PHYSICAL REVIEW B 109, 144421 (2024)

Strain-induced phase transition from antiferromagnet to altermagnet
Atasi Chakraborty ©,'-" Rafael Gonzélez Hernandez,> Libor Smejkal,"-* and Jairo Sinova®'-*
Vnstitut fiir Physik, Johannes Gutenberg Universitit Mainz, D-55099 Mainz, Germany
2Departamento de Fisica y Geociencias, Universidad del Norte, Barranquilla 080020, Colombia

3Institute of Physics, Academy of Sciences of the Czech Republic, Cukrovarnickd 10, 162 00 Praha 6, Czech Republic

4Department of Physics, Texas A&M University, College Station, Texas 77843-4242, USA
@™ (Received 20 February 2024; revised 2 April 2024; accepted 12 April 2024; published 24 April 2024)

The newly discovered altermagnets are unconventional collinear compensated magnetic systems, exhibiting
even (d, g, or i wave) spin-polarization order in the band structure, setting them apart from conventional
collinear ferromagnets and antiferromagnets. Altermagnets offer advantages of spin-polarized current akin to
ferromagnets, and THz functionalities similar to antiferromagnets, while introducing new effects like spin-
splitter currents. A key challenge for future applications and functionalization of altermagnets is to demonstrate
controlled transitioning to the altermagnetic phase from other conventional phases in a single material. Here we
prove a viable path toward overcoming this challenge through a strain-induced transition from an antiferromag-
netic to an altermagnetic phase in ReO,. Combining spin group symmetry analysis and ab initio calculations,
we demonstrate that under compressive strain ReO, undergoes such transition, lifting the Kramers degeneracy
of the band structure of the antiferromagnetic phase in the nonrelativistic regime. In addition, we show that
this magnetic transition is accompanied by a metal-insulator transition, and calculate the distinct spin-polarized
spectral functions of the two phases, which can be detected in angle-resolved photoemission spectroscopy

experiments.
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I. INTRODUCTION

The recently discovered altermagnets (AMs) are a new,
third class of collinear compensated magnetic materials [1-9]
that go beyond the conventional collinear ferromagnetic and
antiferromagnetic classes. AMs are compensated magnetic
ordered systems exhibiting unconventional spin-polarized d,
g, or i wave order in the nonrelativistic band structure,
originating from local sublattice symmetries in direct space.
This gives rise to properties unique to altermagnets (e.g.,
the spin-splitter effect), while also giving similar properties
of ferromagnets (FMs) (e.g., polarized currents) and antifer-
romagnets (AFMs) (e.g., THz spin dynamics and zero net
magnetization). The unconventional time reversal symmetry
(TRS) breaking in momentum space in AMs arises from
the spin point-group symmetries [2,10] that interchange sub-
lattices with opposite spins only via a rotation (proper or
improper).

The merged advantageous technological characteristics
of AMs make controlling the transition between AMs and
FMs/AFMs not only of fundamental interest, but also serves
as a foundational element for device applications. Tunable
AMs can be used in data storage, sensors, and spintronics ap-
plications by exploiting, e.g., efficient spin current generation
[11-13], giant magnetoresistance [6], spin-splitter torques
[14,15], anomalous Hall effects [1,16—18], and Josephson
effects [19]. Because of the intricate connection of crystal
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symmetry and altermagnetism, mechanical deformation of-
fers the most direct route to modify electronic properties
solely by altering crystal symmetries, without necessitating
additional electronic perturbations or chemical modifications.
Tensile strain and hydrostatic pressure are established reliable
techniques to directly control lattice parameters and crystal
symmetry, and hence can control phases connected with mag-
netism, superconductivity, and topology [20-24].

In this article, we propose to use strain as a controlling pa-
rameter to tune magnetic transition from a conventional AFM
to an AM. We choose ReO, as a working platform to explore
phase transitions with mechanical deformations, because of
its nontrivial topology emerging from nonsymmorphic sym-
metries [25,26] and its recently observed structural phases
[27-29]. Bulk ReO, primarily crystallizes in monoclinic
« and orthorhombic S phases. The topological characteristics
of orthorhombic B-ReO; are of particular interest due to its
hourglass-like Dirac chains [25] and proposed to order antifer-
romagnetically around ~4.2 K, while the monoclinic phase of
ReO; is less explored. However, a recent experimental report
has revealed a transformation from the monoclinic phase into
the tetragonal rutile (R) phase driven by compressive lattice
strain with decreasing film thickness [27]. The spin group
theory utilized to classify and characterize altermagnets [2]
predicts R-ReO; to be a d-wave AM candidate. Although
there are no reports on magnetic transitions in the magnetic
system class of ReO,, the hydrostatic-pressure-induced con-
tinuous “martensitic” transition between the monoclinic to
the tetragonal phase in the context of other transitions, e.g.,
the metal-insulator transition (MIT), for the ZrO, systems, to
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which ReO; belongs, has been well studied in the literature
[30-32].

