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Author Questionnaire
1. Microscopy: Does your protocol demonstrate the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or similar?    No

2. Software: Does the part of your protocol being filmed demonstrate software usage? Yes
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://www.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k
As these files are necessary for finalizing your script, please upload all screen captured video files to your project page by your script return date or as soon thereafter as possible.

3. Interview statements: Please select one.
☒ 	Interviewees self-record interview statements. 

☐ 	Interview Statements are read by JoVE’s voiceover talent. 


4. Proposed filming date: To help JoVE process and publish your video in a timely manner, please indicate the proposed date that your group will film here: 08/12/2022 and/or 08/19/2022

When you are ready to submit your video files, please contact our Content Engineer, Devon Halley. 

Protocol Length
Number of Steps: 21
Number of Shots: 35


Introduction

1. Introductory Interview Statements

REQUIRED: 
1.1. Audrey C. Parker: Magnetic force microscopy, or MFM, employs a vertically magnetized atomic force microscopy probe to measure sample topography and local magnetic field strength with nanoscale resolution.[1].

1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera	

1.2. Audrey C. Parker: By balancing decreasing lift height against increasing drive or oscillation amplitude, MFM spatial resolution and sensitivity can be optimized.[1].

1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

OPTIONAL: 

1.3. Mojtaba T. Kaffash: Spin-wave computing applications of artificial spin ices rely on knowledge of the nano-element magnetization textures, as they determine the magnonic response. High-resolution MFM enables identification of ASI global magnetization states [1].

1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


Introduction of Demonstrator on Camera

1.4. Paul H. Davis: Demonstrating the procedure will be Olivia Maryon, a current doctoral student in materials science and engineering at Boise State University and former undergraduate AFM researcher from my laboratory.

1.4.1. INTERVIEW: Author saying the above	Comment by Paul Davis: Combined into a single shot (1.4.1). Is this ok?
1.4.2. The named demonstrator(s) looks up from workbench or desk or microscope and acknowledges the camera

1.5. 

