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Magnetic materials exhibiting a large magnetocaloric effect (MCE) have
recently gained strong interest due to their potential use in magnetic refrig-
eration technology. The MCE is intrinsic to all magnetic materials, being
particularly high in the vicinity of 1%°- or 2"d-order magnetic phase transi-
tions [1, 2, 3, 4, 5, 6, 7, 8, 9]. Since the observation of the so-called giant
MCE around room temperature in GdsGesSia [1], materials showing 15%-order
magnetic phase transitions have been investigated intensively aiming at cool-
ing applications. However, the practical application of giant MCE materials
is necessarily hindered by the nature of the phase transition itself. To induce
a 1%t-order transition energy must be spent to overcome the potential barrier
between the two phases. This leads to intrinsic irreversibilities in both entropy
and adiabatic temperature changes which can drastically reduce cooling effi-
ciency [8]. Moreover, in the case of strong 15*-order phase transitions, where
the crystal lattice discontinuity is the result of a symmetry change, it often
results in physical instability upon thermomagnetic cycling [10].

In contrast, 2"d-order magnetic transitions are continuous, which typically
results into lower but fully reversible entropy changes. For instance, Gd, which
has been used as a benchmark material in magnetic refrigerator prototypes [11,
12], shows a 2"d_order ferro-to-paramagnetic transition close to room temper-
ature (Tc =294 K). Gd exhibits considerably high entropy change due to a
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large magnetic moment produced by 4f electrons (Ms = 7.5 ug/atom). How-
ever, the high cost of Gd prohibits its use in commercial applications [13]. In
contrast to rare-earth based materials, much cheaper and more environmental-
ly friendly candidates for cooling applications were found within the family of
Ni-Mn based Heusler alloys. Initial interest in this group of materials was fo-
cused in the presence of magneto-structural 15%-order martensite-austenite tran-
sitions, leading to extremely large anisotropy, entropy and adiabatic tempera-
ture changes [6, 7, 8, 9, 14, 15]. However, the martensitic phase transition is
crossed at a high energy cost which translates into large hysteresis losses and low
efficiency for cooling applications. It is necessary to drastically reduce thermal
hysteresis to make real use of these materials.

Alternatively, in the present study we show how the flexibility of the Heusler
family, can be used to optimize reversible 2"%-order magnetic phase transitions
for magnetocaloric applications.

In order to maximize the energy capacity of the magnetic degrees of free-
dom, we need first of all to maximize the magnetization. The highest magneti-
zation values in Heuslers are exhibited by the well-known Co-rich materials, e.g.
CogFeSi (6 pp/fu.) or CooMnSi (5 pp/f.u.) half-metals in the L2; structure
(see Fig. 1a) [16, 17, 18, 19, 20, 21, 22, 23]. On the other hand, their Curie
temperatures are way too high (~ 103 K) to make these systems useful in room
temperature applications. The reason for this is the strong Co—Fe (or Co—Mn)
nearest-neighbor parallel magnetic exchange coupling (Fig. 1b). At the same
time, the exchange coupling between Mn atoms, which provides the most signif-
icant contribution to magnetization (3 — 4 up/atom), is much weaker. Albeit
that simple substitution of Co by Mn decreases T¢ towards room-temperature
values, it does not lead to the desired increase in magnetization.

The problem is that these extra Mn atoms, which substitute Co in its posi-
tion (8¢ Wyckoft sites of the L2;), become nearest neighbors to the original Mn
in 4a, and couple antiparallel to it, thereby decreasing the total magnetization
(Fig. 1¢). To prevent the extra Mn from occupying 8c sites (so-called ”antisite
disorder”), they must be fully filled by transition metals other than Co, but
later than Mn (i.e. located to the right of Mn in the periodic table; for the
details of chemical ordering in Heusler compounds, see e.g. [24]). A good idea
would be to use Ni instead of Co, since it has positive but substantially weaker
exchange coupling to Mn (Fig. 1d). This is supported by experimental obser-
vations confirming that the T¢’s of NisMnZ (Z= In, Sn, Sb) are quite close
to room temperature [25]. On the other hand, their ground-state saturation
magnetization (~ 4 pp) [26] is still noticeably lower than that of Gd.

