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We show that it is possible to replace in Gd2In some amount of In by X¼Al, Ga, Sn and Pb to obtain
Gd2In1 xXx samples after melting. The magnetic and magnetocaloric properties of the Gd2In0.8X0.2 in
termetallic compounds have been investigated through dc magnetization measurements. We evidence
that the substitution of Al and Ga for In barely changes the Curie temperature TC but decreases the
second magnetic transition temperature T′ which corresponds to the transition from a ferromagnetic to
an antiferromagnetic state. On the other hand, the substitution of Sn and Pb for In strongly increases TC
and changes the nature or even suppresses the transition at lower temperature. This magnetic behavior
gives rise to an interesting way to tune the Curie temperature near room temperature without diluting
the Gd network and thus to modify the magnetocaloric effect in Gd2In1 xXx compounds.
1. Introduction

Gd based intermetallics have attracted much attention these
last years for their magnetic and magnetocaloric properties. These
studies were strongly motivated by the high magnetocaloric effect
(MCE) of Gd or by the discovery of the giant MCE in Gd5Ge2Si2 [1].
Among these intermetallics, Gd2In is subjected to particular in
terest because of its unusual magnetic properties. It crystallizes in
the hexagonal type structure Ni2In (space group P63/mmc) corre
sponding to a filled NiAs structure with the lattice parameters
a¼5.413 and c¼6.756 Å [2]. The Gd atoms occupy two sites in 2a
(0 0 0) and 2d (1/3 2/3 3/4) and the In atoms one site 2c (1/3 2/3 1/
4). As most of the R2In (R¼rare earth) binaries, Gd2In exhibits a
ferromagnetic (FM) ordering below room temperature, and in its
case at TC¼190 K [3 7]. Besides, Gd2In undergoes an anti
ferromagnetic (AFM) transition at T′¼100 K and presents a me
tamagnetic behavior at low temperature. Indeed, the Néel tem
perature is progressively supressed with increasing applied field.
The nature of the antiferromagnetic and the ferromagnetic struc
tures remains unclear due to the high absorption of neutrons by
gadolinium which does not enable a precise determination of the
magnetic structure by means of neutron diffraction. Notably, the
magnetization value at low temperature is far from zero suggest
ing the existence of a possible ferromagnetic component (canted
or helical AFM structure). Likewise, the isothermal magnetization
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curves between TC and T′ exhibit a linear behavior at low fields,
different from that of a simple ferromagnet [6]. Another interest
ing point concerning the magnetic properties of Gd2In is its be
havior in the paramagnetic state, evidencing an effective moment
significantly higher than that of the free Gd3þ ion (7.94 mB), i.e.
between 8.7 and 9.6 mB according to different studies [7,3,8]. It
reveals the participation of the Gd 5d electrons to the total mo
ment via the polarization of these itinerant electrons and thus the
key role of the 4f 5d exchange in the magnetic interactions and
orders. This high effective magnetic moment, also evidenced by
M(H) measurements, makes Gd2In an interesting compound for
the MCE.

The unusual magnetic behavior of Gd2In may be attributed to
the competition between anisotropic exchange interactions. The
study of the dilution of the Gd network with non magnetic Y or La
atoms enabled to better understand this competition. The dilution
of the rare earth network leads to a decrease of TC as expected, but
also to the progressive vanishing of T′ until its total suppression at
a critical composition around x¼0.5 for Gd2 x(La, Y)xIn [8 10]. It
exists two ranges of correlation lengths Rc between Gd atoms,
namely the range of 3.3 ÅoRco3.6 Å between Gd1 Gd1 and
Gd1 Gd2, and that of Rc44 Å between Gd2 Gd2, with Rc¼kF|Ri

Rj|, KF being the Fermi vector and |Ri Rj| the distance between the
atoms i and j. This implies the occurrence of two exchange inter
actions of different sign and strength. The difference between
these two types of exchange coupling could be the main cause of
the competition between the FM and the AFM state.

