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A B S T R A C T

The cubic Heusler alloy Ru2–xMn1+xAl is grown in thin film form on MgO and MgAl2O4 substrates. It is a
highly spin-polarised ferrimagnetic metal, with weak magnetocrystalline anisotropy. Although structurally and
chemically similar to Mn2Ru𝑥Ga, it does not exhibit ferrimagnetic compensation, or large magneto galvanic
effects. The differences are attributed to a combination of atomic order and the hybridisation with the group
13 element Al or Ga. The spin polarisation is around 50% to 60%. There is a gap in the density of states just
above the Fermi level in fully ordered compounds.
1. Introduction

Antiferromagnetic spin electronics is attracting considerable inter-
est due to the relative abundance of antiferromagnetically coupled
materials, the fast magnetisation dynamics and the insensitivity to ex-
ternal magnetic fields along with the absence of demagnetising forces.
A major difficulty is control and read-out of the antiferromagnetic
state. A compensated ferrimagnet where two antiferromagnetically
coupled, but inequivalent, sublattices produce zero net moment at the
compensation temperature 𝑇comp potentially combines the advantages
of antiferromagnets, [1,2] with those of a ferromagnetic metal. The
magnetisation can be controlled by an external field away from 𝑇comp,
coupled with a high transport spin polarisation that facilitates reading
the magnetic state using magneto-optical Kerr effect [3–5], anomalous
Hall effect (AHE), [6] and giant- or tunnel-magnetoresistance [7]
(GMR or TMR).

In 1995, van Leuken and de Groot [8] proposed that some half-
Heusler alloys (C1b structure) would exhibit magnetic compensation,
yet due to the inequivalent magnetic sublattices exhibit 100% spin
polarisation and thus be half metallic. Subsequent work followed the
empirical Slater-Pauling rule, [9] 𝑀 = 𝑁𝑣 − 18 for half-Heuslers and
𝑀 = 𝑁𝑣 − 24 for full Heuslers. 𝑁𝑣 is the number of valence electrons,
𝑀 the magnetisation in 𝜇𝐵 per formula unit (𝜇B f .u.−1). The D03 phase
of Mn3Ga and Mn3Al were suggested as possible compensated half-
metallic ferrimagnets, [10] but neither crystallise in the D03 structure
in the bulk. There is a report on the growth of D03-structure Mn3Al
thin films on GaAs substrates with a net moment of 0.017𝜇B f .u.−1 and
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a Curie temperature of 605K [11]. Disordered antiferromagnetic Mn3Al
films with a cubic structure and a Neél temperature of 400K were also
grown on MgO substrates [12]. The equilibrium phase for Mn2Ga and
Mn3Ga is hexagonal D019 which can be changed to tetragonal D022
by annealing at 400 ◦C [13]. On the other hand Mn2Al and Mn3Al
crystallise in the cubic 𝛽-Mn structure and do not order magnetically
but are spin glasses [14]. The materials can also be grown in the D019
hexagonal structure when they are produced as epitaxial sputtered
films on suitable seed layers [15].

The first experimental example of a compensated half metallic
ferrimagnet, was MRG, the near-cubic Mn-Ru-Ga alloy with formula
Mn2Ru𝑥Ga, discovered by Kurt et al. [16] in 2014. MRG crystallises in
space group 𝐹 4̄3𝑚 (XA). The Ru concentration 𝑥 allows tuning of 𝑇comp
and also helps to stabilise the near-cubic structure. The original compo-
sition with 𝑥 = 0.5 was initially thought to have 𝑁𝑣 = 21 valence elec-
trons and a half-filled Ru sublattice, but a recent study [17] established
that the films contained few vacant sites and 𝑁𝑣 ≈ 24. Compensated
ferrimagnetism has also been demonstrated in bulk Mn1.5FeV0.5Al, a
quaternary Heusler alloys with 24 valence electrons [18,19]. Half-
metallic compensated ferrimagnetic materials, such as MRG, are of
interest for spin orbit torque switching [20,21] as well as magnetic
oscillations in the terahertz region for high-speed, [22,23] on-chip
communications [24,25].

