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The magnetic states of Mn and Co atoms in Co-rich Co,MnGe Heusler alloy thin films facing an MgO
barrier were studied by means of soft x-ray magnetic circular dichroism (XMCD). In particular, the Co,MnGe
film-thickness dependence of the Mn and Co magnetic moments was investigated. With a decrease in the
Co,MnGe film thickness to 1-2 monolayers (MLs), the spin magnetic moment of Mn decreased and the
Mn L, ;-edge x-ray absorption spectra (XAS) showed a Mn?*-like multiplet structure in MnO, in contrast to
samples thicker than 4 ML, indicating that the Mn atoms of the 1 and 2 ML samples were oxidized. The Co
spin magnetic moment increased slightly with decreasing thickness. A Co?*-like multiplet structure in CoO was
not observed in all the Co L, 3-edge XAS and XMCD, indicating that, even in the ultrathin samples, the Co
atoms were not oxidized, and were more strongly spin polarized than those in the thicker samples. Co spin
magnetic moments of 1.40—-1.77 up larger than the theoretical value for ideal stoichiometric Co,MnGe
(~1 up) and the Co-rich film composition imply the presence of Co antisites that would lower the spin

polarization.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) have recently been
widely studied as magnetic storage devices and magnetic
sensors. To improve their performance, it is very important to
understand the nature of spin-dependent conduction and de-
velop MTJs having a high tunnel magnetoresistance (TMR)
ratio with highly spin-polarized ferromagnetic electrodes. In
this context, a fully epitaxial MTJ made of an MgO tunnel
barrier and half-metallic ferromagnetic electrodes is very
promising because the single-crystalline MgO enables coher-
ent tunneling through the A, band that is conserving the
highly polarized electron spins of the half-metallic ferromag-
netic electrodes. Fully epitaxial Fe/MgO/Fe MTJs, in which
Fe electrodes feature a half-metallic nature for the A; band
electrons, have experimentally shown a TMR ratio of 180%
(Ref. 1) at room temperature (RT) owing to coherent tunnel-
ing of the A,-band electrons. This value is much higher than
that in conventional MTJs consisting of polycrystalline elec-
trodes and an amorphous AlO, tunnel barrier.

Co-based full Heusler alloys Co,YZ such as Co,MnGe
(CMG) and Co,MnSi (CMS) are also promising candidates
for ferromagnetic electrodes in MTJs, because some theories
have predicted that they are ideal half metals.> In fact,
TMR ratios of several hundred percent in Co-based full Heu-
sler alloys with an MgO tunnel barrier have recently been
reported.>'® Here, the TMR ratio is defined as
[TMR ratio]=(Rsp—Rp)/Rp in terms of the resistances for
the parallel (Rp) and antiparallel (R,p) geometries.!! The
(anti) parallel geometry means that electrode 1 is (anti) fer-
romagnetically coupled with electrode 2 across the thin non-
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magnetic tunnel barrier. Assuming ideal half metals without
interface state (Julliere’s model),!? the formula can be writ-
ten as [TM Rratio]=2P;P,/(1-P,P,), where P, and P, are
the spin polarizations at the Fermi level (Ef) of electrodes 1
and 2, respectively.!? In this model, if Co-based full Heusler
alloys are perfectly half metallic, i.e., if P; and P, are equal
to 1, the TMR ratio given by Julliere’s formula'?> must be
infinite. The TMR ratio of several hundred percent in real
Heusler alloy/MgO MTIJs implies that the half metallicity
might have deteriorated for some reason.

A disorder-free X,YZ full Heusler alloy has the L2, crys-
tal structure having four fcc sublattices. When the elements Y
and Z are randomly located, the crystal structure changes to
B2. When Y, Z, and X are disordered, it changes to A2. The
crystal structure change from L2; to B2 or A2 is one of the
possible reasons to reduce the spin polarizations at Ep. A
numerical study'3 suggests that lattice distortions and the ex-
istence of impurities at the interfaces could also reduce the
spin polarization. Hence, high-quality interfaces are the key
for obtaining high TMR ratios. Thus, it is very important to
characterize the interfacial magnetic and electronic states of
Heusler alloy/MgO MTIs.

