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Note: Sensitivity of 2D LCs to electric/magnetic fields

The sensitivity of 2D LCs to electric and magnetic fields is analyzed using the Kerr and 

Cotton–Mouton (CM) coefficients1, 2. Theoretically, the birefringence curves in these fields follow 

a Langevin function, where the birefringence is linearly related to the square of the field strength3, 

4, expressed as

, (S1)∆𝑛𝐸 = 𝐾𝜆𝐸2

, (S2)∆𝑛𝐵 = 𝐶𝜆𝐵2

Where K and C denote the Kerr and CM coefficients, respectively, these two equations are valid 

only under a small field because of the higher-order terms involved under stronger fields. Using 

Equations S1-2, we determined that 2D LCs exhibit their largest Kerr coefficient at the 

concentration of 0.3 wt%, calculated to be 1.5×10-6 mV-2. At this concentration, the CM coefficient 

is approximately 54 T-2m-1. However, as the concentration increases to 0.6 wt%, the CM 

coefficients rise to a maximum of 1.8×102 T-2m-1, whereas the Kerr coefficient gradually decreases 

to 0.

By taking the inverse of E2 and B2, the Δnsat can be obtained. Using the experimental data on 

Δn and Δnsat of the 2D LC, we can estimate the anisotropy of polarizability as

(S3)
Δ𝛼 =

15𝑘𝐵𝑇Δ𝑛𝐸

Δ𝑛𝑠𝑎𝑡𝜑𝐸2
.

Where φ denotes the volume ratio. Thus, using Equation S3, the value of Δα was estimated 

to be -7.7×10-22 Fm2. By contrast, the field-induced magnetic susceptibility Δχ is expressed as

(S4)
Δ𝜒 =

15𝑘𝐵𝑇Δ𝑛𝐵

Δ𝑛𝑠𝑎𝑡𝜑𝐵2

Using Equations S4, we estimated the maximum value of Δχ to be approximately 2.2×10-20 
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JT-2.

Figure S1. Sketch of the nanosheet coordinate and the measurement system applied in the 

simulation model. To evaluate the alignment of nanosheets under external fields, a Boltzmann 

distribution model was constructed5, including the particle coordinate (a, b, and c axes) for 

individual nanosheets and a measurement coordinate (x, y, and z axes) for the birefringence cell. 

Here, the nanosheet's position is represented by the directional cosine of the normal n, yielding

(S5)𝑐𝑜𝑠𝛼 = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑, 𝑐𝑜𝑠𝛽 = 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑, 𝑐𝑜𝑠𝛾 = 𝑐𝑜𝑠𝜃

Where θ and φ are the Euler angles characterizing the relationship between the particle coordinates 

and the measurement coordinate system. Thus, we can obtain the orientation distribution function 

of the particle using the Boltzmann distribution, denoted as

(S6)
𝑓(𝜃,𝜑) = 𝑒𝑥𝑝( ‒

𝑈(𝜃,𝜑)
𝑘𝑇

) ∫𝑒𝑥𝑝( ‒
𝑈(𝜃,𝜑)

𝑘𝑇
)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑 = 𝑒𝑥𝑝( ‒

𝑈(𝜃,𝜑)
𝑘𝑇

) 𝑁

Here, U(θ, φ) represents the potential energy distribution, which involves the electric polarizability 

αi and magnetic susceptibility χi in three directions. 
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For electric field-induced alignment simulation, note that the size difference in the lateral 

directions is rather small, and the polarization can be considered proportional to the size. As a 

result, a disk model is used to simplify the system with

(S7)𝛼𝑎 = 𝛼𝑏 = 𝛼

Thus, the polarization anisotropy of the nanosheet is defined as

(S8)Δ𝛼 =‒ (𝛼 ‒ 𝛼𝑐)

As a result, the potential energy distribution under the electric field is expressed as

