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The family of La-based copper oxide sulfides includes LaCuOS, the prototypical transparent conduct-
ing oxide sulfide when doped, as well as La5Cu6O4S7 a compound with a layered structure analogous to 
LaCuOS but with a row of O atoms substituted by S atoms in the LaO layer. We propose that La5Cu6O4S7 
is the first instance of an oxide-sulfide intrinsic transparent conductor (i.e., not requiring doping).Such a 
1D chain feature in related systems often promotes a Peierls distortion with respect to the equispaced 
chain whereby adjacent atoms form dimers, a distortion that is expected to lead to the opening of a band 
gap and the lowering of the total energy, thus to thermodynamic stability. In La5Cu6O4S7 we find that the 
configuration with undimerized 1D chains (the α phase) is both metallic and thermodynamically unstable. 
The fully dimerized, Peierls configurations (the β phase) exhibits an insulating band gap, however it is 
energetically unstable. The stable structure has chains with a ~66 % degree of dimerization; in this struc-
ture the energetically preferred repeating chain motif is one in which two dimers are separated by one S 
atom, while chain segments with directly adjacent dimers are energetically unfavorable. The stable confi-
guration is metallic with electron depletion in the Cu2S2 layer with respect to the Cu d10 valence configura-
tion that effectively amounts to creating a hole in the Cu bands that the valence maximum. In the stable 
partially dimerized phase the intra-band, plasmonic transitions are weak while the onset of the strong in-
ter-band transitions is at around 3 eV which are both properties that enable transparency. In this paper we 
explain (i) why La5Cu6O4S7 has an incomplete Peierls distortion, (ii) how the incomplete Peierls distortion 
in La5Cu6O4S7 creates the unusual coexistence of transparency and conductivity, producing what appears 
to be the first oxide-sulphide intrinsic transparent conductor, (iii) discuss the agreement between the pre-
dicted and the measured structure.  

 

1. Introduction  
Transparent conductors (TCs) are initially transparent insu-
lators that are rendered conducting by the addition of either 
n-type or p-type dopant atoms.1-8 An example of such 
chemically doped TCs is LaCuOS9-15 (see Figure 1(a)), 
which is the prototypical p-type transparent conducting 
oxide sulfide when doped. However, most materials in 
thermodynamic equilibrium can usually tolerate only a 
limited density of extrinsic dopants before secondary phas-
es start to precipitate, whereas the tolerance to intrinsic 
defects is limited by the eventual occurrence of structural 
instability9-11. Furthermore, the enrichment of the system 
by added electrons or holes produced by doping can also 
lower the formation energy of the intrinsic defects of the 
opposite charge sign (e.g., oxygen vacancy donors can 
form spontaneously in intentionally hole doped oxides11, 

12), thus limiting the carrier concentration that can be 
achieved. Recently, a new paradigm for intrinsic transpa-
rent conducting materials has been advanced16 in which 

intentional, extrinsic doping is not required. Instead, one 
starts with a metal that already has plenty of free carriers, 
and achieves transparency by designing a band structures 
that permit but weak inter-band transitions in the visible 
range, and has only low energy and weak intra-band plas-
monic excitations.17 Examples of such recently proposed 
(Ref 16) metallic bulk ceramics include n-type Ag3Al22O34 
and Ba3Nb5O15, and p-type Rb4Nb11O30.  
Here, we propose the first intrinsic hole transparent con-
ductor in a layered oxide-sulfide, specifically 
La5Cu6O4S7,18-22

