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Cubic Mn2RuxGa Heusler compound is a typical example of compensated ferrimagnet with attractive potential for
high-density, ultrafast, and low-power spintronic applications. In the form of epitaxial thin films, Mn2RuxGa exhibits
high spin polarization and high tunability of compensation temperature by freely changing the Ru content x in a broad
range (0.3 < x < 1.0). Herein Mn–Ru–Ga-based polycrystalline bulk buttons prepared by arc melting are systematically
studied and it is found that in equilibrium bulk form, the cubic structure is unstable when x < 0.75. To overcome this
limitation, Mn–Ru–Ga is alloyed with a fourth element V. By adjusting the content of V in the Mn2Ru0.75VyGa and
Mn2.25−yRu0.75VyGa quaternary systems, the magnetic compensation temperature is tuned. Compensation is achieved
near 300 K which is confirmed by both the magnetic measurement and anomalous Hall effect measurement. The analyses
of the anomalous Hall effect scaling in quaternary Mn–Ru–V–Ga alloy reveal the dominant role of skew scattering, notably
that contributed caused by the thermally excited phonons, in contrast to the dominant intrinsic mechanism found in many
other 3d ferromagnets and Heusler compounds. It is further shown that the Ga antisites and V content can simultaneously
control the residual resistivity ratio (RRR) as well as the relative contribution of phonon and defect to the anomalous Hall
effect a′′/a′ in Mn–Ru–V–Ga, resulting in a scaling relation a′′/a′ ∝ RRR1.8.

Keywords: compensated ferrimagnet, anomalous Hall effect, residual resistivity ratio

PACS: 75.20.En, 75.50.Gg, 75.47.–m DOI: 10.1088/1674-1056/ad34c8

1. Introduction

Ferrimagnets, which consist of inequivalent antiferro-
magnetically coupled magnetic sublattices, have become one
of the most attractive material classes in spintronics[1–7] be-
cause they combine the advantages of ferromagnets and an-
tiferromagnets. On one hand, the ferromagnet-like elec-
trical properties of ferrimagnets can be more easily used
to achieve electrical reading and writing, compared to
antiferromagnets.[3] On the other hand, ferrimagnets show
antiferromagnet-like dynamics and they may switch much
faster than ferromagnets.[7] Moreover, inequivalent magnetic
sublattices exhibit different temperature dependence, so that
in some cases, a full magnetic compensation may appear in a
so-called compensated ferrimagnet. The temperature at which
the net magnetization vanishes is the magnetic compensation
temperature (TM). Compensated ferrimagnets which show no
stray fields, high spin polarization, large anomalous Hall ef-
fect, and low damping at room temperature have attractive po-
tential applications in high-density, ultrafast, and low-power
spintronics.[8–16]

The common ferrimagnets include rare-earth iron
garnets,[17–19] rare-earth transition metal alloys,[20–22]

Mn4N-based nitrides,[23,24] and some Mn-based Heusler
compounds.[25–31] By varying the composition, not only can

the compensated ferrimagnetic state be achieved, but also TM

can be regulated. Cubic Mn2RuxGa thin film is a typical ex-
ample of compensated ferrimagnet with high spin polarization
and high tunability of TM by freely varying the Ru content x
in a broad range (0.3 < x < 1.0).[27] So far, Mn–Ru–Ga alloy
has mostly been realized in the form of thin films, such as
epitaxial growth on MgO substrates,[27,30,32] which is known
to be a popular method of stabilizing metastable phases of
matter. It remains unclear to what extent is the cubic Mn–
Ru–Ga ternary alloy thermodynamically stable and how the
atomic order evolves as a function of x. Another important
feature of the compensated ferrimagnet is the emergence of
finite anomalous Hall effect, even when the net magnetization
exactly vanishes. The existing compensated ferrimagnetic thin
films, however, typically show mediocre change of the longi-
tudinal resistance with temperature[27,33] and complex anoma-
lous Hall effect loops[34–37] which impede accurate extraction
of the anomalous Hall effect scaling. The aforementioned is-
sues motivate us to study the Mn–Ru–Ga-based ternary alloys
and Mn–Ru–V–Ga quaternary alloys in bulk form.

