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Abstract

Magnetization, electrical  resistivity, magnetoresistance, and Hall resistivity of
NisoMn3sInis25Bo.75 and NisoMnssIniasBos Heusler alloys were studied in a temperature range T
= 80-400 K in magnetic fields up to 20 kOe. Both alloys exhibit a martensitic transformation
from a high-temperature ferromagnetic austenite phase to a low-temperature, low-magnetization
martensitic phase. The electrical resistivity nearly doubles as a result of the martensitic
transformation, reaching 180 and 100 pQcm in the martensitic states of NisoMnssIni4.25Bo.7s and
NisoMnssInissBos, respectively. The temperature dependence of the electrical resistivity does not
corresponded with the Mooij correlation. The magnetoresistance is negative with a narrow
negative peak at the martensitic transition. Normal and anomalous Hall effect coefficients were
determined by fitting the field dependencies of the Hall resistivity using magnetization data. The
coefficients of the normal Hall effect for both compositions were found to decrease with
temperature from positive values in the austenite to negative values in the martensite phase.
None of the known correlations between the anomalous Hall effect coefficient and resistivity
were satisfied. Significant changes in the values of the anomalous Hall coefficients during the

martensitic transformation are explained by the difference in spin-up and spin-down state



occupations in the martensite and austenite phases. First-principle calculations of the electronic

structures confirm this explanation.

*) corresponding author: aryalanil@siu.edu

1. Introduction

The anomalous Hall effect (AHE) has been attracting continuous attention for almost 140
years. A long time after its discovery, even a qualitative explanation of the origin of this effect
has not been offered. Studies of the AHE in low-resistivity ferromagnetic alloys have made it
clear that this phenomenon can be associated with effects of spin-orbit interactions (SOI) on
spin-polarized charge carriers [1]. The basic theory of the AHE was developed by Smith,
Karplus, Luttinger, and Berger who formulated three main competitive mechanisms, namely, an
intrinsic or Karplus-Luttinger mechanism, subsequently interpreted through the Berry phase,
skew scattering, and side-jump scattering (see review [1] and references therein). However, the
dominant mechanism is still under debate (for example [1-7]).

As one of the first effects associated with spin-dependent scattering and SOI, the AHE
turned into a developing factor regarding a new generation of electronics such as spintronics and
spin-orbitronics. In spite of the whole family of Hall effects (direct and inverse spin Hall effects,
quantum anomalous, topological, tunneling, and optical Hall effects, etc.), having the same spin-
orbit origin, the mechanisms responsible for AHE behavior in different systems are not clear and
requires detailed studies.

It is widely believed the AHE in highly resistive metals is due to intrinsic mechanisms
and side jumps. The both mechanisms result in the linear dependency of the AHE coefficient
(Rs) on the square of the resistivity (@) [1]. However, in many cases, particularly in disordered
transition metal alloys and composites (see examples in [2-7]), this is not the case. Striking

representatives of such highly resistive metals are Heusler alloys with resistivities greater than



100-150 puQcm, in which the correlation Ry~p* was found to not be satisfied [2-5,7]. Some of the
Heusler alloys provide an ideal platform for studying AHE behavior in highly resistive systems,
since different phase transitions, including magnetic and magnetostructural transitions,
accompanied by drastic changes in resistivity, can be observed for the same composition. On the
other hand, the study of contributions from the normal Hall effect (NHE) and the AHE to the
total Hall effect may be useful for elucidating the mechanisms driving the magnetostructural
transitions, in particular, to what extent the electronic structure changes in such a transition. This
seems to be important in connection with the understanding of the mechanisms of the martensitic
and magnetostructural transitions in magnetocaloric materials [8, 9]. However, a study of both
the martensitic and austenitic phases, with a consistent consideration of the NHE and AHE
contributions, has not yet been performed. In this work, polycrystalline NisoMn3sIni425Bo.75s and
NisoMn3sInis sBo.s alloys were chosen for study. The martensitic transitions (MT) in these alloys
occur below or in close vicinity to room temperature. This makes it possible to study the Hall
effect in the ferromagnetic and weakly magnetic martensitic phase (MP), in the paramagnetic
and ferromagnetic austenitic phase (AP), and directly at the magnetostructural transition (MST).

