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Magnetic refrigeration based on the magnetocaloric effect (MCE) may provide an energy-efficient

and environment-friendly alternative to the conventional gas compression/expansion cooling

technology. For potential applications, low-cost and high-performance magnetic refrigerants are in

great need. Here, we demonstrate that giant MCE can be achieved in annealed Ni52Mn26Ga22

ribbons with magneto-multistructural transformation. It yields a maximum magnetic entropy

change of �30.0 J kg�1 K�1 at the magnetic field change of 5 T, being almost three times as that of

initial melt-spun ribbons and comparable to or even superior to that of polycrystalline bulk alloys.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863273]

The magnetocaloric effect (MCE) is an intrinsic

magneto-thermodynamic property of magnetic materials,

quantified by magnetic entropy change DSM or adiabatic

temperature change DTad when subjected to a magnetic field

change loDH.1 Based on this effect, magnetic refrigeration

has been demonstrated to be an energy-efficient and

environment-friendly alternative to conventional vapor-cycle

refrigeration technology. In search for prospective magnetic

refrigerant materials, ferromagnetic Ni-Mn-X (X¼Ga, In,

Sn, and Sb) Heusler-type alloys2–8 are of particular interest.

Such alloys exhibit thermoelastic martensitic transformation

with a wide tunable temperature range, and the combined

structural and magnetic contributions bring about not only

considerable magnetic shape memory effect9–11 but also

giant MCE.2,3,5,7,8

For Ni-Mn-Ga alloys, a large entropy change can be

induced by magnetic field change at the vicinity of marten-

sitic or magnetic transition.12 If the martensitic transforma-

tion is tuned to be coupled with the magnetic transition, i.e.,

the magnetostructural transformation, the MCE becomes

giant.3,12 Currently, large MCE has been observed in single

crystals,3 polycrystalline bulk alloys,12–20 and melt-spun rib-

bons21,22 with magneto-unistructural transformation. The

highest DSM of �86 J kg�1 K�1 was achieved in single-

crystalline Ni55Mn20Ga25 alloy at a magnetic field change of

about 5 T.3 However, the high cost and complexity associ-

ated with the fabrication of single crystals becomes an

unavoidable hindrance for practical applications.

Magnetic refrigerant materials are more likely to be

used in polycrystalline form, since they can be produced at

relatively low cost and on large scale using continuous fab-

rication processes such as casting, melt-spinning, and

sintering. Obviously, the existence of crystal defects in

polycrystalline alloys would lower the magnetic entropy

change and hence the MCE. For example, the DSM was

found to be �20.4 J kg�1 K�1 in polycrystalline Ni55.2Mn18.6

Ga26.2 bulk alloy13 and �20 J kg�1 K�1 in polycrystalline

Ni57.25Mn22.25Ga20.5 bulk alloy17 under loDH¼ 5 T.

In general, bulk Heusler-type alloys are intrinsically brit-

tle and thus difficult to be processed. As a viable alternative to

conventional preparation, the rapid solidification by melt-

spinning has proven to be an effective single-step route for

fabricating refrigerant alloys.4,6,21–25 This approach can lower

the brittleness of produced materials through microstructure

refinement. Moreover, it may offer an ideal geometrical shape

for use in refrigeration devices, as the influence of the demag-

netizing factor on the DSM becomes negligible when ribbon-

shaped refrigerants are magnetized along their longitudinal

directions. Therefore, thin ribbons produced by melt-spinning

seem to be more promising for practical applications in view

of their mechanical properties and the demagnetization effect.

However, the enhanced atomic disordering in fine-grained rib-

bons may lead to a much decreased DSM, even less than that

of polycrystalline bulk alloys. Our recent work has shown that

the maximum DSM in melt-spun Ni52Mn26Ga22 ribbons with

magnetostructural transformation is �11.4 J kg�1 K�1 under

loDH¼ 5 T.22

From the survey of the literature, one can find that the

state of atomic ordering and the occurrence of magnetostruc-

tural transformation are the key factors that influence the

DSM of Ni-Mn-Ga alloys. On one hand, the existence of

grain boundaries in polycrystalline alloys decreases the DSM.

On the other hand, a simultaneous magnetic and structure

transformation maximizes the DSM. It should be noted that

two types of structural transformations, namely, martensitic

transformation and intermartensitic transformation,26–28

have been evidenced in Ni-Mn-Ga alloys upon cooling and
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heating. However, the second structural transformation

remains to be explored for enhancing DSM, as the simultane-

ity of the two structural transformations and the magnetic

transition has not been reported in any previous work.