We find that the cubic Heusler structure of Ru-deficient
Mn2RuxGa and Mn3−xRuxGa bulk alloys becomes unstable
for x < 0.75. Alloying with vanadium stabilizes the cubic
structure of Mn–Ru–V–Ga and enables tunable compensated
ferrimagnetic state in a wider temperature range, including
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room temperature. Moreover, although they are a ternary or
quaternary alloy system, our polycrystalline bulk samples ex-
hibit appreciable residual resistivity ratio (RRR) ranging from
2 to 5 (compared to previous thin film samples), allowing
us to comfortably study the scaling relation of the anoma-
lous Hall effect. We find nonnegligible thermally activated
phonon contribution to the extrinsic anomalous Hall effect in
these compensated ferrimagnets and establish a link between
the RRR and the relative contribution of phonon and defect to
the anomalous Hall effect.

2. Experimental techniques

Polycrystalline buttons of Mn2RuxGa, Mn3−xRuxGa,
Mn2Ru0.75VyGa, and Mn2.25−yRu0.75VyGa were prepared by
arc melting. Extra 5% of Mn has been added to compensate
for the losses. Samples were repeatedly melted four times af-
ter flipping to ensure the homogeneity. Mn2Ru0.75VyGa and
Mn2.25−yRu0.75VyGa (0 ≤ y ≤ 0.25) samples were sealed in-
side quartz tubes evacuated to 2×10−4 Pa, annealed at 1073 K
for 7 days, and then cooled to room temperature for one day
to improve the atomic ordering. The crystal structure was de-
termined by the powder x-ray diffraction (XRD). The density
was measured by the Archimedes drainage method. Magnetic
properties were measured by using the Quantum Design mag-
netic property measurement system in SQUID-VSM mode.
Magnetotransport properties were measured by using standard
6 contact method on thin slab samples with a typical thickness
of ∼ 100 µm in a physical property measurement system.

3. Results and discussion
3.1. Magnetic compensation in ferrimagnetic Mn–Ru–Ga

alloys

Figure 1(a) illustrates the crystal structure of the stoichio-
metric and atomically-ordered Mn2RuGa. Ru occupies 4d
sites, Ga is on 4b sites and Mn occupies inequivalent 4c and
4a sites, thus forming the noncentrosymmetric Hg2CuTi-type
inverse Heusler structure (Space group No. 216).[38] For qua-
ternary Mn–Ru–V–Ga alloy, small amount of V with stronger
affinity to Ga is expected to preferably replace some of the
Mn atoms on 4a sites. The magnetism of the compound is
mainly governed by the antiferromagnetically coupled 4a and
4c Mn sublattices that are inequivalent in terms of chemical
environment and atomic occupancy.[29] The basic concept of
the magnetization compensation in a compensated ferrimag-
net that consists of antiferromagnetically coupled M1 and M2

magnetic sublattices is depicted in Fig. 1(b). The inequiva-
lent M1 and M2 sublattices exhibit different total moment M
at 0 K and dissimilar temperature dependency. As the temper-
ature increases, if the sublattice with smaller M at 0 K (here

M1) shows weaker temperature dependence than M2 sublat-
tice, magnetic compensation may occur at the crossover TM

where the magnetizations of M1 and M2 sublattices are equal
in magnitude but opposite in sign. Below TM, the net moment
of the compound is governed by the M2 sublattice, whereas
above TM, M1 sublattice is dominant. In order to adapt a given
application, it is desirable to be able to regulate the TM over
large temperature range. In the following subsections, such
an ability will be demonstrated for quaternary Mn–Ru–V–Ga
compound.

(b)

0 200 400 600
0

0.5

1.0
M

 (
a
rb

. 
u
n
it
s)

T (K)

 M1

 M2

M1↩M2T

TM

Mn a

Mn 4c

Ru 4d

Ga 4b

b

c

a

(a)

Fig. 1. Crystal structure of cubic Mn2RuGa, showing that moments of
Mn at 4a and 4c sites are aligned in antiparallel manner. (b) Concept of
magnetic compensation at compensation temperature TM for a compen-
sated ferrimagnet, showing temperature dependence of magnetization
of the two sublattices M1 and M2 and the net magnetization |M1−M2|.
The latter is magnified 5 times for clarity.

