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ABSTRACT

Polycrystalline Nd(Mn;_xFey),Ge; (0 <x < 1) compounds have been prepared by arc-melting. X-ray pow-
der diffraction analysis shows that all samples crystallize in the ThCr,Si,-type structure with the space
group I4/mmm. The substitution of Fe for Mn results in decreases of the lattice constants a, ¢ and the
unit-cell volume V. Magnetic properties and magnetocaloric effect of the compounds Nd(MngoFeg 1 ),Ge,
and Nd(MnggFeg2),Ge; have been studied by magnetic measurements. A spin reorientation transi-
tion at about 188 K is observed for Nd(MnggFeq 1 ),Ge;. The Nd(MnggFeg> ), Ge, compound shows more
complicated magnetic behavior, which is characterized by four magnetic ordering states below room
temperature. The maximum values of the magnetic entropy change are 2.35 and 1.84J kg~' K-! for x=0.1
and 0.2, respectively, under the applied field changing from 0 to 5T. The relative cooling powers of
Nd(MnggFeq),Ge, and Nd(MnggFep3),Ge; are 145.9 and 133.8] kg~! under an applied field change of

5T.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the magnetocaloric effects of magnetic materials
receive a great deal of attention in order to identify potential mag-
netic refrigerants [1-5]. The magnetocaloric effect (MCE) found by
Warbury [6] provides a unique way to realize refrigeration from
room temperature to ultralow temperatures. With an increase of
the applied field, the magnetic entropy decreases and heat is emit-
ted from the magnetic system to the environment in an isothermal
process. With a decrease of the applied field, the magnetic entropy
increases and heat is absorbed by the magnetic system in an
adiabatic process. During the last few years, many rare earth
(R)-transition metal (TM) intermetallic compounds have been
shown to possess giant MCE [7-10]. Based on the various reports
available, it is ascertained that giant MCE can be obtained only in
materials showing first-order transitions, magneto-structural tran-
sitions or field-induced metamagnetic transitions [11-13].In order
to identify potential refrigerant materials from the reservoir of rare
earth (R)-transition metal (TM) intermetallics, many materials are
being revisited with regard to their MCE.

Among the R-TM intermetallics, RMnyX; (X=Si, Ge) have
attracted a lot of attention due to their interesting magnetic prop-
erties [14-17]. Normally, this type of compounds crystallize in
the body-centered tetragonal ThCr;,Si)-type structure with the
space group I4/mmm, in which R, Mn, and X atoms occupy 2a
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(0,0,0), 4d (0,1/2,1/4) and 4e (0,0,z) sites, respectively. The unit
cell consists of two formula units and the compound has a lay-
ered structure with the sequence ...R-X-Mn;,-X-R-X-Mn;-X-R. ..
planes (so-called ‘BaAly’ slab) stacked along the c-axis. Conse-
quently, the distances between the atoms mainly depend on the a-
and c-parameters [18], which is favorable to analyze the magnetic
properties of these compounds based on the Mn-Mn distance. In
this series, both R and Mn atoms possess magnetic moments. It has
been reported that in most of the RMn, X, (X =Si, Ge) compounds,
the Mn sublattice orders magnetically in a wide temperature range
while R sublattice shows magnetic ordering only at low tempera-
ture. The interlayer and intralayer Mn-Mn exchange interactions
are very sensitive to the intralayer Mn-Mn distance (dg;,_pin)-
Roughly, if d§, .. > 2.87A (a>4.06A), the intralayer (in-plane)
Mn-Mn coupling is antiferromagnetic, while the interlayer (along
c-axis) Mn-Mn coupling is ferromagnetic. In the case 2.84 <
dd, v < 2.87A (4.02<a<4.06A), both the intralayer and inter-
layer couplings are antiferromagnetic. When df, ... < 2.84A
(a<4.02A), there is no intralayer in-plane coupling, and the Mn
sublattice is collinear ferromagnetic (light rare earth compound)
or antiferromagnetic (heavy rare earth compound) along the c-axis
[19-28].

