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The all-d-metal Ni-(Co)-Mn-Ti-based Heusler alloys are found to show a giant magnetocaloric effect
near room temperature and are thereby potential materials for solid-state refrigeration. However, the
relative large thermal hysteresis and the moderate ferromagnetic magnetization provides limitations
for real applications. In the present study, we demonstrate that introducing interstitial B atoms within
Nize 5Co135sMn3sTiys alloys can effectively decrease the thermal hysteresis ATyys (down to 4.4 K), and
simultaneously improve the saturation magnetization (maximum 40% enhancement) for low concentra-
tions of B doping (up to 0.4 at. %). In comparison to the undoped reference material, the maximum
magnetic entropy change (AS,,) for the Nizg sCo135Mn35Ti;5Bo4 alloy shows a remarkable improvement
from 9.7 to 24.3 J kg~! K~ for an applied magnetic field change (AuoH) of 5 T (30.2 J kg™! K~ for
AuoH =7 T). Additionally, due to the obtained low thermal hysteresis ATy, the maximum reversible
ASEY amounts to 18.9 J kg ! K'at 283 K for AjgH =5T (22.0 Tkg™! K~' at 281 K for AugH =7T),
which is competitive to the traditional Ni-Mn-X -based Heusler alloys (X = Ga, In, Sn, Sb). The enhance-
ment of the magnetic moments by B doping is also observed in first-principles calculations. These
calculations clarify the atomic occupancy of B and the changes in the electronic configuration. Our current
study indicates that interstitial doping with a light element (boron) is an effective method to improve the

magnetocaloric effect in these all-d-metal Ni-Co-Mn-Ti-based magnetic Heusler compounds.

DOI: 10.1103/PhysRevApplied.17.054032

I. INTRODUCTION

Magnetocaloric materials (MCMs), which hold a giant
magnetocaloric effect (GMCE), enable promising appli-
cation scenarios such as solid-state magnetic refrigeration
[1], magnetic heat pumps [2], and thermomagnetic genera-
tors to covert low-temperature waste heat to electricity [3].
In comparison to the conventional magnetocaloric effect
(MCE), the “giant” MCE arises from an efficient cou-
pling of different degrees of freedom (e.g., magnetic spin
order-disorder, structural transformations, phonon excita-
tions, or changes in electronic state). The GMCE results
in a large isothermal entropy change composed from
magnetic, lattice, and electronic contributions [4]. Depend-
ing on the type of coupling, the MCMs can be distin-
guished in magnetoelastic and magnetostructural MCMs.
The magnetoelastic MCMs are mainly represented by
(Mn, Fe), (P, X)-based (X = As, Ge, Si) [5], La(Fe, Si)3-
based [6], Fe-Rh-based [7], and EuyIn [8] compounds,
while the magnetostructural MCMs are mainly found in
Gds(Si;Gey) [9], Ni-Mn-X -based magnetic Heusler alloys
(X =Ga, In, Sn, Sb) [10] and Mn-M-X (M =Co or Ni,
X =Si or Ge) ferromagnets [11,12].
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Among these MCMs the Ni-Mn-X -based Heusler alloys
(X =Ga, In, Sn, Sb) attract significant attention because
of their fruitful multifunctionality with, e.g., caloric
effects [1] (magnetocaloric, elasticaloric, barocaloric, mul-
ticaloric), giant magnetoresistance [13], and exchange bias
[14]. Aside from the traditional Ni-Mn-based Heusler
alloys, which are stabilized by p-d hybridization, the
all-d-metal Ni-(Co)-Mn-Ti-based Heusler alloys function-
alized by d-d covalent hybridization were successfully
introduced. This resulted in an obvious enhancement of
the mechanical properties across the martensitic transition
where the intrinsic brittleness of the traditional Heusler
alloys could efficiently be prevented [15,16]. Encouraged
by this progress, some studies have been reported to
further optimize the experimental MCE performance, in
combination with electronic structure calculations [17,18].
For example, by applying a rapid-solidification technique
(melt spinning) Bez and coworkers demonstrated that
Ni375Co125Mn35Tis ribbons show a magnetic entropy
change (AS,,) as high as 27 J kg~! K~! for a moderate
magnetic field change (AuoH) of 2 T [19]. Simultaneously,
Taubel and coworkers reported that an optimized heat
treatment can significantly affect the magnetocaloric prop-
erties in Ni3sCo;sMns7Tij3 with a AS), of 20 Jkg™! K~!
and a maximum adiabatic temperature change (AT,q) of
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—4 K for ApugH=1.93 T [20]. Combining a MCE with
hydrostatic pressures or uniaxial stresses can result in
an enhanced magnetocaloric performance through a mul-
ticaloric cycle [21,22]. However, a relatively large thermal
hysteresis (1040 K) is observed in the above mentioned
materials, which will dramatically reduce the heating and
cooling efficiency in a practical thermodynamic cycle,
which compromises the advantages (excellent mechanical
properties [23], rare-earth-free composition and nontoxic-
ity) of these all-d-type Heusler alloys. Additionally, apart
from the current so-called “Co ferromagnetism activation
effect,” there are no other known substitutions that can
efficiently optimize the ferromagnetic ordering.
Consequently, inspired by the effect of doping with light
elements (e.g., B, C, N) in other MCM systems [24-29],
in the present study interstitial B doping is investigated. A
series of Ni36V5C013.5Ml’135Ti15Bx (x = 0, 02, 04, 06, and
0.8) alloys is successfully produced and their thermody-
namic, magnetic, GMCE properties are reported. Density-
functional theory (DFT) modeling is applied to determine
the atomic occupancy of B and theoretical electron local-
ization function (ELF) calculations provide information
on the changes in electronic environment in the surround-
ings of the main atoms. Our current study demonstrates
the positive influence of interstitial B doping for the all-
d-metal Ni-(Co)-Mn-Ti-based Heusler alloys and shows
how B affects the GMCE performance, which deepens our
understanding of this all-d-metal-type Heusler system.

