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Fully epitaxial Co2FexMn1�xSi(CFMS)/Ag/Co2FexMn1�xSi current-perpendicular-to-plane giant

magnetoresistive devices with various Fe/Mn ratios x and top CFMS layer thicknesses tCFMS were

prepared. The highest magnetoresistance (MR) ratios, 58% at room temperature and 184% at 30 K,

were observed in the sample with x¼ 0.4 and tCFMS¼ 3 nm. Enhancement of interface spin-

asymmetry was suggested for x¼ 0.4 compared with that at x¼ 0. A MR ratio of 58% was also

observed even in a very thin trilayer structure, CFMS(4 nm)/Ag(3 nm)/CFMS(2 nm), which is

promising for a next-generation magnetic read sensor for high-density hard disk drives. VC 2012
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.1–6 Those present sensors based

on MgO-based magnetic tunnel junctions (MTJs) cannot,

however, be used for a higher areal density over 2 Tbit/in.2

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.7–12 We previously reported a large MR ratio for

Co2MnSi(CMS)/Ag/Co2MnSi 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.8,9 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.9 Recently Sato et al. reported a

very large MR ratio, 74.8% at RT, for Co2Fe0.4Mn0.6

Si/Ag/Co2Fe0.4Mn0.6Si fully epitaxial CPP-GMR devices.12

Although that was the largest MR ratio in CPP-GMR devices

ever reported, it is still unclear how MR ratio, RA, and DRA

change when the composition and thickness of Co2(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

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 (Pbase< 5� 10�8 Pa). First, Cr (20 nm) and

Ag (40 nm) 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 Co2FeSi

(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 CFMS layer

with a composition the same as that of the lower CFMS layer

were deposited. Finally, the film was capped by Ag (2 nm)

and Au (5 nm) 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 (tCFMS) 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� 100 to 400� 800 nm2 (corresponding to 120� 160 to

450� 820 nm2 in the actual pillar size A after Ar ion milling)

on one substrate. In this study, we evaluated a parasitic

electrode resistance Rpara and RA by measuring the A depend-

ence of device resistance R. Observed and intrinsic MR ratios

are expressed as MRobs¼DR/(RP)� 100(%) and MRint

¼DR/(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 840 emu/cc for x¼ 0.0 to 1010 emu/cc for

x¼ 1.0. It was confirmed by an electron probe mass analysis
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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 (x¼ 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

MRint ratio of Co2FexMn1�xSi/Ag/Co2FexMn1�xSi. The

thicknesses of the lower and upper CFMS layers were fixed

at 20 and 7 nm, respectively. The inset shows the 1/A de-

pendence of the device resistance R for the sample with

x¼ 0.4. The parasitic resistance Rpara 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 MRint ratio (46.7%) was obtained

at x¼ 0.4 (with RA¼ 23.7 mXlm2 and DRA¼ 11.1 mXlm2).

The upper CFMS thickness (tCMFS) dependence of MRint

ratio and DRA was also investigated with x fixed at 0.4 and

at 0, which are shown in Figs. 3(a) and 3(b). There is no re-

markable tCMFS dependence of DRA from 3 to 10 nm thick

for both x¼ 0 and 0.4, indicating that the spin-diffusion

length of CFMS (kCFMS) is less than 3 nm, which is similar

to the result obtained for Co2FeAl0.5Si0.5(CFAS)/Ag/CFAS

(kCFAS� 2.2 nm).10 The highest MRint and MRobs (58% and

49%) were obtained at tCFMS¼ 3 nm for x¼ 0.4.

Here, an effect of substituting Fe for the Mn in Co2MnSi

will be discussed. There are several first-principle calculations

on the DOS in CFMS.13–16 Some of them claimed half-

metallicity in CFS15,16 but the others predicted the disappear-

ance of half-metallicity in CFS because EF comes into the

conduction band of the half-metallic gap.13,14 Previous studies

on MTJs, magnetic damping factors, and AMR showed that

the half-metallicity of CFMS disappears when x becomes

greater than 0.6–0.8.13,14 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 Co2MnSi.17,18 The decrease of MR ratio from x¼ 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 0 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, b and c, from x¼ 0 to 0.4. Generally,

FIG. 1. (a) XRD patterns for CFMS at x from 0 to 1.0. (b) HRTEM image of

the films with CFMS (20 nm, x¼ 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-Kb and Ka sources, respectively.

