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Influence of off-stoichiometry on magnetoresistance characteristics
of Co,MnSi/Ag-based current-perpendicular-to-plane spin valves

Masaki Inoue," Bing Hu," Kidist Moges,' Kazuumi Inubushi,? Katsuyuki Nakada,?

Masafumi Yamamoto,' and Tetsuya Uemura'?

'"Division of Electronics for Informatics, Graduate School of Information Science and Technology,

Hokkaido University, Sapporo 060-0814, Japan
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The influence of off-stoichiometry of Co,MnSi (CMS) spin sources on giant magnetoresistance
characteristics was investigated for CMS/Ag-based current-perpendicular-to-plane spin valves pre-
pared with various Mn compositions « in Co,Mn,Sig g, electrodes. The magnetoresistance ratio of
the prepared CMS/CosgFesy (CoFe) (1.1nm)/Ag/CoFe (1.1)/CMS spin valves systematically
increased with « from 11.4% for Mn-deficient « =0.62 to 20.7% for Mn-rich oo =1.45 at 290 K.
This result suggests that increasing o from a Mn-deficient to Mn-rich value increases the spin polar-
ization by suppressing Coyy, antisites harmful to the half-metallicity. Thus, our results demonstrate
that appropriately controlling the film composition toward a Mn-rich one is highly effective for
enhancing the half-metallicity of CMS in CMS-based spin valves, as it is in CMS-based magnetic
tunnel junctions. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.5000244]

Spintronic devices, which exploit spin-dependent electron
transport phenomena, have attracted much interest because
of their potential advantages of nonvolatility, decreased power
consumption, and reconfigurable logic function capabilities.'
Co-based Heusler alloys (Co,YZ, where Y is usually a transi-
tion metal and Z is a main group element) are promising ferro-
magnetic electrode materials for spintronic devices, including
magnetic tunnel junctions (MTJs),>™'® current-perpendicular-
to-plane (CPP) giant magnetoresistance (GMR) devices,' "
and for spin injection into semiconductors.>’ This is because
many of them are theoretically predicted to have half-
metallicity, which is characterized by an energy gap for one
spin direction, which in turn provides complete spin polariza-
tion at the Fermi level (EF),3‘F37 and because they have rela-
tively high Curie temperatures, well above room temperature
(RT).*® To take full advantage of the half-metallic character
of Co-based Heusler alloys, it is important to clarify the effect
of structural defects on the half-metallicity. Picozzi et al. theo-
retically predicted that Coy, antisites, where a Mn site is
replaced by Co, in Co,MnSi (CMS) cause minority-spin in-gap
states at Eg and thus are detrimental to the half-metallicity
of CMS.* We have systematically investigated the effect of
off-stoichiometry on the half-metallicity of CMS, Co,MnGe,
and Co,(Mn,Fe)Si (CMFS) by using various experimental
approaches, including the tunneling magnetoresistance (TMR)
ratios of MTIJ s,7_10’14’15 the saturation magnetization,m’15
the surface spin polarization,*® the magnetic states as investi-
gated by x-ray absorption spectroscopy and x-ray magnetic
circular dichroism,‘“_43 and the electronic states as investigated
through spin-resolved low-energy and hard x-ray photoelectron
spectroscopy.** ™ These experimental studies, along with
first-principles calculations, demonstrated that Coyy, antisites
induced by a Mn-deficient composition (the Mn composition
x<2 — [ in the composition expression of Co,Mn,Sig)
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are indeed detrimental to the half-metallicity of CMS.
Furthermore, it was shown that harmful Co,,, antisites
can be suppressed and half-metallicity was enhanced by pre-
paring CMS thin films with a Mn-rich composition.”* It
was also shown that (Mn + Fe)-rich compositions are critical
to suppressing these harmful antisites and to retaining the
half-metallic electronic states for Co,(Mn,Fe)Si quaternary
alloys.'*'> In light of these findings, we demonstrated giant
TMR ratios of 1995% at 4.2K and 354% at 290K for CMS/
MgO/CMS MTlIs (CMS MTlIs) with Mn-rich CMS electro-
des” and up to 2610% at 42K and 429% at 290K for
CMFS/MgO/CMFS MTJs (CMFS MTIJs) with Mn-rich,
lightly Fe-doped CMFS electrodes.'*!'?

