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An accurate first-principles treatment of doping-
dependent electronic structure of high-temperature
cuprate superconductors

James W. Furness® !, Yubo Zhang', Christopher Lane?, loana Gianina Buda?, Bernardo Barbiellini?3,
Robert S. Markiewiczz, Arun Bansil? & Jianwei Sun® '

A first-principles density-functional description of the electronic structures of the high-T.
cuprates has remained a long-standing problem since their discovery in 1986, with
calculations failing to capture either the insulating (magnetic) state of the pristine compound
or the transition from the insulating to metallic state with doping. Here, by taking lanthanum
cuprate as an exemplar high-T. cuprate, we show that the recently developed non-empirical,
strongly constrained and appropriately normed density functional accurately describes both
the antiferromagnetic insulating ground state of the pristine compound and the metallic state
of the doped system. Our study yields new insight into the low-energy spectra of cuprates
and opens up a pathway toward wide-ranging first-principles investigations of electronic
structures of cuprates and other correlated materials.
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complicated by the need to model both the insulating and

the metallic phases that form when the material is doped.
In lanthanum cuprates, for example, the challenge is to model the
parent compound La,CuO, (LCO) as an insulator and the hole-
doped system arising with Sr doping [La,_,Sr,CuO,4 (LSCO)] as a
metal. The workhorse of condensed matter physics,
Hohenberg-Kohn-Sham DFT!? based on the local spin-density
approximation (LSDA) exchange-correlation functional fails to
capture this transition, as it incorrectly predicts the parent pris-
tine compound to be a metal and severely underestimates the
antiferromagnetic (AFM) structure of the compound. The LSDA
functional predicts a copper magnetic moment of =0.1pp in
LCO>® compared to the observed value of ~0.5 g in neutron
diffraction experiments”®. The generalized gradient approxima-
tion (GGA) improves the situation somewhat’ by predicting a
copper magnetic moment of =0.2 ug'?, but still does not produce
the insulating band gap in LCO. Spin-polarized calculations with
the Becke-3-Lee-Yang-Parr (B3LYP)!!"!* hybrid functional
stabilize the AFM ground state in LCO'>, but miss the key
transition to the metallic phase with doping, predicting instead an

insulating behavior even in the overdoped (metallic) regime!®.

Treatment of the physics of cuprates is fundamentally
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These failures have led to the widespread belief that the DFT is
fundamentally limited in its ability to correctly describe cuprates
and many other classes of correlated materials, and that one must
invoke “beyond DFT” schemes, where electron correlation effects
are built in explicitly. Begond DFT approaches involve quantum
Monte Carlo methods'/, and effective low-energy Hubbard
Hamiltonians, which can be tackled using dynamical mean-field
theory!®1, cluster dynamical mean-field theory?’, and various
intermediate coupling theories, see ref. 2! for a review. Such
calculations, however, are computationally too intensive to be of
practical use for handling the large number of degrees of freedom
required for a realistic treatment of electronic states in the pre-
sence of multiple orbitals and large unit cells. An alternative
scheme for describing both LCO/LSCO is DFT+U?>23, where
DFT is complemented with a model Hamiltonian by adding an
empirical Hubbard [U] term?%?, see Supplementary Note 1.

Here, we show that the strongly constrained-and-appropriately
normed (SCAN) density functional®® presents a viable model for
LCO, as well as LSCO, reproducing not only the insulating
character of the parent LCO compound but also the metallic
character of the Sr-doped LSCO. The SCAN functional thus
enables improved structural, electronic, and magnetic property
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Fig. 1 Comparison of the crystal, magnetic and electronic structures of pristine La,CuO4 (LCO) and doped La;755r025CuO,4 (LSCO). a Density of states
(DOS) calculated using the LSDA%®, PBE#, and SCANZ2® functionals for the respective relaxed structures, illustrating the incorrect metallic prediction of
LSDA and PBE(GGA). SCAN-based relaxed crystal structures of (b) pristine and (¢) doped low-temperature tetragonal phases of LSCO where Cu, O, La,
and Sr positions are illustrated with blue, red, green, and yellow spheres, respectively. The related AFM structure is highlighted by coloring the octahedra
orange(pink) for spin up(down). c-e Effect of 25% Sr doping on the SCAN-based electronic structure, for (d) pristine LCO and (f) 25% Sr-doped LSCO.
Orbital characters are shown in band structures (d, f) and DOS (e) of structures (b) and (¢) for oxygen p, +p, (blue, filled circles) and copper d,z_,2,
pointing along the O-Cu-O bond, (red, empty circles), with marker size indicating strength of the projection
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Table 1 Various theoretically predicted properties for LTO, LTT, and HTT structures of LCO using SCAN, PBE and LSDA
functionals are compared with the corresponding experimental results

