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a  b  s  t  r  a  c  t

The  phase  relation,  microstructure,  Curie  temperatures  (TC),  magnetic  transition,  and  magnetocaloric
effect  of  (Gd1−xErx)5Si1.7Ge2.3 (x  =  0, 0.05,  0.1,  0.15,  and  0.2)  compounds  prepared  by  arc-melting  and
then  annealing  at 1523  K  (3 h)  using  purity  Gd  (99.9  wt.%)  are  investigated.  The  results  of  XRD  patterns
and  SEM  show  that  the  main  phases  in those  samples  are  mono-clinic  Gd5Si2Ge2 type  structure.  With
vailable online 23 July 2011

eywords:
Gd1−xErx)5Si1.7Ge2.3 compounds
urie temperatures

increase  of  Er  content  from  x = 0 to 0.2,  the  values  of  magnetic  transition  temperatures  (TC)  decrease
linearly  from  228.7  K  to 135.3  K.  But  the  (Gd1−xErx)5Si1.7Ge2.3 compounds  display  large  magnetic  entropy
near  their  transition  temperatures  in a  magnetic  field  of  0–2 T. The  maximum  magnetic  entropy  change
in  (Gd1−xErx)5Si1.7Ge2.3 compounds  are  24.56,  14.56,  16.84,  14.20,  and  13.22  J/kg  K−1 with  x =  0,  0.05,  0.1,

.
agnetic transition
agnetocaloric effect

0.15,  and  0.2,  respectively

. Introduction

Magnetic refrigeration is based on the magnetocaloric effect and
s discovered by Warburg in 1881 [1].  It is realized by utilizing
he heat releasing or absorbing of a magnetic material due to a

agnetic field change �H. For a long time, the main application of
he magnetic refrigeration is to attain very low temperatures. Until
he discovery of giant magnetocaloric effect (GMCE) in Gd5Si2Ge2
nd related Gd5(SixGe1−x)4 compounds around room temperature
n 1997 [2–6], the possibility of magnetic refrigerants for room
emperature applications has become plausible. The giant magne-
ocaloric effect (GMCE) in Gd5Si2Ge2 is associated with a first-order

agnetic transition accompanied with a structural phase transition
rom an orthorhombic low temperature phase (space group Pnma)
o a monoclinic high temperature phase (space group P1121/a). The
iscovery of GMCE in Gd5Si2Ge2 brought the abundant studies for
he room temperature magnetic refrigerant materials with a first-
rder magnetic transition, such as LaFe13−xSix, MnFeP1−xAsx, and
nAs1−xSbx [7–13]. It is a milestone in developing room tempera-

ure magnetic refrigerant materials. In addition, it also brought the
tudies on other members of the Re5(Si1−xGex)4 (Re = Ce, Pr, Sm,
b, Dy, Er, Ho, Y) family. The result indicates that there are diverse
atures due to their different physical properties [14–16].  Firstly,

ifferent Re5Si2Ge2 compounds have different crystal structures.
he Sm5Si2Ge2 and Tb5Si2Ge2 compounds are Gd5Si2Ge2-type
onoclinic structure [17,18]. Pr5Si2Ge2 is Gd5Si2Ge2-type mono-
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E-mail address: ygchen60@yahoo.com.cn (Y. Chen).
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clinic structure under 4 K, or it is ZrSi4 structure [19]. Ce5Si2Ge2 is
orthorhombic ZrSi4 structure [20]. The Re5Si2Ge2 (Re = Dy, Er, Ho,
Y) compounds are Sm5Ge4 structure. But they are Gd5Si2Ge2-type
monoclinic structure when 2.6 ≤ x ≤ 3.2, 0.35 ≤ x ≤ 3.8, 3 ≤ x ≤3.4,
and 4 ≤ x ≤ 3.5, respectively [21–25].  Yb5(Si1−xGex)4 is Gd5Si4
structure [26]. Secondly, part Re5(Si1−xGex)4 compounds also show
the giant magnetocaloric effect. Tb5Si2Ge2 shows that a magnetic
field induced transition occurs near about 110 K and a large MCE
with the same origin as that in Gd5Si2Ge2 compound [17]. The
Er5Si4 compound also has the character of a first-order magnetic
transition as in Gd5Si2Ge2 [25].

