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Spin-dependent transport properties of Mn2RuxGa thin-films are studied as function of the Ru

concentration and the substrate-induced strain. The large spontaneous Hall angle of 7.7% twenty

times bigger than in other 3d metals is a signature of its half-metallicity. The compensation

temperature where the magnetization of the two inequivalent antiferromagnetically coupled Mn

sublattices cancel can be tuned by varying x or the biaxial strain. This zero-moment half metal is

free from demagnetizing forces and creates no stray field, effectively removing two obstacles to

integrating magnetic elements in densely packed, nanometer-scale memory elements, and

millimeter-wave generators. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913687]

Cubic ferromagnetic Heusler compounds are a family of

materials that often exhibit higher spin polarization at the

Fermi level than binary ferromagnetic 3d alloys.1 Some of

the materials are half metals with a gap in the spin-polarized

density of states for one spin band which should make them

ideal candidates for spin-valves or magnetic tunnel junctions

(MTJs).2–5 Since the prediction by de Groot et al.6 in 1995

of a half metallic material with two inequivalent magnetic

sublattices, whose moments precisely cancel, researchers

have striven to fabricate such a material. While electronic

structure calculations predicted several candidates,7–9 most

attempts to realize such a material had failed.8,10,11 Kurt

et al.12 reported the growth of thin films of near-cubic

Mn2RuxGa (MRG), where Mn occupies two inequivalent

crystallographic positions: 4a and 4c, as shown in Fig. 1.

The alloy has been identified as a zero-moment ferrimagnet

with high spin polarization, and high TC (600 K), showing

evidence of half-metallicity. Here, we report on the tempera-

ture, Ru concentration, and substrate-induced strain depend-

ence of the transport properties of MRG, at or near the

compensation point. Addition of a Ru atom in the cubic

Mn2Ga structure contributes both extra electronic states (12)

and electrons (8). Based on the empirical Slater-Pauling

rules, this should result in perfect compensation for

Mn2Ru0.5Ga. The addition of Ru is however likely to change

both the shape and the position of the Mn bands leading to a

more complex behavior of the magnetic and spin-dependent

transport properties. In addition, the tetragonal distortion

(c/a ratio) also influences the band structure. Here, we show

that strain is a useful control parameter for engineering the

fully compensated MRG half metallic system.

We have previously measured L-edge X-ray absorption

spectroscopy and X-ray magnetic circular dichroism (XAS/

XMCD) on the same set of samples used here to determine

the site-specific spin and orbital moments as a function of

temperature, Ru concentration x, and substrate-induced

strain.13 We find that there is a temperature depending both

on Ru concentration x and the degree of tetragonal distortion,

where the overall magnetization is perfectly compensated.

Crossing this temperature, the spectral features of the

dichroic signal change sign, confirming the change of sign of

the majority spin channel. We shall demonstrate that this

reversal of the direction of the spin polarization corresponds

to a sign change of the spontaneous Hall coefficient. We also

found evidence of half-metallicity for x up to 0.7, above

which the Fermi level starts to cross the minority spin chan-

nel of the Mn in the 4c position.13 We confirm that the spon-

taneous Hall angle (SHA) increases as expected

substantially, as we decrease the Ru concentration x from 1.0

to 0.6.

MRG films of thickness ranging from 4 nm to 70 nm

were grown on MgO (001) single-crystal substrates by

dc-magnetron sputtering at a 250 �C substrate temperature

under a base pressure of 2� 10�8 Torr in a “Shamrock” sput-

ter deposition system. The films were co-sputtered from a

Mn2Ga and a Ru target. The Ru concentration was controlled

by keeping the Ru sputtering power fixed while varying that

of Mn2Ga. The films were capped with a �2 nm Al2O3 layer

to prevent oxidation. The crystal structure and lattice param-

eters were determined by 2h–h and reciprocal space map

(RSM) scans using a BRUKER D8 diffractometer with

Cu Ka1
radiation. In order to determine the Ru concentration

x, we deposited four MRG samples with varying Mn2Ga tar-

get power along with a pure Ru film. The density and thick-

ness of the samples were then measured using X-ray

reflectivity. Based on the measured density and lattice pa-

rameters of these five control samples, we established a rela-

tion between the X-ray density and the Ru concentration x,

against which all the samples were measured. The transport

measurements were conducted on unpatterned MRG films in

a Quantum Design physical properties measurement system

(PPMS) for temperatures from 10 K to 400 K. The maximum

applied magnetic field, l0H, was 12 T.

The out-of-plane lattice parameter c, determined from

2h–h X-ray scans, is between 0.598 nm and 0.618 nm,

depending on the Ru concentration and the film thickness.

We find that c increases sharply with reducing film thickness.