The magnetic and transport properties of MRG including their de-
pendence on the Ru content 𝑥 are understood in a rigid band model.
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One sublattice (formed by states originating from Mn in Wyckoff posi-
tion 4𝑐) dominates the band structure around the Fermi level and is
oupled antiferromagnetically to another (formed by Mn in position
𝑎) whose states are sufficiently deep to not contribute significantly
o the transport. In this model, the role of Ru is to contribute extra
lectrons to the 4𝑐 sublattice and hence increase its moment and

thus 𝑇comp. The role of the group 13 element, Ga, is ignored. Albeit
simplistic, this model explains most of the properties of MRG. Its
experimental validation was provided by Siewierska et al. [17] who
found an excellent linear relation between the number of valence
electrons and magnetisation — one added valence electron increases
the magnetisation by one 𝜇B per formula unit.

Here we change from Ga to Al to produce thin films of MRA, the Mn-
Ru-Al Heusler alloy whose formula is best written Ru2−𝑥Mn1+𝑥Al, and
report optimised growth conditions, structural and magnetic properties
along with magnetotransport and spin polarisation measurements for
films crystallising in space group 𝐹𝑚3̄𝑚 (L21 structure) with Al and
Mn in the 4𝑎–4𝑏 plane and Ru occupying the 8𝑐 central cube. When
𝑥 > 0, excess Mn occupies a fraction of the 8𝑐 positions, now split
into 4𝑐 and 4𝑑. Note that 4𝑎, 𝑐 and 4𝑏, 𝑑 are symmetrically equivalent.
The comparison of the two compounds illustrates the importance of
crystalline order in this group of Heusler alloys and highlights the role
of Ga.

2. Methodology

Epitaxial thin films of MRA were grown by DC magnetron sputter-
ing, using our Shamrock sputtering system, on 10mm × 10mm (100)
SrTiO3 (STO), MgAl2O4 (MAO) and MgO substrates. Samples were
co-sputtered in argon from a Mn2Al target (from Kojundo Chemical
Laboratory Co. Ltd, Japan) and a Ru target in a confocal sputtering
geometry onto the substrates maintained at an optimised deposition
temperature (𝑇dep) we found to be 425 ◦C. Prior to deposition, the
back of the substrates was coated with Ti or Ta to ensure uniform
absorption of heat and keep 𝑇dep constant during deposition. The films
had an average thickness of 60 nm and were capped in-vacuo with a
2 nm layer of AlO𝑥 deposited at room temperature in order to prevent
oxidation. We note that this arrangement of targets does not yield
perfect Ru2−𝑥Mn1+𝑥Al stoichiometry as a decrease in Mn also leads to
decreased Al content. The sum of the amounts of Ru and Mn in the
formula unit varies from 3.0 to 3.3 in our samples, and we therefore
write the formula as Ru2−𝑥Mn1+𝑥Al where it is implicit that Al is
sub-stoichiometric by up to 30%.

A Bruker D8 Discover X-ray diffractometer with a copper K𝛼 X-
rays and a double-bounce Ge [220] monochromator (𝜆 = 154.06 pm)
was used to determine the diffraction patterns and reciprocal space
maps (RSM) of the thin films. The substrate (113) reflection is in the
same plane as the MRA (204) reflection and it was used to calculate
the lattice parameters. Low angle X-ray reflectivity and symmetric X-
ray diffraction patterns were measured using a Panalytical X’Pert Pro
(𝜆 = 154.19 pm) diffractometer. Film thickness and density were found
by fitting the interference pattern using X’Pert Reflectivity software.
The compositions were determined from the observed X-ray density
inferred from the fit of the low-angle X-ray reflectivity. Using the lattice
parameters obtained by reciprocal space mapping and assuming full
occupancy of the unit cell, we calculate 𝑥 for each sample. In our
previous work, [17] we found that the densities predicted using this
methodology agree to within 1% of the experimental value.

