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In this work, we present an investigation of the magnetic and magnetocaloric properties of
Mny 95 Cr0.02-x FexAs compounds with x = 0.002, 0.005 and 0.010. Our findings show that as Fe content
increases the unit cell volume decreases, which indicates that Fe doping emulates the pressure effect
on the crystalline structure. The transition temperature T¢ decreases as x increases and it can be set at
approximate value of room temperature by changing the doping level. In addition, the magnetic entropy
change ASy was determined using a discontinuous measurement protocol, and realistic values from the
magnetocaloric effect presented by MnAs-type compounds under pressure (emulated pressure) could be
obtained. The values of AS%AX are very large, around —11] kg ™' K™! with AH = 15 kOe, which is higher
than that observed for most compounds with T¢ around room temperature. However, ASy, is confined
to a narrow temperature range of 11 K. To overcome this drawback, the composition of a theoretical com-
posite formed by our samples was calculated in order to obtain a table-shaped ASy curve. The simulated
composite showed a high value of full width at half maximum 6Tgyuy of 33 K, which is much higher than
that of single sample.
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1. Introduction MCE is associated with magnetic transition, which is coupled to

structural transition from hexagonal NiAs-type (T < T¢ ~ 300 K)

The magnetocaloric effect (MCE) is the basis of magnetic refrig-
eration, which is considered an environment-friendly technology
because it uses no CFC or HCFC gases, besides being noiseless
and energetically efficient. The MCE corresponds to the reversible
heating and cooling of conventional magnetic materials when they
are placed in a magnetic field and removed from it, respectively.
The MCE can be expressed either in terms of an adiabatic temper-
ature change ATy or in terms of an entropy change AS when the
magnetic field is applied in isothermal conditions.

MnAs-type compounds have been intensively studied in recent
years due to the high values of the MCE, which can lead to their use
in magnetic refrigeration working at temperatures near room tem-
perature [1,2] when their hysteresis are eliminated. The intense
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to orthorhombic MnP-type (T¢ ~ 300 K < T) structure. In fact, the
compound suffers another structural transition from orthorhombic
to hexagonal at T, = 398 K [3]. At temperatures above T, the mate-
rial is paramagnetic following the Curie-Weiss law, whereas at
temperatures between T¢ and T, the material is also considered
paramagnetic but it fails in following the Curie-Weiss law [4,5].
In fact, some theoretical studies using density functional [6] and
first principles calculations [7] have shown that between T¢ and
T; the material exhibits a short-range antiferromagnetic interac-
tion confined to the ab plane. This result was recently confirmed
by an experimental work|[5].

The magnetic and magnetocaloric properties of MnAs and their
derivatives are extremely dependent on structural deformation,
and therefore, a few kbars of applied hydrostatic pressure can sig-
nificantly change the magnetic properties. Along with hydrostatic
pressure, chemical doping can also generate a structural deforma-
tion and emulate the pressure effect. In some cases the two
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approaches are equivalent [5]. Chemical doping can be achieved by
replacing Mn or As with other elements. It is important to address
that the substitution with Mn is more commonly used to change
the magnetic properties compared with the substitution with As,
as seen in literature where Mn is replaced by other transition met-
als [8,9]. In one case, when the Mn was replaced with Fe [1] and Cr
[10] a considerable increase in MCE and reduction of thermal hys-
teresis, respectively, were reported. However, the large MCE values
presented by Mn;_yFe,As compounds were overestimated because
the MCE depends on the magnetic and thermal history of the sys-
tem and the hysteresis of the phase transformation is the feature
that generates the irreversibility effects. These effects led to over-
estimation of ASy values when using isothermal magnetization
curves for obtaining the MCE response. Thus, it is well known in
the magnetocaloric community that for materials exhibiting first-
order magnetic transition it is necessary to adopt some measure-
ment protocol for obtaining the isothermals (M vs H curves) in
order to calculate realistic MCE values [11,12], or use isofield
curves [13].

