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Abstract

:

The properties of a superconducting spin valve Fe1/Cu/Fe2/Cu/Pb on a piezoelectric PMN–PT substrate ([Pb(Mg1/3Nb2/3)O3]0.7–[PbTiO3]0.3) in electric and magnetic fields have been studied. The magnitude of the shift of the superconducting transition temperature in the magnetic field H = 1 kOe equal to 150 mK was detected, while the full superconducting spin valve effect was demonstrated. Abnormal behavior of the superconducting transition temperature was observed, which manifests itself in the maximum values of the superconducting transition temperature with the orthogonal orientation of the magnetization vectors of ferromagnetic layers. This may indirectly indicate the formation of the easy axis of the magnetization vector of the Fe1-layer adjacent to the piezoelectric substrate PMN–PT. It was found that with an increase in the magnitude of the applied electric field to the PMN–PT substrate, the shift in the superconducting transition temperature of the Fe1/Cu/Fe2/Cu/Pb heterostructure increases. The maximum shift was 10 mK in an electric field of 1 kV/cm. Thus, it has been shown for the first time that a piezoelectric superconducting spin valve can function.
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1. Introduction


Studies of the mutual influence of superconductivity and ferromagnetism have been carried out since the middle of the last century. These two phenomena are opposite to each other. Antagonism occurs in the fact that ferromagnetism assumes a parallel (P) orientation of the spins, and superconductivity is antiparallel (AP) since the spins of the electrons of the Cooper pair are oppositely directed. Initially, the interactions of superconductivity and ferromagnetism were studied in intermetallic compounds and alloys (see, e.g., [1,2,3]). To date, the greatest interest is associated with structures consisting of ferromagnetic and superconducting layers because in them, there is a possibility of spatial separation between superconductivity and ferromagnetism. The study of such structures has become possible due to technological progress in the preparation of high-quality thin-film layered metal multilayers (see, e.g., [4,5,6,7,8,9]).



The effect that is observed in thin-film layered metal structures based on superconductors (S) and ferromagnets (F) is called the superconductor/ferromagnet (S/F) proximity effect. Many features of this effect are described in detail in [7,9,10,11]. Two theoretical models of a superconducting spin valve (SSV) based on the S/F proximity effect were proposed at the end of 1990s by Oh et al. [12] (the F1/F2/S model) and by Tagirov [13] and Buzdin et al. [14] (the F1/S/F2 model). Both theories treat a trilayer SSV composed of one superconducting and two ferromagnetic layers where the superconducting critical temperature Tc is controlled by the reciprocal orientation of the magnetizations of the F1 and F2 layers. The effect of the superconducting spin valve consists of varying degrees of suppression of the superconductivity in SSV structures for the parallel and antiparallel mutual orientation of the magnetizations of ferromagnetic layers. This leads to a higher value of the superconducting transition temperature in the case of the antiparallel orientation of the magnetizations of the ferromagnetic layers (TcAP) than in the case of the parallel orientation (TcP), or vice versa in the case of the inverse SSV effect.



SSV structures are a promising passive element in superconducting spintronics, with which it is possible to control the superconducting current. The main condition for the possibility of such control is the realization of the full superconducting spin valve effect; that is, when ΔTc > ∂Tc (here, ΔTc is the value of superconducting spin valve effect, which is defined as the difference between TcP and TcAP; ∂Tc—width of the superconducting transition). If the full SSV effect is realized, it is possible to control the superconducting current in the system by mutually changing the direction of the magnetization vectors of the ferromagnetic layers.



Experimental works (see, e.g., [15,16,17,18]) confirmed the predicted effect of the mutual direction of the magnetization in the F/S/F structure on Tc. However, the difference between TcAP and TcP turned out to be less than the value of the width of the superconducting transitions ∂Tc. For the first time, a complete switching between the normal and superconducting states in the SSV structure (Fe1/Cu/Fe2/In) was experimentally demonstrated in 2010 by a mutual change in the direction of the magnetization vectors of the ferromagnetic layers in an external magnetic field [19] (ΔTc = 19 mK; ∂Tc ~ 7 mK were obtained). After this result, various SSV structures with different ferromagnetic and superconducting materials were studied in recent years [20,21,22,23,24,25,26,27,28,29].



