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Magnetocaloric properties of Fe and Ge doped Ni,Mn,_,Cu,Ga

Mahmud Khan,? Shane Stadler, and Naushad Ali
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(Presented on 9 January 2007; received 30 October 2006; accepted 20 December 2006;

published online 3 May 2007)

The magnetocaloric properties of Fe and Ge doped Ni,Mn, 75Cu,5sGa Heusler alloys have been

investigated. Using Ni,Mng5Cug,5Ga as

the parent

material, the Fe doped system

(NiyMn;_,(Cu-Fe),Ga) and a Ge doped system (Ni,Mn,;_Cu,Ga,_Ge,) were studied. The
manipulation of the Mn—Cu subsystem with Fe doping results in a decrease of the first order
magnetostructural transition temperature, whereas the substitution of Ge for the Mn-Cu-Ga
subsystems results in an increase of the magnetostructural transition temperature. In both cases the
giant magnetocaloric effect is successfully preserved. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2712304]

Recently many ferromagnetic materials have been dis-
covered that undergo first order magnetic transitions and ex-
hibit large magnetocaloric effects (MCE).'™ Due to these
recent discoveries, interest in the magnetocaloric cooling
technology has grown significantly. When compared to the
currently employed gas cooling technology, the magnetoca-
loric cooling technology has considerably enhanced effi-
ciency, and therefore the recent discoveries and continuing
research on magnetocaloric materials may lead to intense
universal consequences.‘l_7 The MCE is a result of the align-
ment of magnetic moments with an external magnetic field.
The alignment causes a reduction in the magnetic random-
ness or the magnetic component of the total entropy. The
reduction of magnetic entropy is compensated by an increase
in the other components of the total entropy. In the case of
magnetocaloric materials, the compensation results in the
heating of the material. A detailed discussion of the thermo-
dynamics of the MCE is presented in Ref. 8.

The Heusler alloy Ni,MnGa is a well known shape
memory alloy that has potential application as a magnetic
actuator material. Lately it has gained additional interest due
to its possible candidacy as a magnetic refrigerant
material.”"® Stoichiometric Ni,MnGa has an L2, crystal
structure at room temperature and, upon cooling, it under-
goes a first order martensitic structural phase transition (at
T,,=202 K) from the parent cubic (austenitic) phase to a low
temperature (LT) complex tetragonal structure. The Curie
temperature for this is alloy is 7-=376 K."* The substitution
of Ni for Mn in the Ni,, Mn,_,Ga system results in an in-
crease in T, and decrease of T and, for 0.17<x=<0.20, the
coincidence of T}, and T results in a first order magneto-
structural phase transition.”” As a result of this first order
transition, a giant MCE of |AS,|=15Tkg'K! at 1.8 T
field was observed in Niz_lgMno'glGa.lo In stoichiometric
Niss ,Mn 3 ¢Ga ;g a magnetic entropy change of AS, =
-20.4 Jkg ' K" at 317 K in a field change of 5 T has been
reported.9 In polycrystalline Ni-Mn—Ga, the highest value of
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AS,,=—66.2 Jkg™! K~ at 350.25 K in a field change of 5 T
is observed in Niz_lgMno_glGa.B The coincidence of T,
and T is also reported to be the result of Cu substitution
on the Mn sites of NizMnGa.16 In a recent study, a giant
MCE of AS,,~-64Jkg™' K-! at 308 K was observed in
Ni2Mn0.75Cu0.25Ga.17 Since the giant MCE occurs very close
to room temperature, further research on and development of
this alloy might result in the outcome of a potential magnetic
refrigerant material that would be affordable and efficient.
The ability to tune the magnetostructural transition tempera-
ture while preserving the high MCE value would be an in-
teresting and significant outcome of further research. This is
because the tunability of the high MCE value over a wide
temperature range will open possibilities of developing mag-
netic refrigerant composites for near room temperature mag-
netic cooling applications.

In this work we report our experimental results of MCE
studies on the Fe doped system (Ni,Mng-,Cug,7Feq2Ga)
and on a Ge doped system (Ni,Mny7oCug30Gag9sGeg s)-
The objective was to be able to tune the first order magne-
tostructural transition temperature through various substitu-
tions while preserving the high AS,, peak value.

