HOKKAIDO UNIVERSITY

Title Effects of_offjstoichiometry_on the spin polarization at the Co2Mn B Ge0.38/Mg0 interfaces: X-
ray magnetic circular dichroism study
Author (s) Singh, V.; Verma, V.; Ishigami, K. et al.
Citation Physical Rgview B, 86, 144412
https://doi.org/10.1103/PhysRevB. 86. 144412
Issue Date 2012-10-19
Doc URL https://hdl. handle.net/2115/50669
Rights © 2012 American Physical Society
Type journal article
File Information e144412. pdf

kaido
wo¥ U"/Ls

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




PHYSICAL REVIEW B 86, 144412 (2012)
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We have studied the electronic and magnetic states of Mn and Co atoms at the Co,MngGey 33 (CMG)/MgO
(B = 0.67-1.8) interfaces, which constitute CMG/MgO/CMG magnetic tunnel junctions, by means of x-ray
absorption spectroscopy (XAS) and x-ray magnetic circular dichroisms (XMCDs) at the Mn and Co L, 3 edges
and compared the deduced Co and Mn magnetic moments by the density-functional calculations with the coherent
potential approximation (CPA). As the Mn content g increased, the intensity of Mn L, 3 XMCD decreased, in
agreement with the result of the CPA calculation, which showed the resultant reduction of charges and spin
moment on Mn atoms because of the delocalization of Mn 3d electrons with increasing . The Co spin magnetic
moment for all the samples increased with decreasing B, again consistent with the present calculation and the
previous density-functional calculation by Picozzi et al. that the Coy, antisite has a larger magnetic moment than
that of Co atoms at the regular sites and reduces the spin polarization at the Fermi level and hence the tunnel

magnetoresistance ratio.

DOI: 10.1103/PhysRevB.86.144412

I. INTRODUCTION

Materials which exhibit half-metallic ferromagnetism have
recently attracted great interest because a high efficiency is
expected for spintronic device applications, including tunnel
magnetoresistance (TMR) devices' and giant magnetoresis-
tance devices.* In these materials the majority spin states have
a metallic character with a nonzero density of states (DOS) at
the Fermi level, while the minority spin states have a band gap
at the Fermi level, resulting in 100% spin polarization at the
Fermi level (Ef). To date there are many materials predicted
to be half-metals at room temperature, and among them, the
L2, ordered full Heusler alloys Co,MnSi and Co,MnGe are
promising candidate for spintronics applications due to their
high Curie temperatures, 985 K for Co,MnSi and 905 K for
Co,MnGe.’ For spin-transport processes it is interface rather
than bulk properties that are of essential importance, because
the TMR ratio is sensitive to the interfaces.®

Off-stoichiometry of the Heusler alloys is also expected
to profoundly influence the half-metallic ferromagnetism and
hence the TMR characteristic. The effect of defects in the
Heusler alloys Co,Y Z introduced by off-stoichiometry on
the spin-dependent electronic structure has been investigated
theoretically’~!? as well as experimentally.'>~!3 Picozzi et al.”
have predicted from a first-principles calculation that half-
metallicity in Co,MnSi and Co,MnGe is lost by Coyy, antisites
through the appearance of minority-spin in-gap states around
Ep, while half-metallicity is robustly retained by Mnc,
antisites. The calculation has also predicted that Mnc, is
coupled antiferromagnetically with neighboring Co atoms and
that Cop, has a larger magnetic moment than Co atoms at the
regular sites. Ishikawa et al.'* and Yamamoto et al.'> have
made systematic studies of the effect of nonstoichiometry
of Heusler alloy thin films on the spin-dependent tunnel-
ing characteristics of Co,MnZ/MgO/Co,MnZ (Z = Si, Ge)
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magnetic tunnel junctions (MTJs) and found that a higher
TMR ratio is obtained for Mn compositions « > 1.0 in
Co,Mn,Si electrodes and, similarly, for Mn compositions
B > 1.0in Ge-deficient Co,MngGe; electrodes (where § < 1).
The observed lower TMR ratios for MTJs with Mn-deficient
Co,Mn, Si or Co,MngGe; electrodes were explained by the
formation of Coyp, antisites that lead to minority-spin in-gap
states around E as theoretically predicted by Picozzi et al.”
Furthermore, the observed higher TMR ratio for MTJs with
Mn-rich Co,Mn,Si or Co,MngGe; electrodes was explained
by suppressed Cop, antisites, which caused a reduced density
of minority-spin in-gap states around Ey.'*!> Therefore, it
is important to further investigate experimentally the effect
of structural defects associated with nonstoichiometry on the
electronic and magnetic properties in Co-based Heusler-alloy
electrodes, particularly in the interfacial region between the
Co,Y Z electrode and the tunnel barrier.