In this study, we investigated the magnetic and electronic
structures of Mn and Co atoms in CMG facing an MgO
barrier using soft x-ray magnetic circular dichroism
(XMCD). XMCD is an element- and orbital-selective mea-
surement, i.e., a technique that can distinguish the Mn 3d
electronic states from the Co 3d ones. We studied the CMG-
film-thickness dependence of XMCD and magnetic moments
of seven CMG/MgO samples with various CMG thicknesses
ranging from 1 to 172 monolayers (MLs). Since it is desir-
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FIG. 1. (Color online) Schematic of CMG/MgO layer structure
for (a) thin samples: type-1 layer and (b) thick samples: type-2
layer.

able for the electrodes in MTJs to be as thin as possible from
the viewpoint of applications, it was important to investigate
whether the thinner samples maintained the magnetic and
electronic properties of the thicker ones. Since the XMCD
probing depth was at most =<5 nm,'* the XMCD for the
thinner samples predominantly reflected the interfacial mag-
netic and electronic states while that for thicker samples con-
tained information about the interfacial and bulk states.

II. EXPERIMENT
A. Sample preparation and structural characterization

We prepared two types of layer structures. Ultrathin CMG
films with thicknesses (fcyg)=1.1 nm (4 ML), 0.57 nm (2
ML), and 0.29 nm (I ML) were deposited on an Fe under-
layer to stabilize the ferromagnetism of these ultrathin CMG
films at RT and to prevent island growth of the thin films.
Their sample-layer structures were as follows: (from the sub-
strate side) MgO buffer layer (10 nm)/Fe underlayer (50
nm)/CMG thin film/MgO barrier (2 nm)/AlO,(1 nm) cap-
ping layer, grown on a MgO(001) single-crystal substrate
[type-1 layer structure, Fig. 1(a)]. Relatively thick CMG
films with ¢cyg=50 nm (172 ML), 2.9 nm (10 ML), and 1.7
nm (6 ML) were deposited on an MgO buffer layer. Their
sample layer structures were as follows: (from the substrate
side) MgO buffer layer (10 nm)/CMG thin film/MgO barrier
(2 nm)/AlO, (1 nm) capping layer [type-2 layer structure,
Fig. 1(b)]. As a reference, we prepared a 4-ML-thick CMG
film on the MgO buffer layer with type-1 layer structure. An
ML of Co,MnGe contains a Co plane and a Mn-Ge plane. A
unit cell of CMG, which has a lattice parameter of 0.5743
nm, corresponds to 2 ML. Each sample layer was succes-
sively deposited in an ultrahigh vacuum chamber with a base
pressure: about 6 X 10~® Pa through the combined use of
magnetron sputtering for Fe, CMG, and Al and electron
beam evaporation for MgO. The Fe layer was deposited at
RT on the MgO buffer layer, and subsequently annealed in
situ at 400 °C. The CMG films were deposited at RT by rf
magnetron sputtering from a stoichiometric Co,MnGe target
and those deposited on the Fe underlayer were subsequently
annealed in situ at 325 °C for 15 min. To ensure that there
was no Fe diffusion into the CMG film, we used a relatively
low annealing temperature of 325 °C.!>!6 No signature of Fe
diffusion was found for 325 °C annealing in the reflection
high-energy electron-diffraction (RHEED) patterns observed
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in situ or in the comparison of the x-ray absorption spectros-
copy (XAS)/XMCD evaluations of the 4-ML-thick CMG
films with type-1 and type-2 structures. On the other hand,
the CMG films deposited on the MgO buffer layer were sub-
sequently annealed in situ at 500 °C for 15 min.!%!7 The
pressure during the deposition of the MgO barrier was about
6 X 1077 Pa. The AlO, cap layer was prepared by exposing
the sputter-deposited Al layer to an O, atmosphere (~1
X 107 Pa) for 2 h. We determined the sample-film compo-
sition by an inductively coupled plasma analysis with an
accuracy of 2—3 % for each element. The CMG film com-
position was Co-rich (or both Mn- and Ge-deficient)
Co,Mnyg 7,Geg 4.

