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Abstract
The magnetic properties and reversibility of thegnetocaloric effect of NiMnzsings

have been studied in the vicinity of the phasesiteon using magnetization and direct adiabatic
temperature changeé\Tag measurements in magnetic fields up to 14rile magnetostructural
phase transitions (MSTs) between a martensitic eliH>) with low magnetization (paramagnetic or
antiferromagnetic) and a nearly ferromagnetic auste phase were detected from thermomagnetic
curves, M(T,H), at the applied magnetic fieldstagp T. The MST temperature was found to be nearly
independent of magnetic field for H< 5T, and shifte lower temperature with the further increase of
magnetic field to 14 T. A large and nearly revdesinverse magnetocaloric effect (MCE) Wilfi ;g~ -11

K for a magnetic field change aH = 14 T was observed in the vicinity of the MSThelirreversibility of
AT,y was found to be 1 KA direct AT,q of +7 K for AH = 14 T was detected at the second order
ferromagnetic-paramagnetic phase transition. Thaimdéd results have been discussed in terms of the
suppression of antiferromagnetic correlations wifte application of a strong magnetic field, and a
reversibility of the initial magnetic state of tMP with applied magnetic field when the MST coiresd
with Te.
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[ TINTRODUCTION

The off-stoichiometric Ni-Mn-In based Heusler aloywith compositions near
NispMnssinis undergo first order temperature-induced structonaitensitic transitions at T syT
near room temperature. The magnetic states of ifteteBmperature austenitic phase (AP) and
low temperature martensitic phase (MP) were founblet different in these compounds negr T
Thus, the martensitic transition can be induce@ttgrnal magnetic field and results in a jump-
like variation in the magnetization and magnetgoesive properties, i.e., it undergoes a
magnetostructural phase transition (MST). Magng#aositions of paramagnetic (PM) MP to a
PM austenitic phase, low-magnetization state (LBkamagnetic or antiferromagnetic) MP to
ferromagnetic AP, and ferromagnetic MP — paramagiéd® types have been reported at MSTs
in Ref. [1-4]. Normal and inverse magnetocaloffees (MCESs), exchange bias, temperature-
and field- induced phase transitions, giant mageststance, and giant Hall effects have been
observed in systems based onr¢MhnsoIny in the vicinity of x=15 [5-7]. Consequently, these
materials are attractive candidates for multifumtail devices, where magnetic and structural
characteristics may be manipulated by applied magfields. Since, the magnetocaloric effect
results from magnetization changes, remarkable M&lies and time dependency of adiabatic
temperature changes have already been reportethdee alloys [1, 5-14] and, in Ref. [15],
respectively. An important MCE parameter that cb@ndzes the applicability of materials for
magnetic refrigeration is the adiabatic temperatadnange 4T,q). However, for practical
applications besides high values/df,q its reversibility in cycling magnetic fields is pfimary
importance.

The AT q0f alloys based on BMnsg.nk with x~15 have been studied in the vicinity of
the phase transitions using direct measuremenRefn [4-13]. The largest measured changes
wereAT,q = -2 K and 2 K near the martensitic (first ordand ferromagnetic (second order, at
Tc) transitions forAH = 1.8 T, respectively [7, 11]. Our preliminary résushowed that these

values can be significantly enhanced up to ~11 & tige MST in strong magnetic fields (up to
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14'T) for the first magnetization cycle [12, 13 .largeAT,q0f -6.2 K/(AH =1.9 T) was reported
in Ref. [16] for a NisMngzs.4An13C0os alloy at the MST. However, the initial value &T ;4= -6.2
K observed for the first magnetization cycle wagnio to drop to about -2 K for the second and
subsequent cycles. Thus, the irreversibility/df,q was found to be about 70%. THAd ,4 Of
-128 K was measured for NCosMnse7Ini33 for the first cycle of a pulsed magnetic field
(AH=15T) in Ref. [16] but the reversibility was ragmonstrated.

In the manuscript, we report the dependence oM8& temperature of NiMn3zsinis on
magnetic field, and the associated reversibilityhdfy A nearly reversibl&AT,q0f about -10 K
(1 K less for the subsequent cycles) was obsemetthia vicinity of the MST. The observed
behavior has been attributed to specific featufethe magnetic states of both the MP and AP
close to the MST connected with strong antiferronedig correlations and the proximity to

long-range ferromagnetic order.

