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The investigation of the nonmagnetic W-substitution e�ect on the structure and magnetocaloric prop-
erties of the MnCoGe alloy was conducted. The analysis of phase composition revealed the coexistence
of a hexagonal Ni2In-type phase and an orthorhombic TiNiSi-type phase. A detailed analysis of XRD
patterns supported by Rietveld analysis showed changes in the lattice constants and the content of
recognized phases, which depended on the W content in the alloy. A monotonic decrease in the Curie
temperature with an increase in W content in the alloy composition was noticed. The values of ∆SM

measured for the variation of the external magnetic �eld ∼ 5 T were equal to 5.30, 4.16, 2.32, and 3.01
for Mn0.97W0.03CoGe, Mn0.95W0.05CoGe, Mn0.93W0.07CoGe, and Mn0.9W0.1CoGe alloy, respectively.
The analysis of n vs T curves recovered for the tested alloys was characteristic of second-order phase
transition.
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1. Introduction

Magnetic cooling is a phenomenon based on the
magnetocaloric e�ect (MCE) and is a more envi-
ronmentally friendly method of lowering temper-
ature than conventional cooling techniques. This
phenomenon has been known to mankind for over
a hundred years, but we are still looking for ideal
magnetocaloric materials that can be used commer-
cially. The magnetocaloric e�ect is described as an
adiabatic temperature change (∆Tad) or an isother-
mal change in magnetic entropy (∆SM ). This phe-
nomenon was discovered in 1881 by Warburg [1] and
described in more detail independently by Debye in
1926 [2] and Giaugue in 1927 [3], but only thanks to
research conducted by Pecharsky and Gschneidner
Jr. in 1997 [4], the number of publications related
to the topic of magnetocaloric materials increased
exponentially. Currently, alloys are sought that are
relatively cheap but also have the desired proper-
ties (large change in magnetic entropy ∆SM and
appropriate Curie temperature TC).
At present, many scientists are focusing on

MnCoGe alloys belonging to the group of MM'X
alloys (where M or M' is a transition metal and X
� a metalloid), which are characterized by excellent
magnetocaloric properties. MM'X alloys crystallize
in two phases: a high-temperature hexagonal phase
of the Ni2In-type (space group P63/mmc) and a
low-temperature orthorhombic phase of the TiNiSi-
type (Pnma) [5]. The magnetic moments of MM'X

alloys are strongly related to the crystal structure
because they cause magnetic transitions to be as-
sociated with discontinuous changes in the crystal
symmetry as well as lattice parameters. Thanks to
this feature, these alloys can exhibit gigantic MCE
around the occurring �rst-order magnetostructural
phase transitions [6].
Our previous articles based on MnCoGe alloys

were based on partial substitution of Zr [7] and
Pd [8] dopants. These changes improved the value
of the magnetic entropy change and also increased
the Curie temperature. Taking into account the re-
search results described in [9], we decided to investi-
gate the in�uence of the W dopant on the structure
and magnetocaloric properties of Mn1−xWxCoGe
(where x = 0.03, 0.05, 0.07, and 0.1).

2. Sample preparation and experimental

details

The ingot samples were prepared by arc-melting
of high-purity constituent elements under low
pressure of Ar. Compositions were established
as follows: Mn0.97W0.03CoGe, Mn0.95W0.05CoGe,
Mn0.93W0.07CoGe, and Mn0.9W0.1CoGe. Samples
were remelted ten times in order to ensure their ho-
mogeneity. The structural study was based on X-ray
di�raction and was carried out using a Bruker D8
ADVANCE di�ractometer with Cu Kα radiation.
Qualitative and quantity analysis was supported by
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Fig. 1. The X-ray di�raction patterns collected at
room temperature for samples of produced alloys.

Bruker EVA 4.0 software and PowderCell 2.4 pack-
age for the Rietveld re�nement [10]. The magnetic
properties (i.e., the Curie temperature and mag-
netic isotherms) were investigated using the Quan-
tum Design Physical Properties Measuring Sys-
tem (PPMS) Model 6000, working over a wide
range of magnetic �elds and temperatures. In order
to check structural transformation, the di�erential
scanning calorimetry (DSC) curves were collected
using a di�erential scanning calorimeter NETZSCH
214 Polyma (Selb, Germany) with a heating and
cooling rate of 10 K/min. The microstructural ob-
servations were registered using scanning electron
microscopy (SEM) JEOL 6610LV equipped with en-
ergy dispersive X-ray spectrometer (EDS).

