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Magnetic frustration in ferromagnetic metallic systems is unusual due to the long-range and
symmetric nature of the exchange interactions. In this work we prove that it is possible to obtain
a highly frustrated ferromagnetic phase in a multi-sublattices cubic structure through a fine tuning
of the magnetic interactions. This peculiar state is achieved in Ni-Mn-(In, Sn) Heusler alloys and
results in the effective decoupling of their two intertwined ferromagnetic sublattices. One sublattice
is ferromagnetic long range ordered below the macroscopic Curie temperature (T¢) whereas the
second one remains disordered until a crossover to a polarized state occurs at T" << T¢. This
result points out that a fine engineering of the magnetic interactions in metallic systems can lead

to interesting novel and emergent phenomena.

Frustration in magnetic systems is the consequence of
particular combinations of lattice geometry and compet-
ing magnetic interactions, and it is known to drive in-
teresting exotic and collective phenomena.[I] The sim-
plest frustrated model is described by antiferromagnetic
interactions on a triangular lattice, where not all the
bonds can be satisfied simultaneously causing a degen-
erate ground state. Over the years more complex models
and materials with frustrated configurations have been
discovered and studied.[2H5] Most of them arise from lo-
calized moments in insulating antiferromagnetic materi-
als, whereas frustration in ferromagnetic metallic systems
is less common.[6] The situation becomes even more in-
teresting in the case of intertwined magnetic sublattices,
where the balance and the possible frustration of inter-
and intra-sublattices exchange interactions can induce
the decoupling of the magnetic ordering. [THI3] When the
intra-sublattices interaction prevails, the magnetic sub-
lattices behave independently and might order at differ-
ent temperatures with different periodicity.[7] This sce-
nario rarely occurs in ferromagnetic materials, since the
periodicity of the magnetic structure coincides with the
nuclear one and the effective magnetic field that one sub-
lattice exerts on the others does not generally vanish.

In this work we show that it is possible to obtain a
highly frustrated state in a two sublattices ferromagnetic
metal. We design this peculiar state by finely controlling
the magnetic interactions of a cubic off-stoichiometric Ni-
Mn-(In,Sn) alloy through electron doping of the non-spin-
polarized atom. The frustrated magnetic configuration

* corresponding author:francesco.cugini@Qunipr.it

exhibits one sublattice showing ferromagnetic long range
ordering below the Curie temperature (T¢) of the ma-
terial whereas the second sublattice remains disordered
until a crossover to a polarized state occurs at T' << T¢.

NisoMnos i Zos—o (Z= In, Sn, Ga, ...) Heusler alloys
are intensively investigated thanks to the strong cou-
pling between their structural, magnetic and electronic
degrees of freedom, which gives rise to a great variety of
functional properties.[I4H20] These compounds crystal-
lize in a cubic L2; austenite structure (Fig. [Th), com-
posed of four intertwined face-centered cubic sublattices,
with a T¢ in the 300-400 K range. The ferromagnetic
ground state is due to the superposition of short-range
and long-range magnetic interactions between Mn and
Ni moments, with the Mn atoms providing the largest
contribution to the magnetization, carrying a moment of
about 4 pp. Ab-initio calculations [21] indicate that the
dominant coupling is the ferromagnetic (FM) nearest-
neighbors exchange between Mn and Ni atoms in the 4a
and 8¢ Wyckoff positions of the cubic cell (Fig. [th).[22]
Direct exchange interactions between Mn atoms on the
same sublattice are irrelevant, owing to the large Mn—Mn
distance (> 4 A). Conversely, for Mn-rich alloys (z > 0) a
direct antiferromagnetic exchange can be established be-
tween the excess of Mn atoms, sited at the 4b position,
and Mn atoms in the 4a sublattice.[24] Moreover, long-
range super-exchange interactions, with a Ruderman-
Kittel-Kasuya-Yosida-like oscillatory character, are pro-
moted by the hybridization of d-Mn and sp-Z electronic
states and are mediated by conduction electrons. [23] 24]

Polycrystalline samples of NiggMnggInig_,Sn, (0 <
x < 16, hereafter: Sn0-Snl6) were prepared follow-
ing standard procedure (reported in supporting mate-
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TABLE I. Sample composition obtained from Energy Dispersive X-ray spectroscopy (EDX); cubic cell parameter at room
temperature a; Curie temperature T, total magnetic moment per f.u. us at T'= 2 K and puoH = 5 T obtained by magnetometry;
magnetic moment per Mn/Ni atom on 4a, 4b and 8c site derived from NPD at 7' = 10 K; magnetic susceptibility at high field
xer at T =2 K.

