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Supplementary Text 

Capacitor model of charge density estimation 

To estimate the charge carrier density under electrostatic gating, we model the 

heterostructure as a parallel plate capacitor (7): the FLG and monolayer WSe2 flakes are the 

electrodes separated by the dielectric top hBN flake. The capacitance per unit area is given by 

𝐶 =  
𝜖ℎ𝐵𝑁 𝜖0

𝑑ℎ𝐵𝑁
. Using the relative permittivity of hBN 𝜖ℎ𝐵𝑁 = 3.76 (60) and the hBN thickness 

𝑑ℎ𝐵𝑁 = 11.5 nm, we find  𝐶 ≈ 290 nF cm-2. The carrier density as a function of gate voltage is

given by 𝑛(𝑉𝑔) = 𝐶 (𝑉𝑔 − 𝑉0), where 𝑉0 is the gate voltage corresponding to the intrinsic regime

with no carrier doping.  By comparison with the neutral exciton feature in reflection (Fig. 1c), we 

approximate 𝑉0 = −0.5 V. 

Line shape analysis 

To estimate the valley/spin polarization of the free carriers, we extract the total oscillator 

strength of the trions in the two valleys. By comparing the oscillator strengths, we approximate 

the relative density of states in each valley, which give an estimation of the polarization of the 

free carriers (32,33).  

The reflection contrast corresponding to the two trion features from Fig. 1e is depicted in 

Fig. S3, which shows an asymmetric Fano-like line shape. The reflection contrast is given by 

𝑅𝐶 =
𝑅

𝑅𝑟𝑒𝑓
− 1, where R is the bare reflectivity (Fig. 1e) and Rref is a reference reflectivity where

the trion oscillator strengths disappear, under large gate bias or in the intrinsic region (18). Such 

spectra can be captured by a two-peak Breit-Wigner-Fano (BWF) line shape fitting: 

𝐼(𝜔) = 𝐼1

(1 +
𝜔 − 𝜔1

𝑞1𝛤1
)2

1 + (
𝜔 − 𝜔1

𝛤1
)2

+ 𝐼2

(1 +
𝜔 − 𝜔2

𝑞2𝛤2
)2

1 + (
𝜔 − 𝜔2

𝛤2
)2

+ 𝐶    (1)

where 𝑞1/2 is the parameter which captures the asymmetry of the line shape. When 
1

𝑞
→ 0 , the

function converges to the Lorentzian line shape, where 𝛪1/2 is the amplitude, 𝜔1/2 is the center 

energy, and 𝛤1/2 is the linewidth (61,62).  

By fitting the RC to a superposition of BWF line shapes with two resonances corresponding 

to the singlet and triplet trions (Fig. S3 lines), we extract the fitting parameters shown in table 

T1. The oscillator strength of each resonance is proportional to the area of the Lorentzian line 



shape 𝐴 =  𝛪0𝛤. By comparing the relative oscillator strengths for each state under co- and cross-

circular pumping, we can estimate the ratio of the density of states in each valley. We take this 

ratio, 90:10 for the triplet trion, as the ratio between the valley-polarized spin states of the 

resident electrons. By similarly fitting pump-off RC spectra, balanced detection gives a 

polarization sensitivity as low as 3%. 

Sample D2 characterization and comparison of temporal dynamics with diffusion 

The temporal dynamics are measured on a different sample D2. Characteristic reflection 

spectra and CD spectra are shown in Figure S4, which show similar features as sample D1 in 

main text Fig. 1. Using the time-resolved, circularly polarized differential reflection 

measurement results at selected positions with different distances from the pump, we compare 

the temporal profile with that predicted in a diffusion picture. Here the analysis is performed on 

an additional dataset taken from different pump and probe positions than presented in main text 

Fig. 3. 

