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The transport properties of Co,MnSi/AlO,/Co-Fe magnetic tunnel junctions showing a tunnel magnetores-
tistance of 95% at low temperatures are discussed with respect to temperature-dependent magnetic moments at
the Co,MnSi/AlO, interface and electronic band structure effects. These junctions show a considerably larger
temperature and bias voltage dependence of the tunneling magnetoresistance compared to Co-Fe
-B/AlO,/Co-Fe-B junctions, although the effective spin polarization of Co,MnSi (66%) is larger than Co-
Fe-B (60%). Especially, the tunnel magnetoresistance of the Co,MnSi based junctions becomes inverse for
large bias voltages. With increasing atomic disorder of the interfacial Co,MnSi its magnetic moments decrease
and show a stronger temperature dependence. Even for the best atomic ordering achieved the corresponding
spin-wave parameters of Mn and Co at the Co,MnSi/AlQO, interface are significantly larger than expected for
Co,MnSi bulk and also larger than the spin-wave parameters of Co and Fe at a Co-Fe-B/AlO, interface. The
influence of enhanced interfacial magnon excitation in the Co,MnSi/AlO,/Co-Fe junctions on their transport
properties will be discussed as well as possible origins for the negative tunnel magnetoresistance at high bias

voltages.
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I. INTRODUCTION

Magnetic tunnel junctions (MTJs) consisting of ferromag-
netic electrodes separated by a thin insulating tunnel barrier
are promising candidates for sensors, nonvolatile memories
and programmable logic devices."? Their tunnel magnetore-
sistance (TMR) is desired to be as large as possible and is
linked to the Julliére spin polarization® P, of electrode 1
and 2 by TMR=2P,P,/(1-PP,). Currently, giant TMR
amplitudes of up to 355% at room temperature (RT) are
achieved* by substituting the amorphous AlO, barrier by
crystalline MgO and by using CoygFeysoB,y electrodes
(Pcosoresonan=86% at 5 K).* Coherent spin-polarized tunnel-
ing, where the symmetries of the electron wave functions are
essential, can account for this high effective polarization.
The ultimate magnetoelectronic material, a ferromagnetic
half-metal, will have a gap in the minority (or majority) elec-
tron density of state at the Fermi energy Ey and thus 100%
spin polarization. This property has been predicted theoreti-
cally for the Heusler alloy Co,MnSi.> Recently, we have pre-
pared Co,MnSi/AlO,/CoygFe;, junctions showing a TMR of
95% at 1 mV/20 K.,® which corresponds to 66% spin polar-
ization of Co,MnSi. An in-situ annealing procedure applied
after barrier formation and before depositing the top elec-
trode of the junction has been developed to obtain atomic
ordering of the (110) textured Co,MnSi thin films’ resulting
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in the high spin polarization for Co,MnSi. Recently, Oogane
et al.® have found 89% spin polarization at 1 mV/2 K for
epitaxial Co,MnSi electrodes grown in the (100) orientation.

Here we compare the temperature and bias voltage depen-
dent TMR of our Co,MnSi based junctions with
CogyFeyB 2/ AlO,/CogyFessB 1, junctions (showing up to
114% TMR) and CoyiFe;,/ AlO,/NigyFe,, junctions (71%).
The influence of the temperature-dependent magnetic mo-
ments at the lower electrode/barrier interfaces as well as
electronic band structure effects will be addressed. The dis-
cussion part of this paper is organized as follows: First, we
present an overview of the transport properties of all junc-
tions in Sec. IIT A to show up the specific characteristics of
the Co,MnSi based MTJs. Afterwards, these junctions are
extensively characterized by x-ray absorption and photo-
emission techniques. The chemical states and the
temperature-dependent magnetic moments of Si as well as
Co and Mn near the Co,MnSi/AlO, interface are discussed
in Secs. III B and III C, respectively. The magnetic proper-
ties will be compared with those of Co-Fe-B/AlO, based
junctions in Sec. III D. Differences in the electronic band
structure between ordered and disordered Co,MnSi are ana-
lyzed in Sec. III E. Finally, the special transport properties of
the Co,MnSi based junctions are discussed in Sec. III F with
respect to their chemical and temperature-dependent inter-
face properties.
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II. EXPERIMENT

The MTJs were deposited at room temperature by dc- and
rf-magnetron sputtering on thermally oxidized Si(100) wa-
fers. To probe the chemical, electronic and magnetic proper-
ties at the lower electrode/barrier interface, we prepared
three layer stacks, which correspond only to the bottom
electrode of our MTJs including the barrier. The bottom
electrode of our Co,MnSi/AlO,/Co;yFe;; junctions
consists of oxidized Si-wafer/
V42 1m/Co,MnSi!% "/ All4 "My oxidation. The first stack
“CMS100” was in-situ annealed at about 450 °C for 40 min
immediately after Al oxidation, the second stack
“CMS100ag” was kept in the as-grown state, it was not an-
nealed.

The bottom electrode “CoFeB” of the
Cog,Fe 6B,/ AlO,/CogyFe)sB |, junction consists of oxi-
dized

Si-wafer/Ta® ™/Cu® "™/Ta> "™/Cu® ™

Mn83h‘1712 nm/C062F626B 124 nm/All'2 m oy OXidation,

it was ex-situ annealed at 275 °C.

