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Unlike GdeCos/3Si3, which is obtained as a single phase after melting of the constituents, annealing
under vacuum at 1073 K for 1 month is necessary to prepare the new ternary silicide Gd¢Nis;3Si3. Indeed,
after melting, this alloy is a mixture containing mainly Gd;NiSi, and GdsSi;. These two compounds,
GdeMss5Si3 (M = Co or Ni), crystallize with the hexagonal CegNi,—,Sis-type structure. The crystal structure
of GdeNiss;3Sis, refined on a single crystal with space group P6s/m and unit cell parameters a = 11.7433(1)
A and ¢ = 4.1857(1) A, is characterized by infinite chains of face-shared trigonal prisms [Gds] filled by
silicon or nickel atoms. These chains run along the c-axis and extend as triangular columns by sharing
rectangular faces in the ab-plane. Between these columns, infinite chains of face-shared octahedra of Gd
atoms partially are filled by Ni atoms. The strong delocalization of the electron density of Ni observed
in these latter chains has been attributed to high steric strains. No diffuse scattering nor superstructure
were observed from electron diffraction experiments. The magnetization measurements reveal that (i)
GdgNis;3Si; orders ferromagnetically at 310 K, a Curie temperature higher than that observed for Gds-
Cos3Si3 (Te = 294 K) and pure gadolinium (7¢ = 294 K); (ii) Ni as well as Co carries no magnetic
moment; and (iii) these ternary silicides exhibit interesting magnetocaloric properties; for instance, the
magnetic entropy (AS,, determined by magnetization measurements) of GdgNis;3Siz is at a maximum
around 312 K with values of AS,, = —2.93 and —5.72 J/K kg at applied magnetic fields of 2 and 4.8 T,
respectively. These properties are compared to those existing for the most famous magnetocaloric materials

as Gd or GdsGe,Si,.

Introduction

More than 30 years ago, Bodak et al. reported on the
synthesis and crystallographic properties of ternary silicides
REeNi,Si; with RE = La, Ce, Pr, or Nd.! Considering this
work, the compounds REgNi,Si; adopted a hexagonal
structure (space group P6s/m), where the sites 6k are
occupied by a statistical mixture of nickel and silicon
(0.333Ni + 0.667Si). Moreover, the existence of NdgNi,Si;
was confirmed after annealing at 670 K.? But, recent studies
report that the composition RE¢Ni,Sis could not exist as a
single phase.*” For instance, the microprobe analysis
performed on the Ce¢Ni,Si3 alloy revealed that after melting,
the product contains mainly the new ternary silicide Cee-
Nis;3Sis, whereas the presence of CesNij.gsSi; was detected
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after annealing at 1073 K.* Similar ternary compounds based
on light rare earth elements were reported as LagNij.s4Si3
and LasNi;.75Si3;> PrgNij.57Sis, PrgNij.6Sis, and PrsNij.oSis;®’
and NdgNi|.eSi3.> On the other hand, no similar ternary
silicides based on rare earth elements heavier than neodynium
has been evidenced to date.

More recently, we reported the existence of a ternary
silicide based on cobalt GdsCos,3Si; that orders ferromag-
netically at 294 K,* a Curie temperature comparable to that
observed for pure gadolinium, and is isotypic to LagNi;.54S13
or NdgNi;.c6Si3. Moreover, our extended study synthesizes
new ternary compounds RE¢Cos/;3Si3 with RE = Ce, Nd, and
Tb.*° Now, by considering these results, we succeeded in
preparing a new ternary silicide GdgNis;;Siz. We present and
discuss here its crystallographic and magnetic properties. The
magnetocaloric properties of GdeNissSis and its parent
compound GdeCos/;3Siz were investigated. They were com-
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Table 1. Crystallographic Data and Structure Refinement for

