is the only route to arriving at the correct semiempirical
Hamiltonian.

Within our theory, SCCO at ambient pressures is correctly
described within the standard picture of weakly coupled two-
leg ladders with Cu2+ ions at the vertices and positive �dp.
The a-axis resistivity is incoherent because of the very small
density of holes on O sites. The system is, however, close to
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FIG. 4. �dp versus the number of holes per formula unit on the
ladders calculated from Eq. (3) (see text). Open (solid) symbols are
calculated assuming the dielectric constant ε is 3.4 (4.2). Lines are
guides to the eye. As indicated by the arrow, pressure increases the
hole density on ladders, resulting in a decrease in �dp.

the boundary between positive and negative charge-transfer
gaps defined by Eq. (2).

C. Pressure-driven valence transition

We next seek to explain why pressure would drive a
Cu2+ → Cu1+ valence transition in SCCO. Pressure-driven
hole transfer from chains to ladders, over and above the
transfer driven by Ca substitution, has indeed been observed
experimentally [35,39,55,56]. Hole concentration in the lad-
der likely jumps from nearly 1 at ambient pressure to about 4
at P > Pc per formula unit [55]. This has strong consequences
on the magnitude and the even sign of �dp. In the ionic limit
[51],

�dp = e�VCu-O

ε
− I2 − A2 − e2

d
. (3)

In Eq. (3), �VCu-O is the difference in Madelung site potentials
between ladder oxygen and copper sites, ε is the high-
frequency dielectric constant, and d is the Cu-O distance. In
insulating 2D cuprates �dp ≈ 2–3 eV; the first term �VCu-O/ε

is a positive quantity and −I2 − A2 − e2

d ≈ −10.9 eV [51,57].
Reference [57] assumed ε = 3.4 for SCCO (see below). Pres-
sure and doping enter Eq. (3) in three ways. First, changes
in the lattice structure directly influence the Madelung poten-
tials. Second, as noted above, with doping and pressure, holes
are transferred from chains to ladders. Third, changes in the
electronic structure will affect ε.

The first two effects are straightforward to calculate. We
calculated Madelung site potentials for a unit cell containing
4 formula units of SCCO using standard Ewald methods with
the GULP software package [58–61] and the crystal structure
reported in Ref. [62] for the x = 0 and x = 9 compounds.
We assumed the ionic charges of Sr/Ca and Cu are 2+.
We assumed all oxygen ions were O2−, and then randomly
introduced holes (O1−) on chain or ladder O sites. Figure 4
shows the average �dp calculated from 100 random hole
distributions for each relative chain/ladder hole occupation.

If we assume an increase of three to four holes per formula
unit under doping and pressure (see Ref. [55]), this gives a net
decrease of ≈0.7 eV in �dp.

In Fig. 4 our first set of points assumes ε = 3.4 as in
Ref. [57]. Because �VCu-O is large (∼45 eV), small changes
in ε lead to large changes in �dp. An increase in carrier
density would increase metallicity-induced electronic screen-
ing, reducing �dp. For example, in superconducting Bi-2212
samples, 3.5 � ε � 4.3 (see Table 2 in Ref. [63]). With ε ≈
4.2, our calculated �dp reaches 0 with three holes transferred
to the ladder layer and negative values for larger number
of holes transferred (see Fig. 4). In reality, ε should be
treated as a function of doping, ε(δ), leading to transition
from positive to negative �dp. �dp must be calculated self-
consistently within the many-body electronic state of the
system. Following valence transition there is a gain in delocal-
ization energy as the system changes from a nearly half-filled,
quasi-one-dimensional copper-based Mott-Hubbard state to
a two-dimensional nearly quarter-filled oxygen-band metal.
This increase in conductivity would act to further decrease
�dp through its dependence on ε(δ).

D. Dimensional crossover

We now reconsider the results of Sec. III A, allowing for
the possibility that �dp < 0. In Fig. 5(a) we plot the same
bond orders as in Fig. 2, along with n.n.n. BCu-Cu

leg and BO-O
leg , for

12 × 2 coupled ladders, now as a function of �dp for fixed δ =
0.125, for t ′

pp = 0.5. These results are in sharp contrast with
those of Fig. 2. BO-O

intra and BO-O
inter both now increase as �dp goes

from positive to negative, simulating the decrease of ρc and ρa

with pressure. In Fig. 5(b) we plot the ratios of the interladder
coupling BO-O

inter with BCu-O
leg , BO-O

intra, and BO-O
leg against the O leg

charge density 〈nOL 〉 at different �dp, for comparison against
the pressure dependence of ρa/ρc. Increasing BO-O