Low-field anomalous Hall effect (AHE) measurements were per-
formed in a 1 T GMW electromagnet system in ambient conditions.
Silver wires were cold-welded to the thin films with indium and the
current used was 5mA. Higher field measurements were performed in
a superconducting magnet which had a maximum field of 4 T with a
cryostat for low-temperature magneto-transport. The films were con-
tacted with silver paint. The 4-point Van der Pauw geometry was used
to determine both the Hall and the longitudinal resistivity of the films.
2

t

Point contact Andreev reflection (PCAR) measurements were also
performed in a Quantum Design PPMS using a mechanically-sharpened
Nb tip. The landing of tip onto the sample surface is carefully controlled
by an automated vertical attocubeTM piezo stepper. Two horizontal
steppers are used to move the sample laterally to probe a pristine
area. The differential conductance spectra were fitted using a modified
Blonder-Tinkham-Klapwijk model, as detailed elsewhere [26,27].

Measurements of the magnetisation with a magnetic field applied
perpendicular or parallel to the surface of the films were carried out
using a 5 T Quantum Design SQUID magnetometer. These data were
corrected for the diamagnetism of the substrate by linear subtraction.

Ab-initio calculations based on density functional theory (DFT)
were carried out using norm-conserving pseudopotentials and pseudo-
atomic localised basis functions implemented in the OpenMX software
package [28]. The generalised gradient approximation (GGA-PBE) ap-
proach was used for all calculations. The structure was fully relaxed
to minimise interatomic forces. We used a 16-atom supercell with
17 × 17 × 17 𝑘-points to evaluate the total energies. Pre-generated pseu-
dopotentials and pseudo-atomic orbitals with a cut-off radius of 6, 7 and
7 atomic units (a.u.) were used for Mn, Ru and Al elements, respectively.
An energy cut-off of 300Ry was used for numerical integrations. The
convergence criterion for the energy minimisation procedure was set
to 1 × 10−8 Hartree. The spin orbit interaction (SOI) was turned off for
the calculations.

3. Results & discussion

3.1. Structure

We first determine a suitable substrate for the growth of
Ru2−𝑥Mn1+𝑥Al thin films, and optimise the deposition temperature 𝑇dep.
MRG has a lattice parameter of 𝑎0 ≈ 600 pm and its epitaxial relation
with the MgO substrate ensures that the in-plane [100] direction of MgO
is parallel to the [110] direction of MRG, 𝑎MRG ≈

√

2𝑎MgO = 595.6 pm.
We therefore explore the growth of MRA on MgO, SrTiO3 (STO,

√

2𝑎 =
552.3 pm) and MgAl2O4 (MAO,

√

2𝑎 = 571.8 pm).
In Fig. 1(a) (left column) we show X-ray diffraction patterns of

Ru1.9Mn1.1Al on MgO, MAO and STO. MRA does not crystallise on STO,
while on both MAO and MgO the films are fully textured with the
growth axis parallel to the [001] crystal direction. There are only minor
differences between MgO and MAO, and we select MgO as the preferred
substrate. In Fig. 1(a) (right column) the deposition temperature 𝑇dep
is varied from 350 ◦C to 440 ◦C. Although a minor secondary phase
s present in all samples, it is nearly suppressed at 𝑇dep = 425 ◦C.

Finally, in Fig. 1(b) we show the patterns for Ru2−𝑥Mn1+𝑥Al films
with 𝑥 = 0.1, 0.3, 0.5 and 0.6. The films are fully textured in the
entire composition range, with only a minor secondary phase whose
associated peaks are about 3 to 4 orders of magnitude less intense than
the MRA peaks. A likely origin is a very small amount (< 1%) of either
a Ru-Mn [29] or Ru-Al binary alloy in the film, or a Ru oxide at the
interface between the film and the capping layer.

