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ABSTRACT

The subclass collinear antiferromagnets that break spin Kramers degeneracy—thereby exhibiting ferromagnet-like properties—offer exciting
opportunities in magnetism, which motivates the expansion of the material base for these so-called altermagnets. Here, we demonstrate that
Ruddlesden-Popper and perovskite phases offer a rich material platform for altermagnetic behavior. Using first-principles calculations, we
demonstrate altermagnetism in prototypical nickel-based compounds such as La,NiO, and identify additional candidates, including the
superconducting La;Ni;O; and the multiferroic BiFeOs. These materials span insulating, semiconducting, and metallic conduction types,
with computed nonrelativistic spin splittings reaching up to 250 meV. Our analysis further reveals the presence of accidental nodes and dis-
tinct spin-momentum texture topologies at the Brillouin-zone boundary, suggesting a refined classification beyond the initial d-wave and ¢
higher even-parity wave classes. Additionally, we address formal inconsistencies in the traditional classification of magnetically ordered ;
systems, proposing resolutions within the altermagnetic framework. Finally, we highlight the potential for altermagnetic behavior of ferri-
magnets and weak ferromagnets, broadening the scope for future exploration.
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I. INTRODUCTION (AFM) order can be higher and the zero net magnetization
obtained in this case eliminates undesired stray magnetic fields.
These are critical requirements for miniaturized spintronic technol-
ogies with faster devices.

Here, we introduce the rich series of Ruddlesden-Popper
phases as a versatile playground for altermagnetism, including
their perovskite end members. These phases have the general
: X 5 chemical formula A, ;A5B,X3,11 (ABX; in the n =oco limit),
ear antiferromagnets lacking such a degeneracy. =~ These systems,  \here A and A’ are alkali, alkaline-earth, or rare-earth metals, B
termed altermagnets,””*" offer new exciting perspectives in magne- is a transition metal, and X is an anion such as O or F, for
tism by combining the best of two worlds."**’ On the one hand, example. The ideal crystal structure of these materials is illus-
their spin splitting enables them to display ferromagnetic(FM)-like  trated in Fig. 1(a). It displays n perovskite-like layers in which the
responses that can be useful for spintronic applications. These B atoms are surrounded by X octahedra, which are further

Ferromagnets and collinear antiferromagnets have long been
believed to display fundamentally distinct properties due to the
presence vs absence of Kramers spin degeneracy—that is, the pres-
ence/absence of (nonrelativistic) spin splitting of their energy
bands. However, there is an increasing body of both theoretical and
experimental evidence showing that there exists a subclass of collin-

include anomalous Hall effect, giant or tunneling magnetoresis- sandwiched between two A’X layers that can be regarded as
tance, spin-polarized currents, and magnetooptics. On the other rock salt-type spacers. Similar to the parent perovskites, the
hand, the precession frequencies associated with antiferromagnetic Ruddlesden-Popper phases are prone to structural distortions
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Illl. ALTERMAGNETIC NICKELATES
A. Single-layer AM nickelates

We first consider the representative single-layer nickelate
La,NiO4 (n =1 in the Ruddlesden-Popper series). At room tem-
perature, the crystal structure of this system corresponds to the
orthorhombic Bmab space group with tilted oxygen octahedra.’
The Ni atoms are at the 4b Wyckoff positions and display a G-type
AFM order as can be described within the crystallographic unit cell
as illustrated in Fig. 1(b).”> As a result, the opposite-spin sublattices
are connected by rotation but not by translation or inversion. We
note that La,NiO, is isostructural and displays a similar AFM
order than the cuprate superconductor La,CuQOy, which has been

FIG. 1. (a) Ideal structure of the n = 1, 2, and 3 members of the Ruddlesden—

. . 20 . .
Popper series and (b) example of the structural distortions that generally take previously pointed out as AM.”" The G-AFM order in La;NiOy,
place in these systems. The red/blue balls and octahedra in (b) indicate oppo- however, is different in the sense that the spins point along the x
site spin-reversed sublattices associated with G-type AFM order. direction. This may be relevant in relation to relativistic effects

