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Electron correlation effects on the electronic structure of Gd5Si2Ge2 have been studied using the tight
binding linear muffin-tin orbital method within the framework of the local spin density approximation with the
Coulomb correlation parameter approach. The magnetostructural transition temperature �TM� and the magne-
tocaloric effect �isothermal magnetic entropy change, �SM� have been calculated using this method by apply-
ing the scalar relativistic band theory and the nonlocal exchange correlation parametrization of the exchange
correlation potential together with a magnetothermodynamic model. Both TM and �SM are in good agreement
with experimental values.
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I. INTRODUCTION

Numerous experimental studies indicate that Gd5Si2Ge2
undergoes a magnetostructural transformation around room
temperature and exhibits unusually large magnetoresistance,
magnetostriction and magnetocaloric effects.1 The latter phe-
nomenon makes this compound a promising material to use
for near room temperature magnetic refrigeration applica-
tions. A martensiticlike, displacive structural transition from
an orthorhombic to a monoclinic phase occurs simulta-
neously with the ferromagnetic to paramagnetic transition on
heating, and the reverse transformations are observed on
cooling with the magnetic and structural transitions remain-
ing fully coupled. Below room temperature, therefore,
Gd5Si2Ge2 adopts the orthorhombic ferromagnetic state and
around room temperature it exists in a monoclinic paramag-
netic phase. In addition to temperature, the same magneto-
structural transition is easily triggered by magnetic field and
hydrostatic pressure when either is applied above the zero
field, ambient pressure transformation temperature.

Crystallography and basic magnetic properties of several
Gd5SixGe4−x compounds have been reported first by Smith
et al.2 and Holtzberg et al.3 in 1967. However, these materi-
als did not receive much attention until 1997 when Pechar-
sky and Gschneidner4 discovered the giant magnetocaloric
effect in Gd5Si2Ge2. The largest near room temperature mag-
netocaloric effect observed previously in the elemental gado-
linium was nearly doubled. Following this discovery,
Gd5SixGe4−x and related R5SixGe4−x materials have enjoyed a
broad interest.5–21 Physical fundamentals governing their po-
tent magnetocaloric effect and other magnetoresponsive ef-
fects, such as the giant magnetoresistance and the colossal
magnetostriction were discovered5,6 soon after the giant
magnetocaloric effect was reported.

The physics of the Gd5SixGe4−x system is intimately re-
lated to the peculiar crystal structures of its members in
which Gd, Si, and Ge atoms are arranged into two-
dimensional nanolayers �slabs� whose spatial arrangement �a
total of 36 atoms per unit cell� is determined by a number of

covalentlike Si/Ge-Si/Ge bonds between the neighboring
slabs �0, 2 or 4 covalently bonded pairs of atoms per unit
cell�. A change in the number of the interslab Si2 �Ge2 or
SiGe� pairs drastically modifies the crystallography,22,23 elec-
tronic structure,24 and magnetic interactions25,26 in the sys-
tem. Whereas the intralayer magnetic interactions can be de-
scribed by the Rudermann-Kittel-Kasuya-Yosida �RKKY�
indirect 4f-4f exchange, commonly accepted as the main
mechanism for magnetic interactions in 4f intermetallics, the
formation of covalentlike interslab bonds is believed to be
capable of enhancing the interlayer coupling by means of a
superexchange type interaction mediated via a network of
Gd-Si/Ge-Si/Ge-Gd bonds connecting the slabs, thus allow-
ing the existence of different magnetic states.1,27 As a matter
of fact, a coupled magnetostructural phase transition occurs
in Gd5Si2Ge2 on heating to around 270 K. The high tempera-
ture paramagnetic phase adopts the monoclinic structure with
two interslab bonds per unit cell and the low temperature
ferromagnetic phase realizes the orthorhombic structure with
all four of the Si/Ge-Si/Ge pairs per cell formed.1 The co-
existence of the crystallographic transformation with the fer-
romagnetic ordering gives rise to an additional source of the
magnetic field-induced isothermal entropy change, conse-
quently providing the explanation of the giant magnetoca-
loric effect.28 Thus, this magnetostructural transformation
that can be reversibly induced by changing temperature,
magnetic field and/or pressure is at the origin of rich and
complex phenomenology that has been described in the
past.3–6,9–32

In this study, our aim is to understand electronic and mag-
netic properties of gadolinium alloyed with silicon and ger-
manium from first principles electronic structure theory and
then use the outputs, e.g., exchange coupling energies and
magnetic moments, to compute finite temperature properties,
namely magnetization, magnetic entropy, magnetostructural
transition temperature and, ultimately, the magnetocaloric ef-
fect through thermomagnetic models. To date, there is no
well tested, realistic approach to estimate the magnetocaloric
effect using parameters calculated from first principle elec-
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tronic structure theory, and therefore, our aim here is also to
test some approaches, leading to calculation of the magneto-
caloric effect in the Gd5Si2Ge2 system.

An early first principles study of this system using the
local spin density approximation, LSDA,24 led to an esti-
mated magnetostructural transition temperature �TM� of
61 K, i.e., much smaller than the 276 K observed experi-
mentally. A more recent study with traditional multiple scat-
tering using the LSDA+U approach improves the estimated
TM to 206 K.33 On the other hand, many of the magnetic
properties of elemental gadolinium are well understood, and
many experimental observations are closely reproduced us-
ing the LSDA+U approach.34,35 Indeed, this should also be
true for the Gd5Si2Ge2 and related Gd5SixGe4−x compounds.
A study of36 Gd5Si2Ge2 using mean field model with model
parameters chosen to fit experimental values indicates that
first order ferromagnetic-paramagnetic phase transition influ-
ences the magnetocaloric effect via combined effects of mag-
netic field, pressure, and magnetoelastic deformation.
Nóbrega et al.37 examine magnetocaloric effect using classi-
cal Monte Carlo simulations for second-order materials
Gd5Si3.2Ge0.8 and Gd5Si4 opening up a possibility to calcu-
late the magnetocaloric effect in first order materials such as
Gd5Si2Ge2. Since these phenomenological studies with ad-
justable parameters provide theoretical estimates of the mag-
netocaloric effect, coupling of electronic structure with these
models should provide further microscopic insights leading
to a better understanding of the magnetostructural transition
and the magnetocaloric effect in these materials. We begin
with a systematic study of the Gd5Si2Ge2 system �probably
the best studied composition to date� using both local and
nonlocal exchange correlation functionals in the electronic
structure theory within the LSDA+U approach38 and using
the tight binding linear muffin tin orbital �TB-LMTO�
method39 focusing on the role of both electron correlation
and exchange correlation functionals in the electronic struc-
ture for the accurate determination of physical quantities.

