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The magnetic phase transition and magnetocaloric effect are studied in a series of Mn;_,Zn,CoGe (x = 0.01, 0.02,
0.04, and 0.08) alloys. By introducing a small quantity of Zn element, the structural transformation temperature of the
MnCoGe alloy is greatly reduced and a first-order magnetostructural transition is observed. Further increasing the Zn
concentration results in a second-order ferromagnetic transition. Large room-temperature magnetocaloric effects with small
magnetic hysteresis are obtained in alloys with x = 0.01 and 0.02, which suggests their potential application in magnetic

refrigeration.
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1. Introduction

The magnetocaloric effect (MCE), which is an intrin-
sic property of a magnetic material, has drawn increas-
ing attention owing to its promising application in magnetic
refrigeration.!!! Compared with the traditional vapor-cycle re-
frigerators, the magnetic refrigerator has many potential ad-
vantages, such as high efficiency, low noise, and environmen-
tal safety.[>3] Due to these advantages, the MCE has been ex-
tensively studied in many systems, especially in magnetic al-
loys undergoing a magnetostructural transition. [*-8! In the first
order magnetic transition (FOMT) system, a large MCE is usu-
ally obtained since it has different crystal structures on either
side of the magnetic transition and exhibits a large magnetiza-
tion difference around the transition temperature.!*8! For ex-
ample, the Ni-Mn based ferromagnetic shape memory alloys,
which experience a magnetostructural transformation between
an austenitic phase and a martensitic phase, are reported to
possess large magnetic entropy changes (ASy, ) since they show
sudden changes of magnetization in the vicinity of the marten-
sitic transformation.[°~!' Owing to the nature of the FOMT,
the magnetostructural transition in these alloys is often accom-
panied with a large thermal hysteresis, which would reduce the
efficiency of magnetic refrigeration.!'?] Therefore, magnetic
refrigerants with small hysteresis, as well as large low-field
MCEE, are extremely desirable for practical applications.

Based on recent reports, MnCoGe is regarded as a mag-
netic alloy with martensitic transformation.!'3) It has an or-
thorhombic TiNiSi-type structure at a low temperature and
transfers to a hexagonal NiIn-type structure at the struc-
tural transition temperature 7; (~ 650 K) with increasing

[14-16]

temperature. The Curie temperatures 7c for the or-
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thorhombic and the hexagonal structures are 345 K and 275 K,
respectively.!!”] Since the ferromagnetic transition tempera-
tures of the two phases are lower than 7; by 305 K and 375 K,
respectively, the structural transformation of the MnCoGe al-
loy occurs between two paramagnetic states. Due to the lit-
tle magnetization difference around the phase transition, it is
difficult to drive the magnetostructural transformation in the
MnCoGe alloy by an external magnetic field.!'#! If 7; can be
reduced to the temperature window between T¢’s of the afore-
mentioned two phases, then a magnetostructural transforma-
tion with an abrupt change of magnetization is likely to be
observed between the ferromagnetic TiNiSi-type and the para-
magnetic NipIn-type structures.!®7:13] Therefore, many efforts
have been devoted to decrease the T; of the MnCoGe alloy by
inducing vacancies, ['*1%! substituting Mn with other elements,
or doping interstitial atoms. [*>18-211 Up to now, the most used
substitution elements are 3d transition metals, such as V, Cr,
Fe, and Cu.[*!3-291 To our best knowledge, there are few re-
ports about the Zn-substituted MnCoGe alloys. In this paper,
we use the transition metal Zn to substitute Mn and prepare
a series of Mn;_,Zn,CoGe (x = 0.01, 0.02, 0.04, and 0.08)
alloys to investigate their magnetic phase transition and MCE.

2. Experiments and characterizations

Polycrystalline ingots with the nominal compositions of
Mn_,Zn,CoGe (x = 0.01, 0.02, 0.04, and 0.08) were synthe-
sized by the arc-melting method. Before casting, the raw ma-
terials of Mn were pre-cleaned in a diluted hydrochloric acid
and arc-melted for several times. To reduce the volatilization
of the Mn and Zn elements in the Mn;_,Zn,CoGe alloys, the
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melting time and the melting current should be carefully con-
trolled. Then, the resulted ingots were annealed in some vac-
uated quartz tubes at 1073 K for 10 h and quenched in water.
The structure of the Mn;_,Zn,CoGe alloys was identified by
X-ray diffraction (XRD) analysis at room temperature with Cu
Ko radiation. The magnetic measurements were performed
using a multifunctional vibrating sample magnetometer (Ver-
salab, Quantum Design).

