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A B S T R A C T

Recently, the promising multi-component magnetocaloric materials (Mc-MCMs) are found to have a tunable 
giant magnetocaloric effect (GMCE) near room-temperature and manifest fruitful functionalities like multi- 
caloric effects, which are candidates for solid-state caloric applications. Introducing vacancy defects is found 
to be an efficient method to optimize its GMCE property. However, the responsible mechanism and especially the 
characteristics of the atomic vacancies are far from being elucidated. Here, we produce direct-solidified 
MnCoNiGeSi-based Mc-MCMs which exhibit the distinct shift in transition temperature (Tt) upon introducing 
Mn/Ni vacancies. It is found that Tt decreased significantly in the Mn vacancy materials and increased in the Ni 
vacancy materials. The first-order transition is maintained and the strength of the magnetic entropy change (Δsm) 
was unchanged without degradation. For the Mn vacancy sample the decreased Mn-Mn atomic distance and 
strengthened covalent bonding can stabilize the high-temperature hexagonal phase, while for the Ni vacancy 
sample the decreased interatomic distances among different pairs (Mn-Ge, Mn-Mn and Mn-Ni) promote the 
stabilization of the low-temperature orthorhombic phase. Additionally, the introduced vacancy defects have 
directly been observed through HAADF-STEM. Positron annihilation results clarified the mono-vacancy nature 
for these vacancies, and indicate that the Ni positions around the Ni vacancies could partially be occupied by Mn 
atoms. Our study reveals that introducing atomic vacancy defects can effectively regulate the magnetocaloric 
properties and provide important fundamental insights into defect engineering of Mc-MCMs.

1. Introduction

Emerging solid-state caloric technologies provide promising strate
gies for reducing the overall carbon footprint of traditional applications 

based on the vapor-compression technique [1–3]. Within these tech
niques, magnetocaloric energy conversion, using magnetocaloric mate
rials (MCMs), has attracted extensive attention for its absence of 
greenhouse gas emissions and its higher energy utilization efficiency [2,
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4]. The known giant MCMs with a first-order phase transition (FOPT) 
can provide a noticeable isothermal entropy change (Δsm) and a sizeable 
adiabatic temperature change (ΔTad) [2,5]. Different giant MCMs have 
been studied, e.g., Gd5(Si2Ge2) [6], (Mn,Fe)2(P,X) based compounds (X 
= As, Ge, Si) [7], La(Fe,Si)13 based materials [8,9], NiMn-X based 
magnetic Heusler alloys (X = Al, Ga, In, Sn, Sb, (Co)Ti) [10,11], MnM-X 
(M = Co/Ni, X = Si/Ge) ferromagnets [12], FeRh [13], and 
multi-component materials [2,14–17]. Multicomponent alloys (MCAs) 
or high-entropy alloys are originally sought for within single-phase solid 
solution to investigate the unexplored central region in phase diagrams 
[18,19]. These alloys contain five or more elements with a concentration 
between 35 and 5 at % for each element (composition-based definition), 
and the total configurational entropy S should be high enough (entro
py-based definition), e.g., S ≥ 1.5R (a compromise definition) or S >
1.61R where R is the gas constant [20]. Note that the MCAs must be a 
single-phase solid solution. Therefore, the above definition is also well 
suitable for the multi-component magnetocaloric materials (Mc-MCMs). 
Compared to traditional MCMs, the multi-component magnetocaloric 
materials (Mc-MCMs) offer several advantages [15], e.g., (i) cost 
reduction and rare-earth element mitigation, which is beneficial for 
reducing the over-reliance of certain critical elements, e.g., the 
rare-earth La can be replaced 30–50 % with cheaper Ce for La-Fe-Si 
alloys [21]. The Mc-MCMs are expected to provide a more sustainable 
and resource-efficient alternative, e.g., for Fe2P type compounds. (ii) 
unique magnetic properties due to their complex microstructures and 
high configurational entropy [22]. (iii) Mc-MCMs allow for the incor
poration of multiple elements. The tailorable composition enables to 
further fine-tune the properties, including its magnetocaloric response, 
e.g., reduction of thermal hysteresis (ΔThys) [23]. (iv) Mc-MCMs with 
second-order magnetic transition (SOMT) always exhibit a magneto
caloric effect (MCE) over a wide temperature range [24,25]. The 
versatility makes them promising new candidates for the development 
of solid-state magnetocaloric cooling/heating technologies.

