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Effect of changing P/Ge and Mn/Fe ratios on the
magnetocaloric effect and structural transition
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The magnetocaloric effect in the MnxFe; Py _yGey intermetallic compounds with the amount of Mn in the range of
x = 1.05 to 1.17 and amount of Ge in the range of y = 0.19 to 0.22 has been studied. It was found that a higher Ge/P
ratio causes an increase in Curie temperature, magnetocaloric effect at low field (up to 1 T), activation energy of structural
transition and a decrease in thermal hysteresis, as well as transition enthalpy. Contrary to this observation, higher Mn/Fe ratio
causes a decrease in Curie temperature, slight decrease of magnetocaloric effect at low magnetic field, and an increase in
thermal hysteresis. Simultaneous increase of both ratios may be very advantageous, as the thermal hysteresis can be lowered
and magnetocaloric effect can be enhanced without changing the Curie temperature. Some hints about optimization of the
composition for applications at low magnetic fields (0.5 T to 2 T) have been presented.
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1. Introduction B
and the integral ASy = [ <%—I‘T/I>BdB is the mag-

Manganese based intermetallic compounds i
with Fe,P type crystalline structure can be useful
for energy applications. These rare-earth-element-
free magnetocaloric materials are good candidates
for the next generation of regenerators in magnetic
cooling devices. Magnetocaloric effect (MCE) can
be defined as an effect of temperature change in
adiabatically isolated material when exposed to
a changing magnetic field. Adiabatic temperature
change can be described by the relation:

netic entropy change. The magnetic entropy change
ASy is a good parameter to compare usefulness
of magnetocaloric compounds, however more ap-
propriate is a comparison of AT,q which depends
on SM, specific heat and temperature of magnetic
transition.

Interesting properties of MnFe(P;_xYy) com-
pounds were for the first time reported by Tegus
et al. [1] in MnFePg45As(55. In their other pa-
per, the authors have shown an impact of chang-
5 ing P/As ratio on the Curie temperature and

T (oM magnetic entropy change [2]. In further stud-
Alwg = — / Cy (M)BdB (1) ies arsenic was substituted for germanium, which
Bi caused a drop in the MCE and an increase in
T. [3]. In all the studied compounds first or-
der magnetic transition (FOMT) has been re-
ported. Until now, several papers describing mag-
netocaloric effect in the MnFePGe series with
respect to the composition changes have been
*E-mail: patryk.wlodarczyk @imn.gliwice.pl published [4-11].

where T denotes Curie point, Cg is a heat
capacity in the vicinity of magnetic transition
at the magnetic field with an induction B,
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The main goal of the present work is to study
the character of structural changes during the phase
transition. The impact of the Ge/P and the Mn/Fe
ratio on the kinetics of transformation, thermal hys-
teresis and MCE has been examined.

2. Experimental

Approximately 5 g samples were prepared by
mixing in a mortar high purity Mn 3N, Fe 3N,
MnszP> 3N, Fe,P 3N and Ge 5N, 325 mesh ele-
ments and compounds. The powders were pressed
at the ambient temperature and a pressure of
about 1 GPa. The pressed pellets were sintered for
5 hours at 1273 K and homogenized for the next
50 hours at 923 K under the vacuum of 5 x 1073 Pa
(wire vacuum furnace, Czylok, Poland). There-
after the samples were slowly cooled down in the
furnace to the room temperature. The phase pu-
rity and the crystal structures were determined by
powder X-ray diffraction (XRD) using AgKox ra-
diation (D/MAX RAPID II-R Rigaku Denki Co.
Ltd., Japan). The microstructures were observed by
energy dispersive spectroscopy (EDS) and wave-
length dispersive spectroscopy (WDS) (JCXA 733,
JEOL, Japan). Magnetic measurements were per-
formed using a Physical Property Measurement
System (PPMS-7, Quantum Design, Inc., USA).
The magnetic entropy changes AS(T,B) were cal-
culated from isothermal magnetization curves (M-
B curves) in the vicinity of Curie temperature using
the thermodynamic Maxwell relation. The isother-
mal magnetization curves were measured in a tem-
perature range of 150 K to 350 K under magnetic
fields of O T to 7 T. The direct adiabatic tempera-
ture changes AT,q(T,B) were obtained with an adi-
abatic magnetocalorimeter (AMT&C Group, Rus-
sia) in a temperature range of 170 K to 350 K
under magnetic fields up to 1.7 T. The external
magnetic field was changed ina cycle 0 T-1.7 T
— 0 T with a rate of 1 T/s. AT,q measurements
were performed on the samples that were initially
milled, mixed with the consolidating wax-based
“CEREOX” powder in the ratio 85:15 wt.% and
then pressed under 1 GPa pressure. Tablets pre-
pared by this method were resistant to the large
magneto-volume effect during the measurements

but exhibited lower maximum AT,q than the bulk
samples. Calorimetric studies were performed with
the use of Netzsch Pegasus 404c thermal analyzer.
Samples with a mass of approximately 30 mg were
heated at the rates 5 K/min to 30 K/min under the
helium atmosphere with gas flow of 50 mL/min.

