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Charge transfer and tunable minority band gap at the Fermi energy of a quaternary
Co,(Mn, Ti;_,)Ge Heusler alloy
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We investigate the distribution of element-specific magnetic moments and changes in the spin-resolved

unoccupied density of states in a series of half-metallic Co,(Mn,Ti,_,)Ge Heusler alloys using x-ray magnetic
circular dichroism. The Co and Mn magnetic moments are oriented parallel while a small Ti moment shows
antiparallel to the mean magnetization. The element-specific magnetic moments remain almost independent on
the composition. Therefore, a replacement of Ti by Mn results in an increase in magnetization. The increase in
magnetization with increasing x follows the Slater-Pauling rule. The Fermi level decreases with respect to the
minority band gap with increasing number of valence electrons. This counterintuitive behavior is explained
qualitatively by a charge transfer model and quantitatively by ab initio band-structure calculations.
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I. INTRODUCTION

Ferromagnetic materials comprising a complete spin po-
larization at the Fermi level E have excited great scientific
interest.!"> These materials, showing metallic conduction for
one of the two spin channels and semiconducting or insulat-
ing behavior for the opposite spin channel, are called half-
metallic ferromagnets (HMFs).! Ab initio theory has pre-
dicted HMF and a high Curie temperature for Co-based
compounds comprising a band gap for minority
electrons.!*> The main scientific and technological interest
arises from HMF being very attractive materials for the fab-
rication of spintronic devices.®"!® Recent experimental
progress in the fabrication of tunneling magnetoresistance
(TMR) devices provides indirect evidence for HMF in Heu-
sler alloys because of the large TMR values’-®1°-13 observed
for magnetic tunneling junctions using Heusler electrodes.

In order to tune the Fermi energy of a Heusler alloy (com-
mon chemical formula X,YZ) with respect to the minority
band gap, a band structure tailoring through substitution of
the transition metal on the Y site or the main group element
on the Z site in quaternary compounds has been
proposed.>?!4-16 Shan et al.'” presented a tunneling spec-
troscopy study that supports this idea of band structure tai-
loring for Co,Fe(Al5Si-). Sakuraba et al.'® confirmed this
idea by an investigation of a Co,Fe(Al,_,Si,) series. A shift
of the band gap for Co,(Fe,Mn,_,)Si has also been tested by
photoemission spectroscopy without spin resolution.'*?° Re-
cently, an analysis scheme of x-ray magnetic circular dichro-
ism (XMCD) data was presented offering an experimental
access to the unoccupied part of the Co-related density of
states (DOS),?!"? that determines the edges of the minority
band gap.>?>?* For epitaxial Co,(Fe,Mn,_)Si and
Co,Fe(Al,_,Si,) film series grown on MgO(100) a system-
atic variation in the position of E; with the composition was
found*' and quantitatively compared to theory. A bulk
sample series of Co,Mn(Ga,_,Ge,) also showed a systematic
shift of the Fermi level with composition?? and an increased
spin polarization for x=0.75.%
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In all the examples mentioned above the shift of the Fermi
level follows a rigid-band model. Assuming a rigid-band
structure independent on composition, additional electrons
stemming from an increasing number of valence electrons
fill up majority states, thus increasing the magnetization and
also the Fermi level with respect to the minority band gap.
This behavior is equivalent to the generalized Slater-Pauling
rule confirmed by ab initio calculations.?®?’ In this paper we
report on a sample series of Co,(Mn,Ti;_,)Ge showing the
opposite behavior, i.e., the Fermi level decreases with in-
creasing valence-electron number while the magnetization
still increases. As an explanation for this behavior a qualita-
tive charge transfer model is depicted. The experimental re-
sults are compared to ab initio band-structure calculations.

II. EXPERIMENTAL

The polycrystalline samples were prepared by arc-melting
of stoichiometric quantities of the constituents in an argon
atmosphere (10 mbar). Care was taken to avoid oxygen
contamination. This was established by evaporation of Ti
inside of the vacuum chamber before melting the compound
as well as additional purification of the process gas. The
melting procedure was repeated three times to get a homo-
geneous material. After melting, the polycrystalline ingots
were annealed in an evacuated quartz tube at 1073 K for 8
days. For powder investigations, a part of the sample was
crushed by hand using a mortar.

