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The present chapter involves a combined experimental and theoretical study of anomalous Hall data

in the Mn2NiGa compound, which concludes that the AHE due to the intrinsic Berry curvature is

being suppressed as we move from the less symmetric tetragonal phase to the highly symmetric

cubic phase, and suggesting that there is no straightforward rule to connect the Berry curvature to

the mirror symmetry; rather, it depends on the symmetry-induced change in the electronic band

structure. Additionally, we found that the large temperature dependence of AHE in the austenite

cubic phase can be explained in terms of side jump mechanism.

5.1 Introduction

Shape memory alloys (SMAs) exhibit the temperature and/or stress-induced shape change due to

structural phase transition from high temperature cubic (austenite) to low temperature tetragonal

(martensite) phase upon cooling and have the capability to revert to its predetermined shape upon

heating [1, 2, 3, 4]. These alloys have diverse technological applications ranging from ground,

marine and aerospace structures to biomedical implants, energy conversion devices, actuators and

smart structures, to name just a few [5, 6, 7]. Magnetic shapememory alloys (MSMAs) are particular

SMAs, which produces much larger deformation/strain not only under the influence of temperature

and stress but also on the application of magnetic field in the low temperature martensite phase and

offers advantage over the conventional SMAs [8, 9, 10, 11, 12, 13, 14].

MSMAs may provide a perfect platform to better understand the correlation between crystal sym-

metry and electronic transport properties of materials. A recent study on Ni2MnGa magnetic shape

memory (MSM) Heusler compound indicates a large intrinsic anomalous Hall conductivity (IAHC)

∼57.9 S/cm in low-temperature tetragonal phase as compared to the IAHC of ∼21.5 S/cm in the

high-temperature cubic phase [17]. This study indicates the intrinsic mechanism is getting sup-

pressed when moving toward the highly symmetric cubic crystal system. However, several studies

show that greater symmetry results in larger Berry curvature, which is responsible for higher IAHC

[15, 16], and the contradictory result in Ni2MnGa MSM Heusler compound motivates for further

studies in the similar MSM Heusler compounds. The Mn2NiGa MSM Heusler compound in which

the anomalous Hall effect has previously been observed, making it a promising platform to explore
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and extend our understanding of the change in IAHC associated with structural phase transition.

Here, we report different aspects of the scattering mechanism in the Mn2NiGa MSM Heusler com-

pound by analyzing the resistivity, magnetoresistance, and Hall data. In the low-temperature marten-

site region, the scaling behavior of anomalous Hall resistivity (AHR) reflects that the extrinsic skew

scattering mechanism has a nearly equal contribution to the AHE as the intrinsic mechanism. The

obtained value of experimental IAHC is ∼12 S/cm, which is very less as compared to the theoreti-

cal value ∼131 S/cm, which could be due to the formation of twin domain in the low-temperature

martensite phase. Whereas, in the high-temperature austenite region, the scaling behavior of AHR

reflects that the extrinsic skew scattering and side jump mechanisms in the dominate over the in-

trinsic mechanism. Both the quadratic dependency of longitudinal resistivity on temperature and

the linear negative magnetoresistance confirm the dominance of electron-magnon coupling in the

Mn2NiGa compound. The detailed analysis asserts the side jump mechanism plays a crucial role in

the austenite phase because of the electron-magnon coupling present in the Mn2NiGa compound.

The experiment indicates that the intrinsic mechanism is being suppressed when moving toward

the highly symmetric cubic crystal system. The theoretical value of IAHC in the low-temperature

martensite phase is calculated to be∼131 S/cm, larger than the theoretical value of∼75 S/cm in the

high-temperature austenite phase, which is in good agreement with the experimental finding that as

moving toward the highly symmetric cubic phase the intrinsic mechanism is getting suppressed.

5.2 Methods

The polycrystalline Mn2NiGa ternary compound is prepared by the standard arc-melting method

[18, 19]. The details of the sample preparation method and the data collection have already been

reported elsewhere [20].