3. Results and discussion

Energy dispersive spectroscopy (EDS) is very
effective in showing the presence of microsegre-
gation regions. Additionally, the EDS maps for all
the samples (Fig. 1 shows the EDS map of a se-
lected sample) have given the phase composition in
the microscale and the elemental analysis for each
phase. For all the samples the dominating phase is
of Fe,P-type (>80 %), while there are about 5 % of
FeMnGe and MnO phases as impurities. Based on
such analysis and the chemical composition of the
magnetocaloric Fe,P-type phase, the samples have
been listed as follows:

1. Mn1.05Fe0.95P0.81Ge0.19
2. Mn1.05Fe0.95P0.79Ge0.21
3. Mn1.05Fe0.95P0.78Ge0.22
4. Mn1.1Fe0.9P0.78Ge0.22

5. Mn1.17Fe0.83P0.78Ge0.22

p.3 mass% atom%

Ge 54.2 473

atom%
54.08 |
45.92

Fig. 1. Microstructure of sample 1 and its local elemen-
tal analysis. In the description a. 1 and a. 2 stand
for areas and p. 3 and p. 4 for points.

The room temperature powder X-ray diffraction
patterns of the studied compounds are shown in
Fig. 2. They can be indexed in the hexagonal Fe,P-
type structure with the P —6 2 m space group. There
are also indications of two impurity phases: fer-
romagnetic FesMnyGeg-type (the P m m m space
group) and MnO (the F m -3 m space group).
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The weight fractions of the phases, lattice param-
eters, unit-cell volume and c/a ratio for Fe,P-type
phase have been refined using Rietveld method and
presented in Table 1. The selected Rietveld refine-
ment pattern for sample 1 is shown in Fig. 3. Four
compositions 1, 2, 4, 5 are paramagnetic at room
temperature, whereas sample 3 is ferromagnetic at
room temperature. Its smaller c lattice parameter in
comparison with sample 1 and 2, and its smaller c/a
ratio results from the magnetostriction effect occur-
ring at the Curie temperature, what stays in agree-
ment with the previous results [4, 5].

XRD

* Fe,Mn,Ge, impurity |

+ MnO impurity
Sample 5

Intensity (arbitrary units)

f Il
I ' I
10 15 20

Angle, 2theta (deq)

Fig. 2. Ambient temperature X-ray diffraction patterns.

The temperature dependent powder X-ray
diffraction patterns in 2 theta range from 12° to 20°
of the samples 1, 3 and 5 are shown in Fig. 4. It is
clearly seen that the peak positions are changing
continuously during the heating, which indicates
that the phase transition is of magnetoelastic type.

Magnetic measurements in the magnetic field
up to 7 T were performed on three of the five
studied samples, i.e. MnjgsFeg95P0.81Geo.19
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Fig. 3. Rietveld refinement pattern for Sample 1. Red
points — experimental data, solid black line — re-
fined curve, vertical lines define the Bragg line
positions separately for each phase, upper blue
line marks the difference between the experi-
mental and refined data.

(D), Mn; osFe.95Po.78Geo.22 3, and
Mn; 17Fe( g3P0.78Gep22  (5). Based on these
results, effects of changing Mn/Fe as well as P/Ge
ratios can be evaluated. In Fig. 5 one can see Arrott
plots and magnetic entropy change plots for all
three samples. The Arrott plots were prepared with
the use of critical exponents adapted from the mean
field theory i.e. B = 0.5 and vy = 1. In all three
cases the curves on the plots have a negative slope,
therefore according to the Banerjee criterion [6] all
these magnetic phase transitions can be classified
as a first order type (FOMT). On the first site, the
highest negative slope and therefore the lowest
value of derivative can be observed in the sample
Mn; o5Feq.95P0.81Geg.19. Therefore, it can be stated
that with a decrease in the Ge/P ratio the first order
character of magnetic transition is enhanced while
the change in the Mn/Fe ratio barely influences the
character of the transition. Along with the Arrott
plots, very interesting could be a comparison
of magnetic entropy change curves. In the high
magnetic field of 5 T, the highest entropy change
was evaluated for the Mnj gsFeg 95Pg.g1 Geg.19 i.e.
19 J/(kg-K). In the Mnj gsFeq95P78Geg the
magnetic entropy was found to be 16 J/(kg-K) at
B = 5 T, while in the Mn; ;7Fe(.83Py.7§GeFy 27 it
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Table 1. Weight fractions of refined phases, room temperature lattice parameters, c/a ratio and unit-cell volume
for Fe,P-type phase. Sample 3 is in the low-temperature ferromagnetic state.

