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Abstract:  

We report on a comprehensive study of the interlayer exchange coupling in 

CoFe(5nm)/Ru(x)/CoFe(8nm) trilayers (x=0.8…2.8 nm), using broadband ferromagnetic 

resonance. A systematic frequency dependence of the field separation between the acoustic and 

optic modes is found, which is caused by different effective magnetizations of the two 

ferromagnetic layers. Hence, it is shown that the broadband measurements are vital for reducing 

the systematic error margins in the determination of interlayer exchange coupling using 

ferromagnetic resonance. We have also investigated the temperature dependence of the interlayer 

exchange coupling and compare our results with existing theories. It is shown that models which 

take into account the temperature dependence due to thermal excitations of spin waves within the 

ferromagnetic layers, have a considerably better agreement with the experiment than models 

solely based on spacer and interface contributions to the temperature dependence.  
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I. Introduction 

There have been extensive experimental and theoretical studies through the last decades on 

interlayer exchange-coupled (IEC) systems consisting of two ferromagnetic layers coupled 

through a nonmagnetic spacer layer1-4. Different theoretical models have been developed to 

explain the oscillatory behavior based on the characteristics of the Fermi surface of the spacer 

layer5, 6 or using the spin dependent scattering of the Bloch waves at the ferromagnetic-spacer 

layer interface.7 The interlayer exchange coupling was first discovered in 1986 for Fe/Cr/Fe, 

Gd/Y/Gd and Dy/Y/Dy structures.8-10  This was followed by the discovery of Giant Magneto-

Resistance (GMR) effect in the interlayer exchanged-coupled Fe/Cr/Fe systems that gave birth to 

spin dependent transport phenomena. Furthermore, interlayer exchange-coupled layers with a 

strong antiferromagnetic coupling in combination with an exchange-biased layer have also been 

extensively used as synthetic antiferromagnets in read head sensors in the magnetic recording 

industry. For the development of new magnetic recording technologies such as Heat Assisted 

Magnetic Recording (HAMR) but also for the emerging spin transfer torque based memories11, 

obtaining a better understanding of the physical mechanisms that determine the temperature 

dependence of the interlayer exchange coupling remains an important goal. 

Ferromagnetic resonance (FMR) is an excellent tool for quantitative determination of the 

interlayer exchange coupling for both ferromagnetically and antiferromagnetically coupled 

systems. Two different resonances are observed in the FMR spectra of the IEC structures12,13. 

For the acoustic mode, both layers precess in-phase whereas for the optic mode they precess out-

of-phase11, 12. However, for two identical interlayer exchange coupled ferromagnetic layers, the 

intensity of the optical mode is zero and therefore cannot be detected using FMR14-16. A common 

approach to circumvent this difficulty is therefore to use an asymmetric trilayer system, for 
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example by using ferromagnets with different film thicknesses. In this paper, we utilize 

broadband FMR to show that the mode separation, used for experimental determination of the 

interlayer exchange coupling, has a noticeable frequency dependence in asymmetric IEC systems 

where the two ferromagnetic layers are of different thicknesses. This frequency dependence 

arises from the difference in the effective magnetizations of the ferromagnetic layers17. Hence for 

the experimental determination of the coupling strength, it is very important to have broadband 

ferromagnetic resonance data to avoid uncertainties for the interlayer exchange coupling strength, 

caused by the frequency dependence of the mode separation. 

 We have performed a comprehensive experimental temperature dependent investigation of the 

interlayer exchange coupling strengths which enable us to compare them with the predictions of 

different theoretical models, and thereby provides new information about the physical origin of 

the temperature dependence. 

II. Experimental Procedures  

The samples were fabricated using magnetron sputter deposition on ܱܵ݅ଶ substrates having the 

following layer sequence SiO2/ܶܽሺ3݊݉ሻ/ܴݑሺ2݊݉ሻ/݋ܥଽ଴݁ܨଵ଴ሺ5݊݉ሻ/ܴݑሺݐሻ/݋ܥଽ଴݁ܨଵ଴ሺ8݊݉ሻ/ܴݑሺ3݊݉ሻ/ܶܽሺ3݊݉ሻ/ܴݑሺ3݊݉ሻ. The thickness ݐ of the ܴݑ layer varied from 0.8nm to 2.8 nm.  

