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Single phase MnggsFe129P1-xSix (0 < x < 0.42) compounds were synthesized using the melt-spinning
(rapid solidification) technique. All the compounds form in the Fe,P-type hexagonal structure, except a
CoyP-type orthorhombic structure of the Si-free MngggFe129P compound. The compounds with
0.24 < x < 0.42 present a FM-PM phase transition, while the compounds with lower Si content show an
AFM-PM phase transition. In the MnggsFe129P1-xSix compounds, Tc and ATyys are not only Si content

dependent, but also magnetic field dependent. By increasing the Si content from x = 0.24 to 0.42, T¢c
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increases from 195 to 451 K and ATyys is strongly reduced from ~61 to ~1 K. T¢ increases and ATpys
decreases with increasing magnetic field, ATc/AB is about 4.4 K/T. Mng ggFe129P1-xSix compounds show
large saturation magnetic moments with values up to 4.57 ug/f.u.. A large MCE with a small thermal
hysteresis is obtained simultaneously in Fe-rich MngggFe129P1-xSix melt-spun ribbons.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic refrigeration, which takes advantage of magneto-
caloric effects (MCEs) of a magnetic material, has attracted most
attention due to its potential for high energy efficiency and envi-
ronmentally friendly cooling technology compared with the con-
ventional vapor compression cooling technology [1—3]. The
magnetic refrigeration material plays a primary role for the tech-
nology to room temperature application. Among all the magneto-
caloric materials, Mn-Fe-P-Si system [4—7] is known as one of the
most promising materials - effective, cheap and non-toxic.

Most of the studies focused on the Mn-rich (Mn,Fe),(P,Si)
[5,6,9,10] system and found that the extra Mn atoms enter 3f sites
and enhances the total magnetic moment. Usually with 0.2 extra
Mn content and Si content around 0.5, the compounds show giant-
MCEs, small thermal hysteresis and working temperatures around
room temperature. But, our recent study shows that Fe-rich
(Mn,Fe),(P,Si) compounds exhibit even larger magnetic moment
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than that of in Mn-rich ones. Thus, the Fe-rich (Mn,Fe),(P,Si)
compounds could be the promising magnetocaloric materials if the
magnetocaloric properties, such as hysteresis and working tem-
perature, were improved.

However, in the Mn-Fe-P-Si system there appears to be also a
metallurgical issue: it is difficult to avoid the formation of impurity
phases. In most cases this impurity phase is the (Mn,Fe)sSi phase
[8—10]. As reported by A. Yan et al. [11] and N.T. Trung [ 12] that the
amount of impurity phase strongly depends on the quality of the
starting materials, a melted segregation may help to avoid impurity
phases in the final sample. Melt-spinning combines liquid phase
segregation and rapid solidification, which may result in fine
grained single phase materials. In addition, melt-spinning is also a
fast sample preparation technique. Thus, this technology had been
employed for synthesize of the Fe-rich Mn-Fe-P-Si compound. In
this report, the phase formation, structural, magnetic and magne-
tocaloric properties of the Fe-rich MngggFe129P1-4Sixy melt-spun
ribbons have been investigated.

2. Experimental details

Polycrystalline Fe-rich (Mn,Fe)q 95(P,Si) melt-spun ribbons were
prepared using the melt-spinning technique. Appropriate
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proportions of starting materials, pure Mn chips (purity 99.99%), Fe
granules (purity 99.98%), Si pieces (purity 99.99%) and the binary
compounds Feq21P (purity 97%), were put in a quartz crucible and
melted by radio frequency induction heating in an argon atmo-
sphere. The obtained ingots were then put into a quartz tube with a
nozzle at the bottom, melted and ejected through the nozzle on to
the copper wheel rotating at a surface speed of 40 m/s. The as-spun
ribbons were annealed at 1100 °C for 2 h before quenching into
water. A total of 11 compositions (nominal) of Mng ggFe129P1-xSix
were studied, with x = 0, 0.12, 0.18, 0.24, 0.30, 0.33, 0.34, 0.36, 0.37,
0.40 and 0.42. For comparison, a MngssFe130P23Si13 bulk sample
was also prepared. The sample synthesis details refer to our pre-
vious work [5].

