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This work reports on the detection of the valence band of buried Heusler compounds by means of
hard x-ray photoemission spectroscopy. The measurements have been performed on the so-called
“half” tunnel junctions that are thin films of Co,MnSi underneath MgO. Starting from the substrate,
the structure of the samples is MgO(buffer) —Co,MnSi—MgO(ty,0) —AlO, with a thickness 1, of
the upper MgO layer of 2 and 20 nm. The valence band x-ray photoemission spectra have been
excited by hard x rays of about 6 keV energy. The valence band spectra have been used to estimate
the mean free path of the electrons through the MgO layer to be 17 nm at kinetic energies of about
6 keV. In particular, it is shown that the buried Co,MnSi films exhibit the same valence density of
states as in bulk samples. © 2008 American Institute of Physics. [DOI: 10.1063/1.2931089]

The X,YZ (X, Y=transition metal, Z=main group ele-
ment) Heusler compounds have attracted scientific and tech-
nological interest for their potential use as materials for mag-
netoelectronic devices. The reason for this is the exceptional
electronic structure found in particular in the Co,YZ Heusler
compounds (see Refs. 1 and 2, and references therein).
Kiibler ef al.® concluded from ab initio calculations that Co,
based compounds would have peculiar transport properties
when they recognized that the minority-spin density at the
Fermi energy e, vanishes in Co,MnAl and Co,MnSn. That
means that those compounds exhibit a complete spin polar-
ization at € such that they behave like a metal for electrons
of one spin direction and like an insulator for the other
one. Therefore, these compounds are called half-metallic
ferromagnets.4

One major research area where Co, based Heusler com-
pounds are used is on tunneling magnetoresistive (TMR)
junctions (see Ref. 5 for a review on other materials). For
materials with complete spin polarization, an infinite TMR
ratio is expected. Structural and magnetic properties of
Co,MnSi have been reported for films and single crysta11s6_8
and the compound was suggested to be suitable for magnetic
tunnel junctions (MTJs). For example, the end members of
the series Co,Mn;_,Fe,Si (x=0 and 1) have been used for
fabrication of MTJs.” o-Ii Sakuraba et al. measured a high
TMR ratio of 570% at 2 K (67% at room temperature) for
junctions with Co,MnSi films as both lower and upper
electrodes and with an AlO, tunnel barrier.'” Some of the
present authors recently developed fully epitaxial MTIJs
with a Co,YZ thin film as a lower electrode and a MgO
tunnel barrier.'*™"> At room temperature (RT), relatively
high TMR ratios of 109% (317% at 4.2K) for
Co,Cry ¢Fe4Al/MgO/CoFe MTJs (Ref. 14) and 90%
(192% at 4.2 K) for Co,MnSi/MgO/CoFe MTJs (Ref. 13)
were reported. Furthermore, high TMR ratios of 179% at RT
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and 683% at 4.2 K were demonstrated for fully epitaxial
MTIJs with Co,MnSi films as both lower and upper elec-
trodes and MgO tunnel barrier.'® The high quality of the
interface in Co,MnSi films with MgO barrier was proved by
x-ray absorption spectroscopy and x-ray magnetic circular
dichroism."”

To develop high performance spintronic devices with
Co,-based Heusler compound thin films as ferromagnetic
electrodes, it is essential to clarify the electronic structures of
these films in terms of the half-metallic nature. The purpose
of the present study was to investigate the valence band elec-
tronic structure of Co,MnSi thin films buried underneath a
MgO barrier by means of hard x-ray photoemission spectros-
copy (HAXPES).

For the present study, special multicomponent thin film
arrangements were produced that correspond to half of a
MT]J as used in TMR devices (see Refs. 18-20). In particu-
lar, the free electrode was modeled. The fabricated sample
layer structure was as follows: MgO(001) substrate/MgO
buffer layer (10 nm)/Co,MnSi (50 nm)/MgO barrier
(tmgo)/ AlO,(7p10) cap. fygo=2 nm, 20 nm and 750 =1 nm,
2 nm were chosen for the thickness of the MgO and AlO,
cap, respectively. The topmost AlO, was used for protection
of the MgO layer. Each layer in the sample layer structure
was successively deposited in an ultrahigh vacuum chamber
(base pressure: about 6 X 1078 Pa) through the combined use
of magnetron sputtering for Co,MnSi and Al, and electron
beam evaporation for MgO. The fabrication procedure was
the same as in previous work.*!® The Co,MnSi film was
deposited at 300 K and subsequently annealed in siftu at
870 K for 15 min. The MgO barrier (2 or 20 nm) was de-
posited at 300 K. X-ray pole figure measurements confirmed
that the fabricated Co,MnSi film was grown epitaxially and
was a single crystal with the L2, structure.'® It was also
proved that the MgO barrier was grown epitaxially and was
single crystalline from reflection high-energy electron dif-
fraction patterns18 and cross-sectional high-resolution trans-

© 2008 American Institute of Physics

Downloaded 14 Nov 2012 to 133.87.26.103. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.2931089
http://dx.doi.org/10.1063/1.2931089
http://dx.doi.org/10.1063/1.2931089

193513-2 Fecher et al.
(a) T T T (b) T T T (c) T T T
1 | Co,MnSi +MgO(2nm) | _ConnS_;i + MgO(20nm) | | Co,MnSi (bulk) i
&
S ffe—
~ 1t 02p 4
2 g % $
z [
2 : 4 G
‘o g >
& : : 4
% & r & . 5
A vy M P4
1 1 1 1 1 1

0
-15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 0

Energy E-e¢, [eV]

FIG. 1. (Color online) High kinetic energy photoemission spectra of buried
Co,MnSi. The spectra with different thickness 2 nm (a) and 20 nm (b) of
the MgO interlayer with spectra from bulk material (c) are compared
(hv=5.95 keV). Oxygen p states and Co,MnSi valence bands are indicated
by arrows in (b) and (c), respectively.

mission electron microscope lattice images.13 The AlO, cap
was prepared by exposing the sputter-deposited Al layer to
an O, atmosphere of (=1 X 103 Pa for 2 h). Al 1s core level
spectra (not shown here) revealed that the 1 nm thick Al
layer was completely oxidized to Al,Os, whereas the 2 nm
layer had a remaining, small contribution of metallic Al.
Polycrystalline bulk material was used for comparison. It
was produced, prepared, and characterized as described in
Ref. 21.

