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Abstract

:

A scanning magnetometer based on a magnetoimpedance sensor with a 1 mm spatial resolution and 10 nT sensitivity was used to study stray magnetic fields of Fe74B13Si11C2 amorphous ferromagnetic microwires. Spatial magnetic images and vertical component profiles of stray magnetic fields of the studied microwires were obtained in a longitudinal homogeneous magnetic field of Helmholtz coils with a strength in the range of ±600 A/m. A magnetic calculation method is suggested that allows for using the measured magnetic fields to determine the magnitude and pattern of magnetization for the microwire. Characteristic values of the microwires’ average magnetization and width of closure domains for various values of bias fields were found.
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1. Introduction


Glass-coated amorphous ferromagnetic microwires fabricated via the Taylor–Ulitovsky technique have a unique combination of magnetic and mechanical properties suitable for a variety of sensor applications [1,2,3,4,5]. This well-proven method allows for manufacturing microwires with diverse compositions and a wide range of full diameters D ranging from 1 to 50 µm. Ideal Co-rich microwires with a small negative magnetostriction constant (λs ~ −(1–3) × 10−7) are characterized by a linear hysteresis loop with a very low coercive force, Hc ~ 4 A/m, and a small effective anisotropy field, Ha,ef ~ 80 A/m. These microwires demonstrate a significant magnetoimpedance effect (GMI) with a high GMI ratio [6,7,8,9]. Such microwires can used for the creation of a new generation of GMI sensitive miniaturized magnetometers [10,11]. These can be used for measuring homogeneous magnetic fields, e.g., vector components of the Earth’s magnetic field. Due to their small size, GMI sensors can also be used in scanning magnetometers to measure weak local magnetic fields. In [12,13,14,15], a scanning GMI magnetometer was applied to measure local magnetic fields from signs on banknotes and text characters printed on paper with a laser printer; fields were generated by weak electric currents and ion currents caused by corrosive processes. As shown in [15], a scanning GMI magnetometer is able to measure weak magnetic fields of small-size objects with a sensitivity of ~10 nT and spatial resolution of ~1 mm.



In contrast to Co-rich microwires, Fe-rich microwires have a positive magnetostriction constant that is one or two orders higher (λs ~ +(1–3) × 10−5) [2]. The hysteresis loop in such microwires is rectangular [16,17,18] with a characteristic reversal field of Hc ~ 80–400 A/m. It is assumed that the domain structure of Fe-rich microwires with positive magnetostriction consists of a single axial domain that is surrounded by an outer transversally magnetized shell. Moreover, small closure domains appear at the ends of the microwire, in order to reduce magnetostatic energy. As a result of the peculiar domain structure, the magnetization reversal process in the axial direction runs through the depinning and subsequent propagation of the closure domain wall along the entire microwire in one large Barkhausen jump (rapid motion of the domain wall (DW) along the microwire axis) [19,20]. This magnetization reversal occurs at some negative value of the external switching field (coercive field H0). This effect can be used in the development of memory devices, magnetic logic units, and magnetic labels [21,22,23,24]. Single DW propagation in Fe-rich microwires is the subject of intensive research associated with methods for reproducible DW injection, control of DW propagation, and its structure [25,26,27,28,29,30]. Research on the DW structure involves the comparison of experimental findings with the results of calculation under a theoretical model [31]. In most cases, the DW structure of Fe-rich microwires is derived on the basis of indirect data (shape of the hysteresis loop, shape of the DW-induced signal) and theoretical estimations [32,33,34,35,36].



As reported before [37,38], the distribution of DW propagation begins from the ends of the microwire where the closure domains exist because of the demagnetizing field effect. The possibility of measuring stray magnetic fields from the closure domains in Fe-rich microwires was demonstrated in [39] at the liquid nitrogen boiling temperature by means of a scanning magnetometer based on an HT SQUID (high-temperature superconducting quantum interference device) and [14] at room temperature by means of a scanning GMI magnetometer.



In this work, using the scanning GMI magnetometry method, we conducted measurements of weak local magnetic fields near Fe-rich microwire segments while magnetizing them with external longitudinal fields. This allowed us to determine the magnitude and the distribution of magnetization along a microwire segment and evaluate the width of the closure domains.




2. Materials and Methods


The samples we used were segments of glass-coated amorphous Fe-rich microwires fabricated via the Taylor–Ulitovsky technique from Fe74B13Si11C2 alloy. The microwires had a metal core diameter of 16.8 µm and a full diameter of 27.14 µm. During the measurements, two segments of the microwire with a length of 2L 6.5 mm and 15.5 mm, were investigated.