To investigate the transport properties of complete junc-
tions, top electrodes were added to stack “CMS100,”
“CMS100ag,” and “CoFeB.” In the case of Co,MnSi-based
MTJs the top electrode is CojoFes,’ ™/Mngslr,,'" "™/ Al
-Tal "m/Cu® "m/Taf "™/Au®® "™ For the Co-Fe-B
based junctions the top electrode is
Cos,FexB " ™/Nig Fe > ™/Ta’ ™/ Cu "™/ Au® "™, Af-
ter deposition all complete MTJ stacks were vacuum an-
nealed ex-situ at 275 °C in a magnetic field of 0.1 T to set
the exchange bias of the pinned electrode. Subsequently,
quadratic junctions with area size S,=10000-90 000 wm?
were patterned by optical lithography and ion beam etching.
The transport properties of the junctions were measured as a
function of magnetic field, bias voltage and temperature by
conventional two-probe dc and ac techniques.

Additionally, we compare these MTJs to Co
-Fe/AlO,/Ni-Fe junctions (“MTJ NiFe,”  Si-wafer/
Cu® ™ /NiggFe,,' "™ /Mngslr, ;"> ™™ /Co701:e303 mmy AQl4 nm
+oxidation/NigyFe,,* ™/Ta® "™/Cu> "/ Au? "™, the Ni-Fe
and Co-Fe electrodes are polycrystalline), whlch have been
investigated in detail in Ref. 9.

Temperature-dependent x-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD) were
performed at beamline 4.0.2 of the Advanced Light Source,
Berkeley, USA. The Co-, Fe-, and Mn-L edges and the Si
-K edge were investigated. Surface-sensitive total electron
yield (TEY)'® and bulk-sensitive fluorescence yield (FY)
spectra'® were recorded simultanously. The x-ray angle of
incidence was 30° to the sample surface. XMCD spectra
were obtained by applying a magnetic field (max+0.55 T)
along the x-ray beam direction using elliptically polarized
radiation with a polarization of 90%. I'* and I~ denotes spec-
tra for parallel and antiparallel orientation of photon spin and
magnetic field. XAS intensity and XMCD effect are defined
as (I*+17)/2 and (I"—1I"), respectively.

Monochromated Al-K, x-ray photoelectron spectroscopy
(XPS, photon energy 1486.7 eV) was performed to investi-
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gate the valence band of Co,MnSi and to determine the bind-
ing energies of the Co-2p electrons. The electron emission
angle was 20° to the surface normal.

The experimental results are compared to band structure
calculations for perfectly L2,-ordered Co,MnSi bulk mate-
rial (lattice constant 0.565 nm) obtained using the SPR-KKR
program package!!.

III. EXPERIMENTAL RESULTS AND DISCUSSION

As a motivation for the following characterization of the
lower electrode—barrier interface by XAS, XMCD, and XPS,
we present an overview on the temperature and bias voltage-
dependent transport properties first.

A. Transport properties

The low temperature TMR majorloops of “CMS100” and
“CMS100ag” MTIJs are shown in Fig. 1(a). The in-situ an-
nealed sample (“CMS100”) shows up to 95% TMR at
20 K/1 mV and a sharp magnetization reversal of the
Co,MnSi around zero magnetic field. Without in-sifu anneal-
ing (“CMS100ag”) the TMR is strongly reduced to maximal
1.3% at 16 K/20 mV (£2000 Oe field range). The Co,MnSi
electrode shows superparamagnetic behavior and is not satu-
rated at £2000 Oe. The pinned Co-Fe top electrode of both
samples shows an exchange bias of about —650 Oe. The
TMR amplitude of 95% found in the in-situ annealed sample
“CMS100” corresponds to effective spin polarizations of
PCOZMnSi= 66% assuming PC070F630= 49%6 The maximum
TMR of the “CoFeB” junctions is 114% (PcosarersBi2
=60%) These TMR effects are significantly higher than for
conventional Co-Fe/AlO,/Ni-Fe junctions [“MTJ-NiFe,”
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FIG. 1. (a) TMR majorloops for “CMS100” (measured at
20 K/1 mV bias) and “CMS100ag” (16 K/20 mV) based MTJs.
(b) Typical differential conductance G,=dj/dU of both samples
measured at RT in the parallel state. The inset shows the typical
zero-bias anomaly in the differential conductance G of a “CMS100”
junction at low temperature for antiparallel (AP) and parallel (P)
alignment of the Co,MnSi and the Co-Fe electrodes.
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71% TMR (Ref. 9)]. For the Co,MnSi based junctions we
found minimal area resistance products R;,=13.3 GQ um?
(“CMS100”) and 2.9 GQ um? (“CMS100ag”), respectively,
and very similar tunneling characteristics in the parallel state
[see Fig. 1(b)]. But these R,,;, values are much higher than
for  “CoFeB”  (125MQ um?) and “MTIJ-NiFe”
(32 MQ um?). The low temperature bias voltage depen-
dence (£500 mV range) of the junctions is shown in Fig.
2(a). “CMS100” shows a considerably stronger bias voltage
dependence than “Co-Fe-B” and “MTJ-NiFe.” The same
holds for the temperature dependence of the TMR [Fig.
2(b)], which is identical for MTJs “Co-Fe-B” and “MTI-
NiFe,” although their maximum TMR amplitudes are signifi-
cantly different. Especially, their TMR(T) curves are con-
cave. In contrast, the Co,MnSi based junction show a convex
TMR(T) dependence. Please note, that such a convex
TMR(T) dependence is also found by Oogane et al.® for
junctions with  epitaxial Co,MnSi electrodes. Our
“CMS100ag” junctions prepared without in-situ annealing at
450 °C show no TMR above 200 K (the noise level of the
TMR measurements was about 0.05%). As usually observed,
all junctions show small zero-bias anomalies, which are
stronger for antiparallel alignment of the electrodes. An ex-
ample is shown in the inset of Fig. 1(b) for the MTJ
“CMS100.”

