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Large magnetic entropy change in a Heusler alloy Ni52.6Mn23.1Ga24.3 single crystal
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A large magnetic entropy changeuDSu has been observed in Heusler alloy Ni52.6Mn23.1Ga24.3 single crystal
near the martensitic structural transition temperature of 300 K with applied field along@001# direction. The
obtaineduDSu under an applied field of 5 T reaches 18.0 J/Kg K~corresponding 146 mJ/cm3 K). A more
important result is thatuDSu 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 du
its superiority over the gas refrigeration on energy savi
and environmental concerns. A study of magnetocaloric
fect in various magnetic solids is gaining worldwid
attention.1–16 Historically, many ferromagnets concernin
second-order transition were investigated in an attemp
achieve large magnetocaloric effect~MCE!, of which the
rare-earth elemental Gd was considered to be the only us
material as room-temperature magnetic refrigerants fo
long time owing to its large MCE near room temperature15

Recently, the MCE involving a first-order phase transform
tion has attracted much investigation.8,9,17,18Several systems
undergoing a first-order magnetic transition have been fo
to show very large MCE.8,9 Usually, a first-order magnetic
phase transition concentrates magnetic entropy change
narrower temperature range in comparison with that o
second-order magnetic-phase transformati
Gd5(SixGe12x)4 , x<0.5 alloys reported in literature@9,10#
show giant magnetocaloric effects at a wide tempera
range between;50 and;280 K and it has been confirme
that the nature of the phase transition, which is respons
for the large magnetocaloric effect, is a first-order transit
from a monoclinic to an orthorhombic structure.19 In this
paper, we report the investigation of magnetic entro
change in Heusler alloy Ni52.6Mn23.1Ga24.3 single crystal,
which also involves a first-order transition.

Heusler alloys Ni-Mn-Ga have attracted considerable
terests due to the observation of shape-memory effect
superelasticity in these materials.20–22 Recently, large field-
induced-strains in single-crystal Ni-Mn-Ga alloys have a
been observed near structural transition points.21,23As well-
known, ferromagnetic Heusler non-rare-earth based
Mn-Ga alloys undergo a first-order structural transition fro
tetragonal martensite to cubic austenite on heating~or the
reverse process on cooling!, which brings about a fundamen
tal difference in the magnetic behavior of the low
temperature martensitic and high-temperature auste
state, causing an abrupt change of the magnetization.
simultaneous change of structure and magnetic propertie
transition temperature should strongly influence the magn
entropy change. We have observed a considerable mag
0163-1829/2001/64~13!/132412~4!/$20.00 64 1324
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entropy changeDS in a sample of Ni51.5Mn22.7Ga25.8

polycrystalline14 The achievedDS is positive, which reaches
4.1 J/kg K under a low field of 0.9 T. Single crystal, com
pared with polycrystalline, can reduce the intergrain bou
aries and defects to the lowest limit and show sharper cha
of magnetization at structural-transition point. From th
viewpoint and considering the strong interest for roo
temperature magnetic refrigerants, we cho
Ni52.6Mn23.1Ga24.3single crystal with a transition point at 30
K on heating, and found a very large magnetic entro
changeuDSu.

