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We present the magnetocaloric properties of the substituted Heusler alloy Ni,Mn,;_,Cu,Ga, which
shows a maximum magnetic entropy change of AS,,~-64 J/Kg K=-532 mJ/cm?® K at 308 K for
a magnetic field change AH=5 T. The dependence of AS,, on AH is approximately linear and does
not reach saturation at 5 T. It is demonstrated that the temperature at which AS,; occurs can be
tuned through subtle variations in composition. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2202751]

Interest in magnetocaloric cooling technology has grown
recently due to significant advances in the design of mag-
netic cooling devices,' and in the development of working
materials that exhibit large magnetocaloric effects (MCEs)
near room temperature.z’4 These recent developments may
lead to profound global consequences due to, among many
other things, the significantly enhanced efficiency that solid
state cooling systems have over the currently employed com-
pressed gas systems.’

The MCE occurs as the result of the alignment of mag-
netic moments with an external applied magnetic field.
This alignment reduces the magnetic randomness or the
magnetic component of the total entropy. The reduction of
magnetic entropy must be compensated by an increase in
other components of the total entropy and, in the case of
magnetocaloric materials, is channeled into electronic en-
tropy and lattice entropy, or heat. A full discussion of the
thermodynamics of the MCE is presented in the work by
Pecharsky et al.® The magnetocaloric effect occurs in all
magnetic materials; the most appreciable effect occurs at
temperatures near magnetic transitions, and depends
strongly on the type of transition (being strongest for
first-order transitions).®” Some of the recently reported
systems that exhibit a large MCE near room temperature
include GdS(SiGe)4,2’8 La(FeSi),” MnFeP,_xAs,(,4 and
Ni, Jr_anl_xGa.lo_16 The phase transitions responsible for the
large MCE in these systems are generally magnetocrystal-
line, i.e., a magnetic and a structural phase change occurs at
the same temperature. Stoichiometric Ni,MnGa is a full
Heusler alloy that undergoes two separate transitions: (i) A
magnetic (order-disorder) transition at T-=~376 K, and (ii) a
structural (martensitic) transition at T),~220 K. At To>T
>T), Ni,MnGa is ferromagnetic and has a cubic (auste-
netic) L2, crystal structure. Upon cooling through T, the
system undergoes a structural phase transition to a complex
tetragonal (martensitic) structure that is also ferromagnetic.
By altering the stoichiometry of the alloy such that it be-
comes Ni rich, i.e., Ni,, Mn;_Ga, T); and T can be tuned
such that each structural phase can be either paramagnetic or
ferromagnetic at room temperature, depending on the transi-
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tion temperatures.lé_18 The largest changes in magnetic en-
tropy (AS,,) have been observed in Ni,, Mn,_,Ga where the
second order magnetic and first-order structural transitions
are tuned to coincide in temperature. The most recent dem-
onstrations of this are in single crystalline NissMn,yGass
(AS,;=—86 J/kg K).'®

We have found that, rather than varying the stoichiom-
etry of the Ni,, Mn,_ Ga system, the magnetic (T) and mar-
tensitic (7,) transitions can be tuned through atomic substi-
tution in either the manganese or gallium (or both) sites. In
the case of the substitution of gallium with indium, i.e.,
Ni,MnGa,;_,In,, both T, and T, were found to decrease
in temperature with increasing indium concentration.'” In
another study, Mn was partially substituted with Fe
(Niso sMnys_Fe Ga,y, 5) which resulted in a reduction in T,
and an increase in TC.20 Replacing Mn with Co or Cu in
Ni,Mn,;_M,Ga (M=Co,Cu), resulted in a decrease in T
and an increase in T,, and, for x=0.25, the two transition
temperatures were found to coincide (TM=TC=TMC).21 For-
tunately, the resulting magnetostructural transition occurs at
Tyc=308 K, for x=0.25, i.e., near room temperature, and
we have found that this transition temperature can be tuned
through subtle variations of Cu concentration. In this letter
we report our results on the magnetocaloric effects in
Ni,Mn,;_,Cu,Ga.