3.2. Structural characterizations

We first study ternary Mn–Ru–Ga-based polycrystalline
buttons Mn2RuxGa and Mn3−xRuxGa in the form of equilib-
rium bulk. The nominal compositions of the former series are
similar to that studied by Kurt et al.[27] in the form of epi-
taxial thin films. This series is considered off-stoichiometric
because the Ga concentration is higher than the ideal 25 at.%
for a full Heusler compound of general formula X2Y Z (Z be-
ing a main group element). For comparison, we also prepare
the latter sample series with nominal Ga concentration fixed
at 25 at.%. In Figs. 2(a) and 2(b), we show the powder XRD
of as-cast Mn2RuxGa and Mn3−xRuxGa. When x is less than
0.75, these alloys are no longer in a pure cubic phase. Peaks
that correspond to the tetragonal and hexagonal phases appear
in Mn2Ru0.5Ga, and the parasitic tetragonal phase emerges in
Mn2.5Ru0.5Ga. Furthermore, we did not succeed in suppress-
ing these parasitic phases by post annealing. We therefore
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conclude that the cubic structure is unstable for the two se-
ries when x < 0.75, which substantially reduces the tunability
of bulk Mn–Ru–Ga ferrimagnet, notably TM cannot be tuned
to room temperature.

Referring to the Slater–Pauling rule,[39–41] the magnetic
moment M at 0 K of an X2Y Z half-metal with L21 full Heusler
structure follows M = Nv − 24 (Nv is the number of va-
lence electrons per formula). Alloying a fourth element (e.g.,
Ti, V, Cr) with less valence electrons than Mn and Ru into
Mn2RuxGa (M = 1 µB/f.u. for x = 1) may extend the tuning
range of TM. We choose and alloy Mn–Ru–Ga with V be-

cause Mn2VGa was known to be a cubic Heusler with a high

Curie temperature of 783 K.[43] In contrast, since Mn2CrGa

does not crystallize into cubic structure,[42] and there is, to the

best of our knowledge, no experimental report on Mn2TiGa,

alloying with Cr and Ti may not be as favorable as V in

terms of phase stability. By fixing the Ru concentration at

x = 0.75, we systematically investigate Mn2Ru0.75VyGa and

Mn2.25−yRu0.75VyGa quaternary systems. Again, the former

series is off-stoichiometric in terms of Ga, whereas the latter

series nominally fixes 25 at.% of Ga.
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Fig. 2. Powder XRD patterns for (a) as-cast Mn2RuxGa, (b) as-cast Mn3−xRuxGa, (d) annealed Mn2Ru0.75VyGa, and (f) annealed Mn2.25−yRu0.75VyGa.
Zoom-in views at low 2θ angles are shown for (c) annealed Mn2Ru0.75VyGa and (e) annealed Mn2.25−yRu0.75VyGa. (g) Lattice parameter a against
V concentration y. (h) Comparison of measured density with density calculated from structural models with fully atomic occupancy (full) and with
vacancy (vacant).

The powder XRD spectra for the two series after anneal-
ing are plotted in Figs. 2(d) and 2(f). All the samples crys-
tallize in the cubic phase without showing noticeable parasitic
phase. We observe strong reflections that can be indexed by
the (hkl) Bragg peaks satisfying the relation h + k + l = 4n
(n = integer). As shown in Fig. 2(g), the steady and monoton-
ically decreasing trend of the extracted lattice parameter a with
the increase of V composition y provides another evidence
of systematic alloying. In addition, as shown in the enlarged
XRD patterns for 2θ ranging from 23° to 32◦ [Figs. 2(c) and
2(e)], weak superlattice peaks corresponding to the (111) and
(200) reflections are clearly visible. This mainly indicates that
the position of the heaviest Ru atoms is at least partially or-
dered. Note that we do not intend to estimate the ordering pa-
rameter of these samples because additional assumptions must
be made, that is, how other atoms are ordered and whether an

atomic site is always fully occupied, with a total atomic occu-
pancy always being equal to 1.

In fact, the actual atomic ordering and occupancy of
Mn2RuxGa are still controversial. In the pioneering work by
Kurt et al.,[27] Mn2RuxGa was assumed to be an intermedi-
ate compound between the half Heusler and inverse Heusler
structure, where Ru gradually fills the empty 4d site until
x = 1. More recently, according to the thin film density es-
timated from the critical angle of the x-ray reflectivity data,
Siewierska et al.[28] showed that all the investigated Mn–Ru–
Ga films adopt full atomic occupancy with no obvious sign of
vacancy. Herein, these Heusler compounds are successfully
synthesized in the form of bulk buttons, enabling us to inde-
pendently and directly measure the density of these samples
by using the Archemede drainage method. For the three se-
lected samples, their measured density is compared with the
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expected density in the cases of full atomic occupancy (full)
and with atomic vacancy (vacant), as shown in Fig. 2(h). Ex-
perimental data support the scenario with full atomic occu-
pancy in all cases, with and without V alloying. Next, we shall
focus on the magnetic and magnetotransport characterizations
of Mn2Ru0.75VyGa and Mn2.25−yRu0.75VyGa quaternary com-
pounds for 0≤ y≤ 0.25.

