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Abstract

The crystal structure, magnetic and other physical properties of the intermetallic Gds(Si Ge,_,)4 phases are strongly dependent
on the Si:Ge ratio (x). Especially intriguing behavior is observed when the chemical composition in this system is near x=0.5, where
small changes in the stoichiometry result in drastic variations in the chemical bonding, electronic structure, crystal structure, and
magnetism. Furthermore, the fully reversible magnetic/crystallographic (7¢ =270 K) and the irreversible thermoelastic crystal-
lographic (between ~ 500 and ~ 750 K) transformations exist near this critical chemical composition. Both of these transformations
involve the same two crystallographic modifications: the monoclinic Gds(Si,Ge,)-type (f) and the orthorhombic GdsSis-type
structures (« and y). First principle calculations of the electronic structure and exchange coupling of these materials are in nearly
quantitative agreement with the experiment. It appears that the unusual behavior observed in the near critical Gds(Si Ge;_\)4
phases is closely related to the stability of the well-defined sub-nanometer thick atomic slabs coupled with the flexibility of their

arrangements.
© 2002 Elsevier Science (USA). All rights reserved.

1. Introduction

The 1967 discovery of the RsSiy (R=Gd, Tb, Dy, Ho
and Er) intermetallic phases [I] went just about
unnoticed despite the presence of a conspicuous
anomaly: the silicide—GdsSiy—orders ferromagneti-
cally at T¢c = 336 K, which is nearly 40 K higher than
that of the elemental Gd (T¢= 294 K). The abnormal
increase in the Curie temperature of the crystalline
material upon dilution of the magnetic Gd** sublattice
by roughly the same amount of the non-magnetic silicon
is especially intriguing because the seemingly isostruc-
tural germanide—Gds;Ges;—was classified as an anti-
ferromagnet with 7n= 15K. Thirty years later the
reports about the giant magnetocaloric effect [2—4] and
the understanding of the relationships between the room
temperature crystal structures and chemical composi-
tion in the series of alloys in the Gds(Si,Ge;_,)4 sSystem
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[5] drew considerable attention to these and related
intermetallic compounds [6—49].

Our knowledge of various Rs(Si,Ge;_,)4 compounds,
where R=rare earth metal, includes some exotic
magnetic, electronic transport and thermodynamics
properties, all of which are intimately related to similar
but clearly diverse chemical bonding, electronic struc-
ture and crystallography of these complex metallic
alloys [1-49]. The crystal and magnetic lattices in many
of the Rs(Si,Ge|_,)4 systems are coupled, and exhibit an
extreme sensitivity to chemical composition, tempera-
ture, magnetic field and pressure. In many cases a
distinctly non-linear response is triggered by a particular
thermodynamic parameter exceeding a material-specific
critical value. Thus near-critical regions are of special
interest as they encompass states where minuscule
variations in chemistry, temperature, magnetic field
and/or pressure result in enormously large responses
of both spin and lattice systems.

Especially intriguing is the fact that the replacement
of silicon by its electronic twin—germanium—causes
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notable changes in the crystal structure and has a drastic
influence on the physical properties of materials with the
same R. Furthermore, strong magnetoelastic coupling
observed when R=Gd, which is an S-state ion, is quite
remarkable. In this work we describe our current
understanding of the composition-structure-processing-
property relationships in the Gds(Si,Ge,_,)4 system in
the near critical region (x=0.5).

