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The introduction of holes in a parent compound consisting of
copper oxide layers results in high-temperature superconduc-
tivity. It is also possible to dope the cuprate parent compound
with electrons'3. The physical properties of these electron-
doped materials bear some similarities to but also significant
differences from those of their hole-doped counterparts. Here,
we use a recently developed first-principles method* to study
the electron-doped cuprates and elucidate the deep physical
reasons behind their behaviour being so different from that of
the hole-doped materials. The crystal structure of the electron-
doped compounds is characterized by a lack of apical oxygens,
and we find that it results in a parent compound that is a
Slater insulator—a material in which the insulating behaviour
is the result of the presence of magnetic long-range order. This
is in sharp contrast with the hole-doped materials, which are
insulating owing to the strong electronic correlations but not
owing to magnetism.

The understanding of late-transition-metal oxides begins with
seminal work by Zaanen et al.’, which established that the lowest-
energy excitations in materials such as the copper oxides are the
charge-transfer excitations of an electron from the oxygen anions to
the copper cation. If the energy cost of the charge-transfer process
is less then the kinetic energy gain resulting from this process,
the system is metallic. Otherwise it is insulating. Materials on
the metallic side of this metal-insulator boundary can turn into
insulators if the band structure is such that Bragg scattering from
the zone boundary can open a bandgap, as stressed in ref. 6. On the
other hand, in the charge-transfer insulators, the magnetic order
that occurs at lower temperatures is a consequence rather than the
cause of the insulating behaviour.

The metal-insulator boundary is a ‘mean-field’ theoretical
boundary separating the itinerant and the localized regimes of the
low-energy electronic excitations. Early studies on simplified model
Hamiltonians’~'? substantiated this picture and showed that the ac-
tual copper oxides are not far from this metal-insulator boundary.

Here we go beyond model studies by incorporating realistic
crystal structure and the interplay with magnetism. We study both
the electron- and hole-doped cuprates. We find that the parent
compound NdCuO, of the electron-doped cuprate lies on the
metallic side of the metal-insulator boundary. NdCuO, is hence an
insulator only as a result of the magnetic long-range order. This is
in sharp contrast with the hole-doped cuprates, where the parent
compound is a charge-transfer insulator.

We study the single-layer electron-doped compound
Nd,_,Ce,CuO, (NCCO), and we compare it with La, ,Sr,CuO,
(LSCO), a single-layer hole-doped material in the related T
structure. We use a realistic theoretical approach, the local-density
approximation combined with the dynamical mean-field theory
(LDA -+ DMFT; refs 4,11,12).

The theoretical results are expressed in terms of the electronic
spectral functions A(w) = —1/aImG(w). The DMFT equations
for NCOO have two solutions, shown in Fig. la,b. The first
one is non-magnetic and metallic, and describes a material in
the absence of long-range order. The second is insulating and
antiferromagnetically ordered, with a charge-transfer gap of 1.2 eV.
As the non-magnetic solution is metallic, the magnetic long-range
order is responsible for the insulating nature of the compound.

Figure 1d zooms the low-energy part of panel b. We find that the
low-energy states have mostly d character with a significant oxygen
p admixture. In Fig. 1c we resolve the electronic states of panel d
in momentum space. We find two dispersive peaks separated by the
charge-transfer gap. The top of the lower band occurs at (t/2,7/2),
and the bottom of the upper band appears at M = (7, 0); therefore,
the gap is indirect (see the yellow arrow in Fig. 1¢). Those two bands
can also be obtained in the simpler Hartree—Fock approximation,
though the size of the gap is overestimated in a static mean field.

Figure le,fdisplays the correlation effects of the spectral function
at 10% electron doping in the magnetic phase. The two-peak
structure of the low-energy quasiparticles is clearly seen in the
angle-integrated spectra of Fig. 1f. This comes primarily from the
pseudogap around the momentum point (7t/2,7/2), which is a
signature of magnetic long-range order (the Fermi surface of the
ordered state is gapped at (7t/2,7w/2), and moves towards the usual
Fermi arc shape when the system becomes metallic).

The pseudogap is also observed in experiments" (Fig. 1g,
right) in the ordered phase, and compares well to our theoretical
calculations (Fig. 1g, left). The pseudogap closes when the magnetic
moment disappears.