The theoretical studies are performed with the help of widely used QUANTUM ESPRESSO (QE)

simulation package [21]. QE is one of the planewave methods which works within the framework

of pseudopotentials (PPs). To account for the exchange and correlation potential of the DFT Hamil-

tonian, norm-conserving GGA [22] functionals are used through ONCV PPs [23] for which the

planewave kinetic energy cutoff is taken as 80 Ry. The Gaussian smearing of 0.01 Ry is used both
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for the self-consistent (SC) and non-self-consistent (NSC) calculations. The threshold for the SC to-

tal energy calculations has been set to 10−8 Ry. WANNIER90 package (implemented within QE) is

used for projecting the Bloch wave functions into maximally localizedWannier functions to compute

the Berry curvature and thereby the IAHC [21, 24, 25, 26]. Spin-orbit coupling (SOC) is introduced

in all the Berry curvature-related calculations. The same k-grid of 8×8×8 is taken everywhere, SC,

NSC, and WANNIER90 calculations. The transition-metal d orbitals (as the projections) are found

to provide very good matching of WANNIER bands with the full DFT bands. A dense k-mesh of

75× 75× 75 is considered in the anomalous Hall conductivity (AHC) calculation. The k-mesh was

made further denser, by adding a refined mesh of 5× 5× 5 through adaptive refinement technique

around the points wherever the mode of the Berry curvature exceeds 100 bohr2.

5.3 Results and discussion

5.3.1 Anomalous Hall effect

Temperature-dependent magnetization data in cooling cycle, which is reported in our recent study

on the Mn2NiGa compound [20], indicates that the austenite to martensite phase transition starts at

a temperature around 284K. The Hall measurement was performed at different temperatures (in the

temperature range of 360-5K) in cooling sequence. The sharp increase of isothermal Hall resistivity

(ρxy) in low magnetic field region, unveils the presence of anomalous Hall resistivity. In the high

magnetic field region, ρxy is described by the following relation [27, 28]-

ρxy = R0H +RsMs (5.1)

where R0, Rs, and Ms are the ordinary Hall coefficient, anomalous Hall coefficient, and saturation

magnetization (reported in literature [20]), respectively. RsMs represents the anomalous Hall resis-

tivity (ρAH). ρxy increases steeply up to field 1 T due to the presence of ρAH. In the higher field

region (>1 T), ρxy changes linearly and shows a slope with the magnetic field, which is due to the

ordinary Hall effect [29]. To separate out the ordinary and anomalous Hall contributions, we per-

formed fitting of the ρxy versus H data by using the above equation in the higher field region (>2
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Figure 5.1: (a) The high field linear fitting of the field-dependent Hall resistivity curves at different
temperatures. Inset shows the temperature-dependent anomalous Hall resistivity. (b) Linear fitting
of log(ρAH) vs log(ρxx) data in the low-temperature martensite phase. Inset of (b) shows the linear
fitting of the same data in the high-temperature austenite phase. (c) Fitting of the ratio of anomalous
Hall resistivity and longitudinal resistivity ρAH/ρxx) vs ρxx data in the low-temperature martensite
phase. Inset of (c) shows the same fitting in the high-temperature austenite phase. (d) Different
contributions of σAH with temperature are plotted on the same scale in the low-temperature martensite
phase. Inset of (d) shows the same plot in the high-temperature austenite phase.

T), as shown in Fig. 5.1(a). The fitting of the ρxy versus H at different temperatures provides the

value of R0 and RsMs that correspond to the slope and intercept of the fitted line. The temperature-

dependent ρAH [inset of Fig. 5.1(a)], which is the intercept RsMs, indicates the larger variation in

ρAH with the temperature above 300K as compared to the temperature region below 240K. This ob-

servation is related to the thermally activated martensite transition from high-temperature cubic to

low-temperature tetragonal phase, which is a well-established phenomenon in the Mn2NiGa MSM

Heusler compound [20, 30].

In the low-temperature martensite phase (5K<T<240K), the negative sign of R0 [Fig. 5.2] re-

flects that electrons are the dominating charge carrier in transport. Whereas, in the high-temperature

austenite phase (300K<T<360K), the positive sign of R0 [Fig. 5.2] reflects that holes are the dom-
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Figure 5.2: Variation of the ordinary Hall coefficient (R0) as a function of temperature.

inating charge carrier in transport. The carrier concentration (n) determined by the expression n =
1

eR0
, was found to be ∼4×1020cm−3 and ∼1×1020cm−3 at 5K and 360K, respectively, which is

comparable with the literature on Mn2 based Heusler system [31].