Polycrystalline buttons of approximately 5g of
Ni,Mng 7,Cug 27Feg00Ga  and  NiyMng 70Cuq 30Gag 95Geo 05
were fabricated by conventional arc melting in an argon at-
mosphere using Ni, Mn, Cu, Fe, Ga, and Ge of 4N purity.
The elements were melted four times, and the weight loss
after melting was found to be less than 0.3%. For homogeni-
zation, the samples were wrapped in Ta foil and annealed in
vacuum for 72 h at 800 °C, and subsequently slowly cooled
down to room temperature.

For phase identification and lattice constants determina-
tion, x-ray diffraction measurements were conducted at room
temperature using a GBC minimaterials analyzer (MMA)
x-ray diffractometer that employed Cu K« radiation and
Bragg-Brentano geometry.

The magnetization measurements were performed using
a superconducting quantum interference device (SQUID)
made by Quantum Design, Inc. The measurements were per-
formed in a temperature range of 5-400 K and magnetic
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FIG. 1. Room temperature powder XRD patterns of Ni,Mn,, ;,Cu ,,Fe( ,Ga
and Ni,Mng 70Cuy 30Gag 95Geg gs-

field of up to 5 T. The magnetic entropy change AS,, was
calculated from the isothermal magnetization data using the
relation,

" om
Asmag=f (— dH. (1)
o \IT /)y

Thermal expansion measurements were performed using
a high resolution capacitance dilatometry method in the tem-
perature range of 150—350 K.

Figure 1 represents the room temperature x-ray diffrac-
tion (XRD) patterns of Ni,Mn,;;Cug,7Fey0,Ga and
Ni,Mng 70Cuq 30Gag 95Geg s The XRD patterns indicate that
Ni,Mng 70Cuq 30Gag9sGeg s possess a typical tetragonal
structure at room temperature with a=b=546 A and ¢
=6.41 A. In the Ni,Mn,,,Cuq »7Feq0,Ga sample, both mar-
tenstic and austenitic phases seem to coexist. This coexist-
ence of both phases is due to the martensitic transition taking
place at T),=302 K, which is very close to room tempera-
ture. A similar XRD pattern was observed for
Ni,Mnj 75Cug,5Ga.'®

The magnetization curves as a function of temperature
M(T) of Ni,Mng4,Cugo7Feq,Ga, Ni,Mny;5Cuy,5Ga and
Ni,Mny 70Cug 30Gag 95Geg 5 at a field of 1 kOe are presented
in Fig. 2. As shown in this figure, the only transition ob-
served in each alloy is a sharp jump of magnetization at 7.
The temperature hysteresis observed in the M(T) curves at
1 kOe, obtained for increasing and decreasing temperature,
of Ni,Mng70Cuq30GagosGeggs [see inset (a) of Fig. 2]
suggests that the transition at 7. is a first order phase
transition. The sharp steplike change in the thermal expan-
sion curve (typical for a first order phase transition) of
Ni,Mny 70Cuy 30Gag 95Geg o5 shown in inset (b) of Fig. 2 fur-
ther verifies that the transition is a first order phase transition.
It is clear from the figure that the magnetostructural transi-
tion temperature, represented by T, increases in the Ge
doped sample and decreases in the Fe doped sample. It has
been reported previously that Fe substitution on the Mn sites
of Ni,MnGa results in decrease of T, and increase of TC.18
In Ni,Mng ,5Cu,5Ga, T),=T, and therefore as suggested in
Ref. 16, the further partial substitution of Cu on the Mn sites
results in the increase of T); and decreases of T~. Additional
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FIG. 2. Magnetization as a function of temperature of
(1) Ni,Mny 75Cuq5Ga, (2) NiyMng 7,Cug »7Feq ,Ga, and (3)
Ni,Mn 70Cug 30Gag.95Gey o5 obtained at a field of 1 kOe. The inset (a) and
(b) represents the temperature hysteresis and thermal expansion curves, re-
spectively, of Ni,Mng70Cuq30Gag 95Geg o5-