Using both symmetry analysis and state-of-the-art den-
sity functional theory (DFT) calculations, we show that the
pressure-induced deformation and the corresponding changes
in the crystal symmetry lead to an AFM to AM crossover
in ReO,. Further, we investigate the strain-induced change in
topology and nodal crossing within the same chemical com-
position of ReO,. As the AFM to AM transition is insensitive
to susceptibility measurements, we provide a way to exper-
imentally sense the phase transition through spin-polarized
angle-resolved photoemission spectroscopy (S-ARPES) ex-
periments [33,34].

II. COMPUTATIONAL METHODS

To perform the ab initio calculations, we used density func-
tional theory (DFT) in the plane wave basis set. We used the
Perdew-Burke-Ernzerhof (PBE) [35] implementation of the
generalized gradient approximation (GGA) for the exchange
correlation. This was combined with the projector augmented
wave potentials [36,37] as implemented in the Vienna ab initio
simulation package (VASP) [38,39]. GGA calculations are
carried out with and without Coulomb correlation (Hubbard
U) and spin-orbit coupling (SOC). The calculations were done
with the usual value of U and Hund’s coupling Jy chosen
for Re with Uggr (= U — Jy) = 1.5eV in the Dudarev scheme
[40]. The SOC is included in the calculations as a second
variational form to the original Hamiltonian. The kinetic en-
ergy cutoff of the plane wave basis for the DFT calculations
was chosen to be 520 eV. The I'-centered 9x9x17 and
10x10x 10 k-point grids are used to perform the momentum-
space calculations for the Brillouin zone (BZ) integration
of tetragonal and monoclinic phases, respectively. To calcu-
late the surface spectral function for finite geometry slabs of
R- and «-ReO,, we construct the tight-binding model
Hamiltonian by using atom-centered Wannier functions
within the VASP2WANNIER90 [41] codes. Utilizing the ob-
tained tight-binding model, we calculate the surface spectral
function using the iterative Green’s function method, as im-
plemented in the WannierTools package [42].

II1. RESULTS

A. Strain-mediated phase transition

In this section, we provide the structural comparison be-
tween the usual monoclinic («-) phase and the nontrivial
tetragonal (R-) phase of ReO,, and explore the structural tran-
sition. Bulk @-ReO; crystallizes in monoclinic space group
P2;/c (No. 14). The distorted ReOg octahedra accommodat-
ing the nearest neighbor Re-O bonds (~1.86-2.13 A) form
a geometrical network which is edge sharing in one direction
and corner shared along the other. A recent experimental study
validates the presence of tetragonal R-ReO, induced by strain,
which exhibits the space group P4,/mnm [27]. Here, we will
calculate the transition pathways between the two phases.
We summarize the local structural parameters for both R-
and @-ReO, in Table I. Our calculations show that the «- to
R-phase transition is accompanied by a ~2.5% volume col-
lapse per formula unit. The unit cell (u.c.) structure along with

TABLE I. Comparison of the tetragonal and monoclinic lattice
parameters. In the monoclinic unit cell each ReOg octahedra contains
six different bond lengths of octahedra. Minimum and maximum Re-
O bond lengths are noted with symbol.!

Tetragonal Monoclinic
B 90° 119.55°
Re-O (A) 1.96, 2.04 1.86-2.13!l
Re-Re [edge] (A) 2.68 3.07
Re-Re [corner] (A) 3.75 3.55,3.61,3.81

the schematic of the “martensitic” kind transition is shown in
the top panel of Fig. 1. The unit cells of «- and R-ReO, are
plotted in Figs. 1(a) and 1(b), respectively.

In order to investigate the impact of pressure and to track
the phase transition, we have carried out numerical calcu-
lations within DFT for different structures modulating the
unit cell volume for both phases. We have employed the
Murnaghan equation of state [43,44] to fit the obtained total
energy from self-consistent DFT calculations:

ByVy
By—1

E(V)=Ey+

By
1 (200 IR
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Here Vj is the equilibrium volume and By = —V (dP/dV) is
the bulk modulus evaluated at V. The typical values of B
(pressure derivative of By), used as a measure of stiffness of
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FIG. 1. Phase transition. The top panel depicts a schematic
representation of the martensitic structural transition from a mon-
oclinic phase to a tetragonal phase under the influence of external
stimuli, e.g., strain, temperature. The change in spin-polarized cur-
rent induced voltage or resistivity can be used as an experimental
signal to probe the phase transition. Insets (a) and (b) show the unit
cells of monoclinic «-ReO, and tetragonal R-ReO,, respectively.
(c) Birch Murnaghan fitting of DFT cohesive energy vs volume of
the two ReO; phases. The presence of a stable tetragonal phase under
compressive strain is in agreement with experimental observations.
Spin-polarized energy dispersions of antiferromagnetic monoclinic
(d) and altermagnetic tetragonal (e) ReO, along orthogonal momen-
tum paths.
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FIG. 2. Nonrelativistic spin splitting. (a) The crystal structure and bond connectivity of R-ReO, in ground state magnetic configuration.
The inset shows the different Re-O bond lengths due to distribution of ligands over noncentrosymmetric sites. (b) and (c) represent the
spin-resolved band and density of states plot of R-ReO, in the absence of SOC. The energy axis is scaled with respect to Fermi energy, Er.
The presence of a fully compensated density of states indicates zero magnetization, while the existence of momentum-dependent splitting
in band dispersion indicates the broken TRS. (d) Schematics of momentum-resolved spin splitting for d-wave AM candidate R-ReO,. (e)
Magnetization density plot of neighboring Re sublattices is orthogonal and preserves the fourfold Cy, rotational symmetry. (f) Constant energy
contour for E = Er — 0.15eV. This shows that the nature of the spin splitting is opposite for orthogonal momentum points. (g) Change of
spin splitting (A;) with deviation of crystallographic angle 8 from 90°. The insets show the nature of deformation of the crystal unit cell with