We observed 111 diffraction spots for a 50-nm-thick, Mn-
and Ge-deficient CMG film deposited on an MgO buffer at
RT and subsequently annealed in situ 500 °C by electron
diffraction, indicating the L2, structure.!” A cross-sectional
high-resolution transmission electron microscope lattice im-
age (HRTEM) showed that the identically prepared, Mn- and
Ge-deficient 50-nm-thick CMG layer and the 2-nm-thick
MgO barrier were grown epitaxially and were single
crystalline.!” The cross-sectional HRTEM image also con-
firmed that extremely smooth and abrupt interfaces were
formed for the CMG/MgO barrier layer structure.!” The ep-
itaxial growth of all the layers with the (001) basal plane was
confirmed for each successive layer in the MgO buffer/Fe
underlayer/CMG/MgO structure and in the MgO buffer/
CMG/MgO structure by in situ RHEED observations.

B. XMCD measurements

XMCD measurements were made by using circularly po-
larized soft x-rays on polarization-variable undulator beam-
line BL-16A and off-plane circularly polarized soft x-rays on
bending magnet beamline BL-11A of the Photon Factory.
The degree of circular polarization (P,) was evaluated to be
P.=*95%4% on BL-16A, and P.=+87*4% on BL-11A.
The photon helicity (k) was fixed on BL-11A and reversed
on BL-16A. The total-electron yield method was employed
in the XAS and XMCD measurements. The angle between
the incident x-rays and sample surface normal, 6, was
changed by rotating the sample about the vertical axis but
was usually set to 0°. XMCD measurements were also done
at a “magic angle” of 6=54.7°(3 cos? #-1=0), which al-
lowed an accurate determination of the spin magnetic mo-
ment (mgy,)."*1 Using a superconducting-magnet XMCD
apparatus, magnetic fields of B=*3 T were applied to the
sample parallel or antiparallel to & with §=0° and 54.7°. All
the measurements were made at RT.

III. EXPERIMENTAL RESULTS
A. Mn L, 3-edge XMCD

Figure 2(a) shows the photon-flux-normalized polariza-
tion dependent XAS (u, and w_) at the Mn L,3 (2pi23
—3d absorption) edges. Figure 2(b) displays the
Mn L, ;-edge XMCD (Ap=pm,—u_) spectra. Here, u, and
w_ stand for the absorption coefficients for the photon helic-
ity (h) parallel and antiparallel to the Mn 3d majority spin
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FIG. 2. (Color online) Normal-incidence (6=0°) Mn L, ;-edge
XAS and XMCD of Co-rich CMG samples with various CMG
thicknesses. (a) XAS measured at 300 K and B==*3 T. u, and u_
are the absorption coefficients for the photon helicity parallel and
antiparallel to the Mn 3d majority spin, respectively. (b) XMCD
spectra given by Au=pu,—pu_. (c) Magnified plots of XMCD spec-
tra in Mn L;-edge region.

direction. A linear background has been subtracted from each
XAS spectrum. In the XAS spectra for the 172-, 10-, 6-, and
4-ML samples, a shoulder was observed in the higher energy
region of the Mn L; peak, and the Mn L, peak was split into
a doublet. These features are characteristic of bulk CMG and
CMS.?% Because the probing depth of XAS and XMCD for
hv~600-800 eV is at most =5 nm, the XAS and XMCD
spectra of the 172-ML sample reflect the bulk electronic
structure in addition to the interfacial one of the CMG/MgO
barrier (the upper side CMG/MgO interface). Except for the
172-ML sample, the XAS/XMCD spectra include signals
from the lower side interface. However, signals from the
lower side interface are reduced by exp(—fcyg/N) (~0.80,
0.71, and 0.56 for 4, 6, and 10 ML),'* where \(=5 nm) is
the probing depth of XAS and XMCD. Indeed, there was no
detectable difference between the 172-ML sample and the
other type-2 samples (4, 6, and 10 ML), indicating that con-
tribution from the lower MgO/CMG interface was not sig-
nificant even if it existed. The XMCD signal was reduced
with decreasing 7y, in particular for 7cyg=2 and 1 ML
[Fig. 2(b)]. In the Mn L, ;-edge XAS for the 2- and 1-ML
samples, a Mn2+-like multiplet feature was observed, as in
MnO (Refs. 21 and 22) [Fig. 2(a)]. Thus, the reduction of the
ferromagnetic signal from the Mn atoms and the appearance
of the multiplet feature in the XAS and XMCD spectra for
the 1- and 2-ML samples indicate that the Mn atoms were
oxidized in these ultrathin samples, which would be related
to the possible deteriorated crystal structure of the ultrathin
samples. In addition, the differences in XAS and XMCD
between the 4-ML samples with and without Fe were small,
although the XAS and XMCD spectra for the 4-ML samples
include signals from the lower side MgO/CMG interface for
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FIG. 3. (Color online) Film-thickness dependences of (a) Mn
spin magnetic moment (mgy,) for #=0° and 54.7° (magic angle)
and (b) Mn orbital magnetic moment (m b) for §=0°. These were
determined using the spin and orbital sum rules (Refs. 23 and 24).
The theoretical spin-moment value for bulk CMG was taken from
Ref. 27. The small difference between m(s)pm and mfguz represents
the effect of the T, term.

