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Abstract: In this study, the structural and electrical properties of Niso-xVxMnz7Sn12B2 (x = 0, 1, 2, and 3) ferromagnetic shape
memory alloys were investigated. According to XRD analyzes at room temperature, the x=0 sample was in the martensite
phase, the x=1 and 2 samples were in the mixture phase, and the x=3 sample was in the austenite phase. The resistivity analyses
depend on temperature showed that all samples exhibited martensitic transformation and the phase transformation temperature
decreased with V doping. Magnetoresistance (MR) values were calculated using p-T curves performed under 0 Tand 1 T
magnetic fields. The observed negative MR is consistent with Kataoka's s-d model. As-At interval was determined and M-H
measurements were made at constant temperatures determined in this interval. The results were attributed to the magnetic field-
induced phase transformation (MFIPT). In order to examine the effects of MFIPT on the electrical resistivity, the resistivity
depend on magnetic field was measured using the same thermal process. The overlapping of the curves in the high magnetic
field revealed that the resistivity decreased due to the MFIPT as well as the MR.
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Vanadyum Eklenmis NiMnSnB Alasimlarinda Manyetik Alan Kaynaklh Martensitik Doniisiim
Sirasinda Elektrik Direncinin Degisimi

Oz: Bu ¢alismada NisgxVxMns7Sn12B2 (x = 0, 1, 2, and 3) ferromanyetik sekil hatirlamalali alasimlarin yapisal ve elektriksel
ozellikleri incelenmistir. Oda sicakligindaki XRD analizine gére x=0 numunesi martensit fazinda, x=1 ve 2 numunesi karigim
fazinda ve x=3 numunesi Ostenit fazindadir. Sicakliga bagli 6zdireng analizleri biitin numunelerin martensitik doniisim
sergiledigini ve faz doniisim sicakliginin V katkilamasiyla azaldigimi gostermistir. 0 T ve 1 T manyetik alan altinda
gerceklestirilen p-T egrileri kullanilarak manyetodireng (MR) degerleri hesaplanmistir. G6zlemlenen negatif MR, Kataoka nin
s-d modeli ile uyumludur. As-As araligi belirlenmistir ve bu aralikta belirlenen sabit sicakliklarda M-H 6l¢iimleri yapilmgtir.
Sonuglar manyetik alan kaynakli faz doniisiimiine atfedilmistir (MFIPT). MFIPT 'in elektrik 6zdirenci {izerindeki etkilerini
incelemek igin, ayn1 termal siire¢ kullanilarak manyetik alana bagli 6zdireng 6l¢iilmiistiir. Yiiksek manyetik alanda egrilerin iist
iiste binmesi, MR'm yani1 sira MFIPT 'e bagh olarak direncin azaldigini ortaya koymustur.

Anahtar kelimeler: Manyetodireng, martensitik doniisiim, manyetik alan kaynakli yapisal doniigiim.
1. Introduction

The martensitic transformation (MT) is a first-order structural phase transition in the solid state without any diffusion.
During the MT, the high temperature phase, which is called austenite, transforms into the low temperature phase, which is
called martensite [1]. Shape memory effect (SME) is an important property of some alloy groups that exhibit martensitic
transformation. The most important characteristic feature of shape memory alloys (SMA\) is that they regain their original shape
when they transform to the austenite phase after being deformed by stress in the martensite phase [2]. In addition, SMA have
useful mechanical properties such as excellent corrosion resistance and superelasticity [3]. Therefore, in recent years, SMA
have been the subject of many scientific studies and also they have been using extensively in the a lot of industrial applications.
Some instances of these applications are stents, eyeglass frames, sensitive thermal sensors, microactuators, electronic devices,
magnetic field sensors, valves and medical devices [4].

