
Chapter 2

Gd5(SixGe1−x)4 series of alloys

2.1 Discovery of the Gd5(SixGe1−x)4 system and the
giant MCE

Gd5(SixGe1−x)4 alloys were discovered by Holtzberg et al. [1] and Smith et al.
[2]. They found that Gd5Si4 orders ferromagnetically at TC=335 K and that as
much as 50% of Ge could be substituted for Si in the silicide structure (0.5 <
x ≤ 1), maintaining the magnetic properties and the orthorhombic structure [1].
Gd5Ge4 also had an orthorhombic structure, but different from that of silicide. The
germanide structure appeared from x=0 to x=0.25 and presented a strange variety
of magnetic phase transitions: a low temperature ordering, which was AFM for
Gd5Ge4 and FM for the components with added Si, and higher NéelT . Moreover,
the paramagnetic Curie temperature (θC) yielded a high positive value for all Ge-
rich compounds [1]. The intermediate phase was not identi�ed, but since the end
members of the solid solution were not isostructural [2, 3] such a discontinuity
was to be expected.

In 1997, Pecharsky and Gschneidner discovered a giant magnetocaloric effect
in Gd5(SixGe1−x)4 alloys [4, 5, 6, 7, 8]. For Gd5(Si2Ge2) [4], the calculation of
the magnetic entropy change, ∆S m, using magnetisation measurements and the
Maxwell relation (Eq. 1.6) yielded a value twice larger than that of Gd -the ma-
terial with the best MCE at room temperature known until then- at∼276 K. With
the measurements of the heat capacity as a function ofT and H, the giant value of
∆S m was con�rmed and the adiabatic temperature change,∆Tad, as a function of
T was evaluated, giving rise to a narrower and higher (≥ 30%) peak than that of
pure Gd (see Table 1.1).

In order to understand the unclear magnetic properties and phase relationship
in this system, Pecharsky and Gschneidner studied samples in the whole com-
positon range 0 ≤ x ≤ 1, leading to the �rst phase diagram at zero �eld of the

29



CHAPTER 2. GD5(SIXGE1−X)4 SERIES OF ALLOYS

(b)(a)

Figure 2.1: (a) First phase diagram at zero �eld of the Gd5(SixGe1−x)4 alloy sys-
tem, obtained by Pecharsky and Gschneidner [5, 6, 8]. (b)∆S m of Gd5(SixGe1−x)4
alloys, for x ≤ 0.5, around their �rst-order transition, calculated from magnetisa-
tion data using the Maxwell relation, for a �eld variation from 0 to 5 T [5]. ∆S m
values for the best magnetic refrigerant materials are displayed as dotted lines.
FeRh is also shown (dashed line) for comparision.
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2.2. Phase diagram of Gd5(SixGe1−x)4

Gd5(SixGe1−x)4 system [5, 6, 8] (see Fig. 2.1 (a)). They identi�ed the interme-
diate phase as monoclinic [6], and showed that the lower transitions in both the
Ge-rich region and the intermediate region were �rst-order and reversible, yield-
ing the giant MCE in these alloys [5]. From x=0 to x=0.2, MCE increased, while
it decreased from x=0.24 to x=0.5 [5], being larger than any other prototype ma-
terial in all temperature ranges (from∼20 K to ∼276 K) as shown in Fig. 2.1, (b).
In the 0.5 < x ≤ 1 composition region, the PM-FM transition was second-order,
leading to a 3 to 3.5-fold reduction of the MCE with respect to that of the com-
positions showing a �rst-order transition. These authors were able to increase the
transition temperature, Tt, in Gd5(Si2Ge2) from 276 K to 286 K by adding 0.33%
at. of Ga, without losing the giant MCE [7].

