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The influence of Nb substitution on the structure, magnetoelastic transition and magnetocaloric properties has
been investigated for the Mn; ;Feq g5.xNbxPo 43Si0.57 alloys. The substitution for Fe by merely 4.7 at.% Nb (i.e.
x = 0.04) significantly diminishes the thermal hysteresis from 10 to 1K due to the reduced structural dis-
continuity crossing the magnetoelastic transition. This also improves the mechanical stability. The Curie tem-
perature of the magnetoelastic transition is lowered by approximately 11.6 K per at.% of the Nb substitution,
originating from the enhanced covalent bonding that favors the paramagnetic state. The giant magnetocaloric

effect is still retained in the Nb-substituted alloys.

1. Introduction

The (Mn,Fe),(P,Si) alloys, evolving from the (Mn,Fe),(P,As) via
replacing the toxic element arsenic by the nontoxic and inexpensive
element silicon [1,2], retain the giant magnetocaloric effect (MCE)
observed in the latter [3]. The (Mn,Fe),(P,Si) alloys crystallize in the
hexagonal Fe,P-type structure (space group P-62m), which contains
two metallic (3f and 3g) and two non-metallic (2c and 1b) crystal-
lographic sites [4]. The ferromagnetic transition in these alloys is
coupled to discontinuous changes in the lattice parameters without a
symmetry change, i.e. showing a magnetoelastic transition [4]. The
synchrotron x-ray diffraction and absorption experiments as well as
density functional theory (DFT) calculations reveal a significant redis-
tribution of electron density concomitant to the magnetoelastic transi-
tion [5]. Consequently, apart from the magnetic and structural entropy
changes, the electronic entropy change also greatly contributes to the
total entropy changes and thus leads to the giant MCE in the
(Mn,Fe)»(P,Si) alloys [5,6].

The (Mn,Fe),(P,Si) alloys show undesirable thermal hysteresis
(ATyy) due to the structural discontinuity accompanied with the
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magnetoelastic transition [7], which limits the reversibility of the
thermal cycles. Besides that, the giant MCE in the (Mn,Fe),(P,Si) alloys
is usually observed in a narrow temperature range in the vicinity of the
Curie temperature (T¢), which determines the operation temperature
for the magnetic refrigeration and energy conversion applications [8].
As a result, many efforts have been made to diminish the ATy, as well
as to tune the T¢ of the (Mn,Fe),(P,Si) alloys. Thang et al. [9] show that
the ATy, can be reduced through optimizing the heat treat parameters.
The underlying mechanism actually lies on the variation of the stoi-
chiometry of the (Mn,Fe)»(P,Si) phase since the amounts of the im-
purity phases changes with the heat treatment conditions [9]. Dung
et al. [2,10] found that by varying the Mn/Fe and P/Si ratios one can
reduce the ATy, and tailor the T¢ of the (Mn,Fe),(P,Si) alloys. The
addition of small atoms, such as boron [11] and carbon [12,13] also
offers an effective way to diminish the ATy, and tune the T¢. The 3d
transition metal substitution can also tailor the magnetoelastic transi-
tion of the (Mn,Fe),(P,Si) alloys. The V, Co and Ni substitution de-
creases the ATy, while the Cu substitution has opposing effects
[14,15]. Besides that, Wada et al. [16] reported that the replacement of
the Fe by the 4d transition metal Ru, can also significantly reduce the
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AThy, of the (Mn,Fe),(P,Si) alloys. Nevertheless, at least 12.5 at.% of the
Fe need to be replaced by the noble metal Ru in order to obtain a ATy,
value of around 3K [16]. In the present work, we show that the sub-
stitution of the Fe by the Nb, an early 4d transition metal, provides an
economical and effective way to manipulate the magnetoelastic tran-
sition of the (Mn,Fe),(P,Si) alloys. The replacement of the Fe by merely
4.7 at.% Nb (i.e. x = 0.04) dramatically diminishes the thermal hys-
teresis from 10 to 1 K, while the giant MCE is retained.