On the other hand, MnM-X ferromagnets can easily be developed 
into Mc-MCMs [26–28]. Benefiting from the strong magneto-structural 
coupling, they undergo a tunable thermoelastic martensitic trans
formation from high-temperature Ni2In-type hexagonal (paramagnetic 
(PM)) to low-temperature TiNiSi-type orthorhombic (ferromagnetic 
(FM)) phase [29]. Different optimization strategies, including external 
dopant additions, composition modification and vacancy creation, have 
been applied to tune its MCE properties. For example, vacancy engi
neering has been proven to be an effective and efficient strategy to 
optimize its physical multifunctionality [30–39]. It has been reported 
that the martensitic transformations can be tuned by vacancy or anti-site 
disorder in Mn-poor Mn1-xCoGe alloys (0 ≤ x ≤ 0.05) [32]. It was found 
that the non-magnetic atom vacancy (Ge vacancy) leads to the decrease 
of the martensitic transition temperature and realized a temperature 
window where magnetic and martensitic phase transitions can be 
modified together in MnCoGe1-x alloys [35]. And the magnetostructural 
transitions and MCE can be optimized by release of trapped thermal 
vacancies [36]. However, thus far, the detailed mechanism responsible 
for this approach has not been investigated systematically. For the 
emerging Mc-MCMs the influence of atomic vacancy defects on the MCE, 
and the important characteristics of the introduced vacancies have 
rarely been reported and therefore highly deserve further exploration.

In the present study, different atomic vacancies-engineered quinary 
MnCoNiGeSi-based Mc-MCMs have been produced and the thermody
namic, magnetic and microstructural properties have been investigated. 
The responsible mechanism towards well-tuned magnetic properties has 
been studied from experimental and theoretical aspects. It is worth 
mentioning that these atomic vacancies have been observed directly, 
and their characteristics are reported. Our current studies elucidate that 
introducing atomic vacancy defects can efficiently regulate the magne
tocaloric properties in the emerging Mc-MCMs, and provide important 
complementary insights on further optimization of this materials family.

2. Experimental procedure

High-purity (> 99.9 %) Mn, Co, Ni, Ge, Si raw materials are used to 
prepare polycrystalline samples using arc-melting and suction-casting 
under Ar atmosphere. The designed samples have nominal composi
tions of Mn0.815Co0.37Ni0.815Ge0.75Si0.25 (“parent” sample), 
Mn0.805Co0.37Ni0.815Ge0.75Si0.25 (“Mn0.805” sample), Mn0.785Co0.37

Ni0.815Ge0.75Si0.25 (“Mn0.785”; sample), Mn0.815Co0.37Ni0.805Ge0.75Si0.25 
(“Ni0.805” sample) and Mn0.815Co0.37Ni0.785Ge0.75Si0.25 (“Ni0.785” sam
ple), respectively. In order to maintain homogeneity, the ingots were 
flipped and melted totally 4 times before being suction cast into a copper 
mold with a diameter of 4 mm. To study the bulk properties of samples 
without brittleness, the obtained suction-cast rods were remelted at 
1873 K for 20 mins in a directional-solidification furnace followed with 
directionally solidification at a growth rate of 150 μms-1 [40]. The actual 
compositions for different samples have been determined by scanning 
electron microscopy (SEM) with energy dispersive X-ray spectroscopy 
(EDS), as shown in Table S1 (Supplementary Information). The 
morphology of these samples is indicated in Fig. S1 (Supplementary 
Information), without cracks, holes or other phases.

Differential scanning calorimetry (DSC) measurements were con
ducted using a commercial TA-Waters Discovery DSC 25 calorimeter. 
The temperature-dependent magnetization (M-T) and the field- 
dependent magnetization (M-H) curves were collected in a super
conducting quantum interference device (SQUID, Quantum Design 
MPMS 5XL) magnetometer. And the isothermal M-H measurements at 
different temperatures were performed by the so-called loop method 
[41]. Moreover, in-situ temperature dependent powder X-ray diffraction 
(XRD) patterns from 153 to 293 K were collected using an Anton Paar 
TTK450 temperature chamber and a PANalytical X-pert Pro diffrac
tometer with Cu Kα radiation. The room-temperature (RT) synchrotron 
high-energy XRD (HE-XRD) measurements (E = 82 KeV) were per
formed at beamline P21.2 (DESY, Germany). Furthermore, 
temperature-dependent neutron diffraction (ND) experiments were 
carried out on the time-of-flight (TOF) powder diffractometer at the 
BL16 Multi-Physics Instrument (MPI) at the China Spallation Neutron 
Source (CSNS). About 6 g of powder sample was placed into a vanadium 
can (8 mm diameter) and diffraction patterns were collected from low 
temperature (80 K) FM state to high temperature (370 K) PM state. The 
above obtained XRD and ND patterns were analyzed using Fullprof’s 
implementation of the Rietveld refinement method [42]. In addition, 
two high-resolution positron annihilation spectroscopy (PAS) tech
niques called positron lifetime (PL) spectroscopy (identification of types 
of atomic vacancy defects in the samples) and coincidence Doppler 
broadening (CDB) (information about the local chemical environment of 
defects) were applied, equipped with a 22Na radioisotope positron 
source with an activity of 1 MBq deposited on a 7-μm-thick Kapton foil 
[43]. The positron source was sealed between two pieces of bulk samples 
[44]. PL measurements were performed in a digital positron lifetime 
spectrometer [45], which has a time resolution of (145 ± 1) ps (full 
width at half maximum (FWHM) of resolution function for 22Na). >107 

