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Magnetic phases of electron-doped infinite-layer Sr1−xLaxCuO2
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The magnetic phases of electron-doped infinite-layer Sr1−xLaxCuO2 are elucidated by first-principles density
functional calculations. The antiferromagnetic parent state, metallic transition, as well as lattice evolution with
doping and pressure are found to be consistent with experiments. The specific heat coefficient γ , magnetic
exchange coupling J , as well as the density of states at Fermi level N (0) of low-energy states with multiple
magnetic configurations are investigated. We highlight a subset of such states in which we note an increase in
N (0) to suggest the interesting effects of magnetic fluctuations and La substitution on the electronic structure of
this material.
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I. INTRODUCTION

Superconductivity can be achieved by doping cuprates with
electrons from the antiferromagnetic (AFM) phase [1]. As this
phase coexists with superconductivity at low doping levels, in-
vestigating its behavior in this region is beneficial for gaining
insights on the latter [2–7]. Experiments on electron-doped
cuprates have been mostly performed on RE2−xCexCuO4

compounds. Unfortunately, the magnetic rare-earth (RE)
atoms can mask the information from the CuO2 plane [7].
The Sr1−xLaxCuO2 (SLCO, see Fig. 1) is an interesting al-
ternative, having a simple infinite-layer tetragonal structure
(space group P4/mmm) free from the aforementioned issue.
However, direct investigation of its AFM order from neutron
scattering techniques is not yet possible due to the absence
of single crystals. Nevertheless, its intriguing properties con-
tinue to be revealed from indirect measurements performed
on polycrystalline and thin-film samples [8–13]. For example,
the presence of AFM order has been deduced from the nuclear
magnetic resonance (NMR) wipeout effect and analysis of its
linewidths [10]. The angular magnetoresistance (AMR) has
also been used as a similar probe [7,9,14]. At low fields, an
AFM alignment along the Cu-O-Cu direction prevailed at low
x, whereas a state with mixed orientations could be found with
increasing x [7,9].

First-principles calculations based on density functional
theory (DFT) are useful for complementing experimental in-
vestigations. In contrast to the local density or generalized
gradient approximations (LDA/GGA), accurate descriptions
of the AFM state have recently been achieved with the
strongly constrained and appropriately normed (SCAN) func-
tional [15] for several parent compounds and hole-doped
cuprates [16–20] without invoking the empirical Hubbard
U coefficient, which otherwise limits the predictive power
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of the theory. A comparison study of various functionals
in La2−xSrxCuO4 [21] also suggested SCAN as a preferred
option to the costlier HSE06 hybrid functional [22]. Unlike
SCAN, the hybrid functional was shown to inaccurately pre-
dict gapped states for both the parent and doped compounds,
thus missing the insulator-to-metal transition [21]. Interest-
ingly, SCAN also predicts a landscape of competing AFM and
stripe phases in the hole-doped cuprate, YBa2Cu3O7 [18]. The
different Cu spin orders in these phases are expected to mix at
finite temperatures, resulting in fluctuations in the pseudogap
phase where superconductivity is believed to emerge from in
this material [18].

If the competing phases are universally responsible for
the rich physics of cuprates, one naturally wonders if they
manifest in some forms of exotic AFM phases in the electron-
doped compounds given that there is still little experimental
evidence for stripes formation in those materials [4]. In addi-
tion, a large part of pseudogap phenomena in electron-doped
cuprates is believed to be tied to AFM correlations [4].
Granted, the description extracted from DFT calculations is
limited to the normal-state properties, and one should be
cautious to not make quantitative predictions on superconduc-
tivity only from such results. Nevertheless, we believe it may
be reasonable to consider the predicted normal-state behaviors
as potential insights given the close-yet-subtle relationship
between the two phases. For example, the evolution of experi-
mentally measured superconducting transition temperature Tc

from underdoped Bi2Sr2CuO6+δ (Bi2201) and near optimally
doped Bi2Sr2CaCu2O8+δ (Bi2212) cuprates with pressure can
be qualitatively explained by comparison with the pressure
dependence of the density of states at Fermi level, N (0), from
DFT calculations [23].

