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The field dependence of Hall resistivity ρH and magnetization M of the magnetocaloric Ni50Mn35Sb15–xGex 
(x = 0, 1, 3) alloys were measured at T = 4.2 K and in magnetic fields of up to 70 kOe. The martensitic transi-
tions temperatures, i.e., the martensite start temperature MS, martensite finish temperature MF, austenite start AS 
and austenite finish AF temperatures, were obtained from the magnetization temperature dependence that measured 
from 4.2 to 350 K in a field of 1 kOe. It was observed that the martensitic transitions temperatures correlate 
strongly both with the valence electron concentration e/a and with the electronic transport characteristics, which 
are the coefficients of normal R0 and anomalous RS Hall effect and the concentration of charge carriers n. Appa-
rently, similar correlations should be observed in other magnetocaloric compounds that could be used to study 
martensitic transitions. 
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Introduction 

The development and synthesis of new Heusler alloys 
and study of their physical properties are of great funda-
mental and practical interest since most of them have quite 
useful functional properties (see, for example, [1, 2] and 
references therein). A number of Heusler compounds ex-
hibit the shape memory effect [3], the properties of half-
metal ferromagnets (HFM) [4–7], spin gapless semicon-
ductors [8–11], topological materials [12], unusual thermal 
[13] and semiconducting [14–16] properties, etc. Heusler 
alloys with large magnetocaloric effect (MCE) [17–18] are 
of particular interest because they can be used as a working 
body in solid-state magnetic refrigerators [19–22]. Tradi-
tionally the pure gadolinium or its compounds [for example, 
silicide-germanide gadolinium Gd5(Si2Ge2)] were considered 
as such materials [23]. 

Heusler alloys based on the systems of Ni–Mn–X 
(X = Ga, In, Sb, Sn) recently have become increasingly an 
alternative, since these alloys can exceed the compounds 
with gadolinium in the value of MCE for the magnetic field 
of the same magnitude [24]. The giant values of the MCE 

are achieved in them due to the structural transformation 
accompanying the magnetic transition. In addition, various 
single- or multi-layered structures are also considered for 
use in magnetic cooling technology [25, 26]. 

The e/a ratio (the number of valence electrons per atom) 
is one of the main parameters, which correlates with the 
martensitic transitions temperatures (MTT). In this case the 
direct relationship between e/a and MTT is observed, i.e., 
the MTT increase when the e/a ratio grows. However, these 
trends are not always traced. It was reported about non-
monotonic dependence of MS on e/a in Ni50Mn35–xCuxSn 
[27] and Ni2–xCuxMnGa [28] compounds. In particular, in 
Ref. 29 it is indicated that the e/a ratio in Ni48Mn39Sn13–xSix 
(1 ≤ x ≤ 4) system alloys does not change with an increase in 
the Si content and is constantly equal to 8.05, however, the 
MS temperature decreases. In addition, for the Ni–Mn–Ga 
[30] and Ni–Mn–In–Sb systems [31], it was found that the 
MTT decreases even if the substitution leads to an increase 
in the e/a ratio. Moreover, in Ref. 32 it was shown that the 
e/a ratio is insufficient to describe the behavior of MTT in 
four-component Heusler-like alloys. 
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In Ref. 33 it was demonstrated that the MTT for the al-
loys Ni44Mn45Sn10R (R = Al, Ga, In, and Sn) increase mo-
notonously with the increasing of electron density, which 
is proportional to the e/a ratio divided by the cell volume 
Vcell of austenite. In addition, it is indicated that the param-
eters of the crystal lattice and, consequently, the Vcell for 
the same compound can significantly vary depending on 
the alloy preparation method. 

In Ref. 34, at studying the Ni–Mn–In alloys, it was pro-
posed to use the Hall coefficients and the concentration of 
charge carriers n as the electronic parameters characteriz-
ing the MTT. It was suggested [34] that a similar relation-
ship can be observed in other magnetocaloric alloys. In 
particular, such correlation can be realized in Ni–Mn–Sb 
alloys since the martensitic transformations in these com-
pounds occur. That is why the Ni–Mn–Sb Heusler-like 
alloys were chosen as the objects. The purpose of this work 
is to search for and study the correlation between the elec-
tronic characteristics, namely, the Hall coefficients, the con-
centration of charge carriers, and the e/a ratio with the MTT, 
in the magnetocaloric Ni50Mn35Sb15–xGex (x = 0, 1, 3) alloys. 

