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Large magnetic entropy change in a Heusler alloy N ¢Mn 3 Gay, 5 single crystal
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A large magnetic entropy chang&S| has been observed in Heusler alloygNMn,; :Ga, 5 single crystal
near the martensitic structural transition temperature of 300 K with applied field @f¥ig direction. The
obtained|AS| under an applied field of 5 T reaches 18.0 J/Kg(dérresponding 146 mJ/cimK). A more
important result is thatA S| can achieve constant increase of 4.0 J/Kg K for the field increase of every tesla.
The very large magnetic entropy change is attributed to the abrupt change of magnetization when the first-order
martensitic-austensitic structural transition takes place. The phenomena of the large magnetic entropy change
and the easy adjustment of the martensitic-austensitic transition-temperature indicate that the non-rare-earth
based Ni-Mn-Ga single-crystal materials may have potential applications as magnetic refrigerants.
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Magnetic refrigeration has attracted much attention due tentropy changeAS in a sample of Ni; Mn,, Gasg
its superiority over the gas refrigeration on energy savinggolycrystalliné* The achieved\S is positive, which reaches
and environmental concerns. A study of magnetocaloric ef4.1 J/kg K under a low field of 0.9 T. Single crystal, com-
fect in various magnetic solids is gaining worldwide pared with polycrystalline, can reduce the intergrain bound-
attention' =% Historically, many ferromagnets concerning aries and defects to the lowest limit and show sharper change
second-order transition were investigated in an attempt tof magnetization at structural-transition point. From this
achieve large magnetocaloric effedtiCE), of which the viewpoint and considering the strong interest for room-
rare-earth elemental Gd was considered to be the only usefi@mperature ~ magnetic  refrigerants, ~ we  chose
material as room-temperature magnetic refrigerants for &is,dMn,31Gay3single crystal with a transition point at 300
long time owing to its large MCE near room temperattire. K on heating, and found a very large magnetic entropy
Recently, the MCE involving a first-order phase transforma-change/AS|.
tion has attracted much investigatidh'’*®Several systems ~ The composition of the material was modified from the
undergoing a first-order magnetic transition have been foundtoichiometric Heusler alloy, BMnGa, in order to obtain a
to show very large MCE?® Usually, a first-order magnetic- material with martensitic transformation temperature near
phase transition concentrates magnetic entropy change toraom temperature. The starting material was prepared by arc
narrower temperature range in comparison with that of amelting appropriate amounts of Ni, Mn, and Ga with the
second-order magnetic-phase transformationpurity better than 99.9% in a high-purity (99.999%) Ar at-
Gd5(SiyGe,_,)4, X<0.5 alloys reported in literaturg9,10] mosphere. The single crystals were grown at a rate of
show giant magnetocaloric effects at a wide temperaturd8 mm/h by a Czochralski instruméftvith a Cu crucible
range between-50 and~280 K and it has been confirmed system, which is cold by waté?. The Ar pressure during
that the nature of the phase transition, which is responsiblgreparing the single crystals was about 1 atm with a base
for the large magnetocaloric effect, is a first-order transitiorvaccum of about % 10~° Pa. The single crystals were ori-
from a monoclinic to an orthorhombic structdreln this  ented by back-reflection Laue diffraction and cut into small
paper, we report the investigation of magnetic entropycylinders for magnetic measurements by ac susceptibility
change in Heusler alloy NiMn,;,Ga, 3 single crystal, and superconducting quantum interference device with field
which also involves a first-order transition. along[001] direction (¢ axis) of martensitic state. The com-

Heusler alloys Ni-Mn-Ga have attracted considerable infosition of the present sample was checked as
terests due to the observation of shape-memory effect antlis, Mno31Gay, 3 by inductively coupled plasma-atomic
superelasticity in these materidfs?2 Recently, large field- emission spectrometrfiCP-AES with error limit of +0.1.
induced-strains in single-crystal Ni-Mn-Ga alloys have alsoThe lattice parameter was determinedaasb=5.923 A, ¢
been observed near structural transition pothtSAs well-  =5.556 A (250 K), anda=b=c=5.828 A (350 K) for
known, ferromagnetic Heusler non-rare-earth based Nimartensitic and austenitic state, respectively, based on x-ray
Mn-Ga alloys undergo a first-order structural transition fromdiffraction measurements. Shown in Fig. 1 is the temperature
tetragonal martensite to cubic austenite on heatorgthe  dependence of the ac susceptibiljfy which exhibits very
reverse process on coolipgvhich brings about a fundamen- sharp changes at austenitic-martensitic and magnetic transi-
tal difference in the magnetic behavior of the low- tion points. The transition from martensitic to austenitic
temperature martensitic and high-temperature austenitiphase on heating or the reverse process on cooling is indi-
state, causing an abrupt change of the magnetization. Theated by the abrupt changesyafAt the Curie temperaturg
simultaneous change of structure and magnetic properties aharply decrease. The mark&g , T5, Tc, and temperature
transition temperature should strongly influence the magnetihysteresisAT in Fig. 1 are 292 K, 297 K, 345 K, 6 K,
entropy change. We have observed a considerable magnetiespectively.
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FIG. 1. Ac magnetic susceptibility as a function of tempera- FIG. 3. The dependence of the peak values/®§| for the