Following this line of thought, we hereby present sev-
eral intriguing, low-energy AFM states in doped SLCO from
total-energy calculations performed in a similar manner to
Ref. [18] with some extensions. First, instead of considering
all low-energy states altogether, we strive to identify only
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FIG. 1. The unit cell of Sr1−xLaxCuO2 (SLCO) with the atoms
occupying Sr/La, O, and Cu sites represented by green, red, and blue
spheres, respectively.

the states deemed favorable for a desired phenomenon (e.g.,
superconductivity). We consider N (0) to be related to the
likelihood of pair formation and treat it as a simple screening
criteria based on its qualitative correlations described in lit-
eratures [23,24]. However, we remark that N (0) should by no
means be considered as a sole and final screening criterion and
we hope future works will continue towards finer searches of
the relevant states. Second, the low-energy states with higher
N (0) than the ground state are noted to be intermixtures of
single-phase states (e.g., the “G” or “C” state in Ref. [18]).
This finding is confirmed across multiple doping and pressure
levels, whereas Ref. [18] considered only one doped com-
position (YBa2Cu3O7) at ambient pressure. This observation
regarding multiphase states is interesting since similar cases
were found in manganites, where coexistence of magnetic
phases has been used to explain the emergence of colossal
magnetoresistance [25].

Briefly, our results are presented as follows. First, we de-
scribe the ground-state properties of the parent compound
in Sec. III A. Lattice structure evolution and metallic phase
transition upon doping are presented here. Next, we summa-
rize total-energy calculations at x = 0 and 0.125 of structures
with different spin alignments relative to the lattice vectors
in Sec. III B for comparison with the AMR results [7,9]. In
Sec. III C, we highlight several multiphase states in doped
SLCO which lead to analysis of two features:

(1) The enhancement of N (0) as a direct result of Cu
magnetic fluctuations.

(2) A less seen effect of dopant substitution elucidated by
the states consisting of both magnetic and nonmagnetic CuO2

planes.
These multiphase states are benchmarked with estimation

of relevant parameters, e.g., the magnetic exchange coupling
J and specific heat coefficient γ , which agree with the ex-
pected values from experiments. Finally, we show how the
ground state and the multiphase states evolve under applica-
tion of external pressures in Sec. III D to conclude this brief
study.

II. COMPUTATIONAL METHODS

Generally, we follow the preceding SCAN studies for
cuprates [16–20]. Calculations are performed with the pseu-

dopotential projector augmented-wave (PAW) method [26]
implemented in the Vienna ab initio simulation package
(VASP) [27,28] with an energy cutoff of 550 eV for the plane-
wave basis set. Exchange–correlation effects are treated using
the SCAN meta-GGA scheme [15]. Structures are optimized
using blocked-Davidson and preconditioned conjugate gradi-
ent algorithms with an atomic-force threshold of 0.01 eV/Å
and a total-energy threshold of 10−5 eV. �-centered k-point
mesh with spacing of 0.12 Å−1 is used for structure optimiza-
tions. We tighten the energy threshold to 10−8 eV and utilize
denser k-point meshes (0.08 Å−1 or less) in total energy and
density of states calculations using the tetrahedron method
with Blöchl corrections [29]. Most of the calculations are
performed in collinear mode. For comparison with the AMR
results [7,9], noncollinear calculations that consider spin-orbit
coupling effects are performed at x = 0 and 0.125 to compute
the magnetic anisotropy energy (MAE), defined as

MAExyz = Exyz − Ec, (1)

where Exyz and Ec are, respectively, the total energies calcu-
lated with magnetic moments on copper sites aligned along a
direction shown by [xyz] and along the c axis in the coordinate
system depicted in Fig. 1. To match with Refs. [7,9], we con-
sider MAE calculations for AFM alignments along either side
of the CuO2 plane (Cu-O-Cu line) and along the face diagonal
of the CuO2 plane (Cu-Cu line), respectively. Electron doping
is achieved by substituting trivalent La on divalent Sr sites
using the supercell method.

We perform our calculations with several ferromag-
netic and antiferromagnetic states described in Ref. [30] as
“A”-type, “B”-type magnetic order, etc. This nomenclature
has also featured in recent works across different materi-
als [18,31]. We also compute the nonmagnetic “N” state as
an additional energy reference, given the robustness of this
state in self-consistent calculations. We attempt these cal-
culations in supercells in various sizes (

√
2 × √

2 × 2, 2 ×
2 × 5, 4 × 4 × 2, etc.) to moderately balance the coverage
of initial states and the computational cost. We emphasize
that our collinear calculation for the magnetic states is not

