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Recently, a giant magnetocaloric effect (MCE) in GdgSi1.xG&)4

aloys had been reported and

considered as a milestone in developing an efficient and environment friendly magnetic refrigeration
technology. The crystal structure and magnetic properties of Gds(Si1xGe,)s compound are systematically
investigated by means of temperature dependent X-ray powder diffraction and magnetic measurements.
There exists a first-order structural and magnetic transition when Ge substitution for Si or warming the
samples through Curie temperature. A crystallographic and magnetic phase diagram of the pseudobinary
system GdsSsGdsGe; was constructed. An intriguing observations is that Gds(Si1.,Ge,)4 alloy forms a
compl etely miscible solid-solution at low temperature (below Curie temperature) and decomposesintothree

partially miscible solid-solutions above Curie temperature.

1. Introduction

A milestone in developing an efficient and
environment friendly magnetic refrigeration tech-
nology is the recent discovery of a giant magneto-
caloric effect (MCE) in Gds(Si1xGe)s compounds
(x$0.5). They exhibit aMCE of 2-10 timeslarger than
that of the best known magnetic refrigeration
materials (e.g. Gd) [1, 2]. Of particular interest for
potential application of the materials is that the
temperature, at which the giant MCE occurs, can be
tuned conveniently from -20 to -290 K by adjusting
the Si:Geratio in Gds(Si;.,Ge,),. Thecrystal structure
and magnetic properties of the pseudobinary system
Gds(Si1-,Ge,)4 were studied 30 years ago [3, 4]. The
phase relation, crystallography and magnetic proper-
ties of this pseudobinary system were reinvesti-gated
recently by Pecharsky and Gschneidner [5, 6].
Although both the end compounds, GdSi, and
GdsGey crystallize in the SmsGey-type orthorhombic
structure (Pnma) and have the same crystallographic
positions occupied by atoms, the significant
difference in the axial ratio a/c (and a/b) and atomic
parameters indicates that the germanide and silicide
are not isostructural. Such a structural difference
results in limited solubilities of Ge in GdsSi4 (x$0.5,
O(I) phase or GdsSi4 based solid solution) and S in
GdsGe, (x$0.8, O(I1) phase or GdsGe, based solid

solution) in Gds(Si1-xG&)4 aloys on the one hand, and
a monoclinic distortion (GosSi,Ge-type structure,
P112,/a,M phase or GdsSi,Ge, based solid-solution)
of the orthorhombic SmsGey-type structure in the
intermediate composition range (0.54#x<0.8) on the
other hand [5]. For 0.5#x<0.8, it was proved that the
magnetic transition is accompanied by a first-order
structural  transition from a monoclinic to an
orthorhombic symmetry as the temperature decreases
[7, 8]. For x=0.9, a first-order structural transition
from an orthorhombic (Gd;Ge,-type) to another
orthorhombic structure (GdsSis-type) was reported
recently [9]. The occurrence of the giant MCE in
Gdy(Si1.xGe)s is believed to associate with a
simultaneous first-order magnetic and structura
trangition. Therefore, further systematic studies may
be of great significance and future impact.

The aim of this contribution is to systematically
study the structural and magnetic trangition in
Gdy(Si1.xGe)s system by means of temperature
dependent x-ray diffraction (XRD) and magnetic
measurement.

2. Experimental Procedure

Gdy(Si1.xGe/)4 aloys (around 4g ) with x ranging
from O to 1 were prepared by arc melting of 99.9 wt%
pure Gd and 99.9999w1% pure Si and Ge in an argon
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Fig. 1 The XRD patterns of three different structuresin Gds(Si;.xGey), depending on composition at 298 K

atmosphere under ambient pressure. The aloys were
arc-melted four times with the button being turned
over after each re-melting to improve homogeneity of
the alloys. Weight loss during melting was less than
2wt% and therefore the initial composition was
assumed unchanged.

X-ray diffraction data were collected at different
temperature ranging from 80 K to 550 K with appro-
priate temperature interval in order to investigate the
structural transition temperature, using a Rigaku Rint
D/max 2500 type diffractometer withamedium & low
temperature attachment. The diffractometer use a
rotating Cu target (Cu Ka radiation) with voltage of
40 kV and current of 300 mA and a graphite mono-
chromator. The X-ray diffraction data used to refine
the crystal structure parameters were collected by a
step-scan mode with a scanning step of 2g=0.02° and
a sampling time of 2s. The powder diffraction
Rietveld profile fitting technique [ 10] was adopted to
refine the crystal structures using the program DBW-
9411 [11]. The Curie temperature was determined on
the temperature dependence of magnetization curve
measured by a SQUID magnetometer with increasing
temperature.

