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For the realization of high-performance spintronic devices, the development of novel magnetic materials/structures 

satisfying both large perpendicular magnetic anisotropy (PMA) and ultra-low Gilbert damping is strongly desired. 

Here we show that insertion of an ultrathin GdOx layer as a capping in double-barrier ultrathin magnetic stacks 

provides such a solution. The inserted GdOx capping layer prevents unintended intermixing among the magnetic 

layer (CoFeB) and oxide layers (MgO and MgFeO), suppressing the deterioration of both the PMA and the Gilbert 

damping. Remarkably, the variation in the effective oxygen doping rate of the GdOx layer strongly influences both 

the PMA and the Gilbert damping, likely affected by a change in the polarization of the orbital magnetic moment. As 

a result, the GdOx inserted stacks present considerable effective PMA values (maximum ~0.55 erg/cm2), while 

simultaneously maintaining an ultra-low Gilbert damping (minimum ~1.68×10-3) within the range of 1.0-1.5 nm 

CoFeB thicknesses. These results pave the way to realize practical spintronic devices by providing reliable magnetic 

structures for efficient spin manipulation. 
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Introduction 
Spintronic devices have a strong potential as computing devices for both conventional and non-
conventional architectures due to their unique physical properties, including non-volatility, and a high-
compatibility with complementary metal-oxide semiconductor (CMOS) devices1-5. This fact requests 
the realization of nanometer-size high-performance spintronic devices operated with low power-
consumption. One way to deal with this issue is finding an excellent mechanism for spin manipulation, 
as shown in various studies on voltage-controlled magnetic anisotropy (VCMA)6-10, spin transfer 
torque (STT)11-14, spin-orbit torque (SOT)15-17, and orbital torque (OT)18-20. The development of 
optimal magnetic structures/materials is another vital issue. Particularly, the concurrent achievement 
of large perpendicular magnetic anisotropy (PMA) and low Gilbert damping are the most 
representative goals in the material study21. The PMA is a measure of how strongly the magnetization 
of a magnetic layer is aligned perpendicular to the film plane. A large value of the PMA is favored for 
realizing a small device size as well as a long data retention time. Indeed, the data retention time is 
governed by the thermal stability (∆) as depicted by the relation ∆= 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉 𝑘𝑘𝐵𝐵𝑇𝑇⁄ , where keff is the 
effective magnetic anisotropy, V is the volume of the device, kB is the Boltzmann constant, and T is the 
temperature, respectively. Previous works have demonstrated that a large PMA can be obtained in 3d-
ferromagnet (FM)/oxide magnetic stacks due to the polarization of the orbital magnetic moment to 
out-of-plane direction by oxygen hybridization between 3d-orbitals of the FM and a p-orbital of the 
oxide22-24.The Gilbert damping (α) is a measure of the energy dissipation during the magnetization 
transition, which is preferred to be small as possible for efficient spin manipulation as it appears that 
the critical current density for the magnetization switching by the STT and the SOT is commonly 
proportional to α (Ref. 13, 25). Additionally, small α is helpful to decrease the write-error rate (WER) 
when the magnetization switching is operated by the VCMA26. So far, many efforts to achieve the 
ultra-low Gilbert damping have been carried out throughout optimizing the composition ratio in binary 
magnetic alloys and/or by designing an stack which minimizes adverse effects, such as spin pumping27-

32. 
 In modern spintronics, the magnetic tunnel junction (MTJ) with an MgO insulation layer sandwiched 
by two FM layers (e.g. Fe/MgO/Fe) is the most popular device type since then a large tunnel 
magnetoresistance (TMR) is reported in this structure33, 34. Furthermore, CoFeB/MgO/CoFeB stacks 
sandwiched by two Ta layers, i.e. Ta/CoFeB/MgO/CoFeB/Ta, is the most conventional structure for 
MTJs aiming for a large PMA21. The presence of the Ta layers, however, inevitably contributes to an 
increase of α due to a large spin-to-charge conversion in the Ta layer arising from the spin pumping16,

