Pis’ma v ZhETF, vol. 103, iss. 1, pp. 38 – 43 © 2016 January 10

Polarized neutron channeling as a tool for the investigations of weakly magnetic thin films

S. V. Kozhevnikov^{+∗1)}, Yu. N. Khaydukov^{×∘}, T. Keller^{×∘}, F. Ott^∗, F. Radu^∇

+Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980 Dubna, Russia

∗Laboratoire Léon Brillouin UMR12 CEA/CNRS, F-91191 Gif sur Yvette, France

×Max-Planck-Institut für Festkörperforschung, D-70569 Stuttgart, Germany

∘Max Planck Society Outstation at FRM-II, D-85747 Garching, Germany

∇Helmholtz-Zentrum Berlin für Materialien und Energie, D-12489 Berlin, Germany

Submitted 24 November 2015

We present and apply a new method to measure directly weak magnetization in thin films. The polarization of a neutron beam channeling through a thin film structure is measured after exiting the structure edge as a microbeam. We have applied the method to a tri-layer thin film structure acting as a planar waveguide for polarized neutrons. The middle guiding layer is a rare earth based ferrimagnetic material TbCo5 with a low magnetization of about 20 mT. We demonstrate that the channeling method is more sensitive than the specular neutron reflection method.

DOI: 10.7868/S0370274X16010070

Magnetic nanomaterials are widely used in practical applications and in fundamental physics. Therefore the development of new methods providing enhanced sensitivity for the characterization of their magnetic properties is a challenge. One of the well-established methods for magnetic thin films and nanostructures characterization is the Polarised Neutron Reflectometry (PNR) technique [1]. Its strength is the unique ability to probe the magnitude and the direction of the magnetization vector as a function of the depth in magnetic heterostructures. For collinear spin configurations, the PNR method resolves the depth dependence of the scattering length densities (SLD) ρ(z) which depends on the neutron polarization: ρ^±(z) = ρ_0(z) ± cB(z). Here ρ_0(z) and B(z) are the depth profiles of the nuclear SLD and the magnetic induction. By measuring reflectivities of spin-up and spin-down neutrons and fitting them to theoretical values one can extract the SLD depth profile and the depth dependence of the induction in a film. The method is routinely used for the characterization of ferromagnetic systems with rather high magnetization (about 0.3–2 T). Being a model dependent method it leads to the non-uniqueness of the resulting set of parameters describing the system. As a result, the accuracy of the fitted parameters depends both on the adequacy of a model and on the quality of the experimental

1)e-mail: kozhevn@nf.jinr.ru

data. For systems with weak magnetization (∼ 10 mT), PNR requires very long measurement times (∼ 10^2 h) in order to achieve sufficient statistics. This is usually not compatible with standard neutron reflectometry experiments.

Weak magnetizations, typically less than 100 mT, are characteristic of ferrimagnetic materials or magnetic oxides. Magnetic materials such as Fe_3O_4, CoFe_2O_4, BiFeO_3, GaFeO_3, Bi_3Fe_5O_{12}, NiCoMnAl are being increasingly studied because of their specific properties, either their electronic properties [2], their magnetoelectric properties [3], their magneto-optical [4] or their magneto caloric properties [5]. The study of these materials is often limited by the weakness of the magnetic interfacial effects that are of interest. While XMCD [6] is a very sensitive technique to probe surface magnetism, it is sometimes rather difficult to apply to complex heterostructures as used in spintronic devices. Also, the XRMS [7] technique cannot access thicker layer structure because the soft x-ray penetration depth is on the order of 30 nm. The modelling of the XMCD and XRMS can also be rather complex in these non-metallic materials.

In this letter, we demonstrate that neutron channeling is a potentially new method to probe weak ferri- or ferromagnetic thin film structures.

The neutron channelling method both enhances the sensitivity to weak magnetization and reduces the model

38 Письма в ЖЭТФ том 103 вып. 1 – 2 2016 dependency. In order to perform a neutron channelling measurement, the weak magnetic layer B has to be sandwiched between two layers A and C with a higher SLD in order to form a resonator structure [8, 9] (see Fig. 1a). Below the critical edge at the resonance conditions the

Fig. 1. (Color online) (a) – The SLD depth profile of the investigated waveguide structure. (b) – Geometry of the experiment: I0 is incident polarized neutron beam, WG is the waveguide, I is the guided microbeam outgoing from the sample edge, D is a position-sensitive detector

neutron wave function density is resonantly enhanced in the channelling layer B [10] and hence all the neutron interactions such as the spin-flip cross section [11], the diffuse scattering [12, 13], alpha-particles [14] or gammaquanta [15] emission.