B variation.

the material, are between 4 and 7 [45]. We have included the
variation of cohesive energy with volume in Fig. 1(c) for both
a- and R-ReO;. It clearly shows that below a critical pressure,
the compressive strain provides a way to stabilize the tetrag-
onal structure with respect to the usual monoclinic phase,
in full agreement with the experimental observation [27]. In
the rest of the article we establish that this is not merely a
structural transition; rather it completely changes the nature of
the magnetism promoting an AFM [see Fig. 1(d)] to AM [see
Fig. 1(e)] ground state in the same chemical composition of
ReOs,. In the following we discuss the contrasting electronic,
magnetic, and topological properties for both R- and «-ReO5.

B. Altermagnetic tetragonal R-ReQO,
1. Nonrelativistic magnetic order and symmetry analysis

Having established the structural transition mechanism to
the high-pressure tetragonal phase, we now explore the elec-
tronic structure of the altermagnetic phase and characterize
this from a microscopic and structural origin. The two Re sub-
lattices of R-ReQ;, contained within the trigonally distorted
octahedral environment, order with opposite spin moments,
i.e., compensated magnetization [see Fig. 2(a)]. To analyze
the effect of crystal symmetry and the exchange-driven alter-
magnetic ordering, we set initially the SOC to zero. Our DFT
calculations within the GGA+U scheme indicate that the state
with antiparallel arrangement of spins is substantially lower in

energy of value 92.9 meV/Re (111.8 meV /Re) than its ferro-
magnetic (nonmagnetic) counterpart. Our result agrees well
with the previous first-principles study on R-ReO, [28]. The
coexistence of metallic and AM behavior in R-ReQ, is robust
against variation of the Coulomb correlation (see Appendix B
for details). Although no experimental studies of tetragonal
R-ReO, for magnetism have been reported, the presence of
an AFM ground state has been proposed around ~4.2 K
for its orthorhombic 8 phase [25]. Notably, the presence of
antiparallel spin ordering within the tetragonal stoichiometry
has been studied and confirmed in the sister compounds, e.g.,
RuO; [16] and CoF, [46].

In Fig. 2(b) we plot the nonrelativistic spin-polarized band
structures along different high-symmetry k points for collinear
compensated spin order. The total magnetization of the unit
cell vanishes as can be seen in the density of states plot
of Fig. 2(c). The distribution of ligand O atoms over the
noncentrosymmetric 4 f Wyckoff positions promotes unequal
bond lengths with two different Re sublattices and gives
rise to the altermagnetic spin symmetry which interchanges
sublattices with opposite spins via a rotation, and leads in
turn to broken TRS in the electric band structure. We find
momentum-dependent splitting between up and down spins
along the I'M path. The sign of the spin splitting is opposite
for two orthogonal paths as can be seen between I'M and 'M’
directions in Fig. 2(a). The schematic of the spin splitting
is plotted in Fig. 2(d) in agreement with its d-wave AM
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phase. The details of d-wave AM from the spin group theory
perspective are included in Appendix A for completeness [2].
We have plotted the spin densities of the two Re-sublattices
in Fig. 2(e). The anisotropic magnetization densities of the
two sublattices are connected through fourfold crystal rota-
tion. The constant energy contour near the Fermi energy, at
Ey — Ep = —0.15¢eV, shows that e(k;) # e(—k,), confirm-
ing the breakdown of the TRS. Next we analyze our ab initio
results from the crystal symmetry viewpoint.

In the absence of SOC, the real space and the spin spaces
are decoupled. The resulting nonrelativistic space group has
the following spin symmetry,

[E|lmmm] + [C2||G\mmm|t'], @)

where mmm and G\mmm include respectively {E, P, C,,
Cods Coars M2y My, My} and {Coy, Cop, £C5, My, M, ).
The d and d, axes are along % + § and % — §, respectively.
Here the operation of the left (right) of the parentheses acts
solely on the spin (real) space. The detailed description of the
symmetry operations is included in Appendix A. Here t’ is
the half translation along the body diagonal. If the opposite
spin sublattices are not connected by a translation or inversion,
the Kramers degeneracy of the spin up and down channels
gets lifted, promoting an alternating Zeeman-like band split-
ting even in the absence of SOC, and connecting opposite
spin states whose momentum is related by the Cy4, rotation.
We refer to these opposite spin bands as an altermagnetic
pair throughout the rest of the article. The two sublattices
containing opposite spins are related by the screw rotation
{C4|t'} in R-ReO,, as can be seen in the relative octahedral
orientation and spin density plot of Fig. 2(e). As a result, we
see a spin splitting between altermagnetic-pair bands along
the I'M paths within the nonrelativistic limit. As demon-
strated in Eq. (2), the [G|| M) yields e(ky, ky, k;, 0) =
€(Fky, ky, k;, —o). Thus, the opposite-spin altermagnetic-
pair bands are degenerate for both k, = 0,7 and k, =0, 7
planes within the nonrelativistic limit as shown in Fig. 9 of
Appendix D.