3.3. Magnetic properties

The magnetic properties of the off-stoichiometric
Mn2Ru0.75VyGa for 0 ≤ y ≤ 0.25 are summarized in Fig. 3.
The magnetization M measured on cooling with an applied
magnetic field of 0.1 T is plotted against temperature T in
Fig. 3(a). For all the samples, M values remain finite at 400 K,
indicating that the Curie temperatures of these compounds is

well above 400 K. As the temperature decreases, M first de-
creases to about zero and then increases. This is an indication
of the magnetic compensation as explained in Fig. 1(b). To
further confirm the compensation characteristics, we first ap-
ply a magnetic field of 0.5 T above the compensation temper-
ature to magnetize the sample, and then remove the magnetic
field to measure the temperature dependence of magnetization
M(T ) at zero magnetic field (i.e., in remanence) on cooling.
These zero-field-cooled remanent M(T ) curves are shown in
the inset of Fig. 3(b), which directly confirm the magnetic
compensation feature with the abscissa of the zero-moment
point being the TM. The TM of all the measured samples is
summarized in Fig. 3(b). Adding V consistently reduces TM

from 380 K to 260 K. For y = 0.1 and y = 0.175, the TM is
close to room temperature.
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Fig. 3. (a) Temperature dependence of magnetization M(T ) for selected Mn2Ru0.75VyGa samples measured with a magnetic field of 0.1 T.
(b) Compensation temperature TM as a function of V content y, with inset showing M(T ) curves measured during cooling after removing the
magnetic field. (c) M(H) hysteresis loops of Mn2Ru0.75V0.1Ga at different temperatures, with inset showing enlarged M–H loops at low fields.
(d) Variations of saturation magnetization Ms with y at 5 K and 300 K.

The magnetic field dependence of magnetization M(H)

for Mn2Ru0.75V0.1Ga (i.e., y = 0.1) measured at different tem-
peratures are shown in Fig. 3(c). The inset shows the enlarged
M–H loops in the low field region. The M–H loop at 300 K
only shows a modest increase of the coercivity (< 0.1 T) due to
the vanishing net magnetization. This is in contrast to the pre-
vious reports where biaxially-strained thin film samples grown
on MgO (001) substrates tend to show huge or even diverg-
ing coercivity (> 9 T) near TM.[28] We infer that our annealed
bulk samples are mostly relaxed with negligible tetragonal dis-
tortion and the weak magnetocrystalline anisotropy is solely
provided by the cubic structure. Figure 3(d) summarizes the
variations of magnetization at saturation Ms with y at 5 K and
300 K. As y increases, Ms at 5 K decreases monotonically,
whereas Ms at 300 K first decreases and then increases due to

the crossing of TM.
The magnetic properties of the stoichiometric

Mn2.25−yRu0.75VyGa series are shown in Fig. 4. Similar to
Fig. 3, TM for this sample series can be obtained from the
M(T ) curves measured with an applied magnetic field of 0.1 T
as shown in Fig. 4(a) or from the remanent M(T ) curves mea-
sured under zero-field-cooled condition as plotted in the inset
of Fig. 4(b). The extracted TM against V composition y is
shown in Fig. 4(b). Again, TM tends to decrease with the in-
crease of V content y. For y = 0 (i.e., Mn2.25Ru0.75Ga), the
higher Mn content than Mn2Ru0.75Ga further enhances TM to
above 400 K. To counterbalance this trend, a higher amount
of V content (y = 0.2) is needed to achieve compensation near
300 K for this series.

