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X-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) spectroscopy were
applied at the Ge (Ga) L, ; edge to unravel the spin-resolved unoccupied electronic states of Co,MnGe (Ga).
Complicated spectral features were observed in both XAS and XMCD spectra. For their interpretation, we
compared the experimental XAS and XMCD spectra with the calculated Ge (Ga) 4s and 4d orbital partial
density of states. The comparison enabled a qualitative explanation of the XMCD spectra as the difference
between the majority- and minority-spin unoccupied density of states summed over the 4s and 4d orbitals. Our
finding provides a new approach to uncover the spin-split partial density of states above the Fermi level.
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I. INTRODUCTION

Half-metallicity in magnetic materials is characterized
by a metallic density of states and a semiconducting gap
in the majority and minority-spin channels, resulting in a
100% spin polarization at the Fermi level (Er). In such
materials, the tunneling magnetoresistance (TMR) and giant
magnetoresistance (GMR) are expected to rise substantially
when used in spintronic devices [1]. First-principles cal-
culations predict that some of the ferromagnetic Co-based
full-Heusler alloys including Co,MnGe and Co,MnSi ex-
hibit a half-metallic electronic structure [2—4]. Extremely
high magnetoresistance (MR) ratios have been realized in
TMR and GMR devices employing half-metallic Heusler
electrodes [5-12]. However, a sharp drop in the MR ratio
with elevating temperatures was detected, thereby impeding
practical applications. To address this problem, the spin-
dependent electronic structure both below and above Er needs
to be clarified experimentally. Photoemission spectroscopy is
a powerful tool to observe occupied electronic states below
Er and therefore has been employed for half-metallic Heusler
alloys in several previous studies [13-20]. However, there are
only a few reports on spin-resolved unoccupied electronic
states [21,22].
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X-ray absorption spectroscopy (XAS) and x-ray magnetic
dichroism (XMCD) spectroscopy provide core absorption
spectra that enables these element-specific electronic struc-
tures to be examined [23]. Basically, the core absorption
spectra excited with left and right circularly polarized x-
ray radiation reflect the unoccupied partial density of states
(PDOS) taking into consideration spin-dependent transition
probabilities [24,25]. However, the core-hole created often
causes a spin-dependent energy shift that arises from an
attractive force between core hole and spin-polarized valence
electrons. Furthermore, a strong localization of the Mn 3d
electrons yields multiplet structures in the spectrum that
considerably modify the initial unoccupied PDOS [26,27].
Several previous studies examined the extraction of the spin-
dependent unoccupied PDOS through optical transitions from
the spin-orbit splitting of the 2p3,, or 2p;, core level into
weakly localized Co 3d states [21,22]. The spin-dependent
energy shift prevents an estimate of the correct value of the
exchange splitting.

In this work, we focus on the 2p — 4s or 4d dipole
transitions of the nonmagnetic element Ge (Ga) in Co,MnGe
(CoyMnGa). We expect that the core-hole effect is small
because of the itinerant character of the Ge- (Ga) derived
electrons and does not depend on the spin orientations. Be-
cause the exchange-split states of d electrons from a transition
metal may be copied to the Ge (Ga) PDOS through hybridiza-
tion, it is possible to uncover the spin-dependent unoccupied
electronic states and estimate the magnitude of the exchange
splitting in the system.
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Following the ultrahigh vacuum magnetron sputtering
method, thin-film samples of Co,MnGe (Ga) were grown
at National Institute for Materials Science. The 30-nm-thick
Co,MnGe (Ga) films were grown through Ar* ion sputtering
of their sintered alloy target onto a MgO substrate with buffer
layers of Cr (10 nm) and Ag (100 nm) on the substrate to rec-
oncile a lattice mismatch between substrate and ferromagnetic
layer and thus suppress surface roughness. The Co,MnGe
(Ga) layer was annealed at 550°C to induce high atomic
ordering. Finally, these samples were covered with Al (1
nm) to prevent further surface oxidation. X-ray diffractometry
confirmed the existence of an L2;-ordered phase in both
Co,MnGe and Co,MnGa.

The XAS/XMCD experiment was performed at the twin
helical undulator beamline of SPring-8 BL23SU. The total
electron yield method was employed whereby fast switching
of the x-ray helicity at 1 Hz enabled data acquisition even of
weak signals such as from Ge (Ga) L, 3 edge XMCD with an
excellent signal-to-noise ratio [28]. The measurements were
performed at 40 K.

The applied magnetic field was set to +8 T. In the mea-
surement, both the incident photon spin and the magnetiza-
tion were oriented perpendicular to the sample surface. The
XMCD spectrum reveals the difference pu_ — .y, where w4
and p_ represent the absorption intensity with the magneti-
zation directed parallel and antiparallel, respectively, to the
photon spin.