The spin polarization under pulsed pumping is extracted from the differential reflection in 

the CW pumping case: 

𝑃𝑠
𝑝𝑢𝑙𝑠𝑒(𝑡) =

∆𝑅𝑝𝑢𝑙𝑠𝑒(𝜆, 𝑡)

∆𝑅𝐶𝑊(𝜆)
𝑃𝑠

𝐶𝑊     (2)

𝑃𝑠
𝐶𝑊

 is the spin polarization found from the line shape analysis of the oscillator strength transfer

under CW pumping. ∆𝑅𝑝𝑢𝑙𝑠𝑒/𝐶𝑊 is the differential reflection at wavelength of interest λ under

pulsed/CW pumping. A clear build-up process is measured as a rising edge in the time resolved 

measurements as shown in Figure S5a for a pump-probe separation of 4.87 µm. Thus, we 

tentatively fit the temporal profile with a two-dimensional diffusion-decay model (35): 

𝑃𝑠(𝑥, 𝑡) =
𝜎0

2 𝑃𝑠
0

𝜎0
2 + 4𝐷𝑡

𝑒−𝑥2 (𝜎0
2+4𝐷𝑡)⁄ 𝑒−𝑡/𝑇     (3)

where D is the diffusion constant, T is the spin polarization lifetime, and σ0 = 0.78 µm is the 

spatial convolution of the pump and probe beam sizes. 

While the fitting cannot accurately capture the full temporal evolution of the spin profile 

(Fig. S5b), the diffusion constant extracted by fitting the rising edge (Fig. S5a) provides an 

estimate of ~ 0.065 cm2 s-1 for the propagation speed of the spin order formation. This value is 

significantly lower than the measured diffusion constant in previous research (35), indicating a 



different mechanism behind the spin order propagation. The decay trend gives a spin lifetime of 

~ 52 µs (Fig. S5b). 

Following the analysis in the main text (Fig. 3), we compare the measured temporal 

profiles for various pump-probe separations with those of the diffusion model (Fig. S6). Ignoring 

decay, diffusive transport of a fixed number of spins away from a local source should lead to an 

approximately 1/r2 dependence in the peak polarization measured a distance r from the source. 

This geometric constraint suggests a rapid fall off in the maximum spin polarization away from 

the pump, as seen in Fig. S6b for a diffusion model with representative D = 0.035 cm2 s-1 and 

infinite lifetime. In contrast, the measured maximum polarization shows no systematic change as 

the offset varies, even increasing at larger distances (Fig. S6a). As in Fig. 3, the measured spin 

polarization is amplified by almost an order of magnitude compared to purely diffusive 

propagation (Fig. S6c). The variations in maximum polarization can be attributed to local 

deviations in the dielectric environment or defects distributed across the sample (34). The 

strength of the electron-electron interactions, which creates the ferromagnetic state, will vary 

throughout the sample due to these inhomogeneities. Correspondingly, the maximum spin 

polarization will also vary. 

Hysteresis check 

In addition to sweeping the pump power (Fig. 4c), we test magnetic hysteresis in D1 by 

continuously varying the pump polarization in opposite directions. No observable hysteresis loop 

is observed (Fig. S7). Similarly, previous measurements in monolayer MoS2 do not observe 

hysteresis under an applied magnetic field (7).    

Sample D3 characterization and temperature dependence 

The temperature-dependent measurements (Fig. S8) are performed on a third sample (D3). 

Figure S8a shows gate-dependent reflection spectra at 4 K with a pump-probe separation of 2.2 

µm, which display similar doping regimes as sample D1 (Fig. 1c). In the electron-doped region, 

strong CD signal is observed. Figure S8b depicts the reflection and CD spectra at 30 K. While 

the electron-doped CD vanishes at this elevated temperature, the singlet and triplet trion features 

remain, confirming that the temperature dependence of the CD signal probes that of the spin 

polarization. Temperature dependent data was also taken with overlapped pump and probe. The 



CD amplitude shows a very similar trend as that with a 2.2 µm pump-probe offset (Fig. S8c). 

The criticality fit 𝛼 (𝑇𝑐 − 𝑇)𝛽 is applied to the CD data (37), extracting a critical temperature

𝑇𝑐 = 15.0 𝐾 (15.3 𝐾) and a critical exponent 𝛽 =  0.113 (0.106) for the offset (overlapping) 

pump-probe configuration. For the 2D Ising model, the expected critical exponent is 𝛽 =  0.125. 

Sample D4 characterization and comparison of temperature- and gate-dependent results with 

steady-state diffusion 

Here, we test predictions of the spin diffusion model under CW pumping against additional 

experimental data taken from a fourth sample (D4) (Fig. S9). 

