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a  b  s  t  r  a  c  t

TiNiSi-type  MnCoSi-based  alloys  show  large  magnetostriction  during  the  magnetic-field-induced  meta-
magnetic  transition.  However,  the  high  critical field  required  to  drive  the  transition  directly  hinders
their  potential  applications.  In this  work,  we  systematically  investigate  the  tricritical  behavior  and  mag-
netostrictive  effect  in substituted  MnCoSi  alloys.  Replacing  Si with  Sb or  In, Co with  Fe  or  Cu, and  Mn
with  Co,  which  can  simultaneously  reduce  the  critical  field  and  the  temperature  of  tricritical  point,  are
explored.  Among  the  substituted  MnCoSi  alloys,  Mn0.983Co1.017Si displays  a temperature  of a tricritical
point  of 250  K  and  a  room-temperature  critical  field  of 0.60  T, which  is the  lowest  up  to  now.  Profited  from
these  optimizations,  a large  reversible  magnetostrictive  effect  under  low  field  is  successfully  realized  at
Tricritical point
Reversibility
MnCoSi alloy

room temperature.  In  a field  of  1 T, the magnetostriction  of  Mn0.983Co1.017Si  alloy  is  close  to 1000  ppm.
Besides,  a  strong  relation  between  critical  field  and  valence  electron  concentration  is revealed  in the
transition-metal-substituted  MnCoSi  alloys.  Our work  greatly  enhances  the  low-field  magnetostrictive
performance  of  MnCoSi-based  alloys  and make  them  be  of interest  in  potential  applications.

©  2020  Published  by  Elsevier  Ltd  on behalf  of  The  editorial  office  of  Journal  of  Materials  Science  &
Technology.
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1. Introduction

Magnetostrictive effect, expressing as a strain response under
a magnetic field, is an intrinsic phenomenon for almost all fer-
romagnets [1–3]. The giant magnetostrictive materials, such as
Tb0.3Dy0.7Fe2 (Terfenol-D) and Fe100-xGax alloys [2,4–8], have been
widely used in active vibration control, sensors, actuators and
transducers [9,10]. Recently, the magnetic-phase-transition alloys
are also found to change their shapes when placed in a magnetic
field, an effect referred as magnetostrain [11–17]. This large magne-
tostrain is originated from the magnetic-field-induced first-order
magnetostructural or magnetoelastic transformation, opening up
an alternative way to seek new magnetomechanical materials
[11–17]. However, due to the first-order nature of the transition,

the obtained magnetostrain is always accompanied by large irre-
versibility featuring an obvious magnetic hysteresis [11–17]. It will
cause functionally fatigue when field oscillation is applied. There-
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ore, towards the application of magnetic-phase-transition alloys
n magnetomechanical devices, it is essential to realize reversible

agnetostrain, namely magnetostriction.
The unique tricritical behavior of TiNiSi-type MnCoSi alloy pro-

ides possibilities to tame the reversibility of the magnetostriction
uring the field-induced transition [18–22]. The tricritical behavior

n MnCoSi alloy can be understood as the temperature-dependent
etamagnetic transition from an incommensurate helical anti-

erromagnetic state to a high magnetization state below Néel
emperature (TN =381 K) [18–25]. With decreasing the tem-
erature, the nature of this metamagnetic transition changes

rom second-order to first-order. Thus, a tricritical point which
s defined as the onset of hysteresis can be observed in the
ield-Temperature diagram [18–25]. Interestingly, no matter the
ransition is first-order or second-order, a sizeable lattice distor-
ion, which is the source of the large magnetostriction [18–22],
s always accompanied by. For stoichiometric MnCoSi alloy (its

sothermal magnetization (M-B) curves are shown in Fig. 1(a)),
he temperature of tricritical point (Ttri) is 300 K and the critical
eld (Bcri) required to drive the transition is about 2.5 T at room