2. Crystallography of the Gds(Si Ge;_,), system

Crystal structures of alloys in the Gds(Si Ge;_\)4
system are complex and they contain a total of 36 atoms
per unit cell, that are distributed among five to nine
independent crystallographic sites in the orthorhombic
and monoclinic crystal systems, respectively [5, 19].
Structurally, all of the Gds(Si, Ge;_,)4 alloys are based
on two different polyhedra, as shown in Fig 1: the
cubooctahedron, [GdXsGdg] (a), and the double trigo-
nal prism, [X>Gdg] (b), where X=Si and Ge atoms that
are nearly equably distributed among their respective
crystallographic sites [19]. These two types of polyhedra
are assembled into tightly bound, in effect two-dimen-
sional slabs, which are shown in Figs 1c and d. Since
both polyhedra are sharing four out of six rectangular
faces, the chemical compositions of the slab fragments

are (Gds;Xig3) and (Gd,X5;3) for the cubooctahedron
and the coupled trigonal prisms, respectively. The
chemical composition of the entire slab is (GdsXy).,
because there is one cubooctahedron for each double
trigonal prism in the slab. In a way, the slab can be
considered as a molecule that contains infinite number
of atoms. The two distinctly different sites that are
occupied by Si(Ge) atoms are indicated as 71 and 72:
the former are located on the slab surface thus playing a
role in the interlslab bonding, whereas the latter are
found inside the slabs and contribute to the stability of
the slabs.

The sub-nanometer-thick slabs (their total thickness
along the b-axis is only ~0.62nm) are extremely stable
and they can be found in practically every crystal
structure known to exist in various Rs(Si,Ge;_,), alloy
systems, except for the silicon-rich La, Ce, Pr and Nd
alloys [1, 16, 17, 19, 27, 35-37, 38, 40, 41]. The two
crystal structures that are observed at x=~0.5 in the
Gds(Si,Ge;_,)4 system are shown in Fig. 2, and they are
formed by a different arrangement of the nearly
identical slabs. The first structure belongs to the
orthorhombic GdsSiy-type in which all slabs are
interconnected via short X—X bonds (the interatomic
distance, 0y_y=~2.6 A). The second is the monoclinic
Gd;sSi,Ge,-type structure, where the slabs are in fact
identical to those found in the GdsSis-type structure but
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Fig. 1. The [RXg] octahedron surrounded by the [Rg] cube (a) and double trigonal prism [X>Rg] (b) as the building blocks of the Gds(Si Ge;_,)4
structures, where R=rare earth and X=Si and/or Ge atoms. The Si and/or Ge sites responsible for the interslab bonding are designated as 71,
whereas the sites located inside the slabs are marked as 72. The two different projections of the slab formed by the two polyhedra are shown in (c)
and (d). The full thickness of the slab along the b crystallographic direction is ~6.2 A and the slab is infinite along both the a and ¢ crystallographic
directions. Light gray large spheres indicate Gd atoms, while small black spheres are used to indicate both Si and Ge atoms nearly evenly mixed in the

same lattice sites.
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Fig. 2. The two crystal structures observed near the critical chemical composition at x = 0.5 in the Gds(Si,Ge;_,)4 system: the orthorhombic,
GdsSig—type (a), where all slabs are connected to one another with short Si(Ge)—Si(Ge) bonds, and the monoclinic, GdsSi,Ge,—type (b), where
short Si(Ge)—Si(Ge) bonds are preserved between the pairs of slabs, while no such bonds exist between the pairs of the slabs. The orthorhombic
structure is known to exist in both ferromagnetically ordered («-phase) and paramagnetic (y-phase) states. The monoclinic structure only exists in the
paramagnetic state (f-phase). Notations (71 and 72) used for the sites occupied by Si and Ge atoms are the same as in Fig. 1. The sites with short
interslab bonds (0y_xy = ~2.6 A) are designated as T1A, while the sites with no interslab bonds (0y_xy = ~3.5 A) are marked as T'1B. Gd and Si(Ge)

atoms are indicated using large gray and small black spheres, respectively.

only pairs of slabs remain connected to one another.
The short X—X bonds between the unconnected pairs are
lost and the corresponding interatomic distance in-
creases from ~2.6 to ~3.5A, while those of the
connected pairs remain at ~2.6 A.

