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The Heusler compound Mn2RuxGa (MRG) may well be the first compensated
half metal. Here, the structural, magnetic and transport properties of thin films
of MRG are discussed. There is evidence of half-metallicity up to x = 0.7, and
compensation of the two Mn sublattice moments is observed at specific compo-
sitions and temperatures, leading to a zero-moment half metal. There are poten-
tial benefits for using such films with perpendicular anisotropy for spin-torque
magnetic tunnel junctions and oscillators, such as low critical current, high tunnel
magnetoresistance ratio, insensitivity to external fields and resonance frequency
in the THz range. C 2016 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4943756]

I. INTRODUCTION

Half metals are ideal ferromagnets with a spin gap in the majority or minority density of
states.1,2 As a consequence, they exhibit a spin moment per stoichiometric formula unit that is an
integral number of Bohr magnetons. The conduction electrons are perfectly spin polarized. Such an
ideal material is obviously of interest for spin electronics,3 where high spin polarization is associ-
ated with large magnetoresistance in sensors and memory elements and with a high spin transfer
torque efficiency in magnetic switches and oscillators. However, the ideal of 100% spin polarization
is never achieved in practice. Spin-orbit coupling inevitably mixes ↑ and ↓ states,4 certain antisite
disorder destroys half metallicity5 and thermal excitation reduces the spin polarization.2 Further-
more, the effective spin polarization in device structures is largely determined by a few layers near
the interface where the electronic structure often differs from the bulk.

The half metals that have had the greatest impact on spin electronics so far have been cobalt-
based Heusler alloys with a high Curie temperature. Co2MnSi (TC = 985 K) and Co2FeAl0.5Si0.5
(TC = 1150 K)6 have been incorporated into magnetic tunnel junctions with MgO barriers that
exhibit a tunnel magnetoresistance which approaches 1000% at low temperature.7,8 These alloys are
useful for current-perpendicular-to-plane GMR read heads for high-density magnetic recording.3

No single element is a half metal. Structurally, the simplest is the ferromagnetic binary oxide
CrO2, which has the rutile structure with a moment of 2 µB f.u.−1 and chromium in a single site.9

The spin gap is between the O(2p) band and the unoccupied Cr minority-spin 3d band. A moment
of 0 µB is impossible with a single magnetic sublattice, but it becomes possible when there are
two (or more). When the two sublattices are chemically and crystallographically equivalent and
oppositely directed, we have an antiferromagnet, where no unbalanced spin polarization is possible.
There must be equal densities of ↑ and ↓ electrons at the Fermi level at least in the bulk, although the
appropriate surfaces of a planar antiferromagnet can be spin polarized.
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An interesting possibility arises for metals with crystallographically inequivalent magnetic sub-
lattices. The sublattice moments may be antiparallel in a ferrimagnetic structure, and it is possible
that they precisely compensate each other. The ferrimagnet can be half-metallic if there is a spin
gap in the total density of states, and there is nothing in principle that prevents magnetic order with
a net spin moment of 0 µB.10 Such material is called ‘compensated ferrimagnetic half metal’ or a
‘zero-moment half metal’. There have been many suggestions for candidate materials,11 especially
among the Heusler compounds, but generally they turned out to be unstable, nonmagnetic, or crys-
tallized in a different structure with no spin gap. Almost all of the predicated candidates contain
Mn, exploiting its high and localised magnetic moment.12 The first experimental evidence for the
existence of the long-sought material came in 2014, with the synthesis of near-cubic thin films of
Mn2Ru0.5Ga (MRG).13

Reality is rarely perfect, and real half metals are messier than the ideal. Complete compensa-
tion only occurs at a single temperature, T = 0 K, because the two inequivalent sublattices experi-
ence different exchange interactions and their sublattice magnetizations have different temperature
dependences.14 The compensation may be adjusted to be close to room temperature by a slight
change of composition, but this can be detrimental to spin polarization unless the spin gap is wide.
It has been difficult to obtain compelling experimental evidence for half-metallicity, especially with
surface-sensitive measurements.2 Nevertheless, the possible combination of high spin polarization
and zero magnetization is a tantalizing one, which is well worth exploring, both practically and
imaginatively. This is our objective here.