For Heusler alloy-based CPP-GMR devices, Li et al.
reported an enhancement of the MR ratio in Mn-rich Co,Mn
(Ge,Ga) (CMGG).?® However, the investigation in Ref. 28 on
the Mn composition dependence of the MR characteristics
was limited to two typical compositions, one having a Co-rich
composition of Co,Mny ¢7(Geg 3Gago4) and the other having
a Mn-rich composition of Co,Mn; 4(Geg 76Gag 31)-

The purpose of the present study was to clarify the influ-
ence of off-stoichiometry in CMS films on the MR character-
istics of CPP spin valves. To do this, we fabricated CPP-GMR
devices with an exchange-biased spin-valve structure having
CMS electrodes with various Mn compositions, o, and an
Ag spacer and systematically investigated the influence of «
on the MR characteristics. We prepared these CPP spin valves
with ultrathin CosgFesy (CoFe) thin layers inserted at the
upper and lower interfaces in the CMS/Ag/CMS trilayer.

The fabricated CPP-spin-valve layer structures were as
follows: (from the substrate side) MgO buffer (10 nm)/CoFe
(10)/Ag (100)/CoFe (10)/CMS lower electrode (3)/CoFe
(tcore)/Ag spacer (5)/CoFe (fcor.)/CMS upper electrode (3)/
CoFe (1.1)/TrppMnyg (10)/Ru cap (5) with Co,Mn,Sig g, elec-
trodes, grown on MgO(001) substrates [Fig. 1(a)], where
fcore Tepresents the thickness of the ultrathin CoFe layers

Published by AIP Publishing.
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FIG. 1. (a). Layer structure of the fabricated CPP spin valves consisting of
(from the substrate side) MgO buffer (10 nm)/CosgFeso (CoFe) (10)/Ag (100)/
CoFe (10)/Co,MnSi (CMS) lower electrode (3)/CoFe (tcor.)/Ag spacer (5)/
CoFe (fcore.)/CMS upper electrode (3)/CoFe (1.1)/Ir,,Mn4g (10)/Ru cap (5),
grown on MgO(001) substrates. (b) MR ratio at 290K for series-A spin valves
[CMS/CoFe (tcore)/Ag/CoFe (tcor.)/CMS] with Mn composition, o, of 1.24
(Co,Mn; 24Sig g») electrodes as a function of thickness of ultrathin CoFe layers
inserted at the interfaces, fcqr.. The dashed line indicates the MR ratio of identi-
cally prepared CoFe (10 nm)/Ag (5)/CoFe (3) spin valve, which was distinctly
lower than that of the original CMS/Ag/CMS, indicating that the spin polariza-
tion of CMS with o= 1.24 was higher than that of CoFe. The MR ratio is
defined as (Rap — Rp)/(Rp — R.) in which the influence of the contact resistance
R. is corrected.