The monoclinic GdsSi>Ge,-type structure is only
stable in the paramagnetic state (the f-phase) in the
composition range ~0.38 <x< ~0.53 (38). When the
p-phase is cooled below its corresponding Curie
temperature, which varies as a function of x, the
coupled magnetic—crystallographic transition occurs,
and the ferromagnetically ordered compounds always
adopt the orthorhombic GdsSis-type structure—the o-
phase [3, 5, 7, 8, 19, 20, 36, 38, 44]. This crystal structure
change is illustrated in Fig.3, which shows the
difference in the powder diffraction patterns of the
two crystallographic modifications of the alloy with x =
0.5225. The coupled magnetic—crystallographic transi-
tion is always complete and reversible at low tempera-
tures, although it is characterized by a noticeable
hysteresis. It is worth noting that the o« f§ transition
may also be triggered isothermally by magnetic field
and/or pressure [8, 30].

The apparently identical crystallographic transforma-
tion can be decoupled from the magnetic ordering in
alloys with x=0.5. This is shown in Fig. 3, where the
initially monoclinic paramagnetic Gds(Sig 5005G€0.4775)4
phase (298 K) transforms into the orthorhombic GdsSiy-
type structure when heated to 690 K. The systematic
shift of Bragg peaks to lower Bragg angles observed at
690 K when compared to their equivalents at 240K is
associated with thermal expansion of the lattice. Unlike

the low-temperature magnetic—crystallographic transi-
tion (< f§), the high-temperature crystallographic-only
transformation (f—y) is only triggered by temperature.

As established earlier [45], the f —y transformation at
x =0.5225 is irreversible below ~730K and the
orthorhombic structure can be retained after cooling
to room temperature. On the other hand, the monoclinic
Gd;sSi,Ge,-type structure in this alloy can be restored by
heat treatment at temperatures exceeding ~ 1200K, i.e.
the y— f transformation occurs at high temperature. It
appears therefore, that the monoclinic polymorphs of
the Gds(Sig.s5225Geg4775)4 and other alloys with x=~0.5
are high-temperature phases, which are in fact, meta-
stable at room temperature. Despite their metastability,
the monoclinic phases may exist indefinitely at room
temperature and at any temperature, lower than the
temperature at which ff—y transformations begin. For
the Gds(Siy.s5225Geq 4775)4 composition the metastable ()
to stable (y) transformation begins at ~500K and it is
nearly completed at ~730 K. As shown in Ref. [45], the
f -y transformation is thermoelastic, i.e. the fraction of
the formed y-phase remains constant as long as
temperature remains constant.

3. Structure—property relationships in the
Gds(Si, Gey_), system near the critical composition,
x=~0.5

It has been always implicitly assumed that the
influence of the crystal structure of a material on its
physical properties, especially magnetism (which is
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Fig. 3. The X-ray powder diffraction patterns of the monoclinic polymorph () of the Gds(Siy 5225Ge€4775)4 compound at room temperature
(T = 298 K, paramagnetic state), after cooling it to 7= 240 K (ferromagnetic state), and after heating the sample to 7= 690 K (paramagnetic state)
indicating that both the low temperature («) and the high temperature (y) crystal structures are the same within the accuracy of the method. The
temperatures shown in the figure are the actual temperatures at which powder diffraction experiments were carried out.

controlled by exchange interactions—a derivative of the
interatomic distances and electronic structure), is
immense. Unfortunately, it is more often true than
not, that a material exists in a certain type of a crystal
structure at a fixed chemistry and thus it is nearly
impossible to experimentally examine the effects of
varying the crystallography on the magnetism of a
system with a constant stoichiometry. While theoreti-
cally it is possible to vary the crystal structure of the
material and to predict the changes in the exchange
interactions, the experimental verification of these
predictions is generally unreliable, simply because the
new crystal structure can only be obtained, if at all, by
chemical substitutions. Thus, the question always
remains: was the observed difference in properties due
to the change in the structure of the material, or was it
due to the chemical substitutions and thus the related
changes of the electronic structures of the components,
or was it due to the effects of both?