Sample Composition a T. s Haa [ap Use XHF
EDX (£0.5 at. %) (A) (K)  (us/fw) (us/Mn) (us/Mn) (us/Ni) (10~°m’kg™)
Sno Nia7.6Mns.aln1o 6.02507(4) 316.5(5)  5.04(6) 384(4)  384(d)  0.29(1) 0.09(2)
Sl’l4 Ni47,6Mn36‘61n11,gSn4 - 312.5(5) 599(6) - - - 009(2)
Sn8 Nis7sMnseaInzsSns  6.01701(5) 310.9(5)  5.95(6) 3.45(3) 274(7)  0.28(1) 0.12(3)
Sn12  NigrsMnseelngSnios  6.01297(4) 313.3(5)  5.68(6) 3.31(4) 1.52(8)  0.27(1) 0.42(1)
Sn14 Ni47_5Mn36,4In1,9Sn14,2 6.01023(4) 316.7(5) 5.21(5) - - - 069(3)
Sn16 Niz7.sMnseoSnies  6.00803(8)  320.9(5)  4.92(5) 3.30(1) 0 0.31(2) 1.04(7)
rial [25]). X-ray diffraction patterns, collected at room  tron diffraction results. The low-temperature zero-field

temperature, confirmed the L2, cubic structure and indi-
cate a small monotonic decrease of the lattice parameters
with the Sn content (Tab. [[). [26] Magnetometry mea-
surements revealed a non-monotonic trend of T with
the In/Sn ratio, which shows a minimum at 310.9 +
0.5 K for Sn8 and reaches the maximum 320.9 £+ 0.5
K at the end-member composition Sn16 (Tab. [l Fig.
S3b [25]). On the contrary, the total magnetic moment
(at T =2 K and poH = 5 T) is constant until z = 8
(1 ~ 6.0np/ f.u) and then drops upon rising the Sn con-
tent (= 4.92 4 0.05u5/f.u for Snl6) (Tab. [l Fig. S3b
[25]). In addition, the high-field susceptibility, measured
at 2 K, linearly increases by decreasing the magnetization
(Tab. [ Fig. S4 [25]).

Neutron powder diffraction data, collected for 4 sam-
ples (Sn0, Sn8, Snl2, Sn16) on the WISH diffractometer
at the ISIS facility UK,[27] confirmed that the excess Mn
atoms occupy the In/Sn 4b site (= 36%) and the Ni 8¢
site (= 4%), whereas the 4a site is fully occupied by Mn
(Fig. ) Below T, the 111 reflection intensity increases
with decreasing temperature (Fig. S5 [25]) without the
appearance of new reflections, indicating the presence of
long range magnetic order with £ = 0 propagation vector.
The refinement of the data, with the tetragonal magnetic
space group I4/mm’m’[28] revealed the presence of or-
dered magnetic moments on both Mny, (4 ~ 3.3—3.8up)
and Nig. (1 ~ 0.3up) sublattices, for all compositions.
The Mny, moment (Fig. ) increases with decreasing
temperature, following a Brillouin-like behavior, compa-
rable to the high field M (7T) measurements.[25] Instead,
the Mny, magnetic sublattice shows the same tempera-
ture dependence and moment size of the Mny, only for
the In end-member (Sn0) (Fig. [I). By increasing the Sn
content, the onset temperature for long-range magnetic
order of the 4b sublattice drops from the macroscopic
Curie temperature, falling below the minimum measured
temperature (T" = 10 K) in the case of the Sn-ternary
alloy (Snl6). Instead, in the latter sample, an increase of
the low-Q signal for T < 150 K (Fig. S11 [25]) suggests
the appearance of short-range FM correlations.

55Mn broadband nuclear magnetic resonance spectra
as a function of temperature clarify and bolster the neu-

(ZF) spectra exhibit two main distinct peaks (Fig. [Tk)
in the 250-450 MHz frequency interval, which are unam-
biguously assigned to Mn nuclei at the 4a and 4b sites.
[25] The fine structure of the majority peak (4a) reflects
the disordered magnetic surrounding of Mn4, nuclei due
to the random occupation of 4b site by Mn.[25] Both
peaks rigidly shift to lower frequencies by applying an ex-
ternal magnetic field, demonstrating that both are due to
ferromagnetically ordered Mn ions with moment collinear
to the external magnetic field (Fig. S13 [25]). The mean
spontaneous frequency, proportional to the mean local
moment, and the integrated amplitude of the 4a peak
follow, for all the samples, the typical temperature be-
havior of ferromagnetic materials, both vanishing at the
Curie temperature (Fig. [lg). Instead, the intensity of
the 4b minority peak drops on warming well below the
Curie temperature (Fig. [1f), while its mean frequency
does not vanish (Fig. [lp). This indicates a gradual de-
crease of the population of magnetic ordered ions in 4b
sublattice rather than a decrease of the localized moment.
This effect shifts to lower temperature by increasing the
Sn content (Fig. [If). The Sn16 NMR spectrum at 1.4 K
reveals that only the 25% of Mn moments at the 4b site
(9% of total 4b sites) is ordered along the net moment di-
rection and this fraction rapidly decreases by increasing
the temperature.

