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Electronic and magnetic properties of Si substituted Fe;Ge
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Using first principles calculations, we studied the effect of Si substitution in the hexagonal Fe;Ge.
We find the low temperature magnetic anisotropy in this system to be planar and originating
mostly from the spin-orbit coupling in Fe-d states. Reduction of the unitcell volume reduces the
magnitude of in-plane magnetic anisotropy, eventually turning it positive which reorients the mag-
netic moments to the axial direction. Substituting Ge with the smaller Si ions also increases the ani-
sotropy, potentially enhancing the region of stability of the axial magnetization, which is beneficial
for magnetic applications such as permanent magnets. Our experimental measurements on samples
of Fe;Ge;_,Siy confirm these predictions and show that substitution of about 6% of the Ge with Si
increases by approximately 35 K the temperature range over which anisotropy is uniaxial. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931574]

I. INTRODUCTION

The iron rich intermetallic compounds Fe-Sn, Fe-Ge,
etc., and their alloys have been of interest because of their
potential applications in permanent magnets and magnetic
refrigeration.’> The binary system Fe;Ge, in particular, is a
good ferromagnet with Fe moments of 2.0 iz at room tem-
perature and a Curie temperature of T, = 640K.? However,
the magnetization is planar at low temperatures and the sys-
tem undergoes a spin-reorientation transition at Tgz =380 K,
beyond which the moments are aligned along the c¢ axis.
Partial substitution of Fe with Mn was found to reduce the
spin-reorientation transition to lower temperatures while also
reducing saturation magnetization.* Applied pressure, on the
other hand, enhances the axial region of magnetization with-
out affecting the magnetic moments.*

In the present manuscript, we study the electronic struc-
ture to understand the origin of magnetic properties of Fe;Ge
with the help of first principles calculations. We find that the
magnetic anisotropy originates from the Fe-d states and that
reduction in the unitcell volume reduces the in-plane anisot-
ropy. This leads to the possibility of improving the magnetic
properties by replacing Ge with smaller ions such as Si, since
a continued reduction in planar anisotropy may ultimately
lead to uniaxial anisotropy useful for permanent magnets.
Subsequently, samples of pure and Si doped Fe;Ge are pre-
pared and characterized which confirm the reduction in spin-
reorientation transition temperature by Si substitution,
extending the temperature range over which the magnetic an-
isotropy is uniaxial.

Il. METHODS

Theoretical: The first principles calculations are carried
out within density functional theory (DFT) as implemented
in VASP code,’ using projector augmented waves® and gen-
eralized gradient approximation. An energy cutoff of 450 eV
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and & space sampling on a 17 x 17 x 18 grid are found suffi-
cient to get converged results. The magnetic anisotropy
energy is obtained by calculating the total energies of the
system with magnetic moments pointing along @ and ¢ direc-
tions with spin-orbit coupling and using the expression,
K, = E{a} — E{c¢}. Partial doping of Ge site with Si is real-
ized by virtual crystal approximation.

Experimental: Diffraction and microstructural analysis
of stoichiometric Fe;Ge samples indicated the composition
that forms under the conditions employed here is near
Fe;;Ge,s (Fes 03Geg.92), consistent with literature reports. To
examine the effects of Si substitution for Ge, samples of
Fe;;Ge,; and Fe;;Gey;Sin; were prepared. For the Si-
doped sample, Geg oSip; Was first prepared by arc-melting.
Iron powder was mixed thoroughly with Ge powder or
GepoSip; powder in an agate mortar and pestle. Samples
were pressed into pellets, sealed in silica tubes with 0.3 atm
ultra-high-purity Ar, and placed into a furnace preheated to
900°C. After 20 h at this temperature, the samples were
quenched in ice water. X-ray diffraction from the surface of
the pellets was collected with a PANalytical Xpert Pro dif-
fractometer and analyzed to determine phase purity and lat-
tice parameters using the HighScore Plus software package
from PANalytical.

lll. RESULTS

The stable phase of Fe;Ge has a face-centered-cubic
(L1,, space group Fm3m) structure which transforms to a
hexagonal (DO, with space group P63/mmc) above 700 K.
Due to the slow formation kinetics of the fcc phase, the hex-
agonal phase is easily preserved upon cooling to room tem-
peratures. We focus on the hexagonal phase in this study,
since cubic materials usually have very low magnetic anisot-
ropy and hence little potential as hard magnetic materials.
The unitcell of this phase of Fe;Ge is shown in Fig. 1. It con-
sists of hexagonal planes of Fe along the ¢ axis, with 25% of
the atoms replaced with Ge.
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FIG. 1. Crystallographic unit cell of the hexagonal phase of Fe;Ge consists
of hexagonal planes of Fe along the ¢ axis with 25% replaced with Ge.
There are two formula units per cell.