35. Towards the concurrent achievement of ultra-low α and large PMA, alternative structures replacing
the Ta layers to oxide (e.g. MgO) layers have been considered (double-barrier structures). Regrettably,
an additional substitution into the FM layers, i.e. a multi-layered FM e.g. CoFeB/X/CoFeB (X= a metal
such as Ta, Ir, W, or Mo) replacing the single-layered CoFeB layer, is necessary to prevent the
degradation of crystallinity and maintain the PMA, where the material X layer acts as a B-atoms
absorber36-43. Considering that multi-layered FM layers are far from optimized, particularly in terms
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of the difficulty in achieving a small α (Ref. 44), further consideration is strongly requested.  
 Here we investigate the magnetic properties in CoFeB-based double-barrier magnetic stacks with a 
GdOx inserted capping layer. So far, there have been several reports on the VCMA in magnetic stacks 
containing GdOx, focusing on its high oxygen ion mobility45-47. Additional work focused the role of 
GdOx as a B atoms absorber in order to improve the crystallinity of the FM layers48. Instead, we pay 
attention to another unique property of GdOx: that it strongly tends to combine with oxygen atoms due 
to a significantly large magnitude of enthalpy (~-1820 kJ/mol)49. This property enhances structural 
stability during the annealing process by suppressing the unintended diffusion of composite elements 
inside the stacks. Additionally, it opens another opportunity to vary the magnetic properties by altering 
the oxygen doping rate of the GdOx layer. In this work, we find that the GdOx insertion plays a 
substantial role in the enhancement of the PMA and the suppression of the Gilbert damping. 
 
Sample preparation 
 We prepare Mg40Fe10O50 (2.0)/Co40Fe40B20 (tCFB)/GdOx (tGdOx)/MgO (0.95) (w/ GdOx) stacks 
sandwiched between a Si-SiOx substrate/Ta/TaB underlayer and a Ru/Ta/Ru capping layer (left panel 
of Fig. 1(a), numbers in parenthesis are in nm). Also, we prepare Mg40Fe10O50 (2.0)/Co40Fe40B20 
(tCFB)/MgO (0.95) (w/o GdOx) stacks, in which the GdOx insertion layer is excluded, as control 
samples (Right panel of Fig. 1(a)). For simplicity, we denote Mg40Fe10O50 and Co40Fe40B20 as MgFeO 
and CoFeB, respectively. The ranges of tCFB and tGdOx are 1.0 nm≤ tCFB ≤ 1.5 nm, and 0.2 nm≤ tGdOx 
≤1.2 nm, respectively. We would like to note that the adoption of MgFeO as an underlayer rather than 
MgO provides better wettability for the CoFeB layer, likely coming from the segregation of Fe2+ in 
the MgFeO layer42, 50, 51. All the stacks are prepared with an ultrahigh-vacuum magnetron sputtering 
chamber system (EXIM) manufactured by Tokyo Electron Ltd. The deposition of the CoFeB layer is 
carried out at low temperature (100 K) that contributes to an improvement of the MgFeO/CoFeB 
interface quality43, 52. The GdOx insertion layer is prepared by the successive Gd deposition and the 
natural oxidation equipped in the sputtering chamber. We varied the degree of the oxidation of the 
GdOx insertion layer which is quantified by the effective doping rate Deff (See Supplementary material 
S1 for details on the preparation of the GdOx layer). After the deposition, all the stacks are post-
annealed in the range of 250-400 °C in vacuum without the application of magnetic field. 
 
