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(MnNiSi)g 56 (FeNiGe)g 44 belongs to a new family of alloys, similar to MnAs, showing a magnetostructural
first-order transition near room temperature with large latent heat and magnetocaloric effect (MCE). From
isothermal magnetization, remarkable values of the entropy change have been reported, such as |ASy| =
11.5 J/kg K at 290 K for the small field change of 1 T, or |ASy| = 70.1 J/kg K for 5 T on a slightly different
composition. Strangely, this last value almost doubles that obtained from the Clausius-Clapeyron equation.
Therefore, a very detailed set of calorimetric determinations have been made including heat capacity by adiabatic
and differential scanning calorimetry (DSC), and direct measurement of the heat absorbed on isothermal
demagnetization for several magnetothermal histories of the sample. We found high values of |ASy| = 45.7
J/kg K at 289.4 K for a field change of 7 T, for a sample previously cooled to a low temperature and then
heated under magnetic field to the target temperature. This value is high but very far from previously reported
data, which happened to be nonphysical but obtained from a very frequently used, but incorrect, experimental
protocol to determine AS7y from magnetization, via the Maxwell relation. The spurious contribution has been
analyzed and computed, explaining the nonphysical reported values. The strong thermal and magnetic hysteresis
of 8.4 K and 8.3 T, respectively, make this alloy useless for magnetic refrigeration, but the results encourage

searching for other derivatives with lower hysteresis which could have even higher |AS7|.
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I. INTRODUCTION

Refrigeration by adiabatic demagnetization is a standard
procedure, known since the 1930s [1], to reach temperatures
below 1 K. The application to refrigeration near room tem-
perature (RT) needs ferromagnetic substances containing high
magnetic moment density, atoms with high angular momen-
tum J (which implies a large magnetic entropy reduction on
an applied field), low anisotropy, and with Curie temperature
near RT. All these conditions are fulfilled by gadolinium (Gd)
metal, with Tc =293 K, J =7/2, M = Tug/f.u., and vir-
tually no anisotropy, having a maximum isothermal entropy
decrement ASr = —10.5 J/kg K and a maximum adiabatic
temperature increment AT, = 12 K at 295 K, for an external
field variation from zero to B =5 T [2]. The real possibil-
ity of improving these properties is with an alloy having a
first-order magnetostructural transition at some temperature
T;. In this case, near 7; a weak or moderate field can produce
the full discontinuous entropy change. Moreover, this change
involves magnetic and, especially, nonmagnetic (phononic or
electronic) contributions to the entropy. Therefore, the entropy
change is not limited to kzInJ per magnetic atom, although
this value is hardly reached in actual materials.

After the so-called “giant magnetocaloric effect” in
GdsSi,Ge; [3], some other families with first-order transition
were studied in the 2000-2010 decade, such as La(Fe,Si);3
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[4], MnAs [5], MnFe(P,Si,Ge) [6], Mn3GaC [7,8], Heusler
alloys Ni-Mn-A (A = Sn, In, Sb, Ga) [9], and others. Since
2010, many papers have been published about every family.
Most works propose improvements in the known families
by small changes in composition or by atomic substitution
without substantial modifications of the crystal structures.
An extensive monography about materials with high magne-
tocaloric effect (MCE) is in the book by Tishin and Spichkin
[10]. A more recent review can be found in [11].

This work deals with the MCE of the family
(MnNiSi); _, (FeNiGe),, especially the values of AS7 directly
determined and also obtained from heat capacity. The results
show that those deduced from isothermal magnetization, very
frequently have no physical sense because of an incorrect
application of the Maxwell relation. Section II deals with
previous results in the family. Section III covers a discussion
of the experimental calorimetric techniques. Section IV shows
the MCE deduced from several methods. Sections V and VI
are discussion and conclusions.