Protocol
2. MFM Probe Preparation and Installation
2.1. To begin [1], open the AFM (A-F-M) control software and select the MFM (M-F-M) workspace under the Electrical & Magnetic Lift Modes Experiment Category and Group [2]. 
2.1.1. Establishing shot of talent working on a computer screen.
2.1.2. SCREEN: AFM software is being opened and MFM workspace is being selected.
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://www.jove.com/account/file-uploader?src=19574948
2.2. Mount an AFM probe with a magnetic coating on an appropriate probe holder by. carefully placing the probe holder on a mounting block [1], then loading the probe onto the probe holder [2], aligning the probe [3], and securing it in place with the spring-loaded clip [4].
2.2.1. Talent placing the probe holder on a mounting block.
2.2.2. Talent loading the probe onto probe holder.
2.2.3. Talent aligning the probe.
2.2.4. Talent securing the probe with a spring-loaded clip.
2.3. Ensure the probe is parallel to all edges and not touching the back of the holder’s channel by inspecting it under an optical microscope [1]. Gently manipulate the probe as necessary with a pair of tweezers [2].
2.3.1. SCREEN: Talent inspecting the probe under an optical microscope.
2.3.2. Talent manipulating the probe with tweezers.
2.4. Magnetize the probe vertically using a strong permanent magnet for 2 to 5 seconds so that the magnetic dipole orientation of the probe tip will be perpendicular to the sample [1].
2.4.1. Talent magnetizing probe.
2.5. Carefully remove the AFM head, first taking care to discharge any electrostatic buildup by touching the AFM enclosure[1]. Install the probe and probe holder by aligning the holes on the probe holder with the contact pins on the head [2]. Reinstall the head on the AFM and secure in place. Again, be careful as ESD can damage the probe or sensitive AFM electronics [3].
2.5.1. Talent removing AFM head and touching AFM enclosure to dissipate electrostatic charge.
2.5.2. Talent installing probe and probe holder.	Comment by Paul Davis: We filmed this being performed on both an ambient (takes 5-8) and a glovebox (takes 1-4) AFM system.
2.5.3. Talent reinstalling head on the AFM, tightening knurled knob and electronics communication cable screws.
2.6. Align the laser onto the center of the MFM probe cantilever and into the position-sensitive detector, or PSD. For optimal sensitivity, align the laser on the back of the cantilever to the location corresponding to the tip setback from the distal end of the cantilever [1].	Comment by Paul Davis: These steps (2.6 and 2.7, laser alignment onto MFM probe cantilever and into PSD) should consist of both a video shot and a software screen shot. There is valuable information to be shared via both mediums, so we have added screenshots 2.6.2 and 2.7.2 to complement video shots 2.6.1 and 2.7.1.
2.6.1. Talent aligning laser on the probe cantilever (with SUM voltage readout visible on AFM case screen).
2.6.2. SCREEN: Laser spot moving to end of probe cantilever and SUM photodetector voltage reaching a maximum.
2.7. Maximize the sum signal on the PSD while minimizing the left/right and up/down deflections to center the reflected laser beam on the detector [1].
2.7.1. Talent minimizing deflections on the detector (with VERT and HORIZ voltage readouts visible on AFM case screen). Authors: Please specify if this is a shot of the screen?
2.7.2.  SCREEN: Laser spot moving to center of deflection crosshair window, Vertical and Horizontal deflection voltages approaching zero (±0.02 V).
3. Sample Preparation, Installation, and Sample Approach
3.1. Place the sample over the AFM chuck vacuum port. Avoid using a magnetic sample holder, as this could affect the sample and/or interfere with the MFM measurement [1]. Turn on the chuck vacuum to secure the sample to the AFM stage [2].
3.1.1. Talent placing the sample over the chuck port.
3.1.2. Talent turning on chuck vacuum.
3.2. Returning to the AFM control software, go to Setup, select the chosen probe type, bring the cantilever into focus, and align the crosshairs within the optical microscope view to be positioned over the back of the MFM probe cantilever where the tip is located, using the known tip setback based on the selected probe [1].
3.2.1. SCREEN: The Setup workflow is selected, probe type chosen, cantilever brought into foucus, and crosshair is being aligned with the cantilever.
3.3. In the Navigate window, position the AFM stage and sample so that the region of interest is directly beneath the AFM tip [1]. Lower the AFM head until the sample surface comes into focus in the optical view. Be careful not to crash the probe into the sample surface, as this could result in probe and/or sample damage [2].
3.3.1. SCREEN: Talent positioning the AFM stage and sample.	Comment by Paul Davis: Could be combined into a single continuous “shot” or “scene”.
3.3.2. SCREEN: Talent using X-Y control to lower the AFM head, first in Tip Reflection mode at 100% (fast) speed, then Sample (default) mode at 20% (medium) speed.
4. Topography Imaging 
4.1. Perform Go back to Setup, select Manual Tune, and perform a cantilever tune by choosing start and end frequencies that will sweep the dither piezo drive frequency across a region chosen to span the expected resonance frequency of the selected probe. Choose a drive frequency offset and target amplitude, then tune the cantilever and set the desired amplitude setpoint. [1].	Comment by Paul Davis: These two scenes/screenshots (4.1.1 and 4.2.1) and accompanying voiceover have been revised slightly relative to the “final” script to better track the software flow.
4.1.1. SCREEN: Start and end frequencies for tuning are selected. Tapping parameters are chosen (5% frequency offset and ~50 nm free space amplitude with 40 nm setpoint). Autotune is performed.
4.2. Choose a drive frequency, drive amplitude and amplitude setpoint. Engage on the sample surface and set the desired scan size depending upon the sample and features of interest [1].
4.2.1. SCREEN:  Tapping parameters are chosen (5% frequency offset and ~50 nm free space amplitude with 40 nm setpoint), sSample surface is engaged, and imaging/scan parameters are being set.
4.3. Increase the amplitude setpoint in increments of 1 to 2 nanometers until the tip just loses contact with the sample surface, as seen by the trace and retrace lines failing to track each other in the height sensor channel. Then, decrease the amplitude setpoint by 2 to 4 nanometers so the tip is just in contact with the sample surface [1].
4.3.1. SCREEN: The amplitude setpoint is being adjusted.
4.4. Optimize the proportional and integral gains by adjusting them so they are high enough to force the feedback system to track the sample surface topography while minimizing noise [1].
4.4.1. SCREEN: Proportional and Integral gains are being adjusted.
5. MFM Imaging
5.1. Once the AFM topography imaging parameters have been optimized, withdraw a short distance from the surface and return to the probe tuning menu [1]. Perform a second cantilever tune to be used to acquire the interleaved lift mode MFM line, making sure to unlink the results of this tune from the previous main line parameters [2].
5.1.1. SCREEN: Cantilever is being withdrawn ~200 nm.	Comment by Paul Davis: Could alternatively be one continuous scene/screenshot (file labeled as 5.1.1_2) instead of two separate scenes/screenshots (files labeled as 5.1.1_1 and 5.1.2_1).
5.1.2. SCREEN: Unlinked cantilever tuning for interleave mode is being adjusted.
5.2. In the interleaved lift mode tune, set the peak offset to zero percent. Choose start and end frequencies that will sweep the drive frequency across a region spanning the resonance frequency of the probe [1].
5.2.1. SCREEN: Peak offset is being set, followed by setting of start and end frequencies.
5.3. Adjust the interleaved lift mode target amplitude to be slightly less than the main line target amplitude This will enable high sensitivity MFM imaging without striking the surface when utilizing low lift heights for optimal lateral resolution [1]. Leave the cantilever tune window and to reengage on the surface [2].	Comment by Paul Davis: Note change in voiceover text.
5.3.1. SCREEN: Interleave target amplitude is being set (~45 nm).	Comment by Paul Davis: Combined into a single scene/screenshot, labeled 5.3.1_1.
5.3.2. SCREEN: The window is being switched.
5.4. To optimize the imaging parameters, set the initial lift scan height to 25 nanometers, then gradually decrease in increments of 2 to 5 nanometers. Once the probe begins to just strike the surface, immediately increase the scan height to preserve the probe tip and prevent the introduction of topographical artifacts [1].
5.4.1. SCREEN: Scan height is being optimized.
5.5. Increase the drive amplitude in small increments corresponding to 2 to 5 nanometers in oscillation amplitude until the interleave drive amplitude exceeds the mainline drive amplitude, or the probe begins to contact the surface. Then, decrease the drive amplitude slightly so that no spikes are seen in the MFM phase channel [1].
5.5.1. SCREEN: Amplitude is being optimized.
5.6. Continue iteratively optimizing the lift scan height and drive amplitude by adjusting in progressively smaller increments until a high-resolution MFM image free of topographical artifacts is obtained [1].
5.6.1. SCREEN: Scan height and amplitude are being iteratively optimized.