We note that the escape depth of total electron yield
XAS/XMCD would be around 2-3 nm [29]. Although it
is not sufficiently long, we consider that the experimental
XAS/XMCD spectra represent mostly bulk electronic states,
which is supported by our recent photoemission experiment
with soft x-ray synchrotron radiation [20] with exactly the
same sample capped by l-nm-thick Al, where most of the
experimental results were well explained by the calculated
bulk electronic structure.

The first-principles density-functional calculations were
performed using the program WIEN2k [30] and a fully rel-
ativistic linear muffin-tin orbital (LMTO) method [31,32]. We
used the spin-polarized generalized gradient approximation
(GGA) as an approximation [33]. We adopted the experi-
mental lattice constants a =b=c=5.753 A and a=b =
¢ =5.767 A for Co,MnGe and Co,MnGa, respectively [34].
The XAS and XMCD spectra were computed based on
Fermi’s golden rule (see below) using the method described
in Refs. [35-38].

III. RESULTS AND DISCUSSION

First, from the Ge L3 edge XAS (XMCD) spectrum of
Co,MnGe [Fig. 1(a), upper (lower) panel], we see that the
XAS intensity sharply rises at 1213.5 eV, corresponding to
the onset of Ge L3 absorption. There are two shoulders (A3,
B3) and two peaks (Cs, D3) in the L3 absorption region. The
size of the spin-orbit splitting (~31 eV) between the Ge 2p3,
and 2p;,, edges indicates that the L, absorption edge starts
from around 1245 eV, and four characteristic features then
follow (A;, By, Cy, Dy). The XMCD spectrum shows some
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FIG. 1. L, 3 XAS (upper) and XMCD (lower) spectra of (a) the
Ge site of Co,MnGe and (b) the Ga site of Co,MnGa.

oscillating features starting with negative intensity at the Ls
edge, exhibiting a peak where the XAS intensity rises or falls.
Its significance is that the XMCD follows the derivative of the
XAS spectrum. We note that reversing the magnetic field also
reverses the sign of the XMCD spectrum at the L, 3 absorption
edge, signifying that the observed features are essential. The
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FIG. 2. (a) Schematic XMCD considering the transition probability for p . [(b) and (c)] Calculated spin-dependent total DOS, and [(d) and
(e)] the Ge and Ga PDOS for orbitals 4s and 44 in the extended energy range for Co,MnGe and Co,MnGa, respectively.

Ga L, 3 XAS and XMCD spectra of Co,MnGa [Fig. 1(b)] are
similar to those at the Ge L, 3 edge of Co,MnGe in terms
of their shapes. However, some differences are present in the
XMCD spectra. The position of the largest positive peak in the
experimental XMCD spectrum of Ga is higher by 0.8 eV than
that of Ge with respect to the absorption edge (we discuss this
point later). We also find that the first negative XMCD peak
just above the absorption edge is wider for Co,MnGa than that
for Co,MnGe. These Ge and Ga L, 3 XAS and XMCD spectra
are considered to originate from optical transitions 2p — 4d
and/or 2p — 4s, taking into account the dipole selection
rule; see schematic in Fig. 2(a). Therefore, the observed XAS
spectrum should reflect the Ge and Ga 4d /4s PDOS.

Considering the 2p3/, — 4d dipole transition with circu-
larly polarized light and a unit difference in magnetic quantum
numbers for the initial (m,) and final (m,) states given by
Am = mg — m, = %1, 2p3, core electrons tend to be excited
into the minority- (majority-) spin 4d states for . (u-)
[see inset of Fig. 2(a)]. For the 2p3,, — 4s transition, 2p3/,
electrons are prone to be excited into the majority- (minority-
) spin channels for p, (u_) [Fig. 2(a), inset]. Of interest
here is that the XMCD spectrum is expected to represent the
difference between the majority- and minority-spin PDOS.
It should be noted that the major excitation spin channel
of the 2p3/» — 4d transition is the opposite to that of the
2p3j, — 4s transition. To examine this idea, we performed
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a first-principles band-structure calculation. Figures 2(b)
and 2(c) show the calculated total DOS in the majority (upper,
red) and minority (lower, blue) spin channels for Co,MnGe
and Co,MnGa, respectively. We find in the theoretical DOS
of Co,MnGe that a minority spin gap opens with Er in
its center. The shape of the DOS for Co,MnGa is similar
to that of Co,MnGe, whereas Ep cuts the upper edge of
the minority spin valence band and the half-metallicity is
therefore destroyed. This supports a rigid band picture where
Ge is replaced with Ga. These theoretical DOSs are consistent
with previous work [4]. Figure 2(d) [Fig. 2(e)] shows the
spin-resolved Ge (Ga) 4s and 4d PDOS. We recognize that the
Ge (Ga) 4d PDOS starts to rise above 5 eV and is extended
over a wide energy range. In contrast, the Ge (Ga) 4s PDOS is
relatively small in the corresponding energy region but shows
prominent peaks near Ep. Although the Ge (Ga) derived
PDOS is about one order of magnitude smaller with respect
to the total DOS, a highly spin-splitting feature is recognized
even for the Ge (Ga) derived states. This is probably caused by
strong hybridization between the Ge (Ga) 4s/4d and Co/Mn
3d orbitals.