Here, we calculate the total energies and compute ener-
gies of formation in both the monoclinic and orthorhombic
phases to study the relative stability of this compound in
these two structures. We calculate the magnetic moments of
gadolinium atoms in both polymorphic modifications of
Gd5Si2Ge2 considering ferromagnetic and antiferromagnetic
arrangements of spins. The magnetic structures are described
in terms of exchange coupling between the nearest neighbor
local moments. There is a competition between electronic
potential energy, which favors ordered magnetism, and the
electronic kinetic energy, which favors a paramagnetic �dis-
ordered� spin structure. Finally, we calculate the exchange
coupling energy as the difference in total energies of the
ferromagnetic and antiferromagnetic types of atomic spin
configuration. Using these computed exchange interaction
energies, we have applied the Heisenberg model to deduce
the Curie temperature. We then compute the magnetostruc-
tural transition temperature and the magnetocaloric effect us-
ing magnetothermodynamic models40 with parameters ob-
tained from first principle calculations.

II. EXPERIMENTAL INFORMATION: CRYSTAL AND
MAGNETIC STRUCTURES

From x-ray powder and single crystal diffraction
experiments,22,23 it is well established that Gd5Si2Ge2 has an
orthorhombic �space group Pnma� Gd5Si4-type crystal struc-
ture at low temperature. Around room temperature, it trans-
forms into a monoclinic �space group P1121/a�
Gd5Si2Ge2-type crystal structure via a martensiticlike distor-
tion from the Gd5Si4-type orthorhombic Pnma structure. In
the monoclinic structure, the angle between the a and b basis
vectors is no longer 90°, and both the mirror plane m per-
pendicular to b and the glide plane n perpendicular to a
vanish. However, the glide plane, a, which is perpendicular
to c, the screw axis 21 parallel to c, and the center of inver-
sion remain unaffected by this distortion. The resulting space
group symmetry, P1121/a, is a subgroup of Pnma. Atoms
located in the general site of the space group Pnma �the
multiplicity of these sites is 8� break into two symmetrically
independent sets of atoms located in two general fourfold
sites in the monoclinic symmetry. Furthermore, atoms in spe-
cial sites, i.e., those that are located on the mirror planes in
the orthorhombic crystal system, where the value of the y
coordinate has been fixed at y= 1

4 , are no longer special sites
and their y coordinates become free parameters.

The two polymorphs of Gd5Si2Ge2 that are shown in Fig.
1 are conveniently described in terms of nearly two-
dimensional, �7 Å-thick slabs formed by strongly bonded
Gd, Si, and Ge atoms. The slabs interact with one another
via the T1 sites occupied by Si �around 40%� and Ge �around
60%�. At low temperature, these latter Si and Ge atoms
form stronger bonds, due to a smaller interatomic separa-
tion, connecting the slabs together, thus enhancing inter-
slab interactions. In this case, the bonding between all
slabs is identical. Because of this nearest neighbor and
next nearest neighbor slab bonding changes, there occurs a
ferromagnetic alignment of intra �via RKKY type indirect
4f-4f exchange� as well as inter slab Gd atoms �presumably
by means of superexchange type interaction mediated via
Gd-Si/Ge-Ge/Si-Gd bonds�. When the temperature is in-
creased to about room temperature, there occurs a shear dis-
placement of the pairs of slabs and the �Si-Ge� and �Ge-Si�
bonds that connected every other slab become long �bond
distances are increasing from �2.6 to 3.5 Å�, and therefore,
the crystal structure no longer remains orthorhombic but
transforms to the monoclinic structure. With the movement
of the pairs of slabs, the new structure is no longer ferromag-
netic, but transforms to a paramagnet. This process is fully
reversible, i.e., when the temperature is reduced Gd5Si2Ge2
again orders ferromagnetically simultaneously with a crystal-
lographic change to the orthorhombic phase, during which
the slabs reverse the movements with respect to one another
in a shear fashion and all interslab Si/Ge-Si/Ge bonds reap-
pear. There is a noticeable hysteresis involved with this
transformation.

III. ELECTRONIC STRUCTURE

The LSDA+U correlated band approach34 has been em-
ployed to investigate the electronic and magnetic properties
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of the Gd5Si2Ge2 system. Using LSDA+U, the localized 4f
electrons of gadolinium atoms in this system can be suitably
treated. The LSDA+U method starts from the LSDA total
energy, which is supplemented by an additional intra-atomic
Coulomb correlation term �U� and exchange interaction term
�J� of multiband Hubbard type minus a so-called double
counting term to subtract the electron-electron interactions
already included in LSDA. Our calculations are performed
using the scalar relativistic version �which includes the mass
velocity and Darwin correction terms�41 of the LSDA+U
method implemented in the tight binding linear muffin tin
orbital �TB-LMTO� within the atomic sphere approxi-
mation39 with U=6.7 eV and J=0.7 eV.38 In our calcula-
tions, first we have adopted the conventional von Barth and
Hedin42 parametrization of the LSDA which is well known
as one of the local exchange correlation functionals and,
later, we have also used the Langreth, Mehl, and Hu43 pa-
rametrization, known as a nonlocal exchange correlation
functionals. Furthermore we have used 125 and 170 special k
points in the irreducible part of the Brillouin zone for k space
integration in the orthorhombic and monoclinic phases, re-
spectively.