2. Experimental
2.1 Samples

Polycrystalline NisoMn3sIni425Bo.75 and NisoMnssIni45Bos samples were prepared using
4N-purity elements by arc-melting in an argon atmosphere. The samples were wrapped in
tantalum foil and annealed at 850°C for 48 hours under vacuum and then slowly cooled down to
room temperature. The phase compositions and crystal structures were studied by powder X-ray
diffraction (the results are shown in Fig. 1). Complicated X-ray diffraction patterns were
observed for all samples and identified as a mixture of high-temperature cubic (austenitic) and

low-temperature orthorhombic (martensitic) phases of different ratios for different samples.

2.2 Magnetic and transport properties measurements



The physical properties (magnetization, resistivity, etc.) were measured after the samples
were cooled down to 80 K from 400 K in zero magnetic field (ZFC), and in the presence of a
magnetic field during heating (FC), and also during cooling in field from 400 K to the final
temperature (FCC protocol). Magnetization, resistance, magnetoresistance, and Hall resistance
measurements were conducted using the same samples of approximate dimensions 5x1.5x0.5
mm?. The magnetic properties were studied using a LakeShore vibrating sample magnetometer
in magnetic fields up to 16 kOe. Temperature dependencies of the magnetizations, M(T) curves,
were investigated during heating (ZFC) from 80 K to 400 K and subsequent cooling (FCC) in an
applied magnetic field of 16 kOe applied parallel to plane of the samples. Magnetization versus
field measurements were conducted at constant temperature in out-of-plane field orientations
similar to that used for transport measurements. Electrical resistance measurements were made
were measured using a four-probe method during cooling and heating procedures (ZFC).
Magnetoresistance (MR) and Hall resistance measurements were carried out at constant

temperatures during magnetic field changes up to 20 kOe.

The Hall resistivity px is described by the sum of two terms:

Py =RB+4TRM | (1)

where the first term represents the normal Hall effect (NHE) induced by the Lorentz force and
the second term characterizes the AHE related to SOI. M is the magnetization component
perpendicular to the sample plane, B is the magnetic induction component in this direction, and

Ro and R, are NHE and AHE coefficients, respectively. The conventional method of separating
the NHE and AHE contributions from the field dependence of the p, (/) below the Curie
temperature is based on the assumption that Ry >> Ry, This is true in most cases, and it is
therefore straight forward to determine both coefficients through the linearization of the low field
and high field parts of the curve p,, (/). However, this method is not appropriate for the Heusler

alloys above the Curie temperature, and also in low magnetization states of the MP, where the

second term in Eq.1 can be of the same order of magnitude as the first. Therefore, to determine
4



Ro and Rs we fit the p,,(H) curves in the full magnetic field range using magnetization data

while considering Ro and R;, as fitting parameters. This method is equivalent to that considered
above if the second term in Eq.1 is much larger than the first, but it is also valid if this is not the

case.
3. Results and Discussion

Fig.2 shows the FC and FCC magnetization (M(T)) measurements for the NisoMn3sInis.
«Bx samples at H=16 kOe. Three temperature induced phase transitions at Tcm, Ta/Twm, and Tc
can be clearly seen in the magnetization curves. Based on the FC M(H) magnetization curves
(Figs. S1 and S2 [10]), the phase transitions have been described as follows: 1) a ferromagnetic
martensitic (FMM) transition to a low magnetization (weak ferromagnetic or paramagnetic with
antiferromagnetic correlations) martensitic state (LMMS) at Tcw; i) an inverse MT at Ta from a
LMMS to a ferromagnetic/paramagnetic austenitic state (FMA/PMA) and a direct MT at Tv; and
ii1) a transition from a FMA to PMA at Tc. Temperature hysteresis is observed in both samples
in the vicinity of Ta/Tw, indicating a first order MT at approximately 250 K and 300 K for
x=0.75 and 0.5, respectively. The ferromagnetic MP is characterized by a complicated magnetic
structure that results in exchange bias phenomena at low temperature (not shown) [see for
example in Ref. 11].