First-principles calculations in the framework of DFT
reveal the mechanism behind the effective magnetic de-
coupling between the 4a and 4b sublattices (details are
reported in supporting material [25]). The hybridiza-
tion with sp-electrons obtained by tailoring the In/Sn
content determines the position of characteristic features
in the d-metal density of states. This has in turn con-
sequences for the direct exchange between nearest (Ni—
Mn) and next-nearest (Mng,—Mnyy) neighbors. In this
way, the effective coupling of the Mny, moments to the
Mny, and Ni sublattices is progressively reduced by re-
placing In with Sn due to the strengthening of the AF
Mny,—Mnyy, coupling and the weakening of the compet-
ing FM exchange between Mn (4a and 4b) and Ni atoms.
This effect is partially compensated by the small fraction
(4%) of Mn atoms sited on the 8c Ni sites, which show
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FIG. 1. (a) Crystal structure of the paramagnetic austenite phase of the NisgsMnsgInis—.Sn, alloys (b) NissMnszsInie—oSna

magnetic phase diagram. The critical temperatures of 4a and 4b sublattices are obtained from magnetometry (squares),
refinement of NPD (circles) and NMR data (triangles). The NMR critical temperature of the 4a sublattice is derived from the

best fit of the v(T) data to the empirical law v(T) = vo[1 — (T/T.)*]°
of the 4b sublattice is defined as the temperature at which the 4b peak disappears (panel f).

(panel e, dashed curves), whereas the onset temperature
(c-d) Mn magnetic moment in

the (c) 4a and (d) 4b sublattices as a function of temperature, obtained from the refinement of NPD data. (e) Zero-field 4a

and 4b mean *°

Mn resonance frequencies vs temperature. Inset: **Mn resonance spectrum of Sn0 at T' = 10 K. (f) Ratio of

integrated 4b and 4a NMR peak amplitudes as a function of temperature.

a strong AF coupling with nearest neighbors Mny, ap,
mediating an effective FM interaction between the lat-
ter. These competing interactions and their change with
the In/Sn content explain the different ordering schemes
observed in neutron diffraction and NMR, spectroscopy.
The FM ground state of the In rich alloys, character-
ized by a FM alignment of Mny,, Mny;, and Ni moments,
turns for the Sn-rich alloys into a mixed AF/FM ground
state, in which the moments of Mnyy, ions are FM or AF
coupled to the Mny, ferromagnetic sublattice depending
on whether at least one of the nearest-neighbor 8c sites
is occupied by Mn (Fig. [2a). The chemical statistical
disorder leads to the formation of FM and AF clusters
on the 4b sites. At the same time, the competition of
the various interactions that couple the Mny, moments
with the Mny, and Nig. sublattices reduces the effec-
tive inter-sublattices coupling, thus resulting at finite-
temperature in the decoupling of 4b sublattice from the
strong FM 4a-8c matrix and a fast relaxation of Mnyy,-
order. By moving towards the pure In-alloy, the FM
exchange starts to dominate over the AF interaction, in-
creasing the coupling between the two sublattices and,
therefore, the Mny;, onset temperature.

The effective decoupling of the Mny, and Mny, sub-
lattice magnetization is confirmed by finite-temperature
Monte Carlo simulations of a localized spin model (de-

tails are reported in supporting material [25]). The sim-
ulations are based on a realistic parameters set obtained
from DFT, where only the ratio between the FM (Jgj,
between nearest neighbors Ni and Mny, 45) and the AF
(Jar between next-nearest neighbors Mny, and Mny; )
exchange constants has been deliberately varied. The
good agreement of the simulated results in Fig. 2p with
the experimental phase diagram in Fig. confirms that
the onset temperature of the 4b sublattice depends in
first approximation on the Jup/Jprpr ratio, which is ef-
fectively controlled by the In/Sn substitution. This sug-
gests that the decoupling is not a direct consequence of
the magnetic inhomogeneity introduced by the excess Mn
on the 8c sites but it is due to a change in the inter-
sublattices interactions.

