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ABSTRACT. An accurate calculation of the different magnetocaloric-related magnitudes derived from
the temperature dependence of the magnetic entropy change in materials exhibiting first-order
magnetocaloric effect is imperative to correctly estimate the true potential of a specific material for
refrigeration purposes. In this contribution, we present a meticulous study of two different thermal
procedures to measure the set of isothermal magnetization curves from which the total field induced
magnetic entropy change, ∆ST, is calculated using the adequate Maxwell relation. If the accurate
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determination of ∆ST for any temperature is pursued the thermal and magnetic history of the materials
must be taken into account, and then, the unidirectional measurement of reversible isothermal
magnetization curves after a thermal cycle is required. The analysis was conducted on MnCoGeB0.01
alloy ribbons that show a giant ∆ST at the coupled magneto-structural transition, from a ferromagnetic

EP

(TiNiSi-type) phase to a paramagnetic (NiIn2-type) one, owing to the concomitant abrupt
magnetization change. We suggest that the conclusions reached can be applicable to any other system
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displaying magnetocaloric effect originated at a first-order phase transition.
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1. Introduction
Since the giant magnetocaloric effect (GMCE) was reported in the Gd5(Si2Ge2) alloy in 1997
[1], some discrepancies between authors about the correct determination of the temperature dependence
of the total magnetic entropy change ∆ST(T) from isothermal magnetization measurements for materials
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exhibiting GMCE have emerged. The main controversial point refers to the validity of the Maxwell
relation (equation 1) [2-6], in the sense that the appropriate selection of the thermal procedure to
measure a set of isothermal magnetization curves M(µoH) is of paramount importance for a correct
estimation of the ∆ST(T) curve [7-10]:
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The determination of the magnetic entropy change from isothermal magnetization curves,
M(µoH), through the Maxwell relation for materials undergoing a second order phase transition (SOPT)
is well established. In these systems, apart from considering the effect of the demagnetizing field (i.e.,
µoHint = µoHext - NdM), that entails the sample preparation with the appropriate geometry to perform
the proper correction on the M(µoH) curves, a particular care must be paid in order to assure that for
each temperature the measurement of the M(µoH) curve must start with the sample in the thermally
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demagnetized state. The magnetization isothermal curves can be successively measured either on
heating or cooling. However, for a material exhibiting a first order phase transition (FOPT) the
magneto-thermal history followed prior to measure successive isothermal M(µoH) curves around the
coupled field-induced magneto-structural transition is the origin of discrepancies on the estimated value
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of ∆ST(T) [11]. The GMCE shown in FOPT materials is explained under the consideration that the
value of ∆ST is the sum of the conventional second order magnetic entropy change, ∆SM, and the
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entropy difference between the two different crystallographic polymorphs, ∆Sst, [12-14]. In this sense,
most of the discussion focuses on the overestimation of ∆ST when is calculated from the isothermal
magnetization curves that sometimes gives rise to a spike-like shape of the ∆ST(T) curves. The origin of
the spike has been considered as an artefact due to the summation of the Maxwell relation with a finite
field interval [2]. Liu et al. [3] suggested that the spurious spike comes from the inadequate use of the
Maxwell relation within the temperature region of the magneto-structural transition, where the
paramagnetic (PM) and ferromagnetic (FM) phases coexist. Moreover, it has been stated that the height
of the spurious spike is inversely proportional to the temperature step ∆T between two subsequent
isothermal M(µoH) curves and proportional to the variation of the molar fraction between T and T + ∆T
[5]. A thermal procedure (referred as LOOP procedure, that we describe below) was suggested by
2
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Caron et al. [9] as a practical method to almost avoid the spurious spike-like shape of the ∆ST(T)
curves. However, the ∆ST(T) curve becomes broader and, as a result, the area below the ∆ST(T) curve is
essentially the same independently of the thermal procedure [15]. More recently, the results obtained
from different procedures in a Ni50Mn28Ga22 single crystal by Niemann et al. reveal that the LOOP
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procedure approach fails due to the magnetically induced reorientation of the crystal structure in the
martensitic phase [10]. In addition to the spike effect, the contribution due to the irreversibility of the
process should be taken into consideration for an accurate estimation of ∆ST.