emperature. Thus, to obtain a large magnetostrain at room tem-
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Fig. 1. (a) M-B  curves for stoichiometric MnCoSi alloy. (b) Field-Temperature diagram. Blue lines: tricritical behavior in stoichiometric MnCoSi alloy. Red lines: tricritical
behavior with reduced Ttri and Bcri . Bcri↑ and Bcri↓ represent the values of critical field in field-up and field-down processes, respectively. The magnetostriction curves at room
temperature are also included as insets.
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Fig. 2. M-B curves of MnCoSi-based alloys

perature, a high magnetic field should be applied. Furthermore, due
to the first-order nature of this magnetic-field-induced transition,
the obtained magnetostrain is accompanied by obvious hysteresis.
However, when both Ttri and Bcri decrease, the metamagnetic tran-
sition turns into a second-order one at room temperature and a
reduced magnetic field can trigger the transition [19–21]. In that
case, large reversible magnetostriction under a low field can be
expected in MnCoSi-based alloys. The specific schematic is illus-
trated in Fig. 1(b).

Some methods have been proposed to tune the tricritical behav-

ior of MnCoSi alloy. Replacing Si with Ge [22,23,26] or B [20], Co
with Ni [18,24], Mn  with Fe [24,27], introducing Si-vacancy [19] and
applying hydrostatic pressure [28] have been reported to reduce
Bcri in the condition of that Ttri decreases. However, up to now, a
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0 K (a), 300 K (b), 270 K (c) and 240 K (d).

ay  that can efficiently suppress Bcri is still absent. To the best
f our knowledge, the lowest Bcri in the MnCoSi-based samples
y slow-cooling heat treatment appears in MnCo0.95Ni0.05Si and
nCoSi0.98B0.02, but still as high as 0.80 T at room temperature. It

esults in low magnetostriction under a field of 1 T [20,24]. There-
ore, in the condition of that Ttri is below room temperature, Bcri
hould be further reduced so that the low-field magnetostriction
an be enhanced.

In this study, we  systematically investigate the effect of trace
lement substitutions on the tricritical behavior based on the

tomic occupancy rule in MnMX (M = Co or Ni, X = Si or Ge) alloys:
he transition-metal atom with more valence electrons preferably
ccupies the Co site; while the transition-metal atom with less
alence electrons preferably occupies the Mn  site; the main-group
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Fig. 3. Field-temperature diagram of MnCoSi-based alloys.

atom intends to occupy the Si site [29–32]. Replacing Si with Sb
or In, Co with Fe or Cu, and Mn  with Co are found to reduce Bcri
and Ttri simultaneously. Replacing Mn  with Co displays the largest
reduction rate of Bcri by doping content. In Mn0.983Co0.017Si alloy,
the room-temperature Bcri reaches 0.60 T and the Ttri is around 250
K. It guarantees a large reversible magnetostriction under 1 T at
ambient environment.

2. Experimental

Polycrystalline Mn1-xTxCoSi (T = Ti and V), Mn1-xCo1+xSi,
MnCo1-xYxSi (Y = Fe and Cu) and MnCoSi1-xZx (Z = Al, Ga, P, In, Sn and
Sb) were prepared by arc-melting the appropriate amounts of high
purity (≥ 99.9 %) raw materials for three times under argon atmo-
sphere. The doping content x is chosen to be lower than 3% because
a handful of dopant atoms can obviously affect the metamagnetic
behavior and a larger x may  bring about the impurity phases in
some substituted MnCoSi alloys. In order to fully release the inner
stress, the ingots sealed in vacuum quartz tubes were annealed at
1123 K for 60 h, and then slowly cooled down to room temperature
in 72 h.

Crystal structures were identified by X-ray diffraction (XRD,
Bruker D8 Advance) with CuK� radiation at room temperature. M-B
curves were measured by a physical property measurement sys-
tem (PPMS, Quantum Design Dynacool) with a vibrating sample
magnetometer module. At each target temperature, the data were
recorded in the magnetic-field-up and -down processes. Then the
temperature was increased by 10 K and the M-B  loop was measured
again. The microstructure of the bulk sample after solidification
was observed by scanning electron microscope (SEM, FEI Quanta
250 F). The thermal expansion property was measured by thermal
mechanical analyzer (TMA, Netzsch F3). Magnetostriction mea-
surement was carried out using a standard strain gauge technique
on PPMS.