 having, in addition, a new mechanism 
based on remarkable deviations from the standard Peierls 
dimerization expected in regular one dimensional systems. 
This compound was observed18 to have the layered struc-
ture shown in Figure 1(b). Unlike LaCuOS, La5Cu6O4S7 
has a row of S atoms substituting a row of LaO2 units in the 
La2O2 layer creating a quasi 1D chain (see Figure 1(c). 
This chain makes different the in-plane lattice parameters 
of the so-obtained standalone La and Cu layers. This misfit 
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is accommodated by a slight compressive distortion in the 
Cu layer that brings the La and Cu layers to be commensu-
rate. In the limiting case of undimerized, equispaced S 
chain, the S p orbitals would produce a half filled 1D me-
tallic electronic band (see Fig. 2(a)). This should instigate a 
Peierls distortion that will produce a dimer chain while 
opening a gap and stabilizing the chain by decreasing its 
total energy.23 This dimerization ideally occurs in (pseudo-
)1D systems in which the only band crossing the Fermi 
level is that originating from the overlap of orbitals in the 
1D chain and this 1D band is half-filled. Based on our DFT 
calculated band structure (see details in section III) of the 
undimerized configuration of the misfit compound with 
equispaced chains displayed in Fig. 2(a) we observe that 
this phase does not meet these conditions for the standard 
Peierls dimerization: First, along with a band originating 
from the 1D S chain there are also other bands originating 
in the Cu2S2 layer that traverse the Fermi level. Second, the 
1D S band is more than half-filled (i.e., ~70 % filled). 
Therefore, the configuration with fully dimerized chains 
would not be expected a priori to be stable in this misfit 
oxide sulfide. We have therefore investigated various ener-
gy-lowering atomic displacements.  The calculations of the 
DFT total energy as a function of the chain dimer density 
(see Fig. 3) confirm that neither the undimerized nor the 
dimerized forms are the ground-state structure. Surprising-
ly, we find that the dimerized phase is also higher in energy 
than the undimerized one. The energetically favorable 
structure is, instead, one with ~66% dimer density in the 
partially dimerized S chains (γ phase). Interestingly, we 
find that the γ phase has an unusually weak optical absorp-
tion in the visible range (nearly transparent) due to weak 
dipole transitions between occupied valence states and un-
occupied mid-gap states originating from the S-p chain 
orbitals. We show that as a result of the partial dimerization 
the Cu2S2 layer gets partially depleted of electrons to main-
tain the overall charge neutrality, with the result of render-
ing the Cu2S2 layer, and the whole system, a hole conduc-
tor. We propose that in the thin film form the La-O-Cu-S 
misfit phase is a possible p-type transparent conductor be-
ing also the first instance of an oxide-sulfide semi-
transparent conductor without doping.  
In this paper we will explain (i) why La5Cu6O4S7 has an 
incomplete Peierls distortion, (ii) how the incomplete 
Peierls distortion in this misfit oxide sulfide creates the 
unusual coexistence of transparency and conductivity, pro-
ducing what appears to be the first oxide-sulphide intrinsic 
transparent conductor, (iii) discuss the agreement between 
the predicted and the measured structure. We envisage oth-
er examples of phases with a similar structural feature that 
produces intrinsic transparent conductivity could be identi-
fied in the structurally flexible family of layered oxide 
chalcogenides.  

II. The experimentally characterized crystal 
structure 
The XRD experiments performed by Chan et al. (Ref.21) 
revealed that La5Cu6O4S7 forms in a layered crystal struc-

ture (see Fig. 1(b)) analogous to the structure of LaCuOS 
(see Figure 1(a)). There are two alternating layers in 
La5Cu6O4S7: a Cu2S2 layer, with the PbO-type fluorite 
structure in which the Cu atoms form the central sheet of 
the layer, and a mixed oxide-sulfide La5O4S layer, with an 
anti-PbO-type structure in which the anions form the cen-
tral sheet. The La5O4S layers can be derived from the anti-
PbO-type La2O2 layers of LaCuOS by substituting one row 
of LaO2 units every six with one row of S atoms. The crys-
tal structure refinement shows that this substitution has the 
effect of decreasing the in-plane b lattice parameter from 
16.955 Å in LaCuOS to 15.757 Å in La5Cu6O4S7 creating 
compressive sinusoidal-like ripples in the Cu2S2 layer along 
the b direction, as well as expanding the out-of-plane c 
lattice parameter from 17.035 Å to 17.550 Å. The crystal 
structure refinement shows that the S chains as formed by 
“split sites”. Each split site n consists of the two positions 
An and Bn. Each site n is occupied by only one S atom that 
takes with equal probability one of the two available posi-
tions as shown in Fig. 1(c).  As a result the split positions at 
adjacent sites n and n+1 can be occupied with the follow-
ing possible combinations: (i) Bn and An+1 are occupied 
forming a dimerized pair with an observed distance of  
2.106 Å; (ii) An and An+1 (or Bn and Bn+1) are occupied 
forming an undimerized pair with an observed distance of 
2.834 Å long; (iii) An and Bn+1 are occupied forming a bro-
ken-bond pair with an observed distance of 3.555 Å. The 
experimental observations show that the chain is partially 
dimerized, thus comprised between the two limits of fully 
ordered configurations, i.e., the equispaced (α phase) and 
fully dimerized (β phase) chains. However, the experiments 
that were performed could not give indications on what is 
the dimer frequency and whether there are regular patterns 
in the way the dimers and undimerized atoms distribute on 
the chain. In this study, we investigated the stability and 
electronic structure of various realizations of partially di-
merized configurations to identify the stable chain pattern 
and its band structure properties. 

