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ARTICLE INFO ABSTRACT

We report the magnetic and magnetocaloric properties of rapidly solidified Nip ggsCro.10sMnGe; o5 melt-spun
ribbons studied by both direct (adiabatic temperature change) and indirect (isothermal magnetic entropy
change) methods in intermediate and high magnetic fields up to 10 T. The maximum values of the adiabatic
temperature changes (AT,q) and magnetic entropy changes (ASyl) were found to be ~2.6 K (u,H = 10 T) and
4.4 kg’1 K™ (uoAH = 5T), respectively, near the Curie temperature (Tc). The AT,q4 curves and magnetization
isotherms were found to be completely reversible, which indicates the high degree of reversibility of the MCEs in
this system. A large temperature span (of about 61 K) and a non-saturating behavior of AT,q were observed at
magnetic fields up to 10 T. The adiabatic temperature change was found to be a linear function of (u,H)*> near
Tc, in accordance with the Landau theory of phase transitions.
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1. Introduction

The magnetocaloric effect (MCE) is a magneto-thermal property of
any ferromagnetic (FM) material that is characterized by the thermal
dependency of both the isothermal magnetic entropy change (ASy;) and
the adiabatic temperature change (AT,q) in response to the change in an
external magnetic field p,H. Both physical quantities show their max-
imum absolute values, |ASMpe"‘k| and AT,q™™, near the Curie tempera-
ture (T¢). However, several material families such as Gd-Si-Ge, La-Fe-Si,
Mn-Fe-P, Mn-As-Sb, and Ni-Mn-(In,Ga,Sn) Heusler alloys undergo giant
first-order magnetostructural transitions (MSTs) associated with cou-
pled magnetic and structural transitions, resulting in large MCEs [1-6].
The large MCEs displayed by these materials have attracted attention in
the last two decades due to their potential application in magnetic re-
frigeration, an emerging solid-state cooling technology that is en-
vironmentally friendly and energy efficient compared to traditional
refrigeration [7,8].

* Corresponding authors.

Recently, alloys derived from the stoichiometric 1:1:1 MnNiGe and
MnCoGe compounds, belonging to the MnTX (T = 3d transition ele-
ments and X = Ge, Si) material family have been actively studied since
they exhibit large MCEs associated with a change in crystal structure
from a high temperature austenite to a low temperature martensite
structure. The crystal structure of the high temperature austenite phase
is hexagonal (Ni,In-type, space group P63/mmc) and the low tem-
perature martensite phase is orthorhombic (TiNiSi-type, space group
Pnma). In stoichiometric NiMnGe and MnCoGe alloys, the martensitic
transitions take place at temperatures T, = 470 K and 650 K, far above
the magnetic transitions at the Neel (Ty = 346K) and Curie (Tc
~334K) temperatures, respectively [9,10]. A coincidence of the mag-
netic and structural transitions, i.e., the magnetostructural transitions,
resulting in giant and tunable MCEs in terms of |ASyP**"|, have already
been reported in these systems by changes in stoichiometry, adding
interstitial atoms, doping, application of external pressure, and iso-
structural alloying [see, for instance, 11-19 and Refs. therein].
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It is well known that the MCE can be characterized by two im-
portant parameters, ASy; and AT,y Both quantities are equally im-
portant to evaluate the performance of a magnetocaloric material for
refrigeration purposes. For applications, not only large ASyPek values
but also a large AT,q™** is desired since it acts as a driving force for heat
transfer from the cold to the hot reservoirs during a refrigeration cycle.
Reports [11-19 and Refs. therein] show that the MCE in NiMnGe and
MnCoGe based alloys have extensively been studied through indirect
measurements, i.e., by experimentally determining ASy(T) from a set of
isothermal magnetization M(u,H) curves measured through the phase
transition. Large |ASyP®®¥| values up to 37.8Jkg™' K~ (for
BoAH = 2T at 192K), 53.3Jkg ' K~ (for p,AH = 5T at 321 K), and
47.3Jkg™! K™! (for uoAH = 5T at 287K) have been reported for
(Mn,Fe)NiGe, (Mn,Cu)CoGe, and MnCoGeBy, alloys, respectively
[20-22]. However, reports on the direct measurements, i.e., AT,q(T), a
more reliable and straightforward measurement, in these systems are
scarce [22-24].

