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This work reports on the electronic and crystalline structure and the mechanical, magnetic, and transport
properties of the polycrystalline Heusler compound Co,MnGe. The crystalline structure was examined in detail
by extended x-ray absorption fine-structure spectroscopy and anomalous x-ray diffraction. The compound exhibits
a well-ordered L2, structure as is typical for Heusler compounds with 2:1:1 stoichiometry. The low-temperature
magnetic moment agrees well with the Slater-Pauling rule and indicates a half-metallic ferromagnetic state of
the compound, as is predicted by ab initio calculations. Transport measurements and hard x-ray photoelectron
spectroscopy were performed to explain the electronic structure of the compound. The obtained valence band
spectra exhibit small energy shifts that are the result of the photoexcitation process, whereas electron-electron
correlation in the ground state is negligible. The vibration and mechanical properties of the compound were
calculated. The observed hardness values are consistent to a covalent-like bonding of Co,MnGe.
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I. INTRODUCTION

Heusler compounds have recently attracted increasing
interest, owing to their multifarious properties.!> Research
on half-metallic ferromagnetic materials based on Heusler
compounds has been rapidly growing since its prediction for
NiMnSb in 1983 by de Groot and co-workers.? Several Heusler
alloys crystallizing in the cubic L2; structure with space
group Fm 3m (225) have been verified to be half-metallic by
electronic band structure calculations.* Kiibler and co-workers
demonstrated that in many Heusler alloys the minority spin
density of states (DOS) exhibits a band gap at the Fermi
energy while the majority spins are responsible for the metallic
properties. Those compounds are considered one of the most
useful candidates for tunneling magnetoresistance (TMR)
devices, because the magnetoresistance (MR) is expected to
be large if the conduction electron spin is 100% polarized.
This conduction electron spin can be possibly injected into a
semiconductor, when the materials are epitaxially grown on
the semiconductor surface.

The Heusler alloy Co,MnGe, a half-metallic compound, is
considered one of the most useful candidates for spintronics
since it combines a high Curie temperatures (905 K)> and
coherent growth on top of semiconductors. Recently, several
groups were successful in growing Co,MnGe epitaxially on
semiconductor substrates.® Ishikawa and co-workers’ and
Hakamata and co-workers® have already fabricated epitaxial
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magnetic tunnel junctions (MTJs) based on Co,MnGe and
a MgO tunnel barrier, and they found relatively high tunnel
magnetoresistance ratios of 185% at 4.2 K and 83% at room
temperature with a Co-rich Co,MnGe film. They have shown
that the TMR ratio depends on the amount of Co in Co,MnGe.
Therefore, a systematic study of the influence of the crystal
quality on the magnetic and transport properties as well as the
half-metallicity in the compounds needs to be made.

The present work reports on a comprehensive theoretical
and experimental study of the Heusler compound Co,MnGe.
Electronic structure calculations were carried out to verify and
explain its half-metallic ferromagnetic behavior. Anomalous
x-ray powder diffraction (aXRD) and extended x-ray absorp-
tion fine- structure spectroscopy (EXAFS) were performed for
the structure determination and to obtain the cell parameters.
To open new fields of application for Heusler compounds,
the mechanical and vibrational properties of Co,MnGe were
calculated and the hardness of the compound was experimen-
tally determined. Furthermore, measurements of the magnetic
as well as transport properties were performed. To verify the
calculated electronic structure a detailed investigation by hard
x-ray photoelectron spectroscopy (HAXPES) was carried out.

II. EXPERIMENT

The Co,MnGe bulk samples were prepared by arc melting
of stoichiometric amounts of the constituents in an argon
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atmosphere. The arc melting results in polycrystalline ingots.
These ingots were annealed in an evacuated quartz tube for 7 d
at 800 °C and subsequently for another 7 d at 1000 °C. Directly
after annealing, the hot ingots were quenched in ice water. This
procedure resulted in samples exhibiting the Heusler type L2
structure, which was verified by XRD using Mo K, radiation
as well as synchrotron radiation.

The powder diffraction pattern taken with Mo K, radiation
(not shown here) did not exhibit the 002 fcc superstructure
reflection, because of the nearly equal scattering amplitudes of
the constituent elements, and the intensity of the 111 reflection
was extremely low. This complicates the unambiguous deter-
mination of the details of the structure. A lattice parameter of
about ~5.75 A was found from a Rietveld refinement of the
low resolution Mo K, XRD data. Additional high-resolution
synchrotron-based scattering experiments (see Sec. III A for
details and a improved lattice parameter) have been performed
to overcome the problems of structure determination by XRD
with Mo K, radiation.

Anomalous XRD experiments were performed at the x-ray
powder diffraction beamline® at the bending magnet D10 of the
Brazilian Synchrotron Light Laboratory (LNLS). The powder
samples were used in complementary EXAFS measurements,
which have been performed at the XAFS1 beamline of LNLS'
using a Si 111 channel-cut monochromator. The spectra were
collected at the Co (7709 eV), Mn (6539 eV), and Ge
(11103 eV) K edges at room temperature in the transmission
mode using three ionization chambers. Standard metal foils
were placed at the third chamber to check the monochromator
energy calibration.

The magnetic properties of the polycrystalline Co,MnGe
samples were investigated with a superconducting quantum
interference device (SQUID, Quantum Design MPMS-XL-5)
using small pieces of 23.6 mg. The magnetic moment was
determined to be 4.982 up at 5 K (see Fig. 1). Owing to
the high Curie temperature of the compound, no noteworthy
changes were detected for temperatures up to 300 K.