3. Results and discussion

Figure 1 shows the XRD patterns of all tested
Mn1−xWxCoGe samples (where x = 0.03, 0.05,
0.07, and 0.1). The analysis revealed two di�er-
ent phases in the studied series of samples: domi-
nant hexagonal Ni2In phase and minor orthorhom-
bic NiTiSi phase. During the analysis, re�exes cor-
responding to the orthorhombic NiTiSi-type phase
were clearly visible for samples with x = 0.03
and 0.1. In the case of samples with x = 0.05
and 0.07, traces of this phase were detected. More-
over, the highest content of volume fraction of the
NiTiSi-type phase with a minor Ni2In-type phase
for the Mn0.9W0.1CoGe alloy was detected.
The calculations of the lattice constant for the

recognized phases showed its monotonic rise with
an increase in W in each sample. Such an ef-
fect is related to the di�erent ionic radius of W
(rW = 1.41 Å) compared to a much lower Mn radius
(rMn = 1.18 Å). In the work of Ba»ela et al. [11], the
orthorhombic cell was treated as a distorted hexag-
onal cell, therefore in the case of the W atom, it

Fig. 2. The SEM micrograph (a) and correspond-
ing EDS maps of the Mn0.95W0.05CoGe alloy sam-
ple (b�e).

TABLE I

Data delivered by the Rietveld analysis for the inves-
tigated Mn1−xWxCoGe alloy samples.

Alloy
Recognized
phases

Lattice
constant
[Å] ±0.001

Volume
fraction [%]

Mn0.97W0.03CoGe

hex
Ni2In-type

a = 4.071
83

c = 5.284

ort
NiTiSi-type

a = 5.933

17b = 3.819

c = 7.049

Mn0.95W0.05CoGe

hex
Ni2In-type

a = 4.073
93

c = 5.287

ort
NiTiSi-type

a = 5.937

7b = 3.821

c = 7.051

Mn0.93W0.07CoGe

hex
Ni2In-type

a = 4.075
94

c = 5.286

ort
NiTiSi-type

a = 5.939

6b = 3.824

c = 7.053

Mn0.9W0.1CoGe

hex
Ni2In-type

a = 4.079
92

c = 5.292

ort
NiTiSi-type

a = 5.943

8b = 3.828

c = 7.061

a�ects the distortion of the cell and also favors the
crystallization of the hexagonal Ni2In-type phase,
which is not desirable, taking into account mag-
netocaloric properties. A detailed examination of
X-ray di�ractograms excluded contamination with
additional phases. The conclusions from the quan-
titative and qualitative analysis were supported by
the Rietveld improvements, and the results are pre-
sented in Table I.
The microstructure of the samples was observed

using the SEM technique. Fragment of the mi-
crostructure of the Mn0.95W0.05CoGe sample is
shown in Fig. 2a. The EDS maps collected for the
tested sample microstructure show a uniform distri-
bution of the components (Fig. 2b �e), which was
expected based on previous studies presented in [8].
The concentration of nominal composition, i.e.,
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Fig. 3. The DSC curves and temperature depen-
dences of magnetization (�eld cooling regime at
∆(µ0H) = 0.1 T).

Mn � 31.67 at.%, W � 0.02 at.%, Co � 33.33
at.%, and Ge � 33.33 at.%, corresponds well with
the values obtained by EDS measurement, i.e., Mn
� 31.52 ± 0.22 at.%, W � 0.95 ± 0.18 at.%, Co
� 33.2 ± 0.25 at.%, and Ge � 34.33 ± 0.36 at.%,
respectively.
The DSC measurements performed for W-doped