Next we discuss the impact a small structural deformation
has on the nonrelativistic energetics. The crystal symmetry
analysis suggests that the primary difference between the
monoclinic unit cell and its tetragonal unit cell is the de-
viation of the crystallographic angle 8 from 90°; i.e., the
crystal axis ¢ is no longer perpendicular to the a-b plane,
as shown in the inset of Fig. 2(g). To induce this typical
distortion we have constructed hypothetical structures from
the R-ReO, unit cell by manually increasing the angle S
slightly from 90°. For energy minimization, we have done
ionic relaxation of each structure using the conjugate-gradient
algorithm until the Hellman-Feynman forces on each atom are
less than the tolerance value of 0.01 eV/A. In Fig. 2(g) we
show the change in spin splitting with angle 8. The reduction
in spin splitting with increase in $ drives the system toward
an AFM state. However, there exist other effects in realistic
situations, such as various magnetic arrangements, atomic
reconstructions, differences between magnetic and crystal unit
cells (i.e., propagation vector Q # 0), etc. Hence the details of
electronic structure in the monoclinic phase are discussed later
in Sec. III C.

2. Effect of spin-orbit coupling and magnetic anisotropy

The presence of heavy 4d/5d transition metal elements
within any system can influence the strength of the SOC,
ultimately determining the ground state characteristics of the
magnetic order [47-51]. In the following we investigate how
the crystal symmetry analysis of the spin splitting proceeds
in the relativistic regime. We next incorporate SOC in our
calculations, leading to magnetic anisotropy that leads to a
preferred axis quantization. This leads to different magnetic
space groups for the different quantization axis, relevant for
analyzing the topological properties of their respective states.

In Fig. 3, panels (a), (b), and (c), we plot the relativistic
band dispersion with spin along the [001], [100], and [110]
axes, respectively. The corresponding magnetic space groups
are marked in the respective plots. As the magnetic Re atoms
occupy the Wyckoff site 2a in the unit cell, the ground state
magnetic space group only allows collinear magnetic arrange-
ments (see allowed moment per Wyckoff positions for ground
state configuration in the table in Fig. 9 of Appendix D)
even in the presence of SOC. We find that changing the spin
quantization from the out-of-plane to in-plane direction now
opens up the degeneracy of the opposite spin bands at the I'
point; i.e., a small net magnetization is present, proportional
to the SOC. Our ab initio calculations predict a [001] spin
quantization axis with magnetocrystalline anisotropy (MCA)
energy ~3 meV. The polar plot of the MCA energy in shown
in Fig. 3(d) when the spin directions are rotated on the xz
(green) and xy (red) planes, respectively. This low anisotropy
energy makes R-ReO; a promising material for adjusting the
Néel vector for anomalous transport experiments. Our calcula-
tion suggests that finite electron doping can promote in-plane
magnetocrystalline anisotropy in R-ReO, (see Appendix C
for detailed discussion). The ground state characteristics of
R-ReO, closely resemble those of the significant d-wave
AM RuO;.

3. Relativistic splitting and nodal crossings

In this section we will discuss how inclusion of SOC addi-
tionally splits the altermagnetic pair in certain high-symmetry
directions and changes the nodal structures. Hence the nodal
planes/lines/points present in the nonrelativistic regime are no
longer preserved or break into parts depending on the spin
quantization. First we analyze the possibility of a nodal plane
for the ground state magnetic configuration, with quantization
axis [001] and magnetic space group P4,/mnm’, containing
the following symmetry operations:

{E, P, Cazs MZ} + t/{CZXv CZyv M, My}
+ T{Cou, Coy1, My, My} + t’T{:I:CjE}.

Here T is the time-reversal operation. The My and My,
mirror planes, containing the opposite sublattices, can host the
nodal crossings. The nonrelativistic nodal crossings, which
are preserved in the presence of SOC, are therefore those that
intersect with these M, and M| mirror planes, i.e., ['Z,AM,
and AM’ lines. These sharp nodal lines in the presence of SOC
can be seen in Fig. 3(e).