(which we neglect hereafter).
Figure 2 illustrates the broken spin degeneracy that results

from the collinear G-AFM order in La,NiOy. The spin splitting of
involving the tilting of the anion octahedra such as the one illus- the bands can be expected to scale with the Ni magnetic moment.
trated in Fig. 1(b). Consequently, the emergence of the AFM
order in crystal setups of this type may readily lack the combined
time-reversal and translation or space-inversion symmetries nec-
essary to enforce Kramers spin degeneracy. La,NiO,

We chose prototypical nickelates such as La,NiOy to illus- 0.6F 3
trate the potential of the Ruddlesden-Popper platform in terms
of altermagnetic (AM) materials. In addition to spintronic appli- ok |
cations, our choice is motivated by the distinct fundamental ~ >
interplay that can be expected between altermagnetism and 5 2ol g
unconventional superconductivity,” as the latter has recently a 00— %
been reported in these systems.”” " In addition, to illustrate the ' N
large variety of AM materials that can be found within the - 03l | 3
Ruddlesden-Popper class, we demonstrate the AM character of ’ 2.k ] >
some original mixed-anion variants (X = O/F) and identify addi- I A | A ] %‘
tional materials with other transition-metal atoms hosting AM -0‘6-\—"\/-%\/\—‘: ©
properties (B = Co, Fe, Mn, and Cr). The latter includes perov- A r A
skites such as the prototypical multiferroic material BiFeOs, La NiO,F,
which we propose as a test-bed material in relation to the defining 04
properties of altermagnetism.

. 021 :

Il. COMPUTATIONAL METHODS 5

We performed density-functional-theory calculations using w00 D e -
the all-electron code WIEN2k based on the full-potential aug- 1
mented plane wave plus local-orbitals method (APW+LO).29 We 02k Z
used the structural parameters determined experimentally and
either the local density approximation (LDA) or the generalized 04l
gradient approximation in its Perdew-Burke-Ernzerhof (PBE) e A T A
form for the exchange-correlation functional.’”' The precise
choice will be made. to best re,PrOduce the, P enmel?tal magnetic FIG. 2. Spin-projected band structure of the single-layer nickelates La;NiO,
moments (or according to previous theory if no experimental value and LayNiOsF; in their collinear G-AFM state [see Fig. 1(b)]. The splitting of the
has been reported yet). We used muffin-tin radii of 2.5, 2.0, and “up” and “down” (red and blue) bands is a manifestation of altermagnetism (no
1.60 a.u. for the La, Ni, and O (F) atoms, respectively, and a plane spin-orbit coupling is considered). In the top panel, the inset illustrates the pres-
wave cutoff RyrKinax = 6.0. The integration over the Brillouin zone ence of ac_cidental nodes wherg spin degenerac_:y ig restored. In the bottom
was done using adapted Monkhorst-Pack meshes with a k-point panel, the inset (from Rgf. 34) ilustrates the Brillouin zone of these systems
distance <0.1 A~! and denser meshes for the Fermi and isoenergy and its high-symmetry points (the Ay points in the band plots correspond to dif-

ferent equivalent points).
surfaces.
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Experimentally, this is 1.05up at room temperature (and saturates
to 1.68up at 4K). Using the LDA for the exchange-correlation
functional, we find 1.1up, while using PBE, we obtain 1.3 ug.
However, the maximum splitting of the valence bands is
~161 meV in both cases as summarized in Table I.

Next, we consider the isoelectronic mixed-anion compound
La,NiO3F,, which displays the same type of G-AFM order with the
spins pointing along the small crystal axis.”>’® The crystal struc-
ture, however, is different since the anion-octahedra tiltings are in
antiphase along the out-of-plane ¢ direction. Also, there is an
ordering of F and O atoms at apical and interstitial sites, respec-
tively. As a result, the crystal symmetry corresponds to the ortho-
rhombic Cccm space group with the Ni atoms at the 4e Wyckoff
positions. Yet, La,NiO3;F, should also be AM since the
opposite-spin sublattices are connected by rotation only.

Figure 2 shows the computed band structure for La;NiOsF,.
The splitting of the bands confirms the AM character of this
system, which interestingly is found to be metallic. Experimentally,
the Ni magnetic moment is 0.7, at 10 K.° Using LDA, we find
1.08 ug, which further gives a maximum spin splitting of 86 meV at
the Fermi level. This splitting reaches 112 meV for the bands that
cross the Fermi level and 194 meV for the valence bands. These
values are summarized in Table I.