3. Results

3.1. Structural information

The isostructural alloying principle is often adopted to manipu-
late the properties of materials by alloying two compounds with the
same crystal structure [30,31,33–35]. Since MnCoP, TiCoSi, VCoSi
and Co2Si alloys crystallize in TiNiSi-type orthorhombic struc-

ture [36,37], a high-level introduction of P into Si site and Ti, V
or Co into Mn  site would not induce impurity phases. It is also
reported that MnCo1-xFexSi alloys can maintain TiNiSi-type struc-
ture when x reaches 0.4 [38,39]. Nevertheless, even if the doping
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ontent is lower than 3%, the metamagnetic transition can be obvi-
usly affected. Therefore, the compounds with the compositions of
nCoSi0.98P0.02 (P2), Mn0.97Ti0.03CoSi (Ti3), Mn0.97V0.03CoSi (V3),
nCo0.98Fe0.02Si (Fe2), Mn0.99Co1.01Si (Co1) and Mn0.983Co1.017Si

Co1.7) are investigated in this work. For the other element substi-
utions, such as replacing Co with Cu and Si with Al, Ga, In or Sb,
ue to the limited solid solubility, impurity phases can be obviously
raced when the doping content reaches 2 %–3 %. The maximum
oping content is 1% for Al and Ga substitution, and 2% for the other
hree. Thus, the experimental results of MnCoSi0.99Al0.01 (Al1),

nCoSi0.99Ga0.01 (Ga1), MnCoSi0.98In0.02 (In2), MnCoSi0.98Sb0.02
Sb2) and MnCo0.98Cu0.02Si (Cu2) alloys are shown here.

Since Mn  atom carries the major magnetic moment, the near-
st Mn-Mn  separation (d, shown in Fig. S1(a) in Supplementary
aterial) determines the magnetic ground state of Mn-based

rthorhombic magnet in Pnma space group [18,40,41]. It is reported
hat with the increase of d, the exchange interaction changes from
he nonlinear antiferromagnetic to ferromagnetic [40,41]. Thus,
ncreasing d will stabilize the high magnetization state, leading to
he decrease of Bcri [42]. The structural information of the samples

entioned above is obtained according to the Rietveld refinement
f XRD data of powdered samples at room temperature (listed in
able 1 and shown in Fig. S1 in Supplementary material). It can be
ound that Ti3, V3, Al1, Ga1 and P2 exhibit reduced d relative to

nCoSi alloy, while Co1.7, Fe2, Cu2, In2 and Sb2 possess enlarged
ne. It suggests that reduced Bcri can be fulfilled in the latter five
amples.

.2. The metamagnetic transition and tricritical behavior

To investigate the metamagnetic transitions in all the samples,
he M-B  curves were measured with a maximum magnetic field
f 5 T (shown in Fig. S2 in Supplementary material). For simplic-

ty, the M-B  curves at 320, 300, 270 and 240 K are summarized
n Fig. 2(a)–(d). In the temperature range of 240−320 K, the M-B
urves of Ti3 and V3 continuously increase without any obvious
hange of the slope, demonstrating that replacing Mn  with Ti or

 will increase Bcri so that a magnetic field of 5 T is not high
nough to drive the metamagnetic transition. For P2, Al1 and Ga1,
lthough the metamagnetic transition can be observed above 270

 (Fig. 2(a)–(c)), the M-B  curves of these three samples lie at the
ight side of that of MnCoSi alloy. The values of Bcri are 3.39, 3.07
nd 2.57 T for P2, Al1 and Ga1 at 300 K, respectively. Here, Bcri is
enoted as the point where the magnetization is 50 % of its satura-
ion value [19,27]. Further decreasing the temperature will increase
cri [18–20,42] and thus the metamagnetic transition disappears at
40 K (Fig. 2(d)). This phenomenon suggests that replacing Si with
, Al or Ga will also increase Bcri.