Next we explore the possibility of any other nodal planes
within the ground state R-ReO,. The operation t/T{:thz } =
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FIG. 3. Spin-orbit coupling and Nodal crossing. The band dispersion along two orthogonal spin-split I'M high-symmetry directions for
out-of-plane [001] (a) and in-plane spin quantization [100] (b) and [110] (c). The SOC induces asymmetry in the bulk band dispersion for
magnetic anisotropy along [110]. (d) Calculated magnetic anisotropy energy per unit cell when spin direction is rotated in the xz (green)
and xy (red) planes in the AM configuration for U, = 1.5eV. The Re spins prefer easy-axis magnetic anisotropy along z axis. The nodal
crossings between the first valence AP for different planes are plotted for spin quantization along [001] (e)—(h), [100] (i)—(1), and [110] (m)—(p),
respectively. Here d = % + $ and d, = & — 9. The nodal crossings and Weyl points drastically change for change in spin quantization. Due to
the band asymmetry in (c), there exists nodal loop in (n) but no such nodal structures in (p).

’TSj; = A, where the combined effect of space operation
and time reversal maps the spins of the two sublattices. The
Hamiltonian is invariant under the symmetry operation A, i.e.,
A~'"HA = H. Below we analyze the symmetry protection of
the nodal planes in the presence of SOC. We consider two
block wave functions i and v, which are related by this
nonsymmorphic operation as y, = T Ss¥k. The eigenvalue
equation for momentum k', where k' = Ak # K, is

A[H ] = Ex[ Ayl 4)

As the Hamiltonian is invariant under the symmetry operation
connecting the two eigenfunctions, these must share common

eigenvalues. Now to check the orthogonality condition we
calculate the overlap function,

(YY) = (AY | Ay = A* (Y [¥). ®)

To satisfy the orthogonality condition, the left-hand side and
right-hand side of Eq. (5) must be opposite in sign. By defini-
tion of the space operation, A? = e/ —ktk)/2 ikt i)/ —
¢'®+k) The two wave functions are orthogonal only if the
wave vector satisfies k, 4+ k; = 7. But, nonrelativistic nodal
planes exist only for planes k, = 0, &7 and k, = 0, £ (see
Fig. 9 in Appendix D), which does not satisfy the criteria of
Eq. (5). Therefore for the ground state P4),/mnm’, we do not
have any nodal planes. Instead we find nodal lines and Weyl
points as depicted in Fig. 3.
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FIG. 4. Monoclinic magnetic states. Three possible antiparallel arrangements of spin of monoclinic « in (a), (b), and (c), respectively.
Spin-polarized band dispersion both without (blue solid and red dashed lines) and with SOC (yellow solid line) is plotted in (d), (e), and (f)
for spin configurations shown in (a), (b), and (c), respectively. Insets of (d) and (e) show corresponding density of states for each magnetic
configuration of (a)—(c). The magnetic configuration plotted in (a) is the lowest energy state of «-ReO,.

The band crossings between altermagnetic pairs lead to
several nodal lines and Weyl points. Different crystallographic
planes containing the nodal crossings between the lowest
valence altermagnetic pair for spin quantization along [001]
are plotted in Figs. 3(e)-3(h). Due to the equivalence of k,
and k, axes relative to spin quantization direction, swapping
between k, and k, in momentum space leads to an identical
nodal structure, as shown in Figs. 3(e) and 3(f). Further, in
Figs. 3(i)-3(1) and 3(m)-3(p), the nodal crossings are plotted
for magnetic space groups Pnn'm and Cmm'm’, where we
have spin anisotropy along [100] for the former and in-plane
[110] spin quantization for the latter, respectively. The nodal
lines on the mirror planes will be robust against infinitesimal
field perpendicular to the mirror planes. The nodal lines of
altermagnetic-pair bands will be protected when the opposite
spin directions are parallel (perpendicular) to the mirror plane
M (M’ =T M). The SOC induces a band asymmetry along
orthogonal I'M directions, as can be seen in Fig. 3(c). As a
result we get nodal loops in the k;;9 = k; plane whereas the
orthogonal plane k7, = k;, does not contain that. Hence, the
SOC not only settles the magnetic anisotropy energy for fea-
sibility in anomalous transport applications but also dictates
the nature of nontrivial nodal lines.

C. Magnetic ground state of monoclinic «-ReQO,

In this section we will discuss the nature of magnetism
for the monoclinic phase. The different arrangement of Re
magnetic moments over four possible la Wyckoff sites can
lead to reduction in crystal symmetries and consequently af-
fect the electronic structure and topology of the system. The
nearest neighbor ReOg octahedra form an edge-shared linear
network in the [1, 1, 1] direction. The two nearest edge-shared
octahedral chains are connected by corner sharing. The al-
lowed antiparallel arrangements of moments at ¢ = 0 can be