The dominatingmechanism in the AHE can be evaluated by the exponent β using the scaling relation

ρAH∝ρxxβ [29, 32, 35]. If β = 1, the skew scattering mechanism will be dominant in AHE, and if β

= 2, the combination of side jump and intrinsic mechanism will largely contribute to the AHE. In

the low-temperature martensite phase, the exponent β determined by linear fitting of ln(ρAH) versus

ln(ρxx) as shown in Fig. 5.1(b) is turned out to be ∼1.33, which reflects that not only intrinsic and

side jump mechanisms but skew scattering mechanism is also contributing to AHE [33]. In the high-

temperature austenite phase, the value of exponent β is found to be ∼30>>2, which shows that the

extrinsic mechanism (skew scattering + side jump) is largely contributing to AHE as compared to

the intrinsic mechanism [34].

To calculate the separate contributions of extrinsic and intrinsic mechanisms in the total AHE, the
ρAH

ρxxMs versus ρxx data (black dots in Fig. 5.1(c)) was fitted (red line in Fig. 5.1(c)) using the following

relation [36]-
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ρAH = a(M s)ρxx + b(M s)ρxx
2 (5.2)

where the linearly magnetization dependent parameters a(Ms) and b(Ms) contain information about

extrinsic skew scattering and the combined effect of extrinsic side jump and intrinsic contribution,

respectively. Ms is the saturation magnetization at different temperatures, obtained from field-

dependent magnetization data reported in our recent study on the Mn2NiGa compound [20]. In

the low-temperature martensite phase, the fitting gives the value of coefficients a(Ms) and b(Ms) as

0.0033 and 12 S/cm at 5K, respectively. Whereas, in the high-temperature austenite phase, the fit-

ting as shown in the inset of Fig. 5.1(c) gives the value of coefficients a(Ms) and b(Ms) is 0.1881 and

-793 S/cm at 300K, respectively. The negative sign of b(Ms) represents the combined side jump,

and the intrinsic contribution is opposite to the skew scattering contribution.

By using the obtained value of coefficients a(Ms) and b(Ms), we calculated the separate contribution

in AHC (σAH) due to the skew scattering and the combined side jump and intrinsic mechanisms. Fig.

5.1(d) shows the variation of AHC due to the skew scattering mechanism (σAH
Sk) and the combined

side jump and intrinsic mechanism (σAH
I, Si) with temperature. In the low-temperature martensite

phase, we may clearly see that σAH
Sk is linearly dependent on temperature as expected and σAH

I, Si

is nearly independent of temperature. It is a well-established fact that the side jump contribution is

independent of both scattering strength and disorder density and it can be neglected for ferromagnetic

metals [29, 33]. Therefore, in the martensite phase, the skew scattering mechanism is more or less

equally responsible for AHE as the intrinsic mechanism, and the value of IAHC (σAH
I) = b(Ms) = 12

S/cm. Whereas, in high-temperature region σAH
Sk is showing the same behavior but σAH

I, Si reflects

significant dependency on temperature, which may be related to the dominance of side jump as

compared to the intrinsic mechanism.

It has been theoretically discovered that side jump has a strong dependence upon the spin structure

of the scattering potential [37]. This result indicates that electron-magnon scattering plays a crucial

role in AHE, along with normal impurity scattering and phonon scattering. Experimental studies

also suggest the electron-magnon scattering induced side jump contribution [38, 39]. To confirm

the presence of electron-magnon scattering, we have analyzed the temperature and magnetic field-
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dependent longitudinal resistivity data that is reported in the literature [20].

Figure 5.3: (a) The longitudinal resistivity (ρxx) versus temperature (T) data (black dots) in cooling
sequence. The continuous red, green, and blue lines are fitted curves in different temperature regions.
(b) The plot of magneto-resistance (M.R.) at different temperatures.

The reported temperature-dependent longitudinal resistivity data [20] shows the resistivity decreases

with the decrease in temperature with an abrupt increase in resistivity around 300K, showing the

metallic behavior of the Mn2NiGa system. It is found that the residual resistivity is ∼200 µΩ.cm,

which is well matching with the literature [19]. Generally, the presence of disorder in a metal is

speculated by its residual resistivity ratio (RRR), i.e., the ratio of the resistivities at 300 and 5K.

