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Synthesis of single-crystalline NaMnAs is reported, and we confirm its high quality by x-ray photoemission
spectra. Magnetometry results are consistent with previous findings of antiferromagnetic order. The electronic
structure was further studied using optical transmittance and by theoretical modeling using local-density
approximation (LDA) extended to LDA + U for the purpose of determining the Heisenberg model parameters.
Optical transmittance measurements confirm theoretical predictions that NaMnAs is a semiconductor. The Néel
temperature was determined from temperature dependence of susceptibility, in agreement with our Monte Carlo
simulations.
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I. INTRODUCTION

Antiferromagnets (AFMs) are increasingly coming into
the spotlight for spintronics applications [1–4]. In part, this
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is motivated by robustness against stray magnetic fields for
memory devices [5–7], thanks to compensation of magnetic
moments. The aspect of linear spin-wave-dispersion close to
the � point as opposed to the quadratic trend in ferromag-
nets [8] has also been considered for possible magnonics
technology [9,10].

Whereas numerous AFM materials have been discovered
up to now, for many of them, little is known beyond the
bare fact that they are antiferromagnetic. One of the most
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intensely studied compounds in AFM spintronics [11,12],
CuMnAs shows switching behavior in charge resistivity
between binary [13] or multilevel [6] states, through the
controlled application of electric current [14,15] or opti-
cal [16] pulses. Its tetragonal phase presents the additional
benefits of above room-temperature antiferromagnetic order-
ing [17–23] as well as lack of lattice strain in the deposition
over a GaP substrate.

On the other hand, similar to the other well-established
example of Mn2Au, CuMnAs presents no electronic band
gap [24]. This feature would be highly desirable for fur-
ther spintronics and magnonics technologies in which, for
instance, lack of charge carriers have been predicted [25] and
observed [26,27] to provide long-range magnons diffusion
length due to the depopulated Stoner continuum.

Whereas the pursuit of better characterization of mi-
croscopic features and switching mechanisms in the most
established AFMs continues and typically resorts to high qual-
ity samples prepared by molecular beam epitaxy [28–30], the
search for other semiconducting AFMs has also carried on,
taking advantage of the flexibility offered by bulk synthesis
methods in exploring different compositions and lattice ge-
ometries.

Remaining within the AMnX family of alkaline
metal/manganese-pnictide ternary compounds with
a tetragonal nonsymmorphic space-group P4/nmm
(Cu2Sb-type structure), we recall the early work by Linowsky
and Bronger (with A = K and X = P, As) [31] Schuster and
Achenbach (with A = K, Na, and X = Sb, Bi, and P) [32],
Achenbach and Schuster (with A = Li and Na and X = P, As,
Sb, and Bi) [33], Bronger et al. (X= Na, Li, and K and X=
P, As, Sb, and Bi) [34]. The later work showed that all these
compounds order antiferromagnetically well above the room
temperature. These materials have recently been rediscovered
as potential antiferromagnetic semiconductors [28,35–39].
Here, we would like to focus on NaMnAs. Up to now only the
crystal structure and magnetic structure by x-ray diffraction
(XRD) and neutron diffraction, respectively, was reported
on pulverised polycrystals [34]. It has been shown that it
orders antiferromagnetically with magnetic moments aligned
along the z axis and propagation vector k = [000]. The
crystal and magnetic structure is presented in Fig. 1. The Néel
temperature was estimated between 293 and 643 K; close to
zero temperature, the Mn-magnetic moment was determined
to be 4.0 μB/Mn [34].

We report on the high quality single-crystal growth of
NaMnAs, confirm by optical transmission measurements its
semiconducting nature and discuss various aspects of mag-
netic order both from experimental and theoretical point of
view.

II. SAMPLE GROWTH AND CHARACTERIZATION

The NaMnAs single crystals were grown similar to
Cu1−xMn1+xAs using the flux method [40]. The single crys-
tals were shiny flat rectangular plates (2 × 2 × 0.1 mm3),
which can be cleaved on the basal plane using a standard
sticky tape. This suggests very weak bonds between the lay-
ers. A typical sample is shown in Fig. 2. The material is not
stable on air. After a few minutes it becomes dark so most of

FIG. 1. Unit cell of NaMnAs with magnetic moment directions
refined by Bronger et al. [34].

the manipulation has to be performed under protective atmo-
sphere (see Supplemental Material [41]). It is rather typical
for the flux method, that also other phases are grown; in this
case MnAs crystals were formed during the synthesis. They
form tiny needles which are often attached to the surface of
NaMnAs crystals and are difficult to remove. This does not
affect any spectroscopic measurements which are performed
on impurity-free cleaved surfaces. They influence, however,
other bulk measurements, such as magnetization (as discussed
later).