inserted at the interfaces. We first investigated the effect
of inserting ultrathin CoFe layers at the interfaces in the
CMS/Ag/CMS trilayer on the MR ratio, aiming at enhancing
it. To do this, we prepared the CPP spin valves with oo = 1.24,
corresponding to a slightly (Mn+ Si)-rich composition in
Co,Mn,Siy g, electrodes, by varying fcop. from O to 1.1 nm
(series-A spin valves). Given the result that zcog. of 1.1 nm
provided the highest MR ratio in series-A spin valves as
described below, we then investigated the influence of off-
stoichiometry on the MR characteristics by varying o in
Co,Mn,Sij g, electrodes ranging from o = 0.62 to 1.45 while
fixing the value of fcore (=1.1nm) (series-B spin valves).
Each layer was successively deposited in an ultrahigh vac-
uum chamber with a base pressure of about 5 x 10~ *Pa.
Epitaxial growth of each layer was confirmed by making
in-situ reflection high-energy electron diffraction (RHEED)
observations. The procedure of preparing the CMS electrodes
was the same as for the CMS/MgO MTJs.” The film compo-
sition of the prepared CMS film was determined through an
inductively coupled plasma analysis with an accuracy of
2%-3% for each element, except for Si, for which the accu-
racy was 5%. Just after the deposition of the CMS upper elec-
trodes, the layer structure was in situ annealed at 500 °C for
series-A spin valves and at 550°C for series-B spin valves
both for 15min. The post-deposition annealing temperature
(T,) for series-B spin valves was optimized to be 550°C by
investigating the T, dependence of the MR ratio for the CPP
spin valves with «=1.12 and tcor. = 1.1 nm. We fabricated
CPP spin valves with these layer structures by electron beam
lithography and Ar ion milling. The sizes of the prepared
junctions were determined by scanning electron microscopy
observations for nanostructured pillars, which were ones
just after the Ar ion milling conducted using a resist mask.
The junction sizes reported in this letter are the actual mea-
sured values. The MR characteristics are reported for spin
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valves having relatively small junction sizes of 140 x 75 and
100 x 50 nm. The parasitic contact resistance values R, were
determined by plotting the junction resistances Rp at 290K as
a function of A~ for the prepared junctions having relatively
large junction sizes ranging from 525 x 320 to 140 X 75 nm,
where A is the junction area. After fabrication, the devices
were annealed ex sifu at 325°C under a magnetic field of
5kOe to apply an exchange bias effect to the upper electrode.
The MR characteristics were investigated using a dc four-
probe method from 4.2K to 290 K. We defined the MR ratio
as (Rap— Rp)/(Rp — R.), which is the experimental MR ratio
corrected for the influence of R., where Rp and Rap are the
junction resistances for the parallel and antiparallel magnetiza-
tion configurations between the upper and lower electrodes.
First, we describe the effect of inserting the ultrathin
CoFe layers at the interfaces in the CMS/Ag/CMS trilayer on
the MR ratio. Figure 1(b) plots the MR ratio at 290K for
series-A spin valves [CMS/CoFe (tcope)/Ag/CoFe (tcore)/
CMS] with a=1.24 as a function of fcor. ranging from
fcore =0 (corresponding to the o= 1.24 CMS/Ag/CMS spin
valve without inserted CoFe layers) to fcog. = 1.1 nm, along
with the MR ratio of an identically fabricated CoFe (10 nm)/
Ag (5)/CoFe (3) spin valve. The MR ratio of 12.5% for
the original o= 1.24 CMS/Ag/CMS spin valve without the
inserted layers was significantly higher than the 5.5% for
the identically prepared CoFe/Ag/CoFe spin valve, indicating
that the spin polarization of the a=1.24 CMS electrodes
as spin sources in the original CMS/Ag/CMS spin valves was
distinctly higher than that of the CoFe electrodes in the refer-
ence CoFe/Ag/CoFe spin valve. Notably, the MR ratio of
CMS/Ag/CMS spin valves was enhanced by inserting ultrathin
CoFe layers at the interfaces and increased with an increase in
fcore Up to 0.56 and 1.1nm, resulting in a significantly
enhanced MR ratio of 17.7% for tcor. of 1.1 nm compared
with that of 12.5% for the original o = 1.24 CMS/Ag/CMS. It
is obvious that the CMS electrodes worked as spin sources in
CoFe-inserted CMS/Ag/CMS because of the distinctly lower
MR ratio of the CoFe/Ag/CoFe spin valve compared with the
original CMS/Ag/CMS. Thus, the enhancement of the MR
ratio caused by inserting ultrathin CoFe layers should be
ascribed to the interface modification, although further study
is needed to clarify the origin. Similar enhancement of the MR
ratio due to inserting ultrathin CoFe layers was reported previ-
ously in Co,Mn(Gag 5Sn, 5)/Ag-based pseudo spin valves.”!
We now describe how the MR characteristics of series-B
spin valves [CMS/CoFe (1.1nm)/Ag/CoFe (1.1)/CMS]
depended on o in Co,Mn,Siy g, electrodes. A typical MR curve
at 290K for a series-B spin valve with Mn-rich (o= 1.45)
CMS electrodes is shown in Fig. 2(a). The junction area A was
100 x 50nm?. The curve shows clear MR characteristics with
an MR ratio of 20.7%. Rp-A and AR-A were 15.0 mQ-um? and
3.1 mQ- umz, respectively, where AR = R5p — Rp. Figure 2(b)
shows the MR ratio of series-B spin valves at 290K as a func-
tion of o ranging from o = 0.62 to 1.45. Most importantly, the
MR ratio significantly increased from 11.4% for the Mn-
deficient composition (x=0.62) to 20.7% for the Mn-rich
(o=1.45). This result suggests a continuous increase in the
spin polarization of the CMS electrodes with increasing o from
a Mn-deficient to Mn-rich composition, which can be under-
stood in terms of the suppression of Coy,, antisites by Mn-rich
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FIG. 2. (a) Typical MR curve at 290K for a series-B spin valve [CMS/CoFe
(1.1 nm)/Ag/CoFe (1.1)/CMS] with Mn-rich (x= 1.45) CMS electrodes and
(b) MR ratio of series-B spin valves at 290K as a function of Mn composi-
tion, o, in Co,Mn,Sij g, electrodes ranging from o =0.62 to 1.45. (c) Mn-
composition dependence of the resistivity, p, of off-stoichiometric Co,MnSi
thin films at 290K in Co,Mn,Sig (' =0.82 or 0.90). The p values of two
samples with o =0.62 and 1.12 in Co,Mn,Si g, (open circles), and a sample
with o =1.30 in Co,Mn,Sig o (open triangle) are shown, where o+ ' <2
and a+p >2 in Co,Mn,Sig correspond to (Mn + Si)-deficient and
(Mn + Si)-rich compositions, respectively.

