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ABSTRACT: Magnetic materials with noncollinear spin arrange-
ments are of considerable interest owing to their potential use in
emerging computational technologies and memory devices.
Competing magnetic interactions, i.e., magnetic frustration, are
one of the main origins of noncollinear magnetic structures. While
frustrated systems have been mainly studied among magnetic
insulators, combining magnetic frustration with electrical con-
ductivity can allow simultaneous charge and spin manipulation,
which is crucial for the design of electronic devices. Here, we present
a new intermetallic solid solution LaMn,_,Au,,, whose crystal
structure accommodates magnetically frustrated Mn square nets. /
Powder neutron di raction and first-principles analysis provide
evidence that the metallic LaMn,_Au,,, phase can host the
frustration-driven hedgehog spin-vortex crystal—a rare noncollinear magnetic state, which was previously exclusively observed
for iron pnictides.

£ ow g
“ N
RN
“ S N

P
Y
P

I INTRODUCTION is associated with an orthorhombic magnetic symmetry due to
a symmetry reduction from C, to C,.!719212324

Theoretical predictions for frustrated magnetic square
lattices suggest that disorder promotes noncollinear solutions
in which the spins arrange orthogonally.”® In particular,
computational studies support this trend for iron arsen-
ides, %% but the interplay of magnetic fluctuations and
spin—orbit coupling (SOC) may also play a major role.?®
Experimentally, magnetic phases with C, symmetry (and
changes to C, symmetry and orthogonal/nematic magnetic
states) have been observed to occur in a number of metallic
iron arsenides upon careful variation of the chemical
composition. 9733 Interestingly, orthogonal magnetic
states have also been reported in disorder-free Mott insulators,
such as LaO,C0,0Se,>* REO,Fe,0Se, (RE = La, Ce,
Nd),* and SrF,Fe,0S,.>” However, none of these systems
exhibits a hedgehog SVC state, detected in iron arsenides.

In this contribution, we report the synthesis and character-
ization of the magnetic, geometrically frustrated intermetallic
phase LaMn,_,Au,,,. Powder neutron di raction (PND) data
complemented by first-principles calculations suggest that

Magnetic vortex systems such as skyrmions, merons, and spin-
vortex crystals (SVC) have gained significant attention since
their discovery."™® Recently, an unprecedented magnetic
structure referred to as “hedgehog SVC” (hedgehog SVC) has
been discovered in a number of iron arsenides, such as
Ba,_,Na Fe,As,'"*® and CaK(Fe;_.Ni ),As,.'*?° The hedge-
hog SVC is a noncollinear, quasi-two-dimensional solution of a
frustrated magnet on a square lattice and can be regarded as a
superposition of two spin density waves (SDW), m(R) =
M, cos(Q;R) + M, cos(Q,R), where m(R) describes the
magnetic moment m at the position R with the wave vectors Q,
= (n,0) and Q, = (0,m) and the nonzero, orthogonal magnetic
ordering parameters |M;| = |M,|. As a double-Q structure, the
hedgehog SVC is characterized by its 4-fold rotation invariance
(C.).*9%17%% In the x—T phase diagrams of the aforemen-
tioned iron arsenides, the hedgehog SVC phase lies in close
proximity to the columnar antiferromagnetic state (CAF) as
well as the superconducting (SC) phase and even partially
overlaps with the latter. Thus, it was suggested that the
hedgehog SVC, CAF, and SC phases are in competition with

each other,""*#2>2¢ which is also supported by computational

studies.”**?* The CAF structure, also referred to as “stripe- Received:  August 30, 2023
order” in the literature, is the classical, collinear solution of a Revised:  March 25, 2024
frustrated magnet on a square lattice?” and represents a single- Accepted: March 27, 2024

Q SDW with only one nonzero M; at either Q; or Q,. This Published: April 9, 2024
makes the CAF structure a 2-fold degenerate magnetic ground
state. In comparison to the hedgehog SVC, the CAF structure
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LaMn,_,Au,,, exhibits geometric frustration and may host a
hedgehog SVC state, which opens up the potential for the use
of these materials in spintronic devices.