2. Experimental details

Polycrystalline samples with nominal compositions of Mn; ;Feq gs.
«Nb,Pg 43Sip 57 (x = 0, 0.02, 0.03 and 0.04) were prepared by high-
energy ball milling. Appropriate amounts of Mn, Fe, Nb, red P and Si
powders with a purity higher than 99.8 wt% were mixed and ball milled
at a speed of 400 rpm for 10 h. The ball-milled powders were pressed
into tablets and then sealed into quartz ampoules in vacuum. The sealed
tablets were annealed at 1373 K for 40 h before being quenched into
iced water. The x-ray diffraction (XRD) patterns were collected on a
PANalytical X-pert Pro diffractometer with Cu K, radiation. This dif-
fractometer is equipped with an Anton Paar TTK450 low-temperature
chamber, which allows temperature-dependent XRD measurements.
Structure refinement of the XRD patterns was performed using
Fullprof's [17] implementation of the Rietveld refinement method. The
morphology and element distribution of the samples were characterized
using a field-emission scanning electron microscope (ZEISS, Sigma 500)
with an x-ray energy dispersive spectroscope (EDS). The magnetic
properties were measured using a physical property measurement
system (PPMS, Quantum Design, Dynacool) with a vibrating sample
magnetometer (VSM) module. The isothermal magnetization measure-
ments were performed using the so-call “loop protocol” [18] to avoid
the thermal-history effect. The specific heat was measured in different
magnetic fields (0-1.5T) using a home-built differential scanning ca-
lorimeter (DSC) in Delft University of Technology. The temperature of
the sample can be varied between 240 and 320 K at a sweeping rate of
2Kmin™. The error on the measured specific heat is less than 70
Jkg 7K™, It should be noted that the samples for magnetization,
specific heat and XRD measurements were pre-cycled in liquid nitrogen
in order to get rid of the so-called “virgin effect” [19-21]. The SEM and
EDS measurements were performed on initial samples without pre-cy-
cling.

3. Results and discussion

The temperature-dependent magnetization (M) of the Mn; ;Feqgs.
«Nb, Py 43Sip 57 alloys measured in 0.1 T is presented in Fig. 1(a). The T¢
of the magnetoelastic transition decreases almost linearly with the Nb
content by approximately 11.6 K per at.% of the Nb substitution. The
effect of the Nb substitution on the T¢ is stronger than that of the 3d
metals (e.g. Cu, Co and Ni) which reduces the T by about 4.3-11.2K
per at.% of the 3d metals [14,15]. A clear thermal hysteresis (ATpys),
manifested by the difference in the T¢ between the cooling and
warming branches, has been observed for all the samples. Similar be-
havior is also observed in the temperature-dependent specific heat (c,)
curves in Fig. 1(b), suggesting a first-order transition character for all
the samples. The large ATy, value of approximately 10K in the Nb-free
sample has been significantly reduced to 4.5K in the x = 0.02 sample.
With an increase in Nb content to 0.03 and 0.04, the ATy, can be
further reduced to 2 and 1K, respectively, suggesting the weakening of
the first-order transition character and the improved reversibility of the
magnetoelastic transition. Consequently, the replacement of Fe by Nb
not only offers an effective tool to manipulate the operation tempera-
ture but also benefits the reversibility of the magnetoelastic transition
for the (Mn,Fe)»(P,Si) magnetocaloric alloys.

Fig. 2(a) and (b) displays the contour plots of the XRD patterns
measured upon cooling for the Nb-free and x = 0.04 samples,
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Fig. 1. Temperature dependence of (a) normalized magnetization measured in
0.1 Tat a sweeping rate of 3Kmin™ and (b) specific heat measured in 0 T at a
sweeping rate of 2 Kmin™! for the Mn; ;Feg g5.xNb,Po 43Sio.57 samples.
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Fig. 2. Contour plots of the temperature-dependent XRD patterns for the

Mn; 1Feq g5.xNb,Pg 43Sio 57 samples with x = 0 (a) and 0.04 (b). The bar on the
right represents the normalized intensity scale.
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respectively. The diffraction peaks show a clear discontinuity in the
vicinity of the ferromagnetic transition temperature T¢ for the Nb-free
sample. One may notice that the (300) peak shifts to lower angles while
the (002) peak moves to higher angles during the paramagnetic-ferro-
magnetic (PM-FM) transition upon cooling. This indicates the unit cell
expands along the a axis while it contracts along the ¢ axis during the
PM-FM transition. There is no noticeable structural discontinuity in the
contour plot of x = 0.04 sample, suggesting smaller lattice mismatch
between the FM and PM phases. The relative changes in lattice para-
meters at Tc upon cooling are approximately 1.37% (Aa/a) and
—2.86% (Ac/c) for the x = 0 sample, while these are 0.39% (Aa/a) and
—0.48% (Ac/c) for the 0.04 samples. The strongly reduced lattice dis-
tortions in the x = 0.04 sample will cause smaller elastic strain energy
and a lower energy barrier for the first-order magnetoelastic transition
[7]. Therefore, a smaller hysteresis of around 1 K has been observed in
the x = 0.04 sample (see Fig. 1). Apart from the enhanced reversibility,
we found that the x = 0.04 sample can keep intact after thermal cycles
using liquid nitrogen, revealing an improved mechanical stability. In
contrast, the x =0, 0.02 and 0.03 bulk samples break apart after
thermal cycles in liquid nitrogen.

