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We had overestimated the areas of the current-perpendicular
to film plane giant magnetoresistance (CPP-GMR) devices.
After careful verification of the device size using the
transmission electron microscopy image shown in Ref. I,
we found that the length of the device edge is about 10 nm
smaller than the value used in the original paper (Ref. 2).
After correcting the device size, the resistance area products
(RA) and the values of parasitic resistance (Rpar) in Fig. 3
in Ref. 2 should be changed. The specifications of the
junctions in Table I in Ref. 2 should also be corrected.
Finally, the values of the vertical axes should be changed

Table I. Summary of the specifications for the junctions investigated in
this study. The values without brackets are the averages for MRgps, MRjpy,
and ARA, while those values in brackets are the maximum obtained values.

Mg content RA MR s MR, ARA
(at.%) (mQ-um?) (%) (%) (mQ-um?)
0 23 35 (38) 50 (57) 12 (13)
17 36 36 (40) 44 (49) 16 (17)
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Fig. 1. Plots of the junction resistance at the parallel magnetization
configuration (R;,) as a function of the inverse junction area (1/A) for (a) the
Ag-Mg spacer and (b) the Ag spacer.

119201-1

for Figs. 4 and 5 in Ref. 2. Based on the above corrections,
Figs. 3, 4, and 5 and Table I in Ref. 2 should be substituted
by Figs. 1, 2, and 3 and Table I, respectively. These changes

do not affect the discussion or conclusions in the original
article.
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Fig. 2. Magnetoresistance curves of the CPP-GMR junctions using (a) the
Ag—Mg spacer and (b) the Ag spacer.
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Fig. 3. Bias voltage dependencies of (a) the ARA values and (b) the output
voltage AV of the CPP junctions. Red solid circles and blue solid diamonds

represent data points for the junctions using the Ag—Mg spacer and the Ag
spacer, respectively.
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The current perpendicular to film plane type giant magnetoresistance (CPP-GMR) effect in Co,Fep4Mng ¢Si/AgssMgi7/CozFeq4MngSi junctions
was investigated. An epitaxially grown 5-nm-thick AggzsMg,7 film having partially ordered L1, structure was fabricated on the CosFeq 4Mng gSi layer
by magnetron sputtering. CPP-GMR effects were observed in the submicrometer-sized junctions, and the maximum value of the observed
(intrinsic) MR ratio was 40% (48%) at room temperature. The average change in the resistance—area product was 23 mQ.um? for the Ag-Mg
junctions, which was higher than those of conventional CPP-GMR junctions using a Ag spacer layer.

© 2015 The Japan Society of Applied Physics

magnetoresistance (CPP-GMR) effect is a key tech-
nology for next-generation hard disk drives (HDDs)
with an areal density of more than several terabits per square
inch.” To realize high-output CPP-GMR junctions, cobalt-
based full Heusler alloys are promising materials because of
their half-metallic electronic structure, which can generate
highly spin-polarized conduction electrons.” The potential of
CPP-GMR junctions has been experimentally demonstrated
using several cobalt-based compounds, such as Co,MnSi,>*
Co,Fe(Al-Si),>® Co,(Fe-Mn)Si,”® and Co,Fe(Ge-Ga).” The
reported values of the MR ratio and the change in the
resistance—area product (ARA) were greater than 50% and
12 mQ-um?, respectively.®? Such large values of the MR ratio
and ARA are attributed to the half-metallic nature of Heusler
alloys from fitting” based on a model proposed by Valet
and Fert.'” These studies encourage the development of
CPP-GMR reading head applications for HDDs using Heusler
alloys; however, the output is still not sufficient. One
drawback of Heusler-alloy-based CPP-GMR junctions is the
“too small” junction resistance, which is reported to be on the
order of 20 mQ-um? in RA values. According to simulations
by Takagishi and co-workers, realizing the optimal junction
resistance is necessary to overcome both spin-transfer torque
and Joule heating problems.” The spin-transfer torque
problem defines the lower boundary of the RA values, because
the magnetization is predicted to fluctuate for a small junction
resistance under a large current density on the order of 108
A/cmz, which causes spin-transfer torque noise. In contrast,
the Joule heating problem defines the upper boundary of
the RA values. From the simulation of Takagishi et al., it is
estimated that an MR ratio on the order of 70% is required
for the RA values of the reported CPP-GMR junctions using
Co-based full Heusler alloys and a Ag spacer layer. If the RA
value is 50 mQ-um?, the required value of the MR ratio is
about 50% for an areal recording density of 5 Tbits/in.2."
Therefore, it is desirable to identify any new spacer material
that increases the RA value without degrading the MR ratio
value of Heusler-alloy-based CPP-GMR junctions.
Regarding investigations of spacer materials, several
earlier experimental works used, for example, the non-
magnetic Heusler alloy Rh,CuSn,'"” semiconductive wurtzite
7Zn0,'? B2 NiAl alloy,l3) and In-Zn-0:'Y however, none of
those have yet been shown to be suitable for achieving the
needed HDD specification of >5Tb/in.%.