II. METHODS AND EXPERIMENTAL
PROCEDURE

High-purity (99.9%) raw materials are used to prepare
polycrystalline samples with a nominal composition of
Ni36,5C013_5Mn35Ti15Bx (x = 0, 02, 04, 06, and 08) using
the arc-melting method under Ar atmosphere. The samples
are melted for 5 times. To compensate the overevaporation
of Mn during melt processing, 4 at. % extra Mn are intro-
duced. To ensure the homogeneity the as-cast ingots are
sealed in quartz ampoules under 20-kPa Ar and annealed
at 1173 K for 6 days in a vertical furnace and then quickly
quenched into cold water.

Zero-field differential scanning calorimetry (DSC) mea-
surements are carried out using a commercial TA-Q2000
DSC calorimeter. The DSC measurements under differ-
ent applied magnetic fields (up to 1.5 T) are performed
in a home-built Peltier cell-based DSC, where the calori-
metric AS,, and AT, are derived from specific heat
measurements [30,31].

X-ray diffraction (XRD) patterns at different tem-
peratures are collected using an Anton Paar TTK450
temperature-tunable sample chamber and a PANalytical X-
pert Pro diffractometer with Cu Ko radiation. The XRD
patterns are processed using Fullprof’s implementation of
the Rietveld refinement method [32].

Temperature-dependent magnetization (M-T) and field-
dependent magnetization (M-H) curves are measured in
a superconducting quantum interference device (SQUID,
Quantum Design MPMS 5XL) magnetometer. The so-
called loop method is used for isothermal M-H measure-
ments at different temperatures to eliminate the influence
of thermal history [33]. The samples are initially cooled
down to 200 K (the complete martensite region) and then
subsequently heated to the target temperature at a rate of
2 K/min.

DFT calculations are performed using the Vienna ab ini-
tio simulation package (VASP) [34,35]. The ion-electron
interactions are described via the projector augmented-
wave (PAW) [36,37] method and the generalized gradient
approximation of Perdew-Burke-Ernzerhof [38] is used
for the exchange correlation functional. 3d and 4s elec-
trons are treated as valence electrons for Ni and Co. 3d,
3p, and 4s for Mn, and 3s, 3p, 3d, 4s for Ti, while for
B 2s and 2p are set as valence electrons. A 2 x2 x 1
supercell based on a 16-atom unit cell is relaxed on a y-
centered k-grid of 6 x 6 x 9 using the Methfessel-Paxton
method of the second order [39] with a smearing width
of 0.05 eV (B2 austenite structure with partial disorder
of excess Mn and Ti is considered). The kinetic energy
cutoff is set at 520 eV with the force convergence crite-
ria at 0.1 meV/A and convergence criteria of the energies
at 1 ueV.

