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We investigate the magnetic properties of as-grown and annealed 

W/CoFeB/W(insertion)/CoFeB/MgO stacks with different thicknesses of CoFeB 

layers and W insertion layers using spin-torque ferromagnetic resonance (ST-FMR) 

technique. The dependences of perpendicular magnetic anisotropy (PMA), damping 

constant, and interlayer exchange coupling on the annealing, CoFeB layer thicknesses, 

and W insertion layer thicknesses are systematically studied. The PMA is strongly 

enhanced after annealing at 400 °C. Nevertheless, the Gilbert damping constant 

remains nearly unchanged after annealing. The PMA also increases with the thickness 

of W insertion layer. Both acoustic (in-phase) mode and optical (out-of-phase) mode 

are observed. The optical mode, which is typically weak when using the conventional 

FMR measurement, shows a comparable magnitude to the acoustic mode. The 

effective excitation of optical mode is ascribed to the non-uniform spin-orbit torque 

acting on the two coupled layers. Furthermore, the interlayer exchange coupling 

(ferromagnetic or antiferromagnetic) can be identified through analyzing the two 

resonance modes, which is found to depend on the W insertion layer thickness, 

CoFeB layer thickness, and annealing conditions. The experimental results will be 

useful for developing high-frequency magnetic devices based on magnetic multilayer 

films with high PMA and thermal stability. Our experimental results also show that 

the ST-FMR is an effective methodology for studying interlayer exchange coupled 

systems.   
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Ⅰ. INTRODUCTION 

Magnetic tunnel junctions (MTJs) with a perpendicular magnetic anisotropy 

(PMA) have attracted tremendous attentions for their potentials in developing high 

density, high thermal stability, and low-power consumption spin-transfer torque 

(STT)/spin-orbit torque (SOT) magnetic random-access memory (MRAM).[1-6] 

Among the available PMA systems that are compatible with MTJs, the heavy 

metal/CoFeB/MgO system has demonstrated the capability of facilitating a high 

tunneling magnetoresistance (TMR) ratio and the compatibility with complementary 

metal-oxide-semiconductor (CMOS) technology.[3, 7, 8] Moreover, this structure 

allows the SOT-driven magnetization switching, offering advantages over 

conventional STT in terms of power consumption and the fact that the high write 

current does not pass through the tunnel barrier of the MTJ.[3, 9]  

To increase data retention time, a strong PMA is required. In the heavy 

metal/CoFeB/MgO films, the PMA mainly originates from the interfacial PMA at the 

CoFeB/MgO interface.[3] Nevertheless, the heavy metal/CoFeB interface also plays 

an important role in achieving high PMA.[10] It has been found that the PMA can be 

increased by inserting ultrathin metals in the CoFeB layer.[11-16] Very recently, a 

high PMA has been reported in the MgO/CoFeB/W(insertion)/CoFeB/W (from 

bottom to top) and MgO/CoFeB/W(insertion)/CoFeB/MgO stacks,[17, 18] which also 

show high thermal stability, making them more promising for practical applications. 

The former structure is of particular interest because the top W layer with large spin 

Hall angle allows energy-efficient manipulation of the perpendicular magnetization 
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using in-plane current-induced SOTs.[4, 19] However, it is still unclear how the 

thicknesses of CoFeB and W insertion layers affect the PMA as well as other 

magnetic characteristics, such as the resonance frequency and field, Gilbert damping 

constant (𝛼), and interlayer coupling modes. Understanding all of these properties can 

help improve the contribution/role of the materials towards practical applications.  

In this work, we study the ferromagnetic resonance properties of the 

W/CoFeB/W(insertion)/CoFeB/MgO (from bottom to top) structures using the 

spin-torque ferromagnetic resonance (ST-FMR) technique.[20-22] The thicknesses of 

CoFeB and W insertion layers are systematically adjusted to explore their effects on 

the PMA. More importantly, the influence of annealing, CoFeB layer thickness, and 

W insertion layer thickness on the magnetic damping constants and interlayer 

exchange coupling can be identified by analyzing the ST-FMR spectra. These results 

may be useful for developing high-frequency magnetic devices based on magnetic 

multilayer films with high PMA and thermal stability.  