No. Fe,P-type [%] MnO [%] FezMnyGeg[%] a=Db[A] c[A] c/aratio  V [A7]

1 87.97+0.74 6.45+0.53  5.57+0.17  6.0795+£0.0006  3.4515+0.0004 0.5677 110.476+0.021
2 87.53+1.03 6.57+1.14 5904032  6.1016+0.0014  3.4421+0.0010 0.5641 110.979+0.049
3 83.05£1.07 12204097  4.75+0.21 6.1765+0.0011  3.3514+0.0006 0.5426 110.724+0.034
4 80.97+1.04 12.45+0.98  6.58+0.22  6.1038+0.0009  3.4441+0.0006 0.5704 111.123+0.030
5  81.83£1.39 14.244093  3.93+0.18  6.1118+0.0008  3.4429+0.0005 0.5633 111.375+0.027

was even lower i.e. 14 J/(kg-K) at the same mag-
netic field. The opposite situation was observed
in low magnetic fields 1 T to 2 T. In the magnetic
field equal to B = 2 T, the highest magnetic
entropy change (8.5 J/(kg-K)) was observed for
the sample with higher amount of germanium i.e.
in Mnj gsFeg 95Pp 78Gep 2. In the compound with
an overall formula Mn; gs5Feg95Pg51Geg.19 the
magnetic entropy change is lower and it is equal
to 7.8 J/(kg-K). The magnetic entropy change in
magnetic fields in the range of 1 T to 7 T can be
observed in Fig. 5. For samples 1, 3 and 5, Curie
temperatures are presented in the insets of the
Arrott plots in the figure.

The second important parameter that describes
magnetocaloric effect is adiabatic temperature
change. Until now, there have been few studies on
adiabatic temperature change in MnFePGe com-
pounds, including direct AT,q measurements [7,
8]. In the literature [7], the authors have pre-
sented AT,q measurements of a bulk sample with a
composition Mnj ;Feg Py 75Geg 5. They have ob-
tained maximal AT,q equal to 1.8 K in magnetic
field of 1.1 T. Contrary to the magnetic entropy
change, adiabatic temperature change is directly re-
lated to the efficiency of the active magnetic re-
frigerator that could be used in the cooling de-
vice. Adiabatic temperature change of the tablets
pressed under 1 GPa pressure with 15 wt.% of wax
based powder was measured in the field chang-
ing up to 1.7 T. Due to the low density and high
porosity of prepared samples, magnetocaloric ef-
fect may be significantly lower than in the high
density bulk alloys of the same type. Despite this
fact, the dependence of AT,y on the composi-
tion has been satisfactorily examined in this pa-
per. In Fig. 6, AT,q(T) curves are presented for all

the studied compounds. In the upper panel, the in-
fluence of Ge/P ratio, while in the bottom panel,
the influence of Mn/Fe ratio on the magnetocaloric
effect under the low magnetic field (B = 1.7 T) are
presented. As one can see, an increase of germa-
nium amount in the compound (from 0.19 to 0.22)
improved the maximum value of AT,q (from 0.65 K
to 1.2 K) despite weakening the first order transi-
tion character. Moreover, the weakened first order
transition had an advantageous effect of lowering
thermal hysteresis of transition. On the other hand,
increasing the Mn/Fe ratio caused a slight drop
in the amplitude of AT,q(T) (from 1.2 to 1.0 K)
and an increase of thermal hysteresis. It might
be interesting to compare Curie temperatures ob-
tained from magnetic measurements and transition
temperatures observed from direct AT,y measure-
ments. There is about 2 K difference between ex-
act Curie temperatures and temperatures at which
AT,4(T) has the maximum value. Moreover, ther-
mal hysteresis values obtained from direct ATyq
measurements are slightly (3 K) higher than those
obtained from Curie point measurements. It can be
caused by the different heating/cooling rates.