In order to investigate the magnetic properties of vari-
ous atomic defects, element-specific x-ray absorption spec-
troscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) are proven to be most powerful techniques. Because
of the shallow probing depths, these techniques are effec-
tive for study of the electronic and magnetic properties of
interfaces, which play important roles in TMR devices. To
date several studies have utilized these techniques to examine
the interfacial properties of materials used in MTJs,'%2* and
some of them have focused on Heusler-alloy-based MT]Js.
Electronic and magnetic properties at interfaces have been
investigated for various thicknesses in Co-rich Co,MnSi?>*2¢
and Co,MnGe?’ thin films. However, so far, element-specific
studies of the effects of off-stoichiometry in Heusler-alloy thin
films on their electronic and magnetic properties have not been
carried out. In this paper, we have studied element specifically
how the electronic and magnetic states of Mn and Co atoms in
Ge-deficient CooMngGeg 33 (CMG) facing an MgO barrier are
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affected by nonstoichiometry by using XAS and XMCD and
a density-functional calculation. The calculation was made
for a wide range of nonstoichiometry corresponding to the
real material Co,MngGes with 0.6 < 8 < 1.8 and 6 ~ 04,1
which exceeds the range studied by Piccozi et al.,” where the
properties of a single antisite defect are dominant.

II. METHODS

In order to extract information about the interfacial mag-
netic and electronic states of CMG/MgO half-MTJs, we
prepared films with various Bs in CMG electrodes. The
sample layer structure which we studied was as follows:
(from the substrate side) MgO buffer layer (10 nm)/CMG
(30 nm)/MgO barrier (2 nm)/AlO, (1 nm) cap, grown on
a MgO(001) substrate as shown in Fig. 1. All layers were
successively deposited in an ultrahigh-vacuum chamber (with
abase pressure of ~6 x 1078 Pa) through radio-frequency (rf)-
magnetron sputtering for CMG and electron beam evaporation
for MgO. The CMG films were deposited at room temperature
by rf-magnetron cosputtering from a stoichiometric CMG
target and a Mn target, and the films deposited on the
MgO buffer were subsequently annealed in situ at 500°C for
15 min. The preparation of the samples has been described in
detail elsewhere.!> Reflection high-energy electron diffraction
measurements clearly showed that both the cosputtered CMG
electrode and the MgO barrier in the CMG/MgO half-
junction grew epitaxially.!* Microbeam electron diffraction
patterns indicated that a Mn-rich CMG film with a film
composition of Co,Mn »9Ge 33 prepared by cosputtering had
the B2 structure.?® Furthermore, high-resolution transmission
electron microscopy (HRTEM) images of a CMG/MgO/CMG
MT] trilayer with cosputtered CMG films clearly showed that
all the layers in the MTJ trilayer were grown epitaxially
and were single crystalline.”® The HRTEM lattice images
also confirmed that extremely smooth and abrupt interfaces
were formed for the MTJ tailayer. Thus, it was confirmed
that identically prepared CMG/MgO half-junctions featured
extremely smooth and abrupt interfaces.

XAS and XMCD measurements were performed at BL-16A
of the Photon Factory. The monochromator resolution was
E/AE > 10000. The degree of circular polarization of x rays
was 87% + 4%. The base pressure of the chamber was about
1 x 10~ Torr. XAS and XMCD spectra were obtained without
any surface treatment in the total electron yield mode, whose
probing depth is ~5 nm. XMCD was measured with magnetic
fields (3 T) applied perpendicular to the film surfaces at 20
and 300 K.

