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Mechanism of large magnetoresistance in Co,MnSi/Ag/Co,MnSi devices with current
perpendicular to the plane
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Fully epitaxial current-perpendicular-to-plane giant magnetoresistance (MR) devices with half-metallic
Co,MnSi (CMS) electrodes and a Ag spacer were fabricated to investigate the relationship between the
chemical ordering in CMS and its MR properties, including bulk and interface spin-asymmetry coefficients
and y. CMS/Ag/CMS annealed at 550 °C shows the largest MR ratio: 36.4% and 67.2% at RT and 110 K,
respectively. An analysis based on Valet-Fert’s model reveals large spin asymmetry (y>0.8) at the CMS/Ag
interface, which contributes predominantly to the large MR ratio observed. First-principles ballistic conduc-
tance calculations for (001)-CMS/Ag/CMS predict a high majority-spin electron conductance, which could be

the origin of the large y observed in this study.
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I. INTRODUCTION

A current-perpendicular-to-plane giant magnetoresistance
(CPP-GMR) device, consisting of two ferromagnetic layers
separated by a nonmagnetic spacer, is one of promising can-
didates for next generation magnetic read head of high-
density hard disk drive (HDD), since it has small resistance
area product (RA) suitable for high-speed reading.!> How-
ever, the critical disadvantage of CPP-GMR devices is a
small MR ratio, i.e., small signal/noise ratio, compared with
that in magnetic tunnel junctions (MTJs). In addition, there is
a limitation of total film thickness in MR devices for a mag-
netic read head to fit a narrow read gap length in high-
density HDD. Therefore it is necessary to improve MR ratio
in CPP-GMR devices by a dominant contribution of ferro-
magnetic layer/nonmagnetic layer interface scattering in or-
der to apply to a magnetic read head.

Half-metallic ferromagnets (HMFs), which possess per-
fectly spin-polarized conduction electrons because of a semi-
conducting gap in either the up- or down-spin channel at the
Fermi level, are attracting much interest in spintronics re-
search because they are expected to enhance and elicit vari-
ous spin-dependent phenomena and improve the perfor-
mance of applications. Recently, several Co-based Heusler
compounds, a class of HMFs, such as Co,MnSi (CMS),
Co,MnGe, and Co,FeAl(sSiy s, have been applied as ferro-
magnetic electrodes in MTJs (Refs. 3-10) and CPP-GMR
devices''"!” to enhance the MR properties. An extremely
large MR ratio of 560% at 2 K has already been reported in
MTIs with CMS electrodes and an amorphous Al-O tunnel-
ing barrier, indicating clearly the half metallicity of CMS at
low temperature.* Larger MR ratios have been also achieved
by combining a Heusler compound electrode with MgO or
(MgAl,)O, crystalline tunneling barrier.>"'” Shan et al.® has
recently reported relatively small temperature dependence of
tunneling MR (TMR) ratio in Co,FeAl 5Si, s-based MTJs
with (MgAl,)O, barrier and claimed the demonstration of
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half metallicity at room temperature (RT) according to the
fitting of TMR vs T curve based on the magnon excitation
model, i.e., they found large intrinsic spin polarization of
Co,FeAl sSiy 5 at RT when the depolarization effect due to
the thermally excited magnon at the barrier interface was
excluded. Even in that study, however, observed MR ratio
was just 102% at RT which was much smaller than that
observed in general CoFeB/MgO/CoFeB MTIJs.!® Thus, it
was suggested that the spin flipping caused by thermally ex-
cited magnon is actually a critical obstacle to obtain a giant
TMR ratio reflecting half metallicity at RT in MTJs. On the
other hand, in contrast to the MT]Js, recent studies on CPP-
GMR using half-metallic Heusler compounds showed large
MR ratio even at RT. A large MR ratio of 28.8% and a
resistance change area product (ARA) of 8.9 mQ um? at RT
were achieved in an (001)-oriented fully epitaxial CMS/Ag/
CMS CPP-GMR device, which was much higher than typical
MR ratios (less than 3%) in CPP-GMR devices based on
3d-ferromagnetic materials (CoFe, etc.),' indicating high
spin polarization in CMS even at RT. Mavropoulos et al.?’
predicted that the spin-flip processes, which attributes to the
remarkable temperature dependence of the TMR via elec-
tronic states in the minority-spin gap near the electrode/
barrier interfaces, does not play a crucial role in the present
CPP-GMR devices, since spin accumulation at the electrode/
spacer interface could be less than that at the electrode/
barrier interfaces in the MTJs. Thus, CPP-GMR structure is
promising to extract half metallicity at RT.

