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We report here on the electrical detection of the ferromagnetic resonance in a notched Py stripe using the spin rectification effect. A lock-in detection technique is used to measure the rectified voltage generated when applying a radio-frequency field. The multiple peaks associated with the presence of a domain wall, observed during field scans, are properly identified with the help of dynamical micromagnetic simulations. It is found that at any frequency below 6 GHz some specific areas of the inhomogeneous magnetization within the domain wall can find a resonant condition and generate a voltage by rectification of the induction currents in the circuit.

I. INTRODUCTION

The new generation of electronic devices, so-called spintronic devices [1][2][3], combine standard electronics with spindependent effects and use the electron spin, rather than its charge, to carry information. The trend towards miniaturization in electronics has led to the need for understanding and controlling the magnetization dynamics of nanostructures. Present day lithographic techniques allow the patterning of magnetic nanostructures with controlled submicron size and shape. Classical inductive techniques do not reach the sensitivity allowing us to study the magnetization dynamics in individual magnetic nanostructures, but electrical transport has been shown to reach this goal [4,5]. Thus, the dynamics of the motion of domain walls (DWs) has been recently extensively studied both theoretically [6,7] and experimentally [4,8]. It is typically found that DWs move at typical velocities of tens of metres per second corresponding to typical frequencies below 0.5 GHz [9]. So far, most reported works concern the rigid motion of the walls within some artificially induced potential. The aim of the present paper is to detect the dynamics of the internal magnetic texture of a unique immobile DW. It corresponds to frequencies higher than 1 GHz, in the range of those used for usual ferromagnetic resonance (FMR).

For this purpose we fabricate Ni 80 Fe 20 (Py) stripes with a notch along one of the edges that serves as an artificial pinning site for a DW. A micron sized stripline is also lithographied very close to the Py stripe in order to generate the excitation microwave field. We detect the DC voltage signal generated by rectification of the induction current in the conducting structure [10,11]. This voltage is caused by the spin-rectification effect [12,13] that couples the induced rf current in the circuit containing the magnetic element to any change of resistance at the same frequency. In our samples the latter arises from the anisotropic magnetoresistance (AMR) that oscillates due to the precession of magnetization. Py stripes are attractive systems because they exhibit a sizable AMR contribution and have nearly zero magnetocrystalline anisotropy and magnetostriction, hence low damping. To further enhance the sensitivity of our measurements we modulate the rf field (at ω rf ) by a square signal and measure the lock-in voltage generated across the stripe at the modulation * michel.viret@cea.fr frequency. The voltage picked up in our measurements arises from the current induced at ω rf by the varying flux in the stripe rectified by mixing with the AMR contribution at ω rf . Thus, the line shape of the lock-in voltage we measure depends on the phase difference between the rf magnetization and the rf induced current leading to a measured signal composed of a linear combination of symmetric and antisymmetric Lorentz line shapes [3].

II. EXPERIMENT

10 μm long, 1 μm wide, and 20 nm thick Py stripes with a 600 nm wide notch are deposited on kapton substrates. The stripes are positioned with electron beam lithography 500 nm away from the current line of an rf antenna, previously defined by optical lithography (see Fig. 1). It is worth mentioning that we grow the samples on kapton, which is a flexible substrate, to use them also in break junction experiments, but kapton is not required to reproduce our results. The last step in sample fabrication consists in defining two (Au) voltage contacts on each stripe, designed in a loop shape so that the induced current in the stripe is maximized. The sample is placed between the poles of a rotating electromagnet that provides DC magnetic fields up to 1.2 T at any in-plane angle. The voltage measurements are performed at room temperature, and an rf signal, square-wave modulated at 1.98 kHz, is sent to the antenna at frequencies up to 40 GHz and at 0 dBm.

III. RESULTS AND DISCUSSION

We show in Fig. 2(b) the rectified voltage measured while sweeping the field at a constant frequency of 9 GHz, for different angles between the (in-plane) static magnetic field and the longitudinal axis of the stripe. A clear peak is measured at fields around 0.1 T for which the stripe is saturated, this is the FMR. Its exact position depends on the angle between the magnetization and the stripe direction (i.e., that of the induced current flow) but the line shape does not change. This is expected as, at a fixed frequency, the phase difference between the rf magnetization and the rf induced current remains unchanged. On the other hand, the voltage signal amplitude varies progressively and disappears at angles close to the transverse in-plane direction. In this configuration and for a 0.1 T field, the magnetization lays perpendicular to the stripe which makes the rectified voltage vanish [3]. Indeed, in such a configuration, the AMR gives a signal at twice the rf frequency which cannot be rectified with the induced current. The measured peaks are therefore induced by the uniform FMR mode of the stripe.