The composition of the material was modified from t
stoichiometric Heusler alloy, Ni2MnGa, in order to obtain a
material with martensitic transformation temperature n
room temperature. The starting material was prepared by
melting appropriate amounts of Ni, Mn, and Ga with t
purity better than 99.9% in a high-purity (99.999%) Ar a
mosphere. The single crystals were grown at a rate
18 mm/h by a Czochralski instrument24 with a Cu crucible
system, which is cold by water.25 The Ar pressure during
preparing the single crystals was about 1 atm with a b
vaccum of about 531025 Pa. The single crystals were or
ented by back-reflection Laue diffraction and cut into sm
cylinders for magnetic measurements by ac susceptib
and superconducting quantum interference device with fi
along@001# direction (c axis! of martensitic state. The com
position of the present sample was checked
Ni52.6Mn23.1Ga24.3 by inductively coupled plasma-atomi
emission spectrometry~ICP-AES! with error limit of 60.1.
The lattice parameter was determined asa5b55.923 Å, c
55.556 Å (250 K), anda5b5c55.828 Å (350 K) for
martensitic and austenitic state, respectively, based on x
diffraction measurements. Shown in Fig. 1 is the tempera
dependence of the ac susceptibilityx, which exhibits very
sharp changes at austenitic-martensitic and magnetic tra
tion points. The transition from martensitic to austeni
phase on heating or the reverse process on cooling is i
cated by the abrupt changes ofx. At the Curie temperaturex
sharply decrease. The markedTM , TA , TC , and temperature
hysteresisDT in Fig. 1 are 292 K, 297 K, 345 K, 6 K,
respectively.
©2001 The American Physical Society12-1
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Shown in Fig. 2 is a series of isothermalM -H curves
measured at different temperatures with field along@001# di-
rection of martensitic state. The method of setting tempe
ture is of approaching the setting values by slow heating.
sweep rate of the field is slow enough to ensure the ther
equilibrium during the measurements. The isothermalM -H
curves fromT5297K to 310 K manifest the whole transfo
mation process. It is clear that at low temperature below
transition point, for exampleT5297 K, the magnetization is
hard to saturate, which is a character of the martens
phase, while at high temperature above transition point,
exampleT5310 K, the magnetization is easy to satura
indicating the austenitic phase. The temperature rang
which both martensitic and austenitic states coexist is fr

FIG. 1. Ac magnetic susceptibilityx as a function of tempera
ture on cooling and heating. The inset is the temperature de
dence of magnetization with a field of 500 Oe along@001# direction
measured on heating.

FIG. 2. The isothermalM -H curves with field along@001# di-
rection at different temperatures. The inset is the detailedM -H
curves at 297 K and 310 K.
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299 to 305 K. The magnetic-hysteresis-loop measurem
near the structural transition point indicate that the coerc
field is less than 200 Oe and the ratio of the remnant
saturation magnetization is less than 7% for martens
state, while for austenitic state the coercive field less than
Oe and the ratio of the remnant to saturation magnetiza
less than 1% were confirmed, which agrees well with
previous reports.26,27 Hence theM -H curves can be consid
ered roughly reversible at any temperature near the trans
point.

The crossing point for theM -H curves of martensite a
297 K and austenite at 310 K is about at 0.23 T, as show
the inset of Fig. 2. The transition from martensitic to aus
nitic state brings about an increase of magnetization be
0.23 T and a decrease of magnetization above 0.23 T. It
been demonstrated that the magnetic entropy change ca
obtained using Maxwell relation as follows even for a syst
with first-order transition9,17,18

DS~T,H !5S~T,H !2S~T,0!5E
0

HS ]M

]T D
H

dH. ~1!

It is clear that the integral value ofDS is positive below
0.23 T. When the applied field reaches 0.45 T the posit
DS is offset, and further increasing field above 0.45 T resu
in the net negativeDS. The interesting behavior of the mag
netic entropy change should be ascribed to the fundame
magnetic properties of the sample. In polycrystalli
Ni51.5Mn22.7Ga25.8,14 the crossing point for theM -H curves
of martensite and austenite is at the higher field of about
T. It is understandable that the magnetic entropy change
der a field below 0.9 T is positive. It is found that the ma
netic properties of Heusler alloys Ni-Mn-Ga are sensitive
the composition of Ni, Mn, and Ga, exhibiting a variation
the crossing point in theM -H curves of martensite and aus
tenite. The intrinsic origin of the phenomenon needs furt
investigation.

