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Abstract

To utilize highly spin-polarized Heusler alloys in practical spintronic devices, the realization
of highly textured and structurally ordered polycrystalline thin films under limited annealing
temperatures (7'4) 1s critical. Compared to the natural [ 110]-texture of Heusler alloys, the [001]-
texture is considered to be favorable for current-perpendicular-to-plane giant
magnetoresistance devices due to the reduced lattice misfit with the face-centered-cubic (fcc)
Ag spacer layers. In this study, we fabricated [001]-oriented polycrystalline Co2FeGao.sGeo s
(CFGG) Heusler alloy films epitaxially grown on a [001]-oriented polycrystalline Ag buffer
layer on thermally oxidized Si substrate, and the microstructure of the [001]-oriented Ag/CFGG
bilayer film was investigated in detail. The [001]-oriented Ag films were obtained by
introducing N> into Ar during the sputtering process. The [001]-oriented CFGG films exhibited
smooth interfaces, the B2 ordering, and a high saturation magnetization close to the theoretical
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value under a relatively low annealing at 74 = 300 °C, which are critical for industrial

applications such as read heads of hard disk drives.

I. Introduction

The field of spintronics leverages the interplay between the two fundamental properties
of electron — spin and charge, leading to various technological advancements, from magnetic
sensors to reconfigurable magnetic logic circuits.[1, 2] Highly spin-polarized currents are
crucial for achieving higher magnetoresistance (MR) ratios in tunnel magnetoresistance and
current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) devices, which are
important for the application of e.g., magnetic sensors and spin-transfer-torque magnetic
random-access memory. For example, the enhancement of the MR ratio of CPP-GMR devices
is essential for their application to the read heads of hard disk drives with ultra-high recording
densities. This has driven extensive research efforts focused on finding materials with high spin

polarization, ultimately half-metals with 100% spin polarization.[3, 4]

Co-based Heusler alloys with a chemical formula of Co>YZ (e.g., Y= Mn and Fe, and Z
= Al, Si, Ga, and Ge) have received intensive research attention as a promising candidate for
half-metal operating at room temperature (RT) due to their high Curie temperature.[5] Using
fully epitaxial CooMnSi, CozFeo4Mno6Si, and Co2FeGao.sGeo.s Heusler alloy films deposited

on a MgO (001) single-crystalline substrate via an appropriate buffer layer, large CPP-GMR

ratios up to 82% have been achieved at high annealing temperature, 7a = 500 °C.[6-8] The

current read head design require depositing the CPP-GMR on a polycrystalline NiFe shield.



Moreover, the MR ratio of such polycrystalline CPP-GMR deteriorates at higher 7 due to the

onset of interdiffusion in the polycrystalline multilayered structure. These restrictions limit the

usage of single-crystalline substrates and higher 7a (= 300 °C). Since the body-centered-cubic

(bcc)-based Heusler alloys have the natural crystallographic texture along the [110] orientation,
many reports have focused on the [110]-oriented polycrystalline Heusler alloy thin films for
the CPP-GMR device applications. A maximum MR of 25% has been reported in the CPP-
GMR devices with [110]-oriented polycrystalline CooMng sFeo.sGe (CMFG) films based CPP-

GMR.[9]

[111]-oriented spacer layers with the fcc structure, e.g., Cu, Ag, and AgSn, can be
grown on the [l110]-oriented Heusler alloy films with the orientation relation of
(011)[100]seusterll (111)[110]c.[10] However, this orientation relationship may not be suitable
for the transport of spin-polarized current due to the large lattice misfit at the Heusler alloy/Ag
interface. While the lattice misfit of the interface along the (100)yeyusier and (110)¢.. is small,
that along the (110)geysier and (112)¢. is much larger, e.g., 23.3% for CoFeGaosGeos
(CFGG, a =0.4086 nm [11]) and Ag. Such a large lattice misfit at the interface may give rise
to spin-independent scattering of the conducting electron, which results in a reduction in MR
ratio. On the other hand, the interface between [001]-textured Heusler alloy and [001]-textured
fcc spacer maintains a small lattice misfit with the orientation relationship of (001)[110]Heusterll
(111)[100] fec. Chen et al. demonstrated that CFGG-based epitaxial devices having [110]-
orientation with a [111]-oriented Ag spacer showed significantly smaller MR ratio as compared
with the [100]-oriented devices.[12] Therefore, obtaining [001]-oriented polycrystalline
Heusler alloy films is important for the application to CPP-GMR devices, such as read heads.