The in-plane lattice parameter a, determined from reciprocal

space mapping was found to be 0.596 nm for all samples,
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which precisely matches that of the MgO substrate

ð
ffiffiffi
2
p

a0ðMgOÞ ¼ 0:5956 nmÞ. This confirms the cubic charac-

ter of the MRG films, with a tetragonal distortion

(ðc� aÞ=a ¼ Dc=a between 1.8% and 3.6%).

The degree of tetragonal distortion can be controlled by

growing MRG thin films on different substrates and/or

substrate/seed layer combinations. Another approach to

achieve this variation is to grow samples of varying thick-

ness. We recorded RSMs around the symmetric ð004Þ reflec-

tion of MRG in order to determine the variation of the lattice

constant c through the film thickness. The reflections show

no clear structure, indicating that the strain is surprisingly

homogeneously distributed, and we conclude that the aver-

age Dc=a is a good measure of the strain in the samples. The

mosaic spread of the MgO substrate is too important to make

a quantitative estimate of the variation of the lattice parame-

ter c through the film thickness. We prepared MRG samples

with the same Ru concentration (x� 1.0) but varying the

thickness from 70 nm down to 4 nm, and measured their

spontaneous Hall effect (SHE) at different temperatures

from 400 K to 10 K in the PPMS. In Fig. 2(a), we show the

Hall resistance of one Mn2RuGa sample (x¼ 1) with

Dc/a¼ 1.92%, measured between 100 K and 400 K. The sign

of the spontaneous Hall coefficient changes between

T¼ 300 K and 350 K, consistent with a change of sign of the

spin polarization of the carriers at the Fermi level with

respect to the net magnetization.

The increase of the out-of-plane lattice parameter c with

reducing sample thickness allows us to control the tetragonal

distortion of the samples with similar Ru concentration.

From the plot of the temperature derivative of the Hall resist-

ance, oRxy=oT, shown in Fig. 2(c), it can be seen that this

compensation temperature, Tcomp, marked by a peak in the

derivative, shifts to lower temperatures as the tetragonal dis-

tortion is increased. Perfect compensation is achieved when

the two Mn sublattices have equal and opposite magnetiza-

tions. This occurs at some particular temperature because the

sublattice temperature dependences are different, while the

FIG. 2. (a) Spontaneous Hall effect of Mn2RuGa with Dc=a¼ 1.92% at different temperatures. The hysteresis loops have been centered at Rxy¼ 0. The legend

in (f) is common to panels (b)–(f). (b) Magnitude of the SHA as a function of temperature. (c)–(f) Temperature dependent transport properties of two sets of

samples; (c) and (d): with the same Ru concentration (x� 1.0) and varying Dc/a (between 1.8% and 3.6%). (e) and (f): with the same Dc/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).

FIG. 1. Crystal structure of Mn2RuxGa with Mn in the 4a (red) and 4c
(green) sites, Ga in the 4b (grey) site and Ru in the 4d (blue) site.
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4a magnetization is practically constant between 2 K and

400 K, the 4c magnetization decreases linearly in the same

temperature range.13 With increasing strain, the zero-

temperature magnetization of the 4c Mn sublattice decreases,

hence lowering the Tcomp. Similarly in the case of varying

Ru concentration x, Tcomp shifts to higher temperatures with

increasing x, as shown in Fig. 2(e). From the SHE measure-

ments, we also note that as the magnetization approaches

zero, the coercivity clearly diverges (since the anisotropy

field, l0Ha¼ 2Ku/Ms, with Ms� 0), as shown in Figs. 2(d)

and 2(f). As an example, the coercive field of the MRG sam-

ple with Dc/a¼ 2.90% reaches 9 T at Tcomp� 200 K.

We plot the magnitude of the SHA, defined as qxy/qxx, in

Fig. 2(b). There are only slight variations in the absolute

value with changing temperature. When the SHE loop was

measured close to compensation, the films are not fully satu-

rated, and hence, the SHA is somewhat underestimated. In

the case of the thinnest sample (4 nm), which also has the

largest c/a ratio, the Curie temperature is shifted to much

lower temperatures, as can be inferred from the near-zero

SHA, that increases only close to 10 K. This is due to the

almost complete loss of magnetic moment carried by the 4c
Mn under tetragonal distortion. Extrapolating from our ear-

lier XAS/XMCD measurements, we estimate that the zero-

temperature saturation magnetization of this sublattice under

a compressive strain of 3.6% is only 0.25 lB/Mn, compared

to �1.4 lB/Mn in thicker samples.13 The much reduced mag-

netization of this sublattice reduces the magnetic ordering

temperature TC from �550 K to �200 K, where we first

observe appreciable coercivity (see Fig. 2(d)).

