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LiCu30s3 is an antiferromagnetic mixed valence cuprate where trilayers of edge-sharing Cu(IN)O (3d°) are
sandwiched in between planes of Cu(I) (3d*°) jons, with Li stochastically substituting Cu(Il). Angle-resolved
photoemission spectroscopy (ARPES) and density functional theory (DFT) reveal two insulating electronic
subsystems that are segregated in spite of sharing common oxygen atoms: a Cu d_2/O p. derived valence
band (VB) dispersing on the Cu(I) plane, and a Cu 3d,2_,2/O 2p. , derived Zhang-Rice singlet (ZRS) band
dispersing on the Cu(I)O planes. First-principle analysis shows the Li substitution to stabilize the insulating
ground state, but only if antiferromagnetic correlations are present. Li further induces substitutional disorder
and a paradigmatic 2D electron glass behavior in charge transport, reflected in a large 530 meV Coulomb gap
and a linear suppression of VB spectral weight at E'r that is observed by ARPES. Surprisingly, the disorder
leaves the Cu(Il)-derived ZRS largely unaffected. This indicates a local segregation of Li and Cu atoms onto
the two separate corner-sharing Cu(II)O> sub-lattices of the edge-sharing Cu(II)O planes, and highlights the
ubiquitous resilience of the entangled two hole ZRS entity against impurity scattering.

The two principal oxides of copper, cuprous oxide CusO
and cupric oxide CuO, widely differ in their physical and
spectroscopic properties [1]. CuyO contains monovalent
Cu(I) ions with a completely filled Cu 3d shell and is a non-
magnetic band insulator. CuO, however, contains divalent
Cu(II) ions with an open Cu 3d? shell, and is an antiferromag-
netic (AFM) charge-transfer insulator [2]. Its lowest energy
hole excitations have mixed 3d°L and 3d® character, where
L stands for ligand oxygen hole [3, 4], and are a matter of
longstanding scientific debate [5].

In the low dimensional cuprates, the Cu(Il) ions are typi-
cally coordinated by four oxygen atoms, forming rectangular
CuO plaquettes (Fig. 1 ¢). These constitute building blocks
of one (1D) or two dimensional (2D) networks, with adjacent
plaquettes sharing either one- (corner-sharing) or two oxygen
atoms (edge-sharing). In the corner-sharing configuration, the
angle of the Cu-O-Cu bond is typically close to 180°, giv-
ing rise to super-exchange interaction and AFM [6]. Doping
a low-energy hole into the O 2p sub-lattice, its spin entan-
gles with the Cu 3d,2_,2 hole, forming a local singlet of LA,
symmetry and mainly d°L character, with each hole in by,
symmetric one-particle wave-functions (one in the d2_,> or-
bital of Cu(Il), the other one in an appropriate linear combina-

tion of the adjacent oxygen p, ,, orbitals) [3]. This entangled
two hole composite quasi-particle (QP), commonly dubbed
Zhang-Rice singlet (ZRS), effectively disperses on the 2D
Cu(II) sub-lattice assuming a bandwidth that is proportional
to the super-exchange energy J ~ 4t2/U ~ 130 meV, and
is described by effective one band Hubbard or ¢-J Hamiltoni-
ans [3, 4, 7]. While this establishes the spectral equivalence of
the ZRS and a one-electron excitation, their eigenstate profiles
still differ substantially. As a consequence, phenomena that
involve the explicit spatial distribution of the ZRS QP, such as
impurity scattering, are expected to be subject to significant
corrections. In the edge sharing configuration, the Cu-O-Cu
bond angle is close to 90° and the super-exchange interaction
is suppressed to values J ~ 10 meV [6, 8-10]. In this con-
figuration, the ZRS wave-functions of adjacent plaquettes are
orthogonal, and a ZRS dispersion cannot stabilize [11, 12].

Coupling a Cu(Il)-oxide to Cu(I) adds additional complex-
ity and can lead to novel electronic phenomena. This was
recently exemplified by angle-resolved p hotoemission spec-
troscopy (ARPES) experiments on LiCu2 O3, a mixed-valence
compound where 1D edge-sharing chains of Cu(I[)O4 are
coupled to 2D square lattices of Cu(I) ions through hybridiza-
tion with common oxygens [13]. While the Cu(I) and Cu(II)
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FIG. 1. (a) LiCuzOs crystal structure, UC and natural cleav-

age planes. (b) Cu(I) form a square lattice with periodicity a (red
square). (c) In a Cu(Il) plane, edge-sharing CuO4 plaquettes form
a 2D square lattice with the same periodicity. The black square is
the non-primitive ¢(2 x 2) UC. Li stochastically substitutes Cu(II)
according to the stoichiometric ratios in (a). (d) In-plane (red) and
out-of-plane (blue) DC resistivity of LiCu3zOs. (e) The natural log-
arithm of the in plane resistivity scales as T2 with slope +/Tp.
(f) Li 1s spectra of both LiCu3zO3 cleaves (hv = 100 eV). (g) In-
tegrated VB spectra of both LiCuzO3 cleaves, compared to results
from LiCu2O2 (blue [13]) and T-CuO (red [11]).