I EXPERIMENTAL SECTION

Synthesis of LaMn,_ Au,, . All starting materials were used
without further purification. In the first step, pieces of La (HEFA Rare
Earth, 99.9 wt %) and Au (NEYCO, 99.999 wt %) were mixed with
the desired ratio. Mn granules (Alfa Aesar, 99.98 wt %) were added
with a 20% excess. The elemental mixture was melted and flipped over
between meltings three times in an Edmund Buhler MAM-1 arc
melter. The excess Mn was added to compensate for Mn evaporation
in this step. Our previous studies on the binary La—Au compounds
showed that evaporation of La or Au is negligible under these
conditions.*® The final mass of the as-cast button di ered from the
expected mass by less than 0.2% (with Mn loss taken into account).
The total mass of each sample ranged from 0.5 to 2 g.

In the second step, the as-cast button was wrapped in Mo foil and
sealed in an evacuated fused silica tube. The Mo foil was used to
prevent the reduction of silica by the lanthanum-containing sample.
The tube was heated to 1173 K at a rate of 200 K/h, kept at this
temperature for 24 h, and cooled to 573 K at a rate of 5 K/h.

X-ray Di raction. Powder X-ray di raction (PXRD) measurements
were carried out on a PANalytical X'Pert di ractometer (Cu Kal A =
154056 A) in Bragg—Brentano geometry. Finely ground samples
were loaded on zero-background Si holders and immobilized using
silicone grease. The data were collected in the 28 range 5—90° with a
step size of 0.013°. Rietveld refinements were done using the
Jana2006 program package.™

For single-crystal X-ray di raction (SCXRD) studies, suitable
crystals were selected, cut into desired dimensions under silicone
grease, and mounted on low-background MiTeGen®© plastic loops.
Data collection was performed at room temperature on a Bruker D8
Venture (Mo Ka A = 0.71073 A) equipped with a PHOTON 100
CMOS detector. Data integration and absorption corrections were
performed using SAINT®' and SADABS® software, respectively.
Crystal structures were solved by dual-space methods with the
program SHELXT®® and refined by the full-matrix least-squares
method on F? with SHELXL.>* Additional details are given in Section
1 of the Supporting Information. Atomic coordinates were stand-
ardized using STRUCTURE TIDY.>® Details of single-crystal data
collection and selected crystallographic parameters for several studied
LaMn,_ Au,,, compositions are given in Tables S1-S9 in the
Supporting Information.

Magnetization Measurements. Magnetization measurements
were performed on a Quantum Design Physical Property Measure-
ment System (PPMS) employing the vibrating sample magnetometer
(VSM) option under applied fields of 1—70 kOe. For measurements
below 400 K, finely ground samples were enclosed in polypropylene
containers and loaded in brass half-tube sample holders. Temperature
dependence of magnetization was measured from 2 to 400 K in zero-
field-cooled (ZFC) and field-cooled (FC) regimes. High-temperature
magnetization measurements on a LaMn,Au, sample were carried out
from 300 to 600 K using a VSM oven setup. The sample in the form
of a solid piece cut o from an annealed button was immobilized on a
ceramic sample holder with alumina cement (AL-CEM, Zircar
Ceramics, Inc.).

First-Principles Calculations. Spin-polarized first-principles calcu-
lations were accomplished using the Vienna ab initio Simulation
Package (VASP).*® Exchange and correlation were described in the
generalized-gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional.>” Details of scalar-
relativistic calculations are given in Section 3 of the Supporting
Information. Calculations with the inclusion of the SOC are described
in Section 4 of the Supporting Information.