During the research in which the scanning GMI magnetometry technique was employed, images of the stray magnetic fields of the microwire samples in a variety of external homogeneous magnetic fields were obtained. For comparison, with the use of the vibrating sample magnetometry technique [36], the hysteresis loop of a 6.5 mm microwire segment was measured.



Scanning GMI Magnetometer Description


For measurements of local stray magnetic fields near Fe-rich microwire samples, a scanning GMI magnetometer was used [15], which was additionally equipped with a homogeneous magnetic field source based on Helmholtz coils (HCs). The functional setup of the upgraded GMI magnetometer is shown in Figure 1. As in the original version, the scanning magnetometer are a two-layer magnetic shield, inside which a GMI magnetometer with a miniature GMI sensor based on a Co-rich microwire and a non-magnetic mobile XYZ mechanism with a coordinate table for mounting the sample are placed. The scanning GMI magnetometer is controlled by means of a customized data acquisition and visualization system on a personal computer with specialized software. During the measurements, the miniature GMI sensor was positioned vertically, along the Z axis, at a minimal distance of Z0 ~ 0.5 mm from the working surface of the coordinate table (X-Y plane). The microwire sample to be studied was fixed so that its centerline was parallel to the X axis. In the course of the experiments, the vertical component of the magnetic field above the sample was measured, depending on the X-Y coordinates, Bz(x, y).



For the magnetization of the microwire being studied, we used a system of additional HCs that ensured the setting of a constant homogeneous magnetic field along the X axis, Bx. The orientation chosen for the microwire, GMI sensor, and HC system (inset in Figure 1) allowed setting the magnetic field Bx to such a magnitude as to magnetize the microwire until nearly-saturated state. At the same time, the GMI sensor does not sense the external magnetic field Hx but retains high sensitivity during the measurements of the normal component of local magnetic fields, Bz(x, y), generated by the microwire magnetization. In our case, a sinusoidal current with an amplitude of 1 mA and a frequency of 4 MHz was passed through the GMI-sensor. Its sensitivity was ~10 nT, and its full dynamic range was equal to ±20 × 103 nT. The HC system had a transfer coefficient of 600 A/m per 1 A and allowed the magnetic of ±600 A/m (to ±750 × 103 nT).



In order to ensure attenuation of the magnetic field of the Earth and protection from 50 Hz mains magnetic interferences, the measurements were made inside a permalloy magnetic shield with the magnetic field attenuation factor of ~500.





3. Results and Discussion


In the course of the experiments using scanning GMI magnetometer, we always initially magnetized the microwire sample to the saturation state and then successively decreased the magnetizing field with a small (10 A/m) step. For each value of the applied magnetic field, we were making point-by-point measurements of the Bz (vertical) component of the stray magnetic field above the studied microwire in the scanning area of 20 × 30 mm2 at a set height of Z0 ⪞ 0.5 mm. The values of the Bz component were measured along the X axis with 0.05 mm increment, with successive displacement at 0.05 mm increments along the Y axis and recorded into a data file. Due to the low noise level of the GMI sensor, the main measurement error was within ±10 nT. The obtained magnetic data of Bz(x, y), after the processing by a special computer software, are represented as individual magnetic profiles of Bz(x) or two-dimensional colorful magnetic images.



3.1. Magnetic Images of Fe-Rich Microwire Samples


Figure 2a shows a two-dimensional image of the Bz(x, y) component of the magnetic field above the 6.5 mm microwire sample (black segment in the center) measured at the height of Z0 ⪞ 0.5 mm. This magnetic image was obtained with the influence of the HC magnetic field, 400 A/m in magnitude, directed along the microwire centerline, in which the microwire is magnetized until reaching a nearly-saturated state. In the vicinity of the microwire segment ends, in its magnetic image, two symmetrical local extremums with opposite signs were observed. This magnetic field distribution testifies that there were “magnetic charges” on the microwire segment ends. Figure 2b shows the individual magnetic profile of Bz(x), measured along the “a” axis passing parallel to the microwire’s centerline. It can be seen that the amplitude of the stray magnetic fields at the ends of segments reached the values of ±8200 nT and faded to zero, going farther from the end to a distance of x > 2L. The insets on the left and right parts of Figure 2b represent the transverse profiles of Bz(y) of the vertical component of the field, measured along the “b” and “c” axes, respectively.