2.2 Phase diagram of Gd5(SixGe1−x)4

The work of Morellon et al. [10, 9] unveiled the actual origin of the �rst-order
transition in the two regions where it appears and showed than the upper transi-
tion in the intermediate phase does not exist, but it is rather caused by a resid-
ual phase with slightly different x [10]. In summary, the phase diagram of the
Gd5(SixGe1−x)4 alloys at zero �eld shows three compositional ranges (see Fig.
2.2). The Si-rich compounds (0.5 < x ≤ 1) display the Gd5Si4-type orthorhom-
bic (space group Pnma) structure, O(I), with a second order PM-FM transition
[5, 6, 8]. For the intermediate region, 0.24 ≤ x ≤ 0.5, a �rst-order magnetostruc-
tural phase transition occurs from a high-temperature PM phase (which displays
a monoclinic structure, M, space group P1121/a) to a low-temperature FM phase
(with the same O(I) structure than the Si-rich compounds), at temperatures rang-
ing linearly from 130 K (x=0.24) to 276 K (x=0.5) [5, 10, 11]. For the Ge-rich
compounds (x ≤ 0.2), a second-order PM-AFM transition occurs at TN (from
∼125 K for x=0 to ∼135 K for x=0.2) [5]. Upon further cooling, a �rst-order
AFM-FM transition takes place, whose temperature ranges linearly from about
20 K (x=0) to 120 K (x=0.2). Because of its singularity, the case x=0 is dis-
cussed in section 2.4.1. Since neutron scattering cannot be performed in Gd-based
compounds, the nature of the AFM phase is currently under discussion [9]: the
magnetic structure might correspond to that of either a canted ferrimagnet, as pro-
posed for Nd5Ge4 [12] or a canted antiferromagnet, as for the Ge-rich region of the
Tb5(SixGe1−x)4 alloys [13, 14]. The AFM-FM transition occurs simultaneously
with a �rst-order structural transition from a high-temperature Sm5Ge4-type or-
thorhombic (space group Pnma) phase, O(II), to the low-temperature O(I) phase
[9]. We must note that in this case the symmetry remains unchanged through the
transition, although drastic variations in the cell parameters and atomic positions
also occur (see section 2.3). In the range 0.2 < x < 0.24, where the second-
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Figure 2.2: Magnetic and crystallographic phase diagram at zero �eld, for
Gd5(SixGe1−x)4 alloys, as a function of temperature and composition [9]. PM
stands for paramagnetic phase, FM for ferromagnetic phase and AFM for anti-
ferromagnetic phase. M stands for monoclinic structure, O(I) for Gd5Si4-type
orthorhombic structure and O(II) for Gd5Ge4-type orthorhombic structure. First-
order transition is displayed as a solid line.
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2.3. Microstructure and atomic bonds

order PM-AFM transition disappears,O(II) and M structures coexist [6]. In both
the Ge-rich and intermediate compositional region, the �rst-order transition may
be induced reversibly by an applied magnetic �eld [5, 10, 9] and by an external
hydrostatic pressure [10, 15, 16], which both linearly shiftTt up to higher temper-
atures. The fact that the transition may be �eld-induced gives rise to very exciting
and novel properties (see below).

A phenomenological description of the �rst-order magnetostructural transition
given in Ref. [17] derive the H − T magnetic phase diagram and accounts for the
thermal and magnetic hysteresis occurring in these alloys.

There are some other details in the phase diagram for Gd5(SixGe1−x)4 alloys
that make it much more complex. Different heat treatments of the samples and
the purity of the components may lead to the stabilisation of different crystallo-
graphic structures, which also in�uence the magnitude of the MCE [18], specially
in the boundaries of the compositional regions. Pecharskyet al. [19] published a
phase diagram with some differences with respect to that in Fig. 2.2, using alloys
with high-purity Gd. The same authors found a new transition in the compounds
around x � 0.5 [18, 20, 21]. It is an irreversible transition occurring between
∼500 K and ∼870 K, from the room-temperature M phase, that yields the O(I)
phase again. Then, after cooling down to room temperature again, the compound
behaves like the Si-rich alloys (with the second-order PM-FM transition with-
out structural transformation). If the compound is further heated up to∼1070-
1570 K [18, 20, 21], the M structure reforms, returning to the behaviour of the
intermediate-region compounds. Accordingly, a reversible M ↔ O(I) transition
-not directly observed- exists between∼870 K and ∼1070 K.