In this study, based on composition tuning, polycrystalline

Ni52Mn26Ga22 thin ribbons were prepared by melt-spinning.22

The as-melt-spun ribbon samples were annealed in vacuum

at 1173 K for 18 h, capable of enhancing the atomic order-

ing and introducing an intermartensitic transformation

coupled with the magnetostructural transformation (i.e., the

magneto-multistructural transformation). The characteristic

martensitic transformation temperatures were measured by

differential scanning calorimetry (DSC). The crystal struc-

ture was determined at room temperature by X-ray diffrac-

tion (XRD). The microstructural characterizations were

performed in a field emission scanning electron microscope

(SEM) with electron backscatter diffraction (EBSD).

Magnetization measurements were performed by vibrating

sample magnetometry in a Quantum Design PPMS
VR

EverCool
VR

-9T platform, where the magnetic field was

applied along the longitudinal direction of the ribbon sam-

ples in order to minimize the effect of the internal demag-

netizing field.

Fig. 1(a) shows the room temperature XRD patterns of

the as-melt-spun and annealed Ni52Mn26Ga22 ribbons. The

as-melt-spun ribbons have a single-phase microstructure

containing only seven-layered modulated (7M) martensite.

In contrast, the annealed ribbons possess a mixture of 7M

martensite and non-modulated (NM) martensite, suggesting

the occurrence of the 7M to NM intermartensitic transforma-

tion induced by post-annealing. By Rietveld refinement anal-

ysis, the 7M martensite was determined to be a monoclinic

incommensurate superstructure28–30 with lattice constants

a¼ 4.263 Å, b¼ 5.523 Å, c¼ 42.265 Å, and b¼ 93.2�, and

the NM martensite a tetragonal structure with lattice con-

stants a¼ b¼ 3.882 Å and c¼ 6.531 Å.

Table I presents the martensitic transformation tempera-

tures (Ms, Mf, As, and Af), and the magnetic transition tempera-

ture (TC) of the as-melt-spun and annealed ribbons. For the

annealed ribbons, certain increases are evident in the marten-

sitic and magnetic transition temperatures due to the reduction

of crystal defects. Moreover, from the temperature-dependent

magnetization M(T) curves [Fig. 1(b)], it is noted that the mag-

netic transition and the martensitic transformation occurred

almost simultaneously. Together with the XRD phase identifi-

cation, one can find that the magnetic transition is coupled

with a two-step structural transition (austenite–7M–NM), i.e.,

magneto-multistructural transformation. Such a coupling has

certainty not been reported for Ni-Mn-Ga alloys. As the aus-

tenite and martensite phases are, respectively, paramagnetic

and ferromagnetic, an abrupt and relatively large magnetiza-

tion change across the martensitic transformation is observed.

By comparing the low-field (5 mT) and high-field (5 T) M(T)

curves [Fig. 1(b)], it is found that the application of a magnetic

field of 5 T leads to an insignificant increase of the structural

transformation temperatures (�3 K) at which the martensitic

and intermartensitic transformations take place concurrently.

Fig. 2(a) shows the secondary electron image taken from

the fractured cross-section of an annealed ribbon, where initial

austenite grains are columnar in shape and stretch through the

whole ribbon thickness. As compared to the as-melt-spun rib-

bons, the high temperature annealing has brought about a re-

markable increase in the grain size of initial austenite, thus

greatly reducing the amount of grain boundaries. Fig. 2(b) dis-

plays a typical backscattered electron (BSE) image taken from

the ribbon plane of the annealed ribbon. The martensite plates

that transformed from parent austenite grains (about

50–100 lm in size) are clustered in colonies. Further EBSD

microstructural characterization has revealed that there exist

both 7M and NM martensite in some original austenite grains.

Figs. 2(c) and 2(d) present an EBSD phase-indexed map cov-

ering the co-existing 7M and NM martensite in one original

austenite grain and the corresponding orientation map.

Notably, the NM martensite plates are much thicker than the

7M martensite plates. As demonstrated previously,28 the plate

FIG. 1. (a) Room temperature XRD patterns of as-melt-spun (top) and

annealed (bottom) ribbons. (b) Temperature-dependent magnetization M(T)

curves of annealed ribbons under magnetic field of 5 mT and 5 T. The arrows

indicate the field-cooling and field-heating pathways.