ture on cooling and heating. The inset is the temperature deperapplied field along the axis of the martensitic phase.
dence of magnetization with a field of 500 Oe al¢06§1] direction
measured on heating. 299 to 305 K. The magnetic-hysteresis-loop measurements
near the structural transition point indicate that the coercive
Shown in Fig. 2 is a series of isothermsl-H curves field is less than 200 Oe and the ratio of the remnant to
measured at different temperatures with field alpp@l] di-  saturation magnetization is less than 7% for martensitic
rection of martensitic state. The method of setting temperastate, while for austenitic state the coercive field less than 20
ture is of approaching the setting values by slow heating. Th®e and the ratio of the remnant to saturation magnetization
sweep rate of the field is slow enough to ensure the thermaéss than 1% were confirmed, which agrees well with the
equilibrium during the measurements. The isotherMaH  previous report$®?’ Hence theM-H curves can be consid-
curves fromT =297K to 310 K manifest the whole transfor- ered roughly reversible at any temperature near the transition
mation process. It is clear that at low temperature below thgoint.
transition point, for exampl& =297 K, the magnetization is The crossing point for th&1-H curves of martensite at
hard to saturate, which is a character of the martensiti@97 K and austenite at 310 K is about at 0.23 T, as shown in
phase, while at high temperature above transition point, fothe inset of Fig. 2. The transition from martensitic to auste-
exampleT=310 K, the magnetization is easy to saturatenitic state brings about an increase of magnetization below
indicating the austenitic phase. The temperature range &23 T and a decrease of magnetization above 0.23 T. It has
which both martensitic and austenitic states coexist is fronfpeen demonstrated that the magnetic entropy change can be
obtained using Maxwell relation as follows even for a system
—— T with first-order transition!”®

75_ NISZ.GMn23.1Ga24.3 i H (9M
field along [001] AS(T,H)=S(T,H)*S(T,O)=f ((ﬂ') dH. (1)
60- . Bl | 0 H
It is clear that the integral value &S is positive below
(o) 0.23 T. When the applied field reaches 0.45 T the positive
5 454 ] ASis offset, and further increasing field above 0.45 T results
= . ] in the net negativé S. The interesting behavior of the mag-
Q9 T ennn] netic entropy change should be ascribed to the fundamental
s 30 S| o8 ﬁ 1 magnetic properties of the sample. In polycrystalline
o) g f | Nisy Mn,, Gaps 5,2 the crossing point for thé-H curves
o ek g il of martensite and austenite is at the higher field of about 0.9
15 oK 0 ] T. It is understandable that the magnetic entropy change un-
00 02 04 06 08 10 ] der a field below 0.9 T is positive. It is found that the mag-
HM netic properties of Heusler alloys Ni-Mn-Ga are sensitive to
0 T the composition of Ni, Mn, and Ga, exhibiting a variation of
0 1 2 3 4 5 the crossing point in th&1-H curves of martensite and aus-
H(T) _tenite._ Th_e intrinsic origin of the phenomenon needs further
investigation.
FIG. 2. The isothermaM-H curves with field alond001] di- Plotted in Fig. 3 is the dependence of the peak values of
rection at different temperatures. The inset is the detaleti  |AS| on the applied field. It is found that tHA S| increases
curves at 297 K and 310 K. linearly with field at a rate of~4.0 J/kg K T when the field
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20 —— T tion. Although the sample cut from the single-crystal boule
for magnetization measurements is very small,3.53 mg
184 in weight, two phases with small difference of composition
164 ] may coexist, resulting in two-adjacent transitions. From the
] isothermalM-H curves shown in Fig. 2 it is also found that
144 4 with increasing temperature two abrupt decreases of satu-
] rated magnetization occur. The scope of the first decrease
& 12+ - from 300 to 302 K is 7.5 emu/g, and that of the second from
o ] 303 to 305 K is 2.35 emu/g, resulting in the difference of
x 10 7 the twoAS peak heights. Due to the influence of the applied
2 8 1 field the peak positions ofAS slightly shift to higher-
0 | ) temperature compared with the jump positions of ac suscep-
< 64 ] tibility y on heating. It is easy to understand that the propor-
] tion of the two phases directly influences the decrease scope
4 i of saturated magnetization and, further, the height of the two
AS peaks. This fact also tells us that the large valug\&|
21 . and the wide temperature range with largeS| may be
T achieved by controlling the composition distribution and im-
0 7 proving the technological process of single-crystal growth.
Usually, the saturated magnetization of low-temperature
24— A . :
297 300 303 306 309 martensite is higher than that of high-temperature austenite
by 10~20% 2422 For the present sample, due to the possi-
T(K) bility of two-phase coexistence, two-abrupt decreases of