II. THE FAMILY (MnNiSi);_, (FeNiGe),

MnT Ge (T = Co, Ni) undergoes a martensitic transition at
high temperatures, in paramagnetic state, from an orthorhom-
bic TiNiSi-type structure (space group Pnma) to a hexagonal
NipIn-type structure (P63/mmc), with a large jump in vol-
ume. Replacing some Mn with Cr or interstitial B, Trung
et al. obtained compounds with a magnetostructural transition
from the ferromagnetic (FM) TiNiSi type to the paramagnetic
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(PM) Ni,In type near RT [12,13]. MnNiSi has a very high
transition temperature 7; >~ 1200 K and FeNiGe is always
hexagonal, but it has been shown that the chemical alloy
of both intermetallic compounds with similar proportions,
(MnNiSi);_,(FeNiGe), with 0.36 < x < 0.52, gives a phase
with a magnetostructural transition near RT [14]. The transi-
tion can be induced by a magnetic field and a large isothermal
entropy change has been reported, |ASy| = 11.5 J/kg K at
290 K, for a moderate field of 1 T, as deduced for the sample
with x = 0.44 from magnetization measurements [14], via the
well-known Maxwell relation
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On the other hand, the classical Clausius-Clapeyron (CC)
equation, which relates the slope of the transition line in the
B/T diagram with the entropy and magnetization changes
at the transition, dB,/dT, = —AS/AM, gives also a high
|AS| >~ 55 J/kg K for the entropy jump at the transition,
assuming dB,/dT, >~ 1 T/K as deduced from [14]. All these
preliminary results suggest that (MnNiSi);_,(FeNiGe), is a
new family of rare-earth free alloys with interest in mag-
netocaloric refrigeration. Dutta et al. [15] have recently
reported a “colossal” MCE, with —ASy = 70.1 J/kg K for
AB =5 T, in an alloy with x = 0.47. Also “giant magne-
tocaloric effect” has been found in the very closely related
alloy (MnNiSi),_,(Fe,Ge), with peak values —AS7 >~ 49.3
J/kg K [16] and —ASy ~ 57 J/kg K [17] for 5 T. Hanggai
et al. [18] give a table of MCE parameters of isostructural
alloys with different compositions, most of them obtained
from magnetization data. Zhang et al. [14] already mentioned
that the determination of ASy from isothermal magnetization
can overestimate its values, which puts in question this type
of determinations.

Indeed, fundamental thermodynamic considerations show
that the way in which the Maxwell relation is commonly
applied to the standard isothermal M7 (B) measurements in
compounds with sharp hysteretic first-order transitions nec-
essarily leads to a spurious spike which has nothing to do
with the isothermal entropy increment, nor with the MCE, but
with an incorrect experimental procedure [19]. In other com-
pounds, such as Heusler alloys, the transition is not so sharp
and the spurious contribution does not have the spike shape.
This case was extensively discussed for NispCoMnseSnys
[20]. This alloy has inverse magnetocaloric effect in the
temperature range of the martensitic transition, ASy > 0 for
AB > 0, since the high temperature phase (austenite) is fer-
romagnetic while the low temperature one (martensite) is
paramagnetic. Therefore, the total entropy increment is posi-
tive, since the minimum free energy imposes a higher entropy
to the high temperature phase, although the magnetic contri-
bution decreases with the field. In this case, ASr > 0, but the
magnetic contribution is negative, ASy; < 0. They do not have
any evident relation, since the phononic or electronic entropy
change found in other nonmagnetic shape memory alloys is
similar to that found in this case.

Likewise, the classical CC equation is not valid either
when there is hysteresis. Instead, a modified version should be

used [21],
dB; AS 1 dEgiss

dT, AM+AM dT, ’ @
where the dissipated energy, Eyis, is the area of a hypothetical
isothermal hysteresis loop in which, on magnetization, the
transition occurs at the actual transition field value B;,, and,
on demagnetization, occurs at the field of thermodynamic
equilibrium between the PM and FM phases, that is, when
the specific free energy is the same for both phases.

After these considerations, a study of the magnetostruc-
tural transition by calorimetric methods becomes necessary
with the aim of extending the preliminary results and correct-

ing the wrong ones.