II. GROWTH AND STRUCTURE

MRG films with different Ru content are grown on MgO (001) substrates by DC magne-
tron sputtering at 250 ◦C substrate temperature in a Shamrock system with a base pressure of
2 × 10−8 Torr. They were co-sputtered from Ru and stoichiometric Mn2Ga targets. The Ru concen-
tration was controlled by varying the Mn2Ga target plasma power while fixing the Ru one. The
samples were then capped with a protective layer of 2 nm of Al2O3.

X-ray diffraction data are presented in Fig. 2. The value of the in-plane lattice parameter a
was determined by reciprocal space mapping (RSM) and was always consistent with the value
of 595.6 pm =

√
2aMgO, meaning that Mn2RuxGa grows on MgO with its unit cell rotated by an

angle of 45◦. The out-of-plane parameter c is found to be between 598 pm and 618 pm, depending
on the Ru concentration and the film thickness; c increases sharply with reducing film thickness.
This confirms the essentially cubic character of the MRG films, with a slight tetragonal distor-
tion ([c − a]/a = ∆c/a between 1.8% and 3.6%). Interestingly, as the film thickness is varied, the
substrate-induced strain is non-volume-conserving, indicating that another mechanism may be at
least partly responsible for the stabilisation of the half-metallic cubic structure. This observation
will be discussed in section IV.

As the crystal evolves from a C1b structure (half Heusler) to the L21 structure (inverse full
Heusler) (Fig. 1), Mn atoms occupy the inequivalent 4a and 4c positions, while Ga atoms occupy
the 4b position. Ru atoms increasingly fill the empty 4d positions as x increases. Therefore, the 4a
Mn at the corner of a big MnGa cube is octahedrally coordinated by Ga, while the Mn in the 4c
position is octahedrally coordinated by Ru and tetrahedrally coordinated by both 4a Mn and 4b Ga.

The degree of ordering of different elements can be evaluated by analysis of the (115) reflection
and by the relative intensities of the (002) and (004) reflections. Rietveld simulations of the peak
intensities shows that the (115) peak is directly related to in-plane ordering between 4a Mn and 4b
Ga and between 4c Mn and 4d Ru. For optimum growth conditions, the relative intensity of this
reflection reaches ≃ 0.35, indicating a high degree of in-plane ordering. Similarly, Rietveld analysis
shows that the ratio of the intensities of the (002) and (004) peaks is related to ordering across
planes in the crystal structure; the higher the (002)/(004) ratio, the less ordered the structure, with
interchange between 4a Mn and 4d Ru and between 4c Mn and 4b Ga. Again, for optimised growth
conditions, we obtain high degree of ordering across planes, with an intensity ratio as low as 0.1.
Results as a function of the growth temperature are shown in Fig. 3, together with the full-width
at half-maximum (FWHM) of the rocking curve of the main peak in the L21 cubic structure. The
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FIG. 1. L21 crystal structure of MRG.

FWHM of the symmetric reflection gives an estimate of the crystalline quality of the film: peaks that
are broadened solely by crystallite size are indicative of a low spread of the c parameter, whereas the
FWHM of the rocking curve reflects the degree of mosaicity.

The degree of tetragonal distortion, which is critical for perpendicular magnetic anisotropy, can
be controlled by varying the film thickness. We prepared MRG with the same Ru concentration
(x ≈ 1.0), while varying the thickness from 70 nm down to 4 nm. The absence of structure around
the symmetric (204) reflection indicates that there is negligible variation of the strain across the film
thickness. The mosaicity of the MgO substrate impedes a quantitative estimation of the variation of
the c parameter across the thickness.

The magnetisation and magnetic anisotropy vary remarkably with Ru concentration. The mag-
netic moment decreases steadily with x until it reaches practically zero for x ∼ 0.6 and then increases
again, as shown in Fig. 4. After our first paper,13 we improved our knowledge of the sample compo-
sition; therefore, the values of x where the compensation occurs is slightly different from previously
published. We infer that this behaviour is due to a change of sign of the magnetisation. There is a
large increase of hysteresis where the magnetisation crosses zero, whether as a function of x or T .
For Mn2Ga, x = 0, the Fermi level is a few hundreds of meV below the spin gap ∆↓ in the ↓ band. In
a rigid-band approximation, the addition of Ru shifts the Fermi level inside the spin gap by adding
both electrons and states. MRG loses its half-metallicity again when the Ru content is high enough to
move the Fermi level above the spin gap. According to the Slater-Pauling rules,15 cubic Mn2Ga and
Mn3Ga should have a moment of −1 µB f.u.−1 and +1 µB f.u.−1 respectively. The slope of 2 µB f.u.−1

found in the region 0.3 < x < 0.7 is the primary evidence that MRG is a half metal.
The spin polarisation at the Fermi level therefore changes sign with respect to the net magneti-

sation with increasing x. The same effect can be achieved by changing the temperature: the two
magnetic sublattices show different temperature dependence of their magnetisation. Therefore, as
the temperature is varied, the magnetisation switches sign at the compensation point.