2.3 Microstructure and atomic bonds
In order to understand the singular behaviour of these alloys [5, 6, 10, 9], the
atomic structure has been analysed in detail in literature. The transition is presently
understood by considering the layered crystal structure of Gd5(SixGe1−x)4 [22].
Gd atoms (represented as blue spheres in Fig. 2.3; vertex of polyhedra also rep-
resent Gd positions) form a two-dimensional (32434) net (Figure 2.3 (a)). This
quasi-in�nite layer (slab) is composed of distorted cubes and trigonal prisms
which share common faces. T atoms, which are a mixture of Si and Ge atoms
(green spheres in Fig. 2.3), occupy the trigonal prisms, sharing a common rect-
angular face to produce a T-T dimer (intraslab bond). The Gd atom at the center
of each cube is surrounded by 4 T and 2 T' atoms (red spheres) [23]. Forx=0.5
compound, the occupancy in T atoms is 60% Ge and 40% Si, being 60% Si and
40% Ge for T' atoms [23]. The T' atoms play a key role in the interslab bonding
thus controlling both the crystal structure and properties of the alloys. For the
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(a)

(b) (c) (d)

Figure 2.3: Crystallographic structures of Gd5(SixGe1−x)4 alloys. (a) Projection
along b axis, which is common for all structures and emphasise the basic building
slabs (32434 net), with Gd atom (in blue) inside the cubes and T atoms (mixture
of Si and Ge, in green) inside the trigonal prisms. (b) Sm5Ge4-type orthorhombic
structure [O(II)]. (c) Gd5Si4-type orthorhombic structure [O(I)]. (d) Monoclinic
structure (M). The projection along c axis emphasises T' atoms (mixture of Si
and Ge, in red) and the covalent-like bonds between slabs. Note that one half of
the bonds are broken in the M phase, while all of them are broken in the O(II)
phase. Red arrows indicate the shear displacement of the slabs in theO(I) phase
when the transition to the two other possible phases occurs.
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2.4. Structural and magnetic properties

O(I) phase (Fig. 2.3 (c)), which is always FM, two-dimensional slabs (layers) are
connected one another through T'-T' covalent-like bonds [22, 23]. The interslab
bonds are totally broken when the distance between all T' atoms increases dur-
ing the transformation to the O(II) phase [9, 22] (Fig. 2.3 (b)), yielding an AFM
phase, while only half of the T'-T' bonds are broken during the transformation to
the M phase [22, 23] for 0.24 ≤ x ≤ 0.5 compounds (Fig. 2.3 (d)), leading to a
PM phase. The breaking of the bonds, i.e. the structural transition, occurs by a
shear mechanism (also depicted in Fig. 2.3) along thea axis [23] in both composi-
tion regions (the distance between T' atoms expands by 32.7% in the intermediate
compounds (0.24 ≤ x ≤ 0.5) [23] and by 34% in the Ge-rich compounds (x ≤ 0.2)
[9]), and yields a large volume variation (∼0.4% and ∼0.5%, respectively). To il-
lustrate this fact, Fig. 2.4 shows the variation of the lattice parameters and the
distance between T' atoms when theO(I)↔ O(II) transition is thermally induced
in x=0.1 compound. The three structures (O(I), M and O(II)) are thus present at
room temperature by tunning the Si:Ge ratio (x) from Gd5Si4 to Gd5Ge4. Figure
2.5 (a) displays the values of the lattice parameters for the whole compositional
range at room temperature. The shifts in all atomic positions between the three
crystal structures are depicted in Fig. 2.5 (b). As mentioned above, the main dif-
ference between the structures is the shift of the atomic positions along thea axis,
especially affecting the distance between T' sites.

2.4 Structural and magnetic properties
Crystallography and magnetism are closely related in Gd5(SixGe1−x)4 [22, 23, 24,
25, 26]. On one hand, Choe et al. [23] investigated this relationship by calculat-
ing the efective exchange parameter J(R) between Gd sites in the different phases
present in Gd5(Si2Ge2), where R is the Gd-Gd distance (see Fig. 2.6). They used
a nearly free electron model for the conduction band and applied the Ruderman-
Kittel-Kasuya-Yosida (RKKY) model. It was found that in theM phase, J(R)>0
for short Gd-Gd contacts and J(R)<0 for long Gd-Gd contacts, while in the O(I)
phase J(R)>0 for the entire range of Gd-Gd interactions. An hypotheticalO(II)
phase in Gd5(Si2Ge2) would lead to J(R)<0 for the whole range of R. Therefore,
the signi�cant changes in electronic structure when the crystal structure varies af-
fect the exchange interactions, and the values ofJ(R) may account for the change
in the magnetic behaviour of the various crystal structures.