A. Composition and crystal quality

The composition and the crystal structure of selected sin-
gle crystals have been determined by energy-dispersive x-ray

FIG. 2. Optical microscope image of typical NaMnAs single
crystal. The sample thickness on the order of 100 μm. The c axis is
pointing perpendicular to the plane whereas a axes are parallel with
the long edges of the sample.
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FIG. 3. (a) Symmetric 2θ/ω scan of the (001) NaMnAs single crystals, and (b) Qz scan across the (205) and (206) directions, respectively.
Dashed lines represent the calculated diffraction intensities using the crystal structure from Ref. [34]. In the calculation we assumed an ideal
kinematically diffracting crystal lattice.

spectroscopy (EDS) and by single-crystal XRD, respectively.
EDS was performed using scanning electron microscope
(SEM) equipped with an energy dispersive x-ray detector
Bruker AXS which utilizes the ESPRIT software package
(a nonstandard method with precision up to 1%). The as-
grown samples were mounted on a SEM stub using carbon
tape, freshly cleaved, and quickly installed into the SEM.
The surfaces appear very flat and homogeneous with the
stoichiometry: Na0.96(0.02)Mn1.07(0.02)As0.97(0.02), reproducible
across several growth batches. High-resolution XRD using
Rigaku Smartlab 45/200 in the parallel beam mode was per-
formed at room temperature on an as-grown single crystal
with the (00l) planes parallel to the sample holder. The sam-
ple was preserved by kapton tape during the measurement.
From the refined XRD peaks positions, a Cohen-Wagner plot
provides the lattice parameters: a = b = 4.213 ± 0.002 and
c = 7.0955 ± 0.0005 (Å). The crystal structure is presented
in Fig. 1. The higher precision of the c parameter is due
to the higher number of measured (00l) diffraction peaks.
Also the free z component of the 2c atomic position was
refined being 0.6675 and 0.2166 for Na and As atoms, respec-
tively. The standard single-crystal diffraction collecting the
full diffraction pattern was performed as well, however, the
crystals exhibit a large degree of mosaicity, preventing proper
crystal structure refinement as described in Supplemental Ma-
terial [41] (for the used refinement method, see also Ref. [42]).

Figure 3 shows a symmetric 2θ/ω scan of the (00l) diffrac-
tion peaks. The peak width is limited by the resolution of
the diffractometer, and it suggests excellent homogeneity of
the crystals. Additionally, scans across the (205) and (206)
directions were performed in order to determine the a lattice
parameter.

B. X-ray photoemission spectroscopy

The sample was investigated by x-ray photoemission spec-
troscopy (XPS) after a fresh cleave under UHV conditions.

Sodium, arsenic, and manganese shallow core levels (CLs)
were probed using monochromatized Al Kα radiation (h̄ω =
1486.7 eV), revealing depth-sensitive information about the
sample composition and its homogeneity as discussed in the
Supplemental Material [41]. In addition, details in the spectral
line shape of Mn CLs allows an insight into the Mn 3d shell
configuration. The double-peak structure of the Mn 2p3/2 CL
is a typical multiplet splitting effect observed also in covalent
bulk Mn oxides with oxidation states Mn2+ or Mn3+ and even
Mn4+ [43].

The multiplet structure of the Mn 2p CL in Fig. 4 can
be fitted with five Voigt profiles (referred to as P1–P5) and
a ranged Shirley background (a fit of similar quality can be
achieved with a minimum of four peaks, where P2 and P3
merge to one broader peak). Energy positions, widths, and
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FIG. 4. XPS of the Mn 2p core level. The fit (solid line) corre-
sponds to seven Voigt profiles (P1–P7) assuming a ranged Shirley
background. Parameters of peaks P1–P7 are are given in Table I.
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TABLE I. Peak energy positions, their full width at half maxi-
mum (FWHM), and total intensities of Voigt peaks P1–P7 in Fig. 4.
For P1–P4, P6, and P7 natural linewidths of 0.3 and 0.9 eV were
assumed, respectively.

