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Comparative study of the magnetism in Mn3;RhGe and related compound Mn;IrSi
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The Mn3XY (X = Co, Rh, Ir and Y = Si, Ge) family of materials adopts an ordered form of the chiral -Mn
structure lacking inversion symmetry. Polycrystalline samples of Mn3IrSi and a new member in this family,
Mn;RhGe, have been synthesized and investigated with heat capacity, magnetic susceptibility, and neutron
powder diffraction measurements. Mn;RhGe and Mn;IrSi exhibit long-range magnetic order below 225(2)
and 230(2) K, respectively. The neutron diffraction data reveal a high-temperature incommensurate magnetic
structure in Mn3;RhGe, which transitions into a noncollinear commensurate antiferromagnetic ground state upon
cooling via a phase coexistence in a wide temperature range. The presence of the incommensurate magnetic order
reveals a significant role of exchange interactions beyond nearest and next-nearest neighbors. Mn;IrSi shares the
noncollinear commensurate magnetic structure for all temperatures and shows no evidence of incommensurate

magnetism.
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I. INTRODUCTION

Materials such as the Co-Zn-Mn alloys adopt the 8-Mn
structure with the P4;32 space group and are capable of
hosting skyrmions at temperatures up to, and even higher than,
room temperature [1]. Skyrmions are novel magnetic vortices
which are topologically protected and robust, and thus of
interest for potential future device applications [2]. There are
different mechanisms for the formation of skyrmions. In the
case of the Co-Zn-Mn alloys, they are thought to emerge from
a competition between the antisymmetric Dzyaloshinskii-
Moriya interaction [3,4] and the symmetric ferromagnetic
exchange interaction.

The Mn3 XY family of materials, where X = Co, Rh, Ir and
Y = Si, Ge, take an ordered form of the S-Mn structure with
the P2,3 space group. The Mn atoms occupy the 125 Wyck-
off position and form a trillium lattice [5], i.e., a lattice of
three-dimensional corner-sharing triangles (see Fig. 1). Simi-
lar to the parent 8-Mn structure, the lattice can be considered
as geometrically frustrated; however, the lower symmetry of
the ordered structure implies three distinct nearest-neighbor
12b-12b Wyckoff position exchange interactions instead of
only two different nearest-neighbor 12d-12d interactions for
the parent P4,32 structure.
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Despite the similarities in the structures of the Co-Zn-Mn
alloys and the Mn3; XY family of materials, the latter are found
to display very different magnetic behaviors. Mn3;CoGe,
Mn;IrSi, and Mn3IrGe have been previously investigated
using powder neutron diffraction and have been found to
share very similar noncollinear antiferromagnetic orderings
[6-9]. Therefore, it is clear that if skyrmions are exhibited
by these ternary materials, they must arise from mechanisms
different from those in the Co-Zn-Mn alloys and are per-
haps more similar to those at play in Gd,PdSi; [10] and
Gds;RusAly, [11].

Mn;IrSi has been reported to order antiferromagnetically
below Ty = 225 K. The Mn atoms carry a magnetic moment
of 2.97(4) up [6], with angles close to 120° between them,
Mn;IrGe shares this type of magnetic structure, with a study
of a series of solid solutions of Mn3Ir(Si;_,Ge,) finding a
linear increase in the unit-cell volume with increasing Ge
content, but no change in the nature of the noncollinear an-
tiferromagnetic ordering or the transition temperature, Ty =
225(10) K [9]. The ordered moments in Mn3IrGe were found
to be 3.39(4) wup/Mn, larger than those seen in Mn;IrSi de-
spite their similar critical temperatures. A more recent study
has been successful in growing single crystals of Mn3IrSi and
reports a large hump below Ty = 230 K, which may indicate
either the presence of a spin density wave or the opening of
an antiferromagnetic gap at the Fermi surface [12]. An addi-
tional anomaly at 100 K was also observed in the magnetic
susceptibility and requires further investigation.

A study of the solid solution Mn3Ir;_,Co,Si found that
the nearly 120° antiferromagnetic structure was present
for compositions with y < 0.2, while unidentified short-
range magnetic orderings were observed for y = 0.8—1.0.
Mn;CoSi has been studied using neutron diffraction [7] and
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FIG. 1. Nuclear structure for the Mn;XY family in the P23
space group. Selected corner-sharing triangles formed by Mn atoms
occupying the 12b lattice positions are shown, with equivalent bonds
marked in the same color and a Mn atom lying outside the unit
cell illustrated in pink. In the related P4,32 space group, the bonds
marked in blue and red are equivalent, resulting in a reduction from
three to two in the number of different nearest-neighbor interactions.

linear-muffin-tin orbital calculations [13] to find no long-
range ordering stabilized in the material. A recent study on
Mn3RhSi found evidence for short-range spin correlations
resulting in a strong diffuse scattering, which persists to high
temperatures well above the long-range ordering temperature
Ty = 190K [14]. The magnetic ordering for this compound is
found to be similar to other members of the family with close
to 120° spin configuration in the triangular units.