GdgNis;3Sis
formula GdﬁNi5/3Si3
crystal color metallic
MW (g mol™ ) 1125.6
space group P63/m
params® a=11.7433(1) A, ¢ = 4.1857(1) A
V(A% 499.9(2)
V4 2
density caled (g cm ™) 7.48
crystal shape block
temp (K) 298
diffractometer Enraf-Nonius Kappa CCD
monochromator oriented graphite
radiation Mo Ko (4 = 0.71069 A)
scan mode @-scan + w-scan
hkl range —17 <h <19, =20 < k < 17,
-7<1<1
Hmin» emax (deg) 5» 40
linear absorption coeff 42.55 mm~!
absorption correction Gaussian
Tnin/ Trmax 0.203/0.498
no. of reflns 8879
Rinl 0.073
no. of independent reflns 1132
reflns used (I > 20(1)) 953
refinement F?
F(000) 945
R factors R(F)WR(F?) = 0.032/0.075
no. of refined params 27
GOF 1.06

= 1/(c*(]) + 0.0016°)
[—2.31, +2.38]

weighting scheme R
diff. Fourier residues (e /A%)

“ Deduced from X-ray powder diffraction.

pared with those previously reported for promising materials
in magnetic refrigeration such as GdsSi,Ge,.'°

Experimental Procedures

The polycrystalline GdgNis/;3Sis sample was synthesized by arc-
melting a stoichiometric mixture of pure elements (purity: 99% for
Gd and 99.9% for Ni and Si) in a high purity argon atmosphere.
Then, the sample was turned over and remelted several times to
ensure homogeneity. The weight loss during the arc-melting process
was less than 0.5 wt %. Annealing was performed for 1 month at
1073 K by enclosing the sample in an evacuated quartz tube. No
attack of the quartz tube by the sample and vice versa was observed.

The composition as well as the homogeneity of the annealed
sample of GdgNis;3Si3 was checked by microprobe analysis using
a Cameca SX-100 instrument. The analysis was performed on the
basis of intensity measurements of Gd La,, Ni Ka,, and Si Ko
X-ray emission lines, which were compared to those obtained for
the equiatomic ternary silicide GdNiSi used as a reference
compound.

X-ray powder diffraction with the use of a Philips 1050
diffractometer (Cu Kot radiation) was applied, before and after
annealing, for the characterization of the structural type and the
phase identification of the samples. The electron diffraction
investigation was carried out on a JEOL 2200FS microscope,
operating at 200 kV, equipped with a double tilt specimen stage.
Prior to the observation, the annealed sample of Gdg¢Nis;3Si; was
crushed in an agate mortar with alcohol. A drop of the suspension
was deposited on a carbon supported grid.

Suitable single crystals of GdgNis;3Siz were found in the annealed
sample and selected by optical microscopy. Reflection data were
collected on an Enraf-Nonius Kappa CCD area detector diffracto-
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Figure 1. X-ray powder patterns of the GdgNis;3Si3 sample obtained by
melting (as-cast) or annealing at 1073 K (0 and asterisk indicate,
respectively, the peak positions for GdsSiz and Gd3;NiSi»).

meter at room temperature using Mo Ko radiation. A Gaussian-
type absorption correction was applied, the shape of the crystal
being determined with the video microscope of the diffractometer.
Data processing and all refinements were performed with the
Jana2000 program package.'" Details of the data collections and
structure refinements are listed in Table 1. Other single crystals
were studied to confirm that a strong disorder still is observed for
nickel atoms in this compound.

Magnetization measurements were performed using a supercon-
ducting quantum interference device (SQUID) magnetometer in the
temperature range of 4.2-470 K and applied fields up to 5 T. The
heat capacity was determined with a standard relaxation method
using a QD PPMS device. Samples of approximately 10 mg were
glued to the sample holder using Apiezon N-grease. The heat
capacity of the sample holder and grease was measured just before
each sample was studied.

Results and Discussion

Existence of Phase and Crystal Structure. The analysis
of the GdgNis;3Si3 as-cast sample by X-ray powder diffraction
revealed the presence of two phases (Figure 1): the binary
GdsSiz'? and the ternary Gd;NiSi,'? silicides. On the con-
trary, the X-ray powder pattern obtained from the annealed

(11) Petricek, V.; Dusek, M. The Crystallographic Computing System Jana;
Institute of Physics: Praha, Czech Republic, 2000.
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1500.