MnCoGe alloys are summarized in Fig. 3. DSC tests
were performed to con�rm the results of XRD anal-
ysis and to determine the temperatures of struc-
tural and magnetic transitions. Endothermic and
exothermic peaks are present in all tested samples.
The lambda-type peaks were detected for all stud-
ied samples in the vicinity of 282 K and 277 K for
Mn0.95W0.05CoGe and Mn0.93W0.07CoGe alloy, re-
spectively. The presence of lambda peaks in DSC
curves suggests an occurrence of second-order phase
transition in investigated specimens.
In order to reveal the Curie point of produced

samples, the temperature dependences of magneti-
zation were collected in a magnetic �eld of 0.1 T (in
�eld cooling regime for the whole series (Fig. 4)).
The Curie temperature was revealed by calcula-
tions of the �rst derivative of the M vs T de-
pendences measured for all samples. The estimated
values of the TC were 284 ± 1, 276 ± 1, 270 ± 1,
265±1 K for Mn0.97W0.03CoGe, Mn0.95W0.05CoGe,
Mn0.93W0.07CoGe, and Mn0.9W0.1CoGe, respec-
tively. A gradual decrease in TC was observed, which
may be due to the reduction of the magnetic mo-
ment Mn by the addition of W. As it was mentioned
above, the atomic radius of W is larger than Mn.
It causes an increase in interatomic distances be-
tween Mn�Mn, Mn�Co, and Co�Co, which induces
the weakening of exchange interactions and a de-
crease in the Curie temperature. Moreover, thermal
hysteresis was not observed in all studied samples,
which is also a con�rmation of the occurrence of
second-order phase transition in the produced ma-
terials [12].

Fig. 4. The temperature dependences of magneti-
zation collected under the external magnetic �eld
of 0.1 T for all studied samples.

The magnetocaloric e�ect is determined using in-
direct methods by calculating the change in mag-
netic entropy ∆SM . These studies are based on
magnetic isotherms measured over a wide range of
temperatures. Maxwell's relations were used to cal-
culate the change in magnetic entropy ∆SM [13]

∆SM (T,∆H) = µ0

H∫
0

dH

(
∂M (T,H)

∂T

)
H

, (1)

where µ0 is magnetic permeability, H is the mag-
netic �eld strength, M is the magnetization, and
T is the temperature. The above equation (1) was
implemented in Mathematica using the algorithm
below [14]

∆SM
(Ti + Ti+1)

2
≈ 1

Ti+1−Ti

[ Bmax∫
0

dB M (Ti+1, B)

−
Bmax∫
0

dB M(Ti, B)

]
, (2)

where B is the magnetic �eld induction to the rela-
tion B = µ0H.
The calculated temperature dependences of mag-

netic entropy change for all samples are presented
in Fig. 5. The highest ∆SM values calculated for
a magnetic �eld change of ∼ 5 T were 5.30, 4.16,
3.23, and 3.01 J/(kg K) for Mn0.97W0.03CoGe,
Mn0.95W0.05CoGe, Mn0.93W0.07CoGe, and
Mn0.9W0.1CoGe, respectively. Similarly to our
previous work on the selective substitution of
Mn by Zr [7] and Pd [8], the change in magnetic
entropy was the largest for the Zr and Pd dopant
content of x = 0.05. An increase in the content
of the W addition causes a decrease in the value
of the magnetic entropy change, which con�rmed
the results of measuring the Curie temperature.
Moreover, a successive signi�cant broadening of
the ∆SM peak with an increase in W content was
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Fig. 5. The ∆SM vs T curves revealed for Mn0.97W0.03CoGe (a), Mn0.95W0.05CoGe (b), Mn0.93W0.07CoGe
(c), and Mn0.9W0.1CoGe (d) alloys.

noticed. Present results are much lower than those
revealed for pure gadolinium, which is treated as
a fundamental magnetocaloric material [15]. Such
good properties of Gd are caused by the high-
est magnetic moment and the highest e�ective ex-
change coupling around room temperature [16].
Moreover, the results are also lower than those
for MnCoGe modi�ed by Fe or In addition, which
is manifested by the fact that the ∆SM value
reached even 10.6 or 52 J/(kg K), respectively. The
Curie temperature is comparable to those delivered
in [17, 18].
Taking into account practical applications of

MM'X alloys in domestic devices, the refrigeration
capacity (RC) was calculated. The RC value was
determined based on ∆SM vs T curves using the
following equation [19]