positron annihilation events were collected in each PL spectra. The PL 
spectra were decomposed using a PLRF code, version 19 [46]. Moreover, 
CDB results were collected at a digital spectrometer with two 
high-purity Ge detectors [47]. After applying the coincidence and en
ergy restrictions, the CDB system has an energy resolution of 0.99 ±
0.02 keV at 511 keV. >108 annihilation events were collected in each 
two-dimensional γ-ray energy spectrum. CDB results are presented as 
ratio curves with respect to a pure silicon reference. Additionally, 
transmission electron microscopy (TEM) specimens of Mn0.785 and 
Ni0.785 samples were prepared with a focused ion beam system (FIB) 
using the lift-out method. The high-resolution transmission electron 
microscopy (HR-TEM) analysis for the Mn0.785 and Ni0.785 samples was 
performed using a JEOL JEM-F200 equipment. High angle annular dark 
field scanning transmission electron microscopy (HAADF-STEM) images 
were recorded using aberration-corrected transmission electron 
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microscope (JEOL JEM-ARM300F2) with a monochromator operating at 
300 kV. The digital image processing was performed by the Digital
Micrograph software (GMS 3, Gatan Inc).

Electronic Localization Function (ELF) calculations were performed 
based on density functional theory (DFT) using the Vienna Ab Initio 
Simulation Package (VASP) [48]. The Perdew-Burke-Ernzerhof (PBE) 
pseudopotentials were employed with the generalized gradient 
approximation (GGA) for the exchange-correlation functional. A 
plane-wave cutoff energy of 500 eV and a 13 × 13 × 13 k-point mesh 
were used. A supercell consisting of 4 unit cells with a hexagonal lattice 
structure was considered in the simulations. Geometry optimizations for 
the lattice parameters and atomic site occupancies were carried out 
based on the experimental lattice parameters.

3. Results and discussion

As shown in Fig. 1a, the M-T curves are measured in an applied 
magnetic field of 1 T for parent, Mn0.805, Mn0.785, Ni0.805 and Ni0.785 
samples. A strong FOPT from the high-temperature PM state to the low- 
temperature strong FM state is observed, with transition temperature 
windows located between 150 and 300 K. Interestingly, compared with 
the parent sample, the Tt of the samples with Mn vacancies (Mn0.805 and 
Mn0.785) were continuously lowered, i.e., Tt

heating moved from 248.8 to 
242.7 and 210.6 K, respectively. However, the Tt of samples with Ni 
vacancies (Ni0.805 and Ni0.785) increased, but the Ni vacancy samples 
only have Tt shifts of +2.9 K/ % Ni, in comparison to Tt shift of − 12.7 K/ 
% Mn for the Mn vacancy samples with a vacancy concentration of 3 %. 
Note that after that Ni0.805 Ni vacancies have limited impact on Tt 
change, as observed in Ni0.775 sample in Fig. S2 (Supplementary Infor
mation). Similarly, the different endothermic and exothermic peaks 

shifts upon introducing Mn/Ni vacancies can also be observed from 
zero-field DSC measurements, as presented in Fig. S3 (Supplementary 
Information). Note that the concomitant specific heat peak for Ni0.785 
sample could arise from sluggish heat transfer and avalanche type of 
phase transitions in the main phase, which has been observed before 
[49]. As shown in Fig. S4a (Supplementary Information), a magnetiza
tion separation between cooling and heating curves is found, which 
could result from the magnetic anisotropy [50,51] because of the 
direct-solidification production method. Also, compared with the 
high-temperature hexagonal state, because of the reduced symmetry of 
the low-temperature orthorhombic state, the number of easy axes can 
change, therefore a change in the magnetic anisotropy for these samples 
[51]. This feature will further smear out under a stronger magnetic field 
(e.g., 1 T), suggesting that the magneto-crystalline anisotropy inside the 
samples is overcome by the magnetic field. In addition, in the temper
ature range between 5 and 30 K, a branching and a peak of zero-field 
cooling (ZFC) curves are also observed for several samples. This 
behavior could be from the spin-glass or cluster spin-glass state reported 
in previous MnNiGe-based compounds [52] and similar cases [53–55], 
where the FM and spin-glass orderings can coexist together at very low 
temperature. Therefore, the history of the measurement (ZFC and field 
cooling (FC)) has impact on the M-T curves in low magnetic fields. 
Furthermore, as shown in Fig. S4a (Supplementary Information), the 
temperature dependent step-like behavior in magnetization for the 
cooling process at 0.01 T results from a movement of the powder par
ticles in the sample during the magnetic measurement. After fixing the 
powder particles the steps in low field were found to disappear in 
Fig. S4b (Supplementary Information). Meanwhile, it is observed that 
the thermal hysteresis ΔThys between Tt