twofold: (A) antiferromagnetic ordering along edge-shared
and a combination of antiferromagnetic and ferromagnetic
ordering between half of the corner-shared octahedra; (B)
antiferromagnetic (ferromagnetic) ordering along all corner
(edge) shared octahedra. Figures 4(a) and 4(b) belong to
the former and latter categories of kind (A). Here the two
edge-shared sublattices are simply connected by an inversion
combined with time reversal 7. As a result within the nonrel-
ativistic limit the up and down spin channels are completely
degenerate [see Figs. 4(d), 4(e)] throughout the whole BZ.
Inclusion of SOC stabilizes a relative spin canting between the
corner-shared sites for both Figs. 4(a) and 4(b) magnetic ar-
rangements. There exist two stable compensated noncollinear
magnetic arrangements originating from kind (A) belonging
to the different magnetic space groups P2;/c’ and P2,/ /c due
to different spin quantization axes. The edge-shared spins are
rotated spatially by 68.8° and 88.2° for P2;/c’ and P2y /c,
respectively. Our theoretical calculation within the GGA +
SOCHU scheme suggests the latter to be 17.3 meV/u.c.
higher in energy than the AFM ground state P2,/c’. The
magnetic space group symmetry of the ground state P2;/c’
includes €, PT, t,,C,y, and t,, 7 M,, where translation vec-
tor t,, is (O, %, %). The SOC lifts the fourfold degeneracy of
the bands, but the Kramers degeneracy remain intact even
in the presence of SOC due to its P7 symmetry. We have
plotted the spin configuration in Fig. 4(c) and the corre-
sponding band dispersion [in Fig. 4(f)] for the higher-energy
state of kind (B). Here the Re sites with opposite spins are
only connected through 7 {Cy|t}, which offers a possibility
of altermagnetic-pair bands from symmetry consideration.
The splitting between altermagnetic pairs is relatively small
(~0.3 eV) which is of the order of SOC-induced band splitting
of the system [see yellow line in Fig. 4(f)]. The AM P2,/c
configuration and FM state are 28.6 meV and 185.9 meV
higher than the AFM ground state of the monoclinic
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FIG. 5. Spectral function and surface state topology. The surface state arc near the Fermi energy for both tetragonal R-ReO, (a)—(c) and
monoclinic ®-ReO, (e)—(g) phases. The spectral functions over two orthogonal 'M momentum paths are shown as a function of energy in
(d) and (h) for tetragonal and monoclinic phases, respectively. The open surface Fermi arcs along the I'M directions of R-ReO, are shown with
white arrows. (a) and (c) show the arc structure at Er. (b) is robust against small change in the energy that may originate from finite surface
potentials. We observe closed-loop surface spectral function slightly below the Fermi energy, at E = E + 0.05eV for monoclinic phase as

shown in (f). The surface state becomes detached with increasing energy value as seen in (h).

phase. Among all these possible magnetic orders, AFM spin
configuration commensurate with magnetic space group
P2, /¢’ has the lowest energy. Contrary to metallic AM state of
the tetragonal phase, the ground state of monoclinic «-ReO;
is insulating with a band gap value of ~0.19 eV. Along with
strain-induced AFM to AM transition from «- and R-ReQ», it
also undergoes MIT which is a useful experimental signature
to track the phase transition.

D. Contrasting surface states between AM and AFM phases

Conventionally R- and «-ReO, belong to two different
elementary classes of magnetism. The P7 is preserved for
the AFM ground state of «-ReO,, whereas the opposite sub-
lattices in R-ReQ, are connected by the C4, 7 symmetry. As
a result we find strong momentum-dependent altermagnetic-
pair splitting of ~1 eV in R-ReO, while the Kramers
degeneracy is present for the monoclinic ground state. These
dissimilarities in magnetic nature percolate to the sharply
contrasting surface properties of these phases, which can be
observed by, e.g., angle-resolved photoemission spectroscopy
(ARPES). The surface spectral function can be obtained from
the following relation of the retarded Green’s function (Gjy)

[33] in the 2D momentum k|, at frequency w:
1
Ak, w) = —— lim Im Tr[G,(k), w + in)]. (6)
7T n—0t

Figure 5 includes the constant energy contours calculated by
creating a finite slab geometry along the (001) direction with
magnetic anisotropy along the z axis. The arc of spectral func-
tions of R- [@-] ReO is plotted for E — Er = —0.05eV, 0¢eV,
and +0.05 eV in panels (a) [(e)], (b) [(f)], and (¢) [(g)], respec-
tively. There exists a pair of open Fermi surface arcs along the
['M direction. Given the surface sensitivity and probing depth
of the experimental technique, there exists a finite uncertainty
of the Fermi energy. We find that these paired surface arcs are
robust with small variation of energy around Er that can be
induced by surface potentials. In Fig. 5(f) we see the Fermi
arc forms a closed-loop structure around the T point near Ef
for the monoclinic phase. The surface loop resides well within
the bulk gap without connecting the conduction and valence
sectors which makes it trivial in nature. The distorted surface
loop shows the asymmetric nature along two orthogonal direc-
tions of the BZ. With decreasing binding energy, the surface
arc detaches from the Fermi energy as can be seen in Figs. 5(e)
and 5(f).
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FIG. 6. Spin-ARPES calculations. Spin-polarized surface spectral function, S(k, ), for both R-ReO, (a) and «-ReO, (d) along two
opposite momentum paths. The antisymmetric part, CDAD (symmetric part, MCD) of the S-ARPES for opposite momentum transfer is
plotted in panel (b) (panel (c)) and panel (e) (panel (f)) for R-ReO, and a-ReO, phases, respectively. The MCD spectra of tetragonal phase is
primarily contributed from the bulk states conveying the internal TRS breaking of the AM R-ReO,. Both of the CDAD and MCD in «-ReO,

originate the broken P and 7 symmetry, combined with SOC.