In this work, we use chemical doping to emulate the pressure
effect and study its effect on the magnetic and magnetocaloric
properties of the MnggsCro.02_x)FexAs compounds. Our main goal
is to obtain realistic values of the MCE exhibited by MnAs and their
derivatives under hydrostatic pressure since they were recently
overestimated [1,2]. Therefore, a discontinuous measurement pro-
tocol [11] was used to avoid miscalculating MCE values, and it was
applied to samples with different Fe/Cr doping level, i.e., with dif-
ferent emulated pressures. In addition, the compressibility value of
MnAs was used to estimate the equivalent relative hydrostatic
pressure, which ranges from 0-0.5 kbar (considering x = 0.002 as
0 kbar), and matched the pressure values used in early works
[1,2]. Finally, in order to obtain a table-shaped ASy curve, the com-
position of a composite produced with the three samples was
determined, and the ASy curve with a full width at half maximum
(6Tpwhm) of 33 K was found.

2. Experimental techniques

A previous work [10] has shown that the Cr-doped MnAs com-
pound exhibits a reduced thermal hysteresis, when comparing
with pure MnAs compound. On the other hand, the Fe-doped MnAs
seem to exhibit the MCE and hysteresis enhanced [1]. Thus, we
made a co-doping using the Cr and Fe in order to obtain a com-
pound with optimized properties, namely, a MCE enhanced and
hysteresis reduced. Thus, we prepared samples of the
Mng 05Cr(0.02-x FexAs compound with x=0.002, 0.005 and 0.010.
The samples were prepared following the route presented before
[1,14]. The X-ray diffraction at 300 K and Rietveld refinement were
used in order to verify if the samples are single phase and to deter-
mine the cell parameters. Magnetic properties were studied using
a Lakeshore 7407 vibrating sample magnetometer with a maxi-
mum applied magnetic field of 1.5 T. The ramping rate at which
the M(T) curves were obtained was the same for all samples,
around 0.25 K/s. The shape (cubes of ~1 mm of length per side)
and mass (around 1.5 mg) of the samples used during the magnetic
measurements also were comparable in all cases.

3. X-ray diffraction

X-ray diffraction patterns at room temperature were analyzed
by the Rietveld method, which shows that the samples are single
phase and crystallize in the orthorhombic phase for the samples
with x=0.005 and 0.010. Fig. 1 shows that the sample with
x = 0.002 exhibits peaks of two phases (hexagonal and orthorhom-
bic) because of the phase coexistence observed in the hysteresis
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Fig. 1. X-ray diffraction patterns with the correspondent Rietveld refinement for all
samples at room temperature. In the bottom is shown the Bragg reflections with the
corresponding indices of crystallographic plane for the orthorhombic and hexag-
onal phases. Note that the sample with x = 0.002 shows the peaks of the hexagonal
and orthorhombic phases coexisting at that temperature. The main peaks of the
hexagonal phase are indicated by arrow.

region [4,15]. Rietveld fitting shows 86(1)% of orthorhombic phase
and 14.3(6)% of hexagonal one for the sample with x=0.002 at
300 K. The refinement parameters are presented in Table 1 (only
for the orthorhombic phase), which shows that the lattice param-
eters decrease as Fe amount increases, as shown in Fig. 2-Top. The
resulting effect on the crystalline structure are better visualized in
Fig. 2-Bottom, which shows the unit cell volume as a function of
the Fe atoms, which decreases with x. This is expected because
the average ionic radius of Fe is lower than that of Cr. Previous
works on the MnyFe,As system showed a similar tendency. Note
that the Fe doping emulates the positive pressure effect. From
the compressibility of MnAs [5], the corresponding hydrostatic
pressure could be determined. Considering x = 0.002 as P = 0 kbar,
the values for samples with x=0.005 and 0.010 are 0.3 and
0.5 kbar, respectively, as seen in Fig. 2-Bottom.

