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ABSTRACT

An inverse magnetocaloric effect is studied in Ni,Mn; . X;_-type Heusler alloys. Principally known for their shape-memory properties,
these alloys also exhibit significant entropy and temperature changes (AS and ATy, respectively) under adiabatic conditions when a modest
magnetic field is applied. We investigated the impact on magnetocaloric properties of introducing substantial chemical disorder on the
X-site (X = Si, Ga, In), of replacing Ni with nonmagnetic Ag, and of replacing a small amount of Mn with Gd. While a reduction in AS is
observed in the first two cases, we observe a significant enhancement of AS when a small amount of Gd is substituted for Mn. A thermo-
dynamic analysis was conducted using magnetization and heat capacity data to estimate adiabatic temperature changes in the range
of ATys >~ —1 to —3 K for a 5 T magnetic field. Several alloys characterized in this study exhibit these respectable AT4,4 values near room
temperature, making them potentially viable candidates for magnetic refrigeration applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5120819

I. INTRODUCTION

Modern high-efficiency heating, ventilation, air conditioning,
and refrigeration (HVACR) devices consume a significant fraction
of the total energy used in residential and commercial buildings."”
Since increasing the efficiency of HVACR devices would have an
immediate, meaningful impact on reducing global CO, emissions,
significant effort has been invested in developing higher-efficiency
alternatives to the traditional gas-compression technology.
Magnetic refrigeration technology is one of the most promising
candidates;"* prototypes have demonstrated significantly better
efficiency than the best commercial refrigerators.” Furthermore,
magnetic refrigerators operate using a solid material as their “refrig-
erant” rather than ozone depleting chemicals or greenhouse gases.”

Magnetic refrigeration relies upon magnetocaloric materials
that warm or cool when moderate magnetic fields are applied
under adiabatic conditions. The magnetocaloric effect is character-
ized by the adiabatic changes in entropy, AS, and temperature,

ATy4. In addition to having large values for AS and ATy, viable
candidates for magnetic refrigeration applications have ferromag-
netic transitions with little or no thermal hysteresis and a Curie
temperature, T¢, near room temperature (or in the desired working
temperature range of the device) that can be modified via chemical
substitution.”” The largest magnetocaloric effects are observed in
materials with first-order magnetostructural transitions in which
entropic changes originate from both the lattice and spin degrees of
freedom.™” The magnetocaloric effect in compounds containing
Gd, especially a “giant” magnetocaloric effect observed in alloys
based on GdsGe, (AS ~ —20 to —70J kg™! K™1),” has received sig-
nificant attention over the last 20 years.””””~"> A “colossal” magne-
tocaloric effect has also been observed in the compound MnAs
under applied pressure'® (AS ~ —267Jkg ' K™!) and in related
alloys at ambient pressure” (AS ~ —325J kg~! K~!); unfortunately,
the toxicity of As is an obvious impediment for using MnAs in
commercial applications. Progress in the development of viable
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magnetic refrigerators awaits identifying and characterizing alloys
that are inexpensive, environmentally friendly, and work in larger
temperature intervals with higher efficiency. This objective cannot
be met without discovering new high-performance magnetic refrig-
erant materials.

Heusler alloys based on NiMnX (X = Ga, In, Sn, and Sb)
contain nontoxic elements, have high mechanical strength and
good oxidation resistance, are easy to fabricate, and undergo
first-order magnetostructural phase transitions.'” These attributes
match desired properties for candidate refrigerant materials, which
have motivated experimental magnetocaloric effect studies on these
alloys.'®”  The magnetocaloric properties of alloys with
off-stoichiometric compositions of the form Ni,Mn; ,X;_, have
received particular attention; this includes alloys with X = Sb,"*™*’
X =5Sn,"'"" and X=In.'>?02%2532-13 Magnetocaloric effect
studies have also been conducted on Ni,MnGa* and
off-stoichiometric alloys with X = Ga.'”?"?®*>*>°1 1arge
“inverse” magnetocaloric effects have been observed in many of
these alloys, meaning that AS > 0 and AT4; < 0 when a mag-
netic field is applied adiabatically.'>' "