The magnetic entropy change, AS,,, is one measured pa-
rameter that can be used to quantify the MCE of a material.
However, AS), alone does not fully characterize or verify the
effectiveness of a material for refrigeration applications. For
instance, the adiabatic temperature change AT, is an impor-
tant extrinsic property that can be measured through direct
means or from indirect ones, such as from heat capacity mea-
surements as a function of temperature and field.”* Another
helpful parameter is the refrigeration capacity (RC), which is
proportional to the area under the AS,,(T) curve and is cal-
culated using at least two different conventions.> In the
present study, we have calculated the magnetic entropy AS,,
from magnetic isotherms and the RC by integrating AS,,(T).
The magnetic entropy change has been calculated from the
magnetization isotherms using the integrated Maxwell
relation,

© 2006 American Institute of Physics
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FIG. 1. (Color online) Magnetization (M) vs temperature (7) at an applied
field of 1 kOe as a function of Cu concentration. The transition tempera-
tures, Ty, and T, coincide for x=0.25. (Inset) Thermal expansion (AL/L) vs
temperature (7) near the phase transition.

H [ oM
AS,,(T,AS) = JO (E>HdH, (1)

which, for magnetization measurements made at constant
tem})erature and at discrete H intervals, can be approximated
by2

1 H' H'
ASy = AT f M(T+ AT,H)dH - M(T,H)dH |. (2)
0

0

Technically, this expression for the magnetic entropy change
may not be appropriate for perfect first-order transitions due
to discontinuities. Gschneidner et al.,22 in reference to using
this method to calculate the magnetic entropy change, state
that “In reality, these changes occur over a few Kelvin wide
temperature range, and both functions [specifically the inte-
grand in Eq. (1)] can be measured experimentally.” The use
of this expression to calculate AS,, at nonideal first-order
transitions is also justified by Tishin and Spichkin.24

Polycrystalline Ni,Mn,_,Cu,Ga alloy ingots (approxi-
mately 5 g) with nominal concentrations in the range of
0.245<x=<0.260 were fabricated from high purity (4N) Ni,
Mn, Cu, and Ga components using conventional arc melting
in an argon atmosphere. The weight loss after melting was
found to be less than 0.3%. For homogenization, the samples
were wrapped in tantalum foil and annealed at 800 °C for
six days in a vacuum furnace, and slowly cooled to room
temperature. In order to determine the crystalline structure
and phase purity, x-ray diffraction (XRD) measurements
were done on a GBC DiffTech mini-materials analyzer
(MMA) x-ray diffractometer using Cu K« radiation and
Bragg-Brentano geometry. Magnetization data were acquired
in the temperature range of 5—-400 K in fields from 0 to 5 T
with a superconducting quantum interference device
(SQUID) magnetometer by Quantum Design, Inc. Thermal
expansion measurements were made using a high-resolution
capacitance dilatometry method in the temperature range of
300-355 K.

XRD patterns for all of the samples Ni,Mn;_,Cu,Ga
with nominal concentrations, x=0.245, 0.250, 0.255, and
0.260, were measured at room temperature. The data showed
that the samples were of mixed austenetic and martensitic
phases, which is a consequence of T,, being very close to
room temperature. This is consistent with previously re-
ported results, where the XRD patterns clearly evolve from
the austenetic to martensitic structure with increasing Cu
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FIG. 2. (Color online) AS, as a function of temperature (7) for
Ni,Mn, ;5Cug,5Ga for various changes in applied magnetic field AH. (a)
Some representative magnetization isotherms. (b) AS,,™ as a function of
applied field.

concentration at room temperature.21 The density was calcu-
lated from measured lattice parameters and had a value of
about 8.2 g/cm?.

Magnetization as a function of temperature (M vs T)
curves for various concentrations is shown in Fig. 1. All
magnetization curves were measured in an applied field of
1 kOe. The transition temperatures, 7), and T, gradually
merge as the Cu concentration increases from zero to about
x=0.25. A series of samples was fabricated in the nominal
concentration range of 0.245<<x<<0.260, and each one ex-
hibited a single transition as that shown for x=0.25, albeit at
slightly different temperatures. Thermal expansion measure-
ments [Fig. 1 (inset)] show a steplike jump at the transition
temperature which alone clearly indicates that the transition
is first order. Although not shown, a similar jump was ob-
served in the resistivity near the same temperatures.