The matrix element for the transition from one atomic state
(nlm) to another atomic state (n'I’m’) is given as follows:

(wn’l’m’|€ : rh/’nlm)
4 [, 3
=7F ?/0 Ry Rurdr (Y (0, §)IY121(6, @)Y (6, ¢))

where Ynim (1) = Ry (r)Y1,(0, @) and Yo (r) =
Ry ()Y (8, ¢) are hydrogen-like atomic wave functions
composed of radial functions and spherical harmonic
functions represented in spherical polar coordinates. The
dipole operator is expressed by e - r = /47 /3rY 1, with a
unit vector € = 1/&(1, =i, 0). Here the sign =+ distinguishes
the left and right circular photon polarizations with respect
to the magnetization direction in the solid. To simulate the
XAS and XMCD spectra with the calculated PDOS, the sum
over the spectral weights from 2p3,, — 4s and 2p3;, — 4d
needs to be considered. To this end, we estimated the radial
part of the wave function in the transition probabilities, which
led to | fy° R Ropr®drl? : | [3° Ry Ropridr|? = (24/5)% 1 1.
In essence, the radial part of the 2p3, — 4d transition
probability is 20 times larger than that for the 2p3/, — 4s
transition. The coefficients of absorption and the XMCD are
generated as follows by implementing the integrations of
spherical harmonics part shown above:

f— o< 20(5D% + 3D%) + Dy + 3Dk (1)
ty o 20(3D4; + 5Dy,) + 3D} + Dy )
pe + oy 0 40(Dpy + Diiy) + Dy + D (3)
K- = Ry & ZO(Dfnaj — D) + Diyin — Dy 4

Here D} (o« = s, d, f = maj, min) represents the partial den-
sity of states of 4s or 4d orbital in majority- or minority-
spin channel. We now compare the calculated Ge 4d PDOS
with the experimental L3 edge spectrum [see the upper part
of Fig. 3(a)]. Here the horizontal axis represents the energy
above Er and the theoretical Ge 4d majority and minority
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FIG. 3. Calculated total and majority- and minority-spin Ge
PDOS for 4d (a) and 4s (b) convoluted with the Voigt function
(upper) and the difference between majority and minority spin DOS
(lower) for comparison (see text for details) together with the exper-
imental Ge L, 3 edge absorption spectra p_ (pink), @4, and XMCD
spectrum (open circles).

PDOS are convoluted with the Voigt function, where both life-
time broadening and energy resolution are taken into account.
We see that to some extent the XAS spectral line shape agrees
with the shape of the Ge 4d PDOS. Near the absorption edge
[the Az shoulder of Fig. 1(a)], i is larger than p_. At higher
energy [Bs;—Dj regions of Fig. 1(a)], the spectral weight of
n— is located at lower energy than that of p, which results
in a positive-to-negative sign change in the XMCD spectrum
with increasing incident photon energy. This indicates an
exchange-split Ge 4d DOS for which the majority part is
located at lower energy than the minority part. The lower part
of Fig. 3(a) shows the L3 XMCD spectrum together with the
difference between the Ge 4d majority and minority DOSs.
We claim that the shape of the XMCD spectrum coincides
with the difference in the Ge 4d PDOS at high energies.
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with experimental Ge and Ga L, 3 edge absorption spectra (pink circle) for Co,MnGe and Co,MnGa, respectively.

However, the signs in the Ge 4d PDOS and the XMCD results
are opposite near Er. This discrepancy may arise from the
absence of the Ge 45 PDOS. In the following, we consider the
effect of the Ge 4s PDOS.

We find that the calculated 4s PDOS shows a peak only
near Ep, which may correspond to the Aj shoulder in the
experimental XAS spectrum [see Fig. 1(a) and the upper
panel of Fig. 3(b)]. The difference between the majority and
minority-spin Ge 4s PDOSs shows a negative sign near Ep
and exhibits two maxima at the higher energy [green line
in the lower panel of Fig. 3(b)]. However, no appreciable
oscillation appears in the energy region above 10 eV in sharp
contrast to the experimental result.