The structure was investigated by x-ray diffraction using
excitation by Mo Ka (Bruker, D8) radiation of powder
samples. All samples exhibit the Heusler L2, structure with a
small B2 type disorder contribution. The magnetic properties
were investigated by a superconducting quantum interfer-
ence device (SQUID, Quantum Design MPMS-XL-5) using
nearly punctual sample pieces of approximately 10-20 mg.
Rods with dimensions 1X1X10 mm® were cut from the
ingots for spectroscopic investigations of the bulk samples.

X-ray absorption spectroscopy (XAS) experiments were
performed at the UE56/1-SGM beamline at the German syn-
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TABLE 1. Relative atom concentration given as percentages of
the samples from the Co,(Mn,Ti;_,)Ge series according to an EDX
analysis.
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Z - <

X Co Mn Ti Ge
0.0 49.5 0.0 23.2 27.3
0.2 49.8 4.8 20.7 25.1
0.4 49.2 10.2 14.9 25.7
0.5 49.9 12.5 124 25.2
0.6 494 15.0 10.1 25.5
1.0 49.2 25.3 0.0 25.5

chrotron light source BESSY II. The samples were fractured
in situ in UHV (p=1X 10" Torr) directly before the mea-
surement. An Au mesh monitored the incident photon flux.
The total electron yield served as a measure for the x-ray
absorption signal. The sample was shielded by a conducting
tube in order to collect all electrons. An external magnetic
field of 1.22 T was applied along the direction of the incident
x-ray beam, i.e., approximately perpendicular to the sample
surface, and switched after each data point to determine the
XMCD signal while the polarization was kept constant. The
energy resolution of the x-ray monochromator was set to
approximately 0.4 eV at 800 eV photon energy. An increase
in the resolution to 0.1 eV at 800 eV for selected samples
revealed only marginal changes in the observed spectra. This
confirmed that the spectral shape is dominated by the intrin-
sic lifetime broadening of x-ray absorption.

After these measurements a scanning electron microscope
(SEM, Jeol JSM-6400) equipped with an energy-dispersive
x-ray spectroscopy (EDX) detection system was used to
check the homogeneity and stoichiometry of the samples. An
acceleration voltage of 20 kV and an inspection angle of 35°
was set up. The quantitative data was corrected by the ZAF
method which relies on atomic number (Z), absorption (A),
and fluorescence (F) effects. One should note that the accu-
racy of the determination of the relative atomic concentration
is on the order of =2 at. %.

III. PHASE HOMOGENEITY

From the EDX analysis of the sample surfaces we obtain
the relative atomic compositions according to Table I. Within
error limits the average composition reproduces the desired
composition for the Co,(Mn,Ti;_,)Ge series. Element-
specific EDX mappings (Fig. 1) reveal the spatial distribu-
tion of the composition for the Co,(Mn,Ti,_,)Ge series. For
comparison results for Co,(Mng¢Tip4)Si from Ref. 22 and
Co,(Mny¢Tip4)Sn from Ref. 28 are included. The
Co,(Mn,Ti;_,)Ge samples have a homogeneous composi-
tion, in contrast to Co,(Mn,Ti,_,)Si and to Co,(Mn,Ti;_,)Sn
which show a decomposition into a Co,MnZ-enriched and
Co,TiZ-enriched (with Z=Si and Sn, respectively) phase.

The different behavior of the three Co,(Mn,_,Ti,)Z series
with Z=Si, Ge, and Sn might be explained by the different
size of the atoms in the Z position. While Si is smaller and
Sn larger compared to Co, Mn and Ti, Ge has nearly the

FIG. 1. (Color online) Element-specific EDX mappings for the
series Cop(MnygTip4)Si (first line), Co,(MngTiy4)Ge (second
line), and Co,(MngTig4)Sn (third line). The columns show the
elements Co, Mn, and Ti, and Z=Si, Ge, and Sn, respectively. The
brightness represents qualitatively the element concentration.

same size. From the hard sphere model one easily imagines
that the internal stress for a mixed compound of unequally
sized atoms can be reduced by decomposition. This model is
supported by the observation of a smaller lattice constant
variation with x for Z=Ge compared to Z=Si and Sn shown
in Fig. 2 (values taken from Ref. 29).