The mixed-anion strategy can be exploited to optimize alter-
magnetism and metallicity by reducing the previous single-layer
nickelates toward La,NiOsF, which is a candidate route for promot-
ing  superconductivity.””®  The intermediate ~compound
La;NiO3F(;_1/16), in particular, has been synthesized in Ref. 36.
The crystal structure of this system corresponds to the space group
C2/c, where the Ni atoms are at the 4c Wyckoff positions. The
tilting of the anion octahedra is, therefore, supplemented with a
monoclinic distortion in this case. Compared to La,NiO;F,, this
system displays the same type of G-AFM order with a magnetic
moment of 1.62up at 10K, and the order is retained up to higher
temperatures. La;NiO3F(,_1/16), thus, emerges as an additional
metallic altermagnet whose spin splitting is =77 meV (see Table I).

1. Trivial and non-trivial topologies of the spin-
momentum texture at the boundary of the Brillouin
zone

We note that, even if the AFM order in La,NiO4 and
La,NiO;F, is the same, their different crystal structure makes them
qualitatively different in terms of altermagnetism. The Brillouin
zone of AM materials is always divided into an even number of
sectors where the spin splitting is pair-wise reversed (spin compen-
sation). This implies the presence of nodes at which the spin
degeneracy is restored. These symmetry-imposed nodes have previ-
ously been discussed in analogy with unconventional superconduc-
tivity in terms of d-wave (or higher even-parity wave) symmetry.”’
For La;NiO, and La,NiOsF,, these nodes are illustrated by the
spin-projected isoenergy surfaces shown in Table 1. As we see,
these systems display two perpendicular nodal planes associated
with high-symmetry planes of the Brillouin zone. One of them
(ky = 0) is common to both these systems. In La;NiOy, the other
plane corresponds to k, = 0, whereas in La,NiO;F,, it is k, = 0.

ARTICLE pubs.aip.org/aip/jap

This difference traces back to the in-phase vs antiphase
anion-octahedra tiltings displayed by these two compounds.

Interestingly, these two different situations would automati-
cally translate into qualitatively different spin-momentum textures,
not only within the Brillouin zone but also at its boundary. This is
illustrated in Fig. 3. In the case of the two nodal planes at k, = 0
and k; = 0 [Fig. 3(a)], the propagation of the spin splitting to the
second Brillouin zone is such that the whole Brillouin-zone boun-
dary should be nodal. In the case of the two nodal planes k, = 0
and k, = 0 [Fig. 3(b)], in contrast, the spin degeneracy needs to be
broken at some parts of that boundary.

However, we find that the actual situation is a little bit more
complex due to the presence of additional nodes. On the one hand,
we have the presence of accidental nodes as illustrated by the inset
in Fig. 2. These nodes appear in the form of curved surfaces that
determine the eventual number of Brillouin-zone sectors with
reversed spin splitting as sketched in Figs. 3(c)-3(f). On the other
hand, we note that there can be additional nodal lines at the boun-
dary of the Brillouin zone which is eventually determined by
overall magneto-structural symmetry of the system under consider-
ation. This circumstance occurs in La;NiO, along the R-S k-lines
of its Brillouin zone (see inset of Fig. 2 for the R-S k-lines).
Furthermore, these lines turn out to pin the accidental nodes of
this system in such a way that its Brillouin-zone boundary develops
a non-trivial topology of spin-momentum texture. This is sketched
in Fig. 3(c) and further illustrated in Fig. 4. This analysis reveals
the emergence of different topologies of the spin-momentum
texture at the boundary of the Brillouin zone, which can be used to
refine the classification different AM materials (beyond d-wave or
higher even-parity wave classes).

B. Bilayer AM nickelates

As a representative of the bilayer (n = 2) Ruddlesden-Popper ¢

phases, we consider the nickelate La;Ni; O;. The crystal structure of
this system corresponds to the Amam space group with the Ni
atoms at the 8¢ Wyckoff positions.”” Thus, the system displays
rotations of the oxygen octahedra similar to the previous ones.
Interestingly, the application of pressure suppresses these rotations
and  promotes  high-temperature  superconductivity = with
T. = 80 K.* When it comes to magnetism, the situation is less
clear although experimental evidence of spin order at ambient pres-
sure has been reported.*’

Figure 5 shows the computed band structure of La;Ni,O;
assuming the same type of AFM order as for the single-layer case,
which can be the ground state if correlations are weak enough (see
also Ref. 41). The corresponding magnetic moment is 0.58 up using
the PBE functional, and the system remains metallic. The spin
splitting of the bands is 28 meV near the Fermi level and reaches
48 meV further away. This splitting undergoes accidental nodes
also, as illustrated with the Fermi surface shown in Table 1.