Results and discussion 
 A static observation of magnetic properties was deduced by the vibrating sample magnetometer 
(VSM) measurement to obtain the saturation magnetization (Ms) and the effective magnetic anisotropy 
(keff). Here, we conduct the VSM measurement by applying magnetic field along the z-axis and in-
plane axis (right panel in Fig. 1(a)). keff is evaluated by calculating the change in the area of a 
magnetization-magnetic field curve (M-H curve) depending on the magnetic field direction (along z-
axis or in-plane axis)53. In this paper, keff is defined positive when the easy axis is along the z-axis, 
whereas it is negative when the easy axis is along the in-plane axis.  
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 We first carry out the VSM measurement on magnetic stacks with fixed tCoFeB=1 nm. Figure 1(b) 
presents magnetic curves under the magnetic field (H) application along the z-axis for a w/ GdOx 
[tGdOx=0.2 nm and Deff=150 sccm] and a w/o GdOx stack. As shown in upper panel, the magnetization 
of both the stacks favors to align along the z-axis after 250 °C annealing (TA=250 °C). However, the 
easy axis remains the z-axis only for the w/ GdOx stack and moves to the in-plane axis for the w/o 
GdOx stack after 400 °C annealing (TA=400 °C, bottom panel). The effective PMA energy density 
(kefftCFB) designated by product of keff and tCFB as a function of TA is displayed in Fig. 1(c). Remarkably, 
kefftCFB for the w/ GdOx stacks maintains positive, while that for the w/o GdOx stacks shift to ~0 or to 
a negative value after the annealing at high temperature (TA ≥ 350 °C). This distinct behavior implies 
that the insertion of the GdOx layer plays some substantial role inside the stacks. Next, we investigate 
the kefftCFB dependency on TA, tGdOx and Deff to clarify the influence of the GdOx insertion layer fixing 
tCFB=1 nm. Figure 2 (a) displays kefftCFB as a function of TA for the w/ GdOx stacks with various GdOx 
thicknesses. Note that Deff is fixed to 150 sccm here. We find a huge variation of kefftCFB which ranges 
from >0.4 erg⋅cm-2 [tGdOx=0.2 nm with TA=250 or 300 °C] to ~0 erg⋅cm-2 [tGdOx=1.2 nm with TA=400 
°C] depending on tGdOx and TA. Except for the stacks with tGdOx =1.2 nm, the easy axis remains along 
the z-axis even though TA is sufficiently high in the w/ GdOx stacks, contrasting to the behavior of the 
w/o GdOx stacks (Fig. 1(c)). Notably, stacks with a thinner GdOx layer have relatively larger kefftCFB 
values in general. Figure 2(b) displays kefftCFB in stacks with various Deff in the range of 9 sccm ≤ Deff 
≤ 300 sccm. kefftCFB for the stacks with Deff=9 sccm monotonically decreases as a function of TA with 
a drastic change ranged from ~0.6 erg⋅cm-2 to < 0.1 erg⋅cm-2. We would like to note that kefftCFB remains 
positive in the studied range of TA different to the behavior of kefftCFB for the w/o GdOx stack (Fig. 
1(c)), even though infinitesimal oxygen is doped in the GdOx insertion layer. On the contrary, the 
variation in kefftCFB for the stacks with Deff=300 sccm is much suppressed, having maximum kefftCFB in 
the stack with TA =300 °C rather than the stack with TA=250 °C. The tendency of the stacks with 
Deff=150 sccm is similar to that of the stacks with Deff=300 sccm, but kefftCFB is much larger regardless 
of TA. Except TA =250 °C, kefftCFB is the largest in the stacks with Deff=150 sccm at each TA. We suppose 
that the Deff dependence in Fig. 2(b) might be associated with a variation of orbital hybridization among 
the Fe-3d orbitals and O-2p orbital as a function of the oxygen concentration at the interfaces22, 23, 54. 

