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In this paper, the crystallographic, magnetic, thermomagnetic, and magnetocaloric properties of the quenched
NiMny_,CryGe (x = 0.04, 0.18 and 0.25) half-Heusler alloys have been studied by x-ray diffraction, differential
scanning calorimetry and magnetization measurements. An influence of partial substitution of Cr for Mn and
quenching of the samples on the character of structural and magnetic phase transitions is presented. Quenching
of the alloys results in the formation of two phase (orthorhombic and hexagonal) crystal structure. The magnetic
properties were investigated by means of magnetization measurements over a wide temperature (5-400 K) and
magnetic field (up to 60 kOe) ranges. The experimental data indicate that at quenching and with increasing Cr
content the magnetic order changes from antiferromagnetic to ferromagnetic. Hardened compounds exhibit a
thermal hysteresis in the vicinity of the magnetic phase transition, what is characteristic for a first-order magnetic
phase transition. The magnetic phase transition temperatures are decreased as a result of quenching of the sam-
ples. The magnetic entropy changes were calculated using the field dependences of isothermal magnetization in
terms of the thermodynamic Maxwell relation. The magnetic entropy changes, |ASy™|, obtained for the hard-
ened alloys with x = 0.25 have the maximum value equal to 23 J/(kg-K) near the magnetic phase transition for a
field change of AH = 0-60 kOe.

PACS: 75.30.Sg Magnetocaloric effect, magnetic cooling;
75.30.Kz Magnetic phase boundaries (including classical and quantum magnetic transitions,
metamagnetism, etc.);
75.30.Gw Magnetic anisotropy;
75.47.Np Metals and alloys;
75.50.Ee Antiferromagnetics;
75.60.Ej Magnetization curves, hysteresis, Barkhausen and related effects;
65.40.gd Entropy.

Keywords: intermetallic alloys NiMn1_,Cr,Ge, magnetization, magnetic phase transition, magnetic entropy,
magnetocaloric effect.
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1. Introduction

Magnetic materials showing the large changes in the
magnetic entropy of a system in an applied magnetic field
are of particular interest, since magnetic refrigeration
based on the magnetocaloric effect (MCE) is highly energy
efficient and can serves as a perspective alternative for
traditional refrigeration technology.

Theoretical, technological and experimental efforts
were made to find the magnetic refrigerants working effec-
tively near ambient temperatures. The magnetic entropy
changes are established to be greatly enhanced in case of a
first-order paramagnetic (PM) to ferromagnetic (FM) phase
transition compared to a second-order one. A large MCE
near the room temperature due to a first-order magnetic
phase transition was discovered in a wide series of materi-
als, including the lanthanum-manganese—perovskite oxides
La1x(Ca,Sr)yMnOy [1], transition metal-based alloys such
as Mny_yFexP1_yAsy [2] as well as a new class of half-Heusler
materials of MM'X type, where M and M’ are a 3d electron
elements and X is Si or Ge. Among them, especially interest-
ing are the intermetallic MnNi1—xCoxGe [3], Mn1CryCoGe
[4], NiixCoxMnGe105 [5], Mn1CrNiGe1 o5 [6] and
Mng.goCro.11NiGe [7,8] alloys isostructural with the
NiMnGe alloy. These alloys possess the large magneto-
caloric effect due to strong coupling between magnetic and
lattice systems as well as due to coupling of the magnetic
sublattice with magnetic field, which changes the magnetic
part of entropy of materials.

The x-ray and neutron powder diffraction data show
that in the NiMnGe alloy the structural transition (at T, =
=470 K) from a high-temperature hexagonal phase of the
Nilny-type (space group P63z/mmc) to a low-temperature
orthorhombic structure of the TiNiSi-type (space group
Pnma) takes place [9,10]. In the NiMnGe alloy the mag-
netic phase transition from paramagnetic phase to anti-
ferromagnetic (AFM) spiral structure at the Neel tempera-
ture of Ty = 346 K is observed [11,12]. Substitution of Mn
by other 3d elements results in a change of the magnetic
state of the system. For example, the magnetic ordering
of the NiMn1_4TixGe alloys changes with increasing x
from antiferromagnetic state for x < 0.1 to ferromagnetic
one for 0.15 < x < 0.65 and paramagnetic state for higher
concentrations of Ti [13]. At substitution of Ni by another
3d element a ferromagnetic order in CoxNi;—yMnGe is
stable above x = 0.2 [9]. The hexagonal Mn1_4CryCoGe
[4], Nii—xCoxMnGe1 05 [5], Mn1—CryxNiGe15 [6] and
Mng.goCro.11NiGe [7,8] compounds have a first order fer-
romagnetic phase transition with the Curie temperature
(Tc) close to room temperature. The magnetic properties
and the magnetic ordering temperature of these intermetal-
lic alloys were found to be controlled by varying Mn/Cr
ratio and thermal treatment.