the type-2 sample or from the lower-side Fe/CMG interface
for the type-1 sample reduced by exp(—tcyg/ ) (~0.80 for 4
ML) as mentioned above. Thus, the lower side interface does
not significantly affect the electronic structure for fcyg
>4 ML.

Next, we determine mg,;, and the orbital magnetic mo-
ment (m,,) of the Mn atom by applying the sum rules?>>* to
the obtained XAS and XMCD spectra. The contribution of
the intra-atomic magnetic dipole operator term 7, in the spin
sum rule is negligibly small for thicker crystalline samples
because the Mn site in CMG has T, high symmetry. How-
ever, this assumption may not necessarily be valid for thinner
samples because of their lowered symmetry. To accurately
determine myg;,, we also measured Mn L, 3-edge XAS and
XMCD for the 1- to 10-ML samples at the magic angle of
6=54.7°, where the contribution of 7, vanishes.'®!° Since
there are overlapping regions of L; and L, due to strong
exchange interaction between the Mn 2p core hole and the
Mn 3d electrons in Mn?>* XAS and XMCD, we corrected the
obtained mgy, by a factor 1/0.68, as given by Teramura
et al.®® We used the Mn 3d hole number of 4.5 (Ref. 26)
which was taken from the band-structure calculations.?” The
results for 6=0° and =54.7° are shown in Fig. 3.

The spin magnetic moment for =0° deduced by neglect-
ing the T, term, mS ln(Mn) was larger than 3 ug for fopmg
=6, 10, and 172 ML, ms ".(Mn) dramatlcally decreased with
decreasing tcyg for tCMG<4 ML, and m (Mn) for temg
=1 ML was as small as 1.15 up, while mspm(Mn) for the
bulklike 172- and 10-ML samples was larger than the theo-
retical value of 3.04 ug.?” The spin moment for the magic
angle of 60=54.7° without any contribution from T,

3;,‘"? (Mn), is also shown as a function of 7qyq in Fig. 3(a).
The values for each thickness are summarized in Table I. The
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TABLE 1. Spin and orbital magnetic moments of Mn and Co atoms deduced from sum-rule analyses of

XMCD spectra.

1 ML 2 ML 4 ML 4 ML 6 ML 10 ML 172 ML

With Fe Without Fe
\Pm(Mn) () 1.15 2.74 2.85 3.14 3.76 3.90 3.49
mb(Mn) (ug) 0.06 0.05 0.07 0.11 0.04 0.05 0.16
f;‘.Z (Mn) (5) 119 256 2.80 280 471 3.53
Spm(CO) (15) 1.77 1.46 1.26 147 127 1.38 1.40
OrIJ(Co) (up) 0.14 0.06 0.16 0.13 0.13 0.09 0.16
m3yy (Co) (up) 1.58 1.61 1.21 1.40 1.49 1.30

difference between mqpm(Mn) and mgg{ZO(Mn), ie., the T, We determined the Co magnetic moments by using the

term, is small even for the thin samples. The considerably
reduced mspm(Mn) and mgguzo(Mn) for the 1-ML sample in-
dicate that the Mn atoms were oxidized. The orbital magnetic
moment for #=0°, m’, (Mn), was found to be 0.05-0.10 ug
for all the samples [Fig. 3(b) and Table I], that is, morb(Mn)
did not show any clear film-thickness dependence. For all the
samples, mgpy;,(Mn) and m,,,(Mn) had the same sign, indicat-
ing that the Mn 34 state was more than half filled, with an
electron occupation number of n;,4(Mn) > 5, which was con-
sistent with the theoretical Mn 3d hole number of n,(Mn)
=4.5 (Ref. 26) used for the sum rules.