Remarkably, the in-situ annealed junctions “CMS100”
show an inversed TMR of up to —6.3% at room temperature
for large negative bias voltage, i.e., when the electrons are
tunneling from the Co-Fe into the Co,MnSi electrode (see
Fig. 3). For positive bias voltage, when the electrons are
tunneling from Co,MnSi into Co-Fe, the TMR remains posi-
tive. Please note, that we observed the inversed TMR effect
at room temperature as well as at 20 K and that there is a
kink in the TMR bias voltage dependence at around
—300 mV bias (see arrow in Fig. 3). This inversion of the
TMR is not observed for the other three junction types. Their
monotonic decrease of the positive TMR with increasing bias
voltage shown in Fig. 2 for the £500 mV bias voltage range
just goes on up to the dielectric breakdown of the junctions.
For example, the Co-Fe/AlO,/Ni-Fe junctions’ “MTJ-NiFe”
still show a room temperature TMR of about +10% for
+1200 mV bias voltage. For “CMS100ag” junctions, which
were not in-situ annealed during layer deposition, the TMR
at 16 K is +0.2% for +1200 mV bias voltage.

Before we discuss these results in Sec. III F, we focus on
the chemical, magnetic and electronic properties at the
Co,MnSi-AlQ, interface first in the following sections.

B. Chemical and magnetic properties of Si near the
Co,MnSi/AlQ, interface in Co,MnSi based junctions

The surface sensitive XAS spectra in TEY detection at the
Si-K edge of the two samples with Co,MnSi electrode show
two overlapping peaks 8 eV (“Si-1” in Fig. 4) and 6 eV
(“Si-2” in Fig. 4) above the Fermi energy Er. The energetic
position of peak “Si-1” is characteristic for SiO,.!%. Peak
“Si-2” is considerably larger for “CMSI100” than for
“CMS100ag.” This peak can be reproduced by band struc-
ture calculations using the SPR-KKR code.!! It corresponds
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FIG. 2. (Color) (a) Typical bias voltage dependence at low tem-
perature for “CMS100” (measured at 20 K), and “CoFeB” (30 K)
and for “MTJ-NiFe” (10 K). All data is normalized to the maximum
TMR at low bias. The inset shows the TMR amplitude for
“CMS100ag” (16 K) (b) Typical normalized temperature depen-
dence of “CMS100” (measured at 10 mV), “CoFeB” (10 mV),
“MTJ-NiFe” (10 mV) and “CMS100ag” (20 mV).

to a small maximum in the density of unoccupied p-like Si
states about 6 eV above the Fermi energy E. Furthermore,
the Si-K edge spectrum of “CMS100” shows a pronounced
x-ray absorption near-edge fine structure (XANES, see black
arrows in Fig. 4). This indicates atomic ordering of Co,MnSi
at the lower barrier interface during the in-situ annealing at

50 T T T II . LS h
30- -—
40 - = 201 +10mV J
T
30' \ [} =__ N
—~ 50 0 50
O\O magnetic field [Oe]
[ 20_
o
=
~ 104
04
0- 2|
4]
6]
-104 1

-50 0 50
magnetic field [Ce]
-1.5 1.0 -05 0.0 05 1.0 15
bias voltage [V]

FIG. 3. Typical bias voltage dependence in the £1500 mV bias
voltage range of a “CMS100” junction, measured at room temper-
aure. The insets show TMR minor loops measured at +10 mV and
—1300 mV, when only the magnetization of the soft Co,MnSi elec-
trode is switched by the external magnetic field. The magnetizations
of Co,MnSi and Co-Fe are aligned parallel (antiparallel) for mag-
netic fields of —60 Oe (+60 Oe).
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FIG. 4. XAS-TEY spectra at Si-K edge of the annealed sample
“CMS100” (gray curve, measured at 15 K) and of the as-grown
sample “CMS100ag” (black curve, measured at 300 K). The inset
shows the according XMCD asymmetries of both samples and the
XMCD asymmetry calculated by the SPR-KKR code (Ref. 11).

450 °C. These fingerprints of the atomic ordering of the
Co,MnSi are correlated to the bulk magnetization of the
samples: Only after in-situ annealing a room temperature
magnetic moments of 4.4 up per formula unit is found, which
is close to the expected value of nearly 5uz'3. Here each Co,
Mn, and Si atom contributes with a calculated spin magnetic
moment of 1.02ug (2X), 2.97up, and —0.074up to the mag-
netization of the Co,MnSi.!? The clear Si-XMCD signal (in-
set in Fig. 4) found for the annealed “CMS100” is not
present in the disordered as-grown sample “CMS100ag.” Its
shape is in agreement with the calculated!! XMCD asymme-
try corresponding to a tiny Si orbital moment of about
0.002up oriented in parallel to the Mn and Co spin magnetic
moments, but it is about two times larger than expected.

C. Chemical and magnetic properties of Co and Mn near the
Co,MnSi/AlQO, interface in Co,MnSi based junctions

The chemical properties of Co and Mn were also probed
by x-ray absorption spectroscopy. In XAS saturation
effects'® occur, if the x-ray penetration depth is not large
compared with the information depth of the detected signal.
In first order they can be neglected in our TEY spectra, but
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FIG. 5. (Color) XAS-FY spectra at (a) Mn- and (b) Co-L edge
of “CMS100ag” and “CMS100.” The spectra were measured at
15 K. The XANES oscillations found for the annealed “CMS100”
are marked by arrows and are also visible at 300 K.
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FIG. 6. (Color) (a) Magnetization loop of the as-grown sample
“CMS100ag” measured at 15 K (open circles). The black line is a
fit by the Langevin function (see text). (b) X-ray absorption spectra
and magnetic circular dichroism in TEY mode at the Co-L edge of
“CMS100” measured at 15 K. (¢) X-ray absorption spectra and
magnetic circular dichroism in TEY mode at the Mn-L edge of
“CMS100” measured at 15 K. The red curve &(hv) is the difference
of the Mn XMCD asymmetries of “CMS100” measured at 15 K
and 300 K, respectively. The inset shows differences of the Co
XMCD asymmetry at 15 K between the ordered and disordered
sample “CMS100” and “CMS100ag,” the photon energy is defined
with respect to the energy position of maximum intensity of the
Co-L; resonance.