FIG. 2. Fe composition dependence of MRint ratio in CFMS(20)/Ag(5)/

CFMS(7) CPP-GMR devices.

FIG. 3. The tCFMS dependence of (a) DRA and (b) MRint ratio in

CFMS(20 nm)/Ag/CFMS(tCFMS) with x¼ 0 and 0.4.
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it is possible to evaluate b and c from the analysis for the fer-

romagnetic layer thickness dependence of DRA using the

two-current model.19 Although the quantitative analyses of b
and c have not been completed in this study because we could

not observe clear reduction of DRA even at tCFMS¼ 3 nm, it is

predicted that c is improved from x¼ 0 to 0.4 by comparing

DRA between x¼ 0 and 0.4. In the two current-model for

the CPP-GMR staking structure,19 DRA is proportional to

ðbq�CFMStCFMS þ cR�CFMS=AgAÞ2 when tCFMS is thinner than

kCFMS and saturated after tCFMS becomes thicker than kCFMS.

Here, q�CFMS is the resistivity of CFMS qCFMS divided by

(1�b2) and R�CFMS=Ag is the interface resistance RCFMS/Ag di-

vided by (1� c2). It was observed in the CFMS single-layer

film that the qCFMS at x¼ 0.4 was 46 lX cm, which was

slightly higher than that at x¼ 0.0, 37 lX cm. Nevertheless,

the RA for Co2Fe0.4Mn0.6Si/Ag/Co2Fe0.4Mn0.6Si was smaller

than that for CMS/Ag/CMS (at tCFMS¼ 5 nm, RA� 24 mX
lm2 for Co2Fe0.4Mn0.6Si and 31 mX lm2 for CMS), which

indicated that RCFMS/Ag is smaller at x¼ 0.4 than at x¼ 0. The

observed DRA at x¼ 0.4 is clearly larger than that at x¼ 0

(at tCFMS¼ 5 nm, DRA� 11–12 mX lm2 for Co2Fe0.4Mn0.6Si

and 8 mX lm2 for CMS). Therefore, these results suggest that

c at the CFMS/Ag was enhanced from x¼ 0 to 0.4.

Furthermore, in order to investigate a possible mechanism

of the enhancement of c from x¼ 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 ESPRESSO.20 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(h) as a function of the tilting angle

of the local spin moments h in the non-collinear spin system.

Then, we fitted these results using E(h)¼A(1� cos h), 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 lB)

as compared with that in CMS/Ag (0.72 5lB), because the

exchange stiffness constant is related to local spin moments.21

As is discussed in Ref. 22, the total magnetic moment of

bulk Co2FexMn1�xSi follows the Slater-Pauling behavior

M¼ Z� 24, where M is the total spin moment in lB per unit

cell and Z is the total number of valence electrons, which

scales linearly with the Fe concentration x. 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.21 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.12 Therefore,

one possible origin for the increase of MR ratio as x increases

from 0 to 0.4 is the improvement of interfacial exchange stiff-

ness of Co at the Ag spacer, which results in the enhancement

of c at RT as suggested from this study.

The temperature dependence of MRobs ratio in the sam-

ple with tCFMS¼ 3 nm and x¼ 0.4 is shown in Fig. 4. The

maximum MRobs and MRint (165% and 184%) were obtained

at 30 K. The origin of the reduction of MR ratio below 30 K

is still unclear, but similar behaviors in CMS/Ag/CMS have

been reported before.23,24 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 300 K is shown in the inset of Fig. 4 for the

CFMS/Ag/CFMS with x¼ 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 Tbit/in.2, the total thickness of the device will need to be

less that 10.5 nm.25 We, therefore, also investigated a MR

property in a thinner CFMS/Ag/CFMS (x¼ 0.4) trilayer

structure. We have fabricated a very thin structure with

CFMS(4 nm)/Ag(3 nm)/CFMS(2 nm) and observed a large

MRobs (MRint) ratio of 43% (58%) with RA¼ 21.7 mX lm2

(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.