Here, we report on the successful synthesis of Mn;RhGe
and perform a detailed comparison of this material with
the related compound Mnj;IrSi. Heat capacity measurements
show the presence of a transition to a long-range magnet-
ically ordered state in Mn3RhGe at 240(5) K. In addition,
our high-resolution powder neutron diffraction data reveal
that Mn3;RhGe displays an incommensurate magnetic phase
before adopting a noncollinear commensurate ground state. In
contrast, detailed neutron diffraction data for Mn3IrSi, used
to fully explore how the magnetism of this material evolves
with temperature, show no evidence for incommensurate
magnetism.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Mn;RhGe and MnsIrSi were
synthesized using argon arc melting. Pieces of high-purity
Mn, Ir, and Si, or Mn, Rh, and Ge, were melted together in sto-
ichiometric quantities to obtain buttons of the polycrystalline
material. The as-cast samples were used for the study.

To confirm the successful preparation of Mn3;RhGe,
energy-dispersive x-ray (EDX) analysis on selected samples
was performed with a ZEISS GeminiSEM 500 scanning
electron microscope (SEM) operating at 20 kV. The typi-
cal average composition of the as-cast ingots, determined
from 16 spectra collected on each ingot, was found to be
MI]2_99(10)R1’10~827(2)G61.13(10). This is close to the desired stoi-
chiometry, with just a slight rhodium deficiency. The variation
in composition across the bulk sample was found to be small

FIG. 2. Scanning electron microscope image of a metallographic
slide of Mn3RhGe with three areas of differing contrast marked as
(1), (ii), and (iii).

(see Supplemental Material [15] for details on the composi-
tional analysis of both Mn;RhGe and Mnj3IrSi).

A metallographic slide of Mn;RhGe was prepared by
mounting a sample in conductive plastic and polishing it
to an optical finish. This slide was analyzed using EDX.
An SEM image of the slide is displayed in Fig. 2. Ar-
eas of different contrast confirm the presence of a main
phase, (1) Ml’l3_105(10)Rh0.39(3)G61_0()(4), as well as two mi-
nor impurity phases: (11) Mn3,019(8)Rh0_58(3)Ge1,39(2), and (111)
MH2‘902(12)Rh0‘122(13)G60‘975(10) or, approximately, MH3GC,
with the small amounts of detected Rh likely due to sampling
of the sample around the pockets of Mn3Ge, due to their small
size. The average results from several spectra are tabulated
in Table I. Mn3Ge orders antiferromagnetically with a small
ferromagnetic component at a transition temperature 7y of
approximately 370 K [16]. These phases make up a small
volume of the sample and both heat capacity and powder
neutron diffraction data suggest that the minority phases do
not affect the magnetic ordering observed in the bulk of the
sample (see Sec. III).

Heat capacity measurements were performed using a
Quantum Design Physical Property Measurement System
(PPMS) with Apiezon N grease used to ensure good thermal
contact between the sample and the sample stage. The 2t
thermal relaxation method was used and our materials were

TABLE I. Average composition from energy-dispersive x-ray
spectra of the Mn;RhGe sample. The regions (i)—(iii), sampled for
the metallographic slide of this sample, are indicated in Fig. 2.

Mn (%) Rh (%) Ge (%)
Polycrystalline button
59(1) 17(1) 24(1)
Metallographic slide
1) 62.1(2) 20.1(8) 17.8(6)
(i) 60.5(6) 11.8(6) 27.7(6)
(iii) 72.6(6) 3(1) 24.4(6)
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FIG. 3. Heat capacity vs temperature in zero magnetic field for (a) Mn;RhGe and (b) Mn;IrSi. The change in magnetic entropy for

(c) Mn3RhGe and (d) Mn;IrSi.

measured at temperatures from 1.8 to 400 K in zero applied
field.