In this regard, the occurrence of two distinctly
different types of crystal structures in a paramagnetic
material (- and y-phase) without changing its chemical
composition offers a unique opportunity not only to
directly examine the effects of varying the crystal
structure on the magnetism of the system, but also to
verify and refine theoretical models. Indeed, the crystal
structure of the Gds(Si,Ge;_,)4s compounds has a
pronounced effect on their magnetism:

® When the Gds(si045225G60A4775)4 alloy adopts the
monoclinic GdsSi>,Ge,-type structure in the para-

magnetic state (Fig. 2b), its properties clearly reflect
the presence of the first-order coupled magnetic-
crystallographic transformation at Tc= 288 K. The
behavior of the magnetization as a function of
magnetic field, shown in Fig. 4a, is indicative of a
metamagnetic-like transition with the magnetic-field-
induced transformation from a paramagnetic to a
ferromagnetic state. This has been observed in several
Gds(Si,Ge;_,)4 alloys with the p-phase crystal
structure [2-11, 30-35]. As noted above, the crystal
structure  of the ferromagnetically ordered
Gds(Sig.5005Geg4775)4 compound is that of the
GdsSiy-type (Fig. 2a).

® When the same alloy has been transformed into the
orthorhombic polymorph (y) by heat treatment at
~750K, the paramagnetic Gds(Sigs005Geg4775)4
compound exists in the GdsSis-type structure. When
cooled below its Curie temperature (7c= 302K,
which is ~14K higher than that of the monoclinic
polymorph at the same chemical composition) this
compound undergoes a second-order phase transition
from a paramagnet to a ferromagnet. The behavior of
the magnetization as a function of magnetic field has
changed considerably, and it is similar to that of
conventional ferromagnets (Fig. 4b).

A similar behavior has been observed for two other
alloys (x = 0.495 and 0.5) in the Gds(Si,Ge;_,)4 system,
(Fig. 5). Both alloys were found to exist in two different
modifications in the paramagnetic state—f and y. When
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Fig. 4. The behavior of the magnetization as a function of magnetic field measured during field increase using a sample of the  monoclinic
Gds(Sig.5005Ge.4775)4 polymorph (a), and using a sample of the y orthorhombic Gds(Sig 5225Ge€g.4775)4 polymorph (b).

they adopt the monoclinic GdsSi,Ge,-type structure (f3)
in the paramagnetic state, the coupled magnetic-crystal-
lographic transitions occur at notably lower tempera-
tures when compared to the ferromagnetic-only
ordering of the orthorhombic GdsSiy-type polymorphs
(y) with the same chemical composition. The difference
in the Curie temperatures of the two polymorphs
increases linearly from 11 to 27 and 31 K when x varies
from 0.5225 to 0.5 and 0.495, respectively. The trends in
the Curie temperatures are identical to the trends
established for the corresponding phases in the
Gds(Si Ge;_,)4 system over a much broader range of
concentrations [3, 20, 38]: the monoclinic polymorphs
display strong concentration dependence of the Curie
temperature as a function of composition from ~0.38
<x<0.53, while the orthorhombic polymorphs have
much weaker concentration dependence of T¢ from
~0.495 <x<I.

The crystal structures of the two polymorphs (f and 7)
of the Gds(Si,Ge,_,)s compounds with x=~0.5 are
formed by the practically identical slabs but are
distinctly different in the interactions between the slabs
(Fig. 2). Therefore, it is clear that the role of the
interslab  bonding on the magnetism in the
Gds(Si,Ge;_,)4 system is paramount, and it could be
better understood by considering their electronic struc-
ture and magnetic properties from first principles. The
results presented below were obtained using the tight-
binding linear-muffin-tin-orbital approach [50] in the
atomic sphere approximation (ASA) and the local
density (LDA) approximation [51] with the spin—orbit
(SO) coupling added variationally. Since it is well known

that even the magnetic structure of the hexagonal close
packed phase of Gd is not described properly in the
LDA when 4f states are treated as valence states [52], the
4f states were treated as core states to avoid this
uncertainty. The parameters of the exchange interac-
tions were calculated as described in Ref. [53].