Although a [001]-textured MgO buffer layer was previously employed to achieve [001]-



oriented polycrystalline CPP-GMR devices, the insulating nature of the MgO buffer renders it
unsuitable for the fabrication of actual read sensors, which require a conductive

underlayers.[13]

Ag is a suitable buffer and electrode material for CPP-GMR devices due to its low
electrical resistivity, good thermal conductivity, low diffusivity into other metals, and good
lattice matching with most Heusler alloys.[15-16] For many fcc metals, the addition of N> and
O2 in Ar for sputtering deposition changes the out-of-plane crystallographic orientation from
[111] to [001]-direction.[17-21] Hu et al. reported the growth of highly [001]-orientated Ag
films with thicknesses ranging from 1.6 to 1.9 pm on a (001) single crystal Si substrate in
Ar+N; atmosphere.[21] They studied the N> concentration dependence of the texture of the Ag
film and found [001]-oriented Ag films without any nitride phase. However, scanning electron
microscopy (SEM) imaging revealed holes and big spherical crystalline granules on the Ag
film surface, which is not suitable for the buffer layer of spintronic devices. Therefore, the
fabrication of highly [001]-oriented and flat Ag buffer layer is critical for spintronic devices,
such as CPP-GMR. In this study, we fabricated polycrystalline CFGG Heusler alloy thin films
on [001]-oriented Ag buffer layers deposited in the Ar+N> atmosphere. Structural

characterization revealed highly [001]-textured B2-ordered CFGG films with a flat surface.

I1. Experimental details

Ag thin films of 100 nm thickness were deposited on a thermally oxidized Si (Si/S102)
substrate by RF magnetron sputtering in an Ar+Nz atmosphere. To enhance the adhesion of the
Ag film with the substrate and protect against surface oxidization, a 5 nm Ta seed layer and a

2 nm Ta capping layer were deposited (Fig. 1(a)). The base pressure of the sputtering chamber



was less than 1x107 Pa. The working pressure for the deposition of Ag was maintained at
7 mTorr. The Ar flow rate was kept constant at 10 sccm, and the N> flow rate was varied to 0,
5,15, 20, and 25 sccm. Figure 1(b) shows the change in the deposition rate of Ag as a function
of N> flow rate. Subsequently, a film stack of Si/SiO»/Ta (5 nm)/Ag (100 nm)/CFGG
(20 nm)/Ta (2 nm) was prepared to study the growth of the CFGG Heusler thin film on the Ag
buffer layer. All the films were deposited at room temperature and ex-situ annealed at 7Ta =
300 °C for 30 min under a high vacuum condition. The crystal structures of the samples were
examined using X-ray diffraction (XRD) with the Cu-K, radiation (1 = 1.5406 A). The CFGG
film was deposited using an alloy target of Coss.sFe24.1Ga13.7Ge1s7 (in at. %) which resulted in
a final composition of Cos7.6Fe248GaisoGerzs (in at. %) as measured by X-ray fluorescence
spectroscopy. A comprehensive microstructural analysis of the CFGG layer and the Ag buffer
layer was performed using a spherical aberration-corrected (scanning) transmission electron
microscope ((S)TEM) using FEI Titan G2 80-200). The specimen preparation for the (S)TEM
observation was carried out via the lift-out technique employing a dual-beam focused ion
beam/scanning electron microscope (FIB/SEM, FEI Helios G4). The magnetic properties of
the CFGG Heusler alloy thin films were measured using a vibrating sample magnetometer

(VSM).
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FIG. 1. (a) Schematic representation of the sample structure, and (b) N> flow rate dependence

deposition rate of Ag buffer layer.