Powder neutron diffraction measurements on Mn3;RhGe
and Mn;IrSi were performed using the WISH instrument at
the ISIS neutron source [17]. The large number of position-
sensitive detectors and solid methane moderator provide a
wide accessible d-spacing range with a good resolution, mak-
ing it ideal for these measurements. The powdered samples
were mounted inside a 3-mm-diameter vanadium canister and
the neutron diffraction data were taken in zero field for a range
of temperatures between 1.5 and 300 K for Mn3;RhGe and
5 and 300 K for Mn3IrSi. The data were analyzed using the
FULLPROF software suite [18] and JANA2020 [19] against the
data measured in detector banks at average 26 values of 58°,
90°, 122°, and 152.8°, each covering 32° of the scattering
plane.

III. RESULTS AND DISCUSSION
A. Heat capacity

Heat capacity versus temperature data for Mn3RhGe and
Mn;IrSi are shown in Figs. 3(a) and 3(b), respectively.
Mn;RhGe shows a single clear anomaly indicative of a mag-
netic transition with the midpoint of the transition at 225(5) K,
while Mn3IrSi exhibits a two-step anomaly with an onset at
around 230(2) K, providing strong evidence for long-range
magnetic ordering. These transition temperatures agree well

with those observed in yq4. versus 7 data for each material
(see Supplemental Material [15]) and with the literature [12],
although there is no evidence for a two-step transition in either
the dc susceptibility data for Mn3IrSi or previous studies.
The origin of this behavior is unclear. One possibility is a
small variation in the composition of the Mn3IrSi across the
measured sample. No further transitions are observed in C(T)
for either compound over the studied temperature range.

At low temperatures, the data can be fit using C(T)/T =
y + BT? 4+ 8T*, where y is the electronic contribution to
the heat capacity and the 72 and 6T* terms arise from the

__ 3/12 nRa*

phonons. The Debye temperature is given by Op = /= 5

where n = 5 is the number of atoms per formula unit and R
is the molar gas constant. Fitting the low-temperature data
gives y = 2.64(1) x 1072 and 2.92(1) x 10~ J/mol K?, and
®p = 398(4) and 450(4) K, for Mn3;RhGe and Mn;IrSi, re-
spectively. The y for Mn3IrSi is slightly higher than the y =
2.3 x 1072 J/mol K? recorded in a previous study [12].

In order to estimate the magnetic entropy, the non-
magnetic contribution to the heat capacity at high tem-
perature, Chonmag = Celectronic + Cphonon» Was evaluated, where
Celectronic = YT and Cphonon Was determined using the De-
bye model. The Debye temperatures that were used are
®p = 340(40)K for Mn3RhGe, and ®p = 400(30)K for
Mn;IrSi. These are a little below those calculated from the
low-temperature fits to give an upper limit on the phonon
contribution. Around 300 K, Cyonmag €xceeds the 15R from
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FIG. 4. Powder neutron diffraction data and Rietveld refinements for Mn;RhGe of (a) the nuclear structure at 300 K (detector bank with
the average 260 = 152.8°) and (b) the nuclear and magnetic structures at 1.5 K (detector bank with the average 26 = 90.0°). The observed,
calculated, and difference patterns are marked in red, black, and blue, respectively. Nuclear and magnetic Bragg peaks are marked with blue
and purple “|” tick marks, respectively. (c) Evolution of the powder neutron diffraction profiles for Mn;RhGe with temperature from 1.5 to
300 K (detector bank with the average 26 = 90.0°). Each profile is offset by 150 arbitrary units for clarity. Peaks marked with an asterisk are
due to unidentified impurity phases, likely the Rh-deficient phase seen in the SEM/EDX measurements. The peaks observed below 150 K
marked with a dagger are due to a small amount (weight fraction 0.2%) of the magnetic impurity MnO [20-22]. The data at 185, 190, 230,
and 230 K were taken in the single-frame experimental setup, while the rest of the data were taken in the double-frame regime. The fit to the
nuclear and magnetic structures at (d) 200 K (detector bank with the average 26 = 90.0°), showing the incommensurate magnetic peaks, is

displayed with the same key as (a) and (b).

the Dulong-Petit law due to the yT contribution. The non-
magnetic contribution was then removed and the change in
magnetic entropy over the magnetic transition was estimated
by integrating AC(T)/T with respect to temperature, where
AC(T) = C(T) — Chonmag(T). At 300 K, this gave a AS of
33(5) and 37(5) J/mol K, for Mn3RhGe and Mn;IrSi, respec-
tively. These results are close to the expected value for Mn**,
AS = 34.6 J/mol K.