The transport and specific heat measurements were per-
formed by means of a physical properties measurement
system (PPMS; Quantum Design model 6000, supported
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by LOT, Germany). For transport measurements, sticks of
(2 x 2 x 8) mm? were cut from the ingots. For the specific heat
measurements, small sample pieces of approximately 4 mg
were used. The temperature was varied from 1.8 K to room
temperature. All measurements were performed at a residual
pressure of about 9.0 x 1073 mbar in the chamber.

For the HAXPES measurements the sample sticks as used
for the transport measurements were fractured in situ in the
ultrahigh vacuum (UHV) chamber before each measurement
to avoid contamination when exposed to air. The HAXPES
experiments were performed at the beamlines BL15XU!'!
and BL47XU of SPring-8. At BLI5XU, the photon energy
was fixed at 5.9534 keV using a Si 111 double crystal
monochromator and the 333 reflection of a Si channel-cut post
monochromator. At BL47XU, the photon energy was fixed at
7.9392 keV using a Si 111 double crystal monochromator and
the 444 reflection of a Si channel-cut post monochromator. At
both beamlines, the photoelectrons were analyzed and detected
by means of hemispherical analyzers (VG Scienta R4000). The
overall energy resolution (monochromator plus analyzer) was
set to 240 meV, as verified by spectra of the Au valence band at
the Fermi energy (er). Additionally, spectra close to the (€5)
were taken with a resolution of 150 meV. The angle between
the electron spectrometer and photon propagation is fixed at
90°. The photons are p-polarized; that is, the electric field
vector is in the plane of incidence and always pointing in the
direction of the electron spectrometer. A near-normal emission
O ~2°,...,5°) angle was used for electron detection. (Note
that the angle is not well defined for fractured bulk samples
because of surface roughness.) The measurements were taken
at sample temperatures of 20 and 300 K.

III. RESULTS AND DISCUSSION
A. Structure determination by EXAFS and aXRD

Synchrotron-based absorption and scattering experiments
(EXAFS and aXRD) were performed because of the problems
in unambiguously determining the structure in laboratory XRD
experiments using Mo K, radiation. In the first step, the
raw EXAFS spectra allow us to select the energies of the
K absorption edges of the contributing elements that are
used for the aXRD. The aXRD data then allow for a better
description of the long-range order and crystalline structure to
be used for the fitting of the EXAFS data. Figure 2 displays
the x-ray absorption spectra (XAS) taken at the K edges
of Co, Mn, and Ge. The XAS spectra correspond to f”
and exhibit the typical EXAFS intensity modulations. The
program FPRIME'? was used to find the f’ parameter from
an Kramers-Kronig analysis. (f’ and f” are the real and
imaginary parts, respectively, of the atomic scattering factor.)

Figure 3 compares the results of the aXRD experiments
performed at a sample temperature of 300 K. At off-resonant
excitation (7112.27 keV) the fcc 111 and 200 superstructure
reflections of the ordered L2; structure are weakly visible.
The situation is different if the energy is moved closer
to the K absorption edge of Mn at 7112.27 keV, where
a strong enhancement of the 111 reflection is observed.
The 200 reflection appears already for samples with B2
structure, whereas 111 appears alone in the B32 structure.
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FIG. 2. (Color online) K-edge absorption spectra and Kramers-
Kronig analysis of the Co,MnGe EXAFS data. The absorption spectra
correspond to f”. For all spectra, the intensity was normalized to the
photon intensity and afterward to an edge jump of one after subtracting
a constant background.

The appearance of both together is indicative for L2; or D O3
type structures. The higher intensity of the 111 reflection
compared to 200 gives clear evidence for the L2 structure
as the dominant phase in the sample.

The aXRD data were analyzed in more detail using
Powdercell'? with anomalous scattering parameters calculated
by SCATFAC.'* The results of the Rietveld refinement are sum-
marized in Table I. The results from the measurement with Mo
K, radiation are given for comparison. The lattice parameter
averaged over the high-resolution synchrotron measurements
taken with different energies is @ = (5.7477 £ 0.0017) A.
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FIG. 3. (Color online) Anomalous XRD of polycrystalline
Co,MnGe. The data were taken at room temperature using syn-
chrotron radiation for excitation. The excitation energy was set to
(a) 6539.89 eV (Mn resonant) or (b) 7112.27 eV (off-resonant).
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TABLE I. Anomalous XRD of polycrystalline Co,MnGe. The
data were taken resonant at the Mn K absorption edge (6539.89 keV),
off-resonant (7112.27 eV), and with Mo K|, radiation (17479.2 eV).
The R values of the refinement are given in percent.

Mn resonant Off-resonant Mo K,
exp. calc. exp. calc. exp. calc.
Ini/Ip 0207 0207 0019 0023 0.025 0.019
Loo/Io  0.041  0.048 0.007  0.006 0 0.002
R, 5.88 3.37 6.24
Rup 8.61 9.49 9.84

The analysis of the aXRD data makes the L2 structure of
Co,MnGe clearly evident.