Figs. 3 and 4 summarize the magnetotransport data for NisoMnssIni42sBo7s and
NisoMn3sInia sBos, respectively. Details of MR and Hall effect resistivity field dependencies, as well as
fitting curves used for determination Hall coefficients Ro and Ry, are given in Figs. S3-S7 [10].
Electrical resistivity is presented for both cooling and heating, while magnetoresistance (MR)
and Hall effect data are shown for cooling only due to the fact that cooling provides a large
temperature region of AP stability (see in Fig. 2).

The thermal hysteresis of the NisoMn3sIni4.25Bo.75 resistivity (Fig.3a) corresponding to the
MT is easily identified. The resistivity of the sample increases slightly with temperature above
and below of the MT and decreases drastically by about a factor three during the MT, namely at

the transition from the MP to the AP (shown in Figure 3a). Such a significant change in the
5



resistivity and field-induced shift of the MT transition to the low temperature region leads to a
large MR. A change in magnetic field of 20 kOe results in -11% MR at 246 K (Fig.3b).

Fig.3c shows the temperature dependence of the NHE and AHE coefficients for
NisoMn3sInis25Bo.7s. The NHE changes sign from negative in the MP to positive in the AP at
~240 K, and this temperature coincides well with the MT. Thus, the dominating current carriers
in NisoMn3sInis25Bo.75 are electrons and holes for the MP and AP, respectively, and the
electronic structure changes during the MT. The AHE coefficient increases with temperature in
the MP with a significant drop during the MT. The AHE coefficient at 300 K in the AP is
approximately 2-3 times smaller than at low temperature in the MP.

The resistivity of NisoMnssIni4sBos (Fig.4a) shows behavior nearly identical to that of
NisoMn3sInis25Bo.75, although with a significantly narrower thermal hysteresis. A hysteresis of
about 0.5 K was detected at the MT. The slight discrepancy in the resistivity values for cooling
and heating outside of the MT temperature range may be related to some heat transfer lag
between the thermosensor and the sample during continuous measurement of the resistance. The
MR reaches -11% at the temperature of the MT at H=20 kOe (Fig.4b). Another local minimum
can be observed at a higher temperature (315 K), which is attributed to the transition between the
paramagnetic and ferromagnetic states.

The NHE and AHE coefficients for NisoMn3sIni45Bos follow the same tendency as for
NisoMn3sInis25Bo.7s. The NHE coefficient changes sign during the MT, the AHE coefficient
increases with temperature in the MP and decreases during the inverse MT. A large part of the
AP falls into paramagnetic state. The paramagnetic state has significantly lower magnetization
and Hall resistivity values, leading to an increase in computational error during the Hall fitting

procedure in this temperature range.

Discussion

The electrical resistivities in both systems show similar behaviors that are typical for

Heusler alloys undergoing an MST [4]. Namely, the resistivity is large in the MP and sharply
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decreases during the transition to the AP. There are three possible reasons for the decrease in the
resistivity in the AP. Firstly, the crystal structure of the AP is more symmetric, and a smaller
scattering intensity should therefore be expected. Secondly, there may be a significant change in
the density of electronic states at the Fermi level during the MT. Thirdly, during the transition to
the AP, the scattering by the MP twins disappears. It is likely that all three mechanisms are
significant in the case of Heusler alloys. In the AP, the temperature dependence of the resistivity
is conventional for ferromagnetic metals: the resistivity increases with temperature due to
scattering by phonons and spin fluctuations, and at the Curie temperature the slope of the
temperature curve changes. Interestingly, according to the X-ray data (Fig. 1), the alloy with
x=0.75 at 300 K is inhomogeneous as it contains only 74% of the AP, but the temperature
dependence is the same as in homogeneous ferromagnets.