FIG. 2. Schematics of the (a) “G” and (b) “C” AFM configura-
tions in a

√
2 × √

2 × 2 supercell. The AF moments are drawn to
align normal to the CuO2 plane for simplicity. Blue and red spheres
represent Cu and O atoms. Sr atoms have been omitted for clarity.
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FIG. 3. A schematic energy diagram of our search. The AFM
G, C, and nonmagnetic states are robust. Most of our calculations
from various starting conditions converge into these single-phase
states, which we illustrate with deep arcs (large curvature). The
ground state is drawn with solid curves to indicate its position as the
most stable state. The multiphase states are low-energy states that
our calculations may end up converging into, given suitable initial
parameters. These are drawn in shallow arcs (small curvature). We
search for such local minima with increased DOS at Fermi level,
N (0).

a constrained magnetic calculation (which would otherwise
be a noncollinear calculation and require a penalty func-
tional) [32]. Thus, despite the different initial states, most
of our calculations converge into the lowest-energy G and C
configurations [Figs. 2(a) and 2(b)]. They have similar ener-
gies and the configurations differ only in whether interplanar
AFM order is present. These states are also the AFM states
with lowest energy for Y-based cuprates in Ref. [18]. More-
over, we do expect a number of local minima beyond these
single-phase magnetic states to which our self-consistent op-
timizations can converge at suitable conditions. In addition
to finding the ground state with the robust preconditioned
conjugate gradient algorithm, local minima can also be found
using the blocked-Davidson scheme as long as convergence
is reached. As the latter scheme is not robust for finding the
ground state, we use it to conveniently find nearby local min-
ima in standard self-consistent calculations. We utilize this
method in a screening procedure as illustrated in Fig. 3 where
we look for interesting changes of the electronic structure
[e.g., a higher N (0) value] in these local minima [25,33].

III. RESULTS AND DISCUSSIONS

A. Doping the parent compound: Metallic phase transition
and lattice parameter evolution

The optimized lattice parameters of the parent compound
take the value of a = 3.910 Å, c = 3.444 Å, which are less
than 1% away from the experimental values (a = 3.927 Å,
c = 3.435 Å) in Ref. [34]. These values are insensitive to the
choice of magnetic configurations. The ground state is the G
configuration, with the C and N configurations lying 3.28 and

FIG. 4. The plotted band structure for SLCO with x = 0 (blue)
and x = 0.25 (orange) [35]. Only the spin-up bands are shown. The
Fermi level is set to zero. A metallic phase transition with electron
doping character is achieved.

59.11 meV above it. The magnetic moment at copper site is
calculated by integrating the magnetic moment within a PAW
sphere of radius 1.164 Å, as set by the pseudopotential for Cu.
For the parent compound, this is approximately ±0.47µB per
atom.

The band structure of the parent compound is plotted in
Fig. 4 (blue lines). The low-energy bands are primarily of
Cu 3d and O 2p orbital characters, as commonly found in
cuprate compounds [5,17]. A band gap opens when AFM
order exists. For the ground state with G configuration, an
indirect band gap of approximately 0.35 eV exists between the
R and A points of the first Brillouin zone of this

√
2 × √

2 × 2
cell. The energy difference between the highest valence band
and the lowest conduction band at R and A points are 1.41
and 1.47 eV, respectively. The smallest direct gap of approx-
imately 1.1 eV exists at the M point. Interestingly, when
the structure takes the C configuration, the energy difference
between the highest valence band at the X point and the lowest
conduction band at the M point decreases to approximately
0.2 eV and becomes the effective indirect gap. Since the
C configuration only has in-plane AFM order, this suggests
the importance of interplanar interactions for the electronic
structure of this material. Metallic phase transition is achieved
by doping the parent structure, as exemplified for x = 0.25
(orange lines in Fig. 4) where 1 La has been substituted for
Sr in a

√
2 × √

2 × 2 supercell. The band gap closes and the
Fermi level moves to higher energy, indicative of a transition
enabled by electron doping.

Subsequently, we expand the supercells to simulate lower
La concentrations. The relaxed lattice parameters evolve with
x as shown in Fig. 5, where the doped compounds are metallic.
The value of the lattice parameters and their x dependence
are in good agreement with experiment [34]. The shrinking c
parameter can be explained by the substitution of Sr2+ (ionic
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FIG. 5. The lattice parameters versus La concentration x. The
open (closed) symbols denote DFT values without (with) magnetic
order. Experimental values are from Ref. [34].