III. Total energy and band structure of the 
various chain configurations 
We modeled the α (undimerized) and β (dimerized) phases 
in the experimentally refined unit cell (see Fig. 1(c)) which 
includes two split sites per chain. To model the partially 
dimerized chains we used supercells built repeating the 
experimentally observed unit cell, which contains 44 
atoms, two, three, and four times along the chain direction 
thus simulating supercells including up to 176 atoms. In 
each supercell we studied all the distinct chain configura-
tions that can be generated by occupying the split-site posi-
tions included in the supercell.  The pseudopotential densi-
ty-functional total energy and force method as implemented 
in the VASP code24, 25 was used to relax all atom coordi-
nates in each configuration to the energy minimum. The 
initial configurations for each structural relaxation are set 
by occupying one of the two available positions at each site 
as show in Fig. 1(b). The X-Ray diffraction measurements 
indicate the dimers so defined are not tilted, thus we didn’t 



 

 

3

add tilting to the dimers. After structural relaxation we find 
that the dimers didn’t undergo tilting.  
The band structures shown in Fig. 2 for the various chain 
configurations were calculated using the semilocal genera-
lized gradient approximation exchanged and correlation 
functional in the PBE  formulation.26 In the optical proper-
ties calculations discussed in Sec. IV, we used the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional27 in the 
HSE0628 formulation to correct the band gap and the posi-
tion of the conduction bands of  the  chain configurations 
that have  a band gap at the GGA level. Via HSE we calcu-
lated the valence-to-conduction energy distance at the 
Gamma point and then shifted the GGA conduction bands 
so as to match the HSE energy distance. 
A. The undimerized metallic α phase is energetically 

unstable 
The undimerized configuration (the α phase) was generated 
by placing the S atoms only at the A or the B positions of 
every split site, with an initial (later relaxed) nearest-
neighbor distance achain=2.834 Å equal to the experimental-
ly measured distance between the split sites. In this confi-
guration there is the forces on the chain atoms have a zero 
component along the chain that as a result remains equis-
paced upon structural optimization. Fig. 2(a) shows the 
metallic electronic band dispersion of the undimerized con-
figuration along the Γ-to-X direction in the Brillouin zone 
(BZ) parallel to the 1D Sulphur chains in reciprocal space 
and with the X point at the zone boundary. The radius of 
the red markers is proportional to the projection of the 
wave functions on the S px atomic orbitals aligned to the 
chain direction. (See the full band structure and projected 
density of states shown in the Supplementary Information, 
Figure S1(a).) The S px orbitals produce a 1D-like band29 
along Γ-to-X. The Fermi level cuts this 1D band at kF = 
0.599 π/alat along Γ-to-X. Recall that the band structure is 
calculated using the experimental crystallographic cell 
which has a lattice parameter along the chain twice longer 
than the lattice parameter of the undimerized chain. By 
unfolding the 1D band to the BZ of the undimerized and 
regularly spaced S chain (which has the achain spacing), we 
obtain kFº0.7005 × (π/achain) which implies that the 1D 
chain band is more than half-filled. Because the 1D chain 
band is more than half-filled and is not the only band cross-
ing the Fermi level, the conditions for the chain stabiliza-
tion via the Peierls dimerization mechanism are not met. 
The total energy calculations discussed in the next sections 
(see Fig.3) elucidate the stability of the dimerized phase 
with respect to the undimerized and partially dimerized 
phases. 
B. The fully Peierls-dimerized β phase is also unstable 

and higher in energy than the undimerized metallic 
α phase 

We performed a total-energy calculation with the restric-
tion to full uniform dimerization. This configuration was 
set up by occupying the Bn and An+1 positions at adjacent 
split sites in the experimentally observed cell. This phase is 