Ⅱ. SAMPLE PREPARATION AND ST-FMR MEASUREMENT 

The stacks consisting of W(5)/CoFeB(t1)/W(t)/CoFeB(t2)/MgO(2)/Ta(2) (t1 = t2, 

thicknesses are in nm) were deposited on thermally oxidized Si (001) substrates by 

magnetron sputtering system at room temperature. The two CoFeB layers were grown 

in a wedge shape with the thicknesses varying from 0.69 nm to 1.31 nm, as shown in 

Fig. 1(a). Subsequently, the multilayer stacks were patterned into rectangular-shaped 

strips (length of 20 𝜇m and width of 20 𝜇m) using optical lithography and dry 

etching. Cr(10)/Au(100) metal stacks were deposited as electrodes for electrical 
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measurements. The annealing treatment was carried out at 400 °C for 0.5 hour in a 

vacuum environment without an external magnetic field. Figure 1(b) shows the 

schematic diagram of the ST-FMR measurement setup. A microwave current Ic,rf with 

a power of 6 dBm is applied to the device to generate a microwave-frequency SOT on 

the ferromagnetic layers, which oscillates the magnetization, resulting in an 

oscillation of the longitudinal resistance due to spin hall magnetoresistance (SMR) 

effect. A rectified voltage Vmix due to the mixing of rf current and the time-varying 

resistance was detected by using a lock-in amplifier. An in-plane magnetic field with a 

fixed angle θH of 45° was swept between −0.5 T and +0.5 T, where θH is the angle 

between the external field and the current channel. All the measurements were carried 

out at room temperature.  

Ⅲ. EXPERIMENTAL RESULTS AND DISCUSSION 

A. ST-FMR SPECTRA OF THE MAGNETIC MULTILAYER STACKS 

Figure 1(c) shows the typical ST-FMR spectra for the as-grown sample with 

CoFeB layers of t1 + t2 = 1.95 nm and a W insertion layer of 0.4 nm. The spectrum can 

be well fitted to the sum of a symmetric and an antisymmetric Lorentzian 

functions[23],  

𝑉%&' = 𝑆 ∆+

∆+,(./01234./0/)
+ 𝐴 ∆(./01234./0/)

∆+,(./01234./0/)
           (1) 

which mainly originates from the damping-like SOT, and field-like SOT as well as 

Oersted field torque, respectively[24]. ∆ is the linewidth (full width at half maximum), 

𝜇8H0 is the resonant magnetic field, 𝜇8Hext is the applied magnetic field, S is the 

symmetric Lorentzian coefficient that is proportional to the oscillating spin current Is,rf, 
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and A is the antisymmetric Lorentzian coefficient that is proportional to the Oersted 

field 𝜇8Hrf generated by Irf. One single resonance peak is observed for a given 

frequency, and the resonance magnetic field increases with the frequency, which is a 

typical signature resulting from the in-plane magnetic anisotropy. Figure 1(d) shows a 

ST-FMR spectrum for the annealed sample. In contrast to the spectra for the as-grown 

samples (Fig. 1(c)), two resonance peaks are observed for the annealed samples, 

which is a signature of PMA[22]. The two peaks can be separately fitted using 

Equation 1. The linewidth ∆ and resonant magnetic field 𝜇8H0 are thus extracted, and 

used for analyzing the magnetic anisotropy and damping constant as discussed in the 

following sections.  

B. THE EFFECTIVE MAGNETIZATION FIELDS AND GILBERT DAMPING 

    Figure 2(a) shows the resonance frequency f as a function of resonant field µ0H0 

for as-grown samples with different CoFeB thicknesses and a 0.4 nm-thick W 

insertion layer. The effective magnetization fields 4πMeff are extracted from the Kittel 

equation fitting[19, 23, 25], 

𝑓 = (𝛾 2𝜋⁄ )[𝜇8𝐻8(𝜇8𝐻8 + 4π𝑀CDD)]F/H        (2) 

where 𝛾 is the gyromagnetic ratio. Figure 2(b) shows the dependences of resonance 

frequency f on the resonant field 𝜇8H0 for the annealed samples. Compared with the 

results for as-grown samples, the most striking feature for the annealed samples is the 

emergence of an additional branch at low-field region as the thicknesses of CoFeB 

layers decrease (e.g., t1 + t2 = 1.88 nm). This additional branch corresponds to the 

additional resonance peak at low-field region for the perpendicularly magnetized 



 7  
 

samples, as shown in Fig. 1(d). For the samples with a PMA, the magnetization is not 

aligned with the external magnetic field as the magnitudes of the field are below the 

alignment field 𝜇0𝐻J
KLM . For the right branch, 𝐻8 > 𝐻JKLM , the resonant frequency 

dependence on magnetic field can still be fitted by Kittel equation approximately. For 