FIG. 4. Temperature dependence of MRobs ratio for the sample with

CFMS(20 nm)/Ag/CFMS(3 nm, x¼ 0.4) structure. The inset shows tempera-

ture dependence of MRobs ratio normalized by that at 300 K for the samples

with x¼ 0.0, 0.3, 0.5, and 1.0. The arrows indicate the highest MR ratio

observed in each sample.
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In conclusion, in this study, we fabricated Co2FexMn1�x

Si/Ag/Co2FexMn1�xSi fully epitaxial CPP-GMR devices,

systematically changing the Fe/Mn composition ratio x and

the CFMS electrode thickness tCFMS. The highest intrinsic

MR ratios, 58% at RT and 184% at 30 K, were observed in

the device with x¼ 0.4 and tCFMS¼ 3 nm. It was suggested

by comparing DRA between x¼ 0 and 0.4 that the interface

spin-asymmetry c was improved in the Co2Fe0.4Mn0.6Si/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 0 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.

The authors thank T. M. Nakatani, N. Hase, Y. K. Taka-

hashi, and K. Hono for useful discussions, and Y. Kodama

for the help in TEM specimen preparation using FIB. This

work was supported by the Strategic International Coopera-

tive Program ASPIMATT from JST and Storage Research

Consortium (SRC). This work was a part of the cooperative

research program of ARCMG, Institute for Materials

Research, Tohoku University.

1P. Grunberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys.

Rev. Lett. 57, 2442 (1986).
2M. N. Baibich, J. M. Brot, A. Fert, F. Nguyen Van Dau, F. Petroff, P.

Eitenne, G. Creuzet, A. Friederich, and J. Chazelas, Phys. Rev. Lett. 61,

2472 (1988).
3T. Miyazaki and N. Tezuka, J. Magn. Magn. Mater. 139, L231

(1995).
4S. Yuasa, T. Nagahama, A. Fukushima, Y. Suzuki, and K. Ando, Nature

Mater. 3, 868 (2004).
5S. S. P. Parkin, C. Kaiser, A. Panchula, P. M. Rice, B. Hughes, M. Samant,

and S. H. Yang, Nature Mater. 3, 862 (2004).
6D. D. Djayaprawira, K. Tsunekawa, M. Nagai, H. Maehara, S. Yamagata,

N. Watanabe, S. Yuasa, Y. Suzuki, and K. Ando, Appl. Phys. Lett. 86,

092502 (2005).
7K. Yakushiji, K. Saito, S. Mitani, K. Takanashi, Y. K. Takahashi, and

K. Hono, Appl. Phys. Lett. 88, 222504 (2006).
8T. Iwase, Y. Sakuraba, S. Bosu, K. Saito, S. Mitani, and K. Takanashi,

Appl. Phys. Express 2, 063003 (2009).
9Y. Sakuraba, K. Izumi, Y. Miura, K. Futasukawa, T. Iwase, S. Bosu, K.

Saito, K. Abe, M. Shirai, and K. Takanashi, Phys. Rev. B 82, 094444

(2010).
10T. M. Nakatani, T. Furubayashi, S. Kasai, H. Sukegawa, Y. K. Takahashi,

S. Mitani, and K. Hono, Appl. Phys. Lett. 96, 212501 (2010).
11Y. K. Takahashi, A. Srinivasan, B. Varaprasad, A. Rajanikanth, N. Hase,

T. M. Nakatani, S. Kasai, T. Furubayashi, and K. Hono, Appl. Phys. Lett.

98, 152501 (2011).
12J. Sato, M. Oogane, H. Naganuma, and Y. Ando, Appl. Phys. Express 4,

113005 (2011).
13T. Kubota, S. Tsunegi, M. Oogane, S. Mizukami, T. Miyazaki, H.