PND. PND measurements of LaMn,Au, and LaMnAus were
performed at the high-resolution powder di ractometer for thermal
neutrons (HRPT) at the Swiss neutron spallation source SINQ
between 1 and 470 K.%® A cryofurnace was employed in order to
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cover the whole temperature range within one sample environment.
The samples were loaded into cylindrical vanadium containers and
sealed under a helium atmosphere using lead wires to prevent sample
decomposition. The data was collected using the neutron wavelength
A = 1.89 A in the high-intensity mode and acquired in a 20 angular
range of 5—165°. This guaranteed a good reference between magnetic
and crystal structure reflections. The PND Eatterns were analyzed
using the FullProf Suite®® and MAXMAGN.®

I RESULTS AND DISCUSSION

Synthesis and Crystal Structure. Our initial interest in
the RE—Mn—Au systems, where RE is a rare-earth metal, was
motivated by the possibility of combining strong SOC of the
heavy element Au with the 3d magnetism of Mn in order to
develop new noncollinear magnetic materials, where the
magnetism can be additionally tuned by the choice of the
RE metal. Such materials are interesting both from the
fundamental science perspective and due to the prospects of
applications in computational technologies such as spintronics.
We expected that in the ternary RE—Mn—Au compounds,
noncollinearity could be realized via, e.g., Dzyaloshinskii—
Moriya exchange. A number of ternary compounds in the RE—
Mn—Au systems, such as Y;MnAus and RE,Mn;_ Auy,., (RE
= Gd or Y), were presumed to have noncollinear magnetic
arrangements, but no determinations of the magnetic
structures have been reported.®*°

The existence of a ternary compound with the tentative
composition LaMn,Au, was first mentioned by Samal et al.*°
However, no characterization of this material has ever been
provided. Since the magnetism in this phase must originate
exclusively from Mn, LaMn,Au, appeared as a potentially
interesting test system for detailed magnetic investigations. For
this reason, we started studies aimed at that particular
composition.

The phase “LaMn,Au,” was originally discovered during
exploratory high-temperature reactions of the elements La,
Mn, and Au in weld-sealed Ta tubes. Crystallographic studies
suggested a wide homogeneity range originating from mixed
Mn—Au sites in the crystal structure (vide infra). Therefore,
we refer to this phase as LaMn,_,Au,.,,. Energy-dispersive X-
ray spectroscopy investigations (EDX) on samples prepared
using this method indicate considerable contamination by Ta,
likely related to the high solubility of Ta in Au at high
temperatures.”’ In addition, we noticed that direct reactions
from the elements always led to partial melting of the samples
and resulted in deviations of the refined LaMn,_ Mn,,,
compositions from the nominal ones.

To circumvent these problems, we developed a two-step
synthetic procedure involving arc-melting of the elements,
followed by high-temperature annealing, as described in the
Materials and Methods section.

PXRD analysis indicates that LaMn,_,Au,,, is yielded as a
single-phase product. Although the employed synthetic
procedure allows the production of pure samples in large
quantities, we note that precise control of the composition is
somewhat challenging due to the Mn evaporation in the arc-
melting step. For consistency, all magnetization and PND
measurements presented in this contribution were made on
two samples, each coming from a single reaction batch. The
compositions of these samples were verified by SCXRD.

The representative of the LaMn,_,Au,,, solid solution with
x =0, i.e., LaMn,Au,, crystallizes in the YbMo,Al, structure
type (space group I4mmm, Pearson code 114, a = 7.058(1) A,
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Figure 1. Crystal structure. Structures of LaMn,Au, (left) and LaMnAus (right). The Mn square nets are highlighted. The unit cells are outlined in

black.
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Figure 2. Magnetic properties. Temperature dependence of the magnetic susceptibility for LaMn,Au, (A) and LaMnAus (B). Magnetic
susceptibility corrected for ferromagnetic impurities (b, pink curve) was calculated using the Honda—Owen method (44, 45). The inset in (a)
shows the high-temperature portion of the magnetic susceptibility curve for LaMn,Au,. The inset in (b) displays the temperature dependence of
the inverse corrected magnetic susceptibility (pink) along with a Curie—Weiss fit (black) for LaMnAus.

¢ =5.4026(9) A, Figure 1). The Mn atoms in LaMn,Au, form
linear chains running along the crystallographic ¢ direction and
arranged in square rod packing.