Saito et al?® reported CMS-film-thickness-dependent
XMCD and theoretical studies on slightly Co-rich
Co,Mny ¢;Sij 93/ MgO also grown on an Fe underlayer. Their
experimental mgy,;,(Mn) in CMS increased with decreasing
CMS thickness, except for a 1-ML sample, and the theoreti-
cal mg,,(Mn) in the case of Mn-Si termination was consis-
tent with their XMCD results. The mgy,(Mn) of CMS was
reduced only for the 1-ML sample but the XAS and XMCD
spectra for the 1-ML sample did not show any Mn?*-like
multiplet structure indicating the absence of oxidation.”® On
the other hand, the present experimental results on the Co-
rich CMG/MgO showed reduced mgy;,(Mn) due to the oxi-
dation of Mn atoms in the 1- and 2-ML samples. The quality
of the crystal structure of the ultrathin Co-rich CMG samples
should not be as good as that of the slightly Co-rich 1-ML
CMS. The structural difference would be related to the dif-
ferent oxidation tendencies.

B. Co L, 3-edge XMCD

Figure 4(a) shows the photon flux-normalized,
polarization-dependent XAS at the Co L,; edges. Figure
4(b) displays the Co L,3-edge XMCD spectra. For all the
samples, a shoulder, which is common to bulk samples,20
was observed in the higher energy region of the Co L;-edge
XAS. The XMCD signals increased as the film thickness
decreased, implying that the Co atoms in the ultrathin
samples were strongly spin polarized. No CoO-like multiplet
structure”® was found in any of the samples, indicating that
the Co atoms were not oxidized even in the ultrathin
samples. In addition, the differences in XAS and XMCD
between the 4-ML samples with and without Fe were not so
large.

sum rules*?* similarly to the Mn L, 3 edges. While the Co
atoms in the thicker samples are in the highly symmetric 7,
crystal field, we measured Co L, 3-edge XAS and XMCD at
the magic angle of #=54.7° in order to accurately determine
the spin moment. We used a theoretical Co 3d hole number
of 2.2 (Ref. 26) in applying the sum rules. The results are
shown in Fig. 5.
The Co spin moment for #=0° obtained by neglecting the
T, term, mS (Co), was 1.40 g for the 172-ML sample and
was enhanced to 1.77 ug for the 1-ML sample while
Spln(Co was around 1.40 ugp for tcyyg=2 ML. For all the
samples, mspm(Co) was larger than the theoretical value of
0.98 wg.”” The spin moment for the magic angle of 6
=54.7° without any contribution from T, mfguz (Co), is also
shown as a function of 7¢yg in Fig. 5. The magnetic-moment
values for each thickness are summarized in Table I. The

difference between mspm(Co) and mfglzo(Co) was small,

T=300K
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FIG. 4. (Color online) Normal-incidence (6=0°) Co L, ;-edge
XAS and XMCD of Co-rich Co,MnGe samples with various CMG
thicknesses. (a) XAS measured at 300 K and B==*3 T. u, and u_
are the absorption coefficients for photon helicity parallel and anti-
parallel to the Co 3d majority spin, respectively. (b) XMCD spectra
given by Au=pu,—pu_. (c) Magnified plots of XMCD spectra in
Co L;-edge region.
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FIG. 5. (Color online) Film-thickness dependences of (a) Co
spin magnetic moment (mgy,) for 6=0° and 54.7° (magic angle)
and (b) Co orbital magnetic moment (m_,) for #=0°. These were
determined using the spin and orbital sum rules (Refs. 23 and 24).
The theoretical spin-moment value for bulk CMG was taken from
Ref. 27. The small difference between mg;n and mfgi‘zo represents
the effect of the 7, term.