radius 1.26 Å) by the trivalent La3+ (ionic radius 1.16 Å) in
the doped compounds while the a parameter expansion has
to do with electrons being doped into the antibonding σx2−y2

orbitals within the CuO2 plane [36]. Overall, the cell volume
per formula unit increases slightly by 0.1745 Å3 (0.33%)
from x = 0 to 0.125. The LDA, on the other hand, signifi-
cantly underestimates the lattice parameters, which may be
ascribed to the well-known problem of “overbinding.” This
better agreement for SCAN is not attributed to magnetism, as

FIG. 6. The top view of AFM supercells for the magnetic
anisotropy energy study. Blue and red spheres represent Cu and O
atoms. Black vectors represent the sign of magnetic moment at Cu
sites. Dashed lines indicate the direction along the Cu-O-Cu bond.
Structures with AFM order aligned within the CuO2 plane along the
(a) Cu-Cu and (b) Cu-O-Cu directions are shown.

TABLE I. Magnetic anisotropy energy (MAE) per Cu atom of
Sr1−xLaxCuO2 for the AF in-plane alignments along the Cu-Cu
[Fig. 6(a)] and Cu-O-Cu [Fig. 6(b)] directions. Values are in meV
and relative to the total energy for AF alignments along the c axis
(normal to the CuO2 plane)

Alignment x = 0 x = 0.125

Cu-O-Cu −0.022 +0.017
Cu-Cu −0.002 +0.020

our SCAN structures yield similar values for both magnetic
and nonmagnetic cells. Instead, this showcases how the LDA
and SCAN functionals treat bonds between atoms differently;
indeed, accurate description of interatomic bonds is one of the
focus areas of SCAN in its construction [15].

B. Magnetic anisotropy energy

Several noncollinear magnetism and spin-orbit coupling
calculations are performed at x = 0 and 0.125 to determine
the preferential AF alignment direction of Cu, in comparison
with the x = 0.12 samples measured in the AMR experi-
ments [7,9]. We assume that these experimental results at low
fields also reflect the most favorable alignments in the zero-
field limit, and we verify them with total-energy calculations
in this work. We use Eq. (1) for the respective alignments
(Fig. 6) and summarize the results in Table I.

The MAE in cuprates is known to have small values.
For example, the Li-based cuprate Li2CuO2 has values
between 0.045–0.078 meV per Cu atom, determined from
magnetization jump and neutron scattering experi-
ments [37,38]. Hence, our computed MAE value ≈0.02 meV
per Cu atom is quite reasonable. The results indicate a
preferential in-plane spin alignment along the Cu-O-Cu
direction over the other directions for x = 0, and along
the c axis at x = 0.125. The small MAE suggests that it
should be fairly common to obtain samples with either
alignment, subject to synthesis conditions. The apparent
degeneracy of in-plane orientations (along the Cu-Cu and
Cu-O-Cu directions) suggests a less rigid AFM order in the
doped compounds, which agrees with the AMR reports of
Refs. [7,9].

C. Low-energy magnetic phases in doped SLCO

The total energies of relaxed structures relative to the mag-
netic G state are summarized in Table II with normalized
values per Cu atom. The G state is always more stable than
the nonmagnetic N state, but electron doping progressively re-
duces their energy difference. Additionally, multiphase states
(e.g., G + N state), with energies lying between the non-
magnetic and single-phase G state can be found in the doped
compounds. The C state is generally very close in energy to
the G state, considering the resolution of these calculations.
Because the C state does not improve the values of N (0)
with respect to the G state, we use the latter as reference
for analysis of the multiphase states. As mentioned in the
Introduction, multiphase states that do not satisfy the DOS
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TABLE II. Total energy E per Cu atom of Sr1−xLaxCuO2 relative
to the magnetic G state in units of meV. The values for each x
are computed on

√
2 × √

2 × 2, 4 × 4 × 2, 2 × 2 × 5, and
√

2 ×√
2 × 4 supercells, respectively. The nomenclature (G, C, E) follows

Ref. [30]. Only multiphase states with increased N (0) are shown. At
x = 0.1 and 0.125, the G+N state with nonmagnetic planes located
closer (further) from the dopant site is denoted by normal (bold)
fonts.

Config. x = 0 x = 0.0625 x = 0.1 x = 0.125

N +59.11 +50.54 +47.30 +37.85
C +3.28 −0.09 −0.13 −0.19
Multiphase +10.64 +14.62

(G+C+N) (G+N)
+31.77 +14.03 +22.79
(G+E) (G+N) (G+N)

+31.93
(G+N)

and total energy criteria: N (0) > NG(0); EG < E < EN have
been omitted from Table II.