Mossbauer spectroscopy [29], neutron scattering [30,31] and
magnetization studies on single crystal [32] and polycrystal [30,33]
show four magnetic phase transitions in NdMn,Ge, compound.
According to above references, various values of transition tem-
peratures have been found for T¢(Nd) (21, 40, 100K), Tsg(Mn)
(210, 215, 250K), Tc(Mn) (330, 334, 336, 339K) and Ty(Mn) (415,
430K).
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In this context, we report the effect of Fe substitution for Mn on
the crystal structure, magnetic, and magnetocaloric properties of
Nd(MIh,XFex)zGeZ.

2. Experimental

The samples were prepared by arc-melting on a water-cooled copper crucible
with a non-consumable tungsten electrode under high purity argon atmosphere.
The purity of the elements was 99.98% for Mn and Fe, 99.9% for Nd, and 99.99%
for Ge. To compensate the weight loss during melting and annealing, 10% excess of
Mn was added before melting. The ingots were turned over and re-melted several
times in order to achieve complete fusion and good homogeneity. The ingots were
wrapped in Ta foil and annealed in an evacuated quartz tube at 900 °C for 2 weeks.

Crystal structure and phase identification of the samples were examined by X-
ray powder diffraction (XRD). The XRD data were collected at room temperature
using a Rigaku D/Max 2500 diffractometer with Cu Ka radiation and a graphite
monochromator operated at 44kV and 250 mA. The scan range was from 10° to
110° (20) with a step size of 0.02° and a sampling time of 1s. The XRD profile fitting
was performed using the DBWS9807a [34] program. The low temperature X-ray
diffraction (LTXRD) studies were performed on the same diffractometer equipped
with a low-temperature system. The temperature was controlled on an accuracy
of about +1K with a PTC-20A temperature controller. The sample was heated to
the desired temperature at a rate of 5 K/min and held for 5 min before recording the
data. All measurements were carried out in a vacuum of about 2 Pa. The temperature
dependence of the magnetization (M) of the samples was measured on a supercon-
ducting quantum interference device (SQUID) magnetometer at a low field (500 Oe)
in the temperature range from 5K to 300 K. The magnetization isothermals were
measured by the SQUID magnetometer with magnetic fields up to 5T at different
temperatures. The specific heat of the samples was measured using a Modulated Dif-
ferential Scanning Calorimeter (MDSC) (Q200, TA Instruments) in the temperature
range of 200-370 K. The heating ramp was run at 5 K/min.

3. Results and discussion

Fig. 1 shows the Rietveld refinement results of the XRD data
of Nd(MnggFeq 1),Ge, at room temperature. Similar profile fitting
was achieved for other compounds. The refinement shows that the
compound is asingle phase, crystallizing in the tetragonal ThCr, Si,-
type structure belonging to the space group I4/mmm. The lattice
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Fig. 1. The observed, calculated and residuals of the XRD of Nd(MnggFeq).Ge;.
The small cross and continuous lines correspond to the experimental and calcu-
lated patterns respectively. The bottom curve depicts the difference between the
experimental and calculated intensities.

constants a and ¢, and the unit-cell volume V derived from the XRD
patterns are presented as a function of Fe concentration x in Fig. 2,
and the values are listed in Table 1. Since the atomic radius of Fe
is smaller than that of Mn, the substitution of Fe for Mn results in
a decrease of the lattice constants a, ¢ and the unit-cell volume V
with increasing Fe content x. As a result, both the nearest intralayer
Mn-Mn distance df\’An_Mn and the nearest interlayer Mn-Mn dis-
tance dg,,_\,, decrease with the Fe content (see Table 1).

The thermal variation of the magnetization for x=0.1 and 0.2
compounds in an applied field of 500 Oe is presented in Fig. 3.
For x=0.1, a spin reorientation behavior is observed. The spin
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Fig. 2. The lattice constants a and c, unit cell V, and the c/a ratio of Nd(FexMn;_x)Ge; as a function of Fe content x.
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Table 1
The structural parameters derived from Rietveld refinements of the XRD patterns of Nd(FeyMn;_y),Ge, compounds.