III. CALORIMETRIC RESULTS

In a material having a hysteretic first-order transition, the
magnetothermal history is crucial for the physical properties.
Frequently, the determinations of variables by different proce-
dures are put together and compared when they should not be,
due to their particular history dependence. The calorimetric
methods have been extensively discussed, sometimes without
considering the actual variable that is really measured. The
most common methods are as follows:

(1) Relaxation calorimetry, like in a physical property mea-
surement system from Quantum Design. The true measured
variable is the relaxation time t = mC, g/k (m is mass, C, p
is specific heat at constant field and pressure, and k is thermal
conductance to the surroundings) obtained from a fit of the
temperature/time recording to an exponential decay of the
sample temperature to the thermal bath. The thermal conduc-
tance k is measured in another run with a standard sample of
well-known heat capacity. In a first-order transition T — oo
and the data depart from an exponential curve.

(2) AC calorimetry. It measures the amplitude of the tem-
perature oscillation when a periodic power is applied. This
method cannot be applied in the temperature region with a
phase change of first order.

(3) Differential scanning calorimetry (DSC). It consists
of a relatively fast continuous heating or cooling of a small
sample. The measured quantity is the heat power supplied,
that is, the time derivative of the enthalpy (H). This method
has a small precision because the sample is never in good ther-
mal equilibrium, and is far away when a first-order transition
occurs because, during the time range with phase coexistence,
the real temperature is constant, but the temperature given
by the measuring system varies continuously. It gives with
precision the latent heat of the transition.

(4) Adiabatic calorimetry (ADC). The classical heat pulse
method often uses massive samples and measures the temper-
ature increment between two states of strict thermodynamic
equilibrium when a given amount of heat is supplied to a
sample, otherwise well insulated thermally. It is the most
accurate and reliable, but a very slow and laborious method.
It also has several drawbacks: In a first-order transition, when
phase coexistence occurs, the relaxation time after a pulse is
theoretically infinite, the actual waiting time for equilibrium
is very long, and a good thermal insulation is difficult to
maintain. The nominal heat capacity includes the real heat
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FIG. 1. Several DSC runs on (MnNiSi)g s (FeNiGe)g 44, showing
the difference between the first and the following coolings. The first,
third, and fifth runs on cooling, and the second and fourth runs on
heating.

capacity of the present phases and the latent heat contribution
when phase conversion occurs. Moreover, the ADC works
only on heating.

(5) Thermograms [22]. This method, intermediate between
DSC and ADC, is especially intended to study first-order
transitions. It uses an adiabatic system where the sample is
continuously and quasistatically heated or cooled, at typical
rates around 2 mK/s, by conduction or radiation while the
temperature/time evolution is recorded every few seconds.
Calibrating the conduction and radiation powers, this method
gives an enthalpy/time recording. The heat capacity is ob-
tained numerically as C,, g(T, B) = (0H /9T ), 5. The method
can be tested by checking the total enthalpy difference AH
across the transition, determined by method 4, in a long pulse
covering the full transition.

A. Differential scanning calorimetry

Five DSC runs have been made at zero magnetic field,
at rates of +10 K/min, starting with a fresh sample in the
hexagonal phase, preheated up to 323 K (Fig. 1). In the first
cooling, the transition occurred at 262 K. It proceeded by
avalanches, as indicated by the multiple peaks in the heat
flow/temperature diagram. As usual in a polycrystalline bulk
sample with anisotropic volume change, the internal stresses
hinder the transition and the sample remains in an overcooled
metastable phase. When a small part of the sample undergoes
the transition, the interphase propagates rapidly to a relatively
large volume. The avalanche stops because the released latent
heat stabilizes the high temperature phase in the part of the
sample that did not undergo the transition. As the temperature
decreases, the system extracts heat from the sample until a
new avalanche occurs, and so on until the entire sample is in
the low temperature phase. On heating, the transition occurs
at T;, = 284.5 =+ 1 K, where the maximum heat flow occurs
for this heating rate. The same T;; is observed in all heating
runs. In all subsequent cooling runs the transition occurred at
T, =274+ 1K
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FIG. 2. Heat capacity on heating and cooling under several con-
stant magnetic fields.