inter/BCu-O
leg and

BO-O
inter/BO-O

intra with increasing 〈nOL 〉 does simulate the de-
creasing ρa/ρc with pressure [17]. The increases are small
within the positive �dp region compared to the factor of 4–5
decrease in ρa/ρc in SCCO between ambient pressure and
P = 3.5–4.5 GPa at T ∼ 50 K. The insets of Fig. 5(b) show
schematically the 2D checkerboard O sublattices obtained
upon ignoring the Cu ions. The diagonal bonds in the checker-
board lattice are due to the reduced intraladder leg n.n.n. O-O
bonds. The dramatic changes in the slopes of all bond orders
at �dp = −1 are due to a quantum phase transition from the
lattice on the left with n.n.n. O-O bonds stronger than the n.n.
O-O bonds to the lattice on the right with stronger n.n. O-O
bonds. The simultaneous changes in the slopes in all three
ratios at �dp = −1 is a signature of discrete jump in Cu-ion
ionicity from nearly +2 to nearly +1. Figure S7 [41] shows
the corresponding plots for t ′

pp = 0.3. The behavior is very
similar to that in Figs. 5(a) and 5(b). We conclude that the
large decrease in ρa/ρc necessarily requires transition from
positive to negative �dp.

IV. DISCUSSION AND CONCLUSIONS

A. Consequences of valence transition

It is instructive to estimate the charge density on the lad-
der oxygen sites following the valence transition. Within one
formula unit of SCCO, 10 Cu and 20 O atoms compose the
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FIG. 5. (a) Bond orders for δ = 0.125 and t ′
pp = 0.5 versus �dp.

(b) Ratios of interladder bond order with all intraladder bond or-
ders, versus hole density on the oxygen ions occupying the interior
legs of the coupled ladder. Calculations are for the 12 × 2 coupled
ladder. Results for t ′

pp = 0.3 are nearly identical and are shown in
Figs. S7(a) and S7(b). The inset shows the effective checkerboard
O sublattice for positive (left) versus negative (right) charge-transfer
gap (see text).

CuO2 chains, and 14 Cu and 21 O atoms the Cu2O3 ladders.
Assuming ionic charges Sr2+/Ca2+, Cu2+, and O2−, 6 holes
per formula unit must be added for charge neutrality. Under
the pressure required for SC, approximately 4 holes occupy
the ladders [55]. Following the valence transition we assume
that the Cu and O in the chains remain Cu2+ and O2−, and
that the charge on Cu in the ladders is not precisely integral
but in the range of +1.3 to +1.5. With these assumptions,
the average ladder oxygen charge is −1.3 to −1.5, which is
close to a 1

4 -filled band of holes ( 3
4 -filled band of electrons).

There occurs an enhancement of superconducting correlations
by Hubbard U uniquely at or very close 1

4 -filling in 2D in the
presence of sufficiently strong frustrations [3,64].

The valence transition model may seem too exotic to be
relevant to real cuprates. However, cuprates share a common
feature with all negative charge-transfer gap compounds dis-
covered so far; viz., the key cation in one of two possible
charged states in every case is either exactly closed-shell or ex-
actly half-filled once crystal field effects are taken into consid-
eration (see the Appendix). This commonality [27,28,30–33],
hitherto unnoticed (see, however, discussions in Chaps. 4 and
5 of Ref. [65]), is also shared by heavy-fermion systems in

which valence instability has been most commonly found: the
electronic configurations of the final states of the valence tran-
sitions Yb3+ → Yb2+ or from Ce3+ → Ce4+ are both closed
shell. Coming back to SCCO, universal 2D resistivity [17] and
gapless spin excitations [19,34,35,37] in the pressure-driven
metallic state preceding SC are not only naturally expected
when nearly all the charge carriers are on the 2D O sublat-
tice but also they are difficult to understand within any other
scenario.

B. Implications for two-dimensional cuprates

A pressure-induced valence transition in SCCO has con-
sequential implications for the layered 2D cuprates where a
similar transition has been proposed under doping [22] and
whose normal state remains mysterious even after intense
research through decades. This is a topic of ongoing research,
but we point out that qualitative understanding of seemingly
widely different kinds of experiments, which are difficult to
understand within the standard one- or multiband Hubbard
models, become available within the valence transition theory.
A partial list of such experiments along with their possible
explanations within the valence transition theory follows.

(i) A sudden jump in the charge-carrier density from δ

to 1 + δ is found in hole-doped layered cuprates at a quan-
tum critical doping at low temperatures in the presence of
magnetic field that destroys SC [66]. A similar jump occurs
in the electron-doped cuprates with the carrier density 1 − δ

following the transition [67]. The mechanisms of these phase
transitions are currently not understood [66,68,69]. Within the
valence transition theory, there occurs dopant-induced change
in Cu ionicity in both cases that generates a 2D oxygen hole
band. With the assumption of complete integer Cu-valence
transition from +2 to +1, hole densities of precisely 1 + δ

in the hole-doped materials and 1 − δ in the electron-doped
materials are expected.