In addition to the pseudogap around the (7t/2,7/2) point of
the momentum-resolved spectra in Fig. le, there is an additional
two-peak structure of the low-energy quasiparticles centred at
the M point. We display the frequency dependence of these
electronic states at a representative momentum point, (37/4,3m/4),
in Fig. 1h. The peak positions are in a very good agreement with
recent angle-resolved photo-emission measurements of ref. 13,
also shown in Fig. 1h.

Some aspects of the doped electronic structure can be under-
stood in terms of the Hartree—Fock rigid-band picture; for example,
the holes appear first on doping at the M = (=, 0) point, but the
renormalization of the bands, and the multiple-peak structure in
energy for a given momentum point (see Fig. 1h), are not captured
in static mean field theory.

We now turn to the theoretical optical conductivity. We
computed this quantity using the Kubo formula of linear response
theory. It is shown in Fig. 2a, and is in good qualitative agreement
with the experimental results'*"> reproduced in the right inset of
Fig. 2a. The undoped compound has a sharp onset at an energy of
the order of 1.5eV, which we interpret as the direct gap, slightly

Department of Physics, Rutgers University, Piscataway, New Jersey 08854, USA. *e-mail: cedricw@physics.rutgers.edu.

574

NATURE PHYSICS | VOL 6 | AUGUST 2010 | www.nature.com/naturephysics

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nphys1706
mailto:cedricw@physics.rutgers.edu
http://www.nature.com/naturephysics

NATURE PHYSICS po1:101038/NPHYS1706 LETTERS

a b
Oxygen AF
3 3
Q Q
C d B
(o
|»
“
2 .
R NCCO
L : — ] 0%
L % ..., UHB
o L 0.
3 I
S] 3 Charge gap
v
A2y
| 338
.‘
M ZR
_2 “'
L4
r L4
s 1
0 0.3
p (@)
e f E
k
h NCCO
2% 10%
)
e UHB
=
L]
Ll
A )
~ < F
\?9 < 0 7'0’
S S |3
[}
| ]
L
'
(n/2,1/2) [a
M M
E -2
. \
. | 1
r M K r 0 0.6
p ()
h
g 2= —==<1
- -~ \\
~ 5 S0
S [Om__ (tm \
~ ~ = \
> S &
< <@ 2 |
S] S] o 1
<
0,0) (m,0) \
- — DMFT !
0.28 0.58 —‘ Experiments So
0
k, (m/a) -0.4 -0.2 0
w V)

Figure 1| Density of electronic states in NCCO. a,b, Spectral function of NCCO (a, non-magnetic; b, magnetic) at zero doping in the extended energy
range. There is a gap of 1.2 eV when magnetism is allowed. We clearly observe the presence of the upper Hubbard bands (UHB), the Zhang-Rice singlet
(ZR) and a quasiparticle peak in the non-magnetic compound (QP). c,e, Frequency-dependent spectral weight Ak, w) along '-M-K-T" obtained by
LDA +DMEFT at integer filling (¢) and 10% electron doping (NCCO) (e). d,f, The partial densities of states of the d and p orbitals. The solid lines in c and e
are the LDA rigid bands, plotted in the folded Brillouin zone, for comparison with DMFT. The corresponding integrated weight is plotted in d and f.

g, Side-by-side comparison of A(k,w), along the path I'-K as depicted in the inset, obtained theoretically (left) and experimentally from ref. 13 (right) at
13% doping. h, Comparison of A(w) for a fixed k point k = (31t/4,7/4) (shown in the inset) obtained theoretically (lower curve) and experimentally from
ref. 13 (upper curve). Results in b-h were obtained in the antiferromagnetic state.
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Figure 2 | Optical properties of NCCO. a, Theoretical optical conductivity
in 71 cm™ for NCCO doped with charge carrier concentration at integer
filling (red curve) and at 10% doping (blue curve). At integer filling, the
system is gapped and we observe an optical gap of about 1.5 eV, which is
larger than the charge gap, ~1.2 eV. The left inset is a magnification of the
data. For comparison we also show (right inset) the optical conductivity
obtained by infrared optics™'>. b, The dimensionless integrated optical
conductivity Net for LDA+DMFT done on LSCO (ref. 12) and NCCO,
obtained with a cutoff A =1.2 (A =1.5) for NCCO (LSCO). Experimental
data for LSCO (ref. 19) (red circles) and NCCO (ref. 18) (open diamonds)
are shown.

larger than the charge-transfer gap in Fig. 1d, and a tail resulting
from indirect transitions.