 To clarify the role of the GdOx insertion layer more clearly, we carry out the cross-sectional 
bright-field (BF-) scanning transmission electron microscope (STEM), the nano-beam electron 
diffraction (NBED) and the energy dispersive X-ray spectroscopy (EDS) observations for the w/o 
GdOx (Fig. 3(a), (d), (g), (h)), the w/ GdOx with tGdOx =0.6 nm (Fig. 3(b), (e), (i)) and the w/ GdOx 
with tGdOx =1.2 nm (Fig. 3(c), (f), (j)) stacks. Note that all the observed stacks are fixed to tCFB =1.0 
nm and annealed at 350 °C, and all the w/ GdOx stacks are doped with Deff=150 sccm. The 30-nm-
thick TEM lamellae were prepared by a thickness-controllable script using FIB-SEM dual-beam 
Helios5UX with AutoScript program (Thermo Fisher Scientific) while considering FIB-damage 
becomes minimized55, 56. The STEM investigation was carried out at 300 kV accelerating voltage with 
convergence angle of 30 mrad using Spectra Ultra S/TEM (Thermo Fisher Scientific). Regardless of 
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the stacks, B atoms appear diffused from the CoFeB layer to both the upper and bottom layers in all 
the stacks as shown in the EDS observations (Fig. 3(d)-(j)). In other words, we do not find a clear 
GdOx insertion influence on the B atom diffusion. On the other hand, we find an obvious difference 
in the quality of the CoFeB layer. Both the STEM images and the NBED patterns indicate that the 
crystallinity of the CoFeB layer is improved in order of the w/o GdOx, the w/ GdOx [tGdOx =0.6 nm], 
and the w/ GdOx [tGdOx =1.2 nm] stack. For the w/o GdOx stack, we find intermixed regions among 
the MgFeO, CoFeB, and MgO layer as represented by cut-off regions in the CoFeB layer shown in the 
STEM image and the EDS elemental map for Fe (Fig. 3(a), (d)). Also, a mixed region among Co, Fe, 
Mg and O elements appears in the EDS line profiles for the w/o GdOx stacks which is particularly 
apparent along the path (2), strongly supporting the active intermixing we observe (Fig. 3(g), (h)). We 
suppose that such drastic decrease of kefftCFB in the high TA regime for the w/o GdOx stacks comes 
from a significant intermixing which destroys the optimal orbital hybridization at both the 
MgFeO/CoFeB and the CoFeB/MgO interfaces. In this respect, we also speculate that the intermixing 
might be moderate when TA is low (TA ≤ 300 °C), owing to the considerable kefftCFB (Fig. 1(c)). On the 
contrary, clear segregations among the layers are shown in the w/ GdO stacks (Fig. 3(b)-(c), (e)-(f), 
(i)-(j)). The suppression of the intermixing in the w/ GdOx stacks offers better crystallinity of the 
CoFeB layers as supported by the NBED patterns (Fig. 3(a)-(c)). The remarkable intermixing for the 
w/o GdOx stack is understandable considering that Fe atoms and O atoms prefers to combine each 
other since the magnitude of enthalpy for MgO (~-601.6 kJ/mol) is much smaller than that for FeOx 
(Fe2O3:~-824.2 kJ/mol and Fe3O4:~-1118.4 kJ/mol). This active intermixing is relieved when inserting 
the GdOx layer due to its huge magnitude of enthalpy (~-1820 kJ/mol). Meanwhile, we find relatively 
less differences between the two w/ GdOx stacks in the STEM images and the EDS line profiles. 
Particularly, we commonly find an intermixing between the MgO and the GdOx layer in both the stacks. 
However, still there are some differences between the two stacks as followings: (I) Different features 
on Gd peaks at the MgO+GdOx/CoFe interface where the Gd peak in the stack with tGdOx=0.6 nm is 
broader and significantly overlapped with the Co and Fe peaks contrasting to a separated and sharp 
peak for the that with tGdOx=1.2 nm (Fig. 3(i), (j)). (II) A better crystallinity of the CoFeB layer in the 
stack with tGdOx =1.2 nm as supported by the NBED patterns (Fig. 3(b), (c), (Also find Supplementary 
material S2 for details on the NBED)). We speculate that the suppressed diffusion of Gd atoms as 
supported by (I) might be a reason why the better crystallinity is shown the stack with tGdOx =1.2 nm 
(II). Furthermore, the different crystallinity inevitably brings about changes in the band structures, 
which potentially alter the orbital hybridization among the Fe-3d orbitals and the O-2p orbital23, 57, 58. 
Indeed, a previous work pointed out a possibility that a change in crystallinity could alter orbital 
hybridization59.  