2974  Chem. Mater., Vol. 20, No. 9, 2008

Gaudin et al.

Gd¢Ni;;Si; annealed

=0um EBSE1

Gd,Ni,;Si,

AN
25 kW 10 na

Gd,Ni

Figure 2. Microstructure of the GdgNis/3Si3z annealed sample. The main phase GdgNis;3Si3 (gray) and impurity GdsNi (white) are indicated (black portions

correspond to opened porosities).

sample (Figure 1) is completely indexed on the basis of a
hexagonal unit cell having ¢ = 11.7433(1) A and ¢ =
4.1857(1) A as parameters, which are close to those reported
for GdgCos/3Sis (@ = 11.7787 A and ¢ = 4.1640 A).® This
result suggests that the new ternary silicide GdeNis;3Si3 can
be obtained as a single phase only after annealing. The
microprobe analysis performed on the annealed sample
confirmed this observation. The characteristic microstructure
(back-scattered image) presented in Figure 2 reveals a main
phase (gray) having Gd 56.3(3)%, Ni 15.3(3)%, and Si
28.4(4)% as experimental atomic percentages close to those
expected for an ideal GdgNis;3Sis stoichiometry (Gd 56.3%,
Ni 15.6%, and Si 28.1%) and some amounts of the impurity
Gd;Ni (white).

From the electron diffraction experiment realized on
GdgNis;3Sis, an electron diffraction pattern with the charac-
teristic 6-fold symmetry was obtained (Figure 3c). Then, the
symmetry of the structure can only be hexagonal or cubic.
This latter symmetry can be ruled out since no pattern with
a 4-fold symmetry was obtained after the tilt of the specimen.
Considering then the hexagonal symmetry, the value of the
a-parameter (~11.7 A) can be deduced from Figure 3c. The
value of the c-parameter can be calculated from Figure 3a;
it corresponds to ¢ ~ 4.1 A. Furthermore, no systematic
extinction was observed on this [0-10]-zone axis; the
extinction symbols P-c- and P-cc can then be excluded.
Figure 3b confirms the value of the unit cell parameters. It
is worthwhile to note the absence of any diffuse scattering
in the electron diffraction patterns, indicating that the
structure of this ternary compound has no defect.

The chemical composition determined by microprobe
analysis and crystallographic properties of Gd¢Nis;3Sis de-
duced from the electron diffraction investigation suggest that
this ternary silicide adopts — like GdsCos/3Si3 — a hexagonal
Ho4Cos.97 (or HogCou.61)-type structure (P6s/m space
group).'*

The structure of Gd¢Nis;3Si3 was refined in the space group
P63/m at room temperature and at 120 K. Both structures
are very similar, and only the refinement of the room
temperature XRD data will be detailed. The starting atomic
positions were those of the aristotype compound CesN is/3Si5.4
In the first step of the refinement, only the Ni2 position was
introduced with a full occupancy. At this stage, high residues
were observed in the difference Fourier maps within the chain
of face-shared octahedra of Gd atoms (Gd1l position). As
shown in the left part of Figure 4, a complete delocalization
of the electron density was observed along the chain. The
same behavior was observed for the low temperature 120 K
measurement (right part of Figure 4). To describe this
delocalization, two nonfully occupied Ni positions, Nil and
Ni3, were introduced (Table 2). In the final stage of the
refinement, the anisotropic atomic displacement parameters
(ADP) were used for all positions except for these two last
Ni positions. All details concerning this refinement and the
atomic positions are given in Tables 1 and 2, respectively.
The sum of the occupancy of the Nil and Ni3 atoms has
been constrained to fit the expected stoichiometry. If the
occupancy factors are refined for both positions, the overall

(14) Lemaire, R.; Schweizer, J.; Yakinthos, J. Acta Crystallogr., Sect. B:
Struct. Sci. 1969, 25, 710.
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Figure 3. Electron diffraction patterns of GdgNis;3Si3 along the (a) [0-10],
(b) [1-20], and (c) [001] directions.

formulas deduced from the refinements are GdgNi;.72(3)S13
and GdgNij.703)S13 for the room and low temperature data
refinement, respectively. These compositions agree with that
determined by microprobe analysis.