The RSM data was collected around the (113) reflection of MgO and
shown in Fig. 2. The in-plane epitaxial relationship of MgO and MRA is
assumed to be MgO [100] parallel MRA [110], therefore we label the
MRA peak as the (204) reflection. We determined the in-plane (𝑎) and
out-of-plane lattice parameters (𝑐). The epitaxy improves with increas-
ing Ru content and the films are near-cubic, with a maximal tetragonal
distortion

(

𝑐−𝑎
𝑎

)

of 1% found for Ru1.6Mn1.4Al. We summarise the
structural parameters of the samples in Table 1. The degree of Ru
order is estimated from the ratio 𝑆 = 𝐹 2

002∕𝐹
2
004. L21-ordered (𝐹𝑚3̄𝑚)

u2.0Mn1.0Al and Ru1.0Mn2.0Al have 𝑆 = 0.33 and 0.18, respectively.
or the XA variants (𝐹 4̄3𝑚), both Ru2.0Mn1.0Al (Ru on 4𝑏 and 4𝑑, Mn
n 4𝑐) and Ru1.0Mn2.0Al (Mn on 4𝑏 and 4𝑑, Ru occupying 4𝑐) have 𝑆 ≈
.02. Complete disorder among all elements in all positions suppresses
he (002) reflection completely and thus 𝑆 = 0. We calculated the

heoretical ratio 𝑆 using the stoichiometries inferred from the densities
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Fig. 1. X-ray diffraction patterns. (a) Ru1.9Mn1.1Al deposited on MgO, MAO and STO
substrates at 𝑇dep = 425 ◦C (left column) and on MgO with varying 𝑇dep (right column).
(b) Ru2−𝑥Mn1+𝑥Al deposited at 𝑇dep = 425 ◦C for 𝑥 = 0.1, 0.3, 0.5 and 0.6. The
substrate (002) reflection is marked by ‘S’, while the corresponding Cu 𝐾𝛽 reflection
(𝜆 = 139.23 pm) is marked by ♣. We also indicate a minor secondary phase (♢).

and an isotropic Debye–Waller factor of 0.3 Å2 for all atoms. We find
that for 𝑥 < 0.5 the calculated and the observed 𝑆 agree reasonably
well, while for 𝑥 > 0.5, the experimentally observed 𝑆 is higher than
predicted by the fully-ordered model indicating a degree of disorder.
This disordered phase is likely to retain 𝐹𝑚3̄𝑚 symmetry, but with
ncreased Debye–Waller factors. A much-improved agreement with the
bserved ratios for 𝑥 = 0.55, 0.61 and 0.84 is obtained supposing the
ebye–Waller factor is 0.9 Å2.

.2. Magnetism and magnetotransport properties

We now turn to the magnetotransport properties of MRA. In Fig. 3
e show magnetometry and anomalous Hall effect (AHE) loops of two

epresentative samples, where the diamagnetic contribution from the
ubstrate was subtracted as a linear slope in the magnetometry data, as
as the high-field contribution to the transverse resistivity due to the
ormal Hall effect. The shape of the hysteresis loops recorded using the
wo techniques are near-identical suggesting that the AHE reflects the
et magnetisation of the sample. Both magnetometry and AHE indicate
eak easy-plane anisotropy, which is a result of the sample shape. A
3

e

Fig. 2. Reciprocal space maps around the MgO [113] (MRA [204]) reflection from which
we infer the in-plane lattice parameter of MRA. The MRA [100] direction is parallel to
MgO [110].

Table 1
Crystal parameters of Ru2−𝑥Mn1+𝑥Al. The lattice pa-
rameters in columns three and four are determined
from reciprocal space mapping, see Fig. 2. The exper-
imentally observed ratio of 𝑆 = 𝐹 2

002∕𝐹
2
004 is compared

to that calculated for a fully ordered structure with
the stoichiometry deduced from the film density. Mn
fully occupies the 4𝑏 position, and Ru most of the 8𝑐.
The remaining 8𝑐 is filled by Mn. Al occupies only 4𝑎.