As shown schematically in the upper part of Fig. 6a,
the interatomic distances between X=Si(Ge) atoms
which are responsible for the interslab bonding increase
by ~09A during the transition from the « to the f-
phase (19), also see Fig. 2. This dramatic change leads to
a natural decrease of the corresponding bond strength
and the lowering of the Fermi level. The relative stability
of the orthorhombic polymorph in the ferromagnetically
ordered state is associated with this shift of the
Fermi level (Ef), which results in the smaller value
of the effective magnetic exchange coupling, Jy, in the
p-phase when compared to that in the o-phase as
shown in Fig. 6b. Considering Helmholtz free energies
of the two different polymorphs of Gds(Si,Ge;_,)4 near
x = 0.5, with such a modification of Jy, F(T), rises
more rapidly with temperature when compared to F(T)y,
see Fig. 6¢c. Hence, the GdsSi,Ge,-type structure be-
comes stable at and above a critical temperature, Ty,
where its free energy becomes lower than that of
the GdsSig-type phase. The behavior of the two
free energy functions in the vicinity of Ty, results
in a discontinuous change of the derivative,
[OF(T, P, H)/0T]p y, and the magnetic—crystallo-
graphic transformation in the Gds(Si,Ge;_,)s system
is thermodynamically a first-order phase transition
when x=~0.5.
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equilibrium y orthorhombic (b) polymorphs near the critical composition, x=0.5, as measured during heating. The dotted lines in each plot indicate
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Fig. 6. The schematic of the coupled magnetic—crystallographic phase transition observed near x = 0.5 in the Gds(Si,Ge;_,)4 system: (a) the
structure of bonding (s, and py,) and antibonding (s,, and p,p,) s and p states of X (Ge or Si) atoms responsible for the interslab bonding in the
orthorhombic GdsSis-type () and its absence in the GdsSi>Ge,-type (ff) phases with the corresponding shift (AEr) of Er in the GdsSi,Ge,-type
phase; (b) the lowering of the effective magnetic exchange parameter, Jy, in the GdsSi,Ge,-type phase related to the shift of Ep; (c) the Helmholtz free

energy, F(T), as a function of temperature for both phases.

The total energy (TE) for the Gds(SipsGeo.s)s
composition where Si and Ge atoms are nearly
statistically disordered has been obtained by averaging
the total energies for the two ordered structures (Fig. 7)
with two possible distributions of atoms: in the first
only Ge atoms occupy 71 positions and Si atoms are
placed in 72 positions. In the second model, the site
occupancy by Ge and Si is reversed. The calculated TE

difference between the Gd;Sis-type and GdsSi,Ge,-type
phases equals to 0.07eV/unit cell or 22 K/atom. No
energy barrier was found in these calculations. TE is
sensitive to the specific ordering of Ge and Si atoms
(Fig. 7), when the T1 sites are Ge-rich compared to the
T2 sites, which are Ge-poor in both o- and f-phases. The
latter is in good agreement with the experimental
data [19].
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Fig. 7. The variation of TE during the Gd;Sis-type (2) to GdsSirGe,-type (f) transition of the FM Gds(Sig sGeg s)4 compound assuming a linear
transformation [56] of all atomic coordinates. The experimentally observed 71B-T1B distances (0) are indicated in A. The resulting theoretical
Gd;Si»Ge,-type structure is slightly different from that observed experimentally but this difference is small and does not affect any conclusions. The
solid lines represent TE without SO coupling and the dashed lines show the same with SO coupling. The points correspond to TE of the
experimentally observed crystal structures: two types of circles correspond to two types of Ge—Si ordering, whereas the average TE is shown by
triangles. The middle solid line corresponds to TE assuming experimentally observed distribution of Ge and Si atoms in 7" and T sites. The common

shift due to SO coupling is not shown for simplicity.