Experimentally determined23 atomic parameters in
Gd5Si2Ge2 show that the Ge and Si atoms in the inter-slab
�T�� and intraslab �T� positions are populated slightly differ-
ently. Thus, the T� sites are occupied by 60% Ge and 40% Si
atoms and the T sites are occupied by 40% Ge and 60% Si
atoms. For theoretical calculations, we put Ge atoms in the
T� and Si in the �T� positions as a first model and then Si in
�T�� and Ge atoms in �T� positions as a second model. Then
we take statistical averages of the outputs like total energy
and magnetic moments obtained with these models accord-
ing to the experimentally determined occupancies of the in-
terslab and intraslab sites by Ge and Si atoms.

IV. RESULTS AND DISCUSSIONS

In Fig. 2, the change in the total energy as a function of
angle � in the monoclinic phase is shown, assuming the fer-

romagnetic ordering of Gd atoms for the electronic structure
calculations. There is a slight increase in the total energy
from 90° to 93° and then it remains nearly constant between
93° and 96°. The experimentally determined monoclinic
angle in Gd5Si2Ge2 is 93.26°. For comparison, the calculated
total energy of the ferromagnetic orthorhombic structure is
compared with the values obtained for the monoclinic phase.
In all cases the total energies are slightly lower when T�
positions are occupied by Ge atoms and T positions by Si
compared to the T� positions occupied by Si and T positions
by Ge. The difference in the total energies of the the mono-
clinic and orthorhombic phases is �8 mRyd/atom, indicating
that the orthorhombic ferromagnetic phase is the ground
state structure with lower energy. The monoclinic phase with
�=90 ° differs by �6 mRyd/atom from the orthorhombic
phase. The monoclinic phase with �=90 ° and experimen-
tally determined stable monoclinic phase with �=93.26 °
differ by �2 mRyd/atom. These results indicate that the
change in the total energy between the orthorhombic and the
monoclinic phases is mainly due to the rearrangement in
stacking of the slabs along the b axis.

FIG. 1. �Color online� The crystal structures
of the orthorhombic �left� and monoclinic �right�
phases of Gd5Si2Ge2. T1 in the orthorhombic and
T1a, T1b in the monoclinic structures represent
the Si/Ge atoms in the interslab positions, hence-
forth referred as T� sites, and T2, T3 in both
phases represent the Si/Ge atoms in intraslab po-
sitions �henceforth the T sites�.23 Numerical val-
ues highlight interslab Si/Ge-Si/Ge bond lengths
together with the most considerable changes in
the interslab T�-T� distances. Intraslab distances
change insignificantly, i.e., they differ by less
than 5% in the two polymorphs.23

FIG. 2. Variation of the total energy as a function of angle � in
the monoclinic Gd5Si2Ge2 phase. The total energy of the ortho-
rhombic phase is compared at �=90°. The zero of the total energy
is taken as −13 577 Ryd/atom. All calculations are for ferromag-
netic ordering.
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A. Energy of formation

The energies of formation of the Gd5Si2Ge2 alloy have
been computed from the total energies of the alloy and the
components in both the monoclinic and orthorhombic phases
to probe the relative stability of these two phases. The energy
of formation, Ef, of a three component alloy system can be
written as

Ef = Et�Vt� − cAEA�VA� − cBEB�VB� − cCEC�VC� , �1�

where Vt, VA, VB, and VC are volumes of the alloy and com-
ponents, respectively, cA, cB, and cC are atomic fractions of
the components of the alloy and Et, EA, EB, and EC are the
total energies of the alloy and components, respectively. Us-
ing this relation, computed energies of formation of both the
orthorhombic and monoclinic Gd5Si2Ge2 phases are nega-
tive. The energy of formation of the orthorhombic phase is
lower �−98.48 mRyd/atom� than that of the monoclinic
phase �−90.35 mRyd/atom�. In Table I, the total valence
charges �number of electrons� in different atomic spheres in
the orthorhombic and monoclinic phases are shown. Ideally
�assuming no charge transfer�, there should be ten electrons
beyond the Xe core �4f75d16s2� in gadolinium and four in
each germanium �4s24p2� and silicon �3s23p2� atoms beyond
their respective noble gas cores, Ar and Ne. Our calculations
show that in the orthorhombic phase, the total electronic
charges in some of the gadolinium atoms �Gd1 and Gd3� are
only slightly higher than ten �seven electrons out of ten are
4f electrons which are localized and do not take part in
charge transfer, only 5d and 6s electrons do� and in germa-
nium and silicon they are slightly lower than four. Therefore,
the charge transfer effect in the orthorhombic phase is mini-
mal and, consequently, the Madelung energy is close to zero.
But in the monoclinic case we find that the electronic charges
of some of the gadolinium atoms �specifically, Gd1a and
Gd2a� are considerably larger than ten and some of the ger-
manium and silicon atoms are notably lower than four. Thus
the atomic spheres in the monoclinic phase are no longer
charge neutral. It is worth to point out here that the sphere
radii used in this calculation have been determined consider-
ing the corresponding experimental lattice parameters of the
orthorhombic and monoclinic Gd5Si2Ge2 structures. The im-
portance of these radii for the site projected magnetic mo-
ments of Gd in Gd5Si2Ge2 is pointed out in the following
section. The difference in the formation energies of the two
phases is the energy which transforms the lower symmetry
monoclinic phase to the higher symmetry orthorhombic
phase. Experimentally it has been found that the monoclinic
paramagnetic phase is stable in the temperature range from
�276 K to�573 K.23,44 It is quite unusual for the low tem-
perature phase of a material to have higher symmetry than
the high temperature phase. There is in this case the issue of
magnetism, i.e., magnetic exchange coupling energy at finite
temperature that plays a crucial role in determining the sta-
bility of the ferromagnetic orthorhombic phase compared to
that of the monoclinic magnetically disordered polymorph.
As pointed out in the Introduction, in the low temperature
ferromagnetic orthorhombic phase, in addition to the RKKY
exchange, there may exist a direct Gd-T�-T�-Gd superex-

change propagating through the interlayer covalentlike
bonds. The bond breaking between the slabs which occurs at
the structural transformation leads to the disappearance of
the superexchange interaction, the long range ferromag-
netism is abruptly destroyed and the material becomes para-
magnetic. Therefore the magnetic exchange coupling energy
is higher in the ferromagnetic orthorhombic phase due to the
RKKY and superexchange mechanisms compared to the
monoclinic phase �which is discussed in Sec. C, below�. In-
deed, there is a high temperature Gd5Si2Ge2 phase where the
monoclinic structure transforms into another orthorhombic
paramagnetic phase,44 i.e., the conventional symmetry rela-