Rare earth elements substitute for Gd in Gd5(SixGe1−x)4 com-
pounds have been studied according to the some physical and
chemic comparability between different rare earth elements.
The small amount substitution of Tb for Gd in Gd5Si1.72Ge2.28
compound decreased the Curie temperature, but the maximum
magnetic entropy change in a magnetic field of 0–2.0 T for the
(Gd0.94Tb0.06)5Si1.72Ge2.28 alloy reaches 25.13 J/kg K−1 [27]. The
substitution of Dy or Y for Gd decreased the Curie temperature and
the maximum magnetic entropy change in Gd5Si2Ge2 compound
[28,29]. The studies of Gd5−zRez(SixGe1−x)4 (Re = Er, Ce, Pr, Sm,  Dy,
Er, or Ho) are few. In this work, the phase relation, microstructure,
Curie temperatures (TC), magnetic transition, and magnetocaloric
effect of (Gd1−xErx)5Si1.7Ge2.3 (x = 0, 0.05, 0.1, 0.15, and 0.2) com-
pounds were investigated.
2. Experimental techniques

The (Gd1−xErx)5Si1.7Ge2.3 (x = 0, 0.05, 0.1, 0.15, and 0.2)
compounds with nominal composition were prepared by arc

dx.doi.org/10.1016/j.jallcom.2011.07.004
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ygchen60@yahoo.com.cn
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Fig. 1. XRD pattern of (Gd1−xErx)5Si1.7Ge2.3 compounds.

elting under the protection of high purity argon atmosphere
99.999 wt.%). The purities of raw materials Gd, Er, Si and Ge are
9.9 wt.%, 99.9 wt%, 99.9999 wt.%% and 99.9999 wt.%, respectively.
he compound buttons were re-melted five times to ensure homo-
eneity. The as-cast compounds were annealed at 1523 K (3 h)
n a molybdenum wire furnace of 3 × 10−3 Pa vacuum, followed
y furnace cooling down to room temperature. The phase purity
nd crystal structures were determined by powder X-ray diffrac-
ion (XRD) using Cu (K˛) radiation. Scanning electron microscope
SEM) was carried by Hitachi-S-3400N. Magnetic measurements
ere performed using a vibrating-sample magnetometer (VSM,

akeshore 7410). The Curie temperatures (TC) are determined from
he minima of dM/dT of the M–T  curves and were measured in an
pplied magnetic field of H = 0.02 T. The isothermal magnetization
urves were measured in a temperature range of 150–300 K, and in

 magnetic field of 0–2 T. The magnetic entropy changes �SM(T,
) were calculated from isothermal magnetization curves (M–H
urves) in the vicinity of the Curie temperature using the thermody-
amic Maxwell relation according to Eq. (1) [30]. For magnetization
easured at discrete field and temperature intervals, the magnetic

ntropy change defined in Eq. (1) can be approximated by Eq. (2)
31].

SM(T, H) =
∫ H

0

(
∂M

∂T

)
H

dH (1)

SM(T, H) = 1
�T

[∫ H

0

M(T + �T,  H)dH −
∫ H

0

M(T, H)dH

]
(2)

. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of the
Gd1−xErx)5Si1.7Ge2.3 compounds collected at room temperature
ith x = 0, 0.05, 0.1, 0.15, and 0.2, respectively. By analyzing and

ndexing the X-ray diffraction patterns, one can find that the
ain phases are monoclinic Gd5Si2Ge2 structure in those sam-

les. The main diffraction peaks of the Gd5Si2Ge2 structure phase
ave obvious shift to high angle with the increase of Er con-
ent. This is a signature of lattice contraction. It attributes to the
adius of Er (1.67 Å) is smaller than that of Gd (1.72 Å). Fig. 2 is
he SEM micrographs of the (Gd1−xErx)5Si1.7Ge2.3 compounds. We
an observe that there are the regular line microstructures in five

ompounds, which have been observed in Gd5Si4, Gd5Si2Ge2, and
d5Ge4 single crystal alloys [32–34].  The column cellular grains
nd cellular walls are very clear, and some fine lines in gray
atrix basic phase in microstructures. According to the analy-
pounds 509 (2011) 9604– 9608 9605