Figure 4 summarizes the results of the EXAFS analysis of
the x-ray absorption spectra taken at the K edges of Co, Mn,
and Ge. The XAS spectra were analyzed in accordance with
the standard procedure of data reduction,'® using IFEFFIT.'®
FEFF was used to obtain the phase shift and amplitudes.'”
The EXAFS signal x(k) was extracted and then Fourier
transformed using a Kaiser-Bessel window with a Ak range
of 9.0 A~!. The x (k) curves display the characteristic pattern
of a cubic structure, as expected for this Heusler compound.
The Fourier transforms (FTs) display two well-defined peaks
at about 2.2 and 4.5 A (uncorrected for the phase shift), which
correspond to the scattering contribution in the coordination
shell and next nearest neighbors. Multiple scattering contribu-
tions appear in the region between the two main peaks. The
best-fitting curves (gray lines) of the EXAFS signal and FT
modulus considering the L2 structure are also displayed in
Fig. 4. Single and multiple scattering events were considered
in the fitting procedure. The overall fitting procedures of all
elements contained in Co,MnGe lead to physically reasonable
numbers close to those of the theoretical structural model.
A quantitative analysis extracted from the EXAFS data is
presented in Table II. The obtained amplitude-reduction term
(Sg) varied between 0.70 and 0.84. The shifts in distances
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FIG. 4. (Color online) EXAFS oscillations extracted from the x-
ray absorption measurements at the K edges of Co, Mn, and Ge, along
with the corresponding Fourier transforms (symbols) and best-fitting
results (gray lines).
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TABLE II. Co,MnGe EXAFS data analysis. Results are obtained
from the quantitative analysis of the EXAFS data for the Co, Mn, and
Ge K edges, considering the coordination numbers (N) of the L2,
structure. The best fitting provided the next-neighbor distances (d),
Debye-Waller factor o2, and R factor for each absorbing atom.

Pair N d (&) 02 (1072 A?) R (%)
Co K edge (7709 eV)
Co-Mn 4 247 £0.02 0.63 £ 0.02
Co-Ge 4 247 £0.02 0.63 £ 0.02 0.89
Co-Co 6 2.85 +£0.02 0.81 +£0.05
Co-Co 12 4.04 £0.03 1.2+ 0.1
Mn K edge (6539 eV)
Mn-Co 8 247 £0.02 0.63 +0.02
Mn-Ge 6 2.86 £+ 0.02 0.70 £ 0.1 0.49
Mn-Mn 12 4.08 £0.04 1.0 £ 0.1
Ge K edge (11103 eV)
Ge-Co 8 247 £0.02 0.63 £0.02
Ge-Mn 6 2.86 £ 0.02 0.70 £0.1 0.57
Ge-Ge 12 4.04 £0.04 0.80 £ 0.1

(AR) were also small, with a typical variation from —0.02
to —0.07 A. Excellent agreement between the data and the
theoretical L2; model was accomplished, as demonstrated in
Fig. 4 and by the low R factors (<1% in Table II).

B. Electronic structure calculations

The electronic and magnetic structures were investigated
with ab initio calculations using WIEN2K.'® The details of
the calculations are described in Ref. 19. As a starting
point the lattice parameter was optimized by using the
generalized gradient approximation in the parametrization of
Perdew-Burke-Enzerhof.?° The relaxed lattice parameter is
a = 5.7301 A at a bulk modulus of 317 GPa. Figure 5 shows
the band structure of Co,MnGe calculated for the relaxed
lattice parameter. The compound is a half-metallic ferromagnet
with a gap in the minority states. This finding is in good
agreement with previously reported calculations.?! The size
of the minority gap amounts to AE = 0.58 eV. The top of the
minority valence band is about 70 meV below €. Owing to the
half-metallic character the magnetic moment in the primitive
cell is Sup, in excellent agreement with the Slater-Pauling
rule.”

Additional details of the electronic structure are revealed
in Fig. 6, which shows not only the total but also the site,
orbital momentum, and symmetry-resolved DOS. The states
below —9 eV are of a;, character and mainly located in the
vicinity of the Ge sites. The occupied d states are found
between €r and —5 eV. The existence of the minority band
gap at € is obvious from all DOS plots. Its size and position
are exclusively determined by Co states [compare Figs. 6(a)
and 6(b)]. At the minority valence-band maximum the Co
states are of t,, character whereas they have e, character
at the minimum of the minority conduction band [see
Fig. 6(d)]. The electrical conductivity of the compound is
determined by the strongly dispersing majority bands at
€p. They are rather delocalized and cannot be assigned
to a particular site of either Co or Mn. From Fig. 6(d),
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FIG. 5. (Color online) Calculated band structure of Co,MnGe
for (a) minority states and (b) majority states, respectively. The
irreducible representations of the states at the I point are marked
for O, symmetry. Note that the subscripts g and u are given in
the standard notation for states with even and odd parity with
respect to the orbital angular momentum. The series of irreducible
representations for majority states being close together is given from
left to right, starting with the topmost state [see also the scheme in
Fig. 7(c)].

we see that the d electron densities located close to Co
exhibit a nearly uniform distribution over the energy range
of the valence bands, independent of the symmetry or spin
character. In contrast, the valence electrons attributed to
the Mn site exhibit a pronounced localization at —1 eV
(eg) and around —3 eV (fy,) in the majority channel. This
leads to a distinct exchange splitting of 2.8 eV between
the occupied majority and unoccupied Mn e, states. The
spin-averaged decomposition of the number of occupied d
states localized in the vicinity of Co or Mn is summarized in
Table III.

Given the previous considerations it should be noted that
many of the electrons are located in the interstitial space
between the muffin-tin spheres describing the atoms of the
primitive cell and thus cannot be specifically attributed either
to one or another of the contributing elements or a specific
orbital momentum. At this point—and before continuing with
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FIG. 6. (Color online) Partial density of states of Co,MnGe.
[Note the different scales of the n(E) plots.]
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TABLE III. Site-resolved magnetic moments (m) and d state
occupancy ny of Co and Mn in Co,MnGe. All magnetic moments
(m) are given in pp.

Co Mn
d [ 278 d e, e
ng 7.4 2.7 4.7 5.1 1.9 3.1
m 1.0 0.9 0.1 3.0 1.55 1.45

the magnetic moments—recall that, from the objective point of
view of the solid, all electrons are indistinguishable whereas
only a subjective observer divides the solid arbitrarily into
spheres or other objects of a given but virtual size. Strictly
speaking, the dispersion E(k), total density of states, and
total magnetic moments are the only well-defined ground-state
quantities but they are not the site-resolved ones.