The ferromagnetic resonance properties of the samples were measured using a custom designed 

broadband ferromagnetic resonance setup which uses a coplanar waveguide for microwave 

excitation and  operates in the 1 െ  ,frequency range18-22 .At a fixed microwave frequency ݖܪܩ 65

the external magnetic field is swept through the resonance field of the sample. The microwave 

loss at the resonance condition can be detected by measuring the transmitted microwave power 

through the sample. The setup was also used with a closed cycle cryostat for temperature 

dependent measurements23.  
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III. Model 

a) Determination of interlayer exchange coupling field by ferromagnetic resonance 

For a trilayer system of two ferromagnetic layers separated by a non-magnetic spacer the 

interlayer exchange coupling, also known as RKKY coupling, results in two resonance modes of 

the system referred to as the acoustic and optic modes1, 4. The acoustic mode corresponds to the 

in-phase and the optic mode to the out-of-phase precession of the ferromagnetic layers, see 

figure 1. For a symmetric trilayer, equation (1) describes the resonance frequencies for the 

acoustic and optic mode 
݂ ൌ ௥௘௦,௔௖ܪ௥௘௦,௔௖൯൫ܪᇱට൫ߛ ൅ ௘௙௙൯                                                                                                   ሺ1ሻܯߨ4  
    ݂ ൌ ௥௘௦,௢௣ܪᇱට൫ߛ ൅ ௥௘௦,௢௣ܪ௘௫൯൫ܪ2 ൅ ௘௫ܪ2 ൅                                                                    ௘௙௙൯ܯߨ4
Here the external magnetic field is applied in the film plane, ܪ௘௫ is the interlayer exchange 

coupling field and ܯ௘௙௙ is the effective magnetization, which for a symmetric trilayer is identical 

for both layers. Due to the oscillating nature of the RKKY interaction the coupling between the 

two ferromagnetic layers changes sign with changing interlayer thickness between ferromagnetic ܪ௘௫ ൐ 0 and antiferromagnetic ܪ௘௫ ൏ 0. As seen in equation (1) the optic mode is shifted along 

the field axis by twice the exchange field as compared to the acoustic mode. Moreover, the 

resonance condition for the acoustic mode is identical to the resonance condition for a single 

layer thin film. Therefore, in a symmetric trilayer structure, the exchange field is equal to half of 

the field separation between the two modes. However, in a typical ferromagnetic resonance 

measurement, the microwave magnetic field profile is homogeneous over the thin film structure, 

hence it is difficult to excite the optic mode in a symmetric trilayer24.  One approach to overcome 

this difficulty is to use asymmetric trilayers, i.e. two ferromagnetic layers of different thicknesses, 



   

6  

or different saturation magnetizations. In this case, solving the LLG equation leads to a more 

complicated dispersion relation as compared to the symmetric case.  

Following the work of Zhang et al.13, we use the following expression for the free energy density 

of an asymmetric exchange-coupled trilayer 
ܧ ൌ ෍ ௜ݐ ൤െܯ௦ܪ଴ሺcos ுߠ cos ௜ߠ ൅ sin ுߠ sin ௜ߠ cos ߮௜ሻ െ 12 ௦ܯ௘௙௙,௜ܯߨ4 sinଶ ௜൨                          ሺ2ሻߠ  ଶ

௜ୀଵ ൅ ௜௡௧௘௥ሾcosܬ ଵߠ cos ଶߠ ൅ sin ଵߠ sin ଶߠ cosሺ߮ଵ െ ߮ଶሻሿ 
Here ߠ௜  and ߮௜  are the polar and azimuthal angles of the magnetization vectors of the 

ferromagnetic layers at equilibrium, see figure 2.  Also ߠு is the polar angle of the external 

magnetic field which  ߠு ൌ గଶ  in our configuration, see figure 2. Furthermore,  ܬ௜௡௧௘௥ is the 

effective coupling constant with units of energy/area and 4ܯߨ௘௙௙,௜  includes both 