Doping introduces several new features (blue line in Fig. 2a).
The 1.5eV optical peak disappears and the weight is transferred
to lower energy in the form of a Drude peak and a mid-infrared
peak at w ~ 0.2eV. This mid-infrared peak has been identified
as a spin-density-wave peak in ref. 16. In our spin-density-
wave solution, it is connected to the multiple-peak structure of
quasiparticles centred at the M point in Fig. le, in particular to
particle-hole excitations from the peak at —0.2 eV shown in Fig. 1h
and the unoccupied states.

Finally, the optical conductivity displays a peak in the magnetic
solution at a much lower frequency w~0.035 eV (see the left inset of
Fig. 2a), which is connected to the pseudogap near k= (7/2,7/2)
(see Fig. 1g). A similar feature, present only in the ordered state,
is observed at this energy in experiments (see Fig. 2 of ref. 17).
Our calculations show that this peak is connected to the pseudogap
around (7t/2,7/2), present only in the ordered state.

To quantify the rate of redistribution of optical spectral weight,
it is useful to consider the effective electron number per Cu
atom defined by N = (2 meV/hnez)foAa/(w) dw, where m, is the
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free-electron mass, V is the cell volume containing one formula
unit, A is energy cutoff, and ¢’ is the real part of the optical
conductivity. N is proportional to the number of electrons
involved in the optical excitations up to the cutoff A. Our results for
(electron-doped) NCCO are shown on the left-hand side of Fig. 2b
and are compared with experimental data taken from ref. 18.

Notice a favourable agreement between theory and exper-
iment, for which the use of the realistic electronic structure
is essential.

In Fig. 2b (right) we also show our theoretical optical spectral
weight for a prototypical hole-doped cuprate (LSCO), computed in
ref. 12, which is a charge-transfer-type insulator, and we compare it
with experimental data of ref. 19.

In a Slater picture, the onset of antiferromagnetism reduces the
Coulomb correlations (double occupancy) at the expense of the
kinetic energy. The opposite is true in a charge-transfer insulator.
Consequently, in a Slater insulator the kinetic energy becomes
less negative as the temperature decreases, whereas the opposite
happens in a charge-transfer insulator. The kinetic energy as a
function of temperature is readily available in the theory and is
shown in Fig. 3a (top panel).

A closely related quantity N is both experimentally and
theoretically accessible and has been measured for this compound.
In Fig. 3b (top panel) we plot both the experimental’® and our
theoretical data, which clearly follow the same trends. Hence
the location of NCCO and LSCO, relative to the location of
the metal-to-charge-transfer-insulator’ boundary, accounts for the
observed trends in the temperature dependence of the optical
conductivity. Similar trends of the temperature dependence of the
kinetic energy for both electron- and hole-doped cuprates were
reported in ref. 20.

In Fig.3a (bottom panel) we also plot the temperature
dependence of the kinetic energy and N for the hole-doped
charge-transfer insulator (LSCO). We find the opposite trend
compared with the lightly electron-doped NCCO compound,
confirming that LSCO is a doped charge-transfer insulator, in
agreement with experiments®.

When comparing with experiment, it is important to keep in
mind that two-dimensional compounds are not able to sustain
infinite-range magnetic order at a finite temperature (Mermin—
Wagner theorem?!). Therefore, the Néel temperature within DMFT
should be interpreted as the temperature below which the magnetic
correlations become long-range but remain finite. This temperature
can be much higher than the actual Néel temperature of the
material, which is controlled by the magnetic exchange between
the two-dimensional copper oxide layers, and vanishes for well
separated copper oxide planes.

Finally, to check the validity of the single-site DMFT approach,
we computed the magnetic-phase diagram and magnetic moment
within single-site and two-site cluster DMFT (ref. 4) (see Fig. 3c).
Our data for NCCO are shown on the left side of Fig. 3c and are
compared with experimental data from ref. 22. The agreement is
very good for both approaches, hence justifying the use of the
single-site DMFT approach.