P1 P2 P3 P4 P5 P6 P7

Energy (eV) 639.3 640.2 640.7 641.6 643.4 650.7 651.5
FWHM (eV) 0.77 0.96 0.93 1.06 4.04 1.06 1.47
Area (a.u.) 183 124 93 42 151 71 67

intensities of the Voigt profiles are summarized in Table I.
The fit structure resembles that of MnO where it is gener-
ally agreed that relativistic many-body effects dominate the
spectral shape of Mn 2p [44]: Angular momentum coupling
of the 2p core hole state and recoupling in the partially filled
Mn d-shell state leads to a characteristic multiplet pattern con-
sisting of four lines with J = 1–4 at the main 2p3/2 peak and
a satellite peak ≈6 eV higher in binding energy (BE) (peaks
P1–P5, respectively, in our case). Multiplet effects in the 2p1/2

CL (P6 and P7) are of similar origin [45,46] but broadened
due to super-Coster-Kronig decay processes, which limits the
information on the Mn chemical state.

We briefly want to discuss nonlocal solid-state effects in
NaMnAs, which have been, e.g., identified in MnO spec-
tra [47]. Although the angular momentum coupling effect is
mainly of local character (free Mn2+ atoms in the gas phase
show a similar multiplet [44]) the relative intensities and en-
ergy positions of the peak structures P1–P5 are influenced by
crystal fields, closed shell screening, or charge transfer (CT)
effects. Although it is agreed that perturbations due to oxygen
ligand orbitals do reshape Mn CLs in MnO [48], it was later
concluded that CT configurations make, at most, minor con-
tributions to spectral shapes in ionic Mn compounds [46,49].
We, therefore, believe that differences in the multiplet struc-
ture between MnO and NaMnAs are mostly due to to changes
in crystal symmetry of Mn in the ionized layered tetrahedral
(MnAs)− environment [36] and the octahedral MnO6 envi-
ronment in MnO [46,49]. A detailed analysis using a cluster
model would be necessary, but it is beyond the scope of this
paper.

We generally conclude that the object of our paper has
been grown in the desired composition (without significant
amounts of other phases, such as MnAs or manganese oxides)
and relegate a more detailed analysis of the XPS for later
investigations.

C. Ultraviolet photoemission spectroscopy

The same device (as in the case of XPS) with a different
photon excitation energy (h̄ω = 21.2 eV, He I line) was used
to obtain ultraviolet photoelectron spectroscopy (UPS) data
shown in Fig. 5 covering BEs in the range of [2 eV, −0.5 eV]
measured in normal emission at a photon energy of 21.2 eV.
The reference point E = 0 eV corresponds to the Fermi level
of the photoelectron spectroscopy analyzer. In semiconductors
the position of the Fermi energy (EF) with respect to the
valence-band maximum (VBM) is sensitive to defect states
and possible surface band bending effects. Kraut et al. [50]
described procedures to quantify defect induced shifts in EF
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FIG. 5. UPS data covering the VBM region measured with a
photon energy h̄ω = 21.2 eV. The position of the VBM at 0.19 eV
is estimated by the leading edge method (see the text). In the inset
the signal intensity around E = 0 (analyzer Fermi edge) is shown in
detail.

and band bending in the semiconductor GaAs by referencing
shallow CLs, such as EGa3d to the VBM value of EVBM.
Thereby values of EVBM are estimated using the leading edge
method, which approximates the density of states (DOS) by a
tangential line at the maximum steepness of the VB edge.

In our case the tangential line of the dominant intensity
suggests a VBM at E = 0.19 eV. Looking more closely at
the UPS intensity at lower BEs (see the inset in Fig. 5), it
is evident that the intensity stretches all the way to E = 0
and then disappears, suggesting a well-defined sample Fermi
edge and that the Fermi level is intersecting the upper VB
states. Therefore, we conclude that our sample is a p-type
semiconductor.