B. Powder neutron diffraction
1. Mn3RhGe

The nuclear structure of Mn;RhGe was refined from the
powder neutron diffraction data collected at 300 K [see
Fig. 4(a)]. A structural model with the cubic P23 space group
and the unit-cell parameter a = 6.62104(9) A provided a sat-
isfactory fitting quality and the obtained structural parameters
are summarized in Table II. Several small impurity peaks were
observed in the data that could not be accounted for by the
model. We failed to index these peaks using a commensu-
rate or single incommensurate propagation vector, making a

scenario of lower symmetry very unlikely. Apparently these
reflections belong to the Rh-deficient phase detected in the
metallographic slide discussed above or to some other small
impurity phase.

Cooling the sample down to 1.5 K resulted in the ap-
pearance of additional reflections in the diffraction pattern
[Fig. 4(b)], confirming the presence of long-range mag-
netic order. The magnetic reflections could be indexed with
ko = (0, 0, 0) propagation vector, indicating that the mag-
netic unit cell is identical to the nuclear one. To model
the magnetic scattering, we adopted the method based on
space-group representation theory implemented in the FULL-
PROF package [18]. The best refinement quality was found
using the one-dimensional mI'; irreducible representation of
the paramagnetic P23 space group [Fig. 4(b)]. This repre-
sentation enters three times into the decomposition of the
magnetic reducible representation associated with the Mn 12b
Wyckoff position, yielding three orthogonal basis functions.
The atomic components of these basis functions are listed in
Table III, along with the corresponding mixing coefficients
obtained in the refinement procedure. The refined size of the
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TABLE II. Atomic coordinates and components of the Mn magnetic moments, M;, (i = x, Y, z), for Mn;RhGe extracted from refinements
of powder neutron diffraction data collected at 300, 200, and 1.5 K (detector banks with an average 20 of 152.8°, 90.0°, and 152.8°),
respectively. In the case of the incommensurate magnetic structure (200 K), the modulation function of the Mn magnetic moments is given
by the Fourier series, M; ;; = Zzil Al sin(2rn[r; k1) + B} ;cos2mnlr; k), where r;; indicates position of the jth atom of the average
structure in the /th unit cell. In our refinement, only the Fourier coefficients for the first harmonic (n = 1), Ail and B}, were refined.

300 K P2,3
R, = 6.69% Rup = 6.81% a=6.6210409) A
Wyck. x y z By (A?)
Mn 126 0.117(2) 0.2017(10) 0.4572(11) 1.37(10)
Rh 4a 0.6861(9) 0.6861(9) 0.6861(9) 1.5(3)
Ge 4a 0.0636(6) 0.0636(6) 0.0636(6) 0.91(12)
200 K P2,2,2,.1'(0, 0, y)000s
R, =7.55% Rup = 7.69% a, b, c = 6.6106(1) A
Wyck. x y z Biso (A%)
Mnl 4a 0.606(2) 0.7043(15) 0.960(2) 0.000(12)
Al 1.24(6) —0.08(11) 1.32(6)
B! —1.11(8) —1.05(12) 0.97(10)
Mn2 4a 0.540(2) 0.3938(15) 0.204(2) 0.086(14)
Al —1.20(7) —1.17(11) 0.7(2)
B! —1.2909) 0.7(2) ~1.02)
Mn3 4a 0.296(2) 0.4598(15) 0.894(2) 0.01(2)
Al —1.20(8) 0.90(10) 1.00(12)
B! 1.32(8) 1.07(12) 0.63(13)
Rh 4a 0.0612(9) 0.9388(9) 0.4388(9) 0.037(4)
Ge 4a 0.6829(11) 0.3171(11) 0.8171(11) 0.010(3)
15K P2,3.1
R, =7.01% Rup = 7.28% a = 6.60100(5) A
Wyck. X y z By, (A?)
Mn 12b 0.120(2) 0.2060(14) 0.452(2) 1.05(9)
M, 1.34(2) 22(2) —1.84(14)
Rh 4a 0.6862(11) 0.6862(11) 0.6862(11) 1.4(3)
Ge 4a 0.0640(8) 0.0640(8) 0.0640(8) 0.36(14)

magnetic moments is found to be 3.07(1) up/Mn, with a into account that the nearest-neighbor Mn-Mn exchange inter-
noncollinear magnetic structure (Fig. 5), revealing the pres- actions form a three-dimensional network of corner-sharing
ence of competing interactions. This is quite natural, taking triangular units. The one-dimensional nature of the mlI';