magnetization take place with increasing temperature. The
combined result makes the saturated magnetization of mar-
tensitic state at low temperature 297 K is 45% higher than
that of austenitic state at high temperature 310 K. Further
study on the detailed structural analysis of the present sample
exceeds 1 T, which is attributed to the fact that both maris on the way and the result will be published elsewhere.
tensite and austenite have been magnetically saturated at a The origin of so larggAS| should be attributed to the
field of 1 T (Fig. 2. Shown in Fig. 4 is a series dfS(T) considerable ju_mp of magnetizatiqr) caused by .the first-order
under different applied fields from 0.2 T to 5 T. AlIS(T,H) struc_tural transition from martensitic to austenitic phase on
curves show two peaks and the higher one i§ 4800 K). heatm_g. It is known that both low-temperature martensite
The curve at 5 T gives a peak value|&fS|~ 18.0 J/kg K. It and hlgh-temp_e_rature austenite are ferrom_agnet. When the
is known that theA S| of GdsSi,Ge, and Gd are~18.5 and stru_ctural transition from tetragonal marten_sng to cubic aus-
~9.7 J/kg K at 276 K and 293 K, respectively, under atenlte occurs the dependence of magnetization on applied

same field Since the coolina-power per unit volume is a field changes strongly. In this transformation process the te-
' 9-p P tragonal unit-cell expands alorgaxis and contracts along

critical parameter.for a magn_etic refrigerator, we give thethe other two(In martensitic stateg/a~0.94 andc axis is
|AS| by volumetric units, which are-~146, ~136, and 1o easy ax®). The lower symmetry in martensitic phase
~ 77 mJ/crﬁ K for NigpdMings Gapss, GSbGe, and  gnpances the magnetocrystalline anisotropy, and due to the
Gd, respectively, under a same field of 5 T. The density ofpagnetoelastic interaction the elastic energy stored by mar-
Nisz M3 1Gaps 3 and G@Si,Ge, used in the unit transfor-  tensite gives rise to the magnetic anisotropy, which dominate
mation is estimated according to their structural symmetrithe magnetization proced$,as a result, causing a harder
and lattice parameté?:®® Obviously, the|AS| of present magnetization saturation and the saturated magnetization of
Nis, Mnas 1Gapy 3 With field along[001] direction is roughly  the former is higher than that of the latter, as shown in the
comparable with that of G&i,Ge, and notably exceeds that M-H curves in Fig. 2. The previous measurements on
of Gd near room temperature. Ni-Mn-G&’ indicated that the application of fields in the

It is worthy to note that the existence of two steps in themartensitic-state produces any of the following processes:
change of ac susceptibility on heating in Fig. 1 results in magnetic domain-wall motion, variant nucleation, twin-
two peaks oAS(T,H) shown in Fig. 4. The inset of Fig. 1 is boundary motion, and magnetization rotation. From the ap-
the temperature dependence of magnetization on heating uproximately reversibleM-H curves of the present sample at
der a field of 500 Oe, which shows two jumps as expectedhe martensitic state it can be inferred that the reversible
and in agreement with thg-T curve on heating. The two processes dominate in the magnetization process.
magnetization jumps in one sample can be a consequence of The large magnetic entropy chang&S| in Ni-Mn-Ga
the coexistence of two crystallographic phases. It is knowrsingle crystal is associated with the first-order phase transi-
that the structural transition temperature of Ni-Mn-Ga is verytion, the nature of which is the simultaneous occurrence of a
sensitive to the composition and the single crystal grown bymagnetic and a structural transition. This is similar to that in
present method usually has a small distribution of composiGd;Ge,Si,.*°

FIG. 4. Magnetic entropy change AS as a function of tem-
perature under different applied fields along thaxis of the mar-
tensitic phase.
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For the present Nj ¢Mn,3 :Ga, 3 Sample the thermal hys- controlled by adjusting the contents of Ni, Mn, Ga elements,
teresis of the transition on heating and cooling is about 6 Kwhich may help us in obtaining significafA S| in a wide
which is smaller than that of Fe-Rh(12 R)gnd wider than ~temperature range. In short, the discovery of so large mag-
that of G&Si,Ge,(2 K) Ref. 9 that is roughly reversible and N€tic_entropy change in a non-rare-earth based alloy Ni-
thus can be used as a magnetic refrigerant material. Usually{n-Ga single crystal near room temperature is of importance
the M-H curves of single crystal Ni-Mn-Ga samples on al- 10" Practical magnetic-refrigerant applications.
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