Let r_{BA(BC)} be the complex reflection amplitudes of the tunnelling layer and of the reflector layer, from inside out. Let k_B = √ k^2_0 − u ± μB be the normal component of neutron wave-vector in the investigated layer of thickness d. The complex reflection coefficients can be calculated numerically based on the parameters of the reflector layer, the tunnelling layer, and of the resonant layer. Within a weak magnetization approximation, their dependence on the magnetic induction can be neglected. The resonance condition is given by

arg(r_{BA}) + arg(r_{BC}) + 2k_Bd = 2πn, (1)

where r_{BA} and r_{BC} are the complex reflection amplitudes from the complete structures to the left and to the right of the resonant layer, respectively. From (1) it follows that if the channelling layer has a non-zero magnetization, k^+_B > k^−_B and hence the resonances for spin-up and spin-down neutrons are split. The splitting value Δk^2_{res} = (k^+_{res})^2 − (k^−_{res})^2 is proportional to the induction B:

Δk^2_{res} = 2μB − { 1 4 [ arg(r^+_{BA}r^+_{BC})^2 − arg(r^−_{BA}r^−_{BC})^2 ] −

− [ arg(r^+_{BA}r^+_{BC}) − arg(r^−_{BA}r^−_{BC}) ] πn }/ d^2 =

= 2μB + O [ arg(r_{BA}r_{BC}) ] . (2)

Contrary to standard reflectivity where the measured signal is the specular reflectivity, in a channelling measurement, the measured intensity is the neutron flux exiting the edge of the sample out of the channel (along the horizon) (see Fig. 1b). The experimental measurement consists in measuring the neutron flux as a function of the incidence angle on the waveguide structure. The theory of neutron channeling was developed in [16]. Experimentally, the phenomenon of neutron channeling was observed in [8, 17, 18] and the channelling length was measured experimentally in [19, 20]. It has also been demonstrated that it may be used for production of unpolarised [21] and polarised [22, 23] neutron microbeams, which were used for the investigation of amorphous magnetic wires [24, 25].

In this communication, we compare the magnetic characterization of a planar waveguide with a weakly ferrimagnetic guiding layer by two methods: polarized neutron reflectometry (PNR) and polarized neutron channeling (PNC). We take as an example the compound TbCo_5 which is a ferrimagnet that has a saturation magnetization of about 22 mT at room temperature [26]. This material is attractive for its use in “hard – soft ferrimagnetic” spin-valve systems and for the development of ultrafast magnetic switching devices [27].

The investigated TbCo_5 layer with relatively small nuclear SLD is placed between NiCu layers having high SLD to create a waveguide structure (Fig. 1a). The sample structure is Ta(3 nm)/Ni_{0.67}Cu_{0.33}(15 nm)/TbCo_5(150 nm)/Ni_{0.67} Cu_{0.33}(50 nm)//Si(substrate). It was grown on thermally oxidized Si substrates by using the magnetron sputtering technique. The base pressure in the MAGSSY sputtering chamber was tuned to be lower than 5 · 10^{−9} mbar. The partial Ar pressure during growth was set to a value of 1.5 · 10^{−3} mbar. During preparation, the substrates were kept at room temperature in order to avoid any additional thermal inter-diffusion at the interfaces. The Tantalum layer on the top protects the structure against oxidation.

Письма в ЖЭТФ том 103 вып. 1 – 2 2016

The neutron experiments were carried out at the polarized neutron reflectometer NREX (reactor FRM II, TUM, Garching, Germany) at a fixed wavelength λ = 4.26 Å (δλ/λ = 1.5 %) and with an horizontal sample plane. The angular divergence of the incoming beam was adjusted by two slits before the sample (separated by a distance of 2000 mm). For the reflectometry (respectively the channelling experiments), the width of both slits was set to 1 mm (respectively 0.2 mm), thus providing an angular divergence of the incident beam of δα_i = 0.5 mrad (respectively 0.1 mrad). Two single magnetic supermirrors with a polarizing efficiency of 99 % in transmission mode were used as the polarizer and the analyzer. The scattered neutrons were measured with a 200 × 200 mm^2 two-dimensional^3He position-sensitive detector with a spatial resolution of 3 mm placed at a distance 2400 mm from the sample position. The experiment was performed at T = 300 K in a magnetic field μ_0H = 0.45 T applied parallel to the surface and normal to the scattering plane.