(ii) A charge-ordered (CO) phase within the pseudogap
phase is ubiquitous to hole-doped cuprates, and a similar CO
phase has also been seen in the electron-doped cuprates. The
CO phase does not occur in the antiferromagnetic region,
and while the CO periodicity can be somewhat arbitrary in
the weakly hole-doped materials, the periodicity saturates to
a commensurate value 4a0 at or near a critical hole-doping
concentration (here a0 is the unit cell dimension) [70,71].
It is broadly accepted that CO is driven by many-electron
interactions and not nesting. Within neither the single-band
nor the multiband Hubbard model for cuprates can a physical
explanation for this specific periodicity be found. Within the
valence transition theory, post valence transition charge carri-
ers occupy entirely the O band, which is 1

4 -filled. In previous
work, we have shown that precisely at this carrier concentra-
tion there is a strong tendency to electron correlation-driven
transition to a paired-electron crystal (PEC), which is a period
4 charge-ordered state of spin-singlet pairs [72,73].

(iii) Multiple research groups have hypothesized that SC
in hole-doped cuprates emerges from the strange metallic state
that occupies the region between the quantum critical doping
at which the pseudogap vanishes at zero temperature and the
doping at which the SC ends [66,74,75]. The strange metal
state has been discussed also in the context of electron-doped
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cuprates [67,76]. It has further been claimed that in the hole-
doped systems the strange metal phase evolves from the CO
phase [77] and that charge carriers in the strange metallic
state of YBa2Cu3O7 may be charge 2e bosons [78,79]. As of
now there is no simple explanation within the standard models
for cuprates for these closely related observations. Within the
valence transition theory, both the strange metal and SC can
evolve from the PEC. The evolution from the PEC to a 1

4 -filled
frustrated metal with spin-paired charge carriers, and from the
latter to the superconducting state, is a distinct possibility that
merits further investigation [3,64].

(iv) The disappearance of Cu nuclear-quadrupole-
resonance line splittings in electron-doped materials beyond
critical doping indicates a state with a very small electric field
gradient [80,81]. The latter is expected for Cu1+ ions with
symmetric 3d10 configuration [22].

C. Experimental prediction

We end this paper with an experimental prediction:
pressure-dependent Hall coefficient measurements in SCCO
will find a large jump in the number of charge carriers beyond
Pc, exactly as in the layered systems beyond critical doping
[66,67].
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APPENDIX: NEGATIVE CHARGE-TRANSFER GAP AND
CATION IONIZATION ENERGY, A CONSISTENT PATTERN

Theories of transition metal compounds, especially oxides,
usually assume that the ligand anions are overwhelmingly
closed shell in the undoped state (O2− in oxides) and only
a few of the anions are charged in the doped state (O1−).
The concept of negative charge-transfer gap, that the energy

of charge transfer from ligand to metal can be negative, and
that even in the undoped state anions can be overwhelm-
ingly open shell, is antithetical to this traditional idea even
though this possibility was included in the classic paper by
Zaanen, Sawatzky, and Allen [82]. Computational works that
that have found negative charge-transfer gap in different sys-
tems [27–30,32,33] are based on many-body corrections to
band theoretical approaches (LSDA + U , DFT + DMFT, and
QMC). The theories correctly emphasize that the primary
requirements for a negative charge-transfer gap are that the
formal oxidation state of the transition metal cation must be
large, and covalency effects are strong relative to the charge-
transfer gap. Our approach to negative charge-transfer agrees
with these requirements, but goes a step further by pointing
out a common characteristic shared by the metal cation in
nearly all negative charge-transfer compounds, viz., the cation
in the lower charged-state is either exactly closed shell or
exactly half-filled once crystal structure effects are taken into
consideration [83]. These are precisely when ionization to
the next higher charged states can be energetically expensive.
In Sec. S.5, in Fig. S6(a) we reproduce our previous plot of
the fourth ionization energies of Pb, Bi, and Po, neighbor-
ing elements in the periodic table. The closed-shell electron
configuration of Bi3+ is behind its relatively high ionization
energy. Figure S6(b) shows a similar plot for the fourth ion-
ization energy of 3d transition elements. The local peak at
Fe3+ is due to its half-filled d5 electron occupancy. Negative
charge-transfer gaps in BaBiO3 [32] and FeO2 [28,30] are
ascribed to these higher-than-usual ionization energies in the
state with the lower cation charge.

For d-electron occupancies less than five crystal structure
effects become relevant. For CrO2, as was noted correctly
by Korotin et al. [27], a formal oxidation state of Cr4+ with
two electrons occupying two of the t2g orbitals would have
led to Mott-insulating behavior. Based on LSDA + U cal-
culations the authors found nearly pure 2p electrons from
the oxygen anions to cross the Fermi level in this mate-
rial, with d-d Coulomb repulsion playing a minimal role.
This is also anticipated within our ionic model, within which
with octahedral anion arrangement the Cr3+ electron con-
figuration is half-filled and therefore very stable, and the
overall oxygen charge is −1.5, exactly what is found [30]
in FeO2. Finally the stability of closed-shell Au1+ explains
the negative charge-transfer in AuTe2 [29]. There exists then
a consistent pattern among most negative charge-transfer
compounds.
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