Plotted in Fig. 3 is the dependence of the peak values
uDSu on the applied field. It is found that theuDSu increases
linearly with field at a rate of;4.0 J/kg K T when the field

n-
FIG. 3. The dependence of the peak values ofuDSu for the

applied field along thec axis of the martensitic phase.
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exceeds 1 T, which is attributed to the fact that both m
tensite and austenite have been magnetically saturated
field of 1 T ~Fig. 2!. Shown in Fig. 4 is a series ofDS(T)
under different applied fields from 0.2 T to 5 T. AllDS(T,H)
curves show two peaks and the higher one is atTA(300 K).
The curve at 5 T gives a peak value ofuDSu;18.0 J/kg K. It
is known that theuDSu of Gd5Si2Ge2 and Gd are;18.5 and
;9.7 J/kg K at 276 K and 293 K, respectively, under
same field.9 Since the cooling-power per unit volume is
critical parameter for a magnetic refrigerator, we give t
uDSu by volumetric units, which are;146, ;136, and
;77 mJ/cm3 K for Ni52.6Mn23.1Ga24.3, Gd5Si2Ge2, and
Gd, respectively, under a same field of 5 T. The density
Ni52.6Mn23.1Ga24.3 and Gd5Si2Ge2 used in the unit transfor
mation is estimated according to their structural symme
and lattice parameter.28,29 Obviously, the uDSu of present
Ni52.6Mn23.1Ga24.3 with field along@001# direction is roughly
comparable with that of Gd5Si2Ge2 and notably exceeds tha
of Gd near room temperature.

It is worthy to note that the existence of two steps in t
change of ac susceptibilityx on heating in Fig. 1 results in
two peaks ofDS(T,H) shown in Fig. 4. The inset of Fig. 1 i
the temperature dependence of magnetization on heating
der a field of 500 Oe, which shows two jumps as expec
and in agreement with thex-T curve on heating. The two
magnetization jumps in one sample can be a consequen
the coexistence of two crystallographic phases. It is kno
that the structural transition temperature of Ni-Mn-Ga is ve
sensitive to the composition and the single crystal grown
present method usually has a small distribution of comp

FIG. 4. Magnetic entropy change2DS as a function of tem-
perature under different applied fields along thec-axis of the mar-
tensitic phase.
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tion. Although the sample cut from the single-crystal bou
for magnetization measurements is very small,;13.53 mg
in weight, two phases with small difference of compositi
may coexist, resulting in two-adjacent transitions. From
isothermalM -H curves shown in Fig. 2 it is also found tha
with increasing temperature two abrupt decreases of s
rated magnetization occur. The scope of the first decre
from 300 to 302 K is 7.5 emu/g, and that of the second fr
303 to 305 K is 2.35 emu/g, resulting in the difference
the twoDS peak heights. Due to the influence of the appli
field the peak positions ofDS slightly shift to higher-
temperature compared with the jump positions of ac susc
tibility x on heating. It is easy to understand that the prop
tion of the two phases directly influences the decrease sc
of saturated magnetization and, further, the height of the
DS peaks. This fact also tells us that the large values ofuDSu
and the wide temperature range with largeuDSu may be
achieved by controlling the composition distribution and im
proving the technological process of single-crystal growth

Usually, the saturated magnetization of low-temperat
martensite is higher than that of high-temperature auste
by 10;20%.21,22 For the present sample, due to the pos
bility of two-phase coexistence, two-abrupt decreases
magnetization take place with increasing temperature.
combined result makes the saturated magnetization of m
tensitic state at low temperature 297 K is 45% higher th
that of austenitic state at high temperature 310 K. Furt
study on the detailed structural analysis of the present sam
is on the way and the result will be published elsewhere