Interestingly, when the frequency is lowered, a signal starts to appear near zero field as the sample is no longer homogeneously magnetized. This is shown in Fig. 3(a) for frequencies between 1 and 4 GHz where it can be seen that the signal is the highest for 3 GHz. Moreover, the sample's resistance is also measured using a small current at 7 Hz driven through the sample while measuring the voltage at the same frequency. Figure 3(b) shows the sample resistive variation with the magnetic field applied at 90 degrees with respect to the stripe axis. The curve is globally bell shaped as the AMR progressively decreases when the angle between the magnetization and the stripe increases towards 90 degrees. A slight opening is also visible, both at positive and negative low fields, between approximately 10 and 15 mT. Interestingly, 10 mT corresponds to the field at which a peak is observed in the rectified voltage coming back from positive saturation (and symmetrically -10 mT when coming from negative saturation). Such a curve opening in the magnetoresistance often indicates the appearance of an inhomogeneous magnetic state. In the particular case of our structure with an almost transverse applied field, it corresponds to the nucleation of a domain wall in the notch area [14,15]. The presence of the DW increases the total stripe resistance by around 0.6 . For this reason, hereinafter we call this peak the nucleation peak. As visible in Fig. 3 resistivity, a quantity equivalent to a resistive susceptibility near zero frequency. Indeed, it corresponds to the rectified voltage one would measure at low frequency in the presence of a constant current. Globally, their shapes are rather similar, but the rectified voltage presents extra features including a peak at -35 mT as well as the nucleation peak at 10 mT. It is also important to notice that the "saturation" peak at -12 mT appears before the actual saturation given by the peak in the dR/dH curve. It is hard to understand the exact origin of these extra features but it is obvious that most of them appear when the magnetization is inhomogeneous, i.e., when a DW is present. Experimentally, it is also important to note that these extra peaks are only found for frequencies below 6 GHz. We believe this indicates that for these lower frequencies, the varying internal field near the notch provides regions in space where a resonant condition is met. In the following, we concentrate on the rectified voltage measurements performed at 3 GHz, at angles close to the transverse direction, which are representative of the DW effects on the RF susceptibility.

Figure 4(a) presents the measured rectified voltages at different applied angles in a range of 75 to 105 degrees from the stripe axis. The shape of the signal can be well understood considering that the rectified voltage is proportional to sin(α)cos(α) with α the angle of the magnetization with respect to the stripe. Hence, peaks signs are reversed when the magnetization angle goes from slightly below 90 degrees to above it. Moreover, near zero field, the signal sign depends on the component of longitudinal magnetization, which is different when coming from positive or negative saturation fields. Nevertheless, apart from their signs, rather similar features are indeed observed in all these curves. Going from positive to negative fields, three different peaks can be seen:

(i) The notch vertex peak corresponding to the excitation of the precession in the area around the tip of the notch. It is the only peak we observe at both negative and positive fields (for example, at +25 and -25 mT when applying the magnetic field at 97 degrees with respect to the stripe axis).

(ii) The nucleation peak, when a DW starts to nucleate in the notch area.

(iii) The switching peak that happens just before the DW is depinned from the notch triggering magnetization reversal. This feature is actually not a real peak but should rather be viewed as a steep increase of the rectified signal completely suppressed as soon as the DW escapes the notch area.

The notch vertex excitation and the nucleation peaks are positive below 90 degrees and negative at angles above this value, and the opposite dependence is found for the switching peak, which is negative (positive) below (above) 90 degrees [see Fig. 4(a)], all these sign changes being consistent with the expected symmetry. As can be seen in Fig. 4(b), the switching field, in absolute value, is maximum at 90 degrees whereas the nucleation field is minimum at this angle.

The only peak that remains when measuring at angles not close to the transverse direction is the switching peak that can be observed at angles up (down) to 165 (15) degrees. This feature was previously reported by Grollier et al. [16], when the longitudinal magnetization reverses. In the longitudinal field geometry, the magnetization reversal does not take place by depinning of the pinned DW but rather by the nucleation of a reversed domain and subsequent DW propagation. In our measurements shown in Fig. 4(b), the nucleation field strongly increases when moving away from the transverse direction. A detailed study of its angular dependence would help us to gain a deeper insight into the precise mechanism of magnetization reversal, but this is not the aim of the present paper.