reduce the intensities of the L, ; resonances in the bulk sen-
sitive Co and Mn FY spectra shown in Fig. 5. However,
pronounced XANES oscillations indicating the atomic order-
ing throughout the Co,MnSi layers are found for the an-
nealed sample “CMS100” (see Fig. 5). Additionally, this
sample shows shoulders at about 4 eV above the maximum
intensities of the Mn- and Co-L,; resonances (marked by
“A” in Fig. 5) which are not present for “CMS100ag.” These
shoulders reflect small peaks in the density of unoccupied
d-like states!! of the ordered Co,MnSi. The TEY spectra
probing the Co,MnSi/AlO, interface show these fingerprints
of the atomic ordering in the annealed sample “CMS100”
only for Co [see arrows in Fig. 6(b)]. In addition to interfa-
cial SiO,, MnO identified by its characteristic XAS multip-
lett structure'* [see peaks “A1”—“B2” in Fig. 6(c)] is present
at the interface for both samples and masks the fingerprints
of ordering for interfacial Mn in sample “CMS100.” Al-
though the saturation effects change the shape of the bulk
sensitive Mn FY spectra shown in Fig. 5(a), it is obvious that
the MnO multiplet structure is not present in the Mn FY
spectra.

The temperature dependence of the interfacial magnetic
moments of Co and Mn is adressed now. For these atoms the
magnetic moments are governed by the 3d electrons which
can be probed by x-ray absorption at the L, 5 edges. By using
the total XMCD asymmetry A, and the maximal L; inten-
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sity I(L3) as shown in Fig. 6(b) the normalized total XMCD
asymmetry can be defined as k=A,,,/I(L3), « is propor-
tional to the element specific magnetic moments. The largest
normalized total XMCD asymmetries is found for
“CMS100,” which also has a high room temperature bulk
magnetization of 4.4 wp per formula unit: At 15 K «¢o 15
=49% is found for Co and Ky, 15 k=39% for Mn. According
to the XMCD sum rules' (spin magnetic dipole term <T,
> neglected, 2.24 Co-3d holes, 4.52 Mn-3d holes'®) these
XMCD asymmtries correspond to a ratio of the spin mag-
netic moments 7)™ for Mn and m° for Co of mM"/mC°
=1.4-2.1. The large uncertainty of this value results from
the not precisely known factor to correct the jj mixing for
Mn!”. However, this value is significantly smaller than
mM™/mE°=2.9 as expected from band structure
calculations.'® The reduced magnetic moment ratio is reason-
able, because of the Mn-O formation at the interface.

Compared to “CMS100” the magnetic moments of the
as-grown sample “CMS100ag” are considerably smaller: The
magnetization loop [Fig. 6(a)] calculated'® from its Co and
Mn XMCD asymmetries in TEY mode shows a typical su-
perparamagnetic behavior. By fitting the data with the
Langevin function'® M /M g=coth(ur)B/kT) - (kT/ ju7)B) the
mean magnetic moment of the superparamagnetic clusters
can be estimated to be w5 xy=300up at 15 K. For applied
fields of £0.55 T the normalized total XMCD asymmetry,
being proportional to the element specific magnetic moment,
iS Keo15 k=7.2% for Co and Ky, 15 k=4.2% for Mn. These
values are reduced at 300 K by a factor of 14.0+1.3 for Co
and 13.5+0.9 for Mn, respectively. If ) was temperature
independent, the Langevin function would result in a reduc-
tion of Kcom.15 k by a factor of eight. Therefore, the mean
magnetic moments of the clusters themselves are reduced by
a factor of 1.8, when the temperature increases from
15 K to 300 K. Especially, the ratio of the Co and Mn
XMCD asymmetries is larger for the as grown sample
“CMS100ag” (Kco 15 x/ Knm.1s k=1.7) than for the annealed
“CMS100” (Kco.15 x/ Kvm.15 k=1.26). That means, compared
to the ordered sample “CMS100” the Mn magnetic moments
of “CMS100ag” are further reduced. This is reasonable, be-
cause the exchange interaction between neighboring atoms is
ferromagnetic for Co-Co and Mn-Co and antiferromagnetic
for Mn-Mn?°. The latter pairs are not present in perfectly
ordered Co,MnSi. But the Mn-Mn coupling pairs exist in the
disordered sample “CMS100ag.” These might destabilize the
ferromagnetic order in the individual grain, reduce the rela-
tive magnetic moment of Mn with respect to Co and reduce
the exchange interaction across the grain boundaries result-
ing in the superparamagnetic behavior of the sample.

The temperature dependence of the interfacial magnetic
moments of the ordered sample “CMS100” is much smaller
than for “CMS100ag.” For “CMS100” the magnetic mo-
ments of Co and Mn are reduced to 94% and 90% of the low
temperature values Kc, s k=49% and Ky, 15 k=39%, re-
spectively. Assuming a Bloch-like temperature dependence
of the interfacial magnetic moments, m(T)/m(0)=(1
—aT??), this corresponds to spin-wave parameters a of
1.17X 1073 K32 for Co and 1.95X107° K~*2 for Mn.
These values are 4 (Co) and 6.7 (Mn) times larger than the
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spin-wave parameter @, =2.81+0.21X 1078 K=32 of bulk
Co,MnSi measured by Ritchie et al.?!