The origin of so largeuDSu should be attributed to the
considerable jump of magnetization caused by the first-or
structural transition from martensitic to austenitic phase
heating. It is known that both low-temperature martens
and high-temperature austenite are ferromagnet. When
structural transition from tetragonal martensite to cubic a
tenite occurs the dependence of magnetization on app
field changes strongly. In this transformation process the
tragonal unit-cell expands alongc axis and contracts along
the other two~In martensitic state,c/a;0.94 andc axis is
the easy axis27!. The lower symmetry in martensitic phas
enhances the magnetocrystalline anisotropy, and due to
magnetoelastic interaction the elastic energy stored by m
tensite gives rise to the magnetic anisotropy, which domin
the magnetization process,30 as a result, causing a harde
magnetization saturation and the saturated magnetizatio
the former is higher than that of the latter, as shown in
M -H curves in Fig. 2. The previous measurements
Ni-Mn-Ga27 indicated that the application of fields in th
martensitic-state produces any of the following process
magnetic domain-wall motion, variant nucleation, twi
boundary motion, and magnetization rotation. From the
proximately reversibleM -H curves of the present sample
the martensitic state it can be inferred that the revers
processes dominate in the magnetization process.

The large magnetic entropy changeuDSu in Ni-Mn-Ga
single crystal is associated with the first-order phase tra
tion, the nature of which is the simultaneous occurrence o
magnetic and a structural transition. This is similar to that
Gd5Ge2Si2.19
2-3
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For the present Ni52.6Mn23.1Ga24.3 sample the thermal hys-
teresis of the transition on heating and cooling is about 6
which is smaller than that of Fe-Rh(12 K),5 and wider than
that of Gd5Si2Ge2(2 K) Ref. 9 that is roughly reversible and
thus can be used as a magnetic refrigerant material. Usu
the M -H curves of single crystal Ni-Mn-Ga samples on a
tering field are roughly reversible for both martensitic an
austenitic state.26,27 Thermal hysteresis of single crystal Ni
Mn-Ga can be improved by controlling the composition an
the crystal-growth technique. A small thermal hysteresis o
K has been observed in a recent report.27 A more exciting
characteristic of the ferromagnetic Heusler Ni-Mn-Ga is th
the martensitic-austenitic transition temperature can be ea
u

c

e

t

.

l

s
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controlled by adjusting the contents of Ni, Mn, Ga elemen
which may help us in obtaining significantuDSu in a wide
temperature range. In short, the discovery of so large m
netic entropy change in a non-rare-earth based alloy
Mn-Ga single crystal near room temperature is of importa
for practical magnetic-refrigerant applications.

This work was supported by the State Key Project of F
damental Research and the National Nature Science Fou
tion of China. This work was also partially supported by t
Beijing Nature Science Foundation of China. Helpful discu
sions with Professor Wen Dai~Cryogenic Laboratory, Chi-
nese Academy of Sciences! are gratefully acknowledged
The authors would also like to thank Dr. J. Wang for his he
3

,

.

.:

,

-

.

l.

i,

s,

n,

s.

r.,

-

*Correspondence address: State Key Lab. of Magnetism, Instit
of Physics, Chinese Academy of Sciences, P.O. Box 60
Beijing 100080, PR China. Email address: hufx@g203.iphy.ac.

1G.V. Brown, J. Appl. Phys.47, 3673~1976!.
2K.A. Gschneidner, Jr., H. Takeya, J.O. Moorman, and V.K. P

charskyl, Appl. Phys. Lett.64, 253 ~1994!.
3R.D. McMichael, R.D. Shull, L.J. Swartzendruber, L.H. Bennet

and R.E. Watson, J. Magn. Magn. Mater.111, 29 ~1992!.
4Y.Z. Shao, J. Zhang, J.K.L. Lai, and C.H. Shek, J. Appl. Phys.80,

76 ~1996!.
5M.P. Annaorazov, S.A. Nikitin, A.L. Tyurin, K.A. Asatryan, and

A.Kh. Dovletov, J. Appl. Phys.79, 1689~1996!.
6X.X. Zhang, J. Tajada, Y. Xin, G.F. Sunm, K.W. Wong, and X