3. Results and Analysis

At 298 K Gdk(Si1.xGey)4 compounds crystallizein
three different structures depending on composition as
showninFig. 1, i.e. GdsSi4s-based phase (O(1) phase or
GdsSi, based solid solution), GdsGerbase phase
(O(1l) phase or GdsGe, based solid solution) and
GdsSi,Gexbased phase (M phase or GdsSi>Ge, based
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Fig. 2 Dependence of lattice parameters on Ge content in
the Gds(Si1.xGey)4 System at 298 K. The lines are guides
for eye.

solid-solution). Figure 2 shows the concentration
dependence of the lattice parameters (a, b, and c) of
the Gds(Si1.xGe)4 compounds at 298 K. The lattice
parameters in present investigation agree well with
the reports of Gschneidner et a. [5] except that in our
work thelattice parameter cintherange of 0.5#x<0.8
increases dightly with Ge content x. This should be
more acceptable due to the fact that the atomic radius
of Geislarger than that of Si. Figure 2 aso indicates
the homogenous range of the three phases: x< 0.5 for
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Fig. 3 Temperature dependence of XRD patterns of
Gds(S 04Geye)4 dlOy.
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GdsSi4-based phase, 0.5-x<0.8 for GdsSi,Ge,-based
phase and x-0.8 for GdsGesbase phase. There are
abrupt changes of lattice parameters around phase
boundaries: Da/a.0.7%, Db/b.0.1%, and Dclc.-
0.2% when x=0.5, and Da/a. 0.5%, Db/b .-0.05% and
Dc/c . -0.3% when x=0.8.

There exists a structural and magnetic transition
between GdsSi,Gey-based phase and GosSis-based
phase when warming or cooling the samples through
the Curie temperature T.. Figure 3 shows the XRD
patterns of Gds(Sio4Gene)a compound at various
temperature. The structural transition occurs around
220K asindicated in Fig. 3. The temperature depen-
dence of lattice parameters of Gds(Sio4Gepe)s COM-
pound is shown in Fig. 4. The sharply changes of
lattice constants around 220K are: Dala. 0.9%,
Db/b .0.05% and Dc/c . -0.2%.

Figure 5 shows the XRD patterns of
Gds(Sip15Geygs)4 dloy at varioustemperature, indica
ting that a structural transformation occurs around 90
K. The temperature dependence of lattice parameters
of Gds(Sip15Gengs)s is depicted in Fig. 6. There dso
exist abrupt changes of lattice parameters around
90K : Dala- 1.8%, Db/b.-0.1% and Dc/c. -0.6%.

48

T35

730 . -

- - B
T.T54 .
— & o = '
=L 7.0 ¥ v o '
g 7.35 * 0O : !
E 7.50] welld gymbal O ) praea !

E - poen syThol: W phaga ———r—— A
B 7.5 i
Brse] = = o
2o :

8 rad l'_1.,:--9-—-—?'
7.3+ .

7.30 —r — .

50 107 1&0 200 280 -1

Temperatura " K

Fig. 4 Temperature dependence of thelattice parameters of
Gds(Si 04Geyg)4 as obtained from the Rietveld anaysis of
the XRD patterns. Thelinesareaguideto theeye. Thedash
line indicate the magnetic and crystalographic phase
boundary.
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Fig. 5 Temperature dependence of XRD patterns of
Gds5(Si015Gengs)4 alloy.

The abrupt changes of lattice parameters of
Gdy(Si1xGe)s compounds resulting from Ge
substitution have a remarkable resemblance to those
of the compounds with x=0.65 and x =0.85 when
warming samples through T.. This is not a
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Fig. 6 Temperature dependence of the lattice parameters of
Gds5(Si 915Gy g5)4 as obtained from the Rietveld analysis of
the XRD patterns. The lines are aguide to the eye. The dash
line indicates the magnetic and crystall ographic phase
boundary.

coincidence. As shown in Table 2 in Ref. [5] and
Table Il in Ref. [8], The difference of atomic posi-
tions between the three structuresislarge alonga axis,
and small along b and c axes. According to Choeet al.
[8], the main structure changes result from making
and breaking covalent bonds of pairs of Si(Ge)-
Si(Ge), and alarge shear movement of pairsof (3434)
atom dabs along thea direction. The atomic position
movements lead to the large expansion of the unit cell
along aaxis, correspondingly slightly reduction aong
c axis, and adightly change dong b axis.