Fig. 3(a) and (b) illustrate the Arrot plots derived from the iso-
thermal magnetization curves in the vicinity of the T¢ for x = 0 and
0.04 samples. The S-shaped curves, reflecting relevant high-order terms
in the Landau free energy expansion [22], further prove the first-order
phase transition nature for both samples. One may notice that the S-
shaped character of the Arrot plot is less pronounced for x = 0.04
sample, indicating that x = 0.04 samples may have a composition close
to the border between the first- and second-order transitions, i.e. the
tricritical point [23]. The samples in the vicinity of the tricritical point
are expected to show a combination of a giant MCE, large reversibility
and good mechanical stability [23-26].

The lattice parameters at 200 K derived from the XRD patterns are
plotted as a function of the Nb content in Fig. 4(a). It should be noted
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Fig. 3. The Arrot plots for the Mn; ;Feq g5.xNb,Pg 43Si0.57 samples with x = 0
(a) and 0.04 (b) derived from isothermal magnetization curves.
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Fig. 4. (a) The lattice parameters at 200 K derived from the Rietveld refinement
of the XRD data. (b) The calculated c/a ratio and the T determined from the
cooling branch of the DSC curves as a function of the Nb content.

that all the samples are in the FM state at 200 K (see Fig. 1(a)). With an
increase in the Nb content, the lattice parameter a is decreased while
the lattice parameter c¢ is increased. The anisotropic changes in the
lattice parameters imply that the substitution of Fe with Nb atoms
brings not only the size effect (i.e., Nb has a larger radius than Fe) but
also variations in the chemical bonding and electronic redistribution.
Fig. 4(b) shows c/a ratio and T¢ as a function of the Nb content. The
increase in c/a ratio is associated with the decrease in T¢ for the
Mn; ;Feq.g5.xNb, Py 43Sig 57 alloys, reflecting strong interaction between
the lattice and spin degrees of freedom. A similar dependence of T¢ on
c/a ratio has also been observed in other (Mn,Fe),(P,Si)-type magne-
tocaloric materials [1,13,26,27]. Previous neutron/x-ray diffraction
and first-principles calculations revealed that the magnetoelastic tran-
sition is associated with a metamagnetic transition of the Fe atom
[5,28,29]. In the paramagnetic state, the valence electrons of Fe atoms
are hybridized with neighboring Si atoms on the same ab plane [5].
During the ferromagnetic transition, the unit cell expands within the ab
plane (see Fig. 2(a)), which destabilizes the chemical bonding between
Fe and Si atoms and thus favors the moment formation of Fe atoms. As a
result, Fe atoms experience a low-to high-moment transition (i.e., a
metamagnetic transition) during the PM-FM magnetoelastic transition
[5]. The different approaches of tuning the T¢ in the (Mn,Fe),(P,Si)-
type materials can essentially be attributed to the same origin, i.e.,
tailoring the metamagnetic behavior of Fe atoms. For instance, the in-
creasing c/a ratio with increasing Nb content (see Fig. 4(b)) in the
present study reflects the shortening of the Fe-Si distances in the ab
plane, which favors the covalent bonding between the neighboring Fe
and Si atoms. Therefore, the Nb substitution stabilizes the high-tem-
perature PM phase and thus shifts T¢ to lower temperatures.

Fig. 5(a) shows a SEM backscattered electrons (BSE) image from the
Mn; ;Fep.81Nbg 04P0.43Si0.57 sample. One can observe some microcracks
in the SEM image. It should be noted that the T¢ of this sample is far
below room temperature. Therefore, these microcracks probably ori-
ginate from quenching after high-temperature annealing. Some narrow
dark areas are observed between the large bright areas. The different
contrast in the SEM BSE image reflects the variations in the average
atomic mass as well as the surface morphology in the sample.
Fig. 5(b)-(f) display the EDS maps of the Mn, Fe, Nb, P and Si in the
same area as in Fig. 5(a). The Mn element is almost homogeneously
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Fig. 5. (a) SEM BSE image and (b-f) the corresponding EDS maps for the Mn; ;Fe g1Nbg 04Po.43Si0.57 sample.

Table 1
Element concentrations detected by EDS for the regions marked by “A” and “B”
in Fig. 5(a) from the Mn; 1Feq g1Nbg 04P0.435i0.57 sample.