based structural sub-units retain their individual electronic
character, the electronic structure was still found to be non-
trivial, with an experimental bandwidth broadening of the
Cu(I)-derived valence band (VB) of 250% with respect to pre-
dictions of DFT. The purely edge-sharing Cu(I)O2 chains in
LiCuy04, however, do not support the formation of ZRSs. We

thus anticipate intriguing electronic effects in materials com-
bining corner-sharing 2D networks of Cu(II)O with Cu(l).

Such a system is embodied in the mixed-valence cuprate
LiCu30s3, the least studied member within the lithium cop-
per oxide family. Its tetragonal crystal structure (P4/mmm,
a =281A, c=889A)is shown in Fig. 1 (a) [15-18]. Ig-
noring the lithium, the 3D unit cell (UC, black) consists of
trilayers of Cu(II)O (Fig. 1 c) sandwiched between square lat-
tice planes of Cu(l) (Fig. 1 b). The trilayers are structurally
similar to tetragonal copper oxide (T-CuO), an epitaxial stack
of Cu(I)O planes with both edge- and corner-sharing proper-
ties [11], yet with smaller out-of-plane to in-plane Cu(II)-O
bond-length ratio of 1.22 vs. 1.37 in T-CuO. Due to the stag-
gering along the crystal c-axis (Fig. 1 a), the Cu(Il) species of
the Cu2 and the Cu(I) of the Cul share common oxygen lig-
ands within the two equivalent Cu3 planes. As we show here,
LiCu3Os is thus a hybrid containing a re-normalized Cu(I)-
derived VB similar to LiCus0O5 [13] that is electronically sep-
arated from a Cu(II)O-derived ZRS as found in T-CuO [11].

The Li™ ions stochastically substitute the Cu(II) species and
add additional complexity, with ~ 20% Li per Cu site in the
Cu2 plane, and ~ 40% Li per Cu site in the Cu3 plane [15, 16,
18]. As seen in Figs. 1 (d) and (e), this dis-order — along with
long range Coulomb interactions — gov-erns the temperature
dependence of direct electrical current (DC). In particular, the
in-plane resistivity p,; scales ac-
cording to an Efros-Shklovskii variable range hopping law
p x exp(/Tp/T) [19-21] with characteristic temperature
To = (6136 + 3) K, demonstrating the presence of a large
Coulomb gap of kT ~ 530 meV from 15 K to at least 300
K. T} also provides an upper bound of the charge carriers’
localization length £ < 1.7 nm ~ 6a [18, 22, 23], which in-
dicates strong charge localization and in-plane conduction to
be dominated by slow hopping rather than fast diffusion pro-
cesses [18]. Out-of-plane resistivity p.and with it the aver-age
out-of-plane bond resistance exceeds p,; by about three orders
of magnitude and at ~ 45 K (blue arrow) transitions from an
Efros-Shklovskii to a Mott variable range hopping regime
[18, 24, 25]. LiCugOg3 is thus a paradigmatic 2D elec-tron
glass, i.e., an Anderson insulator subject to strong disor-der
and Coulomb interactions [22, 23, 26, 27].

Despite the impact of substitutional disorder on resistiv-
ity, neutron scattering and SQUID magnetization measure-
ments show Cu(Il) derived long range AFM order below
Ty ~ 124 K [18]. ARPES reveals both the Cu(I) VB and
the Cu(II)O ZRS bands to remain surprisingly intact — a phe-
nomenon that exact diagonalization (ED) and DFT calcula-
tions ascribe to a kinetic energy driven segregation of Li and
Cu(II) species onto separate corner-sharing CuOs sub-lattices.
The VB, however, exhibits a soft, linear Coulomb gap when
tuned to the Fermi energy (E'r), an independent surface spec-
troscopic hallmark of the electron glass behavior that we dis-
cussed within the scope of transport right above [28, 29].

