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Electron-doped and hole-doped superconducting cuprates exhibit a symmetric phase diagram as a function of
doping. This symmetry is however only approximate. Indeed, electron-doped cuprates become superconductors
only after a specific annealing process: This annealing affects the oxygen content by only a tiny amount, but has
a dramatic impact on the electronic properties of the sample. Here we report the occurrence of superconductivity
in oxygen-deficient Nd,_,Ce,CuOy thin films grown in an oxygen-free environment, after annealing in pure
argon flow. As verified by x-ray diffraction, annealing induces an increase of the interlayer distance between
CuO, planes in the crystal structure. Since this distance is correlated to the concentration of oxygens in apical
positions, and since oxygen content cannot substantially increase during annealing, our experiments indicate that
the superconducting phase transition has to be ascribed to a migration of oxygen ions to apical positions during
annealing. Moreover, as we confirm via first-principles density functional theory calculations, the changes in
the structural and transport properties of the films can be theoretically described by a specific redistribution of
the existing oxygen ions at apical positions with respect to CuO, planes, which remodulates the electronic band

structure and suppresses the antiferromagnetic order, allowing the emergence of hole superconductivity.

I. INTRODUCTION

Since the discovery of superconductivity in LaBaCuO
by Bednorz and Miiller in 1986 [1], the family of high-
temperature cuprate superconductors has grown to include
more than hundreds of compounds [2] with temperatures as
high as 133 K at atmospheric pressure [3|]. These compounds
share a similar crystal structure made up of stacked layers
of copper-oxygen planes and fit into a universal phase dia-
gram, where superconductivity emerges on doping an anti-
ferromagnetic Mott insulator [4} [5]. Indeed, by doping the
stoichiometric parent compound via ionic substitution, the
antiferromagnetic phase is suppressed, and superconductiv-
ity appears. Ionic substitution may result in the creation
of additional holes or electrons in the CuO; planes. Hole-
doped [1H3] (e.g., Lay_,Sr,CuOy4) and electron-doped [6-
10] (e.g., Nd,_,Ce,CuQy,) share a similar temperature-doping
phase diagram, which indicates a common origin of the super-
conducting pairing. However, the symmetry between hole-
and electron-doped cuprates is only approximate. For ex-
ample, superconductivity in electron-doped cuprates is much
harder to achieve since the antiferromagnetic phase persists at
higher doping levels [8 9 [11H13]].

Perhaps the most puzzling anomaly of electron-doped
cuprates is the fact that doping alone does not produce super-
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conductivity [8} 9} [14]. As-grown samples are antiferromag-
netic Mott insulators and become superconducting only after
high-temperature oxygen-reducing annealing [6} [7]. Anneal-
ing reduces the oxygen content by a small fraction [15H20]
(between 0.1% and 2%), which decreases the interlayer dis-
tance [21-26]] and contributes to additional electrons in CuO,
layers [[11,[12L27H31]]. This results in a dramatic change of the
electronic properties [32H38]], including the emergence of the
superconducting transition and a reduction of the Néel tem-
perature [11} 139, 140]], which cannot be achieved only by dop-
ing (e.g., adding extra cerium in Nd,_,Ce,CuO;, [24]]). Fur-
thermore, single crystals of the undoped parent compound
Nd,CuOQy are never superconducting. Conversely, Nd,CuQOy4
thin films exhibit superconductivity after annealing, even
without doping [[14} [24]]. In all cases, the annealing process
must be carried in rather specific conditions that drive the
samples almost to the limit of decomposition [41} 42]. For
these reasons, it is clear that the annealing process must have
additional effects. These may be the consequence of a reorga-
nization of the crystal structure and/or a change of the distri-
bution of dislocations and defects in the sample, such as the
removal of the interstitial apical oxygens (defects) [[17, 43+
46, the removal of intrinsic in-plane oxygens [47-49]], or the
migration of copper ions to repair and reduce copper vacan-
cies [50L 51]]. A measurable effect of annealing is the change
of the c-axis lattice parameter, which is 2 times the inter-
layer distance between CuQ, planes: The lattice parameter
decreases to an optimal value csc at which superconductivity
appears [14}152]. Generally, oxygen reduction produces a de-
crease of the c-axis parameter associated with the removal of
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apical oxygen [17,18]: Hence, the value of c is considered as
a qualitative measure of the oxygen content 23 25} 26].