The Au atoms in LaMn,Au, can be substituted by Mn
statistically, according to LaMn,_,Au,,, (with x < 0), under
preservation of the space group symmetry. The Mn-richest
composition, as suggested by our experiments, has the
approximate composition LaMn,,Ausz; (i.e., x = —0.7). With
an increasing Au/Mn ratio, the Mn atoms in LaMn,Au, can be
replaced by Au, yielding the compositions LaMn,_,Au,,, with
x > 0. Interestingly, such substitution is accompanied by Mn/
Au ordering along the [001] direction. The gradual develop-
ment of this ordering leads to a lowering of the space group
symmetry to Pdnmm, which becomes apparent by the
emergence of Bragg reflections forbidden for a body-centered
cell in single-crystal and powder X-ray di raction patterns. A
similar transformation was previously found to occur in
LaMg,_,Ag,...** In contrast, the solid solution RECd,_,Aug,,
(RE = La—Nd, Sm), crystallizing in the YbMo,Al, type, was
reported to retain the IZmmm space group over a wide
compositional range with no signs of Cd/Au ordering.**** The
Au-richest composition in the LaMn,_,Au,,, family was found
at x 1.2, ie, LaMnygAus,. Details of crystal structure
analysis and additional crystallographic data are provided in
Section 1 and Tables S1 and S9 in the Supporting Information.
We note that only two compositions from the LaMn,_ Au,,,
series are free from crystallographic disorder: The one with x =
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0, that is LaMn,Auy,, described above (Figure 1A), and the one
with x = 1, i.e., LaMnAus (Figure 1B). The latter composition
displays a 1:1 Mn/Au ratio within the linear chains in the
crystal structure so that these chains represent ordered rows of
atoms: —Mn—Au—Mn—Au—. The Mn substructures in both
LaMn,Au, and LaMnAus can be viewed as stackings of square
Mn nets, with the di erence being the separation (in terms of
the unit cell parameter ¢) between the nets: ¢/2 for LaMn,Au,
and ¢ for LaMnAus. Since the lack of crystallographic disorder
allows a more straightforward analysis of the crystal and
electronic structure, we investigated the magnetic properties of
LaMn,Au, and LaMnAu; in detail using experimental and
theoretical approaches. We note that while we refer to the
latter sample as LaMnAus for brevity, the actual composition is
LaMn, g;AuUy, g3, i.., the sample is almost, but not completely,
devoid of crystallographic disorder.

Magnetic Properties. The temperature dependence of the
magnetic susceptibility for LaMn,Au, and LaMnAug is shown
in Figure 2. Below room temperature, LaMn,Au, is
antiferromagnetically ordered (Figure 2A). High-temperature
magnetization measurements reveal a magnetic transition at Ty
= 460 K. No reasonable Curie—Weiss fit was possible up to
600 K (Figure 2A, inset).

LaMnAus orders antiferromagnetically at a much lower
temperature of Ty = 160 K, consistent with a smaller fraction
of Mn in the structure (Figure 2B). Below about 30 K, a
bifurcation between the zero-field-cooled and field-cooled
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Figure 3. First-principles calculations for collinear magnetic structures. (A—I) Calculated magnetic arrangements for LaMn,Au, and LaMnAus.
Relative total energies with respect to the ferromagnetic state (in meV atom™) are indicated. Only the Mn substructure is shown, visualized as
stackings of square sheets. White and black circles correspond to spin-up and spin-down configurations, respectively. (J) Magnetic exchange paths
used to construct the model Heisenberg Hamiltonians. Labels Jyy and Jynn denote in-plane nearest-neighbor and next-nearest neighbor exchange,
respectively, while J; and Jiy correspond to interplanar nearest-neighbor and next-nearest neighbor exchange, respectively.