TABLE I. Total charges �Q� �6s, 6p, 5d, and 4f for Gd and
3�4�s and 3�4�p for Si�Ge�� obtained from self-consistent electronic
structure LSDA+U calculation employing specified atomic radii �R
in au.�. O and M represent orthorhombic and monoclinic phases,
respectively.

R Q

O Ge in T� positions and Si in T positions

Gd1 3.72 10.06

Gd2 3.56 10.00

Gd3 3.63 10.08

Ge1 3.01 3.96

Si2 2.96 3.95

Si3 2.96 3.93

O Si in T� positions and Ge in T positions

Gd1 3.72 10.06

Gd2 3.56 10.00

Gd3 3.63 10.09

Si1 3.01 3.98

Ge2 2.96 3.92

Ge3 2.96 3.90

M Ge in T� positions and Si in T positions

Gd1a 3.96 10.48

Gd1b 3.52 9.88

Gd2a 3.72 10.25

Gd2b 3.43 9.76

Gd3 3.69 10.06

Ge1a 2.94 3.73

Ge1b 3.01 4.09

Si2 2.95 3.94

Si3 2.95 3.81

M Si in T� positions and Ge in T positions

Gd1a 3.96 10.48

Gd1b 3.52 9.88

Gd2a 3.72 10.25

Gd2b 3.43 9.77

Gd3 3.69 10.07

Si1a 2.94 3.76

Si1b 3.01 4.09

Ge2 2.95 3.91

Ge3 2.95 3.78
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tionships are obeyed as long as the change in the magnetic
exchange energy is no longer a factor.

B. Magnetic moments

In Fig. 3, the average magnetic moment per gadolinium
atom in Gd5Si2Ge2 is shown as a function of angle � in the
monoclinic phase. It should be noted that the variation in
magnetic moments arise from the conduction electron and
the 4f electrons remain responsible for a fixed 7 �B /Gd
atom. The magnetic moment remains nearly constant when
the interslab sites T� are occupied by Si atoms. It is also
interesting to note that the magnetic moment of Gd for the
Ge atoms in T� decreases with the increase of angle � until
��93° and then becomes essentially constant for ��93°
which may indicate that preference in Ge occupations pro-
motes the switching of the Gd5Si2Ge2 system into the para-
magnetic state in the monoclinic phase. The higher value of
the average magnetic moment in the orthorhombic phase
compared to that in the monoclinic phase shows that the
orthorhombic phase has stronger magnetic interactions
which favor it for the low temperature ferromagnetic ground
state.

In Table II, magnetic moments due to outer s, p, d, and f
electrons as well as total moments are shown for Gd spheres
in Gd5Si2Ge2 with ferromagnetic type of atomic spin ar-
rangement. Magnetic moments due to f electrons are almost
same and moments due to s and p electrons are negligible in
each case. It is interesting to point out that the magnetic
moments of 4f electrons are all slightly lower than
7.0 �B /Gd. It is because some l=3 or f character in the
conduction band is negative and when we integrate for E
�E4f, the 4f magnetic moments fall slightly below
7.0 �B /Gd. The main differences in the magnetic moments
can be seen in the d electrons of different Gd atoms in both
the orthorhombic and monoclinic phases. The average mag-
netic moment in the orthorhombic phase is 7.47 �B/atom and
that of monoclinic phase is 7.36 �B/atom, these values are
slightly higher than 7.40 �B/atom and 7.30 �B/atom reported
in Ref. 33. We believe this is primarily due to some differ-

ences in the theoretical and computational details. Reference
33 does not specifically point out the computational details
such as sphere sizes and exchange correlation functional
used in the electronic structure calculation. In our calcula-
tions, we employed the experimental lattice parameters and
atomic positions from Ref. 23. The lattice parameters and
atomic positions are different in the orthorhombic and mono-
clinic phases. Due to the differences in lattice parameters, the
atomic radii are also different in the two phases. The atomic
radii used in our calculations are given in Table I. The vari-
ability of the moments of different gadolinium atoms in the
same phase indicates that they are not magnetically isotropic.
Thus, Gd3 in the orthorhombic structure has the highest
magnetic moment among the three nonequivalent gado-
linium sites, and it has 6T and 8 gadolinium atoms �i.e., Gd1
and Gd2� as its nearest neighbors. The highest magnetic mo-
ment of Gd3 may be related to the shortest nearest neighbor
distance between gadolinium atoms. Because of the Cou-
lomb U parameter incorporated in the electronic structure,
the 4f majority and minority band centers of gadolinium at-
oms are quite separated below and above the Fermi energy
�the Fermi energy is −139 mRyd/atom for the orthorhombic
and −151 mRyd/atom for the monoclinic phases�, therefore,
the majority 4f electrons which are well below the Fermi
energy are localized and show localized magnetic moments.
The 5d majority and minority band centers of gadolinium
atoms are above the Fermi energy and these 5d electrons are
the ones which play an important role in determining the
magnetic properties. Interestingly, the band centers of p elec-
trons of silicon and germanium atoms are near the Fermi

TABLE II. Spin magnetic moments �in �B� of different Gd at-
oms in Gd5Si2Ge2. O and M represent orthorhombic and mono-
clinic phases respectively.