A reason for the particular shape of decomposed phases
are the higher melting points for the Co,TiZ (Z=Si and Sn)
phase than for the Co,MnZ (Z=Si and Sn) phase. This leads
to an initial crystallization of the Co,TiZ-enriched phase dur-
ing cooling, revealing the rounded Co,TiZ-rich areas in a
matrix consisting of the Co,MnZ-enriched Heusler phase.
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FIG. 2. (Color online) Lattice constant variation depending on
the Mn concentration.
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FIG. 3. (Color online) [(a), (c), and (e)] X-ray absorption spectra for Co,(Mn,Ti,_,)Ge measured at the L;, edge averaged from total
electron yield intensities /T and I~ for magnetization direction parallel and antiparallel to the x-ray polarization. [(b), (d), and (f)] Corre-

sponding XMCD spectra I*—1".

IV. X-RAY ABSORPTION SPECTROSCOPY AND
MAGNETIC MOMENTS

XAS/XMCD results are shown in Fig. 3 for the
Coy(Mn,Ti;_,)Ge series measured at the TiL;,, MnLj;,,
and Co L;, edges. All measurements were performed at 110
K except for x=0 which was done at 300 K. For consider-
ation of the thermal magnetization decrease, we multiplied
the room-temperature XMCD signal of the sample with x
=0 by a factor of 1.66. The Co XAS spectra in Fig. 3(e)
reveal the largest change with composition. Similar changes
occur at the L5 edge and L, edge. Replacing Ti by Mn causes
a vanishing of the second maximum A (~1 eV above L;
maximum) and an arising satellite peak B (~4 eV above).
Peak A represents a dominant Co-Ti d-band hybridization
state. The satellite peak B corresponds to a Co-Mn sd-band
hybridization state and was described as characteristic for
highly ordered Heusler compounds.*” In the quaternary Heu-
sler alloy Mn has also some effects on the Ti states and the
corresponding XMCD spectra. A systematic change in the
peak height and an additional feature at 470 eV occurs in the
Ti XMCD spectra [marked in Fig. 3(b)].

From the element-specific XMCD spectra we derived the
magnetic spin moment py,, and the magnetic orbital mo-
ment u.,, shown in Table II using the sum-rule analysis as-
suming numbers of d holes N,(Co)=2.5, N;,(Mn)=4.5, and
N,,(Ti)=8 and for Mn a jj-mixing correction factor i=1.5 as
described in Ref. 31. Similar experimental moments were
reported®? for Co,MnGe (x=1) with slightly larger Co and
smaller Mn orbital moments. Theoretical results for
Co,MnGe (Table II) coincide with previously reported
data.>3 Coy(Mn,Ti,_,)Ge is a ferrimagnet due to the antipar-
allel magnetic moments of Ti and Co/Mn. The increase in the

Mn content leads to a strong increase in the negative Ti
magnetic moment. The Co spin moment slightly increases
with x and the Mn spin moment remains almost constant.
Figure 4 shows the XMCD corresponding total magnetic
moments and the measured SQUID values at 110 K. The
experimental results are not far away from the Slater-Pauling
curve and the ab initio local-density approximation plus U
(LDA+U) calculations (only spin magnetic moments). Re-

TABLE II. Element-specific magnetic spin moments gy, and
orbital moments .y, per atom for the Co,(Mn,Ti;_,)Ge series as
calculated from the sum rules. Magnetic spin moments y;,(LDA)
from the LDA+ U calculations are given for comparison.

X i Co Mn Ti
0.0 Mspin 0.69+0.02 -0.03£0.05
,u,spin(LDA) 1.05 -0.05
Morb 0.06+=0.01
0.2 Mspin 0.62+0.02 3.18£0.10 -0.04=0.05
Moy 0.05x=0.01 0.03x0.05
0.4 Mspin 0.68+0.02 3.21%£0.10 -0.04x0.05
Moy 0.05x0.01 0.04x0.05
0.5 Mspin 0.79+0.02 3.84*£0.10 -0.05%0.05
/.Lspin(LDA) 1.01 3.19 -0.1
Mo 0.08+0.01 0.11*0.05
0.6 Hspin 0.81+x0.02 3.64*0.10 -0.06%0.05
Mo 0.08+0.01 0.04*0.05
1.0 Hspin 0.93+0.02 3.25*0.10
Mspin(LDA) 1.02 3.05
Morb 0.00x=0.01  0.24=0.05
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FIG. 4. (Color online) Total magnetic moments for

Co,(Mn,Ti;_,)Ge measured at 110 K with SQUID and XMCD as a
function of the Mn concentration. The dashed line indicates the
Slater-Pauling rule.

markable is the Slater-Pauling curve crossing of the total
magnetic moment at x=0.5 derived from XMCD. Crystalline
disorder has a direct effect on the magnetic moment. B2
disorder in the samples is hardly avoidable and leads to an
increased magnetic moment for x>0.5 (in the ferromagnetic
dominated case) and a decreased magnetic moment for x
< 0.5 (ferrimagnetic dominated case).