Different from above-mentioned five samples, Co1, Fe2, Cu2, In2
nd Sb2 possess reduced Bcri because their M-B  curves are located
n the left side of that of MnCoSi alloy. The corresponding values
f Bcri are 0.91, 1.11, 1.17, 1.25 and 1.46 T for Co1, Sb2, Fe2, Cu2
nd In2 at 300 K, respectively. The values of room-temperature Bcri
f reported MnCoSi-based alloys are also listed in Table 2 for com-
arison [19,20,23,24,26,27]. To exclude the influence of magnetic

nhomogeneity caused by quenching [43], only the data of MnCoSi-
ased alloys prepared by slow-cooling are shown here. It is worth
oting that replacing 1% Mn  with Co can lead to a sharp decrease
f room-temperature Bcri by 1.59 T. As we know, it is the most effi-
ient way  to reduce Bcri up to now. To maximumly reduce Bcri by
o-substitution, the doping content is increased to 1.7 %. In that
ase, a low room-temperature Bcri of 0.60 T is obtained (Fig. 2(b)

nd Table 2). With further increasing the doping content to 2%,
he room-temperature metamagnetic transition will disappear and
he sample becomes ferromagnetic-like (Fig. S3 in Supplementary

aterial). In summary, with the shrinkage of d, Ti, V, P, Al and Ga



J. Liu et al. Journal of Materials Science & Technology 76 (2021) 104–110

Table  1
Lattice parameters a, b and c, unit-cell volume V, nearest Mn-Mn  distance d and atomic occupancy sites for studied MnCoSi-based samples. The space group is Pnma and
Wyckoff position is 4c (x, 1/4, z).

Samples a (Å) b (Å) c (Å) V (Å3) d (Å) xMn/zMn xCo/zCo xSi/zSi Rwp/Rp (%)

Ti3 5.8918(9) 3.6924(5) 6.8672(5) 149.40(5) 3.075 0.0150(2)/0.1785(5) 0.1536(8)/0.5652(2) 0.7703(8)/0.6199(7) 5.37/3.69
V3  5.8891(5) 3.6909(1) 6.8674(3) 149.27(1) 3.065 0.0164(4)/0.1776(4) 0.1537(1)/0.5586(6) 0.7729(7)/0.6178(8) 5.79/3.97
Al1  5.8793(1) 3.6926(6) 6.8651(8) 149.04(4) 3.070 0.0157(1)/0.1781(2) 0.1549(1)/0.5571(2) 0.7620(2)/0.6260(2) 6.37/4.42
Ga1  5.8851(2) 3.6961(2) 6.8714(2) 149.47(1) 3.077 0.0166(3)/0.1784(3) 0.1632(1)/0.5638(7) 0.7623(8)/0.6259(1) 6.38/4.29
P2  5.8858(1) 3.6906(1) 6.8646(2) 149.11(1) 3.072 0.0167(9)/0.1783(4) 0.1578(6)/0.5602(8) 0.7594(6)/0.6277(1) 5.30/3.75
MnCoSi 5.8817(3) 3.6948(7) 6.8700(4) 149.30(4) 3.087 0.0140(3)/0.1796(2) 0.1553(6)/0.5604(1) 0.7426(6)/0.6231(1) 6.07/4.15
Co1.7  5.8614(8) 3.6985(2) 6.8736(7) 149.01(4) 3.118 0.0230(1)/0.1815(3) 0.1573(3)/0.5564(7) 0.7643(1)/0.6268(9) 4.8/3.57
Fe2  5.8718(7) 3.6983(4) 6.8775(9) 149.35(5) 3.121 0.0187(8)/0.1820(4) 0.1596(6)/0.5635(6) 0.7688(3)/0.6261(9) 5.32/3.87
Cu2  5.8458(2) 3.6811(3) 6.8477(4) 147.36(2) 3.100 0.0207(1)/0.1810(6) 0.1619(1)/0.5637(1) 0.7354(2)/0.6231(3) 5.70/3.82
In2  5.8634(2) 3.6917(4) 6.8623(3) 148.54(3) 3.099 0.0173(8)/1.8072(1) 0.1589(1)/0.5670(3) 0.7660(3)/0.6264(9) 4.28/3.36
Sb2  5.8423(1) 3.6863(2) 6.8495(4) 147.51(2) 3.132 0.0290(7)/0.1832(5) 0.1586(4)/0.5530(2) 0.7245(5)/0.6286(1) 4.79/3.31