As there is a large difference in mag-
netocaloric properties between samples with
different amount of germanium, calorimetric
studies on the structural transition in sam-
plCS 1 and 3 ie. Mn1405F60,95P0.73G60422 and
Mn; g5Feq 95P0.738Geg.19 were carried out. Kinetic
parameters, such as rate constants and activa-
tion energies were derived from calorimetric
measurements by performing heating at differ-
ent rates (5 K/min to 30 K/min). In order to
analyze this solid-solid transition, the models
widely used for crystallization such as Avrami and
Flyn-Wall-Ozawa were used.
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Fig. 4. Temperature dependent X-ray diffraction maps:
(a) Sample 1 (b) Sample 3 and (c) Sample 5.

Rate constants were obtained with the use
of Avrami model. According to this model un-
der isothermal conditions, degree of reaction
(transformation) is given by the equation [9-11]:

a(t)=1—¢*" )

where k is a rate constant and n is Avrami expo-
nent. These two parameters can be obtained from

Activation energy can be obtained from the
slope of log(®) versus 1/T curve. Degree of trans-
formation (x(t)) needed for both models was cal-
culated from DSC measurements by the use of the

procedure:

T rdH
/ () ar

7, \dT

Ty (dH
(5 )ar

1, \dT
In the presented equation, dH/dT is the enthalpy at
an infinitesimal temperature, Ty is the onset tempe-
rature, while T¢ is the final temperature of transfor-

mation. Consequently, total time of transformation
is given by the relation:

o) = (7

®)

In Table 2, Avrami parameters calculated for two
samples with different Ge/P ratios are shown.
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Fig. 5. Arrott plots and magnetic entropy change for Samples 5, 1 and 3 (numbered from the top)

As one can see, there is a slight difference in the
value of speed of transformation which is indi-
cated by the half time of process. Structural trans-
formation is slower in the sample with higher
amount of Ge. Moreover, there is a difference in
the Avrami exponent, which is related to the mech-
anism of structural change. In our case it could
be caused by the more pronounced change of lat-
tice parameters during transition in the sample
with germanium amount Xge = 0.19. In Fig. 7,
activation energies for transitions in both stud-
ied samples obtained from the FWO model have
been presented. Activation energy for the same

transformation progress (&« = 50 %) is equal to 340
and 230 J/(kg-K) for Mn1.05F60.95P0,78Ge(),22 and
Mn, gsFeg.95Po.s1Geg.19, respectively. However, an
average enthalpy calculated from DSC curves for
the same samples is equal to 4.4 J/g and 5.5 J/g,
respectively. Therefore, the sharper the first order
transition, the lower the activation energy, higher
enthalpy and higher Avrami exponent is observed.
Additionally to kinetics studies, specific heat near
the Curie point for samples 1, 3 and 5 was ob-
tained. It is equal to about 0.63 J/(kg-K) at 300 K,
which is 3 times higher than the specific heat of
pure gadolinium (0.21 J/(kg-K)).
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Table 2. Peak temperatures and Avrami kinetic parameters derived for two measured samples with different heat-
ing rates. @ —rate of heating, T}, — peak transformation temperature, In(k’) — rate constant logarithm, n —
Avrami exponent, t; /, — half-time of transformation.

&® [K/min] T, [K] In(k’) n t; /2 [min]
Mn ¢5Fe0.95P0.78Gep 22
30 342.48 (8.59£0.27) x 1072 4.31+0.11  0.900
25 342.33 7.38+£0.28) x 1072 4.26+0.12 0.902
20 341.85 (5.60£0.30) x 102 4.07+0.12  0.901
15 341.71 (—4.31£2.47) x 1073 4.24+0.13 0918
10 341.57 (—2.11£0.07) x 107! 4.38+0.16 0.965
5 340.79 —1.01+0.04 4.46+0.19 1.155
Mn; osFeg.95P0.81Geo. 19
30 305.27 (3.3720.09) x 1072 5.24+0.08 0.926
25 304.98 (2.10£0.50) x 102 5.18+0.12 0.928
20 304.64 (=5.37+0.10) x10~2 5.2740.11 0.942
15 304.30 (—1.41£0.03) x 107! 4.87+0.11 0.955
10 303.90 (—4.7120.10) x 10! 5.25+0.12 1.020
5 303.28 —1.66x0.04 5.27+0.13 1.278

Table 3. Comparison of the obtained data with the literature.

