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In the present paper, the theoretical simulation and experimental studies of magnetic properties of the
Mng.9Zng.1CoGe alloy was done. Field dependences of magnetization in a wide range of temperatures
were collected. Based on the thermomagnetic Maxwell relation, the magnetic entropy change ASy; was
calculated. Moreover, using the phenomenological model, temperature dependences of magnetization in
a wide range of fields were simulated. Values of thermomagnetic properties, such as magnetic entropy
change and refrigeration capacity, were calculated.
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1. Introduction

The magnetocaloric effect (MCE) described as
an adiabatic temperature change (AT,;) consists
of two stages, i.e., heating during magnetization
and cooling during demagnetization [1]. The first
mentions of the magnetocaloric effect appeared
already in 1860, when W. Thomson described the
theoretical predictions of the occurrence of this
phenomenon [2]. Then, in 1917, P. Weiss and
A. Piccard [3] described and discovered MCE. In
1926, P. Debye [4] and 1927 W. Giaque [5] ex-
plained the mechanism and practical application of
MCE to achieve very low temperatures in the pro-
cess of adiabatic demagnetization of paramagnets.
But it is since 1997, after the discovery of a giant
MCE in GdsGesSis alloys by V. Percharsky and
K. Gschnaider Jr. [6], that we observed a huge in-
terest in the subject of cooling using the magne-
tocaloric effect.

Mn—Co—Ge alloys belong to the MM’X alloy
group, where: M and M’ — transition metals, X —
element from the main group. These alloys are char-
acterized by ferromagnetic martensitic transition
(FMMT). They crystallize in two phases, i.e., high-
temperature hexagonal NisIn type (space group
P63/mme) and low-temperature rhombic NiTiSi
type (space group Pnma), which is accompanied
by a magnetic transition [7].
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The magnetic moments of magnetocaloric mate-
rials are strongly related to the crystal structure.
They cause magnetic transitions to couple with dis-
continuous changes in crystal symmetry or lattice
parameters. These systems can exhibit a gigan-
tic magnetocaloric effect around first-order magne-
tostructural phase transitions. The magnetostruc-
tural coupling occurring in these materials can lead
to the appearance of an enhanced magnetocaloric
effect even if no such first-order transition occurs [8].

An interesting model, allowing to determine the
magnetocaloric properties, was proposed by Hamad
in [9].

In our previous articles, we studied the effect
of partial substitution of Mn by Zr [10], Pd [11],
Nb [12], W [13] in the MnCoGe base alloy. These
studies focused on the effect of Zn addition on the
change of structure and thermomagnetic properties.

2. Sample preparation and experimental
details

Samples  with nominal composition  of
Mng 9Zng.1CoGe were prepared using arc melting
method of high-purity elements in an Ar protective
gas atmosphere. The samples were remelted several
times in order to ensure their homogeneity [14, 15].
X-ray diffraction (XRD) studies were performed
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Fig. 1. X-ray diffraction pattern collected at room
temperature for the Mng.9Zng.1 CoGe alloy.
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Fig. 2. DSC curve of the Mng.1Zng.9CoGe alloy.

using a Bruker D8 Advance diffractometer (Bruker,
Karlruhe, Germany) with Cu K, radiation and a
LynxEye semiconductor detector (Bruker, Karl-
ruhe, Germany). The collected X-ray pattern was
analyzed with Bruker EVA software (4.3). Rietveld
analysis was conducted using the PowderCell 2.4
package [16]. Magnetic measurements were carried
out using Quantum Design Physical Properties
Measuring System (PPMS) model 6000, equipped
to work with a wide range of magnetic fields and
temperatures. The full mathematical description of
the phenomenological model was given in [9, 17].

3. Results and discussion

A slight increase in lattice constants is evident
with the increase in Zn content in the alloy com-
position. Such an effect is related to the different
ionic radius of Zn (ryz, = 1.37 A) compared to the
much smaller radius of Mn (ry, = 1.18 A). The
in-depth analysis of XRD patterns did not detect
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Fig. 3. Temperature dependence of magnetization
for the Mno,QZno_lcoGe alloy.

any additional phase associated with the presence
of impurities (Fig. 1). Qualitative and quantita-
tive analysis supported by Rietveld analysis per-
formed using experimental XRD patterns revealed
a slight change in the lattice constants of the iden-
tified phases. The values of the lattice parameters
for the high-temperature hexagonal phase of the
NigIn type are a = 4.056, ¢ = 5.189, and for the
low-temperature rhombic phase of the NiTiSi type
the values of the lattice parameters are a = 5.874,
b = 3.826, ¢ = 7.064.

In order to confirm the results of XRD analysis
and to determine the temperatures of structural and
magnetic transitions, differential scanning calorime-
try (DSC) measurements were performed (Fig. 2).
Exothermic and endothermic peaks were detected
in the investigated alloy, as well as a lambda peak
corresponding to the Curie temperature.