Diverse families of materials exhibiting FOPT have been investigated as potential candidates
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for room temperature magnetic refrigeration applications. Among them, Gd5(SixGe1-x)4 [1, 16],
La(Si,Fe,X)13 (X= Co, Mn) [17, 18], MnFe(P,X) with X = As, Ge, Si [6, 19], non-stoichiometric NiMn-X-based Heusler-type (X= Ga, Sn, In, Sb) [20-26] or Mn(Co,Ni)Ge-based alloys [27-37]. It is
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worth noting that MnCoGe-based alloys have one of the largest contributions of ∆Sst to ∆ST, giving rise
to one of the highest reported GMCE in terms of the maximum value of ∆ST [14]. The coupled
magneto-structural transition in these alloys occurs between the PM hexagonal (hex) parent phase
(Ni2In-type crystal structure; space group P63/mmc) and the FM low temperature orthorhombic (orth)
phase (TiNiSi-type crystal structure; space group Pnma) [38, 39]. This transition is attained when the
starting and finishing temperatures for the direct and reverse martensitic transformation MS, Mf, Af, and
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AS, respectively, are within the temperature window delimited by the Curie temperature of the
hexagonal (TChex) and orthorhombic (TCorth) phases [32, 38]. These phases are often called austenite
(AST) and martensite (MST), respectively.

The effect of B on the crystal structure, magnetization behaviour and martensitic transformation
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in the MnCoGeBx (0.01 ≤ x ≤ 0.05) system was first reported by Trung et al., assuming that boron
atoms occupy interstitial sites [32, 40]. They found that the addition of B provokes a drastic shift
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of the FOPT temperature from about 650 K for the stoichiometric MnCoGe alloy, to be tuned
around room temperature (between the TC values of the two allotropic MnCoGe phases) [41,
42], whereas the magnetic moment per formula unit remains unaffected (3.86-3.85 µB/f.u.) for
0.01 ≤ x ≤ 0.03. Moreover, the maximum value of the magnetic entropy change reaches values of 3847 Jkg-1K-1 for x = 0.02, 0.03. The structural transition is accompanied by a large relative volume
change, estimated as ∼ 2.3 % for x = 0.02 [40], and around 4.0 % for other MnCoGe-based alloys [39,
41]; as stated by Pecharsky et al. [14], MnCoGeBx alloys with x = 0.02, 0.03 show the largest
contribution from ∆Sst to ∆ST. An important feature of these alloys, closely related to our investigation,
is that the magnetic field induces the AST-to-MST phase transition [43], being the lattice defects
3
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originated by the interstitial inclusion of boron atoms the key ingredient that facilitates the nucleation
and growth of the martensitic low-temperature phase in the MnCoGeBx system [38].
In this work we discuss about the differences in the magnetic entropy change vs. temperature
curve as well as in the refrigerant capacity RC of MnCoGeB0.01 alloy ribbons obtained from the widely
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used LOOP procedure [9], and from the herein described BnF (“Back and Forward”) heating-cooling
procedure. The observed discrepancies depend on the thermomagnetic history of the sample.

2. Experimental procedures

SC

A 3 g bulk alloy sample with nominal composition MnCoGeB0.01 (Mn29.44Co31.58Ge38.92B0.06 and
(Mn33.22Co33.22Ge33.22B0.34 in molar % and at. %, respectively) was prepared by argon arc melting from
highly pure starting elements (Mn 99.9998 %, Ge 99.9999 %, Co 99.98 % and B 99.6 %). The sample
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was melted 3 times to ensure a good starting chemical homogeneity. As-spun ribbons were obtained by
melt spinning under a controlled ultra-highly pure argon environment. The linear speed of the rotating
copper wheel was kept constant at 20 ms-1. To ensure an homogeneous crystalline structure, the ribbons
were encapsulated in quartz tubes under an ultra-highly pure argon atmosphere and annealed for 4
hours at 1148 K and then were water quenched. The average dimensions of the obtained ribbon flakes
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were around 30-35 µm thick, 8-15 mm length and 1.2-1.5 mm width.