In this work, we report superconductivity in oxygen-
deficient Nd,_,Ce,CuQ4 (NCCO) thin films obtained by an-
nealing in oxygen-free atmosphere, and we provide a theo-
retical framework to describe the electronic properties and the
structural changes before and after annealing. Our samples are
grown by DC sputter deposition in oxygen-free atmosphere,
and exhibit a c-axis parameter shorter than the optimal value
csc, which indicates oxygen deficiency and the presence of
a negligible amount of apical oxygens. Remarkably, these
samples become superconducting after annealing in pure ar-
gon atmosphere, with a simultaneous increase of the c-axis
parameter. This strongly indicates that the superconducting
phase transition cannot be ascribed to a change of the oxy-
gen content, but a microscopic reorganization of the crystal
structure induced by annealing. Moreover, to obtain a com-
plete phase diagram as a function of the c-axis parameter,
we have grown thin films also in oxygen/argon atmosphere.
These samples exhibit a c-axis parameter longer than the op-
timal value cgc and, as expected, become superconducting af-
ter annealing, with a decrease of the c-axis, in agreement with
previous studies [6H9]. In all samples, the superconductivity
appears only when the c-axis parameter reaches the optimal
value csc = 12.08 A. As we show using first-principles den-
sity functional theory (DFT), the evolution of the c-axis pa-
rameter and the presence of holes can be explained in terms of
a microscopic structural modification, i.e., with existing oxy-
gens ions partially migrating to apical positions with respect
to CuO, planes. This induces a remodulation of the energy
bands and the suppression of antiferromagnetic order, allow-
ing the emergence of hole superconductivity, i.e., the pairing
of hole carriers within the same electronic band [34, 37, 138]].

II. FABRICATION AND CHARACTERIZATION

The undoped parent compound Nd,CuO, crystallizes in
a tetragonal T’ crystal structure, containing CuQ, layers
stacked along the c-axis and sandwiched between the charge
reservoir layers [see Fig.[T{a)]. Moreover, thin films of NCCO
and other electron-doped typically exhibit disorder, with oxy-
gen vacancies (in CuO, layers or charge reservoir layers) and
excess oxygen at apical sites (above and below CuO, lay-
ers) [8, 19, [14]] [see Fig. Ekb)]. In particular, the presence of
in-plane oxygen vacancies is correlated to an increase of elec-
trons in the conduction band [11, 12} 27-29, 31], whereas the
concentration of oxygen ions on apical sites is correlated with
the elongation of the c-axis parameter [23| [25] 26].

Our experiment used optimized DC sputtering to grow
well-oriented NCCO films without spurious phases and with
a fixed cerium content x = 0.17 £ 0.01. We obtained films
with thickness 100-200 nm grown respectively in pure argon
(type A samples) and mixed argon/oxygen atmosphere with
0, /Ar> 2% (type B samples), at 1.7 mbar total pressure and
heater temperature 850 °C (see also Refs. [53| and 54). After
initial in situ annealing, we performed a high-temperature ex
situ annealing at 900-950 °C for 0.5-2 hours, depending on
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FIG. 1. The NCCO parent compound (undoped Nd,CuOy) crystal-
lizes in the tetragonal T’ structure, with CuO, layers sandwiched be-
tween charge reservoir Nd,_,Ce,O, layers, copper ions surrounded
by square-planar arrangements of oxygen ions in the ab plane, and
oxygen ions located within the CuO, and charge reservoir layers.
In doped compounds, oxygen ions may partially occupy apical sites
above or below the Cu atoms, e.g., one apical oxygen for every two
copper atoms, or every copper atom (T™ structure). The concentra-
tion of apical oxygens is correlated to the elongation of the c-axis
parameter.

the film thickness. We deliberately fabricated samples with
different growing and annealing conditions to study the inter-
play between structural reorganization and superconductivity,
regardless of other factors (see Appendix).