Figure 4(c) shows the magnetic field dependence of mag-
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netization M(H) of Mn2.05Ru0.75V0.2Ga at different tempera-
tures. The inset shows the enlarged M–H loops at low fields,
again reflecting a weak enhancement of coercivity near TM.
Figure 4(d) summarizes the variation of Ms with y at 5 K and
300 K. Similar to the TM, as y increases, Ms at 5 K and 300 K
first decreases, then it slightly increases (for y ∼ 0.15), and
finally it decreases again. The nonmonotonic change in the
magnetic property with the increase of y (but not shown in
the lattice constant [see Fig. 1(g)]) may be attributed to the

preferred site occupancy of V that varies as y evolves, which
in turn adjusts the site-specific occupancy of the two inequiv-
alent, antiferromagnetically couple Mn sites. The magnetic
compensation conditions are known to be very sensitive to
such a change. Additional element-specific measurements,
such as the anomalous XRD and the x-ray magnetic circular
dichroism or the site-specific characterization such as the nu-
clear magnetic resonance are however required to verify this
hypothesis.
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Figure 5(a) summarizes the evolution of Ms at 5 K with
the total number of valence electrons, Nv for the two sam-
ple series. The solid symbol and open symbol represent data

points obtained from the stoichiometric Mn2.25−yRu0.75VyGa
and off-stoichiometric Mn2Ru0.75VyGa, respectively. Note
that Nv is calculated based on the structural model with full
atomic occupancy without vacancy as deduced from the den-
sity measurement. We find that Nv for all samples is greater
than 24 and the data from the two sample sets can be com-
bined and described by a linear fit. By extrapolating the linear
fitting line, Ms is close to zero when Nv approaches 24, which
is consistent with Slater–Pauling curve. However, the slope of
the linear fitting line is 0.76±0.12 µB/f.u./electron (less than
1), suggesting that these quaternary alloys are not half-metals.
Figure 5(b) summarizes the variation of TM with Nv. Overall,
as Nv decreases, TM decreases from above 400 K to 260 K for
Mn2Ru0.75V0.25Ga. The compensation at room temperature is
realized by adjusting the V content and changing Nv to about
24.4. Furthermore, the data from the two sample series with
different Ga atomic ratios are naturally reconciled when Nv de-
duced from the fully occupied structural model is considered.

3.4. Magnetotransport properties

The Hall loops of the Mn2Ru0.75V0.1Ga and the
Mn2.05Ru0.75V0.2Ga thin slabs measured at different temper-
atures are shown in Figs. 6(a) and 6(b). The ρyx is the Hall
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resistivity measured with an applied magnetic field perpen-
dicular to the slab plane. The sign reversal of the anoma-
lous Hall effect provides another evidence that the magnetic
compensation is indeed achieved near 300 K. The normal
Hall coefficient strongly depends on the temperature, indicat-
ing that the Fermi level lies close to the band edge. Sim-
ilar results are reported for Mn–Ru–Ga thin films.[27] The
magnetoresistance (MR), defined as MR(µ0H)= (ρxx(µ0H)−
ρxx(µ0H = 0))/ρxx(µ0H = 0) where ρxx is the longitudinal
resistivity, for Mn2Ru0.75V0.1Ga and Mn2.05Ru0.75V0.2Ga at
different temperatures is shown in Figs. 6(c) and 6(d). At
5 K, the MR of Mn2Ru0.75V0.1Ga is negative within a mag-
netic field of 5 T while the MR of Mn2.05Ru0.75V0.2Ga is
only negative at low fields and it becomes positive at higher
fields. Near the compensation temperature, the signs of MR
for both Mn2Ru0.75V0.1Ga and Mn2.05Ru0.75V0.2Ga reverses.
Figures 6(e) and 6(f) show the absolute value of the anoma-
lous Hall conductivity |σAH| = |ρyx|/(ρ2

xx + ρ2
yx) and anoma-

lous Hall angle |θAH| = |ρyx|/ρxx, against temperature for the
two sample. On the whole, |σAH| and |θAH| are rather smooth
across TM, which is expected for an ideal compensated ferri-
magnet where the sign reversal of σAH across TM is solely due
to the change of the dominant magnetic sublattice below and
above TM, without involving structural or phase transforma-
tion. Although we still observe a slight decrease of |σAH| and
|θAH| near TM, most probably caused by minor spatial inhomo-
geneity of the alloy composition and TM, the inhomogeneity
induced complex anomalous Hall effect previously found in
epitaxial Mn–Ru–Ga[32] and amorphous Co–Gd[44] compen-
sated ferrimagnetic thin films can be largely mitigated in our
annealed bulk samples. Overall, we have shown that the com-
pensated ferrimagnets can show finite anomalous Hall effect
even when the net magnetization exactly vanishes at TM and
ideally there should be no anomaly in |σAH| and |θAH| across
TM.
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3.5. Scaling of anomalous Hall effect

To separate various contributions to the anomalous Hall
effect in a magnetic conductor, a common practice is to study
the scaling of σAH or anomalous Hall resistivity σAH with the
longitudinal conductivity σxx = ρxx/(ρ

2
xx + ρ2

yx) or longitudi-
nal resistivity ρxx, which is considered to reflect the transport
lifetime, τ .[45] For intrinsic anomalous Hall effect that arises
from the Berry curvature of the band structures or the extrin-
sic anomalous Hall effect due to side jump mechanism, σAH

is independent of σxx and τ (similarly ρAH is proportional to
ρ2

xx). For extrinsic anomalous Hall effect due to skew scatter-
ing, σAH is proportional to σxx and τ (or ρAH is proportional
to ρxx).