Galanakis and co-workers?! explained the half-metallicity
of CooMnGe by a particular molecular orbital coupling
scheme. To develop the model, they had to assume, however,
that the Co atoms are in an environment with O; symmetry.
This assumption is incorrect even though the total symmetry
of the cubic cell of L2, Heusler compounds is O;. The
sites occupied by Co have no inversion symmetry and carry
T, symmetry, as is evident from the primitive cell shown
in Fig. 7(b). In contrast, the sites occupied by Mn and Ge
exhibit O, symmetry. Alternative molecular orbital diagrams
are developed in Ref. 2 for the examples of half-metallic
Co,MnSi and semiconducting Fe,VAl. Figure 7(c) shows
schematically, without assumption of any particular molecular
orbital coupling scheme, directly the order of the states
at the I' point of Co,MnGe. The half-metallic character
determined by the band filling of the minority states is
obvious. The successive complete filling of the minority bands

(a) Atoms + local symmetry of Co,MnGe

A R
.' Ge: Maingroup 0, ty ————

aIg -

.. t _—
’ Co: 3d Transition T, 62 -
metal a, _
. e —_
Mn: 3d Transition O, t“" o
metal %8 -/
a, — ' :
- B &o—_——
‘ Co: 3d Transition T, . _
metal
a, —_
A
.’ Ge: Maingroup 0, lm ———
a, _

(b) primitive cell

PHYSICAL REVIEW B 84, 155122 (2011)

(a1g, tiu, €g, 2 X 1) by 12 electrons leads to a quasi-
closed-shell character. The energy scheme for the majority
electrons is considerably different from that of molecular
orbital models. It is seen that the additionally occupied doubly
degenerate states are pushed at I below the triply degenerate
states. Finally, the strongly dispersing high-lying (a;, and #y,
character at I') majority bands start to cross €z and bring the
majority electronic structure close to a simple metal [compare
Figs. 5 and 7(b)]. Both effects together show the limits for
the application of molecular orbital schemes. The latter has
another important consequence: When the two additional e,
states are occupied one reaches compounds with 28 valence
electrons overall, which exhibit a total spin moment of 4. 5.
At that valence electron concentration the “localized” weakly
dispersing bands are used up and a further increase will need
to fill “delocalized” states with strong band dispersion. The
filling of these bands needs a rather large exchange interaction
to split the occupied and unoccupied localized states. It
seems that there is a limit at which the exchange interaction
cannot be increased further. This limit is reached when the
compound has 30 valence electrons, that is, when about two
“delocalized” majority bands are filled. This explains why
Heusler compounds with magnetic moments of considerably
more than 6up are not known, in contrast to fully localized,
nondispersing molecular orbital schemes that suggest 75 as
a limit.?!

The calculated ground-state magnetic moment of Sup in
the primitive cell agrees well with the measured saturation
magnetic moment of 4.982u 5 at 5 K. The calculations reveal
that the site-resolved moments per atom are about 1 and 3 up
at Co and Mn, respectively. Besides the site-specific moments,
the symmetry-resolved moments are of interest, that is, the
distribution of the moments arising from the e, and #,, states.
The site- and symmetry- resolved values are summarized

(c) Solid Co,MnGe in O,
Minority 1 Majority
e - = - tIll
T — —
e A - “ig
S k\_ L €p
lre —— &
==
A —_
€g —_—
i ey,
ly ——— T = — e,
a, = —  a,

FIG. 7. (Color online) Schematic illustration of the orbitals and states in Co,MnGe. The local symmetries and basic states of the atoms
in an environment with O, symmetry are shown in (a). The primitive fcc cell with a base of four atoms as shown in (b) reveals the center of
inversion of the O, symmetry group. (c) is a schematic of the states at the I" point of the solid with O, symmetry. The box in (c) indicates that
the unoccupied majority states with a;, and t;, character are delocalized and smeared over a wide band of energies in k space.
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in Table III. It is seen that the site-resolved moments arise
exclusively from the d electrons for both constituents Co and
Mn. At the Co site one obtains ng" = 7.4 d states, from which
4.7 d states have t,, character; however, the main part of the
moment arises from e, states, which have a lower occupancy of
n(eg) = 2.7. The situation is different at the Mn site, where one
has a d state occupancy of ng/ln = Swithan(e,)/n(ts,) ratio of
about 2/3. At Mn, the d states of both symmetries contribute
uniformly about 1.5u 5 to the site-resolved moment.

The site-resolved magnetic moments are in good agreement
with measurements using x-ray magnetic dichroism (XMCD),
which resulted in spin magnetic moments of mc, = 0.93up
and my, = 3.25,(1,3.23726

C. Hard x-ray photoemission
1. Core-level spectroscopy

Hard x-ray core-level spectra of Co,MnGe were measured
to investigate the spin-orbit splitting as well as the exchange
interaction of the unpaired valence electrons with the core
holes. The spectra of the Co 2p and Mn 2p core levels are
shown in Figs. 8(a) and 8(b), respectively. The spectra are
taken at low temperature (16 K) with an excitation energy of
about 8 keV.

Figure 9 shows the hard x-ray photoelectron spectrum of
Co,MnGe in the energy range of the semicore level. (Note the
low intensity of the valence band.) Details of the energies are
summarized in Table IV. Obviously, the spin-orbit splitting of
the Ge 3 p state is more pronounced than the one of the Co 3p
state even though the nuclear charge Zg. is only five higher
than Z¢,.