AlOy capping layer (1nm)

MgO barrier (2 nm)

CMG (30 nm) MgO buffer layer (10 nm)

MgO (001) substrate

FIG. 1. (Color online) Schematic layer structure of CMG/MgO
thin film samples.
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TABLE I. Films with Mn compositions 8 in the expression of
Co,MngGey 33 and site occupancies of the CMG samples used in the
present study.

B Site occupancy

0.67 Co,[Mny 377Co0 623 1[Gep.498Mng 5021
0.85 Co2[Mny 523C00 477][Gep.471Mng 529]
1.03 Co2[Mny 654C00 346 1[Ge0.446Mng 554]
1.20 Co0,[Mny.765C0p.2351[Gep.425Mng 575]
1.40 Co2[Mny g34Coo.116]1[Geo.402Mng 505]
1.60 Co2[Mny.990Cop.010][Geo.332Mng 18]
1.80 [Co1.914Mng 036 IMn[Gep 364Mng 636]

Because Picozzi et al.’s’ calculation was for stoichiometries
only down to Mnggo and Gegg, we performed the density-
functional calculations on the basis of the Korringa-Kohn-
Postoker (KKR) method®° with the coherent potential
approximation (CPA) for a wider range of nonstoichiometries
in Ge-deficient CMG. We used the generalized gradient
approximation®! for the exchange and correlation term. We
adopted the experimental lattice constants obtained for the
cosputtered cubic CMG thin films depending on the Mn
composition 8 in CMG.?® The KKR-CPA calculation was done
on the most plausible model in which the deficient Ge sites
are fully occupied by Mn atoms'> as reported in Table I. In the
present model, because no Mn atoms can occupy the Co sites
to form Mnc, antisites except for the largest 8 value, Picozzi
et al.’s’ argument that Mnc, antisites antiferromagnetically
coupled to the regular Mn spin reduce the average Mn spin
moment does not apply to the entire range of the present sample
compositions.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the photon-flux-normalized polarization-
dependent XAS spectra (u4 and p_) at the Mn L, 3 edges
(2p3y2,1/2 — 3d absorption edges) of CMG. Figure 2(b)
displays the Mn L; 3 edge XMCD (Au = g4 — p_) spectra.
Here, 1y and p_ stand for the absorption coefficient for
the photon helicity parallel and antiparallel to the Mn 3d
majority spin. A linear plus two-step-like background has
been subtracted from each XAS spectrum.*? Here we note that
another source of the error bar may come from this background
subtraction. In the XAS spectra for 8 = 0.67 to 1.80, a
shoulder-like structure is observed on the higher energy side
of the Mn Lj peak, and the Mn L, peak is split into a doublet.
These features are characteristics observed for Co,MnSi and
Co,MnGe.** In the XAS spectra for 8 = 1.40, 1.60, and 1.80,
multiple fine structures were observed, implying that some of
the interfacial Mn atoms are oxidized to Mn>* as reported
in the previous work.?” Therefore, we have subtracted the
oxide component Mn>*-like multiplet structures such as MnO
from the raw data for the 8 = 1.40, 1.60, and 1.80 films, as
described in detail in the Appendix. The bulk properties of
these films could be different from those of the interfacial
region. XCMD depth profile studies by Amemiya et al.’*%
suggest that the magnetic properties of only one to two
monolayers are different from those of the bulk. Since our total
electron yield mode has a probing depth of several nanometers,
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FIG. 2. (Color online) Mn L;,-edge XAS and XMCD of CMG
samples with various Mn compositions (a) XAS taken at 300 K
and B=43 T. u, and p_ are the absorption coefficients for
photon helicity parallel and antiparallel to the Mn 3d majority spin,
respectively. (b) XMCD spectra. (¢) Mn composition (8) dependence
of the Mn spin magnetic moment deduced using the sum rules*®’
compared with that given by the KKR-CPA calculation. (d) B
dependence of the Mn spin magnetic moment at different sites
deduced from the density-functional calculation.

signals of more than 70% come from the bulk. To confirm
the bulk properties by XMCD, one has to do experiment
in the total florescence yield mode, whose probing depth is
~100 nm.