TABLE III. Atomic components of the basis vectors, W;, localized on the 12b Wyckoff position of the P2,3 space group and trans-
formed by the mI'; irreducible representation. Magnetic structure is presented as a linear combination of these basis vectors with the
mixing coefficients ¢; (3, ¢;¥;) obtained in refinements performed using the Wish detector bank with the average 20 = 58°. The 12
Mn sites in the 126 Wyckoff position are Mnl(x, y, z), Mn2(—x + 1/2, =y, z+ 1/2), Mn3(—x,y+ 1/2, —z+ 1/2), Mnd(x + 1/2, =y +
1/2, —z), Mn5(z, x, ¥), Mn6(z + 1/2, —x; /2, —y), Mn7(—z + 1/2, —x,y + 1/2), Mn8(—z,x + 1/2, —y + 1/2), Mn9(y, z, x), Mn10(—y, z +
1/2, =x+1/2), Mnl1(y + 1/2, =z 4+ 1/2, —x), and Mn12(—y + 1/2, —z, x + 1/2).

Basis vectors

Mnl Mn2 Mn3 Mn4 Mn5 Mn6 Mn7 Mn8 Mn9 Mnl10 Mnl1l Mnl2

mF1

v, (1,000 (1,0,0) (1,0,0) (1,000 (0,1,0) (0,1,0) (0,1,0) (0,1,0) (0,0,1) 0,0,1) (0,0,1) (0,0,1)
W, 0,1,00 (0,1,0) (0,1,0) (0,1,0) (0,0,1) (0,0,1) (0,0,1) (0,0,1) (1,0,0) (1,0,0) (1,000 (1,0,0)
W3 0,0,1) (@O0, (0,0,1) (0,0,1) (1,000 (1,000 (1,0,0) (1,0,0) (0,1,0) 0,1,00  (0,1,0) (0,1,0)

Mixing coefficients

Compound c1 o 3 Ruag
Mn;RhGe 1.34(2) 2.2(2) —1.84(14) 5.93%
Mn;IrSi 1.51(2) 1.8(3) —1.8(2) 2.35%
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FIG. 5. Mn atoms in Mn3;RhGe are shown with the magnetic
moments (red arrows) to display the ground-state magnetic structure.
A similar magnetic structure for Mn;IrSi is displayed in the Supple-
mental Material [15].

representation implies that the cubic symmetry is preserved in
the magnetically ordered state. Moreover, since this represen-
tation is a branch of the totally symmetric representation of
the nonmagnetic P2,3 space group, the corresponding mag-
netic symmetry is P2;3.1 [23]. A similar noncollinear cubic
magnetic ground state has also been found in the isostructural
Mn;1IrSi, Mn3CoGe, and Mn3IrSi compounds [6-9], revealing
its universal character. A description of the magnetic structure
in this space group is provided in Table II.

The evolution of the diffraction patterns for Mn3;RhGe with
temperature is displayed in Fig. 4(c). No obvious indication of
the existence of short-range ordering, such as a broadening
of the magnetic peaks, is observed at any temperatures for
this material. Surprisingly, however, warming the sample up
to 175 K resulted in the appearance of a new set of reflections
with a concomitant decrease of the kg = 0 magnetic peaks
[Fig. 6(a)]. This was unexpected since no visible anomaly
has been detected in either the magnetic susceptibility or the
specific heat below 240 K.

The new magnetic reflections could not be indexed with
a commensurate cell and required the use of incommen-
surate propagation vector k; = (0,0, y), with y strongly
dependent on temperature [Fig. 6(c), inset]. The intensity
of these reflections increased with temperature to a maxi-
mum at 195 K, where the kg = 0 magnetic phase practically
vanished [Figs. 6(b) and 6(c)]. This behavior indicates that
the commensurate and the incommensurate magnetic phases
coexist over a wide temperature range. This can explain
why there is no visible second anomaly in the suscepti-
bility and specific heat data below 240 K. Warming the
sample above 225 K resulted in the loss of long-range mag-
netic order, but clear diffuse scattering was observed even at
higher temperatures, indicating the presence of short-range
spin correlations well above the transition temperature. To
efficiently exploit symmetry constraints, the refinement of the
incommensurate magnetic structure was approached using the
superspace formalism [24]. The relevant magnetic superspace
groups were generated by the ISODISTORT software [25,26]
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FIG. 6. (a) Portion of neutron diffraction pattern for Mn;RhGe
in the vicinity of the (110) reflection with a strong magnetic contri-
bution from the commensurate kg = 0 phase, which is transferred to
magnetic satellites above 175 K. Inset: Temperature dependence of
the magnetic satellites in more detail. (b) Integrated intensities of the
(110) reflection and (c) the magnetic satellite to the left of this reflec-
tion as a function of temperature. Inset: Temperature dependence of
the incommensurate propagation vector.