In Figs. 5(d) and 5(h) the spectral functions contributed
from both bulk and surface states are plotted as a function
of energy along orthogonal M'T"M paths [white dashed line in
Fig. 5(a)] for tetragonal and monoclinic phases, respectively.
We see an isolated surface state within the bulk gap just above
the Fermi energy of «-ReO,. The asymmetry of the surface
state between two orthogonal paths verifies the distorted sur-
face loop structure of Fig. 5(g).

E. Spin-polarized spectral functions

There exist unique spin textures in the momentum-resolved
surface spectral function of altermagnetic and antiferromag-
netic materials as a consequence of the nontrivial ground state
magnetism. In this section we compare the spin-polarized
ARPES spectra between the two phases. The spin-polarized
spectral functions [S(k);, w)] can be calculated from the fol-
lowing expression:

S(kH,a)) = lim ImTr[aGs(kH,a)—i—in)]/A(kH,a)).

1
7T n—>0*t
(7

Here the o’s are the Pauli matrices. We have plotted the
spin-polarized spectral functions along two opposite mo-
mentum T'M paths for both R- and «-ReO, in Fig. 6. The
pronounced asymmetric nature of S-ARPES confirms the
presence of both symmetric and antisymmetric parts with
respect to the opposite momentum direction. First we con-
sider the spectral function plots of the tetragonal phase as
shown in Figs. 6(a)-6(c). We calculate circular dichroism in
the angular distribution (CDAD), arising from the experimen-
tal geometry. CDAD is primarily antisymmetric for opposite
momentum due to broken inversion symmetry at the surface.
Apart from the CDAD, there exists an additional symmet-
ric part of the spin-polarized ARPES (S-ARPES), namely
magnetic circular dichroism (MCD), which indicates the spin
polarization of the system and is directly connected to TRS
breaking in momentum space. Comparison of Figs. 6(b) and
6(c) with the spin-integrated spectral function along the T'M
path [see in Fig. 5(d)] suggests the CDAD is pronounced
in the surface-state-dominated momentum points. Contrar-
ily the MCD arises primarily from bulk spectral regions

for R-ReO,. The significantly larger magnitude of the MCD
spectra contributed from bulk states substantiate the intrinsic
TRS breaking within the bulk beyond any surface-dominated
affects, whereas the CDAD counterpart comes primarily from
surface geometry, near the Fermi energy. Recent experimental
studies report symmetric MCD spectra as an identification
of the TRS-breaking spin splitting in the sister altermagnetic
tetragonal compound RuO, [34,52,53].

Next we analyze the ¢-ReO, S-ARPES plots for the (001)
surface convoluted with the bulk in Figs. 6(d)-6(f). Unlike
the tetragonal phase, both CDAD and MCD have comparable
intensity. The absence of individual P and 7 symmetry within
the ground state AFM configuration coupled with surface-
mediated contributions [54,55] leads to asymmetry between
the states with Ex and E_x, which essentially gives rise to
different spin-ARPES spectra for opposite momentum [56].
This asymmetry within the spin-polarized spectral function of
the ground state AFM leads to a small MCD contribution at
the o-ReO,. The calculation of these spectral features as a
function of strain demonstrates in particular how they arise
from different physical origin.

IV. CONCLUSION

In summary, we have presented strain-induced structural
and magnetic transition accompanied with MIT between the
conventional P77 -symmetric AFM to AM phase for exploring
technical applications. The bulk monoclinic «¢-ReO, phase
is compensated AFM in nature with finite spin canting be-
tween two neighboring corner-shared octahedral Re sites. The
ground state of the monoclinic phase is an insulator and ac-
commodates the Kramers degenerate doublets, even in the
presence of SOC, whereas the high-pressure R-ReO, phase
hosts unique altermagnetism with d-wave spin order. The
distinct magnetic order between the two phases is reflected
in the contrasting surface state spectra. The pronounced MCD
spectra obtained from our spin-polarized spectral function cal-
culations confirms the intrinsic exchange-driven TRS-broken
state in R-ReQO,, which serves as an experimental verification
of the AM state. Our study provides evidence of strain-tuning
the conventional AFM state to the new third-category AM
magnets.
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APPENDIX A: GROUP-THEORETICAL DESCRIPTION
OF d-WAVE ALTERMAGNET

To explain the spin texture and energetics of AMs we
need to go beyond the usual magnetic group and consider
spin group symmetry relations. In the usual magnetic space
group the identical symmetry operations act simultaneously
on both spin and real space, whereas any operations of a
spin space group can be expressed as [g;||S,], where g is
any point symmetry operation acting only on the spin space
and S, represents real-space crystal symmetry which includes
point symmetry g, in combination with translation ¢. The spin
groups can be expressed as a direct product of ry x Ry, where
r; and R are respectively spin-only groups and nontrivial spin
groups. The generic form of Ry for AM systems within the
spin Laue group can be expressed as [2,3]

R, = [E|H] + [&]|G — H]. (AD)

Here H is the halving subgroup of a crystallographic Laue
group G. For tetragonal R-ReO,, 4/mmm is the point group G
corresponding to its crystallographic space group P4,/mnm
and halving group H = mmm. The fourfold crystal rotation
Cy4, within H combines with C, rotation which changes the
spin orientation between the different sublattices. The sym-
metry relations promote the fourfold alternating spin texture
as can be seen in Fig. 2 of the main text consistent with the
d-wave nature of the AM order parameter.

