
 
 

 

 
 

Surface defect detection of magnetic microwires by miniature rotatable robot inside SEM

Wan, Wenfeng; Lu, Haojian; Zhukova, Valentina; Ipatov, Mihail; Zhukov, Arcady; Shen, Yajing

Published in:
AIP Advances

Published: 01/09/2016

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1063/1.4962965

Publication details:
Wan, W., Lu, H., Zhukova, V., Ipatov, M., Zhukov, A., & Shen, Y. (2016). Surface defect detection of magnetic
microwires by miniature rotatable robot inside SEM. AIP Advances, 6(9), [095309].
https://doi.org/10.1063/1.4962965

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/surface-defect-detection-of-magnetic-microwires-by-miniature-rotatable-robot-inside-sem(642a23a0-30cf-44f9-be14-373d4a12e7d1).html
https://doi.org/10.1063/1.4962965
https://scholars.cityu.edu.hk/en/persons/wenfeng-wan(9392c8dd-2f97-4dd4-97ae-3f2ce42f935c).html
https://scholars.cityu.edu.hk/en/persons/haojian-lu(28335b3a-2782-4ec4-a1e7-49d35747cdab).html
https://scholars.cityu.edu.hk/en/persons/yajing-shen(30db622a-f5a6-4625-ae23-fb71add6cc3c).html
https://scholars.cityu.edu.hk/en/publications/surface-defect-detection-of-magnetic-microwires-by-miniature-rotatable-robot-inside-sem(642a23a0-30cf-44f9-be14-373d4a12e7d1).html
https://scholars.cityu.edu.hk/en/publications/surface-defect-detection-of-magnetic-microwires-by-miniature-rotatable-robot-inside-sem(642a23a0-30cf-44f9-be14-373d4a12e7d1).html
https://scholars.cityu.edu.hk/en/journals/aip-advances(fab356c6-9b0c-4be8-879e-2afeff7c3434)/publications.html
https://doi.org/10.1063/1.4962965


Surface defect detection of magnetic microwires by miniature rotatable robot inside
SEM
Wenfeng Wan, Haojian Lu, Valentina Zhukova, Mihail Ipatov, Arcady Zhukov, and Yajing Shen

Citation: AIP Advances 6, 095309 (2016); doi: 10.1063/1.4962965
View online: https://doi.org/10.1063/1.4962965
View Table of Contents: http://aip.scitation.org/toc/adv/6/9
Published by the American Institute of Physics

Articles you may be interested in
 Less-invasive non-embedded cell cutting by nanomanipulation and vibrating nanoknife
Applied Physics Letters 110, 043701 (2017); 10.1063/1.4975004

Left-handed metacomposites containing carbon fibers and ferromagnetic microwires
AIP Advances 7, 056110 (2017); 10.1063/1.4978404

Tailoring of magnetic softness and GMI effect in Fe-rich thin magnetic wires
AIP Advances 8, 056102 (2018); 10.1063/1.5004701

Specimen's plane misaligned installation solution based on charge fluctuation inside SEM
Applied Physics Letters 112, 144102 (2018); 10.1063/1.5025324

Direct imaging of the magnetization reversal in microwires using all-MOKE microscopy
Review of Scientific Instruments 85, 103702 (2014); 10.1063/1.4896758

Experimental study of the thermoacoustic effect in magnetoacoustic tomography
AIP Advances 6, 095008 (2016); 10.1063/1.4962962

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/1178022620/x01/AIP/HA_AuthorServices_ADV_PDFCover/HA_AuthorServices_ADV_PDFCover.jpg/686254725256755a63754d4141593558?x
http://aip.scitation.org/author/Wan%2C+Wenfeng
http://aip.scitation.org/author/Lu%2C+Haojian
http://aip.scitation.org/author/Zhukova%2C+Valentina
http://aip.scitation.org/author/Ipatov%2C+Mihail
http://aip.scitation.org/author/Zhukov%2C+Arcady
http://aip.scitation.org/author/Shen%2C+Yajing
/loi/adv
https://doi.org/10.1063/1.4962965
http://aip.scitation.org/toc/adv/6/9
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4975004
http://aip.scitation.org/doi/abs/10.1063/1.4978404
http://aip.scitation.org/doi/abs/10.1063/1.5004701
http://aip.scitation.org/doi/abs/10.1063/1.5025324
http://aip.scitation.org/doi/abs/10.1063/1.4896758
http://aip.scitation.org/doi/abs/10.1063/1.4962962