demagnetization and perpendicular anisotropy fields and is defined as19, 23, 25 
௘௙௙,௜ܯߨ4 ൌ ௦ܯߨ4 െ 2 ௦ܯ௨,௜ܭ                                                                                                                             ሺ3ሻ     

where ܭ௨,௜ is the out-of-plane anisotropy constant. Here, ܭ௨,௜ ൐ 0 indicates that the easy axis of 

the perpendicular magnetic anisotropy energy is along the film normal, whereas ܭ௨,௜ ൏ 0  
corresponds to an easy plane in the film plane. In the case of thin films with no bulk contribution 

to the out-of-plane anisotropy, one has ܭ௨,௜ ൌ ଶ௞೔௧೔ , where ݇௜  is the average interfacial 

perpendicular anisotropy of  layer ݅   and ݐ௜ is its thickness. Therefore, the value of ܭ௨,௜  will 

generally be different for two FM layers of different thickness. Note that no higher order out-of-

plane anisotropy or in-plane magnetic anisotropy fields are included in equation (2). Using the 

above energy density the resonance frequencies of the acoustic and optic modes are found by the 
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following equation  
൬݂ߛᇱ൰ସ െ ܾ ൬݂ߛᇱ൰ଶ ൅ ܿ ൌ 0                                                                                                                         ሺ4ሻ  

Where ܾ and ܿ are defined as follows13  
ܾ ൌ ఏభఝభܧ ఝభఝభିܧఏభఏభܧ ଶݐଵଶܯ௦ଶ sinଶ ଵߠ ൅ ఏమఝమܧ ఝమఝమିܧఏమఏమܧ ଶݐଶଶܯ௦ଶ sinଶ ଶߠ ൅ 2 ௦ଶܯଶݐଵݐఏమఝభܧఏభఝమܧ ఝభఝమିܧఏభఏమܧ sin ଵߠ sin ଶߠ                                  ሺ5ሻ 

ܿ ൌ ௦ସܯଶଶݐଵଶݐ1 sinଶ ଵߠ sinଶ ଶߠ ሾܧఏభఏమ ଶܧఝభఝమ ଶ൅ܧఏభఝభ ଶܧఏమఝమ ଶ൅ܧఏభఝమ ଶܧఏమఝభ ଶ െ ఏభఏమܧ ଶܧఝభఝభܧఝమఝమ
െ ఝభఝమܧ ଶܧఏభఏభܧఏమఏమ െ ఏభఝభܧ ଶܧఏమఏమܧఝమఝమ െ ఏభఝమܧ ଶܧఏమఏమܧఝమఝమ െ ఏమఝభܧ ଶܧఏభఏభܧఝభఝభ൅ ఝమఝమܧఏమఏమܧఝభఝభܧఏభఏభܧ ൅ ఏమఝమܧఏమఝమܧఝభఝమܧఏభఏభܧ2 ൅ ఏమఏమ൅ܧఝభఝమܧఏభఝమܧఏభఝభܧ2 ఏమఝమ൅ܧఝభఝమܧఏభఝమܧఏభఏమܧ2 ఝభఝమܧఏభఏమܧఏమఝమ൫ܧఏభఝభܧఝమఝమି2ܧఏమఝభܧఏభఝభܧఏభఏమܧ2 ൅ ఏమఝభ൯െܧఏభఝమܧ  ఏమఝభሿܧఏభఝమܧఝభఝమܧఏభఏమܧ2

 Where θφE  are the partial derivatives of the free energy density ܧ  with respect to the 

magnetization angles at equilibrium, and Ms is the saturation magnetization which for simplicity 

is assumed to be the same for the two layers. 

b) Temperature dependence of coupling field  

While the origin of the interlayer exchange coupling has been studied in detail and is considered 

to be well understood4, 7, 8 , the origin of its temperature dependence remains an open question26-

29. Here we briefly summarize the theoretical mechanisms that have been proposed in the 

literature to explain the reduction of the interlayer exchange coupling at finite temperature. A 

detailed discussion can be found in the work by Schwieger and Nolting26, 27 
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i. Spacer contribution and interface contributions 

As first proposed by Bruno5, 7, 30 and Edwards31 the broadening of the Fermi edge in the spacer 

layer will lead to a temperature dependence of the interlayer exchange coupling. 