compositions. Figure 2(c) shows how the resistivity, p, of off-
stoichiometric Co,MnSi thin films at 290K varied with o in
Co,Mn,Siy (' =0.82 or 0.90). It increased with increasing o
from p =0.55Q - um for (Mn+Si)-deficient Co,Mny ¢Sig g, to
p=1.1Q-um for (Mn+ Si)-rich Co,Mn; 39Sig9o. The influ-
ence of p of CMS films on the experimental MR ratio will be
discussed below.

Figure 3(a) shows typical temperature (7) dependences
of Rap and Rp for a series-B spin valve with o=1.45.
Furthermore, Fig. 3(b) shows the T dependence of the mea-
sured MR ratios, defined as (Rap — Rp)/Rp, in which the
influence of R, is not corrected, of series-B spin valves with
a=0.62, 1.0, and 1.45 (we describe the measured MR ratio
as the MR ratio regarding its 7" dependence). As shown in
Fig. 3(a), Rp decreased almost monotonically with decreas-
ing T from 290K to 4.2 K. On the other hand, Rp decreased
slightly with decreasing T for a T range from 290K to a cer-
tain temperature, Ty, of about 220K for the «=1.45 spin
valve, and then it decreased rapidly for a T range below T.
This behavior resulted in that the MR ratio of the o= 1.45

Appl. Phys. Lett. 111, 082403 (2017)
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FIG. 3. (a) Temperature dependence of Rp and Rp for a series-B spin valve
[CMS/CoFe (1.1nm)/Ag/CoFe (1.1)/CMS] with Mn-rich (¢=1.45) CMS
electrodes and (b) T dependence of the measured MR ratio, defined as
(Rap — Rp)/Rp in which the influence of R, is not corrected, for series-B spin
valves with « =0.62, 1.0, and 1.45.

spin valve increased with decreasing 7 in a T range from
290K to Ty while it quickly decreased with decreasing T for
a T range from Ty of 220K to about 100K [Fig. 3(b)] due to
the significant decrease in R zp.

The increase in the MR ratio as decreasing 7 from 290 K
to T\ of 220K is as would be expected from spin-dependent
transport in GMR devices. In more detail, an increase in the
spin polarization of the CMS electrodes and decreasing spin-
flip transport via thermally excited magnons in spin-valve
trilayers with decreasing T lead to a decrease in Rp and an
increase in R,p as T decreases, while a decrease in the resis-
tivities of the metallic layers involved in the nanopillar,
including the Ru cap layer to the CMS lower electrode, with
decreasing T due to the suppression of phonon scattering
leads to a decrease in both Rp and R p. These factors lead to
a more weak decrease in Rpp as T decreases compared with
Rp for the T range from 290K to Ty

On the other hand, the quick decrease in the MR ratio
below Ty, is unusual. An anomalous decrease in the MR ratio
was previously reported for CMS/Ag/CMS spin valves and
pseudo spin valves?®**** and CMFS/Ag/CMEFES pseudo spin
Valves,24 and two possible origins, both of which are related
to Mn diffusion from CMS into the Ag spacer, were proposed:
One is the presence of a bi-quadratic interlayer exchange cou-
pling between the upper and lower CMS via diffused Mn;*
the second is formation of a spin-glass state of diffused Mn,
resulting in a reduction in the spin diffusion length of the Ag
spacer.”® As shown in Fig. 3(b), the characteristic temperature
T [indicated by arrows in Fig. 3(b)] increased with increas-
ing «, resulting in the extension of the range in which the
anomalous temperature dependence of the MR ratio was
observed, as « increased. This result suggests possible origins
related to Mn diffusion into the Ag spacer, as discussed in
Refs. 22 and 23.