Figure 3 shows the evolution of the SHA with varying

Ru concentration x for 0.6< x< 1.1. From the temperature

dependent measurements, we have seen that the SHA is

almost constant below TC, hence, we compare the SHA at

room temperature (300 K). Figure 3 also plots the variation

in the room temperature longitudinal resistivity, qxx, and the

Hall resistivity, qxy, for the same samples. As can be seen,

qxx is predominantly constant over the whole range of x. The

recorded SHA (�7.7%) for samples up to x¼ 0.7, which are

in the half metallic region, is about an order of magnitude

larger than those found for other 3d ferromagnets at room

temperature (0.2%–0.3%),14 and comparable to values

recorded for amorphous rare earth transition metal alloys15

and dilute magnetic semiconductors such as Mn:GaAs in the

degenerate regime.16 A high SHE is indicative of a low car-

rier concentration and a high spin polarization. The high

SHA was also reported in another Mn-based Heusler alloy,

D022 Mn-Ga,17 attributed to the high spin polarization of this

material.18 The increase in SHA with decreasing Ru concen-

tration implies that the large SHA is not due to spin-orbit

scattering from the addition of Ru, and as it is normalized for

effects of changing electronic mobility and carrier concentra-

tion, it points to either an extremely high intrinsic contribu-

tion to the Hall signal or to an almost complete spin

polarization of the carriers close to the Fermi level, as is the

case in Mn:GaAs.

In order to examine the effect of the tetragonal distortion

on the SHA, we also plot the evolution with c/a ratio in Fig.

4. As we have seen in Fig. 3, there is a large variation in

SHA with the Ru concentration (from 1.0% to 7.7%).

Therefore, we have only compared the samples with similar

Ru concentrations (x� 1.0). As the strain increases, the mag-

netization of the 4c sublattice decreases,13 resulting in a

reduced spontaneous Hall effect. It is unlikely that the effect

is directly due to the film thickness, because there is only a

weak variation of qxx (see Fig. 4).

We have confirmed that for Ru concentrations in the

range of �0.6–1.0, there is a temperature Tcomp where MRG

thin films exhibit zero magnetization. The sign of the sponta-

neous Hall effect reverses at Tcomp, indicating inversion of

the majority spin channel. The magnitude of the SHA is

remarkably large and cannot be attributed to the spin-orbit

scattering from Ru, as it increases as x decreases. It seems to

be a signature of the half metallic state. We also show that

by varying the tetragonal distortion at a particular Ru con-

centration, we can tune the compensation of the two Mn sub-

lattices to be in any desired temperature range; at, above or

below room temperature.

Recent ab initio calculations19 suggested that a high

spontaneous Hall effect and angle could arise from “serious

disorder” in MRG samples. This does not explain the clear

inversion of the spontaneous Hall loop at Tcomp.

FIG. 3. Evolution of the spontaneous Hall angle, qxy and qxx as a function of

Ru concentration x, extracted from SHE measurements at 300 K. The lines

are a guide to the eye.

FIG. 4. Evolution of the spontaneous Hall angle, qxy and qxx as a function of

the tetragonal distortion (c/a ratio) extracted from SHE measurements at

300 K for samples with a Ru concentration x� 1.0. The lines are a guide to

the eye.
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The new class of zero-moment half metallic materials

raises several fundamental questions on the nature of magne-

tism and spin transport in the compensated ferrimagnetic

state. The critical current needed to switch the magnetization

of the free layer in a Spin Transfer Torque Magnetic

Random Access Memory cell (STT-MRAM) is thought to

scale with the saturation magnetization Ms. Even though this

scaling is unlikely to apply to ferrimagnets, it is nevertheless

expected that for materials like MRG where Ms� 0, switch-

ing currents would be reduced, at least on the account of

much diminished radiation losses and possibly diminished

excitation of low-energy magnons. Furthermore, the ferro-

magnetic resonance frequency is the upper limit for the

switching speed in spin electronic devices such as magneto-

resistive memory elements and it determines the output fre-

quency of high-frequency generators based on STT

oscillators. The current frontier for information and commu-

nication technologies is the “THz gap,” as this spectral range

(from 0.1 THz to 10 THz) is not easily accessible.20

Following Kittel’s equation for magnetic resonance, we have

xr ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H0að2Hex þ H0aÞ

p
� c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2H0aHex

p
for an antiferromag-

netic sample, where H0a ¼ 2Ku=Msl (Msl the sublattice mag-

netization) and c is the gyromagnetic ratio. From the Curie

temperature (�600 K) and Msl, we estimate the exchange

field to be l0Hex¼ 890 T and the sublattice anisotropy field

to be approximately l0H0a ¼ 0:4 T. Therefore, the resonance

frequency should be of order of 0.75 THz, putting it in the

middle of the gap.

In order to utilize MRG in such structures, it is neces-

sary to demonstrate effective spin transport using the new

compound, either as polarizer or analyzer in spintronic de-

vice structures such as giant or tunnel magnetoresistive

stacks, magnetoresistive oscillators, or planar spin Hall

effect junctions. We expect that such a demonstration will be

achieved in the near future.
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