V. SPIN-RESOLVED UNOCCUPIED DENSITY OF STATES

Self-consistent electronic-structure calculations were car-
ried out using the full-potential linearized augmented plane-
wave method as implemented in WIEN2K.>* Further details
for the ab initio LDA+U calculations can be found in Ref.
24. As previously discussed® the theoretical results for
Co,(Mn,Ti;_,)Ge (x=0,0.5,1) in Fig. 5 show that the
boundaries of the minority band gap at Er are dominated by
the Co states. A minority band gap occurs for the complete
Co,(Mn,Ti,_,)Ge series indicating half-metallic behavior.
The Fermi energy is shifted from a position close to the
conduction-band edge for Co,TiGe to a position near the
valence-band edge for Co,MnGe. Hence, an experimental
test of the calculated band gap can be restricted to the Co
related DOS.

The experimental spin-resolved unoccupied Co partial
DOS (PDOS) is shown in Fig. 6 derived from the
Co L;-edge absorption data. For the calculation we used the
spin-resolved unoccupied PDOS function (Fermi function
fr) following from the XAS spectra I* and I,

1 rr-r

DT(l)(l _fF)OCIim_s"'(_)_ )

P;

(1)

where I, denotes the isotropic absorption coefficient (I*
+17)/2, s is the step function, and P; is the spin polarization
of the excited photoelectrons, i.e., P;3=0.25 and P;,=-0.5.
An electron correlation effect causes a shift of the majority
PDOS of AE.=0.5 eV with respect to the minority states as
explained in Refs. 21 and 22. The position of the Fermi level
was derived from the initial increase in the majority states
considering the energy shift of AE..
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FIG. 5. (Color online) Spin-resolved DOS for Co,(Mn,Ti;_,)Ge
(x=0,0.5,1) as indicated in the figure using ab initio LDA+U
calculations.

Due to the lifetime broadening of the XAS spectra we
have deconvoluted the experimental spectra with a Lorentz-
ian function with a width of I'=0.35 eV. Note, that the Co
minority PDOS is close to zero in a finite energy interval
around Ey. The observation of a vanishing PDOS for E
< Er is a consequence of a near coincidence of the Lorent-
zian function and the experimental data. Thus, the experi-
mental data support the theoretical prediction of half-metal
behavior particular for Co,MnGe. In comparison with the
LDA+U calculations we can find a nice coincidence [see
Figs. 6(a), 6(c), and 6(f)]. Only Co,MnGe shows a deviation
in the majority states which has not been understood yet.
Co-Ti d-hybridization states are well reproduced in the mi-
nority states (1.8 eV above Er). Even though, from the ex-
perimental results one can assume that the Co-Ti hybridiza-
tion state should be more pronounced in the calculations.

Replacing Ti by Mn reduces the difference E,, ,,,,.—EF be-
tween the prominent maximum E,, ., in the minority PDOS
and Ey as indicated in Fig. 6(a). Results for E, . —E are
summarized in Fig. 7 and compared to ab initio calculations.
The theoretical results show a good agreement with the ex-
perimental results. The linear increase in E, ,,,,—Ep with in-
creasing valence electron number N, is quantitatively repro-
duced. This indicates that the predict half metallicity for this
series exist in the samples. Figure 7 also shows the results for
isoelectronic Co,(Mn,Ti;_,)Ge and Co,Mn(Ga,_,Ge,) series
from Ref. 22 for comparison. Instead of an increasing value
of E, jux—Er, Co,(Mn,Ti;_,)Si shows only one step from x
=0.8 to x=1. This can be explained by the phase inhomoge-
neity discussed before. Co,TiSi impurities in the quaternary
Co,(Mn,Ti;_,)Si compound dominate the energetic position
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FIG. 6. (Color online) Spin-resolved PDOS calculated from the
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Co,(Mn,Ti,_,)Ge samples as indicated in the figure. Full lines show
the deconvoluted data. Full filled areas indicate the function used
for approximation of the itinerant band as measured (blue) and
shifted by AE, (light blue). Data from theoretical ab initio calcula-
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FIG. 7. (Color online) Separation of the minority PDOS maxi-
mum and the Fermi energy E, ,,,—Ep for the indicated Heusler
alloys (full symbols). N, indicates the number of valence electrons
per formula unit.