𝐻8 < 𝐻JKLM , the left branch can be described by the following equation, 

𝑓 = (𝛾 2𝜋⁄ )[(𝜇8𝐻P)H − (𝜇8𝐻8)H]F H⁄ 						(0 < 𝐻8 < 𝐻P)      (3) 

which was derived from the previous work[26]. Here, 𝜇8𝐻P = 𝜇8𝐻S − 4𝜋𝑀T =

−4𝜋𝑀CDD.  

Figure 3(a) shows the extracted effective magnetization fields as a function of 

CoFeB layer thickness for the samples with W insertion layer thicknesses of 0.2 nm 

(red circle) and 0.4 nm (blue hexagon). The results for the sample with single layer 

CoFeB (reported in the Ref. 21), i.e. without a W insertion layer, are also shown in the 

figure for comparison (black square). The values of 4πMeff are positive for all the 

as-grown samples, implying an in-plane magnetic anisotropy. For a given CoFeB 

layer thickness, 4πMeff decreases after inserting a W layer, reflecting the enhancement 

of PMA. Since the PMA also originates from the interface between CoFeB and heavy 

metal, such an enhancement is ascribed to the additional CoFeB/W interfaces[10, 17, 

18]. Furthermore, compared with the PMA for the sample with a 0.2 nm-thick W 

insertion layer, the enhancement for the 0.4 nm case is more pronounced. This again 

reflects the importance of high-quality interfaces because the 0.4 nm-thick W 

insertion layer has better continuity and uniformity compared to the 0.2 nm-thick one. 

After annealing the samples, 4πMeff becomes negative for the samples with relatively 
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thin CoFeB layers, indicating that the anisotropy field of the system changes from 

in-plane to out-of-plane. The samples with W insertion layers have a more 

pronounced increase of PMA compared with those without W insertion, again 

indicating that the W/CoFeB interface helps to enhance the PMA10. 

The frequency dependences of resonance linewidths are summarized in Fig. 2(c). 

The resonance linewidth can be fitted by[19, 25]: 

∆= ∆8 + (2𝜋𝛼 𝛾⁄ )𝑓            (4) 

where ∆8  is the extrinsic contribution (e.g., inhomogeneous broadening) to the 

linewidth, which is usually independent of frequency. The second term is the intrinsic 

contribution (e.g., Gilbert damping), which is linearly proportional to frequency. The 

𝛼 values for the samples with 0.2 nm- and 0.4 nm-thick W insertion layers as a 

function of CoFeB thickness are then extracted and shown in Fig. 3(b). The as-grown 

and annealed samples with 0.2 nm-thick W insertion layers show comparable α values 

and similar dependences on the CoFeB layer thickness to the sample without an 

insertion layer. While, increasing the W insertion layer thickness leads to the increase 

of α for a given CoFeB thickness. We also notice that, different from the as-grown 

samples, α does not increase monotonously as the thickness of CoFeB stacks 

decreases in the annealed samples with W insertion layer. Instead, α first increases 

along with the decrease of the CoFeB thickness, but then decreases abruptly at some 

critical CoFeB thickness. That may be related to the increased interfacial PMA, which 

requires further investigation. 

C. THE EXCHANGE COUPLING BETWEEN THE COFEB LAYERS 
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Figures 4(a) and (b) show the ST-FMR spectra (13 GHz) for the as-grown and 

annealed samples with CoFeB layer thicknesses of t1 + t2 = 2.37 nm and a 0.6 

nm-thick W insertion layer. Strikingly, two peaks are observed in ST-FMR spectra for 

both as-grown and annealed samples of t1 + t2 > 2.0 nm, as shown by the green and 

blue fitting curves. Notably, the linewidth of the green one is much narrower than that 

of the blue one, for both the as-grown and annealed samples, as shown in the Figs. 4(c) 

and (d). Interestingly, the resonance field of the narrower linewidth is lower than that 

of the wider one for the as-grown sample, as shown in Fig. 4(a), while the resonance 

field of the narrower one becomes larger than that of the wider one after annealing, as 

shown in Figs. 4(b). Such a feature is visible for all the measured frequency range, as 

shown in Figs. 4(e) and (f). We point out that these two peaks have different origins 

compared to those of the samples with PMA. First of all, the dependence of resonant 

frequency on the resonant field for both the narrower and wider peaks follows the 