For the Mn2NiGa system, RRR is ∼1.4, comparable to the literature and indicating that we can not

neglect the possibility of disorder [19].

Usually, the resistivity arises from the different scattering mechanisms. To probe the microscopic

mechanisms responsible for the distinct nature of ρxx-T data, we divided our analysis into the specific

temperature ranges 5-35K, 35-240K, and 300-360K. In the high-temperature region (300K<T<380K),

the resistivity data follows a sum of linear and quadratic dependence with temperature (ρ∝T+T2),

which is reflected by the blue continuous line in Fig. 5.3(a). As the temperature decreases, i.e., in the

range (240K>T>35K), the resistivity data follows the same behavior as in the high-temperature

range, which is shown by the green continuous line in Fig. 5.3(a). This is ascribed to the presence of

electron-phonon scattering (ρ∝T) [40] along with electron-magnon scattering (ρ∝T2) [41]. In the

low-temperature region (35K>T>5K), the resistivity shows pure quadratic behavior with temper-

ature, which is shown by the red continuous line in Fig. 5.3(a). The behavior reflects the dominance

of the electron-magnon scattering mechanism.
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By using the reported magnetic field-dependent ρxx data [20], we have calculated the isothermal

magnetoresistance (M.R.) in the temperature range 5-360K [Fig. 5.3(b)]. The M.R. is calculated

using the following relation [42]-

M.R. =
ρxx(H)− ρxx(0)

ρxx(0)
(5.3)

where ρxx(H) and ρxx(0) are longitudinal resistivities at a particular field H and at zero field, respec-

tively. The longitudinal resistivity decreases with the application of the magnetic field, which results

in negative M.R. This behavior is ascribed to the damped spin wave excitation with the increase in

the magnetic field, which leads to the suppression in the electron-magnon coupling. Theory sug-

gests that the negative M.R. due to the electron-magnon scattering can be described by the following

equation, which is valid for fields below 100T and for the temperature range of Tc/5 to Tc/2 [43].

∆ρxx(T,H)∝ HT

D(T )2
ln
µBH

kBT
(5.4)

where D(T) is the magnon stiffness or the magnon mass renormalization. The first-order approx-

imation of magnon stiffness is described as D(T) ∼ D0(1-d1T2) where D0 is the zero temperature

magnon mass, and d1 is a constant [44]. Fig. 5.4(a) shows that the field-dependent longitudinal re-

sistivity fits well with the above equation, and this confirms that the linear M.R. is found because

of the suppression in electron-magnon scattering. Therefore, both the quadratic temperature depen-

dency of resistivity and linear negative M.R. suggest the dominance of electron-magnon coupling

in the Mn2NiGa system.

Furthermore, it is obvious from Fig. 5.3(b) that negative M.R. decreases with the decrease in tem-

perature because the spin-flip transition reduces at low temperatures and this leads to the declination

in the magnon population. Hence, the electron-magnon coupling is higher in the high-temperature

region as compared to the low-temperature region. The slope of high-field M.R. is significantly

dependent on the temperature and can be described by the following equation [43, 44]-
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Figure 5.4: (a) The field-dependent change in longitudinal resistivity at different temperatures and
the continuous lines are fit to Eq. (3.4). (b) The variation of δ∆ρxx

δH
with temperature. The continuous

lines are fit using Eq. (3.5).

δ∆ρxx
δH

∝ T (1 + 2d1T
2)[ln(T ) + Cte] (5.5)

where d1 is a constant that depends on the zero-temperature magnon mass and cte is a temperature-

independent term. It is observed that the temperature-dependent slope of high-field M.R. as shown

in Fig. 5.4(b) changes its nature in specific temperature ranges 5-240K and 300-360K. In the low-

temperature range (5<T<240K), the above equation provides a good fit for the data with d1 =

10−6 K−2. Whereas, in the high-temperature range (300K<T<360K), the obtained value of d1 =

10−5 K−2, which is 10 times larger than the low-temperature region. The large value of d1 depicts a

stronger temperature dependence of magnon stiffness in the high-temperature austenite phase.