In this work we present the experimental results on the MCE
properties of NiggosCro 10sMnGe; o5 ribbons using both indirect and
direct methods with a focus on the latter. The current study provides an
opportunity to understand the magnetic and MCE properties of this
system at high magnetic fields up to 10 T.

2. Experiment

Melt-spun ribbon flakes of nominal composition
Nig.g95Cro.10sMnGe; o5 were fabricated from a bulk polycrystalline arc-
melted ingot under a high purity argon atmosphere with a linear speed
of the rotating copper wheel of 25 ms~! using an Edmund Biihler model
SC melt spinner system [12]. From scanning electron microscopy (SEM)
images it was determined that the as-solidified ribbons obtained had an
average thickness of 15 + 1 um. The phase purities and crystal struc-
tures were determined by room temperature X-ray diffraction (XRD)
measurements using CuKa radiation. The magnetization measurements
were performed using a superconducting quantum interference device
(SQUID by Quantum Design) magnetometer in the temperature interval
5-400K in applied magnetic fields up to 5T. The thermal protocols
used to measure the isofield M(T) and isothermal M(p,H) curves are as
follows: for M(T) curves, the samples were first cooled to 10K from
400K at zero field. The zero-field-cooling (ZFC) measurements were
taken while heating the samples to 400 K in an applied magnetic field,
and then followed by a field-cooled-cooling (FCC) measurement to
10K, and then a field-cooled-heating (FCH) measurement from 10K to
400 K. For the M(u,H) curves, a “backward and forward” heating-
cooling protocol was used. This thermal protocol prevents an over es-
timation of the peak value of ASy; and ensures an accurate temperature
location of the peak of the ASy(T) curve [25]. A home-built apparatus
was used to directly measure AT,4(T). Details about the device design,
construction, and development are given in Ref. [26]. The direct
measurement of AT,q was carried out using the “sample extraction
method” in fields up to 10T and in a temperature range of 100-250 K
[26]. To improve the thermal contact between the ribbons and the
thermocouple, the ribbons were placed in a capsule that had a small
hole on one side. The thermocouple was inserted through the hole and
into the capsule. The powder in the capsule was then pressed in with a
screw, which was threaded into the base of the capsule to ensure good
thermal contact between the sample and thermocouple.

3. Results and discussion

Fig. 1 shows the indexed room temperature XRD pattern of
Nig.go5Cro.10sMnGe; o5 ribbon flakes. Analysis of the XRD pattern re-
vealed that the as-quenched ribbons crystallize into a single-phase with
the NiyIn-type hexagonal structure. The calculated values of the lattice
parameters a and c of the hexagonal structure at room temperature
were found to be 4.086(1) A and 5.392(1) }D\, respectively, with c/a
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Fig. 1. Room temperature X-ray diffraction pattern of Nig ggsCro.10sMnGe; os
ribbon flakes. The XRD peak indexing is based on the hexagonal Ni,In-type
crystal structure. The Miller indices are shown in brackets.

ratio ~1.32. The degree of hexagonal distortion in this compound
calculated using (1 — c¢/a) X 100% was found to be ~32%. The ob-
tained structure, value of the lattice parameters, and c/a ratio are in
good agreement with those previously reported for the hexagonal
NiMnGe compounds [9,11].

For polycrystalline NiMnGe-based compounds with a NiyIn-type
hexagonal structure, the peak intensities of the strongest lines corre-
sponding to (102), (110), and (202) planes are 100%, 100%, and
50%, respectively [27]. In the case of ribbons, the intensities of the
major peaks (1 02), (110), and (20 2) relative to (0 0 2) peak with the
highest intensity was found to be 43%, 11%, and 9%, respectively,
indicating the presence of crystallographic texture along the (001) di-
rection. The ribbons’ texture was further verified by SEM images, which
exhibited columnar-grain microstructures with its axis oriented per-
pendicular to the ribbon surface. The SEM images and discussion of
microstructures of Nig go5Crg 10sMnGe; o5 melt-spun ribbons have been
previously reported [12].