insulating as illustrated by the band structure in Fig. 2(b) 
along Γ-to-X (the full band structure is shown in Fig. S1(b) 
in the Supplementary Information),  but is higher in energy 
than the undimerized α phase (see Fig. 3). The effect of the 
dimerization is the opening of a ~5 eV gap at the point 
X=π/(2achain), which is the BZ boundary point of the regu-
lar dimer chain. The upper branch of the 1D band before 
dimerization (see Fig. 2(a)) is partially occupied and moves 
completely into the conduction as a result of the large gap 
opening due to the dimerizaton. Also as a result of the di-
merization the electrons in excess of half-filling transfer to 
the hole-like pockets at the top of the Cu-S band manifold. 
The projected density of states on the valence atomic orbit-
als for the misfit oxide sulfide shown in Figure S1 of the 
Supplementary Information is analogous to the prototype  
LaCuOS12 oxide sulfide in which the valence band origi-
nated from the interaction between Cu-d and S-p levels and 
for which it was shown12, 30 that the states at the top of the 
valence band are mostly of Cu-d origin and antibonding. 
Thus after the dimerization the Cu atoms can be described 
by a closed-shell d10 configuration. We will examine next 
the partially dimerized phase and the mechanism that 
makes it stable with respect to the α and β phase. 
C. The partially dimerized γ phase is the ground state 

structure 
C.1 The experimentally observed structure 
The crystal structure measurements indicate that the S 
chains are partially dimerized. However these measure-
ments could not determine the frequency of the dimers 
along the chain nor whether there is a periodic or recurring 
stable pattern formed by the dimers.  We therefore per-
formed DFT total energy calculations to determine the di-
mer density and possible recurring chain motifs that are 
associated to the energetically stable chain.  
C.2 Expectations from the general Peierls model for kF 
away from half-filling 
Band theory asserts that the geometry of the Fermi surface 
is a predictor of the atom displacements that will emerge in 
a lattice so as to pre-empt electronic instabilities. Pseudo-
1D metallic systems are thus assumed to be unstable with 
respect to a charge density modulation because the Fermi 
surface of a 1D system (it is a point) is always nested by 
the nesting vector q=2kF where kF is the Fermi vector. The 
periodic lattice distortions that is coupled to the charge 
density modulation of wave vector q has periodicity 
λ=2π/q=π/kF. This periodicity is a multiple of the undis-
torted chain lattice constant achain by a factor that can be 
rational (i.e., λ is commensurate to achain) or irrational (i.e., 
non-commensurate to achain)29, 31 depending on kF. For ex-
ample, the dimerization, which is the simplest case of 
Peierls distortion,23, 32, 33 occurs in systems with half-filled 
bands where kF=0.5×(π/achain). In this case, upon the open-
ing of a band gap there is the formation of dimers from 
neighboring atoms producing a modulation of periodicity 
λ=π/kF = 2achain, i.e., double the periodicity of the equis-
paced chain.  
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As noted above, the metallic undimerized α phase with 
kFº0.7005×(π/achain) is away from half-filling. The q wave 
vector of the predicted periodic distortion (after reduction 
to the first Brillouin zone) is qº0.2995×(2π/achain) to which 
it corresponds a wave-length λ=3.389×achain. Therefore, the 
gap-opening distortion that would stabilize the chain is 
incommensurate with the undistorted, equispaced chain and 
should have a periodicity comprised between 3 and 4 times 
(in fact, closer to 3 times) the periodicity of the undime-
rized chain. 
C.3 Total energy minimization assuming partial dimeri-
zation: the γ phase 
Structural model: To determine if there is a preferred di-
mer density in the partially dimerized chains, we simulated 
all the distinct (i.e., non-equivalent) partially dimerized 
configurations (Fig. 1(b)) that can be realized distributing 
the S atoms over the split sites within 2×1×1, 3×1×1, and 
4×1×1 supercells built, respectively, repeating 2, 3, and 4 
times the crystallographic unit cell along the chain direc-
tion. Each distinct chain arrangement is characterized by a 
dimer density x defined as the number of dimers in the 
starting configuration (before relaxation) divided by the 
total number of dimers that would form the ideal fully di-
merized chain that fits the given supercell. Fig. 3 shows the 
total energy of the fully relaxed supercells as a function of 
the dimer density x and referred to the total energy of the 
undimerized configuration (which has x=0) which is set 
equal to zero. The formation energy of an isolated dimer 
can be estimated calculating the total energy difference 
between a supercell containing a single dimer and the same 
supercell with undimerized chains. Taking the 4×1×1 su-
percell, the largest supercell we considered in this study, 
with one dimer per cell (configuration 3) as an approxima-
tion for an isolated dimer we estimate a dimer formation 
energy of -20 meV per dimer.34 
Stability of the partially dimerized configurations: The 
energetically favorable configuration among all the partial-
ly dimerized configurations is found in the 3×1×1 supercell 
and has a dimer density of x=0.66 (see Fig. 2(c), and also 
Fig. 3, panel 5). This configuration features a motif defined 
by one dimer 2.154 Å long followed by one undimerized S 
atom 3.175 Å away, and this motif repeats periodically. A 
higher energy configuration with x=0.66 (Fig. 3, panel 6) 
distinct from the previous one can be realized in a 3×1×1 
supercell: this has two adjacent dimers each 2.200 Å long 
followed by a broken-bond pair with the S atoms 3.494 Å 
apart from each other. The configuration with x=0.33 that 
we calculated in the 3×1×1 supercell was unstable and re-
laxed into a configuration with x=0.66. This reflects the 
instability of a structure with a charge modulation that does 
not match the modulation predicted based on the band 
structure analysis for the undimerized configuration. In the 
4×1×1 supercell two distinct configurations with x=0.75 
can be realized, each including three dimers:  a lower ener-
gy configuration (see Fig. 3, panel 7) that features two ad-
jacent dimers, and a higher energy configuration (see Fig. 