Fig. 5.5(a) shows that in the martensite phase, σAH is showing linear temperature dependence as

longitudinal conductivity σxx = 1/ρxx but the slope of σAH is slightly lower than σxx because of the

appreciable contribution of intrinsic mechanism to σAH. On the other hand, in the austenite phase,

σAH largely varies with temperature as compared to σxx due to the dominant contribution of side

jump in addition to skew scattering. In order to confirm the role of magnons and their influence

on the temperature dependence of the side jump mechanism, the temperature dependence change

in resistivity under field, i.e., ∆ρ3Txx is plotted with ρ
I,Sj
AH . Fig. 5.5 (b) indicates that ρI,SjAH is linearly

varyingwith∆ρ3Txx supported by the linear fitting, which elucidates that in high-temperature austenite

phase the temperature dependence of ρI,SjAH is originated from the electron-magnon scattering. Our
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Figure 5.5: (a) Temperature-dependent longitudinal conductivity σxx (black spheres) and AHC (blue
spheres). (b) The linear fit between the combined side jump and intrinsic contribution to anomalous
Hall resistivity ρI,SjAH and change in resistivity with field (∆ρ3Txx ).

results conclude that despite the dominance of the intrinsic contribution to AHE connected with the

topological band structure, the temperature dependence of AHE can be explained by the electron-

magnon scatteringmechanism. Thus, the experimental findings suggest that the intrinsic mechanism

is being suppressed as we move toward the highly symmetric cubic phase in the high-temperature

region above room temperature.

5.3.2 First-principle calculations

Now, to investigate the effect of structural change on the transport property and correlate it with the

experimental results, we have further performed theoretical calculations. In our earlier work [31],

excellent agreement between the measured and calculated AHC has been found. We believe that an

approach of projecting the Bloch wave functions into maximally localized Wannier functions works

pretty well in predicting AHC for systems in which the AHE is governed by a Berry curvature-

driven intrinsic mechanism. However, as we discussed, the AHC in the martensite Mn2NiGa has an

around equal contribution by extrinsic skew scattering as intrinsic mechanisms. The extrinsic skew

and side jump contribution is enhanced in the austenite phase. Thus, the experimental results clearly

conclude that the intrinsic mechanism controls the AHC in the martensite phase to a greater extent

than in the austenite phase. In the present case also, we carry out DFT calculations to compare the

theoretical values with the observed ones.
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Figure 5.6: Spin-minority (left) and majority (right) band structures of martensite Mn2NiGa are
compared for the regular and inverse tetragonal structures. The Fermi energy is set to 0 eV . As we
can see, the band structures are exactly the same for both cases. Hence, all the physical quantities
that can be extracted from the electronic bands are expected to be the same in both cases.

We first consider the martensite phase of regular tetragonal structure (I4/mmm) in the theoretical

calculations. The local magnetic moment is found to be -2.6 µB and 3.2 µB for Mn at 2d and 2b

sites, respectively, which is well matched with the literature [45]. As expected in the literature, the

martensite phase can also crystallize in an inverse tetragonal structure (I4m2); we have also calcu-

lated the local magnetic moment for this structure, giving the same result as the regular one. For

both the cases (regular and inverse), we have obtained very good WANNIER interpolation before

calculating the IAHC in the Berry curvature approach [26, 46]. The obtained IAHCs for the regular

and inverse tetragonal structures are 132 S/cm and 125 S/cm, respectively,. The similar magnitudes

in both cases are attributed to their almost same electronic band features (Fig. 5.6) because the in-

trinsic contribution to the AHC purely depends on the band structure. However, the calculated AHC

in the tetragonal martensite phases is not comparable with the experimental values. The formation

of microstructures (not captured in theory) in the tetragonal phase might lead to a mismatch between

theoretical and experimental AHCs.

There is the possibility that the anti-site disorder, already established in this system, is playing a role

in deciding the experimental IAHC. So, we have calculated IAHC by incorporating 50% antisite

disorder between Mn (4d site) and Ga (2b site) within the regular tetragonal structure. We compared

the full DFT band structure of disordered Mn2NiGa with the Wannier interpolated one in Fig. 5.7
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Figure 5.7: (a), (b), (c), and (d) Full electronic band structure (blue continuous line) and Wannier
interpolated band structure (red dashed line) of ordered tetragonal, disordered tetragonal, Fm3̄m
cubic and F 4̄3m cubic Mn2NiGa respectively. The Fermi energy is set to 0 eV.