of E, yox—Ep. A completely different behavior is observed
for Co,Mn(Ga,_,Ge,). In this case we observe a linear de-
crease in E, ,,,,—Epr with increasing N,. The decrease in
E, max—Er 1s a consequence of filling the majority Co states
with electrons. This shifts the Fermi energy to the right side
of the band gap as expected from the rigid-band model. At
first glance a similar behavior was expected for
Co,(Mn,Ti,_,)Ge, too. However, obviously the rigid-band
model is too simple, as it does not explain the experimental
result. The result for Co,(Mn,Ti;_,)Ge can instead be ex-
plained by the charge transfer sketched in Fig. 8. Ti has a
very small electronegativity compared to Co. This causes
charge transfer from Ti to Co in Co-Ti d-hybridization states
(1, states) as displayed in (a) for Co,TiGe. If Ti atoms are
replaced by Mn (b) the electrons are redistributed. Mn has an
electronegativity between Ti and Co. The electron transfer
from Mn to Co is less pronounced. Moreover, electrons are
shifted from Ti to Mn instead to the Co sites. The Mn-Ti
charge transfer causes an additional loss of occupied major-
ity Ti states at E and an increasing of the negative magnetic
Ti moment (see also Table II). The redistribution increases
with increasing number of replaced Ti atoms. Thus the in-
creasing electronegativity Ti-Mn-Co leads to an emptying of
majority Co d states near Ep. Accordingly, Ep shifts to the
left side of the minority band gap. Without Ti (c) we have

@ o0~ ®
S T WAE
@ e @

Co,TiGe Co,(Mn,Tiy,)Ge Co,MnGe
FIG. 8. (Color online) Charge transfer sketch for the (a)

Co,TiGe, (b) Co,(Mn,Ti;_,)Ge, and (c) Co,MnGe compound. The

arrows represent the direction and the amount of the electron trans-

fer between the atoms.
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only a small Mn-Co charge transfer. A similar electron trans-
fer scheme was already considered for binary bulk alloys by
Friedel.®

VI. SUMMARY

In our work we present magnetic and electronic properties
of a quaternary Co,(Mn,Ti,_,)Ge Heusler alloy series. The
whole series is predicted to be ferromagnetic (ferrimagnetic)
half metallic. The homogeneity of the phase was proved by
element-specific EDX mapping. The results show a homoge-
neous phase in contrast to Co,(Mn,Ti;_,)Si and
Co,(Mn,Ti;_,)Sn. Element-specific magnetic moments and
the spin-resolved unoccupied density of states were investi-
gated using XMCD. The small Ti magnetic spin moment
oriented antiparallel to the spin moments of Co and Mn con-
firm the theoretical ab initio LDA+U calculations. From
XAS/XMCD we have derived the spin-resolved unoccupied
Co density of states. The experimental results are in close
agreement with ab initio calculations. We find an increasing

PHYSICAL REVIEW B 82, 104410 (2010)

value of E,, ., —Er with increasing Mn content for
Co,(Mn,Ti,_,)Ge, which cannot be explained by the rigid-
band model as in the case for Co,Mn(Ga,_,Ge,). This unex-
pected behavior can only be accounted for by a charge trans-
fer from Ti to Co and Mn due to the small electronegativity
of Ti in combination with the half metallicity. Therefore, the
Co,(Mn,Ti,_,)Ge quaternary Heusler alloy allows a tailoring
of the Fermi energy position within the minority DOS band
gap.

From this suggested charge transfer model one may con-
clude that Co,(Fe,Ti,_,)Z and Co,(Cr,Ti,_,)Z (Z=Si and Ge)
series behave in a similar way. Calculations for the parent
compounds Co,FeZ (Z=Si and Ge) (Ref. 36) and Co,CrSi
(Ref. 37) as well as the experimental result for Co,FeSi (Ref.
21) support this idea.
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