We measure the lattice parameters by x-ray diffraction
(XRD) before and after high-temperature annealing. We
found ¢ = 12.04-12.07A and @ = b ~ 3.95-3.96 A for
as-grown type A samples, while ¢ = 12.09-12.15A and
a = b ~ 3.94-3.97 A for as-grown type B samples. Af-
ter annealing, type A samples grown in oxygen-free atmo-
sphere exhibit a slight elongation of the c-axis, whereas the
in-plane lattice parameter remains unchanged. Conversely,
type B samples grown in oxygen atmosphere exhibit a sys-
tematic decrease of the c-axis after annealing, in agreement
with Refs. 21H26| and a small change of the in-plane lattice
parameter in some samples. (00!) reflections in XRD pat-
terns [53] give csc = 12.080-12.088 A for all superconduct-
ing films. As established by extensive studies on electron-
doped films fabricated by molecular-beam epitaxy [S6H58]
and pulsed laser deposition [S9H62], the c-axis parameter can
be used as a measure of the oxygen content. In these stud-
ies, the ¢ parameter is always larger than the optimal super-
conducting value csc, as we also observe in type B over-
oxygenated samples, and decreases with the concurrent elim-
ination of excess oxygen atoms during annealing. Hence, a
value ¢ < cgc in type A samples indicates oxygen deficiency.

III. TRANSPORT MEASUREMENTS

We measure the temperature dependence of the in-plane
resistivity p(7T") with a four-probe method in the tempera-
ture range 1.6-300 K, before and after high-temperature an-



nealing. As-grown type A samples (fabricated in oxygen-
free atmosphere) exhibit a crossover between metallic and
insulating regimes identified by the resistivity minimum at
temperature Ty,,, and a residual resistivity ratio RRR =
p(300K)/p(4.2K) > 1 [see Fig.[2(a)]. Furthermore, the re-
sistivity exhibits a quadratic temperature dependence in the
metallic region above Tp.i,. In electron-doped compounds, a
quadratic resistivity dependence is usually found even above
room temperature [8, |10, (63, 64]. As-grown type B sam-
ples (fabricated in mixed argon/oxygen atmosphere) exhibit
instead a weak semiconductor-like temperature dependence of
the resistivity with RRR < 1 and p(T) x R(T) o< T~ [see

Fig. P(b)].

Annealing induces a modification of the oxygen content
and a structural reorganization and redistribution of crystal
defects and dislocations. To disentangle these two effects, we
performed high-temperature ex situ annealing in oxygen-free,
pure argon flow. Despite different environmental growth con-
ditions, structural, and electrical properties of type A and B
samples, similar thermal treatments are needed to induce su-
perconductivity. All samples become superconducting after
high-temperature annealing, regardless of the specific anneal-
ing conditions, and with similar critical temperatures 7, <
24 K. In contrast, no superconducting transition and no struc-
tural change are detected after annealing at temperatures be-
low 900 °C and with the same environmental conditions, as
reported elsewhere [65]].

Figure [JJ(d-e) show the phase diagram of our NCCO sam-
ples as a function of the c-axis parameter, before and after
high-temperature annealing, which is the main experimental
result of this work. In particular, Fig. 2{d) shows the residual
resistivity ratio RRR as a function of the c-axis parameter. In
the region ¢ < cgc (sample type A), samples behave as weakly
disordered metal with RRR 2 1 and exhibit a metal-insulator
crossover with minimum resistivity at Ti,;,. We observe Tinin
up to 250 K and RRR ~ 1-2, with RRR increasing with de-
creasing Thin. In the region ¢ > cgc (sample type B), samples
behave as disordered systems with RRR < 1, with a weakly
semiconductor-like temperature dependence on the resistivity.
Most importantly, Fig.[2(e) shows the superconducting critical
temperatures 7, as a function of the c-axis parameter. All sam-
ples achieve superconductivity after high-temperature anneal-
ing, accompanied by a structural change: The c-axis increases
in type A samples and decreases in type B samples. The su-
perconducting regime is restricted to the value cgc = 12.08 A.
Hence, high-temperature annealing induces not only super-
conductivity, but also a concurrent and systematic increase (in
type A samples) or decrease (in type B samples) of the c-axis
parameter toward the optimal value cgc. This strongly sug-
gests that the superconducting phase transition is induced by
a structural reorganization and redistribution of oxygen atoms
within the CuO- layers, charge reservoir layers, and in apical
positions. Moreover, the correlation between the concentra-
tion of apical oxygens and the c-axis parameter clearly points
to the crucial role and impact of apical oxygens on the elec-
tronic properties after annealing.
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FIG. 2.  (a) Resistivity as a function of temperature for type A

