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Abstract

Ultrathin CoFeB-based magnetic tunnel junction (MTJ) is the key for the next
generation magnetic random-access memory (MRAM). However, the underlying mech-
anism of the perpendicular magnetic anisotropy (PMA) in Ta/CoFeB/MgO structure
is still unclear. Herein, the PMA in the Ta/CoFeB/MgO system has been studied using
X-ray magnetic circular dichroism and vibrating sample magnetometry. The ratios of
the orbital to spin magnetic moments of Co atoms in the Ta/CoFeB/MgO structures
with PMA have been found to be enhanced by 100%, compared with the Ta/CoFeB/Ta
structure without PMA. The orbital moments of Co are as large as 0.30 ug, more than
half of their spin moments in the perpendicularly magnetised Ta/CoFeB/MgO struc-
tures. The results indicate that the PMA observed in the Ta/CoFeB/MgO structures
is related to the increased spin-orbital coupling of the Co atoms. This work offers ex-
perimental evidence of the correlation between PMA and the element specific spin and

orbital moments in the Ta/CoFeB/MgO systems.
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1 Introduction

Spintronic devices, which exploit the exchange interaction of the electron spins, are strong
candidates for non-volatile memory due to the inherent hysteresis in the ferromagnetic ma-
terials and the compatibility with the complementary metal-oxide-semiconductor (CMOS)
process. 2 Magnetoresistive random access memory (MRAM) has exhibited significant ad-
vantages as a fast, fairly low-power, high-endurance, radiation-resistant and non-volatile
memory, which can be integrated to the CMOS as a back-end of line (BEOL) process.®
The read-out process of the MRAM bits is reliably performed via the tunneling magnetore-

sistance (TMR) effect* " in magnetic tunnel junctions (MTJs). A major breakthrough in
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MRAM is the discovery of perpendicularly magnetised CoFeB films, sandwiched by MgO
and Ta layers, which exhibit not only the perpendicular magnetic anisotropy, but also strong
orbital moment and spin-orbital coupling.® The perpendicular magnetic anisotropy (PMA)
materials, integrated into a MTJ,%'* allow for a small critical current density for current-
induced magnetisation switching.'®!” CoFeB is now the most studied material system for
MTJ structures due to its high MR value!® and low Gilbert damping.!'® The value of TMR
effect has been reported as high as 138% ~ 604% '%2°22 in the CoFeB/MgO/CoFeB pseudo-
spin-valve MTJ. The key to achieve a perpendicular-anisotropy CoFeB/MgO MTJ is the very
thin thickness of CoFeB layer.?*?* The PMA was attributed entirely to the CoFeB-MgO in-
terfacial anisotropy by Ikeda et al.,® while the Ta seed layer, not just the MgO at the top
interface, was demonstrated to be critical to achieving perpendicular magnetic anisotropy.?
The microscopic origin of the PMA in the CoFeB/MgO structure is still far from clear. In
this work, we report the effect of the layered structure and in particularly the role of the

element-specific orbital moments on the PMA in the Ta/CoFeB/MgO structures.

2 Experimental section

Three different layered samples were prepared as shown in Figure 1. Sample A has a structure

of substrate/Ta(5)/MgO(3)/CoFeB(1.2)/Ta(5), where the numbers denote the thickness of

each layer in nanometers. Sample B and C have structures of substrate/Ta(5)/CoFeB(1.2) /MgO(3)/CoFeB(
and substrate/Ta(5)/CoFeB(1.2)/Ta(5), respectively. All the three samples were deposited

on Si(001)/SiO4 substrates. The Ta layer was deposited by direct current (DC) sputtering,

whereas the MgO and CoygFey9Bsg layers were deposited using radio frequency (RF) sput-

tering. The base pressure of growth chamber was under 4 x 10~° Pa and the working argon

pressure was 0.5 Pa. After the films were deposited, a post-annealing process at 300 °C in a

vacuum chamber at 4 x 107° Pa, was performed for 30 min on all the samples.