Let us first focus on the Li 1s angle integrated photoe-
mission spectra of LiCu3Oj3 single crystals cleaved in ultra
high vacuum (UHV) (Fig. 1 f). We distinguish two natural



FIG. 2. (a) ARPES CE map of LiCu3O3 - C20 (hv = 150 eV, T = 150 K) at £ = —0.7 eV. Red and black squares are BZs corresponding
to the UCs defined in Fig. 1 (c). As at normal photo-electron emission, the ZRS is suppressed [11, 14], we show data centered around
(kz,ky) = (0,47 /a’). (b) ARPES dispersion along the white triangular path in (a), compared to results from LiCu2Os in (f). The latter also
exhibits an Umklapp band (UB) not present in LiCuz O3 [13]. (c) and (d) show dispersions along the black dashed lines in (a), and compare
directly to the ZRS of T-CuO in (g) and (h) [11]. (e) Artificial sum of ARPES CE cuts of LiCu20> [13] and T-CuO [11].

cleavage planes that terminate the compound with planes Cu2
(cleave C20) and Cu3 (cleave C40), respectively (Fig. 1 a).
While C20 reveals two peaks related to Li species in both the
Cu2 (-55.08 eV) and the underlying Cu3 planes (-54.05 eV),
C40 exhibits the single Li peak of the Cu3 plane (-53.60 eV),
shifted by ~ 0.4 eV to lower binding energy w.r.t. C20 due to
surface band bending [31]. VB spectra of both terminations
in Fig. 1 (g) compare well to results obtained on T-CuO [11]
and LiCus05 [13], exhibiting the characteristic of a correlated
charge transfer insulator: a manifold of Cu-derived d® states
at ~ —12 eV and an O-derived d°L band around ~ —4 eV.
Consistent with the Li 1s core level, the VB features of C40
are shifted upwards with respect to C20, with finite spectral
weight at Er leading to charge screening that produces the
asymmetric line shape in the Li 1s peak [30]. Distinct from T-
CuO, both LiCuy05 and LiCuzOg3 exhibit additional features
within the charge-transfer gap (arrow).

We examine these features in the ARPES constant energy
(CE) map of Fig. 2 (a), taken from C20 at E = —0.7 eV.
In addition to the primitive Brillouin zone (BZ, red square)
and high symmetry points of LiCu30Os3, and consistent with
our notation for T-CuO in Ref. 11, we define the mid-point X’
between I' and M (the X point of the reduced BZ of a corner-
sharing CuOs, sub-lattice, black), and pairs of points A, A’ that
are symmetric with respect to the XX’X line. We observe two
sets of spectral features: First, intense spectral contours cen-
tered at the M points of the primitive BZ reflect the periodicity
of the crystallographic surface UC (red in Fig. 1 b,c). Sec-
ond, weaker spectral lobes are observed at the A-points, i.e.,
at (£7/2a’, £7/2a’") with respect to the reduced BZ, corre-
sponding to a V/2 times larger and 45° rotated real space UC
with lattice constant @’ = a+/2 (black in Fig. 1 ¢). The band
dispersion along the high-symmetry contour I'MXT" (white
triangle in Fig. 2 a) in Fig. 2 (b) shows two sets of bands

[18]: First, a VB of bandwidth ~ 3.4 eV and maximum at
~ —0.7 eV that forms the contours at M in panel (a). By
analogy with LiCu20; in Fig. 2 (f) [13] and confirmed by

DFT [18], this band is of mostly Cu(I) d.> and adjacent O p,

character, and emerges from a broad and relatively flat d°L
manifold at around —2.3 eV [4]. Second, faint lobes at A and
A’ in panel (a) mark the onset of the ZRS at ~ —0.7 eV in (b)
[2]. As seen in the E vs. k“ cuts of panels (c,d), it is similar to
the ZRS in T-CuO shown in (g,h), where the Cu(II) atoms also
form mixed edge and corner-sharing CuO planes. Both VB
and ZRS exhibit negligible k. dispersion in photon energy
dependent ARPES and are thus clearly 2D [18].

Based on these experimental observations, we conjecture
the low-energy electronic structure of LiCu3O3 to host two
segregated electronic subsystems: (i) a ZRS band primarily
associated to Cu(ll) d,>_,2 and O p, , orbitals that propa-
gates on the Cu(II)O planes and shows a similar dispersion as
in T-CuO; and (ii) a VB of Cu(I) d,2and O p, orbital character
that propagates on the Cu(I) lattice and displays a similar
bandwidth and dispersion as in LiCuyOs. Indeed, the
remarkable resemblance of Fig. 2 (a) with an artificial sum of
LiCus04 [13] and T-CuO [11] data in Fig. 2 (e) illustrates the
composite nature of the LiCu3Oj3 electronic structure [32].