Modern functional alloys should be multicomponent to
provide balanced properties. The trend for new multicomponent
alloys with high magnetocaloric properties is illustrated in
recent studies.””®'" Many chemical substitution studies on
Ni;Mn;;,X;_,-based alloys focus on systematically replacing Ni
with nearby 3d transition metal elements (e.g., Fe,*>**7>%>>>
Co,l5,1’*),22,23,2672’*),31,37,’1(),5(),51,3"1,55 and Cu33)d7)52)3(’). Even mOdeSt
amounts of Co have been shown to double or triple AS values as
seen in Nis(),xCOanwsblzm and Ni47‘5.,,CCO,¢NII’137'551’115.2(7
There have also been efforts to replace Mn with Cr.”> On the
other hand, significantly less work has been reported in which
variations in X elements are considered; however, studies of the
magnetocaloric effect in NispMnssIn; X (X = Si, Ge, Al, In)*”
and NisoMnssIn;s_,Sb,”’ have demonstrated that small composi-
tional changes in X can have a significant impact on AS values.

We studied the effect of chemical substitution on the magne-
tocaloric properties of several multicomponent Ni,Mnj;,X; .-
based alloys.” The specific quintenary and sextenary alloy
compositions studied are listed in Table I and were selected
because their magnetocaloric effects occur near room temperature.
We focused on the effects of three situations: (1) introducing a sub-
stantial chemical disorder on the X-site (X = Si, Ga, and In), (2)
replacing Ni with nonmagnetic Ag, and (3) replacing Mn with

TABLE |. List of the alloy compositions prepared in this study and the sample
number we use to refer to each composition in the figures and text. More informa-
tion about the alloy compositions can be found in Ref. 57.

Sample number Alloy composition

NisoMn;5IngGagSis
NiysAgsMnssIng,Sis
NigsMnyolngGagSis
NisoMnssIns 75Gas 75513Geg 5
NisoMns; 5IngGd; 5GagSis
NissAgsMn;5IngGagSi;

QN U B W N =
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small amounts of Gd. We report AS and ATy, results that were
obtained using measurements of heat capacity and magnetization.
Estimates of AS values in the range of 1.5-9.5]Jkg™! K™! were
obtained using these data; the positive sign of AS is consistent with
an inverse magnetocaloric effect. Isothermal measurements of mag-
netization as a function of magnetic field were made on selected
alloys in order to estimate values for AT,4. We obtained values of
roughly —1K to —3 K. The largest values of AS and AT4; were
found in sample 5 with the composition NisoMnj33 5InsGd; 5GagSis.

Our results indicate that introducing a strong chemical disor-
der on the X-site and replacing Ni with nonmagnetic Ag tend to
reduce AS in Ni;Mn,;.,X;_,-based alloys. On the other hand,
replacing Mn with a small amount of Gd resulted in a significant
enhancement of AS. Alloying small amounts of Gd into other mag-
netocaloric compounds may be an effective strategy for enhancing
their properties as well.

Il. EXPERIMENT

Polycrystalline samples of the multicomponent Heusler
alloys’” summarized in Table I were synthesized at ORNL via a
conventional solid state reaction. The pure constituent elements
were weighed in stoichiometric ratios to yield 100 g samples of the
chosen alloy compositions. The initial materials were heated to the
melting temperature over 12h to avoid significant vaporization of
elements with high vapor pressure before they could be incorpo-
rated into the melt. Heating was performed in an inert Ar atmo-
sphere using a high-frequency induction furnace. The resulting
boule was remelted in the induction furnace under an Ar atmo-
sphere to obtain a homogeneous polycrystalline cylinder with a
diameter of 2.54 cm. These samples were subjected to a two-step
annealing process under an Ar atmosphere in which they were
heated at 1000 °C for 72 h and at 800 °C for 24 h.