TABLE I. Martensitic and magnetic transition temperatures of as-melt-spun

and annealed ribbons determined from DSC and low-field M(T) curves.

TC (K)

Sample MS (K) Mf (K) AS (K) Af (K) Cooling Heating

As-melt-spun 346 332 341 354 350 351

Annealed 353 339 348 361 354 356

044101-2 Li et al. Appl. Phys. Lett. 104, 044101 (2014)



interfaces of 7M martensite are coherent and should have low

energy, whereas the plate interfaces of NM martensite are

non-coherent with high energy. Thus, the intermartensitic

transformation from 7M martensite to NM martensite is

accompanied by plate thickening, which results in a reduction

of the total interfacial energy. Moreover, it is found that the

7M to NM transformation always occurs in austenite grains

with much larger size. This might be due to the fact that larger

austenite grains are subject to less constraint from surround-

ings and have a propensity for 7M martensite to be further

transformed into NM martensite.

Fig. 3(a) presents the magnetization isotherms M(loH)

of the annealed ribbons, measured up to a maximum applied

field of loHmax¼ 5 T. As compared to the as-melt-spun rib-

bons, the martensite of the annealed ribbons possesses higher

saturation magnetization (e.g., increased by 9.3% at 300 K).

Using the measured M(loH) curves, the isothermal magnetic

entropy changes were calculated by numerical integration of

the Maxwell relation,31 i.e., DSMðTÞ ¼
Ð Bmax

o ð@M=@TÞBdB.

Fig. 3(b) plots the calculated DSM values as a function

of temperature under the field change of 2 T and 5 T.

Notably, the DSM reaches the maximum level (DSM
max) at

around 354 K, i.e., at the vicinity of the magneto-

multistructural transition temperature. They are, respectively,

�16.4 J kg�1 K�1 and �30.0 J kg�1 K�1 for loDH ¼ 2 T and

5 T, being almost three times as those of the as-melt-spun rib-

bons (i.e., �5.3 J kg�1 K�1 and �11.4 J kg�1 K�1).22 Besides,

the observed DSM
max values are also much higher than those

reported for Ni55Mn20.6Ga24.4 and Ni55Mn19.6Ga25.4 ribbons

(i.e., �9.5 J kg�1 K�1 and �10.4 J kg�1 K�1 at 309 K under

loDH ¼ 2 T).21 Such a remarkable increase of DSM
max should

be attributed to the enhanced atomic ordering and the

magneto-multistructural coupling.

Fig. 4 presents the absolute DSM
max values as a function

of magnetic field change for the present annealed ribbons

with magneto-multistructural transformation. They are com-

parable to or even higher than those reported for polycrystal-

line Ni-Mn-Ga bulk alloys having magneto-unistructural

transformation. Moreover, to assess the usefulness of a mag-

netocaloric material, one should consider not only the mag-

nitude of DSM but also its temperature dependence. Here,

the so-called refrigerant capacity (RC) is used to estimate the

amount of thermal energy that can be transferred by

FIG. 2. (a) Secondary electron image from fractured cross-section of an

annealed ribbon sample. (b) BSE image of the ribbon plane. (c) EBSD

phase-indexed map showing the co-existence of 7M martensite and NM

martensite in an original austenite grain, where 7M martensite is colored in

green and NM martensite in grey. (d) EBSD orientation imaging map corre-

sponding to Fig. 2(c).

FIG. 3. (a) Isothermal magnetization curves M(loH) in the temperature

range of 300–400 K. (b) Temperature dependence of �DSM under

loDH¼ 2 T and 5 T. The thermomagnetic protocol followed to measure the

isothermal magnetization curves has been carefully chosen in order to avoid

any over- or under-estimation of �DSM using the Maxwell relation. Note

that the coincidence between the temperature at which maximum magnetic

entropy change is attained and the temperature indicated by DSC and low-

field M(T) curves.

FIG. 4. Field dependence of maximum absolute magnetic entropy change—a

comparison between the present annealed Ni52Mn26Ga22 ribbons and the poly-

crystalline Ni-Mn-Ga bulk alloys reported in literature.