The results for the slowly cooled samples NiMn1_xCryGe
indicate orthorhombic crystal structure, change of magnetic
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properties from antiferro- to ferromagnetic and increase of the
maximum entropy with the increasing of Cr content [14].

In parallel with scientific interest, these compounds
have attracted also practical interest due to their large
magnetocaloric effect.

In the present work, the crystallographic, magnetic,
thermomagnetic properties and MCE in the hardened
NiMn1_xCryxGe (x = 0.04, 0.18 and 0.25) compounds as a
function of temperature and external magnetic field have
been studied. These compounds constitute a class of sys-
tems that is important for fundamental research due to the
diversity of their magnetic and structural properties. An
interest in the studies of these compounds was motivated
mainly by attempt to study an influence of both substitu-
tion of Mn for Cr and hardening on their magnetocaloric
properties. It has to be mentioned that in contrast with oth-
er MCE materials, the studied compounds do not contain
the toxic constituent (as in the MnFePAs systems [2]) or
the expensive rare-earth element Gd (as in the GdsSiGe;
family [15]). In studied alloys the magnetic phase transi-
tion temperatures are near to room temperature. Such fea-
tures have served as an incentive for a search of new in-
termetallic materials displaying the large MCE.

We have observed strong dependence of MCE on Cr
content and quenching of the samples. The results obtained
reinforce and extend the already existing data on the mag-
netism of intermetallic materials as well as show that these
alloys can be a promising candidate for future room-
temperature magnetic refrigeration.

2. Samples preparation and experimental details

The magnetic measurements have been performed
on the polycrystalline samples with general formula of
NiMn1_xCryxGe (x = 0.04, 0.18 and 0.25). The studied alloys
were prepared by induction twofold re-melting of mixture of
high purity Mn, Cr, Ni, Ge elements taken in corresponding
proportions. The resulting ingots were placed in the sealed
quartz ampoules in argon atmosphere under the vacuum of
107 Torr. A homogenization process as a result of an anneal-
ing of ingot at temperature of 850 K for 48 hours was per-
formed. Then the obtained alloys were quenched in water.

The crystallographic structures were examined by using
the x-ray powder diffraction method on Empyrean 2
(PANalytical) diffractometer with CuK,, radiation at room
temperature. The x-ray diffraction data were analyzed us-
ing FullProf program [14].

The differential scanning calorimetry (DSC) measure-
ments were carried out using a Perkin Elmer Pyris 1 DSC
calorimeter in the temperature range of 100-420 K with
the temperature change of 10 K/min during heating and
cooling with the temperature rate of 20 K/min.

The field and temperature dependences of dc magneti-
zation were measured in a wide temperature (5-400 K) and
magnetic field (up to 60 kOe) ranges using a Quantum
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Fig. 1. (Color online) The x-ray diffraction patterns of the hard-
ened samples for x = 0.04, 0.18, 0.25 collected at room tempera-
ture. Vertical bars correspond to Bragg reflections from hexag-
onal structure (upper row) and from orthorhombic structure
(lower row). The difference between the experiment and the
Rietveld refinement results is plotted in the bottom of each dif-
fraction pattern.

Design PPMS platform equipped with a vibrating sam-
ple magnetometer. M(T) curves were recorded at H =
=100 Oe on cooling and heating processes. Isothermal
magnetization curves were measured with temperature
steps of 2-3 K over a temperature range around the
magnetic phase transition.

3. Structural properties

The x-ray diffraction patterns of the hardened
NiMn1_xCryGe samples with x = 0.04, 0.18 and 0.25 col-
lected at room temperature are presented in Fig. 1.

The x-ray diffraction data at room temperature show that
compounds have two-phase orthorhombic of TiNiSi-type and
hexagonal of the NizlIn-type states for x = 0.18 and 0.25. The
volume fraction of orthorhombic and hexagonal phases was
calculated by Rietveld refinement using the FULLPROF
package. At room temperature the relation between hexagonal
(H) and orthorhombic (O) phases depends on Cr concentra-
tion, namely, for x = 0.04 — 95%(0)+5%(H), x = 0.18 —
919%(0)+9%(H) and x = 0.25 — 53%(0)+47%(H).

The lattice parameters and unit-cell volume, V, of the
hexagonal and orthorhombic phases collected at room
temperature are listed in Table 1. With increase of the Cr (x)
content the unit-cell volumes in both phases decrease.