1. Temperature and doping dependence of the CD spatial profile

In previous research (19), the spin lifetime of electrons is strongly dependent on the 

temperature and doping level. In a simple diffusion model the spin diffusion length is directly 

correlated with the spin lifetime. Thus, within the diffusion model, the spatial profile of the CD 

signal would have a strong temperature and doping dependence. In Figure S10, the spatial 

profiles of the CD signal at varying temperatures and doping levels are shown. The CD profiles 

uniformly decrease by an order of magnitude with no observable spatial contraction at elevated 

temperatures or increased doping. Thus, our observation is in stark contrast to the predictions of 

the diffusion model. 

2. Power saturation curves under different temperatures

In a spin pumping model with a CW laser, the steady state spin polarization results from 

competition between the spin pumping rate and the spin decay rate. Within this model, if the spin 

decay rate increases at increasing temperature, the loss of spin polarization could be 

compensated by increasing the pumping rate. This can be understood with simple rate equations 

for a single pump in the K valley: 

𝑑𝑁+

𝑑𝑡
=  −𝐺𝑁+ − 𝛾(𝑁+ − 𝑁−)    (4)

𝑑𝑁−

𝑑𝑡
=  𝐺𝑁+ − 𝛾(𝑁− − 𝑁+)       (5)



Where 𝑁+(−) are the number of electrons in the K (K’) valley, 𝐺 is the spin pumping rate 

which is linear to the pumping power, and 𝛾 is the intervalley scattering (spin decay) rate. The 

steady state under CW pumping will have a spin polarization of: 

𝑁+ − 𝑁−

𝑁+ + 𝑁−
=  −

1

1 +
2𝛾
𝐺

      (6) 

Within this model, the spin polarization should always saturate at a value of 1, as increases in the 

spin decay rate can always be offset by increasing the pump power – in other words, the 

saturated spin polarization should be largely temperature independent. To test this prediction, we 

measure power-dependent CD signal under different temperatures. As depicted in Fig. S11a, the 

CD signal saturates at similar powers, while the saturated CD amplitude decreases by an order of 

magnitude. The photoluminescence (PL) power dependence (Fig. S11b) indicates that the 

pumping is within the linear absorption regime, meaning the simple rate model should still hold. 

The saturated CD, then, is solely determined by the temperature. This directly contradicts the 

predictions of a simple spin pumping model. Such phenomena, on the other hand, is predicted by 

the temperature curve with a 2D magnetic order as discussed in the main text. 

To summarize, a spin diffusion picture predicts dramatically decreasing of spin polarization 

under pulse pumping away from the pump and the spatial distribution should strongly depend on 

temperature and doping level. In contrast, our measurements show spin polarization significantly 

larger than the prediction, and with no observable temperature and doping dependence of the 

spatial profile, only the magnitude of the CD. Also, the power dependent CD amplitude curve 

under different temperatures significantly deviates from the prediction of the spin 

pumping/diffusion picture. Given the inadequacy of such a spin pumping/diffusion model to 

explain the complete dataset, magnetic interactions must account for the observation of long-

range spin polarization generated by an optical pump. 



Fig. S1. Sample fabrication. 

a, AFM image of the WSe2 flake on Si/SiO2 chip with monolayer region outlined. b, Optical 

microscope image of the full heterostructure D1 with patterned contacts. 



Fig. S2. Optical setup. 

Setup components are: Port – fiber launcher, M – mirror, GM – Galvo mirror, LP – linear 

polarizer, HWP – half-wave plate, QWP – quarter-wave plate, BS – beam splitter, 4f system – 

lens pair, objective – NA = 0.75. 



Fig. S3. Line shape fitting. 

Polarized reflection contrast spectra showing singlet (XS
-) and triplet (XT

-) trion features under 

optical pumping. The pink (blue) dots correspond to the probe being polarized co- (cross-) 

circular to the pump. BWF fittings are plotted. Note: T = 4 K, pump power is 7.8 µW, and pump-

probe offset is 8 µm. 



Fig. S4. Sample D2 characterization. 

Gate-dependent reflection (a) and CD spectra (b) at 4 K with a pump-probe separation of 3 µm 

and pump power of 7.8 µW. 