In the conventional SMA, shape recovery is usually triggered by heat, whereas in ferromagnetic shape memory alloys
(FSMA) it can be controlled by magnetic field as well as heat [4]. The obtained higher strain depends on the applied magnetic
field compared to traditional actuator materials like piezoelectric and magnetostrictive materials increases the interest in FSMA.
For example, while a strain of <0.2% can be obtained under approximately 60 MPa stress and 0.3 T magnetic field in
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magnetostrictive Terphenol-D material, up to 10% magnetic field-induced strain can be obtained in FSMA [5]. Two different
mangetic field induced strain (MFIS) mechanisms can occur in the FSMA as a result of applying an external magnetic field.
The first is the magnetic field-induced martensitic twin variant reorientation (MIR), and the second is the magnetic field-
induced structural phase transformation. The former mechanism, MIR is the rearrangement of the microstructure without a
change in the crystalline structure as a result of twin boundary motion triggered by the external magnetic field (Fig 1.a.). If the
magnetocrystalline anisotropy energy (MAE) of a martensite variant is larger than the energy required for twin boundary
motion, MAE acts as a driving force for MIR. The MAE is determined from the difference between the magnetizations along
the easy and hard axes of the ferromagnetic single martensite variant (Fig 1.b.). Another possible mechanism for inducing
MFIS is magnetic field-induced structural phase transformation (MFIPT). In this mechanism, the crystal structure transforms
from martensite to austenite by increasing the external magnetic field at a certain temperature where both phases (austenite and
martensite) should be coexist (Fig 1.c.) [6]. The difference in Zeeman energies of the present phases is the driving force for
MFIPT and the difference must be higher than the energy required to move the phase boundaries (Fig 1.d.). If the external
magnetic field is shown by uyH and the magnetization difference between the transformation phases is given by AM, Zeeman
energy can expressed as E,eeman = UoHAM [7].
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Figure 1. (a) Effect of increasing external magnetic field on MIR (b) MAE(Ku) responsible for MIR (c) Effect of increasing
external magnetic field on MFIPT (d) Zeeman energy difference between austenite and martensite phases responsible for
MFIPT [5, 6]

In recent years, researchers have carried out a lot of notable research about MFIPT. In most of these studies, they have
aimed to explain the MFIPT mechanism by determining the magnetic moment of the material during the field-induced structural
phase transformation. In addition, various transition metal doping are made to improve the magnetic properties of Ni-Mn based
alloys. In this study, it is desired to reach high magnetic moment value by adding VVanadium to the NiMnSn alloy system. The
goals of the current study are (i) to investigate the magnetoresistance properties of vanadium (V) doped NiMnSnB alloys and
(ii) to determine the resistance variation due to the magnetic field change during MFIPT.

2. Experimental

Nisg-xVxMn37Sn12B2 (x = 0, 1, 2, and 3) (at. %) ferromagnetic shape memory Heusler alloys were produced as ingots
form by arc-melting furnace using pure Ni, V, Mn, Sn and B (purities higher than 99.99%) powders. The melting process was
carried out by creating plasma in an argon atmosphere and flowing a current of ~150 A throughout the samples. In order to
obtain homogeneous samples, the melting process was repeated several times by turning the samples. The fabricated samples
were heat treated at 900 °C for 48 h to ensure homogenization, and then quenched in ice-water. To prevent the oxidation during
heat treatment, the samples were placed in the vacuumed quartz tube. The samples were marked as VO (x=0), V1 (x=1), V2
(x=2) and V3 (x=3), respectively. The crystal structures at room temperature (RT) were determined with the “Rigaku Miniflex
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600” computer-controlled X-ray diffractometer using CuKo, (A\=1.5405 A) radiation. The electrical resistivity measurements
were performed with the AC Transport attachment of the Quantum Design PPMS device. Martensitic transformation
temperatures were determined by means of temperature-dependent resistivity measurements. Then, magnetoresistivity
measurements were carried out at different temperatures determined between the austenite start (As) and austenite finish (As)
temperatures of each sample. It should be noted that the temperature was kept constant during these measurements and the
samples were cooled until they completely transform to the martensite phase before each measurement. Magnetic field-
dependent magnetization (M-H) curves were determined by the vibrating sample magnetometer (VSM) with using the same
thermal process.

3. Results and Discussions

As discussed above, a first-order structural phase transition occurs between the austenite and martensite phases during
MT. While the austenite phase usually has a cubic L2; crystal structure, the martensite phase may have monoclinic 10M and
14M, orthorhombic 40 or unmodulated double tetragonal L1o crystal structures depending on the composition and temperature
[8-11]. XRD patterns of the VO, V1, V2 and V3 samples at RT are shown in Fig. 1. Peaks of monoclinic 10M and orthorhombic
40 crystal structures were obtained in the VO sample, whereas no peaks from the cubic structure were detected. Based on this
result, it can be expected that the sample in the martensite phase at RT. In addition to the peaks of 10M and 40, the V1 sample
has cubic (220) peaks due to the presence of the austenite phase. Except for the cubic (220), (222), (400) and (422) peaks, only
the (221) peak of the 40 phase was observed in the V2 sample. Therefore, it can be expected that the ratio of the austenite
phase in the V2 sample at room temperature is higher than in the V1 sample. The detection of only the peaks of the cubic
structure in the V3 sample shows that the sample is completely in the austenite phase at RT. The lattice parameters of all
samples refined by the least-squares method and the final compositions of the samples analyzed by the Energy Dispersive X-
Ray Analysis( EDX) method were listed in Table 1.
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Figure 2. XRD patterns of VO, V1, V2 and V3 samples at room temperature

Table 1. Crystal structures, lattice parameters and final composition (determined by EDX) at RT of the VO, V1, V2 and V3

samples.
Sample Nominal composition Final composition Crystal Lattice parameters

(at. %0) (at. %) structure a(nm) b(nm) c(nm)