The crystal structures and phase purity of all alloys in this
study were checked at room temperature by performing x-ray diffr-
action measurements using a PANalytical X’Pert Pro MPD 6-0
goniometer with Mo radiation (diffraction patterns not shown).
Structural phase transitions from a cubic phase above the transition
temperature to an orthorhombic (sometimes it can be tetragonal or
monoclinic) phase below the transition temperature are expected in
these Heusler alloys. To confirm that our samples exhibit such
structural transitions, which play a role in enhanced magnetocaloric
effects, x-ray diffraction measurements were made as a function of
temperature; these measurements were conducted using a
PANalytical X’Pert MPD 6-6 goniometer and Cu radiation. As an
example, representative x-ray diffraction patterns for sample 1 are
shown as a function of temperature in Fig. 1. The patterns were
collected in a narrow range of angles surrounding the (220)
doublet of sample 1’s room-temperature tetragonal structure. The
doublet disappears as the sample is heated through the structural
transition into its cubic phase. The room-temperature tetragonal
structure is completely recovered by cooling back through the tran-
sition as is seen in Fig. 1. Samples with structural transition tem-
peratures below room temperature had cubic symmetry at room
temperature, which was confirmed by our x-ray analysis.

The magnetocaloric effect was characterized in our samples
using a combination of specific heat, C, and magnetization, M,
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FIG. 1. X-ray diffraction patterns for sample 1 (NisoMn3s5IngGagSis) as a func-
tion of temperatures near the structural phase transition temperature. Diffraction
patterns shown as orange lines were measured upon warming, while blue pat-
terns were measured upon cooling as indicated in the figure. The patterns are
arranged in sequential order from front to back.

measurements as functions of temperature, T, and magnetic field,
H. Standard measurements of the specific heat using a conventional
thermal-relaxation technique are incapable of accurately measuring
C(T) in the vicinity of a first-order phase transition at T,;** signifi-
cant deviations of the relaxation curve [i.e., temperature as a func-
tion of time T(t) data] from exponential decay are caused by the
latent heat of the sample. This issue generally leads to severe under-
estimates of C(T) at the transition that prevent accurate calcula-
tions of the entropy associated with these features. We used an
alternative technique in which a large heat pulse AT is applied
starting from a base temperature Ty < T, such that the range T, +
AT encompasses the entire feature associated with the first-order
phase transition.”® From measured T(t) data and other experimen-
tal parameters, we calculate I'(T),

r0) = & ) - 1y /am), <1>

such that C(T) can be obtained by calculating C(T) = —K/ (1).>
K is the thermal conductance of the Pt wires thermally connecting
the calorimeter platform/sample to the bath at T during the mea-
surements. In practice, K is calculated assuming K = P/T, where P
is the power dissipated by a thin-film heater mounted to the calo-
rimeter platform; however, we corrected this value of K for a
modest linear temperature dependence of K(T) in this temperature
range.”” Apiezon H grease was used to mechanically and thermally
couple samples to the calorimeter platform. Measurements of the
specific heat of the grease were performed using a standard thermal
relaxation technique prior to mounting the samples on the calo-
rimeter puck. These addenda data were subtracted from calculated

ARTICLE scitation.org/journalljap

C(T) results to remove contributions associated with the grease and
to obtain the specific heat of the samples. Measurements were per-
formed in zero field and in applied magnetic fields of
H=1, 2, 3, 4,and 5T using a PPMS DynaCool equipped with a
superconducting magnet. A comparison between the conventional
thermal-relaxation method and the single-pulse method is made in
Fig. 2 for a representative sample.

The entropy variation with the applied magnetic field,
AS(T) = S(T, H) — S(T, H = 0T), was calculated by numerically
integrating C(T)/T data for each applied field with respect to tem-
perature and subtracting the resulting entropy for zero field,
S(T, H=0T), from S(T, H) data.

To obtain estimates for AT4; on selected samples, we used a
combination of M(H) and C(T) data. Invoking a well-known
Maxwell relation and employing simple thermodynamic argu-
ments, a differential adiabatic temperature change dTa4, given a
differential change in magnetic field dH, can be expressed,

T oM
mo==(c), Gor) ¥

where the terms (T/C),; and (OM/OT),, are at fixed H. In practice,
the latter term is obtained by taking numerical derivatives of dis-
tinct M(H) data sets with respect to temperature at fixed H values.
The M(H) measurements were made using a commercial SQUID
magnetometer at temperatures in the vicinity of the first-order
phase transition. Using these M(H) and C(T) measurements, the
quantity —(T/C)(OM/OT), can be calculated for as many mag-
netic fields as possible, and then dT4, [see Eq. (2)] is numerically
integrated to obtain AT 4.