C. Perovskite AM nickelates

The n =00 end member of the Ruddlesden-Popper series
corresponds to the perovskite structure. In this case, the distortion
of the ideal cubic structure can generally be anticipated from the
Goldschmidt tolerance factor. The rare-earth RNiOj; nickelates
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TABLE I. Summary of the main AM features of the selected materials within the Ruddlesden—Popper and perovskite series. M and | indicate metallic and insulating conduc-
tion, respectively, according to DFT calculations, while the spin splitting refers to the maximal splitting at the Fermi level (first value, only defined in metals), the maximal split-
ting of the bands crossing the Fermi level (second value, only defined in metals), and the maximal splitting of the valence bands with the energy relative to the Fermi level at
which it happens between brackets (third value). Tyy indicates the magnetic transition temperature at which AM properties emerge (i.e., the Néel temperature).

Spin-projected

Conduction Spin splitting (meV) Fermi/isoenergy surface Tam (K)
La,NiOy (single-layer, n=1) I o] .| 161 (—4.42)
330
La,NiO3F, (single-layer, n=1) M 86 | 112 | 194 (—1.49)
>55
La,NiOsF ;116 (single-layer, n=1) M 77 | 132 | 251 (—0.76)
>100
La;Ni,O; (bilayer, n =2) M 28 | 48 | 121 (-3.92)
~153
I
g
3
3
g
LaNiO, (infinite-layer, 7 = c0) M 9]25] 170 (-1.77) S
(4]
]
3
&
BiNiOj; (perovskite, 1 = o0) I (P1) M (Pbnm) 126 | 149 | 167 (—1.48)
300
PbNiO; (perovskite, n = 00) I ...] ...] 334 (—4.05)
225 (Pbnm) 205 (R3c)
BiFeO; (perovskite, n = c0) I .| -..] 316 (=5.53)

Additional AM materials

(Sr,La),MnQ,, La,CoQ,4, CaRCrO, (R = Pr, Nd, Sm, and Eu)

643
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FIG. 3. Top view of the first Brillouin zone illustrating different types of spin-
momentum textures in Ruddlesden-Popper materials like La,NiOs and
La;NiOsF (red and blue indicate reversed spin splittings). The vertical and hori-
zontal solid lines indicate nodal planes imposed by symmetry (k, =0 and
k, = 0, respectively) while the curved lines represent accidental nodal surfaces.
The nodal planes separate different sectors with broken spin degeneracy whose
propagation to the second Brillouin zone is such that the zone boundary
remains entirely nodal in (a) while it displays a partial breaking of the spin
degeneracy in (b) [gray vs red and blue thick lines]. This trivial vs non-trivial
spin-momentum texture at the Brillouin-zone boundary survives in the presence
of accidental nodes in (d) and (e). In (b) and (e), the edges indicated by the
black dots are nodal lines contained in only one nodal plane (differently from
the nodal line at the zone center, which is contained in two planes). In (c), the
Brillouin-zone boundary displays additional “isolated” lines (black dots) that are
nodal due to symmetry. The pinning of accidental nodal surfaces at such “iso-
lated” nodal lines yields a non-trivial spin-momentum texture at the boundary,
which otherwise would remain as in (a) or (d). Note that this texture in (c) is dif-
ferent compared to (b). Conversely, the pining of accidental nodes to the zone
boundary in (b) or (e) would restore the spin degeneracy as illustrated in (f).
The spin-momentum textures of La;NiO4 and LayNiOsF correspond to (c) and
(e), respectively, while the other panels illustrate additional possibilities that
could be realized in other materials.

belong to this class. These systems are well-known for their
metal-insulator transition, which is accompanied by a structural
distortion and either concomitant or subsequent AFM order.
Specifically, they display a monoclinic P2;/n structure with tilted
oxygen octahedra and two inequivalent Ni atoms at the 2d and 2¢
Wyckoff positions.”” In this structure, the G-type AFM order
would also give rise to altermagnetism. These nickelates, however,
display more complex magnetic configurations where the size of
the magnetic unit cell increases compared with the crystallographic
one. This circumstance implies conventional antiferromagnetism
where spin degeneracy is preserved. Yet, the tendency of these
systems toward the G-AFM order may result in AM fluctuations
(that is, deviations from the magnetic ground state that break spin
degeneracy, even if this is restored in average).

