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Extensive study of giant magnetoresistance properties in half-metallic

Co,(Fe,Mn)Si-based devices
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(Received 12 November 2012; accepted 3 December 2012; published online 19 December 2012)

Fully epitaxial Co,Fe,Mn;_,Si(CFMS)/Ag/Co,Fe,Mn;_,Si current-perpendicular-to-plane giant
magnetoresistive devices with various Fe/Mn ratios x and top CFMS layer thicknesses 7cpys were
prepared. The highest magnetoresistance (MR) ratios, 58% at room temperature and 184% at 30K,
were observed in the sample with x=0.4 and fcpys =3 nm. Enhancement of interface spin-
asymmetry was suggested for x =0.4 compared with that at x=0. A MR ratio of 58% was also
observed even in a very thin trilayer structure, CFMS(4 nm)/Ag(3 nm)/CFMS(2nm), which is
promising for a next-generation magnetic read sensor for high-density hard disk drives. © 2072
American Institute of Physics. [http://dx.doi.org/10.1063/1.4772546]

The areal recording density of hard disk drives (HDDs)
has increased markedly in the past two decades, reaching lev-
els of the order of hundreds of gigabits per square inch. With
regard to the development of magnetic read sensors for HDD,
there have been innovative discoveries related to current-in-
plane giant magnetoresistive (CIP-GMR) and tunneling mag-
netoresistive (TMR) effects.'® Those present sensors based
on MgO-based magnetic tunnel junctions (MTJs) cannot,
however, be used for a higher areal density over 2 Tbit/in.?
because the resistance-area product (RA) of such a junction is
too large. Current-perpendicular-to-plane giant magnetoresis-
tive (CPP-GMR) devices are promising alternatives because
they have a big advantage in keeping the RA small. Although
a small MR ratio has a serious disadvantage of CPP-GMR
devices used as read sensors, recent studies have shown that
the MR ratio can be improved using half-metallic Heusler
compounds.”'? We previously reported a large MR ratio for
Co,MnSi(CMS)/Ag/Co,MnSi fully epitaxial CPP-GMR devi-
ces, 36% at room temperature (RT), which is an order of mag-
nitude larger than that for conventional CPP-GMR devices
using CoFe or NiFe.** We also found from first principles
calculation on the transport in a (001)-CMS/Ag/CMS that
not only half-metallicity but also the good matching of
the majority-spin Fermi surfaces at the interface between
(001)-oriented CMS and Ag (i.e., small interface resistance) is
important for a high MR ratio.’ Recently Sato et al. reported a
very large MR ratio, 74.8% at RT, for Co,Fej;sMng¢
Si/Ag/Co,FeysMng ¢Si fully epitaxial CPP-GMR devices.'?
Although that was the largest MR ratio in CPP-GMR devices
ever reported, it is still unclear how MR ratio, RA, and ARA
change when the composition and thickness of Co,(Fe,Mn)Si
(CFMS) electrodes vary. In addition, it is also important to
understand the origin of the MR ratio enhancement due to
substituting Fe for the Mn in CMS. In the present study, we
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systematically investigated CPP-GMR properties in CFMS/
Ag/CFMS devices of various compositions and thicknesses
and also investigated the effect of measurement temperature.

Fully epitaxial CFMS/Ag/CFMS films were prepared
by an ultrahigh-vacuum (UHV)-compatible magnetron sput-
tering system (Ppase <5 X 1078 Pa). First, Cr (20nm) and
Ag (40nm) buffer layers were deposited on a MgO (001)
single-crystal substrate at RT to improve the surface flatness.
A 20-nm-thick lower CFMS layer was also grown at RT
using a co-deposition technique with CMS and Co,FeSi
(CFS) alloy targets followed by in situ annealing at 500 °C to
promote chemical ordering. After the sample was cooled to
RT, a 5-nm-thick Ag spacer layer and an upper CEMS layer
with a composition the same as that of the lower CFMS layer
were deposited. Finally, the film was capped by Ag (2nm)
and Au (5nm) protective layers. The Fe/Mn composition ra-
tio x was set at either 0, 0.2, 0.3, 0.4, 0.5, or 1. The thickness
of the upper CFMS layer (fcpms) was varied from 3 to 10 nm.
Films were patterned into a pillar shape for CPP-type four-
terminal device structure using electron beam lithography
and Ar ion milling. The designed size of pillars changed from
50 x 100 to 400 x 800 nm? (corresponding to 120 x 160 to
450 x 820 nm? in the actual pillar size A after Ar ion milling)
on one substrate. In this study, we evaluated a parasitic
electrode resistance R, and RA by measuring the A depend-
ence of device resistance R. Observed and intrinsic MR ratios
are expressed as MRgps = AR/(Rp) x 100(%) and MR;,,
= AR/(Rp — Rpara) ¥ 100(%), respectively, where Rp is the
resistance in the parallel state.