On the other hand, it is worth noting that ferromagnetism only exists in the
O(I) structure, i.e. as long as all slabs are connected by T'-T' covalent-like bonds
[22]. In order to explain this fact, Levinet al. [24] proposed that ferromagnetism
in the O(I) ground state is achieved not only via the indirect RKKY4 f − 4 f ex-
change, but also via a direct Gd-Ge(Si)-Gd superexchange through the interslab
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Figure 2.4: Thermal dependence of the lattice parameters (solid symbols) and
T ′−T ′ interatomic distance (open symbol) of Gd5(SixGe1−x)4 for x=0.1, obtained
from XRD. The transition O(I)↔ O(II) is clearly observed at Tt=81 K. The lines
are a guide to the eye. Taken from Ref. [9].

covalent-like bonds. It is well-known that the indirect RKKY exchange between
4 f − 4 f localised electrons, through the 6s itinerant electrons, accounts for most
of the phenomenology in lanthanide systems. But in the present system, although
RKKY is certainly important, it does not account for the abrupt change in mag-
netic behaviour (PM↔FM) at the crystallographic transition. Even though there
would be a relevant change in the RKKY interaction along thea axis (where there
is the shear displacement that leads to the 0.8 to 1.1 Å increase of T'-T' dis-
tances [10, 22, 23]), the change in the distances along theb and c axes is fairly
smaller. Therefore, the overall RKKY interaction is expected to have a mini-
mal variation. However, if in addition to the RKKY interaction, there were a
Gd-Si(Ge)-Gd superexchange interaction in the low-temperature FMO(I) phase
propagating through the interslab covalent-like bonds, then the breaking of all
(or half) of them at the structural transformation would explain the destruction
of the ferromagnetism in the system, since the superexchange interaction should
disappear. This suggestion is supported by the fact that TC in the Si-rich com-
pounds (0.5 < x ≤ 1), which always have the O(I) structure, is higher than that
of pure Gd (by as much as∼40 K) [1, 5]. Accordingly, the magnetic behavior of
the Gd5(SixGe1−x)4 compounds can be understood qualitatively in terms of com-
petition between intraslabs (conventional indirect4 f − 4 f RKKY) and interslab
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(b)(a)

Figure 2.5: (a) Lattice parameters for the Gd5(SixGe1−x)4 system at room tempera-
ture. The dotted lines are a guide to the eye. The dashed lines delineate structural
phase regions. (b) Relative atomic shifts along a, b, and c axes, in the crystal
structures of Gd5Ge4 [O(II)] and Gd5(Si2Ge2) (M), with respect the positions in
Gd5Si4 [O(I)]. M1 and M2 are T-type atoms, while M3 is T'-type atom. Taken
from Ref. [6].
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Figure 2.6: Variations in the exchange interactions, J(R), between Gd atoms in
Gd5(Si2Ge2) with Gd-Gd distance, R, as estimated from the RKKY model using
a nearly free electron model for the conduction electrons. The hatched region be-
tween 3.45 and 4.05 Å corresponds to the range of short Gd-Gd distances. Taken
from Ref. [23].

exchange interactions (Gd-Ge(Si)-Gd superexchange propagated via the covalent-
like bonds) [15, 22, 24].

Rao also discussed possible correlations between crystal structure and mag-
netism [25]. The author established an almost linear dependence betweenTC and
the lenght of T'-T' bonds, for the whole compositional range (0 ≤ x ≤ 1). The
lenght of the bonds is thus a crucial structural parameter governing the magnetic
interactions in these compounds. It is also suggested that FM interactions sta-
bilise the O(I) phase at low temperature in the intermediate region. Moreover, Liu
et al. [26] demonstrated that the Gd5(SixGe1−x)4 compounds form a completely
miscible solid-solution crystallised in theO(I) structure at low temperature. This
feature is interpretated by considering the competing effects of lattice strain (in-
duced by the substitution of Ge for Si) and ferromagnetic exchange interactions,
which thus help to stabilise the O(I) phase for x ≤ 0.5 below TC.