044101-3 Li et al. Appl. Phys. Lett. 104, 044101 (2014)



magnetic refrigerant between the cold and hot sinks in one

ideal thermodynamic cycle.32,33 In approximation, the RC is

described by RC¼DSM
max�dTFWHM, where dTFWHM is the full

width at half maximum (FWHM) of the DSM(T) peak. For the

present annealed ribbons, the RC values were calculated to be

75 J kg�1 (loDH¼ 5 T) and 33 J kg�1 (loDH¼ 2 T).

Fig. 5(a) and the inset of Fig. 5(b) show the field-up and

field-down isothermal magnetization M(loH) curves recorded,

respectively, up to loHmax ¼ 5 T and 2 T, where the inverse

martensitic transformation was thermally induced. At the tem-

perature range of 353–356 K, the demagnetization process

exhibits magnetic hysteresis. The hysteresis loss values at dif-

ferent temperatures were determined by calculating the areas

enclosed by the field-up and field-down M(loH) curves.23,32

Fig. 5(b) plots the hysteretic losses as a function of tempera-

ture for a field change of 2 T and 5 T, where the maximum

loss reaches �1.7 J kg�1 and �11.3 J kg�1 at �354.5 K. Note

that the hysteretic losses reduce considerably for 2 T—a refer-

ence magnetic field change of practical importance for appli-

cation. Certainly, the hysteretic losses associated with

magnetic transition are detrimental to the RC.32,33 By subtract-

ing the average hysteretic losses, the effective RC values of

the annealed ribbons were determined to be 70 J kg�1 and

32 J kg�1 for loDHmax¼ 5 T and 2 T, respectively. Hence, the

refrigerant capacity at 2 T is not significantly affected by the

magnetic hysteretic loss.

It is worth mentioning that the temperature range

(353–356 K) exhibiting magnetic hysteresis in the annealed

ribbons is just located within the temperature range of the

magneto-multistructural transformation. From the slope

change shown in the field-up and field-down M(loH) curves

[Fig. 5(a)], it is inferred that the transformation from paramag-

netic austenite to ferromagnetic martensite was induced by

magnetic field. Thus, the observed hysteresis should be origi-

nated from the field-induced phase transformation. As demon-

strated in the present case, during the magneto-multistructural

transformation, the structural transformation is no longer a

single martensitic transformation from austenite to 7M mar-

tensite, but integrated with consecutive 7M to NM intermar-

tensitic transformation. The occurrence of the intermartensitic

transformation imposes an additional transformation barrier

on the reversible magnetostructural transformation due to the

crystal lattice distortion between the two martensitic phases

and the interfacial energy change of their plate interfaces. In

comparison with the forward two-step transformation, the

inverse transformation from the ground state NM martensite

to the austenite needs much larger driving force, which results

in hysteresis loss under an applied magnetic field.

It should be emphasized that the maximum hysteresis

losses observed in the annealed Ni52Mn26Ga22 ribbons are

close to those of polycrystalline Ni-Mn-Ga bulk alloys (i.e.,

�12 J kg�1 at loDH¼ 5 T),34 but far below to the values

reported for Ni-Mn-X (X¼ In, Sn, Sb) based alloys.4,23,35–38

For example, a typical hysteresis loss of 95 J kg�1 was

achieved in polycrystalline Ni50Mn34.95In15.05 alloy at

loDH¼ 5 T.35 In this context, polycrystalline Ni-Mn-Ga

alloys with relatively low hysteresis loss could be more effec-

tive for magnetic refrigeration. Moreover, the same sign of en-

thalpy changes for the magnetic and structural transitions in

Ni-Mn-Ga alloys avoids the impairment of the MCE due to

the opposite heat processes,8,39 which is different from the

case of the ferromagnetic-antiferromagnetic/paramagnetic

transitions in Ni-Mn-X (X¼ In, Sn, Sb) alloys.4,23,35–38

In summary, the magnetostructural transformation and

the MCE of the melt-spun Ni52Mn26Ga22 ribbons were stud-

ied. The annealing procedure renders strong coupling

between the magnetic transition and the martensitic and

intermartensitic transformations. The maximum DSM of

�30.0 J kg�1 K�1 is achieved under loDH¼ 5 T, which rep-

resents the highest record for Ni-Mn-Ga ribbons, and it is

comparable to or even higher than those of polycrystalline

bulk alloys. The hysteresis loss level of the annealed ribbons

is close to that in polycrystalline bulk alloys and in practice

negligible for loDH¼ 2 T. Thus, the fabrication of

Ni-Mn-Ga alloys by proper composition tuning and

melt-spinning with post-annealing could be an economical

processing route to improve magnetocaloric properties.
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