The magnetic hysteresis loops were measured with both the in-plane and perpendicular



magnetic fields using vibrating sample magnetometer (VSM, ADE, Model 10). The maxi-
mum magnetic field of 1.5T was applied to ensure the samples were saturated. X-ray ab-
sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) at the Fe and
Co Ly 3 edges were performed in the beamline 106 at the Diamond Light Source. The total-
electron yield (TEY) was monitored using the sample drain current. Circularly polarized
X-ray with 100% polarization degree incidents to the samples at an angle of 30° with respect
to the sample normal, and a magnetic field of 2T were applied perpendicular to the inci-
dent beam. The magnitude of the XMCD asymmetry was obtained via puy — p_ /(g 4+ p—),
where i, represents the XAS intensity for both helicities of the X-ray beam. All the

XMCD measurements were performed at room temperature.

A B
&
Ta(5nm)
Ta (5nm)
CoFeB (1.2nm) Ta (Snm)
MgQO (3nm) MgO (3nm)
CoFeB {1.2nm) CoFeB (1.2nm) REElLatn
Ta (5nm) Ta (Snm) Ta (Snm)
5i(001)/5i0, 5i(001)/5i0, Si(001)/si0,
Figure 1: Stack  structures  of  three  samples. Sample  A:
Ta(5nm)/MgO(3nm)/CoFeB(1.2nm)/Ta(5nm) /Substrate, sample B:

Ta(5nm)/CoFeB(1.2nm)/MgO(3nm)/CoFeB(1.2nm)/Ta(5nm)/Substrate ~ and  sample
C: Ta(5nm)/CoFeB(1.2nm)/Ta(5nm)/Substrate.

3 Results and discussion

Figure 2 shows the magnetic hysteresis loops of all the samples with both in-plane and
perpendicular applied magnetic fields. The PMA is observed in both sample A and B: the
in-plane loops show the magnetic hard axis while the out-of-plane loops show the magnetic
easy axis. However, the PMA is not observed in sample C, the film without the MgO layer,

where the in-plane loop represents the magnetic hard axis. The saturation fields along the
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hard axis of sample A, B (in-plane), and C (out-of-plane) are around 6500 Oe, 7000 Oe, and

13000 Oe, respectively. The effective magnetic anisotropy constant K¢/ can be calculated

using the following equation:2%:*7

Hy - M,

Keff —
v 2

(1)

where H}, is the saturation magnetic field along hard axis and M, is the saturation magneti-

sation.
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Figure 2: In-plane (up row) and out-of-plane (bottom row) hysteresis loops

of sample A (Ta(bnm)/MgO(3nm)/CoFeB(1.2nm)/Ta(5nm)/Substrate): (a), (d); B
(Ta(5nm)/CoFeB(1.2nm)/MgO(3nm)/CoFeB(1.2nm)/Ta(5nm)/Substrate): (b), (e); and C
(Ta(5nm)/CoFeB(1.2nm)/Ta(5nm) /Substrate): (c), (f), respectively.

Table 1: The values of the saturation fields along magnetic hard axis, the saturation mag-
netisation, and the effective magnetic anisotropy constant of sample A, B, and C.

Sample Hy.(Oe) M,(emu/cm3)  K¢7(Merg/cm3)
A: Ta/MgO/CoFeB/Ta 6500 (in-plane) 875 +2.84
B: Ta/CoFeB/MgO/CoFeB/Ta 7000 (in-plane) 830 +2.91
C: Ta/CoFeB/Ta 13000 (out-of-plane) 743 —4.83

Shown in Table 1, the values of the saturation field along magnetic hard axis and the

saturation magnetisation of sample A are 6500 Oe and 875 emu/cm?, respectively, which are

28,29

very similar to the reported study, while the effective magnetic anisotropy constant of

2.84 Merg/cm? is much larger showing a strong PMA. In sample B, it is very interesting



that the PMA is observed with a total thickness of CoFeB of 2.4 nm, exceeding the thickness
limitation of 1.2nm to form PMA.3° When the CoFeB layer is divided into two layers of
1.2nm thickness with the MgO layer, the PMA presents. It can be found that the values of
Hy., M, and K¢/ of samples A and B are in a similar level: H; and K¢/ of sample A are
slightly smaller than those of sample B while M, of sample A is slightly larger than sample
B. This observation suggests that a [Ta/CoFeB/MgO/CoFeB|, multilayer structure could
possibly have PMA if the CoFeB layer is of proper thickness. It should be noted that the
value of K¢/ for sample C is presented as the negative value because sample C doesn’t form
a PMA.