Gds(Si;,Ge), compounds crystalize in the
GdsSis-type structure below T, regardliess of the
composition based on the temperature dependent
XRD. The powder diffraction Rietveld profile fitting
technique was used to refine the XRD patterns of
Gds(Si1-Ge()4 a 80 K using the program DBW-9411.
The concentration dependence of lattice parameters
(a b, and c) of these compounds at 80 K are shownin
Fig 7. A linear increase of a, b, and c with x, the Ge
content, in the investigated range of 0.0#x#0.85 is
observed. This indicates that Gds(Si1.xGey)s com-
pounds form a completely miscible solid-solution
crystallized in  GdSis-type structure a  low
temperature.

Based on the temperature dependent XRD and
magnetic measurements, a crystallographic and
magnetic phase diagram of the pseudobinary system
GdsSi4-GsGe, was constructed as shown in Fig. 8
[12]. It shows that the temperature of structural phase
trangition aways coincides with Curie temperature
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Fig. 7 Dependence of |attice parameters on Ga content in the
Gds(S 1xGe,),4 system at 80 K. The lines are guides for eye.
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Fig. 8 Crystallographic and magnetic phase dia-gram of
Gds(Si1.xGey)s dloys.
M standsfor T, from Ref. [12], F T.from Ref. [5], G Tn
from Ref. [5], D GdsSi ,-based phase, N GdsGe,-based phase,
~ monoclinic phase M. PM, FM, and AFM label
paramagnetic, ferromagnetic and antiferromag-netic (or
ferromagnetic) phases, respectively. The solid lines depict
crystallographic phase boundaries. The dash lines depict
magnetic phase boundaries.

Tc, and that the ferromagnetic state of the compounds
occurs exclusvely in the GdsSistype structure
(Pnma). These indicate that there exists a close
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correlation between the structural transition and the
magnetic transition. An intriguing observation is the
formation of a completely miscible solid-solution
Gds(SiGe)s with GdsSis-type dructure a low
temperature. It iscontrary to the common sensethat a
completely miscible solid-solution usually forms at
high temperature and decomposes into partialy
miscible solid-solutions at low temperature. This
unusua feature can be understood by considering the
competing effects of lattice strain and ferromagnetic
exchangeinteraction [12].

Acknowledgments

This work is supported by the National Natural
Science Foundation of Chinaand State Key Project of
Fundamental Research. The authors would like to
thank Rigaku co. for their XRD instument with
medium & low temperature attachment.

References

[1] V. K. Pecharsky and K. A. Gschneidner, Jr., Phys. Rev.
Lett. 78, 4494 (1997).

[2] V. K. Pecharsky and K. A. Gschneidner, Jr., Appl. Phys.
Lett. 70, 3299 (1997).

[3] F. Holtzberg, R. J. Gambino, and T. R. McGuire, J. Phys.
Chem. Solids 28, 2283 (1967).

[4] G. S. Smith, Q. Johnson, and A. G. Tharp, Acta
Crystallogr. 22, 940 (1967).

[5] V. K. Pecharsky and K. A. Gschneidner, Jr., J. Alloys
Compounds 260,98 (1997).

[6] K. A. Gschneidner Jr., V. K. Pecharsky, A. O. Pecharsky,
V. V. Ivtchenko, E. M. Levin, J. Alloys Compounds 303-
304, 214 (2000).

[7] L. Morellon, P. A. Algarabel, M. R. Ibarra, J. Blasco, B.
Garcia-Landa, Z. Arnold, and F. Albertini, Phys. Rev. B
58, 14721 (1998).

[8] W. Choe, V. K. Pecharsky, A. O. Pecharsky, K. A.
Gschneidner, Jr., V. G. Young, Jr., and G. J. Miller,
Phys. Rev. Lett. 84, 4617 (2000).

[9] L. Morellon, J. Blasco, P. A. Algarabel, and M. R. Ibarra,
Phys. Rev. B 62, 1022 (2000).

[10] H. M. Rietveld, Acta Cryst. 229, 151 (1967); J. Appl.
Cryst. 2, 65 (1969).

[11] R. Y. Young, A. Sakthivel, I S. Moss, and C. O.
Paiva-Santos, J. Appl. Cryst. 28, 366(1995).

[12] Q. L. Liu, G. H. Rao, and J. K. Liang, Appl. Phys. Lett.
(submitted)

TheRigaku Journal