FIG. 2. Left: XRD pattern of L21 Mn2RuxGa grown on a MgO (001) substrate varying film thickness. Right: MRG (004)
peak varying film thickness. Inset: Tetragonal distortion c/a varying film thickness.
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FIG. 3. FWHM of the 004 rocking curve, and intensities of the 115 and 002 peaks relative to the 004 peak as a function of
the deposition temperature.

III. MAGNETIC AND ELECTRONIC PROPERTIES

Site-specific magnetic properties were studied by recording XAS spectra on the Mn L3,2 edges
in a field of µ0H = 6.8 T with the sample normal parallel to both the field and the X-ray propagation
vector k⃗. No absorption was seen in the energy range corresponding to Ga L3,2 edges, indicating that
Ga is close to a 3d10 configuration with no final states available in the 3d band. The signal to noise
ratio on the Ru M3,2 edges was too poor to obtain any magnetic or structural information.

Despite the overlapping absorption from the two Mn sites, it was possible to extract informa-
tion on the Mn moments16 by direct comparison with an explicit quantum mechanical core-hole-
corrected multiplet calculation. The magnetic moments are then given by the calculated expectation
values of ⟨Sz⟩ and ⟨Lz⟩, obtained by scaling the calculated dichroic signal to the observed XMCD.17

Fig. 5 shows the calculated and measured contributions from the two, antiferromagnetically
coupled sites. Zero-temperature expectation values 2⟨Sz⟩ of 4.35µB and 4.85µB with 3d occupation
numbers of 5.65 and 5.15 were found for the 4a and 4c positions, respectively. The orbital mo-
mentum ⟨Lz⟩ and the dipolar moment ⟨Tz⟩ are negligible for both positions, as expected for a 3d5

configuration. Comparison of the values of 2⟨Sz⟩ with recent neutron diffraction measurements18

FIG. 4. Variation of Curie temperature TC and moment with Ru concentration x and number of valence electrons per formula
unit Nv. The half-metallic region is lightly shaded. The lower panel shows the variation of the lattice parameter c, normal to
the substrate, as a function of x. After Ref. 13.
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FIG. 5. The isotropic X-ray absorption and dichroism spectra for a typical Mn2RuxGa sample. The calculated contribution
from each crystallographic position is shown in thin dotted/dashed lines. The dichroic spectra for each site has opposite sign
for the two positions 4a and 4c, confirming their antiferromagnetic coupling. After Ref. 17.

and DFT calculations19 indicates that they are likely to be about 30% too high. Nevertheless , they
are resolved and of opposite sign.

There is an evident variation of the magnitudes of the moments of MRG samples with different
x and c/a ratio. The 4c magnetisation decreases almost linearly with temperature; the extrapolated
Curie temperature TC of ∼ 550 K is in good agreement with the results of neutron diffraction on bulk
powders of Mn2RuGa.20 By contrast, the 4a magnetisation is almost constant below and around
room temperature. Hence the magnetisation switches at a temperature that depends on both x and
the degree of strain. For thick films (low substrate-induced strain), we found the compensation
occurs at x ≈ 0.6, in agreement with the revised magnetometry data (Fig. 4 and Fig. 6).

Extrapolating the magnetic moments to T = 0 K, we can investigate the evolution of the abso-
lute value of 2⟨S⟩ at 4a and 4c positions as a function of x (Fig. 6). Since the former is almost
constant, we conclude that the electronic band edges originating from Mn occupying this crystallo-
graphic position are not reached by the Fermi level. The large spread of values is due to the varying
c/a ratio; the average spin moment is 0.68 µB.