Exp. SCAN PBE LSDA
LTO55 LTT5® HTT** LTO LTT HTT LTO LTT HTT LTO LTT HTT
AE (meV FU™) 10K  15K® 528K 0.0 12 51.9 0.0 6.9 96.3 0.0 —01 221
Cu magnetic moment  (pg) 0.495 - - 0.491 0492 0479 0273 0107 0262 0109 0.073 0.100
Indirect band gap eV) 10027 - - 0979 1006 0918 0.026 0.000 0.000 0.000 0.000 0.000
Lattice constants a (A 5335 5360 5391 5323 5391 5348 5352 5471 5401 5220 5285 5258
b (A) 5421 5360 5391 5459 5391 5348 5576 5471 5401 5353 5285 5256
c (A 13107 13.236 13219 13.088 13.071 13125 13101 13.075 13163 12956 12.956 12.989
V (A3) 3791 3803 3842 3803 379.8 3754° 3910 3914 384.0° 3620 3618 3589
Octahedral Tilt axial (deg) 5.5 3.8 0.0 7.2 6.9 0.0 8.7 85 0.0 5.8 55 0.0
AE2 (meVFUh - 15K5%6 - 0.0 -05 183 0.0 —44 460 0.0 -04 27

FU denotes formula unit
a0nly stabilized under special conditions, see text

See “Comment on Calculated Lattice Volumes” in Methods section for discussion

bLeadmg edge in optical spectrum. AE and AE,4 are energies relative to the LTO phase in the pristine and doped cases, respectively

predictions in a parameter-free manner with a computational
cost, which is comparable to that of GGA functionals.

Results

Electronic structure. We considered electronic properties of
three different structural variants of LCO/LSCO. In all these
phases, the LSDA and PBE functionals fail to produce an insu-
lating band gap in the pristine compound, Fig. 1a, consistent with
previous studies. In sharp contrast, the SCAN functional correctly
predicts a leading-edge band gap of =1 eV, in excellent agreement
with the corresponding experimental value of 1.0eV?’, see
Table 1. Differences between electronic structures based on SCAN
and LSDA/PBE are clearly visible in the density of states (DOS)
shown in Fig. 1a, where only the SCAN functional is seen to open
an insulating band gap. Full electronic, crystal and magnetic
structure data from all functionals is given in Supplementary
Note 2.

We emphasize that, unlike hybrid functionals, SCAN captures
the metallic transition with doping. We illustrate this point by
using a relatively simple “6-doping” scheme (see Methods Section
for details), which has been reported recently for doping LSCO
via molecular beam epitaxy techniques’®. As seen from the DOS
plot in Fig. le, SCAN correctly produces the metallic character of
the doped compound. To our knowledge, the ability of SCAN to
simultaneously predict the correct electronic ground state for
both the pristine (LCO) and the doped (LSCO) system is unique
among the various density functionals. Notably, this is achieved
without any empirically determined parameters in the functional
form and at a modest computational cost. These results suggest
that the SCAN functional should have good transferability to
other classes of correlated materials.

Insight into how SCAN obtains an improved description of the
insulating phase can be obtained through a connection revealed
recently in ref. 2° between the fundamental band gap in a periodic
N electron system and the corresponding band gap in the
generalized Kohn-Sham orbitals. The connection is that, for a
given density functional, the generalized Kohn-Sham gap, eg}®, is
equal to the fundamental gap defined as:

Fundamental Gap = E(N + 1) + E(N — 1) — 2E(N) = egGaI;S7

(1)

where E(N) is the total energy of the solid with N electrons.
Therefore, as the SCAN functional improves energies and
structures”®3%31, it must also improve orbital band gaps
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compared to LSDA and GGA within the generalized Kohn-Sham
framework?32,

Crystal structure. Macroscopic probes indicate that the structure
of LCO contains a variety of phases, which can be characterized
in terms of different CuOg octahedral tilt modes. At high tem-
peratures, LCO adopts tetragonal symmetry (HTT phase), where
all CuOg¢ octahedra are axially aligned. At low temperatures, a
transition to an orthorhombic phase (LTO) occurs in which the
CuOg octahedra are tilted along the (010) direction in alternate
layers, bisecting the planar O-Cu-O angle. A low-temperature
tetragonal (LTT) phase can also be stabilized under special con-
ditions, e.g., by Ba doping or substitution of La with Nd, which
involves octahedral tilts of the Cu-O-Cu bonds along the (110)
zone diagonal. The top views of the HTT, LTO and LTT phases in
Fig. 2a illustrate the corresponding in-plane distortions; a 3D
representation of the LTT phase is given in Fig. 1b, c. It should be
noted that local experimental probes reveal a more complicated
story. Neutron powder diffraction finds a superposition of local
tilting environments, wherein local domains of LTT tilts coexist
in all three phases®3. Moreover, there is evidence for an intimate
connection between LTT tilts and the magnetic stripe phase,
suggesting that local fluctuating LTT tilts are ubiquitous
throughout the LCO structure.