To deduce the site preference, the formation energies of
the structures with a B atom placed on several possible
crystallographic sites are compared. The energy cost cor-
responding to each structure is calculated as the difference
between energies of doped (Edoped) and pure (Epyre) com-
pounds minus the chemical potential of boron (u,) plus the
chemical potential of the atom substituted by boron ().

Ef = Edoped + s — (Epure + Ka). (1

To study the changes in the electronic environment the
ELF is analyzed [40]. The ELF allows for accurate char-
acterization of the bond nature based on electron densities.
This characterization is based on topological analysis of
local quantum-mechanical functions related to the Pauli
exclusion principle. ELF effectively states the possibility
of finding a second electron with the same spin close to
where the reference electron is located. High ELF values
point to areas with more localized electrons and indicate
stronger covalent bonding.

III. RESULTS AND DISCUSSIONS

The zero-field DSC curves of the Ni36'5 C013.5Mn35 Ti15Bx
(x=0.0, 0.2, 0.4) alloys are shown in Fig. 1(a). Sharp
exothermic and endothermic peaks indicate the presence
of a first-order phase transition. The corresponding char-
acteristic temperatures (4y, Ay, Mg, My), thermal hys-
teresis (AThys), transformation entropy changes (ASy)
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(a) DSC curves of Nisg5Co;35Mn35TijsB, (x =0.0, 0.2, 0.4) for heating and cooling at a rate of 10 K/min. (b) DSC curves

of NizssCoy35Mn35Ti|sBo4 at different heating and cooling rates. (c) Linear fitting of the ATy obtained at different sweep rates
for Nijze5Co13.5Mn35Ti5Bo4. (d) DSC curves and characteristic transformation temperatures in 35 subsequent thermal cycles for
Ni36.5C013.5Mn35Ti15Bg 4. The inset presents an enlarged part of the curves.

and valence electron concentration (e/a) are summa-
rized in Table I. The thermal hysteresis is defined as
AThys=(As+Ar — M; — My )/2, and the entropy change as

ASy = [ 10 — Onuse) (&)~ dT, where Q is the heat
flow and Q. the baseline for the heat flow [41,42].
With increasing B doping ASy increases from 29.22 to
35.82 Jkg=! K (18% increment) for a B doping (x)
from 0 to 0.4 at. %. This could indicate that the mag-
netic entropy change AS,, also has the potential to increase
with B doping as ASy; is mainly attributed to the configu-
ration entropy from structural and magnetic contributions
[4]. From Table I it is observed that ATy, decreases
continuously from 13.0 K (x=0.0) to 9.6 K (x=0.4)
for an increasing B-doping content. For comparison, the
AThys value extracted from SQUID measurement is found
to demonstrate a similar reduction from 9.7 K (x =0.0)
to 6.8 K (x=0.4). The lower ATy values should be
ascribed to the slower heating and cooling rates for the
SQUID (2 K/min) in comparison to the DSC (10 K/min)
measurements.

As shown in Fig. 1(b), the sweeping rate can affect
the determination of ATpy,. At different DSC scanning
rates (10, 7, 5, 2 K/min) the thermal hysteresis of the
Nize.5C013.5Mn35Ti15Bg4 alloy is found to grow at higher

sweeping rates, which is caused by thermal lag problems
during the measurement. The intrinsic value of ATy, for
the Nizg5Co13.5Mn35Ti;5Bg 4 alloy is identified as 4.4 K by
extrapolating the results at different sweeping rates towards
zero, as demonstrated in Fig. 1(c). This low value for
ATy for B-doped Ni-Co-Mn-Ti-based alloys is compara-
ble to the best Ni-Mn-X (X =In, Sb, Sn)-based magnetic
Heusler alloys [42,43] and is superior to the previously
reported all-d-metal Ni-Co-Mn-Ti-based compounds syn-
thesized and optimized by appropriate heat treatment [20]
or rapid-solidification [19] techniques. The general non-
linear theory of martensite (GNLTM) is successfully pro-
posed to explain the relationship of ATy, and the inter-
facial compatibility between the austenite and martensite
lattices [44,45]. The interfacial lattice properties of these
two phases are related to a 3 x 3 transformation stretch
matrix U, as described below:

2

c

I
S Q
o™ Q
SN N

where the controlling parameters of the interfacial lattice
mismatch are 7, p, o, and §, which can be derived from the
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TABLE 1.