magnetic susceptibilities suggests a possible spin canting. No
associated changes were visible in the PND data (vide infra),
which means this e ect is very weak and may be related to a
slight o -stoichiometric composition of the investigated
LaMnAus sample (see Section 2 in the Supporting Information
for details). Linear fitting of the inverse susceptibility x~*(T)
above Ty yields a magnetic moment of 6.04 pg/Mn and a
Weiss constant of —326 K. Although the magnetic moment/
Mn is reasonably close to the theoretical magnetic moment of
high-spin Mn?" (Upeor = 5.92 Wg), it should be taken as a rough
estimate since the large absolute value of the Weiss constant
suggests strong magnetic correlations and, hence, deviation
from the ideal paramagnetic behavior. Taking into account the
metallic nature of the systems under study, the magnetic
moment is expected to be reduced in comparison to the
theoretical value for Mn?* due to electronic delocalization.
Such reduction is actually observed in our first-principles
calculations and PND study (vide infra), which again suggests
that the values extracted from the Curie—Weiss fit are likely
not very reliable.
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First-Principles Analysis. The apparent deviations of the
magnetism in LaMn,Au, and LaMnAug from a Curie—Weiss
behavior above the respective transition temperatures may
point toward the emergence of magnetic frustration in these
materials, which motivated us to study the magnetic exchange
employing first-principles calculations within the density
functional theory (DFT) framework. Total energy calculations
were performed for nine possible collinear magnetic arrange-
ments in LaMn,Au, and LaMnAus. The schematic representa-
tion of the considered magnetic structures and their relative
energies with respect to the ferromagnetic state is shown in
Figure 3A—I.

All calculated models revealed a metallic electronic structure
and an ordered magnetic moment of 3.87—4.03 yg per Mn,
which is lower than the expected value of 5.0 g for high-spin
Mn?* with fully localized magnetism (computational details are
given in Section 3 of the Supporting Information). Our results
suggest that the lowest energy structure for LaMn,Au, can be
described as ferromagnetic Mn square nets coupled anti-
ferromagnetically along [001] (AFM1 in Figure 3B, the
converged moment on Mn is 3.87 pg). In contrast, the most
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stable spin arrangement for LaMnAus was found to be a
columnar antiferromagnetic state (CAF) (AFM5 in Figure 3F,
converged moment on Mn is 4.00 pg). In this structure, the
Mn square nets can be viewed as being composed of
ferromagnetic Mn chains running along one of the basal
lattice vectors of the tetragonal crystal structure and coupled
antiferromagnetically along the orthogonal basal vector.
Interestingly, AFM5 is also found to be the second most
stable structure for LaMn,Au,. To elucidate the origin of
di erent ground-state magnetic structures in LaMn,Au, and
LaMnAus, we conducted a computational analysis of magnetic
exchange interactions.

Although the systems under question are metallic, the high
magnetic moments on the Mn atoms suggest a significant
degree of localization, which motivated us to construct a model
of magnetic exchange in LaMn,Au, and LaMnAus by mapping
the results of the first-principles calculations onto a simple
Heisenberg Hamiltonian

Our goal was to reproduce the computed magnetic energies
with the smallest possible number of exchange couplings, J.

We note that the spin values for these partly itinerant
systems are not well-defined. Judging from the magnetization
measurements, Mn is likely present with the oxidation state 2+
in LaMnAus (and possibly in LaMn,Au,), which would
correspond to S = 5/2 for the high-spin configuration. The
converged magnetic moments from spin-polarized calculations
are smaller and roughly correspond to S = 2. In the following
discussion, we will be interested in the signs and ratios of
exchange couplings rather than their absolute values. For this
reason, the spin value, serving as a scale factor in the above-
given Hamiltonian, can be chosen rather arbitrarily. In all
calculations below, we set S = 2.

The relative energies of the magnetic structures for
LaMn,Au, can be well reproduced using four exchange
interactions: the nearest-neighbor and next-nearest neighbor
exchange in the square nets (Jyn and Jynn, respectively), the
interplanar exchange between adjacent Mn atoms (J;) and the
interplanar exchange between next-nearest neighbors in
adjacent nets (Jig, i.e, interplanar diagonal exchange), all
depicted in Figure 3J. The comparison between the total
energies calculated from DFT and the model Hamiltonians is
given in Table 1. The competing interactions Jyy = 2.7 meV
and Jynn = —2.3 meV result in geometric frustration on the
square net, reminiscent of the well-studied case of the
frustrated J;—J, model.?” However, owing to strong anti-
ferromagnetic interplanar diagonal exchange, Ji4, the frustration
is “released” and magnetic structure AFM1 is realized as the
magnetic ground state for LaMn,Au,. The frustrated
interactions in the Mn nets are reflected in the AFM5
structure (a CAF state), which is the second most stable
configuration for LaMn,Au,.