The generation of long-range triplet components (LRTC) of the superconducting condensate in the F-layer was predicted in a deep analysis of the processes occurring during the penetration of a Cooper pair from the S-layer into the F-layer [30]. The total spin of such a triplet component is equal to 0 (Sz = 0) in the case of one ferromagnetic layer. Such components cannot be detected when studying the transport properties of the S/F bilayer system. The total spin of long-range triplet components is equal to 1 (Sz = ± 1) if there is some kind of magnetic inhomogeneity in the ferromagnetic layer or a second ferromagnetic layer appears with a non-collinear (for example, orthogonal) direction of the magnetization vector relative to the first one. In this case, the triplet component can penetrate anomalously deep distances from the S-layer to the F-layer. Therefore, it is often called the long-range triplet component of a superconducting condensate. The depth of its penetration is comparable to the depth of penetration of an ordinary singlet Cooper pair into a normal metal. The long-range triplet component manifests itself in systems with a noncollinear orientation of magnetizations in ferromagnetic layers [31], as well as in systems with a spatial or momentum dependence of the exchange field [32]. A series of experiments were carried out (see, e.g., reviews [10,11,33]) that show the anomalously deep penetration of the superconducting condensate into the F-layer, which is characteristic of triplet superconductivity. The gigantic magnitudes of the SSV effect caused by the triplet components of the superconducting condensate have been demonstrated in a number of papers [34,35,36]. The generation of long-range triplet components of a superconducting condensate is interesting in that an additional channel for the leakage of Cooper pairs from the S-layer to the F-layer is created. Thus, this effect can manifest itself in different ways in thin-film heterostructures.



The results of [34,35,36] show that the limiting values of the SSV effect are close to being achieved in studies in an external magnetic field. This motivates us to search for and study new SSV structures with different approaches to superconducting current control. One approach may be to investigate SSV structures on a piezoelectric substrate. This will make it possible to control the operation of the piezoelectric SSV using an electric field. It can be assumed that the mutual change in the magnetization vectors in the SSV structure will occur under the influence of an external electric field on the piezoelectric substrate due to the inverse magnetostrictive effect. The inverse magnetostrictive effect in this system arises due to the deformation of the piezoelectric substrate when an external electric field is applied. Deformations in the piezoelectric substrate induce stresses in the ferromagnetic layer which is deposited on this piezoelectric substrate. This, in turn, manifests itself in the appearance of additional magnetic anisotropy, which, with a certain construction of the system, can proceed to a change in the direction of the magnetization vector of the ferromagnetic layer.



Thus, if a superconducting spin valve F1/F2/S is prepared on a piezoelectric substrate, it may be possible to operate it using an electric field. It will be possible to demonstrate that the magnetization of the F1-layer on the piezoelectric substrate changes its direction by the action of an electric field on the substrate, and the magnetization of the F2-layer is fixed. This can be achieved using F-layers with different coercive forces.



In our previous works, we observed a change in the direction of the ferromagnetic layer magnetization vector on a ferroelectric substrate when an electric field is applied in the range from 0 to 1 kV/cm using a magneto-optical complex based on the Kerr effect (see, e.g., [37]).



In this work, we investigated the features of a superconducting spin valve Fe1/Cu/Fe2/Cu/Pb on a piezoelectric PMN–PT substrate which has one of the highest piezoelectric parameters [38,39,40]. An analysis was performed on the influence of the PMN–PT piezoelectric substrate on the magnetic and superconducting properties of SSV structure Fe1/Cu/Fe2/Cu/Pb exposed to electric and magnetic fields. The maximum shift Tc in the electric field of 1 kV/cm amounted to 10 mK. The possibility of a full SSV effect realization was demonstrated in a magnetic field. Abnormal behavior of Tc was shown, which manifests itself in the maximum values of Tc with the orthogonal orientation of the magnetization vectors of ferromagnetic layers. This may indirectly indicate the formation of the easy axis of the magnetization vector of the Fe1-layer on the piezoelectric PMN–PT substrate. The difference in Tc between parallel (TcP) and orthogonal (TcPP) orientations was about 150 mK with ∂Tc ~ 100 mK when studied in an external magnetic field.




