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Abstract

Magnetocaloric materials with composition of Mn; 3Feq ¢5P0.5Sip s have been prepared by ball milling and solid-state
reaction methods and consolidated using powder annealing, and conventional and spark plasma sintering. Magnetic
and calorimetric measurements show remarkable differences upon first cooling, and slight differences on second and
further coolings between the samples prepared by different synthesis routes. Further measurements using Hall probe
imaging in high magnetic field have been also carried out. As-prepared samples have been cooled down just above the
critical temperature, and the first phase transition has been induced by application of a magnetic field. Bulk samples

show staircase isothermal magnetization curves whereas powders show smoother transition curves.
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1. Introduction

Hexagonal Mn-Fe-P-Si compounds are known to rep-
resent a promising rare-earth-free road to room tem-
perature magnetic refrigeration [1]. The giant mag-
netocaloric effect (MCE) has been studied in this sys-
tem with particular emphasis on the tuning of the crit-
ical temperature and magnitude of the entropy change
as a function of the composition [2]. Many materi-
als where the first-order transition is associated with a
strong magneto-elastic coupling show a peculiar phe-
nomenon referred to as virgin-effect (VE) [3, 4] con-
sisting in a lower transition temperature 7. upon first
cooling and a change in the slope of the magnetisation
versus temperature curve. Our objective is to investi-
gate the mechanism behind this strong change in behav-
ior after the first cycle. The magnetocaloric transition
in Mn-Fe-P-Si alloys is extremely sensitive to intrinsic
(e.g. composition, chemical disorder) as well as to ex-
trinsic (e.g. structural disorder, strain distributions in
bulk polycrystalline samples) aspects. This makes sep-
aration of these two contributions to material properties
a difficult task. Here we focus our attention on the in-
fluence of the sintering technique on the virgin effect
in Mn-Fe-P-Si compounds. Four samples with same
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nominal composition are prepared using powder anneal-
ing, conventional sintering and Spark Plasma Sintering
(SPS) technique under two different compacting pres-
sures. Isothermal and isofield measurements are carried
out on the as-prepared samples near to the critical tem-
perature. Finally, by means of Hall-probe imaging and
optical microscopy we show that bulk samples crack
during the first paramagnetic-ferromagnetic transition.
The effect of the density and stress are discussed.

2. Experimental

Polycrystalline samples of Mn; 3Feq¢5P05Sigs were
prepared by high-energy ball milling (using Fritsch Pul-
verisette 4) under Ar atmosphere. The compounds were
prepared from high purity Fe,P powder and P, Mn and
Si chips. The grinding bowl contained 198 grams of
grinding balls (10 mm diameter) and 25 grams of the
starting materials. The rotation speed was fixed at 120
rpm during the first 30 min (pre-milling) and then at 330
rpm for 5 hours.

The powder synthesis route we used consists in a two
step annealing; the polycrystalline sample was first an-
nealed at 1373 K for 2 hours in 200 hPa Ar atmosphere,
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and then at 1123 K for 20 hours (rate of temperature in-
crease and decrease : 1.2 K/min). To produce the con-
ventionally sintered sample the fine powder was pressed
into pellets (6 mm diameter) in Ar atmosphere. Then
the pellets were sealed in quartz ampules in 200 hPa
Ar atmosphere and finally the same heat treatment was
used as for the annealed powder sample. The third and
fourth samples were prepared using Spark Plasma Sin-
tering (SPS) from the annealed powder sample. The
polycristalline sample was heated up to 1223 K (using
temperature changing rate of 100 K/min) in Ar atmo-
sphere under 50 and 80 MPa applied constant pressure
and sintered for 30 minutes.

The use of off-stoichiometric compounds of
(Mn,Fe); 95(P,Si) instead of (Mn,Fe),(P,Si) has been
reported to be a way to reduce the presence of impurity
phases and to obtain a sharp first order transition [5].
X-Ray diffraction patterns, obtained using a Bruker
D8 Advance diffractometer with Cu Ka radiation,
have been used to check that no secondary phases
were present. Room temperature results show that the
reflections can be identified with a single hexagonal
Fe,P-type phase (P62m space group) in all cases.
A small amount of cubic (Mn,Fe);Si (space group
Fm3m) was also detected but with a very low fraction
(<1-2 wt%). The lattice parameters are estimated
from the XRD measurements using Rietveld refine-
ment. According to the determined lattice parameters
(a=610=£0.5 pmand ¢ = 344 + 1.5 pm) and literature
data [1], all the samples are expected to be in the
paramagnetic state at room temperature.

Magnetic measurements were carried out using a
Lakeshore vibrating sample magnetometer (VSM) and a
Quantum Design 6000 physical property measurement
system (PPMS). The density was measured using the
standard Archimedes method.