There is, however, a straightforward way to increase the magnetization,
found inspecting the phase diagrams of the NigMny4, 71—, (Z= In, Sn, Sb)
series [25, 26]. If there is a deficit in the main-group element Z, the extra Mn
atoms must occupy the 4b positions (Fig. 1e). This may introduce antiparallel
coupling between Mn(4a) and Mn(4b), as they are closer to each other when
compared to Mn(4a)-Mn(4a) distances (i.e., a/2 < a/V/2, a - lattice param-
eter). However, due to their mutual parallel coupling to Ni atoms Mn(4a)—
Ni(8¢)-Mn(4b), which is relatively strong and high-coordinated, the system ef-



ficiently increases its magnetization with increasing x in a linear fashion [26]:
Mg(x) = 2 -mni + (1 4+ x) - mmn, where m denotes an atomic moment.

Surprisingly, T¢ is rather insensitive to the changes in Mn/Z ratio and re-
mains close to room temperature. This procedure is limited by = < xg ~ 0.4,
which, however, corresponds to Mg =~ 6 pp/f.u., being already a significant
magnetization value for Heusler materials. For x > xg the ferromagnetic sys-
tem transforms into a martensite phase (with rather complicated monoclinic
modulated structure [27]), with low ground state moment. Due to the higher
stability of the austenite at elevated temperatures, the critical excess of Mn
slightly varies with temperature as well: e.g. 0.33 (T' = 0) < z¢ < 0.5 (T = Tc)
and 0.32 (T'= 0) < g < 0.4 (T = T¢) for Z=Sb and In, respectively. Since we
are interested in exploiting these materials at 7' = T, we can consider the com-
positions at the upper limit of xy, by making use of larger magnetization values.
Based on the above speculations, here we will focus on studying the MCE of
NisMnj 4Ing¢ which exhibits a room temperature 2nd_order phase transition
(Tc =~ 315 K) and large saturation magnetization (= 6 ug/f.u.). In the follow-
ing we describe in details the synthesis procedure of the austenite, as for this
composition most of the experimental studies report the martensite ground-
state.

The presently prepared NisMn; 4Ing ¢ sample (for the details, see Support-
ing Information) was found to stabilize in the cubic austenite structure in the
entire temperature range (see Fig. 2). The Rietveld refinement of the room-
temperature XRD pattern was performed assuming the L2; structure (space
group Fm3m), with chemical ordering as discussed above, i.e. with 8c sites
occupied by Ni, 4a - by Mn, 4b - by In and excess Mn (see Fig. 2b), which cor-
responds to the case in Fig. 1e. The sample is found to be single phase, since
all observed Bragg reflections could be indexed using the cubic L2; structure.
The (111) and (200) reflections (blue arrows in Fig. 2) are clear evidence of L2
ordering [15]. The refined lattice parameter is 6.004 A.

Magnetization curves as a function of temperature for different applied mag-
netic fields are shown in Fig. 3. As it clearly follows, no transition into a low-
magnetic phase is observed within the whole temperature range 0 < T < T¢,
which is in contrast to some earlier reports [28, 29] for close compositions, but
in agreement with, e.g. [25, 26]. The magnetic ordering temperature value is
about Tc ~ 316 K, close to optimal for MCE applications. Thus we can con-
clude, that the present composition is close to the limit of structural instability,
presenting the highest possible magnetization moment. The saturation magne-
tization value measured at 2 K is 6.13 up/f.u. (see Fig. 4a). Since no hysteresis
associated with this transition is observed even at low fields (see the inset of
Fig. 3) and the monotonic increase of magnetization with increasing field un-
der isothermal conditions (see Fig. 4b), we can conclude that the transition is
2nd_order.

The absence of notable differences between ZFC and FC magnetization
curves at low field (0.01 T) clearly indicates that the antiparallel interactions,
which are often observed in these alloys, are sufficiently weak in the present
sample (see inset of Fig. 3). This also indicates the absence of Ni-Mn antisite



disorder [30], i.e., the excess Mn atoms occupy exclusively the 4b sites.