and tested versus the experimental data using the JANA2020
program [19]. The best fit to the data was found in the
P2,2,2,.1(0, 0, ¥)000s superspace group associated with the
mA irreducible representation of P2;3 [see Fig. 4(d)]. The
refinement was performed assuming only the incommensurate
magnetic phase; however, the presence of a small amount
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(a)
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o

FIG. 7. Structure of the incommensurate magnetic phase found
in Mn;RhGe at 200 K showing (a) the configuration of three different
Mn-Mn nearest-neighbor interactions in the P2,2,2,.1’(0, 0, y)000s
space group and (b) a single triangle of Mn atoms extended along
the ¢ direction to better show the evolution of the incommensurate
winding.

(a few percent) of the low-temperature kg = 0 phase could
not be excluded. This phase scatters on top of the strong nu-
clear reflections and therefore its reliable refinement was not
possible due to correlations with the structural parameters. In
order to reduce the number of variables present for the incom-
mensurate magnetic structure, the refinement was constrained
so that the moments were equal across all Mn atoms and of
constant size. Initially, the moments were set to a reasonable
value of 2 up/Mn, as expected for the temperature, and were
then varied within the constant moment constraint. As a result,
a final refined moment of 1.8(2) wp/Mn is extracted from
the data at 200 K, and the atomic parameters and modulation
functions are listed in Table II, along with the equivalent
information at 300 and 1.5 K.

In common with the commensurate ground state, the high-
temperature incommensurate magnetic structure implies a
noncollinear arrangement of the nearest-neighbor Mn spins
in the triangular units (see Fig. 7 and Supplemental Mate-
rial [15]). Upon propagation through the crystal, the spins
gradually rotate, forming an incommensurate structure, which
preserves the relative angles between the moments in the
triangles. Taking into account the small component of the
propagation vector [k, = 0.0663(1) at 200 K], the incommen-

surate structure is therefore only a small perturbation of the
low-temperature ground state.

The observation of the higher-temperature magnetic phase
in Mn3RhGe naturally gives rise to the question of whether
this incommensurate spin order can be associated with the
noncentrosymmetric crystal structure of the Mn3;XY family
of materials, and if so, whether other members of the fam-
ily might also exhibit this phase. To answer these questions,
the magnetic ordering in the related compound Mn3IrSi was
revisited through a detailed high-resolution neutron powder
diffraction study reported below.

2. Mn;IrSi

Powder neutron diffraction data for Mn3IrSi are shown in
Fig. 8. The structural parameters obtained at 300 K in the
cubic P2,3 space group are summarized in Table IV and the
fitting quality is shown in Fig. 8(a). The unit-cell parameter
at this temperature is found to be a = 6.50407(7) A. Several
small impurity peaks were observed in the powder profile that
could not be indexed by the cubic cell. They were excluded
from the refinement procedure. It should also be pointed out
that the Ir-containing sample is highly absorbing, and the
points at which the intensity of the calculated fit does not
fully capture the intensity of the observed data can be at-
tributed to this. Despite this, the Bragg R-factor for this fit
Was Rprage = 6.459%, which indicates good agreement be-
tween the calculated fit and observed data. The commensurate
magnetic structure of Mn3IrSi, refined from the data collected
at 5 K [see Fig. 8(b)], as well as its refined moment size
[2.92(1) up/Mn], agrees well with the published literature
[6,8] and is very similar to the kg magnetic structure found
for Mn3;RhGe (see Tables III and IV and the Supplemental
Material [15]).

The diffraction patterns for Mn3IrSi as they evolve with
temperature are displayed in Fig. 8(c). Magnetic peaks begin
to appear at temperatures in line with the transition temper-
atures extracted from our heat capacity and dc susceptibility
data, Ty = 230(2) K. Unlike Mn3RhGe, there is no evidence
of any incommensurate magnetic phase in Mn;IrSi, which
appears to enter its commensurate ground state immediately at

TABLE IV. Atomic coordinates and components of the Mn magnetic moments, M;, (i = x, y, z), for Mn;1IrSi extracted from refinements
of powder neutron diffraction data collected at 300 and 5 K performed for detector banks with average 26 = 152.8° and 58°, respectively.