2. Experimental 

The Ni50Mn35Sb15–xGex (x = 0, 1, 3) ingots were pre-
pared by arc melting in an inert atmosphere and subse-
quently subjected to annealing at 1100 K for 24 h followed 
by furnace cooling. The samples for Hall effect and mag-
netization measurements were cut from preparing ingots by 
spark cutting. The elemental analysis was performed using 
an Inspect F scanning electron microscope (FEI Company, 
USA) equipped with a field-emission cathode and an EDAX 
spectrometer. The examination showed that the deviation 
from the stoichiometric composition were insignificant in all 
alloys (Table 1). The structural analysis was performed at 
the Collaborative Access Center «Testing Center of Nano-
technology and Advanced Materials» of the Institute of 
Metal Physics, UB RAS. 

X-ray diffraction patterns were taken at room temperature 
in an angular range of 5°–120°. XRD analysis indicated 
that all investigated alloys possess L21-structure. 

The magnetic and galvanomagnetic properties were 
measured at MPMS XL7 SQUID magnetometer and PPMS 
setup (Quantum Design). The magnetic properties were 
measured in magnetic fields of up to 70 kOe in the temper-
atures range from 4.2 to 350 K. The Hall effect was meas-
ured by the standard dc four-probe method at temperature 
4.2 K and in magnetic fields of up to 100 kOe. The copper 

wire leads were spot-welded to the samples. The Hall resis-
tivity was determined by four measurements performed by 
switching an electric current and a magnetic field [35]. For a 
uniform current distribution, the ratio of the sample sizes 
for Hall effect measurements must satisfy 1 : 3 : 9, our 
samples were the plates of 0.5×1.5×4.5 mm in size, hence, 
the demagnetization factor N = 1 for such samples. A mag-
netic field vector was normal to the plate plane accurate 
within ± 2° (or ± 2.5 %), and an electric current passed 
along the largest sample face. 

3. Results and discussion 

As an example Fig. 1 shows the temperature depend-
ence of magnetization for the alloy Ni50Mn35Sb15 which 
was measured upon cooling and heating (shown by arrows) 
in a magnetic field H = 1 kOe. The form of this depend-
ences is typical for all investigated alloys. It can be seen 
that the M(T) curves exhibit minima and maxima, as well 
as hysteresis in the region of MTT (AS, AF, MS, MF). 

The MTT were determined from the temperature de-
pendences of the magnetization and electrical resistance 
using the method of tangents [36 and references therein, 37], 
according to which this temperatures were determined at 
their intersection (Table 2). It can be seen (Table 2) that 
the values of MTT, determined from the experiment, are 
agreed well with the literature data for these alloys [38, 39]. 
A decrease in MTT with an increase in the germanium 
content is observed, i.e., with a decrease in the e/a ratio. 

The calculation of e/a ratio was carried out according to 
the Eq. (1) below [36 and references therein] as the sum of 
the products of the number of valence d- and s-electrons of 
the chemical element including in the alloy, on the fraction 
of this chemical element: 

 A A B B D D( Z ) ( Z ) ( Z ),e C C C
a
= ⋅ + ⋅ + ⋅  (1) 

where CA, CB, CD are the concentrations of A-, B- and D-
elements; ZA, ZB, ZD are the number of external (valence) Table 1. Chemical composition in the Ni50Mn35Sb15–xGex 

(x = 0, 1, 3) alloys, at. % 

Alloy Ni Mn Sb Ge 

Ni50Mn35Sb15 49.9 35.4 14.7 – 
Ni50Mn35Sb14Ge1 49.7 35.4 13.7 1.2 
Ni50Mn35Sb12Ge3 49.7 35.5 11.7 3.1 

 
 

Fig. 1. Temperature dependences of magnetization for the alloys 
Ni50Mn35Sb15 in a magnetic field H = 1 kOe. 
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electrons for the elements of A, B and D. The number of 
valence electrons was assumed to be 10, 7, 5 and 4 for Ni 

8 2(3 4 )d s , Mn 6 1(3 4 )d s , Sb 2 3(5 5 )s p  and Ge 2 2(4 4 )s p , 
respectively. 

In Ref. 38, where the MCE of the Ni50Mn35Sb15–xZx 
(Z = Al, Ge; x = 0, 2) alloys was studied, it was suggested 
that one of the possible reason for significant change of the 
MTT could be a change in the density of electronic states 
at the Fermi level EF and/or a shift in EF with a change in 
the composition alloys. In this case, changes not only in 
the electrical resistivity should be observed, but in other 
electronic transport properties as well, in particular, in the 
galvanomagnetic properties, for example in the Hall effect. 
Since at low temperatures the Ni50Mn35Sb15–xGex (x = 0, 1, 3) 

alloys are in a ferromagnetic state (FM), than at T = 4.2 K 
in addition to the normal Hall effect, the anomalous one 
should be observed also. Since for the separation of the 
normal and anomalous components of the Hall effect the 
data on magnetization are required, in addition to the field 
dependences of the Hall resistivity ρH(H) [Fig. 2(a)], the 
field dependences of the magnetization M(H) [Fig. 2(b)] 
were also measured. 