Three striking features should be mentioned for these alloys. First, the resistivity of the
MP of the alloy with x=0.75 is about 1.8 times greater than that for x=0.5. Second, for the alloy
with x=0.75 the resistivity increases in the MP with temperature up to the transition to AP; for
the alloy with x = 0.5, the initial growth is replaced by a decrease in resistance starting from 200
K. Finally, no signs of magnetic phase transitions have been observed near Tcwm for either alloy.
The first feature is closely related to reports in the literature of extreme sensitivity of the
electronic structure of the Ni-Mn-In based Heusler alloys to small deviations from stoichiometry
and chemical composition [11]. It can also be clearly seen from the data on the NHE, whose
coefficients in these alloys differ by several multiples. In spite of the behavior being
characteristic of the Heusler alloys, such large differences in the Hall constant resulting from just
a 0.25% B doping concentration is unusual. It is most likely related to large local distortions
resulting from the difference in sizes of the B and In-atoms.

The temperature dependencies of the resistivity require a more detailed discussion.
Indeed, according to the Mooij rule [12], the resistivity of highly resistive alloys with residual
resistivities above 150 pQcm should decrease with increasing temperature, whereas in the alloy

with x=0.75 it grows monotonically in the MP (see Fig. 3a). This means that the Mooij rule does



not apply in the case of x=0.75 below Tcm. Apparently, the decrease in resistivity with an
increase in temperature in non-magnetic high-resistive alloys with a strong degree of disorder is
due to the fact that ion oscillations reduce the degree of disorder in the alloy, but the scattering
by spin fluctuations increases with temperature up to the Curie temperature, independent of
structural disorders as in the case of low-resistive alloys. This provides a way to explain the
violation of the Mooij rule in disordered ferromagnetic alloys.

More complex behavior is observed in the alloy with x=0.5 (Fig.4). The resistance is
almost constant up to 200 K and then begins to decrease, although the transition to the AP occurs
around 300 K. We attribute this to two things. First, the temperature-induced first order phase
transition is characterized by phase co-existence region. In this region the high and low
temperature phases co-exist with a strong temperature dependence of the phase ratio. That is, the
alloy is a composite of high resistivity martensite and austenite with a significantly smaller
resistivity than the martensite. Therefore, increasing the amount of austenite inclusions in the MP
leads to a decrease in resistivity. The second reason is the change of electronic structure. The
change in the sign observed for the NHE (Fig. 3) shows a transition from electron to hole
conductivity in the same temperature region.

It is necessary to emphasize here that the transitions observed in the MP are not the usual
homogeneous ferromagnetic-paramagnetic transitions, but transitions between a ferromagnetic
and a low magnetization state (see Fig. 2a). Thus, the absence of evidence of magnetic phase
transitions in the temperature behavior of the resistivity in the MP is related to nature of such
transitions. The same is true for the MR behaviors. The MR exhibits negative peaks at the MT
and at the Curie temperature of the AP (Figs.3 and 4) and does not show changes in the vicinity
of Tcm. Magnetic transitions in the MP are blurred in temperature, and the presence of
antiferromagnetic correlations smoothes the resistivity and MR behavior. The exchange bias
phenomena that have been observed for such alloys below Tcwm confirm that the compounds can

be considered to possess an inhomogeneous ferromagnetic-antiferromagnetic structure.