III.  Results and Discussion
A. Growth of Ag film in Ar+N:z atmosphere

Figures 2(a-e)(i) and (a-e)(ii) show the two-dimensional (2D) XRD profiles of the as-
deposited and annealed Ag films deposited in different Ar+N> atmosphere, respectively. The
broadening of the diffraction rings (Debye-Scherrer rings) in the f angle direction corresponds
to the distribution of crystallographic orientation of the crystal grains in the out-of-plane
direction. The range of the broadening of the Akl diffraction peak in the £ direction is governed
by the distribution of the diffraction vector of (kkl) plane. Therefore, the rocking curves of the
diffraction from the (111) and (002) planes (Figs. 2 (a-e)(iii) and (iv)) and 1D XRD profiles
(Figs. 2(f) and (g)), which were obtained by integrating the diffraction intensity to the f and 26
direction, respectively, are also presented. The as-deposited and annealed Ag films grown in
the pure-Ar atmosphere (Figs. 2(a)(i) and (ii), respectively) exhibited a highly [111]-oriented

bce structure as indicated by the narrow 111 peak in the £ direction without the presence of the



002 peak to the substrate normal direction (i.e., f = 180°). By annealing at 300 °C, the width
of the rocking curve of the 111 peak decreased, as shown in Fig. 2(a)(iii), indicating a further
enhancement of the [111]-texture. Interestingly, the rocking curve of the 002 peak (Fig. 2
(a)(iv)) showed a splitting into £ = 162° and 198°, indicating that there are a small number of

grains having the (002) plane to these tilted directions.

By introducing N> with a flow rate of 5 sccm, a significant change in the crystal
orientation of the Ag thin films was observed. The diffraction ring from the (111) plane
broadened with noticeable splitting relative to the substrate normal, as clearly seen from the
rocking curve shown in Fig. 2(b)(iii). Additionally, a continuous broad diffraction ring from
the (001) plane emerged at 26 = 44.45°. The subsequent annealing at 300 °C improved the out-
of-plane texture along [001], as shown in Fig. 2(b)(iv). Further increase in the N> flow rate led
to an enhanced [001]-oriented growth of the Ag films, as seen from the increased sharpness of
the 002-diffraction ring in the 2D XRD images and the rocking curves from the diffraction of
the (002) plane (Fig. 2(b-e)(iv)). The splitting of the 111 peak still existed for all N> flow rates
larger than 5 sccm, which is explained by the formation of twins in the Ag crystals as discussed
below based on the STEM observations. However, as shown in Figs. 2(h) and (i), the ratio of
the diffraction intensity of the 002 peak to that of the 111 peak (Zoo2//111) and the FWHM of the
002 peak increased and decreased with increasing N> flow rate, respectively. Therefore, the Ag
films obtained an enhanced [001]-texture with lower crystallographic misorientations for
higher N> flow rate. These results demonstrate the crucial role of N> in promoting the growth

of highly [001]-oriented Ag films.

The mechanism of the change in crystal orientation of Ag by the introduction of N> is
not clear at present. As discussed in Ref. [18] and [21], however, a possible mechanism is the

influence of N> on the growth process of Ag thin films during the sputter deposition. The N>
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atoms may have acted as a surfactant, promoting a growth of Ag with a specific crystallographic
orientation while inhibiting others. The mixture of Ar and N in the sputtering gas could
influence the surface morphology and the atomic mobility of the Ag atoms, leading to the

formation of a texture with a preferred orientation along the [001]-direction.
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FIG. 2. 2D XRD images and corresponding rocking curves from the diffraction along (111)
and (002) planes and 1D XRD patterns of Ag thin films grown in different Ar + N> atmospheres.
(a-e)(1) 2D XRD images of as-deposited samples, (a-e)(ii)) 2D XRD images of annealed
samples, (a-e)(iii) and (a-e)(iv) rocking curve from the diffraction along (111) and (002) planes
respectively. Black and red color graphs represent the as-deposited and annealed sample
respectively. (e) 1D XRD pattern converted from the 2D XRD images of the as-deposited
samples, (a-e)(i), (f) ID XRD pattern converted from the 2D XRD images of the annealed
samples, (a-e)(ii). The XRD peaks indicated by diamond (#) and dot () symbols correspond to
the satellite peaks generated by Cu-K,1 and Cu-Kp X-ray wavelength. (g) ratio of the intensities
along the [001] and [111]-directions, and (h) FWHM of the rocking curves along the [001]-

direction. The 26 and S directions for the 2D XRD plots are represented in Figure a(i).