T he current perpendicular to film plane type giant
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Compared with ferromagnetic materials, spacer materials
have not been investigated well. Thus, in this paper, we focus
on an L1, Ag-Mg alloy as a new spacer material for the CPP-
GMR junction to increase the ARA value. Ag-Mg alloys
form the ordered L1, structure, which is called the a phase,
for a relatively wide range of Mg compositions up to 25
at. %.1519 Moreover, lattice mismatches between L1, Ag;Mg
and Co-based full Heusler alloys are typically less than 3%,
which is good for fabricating epitaxially grown heterojunc-
tions. Concerning the transport properties, a higher resistivity
was reported in a bulk sample compared with pure Ag,'>
which potentially increases the RA value of the junction.
Despite the lack of theoretical or experimental investigation
of the CPP-GMR effect using Ag—Mg alloys, it is expected
that the conduction electron spins are not scattered as much
by the L1, Ag—Mg layer compared with the case of Ag-based
CPP-GMR junctions because Mg is a relatively light element
with small spin—orbit coupling.

All films were prepared by an ultrahigh-vacuum mag-
netron sputtering system (base pressure <1 X 1077 Pa). The
stacking structure for the CPP-GMR junction is MgO(100)
substrate/Cr (20nm)/Ag (40 nm)/Co,Fey4sMng¢Si (20 nm)/
Ag(-Mg) (5nm)/Co,Fey4MngSi (7nm)/Ag (2nm)/Au (5
nm). All layers were deposited at room temperature, and
post-annealing was performed at 650 and 500 °C after the
deposition of Cr and the top Co,Fey4Mng¢Si (CEMS) layer,
respectively. The Ag-Mg layer was deposited by a co-sput-
tering process from Ag and Mg targets. The film composition
was designed to be AggzsMg7 (at. %), which was determined
by inductively coupled plasma optical emission spectroscopy
measurements. The structural properties of the Ag—Mg layer
were characterized by reflection high-energy electron dif-
fraction (RHEED). A sample using a Ag spacer was also
prepared as a reference sample. The prepared films were
patterned into a pillar shape using electron beam lithography
and Ar ion dry etching. The designed junction sizes ranged
from 50 x 100 nm? to 400 x 800 nm?. Transport properties
were measured by a direct current four-probe method at room
temperature.

Figure 1(a) schematically illustrates the L1, AgzMg unit
cell. A layered structure with alternate stacking of Ag-Mg
and Ag planes is formed for the (100) azimuth of the L1,
AgszMg alloy. Figures 1(b) and 1(c) show RHEED images of
the Ag-Mg film surface at the (100) and (110) azimuths,
respectively; the film was deposited onto an epitaxially

© 2015 The Japan Society of Applied Physics


http://dx.doi.org/10.7567/APEX.8.063008

Appl. Phys. Express 8, 063008 (2015)

H. Narisawa et al.

(b) Ag-Mg <100>

(¢) Ag-Mg <110>

Fig. 1. (a) Unit cell of the L1, AgsMg alloy. RHEED patterns for the
surface of Ag-Mg layer for azimuths of (b) Ag-Mg (100) and (c) Ag-Mg
(110). Yellow arrows indicate superlattice diffraction from the L1,-ordered
structure.