Here we list the symmetry operations of space group
P4, /mnm used in the main text:

€: the identity;

P: the inversion;

C»;: a rotation of 7 around the 7 axis, where 1 = %, 9, ;
Cr4 (241): arotation of 7 around the X 4 § (X — J) axis;

M;: a mirror operation with respect to the j-k plane, where
i, j, k are one of the x, y, z axes;

M (a1): a mirror operation with respect to the plane having
normal along X + § ( — ¥) axis.

APPENDIX B: EFFECT OF CORRELATION
ON ALTERMAGNETIC STATE

Our first-principles electronic structure calculations sug-
gest that the metallic AM ground state of R-ReQO; is robust
with respect to Coulomb correlations. We have plotted the
nonrelativistic energy dispersion of the AM state of R-ReO,

Y 7 1

T Kb,
! i

v lx II \\

\/

I —7]@.5

[Ug=15¢€ T 7 3
‘ Ugt (V)
o) = =
1y o o (Y
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FIG. 7. Band structure of AM R-ReO, within GGA+U scheme
in absence of SOC for Hubbard U.; = 1.0eV (a), Uy = 1.5eV
(b), Uer =2.0eV (c¢), and Uy = 2.5eV (d). Here Uy = U — Jy.
Variation of spin moment per Re atom and maximum spin splitting
near the Fermi energy with respect to effective Hubbard U are plotted
in (e) and (f), respectively.

for a range of Hubbard U values in Figs. 7(a)-7(d). We expect
the effect of Coulomb correlation for this compound as the
magnetic building block Re is a 5d element. The magnetic
moment/Re atoms and nonrelativistic spin splitting near the
Fermi energy are plotted as a function of Hubbard U in
Figs. 7(e) and 7(f), respectively. Increase in U enhances the
localization of the Re-d orbital further at the atomic cite hence
increases the magnetic moment/Re. The altermagnetic spin
splitting A, increases slowly with increase of Hubbard U
value.

APPENDIX C: IMPACT OF DOPING
ON GROUND STATE ANISOTROPY

Here we highlight that introduction of electron or hole
doping [see Fig. 8(a)] can necessitate a characteristic change
in the system by altering the magnetization direction. In
Fig. 8 we have plotted the magnetocrystalline anisotropy,
Ef100; — Ejoo1j (2) and change in Fermi energy (b) as a function
of electron occupancy, n,. The equilibrium electron count
of the system is marked with yellow star. We see for finite
electron doping the easy-plane spin anisotropy has lower en-
ergy than the out-of-plane spin configurations. Our calculation

10 (b)

21 h-doping

e-doping

Efv001-Ejonr (meV) @

=510 out-of-plane

O in-plane

37 38 39 10 11 12 BT 38 39 10 11 12
n, n,

FIG. 8. (a) Magnetocrystalline anisotropy energy, E[i00; — Ejoo115
as a function of electron occupancy (,). Finite electron doping opens
the possibility to tune Néel vector along in-plane direction. (b) Fermi
energy of the ground state for different electron occupancy. The
electron (e) and hole (h) doped regimes are marked in orange and
green colors, respectively.
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FIG. 9. Left: The BZ of R-ReO, with high-symmetry k points
marked on it. The nonrelativistic spin-degenerate nodal surfaces of
the AP bands are shown with colored planes. Right: The magnetic
Wyckoff positions of R-ReO, in ground state magnetic space group
P4, /mnm’.

illustrates the potential to adjust the orientation of the easy
axis through off-stoichiometry or alloying.

APPENDIX D: SYMMETRY ANALYSIS
AND NODAL PLANE

The tetragonal R-ReO; is AM in nature as has been dis-
cussed in the main text. In Fig. 9 we have plotted the nodal
surfaces between the AP of R-ReO, within the nonrelativis-
tic limit. The transposing mirror symmetries [C,||M,] and
[C2]| M, ] protect these nodal surfaces which are commen-
surate with the d-wave AM nature. Inclusion of SOC lifts
up the degeneracy of altermagnetic-pair bands in different
momentum points and promotes unique nodal crossings. The
nature and shape of the nodal line crucially depends on the
choice of spin quantization axis as described in the main text.

The Wyckoff positions and corresponding allowed mag-
netic moment configurations are listed in Fig. 9 for the ground
state P4, /mnm’. The allowed moment direction of the ground
state confirms that R-ReO; prefers collinear magnetic config-
uration even in presence of spin-orbit coupling due to crystal
symmetry.
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