2. Materials and Methods


The samples were prepared on BESTEC equipment, which is located at the Zavoisky Physical–Technical Institute, FRC Kazan Scientific Center of RAS. The samples were produced using the method of electron beam evaporation in an ultra-high vacuum of 1 × 10−9 mbar and magnetron sputtering. The structures were deposited on piezoelectric PMN–PT substrates with dimensions of 2 × 10 × 0.5 mm3. In this work, commercial piezoelectric PMN–PT substrates ([Pb(Mg1/3Nb2/3)O3]0.7–[PbTiO3]0.3) were used with the following parameters: 0.7PMN–0.3PT with orientation [011], polished on one side with minimum roughness less than 0.5 mm. The structure of the prepared samples is shown in Figure 1. The grown heterostructures have the following composition: PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(dFe2)/Cu(1.2 nm)/Pb(60 nm)/Si3N4 with the variable Fe2-layer thickness dFe2 in the range from 1 to 3 nm. In this construction, PMN–PT is the piezoelectric substrate, Fe1 plays the role of the ferromagnetic F1-layer, Cu(4 nm) decouples the magnetizations of the two different F-layers (Fe1 and Fe2), Fe2 plays the role of the ferromagnetic F2-layer, Cu(1.2 nm) is a buffer layer necessary for maximum smooth growth of the Pb layer, Pb (60 nm) is an S layer, and Si3N4 is a protective layer against oxidation. All materials used in the preparation of samples had a purity of better than 4N (the contamination level is below 0.01 at.%). There is no antiferromagnetic layer here, which is usually used to fix the direction of the magnetization vector of one of the ferromagnetic layers [19,27,28,29]. As a rule, we used cobalt oxide as an antiferromagnetic layer. This made it possible to fix the direction of the magnetization vector of the F1-layer up to 1.5 kOe in a given magnetic direction. Here, there is no possibility to use such a cobalt oxide layer because it is necessary to create direct contact between the piezoelectric substrate and the ferromagnetic layer (F1-layer). In this case, any additional layers between the piezoelectric substrate and the ferromagnetic layer reduce the influence of any magnetostrictive effects. The Fe1, Fe2, Cu, and Pb layers were prepared using the e-beam technique. The AC sputtering technique was used for the fabrication of the Si3N4 layer. The following deposition rates were used: 0.5 Å/s for Fe1, Fe2, and Cu layers; 12 Å/s for the Pb layer; and 1.8 Å/s for Si3N4 protective layer. The samples were prepared at a reduced substrate temperature (Tsub ~ 150 K). This critically affects the growth of the superconducting layer (Pb-layer). Earlier, we showed that the superconducting layer of lead grows smoothly at a low substrate temperature.



The electrical resistivity of samples was measured using the standard four-point method. The sample was placed in a low-temperature measuring cell in which an electric field can be applied to the sample. The electric field was applied perpendicular to the substrate plane. In this regard, the supply electrodes were located on the lower and upper faces of the sample. The scheme for measuring the Tc and applying an electric field is shown in Figure 2. In the magnetic field, measurements were carried out in a similar way, but without electric field. The temperature of the sample was controlled with the 230 Ohm Allen Bradley resistor thermometer which is particularly sensitive in the temperature range of interest. The critical temperature Tc was defined as the midpoint of the transition curve.



As a rule, the quality of a superconducting layer is determined from the residual resistivity ratio RRR = R(300 K)/R(10 K). This parameter is very important for superconducting materials. The closer this value is to 1, the worse is the quality of the superconducting material. For all our samples, RRR was in the range of 10–15, which indicates the high quality of the prepared Pb-layer.