III. MAGNETIZATION MEASUREMENTS

In order to determine the Néel temperature TN on NaMnAs
single crystals, we have performed high-temperature magne-
tization measurements using the VSM oven option (Quantum
Design physical property measurement system). A set of
about 15 single crystals with total mass of 16 mg was placed
in the sample holder and fixed by copper foil with the mag-
netic field oriented on the basal plane (see the Supplemental
Material [41]). The temperature dependence of magnetization
(under an applied magnetic field of 1 T) was measured in the
range of 300–880 K.

We have observed, that the overall magnetic signal in-
creases and slowly saturates upon repeating the heating cycles
(Fig. 6). This is probably due to the fact that in vacuum and
high-temperature conditions, the sample surface becomes Na
deficient, and the larger amount of MnAs phase is grown, in-
creasing the paramagnetic signal. This hypothesis is supported
by XRD measurements of an as-grown and annealed piece
of crystal (see the Supplemental Material [41]) where new
MnAs peaks appeared after annealing the crystal at similar
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FIG. 6. Susceptibility measurements (temperature-dependent
magnetization at B = 1 T). The shift of maximum in the inset,
upon thermal cycling, is likely an artifact of the signal-enhancement
method.

conditions. MnAs in its hexagonal form orders ferromagnet-
ically at around Tc = 315 K with magnetic-field-dependent
temperature hysteresis [51–53].

Magnetization isotherm plots (see Fig. 7) at 400 and
600 K show linear behavior without hysteresis, whereas the
the isotherm at 350 K shows a weak paramagnetic contri-
bution and a weak up-turn at high magnetic fields. At lower
temperatures (not shown) a hysteresis can be seen connected
to the presence of a small amount of ferromagnetic phase.

Considering the presence of such MnAs impurities, the
magnetization measurement should be considered as partially
qualitative. The value of TN fits, however, in the expected
range between 295 and 643 K reported by Bronger et al. [34].
The inset of Fig. 6 shows that once the Curie-Weiss back-
ground ∝1/(T − Tc) is removed, TN close to 350 K can be
estimated.
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FIG. 7. Magnetization isotherm of NaMnAs single crystals with
the magnetic field oriented on the basal plane.
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in the interval of 1.2–1.4 eV by a direct (red, dashed) or indirect
band-gap model allow to estimate the band gap.

IV. MEASUREMENTS OF THE OPTICAL GAP

Optical transmission measurements offer a straightforward
means to prove the presence of a band gap. The measurements
were performed using a Woollam RC2 Mueler matrix ellip-
someter in the spectral range from 0.7 to 6 eV. The data were
corrected for the baseline measurement without the sample
in optical path, the resulting transmission data are shown in
Fig. 8 on a logarithmic scale with the raw data in the inset. The
higher level of noise above 1.26 eV is due to extremely low
transmission where the detected light intensity is reaching the
sensitivity limit of the equipment. A rapid decrease in trans-
mission towards higher energies near 1.19 eV is a notable sign
of the onset of interband transitions, giving the approximate
estimation of the gap.

Given the definition of T (E ) = I/I0, a ratio of incoming
and outgoing intensity of light at energy E = h̄ω, in terms
of absorption coefficient α, the sample width w, the imagi-
nary part of complex permittivity ε = ε1 + iε2 can easily be
extracted from Fig. 8. We write

− ln T (E ) = w
E

h̄c

ε2√
ε1

,

and fit the experimental data assuming ε2 ∝ √
E − E0 for a

direct gap and ε2 ∝ (E − E0)2 for an indirect gap. The mea-
surement clearly indicates that there is a band gap: an indirect
(direct) band gap fit assuming ε1 = const yields the gap of
0.9 (1.16) eV. The absorption shoulder at lower energies may
be ascribed to defect states inside the gap or twisting of the
planes with respect to each other. As already discussed above,
although the symmetric XRD scan presented in Fig. 3 suggest
high quality of single crystal, the single-crystal diffraction
showing the full reciprocal space shows on significant basal
plane mosaicity, which can be a source of the low-temperature
absorption shoulder. Another method, such as spectroscopic
ellipsometry can provide wider information about the absorp-
tion edge and band structure of the material and will be the
subject of our further studies of NaMnAs.
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sites are 3.77, 4.27, and 4.51 Bohr magneton, respectively). Note that
spin-down DOS is the same (and the Mn1 and Mn2 projected DOS
swaps).