The field dependences of the Hall resistivity ρH(H) and 
the magnetization curves at 4.2 K have the same general 
view. The curves ρH(H) and M(H) have two distinguisha-
ble intervals of magnetic fields, such as the technical mag-
netization region (H < 10 kOe), and the paraprocess region 
at higher fields. Figure 2 shows that in the region of tech-
nical magnetization for both ρH(H) and M(H) a sharp in-
crease with increasing the magnetic field is observed. 

Taking into account the fact that for ρH(H) and M(H) 
curves there is no saturation effect and no linear dependence 
even in high magnetic fields, we used the approach proposed 
in Ref. 40. The coefficients of normal R0 and anomalous RS 
Hall effect were determined from the dependences of ρH(H) 
and M(H) in the paraprocess region using the following 
equation: 

 
*

0
4

,SH R M
R

H H
πρ

= +  (2) 

where *
0(1 )S SR R N R= + − , N is the demagnetization fac-

tor, which equals 1 for samples studied, hence, *   S SR R≈  in 
our case. The first term in Eq. (2) describes the normal Hall 
effect (NHE), which is caused by the Lorentz force on the 
charge carriers and is proportional to the applied magnetic 
field. The second term in Eq. (2) is determined by so-called 
anomalous Hall effect (AHE). 

From Fig. 3 it can be seen that the Eq. (2) is valid for all 
investigated alloys in the region of high magnetic fields 
(H > 20 kOe). Using the experimental data (Fig. 3) and 
Eq. (2), the NHE R0 and AHE RS coefficients were ob-
tained (see Table 2 and Fig. 4). 

Figure 4 shows the dependences of the NHE and AHE 
coefficients on the e/a ratio for all the studied alloys. It can 
be seen [Fig. 4(a)] that the NHE coefficient is negative, i.e., 
the main type of charge carriers are electrons, and its value 
decreases with the growth of the e/a ratio. The AHE is posi-
tive, and in absolute value it is 3 orders of magnitude higher 
than the NHE values [Fig. 4(b)]. At the same time, the AHE 

Table 2. Martensitic transition temperatures, e/a ratio, normal R0 and anomalous RS Hall effect coefficients and concentration of 
charge carriers n for the Ni50Mn35Sb15–xGex (x = 0, 1, 3) alloys. The temperatures of the start and finish of martensitic transformation are 
designated as MS and MF respectively; the temperatures of the start and finish of austenitic transformation are AS and AF, respectively 

Alloy AS, K AF, K MS, K MF, K e/a R0, cm3/С RS, cm3/С 
n∙1022, 
1/cm3 

Ni50Mn35Sb15 232 245 230 215 8.20 –1.2∙10–4 0.137 5.33 
Ni50Mn35Sb14Ge1 215 223 212 210 8.19 –9.9∙10–5 0.111 6.28 
Ni50Mn35Sb12Ge3 203 207 195 193 8.17 –9.4∙10–5 0.092 6.64 

 

 

Fig. 2. Field dependences of the Hall resistivity ρH(H) at 
T = 4.2 K (a) and field dependences of magnetization M(H) 
at T = 4.2 K (b): Ni50Mn35Sb15 (), Ni50Mn35Sb14Ge1 (), 
Ni50Mn35Sb12Ge3 (). 
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monotonically changes as well with the change in the e/a 
ratio, but unlike the NHE, the AHE increases with the 
growth of e/a ratio. These results are in qualitative agree-
ment with the results of [34], where the Hall effect in 
magnetocaloric alloys of the Ni–Mn–In system is studied. 

The NHE coefficient R0 is characterized by the number 
n of current carriers per unit specimen volume using the 
following equation: 

 0
1 ,R

nec
=  (3) 

where c is the light velocity, e is the charge of electron. 
It should be noted that the Fermi surface of Heusler al-

loys has a complex topology and contains the various sheets 
of both electronic and hole types. Therefore, to accurately 
determine the concentration of charge carriers, it is neces-
sary to have the data on Fermi surface topology of certain 
alloy, as well as the data on the mobility of charge carriers 
belonging to certain sheets of the Fermi surface. This is 
quite a challenge. However, as shown in [10, 11, 41, 42], 
estimating the concentration of charge carriers using one 
band model makes it possible to qualitatively track the 
changes in the electronic characteristics and qualitatively 
determine the correlation between them even in such com-
plex compounds. Therefore, we use one band model like-
wise [43]. 