Heusler compounds, which have a general formula X,YZ
and crystallize in the L2, structure, also grow in the chemi-
cally disordered B2 (or A2) structure, in which Y and Z (or
X, Y, and Z) are randomly substituted. Some theoretical stud-
ies of the electronic structure of CMS and Co,CrAl have
reported that the half-metallic electronic structure is sensitive
to chemical disordering;?"-?? half metallicity was predicted to
be preserved in B2 disordering but perfectly destroyed in A2
disordering, especially by the Co antisite. Recently a large
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depolarization effect of Co antisite to the TMR effect has
been confirmed in the CMS-based MTJs by changing the Co
composition in CMS systematically.”? In previous studies of
a half-metallic Heusler-compound-based CPP-GMR, how-
ever, a systematic analysis of the crystal structure, chemical
ordering, and magnetic properties of CMS against the MR
properties was missing. Moreover, bulk and interface spin-
scattering contributions to the MR effect have not been ana-
lyzed quantitatively in CMS/Ag/CMS CPP-GMR devices.
Therefore, the mechanism for the large MR effect observed
in CMS/Ag/CMS and the relationship between MR and
chemical ordering is still unclear. In the present study, bulk
and interface spin-asymmetry coefficients 8 and vy, respec-
tively, are studied quantitatively in CMS/Ag/CMS on the ba-
sis of Valet and Fert’s model.?* The relationships between the
MR properties (i.e., MR ratio, ARA, B, and 7) and the struc-
tural and magnetic properties are systematically investigated.
Finally, the origin of the large MR ratio in CMS/Ag/CMS is
discussed by comparing the experimental results with first-
principles ballistic conductance calculations.

II. SAMPLE PREPARATION AND
EXPERIMENTAL METHOD

Fully epitaxial CMS/Ag/CMS films were prepared by an
ultrahigh-vacuum-compatible magnetron sputtering system
(Ppase <1X 1077 Pa). First, Cr (20 nm)/Ag (40 nm) buffer
layers were deposited on a MgO (001) single-crystal sub-
strate at RT to improve the surface flatness. A lower CMS
layer was also grown at RT using a Coyz 7Mnyg oSisg 4 alloy
target followed by in situ annealing to promote chemical
ordering. Electron probe microanalysis showed a nearly stoi-
chiometric Co-Mn-Si composition in the CMS layer
(Co:Mn:Si=50.4:25.0:24.6). For systematic investigation,
the annealing temperature (7,,,) and CMS thickness (fcys)
were varied from 350 to 650 °C and 3 nm to 11 nm, respec-
tively. After the sample was cooled to RT, a 5-nm-thick Ag
spacer and an upper CMS layer were deposited. The thick-
ness and annealing temperature of the upper CMS in each
sample were the same as those of the lower CMS. Finally,
the film was capped by Ag(2 nm)/Au(5 nm) protective lay-
ers. The film was patterned into pillars for CPP-type four-
terminal device structures using electron-beam lithography
and Ar-ion milling. The designed size of the pillars changed
from 100X 200 to 300X 600 nm? on one substrate.

The MR characteristics were measured by the dc four-
terminal method by applying a magnetic field to the
CMS(110) easy magnetization axis direction. CMS single-
layer films (i.e., MgO-subs./Cr/Ag/CMS) 30 nm thick with
different 7,,, were also prepared to check their crystal struc-
ture, chemical ordering, and magnetic properties using x-ray
diffraction (XRD) with Cu K« radiation and a vibrating
sample magnetometer. The ratio of L2,- and B2-superlattice
peaks intensity to fundamental peak intensity, a2 and o

obs obs?
respectively, was evaluated by using the following formulas:

(1L2| - Iobs(l 1 1)/Iob§(220) CL’BZ - Iobs(zoo)/10b<(4oo)
0 T L a(111)/11(220) " 7™ 1,44(200)/1,,(400) °
(1)

where I,(111) and I,,,(200) denote the integrated intensity
of superlattice peaks for the L2, and B2 ordering, respec-
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FIG. 1. (Color online) Annealing temperature dependence of (a)
Mg, Hc and (b) g, in CMS single-layer films.

tively, and 1,,,(220) and 1,,,(400) denote that of the corre-
sponding fundamental peaks. Here, I ,(hkl) represents the
(hkl) peak intensity calculated by assuming a perfect L2,
ordering structure.

III. EXPERIMENTAL RESULT

Figure 1 shows the T,,, dependence of the saturation
magnetization Mg, coercive field Hq, and «,, in CMS
single-layer films. Although Mg was close to a bulk value
(~1050 emu/cc) over the entire T,,, range, H increased
slightly at temperatures above T,,,=600 °C, indicating
slight interdiffusion between the CMS and Ag layers. The
XRD profiles for the CMS films confirmed a (001)-oriented
epitaxial growth for the entire 7,,, range. The estimated aggs
was almost equal to unity even before annealing and gradu-
ally decreased slightly with increasing 7,,,. In contrast, the
all was 0 in the as-deposited state and improved after an-
nealing at temperatures above 500 °C. Interestingly, with in-
creasing annealing temperature, a/2! became larger than o2,
at 550 °C and finally exceeded unity above 600 °C, and also
a/g,fs gradually reduced from unity. This behavior cannot be
explained by considering only B2- and A2-type disorderings
from L2, structure in CMS. In order to explain it, it is nec-
essary to consider D05-type disordering in CMS, i.e., prefer-
ential substitutions between Co and Mn atoms in the L2
structure such as (Co;_,»Mn,,),(Mn;_,Co,)Si, Fig. 2 shows
the simulated «,,, against the amount of D05 disordering x.

When DO0O; disordering occurs in CMS, L2;- and
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FIG. 2. (Color online) Simulated ay,, against the amount of
Co-Mn disordering in CMS.

B2-superlattice peaks increase and decrease, respectively.
Thus 7! increases and a’Z reduces from unity with DO,
disordering x. Therefore, we conclude that the L2, ordering
in our epitaxial CMS film was promoted by annealing; at the
same time, however, the D05 disordering increased slightly
in the CMS with annealing. A certain amount of D05 disor-
dering between Co and Mn with no disordering of Si has also
been found even in a CMS single-crystal specimen using
neutron diffraction.?

The annealing temperature dependence of the maximum
MR ratio in CMS/Ag/CMS is shown in Fig. 3. The result for
CMS/Cr/CMS is also plotted for comparison. In CMS/Cr/
CMS, although the MR ratio was improved by annealing at
Tn=350 °C as reported in Ref. 13, the MR effect disap-
peared after annealing at 500 °C because of large interdiffu-
sion between CMS and Cr. In CMS/Ag/CMS, however, the
MR ratio continued to increase up to 550 °C, which is
mainly because of the small solubility of Ag into CMS com-
pared with that of Cr. Finally, the largest MR ratio of 36.4%

70F T OMSIAGICMS A LT ®RT | | 1
ref. CMS/CHICMS A LT O RT
60F  B0CoMnsiAgCoNNSI T, = 550°C .
860 0k \r\.,‘ |
50- 2 | } |
B e |
£ 40 20 \ |
g B |
® 9600 500 0 500 1000 |
x 30p H (Oe) \\ |
= |
20¢ B
100, 1
0 ‘ ‘ ‘ R A
0 100 200 300 400 500 600
Tann (OC)

FIG. 3. (Color online) Annealing temperature dependence of
maximum MR ratio for CMS/Ag/CMS and CMS/Cr/CMS. Inset

shows MR curves showing maximum MR ratio for CMS/Ag/CMS
annealed at 550 °C.
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FIG. 4. (Color online) CMS thickness dependence of ARA in

CMS/Ag/CMS annealed at 350 and 500 °C. Solid curves are fitting
results using Eq. (2).

at RT and 67.2% at 110 K were observed for CMS/Ag/CMS
prepared at T,,,=550 °C. The ARA in corresponding sample
was 11.5 mQ-um? at RT. Ag/CMS does not increase mono-
tonically with decreasing temperature and takes a maximum
around 100 K. The origin of this behavior against tempera-
ture will be discussed elsewhere.