The right side of Fig. 3¢ displays theoretical and experimental
magnetic moment? for hole-doped LSCO. We found a significant
difference in the region of stability of the magnetic state between
the single-site and cluster DMFT (§ < 10%), hence the dynamical
short-range correlations—absent from the single-site approach—
are very important for LSCO in the underdoped regime, as reported
in ref. 8, but not for NCCO.

We also carried out the Hartree—Fock calculation, and we found
that in this static approach the magnetization vanishes only at
unrealistically large doping 6 ~ 50% for both NCCO and LSCO
(dashed line in Fig. 3¢), which points towards the important role of
dynamic correlations at finite electron and hole doping.
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Figure 3 | Kinetic energy and magnetic-phase diagram. a, Theoretical kinetic-energy variation — AEy;, = —Eyin(T) + Eiin (89 K) of the electron- (top) and
the hole- (bottom) doped compounds with respect to temperature. b, Normalized variation of Nest, ANets = Neff(T) — Netf (89 K) of the electron- (top) and
the hole- (bottom) doped compounds with respect to temperature. The dashed line is extracted from experiments done on NCCO (ref. 18). ¢, Mean value
of the staggered magnetization obtained for LSCO and NCCO by both single-site (DMFT) and cluster (c-DMFT) DMFT. Experimental values M(8)/Mo
(Mg =M(8§ =0)) for NCCO (ref. 22) and LSCO (ref. 23) are also shown, and for comparison with DMFT we renormalized the experimental data by

Mo = Mpmer(8 = 0). The magnetization obtained in the static Hartree-Fock approximation (dashed lines) is shown for comparison. Results obtained by
exact diagonalization (DMFT/ED) and CTQMC (DMFT/CTQMC) are also shown.

Indeed, in the Hartree—Fock calculations, the picture is fairly
simple: the magnetic state is stabilized owing to an optimization
of the Coulomb energy at the expense of the kinetic energy (the
staggered magnetic order avoids double occupation), and in this
picture there is no strong difference between LSCO and NCCO, as
shown in Fig. 3c.

Our theory sheds light on many puzzling observations. It has
been noticed within the context of the one-band model that a
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doping-dependent Hubbard interaction was needed to reproduce
experiments®*. A realistic LDA + DMFT treatment of the electron-
doped copper—oxygen system accounts for the rapid metallization
process of the material, and hence does not require an ad hoc
doping-dependent renormalization of the interaction.

Our main conclusion can be phrased succinctly in the language
introduced in ref. 5: LSCO and NCCO lie on different sides of
the metal/charge-transfer-insulator phase boundary. This provides
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a natural interpretation for the trends observed in the optical
conductivity at finite doping as seen in Fig. 3b,c.

The link between the electronic properties and magnetism of the
NCCO gives rise to additional experimental predictions. We expect
that at high temperatures (of the order of the DFMT temperatures)
there should be appreciable transfer of spectral weight from high
energies to low energies with decreasing temperature, as the
magnetic correlations are weakened, and a substantial decrease of
the gap. This can be checked by extending transport and photo-
emission studies in lightly doped electron-doped cuprates from 600
to 1,100 K.

The physical origin of the asymmetry between LSCO and NCCO
lies not only in the different values of the oxygen—oxygen overlap,
which controls the curvature of the Fermi surface, an effect that
is captured in model Hamiltonian studies, but in the different
values of the charge transfer gap in the two structures. The latter
has an electrostatic origin: the electron-doped material lacks the
negatively charged apical oxygen, which increases the electrostatic
potential at the copper site.

In materials where the strength of the interaction is smaller than
the critical value needed to produce a charge-transfer-insulating
state, the effective interactions can renormalize, enabling super-
conductivity and magnetism to coexist microscopically rather than
excluding each other. This coexistence provides a good description
of the Raman scattering of the electron-doped superconductors®.
Finally, in some NCCO films the parent compound was found to
be metallic. It would be interesting to study the magnetic properties
of these materials to see whether this metallicity correlates with a
substantial decrease of the magnetic correlations®.
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