A similar analysis for LaMnAus demonstrates that, while the
competing couplings Jyn = 1.4 meV and Jyny = —2.0 meV
yield geometric frustration on the Mn square net akin to the
case of LaMn,Au,, the J,4 exchange appears to be almost
negligible due to a larger separation of the Mn layers in
LaMnAus, which ultimately results in a frustration-driven CAF
state (Table 2). Geometric frustration on a square lattice has
been actively investigated in magnetic insulators.”” However,
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Table 1. Relative Total Energies of the LaMn,Au, Magnetic
Structures with Respect to the Ferromagnetic State (in meV
atom ') Derived from DFT and the Constructed
Heisenberg Hamiltonians (HH, =2, y\y=2.4 meV, =
—2.1 meV, ;= —11.7 meV, 4= —2.9 meV), along with the
Respective Absolute Differences

magnetic structure DFT HH absolute di erence

FM 0 0 0

AFM1 —54.3 —53.7 0.6
AFM2 -142 -15.9 17
AFM3 —-15.0 —-15.8 08
AFM4 -19.0 =173 17
AFM5 —43.9 —44.1 02
AFM6 —26.8 -26.9 01
AFM7 —-184 -15.9 25
AFM8 —294 -30.7 13

Table 2. Relative Total Energies of the LaMnAug Magnetic
Structures with Respect to the Ferromagnetic State (in meV
atom™!) Derived from DFT and the Constructed
Heisenberg Hamiltonians (HH, =2, yy=1.4meV, =
—2.0 meV, ; = —6.6 meV, ;4 = —0.4 meV), along with the
Respective Absolute Differences

magnetic structure DFT HH absolute di erence

FM 0 0 0

AFM1 -9.1 —-9.4 0.3
AFM2 17 14 0.3
AFM3 —4.3 —4.3 0.0
AFM4 —41 —-38 0.3
AFM5 -11.3 —11.4 0.1
AFM6 =55 —4.7 0.8
AFM7 -18 -14 0.4
AFM8 -75 —7.6 0.1

similar studies of metallic systems are rather limited. To get a
deeper insight into the magnetism and analyze the presumably
di erent ground states of LaMn,Au, and LaMnAus, we
examined these two compositions utilizing PND.

PND Studies and First-Principles Calculations with
SOC. The PND patterns of LaMn,Au, are presented in Figure
4. Magnetic reflections corresponding to the propagation
vector k = (1, 0, 0) appear below Ty. The combination of
symmetry analysis and the theory of maximal magnetic
subgroups yielded two possible magnetic models with similar
goodness-of-fit. In both solutions, the Mn square nets form
layers with ferromagnetic in-plane coupling, which are stacked
antiferromagnetically along [001] in accordance with the first-
principles predictions described above. The magnetic moments
lie within the Mn square net in both models but align along
di erent crystallographic directions: in the solution with
magnetic space group C,mcm (#63.468), the moments lie
parallel to the square’s side (Figure 4D), while in Pmmn
(#59.416), they point along the square’s diagonal (Figure 4E).