s p d f total

O Ge in T� positions and Si in T positions

Gd1 0.02 0.03 0.42 6.98 7.45

Gd2 0.02 0.04 0.32 6.97 7.35

Gd3 0.02 0.06 0.53 6.97 7.59

O Si in T� positions and Ge in T positions

Gd1 0.02 0.04 0.43 6.97 7.46

Gd2 0.02 0.04 0.33 6.97 7.36

Gd3 0.02 0.07 0.53 6.97 7.59

M Ge in T� positions and Si in T positions

Gd1a 0.02 0.04 0.32 6.98 7.36

Gd1b 0.01 0.03 0.26 6.97 7.27

Gd2a 0.02 0.06 0.41 6.97 7.46

Gd2b 0.02 0.03 0.26 6.96 7.27

Gd3 0.01 0.02 0.34 6.97 7.34

M Si in T� positions and Ge in T positions

Gd1a 0.02 0.04 0.35 6.98 7.39

Gd1b 0.02 0.03 0.27 6.96 7.28

Gd2a 0.02 0.06 0.43 6.97 7.48

Gd2b 0.01 0.03 0.28 6.96 7.28

Gd3 0.02 0.02 0.36 6.97 7.37

FIG. 3. Variation of average magnetic moment in Gd spheres as
a function of angle � in the ferromagnetic monoclinic Gd5Si2Ge2

phase. Average magnetic moment in Gd spheres of the ferromag-
netic orthorhombic phase is compared at �=90 °.
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level. The band centers of different silicon and germaniums
for the orthorhombic structure are quite similar but they dif-
fer from one another in the monoclinic structure �shown in
Table III�. This reflects the effect of crystal symmetry in the
band structure. The electron hopping parameter ��� for d-d
electrons of gadolinium atoms differ from one another but
��� for p-p electrons of silicon and germanium atoms are
almost identical. The dissimilarities in the band centers of the
gadolinium, silicon and germanium atoms and in the electron
hopping of gadolinium atoms give rise to dissimilarities in
the majority and minority d-band electrons at the Fermi
level. Figure 4 shows the spin polarized 5d density of states
of different Gd atoms in the ferromagnetic orthorhombic

structure. In both cases considering the interslab T� occupa-
tions by Ge and Si atoms, there is a clear 5d exchange split-
ting of about 50 mRyd near the Fermi level. There are dis-
similarities in the 5d DOS �EF� of the nonequivalent Gd
atoms with Gd3 having the largest 5d DOS �EF�, which re-
sults in the largest magnetic moment among all three non-
equivalent Gd atoms in the orthorhombic structure.

Figure 5 shows the values of the local magnetic moments
of gadolinium atoms in the orthorhombic and monoclinic
Gd5Si2Ge2 phases in both ↑↑ ferromagnetic �FM� type and
↑↓ antiferromagnetic �AFM� type spin arrangements. The
FM/AFM spin arrangement means the neighboring Gd
atomic spin is aligned in parallel/antiparallel manner within

TABLE III. Band centers, C �in mRyd/atom� and electron hopping parameter, � �in mRyd/atom� of
different electronic configurations of Gd, Si, and Ge atoms in Gd5Si2Ge2. The values in parenthesis are for
minority bands. O and M represent orthorhombic and monoclinic phases, respectively. The Fermi energy for
the orthorhombic phase is −139 mRyd/atom and that of the monoclinic is −151 mRyd/atom

�d�p� Cs Cp Cd Cf

O, Ge in T� positions Si in T positions

Gd1 48�57� −291�−241� 454�536� 33�124� −515�728�
Gd2 46�53� −246�−195� 601�708� 76�164� −479�755�
Gd3 46�56� −272�−213� 515�613� 51�154� −498�668�
Ge1 58�58� −938�−937� −122�−121�
Si2 55�55� −866�−862� −125�−120�
Si3 55�55� −863�−861� −120�−119�

O, Si in T� positions and Ge in T positions

Gd1 48�57� −290�−240� 455�538� 34�125� −516�710�
Gd2 46�53� −247�−195� 599�706� 76�165� −481�706�
Gd3 46�56� −279�−220� 505�602� 44�147� −507�662�
Si1 55�55� −852�−850� −125�−123�
Ge2 58�58� −955�−952� −121�−118�
Ge3 58�58� −952�−951� −117�−115�

M, Ge in T� positions Si in T positions

Gd1a 57�68� −312�−273� 312�367� 20�103� −549�831�
Gd1b 44�50� −248�−198� 631�740� 66�150� −494�661�
Gd2a 49�58� −297�−246� 437�518� 33�127� −522�672�
Gd2b 41�46� −236�−183� 729�863� 63�149� −491�529�
Gd3 47�55� −300�−254� 461�540� 24�109� −528�619�
Ge1a 57�57� −955�−956� −108�−108�
Ge1b 58�58� −942�−944� −129�−131�
Si2 55�55� −884�−881� −137�−134�
Si3 54�54� −864�−862� −116�−114�

M, Si in T� positions and Ge in T positions

Gd1a 57�69� −310�−270� 314�371� 22�107� −542�857�
Gd1b 43�49� −248�−197� 631�740� 65�150� −497�644�
Gd2a 49�58� −302�−251� 434�515� 29�123� −525�685�
Gd2b 41�46� −239�−184� 720�854� 62�149� −493�516�
Gd3 47�55� −299�−252� 459�539� 26�113� −521�642�
Si1a 54�54� −865�−864� −113�−112�
Si1b 55�55� −858�−861� −132�−135�
Ge2 57�57� −974�−973� −133�−132�
Ge3 57�57� −953�−952� −110�−109�
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as well as between the slabs. The difference in the magnetic
moments between FM and AFM spin arrangements in the
orthorhombic phase is the smallest for Gd1 with Gd2 being
slightly larger than Gd3. Similarly, the differences in the
magnetic moment between FM and AFM spin arrangement
in the monoclinic phase are the lowest in Gd1a and Gd3
compared to other Gd sites with Gd1b and Gd2a slightly
higher than Gd2b. The difference in the magnetic moments
between the FM and AFM states in the orthorhombic phase
is greater than that in the monoclinic phase which is indica-
tive of the higher magnetic coupling energy �discussed be-
low� for the orthorhombic phase.