Besides the spin-orbit splitting of the p states, the spectra
shown in Figs. 8 and 9 exhibit several satellites that result from
other effects. Typical is the appearance of metallic satellites
or multiplet splittings from the exchange interaction. The
metallic satellites arise from plasmon losses or excitation of
interband transitions. The spin-orbit splitting (Agp), exchange
splitting (Agx), and metallic satellites (Ays) were determined
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FIG. 8. (Color online) High-energy photoelectron spectra of the
(a) Co 2p and (b) Mn 2p core level of Co,MnGe. The spectra are
excited by a photon energy of hv = 7.9392 keV at low temperature
(16 K). The inset in (b) shows the details of the Mn 2p3,, state on a
stretched scale.
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FIG. 9. (Color online) Semi-core-level spectra of Co,MnGe. The
spectrum was taken at 300 K and excited by a photon energy of
hv = 7.9392 keV. The inset shows a magnified view of the Mn 3s
state taken at different photon energies (5.9468 or 7.9392 keV).

for selected core and semi-core level and the results are
summarized in Table IV.

Most interesting is that the Mn 3s state exhibits a well-
distinguished exchange splitting of A.x = 4.68 eV [see inset
in Fig. 9(b)]. The intensity ratio between the main 3s line and
the exchange-split satellite appears to be independent of the
excitation energy. Such a splitting was not observed in previous
work on Co,MnSi.?” In analogy to the Co 2p spectra, the Mn
2 p core level shows Ago = 12.1 eV. Different from the Co 2p
spectra, the multiplet splitting of the Mn 2 p3, state is clearly
revealed. The inset of Fig. 8(b) demonstrates the occurrence of
the multiplet splitting at the Mn 2p;, state by Ap = 1.17 eV.
It was shown theoretically and experimentally for the case of
Mn that the Coulomb interaction of the 2p core hole and the
3d valence electrons leads to the splitting of the Mn 2p3/,
level into several main sublevels® caused by the existence of
more than one possible excited ionic state during ejection of
electrons from the p core level. The splitting is less pronounced
at the 2p,, state owing to the broadening of the line caused
by a shorter lifetime of the hole in the 2p; /, region compared
to the 2p3,, one.

In atoms, the multiplet splitting is due to the interaction of
the nl~! core hole with the polarized open valence shell. It is
expected that the core hole (here 3s' or 2p°) in solids interacts
with the polarized d states of the valence band. Assuming
that the atomic character of the valence electrons is—at least
partially—retained in the solid one is able to use the well-

TABLE IV. Core-level splittings in the Co,MnGe spectra. Given
are spin-orbit splitting Agp, exchange splitting Agx, and metallic
satellites Ay of selected core states of Co,MnGe. All energies are
given in eV.

Co2p Mn 2p Ge3p
Aso 14.91 11.72 4.13
Agxi 3.95 1.17 22.78
Agx2 2.18 2.76 18.65
Ans 7.70 0.95 —
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known multiplet theory to explain the observed splittings in
the spectrum.?-33

Now, concentrating on the Mn atoms in Co,MnGe, one sees
that the description becomes complicated as it is not a priori
clear what ionic state the Mn adopts in the metal. From the
calculations (see Table IIT) one has Mn d°, neglecting all other
shells. However, some of the d electrons are delocalized in the
metal and may not contribute to the coupling.

Assume a Mn** or Mn*' ionic state with a %S5/, or 3Dy
ground state in LSJ coupling. Note that the description of
the ground states of neutral Mn®(4s234°) and Mn?* (4s°3d°)
are principally the same because the filled 4s* shell does
not contribute. According to the dipole selection rules the
following transitions take place for the various ground and
excited states for excitation of ns core levels (here for the
example of 3s):

(i) from 3s23d° (655/2)

to {[35'3d° 7S] + e(PYCPry2.s2.302).
(i) from 3s23d* CD.)
to {[3s'3d* (**D )]+ e(p)YC Py, Fy),
or for np core levels (here for the example of 2p):
(iii) from 2p®3d° (6S5/2)
to {[2p°3d° C7P)]+ €(s,d}CPry25/2.3)2),
(iv) from 2p%3d* (CDy)
to {[2p°3d* (*OF; *°P))] + €(s,d)}C Py, F ).
€(p) or €(s,d) denote the ejected electrons with kinetic energy
€ and orbital angular momentum !’ =1 or ' =0,2 for
ionization of the 3s or 2p shells, respectively. The final total
angular momentum related to the > D4 ground state can take the
values J' = 3, 4, or 5. It is obvious that the intermediate ionic
states always have spin values of S(d°) = 5,7 or S(d*) = 4,6.
From this point of view, the splitting observed in emission
from 3s or the two groups of transitions at the 2p may be
assigned by the spin-exchange splitting of the ionic states.
The remaining smaller splittings observed in emission from
the 2p shell correspond to states with different total angular
momentum J of the 7 Pj_4 3 » and 3 P;_3 5 | intermediate ionic
states for Mn?* (or similar for the 3 D, ground state of Mn3*).
For the ©Ss s2 ground state, in particular, P, corresponds to
the ionic state with highest energy in the spectrum (the lowest
final-state energy).

The observed intensity ratio of the two transitions at the Mn
3s state is 2.5, which is considerably larger than the expected
6:4 = 1.5 ratio for a Mn** d* °Dy) ground state [7:5 = 1.4
for d° (°Ss/2)] when calculating it from the spin multiplicity
(2S + 1) of the intermediate ionic states. Therefore, atomic
type multiplet calculations were performed using de Groot’s
program CTM4XAS** to provide more detail of the ionic state
of Mn in Co,MnGe. The details of the multiplet description
and applied methods are found in Refs. 29 and 32. For the 3s
excitation, the Slater integrals were scaled to 90% of their value
from the Hartree-Fock calculations. The same reduction was
used for the 2p excitation where the LS coupling parameter
for the ground state was also scaled to 90%. A Lorentzian
of 100 meV width for the lifetime broadening and a line
broadening by Gaussians of 240 meV were used with respect
to the experimental resolution.