This strong coupling between the magnetic and crystallographic sublattices
enables the existence of a �eld-induced order-disorder phase transition (PM-FM in
the 0.24 ≤ x ≤ 0.5 range), which is rarely observed. Only MnAs-based alloys [27,
28, 29], La(FexSi1−x)13 compounds [30, 31] and the manganite Sm0.65Sr0.35MnO3
[32] are some of the few cases. In 0.24 ≤ x ≤ 0.5 compounds both crystallo-
graphic phases coexist during the �rst-order phase transition, therefore a coexis-
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Figure 2.7: The magnetic phase diagram of Gd5Ge4 obtained from the heat ca-
pacity and magnetisation data. The AFM→FM transition within∼1.8 and ∼25 K
is completely or partially irreversible (see text for details). The inset shows the
magnetisation of Gd5Ge4 cooled in zero magnetic �eld. During the �rst magnetic
�eld increase, which is shown by open squares in the inset, a metamagnetic-like
transition occurs at ∼18 kOe. During the �rst magnetic-�eld reduction (closed
circles) and during the second and following magnetic-�eld increases (opened tri-
angles), the magnetisation behaviour is typical of a soft ferromagnet. Taken from
Ref. [35].

tence of ordered (FM) and disordered (PM) magnetic phases is observed [24, 33].
Finally, concerning the anisotropy of the magnetic properties, a study in a

x � 0.5 single crystal along the three crystallographic directions shows a small
anisotropy in magnetisation, which is thus also observed in MCE [34].

2.4.1 The x=0 case
The magnetic ground state of the Gd5Ge4 alloy had been reported to be that of
a simple AFM with TN ∼15 K [1], but recent works clearly show that Gd5Ge4
orders AFM at TN ∼127 K, and that no FM phase is observed when cooling at
zero �eld down to ∼1.8 K, the crystallographic structure remaining at the O(II)
phase [35, 36, 37, 38]. This fact is in disagreement with the behaviour of the Ge-
rich compounds (0<x≤0.2), which order AFM at ∼125-135 K and upon further
cooling undergo a �rst-order AFM/O(II)-to-FM/O(I) transition (see sec. 2.2).
However, for x=0, the application of a �eld of 18 kOe (Hcr) at 4.3 K irreversibly
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transforms the AFM state into a FM state, with also an irreversibleO(II)→ O(I)
transition, since after the �eld is reduced isothermally back to zero, Gd5Ge4 still
remains in the FM/O(I) state. The inverse FM/O(I)→AFM/O(II) transition can
be induced by heating the sample to above∼25 K, where the well-known �rst-
order reversible transition occurs, in concordance with the rest of Ge-rich alloys.
From 4.3 to ∼10 K, Hcr decreases with temperature, while from ∼10 K to ∼20
K becomes nearly constant (∼11 kOe). The latter temperature range shows a
more complex behaviour, because the transition in this case is partially reversible.
Above ∼25 K, the transition is completely reversible and shifts linearly with the
magnetic �eld [35, 36, 37, 38]. The same overall behaviour is observed when
the �rst-order AFM/O(II)→FM/O(I) is induced by external hydrostatic pressure
instead of magnetic �eld [15]. The magnetic phase diagram forx=0 is displayed
in Fig. 2.7.

The antiferromagnetism related to theO(II) phase is believed to be similar to
that of the Ge-rich Tb5(SixGe1−x)4 alloys, which have the same structural phase. In
the ordered phase of Tb5Ge4, the individual slabs have canted 2D ferromagnetism
while the interslab ordering is canted antiferromagnetic, leading to 3D ordering
[13, 14]. A spin reorientation occurs with T in the AFM state, affecting the in-
traslab ferromagnetic canting, but the state remains AFM [14]. In contrast, the
ground state of Tb5Si4 is canted FM, with also a spin reorientation occuring with
T [14]. Figure 2.8 shows the magnetic structures present in Tb5Ge4 and Tb5Si4
compounds. In the case of the AFM phase in Gd5Ge4, the extrapolated Curie-
Weiss temperature is positive [1, 8, 36, 39], which is an evidence of the existence
of positive (FM) exchange interactions in the AFM phase and it is thus reasonably
to compare both materials. Magen et al. [15] proposed for Gd5Ge4 a model of
magnetic interactions similar to Tb5Ge4, shown in Fig. 2.9. For Levin et al. [36],
the anisotropy in the exchange interactions of Gd atoms may account for the dif-
ference between the interslab (AFM) and intraslab (FM) magnetic ordering and
therefore for the variety of probably non-colinear magnetic structures present in
Gd5Ge4. Szade et al. [39] studied the inverse of the low-�eld magnetic suscepti-
bility in Gd5Ge4 at high temperature and detected a non-linear behaviour between
TN and ∼230 K, indicating the onset of some ordering process.