RC(δT,Hmax) =

Thot∫
Tcold

dT ∆SM (T,Hmax), (3)

where RC is the refrigerant capacity, δT =
Thot−Tcold is the temperature range of the thermo-
dynamic cycle (δT corresponds to the full width at
half maximum of magnetic entropy change peak),
and Hmax is the maximum value of the external
magnetic �eld.
Calculations of the RC parameter revealed almost

the same values for each produced alloy from the
series. It is related to a systematic increase in full

width at half maximum with a rise in W content,
despite a decrease in maximum magnetic entropy
change. The values of the change in magnetic en-
tropy ∆SM and the refrigeration capacity RC are
summarized in Table II.
A relatively simple and fast method to study or-

der phase transition was proposed by Law et al.
in [20]. This technique uses a phenomenological �eld
dependence of the magnetic entropy change, which
could be written by following relation [20]
∆SM = C (Bmax)

n
, (4)

where C is a constant depending on temperature
and n is the exponent related to the magnetic state
of the sample. Calculation of the exponent n by
modifying (4) in the form proposed in [21] is as fol-
lows
ln

(
∆SM

)
= ln(C) + n ln

(
Bmax

)
. (5)

As shown in [22], the exponent n depends on the
magnetic state of the material. If we assume that
the tested material obeys the Curie�Weiss law, the
exponent n should be n = 1 in the ferromagnetic
state (below TC) and n = 2 in the paramagnetic
state (above TC). Its value at TC is strongly related
to critical exponents and could be written in the
following form

n = 1 +
1

δ
(
1− 1

β

) , (6)

where β and δ are critical exponents.
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Fig. 6. Temperature dependence of the exponent
n calculated for all tested (Mn,W)CoGe samples.

TABLE II

The magnetic entropy change ∆SM and refrig-
eration capacity RC for the Mn0.97W0.03CoGe,
Mn0.95W0.05CoGe, Mn0.93W0.07CoGe, and
Mn0.9W0.1CoGe alloys.

Sample

Magnetic

�eld

change

∆(µ0H)

[T]

Magnetic

entropy

change

∆SM

[J/(kg K)]

Refrigeration

capacity

RC [J/kg]

Mn0.97W0.03CoGe

1 1.14 32

2 2.37 56

3 3.45 74

4 4.56 102

5 5.30 134

Mn0.95W0.05CoGe

1 0.93 34

2 1.83 58

3 2.74 78

4 3.75 104

5 4.16 132

Mn0.93W0.07CoGe

1 0.74 33

2 1.08 60

3 1.82 76

4 2.39 106

5 3.23 135

Mn0.9W0.1CoGe

1 0.76 32

2 1.11 64

3 1.51 82

4 2.12 108

5 3.01 142

The n vs T curves for all tested samples are col-
lected in Fig. 6. The shape of the n vs T curves
constructed for the tested alloys with the addi-
tion of W is characteristic of the second type
phase transition. A characteristic hump is observed
near the Curie point value, which is typical for

structural transformations similar to the results de-
scribed in [23, 24]. The values of the exponent n
revealed at the Curie point are 0.86, 0.79, 0.82,
0.79 for Mn0.97W0.03CoGe, Mn0.95W0.05CoGe,
Mn0.93W0.07CoGe, and Mn0.9W0.1CoGe, respec-
tively. These values are similar, which suggests that
the values of critical exponents are close to others.

4. Conclusions

The research carried out in this work focused on
the in�uence of partial substitution of Mn by W
on the structure and thermomagnetic properties,
as well as phase transitions of the tested MnCoGe
alloys. XRD studies revealed the presence of two
phases in all tested samples � an orthorhombic
phase of the TiNiSi-type and a hexagonal phase
of the Ni2In-type with various W dopant contents.
The detailed analysis of the X-ray di�raction pat-
tern assisted by the Rietveld re�nements did not
reveal any structural transformation. The increase
in the content of the addition of W at the expense of
Mn in the tested alloys resulted in a decrease in the
Curie temperature. A gradual decrease in magnetic
entropy change with a rise of W in alloy composition
was detected. The symmetrical shape of the tem-
perature dependences of magnetic entropy change
suggested second-order phase transition, which was
con�rmed by an analysis of n vs T curves con-
structed for the tested alloys. A course of all n vs
T curves was independent of W content and char-
acteristic of the second-order phase transition.
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