The XMCD intensity at both 20 and 300 K decreases with S.
By applying the sum rules to the XAS and XMCD spectra,*¢-3
we have obtained the spin and orbital magnetic moments of
the Mn atom. We have assumed that the contribution of the
dipole operator term 7, in the spin sum rule is negligibly
small because the Mn site in bulk CMG has T, symmetry.?’
Since the L3 and L, regions in Mn L;3 XAS and XMCD
overlap due to the strong exchange interaction between the
Mn 2 p core hole and the Mn 3d electrons, we have divided the
obtained spin magnetic moment by the correction factor 0.68
given by Teramura et al.® We have assumed a 3d hole number
(ny) of 4.5 for Mn?*?*?7 on the basis of the band structure
calculations. The spin magnetic moment mgy, (Mn) thus
deduced is plotted as a function of § in Fig. 2(c) and compared
with the present KKR-CPA calculation. It is in the range of
2.6-3.4 up, decreases slightly as the temperature increases
from 20 to 300 K, and decreases weakly with increasing S, in
good agreement with the KKR-CPA calculation. The decrease
in mgi, (Mn) with increasing 8 is also consistent with the
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FIG. 3. (Color online) Local density of states for Mn at the regular
site (a) and the antisite Mn (b) of Co,MngGe, 35 as functions of energy
relative to the Er.

present calculation. The Mn orbital magnetic moment my,
(Mn) (not shown) was found to be in the range 0.2 &+ 0.005
to 0.3 £0.006 up for all samples. Figure 2(d) shows the 8
dependence of the Mn spin magnetic moment at different sites
deduced from the KKR-CPA calculation. Here, the magnetic
moment of Mn at the regular site, m i, (Mnyy, ), and that at the
Ge site, mgpin(Mnge ), show almost the same behavior of a weak
decrease with 8, because the Mn atoms at both the regular-site
and the Ge antisite lose charges in the majority-spin state. To
confirm this, we show in Fig. 3 the local density of states
(LDOS) of Mn 3d in CMG at both the regular-site and
the Ge antisite. It is found that the LDOSs of Mn 3d shift
toward the higher energy side with increasing §, indicating
the reduction of charges of Mn 3d. This can be attributed
to the delocalization of Mn 3d states due to the increase in
nearest-neighbor hybridization of Mn 3d with the regular-site
Co 3d with increasing §. Since the LDOSs of Mn 3d show
nearly half-metallic electronic structures, the reduction of
charge is significant in the majority-spin states. This leads
to the decrease in the Mn spin moment at both the regular site
and the Ge site. The experimentally observed sudden decrease
in mepin(Mn) at 8 = 1.80 is due not to the mpin(Mnyy,) or
Mmpin(Mnge), but to the negative value of mgpyin(Mng,). Ac-
cording to the site occupation model employed here (Table 1),
only the 8 = 1.80 sample has a finite number of Mnc, antisites
and consistently shows a reduced average myin(Mn).

Figures 4(a) and 4(b) show the photon-flux-normalized
XAS and XMCD spectra at the Co L3, edges. All samples
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FIG. 4. (Color online) Co L;,-edge XAS and XMCD of CMG
samples with various Mn compositions. (a) XAS taken at 20 and
300 Kand B = £3 T. 4 and p_ are the absorption coefficients for
photon helicity parallel and antiparallel to the Mn 3d majority spin,
respectively. (b) XMCD spectra. (¢) Mn composition (8) dependence
of the Co spin magnetic moment deduced using the sum rules*®’
compared with that given by the KKR-CPA calculation. (d) B
dependence of the Co spin magnetic moment at different sites deduced
from the density-functional calculation.