Next, we attempted to verify how much we can expand the range of tCFB in stacks that exhibit a 
positive keff. Conventionally, a thick FM layer is known to be beneficial in terms of realizing small α 
(ref. 31, 60). Before the verification, we observe kefftCFB for the w/o GdOx stacks in the range of 1.0 nm 
≤ tCFB ≤ 1.5 nm (Fig. 4(a)). Similar to the tendency shown in Fig. 1(c), kefftCFB abruptly drops as TA 
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becomes larger than 350 °C for all the stacks. Furthermore, kefftCFB decreases significantly with 
increase of tCFB even though TA=250 °C, and no longer kefftCFB has remained positive when tCFB > 1.4 
nm. The decrease of kefftCFB with the increase of tCFB is understandable considering that the bulk 
component, e.g. the demagnetization field, is proportional to tCFB, providing an adverse effect for 
kefftCFB (Ref. 53, 61). We compare kefftCFB values from w/ GdOx stacks with tCFB=1.0, 1.1 and 1.2 nm. 
The values of tGdOx and Deff are fixed to 0.2 nm and 150 sccm (300 sccm), respectively, in Fig. 4(b) 
(Fig. 4(c)). When Deff=150 sccm, all the stacks are showing kefftCFB> 0, while the stacks with tCFB=1.0 
nm have the largest values of kefftCFB regardless of TA. The tendency alters significantly when Deff=300 
sccm, the stacks with tCFB=1.0 nm have the smallest values of kefftCFB regardless of TA although all the 
stacks still show positive kefftCFB. Remarkably, both the stacks with tCFB=1.1 and 1.2 nm reach a 
maximum ~0.5 erg⋅cm-2 of kefftCFB. This implies that a large value of tCFB no longer corresponds to a 
small value of kefftCFB, in stark contrast to the behavior of kefftCFB for the w/o GdOx stacks (Fig. 4(a)). 
Figure 4(d) presents kefftCFB as a function of Deff for several annealing temperatures when tCFB is fixed 
to 1.2 nm. Except for the stacks with TA=250 °C, kefftCFB reaches maximum when the GdOx layers are 
doped with Deff=500 or 700 sccm. It is contrasting to the results for tCFB=1.0 nm where Deff =150 sccm 
is required for the optimal kefftCFB value except TA=250 °C (Fig. 2(b)). Remarkably, the maximum 
kefftCFB value is more than 0.5 erg⋅cm-2 which is slightly larger than the maximum kefftCFB observed in 
the stacks with tCFB=1.0 nm. Next, we attempt to observe kefftCFB for stacks with tCFB =1.4 nm and 1.5 
nm (Fig. 4(e)). The observed maximum kefftCFB is still considerable as ~0.4 erg⋅cm-2 among the stacks 
with tCFB=1.4 nm. Also, we find kefftCFB reaches the maximum ~0.3 erg⋅cm-2 in the range of our 
investigation when tCFB=1.5 nm. Overall, it appears that a higher Deff is favored to get a large kefftCFB 
when increasing tCFB. In other words, a greater amount of oxygen should be supplied to obtain an 
optimal interfacial state for large kefftCFB (Find Supplementary material S3 for full data set of kefftCFB). 
A previous literature pointed out that the local chemical bonding between Fe and O atoms is 
significantly influenced by the thickness and the crystallinity of a ferromagnet layer59. We presume 
that the different bonding near the interface alters the optimal stoichiometry of oxygen atoms.  
Additional to the static observation by the VSM, we also carry out a dynamic observations via the 

ferromagnetic resonance (FMR) measurement62. The FMR measurement is performed under the 
application of a magnetic field along the z-axis (Fig. 1(a)). A typical FMR spectrum, derivative of 
magnetic susceptibility (𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ ) as a function of H, is exhibited in Fig. 5(a). Here, the resonance field 
(HR) depends on the frequency (f) of the applied radiofrequency field governed by the Kittel formula: 