(b) and obtained a very good interpolation. The calculated value of IAHC is ∼792 S/cm, indicating

that anti-site disorder enhances the IAHC. Hence, the reason behind getting small IAHC (12 S/cm)

by experiment may not be related to the anti-site disorder; it might be related to the formation of the

twin domains and modulation in the regular tetragonal martensite phase [47, 48]. The theory is not

able to consider these types of twin domain formation and modulation in its calculation.

Experimentally, we have observed different mechanisms govern the AHC in different phases of

Mn2NiGa. Therefore, in addition to themartensite phase, we calculate theAHC in the cubic austenite

phase to compare with the experimental results. In this regard, we have considered two possible

cubic crystal structures of the Mn2NiGa; regular full Heusler (space group Fm3̄m) and inverse

Heusler (F 4̄3m) for the AHC calculation. The calculated AHC in the Fm3̄m case is ∼75 S/cm.

F 4̄3m structure provides sufficiently low AHC (∼10 S/cm). In the latter case, the absence of any
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avoided band crossing or near degeneracy at the Fermi energy results in extremely low AHC. A

similar magnitude is also reported by us inMn2CoAl spin gapless semiconductor, an inverse Heusler

compound [31]. Thus, we may conclude that the theoretical IAHC due to momentum space Berry

curvature in the low-temperature martensite phase is higher than in the high-temperature austenite

phase. Similarly, experimental analysis shows that the momentum space Berry curvature raises

the AHC in the low-temperature martensite phase to a greater extent than in the high-temperature

austenite phase.

The comparative study for martensite tetragonal and austenite cubic phase suggest that the intrinsic

mechanism is getting suppressed in the highly symmetric cubic phase (9 mirror planes) compared to

the low symmetric tetragonal phase (5 mirror planes). Several theoretical and experimental studies

on Fe2- and Co2-based Heusler systems [15, 16] show that greater mirror plane symmetry results in

larger Berry curvature, which is responsible for the higher IAHC. Therefore, our combined experi-

mental and theoretical results suggest that there is no elementary rule to connect the Berry curvature

to the mirror symmetry, but rather it depends on the symmetry-induced change in the electronic

band structure, which is different for different crystal systems. Our result is in good agreement

with the previous result found for the Co2FeAl system [49]. If the crystal symmetry is such that it

brings the band crossings or avoided band crossing very close to the Fermi energy, then the value of

IAHC due to Berry curvature will be large. Hence, our results provide a platform for the systematic

investigation of AHE in MSM Heusler and related systems.

5.4 Conclusion

In summary, a detailed scaling analysis reveals that in the high-temperature cubic phase the AHE is

mainly driven by extrinsic skew scattering and side jump mechanisms. The analysis of temperature-

dependent resistivity and magnetoresistance reflects that electron magnon scattering dominates the

change in resistivity as a function of temperature in the high-temperature cubic phase of theMn2NiGa

compound. On the other hand, temperature-dependent magnetoresistance at high fields is correlated

with the side jump contribution in AHE. This validates that the side jump contribution originates

from the electron magnon scattering. Whereas, in the low-temperature martensite phase, the skew
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scattering mechanism has a nearly equal contribution to the AHE as the intrinsic one, and the side

jump contribution can be omitted. The calculated value of the experimental IAHC for the martensite

tetragonal phase is nearly 10 times lower than that of theoretical IAHC; this discrepancy might be

related to the formation of twin domains. The experimental findings show that the AHC in the low-

temperature martensite phase is governed by the intrinsic mechanism to a greater extent as compared

to the high-temperature phase. Notably, the theoretically calculated value of IAHC for the austen-

ite cubic phase is smaller than the theoretical IAHC for the martensite phase, which agrees with

the experimental result in some aspect that as we move from the less symmetric tetragonal phase

to the highly symmetric cubic phase, the intrinsic mechanism is being suppressed. These results

make one additional conclusion that there is no straightforward rule to connect the Berry curvature

to the mirror symmetry; rather, it depends on the symmetry-induced change in the electronic band

structure.
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