24 T T T T T T T T T T T T T T
#1 .

3 Single-pulse method -

20 -

<16 .
4
‘TU'J
2

O 12+ -

0.8 o -

Thermal-relaxation .. |

method )

1 " 1 1 1 1 1 L 1 L 1

04 L -
314 316 318 320 322 324 326 328 330
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FIG. 2. Comparison of heat capacity measurements of sample 1
(NispMn3sIngGagSis) as a function of temperature using the single-pulse method
(black curve) and the thermal-relaxation method (filled red circles). These
methods are described in the text.
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I1l. RESULTS AND DISCUSSION

We report the results of measurements on six different quin-
tenary and sextenary Heusler alloy compositions. For conve-
nience, we refer to each composition by a number throughout the
paper (see Table I). A comparison between our alloys and the sto-
ichiometric Heusler compound Ni;MnGa (NisoMn,5Ga,s) reveals
that our samples have nearly stoichiometric amounts of Ni (the
exceptions are samples 2, 3, and 6 where we replaced some Ni
with Ag or Mn), excess Mn, and varying amounts of X = Ga, In,
Si, and Ge. These alloy compositions were chosen in order
to study three chemical substitution effects: (1) introducing sub-
stantial chemical disorder on the X-site (X = Si, Ga, and In), (2)
replacing Ni with nonmagnetic Ag, and (3) replacing Mn with
small amounts of Gd.

ARTICLE scitation.org/journalljap

Measurements of specific heat in magnetic fields of up to
5T are shown in Fig. 3. These measurements were conducted
using the single-pulse method described in the section
on Experiment. In all cases, the prominent peaks associated
with the phase transitions shift monotonically to lower temperature
with increasing magnetic field. This same response was observed
in related alloys NigsCosMnsgSby,'” NigCuMnaylng,™” and
NisoMns; 3,Croslnig.”” A single, dominant peak is observed in
samples 2, 3, and 5, while samples 1, 4, and 6 appear to exhibit at
least two distinct peaks. The first-order martensitic-austenite struc-
tural transition and ferromagnetic transitions typically occur in
close proximity to one another, but they can be separated in
NiMn; ., X;_,-based alloys.ZI’”’35 As is noted in Ref. 21, maxi-
mized magnetocaloric effects are generally observed when these

1.2 . : : . : e
C
#3
v 9 T
—‘U) Tm (‘CD
> =, o
o o o
. 04 . . . o4 . . : . . .
314 316 318 320 322 324 326 328 200 300 310 320 330 255 260 265 270 275 280 285 290
T(K) T (K) T(K)
v 9 T
—‘C” —'C” (‘U)
= 2 2,
o o o
od ; . ] ) ] ) ’ A 54 i ; .
300 305 310 315 320 325 330 335 280 200 300 310 320 330 340 350
T(K) T (K) T(K)

FIG. 3. Heat capacity as a function of temperature, measured in applied magnetic fields of H = 0, 1, 2, 3,4, and 5T, for (a) sample 1 (NisoMngsInsGagSis), (b) sample
2 (NigsAgsMn3sIny2Sis), (c) sample 3 (NigsMnyolngGagSis), (d) sample 4 (NispMngsIns 75Gas 75SisGeg ), (€) sample 5 (NispMnaz 5IngGds 5GagSis), and (f) sample 6
(NigsAgsMn3sIngGagSiz). Distinct curves are data measured in different applied magnetic fields. A large feature (or features for samples 1, 4, and 6) are associated with
the ferromagnetic and martensitic-austenite structural phase transitions. These phase transitions are suppressed to lower temperature by applied magnetic fields. Insets in
panels (b) and (f) highlight the more subtle field-driven shift of the phase transitions in these samples.

J. Appl. Phys. 126, 165101 (2019); doi: 10.1063/1.5120819 126, 165101-4

Published under license by AIP Publishing.


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

two transitions are very close to one another. In sample 4, two
large peaks centered near 308 K and 332 K and a modest hump-
like feature near 314 K are observed. Chemical inhomogeneity in
this complex alloy has likely resulted in some phase segregation
between two phases with first-order transitions near 308 K and
332K, respectively. In this study, we focus on the magnetocaloric
effect associated with the dominant phase with its transition
temperature near 308 K. The applied magnetic field appears
to have the most significant impact on the specific heat of sample
5, suggesting that this alloy composition should have the largest
AS value.