In Fig. 1b, the geometry of experiment is shown schematically. The incident neutron beam of intensity I_0 enters the surface of the waveguide (WG) under a glancing angle α_i. Neutrons tunnel through the thin upper layer into the guiding layer (or channel) of width d, are reflected from the bottom thick layer and channel in the guiding layer in the direction parallel to the sample surface. The neutron wave density is resonantly enhanced for some specific incident glancing angles α_{i,n}, where n = 0, 1, 2, ... is the resonance order. The neutrons channel inside the guiding layer over a distance of several millimetres (which corresponds to the channeling length x_e [16]) and leave the channel end as a microbeam of intensity I. The angular divergence of the microbeam δα_f is defined by the Fraunhofer condition of diffraction on a narrow slit which is the exit of the channel of width d. For a neutron wavelength λ, the angular divergence of the microbeam is δα_f ∼ λ/d. The microbeam intensity is recorded by a position-sensitive detector (D) around the direction of the sample plane (sample horizon).

The PNR curves (Fig. 2a) were measured under a magnetic field of 0.45 T in the range of momentum transfers Q = (0.06−1) nm^{−1}. The two non-spin-flip R^{++} and R^{−−} reflectivities were measured within 12 h. The non spin-flip signals show a weak spin asymmetry A = (R^{++} − R^{−−})/(R^{++} + R^{−−}) which is smaller than 0.1 (Fig. 2b). No measurable signal was measured in the spin-flip channels what confirms that the sample was fully saturated. The fit of the PNR curves led to the SLD profile shown in Fig. 1a. The measured spin asymmetry of the NSF channels can be reproduced with an

Fig. 2. (Color online) (a) – Experimental (dots) and model (solid line) reflectivity for “−−” channel. (b) – Experimental (dots) and model (solid line) neutron spin asymmetry

induction B = 20 mT, but the fit procedure may lead also to significantly different results.

In a second experiment, the neutron channelling signal was measured. The neutron microbeam intensity of the resonance n = 0 extracting background level is presented in Figs. 3a–с as a function of the incidence glancing angle (closed symbol for “++” and open symbols for “−−”). The signal/background ratio is about 3.

The error bars for the field 0.45 T (Fig. 3c) are smaller than the symbol size. One can see that the angular splitting of the resonance peaks for “++” and “−−” microbeams is well defined for the fields 0.35 and 0.45 T.

For example, for the external field equal to 0.45 T (Fig. 3c) providing a magnetically saturated state for the layer, it is possible to precisely fit the positions of the resonance incidence angle α^+_{i0} = 4.04 mrad and α^−_{i0} = 3.98 mrad with accuracy better than 0.001 mrad. Based on these angles, it is possible to estimate the value of the magnetic induction B by writing the Eq. (2) as function of the resonant grazing angles: B = ℏ^2 4μm ( 2π λ )_2 [sin^2(α^+_{i0})−sin^2(α^−_{i0})]−O[arg(r_{BA}r_{BC})], (3) where h is the Plank’s constant, m is the neutron mass, λ is the wavelength of the neutrons, and μ is the neutron magnetic moment.

The result is B = 19.53 mT when neglecting the argument factors O[arg(r_{BA}, r_{BA})]. Using the calculated

Письма в ЖЭТФ том 103 вып. 1 – 2 2016

Fig. 3. (Color online) Neutron microbeam intensity for spin states “++” (squares) and “−−” (circles) as a function of the incidence glancing angle at the applied magnetic field: 0.10 T (a); 0.34 T (b), and 0.45 T (c). (d) – Splitting of the resonance glancing angles as a function of the magnetic induction (the line is calculation and the symbols are experiment)

arguments, the result becomes: B = 19.56 mT. As a consequence, by neglecting completely the argument factors, the value of the magnetic induction is determined within a 10^{−3} precision.

The calculated difference of squared sinuses of the resonance angles as a function of B is presented in Fig. 3d as a solid line. The symbols corresponds to the experimental values of the microbeam peaks positions. The error bars were defined by the peaks positions fitting. The extracted experimental value of B is in agreement with previous measurements by SQUID magnetometer [26]. In addition to the saturation state we have also measured the resonance splitting for intermediate magnetic states which occur during the magnetization reversal for external fields of 0.1 and 0.34 T. These data do further demonstrate the direct sensitivity of the method to the averaged weak magnetization values.

In conclusion, we propose to use another method for measuring of the absolute values of the magnetization of thin films. The method is based on the measurement of the difference of resonance positions for channeled spin-up and spin-down neutrons through a waveguide system with the investigated magnetic film in the middle. Compared to conventional PNR [28], the method does not require any modeling of the data and hence is more robust. It is also very accurate (0.1 mT resolution).