# 𝑥 𝑎 (pm) 𝑐 (pm) 𝑆(exp) 𝑆(th)

S08 0.10 596.80 600.53 0.25 0.26
S11 0.10 596.95 601.54 0.23 0.26
S13 0.10 597.17 600.79 0.23 0.26
S16 0.23 595.87 601.92 0.23 0.25
S12 0.25 596.05 602.31 0.20 0.25
S03 0.36 596.82 602.19 0.19 0.24
S09 0.49 600.81 602.12 0.24 0.23
S20 0.55 598 600 0.29 0.23
S15 0.61 600.41 600.39 0.30 0.22
S10 0.84 600.11 598.70 0.31 0.20

small contribution from perpendicular magnetocrystalline anisotropy
due to the 1% tetragonal distortion of the unit cell is present and there-
fore 𝜇0𝐻𝑎𝑛 < 𝜇0𝑀𝑠. We measured hysteresis loops of a Ru1.9Mn1.1Al
ample at different temperatures in order to extract 𝑀𝑠 and 𝐻𝑎𝑛. From
hese we infer 𝐾1 as a function of temperature. Assuming that 𝐾1(𝑇 ) =
1(0) ×

(

𝑀𝑠(𝑇 )∕𝑀0
)3 we find 𝐾1(0) = 5.4 kJ m−3.

Weiss mean field theory was used to fit the temperature-dependent
agnetisation data to obtain the exchange parameters and estimate the
urie temperature for 𝑥 = 0.10. We take the Mn 4𝑏 moment to be 2.66𝜇B

rom the DFT calculation (see Fig. 7) giving a sublattice magnetisation
f 451 kAm−1. The Mn 8𝑐 (now 4𝑑) is then deduced from the difference
etween the net magnetisation at low temperature and that of the Mn
𝑏 and Ru 4𝑐 sublattices to be ≈ 3.1𝜇B per Mn or 92 kAm−1. The choice
f the quantum number 𝑆 in the Brillouin function of the localised
ean field theory is always problematic in a metal. It should somehow

ake account of the 𝑑-electron hybridisation with Al and Ru in our
lloy. A choice of 𝑆 = 5∕2 for both Mn sites leads to an excellent
it of the experimental data with three molecular field coefficients
bb, 𝑛bd and 𝑛dd and coordination numbers 𝑍bb, 𝑍bd, 𝑍dd = 12, 5.6,
nd 4.8 determined from the composition. Our fit indicates that the
aterial orders just above room temperature at 𝑇𝐶 = 353K. Heisenberg

xchange energies were calculated to be 𝐽 , 𝐽 , 𝐽 = 0.96, −2.40, and
bb bd dd
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Fig. 3. Magnetometry and AHE recorded on two representative samples at 296K. The
applied magnetic field is perpendicular to the sample surface. In the upper panel,
the AHE loop is plotted as a function of (−𝜇0𝐻) for easier comparison with the
magnetometry data. Both techniques indicate easy plane shape anisotropy with the
saturation field (i.e. the anisotropy field) near-equal to 𝜇0𝑀𝑠. The magnetometry data
were corrected for the diamagnetism of the substrate by linear subtraction of the high
field slope, as was the normal contribution to the transverse voltage.

Table 2
Summary of Ru2−𝑥Mn1+𝑥Al magnetic and transport properties. The magnetisation
decreases monotonically with increasing 𝑥 for 𝑥 > 0.1. We note that the sign
of 𝜎𝑥𝑦 changes at 𝑥 ≈ 0.25. In the approximation of a single species of carriers
contributing to the transport, the carrier concentration 𝑛 of the low-𝑥 samples
(𝑥 ⪅ 0.25) is approximately twice that of the high-𝑥 samples, while their mobility
is half as great.