1. Magnetic moment fluctuation and the DOS at Fermi level:
A study of the ‘G + E’ state at x = 0.0625

In Fig. 7(a), we highlight the low-energy G+E state found
at x = 0.0625. This multiphase state is similar to the single-
phase G state, except that the magnetic moments at the corner
Cu sites are sign reversed (orange vectors). The size of mag-
netic moments at copper sites is also less uniformly distributed
in the cell: the G state has magnetic moments at copper site of
±0.396 − 0.412 µB per atom while the G+E state has mag-
netic moments at copper sites of ±0.309 − 0.394 µB per atom.

We show the density of states from the G and G + E
state in Fig. 7(b). N (0) is enhanced by almost 73% in the
G+E state relative to the G state. Moreover, a peak exists
close to EF with NG+E(−0.035 eV) ≈ 3NG(0). According to
atom-resolved DOS, this increase originates from the corner
Cu sites. We have plotted the DOS for both spins from a single
Cu atom at these sites in the inset of Fig. 7(b). The Cu site
with a negative magnetic moment value (blue curve) has a
peak for the spin-up DOS (upper half of the inset figure) at
the Fermi level and vice versa (orange curve). Considering
its low-energy nature, this result suggests an enhancement
mechanism for N (0) arising from magnetic fluctuations. At
finite temperatures, the single-phase ground state would mix
with the low-energy states and then the Cu states will be
shifted towards the Fermi level with an effect of enhancing
N (0). This may help to improve the conditions for Cooper
pair formation.

Here, the energy difference between G + E and G states is
used to estimate the magnetic exchange coupling parameter J .
We consider the total energy of a periodic supercell containing
N magnetic atoms to consist of a nonmagnetic part E0 and
magnetic part Emag:

E (N magnetic atoms) = E0 + Emag. (2)

FIG. 7. (a) The top view of a 4 × 4 × 2 supercell in the G+E
state for SLCO with x = 0.0625. Yellow, red, and blue spheres repre-
sent La, O, and Cu atoms. Sr atoms have been omitted for clarity. The
magnetic moments are drawn along the CuO2 plane for simplicity.
The orange vectors illustrate the magnetic moments at corner sites,
for which an E-type magnetic order [30] can be observed. Dotted
lines mark the Cu-O bonds. (b) The DOS normalized per Cu atom of
G and G + E states. The Fermi level is set to zero. Only the spin-up
DOS is shown. Inset: The DOS from single Cu atom located at the
corner sites in the G+E state. Upper and lower halves of the inset
illustrate the spin-up and spin-down DOS, respectively. The orange
(blue) curve marks the DOS from sites with positive (negative) mag-
netic moment m.

The following approximation based on spin- 1
2 nearest-

neighbor (NN) 2D Ising model is used for Emag:

Emag = No. of FM NN pairs ×
(

J

4

)

+ No. of AFM NN pairs ×
(−J

4

)
. (3)
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TABLE III. The values for magnetic exchange coupling parame-
ter J per Cu atom for cuprate systems.

System T max
c (K) J (meV) Remark

Nd-CCOa 24 126, 155 Expt. [39,40]
Pr-CCOa 22 106, 130, 121 Expt. [39–41]
Sm-CCOa 20 110 Expt. [42]
Bi2201b 34 143 Expt. [43]
La214b 39 133 (138) Expt. [40] (DFT [17])
IL-SLCOa 42 127 DFT (this work)

aElectron-doped cuprates.
bHole-doped cuprates.

The energy difference of these states can be computed as

�EG+E,G = �E0 + �Emag ≈ J

4
× {�[No. of FM NN pairs]

− �[No. of AFM NN pairs]}, (4)

where �E0 � �Emag is assumed based on their similar
atomic configurations. Going from the G state to G+E
state for the supercell of 32 magnetic Cu atoms as de-
picted in Fig. 7 involves changing 16 pairs from AFM to
FM ordering. Therefore, �(No. of FM NN pairs) = 16 and
�(No. of AFM NN pairs) = −16, which gives

�EG+E,G(32 Cu atoms) = 8J. (5)

We normalize this formula to work with the values listed in
Table II:

J = 4 × (
Eper atom

G+E − Eper atom
G

) = 127.08 meV (6)

which is comparable with measurements of other cuprates
possessing similar superconducting transition temperature
(Tc) values (Table III).