samples, plotted on a log-log scale and normalized to the resistiv-
ity minimum. (b) Resistance as a function of temperature for type B
samples, plotted on a log-log scale. Continuous lines R(T") oc T~
are the best fit to the data. (c) Normalized resistivity as a function
of temperature for type A and B samples after annealing, showing
the superconducting transition at T, < 24 K. (d) Residual resistivity
ratio RR R for as-grown samples (both types) and (e) superconduct-
ing critical temperature 7; of samples after annealing, as a function
of the c-axis parameter. The dashed gray line is the average value
of csc and the continuous smooth curve is a guide for the eye. The
annealing process was optimized for the sample reaching 7, ~ 24 K.

IV. DFT CALCULATIONS

To understand the role of the structural reorganization of
oxygen atoms, and the effects of the presence/absence of api-
cal oxygens on the properties of the three types of samples,
we modeled the system by DFT using the VASP [66] pack-
age with plane-wave basis set and projector augmented wave
method [67]. In particular, as-grown type A samples are mod-
eled by the T’ structure as in Fig. [l] i.e., a crystal structure
with no apical oxygens, according to its fabrication in oxygen-
deficient atmosphere. As-grown type B samples are instead
modeled by the T* structure, i.e., a crystal structure with one
apical oxygen for every copper atom, according to its fabri-
cation in oxygen-rich atmosphere. Superconducting samples
are modeled by a mixed Tsc = 2T* + T’ structure, with two
T* cells and one T’ cell alternating along the c-axis, i.e., a
crystal structure with two apical oxygens for every three cop-
per atoms. This is justified by the experimental evidence that
the c-axis parameter and, consequently, the number of api-
cal oxygens, assume intermediate values between those mea-
sured for type A and B samples. We performed DFT cal-
culations by first relaxing the crystal structure to obtain the
lattice parameters and compare them with the experimental
ones and, in particular, with their characteristic hierarchical
order. We also computed the antiferromagnetic moments m to



monitor the intensity of antiferromagnetic correlations, which
suppress superconductivity. (We study the T” and T* struc-
tures of undoped Nd,CuOy in the Appendix.) The T* struc-
ture shows a larger bandgap than the T’ structure. The more
correlated behavior of the T* structure is confirmed by the
magnetic moments, m = 0.38ug and m = 0.43ug for T’
and T* structures, respectively. Figure [3(a) and (b) show the
results for the T* structure for x = 0.125 and = = 0.25, re-
spectively. In both cases and reasonably for all intermediate
doping (including z = 0.17), we have (i) an indirect bandgap
A Exy between the maximum of the lower Hubbard band at X
(hole pocket) and the minimum of the upper Hubbard band at
M (electron pocket), (ii) strong antiferromagnetic correlations
(m = 0.34 up and 0.24 ug, respectively, for x = 0.125 and
0.25), and (iii) hole pockets away from the Fermi level. This
strongly correlated scenario accounts for the insulating behav-
ior of as-grown type B samples, in agreement with DMFT
studies [68]]. Figure c) shows the results for the T’ structure
forx = 1/6 ~ 0.17. The gap AFExw closes, although anti-
ferromagnetic correlations are still quite large (m = 0.27 up).
However, hole pockets are still far from the Fermi level. This
scenario accounts for the (poor) metallic behavior of as-grown
type A samples. Finally, Fig. B{d) shows the results for the
Tsc structure for z = 1/6. The bandgap A Fxy completely
disappears, as well as antiferromagnetic correlations for the
T’ region (m = 0.04 ug), while hole pockets are available
right at the Fermi level (at the symmetry point X) coexisting
with electron pockets (at the symmetry point M). However,
antiferromagnetic correlations in the T* region are still rele-
vant, being m = 0.36 ug. The presence of holes at the Fermi
level and the suppression of antiferromagnetic correlations in-
dicate the emergence of hole superconductivity [34}/37, 38]] in
all samples after annealing. Moreover, confirming the validity
and accuracy of the chosen modelization and the consistency
of the obtained results, the relaxed values of the a and c-axis
parameters for x = 1/6 are close to the experimental ones
and, more importantly, in the same hierarchical order: For the
T’ structure (as-grown type A samples) a = b = 3.91 A and
¢ = 12.01 A, for the T* structure (as-grown type B samples)
a=0b=2383Aand ¢c = 12.26 A, and for the Tsc structure
(superconducting samples) a = 3.85 Aand ¢ = 12.18 A. The
variation of the c-axis parameter can be understood in terms of
level repulsion between bands with dominant T/ and T* char-
acters [see Fig. Ekd)] that leads to a remodulation of the band
structure, which definitely weakens antiferromagnetic corre-
lations of the T’ region and allows the emergence of holes
right at the Fermi level (see also the Appendix).