A projection of the structure of Gd¢Nis;3Sis along the c-axis
is displayed in Figure 5. The structure is made of chains of
face-shared trigonal prisms of Gd atoms. In these chains,
the Si and the Ni atoms (Ni2 position) occupy the center of
the trigonal prisms. The NiGds chains are surrounded by
three SiGds chains, and the NiGdg trigonal prisms share their
faces with the SiGde prisms, leading to the existence of
triangular columns of four chains of face-shared trigonal
prisms (Figure 5). These triangular columns are connected
together through a chain of face-shared octahedra of gado-
linium (Gd1 position). As previously observed by several
authors,” a perfect ordering is observed between Ni and
Si atoms in the chains of trigonal prisms, whereas a
delocalization of the electron density is observed in the chain
of the face-shared octahedra of gadolinium. To describe this
delocalization, two Ni positions usually are used:*~ the Nil
position in the center of the [RE1¢] octahedra (RE1 = rare
earth in the position corresponding to Gd1 in our refinement)
or slightly shifted away from the center and Ni3 in the
shared-face of the [RElg] octahedra. In the case of Gds-
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Nis;sSis, the delocalization is so strong that it has been
necessary to split the Ni3 position away from the center of
the face (Table 2 and Figure 5). This strong delocalization
still is observed at low temperatures, and this means that
this is not a dynamic but a statistical disorder. It appears
that in this structural type, there is a geometric frustration
caused by the value of the c-axis. Indeed, this last value is
found in the range of 4.38—4.18 A for the REgNis;3Sis series
(RE = La, Ce, Nd, or Gd). This means that in the present
case (GdeNis;3Si3), if two Ni atoms occupy the center of two
adjacent [Gd1¢] octahedra, the distance between the two Nil
positions would be equal to 2.093 A. This distance is not
compatible with the sum of metallic radius of nickel, which
is equal to 2.492 AL Then, if the centers of two adjacent
octahedra are filled by Ni atoms they must be shifted away
from the ideal Nil position to increase the Ni—Ni distance,
and this induces the fact that the next octahedra cannot be
filled (see ref 8 for detailed explanation). By using this
approach, we have shown that the ideal stoichiometry for
these phases is RENis;3Sis+® as proposed by Lemaire et
al. for the binary compounds REC04.67.'* This too short
c-axis and the fact that the Ni atoms are stable in the face
and the center of the [Gdle] octahedra explain the strong
delocalization of the Ni atoms along the c-axis. Because of
the geometric frustration, we can suppose that in each Gdl1;
chain, the Ni atoms are well-ordered but that the projection
of all the configurations into one induces the strong delo-
calization observed for the Ni atoms. This geometric frustra-
tion explains why no superstructure was evidenced by
electron diffraction. Indeed, whatever superstructure was
imagined, the distance between the center of the two adjacent
octahedra still will be too short.

As reported previously, GdgNis;3Siz was not observed after
fusion of the elements; at this stage, the alloy is a mixture
containing mainly the two silicides GdsSiz and Gds;NiSi,. In
this context, it is interesting to compare the structural
properties of these two last compounds to those determined
presently for GdgNis;3Sis. In Gd;NiSiy, all the Ni and Si atoms
also are located in trigonal prisms [Gds] of Gd atoms.'® These
prisms are not all oriented in the same direction, and as
pointed out by Klepp et al., no other ternary compound based
on rare earth elements is known to have such a structure.
GdsSi; crystallizes with the MnsSis structure type, where the
Si position is in a trigonal prismatic site formed by Gd
atoms.'?> The main feature of this structural GdsSis type is
the existence of infinite chains of face-shared octahedra of
Gd atoms running along the c-axis. These chains are closely
related to the ones observed in GdgNis;3Sis with, however,
two main differences. The first difference is that these chains
are empty, and the second difference is the fact that the
c-value is higher (6.421 A). It has been shown that it is
possible to insert carbon or boron atoms in these chains of
GdsSis, leading to the existence of the new compounds
GdsSizC'® and GdsSisBo.gs.'> In this last ternary boride, no
delocalization of the B atoms was observed, and this can be