The HAXPES experiments were performed at the beam-
line BL15XU of SPring-8. The photon energy was fixed at
5.946 77 keV using a double crystal monochromator and a
Si(333) postmonochromator. The photoemitted electrons
were analyzed for their kinetic energy and detected by means
of a hemispherical analyzer (Scienta). The overall energy
resolution (monochromator plus analyzer) was set to
250 meV, as verified by spectra of the Au valence band at
the Fermi energy (ep). Additionally, spectra close to the
Fermi energy were taken with a resolution of 150 meV. The
angle between the electron spectrometer and photon propa-
gation is fixed at 90°. The photons are p polarized, that is,
the electric field vector is in the plane of incidence and al-
ways pointing in the direction of the electron detector. For
the thin films, a near normal emission (6=2°) detection
angle was used. This corresponds to an angle of incidence of
a=60-90°=88°. (Note that the angles are not that well de-
fined for the cleaved bulk sample due to surface roughness.)

Figure 1 compares the valence band spectra from the
50 nm thick Co,MnSi layer buried underneath MgO/AIO,
with different thickness of the MgO interlayer with spectra
from bulk material. The valence band spectra of the thin
films agree well with those reported from Co,Mn,_,Fe Si
bulk samples,zl’22 even though the emission is strongly sup-
pressed in the film with the 20 nm thick MgO layer. In par-
ticular, the peak in the density of states at —1.3 eV below e
is clearly resolved (see Fig. 2). The low lying s-band below
-8 eV is only seen in Figs. 1(a) and 1(c). This part, in addi-
tion to the lower parts of the p and d bands, is covered by the
emission from oxygen 2p states in MgO in Fig. 1(b) where
the MgO film is 20 nm thick. The similar structure of the
valence band close to € in the thin films and the bulk ma-
terial is obvious from Fig. 2.

The electron mean free path (\) in MgO is expected to
be about 9 nm at 6 keV energy, as calculated from the
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FIG. 2. (Color online) Comparison of the Co,MnSi valence band spectra
close to €. Co,MnSi d states with different character are indicated by ar-
rows. [(a)—(c) like in Fig. 1.]

TPP2M equation (Tanuma—Powell-Penn®). In AL,O;, one
has a mean free path of 11 nm at the same kinetic energy,
which should be much smaller in Co,MnSi (7 nm). From
those values, one expects that the electrons emitted from the
Fermi energy to easily penetrate the thin MgO and AlO,
films but not through the 50 nm thick Co,MnSi layer. The
electron mean free path is easily extracted from the experi-
ment by comparing the intensities for different thickness of
the MgO layer. Figure 3(b) displays the relative intensities
L o/ oo om- It is seen that the factor I, /1o oy 1S cOnstant
for energies between —4 eV and €. The scaling factor
amounts to 1, ,/ 1o nm=2-878 =0.016 on average. The con-
stant intensity ratio is expected as MgO does not contribute
to the emission close to the Fermi energy due to its wide
band gap. From the exponential decay of the intensity 1(z)
cexp{—z/\} with the layer thickness z, one finds the electron
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FIG. 3. (Color online) Comparison of the spectra of the buried Co,MnSi for
different MgO thicknesses. (a) compares the spectra and (b) shows the rela-
tive intensities of the spectra for different MgO thickness.
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mean free path in the MgO from A
=AZ/1H(12 nm/]20 nm) to be )\Mg0= 17 nm.

In Fig. 3(a), the valence band spectra for different MgO
thicknesses are directly compared by scaling up the intensity
of the 20 nm layer. The identical structure of the spectra, in
particular close to the Fermi energy, is easily recognized. The
high intensity with a center at about —1.3 eV is due to emis-
sion from flat d bands (see also Fig. 2) belonging to minority
states localized in the Co planes and the highly localized Mn
d majority states (e,), as already described in detail for the
emission from bulk sampl<es.21’22 The Co 1, like states
mainly define the upper energy of the minority valence
bands, whereas the lower intensity at the Fermi energy arises
fronggeep delocalized majority d bands with #,, character
atI'.”

The value observed here for the electron mean free path
in MgO is about twice as large compared to the one calcu-
lated from the TPP2M equation. This is explained by the
high crystalline order of the MgO film and its large optical
gap which prevents inelastic scattering mediated by inter-
band transitions. The large mean free path makes it possible
to look through the material of the tunnel barrier as seen in
Figs. 2(b) and 3.

In summary, the present study demonstrates the feasibil-
ity of HAXPES to explore the valence band electronic struc-
ture in deeply buried metallic layers. In particular, it was
shown that buried Co,MnSi films exhibit the same valence
density of stateslike bulk samples that is typical for half-
metallic ferromagnets. This result confirms the promise of an
epitaxial, single-crystalline Co,-based Heusler compound
film as a ferromagnetic electrode for spintronic devices.
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