Spin fluctuations are generally believed to be important for
unconventional superconductivity. The latter has been observed in
the reduced form of the above perovskite nickelates.” These so-called
infinite-layer nickelates also have a tendency to display structural

ARTICLE pubs.aip.org/aip/jap
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FIG. 4. Nonrelativistic, spin-projected band structure at the boundary of the
Brillouin zone of the single-layer nickelates La;NiO4 and LaaNiO3F; in their col-
linear G-AFM magnetic state [see Fig. 1(b)]. These band plots illustrate that the
splitting of the “up” and “down” (blue and red) bands associated with AM is pro-
tected in part of the Brillouin zone only. Note that the S point is nodal in
LayNiOy4 but not in LayNiO3F, (while the A¢-Y-A; path is nodal in both cases).

distortions due to geometric effects.*”** In the presence of these dis-

tortions, the theoretical magnetic ground state of these nickelates
implies AM metallic behavior as illustrated for LaNiO, in Table I.

In addition to the rare-earth RNiOj; series and their reduced
counterparts, there exist two other examples of n = co nickelates
whose synthesis, however, has been achieved by means of high
pressure-high temperature processes only. The first one is
BiNiO;."> At ambient pressure, the crystal structure of this system
corresponds to the triclinic P1 space group with tilted oxygen octa-
hedra. These tilts are such that there are four nonequivalent Ni
sites within the unit cell. Theoretically, this enables an imbalance
of the otherwise AFM-ordered spins and, therefore, a ferromagnetic
component of the total magnetization—i.e., ferrimagnetism.
However, the deviations of the individual moments from the
average are in reality very small so that the magnetic configuration
of this system can be approximated very well by assuming collinear
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LaNi,O,

0.2 .

FIG. 5. Nonrelativistic, spin-projected band structure of the bilayer nickelate
LasNi;O; with a collinear G-AFM magnetic state along a path within the
Brillouin zone and at its boundary. While the spin degeneracy is protected
in part of the Brillouin-zone boundary, it is broken elsewhere as a manifestation
of AM.

G-AFM order with perfectly compensated spins."® Thus, BiNiO;
provides an example of the Luttinger-compensated ferrimagnet,
discussed in Ref. 21, in which the ferromagnetic-like properties
should be understood as due to altermagnetism (rather than due to
its net magnetization, since it is virtually zero). Interestingly,
BiNiO; undergoes a P1 — Pbnm structural transition under pres-
sure.”” This transition changes the conduction type from insulating
to metallic so that the AM behavior of this system may be supple-
mented with metallicity. In that case, the computed spin splitting
reaches 167 meV.

The second example is PbNiO;.** In this case, the crystal
structure corresponds to the orthorhombic Pnma space group with
the Ni atoms in the 4a Wyckoff positions. The G-AFM order has
been predicted for this system,’w’30 which, therefore, should be AM
as well. In fact, in our calculations, the computed spin splitting
reaches 334 meV, and its symmetry is illustrated in Table I.

In addition, the crystal structure of PbNiO; can be trans-
formed into a rhombohedrally distorted R3¢ perovskite structure by
heat treatment. This structure lacks inversion symmetry.
Furthermore, the primitive R3¢ unit cell contains two equivalent
Ni-atom positions and this cell corresponds to the magnetic unit
cell for the corresponding G-AFM order. Consequently, PbNiOs is
AM in this R3¢ structure also.