C. Magnetic exchange coupling energy and Curie temperature

Since 4f magnetic moments are localized, the use of
Heisenberg-type Hamiltonian for the dependence of energy
on spin configuration may be justified for gadolinium and its
compounds assuming RKKY type exchange interactions.
The spin Hamiltonian with zero external magnetic field is
then given by35

H = − �
i

�
�

Ji,i+�ŜiŜi+�, �2�

where Ji,i+� is an exchange coupling constant �J� between the

spin Ŝi and its nearest neighbor spin Ŝi+� separated by �.
Then, the Curie temperature of a conventional three dimen-
sional Heisenberg ferromagnet in the mean field approxima-
tion is given by45

TC = ZJ
S�S + 1�

3kB
=

2

3

E↑↓ − E↑↑

kB
=

2

3

J0

kB
, �3�

where, Z is the number of nearest neighbors, S is the spin
momentum �the angular momentum, L=0 for Gd based sys-
tems�, and kB is Boltzmann’s constant. J0 is the exchange
coupling energy, i.e., the difference of total energies in anti-
ferromagnetic �↑↓� and ferromagnetic �↑↑� type spin configu-
rations. Since simple ↑↓ and ↑↑ spin configurations of Gd
atoms do not account for potentially peculiar microscopic
magnetic structures of Gd5Si2Ge2,46,47 J0 involves both inter-
slab and intraslab exchange coupling contributions between
the Gd-Gd neighbors. Using this relation �Eq. �3��, the cal-
culated Curie temperatures are 260 K for the orthorhombic
and 167 K for the monoclinic phases, taking occupations by
Ge and Si positions in accordance with experiment.23 The
values of Curie temperatures �which can be seen from Fig. 6�
with full occupations of Ge and Si in the T� positions23 differ
considerably in the monoclinic phase indicating the tendency
towards ferromagnetism when T� positions are occupied by
Si atoms and T positions are occupied by Ge atoms. This
tendency of Si to enhance magnetic interactions while occu-
pying the T� sites is opposite to what is observed experimen-

FIG. 4. �Color online� The
spin polarized 5d density of states
�DOS� of different Gd atoms in
the ferromagnetic orthorhombic
Gd5Si2Ge2 phase. Solid, dashed,
and dotted lines denote the corre-
sponding 5d DOS of Gd1, Gd2,
and Gd3 sites.

FIG. 5. The local magnetic moments of Gd atoms in the ortho-
rhombic and monoclinic phases of Gd5Si2Ge2 calculated using local
exchange correlation functional within the LSDA+U method. The
circles denote the magnetic moment with ↑↑ �FM� type atomic spin
arrangement and the triangles the magnetic moment with ↑↓ �AFM�
type atomic spin arrangement.

FIG. 6. �Color online� Magnetization of Gd5Si2Ge2 as a function
of temperature derived using computed saturated magnetic mo-
ments and Curie temperatures of the monoclinic and orthorhombic
phases with local exchange correlation functional in the electronic
structure LSDA+U calculation. The broken lines denote the mag-
netization with Ge atoms in �T�� and Si in �T� positions and dashed
lines with Si in �T�� and Ge atoms in �T� positions. Solid lines
denote the magnetization considering the experimental occupations
of Ge and Si atoms in T� and T positions �i.e., �60% for Ge and
�40% for Si occupations in T� and opposite in T positions�.
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tally and is expected from size consideration of the Si and Ge
atoms which predicts that the Ge atoms occupy the T� sites.
It is probably this competition between the lattice energy and
the magnetic energy which accounts for the 60% occupation
of the T� sites by Ge atoms.

D. Magnetization

Experimental magnetization and magnetic susceptibility
data of Gd5Si2Ge2 measured on cooling and heating exhibit
hysteresis, which is typical for a first order phase transition.27

To date, direct first principles computation of magnetization
or susceptibility through a first order phase transition is not
feasible. Yet, one can calculate the magnetization separately
for each of the two phases and then compute the free ener-
gies and calculate the magnetostructural transition tempera-
ture �discussed below in Sec. E�. Here, using the Curie tem-
peratures and saturation magnetic moments of the
monoclinic and orthorhombic phases, the following magne-
tization relation �Brillouin function� is solved self-
consistently and the magnetization curves are obtained as
shown in Fig. 6

� =
M

MS
= tanh� 3S

S + 1

M

MS

TC

T
	 . �4�

In the orthorhombic phase, the magnetization curves are
quite similar, regardless of which atoms �Si or Ge� are placed
in the interslab positions. But in the monoclinic phase, the
magnetization curve is shifted to higher temperature when
the Ge atoms in the interslab position are replaced by Si.
This indicates that the occupation of the interslab sites by Si
atoms in the monoclinic phase enhances the ferromagnetic
behavior thus forcing the system to transform towards the
ferromagnetic Gd5Si4 type phase. It is worth noting that the
magnetization of the orthorhombic phase at the Curie tem-
perature of the monoclinic phase is already near saturation,
explaining the large increase of the magnetization when
Gd5Si2Ge2 transforms from the paramagnetic monoclinic to
the ferromagnetic orthorhombic phase.

E. Magnetostructural transition and the magnetocaloric effect

An important characteristic of the magnetic material is the
magnetic entropy. The magnetic entropy can be changed by
the variation of magnetic field or temperature. The magnetic
entropy and its change are closely related to the magnetoca-
loric effect and are used to determine the characteristics of
magnetic refrigerator materials such as refrigerant capacity.

Figure 7 shows the variation of magnetic entropies with
respect to temperature in the monoclinic and orthorhombic
structures assuming ferromagnetic orderings. These entropies
were calculated using magnetization ��� through the
relation40

SM 
 R�ln�2S + 1� −
3

2
� S

S + 1
��2 −

9

20

�2S + 1�4 − 1

�2�S + 1��4 �4	 ,

�5�

where S is spin momentum. The magnetic entropy of the
orthorhombic phase corresponding to the Curie temperature

of the monoclinic phase is lower by �31 J
KgK . This indicates

that the change of the magnetic entropy may be quite large
when Gd5Si2Ge2 transforms from the monoclinic to the
orthorhombic phase. The computation of magnetic entropy
change and its comparison with experimental results is de-
scribed in the following section.