The analysis can be further refined by discerning skew
scattering contribution due to defects (dominant at low tem-
perature) and thermally-excited quasiparticles, e.g., phonons

and magnons (negligible at low temperature).[46] Let ρxx(T ) =
ρxx0 +ρxxT (T ), then the general expression of ρAH will be

ρAH = a′ρxx0 +a′′ρxxT +b′ρ2
xx0 +b′′ρ2

xxT ,

where a′, a′′, b′, and b′′ are fitting parameters, ρxx0 = ρxx(T =

4 K) and ρxxT (T ) = ρxx(T )− ρxx(T = 4 K) are the residual
resistivity and the resistivity contribution that depends on tem-
perature, respectively.

Obviously, the accuracy of such a separation partly relies
on our ability to experimentally tune the range of σxx and τ ,
by varying the temperature. Concerning this point, compounds
and alloys in bulk form are advantageous compared with those
in thin films because they typically possess better atomic or-
dering and less defect, leading to higher residual resistivity
ratio, RRR = ρxx(T = 300 K)/ρxx(T = 4 K). In addition, the
negligible interfacial scattering in bulk samples allows us to
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focus on the electronic transport that is inherent to the bulk
properties of the material, and is not related to the interfacial
effects that is inevitably involved and dependent on the adja-
cent layer. This is the reason why our Mn–Ru–V–Ga buttons
possess significantly higher RRR than previous Mn–Ru–Ga
thin films.[27]

The variation of |σAH| with σxx for several Mn–Ru–V–Ga
alloy samples of varying V content y is shown in Fig. 7(a).
Solid and empty symbols represent the data for stoichiometric
Mn2.25−yRu0.75VyGa and off-stoichiometric Mn2Ru0.75VyGa
series respectively. On the whole, |σAH| is proportional to σxx

with a nearly constant |θAH| ∼ 1%, implying that the main
contribution of anomalous Hall effect in Mn–Ru–V–Ga is ex-
trinsic skew scattering mechanism. The dependence of anoma-
lous Hall resistivity |ρAH| with ρ2

xx are shown in Fig. 7(b). Ob-
viously, |ρAH| is not linear with ρ2

xx, which again confirms the
negligible contribution of the intrinsic mechanism, i.e., b′′ is
small. Figure 7(c) show the variation of |ρAH| with ρxxT . The
|ρAH| shows excellent linear relationship with ρxxT , indicat-
ing that the contribution of thermally-excited phonons, a′′, is

significant. Note that since the temperature-dependent b′′ is
negligibly small in the Mn–Ru–V–Ga system, we have also
dropped the b′ term, which sometimes is attributed to the ex-
trinsic side jump mechanism. Therefore, a relatively simple
phenomenological relation |ρAH| = a′ρxx0 + a′′ρxxT is suffi-
cient to describe all our experimental data. The fact that a′

and a′′ are of the same sign suggests that the two skew scatter-
ing contributions are additive. For comparison, the anomalous
Hall effect in epitaxial Fe,[46] Co[47] or L10–Mn1.5Ga films[48]