Fig. S5. Time resolved measurement for point 4.78 µm away from pump. 

(a) Sample D2: Rising edge profile with two-dimensional diffusion-decay model fitting (black

line). (b) Fitting the full-time range with D = 0.065 cm2 s-1 from the rising edge (black solid line)

fitting yields lifetimes beyond a second (i.e., no decay). Fitting both D and T (blue dashed line)

yields D = 0.045 cm2 s-1 and T = 52 µs. Fitting uncertainties are in parentheses. Note: T = 4 K,

average pump power is 2 nW at a repetition rate of 50 kHz, and gate voltage is 0.5 V (ne

~2 × 1012 𝑐𝑚−2).



Fig. S6. Additional time resolved data. 

(a) Sample D2: Time resolved measurement for different pump-probe separations. (b)

Simulation of diffusion model with diffusion constant D = 0.035 cm2 s-1 for different separations.

(c) Comparison between the measured (red squares) and simulated (black circles) maximum spin

polarization. Note: T = 4 K, average pump power is 2 nW at a repetition rate of 50 kHz, and gate

voltage is 0.5 V (ne ~2 × 1012 𝑐𝑚−2).



Fig. S7. Pump polarization sweep. 

Sample D1: Polarization dependence of singlet CD amplitude. Hollow squares (solid circles) 

correspond to sweeping the polarization from σ+ to σ- (σ- to σ+). Note: T = 4 K, pump power is 

7.8 µW, pump-probe offset is 1.6 μm, and gate voltage is 0.5 V (ne ~2 × 1012 𝑐𝑚−2).



Fig. S8. Sample D3 characterization and temperature dependence. 

a, Gate-dependent reflection (left) and CD (right) spectra at 4 K with a pump-probe separation of 

2.2 µm. b, Gate-dependent reflection (left) and CD (right) spectra at 30 K. c, Temperature 

dependence of triplet CD amplitude selected from gate-dependent CD spectra at gate voltage of 

1.2 V (ne ~2.8 × 1012 𝑐𝑚−2). Hollow squares (triangles) correspond to experimental data for

offset (overlapping) pump and probe with respective fittings (dashed lines). Note: Pump power is 

7.8 µW. 



Fig. S9. Sample D4 characterization. 

Gate-dependent reflection (a) and CD spectra (b) at 4 K with a pump-probe separation of 2.5 µm 

and pump power of 7.8 µW. 



Fig. S10. Temperature and gate dependence of CD spatial profiles. 

Sample D4: Measured (a) and normalized (to 4 K) (b) CD spatial profiles observed at various 

temperatures with a fixed gate voltage of 1.5 V (ne ~2.8 × 1012 𝑐𝑚−2). Measured (c) and

normalized (to 1.5 V) (d) CD spatial profiles observed at various gate biases (ne from 

~2 × 1012 𝑐𝑚−2 to ~ 4 × 1012 𝑐𝑚−2) with a fixed temperature of 4 K. Dashed line indicates the

PL intensity, as guidance of pumping spot profile. Note: pump power is 7.8 µW. 



Fig. S11. Power dependence of CD and PL amplitudes under different temperatures. 

Sample D4: Power-dependent CD with a pump-probe separation of 1.8 µm (a) and PL (b) 

amplitudes. Note: Gate voltage is 1.5 V (ne ~2.8 × 1012 𝑐𝑚−2), and pump power is 7.8 µW.



Table S1. Fitting the trion features under optical pumping. 

Triplet Singlet 

𝛪1
𝜔1

(meV) 

𝛤1

(meV) 
𝑞1

𝐴1

=  𝛪1𝛤1
𝛪2

𝜔2

(meV) 

𝛤2

(meV) 
𝑞2

𝐴2

=  𝛪2𝛤2
𝐶 

Co-

circular 
0.151 1685.4 4.1 3.5 0.62 0.0005 1675.8 3.3 0.08 0.0016 -0.13

Cross-

circular 
0.035 1687.0 2.3 2.8 0.08 0.075 1676.5 2.7 0.9 0.20 -0.13

Ratio ~90:10 ~99:1 

Ps 0.77 -0.98
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