cooling and Tt
heating for Mn and Ni 

vacancy samples all increased, but Mn vacancy samples have a more 

Fig. 1. (a) Iso-field M-T curves for different MnNiCoGeSi samples in a field of 1 T (b) Corresponding isothermal M-H curves at 5 K. The Δsm of samples as a function of 
temperature for both heating and cooling determined for Δµ0H of (c) 1 T and (d) 2 T.
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significant increment, i.e., from 11.2 (parent) to 16.6 (Mn0.785) K. It 
further indicates that for MnCoNiGeSi-based Mc-MCMs the key param
eters of Tt and ΔThys are more sensitive to the formed Mn vacancy de
fects. It is worth mentioning that there is an empirical correlation 
between Tt and chemical composition, when the valence electron con
centration parameter (e/a ratio) is considered, which is defined as e /a =
∑

i
(
fiNi

)
, where Ni is the electronic valence number of element and fi is 

the atomic weight [56]. The e/a ratio is regarded as an important 
parameter for the stability of orthorhombic and hexagonal structures 
[52]. Note that with decreasing e/a ratio a similar opposite trend for the 
Tt shift has been observed in off-stoichiometric Mn1+xNi1-xGe and 
Mn1-xNi1+xGe compounds [56], which exhibit a high sensitivity upon 
changes in the e/a ratio. Nevertheless, different from the magnetic 
Heusler-like magnetostructural Mn1.9-xNixGe (x = 0.850, 0.855) system, 
with increasing Mn vacancies lead to an increase in Tt, but no shift in 
Curie temperature (TC), where the Tt and TC are not in the same tem
perature range [31]. This is consistent with the observation for the 
Mn1-xCoGe system, where the Mn content was solely changed [32]. The 
above findings suggest that atomic vacancy defects can not only influ
ence the properties of martensitic structural transition, but also the 
stability of different phases. Therefore, the e/a reduction is not directly 
defining the reduction in Tt, but more factors like site occupancy and 
formed vacancies should be considered. Moreover, as shown in Fig. 1b, 
Mn vacancy samples show a more significant reduction in saturation 
magnetization (Ms) compared with Ni vacancy samples. Fig. 1(c and d) 
presents the calculated Δsm for cooling and heating processes in the 
practical field changes Δμ0H of 0–1 T and 0–2 T, respectively. The Δsm 
values for different field changes Δμ0H can be evaluated using the 
Maxwell relation by [57]: 

Δsm(T, H) =

∫ H

0

(
∂M
∂T

)

H
dμ0H (1) 

It is found that after introducing Mn/Ni vacancies the materials main
tain their high value of Δsm without degradation, which further suggests 
that fine tuning of atomic vacancies can not only achieve a tunable Tt, 
but provide also good GMCE properties. From the magnetic results, the 
characteristic temperatures, ΔThys, Ms and Δsm for all samples are 
extracted and summarized in Table 1.

To investigate the structural property changes of these materials, in- 
situ temperature dependent XRD measurements have been utilized be
tween 150 and 300 K. As presented in Fig. 2(a–e), it is clearly visible that 
a structural transition appears between the high-temperature hexagonal 
Ni2In-type structure (space group P63/mmc) to the low-temperature 
orthorhombic TiNiSi-type structure (space group Pnma). The tempera
ture intervals of phase coexistence have been marked in the figure. From 
a refinement of the XRD data (e.g. in Fig. S5 (Supplementary Informa
tion)), the phase fractions of hexagonal and orthorhombic phases, the 
lattice parameters and the unit-cell volume (V) was obtained for all 
samples at different temperatures. These results have been summarized 
in Tables S2-S4 (Supplementary Information). Fig. 2(f–j) shows the 
corresponding phase fraction changes for the parent, Mn0.805, Mn0.785, 
Ni0.805, and Ni0.785 samples, respectively. It is observed that the Mn0.785 
sample shows a remarkable negative shift of the two-phase coexistence 
region towards lower temperatures. Note that Tt from magnetic 

measurements is not exactly in the middle of this region, which should 
be ascribed to the faster heating/cooling rates of XRD scanning due to 
the first-order transitions that are driven by nucleation and growth [58]. 
Furthermore, considering the crystallographic relationship between the 
two structures (aort = chex, bort = ahex, cort = √3ahex and Vort = 2Vhex) 
[52], the corresponding volume changes from Vhex to Vort/2 have been 
calculated, as illustrated in Fig. 2(k–o). Compared with the parent 
compound, the materials with more Mn/Ni vacancies host a higher 
volume change during the transition (except Ni0.805), and more signifi
cant changes attributed to the increased ΔThys because of the close 
relationship among them [58–60]. Such a high volume change upon the 
orthorhombic-hexagonal transition attributes to a remarkable structural 
entropy change, which can account for over 90 % of the total entropy 
change for MnM-X-based magnetocaloric alloys [61].