AIP ADVANCES 6, 095309 (2016)

Surface defect detection of magnetic microwires
by miniature rotatable robot inside SEM

Wenfeng Wan,1 Haojian Lu,1 Valentina Zhukova,2,3 Mihail Ipatov,2,3

Arcady Zhukov,2,3 and Yajing Shen1,4,a
1Department of Mechanical and Biomedical Engineering, City University of Hong Kong,
Hong Kong 999077, China
2Dpto. Fı́sica de Materiales, Fac. de Quı́mica, UPV/EHU, San Sebastián 28707, Spain
3IKERBASQUE, Basque Foundation for Science, Bilbao 48011, Spain
4City University of Hong Kong Shenzhen Research Institute, Shen Zhen 518000, China

(Received 5 July 2016; accepted 5 September 2016; published online 13 September 2016)

Surface defect is regarded as one critical factor that affects magnetic properties of
magnetic microwires. However, current imaging techniques only allow to observe
samples from one fixed direction, and thereby most of surface defects on microwire
cannot be detected. Herein, we firstly develop a miniature rotatable robot inside scan-
ning electron microscopy (SEM) and propose a relevant control strategy to align the
microwire onto the rotation axis of the robot. After that, the microwire is rotated
continuously by 360o and all the surface defects on the microwire are observed
from different directions successfully. Multidirectional observation results can be
used to located heating inhomogeneity, which is the main cause of defects. Mag-
netic measurement results show that the effect of defects on domain wall (DW)
should be considered in device design. This research provides the direct evidence
for surface defects’ distribution and effect, which can be adopted to provide guid-
ance for improving magnetic wire’s fabrication process and designing logic circuits
made from those magnetic wires. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4962965]

Magnetic microwires have attracted increasing attention in fields of logic, memory and sens-
ing devices owing to its promising magnetic properties.1–4 Currently, it has been well accepted
that surface defects in magnetic microwires largely affect their magnetic properties,5–10 such as
limiting domain wall’s (DW) propagation velocity along axis direction. In addition, it has also
been known that the surface defects, are caused by the interaction between the glass coating layer
and metal nucleus during the casting process.7 Therefore, investigating the surface defects would
be not only helpful to reveal such interaction mechanism so to optimize the manufacturing pro-
cess, but also significantly important for improving the performance of microwire-based magnetic
devices.

Scanning electron microscope (SEM) is regarded as a powerful equipment to investigate the
defects of magnetic microwires owing to its high imaging resolution.5,6 However, a problem of
SEM lies in that SEM can only provide defect observation from one fixed direction,11–14 result-
ing that the defects investigation on some surfaces becomes unavailable. Rotating the sample under
microscopy is one possible solution to observe sample’s surfaces from multi-direction and there-
fore defects on all the surfaces. For instance, various title stages have been adopted to rotate
samples recently.15,16 Yet, these stages can only tilt samples within a small angle, which means
that some surface defects are still invisible. To increase the title range, some manipulators and
holders have been designed to rotate samples in a 360◦ way.17,18 Nevertheless, the positioning res-
olution is not high enough for observation of micro/nano-materials, or the assembly of samples is
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difficult. Therefore, at current stage, the distribution of those surface defects on magnetic microwires
is still rare known, which has been a critical bottleneck for the further understanding on magnetic
microwires.

In this paper, we propose a surface defect detection system inside SEM and investigate the surface
defect distribution of magnetic microwires for the first time. Firstly, a miniature robot is designed with
three degrees of freedom (DOFs): one rotation motion and two mutually perpendicular translational
motions. Then, the microwire is aligned to the rotation axis of the robot based on the proposed
automatic alignment strategy. After that, by rotating the robot 360o continuously, defect’s distribution
on all the magnetic microwire’s surfaces are investigated successfully. Lastly, DW propagation of the
magnetic microwire are measured to explain surface defect’s distribution and the magnetic effect of
observed surface defects.