Figure 8 shows the change in magnetic free energy in
both the orthorhombic and monoclinic phases calculated us-
ing magnetization and magnetic entropy through the free en-
ergy relation40

F = −
3

2

S

S + 1
RTC�2 − TSM . �6�

Magnetic free energy of the monoclinic ferromagnetic phase
drops off much faster with temperature than for the ortho-
rhombic ferromagnetic Gd5Si2Ge2 and, at 233 K the two
functions become equal. This indicates the magnetic transi-
tion at TM =233 K. Below TM, the stable phase is ferromag-
netic orthorhombic and and above this temperature it is re-
placed by the monoclinic phase which is already
paramagnetic �see Fig. 6�. Therefore the system undergoes a
first order magnetostructural transition at TM. As follows

FIG. 7. Magnetic entropy as a function of temperature using
magnetization obtained from saturated magnetic moment and Curie
temperatures of the monoclinic and orthorhombic phases with the
local exchange correlation functional used in the electronic struc-
ture LSDA+U calculation.

FIG. 8. Change in magnetic free energy as a function of tem-
perature using magnetic entropy and magnetization obtained from
saturated magnetic moment and Curie temperature of monoclinic
and orthorhombic phases with the local exchange correlation func-
tional used in the electronic structure LSDA+U calculation.
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from Fig. 6, at 233 K there is a 55% reduction in the mag-
netization which is close to the experimental observation
�60%�.4 This transition temperature is higher than the previ-
ous value �206 K� obtained in Ref. 33 but is still somewhat
lower than the experimental one �276 K on heating�.

After the determination of the magnetostructural transi-
tion temperature, the magnetic entropy change can be calcu-
lated considering equal free energies at TM

U1 − TMS1 = U2 − TMS2. �7�

That is,

�S = S1 − S2 =
U1 − U2

TM
. �8�

Here U1 and U2 are internal energies of the orthorhombic
and monoclinic phases, respectively. Using this relation, the
magnetic entropy change at the magnetostructural transition
temperature is −7.3 J

KgK . Thus, predicted value of the isother-
mal magnetic entropy change is much smaller than the ex-
perimentally observed48 maximum entropy change of
−20 J

KgK . The different contributions to the entropy change
are pointed out in the following section.

F. Sensitivity of the magnetostructural transition temperature
and magnetocaloric effect on the exchange correlation

functional

The electronic structure calculations have been repeated
with the nonlocal exchange correlation functional of Lan-
greth, Mehl, and Hu43 within the LSDA+U in the TB-LMTO
method to check whether it improves the predicted magne-
tostructural transition temperature. With the use of this non-
local exchange correlation functional, there is a slight in-
crease in the magnetic moments of the Gd atoms in the FM
state and decrease in the AFM state as compared to the re-
sults obtained with the local exchange correlation functional
of von Barth and Hedin.42 Due to the change in the magnetic
moments there is a significant increase of the exchange cou-
pling energy �Fig. 9� leading to the increase of the Curie
temperatures in the orthorhombic �301 K, this value is nearly
identical to TC=298 K established experimentally for the
orthorhombic polymorph of Gd5Si2Ge2�24 and monoclinic
�209 K� phases. The magnetization curves with these in-
creased saturation magnetic moments are plotted in Fig. 10
in a manner similar to Fig. 6 but without showing separate

M�T� behaviors assuming different occupations of the T�
sites which remain similar to those shown in Fig. 6.

Figure 11 shows the change in the magnetic free energy in
both phases calculated using the nonlocal exchange correla-
tion in the electronic structure calculation. The predicted
magnetostructural transition temperature is 265 K. This is in
nearly exact agreement with the experimental
observations24,27,48 of average TM considering a 10 K hyster-
esis. Therefore, the use of nonlocal exchange correlation
functional for exchange correlation potential brings a signifi-
cant improvement in the magnetic transition temperature TM
compared to 233 K obtained using the local exchange corre-
lation in the electronic structure calculation. We note that the
use of the nonlocal exchange correlation functionals in Lan-
greth, Mehl, and Hu43 �LMH� and Perdew and Wang49 �PW�
approximations deserves some discussion. In the LMH, the
gradient corrections for the correlation energy are set to zero
for small values of wave vectors �k�kc� to eliminate the
unphysical contribution in the gradient expansion approxi-
mation �GEA�. For the cutoff kc, LMH uses f �n

n , where n is
the electron density and f is an empirical constant set to 0.15
and used for all systems. Perdew and Wang49 on the other
hand generalized the GEA by introducing cutoffs which im-
pose sum rules in the limit of small density gradients and

FIG. 9. Comparison of exchange coupling energies between the
orthorhombic �O� and monoclinic �M� phases calculated using local
�L� and non-local �NL� exchange correlation functionals within the
LSDA+U method for the electronic structure.

FIG. 10. Magnetization as a function of temperature using satu-
rated magnetic moment and Curie temperature of monoclinic and
orthorhombic phases with the nonlocal exchange correlation func-
tional used in the electronic structure LSDA+U calculation.