Since the goodness-of-fit is close for the two magnetic
models of LaMn,Au,, one cannot distinguish between them
using PND alone. Therefore, to determine the actual magnetic
ground state, we performed fully relativistic first-principles
calculations, i.e., with consideration of the SOC. Since the
introduction of SOC couples the magnetic moments to the
crystallographic directions, this approach allows the compar-
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Figure 4. Powder neutron di raction study of LaMn,Au,. PND patterns in the paramagnetic regime at 470 K (A) and in the magnetic ground state
at 1 K refined with the models of the magnetic space groups C,mcm (#63.468, B) and Pymmn (#59.416, C). The Bragg markers indicate the
reflection positions of the crystalline (C) and magnetic (M) contributions of LaMn,Au, as well as the vanadium sample holder (V). Magnetic unit
cells of the two possible magnetic solutions of LaMn,Au, in the magnetic space groups C,mcm (#63.468, D) and Pymmn (#59.416, E). The unit
cells are presented as such to highlight the rotation of the magnetic moments between the two models. La (green), Au (gold), and Mn (red). First-
principles calculations suggest a slightly higher stability for the C,mcm state.
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Figure S. Powder neutron di raction study of LaMnAus. Powder neutron di raction patterns of LaMnAus in the paramagnetic state at 300 K (A)
and in the magnetic ground state at 1 K refined with the models for the magnetic space groups I-4cm (#108.238, B) and I bca (#73.553, C). The
Bragg markers indicate the reflection positions of the crystalline (C) and magnetic (M) contributions of LaMn,Au, as well as the vanadium sample
holder (V). Magnetic unit cells of the two possible magnetic solutions of LaMnAus: hedgehog SVC in the magnetic space group I-4cm (#108.238,
D) and columnar antiferromagnetic state (CAF) in Icbca (#73.553, E). Projections of a single Mn layer with di erent in-plane spin arrangements of

the two models (F, G). La, Mn, and Au atoms are depicted in green, red, and orange, respectively. First-principles calculations suggest the
hedgehog SVC (I4cm) as the actual ground state.

3551 https://doi.org/10.1021/acs.chemmater.3c02170
Chem. Mater. 2024, 36, 3546—3554


https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c02170?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c02170?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

]
F—x—F

S

N —F

Hedgehog SVC: 0

CAF: 38.6

Intermediate: 41.1

Figure 6. First-principles calculations with spin—orbit coupling for LaMnAus. Magnetic structures used in fully relativistic calculations along with
their relative energies with respect to the hedgehog SVC state (in peV atom™2). For simplicity, only a single Mn sheet is shown. Mn magnetic

moments in adjacent sheets couple antiferromagnetically.

ison of total energies for magnetic structures with di erent spin
directions.

The performed calculations indicate that the C,mcm
structure is 3 peV atom™' more stable than the Pmmn
structure. Such a minor energy di erence suggests a small
magnetic anisotropy in the ab plane of the tetragonal
LaMn,Au, structure. It is worth noting, however, that such
small energy di erences are not unexpected since magneto-
crystalline anisotropy is in general a weak e ect. For instance,
the magnitude of the MAE for di erent magnetization
directions in ferromagnetic 3d metals, Fe, Co, and Ni, also
amounts to only a few peV atom=**~***%*" For comparison,
we calculated the total energy of the AFM1 magnetic
arrangement with an out-of-plane alignment of the magnetic
moments. Such a structure with an easy axis along the
tetragonal ¢ direction is 556 peV atom™ less stable than the
Cymcm structure. To summarize these results, the energy
di erence between the C,mcm and Ppmmn magnetic states
appears to be almost negligible, and magnetization measure-
ments on single crystals would be necessary to confirm the
predicted stability of the former structure. Nevertheless, both
PND and ab initio analysis indicate that the magnetic moments
align within the ab plane of the tetragonal LaMn,Au, crystal
structure. The refined magnetic moments of Mn atoms in the
Cymem and Ppmmn Structures amount to 4.02 pg at 1 K, in fair
agreement with the DFT calculations.

The magnetic reflections visible in the PND patterns of
LaMnAus (Figure 5) were indexed with the propagation vector
k=(1/2,1/2, 1/2) and could also be fitted with two di erent
magnetic models (Figure 5B,C). In both structures (Figure
5D,E), the magnetic moments lie within the Mn square nets
and the neighboring moments in adjacent nets align
antiparallel with respect to each other. The in-plane arrange-
ments of the spins, however, di er significantly in the two
models. The first possible solution is the hedgehog spin-vortex
crystal (SVC, Figure 5D), a noncollinear magnetic structure in
which the magnetic moments align at 90° with respect to each
other.*”~?° Figure 5F shows the spin structure of a single Mn
layer. The hedgehog SVC is described by the magnetic space
group I-4cm (#108.238). The second possible solution is the
CAF state (Figure 5E,G), described by the magnetic space
group Icbea (#73.553). As discussed in the Introduction, the
tetragonal symmetry is preserved for the SVC state, while a
reduction down to orthorhombic symmetry occurs for the
CAF state.