Figure 3 shows a series of magnetic images of a 6.5-mm microwire depending on the magnitude of the HC longitudinal magnetic field. As follows from the presented magnetic images, at the maximum value of the bias magnetic field (+300 A/m), the positive and negative maximums of Bz(x, y) of the magnetic field component are localized near the ends of the microwire. As the magnetizing field is lowered down to zero and the sign was decreased to a value of −40 A/m, the maximums are stretched along the microwire centerline. Next, with a field value of −50 A/m, the color of the maximums in the magnetic image changes to the opposite one, which indicates an abrupt reversal magnetization of the wire. A further increase in the negative bias field (−300 A/m) leads to localization of the negative and positive maximums of Bz(x, y) near the microwire ends. Therefore, consecutive measurement of distribution of Bz(x, y) magnetic fields in external bias fields allowed for examining the bias magnetization process of the studied microwire in detail.



The data represented in Figure 3 show that the magnetic extremums were blurred and neared each other in the magnetic images of a microwire with a length of 2L = 6.5 mm, in the area of weak bias fields (±60 A/m). This occurred primarily due to the small length of the microwire sample. In order to minimize the influence of the microwire ends, we also studied a 15.5 mm microwire sample. A two-dimensional image of Bz(x, y) near the microwire ends is shown in Figure 4a. This image was also obtained under the influence of a HC magnetic field of 400 A/m in magnitude along the microwire length. Figure 4b shows an individual magnetic profile of Bz(x) near the right-hand end of the microwire, measured at a height of ~1 mm. Similarly, to the case with the 6.5-mm sample, the amplitude of the stray magnetic fields near the end of a 15.5-mm segment reached the same value of ±8200 nT, but the signal here dropped to virtually zero by the third portion of the length (~5 mm) of the microwire sample. Thus, in the case of measurements of a long microwire (2L > 10 mm), it is possible to measure near one of the ends of the microwire and neglect the influence of the far end. The inset in Figure 4b shows the expected distribution of magnetization in the closure domain of the microwire.




3.2. Calculation of the Magnetization Distribution and Determination of Parameters of a Fe-Rich Microwire


As mentioned in the Introduction the magnetostriction constant in a Fe-rich microwire is positive, λs > 0, which makes longitudinal magnetization of the microwire energetically favorable. Therefore, in the external longitudinal magnetic field far from the wire ends, the volume average magnetization only had the longitudinal component J0 near the limiting value, J0 ≈ Js. Near the ends of the microwire, the strong magnetostatic interaction leads to the fading longitudinal component of magnetization and blurring of the magnetic charge along the microwire centerline. All of the aforesaid information allowed us to assume that the magnetic induction component of Bz(x, y) we measured was completely determined by a 2L magnetic dipole and magnetic charges of ±qm = ±πr02J0, which were distributed in longitudinal direction into lengths u1 and u2. Let us suppose the scanning is made at a height of Z0 above a microwire with a radius of r0 and a length of 2L, which is arranged along the X axis. Additionally, we suppose that the charges at the microwire ends are evenly distributed with constant densities ρm1 = −qm/u1 at −L ≤ x ≤ −L + u1 and ρm2 = −qm/u2 at L − u2 ≤ x ≤ L. Then, the distribution of the vertical component of magnetic induction over such physical dipole is described by the expression:
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where bz1 and bz2 describe the contribution of the left-hand and right-hand ends of the microwire, respectively. Here, the magnetic constant is designated as µ0, Y is the horizontal coordinate across the microwire, and Z is the vertical coordinate. In the case of a long microwire, contribution of the left-hand end of the microwire yields little correction when calculating the magnetic induction near its right-hand end, so the summand bz2 in Formula (1) would be sufficient.



By fixing one of the horizontal coordinates x0 or y0 and making calculations for the other horizontal coordinate, we could obtain one-dimensional distribution profiles of the magnetic induction component Bz(x0, y, z0) or Bz(x, y0, z0) at a specified height of Z0, and such profiles will correspond to the experimental magnetic profiles. By varying (1)–(3) the observation height Z0, the amplitude coefficient   A =     μ   0     J   0   π     r   0     2     4 π     and the width of uniform distribution of the end charges u1,2, we were trying to achieve the best match of the series of experimental and calculated profiles Bz(x0, y, z0) and Bz(x, y0, z0) obtained for different x0 and y0 and different observation heights Z0. By determining the amplitude coefficient value, we could also find the magnetization value in the midst of the microwire segment J0 = 4πA/m0πr02 at any specified external field. In particular, from the coefficient value in the maximally available external field, when J0 ≈ Js, we could find the saturation magnetization of the microwire.