The thermal shock at the transition breaks the sample
into smaller powder grains. This relaxes the stresses and,
in further cooling runs, every grain proceeds independently
at a higher temperature and without avalanches. The latent
heat, or enthalpy change at the transition is L, = 17.0 J/g on
heating and L, = 16.5 J/g on cooling. Assuming the entropy
jump AS ~ L/T; = 60 J/kg K in both cases, similar to the
value obtained from magnetization [14], via the CC equation,
AS = —AM(dB,/dT;) >~ 55 J/kg K. Actually, the classical
CC equation is not strictly valid for this hysteretic transition
and really AS > L/T; due to the thermodynamic irreversibil-
ity of the transition, but the difference is less than 2% as we
discuss below.

B. Heat capacity

The heat capacity of (MnNiSi)g s6(FeNiGe)gs4 at zero
magnetic field has been determined by ADC [method (4)]
on a bulk sample of m = 1.414 g. We used heating and
cooling thermograms [method (5)] at external fields B = 0,
1, 4, and 7 T to determine the enthalpy H(T, B), taking
H = 0at250.40 K as an arbitrary reference. The heat capacity
Cpp = (0H/OT), p is depicted in Fig. 2. Subtracting a proper
base line, Cy,e, allows obtaining the latent heat, so-called
“anomalous” contribution of the phase transition. Table I lists
the main parameters deduced from the measurements. The
transition temperatures on heating, 7;;, or on cooling, 7;., are

TABLE 1. Transition temperatures 7; (K), and jumps of enthalpy
L (J/g) and entropy AS (J/kg K) deduced from heat capacity data,
on heating and cooling (subscripts 4 and c), for several magnetic
fields B (T). T, is taken as the point of 50% phase conversion, or half
anomalous enthalpy. Estimated errors are one unit of the last digit.

B Eh AS/: L/l T;c ASL‘ Lc

0.00 285.9 61 17.2 271.5 63 17.3
1.00 286.8 60 17.1 278.5 61 16.9
4.00 289.8 60 17.3 281.4 63 17.5
7.00 293.0 62 17.9 284.5 62 17.4
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FIG. 3. B/T phase diagram obtained from the thermograms
[method (5)] at constant fields B =0, 1, 4, and 7 T. Points of 10%
(V), 50% (%), and 90% (V) of the PM phase on heating (red symbols)
and on cooling (blue symbols).

taken, for each field, as the point at which the percentage of
each phase is 50%, which are deduced as the temperatures
at which the anomalous enthalpy, H,,, is one half of the total.
There is a thermal hysteresis, T, — T;. = 8.4 K, practically in-
dependent of field. The transition temperature increases with
the field with d7; /dB = 1.0 K/T, on cooling and heating.
From the anomalous enthalpy, obtained at any temperature
and field, the percentage y of the PM phase can be deduced as

100 [T
y(T,B) = —

LB Iy [Cp.p(T, B) — Coase(T))AT,  (3)

where Tj is a low enough temperature to have pure FM state
and Cp,s(T) is a linear nonanomalous baseline. The B/T
phase diagram (Fig. 3) is very similar to that of MnAs [19],
although now, the existence of a critical point at high field and
temperature cannot be inferred from the available data. The
points of y = 10%, 50%, and 90% of the PM phase in the
transition process on heating and on cooling are indicated as
symbols connected with lines.

This diagram, crucial to understand the results of MCE
determinations, allows knowing the state of the sample and,
particularly, the percentage y of the PM phase for any field,
temperature, and history. The curves of constant y are very
approximately parallel straight lines like those drawn in Fig. 3,
where only three have been shown for clarity. Starting at low
T or high B, in pure FM state (y = 0) and moving to the right
or downwards in the B/T diagram, y, at any point (7', B), is
the corresponding value of the red constant y line passing
through this point. Starting in the PM state (y = 100) and
moving to the left or upwards, the value of y is given by the
corresponding blue constant y dashed line through the point.