V.  CONCLUSIONS

Concluding, the structural and the transport properties of
NCCO samples shed new light on the microscopic mechanism
underlying the annealing process, which is responsible for the
onset of the superconductivity. Indeed, our experiments in-
dicate that the removal of the excess oxygen is not sufficient
to trigger superconductivity: Our oxygen-deficient samples,
grown in oxygen-free atmosphere, become superconducting
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FIG. 3. DFT electronic band structure of NCCO for: (a) T™ struc-
ture with z = 0.125, (b) T* structure with z = 0.25, (c) T’ struc-
ture with x = 1/6 ~ 0.17, and (d) Tsc = 2T* + T’ structure with
x = 1/6, where we highlighted the dominant T’ and T* bands with
larger contributions. The Fermi level is set to zero. The flat bands at
0.5-1.5eV above the Fermi level are the cerium 4 f bands. All other
lower-energy bands are copper 3d bands.

only after high-temperature annealing, which always occurs
together with a change of the c-axis parameter. This strongly
indicates that the superconducting phase transition is induced
by a microscopic structural reorganization, even in almost-
optimally doped samples. Our theoretical analysis supports
this conclusion, indicating a clear correlation between oxygen
content, c-axis parameter, and superconductivity. In particu-
lar, no apical oxygens, or too many, stabilize strong antifer-
romagnetic correlations and keep holes away from the Fermi
level. In contrast, an intermediate number of apical oxygens
induces the suppression of antiferromagnetic correlations and
allows to have holes available right at the Fermi level. Hence,
the presence of a sizable number of apical oxygens is neces-
sary to allow the emergence of hole superconductivity. This
points to the relevance of interlayer hoppings mediated by api-
cal oxygens, analogously to the scenario evidenced in hole-
doped cuprates [69, [70]. Our experimental investigation and
theoretical analysis provide strong evidence that the super-
conducting phase transition in electron-doped NCCO super-
conductors cannot be explained only in terms of changes of
the oxygen content, but it necessarily requires a structural re-
organization of the oxygen atoms in apical positions, which
profoundly affects the electronic properties of the compound.
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Appendix A: Sample preparation

Nd,_,Ce,CuO4 (NCCO) films with a fixed cerium content
in the range 0.16-0.18 have been grown on (100) SrTiO3 sub-
strates by DC sputtering technique. A single target of the sto-
ichiometric Nd; g5Ceg.;5CuO4 compound has been used as a
sputtering source in an on-axis configuration with the sub-
strate [53]. Type A and type B samples have been fabri-
cated with a thickness varying in the range 100-200nm at
a total pressure of 1.7mbar and heater temperature 850 °C,
respectively in pure argon and in mixed oxygen/argon at-
mosphere with ratio Oz/Ar in the range 2-14%. A first in
situ annealing is performed at the same temperature. Type
A films were in situ annealed at different dwell times (20,
30, and 45 minutes) in the deposition chamber in vacuum at
10~° mbar or 0.7 mbar. Type B films were in situ annealed
at different dwell times (45 and 120 minutes) in the deposition
chamber either in vacuum (0.7 mbar) or in argon atmosphere
(1.7 mbar). A subsequent annealing was performed ex sifu in
a Carbolite EHA 12/450B single-zone horizontal tube furnace
with quartz/alumina tube and sealing flanges in flowing argon
with 99.995% purity, at a temperature set to 900-950 °C, with
a rate of 300 °C per hour for both heating and cooling ramps,
and with a dwell time of 0.5-2 hours, depending on the film
thickness. In all cases, the samples become superconducting
after ex situ annealing. Despite different growing conditions
and film thickness, the annealing temperature needed to in-
duce superconductivity is the same for all films, while the
annealing time depends on the film thickness. The heating
ramp used during annealing was optimized only for one sam-
ple, which therefore exhibits the nominal critical temperature
T. ~ 24 K.