2.5 Other properties
The �eld-induced, reversible nature of the �rst-order magnetostructural transition
in Gd5(SixGe1−x)4 alloys for x ≤ 0.5, results in colossal magnetostriction [10, 9,
11, 37], giant magnetoresistance [40, 41, 42, 43], unusual Hall effect [44], and
spontaneous generation of voltage [45, 46], besides the giant MCE. Some of the
most relevant of these properties are explained brie�y.
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2.5. Other properties

Figure 2.8: Magnetic structures of Tb5Ge4 and Tb5Si4 at 2 K and 85 K as deter-
mined from neutron powder diffraction data, showing the two distinct phases that
each compound shows at low temperatures. The spheres stand for Tb ions, and a
different level of shading is used to identify Tb1 (black), Tb2 (medium gray), and
Tb3 (lightest gray). For Tb5Ge4 at 85 K, the projection in the a-c plane has been
included to emphasise the canting of the Tb3 ions. Taken from Ref. [14].
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O(II ) – AFM O(I) – FM
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Figure 2.9: Crystallographic and magnetic structures of Gd5Ge4 in the a-b plane at
low temperature. Only the Ge atoms participating in the T'-T' covalent-like bonds
are depicted as solid spheres. Solid lines stand for formed bonds while dashed
lines represent broken bonds. Gray arrows are used to illustrate the change in the
magnetic coupling induced by �eld, hydrostatic pressure or temperature. Taken
from Ref. [15].
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Figure 2.10: Magnetoresistance ratio ∆ρ/ρ = [ρ(H,T ) − ρ(0,T )]/ρ(0,T ) for the
Gd5(SixGe1−x)4 compound with x=0.45 as a function of the applied magnetic �eld
at some selected temperatures of (a) 275, (b) 270, (c) 260, (d) 250, (e) 240, and
(f) 230 K. Taken from Ref. [40].

2.5.1 Giant magnetorresistance

A remarkable phenomenology in Gd5(SixGe1−x)4 is that of the magnetoresistance,
because it also shows a giant effect -giant magnetoresistance (GMR)-, both in
0.24 ≤ x ≤ 0.5 compounds [40, 41, 42], see for example Fig. 2.10, and in the
0 ≤ x ≤ 0.2 alloys [43]. Since the two structural phases involved in the transition
show a different electrical resistance, which at Tt is ∼20-25% for 0.24 ≤ x ≤ 0.5
and ∼50% for 0 ≤ x ≤ 0.2, a drastic change in the resistance leads to a GMR
∼20-50% when the transition to the low-temperatureO(I) phase is �eld-induced
above Tt. The application of a �eld at the O(I)/FM phase yields a negative but
small magnetoresistance, corresponding to a FM system with localised moments
[40].

The study of GMR in this series of alloys has unveiled that the electrical re-
sistance of the high-temperature phase (M or O(II), depending on the composi-
tional region) changes when the material is cycled through the structural transition
[47, 48]. For clarity, we will call the low-temperatureO(I) phase α, while we will
call the high-temperature phase β' or β� depending o the resistance value. For a
virgin sample, the low-temperatureα phase shows a higher resistance than high-
temperature β' phase (giving rise to a positive GMR). But when the sample is
thermally cycled through the �rst-order phase transition, a high-temperatureβ�
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(a) (b)

Figure 2.11: (a) Temperature dependences of the electrical resistivity of
Gd5(SixGe1−x)4 compound with x=0.4875 on heating in zero �eld during the 1st,
8th, and 20th cycle through the �rst-order phase transition. The inset shows the
detailed behaviour between 250 and 300 K during the 8th cycle. (b) Magnetic
�eld dependences of the electrical resistance of the same compound measured
under increasing �eld after a different number of isothermal cycles through the
�rst-order phase transition at 270 K. Taken from Ref. [47].