Fig. 2 shows the isofield M(T) curves on heating and cooling in
magnetic fields of 10mT and 5 T. At low temperatures, the ZFC and FCC
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Fig. 2. Magnetization M(T) curves of as-quenched Nig gosCro.10sMnGe; o5 rib-
bons in applied magnetic fields of p,H = 10 mT (left Y-axis) and 5T (right Y-
axis).
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Fig. 3. Magnetic entropy change AS\(T) curves of Nig gosCro.10sMnGe; o5 rib-
bons for magnetic field changes of p,AH = 2T and 5T. Inset: magnetization
isotherms measured during increasing and decreasing magnetic field near the
SOT.

M(T) curves measured at HoH = 10 mT show a typical FM behavior.
With increasing temperature, an abrupt change in magnetization from a
FM to a paramagnetic (PM) state was observed at the Curie temperature
(Tc) ~192K. The T¢ was determined from the minimum of the dM/dT
vs. T curve calculated from the magnetization curve during the heating
cycle. The absence of thermal hysteresis in the heating and cooling M
(T) curves indicates the second order nature of the magnetic phase
transition (SOT). Unlike the bulk Nig gosCro 10sMnGe; g5 compound,
which showed a first-order MST and a SOT, only a SOT was observed in
the as-quenched ribbons. The M(T) measurements at high field
(uoH = 5T) showed similar behavior to those measured at low field
with a broad transition shifted to ~210K.

The magnetic entropy change (ASy), across the SOT (Fig. 3) for
magnetic field changes of yoAH = 2 and 5T were calculated from the
magnetization isotherms using the Maxwell relation
AS\(T) = po, j(;“ oft (%’) HdH . Normal (negative) ASy peak values of
—4.4and —2.3J kg_llll%_1 were observed at the SOT for field changes
of 5T and 2T, respectively. Moreover, magnetization isotherms mea-
sured in the temperature range of the full-width at half-maximum
(8Trwrm) of the ASy(T) curve near the SOT (see the inset of Fig. 3) were
found to be fully reversible (i.e., no hysteresis loss), indicating a re-
versible MCE.

Fig. 4 shows the AT,4(T) curves measured using the direct method in
magnetic fields of 1.8 T, 5T, and 10 T. The symmetric shape of the
AT,q4(T) curves, which is characteristic of second-order magnetic phase
transitions, is consistent with the M(T) measurements (see Fig. 2). The
peak positions of the AT,4(T) curves shifted toward higher temperature,
and the peak heights of the AT,4(T) curves increased with increasing
field. Positive values of AT.q (i.e., heating) were observed, with a
maximum value near the second order FM-PM transition. The max-
imum values of AT,q near Tc were found to be 0.6, 1.6, and 2.6 K in
magnetic field changes of 1.8 T, 5T, and 10T, respectively. Previous
reports on AT,q measurements in MnTX compounds showed that the
AT,q values (see Table 1) strongly depend on the samples thermo-
magnetic history (heating or cooling protocols) and strongly reduces
due to (i) competition between structural and magnetic transitions
[23], (ii) low field sensitivity of the phase transition [22], and (iii) large
field dependence of the metamagnetic transition temperature at strong
magnetic fields [24]. However, in Nig gosCro.10sMnGe; o5 ribbons, we
notice that the AT,q(T) curves obtained during heating and cooling
cycles coincided, indicating a reversible MCE in this system. A
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Fig. 4. AT,q(T) curves measured by the direct method in magnetic field changes
of 1.8 T, 5T, and 10T. Inset: AT,q™** plotted as a function of p,H (horizontal
top axis) and (u,AH)?>® (horizontal bottom axis).

maximum AT,q width of 8Tpwuy ~ 61K, defined as the full-width at
half-maximum of the AT,4q(T) curve, was observed for yoH = 10 T. The
values of 8Trwpwm at different magnetic field changes are given in
Table 1. High reversibility and large widths of the MCE parameters are
important preconditions for MCE applications.