Other thermal and magnetic histories can also be consid-
ered. For instance, starting in the FM state at B =0 and
moving to the right up to the 50% red curve. Then, moving
upwards, the percentage of sample converted to PM state
would start to transit back to FM state when crossing the

50% blue dashed line, for B >~ 8.3 T. The rest of the sample
never reached the PM state. We will show in Sec. IV that
the experiments corroborate this behavior. This is the usual
protocol followed for the determination of the isothermal
magnetization. On increasing the field isothermally, there is
no phase conversion if the maximum applied field is lower
than 8.3 T. The MCE is then the normal value for a mixture
of 50% FM and 50% PM phases, corresponding to the pure
magnetic entropy change of each phase without any transition.
A “giant” or “colossal” value of ASy is, in this case, simply a
wrong determination.
The entropy is conventionally deduced as

T
S(T’B>=S<To,B>+/ Cpp(T)dT

g T “

where Tp is a reference temperature at which the entropy
value is known or has been arbitrarily assigned for B = 0. To
determine S(7p, B) for different fields, direct measurements
of ASy, = STy, B) — S(Tp, 0) have been used, as explained
below. Here we remark that, in a first-order transition with
hysteresis, there is an irreversible entropy generated. S(7, B)
will be higher than the result of the right-hand side of Eq. (4).
The entropy generated in a heating-cooling cycle covering
the transition is ASgen 2 2Eqis/T;, assuming equal dissipated
energy on cooling and heating. 2Eg;ss can be evaluated as the
area of the hysteresis loop in an S/T diagram. The result in our
case is Egiss ~ 0.015L, which allows using the equal sign in
Eq. (4) with only a small error. Also, Eg;s is found to be almost
constant with the field and the correction for irreversibility in
the CC equation, Eq. (2), can be neglected.

The application of Eq. (4) for several magnetic fields al-
lows knowing the entropy for every temperature and field. For
every B at any temperature within the transition region, the
sample can be in different states of FM and PM fractions. The
entropy, magnetization, and other extensive quantities should
be computed considering not only the intensive variables T
and B but also the percentages y and 100 — y of each phase
in thermal, mechanical, and magnetic equilibrium but not in
the chemical one, since the chemical potential, or specific
free energy, is not the same in both coexistent phases. The
proportion y depends on the path followed by the sample
state in the B/T diagram until reaching the given state. These
considerations serve to analyze the apparently contradictory
behavior of the sample in different experiments.

IV. MAGNETOCALORIC EFFECT

The main variables summarizing the MCE, ASy and AT,
can be obtained in three ways:

(1) ASy = S(T, B) — S(T, 0) from magnetization data, via
the Maxwell relation, Eq. (1).

(2) ASt from heat capacity data, through the entropy
curves. Considering AT,y >~ ATy, it can be determined solv-
ing numerically for ATy the integral equation

T+4%s ¢, »(T, B)dT
_ASy = S(T,0) — S(T, B) = / Cos(T. B)AT
T T
as shown graphically in Fig. 2 of [23].
(3) Directly measured. ASy is measured as sketched in
[24]. However, more details are given here, to clarify the

&)
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FIG. 4. Detail of a measurement of ASy at T = 290.83 K, for
decreasing B from 7 T to 0.

results. The sample is in a holder surrounded by an adiabatic
screen in which the temperature is controlled to follow the
sample temperature within 1 mK, ensuring thermal insulation.
In these conditions, the magnetic field is decreased while heat
is supplied to the sample by an electrical resistor with the
controlled current to keep constant the sample temperature,
closer than 0.05 K from a set point. The time integral of the
power, P(t), gives the supplied heat at constant temperature.
The entropy change due to the magnetic field variation is then

AST = %/[P(t) - Pbase]dt- (6)

Figure 4 shows a typical recording of the magnetic field
and the supplied power, P(¢), on an isothermal demagnetiza-
tion in the phase transition region, made at 7 = 290.83 K, for
a field variation from 7 T to 0. After heating the sample from
the previous demagnetization made at 288.81 K up to the new
set temperature under a field of 7 T, one can see several stages
in the plot:

(a) Set point control (116 s <t < 154 s). The control
system keeps B =7 T obtaining a base line, Py = 1.92
mW, for the heating power. This base power is necessary to
compensate for any deficit in thermal insulation. Actually, the
temperature control is better if a small continuous heat leak is
intentionally allowed. This heat loss is compensated by Pyye.

(b) Isothermal demagnetization (154 s <t < 798 s). The
required heating power to maintain a constant temperature
while B decreases is supplied by the automatic controller. The
field varies in a sigmoidal way to make easier the control by a
proportional and integral procedure.