Please note, that the spectral shape of the x-ray absorp-
tion spectra and the magnetic circular dichroism asymmetry
in TEY detection does not change with temperature for Co
and Mn. For Mn, this is shown in Fig. 6(c): The maximal
difference 8(hv) [=XMCD(hv)300 k X Amax.15 K/ Amax.300 K
—-XMCD(hv) s g, with photon energy hv] of the energy-
dependent Mn XMCD asymmetries of the annealed sample
“CMS100” measured at 300 K and 15 K is less than +2% of
the total XMCD asymmetry A, .. 5k at 15 K. For Co an
unaltered XMCD asymmetry is not surprising, because only
one chemical state of Co is found at the interface and in the
bulk. For Mn the situation is different, because metallic Mn
as well as MnO is present at the interface, but only metallic
Mn in the bulk. Bulk MnO is antiferromagnetic with a criti-
cal temperature of Ty=118 K.?? Therefore, at room tempera-
ture only metallic Mn can contribute to the XMCD asymme-
try. For high spin Mn”* ions in MnO the peaks in the
calculated XMCD asymmetry? are found at nearly the same
energies as the multiplet peaks “A1”—“B2” in the XAS spec-
trum. The energy positions of these peaks are marked by
black vertical lines in Fig. 6(c). Obviously, the XMCD signal
corresponding to metallic Mn peaks at different photon ener-
gies than for the Mn?* ions. Therefore, a net magnetic mo-
ment of Mn”* ions ferromagnetically exchange coupled to
the ferromagnetic Co,MnSi phase would change the shape of
the XMCD asymmetry. This is not the case and, accordingly,
the majority of the interfacial Mn?* ions remains paramag-
netic or becomes antiferromagnetically ordered at low tem-
perature. Therefore, the generally larger temperature depen-
dence of the Mn magnetic moment can be attributed to the
metallic Mn in not perfectly ordered Co,MnSi and might be
a result of the antiferromagnetic Mn-Mn coupling in the al-
loy.

Finally, we note that the atomic ordering induced by the
in-situ annealing process is not only reflected by the consid-
erably increased magnetic moments, but also in differences
of the spectral shape of the XMCD asymmetry [see inset in
Fig. 6(c)]. This reflects changes of the electronic structure
above the Fermi level Er because of the thermally induced
atomic ordering. Coexisting changes of the valence band
states below Ep are shown in Sec. III E, after discussing the
temperature dependence of the interfacial magnetization of
Co and Fe in the Co-Fe-B based junctions.

D. Magnetic properties of Co and Fe in Co-Fe-B based
junctions

In contrast to the best ordered sample “CMS100,” where
the Co (Mn) magnetic moments at room temperature are
94% (90%) of the low temperature values, the temperature
dependence of the interfacial magnetic moments of sample
“CoFeB” is weaker. Both, Co and Fe magnetic moments at
the Co-Fe-B/AlO, interface are only reduced to 98% (97%)
of the low temperature moments, when the temperature in-
creases from 25 K to 300 K. Therefore, thermal magnon ex-
citation at the barrier/electrode interface is much more pro-
nounced in the Co,MnSi based junctions than in our MTJs
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FIG. 7. (Color) Valence band spectra of the disordered and or-
dered samples “CMS100ag” and “CMS100,” respectively. The va-
lence band spectrum intensities of the 20 nm thick Au films cover-
ing one-half of the surfaces of both samples are scaled by a factor
of 0.69 (Au on top of “CMS100”) and 0.71 (Au on top of
“CMS100ag”), respectively. The measurements were performed at
room temperature. The lowest curve “calculated” shows the calcu-
lated density of occupied states for bulk Co,MnSi (see text).

with Co-Fe-B electrodes. The possible influence of the en-
hanced magnon excitation on the transport properties of the
Co,MnSi/AlO,/Co;gFe;, junctions is discussed in Sec. III F.

E. Electronic structure of Co,MnSi based junctions

Complementary to the changes of the electronic band
structure above E found in the XAS and XMCD spectra, we
performed XPS measurements in the valence band range of
“CMS100” and “CMS100ag.” The binding energy scale of
these XPS measurements of sample “CMS100” and
“CMS100ag” was calibrated with respect to an internal Au
reference. For this, one-half of each of both samples was
covered by a 20 nm thick Au film prior to the measurements.
The valence band spectra of “CMS100” and “CMS100ag”
are shown in Fig. 7. As expected, the spectra of the two
20 nm thick Au reference films on “CMS100” and
“CMS100ag” are identical. Only Au-6s,, electrons are
present at the Fermi energy Ep. The broadening of the Au
Fermi edge corresponds to a total energy resolution of
350 meV. Around the Fermi energy E the valence band
spectrum of the disordered sample “CMS100ag” coincides
with the Au valence band spectrum, then a maximum inten-
sity is found for binding energy Ep around 0.6 eV, followed
by a slow intensity decrease for larger Eg. For the ordered
sample “CMS100” the slope of the valence band spectrum
close to Ep is considerably smaller than for Au and
“CMS100ag.” The intensity right at E is only 20% of the
maximum intensity, which is found at Ez=1.15 eV. The in-
sulating AlO, barrier at the surface of “CMS100” and
“CMS100ag” does not have electronic states at Ep, its gap
energy is about 7 eV. Therefore, for Ez<3 eV the valence
band spectra of both samples are dominated by the Co,MnSi
valence states. For alloys containing the 3d-transition metals
Co and Mn the valence band is dominated by their 3d elec-
trons. Because our measurements are not spin resolved, the
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valence band spectra correspond mainly to the sum of the
occupied majority and minority 3d states. Obviously, the
maximum of the 3d density of states below Ey is found close
to Ep for the disordered sample “CMS100ag,” whereas for
the ordered sample “CMS100” the most 3d states are found
about 1 eV below Ej. The latter is in qualitative agreement
with the band structure calculations: The lowest curve shown
in Fig. 7 corresponds to the calculated spin-integrated total
density of states, multiplied by the Fermi distribution func-
tion and convolved with a Gaussian distribution to account
for the experimental resolution of 350 meV.