Chemical Tc [K] —AS: B Preparation method Year
composition
Mn; 1 FegoPys1Geo. 19 260 14J/kg K:2T  bulk (mechanical alloying) 2008[4]
Mn; 1Feg 9Py 78Geg 2o 298 20J/kgK:2T
Mn1,1F60.9P0_75G60_25 330 13 J/kg K:2T
Mn, 1 Fey.9Py sGeg.n 206 15J/kg K:2T  ribbon bulk alloy (induction) ribbon  2006[5]
Mn 1Feg 9Po 76Geg 24 299 11J/kgK:2T
Mn; 1Feg 9Py 76Geo 24 317 17 J/kg K:2T
Mn; Fep.9Pg 3Geg.n 255 28 J/kg K:2T  bulk (mechanical alloying) 2009[6]
Mn; Fey9Pg 3Geg.n 250 22J/kgK:2T  bulk (mechanical alloying) 2010[7]
MnFeP( 7Ge 3 360 - bulk (mechanical alloying) 2004[8]
MHFCPQ‘5G60_5 570
Mn; 1Fey.9Po74Geg 26 323 45J/kg K:5T ribbons (arc melting + melt spinning) 2015[9]
Mn1'1F60.9P0,7GCQ,3 360 19 J/kg K:5T
Mn]_|Feo.9P0'6gGeo_32 403 9 J/kg K:5T
Mn; 1Feg9Py7Geg 3 380 - bulk (mechanical alloying) 2005[10]
Mn; sFeg g5Po.76Geo.25 263 10J/kg K:2T  bulk (arc melting) 2015[11]

Mn 15Feq.85P0.74Gep 26 272 -
Mn 15Fe 85P0.72Gep 28 314 -

Mn, ;5Fe.85P0.70Geo.30 330 12J/kgK:2T

Mn1,15F60,35P0.63Geo,32 342 12 J/kg K:2T

Mn; osFeg.95Po.81Geo.19 295 9JkgK:2T bulk (solid-state reaction) this work
Mn g5Feq.95P0.79Geo 21 310 -

Mn g5Feq.95P0.78Geo.22 335 7JkgK:2T

Mn 1 Feg 9Po.78Geo.22 318 -

Mn; 17Fe0.83P0.78Geo.22 293 9J/kgK:2T
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Fig. 6. Impact of Ge/P and Mn/Fe ratios on adiabatic
temperature change and thermal hysteresis of
studied samples.

Very interesting is the impact of composition on
the thermal hysteresis. As was stated in the pre-
vious section, activation energy and enthalpy are
related to the strength of first order transition. An
increase of activation energy connected with a de-
crease of enthalpy of the process is related to the
suppression of the first order type transition. It was
found that the higher Ge/P ratio influences the tran-
sition character, which changes gradually into sec-
ond order type. Thermal hysteresis rises signifi-
cantly, while lowering the Ge/P ratio (from 7 K to
22 K) which is caused by the stronger first order
transition. Surprisingly, an increase of Mn/Fe ratio
causes an increase of thermal hysteresis (from 6 K
to 14 K), however, the effect is lower than in case
of Ge/P ratio change.

In the literature, Mn; 1Feg9Po78Geg 2o is pre-
sented as the best possible composition optimized
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Fig. 7. Complex analysis of structural transition kinet-
ics in Samples 1 and 3 with different Ge/P ra-
tios. Top panel — DSC curves for different heat-
ing rates, middle panel — Avrami fits of kinetic
curves, bottom panel — FWO fits and activation
energies.
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for magnetic cooling devices at room temperature
(Table 3). It has maximum of magnetic entropy
change in the magnetic field of 5 T at room tem-
perature. However, the composition should be op-
timized for lower magnetic fields (0.5 T to 1 T).
Our studies indicate that an increase of germanium
amount causes significant reduction of thermal hys-
teresis and increase of magnetocaloric effect in low
magnetic field (up to 1 T). The increase of ger-
manium content causes also significant increase of
Curie temperature. On the other hand, this tempe-
rature can be shifted back to room temperature by
increasing the manganese amount.

4. Summary

Impact of Ge/P and Mn/Fe ratios in the Mn-
FePGe intermetallic compounds on the phase tran-
sition and magnetocaloric effect has been studied.
Despite the fact that decreasing Ge/P ratio causes
strengthening of the first order transition, it has ad-
verse effect on the magnetocaloric characteristics
in the low magnetic field. Compounds with higher
amount of germanium have not only higher magne-
tocaloric effect in the field up to 2 T but also much
lower thermal hysteresis of transition and much
higher Curie point. In order to bring Curie point
back to room temperature, Mn/Fe ratio can be in-
creased. Therefore, optimal MnFePGe compound
for the application in magnetic refrigeration tech-
nology at room temperature should be composed
of high amounts of both germanium [y(Ge) >0.22]
and manganese [x(Mn) >1.17].
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