300 K P23
R, = 7.34% Ry, =1.61% a = 6.50407(7) A
Wyck. x y z Bi (A?)
Mn 12b 0.1179(13) 0.2073(8) 0.4549(7) 1.02(9)
Ir 4a 0.6831(3) 0.6831(3) 0.6831(3) 0.55(6)
Si 4a 0.0662(8) 0.0662(8) 0.0662(8) 0.3(2)
5K P2,3.1
R, = 6.96% Ry, =7.11% a=6.49081(7) A
Wyck. x y z B (A?)
Mn 12b 0.1187(14) 0.2074(10) 0.4544(8) 0.55(10)
M; 1.51(2) 1.8(3) —1.8(2)
Ir 4a 0.6829(4) 0.6829(4) 0.6829(4) 0.18(6)
Si 4a 0.066(1) 0.066(1) 0.066(1) 0.4(2)
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FIG. 8. Powder neutron diffraction data and Rietveld refinements
for Mn3IrSi of (a) the nuclear structure at 300 K (bank at 20 =
152.8°) and (b) the nuclear and magnetic structure at 5 K (bank at
260 = 90.0°). The observed, calculated, and difference patterns are
marked in red, black, and blue, respectively. Nuclear and magnetic
Bragg peaks are marked with blue and purple “|” tick marks, respec-
tively. (c) Evolution of the neutron diffraction profiles for Mn;IrSi
with temperature from 5 to 300 K (bank at 26 = 90.0°). Each profile
is offset by 150 arbitrary units for clarity. Peaks marked with an
asterisk are due to an unidentified impurity phase.
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FIG. 9. Integrated intensity / of the (001) peak as a function of
temperature for Mn;IrSi, taken on warming from 5 to 300 K.

230 K. The temperature resolution of the data, collected in 5 K
steps, combined with the high resolution of WISH makes the
possibility of missing an incommensurate phase unlikely. The
integrated intensity of the (001) magnetic peak as a function of
temperature is displayed in Fig. 9. No changes in the magnetic
structure below 7y can be concluded based on this plot and
therefore the origin of the two-step transition seen in the heat
capacity of this material is not clear from the neutron data and
merits further investigation.

The absence of incommensurate magnetic order in Mn3IrSi
strongly indicates that this phase is not directly related to
the noncentrosymmetric nature of the Mn3XY compounds
and the associated Dzyaloshinkii-Moriya interactions. This
conclusion is further supported by the symmetry of the com-
mensurate ground state transformed by the mI"; irreducible
representation of the P2;3 space group. The antisymmetrized
square of this representation does not contain vector repre-
sentation, which implies that the Lifshitz invariant [27] is
not allowed in the Landau free-energy decomposition. This
type of free-energy invariant promotes incommensurate states
through antisymmetric exchange and is often responsible
for long-period modulations in weakly anisotropic magnetic
systems with noncentrosymmetric crystal structures, such as
Cr/3NbS; [28] and MnSi [29]. The incommensurate mag-
netic phase in Mn3;RhGe, therefore, appears to be a result
of a delicate balance between the competing symmetric ex-
change interactions imposed by the frustrated triangular based
topology.

To verify this conclusion, we undertook mean-field calcu-
lations for Heisenberg spins taking into account the couplings
between nearest-neighbor Mn as well as the interactions be-
yond them. The approach is similar to the theoretical study of
the B-Mn frustrated lattice by Canals and Lacroix [30]. The
interesting result of Canals and Lacroix’s calculation is the
presence of the lowest-energy modes which are dispersionless
along the (y, y, y) line of symmetry. This indicates that no
long-range magnetic order is possible if one considers only
the nearest-neighbor interactions. The ordered structure of

114402-8



COMPARATIVE STUDY OF THE MAGNETISM IN ...

PHYSICAL REVIEW MATERIALS 7, 114402 (2023)

Mn3;RhGe is less symmetric and implies three nonequiva-
lent nearest-neighbor interactions, in comparison with only
two in S-Mn. However, keeping them antiferromagnetic, it
is not possible to remove the ground-state degeneracy and
the lowest-energy modes stay dispersionless [see Fig. 10(a)].
The experimentally determined magnetic ground state of
Mn3;RhGe and Mnj;lrSi, as well as other members of the
family such as Mn3IrGe, Mn3;CoGe, and Mn3;CoSi [6-9],
implies antiferromagnetic character for the nearest-neighbor
interactions in Mn3;XY and a strong competition between
them. We therefore chose the idealized case of the frustrated
lattice, when J; = J, = J3 = —1, to qualitatively investigate
the relevant interactions stabilizing the experimentally ob-
served magnetic structures. Although in the real systems these
interactions are slightly different, it does not change the con-
clusions made for the most frustrated case with equal J;, J»,
and J3.