Moreover, in comparison to XRD, ND possesses a higher sensitivity to 
neighboring elements profiting from their different elemental scattering 
length (Mn:-3.73 fm; Co: 2.49 fm; Ni: 10.3 fm; Ge: 8.18 fm; Si: 4.15 fm). 
Therefore, it is suitable to employ ND to resolve the site occupation of 
host atoms and the magnetic moments, and further investigate the subtle 
microstructural changes on an atomic scale, especially for these 
MnCoNiGeSi-based Mc-MCMs. Here, we apply in-situ temperature- 
dependent TOF ND measurements for the representative parent, 
Mn0.805 and Ni0.805 materials from 80 to 370 K. As illustrated in Fig. 3a, 
the distinctly different diffraction patterns associated with ortho
rhombic and hexagonal phases can be observed at high and low tem
peratures. The main diffraction peaks have been labeled in Q range and 
there are no impurities are found in the whole Q range. The lattice pa
rameters from ND and XRD results of the structural phases in the PM/FM 
state for different temperatures have been extracted in Fig. S6 (Sup
plementary Information) and summarized in Table S5 (Supplementary 
Information). Meanwhile, the clear crystallographic relationship of a 
magneto-structural FOPT is demonstrated in Fig. 3b (top). Moreover, the 
good refinement of ND results in Fig. S7 (Supplementary Information) 
indicate that for hexagonal phase the preferred site occupancies are: (i) 
Mn-2a (0, 0, 0); (ii) Ni-2d (1/3, 2/3, 3/4); (iii) Ge/Si-2c (1/3, 2/3, 1/4); 
(iv) Co atoms are shared with Mn-2a and Ni-2d sites, while for ortho
rhombic phase all atoms occupy 4c site, but with different position pa
rameters (e.g., for parent compound at 80 K: Mn/Co (0.03271, 0.25000, 
0.17880), Ni/Co (0.15259, 0.25000, 0.56048) and Ge/Si (0.75680, 
0.25000, 0.62309)) [62]. Note that Mn and Ni vacancies have been 
observed for the Mn0.805, Mn0.785, Ni0.805 and Ni0.785 samples based on 
Rietveld refinement, at concentrations that are close to the nominal 
values that are, e.g., 3 % Mn vacancies for the Mn0.785 sample and 1 % Ni 
vacancies for the Ni0.805 sample. Taking the orthorhombic phase as an 
example, Fig. 3b (bottom) illustrates the atomic arrangement of the 
lattice structure, where Mn-Mn bonds with a honeycomb structure are 
present. Furthermore, the magnetic refinement including only nuclear 
structure and magnetic structure have been included in Fig. S7 (Sup
plementary Information). Utilizing the normal ferromagnetic structure 
for the magnetic refinement, in Fig. 3c the experimental magnetic mo
ments obtained from ND and magnetization measurements as a function 
of temperature are shown. Note that for MnNiSi-based compounds the 
magnetic moment of Ni atoms can be neglected during magnetic 
refinement [63,64]. Due to the crystal symmetry change the concomi
tant high-moment to low-moment magnetic transition manifests a large 
magneto-structural effect [30]. Compared with the Ni0.805 sample, it is 
found that for Mn0.805 the reduction in total magnetic moment per for
mula unit is more noticeable, as a consequence of the decrease in 
mMn(4c), while the moment of mCo(4c) is almost unchanged. It is further 
suggested that the introduced vacancy defects can impact the local 
chemical environment surrounding the Mn atoms. For example, the 
resulting coupling distance between the dominant magnetic atoms could 
be slightly modified, which can strongly influence the magnetic ex
change interaction and chemical bonding in the metal-metalloid based 
intermetallics [57,65–69]. Fig. 3(d–f) presents the temperature depen
dence of the nearest-neighbor interatomic distances of Mn-Ge, Mn-Mn 

Table 1 
Summary of the structural temperature upon cooling (Tt

cooling), the structural 
temperature upon heating (Tt

heating), the ΔThys, Ms at 5 K and 5 T, the Δsm upon 
heating with Δμ0H = 1(2) T for the mentioned samples.

Sample Tt
cooling (K) Tt

heating (K) ΔThys (K) Ms (Am2kg-1) -Δsm (Jkg-1K-1)

parent 237.6 248.8 11.2 85.3 2.9 (6.0)
Mn0.805 231.8 243.4 12.6 81.2 2.8 (6.0)
Mn0.785 194.0 210.6 16.6 75.9 3.0 (6.1)
Ni0.805 247.2 256.9 9.7 84.5 3.2 (6.7)
Ni0.785 244.3 257.6 13.3 78.6 3.1 (6.7)
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and Mn-Ni atomic pairs for the hexagonal and orthorhombic phases in 
the parent, Mn0.805 and Ni0.805 samples. For instance, for the hexagonal 
phase the most remarkable change is that the nearest Mn-Mn distance of 
the Mn0.805 sample is strongly reduced compared with the parent com
pound, which is accompanied with a slight reduction in Mn-Ge and 
Mn-Ni distances, while the corresponding distances for the Ni0.805 
sample are nearly negligible. Previous investigations indicate that 
changes in interatomic distances are strongly relevant to covalent 
bonding for the MnM-X alloys [62,66,70]. Similar cases for the 
Fe-substituted MnNiGe [52] and MnCoGeB compounds [66] suggest a 
strengthening of the covalent bonding between the nearest neighboring 

atoms can promote the stabilization of the hexagonal structure. Our 
results show that the shortened interatomic distances especially for 
Mn-Mn atoms, originating from the introduced Mn vacancies, can 
further strengthen the covalent bonding among various pairs, which is 
beneficial for stabilizing the high-temperature hexagonal phase (e.g., 
decrease Tt) and triggering the magneto-structural FOPT. To get more 
insight into the influence of different Mn and Ni vacancies on the co
valent bonding in the hexagonal structure, ELF calculations are con
ducted. As demonstrated in Fig. S8 (Supplementary Information), the 
Mn vacancies result in more localized electrons surrounding Si atoms 
with a stronger covalent bonding, in comparison to the Ni vacancies 