Il. EXPERIMENTAL DETAILS

The NioMngsings (nominal composition) compounds were fabricatedcbyventional
arc-melting in a high-purity argon atmosphere ugthgpurity elements and were subsequently
annealed in high vacuum (=10Torr) for 24 hours at 856C. The phase purities of the
compounds were confirmed by x-ray powder diffractiat room temperature using CuKa
radiation. Thermomagnetic curves M(H,T) have bemumed using a superconducting quantum
interference device (SQUID) magnetometer (by Quanidesign, USA) and by a Quantum
Design PPMS-9T platform in fields up to H = 5 T &nd, respectively, in a temperature interval
of 5-400 K. Magnetization (M) was measured in teeperature range (4.2-300) K by the
vibrating magnetometer method. As the source ofntiiagnetic field, an Oxford Instruments
superconducting solenoid was used, producing maghelds up to 14 T. Direct measurements
of ATap under applied magnetic fields up to 14 T were dosieg a Bitters electromagnet and

employing the “extraction/insertion” method (seedetails of this set-up in Ref. [13]). The time



of “extraction/insertion” from maximum to zero magwr fields regions was 2.5 s. Direct
measurements okTpp at AH=1.8 T have been done using an adiabatic magrietonater
(MagegMMS 801) in a temperature range of 250 K—B50'he external magnetic fields were
ramped at a rate of up to 2.0 T/s during the measents. The NiMnssinis samples were
heated to 380 K prior to the measurements. The ¢esiyre dependences of the magnetization,
M(T), at applied magnetic field (H) were carriedt @uring heating after the samples were

cooled from 380 K to 10 K at zero magnetic fieldF(@, and during a field-cooling cycle (FCC).

IIl. RESULTS AND DISCUSSION

A mixture of high temperature cubic AP and low temgiure MP was observed in the
room-temperature x-ray diffraction patterns. The MiRd AP were identified as orthorhombic
and cubic, respectively (see Fig. 1). The co-ereof AP and MP crystal phases results from
the austenitic and martensitic phase temperatuséetgsis originating from the temperature-
induced, first order structural transition.

The behavior of the magnetization curves was fotmdbe different at low and high
magnetic fields. The inverse (at)Tand direct (at §) martensitic transformations, and the FM-
PM (at Tc), are clearly identified from the jump-like chasge magnetization and inflection
points of the M(T) curves, respectively, at magnéglds H > 2 T (see Fig. 2). However, at low
magnetic fields (see for H=0.005 and 0.01 T in Rig.no features characteristic of the FM-PM
transition were observed. The obtained maximumeslof magnetization of about 0.3 emu/g
(on heating) and 1.2 emu/g (on cooling) of the it phase in the vicinity of the martensitic
transition (MT) are comparable to that of 0.6 emofgserved above the structural phase
transition from a paramagnetic martensitic state atoparamagnetic austenitic state in
NisoMnge gn135 Heusler alloys [14] at the same magnetic fiel@.0fL T. Taking into account the
small value of magnetization of the AP of about51026 emu/g at H= 0.01 T (see Fig. 2), one
can conclude that the AP phase remains in the ayaatic (or “quasiferromagnetic”) state at

low magnetic fields for all temperatures aboyg &nd therefore the hypothetical ®f the AP is
4



slightly below 7. The martensitic transformation temperaturgand Ty, are nearly constant at
magnetic fields less than 5 T, and decreases byt &8K at H=14 T (see Fig. 3). In our case the
MST is unconventional, namely, at low magneticdgelless than 2 T), the MST results in a
transition from a low magnetization MP to paramdgn&P, which state is very close to long-
range ferromagnetic order, the subsequent increaapplied magnetic field promotes the FM
ordering of AP, and therefore the decrease in thgansitic transition temperatures. Apparently,
in such a case when the MST occurs between twafpagnetic* phases one can expect the
reversibility for MCE, like in the case of MCE irafamagnetic salts at low temperatures. The
MST temperature can be described as a quadratitidnrof applied magnetic field (see Fig. 3).

An inverseATap of about -1 K (foAH= 1.8 T) and -11 K (foAH= 14 T), and théTap
of 1 K (forAH= 1.8 T) and about 7 K (faxH= 14 T) were observed at the first order MST, and
at the second order magnetic transition gtréspectively (see Fig. 4). Thus, the applicatba
strong magnetic fieldAH= 14 T) results in a giant increase AT p by about an order of
magnitude for both the first and second order items. Moreover, nearly reversible changes in
ATap of -10.4 K and -9.4 K were observed for the fastd subsequent magnetization cycles at
the MST forAH = 14 T (see Fig. 5).