In order to understand in more detail the extra features in the rectified voltage, micromagnetic simulations were carried out using the MuMax2 code [17], which is a micromagnetic simulation tool running on graphical processing units. The simulations are performed in a 10 × 1 × 0.02 μm 3 volume with 20 × 8 × 5 nm 3 unit cells with the exact shape of our Py stripe with a notch. The Py parameters are set to: saturation magnetization M S = 800 kA m -1 , exchange constant A = 1.3 × 10 -11 J m -1 , and Gilbert damping parameter α = 0.01. We have followed a field scan procedure starting from positive transverse saturation and reducing the field. Each step uses as the initial state the magnetic configuration previously determined. The excitation frequency of the rf magnetic field has been chosen to be f = 3.0 GHz. The magnetic configurations obtained at different field values while sweeping the field, applied at an angle of 90 degrees, are shown on the left side of Fig. 5. The chosen field values correspond to the magnetic fields at which we observe each of the different peaks in our measurement [see Figs. On the right side of Fig. 5 we display in black the sample outline and in color the areas in which the magnetization is found to oscillate for an rf excitation of 3 GHz. Several interesting features can be pointed out from this figure:

(i) As discussed above, the peak we measure around +10 mT corresponds to the nucleation of a DW at the notch area and, as can be seen in Fig. 5(a.2), the only region that oscillates at +10 mT is the center of the DW. We measure a well-defined peak in the rectified voltage at this magnetic field value, in spite of the small oscillating area, because our detection technique is very sensitive to the magnetization precession around the notch (a significant voltage drop across the sample occurs in this region).

(ii) At zero field [Fig. 5(b.2)] the area in which the magnetization is found to oscillate at 3 GHz is only a tiny region, in good agreement with the absence of a distinguishable feature in our measurements. It is interesting to note here that the vortex wall does not move at this frequency since vortex wall motion is usually observed well below 1 GHz.

(iii) Around -10 mT [Figs. 5(c) and 5(d)] we clearly observe the depinning of the DW when the force exerted by the magnetic field exceeds the pinning force of the notch. The region that is found to oscillate just before the switching field is the inhomogeneous part of the DW but also the domains on both sides. Nevertheless we think that the peak we observe in the rectified voltage comes mainly from the DW part. This is due to the increased sensitivity of our detection in the notch area where current lines are denser and the fact that our gold contacts select a reduced region as represented by the red lines in Fig. 5. This is also supported by the fact that the two peaks we measure-the nucleation peak, due to the DW oscillation, and the switching peak-have comparable heights. Indeed the latter peak would be much higher if the domain contribution were dominant.

(iv) Finally, around -33 mT, the magnetic configuration is not fully saturated but the field is high enough to remove the closure domains at both ends of the stripe and the region that oscillates is the area around the notch vertex.

It is possible to use these simulations more quantitatively (along with the simulations of the current lines) in order to estimate the AMR changes expected. The AMR contribution due to magnetization precession at 3 GHz when sweeping the static field at angle θ of 90 degrees is shown in Fig. 6. We find that there is a good quantitative agreement with the data including in the peak positions, which proves the accuracy of these simulations.

It is interesting to go further with the simulations and explore the response at higher frequencies for which we do not measure any particular feature in the rectified voltages. We show in Fig. 7 the areas in which the magnetization is found to oscillate at different frequencies below and above 6 GHz. As can be seen in this figure, at any frequency below 6 GHz, some region around the DW can resonate, but nothing happens above. This again reinforces our conclusion that the largely inhomogeneous internal field of the DW provides regions matching the resonance condition for any frequency below a cutoff found to be 6 GHz in our system. Now we turn our attention to the influence of a dc current on these DW resonances. For this aim we inject different dc currents into the sample while measuring the rectified voltage in the same conditions as described above. The field dependence of the rectified voltage measured at 3 GHz while applying different dc current values up to 10 6 A cm -2 for a magnetization at an angle of 85 degrees from the stripe axis is displayed in Fig. 8. The voltage signals are noisier but still clear and significant. As the current density increases above 8 × 10 5 A cm -2 , the nucleation peak broadens demonstrating that spin torque starts to play a role on the DW FMR profiles at current densities two orders of magnitude lower than the depinning ones. A quantitative description of this effect is beyond the scope of the present paper. However, the sensitivity of the rectified voltage measurement allows us to conclude that the domain wall behavior is modified at rather low current densities. This is consistent with models predicting that the internal structure of domain walls should start to distort largely before depinning [18][19][20].

