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The generation of oscillations in the microwave frequency range is one of the most important applications expected from spintronics devices exploiting the spin-transfer phenomenon, which is the reorientation of the magnetization of a ferromagnetic domain by spinpolarized current. Here we report transport and microwave power measurements on specially designed nanopillars, for which a nonstandard angular dependence of the spin-transfer torque is predicted by theoretical models. We observe a new kind of current-induced dynamics that is characterized by large angle precessions in the absence of any applied ﬁeld. This is also predicted by simulations including a ‘wavy’ angular dependence of the torque. This type of nanopillar, which is able to generate microwave oscillations in zero applied magnetic ﬁeld, could represent an interesting method for the implementation of spin-transfer oscillators. We also emphasize the theoretical implications of our results on the angular dependence of the torque.



The magnetization of a ferromagnetic body can be manipulated by transfer of spin angular momentum from a spin-polarized current. This is the concept of spin transfer introduced by Slonczewski1 and Berger2 in 1996. In most experiments, a spin-polarized current is injected from a spin polarizer into a ‘free’ magnetic element, for example in pillar-shaped magnetic trilayers3–6 . The phenomenon of spin transfer has a great potential for applications. It can be used either to switch a magnetic conﬁguration (the conﬁguration of a magnetic memory for example)3–5 or to generate magnetic precessions and voltage oscillations in the microwave frequency range6,7 . In the most usual situations, such oscillations are observed in the presence of a magnetic ﬁeld. From a fundamental point of view, spin-transfer eﬀects raise two diﬀerent types of problem8 . First, the spin-transfer torque acting on a magnetic element is related to the transverse spin polarization of the current (transverse meaning perpendicular to the magnetization axis of the element) and can be derived from spin-dependent transport equations8–17 . On the other hand, the description of the magnetic excitations generated by the spintransfer torque (STT) raises problems of non-linear dynamics8,18–20 . For example, in the simple limit where the excitation is supposed to be a uniform precession of the magnetization (macrospin approximation), this precession can be determined by introducing the STT into a Landau–Lifshitz–Gilbert equation for the motion of the magnetic moment. However, the determination of the STT and the description of the magnetization dynamics cannot be regarded as independent problems. In standard trilayered structures with in-plane magnetizations and with the usual angular dependence, 492



a switching regime is found at zero and low magnetic ﬁeld and the precession regime with generation of voltage oscillations is mainly observed above some threshold ﬁeld8 . We will show that a new behaviour, characterized by large angle precessions in the absence of any magnetic ﬁeld, can be obtained in specially designed structures presenting a non-standard dependence of the STT as a function of the angle between the ﬁxed magnetization of the polarizer and the magnetization of the free layer. This non-standard angular dependence of the torque, that we call ‘wavy’, is obtained by choosing materials with diﬀerent spin diﬀusion lengths for the ‘ﬁxed’ and ‘free’ magnetic layers, which changes the distribution of the spin currents and spin accumulations in the structure. The observation of spin-transfer oscillations at zero ﬁeld in structures with a ‘wavy’ angular dependence of the torque can represent a new way to obtain spin-transfer oscillators operating without any applied ﬁeld, another possible way being the use of exchange interactions or anisotropy to generate local eﬀective ﬁelds or non-collinear equilibrium conﬁgurations21 . In addition, the observation of a wavy angular dependence of the torque represents a valuable test of the theories predicting this behaviour15,16,22 and shows that realistic predictions of the spin-transfer torque and its angular dependence in a given structure are now possible. As we will see, in the models we consider here15,16 , the torque is calculated from parameters which, for most of them, can be derived from earlier current-perpendicular-to-plane giantmagnetoresistance (CPP-GMR) experiments23,24 . The usual behaviour observed in pillars with in-plane magnetizations along an anisotropy axis corresponds to the nature physics VOL 3 JULY 2007 www.nature.com/naturephysics
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