(c) Relaxation (798 s < t < 1164 s). The system keeps B =
0 allowing the sample to reach equilibrium. Then, the system
is ready for taking the field to 7 T and heating the sample to a
new target temperature.

The supplied power during the isothermal demagnetization
can be understood considering the phase diagram shown in
Fig. 3. Initially, at T = 290.83 K and B = 7 T, the sample has
a fraction in FM state which has the normal MCE for a fer-
romagnet [10], plus also some contribution from the majority
PM phase. Therefore, P(t) — Pyase i approximately propor-

50
From Cp’B( T Direct
B (T) cooling heating -« B(T) 48,
40 | K N 1
4 e — 4 o
—_ 7T - — 7 o
& 30+ 7
o
=
5
~ 20+
(%))
R

L 1 L 1 L 1 L 1
260 270 280 290 300
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FIG. 5. ASr obtained from heating and cooling thermograms,
along with directly measured data on demagnetization. Solid lines:
From heating thermograms. Dashed lines: From cooling thermo-

grams. Open symbols: Direct determination via protocol 1. Solid
symbols: Direct determination via protocol 2.

tional to —dB/dt, having the maximum for B = 3.5 T, when
this derivative is maximum. Below this field, P(¢) decreases
until B=1.3 T (+ = 565 s) when the FM fraction starts to
convert to PM state. This conversion involves a high latent
heat and P(¢) needs to be high even for a small fraction of
sample changing phase and a slow field variation. Finally, the
magnetic field goes to O but the phase conversion continues
until the equilibrium state is reached, since the high heat
capacity and low diffusivity implies a long relaxation time in
the phase conversion.

According to the phase diagram, the FM — PM phase con-
version occurs only at low fields, when crossing the red line
referred to in Fig. 3, corresponding to the state reached in the
demagnetization prior to the last one. The fractions of sample
having the transition line at higher fields did already convert
in the previous demagnetizations up to 288.81 K. Consider-
ing the experiments at all temperatures, the overall picture
is similar to that shown for NisoCoMn3sSn;3 in Fig. 2(b) of
[20] taking into account that, in this last case, the compound
had inverse MCE and the slope of the constant y lines was
negative.

Figure 5 shows the results for AS7, obtained from heating
and cooling thermograms, as the entropy difference ASy =
S(T,B) — S(T,0). It also includes the direct measurements
made using two protocols:

(1) Conventional, as shown in Fig. 4. That is, starting at a
low temperature and maximum field, the sample is heated to
an initial temperature; it is isothermally demagnetized while
measuring the supplied power to maintain constant 7'; then,
it is remagnetized and heated to the next desired temperature.
With this protocol, the phase conversion in the transition re-
gion occurs on demagnetization at low field and could also
occur on heating at constant field to the next set point, if the
temperature interval was large enough.

(2) Thermally cycled. Everything is like in the previous
protocol but, after demagnetization and before remagnetizing,
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the temperature is decreased to a low value to ensure the
transition of the entire sample to FM state. The sample is
brought to the new desired temperature at the constant high
B and then isothermally demagnetized while measuring the
power input.

One can observe in Fig. 5 that the results obtained fol-
lowing the conventional protocol, shown with open symbols,
have quite smaller | AS7| values than those deduced from the
entropy curves on heating. This can be understood since, after
every demagnetization, the fraction of sample which under-
went the FM — PM transition did not go back to FM state
on the new remagnetization due to the high hysteresis and
the limited maximum field. On the contrary, making the mea-
surement of ASy following the protocol with thermal cycling,
the sample state before demagnetization is the same as in the
heating thermogram at 7 T and, just after demagnetization,
its state is like the one obtained in the heating thermogram
at 0 T. Consequently, the measured entropy difference is the
same as the one deduced from thermograms, as shown in the
experimental results for 7 T given in Fig. 5. We remark that
the direct determination measures explicitly the heat really
absorbed on demagnetization, which is the important quantity
for magnetic refrigeration. This shows that a relatively simple
heat capacity determination gives good values of ASr without
a laborious direct determination with thermal cycling.

