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In this work, 30nm Fe,Cr;xCoxSi (FCCS) magnetic films were deposited on Cr
buffered MgO (100) substrates by sputtering. Fe,CrgsCog5Si exhibits the largest
magnetization and optimal ordered L2; cubic structure at in-situ annealing tem-
perature (T'i,) of 450°C. The Co composition dependence of crystalline structures,
surface morphology, defects, lattice distortions and their correlation with the mag-
netic properties are analyzed in detail. The Co-doped samples show in-plane M-H
loops with magnetic squareness ratio of 1 and increasing anisotropy energy den-
sity with Co composition. Appropriate Co doping composition promotes L2; phase
but higher Co composition converts L2 to B2 phase. Doping effect and lattice mis-
match both are proved to increase the defect density. In addition, distortions of the
FCCS lattice are found to be approximately linear with Co composition. The largest
lattice distortion (c/a) is 0.969 for Fe,Crp25Co0075S1 and the smallest is 0.983 for
Fe,CrSi. Our analyses suggest that these tetragonal distortions mainly induced by an
elastic stress from Cr buffer account for the large in-plane anisotropy energy. This
work paves the way for further tailoring the magnetic and structural properties of
quaternary Heusler alloys. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5007289

I. INTRODUCTION

Heusler alloys are promising candidates for spintronic applications such as magnetic ran-
dom access memory (MRAM) due to their low damping, high spin polarization and high Curie
temperature.' Co-based Heusler alloys have been extensive investigated,”® however, their large
magnetizations are not favorable to reduce the switching current density in device applications.
Fe-based Heusler alloys exhibit similar level of damping value and lower saturate magnetization
compared with Co-based Heusler alloys.”~!! Furthermore, Fe-based Heusler alloy is good for achiev-
ing perpendicular magnetic anisotropy (PMA). On one hand, the introduction of MgO interfaces may
develop PMA through Fe-3d and O-2d hybridization. On the other hand, it has been revealed that
large lattice mismatch between buffer layer and Heusler alloys can enhance PMA.'>!3 Co can be
doped into Fe,CrSi to tune the Fermi level and hence optimize its properties.'*!> Due to difference
in lattice constant (5.5A-5.6A, and ~5.7A for Fe and Co based Heusler alloy, respectively), and
hence lattice mismatch between film and buffer layer, the stress can also be tuned through Co doping.
It has been reported that the strain induced by epitaxial misfit can change the magneto-elastic energy
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and magnetic anisotropy.'® The in-plane anisotropy could linearly change with lattice deformation.!”
The annealing temperature dependence of lattice strains and its effect on magnetic anisotropies of
Co-based Heusler alloy has been studied.'® However, the doping dependence of defect and strain
in Fe-based Heusler alloy is still lacking. Besides, some defects or misfit in Heusler alloys can also
affect other properties such as resistivity and spin polarization.'?2° Thus, it’s important to study strain
or lattice distortion in the FCCS.

We have previously demonstrated high perpendicular and in-plane tunnel magnetoresistance
ratio (TMR) by optimizing FCCS in magnetic tunnel junction (MTJ).2"?? In this work, we provide
a detailed investigation of the structural and magnetic properties of Cr buffered FCCS dependent on
T;, and Co doping composition. The defects and lattice distortion affected by Co doping are also
discussed.

Il. EXPERIMENT

All samples were deposited on crystalline MgO(100) substrates by ultra-high vacuum (UHV)
magnetron sputtering system. The base pressure is lower than 10" Torr. 30nm Fe,Cr;_,Co,Si lay-
ers were deposited on 35nm Cr buffered MgO(100) by co-sputtering Fe,CrSi and Fe,CoSi targets.
By controlling the sputtering power of individual targets, different compositions of Cr and Co were
achieved. A total deposition speed of around 0.3A/s was maintained. MgO substrates were firstly
annealed at 600°C for 1 hour to degas and enhance the surface quality.'®?* The Cr buffer layer was
annealed at 700°C for 1 hour to promote a crystalline structure. Finally, the stacks were capped
with 3 nm Ru layer. All the films were deposited at room temperature (RT). The first series of sam-
ples are Fe;Crp5Coq 5Si (30nm) in situ annealed at different 7, (350°C~500°C) for 30 mins. The
second series of samples Fe;Cr;xCoxSi (30nm) films (x=0~1) are annealed at 450°C for 30 mins.
The magnetic moment and anisotropy of the samples are investigated by vibrating sample magne-
tometer (VSM). The structural properties are analyzed by synchrotron light source X-ray diffraction
(XRD). The surface morphology is characterized by atomic force microscopy (AFM). The defects
and lattice distortion are analyzed by transmission electron microscope (TEM) and XRD reciprocal
space mapping (RSM), respectively.