The Fe-Si binary compound Fe;Si, on the other hand, is
stable only in the cubic phase.® However, we expect that the
alloy Fe;Ge;_,Six will be stable in the hexagonal structure
for small values of x.

A. First-principles calculations

The electronic structure of Fe;Ge is summarized in the
spin polarized density of states plots shown in Fig. 2. The
states near the Fermi level are predominantly of Fe-d charac-
ter with completely full spin-up states and approximately
three electrons in spin down states per Fe atom. There is an
exchange splitting of about 3 eV, although the distribution of
the states in the up and down spin-channel is quite different
suggesting asymmetric hopping parameters for the two chan-
nels. The Fe-4s states are empty, whereas Ge-4s are fully
occupied (around —9 eV in Fig. 2). The Ge-4p states are sub-
stantially spread out in energy and counting the number of
occupied states, we estimate the valence configuration of Ge
to be s’p?. These results point to an electronic configuration
of Fe-d® and a magnetic moment of 2 up. The moments
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FIG. 2. Total and partial spin polarized density of states per formula unit for
Fe;Ge in the ferromagnetic configuration. Positive and negatives DOS val-
ues correspond to spin-up and spin-down states, respectively. The Fermi
level is set to OeV.
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calculated from spin-polarized charge densities in a sphere
of radius 1.3A around the Fe atoms give a moment of
2.15 pg, which is reasonably close to the value calculated
from DOS. The net magnetization is M = 1.27 x 10° A/m
(M =6.42 pg/fu. or 1.6T) and compares reasonably well
with the experimental value of MSK = 1.14 x 10° A/m listed
in Table I.

In the relaxed structure which has volume of 96.2 A3, we
find a magnetic anisotropy of K; = —0.103 meV/f.u. or K,
= —0.35 MJ/m® which compares reasonably well with our ex-
perimental value of K; = —0.5 MJ/m® deduced from the mag-
netization data in Fig. 4(a). The negative sign means that the
moments prefer to align in the ab plane. By individually turn-
ing off the spin-orbit coupling at Fe and Ge sites and calculat-
ing the magnetic anisotropy energy, we find that 74% of the
contribution to K arises from the Fe sites. From the calculated
K as a function of volume, plotted in Fig. 3(a) for Fe;Ge we
show that compression increases K, eventually making it pos-
itive. As the red circles show, the substitution of Ge with Si
reduces the equilibrium volume of the material, leading to
near zero magnetic anisotropy energy (MAE) for 50% Si dop-
ing and positive MAE for Fe;Si. For fixed volume, the mag-
netic anisotropy increases with Si doping, suggesting that the
lower spin-orbit coupling of Si and the change in crystal field
also affects the MAE in this system.

The calculated variation of the magnetic anisotropy
energy at 0K, as a function of Si doping in Fe;Ge is plotted in
Fig. 3(b). We optimized the Fe;Ge structure in the ferromag-
netic configuration at each Si concentration and find that dop-
ing decreases volume as expected. From the figure, we can
see that the anisotropy becomes axial above Si doping levels
of 0.6. The magnetic moments are in-plane at lower doping
levels but are weaker than pure Fe;Ge. Thus, even small Si
doping is beneficial since a weaker in-plane anisotropy at 0 K
will tend to lower the spin-reorientation transition tempera-
ture, potentially improving the room temperature coercivity.

In Fig. 3(a), we see that the magnetic anisotropy also
increases when volume is increased from its equilibrium

TABLE I. Experimental results from pure and partially silicon substituted
Fe;Ge, including composition measured by EDS, lattice parameters (a, ¢, V)
and density (p) from x-ray diffraction at room temperature, and measured
saturation magnetization (J5, Mg) at 300 and 5K. Note J = oM and 1T
=10*G.