An additional maximum of ~1 K was observed at T; = 137 K in the
AT,.q(T) curves measured at 10 T. This maximum is most likely asso-
ciated with some field-induced phase transition. A comparison between
AT,q™** values obtained in this system with those reported for other
compounds belonging to MnTX family is given in Table 1.

In order to investigate the field change dependence of the adiabatic
temperature change, AT,q™%* values at different magnetic fields poAH
have been plotted (see inset of Fig. 4). The value of AT,q™** increased
nonlinearly with applied magnetic field. A non-saturating behavior of
AT,q was observed in magnetic fields up to 10 T, indicating an applied
field of 10T is not sufficient to fully saturate the FM phase in this
system.

According to the mean field model, and Landau’s thermodynamic
theory of phase transitions, the magnetic field dependence of the
maximum adiabatic temperature change in the vicinity of a SOT can be
described by the power law, AT,q™* (L, AH)?* [29,30]. As shown in
the inset of Fig. 4, a plot of AT,q™™ versus (L,AH)>>, and the fit of the
data points to a straight line, verify that AT,q™** is a linear function of
(LoAH)?® near Tc. These results further confirm that Landau’s ther-
modynamic theory for SOTs is valid even for high magnetic fields up to
10T in this system.

4. Conclusion

In conclusion, the MCE parameters, ASy; and AT,q, in rapidly soli-
dified Nig.gosCro.10sMnGe; o5 melt-spun ribbons were explored using
direct and indirect measurements in magnetic field changes up to 10 T
at the second order transition. The maximum values of the adiabatic
temperature changes (AT,q"**) and the magnetic entropy change
(|ASMPeak|) near the Curie temperature (Tc) were found to be ~2.6 K
(LAH = 10T) and 4.4J kg_l K_l(quH = 5T), respectively. Both
AT,q and the isothermal magnetization curves were found to be com-
pletely reversible, indicating that the MCE is reversible. The widths of
the AT,4(T) curves were found to increase with applied magnetic field
with a maximum 8Tgwyy of ~61 K at 10 T. A non-saturating behavior
of AT,q™* was observed even in high fields up to 10 T. The AT¢™*
obeyed the power law AT,™* « (u,AH)*>> near the SOT. The AT,y
values obtained, together with previously reported values in similar
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Table 1

Journal of Magnetism and Magnetic Materials 488 (2019) 165359

A comparison of AT,q™** measured for Nig gosCro 10sMnGe; o5 ribbons with other compounds belonging to MnTX family. The full-width at half-maximum of the
AT,q(T) curves (8Tgwuwm) at different applied magnetic fields for Nig go5Cro.10sMnGe; o5 ribbons are also given.

Alloys AT,q (K) 8Trwrm (K) Phase transition order Reference
Nip g95Cro.10sMnGe o5 (ribbons) 0.7K at ppAH = 1.8 T 30 SOT this work
1.6Kat yopAH =5T 36
2.6KatgoAH =10T 61
Mny g7Fep 13NiGe (bulk) 0.5K (cooling) at yoAH = 1.93 T - FOT [22]
Mny 7Feq 3NiGeg ;Sig 3 (bulk) 0.3K (heating) at poAH = 1.93T -
1.3K (cooling) at poAH = 1.93T
MnCog 95Ge (bulk) 09K at gjopAH = 1.9T - SOT [23]
MnCoyg 95Geg o5 (bulk) 1.5Kat ypAH = 1.9T - SOT
MnCoyg 95Geg o7 (bulk) 0.3K (heating) at poAH = 1.9T - FOT
1.5K (cooling) at poAH = 1.9T
CoMnSi 1.5Kat yAH =5T - FOT [24]
CoMnGeg 945Gag 055 (bulk) 6.5K” at gopAH = 2T - FOT [28]

# AT,q from indirect measurement.

systems (Ni-Mn-Ge, Co-Mn-Si, and Mn-Co-Ge), show a relatively low
AT,¢™®, which may affect the material’s performance for MCE.
However, the reversible magnetocaloric effect may also be interesting
for practical application.
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