VO NizoMns7Sn12B2 Nisg.2Mnse.1Sn14.7+By 10M 0.4337 0.5660 2.1968
40 0.4431 0.5702 0.8795

V1 NisgV1Mn37Sn12B2 Nisg.1V1.2Mn36.3SN14.4+By 40 0.4424 0.5693 0.8786
L2: 0.6014 0.6014 0.6014

V2 Nis7V2Mn37Sn12B: Nis7.1V2.1Mn36.2Sn14.6+By L2; 0.6011 0.6011 0.6011
V3 NisV3Mns7Sn12B2 Ni4s.0V3.6Mns6.4Sn14,0+By L2; 0.6010 0.6010 0.6010
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Since Heusler alloys are one of the rare examples of ferromagnetic alloys whose resistance exceeds the critical Mooij
value, investigation of their magneto-transport properties provides interesting results [12]. According to Mooij's rule, the
resistivity should decrease with increasing temperature when the resistivity of the alloy exceeds 150pQcm, regardless of the
scattering mechanism of the charge carriers. The resistivity of Heusler alloys is can suitable to this rule, while it can be similar
to metallic behavior, depending on the composition of the alloy [13-16].
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Figure 3. p-T curves of (a)VO, (b)V1, (c)V2 and (d)V2 at OT and 1T

The resistivity vs temperature curves of NisxVxMn37Sni2B2 (x = 0, 1, 2, and 3) alloys are given in Figure
3. Resistivity measurements were performed both without a magnetic field and under 1 T external magnetic field. One of the
ways to the characterization of martensitic transformation is the sudden resistance changes obtained in the temperature-
dependent resistance curve. The abrupt changes due to MT have been clearly detected in the resistivity curves of all samples.
This jumplike difference between the resistances of martensite and austenite phases can originate owing to two reasons. (i) A
sudden change in the density of states at the fermi energy level (ii) a change in the order parameter of the crystal structure. In
the studies carried out to calculate the normal hall effect coefficient, no jump in the state density of the fermi energy level was
observed around the martensitic transformation temperature. Therefore, it can be expect that the dominant mechanism in the
resistance change during MT is the variation in the structural order parameter [17]. Evidently, both the phase transition
temperatures (table 2) and the resistivity values (inset of Fig.3.a) decreased by increasing the amount of V. In addition, a more
gradual phase transition was observed with increasing doping amount. It is clearly seen that especially in VO and V1 samples,
the temperature dependence of the martensite phase is relatively weak which is typical behavior of high resistivity metals. This
is because scattering by phonons and magnetic heterogeneities is negligible and scattering originating from increasing disorder
is more dominant in the scattering mechanism [17]. The resistivity of martensite phase of VO and V1samples, during cooling,
firstly increased slightly and then started to decrease around 225 K and 175 K, respectively. The increase in resistivity in this
temperature range (T<225K for V0, T<175K for V1) has been attributed to scattering by magnetic inhomogeneities [18]. The
resistivity value in the martensite phase of V2 and V3 samples increased continuously with decreasing temperature in
accordance with Mooij's rule. p-T measurements performed under an external magnetic field of 1 T revealed that both the phase
transition temperature and the resistivity value decreased. The shift in phase transformation temperatures with application of a
magnetic field is described by the Clausius-Clapeyron equation[19];

BH _ 0

AS = -2 1)

AT~ TyAM' Tm

where Q indicates the evolved heat of transformation, TM represents MT temperatures and AM shows the magnetization
difference between austenite and martensite phases.
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Table 2: Martensite start (Ms), martensite finish (Ms), austenite start (As) and austenite finish (As), of the VO, V1, V2 and V3
samples.

Sample Mag. Field Ms (K) Mr (K) As (K) Ar (K)
VO 0T 3255 307.6 325.0 3421
1T 315.8 304.3 320.1 333.0
V1 0T 3245 276.8 295.0 340.5
1T 316.9 271.9 291.2 3324
V2 0T 319.6 274.1 292.9 3314
1T 307.8 236.6 262.8 3245
V3 0T 276.8 2495 262.9 291.8
1T 250.5 225.3 245.7 274.1
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Figure 4. Magnetoresistivity curves of (a)VO0, (b)V1, (c)V2 and (d)VV2 during cooling and heating
Figure 4 shows temperature dependence magnetoresistivity (MR) in the magnetic field of 1 T which is calculated
from;

[p(H) — p(0)]

MROE) =" )