The change in entropy due to the application of the magnetic
field was estimated using our specific heat data. The entropy at
each magnetic field was calculated as a function of temperature by
integrating C/T with respect to temperature. We calculated the
entropy using data from measurements in applied fields of H =0
and 5T and the change in entropy was calculated,
AS =8(T,H=5T)— S(T, H=0T). Results for AS are plotted in
Fig. 4 for all six alloys. Sample 5 clearly has the largest AS value of
roughly 9.5Jkg™! K!. Samples 1 and 4 have comparable AS
results (3.8Tkg™! K™! and 3.3Jkg ! K., respectively). We note
that sample 4 has a smaller second AS feature associated with the
higher-temperature transition observed in heat capacity. Samples 2
and 6 exhibit relatively small, broad entropy changes, while AS for
sample 3 goes through a peak centered near 270 K before decreas-
ing to a local minimum near 283 K and increasing thereafter with
increasing temperature. This behavior is similar to the AS vs T
curves reported for NigCuMnssIngs,” NisoMnas.32Croeslne,
NisoMns;Sn3,”"  NigoMnss Inige,””  NisoMnseSnglng,”*  and
Nigg 5_xCo,Mns;Snyys with x = 0, 1, 2. The positive peak in AS

-

AS (J kg K™
N w H [¢] (o>} ~ (o] © o

240 260 280 300 320 340 360
T(K)

FIG. 4. Changes in entropy, AS, between 0 T and 5 T are plotted
as a function of temperature for samples 1 (NisgMnss5ingGagSis), 2
(NigsAgsMn3sIng2Sis), 3 (NigsMngglngGagSis), 4 (NispMnasins 75Gas 75Sis Geo 5),
5 (NisoMn33 5IngGd 5GagSis), and 6 (NigsAgsMn35ingGagSis). Lines are guides
to the eye.
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is a hallmark of the inverse magnetocaloric effect and is associated
with the first-order martensitic transition; the smaller negative
peak at higher temperature, which represents a conventional mag-
netocaloric effect, is associated with the ferromagnetic transition.”’
Thus, there is a slight temperature separation between these two
phase transitions in sample 3.

Our AS values can be compared with published results for
alloys with comparable amounts of Ni and Mn which are listed in
Table II. This comparison allows us to make some conclusions
concerning several chemical substitution effects. (1) First, most of
our AS values are about an order of magnitude smaller than the
values listed in Table II. This is likely a consequence of the signifi-
cant amount of the chemical disorder on the X site in our quinte-
nary and sextenary alloys, nearly all of which have three distinct
elements occupying that position. This can be contrasted with the
alloys listed in Table II in which there is generally a single
element on the X position (or two at most). Specifically, we can
compare AS=3.8Jkg ! K™! for alloy 1 (NisoMnj35IngGasSis)
with AS = 15]Jkg ' K~! reported”’ for NispMn3sSnjs. These
alloys only differ in their X-site compositions. (2) Second, the
alloys with the smallest AS values (samples 2 and 6) are those in
which small amounts of Ni were replaced by nonmagnetic Ag.
Previous studies in which a small amount of Ni has been replaced
with magnetic Co or Fe have resulted in enhanced magnetocaloric
properties.'”*® The significant reduction of the magnetocaloric
properties when a nonmagnetic element is introduced onto the Ni
site is consistent with our expectations. (3) Third, our largest
value of AS=9.5Jkg *K™! for sample 5 is comparable with
many of the published results summarized in Table II. A
small amount of Mn was replaced by Gd in this alloy, apparently
offsetting any reduction in the magnetocaloric response due

TABLE II. Published AS results for alloys with similar Ni and Mn compositions to
those in this study (close to NisoMn3sX;5). Results are displayed in order of decreas-
ing AS. Unless otherwise indicated, values of AS were obtained in 5 T magnetic
fields.