Table 2
The temperature of tricritical point (Ttri) and the critical field (Bcri) for driving the metamagnetic transition at room temperature in MnCoSi-based alloys after the heat
treatment of slow cooling.

samples Bcri @ RT (T) Ttri (K) References Samples Bcri @ RT (T) Ttri (K) References

Al1 3.07 280 This work Ga1 2.57 280 This work
P2  3.39 270 This work Fe2 1.17 280 This work
Cu2  1.25 270 This work In2 1.46 290 This work
Sb2  1.11 270 This work Co1 0.91 270 This work
Co1.7  0.60 250 This work MnCoSi 2.54 300 This work
MnCoSi0.98 1.30 260 [19] MnCo0.95Ni0.05Si 0.80 250 [24]
MnCoSi0.98B0.02 0.8 270 [20] Mn0.95Fe0.05CoSi a – 180 [27]
MnCoSi Ge 1.50 262 [23] MnCoSi Ge b 1.60 – [26]
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a Mn0.95Fe0.05CoSi alloy is ferromagnetic-like at room temperature, thus no meta
b The Ttri of MnCoSi0.95Ge0.05 was not shown in Ref. [26].

substitutions increase Bcri, while due to the increase of d, Co, Fe, Cu,
In and Sb-substituted MnCoSi alloys exhibit reduced Bcri.

Temperature dependence of Bcri in field-up and -down processes
(Bcri↑ and Bcri↓) are summarized in the Field-Temperature diagram,
as shown in Fig. 3. With the temperature decreases to be lower
than Ttri, the metamagnetic transition changes from second-order
to first-order, presenting as the onset of inconsistency between
Bcri↑ and Bcri↓. As listed in Table 2, all the studied samples show
reduced Ttri relative to that of MnCoSi alloy. Combing with the
above-mentioned analysis, it can be said that Co1.7, Co1, Fe2, Cu2,
In2 and Sb2 possesses both reduced Bcri and Ttri. Therefore, large
reversible magnetostriction is promising to be fulfilled in these
samples at room temperature.

3.3. Magnetostrictive effect

Due to the temperature gradient between the molten alloy and
the water-cooled copper crucible, texture forms along the solidi-
fication direction in these MnCoSi-based samples. Here, we took
Co1.7 as an example and show its SEM image of cross-section in
Fig. 4(a). Columnar grains can be observed. A similar phenomenon
has also been reported in Ni-Mn-based Heusler alloys prepared by
arc melting [14,44]. As reported before [18,20], the polycrystalline
MnCoSi with preferred orientation exhibits anisotropic thermal
expansion behavior. As shown in Fig. 4(b), both Cu2 and Co1.7
display negative (positive) thermal expansion in the direction per-
pendicular (parallel) to the columnar grain below TN. By comparing
this result with the thermal expansion data of MnCoSi along a, b
and c axes in Ref. [18], it can be found that the thermal expansion
along the solidification direction is similar with that along b or c
axis. However, when vertical, an a-like behavior can be observed.
This phenomenon suggests that a axis inclines to be perpendicu-

lar to the solidification direction. It is consistent with the results
obtained in B-substituted MnCoSi [20].

The magnetostriction curves (� = �L/L) of In2, Cu2, Sb2 and
Co1.7 were measured at 270, 280, 290 and 300 K. Due to the

t
l
F

107
0.95 0.05

tic transition is observed.

xistence of texture, the anisotropic magnetostrictive effect is
bserved. Here, �// and �⊥ denote the magnetostriction along and
erpendicular to the solidification direction, respectively. As shown

n Fig. 5, with increasing the magnetic field to be higher than
cri, both �// and �⊥ change significantly. This behavior indicates
hat the obtained magnetostriction is derived from the magnetic-
eld-induced metamagnetic transition. As reported in Ref. [24],

he metamagnetic transition in MnCoSi alloy is accompanied by
he shrinkage along a axis and the elongation along b and c axes.
he absolute value of the shrinkage along a axis is larger than the
xpansion along the other two  axes [24]. Since the a axis is per-
endicular to the solidification direction, �⊥is negative and �// is
ositive. The values of magnetostriction under 1 and 2 T are sum-
arized in Table 3. At 270 K, the values of �// (�⊥) are 580, 1322,