𝑓𝑓 = 𝛾𝛾
2𝜋𝜋
�𝐻𝐻𝑅𝑅 − 4𝜋𝜋𝜋𝜋𝑒𝑒𝑒𝑒𝑒𝑒� (1) 

where γ is the gyromagnetic ratio and Meff is the effective magnetization, respectively63. Here, 𝛾𝛾 =
𝑔𝑔⊥𝜇𝜇𝐵𝐵 ℏ⁄ , where g⊥ is the perpendicular component of the Lande g-factor, µB is the Bohr magneton, 
and ℏ is the reduced Planck constant, respectively. And 4𝜋𝜋𝜋𝜋𝑒𝑒𝑒𝑒𝑒𝑒 = 4𝜋𝜋𝜋𝜋𝑠𝑠 − 𝐻𝐻𝑘𝑘 , where Hk is the 
anisotropy field. Figure 5(b) displays HR as a function of f for stacks with kefftCFB > 0 and kefftCFB < 0. 
The slopes of the fittings are somewhat unlike each other, indicating different values of g⊥ as g⊥= 2.13 
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and 2.04 for the former and the latter cases, respectively.  
The Gilbert damping α is deduced by the analysis of the FMR spectrum, where the half-linewidth is 

associated with α by a following relation64: 

𝛥𝛥𝐻𝐻 = 2𝜋𝜋𝜋𝜋ℏ
𝑔𝑔⊥𝜇𝜇𝐵𝐵

𝑓𝑓 + 𝛥𝛥𝐻𝐻(0)         (2) 

where ∆H and ∆H(0) are the half-linewidth at finite f and 0 Hz, respectively. ∆H as a function of f for 
the w/o GdOx and the w/ GdOx stacks exhibited in Fig. 5(c). tCFB of the w/o GdOx stack is 1.0 nm, 
and that of the w/ GdOx stack changes from 1.0 nm to 1.4 nm, while fixing tGdOx=0.2 nm. Data for the 
w/ GdOx stacks in Fig. 5(c), indeed, are collected from stacks with the smallest or mostly close to the 
smallest values of α in each tCFB. We note that all the data presented in Fig. 5(c) are obtained from 
stacks with TA=350 °C. Overall, the slope for the w/ GdOx stacks is considerably smaller than that for 
the w/o GdOx stack. Evaluated α for the w/o GdOx stack is 3.86×10-3. Regarding on the w/ GdOx 
stacks, the slope decreases with increase of tCFB, indicating α varies 2.63×10-3, 2.26×10-3, 1.68×10-3 
for the stacks with 1.0, 1.2, and 1.4 nm of tCFB, respectively. Here we would like to note that all the 
w/GdOx stacks presented in Fig. 5(c) have positive kefftCFB values. The evaluated α values are close to 
the smallest values reported in literatures up to date: 2.63×10-3 of α for the w/GdOx stack with tCFB=1.0 
nm in this study is similar with the smallest α among series of CoFe/Ta stacks with 10 nm of the CoFe 
thickness in Ref. 28. Moreover, 1.68×10-3 of α for the w/GdOx stack with tCFB=1.4 nm in this study is 
comparable to that for an epitaxially grown MgAlO/CoFe/Cr stack with 6.8 nm of the CoFe thickness 
(α < 1.21×10-3) in Ref. 29. We note that all the stacks in the previous studies have negative kefftCFB, 
contrasting to the w/GdOx stacks in Fig. 5(c). All the observed values of α in this investigation are 
exhibited in Fig. 5(d). We find that α becomes small considerably as tCFB > 1.0 nm. Particularly, a great 
increase of α in TA=400 °C is shown in the stacks with tCFB=1.0 nm but disappears in all the stacks 
with tCFB > 1.0 nm. If a condition with tCFB > 1.0 nm and TA > 250 °C holds, it appears that α mostly 
depends on Deff rather than other factors. Remarkably, we find numbers of points with α < 2.00×10-3, 
and the smallest observed value of α is 1.68×10-3. The data shown in Fig. 5(d) strongly supports that 