2. A secondary dopant effect elucidated by combinations
of magnetic and nonmagnetic phases at x = 0.1 and 0.125

An enhancement of N (0) can be achieved also by intermix-
ing some nonmagnetic planes in the AF system. However, we
note that in general, a purely nonmagnetic N state has a higher
N (0) than the AF G or C states. There are interesting exper-
imental reports on layered cuprates [44,45] consisting of a
mixture of superconducting and AF-ordered planes. However,
our method does not have the capability to precisely distin-
guish among the nonmagnetic states the configuration that
will likely correspond to the superconducting states observed
in those reports. Instead, here we will study the appearance
of these nonmagnetic Cu sites in our low-energy multiphase
systems toward elucidating a secondary role of the La dopant
substitution made accessible by our supercell method.

The substitution of a dopant atom to a parent cuprate sys-
tem is intended to alter the charge distribution in the CuO2

planes. For example, the replacement of divalent Sr with the
trivalent La in SLCO adds an electron to the unit cell, resulting
in an electron-doped cuprate system. The additional charge
carrier moves into the CuO2 planes and weakens the AF order.
If sufficient charge is added, an originally magnetic plane can
become a completely nonmagnetic one. Typically, the CuO2

planes closest to the dopant site have their AF order weakened
the most, thus resulting in a magnetic moment distribution in

FIG. 8. An illustration of the 2 × 2 × 5 supercell in the G+C+N
state for SLCO with x = 0.1, viewed along the CuO2 plane. Yellow,
red, and blue (white) spheres represent La, O, and magnetic (non-
magnetic) Cu atoms. Sr atoms are omitted for clarity. The magnetic
moments are drawn normal to the CuO2 planes for simplicity.

which the magnitude increases with distance. This is what we
refer as the “primary” effect of the dopant substitution, seen
in experiments involving layered cuprates where equivalency
between the so-called “inner” and “outer” CuO2 planes are
broken in terms of the AF moment size [44,45]. A grad-
ual distribution of AF strength as a function of distance to
the dopant in this fashion is what we also observe in our
doped systems in the G or C states. In our low-energy states,
however, some deviations from the distribution mentioned in
the previous paragraph are noted.

First, we highlight the G + C + N state in a 2 × 2 × 5
supercell in Fig. 8 located 10.64 meV above the G refer-
ence state. It consists of the nearest CuO2 planes surrounding
the La dopants in C magnetic configuration (m ≈ ±0.33 µB),
sandwiched by planes taking G ordering (m ≈ ±0.41 µB).
However, we find a nonmagnetic plane every four CuO2

planes, resulting in a domainlike form instead of a continuous
G pattern. The AFM order thus appears inhomogeneously in
a short length scale; this may be related to the loss of NMR
intensity in Ref. [10]. N (0) is slightly increased by approx-
imately 22% to 0.22 states/(eV · spin · Cu atom) relative to
the G state. This G+C+N state is also found when the two
La dopants are placed in separate layers in the

√
2 × √

2 × 10
cell with similar E and N (0) values. Furthermore, we can also
compute the Sommerfeld parameter γ of electronic specific
heat, defined as [46]

Cel(T → 0) = γ T, (7)

γ = 2
3π2k2

BN (0), (8)

where the DOS at Fermi level N (0) is defined per atom and
per one spin direction. This quantity in the normal state ex-
trapolated to zero temperature can be estimated from N (0) of
a computational cell containing X formula units [46]:

γ 0
n (mJ/K2 mol) ≈ 2.36 × 2N (0)(state/eV · X ). (9)
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FIG. 9. The
√

2 × √
2 × 4 supercell in the G+N state for SLCO

with x = 0.125 with the nonmagnetic sites being closer (a) and
further (b) from the dopant site. The Sr atoms are omitted for clarity.
Yellow, red, and blue (white) spheres represent La, O, and magnetic
(nonmagnetic) Cu atoms. The magnetic moments are drawn normal
to the CuO2 planes for simplicity. (c) The total DOS (in black) for
G + N state from (b). The Fermi level is set to zero. Projected DOS
to the Cu d and O p orbitals from magnetic and nonmagnetic planes
are shown in blue and red traces, respectively.

Reference [47] measured the Sommerfeld parameter of SLCO
(x = 0.1) to be 1.04 ± 0.01 (mJ/K2 · mol). We note a rea-
sonable agreement between the experimental value with our
estimation of 0.918(0.869) and 0.996(1.053) mJ/K2 · mol for
the G and G+C+N states with

√
2 × √

2 × 10 (2 × 2 × 5)
cells, respectively.