X a(A) c(A) V(A3) cla dd e Z (Ge site) Rp (%)
0.0 4.1022(3) 10.9085(7) 183.57(4) 2.6592 2.9011 0.385 11.20
0.1 4.0905(2) 10.8876(5) 182.17(2) 2.6617 2.8929 0.384 10.58
0.2 4.0786(3) 10.8618(3) 180.68(3) 2.6631 2.8844 0.382 9.08
0.3 4.0695(1) 10.8376(2) 179.48(0) 2.6631 2.8780 0.382 9.45
0.4 4.0615(3) 10.8025(3) 178.19(1) 2.6597 2.8724 0.380 8.97
0.5 4.0545(3) 10.7548(1) 176.80(3) 2.6526 2.8674 0.381 9.77
0.6 4.0502(4) 10.7230(3) 175.90(5) 2.6475 2.8644 0.380 9.12
0.7 4.0452(0) 10.6657(6) 174.53(3) 2.6366 2.8608 0378 8.72
0.8 4.0432(2) 10.6375(2) 173.90(1) 2.6310 2.8594 0377 9.68
0.9 4.0397(2) 10.5639(3) 172.39(4) 2.6150 2.8569 0.377 8.68
1.0 4.0381(3) 10.5049(1) 171.30(3) 2.6015 2.8558 0.375 10.46
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Fig. 3. Temperature dependence of the magnetization of Nd(FeyMn;_)Ge; for
x=0.1and 0.2 in a field of 500 Oe.

reorientation temperature (Tsg = 188 K) is determined by the cusp
maximum of the M(T) curve. Below Tsg, a weak transition is found
at about 33.3K (Tyq), which is attributed to the ordering of the
Nd sublattice [29-33]. Below Tyq4, the magnetization increases
with decreasing temperature which could be explained by the
ferromagnetic coupling of the Nd and Mn sublattices in this com-
pound. The Curie temperature (Tc =290K) has been determined
from the M2-T curves by extrapolating M? to zero. For x=0.2,
the sample exhibits a SmMn,Ge,-like behaviour, characterized by
four magnetic regions: above T¢; ~ 235K, the sample is apparently
paramagnetic; between 235 and 185K, the sample behaves fer-

ume of the compound vary with temperature, which are shown
in Fig. 5 with the values listed in Table 2. In our measurement
temperature range, dy;,_\., of Nd(MnggFeq1),Ge; is large than
2.87A (a>4.06A). According to the previous report [19-28], for
the dfy _vin > 2.87 A, the intralayer (in-plane) Mn-Mn coupling
should be antiferromagnetic, while the interlayer (along c-axis)
Mn-Mn coupling should be ferromagnetic. This agrees well with
our magnetic measurement result. For x=0.2, the df, _,, is very
close to 2.87 A between 133 and 183 K. As the references point
out, theintralayer (in-plane) Mn-Mn coupling is antiferromagnetic,
while the ferromagnetic and antiferromagnetic states coexist in the
interlayer (along c-axis). This may explain why a pure antiferro-
magnetic state is not reached in this compound. When T> 183K,
the dy, i, is obviously large than 2.87 A, so the interlayer (along c-
axis) Mn-Mn coupling should be ferromagnetic, which also agrees
well with our magnetic measurements.