From Egs. (1)-(4), we find that the contribution of the s
state is generally small at the L, 3 absorption edge. Surpris-
ingly, however, the difference in Ge 4s PDOS is in good
agreement with the XMCD results [Fig. 3(b)]. These results
indicate that the experimental XAS and XMCD spectra, par-
ticularly near the absorption edge, cannot be explained only
with the theoretical PDOS as long as the atomic wave function
is considered for the transition probability.

With this failure in the above-mentioned argument con-
cerning the optical transition probability obtained from the
hydrogen-like atomic wave functions, we calculated the XAS
and XMCD spectra based on Fermi’s golden rule by taking
Bloch wave functions into account as described below:

Wi@) =" | (Wl Fal¥j) 178 (Ene — Ej — ),

nk

&)

where fiw represents the energy of the photon, A denotes its
polarization, and 7, = —e«a, represents the dipole operator

for the electron-photon interaction, where « denotes the Dirac
matrices and a, denotes the associated A polarization unit
vector of the photon vector potential ar = (1/ «/5)(1, +i,0).
The coefficient of absorption p for incident x-rays is deter-
mined by the probability for electron transitions from an initial
core state (with wave function v; and energy E;) to a final
unoccupied state (with Bloch wave functions v, and energies
Enk)-

To compare the theoretical x-ray isotropic absorption L 3
spectra directly with the experimental spectra, we considered
the background intensity caused by different kinds of inelastic
scattering of the electron promoted to the conduction band
above the Ep via x-ray absorption. To calculate the back-
ground spectra, we used the model proposed by Richtmyer
et al. [39]. The coefficient of absorption for the background
intensity (i) is given as

cr dE.;

27 /Ef (Te/2)? + (hw — ©

Mpg(@) = ,
£ ch)z

where E.s = E. — E¢, E. and I'; denote the energy and the
lifetime broadening of the core hole, E; denotes the energy
of an empty continuum level, Ey, the energy of the lowest
unoccupied continuum level, and C a normalization constant,
which in this paper has been used as an adjustable param-
eter. Figure 4(a) shows the calculated Ge L3 (green) and
L, (red) edge spectra. The sum of the spectra including the
background is also shown to compare with the experimental
spectrum (blue). We also show the calculated XMCD spectra
at L3 (green) and L, (red) edges [Fig. 4(b)] and their sum
(blue) [Fig. 4(c)]. We see an excellent agreement between
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theoretical and experimental XMCD spectra, particularly at
low energies below 15 eV. We recognize some discrepancies
such as a stronger XMCD around £ = 20 and 53 eV and
several energy deviations in the oscillating features above
E =15 eV that may come from a possible correlation effect
and/or a core hole effect that are not taken into account in the
calculation. Nevertheless, we still see an overall agreement
between experimental and theoretical spectra. The theoretical
spectra of CooMnGa also reasonably explain the experimental
spectra. Moreover, the theoretical XMCD spectra reproduce
the energy difference of these alloys, where the first negative
and positive peak positions of Ga are higher than those of
Ge. We suggest that it arises because of the difference in the
number of valence electrons in these alloys. It also correlates
with the circumstance that Er is located at the lower edge of
the minority-spin gap for Co,MnGa in contrast to Co,MnGe
for which Ep is inside the minority-spin gap.

IV. CONCLUSION

In summary, we performed XAS and XMCD spectroscopy
at the Ge and Ga L, 3 absorption edges on thin films of
full-Heusler alloys of both Co,MnGe and Co,MnGa. The
observed complex spectral features were compared with the
theoretical PDOS of Ge and Ga sites. We found that the Ge
(Ga) L, 3 XMCD spectrum can be explained qualitatively by
the difference between the spin-split majority and minority
PDOSs of the Ge 4d and 4s states. The fully computed XAS
and XMCD spectra based on Fermi’s golden rule reproduced

the experimental XMCD features well, particularly near the
Fermi edge. Our finding suggests a means to exploit this
method as an experimental tool not only to reveal the spin-
split PDOS above Ef through nonmagnetic sites but also for
feeding back in computations designing materials with much
improved functionalities. Though our experimental results
mostly reflect the bulk electronic states, this experimental
method can be possibly extended for further application to
magnetic-nonmagnetic multilayer systems to scrutinize inter-
face electronic states. It is expected, by performing the mea-
surement with variable temperature, this method that probes
spin-dependent electronic states provides us with comple-
mentary information of occupied electronic states that can
be accessed by spin-resolved photoelectron spectroscopy, and
can finally overcome the temperature driven decrease of TMR
and GMR.
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