phase with higher resistance thanα phase is obtained (giving rise now to a nega-
tive GMR), see Fig. 2.11 (a). The same phenomenon occurs when the sample is
cycled through the transition by the application of a magnetic �eld, as show in Fig.
2.11 (b). Moreover, it is also observed that Tt of the α ↔ β� transition is lower
by ∼2-7 K than that of α ↔ β'. The effect is suggested to be originated from
a redistribution of the Si/Ge ratio in T and T' atoms [47]: Si content increases
in the intraslab positions (T) and decreases in the interslab positions (T', where
the covalent-like bonds between slabs take place). The structural transition occurs
at lower Tt because Ge-rich T'-T' bonds are weaker, as derived from the phase
diagram (Tt decreases by ∼11 K for each 1 at. % increase in Ge content in the
bulk alloy, see Fig. 2.2). The difference between the behaviour of the resistance
during the α ↔ β' and α ↔ β� transitions is settled by two main contributions
that arise from the change in the conduction electron concentration and scatter-
ing processes during the �rst-order phase transition. Another fact observed in
resistance studies is that the residual resistivity increases at each cycle due to the
increasing precence of microcracks [40, 41, 42, 47]. This suggests that the large
volume change taking place at the �rst-order transition damages irreversibly these
samples by introducing stress at the grain boundaries.
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The electrical resistance also shows an anomalous behaviour in the second-
order AFM-FM transition (for 0 ≤ x ≤ 0.2 compounds). In this case, the resis-
tance changes from a metallic behaviour in the FM phase (resistance increases
with T ) to a semiconductor-like behaviour (resistance smoothly decreases withT )
[35, 39, 43, 48].

2.5.2 Colossal magnetostriction
The change in the crystal structure at Tt leads to a huge linear thermal expan-
sion (LTE) of ∆l/l� 0.16% for 0 ≤ x ≤ 0.2 (i.e., a volume change ∆V/V =

3(∆l/l) �0.48%) [9, 37] and ∆l/l �0.13% (∆V/V �0.4%) for 0.24 ≤ x ≤ 0.5
[10], see for example the inset in Fig. 2.12 for x=0.1. The purity of Gd in the
samples affects the value of the LTE (and therefore the volume expansion) at the
�rst-order transition [49]. LTE measurements carried out in a single crystal with
x=0.43 showed that ∆l/l are negative along the b and c axes (-0.20% and -0.21%,
respectively), while it is positive along the a axis (+0.68%), leading to a volume
change of∼0.27% [11]. Similar results were obtained by Hanet al. with a x � 0.5
single crystal [50], who also measured LTE along thea axis as a function of the
angle of the applied �eld [51]. Since the transition is �eld-induced, a strong mag-
netostriction is expected at temperatures aboveTt, for the corresponding transition
�eld. The magnetostriction measurements are independent of the �eld direction in
polycrystalline samples (λ‖ = λ⊥), and consequently the volume magnetostriction
may be evaluated asω = 3λ‖(⊥). For 0 ≤ x ≤ 0.2 alloys, a large value of the vol-
ume magnetostrictionω �0.5% is reached [9, 37] (Fig. 2.12 for x=0.1), while for
0.24 ≤ x ≤ 0.5 alloys, ω �0.45% [10]. Accordingly, Gd5(SixGe1−x)4 compounds
for x ≤ 0.5 are potential candidates as magnetostrictive transducers.