270 and 1690 ppm (-529, -1317, -1856 and -1184 ppm) in 2 T
or In2, Cu2, Sb2 and Co1.7, respectively. The relatively low mag-
etostriction of In2 is ascribed to the relatively high Bcri (> 2 T) at
70 K and thus only part of the sample experiences the magnetic-
eld-induced metamagnetic transition (Fig. S2(j) in Supplementary
aterial). With increasing the temperature to 300 K, a field of 2 T is

igh enough to complete the metamagnetic transition in these four
amples. The corresponding values of �// (�⊥) are 969, 983, 917 and
186 ppm (-935, -988, -1348 and -792 ppm) for In2, Cu2, Sb2 and
o1.7, respectively. Owing to the large Bcri at room temperature
2.5 T), the stoichiometric MnCoSi displays low magnetostriction:
5 ppm for �// and -119 ppm for �⊥ under 2 T at 300 K (Fig. S4

n Supplementary material). These values are much smaller than
hose of In2, Cu2, Sb2 and Co1.7. Profit from the reduction of Ttri, the

agnetostrictive effect of In2, Cu2, Sb2 and Co1.7 at room temper-
ture is originated from the reversible second-order metamagnetic
ransition with hysteresis-free behavior. Hence, the reversibility of
he magnetostrictive effect is greatly improved.

More importantly, since Co1.7 exhibits both the lowest room-

emperature Bcri and Ttri, large reversible magnetostriction under a
ow magnetic field at room temperature is promising to be fulfilled.
or Co1.7, the values of �// and �⊥ under 1 T at 300 K reach 993 and
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Fig. 4. (a) The schematic on the formation of texture in MnCoSi alloy and the SEM image of the cross-section of Co1.7. The yellow arrows indicate the spontaneous cracks.
(b)  The temperature dependence of thermal expansion of Co1.7 and Cu2 in the direction parallel and perpendicular to the texture.

Fig. 5. The magnetostriction curves of In2 (a), Cu2 (b), Sb2 (c) and Co1.7 (d) around room temperature.

Table 3
Magnetostriction of In2, Cu2, Sb2 and Co1.7 under magnetic fields of 1 and 2 T in the temperature range of 270-300 K.

Magnetic
field (T)

Temperature
(K)

In2 Cu2 Sb2 Co1.7

�//(ppm) �⊥(ppm) �//(ppm) �⊥(ppm) �//(ppm) �⊥(ppm) �//(ppm) �⊥(ppm)

1

270 18 −59 16 −82 72 −167 1226 −865
280  31 −65 81 −110 130 −279 1140 −742
290  50 −78 84 −159 246 −768 1029 −680
300  81 −88 210 −308 365 −646 993 −607

2

270  580 −529 1322 −1317 1270 −1856 1690 −1184
280  1065 −1115 1187 −1203 1150 −1659 1480 −1010
290  1023 −1078 1062 −1056 1033 −1491 1284 −888
300  969 −935 983 −988 917 −1348 1186 −792

108
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 e/a and Bcri at 300 K in transition-metal-substituted MnCoSi alloys studied in this work
 Fig. S5 in the Supplementary Material.

Fig. 7. A statistical graphic of the magnetostriction of MnCoSi-based, Fe-Ga and
some other magnetic-phase-transition alloys under 1 T [2,4,7,11,12,14,15].
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Fig. 6. (a) The effects of element substitution on Bcri . (b) The relationship between
and  reported before [24]. The M-B  curves of Ti1, V1 and V2 at 300 K can be found in

-607 ppm, respectively. These values are much larger than that of
the other substituted MnCoSi alloys under the same magnetic field.