efforts to broadening the range of tCFB in stacks that having kefftCFB > 0 is worthy, in terms of the 
concurrent achievement of large PMA and ultra-low damping. 
In general, α consists of intrinsic and extrinsic component as below: 
𝛼𝛼 = 𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛼𝛼𝑖𝑖𝑖𝑖𝑖𝑖 + 𝛼𝛼𝑠𝑠𝑠𝑠 + 𝛼𝛼𝑇𝑇𝑇𝑇𝑇𝑇 + 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟      (3) 
where αint and αext are the intrinsic and the extrinsic component of the damping, respectively. And αsp, 
αTMS, and αrad are the damping caused by the spin-pumping35, the two-magnon scattering65, and the 
radiofrequency coupling66, respectively. Although there are many components that could act on αext in 
principle, their contribution would be trivial for all the investigated stacks in this work. A considerable 
αsp value would require a large spin-to-charge conversion conduction material, such as Ta or Pt, 
neighbored to a magnetic layer27, 67. Thanks to that we adopt the double-barrier structure in which a 
FM layer is sandwiched by oxide insulators, αsp should be negligible27, 31. The values of αTMS, and αrad 
are also trivial considering our measurement configuration under the application of a magnetic field 
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along the z-axis as well as the ultrathin thicknesses of the CoFeB layers used in all the investigated 
stacks28, 66. The minimization of αext is therefore attributed to be the main reason why we obtain such 
a small α in the GdOx inserted stacks. Meanwhile, we consider that αint would also vary depending on 
lots of parameters, such as TA, tCFB, and Deff, which are controlled during the sample preparation. The 
variations of those conditions could alter the internal energy state, and subsequently the density of 
states. Indeed, the density of states near the Fermi level is directly associated with αint (Ref. 28, 68, 69). 
In this respect, there is a possible adverse effect on αint by the interfacial PMA, considering that the 
PMA would generate a non-uniform effective magnetic field inside a stack70. This might be one reason 
why a stack with the largest kefftCFB is not identical to a stack with the smallest α amongst the same 
tCFB stacks. Nevertheless, αint maintains a small value in all the investigated stacks due to the adoption 
of the single-layered FM layer44 and the cryogenic deposition71. Moreover, the GdOx insertion may 
contribute to the suppression of αint, preventing the unintended intermixing among the layers and 
allowing a crystallinity improvement of the CoFeB layer during the annealing process (Fig. 2). This is 
a reason why the w/ GdOx stacks generally have smaller α values than the w/o GdOx stacks31. Also, 
the increase of tCFB may assist in decreasing adverse effects from the interfaces, albeit a relation 
between αint and tCFB is not defined quantitatively different to the case of αext (Ref. 31, 60). 
Finally, we consider the relation between keff and g⊥. Surprisingly, all the results tend to collapse to 