4. Magnetic properties

The temperature dependences of field-cooled (FC) and
field-heated (FH) magnetization for the samples with various
Cr content measured in magnetic field of 100 Oe demonstrate
that for all the samples a separation between FC and FH M(T)
curves is observed (see Fig. 2).

The FC M(T) curve for the sample with x = 0.04 has a
maximum of magnetization at Ty temperature equal to
344 K corresponding to the PM—-AFM transition. Observed
for x = 0.18 and 0.25 compounds magnetization behavior
indicate the ferromagnetic character of spin order. The
M(T) curves are seen to shift towards low temperatures as
a result of increasing of Cr content. A large temperature
hysteresis of the M(T) curves is indicative of a first-order
PM-FM phase transitions.

An increase in Cr concentration results in a significant
decrease of the Curie temperature (Table 2). At high tem-
peratures the reciprocal magnetic susceptibility, H/M(T),
obeys the Curie-Weiss law. As is shown in Table 2, the
paramagnetic Curie temperature, ®, has a positive sign that
is indicative of dominant ferromagnetic interactions.

Table 1. Lattice parameters of the hexagonal and orthorhombic phases of the quenched NiMn;_4Cr,Ge samples at room temperature

Content, x Structure type Space group a, A b, A c, A v, A2

of phase

0.04 NizIn P6y/mmc 4.0804(4) - 5.4171(10) 78.11(3)
TiNiSi Pnma 6.0292(2) 3.75912(7) 7.0811(2) 160.489(10)

0.18 Ni,In P6y/mmc 4.0821(3) - 5.3965(6) 77.88(2)
TiNiSi Pnma 6.0129(2) 3.7559(1) 7.0770(2) 159.83(2)

0.25 NiyIn P6g/mmc 4.0747(2) - 5.3848(3) 77.43(1)
TiNiSi Pnma 6.0076(3) 3.7568(2) 7.0763(3) 159.71(2)
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Fig. 2. The M(T) curves for the hardened NiMn;_4CryGe samples:
for x = 0.04 (™, D>, right y axis); x = 0.18 (%, %); x =0.25 (o, e,
left y axis). Arrows indicate the direction of temperature changes
(FC — solid symbols and FH — open symbols).

It can be assumed by analogy to the CoMn1_4CryGe
and NiMn1_4CrxGes o5 alloys [4,5] that the changes of
magnetic properties in the compounds studied as a func-
tion of temperature and Cr content are connected with
changes of the lattice constants and Mn—-Mn interatomic
distance.

To determine the temperatures and the nature of crystallo-
graphic and magnetic phase transitions in the NiMn1_4CryGe
alloys, the differential scanning calorimetry (DSC) meas-
urements were performed (Fig. 3). The exothermic and
endothermic peaks are observed during heating and cool-
ing cycles for all the systems.

The DSC curves for the Mng g6Cro.04NiGe alloy show
anomalies at 344 K (heating) and 342 K (cooling) corre-
sponding to the magnetic phase transition. The transition
from the hexagonal to orthorhombic structure is observed
in DSC curves at 380 K while heating and 360 K while
cooling. The thermal hysteresis of 20 K confirms the first-
order nature of the crystallographic transformation.

For the Mng g2Crp 18NiGe alloy, small intensities maxima
corresponding to the structural transition at Tg = 380/360 K
(heating/cooling) and the magnetic transition at Ty =
=345/343 K (heating/cooling) is probably derive from
impurity of compound with small concentration Cr (see
above). The strong intensity maxima at Tc = 330/315 K
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Fig. 3. The DSC heat flow curves as a function of temperature for
(Mn1_,Cry)NiGe obtained for cooling and heating cycles as indi-
cated by the arrows.

(heating/cooling) is a first-order magnetostructural transi-
tion from the combined two-phase FM—PM and the hexag-
onal and orthorhombic structures.

For the Mng75Crg25NiGe alloy a first-order magneto-
structural transition is observed at 320/310 K. The thermal
hysteresis of Thys = 10 K clearly evidences the first-order na-
ture of this transition, which is attributed to the intimate cou-
pling between the paramagnetic and ferromagnetic states and
the hexagonal-orthorhombic structural transition.

In the investigated alloys the temperature of martensite
transition, Ty, decreases as a result of the joint action of
doping by chromium and solid phase hardening. Therefore
in these alloys a stability region of high-temperature hexag-
onal NizIn-type phase expands toward the low temperatures
and is partially retained below the temperature of the mar-
tensitic structural transition (similar situation is observed in
Mn1_xCryCoGe [4]).