To understand the electronic state of Mn in Co,MnGe,
the photoemission spectra of the 2p and 3s states for the
Mn’* as well Mn** were calculated and compared to the
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FIG. 10. (Color online) Comparison of the experimental and
calculated core-level spectra of Mn in Co,MnGe. The Mn2p spectra
are shown in (a) and 3s spectra in (b). The calculations were
performed for d° and d* configurations of Mn, resulting in °Ss/
(full lines) and 3 D, (dashed lines) ground states, respectively. In (a)
the states A and B correspond in the single-particle picture to the
spin-orbit-split 2p3,, and 2p;, initial states. In the many-electron
description the notation will depend on the assumed ground state (see
text for details).

investigated high-energy photoelectron spectra. The results
are shown in Fig. 10. For Mn 3s the splitting of both the
Mn’* and Mn** ionic states fit the experimental data very
well. Different lines of the underlying multiplet structure
are not resolved. The calculated *D-°D splitting of Mn3*+
is slightly too small compared to the experimental value or
to the S-S splitting when assuming Mn?*. In both cases
the branching ratio does not fit the experiment. The situation
is different for the 2p excitation where the splitting is not
only determined by the Coulomb interaction but also by the
spin-orbit interaction. By using the same scaling for the Slater
integrals as for the 3s excitation, the main splitting between the
multiplet components A and B at about —640 and —650 eV fits
the experiment better when assuming a Mn®* configuration.
The details of the A-A’ splitting of the spectrum at about
—640 eV make clear that neither Mn?>* nor Mn** ionic states
explain the spectra correctly. Comparing the intensities shows
that the experimental spectrum is obviously between these
cases. This means that one has either a mixture of d* and
d? or, what is more realistic for a metallic solid, a formal d**
configuration with respect to the incomplete localization of the
d electrons at the Mn site. This might be seen as contradicting
the electronic structure calculations in which 5.1 d electrons
are found at Mn (see Table III). Above, the “size of Mn” was
haphazardly set to touching spheres; if a sphere with a 15%
smaller radius is chosen then one finds only 4.6 d electrons,
without changing any other property of the electronic structure.
One should be aware that, by taking this as the size of Mn in the
solid, it becomes impossible to figure out the exact numbers
of localized and delocalized electrons.
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FIG. 11. (Color online) Valence-band spectra of Co,MnGe (a)
taken at 20 K excited by different photon energies (5.9468 or
7.9392 keV) and (b) in the vicinity of the Fermi energy at different
temperatures (hv = 5.9468 keV).

2. Valence-band spectroscopy

In the next step, the valence states of Co,MnGe were
investigated by photoelectron spectroscopy. Figure 11(b)
compares the valence-band spectra of Co,MnGe taken at
low (20 K) and high (300 K) temperature at an excitation
energy of about 6 keV. The changes in the spectra at different
temperatures are unremarkable. The only effect is the expected
broadening of the spectra and the slight smearing of the states
at the Fermi edge caused by the change of the Fermi-Dirac
distribution while going from 20 to 300 K. This observation
is in accordance to the work on Co,MnSi?”*> where also no
temperature-dependent changes were detected.

Figure 11(a) compares the valence-band spectra taken with
different photon energies of about 6 and 8 keV. The differences
in the spectra are caused by the different weights of the partial
photoionization cross sections for s, p, and d electrons at
different excitation energies. With increasing energy the cross
sections for d electron excitation decrease faster than those
for s or p electrons (see Refs. 36 and 37). Therefore, the
contribution from d electrons is more pronounced at lower
energy.

The maximum of the emission from the a;, states appears
at —10.5 eV, which is about 1 eV lower compared to the
calculated DOS. The maximum at about —3.9 eV corresponds
to an excitation of the Mn 1, minority states; its center is
about 0.9 eV lower compared to the center of the states in the
calculated DOS. The calculated site-resolved DOS exhibits
pronounced Co and Mn e, majority states as well as Co ty,
minority states at about —1 eV, where a strong maximum
is observed in the spectrum. A pronounced influence of a
correlation energy can thus be excluded, as proven by the
small energy shifts between the experimental spectrum and
calculated DOS. The observed energy shifts increase when
moving further away from €y. This points clearly to lifetime
effects: The holes at €r have a longer lifetime compared to
those at lower energies. Accounting for the lifetime effects
by increasing the imaginary part in the self-energy of the
photoexcited electrons results in observed states that not only
have an increased width when moving away from €z but also
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exhibit an increase of the energy shift. States that are farther
away from e are more strongly influenced because of the
nonlinearity of the self-energy, being zero at €r and rising
within a small energy range (a few eV) to its final value. It is
concluded that the observed shifts are due to the photoemission
process and are not related to an electron-electron interaction
in the ground state.

D. Mechanical properties

In most cases only the electronic structure and magnetic
properties of Heusler compounds are reported and used to com-
pare theory and experiment. There are, however, other physical
quantities available from the calculations and experiments that
are important for later applications of the materials. Therefore,
the mechanical, vibrational, and transport properties are
reported in the following.