IV. CONCLUSIONS

In summary, we have demonstrated here that internal DW resonances can be detected by an electrical technique. The measurement is based on the voltage signal generated by rectification of the induced current coupled to the AMR oscillation. This rectification technique is extremely sensitive as it allows us to measure signals from very localized precessing regions within a single pinned DW. Micromagnetic simulations, performed using the freely available code MuMax2, have enabled a full understanding of the measured voltage signal and the proper identification of the different resonances we observe.

Our measurements, along with the micromagnetic simulations, demonstrate that DWs provide a sufficiently varying internal field so that some resonance can always occur below a cutoff frequency of 6 GHz. Lastly, we showed that the DW resonances are affected by a DC current two orders of magnitude below the depinning threshold.
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 1 FIG. 1. (Color online) (a) Sketch of the samples designed for rectified voltage measurements. (b) (Artificially colored) optical image of a sample containing two Py stripes.

  (b), the rectified voltage is much richer with the presence of several peaks in the field region where a DW is pinned at the notch. It is instructive to compare the rectified voltage to the field derivative of the
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 2 FIG. 2. (Color online) (a) Sketch of the measurement geometry. (b) Field dependence of the measured rectified voltage at 9 GHz and 0 dBm for different angles between the static magnetic field and the longitudinal axis of the stripe.
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 3 FIG. 3. (Color online) (a) Field dependence of the measured rectified voltage at an angle of 90 degrees between the static magnetic field and the longitudinal axis of the stripe for different frequencies up to 4 GHz (the measurement at 3 GHz has been shifted downwards by -3 μV for the sake of clarity). (b) Measurement of the total stripe resistance (black or red squares, left axis) and the rectified voltage (blue or red dots, right axis) at 3 GHz as a function of the static magnetic field applied at an angle of 90 degrees with respect to the axis of the stripe. (c) Comparison of the rectified signal with the DC susceptibility dR/dH extracted from the R(H) curve.

FIG. 4 .

 4 FIG. 4. (Color online) (a) Field dependence of the measured rectified voltage at 3 GHz for different angles around the transverse direction. (b) Angular dependence of the nucleation and the switching fields (the switching field, negative, is represented in absolute value for the sake of clarity) at 3 GHz. Blue or black (red) symbols mean positive (negative) peak.

  3(a) or 4(a)]: the nucleation peak at around 10 mT [Fig. 5(a)], the switching peak at -10.4 mT [Figs. 5(c) and 5(d)], and the notch vertex excitation peak at -32.5 mT [Fig. 5(e)]. We have also included the magnetization configuration at zero field [Fig. 5(b.1)] in order to show the vortex wall pinned at the notch.
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 5 FIG. 5. (Color online) (x.1) Static magnetization configuration as found during the simulation of the experimental field scan (when sweeping the field downwards from positive transverse saturation) using MuMax2. (x.2) In color are the areas in which the magnetization oscillates when a 3 GHz AC field is superimposed at five different DC magnetic field values: 10 mT (a), 0 mT (b), -10 mT (c), -10.5 mT (d), and -32.5 mT (e). The color code used for the in-plane magnetization orientation is shown in the inset . Bold red lines on the right indicate the position of the voltage contacts on the stripe.
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 6 FIG. 6. (Color online) AMR contribution obtained from the micromagnetic simulations due to magnetization precession at 3 GHz when sweeping the static field at an angle θ of 90 degrees.

FIG. 7 .

 7 FIG. 7. (Color online) In color are the areas in which the magnetization oscillates at 100 Oe at different frequencies: 1.71 GHz (a), 2.40 GHz (b), 4.00 GHz (c), 4.86 GHz (d), and 7.40 GHz (e). The color code used for the in-plane magnetization orientation is shown in the inset of Fig. 5.

FIG. 8 .

 8 FIG. 8. (Color online) Field dependence of the measured rectified voltage when applying different dc current densities to the Py stripe at 3 GHz when the angle between the static magnetic field and the stripe axis is 85 degrees.
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