Fig. 2. Cross-sectional HAADF-STEM image of the CFMS/Ags;Mg;7/
CFMS junction.

grown CFMS(001) film prepared similarly to the bottom
electrode of the CPP-GMR structure. Epitaxial growth of
the Ag—-Mg layer was confirmed from the RHEED pattern,
and superlattice diffraction was also observed [as indicated
by yellow arrows in Fig. 1(b)]. RHEED observation of
the top CFMS surface was also performed for the samples
of CPP junctions (data not shown here). The superlattice
streak patterns associated with the L2, structure, as well as
epitaxial growth of the CFMS layer, were confirmed.

Figure 2 shows a cross-sectional high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) image around the CFMS/Agg;Mgi7/
CFMS interfaces of a film for the CPP-GMR junctions.
The Ag—Mg spacer layer was found to have partially ordered
L1, structure that exhibited pairs of periodic dark and light
contrasts, especially around the CFMS/Ag-Mg interfaces.
Concerning the structure of the CFMS layers, most parts
showed clear contrasts representing L2; ordering of the
Heusler alloy.

The size dependence of the junction resistance was
examined to determine the values of RA and the parasitic
resistance (Rpa), as shown in Fig. 3. Each data point
represents an average of 10 measurements. The data points
show some deviation from the linear relationship for the
Ag-Mg spacer junctions, especially for the 1/A values over
60um~2, which can probably be attributed to the size
distribution resulting from the electron lithography process
in the relatively small junction area. Linear fitting was
performed to estimate the RA values using nine data points
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Fig. 3. Plots of the junction resistances in the parallel magnetization
configuration (R,) as a function of the inverse of the junction area (1/A) for
(a) the Ag—Mg spacer and (b) the Ag spacer.
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Fig. 4. Magnetoresistance curves of the CPP-GMR junctions using (a) the
Ag-Mg spacer and (b) the Ag spacer.

with 1/A values below 70 um~2 for both spacer junctions.
The estimated values of RA (Ryu.) were 51 + 4 mQ-um?
(030 +0.14Q) and 26 + 1 mQ-um? (0.43 +0.04Q) for
junctions using a Ag—Mg spacer and a Ag spacer, respec-
tively. We also considered some other selections of data
points for the linear fitting to eliminate possible over-
estimation of the RA values and confirmed that the values
above are minimum estimations.

The MR curves are shown in Fig. 4. The vertical axes
represent the RA values determined by eliminating the Rpar,
estimated in Fig. 3. Pseudospin valve-type curves were
observed for both junctions, and the observed MR ratios
(MR ), which include the R, value of the lead electrodes,
were 40 and 38% for the Ag—-Mg spacer [Fig. 4(a)] and the
Ag spacer [Fig. 4(b)] junctions, respectively. The intrinsic
value of the MR ratio (MR;,, ratio) was also deduced using
the following equation:

AR Rap—Rp
Rjunctjan RP - Rpara

MR, = , (1)

© 2015 The Japan Society of Applied Physics
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Table I. Summary of the specifications of the junctions investigated in this
study. The observed value of the MR ratio (MR,s) was defined as

MRgbs = (Rap — Rp)/Rp, where Rp includes the parasitic resistance of the
junction. MRy, is defined by Eq. (1) in the main text. The values without
brackets are the averages for MRps, MRy, and ARA, and those in the
brackets are the maximum values for each quantity.

Mg content RA MR s MRjn ARA
(at. %) (mQ-um?) %) (%) (mQ-um?)
0 26 35 (38) 48 (54) 13 (15)
17 51 36 (40) 44 (48) 23 (25)