Alloy composition AS J kg KT Reference
NigCuMns,lnge 25.8 (at 4.5T) 33
NisoMnj3.3,Cro gslnie 24.4 35
Niso,Mnss0lnig g 22.1 (at2'T) 39
Nisg3Mnsg.1In;0.1Sbs 5 21.5 20
NisoMn3;Sn;3 18 21
NisoMnj3;Sb,; 17.7 18
NisoMn35Sn;5 15 21
Niy9 9Mnss5In149 134 20
Nigo sMnj3selny g 10.6 (at 2'T) 39
Niyo 0Mn3s0Ing ;Sbg o 10.3 20
NisoMn34Snglng 10.2 24
Nig4Mnse.1In535b10, 8.6 20
Niyo sMnss 0lnys» 82 (at2T) 39
NisoMn3zgSb, 7 19
NiggsMn3;Sni45 6.15 (at 1.5T) 27
Nig7 sMns; 5805 3(at1.5T) 26
NiggMnjzgln;6 2.1 (at1T) 30
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to the chemical disorder on the X-site. It is instructive to
compare AS values for alloys 1 (NisoMn3s5IngGagSiz) and 5
(NisoMns3 5IngGd; 5GagSiz) to see that Gd substitution signifi-
cantly enhances AS from 3.8 kg ! K™! to 9.5Jkg ! K~!. Given
the prevalence of Gd-based compounds and alloys among the best
magnetocaloric materials, this result is not surprising. While the
expense and relative scarcity of Gd prevents widespread use of
Gd-based compounds in commercial magnetocaloric devices, our
result suggests that alloying small amounts of Gd into
non-Gd-based compounds may be a suitable strategy for enhanc-
ing their magnetocaloric properties.

Based on the results summarized in Fig. 4, we chose to deter-
mine the adiabatic temperature changes, ATy,, for samples 1, 4,
and 5. These samples exhibited the most promising AS values and
have related alloy compositions. Sample 1 is NisopMns5IngGagSis,
while the other two are based on the same composition with a
small amount of Gd replacing Mn in sample 5 and a small amount
of Ge replacing In and Ga in sample 4.

Magnetization data for samples 1, 4, and 5 are displayed
in Fig. 5 as a function of temperature. These data were mea-
sured in an applied field of H = 1T. A relatively sharp decrease
in the magnetization with decreasing temperature is observed in
each sample. This decrease is associated with the structural tran-
sition from the austenite phase at high temperature to a mar-
tensitic phase at low temperature. This first-order phase
transition leads to a clear thermal hysteresis observed in all
three samples (see insets in Fig. 5). These sharp features were
also observed in the specific heat measurements displayed in
Fig. 3. Substitution of small amounts of Gd and Ge into

ARTICLE scitation.org/journalljap

NisoMnj35IngGagSis clearly suppresses the magnetic and struc-
tural transition temperatures by comparable amounts. However,
Ge substitution (sample 4) increases the thermal hysteresis
width relative to sample 1 (see the right-hand inset of Fig. 5).
The high-temperature transition at 330-335 K that was observed
in heat capacity measurements is also observed in M vs T (see
the right-hand inset of Fig. 5). When small amounts of Gd are
introduced (sample 5), the magnetization increases substantially
and the hysteresis width does not appear to change significantly
relative to that of sample 1.

Isothermal measurements of magnetization as a function of
magnetic fields of up to 5T were conducted in 0.2 T intervals at
temperatures near the first-order structural transition; these tem-
peratures were selected using the data displayed in Fig. 5. The
M vs H data for samples 1, 4, and 5 are displayed in Fig. 6.
Numerical derivatives (OM(T, H)/0T), were evaluated at each
magnetic field and plugged into Eq. (2). Using data for specific
heat, C, Eq. (2) was integrated from 0 to 5T, providing us
with an estimate for the adiabatic temperature change, AT4,.
The results for samples 1, 4, and 5 are displayed in Fig. 7. The
largest value is AT,y >~ —3 K for sample 5, while samples 1 and
4 exhibit ATyy ~ —1.5K and ATyq >~ —1K, respectively. We can
compare our results with direct measurements of AT4,; that have
been reported for several other Ni;Mn;;,.X;_-type Heusler
alloys'>*%77=3%4%%%  (summarized in Table III). Our largest
result for ATy; has the same order of magnitude as many of
these other results shown in Table III; however, we note that
many of the ATs,; values from the literature were obtained at
lower magnetic fields than 5 T as is specified in the table.