Finally we mention that atomic ordering leads to a small
chemical shift of the Co-2p core levels: For the as-grown
sample “CMS100ag” the Co-2p;/, binding energy measured
by monochromated XPS is 778.2 eV (the Au 4f;,, binding
energy was set to 84.0 eV (Ref. 24)], which is close to the
reference binding energy for pure Co (Ref. 24) (778.1 eV).
For the ordered sample “CMS100” we observed a shift of
100+50 mV to larger binding energies.

F. Influence of the electronic and magnetic interface properties
on the transport properties

Now we discuss the transport properties of our Co,MnSi
based MTJs with respect to their chemical and magnetic in-
terface properties presented in Secs. III B-III E.

The superparamagnetic behavior of the Co,MnSi elec-
trode found in the major loops of “CMS100ag” junctions
(Fig. 1) is consistent with the temperature-dependent mag-
netic properties at the Co,MnSi/AlO, interface (Sec. III C).
Especially, the superparamagnetism of the electrode can re-
duce its interfacial magnetization at +2 kOe with raising
temperature so strongly, that the TMR vanishes nearly at
room temperature.

The considerably larger area resistance product in the
“CMS100” and “CMS100ag” junctions compared to
“CoFeB” and “MTIJ-NiFe” is reasonable, although the exact
atomic distribution of the Mn- and Si-oxide detected at the
lower barrier interface cannot be extracted from our XAS
measurements. Both oxides are insulators with gap energies
of about 8 eV (SiO,) and 3.6 eV [MnO (Ref. 22)] which
should increase the effective barrier thickness for the tunnel-
ing electrons and, therefore, increase the resistance. Further-
more, a steplike tunnel barrier can account for an asymmetric
differential tunneling characteristic as observed for
“CMS100” as well as for “CMS100ag” [Fig. 1(b)]. The very
similar tunneling characteristic for both types of Co,MnSi
based junctions further suggests, that their barrier shapes are
comparable, too. This fact will be important for the discus-
sion of the TMR inversion below.

In general, the temperature and bias voltage dependent
transport properties of MTJs are rather complex because of
the variety of different contributions to the total conductance
like direct tunneling including band structure effects>>?® and
the shape of the tunnel barrier,”’ thermally induced changes
of the interfacial magnetization,?® magnon®-3! and phonon
assisted tunneling,®® unpolarized conductance via defect
states in the barrier,?®3? spin scattering on paramagnetic ions
in the barrier®>3* and possible spin-flip scattering on interfa-
cial antiferromagnons®* in the MnO.
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Because of the MnO formation at the lower barrier inter-
face spin scattering on paramagnetic Mn>* ions in the
barrier’3-** must be taken into account. For the small applied
magnetic fields in our transport measurements (<0.2 T) the
Zeeman energy of paramagnetic Mn ions is much smaller
than the smallest thermal energy (kzg7=~ 1 meV at 10 K) and
bias voltage (1 mV). Accordingly, spin scattering on para-
magnetic ions is a quasielastic process on our energy scale
and should not influence the bias voltage or temperature
dependence.’* However, this process can reduce the effective
spin polarization of the Co,MnSi, which is indeed Peomnsi
=66% for the in-situ annealed “CMS100” junctions instead
of theoretically expected 100%. The same holds for the un-
polarized conductance via one defect state in the barrier,2
which can partly reduce the effective polarization but does
not have an influence on the bias voltage or temperature
dependence. Please note, that the partial oxidation of Mn and
Si at the barrier interface should disturb the ordering process
of the interfacial Co,MnSi during the in-situ annealing which
should also contribute to the reduction of the effective spin-
polarization of the Co,MnSi.

The temperature-dependent XAS and XMCD data in Sec.
III C shows no sign of a ferromagnetic coupling of Mn**
ions to the atomically ordered Co,MnSi at low temperature,
but an antiferromagnetic ordering in the MnO at low tem-
perature can be expected. As shown by Guinea®* in first-
order approximation spin-flip scattering on interfacial anti-
ferromagnons should result in a decrease of the TMR with
the square of the bias voltage. Phonon assisted tunneling®
and unpolarized hopping conductance via two or more defect
states’? should also result in a nonlinear bias voltage depen-
dence of the TMR. In contrast, a linear bias voltage depen-
dence has been predicted for magnon assisted tunneling3%-3!
assuming an energy independent band structure around the
Fermi energy and surface magnon excitation. As pointed out
in Sec. Il A and shown in Fig. 8(a) in more detail such a
linear bias voltage dependence of the TMR is indeed ob-
served for the Co,MnSi based junctions in the bias voltage
(V) range of a few 10 mV. Compared with “CoFeB” and
“MTJ-NiFe” junctions TMR(V) is considerably larger
(within this model the small zero bias anomaly mentioned in
Sec. III A is also explained by the magnon excitation). This
would imply, that the magnon assisted tunneling is more pro-
nounced in “CMS100” junctions. That is consistent with the
temperature-dependent  XAS and XMCD investigations
which showed, that thermal magnon excitation is consider-
ably larger at the Co,MnSi/AlO, than at the Co-Fe
-B/AlO, interface.