sis of SEM and EDS of Gd5(Si1−xGex)4 compounds, Meyers et al.
thought that the regular line microstructure is the Widmanstat-
ten Gd5(Si,Ge)3 phase [33]. From Fig. 2, one can find that the
amounts of regular line microstructure occupy large volume pro-
portion, but the characteristic peaks of Gd5(Si,Ge)3 phase cannot
be observed in XRD patterns. In addition, the EDS analysis of
(Gd1−xErx)Si1.7Ge2.3 shows that the total atom proportion of Si
and Ge are 53.66%,50.80%, 49.04% in regular line microstructures
with x = 0, 0.1, and 0.2, respectively, which are obviously higher
than 37.5 at% in Gd5(Si,Ge)3 phase. According to the EDS result of
(Gd0.8Er0.2)Si1.7Ge2.3 compound, as shown in Table 1, the compo-
sitions of regular line microstructure phase is close to that of the
GdGe-type phase. The gray matrix microstructure, fine lines and the
dots in gray matrix phase are both Gd5Si2Ge2-type phase. But the
atom atomic percent of four elements in those microstructures are
different.

Fig. 3 displays the temperature dependent magnetization of
(Gd1−xErx)5Si1.7Ge2.3 compounds measured under 0.02 T in heat-
ing process from 100 to 270 K. The Curie temperatures (TC) can be
obtained by the minima in the first derivative of the M–T curves
in each sample. According to magnetic theory, the TC is mainly
determined by the exchange interactions between the magnetic
atoms. In (Gd1−xErx)5Si1.7Ge2.3 compounds, Si and Ge are nonmag-
netic, the Curie temperature is determined by the Gd–Gd, Gd–Er,
and Er–Er interactions. From Table 2, one can find that TC of the
(Gd1-xErx)5Si1.7Ge2.3 compounds decrease from 228.7 to 135.3 K
with increasing of Er content from x = 0 to 0.2. The decrease of the
TC and the Er content almost shows linear relation, as shown in the
inset of Fig. 3. This shows that the Curie temperature is very sensi-
tive to the Er content. The decrease of the Curie temperature in the
Er-substituted compound is probably associated with the fact that
the Gd–Gd and Gd–Er interactions are much stronger than that of
the Er–Er interaction in metal systems. Note that the GdCo2 com-
pound has a high Curie temperature, TC = 405 K [35], but the ErCo2
with a low Curie temperature, TC = 33 K [36]. Therefore, the substi-
tution of Er for Gd in the (Gd1−xErx)5Si1.7Ge2.3 compounds results
in the decrease of Curie temperature, as observed in previous work
on the Gd–Er-based compounds [14]. The lattice contraction and
the Gd–Gd interactions reduce with increase of Er content are also
the factors of the decrease of TC. In addition, the M–T curve dis-
plays a large slope, and it is a typical symbol of the first-order
structural/magnetic transition, which results in a large magnetic
entropy change.

The isothermal magnetization curves of different temperatures
in the vicinity of the Curie temperature are shown in Fig. 4(a–e).
The measurements were performed in field increasing process.
In order to check whether the isothermal magnetization process
involves magnetic hysteresis, one of the magnetic field dependence
of magnetization curves near TC were measured during up and
down magnetic field of 0–2 T. One can find that the M–H  curves
below TC exhibit a characteristic ferromagnetic behavior. With
increasing temperature above TC, there is a field-induced metam-
agnetic transition from the paramagnetic state to the ferromagnetic
state in Gd5Si1.7Ge2.3 compound, which is characterized by a step
sharp change in the magnetization. The transition disappears in
the samples with higher Er content. It indicates that the initiated
critical field (HC) of field-induced IEM transition increases with
the increase of Er content in (Gd1−xErx)5Si1.7Ge2.3 compounds. The
magnetic hysteresis is happens inevitably in magnetic refrigera-
tion materials with a first-order phase transition, and the value of
magnetic hysteretic loss is also response to the first-order magnetic
transition intensity. For Gd5Si1.7Ge2.3 compound, a large magnetic

hysteresis occurs, and the value is 43.44 J/kg near TC. With the
increase of Er content up to x = 0.2, the magnetic hysteresis reduces
to 3.97 J/kg at 136 K [see Fig. 4(e)], it shows that the first-order
magnetic transition from paramagnetic to ferromagnetic state is
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.3 compounds: (a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.15, (e) x = 0.2.
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Table 1
The results of EDS analysis performed on the three phases presents in Fig. 2(e).