Figure 1(a) shows the XRD patterns for 50-nm-thick
CFMS epitaxial films (on Cr/Ag buffer layers) with various x
values. We found from the ratio of the intensity of the (002)
superlattice peak to that of the (004) fundamental peak that all
the CFMS films, regardless of x, had a (001)-oriented highly
B2-ordered structure. The saturation magnetization (Ms) meas-
ured by a vibrating sample magnetometer showed a systematic
increase from 840emu/cc for x=0.0 to 1010emu/cc for
x=1.0. It was confirmed by an electron probe mass analysis

© 2012 American Institute of Physics
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FIG. 1. (a) XRD patterns for CFMS at x from 0 to 1.0. (b) HRTEM image of
the films with CFMS (20 nm, x = 0.4)/Ag(5)/CMFS(3) structure. The peaks
indicated with * appearing at around 38° and 42° arise from the (002)
diffraction from MgO substrate with Cu-Kz and K,, sources, respectively.

that the actual Fe composition x in each film was almost the
same as the designed value. As shown in Fig. 1(b)), a high-
resolution transmission electron microscope (HRTEM) image
for a CFMS/Ag/CFMS (x =0.4) film reveals a (001)-oriented
fully epitaxial growth with very flat and sharp CFMS/Ag
interfaces.

Figure 2 shows the Fe composition x dependence of the
MR;,; ratio of Co,Fe,Mn;_,Si/Ag/Co,Fe;Mn;_,Si. The
thicknesses of the lower and upper CFMS layers were fixed
at 20 and 7nm, respectively. The inset shows the 1/A de-
pendence of the device resistance R for the sample with
x=10.4. The parasitic resistance R, and RA for each sam-
ple were estimated from the intercept and the slope, respec-
tively, of the corresponding plot of R against 1/A. We have
confirmed an enhancement of the MR ratio with increasing x
from CMS, and the highest MR;,,; ratio (46.7%) was obtained
at x=0.4 (with RA =23.7mQum? and ARA = 11.1 mQum?).

The upper CEMS thickness (zcmrs) dependence of MR,
ratio and ARA was also investigated with x fixed at 0.4 and
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FIG. 2. Fe composition dependence of MR;, ratio in CFMS(20)/Ag(5)/
CFMS(7) CPP-GMR devices.
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at 0, which are shown in Figs. 3(a) and 3(b). There is no re-
markable tcyps dependence of ARA from 3 to 10nm thick
for both x=0 and 0.4, indicating that the spin-diffusion
length of CFMS (Acgms) is less than 3 nm, which is similar
to the result obtained for Co,FeAly sSigs(CFAS)/Ag/CFAS
(Acras ~2.2nm)." The highest MR;,, and MR (58% and
49%) were obtained at fcpvs = 3 nm for x =0.4.