show a shoulder-like structure observed on the higher energy
side of the Co Ljz-edge XAS, common to thin film bulk
samples.?”*3 Co-oxide-like multiplet structures’® were not
observed for any samples, meaning that Co atoms were not
oxidized even in the interfacial region, consistent with the
previous report.?’ To determine the Co magnetic moment, we
again used the sum rules*®*” assuming the 3d hole number
(ny) to be 2.2.202427 As shown in Fig 4(c), we experimentally
determined the Co spin magnetic moment i, (Co) to be in
the range of 1.2 ug—1.4 wup, which is obviously larger than
the theoretically predicted bulk value of 1.06 ug.”*® This
can be explained by the presence of Coy, antisites, which
are predicted to have larger spin magnetic moments than Co
atoms at the regular sites. The decrease in mgpin(Co) with
increasing B in the experimental result can be understood as
being due to the decreasing concentration of Coyy, antisites
and is also consistent with the present KKR-CPA calculation.
The orbital magnetic moment mq,(Co) is relatively large
despite the small mpi,(Co), in the range of 0.2 = 0.003 ug
to 0.3 = 0.005 up. Figure 4(d) shows the 8 dependence of the
Co spin magnetic moment at different sites deduced from the
KKR-CPA calculation. While the magnetic moment of Co at
the regular site mgp,in(Coc,) behaves similarly to the average
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FIG. 5. (Color online) Local density of states for the ordinary-site
Co (a) and the antisite Co (b) of Co,MngGe,3s as functions of the
energy relative to the Ef.

Co moment, that of Co at the Mn site, mpin(Comy), is much
larger than the average Co moment and further increases with
B. This is because, for large B8, Co atoms at the Mn sites
become dilute (Table I) and behave like isolated antisite Co
atoms, which show an enhanced magnetic moment.” However,
this increase in mgpin(Comy) is not reflected in the averaged
mpin(Co) since the number of Coyy, antisites decreases rapidly
with B. The decrease in the spin moment of Co at the regular
site mgpin(Coco) is also attributed to the reduction in the
majority-spin charge due to the delocalization of Co 3d states
with increasing 8. This can be confirmed by the LDOSs of Co
3d at the regular site in Fig. 5.

We have shown above that the deduced m i (Mn) for the
CMG samples decreases with Mn composition 8. This result
may be interpreted within the scenario that the Mn atoms
at both the regular sites and the Ge sites lose charges with
increasing B and the shift of the Ey to the lower energy
side causes the reduction in the Mn spin moment. This
mechanism was not considered by Picozzi et al.” because they
did not study such a heavily off-stoichiometric region as in
our CMG samples, in which a large amount of Mn fills the Ge
deficiencies. On the other hand, the deduced m i, (Co) for all
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the CMG samples is obviously larger than the theoretical value
of the bulk sample, 1.06 ug, and the experimental XMCD
value of 1.04 g for the bulk samples reported by Miyamoto
et al.*® Picozzi et al.” theoretically investigated the effect of
antisite defects in CMG and reported that the mgpin(Co) of
the Cop, antisites in CMG was 1.35 pg, which was larger
than the 1.06 ug for Co at the regular Co site. In the Co-rich
region mgpin(Co) ~ 1.20 up, indicating the possible existence
of Copzp. As described above, we showed experimentally a
distinctly higher mpi,(Co) value, about 1.3 ug, for Co-rich
samples than the theoretically predicted value of 1.06 ug for
Co at the regular site,” and it is consistent with the higher
mpin(Co) value of 1.35 up predicted theoretically for Co at
the Mn site.” Thus, our element-specific spin-moment inves-
tigation along with the theoretical calculation demonstrates
the existence of Coypy, antisites for Co-rich CMG thin films.
Furthermore, the experimental dependence of m,(Co) on B
was in good agreement with the our theoretical result, and the
decrease in m i, (Co) with increasing B was explained by the
decrease in the Coyy, antisite ratio. The latter finding supports
the understanding that Coypy, antisites can be suppressed by
a Mn-rich composition suggested by the 8 dependence of
the TMR and saturation magnetization.'> The calculated total
DOS for each of the majority- and minority-spin states of
CMG was reported by Picozzi et al.,” and in-gap states were
found to exist within the minority-spin gap only when Copy,
existed. That is, the existence of Copy, in CMG leads to a
decrease in the spin polarization at the Fermi level. In fact, the
spin polarization of Co-rich CMG estimated from the TMR
ratio at 4.2 K was as low as 0.74.%0 Here, we note that the
saturation magnetization (i) value calculated assuming the
Slater-Pauling rule for half-metallic Heusler alloys is close to
the experimental 1, value at 8 = 1.40.'5 The good agreement
for § = 1.40 indicates that the Slater-Pauling rule is a good
approximation for the CMG film with § = 1.40; that is, the
CMG film with 8 = 1.40 is close to being half-metallic.
This finding is also consistent with our XMCD and the
KKR-CPA results as well as the observed high TMR ratios
for CMG/MgO/CMG MTIJs with 8 = 1.40."