(15) Pearson, W. B. The Crystal Chemistry and Physics of Metals and
Alloys; Wiley: New York, 1972.
(16) Mayer, 1.; Shidlovsky, 1. Inorg. Chem. 1969, 8, 1240.
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Table 2. Atomic Coordinates and Atomic Displacement Parameters
for GdﬁNi5/3Si3

atom site occupancy X Y V4 Uiso
Gdl 6h 1 0.24123(3) 0.229103) 1/4 0.01117(11)
Gd2 6h 1 0.51832(3) 0.13923(3) 1/4 0.00824(10)
Nil 4e 0.158(7) O 0 0.062(2) 0.011(2)
Ni2 2¢ 1 173 2/3 1/4 0.0099(3)
Ni3 4e 0.176 0 0 0.315(2) 0.013(2)

Si 6h 1 0.1575(2) 0.4405(2) 1/4 0.0096(6)

related to the high value of 3.207 A of the B—B distance
between two adjacent octahedra.

The structural properties of the two ternary silicides
GdsCos/3S13 and GdgNis3Sis are derived from that reported
for the binary compound Gd¢Coy.¢; (or GdyCos.¢7),"* but a
similar intermetallic based on nickel does not exist; in other
words, the addition of silicon to gadolinium and nickel allows
us to stabilize a ternary compound having close structural
properties. Also, the unit cell volume V = 499.9 A% of
GdgNis/;sSis is smaller than that determined (V = 500.3 A3)
for GdgCos;3Sis;® this agrees with the evolution of the metallic
radius from nickel (g = 1.246 A) to cobalt (rc, = 1.252
A)."> Another fact concerns the evolution of the unit cell
parameters in the sequence GdgNis;3Siz — GdgCos/3Si3: the
a-parameter increases (+0.3%), whereas the c-parameter
decreases more strongly (—0.5%). Similar behavior was
evidenced for the sequence GdNi.sSi;.¢ — GdCo0y.451;.6 as
a increases (+0.4%) and ¢ decreases (—0.3%); the crystal
structure of these last ternary silicides also is described by
stacking along the c-axis of the [Gdg] trigonal prism where

the Ni or Co and Si atoms are located.'” In other words, in
these two families of compounds, the [Gd¢] trigonal prisms
containing the Co atom are much more compressed than
those surrounding the Ni atom; this is connected to the higher
decrease of the c-parameter.

If one considers the network of Gd atoms in both ternary
silicides, it appears that Gd1 is located in a distorted trigonal
prism of Gdl and Gd2 with four Gd1—Gd1 distances equal
to 3.467 and 3.449 A and two distances Gd1—Gd2 equal to
3.611 and 3.610 A in Gd@Ni5/3Si3 (Table 3) and Gd6C05/3Si3,
respectively. These trigonal prisms form by sharing faces
infinite chains running along the c-axis and are surrounded
by two Gd2 atoms with average distances of 3.911 and 3.964
A, respectively. In GdeNis;Siz and GdeCos/;3Sis, the Gd2
atoms also are located in trigonal prisms of Gdl and Gd2
with average Gd—Gd distances of 3.636 (Table 3) and 3.641
A, and they are surrounded by two Gd1 atoms with average
Gd2—Gdl distances of 3.911 and 3.964 A, respectively. The
trigonal prisms where Gd2 atoms are located form infi-
nite chains running along the c-axis by sharing edges. These
Gd—Gd distances are very similar to those observed in
metallic gadolinium.18 In this metal, Gd atoms are located
in regular trigonal prisms with a Gd—Gd distance of 3.573
A and are surrounded by six extra gadolinium atoms with
Gd—Gd distances of 3.636 A.

Magnetic and Magnetocaloric Properties. Figure 6
presents the temperature dependence of the magnetization
M of GdgNis;sSiz for an applied field of 0.05 T. The main

(17) Mayer, L.; Tassa, M. J. Less-Common Met. 1969, 19, 173.
(18) Hanak, J. J.; Daane, A. H. J. Less-Common Met. 1961, 3, 110.
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Figure 5. Projection along the c-axis of the structure of Gd¢Nis;3Si3. The existence of Gdg trigonal prisms and octahedra is emphasized by the drawing of

the Gd—Gd bonds.