# 𝑥 𝑀𝑠 𝜎𝑥𝑥 𝜎𝑥𝑦 𝑛 𝜇
(kA∕m) (MS∕m) (kS∕m) (1028∕m3) (mVm∕s2)

S08 0.10 137 0.40 −0.71 3.69 0.06
S11 0.10 125 0.41 −0.81 2.18 0.10
S13 0.10 150 0.40 −0.62 2.03 0.10
S12 0.25 135 0.42 −1.38 2.76 0.08
S16 0.23 135 0.35 0.60 1.30 0.14
S03 0.36 130 n/a n/a n/a n/a
S09 0.49 107 0.33 0.93 0.90 0.19
S20 0.55 100 n/a n/a n/a n/a
S15 0.61 76 0.35 0.60 0.99 0.19
S10 0.84 25 n/a n/a n/a n/a

1.33 meV per bond. The ratio of the product of the coordination number
and the Heisenberg exchange energies is 𝐽bb𝑍bb ∶ 𝐽bd𝑍bd ∶ 𝐽dd𝑍dd
qual to 10 ∶ −10 ∶ 2.4. The exchange is a factor of two smaller than for
RG, which explains the lower Curie temperature. The net anisotropy

onstant is smaller than for MRG reflecting the shared crystal structure
nd the similar degree of tetragonal distortion.

From the observed transverse (𝜌𝑥𝑦) and longitudinal (𝜌𝑥𝑥) resistivity
e determine the carrier concentration and mobility assuming a single

pecies of charge carriers. The results are summarised in Table 2. The
agnetic ordering temperature is above room temperature for 𝑥 ⪅ 0.6.

The sign of the transverse conductivity 𝜎𝑥𝑦 ≈ 𝜌𝑥𝑦∕𝜌2𝑥𝑥 changes at
≈ 0.26. Such a sign change is usually attributed to crossing the

ompensation point where 𝑀𝑠 ≈ 0. In Fig. 4 we plot the transverse
esistance measured for Ru1.9Mn1.1Al at 300, 250, 200, 150, 100 and
0 K. As when changing 𝑥, its sign changes between 150K to 100K.
he anisotropy field, however, changes monotonically from 0.1 T to
.2 T between room temperature and 50K without any divergence
ndicating an 𝑀𝑠 close to zero. We therefore attribute the sign change
o a temperature-dependent filling of two or more pockets in the band
tructure near the Fermi energy, in agreement with the change of
arrier concentration and their mobility shown in Table 2. The change
4

Fig. 4. AHE recorded at 300, 250, 200, 150, 100 and 50 K for sample S08. The sign of
𝜎𝑥𝑦 changes between 150 K and 100 K, but the anisotropy field remains near constant,
indicating that this change is due to a change in the nature (concentration and mobility)
of the predominant charge carrier rather than crossing a temperature where magnetic
compensation occurs.

Fig. 5. Magnetisation of Ru2−𝑥Mn1+𝑥Al as a function of number of valence electrons
(𝑁𝑣). The solid line is a guide to the eye. For 𝑁𝑣 ⪅ 26.5 the magnetisation increases by
≈ 0.6 𝜇𝐵 f.u.−1e−1. The insert shows a point contact Andreev reflection (PCAR) spectrum
or 𝑥 = 0.25. The spin polarisation inferred from the fit (solid line) is 𝑃 = 52%.

n the anisotropy field due to shape anisotropy suggests the saturation
agnetisation increases by ≈ 0.9 𝜇𝐵f.u.−1 between 300K to 50K, in

greement with low-temperature magnetometry measured on other
amples (not shown).

The results indicate that Ru2−𝑥Mn1+𝑥Al is a ferrimagnet where Ru
in 8𝑐 and Mn in 4𝑏 form antiparallel ferromagnetic sublattices. No com-
ensation composition is found in the range of 𝑥 we have investigated,
or is there a compensation temperature due to the different local
nvironments of Mn and Ru. Two (or more) species of charge carriers
ith opposite spin dominate the Fermi level, and their concentrations
nd mobilities differ by around a factor of two. Ru2−𝑥Mn1+𝑥Al is not

a half metal. In Fig. 5 we show the saturation magnetisation at 300K
as a function of the number of valence electrons 𝑁𝑣. The dependence
is non-linear, however for low 𝑁𝑣 < 26.3, the magnetisation increases
with 0.6𝜇B f .u.−1 e−1, suggesting a spin polarisation 𝑃 around 60% in
this region. The insert in Fig. 5 shows point-contact Andreev reflection
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Fig. 6. Density of states for Ru2−𝑥Mn1+𝑥Al with 𝑥 ranging from 0 to 1. The composition
u7Mn6Al3 was selected as it corresponds closely to the experimental sample S16.