Isothermal magnetization curves My (H) for NisMnj 4Ing g, measured be-
tween 270-340 K at 2 K steps in temperature- and field-ascending mode, are
shown in Fig. 4b. Since this compound shows a second order phase transi-
tion the magnetic entropy AS can be reliably calculated using the Maxwell
relations [31]. The entropy change curves are broad and exhibit maxima at
3.3 J/kgK and 6.3 J/kgK for 0-2 and 0-5 T field changes, respectively (see
Fig. 4¢). These values are comparable to those observed for Gd [4] within the
same temperature range. Finally, in order to fully assess the properties rele-
vant for applications, direct cyclic AT,q measurements were performed (for the
details, see Supporting Information). We observed AT,q ~ 1.5 and ~ 2 K for
0-1 T and 0-2T field changes, respectively (Fig. 4d). This demonstrates,
that the MCE of a 2"-order phase transition can be substantially improved,
without the use of expensive rare-earth elements. Although lower than Gd, the
AS and AT,q of the present alloy are noticeably higher than those obtained by
Moya et al. [28] for a very similar composition. Moreover, they are comparable
to reversible [32, 8] and even irreversible [33, 34, 35] values observed for some
shape memory Heusler alloys at their 15%-order martensitic-austenite transition.

Two central aspects, which make the 20d_grder transition in NisMnj 4Ing g
so attractive for magnetocaloric applications, are the large saturation magne-
tization of the austenite phase (Mg = 6.17 ug/f.u.) and its proximity to the
paramagnetic state at room temperature (Tc = 316 K). Noteworthy is the fact
that T remains almost insensitive to composition, and thus, also to the magne-
tization, within the whole range of the austenite existence (0 < z < 0.4). This
may suggest that it is possible to further improve the properties giving rise to
the 2°d-order based room-temperature MCE, i.e. to stabilize the main-group
element poor phase in the austenite structure.

The weak variation of T¢ with composition x has been clarified by first-
principles calculations (see the Supporting Information) based on the experi-
mental lattice parameters of the austenite phase, which were linearly extrap-
olated to study x > 0.4 compositions. We found that the behavior of T¢ is
almost solely defined by the competition between the positive nearest-neighbor
Mn(4a/4b)-Ni(8¢) and the negative second-neighbor Mn(4a)-Mn(4b) contribu-
tions scaling up with x, and remains nearly constant because the slower increase
of the second contribution is accelerated by the factor z. The detailed plot on
Fig. S1Db, shows that the computed maximal eigenvalue of the effective exchange
matrix, which corresponds to T¢, stays constant until x =~ 0.4. Further increas-
ing x violates the compensation of exchange interactions due to the sudden
growth of the diagonal terms resulting from the shortening of the inter-atomic
distance.

As we see, the compositional range in which T remains constant correlates
with the stability range of the austenite phase itself (z < 0.4). How to stabi-
lize the austenite phase for the Mn-rich compositions? Despite that there is
no unique mechanism causing the distortion of the cubic lattice for a partic-
ular Heusler composition, most of the Heusler compositions are known to be
cubic. This indicates that, by offering a system more degrees of freedom, the



cubic phase may be stabilized, i.e. we may look for more diverse compositions.
Regardless the origin of a particular mechanism, in the sense of the electronic
structure description, the instability is manifested by the relatively high density
of states at the Fermi energy (nr). As it follows from first-principles calculations
(see Supporting Information), ny grows monotonously with z, but starting from
x ~ 0.4 this growth substantially accelerates and the most significant contribu-
tion to np comes from Ni(8¢) states.

Since the exchange coupling mechanisms discussed above are weakly affected
by the choice of main-group element, especially within the Mn-rich regime (the
phase diagrams of NioMnj 4,71, for Z=In, Sn and Sb look very similar [25]),
the reasonable way would be to focus on replacing Ni. By replacing Ni with
Co, as in e.g. Ni-Co-Mn-X (X = In, Sn) alloys [36, 37], the austenite phase is
stabilized leading to a higher moment, but also a strong increase of T¢. In con-
trast, replacing Ni by Pd as in e.g. (Pd;_,Co,)2MnSn [38] strongly reduces T¢
whereas the decrease in Mg is comparatively negligible. Thus, these two mecha-
nisms may be combined by substituting Ni with combination of two different late
transition elements, one with a stronger, and another one with a weaker parallel
exchange coupling to Mn in 4a/4b. Good candidates might be the Pd-based
L2, Heusler systems, such as (Pdg.sCog.2)2MnSn [38], with Tc = 310 K and
Mg = 4.43 pp/fau., which is even higher than that of NigMnIn. Here one can
expect, that by replacing the ordered Ni sublattice with a randomly occupied
(Pd-Co) one, the instability peaks of np may be reduced by disorder-induced
broadening, and the system may retain the austenite phase for higher Mn-In
substitution ratios. In addition, since the T¢ of (Pd;_,Co,)2MnSn composi-
tions strongly depends on the balance between Pd and Co [38], we obtain one
extra degree of freedom, which can be efficiently used to fine tune T to the
desired working temperatures for applications.