Characteristic temperatures A,, Ay, My, My for starting and finishing points of forward martensitic (M) and

reverse austenitic (4) transformations, entropy change of the transformation ASy, thermal hysteresis ATyys and e/a for the

Ni36A5C013‘5Mn35Ti15Bx (x = 00, 02, 04) alloys.

APCEK)  A4PCEK) MK MO K) AT (K) ATV (K) ela ASe (kg KT
x=0.0 217.0 243.1 239.4 194.8 13.0 9.7 7915 29.22
x=02 259.8 285.1 278.2 2443 11.2 8.8 7.921 35.58
x=04 285.6 300.5 292.7 274.1 9.6 6.8 7.927 35.82

experimental lattice parameters. Note that the above matrix
U depends on the symmetry of martensite. The modulated
monoclinic structure of martensite can be found in Fig.
S1 and Table S1 (Supplemental Material [46]). The cal-
culated middle eigenvalue (X,) of this matrix U for the
x =0.4 sample is 0.9913 in comparison to 0.9812 for the
undoped sample, which indicates a good geometric com-
patibility condition. A low value ATyys is correlated with a
reduced additional free energy to overcome both the stored
elastic energy and interfacial energy due to the incom-
patibility between austenite and martensite (as reflected
by a A, close to 1). As these compounds hold a good
geometric compatibility for the austenite and the marten-
site at the phase transition, they are expected to show a
longer fatigue life, consistent with our cycled DSC results
(only 1.1-K temperature shift after 35 cycles), as shown
in Fig. 1(d).

To investigate the influence of B doping on the magnetic
properties of Ni-Co-Mn-Ti-based Heusler alloys, Fig. 2(a)
and its inset show the temperature-dependent magnetiza-
tion (M-T) curves for the Nizg5Co135Mn3s5TijsB, (x =0.0,
0.2, 0.4) alloys measured during cooling and heating in
magnetic field of 1 T (main panel) and 0.01 T (inset). Inter-
estingly, the structure transition temperatures (7%) of the
martensitic transformation shows a clear increase with B
doping. Similarly, the Curie temperatures (7¢) for the fer-
romagnetic (FM) to paramagnetic (PM) transition present a
remarkable increase from 265 K (x =0.0) to 352 (x =0.2)
and 361 K (x = 0.4). It is well known that for Ni-Mn-based
Heusler alloys Ty illustrates a proportional relationship
with e/a [47]. As present in Table I, with B (2s*2p ') dop-
ing the increase in e/a results in the positive shift of 7.
The increase in T¢ could, however, reflect an enhanced
magnetic exchange interaction among the magnetic atoms.
Compared with the undoped sample, the magnetization
shows a significant enhancement from 64.4 A m? kg~!
(x=0.0)t090.2 Am? kg~! (x=0.2) and 82.9 A m* kg~!
(x =0.4), which demonstrates that interstitial B doping can
enhance the magnetic moments and further strengthen the
alignment of ferromagnetic spins, and thereby shows a
similar effect as substitutional Co doping (the so-called
“FM activation effect”) [15,48]. The Clausius-Clapeyron
relation dTy/d(uoH) = — AM/ASy, relates the jump in the
magnetization AM and the entropy change ASy to the
field dependence of the transition. The derived values

of dTy/d(upH) at 1 T are 2.2 K/T (x=0.0), 2.5 K/T
(x=0.2), 2.3 K/T (x=0.4). As illustrated in Fig. 2(b),
for the Ni3(,.5C013,5Mn35Ti15B0.4 alloy it is found that AM
can reach 87.9 (5 T) and 93.3 (7 T) A m? kg~!. The
temperature difference between 4;=268.4 K (5 T) and
M;=288.4 K (0.05 T) is about 20 K, which suggests
a substantial reversibility of the magnetic field-induced
transformation [49].