Nominal composition Fe;7Geys Fe;7Geyo7Sis 3

Measured composition Fe771)Geas) Fe77(1)Gean1)Sii 32)
Fes1Geoo Fe3.1(Ge.04S10.06)0.9

a(A) 5.1779(2) 5.1713(2)

c(A) 4.2242(2) 42172(2)

cla 1.226 1.226

V(A% 98.08 97.67

p (g/em?) 8.075 8.028

Tsr (K) 383 312-319

Tc (K) 627 595

JK (T) 1.35 1.36

M3 (A/m) 1.07 x 10° 1.08 x 10°

JE(T) 1.44 1.47

M3X (A/m) 1.14 x 10° 1.17 x 10°
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FIG. 3. Variation of magnetic anisotropy energy (MAE) K calculated (a) as
a function of volume of the unitcell for Fe;Ge, Fe;Si and Fe;Geg 5Sig 5 and
(b) as a function of Si concentration x in Fe;Ge,;_, Si, with relaxed volume
at each concentration. The relaxed volumes (blue curve) are plotted in the
right axis of (b). Red circles in (a) correspond to the ambient pressure vol-
ume of each phase.

value. This suggests that the thermal expansion leads to the
experimentally observed increase in K; upon heating,* which
is consistent with other transition metal magnets that undergo
spin-reorientation transition such as MnBi.’ However, the
contribution from thermal expansion is small in Fe;Ge and
hence, the lattice phonons may also play an important role in
the spin reorientation transition in this system.'®

B. Experimental measurements

The Fe;;Ge,; sample was phase pure with all observed
Bragg reflections indexed to the Md;Cd-type structure (space
group P63/mmc) as shown in Fig. 4(c). A single, small, and
unindexed impurity reflection was observed in the
Fe;7;Geyp7Sio 5 sample, with the rest indexed to Mg;Cd
structure-type. The intensity of the impurity peak was 2% of
the intensity of the strongest peak from the target phase.
Refined unit cell parameters are shown in Table 1. The chem-
ical composition of the samples was investigated using a
Hitachi T3000 tabletop SEM, with a Bruker Quantax 70
energy dispersive x-ray detector. The composition of the
Fe;Ge-like phase was determined by averaging measure-
ments on eight separate grains. Results are shown in Table 1.
The results show that the silicon content in the target phase
(6%) is lower than that in the loaded composition (10%).
Silicon and oxygen rich inclusions were observed,
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FIG. 4. Magnetic measurement results for samples of nominal composition
Fe;7Ge,s and Fe;7Geyo 7515 5. (a) Isothermal magnetization curves used to
determine saturation magnetization. (b) Thermogravimetric data measured
in the presence of a weak magnetic field opposing gravity, used to detect
magnetic phase transitions manifested as changes in the apparent mass of
the sample. The inset in (b) shows AC magnetization data collected in zero
DC field near the spin reorientation temperature in the Si-doped sample.

suggesting that this may make up the balance of the silicon;
however, some of this may have originated from the silica
tube wall.

Isothermal magnetization measurements were per-
formed on the polycrystalline samples at 300 and 5 K using
a Physical Property Measurement System (Quantum
Design). Data are shown in Fig. 4. Saturation magnetiza-
tions are reported in Table 1. Spin-reorientation and Curie
temperatures were determined by thermogravimetric anal-
ysis performed in the presence of a weak magnetic field
gradient, so that changes in the magnetic force on the sam-
ple were observed as changes in the apparent mass (Fig. 4).
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AC magnetization measurement performed in zero applied
DC field was also used to detect the spin-reorientation tem-
perature in the Si doped sample. This measurement gave a
result (312 K) close to but slightly lower than that obtained
from the thermogravimetric analysis (319 K). The experi-
mental results show that the effect of 6% Si substitution is
to decrease T¢ by 32K and Tsg by 70K, extending the
range over which axial magnetic anisotropy is observed
while having little effect on the size of the moment.

IV. CONCLUSIONS

Our theoretical calculations and experimental measure-
ments suggest that Si doping in the intermetallic compound
Fe;Ge is beneficial to the room temperature magnetic prop-
erties of this system. In the hexagonal phase at 0K, the sys-
tem is strongly ferromagnetic with magnetic moments of
2.15 pg per Fe and the magnetic anisotropy is in-plane with
K; = —0.1 meV/f.u. We find that both a compressive strain
and substitution of the Ge atoms by Si weaken the planar
anisotropy energy. A larger magnetic anisotropy constant
K, at zero temperature can extend the region of stability of
the axial magnetization and potentially bring the reorienta-
tion transition below room temperature. The calculated ani-
sotropy at 0K is found to become axial upon doping with
Si above 60%. Our experimental measurements with small
Si concentrations confirm these predictions; we find the
spin-reorientation temperature drops from 383 K to below
320K when doped with 6% Si, indicating an enhanced sta-
bility of the axial phase as predicted by the calculations. It
is plausible that higher Si substitution levels would further
lower the spin-reorientation temperature, leading to useful
uniaxial anisotropy at room temperatures.
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