The measured XAS of both Co and Fe at L, and L3 edges for all the samples are shown
in Figure 3, in which p, and p_ represent the absorption coefficients under antiparallel and
parallel magnetic fields to the photo incident direction. Figure 3 also shows the XMCD
spectra of both Co and Fe at L-edges. Figure 3(a), (c¢) and (e) are the Co element XMCD
diagrams, where the Ls photon energy of Co is around 778.4eV. Figure 3(b), (d) and (f) give
the XMCD diagrams for Fe, where the L3 photon energy of Fe is around 707.4eV. According
to the XMCD sum rules, orbital magnetic moments (M), spin magnetic moments (mgy;,),
and orbital to spin moment ratio (m,4,) can be determined from XAS and XMCD spectra

by the sum rules: 3! 34

4fL 4L (bt —p—)dw
R (10 -
6 (e )do—A [y gy (ne—p=)de (10—ng,) 2)

Jogspg (ot +p-)dw (145155

Morp =

Mspin =

Morb

m - ==
ratio Mspin

where the magnetic moments are in units of pp/atom; ng, is the 3d electron occupation
number of the respective transition metal atom; L3 and L, denote the integration range;
(T.) is the expectation value of the magnetic dipole operator and (S,) is equal to half of
Mepin, i Hartree atomic units.

It should be noted that there is a degree of controversy regarding the 3d hole numbers
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of Fe and Co in magnetic amorphous films. While Cui et al.

use the mgp / ny to present
their data, Kainai et al.? have calculated the hole numbers of Co and Fe in the amorphous
films by first-principles calculations, and have found the similar values to those of the bulk
Fe and Co films.?? In this work, we have used the values of nsq for Fe as 6.61 and Co as
7.51, taken from,3¢ to calculate the spin and orbital moments of Co and Fe in the CoFeB
films.

The values of Mepp, Mspin, and Myqio are all determined from the XMCD data, and the
results are listed in Table 2, along with some reported values in the literature. By drawing
a comparison between the films with a MgO layer (A and B) forming the PMA and the film
with neither a MgO layer (C) nor a PMA, it is demonstrated that the orbital moments of
Fe and Co elements in sample A and B (with a MgO layer) are larger than those of sample
C (without a MgO layer). This observation is especially pronounced in the orbital moment
of Co, showing a nearly 100% enhancement in sample A and B compared to sample C. On
the other hand, the spin moments of both Co and Fe in the three samples do not show such

dramatic differences. The values of mgy;;, are around 1.65 pp for Fe and 0.59 pup for Co.

Table 2: Orbital moments, spin moments and orbital to spin ratio of the Fe and Co from
various CoFeB samples

Sample Element Morb (MB) Mspin (,UB) Mtotal (MB) Myatio
Fe 031+0.02 1.69+002 2.00+0.04 0.19
A: Ta/M FeB(1.2nm)/T
a/MgO/CoFeB(1.2nm)/Ta Co 0.30£0.04 05940.01 0.89+0.05 0.52
Fe 0.26+0.03 1.61+003 1.87+0.06 0.16
B: Ta/CoFeB(1.2 nm) /M FeB(1.2nm)/T
a/CoFeB(1.2nm)/MgO/CoFeB(1.2nm)/Ta | 0.30 £ 0.01 0.58+0.02 0.88+0.03 0.51
Fe 0.20+0.04 1.68+0.02 1.88+0.06 0.12
- Ta/CoFeB(1.2 nm) /T,
C: Ta/CoFeB(1.2nm)/Ta Co 0.17+£0.05 0.6040.03 0.77+0.08 0.28
Fe 027+0.03 1774003 2.04+0.06 0.15
30
Ta/ColFeB(2.0nm)/MgO,/Ta Co 0174003 0.9040.03 1.07+0.06 0.19
Bulk bee Fe35:36 Fe 0.09+0.05 1.98+0.05 2.07+0.10 0.04
Bulk hep Co3%:36 Co 0.154+0.05 1.554+0.05 1.70£0.10 0.10