Morphology, phase composition, and sample purity were
inspected by scanning electron microscopy combined with
wavelength-dispersive spectroscopy [53L/71]], using an Oxford
Scanning Electron Microscope Leo EVO 50 equipped with a
wavelength-dispersive spectrometer. Structural properties are
obtained by high-resolution X-ray diffraction technique in a
Philips X’Pert-MRD diffractometer equipped with a four cir-
cle cradle.
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FIG. 4. X-ray diffraction patterns in units of counts per second

for an as-grown type A sample, an as-grown type B sample, and
a superconducting sample. The (001) and (002) peaks are due to
the presence of the SrTiOs substrate. Insets show the linear fit of
2sin 0/ as a function of the Miller index [. The line slopes give the
c-axis lattice parameter values.

The electrical transport properties were investigated in a
Cryogenic Ltd. cryogen-free cryostat equipped with an inte-
grated cryogen-free variable-temperature insert operating in
the range 1.6-300 K. In this system, the sample is cooled
by a continuous helium gas flow and the temperature stabil-
ity is within 0.01 K. Sample temperature is measured via a
LakeShore Temperature Controller model 350 connected to a
LakeShore Cernox sensor. The electrical resistance measure-
ments as a function of the temperature have been performed
by a four-probe method, using a Keithley model 2430 as cur-
rent source and a Keithley model 2182 as voltage meter. On
selected films, in order to evaluate the resistivity, we realized
microbridges with length L = 1 mm, width W = 100 pm us-
ing a standard UV photolithography and wet etching in a 1%
solution of H3;POy, in pure water.

Appendix B: X-ray diffraction measurements

The structural properties of DC-sputtered NCCO films have
been investigated by XRD technique. Figure [] reports the
typical 6-26 pattern of as-grown type A, as-grown type B,
and superconducting samples. Besides the substrate reflec-
tions, XRD patterns of as-grown, nonsuperconducting sam-
ples show only the four (00l) diffraction peaks with [ =
2,4,6,8, which are characteristic of the T’ tetragonal crys-
tal structure, indicating a preferential growth with the c-axis
perpendicular to the film surface and the absence of spurious
phases.

The analysis of the (00/) reflections allows to obtain
directly the c-axis lattice parameter from the Bragg law,
2dsing = ), with A\ = 1.54056 A, 6 the half of the angu-
lar peak position 26, and with d = ¢/l in this case. Insets
of Fig. E] report the quantity 2sinf/\ as a function of the
Miller index [ together with the linear best fit of the data. The
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around the (004) reflections for a type A as-grown sample (red circles), a type A superconducting sample (purple circles), a type B as-grown
sample (blue squares), and a type B superconducting sample (green squares), normalized to the maximum value.

fitting parameter gives a different c-axis parameter for each
sample. In particular, the c-axis parameter measured in the su-
perconducting sample is cgc = 12.079 £ 0.005 A. The value
¢ = 12.069 £ 0.005 A obtained for the type A film is shorter
than cgc, while the c-axis parameter ¢ = 12.09 4+ 0.01 A of
the ty pe B sample is longer. Hence, the most oxygenated
type B samples behave as typical samples reported in previ-
ous studies, where the measured as-grown c-axis parameter
is longer than the value measured in superconducting sam-
ples [21H26]]. A value ¢ < cgc is the peculiarity of our type A
films.

FigureE]shows the angular positions 26 of the (004), (103),
and (114) peaks respectively [(a) to (c)], for one type A
and one type B as-grown samples compared with the value
measured after annealing. We found for the as-grown type
A sample ¢ = 12.04+0.01A and a,b = 3.96 +0.01 A,
while for the as-grown type B samples ¢ = 12.11 +0.01 A,
a,b=3.9440.02A.