Results
6. Results: MFM Imaging of Magnetic Twin Boundaries in a Single Crystal Ni-Mn-Ga Sample
6.1. Magnetic force microscopy is used to image twin boundaries and track their movement in response to an applied magnetic field or force [1].  The magnetic phase images of the polished single-crystal Ni-Mn-Ga sample show the characteristic stair step magnetic orientation across the twin boundaries [2].
6.1.1. LAB MEDIA: Figure 6 A-C
6.1.2. LAB MEDIA: Figure 6 A-C Video Editor: Emphasize Figure 6 A
6.2. The magnetic phase image overlaid as a colored skin on top of the sample’s 3D topography shows the long direction of the magnetic domains switching at the topographical features [1]
6.2.1. LAB MEDIA: Figure 6 A-C Video Editor: Emphasize Figure 6 C



Conclusion
7. [bookmark: _Hlk27388131]Conclusion Interview Statements

7.1. Olivia O. Maryon: Optimizing MFM spatial resolution and sensitivity benefits from operating in an inert atmosphere glovebox and requires balancing decreasing lift height against increasing drive or oscillation amplitude [1].

7.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera  

7.2. Mojtaba T. Kaffash: High resolution, high sensitivity MFM is crucial for studying the underlying magnetization configurations in artificial spin ice lattices and could also advance the rapidly developing field of spin-wave computing [1].

7.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera  
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