The mechanical properties were calculated in addition to
the optimization of the lattice parameters. Besides the bulk
modulus B, which is found directly from the equation-of-states
fit,*3? the elastic constants ¢;; were calculated for Co,MnGe
as well as the isovalent compound Co,MnSi. The elastic
stability criteria for the cubic structure are found from the
elastic constants (c;;).*>** The necessary conditions are

(@) ci1 +2c12 >0,
(b) cas > 0,
(©) c11 —c12 >0
that is, the bulk, c44 shear, and tetragonal shear moduli are all
positive. The elastic anisotropy is defined for cubic crystals by
2c44

Ap= ———. ()
C11 — C12

A, also allows a decision about the structural stability.
Materials exhibiting large A, ratios show a tendency to
deviate from the cubic structure. Table V compares the
mechanical properties of Co,MnSi and Co,MnGe. The elastic
constants were calculated by applying isotropic strain as well
as volume-conserving tetragonal and rhombohedral strains to
the optimized cubic primitive cell. The bulk modulus of the
Si-containing compound is about 16% larger than that of the
Ge-based compound. The elastic constants of both compounds
follow the general inequality B > csa > G > 0, where G is

TABLE V. Mechanical properties of Co,MnZ (Z = Si, Ge).
Calculated bulk (B), Young’s (E), and rigidity (G) moduli as well as
the elastic constants ¢;; are given in GPa; Poison’s ratio (v) and elastic
anisotropy (A.) are dimensionless quantities. Vickers hardness HV1
was measured with a load of 9.806 N and is given in kg/mm?.

Co,MnSi Co,MnGe

C11 290 250
c12 179 180
C44 158 132

B 216 203

G 104 77

E 269 206

v 0.29 0.33
A, 2.83 3.76
HV1 807 £ 14 741 £2
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FIG. 12. (Color online) Calculated spatial distribution of the bulk (B). Young’s (E), and rigidity (G) moduli of Co,MnGe.

Voigt’s shear or rigidity modulus. Both A, and the elastic
stability criteria show that the compounds are stable in the
cubic L2-type crystal structure.

Figure 12 displays the three-dimensional distribution of the
bulk (B), Young’s (E), and rigidity (G) moduli of Co,MnGe.
(Those of Co,MnSi are not shown, but they have a similar
shape because of the close values of the elastic constants.) The
bulk modulus is isotropic as mentioned above. By comparing
the distribution of the remaining two moduli it is obvious
that Young’s modulus is largest in the (111)-type directions
whereas the rigidity modulus is largest in the < 100 >-type
directions, that is, along the cubic axes.

From the elastic constants, or say better the elastic moduli,
one is able to calculate the speed of sound and Debye
temperature ©%° in the approach given by Anderson.* For
Co,MnGe one finds in the acoustical approximation @3¢ =
554 K from the values in Table V.

The hardness (HV) was measured using a low-load Vickers
hardness tester (Zwick, type Z3212). The load used to evaluate
the Vickers microhardness (HV1) was F =9.806 N (P =
1 kg). The Vickers hardness is determined from

1.8544PpP

HV = —Qp 2)
where d is the diagonal length of the impression of the
diamond probe (pyramid with apex angle = 135°). The
Vickers hardness is not directly proportional to the elastic bulk
modulus but indirectly depends on the elastic constants. The
trend, however, is obvious: The Si-containing compound with
higher bulk modulus also has a 8% higher hardness compared
to the Ge-based compound.

The Chin-Gilman parameter ccg = H/c44 is the ratio of
the hardness number H to the shear modulus.***> For cubic
crystals the latter is the elastic constant, c44. Chin showed that it
varies systematically with the type of chemical bonding in the
crystals.*® For cubic crystals the average values of metallic,
ionic, or covalent systems are ¢ = 0.006, ¢l = 0.01, or
ceg =0.1, respectively.46’47 The obtained values ccg taken
from measured hardness and calculated elastic constants for
Co,MnSi and Co,MnGe are 0.05 and 0.06, respectively. These
values prove that the type of bonding of the compounds is close
to covalent.

E. Vibrational properties

The vibrational properties of Co,MnGe were calculated by
means of PHONON*® on the basis of the results from WIEN2K.
The primitive cell containing four atoms was enlarged to a
cell with 16 distinguished atoms to calculate the Hellmann-
Feynman forces for the phonon analysis. For these calcula-
tions, a force convergence criterion of 10~* Ry a,; was used in
addition to the energy convergence criterion. The results of the
phonon calculations are based on the spin-polarized electronic
structure calculations. Figure 13 shows the calculated phonon
dispersion hv(g) and the accompanied density of states p(w)
of Co,MnGe.

Figure 14 compares the temperature dependence of the
calculated phonon C.(T') as well as the electron C.(T) part
of the specific heat to the measured specific heat C(T).
Above 240 K the sum of C.(T) and C.(T) agrees well
with the measured specific heat C(T"). The small differences
between measured and calculated values at low temperature
(T < 100 K) reveal that the specific heat is dominated by
the phonon contribution. Deviations at higher temperature are
caused by the fact that the measured C contains not only the

40 —T

Phonon energy hv(g) [meV]

L 0.0 0.2 0.4
Density of states  p(®)

r X K r
Wave vector ¢

FIG. 13. Phonons of Co,MnGe. (a) Phonon dispersion and (b)
corresponding density of states.
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FIG. 14. (Color online) Specific heat of Co,MnGe. C(T) is
the measured specific heat containing also electron and magnon
contributions; C; (T') and C,(T) are the calculated lattice and electron
specific heat, respectively. The inset shows the Debye temperature
calculated from a fit to the C(T") data.

lattice contribution but also contributions from electrons and
magnons.