showing that the effect of the 7, term was small. The ten-
dency for the spin moment of Co to increase for the thinner
samples was common for #=0° and 54.7°. The orbital mo-
ment for #=0°, m’,(Co), was about 0.10 ug for all the
samples. The CMS film-thickness-dependent XMCD studies
and first principles calculations by Saito et al.?® revealed that
the mgy,(Co) of CMS was enhanced for CMS thicknesses
(tcms) <4 ML. This enhancement was explained by an
Fe/Co interfacial effect at the lower side interface. They re-
ported that the MnSi termination with MnO bond at the up-
per side interface was energetically stable regardless of
tems-22 As a consequence, the lower side Fe/Co interface was
also favored for 7-g=1 ML. Since the layer structure of the
CMS/MgO heterostructures®® was quite similar to that of the
present CMG/MgO heterostructures, the enhanced mgy;,(Co)
for the CMG/MgO ultrathin samples could also be due to the
Fe/Co interfacial effect at the lower side interface.

IV. DISCUSSION

We discuss the oxidation of the Mn in the nonstoichiomet-
ric CMG ultrathin films facing an MgO barrier. Saito et al.'®
reported in their XMCD study on CMS/MgO that the
Mgyin(Mn) of intentionally oxidized CMS was almost zero
and Mn L, ;-edge XAS clearly showed an MnO-like Mn**
multiplet structure. In contrast, the Co L, 3-edge XAS of in-
tentionally oxidized CMS showed no multiplet structure, and
the Co L, ;-edge XMCD was similar to that of unoxidized
CMS. They concluded that, in CMS, Mn atoms were easily
oxidized compared with Co atoms, which is consistent with
our result that the Co atoms, even in the 1- and 2-ML
samples, were highly stable against oxidation compared with
the Mn atoms.

PHYSICAL REVIEW B 82, 184419 (2010)
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FIG. 6. (Color online) O K-edge XAS for 1- and 10-ML
samples. The inset shows a magnified plot of the pre-edge region.
The two XAS have been normalized in intensity to unity at around
520-530 eV.

Figure 6 shows the O K-edge XAS spectra (B=0 T) of
the 1- and 10-ML samples. The strong peaks observed for
hv>535 eV originate from oxygen in the MgO barrier*”
and AIO, capping layer. Interestingly, pre-edge structures
were clearly observed for the 1-ML sample at 530 eV <hv
<535 eV. It is known that neither MgO nor AlO, exhibit
such pre-edge features but MnO does show them?!3! in
O K-edge XAS, in sharp contrast to the main peaks for hv
>535 eV. Thus, these features could be attributed uniquely
to MnO formed at the interfaces. The existence of the pre-
edge structures for the 1-ML sample also supports again our
view of oxidized Mn atoms.

Sicot et al.’? reported x-ray photoemission, XAS, and
XMCD studies of Co, Fe, and Mn metals facing MgO. They
revealed that Co and Fe metals were not oxidized after MgO
growth on them but that Mn metal was oxidized, particularly
at the interfacial region, which is consistent with the present
results for the 1- and 2-ML samples. Furthermore, the en-
thalpy of formation of MnO(-92 kcal/mol) is lower than
that of CoO(=57 kcal/mol).?? Saito et al.?® reported that the
calculated mg,,(Mn) and mgy;,(Co) for CMS/MgO in the
case of MnSi termination (MnSi/MgO interface) with Mn-O
bonds well explained their experimental results in contrast to
the case of Co termination (Co/MgO interface). In this con-
text, for the present 1-ML CMG sample, a MnGe termina-
tion, i.e., a layer structure of (Fe underlayer)/(Co layer)/
(MnGe layer)/MgO with Mn-O bonds, should be
energetically more stable. We therefore conclude that the in-
terfacial Mn atoms in the ultrathin CMG samples were easily
oxidized while the Co atoms were highly stable against oxi-
dation. Comparing m,(Mn)=my,(Mn) +n,.,(Mn) for the
1-ML sample with m,.,;(Mn) for the 10-ML sample, we es-
timated that about 70% of the Mn atoms in the 1-ML sample
were oxidized. Here, we assumed that all the Mn atoms in
the 10-ML sample were not oxidized.