2 CoFeB denotes CoyoFe 0Boyg.

Although a CoFeB layer with a thickness thicker than 1.2nm would not be able to form

the PMA, in this work the total thickness of CoFeB layers (two layers) in sample B was



2.4nm, which presents the PMA. By comparing the value of magnetic moments of sample
A and B with the values in Ref. 30, it can be seen that the orbital moments of Fe have not
dramatically changed, but the orbital moments of Co have increased from 0.17 ug to 0.30 up.
It should be noted that the value of the Co orbital moment in Ref. 30 is 0.17 ug, which is
the same as the value from sample C while neither of these two samples have the PMA.
Compared to the sample C, by replacing the Ta layer by the MgO layer in Ref. 30, only the
orbital moment of Fe slightly increased, but the orbital moment of Co is of the same value.
Therefore, our results suggest that the enhancement of Co orbital moments is associated
with the origin of PMA in the CoFeB/MgO system.

Spin-orbital coupling is a desired property in terms of the ability to use an electric field
to control spintronic operation. One of the most striking results from the measurements (as
shown in Table 2) is that the orbital moments and 1,4, of Co atoms are significantly larger
than those of Fe atoms. This suggests Co atoms at the interface with MgO contribute more
than Fe atoms in spin-orbital coupling. The spin to orbital ratio of Co atoms in samples
A and B (which present the PMA) is 0.52, showing a nearly 100% enhancement compared
to the values of sample C and in Ref. 30 which did not form the PMA. The spin to orbital
ratios of Fe, however have not shown significant change in all the samples. It is suggested
that the strong PMA in the CoFeB/MgO system is related to the large enhancement of
the orbital moment of Co element rather than Fe. This is consistent with the observations
in the CoFeB/GaAs system, where the strong in-plane uniaxial magnetic anisotropy was

demonstrated to be related to the enhanced orbital moment of Co.?”

4 Conclusion

In summary, we have systematically investigated perpendicular magnetic anisotropy and
the element specific spin and orbital moments in the CoFeB/MgO system. The results ob-

tained from VSM measurements confirmed that the PMA can be formed in a split CoFeB



layers of a total thickness of 2.4nm, with a MgO interlayer. and the saturation field
along hard axis (in-plane) can be as high as 7000 Oe, which enhanced 10% compared to
the sample Ta(5)/MgO(3)/CoFeB(1.2)/Ta(5), while the M, and K¢/ are at the similar
level. XMCD measurements revealed that the PMA is correlated with the strong spin-
orbital coupling of Co atoms, related to the enhanced orbital to spin moment ratios of Co
atoms in CoFeB. More importantly, compared with the samples without PMA (sample C:
Ta(5)/CoFeB(1.2) /Ta(5) and Ta(5)/CoFeB(1.2)/Ta(5) from Ref. 30), the samples with the
PMA (sample A: Ta(5)/MgO(3)/CoFeB(1.2)/Ta(5) and sample B: Ta(5) /CoFeB(1.2) /MgO(3)/CoFeB(1.2)
show the orbital moment of Co atoms enhanced from 0.17 ug to 0.30 ug. Meanwhile, the
orbital moment of Fe atoms has not shown significant change, suggesting the dominant contri-
bution of spin-orbital moment coupling of Co atoms to the PMA in CoFeB/MgO structures.
These results provide insight into the origin of the PMA in the Ta/CoFeB/MgO films, which

is important for the development of spintronic memory devices like STT-MRAM.
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