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1. Conventional magnetic field environment (10 kOe magnet at BL17)

A photograph of the conventional 10 kOe electromagnet used at the SHARAKU
beamline (BL17) is shown in Figure S1. This system has been widely employed for polar-
ized neutron reflectometry (PNR) experiments requiring strong magnetic fields.

The magnet consists of an iron-core electromagnet with pole pieces arranged to pro-
duce a uniform magnetic field across a 50 mm gap, supported by an H-shaped iron yoke
that helps suppress stray magnetic fields along the neutron beam axis. An automated sam-
ple changer is integrated into the system, allowing up to five samples to be mounted sim-
ultaneously with vertical motion capabilities of up to 80 mm.

While this system enables measurements in the field range of approximately -10 to
+10 kOe, it exhibits residual magnetization due to the iron cores, limiting its applicability
to weak-field experiments. A detailed description of the system’s performance character-
istics and limitations is provided in Section 2.1 of the main text.
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Figure S1. Photograph of the 10 kOe magnet used at BL17. The red arrow indicates
the direction of the magnetic field. The brown-painted structure corresponds to the H-
shaped iron yoke, within which the iron-core pole pieces and the automated sample
changer are housed.
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2. Weak-field sample environment (WFSE): vertical (transverse, L beam) configura-
tion

In this paper, the terms horizontal and vertical configuration are mainly used; these
correspond to the longitudinal (I beam) and transverse (1L beam) geometries that are com-
monly employed in magnetic scattering studies.

Figure S2 presents the details of the newly developed weak-field sample environ-
ment (WESE). Figure S2(a) shows the calculated magnetic-field distribution when a cur-
rent of 16.6 A is applied to a pair of Helmholtz coils (HC, each 256 mm x 256 mm x 72
mm), generating a field of 100 Oe at the sample position. Within a region of 60 mm x 60
mm x 60 mm around the sample position, the field inhomogeneity remains below 1.1%.
Depending on the experimental requirements, the orientation of the coils can be toggled
to change the direction of the magnetic field relative to the neutron beam. Figure S2(b)
provides an external schematic of the WESE centered on the HC, indicating the outer di-
mensions and the neutron beam direction. By detaching the upper frame that houses the
HC from the lower support and reassembling them, the configuration can be switched
between vertical and horizontal. Figure 52(c) shows a photograph of the WESE in the ver-
tical configuration installed at the SHARAKU (BL17) beamline of J-PARC MLF. In the
horizontal configuration, the magnetic field is aligned with the beam direction; once mag-
netic continuity is verified, only a minor adjustment of the beamline polarization is re-
quired. In contrast, in the vertical configuration, the field direction differs from that of the
beam direction, which can potentially reduce the neutron polarization. To avoid depolar-
ization of the polarized neutrons, the magnetic connection between the beamline and the
WESE in the vertical configuration must provide a sufficiently gradual field transition.
Here, the spatial and temporal variations of the magnetic field experienced by polarized
neutrons were calculated for a sample field of 50 Oe, within a range of 10 mm along the
beam axis (Y-axis) and 40 mm along the field direction (Z-axis). Since typical samples used
in PNR experiments have a surface area of about 10 mm x 10 mm, the above range can be
regarded as a practical condition. The HC, the WESE, and the guide coils of the beamline,
together with their magnetic fields, are arranged symmetrically around the sample posi-
tion. To ensure a sufficiently gradual variation of the magnetic field and thereby avoid
depolarization of polarized neutrons, the following the adiabaticity condition was applied
in the design [1-3]:

wp/wg = 10 (S1)

where w, is the Larmor precession frequency of the neutron and wg represents the
change of the magnetic field experienced by the neutron. Figure S2(d) plots w,/wp as a
function of the distance from the sample position, under the optimized magnetic connec-
tion between the WESE in the vertical configuration and the beamline. Here, Y =0 and Z
= 0 represent polarized neutrons passing through the center of the WESE. Nonzero Y val-
ues values indicate offsets along the beam axis, while nonzero Z values indicate offsets
along the field direction (in millimeters). For example, at Y =5 mm and Z = 20 mm, the
minimum value of w;/wg = 10 is obtained between 0 mm and 90 mm from the WESE
center. These results demonstrate that polarized neutrons can be preserved in the vertical
(transverse, L beam) configuration.

Figure S2(e) shows the magnetic field at the sample position as a function of the HC
current. The relationship can be expressed as

H (Oe) =5.953 x I (A) + 1.4 (S2)

The offset of 1.4 Oe originates from the geomagnetic field and the guide field of the
beamline, the latter being oriented perpendicular to the field generated by the HC. As a
result, the field at the sample position is tilted from the vertical axis, and the tilt angle
increases as the HC current decreases. At zero current, the tilt angle reaches approxi-
mately 90°. A slight difference is observed between the vertical and horizontal
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configurations, which originates from differences in the experimental setup. In the Sup-
plementary Materials measurements, a different power supply was used for the HC, and
the mounting method of the gaussmeter probe was improved to enhance positional sta-
bility. These modifications resulted in a small change in the effective calibration values
but did not affect the reproducibility or reliability of the WESE performance. If necessary,
a current-field calibration curve can be quickly re-established in the vertical configuration
as well.