Figure [5(d) shows the w-scans around the (004) reflection
for type A and B samples, as-grown and superconducting (w
is the x-ray incident angle). We observe a small difference be-
tween type A and B samples. The full width at half maximum
(FWHM) is in the range 0.5-0.6 ° and 0.6-0.7 © respectively
for as-grown type A and B samples, indicating a more uni-
form c-axis orientation for type A samples (i.e., better epitax-
ial growth). After annealing, we observe a slight reduction of
the FWHM in all samples, which indicates a slight improve-
ment in the mosaicity.

The decomposition products in NCCO thin films include
NdCuO,, Nd,03, and Nd-Ce-O phases [72]], which may in
principle be present in samples annealed at high temperatures.
In some of our samples, we observe a small fraction of the
Nd, g5Ce.1503 phase in X-ray diffraction measurements.

Appendix C: Computational details

We have performed first-principles DFT calculations using
the VASP [66] package based on plane-wave basis set and pro-
jector augmented wave (PAW) method [67]. A plane-wave
energy cut-off of 450 eV has been used for the atomic relax-
ation and 530€V for the other calculations. A k-point grid

of 8 x 8 x 2 has been used for the atomic relaxation and
10 x 10 x 4 for the other calculations. For the treatment of ex-
change correlation, Perdew-Burke-Ernzerhof [[73] generalized
gradient approximation for solid has been considered, since it
is accurate for the structural relaxation of the A5BO4 oxides
bulk [[74]] and other compounds with the transition-metal con-
nected to 5 oxygen atoms [75, [76]].

The analysis of the structural phases of compounds with
4f electrons is a nontrivial problem in DFT due to the dif-
ficulties to catch the position of the energetic levels of the
f electrons [77]. Few works studied electron-doped cuprate
superconductors using ab initio techniques. Considering 4 f
electrons in the core level, Bansil and coworkers were able
to obtain the correct insulating groundstate for the undoped
cases [[78480]. We use the PAW with 3 frozen f electrons
for the Nd and without frozen f electrons for the Ce. Using
the PAW without frozen electrons for the Ce, the T’ phase is
always the ground state. Using the PAW with three frozen
f electrons for the Ce, we obtain the stabilization of the T*
phase, but this does not allow the Ce** configuration experi-
mentally observed.

We included the effects of the Hubbard U on the Cu sites.
We scanned the values of Ucy, from 1 to 4 €V for the undoped
and used Jy = 0.15U for the Cu-3d states, and we assumed
the value of Ug, = 3.2 eV because for this value the undoped
T’ phase is a narrow gap semiconductor. The Coulomb repul-
sion was applied also on the rare earth Nd and Ce (4eV) and
O (6eV) but it is much less relevant since these electrons are
far from the Fermi level.

To account for the G-type antimagnetism in Nd,CuO4 we
use a V2 x V2 x 2 supercell with 4 formula units. To in-
vestigate the structural properties as a function of doping, an
additional calculation was done in the overdoped regime at
x = 0.25. Using Vegard’s law, we estimated the lattice con-
stants for z = 0.17, which correspond to almost-optimally
doping (as in our samples). Once we understood the structural
properties, we study the electronic and magnetic properties of
the compound relative to a value of the doping close to the
experimental one. In order to do so, we used a V2 x+/2x3
supercell with 6 formula units. One Ce atom in 6 formula
units will give the concentration of x = 1/6 ~ 0.17. This
supercell can host 3 cuprate layers. However, in order to re-
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FIG. 6. Band structure of the Nd2CuOy. (a) T’ phase with antiferromagnetic order, (b) T’ phase with nonmagnetic atoms, (c) T* phase with
antiferromagnetic order. The value of the Coulomb repulsion is Ucy, = 3.2€V.

produce the T* phase we need an even number of layers. As
a consequence, the V2x/2x%x3 supercell cannot host the T*
phase but it can host the T' phase and a mixed phase with two
T* cells and one T’ cell alternating along the c-axis. In this
article, we call this phase the Tsc = 2T* + T’ phase.