Next, we discuss the G+N state. Figures 9(a) and 9(b)
illustrate this state in the

√
2 × √

2 × 4 cell for x = 0.125.
There are an equal number (2) of magnetic and nonmagnetic
planes in the two cases. However, the configuration with non-
magnetic planes closest to the dopant site [Fig. 9(a)] has a

lower total energy than the opposite one depicted in Fig. 9(b)
(14.62 meV vs 22.79 meV above the reference state). This
may be due to difference in AF strength of the magnetic planes
[m ≈ ±0.41 µB in Fig. 9(a) vs m ≈ ±0.33 µB in Fig. 9(b)]
caused by their respective distance from the dopant site. The
DOS for the G+N configuration is shown in Fig. 9(c). Here
we take the configuration in Fig. 9(b) as an example. The non-
magnetic and magnetic layers contribute distinctly to the total
DOS. For example, a gap exists around E − EF ≈ −0.5 eV
only on the G layers (blue traces) and not on the N layers (red
traces). The gap displacement to a lower energy is consistent
with the electron-doping condition. We note a 40.6% increase
of N (0) for the G+N state relative to the reference state. The
appearance of nonmagnetic planes may reflect the spin dilu-
tion effects in which electron-doping results in replacement
of some Cu2+ by Cu+ spinless ions, as also suggested in the
AMR studies in Ref. [7]. The location of the nonmagnetic
planes away from the dopant site, as depicted in Fig. 9(b),
is interesting. It deviates from the “primary” effect discussed
earlier, according to which the closer planes should be more
likely to lose their AF order than the further ones. We try to
comprehend this in the next paragraph.

From Fig. 3, we may think of achieving the G+N state
in Fig. 9(b) starting from the nonmagnetic N state and re-
placing the nonmagnetic planes closest to the impurity site
with magnetic planes. The total energy is thus reduced by the
AFM order. To complete this picture, we need to address how
magnetism can be introduced near the La impurity site in this
case. The substitution of La does not only alter the number of
valence electrons. It also breaks the symmetry of the parent
compound and introduce disorders in the SLCO structure due
to difference in atomic size, bond length, bond angle, etc.,
with the parent structure. Experimentally, cases of magnetic
moments induced by impurities in other cuprates have been
reported [48]. On the other hand, disorders have also been
studied theoretically with t-J model calculations to be capa-
ble of pinning local antiferromagnetic regions near impurity
sites in underdoped cuprates [49]. This subtle, “secondary”
effect of substitutional disorder may not generally manifest
itself for structures in the ground state, where the primary
effect is expected to be dominant, but it may be observed in
higher-energy states. This is consistent with our total-energy
calculations (Table II) for the two G+N states in Fig. 9, where
the state in Fig. 9(b) that represents this idea has a slightly
higher energy than the state in Fig. 9(a). Nevertheless, we
stress that this explanation is only an attempt to understand
the results in Fig. 9(b). The task of validating the t-J model
applicability of Ref. [49] to SLCO system is, however, beyond
the scope of this paper. We hope our findings here would incite
further studies of impurity effects in the magnetic phases of
cuprates.

Having introduced the low-energy multiphase states in the
previous pages, we finish this subsection with a few comments
on stability based on total-energy calculations in Table II, sim-
ilar to Ref. [18]. The highlighted multiphase states in this pa-
per exist in the doped compounds between the lowest-energy,
single-phase G or C states and the nonmagnetic state. The
multiphase states individually have different energies, there-
fore, some are more likely to be converged into (more “sta-
ble”) than the others in a variational total-energy calculation.
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FIG. 10. The density of states at Fermi level N (0) and the es-
timated specific heat coefficient γ 0

n for Sr0.875La0.125CuO2 in the G
(closed symbols) and G+N (open symbols) states under hydrostatic
(Pall), in-plane (Pab), and uniaxial c-axis (Pc) compressions.

We tried comparing them (G+E, G+C+N, etc.) for the same
x value to verify this notion. Additional calculations initial-
ized with these states across x values and supercell sizes
are thus performed. Although these attempts often converged
into the more robust G, C, or N states, we had some suc-
cess in, for example, obtaining the two types of G+N state
in x = 0.1 with the 2 × 2 × 5 supercell. Their energies are
slightly higher than the G+C+N state as indicated in Table II.
In turn, the G+C+N state was also found at x = 0.0625
with

√
2 × √

2 × 8 supercell but with a slightly larger energy
difference and no improvement in N (0) to the ground state.
The stability of each multiphase state thus varies with x, and
competition of such states may continue to be an interesting
phenomenon for more extensive studies in the future.