FIG. 11. Change in magnetic free energy as a function of tem-
perature using magnetic entropy and magnetization obtained from
saturated magnetic moment and Curie temperature of monoclinic
and orthorhombic phases with non local exchange correlation func-
tional in the electronic structure LSDA+U calculation.
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also contain contributions beyond the random phase approxi-
mation. The study of Bagno et al.50 shows that both LMH
and PW functionals eliminate the errors in the LSDA and
correctly predict the ground state properties such as cohesive
energy, lattice constants, and the bulk modulus of third row
elements in the Periodic Table. A recent study51 of magnetic
properties of transition metal alloys, e.g., FePt, CoPt, and
NiPt shows that the use of LMH functional predicts values of
equilibrium lattice constants and magnetic moments which
are closer to the experimental values than those obtained
from the use of PW functional in the electronic structure.
Our calculations on Gd5Si2Ge2 using LSDA+U approach
with von Barth and Hedin functional, discussed above, un-
derestimates the Curie temperatures resulting in the tempera-
ture of the magnetostructural transition about 15% lower
than the experimental value, while the PW functional �not
discussed in this paper� overestimates the magnetostructural
transition temperature by about +11%. The LMH functional
resulted in an intermediate estimate for the transition tem-
peratures, and therefore, appears to be a suitable approxima-
tion to treat the electronic structure of Gd5Si2Ge2 and thus
was adopted for the majority of the calculations.

Using thus obtained magnetostructural transition tempera-
ture using the LMH nonlocal exchange correlation functional
in LSDA+U approach, the magnetization curve as a function
of temperature is computed and compared with the experi-
mentally observed spontaneous magnetic moments, extrapo-
lated to zero magnetic field from isothermal magnetization
data corresponding to different temperatures. As follows
from Fig. 12, there is an excellent agreement between the
theoretically calculated and experimentally observed values.
The magnetization experiments were carried out by the au-
thors of this work long ago but the spontaneous magnetiza-
tion data �Fig. 12� remained unpublished.

Similarly, the isothermal magnetocaloric effect, �SM

=−8.6 J
KgK , calculated using nonlocal exchange correlation

functional is somewhat closer to the experimentally observed
value of −20 J

KgK .48 It is worth pointing out that the entropy
change calculated here corresponds only to the magnetic part
of the entropy change at the magnetostructural transition
temperature. As follows from Ref. 52, entropy difference be-
tween the two polymorphic modification of Gd5Si2Ge2, i.e.,
the contribution from the structural transformation ��Sstr�

into the magnetocaloric effect is �Sstr=−9.8±0.4 J
KgK at TM

=270 K. Hence, the total “computed” isothermal entropy
change at TM, which can be triggered by applying magnetic
field, should be �ST=�SM +�Sstr resulting in �ST=�ST

O-F

−�ST
M-P=−18.4 J

KgK . This value establishes a discontinuity of
the total entropy function of Gd5Si2Ge2 at TM in a zero mag-
netic field, noting that the magnetic part has been derived
from first principles and the lattice part has been determined
from experimental data. Further analysis of the experimental
data from Ref. 52 in order to account for the conventional
part of the magnetocaloric effect, which is dependent on the
magnitude of the magnetic field change, indicates that the
experimental value of the magnetic field independent discon-
tinuity of the total entropy change of Gd5Si2Ge2 at TM is
�ST=−15.6±0.5 J

KgK . The experimental value is slightly
smaller than that partly computed from first principles, which
is not surprising considering that �SM calculated using Eq.
�8� does not account for spin fluctuations that are expected to
be quite strong around TM =270 K. Furthermore, magneto-
structural transition in Gd5Si2Ge2 and related materials is
magnetoelastic, and therefore, the material transforms from
one state to another over a finite range of temperatures and
magnetic fields, exhibiting features typical of phase sepa-
rated systems, which obviously are not taken into account in
our computations from first principles.

G. Effect of the magnetic field

In the presence of an external magnetic field, the free
energy relation40 is written as

F = − HMS� −
3

2

S

S + 1
RTC�2 − TSM . �9�

The term −HMS� is the interaction between the spins and
the applied magnetic field. Before the application of the
magnetic field the 4f moments of the Gd atoms are disor-
dered and the 5d bands for spin up and spin down electrons
are identical at the Curie temperature �T=TC�. If one applies
an external magnetic field, it mainly aligns these 4f mo-
ments, which in turn spin polarizes the 5d electrons. This
indeed gives a net 4f and conduction electron magnetization
at the zero magnetic field Curie temperature. Due to this
magnetization, the free energy functions calculated as ex-
plained in the previous section, including magnetic field,
vary less sharply with temperature as compared to the zero
applied magnetic field case and TM is raised to a higher
value. Our free energy analysis with an applied magnetic
field shows that the magnetostructural transition temperature,
TM =265 K at H=0 is raised to 280 K for H=2 T. Thus, the
calculated value of

dTM

dH =7.5K
T is in a good agreement with

the experimentally observed value of �6 K
T .24

V. CONCLUSION

By coupling the electronic structure with magnetothermo-
dynamic models for finite temperature we have studied the
magnetostructural transition and magnetocaloric effect of
Gd5Si2Ge2. This approach leads to a good agreement with

FIG. 12. Magnetization curve as a function of temperature com-
puted using the predicted magnetostructural transition temperature
from the free energy analysis of Gd5Si2Ge2 as compared to experi-
mentally observed values.
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already established results of the magnetostructural transition
and magnetocaloric effect. Our analysis shows that the elec-
tronic structure method which takes into account strong Cou-
lomb correlations within the framework of scalar relativistic
�no spin orbit coupling� band theory works reasonably well
for this system. The use a of nonlocal exchange correlation
functional with the electronic structure LSDA+U method
works better as compared to the local exchange correlation
functional, giving a better estimate of the magnetostructural
transition temperature and the magnetocaloric effect ob-
served in Gd5Si2Ge2. Our study shows lower value of total
energy in the orthorhombic phase compared to the mono-
clinic phase, which confirms stability of the orthorhombic
phase at low temperature. The calculated magnetic moments
of the Gd atoms in this compound are larger in the ortho-
rhombic phase than in the monoclinic phase. The variability
of the magnetic moments on different Gd atoms within same

phase or different phases is mostly due to the changing con-
tribution from 5d electrons of Gd atoms. The magnetic ex-
change coupling energy of the orthorhombic phase is higher
than that of the monoclinic phase.

The approach used in this work may be extended to in-
clude explicitly anisotropic magnetic coupling and form a
basis for further investigations into these systems which have
ferro- and antiferromagnetic correlations, respectively,
within and between naturally formed slabs such as Gd5Ge4.
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