Figure 2a shows the SCAN-predicted relative total energies for
various structures, with detailed results presented in Table 1. Our
results are in good agreement with the local-tilting mode picture,
with the LTO phase being the most stable. The HTT phase is
found to be the least stable, with

(Eurr — Evro)

- @

~ 3Ttrr0,

where the observed HTT-LTO transition temperature is
Trro = 528 K. The LTO phase is found to have the lowest energy
although the LTO-LTT difference is within the errors of the
calculations. Small energy difference between the LTO and LTT
phases indicates that strong mixing of these two phases should be
expected, consistent with the experimental observation of local
tilting domains®>. Note that we would expect the experimentally
observed tilts to be smaller than the corresponding computed
values, as is seen to be the case in Table 1, because the
experimental tilts involve an average over multiple modes. We
have also carried out computations on the 25% Sr-doped LSCO.
The LTT phase was found to be the ground state for the doped
system, with a small LTT-LTO energy difference, consistent with
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Fig. 2 Structural diagrams of the three La,CuO,4 phases with their electronic structures using the SCAN functional. Atomic positions illustrated are Cu
(blue), La (green) and O (red). a Energy of the observed tilt modes relative to the low-temperature orthorhombic (LTO) ground state mode using relaxed
crystal structures. The (010) and (110) (Cu-O-Cu bond direction) tilt modes are highlighted in the LTO and low-temperature tetragonal (LTT) phases,
respectively. b The Brillouin zone path followed for all band structure plots. Both antiferromagnetic (AFM) and paramagnetic (PM) cells are highlighted. c-e
Band structures and density of states for (¢) high temperature tetragonal (HTT), (d) LTO and (e) LTT phases. Projected orbital characters are shown for
bands of special interest: oxygen p, and p, and copper d,2_,2, pointing along the O-Cu-O bond, where orbital characters are given by filled blue and empty
red markers, respectively. Marker size is proportional to the strength of projection. Partial densities of states are highlighted for the various orbitals using
the same color code as that used in the band structure plots, which include also the total densities of states (solid black lines)

the experimental observation that the LTT phase is only observed
at finite doping®*.

Magnetic structure of LCO. The preceding analysis gives con-
fidence in our description of the ground state and sets the stage
for addressing the more subtle nature of the magnetic structure of
LCO. Here, we find that magnetic moments are localized mainly
on the copper ions forming a (7, 1) AFM order within the Cu-O
plane. The coloring on octahedra in Fig. 1b, c illustrate the
magnetic order, with purple and orange colors denoting positive
and negative moments, respectively. In particular, we reproduce
the experimentally measured magnetic moment of 0.48 +0.15
ug”*® on copper atoms with quantitative accuracy (Table 1).

An important question in the physics of cuprates is how their
physical properties are linked to their electronic structure. In fact,
once an adequate description of the electronic environment of the
parent compound is obtained, the emergent orders of the doped
system could in principle be disentangled. There is general
consensus that the gap in the cuprates is of charge-transfer rather
than Mott-Hubbard” type. It has been shown that there is a
correlation between T, and the shape of the Fermi surface’®,
while there is an anticorrelation between a charge-transfer type
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gap and T.%7. Characterization of the nature of the gap is thus of
key importance in understanding the superconducting state.

In this connection, Fig. 2c-e shows that a gap opens in LCO
around the Ep due to the (m, 1) AFM order along the nodal
direction (I' — M, Brillouin zone path illustrated in Fig. 2b) in the
Cu d>_)2-O p,/p, antibonding band. A similar splitting is also
present around —7 eV in the bonding band at the M symmetry
point. Irrespective of the LCO phase, character of the conduction
band and the band around —7 eV is dominated by the Cu d,>_,»
orbital. In contrast, the valence band is not dominated by either
Cud,_y2 or O p,/p,. In fact, the valence band contains significant
contributions from Cu d,» and apical oxygen p, orbitals. These
results show that the current tight-binding parameterizations of
cuprates are fundamentally limited in their modeling of the
underlying orbital characters. The important role of d,.-orbitals is
consistent with earlier experimental observations**~4 and with a
two-band model of T.*!. The preceding analysis also implies that
the classification of the cuprates as being of charge-transfer
type??, as has been assumed widely in the literature, applies when
only the d>_,. orbital is taken into account. The cuprates are
closer to being Mott-type if all d orbitals are considered as there is
considerable d,» character overlapping the valence band.
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Discussion