Table 3. Selected Interatomic Distances (A) in Gd¢Nis;3Siz at Room

Temperature
Gdl Ni3 (x2) 2.7777(9)
Nil (x2) 2.874(2)
Si (x2) 2.962(2)
Si 3.094(3)
Nil (x2) 3.057(4)
Gd2 Ni2 (x2) 2.9393(2)
Si (x2) 3.061(3)
Si (x2) 3.100(3)
Si 3.186(2)
Gdl Gdl (x4) 3.4672(5)
Gd2 (x2) 3.6108(4)
Gd2 Gd2 (x2) 3.5748(5)
Gdl (x2) 3.6108(4)
Gd2 (x2) 3.7217(4)

feature of its evolution is the sharp increase in the magne-
tization at the Curie temperature 7c = 310 K (using the M
= f(H) curves presented in Figure 7, this temperature was
determined from linear M? vs H/M behavior (Arrott’s plots),
which is predicted by the Landau theory of second order
phase transition'?). Also, this Tc temperature is higher than
those reported, respectively, for the similar ternary silicide
GdgCos;3Si3 (Tc = 294 K)8 and pure gadolinium (7¢ = 294
K).?% This behavior led us to believe that these compounds
are potentially interesting for magnetic refrigeration.

Above 320 K, the reciprocal magnetic susceptibility y, '
of Gdg¢Niss;3Sis, measured with an applied field of 3 T (inset
of Figure 6), follows the Curie-Weiss law. The experimental
value of the effective magnetic moment g = 8.02 up/Gd
is close to the calculated value for a free Gd*" ion (7.94
us/Gd). This us value suggests that Ni is nonmagnetic in
the ternary silicide. The paramagnetic Curie temperature 60,
was found to be 318 K. Such a large positive value of 6,
agrees with the ferromagnetic character of GdgNis/3Sis.

At various temperatures, the field dependence of the
magnetization for GdgNis;3Si; was measured with decreasing
magnetic field (Figure 7). Below Tc = 310 K, these data do
not reveal a remanence phenomenon. This behavior agrees
with the isotropic character of the Gd*>" ion. Isothermal
magnetization performed at low temperatures, for instance,

(19) Below, K. P. Magnetic Transitions; Consultants Bureau Enterprises:
New York, 1961.

(20) Pecharsky, V. K.; Gschneidner, K. A., Jr. J. Magn. Magn. Mater. 1999,
200, 44.
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Figure 6. Temperature dependence of the magnetization M of GdgNis;3Si3
measured with an applied field of 0.05 T. The inset presents its reciprocal
magnetic susceptibility ym ' vs temperature (the dashed line shows the
Curie—Weiss law).

at 10 or 50 K, saturates at 4.8 T with 7.10 ug as the saturation
magnetic moment per Gd atom, only slightly higher than
the theoretically calculated free Gd** ion value (7 ug). A
similar excess in the saturation moment was previously
reported for the silicides (Gd,Tbs.,)Sis;?! this excess was
thought to be due to the contribution from the gadolinium
5d electrons resulting from the charge transfer between Gd
sites and their neighboring ions. Finally, we note that the
magnetization just above T¢, for instance, in the 310-335 K
range, does not vary linearly with the applied magnetic field.
This observation indicates the existence of short-range
magnetic correlations above Tc.