Naganuma, and Y. Ando, Appl. Phys. Lett. 94, 122504 (2009).
14F. J. Yang, Y. Sakuraba, S. Kokado, Y. Kota, A. Sakuma, and K. Takanashi,

Phys. Rev. B 86, 020409(R) (2012).
15S. Wurmehl, G. H. Fecher, H. C. Kandpal, V. Ksenofontov, H.-J. Lin,

J. Morais, and C. Felser, Phys. Rev. B 72, 184434 (2005).
16H. C. Kandpal, G. H. Fecher, G. Sch€onhense, and C. Felser, Phys. Rev. B

73, 094422 (2006).
17H. Schneider, E. Vilanova Vidal, S. Chadov, G. H. Fecher, C. Felser, and

G. Jakob, J. Magn. Magn. Mater. 322, 579–584 (2010).
18M. Kallmayer, P. Klaer, H. Schneider, E. Arbelo Jorge, C. Herbort,

G. Jakob, M. Jourdan, and H. J. Elmers, Phys. Rev. B 80, 020406R

(2009).
19T. Valet and A. Fert, Phys. Rev. B 48, 7099 (1993).
20P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D.

Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. Fabris,

G. Fratesi, S. de Gironcoli, R. Gebauer, U. Gerstmann, C. Gougoussis,

A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R.

Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S.

Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R.

M. Wentzcovitch, J. Phys.: Condens. Matter 21, 395502 (2009).
21Y. Miura, K. Abe, and M. Shirai, Phys. Rev. B 83, 214411 (2011).
22I. Galanakis, P. H. Dederichs, and N. Papanikolaou, Phys. Rev. B 66,

174429 (2002).
23Y. Sakuraba, K. Izumi, S. Bosu, K. Saito, and K. Takanashi, J. Phys. D:

Appl. Phys. 44, 064009 (2011).
24H. S. Goripati, M. Hayashi, T. Furubayashi, T. Taniguchi, H. Sukegawa,

Y. K. Takahashi, and K. Hono, J. Appl. Phys. 110, 123914 (2011).
25M. Takagishi, K. Yamada, H. Iwasaki, H. N. Fuke, and S. Hashimoto,

IEEE Trans. Magn. 46, 2086 (2010).

FIG. 5. MR curve for the sample with a CFMS(4 nm)/Ag(3 nm)/CFMS(2 nm)

structure at RT. The inset shows a HR-TEM image of the sample.

252408-4 Sakuraba et al. Appl. Phys. Lett. 101, 252408 (2012)

http://dx.doi.org/10.1103/PhysRevLett.57.2442
http://dx.doi.org/10.1103/PhysRevLett.57.2442
http://dx.doi.org/10.1103/PhysRevLett.61.2472
http://dx.doi.org/10.1038/nmat1257
http://dx.doi.org/10.1038/nmat1257
http://dx.doi.org/10.1038/nmat1256
http://dx.doi.org/10.1063/1.1871344
http://dx.doi.org/10.1063/1.2207987
http://dx.doi.org/10.1143/APEX.2.063003
http://dx.doi.org/10.1103/PhysRevB.82.094444
http://dx.doi.org/10.1063/1.3432070
http://dx.doi.org/10.1063/1.3576923
http://dx.doi.org/10.1143/APEX.4.113005
http://dx.doi.org/10.1063/1.3105982
http://dx.doi.org/10.1103/PhysRevB.86.020409
http://dx.doi.org/10.1103/PhysRevB.72.184434
http://dx.doi.org/10.1103/PhysRevB.73.094422
http://dx.doi.org/10.1016/j.jmmm.2009.09.048
http://dx.doi.org/10.1103/PhysRevB.80.020406
http://dx.doi.org/10.1103/PhysRevB.48.7099
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1103/PhysRevB.83.214411
http://dx.doi.org/10.1103/PhysRevB.66.174429
http://dx.doi.org/10.1088/0022-3727/44/6/064009
http://dx.doi.org/10.1088/0022-3727/44/6/064009
http://dx.doi.org/10.1063/1.3671634
http://dx.doi.org/10.1109/TMAG.2010.2045739