Our analysis shows that the a-phase has lower TE
when compared to the f-phase mainly due to the smaller
one-electron energy (Eyng) of Ge(Si) atoms in the T1B
positions since Epng of Ge(Si) atoms is strongly
dependent on the T1B-T1B distance. Thus, to analyze
the chemical bonding we use the following pair
decomposition of Epyg:

Ep
Epnd = / de Z Z HRrr RN (&) pp pr

RL R'L

Ef
:/ dSZZCOHP(S)RL,R'U

RL RL

=> " ICOHP, r1, (1)

RL R'L

where Hg; pp = <XRL|1_} Yrp > 18 a pair Hamiltonian;
one electron wave function is a linear combination
of atomic centered orbital yp; : ;> = D prl1re)URL
N(&)rpwr = DjUprurjo(e; —€) is  density  of
states (DOS) matrix; COHP is the crystal orbital
Hamiltonian populations, and ICOHP is the integrated
COHP [54].

The main contribution in the interslab bonds (71-T1)
comes from a pair of sp hybrid orbitals. These
contributions have been extracted from the complete
s-, p-, d- orbital basis set using an sp projection operator
[54]. The sp-orbital for the each of the Ge atoms were
constructed as 0.9 of s- plus p-orbital. The orbitals in the
bond are centered on the neighboring Ge atoms and
point towards each other along the connecting 71-T1
direction [F= (—0.15248, 0.05858,,0.29518)]. The in-

crease of one-half of T1-T1 (i.e., T1B-T1B) bond
distances in the f-phase leads to the decrease of the
corresponding elements of pair Hamiltonian Hgp py.
All contributions to T1B-T1B bond in the f-phase are
smaller than in the a-phase (Fig. 8). The weakening of
bond strength is accompanied by the modification of
positions of bonding and anti-bonding states. The
smaller value of Hy, produces smaller splitting between
these s states. The decrease of Hy, elements also leads to
a smaller splitting of s and p states. As a result the
position of the antibonding p states in the f-phase is
lowered as indicated by a large peak at —2.7¢V in
Fig. 8b.

The analysis of pair contributions to the one-electron
energy of Ge atom in T1B position shows that on-site
value of ICOHP is similar in both structures (—18.39
and —18.29¢V in o- and fS-phase, respectively). Hence,
the decrease of FEp,q is related to a large negative
contribution of the T1B-7'1B bond in the a-phase. The
total ICOHP value of the T1B-T1B bond is reduced
from —1.9eV in the a-phase to —0.14eV in the S-phase.
The total Ge T1B contribution to Epyg 1S lowered from
—23.15eV in the a-phase to —21.83¢V in the f-phase.
The total AEy,g (T1B) is equal to 1.33eV, whereas the
difference in T1B-T1B bond is 1.77eV. The gain in
T1B-T1B bond strength is partially compensated by the
increase of Ge—Gd pair contributions in the f-phase.
The lowering of p states leads to the appearance of two
peaks below Ef in partial DOS of T1B Ge. This in turn
increases the total number of states at these energies,
lowering Ef.
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As it is shown in Fig. 7, the Gd;Siy-type — GdsSi,Ge,-
type crystallographic transformation is accompanied by
the increase of TE for a ferromagnetically (FM) ordered
Gds(SipsGeg.s)s when Ge atoms are distributed in 72
sites and Si atoms are placed in 71 sites. On the other
hand, the total energy decreases when Ge is in 7’1 and Si
isin 72, i.e. when Ge atoms are placed in 71B positions.
The analysis of different contributions shows that the
change of TE is dominated by the double-counted term
(Eq4c) of the valence electrons of Ge(Si) atoms in T1B
sites, which is related to the fact that the wave functions
of Ge atoms are more compact compared to those of Si
and are less sensitive to the decrease of the muffin-tin
sphere volume of T1B atoms in the f-phase.
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Fig. 8. The crystal orbital Hamiltonian populations (solid lines) and
integrated crystal orbital Hamiltonian populations (dashed lines) of
T1B-T1B Ge-Ge bond in the GdsSis-type (o) phase (a) and in the
Gd;sSi>Ge,-type () phase (b) of the Ges(Sig sGeg s)4 compound. The
bottom of the band is placed at the same energy value for both phases.
EF are shown by vertical lines. Only the majority spin states are shown.