3, panel 8) with three adjacent dimers followed by a bro-
ken-bond pair.  
Origin of the stable chain patterns: The total energy de-
creases as the dimer density increases starting from the 
undimerized configuration. This trend can be intuitively 
understood considering that the formation of new dimers 
produces an energy gain and stabilization. However, the 
total energy reaches a minimum at x=0.66 and increases 
again beyond this value reaching a maximum in correspon-
dence of the fully dimerized configuration. A visual inspec-
tion of the energetically unfavorable configurations with 
x=0.66 and 0.75 points to the fact that they feature two or 
more contiguous dimers. This observation indicates that an 
energy price is indeed implied by having dimers contiguous 
to each other along the chain.  The γ phase with x=0.66 is 
the one that affords the best compromise between maximiz-
ing the number of dimers along the chain and minimizing 
the number of adjacent dimers. 
The stability of γ phase with the chain pattern shown in Fig. 
3, panel 5 can be explained observing that the ideal, lattice-
incommensurate charge modulation with wavelength 
λº3.3389×achain is near to the lattice-commensurate peri-
odicity λ=3×achain. Thus, one would expect that the best 
way to fit the lattice-incommensurate chain modulation 
corresponding to the calculated kF on a crystal that has the 
periodicity achain is to realize chain segments with the 
commensurate modulation λ=3×achain that are occasionally 
interrupted by regions in which this periodicity is missed. 
Fig. 4 shows a schematics of the charge modulation with  
λ=3×achain: this modulation would produces an excess of 
valence charge with a maximum between two neighboring 
atoms inducing there the formation of a dimer; the mini-
mum of charge occurs at the site between two dimers and 
the atom at this site would remain equidistant from the 
neighboring dimers. This is indeed the lattice distortion 
found in the lowest energy structure at x=0.66. We can then 
expect that on the mesoscopic scale the residual discom-
mensuration due to the actual λº3.3389×achain periodicity 
would be accommodated by short clusters of two or more 
dimers that occasionally interrupt longer chain segments 
with the commensurate λ=3×achain pattern we just de-
scribed.  
C.4 Intrinsic hole content in the γ phase  
The ground-state γ phase has a metallic band structure (Fig. 
2(c)) with the Fermi level right below the top of Cu2S2 va-
lence manifold. In this partially dimerized configuration the 
Cu d states near to the top of the valence band partially 
empty and we can assign a d10-η  orbital configuration to the 
Cu atoms with 0<η<1. The system remains charge-
balanced through the accumulation of electrons from the 
Cu layer into the S chains as evidenced by the S chain sub-
bands that become occupied upon partial dimerization and 
are located within 2 eV from the Fermi level as shown by 
the projected band structure of Figure 2(c).  It is worth not-
ing that the electron charge that accumulates on the S 
chains occupies bands that are completely filled and far 
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from the Fermi level (see the projected Fig. 2(c) and the 
full band structure in Fig. S1(c) in the Supporting Informa-
tion35) and that do not contribute to transport. Thus the 
hole-like states localized in the Cu2S2 layer are responsible 
for the p-type metallic behavior of La5Cu6O4S7 that was 
experimentally reported18-20. This is a highly desirable fea-
ture in the band structure to realize a p-type transparent 
conducting material. 
 