In this work we present the results of the substitution of the
non magnetic In specie by isoelectronic p elements as Al and Ga
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Fig. 6. Field dependence of the magnetization of Gd2In0.8Sn0.2 and Gd2In0.8Pb0.2 at
various temperatures. The inset in the lower figure shows the low field part of the
isothermal magnetization curves at 5 and 75 K for Gd2In0.8Pb0.2.
of the electronic effect in this substitution. The Curie temperature
depends on the magnetic moment and the exchange coupling
which is function of the density of states at the Fermi level as well
as the distance between rare earth atoms (RKKY interactions). As
we may assume that Gd Gd distances and magnetic moments
barely vary through In substitution, the evolution of TC is likely
due to the modification of the DOS structure near the Fermi level.
This would explain the modification of TC when replacing In by a
non isoelectronic element whereas TC stays almost constant for
the isoelectronic metals Al and Ga. Further DFT (Density Func
tional Theory) calculations need to be done to confirm this as
sumption and to understand the role of the dopant atom in the
change of the electronic structure.

The most striking change is observed for the AFM transition
since its temperature is considerably reduced for X¼Pb and even
suppressed for X¼Sn (see Fig. 4). In others words, the In sub
stitution by elements with one more p electron induces an in
crease of the Curie temperature and a decrease or even a vanishing
of T′. Also, it is clear that the low temperature state of Gd2In0.8Pb0.2
is not purely AFM which strongly support the establishment of a
conical magnetic structure. The low temperature magnetic beha
vior is very similar to those of the isotypes R2In (R¼Tb, Er) [18]
and diluted Gd2 x(La, Y)xIn [9,8] compounds. These results con
firm the strong competition between the exchange interactions
and the proximity of an instability between a FM and an AFM
ground state.

The field dependence of the magnetization were further in
vestigated and are depicted in Figs. 5 and 6 for X¼Al, Ga and
X¼Sn, Pb, respectively. For X¼Al and Ga, we observe below T′ a
linear increase of the magnetization at low fields followed by a
metamagnetic transition and eventually a tendency to saturate at
high fields. This metamagnetic behavior is comparable to that of
Gd2In, as expected considering their similar M(T) behavior. Above
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Fig. 5. Field dependence of the magnetization of Gd2In0.8Al0.2 and Gd2In0.8Ga0.2 at
various temperatures.
T′, both compounds display a ferro like behavior with a negative
curvature over the whole field range, in agreement with the
M(T) measurements. At low temperature, the critical field Hc, de
termined at the inflection point of the M(H), is found to be at
6 kOe and 9 kOe for X¼Al and Ga, respectively. As Hc was mea
sured around 12 kOe for Gd2In, the evolution of the critical field is
coherent with the decrease of the temperature of the transition
from F to AM order. For Gd2In0.8Sn0.2 the M(H) curves are very
similar at 5 K and 50 K confirming that this pseudo binary exhibits
the same magnetic order over the whole temperature range below
TC (Fig. 6). The feature of the curves is compatible with a simple
ferromagnetic or an helical ferromagnetic state. On the other hand
the magnetic behavior of Gd2In0.8Pb0.2 is somehow different. The
M(H) feature at low fields and low temperatures is rather linear
compared to that at temperature above T′. In particular it is no
ticeable that the magnetization value at low fields is higher at 75 K
than at 5 or 25 K and both curves cross each other around 3 kOe
(see inset of Fig. 6). This results agrees well with the M(T) curve
and may suggest the presence of an helical FM structure at low
temperatures and a FM structure above T′.
5. Magnetocaloric properties

Magnetocaloric effect (MCE) was investigated for two selected
compounds, namely Gd2In0.8Al0.2 and Gd2In0.8Pb0.2. The iso
thermal magnetic entropy changeΔSm was calculated by means of
isothermal magnetization data and the use of the Maxwell rela
tion. The temperature dependence of ΔSm(T) are plotted in Fig. 7
for magnetic fields variations between 1 and 4 T. The MCE of both
compounds displays a negative minimum in the vicinity of their
Curie temperature as expected for a ferromagnetic phase