IV. CONCLUSION

In conclusion, we have studied the Mn concentration (8) de-
pendence of the magnetic and electronic states of CMG/MgO
interfaces by means of element-specific XMCD measurements
and KKR-CPA calculation. The deduced mpin(Mn) for all
CMG samples decreased with 8, consistent with the KKR-
CPA calculation, which predicts that Mn atoms at both the
regular sites and the Ge sites lose the magnitudes of the spin
moment with 8. The deduced mpi,(Co) values for all CMG
samples are larger than the theoretical value of 1.06 upg for
bulk stoichiometric CMG. In the Co-rich region, this can be
explained by the existence of Coyy, antisites that have a larger
magnetic moment, mgpin(Co) ~ 1.5 up, whichreduces the spin
polarization at the Fermi level and decreases the TMR ratio. We
have experimentally demonstrated through element-specific
XMCD measurements, along with theoretical calculations, the
existence of harmful Coypy, antisites for Co-rich Co,MnGe
thin films and a decrease in the Coyp, antisite ratio with

PHYSICAL REVIEW B 86, 144412 (2012)

increasing Mn composition, resulting in the improved half-
metallicity.
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APPENDIX

For CMG/MgO samples with 8 = 1.40 to 1.80, the Mn L3
edge XAS spectra showed additional fine structures because
some of the Mn atoms at the interfaces were oxidized as
reported in the previous work.”’ In order to subtract the
Mn oxide contribution from the measured spectra, we have
synthesized the spectra of Mn oxide (most likely a Mn**
oxide) by subtracting the Mn L;-edge XAS of the 8 = 0.85

T T T T T T T T
600~ Co,Mn,Ge, ,,/MgO -
M Geosy/M9 T=300K
Mn L, ;edge XAS B=+3T
500 - -

B=0.85 (u'+ W) /2: x
400 |

B=1.60 (W'+u)/2:y
300 |

XAS

200 |

MnO (Ref. 41)

100 | =

640 650 660 670
Photon energy (eV)

FIG. 6. (Color online) The top two curves show the Mn L, 3-edge
XAS of a CMG B = 1.60 sample (y) and that of a § = 0.85 sample
(x). The green spectrum was obtained by subtracting an appropriate
amount of the unoxidized 8 = 0.85 spectrum from the oxidized § =
1.60data(y — 0.3 x x). The black spectrumis the Mn L, 3-edge XAS
of MnO taken from Ref. 41. The bottom spectrum is the “intrinsic”
Mn L, 3-edge XAS spectrum of = 1.60 without oxidation.

144412-5



V. R. SINGH et al.

sample at 300 K, which would represent unoxidized Mn,
from that of the 8 = 1.60 sample, as shown in Fig. 6. The
subtraction was made so that the deduced spectrum becomes
similar to the Mn Lj3-edge XAS of MnO.*' Because MnO

PHYSICAL REVIEW B 86, 144412 (2012)

is a paramagnetic insulator at room temperature and an
antiferromagnetic insulator below Ty ~ 120 K, oxidized Mn
atoms in the 8 = 1.60 sample would not contribute to the
ferromagnetism.
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