t illustrates the change in the density of states due to the under stoichiometry in
l, although neither the spin polarisation (𝑃 ≈ 50%) nor the magnetic moment
𝑀 ≈ 1.5 𝜇𝐵 f.u.−1) changes significantly compared to the ordered version (Ru7Mn5Al4).

recorded on Ru1.6Mn1.4Al. We find the spin polarisation 𝑃 = 52% in
good agreement with that inferred from the plot of 𝑀 against 𝑁𝑣.

3.3. Comparison with density functional theory

Finally we compare our results with ab initio calculated magnetisa-
tion and density of states. We used a 16-atom cell for all our calcu-
lations, and relaxed both lattice parameters (𝑎 and 𝑐 ≈ 600 pm) and
magnetic moments, but kept the individual atoms at their assigned
Wychoff positions in agreement with the structural model inferred from
the analysis of the X-ray data above. For all compositions investigated,
the lattice parameters relax to cubic symmetry (𝑎 = 𝑏 = 𝑐). In
Fig. 6 we show the density of states (DoS) around the Fermi level
for a series of Ru2−𝑥Mn1+𝑥Al samples with varying 𝑥. The label on
each panel corresponds to the content of the 16-atom cell used for
calculations, with Ru occupying the 8𝑐 and Mn and Al the 4𝑏 and 4𝑎
positions, respectively. For Ru2.0Mn1.0Al, in particular, there is a gap
in the spin down DoS, but its onset is almost 1 eV above the Fermi
level. With decreasing Ru (and increasing Mn) the gap moves closer
towards the Fermi level, but is simultaneously destroyed by the creation
of supplementary states in the gap. None of the compositions are half
metallic, although perfectly ordered Ru1.0Mn2.0Al in the middle right
panel of Fig. 6 comes close. We have seen above that this composition
disorders during growth. The bottom right panel of Fig. 6 illustrates
the effect of Al substoichiometry. From these figures we estimate the
spin polarisation of MRA to be around 50%, in good agreement with
the experimental results.

We also show, in Fig. 7, the site- and ion-resolved magnetic mo-
ments obtained by theory. The net magnetisation decreases from
≈ 2 𝜇𝐵 f.u.−1 to 1 𝜇𝐵 f.u.−1 for 𝑥 in the range 0 to 1. Mn in the 4𝑏
position carries a strong moment ≈ 3𝜇B that increases with increasing
𝑥, suggesting increased localisation of the 3𝑑 bands. As 𝑥 is raised above
zero, some Mn fills the 8𝑐 (now 4𝑑) position and it is coupled antiferro-
magnetically to Mn in 4𝑏, but ferromagnetically to the remaining Ru (in
8𝑐/4𝑐). Ru carries a small moment in all compositions, but interestingly
changes sign at 𝑥 ≈ 0.75. In the figure we also plot the experimen-
tally observed magnetisation, offset by 0.9𝜇B f .u.−1 to account for the
decrease of the magnetisation between 𝑇 = 0 K and 300 K (see above).
5

Fig. 7. Experimental and calculated net and sublattice moments for 𝑥 in the range 0
to 1. The net calculated and experimental moments are given per formula unit. Note
that the experimental values have been shifted by 0.9𝜇B f .u.

−1 to account for the higher
agnetisation at 𝑇 = 0 K.