Table 2. Magnetic data for the quenched NiMn1_xCryxGe system. Ty c is the magnetic ordering temperature (Néel or Curie), ® is

the paramagnetic Curie temperature, ATpys is the thermal hysteresis at Ty c, —ASpy

X is the magnetic entropy change at the phase

transition for AH = 0-60 kOe, p,,, IS the average magnetic moment in magnetic field H = 60 kOe at T = 300 K and p¢; is the effec-

tive magnetic moment

Content, x Tne K 0, K AThys, K —ASUE, U(kg-K) | pamm, bp Hogpr Mg
0.04 344 345 4 5.0 111 26
0.18 310 318 13 13 1.45 3.9
0.25 305 316 17 23 1.88 3.4
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Fig. 4. Field dependences of magnetization at selected temperatures near the phase transition for the samples with x = 0.04 (a) and 0.25 (b).

The changes of both temperature of magnetic transition ~ the magnetic phase transition are presented for the alloys
with the increasing Cr concentration and temperature hys-  with small (x = 0.04) and large (x = 0.25) Cr content, re-
teresis of heat flow between heating and cooling cycles are  spectively. The magnetization curves for the samples with

consistent with the magnetization study results. x = 0.18 have similar character to those for x = 0.25 (they
) are not shown).
5. Magnetocaloric effect Figure 4(a) presents the magnetization curves for the

For all the samples the field dependences of magnetiza- ~ samples with x = 0.04. It is clearly seen that a behavior of
tion have been measured at applied magnetic fields up to  the M(H,T) curves is typical for antiferromagnetic ordering.
60 kOe in the temperature range of 230-390 K. As an il- Two step-like magnetic transitions can be clearly seen
lustration, in Fig. 4(a),(b) the isothermal magnetization  for the sample with x = 0.04. The magnetization curves vs.
curves versus magnetic field at selected temperatures near ~ €xternal magnetic field are characterized by a linear in-
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Fig. 5. Temperature dependences of ASy near the magnetic phase transition for the hardened samples with x = 0.04, 0.18, 0.25 for
a field change of AH = 0-60 kOe.
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crease up to critical field, He, and then by another linear
growth up to saturation. The critical field values are equal
to5kOeat T =340 K.

Figure 4(b) clearly shows that the magnetization curves
for the sample with x = 0.25 demonstrate a behavior typical
for ferromagnetic ordering.

A comparison of the M(H,T) curves for the samples
studied shows that the average magnetic moments for the
hardened samples determined from the magnetization
measured in magnetic field H = 60 kOe at T = 300 K in-
crease with increasing Cr content (Table 2).

The magnetic entropy changes (ASy) near the magnet-
ic phase transition as a function of magnetic field and
temperature, characterizing the magnetocaloric effect
(MCE), were calculated using the thermodynamic Max-
well relation (MR) [16]. According to MR, the total mag-
netic entropy change, ASy(T,H), of the magnetic system
during the magnetization processes in magnetic field, H,
is given by relation

Hmax
ASp (T, H) =Sy (T,H) =Sy (T,0) = j [i—'\T"j dH ,
O H

€]

where T, Hnaxand M are the temperature, maximum exter-
nal field and magnetization, respectively. Knowing the
M(H,T) dependence, we have found the derivative
OM (T,H")/oT, and substituting it in (1) —ASy, (T,H) was
calculated. The —ASy,(T,H) dependences around the
phase transition at various external magnetic fields are
presented in Fig. 5.

The calculated magnetic entropy changes for the samples
with x = 0.04, 0.18 and 0.25 for a field change of AH =
= 0-60 kOe are presented in Table 2. The maximum magnet-
ic entropy change induced by magnetic field of 60 kOe is
largest for the sample with x = 0.25 (-ASy, = 23 J/(kg-K)).

6. Conclusions

The results of measurements of structural, magnetic and
magnetocaloric properties in the NiMn1_4CryGe half-Heusler
compounds with a variation of chromium concentration
(x = 0.04, 0.18 and 0.25) are presented. An influence of
partial substitution of Cr for Mn on the character of struc-
tural and magnetic phase transitions in the quenched alloys
has been studied.

The values of temperature of the structural and magnetic
phase transitions in the quenched samples are lower that in
slowly cooled ones (see Fig. 1 in Ref. 14). Similar effect
was observed in Mn1_xCryCoGe [4] and probably is a re-
sult of the different homogeneity and chemical order.