The phase transitions occurring in the sample were investigated by differential scanning
calorimetry (DSC) using a TA Instruments model Q200 system. X-ray diffraction (XRD) patterns of
finely powdered samples were collected at room temperature with a Rigaku smartlab high-resolution
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diffractometer using Cu-Kα radiation (λ = 1.5418 Å; 20o ≤ 2θ ≤ 60o; step increment 0.01o).
Magnetization measurements were performed using a Quantum Design Evercool-I PPMS 9T platform
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with the vibrating sample magnetometer module. The ∆ST(T) curves were obtained from a set of
M(µoH) isotherms by applying the Maxwell relation (equation 1). Refrigerant capacity (RC) was
estimated making use of the following three different criteria: RC-1= |∆STpeak|×δTFWHM,  − 2 =


 (&) "Δ
*&+,



 $%&' , and RC-3 according to the Wood and Potter method [44]. In case of RC-1 and

RC-2, δTFWHM is the temperature interval corresponding to the full-width at half-maximum of the
∆ST(T) curve that is delimited by the temperatures Thot and Tcold. δTFWHM = Thot - Tcold is usually
assumed as the useful working temperature range of the magnetic refrigerant. We shall focus our
attention on the estimation of the magnetic entropy change associated to the on heating phase transition
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(i.e., from the ortho-FM to the hex-PM phase). The two different thermal procedures (TP) we have
considered are the following:
TP-1 (LOOP procedure): firstly, the sample is cooled down to the selected starting temperature, T1; (i)
the isothermal M(µ oH) curve is measured at T = T1 under an increasing applied magnetic field from 0 to
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µ oHmax; (ii) the magnetic field is removed; (iii) the sample is heated up to a temperature at which the
sample is in PM state; (iv) the sample is cooled down to the next selected temperature, T2 = T1 + ∆T.
Then, the procedure is repeated, following steps (i) to (iv), up to the final selected temperature to
acquire the full set of isothermal M(µ oH) curves within the target temperature range.

SC

TP-2 (BnF procedure): After selecting the starting temperature, T1, we follow steps (i), (ii) and (iii) of
the TP-1 procedure. However, the main difference in BnF procedure is the subsequent cooling of the
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sample that now goes down to a temperature well below the structural phase transformation Mf, where
the sample is in FM state. Afterwards, the sample is heated to the next measuring temperature T2 = T1 +
∆T and the procedure is repeated up to the final selected temperature. The key point here is the
following: TP-2 procedure ensures that the sample always reaches each selected measuring temperature
through the same thermal and magnetic history; and therefore, the phase percentages across the phase

3. Results and discussion
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transition region is that given by the DSC curve.

Figures 1(a) and 2(a) show the heating/cooling DSC curves for MnCoGeB0.01 ribbon samples,