V. DISCUSSION

(MnNiSi)g s6(FeNiGe)g44 has very similar properties to
those of MnAs, with a magnetostructural transition of high la-
tent heat, not having the toxic element As. A strong MCE has
been reported with maximum |ASy| >~ 11.5 J/kg K at 290 K
for only 1 T, deduced from isothermal magnetization measure-
ments, via the Maxwell relation [14]. Nevertheless, this result
is an artifact due to an incorrect application of this relation.
The direct determination of |ASy| with the conventional pro-
tocol, measured as the real heat absorbed on demagnetization,
gives much smaller results. The |AS7| values obtained from
heat capacity give higher results but also lower than those
reported as derived via the Maxwell relation. Even so, |AS7|
reaches high values, making this compound very interesting
with regard to applications in magnetic refrigeration.

As already mentioned, the conventional direct determina-
tions without thermal cycling do not agree with those deduced
from heat capacity via the entropy curves. This is due to
the different sample history followed with the protocols used
in each type of determination. When the direct |ASy| data
of a sample, cycled through the low temperature FM phase,
are taken on demagnetization, the values agree with those
deduced from C), p.

To discuss the values obtained from My (B) data up to
1 T, measured at increasing temperatures [14], we plot them
in Fig. 6, together with direct measurements using the con-
ventional protocol, and also the results from heat capacity.
M7 (B) had been measured on another physical sample and,
taking into account that the transition temperature depends
very strongly on the composition, most probably a slightly
different stoichiometry gave its transition 5.2 K above the
values for our sample. Therefore, for comparison purposes,

*
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FIG. 6. ASr for a field change of 1 T: From isothermal magneti-
zation [14] (x). From direct determinations on demagnetization using
the conventional protocol (A). From heat capacity on heating (green
line). Calculated AS.x, named spike, with Eq. (7) (dashed red line).

the reported data from magnetization [14] have been shifted
5.2 K downwards.

Computing ASr with a naive application of the Maxwell
relation to isothermal M7 (B) data, taken at increasing temper-
atures without cycling the sample to the PM state, leads to an
extra term [19], so-called spike, given by

_ Cp,an(Ts B = 0)
L

where Cpan(T,B =0)=Cpp(T,B =0) — Cpuee(T) is the
anomalous heat capacity at zero field, L = f Cpan(T,B =
0)dT is the latent heat, B is limited by the transition field B;
from PM to FM, and My — Mp is the magnetization difference
between the FM and PM phases at temperature 7', having
a value My — Mp ~ 56.8 A m?/kg independent of B, taken
from the plots of [14]. The direct measurements of ASy with
the nonthermally cycled conventional protocol give lower val-
ues.

Integrating Eq. (7) along the temperature of the transition
anomaly, gives that the area under the spike is constant and
proportional to the applied field, but limited to B < B;.

ASex = (MF - MP)Ba (7)

/ ASexdT = —(Mp — Mp)B. ®)

Therefore, in a small grain of sample, where the anomaly is
narrower, the height of the ASe spike should be greater than
in a bigger sample. The values of AS7 in Fig. 6 obtained from
magnetization data [14], had been measured in a much smaller
sample than the one used for heat capacity and clearly the peak
is narrower. These values, which really correspond to the spike
from the M7 (B) measurements, have therefore a higher peak
than the spike computed with heat capacity data, as shown in
Fig. 6.

According to the phase diagram, the fraction of sample
converted from FM to PM state on heating to any temperature
at zero field cannot return back to FM state by applying
isothermally the weak field of 1 T. This backward transition
would need a field higher than 8.3 T. The true isothermal
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entropy decrement and the released heat upon isothermal
magnetization up to 1 T correspond to the normal MCE of
the mixture of FM and PM phases present in the initial mixed
state, and it is small. The extra nonphysical term, AS., corre-
sponds to the latent heat of the fraction of sample transformed
at zero field during the heating to the new set point tempera-
ture, prior to the field increase. Therefore, the determination
of AStr made from isothermal magnetization measurements,
using the commonly used protocol, does not correspond to the
true isothermal entropy change.