The temperature-dependent heat capacity is expressed
according to a suggestion from Ref. 49 as a polynomial sum
[Eq. (3)]. A fit of the data in the low-temperature range to

CIY=A-T>+y-T+-T? (3)

results in values of A = (35.154+0.06) mJ K/mol, y =
232+ 1.4) mJ/(mol K?), and B = (1.4640.03) uJ/
(mol K*). The Debye temperature ®p is found by fitting
the measured or calculated specific heat to the Debye model.
The result is shown in the inset of Fig. 14. The Debye
temperature calculated from C (T)is ® p = 403 Kin the high-
temperature limit (7 > 50 K). The temperature dependence of
®p calculated from the measured specific heat C(7") does not
clearly approach the high-temperature limit, which is mainly
due to experimental uncertainties as well as the increasing
influence of the electron and magnon specific heats at higher
temperatures. The Debye temperature derived from the specific
heat is lower compared to the acoustic value derived from
the elastic constants (@ < ®F; see above), pointing to the
influence of the high-lying optical modes.

The calculated thermal displacements (u2) at 300 K are
42 x 1073, 4.1 x 1073, and 3.9 x 10~ A? for Co, Mn, and
Ge, respectively. The average value of 4.06 x 103 A? is about
half of the average Debye-Waller factor 52 /2 = 3.9 x 1073 A2
found in the EXAFS measurements (see Table II). The values
of the mean square displacement and the Debye-Waller factor
depend on the underlying model and the factor of about 2
between (u?) and o2 is explained in detail in Ref. 50.

F. Transport properties

The measured transport properties of Co,MnGe are sum-
marized in Fig. 15. The electric resistivity o(7") data from
5 to 300 K were obtained by a standard linear four-point
contact method. The results shown in Fig. 15(a) exhibit a
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FIG. 15. (Color online) Temperature dependence of the transport
properties of Co,MnGe. Shown are (a) the electrical resistivity
p(T), (b) the thermal conductivity «(7), and (c) the calculated and
experimental Seebeck coefficient S(T).

regular metallic behavior. The inset shows the resistivity as a
function of temperature on a logarithmic scale. Below 50 K
the resistivity becomes 0.27 ©€2 m, nearly independent of
temperature, while above this value the resistance increases
with increasing temperature. The temperature-independent
part at low temperatures was suggested to be typical for
half-metallic ferromagnets.’'>> The residual resistivity ratio is
Rgrr = p(300 K)/p(2 K) = 1.8. This value is small compared
to other polycrystalline Heusler compounds. The overall low
values of the resistivity are also remarkable, being a factor
of 100 smaller compared to those of polycrystalline Co,MnSi
samples that were produced in the same way (from data not
shown here). Both together point to the high quality of the
CoyMnGe samples.

Figure 15(b) shows the temperature-dependent thermal
conductivity k(7") of Co,MnGe. At low temperatures, «(7')
increases with a 73 law and a maximum appears between
40 and 50 K. Above 100 K, «(T) increases linearly with
temperature. This behavior arises from the large electronic
component of the total thermal conductivity in metals.>

The Seebeck coefficient S(T') [see Fig. 15(c)] is negative in
the entire temperature range. Similar to p(7), the absolute
value is almost constant below 50 K, as shown using a
logarithmic scale in the inset of Fig. 15(c), and increases with
increasing temperature. The value of —17uV K=! at 300 K is
comparable to that of elemental metals Co (—30.8 'V K1)
and Mn (—9.8 «V K~1). Similar values are observed in other
polycrystalline Heusler compounds. S(7') was calculated
from the electronic structure using a modified version® of
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BOLTZTRAP*® and compared to the experiment as shown in
Fig. 15(c). The measured value agrees well with the calculated
one. Deviations are seen at low temperatures where one
expects the largest influence of the phonon-drag effect at about
0.2 times the Debye temperature,”’ which here is at about
80 K. Atelevated temperatures the electronic structure starts to
deviate from that of the ground-state half-metallic ferromagnet
and minority and majority states start to mix owing to the
thermal fluctuations already below the Curie temperature. This
explains the deviations between measured and calculated S(7")
at higher temperatures.

IV. SUMMARY

In summary, the structural, electronic, magnetic, mechan-
ical, and transport properties of the half-metallic ferromag-
net CopMnGe have been studied in detail. The crystalline
structure of Co,MnGe was investigated by XRD, EXAFS,
and anomalous XRD and it was found that the compound
exhibits the L2; structure typical for well-ordered Heusler
compounds. The vibrational and mechanical properties of
the compound were calculated. The comparison of observed
and calculated mechanical properties proves a covalent-like
bonding of Co,MnGe. Band-structure calculations based on
the L2 structure resultin a half-metallic ferromagnetic ground
state for the compound. The compound is a localized magnetic
moment system with a ground-state magnetic moment of 5 p
in the primitive cell. This is in excellent agreement to the
SQUID measurement, which revealed a magnetic moment
of 4.982up at 5 K. Thus, Co,MnGe fulfills the requirement
for half-metallicity according to the Slater-Pauling rule. The
transport measurements show the expected metallic behavior
with a resistivity of 0.48 u2 m and a Seebeck coefficient of
—16V K1 at room temperature. The temperature indepen-
dence of the resistivity below 50 K supports the occurrence
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of half-metallic ferromagnetism in this compound. The bulk
sensitivity of HAXPES was used to explore the core levels as
well as the valence-band electronic structure of polycrystalline
Co,MnGe. The measured valence-band spectra are clearly
resolved and in good agreement with the first-principles
calculations of the electronic structure. Spin-orbit splitting
and exchange splitting of the core levels are explored in
detail. Multiplet calculations of 2p and 3s core levels were
performed for Mn in 2+ and 3+ ionic states to determine the
importance of the many- electron contributions to the core-
level photoelectron spectra of the compound. Comparison of
the calculation to the experiment revealed that the state of Mn
cannot be identified as being a definite ionic one.
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