Kittel equation, indicating that the film exhibits an in-plane magnetic anisotropy. The 

in-plane magnetic anisotropy is further verified by the extracted positive values of 

4πMeff for the as-grown and annealed samples (see Fig. 5(a)) and by magneto-optical 

Kerr effect (MOKE) measurement (to be discussed later).  

 We attribute the observation of two resonance peaks to the emergence of two 

different modes of the ferromagnetic resonance of the CoFeB/W/CoFeB layers. In 

addition to the in-phase resonance, the weak coupling between the two CoFeB layers 

can also lead to an out-of-phase resonance. These two modes had been previously 

observed in NiFe/Ru/NiFe and Fe/[Co/Cu]10/Co/Pt structures.[27-30] The in-phase 
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and out-of-phase resonances are referred to as acoustic (symmetric) mode and the 

optical (antisymmetric) mode, respectively. Another pronounced feature observed in 

the previous experiments is that the linewidths (as well as the Gilbert damping) of the 

optical modes are greater than those of the acoustic modes[27, 28, 31], which are 

consistently shown by our results (see Fig. 5(b)). The damping constants of the 

acoustic modes remain relatively low, while those of the optical modes increase (for t1 

+ t2 > 2.0 nm). This could be qualitatively explained by the framework of the mutual 

spin pumping effect.[27, 31] In the out-of-phase precession, the pumped spin 

accumulation and spin current are greatly amplified compared to those of the in-phase 

precession mode, resulting in a giant enhancement of the Gilbert damping in the 

out-of-phase precession mode.[27, 29, 31]  

The resonance fields of the acoustic (𝜇0𝐻8
U) and optical (𝜇0𝐻8

V) modes can be 

described by[29]: 

𝜇0𝐻8
V = 𝜇0𝐻8

T + 2𝜇0𝐻C'     𝜇0𝐻C' = −𝐴C' 𝑀T𝑡K⁄            (5) 

where 𝐴C'  is the strength of the exchange coupling and 𝑡K  is thickness of 

ferromagnetic layer (𝑡K = 𝑡F = 𝑡H). A positive 𝐴C'  corresponds to ferromagnetic 

(FM) coupling and a negative one corresponds to antiferromagnetic (AFM) 

coupling[28]. Therefore, the optical mode has the lower resonance field in the FM 

coupled system, while it has a higher resonance field in the AFM coupled system. We 

are able to extract the coupling fields 𝜇0Hex by directly measuring the difference 

between the acoustic and optical mode resonance fields, as shown in Fig. 6(a). The 

exchange coupling strengths Aex are therefore extracted through Equation (5) using Ms 
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= 1.008 MA/m reported by our previous work.[22] 𝐴C' is negative for the as-grown 

samples, indicating an AFM coupling between the two CoFeB layers. However, for 

the annealed sample, 𝐴C' turns to be positive, indicating an FM coupling between 

the two CoFeB layers. We point out that, for t1 + t2 < 2.0 nm, only one resonance peak 

is observed. This implies that the two CoFeB layers are strongly coupled with each 

other, similar to a single layer of CoFeB. These results indicate that the coupling 

between the two CoFeB layers is not only dependent on the W insertion layer 

thickness, but also on the CoFeB layer thickness.  

     To further verify the obtained coupling types in as-grown and annealed samples, 

magnetic hysteresis loops are measured by MOKE, as shown in Fig. 6(b). In the upper 

panel, the hysteresis loop of the as-grown sample with t1 + t2 = 2.55 nm shows an 

AFM coupling[16, 32, 33]. However, after annealing, this sample changes to show 

FM coupling (the middle panel). In the lower panel, the hysteresis loop of the 

as-grown sample with CoFeB layer thickness of t1 + t2 = 1.56 nm shows an FM 

exchange coupling. The results of the MOKE measurements confirm our inference 

from ST-FMR spectra analysis. 