Gottschall and coworkers reported that the minor loop
method can further minimize the ATy [50]. In Fig. 2(c)
scanning with major loops (100 to 370 K) is compared with
scanning with minor loops (210 to 315 K). The reduced
AThyys of 42 K for the minor loop (in comparison to
the value of 6.5 K for the major loop) can be ascribed
to the fact that less nucleation is required for an incom-
plete martensitic transformation. As shown in Fig. 2(d),
the maximum AS,, of the parent NizssCo135Mn35Tis
alloy can only attain 3.8 and 9.7 J kg~! K~! for a AugH
of 2 and 5 T, respectively. These relatively low values
originate from the relative low magnetization and slug-
gish magnetostructural phase transition. After B doping
the transition sharpens and AM increases, resulting in an
improvement of AS,, in comparison to the undoped sample
(x=0).

Figure 3(a) presents the calculated AS, as a func-
tion of temperature in the vicinity of the marten-
sitic transition. Here, the NizssCoi35Mn3sTijsBg4 alloy
shows the largest AS, peak at 24.3 J kg=! K~! for
AugH =5 T (for heating), and even reaches 30.2 J kg~!
K=! for AugH =7 T (for heating). Compared with the
undoped compound (x = 0.0), the maximum value of AS,,
of the doped NisssCoi35Mn3sTijsBgs sample shows a
remarkable improvement by a factor 2.5 from 9.7 to
24.3 Jkg~!' K~! for a field change of AugH =5 T. For the
application scenarios the reversible AS,, should be con-
sidered. As shown in Fig. 3(b), the isothermal magnetic
field-cycled M-H loops (first cycle is indicated by the solid
symbols and the second cycle by the open symbols) are
measured in the temperature range from 268 to 288 K. It
is found that the M-H curves do not overlap with each
other during the first increase and the second decrease of
the magnetic field cycles. This could result from the pres-
ence of some residual austenite that does not contribute
to the transformation of the field cycles. The so-called
transformation fraction (TF_MB) method can be applied
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curves at 0.01 T. (b) M-T curves for Nise 5Co135Mn35Ti5Bg 4 in applied magnetic fields of 0.05, 5, and 7 T. The determination of AM
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ranges at 1 T. (d) AS,, of Ni3s5Co0135Mn35Ti;s as a function of temperature for both heating and cooling, determined in magnetic fields

(ApoH) ranging from 1 to 5 T.

on the basis of the assumption that the total magnetization
originates from the ferromagnetic austenite phase fraction
[49,51]. Consequently, the reversible AS,, (AS,,"") can
then be estimated by combining Eqs. (3) and (4):

_ M(H) — M, (H)
fas(TH) = e (3)

AS," = Af x ASy = (f(T,Hy) — f(T,H)) x ASq,
(4)

where fo,s(7,H) is the austenite fraction at certain tem-
perature and field, AS; donates the entropy change of
the transformation (see Table 1), Af is the transformed
austenite fraction, M(H) is the measured magnetization,
and M, (H) is the magnetization of pure martensite [see
the extrapolated black dotted lines in Fig. 3(b)]. Corre-
spondingly, M,(H) is the magnetization of pure austenite.
Note that the M-H curve at 300 K is chosen as the
benchmark for pure austenite to avoid an underestima-
tion of the austenite fraction at low fields, as shown in
Fig. S2(a) (Supplemental Material [46]). Consequently, for

the Nizg5C013.5Mn35T1;5Bg 4 alloy the ]Qus of the first and
second field cycle at different constant temperatures are
derived, as in Figs. 3(c) and 3(d).