IV. ADDITIONAL MATERIALS

In the following, we further argue that Ruddlesden-Popper
and perovskite phases are particularly favorable setups for AM
behavior by pointing out specific examples beyond the Ni-based
materials discussed above. We note that two analogs of La;NiOy4
have previously been proposed as AM materials, the single-layer
cuprate La,CuO,”’ and the single-layer manganite Ca,MnQ,.”" In
the case of Mn-based AFM materials of this type, the tilting of the

ARTICLE pubs.aip.org/aip/jap

oxygen octahedra enabling AM features can also be obtained in
(Sr,La),MnO,.”* Further, the crystal structure of the single-layer
La,CoO4 compounds also displays similar oxygen-octahedra tilt-
ings, and this system has two successive AFM transitions at
275 and 135K that make this material the Co-based analog of
La;NiO; and La,CuQOy, respectively.53 The Cr-based systems
CaRCrOy (R = Pr, Nd, Sm, and Eu) are also remarkable analogs of
the single-layer AM prototype La,NiO,.”*™® Specifically, these
systems have the same Bmab crystal structure with tilted oxygen
octahedra and the same type of G-AFM order emerging at ~200 K.
These single-layer Ruddlesden-Popper phases thus expand the
material base of AM systems.

When it comes to the n=o0 end members of the
Ruddlesden-Popper series, we note that the most widely studied
multiferroic material, BiFeOs, also hosts AM properties under the
appropriate circumstances. The crystal structure of this system cor-
responds to the rhombohedrally distorted R3¢ perovskite with the
Fe atoms at the 6a Wyckoff positions. AFM order of the G type
with the spins along the [111] pseudocubic direction was initially
reported for this system. Thus, similar to PbNiOs, in its R3¢ phase,
such a G-AFM order would imply AM behavior in BiFeOs also. In
that case, the spin splitting would reach 227 meV and its symmetry
is illustrated in Table I. These features, however, are washed out by
the spiral modulation of the G-AFM type that results from relativis-
tic effects.”” At the same time, the period of the spiral is very long
(~62nm). Consequently, the spiral modulation can effectively be
truncated in thin films™ and thereby the underlying altermagnet-
ism of the multiferroic BiFeO3 can be restored.

V. CONCLUSIONS
We have shown that the Ruddlesden-Popper phases, including

their perovskite end members, extensively provide altermagnetic
materials. The reason is that collinear antiferromagnetic order very ¢

frequently occurs in these systems in the presence of structural dis-
tortions that prevent the transformation of opposite-spin sublattices
into each other via the symmetry operations of inversion or transla-
tion. In addition to the realization of altermagnetism itself, our
analysis has revealed the generic presence of accidental nodes and
topologically non-trivial spin-momentum textures at the boundary
of the Brillouin zone. These features can, in principle, be used to
refine the classification of different types of altermagnetic order
(beyond d-wave, g-wave, etc.). This circumstance has been illus-
trated for prototypical Ni-based materials as well as for systems
with other transition metals (Cu, Co, Fe, Mn, and Cr), where alter-
magnetism may supplement other properties such as superconduc-
tivity and multiferroicity.

Among the materials that we have considered, BiNiO; and the
prototypical multiferroic BiFeO; appear as particularly interesting
systems in relation to the classification of different types of mag-
netic order based on measurable properties. BiNiO; formally dis-
plays a ferrimagnetic order. However, following Ref. 21, we have
argued that it should be considered a Luttinger-compensated ferri-
magnet with ferromagnetic-like properties emerging from the
purely antiferromagnetic component of its magnetic order via alter-
magnetism. Furthermore, by analogy to this example, we anticipate
the existence of weak ferromagnets whose ferromagnetic-like
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properties do not result from the ferromagnetic component of its
total magnetic order in the first place, but from the antiferromag-
netic one instead via altermagnetism. This interplay has recently
been discussed in relation to RF,, for example, Ref. 59 (see also
Ref. 60). According to this observation, altermagnetism then repre-
sents a new fundamental ingredient that challenges and at the same
time enriches the formal classes of ferro-, ferri-, and antiferro-
magnets as well as their boundaries. BiFeOs, in its turn, may be
regarded as a failed altermagnet due to the spiral modulation of its
antiferromagnetic order. This modulation, however, may be neu-
tralized under the appropriate conditions, which should enable the
emergence and control of altermagnetic behavior and hence
ferromagnetic-like properties in this multiferroic system. These
examples additionally show that altermagnetism can also be investi-
gated and put to use in systems beyond the initially proposed ones
(i.e., beyond collinear antiferromagnets with perfectly compensated
magnetization). Thus, we expect that our findings will motivate
further work, both theoretical and experimental, on the new alter-
magnetic perspective to magnetism.
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