A quenching of the NiMn1_4CryGe alloys results in the
transformation of the phase composition of these samples
from practically single phase state with an orthorhombic
crystal structure for x = 0.04 to two-phase (orthorhombic
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and hexagonal) state for x = 0.18 and 0.25. The studies
have shown that the replacement of Mn atoms by Cr ones
leads to occurrence and stabilization of the ferromagnetic
state. In the quenched samples the magnetostructural phase
transition realizes. In contrary to the slowly cooled samples
the hardened compounds exhibit a thermal hysteresis in the
vicinity of the magnetic and structural phase transitions,
which is characteristic for a first-order transitions. The
magnetic phase transition temperatures decrease strongly
in the hardened alloys at substitution of Mn ions for Cr
ones. The magnetic entropy changes, |ASH® |, obtained
for the hardened alloys have the maximum value equal to
23 J/(kg-K) near the magnetic phase transition for a field
change of AH = 0-60 kOe.

The large magnetocaloric effect makes these materials
one of the most promising candidates as working material
in magnetic refrigerators.
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Bnnue 3amiweHHs Mn Ha Cr Ha MarHiTokanopuyHi
BnacTMBOCTI 3araptoBaHux cnnasiB NiMn,_,Cr,Ge

E. 3ybos, M. Heginbko, O. CiadeHko, K. []'sikoHOB,
KO. TuBaHuyk, M. Marzec, B. BanbkoB, W. Bazela,
A. Slawska-Waniewska, B. [I'sskoHoB, A. Szytuta,

H. Szymczak

Hocnimkeno kpuctanorpadiyti, MarHiTHi, TepMo-
MarHiTHI Ta MarHiTOKaJOPHYHI BJIACTUBOCTI 3arapTo-
panux half-Heusler crutasie NiMn;_4CrGe (x = 0,04,
0,18 Ta 0,25) 3a TOIOMOTOI0 PEHTTEHIBCHKOI AU(paK-
uii, audepeHmianbHOI CKaHYIO4OT KajJopumeTpii Ta
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BHMIPIOBaHb HaMarHiyeHocTi. BHBUEHO BIUIMB 4YacTKO-
Boi 3aminu Cr Ha Mn Ta rapTyBaHHS 3pa3KiB Ha Xapakx-
Tep CTPYKTYPHHX Ta MarHiTHHX (ha30BUX MEPEXOiB.
TapryBaHHs CIUIaBiB MPHU3BOAMTH 10 YTBOPCHHS [1BO-
¢bazHoi (pomOiYHOI i TeKcaroHanabHOI) KPUCTATIYHOT
CTPYKTYpH. MarHiTHi BIACTHBOCTI JIOCIIKYBAJIHCS 32
JIOTIOMOT'00 BUMIPIOBaHb HAMarHi4eHOCTi B IIHPOKOMY
nianaszoni temmeparyp (5-400 K) i marmitHOro mois
(mo 60 xE). ExcriepuMeHTanbpHi JaHi MOKa3ylOTh, LI0
IIpU TapTyBaHHI Ta 30utbImeHHI BMicTy Cr MarsiTHe
BIOPSAKYBaHHS 3MiHIOETHCS BiJ aHTH(EPOMArHITHOTO
J10 pepoMarHiTHOTo. 3arapToBaHi CHOIYKU BHUSBIISIOTH
TEIJIOBHH ricTepe3nc mobiau3y MarHiTHOTO (a3oBOro
Hepexoy, IO XapaKTepHO Ul MarHiTHOTO (a3oBoro
nepexoay mnepuioro poay. TemmnepaTypu MarHiTHOro
(a3oBOrO IEpexoay 3MEHIIYIOTHCS B pe3yibTaTi 3a-
rapTyBaHHs 3pa3kiB. 3MiHH MariTHOi eHTpomii po3-
pPaxoBaHO 3 BHKOPHUCTAHHSM MOJIbOBHX 3aJI)KHOCTEH
i30TepMiuHOT HaMarHi4eHOCTi B TEpMiHaX TEPMOAWHA-
MIYHOIO CIiBBigHOIEHHS MakcBesuia. 3MiHa MarHiTHOL

max|

enrporii, [ASy |, OTpEMaHa JJist 3MILIHEHHX CIUIaBiB 3
X = 0,25, mae MakcumanbHe 3HaueHHs 23 J[x/(xr-K) mo-
6113y Mar"iTHOro (a3oBOro Mepexoay HMpH 3MiHi MO

AH = 0-60 xE.

Kiouosi croBa: inTepmeranesi crwiaBa NiMng Cr,Ge,
HaMarHi4eHicTh, MarHiTHUH Ga30BUH Nepexim, Mar-
HITHA EHTPOIIisl, MATHITOKAIOPUIHUH e(eKT.
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