V. THEORETICAL MODELING

A. Electronic structure

Magnetic compounds containing manganese in the nom-
inal 3d5 configuration often share a generic electronic
structure: Although the existence of the gap is optional, the
anion-based bands provide a background for the spin-split
Mn d states one of which (majority spin in the case of fer-
romagnets) is below, and the other above is above the Fermi
level. Previous ab initio calculations [28,35] predicted that
tetragonal XMnAs antiferromagnetic materials (where X is
an alkali metal) do have a gap and, for example, CuMnAs
is a metal with low DOS at the Fermi level (EF ), see Fig. 3
in Ref. [20]. Given the well-documented [54] deficiencies
of density functional theory (DFT) implementations,1 such
predictions need experimental confirmation.

In our DFT (optionally, DFT + U when the Hubbard term
was included) calculations, we used lattice parameters from
Ref. [35], namely, alat = blat = 4.200, clat = 7.082 Å, and
sublattice origin at Wyckoff positions 2c: (0, 0.5, 0.646), 2a:
(0, 0, 0) and 2c: (0, 0.5, 0.215), respectively, for Na, Mn,
and As atoms. We chose the local-density approximations
(LDA) as our starting point for DFT. Apart from an undersized
gap, a simple LDA calculation leads to Mn magnetic mo-
ments about 10% smaller than what is found experimentally
(Sexp

Mn = 4.01 Bohr magneton at low temperatures, see Table 2
in Ref. [34]). Regardless of the detailed implementation of

1To be more precise, we mean fundamental shortcomings of some
exchange-correlation kernels.

DFT + U , calculated SMn become larger when U increases.
Such gradual changes can be seen in the DOS shown in
Fig. 9. A compromise among several factors (magnetic mo-
ments, gap size, estimates of Néel temperature discussed in
the next subsection) directed us to a value of U around 5 eV.
On the experimental side, realistic magnitude of Mn mag-
netic moments [34] would suggest somewhat smaller U , but
the final judgment should depend on a more direct quantity
(such as Mn d-peak characteristics in UV photoemission spec-
troscopy). In the following, we use both LDA and LDA + U
in the atomic sphere approximation as implemented within the
spin-polarized relativistic Korringa-Kohn-Rostoker electronic
structure package [55,56].

B. Heisenberg parameters

Effective spin Hamiltonians allow to study finite-
temperature properties of magnetic systems (such as NaM-
nAs) at a reasonable computational cost (see also the
discussion in the Appendix). They use various parameters as
input (for example, magnetic anisotropy may be accounted
for or neglected, depending on the model complexity), but
Heisenberg exchange parameters Ji j are always at their heart.
These parameters quantify the coupling between magnetic
moments on sites i, j and, as a matter of approximation, we
identify Mn as the only magnetic atom (forming two sub-
lattices) in NaMnAs. In our paper, Ji j are determined using
the method of Ref. [57] i.e., starting from the perturbed (see
the expression for δVi in the Appendix) antiferromagnetic
ground state (reflected in the τ matrices, also discussed in the
Appendix) and evaluating,

Ji j = (−1)ξi j

4π

∫ EF

−∞
dE Im Tr δViτ

i j
↑ δVjτ

ji
↓ . (1)

Herewith, the complicated quantum-mechanical problem
(crystal with many electrons) is mapped to a relatively simple
lattice model of classical spins with pair interactions only. We
offer further comments on this mapping, including the sign
convention (−1)ξi j , in the Appendix and here, we just state
that once the magnetic part of the system energy is approx-
imated by a model, such as Eq. (2), various thermodynamic
quantities can be estimated using Monte Carlo (MC) simula-
tion. For example, temperature-dependent magnetization can
be extrapolated to zero and, thus, Néel temperature obtained.
Alternatively, the same can be fitted to extract information be-
yond TN , such as critical exponents (see the next subsection).