3. Results

Temperature scanning in low magnetic field is the
most common way to determine the critical tempera-
ture of a material with a phase transition. Performing
measurement under constant temperature change rate is
a rather difficult task that can result in a lower density
of points along the steepest section of the transition (as
is apparent in Fig. 1 for all the bulk samples). How-
ever that is a very important prerequisite to collect reli-
able data, particularly when processes that irreversibly
change the sample properties are present such as the VE.
Here we focus on the first transition, namely the VE, of
the four samples measured by changing temperature un-
der isofield conditions ( goH = 1 T), in zero field using

a standard DSC equipment and induced by the applied
field in isothermal conditions, by fixing the temperature
just above the Curie point of the studied phase.

3.1. Isofield measurements

Isofield magnetization measurements have been car-
ried out using a VSM in a temperature range 150 K
< T < 320 K. The temperature dependence of mag-
netization of the four samples is presented in Fig. 1.
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Figure 1: Temperature dependence of the magnetization, measured
in 1 T applied field with increasing and decreasing temperature (2
cycles) on the as-prepared materials. Annealed powder sample (black
hollow circles), sample prepared by conventional sintering (red full
square), sample prepared by SPS under 50 MPa (green hollow circles)
and 80 MPa (blue full square).

Looking at the second and further cooling-heating cy-
cles, all four samples show quite sharp paramagnetic to
ferromagnetic transitions at around 270 K (here 7, is
estimated from the steepest point in the M(T) measured
curves), with a thermal hysteresis of 5-7 K, and with a
maximum magnetization of about 130 Am?/kg at 150



K, which is in a good agreement with the literature [5].
This is a further check of the absence of relevant differ-
ences of composition between the four samples.

Nevertheless differences between the behavior of the
first transition curves of the four samples are apparent.
To make the discussion on the virgin curves more quan-
titative we define a central part of the transition as the
temperature interval between 10% of the maximum to-
tal magnetic moment (i.e. the magnetic moment we as-
sume to be associated, given the applied field, with a
sample that is fully transformed into the ordered phase)
and the 80% of it (AT 19%-80% = T10% — Ts0%) - Namely
we focus on the central section of the transition where
about 70% of the sample is expected to transform from
the PM phase to the FM one. This choice is mainly dic-
tated from the need to cut out the initial and final part of
the curves where magnetic moment value can be more
affected by orientation processes (see for instance the
discussion about the role of anisotropy in [6]). Actually,
the curve where the choice of the interval would be more
difficult is the smoothest one (i.e. the one relative to
the powder sample) where there is no easily detectable
change in slope of the curve between steep section and
the initial and final tails. That is why we selected the
interval after performing a temperature dependent XRD
measurement of the phase fractions on the powder sam-
ple (the full results will be published elsewhere). This
confirmed that, at least for the powder sample, in the
chosen interval M can be properly used as a measure
of the amount of FM phase fraction present in the sam-
ple. Due to the sharpness of the VE transition, and to
the need to control dT/dt, virgin curves measured on
bulk samples are often made by few points in the most
abrupt region of the transition. That makes it difficult to
detect the steepest point to identify it with the first cool-
ing critical temperature. Due to this difficulty in extrap-
olating a critical temperature associated with the virgin
curve, we use the temperature corresponding to 50% of
M, Tsyq,, by linearly interpolating between points on the
curves, to define in some way the position of the VE.
Virgin curves together with a first heating curve and a
second cooling curve are compared in Fig. 1 (powder
and classical sintering sample in the top frame, the two
SPS samples in the bottom one, all measurement to-
gether in the inset). Values of AT g9-g0% and of Tsyg,
can be found in Table 1.

3.2. DSC measurements

Further study of the virgin effect on our samples have
been carried out using a PerkinElmer PYRIS Diamond
differential scanning calorimeter. The measured heat-
flow is shown in Fig. 2 as a function of the temperature.

In the case of the stable curves (second and fur-
ther coolings) the position of the maximal heat flow
can be easily detected for all the samples and we have
T, = 269 + 3 K with a slight 7, shift with respect to
magnetization measurements due to the effect of the 1 T
applied field in the latter. First cooling DSC signals are
quite different; in the case of bulk samples they show a
sawtooth shape due to the presence of individual abrupt
avalanche-like events. In this case we limit ourselves
to detect the temperature interval where the VE takes
place, ATpsc (summarized in Table 1), by identifying
the initial and final temperature of the first cooling tran-
sition as the points where the first cooling signal departs
from the second cooling one.
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Figure 2: DSC measurements on the as-prepared samples during the
first (curve 1) and second (curve 2) cooling cycle (cooling rate : 10

K/min).