4. Conclusions

We find that Ru2−𝑥Mn1+𝑥Al crystallises on MgO and MgAl2O4 with
a slight substrate-induced tetragonal distortion of the cubic 𝐹𝑚3̄𝑚
crystal structure. For low values of 𝑥 (<0.5), the structure remains
essentially ordered with Ru in the 8𝑐 position and Mn and Al in 4𝑏
nd 4𝑎, respectively, with the additional Mn filling the sites vacated
y Ru. As 𝑥 is increased further, the crystal structure evolves towards
4̄3𝑚, although order between the 4𝑐 and 4𝑑 sites does not occur,

and additionally at low 𝑥, the 4𝑎 − 4𝑏 order is perturbed. All compo-
sitions are magnetically ordered and exhibit a high spin polarisation of
around 50%. Ab initio calculations agree well with the observed crystal
structure and magnetic mode. MRA is ferrimagnetic, with Mn in the
4𝑏 position coupling antiferromagnetically to Ru in 8𝑐. Two or more
pecies of charge carriers close to or at the Fermi level account for the
eduction of the spin polarisation and the change in the sign of the
all conductivity with 𝑥 and T. In contrast to MRG, where the spin
olarisation as inferred from the Slater-Pauling plot [17] is close to
= 100%, the anomalous Hall angle (𝜎𝑥𝑦∕𝜎𝑥𝑥) of MRA is only ∼2‰,
ore than an order of magnitude less than for MRG despite a higher

oncentration of Ru.
When 𝑥 is increased above ≈ 0.6, MRA no longer exhibits AHE at

oom temperature although the crystal structure is increasingly similar
o that of MRG, albeit with a higher atomic concentration of Ru. MRG
xhibits the strongest spin–orbit-related effects when there are less
han half a Ru per formula unit on average. We therefore conclude
hat Ga, and not Ru, is promoting high conduction band spin orbit
oupling in MRG, and helps to move the Fermi level into the spin
ap by allowing Ga-Mn antisites to form [30]. The analysis of the X-
ay diffraction diagrams above (Table 1) suggests that MRA is best
escribed by space group 𝐹𝑚3̄𝑚 (L21) for all values of 𝑥. Mn replacing
u in the 8𝑐 positions does not order and the crystal structure remains
entrosymmetric. MRG crystallises in space group 𝐹 4̄3𝑚 (XA) as the 8𝑐
osition in 𝐹𝑚3̄𝑚 is occupied by ordered Ru and Mn on 4𝑑 and 4𝑐 in
4̄3𝑚. It has no centre of inversion. For MRG, a topological contribution

o the transverse conductivity is allowed by symmetry.
At 𝑥 = 0, the Mn-Mn distance is 600 pm, and the Mn orders ferro-

agnetically. The moment carried by Ru is small, and it is unlikely that
he magnetic order is due to the Ru-Mn AFM interaction. The question
f the nature of this long-distance exchange interaction arises. Several
ther Heusler alloys (Rh Mn(Pb;Sn;Ge) and Cu Mn(In;Sn;Al)) [31,32]
2 2
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where only one out of four atoms per formula is manganese order
ferromagnetically above 300K, and Au4Mn [33] with a shorter first
neighbour Mn-Mn distance of 404 pm has a Curie point at 390K. There,
ll the exchange interactions up to the tenth nearest-neighbours at
000 pm are either ferromagnetic or zero. Since different elements
re present in these dilute Mn-based ferromagnets, it is likely that
ong-range ferromagnetic exchange is mediated by a 𝑝-band. The Mn-
n exchange (in Au4Mn) only becomes oscillatory and RKKY-like at
n-Mn distances exceeding 1040 pm.

In summary, Ru2−𝑥Mn1+𝑥Al is a ferrimagnetic Heusler alloy with
igh spin polarisation and magnetic ordering at room temperature.
he absence of signifiant spin–orbit coupling precludes perpendicular
agnetic anisotropy as well as any notable magneto-resistive effects.
his contrast with MRG where Al is replaced by Ga, is likely due to a
ombination of two effects. First, the hybridisation of the Mn 3𝑑 and
𝑠 states with 3𝑝 bands of Al as opposed to the 4𝑝 bands of Ga. Second,
or the MRG XA (𝐹 4̄3𝑚) crystal structure, the noncentrosymmetric
haracter of the Mn sublattices contributes to intrinsic AHE and a large
all angle. The L21 (𝐹𝑚3̄𝑚) structure of MRA is centrosymmetric.
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