3. Results and discussion

Figure 1 shows the XRD patterns for the Mn;_,Zn,CoGe
alloys at room temperature. It is known that the stoichio-
metric MnCoGe alloy undergoes a magnetostructural transi-
tion from an orthorhombic TiNiSi-type structure to a hexag-
onal NisIn-type structure at 650 K with increasing temper-
ature. As shown in Fig. 1, both the XRD peaks of the or-
thorhombic and the hexagonal structures can be observed in
the alloys with x = 0.01 and 0.02, which indicates the co-
existence of the TiNiSi-type and the NiIn-type phases. In
the cases of x = 0.04 and 0.08, only the hexagonal structure
can be observed at room temperature, suggesting that 7; can
be reduced in the Mn;_,Zn,CoGe alloys by substituting Zn
for Mn. Moreover, with the increase of the Zn content, the
peaks of the hexagonal structure slightly shift to the higher an-
gles, demonstrating the decrease of the lattice parameters in
the Mn;_,Zn,CoGe alloys with the substitution of Zn.
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Fig. 1. (color online) The XRD patterns for the Mn;_,Zn,CoGe alloys
at room temperature.

The variation of magnetization as a function of temper-
ature (M(T)) for the Mn;_,Zn,CoGe alloys under an exter-
nal magnetic field of 1 kOe is shown in Fig. 2. With in-
creasing temperature, the magnetic transitions from a ferro-
magnetic TiNiSi phase to a paramagnetic Ni;In phase with
a large magnetization difference are observed around 320 K
and 300 K for the samples with x = 0.01 and 0.02, respec-

tively. It is worth noting that these magnetostructural transfor-
mation temperatures are only around room temperature, which
is meaningful for practical applications of magnetic refrigera-
tion. As shown in Fig. 2, thermal hystereses of about 12 K
and 9 K are clearly observed for the alloys of x = 0.01 and
0.02, respectively, indicating that the magnetostructural trans-
formation is of the first-order type.??) However, for the case
of x = 0.04, as the temperature increases the sample first un-
dergoes a martensitic transformation from the ferromagnetic
TiNiSi phase to the ferromagnetic NipIn phase and then ex-
periences a ferromagnetic transition of the NiyIn phase.!!”]
The case of x = 0.08 also shows a magnetic transition from
a ferromagnetic phase to a paramagnetic phase but the ther-
mal hysteresis disappears, which suggests the existence of a
reversible second-order magnetic transition (SOMT).[17-201 ¢
is worth noting that the results of the magnetic measurement

are consistent with those of the XRD patterns.
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Fig. 2. (color online) The magnetization as a function of temperature
for the Mn;_,Zn,CoGe (x = 0.01, 0.02, 0.04, and 0.08) alloys on heat-
ing (solid symbols) and cooling (open symbols) with a magnetic field
of 1 kOe.

According to the aforementioned experimental results, it
is obvious that T; of the MnCoGe alloy can be effectively re-
duced by the introduction of Zn atoms. It has been reported
that the 7; of the CoMnGe alloy is very sensitive to chemi-
cal pressure.m] For the Mn;_,Zn,CoGe alloys, the introduc-
tion of Zn atoms would produce a chemical pressure since
it has a different atomic radius from Mn.!"82023] This inter-
nal pressure would modify the lattice stability between the
TiNiSi-type and the Ni,In-type structures, giving rise to a re-
duction of 7;. On the other hand, the magnetic interaction of
the MnCoGe alloy is related to the atomic distance between
the Mn atoms.!'®17] The lattice distortion caused by the sub-
stitution of Zn would change the Mn—Mn atomic distance, re-
sulting in the shift of 7¢ of the MnCoGe alloy. As shown in
Fig. 2, the T¢c of the Mng.92Zng 03CoGe alloy changes from
275 K to 251 K with the introduction of Zn element.

Figure 3 shows the magnetic field dependences of magne-
tization (M (H)) of Mng 99Zng ¢; CoGe and Mng 9,Zng o3 CoGe
alloys with a maximum magnetic field of 10 kOe. A series
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of typical ferromagnetic and paramagnetic M(H) curves are
observed in these two alloys with the increase of tempera-
ture. A magnetic hysteresis is observed in the magnetizing
and demagnetizing process for the Mng.g9Zng o1 CoGe alloy,
indicating its FOMT nature, which is consistent with the re-
sult of the thermomagnetic measurement. It is worth not-
ing that the magnetic hysteresis in the Mng.99Zng o1 CoGe al-
loy around the transition temperature is very small. By tak-
ing advantage of this feature, the cooling efficiency can be
remarkably enhanced in the magnetic refrigeration. As we
know, the critical field for inducing the magnetostructural tran-
sition of the MnCoGe alloy is high, so there is no obvious
metamagnetic behavior observed in the Mng 99Zng ¢; CoGe al-
loy under the applied magnetic field of 10 kOe,['”) which
would be the origin of the small magnetic hysteresis. For
the Mng 92Zng o3CoGe alloy, the magnetization curve shows
no magnetic hysteresis, which is a typical character of SOMT.
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Fig. 3. (color online) The isothermal magnetization curves for (a)