100(%) (2)

equation. MR has a negative value for all alloys. The negative MR generated by the application of the magnetic field in
ferromagnetic materials was explained by Kataoka using the s-d model. This model is based on the principle that s-conduction
electrons are scattered by localized d spins. In addition, the MR increased with increasing V doping and the highest MR values
in the magnetic field of 1 T are -31.7%, -33.2%, -35.2% and -45.6%, respectively. The resistivity of the martensite phase
increases because of scattering from various orientations of the twin boundaries and residual resistivity. With the application
of the magnetic field, the MT temperature shifts to a lower temperature. Also, the structural transition to the martensite phase,
which has the lower symmetry, is accompanied by modulation, which increases the scattering of conduction electrons.
Coexistence of all these effects leads to higher negative MR [20, 21]. Moreover, MR values obtained in the cooling process

135



Variation of Electrical Resistivity During Magnetic Field-Induced Martensitic Transformation in Vanadium added NiMnSnB alloys

are higher than in the heating process. The obtained MR values in the current study exhibit very successful results when
compared with the literature [2, 22, 23].

Figure 5 shows the thermomagnetization curves at 5 different temperatures in the As-Asrange determined from Table
2 for each sample. Before each measurement, the samples were cooled until they were completely transformed into the
martensite phase. Metamagnetic behavior attributed to magnetic field-induced structural transformation was detected in all
samples. Martensite and austenite phases coexist in the As-Ar range and with increasing temperature, the martensite ratio
decreases while the austenite ratio increases. With the application of a magnetic field to the sample in this temperature region,
the magnetization of the austenite phase, which has stronger ferromagnetic interactions, increases suddenly, whereas the
magnetization of the weak magnetic martensite phase increases more slowly. Simultaneously, structural transformation occurs
from martensite to the austenite phase with the rising magnetic field. When a critical magnetic field level is reached, the sample
completely transforms into the austenite phase and after that, the sample remains in the austenite phase even if the magnetic
field is reduced. Consequently, a hysteresis occurs between the curves obtained by increasing and decreasing the magnetic
field. The hysteresis as a result of metamagnetic behavior have been provide clear evidence for MFIPT [23-29].
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Figure 5. (color online) M-H curves of (a)VV0, (b)V1, (c)V2 and (d)V2 at different temperatures determined in the
range of Asand At

In order to determine the change in electrical resistance during MFIPT, the same thermal process as the
thermomagnetization analyzes was applied, and resistance measurements depending on the magnetic field were carried out.
The results are given in figure 6. It should be noted that each measurement was carried out at a constant temperature and
beforehand the samples were cooled until they transform into the martensite phase. In these measurements carried out at a
constant temperature, it is clearly seen that the resistivity decreases as the temperature increases when focusing on the resistivity
values at 0 T magnetic field. This is the opposite of what is expected from the metallic behavior and it is owing to the higher
proportion of the martensite phase, which has higher resistivity, at low temperatures. The resistivity decreased with increasing
magnetic field and the curves overlapped at approximately 8-9 T magnetic field. The negative magnetoresistance behavior of
ferromagnetic Heusler alloys was discussed above. Although the decrease in resistivity with an increasing magnetic field can
be partially explained by the MR effect, MR is insufficient to explaining the difference between the resistance values at 0 T
and the overlapping of the curves at the high magnetic field. The transition from the higher resistive martensite phase to the
lower resistive austenite phase can explain the reduction in resistivity with an increasing magnetic field. Moreover, the
structural transformation can account for the overlapping of the curves in a high magnetic field. Therefore, it can be anticipated
that the resistivity behavior depending on the magnetic field from Figure 6 is a result of the structural phase transformation as
well as the MR. Additionally, these results are in accordance with the M-H curves shown in Fig. 5.
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Figure 6. p-H curves of (a)V0, (b)V1, (c)V2 and (d)V2 at different temperatures determined in the range of Asand As
4. Conclusion

In the present study, the structural and electrical properties of NissxVxMnz7Sn12B2 (x = 0, 1, 2, and 3) alloys produced
by the arc melting were investigated in detail. XRD patterns showed that the VO sample has the 40 and 10M structures coexist
at RT. V1 has L2 cubic structure in addition to 40 and 10M. The martensite content decreased in the V2 sample and only
cubic L2; structure was detected in the V3. The all samples exhibited martensitic transformation around RT. The phase
transition temperature and electrical resistivity value decreased with doping. MT temperatures shifted to lower temperatures
by applying an external magnetic field, which the Clausius-Clapeyron equation explains. The magnetoresistivity was calculated
using equation 2 and it was determined that increasing the magnetic field decreases the resistivity. It was confirmed that the
samples exhibited MFIPT by M-H measurements performed at the determined constant temperatures in the As-Ar interval.
Electrical resistivity analyzes were carried out during MFIPT using the same thermal process as the M-H measurements. In the
measurements made at different temperatures, the resistivity decreased with increasing magnetic field and the curves
overlapped in the high field. These obtained curves reveal the variation characteristic of electrical resistance during MFIPT.
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