This temperature is consistent with the Curie
temperature expressed by the M vs T curve. In
addition, an apparent temperature hysteresis was
observed, which was confirmed by thermomagnetic
measurements (Fig. 3). The M vs T relation-
ship measured in an external magnetic field up
to 0.1 T for the test sample is shown in Fig. 3.
The first derivative of the M(T) relation yielded
the Curie temperature value. The minimum of the
dM(T)/dT curve allowed an estimate of the Curie
point, which was 275 + 1 K.

The magnetocaloric effect was investigated indi-
rectly by calculating the change in magnetic en-
tropy ASys. To calculate the value of AS);, mag-
netic isotherms were measured for a wide range of
temperatures. The magnetic entropy change calcu-
lations were performed using Maxwell’s relation [18]

H
M(T, H
ASy (T, AH) :/ dH <a (z, )> : (1)
0 or H
where H is the magnetic field strength, M is the
magnetization, and 7T is the temperature.
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Temperature dependence of magnetic en-

tropy change for experimental data and simulations
over a wide field range.

TABLE I

The magnetic field change A(uoH) and the theoreti-
cal and experimental magnetic entropy change ASys
(respectively denoted as ASy: and ASy.) for the
Mnyo.9Zno.1 CoGe alloy.

A(poH) AShe ASne
1) p/0gK)] | 13/0g K]
1 0.80 0.77
2 1.13 1.11
3 1.61 1.52
4 2.16 2.12
5 3.05 3.01

Equation (1) was implemented in Mathematica

software using the following algorithm
Ti+Tit1 1
2 T -1

Bmax

{/dB M(Tiy1, B)

asu

Bmax

- [as M(ml,B)], 2)

where B is the magnetic field induction according
to the relation B = poH.

The temperature course of the change in mag-
netic entropy of the Mng ¢Zng 1 CoGe alloy is shown
in Fig. 4. The measurement of AS); values involves
measuring magnetic isotherms for a wide range of
temperatures. The highest experimental AS); value
calculated for an external magnetic field change of
~ 5 T was 3.01 J/(kg K), and the theoretical value
of ASy was 3.05 J/(kg K). Compared to the re-
sults for the MnCoGe base alloy presented in [19],
the addition of Zn caused a slight decrease in AS),.
The calculated values for the experimental and the-
oretical magnetic entropy change are summarized
in Table I.
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Fig. 5. Temperature evolution of the exponent n

revealed for the Mng.9Zng.1CoGe.

The value of relative cooling power (RCP) was
also calculated, using the following formula [20]

RCP = ASy 6Tewhn, (3)

where RCP is the relative cooling power, ASy,
is the magnetic entropy change, dTpwunm iS the
half-width of the peak of the magnetic entropy
change. For the simulation carried out at an exter-
nal magnetic field of 5 T, the value of RCP is equal
to 122 J/kg, and the value of RCP calculated for
the experiment at an external magnetic field of 5 T
was 120.4 J/kg.

In [21], Law and Franco proposed a method based
on the phenomenological dependence of the mag-
netic entropy change (AS)ys) on the field described
by the formula

ASM =C (Bmax)n 3 (4)

where C' is the proportionality constant depending
on temperature, and n is an exponent strongly de-
pendent on the magnetic ordering of the specimen.
Calculation of the exponent n is possible by mod-
ifying (4) in the form that was proposed in [22],
ie.,

In(ASyr) = In(C) + nln(Bmax)- (5)

In the paper [23], it was shown that the expo-
nent n is slightly dependent on the magnetic or-
dering of the material. Assuming that the material
under study obeys the Curie—Weiss law, the expo-
nent should be 1 and 2 in the ferromagnetic and
paramagnetic states, respectively. The value of the
exponent n at the Curie temperature is strongly re-
lated to the critical exponents and can be written
in the following form

1
n=14+————,
6(1-1/5)
where 8 and § are critical exponents.

The temperature dependence of the exponent n
is shown in Fig. 5.

(6)
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4. Conclusions

The purpose of this paper was to carry out theo-
retical simulation and experimental studies of mag-
netic properties of the Mng 9Zng.1CoGe alloy. The
coexistence of high-temperature hexagonal phases
of the NisIn type and low-temperature rhombic
phases of the NiTiSi type was detected in the stud-
ied alloy. Analyzing the results obtained for the ex-
perimental data, as well as those obtained during
simulation, it can be seen that the simulation values
coincide with the experimental data. This means
that the parameters selected in the simulation cor-
respond to the actual tests. The effect of Zn ad-
dition on the change in T value was found to be
275+1 K. The highest experimental ASy; value was
3.01 J/(kg K) and the theoretical ASy; value was
3.05 J/(kg K) for the Mng 9Zng ;1 CoGe alloy in an
external magnetic field of 5 T. For the simulation
carried out with an external magnetic field of 5 T,
the RCP value is equal to 122 J/kg, and the RCP
value calculated for the experiment with an external
magnetic field of 5 T was 120.4 J/kg.
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