In summary, these evaluations confirm that the WEFSE enables stable application of
weak magnetic fields and reliable preservation of polarized neutrons in the vertical con-
figuration, thereby establishing practical conditions for PNR experiments.
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Figure S2. Schematics and installation of the WFSE in the horizontal (longitudinal,
beam) and the vertical (transverse, L beam) configuration: (a) Calculated magnetic field
distribution when 16.6 A is applied to the Helmholtz coil pair (HC), generating 100 Oe
at the sample position. (b) Design drawing of the WFSE centered on the HC, showing
the outer dimensions and neutron beam direction. (c) Photograph of the WESE installed
at the SHARAKU (BL17) beamline of ]-PARC MLF. For comparison, the horizontal con-
figuration aligns the field parallel to the neutron beam axis, while in the vertical config-
uration the field is applied perpendicular to it. (d) Calculated values of w,/wgp asa
function of distance from the WESE center. The legend indicates the offset values (in
mm) of the neutron beam relative to the sample center in the beam (Y) and field (Z) di-
rections. These offsets correspond to an effective beam footprint of approximately 10
mm (Y-axis) x 40 mm (Z-axis), which is typical for PNR experiments. () Magnetic field
at the sample position as a function of the HC current. The linear fit yields H(Oe) =
5.953 x I(A) + 1.44. The lower panel shows the tilt angle of the field direction relative to

the vertical axis, which arises from the influence of the guide and geomagnetic fields.

3. Polarization efficiency correction

This section provides the theoretical framework used to correct the measured spin-
dependent reflectivities based on the polarization and flipping efficiencies of the optical
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components. For a more general treatment of the formalism, readers are referred to the
original literature[4-6]. The derivation presented here complements the summary pro-
vided in the main text (Sections 2.1 and 3.1) and requires simultaneous treatment of Egs.
(S83)—(S7), since no single equation alone is sufficient to determine the polarization effi-
ciencies.

At the BL17 beamline, the polarizer is a V-shaped transmission-type device com-
posed of two multilayer mirrors, while the analyzer is a reflection-type multilayer mirror.
When both the upstream and downstream spin flippers are inactive, the measured polar-
ization state predominantly corresponds to (—+), and the associated intensity is denoted
as 1(00).

To extract the true spin-dependent reflectivities R, the measured intensities must be
corrected using the following optical parameters:

P1: polarization efficiency of the upstream polarizer

Az: polarization efficiency of the downstream analyzer

F1: flipping efficiency of the upstream flipper

F2: flipping efficiency of the downstream flipper

These corrections are represented by the following matrix equation:

I= 1 zplAzﬁy
R+ 1 0 0 0 1 0 0 0
- R\ a 0 1 0 0\, [1-F F 0
R=lpee PFr=l1_p o F o= 0 0 1 o
R+_ 0 1 - Fl 0 Fl 0 0 1 - F2 F2
(1+P)/2 0 (1-P)/2 0
b — 0 (1+P)/2 0 (1=P)/2 (S3)
t7\l@a-p)y/2 0 (1+P)/2 0
0 (1-P)/2 0 (1+P)/2
(14+4,)/2 (1-A4y)/2 0 0
i (1-4,)/2 (1+A4,)/2 0 0
2 0 0 (1+4,)/2 (1-A4,)/2
0 0 (1-4,)/2 (1+A4,)/2

3.1. Determination from 4-channel direct-beam spectra

We first record 4-channel direct-beam spectra under non-reflecting condition or un-
der a non-magnetic reflectance one; these data provide Fi(A), F2(A) and the product of
Pi(A) and A2(A). To determine the optical component efficiencies, we first analyze the di-
rect beam intensities acquired for all four spin flipper states. Under the condition that the
sample is non-magnetic and the beam is unreflected, the following symmetry in measured
intensities holds: Ii* =17, 15t =I§".

The flipping ratio Ry, R,, R3 can be defined as follows. As the condition is satisfied
in this case, we can transform equation (S3) to obtain the following expression:

_Ip(10) _ 1-(2F, — 1)PA,

1T 1,(00) T 1+ P4,
I,(01) 1-(2F,—-1)P,A
= 001 _1-(@2FK -1h4, (S9)
1,(00) 1+ PA,
37 1,(00) 1+ P, A,

This allows Equation (S4) to be reduced to a simplified form, enabling the evaluation
of the flipping efficiencies F,, F,, and the combined polarizer—analyzer efficiency product
P, A,. These values are derived from the measured 4-channel intensities I(ij), as follows:
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T 2(R,-1) 2 1,(00) — 1,(01)
27 2R, -1 2 1,(00) — 1,(10) (55)
pa = A=RIA—Ry) 1,(00)? — 1,(00)I,(01) — I,(00)I,(10) + I,(10)I,(01)
2T Ry —RR, 15(10)15(00) — I,(01)1,(10)

3.2. Determination from 4-channel reflectance of a magnetically saturated sample

When performing polarized reflectivity measurements on a magnetically saturated
sample, the spin-dependent reflectivities satisfy the following relationships: R** #
R™7,R™* = R*~. Under this condition, Equation (S5) can be extended to separately deter-
mine the polarization efficiencies of the polarizer and analyzer.

__ (2F, = 1D)(1(00) —1(01)) +1(10) — I(11)
~ Y @2F, = D(1(00) - 1(10)) + 1(01) — I(11)

A, (56)

By substituting Equation (S5) into the previously derived expressions, we can isolate

and evaluate the individual values of P; and A,.

[ = R)( - Ry) (2F, — D)(1(00) — 1(10)) + 1(01) — 1(11)]""*
re R; —RyRy  (2F, — 1)(1(00) — 1(01)) + 1(10) — I(11)

(S7)

[ =R - Ry) 2F, — D(1(00) — 1(0D)) + 1(10) — 1(11)]"*
2= [ R; —R;R;  (2F, — 1)(1(00) — 1(10)) + 1(01) — I(11)

The statistical uncertainties in the efficiencies were estimated by propagating the er-
ror bars associated with the measured intensities using error propagation.
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