TheATap at the second order transitions depends on tHeedppagnetic field a&Tap ~
AH?® (see, for example, in Refs. [11]). Therefore, itherease ofAH from 1.8 to 14 T should
provide about a four-fold increaseAi ap. However, the observed increaséif,p is more than
six-fold (see Fig. 4 for the second-order tranaiticGuch a discrepancy can be explained by the
magnetic inhomogeneity of the AP in the vicinity the MST. The inhomogeneity results in
antiferromagnetic correlations or antiferromagnégimning” of the magnetization originating
from antiferromagnetic coupling of the moments of M In atomic positions (anti-site Mn
moments) relative to properly located Mn momentsMm atomic sites in off-stoichiometry
Heusler alloys (for details see the Ref. [17-20[hus, the antiferromagnetic correlations

interfere with the ferromagnetic ordering, and i@gponsible for the virtually constani/T 4 in



the low and intermediate magnetic field regions(Bl T). In contrast, the strong magnetic fields
suppress the antiferromagnetic correlations, thepebviding the extra contribution to the MCE.
It can be clearly seen in Fig. 4 that the MCE iarhyeconstant with respect to temperatux@ ¢
1K) below MST. A temperature hysteresis of 2.5 Is baen observed fafTop in the vicinity of
the MST.

The adiabatic temperature changes induced by tteenet magnetic field changes in the
vicinity of the magnitostructural transition (T=3Xj as function of the time for several cycles
of magnetic field application are shown in FigureFsom the first and second magnetization
cycles, a giant invers&T,p of -10.4 K and -9.4 K were measured, respectialyemperatures
below and close to AT (see Fig. 5). The observed irreversibility is dabseven times smaller
compared to that reported for the Ni-Mn-In-5% Ctowl[16]. The difference is most likely
related to the difference in the magnetic stateshefaustenitic phases in the vicinity of the
martensitic transition. It has been reported tirathe case of the Ni-Mn-In-5% Co alloy, the
phase transition temperatures are separated anudttensitic transformation takes place well
below the T of austenitic phase. The low magnetization phasaesforms to the strong
ferromagnetic austenitic phase (M~100 emu/g, fo2H=at the temperature of the inverse
martensitic transition [16]. In contrast, the MS®rh low magnetization to the “paramagnetic”
austenitic phase (M~20 emu/g, at H=2T) was obsefmellisoMnssinis. The low magnetization
state is characterized by structural-magnetic bgtreity originating from the
austenite/martensite temperature hysteresis aratilded, based on magnetization behavior, as
an antiferromagnetic or paramagnetic state (see[Be&nd references therein). Therefore, the
low magnetization state in the vicinity and belowe ttemperature of the martensitic
transformation can be considered as austenitioygaetic inclusions in a martensitic “matrix”.
If the martensitic transformation occurs above Taeof the AP the ferromagnetic interaction in
AP is weak and can provide only short-range fergme#ic order. As a result the AP phase

remains paramagnetic but its magnetization carirbagly enhanced in applied magnetic fields,



therefore, a reversible magnetization process eaexpected. Consequently, a nearly reversible
ATap Was observed for BjMngsings at temperatures near and beloyw T
V. CONCLUSION

A nearly reversibleATq0f -10.4 K (-9.4 K for the second and subsequentesy was
observed in the close proximity to the MST fodWMnzsings . The reversibility of the MCE has
been explained by a nearly “reversible” magnetatesof the MP with applied magnetic field

when the MST coexists with the T
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Figuresand Figure Captions

Fig. 1: Powder XRD patterns of hMnssin;s at room temperature.

Fig. 2 ZFC and FCC M(T) curves for different applied memm fields. Ty and Ta are the
temperatures of the direct and inverse martertsaitsformations.

Fig. 3 The field dependence of the martensitic transit@nperatures.

Fig.4 (a) Temperature dependence of the adiabatic temuperahangeAT,q In NispMnszsings
alloys in an applied magnetic field of 14 T (insébws the same for H =1.8 T, the data were
taken from Ref. [12]) in the vicinity of the martatic transformation; (b) The corresponding
curves for a narrow temperature range in the aréantperature hysteresis.

Fig.5 The adiabatic temperature (left panel) and extamagnetic field (right panel) changes as
a function of timeobtained for a maximum value &fH=14 T at the first and subsequent

magnetization cycles at T = 315 K.
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Fig. 1: Powder XRD patterns of hMnssin;s at room temperature.
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*  The magnetic properties of NisgMnsslnys were studied in magnetic fieldsupto 14 T.
* NispMngslnis shows areversible (ATy) of -10.4 K.
» Thereversihility of the MCE was observed when the MST coexists with the Tc.