Fig. 2. Contour plots of the temperature-dependent XRD patterns for (a) parent, (b) Mn0.805, (c) Mn0.785, (d) Ni0.805, (e) Ni0.785 samples. (f-j) Corresponding phase 
fraction of hexagonal and orthorhombic phases as a function of temperature for the above samples. (i-l) Temperature dependent unit-cell volume as a function of 
temperature for the hexagonal and orthorhombic phases for the above samples, presented as the comparison of Vhex and Vort/2.
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Fig. 3. (a) Temperature-dependent ND of the representative Mn0.785 sample from 80 to 370 K, indicating the structural transition from orthorhombic to hexagonal 
phase. (b) Top-schematic representation of the crystallographic relationship between hexagonal (black) and orthorhombic (blue) phases. Bottom-illustration of Mn- 
Mn bonds within orthorhombic lattice structure. (c) Experimental magnetic moments obtained from ND and SQUID magnetization measurements as a function of 
temperature for parent, Mn0.805 and Ni0.805 samples. The individual moments related to Mn(4c) and Co(4c) guide to left y axis. The total moments guide to right y 
axis. Corresponding interatomic distances of (d) Mn-Ge, (e) Mn-Mn and (f) Mn-Ni for hexagonal (yellow) and orthorhombic (purple) phases as a function of tem
perature for above compounds, determined from ND, respectively.

Fig. 4. Microstructural observation related to Mn0.785 and Ni0.785 materials. (a-b) HAADF-STEM images along [120] and [421] directions for Mn0.785 and Ni0.785 
samples, respectively. The inset is the corresponding FFT patterns in the regions indicated by the yellow box. (c-d) High-resolution HAADF-STEM images for Mn0.785 
and Ni0.785 samples, respectively. The insets show the observation of atoms in real space and modeled crystal structures along different directions. (e-f) Line intensity 
profiles are extracted from the yellow boxes in (c-d) for Mn0.785 and Ni0.785 samples, respectively. The positions of atomic vacancy defects can be distinguished 
according to the intensity of the peaks. (g-h) Pseudo-colored HAADF-STEM images on the basis of (c-d) for Mn0.785 and Ni0.785 samples, respectively. The potential 
atomic vacancies have been marked as red circles.
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counterpart. Our ELF results provide further insights into the origin of 
the decreased Tt for Mn vacancy samples and the increased Tt for Ni 
vacancy samples. In addition, it is found that the magnetic ground state 
of the orthorhombic phase is critical to the nearest-neighbor Mn-Mn 
distance [71,72]. In contrast to the atomic changes of the hexagonal 
phase, for orthorhombic phase the nearest-neighbor Mn-Mn distance of 
the Mn0.805 sample shows a remarkable increment relative to the parent 
sample with decreasing temperature, compared with the slight decrease 
for the Ni0.805 sample. Consequently, the longer Mn-Mn interatomic 
distance could cause a weaker covalent bonding, which is quite the 
opposite to the hexagonal situation. Moreover, Liu and coworkers 
pointed out that atomic vacancies could destroy the chemical bonding, 
e.g., for the so important Mn-Mn honeycomb connections (see Fig. 3b 
(bottom)), which may lead to the destabilization of the orthorhombic 
phase at lower temperature and the weakening of the elastic modulus of 
the hexagonal phase [32]. It can make the structural transition occur at 
lower temperature, and thus a smaller thermodynamic driving force is 
needed to overcome the energy barrier of nucleation [32,73]. Moreover, 
additional variations in the Mn-Ge and Mn-Ni distances are also 
observed in Fig. 3d and 3f. Compared with the parent and the Mn0.805 
samples, it is clearly visible that for the Ni0.805 sample both distances are 
simultaneously decreased, indicating the strengthened covalent bonding 
among the Mn-Ge and Mn-Ni pairs. Therefore, together with Mn-Mn 
changes the stronger bonding resulting from the induced Ni vacancies 
can further stabilize the low-temperature orthorhombic phase (e.g., in
crease Tt), in line with above ELF observations. The introduced Mn and 
Ni atomic vacancy defects play different roles in the characteristics of 
the transition, which critically depends on subtle changes of different 
interatomic distances among the metal-metalloid pairs.