EP

whereas the magnetization vs. temperature curves measured under a low magnetic field (5 mT) on
heating after zero-field-cooling, MZFC(T), and during field-cooling, MFC(T), are depicted in Figures 1(b)
and 2(b). From calorimetric curves the temperatures associated with the direct and reverse martensitic
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transformations can be obtained: AS = 318 K, Af = 343 K, MS = 313 K and Mf = 282 K. The coupling
between the structural and magnetic transitions, between the FM-orth phase and the PM-hex phase, is
clearly evidenced in DSC and M(T) curves, being consistent with those already reported [32, 45-47].
In Figure 3 we plot two different room temperature X-ray powder diffraction patterns of the sample.
The pattern in figure 3(a) corresponds to a ribbon that was previously heated up to 1148 K, and that in
figure 3(b) to a ribbon cooled down to 77 K and subsequently taken to RT. Both patterns show the
coexistence of the hexagonal (H) Ni2In-type and the orthorhombic (O) TiNiSi-type phases with the
expected volume fraction at RT from DSC and M(T) measurements. There is not any evidence of
secondary or spurious phases.
5
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We have selected the MST  AST transition, i.e. the magneto-structural transition from the FMorth phase to the PM-hex phase, in order to obtain the ∆ST(T) curves in the MnCoGeB0.01 ribbon
sample. By choosing this transition direction, the reported magnetic field induced effect of the PM-hex
to the FM-ortho phase transition [38, 42] can be avoided, and therefore, only the magneto-structural
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transition contributes to the ∆ST(T). In Fig. 1(c) and Fig. 2(c) we show the obtained ∆ST(T) curves from
TP-1 and TP-2 procedures, respectively. The main differences between both curves are related with the
maximum value of the total entropy change, ∆STpeak, and the temperature for this maximum. These
discrepancies depend on the different thermo-magnetic procedure used for measuring the set of
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isothermal magnetization curves. We will discuss now the results from both procedures in more detail:
TP-1 (Figure 1): Let’s assume that the temperature corresponding to point 1 (red solid circle
number 1) is chosen to measure the first isothermal M(µ oH) curve. After the measurement, the sample
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is heated up to a temperature well above MS (to ensure a complete AST-PM state). Then, it is cooled
down to the next measuring temperature, namely point 2 (red solid circle number 2i). Unlike point 1,
point 2i belongs to the cooling path of the calorimetric and M(T) curves that appear in figure 1(a) and
figure 1(b), respectively. If the M(µ oH) curve is measured increasing the magnetic field from 0 to
µ oHmax, the sample undergoes a field-induced phase transition (FIPT) from the PM-hex phase to the
FM-orth phase [38, 42]. However, in the backward direction (i.e., from orth to hex phase) no FIPT
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exists; accordingly, when the applied magnetic field is removed the transformed phase fraction remains
(solid rhombus labelled as 2f in figure 1(a) and 1(b)). As a result, after each applied/removed magnetic
field cycle there is an extra contribution to the total magnetic entropy change due to the field-induced

EP

AST  MST. It is worth noting that the amount of transformed phase due to the FIPT effect cannot be
larger than the volume fraction in the PM-hex phase for the temperature at which the isothermal curve
is measured. Thus, it is reasonable to find ∆STpeak at point 2 since the maximum contribution due to the
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FIPT occurs at this temperature. On cooling below this temperature (i.e., that of point 2), the fraction of
FM-orth phase in the initial state increases, leading to a lower contribution of the FIPT from PM-hex to
the FM-orth phase (with the lower limit at point 1). For temperatures above that corresponding to the
∆STpeak (point 2) the PM-hex phase increases, giving rise to a lower contribution of the FIPT from PMhex to the FM-orth phase (with the upper limit at point 3).
TP-2 (Figure 2): We follow the same steps of TP-1 procedure until the heating up to T > MS (to
ensure again a complete AST-PM state), but then, the sample is cooled down to T < AS in order to
guarantee that the sample is in MST-FM state before heating it up to the next measuring temperature
(point 2). The process is repeated after every isothermal magnetization curve is completed. By means
6
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of this thermal procedure the sample reaches every measurement temperature following the same
thermal and magnetic history. Notice that the temperature interval for the ∆ST curve corresponds to that
of the MST to AST magneto-structural transition; this is denoted by the vertical white stripe depicted in
figure 2. The temperature corresponding with the position of ∆STpeak (point 2) is in excellent agreement
the M(T) curve [inflection point in figure 2(a)].
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with the DSC [minimum of the heating curve within the MST-to-AST transition, see figure 2(a)] and

From now on we will refer to the ∆STpeak temperature for both thermal procedures as Tms. At this
temperature the contribution of the field-induced magneto-structural transition to the total entropy
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change is maximum, but its origin is different for TP-1 and TP-2.

The measured M(µ oH) curves for TP-1 and TP-2 are depicted in figures 4(a) and (c),
respectively. The monotonous increment of magnetization on increasing the applied magnetic field
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with a non-saturating trend [see figure 4(a)] results from the FIPT effect when TP-1 is used. This is
further confirmed by the irreversible behaviour, or magnetic hysteresis, observed between the
isothermal M(µ oH) curves measured following an increasing-decreasing magnetic field cycle [see
figure 4(b)]. When TP-1 is used, the maximum magnetic hysteretic loss (18 %) is achieved at Tms = 316
K. In contrast, figure 4(c) shows that for TP-2 the isothermal M(µ oH) curves tend to saturate in the
ferromagnetic region. In this case, Tms = 331 K. Moreover, the field-up and field-down M(µ oH) curves
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overlap (absence of hysteresis) owing to the absence of any field induced magneto-structural
transformation [see figure 4(d)].