Now let us discuss the influence of off-stoichiometry for
Co,MnSi films on the MR characteristics. In general, the
MR ratio of CPP spin valves depends on not only the bulk
spin asymmetry coefficient 5 of a ferromagnet (equivalent to
the spin polarization at Eg) but also several other factors
such as the interface spin asymmetry coefficient ), the inter-
face resistance per area (1), and the resistivity (p) and spin
diffusion length (I) of each layer.*” For series-B spin
valves, the interfacial structure between the ferromagnet and
the Ag spacer was fixed by inserting an ultrathin CoFe layer
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at both interfaces. Then, it could be assumed that y and ry, are
constant against a change in the Mn composition. On the
other hand, / would increase with increasing o, which has
been demonstrated in the various experiments and first-
principles calculations, including ones on the giant TMR
ratios in CMS/MgO-based MTJS,L10 as described in the
introduction. Moreover, p for the CMS also increased with
increasing o, as shown in Fig. 2(c). The intrinsic MR ratio,
(MR ratio);,, of a CPP GMR nanopillar is given by

AR - A
(Rp - Ay

int

(MR ratio),,, = (D
where (Rp-A);, is the intrinsic resistance-area product of an
F/N/F nanopillar for the parallel magnetization configuration.
According to the Valet-Fert model,*” AR-A for 1y < I,V
and 5 > 147 is given by

Ak -4 =2 1)

2 2
o m P Y ()
= 2pgly 1_[32—|—27;,1_y2—2is17 2)

and (Rp-A);, is given by

(Re - A)yy = 2p5tr + prtx + 21 + 21 €)

where rSI(AP) and rSI(P) are the interface resistances per area
arising from the spin accumulation for the parallel and anti-
parallel configurations, pg (pn) and 7 (#N) are the resistivity
and the thickness for the ferromagnetic electrode (the normal
metal spacer), and rei™ for ry < pnin s given by rg ¥ )
= pninf/2. Because the term of 2pgty for the Co,MnSi elec-
trodes is much larger than that of pn#y for the Ag spacer and
by assuming an r, smaller than pyty, it is suggested that the
dominant term in Eq. (3) is 2pgfg. Similarly, the first term in
Eq. (2) is the dominant term for AR-A because ry, is much
smaller than pply™ if ry, is smaller than pnty (pntn for the
Ag spacer is much smaller than orl" ) for the Co,MnSi
electrodes). Accordingly, the above equations (1) to (3) indi-
cate that the intrinsic MR ratio is independent of pg and
increases with increasing f3.

Next, we consider the influence of the external resis-
tance, R.y, involved in a nanopillar on the MR ratio.
Although we subtracted the parasitic resistance outside the
nanopillar, R., from Rp, Rp— R, still contains Ry, arising
from the IrMn and Ru layers involved in the nanopillar. The
experimental MR ratio, (MR ratio)esp, in this study is thus
expressed as

(MR ratio) ., = AR-A AR A
P Re-A)yy  (Rp-A)yy + Rexi - A
Rp - A),
= (MR ratio); (Re - A)i 4)

(RP ! A)int +Rexi - A .

As shown in Eq. (4), (MR ratio)eyp, is lower than (MR ratio);n
by a factor f equal to (Rp-A)in/{(Rp-A)int + RexcA} due to
(R.xA) involved in f. Note that the factor f increases with
increasing pg because of the pgfg term in (Rp-A)ine [Eq. (3)]
for a constant value of Ry, This would result in an increase

Appl. Phys. Lett. 111, 082403 (2017)

in (MR ratio)., because of the extrinsic origin. Although a
quantitative evaluation of this extrinsic effect on the increase
in the (MR ratio).p, is difficult at present because R., has not
been separated, a rough estimate indicated that the extrinsic
effect due to the increased f was not enough to explain the
increase in the (MR ratio).y, with increasing o. These consid-
erations also indicate that the increase in f§ with increasing
Mn composition played a significant role in increasing the
MR ratio.

In summary, we fabricated CPP spin valves having
CMS electrodes and investigated the influence of the Mn
composition o in Co,Mn,Sig g, electrodes on the magnetore-
sistance characteristics. The MR ratio significantly increased
from 11.4% to 20.7% at 290K with increasing o from 0.62
to 1.45. This result suggests a continuous increase in the
bulk spin polarization with increasing o from a Mn-deficient
to Mn-rich one. We thus demonstrated that appropriately
controlling the film composition toward a Mn-rich one is
highly effective for enhancing the half-metallicity of CMS in
CMS-based spin valves as it is in MTJs.

This work was partly supported by the Japan Society for
the Promotion of Science (KAKENHI: Grant Nos. 25286039,
15K13960, 16K04872, and 17H03225).
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