We also found that the pair exchange parameters Jj;
are short ranged and do not exceed the unit cell size. The
influence of Eg shift on the value of the effective
exchange coupling parameter [Jo(EF) = ZJ’ Jij] of Gd
atoms located in the centers of cubooctahedra is
illustrated in Fig. 9. It is worth noting that rigid band
approximation works quite well in this case and the
smaller value of Jy(Eg) in the p-phase is simply
determined by the shift of Eg.

The thermodynamics of phase transitions in
Gds(Si,Gej_,)4s when x=~0.5 may be analyzed by
calculating the free energy using Heisenberg model
and mean field approximation (MFA) [55] based on the
exchange parameters obtained as described above. The
magneto-structural phase transition occurs when free
energies of o- and f-phase become equal:

Fy(Tw) = Fy(Tw), 2)

where T}, is the temperature of the phase transition. The
magnetic part of free energy can be written as

F(T) = Epm + Fup(T) — Fup(T = 0),

sinh(x,
Fur(T)=—T> In [%} ) T bt

nm

1
- (0) M
Xn = T(z Z Jnm:um + U }’IH)7

m

Fup(T =0) = = > (I + pg M, H), 3)
where Epy i1s the total energy of the ferromagnetic
phase, Fyp(7T) is the free energy in the MFA (for T> T¢
Fve(T) =0, p, = (e, ), where €, = M,/|M,| corre-
sponds to the direction of the atomic magnetic moments
(M,), n and m are the indices of non-equivalent
magnetic atoms in the unit cell, and H is external
magnetic field. The third term in the expression for F(T')

25 F ' '

20 r

A 17.7

12.24

- eozmesmoomezdoozozozios
1

Fermi level,

Ep (eV)

Fig. 9. Effective exchange coupling parameter, Jy, for Gd atoms located inside the cubooctahedra (see Fig. 1) as a function of Ef in the « (solid line)-
and f§ (dashed line)-phase. The corresponding Er are shown as solid and dashed lines for o and f phases, respectively.
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Fig. 10. Free energy (right-hand scale) and spontaneous magnetic moment (left-hand scale) of Gds(SigsGegs)s as functions of temperature in
zero magnetic field. The metastable states (f-phase for T'< Ty, and a-phase for 7> Ty,) are shown using dashed lines.

has been added to obtain a correct limit at zero
temperatures F(T =0) = Egy. The p, values were
found from a system of non-linear equations

L(X”) = tum

L(x) =coth(x) — 1/x, (4)

where L(x) is the Langeven function. This system of
equations was solved iteratively.

Assuming that the crystal structure does not change,
the magnetic system described in the MFA undergoes a
second-order phase transition at various Curie tempera-
tures, which depend on the type of the crystal structure
of the compound. The value of the Curie temperature
(T.) was calculated as the largest solution of the system
of equation

ITnm - Tanm‘ = 07 (5)

where T}, = 2/3J,§24), Opm = 1 for n = m and 0 for n#m.

Thus, T, calculated from Eq. (5) are 104K for the
GdsSig-type structure and 64 K for the GdsSi»Ge,-type
structure. The Ty, value is 61 K (Fig. 10) as established
from Eq.2. For T<T, the stable phase is the
ferromagnetic a-phase. At T = T, it is replaced by the
o-phase with a small spontaneous magnetization (we
note that in the experiment this phase is the para-
magnetic f-phase). Overall, the Gds(Siy sGeg 5)4 System
undergoes a first-order magneto-structural phase transi-
tion at Ty,= 61 K with nearly a 60% reduction of the
spontaneous magnetization relatively to its value at zero
temperature. This result is in a quantitative agreement
with the experimental data shown in Fig. 11. A sizeable
disagreement of the calculated Ty, (61K) with the
experimental value (~270K) is related to both the
underestimated magnetic exchange parameters and

simplifications used in the description of the free energy,
since we used the MFA for the magnetic part and did
not include phonon and electronic contributions.