The isothermal magnetization curves obtained following TP-1 are smooth and exhibit a

EP

monotonous dependence on the applied magnetic field instead of a step-like shape typical for materials
with a critical activation field due to the FIPT effect at a given temperature [7], in which once the FIPT

AC
C

is completed the structural contribution to the entropy change remains magnetic field independent [37].
Hence, the shape of the M(µ oH) curves does not depend only on the thermal procedure [9], but also on
the nature of the FIPT (i.e., step-like or monotonous with the applied magnetic field), if it exists. Thus,
the spike effect arises as an artefact of the Maxwell relation (equation 1) when ∆ST is obtained from
step-like M(µ oH) curves. ∆ST curves with gaussian-like shape are obtained from smoothly monotonous
M(µ oH) curves, and give no information on the existence or absence of any FIPT phenomenon. For
example, no spike effect is achieved when both TP-1 and TP-2 are used, figure 1(c) and figure 2(c),
respectively, even though the FIPT effect was proven to occur when the PT-1 is used.

7

ACCEPTED MANUSCRIPT
It is worth noting that the dissipative energy Ed, related to the irreversibility of the process,
should be subtracted from the area below the ∆ST(T) curve for a correct estimation of the GMCE in
materials exhibiting FIPT. Ed can be estimated from isothermal magnetization measurements, where Ed
is one half of the area enclosed by the loop at each temperature [14]. Following this method, we have
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calculated the energy losses (due to the Ed), being around 9 % at Tms = 316 K for TP-1 [see figure 4(b)],
and Ed ~ 12 % when the contribution of all the loops is added. Surprisingly, the difference between the
areas below ∆ST curves obtained from TP-1 and TP-2 is of the same order: Area(∆ST; TP-1) Area(∆ST; TP-2) = 11 %.

SC

From the application standpoint, the calculation of the refrigerant capacity, RC, is a relevant
parameter for evaluating the quality of magnetic refrigerants. The RC gives the effective amount of
heat that might be transferred from the hot to the cold sink if an ideal refrigeration cycle is considered;
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its magnitude is proportional to the area below the ∆ST(T) curve. Figure 5 shows the calculated RC-1,
RC-2 and RC-3 up to a maximum magnetic field change of µ o∆H = 5 T. In Table 1 the RC values for
µ o∆H = 2 T and 5 T estimated from experimental data following TP-1 and TP-2 procedures, as well as
the differences in percentage between them are given. Notice that the overestimation of the RC values
from the TP-1 data is again of the order of the calculated irreversible isothermal losses, because it
depends directly on the area below ∆ST curve as mentioned above. In accordance with reference [47],
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the effect corresponding to the magnetic entropy change due to the FIPT has the same sign as that of
the martensitic structural transition, giving rise to an enhancement of the magnetocaloric effect.
In addition, if we compare the direct measurement of the magnetization curves obtained from an
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isofield measurement under 5 T (solid circles in figure 6) and those obtained indirectly from isothermal
data following TP-1 (open squares in figure 6) and TP-2 (open circles in figure 6) the result should be
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equivalent because both isofield and isothermal measurements probe the same phenomenon [9]. The
direct M(T) measurement is in good agreement with the curve obtained from TP-2. Once again, we can
conclude that using TP-2 is the correct way to ensure that the transition is being traversed in the same
way.