A. Magnetic and structural properties dependent on T;,

The magnetic properties of Fe,Cog 5Crg5Si films annealed at T'j, are characterized along both
MgO[100] and MgO[110] directions. All samples exhibit in-plane magnetization with easy axis along
MgO[110], as shown in Fig. 1(a, b). The annealing temperature dependence of magnetic moments
along the MgO[110] is shown in Fig. 1(c) and T, dependence of H. and M is shown in Fig. 1(d). The
small magnetization of the sample annealed at 350°C can be attributed to poor crystallization. As T,
increases, Fe,Cog 5Crg 5Si gradually possesses high Mg and square M-H loops. The maximum M
observed at 450°C can be attributed to the improvement of chemical order. Besides, Fe,Cog 5Crg 5Si
annealed at 450°C shows a higher in-plane anisotropy energy, which can be observed from big
difference of M-H loops along the MgO[110] and MgO[100] directions shown in Fig. 1(a, b). Besides,
XRD 6-26 scans and ¢-scans in Fig. 1 of the supplementary material suggest that FCCS has promoted
fourfold L2 phase after 450°C annealing process. Hence, T, of 450°C renders optimal magnetization
and crystallization.

B. Magnetic and structural properties dependent on Co composition

Co doping composition dependence of magnetic, structural properties and surface morphology
are studied using Fe;Cr; xCoxSi (30nm). All samples are in situ annealed at 450°C. Figure 2 shows
Co composition dependence of M-H loops measured by VSM at RT. The squareness ratio (SR) is
defined as M /M. SR is nearly equal to 1 when Fe,CrSi is doped with Co. This is probably because Co
doping could suppress the Cr diffusion from the buffer layer, which results in a better crystallization.
This means that there are more domains with easy axis along the MgO [110] direction. Therefore, Co
doping can increase SR to 1. Moreover, the M increases with Co composition, which is consistent
with the Slater-Pauling curve. The in-plane magnetic anisotropy energy density can be calculated
by K =M*xH\/2, where Hy is the anisotropy field. The Co composition dependence of Hy and K,
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FIG. 1. (a, b) In-plane M-H loops of Fe,Crj 5Coq 5Si along the MgO[100] and MgO[110] directions annealed at 450°C and
500°C, respectively, Tj, dependence of (c) M-H loops along the MgO[110] and (d) M and H of Fe;Cog 5Crg 5Si films.

is shown in Fig. 3 of the supplementary material. As Co composition increases, both M and Hy
contribute to an increasing K. The increase in Mg can be explained by Slater-Pauling curve and the
increasing anisotropy field can be explained by the tetragonal lattice distortion. It has been proved
that strain can greatly increase the magnetic anisotropy.>* This is because tensile stress will dwindle
the domains with magnetic moment perpendicular to the stress and render more magnetic moments
parallel to the stress.>> To further confirm this, we measured the lattice distortion dependent on Co
doping in section C.

Phase and out-of-plane lattice parameter dependent on Co composition are studied in Fig. 2 of
the supplementary material. The analysis shows vertical lattice reduces with Co doing. Appropriate
Co doping helps FCCS promote L2; phase (25-50% Co doping) and higher Co doping will tune
L2 phase gradually to B2 phase. Our result also suggests that within a regime of chemical disorder,
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FIG. 2. (a) In-plane M-H loops and (b) M and Squareness ratio of Fe,Cr_xCoxSi (30nm) films annealed at 450°C.
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the magnetization is consistent with Slater-Pauling behaviour. AFM images demonstrate that high
Co doping composition can reduce the roughness in Fig. 4 of the supplementary material.

C. Defects and lattice distortions dependent on Co composition

Buffer layer is proved to be crucial to enhance anisotropy of the ferromagnetic material
(FM)/oxide interface.?® The strains and defects induced in the substrates/buffer interface can affect
magnetic properties of FM layer. Besides, the lattice mismatch is reported to be one of the reasons
that PMA is generated.27 Compared with Co-based Heusler, FCCS has the smaller lattice constant,
which renders larger lattice mismatch at the Ct/FCCS interface. TEM and RSM measurements
are carried out to further study the defects at the interfaces and lattice distortion of FCCS on Cr
buffer layer. Our analysis of HRTEM images in Fig. 5 of the supplementary material suggests that
FCCS has promoted a perfect lattice structure and smooth Cr/FCCS interface after 450°C annealing
process.

The scanning TEM (STEM) is carried out to investigate the defects of Fe,CrjCoxSi
(x=0, 0.75, 1) layers as shown in Fig. 3. It can be clearly identified that Cr buffer has more defects
than that of FCCS. The arrows indicate some defects in FCCS films either at the interface or through
the whole layer. The defects induced at the interface can be attributed to lattice mismatch between
the two layers. Note that Fe,CrSi has the least defects compared with Fe,CoSi. This is due to the
smaller mismatch of Fe,CoSi/Cr. Fe,Crg5Co0¢ 7551 displays the highest defect density. This is prob-
ably because the Co and Fe atoms in quaternary Heusler alloys both prefer to occupy A, C sites in
Wyckoff positions, which induces more defects. In summary, both higher Co composition and the
doping effect contribute to a higher defect density.