Nevertheless, even though B doping significantly
improve AS,, as mentioned above, it is worthwhile to
note that its low field sensitivity of transition temper-
ature dTy/d(uoH), which ranges from 1 to 3 K/T for
this all-d-metal Ni-Co-Mn-Ti Heusler alloy system, could
be detrimental to low-field (less than 2 T) applications
[19,20] In our present study the Ni36_5C013,5Mn35Ti15B0,4
alloy shows a moderate d7i/d(uoH) value of 2.3 K/T. It
has been reported that the reversible AS;, can roughly be
determined by the overlap area of the heating and cool-
ing branches in the AS,-temperature curves [42,52,53].
Due to its low ATy, as shown in Fig. 4(a), the max-
imum reversible AS,, for the Nisgs5Co0;355Mn3sTisBg4
alloy (see gray area) is estimated at 21.2 and 27.5 J kg~!
K~! for a field change of AugH =5 and 7 T, respectively.
For comparison, in Fig. 4(b) the AS,, for first and sec-
ond field cycles are extracted by applying the TF_MB
method. In comparison to the AS,, obtained from the
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Maxwell relation (first cycle), the AS,, with AuygH =7 T
obtained by the TF_MB method (first cycle) shows consis-
tent results, while the second cycle AS,, (corresponding to
the reversible part and indicated by the red dashed line)
shows a slightly reduction (22.0 J kg=! K~! at 281 K).
The maximum reversible AS,,"" value is determined as
189 J kg=! K! at 283 K with AuygH =5 T as pre-
sented in Figs. S2(b)}-S2(d) (Supplemental Material [46]),
which is competitive with traditional Ni-Mn-based Heusler
alloys like NiggCojoMnssslniss (146 JTkg 'K
[54], Niy Ti; CogMn39Sng (187 J kg_l K_l) [49], Nigg 1
CoyroMnssolnisg (12.8 T kg=' K~') [55], NigCog
MnyySny; (193 J kg_l K_l) [56], NiggCo3zMn3zs5Cusylngy
(16.4 Tkg ' K1) [57].

Additionally, we apply calorimetric measurements
(in-field DSC) to obtain AS, and AT, for the
Ni36_5C013_5Mn35Ti15B0_4 alloy at low apphed mag-
netic fields (up to 1.5 T). As shown in Fig. S3(a)
(Supplemental Material [46]), with increasing applied
magnetic field the specific heat peak shows a decrease,
which is characteristic for an inverse MCE. In Fig. S3(c)

(Supplemental Material [46]) the extracted AS,, for
AugH =1 T (5.0 J kg=! K1) extracted from the in-field
DSC is in close agreement with the value obtained from
the Maxwell relation (5.2 J kg~! K~!). From Fig. S3(d) the
value of AT,q can be determined as —1.1 K (AupH =1T)
and —1.8 K (AupH = 1.5 T). As shown in Fig. S4(b) (Sup-
plemental Material [46]) by applying the equation AT,q =
—(T/C,)AS,, values of AT, for different B content sam-
ples can be estimated. Compared to the nondoped sample
(x=0.0), the x =0.4 sample shows the maximum |A T,q]
value for a field change of 5 T, with an increase from 3.2 K
(x=0.0)t0 74 K (x=0.4).

Although a colossal elastocaloric effect [58] and giant
barocaloric effect [59] have been achieved by boron
doping (substitutional method), the underlying mecha-
nism associated with the doped B atoms was not stud-
ied. To further investigate the mechanism responsible for
the positive influence of B doping on the MCE in the
Ni-Co-Mn-Ti system, it is crucial to understand what lat-
tice site the B occupancies (interstitial or substitutional).
For the (Mn, Fe), (P, Si)-type MCMs both experimental
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and computational studies indicate that light atoms, like
B, C, and N, have a distinctly different effect on the MCE
for interstitial or substitutional doping [60]. As illustrated
in Fig. 5(a), based on the typical L2; cubic austenite struc-
ture for Ni-Mn-based Heusler alloys, the supercell shown
in the inset of Fig. 5(a) has been constructed for our B-
doped Ni-Co-Mn-Ti system. The formation energies Ef
of different site-occupation models are calculated on the
basis of ab initio first-principles calculations, as shown in
Fig. 5(a). Based on L2; crystal structure, three kinds of
interstitial sites are considered [61]: one tetrahedral inter-
stice (labeled as T) and two octahedral interstices (labeled
as O-1 and O-II). It is found that for our case the B atoms
prefer to enter structure at an interstitial site rather than
substitutional site. The B atoms are found to preferen-
tially occupy the O-I octahedral interstitial site (24d site
of the Fm-3m space group). The experimental XRD results
shown in Fig. S5(b) (Supplemental Material [46]) also
prove that B enters interstitially as the unit cell linearly
expands with increasing B content (up to 0.4 at. %). Note
that for a B content above 0.4 at. % the doping reaches
its limitation (indicated by the yellow area). The corre-
sponding DSC curves and M-T curves at 0.01 and 1 T are
presented in Figs. S6 and S7 (Supplemental Material [46]).
An extra MnyB impurity phase (space group: /4/mcm)
appeared with a concentration of about 3.3(7) wt % for
the x=0.8 sample, as shown in Fig. S8 (Supplemen-
tal Material [46]). From the Mn-B binary phase diagram
[62] we know Mn,B is very stable between 600—1120 °C
(the annealing temperature is 900 °C). The created impu-
rity phase has a significant influence for the system. For
instance, in Fig. S7(b) (Supplemental Material [46]) an
obvious decrease in magnetization and transition tempera-
ture is observed for the x = 0.8 sample as the Mn atoms are