Furthermore, the phase and magnitude of the complex reflection coefficients at the interface 

between ferromagnet and the spacer layer may also be temperature dependent. 

The temperature dependence of the interlayer exchange coupling resulting from the spacer and 

interface contribution can be written as27 

ሚ௜௡௧௘௥ܬ ൌ ෍ ሚ௜௡௧௘௥ఈܬ ሺݐ, ܶ ൌ 0ሻ ݂ఈሺ݀, ܶሻ                                                                                             ሺ6ሻఈ  
Where ߙ  counts the number of stationary Fermi surface vectors relevant for the interlayer 

exchange coupling30, 32 and ݀ is the spacer layer thickness. Note that similar to the notation in 

reference27, ܬሚ௜௡௧௘௥ in equation (6) has units of energy. The temperature dependent functions are 

       ݂ఈ ൌ  ܿఈܶsinhሺܿఈܶሻ                                                                                                                                       ሺ7ሻ       
 Where                                                                     

ܿఈ ൌ ௙ఈݒ஻԰݇ߨ2 ݀ ൅  థఈ                                                                                                               ሺ8ሻܦ஻݇ߨ2
Here the first and second terms on the RHS of equation (8) represent the spacer and interface 

contributions respectively, also ݒ௙ఈ is the Fermi velocity and ܦథఈ ൌ ௗథഀௗఌ ఌୀఌ೑, where ߶ఈ is the 

phase of reflection coefficient : Δݎఈ ൌ  ఈ|݁௜థఈ.  For interlayer exchange coupling determinedݎ|

by a single Fermi surface vector, one has  ܬሚ݅݊ݎ݁ݐሺܶሻܬሚ݅݊ݎ݁ݐሺ0ሻ ൌ  ܿܶsinhሺ ܿܶሻ                                                                                                                 ሺ9ሻ 
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ii. Spin wave excitations  

Another mechanism that can contribute to the temperature dependence of the interlayer exchange 

interaction are spin wave excitations in the magnetic layers17, 26, 27, 33 ܬሚ݅݊ݎ݁ݐሺܶሻܬሚ݅݊ݎ݁ݐሺ0ሻ ൌ 1 െ 18ܵܬߨଶܬሚ݅݊ݎ݁ݐሺ0ሻ ሺ݇஻ܶሻଶ ෍ሺܶሻ                                                                   ሺ10ሻ 

     

෍ሺܶሻ ൌ  ෍ 1݊ଶஶ
௡ୀଵ ݁ିఉ௚ఓಳ஻௡ ൬1 െ ݁ିଵௌܬሚ݅݊ݎ݁ݐሺ଴ሻఉ௡൰ , ߚ   ݁ݎ݄݁ݓ ൌ ܵ݇஻ܶ    

Where ܵ is the spin quantum number and ܤ is the magnetic induction. Note that ܬ , which appears 

in the denominator of the first part of equation (10), denotes the intra-layer exchange coupling 

constant27. According to equation (10), the interlayer exchange coupling is expected to decrease 

with temperature faster than 1 െ but slower than 1 ܶݔ െ   .ଶ, see reference27ܶݔ

As pointed out by Schwieger and Nolting27 over the experimentally accessible temperature range, 

all three mechanisms can be approximated as   

݂ሺܶሻ ൌ ሚ௜௡௧௘௥ሺ0ሻܬሚ௜௡௧௘௥ሺܶሻܬ  ൎ 1 െ , ݕܶݔ 1 ൏ ݕ ൏ 2                                                                                                     ሺ11ሻ 
 Where the exponent ݕ   is expected to be in the range from 1  to  2  and is often assumed to 

be 1.518-21. The fact that all three contributions can be approximated by this power law, explains 

the difficulty to distinguish them solely based on the temperature dependence of the interlayer 

exchange coupling. However, the dependence of ݂ሺܶሻ  on the spacer thickness can provide 

valuable insights. For the spacer contribution, one expects a linear increase of the parameter c in 

equation (8) with the spacer thickness d. The interface contribution on the other hand, is 

independent of the spacer thickness, see equation (8). The contribution due to the spin wave 
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excitations shows a weak implicit dependence that oscillates with the spacer thickness26, 27, this 

model predicts a more pronounced temperature dependence for small coupling fields.  
IV. Numerical results  