  It is known that the two ferromagnetic layers that are separated by a nonmagnetic 

metal can be indirectly coupled through the Ruderman-Kittel-Kasuya-Yosida (RKKY) 

interaction[34-36]. The coupling can be either ferromagnetic or antiferromagnetic, 

depending on the sign of the coupling coefficient 𝐽&YMZZ[ , which shows an oscillatory 

behavior as a function of the thickness of the spacer layer[35-38]. For the samples 

with insertion layer of 0.6 nm, the two CoFeB layers with t1 + t2 > 2.0 nm are likely 
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coupled through indirect RKKY interaction in an antiferromagnetic manner. After 

annealing, the exchange coupling in the sample with 0.6 nm-thick W insertion layer 

changes from AFM to FM correspondingly, as shown in the upper and middle panels 

of Fig. 6(b). We believe this transition is related to the inter-diffusion among the 

layers promoted by the annealing process, which is revealed by the transmission 

electron microscopy measurement. Figure 7a shows the samples structure of the 

studied sample. The inter-diffusion between W and CoFeB layers can be proved by 

the line profiles for individual elements as shown in Figs. 7(b) and (c), which were 

extracted from the high-angle annular dark-filed images with line scan-energy 

dispersive spectra. We speculate that the inter-diffusion changes the effective W layer 

thickness, which changes the coupling coefficient 𝐽&YMZZ[ . It is noted that the 

orange-peel coupling can also result in parallel or antiparallel interlayer coupling for 

perpendicular magnetization due to the relatively large surface roughness (～12 

Å)[39]. In our multilayers, the surface roughness is < 5 Å based on TEM image, and 

thus, we speculate that the orange-peel coupling plays a minor role. 

  It would be counterintuitive to conclude that the coupling type varies with the 

CoFeB layer thickness. This may imply that the morphology of the insertion layer 

also depends on the CoFeB thickness. For the samples with CoFeB stacks thinner than 

2.0 nm, the surface morphology may not allow for the growth of a continuous W layer, 

as shown in the inset of the lower panel of Fig. 6(b). Similar to this situation, for the 

samples with 0.2 nm- and 0.4 nm-thick W insertion layers, the W insertion layer may 

be too thin to be continuous as well. As a result, the CoFeB layers cannot be well 
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separated, resulting in a direct exchange coupling.  

  Our results indicate that the ST-FMR can be used to excite and identify the 

acoustic and optical resonance modes of interlayer exchange coupled ferromagnetic 

layers, which are typically accomplished by FMR technique. In addition to providing 

an alternative technique, there is an extra advantage of using ST-FMR. For 

conventional FMR technique, the signal magnitude of excited optical mode is 

typically much smaller than the acoustic mode because the out-of-phase resonance 

cannot efficiently couple to a uniform excitation magnetic field over the sample[30, 

40], especially for two identical ferromagnetic layers. This problem can be overcome 

via using a ST-FMR technique. Different from the uniform magnetic field excitation, 

the SOT is not uniformly applied to the two ferromagnetic layers. In the studied 

sample, the SOT is mainly applied to the CoFeB layer that is adjacent to the bottom 

W layer. This is because the spin current generated from the W layer is mainly 

absorbed by the adjacent CoFeB layer and barely diffuse into the second CoFeB layer. 

As a result, the excitation of optical mode is more efficient and the magnitude is 

pronounced in our experiment.  

IV. CONCLUSION 

We investigate the magnetic properties of both the as-grown and annealed 

W/CoFeB/W/CoFeB/MgO stacks with different thicknesses of the CoFeB and W 

insertion layers using ST-FMR technique. By analyzing the ST-FMR spectra, we 

systematically studied the dependences of the magnetic anisotropy, damping constant, 

and interlayer exchange coupling on the effects of annealing, CoFeB layer thicknesses, 
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and W insertion layer thicknesses. It was found that the PMA is strongly enhanced 

after annealing, while the Gilbert damping constant remains nearly unchanged. The 