In general, we cannot rule out any influence on the
TMR(V) behavior for small bias voltages by other current
contributions (each leading to a nonlinear bias voltage de-
pendence) or a bias voltage dependence of the effective spin
polarization because of the electrodes’ band structure. The
latter can occur, when the spin-resolved densities of states in
the electrodes change with energy, and in fact, it will become
important for explaining the inverse TMR for large negative
bias below. However, please note that if the bias voltage
dependence is not governed by magnon excitation, the linear
bias voltage dependence with maximal spin polarization at
zero bias occurs just by accident. Additionally to the linear
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FIG. 8. (a) Typical normalized TMR bias voltage dependence of
an in situ annealed “CMS100” junction around zero bias, measured
at 16 K. (b) Typical temperature dependence of the normalized zero
bias TMR, R” and R*" measured with two-probe ac technique
(0.7 mV amplitude). The experimental data can be well reproduced
by the magnon-assisted tunneling model (solid lines) proposed by
Han er al. (Ref. 31).

bias voltage dependence, the convex TMR temperature de-
pendence of “CMS100” junctions is a characteristic feature
for magnon-assisted tunneling as proposed by Han et al.’!
Taking only direct and magnon-assisted tunneling into ac-
count the resulting self-consistent fits (see Appendix A) of
the bias voltage dependence of the TMR and the temperature
dependence of the area resistance product for parallel (R”)
and antiparallel (R*") alignment as shown in Fig. 8(b) are
very good. Especially, the best fit is found for antiparallel
alignment of the Co,MnSi and Co-Fe electrodes, when
magnon-assisted tunneling would be most important. Please
note, that the concave TMR temperature dependence of
“MTJ-NiFe” (see Sec. III A, the same is found for MTJ
“CoFeB”) could not be reproduced by taking only direct and
magnon-assisted tunneling into account.’ Therefore, from the
comparison of the transport properties and the temperature-
dependent interfacial magnetic moments we suggest, that the
TMR temperature and (low) bias voltage dependence of our
in-situ annealed “CMS100” junctions is stronger compared
with conventional Co-Fe-B or Co-Fe/Ni-Fe based MTJs be-
cause of enhanced magnon-assisted tunneling.

Finally, the inversion of the TMR for larger bias voltage is
an astonishing feature. A bias voltage dependent inversion of
the TMR has been reported for La Sty ;MnO53/SrTiO5/Co
MTIJs by De Teresa et al.,® for Fe/MgO/Fe MTJs by Tiusan
et al.’® for Co/Al-O/Co MTJs by Montaigne et al.,”’ for
Ni-Fe/Ta-O/Al-O/Ni-Fe by Sharma et al.’” and has also
been recently observed for Al-O based junctions with
Co,FeSi single layer and Co,MnSi/Co,FeSi multilayer elec-
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trode by our group.’® The effective spin polarization of the
tunneling electrons does not only depend on the band struc-
ture of the electrode but also on the barrier material®®> and
structure® used in the experiment. Especially, for AlO,
based junctions with transition metal (or alloy) electrodes the
spin polarization of the tunneling electrons was found to be
always positive*” in case of small bias voltages. This was
interpreted as a favored tunneling of electrons with
s-character’>*! hybridized with d electrons. In case of MTJs
not based on single Al-O barriers the authors*>-37 have re-
lated the bias voltage dependent inversion of the TMR to the
band structure of the electrodes. In contrast, Montaigne et
al.?’ and de Buttet et al.** pointed out, that even for a simple
free-electron-like model with parabolic band structure a
complex TMR(V) dependence (including inversion of the
TMR) can be calculated, if a certain shape of the barrier is
present and if electrons with nonvanishing wave-vector com-
ponent parallel to the barrier contribute to the current.
However, as we will discuss in the following we suggest,
that the TMR inversion is a band structure effect in the case
of Al-O based MTJs with an ordered Co,MnSi electrode.
Within the calculations by Montaigne et al.>’ and de Buttet et
al.*? a certain shape of the TMR bias voltage dependence,
e.g., an inversion only for one bias voltage direction, is al-
ways connected to a certain asymmetry of the current-
voltage characteristic. But although the tunneling character-
istics and the resistances of “CMS100ag” and “CMS100” are
very similar (Sec. IIT A), only the annealed sample
“CMS100” with atomically ordered Co,MnSi electrode
shows an inversion of the TMR for large negative bias. Fur-
thermore, our XAS, XMCD, and XPS investigations pre-
sented in Sec. III C and IIT E revealed significant differences
of the band structure of “CMS100” and “CMS100ag” which
are consistent with the band structure calculations. Finally,
the observed TMR inversion is consistent with calculations
of the spin polarization of the tunneling electrons in ordered
Co,MnSi: According to the above-mentioned favored tunnel-
ing of s electrons in case of Al-O barriers, we assume that
tunneling of s electrons also dominates in our junctions. The
monotonic decrease of the TMR with increasing bias voltage
of our “CoFeB,” “CMS100ag,” and “MTJ-NiFe” junctions
without changing the sign of the TMR just reflects the fact
that the sign of the bias voltage-dependent effective spin
polarization of the s-electrons does not change. The density
of states in L2-ordered Co,MnSi is dominated by the T
(majority)- and | (minority)-3d electrons of Co and Mn.>!3
Because of exchange interaction between these electrons and
s electrons, important features of the density of states for -
and |-3d electrons are also reflected by the spin-dependent
s-electron density of states. Using Julliére‘s definition® of the
effective spin polarization the expected energy dependent po-
larization of the s electrons can be calculated as P(E);
=[N(E)|-N(E)1/[N(E)!+N(E)!], where N(E)!'' are the
density of the majority and minority s electrons, respectively,
calculated by the SPR-KKR code.!! The result is shown in
Fig. 9. While P(E), is positive for the occupied states of
interest, it changes its sign above Ep. Please note, that the
polarization is close to 100% around and below Ep. This
corresponds to a very low density of states for the minority s
electrons (the same holds for p and d electrons). A real gap in
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FIG. 9. Energy dependence of the effective spin polarization for
s electrons in perfectly ordered bulk Co,MnSi calculated by the
SPR-KKR code (Ref. 11).