To confirm the validity of our estimation, we subtracted
30% of the Mn L, ;-edge XAS for the 10-ML sample, which
would correspond to the contribution of the unoxidized Mn
in the I-ML sample as discussed above, from that for the
1-ML one. The result is shown in Fig. 7. The subtraction-
deduced spectrum is very similar to the Mn L, ;-edge XAS
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FIG. 7. (Color online) Comparison of Mn L, ;-edge XAS for
1-ML sample and that of 10-ML one (top two curves). The middle
green spectrum is obtained by the subtraction (1 ML)-0.3
X (10 ML). The bottom black spectrum is the Mn L, ;-edge XAS
of MnO taken from Ref. 35.

of MnO.21:3-36 Because MnO is a paramagnetic insulator at
RT and an antiferromagnetic insulator below Ty~ 120 K,*’
a large number (~70%) of oxidized Mn atoms in the 1-ML
sample did not contribute to the ferromagnetism.

Here, we discuss possible origins of the observed oxida-
tion of Mn in the ultrathin 1- and 2-ML samples. The ob-
served oxidation of Mn in the ultrathin CMG/MgO samples
is in contrast to the absence of that in the CMS/MgO
samples. It should be noted that the present CMG film com-
position was Mn-deficient and highly Ge-deficient
(Co,Mnyg 77Geg 45), in contrast to the slightly Mn- and Si-
deficient film composition of the CMS film (Co,Mny ¢;Sij 93)
in the CMS/MgO samples.?® In accordance with the chemi-
cal composition model for Mn- and Ge-deficient CMG
films3® developed by taking into consideration the formation
energies of various kinds of defects, the chemical compo-
sition for nonstoichiometric Co,Mng;,Gej4, film is esti-
mated to be Coy[Mng49Coqs;][Gegs3Mng 7], where
[Mn, 49Co0q5;] and [Ge, 53Mn 47] represent the nominal Mn
and Ge sites, respectively. Similarly, the chemical composi-
tion for the slightly Mn- and Si-deficient CMS film of
Co,Mny ¢;Sig 93 is estimated to be
Co,[Mny 9,C0 3 ][ Sigg7Mng o3]. Thus, the degrees of order
of the nominal Mn and Ge sites in Co,Mng7,Geg 4, films
should be significantly lower than those in the nominal Mn
and Si sites in Co,Mn ¢;Sijg3. Furthermore, the degree of
structural order would be lower for ultrathin CMG (CMS)
films with 1- and 2-ML thicknesses, resulting in increased
disorder between the nominal Mn-Ge (Mn-Si) plane and the
nominal Co plane. The decreased degree of structural order
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in the ultrathin CMG films along with the highly disordered
nominal Mn and Ge sites would be a possible reason of the
observed oxidation of Mn in the 1- and 2-ML samples.

Next, we discuss the effects of antisites defects in the
nonstoichiometric CMG/MgO thin films. The deduced
Mgyin(Co) for all the CMG samples was obviously larger than
a theoretical value of ~1 up (Ref. 27) and the experimental
XMCD value of 1.04 ug for the bulk samples reported by
Miyamoto et al.***! Note that their XMCD study was done
at B=14 T and T=45 K and that they scraped the bulk
CMG samples to obtain clean surfaces and used a Co 3d hole
number of 3.0.***! Picozzi et al.*? investigated theoretically
the effect of antisite defects in CMG and CMS. They re-
ported that mspm(Co) of the Co antisites in CMG, Coyy,, was
1.35 g, which was larger than 1.06 ug for Co at the regu-
lar Co site, Coc,. Here, the Co antisites mean Co atoms
occupying Mn sites in regular CMG. The present large
mspm(Co) of 1.40—1.77 ug therefore indicates the possibility
of the existence of Coyy,. We confirmed by in situ RHEED
that the present CMG samples on which we measured
XMCD had the disorder-free L2 structure. However, since
the film composition was Co:Mn:Ge=2:0.77:0.42 deviat-
ing from 2: 1: 1, some Co atoms possibly occupy the Mn
site. The calculated total DOS for each of the majority- and
minority-spin bands of CMG was reported,*? and in-gap
states were found to exist within the minority-spin gap only
when Coyy, existed. The possible existence of Coyy, in CMG
may lead to a decrease in the spin polarization. This consid-
eration is consistent with that the spin polarization of Co-rich
CMG estimated from the TMR ratio at 4.2 K for CMG/MgO/
CoFe MTIJs assuming Julliere’s model, Pcyg, Was as low as
0.74.5