B. Growth of CFGG film on [001]-oriented Ag buffer layer

Next, we studied the effect of the [001]-oriented Ag buffer layer on the crystallographic
orientation and structural ordering of a 20 nm-thick CFGG film. Figures 3(a) and (b) show the
2D XRD image of the as-deposited and annealed samples of the layer structure of Si/Si0»/Ta
(5 nm)/Ag (100 nm)/CFGG (20 nm)/Ta (2 nm). Figure 3(c) depicts the corresponding 1D XRD
pattern. The XRD peaks at 20 = 31.31° and 65.43° correspond to the B2 superlattice 002 and
fundamental 004 peaks of CFGG, respectively, indicating that the CFGG film has a [001] out-
of-plane orientation with the B2 structure. The lattice constant of the Ag buffer layer and CFGG
layer were found to be 0.409 nm and 0.575 nm, respectively. This leads to a small lattice misfit
between [001]-oriented Ag and CFGG with an in-plane 45° crystal rotation. The FWHM of the

broadening of the 002 diffraction in the § direction for the annealed sample shown in Fig. 3(b)



was 11.5° indicating a relatively high [001]-texture of the CFGG film. The inset of Fig. 3(c)
displays the results of the magnetization measurement. After annealing, the saturation
magnetization, Ms reached ~940 emu/cc. This value of Ms corresponds to 4.81 pg/f.u., which is
close to the M, estimated by the Slater-Pauling rule [22] for this CFGG composition

(4.89 pp/fu.), suggesting a high degree of B2 order.
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FIG. 3. (a), (b) 2D XRD images for the as-deposited and annealed Si/SiO»/Ta (5 nm)/Ag
(100 nm)/CFGG (20 nm)/Ta (2 nm) samples, respectively, and (c) the corresponding 1D XRD
patterns. The inset in (¢) shows the magnetization curves. The XRD peaks indicated by the

diamond (#) and dot (*) symbols correspond to the satellite peaks generated by the Cu-K,1 and
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Cu-Kj X-ray radiations. The 26 and f directions for the 2D XRD plots are represented in Figure

(a).

C. Microstructure of [001]-oriented Ag/CFGG film

Figures 4(a), (b), and (c) display the low-magnification high-angle annular dark-field
(HAADF)-STEM image, the corresponding energy dispersive spectroscopy (EDS) elemental
map of Ag, Ge, Ta, Au, and Pt, and EDS line profiles for the Si/SiO»/Ta (5 nm)/Ag
(100 nm)/CFGG (20 nm)/Ta (2 nm) sample annealed at 300 °C, respectively. Note that Au and
Pt were deposited to protect the surface of the TEM specimen during its preparation by
FIB/SEM, and EDS line profile was taken across the interfaces, as indicated by an arrow in
Fig. 4(b). The HAADF-STEM image showed that the Ag surface was relatively flat, and EDS
analysis showed that there was no significant interdiffusion between the constituent layers. The
high-magnification HAADF-STEM image in Fig. 4(d) shows that the Ag/CFGG interface is
atomically sharp, and the brightly and darkly imaged atomic columns are alternately stacked
along the film normal direction throughout CFGG layer, indicating a B2 structure, in which the
Fe and (Ga,Ge) atoms are disordered. The B2 structure of CFGG layer is supported by the
nanobeam diffraction pattern of CFGG (Fig. 4(e)), which shows the presence of the (002)
reflection. From the nanobeam diffraction patterns obtained from the Ag layer, as shown in Fig.
4(e), the B2-ordered CFGG has the epitaxial orientation relationship with the Ag layer

described as (001) pg Il (001)cpgg and [010] ag |l [110]cpgg, resulting in the [001]-oriented

growth of CFGG layer. We measured the surface roughness of the [001]-oriented CFGG film
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to be 0.5 nm of arithmetic average roughness by an atomic force microscope (data not shown

here), which is in the suitable range for fabrication of spintronic devices.

Figure. 5 (a) shows an EDS spectrum obtained from the Ag buffer layer, which gives
the impression that N is not present within the Ag buffer layer. Since the K-line of N is located
close to the K-line of Ag, it is difficult to discuss the presence of N by EDS especially when a
trace amount of N is present in the Ag buffer layer. We performed electron energy loss
spectroscopy (EELS) analysis to complement the weakness of the EDS analysis. The EELS
spectrum obtained from the Ag buffer layer (Fig. 5(b)) represents the spectrum of pure Ag with
no energy loss that is attributed to the K-edge of N at 401 eV.[23] These analyses definitively
indicate that N is absent, or the N content, even if present, is below the detection limit of these
spectroscopic techniques. The role of N> gas has been suggested as both surfactant and mobility
effects which may be responsible for the observed orientation change of the Ag layer [17], [20].
However, further investigation is necessary to elucidate the underlying mechanism of this