Equation (4) was solved numerically in the 0-20 kOe interval to determine the resonance 

frequencies of both acoustic and optic modes at each magnetic field point for an asymmetric IEC 

trilayer. The gyromagnetic ratio ߛᇱ was 3.03 GHz/kOe for both layers, and the effective 

magnetization ܯ௘௙௙ was set to 1300 emu/cm3 and 1400 emu/cm3 for the 5nm and 8nm CoFe 

layers, respectively. These parameters were selected in the light of experimental values of 

gyromagnetic ratio and effective magnetization for a CoFe(13nm) single layer, which are equal 

to 3.03 GHz/kOe and 1420 emu/cm3 respectively, see section V. The simulated frequency versus 

resonance field plots are shown in figure 3 for coupling field values of -400 Oe (a), -100 Oe (b), 

0 Oe (c), 100 Oe (d) and 400 Oe (e), where the negative sign refers to antiferromagnetic coupling. 

Note that, for simplicity the saturation magnetization of both layers was assumed to be the same 

value, but a small interfacial perpendicular magnetic anisotropy was assumed, which leads to the 

different effective magnetization values for the 5 nm (1300 emu/cm3) and 8 nm CoFe (1400 

emu/cm3). We point out that for asymmetric trilayers, we define the interlayer exchange coupling 

field  as13     
௘௫ܪ ൌ 12 ሺݐଵ ൅ ଶݐଵݐ௦ܯ௜௡௧௘௥ܬଶሻݐ                                                                                                                                       ሺ12ሻ 

i.e. the effective interlayer exchange field is equal to the arithmetic mean of the exchange field 

values for each FM layer, ܪ௘௫,௜ ൌ ௃భమெೞ௧೔ . Figure 4(a) shows the frequency dependence of the field 

separation between the acoustic and optic modes that is found from the numerical frequency 

versus resonance field plots shown in figure 3. As can be expected, the difference of the effective 
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magnetizations of the two layers leads to a frequency dependence of the mode separation. As 

shown in figure 4(b) this frequency dependence of the mode separation vanishes for two FM 

layers with equal effective magnetization. Therefore, broadband ferromagnetic resonance 

measurements are required to reliably extract the interlayer exchange coupling of trilayers for 

which the assumption of equal effective magnetizations cannot be supported using independent 

measurements. As will be shown below fitting of broadband FMR data enables the precise 

determination of the interlayer exchange coupling and the effective magnetizations of the 

trilayers. 

V. Experimental results 

a) Frequency dependence of the mode separation 

Figure 5 shows the experimental raw FMR signals at 20 GHz for the CoFe(5 nm)/Ru(0.8 

nm)/CoFe (8 nm) (figure 5(a)) and CoFe(5 nm)/Ru(2 nm)/CoFe(8 nm) (figure 5(c)) samples with 

anti-ferromagnetic interlayer exchange coupling and CoFe(5 nm)/Ru(1.4 nm)/CoFe (8 nm) 

(figure 5(b)) and CoFe(5 nm)/Ru(2.6nm)/CoFe(8 nm) (figure 5(d)) samples, which show 

ferromagnetic interlayer exchange coupling.  

Figures 6 shows the broadband experimental Kittel plots for the same samples as in figure 5, 

which enables us to determine the ܪ௥௘௦,௔௖ െ ௥௘௦,௢௣ܪ  between the acoustic and optic modes. 