Figure 5 shows experimental (dots lines) and theoretical (solid lines) profiles of the magnetic induction component Bz(x) above the right-hand end of a 15.5 mm microwire with a metal core radius of 8.4 µm in the external longitudinal field Hx of different magnitudes. The best match of the calculated and measured profiles was found to have been obtained with the selected scanning height Z0 of ~0.5 mm. The matching rate of the experimental and calculated data demonstrates the adequacy of the model proposed for the description of properties of the concerned microwires. The upper curves in Figure 5 show that the consecutive reduction of the external field from +320 A/m (black curve) down to −38.4 A/m (blue curve) involved the lowering and shifting of the magnetic induction component’s maximum towards the center of the microwire. After switching the magnetization, which occurred in the same range of fields (from −40 A/m to −50 A/m), as in the case of the short sample, shown in Figure 3, the Bz(x) component changed its sign and became negative (green curve), while the shift of the signal’s minimum towards the microwire’s center decreased, and at an external negative field of −320 A/m the position of the minimum (purple curve) is virtually matched the position of the maximum with a field of +320 A/m. The good matching of the experimental and calculated curves (profiles) in Figure 5 suggests that the dynamics of position of the maximum Bz(x), with the changing external field Hx, is totally determined by the blurring width of magnetic charges u. The values of the u quantity for each measured induction profile are shown in the right-hand corner of Figure 5. In a sufficiently strong external field of 320 A/m the magnetization value was J0 ≈ 8.3 × 106 A/m. This quantity can serve as an estimate of the saturation magnetization Js.




3.3. Comparison of Scanning GMI Magnetometry and Vibrating Sample Magnetometry Results


For comparison, a 6.5-mm microwire sample was measured using a vibrating sample magnetometer (VSM) [40]. The consistency of the data obtained using the scanning GMI magnetometry and vibrating sample magnetometry techniques lies in the fact that in both cases the sample was magnetized along its length in a longitudinal field. In this case, the magnetizing field strength was changed in a step-like fashion. In the case of VSM, at each new value of the magnetizing field, the total magnetic moment of the sample Mi(Hi) was measured and the hysteresis curve was obtained via a point-by-point procedure. In the case of the GMI, at each new value of the magnetizing field, the total distribution of the Bz component of the magnetic field over the sample was measured, as shown in Figure 2a.



Figure 6 shows a hysteresis curve of the 6.5-mm microwire sample. The microwire magnetization jump can be seen to occur in the field Hc ≅ 45 A/m. The microwire was magnetized to a nearly-saturated state in the magnetic field of ~600 A/m, in which the magnetic moment of the microwire sample was Ms = 13 µA·m2. Assuming the microwire length is equal to 6.5 mm, and its metal radius to 8.4 µm, we can find the average magnetization in the large external field J = M/V = 8.5 × 106 A/m.



For comparison, the insets in Figure 6 show the profiles of the normal component of the field (insets 1–4) measured at a height of ~1 mm, with magnetic field values indicated by the relevant points on the hysteresis curve. The extremums of magnetic induction can be seen to be expanding and shifting towards the center of the microwire segment in small fields, which is attributable to the blurring of the terminal magnetic charges. At the same time, the extreme values of induction slightly decreased, which is explained by the lowering magnetization in the small external field and consistent with the measurements of the hysteresis curve taken with the vibrating sample magnetometer.



By matching between the experimental and calculated graphs of Bz(x) magnetic profiles, we can also calculate the total magnetic moment of the microwire segment, which was equal to M = 4πA(2L − u)/μ0. The determination of the coefficient A and the charge blurring width u, based on the described procedure for each value of the external field, allowed us to find M(H). For example, for the microwire in a zero magnetic field, the charge blurring magnitude was u = 2 mm and the total magnetic moment was M(0) = 10.2 µA·m2. Upon its reversal, the blurring sharply decreased to u = 0.3 mm with H = −70 A/m, and its total moment was M(−70) = 11.7 µA·m2, and in the large field, the blurring further decreased to u = 0.05 mm with H = 640 A/m, and the moment was M(640) = 12.5 µA·m2.