In Fig. 10, we show Heisenberg parameters obtained by
Eq. (1) from an LDA + U zero-temperature calculation (U =
5 and J = 0.68 eV) plotted as a function of the distance
between individual Mn atoms. This is a simplified represen-
tation of the situation created by an anisotropic crystal: The
complete layout of Ji j’s in real space is shown in Fig. 12 (of
the Appendix). It should be pointed out that the couplings are
clearly dominated by the nearest-neighbor (NN) pairs within
one plane of Mn atoms (both inter- and intrasublattice) and the
next-nearest-neighbor Ji j are more than an order of magnitude
smaller. The antiferromagnetic intersublattice NN coupling
Jab competes with the intrasublattice NN interaction. More
distant pairs interact feebly and coupling between different
layers is also weak. The NN in a different layer, i.e., shortest
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FIG. 10. Calculated Heisenberg exchange parameters Ji j plotted
as a function of distance between Mn sites i and j. The arrow in-
dicates Ji j corresponding to the coupling between nearest neighbors
belonging to different layers.

interlayer coupling (corresponding to Jc and highlighted by an
arrow in Fig. 10) belongs to the same magnetic sublattice and
|Jc/Jab| ∼ 10−2.

Comparing LDA to LDA + U calculations, we find that
the coupling between Mn magnetic moments decreases with
increasing U . However, this seems to be compensated by
the enhancement of magnetic moments (see the discussion
of Monte Carlo simulations in the next subsection). Zhou
et al. noted that calculations (using a different method [58])
are robust with respect to the alternative choice of exchange-
correlation functional (generalized gradient approximation
and local spin-density approximation used in Ref. [35]),
thanks to the overbinding artifact of the latter canceling out in

FIG. 11. Normalized temperature-dependent average magnetic
moment on one Mn sublattice (blue triangles) from Monte Carlo
simulations (see the text). The fit (also described in text) allows to
more easily read off the Néel temperature TN (to be compared with
the peak position in Fig. 6).

FIG. 12. Visualization of Heisenberg exchange parameters Ji j in
the direct space. The two strongest couplings are shown on the left
(here, only Mn atoms are displayed) and the two strongest interlayer
couplings are shown on the right. Note that among the latter, there is
only one NN but four next-NNs. Energies are given in meV.

taking the difference. The reduced dimensionality of the mag-
netic interactions, mainly confined to the (001) Mn planes,
can explain the much smaller ordering temperature revealed
by experiments and by Monte Carlo simulation as opposed to
cruder early estimates in terms of total energy difference alone
or mean-field theory calculations.

C. Néel temperature

Several approaches to theoretically estimate the ordering
temperature are possible, and their short review is given in
the Appendix. Here, we employ MC calculations [59] as
implemented the Uppsala Atomistic Spin Dynamics UPPASD

code [60] whose input are the Ji j parameters discussed in the
previous subsection.

Zero-temperature magnetization on sublattice i is taken to
be SMn 	mi where | 	mi| = 1 (i.e., we only consider Mn atoms).
Temperature-dependent MMn/SMn for NaMnAs shown in
Fig. 11 is fitted using tβ where [61] t = 1 − T/TN and β is
the critical exponent. It suggests that ordering temperature
is slightly above 350 K. This agrees well with experimental
data shown in Fig. 6. The lower TN of NaMnAs with respect
to CuMnAs can be tentatively understood as a consequence
of different effective coordination or local environment for
the Mn atoms within the two materials. Although for man-
ganese pnictide CuMnAs the transition metal (Mn atoms) is
arranged in a rumpled geometry (2c positions in the CuSb2-
type structure), in NaMnAs the manganese creates flat planes
(2a positions of the CuSb2-type stucture). In combination with
the fairly short-ranged Ji js which present only weak coupling
across such planes, the magnetic Hamiltonian becomes effec-
tively two dimensional; Mermin-Wagner theorem [62] does
not apply, however, given the sizable magnetic anisotropy
(discussed in the Supplemental Material [41]).
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JIŘí VOLNÝ et al. PHYSICAL REVIEW B 105, 125204 (2022)

VI. CONCLUSIONS

We have prepared the room-temperature antiferromagnet
NaMnAs for the first time in the single-crystalline form.
The single crystals have a layered tetragonal structure and
can been easily cleaved within the basal plane; they are, in
general, very soft. The magnetization measurement showed
the Néel temperature to be 350 K which is in agreement
with ab initio calculations and falls within the temperature
range suggested by previous neutron-diffraction experiments
on polycrystals [34]. Using ultraviolet photoemission spec-
troscopy and optical transmittivity measurements we showed
that NaMnAs is a p-type semiconductor with a band gap
between 0.9 and 1.16 eV depending on whether the band gap
is direct or indirect, respectively. The detailed studies of the
type of band gap and band structure, in general, will be subject
of our further work as NaMnAs seems a promising material
for fabrication of functional devices [1,11].