Numerous studies investigated the influence of vacancy defects on 
the regulation of the MCE performance [30–39]. However, experimental 
reports associated with the direct observation of vacancies, as well as its 
nature, are rare. As shown in Fig. 4(a and b), the microstructure at RT for 
the Mn0.785 and Ni0.785 samples has been obtained using HAADF-STEM. 
The corresponding fast Fourier transform (FFT) for the selected region 
demonstrates its hexagonal structure (P63/mmc) and the main crystal 
planes have been indexed. In Fig. 4(c-d) the high-resolution HAADF-
STEM images show the observation of atoms in real space along different 
directions, and the atoms (clusters) have been compared with the 
modeled crystal structures. Note that the atomic arrangement has been 
determined based on previous preferred occupancies extracted from our 
ND study. What’s more, it is well known that the HAADF-STEM image 
contrast I is approximately proportional to the square of atomic number 
Z (I ∝ Z2) [74]. Therefore, the lightness of different atomic columns can 
be utilized to distinguish the different elemental atoms, chemical vari
ations and atomic vacancy defects. For example, the monolayer intensity 
profiles in Fig. 4(e and f) show the perturbations in contrast difference 
along the yellow box in Fig. 4(c and d), and the positions of atomic 
vacancy defects for Mn0.785 and Ni0.785 samples can be directly captured 
according to the intensity of the peaks [75,76]. Furthermore, after 
pseudo-color processing for Fig. 4(c and d), more pronounced atomic 
vacancies for these two samples can be observed from the clearer 
contrast difference, as present in Fig. 4(g) and 4(h), respectively. In 
addition, HR-TEM-EDS experiments have been performed for the typical 
Mn0.785 and Ni0.785 samples. As shown in Fig. S9 and S10 (Supplemen
tary Information), it is found that all elements are homogenously 
distributed and there is no chemical segregation for Mn0.785 and Ni0.785 
samples, respectively. Furthermore, we employ EDS-line scanning for 
these two samples, as present in Fig. S11 (Supplementary Information). 
Especially, it is observed there is no remarkable compositional changes 
within 20 nm distance from the EDS-line scanning crossing the area with 
contrast difference. Therefore, it is indicated that the samples have good 
chemical stability and we can exclude nanoscale short-range chemical 
segregation/clustering. Although the introduced vacancy defects have 
directly been observed through HAADF-STEM, the detailed properties of 
the Mn/Ni vacancies and the local chemical environment next to the 

vacancies need to be further verified.
To further understand the vacancy defects from a microscopic 

perspective, positron annihilation spectroscopy (PAS) is employed for 
different complex multi-component alloys [77–79]. PAS is a 
non-destructive method and can efficiently obtain information of 
open-volume defects like vacancies with a high sensitivity, because of 
the strong affinity between positrons and defects resulting in a 
positron-electron pair annihilation process [2,43,80,81]. Note that the 
synchrotron HE-XRD experiments have excluded the influence of im
purities inside the samples, as presented in Fig. S12 (Supplementary 
Information). For different PAS methods, the PL experiments can make a 
distinction between the possible types and establish the concentration of 
the vacancy defects inside the sample, while CDB enables character
ization of the local chemical environment of vacancies. The results of the 
PL measurements are summarized in Table S6 (Supplementary Infor
mation). It shows that all alloys exhibit a single-component PL spectrum 
characterized by a lifetime τ2, which is significantly higher than the bulk 
positron lifetime and is close to the value expected for positrons trapped 
in mono-vacancies [82,83]. The alloys contain a high concentration of 
vacancies and all positrons are found to be trapped in these vacancies 
(saturated positron trapping). In Fig. 5a the lifetime of trapped posi
trons, τ2, is plotted as a function of the Mn/Ni ratio. The slight increasing 
of τ2 stems from an increase in the local electron density at the site of the 
vacancies, indicating a gradual change in the local chemical environ
ment with increasing Ni concentration and/or in the size of the positron 
trapping vacancy.

Moreover, the CDB ratio curves related to a pure silicon reference are 
plotted in Fig. 5b. For comparison, the ratio curves for reference samples 
of pure Mn, Co, Ni, and Ge are also included. It is noticed that the ratio 
curves for all alloys are similar and show a maximum around 13 × 10-3 

m0c, which arises from the contribution of positrons that annihilate with 
3d electrons. As virtually all positrons are trapped at vacancies, the ratio 
curves represent the momentum distribution corresponding to the local 
chemical environment of these vacancies. Hence, it demonstrates that 
the chemical environment of vacancies in all alloys is similar. To gain a 
better understanding of how different alloying elements contribute to 
the ratio curves of the studied alloys, the ratio curves of reference 
samples of pure elements (Mn, Co, Ni, Ge, and Si) are also collected. 
From the comparison, we can observe that the shape of the ratio curves 
is similar to that of pure Mn and Ge. It suggests that the chemical 
environment of vacancies in the studied alloys is enriched with Mn and 
Ge. Additionally, the slight shift of the rising edge in the ratio curves of 
the alloys, which occurs with an increasing Mn/Ni ratio, can be linked to 
increasing contribution of Mn due to a higher concentration of Mn 
around the vacancies. To obtain a more quantitative comparison, the 
ratio curves of MnCoNiGeSi-based alloys can be approximated in the 
high momentum region by a superposition of the ratio curves for pure 
elements [84]: 