Using the magnetization data M = f(H) (Figure 7), we
calculated the isothermal magnetic entropy ASw(7, AH) with
the Maxwell relation ASw(T, AH) = [no"2 [OM(T, H)/3T |
dH.?° The obtained results for applied magnetic fields H of
2 and 4.8 T are plotted for the two ternary silicides GdeNis,
3Si3 and GdeCos/3Si; in Figure 8. All the curves present a
single peak, in agreement with the occurrence of the

(21) Spichkin, Y. I.; Pecharsky, V. K.; Gschneidner, K. A., Jr. J. Appl.
Phys. 2001, 89, 1738.
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Figure 7. Field dependence of the magnetization M of GdeNis;3Sis at various
temperatures.
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Figure 8. Temperature dependence at H = 2 and 4.8 T of the isothermal
magnetic entropy change ASy, for GdgNis;3Siz and GdeCos/3Si3.

magnetocaloric effect, at temperatures slightly higher than
the Curie temperature T¢ (for GdgNis;3Sis, AS, is a maximum
at 312 K, whereas Tc = 310 K). Moreover, the maximum
of AS,, takes values of —2.93 J/K kg and -5.72 J/K kg for
H = 2 and 4.8 T, respectively, for GdegNis;3Si3. Comparable
AS,, values were observed for the ternary silicide based on
cobalt.

To determine the adiabatic temperature change AT, we
measured, between 2 and 375 K, the heat capacity C, without
an applied magnetic field for both ternary compounds (Figure
9). Below 200 K, the C, curves versus temperature are
practically superposed. Above this temperature, the most
important feature is the well-defined A-type anomaly signal-
ing the ferromagnetic transition (inset of Figure 9). The order
temperature is associated with the inflection point above the
maximum, 292 and 310 K for GdgCos/;3Si3 and GdgNis;3Sis,
respectively, in excellent agreement with data obtained from
magnetization measurements. The tails above 7¢ confirm the
existence of short-range magnetic correlations in both
compounds.

Gaudin et al.
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Figure 9. Temperature dependence without applied magnetic field of the
specific heat C, for GdgNis;3Si3 and GdgCos/3Si3. Inset shows the magnetic
transitions in better detail.
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Figure 10. Specific heat C,, data as a function of T? for GdgNis;3Siz and
GdgCos/3Sis. The continuous line is a guide for the eye.

In the low temperature range, it has been shown recently
that the heat capacity of magnetic materials is well-described
by a single power function of absolute temperature (7") for
T — 0.?? In the present case, we found that the exponent n
that better fits the C, values is n = 3, as it is shown in Figure
10, where C, for the two ternary silicides is plotted as a
function of 7°. In Figure 10, it is observed that this power
function holds up to ~18 K, with a similar prefactor of the
T function for both compounds. A similar exponent was
observed in other magnetic materials, such as GdMg.?* This
result indicates that the lattice heat capacity prevails and that
the magnetic part of the heat capacity is contained in the
prefactor of the T° function.”? Therefore, the Debye tem-
perature obtained from this prefactor (6p = 198 K) must be
considered as the lower limit. In fact, this value is lower

(22) Kobler, U.; Kawakami, M.; Schnelle, W. F. Physica B 2005, 367,
255.
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Figure 11. Temperature dependence at 2 and 4.8 T applied magnetic fields
of the adiabatic temperature change AT,q for GdgNis;3Siz and GdgCos/3Si3.

than that found for other alloys based on gadolinium, such
as GdMg (0 = 228 K)** or GdsSi,Ge, (6p = 250 K).**

The absence of a nonmagnetic isomorphous compound
makes it difficult to determine the magnetic contribution Cpy,.
However, it is possible to estimate it by using a linear
electronic contribution and a Debye function to model the
phonon contribution in the full temperature range.”> Using
this procedure with a tentative Debye temperature (6p = 228
K) and a typical electronic coefficient y = 14 mJ/K* mol,*
both compatible with our experimental data, we estimated
Cmag ~ 132 J/K mol at the maximum of the A peak.
Therefore, as we have six Gd>* ions per formula, the value
corresponding to each one would be Cmag/Gd3+ ~ 22 J/IK
mol. This value is in good agreement with that predicted
for simple ferromagnetic structures (Cpnae/Gd>* & 20.15 J/K
mol) using a mean-field model.?®

Combining the heat capacity at zero field (Figure 9) and
the magnetization data (Figure 7), it is possible to determine
the adiabatic temperature change AT,q. Among the different
procedures to determine AT,q, we used the one described
by Pecharsky and Gschneidner’’ as the simplest and,
simultaneously, most precise. First, from C, data, we
determined the total entropy at zero field S(T, H = 0) =
J(Cp/T) dT, then using the curves of the isothermal magnetic
entropy ASw(7T, AH), obtained previously from the magne-

(23) Kobler, U.; Mueller, R. M.; Schnelle, W.; Fischer, K. J. Magn. Magn.
Mater. 1998, 188, 333.