Here, an effect of substituting Fe for the Mn in Co,MnSi
will be discussed. There are several first-principle calculations
on the DOS in CFMS."*'® Some of them claimed half-
metallicity in CES'>'6 but the others predicted the disappear-
ance of half-metallicity in CFS because Er comes into the
conduction band of the half-metallic gap.'*'* Previous studies
on MTJs, magnetic damping factors, and AMR showed that
the half-metallicity of CFMS disappears when x becomes
greater than 0.6-0.8."*'* It was also suggested from the meas-
urements of Hall effect and x-ray circular dichroism that Ef
shifts towards the conduction band by substituting Fe for Mn
in the Co,MnSi.'”"'® The decrease of MR ratio from x = 0.4 in
Fig. 2 can, therefore, be understood by the intrinsic change of
electronic states in CFMS with changes in x, i.e., the spin
polarization gradually decreases with x. On the other hand, the
enhancement of MR ratio at x from O to 0.4 is difficult to be
explained by a change of DOS with x. In order to clarify this
point, we consider a variation of the bulk and interface spin-
asymmetry coefficients, f and y, from x =0 to 0.4. Generally,
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FIG. 3. The fcrpvys dependence of (a) ARA and (b) MR;, ratio in
CFMS(20 nm)/Ag/CFEMS(fcpms) with x=0 and 0.4.
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it is possible to evaluate f and ) from the analysis for the fer-
romagnetic layer thickness dependence of ARA using the
two-current model.'” Although the quantitative analyses of f§
and y have not been completed in this study because we could
not observe clear reduction of ARA even at fcpyvs = 3 nm, it is
predicted that 7y is improved from x =0 to 0.4 by comparing
ARA between x=0 and 0.4. In the two current-model for
the CPP-GMR staking structure,'® ARA is proportional to
(Bopmstcrms + VR puys /A gA)z when lCFMS' is thinner than
Acems and saturated after fcppvs becomes thicker than Acpvs.
Here, ppys is the resistivity of CEMS pcpvms divided by
(1- [32) and R py¢ /Ag is the interface resistance Rcpvis/ag di-
vided by (1 —y°). It was observed in the CFMS single-layer
film that the pcpms at x=0.4 was 46 uQQ cm, which was
slightly higher than that at x=0.0, 37 uQ2 cm. Nevertheless,
the RA for Co,Fe(4Mng ¢Si/Ag/CosFeq4Mng¢Si was smaller
than that for CMS/Ag/CMS (at fcpys =S5 nm, RA ~24mQ
,um2 for Co,Feq 4Mng¢Si and 31 mQ um? for CMS), which
indicated that Rcpwmsyag 18 smaller at x = 0.4 than at x=0. The
observed ARA at x=0.4 is clearly larger than that at x=0
(at fepms = 5nm, ARA ~ 11-12mQ um? for Co,Fe( 4Mng ¢Si
and 8 mQ um? for CMS). Therefore, these results suggest that
7 at the CFMS/Ag was enhanced from x =0 to 0.4.
Furthermore, in order to investigate a possible mechanism
of the enhancement of y from x =0 to 0.4, we also performed
the first-principles calculations of the exchange stiffness of Co
spin-moment at the Co-terminated CMS/Ag and CFS/Ag inter-
faces using the quantum code ESPRESSO0.?° We constructed
multilayer CMS/Ag and CFS/Ag structures containing seven-
teen atomic layers of CMS or CFS and nine atomic layers of
Ag with the Co termination. Other parameters of the first-
principles calculations are shown in Ref. 21. To estimate
the exchange stiffness of the interfacial Co spin-moments
in CMS/Ag and CFS/Ag, we calculated the increase of the
one-electron band energy E() as a function of the tilting angle
of the local spin moments 6 in the non-collinear spin system.
Then, we fitted these results using £(0) = A(1 — cos ), where
A is the inter-atomic-layer exchange stiffness constant. It
was found from our first-principles calculations that the
exchange stiffnesses of Co at the Co-terminated CMS/Ag and
CFS/Ag interfaces are, respectively, 137 and 340 meV. This
behavior of the exchange stiffness at interfacial regions can be
attributed to a large Co spin moment in CFS/Ag (1.16 ug)
as compared with that in CMS/Ag (0.72 5ug), because the
exchange stiffness constant is related to local spin moments.”'
As is discussed in Ref. 22, the total magnetic moment of
bulk Co,Fe Mn;_,Si follows the Slater-Pauling behavior
M =7 —24, where M is the total spin moment in yg per unit
cell and Z is the total number of valence electrons, which
scales linearly with the Fe concentration . In this case, it is en-
ergetically more favorable that the Co spin moment in bulk
CFS is increased as compared with that in bulk CMS because
of charge transfer from the Co minority-spin states to the Fe
minority-spin states.”' Thus, the interfacial Co spin moment of
CFS/Ag is also larger than that of CMS/Ag, leading to the
strong exchange stiffness of Co spin moment in CFS/Ag as
compared with that in CMS/Ag. The Co-termination at the
CFMS/Ag interface was experimentally confirmed from a
scanning transmission electron microcopy image.'? Therefore,
one possible origin for the increase of MR ratio as x increases

Appl. Phys. Lett. 101, 252408 (2012)

from 0 to 0.4 is the improvement of interfacial exchange stift-
ness of Co at the Ag spacer, which results in the enhancement
of y at RT as suggested from this study.