Table 1
Refined crystallographic data and reliability factors for the MngggCro02-x FexAs
samples in the orthorhombic phase.

Parameters Samples

X (Fe amount) 0.002 0.005 0.010
a(A) 5.7062(3) 5.7026(3) 5.7015(3)
b (A) 3.6499(3) 3.6478(2) 3.6467(2)
c(A) 6.3487(5) 6.3467(3) 6.3455(3)
Volume (A3) 132.22(2) 132.03(2) 131.93(2)
Ry (%) 3.8 5.7 4.8

Ruwp (%) 5.1 8.8 6.6
Rexp(%) 3.1 34 33

x 1.6 2.6 2.0
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Fig. 2. (Top) Lattice parameters of the orthorhombic phase as a function of the Fe
atoms for all studied samples. (Bottom) Unit cell volume as a function of x. Note
that the volume decreases as Fe atoms increase. Lines are a guide to the eye.

4. Magnetic properties and magnetocaloric effect

The structural modification exhibited by the compound when
Cr is replaced with Fe should modify the magnetic properties as
well. In order to verify this relation, the curves of magnetization
as a function of temperature in a magnetic field of 1 kOe were
obtained. Fig. 3 shows the curves of magnetization of the
x=0.002 and 0.010 compounds, and it is observed that the T,
decreases as the Fe amount increases. The transition temperature
Tc was defined as the minimum in the dM/dT vs T curves, and its
dependence on x can be better visualized in Fig. 4 in the heating
and cooling regimes. The lower unit cell volume decreased the
transition temperature, which is consistent with observations of
previous works [5]. This transition temperature dependence on
volume, can be ascribed to the itinerant (band) magnetism nature.
When the volume decreases, the bandwidth energy increases so
the density of states at the Fermi level decreases destroying the
magnetic order, as expected from the Stoner criterion. This beha-
viour is identical to the result of MnAs compound subjected to
hydrostatic pressure, and it has already been demonstrated that
the two approaches are equivalents in low doping regime [5].
The corresponding hydrostatic pressures calculated before are
shown in Fig. 4. By using those results, it is possible to find the dis-
placement of T¢ for lower temperatures, which occurs at a rate of
—31K/kbar for increasing temperature and -34K/kbar for
decreasing temperature. This is larger than the displacement of
temperature observed for other derivatives of MnAs [5]. Thus,
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Fig. 3. Magnetization as a function of temperature with applied magnetic field of 1

kOe for two studied samples. For the sake of clearness we are showing only the
curves of two samples.
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Fig. 4. Top - Curie temperature and (bottom) hysteresis dependencies of the Fe
amount with magnetic field applied of 1 kOe. The equivalent hydrostatic pressure

was estimated using the unit cell volume and compressibility of MnAs. Lines are a
guide to the eye.

the magnetic properties of the Fe,Cr co-doped MnAs seems to be
more sensitive to pressure effect than other members of its family.
For comparison, in GdsSi,Ge, the measured rates were 3.8 K/kbar
and 3.2 K/kbar for cooling and heating precesses|16], respectively.

Besides, it is interesting to note that all compounds exhibit a
transition around room temperature, which varies with the Fe
amount. The magnetic transitions are very close to each other, so
that a composite produced with these three samples can extend
the temperature range of the maximum ASy values.

Fig. 3 also shows the existence of a thermal hysteresis of 30 K,
which is a consequence of the first-order magnetic phase transition

coupled to structural transformation from the hexagonal (T < T¢) to
orthorhombic phase (T > T¢).