The bulk and interface spin-asymmetry coefficients of
electron scattering (8 and ) in CMS/Ag/CMS prepared at
Tan=350 and 500 °C were quantitatively analyzed. Figure 4
shows the CMS thickness (7¢y;s) dependence of ARA mea-
sured at RT and 100 K. ARA monotonically increased with
foms Up to 11 nm, indicating the spin-diffusion length of our
CMS electrode is longer than 11 nm and that observed in the
Co,FeAl, 5Siy 5 electrode.!? Thus, here the data were fitted by
the following equation based on Valet-Fert’s model without
the spin-diffusion length of CMS:

(2Bpcmstoms + 27REMS/AgA)2

# * s
2pcmstoms + 2Rems agh + Paglag

ARA =

2)

where peys and Riyg s, are the bulk resistivity of CMS
(pems) and interfacial resistance between CMS and Ag
(Rcmsiag) considering spin asymmetries, respectively, i.e.,
pems=Pems! (1= B%) and Riysiag=Remisiag! (1= 7). Here, A
is the perpendicular cross-sectional area of the pillars; py,
and 7, are the resistivity and thickness of the Ag layer, re-
spectively. We evaluated pcyg to be 40.2 w{) cm at RT and
32.6 nQ cm at 100 K by measuring the resistances of the
CMS films. We obtained a value of 1.62 mQ um?® for
Rewis/ag from first-principles calculations, and this value was
used for fitting the experimental data at both RT and 100 K.
This is justified because previous studies’®?’ found good
agreement between experimental and calculated interface re-
sistances, especially in epitaxially grown films, as well as a
very small temperature dependence of the interface resis-
tance. Curves fitted to the experimental data for the 7cyg
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dependence of ARA are shown in Fig. 4 together with the
values of B and 7y thus obtained. Large spin asymmetry (y
>(.8) at the CMS/Ag interface, obtained both at RT and 100
K, contributes predominantly to the large MR ratio observed
in CMS/Ag/CMS. On the other hand, the fitting result for
CMS/Cr/CMS (not shown here) confirms a small spin asym-
metry (y<<0.4) at the CMS/Cr interface, which is consistent
with the small MR ratio observed in CMS/Cr/CMS com-
pared with that in CMS/Ag/CMS even at the same 7, in
Fig. 3. Large interface scattering was also semiquantitatively
suggested at the Co,Fe(Al(sSiys)/Ag interface in Ref. 12.
Figures 3 and 4 clearly show that the enhancement of the
MR ratio with increasing 7,,, from 350 to 500 °C is due
mainly to the increase in 3 rather than that in y. We had
inferred that promoting L2, ordering by annealing would im-
prove the MR ratio much more than was observed. In con-
trast, however, the annealing also caused DO disordering,
which suppressed the MR ratio since Co antisites degraded
the half metallicity of CMS, as predicted in Ref. 21. There-
fore, suppressing the D05 disordering in the CMS layers
could be a way to further enhance the MR ratio.