The X-ray diffraction patterns were collected at various tem-
peratures with a PANalytical X-pert Pro diffractometer using Cu K«
radiation, a secondary-beam flat-crystal monochromator and a
multichannel X'celerator detector. A superconducting quantum
interference device (SQUID) magnetometer (Quantum Design
MPMS 5XL) with the reciprocating sample option (RSO) mode was
employed for magnetic measurements in the temperature range of
5 - 400 K and in magnetic fields up to 5 T. Measurements are per-
formed on 1 — 2 mg of powder samples and temperature scans are
performed at a sweep rate of 2 K/min. The differential scanning
calorimetry (DSC) measurements were carried out using a TA-
Q2000 DSC instrument in the temperature range from 90 to 820 K.

3. Results and discussion

The room-temperature X-ray diffraction patterns indicate that
all Si containing quaternary samples studied crystallize in the
hexagonal Fe,P-type structure (space group P-62m). Only the
ternary sample Mng ggFe129P crystallizes in the orthorhombic Co,P-
type structure (space group Pnma), in good agreement with earlier
result [13]. While as for the generic one system MnFeP;_4Asy, the
orthorhombic Co,P-type structure was observed for low As content
with 0 < x < 0.15 [14,15]. X-ray diffraction patterns are frequently
used to determine the amount of impurity phases. In the Mn-Fe-P-
Si system this is not straightforward, because the strongest char-
acteristic reflection of the cubic (Mn,Fe)sSi phase, a well-known
impurity phase of Mn-Fe-P-Si compounds, usually overlaps with
the (210) peak of the main phase in the ferromagnetic state [16,17].
This implies that X-ray patterns below and above T¢ need to be
analyzed. As indicated by the dashed lines in Fig. 1, no (Mn,Fe)3Si
impurity phase is detected. A case for determination of (Mn,Fe)sSi
impurity phase by temperature dependence X-ray diffraction is
shown as supplementary material [18].

Fig. 1 depicts the evolution of X-ray diffraction patterns with
temperature in the 20 range of 30° — 60° for the x = 0.34 sample in
the temperature range of 298 — 488 K recorded upon heating.
Within this temperature range the x = 0.34 sample undergoes a
ferromagnetic (FM) - paramagnetic (PM) phase transition without
change in the crystal structure. The X-ray pattern at 348 K shows
the coexistence of both the FM and PM phase, a characteristic
feature of a first-order phase transition. With increasing tempera-
ture the (300) and (002) peaks shift towards each other, indicating
the lattice constants a and ¢ change in opposite sense.

Fig. 2 shows the temperature dependence of the lattice pa-
rameters for the Mng ggFe1.29P1-xSix compounds with x = 0.33, 0.37,
0.40 and 0.42. For all these compositions, the thermal evolution of
the lattice parameters c resembles an S-shape rather than a linear
response. An inverted S-shape is observed for the lattice parameter
a. Thus, while the ¢ parameter shows the expected increase with
increasing temperature the a parameter shows a contraction upon
heating over a wide range of temperatures. F. Guillou et al. [19]
studied the evolution of the electrical resistivity and the Vikers

micro-hardness (HV) of MnFe,(P,Si,B) compounds by thermal
cycling them across the first-order transition, and correlated the
size of the lattice discontinuities and the increase in defect con-
centration, which weakens the mechanical stability of material.
Note that, with increasing Si content, the discontinuous change in
lattice parameter at Tc becomes less pronounced, which may lead
to an improvement of mechanical stability. Besides, T¢ shifted to
higher temperature with increasing Si content. Finally, the lattice
parameter a increases while c decreases with increasing Si content.

These observations strongly support an exceptional coupling
between the magnetism and the elastic properties of the lattice in
these compounds. Obviously, this is not limited to the direct vi-
cinity of T¢, but a rather broad temperature range above and below
Tc is affected by this coupling. The width of this temperature range
of this anomalous behavior appears to be inversely correlated with
the size of the discontinuous change in lattice parameter at Tc. In
other words, the transition is smeared out over a larger tempera-
ture interval with increasing Si content, while the nature of the
transition retains first-order.

Discontinuous changes and nonlinear variations in lattice con-
stants at and around the FM-PM phase transition, confirm the
presence of a first-order magneto-elastic transition (FOMET). The
coexistence of two phases at the transition is confirmed, as two sets
of lattice parameters are obtained. It is interesting to note that,
although the changes in lattice parameters a and c at the phase
transition are of the order of a percent, as they are in the opposite
sense, they result in a rather small volume change (< 0.1%), as
depicted in Fig. 3. The overall thermal volume expansion is linear
and the coefficient of volume expansion is 3.7 x 107> K™, in the
same order of magnitude as pure Fe and Ni.