In the specular reflection below the critical angles, the spin asymmetry does not exhibit a sizable finite value because of flux conservation. On the other hand, in the case of the neutron channeling effect, there are two factors of neutron interaction enhancement:

• at the resonances, the time of neutron interaction with matter is increased due to multiple reflections inside the resonator in the direction perpendicular to the sample surface;

• the critical condition for the resonances is different for the “+” and “−” spin states which is very sensitive to the magnetization absolute value.

The studied system was in a state where the magnetization was collinear with the applied field for the highest applied external field. In the case of non-collinear magnetization which most likely occurs for the intermediate magnetic states, one would have to apply polarization analysis to resolve the spin orientations, taking

Письма в ЖЭТФ том 103 вып. 1 – 2 2016

42 S. V. Kozhevnikov, Yu. N. Khaydukov, T. Keller, F. Ott, F. Radu

carefully into account polarization imperfections of the polarizer and analyzer. This may lead to rather critically small signal/background ratios which may require higher neutron flux for obtaining quantitative results. Nevertheless, spin-flipped neutrons in resonators were observed in model experiments [6, 8, 9] and were used for the investigations of proximity effect in ferromagnetic/superconductor system [29]. One may also reduce the background by using the beam-splitting effect in external fields for non- collinear arrangements. For example, in [5, 6, 30] beam-splitting was used to observe standing waves in off-specular region with higher ratio signal/background. In [24, 25] a ratio signal/background ≈ 10 for the microbeam outgoing from a planar waveguide. Thus, the method of polarized neutron channeling can be used for the investigations of weak magnetism (collinear or non-collinear) in thin films.

Concluding, a tri-layer waveguide structure with weakly magnetic guiding layer TbCo_5 was studied using polarized neutron channeling. Due to the resonant nature of the neutron channeling and the magnetic splitting of the resonances, the polarized neutron microbeam method is more sensitive than the polarized neutron reflectometry. Thus, the neutron channeling can be used as a new method for the investigation of weakly magnetic layers with magnetization on the order of 10 mT.

This work is based upon experiments performed at the NREX instrument operated by Max-Planck Society at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany. The neutron part of the project has been supported by the European Commission under the 7th Framework Programme through the “Research Infrastructures” action of the Capacities Programme, NMI3- II, Grant Agreement # 283883. Also this work has been financially supported by the French project IMAMINE 2010-09 T, and Russian Fund of Basic Research project # 16-02-00396-a.

1. C. Fermon, F. Ott, and A. Menelle, Neutron reflectivity, in: X-Ray and Neutron Reflectivity: Principles and Applications, Ed. by J. Daillant and A. Gibaud, Springer Lecture Notes in Physics, Berlin (1999).

2. C. Blouzon, F. Ott, L. Tortech, D. Fichou, and J.- B. Moussy, Appl. Phys. Lett. 103, 042417 (2013).

3. H. Bea, M. Bibes, F. Ott, B. Dupé, X.-H. Zhu, S. Petit, S. Fusil, C. Deranlot, K. Bouzehouane, and A. Barthélémy, Phys. Rev. Lett. 100, 017204 (2008).

4. E. Popova, A. F. F. Galeano, M. Deb, B. Warot-Fonrose, H. Kachkachi, F. Gendron, F. Ott, B. Berini, and N. Keller, J. Mag. Mag. Mat. 335, 139 (2013).

5. N. Teichert, D. Kucza, O. Yildirim, E. Yuzuak, I. Dincer, A. Behler, B. Weise, L. Helmich, A. Boehnke,

S. Klimova, A. Waske, Y. Elerman, and A. Hütten, Phys. Rev. B 91, 184405 (2015).

6. H. Dürr, T. Eimuller, H.-J. Elmers, S. Eisebitt, M. Farle, W. Kuch, F. Matthes, M. Martins, H.- C. Mertins, P. M. Oppeneer, L. Plucinski, C. M. Schneider, H. Wende, W. Wurth, and H. Zabel, IEEE T. Magn. 45, 15 (2009).

7. R. Abrudan, F. Brüssing, R. Salikhov, J. Meermann, I. Radu, H. Ryll, F. Radu, and H. Zabel, Rev. Sci. Instrum. 86, 063902 (2015).

8. V. L. Aksenov and Yu. V. Nikitenko, Physica B 297, 101 (2001).

9. Yu. V. Nikitenko, Phys. Part. Nucl. 40, 890 (2009) [Yu. V. Nikitenko, Fizika Elementarnykh Chastits i Atomnogo Yadra 40, 1682 (2009)].