On the other hand, the 4c moment increases sharply in the range 0.60 < x < 0.75, causing a
change of the sign of the net moment near x = 0.65. For x > 0.75 we identify a second region,
where the 4c magnetisation increases moderately up to x = 1.2. In our interpretation, the addition

FIG. 6. Evolution of the absolute value of the magnetic moments at of the two Mn positions, extrapolated to T = 0 K, with
Ru concentration x. The solid lines are linear regressions to the data sets. In the case of Mn 4c, we identify a change of slope
in the vicinity of x = 0.7, corresponding to the onset of filling the minority spin channel of Mn in this position. After Ref. 17.
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FIG. 7. (a) Spontaneous Hall effect of Mn2RuxGa with ∆c/a = 1.92% at different temperatures. The hysteresis loops have
been centered at Rx y = 0. The legend in (f) is common to panels (c)-(f). (b) Anomalous Hall angle (AHA) as a function of
Ru concentration x, as extracted from AHE measurements at 300 K. The lines are a guide to the eye. (c) - (f) Temperature
dependent transport properties of two sets of samples; (c) and (d): with the same Ru concentration (x ∼ 1.0) and varying
∆c/a (between 1.8% and 3.6%). (e) and (f): with the same ∆c/a (∼ 1.9) and varying Ru concentration x (between 0.62 and
0.73). Panels (c) and (e) show the temperature derivative of the Hall resistance, with a maximum at Tcomp , while (d) and (f)
trace the temperature evolution of their coercive fields. Tcomp is indicated by the arrows in panels (c) and (e). After Ref. 23.

of Ru results in the hybridization of the band structure originating from the 4c position, leading to
the displacement of the latter towards the Fermi level and a corresponding variation of magnetic
moment. The slope of this variation is related to the fine structure of the band, resulting in an abrupt
change in the 4c spin ↑ occupied density of states at x ∼ 0.7 (Fig. 4).

The anomalous Hall voltage21,22 has been measured for a series of samples with thickness
70 nm and therefore very similar values of ∆c/a ∼1.9%.23 The Hall resistance changes sign at
x ∼ 0.69, confirming the change of sign of spin polarisation with respect to the applied external
field.

In Fig. 7(a) we show the anomalous Hall resistance of an MRG sample with x = 1 and
∆c/a =1.92%. The AHE has been measured at different temperatures and it changes sign between
300 and 350 K, where the hysteresis becomes very large, due to the diverging anisotropy field. We
found that the compensation temperature Tcomp moves to lower temperature as x is lowered. This
reflects the temperature dependence of the Mn 4c sublattice as a function of Ru concentration.

From the AHE loops, it is also clear that the coercive field Hc impedes complete saturation
when approaching Tcomp, since the anisotropy field µ0Han = 2Ku/Ms diverges when Ms goes to zero.

Fig. 7(c) shows the temperature derivative of the AHE resistance ∂Rxy/∂T as a function of
temperature series of samples with same x but different ∆c/a. The compensation temperature shifts
to lower values as the tetragonal distortion is increased. Fig. 7(d) shows the corresponding variation
of the coercive field Hc, diverging at Tcomp.

The anomalous Hall angle (AHA) is defined as the ratio ρxy/ρxx. Fig. 7(b) shows its evolution
with x. The value is almost constant in temperature, therefore we used the data taken at 300 K for
the analysis. The longitudinal resistivity ρxx is not shown since it is almost constant over the whole
range. The measured AHA of ∼ 1.7% in the half-metallic region is about an order of magnitude
higher than usual for 3d ferromagnets (0.2% to 0.3%),24 and similar to values measured in rare earth
transition metal alloys25 and dilute magnetic semiconductors.26,27 Such a large AHE is a symptom
of a low carrier concentration and a high spin polarisation. Since the AHA increases with decreasing
Ru concentration, it cannot be due to the spin-orbit scattering coming from the number of Ru atoms.
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FIG. 8. Calculated pressure for cubic MRG films with fixed lattice parameter, corresponding to the experimentally deter-
mined a value, as a function of electron doping nel. After Ref. 28.

In addition, changes in electronic mobility and carrier concentration effects the Hall voltage but not
the AHA. Therefore, we infer an extremely high intrinsic contribution to the Hall scattering and/or a
very high spin polarisation at the Fermi level, as is the case in Mn:GaAs.