The thickness of the S-layer is a very important parameter for the efficient operation of the SSV structure. The thickness should be sufficiently small to make the whole S-layer sensitive to the magnetic part of the system. Only in this case would the mutual orientation of the magnetizations of the F1 and F2 layers affect the Tc. According to our preliminary studies of the superconducting properties of the three-layer structures Fe(5 nm)/Cu(1.2 nm)/Pb(dPb), the optimal Pb-layer thickness was determined as dPb = 60 nm.



The procedure for measuring the Tc of samples was as follows: first, the samples were cooled to helium temperatures in an in-plane external magnetic field of the order 8 kOe (the so-called field cooling procedure); after that, the external magnetic field decreased to zero, and future studies of the samples under the influence of electric and magnetic fields were carried out.



The magnetic properties of the samples were studied using the Quantum Design SQUID MPMS-XL-5 magnetometer located in the Institute of Mathematics, Ljubljana, Slovenia. Studies of the magnetic properties of samples were also performed after the field cooling procedure.




3. Results


The most interesting results were obtained for the sample PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(1 nm)/Cu(1.2 nm)/Pb(60 nm)/Si3N4. Figure 3 shows the dependence of Tc on the angle α. Here, α is angle between the direction of the cooling magnetic field and the applied magnetic field H = 1 kOe. The presented dependence is typical for all sets of samples but with a smaller amplitude of effect. According to Figure 3, the difference in Tc between parallel (TcP) and orthogonal (TcPP) orientations was about 150 mK with ∂Tc ~ 100 mK. This indicates the possibility of realizing the full piezoelectric SSV effect.



Figure 4 shows magnetic hysteresis loop for the sample PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(1 nm)/Cu(1.2 nm)/Pb(60 nm)/Si3N4 measured at T = 30 K. The magnetic properties of ferromagnetic layers at temperatures significantly lower than the Curie temperature are practically independent from temperature. The contribution of the uncontrolled magnetic impurities of the substrate is inversely proportional to temperature. For these reasons, magnetic measurements were carried out at temperatures of 30 K, at which the contribution of uncontrolled magnetic impurities of the substrate is insignificant. The magnetic hysteresis loop in Figure 4 is typical of all sets of samples.



Figure 5 demonstrates the shifts of superconducting transitions curves for the sample PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(1 nm)/Cu(1.2 nm)/Pb(60 nm)/Si3N4 when applying an electric field to PMN–PT substrate.




4. Discussion


The difference in Tc between parallel (TcP) and orthogonal (TcPP) orientations was about 150 mK with ∂Tc ~ 100 mK (see Figure 3). It should be noted that in Figure 3, maximum of Tc is observed with the orthogonal orientation of the magnetizations of F-layers on the angular dependence of Tc. The angular position of this maximum is unusual. According to the theory by Fominov et al. [41], a minimum Tc should be observed near the orthogonal orientation of the magnetizations of the F-layers. This indicates the generation of long-range triplet components of a superconducting condensate [41]. This behavior has been observed in many works [29,33,34] in which the SSV effect was studied for samples prepared on conventional substrates (e.g., MgO). According to the unusual results presented in Figure 3, it can be supposed that the magnetization vector of the Fe1-layer has an easy magnetization axis. This easy magnetization axis may be due to the growth of the sample on the surface of a cooled piezoelectric substrate. Deformation of the substrate at cooling can lead to the rise of an easy magnetization axis Fe1-layer. We assume that under the influence of an external magnetic field, the magnetization vector of the Fe1-layer is more likely perpendicular (in-plane) to the magnetization vector of the Fe2-layer in the structure of the superconducting spin valve. This can explain the presence of a maximum Tc in the orthogonal orientation of the magnetization of the F-layers. Unfortunately, it was not possible to register such features of the growth of the Fe1-layer from magnetic measurements (see Figure 4). Magnetic measurements show that both F-layers’ magnetizations rotate in-plane in the magnetic field. Saturation of the magnetization of samples occurs at magnetic fields larger than 1 kOe. In the future, we will carry out a more detailed measurement of the samples on a SQUID magnetometer with the rotation of the sample in the plane of the magnetic field to determine the features of the growth of the Fe1-layer on the surface of the cooled piezoelectric substrate.