4.1. Magnetocaloric effect

The magnetic data presented in the previous section demon-
strated that all samples show a first-order magnetic phase transi-
tion. Thus, the calculation of ASy using Maxwell’s relations must
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Fig. 5. Isothermals used to obtain the ASy curves for all samples. They were
obtained with a temperature increment of 5 k around T¢ and of 10 K for the other
intervals. The temperature of the last isothermal is 385 K for all samples. Still, a
discontinuous cooling protocol [11] was used to ensure each isothermal to start
from an uniform magnetic state and so to avoid overestimated ASy, values.

be performed such that realistic values are obtained. For this pro-
pose, we can use either constant field measurements as a function
of temperature, or isothermal measurements as a function of field.
However, in this latter case, it is necessary to prepare the sample in
a properly defined state that eliminates the coexistence of phases
[12]. This can be performed for the current sample either by heat-
ing up the sample in zero field well above the transition in between
isothermal measurements and using the magnetization curve
(from O to Hygy) [12] or also by cooling down in a large enough field
down to a temperature well below the transition temperature and

Table 2

using the demagnetization curve (from Hpg to 0) [11]. The soft-
ware used for the measurements [17] uses this “discontinuous”
or "loop” protocol. In the present work, the isothermal magnetiza-
tion curves were measured according to a discontinuous measure-
ment protocol [11,12] where each isotherm was obtained by
heating the sample well above the transition temperature (param-
agnetic state) and cooling it back to the measurement temperature
(cooling protocol). This protocol provided the response of the
material after all thermal and magnetic history had been erased;
therefore, unrealistically high values of MCE were avoided. Thus,
ASy was calculated by processing the temperature and field depen-
dent magnetization curves (Fig. 5) using a numerical approach to
the expression:

H oM
Am:%ﬁl%ﬂfm 1)

where M is the magnetization and T the temperature and H; and H,
are the minimum and maximum applied fields. The partial deriva-
tives are replaced by finite differences and the integration is per-
formed numerically. This procedure was performed with the help
of the Magnetocaloric Effect Analysis Program [17].

ASy of all samples are shown in Fig. 6 for a magnetic field vari-
ation from zero to 15 kOe, which can be produced by a permanent
magnet. The values of AS), for the samples are very high compared
to that of most known compounds with T¢ at temperatures near
room temperature. Table 2 shows ASy™ values for compounds that
exhibit T¢ of approximately 300 K, and it is evident that the com-
pounds studied in the present work show larger values of ASy. In
this case, the values are not overestimated because we used an
appropriate measurement protocol. However, as seen in Table 2,
our samples show high values of relative cooling power (RCP),
but the 6Tpyuym is not very high[18]. In order to overcome this
drawback, we used the ASy, values from Fig. 6 and simulated the
composition of a composite that could be produced from our sam-
ples in order to obtain a table-shaped ASy.

4.2. Composite

As indicated before, the studied compounds present a very high
AS%AX in a very low temperature interval close to T¢ of the samples.
Thus, in order to overcome this drawback, an optimum composite
material formed by the MngsCr(o.020-x FexAs series with x = 0.002,
0.005 and 0.010 was calculated. The optimum profile for ASy vs. T,
to be considered, for example, in an Ericsson cycle, should present:
1) large temperature interval 6Tpyyy With considerable ASy and 2)
ASy values as constant as possible (table-like profile) in the 6Tryyym
range[26]. The second condition is required for the regenerative

Maximum magnetic entropy change (—ASwax) for AH = 15kOe , full width at half maximum (6Trpwuy) and relative cooling power (RCP = —ASy™ % 6Trwum) for our samples of the
Mng 05 Cr(0.020-x) FexAs system and other important materials on magnetic refrigeration context. For future comparison purpose we present the RC values, which is calculated by

using the integral of ASy (T).