Region A Region B
Mn (at.%) 39.24 + 0.22 40.23 + 0.21
Fe (at.%) 26.02 = 0.20 35.18 + 0.21
Nb (at.%) 1.56 = 0.12 0.15 + 0.10
P (at.%) 14.83 = 0.17 2.24 + 0.09
Si (at.%) 18.34 = 0.15 22.20 = 0.17

distributed in the whole sample, while other elements show some
concentration variations between the dark and light areas in Fig. 5(a).
The dark areas are deficient in Nb and P elements, while they are rich in
Fe and Si elements. The relative concentration of each element in the
bright and dark areas, detected from the spots marked by “A” and “B”,
respectively, has been summarized in Table 1. The bright area in
Fig. 5(a) corresponds to the Fe,P-type main phase with a measured
composition of Mn; ;7Feq78Nbg 05Po 4551055, Which is close to the
nominal composition. The dark area is from the FesSi-based secondary
phase with a measured composition of Mn; goFe; 40Nbg 01P0.09Si0.91,
which is commonly observed in the (Mn,Fe),(P,Si)-based alloys
[30-32]. Consequently, the XRD and EDS results indicate that the Nb
atoms have entered the (Mn,Fe),(P,Si) lattice, which are responsible for
the observed changes in the magnetoelastic transition.

The magnetocaloric properties can be quantitatively characterized
by the isothermal entropy As; and the adiabatic temperature change

ATyq. The former determines the maximum heat to be taken from a
load, while the latter represents the maximum temperature span to be
realized between a load and a heat sink. The As; and the AT.4 of the
samples can be derived from the field-dependent specific heat mea-
surements based on the following equations [33]:

T

cp(T, Hy) ' o (T, H)
Asp(T, AH) = [ 22— "Tgr - [ 2> 471
{ r { T )]

AT,y = As(T, AH)

T
(T, Hy) 2)

where the c,(T, Hy) and c,(T, H;) represent the temperature-dependent
specific heat measured at magnetic fields of Hy and H;, respectively.

The specific heat measurements were performed at different mag-
netic fields (from 0 to 1.5 T) in the temperature range between 240 and
320K for the Mn; 1Fe g5.,Nb,Pg 43Sio 57 alloys. Fig. 6(a) and (b) show
the Asy and the AT,4 at different temperatures, respectively, derived
from the in-field DSC data based on Egs. (1) and (2). With an increase in
the Nb content, both Asr and the AT, are reduced due to the weakening
of the first-order magnetoelastic transition. Nevertheless, the Asy values
of all the samples are at least twice larger than that of the benchmark
magnetocaloric material Gd [34], while the AT,4 values are comparable
to that of the Gd. Besides that, the Mnl_1F€0A82Nb0_03P0_43510A57 allOy
exhibits superior Asyand AT,4 values in a field change of 1 T than the 3d
metal-substituted (e.g., Co, Ni [14,35]) and the Ru-substituted
(Mn,Fe),(P,Si) alloys [16] with a similar ATy, value.
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x=0.04

AT, (K)

Fig. 6. (a) Isothermal entropy change and (b) adiabatic temperature change for
a field change of 1 (dashed curves) and 1.5 T (solid curves) for the Mn; ;Feg gs.
*Nb, P 43Si0.57 samples.

4. Conclusions

In summary, based on comprehensive magnetometric, in-field ca-
lorimetric, in-situ x-ray diffractometric and electron microscopic stu-
dies, we found that the Nb substitution for Fe has a significant influence
on the structure, magnetoelastic transition and magenetocaloric prop-
erties of the (Mn,Fe).(P,Si) alloys. The 4d metal element Nb can replace
the Fe atoms in the hexagonal lattice. This leads to anisotropic changes
in the unit cell parameters, i.e. a contraction along the a axis and an
expansion along the c axis. The ferromagnetic transition of the
(Mn,Fe),(P,Si) alloys are effectively manipulated by Nb substitution
due to a strong coupling between lattice and spin degrees of freedom.
With an increase in Nb content, the undesirable hysteresis and struc-
tural discontinuity can be significantly reduced while the giant mag-
netocaloric properties are still retained. As a result, the Nb-containing
samples show better reversibility of the magnetoelastic transition as
well as enhanced mechanical stability. The small hysteresis, tailorable
operation temperature, giant magnetocaloric effect and improved me-
chanical stability make the Nb-containing (Mn,Fe),(P,Si) alloys pro-
mising for commercial magnetic refrigeration and energy conversion
applications.
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