mainly responsible for the magnetic moments for Ni-Mn-
based magnetic Heusler alloys. The interstitially doped
B increases the Mn-Mn distance, which is found to con-
trol the size of the magnetic moments [63,64]. B doping
will further improve the strong FM ordering based on
Mn-Co-Mn configuration (“Co activation effect”). Inter-
estingly, this B improvement of the magnetic moment is
also observed computationally. DFT calculations indicate
that the magnetic moment increases from 4.62 ug/fu. in
the undoped system to 4.75 up/f.u. in the B-doped system
(1.6 at. % B).

To further investigate the underlying mechanisms of
interstitial B doping on the local electronic environment,
the ELF is calculated, providing a visualization of the
valence electron pair-repulsion theory. ELF values for the
slice along the (110) direction for the undoped and the
B-doped Ni-Co-Mn-Ti alloys, are displayed in Figs. 5(b)
and 5(c), respectively. It is observed that more localized
electrons are concentrated in the surrounding of the B
located at the O-I interstitial site. To quantitatively study
the variation in bonding character between covalent and
metallic bonding, line profiles of ELF values between
nearest-neighbor atom pairs are illustrated in Figs. 5(d) and
5(e). Note that a higher ELF value means more electron
localization. Compared to the undoped system, the most
prominent features for the maximum ELF values of the
doped system are as follows: an 33.3% increment of Mn-
Mn (from 0.12 to 0.16) and an 21.4% increment of Mn-Ni
(from 0.14 to 0.17), which suggest a stronger covalent-
like bonding between the Mn-Mn and Mn-Ni atoms. In
contrast to Ni-Mn-X (X = Al, Ga, In, Sn)-based Heusler
alloys stabilized by p-d covalent hybridization, the all-d-
metal Ni-Co-Mn-Ti-based alloys are essentially associated
with d-d covalent hybridization [15]. Consequently, after B
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FIG. 5. (a) Formation energy Ey
for different site-occupation mod-
els for B-doped Ni-Co-Mn-Ti
materials. Calculated ELF con-
tour maps sliced along the (110)
direction for (b) no dopant and
(c) B-doped Ni-Co-Mn-Ti-based
alloys. (d) Line profiles of the
ELF values between Mn and its
nearest Mn atom. (e) Line pro-
files of the ELF values between
Mn and its nearest Co/Ni/Ti
neighbors.
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doping the coordination electronic environment of Mn-Mn
and Mn — Ni will be affected.

IV. CONCLUSIONS

In summary, interstitial B doping is successfully applied
for all-d-metal Nisgs5Coi35MnssTi;sB, (x=0, 0.2, 0.4,
0.6, and 0.8) magnetic Heusler alloys. It is demonstrated
that doping with the light element B provides an effi-
cient method to positively influence the magnetocaloric
properties of the system. B doping significantly reduces

Interatomic distance (A)

the thermal hysteresis ATyys, which could be ascribed to
the good geometric compatibility between martensite and
austenite. B doping also significantly improves AS,, by
strengthening the FOMT. The low value for ATy
obtained by B doping directly causes an excellent
reversibility performance for the Ni36.5 C013_5Mn35 Ti15B0.4
alloy with a maximum AS,,™" that can reach 18.9 (283 K)
and 22.0 J kg~! K~! (281 K) for a field change ApoH of 5
and 7 T, respectively. This in combination with the favor-
able mechanical properties makes it a competitive can-
didate compared with traditional Ni-Mn-X -based Heusler
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alloys (X = Ga, In, Sn, Sb). The experimentally observed
enhanced magnetic moments are in line with DFT calcu-
lations. Combining XRD and first-principles calculations,
the site preference for doping of B atoms is identified as the
O-I octahedral interstitial site. Furthermore, ELF calcula-
tions illustrate the changes in electron localization before
and after B doping. Our studies pave the way for further
optimization of the GMCE, and provide insights in this
all-d-metal Ni-Co-Mn-Ti magnetic Heusler alloy system.
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