the minority channel of all electrons as predicted by Ishida et
al.? has not been found in our calculations, but the calculated
P(E), can explain the strong asymmetric bias voltage depen-
dence of our in-situ annealed “CMS100” junctions. For posi-
tive bias the electrons may tunnel from occupied positively
polarized s-like states in Co,MnSi just below Ef into unoc-
cupied positively polarized s-like states in Co-Fe. For nega-
tive bias the situation is reversed, the electrons can tunnel
from occupied positively polarized s-like states in Co-Fe just
below Ej into unoccupied negatively polarized s-like states
in Co,MnSi. Because of the energy integration in the tunnel-
ing current for a certain bias voltage V, which corresponds to
a bias voltage-dependent averaging of P(E),, the TMR be-
comes not immediately negative, when |V| becomes larger
than 0.25 V. However, as mentioned above a kink in the bias
voltage dependence around V=-0.3 V is observed (see ar-
row in Fig. 3). For the “CMS100ag” junctions prepared with-
out in-situ annealing this inversion of the effective spin po-
larization of tunneling electrons does not take place.

IV. CONCLUSION

We presented investigations on the structural and trans-
port properties of Al-O based magnetic tunnel junctions with
Co,MnSi electrode and compared their properties with more
standard MTJs with Ni-Fe/Co-Fe as well as with Co-Fe-B
electrodes. The investigation of the temperature-dependent
magnetic and chemical properties of the Co,MnSi/AlO, in-
terface in the Co,MnSi based MTJs showed, that with in-
creasing degree of disorder, interfacial magnetic moments
are reduced and their temperature dependences are more pro-
nounced. Magnon excitation is stronger at the
Co,MnSi/AlO, interface compared with Co-Fe-B based tun-
nel junctions and bulk Co,MnSi. We suggest, that mainly
this contributes to the larger bias voltage and temperature
dependence of the TMR in the Co,MnSi based junctions by
means of enhanced magnon-assisted tunneling. Furthermore,
several fingerprints of the ideal Co,MnSi band structure of
atomically ordered Co,MnSi films are revealed by the XAS-,
XMCD-, and XPS investigations in accordance with SPR-
KKR calculations. Finally, we suggest that the observed in-
version of the TMR effect occuring when electrons are
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tunneling from the Co-Fe into the atomically ordered
Co,MnS:i electrode is the most striking band structure effect.
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APPENDIX: SELF-CONSISTENT FIT OF THE BIAS
VOLTAGE AND TEMPERATURE DEPENDENCE OF THE
TMR

The magnon-assisted tunneling model by Han et al.’!
takes only direct and magnon-assisted tunneling into account
to explain the bias voltage and the temperature dependence
of the TMR self-consistently. The model was originally de-
duced for MTJs with identical ferromagnetic electrodes. Be-
cause this assumption is a simplification of our system, all
fitting parameters must be interpreted as effective parameters
representing the average of the parameters for the individual
electrodes. According to this model, the bias voltage depen-
dence of the TMR at low temperature and small bias is fitted
first by the following equation [Eq. (17) in Ref. 31]:

TMRTzo(V) = TMRT=0(V = 0)

_R?ZO(V20)< 1 )QSev
Ri_y(Vv=0\¢ °) E, °

m
For detailed information on the definition of all parameters
we refer to Ref. 31, here we mention their physical meaning:
R‘}i’é) (V=0) are the area resistance products for antiparallel
and parallel alignment of the electrodes in the limit of low
temperature 7" and nearly zero bias voltage V. £ is connected
to the effective spin polarization of the MTJ and can be

(A1)
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calculated from the TMR amplitude TMR;—(V=0) at low
temperature and nearly zero bias voltage. For the junction
shown in Fig. 8 we obtain £€=0.548. e is the electron charge.
S is the spin quantum number and E,, characterizes the mag-
non dispersion relation of the FM, it is proportional to its
Curie temperature. Q describes essentially the ratio of the
matrix elements for direct and magnon-assisted tunneling.
The free fitting parameter of the bias voltage dependence is
the quantity QS/E,,. We performed the fit for positive and
negative bias voltage [grey lines in Fig. 8(a)] and got the
average value of QS/E,,=1.38x 10" J-'. This is about 3
times larger than the results of Han et al.3! for Co-Fe/Al
-O/Co-Fe. Within this model this means, that magnon as-
sisted tunneling is more important for our Co,MnSi based
junction than for the more standard junctions with Co-Fe
electrodes.

The next step is to fit the temperature dependence of the
area resistance products Ry (T) at nearly zero bias for par-
allel and antiparallel alignment [Egs. (18) and (19) in Ref.
31] with the following fitting function:

RYE (1) = RYE(T=0)[ 1 + (Q/€)2SksTIE,)In(ksTIEE) ],
(A2)

RYy_o(T) = Ry_o(T=0)[1 + Q&(2SksT/E,)In(kpT/EQ)] ™.
(A3)

E‘ép P are the anisotropic-cutoff energies for the different
magnetic configurations. Each fit is performed with two free
parameters, namely RyL:/(T=0) and E{™". We obtain
RyE(T=0)=265.1+0.4 kQ and R}_(T=0)=146.7+0.4 kQ,
naturally both values are very close to the experimental val-
ues of 263.2 kQ) and 144.4 k() measured at 16 K with
0.7 mV ac bias voltage. The extracted cutoff energies are
EP=72+7 pV and EXF'=428+9 uV. As also found by Han
et al3' for CossFe,s/Al-O/CossFe,s junctions, both cutoff
enerlgies are in the energy range of a few 100 uV and Eép
>E.
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