4. Discussion

The effect of element substitution on Bcri is summarized in
Fig. 6(a). Introducing the elements in a circle (triangle) intend
to decrease (increase) Bcri. The values of Bcri of transition-metal-
substituted MnCoSi alloys seem to be highly related to the valence
electron concentration (e/a). As shown in Fig. 6(b), the increase
(decrease) of e/a will lead to a decrease (an increase) of Bcri.
Most transition-metal-substituted MnCoSi alloys obey this princi-
ple except Fe2 (Fig. 6(b)). Replacing Co with Fe reduces the Bcri even
though the e/a is increased. The reason for this phenomenon is that
replacing Co with Fe in MnCoSi lattice can construct the local Fe-6
Mn  configuration, which is ferromagnetic [30,39]. It will stabilize
the high magnetization state and thus reduce Bcri. For main-group-
element-substituted MnCoSi alloys, the relation between e/a and
Bcri is not applicable. The physical mechanism of the metamagnetic
transition for these MnCoSi-based alloy needs further investiga-
tion. Additionally, we find that Sn cannot dissolve in MnCoSi alloy
since the XRD patterns of MnCoSi0.97Sn0.03 alloy (Fig. S1(m) in Sup-
plementary material) show obvious diffraction peaks of elemental
Sn.

The tunable tricritical behavior of MnCoSi alloy provides a pow-
erful tool to achieve large reversible magnetostriction under a low
field. For Co1.7 alloy in this work, due to the low Bcri of 0.60 T at
room temperature, a field of 1 T can nearly complete the metam-
agnetic transition, resulting in large magnetostriction shown here.
Meanwhile, replacing Mn  with Co can tune Ttri to be lower than
room temperature, assuring that the room-temperature magne-
tostriction is generated from the second-order transition, which
is reversible and hysteresis-free. These improvements overcome
the drawbacks of the magnetostrain during the first-order transi-
tion, such as the high critical field and large magnetic hysteresis
[11–17]. Fig. 7 summarizes the magnetostriction of slow-cooled
MnCoSi-based, Fe-Ga and some other magnetic-phase-transition
alloys under 1 T [4,7,11,12,14,15]. It can be found that Co1.7
exhibits a relatively larger magnetostrictive performance around
room temperature. Additionally, since the Bcri is almost invari-
able between 270 and 300 K, the large magnetostriction of Co1.7
is temperature-insensitive around the ambient environment, sug-
gesting high stability during the temperature oscillation.

However, compared with the magnetostrain originated from

martensite variants reorientation in Ni-Mn-Ga single crystal
[45,46], the magnetostriction is much smaller. On the other hand,
MnCoSi alloy experiences a martensitic transformation at ∼1190 K.
The volume change during this transformation will cause sponta-

fi
h
d
a

109
eous cracks in the ingots [19,25,47]. As shown in Fig. 4(a), some
racks can be observed between the columnar grains. It will reduce
he measured value of magnetostriction, especially �⊥. That is why
he MnCoSi alloy displays a low �⊥(Fig. S4 in the Supplementary

aterial). Recently, high-magnetic-field solidification and epoxy-
onding technique have been used to obtain highly textured and
ense MnCoSi sample [19,21,22]. Hence, we will adopt the two
ethods to further enhance the magnetostriction in Co1.7 in the

ext step.

. Conclusion

In summary, we systematically investigate the crystalline
tructure, metamagnetic transition, tricritical behavior and magne-
ostrictive effect of substituted MnCoSi alloys based on the atomic
reference rule. Replacing Si with Sb or In, Co with Fe or Cu, and Mn
ith Co, which can reduce Bcri and Ttri simultaneously, are explored.
mong the slow-cooled MnCoSi-based samples, Mn0.983Co1.017Si
hows a Ttri of 250 K and a room-temperature Bcri of 0.60 T,
hich is the lowest up to now. Thus, a large magnetostrictive

ffect is achieved at room temperature under a low field of 1 T.
he obtained magnetostriction is originated from the magnetic-
eld-induced second-order metamagnetic transition, indicating its
igh reversibility and stability. Our work provides feasible ways to

esign MnCoSi-based alloy with large reversible magnetostriction
t room temperature.
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