one curve (Fig. 6). Indeed, g⊥ follows a following relation, 

𝑔𝑔⊥ = 2 + 𝑚𝑚𝐿𝐿
⊥

𝑚𝑚𝑠𝑠
          (4) 

where 𝑚𝑚𝐿𝐿
⊥  and ms are the perpendicular component of the orbital magnetic moment and the spin 

magnetic moment, respectively63, 72. According to previous studies, ms is relatively insensitive to the 
layer thickness or the annealing temperature63, 73, 74. In that sense, it is likely that the variation of g⊥ 
may mainly reflect the change in 𝑚𝑚𝐿𝐿

⊥. Hence, we suppose that the relation between keff and g⊥ shown 
in Fig. 6 implies that the PMA in all the observed stacks is dominantly governed by the polarization of 
the orbital magnetic moment. This implies that all the changes in conditions during the sample 
preparation, indeed, may contribute to varying the polarization of the orbital magnetic moment. 
Particularly, a virtue of the GdOx insertion is that 𝑚𝑚𝐿𝐿

⊥ maintains large even in stacks with large tCFB 
throughout the modulation of the conditions such as Deff. Remarkably, this assists the concurrent 
achievement of large PMA and ultra-low Gilbert damping. 
 
Conclusions 
 In this work, we have demonstrated the concurrent achievement of a large PMA value and ultra-low 
Gilbert damping in the GdOx inserted double-barrier MgFeO/CoFeB/GdOx/MgO stacks. The insertion 
of the GdOx as a capping layer prevents the unintended intermixing among the CoFeB layer and the 
oxide layers due to GdOx’s large magnitude of enthalpy, as supported by the material characterization. 
Also, it broadens the range of the FM thickness in stacks that satisfies considerable PMA, while 
suppressing the Gilbert damping at an ultra-low level. A consideration of the Lande g-factor informs 



 9 

us that the magnitude of the effective PMA in the investigated stacks is deeply associated with the 
polarization of the orbital magnetic moment. The polarization of the orbital magnetic moment can be 
controlled by the modulation of conditions such as the oxygen doping rate of the GdOx layer. Hence, 
we believe that the modulation of oxygen doping rate might be a useful tool for the material designing 
of spintronic devices hereafter. 
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Fig. 1 (a) Layer structures of the w/ GdOx (left), and the w/o GdOx (middle) stack, respectively. Right panel 

presents the definition of axes in this investigation. (b) Hysteresis loops under the application of external 

field along to z-axis. Upper and bottom panel presents data for the stacks with TA= 250 ℃ and 300 ℃, 

respectively. (c) kefftCFB as a function of TA. In both (b) and (c), red solid and blue open symbols for the w/ 

GdOx and the w/o GdOx stacks, respectively.
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Fig. 3 (a), (b), (c) BF-STEM images and NBED patterns. (d), (e), (f) EDS elemental maps. (g), (h), (i), (j) 

EDS line profiles. (a), (d), (g), (h) Results for the w/o GdOx stack. (g) and (h) are the EDS line profiles 

observed along to path (1) and (2) in (d), respectively. (b), (e), (i) Results for the w/GdOx [tGdOx =0.6 nm] 

stack. (c), (f), (j) Results for the w/GdOx [tGdOx =1.2 nm] stack. Note that all the data are obtained from the 

stacks with kefftCFB = 1.0 nm.



Fig. 4 (a) kefftCFB as a function of TA for the w/o GdOx stacks with tCFB=1.0 (squares), 1.1 (circles), 1.2 (up-

triangles), 1.3 (down-triangles). 1.4 (diamonds), and 1.5 (left-triangles)  nm. Inset presents results with the 

full scale of kefftCFB.(b), (c) kefftCFB as a function of TA for the stacks with tCFB=1.0 (solid squares), 1.1 (open 

circles), and 1.2 (open triangle). Deff is (b) 150,and (c) 300 sccm. Note that tGdOx=0.2 nm for all the stacks in 

(b) and (c). (d) kefftCFB as a function of Deff for several Tas for the stacks with tCFB=1.2 nm and tGdOx=0.2 

nm.(e) kefftCFB as a function of Deff for several Tas for the stacks with tCFB=1.4 nm (diamonds) and tCFB=1.5 

nm (triangles). Commonly, tGdOx=0.2 nm for all the stacks. The denoted temperature values in (d) and (e) 

indicate TA.



Fig. 5 (a) Typical FMR spectrum from the w/ GdOx (150 sccm) [tCFB=1 nm, tGdOx=0.2 nm, and TA=350 C] 

stack by the application of 15 GHz radiofrequency field. (b) f as a function of HR. Red and blue symbols for 

stacks with kefftCFB > 0 [w/ GdOx (9 sccm), tCFB=1 nm, tGdOx=0.2 nm, and TA=350 C] and kefftCFB < 0 [w/o 

GdOx, tCFB=1 nm, and TA=400 C] , respectively. (c) ΔH as a function of f. Open red symbols for the w/o 

GdOx [tCFB=1 nm] stack. Solid red, blue, and yellow symbols for the w/ GdOx stacks with tCFB=1.0 nm [150 

sccm], 1.2 nm [500 sccm], and 1.4 nm [800 sccm], respectively. Note that all the stacks presented in (c) are 

annealed at 350 C. (d) All observed α for the w/ GdOx stacks as a function of Deff. Here, tCFB=1.0 (squares), 

1.1 (circles), 1.2 (up-triangles), 1.3 (down-triangles). 1.4 (diamonds), and 1.5 (left-triangles)  nm. Denoted 

temperature values indicate TA.
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