substitution of Fe on the Mn site increases the 7. and
decreases of T, bringing back the two transitions at the
same temperature. Ge substitution on the Ga site in
Ni,MnGa results in a decrease of TM,lg and so when Ga is
replaced by partial Ge in Ni,Mng7Cuq30Ga, T, decreases
resulting in the overlap of T), and T.. The saturation mo-
ments of the samples at 5 K are 3.32, 3.27, and 3.16up/f.u.
for  NipMng7,Cugo7Feg02Ga,  NipMng75Cug,5Ga,  and
Ni,Mny 7oCuq 30Gag 95Geg o5, respectively. It is apparent that
the sample with Fe possesses a higher saturation moment
than the other two samples, suggesting that the moment
of the Ni,Mn;5Cuj,sGa system can be increased by Fe
doping.

The AS,, values were evaluated from isothermal magne-
tization curves using Eq. (1). This equation is more appro-
priate to calculate MCE in the vicinity of a second order
phase transition. However, its employment in calculating
AS,, in the vicinity of first order phase transitions is very
common which, according to Gschneidner et al., is justified
in cases where problematic discontinuities are not present in
the phase transition.” The majority of the reported AS,,
values of Ni-Mn—Ga, and other ferromagnetic systems” ex-
hibiting first order phase transitions, are calculated using Eq.
(1). Figures 3(a) and 3(b) show the isothermal magnetization
curves as a function of fields of Ni,Mng-,Cug,;Fe,nGa
and Ni,Mn 7,Cuq30Gag95Gey o5, respectively. The changes
of magnetic entropies of Ni,Mng7,Cug,7Fe),Ga,
NiyMng 75Cug25Ga, and NiyMng 70Cuq 30Gag.95Gegps. as a
function of temperature, are shown in Fig. 4. As shown
in this figure, all of the samples possess comparable peak
values of AS,. Peak values of 32 and 58 J/kgK for
Ni,Mn7,Cug,7FegGa and 23 and 57 J/kgK for
Ni,Mny 70Cug 30Gag 95Geg o5 are obtained at 2 and 5 T fields,
respectively. The values compare well to those of
Ni,Mny, 75Cu,5Ga (28 and 64 J/kgK at 2 and 5 T fields,
respectively). As shown in Fig. 5, the AS,, peak values of
NipMng75Cug5Ga and  NipMng 70Cuq 30Gag9sGeg s are
found to be linearly dependent on the applied fields, whereas
the AS,, peak values of Ni,Mny 7,Cuy,7Feq(,Ga are not lin-
ear with field. Due to this, at 2 T field the AS,, peak value of
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FIG. 3. Isothermal magnetization curves of (a) Ni,Mn 7,Cu »7Fe 0,Ga and
(b) Ni,Mny 70Cu30Gag 95Geg 5 at temperature increments of 1 and 0.5 K.

Ni,Mn, 7,Cug»,Feq ioGa is observed to be larger than those
of Ni,Mng-5Cug,5Ga and Ni,Mng 70Cug 30Gag 95Geg gs. This
could be attributed to the nonlinear isothermal magnetization
curves near the magnetostructural transition temperature of
Ni,Mng 7,Cug,7FeyoGa. The isothermal magnetization
curves near magnetostructural transition temperature of
Ni,Mnyg 70Cuq 30Gag 95Geg o5 are found to be very linear.

We have studied magnetocaloric effects in
NiyMng 7,Cug 27Feg02Ga  and  NipMng 70Cug 30Gag.95Ge 05-
The manipulation of the Mn—Cu subsystem of
Ni,Mn 75Cug,5Ga with Fe doping results in a decrease of
the first order magnetostructural transition temperature,
whereas the substitution of Ge in the Mn—Cu—Ga subsystems
results in an increase of the magnetostructural transition
temperature. In both cases the giant magnetocaloric effect is
successfully preserved. These experimental results suggest
the possibility of tuning the first order magnetostructural
transition temperatures while preserving the high MCE
values in Ni,MnGa Heulser alloys. We believe that these
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FIG. 4. Magnetic entropy changes (AS),,) as a function of temperatures of
NiyMny 7,Cug »7Feg ;Ga and NiyMng 70Cuq 30Gag 9sGeg g5 for a field changes
(AH) of 5 T (closed symbols) and 2 T (open symbols).
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FIG. 5. Maximum magnetic entropy changes (AS,, max) as a function of
fields of Ni;Mng7,Cug »;Fe ;Ga and Ni;Mng70Cug 30Gag 9sGeg gs-