Results of Table 1 show that SCAN generally provides an
improvement over LSDA and GGA(PBE) predictions of struc-
tural, electronic, energetic, and magnetic properties of LCO and
LSCO. We comment on the reasons for the efficacy of the SCAN
functional as follows. Compared to LSDA and GGA in which
only the electron density and its gradient are considered, SCAN
belongs to the class of so-called meta-GGA functionals, where the
Kohn-Sham kinetic energy density is also taken into account, in
addition to the electron density and its gradient. SCAN is unique
in that it satisfies all known (seventeen) exact constraints
applicable to a meta-GGA. In contrast, the PBE-GGA, for
example, only satisfies eleven of the seventeen exact constraints.
By correctly building the kinetic energy density into a dimen-
sionless orbital-overlap indicator, SCAN distinguishes between
density regions characterizing covalent and metallic bonds, and
treats them properly through appropriate GGA construc-
tions?®32, allowing SCAN to address diverse types of bondings in
materials. Notably, it has been shown that a reduction of the self-
interaction error in the underlying density functional is important
for localizing d electrons, stabilizing the magnetic moment of Cu,
and opening the band gap in LCO?*2?3#*3** This implies that
SCAN mitigates self-interaction error in comparison to PBE-
GGA as SCAN better stabilizes the Cu magnetic moment and the
band gap in LCO.

Our investigation of LCO/LSCO as an exemplar cuprate system
demonstrates how the doping-dependent electronic structures of
high-T, cuprate superconductors can be modeled accurately on a
first-principles basis. Our computations correctly predict the key
experimentally observed features of the electronic structure and
magnetism of LCO/LSCO without invoking any free parameters.
AFM structures of LCO are found to be energetically quite close for
various structural distortions. Our study thus opens a new pathway
toward first-principles treatment of electronic structures and wide-
ranging properties of correlated materials more generally.

Methods

All calculations were performed using the pseudopotential projector-augmented
wave method*® implemented in the Vienna ab initio simulation package (VASP)
4647 with an energy cutoff of 550 eV for the plane-wave basis set. Exchange-
correlation effects were treated using the local density approximation®3, generalized
gradient approximation (GGA)*, and in the SCAN meta-GGA scheme?®. In all
cases an 8 x 8 x 4 T'-centered k-point mesh was used to sample the Brillouin zone.
All structures were relaxed using a conjugate gradient algorithm with an atomic
force tolerance of 0.008 eV/A and a total energy tolerance of 107> eV.

Rather than randomly substituting lanthanum by strontium, we substitute one
La by Sr in the V2x /2 AFM unit cell?8, see Fig. 1a. Since all lanthanum sub-
stitution positions are equivalent by crystal symmetry in the AFM unit cell, our
substitution scheme is equivalent to replacing single planes of La,O, with LaSrO,
planes. This gives an overall effective average doping of 25%, where one Cu-O layer
is doped at 50%, and the other left pristine. The overall effect of doping away from
the cuprate planes is not expected to be sensitive to the detailed arrangement of
dopants®, although further work using methods for treating disordered alloys®!~>3
will be interesting. Full structure definitions for all experimental and relaxed
structures are provided in CIF file format in Supplementary Data file struc
tures.txt.

Comment on calculated lattice volumes. It is interesting that the experimentally
measured lattice volume in HTT LCO, measured at 528 K>, is in better accord
with PBE(GGA) results, while SCAN yields an underestimate, see Table 1. This
may reflect effects of thermal expansion canceling fortuitously against the over-
estimation of lattice volumes generally found in PBE calculations. A proper
comparison between theory and experiment at high temperature should include
effects of temperature and zero-point vibrations.

Calculated magnetic moments. The local magnetic moment on the copper sites is
calculated within VASP bZ integrating the magnetic moment in the Projector
augmented-wave (PAW)* sphere of radius 2.20 A, as set by the pseudopotential.

Ferrimagnetic structure in 5-doped LSCO. In the 25% doped LTT structure,
bands of Cu d,2_,» character (Fig. lc, red circles) exhibit ferromagnetic splittings

COMMUNICATIONS PHYSICS | (2018)1:1

absent in the pristine case. The ferromagnetic splitting is a result of the introduction
of the Sr impurity, which breaks the magnetic equivalence between Cu-O planes.
Moreover, this generates an imbalance in the magnetic moments between the planes
giving a net magnetic moment of 0.089 y unit cell 1. Within each Cu-O plane
there are uncompensated ferrimagnetic copper magnetic moments of 0.593 yp and
0.263 pp, along with small moments on the in-plane oxygen atoms of 0.024 yp.

Data availability. Input and output files related to all calculations reported in this
work have been made available through the NOMAD Repository (http://nomad-
repository.eu/) and can be accessed using the digital object identifier (10.17172/
NOMAD/2018.01.03-1).
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