where Rjunciion, Rap, and Rp represent the intrinsic junction
resistance excluding Rp.., the resistance in the antiparallel
magnetization configuration, and that in the parallel config-
uration, respectively. The average deduced MR;y, ratios of the
Ag-Mg spacer and the Ag spacer junctions were 44 and 48%,
respectively. The average changes in the RA values (ARA)
were also obtained as 23 and 13 mQ-um? for junctions using
Ag—Mg and Ag spacers, respectively, and the maximum ARA
value among the measured Ag—Mg spacer junctions was
25 mQ-um?. The specification of the Ag—Mg spacer junction
lies at the edge of that for HDD reading heads (a recording
density of 5 Tbits/in.?)."” Table I summarizes the RA, MRy,
MR;,, and ARA values of the junctions in this study.
Although the Ag—Mg spacer junctions exhibit slightly
smaller values of MR, than the Ag spacer ones, ARA
becomes much larger because of the larger value of RA (which
was nearly twice that of the Ag spacer junctions). According
to the model of Valet and Fert,'” ARA can be expressed as
Bpimtem + 2rAR )’
Zpi’;Ml]:M + Q’AR;M/NM + 2pnMming + 2AR;M/NM ’
()
where £, v, piv> PNms feveamy, and Riyy gy represent the
bulk spin asymmetry coefficient, the interface spin asymme-
try coefficient, the spin resistivity of the ferromagnetic layer,
the resistivity of the nonmagnetic spacer, thickness of the
ferromagnetic (nonmagnetic) layer, and the interface resist-
ance at the ferromagnetic/nonmagnetic interface, respec-
tively. Equation (2) is valid in the limit in which the thick-
ness of the ferromagnetic layers and the nonmagnetic spacer
is shorter than the spin diffusion length. From Eq. (2), we
qualitatively propose that a possible reason for the enhanced
ARA value of the Ag—Mg spacer junctions is an increase in
R [= Revinm /(1 — 7?1, because if the increase in RA
was caused only by the increase in pny, ARA would decrease
according to Eq. (2). In addition, the RA value for the
Ag-Mg junction cannot be explained by the resistivity value
for the disordered Ag—Mg alloy nor by the reported value for
the L1,-ordered Ag—Mg alloy in Ref. 15. The reason is that
the RA values of the 5-nm-thick spacer materials estimated
from the bulk resistivity values are about 8 x 107> and
25x 1072mQum? for Ag and L1, AgsMg, respectively,
which are much smaller than the experimental values.
According to theoretical studies, for example, the predictions
in Refs. 17 and 18, it is essential to choose a ferromagnetic
material and a nonmagnetic spacer material with good band-
matching for fabricating high-output CPP-GMR junctions.
Although a theoretical investigation is outside the framework
of this paper, the dispersion relation of L1, AgsMg'? is

ARA =

063008-3
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Fig. 5. Bias voltage dependence of (a) ARA and (b) output voltage AV for
the CPP junctions. Red solid circles and blue solid diamonds represent data
points for the junctions using the Ag-Mg spacer and the Ag spacer,
respectively.

completely different from that of face-centered cubic Ag,’”

which possibly modifies the band-matching between CFMS
and the spacer layer.

Finally, the bias voltage dependence of ARA and the
output voltage (AV) was investigated for CPP-GMR junc-
tions, as shown in Figs. 5(a) and 5(b), respectively. Here,
AV = AR X Lyias = (Rap — Rp) X Ipias, Where I,s represents
the measured bias current. The maximum applied current
was 14 mA, corresponding to a current density (J) of about
103A/cm? at 78 and 38mV for the L1, Ag-Mg and Ag
spacer junctions, respectively. With increasing bias voltage,
ARA decreases monotonically, which is attributed to fluctua-
tion of the magnetization vectors due to spin-transfer torque
and Joule heating. The maximum values of the output voltage
(AV) are 4.8 and 3.8 mV for the Ag—-Mg and Ag spacer
junctions, respectively. These results indicate an advantage of
the Ag—Mg spacer layer over the Ag spacer one for appli-
cation to the reading head element of HDDs.

In summary, CPP-GMR effects were investigated in
CFMS/AgssMg 7/CEMS junctions. An epitaxially grown
multilayer sample was fabricated with an L1,-ordered
AggsMg,7 spacer layer and L2;-ordered CFMS ferromagnetic
layers. The average observed (intrinsic) values of the MR
ratio were 36% (44%) and 35% (48%) for the junctions using
AggsMg 7 and Ag spacers, respectively. The RA value for
the Ag-Mg spacer junction was 51 mQ-um?, which is twice
that of the Ag spacer junction. Owing to the large RA value,
a ARA value of 25.2mQ-um? was achieved for the Ag-Mg
spacer junction at maximum. The output voltage for the
Ag-Mg spacer junction was 4.8mV at a bias voltage of
38 mV, which is also larger than that for the Ag spacer. Those
experimental results suggest that CPP-GMR junctions using
a Ag—Mg spacer layer would be advantageous for use in the
reading head of HDDs.
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