As is known, the thicker the F-layer is, the easier it is to change the direction of the magnetization vector. That is why the thickness of the Fe1-layer is larger than the thickness of the Fe2-layer in our work. The Fe1-layer has a smaller coercive force, which means that it is easier to change the direction of the magnetization vector of this layer than of the Fe2-layer by applying an electric field to the substrate.



According to the results presented in Figure 5, it was possible to observe a shift in the superconducting transition temperature when an electric field was applied to a piezoelectric substrate. This shift increased with an increase in the magnitude of the electric field applied to the sample. The superconducting transition curves in Figure 5 were measured sequentially without applying an electric field (0 kV/cm), and while applying 0.6 kV/cm and 1 kV/cm, respectively. An increase in the applied electric field from 0.6 to 1 kV/cm led to a 2-fold increase in the shift of Tc (see Figure 5). The existing construction of the low-temperature measuring cell does not allow the application of large voltage values. According to the results presented in Figure 5, it was not possible to perform a complete switching between the normal and superconducting state when an electric field was applied. The main condition for this was not achieved; here, the difference in superconducting transition temperatures is less than the width of the superconducting transition. Despite this, it was possible to demonstrate an increase in the shift of the Tc with an increase in the magnitude of the electric field applied to the sample. With an increase in the magnitude of the electric field, there is perhaps a greater mutual rotation between the directions of the magnetization vectors of the ferromagnetic layers, which leads to a greater shift of the Tc.



We can assume that without magnetic and electric fields in our SSV structures there is a certain angle between the magnetization vectors of the F-layers. This is due to the peculiarities of the growth of the F1-layer on the surface of the cooled piezoelectric substrate. The SSV structure operates on a piezoelectric substrate if it is possible to carry out a ∆Tc > ∂Tc. The result in Figure 5 demonstrates a possible change in the direction of the ferromagnetic layers vectors, but this change is not enough to realize the full piezoelectric SSV effect.



We assume the following possibility model of the piezoelectric superconducting spin valve. The mutual change of the magnetization vectors in the piezoelectric superconducting spin valve structure will occur in the external electric field. When an external electric field is applied, deformation occurs in the piezoelectric substrate; they cause mechanical stresses in the ferromagnetic layer (F1-layer) deposited on the piezoelectric substrate. As a result, due to the inverse magnetostrictive effect, magnetic anisotropy arises with the uniaxial anisotropy constant Keff. In additive, the effective magnetic field coupled with this anisotropy leads to a change in the direction of the magnetization vector of the ferromagnetic layer F1. Thus, due to the effect of magnetostriction, an anisotropy axis appears in the ferromagnetic film with a uniaxial anisotropy constant Keff = −3/2 λsϬ, where λs is the saturation magnetostriction constant and Ϭ are mechanical stresses. The mechanical stress tensor Ϭi,j arise in a piezoelectric PMN–PT substrate when an electric field Ek is applied to it along the k-axis, and at the same time, due to direct contact in a ferromagnetic film, Ϭi,j = Y dk,i,jEk, where Y—Young’s modulus, and dk,i,j—coefficient of the piezoelectric effect. Based on the uniaxial anisotropy constant Keff, one can estimate the effective field associated with this anisotropy: Heff = 2Keff/µ0Ms, where µ0—the magnetic constant, and Ms—the saturation magnetization. Taking the known constants for Fe, Co, and PMN–PT (λs ≈ −10·10−6 and ≈ −71.4·10−6, Ms ≈ 1700 kA/m and ≈ 1400 kA/m, Y ≈ 215 GPa and ≈ 206 GPa; for Fe and Co, d3.1.1 ≈ −679 pC/N, and d3.2.2 ≈ −1280 pC/N for PMN–PT), and taking into account the fact that the effective field will be directed along the axis of greatest stress, with the application of an electric field, we obtain Ez = 1 kV/cm, Heff ≈ 1.2 Oe, and Heff ≈ 10 Oe. These fields are comparable to the characteristic coercive fields for Fe and Co, which are on the order of 10–20 Oe. In addition, since the experiment takes place in the absence of an external magnetic field, the resulting anisotropy is sufficient to reverse the magnetization vector. Note that in our case, there is no shape anisotropy since we specifically made the films polycrystalline. Due to polycrystallinity, it is impossible to remove the anisotropy of the shape; however, because we have a thin film, anisotropy arises in the form of a light magnetization plane. In addition, since we have a sample of sufficiently large dimensions, there is no anisotropy of the shape in the plane.