was found to be governed by the intrinsic mechanism, and
the phonon-induced skew scattering can be ignored. Non-
negligible phonon skew scattering contribution was also re-
ported in some Heusler alloys,[49–51] although we should note
that the conductivity of these systems is in the “moderately
dirty regime” with RRR that is close to 1 or even slightly less
than 1. Therefore, we believe that it is unclear whether the
changes in the anomalous Hall effect with temperature in these
systems can be entirely attributed to the phonon-induced skew
scattering.
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In order to further elucidate how the extrinsic skew scat-
tering evolves with V content y, we plot and compare the
RRR of Mn2Ru0.75VyGa and Mn2.25−yRu0.75VyGa series in
Fig. 8(a). Since RRR closely relates to the defects and reflects
the overall quality of the sample, it is therefore reasonable
to assume that the RRR is correlated with the extrinsic skew
scattering to a certain degree. The RRR of Mn2Ru0.75VyGa
and Mn2.25−yRu0.75VyGa are shown in Fig. 8(a). Our first
observation is that the stoichiometry of Ga (i.e., maintain-
ing 25 at.% of Ga) has decisive implication on the RRR. For
the two ternary alloys Mn2.25Ru0.75Ga (25 at.% of Ga) and
Mn2Ru0.75Ga (26.7 at.% of Ga), RRR of the former is en-
hanced by more than a factor of 2 than that of the latter. The
density measurement suggests that the excess Ga atoms oc-
cupy Mn or Ru sites, so we can conclude that these main group
element antisites are mainly responsible for the reduction of
RRR. A small amount of V first acts as additional scattering
center, giving rise to the lowest RRR for y = 0.1 of the two se-
ries. Then, the RRR increases slightly to ∼ 3 upon increasing
the V content to y = 0.25.
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Fig. 8. (a) Variation of residual resistivity ratio (RRR) with V content, y.
Variation of (b) a′, (c) a′′, and (d) a′′/a′ with RRR.

Figures 8(b)–8(d) show the variation of a′, a′′, and a′′/a′

with RRR, respectively. In general, as RRR increases, a′ tends
to decrease whereas a′′ shows the opposite increasing trend.
The relative contribution of the two skew scattering mecha-
nisms against the RRR value can be phenomenologically de-
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scribed by an intriguing scaling relation a′′/a′ ∝ RRR1.8 span-
ning over nearly one order of magnitude, as shown in Fig. 8(d).
Interestingly, for off-stoichiometric Mn2Ru0.75VyGa series
(red symbols), the a′′/a′ ratio is typically less than 1, reflect-
ing the dominant role of extrinsic skew scattering induced by
Ga antisite defects, with appreciable y intercept in the |ρAH|
versus ρxxT plot in Fig. 7(d). In contrast, when 25-at.% Ga
stoichiometry is maintained, e.g., for Mn2.25−yRu0.75VyGa se-
ries (black symbols), the larger-than-unity a′′/a′ ratio suggests
that the thermally-excited phonons make significant contribu-
tion to the observed anomalous Hall effect. The observed scal-
ing relation a′′/a′ ∝ RRR1.8 implies that although a′ and a′′

skew scattering contributions to the anomalous Hall effect in
Mn–Ru–V–Ga quaternary alloys are sensitive to RRR and con-
trollable by the composition as well as the atomic ordering,
there may be a tradeoff between the two parameters, result-
ing in a rather constant anomalous Hall angle of ∼ 1%. To
further enhance the anomalous Hall effect in compensated fer-
rimagnet, it would be highly desirable to utilize the collective
contribution of the intrinsic and extrinsic anomalous Hall ef-
fects. Moreover, it would be interesting to test the validity
and the universality of such a relation in other magnetic sys-
tems. One potential candidate is Fe3Sn2,[52] which is known
to show large RRR and large extrinsic anomalous Hall effect at
low temperature. However, there is an additional complication
that the intrinsic contribution, the skew scattering contribution
due to defects and that due to phonon should be carefully sep-
arated.

4. Conclusions
In summary, we have systematically studied the compen-

sated ferrimagnetic state and anomalous Hall effect scaling
in ternary Mn–Ru–Ga and quaternary Mn–Ru–V–Ga-based
polycrystalline Heusler compounds prepared by arc melting.
Alloying with V stabilizes the cubic Heusler structure and sub-
stantially widens the tuning range of the magnetic compensa-
tion in these compounds. Detailed analyses of the anomalous
Hall effect scaling reveal the dominant role of skew scattering
mechanism, for which the contributions of Ga antisite defects
and thermally-excited phonons are additive and controllable
by varying the composition. These results provide a guideline
to design compensated ferrimagnetic state with large anoma-
lous Hall effect in Heusler compounds.
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L, Attané J P, Amemiya K and Suemasu T 2020 Phys. Rev. Mater. 4
094401

[24] Zhang R, He Y, Fruchart D, Coey J M D and Gercsi Z 2022 Acta Mater.
234 118021

[25] Stinshoff R, Nayak A K, Fecher G H, Balke B, Ouardi S, Skourski Y,
Nakamura T and Felser C 2017 Phys. Rev. B 95 060410

[26] Banerjee C, Teichert N, Siewierska K E, Gercsi Z, Atcheson G Y P,
Stamenov P, Rode K, Coey J M D and Besbas J 2020 Nat. Commun. 11
4444