Table 2

The values of lattice parameters and unit-cell volume at different temperatures for Nd(MnogFeo ; ),Ge; and Nd(MnggFep2)2Ge;.
x=0.1 x=0.2
T(K) a(A) c(A) V(A3) A o T (K) a(A) c(A) V(A3) dd o
133 4.0806(2) 10.8655(5) 180.92 2.886 133 4.0637(3) 10.8589(7) 179.32 2.873
153 4.0819(2) 10.8686(5) 181.09 2.887 153 4.0654(3) 10.8589(8) 179.47 2.874
173 4.0828(2) 10.8711(5) 181.22 2.887 173 4.0676(3) 10.8577(7) 179.65 2.876
183 4.0833(2) 10.8719(5) 181.27 2.888 183 4.0692(3) 10.8564(7) 179.77 2.877
193 4.0838(2) 10.8737(5) 181.35 2.888 193 4.0723(3) 10.8549(7) 179.93 2.880
203 4.0845(2) 10.8750(5) 181.43 2.889 203 4.0725(3) 10.8550(7) 180.03 2.880
213 4.0852(2) 10.8759(5) 181.50 2.889 223 4.0743(3) 10.8555(8) 180.20 2.881
223 4.0859(2) 10.8782(5) 181.61 2.890 233 4.0753(3) 10.8559(7) 180.30 2.882
243 4.0872(2) 10.8828(5) 181.80 2.891 243 4.0761(3) 10.8567(7) 180.38 2.882
263 4.0883(2) 10.8830(6) 181.90 2.891 253 4.0769(3) 10.8575(7) 180.47 2.883
273 4.0892(2) 10.8845(5) 182.01 2.892 263 4.0778(3) 10.8590(8) 180.57 2.884
283 4.0899(2) 10.8863(6) 182.09 2.892 283 4.0791(3) 10.8617(8) 180.73 2.885
293 4.0905(2) 10.8877(6) 182.17 2.893 300 4.0797(3) 10.8635(8) 180.81 2.885
300 4.0908(2) 10.8887(5) 182.22 2.893 323 4.0815(3) 10.8698(8) 181.08 2.886
313 4.0918(2) 10.8920(5) 182.36 2.894 343 4.0824(3) 10.8739(6) 181.22 2.887
333 4.0929(2) 10.8958(6) 182.52 2.895
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Fig. 4. LTXRD patterns of Nd(MnogFeq1),Ge, sample.

The magnetic isotherms of Nd(MnggFep1),Ge; and
Nd(MnggFeg;),Ge, compounds have been measured in the
vicinity of the Curie temperature with the magnetic field from
0 to 5T. As shown in Fig. 6, the magnetization increases rapidly
at low field and shows a tendency to saturate with increasing
field. It is well known that the magnetic transition can lead to the
change of magnetic-entropy and the magnetocaloric effect can be
characterized by isothermal magnetic entropy change. The Arrott
plots are depicted in Fig. 7, which have been used to determine
the type of phase transition of the sample near T according to
the Inoue-Shimizu model [36]. This model involves a Landau
expansion of the magnetic free energy (F) up to the sixth power of
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It has been pointed out that the order of magnetic transition is
closely related to the sign of the Landau coefficient C3(T) at the Curie
temperature (C3(T¢)) [37]. The magnetic transition is a first order
when C3(T¢) is negative, whereas it is a second order for positive
C3(Tc). The sign of C3(T¢) can be determined by means of the Arrott
plots [38]. If the Arrott plot is S shaped near the magnetic tran-
sition temperature, C3(T¢) is negative; otherwise it is positive. As
shown in Fig. 7, no S-shaped curve is exhibited near the Curie tem-
perature. Therefore, the magnetic transition in Nd(Mn;_yFex),Ge;
compounds is of second order.

The magnetic entropy change, AS, was calculated using
Maxwell’s thermodynamic relation (9S/dH)r =(0M/0T)y. The error
of the calculated AS using this technique is within 3-10% [2]. The
magnetic entropy change is given by

F M* + M — poMH (1)

Gs(T)
6

/” < as)
ASM(T, H) = Sm(T, H) — Sm(T, 0) = o ) daH
0

H om
:/0 <8T) dH )

where H is the change of the applied field. For magnetization (M)
measured at discrete field and temperature intervals, Eq. (2) can be
approximated by the following expression [39]:

1
AS = me(z\/h+1 ~ M)y AH; 3)
where M; and M;. are the magnetization values measured in a field
H at temperatures T; and T;.1, respectively. The temperature depen-
dence of the magnetic entropy changes of Nd(MnggFeq 1),Ge, and
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Fig. 5. The variation of lattice parameters and unit-cell volume with the temperature in (a) Nd(MnggFeo),Ge; and (b) Nd(MnggFeg2),Ge;.
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Nd(Mng gFeg ), Ge,, calculated from the isothermal magnetization
curves by Eq. (3), is presented in Fig. 8 for different magnetic field
changes of AH=1T, 2T, 3.2T, 4T and 5T. The peak values are
listed in Table 3. As shown in Fig. 8, the ASy decreases gradually
below the transition temperature, indicating a spreading distribu-
tion of ASy;. Therefore, despite the smaller magnitude of ASy; of
the Nd(Mng gFeq.1),Ge; and Nd(Mng gFe » ), Ge; compounds, their
ASy versus T curves are significantly broader. The ASF#* values
decrease with the iron content. On the one hand, the substitution
of Fe for Mn results in a decrease of the magnetization moment
due to the dilution effect of the nonmagnetic Fe. On the other hand,
with the increase of iron content, the M-T curves become smooth.