D. Pressure effects

Unlike hole-doped cuprates, pressure effects in the elec-
tronic structure of electron-doped compounds are reported
to be much weaker [50–52]. No pressure dependence on Tc

and several other parameters for SLCO are observed up to
1 GPa [53,54]. As far as we know, there is only a report of
small increase of 3 K (≈7%) for SLCO measured at high
pressure of 15 GPa in Ref. [51]. All of the pressure studies
involving SLCO were performed with hydrostatic pressure,
where both a and c lattice parameters get compressed. Uniax-
ial pressure studies on this material have not been available.

Here, we perform electronic structure calculations for
SLCO (x = 0.125) under hydrostatic (Pall), in-plane (Pab), and
uniaxial c-axis (Pc) compressions. The former is executed
with a built-in feature of the VASP code, while the directional
compressions are performed by reducing the respective lattice
parameters by hand. The results are illustrated in Fig. 10,
where we have plotted the values of N (0) alongside their
respective estimation for γ 0

n following Eq. (9) for the G and
G+N [Fig. 9(b)] states. The pressure effects to N (0) are gener-
ally very weak. We note a small increase with uniaxial c-axis
compression Pc, but not Pall or Pab.

Under hydrostatic compressions, the values of a and c are
both reduced as shown in Table IV for the G state. The values

TABLE IV. The lattice parameters for Sr0.875La0.125CuO2 under
hydrostatic compressions.

Parameter 0 5 GPa 10 GPa 15 GPa

a 3.932 3.896 3.866 3.840
c 3.418 3.352 3.295 3.240

for G+N state are highly similar. From these results, the
effects of in-plane compression to the value of N (0) are likely
to be stronger than c-axis compression when both are present.
We look at these results with the evolution of a and c under
doping x shown in Fig. 5. Although the La concentration here
is fixed at x = 0.125, the reduced a (c) is akin to moving
towards lesser (higher) doping. It is possible that introducing
La dopant atoms has an effect similar to applying pressure,
which will be an interesting issue to be studied in the future.

Although N (0) appears to be slightly increasing with Pc,
more studies will be necessary to understand the pressure
dependence of Tc. The changes of N (0) are minute, and the
correlation between N (0) and Tc is more subtle in cuprates
than in the conventional superconductors. On the other hand,
the uniaxial pressure dependence for Tc in electron-doped
cuprates itself is not yet established. For example, studies of
Sm-CCO [55] deduced that decreasing c (a) has small positive
(negative) effects on Tc. However, the study for Nd-CCO
suggested the opposite effect [56]. The effects of uniaxial
compression may also differ in SLCO as it is not isostructural
with these compounds. Hence, we encourage further experi-
mental investigations of uniaxial stress in SLCO.

Finally, the electronic states showcased in this brief work
are examples which do not form an exhaustive list. It is plausi-
ble that other competitive multiphase states may be found with
more extensive calculations. Comprehensive studies of these
interesting states as precursor candidates may be beneficial for
elucidating superconductivity of magnetic origin.

IV. CONCLUSIONS

In this brief work, we study the electron-doped infinite-
layer Sr1−xLaxCuO2 using first-principles SCAN density
functional calculations. The ground-state G-AFM phase in the
parent and doped compounds is investigated to confirm the
expected doping-induced behaviors known from experiments,
such as the metal-insulator transition, lattice parameter evo-
lution, and magnetic anisotropy energies. The main results of
this paper arrive from our investigation of low-energy, multi-
phase states in the doped compounds. Analysis of the G+E
state at x = 0.0625 suggests that magnetic fluctuations may
lead to a higher density of states at Fermi level, N (0). Fur-
thermore, our inspection of the multiphase states consisting of
magnetic and nonmagnetic CuO2 planes gives an impression
that in addition to providing charge carriers that weakens the
AF order in the ground state, the La substitution may also
induce AF regions in the otherwise nonmagnetic system at
higher energies from the disorders that it creates. Our esti-
mation of commonly measured quantities derived from these
states, such as the magnetic exchange coupling parameter J
and the specific heat coefficient γ , is in good agreement with
experiment. Finally, we note a small positive effect of uniaxial
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c-axis compressions on the value of N (0) for both single-
phase and multiphase states. We believe that further studies
of exotic magnetic states may help explain the mechanism for
various correlated phenomena of these materials in the future.
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