Gd (at%) Er (at%) Si (at%) Ge (at%) Phase

Region I 42.69 8.26 31.27 17.77 GdGe-type
Fig. 2. Backscattered SEM micrographs of (Gd1−xErx)5Si1.7Ge2

eakened with the increase of Er content Fig. 5 shows the Arrott
lots of five samples. One can find that negative slopes appear, but
he value of negative slope becomes small in turn in those sam-
les. According to the Inoue–Shimizu model [37], negative slopes in
rrott plots often indicate a first order transition and the linear rela-

ion in Arrott plot above TC implies that a second-order magnetic

ransition occurs. It shows that (Gd1−xErx)5Si1.7Ge2.3 compounds
eep the first-order structural/magnetic transition, but the behav-
or of the first-order magnetic transition becomes feeble with the
r increase.
Region II 44.08 12.73 19.27 23.33 Gd5Si2Ge2-type
Region III 42.71 14.67 20.14 22.51 Gd5Si2Ge2-type
Region IV 41.71 13.47 22.52 22.30 Gd5Si2Ge2-type
Region V 40.16 14.37 22.79 22.67 Gd5Si2Ge2-type
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Fig. 3. Temperature dependent magnetization measured of (Gd1−xErx)5Si1.7Ge2.3
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Table 2
The content of Er, Curie temperature, maximum magnetic entropy changes
�SMax(T,H), magnetic hysteresis loss of (Gd1−xErx)5Si1.7Ge2.3 compounds.

x TC

∣∣�SMax

∣∣ (J/kg K) Magnetic hysteresis (J/kg)

0.0 228.71 24.56 43.44
0.05 207.34 14.56 15.33
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0.1  181.95 16.84 16.39
0.15 158.43 14.20 12.58
0.2  135.26 13.22 3.97

Magnetic entropy change �SM(T,H) was calculated by Maxwell
elation based on the magnetization data. Fig. 6 shows the �SM(T,H)
f (Gd1−xErx)5Si1.7Ge2.3 compounds as functions of temperature.
he magnetic entropy changes reach maximum near their first-
rder structural/magnetic transition temperatures. The maximum
agnetic entropy changes with different Er concentration are given

n Table 2. In this work, the maximum magnetic entropy change
f (Gd1−xErx)5Si1.7Ge2.3 compound is 24.56 J/kg K, which is larger
han that of Gd5Si1.72Ge2.28 with no heat treatment using the 3N of
d raw material in the same magnetic field of 0–2 T and equipment

eported in Ref. [27]. It shows that the heat treatment process in this
ork is beneficial to offset the disadvantage rooting from as-cast
d5Si4−xGex compounds with the same raw materials and increase

he maximum magnetic entropy changes. Because the introduction
f Er weakens the behavior of first-order structural/magnetic tran-
ition, the maximum magnetic entropy change decreases with the
ncrease of Er content. The (Gd0.8Er0.2)5Si1.7Ge2.3 compound has a

aximum magnetic entropy change of 13.22 J/kg K near its Curie
emperature in a magnetic field of 0–2 T. But it is larger than that
f Gd under the same applied magnetic field.

. Conclusions

The (Gd1−xErx)5Si1.7Ge2.3 (x = 0, 0.05, 0.1, 0.15, and 0.2) com-

ounds are prepared by arc-melting and annealing at 1523 K
3 h) with the purity starting Gd metal of 3N. The main phase
emains mono-clinic Gd5Si2Ge2 type structure. There are regular
ine microstructures of GdGe-type phase in five samples, and some

[

[
[

pounds 509 (2011) 9604– 9608

fine lines are observed in gray matrix phases. With the increase
of Er content, the lattice shrinks, and the TC decreases linearly
from 228.7 K to 135.3 K. The compounds keep the typical first-order
structural/magnetic transition. The maximum magnetic entropy
changes in the of (Gd1−xErx)5Si1.7Ge2.3 compounds are 24.56, 14.56,
16.84, 14.20, and 13.22 J/kg K−1 with x = 0, 0.05, 0.1, 0.15, and 0.2 in
the applied field change of 0–2.0 T, respectively.
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