ρ(p) = ξMnρMn(p) + ξCoρCo(p) + ξNiρNi(p) + ξGeρGe(p) + ξSiρSi(p) (2) 

where ρ(p) represent ratio curves for pure Mn, Co, Ni, Ge, and Si and the 
coefficients ξ are fractions of positrons trapped in vacancies and anni
hilated in the vicinity of the element. These coefficients are not fully 
independent but always fulfill the condition ξMn + ξCo + ξNi + ξGe + ξSi =

1 [84]. Assuming that the vacancies in the alloys are distributed 
completely randomly, it means that there is no preference among the 
constituent elements to be near these vacancies, and the coefficients 
would equal to the concentrations of the corresponding elements in the 
alloys. Considering the model of a fully random distribution of va
cancies, the calculated superposition ratio curve (dashed line in Fig. 5b, 
nominal composition for the parent sample) evidently cannot align with 
the experimental data. The discrepancy indicates that the actual 
chemical environment around the vacancies is not random, in other 
words, certain elements tend to segregate preferentially around the 
vacancies, which is also observed in other multi-component cases [84,
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85]. Therefore, the adjusted coefficients have been achieved and the 
fitting results (i.e., for parent sample) are illustrated (solid line in 
Fig. 5b), which shows a good representation of the experimental points. 
The coefficients obtained from the fitting process for all studied alloys 
are summarized in Table S7 (Supplementary Information). The closest 
agreement was found under the assumption that vacancies are prefer
entially surrounded by Mn, Ni, and Ge atoms. And the concentration of 
Si in the vicinity of vacancies is very low, as a non-zero coefficient was 
obtained only for the Mn0.785 sample. The coefficient for Co, remains 
zero across all studied alloys, indicating that Co is not located near the 
vacancies. Fig. 5c illustrates the development of the chemical environ
ment of vacancies with composition changes, displaying the fractions of 
Mn, Ni, Ge, and Si obtained from fitting as a function of the Mn/Ni ratio. 
It further indicates that, with an increasing Mn/Ni ratio, vacancies are 
surrounded by a higher concentration of Mn, while the concentration of 
Ni around vacancies gradually decreases. In contrast, the concentration 
of Ge around the vacancies appears to be nearly independent of the 
Mn/Ni ratio. These findings suggest that the increase in the lifetime τ2 of 
positrons trapped at vacancies, with a rising Mn/Ni ratio shown in 
Fig. 5a, is likely due to the increasing concentration of Mn atoms in the 
environment of the vacancy at the expense of the Ni atoms. This is in line 
with a decrease in concentration of Mn vacancies and increase in con
centration of Ni vacancies for larger values of the Mn/Ni ratio. 
Combining the crystal structure analysis and the ND results, it is 
concluded that the original Ni positions around introduced Ni vacancies 
could be preferentially and partially occupied by a certain amount of Mn 
atoms. This is consistent with the limited increase in Tt for the Ni0.785 
sample. The above results mean that a rational control of the type and 
concentration of atomic vacancy defects provides a way to control the 
strong magneto-structurally coupled transition in these emerging 
Mc-MCMs.

4. Conclusions

In summary, different Mn and Ni atomic vacancies-engineered qui
nary MnCoNiGeSi-based Mc-MCMs have successfully been synthesized, 
and their basic thermodynamic, magnetic and microstructural proper
ties have been investigated utilizing DSC, SQUID, XRD, ND, STEM and 

PAS. Compared with the parent sample, it is found that Tt obviously 
decreases in Mn vacancy materials and increases in Ni vacancy mate
rials, while the FOPT is maintained and Δsm shows no degradation. The 
distinct behavior introduced by different types of Mn and Ni vacancies is 
understood from experimental and theoretical perspectives, and it could 
be attributed in terms of metastable microstructural changes. For 
instance, for the Mn vacancy sample the decreased Mn-Mn atomic dis
tance and strengthened covalent bonding can stabilize the high- 
temperature hexagonal phase, and vice versa, for the Ni vacancy sam
ple the decreased interatomic distances among different pairs (Mn-Ge, 
Mn-Mn and Mn-Ni) promote the stabilization of the low-temperature 
orthorhombic phase. Additionally, the introduced vacancy defects 
have directly been observed in the studied samples. The PL and CDB 
results clarify the presence of mono-vacancies. With an increasing Mn/ 
Ni ratio, the concentration of Mn vacancies reduces while the concen
tration of Ni vacancies increases, in which the vacancies are surrounded 
by a higher concentration of Mn atoms, and the original Ni sites around 
introduced Ni vacancies could be preferentially and partially occupied 
by a certain amount of Mn atoms. Our present study indicates that 
introducing different atomic vacancy defects can efficiently tailor the 
MCE properties of the emerging Mc-MCMs by a modification of the 
microstructure, which enhances their prospects for future applications.
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