FIG. 5. Magnetization measured in
an applied magnetic field of H=1T
is plotted as a function of temperature
for samples 1 (NispMn3sIngGasSis),
4 (NisoMn351ns 75Gas 75Si3Geg 5), and

M (A m*kg™)

5 (Ni50Mn33,5InsGd1,5GaGSi3). The left-
hand inset shows the transition region in
sample 5, emphasizing the observed
hysteresis. The right-hand inset shows
the transition region for samples 1 and
4. A second feature at higher tempera-
ture, which indicates some phase segre-
gation, can also be clearly observed for
sample 4. Lines are guides to the eye.

J. Appl. Phys. 126, 165101 (2019); doi: 10.1063/1.5120819
Published under license by AIP Publishing.

126, 165101-6


https://aip.scitation.org/journal/jap

Journal of

Appl ied Physics ARTICLE scitation.org/journalljap

14 T T T T . T . T —]
— 12 | 310 K . ® :_‘
'@10'_315K e % et
g4 L] ¢ L4 ° . ° p
~ 8 '_ 320 K #1 . : ° : o ®
€ "I 325K s 8
6 ° : * 4 ° [] s 8 -
< SPawok o piiio e -
S A0 335K gid; 00 ;
2F gpier? (@)
o Le ' 1 A 1 . 1 A 1 A i
0 1 3 4 5
12 r T T T . T T T T
—~10 | 304K 314K ¢ o4
"o o[ 306K 316K TS
:‘8-308K318K Y UL
€ 6 310K RTLL 7 I
$4—312K -';"' - P T TP T R T R B
L st #4 ] 3.0
E oL : ;0 e ] 290 295 300 305 310 315 320 325 330 335
ol=e T . 1 . 1 . 1 .(b)' T(K)
0 1 2 3 4 5
25 T T T T T T T T e * ] FIG. 7. The adiabatic temperature change, ATy, is plotted as a function of tem-
‘T/-\ 20 -_ 285K 305K e ® : : ° ° ._ perature for samples 1 (Ni50Mn35In5G36$i3), 4 (Ni50Mn35In5,75Ga5,75Si3GeoA5),
o [ 290K 310K Lot ° o and 5 (NisyMn33 5InsGd 5GagSis). AT,y Was calculated using a combination of
f 15 L 295K 315K e ® o’ ‘ ! ‘ ; i i H 3_1 magnetization and heat capacity measurements as described in the text. Lines
e o ® ° q
S r 300K . . et i i i H f are guides to the eye.
$ 10 ] i i i $ § -
E 5 l l i i : #5 -
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H (T) reducing it, '
FIG. 6. Isothermal magnetization measured as a function of magnetic field, H,
at temperatures near the first-order phase transition for (a) sample 1 TABLE lll. Published ATyq results for related Heusler alloys. The results are orga-
(NisgMn3sIngGagSis), (b) sample 4 (NisoMnssIns 75Gas 75Si3Geg5), and (c) nized by AT,y value and include the magnetic field the results were obtained under.
sample 5 (NispMns; 5InsGdy 5GagSiz). Measurements at each temperature are We have separated the results for inverse magnetocaloric effects (ATyy < 0K) from
represented by filled circles of the color specified in the legend for each panel. results for conventional magnetocaloric effects (ATay> 0 K).
Temperature
of maximum
The most promising AT, result to date was obtained for Alloy composition ATaq (K) ATaq (K) Reference
Nigs7Mns6,6In135Co042; this alloy undergoes a large adiabatic NigsMnysIngg -9 (at20T) 265 42
temperature change of ATjg > —8K under an applied field of  Nj,. MnsgcIn ;5Cos, —8 (at 1.95T) 287 54
just 1.95T within a few degrees of room temperature.” Thermal — Nio MnyoIns -7 (at 67T) 250 38
hysteresis effects reduce the magnitude of AT,y for subsequent Nigo sMnssIngs —52 (at 2T) 235 15 and 39
magnetic field cycles, but ATy, remains an impressive —3 K on NigosMnss ¢In 4 g -5 (at2T) 274 39
54 . K .
the second cycle. Niys 2sMnyg;Ings 75 —-37@at2T) 230 37
Our negative ATsy results are consistent with previous Nis.4Mnsysln;sg —3.6(at2T) 192 15
studies showing that Ni;Mn ;. X;—,-type Heusler alloys exhibit  Nj, MnsoSn,y 34 (at 57) 200 60
an “inverse” magnetocaloric effect.'”'**"”” Mesoscale coupling Niyg ¢Mnsg oSN 65 —26(at 5T) 149 25
of the martensitic and magnetic domains allows changes in NigsMns; 7slng, 25Co, =24 (at 2'T) 310 37
lattice parameters during the martensitic phase transition to Niys 2sMnysIng; 75 —2.1 (at2T) 292 37
modify the magnetic exchange interactions, driving this inverse Niso oMniss sIn; 4 7 -2 (at5T) 296 25
effect.”’  An inverse ntlfgnetocaloric effsct has also bee(ri Nis; sMns, oln s 14 (at3T) 250 25
reported for Fe0‘49Rh0,51,’ Mn1<60Cr0,058b," and Mn1‘82V0‘1gs.’ NiSO.ZMn35.OIn14.8 —1.1 (at 2T) 301 39
In these latter materials, a first-order phase transition from NissMnGays 2 (at5T) 310 61
antiferromagnetic to ferromagnetic or ferrimagnetic states is NiggMnsglne 1(at17T) 316 30
driven by the applied field. Given the strong mixture of
J. Appl. Phys. 126, 165101 (2019); doi: 10.1063/1.5120819 126, 165101-7
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IV. CONCLUSIONS