The temperature dependence of the magnetization of the
Mng gsFe129P1-xSixy compounds with 0 < x < 0.36 measured in an
applied magnetic field of 1 T is plotted in Fig. 4. For comparison, M-
T curve of Mng gsFeq30P2/3Si1/3 bulk sample is also plotted. For the
compounds with x = 0, 0.12 and 0.18, an antiferromagnetic (AFM) -
paramagnetic phase transition is observed, the Néel temperatures
(Tn) are 208, 138 and 134 K, respectively. Note that, for the generic
one system (Mn,Fe);95(P,Ge), 0.12 of Ge content triggers antifer-
romagnetic behavior [20]. Furthermore, in Mn,Fe(PX)
(X = As,Ge,Si) system, it is unexceptionally observed that T in-
creases with increasing X content, indicating an enhancement of
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Fig. 1. X-ray diffraction patterns of MngesFe129P066Sio34 recorded at different tem-
peratures. The lines indicate the (210) peak positions before and after the phase
transition.
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Table 1

Structural and magnetization data for Mng ggFeq290P1-xSix ribbons and Mng gsFe; 30P2/3Si1/3 bulk sample.

X Struc. Type of the Tn (K) Tc (K) M; (ug) AThys (K) —ASy (J/kgK) Density” (g cm~3)
magnetic transition AB=2T

0 (] AFM-PM 208

0.12 H AFM-PM 138

0.18 H AFM-PM 134

0.24 H FM-PM 195 3.97 61 12 6.55
0.30 H FM-PM 258 4.27 14 15 6.51
033 H FM-PM 338 4.38 2 10 6.48
0.34 H FM-PM 350 4.57 3 11 6.49
0.36 H FM-PM 375 442 1 12 6.48
0.37 H FM-PM 392° 447 27 6.47
0.40 H FM-PM 427° 443 2¢ 6.46
0.42 H FM-PM 4517 3.86 1° 6.45
Bulk® sample H FM-PM 327 4.00 11 6 6.41

M; is saturation magnetic moment given in ug/f.u., H = hexagonal, O = orthorhombic, AFM = antiferromagnetic, PM = paramagnetic, FM = ferromagnetic, the Tc values are

determined from the heating M vs. T curves, the thermal hysteresis is measured at 1 T.

2 The values are obtained from zero-field DSC measurements with sweeping rate of 20 K/min.
b The density is estimated from X-ray diffraction pattern measured at room temperature.

¢ The formula of the bulk sample is Mng gsFe; 30P2/3Si1/3.

ferromagnetic interaction of the system. For the compounds with
higher Si content, a FM-PM phase transition is observed and the T¢
increases from 195 K for x = 0.24 to 375 K for x = 0.36, as shown in
Table 1. All the magnetization curves plotted were chosen from the
second cooling-heating cycle. The so called “virgin-effect” [21,22]
curves are excluded and all the magnetization curves are repro-
ducible in subsequent cycles. For the compounds with x > 0.37, the
Tc values are not measurable using the SQUID magnetometer due to
the limitation of the accessible temperature range. The thermal
hysteresis (ATnys) between the cooling and heating transitions
drastically reduces from ~61 K for x = 0.24 to ~2 K for x = 0.33 and
the small thermal hysteresis is retained when further increasing Si
content upto 42 wt% (see Figs. 4 and 5). The existence of ATys
confirms the first-order nature of the transition, which is usually
associated with the large MCE [23].

Fig. 5 shows the temperature dependence of the specific heat
(Cp) for the Mng gsFe129P1-xSix compounds with x = 0.37, 0.40 and
0.42 measured in zero-field using a Differential Scanning Calo-
rimeter (DSC). A small thermal hysteresis between the cooling
(dashed lines) and heating (solid lines) is observed. The Tcs,
determined from the peak position upon heating, are 392, 427 and
451 K for x = 0.37, 0.40 and 0.42, respectively. The pronounced
thermal effects confirm the first-order nature of the transitions.

Fig. 6 shows the magnetic field dependence of the magnetiza-
tion of the MngggFe129P1.xSix compounds with x = 0, 0.12, 0.18,
0.24, 0.30, 0.33, 0.34, 0.36, 0.37, 0.40 and 0.42 at 5 K. For compar-
ison, M-B curve of Mng gsFe1.30P2/3Si1/3 bulk sample is also plotted.
The compounds with a Si content from 0.24 to 0.42 are ferromag-
netic and their saturation magnetic moments (M) are between
3.86 and 4.57 ug/f.u.. These values are in agreement with those
obtained from our neutron diffraction results [24]. Note that, the M;
values of Fe-rich MngggFe129P1xSiy compounds are the largest
among all the Fe,P-based Mn,Fe(PX) (X = As, Ge and Si) com-
pounds [8,10,22—26].