In the future, to increase the influence of the electric field on the change in the direction of the magnetization vectors of the ferromagnetic layers, it will be possible to increase the magnitude of the applied electric field when optimizing measuring systems or to use other ferroelectric/piezoelectric substrates to increase the effect of an external electric field on the substrate due to the reverse magnetostrictive effect.



We also plan to investigate the dependence of Tc on the angle α between the magnetizations of the F1 and F2 layers when applying an electric field to the piezoelectric substrate. The results presented in Figure 5 suggest that with such a measurement, it will be possible to observe large magnitudes of the SSV effects.




5. Conclusions


In this article, a comparative analysis of the influence of the piezoelectric properties of the PMN–PT substrate on the superconducting characteristics of the superconducting spin valve Fe1/Cu/Fe2/Cu/Pb in electric and magnetic fields was carried out. According to the observed results, with an increase in the magnitude of the applied electric field to the PMN–PT substrate comes an increase in the shift of the superconducting transition temperature of the Fe1/Cu/Fe2/Cu/Pb system. The maximum value of the shift was 10 mK when an electric field of 1 kV/cm was applied. The magnitude of the shift of the superconducting transition temperature in the magnetic field equal to 150 mK was detected, while the full superconducting spin valve effect was demonstrated. Abnormal behavior of the superconducting transition temperature was shown, which, when studying the angular dependence of the superconducting transition temperature in an external magnetic field, manifests itself in the maximum values of the superconducting transition temperature with the orthogonal orientation of the magnetization vectors of the ferromagnetic layers. This may indicate the appearance of the easy axis of the magnetization vector of the Fe1-layer on the piezoelectric PMN–PT substrate. It was not possible to establish this fact from our studies of the magnetic properties of samples; it will require more detailed research in the future. The results obtained in a magnetic field indicate the possibility of realizing a working model of the superconducting spin valve on a piezoelectric substrate. The obtained results generally suggest that it is possible to demonstrate the full piezoelectric superconducting spin valve effect in the structures of a superconducting spin valve on a piezoelectric substrate.
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Figure 1. The structure of prepared SSV samples. 
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Figure 2. The scheme for measuring Tc by a four-probe resistivity method: 1, 4—current electrodes; 2, 3—potential electrodes; 5, 6—capacity plates for applying an electric field to a piezoelectric substrate. The inset shows the deformation of the substrate under the action of an electric field and the appearance of magnetic anisotropy with the uniaxial anisotropy constant Keff. 
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Figure 3. Dependence of Tc on the angle α between the direction of the cooling field and the applied magnetic field H = 1 kOe. 
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Figure 4. Magnetic hysteresis loop for the sample PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(1 nm)/Cu(1.2 nm)/Pb(60 nm)/Si3N4 measured at T = 30 K. The solid line is a guide for the eyes. 
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Figure 5. Superconducting transitions curves for the sample PMN–PT/Fe1(3 nm)/Cu(4 nm)/Fe2(1 nm)/Cu(1.2 nm)/Pb(60 nm)/Si3N4 when applying an electric field to PMN–PT substrate. 
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