IV. The optical properties of the semi-
transparent metallic γ phase 
 Optical absorption measurements21, 22 of La5Cu6O4S7 give 
an optical gap of 2.0 eV, meaning this compound as op-
posed to LaCuOS is only partially transparent to the visible 
light in its bulk form. Figure 5 shows the calculated absorp-
tion spectra α(ω) of La5Cu6O4S7 in the two configurations, 
respectively with fully dimerized chains and partially dime-
rized chains with dimer density x=0.66; these two spectra 
are compared with the spectrum calculated for LaCuOS. To 
calculate the optical absorption spectrum36 of LaCuOS and 
of the β and γ phases of the misfit phase we shifted the 
GGA conduction bands by an amount determined via an 
HSE06 calculation performed on a regular k-point grid.37 
The optical absorption edge of LaCuOS is consistent with 
the experimental measurement with a predicted optical 
band gap of 3.0 eV. The misfit layered oxide sulfide in the 
fully dimerized β phase has a similar α(ω) profile as the 
prototypical oxide sulfide LaCuOS above 3 eV and most of 
the absorption occurs above this threshold. However, 
La5Cu6O4S7 in the x=0.66 partially dimerized configuration 
exhibits additional features that contribute to the absorption 
below this threshold. These features include a shoulder 
around 2.8 eV and small peaks around 2.0 eV and 1.5 eV 
that correspond to optical transitions between deeper occu-
pied states in the valence band and the unoccupied bands in 
the hole-pocket.  
While these additional transitions decrease the optical band 
gap with respect to that of LaCuOS, consistent with expe-
rimental measurement, they are weak enough to suggest the 
possibility of still obtaining a good degree of transparency 
for the misfit oxide sulfide in the thin-film form. Figure 5 
(b) shows that those additional peaks are smaller than 
1×104 cm-1. Since the optical absorption coefficient α(ω) 
determines the transmittance38  owing to its direct propor-
tionality to the factor e-α(ω)l, where l is the sample thickness, 
the calculated optical absorption coefficient of La5Cu6O4S7 
implies that 100 nm thickness of the sample transmits over 
90% of visible light, which points to the possibility of ren-
dering La5Cu6O4S7 a p-type transparent conducting material 
with intrinsic carrier content due to the chain modulation.  
 

V. Discussion and Conclusions 
Through the identification of the stable partial chain pattern 
in the misfit oxide sulfide La5Cu6O4S7 and the analysis of 
its electronic structure, we uncovered a new mechanism for 