The most interesting results were observed for the magnitude and temperature
dependence of the AHE coefficient. For the alloy with x=0.5, Rs= 3.5 1071 QecmG and p= 100
uQcm and T=225 K. However, for x=0.75 at the same temperature, Rs=1 1071 QecmG, i.e.,
several times less, although the resistivity is 1.8 times greater than observed for x=0.5. That is,
the correlation between the magnitudes of Rs and p? does not take place (the difference is more
than an order of magnitude). Further, for an alloy with x=0.5 in the temperature range of 200-300
K, the resistivity decreases, while Rs increases. Thus, both in terms of magnitude and
temperature dependence, the correlation of Rs and p? is not present. Plotting the AHE
coefficient versus electrical resistivity on a logarithmic scale allows the derivation of a power
coefficient in the relation Rs versus p® In the case of x=0.75 it was found that a=1.4 £0.1 in the
MST range and 4.6 + 3.8 for the AP (Fig. S5). The relative fitting error of 82% is drastic. In the
MP, the parameter o is even negative with higher relative fitting errors. This result is not
unexpected, as it has already been observed for other Heusler alloys [2-5, 7] and we have
previously noted that there is no universal correlation between Rs and p in the case of
inhomogeneous systems.

In previously studied Heusler alloys, the change in Rs in the vicinity of the MST is small
and monotonic. There were also no sharp changes in Ro [2-4]. This serves as proof that the
electronic structures of the alloys change slightly near the MST, which was confirmed by
electronic heat capacity data [13] and magneto-optical spectra [14], and did not contradict the
results of theoretical calculations of the electronic structures. Moreover, the analysis of the
magnetocaloric effect in metamagnetic Heusler alloys is also based on negligible changes in the
electronic contribution to the entropy during the MST [8,9]. In contrast to previous studies, in the
present investigation Rs varies greatly during the transition from the martensite to the austenite
phases and increases significantly with temperature in the MP.

Now consider the possible causes of such behavior. If we assume that Heusler alloys are
composites containing a high-resistive martensitic and low-resistive austenitic phase

characterized by their respective values of Rs and p, the increase in the amount of austenite



cannot lead to an increase in Rs in the MP, but only to a decrease in Rs[15]. So the interpretation
as a mixture of two phases does not work. Second, the increase in Rs with temperature in the MP
cannot be associated with an increase in the scattering intensity because the resistivity of the
alloy with x=0.5 does not increase in this temperature range. Third, using an analogy with
nanogranular alloys [16] and assuming the formation of AF nanogranules inside the MP with
enhanced SOI at the interfaces, it is possible to explain the increasing Rs in the MP while
approaching the MT, and its decrease when the homogeneous AP appears. But this mechanism
of SOI enhancement on interfaces between the AP and MP phases should work for all
metamagnetic Heusler alloys, not for only those studied in the present investigation.

We offer the following explanation, which does not contradict most available data.
The conductivity of an alloy is determined by the sum of the conductivity of states with spin-
up and spin-down electrons, 6= 61+ o, and these conductivities are of the same sign for
both electrons and holes. The anomalous Hall effect conductivity, which is proportional to
the AHE coefficient, ca= cal+ ca|, is also the sum of Hall conductivities with opposite spin
polarizations, but the signs of these contributions for electrons and holes are opposite.
Therefore, even with minor changes in the electronic structure, in which the total density of
states at the Fermi level varies slightly, strong changes in the ca are possible if one of the
subbands is shifted in energy at the MST. Moreover, the sign of the contribution of one of
the spin subbands, for example ca|, can change during the transition from electron to hole
conductivity, since this sign also depends on the type of carrier [17]. This change of the
conductivity type in the alloys under study really takes place according to the data on the
NHE. It should also be noted that the carriers for normal and AHE conductivities can belong
to different groups of carriers, since the SOI responsible for the AHE is most pronounced for
carriers of narrow bands. We carried out first-principle calculations of the electronic
structures of Ni2Mnj 4Ino.6«Bx (x=0.0-0.03) alloys at T=0 and the results confirm quite large
changes of the ratio between spin-up and spin-down states for the total and d-orbital resolved