Compound Tc (K) AH (kOe) —ASMAX (J/kg K) STrwnm (K) RCP/RC (J/kg) Ref.
x=0.002 280' 15 7.6 18 138/157° This work
x = 0.005 268' 15 113 11 124/150° This work
x=0.010 265' 15 103 11 113/133° This work
La(Fe.92C00.008)11.9Si1.1 301 20 8.7 [19]
PrMn; 4Feg ¢Gey 25.5 15 8.2 [20]
GdsSi, Ge, 276 20 6.5 16 104 [21]
Smyg 6Sr9.4MnO3 126 15 7.2 16 115 [22]
NiggMny3Sny, 288 18 7.9 3.8 30.2 [23]
MnFeP 63 Geg 12Si0 25 300 15 11 [24]
FeggZr7B4Cuy 295 15 1.32 125 166 [25]
Simulated Composite - 15 4.7 33 155/163* This work

! T¢ takes on cooling.
2 RC= {2 ASydT.
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Fig. 6. Magnetic entropy change curves as a function of temperature for a magnetic
field of 15 kOe for samples 0.002, 0.005 and 0.010. To avoid artifacts in the entropy
change curves, each of the isothermal magnetization curves were measured after
heating the sample in zero field up to 390 K and subsequent cooling in zero field
down to the measuring temperature.

5] AH=15k0e Simulated Composite
| concentrations
47 V,0000,-0-587
2 yx:oA005=0'087
g 34 yx=0.01o=0'326
=
£
L(’j)§ ____________
T 24
14
04 T T T T T T T T T
240 255 270 285 300 315

Temperature (K)

Fig. 7. Simulated magnetic entropy change curve as a function of temperature for
simulated composite on applied magnetic field of 15 kOe. Note that the 6Tmvum
increases from 11 K for a single sample to 33 K for simulated composite.

parts of the Ericsson cycle, i.e., the heat released in low isofield pro-
cess can be used to regenerate the cycle in the high isofield process,
increasing the efficiency of the magnetic refrigeration. We deter-
mined the optimum concentration of each compound to form the
composite through the method proposed by Smaili and Chahine
[27,28]. First, the composite isothermal entropy change AS;™ is
calculated by

n :
ASY™ = E ViASy, (2)
i-1

where n is the number of magnetic materials and y; its concentra-
tions which }"'y; = 1. In addition, for an ideal composite, another
bond must be considered:

n . . . .
> VilASy(TE ") = ASy(TD)] = 0, 3)
i-1
where j=1, 2,..., n — 1 and it represents an index of the tempera-
ture for the corresponding compound.

Fig. 7 shows the ASy curve for the simulate composite (with
0Trwnm = 33 K) which is almost twice larger than that of a single

sample (Table 2). Although the ASY™ of the composite has been
reduced to 4.7 J/kg K (average value), the Table 2 shows that its
RCP is of 162 J/kg, which is considerably increased with respect
to the individual samples.

5. Conclusions

In this work, the MngosCro2-xFexAs compounds with
x =0.002, 0.005 and 0.010 were produced and the magnetic prop-
erties and magnetocaloric effect were investigated. The Fe amount
induced a more distorted structure, which emulates a positive
pressure effect. This reduction of unit cell volume produced a dis-
placement of T¢ to lower temperatures, but it was maintained
around the room temperature, as desired for magnetic refrigera-
tion. The transition temperature dependence on pressure rate
ATc/AP, indirectly estimated for our magnetic systems, is about
ten times the rate measured in GdsSi,Ge,. Since this rate is associ-
ated with the barocaloric effect[29], our results point out to the
existence of high barocaloric effect in the series
Mng 0sCr0.02-x FexAs. The ASy was obtained using a measurement
protocol which avoided overestimated ASy,;, which allows to know

the realistic values of MCE for Fe-doped MnAs. The AS)/* values for
these compounds are very high, even for 15 kOe applied magnetic
field, and they are comparable to the ones observed for those mate-
rials considered attractive for magnetic refrigeration. However, a
drawback is observed: the 6Tpyuy of ASy curve is narrow. To over-
come this, the ideal compositions of a theoretical composite were
determined for obtaining a table-shaped AS,; curve. Our results
show that the 6Tryyy increases from 11 K for a single sample to
33 K for the simulated composite.
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