It is now worth discussing the nature of the Mny;, sub-
lattice “transition”. As discussed above, the moments of
this sublattice are subjected to strongly frustrated inter-
actions that effectively decouple them from the FM ma-
trix. On reducing the temperature both NMR and neu-
tron diffraction clearly show the development of a long
range ordered moment, which the almost linear tempera-
ture dependence suggests to be an induced moment. This
implies the lack of a thermodynamic transition at the
order-temperature, consistent with the symmetry of the
system and with the absence of a heat capacity peak in
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FIG. 2. (a) Total energies of different magnetic arrangements
(AF, AF/FM, PM) relative to the FM state of the respective
composition (black line) as a function of the Sn content from
first-principles DFT calculations. In NisgMns4Inie_.Sn, a
transition from FM ground state to an AF coupled 4b sublat-
tice (green circles) is predicted for x = 8, while Mn-excess in
NisgMngeInie—oSn, rather leads to a mixed AF/FM arrange-
ment on the 4b sites (orange squares) towards the Sn-rich side,
favored over the AF arrangement (green squares). Disordered
magnetic arrangements (PM, purple) are significantly higher
in energy. (b) Magnetic phase diagram obtained from Monte
Carlo simulations by varying the Jar/Jra ratio. Inset: tem-
perature dependence of the normalized magnetization in the
4a and 4b sublattices.

the Monte Carlo simulations (Fig. S19 [25]). The order-
ing of the Mny, sublattice then resembles the crossover
between a paramagnetic state and a fully polarized state
in presence of an external magnetic field.

Based on these findings we can derive guidelines to
control the magnetic structure of the NiggMn3zgInig_,Sn,
alloys, which is composed of two intertwined, but effec-
tively decoupled, FM sublattices. The Mny, sublattice
is long-range FM ordered and defines the macroscopic
Curie temperature of the alloy, which depends mainly on
the direct Mn-Ni exchange (and to a lesser extent on the
intra-lattice long-range Mng,—Mny, coupling) and can be
amended by excess Mn on the Ni sublattice. In turn, the
4b sublattice, which is only partially occupied by Mn, or-

ders at a temperature, which decreases with replacing In
with Sn. This effective decoupling of magnetic sublattices
is due to the superposition of FM (Mn-Ni and Mng,—
Mny,) and AF (Mny,—Mny;) interactions and to differ-
ent magnetic surrounding of Mny, and Mny,. Indeed,
the different number of nearest-neighbors Mn atoms sur-
rounding the 4a and 4b sites unbalances the exchange
interactions of Mny, and Mny, moments.The strength-
ening of AF Mng,—Mny; exchange coupling, obtained by
replacing In with Sn, effectively reduces the overall cou-
pling energy of Mny, moments, thus lowering their on-
set temperature. In the intermediate temperature range
(Fig. ), between the macroscopic Curie temperature
and the 4b order-temperature, the Mny, moments be-
have like PM spins inside a FM matrix. The Sn-ternary
alloy is a borderline configuration, showing a mixed ferro-
and ferrimagnetic ground state, experimentally observed
only at very low temperatures, caused by the distribution
of positive and negative interactions. The strengthening
of AF Mny,—Mny, exchange coupling can be related to
the alterations in the d-metal density of states caused by
the variation of the number of sp-electrons, as pointed
out by our DFT calculations. Nevertheless, the effect of
the unit cell reduction, caused by the Sn substitution,
cannot be completely excluded. The latter point needs
to be further investigated together with the possible role
of lattice distortions, that can locally vary the distances
between Mn atoms.

In conclusion, combining bulk sensitive experimental
results, DFT calculations and Monte Carlo simulations
we have shown that it is possible to effectively decou-
ple two FM sublattices thanks to competing interactions
in the NiggMnsglnig_,Sn, Heusler alloys. The effective
ratio of FM and AF exchange couplings, which directly
relates to the degree of frustration, is controlled by the
electron doping due to the In/Sn substitution. The ob-
served magnetic state is a rare example of magnetic frus-
tration in a highly-symmetric ferromagnetic metallic sys-
tem. The effective decoupling of the two ferromagnetic
sublattices leads to a peculiar magnetic phase at interme-
diate temperature in which one sublattice is long-range
ferromagnetically ordered and the second acts as a para-
magnet. Our work shows that magnetic frustration in
ferromagnetic metallic systems can lead to interesting
and emerging phenomena. Moreover, the deliberate ma-
nipulation of competing localized and itinerant exchange
interactions through the p-electrons of non-spin-polarized
main group element adds routes to design new Heusler-
type and other functional magnetic materials, increasing
their potential applications.
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