(S9)𝑈𝐸(𝜃,𝜑) =‒ (1 2)(𝛼𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜑 + 𝛼𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑 + 𝛼𝑐𝑐𝑜𝑠2𝜃)𝜀0𝐸2

Using Equations S6 and S9, the orientation distribution function is obtained as

(S10)
𝑓𝐸(𝜃,𝜑) =

1
𝑁

𝑒𝑥𝑝[(𝛼𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜑 + 𝛼𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑 + 𝛼𝑐𝑐𝑜𝑠2𝜃)𝜀0𝐸2/2𝑘𝑇]

Then the order parameter S is expressed using the orientation distribution function as

    (S11)

𝑆 =

2𝜋

∫
0

𝜋

∫
0

  𝑓(𝜃,𝜑)𝑃2(𝑐𝑜𝑠⁡𝜃)𝑠𝑖𝑛⁡𝜃𝑑𝜃𝑑𝜑

2𝜋

∫
0

𝜋

∫
0

  𝑓(𝜃,𝜑)𝑠𝑖𝑛⁡𝜃𝑑𝜃𝑑𝜑

where the second-order Legendre polynomial P2(cosθ) can be expressed as 1⁄2(3cos2θ-1). The 

birefringence can be expressed as

  (S12)Δ𝑛 = 𝑛𝑧 ‒ 𝑛𝑥 = (〈𝑛〉 + 2Δ𝑛𝑠𝑎𝑡𝜑𝑆/3) ‒ (〈𝑛〉 ‒ Δ𝑛𝑠𝑎𝑡𝜑𝑆/3) = Δ𝑛𝑠𝑎𝑡𝜑𝑆

Here, we obtain Δnsatφ by extrapolation using 1/E2. For 0.1-0.4 wt% 2D LC, the Δnsatφ was 

estimated to be 5×10-5, 8×10-5, 1.4×10-4, 1×10-4, respectively. At the same time, the order 
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parameter S was calculated using the obtained Δα and Equation S9-S11. Using the Δnsatφ for 

various concentrations and the order parameter S at different field strengths, the simulated curves 

in Figure 2b can be obtained.

For magnetic field-induced alignment simulation, according to Uyeda’s method to calculate 

the diamagnetic anisotropies of nanosheets6, the magnetic susceptibility of the long axis (χa) and 

the normal direction (χc) is approximately equal, whereas they differ significantly from χb. This 

indicates that the lateral plane may be the magnetic easy plane. However, considering the large 

aspect ratio of the nanosheet, the demagnetization energy cannot be neglected7. The 

demagnetization energy is closely related to the shape anisotropy, expressed as

(S13)𝑈𝑑𝑒_𝑖 =‒ (1 2)𝑁𝑖𝜒
2
𝑖𝐵2

Of which Ni (i=a, b, c) is the demagnetization coefficient in the i direction. Based on the aspect 

ratio, the demagnetization coefficient is calculated to be Na=0.00008, Nb=0.00008, and 

Nc=0.99984. As a result, Ude_a≈Ude_b≫Ude_c, and the normal direction n is finally determined as 

the easy axis8, 9. After taking the demagnetization parameter in to account, the magnetic 

susceptibility   , take  and  , then we obtain . 𝜒 ∗
𝑎 ≈ 𝜒 ∗

𝑏 ≪ 𝜒 ∗
𝑐 < 0 𝜒 ∗

𝑎 = 𝜒 ∗
𝑏 = 𝜒 𝜒 ∗

𝑐 = 𝜒𝑐 𝜒𝑐/𝜒 ≈ 0.0001

Similar to Equation S9, the potential energy in the magnetic field is

(S14)𝑈𝐵(𝜃,𝜑) =‒ (1 2)(𝜒𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜑 + 𝜒𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑 + 𝜒𝑐𝑐𝑜𝑠2𝜃)𝐵2

Then the orientation distribution function is obtained by substitution

(S15)
𝑓𝐵(𝜃,𝜑) =

1
𝑁

𝑒𝑥𝑝[(𝜒𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜑 + 𝜒𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜑 + 𝜒𝑐𝑐𝑜𝑠2𝜃)𝐵2/2𝑘𝑇]
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As the concentration increased, the magnetic birefringence curves exhibited variations. The 

calculated Δχ increased to fit the curves among different concentrations. Δχ and Δnsatφ are shown 

in table S1, respectively. By using Equations S11 and S15 along with Δχ in Table S1, we can 

obtain the simulated order parameter S, which, when combined with Δnsatφ in Table S1, ultimately 

produces the simulated magneto-optic birefringence curves in Figure 2d.