IV. ELECTRONIC STRUCTURE

Mn2RuxGa compounds have been investigated by density functional theory (DFT) calcula-
tions.28 While confirming the possibility of realising a zero-moment compound, the simulations
suggest it would not be a half metal. Nevertheless, Mn2Ru0.5Ga has very large spin polarisation,
which appears as a “pseudo-gap” at the Fermi level. Although the “pseudo-gap” may tentatively
explain the spin-polarization in transport measurements; it cannot account for the anomalous strain,
where we observe the in-plane lattice parameter a constrained by the MgO substrate while the
out-of-plane parameter c varies with the film thickness, resulting in a non-volume-conserving strain.
In addition, the DFT calculations do not agree with the measured magnetic moment as a function of
x,29 as shown in Fig. 10.

Further DFT investigations of alternative stoichiometry in the Mn, Ga and Ru containing Heuslers
demonstrate the presence of several phases close in energy which differ from the Mn2Ru0.5Ga struc-
ture by substitution on the 4a site as shown in Fig. 9 with MnGa2Ru being the lowest energy phase.
The energy difference between these competing phases is not sufficient to justify phase segregation

FIG. 9. High-throughput MnGa phase diagram. After Refs. 28 and 30.
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FIG. 10. Comparison of the experimental magnetic moment with the predicted moment within the DFT, with and without
defects. Inset: corresponding estimate of the Mn/Ga ratio. After Ref. 28.

but instead we expect site disorder on the 4a site favouring lower Mn content. Mass spectrometry
measurements on our films confirm that the Mn/Ga ratio does indeed favour lower Mn content.30

Substituting Ga for Mn provides a significant source of electronic doping which results in
the anomalous strain observed. Fig. 8 shows the pressure as a function of the electronic doping
nel for a compound with lattice parameter fixed at the experimentally determined a value. It is
clear that electronic doping provides the internal forces necessary to stabilise the MRG thin films
in the pseudo-cubic structure. In addition, the measured magnetic moment as a function of x can
only be explained when Mn/Ga substitutions are considered. Fig. 10 shows the estimated moments
with and without the inclusion of these defects in the simulations. The latter results are in fair
agreement with the experimental data and reproduce the slope of 2 µB f.u.−1. Interestingly, elec-
tronic doping of 1 electron/f.u. in Mn2Ru0.5Ga restores the half-metallic ground state. To achieve
transport half-metallicity and zero net moment at room temperature, a reduced Mn/Ga ratio of ≈ 1.4
is required, together with a Ru concentration of ≈ 0.7.

V. CONCLUSIONS

The study of MRG thus far has revealed some characteristic features of compensated ferri-
magnetic thin films, namely the divergence of the anisotropy field and hysteresis at the compen-
sation point, when the films have some perpendicular anisotropy to begin with. The perpendicular
anisotropy K1 deduced from EHE and magnetization measurements in pseudocubic films far from
compensation is ≈ 30 kJ m−3, and it can be controlled by biaxial strain. High-field magnetization
measurements have been used to deduce both K1 and K2.31 Evidence that MRG is a zero-moment
half metal comes from the x-dependence of the moment, the exceptionally large anomalous Hall
effect and the electronic structure calculations with electronic doping. The room-temperature spin
polarization, on which the success of spintronic applications will depend, should be improved by
further composition and process optimization.

An early goal is to optimize tunnel magnetoresistance. Our preliminary work shows a TMR of
∼ 40 % in perpendicular MTJs with an MgO barrier,31 with good prospects for improvement. Mn
diffusion into the barrier is a problem that may be resolved by using Ta or Mo insertion layers.
Current values of K1 are compatible with K1V/kT ≥ 50 for pillars 16 nm in diameter and 30 nm
thick. Spin-transfer torque switching of MRG has yet to be demonstrated. Most interesting, perhaps,
is the prospect of using MRG as resonant layer in spin-torque oscillators with crossed anisotropy.32

It should be possible to tune the resonance in the range from hundreds of GHz up to 2 THz,33

opening the prospect of spintronic chip-to-chip communications in the THz range.
MRG is unlikely to be unique. Other compensated pseudocubic Heusler films with an electron

count that places the Fermi energy in a spin gap can probably be found. The challenge of identi-
fying and experimentally characterising new candidate materials can be met only with the aid of
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high-throughput calculations, combined with a strong experimental feedback loop. There is much
work to be done to realize this potential and exploit the benefits of this new class of materials for
spin electronics.
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