We have demonstrated, by using MnCoGeB0.01 as a case of study, that the magnetocaloric
properties of a material estimated from isothermal magnetization measurements can be miscalculated if
a wrong thermal procedure is used. However, the reader must note that: (a) rather than a distinctive
characteristic of the MnCoGeBx alloys, the occurrence of field-induced phase transitions, together with
the associated irreversibility, is a common feature of most of the magnetocaloric materials already
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known exhibiting a giant field-induced magnetic entropy change (i.e. GMCE, owing to a coupled
FOPT); (b) the application of Maxwell relation is the most common method followed by the scientific
community to estimate the temperature dependence of ∆ST. The thermal procedure here described
(BnFHC) allows an accurate and reliable determination of ∆ST(T). Its implementation must start after
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the starting and finishing FOPT temperatures are precisely determined, typically by DSC and low-field
M(T) measurements. Afterwards, the transition path to be investigated and the most adequate thermal
procedure to measure each isothermal magnetization curve in the temperature interval of the FOPT
must be selected. This supports our view that the procedure here presented could be universally applied

SC

to any other first-order magnetocaloric effect system.
4. Conclusions
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In summary, we have investigated and analyzed the effect that two different thermal procedures
have on the calculated isothermal magnetic entropy change and the refrigerant capacity in
MnCoGeB0.01 alloy ribbons from magnetization curves. We found that even though an overestimation
of the magnetocaloric effect of a material is usually shown as a spike in the magnetic entropy change
curve, the absence of it doesn’t imply that both the maximal entropy change and the refrigerant
capacity are undoubtedly properly determined. We demonstrated that the MCE parameters (as: ∆STpeak
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value and position, the area below ∆ST curve, and the refrigerant capacity) are strongly dependent on
the thermal procedure employed during the measurement. This should take into consideration the
thermal and magnetic history of the sample. Thus, for a correct estimation of the magnetic entropy
change in the absence of the FIPT effect, the isothermal measurements should be always performed

EP

across the same direction of the transition. Otherwise, there is a risk of measuring the FIPT effect of the
reversal transition, if any.
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FIGURE CAPTIONS

Figure 1. (left column) and Figure 2 (right column). (a) heating/cooling DSC curves. (b) MZFC(T)
and MFC(T) curves measured under µ oH = 5 mT. (c) ∆ST(T) curve obtained from isothermal

RI
PT

magnetization M(µ oH) curves measured following thermal protocols TP-1 and TP-2, respectively. The
solid circles and diamonds indicate the measurement route followed in each case. In the case of TP-1
an arrow from solid circle to solid rhombus indicate the initial and final state of the field induced phase
transition (FIPT) for each isotherm. The Curie temperature of the hexagonal phase is pointed out by

SC

arrows on the M(T) curves. The vertical white stripe depicted in figures 1 and 2 denotes the temperature
interval in which the total field induced magnetic entropy change was calculated (see text for details).
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Figure 3. Room-temperature X-ray powder diffraction patterns for MnCoGeB0.01 ribbons (a) after
cooling down to 77 K and (b) after heating up to 1148 K.

Figure 4. Set of isothermal magnetization M(µ oH) curves measured on increasing the applied magnetic
field up to 5 T for MnCoGeB0.01 alloy ribbons following thermal procedures TP-1 (a) and TP-2 (c). The
field up and field down M(µ oH) curves (up to 2 T) for selected temperatures measured following TP-1
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(b) and TP-2 (d).

Figure 5. RC-1, RC-2 and RC-3 as a function of µ o∆H for TP-1 (a) and TP-2 (b).

EP

Figure 6. M(T) curves at 5 T obtained from isofield measurement and from M(µ oH) curves following
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thermal procedures TP-1 and TP-2.

TABLE CAPTION

Table 1. Values of RC-1, RC-2 and RC-3 calculated for magnetic field changes µ o∆H of 2 T and 5 T
for thermal procedures TP-1 and TP-2.

µo∆H
criteria
RC-1 (Jkg-1)
RC-2 (Jkg-1)
RC-3 (Jkg-1)

2T
TP-1 TP-2 diff (%)
110
97
11.8
88
78
11.4
56
50
10.7

5T
TP-1 TP-2 diff (%)
292 265
9.2
272 244
10.3
220 197
10.5
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Correct estimation of total field induced entropy change from Maxwell relation
is discussed.
We compare results after using two different measurement procedures.
Unidirectional measurement of isothermal magnetization curves proves to be
fundamental.
Magnetic entropy change overestimation can be avoided by using proper
measurement procedure.
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