PMA also increases with increasing the thickness of W insertion layer. The direct 

exchange coupling or indirect RKKY interaction between the two CoFeB layers can 

also be identified using ST-FMR technique, which is found to depend on the W 

insertion layer thickness, CoFeB layer thickness, and annealing conditions. Our 

results indicate that the ST-FMR measurement is also an effective methodology in 

probing the interlayer exchange coupling between magnetic multilayers. Our present 

work will be useful for designing and developing magnetic devices using the W-based 

structures with large PMA and high thermal stability.  
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Fig. 1 (a) The schematic diagram of the magnetic multilayer stack with a W insertion 

layer. (b) The schematic diagram of ST-FMR measurement setup. The charge current 

Ic,rf is marked by orange arrow, and the spin current Is,rf is indicated by red arrow. Hext 

is the applied external magnetic field. θH is the angle between Hext and the current 

channel. (c) The ST-FMR spectra for the as-grown sample with CoFeB layers of t1 + 

t2 = 1.95 nm and a W insertion layer of 0.4 nm. The solid curves are the fits to a sum 

of symmetric and antisymmetric Lorentzian functions. (d) The ST-FMR spectrum for 

the annealed sample under frequency of 3.0 GHz. The same device is measured to 

obtain the results before (c) and after (d) annealing. Two resonance peaks were 

observed, which is a signature of PMA.  
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Fig. 2 Resonance frequency f as a function of the resonant field 𝜇8H0 for the 

as-grown (a) and annealed (b) samples with different CoFeB layer thicknesses. The W 

insertion layer thickness is 0.4 nm. The solid lines are fitting curves. For the annealed 

sample (e.g., t1 + t2 = 1.88 nm), the resonance frequency dependence on the resonant 

field exhibits an additional branch as the thickness of the CoFeB stacks decrease. (c) 

The linewidth Δ extracted from the fitting of ST-FMR spectra versus the resonance 

frequency f for different CoFeB layer thicknesses. The lines are linear fittings. 
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Fig. 3 (a) The effective magnetization fields, 4πMeff, as a function of CoFeB thickness 

for the as-grown and annealed samples with and without (reported in the Ref. 21) W 

insertion layers. (b) The Gilbert damping constant α, for the as-grown and annealed 

samples, extracted from the linear fitting of the linewidth versus the frequency f. 
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Fig. 4 The ST-FMR spectra (13 GHz) for the as-grown (a) and annealed (b) samples 

with CoFeB layer thicknesses of t1 + t2 = 2.37 nm and a 0.6 nm-thick W insertion layer. 

Two peaks are observed in both ST-FMR spectra, which are attributed to the 

symmetric (acoustic) and antisymmetric (optical) modes. The fitting curves are 

indicated by the lines. The linewidth Δ as a function of the resonance frequency f for 

the as-grown (c) and annealed (d) samples. Resonance frequency f as a function of the 

resonant field 𝜇8H0 for the two different modes, in as-grown (e) and annealed (f) 

samples. The solid curves are fittings by Kittel equation.  
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Fig. 5 (a) The effective magnetization fields (4πMeff) and (b) the Gilbert damping 

constant α for the as-grown and annealed samples with and without a W insertion 

layer as a function of CoFeB thickness. The W insertion layer thickness is 0.6 nm.  
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Fig. 6 (a) The interlayer exchange coupling extracted from the resonance field shift of 

the acoustic and optical modes (tCoFeB = t1 + t2). Aex is negative for the as-grown 

samples, corresponding to an antiferromagnetic coupling. However, for the annealed 

samples, Aex becomes positive, corresponding to a ferromagnetic coupling. (b) 

In-plane magnetic hysteresis loops for the as-grown and annealed CoFeB stacks. The 

upper panel: The hysteresis loop shows antiferromagnetic coupling (as-grown, t1 + t2 

= 2.55 nm). The middle panel: The hysteresis loop shows ferromagnetic coupling 

(annealed, t1 + t2 = 2.55 nm). The lower panel: The hysteresis loop shows 

ferromagnetic exchange coupling (as-grown, t1 + t2 = 1.56 nm). The insets are the 

corresponding CoFeB/W/CoFeB film structures. 
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Fig. 7(a). The high-resolution TEM image of as-grown 

W(5)/CoFeB(1.28)/W(0.6)/CoFeB(1.28)/MgO(2)/Ta(2) (units in nm), (b) and (c) the 

line profiles (along the orange dashed line direction in (a)) for individual elements 

extracted from the high-angle annular dark-filed images with line scan-energy 

dispersive spectra for the annealed and non-annealed samples, respectively.  
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