As shown in figure 7 the   experimental field separation data show the same trend as a function 

of frequency as the numerical simulations discussed in the previous section. In order to 

accurately, determine the coupling field, the experimental ܪ௥௘௦ versus frequency data for both 

modes were fitted with the full numerical model using equation (2) as shown in figures 6(a)-(d) 

and 7 for exemplary AF and FM coupled samples. This approach minimizes systematic errors 

caused by the frequency dependence of the mode separation and is used to determine the 
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experimental value of the interlayer exchange coupling field Hex for all samples. To illustrate this 

consider the ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2 ݊݉ሻ/݁ܨ݋ܥሺ8 nmሻ  sample, here the fit using the full model 

results in an interlayer exchange coupling field of  ܪ௘௫ ൌ  െ250 േ 3 ܱ݁ . If one instead uses half 

the field separation of the two resonances at 50GHz, as implied by equation (1), one would 

obtain a value for the interlayer exchange coupling field of  ܪ௘௫ ൌ  െ367 ܱ݁ . This value differs 

by almost 47% from the value determined using the full model. Because this approach takes into 

account data collected over a wide frequency range the error margins are very small, see figure 7. 

Determining meaningful error margins for the interlayer exchange field determined from the 

field separation at a single frequency would also be challenging. When fitting broadband data 

using the full model on the other hand one can determine the statistical error margins  by 

calculating the approximation of the Hessian matrix and its inverse at the convergence point34. 

To conclude, we have shown that in asymmetric trilayers the interlayer exchange coupling is not 

solely responsible for the field separation between the optic and acoustic modes, as differences 

between the effective magnetizations of the ferromagnetic layers will also influence the mode 

separation. Broadband measurements enabled us to identify and distinguish between these two 

contributions.   

b) Temperature dependence of the coupling field   

In addition to the room temperature experiments, a comprehensive set of broadband 

ferromagnetic resonance measurements were performed at lower temperatures down to 10 K. 

Figure 8 shows exemplary experimental broadband temperature dependent data for the samples 

with ܴݑ thicknesses of 0.8 nm and 1.2 nm. The data were fitted using the full numerical model 

to determine the interlayer exchange coupling field at each temperature. Figure 9 shows the 
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experimentally determined interlayer exchange coupling field as a function of Ru thickness at 

different temperatures. The strongest antiferromagnetic coupling is observed for the sample with 

the smallest  ܴݑ thickness of 0.8 ݊݉ and the first transition from antiferromagnetic coupling to 

ferromagnetic coupling happens between 1 nm and 1.2 nm and the second transition from AF to 

FM coupling takes place between 2 nm and 2.4 nm. The strongest ferromagnetic coupling is 

observed at a thickness of 1.2 nm with the second antiferromagnetic and ferromagnetic peaks 

occurring at 1.8 nm and 2 nm respectively, and the coupling cross over from ferromagnetic to 

antiferromagnetic happening between 1.4 nm  and 1.8 nm . In accordance with all three 

theoretical models, the oscillation amplitude (coupling field) increases noticeably with 

decreasing temperature while the oscillation period remains unchanged13, 30. The period of 

oscillation is approximately 1.1 nm  which is consistent with the reported value for  Co/Ru 

superlattice structures35.  

In order to compare our experimental results with the theoretical predictions for the temperature 

dependence discussed in section III(b), we determine the interlayer exchange coupling constant ܬ௜௡௧௘௥  using equation (12). Here we use  ܯ௦ ൌ 1600 emu/cmଷ  for all temperatures, as the 

changes in ܯ௦  are expected to be small in accessible temperature range. Note that the Curie 

temperature of CoFe alloys are very high, close to 1000 °C36, 37.  
Figure 10 shows the temperature dependence of the coupling constant for the samples with Ru 

thicknesses of 0.8 nm and 1.2 nm and the fits to the experimental data using equations (9) and 

(11). Note that the uncertainties of the coupling constant ܬ௜௡௧௘௥  values were calculated using 

equation (12) and the standard deviations of the numerically fitted values of ܪ௘௫ , while 

considering 5% error margin in the values of saturation magnetization and thicknesses of the 
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CoFe layers. As shown in figure 10 both equations (9) and (11) result in a reasonable agreement 

with the experimental data and a similar fit quality.  