Mng 99Zng 91 CoGe and (b) Mng 92Zng 03CoGe alloys with the maxi-
mum magnetic field of 10 kOe.

Although Mng 99Zng 91 CoGe and Mng 92Zng 0sCoGe al-
loys undergo FOMT and SOMT, respectively, it is difficult to
judge the phase transition order only from the M(H) curves
shown in Fig. 3. It is known that the Arrott plot, which is ob-
tained by plotting M as a function of H/M, provides a valid

method to distinguish the phase transition order.**! In order
to further investigate the order of the magnetic transition in
the Mn;_,Zn,CoGe alloys, the corresponding Arrott curves
for x = 0.01 and 0.08 are plotted in Figs. 4(a) and 4(b), re-
spectively. It is reported that a negative slope or an S-shaped
curve would be observed in the Arrott curve if the material
undergoes FOMT.[10-20-22]' A5 shown in Fig. 4(a), a negative
slope is observed in the Arrott plot of the Mng 99Zng o1 CoGe
alloy, indicating the nature of FOMT. In the case of the
Mnyg 92Zng 03CoGe alloy, the SOMT can be confirmed by the
absence of negative slope or S-shaped curve in the Arrott plot.
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Fig. 4. (color online) Arrott plots for (a) Mng.99Zng 0; CoGe and (b)

Mnyg 92Zng osCoGe alloys. The ellipse shows the negative slope area in
the Arrott curves.

Figure 5 shows the isothermal AS, for the
Mn;_,Zn,CoGe alloys under 10 kOe. These ASy, values are
calculated by the Maxwell relation

H [ OM(T,H
ASm(T,H):/O (éT’)>HdH. )

Although it is still controversial to use Eq. (1) to calculate
ASy, in a FOMT system,[25‘27] the result is reliable for the
Mn_,Zn,CoGe alloys because there is a small magnetic hys-
teresis and no obvious metamagnetic behavior in the M(H)
curves, which are clearly shown in Fig. 3. It is obvious that
large low-field MCEs are obtained in the alloys with x = 0.01,
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0.02, and 0.04 since they exhibit abrupt changes of magne-
tization around the phase transition region. The peak values
of ASy, reach up to —3.17 J'.kg=".K~!, —3.52 J kg~ !.K~!,
and —4.30 J-)kg='-K~! for x = 0.01, 0.02, and 0.04, respec-
tively, which are comparable to those of some familiar mag-
netic alloys with FOMT.[+3:13.2228.291 For x — 0.08, AS,, de-
creases remarkably since it undergoes a SOMT. It is worth
noting that, for the alloys with x = 0.01 and 0.02, the mag-
netic refrigeration temperatures range from 300 K to 315 K,
which are the ideal temperatures for room temperature mag-
netic refrigeration. Therefore, by introducing Zn element into
the MnCoGe alloy, a large low-field MCE with a small mag-
netic hysteresis can be obtained around room temperature in
the Mnj_,Zn,CoGe (x = 0.01 and 0.02) alloys.
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Fig. 5. (color online) The temperature dependence of ASp, for the

Mn;_,Zn,CoGe alloys with a field change of 10 kOe.

4. Conclusion

We prepared a series of Mn;_,Zn,CoGe (x = 0.01, 0.02,
0.04, and 0.08) alloys from low-cost transition metals to study
their magnetic phase transition and MCE. The substitution of
Zn for Mn results in a decrease of T; of the MnCoGe alloy and
various transition behaviors in the Mn;_,Zn,CoGe alloys. For
Mny.99Zng o1 CoGe and Mng 93Zng 02 CoGe alloys, large MCEs
are observed around room temperature in a low magnetic field
of 10 kOe. Furthermore, the magnetic hysteresis of these two
alloys are very small, which is desirable for magnetic refrig-
eration. All of these excellent characteristics indicate that the
Mn_,Zn,CoGe (x = 0.01 and 0.02) alloys have promising ap-
plications in room temperature magnetic refrigeration.
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