In summary we have analyzed the Heusler class of materials looking for sys-
tems presenting large ground state moments which can be stabilized into a fully
austenite state with a 2"%-order phase transition around room temperature. We
have pinpointed a composition - NisMnj 4Ing ¢ - which has been experimentally
studied and shown to present the desired magneocaloric properties. Based on
additional first-principles calculations we explain the underlying mechanisms
and point out a perspective for further improvement. Thus our study consists
of a set of rules - and a proof of concept - for finding Heusler alloys showing large
ground state magnetic moment and reversible MCE aiming at applications.
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(a) X,MnZ

(d) Ni,Mnz (e) Ni,Mn,,,Z,_,

Figure 1: The effects of different chemical substituions on the magnetic
structure of the austenite phase. (a) Unit cell of the L2; structure (Wyck-
off sites 4a, 4b and 8¢ are marked by red, yellow and blue colors, respectively)
corresponding to the XoMnZ (X - late transition element, Z - main group ele-
ment) composition. The color of a particular Wyckoff site matches that of the
occupying element. (b) L2; structure with CooMnZ composition, for simplicity
only magnetic sublattices (Mn in 4a and Co in 8¢) are shown. Local magnetic
moments are marked by arrows. Nearest Co(8¢) and Mn(4a) neighbor moments
are strongly coupled by the parallel exchange interaction shown as thick blue
bonds. (¢) This picture distorts for Cos_,Mnj ., Si compositions: extra Mn sub-
stitutes Co in 8¢ and couples antiparallel (red bonds) to the Mn in 4a. (d) In
case of NigMnZ, the parallel Mn-Ni coupling is much weaker compared to (b)
(thin blue bonds). (e) In case of NigMnjy,Z1_,, excess Mn randomly substi-
tutes Z atoms in the 4b sites (indicated by mixed-colored spheres). This leads
to the emergence of antiparallel Mn(4a)-Mn(4b) exchange coupling (indicated
by the red bonds).
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Figure 2: Structural analysis of the NizMn; 4Ing¢ sample. (a) Room-
temperature XRD pattern of NisMnj 4Ing . Observed, calculated and residual
patterns are marked by the black dots, red solid line and green solid line, re-
spectively. Blue ticks indicate the Bragg peaks positions, blue arrows — the
superstructure reflections of the L2; phase. (b) The unit cell of NisMn; 4Ing ¢
as deduced from XRD: 4a Wyckoff sites are occupied by Mn (red), 4b - are
randomly occupied by Mn and In (red/yellow), 8c - by Ni (blue).
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Figure 3: Magnetic properties of NioMn; 4Ing.¢ sample. Zero-field-cooled
heating (ZFC), field-cooling (FCC) an field heating (FCH) magnetization curves
of NisMn; 4Ing ¢ in different magnetic fields. The inset shows the magnetization
measured in a weak magnetic field of 0.01 T. The T¢ ~ 316 K is indicated by a
vertical line.

10



o]

M (ug/f.u.)

N
T

A
T

&
T

o
T

IN
T

N
T

o

3
HoH (T)

-AS (JlkgK)

AT (K)

15

05|

310

TK)

320

330

Figure 4: MCE properties of NioMn; 4Inge sample (a) The isothermal
magnetization curve at 2 K. (b) Isothermal magnetization measured between
270 K < T < 340K at 2 K steps. (c) Magnetic entropy change AS as a function
of temperature for different field changes; the AS of NigMnj 4Ing ¢ is compared
to that of Gd (after Tegus et al. [4]). (d) Adiabatic temperature change AT,
measured as a function of temperature for two magnetic field changes.
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