The influence of the applied magnetic field on the
thermodynamics of the phase transition is illustrated in
Fig. 12. In the presence of the magnetic field, the second-
order magnetic phase transitions for the models with the
same crystal structure vanish, which is evident from the
absence of points where spontaneous magnetization is
zero. As a result the free energy functions are increased
less sharply with temperature compared to zero mag-
netic field and T, is raised to 67 K for 23.5 kOe magnetic
field. However, both the magnetization discontinuity
and the first order nature of the magneto-structural
transition are preserved. The calculated value of
dTw/dH = 0.26 K/kOe is in a qualitative agreement
with the observed values of ~0.5-0.6K/kOe, see
Fig. 11.

4. Magnetic shape memory in the Gds(Si Ge;_,), system
near x = 0.5?

The coexistence of three phases in the Gds(Si,Ge|_ )4
system when x=(.5, all observed at constant stoichio-
metry, i.e. the GdsSiy-type ferromagnetically ordered o-
phase, the GdsSi,Ge,-type paramagnetic f-phase and
the GdsSiy-type paramagnetic y-phase brings about the
following fundamental question: how can the same
material adopt two different crystal structures in the
paramagnetic state beginning with the same crystal
structure in the ferromagnetic state? This question arises
because all available experimental data indicate that
when the orthorhombic, ferromagnetic GdsSis-type
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magnetic field (a), and the heat capacity in zero and 20 kOe magnetic fields (b). Both the magnetization and heat capacity were measured during
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Fig. 12. Free energy (right-hand scale) and spontaneous magnetic moment (left-hand scale) of Gds(SipsGegs)4 as functions of temperature in
23.5kOe magnetic field. The metastable states (f-phase for 7'< T}, and a-phase for 7> T},,) are shown using dashed lines.

structure has been formed on cooling during the coupled
magnetic-crystallographic transition from the paramag-
netic monoclinic GdsSi,Ge,-type phase (e.g. Fig. 5), the
magnetic disordering on heating is also accompanied by
the orthorhombic-to-monoclinic  crystal  structure
change [7, 8, 12, 19, 30]. On the other hand, when the
orthorhombic ferromagnetic GdsSis-type structure has
been formed during the simple magnetic ordering of the
paramagnetic orthorhombic GdsSiy-type phase (e.g.
Fig. 5b), the magnetic disordering on heating occurs
without the crystal structure change (see [45] and this
work).

Given the complexity of the crystal structures and the
limited resolution of X-ray powder diffraction data it
appears that both the low- and high-temperature
orthorhombic GdsSis-type phases are identical. Thus,
in the absence of the more precise single-crystal data,
collecting of which presents an extremely challenging
experimental problem given the need for temperatures in
excess of 700K, it is easy to speculate that the material
“remembers’ its crystal structure in a paramagnetic
state, in a way displaying a magnetic shape memory
effect. However, if one recalls the sensitivity of the total
energy of the Gds(SipsGeg s)s to the distribution of Si
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and Ge atoms between 7'1 and 72 sites, it is possible to
analyze whether or not the deviation from the experi-
mentally observed distribution (60% Ge in 71 and 40%
Ge in T2) has any effect on the paramagnetic phase
stability. Indeed, when the concentration of Ge in both
T1 and T2 sites is set at 50%, the orthorhombic GdsSiy-
type phase becomes stable at all temperatures. Hence, it
is reasonable to assume that the temperature induced
p—7y crystallographic transformations is an order—
disorder phase transition resulting in the completely
statistical distribution of Si and Ge atoms between 7'1
and T2 sites during which all interslab bonds are
restored. Similarly, the heat treatment of the y-phase
above ~1200K likely results in the disorder—order
phase transition and in an enrichment of T sites with Ge,
thus stabilizing the f-phase in the paramagnetic state.
This theoretical conclusion awaits its experimental
verification.
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