It was reported that the mg,;,(Co) of Co-rich CMS/MgO
was 1.16 up for a sample with 7cyg=50 nm, and 1.25 up
for a sample with fcys=1.1 nm (4 ML),* both being larger
than a theoretical value of 1.06 ug.2” The CMS film compo-
sition of Co:Mn:Si=2:0.91:0.93 was Co-rich similar to the
Co-rich CMG that we have studied here. Consequently, the
Co-rich CMS might have had more or less the same amount
of Coy, as in Co-rich CMG. Picozzi et al.** reported that
in-gap states could theoretically exist within the minority-
spin gap for CMS with Coy,. The spin polarization of Co-
rich CMS estimated from the TMR ratio at 4.2 K for CMS/
MgO/CoFe MTlJs assuming Julliere’s model, Pcyg, Was as
low as 0.75.7 The comparison between Co-rich CMG and
Co-rich CMS can be summarized as follows: (i) the devia-
tion in composition from 2:1:1 for CMG is larger than that
for CMS, (ii) the Pcy of 0.74 (Ref. 6) is comparable to the
Pcys of 0.75,7 and (iii) the difference in Mgyin(Co) between
the present XMCD results and the theories for CMG is larger
than that for CMS.?’

The spin polarization at Er and the spin moment would be
influenced by nonstoichiometry in CMG thin films. To re-
duce the minority-spin in-gap DOS and to improve the TMR
ratio, appropriate control of the film composition is
critical.3®#* A promising method is to prepare CMG films by
cosputtering from CMG, Mn, and Ge targets to appropriately
control the CMG film composition. In fact, high TMR ratios
of 650% at 4.2 K and 220% at RT have been demonstrated
for CMG/MgO/CMG MTIJs with Mn-rich Co,Mn; 4,Ge 35
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electrodes prepared by cosputtering from CMG and Mn
targets.’® In addition, theoretical studies have revealed that
Mn antisites (located at the regular Co sites) in Mn-rich
CMS do not affect the half-metallic gap.

V. CONCLUSION

We studied the magnetic and electronic states of
Co,MnGe/MgO magnetic tunnel junctions by CMG film-
thickness dependent XMCD measurements. The XAS and
XMCD spectral shapes for thick samples (fcpg=4 ML)
were similar to those for bulk CMG,294041 and neither the
Mn nor Co atoms were oxidized. We have found that about
70% of the Mn atoms in the 1-ML sample were oxidized.
The lattice distortions and disorder in the ultrathin samples
would be related to oxidation. In contrast, Co atoms in the
ultrathin samples were not oxidized and more strongly spin
polarized. The enhanced my;,(Co) for the ultrathin samples
could be due to the Fe/Co interfacial effect as in CMS/MgO
heterostructures.’® The existence of Co antisites is suggested
by considering theories on Co antisites>’*?> and the observed
Mgyin(Co) of 1.40-1.77 ug, which was larger than theoreti-
cal values for ideal compounds.

The nonstoichiometry of the Co-rich CMG samples is
also consistent with the existence of Co antisites. In-gap
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states have been predicted to exist within the Co minority-
spin band gap when Co antisites are present.** The consider-
ation is consistent with the experimental results that the
TMR ratios at both 4.2 K and RT of CMG/MgO/CMG MTIs
with Co-rich CMG electrodes were considerably lower than
those of CMG/MgO/CMG MTJs with Mn-rich CMG
electrodes.’® CMG-composition and temperature-dependent
XMCD studies would be desirable in the near future to fully
understand the electronic states of CMG with an MgO bar-
rier. Spin-resolved photoemission studies would also be de-
sirable to directly observe the half-metallic nature of Heusler
alloys.
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