Table S1. The calculated Δχ and Δnsatφ of concentrations ranging from 0.1 wt% to 0.8 wt%.

0.1 wt% 0.2 wt% 0.3 wt% 0.4 wt% 0.6 wt% 0.8 wt%

Δχ(JT-2) 3.39×10-22 9.89×10-22 5.95×10-21 7.92×10-21 1.86×10-20 2.22×10-20

Δnsatφ 3.04×10-5 6.59×10-5 7.93×10-5 1.08×10-4 1.68×10-4 2.21×10-4
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Figure S2. The experimental setup for birefringence measurement. (a) measurement of the 

electric-field-induced birefringence using crossed polarizers and a detector. (b) measurement of 

the magnetic-field-induced birefringence using crossed polarizers and a detector.
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Figure S3. Images of POM pattern in the electric fields. (a) as the voltage increases, the 

birefringence pattern of 0.3 wt% 2D LC changes from dark to light, finally exhibiting the Williams 

domain. (b) an intrinsic birefringence was shown after injecting the 0.6 wt% LC into the cell, 

which was erased when the voltage was turned on.
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Figure S4. Images of POM pattern at varying concentrations in a magnetic field. The birefringent 

domains, which are bright and distributed in blocks, can be easily identified in low field strengths. 

Meanwhile, the macroscopic alignment was enhanced in situ for 0.4 wt% and 0.6 wt% 2D LC.
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Figure S5. SAXS patterns of aligned 0.3 wt% 2D LC in electric and magnetic fields, respectively. 

(a) the fabricated cells for SAXS measurements, and the coordinate system. The electric-field cell 

consists of a bottom glass substrate, aluminum electrodes in the middle layer, and a top 

encapsulating glass cover. The bottom glass substrate has dimensions of 30 mm in length, 15 mm 

in width, and 1 mm in thickness. Two aluminum electrodes, each measuring 10 mm×15 mm×1.2 

mm, are attached at the central region of the glass substrate. The groove formed between the 

electrodes and the glass substrate is filled with the nanosheet dispersion. Finally, the cell is sealed 

with a top glass substrate identical to the bottom one. The magnetic-field cell consists of top and 
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bottom glass substrates with a PDMS spacer layer in between. The glass substrates have 

dimensions of 20 mm × 20 mm × 1 mm (length × width × thickness). The PDMS spacer has an 

outer lateral dimension of 20 mm × 20 mm and an inner opening of 15 mm × 15 mm, with a 

thickness of 3 mm. The internal cavity is filled with the nanosheet dispersion, corresponding to a 

volume of 15×15×3 mm³. (b) the SAXS patterns of 0.3 wt% 2D LC aligned by the electric field. 

The profile changed from a circular to an elliptical shape, indicating that the normal direction of 

the 2D LC is likely to be aligned perpendicular to the electric field10. (c), the SAXS patterns of 0.3 

wt% 2D LC aligned by the magnetic field, indicating a normal direction parallel to the magnetic 

field. 

Figure S6. SAXS patterns of aligned 0.6 wt% 2D LC in magnetic fields. (a) the azimuthal plots 

of 2D LC under 2T, 4T, and 8T magnetic fields. (b) the SAXS patterns of 0.6 wt% 2D LC aligned 

using magnetic fields. The profile from 2T to 8T had scattering peaks up to the (300) face, 

corresponding to a constant interflake spacing11.
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