The magnetic entropy change AS,, has been calculated
as a function of change in applied field AH (Fig. 2) for
x=0.250 from magnetization isotherms [Fig. 2(a)]. AS,, has
been plotted in both mass (J/kg K) and volume (mJ/cm? K)
units in order to more easily compare materials. The AS,,™**
increases almost linearly with AH, and does not saturate
for AH=5 T [Fig. 2(b)], as is the case for many other mate-
rials. AS,,™ (AH=5T) is about —-65J/kgK, or about
—533 mJ/cm? K for a mass density of about 8.2 g/cm?. This
value can be put into perspective by comparing it with values
reported for other polycrystalline Heusler alloy systems us-
ing the same procedure as %pplied in this letter [e.g., using
Egs. (1) and (2)]. Hu et al.*® measured the MCE of the off-
stoichiometric alloy, Nis; sMny, 7Ga,s g, and observed a ASy,
of approximately —4 J/kg K near the martensitic transition
Ty~ 197 K (T-=351 K) for a field change of 0.9 T. An im-
provement of the MCE in Ni-Mn-Ga was observed in the
off-stoichiometric alloy Niss ,Mn;g ¢Gayg,, Where the transi-
tion temperatures 7, and T merged into a single magneto-
structural transition at T);=T=Tyc, resulting in a AS,, of
-20.4 J/kgK at 317 K in a magnetic field change of
5T." As stated above, a large entropy change of
AS,,=-86 J/kg K was reported for a NissMn,;Ga,s single
crystal.16 Working materials in magnetic refrigeration sys-
tems will likely be chosen for, among many other things,
ease of fabrication, and will therefore unlikely utilize single
crystal materials. We have also found that the size of the
magnetic entropy change, and the magnetic properties in
general, observed in these systems depends significantly on
the fabrication and annealing conditions. We have reported
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FIG. 3. (Color online) AS,, as a function of temperature for various nominal
Cu concentrations and magnetic field changes of 5 and 2 T.

here the largest values that we have observed, and which
correspond to fabrication procedure as described.

By varying the nominal Cu concentration, the peak mag-
netic entropy change can be tuned in temperature without a
severe reduction in the magnitude of the maximum AS,,
value (Fig. 3). This property is important when considering
devices that are designed to operate over some extended tem-
perature range. The width of the AS,, (T) curve is quite
narrow in these systems; one proposed method to extend the
temperature range is to fabricate composites of these alloys
with different Cu concentrations.

Another important aspect of evaluating the magnetoca-
loric properties of a given material is the hysteretic loss at
the phase transition. The hysteretic loss directly opposes the
RC, and is therefore an unwanted characteristic in any mag-
netocaloric system that is to be used in real devices. The RC
can be calculated by integrating the AS,, (T) curve over the
full width at half maximum, which yields a value of about
84 J/kg for x=0.250. The loss was calculated by calculating
the area between the increasing and decreasing temperature
segments of the magnetization curves (Fig. 4). The hysteretic
loss has a maximum at the same temperature as the maxi-
mum of the AS,, (T) curve [Fig. 4 (Inset)]. The average loss
(~12 J/kg) was calculated over the same temperature range
as that of RC [full width at half maximum (FWHM)], and
then subtracted from RC to obtain the net refrigeration con-
stant, RC"=72 J/kg. This value is significantly lower than
that reported for GdS(SiGe)4;2’9 however, it is evaluated over
a much narrower temperature range.
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FIG. 4. (Color online) Hysteresis curves for the Ni,Mn, ;5Cu,sGa magne-
tization isotherms. The arrows indicate the direction of change of the applied
field, and the shaded area represents the hysteresis loss for that particular
isotherm. (Inset) The hysteresis loss as a function of temperature for the
displayed magnetization isotherms.
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A strong interest in Ni,Mn;_,Cu,Ga and related alloys is
justified since many of these systems have intriguing charac-
teristics that are relevant for potential applications in magne-
tocaloric devices. The alloys are easily fabricated, and the
constituent materials are more affordable than many of the
rare-earth based systems, and are generally nontoxic and en-
vironmentally friendly. The demonstrated control of the
phase transitions through atomic substitution and the rela-
tively large and tunable magnetic entropy change will hope-
fully attract attention to these systems and open new vistas
for research in the field.
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