Fig. 7 (a) shows the isothermal magnetization loops measured in
the vicinity of Tc for the sample with x = 0.33. A pronounced
magnetic field-induced PM-FM transition is observed, which is
accompanied by a small magnetic field hysteresis between the field
increasing and decreasing magnetization curves. These results
imply the first-order nature of the magnetic phase transition. For
the samples with a large thermal hysteresis, the isothermal
magnetization curves were measured following the method dis-
cussed by Caron et al. [27]. The isothermal magnetic entropy
change (-ASy,) has been derived from the magnetic isotherms using

250

Cp(Jkg'K")

0
300 350 400

T(K)

Fig. 5. Temperature dependence of the specific heat of the MngggFe;29P1-xSix com-
pounds with x = 0.37, 0.40 and 0.42 measured in zero-field upon cooling (dashed lines)
and heating (solid lines).
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Fig. 6. Field dependence of the magnetization of the Mng gsFe;30P2/3Si13 bulk sample
and MngggFeq29P1.xSiy ribbons measured at 5 K. The insert shows the Si content
dependence of maximum magnetization at 5 T.
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Fig. 7. Magnetic isotherms of the Mng ggFe1.29Po.675i0.33 compound in the vicinity of its
Tc (a) and the magnetic entropy changes for different magnetic field changes (b).

the Maxwell Equation [23]. Fig. 7 (b) shows the temperature
dependence of the isothermal magnetic entropy change of the
x = 0.33 sample in different magnetic field changes. The -ASy
values for MnggsFeq30P2/3Si13 bulk sample and ribbons with
x = 0.24, 0.30, 0.34, 0.36 and 0.37 are listed in Table 1.

Fig. 8 shows the temperature dependence of the magnetization
curves M(T) in different magnetic fields upon cooling and heating.
Both T¢ and thermal hysteresis are field dependent. The T¢ values
on heating shift to a higher temperature with increasing field,
indicating enhanced ferromagnetic interactions. The magnetic field
induced PM-FM transition observed in Fig. 7 (a), is triggered by this
enhanced FM interaction. The insert in Fig. 8 shows a linear in-
crease of T¢c with applied magnetic field. The rate (AT¢/AB) is about
4.4 K|T. This rate is smaller than that for MnFePg 45As0 55 (5.2 K/T),
larger than that for MnqoFeggoPo73Gegas (3.9 K/T) and
Mn125Feq70Po.49Si051 (3.6 K/T) [7], thus we would expect a com-
parable value of AT,q of our ribbons. ATyys shows a slight reduction
for increasing magnetic field.

4. Conclusions

The MngggFe129P1-xSix (0 < x < 0.42) compounds with single
phase have been synthesized using the melt-spinning (rapid
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Fig. 8. Temperature dependence of the magnetization of the MngggFe129Po67Si0.33
compound measured with increasing temperature and then decreasing temperature.

solidification) technique. The phase formation, crystal, magnetic
and magnetocaloric properties of Mng ggFe129P1-xSix (0 < x < 0.42)
compounds were systematically studied. All the compounds form
in the Fe,P-type hexagonal structure, except a CoyP-type ortho-
rhombic structure of the Si-free MngggFei120P compound. The
compounds with 0.24 < x < 0.42 present a FM-PM phase transition,
while the compounds with lower Si content show an AFM-PM
phase transition.

In the Mng ggFe129P1-xSix compounds, Tc and ATyys are not only
Si content dependent, but also magnetic field dependent. By
increasing the Si content from x = 0.24 to 0.42, T¢ increases from
195 to 451 K and ATyys is strongly reduced from ~61 to ~1 K, which
could be correlated with the trends of discontinuous changes of
lattice parameters. Tc increases and ATpys decreases with increasing
magnetic field, AT¢/AB is about 4.4 K/T. MngggFe129P1.xSix com-
pounds show large spontaneous magnetic moments with values up
to 4.57 ug/f.u.. A large MCE with a small thermal hysteresis is ob-
tained simultaneously in Fe-rich MngggFe129P1-xSix melt-spun
ribbons. The compounds with a high working temperature may
also be useful for other applications, e.g. thermomagnetic genera-
tors and heat pumps.
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