We also carried out additional calculations for the case when the terminal domain contains regions with the opposite direction of magnetization. It turned out that this leads to distortions in the shape of the calculated induction profiles and fundamentally disagrees with the experimental results. This means that the appearance of a region with opposite magnetization in the end domain can only occur in a longitudinal magnetic field close to the microwire nucleation field.



It should also be noted that, within the framework of the proposed model, only the longitudinal distribution of magnetization is considered. The distribution of transverse magnetization components in the terminal domain is determined by the following considerations. The condition of the minimum magnetostatic energy dictates a uniform distribution of the magnetic charge over the volume of the microwire in the end domain, which corresponds to a linear dependence of the longitudinal magnetization, coinciding with the average Jx(x) = J0(L − x)/u (for the right end of the microwire, where L − u < x < L) and independent of transverse coordinates. The transverse component of the magnetization consists mainly of the azimuthal component, since the presence of the radial component is associated with the appearance of additional magnetic charges and a loss in magnetostatic energy [36]. In this case, the magnitude of the azimuthal magnetization component does not depend on the transverse coordinates and is related to the longitudinal component according to the formula Jx2(x) + J02(x) = J02. Thus, the end domain magnetization distribution has a cylindrical symmetry, as shown in the inset in Figure 4b, and its width coincides in order of magnitude with the width of the DW obtained in [36].



Note that in the central part (far from the ends) of the microwire, we did not detect any magnetization inhomogeneities from surface transversally magnetized shell. Perhaps this is due to the smallness of the d/Z0 parameter and insufficient spatial resolution of our method. However, the proximity of the value of the longitudinal magnetization averaged over the cross section to its limiting value, Jx ≈ Js, indicates the relative smallness of the volume occupied by surface domains, if they are present at all.





4. Conclusions


Here we present the novel highly sensitive scanning GMI magnetometer technique for visualization magnetic field distribution near sample surfaces. Compared to the other well-known magnetic visualization method, known as the Bitter technique [41], our method is characterized by a coarser (~1 mm) spatial resolution, but allows quantitative measurements of very weak magnetic field inhomogeneities at small, about 0.5 mm, distances from the sample surface. The following basic results were obtained:




	
The scanning GMI magnetometer was shown to allow measuring quantitative values of the normal component of magnetic fields with an accuracy ±10 nT of the samples magnetized in longitudinal magnetic fields up to 600 A/m.



	
Using the scanning GMI magnetometry technique, measurements of weak local magnetic fields were made near the segments of Fe-rich microwires being magnetized by external longitudinal fields. Characteristic values were determined for the switching magnetic field, the average magnetization of the microwire and the closure domain width for different values of the magnetizing fields.



	
A calculation method is proposed that allows for the determination, based on the measured magnetic fields, of the magnitude and distribution of magnetization along a microwire segment.



	
It was determined that the data obtained via the scanning GMI magnetometry technique are consistent with the findings received by vibrating sample magnetometry.
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Figure 1. Schematic representation of scanning GMI magnetometer. The inset shows the orientation of the studied microwire, GMI sensor, and magnetic field generated by means of HCs. 
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Figure 2. Magnetic images of 6.5-mm microwire sample, at a distance of 1 mm, in longitudinal magnetic field of 400 A/m. (a) Two-dimensional magnetic image of microwire, (b) magnetic profile of Bz(x) along axis “1” parallel to the microwire centerline. The left and right insets show transverse profiles of Bz(y), measured along axes “2” and “3”, respectively. 
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Figure 3. Magnetic images of 6.5-mm microwire obtained with different external longitudinal magnetic fields. 
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Figure 4. Magnetic images of a 15.5 mm microwire sample, at a height of 1 mm, in longitudinal magnetic field of 400 A/m. (a) Two-dimensional magnetic image of the microwire; (b) magnetic profile of the induction component of Bz(x) along the microwire centerline. The inset shows the expected distribution of magnetization in the closure domain of the microwire. 
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Figure 5. Experimental and theoretical profiles of magnetic induction component Bz(x) above the right-hand end of a 15.5 mm microwire in external longitudinal field Hx of different magnitudes. On the left are values of external longitudinal magnetic fields relevant to the presented curves; on the right are calculated values of the width u of uniform distribution of magnetic charges at the end of the microwire. 
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Figure 6. Hysteresis curve of a 6.5-mm microwire. Insets 1–4 show profiles of Bz(x), along the microwire centerline at a height of 1 mm with different values of magnetic field (points 1–4 on the hysteresis loop), measured by means of a scanning GMI magnetometer. 
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