Figure 4 shows the RSM images and the calculated lattice distortion when Co composition
is 0, 0.5, 0.75, 1, respectively. The first set of maps are centered at (002) direction to examine
whether there is difference in growth orientation between Cr and FCCS. The second set of maps
cut through reciprocal space in the plane defined as (112). This RSM shows the information about
both in-plane (lateral) and out-of-plane (vertical) lattice parameters and hence the distortion. The Cr
(002) and Cr (112) peaks are separately chosen as the reference peaks due to the consistency of Cr
buffer.

As shown in Fig. 4(a), L values of FCCS (004) peaks increase with the Co composition. This indi-
cates that the out-of-plane lattice parameter decreases with Co doping. The tilt of Fe,Crg25C00.75Si
(004) peak is probably related to high density of defects and strains in Fe;Cry25Cog.7551. Accord-
ingly, Fe,CoSi (004) peak shows a slight tilt compared to other two samples. Besides, in the first
RSM data set, there is no deviation from the h=0 axis for FCCS (004) peaks. This indicates that
there is no growth orientation difference between Cr and FCCS lattices. Hence, the angle FCCS
deviated from Cr (112) show the degree of lattice distortion. In the RSM data second, all FCCS peaks
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FIG. 3. Scanning TEM (STEM) images of the stack MgO(100)/Cr(35nm)/Fe;Crj_xCoxSi(30nm)/Ru(3nm). (x=0, 0.75, 1 for
films from top to bottom, respectively).
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FIG. 4. (a) X-ray RSM separately centered at (002) direction and (112) direction of Cr and Fe,Cr;_,CoxSi, x=0, 0.5, 0.75, 1,
and (b) Co doping concentration dependence of the in-plane (red square), out-of-plane (blue square) lattice parameters and
calculated lattice distortions (c/a) (black circle) from RSM of the film as well as the bulk lattice constant (dotted line) for
comparison.20

are shifted from h=-1 axis. This indicates that there are lateral tensile strains among FCCS lattice.
Here we assume that the Cr layer is fully relaxed based on our TEM results. According to Cr and
FCCS peak positions in reciprocal space, lateral and vertical lattice parameters are calculated as
shown in Fig. 4(b). The bulk lattice constants are measured using Fe,CrSi and Fe,CoSi ingots,?®
plotted as dotted line. The out-of-plane lattice parameter (at) decreases from 5.64A to 5.57A with
Co composition increasing. However, all the in-plane parameters (a,/) are around 5.74A, closer to
5.80A, considering our experimental Cr lattice constant a¢,=5.80A/2. The in-plane lattice parameter
of FCCS is larger than the bulk (dotted line) and the out-of-plane lattice parameter is smaller than the
bulk. This indicates that all films are laterally stretched to match the Cr lattice during the epitaxial
growth. The mismatch between buffer and Heusler is mainly relaxed by strain and the rest is relaxed
by defects induced at the interface. The Co doping dependence of apyk plots lies in between a* and
ay plots. This indicates that when in-plane lattice is stretched with Co doping, the out-of-plane lattice
is compressed accordingly. This analysis suggests that the tetragonal distortion is caused by an elastic
stress.

The lattice distortion defined as c¢/a is to assess the degree of the strains (black circles).
On one hand, the lattice distortion increases linearly with Co doping composition. As discussed
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in section B, the in-plane tensile stress strengthens the domains with in-plane magnetic moments.
Therefore, the bigger distortions induced by higher Co doping composition would increase in-
plane anisotropy energy. In Fig. 3 of the supplementary material, K, of the Fe,Crp25Co075Si
sample is out of the linear trend. This can also be explained by large lattice distortion of this
sample.

The distortions show an increasing trend with Co doping which could explain the increase
in the in-plane anisotropy energy density. On the other hand, defects formed in FCCS lattice also
contribute to the lattice distortion. This can explain that Fe,;Cr»5Cog.7551 has the largest lattice dis-
tortion, followed by Fe,CoSi, Fe,Crg 5Co0 5Si and Fe,CrSi. These distortions increase the anisotropy
energy, however, don’t change important magnetic properties like easy axis of magnetization or the
coercivity. '

lll. CONCLUSION

In this work, we investigated the effect of T, for Fe,Cry5Co¢ 5Si and determined the optimal
annealing temperature. The effects of Co doping on magnetic properties, surface morphology, defects
and lattice distortions are investigated. We found that the Co doping can increase the in-plane saturate
magnetization and in-plane anisotropy energy density linearly. Additionally, the Co doping increases
squareness ratio to 1 and reduces the surface roughness. Doping effect and lattice mismatch in Heusler
alloys both contribute to the defects in FCCS leading to an increase in lattice distortion. The FCCS
lattice tetragonal distortion increases with Co composition, which accounts for increasing in-plane
anisotropy energy with Co doping.

SUPPLEMENTARY MATERIAL

See supplementary material for the (a) T'j, dependence of structural properties for Fe,Crg 5Cog 5Si
studied by XRD, (b) Co doping composition dependence of structural properties for Fe,Cr;_xCoxSi
annealed at 450°C analyzed by XRD, (c) Anisotropy energy density, (d) Surface morphology depen-
dent on Co doping composition demonstrated by AFM and (¢) HRTEM of the interfaces for MgO
sub/Cr and Cr/Fe,CrSi.
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