10. F. Radu and V. K. Ignatovich, Physica B 292, 160 (2000).

11. V. L. Aksenov, Yu. V. Nikitenko, S. V. Kozhevnikov, F. Radu, R. Kruis, and T. Rekveldt, Surface Investigation 16, 1225 (2001) [V. L. Aksenov, Yu. V. Nikitenko, S. V. Kozhevnikov, F. Radu, R. Kruis, and T. Rekveldt, Poverkhnost’ 8, 10 (2000)].

12. S. V. Kozhevnikov, F. Ott, E. Kentzinger, and A. Paul, Physica B 397, 68 (2007).

13. S. V. Kozhevnikov, F. Ott, A. Paul, and L. Rosta, Eur.

Phys. J. Special Topics 167, 87 (2009).

14. V. L. Aksenov, Yu. V. Nikitenko, F. Radu, Yu. M. Gledenov, and P. V. Sedyshev, Physica B 276–278, 946 (2000).

15. H. Zhang, P. D. Gallagher, S. K. Satija, R. M. Lindstrom, R. L. Paul, T. P. Russell, P. Lambooy, and E. J. Kramer, Phys. Rev. Lett. 72, 3044 (1994).

16. V. K. Ignatovich and F. Radu, Phys. Rev. B 64, 205408 (2001).

17. Y. P. Feng, C. F. Majkrzak, S. K. Sinha, D. G. Wiesler, H. Zhang, and H. W. Deckman, Phys. Rev. B 49, 10814 (1994).

18. S. P. Pogossian, A. Menelle, H. Le Gall, J. M. Desvignes, and M. Artinian, Phys. Rev. B 53, 14359 (1996).

19. S. V. Kozhevnikov, V. K. Ignatovich, F. Ott, A. Rühm, and J. Major, JETP 117, 636 (2013) [S. V. Kozhevnikov, V. K. Ignatovich, F. Ott, A. Rühm, and J. Major, ZhETF 144, 733 (2013)].

20. Yu. V. Nikitenko, V. V. Proglyado, and V. L. Aksenov, J.

Surface Investigation. X-ray, Synchrotron and Neutron Techniques 8, 961 (2014) [Yu. V. Nikitenko, V. V. Proglyado, and V. L. Aksenov, Poverkhnost’. Rentgenovskie, Sinkhrotronnye i Neitronnye Issledovaniya 10, 3 (2014).

21. F. Pfeiffer, V. Leiner, P. Høghøj, and I. Anderson, Phys.

Rev. Lett. 88, 055507 (2002).

22. S. V. Kozhevnikov, A. Rühm, F. Ott, N. K. Pleshanov, and J. Major, Physica B 406, 2463 (2011).

23. S. V. Kozhevnikov, A. Rühm, and J. Major, Crystallogr.

Rep. 56, 1207 (2011).

Письма в ЖЭТФ том 103 вып. 1 – 2 2016

Polarized neutron channeling as a tool for the investigations. . . 43

24. S. V. Kozhevnikov, F. Ott, J. Torrejón, M. Vázquez, and A. Thiaville, Phys. Sol. State 56, 57 (2014) [S. V. Kozhevnikov, F. Ott, J. Torrejón, M. Vázquez, and A. Thiaville, Fizika Tverdogo Tela 56, 63 (2014)].

25. F. Ott, S. Kozhevnikov, A. Thiaville, J. Torrejon, M.

Vazquez, Nucl. Instrum. and Meth. A 788, 29 (2015). 26. S. Alebrand, M. Gottwald, M. Hehn, D. Steil, M. Cinchetti, D. Lacour, E. E. Fullerton, M. Aeschlimann, and S. Mangin, Appl. Phys. Lett. 101, 162408 (2012).

27. F. Radu, R. Abrudan, I. Radu, D. Schmitz, and H. Zabel, Nat. Comm. 3, 715 (2012).

28. M. R. Fitzsimmons, N. W. Hengartner, S. Singh, M. Zhernenkov, F. Y. Bruno, J. Santamaria, A. Brinkman, M. Huijben, H. J. A. Molegraaf, J. de lá Venta, and I. K. Schuller, Phys. Rev. Lett. 107, 217201 (2011).

29. Yu. N. Khaydukov, V. L. Aksenov, Yu. V. Nikitenko, K. N. Zhernenkov, B. Nagy, A. Teichert, R. Steitz, A. Rühm, and L. Bottyán, J. Supercond. Nov. Magn. 24, 961 (2011).

30. V. L. Aksenov, Yu. V. Nikitenko, and S. V. Kozhevnikov, Physica B 297, 94 (2001).

Письма в ЖЭТФ том 103 вып. 1 – 2 2016