Bohigas, Appl. Phys. Lett.69, 3596~1996!.
7Z.B. Guo, J.R. Zhang, H. Huang, W.P. Ding, and Y.W. Du, App

Phys. Lett.70, 904 ~1997!.
8Z.B. Guo, Y.W. Du, J.S. Zhu, H. Huang, W.P. Ding, and D. Feng

Phys. Rev. Lett.78, 1142~1997!.
9V.K. Pecharsky and K.A. Gschneidner, Jr., Phys. Rev. Lett.78,

4494 ~1997!.
10V.K. Pecharsky and K.A. Gschneidner, Jr., Appl. Phys. Lett.70,

3299 ~1997!.
11S.Yu. Dan’kov, A.M. Tishin, V.K. Pecharsky, and K.A.

Gschneidner, Jr., Phys. Rev. B57, 3478~1998!.
12A.M. Tishin, K.A. Gschneidner, Jr., and V.K. Pecharsky, Phys

Rev. B59, 503 ~1999!.
13X. Bohigas, J. Tajada, E.Del. Barco, X.X. Zhang, and M. Sale

Appl. Phys. Lett.73, 390 ~1998!.
14F.X. Hu, B.G. Shen, and J.R. Sun, Appl. Phys. Lett.76, 3460

~2000!.
15V.K. Pecharsky and K.A. Gschneidner, Jr., J. Magn. Magn. Mate

200, 44 ~1999!.
te
,
n

-

,

.

,

r.

16A. Giguere, M. Foldeaki, W. Schnelle, and E. Gmelin, J. Phys
Condens. Matter11, 6969~1999!.

17J.R. Sun, F.X. Hu, and B.G. Shen, Phys. Rev. Lett.85, 4191
~2000!.

18K.A. Gschneidner, Jr., V.K. Pecharsky, E. Bruck, H.G.M. Duijn
and E.M. Levin, Phys. Rev. Lett.85, 4190~2000!.

19L. Morellon, P.A. Algarabel, M.R. Ibarra, J. Blasco, B. Garcia
Landa, Z. Arnold, and F. Albertini, Phys. Rev. B58, R14 721
~1998!.

20V.A. Chernenko, E. Cesari, V.V. Kokorin, and I.N. Vitenko, Scr
Metall. Mater.33, 1239~1995!.

21K. Ullakko, J.K. Huang, C. Kantner, and R.C. O’Handley, App
Phys. Lett.69, 1966~1996!.

22A.N. Vasil’ev, A.D. Bozhko, and V.V. Khovailo, Phys. Rev. B59,
1113 ~1999!.

23G.H. Wu, C.H. Yu, L.Q. Meng, J.L. Chen, F.M. Yang, S.R. Q
and W.S. Zhan, Appl. Phys. Lett.75, 2990~1999!.

24A.E. Clark, J.D. Verhoeven, O.D. Gibson, and O.D. McMaster
IEEE Trans. Magn.22, 973 ~1986!.

25G.H. Wu, X.G. Zhao, J.H. Wang, J.Y. Li, K.C. Jia, and W.S. Zha
Appl. Phys. Lett.67, 2005~1995!.

26R.C. O’Handley, J. Appl. Phys.83, 3263~1998!.
27R. Tickle and R.D. James, J. Magn. Magn. Mater.195, 627

~1999!.
28P.J. Webster, K.R.A. Ziebeck, S.L. Town, and M.S. Peak, Philo

Mag. B 49, 295 ~1984!.
29W. Choe, V.K. Pecharsky, A.O. Pecharsky, K.A. Gschneidner, J

V.G. Young, Jr., and G.J. Miller, Phys. Rev. Lett.84, 4617
~2000!.

30V.A. L’vov, E.V. Gomonaj, and V.A. Chernenko, J. Phys.: Con
dens. Matter10, 4587~1998!.
2-4