It should be remarked that the Maxwell relation, correctly
applied, is rigorously valid on the isothermal magnetization,
since there is no phase conversion for a field increase up to
B =1 T. The problem is that the commonly used numer-
ical calculation also includes the latent heat of the phase
conversion during the heating prior to the magnetization. A
procedure with the appropriate thermal cycling, as described
above in protocol 2 for the case of demagnetizations, would
have given correct results.

This calculation shows that the huge values obtained from
isothermal magnetization are due, essentially, to the spike
effect. Results reported for a compound with a close sto-
ichiometry, (MnNiSi)gs3(FeNiGe)g47 [15], gave the high
value —ASr = 70.1 J/kg K for a field change of 5 T. It is due
to the nonphysical spike artifact introduced by the naive ap-
plication of the Maxwell relation to isothermal magnetization
data using a nonthermally cycled protocol. The same remark
can be made about the ASy data reported for the Co alloys
(MnCoGe);_,(NiCoGe), [25] and (MnNiSi),_,(FeCoGe),
[26,27].

The results on our slightly different alloy, obtained from
the entropy curves, found a maximum value —AS7 nax = 45.7
J/kg K on demagnetization from 7 T, which is somewhat
lower than the prediction given by the CC equation for the
complete transition, AS = 55 J/kg K, as it should be, because
the phase diagram shows that there is not a complete phase
conversion at any temperature for a field lower than 8.3 T.

VI. CONCLUSIONS

The family of rare-earth free alloys
(MnNiSi);_,(FeNiGe), has a very strong magnetocaloric
effect associated to the magnetostructural transition from
the paramagnetic hexagonal phase to the ferromagnetic
orthorhombic one, which can be induced by a moderate
magnetic field. The MCE of the studied compound
(MnNiSi)g 56(FeNiGe)p 44 is not as high as expected from
values reported based on magnetization data through a naive
application of the Maxwell relation but, even so, it is very
strong.

The B/T phase diagram has been deduced from calori-
metric measurements. The thermal and magnetic history of
different experimental protocols used in the literature has been
analyzed, deducing their suitability to obtain reliable results
for the magnetocaloric parameters.

A quantitative evaluation is given for the nonphysical ASey,
so-called spike, resulting from a very commonly used but
incorrect application of the Maxwell relation to isothermal
field dependent magnetization data.

Results of AS7 from calorimetric, magnetic, and direct
measurements, using gradual temperature increments or com-
plete cycles between the FM and PM phases, have been
analyzed with reference to the phase diagram.

The isothermal entropy change, —ASr, has been explicitly
measured as the heat absorbed on isothermal demagnetization.
It results with values —ASy > 40 J/kg K between 287 and
291 K for AB from 0 to 7 T. From heat capacity data on heat-
ing, we obtained a maximum value —ASr max = 45.7 J/kg K
near 289 K for the same field change, —AS7 max = 30 J/kg K
for AB=4T, and —AS7max = 7.4 J/kg K for AB=1T,
which compares very favorably with other families for similar
field variations: MnAs with —AS7 max = 28.2 J/kg K, for
AB = 6T [5], GdsSi,Ge; with —AST max = 14.0 J/kg K for
AB = 5T [24], obtained with the same rigorous method, and
La(Fe,Si);13H with —AS7 max =~ 25 J/kg K for AB = 5T [4].

The only drawback is the high hysteresis of 8.4 K. How-
ever, it could be reduced in many compounds by a small
doping with other elements, as in the closely related case
of MnAs, which has a hysteresis of 10 K, but replacing
10% of As with Sb it decreases to 1 K with only a small
reduction of |ASr| [28]. Recently, it has been found in
(MnNiSi)g ¢7(FeyGe)o 33 that application of pressure reduces
considerably the hysteresis, maintaining high ASy values
[29].

The observed AS7T max of our compound is lower than
expected from the Clausius-Clapeyron equation. Taking into
account that the CC equation gives the entropy jump at the
transition when the phase coexistence line is crossed, without
including further changes produced before or after crossing
this line, we conclude that the transition is not complete even
for a field variation of 7 T, due to having a high field hysteresis
of 8.3 T. Therefore, a derived compound without hysteresis
could even increase the entropy change with respect to the
present alloy. Consequently, this family is very interesting and
promising for its possible application in magnetic refrigera-
tion.
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