inducing an intrinsic hole content without extrinsic dopants 
or intrinsic defects that alter the nominal stoichiometry. 
However, the family of layered oxide-chalcogenides in-
cludes numerous other systems in which Cu2Ch2 layers (Ch 
is a chalcogen species) alternate with layers of various 
compositions and structure (see Clarke et al., Ref.39). It is 
conceivable that using growth methods under an excess of 
the chalcogen species one could obtain systems with mixed 
oxide-chalcogenide layers as the one that characterize 
La5Cu6O4S7. Moreover, changing the structure and compo-
sition of the oxide layer is a means to control the onset of 
optical absorption threshold, thus providing a knob to po-
tentially design new intrinsic transparent conductors. 
To conclude, in this paper we explained why the misfit 
layered phase in the La-Cu-O-S system, i.e.,  La5Cu6O4S7, 
has an incomplete Peierls distortion and compare the stable 
structure obtained by ab initio calculations with the expe-
rimental structure. Furthermore we explain how the incom-
plete Peierls distortion creates the unusual co-existence of 
transparency and conductivity in this misfit layered La-Cu-
O-S phase, producing what appears to be the first oxide-
sulphide intrinsic transparent conductor. We propose that 
La5Cu6O4S7 could be rendered a possible p-type transparent 
conductor in thin film form and it thus represents the first 
instance of an oxide-sulfide (semi-)transparent conductor 
without doping. It is conceivable that more examples of 
phases with a similar structural feature inducing intrinsic 
transparent conductivity could be identified in the structu-
rally flexible class of layered oxide chalcogenide com-
pounds. 
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Figure 1. Experimental crystal structure of (a) LaCuOS (Ref. 9) and (b) La5Cu6O4S7 (Ref. 18) The two structures are shown
along the (100) direction and the sections that are displayed comprise the same number Cu2S2 units along the b axis to facili-
tate a side-by-side comparison of the two structures. The unit cell of La5Cu6O4S7 includes 44 atoms. (c) Side view of the
La5Cu6O4S7 experimental structure along the direction of the 1D sulphur chains in the La5O4S layers. These chains are se-
quences of “split sites” each consisting of a pair of positions. Each site n is occupied by only one S atom that takes with
equal probability either of the split positions An or Bn. The lattice parameter alat of the crystallographic unit cell along the
chain direction is twice the lattice spacing achain between split sites (it corresponds to the separation between the medium
points of two adjacent sites n and n+1). 
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Figure 2. Band structure of the La5Cu6O4S7 misfit oxide sulfide in the configurations with (a) undimerized S
chains (α phase), (b) fully dimerized S chains (β phase), and in the energetically favored (c) partially dimerized S
chain configuration (γ phase) with dimer density x=0.66. The energy dispersion bands shown on the right hand
side of each panel were calculated at the GGA-PBE level for the structure that was fully optimized with the same
exchange and correlation functional. The radius of the red markers is proportional to the projection of the wave
functions on the S px atomic orbitals aligned to the chain direction. The γ phase is the energetically most stable one
(see Fig. 3) among all the distinct chain patterns that were investigated in supercells up to 4 times the crystallo-
graphic cell along the chain direction. 
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Figure 3. GGA-PBE total energy of the La5Cu6O4S7 misfit oxide sulfide calculated  as a function of the dimer density x
(defined in the main text) for all the distinct chain patterns that can be realized occupying the chain split sites (Fig. 1(c))
in  supercells built repeating up to 4 times the crystallographic unit cell along the chain direction. The total energies (in
eV per formula unit) are referred to the total energy of the undimerized configuration which is set equal to zero.  Struc-
ture 1 and 2 correspond to the undimerized (x=0) and fully dimerized (x=1) chain configurations, respectively. Struc-
ture 3 is the configuration with x=0.25 realized in a 4×1×1 supercell and includes one dimer per chain within the super-
cell. Structure 4 is the configuration with x=0.5 realized in a 2×1×1 supercell and includes one dimer per chain within
the supercell; two dimers along the chain are separated by a broken-bond pair. Structure 5 and 6 at x=0.66 (2/3) corres-
pond to the two distinct chain configurations with this density that fit a 3×1×1 supercell, while structures 7 and 8 are the
two distinct configuration with density x=3/4 that can be modeled in a 4×1×1 supercell. 
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Figure 4. Schematic picture of a periodic row of atoms of lattice spacing achain with a commensurate charge modulation of
wave length λ=3×achain. The arrow centered at two adjacent atoms indicate the deformation of the chain to form a dimer in
correspondence of a maximum of the charge.  The atom between two distorted dimers remains equidistant from those di-
mers. This schematics depicts the charge modulation and the corresponding atom displacements that are one found in the
predicted minimum energy γ phase with x=0.66. This commensurate modulation and atom distortion is a good approxima-
tion for the incommensurate modulation of wavelength λ=2π/(2kF)=3.3389×achain that is predicted based on the Fermi vec-
tor kF obtained in the band structure with undimerized chains (α phase). 
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Figure 5. (a) Calculated optical absorption spectrum of La5Cu6O4S7 in the insulating fully dimerized (FD) configuration
and in the lowest-energy partially dimerized configuration with dimer density x=0.66 compared to the absorption spec-
trum of LaCuOS. The optical absorption spectra of LaCuOS and of the misfit phases were calculated shifting the GGA
conduction bands by an amount determined via an HSE06 calculation performed on a regular k-point grid. The HSE
functional increases the valence-to-conduction energy distance at the Gamma point by 1.2 eV. (b) Zoom in on the absorp-
tion spectra displayed in panel (a) within the energy interval between 1.5 and 3.5 eV and showing the peak structure in
the spectra of the two La5Cu6O4S7 phases close to the absorption threshold. 