We studied the impact of chemical substitution on the inverse
magnetocaloric effect of multicomponent, Ni,Mn;,X;_,-based
alloys; specifically, we studied the effects of (1) introducing a sub-
stantial chemical disorder on the X-site (X = Si, Ga, and In), (2)
replacing a small amount of Ni with nonmagnetic Ag, and (3)
replacing a small amount of Mn with Gd. Our results indicate that
introducing a strong chemical disorder on the X-site and replacing
Ni with nonmagnetic Ag both tend to reduce AS in
Ni,Mn; ;. X;—,-based alloys. Chemical disorder also broadens the
temperature region of the martensitic phase transition. So, while
multicomponent alloys allow us to tune the transition temperature
where magnetocaloric properties manifest, it appears to be at the
cost of a reduction of the magnitude of AS. On the other hand,
replacing Mn with a small amount of Gd resulted in a significant
enhancement of AS, offsetting some of the reduction due to the
chemical disorder. This result suggests that alloying small amounts
of Gd into other non-Gd-based magnetocaloric compounds may
be an effective strategy for enhancing their properties as well.

The largest AS values in Ni;Mn; . X;_,-type Heusler alloys are
observed when the first-order martensitic transition coincides with
the magnetic transition. It is not surprising, therefore, that our largest
AS value was found in sample 5 where this coincidence between
phase transitions was closest. In contrast, distinct features observed in
specific heat and magnetization measurements of samples 1 and 4
indicated a significant separation between these phase transitions,
which tends to reduce the magnitude of magnetocaloric properties.

The magnitude of AS is not the only metric that determines
the viability of a magnetocaloric material for magnetic refrigera-
tion applications. Perhaps even more relevant is the adiabatic
temperature change AT44, which we estimated for selected alloys
using measurements of magnetization and specific heat. The
largest adiabatic temperature change in response to an applied
magnetic field of 5 T was observed to be AT44 ~ —3 K in alloy 5
(NisoMns35In6Gd; 5GagSiz). This result for AT,y has the same
order of magnitude as many of these other results for other
Ni;Mn; ., X;_,-type Heusler alloys shown in Table III.

Viable material candidates for magnetic refrigeration applica-
tions should have large AT4; values in the temperature range of
operation for the device (i.e., near room temperature). Many of the
alloys with AT, values summarized in Table III exhibit magneto-
caloric effects at temperatures below the typical operating tempera-
tures of most magnetic refrigeration devices. The alloys
characterized in this study have magnetocaloric effects that have
been deliberately tuned to near room temperature. In particular, we
observed ATs; ~ —3 K near 310K in alloy 5 (see Fig. 7). This size-
able ATy, value near room temperature suggests that alloy 5 may
be a good candidate material for magnetic refrigeration applica-
tions. As the search for optimized magnetocaloric properties in
Ni,Mn;;,X;_, Heusler alloys continues, our results suggest that
enhanced properties can be obtained by limiting chemical disorder
on the X-site and by alloying in small amounts of Gd.
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