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Supplementary Note: Determination of the center of rotation 

Here we present the determination of the center of rotation that is essential to calculate the 

trajectory of a target position by a 4x4 matrix as described in Eq. 1. In our developed μ-ARPES system 

[S1], the tilt rotation is used for the Fermi surface mapping as the direction of the analyser slit is 

horizontal, and the tilt (ϕ) and polar (θ) rotations are thus rather important in terms of in-plane k-

space mapping than the azimuthal rotation (φ). Hence, we have examined the trajectory of an 

incident laser spot on a phosphor sample using long distance microscopes while only giving a polar 

or tilt rotation of the sample with a constant azimuthal rotation (φ=0). Figures S1(a) shows the 

experimental geometries, where two microscope cameras (Camera1 and Camera2) were installed; 

Camera1 is located diagonally 45° upward from the laser path for monitoring the polar rotation, 

while Camera2 is placed in the XY-plane and at the 45° between the X- and Y-axes.  

Figures S1(b1)-(b3) show the optical images taken with Camera1 at (b1) an original position with θ 

= 0° (ϕ = φ = 0°), at (b2) θ = +5° (ϕ = φ = 0°), and (b3) θ = +5° (ϕ = φ = 0°) after compensating 

rotational displacements by translating X and Y coordinates. Figures S1(c1)-(c3) correspond to 

magnified images as indicated by the yellow region in Figs. S1(b1)-(b3). The laser spot can be clearly 

identified in Figs. S1(b1,c1) with the sample position of (X0,Y0). While the spot was not visible after 

the polar rotation in Figs. S1(b2,c2), it could be recovered to the original position on the sample with 

new coordinates (X1,Y1) in Figs. S1(b3,c3). This means that the polar rotation of θ = +5° transform 

(X0,Y0) to (X1,Y1). By performing such procedures at each polar angle, we have manually traced the 

trajectory of the laser spot as a function of the polar angle as plotted in Fig. S1(f). The obtained 

trajectory was well-fitted by Eq. 1, resulting in the rotational center of (XCR, YCR)=(42.662, 37.034) in 

mm unit. Similarly, the results for the tilt rotation (ϕ = +13°) are presented in Figs. S1(d1)-(d3) and 

S1(e1)-(e3). The tilt rotation slightly moved the spot on the sample as seen in Figs. S1(d1,e1) and 

S1(d2,e2), and the Y and Z translation successfully compensated the rotational displacements as 

shown in Figs. S1(d3,e3). Figure S1(g) summarizes the trajectory of the laser spot on the sample as 
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a function of the tilt angle, which can be well reproduced by fitting with (YCR, ZCR)=(38.035, 127.100) 

in mm unit. 

We found a significant deviation (~1 mm) on the YCR between two examination results obtained by 

polar and tilt rotations. These results can be understood, if the XYZ rotation axes actually do not 

meet at a specific point in the present system, as reasonably expected in a real experimental system. 

Consequently, for the proper calculation of the three dimensional rotation, we have modified Eq. 1 

using the center of rotation for each rotations as follows; 
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where ±𝑥CR
𝜙
, ±𝑦CR

𝜑
, ±𝑧CR

𝜗   are indeed negligible parameters because each rotation is done along the 

same axis. The rotational matrix with respect to the X, Y, Z-axis, 𝑅𝑋(𝜙), 𝑅𝑌(𝜑), 𝑅𝑍(𝜗), are same as 

in Eq. 1 and respectively given by 
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The modified Eq. S1 was employed for evaluating the tracing acquisition method as shown in Fig. 3. 

It should be also noted that a transfer from a reference sample to real samples requires a precise 

control of external forces on the manipulator and cryostat to reproduce the same center of rotation 

each time. 
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Fig. S1 Determination of the center of rotation by manually tracing the laser spot on a 

phosphor sample while giving polar or tilt rotations of the sample. a Schematic experimental 

geometry, indicating the positions of the microscope cameras (Camera1 and Camera2). The 

Camera1 was installed from diagonally upward 45 deg by the laser path for monitoring a 

polar rotation, while the Camera2 was installed in the XY-plane and from the 45 deg by the 

X and Y axes for monitoring a tilt rotation. b1-3,d1-3 Optical microscope images taken by the 

Camera1 and Camera2, respectively, where the images were taken at (b1, d1) an original 

position, (b2, d2) at θ = +5° and ϕ = +13°, respectively, without translational corrections, and  

(b3, d3) same with (b2, d2) but including translational corrections. c1-3,e1-3 Magnified 

images as indicated of yellow rectangles in (b1-b3) and (d1-d3), respectively. The yellow 

markers in all the images placed at fixed pixel positions. f,g Experimentally determined 

trajectory of the laser spot on the sample (red lines) for polar and tilt rotations, respectively, 

which were reproduced by the calculations (blue lines) assuming the center of rotations 

(open circles).  