density of states at the Fermi level for the austenite and martensite (see Figs.S6-S9 and Table
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S1 in Supplemental Material [10]) (see, also, Ref. [18-23] therein). In fact, the calculated
ratio of spin-up to spin-down states in the martensite is approximately twice that of the

austenite.
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Conclusions

Magnetic and magnetotransport properties of NisoMn3sInis.25Bo.7s and NisoMn3sIni4.sBo.s Heusler
alloys were studied in a wide temperature range and both the NHE and AHE coefficients were
determined in the ferromagnetic MP, the low magnetization MP, in the vicinity of the MST, and
in the ferromagnetic and paramagnetic AP. There are characteristic kinks/negative peaks in
temperature dependencies of the resistivity/magnetoresistance at the magnetic phase transition in
the AP at the Curie temperature, but not in the MP. This indicates that the magnetic phase
transition from the ferromagnetic to low magnetization state in the MP is smeared due to
magnetic inhomogeneity. It was shown that the Mooij criterion does not apply in the MP, which
is explained by the increasing role of scattering by spin fluctuations. There is no universal
correlation between the AHE coefficient and the electrical resistivity, either in their values or in
their temperature dependencies. The NHE coefficient changes sign at the MST, which is direct
evidence of an electronic structure transformation, but these changes are small and monotonic.
The AHE coefficient changes much more strongly at the MST. We propose that this effect is due
to a high AHE sensitivity to small variations in the occupation of spin-up and spin-down states at

the Fermi level since these states give AHE contributions that are opposite in sign.
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Figure Captions:

Figure 1 Room temperature XRD patterns for NisoMnssInis.xBx, with x=0, 0.5, and 0.75. The
Miller indices are shown in brackets. Amp and Aap denote the martensitic and austenitic phase
fractions, respectively.

Figure 2: Temperature dependence of the magnetization of NisoMnsslni42sBo7s and
NisoMnssInis sBos at a magnetic field of 16 kOe during heating from 80 K (open symbols) and
cooling from the paramagnetic state (400 K) (closed symbols).

Figure 3 (a) The temperature hysteresis of the resistivity obtained at poH=0T; The directions of
the temperature changes are shown by arrows. (b) The magnetoresistance during cooling for
magnetic field changes of AuoH=2 T (¢) NHE (Ro) and AHE (Rs) coefficients during cooling.
Figure 4 (a) Electrical resistivity during heating and cooling obtained at H=0. (b)
Magnetoresistance during cooling for a magnetic field change of AuoH=20 T. (c) NHE (Ro) and
AHE (Rs) coefficients during cooling. The directions of temperature changes, and Tc and Tcwm,

are shown by arrows.
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Figure 1 Room temperature XRD patterns for NisoMnssInis.xBx, with x=0, 0.5, and 0.75. The

Miller indices are shown in brackets. Amp and Aap denote the martensitic and austenitic phase

fractions, respectively.
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Figure 2: Temperature dependence of the magnetization of NisoMnsslni42sBo7s and
NisoMnssInissBos at a magnetic field of 16 kOe during heating from 80 K (open symbols) and

cooling from the paramagnetic state (400 K) (closed symbols).
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Figure 3 (a) The temperature hysteresis of the resistivity obtained at poH=0T; The directions of

the temperature changes are shown by arrows. (b) The magnetoresistance during cooling for

magnetic field changes of AuoH=2 T (¢) NHE (Ro) and AHE (Rs) coefficients during cooling.
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Figure 4 (a) Electrical resistivity during heating and cooling obtained at H=0. (b)
Magnetoresistance during cooling for a magnetic field change of AuoH=20 T. (c) NHE (Ro) and

AHE (Rs) coefficients during cooling. The directions of temperature changes, and Tc and Tcwm,

are shown by arrows.
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