As discussed in section III  despite the difficulties in distinguishing between the existing 

theoretical models caused by their similar temperature dependence, one can obtain further 

insights by investigating the influence of the spacer layer thickness, magnitude and sign of the 

interlayer exchange coupling on the temperature dependence of the model parameters. When 

comparing the spacer and interface models as described by equation (9) and the more generally 

applicable approximation given by equation (11) one notes that,  the fit parameter ݔ is highly 

correlated to fit parameter ܿ 27, which itself is supposed to scale linearly with the spacer layer 

thickness based on the spacer model, see equation (8). As shown in figure 11 no such 

dependency is seen for the fit parameters ܿ  or ݔ. On the other hand, the oscillatory behavior of 

both fit parameters; which is more pronounced in the case of the ܿ  parameter; follows the 

oscillatory behavior of the exchange field as a function of the spacer layer thickness which is 

consistent with the prediction of the spin wave excitation model.   
 In summary, a frequency dependence was found in the FMR mode separation of 

asymmetric interlayer exchange coupled CoFe/Ru(x)/CoFe trilayers. Our numerical simulations 

confirmed that this frequency dependence stems from the difference between the effective 

magnetizations of the two magnetic layers. The systematic uncertainties in the experimental 

determination of the interlayer exchange coupling field caused by this frequency dependence 

were minimized by fitting broadband experimental FMR data using the full numerical model. A 

comparison of the comprehensive temperature dependent results with the existing theoretical 

models, reveals that the thermal spin wave model shows a better agreement with the 

experimental data.   
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Figure Captions: 
 
 
Figure 1: Schematic diagram showing (a) the acoustic (in phase) and (b) the optic (out of phase) 

FMR modes in an interlayer exchange coupled trilayer. For the FM(AF) coupling the optic mode 

has a higher (lower) energy due to the exchange interaction. ܯܨଵ  and ܯܨଶ  stand for the two 

ferromagnetic layers and ܰܯ represents the non-magnetic spacer layer. ܯሬሬԦଵ  and ܯሬሬԦଶ  indicate the 

magnetization vectors of the two ferromagnetic layers and ܪሬሬԦ௘௙௙     is the effective static magnetic 

field. 

Figure 2: The geometry of the interlayer exchange-coupled structure used for the numerical 

simulations. The ݖ axis is normal to the thin film structure, while the static magnetic field is 

applied in the film plane of the trilayer along the ݔ direction. 

Figure 3: Simulated Kittel plots based on equation (2) with an assumption of ܯ௘௙௙ of 1300 ୣ୫୳ୡ୫య  

and 1400 ୣ୫୳ୡ୫య  for a trilayer with 5 nm and 8 nm thick CoFe layers. The exchange field was set 

to (a)  ܪ௘௫ ൌ  െ400 Oe , (b) ܪ௘௫ ൌ  െ100 Oe , (c) ܪ௘௫ ൌ  0 Oe , (d) ܪ௘௫ ൌ  100 Oe , and (e) ܪ௘௫ ൌ  400 Oe. A negative sign corresponds to an antiferromagnetic coupling. The deviations 

observed in the resonance position of the optic and acoustic modes at low frequencies for the AF 

coupled samples indicates that the samples are not saturated as the external magnetic field is not 

large enough to overcome the antiferromagnetic interlayer exchange coupling, see figure 3(a) 

and its inset. 

Figure 4: Simulated frequency dependence of the mode separation ܪ௥௘௦,௔௖ െ  ௥௘௦,௢௣  based onܪ

equation (2) with an assumption of (a) ܯ௘௙௙  of 1300 ୣ୫୳ୡ୫య  and 1400 ୣ୫୳ୡ୫య   for a trilayer with 5 nm and 8 nm ݁ܨ݋ܥ layers thick for different coupling fields. The dashed line represents the 
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zero coupling case and therefore the two resonances are simply the normal FMR modes of each 

layer. Part (b) shows that frequency dependence of the mode separation disappears when 

identical effective magnetizations ܯ௘௙௙  of  1400 ୣ୫୳ୡ୫య  for both 5݊݉ and 8݊݉ ݁ܨ݋ܥ layers are 

assumed. 