2.6 Characterisation of Gd5(SixGe1−x)4 alloys
2.6.1 Electronic structure
The knowledge of the electronic structure of Gd5(SixGe1−x)4 alloys is relevant in
order to understand the properties of these compounds. The electronic structure
has been experimentally investigated by X-ray and ultraviolet photoelectron spec-
troscopy (XPS and UPS) on the valence band [39, 52]. Covalent bonding between
Gd and Si or Ge causes a charge redistribution which is observed to be stronger for
the Ge-rich compounds. For Gd atoms the redistributing affects probably 5d elec-
trons, therefore this may explain the magnetic properties variation as the indirect
exchange would be based on the interaction via 5d electrons more than RKKY-
based [39]. The experimental results may be compared with theoretical calcula-
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Figure 2.12: Magnetostriction (λ) isotherms along the applied �eld at some se-
lected temperatures for Gd5(SixGe1−x)4 with x=0.1. The inset shows the linear
thermal expansion ∆l/l for increasing temperature along the same measurement
direction. Taken from Ref. [9].

tions of the electronic band structure and the density of states [35, 52, 53, 54],
which account for the observed resistivity and magnetic behaviour and con�rm
that the 5d character of the valence electrons determines the most important prop-
erties of the compounds [52].

2.6.2 Structural characterisation

A large variety of works have studied experimentally the main structural features
of Gd5(SixGe1−x)4 alloys. To mention some of them: surface structure of sin-
gle crystals performed with X-ray methods (X-ray powder difraction and Berg-
Barret X-ray topography), scanning electron microscopy (SEM) and Auger elec-
tron spectroscopy (AES) [55]; observation of the �rst-order transition with mag-
netic force microscopy (MFM) [56, 57] and transmission electron microscopy
(TEM) [58]; determination of phases in as cast samples using SEM, energy dis-
persive spectroscopy (EDS) and orientation imaging microscopy [59]; detailed
microstructure of monoclinic phase using TEM bright �eld images and selected
area electron diffraction (SAED) [60]; and structural differences between the var-
ious phases present in the intermediate-range compounds using TEM [58].
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(b)

Figure 2.13: (a) Entropy change for increasing �elds, as calculated from the
Maxwell relation (circles) -with different �eld variations- and the Clausius-
Clapeyron equation (triangles), using magnetisation data for Gd5(Si2Ge2) alloy.
(b) Direct measurement of the adiabatic temperature change for two Gd5(Si2Ge2)
samples, with different �eld variations. Taken from Ref. [61].

2.7 Evaluation of the MCE at a �rst-order transi-
tion

The correct evaluation of the entropy change related to the MCE at a �rst-order
transition is a controversial issue and has lately aroused much discussion [4, 61,
62, 63, 64, 65]. For Gd5(SixGe1−x)4, Giguère et al. [61] showed that the use of the
Maxwell relation (Eq. 1.5 and 1.6) to calculate the entropy change overestimates
(at least ∼20%, see Fig. 2.13 (a)) the value obtained from the Clausius-Clapeyron
equation (Eq. 1.17), which the authors [61, 64] claimed to be the correct procedure
due to the �rst-order nature of the transition in these alloys. According to them, the
entropy change in the magnetostructural transition is not associated with the con-
tinuous change of the magnetisation, M, as a function of T and H, but rather with
the discontinuous change in M due to the crystallographic transformation. They
claimed that Maxwell relations do not hold sinceM is not a continuous, derivable
function in that case. In contrast, Gschneidneret al. [62] argued that the Maxwell
relation is applicable even in the occurrence of a �rst-order transition, except when
this transition takes place at a �xedT and H, giving rise to a step-like change of M
(ideal case). Besides, they claimed that Clausius-Clapeyron equation would imply
an H-independent adiabatic temperature change, which however is not consistent
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with the experimental observations [61] (see Fig. 2.13 (b)). Moreover, Sunet al.
[63] showed that the entropy change calculated from the Maxwell relation is in-
deed equivalent to that given by the Clausius-Clapeyron equation, providedM is
considered T -independent in whichever phase the transition involves, andM is a
step function with a �nite jump at the transition temperature. They also suggested
that the two procedures may yield different results since the Clausius-Clapeyron
method does not take into account the reduction of spin �uctuations by an applied
�eld.

Furthermore, at a �rst-order phase transition, the experimental determination
of the heat capacity CP is intrinsically uncertain due to the release of latent heat
(i.e., a discontinuity in the entropy), therefore CP also presents problems in the
calculation of the MCE in the vicinity of a �rst-order phase transition [65]. The
entropy discontinuity can be determined from DSC measurements (see sec. 3.2.3
and also Ref. [65]), as it will be shown in Chapter 4. The controversy between the
variety of methods to evaluate the MCE at a �rst-order phase tansition will also
be discussed in Chapter 5.
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