[27] Kurt H, Rode K, Stamenov P, Venkatesan M, Lau Y C, Fonda E and
Coey J M D 2014 Phys. Rev. Lett. 112 027201

077504-8

https://doi.org/10.1038/s41563-021-01139-4
https://doi.org/10.1038/s41563-021-01139-4
https://doi.org/10.7566/JPSJ.90.081007
https://doi.org/10.1063/5.0087260
https://doi.org/10.1063/5.0087260
https://doi.org/10.1038/s41467-022-28733-7
https://doi.org/10.1038/s41467-022-28733-7
https://doi.org/10.1038/nmat3597
https://doi.org/10.1038/s41467-018-03378-7
https://doi.org/10.1038/nature09901
https://doi.org/10.1038/nmat4248
https://doi.org/10.1103/PhysRevLett.121.057701
https://doi.org/10.1103/PhysRevLett.121.057701
https://doi.org/10.1038/nmat4990
https://doi.org/10.7566/JPSJ.90.081006
https://doi.org/10.1063/1.5144076
https://doi.org/10.1038/s41565-018-0345-2
https://doi.org/10.1038/s41565-018-0345-2
https://doi.org/10.1021/acs.nanolett.1c00125
https://doi.org/10.1038/s41565-018-0255-3
https://doi.org/10.1038/s41565-018-0255-3
https://doi.org/10.1103/PhysRevLett.99.217204
https://doi.org/10.1080/14786430701805582
https://doi.org/10.1080/14786430701805582
https://doi.org/10.1038/nmat4812
https://doi.org/10.1103/PhysRevMaterials.2.094405
https://onlinelibrary.wiley.com/doi/10.1002/adma.201901681
https://onlinelibrary.wiley.com/doi/10.1002/adma.201870200
https://onlinelibrary.wiley.com/doi/10.1002/adma.202007047
https://doi.org/10.1103/PhysRevMaterials.4.094401
https://doi.org/10.1103/PhysRevMaterials.4.094401
https://doi.org/10.1016/j.actamat.2022.118021
https://doi.org/10.1016/j.actamat.2022.118021
https://doi.org/10.1103/PhysRevB.95.060410
https://doi.org/10.1038/s41467-020-18340-9
https://doi.org/10.1038/s41467-020-18340-9
https://doi.org/10.1103/PhysRevLett.112.027201


Chin. Phys. B 33, 077504 (2024)

[28] Siewierska K E, Atcheson G, Jha A, Esien K, Smith R, Lenne S, Te-
ichert N, O’Brien J, Coey J M D, Stamenov P and Rode K 2021 Phys.
Rev. B 104 064414

[29] Betto D, Thiyagarajah N, Lau Y C, Piamonteze, Arrio M A, Stamenov
P, Coey J M D and Rode Karsten 2015 Phys. Rev. B 91 094410

[30] Finley J, Lee C H, Huang P Y and Liu L 2019 Adv. Mater. 31 1805361
[31] Jamer M E, Wang Y J, Stephen G M, McDonald I J, Grutter A J,

Sterbinsky G E, Arena D A, Borchers J A, Kirby B J, Lewis L H, Bar-
biellini B, Bansil A and Heiman D 2017 Phys. Rev. Appl. 7 064036

[32] Dou C, Xu X, Yang K, Li C, Zhang T, Zhu Z, Zhao X, Meng K, Wu Y,
Chen J, Yang M, Khovalo V V and Jiang Yong 2022 Appl. Phys. Lett.
121 182403

[33] Zhu L, Zhu L, Liu Q and Lin X 2023 Phys. Rev. B 108 014420
[34] Yu J, Liu L, Deng J, Zhou C, Liu H, Poh F and Chen J 2019 J. Magn.

Magn. Mater. 487 165316
[35] Davydova M D, Skirdkov P N, Zvezdin K A, Wu J C, Ciou S Z, Chiou

Y R, Ye L X, Wu T H, Bhatt R C, Kimel A V and Zvezdin A K 2020
Phys. Rev. Appl. 13 034053

[36] Chen T and Malmhäl R 1983 J. Magn. Magn. Mater. 35 269
[37] Okamoto K and Miura N 1989 Physica B 155 259
[38] Liu G D, Dai X F, Liu H Y, Chen J L, Li Y X, Xiao G and Wu G H

2008 Phys. Rev. B 77 014424
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