Figure 5: (a),(c) Raw FMR spectra for the  ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ0.8 nmሻ/݁ܨ݋ܥሺ8 nmሻ  and ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2 nmሻ/݁ܨ݋ܥሺ8 nmሻ   antiferromagnetically (AF) coupled samples. (b),(d) 

Raw FMR spectra for the  ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ1.4 nmሻ/݁ܨ݋ܥሺ8 nmሻ  and ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2.6 nmሻ/݁ܨ݋ܥሺ8 nmሻ  ferromagnetically (FM) coupled samples. Note that the optic mode 

appears on the low field side of the acoustic mode for the ferromagnetic coupling and on the high 

field side for the antiferromagnetic coupling. 

Figure 6: (a),(c) Plots of ferromagnetic resonance frequency as a function of resonance field 

(Kittel Plots) for the ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ0.8 nmሻ/݁ܨ݋ܥሺ8 nmሻ   and ݁ܨ݋ܥሺ5 ݊݉ሻ/ܴݑሺ2 nmሻ/݁ܨ݋ܥሺ8 nmሻ    antiferromagnetically (AF) coupled samples. (b),(d) Kittel Plots for the ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ1.4 nmሻ/݁ܨ݋ܥሺ8 nmሻ and ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2.6 nmሻ/݁ܨ݋ܥሺ8 nmሻ 

ferromagnetically (FM) coupled samples. The data in black color correspond to the acoustic 

mode and green corresponds to the optic mode. The symbols represent the experimental data and 

lines are the fits to the experimental data using the full numerical model, see equation (4). 

Figure 7:  Frequency dependence of the mode separation ܪ௥௘௦,௔௖ െ ሺ8 nmሻ݁ܨ݋ܥ/ሺ0.8 ݊݉ሻݑܴ/ሺ5 nmሻ݁ܨ݋ܥ  ௥௘௦,௢௣ for theܪ   (blue), ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2 ݊݉ሻ/݁ܨ݋ܥሺ8 nmሻ 

(magenta) antiferromagnetically (AF) coupled samples and  ݂݁݋ܥሺ5 nmሻ/ܴݑሺ1.4 nmሻ/݁ܨ݋ܥሺ8 nmሻ  (red) and ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ2.6 nmሻ/݁ܨ݋ܥሺ8 nmሻ  (orange), ferromagnetically 
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(FM) coupled samples. The symbols represent the experimental data and the lines show the full 

numerical fit to the experimental data using the full model, see equation (4).  

Figure 8: Frequency dependence of the mode separation ܪ௥௘௦,௔௖ െ ሺ8 nmሻ݁ܨ݋ܥ/ሺ0.8 nmሻݑܴ/ሺ5 nmሻ݁ܨ݋ܥ ௥௘௦,௢௣ for the (a)ܪ   and (b) ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ1.4 nmሻ/݁ܨ݋ܥሺ8 nmሻ 

samples, as a function of temperature. The symbols represent the experimental data and the lines 

show the full numerical fit to the experimental data using the full model, see equation (4).   

Figure 9: Interlayer exchange coupling field Hex of the ݑܴ/݁ܨ݋ܥሺݔሻ/݁ܨ݋ܥ interlayer exchange 

coupled system as a function of ܴݑ thickness from room temperature down to 10 K.  . The ݐோ௨ ൌ 2.2 nm and ݐோ௨ ൌ 2.4 nm data  correspond to the samples where the optic and acoustic 

signals were merged together due to a very weak coupling, therefore  preventing the 

determination of the interlayer exchange coupling field, which in these cases was set to zero. 
Figure 10:  Temperature dependence of the absolute value of the interlayer exchange coupling 

constant ܬ௜௡௧௘௥ for the ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ0.8 nmሻ/݁ܨ݋ܥሺ8 nmሻ and (a),(b) ݁ܨ݋ܥሺ5 nmሻ/ܴݑሺ1.2 nmሻ/݁ܨ݋ܥሺ8 nmሻ samples (c),(d). The experimental data are represented by symbols, 

the blue line is a fit to the data using equation (11) with a fixed value of ݕ ൌ 1.5, whereas the red 

line is a fit using equation (9). Both fits are weighted with the standard deviation of the 

individual data points and confidence bands are shown as shaded areas. 

Figure 11: (a) Fit parameter ܿ of the spacer and interface model described by equation (9) as a 

function of ܴݑ thickness. (b) The fit parameter x of equation (11) as a function of ܴݑ thickness 
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