IV. DISCUSSION

Now, we discuss the origin of the difference in 7y between
CMS/Ag/CMS and CMS/Cr/CMS on the basis of first-
principles ballistic conductance calculations using the quan-
tum code ESPRESS0.2! CMS/Ag/CMS and CMS/Cr/CMS
trilayers were constructed in a tetragonal supercell contain-
ing 14 atomic layers of CMS and seven atomic layers of Ag
or antiferromagnetic (AFM) Cr with MnSi termination.
Other parameters of the first-principles calculations are the
same as those in Ref. 29. Note that the conducting electrons
are scattered only by the potential energy near the interface
in the present ballistic transport formalism. Figures 5(a) and
5(b) show the in-plane wave-vector (k;) dependence of the
majority-spin conductance in the parallel magnetization con-
figuration of CMS/Ag/CMS and CMS/Ct/CMS. The con-
ducting channels of CMS/Cr/CMS are clearly restricted to a
small region around k;=(0,0). On the other hand, highly
conducting channels spread over almost the entire region in
the k; plane for CMS/Ag/CMS. The highly conducting re-
gion in the k; plane can be understood qualitatively by con-
sidering the matching of the Fermi surface over the k; plane
between CMS and Ag. Figures 5(c)-5(e) show the Fermi
surfaces in the Brillouin zones of L2{-CMS, fcc-Ag, and
AFM bce-Cr with a tetragonal unit cell. A large overlapping
area of the Fermi surface appears on the k; plane between
CMS and Ag, resulting in a small resistance area product
(2RcmsiagA=3.21 mQ um?) of CMS/Ag/CMS, while the
mismatching of the Fermi surface between CMS and Cr on
the k; plane causes a large resistance area product
(2Rcms/c;A=16.1 mQ um?) of CMS/Cr/CMS. Although no
conductance (infinite resistance) is expected in the minority-
spin channel in ideal half metals, a finite resistance area
product could appear in the minority-spin channel in real half
metals for reasons such as atomic disorder, thermal fluctua-
tion of magnetic moments, spin-orbit coupling, and so on.
The minority-spin resistance area product reduces both 3 and
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FIG. 5. (Color online) Majority-spin conductance in the parallel
magnetization configuration calculated for (a) (001)-CMS/Ag/CMS
and (b) (001)-CMS/Cr/CMS as a function of in-plane wave vector
ky=(k,ky). Fermi surfaces in the Brillouin zones corresponding to
the tetragonal unit cell of (¢) L2,-CMS, (d) fcc-Ag, and (¢) AFM
bee-Cr plotted by XCRYSDEN (Ref. 30).

v. Thus, we can expect a larger value of y for CMS/Ag/CMS
than for CMS/Cr/CMS since the majority-spin resistance
area product of CMS/Ag/CMS is much smaller than that of
CMS/Cr/CMS. Experimentally, CMS/Ag/CMS and CMS/Cr/
CMS with the same T,,,(=350 °C) and exactly the same
stacking structure except for the spacer layer showed RA
values of 51.4 m{ um? and 66.9 m{ um?, respectively.'*
Here, the difference in RA (~15.5 mQ um?) is caused
mainly by the difference in interface resistances, i.e.,
RewmsagA and ReysicA because the contribution of bulk re-
sistance in the Ag and Cr spacers is negligibly small. Al-
though the experimental RA is much higher than the calcu-
lated 2RcpvgvmA (NM=Ag or Cr) because it includes all the
resistances in the CPP pillars, the difference in RA, i.e.,
2(Rcmsicr—Remsiag)A, is almost comparable to the calcu-
lated one (~12.9 m{) um?). This quantitative agreement is
evidence of a small interface resistance and large y between
CMS and Ag because of good Fermi-surface matching, as
predicted by our calculations. Note that, large interface spin-
asymmetry vy is an important characteristic for developing a
magnetic read head based on CPP-GMR as mentioned in
Sec. L.

V. SUMMARY

In conclusion, we fabricated (001)-oriented fully epitaxial
CMS/Ag/CMS CPP-GMR devices with different CMS thick-
nesses and annealing temperatures to investigate the relation-
ship between the magnetic properties, chemical ordering, and
MR properties of CMS, including the bulk and interface
spin-asymmetry coefficients 8 and 7. The analysis of XRD
measurements reveals that annealing at temperatures above
500 °C enhanced the L2, ordering but also slightly increased
the D05 disordering. CMS/Ag/CMS annealed at 550 °C
showed the largest MR ratio: 36.4% and 67.2% at RT and
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110 K, respectively. Analysis based on Valet-Fert’s model
suggests large spin asymmetry (y>0.8) at the CMS/Ag in-
terface, which contributes predominantly to the large MR
ratio observed. First-principles calculations of the ballistic
conductance in the (001)-CMS/Ag/CMS structure predicted
high majority-spin conductance because of the good Fermi-
surface matching between CMS and Ag, which agreed quan-
titatively with the experimental RA and explained the large y
observed in the CMS/Ag/CMS well.
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