Surprises come at a close inspection of ARPES measured
on C40. A CE map in Fig. 3 (a), this time collected at -0.4 eV,
is similar to the CE map of C20 at -0.7 eV in Fig. 2 (a),
showing both the onset of the Cu d,2/O p, de-rived VB and of
the Cu 3d,2_,2 /O 2p, , derived ZRS. In contrast to C20,
however, upwards surface band bending — as commonly
present in transition metal insulators [31] — renders the VB
slightly p-doped, producing the remnant Fermi surface shown
in panel (b). An ARPES cut along the dashed line in (b) shows
spectral weight to not quite reach, and in fact, even repel from
Er, resulting in a squashed VB maximum in panel
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FIG. 3. ARPES CE maps of LiCuzO3 - C40 (hv = 150 eV,

T =300K)at(a) E = —04eVand (b) E = 0 = Er. (c)
VB dispersion along the black dotted path in (b). (d) K-deposition
shifts the VB and recovers a parabolic dispersion. (¢) EDC atk, = 0
as a function of K-deposition. The undoped EDC (red line) exhibits
a linear suppression indicative of a Coulomb gap (cf. Fermi edge of
poly-crystalline Cu, black). K-doping shifts the VB towards higher
energies and recovers a Lorentzian, as highlighted by the line-shape
comparison in (f). (g) The (bad) metal to insulator transition of the
VB is accompanied by a suppression of the shoulder in Li 1s [30].

(c). An energy distribution curve (EDC, red line) of the VB at
k» = 0 in Fig. 3 (e) appears linearly suppressed close to Er
(dashed line). While not strictly zero around Er=+ kT due to
thermal smearing, such a linear suppression of intensity o |E
— Ep | is at odds with the Fermi liquid picture, where a
Lorentzian QP lineshape I'/[(E — Er)? +1'?] with inverse QP
life-time I", multiplied by the Fermi function, is expected. It
would be, however, consistent with the bulk Efros-Shklovskii-

scaling observed in transport, and thus an independent surface
spectroscopic signature of the soft Coulomb gap that opens in
an electron glass [19, 20, 22, 23, 33-35].

Depositing potassium (K) onto C40 induces a strong down-
wards band bending and electron dopes the VB, consistent
with the gradual retraction of the VB from E'r observed in the
EDCs of Fig. 3 (e). A line-shape comparison of all normalized
and shifted EDCs in Fig. 3 (f) outlines how the initial linear
onset (red) transitions to a Lorentzian line-shape (blue) upon
the VB filling up and crossing the mobility edge. The filled
VB is shown in panel (d) and traces a parabolic band maxi-
mum similar to what we observe for C20. Further, Fig. 3 (g)
shows a consecutive suppression of the Li 1s high energy tail
(cf. Fig. 1 f) with electron doping. This underlines the grad-
ual depletion of the Fermi sea and a consequent reduction of
core hole screening upon VB filling and the surface becoming
insulating as described in Ref. 30.

Finally, we notice that despite the ~ 40% Li disorder of
cleave C40 as compared to ~ 20% of C20, Figs. 1 (a) and 3
(a) show essentially equally pronounced ZRS lobes. This is
consistent with ED and DFT calculations, which find the
closed shell Li™ ions to contribute no or only very little kinetic
energy to the QP hopping via O 2p, , orbitals [18]. The sys-
tem thus tends to maximize the number of unperturbed 180°
Cu-O-Cu bonds each contributing one .J in energy, and Li lo-
cally segregates onto one out of the two available CuO- sub-
lattices (Fig. 4 a), while the ZRS stabilizes on the other. Sta-
tistical nucleation of Li and Cu atoms during crystal growth
then solely demands the recurring formation of domain walls
across which Li changes sub-lattice. Out of four conceiv-
able geometries designed according to these energy criteria,
ED and DFT find the alternating 3 legladderinF ig. 4 (b)
to be energetically most compelling [18]. Taking this struc-
ture as pragmatic basis to rationalize the interplay of mag-
netic order and Li substitution in LiCuzO3, we calculate the
electronic structure of fictitious C u4O3with all L1i sites re-
placed by Cu(Il) ions while maintaining the structure, and
then introduce Li and electron correlation step-by-step. Fig. 4
(c) shows a DFT calculation of non-magnetic CuyOs, yield-
ing the metallic band structure expected for uncorrelated elec-
trons. Introducing the Li according to the ordering geometry
in Fig. 4 (b) while still refraining from correlations produces
an upward shift of bands in (d), but leaves the overall band
order unaltered [18]. In contrast, the experimentally deter-
mined magnetic order [18] plus Hubbard corrections open a
gap in Fig. 4 (e), yet, leave this magnetic CuyO3 system still
metallic within a realistic 2 eV < Ugg < 8 eV range of the
effective on-site Coulomb potential. At last, only the cooper-
ation of both Li and correlation plus magentism pushes Ep
into the band gap and produces a physical picture in Fig. 4 (f)
that is consistent with our ARPES experiment.
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