phenomenon. N was not detected in the CFGG layer deposited on the Ag buffer layer.
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FIG. 4. (a) Cross-sectional HAADF-STEM image, (b) EDS map, and (c) EDS line profiles of
the Si/SiO»/Ta (5 nm)/Ag (100 nm)/CFGG (20 nm)/Ta (2 nm) sample after annealing at
300 °C. (d) High-magnification HAADF-STEM image of the Ag and CFGG layer taken along

the [110] zone axis of CFGG and (e) nano beam diffraction pattern of the CFGG and Ag buffer

layer taken from the zone axis of [011] of CFGG and [100]of Ag, respectively.
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FIG. 5. (a) EDS and (b) EELS spectra obtained from the Ag buffer layer. The “pure-Ag”

spectrum in (b) is from Ref. 23.

Next, to investigate the origin of the splitting of the 111 XRD peak of the Ag buffer
layer (Figs. 2(b-e)(ii1)), microstructural analysis with (S)TEM was performed. Figure 6(a)
displays a low-magnification bright field (BF) TEM image of the Si/SiO»/Ta (5 nm)/Ag
(100 nm)/CFGG (20 nm)/Ta (2 nm) sample annealed at 300 °C. The difference in diffraction
contrasts reveals the polycrystalline nature of the Ag buffer layer, which has well-defined
interfaces between adjacent layers and a uniform thickness. As shown in Fig. 6(b), the
nanobeam diffraction pattern taken from the large area of the Ag buffer layer surrounded by

the solid line in Fig. 6(a) clearly shows the [001]-oriented growth of Ag. There is also a stripe-
13



like diffraction contrast tilted ~59.4° from the film plane within a Ag grain, as indicated by the
arrows in Fig. 6(a). As seen in the nanobeam diffraction pattern taken from the area surrounded
by the dashed line, Fig. 6(c), and the key diagram, Fig. 6(d), the two rhombohedral
constructions in the white/black and red dashed lines are mirrored with respect to the (111)
plane, indicating the twin typically observed in Ag. In addition, since the (111) plane makes
an angle of 54.74° with the (002) plane, i.e., the film plane, the stripe-like diffraction contrast
in Fig. 6(a) is attributed to the (111) trace of the twin boundaries. The key diagram also shows
that the (111) plane of the twinned region is tilted 15.78° from the (002) plane of the parent
grain. The high magnification HAADF-STEM in Fig. 6(e), including the parent grain and the
twinned region, shows that the (111) plane of the twinned region is tilted ~15.0° from the

(002) plane of the parent grain. Therefore, the splitting of the 111 peaks in the XRD profile is

attributed to the (111) plane of the twinned region. No twin was observed in the CFGG layer.
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FIG. 6. TEM analysis of Si/SiO»/Ta (5 nm)/Ag (100 nm)/CFGG (20 nm)/Ta (2 nm) after
annealing at 300 °C. The Ag buffer layer was grown at N> flow rate of 25 sccem. (a) low-
magnification bright field (BF) TEM image, nano beam diffraction pattern of the silver buffer
layer obtained from the area surrounded by (b) solid and (c¢) dashed lines, (d) key diagram that
helps interprets the nanobeam diffraction pattern, (c), and (e) atomic-resolution HAADF-
STEM image including parent grain and twinned region. Note that “P” and “T” in (c¢) through

(e) stand for parent and twin, respectively.

IVv. Conclusions

We fabricated highly [001]-oriented polycrystalline CooFeGaosGeos (CFGG) on a
[001]-oriented Ag buffer layer deposited in Ar+N> sputtering gas atmosphere. The CFGG films
exhibited the B2 ordering, high saturation magnetization, and a flat surface at a relatively low
annealing temperature of 300 °C. No evidence of the presence of N atoms in the Ag buffer
layer was found by electron energy loss spectrum analysis in scanning transmission electron
microscopy. The formation of twins in the Ag buffer layer, which were confirmed by scanning
transmission electron microscopy, did not have a noticeable negative effect on the quality of
the CFGG films. These results indicate that the [001]-oriented Ag/CFGG films are promising

for the application of spintronic devices, such as CPP-GMR read head devices.
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