Besides the magnitude of ASy, there is another important
characteristic parameter called relative cooling power (RCP), the
amount of heat transferred in one thermodynamic cycle. Accord-

}‘;zl;ezk values of isothermal magnetic entropy change at different applied field.
H(T)
1 2 32 4 5
x=0.1
ASw (J/kgK) 0.63 1.17 1.68 1.98 2.35
x=0.2

ASy (J/kgK) 0.53 0.93 132 1.57 1.84
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Fig. 7. Arrott plots at different temperatures near Tc: (a) Nd(MnggFep1),Ge, and
(b) Nd(MngsFe),Ges.

ing to the method of Gschneidner et al. [40], the RCP value for
reversible refrigeration was obtained by numerically integrating
the area under the ASy versus T curve, using the temperature at
half maximum of the ASy; peak as the integration limit:

Thot

RCP = / ASu(T) dT, (4)
Tcold

where Tj,or and T q are the corresponding two temperatures of half

maximum of the ASy; peak. 8Tgpwyw is the difference between Tj,o¢

and Teqpq:

BTFWHM = Thot - Tcold (5)

The RCP values for Nd(Mng gFeq 1 ), Ge; and Nd(Mng gFeq 5 ), Ge;
are listed in Table 4.

Table 4
The magnetocaloric parameters of Nd(MnggFeg1),Ge; and Nd(MnggFeo>),Ges
compounds.

AH (T)
1 2 3.2 4 5
x=0.1
RCP (J/kg) 184 46.1 86.4 112.7 1459
8Trwnm (K) 29.2 394 51.4 56.9 62.1
x=0.2
RCP (J/kg) 18.6 44.1 77.4 102.2 133.8
3Trwhm (K) 35.0 474 58.6 65.1 72.7
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The temperature dependence of the specific heat Cp of
Nd(Mng gFeg1)2Ge, is shown in Fig. 9. The A-shape maximum on
the specific heat curve at 287 K agrees with the Curie temperature
Tc of this compound determined by the magnetic measurement.
The shape of the peak is typical for a second-order phase transi-
tion, which is in accordance with the result determined by Arrott
plot.

4. Conclusions

We have studied the effect of Fe substitution on the structural,
magnetic, and magnetocaloric of Nd(Mn;_xFex),Ge,. The results
presented in this work indicate that in the Nd(Mn_yFex),Ge; sys-
tem the crystal structure remains unchanged upon Fe substitution,
but the lattice constant decreases with the Fe concentration. The
change in the lattice parameters, obtained from the LTXRD, is found
to be correlated with the magnetic properties. The substitution
of iron drastically influences the magnetic properties of the Mn
sublattice and results in a fast decrease of T¢. The behavior of
the magnetization in the vicinity of the Curie temperature reveals
the second-order character of the phase transition. The admix-
ture of the Fe atoms does not influence the magnetic ordering in
the Nd-sublattice, but only leads to a small change of the Tg. The
Mn-sublattice exhibits a magnetic ordering in the wide temper-
ature range. There is a spin reorientation for x=0.1 as previously
reported in NdMn;Ge; and it disappears with iron addition. A ferro-
antiferromagnetic transition is observed in the Nd(Mng gFe » ), Ge;
compound. However, a pure antiferromagnetic state is not reached
in this compound. The maximum values of ASy; are found to be 2.35
and 1.84]/kgK for x=0.1 and 0.2 under the applied field change
from OT to 5T. The ASg}** values decrease with the iron content
since the magnetization moment decreases due to the dilution
effect of the nonmagnetic Fe and the M-T curves become smoother
for x=0.2. The relative cooling power (RCP) of Nd(Mng gFeg 1), Ge>
and Nd(Mng gFeq),Ge; is 145.9 and 133.8] kg~! under an applied
field change of 5T.
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