Using a one band model and the obtained experimental 
data, the values of charge carrier concentration were esti-
mated (Table 2 and Fig. 5). As already noted, the main 
type of charge carriers are electrons, and their concentra-
tion increases with an increase in the e/a ratio (Table 2). 
Figure 5 demonstrates a correlation between MTT and the 
concentration of charge carriers as well, i.e., the values of 
MTT monotonically decrease with an increase in the con-
centration n. A similar relationship was also observed in 
[34] in the alloys of the Ni–Mn–In system. It seems that an 
analogous relationship between MTT and the concentration 
of charge carriers can be observed in other magnetocaloric 
alloys. In addition, a similar correlation may exist between 
the MTT and other parameters of the electronic subsystem 
of such MCE compounds. 

Fig. 3. Dependences ρH/H on M/H for Ni50Mn35Sb15–xGex 
(x = 0, 1, 3) alloys at T = 4.2 K: Ni50Mn35Sb15 (), 
Ni50Mn35Sb14Ge1 (), Ni50Mn35Sb12Ge3 (). 

Fig. 4. Dependences of the normal R0 (a) and anomalous RS (b) 
Hall coefficients on the e/a ratio: Ni50Mn35Sb15 (), 
Ni50Mn35Sb14Ge1 (), Ni50Mn35Sb12Ge3 (). 

Fig. 5. Dependences of the MTT on the concentration of current 
carriers: filled symbols — Ni50Mn35Sb15, open symbols — 
Ni50Mn35Sb14Ge1, symbols with point — Ni50Mn35Sb12Ge3; 
squares — AS, circles — AF, triangles — MS, rhombuses — MF. 
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It should be noted that in this paper, the low-temperature 
Hall effect was studied at T = 4.2 K, while the values of 
MTT refer to higher temperatures. Apparently, the Hall ef-
fect, as well as other electronic transport properties should 
be investigated at temperatures comparable with MTT in 
order to determine the parameters of the electronic sub-
system and compare them with MTT. However, in this pa-
per, as in [34], a correlation between MTT and concentration 
of charge carriers n was demonstrated, which, apparently, 
can be used for study the relationship between the electronic 
and thermodynamic characteristics of MCE-systems, in par-
ticular, MCE Heusler alloys. 

Conclusions 

Thus, as a result of studying the low-temperature Hall 
effect and the magnetization of Ni50Mn35Sb15–xGex (x = 0, 1, 3) 
magnetocaloric alloys, the following conclusions can be 
drawn. A relationship was established between the Hall ef-
fect and the e/a ratio, i.e., the NHR R0 decreases and the 
AHE RS increases with the growth of e/a ratio. A correlation 
between the concentration of charge carriers n and the MTT 
(AS, AF, MS, and MF) was found, namely, MTT monotonically 
decrease with increasing n. It is suggested that a similar 
relationship should exist in other MCE Heusler alloys, and 
the obtained results can be used to study the relationship 
between the electronic and thermodynamic parameters of 
such systems. 
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Низькотемпературний ефект Холла 
та температури мартенситних перетворень 

у магнітокалоричних сплавах Ni50Mn35Sb15–xGex 
(x = 0, 1, 3) 

V. V. Marchenkov, S. M. Emelyanova 

Виміряно польові залежності опору Холла ρH та намагні-
ченості M магнітокалоричних сплавів Ni50Mn35Sb15–xGex 
(x = 0, 1, 3) при T = 4,2 К у магнітних полях до 70 кЕ. Темпе-
ратури мартенситних перетворень, тобто температура почат-
ку мартенситу MS, кінця мартенситу MF, початку аустеніту 
AS, кінця аустеніту AF, отримано із температурної залежності 
намагнічування, яка вимірювалась від 4,2 К до 350 К у полі 
1 кЕ. Виявлено, що температури мартенситних переходів 
сильно корелюють як із концентрацією валентних електронів 
e/a, так і з електронними транспортними характеристиками, 
тобто коефіцієнтами нормального R0 і аномального RS ефекту 
Холла та концентрацією носіїв заряду n. Мабуть, аналогічні 
кореляції повинні спостерігатися в інших магнітокалоричних 
сполуках, які можуть бути використані для вивчення мартен-
ситних переходів. 

Ключові слова: магнітокалоричні сплави Гейслера, ефект 
Холла, нормальний та аномальний коефіці-
єнти Холла, концентрація валентних елект-
ронів, концентрація носіїв заряду. 
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