results will significantly contribute to the understanding of
the fundamental phenomenon of the phase transitions and
related MCE in Ni-Mn—-Ga based Heusler alloys, and thus
will facilitate the development of promising magnetic refrig-
erants for near room temperature magnetic refrigeration
applications.
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nity Award from Research Corporation and by the Office of
Basic Energy Sciences, Material Sciences Division of the
U.S. Department of Energy (Contract No. DE-FG02-
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'V. K. Pecharski and K. A. Gschneider, Jr., Phys. Rev. Lett. 78, 4494
(1997).

20. Tegus, E. Briick, K. H. J. Buschow, and F. R. de Boer, Nature (London)
415, 150 (2002).

K. A. Gschneidner, Jr., V. K. Pecharsky, and A. O. Tsokol, Rep. Prog.
Phys. 68, 1479 (2005).

*J. Glanz, Science 279, 2045 (1998).

M. P. Annaorazov, K. A. Asatryan, G. Myalikgulyev, S. A. Nikitin, A. M.
Tishin, and A. L. Tyurin, Cryogenics 32, 867 (1992).

°H. Wada, S. Tomekawa, and M. Shiga, Cryogenics 39, 915 (1999).

H. Wada, Y. Tanabe, K. Hagiwara, and M. Shiga, J. Magn. Magn. Mater.
218, 203 (2000).

8v. K. Pecharsky, K. A. Gschneidner, Jr., A. O. Pecharsky, and A. M.
Tishin, Phys. Rev. B 64, 144406 (2001).

°X. Zhou, W. Li, H. P. Kunkel, and G. Williams, J. Phys.: Condens. Matter

16, L39-L44 (2004).

F. Albertini, F. Canepa, S. Cirafici, E. A. Franceschi, M. Napoletano, A.

Paoluzi, L. Pareti, and M. Solzi, J. Magn. Magn. Mater. 272-276, 2111

(2004).

""F-X. Hu, B.-G. Shen, J.-R. Sun, and G.-H. Wu, Phys. Rev. B 64, 132412
(2001).

M. Pasquale, C. P. Sasso, L. H. Lewis, L. Giudici, T. Lograsso, and D.
Schlagel, Phys. Rev. B 72, 094435 (2005).

M. Khan, S. Stadler, J. Craig, J. Mitchell, and N. Ali, IEEE Trans. Magn.
42, 3108 (2006).

1P, J. Webster, K. R. A. Ziebeck, S. L. Town, and M. S. Peak, Philos. Mag.
B 49, 295 (1984).

SA. N. Vasil’ev, A. D. Bozhko, V. V. Khovailo, I. E. Dikshtein, V. G.
Shavrov, V. D. Buchelnikov, M. Matsumoto, S. Suzuki, T. Takagi, and J.
Tani, Phys. Rev. B 59, 1113 (1999).

oM, Khan, I. Dubenko, S. Stadler, and N. Ali, J. Appl. Phys. 97, 10M304
(2005).

7S, Stadler, M. Khan, M. Gomes, I. Dubenko, A. Takeuchi, A. P. Guima-
raes, and N. Ali, Appl. Phys. Lett. 88, 192511 (2006).

187, H. Liu, M. Zhang, W. Q. Wang, W. H. Wang, J. L. Chen, G. H. Wu, F.
B. Meng, H. Y. Liu, B. D. Liu, J. P. Qu, and Y. X. Li, J. Appl. Phys. 92,
5006 (2002).

M. Khan, S. Stadler, and N. Ali (unpublished).

10,

Downloaded 04 Jan 2012 to 131.230.71.39. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



	Southern Illinois University Carbondale
	OpenSIUC
	5-2007

	Magnetocaloric Properties of Fe and Ge Doped Ni2Mn1−xCuxGa
	Mahmud Khan
	Shane Stadler
	Naushad Ali
	Recommended Citation