3.3. Field-induced transition

The field-induced first PM-FM transition has been
carried out using a PPMS magnetometer up to 5 T ap-
plied field. The as prepared samples have been cooled
down slowly (using the No overshoot temperature set-
tling mode) close to the critical temperature (250 K).
The isothermal magnetization curves have been mea-
sured in increasing and deceasing field performing two
full cycles. Results are presented in Fig. 3. No dif-
ference can be observed between the curves after the
first field increasing, namely after the first transition has
been field induced. This is indeed what we would ex-
pect from isofield measurements as, after the first cool-



Sample Density  ATyo9-80%  Tso% — poAHi%-30%  HoHsow  ATpsc
(g/cm’) (K) (K) (T) (T) (K)
Annealed powder - 46.9 238.5 39 1.0 22
Conventonal sintering 5.76 13.4 242.4 1.9 2.0 12
SPS-50 MPa 6.03 304 243.1 3.8 24 14
SPS-80 MPa 6.11 32.1 239.1 - - 11

Table 1: Density and critical temperature data from isothermal and isofield magnetization measurements and DSC.

ing, at 250 K all the samples are expected to be fully in
the ordered phase. On the contrary, the first transition
curves of the four samples are quite different. To dis-
cuss these differences we define, similarly to the isofield
case, a field interval for the central part of the transition
as the difference between the field where 80% and 10%
of the total magnetization respectively are achieved and,
AH = Hgyg, — Hyo9 (also reported in Table 1). The field
where 50% of total M, Hsgq, is also reported. The vir-
gin field induced transition of the powder sample (black
hollow circles in Fig. 3) is smooth, as we would ex-
pect in analogy with isofield results (both, M(T) and
DSC measurements). The low field part of the curve is
rather steep showing that some fraction of the sample
is in the ordered phase from the very start of the pro-
cess. For this sample uoAH = uy (Hgos — Hips) = 3.9
T and py = Hsos, = 1 T. The conventionally sintered
sample (red full squares in Fig. 3) shows a quite dif-
ferent behavior. In this case the transition advances
through a series of step-like jumps separated by more
gradual low change intervals. The transition appears
to be clamped below an applied field of about 1.4 T.
The sample is entirely transformed at about 2.8 T af-
ter experiencing three abrupt transitions. In this case
HoAH = po (Hgoq, — Hipg) = 1.9 T is slightly overesti-
mating the real field interval where the virgin transition
take place that is more reasonably the interval between
the field corresponding to the first and last jump, namely
HoAH j,, = 1.4T. A similar behavior is observed on the
SPS 50 MPa sample (green hollow diamonds in Fig. 3).
Here the transformation is smoother and is laying on a
wider field interval, uoAH = uo (Hgog, — Hip%) = 3.8 T
with ugHsoq = 2.4 T. Finally, the SPS 80 MPa sample
(blue full triangles in Fig. 3) do not achieve a field in-
duced transformation in the field range from zero to 4 T.
This seems in agreement with the fact that the first tran-
sition, in O field DSC measurement is shifted of 8-9 K
to a lower T (Fig. 2), so that in isothermal measurement
we are trying to field induce the transformation at a tem-
perature too far from the actual virgin 7', to achieve it.
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Figure 3: Isothermal magnetic measurements on the virgin samples at
250 K

3.4. Hall probe imaging

The isothermal field induced first (VE) and further
transitions have been imaged using a scanning Hall
probe microscope (SHPM) on the conventionally sin-
tered sample. We followed the same protocol used to ac-
quire isothermal magnetization curves with the PPMS.
Virgin samples have been cooled to 250 K in zero mag-
netic field. Than images have been taken by increasing
the field up to 4 T and deceasing it back to O T (Fig. 4).
Hall probe images allow to visualize the jumps charac-
terizing the first transition as sharp borderlines separat-
ing the FM regions bright in the images, from the dark
PM ones (Fig. 4 sequence 1). The smooth decrease of
M, mainly due to magnetization rotation, is measured
when reducing H to zero and is imaged as a gradual
and uniform darkening of the sample (Fig. 4 sequence
2). Optical microscope images of the as-prepared sam-
ple (Fig. 5 left) and of the same sample after the first
transition (5 center) show the formation of cracks that
correspond approximately in shape and position to the



boundaries between FM and PM regions visualized with
the Hall probe.
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Figure 4: Isothermal magnetic measurements on the virgin sample
prepared by conventional sintering at 250 K (top) and Hall-probe
imaging during measurement on the virgin sample prepared by con-
ventional sintering at 250 K in increasing (center) and decreasing field
(bottom). It is worth noting that the smooth darkening of the sample
when the field decreases is entirely related to the rearrangement of M
and that the first image (the darkest one) shows a sample still ferro-
magnetic in its remanent state.