The developed miniature rotatable robot (Fig. 1) consists of three nanopositioners: two lin-
ear nanopositioners (ECS3030, Attocube Inc., Germany) and one rotary nanopositioner (ECR3030,
Attocube Inc., Germany). Accordingly, the robot has three DOFs in total: two mutually perpendicular
movements and one rotation movement. The resolution of the robot’s movements is in the nanometer
scale and can satisfy the resolution requirement in the field of micro/nano-defect observation. Con-
sidering that the miniature robot is located inside SEM chamber and the robot’s controller is outside
SEM chamber, an interface is designed to provide electrical connection between the robot and its
controller, and at the same time to ensure SEM chamber’s vacuum condition (Fig. 1(b)). In addition,
to take the multidirectional image automatically, a feedback system is also developed based on vision
feedback, as illustrated in Fig. 1(c).

During the miniature robot’s rotation, if the sample is not on the robot’s rotation axis, the sam-
ple’s position would change during robot’s rotation. Thus, the sample may move out of microscopes’
field of view (FOV), especially under high magnification when FOV is small. In order to ensure that
sample’s positions experience little change on microscope images and thereby to facilitate defect
observation, a control method is proposed to align the sample to the rotation axis. The detailed
align principle is shown in a previous paper.19 The relative distance between the sample and rota-
tion axis is calculated based on sample’s position shift during rotation(Fig. 2(a) and Fig. 2(b)).
Fig. 2(c) and Fig. 2(d) show SEM images when robot’s rotation angle is -10◦, 0◦ and 10◦ before
automatic alignment and after automatic alignment, respectively. The maximum position difference
between the three SEM images in Fig. 2(c) is 181.8 µm, while this value has dropped largely to
9.0 µm in Fig. 2(d). Fig. 2(e) gives sample’s position on SEM images during a 360◦ rotation before
alignment and after alignment. The standard deviation of sample’s position before alignment is

FIG. 1. Miniature rotatable robotic system for multidirectional imaging. (a) The robot inside a SEM chamber. (b) System
setup. (c) Schematic of the automatic multidirectional imaging.
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FIG. 2. Alignment principle and alignment result. Po, Pf, Pb are sample’s positions observed from (a) robot coordinate N and
(b) microscope image coordinate M before rotation, after rotating forward by an alignment angle and after rotating backward
by the same alignment angle, respectively. (c) Position of the magnetic microwire at rotation angle -10◦, 0◦ and 10◦ before
alignment. (d) Position of the magnetic microwire after alignment. (e) Sample’s position on SEM images during a 360◦ rotation
before alignment and after alignment.

881.4 µm, whereas after alignment the standard deviation decreases to 16.8 µm. The maximum shift of
sample’s position has also dropped substantially, from 2525.9 µm before alignment to 66.5 µm after
alignment.

In this paper, the glass-coated microwries are fabricated by modified Taylor-Ulitovsky method
with magnetic material FeCuNbBSi,20 and it has two layers, i.e., the magnetic nucleus covered by
an outer glass layer. To investigate the surface defects on the magnetic microwire, the glass layer is
removed firstly. Then, the microwire is fixed on the sample stage and aligned to the rotation center of
the robot. During observation, 36 images are taken with every 10 degrees in one revolution (360◦),
as shown in Fig. 3.

Because of the multidirectional imaging system, all the surface defects on the microwire can
be detected successfully. As shown in Fig. 3, defects on different part of surfaces have different
distribution and size, which justifies the necessity of multidirectional imaging. In addition, the multi-
directional SEM images provide the possibility to measure the height and size of defects. For example,
we can get the lateral size of the framed defect at rotation angle 340◦ from Fig. 3(b), which is 2.5 µm
in length and 1.6 µm in width, and the height of this fragment defect by SEM image at rotation angle
70◦, which is approximate 1.1 µm.
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FIG. 3. Multidirectional observation results. (a) Observation for magnetic microwire’s metallic nucleus surface from different
directions. SEM images captured from rotation angle. (b) Top view and (c) side view of a defect.

To intuitively illustrate the distribution of the surface defects on the magnetic microwire, we then
conduct the multi-direction reconstruction, which is to unwrap the object’s enveloping surface into a
2D image. As the process illustrated in Fig. 4, the speeded up robust features (SURF) feature points
are identified firstly, as represented by red circles in Fig. 4(a). Then, the correspondence between two
adjacent images are calculated (Fig. 4(b)). After that, those SEM images are stitched together one by
one according to the correspondence (Fig. 4(c)). The number of fragment defects along axis direction,
degree direction and envelop surface are given in Fig. 4(d), fig. 4(e) and fig. 4(f), respectively. The
distribution of surface defects are related with heating inhomogeneity during fabrication process
(Fig. 4(g)).5,7 As can be inferred from Fig. 4(f), the heating inhomogeneity is severest between 120◦