(24) Svitelskiy, O.; Suslov, A.; Schlagel, D. L.; Lograsso, T. A.; Gschneidner,
K. A., Jr.; Pecharsky, V. K. Phys. Rev. B: Condens. Matter Mater.
Phys. 2006, 74, 184105.

(25) Chevalier, B.; Sanchez Marcos, J.; Rodriguez Fernandez, J.; Pasturel,
M.; Weill, F. Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 71,
214437.

(26) Blanco, J. A.; Gignoux, D.; Schmitt, D. Phys. Rev. B: Condens. Matter
Mater. Phys. 1991, 43, 13145.

(27) Pecharsky, V. K.; Gschneidner, K. A., Jr. J. Appl. Phys. 1999, 86,
565.
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tization data (Figure 8), we calculated the curves S(7, AH)
= S(T, H = 0) + ASw(T, AH). Once the entropy curves for
the different applied fields S(7, AH) were obtained, we
followed the standard procedure AT,o(T, AH) = [T(S, AH)
- T1(S, H = 0)]5.27 At the magnetic transition and for 2
and 4.8 T as applied magnetic fields, AT,q was, respec-
tively, equal to 3.1 and 6.1 K/mol for GdeNis/;3Sis (Figure
11). Comparable values were observed for the other
ternary silicide Gd¢Cos/3S13.

At this stage, it is interesting to compare the magnetoca-
loric properties of GdgMs3Si3 (M = Co or Ni) compounds
to those reported for the different potential magnetic refriger-
ants: (i) ASy, values (—2.93 J/K kg for 2 T and GdgNis;3Sis)
determined here for the two ternary silicides are smaller than
that reported for Gd (—5.1 J/K kg for 2 T) or Gds(Si,Ge,)
(—14.1 J/K kg for 2 T),'° but (ii) these values of AS,, are
comparable to those observed for other intermetallics based
on gadolinium as Gd;Pd; (—2.5 J/K kg for 2 T), which
presents a ferromagnetic transition at 318 K.?® This com-
parison led us to improve the magnetocaloric properties of
these ternary silicides. For instance, the synthesis and
characterization of substituted materials (other rare earth
elements for Gd and germanium for Si) are in progress. As
such, we hoped to increase the magnetocaloric properties of
GdeMs/3S13 (M = Co or Ni) compounds by using during their
syntheses a purer Gd metal. It was reported that the purity
of the Gd metal influences strongly these properties. For
instance, a GdsSi,Ge, sample prepared with low purity (99%)
commercial Gd metal presents an isothermal magnetic
entropy AS,, of 7.25 J/K kg for H = 5 T,* which is smaller
than that determined (AS,, ~ 18.5 J/K kg for H = 5 T) for
this compound prepared from a high purity (99.9%) Gd
metal.'”

Conclusion

The ternary silicide Gdg¢Nis;3Sis, which was obtained as
single phase after annealing at 1073 K, presents an
interesting ferromagnetic ordering at 310 K. This behavior
is associated with a magnetocaloric effect comparable to
that observed for GdsCos/;3Sis or Gd;Pd;. This suggests
an interesting future study devoted to the magnetocaloric
properties of the other members of this family REeNis;3Sis,
where RE = Pr, Nd, .. .etc.

Acknowledgment. L. Raison is thanked for his assistance
during the microprobe analysis. The authors are indebted to the
Conseil Régional d’ Aquitaine for financial support, especially
S.T. for a Ph.D. stipend.

Supporting Information Available: XRD data for GdgNis/;Sis
at 120 K (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.

CMB8000859

(28) Canepa, F.; Napoletano, M.; Cirafici, S. Intermetallics 2002, 10, 731.
(29) Zhang, T.; Chen, Y.; Teng, B.; Tang, Y.; Fu, H.; Tu, M. Mater. Lett.
2007, 61, 440.