4. Discussion and conclusions

The results of this study present many similarities
with a recent work on the virgin effect in LaFeSi [4]
where the role of elastic energy due to inter-particle cou-
plings is investigated.

In our case the main point of the discussion is the
comparison between the VE phenomenologies we ob-
served measuring the first transition of as-prepared sam-
ples under the action of a temperature change, in fixed
field conditions (i.e. M(T) curves and DSC data), and
under the action of applied field change, in isothermal
conditions (i.e. M(H) curves and Hall probe images).

In the case of isofield magnetization measurements
we do not have direct imaging of the process and, unfor-

Figure 5: Optical image of sample prepared by conventional sintering.
The as-prepared sample (left) and after the first transition (center),
compared with a Hall image showing partial phase-transition (right).
Flashes are showing cracks correspond approximately in shape and
position to the boundaries between FM and PM regions.

tunately, the M(T') curve resolution is not high enough
to clearly show the jumps during the first transition.
However the resolution of the DSC was sufficient to
capture the relevant data. The avalanche structure of the
DSC VE measurements observed in bulk samples can
be interpreted as associated with the formation of cracks
similar in direct support of our observations using Hall
probe imaging during the field induced VE. Moreover,
the temperature interval where the transition takes place
is larger for the powder sample (AT g%-g0% = 46.9 K)
than for the bulk ones (AT p9%-80% = 13.4,30.3,32.1 K
respectively for the conventionally sintered, the SPS at
50 MPa and the one at 80 MPa). The result is quite
similar when comparing AT ps¢ (see Table 1). This be-
havior can be explained as associated with the elastic
energy minimization during the transition. We assume
that in this case elastic energy, due to the strain induced
at the interface of coexistence between different phases,
will be minimized by ordering huge regions and by con-
straining them to cross the transition at the same time.
In Fe,P alloys, magnetic ordering is associated with a
sharp increase of the a lattice parameter of the hexago-
nal lattice [7]. We can understand that the grain bound-
aries between hexagonal crystals laying in the same
plane but forming small angles between them, will be
subject to rather significant strain during the transition.
A low angle grain-boudary separating two crystals with
a different orientation is commonly represented as a sur-
face containing a sequence of dislocations. The virgin
effect and the appearance of cracks could be associated
with the rearrangement of arrays of dislocations associ-
ated with grain-boundaries. In this frame dislocation re-
arrangement can be responsible for the virgin effect and,
in the case where the grains are more closely mechani-



cally interlocked, this will result in cracks [8]. As a gen-
eral rule freely mobile dislocations reduce the strength
of materials [9]. From this point of view the difference
in the behavior of the virgin effect in the bulk samples
can be interpreted as due to different levels of disloca-
tion mobility.

The dislocation mobility can be hindered by two
mechanisms: pinning by defects and high dislocation
density (inter dislocation coupling). Defects distribu-
tion and dislocation density can both be at the origin of
the difference in the sharpness of the first transition we
observed in samples produced by different routes. Pow-
der samples present a wide distribution of defects (also
reflecting the distribution in grain sizes) whereas clas-
sical sintering induces a rather ordered structure with
huge fractions of the sample mechanically coupled (this
is the case where a long range elastic field can produce
the sharp steps we observe in the field induced transi-
tion). The case of SPS samples is different. SPS is a
form of flash sintering where heating is fast and takes
place from inside the sample due to the high current
passing through the material. In this case we can expect
to find a wider distribution of defects and a higher den-
sity of dislocations (the material is denser with smaller
crystals and therefore with a higher total surface of
inter-grain boundaries). This can explain why the 50
MPa SPS sample behaves in a way that is somewhere
between the powder sample and the classically sintered
one. In this frame we can also explain the seemingly
anomalous behavior of the 80 MPa SPS sample. In-
deed, if we assume that increasing pressure can increase
the dislocation density we can expect to obtain, in this
case, a sample harder to deform (due to inter dislocation
coupling).

Of course further studies are needed to check this hy-
pothesis. Firstly we shall perform an accurate struc-
tural characterization to estimate the effective surface
of grain-boundaries allowing a discussion about parti-
cles interlocking similar to the one in [4]. Secondly, a
systematic study of the influence of particle size distri-
bution on the virgin effect would allow us to relate this
phenomenology to the actual dislocation/defect density
present in the samples. A final goal would be to relate
the stable behavior of the transition (i.e. its sharpness
and the presence of hysteresis) to microscopic features
such as the defect distribution. This would facilitate the
tailoring of the magnetocaloric properties by controlling
the microstructure of materials using different prepara-
tion routes.
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