and 180◦. The best heating homogeneity happens in the range of 195◦ to 255◦.
The velocity of the DW propagation in the microwire has been evaluated using a Sixtus–Tonks-

like technique. We use modified Sixtus–Tonks by introducing an additional pick-up coil as described
elsewhere.21,22 Using three pick-up coils instead of two ensures measurement of single DW propaga-
tion excluding spontaneous DW nucleation. The distances between the pick-up coils are 27 mm.
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FIG. 4. Defects display and calculation. Process of multi-direction reconstruction: (a) SEM images captured from different
rotation angle, (b) SURF feature points, and matched points between adjacent images, (c) multi-direction reconstruction result.
Number of defects along (d) axis direction, (e) angle direction, and (f) envelope surface. (g) Schematic of magnetic wires’
fabrication process.

The distribution of the nucleation fields, Hn(l), is measured using a technique described previ-
ously.20–23 We observe a number of dip holes in the nucleation field distribution (Fig. 5(a)) for
studied microwire, which must be attributed to the positions of localized surface defects existing in
the microwire.20–23 Decreasing of the nucleation fields near the samples ends can be attributed to the
existence of closure domains near the samples ends, as is also reported elsewhere.23,24

An abrupt increase of DW velocity on V(H) dependences is observed in Fig. 5(b). We assume that
when the applied magnetic field has reached the Hn, the new domain is nucleated and two more DW
starts to propagate in the opposite directions toward the microwire’s ends. For the studied microwire,
Hn strongly correlate with the V(H) dependence: at certain applied magnetic field (150 A/m) we
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FIG. 5. Magnetic measurement result. (a) The distribution of local nucleation field. (b) Correlation of local nucleation fields
distribution and V(H) dependences in the studied sample. p1, p2, p3 are positions of three pick-up coils.

observed the jump on V(H) dependences. Namely, at this field linear V1-2(H) dependence is over.
Hnmin in Fig. 5 is the minimum local nucleation field (145 A/m) at which DW nucleation takes
place in the certain position between pick-up coils 1-2 and 2-3, respectively. It correlates with the
ends of the linear dependences of V1-2(H), i.e. with the magnetic field at which the jump on V(H)
takes place. Because some devices made from magnetic wires, e.g., domain wall logic circuit, rely
on manipulation of DW’s movement, the effect of surface defects on DW’s movement should be
considered during the design of those devices.

Heating inhomogeneity during casting process is the main cause of magnetic wires’ defects.5,7

Previously, we have investigated the number of defects along axis direction.7 Although the results
verifies surface defects is a reflection of heating inhomogeneity, it is difficult to locate heat-
ing inhomogeneity, since the number of defects can only be calculated in part of surfaces at
that time. In this paper, because the sample can be observed from multi-direction with pro-
posed rotatable robot, we can get more surface information than just through SEM image of one
fixed direction. As shown in Fig. 4(f), within a certain angle range, defects’ distribution is rel-
ative stable, which correspondes to the relatively stable distribution of nucleation field. A large
fluctuation in nucleation field is attributed to a concentration of defects. However, for differ-
ent angle range, the number of defects varies. The largest number of defects and therefore the
worst heating inhomogeneity happen between 120◦ and 180◦. The correlation between defects
and inhomogeneity provides a direct guidance for the optimization of the microwire manufacturing
process.

As conclusion, this paper reports the surface defects distribution on the magnetic microwires for
the first time. The proposed 3-DOF rotatable robot is able to align the microwire and rotate it by 360o

freely inside SEM. Thus, the surface defects on the microwire can be observed from multi-direction,
rather than only one fixed direction. As results show, the detailed feature of the defects and the
distribution of the defects can be investigated. The results show that the surface defect distribution
along axis is relative stable, but has a large variation along the angle direction, indicating the heat-
ing inhomogeneity along the angle direction is the main reason for the fault during manufacturing.
We believe the proposed approach in this paper would provide a new way for the surface defects
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investigation, which is significantly important for the understanding of the magnetic defect,
optimization of the manufacturing process and performance improvement of the magnetic device.

This work was supported by the National Natural Science Foundation of China 61403323,
the Hong Kong RGC General Research Fund 21201314 and 11278716, and the Shen Zhen Research
Fund 20160133.
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