The temperature dependence of MR ratio in the sam-
ple with fcpys =3 nm and x=0.4 is shown in Fig. 4. The
maximum MR, and MR, (165% and 184%) were obtained
at 30 K. The origin of the reduction of MR ratio below 30K
is still unclear, but similar behaviors in CMS/Ag/CMS have
been reported before.*** It was suggested in Ref. 23 that the
MR reduction in a low temperature (LT) region could have
been due to Mn atoms that diffused from CMS layers into
the Ag spacer and created a spin-glass state of Mn moments
that degraded spin-dependent transport in the LT region. On
the other hand, it was also proposed in Ref. 24 that the
presence of bi-quadratic interlayer exchange coupling in
CMS/Ag/CMS caused the reduction of MR ratio in a LT
region. The temperature dependence of the MR ratio normal-
ized by that at 300K is shown in the inset of Fig. 4 for the
CFMS/Ag/CEMS with x=0.0, 0.3, 0.5, and 1. It is clear that
the temperature where the MR ratio shows the maximum
gradually decreases with x. That is, CFS/Ag/CFS shows no
reduction of MR ratio in a LT-region, implying the presence
of Mn and its amount are important for the MR reduction in
a LT-region.

In order to use a CPP-GMR device in a magnetic read
sensor for next-generation HDDs with storage densities over
5 Thit/in.?, the total thickness of the device will need to be
less that 10.5nm.> We, therefore, also investigated a MR
property in a thinner CFMS/Ag/CFMS (x=0.4) trilayer
structure. We have fabricated a very thin structure with
CFMS (4 nm)/Ag(3 nm)/CFMS(2nm) and observed a large
MR s (MR, ratio of 43% (58%) with RA =21.7mQ um?
(Fig. 5). This result suggests a strong contribution of interfa-
cial spin-dependent scattering to the MR ratio in this system,
which facilitates the use of this system in a magnetic read
sensor of HDD because it means that we can decrease total
device thickness while maintaining a high MR.
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FIG. 4. Temperature dependence of MR, ratio for the sample with
CFMS (20 nm)/Ag/CFMS(3 nm, x = 0.4) structure. The inset shows tempera-
ture dependence of MR, ratio normalized by that at 300K for the samples
with x=0.0, 0.3, 0.5, and 1.0. The arrows indicate the highest MR ratio
observed in each sample.
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structure at RT. The inset shows a HR-TEM image of the sample.

In conclusion, in this study, we fabricated Co,Fe,Mn;_
Si/Ag/Co,Fe,Mn;_,Si fully epitaxial CPP-GMR devices,
systematically changing the Fe/Mn composition ratio x and
the CFMS electrode thickness fcpvs. The highest intrinsic
MR ratios, 58% at RT and 184% at 30K, were observed in
the device with x=0.4 and fcpys =3 nm. It was suggested
by comparing ARA between x =0 and 0.4 that the interface
spin-asymmetry y was improved in the Co,Fey 4sMng ¢Si/Ag.
It was revealed from our first-principles calculation on the
exchange stiffness of Co spin moment at the Co-terminated
CMS/Ag and CFS/Ag interfaces that the interfacial exchange
stiffness of Co improved with increasing x, which was
one possible origin of the enhancement of MR ratio at x
from O to 0.4. A large intrinsic MR ratio of 58% was
also observed even in a very thin trilayer structure—
CFMS (4 nm)/Ag(3 nm)/CFMS(2 nm)—because of the large
interface contribution to MR, which is promising for mag-
netic read sensors in the next-generation HDDs.
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work was supported by the Strategic International Coopera-
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Research, Tohoku University.
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