ACKNOWLEDGMENTS

We gratefully acknowledge computational resources from
the Information Technology for Innovation (IT4I) Grants:
Grants No. OPEN-19-45, No. OPEN-20-12 and from
the Project “e-Infrastruktura CZ” (Grant No. e-INFRA
LM2018140) provided within the Program Projects of Large
Research, Development and Innovations Infrastructures, Op-
erational Program Research, Development and Education fi-
nanced by European Structural and Investment Funds and the
Czech Ministry of Education, Youth and Sports (Project MAT-
FUN Project No. CZ.02.1.01/0.0/0.0/15_003/0000487).
Single-crystal growth and characterization were performed in
MGML, which is supported within the Program of Czech
Research Infrastructures (Project No. LM2018096). M.V.
and J.H. acknowledge support from the Czech Ministry
of Education, Youth and Sports (Project No. SOLID21-
CZ.02.1.01/0.0/0.0/16_019/0000760). J.M. acknowledges
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APPENDIX: THEORETICAL APPROACHES TO CRITICAL
TEMPERATURE ESTIMATION

Spin Hamiltonians (see also Sec. V C) such as

E = −1

2
S2

Mn

∑
i 
= j

J̃i j 	mi · 	mj (A1)

can be understood as effective models of an otherwise
complicated and computationally demanding description at

the electronic structure level (of crystalline solid exhibiting
magnetic order). Such effective models capture the part of
system’s total energy related to atomic magnetism, and their
parameters can either be obtained by fitting to experimental
data or as nicely summarized in the introduction of Ref. [63],
using ab initio calculations as an input. We will also refer
to Sec. II of Ref. [64] below and offer further comments on
Eq. (2) in the Supplemental Material [41].

The easiest (and also very popular) way to estimate or-
dering temperature of an AFM system is to consider its
hypothetical FM counterpart and use the energy differ-
ence [28] in combination with the assumption that only
nearest-neighbor interactions are important. This crude ap-
proach can be refined by mapping the total energy difference
onto the Heisenberg Hamiltonian, and estimating coupling
between the nearest neighbors, second-nearest neighbors and
further away through comparison of distinct magnetic order-
ings (see, for example, part B2 of Ref. [64]).

A better approach is to calculate the Heisenberg parameters
by expressing the valence-band energy [66] as a function
of magnetic moment directions. Assuming a certain ground
state, Eq. (2) is exact up to second order in angles (tilt from
the position corresponding to the ground state) of any pair
of magnetic moments. Procedure [57] yielding Eq. (1) is
implemented in our SPR-KKR calculations where the sign
(−1)ξi j is positive (negative) for atoms on sites i, j having the
parallel (antiparallel) magnetic moment, i.e., belonging to the
same (different) magnetic sublattices (we only consider Mn
atoms in Fig. 10). In that formula, δVi is derived from a Taylor
expansion in terms of the rotation of the ith magnetic moment
which gives

δVi = t−1
i↑ − t−1

i↓ , (A2)

where the single-site scattering matrices [65] ti can also be
used to express τ in Eq. (1), see Sec. 4 in Ref. [66]. Thus,
calculated parameters Ji j can either be used at the mean-field
level (see, for example, part C2 of Ref. [64]) or, in a more
elaborate approach, Monte Carlo simulation can be performed
to estimate the averaged sum of magnetic moments and the
ordering temperature.

We replot the Heisenberg model parameters shown in
Fig. 10 in the full three-dimensional representation: Fig. 12
highlights the difference between intra- and interlayer cou-
plings. Although the antiferromagnetic order within the Mn
plane is stabilized by a strong intersublattice Jab < 0, cou-
plings between the two layers are about two orders of
magnitude weaker. Discussion of magnetic order continues
in the Supplemental Material ([41] Fig. S8) and here we just
note that the doubled magnetic unit cell in some materials
similar to NaMnAs (such as KMnAs [34]) is probably related
to slightly different values of interlayer couplings.
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