The interactions beyond the nearest neighbor are defined in
the Supplemental Material [15], along with the corresponding
Mn-Mn distances. In the range between 3 and 4 A, there
is only one interaction, denoted as J; (where the Mn-Mn
distance is 3.4 A), and in the range between 4 and 5 A,
one can identify eight additional couplings, Js5 —Ji2. The
ground-state degeneracy was found to be unstable when the
next-nearest-neighbor interaction is included and a finite pos-
itive J4 removes the degeneracy and selects a k = 0 ordered
state [Fig. 10(b)]. Apparently, this is the case of the ground
state of Mn3;RhGe and Mn;IrSi, as well as many other mem-
bers of the family. By systematic exploration of the phase
space formed by the third and higher-order interactions, Js —
J12, we have found that a small positive Jg shifts the energy
minimum from the k = 0 to an incommensurate propagation
vector along the (0, 0, ), line of symmetry [Fig. 10(c)]. For
instance, keeping the nearest-neighbor interactions antiferro-
magnetic and equivalent, J; = J, = J3 = —1, and taking J; =
0.3 to be ferromagnetic, the experimentally observed propa-
gation vector k = (~0.07,0,0) at T = 200K is selected at
Jo =0.11.

The propagation vector was found to be very sensitive to
the magnitude of Jg, whose slight temperature variation can
explain the change of the magnetic structure and the signifi-
cant temperature dependence of y. Increasing this interaction
from 0.11 to 0.12 results in a change of y from 0.07 to
0.12, while values below 0.1 do not perturb the commensurate
k = 0 ordered state. Thus, the presence of the incommensu-
rate magnetic order in Mn3RhGe signifies the relevance of
the ferromagnetic interactions beyond the nearest- and next-
nearest neighbor. This conclusion is fully consistent with the
study of spin correlations in a closely related Co-doped B-
Mn system by Paddison et al. [31]. This study revealed the
presence of prominent ferromagnetic further-neighbor inter-
actions and found that the ferromagnetic correlations between
fifth-nearest neighbors were as strong as nearest-neighbor an-
tiferromagnetic correlations.

IV. SUMMARY

A new member of the Mn3;XY family of materials,
Mn;RhGe, with the ordered 8-Mn crystal structure, has been
found to exhibit a transition to a magnetically ordered state
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FIG. 10. Dispersion curves of the lowest eigenvalues along
different lines of symmetry for different sets of the exchange interac-
tions. The set of J values shown in (c) reproduces the propagation
vector in the incommensurate magnetic phase of Mn;RhGe, ob-
served at 200 K.

at 225(2) K. The magnetic structure is incommensurate with
orthorhombic P2,2;2,.1’(0, 0, ¥ )000s symmetry, where y in-
creases from ~0.03 to ~0.1 between 175 and 225 K. At lower
temperatures, the magnetic order transforms into a commen-
surate ground state with the kg = (0, 0, 0) propagation vector
and cubic P2;3.1 magnetic symmetry. The transformation
takes place via a phase coexistence in the temperature range
of 175 < T < 200K. The magnetic moments in the com-
mensurate phase are ordered into a noncollinear pattern with
a close to 120° configuration in the triangular units formed
by nearest-neighbor exchange interactions with a magnetic
moment of size 3.07(1) ug/Mn at 1.5 K. In contrast, Mn3IrSi
exhibits only the cubic noncollinear magnetic order, with a
refined moment size of 2.92(1) up/Mn, and no evidence of
the incommensurate magnetism has been found. The refined
moment sizes for both materials are consistent with the mo-
ment size expected for Mn**, in agreement with the magnetic
entropy from heat capacity measurements.
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This study indicates that the modulated structure in
Mn;RhGe is stabilized by the frustrated symmetric Heisen-
berg interactions, rather than a competition between sym-
metric and antisymmetric exchange associated with the
noncentrosymmetric nature of the ordered 8-Mn crystal struc-
ture. With this in mind, the presence of an incommensurate
magnetic phase in Mn3;RhGe, and the absence of a similar
phase in the Ir compound, can perhaps be related to differ-
ences between the 4d element Rh and the 5d element Ir.
This incommensurate phase in the Rh compound is especially
interesting with regards to its potential for hosting novel mag-
netic phenomena, such as skyrmions, and highlights that the

Mn;XY family and B-Mn structure-type materials are inter-
esting candidates for further study.
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