The most stable configuration of the Ce atoms is obtained
when the Ce atoms are far from each other. This means that
during growth the Ce atoms have a tendency to avoid each
other, which points to a homogeneous distribution of these Ce
atoms during the growth. In the most stable configuration of
the T* phase, the Ce atoms are not in the apical oxygen layer.
In the most stable configuration of the mixed Tsc phase, the
Ce atoms are closer to the CuO, layers of the T” cell.

Appendix D: DFT study of undoped Nd2CuO4

In this Section, we present the results of the undoped
Nd2CuOy4. The T’ and T* phases of the Nd2CuQ,4 have the
same stoichiometry but a different atomic position of the oxy-
gen atoms and consequently of the atomic layers. The T’
phase consists of 4 atomic layers CuO2/O/Nd2/O while the
T* contains 3 atomic layers CuO2/NdO/NdO. The different
atomic composition of the atomic layers has a large influence
on the lattice constant ¢ and consequently on the in-plane lat-
tice constant too. Considering just the effect of the packaging,
we would expect that the T’ phase with 4 atomic layers should
have a larger c lattice constant, but we also need to consider
the effect of the charge. In an oversimplified ionic picture,
the CuO; layers have a total charge —2, the O layers have a
charge —2, the Nd. layers have a charge +6 while the NdO
layers have a charge +1. Therefore, the 4 layers of the T’
phase have charge —2/ — 2/ 4+ 6/ — 2 while the 3 layers of
the T* phase have —2/ + 1/ + 1. Due to the greater charge,
the 4 layers of the T’ phase attract each other much more than
the 3 layers of the T* phase resulting in a shorter c-axis of
the T’ phase. Therefore, there is an interplay and competi-
tion between the charge and the volume effect; as a result, the
T’ phase has a shorter c-axis than the T* phase. As a conse-
quence of the shorter ¢, the T’ phase presents a larger value of
the in-plane lattice constant a. This simplified picture was ver-
ified in our DFT results. We performed structural relaxation
for the undoped case for the T” and T* phases. We obtained

a=3.91A and ¢ = 12.12 A for the T’ phase: The total vol-
ume is 92.7 A’ per formula unit. We obtained a = 3.83 Aand

¢ = 12.34 A for the T* phase: The total volume is 90.3 A’
per formula unit.

The Cu states in T* are more ionic due to the larger num-
ber of nearest-neighbor oxygen atoms, indeed the Cu d or-
bitals are more localized and therefore the T* phase is more
insulating. Instead, the T’ phase is a semiconductor. Once
we fixed the equilibrium atomic positions, we investigate the
electronic properties scanning the value of Ug,. We search
for the critical value of Ug, such that the T’ phase is insu-
lating, we get the value Ug, = 3.2¢V for the T’ phase and
we assume this value for all the following calculations. The
band structure of the semiconducting T' phase is shown in
Fig. [6(a). We have the completely unoccupied upper Hub-
bard band between 0 and +2.2 eV above the Fermi level due
to the 2 — y? orbital in the minority spin channel. The lower
Hubbard band due to the 22 — 2 orbital in the majority spin
channel is completely occupied and entangled with other oc-
cupied Cu d bands. The band structure shows an indirect band
gap with the maximum of the valence band at the X point and
the minimum of the conduction band at the M point. The gap
in the DFT approach is opened by the interplay between Uc,
and the antiferromagnetic order: Indeed, the T’ phase without
magnetism shows a metallic phase with robust holes at the X
point as shown in Fig.[f[b). In the nonmagnetic phase, we also
have a nonsymmorphic symmetry that produces a double de-
generate band along the MX direction and a semi-Dirac point
in X. Performing the antiferromagnetic calculation for the T*
phase, we obtain the band structure shown in Fig. [6{c). The
band structure of the T* phase shows a larger band gap and
flatter Cu d bands, but for the rest, we have the same proper-
ties as in the T phase.

At Ugy = 3.2¢€V, the energy difference between the anti-
ferromagnetic and the nonmagnetic phase is 22 meV per for-
mula unit for the T’ phase and 70 meV per formula unit for
the T* phase. Therefore, the T* phase has a larger gap and
its antiferromagnetic ground state is more robust. Increasing
the value of U, the antiferromagnetic phase will become more
stable but the scenario described here does not change quali-
tatively.
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