While the CAF structure corresponds to the AFM5 magnetic
arrangement, predicted to be the ground state in our collinear
first-principles calculations, the noncollinear hedgehog SVC
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could not be considered in the ab initio study described above
but can be viewed as a canted version of the CAF phase. The
refined Mn magnetic moments in both the I-4cm and I-bca
magnetic structures were found to be 4.03 pg at 1 K, in perfect
agreement with the DFT results.

Just like in the case of LaMn,Au,, Total energy ab initio
calculations with SOC included were used to compare the
stabilities of the two possible magnetic states in LaMnAus.
Quite surprisingly, the rather uncommon hedgehog SVC state
was reproducibly found to be about 38.0 peV atom™ more
energetically favorable than the CAF state, the latter being
observed in a number of frustrated square systems.”” We note
that the energy di erence found here is 1 order of magnitude
higher than in the case of the two magnetic structures
considered above for LaMn,Au,.

To further check the stability of the SVC state in LaMnAus
with respect to small perturbations, we evaluated the total
energy for a hypothetical magnetic structure intermediate
between the hedgehog SVC and CAF states. In this
hypothetical structure, the magnetic moments are tilted by
22.5° (=45°/2, in contrast to 45° in the SVC case) in the
square plane with respect to the ideal CAF structure (Figure
6). The calculations resulted in the total energy of this
hypothetical intermediate state being about 2.5 peV atom™
higher than that of the CAF state (or about 41 peV atom™
higher than that of the SVC state). This result suggests that
rotation of the magnetic moments from their ideal positions in
the orthogonal magnetic structure of the hedgehog SVC is
energetically costly, which points toward a high stability of the
SVC state.

I CONCLUSIONS

The results of our combined experimental and theoretical
analyses suggest that geometric frustration on a square lattice is
inherent to the LaMn,_,Au,,, solid solution. While in the Mn-
rich composition LaMn,Au,, the frustration is resolved due to
the strong long-range exchange interactions between adjacent
Mn nets, LaMnAus represents an example of a geometrically
frustrated square-lattice metallic magnet. Furthermore, the
magnetic ground state in LaMnAus appears to be the
unconventional hedgehog SVC, previously observed exclu-
sively in iron arsenides. Interestingly, this proposed magnetic
structure is stabilized in the absence of disorder in the
magnetic substructure, in contrast to the case of the arsenides.
The exact origin of the hedgehog SVC state in LaMn,_ Auy,,
has yet to be clarified, although a combined e ect of geometric
frustration and SVC appears to be at play in this case. Further
experimental examinations, such as inelastic neutron scattering,
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will be necessary to confirm the realization of the SVC in
LaMnAus.

Whether the unexpected link between LaMn,_ Au,,, and
iron pnictides has further implications, such as the emergence
of superconductivity in the former, should be a topic of further
studies. The high magnetic moment on the Mn atoms will
likely hinder superconductivity. However, it is conceivable that
suppression of magnetism by, e.g., application of pressure may
be a viable way of inducing superconducting properties, as it
was shown for another Mn-containing metallic magnet with a
noncollinear magnetic ground state, MnP.*?

Nevertheless, it is evident that the presence of geometric
frustration, high magnetic ordering temperatures, and consid-
erable chemical flexibility of LaMn,_,Au,,, makes this system
an interesting playground for further studies. In particular, the
suggested stabilization of the SVC may unlock the realization
of skyrmions, possibly at relatively high temperatures, in this
gold-containing intermetallic system. The combination of
magnetic frustration, magnetic noncollinearity, and electronic
conductivity opens up possibilities of using LaMn,_,Au,,, in
future spintronic applications.
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